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Abstract

The traditional high-level algorithms for rigid body simulation work well for moderate numbers
of bodies but scale poorly to systems of hundreds or more moving, interacting bodies. The prob-
lem is unnecessary synchronization implicit in these methods. Jeffersonś timewarp algorithm
(Jefferson 85) is a technique for alleviating this problem in parallel discrete event simulation.
Rigid body dynamics, though a continuous process, exhibits many aspects of a discrete one.
With modification, the timewarp algorithm can be used in a uniprocessor rigid body simulator to
give substantial performance improvements for simulations with large numbers of bodies. This
paper describes the limitations of the traditional high-level simulation algorithms, introduces
Jeffersońs algorithm, and extends and optimizes it for the rigid body case. It addresses issues
particular to rigid body simulation, such as collision detection and contact group management,
and describes how to incorporate these into the timewarp framework. Quantitative experimental
results indicate that the timewarp algorithm offers significant performance improvements over
traditional high-level rigid body simulation algorithms, when applied to systems with hundreds
of bodies. It also helps pave the way to parallel implementations, as the paper discusses.
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Abstract

Thetraditionalhigh-level algorithmsfor rigid bodysimulationwork well for moderate
numbersof bodiesbut scalepoorly to systemsof hundredsor moremoving, interacting
bodies. The problemis unnecessarysynchronizationimplicit in thesemethods. Jef-
ferson’s timewarp algorithm[22] is a techniquefor alleviating this problemin parallel
discreteeventsimulation.Rigid bodydynamics,thougha continuousprocess,exhibits
many aspectsof a discreteone.With modification,thetimewarpalgorithmcanbeused
in a uniprocessorrigid body simulatorto give substantialperformanceimprovements
for simulationswith largenumbersof bodies.Thispaperdescribesthelimitationsof the
traditionalhigh-level simulationalgorithms,introducesJefferson’s algorithm,andex-
tendsandoptimizesit for therigid bodycase.It addressesissuesparticularto rigid body
simulation,suchascollision detectionandcontactgroupmanagement,anddescribes
how to incorporatetheseinto the timewarp framework. Quantitative experimentalre-
sultsindicatethatthetimewarpalgorithmofferssignificantperformanceimprovements
over traditionalhigh-level rigid body simulationalgorithms,whenappliedto systems
with hundredsof bodies.It alsohelpspave theway to parallelimplementations,asthe
paperdiscusses.
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Figure1: Avalanche: 300rockstumbledown a mountainside.

1 Intr oduction

Todayrigid bodysimulationis amaturetechnology. Themajorcomponentshavebeen
well studiedandmadepractical:fast,robustcollisiondetectionalgorithms[10, 17, 21,
27]; impactmodelsof varyingaccuracy [8, 12, 31]; methodsto enforcegeneralmotion
constraints[6, 37], especiallytheubiquitousnon-penetrationconstraints[3, 4, 35, 36];
andcontrolstrategiesfor articulatedbodies[19, 20, 28, 32]. Thusrigid bodysimulation
is availablein many animationandCAD packagesandusedin computergames.Yet
areasfor significantimprovementremain.An importantoneis increasingthenumber
of moving, interactingbodiesthatcanbesimulated.

Weareconcernedwith general rigid bodysimulation,meaningthatthebodieshave
nontrivial geometries,all pairscanpotentiallycollide, andsecond-orderphysicsgov-
ernsthe motion. Therearenumeroustechniquesto simulatelarge numbersof rigid
bodiesby relaxingsomeof theseassumptions.Milenkovic efficiently simulatesvast
numbersof interactingspheresandnon-rotatingpolyhedrausinglinearprogramming
techniquesandzeroeth-orderphysics[25]. CarlsonandHodginsusedifferentmotion
levels of detail, from fully dynamicto fully kinematic,to obtainan orderof magni-
tudeincreasein thenumberof leggedcreaturesthatcanbesimulatedin realtime [11].
Chenney et. al. cull dynamicscomputationsfor off-screenobjects;when they enter
thefield of view initial statesarecomputedby samplinga probabilitydistributionover
their statespace[13]. Broganet. al. simulatelarge herdsof fully dynamicagentsin
distributedvirtual environments,but without full collisiondetection[9]. Despitethese
excellenttechniques,thegeneralcaseis worthpursuingbecauseof its wideapplicabil-
ity; sometimesfull collisiondetectionanddynamicscannotbeavoided.

Traditional techniquesfor the generalproblembecomeinefficient and even in-
tractablewith many-bodiedsystemsfor one of two reasons. Either the integration
steps1 becomevery small, or the amountof work that is wastedbecauseof unpre-
dictableevents(like collisions)becomesvery large.Theproblemsarenot in thecom-
ponentalgorithmsbut in the glue holding them together—the high-level simulation
loop. It imposesa synchronizationbetweenbodiesthat is usually unnecessaryand
wasteful. Theseproblemsareexplored in depthin Section2. Jefferson’s timewarp
algorithm[22], discussedin Section3, is an elegantparadigmdesignedto alleviate
similar problemsin paralleldiscreteevent simulationby runningprocessesasasyn-
chronouslyaspossible.An optimistic,non-interactionassumptionprevails,andwhen

1Throughoutthis paper, integration stepmeansthetime interval passedto theintegrator, not thesmaller
stepsit maytake internally.
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it is violatedonly thecomputationthat is provably invalid is undone.Althoughrigid
body dynamicsis a continuousprocess,it exhibits many traits of a discreteprocess.
With somemodification,thetimewarpalgorithmcanbeusedin rigid bodysimulators,
improving boththeir speedandscalability. Themethodis describedin Section4, and
Section5 presentsresultsfrom anactualimplementation.

Timewarprigid bodysimulationalsosupportsthelong-rangegoalof ahighlyparal-
lel implementation.Rigid bodysimulationoffersunlimitedpotentialfor modelingthe
complex andunanticipatedinteractionsof rich virtual environments,but currenttech-
nologycannotsupportthis. Meetingthis challengewill certainlyrequirea multipro-
cessorapproach,with perhapshundredsof processorscomputingmotion throughout
theenvironment.Sucha simulationfarm is akin to the renderingfarmsthatgenerate
today’shighqualitycomputeranimation.Section6 toucheson theseissues.

2 Simulation Discontinuities

Thedominatingcomputationin arigid bodysimulatoris thatof numericallyintegrating
thedynamicstatesof bodiesforwardin time. Thedifferentialequationsof motionhave
beenknown for centuries;the truedifficulty lies in processingsimulationdiscontinu-
ities,heredefinedaseventsthatchangethedynamicstatesor theequationsof motion
of somesubsetof the bodies. Examplesincludecollisions,new contacts,transitions
betweenrolling andsliding,andcontrol law changes.Integratorscannotblithely pass
throughdiscontinuities.Insteadtheintegrationmustbestopped,thestatesor equations
of motionupdated,andthentheintegratorrestartedfrom thatpoint. Compoundingthis
complicationis thefactthatthetimesof mostdiscontinuitiesareimpossibleto predict.
Thusthe integrationmustbe interruptedevenmorefrequentlythanthe rateat which
discontinuitiesoccur, just to check if they have occurred.Therearetwo commonap-
proachesfor copingwith discontinuities,bothof which have beenshown practicalfor
moderatenumbersof bodies.

2.1 RetroactiveDetection

Retroactive detection(RD) is themostcommonapproachto handlingdiscontinuities.
Thesimulatortakessmallstepsforwardandchecksfor discontinuitiesaftereachstep
[2, 23]. For example,inter-bodypenetrationindicatesthatacollisionoccurredatsome
timeduringthemostrecentintegrationstep.A root findingmethodlocalizestheexact
momentof the discontinuity. After resolution,the integration is restartedfrom that
point. All of thebodiesmustbebackedup to their statesat the time of thedisconti-
nuity because(1) thediscontinuitymayhave affectedtheir motion,and(2) thebodies
directly involved in the discontinuitymust certainly be backed up to this time, and
thereis no framework for maintainingbodiesat differenttimes—thebodiesmustbe
keptsynchronized.Thefirst problemis avoidableby boundinga discontinuity’s influ-
ence. A certaincollision may provably have no influenceon the motion of a distant
bodyoverthecurrentintegrationstep.However, thesecondproblemis fundamentalto
RD. It doesnotsuffice to maintainstatesat two differenttimes,thetimeof thediscon-
tinuity andthetimeat theendof thestep,becausemultiplediscontinuitiescanoccurat
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differenttimesin a singlestep.Also, earlierdiscontinuitiesmaycauseor preventlater
ones,andit is hardto determinewhich oneoccurredfirst without localizingthetimes
of each.In practice,all bodiesarebackedup to thepoint of eachdiscontinuity. This
methodis correctsinceit eventuallyprocessesall realdiscontinuitiesandno spurious
ones,andBaraff hasshown it to beefficientandeminentlypracticalfor moderatenum-
bersof interactingbodies[5]. As thenumberof bodiesincreases,sodoesthetherate
of discontinuities,andthewastedwork perdiscontinuityincreasessincemorebodies
mustbe backedup. Shrinkingthe stepsizeto reducethe amountof backupis not a
goodsolutionaswe shallsee.EventuallyRD becomesintractabledueto theamount
of wastedwork.

2.2 ConservativeAdvancement

Conservative advancement(CA) is an alternative to RD basedon the ideaof never
integratingover a discontinuity. Conservative lower boundson the timesof disconti-
nuitiesaremaintainedin a priority queuesortedby time,andthesimulatorrepeatedly
advancesall simulatedbodiesto the boundat the front of the queue.The simulator
tendsto creepup to eachdiscontinuity, taking smallerstepsas it getscloser. Von
Herzenet.al. usethis approachto detectcollisionsbetweentime-dependentparamet-
ric surfaces[18], andMirtich usesit to supportimpulse-basedsimulation[26]. Snyder
et. al. usea relatedapproachto locatemulti-point collisionsby usinginterval inclu-
sionsto boundsurfacesin timeandspace[33]. Finally, CA formsthebasisfor kinetic
datastructurespioneeredby Bascheet.al. [7]. Theseareusedto solve a hostof prob-
lemsfrom dynamiccomputationalgeometry, suchasmaintainingthe convex hull of
a moving point set,by maintainingboundson whenthecombinatorialstructuremay
change.For rigid bodysimulationtheadvantageof CA is that it doesnot wastework
by integratingbodiesbeyonda discontinuity. Unfortunately, asthenumberof bodies
increasestheaveragetime to thenext discontinuitycheckdecreases,andtheproblem
is exacerbatedsinceit is difficult to computetight boundson timesof collisionsand
contactchanges.Stoppingtheintegrationof all bodiesateachcheckis veryinefficient,
andCA becomesintractablewith many bodies.

2.3 StepSizesand Efficiency

Figure2 graphicallydemonstratestheproblemwith small integrationsteps.It shows
thecomputationalcostof computingthe10-secondtrajectoryof a ballistic, tumbling
brick usinga fifth orderadaptiveRunge-Kuttaintegrator[30] undervariousstepsizes.
Thetwo qualitatively similarcurvescorrespondto differentintegratorerrortolerances.
At small stepsizesthe integratordoesnot needto subdivide the integrationstepinto
smallerpiecesto meetthe error tolerance. Thuscomputationis proportionalto the
numberof invocations:halvingthestepsizedoublesthework. At largestepsizesthe
integratorbreakstherequestedstepinto smallerpiecesto meettheerrortolerance,so
computationis insensitiveto stepsize.Unfortunately, evenwith amoderatenumberof
bodies,a simulator’s operatingpoint is to the left of theelbow in thesecurves. Thus,
reducingthestepsizesignificantlyincreasescomputationalcost.
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Figure2: Costof computingthetrajectoryof a brick versusintegrationstepsize(eps
is theintegratorerrortolerance).

3 The Timewarp Algorithm

Theproblemsof RD andCA resultfrom unnecessarysynchronization.Eachdiscon-
tinuity affectsonly a small fraction of the bodies,yet underRD every body mustbe
backedup whena discontinuityoccurs,andunderCA integrationof every bodymust
stopfor a discontinuitycheck.Theinefficienciesaretolerableaslong astherearenot
toomany bodies.Similar issuesarisein discreteeventsimulation(DES), which is of-
tenappliedto very largemodelssuchascarson a freeway system.Thesesimulations
areoftendonein parallelor distributedsettings.Thesimulatedagentsarepartitioned
amonga numberof processors,eachof which advancesits agentsforward in time.
Therearecausalityrelationshipsthat mustbepreserved(e.g. a carsuddenlybraking
causesthecarbehindit to brake), andthecrux of theproblemis thatoneagentmay
triggeranactionof anotheragenton a differentprocessor. Obviouslycommunication
by messagepassingor othermeansis needed.

ConservativeDESprotocolsguaranteecorrectnessby requiringthateachprocessor
advanceits agentsforward to a certaintime only when it hasprovably received all
relevanteventsfrom otherprocessorsoccurringbeforethattime. Optimisticprotocols
werea key breakthroughin distributedDES.Theseallow eachprocessorto advance
its agentsforwardin time by assumingall relevanteventshave beenreceived,thereby
avoiding idle time. Thecatchis thatwhenanagentreceivesaneventin its “past,” the
agentneedsto bereturnedto thestateit wasin whentheeventoccurred,its ownactions
sincethat time mustbeundone,andtheinterveningcomputationis wasted.Jefferson
wasamongthe first to definea provably correct,optimisticsynchronizationprotocol
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alongwith a simple,elegantimplementationcalledthe timewarpmechanism[22]. We
now giveabrief, simplifieddescriptionof thisseminalalgorithm.

Eachprocessmaintainsthe stateof someportion of the modeledsystem. Each
processalsohasa local clock measuringlocal virtual time(LVT) at thatprocess.The
local clocksarenot synchronized,andprocessescommunicateonly by sendingmes-
sages.Every messageis time stamped2 with a time not earlierthanthesender’s LVT
but possiblyearlierthanthe receiver’s LVT whenthe messageis received. Processes
mustprocesseventsin time orderto maintaincausalityconstraints.Whena received
messagehasatimestamplaterthanthereceiver’sLVT, it is insertedinto aninputqueue
sortedby timestamp.A process’sbasicexecutionloop is to advanceLVT to thetimeof
thefirst eventin its inputqueue,removetheevent,andprocessit. Advancingto a new
timemeanscreatinga new state,andthesearequeuedin timeorderin a statequeue.

If thefirst eventin a process’s input queuehasa receive time earlierthanLVT, the
processperformsa rollback by returningto thelateststatein its statequeuebeforethe
exceptionalevent’s time. This becomesthe new currentstate,its time becomesthe
new LVT, andall subsequentstatesin thequeuearedeleted.Alreadyprocessedevents
occurringafterthenew LVTareplacedbackin theinputqueue.Messagestheprocessor
sentto otherprocessesattimesafterthenew LVTare“unsent”via antimessages. When
a processsendsa message,it addsa correspondingantimessageto its outputqueue.
This is a negative copy of the sentmessage,identical to it except for a flipped sign
bit. Whena processis rolled backto a new LVT, all antimessagesin theoutputqueue
laterthanthis timearesent.Whenamessageandantimessageareunitedin aprocess’s
input queue,they annihilateoneanother, andthe net effect is as if a messagewere
never sent. Rollback is recursive: antimessagesmay trigger rollbacksthat generate
new antimessages.

Globalvirtual time(GVT)is theminimumof all LVTsamongtheprocessesandall
timesof unprocessedmessages.It representsa line of commitmentduring thesimu-
lation: statesearlierthanGVTareprovablyvalid while statesbeyondGVTaresubject
to rollback.IndividualLVTsoccasionallyjumpbackwards,but GVTmonotonicallyin-
creases.Sincerollbacknevergoesto a pointbeforeGVT, eachstatequeueneedsonly
to maintainonestatebeforeGVT. Earlierstatesaswell assavedmessagesprior to GVT
maybedeleted.

4 Timewarp Rigid Body Simulation

Rigid bodysimulationcomputesa continuousprocessbut exhibits traitsof DES.Bod-
ies “communicate”throughcollisions and persistentcontact. Collisions are in fact
usuallymodeledasdiscreteevents.Contactis a continuousphenomenon,but it canbe
viewedasoccurringwithin a collectionof bodiesratherthanbetweenindividual bod-
ies.Thisview facilitatestheadaptationof thetimewarpalgorithmto uniprocessorrigid
body simulation. The result is a high-level simulationalgorithmthat doesnot suffer
from thewastedwork problemof RD nor thesmalltimestepproblemof CA.

2Eachmessageactuallyhastwo timestamps,asendandreceive time,but onesufficesfor ourpurposes.
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4.1 Overview

First considera simulationwithout connectedor contactingbodies. Eachbody is a
separatetimewarp processwith a statequeuecontainingthe dynamicstate(position
andvelocity)of thebodyat theendof eachintegrationstep.Thetimesof thesestates
aredifferentfor differentbodies.A globaleventqueuecontainseventsfor all simulated
bodies;this correspondsto a union of all the individual input queuesin Jefferson’s
algorithm. Eachevent hasa timestampanda list of the bodiesthat receive it. One
iterationof themainsimulationloop consistsof removing theeventfrom thefront of
the eventqueue,integratingthe receiving body or bodiesto the event time, andthen
processingtheevent.Mosteventsarerescheduledafterthey areprocessed.Oursystem
supportsfour typesof events:

1. Collisioncheck eventsarereceivedby pairsof bodies,causinga collisioncheck
to be performedbetweenthemat the given time. Processingtheseeventsmay
leadto collisionresolution.

2. Group check eventstrigger collision checkingbetweencontactingbodiesand
alsocheckingfor whengroupsof suchbodiesshouldbesplit. They canalsolead
to collisionresolution.

3. Redraw eventsexist for every renderedbody. Processingoneinvolveswriting
the currentpositionof the body to a recordingbuffer. Reschedulingoccursat
fixedframeintervals.

4. Callback eventsarereceivedby arbitrarysetsof bodiesandinvokeuserfunctions
writtenin Schemethat,for example,drivecontrolsystems.Reschedulingis user-
specified.

4.2 Collisionsand Rollback

If penetrationis discoveredin processinga collisioncheckor groupcheckevent,then
a collision hasoccurredat a time precedingthe time of the event. This may be a
normalcollision or a soft collision producinga new persistentcontact. Either way,
the colliding bodiesmustbe rolled backto the collision time. This behavior differs
from that of standardtimewarp eventswhich only causerollback up to the time of
the event; it occursin rigid body simulationbecauseexact collision timescannotbe
predicted.To implementcollisionrollbackeachcollisioncheckandgroupcheckevent
hasanadditionaltimestamp,a safetime, which is the time whenthepair or groupof
bodieswaslastverifiedto bedisjoint. Whena collisioncheckor groupcheckeventis
processed,andthereis nopenetration,thesafetimeis updatedto thetimeof thecheck.
Whenpenetrationis detected,thesafetime formsa lower boundon thesearchfor the
collision time. Sincerollbackneverproceedsto a point beforethesafetime,GVTcan
becomputedastheminimumof all LVTsandall eventsafetimes. This insuresthere
arealwaysstatesto backup to whena collisionoccurs.

Theantimessagemechanismis moregeneralthanwhatis neededfor uniprocessor
rigid bodysimulation.Still consideringonly isolatedbodies,theonly inter-bodycom-
municationis throughcollisions;a suitablerecordof thesedrivesthe rollback. Pairs
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of correspondingpost-collisionstatesarelinked together, turning the individual state
queuesinto a dynamicstategraphasshown at thetop of Figure3. Thefiguredepicts
theactionstakenwhenbodies� and � collide. Body � is rolled backby deletingall
of its statesafter the post-collisionstate. (If � alsohadsuchstates,a twin rollback
operationwouldbegin in its own statequeue).Someof thedeletedstatesarelinkedvia
collisionsto statesin otherbodies.Theseinter-bodycommunicationsarenow suspect
dueto the � - � collision, thusrollbackproceedsacrossthecollision links andthenre-
cursively forwardthroughotherbodies’statequeues.Uponcompletionof rollback,all
statesthat werepossiblyaffectedby the � - � collision—andno others—aredeleted.
In this exampletherollbackinvalidatesa substantialamountof work. It is anunusual
casebut onethesimulatormustbepreparedfor.

Eventsmustalsoberolled back. This correspondsto placingmessagesbackin a
process’s input queuein Jefferson’s original algorithm. An event needsto be rolled
backonly if it involvesa body whosestatequeuewas rolled back to a time earlier
thanthescheduledtime of theevent. Event rollback is type-specific.Redraw events
aresimply rescheduledto thefirst frametime following therollbacktime. Fixed-rate
callbackeventsarehandledsimilarly. If therollbacktime is earlierthanthesafetime
of a collision checkor group checkevent, the event is rescheduledto the rollback
time. If the rollback time is betweenthesafetime andthe scheduledevent time, the
systemoptimisticallyassumesnoactionis necessary. This is agamblesinceacollision
maymake thepreviously computedcollision checktime inaccurate,but thetimewarp
algorithmcanrecovergracefullyfrom poorlypredictedcollision times.

In total the timewarp algorithm requireslittle overheadand few additionaldata
structureswhencomparedto a conventionalsimulator. Any simulatorcomputesse-
quencesof bodystates;themainchangeis thatthesearekeptin queuesandlinkedto-
getheratthecollisionpoints.Rollbackis implementedwith asimplerecursivetraversal
of thestategraph.

4.3 Multibodies

Multibodies(or articulatedbodies)arecollectionsof rigid bodiesconnectedby joints,
asin a humanfigure. The trajectoryof a singlemultibody link cannotbedetermined
in isolation;themotionof all links mustbecomputedtogether. Little changeis needed
to incorporatemultibodiesinto the timewarp framework. A singlestatequeueserves
for the entiremultibody; it is advancedasa unit. Most eventsarestill handledon a
perrigid body(perlink) basis.When,for example,aparticularmultibodylink mustbe
integratedto a certaintime for a collision check,thewholemultibodyis integratedto
thattime. As aresult,statesaremoredenselydistributedalongmultibodystatequeues
than along rigid body statequeues,especiallyfor multibodieswith many links. A
collision involving a singlelink causesthewholemultibodyto berolledback.Clearly
timewarpdoesnotoffer muchimprovementif all of thebodiesareconnectedinto only
a few multibodies.
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Figure3: Top: Stategraphof afivebodysimulation.Theverticalconnectionslink post-
collisionstates.Thegraystatesarenew post-collisionstatesfoundwhile processingan
� - � collisioncheckevent. Bottom:Therollbackoperationtriggeredby thecollision.
Crossedstatesaredeletedandrepresentwastedwork, but forwardprogressis indicated
by theadvancementof GVT.

4.4 Contact Groups

Contactgroupsarecollectionsof rigid bodiesandmultibodiesin persistentcontact;
the componentbodiesexert continuousforceson eachother. The componentsmust
againbe integratedasa unit, but unlike multibodiescontactgroupsarefluid: bodies
may join or leave groups,andgroupsarecreatedanddestroyedduring a simulation.
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Contactgroupshave no analogin theclassicaltimewarpalgorithm,which is designed
for a staticsetof processes.Most of theaddedwork in implementingtimewarprigid
bodysimulationis in managingcontactgroups.To impartsomeorderwe requirethat
groupscompriseafixedsetof bodies;whenthesetmustchangeanew groupis created.
Groupsarecreatedby fusionsandfissions.A fusionis asuitablysoftcollisionbetween
two bodies,afterwhich they areconsideredto remainin contact.Eitherbodymaybe
part of a multibody or anothergroup. A fissionis a splitting of a groupinto two or
moreisolatedbodiesor separate(non-contacting)groups.

time
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Figure4: Top: The stategraphfor a portion of a six body simulation. Circlesare
isolatedbodystatesandsquaresarecontactgroupstates.Bottom: Thephysicalcon-
figurationof the bodiesat threedistinct times. Moving bodiesin contactgroupsare
coloredto matchthetoppartof thefigure.Seetext for details.

The complexities of contactgroupevolution arebestexplainedby example. The
topof Figure4 showsthestategraphfor five rigid bodieslabeled� - � andthevarious
contactgroupsthat exist over the time interval � ���
	��
��� (body � doesnot have a state
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queuesinceit is fixed). The bottomof the figure depictsthe physicalconfiguration
at threedistinct times. At time � � , only bodies � and � areisolated;the othersare
membersof two contactgroups,��� and ����� . Only kinematicallycontrolledbodies,
of whichfixedbodiesareaspecialcase,maybemembersof multiplegroupsatagiven
time; suchbodiesdo not link groupstogethersincetheir motion andthe forcesthey
exertonotherbodiesareindependentof theforcesexertedon them.Dottedhorizontal
linesindicateintervalswithoutisolatedstatessincethebodyis partof agroup.Thefirst
changeafter � � is a fusioncollisionbetween� and � , creatinga new group, ����� . �
and � thencollide, but this is a standard(non-fusion)collision so � remainsisolated
and ����� intact. The � - � collision doesset � in motion,eventuallyleadingto an
� - � fusion collision. This latter collision causestwo previously separategroupsto
fuseinto asingleone,which is thesituationat time ��� . Next � breakscontactwith � ,
triggeringthefissionof ��������� into ������� and ��� . No collision occurredhere;
fissionscanbecausedsimplyby breakingcontacts.Still sliding, � pushes� off of � ,
causing� to leave thecontactgroupandreturnto an isolatedstate.Finally, � lands
andsettlesonto � , fusinginto anew group ������� .

The stategraphin the figure only shows statesrelevant to the discussion.There
would actuallybe many morestatesalongall of the statequeuesgeneratedby other
eventsanddiscontinuities.For examplethereareusuallymany non-fusioncollisions
leadingup to a fusion collision as bodiessettle. At any time coordinateeachnon-
kinematicbody is isolatedor a memberof exactly one group. Thus thereis never
ambiguityaboutwhat the stateof a body is at a given time, or from which stateto
integratewhencomputinga new stateof a body. To computethe stateof body � at
time � � , integrationproceedsfrom thelatestisolatedstateof � prior to � � . To compute
thestateof � at time ��� , integrationproceedsfrom thelateststateof group ���������
prior to ��� . To facilitatethis, thestategraphhasadditionalpointersnot shown in the
figure. A fusioncollisionpointsto thenew groupit creates,if any. Also, thelaststate
of everyfissuredgrouppointsto thenewly isolatedbodiesandsubgroupsthatsucceed
it. Thesepointersmake it possibleto find for any body � andtime � thelateststateof
� , possiblyin a group,prior to � . Thesearchbeginswithin � ’s own (isolated)state
queueandextendsinto contactgroupsif necessaryby following pointers.Sometimes
severalpointersandcontactgroupsmustbetraversedto find theproperprior state.The
pointersalsofacilitaterollback. Whena fusioncollision stateis deleted,therollback
proceedsto the new groupformedby the collision, if any. Whenthe last stateof a
fissuredgroupis deleted,rollback proceedsto the isolatedbody andsubgroupstates
thatsucceededit.

Over theinterval shown in Figure4, six new contactgroupsarecreatedin addition
to thetwo thatexistedat � � . At � � only two remain.Groupsareterminatedwhenthey
fuseinto new groupsor whenthey fissureinto pieces.Terminationdoesnot meanthe
groupcanbedeletedsincerollbackcancauseeventprocessingin non-temporalorder.
For exampleit maybenecessaryto determinethestateof body � at time ��� after the
group ��������� is terminated.OnceGVTpassesthelaststatein a terminatedgroup,
however, thegroupisobsoleteandthestoragecanbereclaimed.A groupis alsodeleted
whena rollbackoperationannihilatesall of its states.

Intra-groupcollisiondetectionis handledin oneof two ways.If bodies� and� are
in thesamegroupbut notcurrentlyin contact,thestandard� - � collisioncheckevent
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triggerscollisiondetectionbetweenthem.Eachgrouphasagroupcheckeventthatper-
formsall of thecollisiondetectionbetweenalreadycontactingbodies.Thedistinction
is neededsincemostcollisiontimepredictorsdonotcomputemeaningfulresultswhen
the separationdistanceis nearzero. Instead,groupcheckeventsarescheduledat a
fixed,user-specifiedrate.While collisiondetectionbetween� and � is beinghandled
by agroupcheckevent,theordinary � - � collisiondetectioneventis disabled.

Groupcheckeventsarealso responsiblefor detectingfissions. A graphis con-
structedin whichthegroup’snon-kinematicbodiesareverticesandcontactsareedges.
A standardconnectedcomponentalgorithmis performedonthisgraph.Multiple com-
ponentsindicatethat the groupcanbesplit. Thereis flexibility in the time to split a
group.Integratingagroupwith multipleconnectedcomponentsdoesnotgiveawrong
answer;it is simply inefficient sincesmallergroupscan be integratedfasterthan a
singlecombinedone.

4.5 Collision Checks

At any givenpoint in asimulation,collisioncheckingis enabledbetweencertainactive
pairs of bodies,which arehopefully small in numbercomparedto the total number
of pairs[21]. Every non-contactingactive pair requiresa collision checkevent. The
bodies’statequeuesprovideasimplewayto keepthenumberof activepairssmall.An
axis-alignedboundingbox is maintainedaroundthe setof statescurrentlycomputed
for eachrigid body(hencetherearemultiple boxesfor multibodiesandgroups).This
sweptvolumegrows asnew statesarecomputed;it shrinkswhenstatesaredeletedas
GVTmovespastthem.Usingsix heapsto maintaintheminimumandmaximum��	 �!	
and " coordinatesof the rigid body at eachstate,the sweptvolumeover # statesis
updatedin $&%('*)
+,#�- time.

Thepairsof sweptvolumesthatoverlapcanbemaintainedusingahierarchicalhash
table[29] or by sortingcoordinatesalongthethreecoordinateaxes[3, 14]. If theswept
volumesof bodies� and � donotoverlap,then � and � areknownto becollisionfree
overtheinterval � GVT	�� min %.��	/��-0� , where� min %.��	/��- is thetimeof � ’sor � ’s latest
state,whichever is earlier. As longasthesweptvolumesremaindisjoint, � and � are
not anactive pair. Now supposeintegrationof � causesits sweptvolumeto overlap
thepreviouslydisjointsweptvolumeof � . To avoid missingcollisions,anew collision
checkevent for � and � is scheduledfor the time givenby thevalueof � min %1��	/��-
before � wasintegrated(Figure5). Thebodiesareknown to becollision freebefore
thispoint. Thisnew eventis in � ’spast,but thetimewarpalgorithmcanaccommodate
it; if a collision did occurthenrollbackwill rectify thesituation.Thecollision check
eventfor � and � remainsactiveaslongastheir sweptvolumesoverlap.Thismethod
workseventhoughthesweptvolumesexist overdifferenttime intervalsandmayhave
no statesat commontimes. Inactive pairsdo not needto besynchronizedin orderto
remaininactive, which avoidscostly integrationinterruptionsfor thevastmajority of
bodypairs.
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Figure5: When� is integratedto thestateshownin gray, sweptvolumeoverlapoccurs.
� and � becomeanactive pair, anda collision checkis scheduledat theearliertime
of thetwo redstates.

simu- # of avg time avg
lation # of discont- between integr’n

duration rigid bodies inuities disconts step
simulation (s) moving/total (thousands) (ms) (ms)
atoms 120 302/ 308 51.9 2.31 6.25
cars 60 428/ 524 17.8 3.38 14.9
robots 120 240/ 430 26.8 4.48 9.88
avalanche 45 300/ 824 217 0.208 3.39

total total comp
# of integr’n rollback time /

integr’ns / moving / moving frame
simulation (millions) body(s) body(s) (s)
atoms 6.04 125(+4.2%) 0.278(0.23%) 0.767
cars 1.98 69.2(+15%) 1.57(2.6%) 0.904
robots 3.00 124(+3.3%) 1.45(1.2%) 0.707
avalanche 5.84 66.0(+47%) 7.15(16%) 97.0

Table1: Datacollectedover thefour simulations.

4.6 Callback Functions

It is difficult to completelyhidetheunderlyingtimewarpnatureof thesystemfrom user
callbackfunctions.Becausethebodies’LVTsarenotsynchronized,callbackfunctions
involvingdifferentbodiesarenotinvokedin stricttemporalorder. In fact,acallbackfor
a singlebodymaynot be invokedat monotonicallyincreasingtimesdueto rollback.
Thus, a collision callbackthat countsa body’s collisions by incrementinga global
counteris flawedsinceit maygetcalledwith thesamecollision multiple times. One
conventionthatguaranteescorrectbehavior is to forbidcallbackfunctionsfromaccess-
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ing globaldata.Thefunctionshouldonly usethedatapassedin: thetimeof theevent
andthestatesof therelevantbodiesat thattime. Datathatmustpersistacrosscallback
invocationsaresupportedby adjoiningnew slotsto thestatesof bodies.Unlike posi-
tion andvelocity values,thevaluesin theseslotsaresimply copiedfrom stateto state
sincethereis no needto integratethem,but callbackfunctionscanaccessandmod-
ify thesevalues. Changesareappropriatelyundonewhenthe statequeuesarerolled
back.Thecollisioncounteris implementedcorrectlyby attachinganintegerslot to the
bodystate.Thecallbackfunctionincrementsthecounter, androllbackmaycausethe
counterto decrease.

5 Results

We now describetheresultsof simulatingfour differentsystemswith a timewarprigid
bodysimulator(Figures1 and7). Our implementationdraws from a myriadof com-
ponentalgorithmsand techniquesdescribedin the literature;AppendixA describes
themajorones.Robustness—alwaysanissuein rigid bodysimulation—isparamount
for the kinds of simulationsstudiedhere. Anything that cango wrong certainlywill
whensimulatinglargesystemsover long times.Our implementationfavorsrobustness
over efficiency. The issuesarenot the underlyingcomponentsnor the absoluteeffi-
ciency of this particularimplementationbut the degreeto which timewarp improves
any implementation’sperformance.

Atomssimulates200spheresand100water-like moleculesbouncingin a divided
box. During thesimulationthedividercompressesonecompartmentandlifts to allow
the gassesto mix. Cars simulatesfour multibody vehicleswith active wheelveloc-
ity andsteeringanglecontrollers. Thesedrive over a coursewith speedbumpsand
an array of 400 sphericalpendulums. Robotssimulates20 eight-link manipulators
that repeatedlypick up boxesandthrow them. Therobotsarefully dynamicobjects,
controlledvia joint torquescommandedby callbackfunctions.Callbacksalsousean
inversekinematicmodelfor motion planning. Finally avalanchesimulates300 rigid
bodiestumblingdown amountainside,creatingavastnumberof interactions.With the
exceptionof atoms, all simulationsuserealisticvaluesfor length,mass,timeandearth
gravity. Eachwasgeneratedfrom asinglerun.

5.1 Full Timewarp Simulation Data

Table1 shows datacollectedover thecourseof performingthe full simulations.The
percentagesin thetotal integrationandrollbackcolumnsarewith respectto thesimu-
lationduration.ComputationtimesweremeasuredonanSGIOnyx (200MHzR10000
CPU).Integrationandrollbackintervalsof multibodiesandgroupswereweightedby
thenumberof individual rigid bodiesinvolved.Thereasonthattotal integrationminus
rollbackexceedsdurationis becauseof theaddedintegrationinvolvedin localizingdis-
continuities.Whenadiscontinuityis detectedoveraninterval, thesimulatormustcom-
putenew statesof therelevantbodiesin orderto localizeit. This meansre-integrating
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overcertaintime intervals,increasingthetotal integrationtime.3

Worthnotingis theamountby which theaverageintegrationstepexceedstheaver-
ageinterval betweendiscontinuities.Thisof courseis akey advantageof thetimewarp
algorithm:integrationof abodydoesnothaltateverydiscontinuitybutonly attheones
whicharerelevantto it. Thefactthattheactualintegrationstepsare2–16timeslarger
than the averageinterval betweendiscontinuitiesis especiallynoteworthy sinceany
simulationstrategy (RD, CA, or timewarp) mustcheck for discontinuitiesat a much
higherratethanthey actuallyoccur. In our experiments,checksoutnumberedactual
discontinuitiesby two ordersof magnitude.UnderRD or CA, all bodiesarehaltedat
every check,althoughtheproblemis lesssevereunderRD sincecollision checksare
synchronized.Table1 alsoshowsthatrollbackis amodestcost.Throughjudiciousun-
doing,timewarpavoidsthelargeamountof wastedwork inherentin RD asthenumber
of bodiesincreases.

In severalperformancemeasures,theavalanchesimulationis anoutlier. Theslow
simulationspeedis notbecausetimewarpis notworking. Theratioof averageintegra-
tion stepto averagetimebetweendiscontinuitiesis quitegood,andthetotal integration
perbody, while high, is not prohibitive. Themaindifficulty is the complexity of the
contactgroups: over 16,000groupsare formed, somehaving as many as 64 mov-
ing bodiesand217 simultaneouscontacts.Simulatinganavalancheusingparticleor
position-basedphysicsmay be morepractical,but the exampleshows that timewarp
canhandleevenextremecaseswell.

5.2 ComparativeSimulation Data

Table1 suggeststhe timewarp algorithmis a goodidea. Furtherexperimentsgive a
morequantitativemeasureof theimprovementit brings.Weaddedalternatemainloops
to thesimulatorto let it useRD andCA policiesinsteadof timewarp(TW ). TheRD
algorithmis parameterizedby thebasictimestepto attempton eachiteration;we used
valuesof 0.001,0.01,and1/30second.All five algorithmswererun on a two-second
segmentof anatomssimulation,with thedividerstationaryin themiddleof theboxand
with thenumberof bodiesvaryingfrom 25 to 200. Theupperpartof Figure6 shows
theaverageintegrationsteptakenby thesimulatorunderthevariousalgorithms.The
resultsconfirmthekey problemwith CA: asthenumberof bodiesincreasestheaverage
timeto thenext discontinuitycheckdecreases.As Figure2 shows,thesmallstepshave
a drasticeffect on computationalcost. RD’s averagetimestepis not assensitive to
the numberof bodiessinceit always tries to take a fixed sizestepforward. TW is
alsonot sensitive to it sincethebodiesaredecoupled.Thelower portionof thefigure
exposestheproblemwith RD: wastedwork. For a two-second,200-bodysimulation
anda frameratetimestep,RD integrateseachbodyanaverageof 30 seconds.This is
to becomparedwith TW ’svalueof 2.3secondsandthemodestpercentagesin thetotal
integration columnof Table1. CA never integratesmorethantwo secondsperbody
sinceit usesaone-sidedapproachto eachdiscontinuity.

Actual executiontimesshedfurther light. For 100atoms,RD-1/30 is thenarrow

3Baraff cleverly avoids this wasteby using internal valuesof the Runge-Kutta integrator to obtain a
polynomialapproximationof thestateover anintegrationstepfor free[5].
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Figure6: Integrationstatisticsfor variousatomssimulations.

winnerat 0.142s/frame,while TW was0.147s/frameandCA was1.15s/frame.By
200 atoms,TW is clearly superiorat 0.388s/frame,while RD-0.01, the fastestRD
algorithm,was2.61s/frame,andCA was4.74s/frame.
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6 Conclusion

Timewarp rigid bodysimulationis clearlyableto simulatelargersystemswith more
interactionsthantraditionalsynchronizedsimulationalgorithms.Themostobviousav-
enuesfor futureresearchinvolveparallelrigid bodysimulation.Timewarpsimulation
helpspavethewayto thisgoalsincetheindividualbodiesareevolvedasynchronously.
If the algorithmrunson multiple processors,delaysdueto communicationlatencies
arehandledin thesameway asbadpredictionsof discontinuitytimes: with minimal
rollback.

The simplestway to structurea parallel simulatorwould be to have one master
processorthatrepeatedlysendsintegrationtasksto a bevy of slave processors.All of
theglobaldatastructurescouldbekeptonthemasterprocessor, requiringlittle change
in thealgorithmspresentedhere.This couldsignificantlyboostperformanceover the
uniprocessorcasebut suffersfrom a bottleneckat themaster. An egalitarianapproach
in which bodiesaredistributedamongprocessorsis ultimatelymorescalable.Impor-
tantopenquestionsarehow to parcelthebodiesamongprocessorsandhow to balance
workloads. At oddsare the goalsof minimizing inter-processorcommunicationby
keepingbodiesin thesamespatialregiononacommonprocessorandminimizing idle
timeby shiftingbodiesto idleprocessors.At any ratesomemethodandstrategy for mi-
gratingthebodiesbetweenprocessorsseemsappropriate.Rollbackprobablyrequires
a full antimessagemechanismsincethe stategraphis likely to be distributed. Other
questionssurroundhow andwhereto storedatastructureslike thespatialhashtable,
which is frequentlyaccessedby all bodies.Eventsinvolving multiple bodiesmight be
redundantlystoredandprocessedonmultipleprocessorsor ononly oneof therelevant
processors.Finally, therearevariousprotocolchoicesfor passingstateinformation
betweenprocessors.Clearly therearemany challengesto building a largesimulation
farm. Yet theprospectof rich virtual environmentsbuilt on a physics-basedsubstrate
is adequatemotivationto pursuethem.

A Implementation Details

Our systemis implementedin C++. All geometriesaremodeledasconvex polyhe-
dra or unionsthereof. The v-clip algorithm[27] is usedfor narrow-phasecollision
detection;a hierarchicalspatialhashtable[26, 29] containingaxes-alignedbounding
boxesis usedfor thebroadphase.For nearbybodiesnot in contact,timesto impactare
estimatedfrom currentpositionsandvelocitiesasin [26], but the predictionsarenot
conservative. Persistentcontactis modeledusinga penaltyforcemethod;springand
damperconstantsarespecifiedperbodypair. Inspiredby [1] we useanimplicit inte-
grator(4thorderRosenbrock[30]) with asparsesolver[15] to handlestiffnessinduced
by thepenaltymethod.This is only necessaryfor contactgroups;isolatedbodiesare
integratedwith a 5th orderRunge-Kutta integrator[30]. We usea smoothnonlinear
friction law, 465 78489&:<;/=
>@?�%1AB5
76C
- [34]; staticfriction is notmodeled.Reducedcoordi-
natesareusedfor multibodies,with dynamicscomputedby ageneralizedFeatherstone
algorithm[16] in the isolatedcaseandby thespatialcomposite-rigid-bodyalgorithm
[24] within contactgroups. The latter is moresuitedto generatingthe acceleration
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Jacobianrequiredby theimplicit integrator.

Figure7: Left to Right: snapshotsfrom theatoms, carsandrobotssimulations(thanks
to Larry Gritz for BlueMoonRenderingTools).
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