Timewarp Rigid Body Simulation

Brian Mirtich*

MERL - A MitsubishiElectricResearclab
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Abstract

The traditional high-level algorithmsfor rigid body simulation
work well for moderatenumbersof bodiesbut scalepoorly to sys-
temsof hundredor moremoving, interactingbodies.Theproblem
is unnecessargynchronizatiorimplicit in thesemethods. Jefer-
sons timewarp algorithm [22] is a techniquefor alleviating this
problemin paralleldiscreteaventsimulation.Rigid bodydynamics,
thougha continuousprocessgexhibits mary aspectof a discrete
one. With modification,the timewarp algorithmcanbe usedin a
uniprocessorigid body simulatorto give substantiaperformance
improvementsfor simulationswith large numbersof bodies. This
paperdescribeghe limitations of the traditionalhigh-level simula-
tion algorithms,introduceslefersons algorithm,andextendsand
optimizesit for therigid bodycase It addressessuegarticularto
rigid bodysimulation suchascollisiondetectiorandcontactgroup
managemengnddescribedow to incorporateheseinto thetime-
warpframeavork. Quantitatve experimentatesultsindicatethatthe
timewarp algorithm offers significantperformanceamprovements
over traditionalhigh-level rigid body simulationalgorithms,when
appliedto systemswith hundredsf bodies. It alsohelpspave the
way to parallelimplementationsasthe paperdiscusses.
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1 Introduction

Today rigid body simulationis a maturetechnology The major
componenthave beenwell studiedand madepractical: fast, ro-
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bustcollision detectionalgorithms[10, 17, 21, 27]; impactmodels
of varyingaccurag [8, 12, 31]; methodgo enforcegeneramotion
constraintd6, 37, especiallythe ubiquitousnon-penetratiocon-
straints[3, 4, 35, 36]; andcontrol stratgiesfor articulatedbodies
[19,20, 28, 32]. Thusrigid bodysimulationis availablein mary an-
imationandCAD packagesindusedin computergames.Yetareas
for significanimprovementremain.An importantoneis increasing
thenumberof moving, interactingbodiesthatcanbe simulated.

We areconcernedvith geneal rigid body simulation,meaning
thatthe bodieshave nontrvial geometriesall pairscanpotentially
collide, and second-ordephysicsgovernsthe motion. Thereare
numerougechniquego simulatelarge numbersof rigid bodiesby
relaxingsomeof theseassumptionsMilenkovic efficiently simu-
latesvastnumbersof interactingspheresand non-rotatingpolyhe-
drausinglinearprogrammingechniquesndzeroeth-ordephysics
[25]. Carlsonand Hodginsusedifferent motion levels of detail,
from fully dynamicto fully kinematic,to obtainan orderof mag-
nitudeincreasen the numberof leggedcreatureshatcanbe simu-
latedin realtime [11]. Chenng et.al. cull dynamicscomputations
for off-screerobjectswhenthey enterthefield of view initial states
arecomputedy samplinga probabilitydistribution over their state
space[13]. Broganet. al. simulatelarge herdsof fully dynamic
agentsn distributedvirtual environmentsput withoutfull collision
detection[9]. Despitetheseexcellenttechniquesthe generalcase
is worth pursuingbecaus®f its wide applicability; sometimedull
collision detectioranddynamicscannotbe avoided.

Traditional techniquedfor the generalproblembecomeineffi-
cient and even intractablewith mary-bodied systemsfor one of
two reasons.Either the integration step$ becomevery small, or
theamountof work thatis wastedbecausef unpredictablevents
(like collisions) becomesvery large. The problemsarenotin the
componenglgorithmsbut in the glue holding themtogetherthe
high-level simulationloop. It imposesa synchronizatiorbetween
bodiesthatis usuallyunnecessarand wasteful. Theseproblems
areexploredin depthin Section2. Jefersons timewarp algorithm
[22], discussedn Section3, is an elegant paradigmdesignedo
alleviate similar problemsin paralleldiscreteevent simulationby
running processess asynchronoushas possible. An optimistic,
non-interactiomassumptiorprevails, and whenit is violated only
the computatiorthatis provably invalid is undone.Althoughrigid

IThroughouthis paper integration stepmeanshetime intenal passed
to theintegrator notthe smallerstepst maytake internally
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bodydynamicss a continuougprocessit exhibits mary traitsof a

discreteprocess.With somemaodification,the timewarp algorithm
canbe usedin rigid body simulators,improving both their speed
andscalability Themethodis describedn Sectiord, andSections

presentsesultsfrom anactualimplementation.

Timewarp rigid body simulationalso supportsthe long-range
goal of a highly parallelimplementation. Rigid body simulation
offers unlimited potentialfor modelingthe complex and unantici-
patedinteractionf rich virtual ernvironmentsbut currenttechnol-
ogy cannotsupportthis. Meetingthis challengewill certainlyre-
quirea multiprocessoapproachwith perhapsundredf proces-
sorscomputingmotion throughouthe ervironment. Sucha simu-
lation farmis akinto therenderingarmsthatgeneratéoday’s high
quality computeranimation.Section6 toucheson thesessues.

2 Simulation Discontin uities

Thedominatingcomputatiorin arigid bodysimulatoris thatof nu-
mericallyintegratingthe dynamicstatesof bodiesforwardin time.
Thedifferentialequation®f motionhave beerknown for centuries;
thetruedifficulty liesin processingimulationdiscontinuitieshere
definedas eventsthat changethe dynamicstatesor the equations
of motion of somesubsetof the bodies. Examplesinclude col-
lisions, new contactstransitionsbetweerrolling andsliding, and
controllaw changes.Integratorscannotblithely passthroughdis-
continuities. Insteadthe integrationmustbe stoppedthe statesor
equation®f motionupdatedandthentheintegratorrestartedrom
thatpoint. Compoundindhis complicationis thefactthatthetimes
of mostdiscontinuitiesareimpossibleto predict. Thustheintegra-
tion mustbeinterruptedevenmorefrequentlythantherateatwhich
discontinuitiesoccur justto ched if they have occurred.Thereare
two commonapproaches$or copingwith discontinuities both of
which have beenshawvn practicalfor moderatemumbersof bodies.

2.1 Retroactive Detection

Retroactve detection(RD) is the mostcommonapproactto han-
dling discontinuities.The simulatortakes small stepsforward and
checksfor discontinuitiesafter eachstep[2, 23]. For example,
inter-body penetrationindicatesthat a collision occurredat some
time duringthe mostrecentintegrationstep.A rootfinding method
localizesthe exact momentof the discontinuity After resolution,
theintegrationis restartedrom thatpoint. All of thebodiesmustbe

bacledupto their statesat thetime of thediscontinuitybecausél)

the discontinuitymay have affectedtheir motion, and(2) the bod-

iesdirectly involved in the discontinuitymustcertainlybe bacled

up to this time, andthereis no framevork for maintainingbodies
atdifferenttimes—thebodiesmustbe keptsynchronizedThefirst

problemis avoidableby boundinga discontinuitys influence. A

certaincollision may provably have no influenceon the motion of

adistantbody over the currentintegrationstep. However, the sec-
ond problemis fundamentato RD. It doesnot suffice to maintain
statesat two differenttimes,the time of the discontinuityandthe

time attheendof thestep,becausenultiple discontinuitiescanoc-

cur at differenttimesin a singlestep. Also, earlierdiscontinuities
may causeor preventlaterones,andit is hardto determinewhich

oneoccurredfirst without localizingthetimesof each.In practice,
all bodiesare bacled up to the point of eachdiscontinuity This

methodis correctsinceit eventuallyprocessesll real discontinu-
ities andno spuriousones,andBaraf hasshavn it to be efficient

andeminentlypracticalfor moderatenumberof interactingoodies
[5]- As thenumberof bodiesincreasessodoesthetherateof dis-

continuities,andthe wastedwork perdiscontinuityincreasesince
morebodiesmustbe bacled up. Shrinkingthe stepsizeto reduce
theamountof backupis nota goodsolutionaswe shallsee.Even-

tually RD becomesntractabledueto theamountof wastedwork.

2.2 Conser vative Advancement

Conserative advancemen{CA) is an alternatve to RD basedon
the idea of never integrating over a discontinuity Conserative
lowerboundsonthetimesof discontinuitiesaremaintainedn apri-
ority queuesortedby time, andthe simulatorrepeatedlyadvances
all simulatedbodiesto theboundatthefront of thequeue . Thesim-
ulatortendsto creepup to eachdiscontinuity taking smallersteps
asit getscloser Von Herzenet. al. usethis approacho detectcol-
lisionsbetweertime-dependenarametricsuriaceq18], andMir-
tich usest to supporimpulse-basedimulation[26]. Sryderet.al.
usearelatedapproacho locatemulti-point collisionsby usingin-
tenal inclusionsto boundsurfacesin time andspacd33]. Finally,
CA formsthebasisfor kinetic datastructuregpioneeredy Basche
et.al. [7]. Theseareusedto solve ahostof problemsrom dynamic
computationabeometry suchas maintainingthe corvex hull of a
moving point set,by maintainingboundson whenthe combinato-
rial structuremay change For rigid body simulationthe advantage
of CA is thatit doesnot wastework by integratingbodiesbeyond
a discontinuity Unfortunately asthe numberof bodiesincreases
theaveragetime to the next discontinuitycheckdecreasesaandthe
problemis exacerbatedinceit is difficult to computetight bounds
on timesof collisionsand contactchanges.Stoppingthe integra-
tion of all bodiesat eachcheckis very inefficient,andCA becomes
intractablewith mary bodies.

2.3 Step Sizes and Efficienc y

Figure2 graphicallydemonstratethe problemwith smallintegra-
tion steps. It shavs the computationatostof computingthe 10-
secondrajectoryof a ballistic, tumbling brick usinga fifth order
adaptve Runge-Kittaintegrator[30] undervariousstepsizes.The
two qualitatively similar curves correspondo differentintegrator
errortolerancesAt smallstepsizestheintegratordoesnot needto
subdvide theintegrationstepinto smallerpiecesto meetthe error
tolerance Thuscomputatioris proportionalto the numberof invo-
cations:halvingthe stepsizedoubleshework. At large stepsizes
theintegratorbreaksthe requestedtepinto smallerpiecesto meet
the errortolerance so computationis insensitve to stepsize. Un-
fortunately even with a moderatenumberof bodies,a simulators
operatingpoint is to the left of the elbow in thesecurves. Thus,
reducingthe stepsizesignificantlyincreasesomputationatost.
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Figure2: Costof computingthe trajectoryof a brick versusinte-
grationstepsize(epsis theintegratorerrortolerance).
3 The Timewarp Algorithm

Theproblemsof RD andCA resultfrom unnecessargynchroniza-
tion. Eachdiscontinuityaffectsonly a smallfractionof thebodies,



yetunderRD every body mustbe bacled up whena discontinuity
occurs,andunderCA integrationof every bodymuststopfor adis-
continuity check. The inefficienciesare tolerableaslong asthere
arenottoo mary bodies.Similarissuesarisein discreteeventsim-
ulation (DES), which is often appliedto very large modelssuch
as carson a freewvay system. Thesesimulationsare often done
in parallelor distributedsettings. The simulatedagentsare parti-
tionedamonga numberof processorseachof which adwancesits
agentsforwardin time. Therearecausalityrelationshipghatmust
be presered (e.g. a car suddenlybrakingcauseghe car behindit
to bralke), andthe crux of the problemis that one agentmay trig-
geran actionof anotheragenton a differentprocessorObviously
communicatiorby messag@assingor othermeanss needed.
Conserative DES protocolsguaranteeorrectnes®y requiring
that eachprocessomdwanceits agentsforward to a certaintime
only whenit hasprovably receved all relevant eventsfrom other
processor®ccurringbeforethat time. Optimistic protocolswere
a key breakthrougtin distributed DES. Theseallow eachproces-
sorto adwanceits agentsforward in time by assumingall relevant
eventshave beenreceived, therebyavoidingidle time. The catchis
thatwhenanagentrecevesan eventin its “past; the agentneeds
to bereturnedo thestateit wasin whentheeventoccurredjts own
actionssincethattime mustbeundoneandtheinterveningcompu-
tationis wasted.Jefersonwasamongthefirst to definea provably
correct, optimistic synchronizatiorprotocol along with a simple,
elegantimplementatiorcalledthe timewarp mechanisni22]. We
now give a brief, simplified descriptionof this seminalalgorithm.
Eachprocessmaintainsthe stateof someportion of the mod-
eledsystem. Eachprocessalsohasa local clock measurindocal
virtual time (LVT) at that process. The local clocks are not syn-

chronized andprocessesommunicatenly by sendingmessages.

Every messagés time stampe@ with a time not earlier thanthe
sendess LVT but possiblyearlierthanthe recever’s LVT whenthe
messagés receved. Processemustprocessventsin time order
to maintaincausalityconstraints.Whena receved messagéasa
timestampaterthantherecever’s LVT, it is insertedinto aninput
gueuesortedby timestamp.A processs basicexecutionloop is to
adwancelVTto thetime of thefirst eventin its inputqueueremove
theevent,andprocesst. Advancingto a new time meanscreating
anew state andthesearequeuedn time orderin a statequeue.

If the first eventin a process input queuehasa receve time
earlierthanLVT, the procesgperformsa rollbad by returningto
thelateststatein its statequeuebeforetheexceptionalkevent'stime.
This becomeshenew currentstate jts time becomeshenew LVT,
andall subsequenstatesin the queueare deleted. Already pro-
cessecbventsoccurringafter the new LVT are placedbackin the
input queue. Messageghe processorsentto other processest
times afterthe new LVT are“unsent”via antimessges Whena
processendsamessagét addsa correspondingntimessag® its
outputqueue.Thisis anegative copy of thesentmessagedgdentical
to it exceptfor aflippedsignbit. Whena processds rolled backto
anew LVT, all antimessages the outputqueudaterthanthistime
aresent.Whenamessagandantimessagareunitedin aprocess
inputqueuethey annihilateoneanotherandthe neteffectis asif a
messag@verenever sent.Rollbackis recursie: antimessagemay
triggerrollbacksthatgeneratanewn antimessages.

Global virtual time (GVT) is the minimum of all LVTsamong
the processeandall timesof unprocessethessagesdlt represents
aline of commitmenduringthesimulation:stateearlierthanGVT
areprovably valid while statesheyond GV T aresubjecto rollback.
Individual LVTsoccasionalljjump backwards,but GVT monoton-
ically increasesSincerollback never goesto a point beforeGVT,
eachstatequeueneedsonly to maintainonestatebeforeGVT. Ear
lier statesaswell assaredmessageprior to GVT maybedeleted.

2Eachmessagectually hastwo timestampsa sendandreceve time,
but onesufiicesfor our purposes.

4 Timewarp Rigid Body Simulation

Rigid body simulationcomputesa continuousprocessut exhibits

traits of DES. Bodies“communicate”throughcollisions and per

sistentcontact. Collisionsarein fact usuallymodeledasdiscrete
events. Contactis a continuousphenomenonbut it canbe viewed
asoccurringwithin a collectionof bodiesratherthanbetweerindi-

vidual bodies. This view facilitatesthe adaptatiorof the timewarp
algorithmto uniprocessorigid body simulation. The resultis a
high-level simulationalgorithmthatdoesnot suffer from thewasted
work problemof RD northesmalltimestepproblemof CA.

4.1 Overview

Firstconsidera simulationwithout connectear contactingbodies.
Eachbodyis a separatéimewarp processwith a statequeuecon-
tainingthe dynamicstate(positionandvelocity) of thebodyatthe
endof eachintegrationstep. Thetimesof thesestatesaredifferent
for differentbodies. A global event queuecontainseventsfor all
simulatedbodies;this corresponds$o a union of all the individual
input queuesn Jefersons algorithm. Eacheventhasatimestamp
anda list of the bodiesthatreceve it. Oneiterationof the main
simulationloop consistof remaving theeventfrom thefront of the
eventqueue,integratingthe receving body or bodiesto the event
time, andthenprocessinghe event. Most eventsarerescheduled
afterthey areprocessedOur systemsupportdour typesof events:

1. Collisionchedk eventsarerecevedby pairsof bodiescausing
a collision checkto be performedbetweerthemat the given
time. Processinghesesventsmayleadto collisionresolution.

2. Group ched eventstrigger collision checkingbetweencon-
tactingbodiesandalsocheckingfor whengroupsof suchbod-
iesshouldbe split. They canalsoleadto collisionresolution.

3. Redaw eventsexist for every renderedody Processingne
involveswriting thecurrentpositionof thebodyto arecording
buffer. Reschedulin@ccursatfixedframeintenals.

4. Callbadk eventsarerecevedby arbitrarysetsof bodiesandin-
voke userfunctionswrittenin Shemethat,for example drive
controlsystemsReschedulings userspecified.

4.2 Collisions and Rollbac k

If penetrations discoreredin processing collisioncheckor group
checkevent, thena collision hasoccurredat a time precedingthe
time of theevent. This maybeanormalcollision or asoft collision
producinga new persistentontact.Eitherway, the colliding bod-
iesmustberolled backto the collision time. This behaior differs
from thatof standardimewarpeventswhichonly causeollbackup
to thetime of the event; it occursin rigid body simulationbecause
exact collision times cannotbe predicted. To implementcollision
rollback eachcollision checkand group checkevent hasan addi-
tional timestamp,a safetime, which is the time whenthe pair or
groupof bodieswaslast verified to be disjoint. Whena collision
checkor group checkeventis processedandthereis no penetra-
tion, the safetime is updatedo thetime of thecheck.Whenpene-
trationis detectedthe safetime formsalower boundonthesearch
for thecollisiontime. Sincerollback never proceedgo a point be-
fore the safetime, GVT can be computedas the minimum of all
LVTsandall eventsafetimes. This insurestherearealwaysstates
to backup to whena collisionoccurs.
Theantimessagmechanisnis moregenerathanwhatis needed
for uniprocessorigid body simulation. Still consideringonly iso-
latedbodies,the only interbody communicatioris throughcolli-
sions;a suitablerecordof thesedrivesthe rollback. Pairs of cor



respondingoost-collisionstatesarelinked togetherturningthein-

dividual statequeuesnto a dynamicstategraph as shavn at the
top of Figure 3. The figure depictsthe actionstaken when bod-
ies A and B collide. Body A is rolled backby deletingall of its

statesafter the post-collisionstate. (If B alsohadsuchstates,a
twin rollback operationwould begin in its own statequeue).Some
of thedeletedstatesarelinked via collisionsto statesn otherbod-
ies. Theseinterbody communicationsrenown suspectiueto the
A-B collision,thusrollbackproceedscrosshecollisionlinks and
thenrecursvely forward throughotherbodies’statequeuesUpon
completionof rollback,all stateshatwerepossiblyaffectedby the
A-B collision—andno others—aradeleted. In this examplethe
rollbackinvalidatesa substantiabmountof work. It is anunusual
casebut onethe simulatormustbe preparedor.

* frontier

GVT time

oldGVT  newGVT time
Figure3: Top: Stategraphof a five body simulation. The verti-
cal connectiongink post-collisionstates.The gray statesare new
post-collisionstatefoundwhile processingn A-B collisioncheck
event. Bottom: The rollback operationtriggeredby the collision.
Crossedstatesaredeletedandrepresentvastedwork, but forward
progresss indicatedby theadvancemenbdf GVT.

Eventsmustalso be rolled back. This correspondgo placing
messagebackin a process inputqueuein Jefersons original al-
gorithm. An eventneeddo berolled backonly if it involvesa body
whosestatequeuewasrolled backto atime earlierthanthe sched-
uled time of the event. Eventrollback is type-specific. Redrav
eventsaresimply rescheduledo thefirst frametime following the
rollbacktime. Fixed-ratecallbackeventsarehandledsimilarly. If
therollbacktime is earlierthanthe safetime of a collision checkor
groupcheckevent,theeventis rescheduledb therollbacktime. If
therollbacktime is betweerthe safetime andthe scheduledvent
time, thesystenoptimisticallyassumesoactionis necessaryThis
is a gamblesincea collision may male the previously computed
collision checktime inaccurateput thetimewarpalgorithmcanre-
cover gracefullyfrom poorly predictedcollisiontimes.

In total the timewarp algorithmrequiredlittle overheadandfew

additionaldatastructuresvhencomparedo a corventionalsimu-
lator. Any simulatorcomputesequencesf body statesthe main
changeis thattheseare keptin queuesandlinked togetherat the
collision points. Rollbackis implementedvith a simplerecursve
traversalof the stategraph.

4.3 Multibodies

Multibodies (or articulatedbodies)are collectionsof rigid bodies
connectedy joints, asin a humanfigure. The trajectoryof a sin-

gle multibody link cannotbe determinedn isolation; the motion

of all links mustbe computedtogether Little changeis needed
to incorporatemultibodiesinto the timewarp framework. A single
statequeuesenesfor theentiremultibody;it is advancedasa unit.

Most eventsarestill handledon a perrigid body (perlink) basis.
When,for example,a particularmultibody link mustbeintegrated
to a certaintime for a collision check,thewhole multibodyis inte-

gratedto thattime. As aresult,statesaremoredenselydistributed
along multibody statequeueghanalongrigid body statequeues,
especiallyfor multibodieswith mary links. A collisioninvolving a

singlelink causeghe whole multibodyto berolled back. Clearly
timewarpdoesnot offer muchimprovementif all of thebodiesare
connectednto only afew multibodies.

4.4 Contact Groups

Contactgroupsare collectionsof rigid bodiesand multibodiesin
persistentcontact;the componentodiesexert continuousforces
on eachother The componentsnustagainbe integratedasa unit,
but unlike multibodiescontactgroupsarefluid: bodiesmayjoin or
leave groups,and groupsare createdand destrgyed during a sim-
ulation. Contactgroupshave no analogin the classicaltimewarp
algorithm,which is designedor a staticsetof processesMost of
theaddedwork in implementingimewarprigid bodysimulationis
in managingcontactgroups.To impartsomeorderwe requirethat
groupscomprisea fixed setof bodies;whenthe setmustchangea
new groupis created Groupsarecreatedy fusionsandfissions.A
fusionis a suitablysoft collision betweentwo bodies,afterwhich
they areconsideredo remainin contact.Eitherbodymaybepartof
amultibodyor anotheigroup.A fissionis asplitting of agroupinto
two or moreisolatedbodiesor separaténon-contactingyroups.

The compleities of contactgroup evolution are bestexplained
by example.Thetop of Figure4 shavs the stategraphfor fiverigid
bodieslabeledA-E andthe variouscontactgroupsthat exist over
thetimeinterval [to, t2] (body F' doesnothave astatequeusesinceit
isfixed). Thebottomof thefiguredepictshephysicalconfiguration
atthreedistincttimes. At timeto, only bodiesB andFE areisolated,;
theothersaremember®f two contacigroups,AF andC DF'. Only
kinematicallycontrolledbodies of which fixedbodiesarea special
case,may be membersof multiple groupsat a given time; such
bodiesdonotlink groupstogethersincetheirmotionandtheforces
they exert on other bodiesare independenbdf the forcesexerted
onthem.Dottedhorizontallinesindicateintervalswithoutisolated
statessincethebodyis partof agroup. Thefirst changeafterto is a
fusioncollision betweenA andB, creatinganew group,ABF'. D
andF thencollide, butthisis astandardnon-fusion)collisionso E
remaingsolatedandC D F intact. The D-E collisiondoessetD in
motion, eventuallyleadingto an A-D fusioncollision. This latter
collisioncauseswo previously separatgroupsto fuseinto asingle
one,which s the situationattime ¢t;. Next D breakscontactwith
C, triggeringthe fissionof ABCDF into ABDF andCF. No
collision occurredhere;fissionscanbe causedsimply by breaking
contacts Still sliding, D pushesB off of A, causingB to leave the
contactgroupandreturnto anisolatedstate. Finally, E landsand
settlesonto D, fusinginto anew groupADEF .
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Figure 4: Top: The stategraphfor a portion of a six body sim-
ulation. Circlesareisolatedbody statesand squaresare contact
groupstates.Bottom: The physicalconfigurationof the bodiesat
threedistincttimes. Moving bodiesin contactgroupsare colored
to matchthetop partof thefigure. Seetext for details.

The stategraphin the figure only shawvs statesrelevant to the
discussion.Therewould actuallybe mary morestatesalongall of
the statequeuegeneratedyy othereventsanddiscontinuities.For
examplethereare usually mary non-fusioncollisionsleadingup
to afusioncollision asbodiessettle. At ary time coordinateeach
non-kinematidody s isolatedor a memberof exactly onegroup.
Thusthereis never ambiguityaboutwhatthe stateof a body is at
a giventime, or from which stateto integratewhen computinga
nev stateof a body To computethe stateof body B at time ¢»,
integrationproceedsrom thelatestisolatedstateof B prior to t».
To computethe stateof B at time ¢, integration proceedsrom
thelateststateof groupABC DF prior to ¢;. To facilitatethis, the
stategraphhasadditionalpointersnotshavn in thefigure. A fusion
collision pointsto the new groupit createsjf ary. Also, the last
stateof every fissuredgrouppointsto thenewly isolatedbodiesand
subgroupghatsucceedt. Thesepointersmale it possibleto find
for ary body B andtime thelateststateof B, possiblyin agroup,
prior to t. Thesearchoeginswithin B’s own (isolated)statequeue
andextendsinto contactgroupsif necessarypy following pointers.
Sometimesseveral pointersand contactgroupsmustbe traversed
to find the properprior state. The pointersalsofacilitaterollback.
Whenafusioncollisionstateis deletedtherollbackproceedso the
new groupformedby the collision, if ary. Whenthe last stateof
afissuredgroupis deleted rollback proceedgo theisolatedbody
andsubgroupstateghatsucceeded.

Over theintenal shavn in Figure4, six new contactgroupsare
createdin additionto the two that existed at to. At t2 only two
remain. Groupsareterminatedvhenthey fuseinto new groupsor
whenthey fissureinto pieces.Terminationdoesnotmearnthegroup
can be deletedsincerollback can causeevent processingn non-
temporalorder For exampleit may be necessaryo determinethe
stateof body B attimet; afterthegroupABC DF is terminated.
OnceGVT passeshelaststatein aterminatedgroup,however, the
groupis obsoleteandthe storagecanbereclaimed.A groupis also
deletedvhenarollbackoperationannihilatesall of its states.

Intra-groupcollision detectionis handledin one of two ways.
If bodiesA and B arein the samegroupbut not currentlyin con-
tact, the standardA-B collision checkeventtriggerscollision de-
tection betweenthem. Eachgrouphasa group checkevent that
performsall of the collision detectionbetweenalreadycontacting
bodies.Thedistinctionis neededsincemostcollision time predic-
tors do not computemeaningfulresultswhen the separatiordis-
tanceis nearzero. Instead,group checkeventsare schedulecat
a fixed, userspecifiedrate. While collision detectionbetweenA
and B is beinghandledby a groupcheckevent,the ordinary A-B
collisiondetectioreventis disabled.

Groupcheckeventsarealsoresponsibléor detectingfissions.A
graphis constructedn whichthegroups non-kinematidodiesare
verticesandcontactsareedges.A standarcconnecteccomponent
algorithmis performednthisgraph.Multiple componentidicate
thatthe groupcanbe split. Thereis flexibility in thetime to split
agroup. Integratinga groupwith multiple connecteccomponents
doesnot give awronganswerit is simply inefficient sincesmaller
groupscanbeintegratedfasterthana singlecombinedone.

4.5 Collision Checks

At ary given point in a simulation,collision checkingis enabled
betweencertainactive pairs of bodies,which are hopefully small
in numbercomparedo the total numberof pairs[21]. Every non-
contactingactive pair requiresa collision checkevent. Thebodies’
statequeuesprovide a simple way to keepthe numberof active
pairssmall. An axis-alignedboundingbox is maintainedaround
thesetof statesurrentlycomputedor eachrigid body(hencethere
aremultiple boxesfor multibodiesandgroups).This sweptvolume
grows asnew statesaarecomputedijt shrinkswhenstatesaredeleted
asGVTmovespastthem.Usingsix heapgo maintaintheminimum
and maximume, y, and z coordinatesof the rigid body at each
state the sweptvolumeover n statess updatedn O(log n) time.
The pairsof sweptvolumesthat overlap canbe maintainedus-
ing a hierarchicalhashtable[29] or by sorting coordinatesalong
the threecoordinateaxes[3, 14]. If the sweptvolumesof bodies
A and B do notoverlap,then A and B areknown to be collision
freeovertheintenal [GVT, tyin (4, B)], wheret i3 (4, B) isthe
time of A’s or B’s lateststate,whichever is earlier As long as
the sweptvolumesremaindisjoint, A and B arenot anactive pair.
Now supposentegrationof B causests sweptvolumeto overlap
the previously disjoint sweptvolumeof A. To avoid missingcol-
lisions, a new collision checkeventfor A and B is scheduledor
thetime givenby thevalueof t,,i (A, B) befoe B wasintegrated
(Figure5). The bodiesareknown to be collision free beforethis
point. This new eventis in B’s past,but the timewarp algorithm
canaccommodaté; if acollisiondid occurthenrollbackwill rec-
tify the situation. The collision checkeventfor A and B remains
active aslong astheir sweptvolumesoverlap. This methodworks
even thoughthe sweptvolumesexist over differenttime intenals
and may have no statesat commontimes. Inactive pairsdo not
needto be synchronizedn orderto remaininactive, which avoids
costlyintegrationinterruptionsfor the vastmajority of body pairs.

Figure5: When B is integratedto the stateshavn in gray swept
volumeoverlapoccurs. A and B becomeanactie pair, anda col-
lision checkis scheduledtthe earliertime of thetwo redstates.



simu- # of avg time avg total total comp
lation # of discont- between| integr'n # of integr'n rollback time/
duration | rigid bodies inuities disconts| step integr'ns / moving / moving frame

simulation (s) moving/total | (thousands)| (ms) (ms) (millions) body(s) body(s) (s)
atoms 120 302/ 308 51.9 231 6.25 6.04 125(+4.2%) | 0.278(0.23%) | 0.767
cars 60 428/ 524 17.8 3.38 14.9 1.98 69.2(+15%) | 1.57(2.6%) | 0.904
robots 120 240/ 430 26.8 4.48 9.88 3.00 124(+3.3%) | 1.45(1.2%) | 0.707
avalanche 45 300/ 824 217 0.208 3.39 5.84 66.0(+47%) | 7.15(16%) 97.0

Tablel: Datacollectedover the four simulations.

4.6 Callback Functions

It is difficult to completelyhide the underlyingtimewarp natureof
the systemfrom usercallbackfunctions.Because¢hebodies’'LVTs
arenot synchronizedcallbackfunctionsinvolving differentbodies
arenot invoked in strict temporalorder In fact, a callbackfor a
singlebody may not be invoked at monotonicallyincreasingimes
dueto rollback. Thus, a collision callbackthat countsa body’s
collisionshby incrementinga global counteris flawed sinceit may
getcalledwith the samecollision multiple times. Oneconvention
thatguaranteesorrectbehaior is to forbid callbackfunctionsfrom
accessinglobaldata.Thefunctionshouldonly usethedatapassed
in: the time of the event and the statesof the relevant bodiesat
thattime. Datathat mustpersistacrosscallbackinvocationsare
supportedby adjoining new slotsto the statesof bodies. Unlike
position and velocity values,the valuesin theseslots are simply
copiedfrom stateto statesincethereis no needto integratethem,
but callbackfunctionscanaccessandmodify thesevalues.Changes
areappropriatelyundonenvhenthestatequeuesrerolledback. The
collision counteris implementeccorrectlyby attachingan integer
slotto thebodystate. Thecallbackfunctionincrementshecounter
androllbackmay causehe counterto decrease.

5 Results

We now describethe resultsof simulatingfour different systems
with atimewarprigid bodysimulator(Figuresl and7). Ourimple-
mentationdrawvs from a myriad of componengalgorithmsandtech-
niquesdescribedn theliterature;AppendixA describeshe major
ones. Rolustness—atays an issuein rigid body simulation—is
paramounftor thekindsof simulationsstudiedhere.Anything that
can go wrong certainly will when simulatinglarge systemsover
long times. Our implementatiorfavors robustnessver efficiengy.
Theissuesarenot the underlyingcomponentsor the absoluteef-
ficiengy of this particularimplementatiorbut the degreeto which
timewarpimprovesary implementatiors performance.

Atoms simulates200 spheresand 100 waterlike molecules
bouncingin a divided box. During the simulationthe divider com-
presse®necompartmenandlifts to allow thegasseso mix. Cars
simulatesfour multibody vehicleswith active wheelvelocity and
steeringangle controllers. Thesedrive over a coursewith speed
bumpsandanarrayof 400 sphericapendulumsRobotssimulates
20 eight-link manipulatorghatrepeatedlyick up boxesandthrow
them. The robotsare fully dynamicobjects,controlledvia joint
torquescommandedy callbackfunctions. Callbacksalsousean
inversekinematicmodelfor motion planning. Finally avalantie
simulates300rigid bodiestumblingdown amountainsidegreating
avastnumberof interactions With the exceptionof atoms all sim-
ulationsuserealisticvaluesfor length,masstime andearthgravity.
Eachwasgeneratedrom a singlerun.

5.1 Full Timewarp Simulation Data

Tablel shavs datacollectedover the courseof performingthefull
simulations. The percentagem the total integrationandrollback

columnsarewith respecto the simulationduration. Computation
times were measurecn an SGI Onyx (200MHz R10000CPU).

Integrationandrollback intervals of multibodiesand groupswere
weightedby the numberof individual rigid bodiesinvolved. The
reasorthattotal integrationminusrollback exceedsdurationis be-
causeof the addedintegration involved in localizing discontinu-
ities. Whena discontinuityis detectedover an intenal, the sim-

ulator mustcomputenew statesof the relevant bodiesin orderto

localizeit. This meansre-integrating over certaintime intenals,

increasinghetotal integrationtime 2

Worth noting is the amountby which the averageintegration
stepexceedsthe averageintenal betweendiscontinuities. This of
courseis a key adwantageof the timewarp algorithm: integration
of abody doesnot halt at every discontinuitybut only at the ones
whicharerelevanttoit. Thefactthattheactualintegrationstepsare
2-16timeslargerthanthe averageintenal betweendiscontinuities
is especiallynotevorthy sinceary simulationstratey (RD, CA, or
timewarp) mustched for discontinuitiesatamuchhigherratethan
they actuallyoccur In our experiments checksouthnumberedc-
tual discontinuitiesby two ordersof magnitude UnderRD or CA,
all bodiesare haltedat every check,althoughthe problemis less
severeunderRD sincecollision checksare synchronized.Table1
alsoshaws thatrollbackis a modestcost. Throughjudiciousundo-
ing, timewarp avoids the large amountof wastedwork inherentin
RD asthenumberof bodiesincreases.

In several performancemeasuresthe avalande simulationis
an outlier The slov simulation speedis not becausdimewarp
is not working. The ratio of averageintegration stepto average
time betweerdiscontinuitieds quitegood,andthetotal integration
perbody while high, is not prohibitive. The maindifficulty is the
compleity of the contactgroups:over 16,000groupsareformed,
somehaving asmary as64 moving bodiesand217 simultaneous
contacts.Simulatingan avalancheusingparticleor position-based
physicsmay be more practical, but the exampleshaws that time-
warpcanhandleevenextremecaseswell.

5.2 Comparative Simulation Data

Tablel suggestshetimewarpalgorithmis agoodidea. Furtherex-
perimentgyive a more quantitatve measureof the improvementit
brings. We addedalternatemainloopsto the simulatorto let it use
RD andCA policiesinsteadof timewarp (TW). TheRD algorithm
is parameterizetly the basictimestepto attempton eachiteration;
we usedvaluesof 0.001,0.01,and1/30secondAll five algorithms
wererun on a two-secondseggmentof an atomssimulation, with
the divider stationaryin the middle of the box andwith the num-
ber of bodiesvarying from 25 to 200. The upperpartof Figure6
shavs theaveragentegrationsteptakenby the simulatorunderthe
variousalgorithms.Theresultsconfirmthe key problemwith CA:
asthe numberof bodiesincreaseshe averagetime to the next dis-
continuity checkdecreases.As Figure 2 shavs, the small steps

SBaraf cleverly avoidsthis wasteby usinginternalvaluesof theRunge-
Kuttaintegratorto obtaina polynomialapproximatiorof the stateover an
integrationstepfor free[5].
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Figure6: Integrationstatisticsfor variousatomssimulations.

have adrasticeffecton computationatost. RD’s averagetimestep
is not assensitve to the numberof bodiessinceit alwaystriesto
take a fixed sizestepforward. TW is alsonot sensitve to it since
the bodiesaredecoupled.The lower portion of the figure exposes
the problemwith RD: wastedwork. For a two-second200-body
simulationanda frameratetimestep,RD integrateseachbody an
averageof 30 seconds.This is to be comparedwith TW's value
of 2.3 secondsandthe modestpercentagem the total integration
columnof Tablel. CA neverintegratesmorethantwo secondper
bodysinceit usesa one-sidedapproacho eachdiscontinuity
Actual executiontimesshedfurtherlight. For 100 atoms,RD-
1/30 is the narraw winner at 0.142s/frame,while TW was0.147
s/frameand CA was 1.15s/frame. By 200 atoms,TW is clearly
superiorat0.388s/frame while RD-0.01, thefastesRkD algorithm,
was2.61s/frameandCA was4.74s/frame.

6 Conclusion

Timewarp rigid body simulationis clearly ableto simulatelarger
systemsawith moreinteractionghantraditionalsynchronizedsim-
ulation algorithms. The mostohvious avenuesfor future research
involve parallelrigid body simulation. Timewarp simulationhelps
pave the way to this goal sincethe individual bodiesare evolved
asynchronouslylf the algorithmrunson multiple processorsde-
lays dueto communicationatenciesare handledin the sameway
asbadpredictionsof discontinuitytimes: with minimal rollback.
The simplestway to structurea parallel simulatorwould be to
have onemasteprocessothatrepeatedlsendsntegrationtasksto
a bevy of slave processorsAll of the global datastructurescould
be keptonthe mastemprocessqmrequiringlittle changen thealgo-
rithms presentedhere. This could significantlyboostperformance
overtheuniprocessocasebut suffersfrom abottleneckatthemas-

ter. An egalitarianapproachn which bodiesaredistributedamong
processorss ultimately more scalable. Importantopenquestions
arehow to parcelthe bodiesamongprocessorandhow to balance
workloads. At oddsare the goals of minimizing inter-processor
communicatiorby keepingbodiesin the samespatialregion on a
commonprocessoandminimizing idle time by shifting bodiesto
idle processorsAt any ratesomemethodandstrateyy for migrating
the bodiesbetweemrocessorseemsappropriate Rollbackproba-
bly requiresa full antimessagenechanisnsincethe stategraphis
likely to bedistributed. Otherquestionsurrounchowv andwhereto
storedatastructuredik e the spatialhashtable,which is frequently
accessetby all bodies.Eventsinvolving multiple bodiesmight be
redundantlystoredandprocessedn multiple processorsr ononly
oneof the relevant processorsFinally, thereare variousprotocol
choicesfor passingstateinformationbetweerprocessorsClearly
therearemary challengego building a large simulationfarm. Yet
the prospecbf rich virtual ervironmentsbuilt on a physics-based
substrateés adequatenotivationto pursuethem.

A Implementation Details

Our systemis implementedn C++. All geometriesare modeled
ascorvex polyhedraor unionsthereof. The v-clip algorithm[27]
is usedfor narrav-phasecollision detection;a hierarchicalspatial
hashtable[26, 29] containingaxes-alignedoundingboxesis used
for thebroadphase.For nearbybodiesnotin contacttimesto im-
pactareestimatedrom currentpositionsandvelocitiesasin [26],
but the predictionsarenot conserative. Persistentontactis mod-
eled using a penaltyforce method; spring and damperconstants
arespecifiedper body pair. Inspiredby [1] we useanimplicit in-
tegrator (4th order Rosenbrocl30]) with a sparsesolver [15] to
handlestiffnessinducedby the penaltymethod. This is only nec-
essanyfor contactgroups;isolatedbodiesareintegratedwith a 5th
orderRunge-Kuittaintegrator[30]. We usea smoothnonlinearfric-
tion law, f;/f» = tanh(wv;/e) [34]; staticfriction is not modeled.
Reducedoordinatesreusedfor multibodieswith dynamicscom-
putedby a generalized-eatherstonalgorithm[16] in theisolated
caseandby the spatialcomposite-rigid-bodwlgorithm[24] within
contactgroups.Thelatteris moresuitedto generatinghe acceler
ationJacobiamrequiredby theimplicit integrator
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