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Abstract

Most physically-based simulation systemsfor computer graphicstarget only asingle simulation domain,
such as particle systems, rigid bodies, cloth, and liquids. By using “layering” techniques, one-sided inter-
actions between different domains are easily produced. For example, one-sided particle system/rigid-body
simulationisachieved by first running arigid-body simulator and then injecting therigid body motionsinto
aparticle-system simulator; in the particle system, particlesrebound off the (possibly moving) solid objects
without affecting the solid objects motion. This paper address the problem of combining disparate simu-
lations so as to allow two-way interactions, such as a jet of particles that both deflects off a stack of solid
objects, but also causes the stack to topple over realistically. Incorporating multiple simulation domains
within a single simulation system is difficult because each simulation problem is best attacked using spe-
cialized techniques. Instead, we propose amethod that treats each simulator asa* black box” with asimple
generic interface. We present a technique called interleaved simulation that achieves geometrically accu-
rate behavior with minimal overhead, compared to the cost of running the simulationsindependently. The
method works best where the component systems' masses differ significantly. We show that interleaved
simulation is equivalent to taking one matrix-solving gradient step per simulation time step, with a very
good preconditioner. We include an easy-to-implement description of the method, and present avariety of
simulation results.



1 Introduction

Our motivation in writing this paper stems from our recent experiences in developing physically-based
cloth simulation. To model cloth redistically we must model its interactions with other objects, such as
rigid bodies. Initially, we intended to handle these interactions unilaterally, letting non-cloth objects exert
forces on cloth, but not vice versa. We would begin with animated or captured motion, or pre-computed
simulation results, then add a cloth “layer” to the smulation. This layered approach makes good physical
sense when the non-cloth objects so far outweigh the cloth that the latter’s effect on the former can be ne-
glected [9]. Thisisoften enough agood approximation; notably, the dynamics of clothing generally have a
small effect on thewearer’s motion (sheath skirtsand straight-jackets not withstanding.) Werealized, how-
ever, that many interactions are decidedly bilateral, for instance a cloth sack full of fruit, clothes swinging
on a hanger or clothesline, or a person jumping on a trampoline.

In previous work we have built a variety of simulation systems: particle-system simulators [16], rigid-
body simulators[1] and ssimulatorsfor flexible objects[17, 2]. Others have simulated fluids and wind [10,
15].

We realized that it would be extremely useful to merge all of these disparate simulation domains into
asingle framework, alowing mutual simultaneousinteractions. For instance, combining particle systems
with rigid objectswould allow usto spray ajet of particlesat a stack of objects, both deflecting the particle
stream and toppling the stack. We could have objects bab, or sink, in simulated water, etc. Many of these
effects cannot be adequately handled by layered one-sided interactions.

1.1 Difficulties of Combined Simulation

Combining disparate simulatorsinto asingle, monol othic simulation system is problematic for variousrea-
sons. Simulation code (either in source or as abinary library) is not always available, particularly in pro-
duction environments where the majority of code used is obtained commercially. Even if the software is
available, the cost in programmer-time to merge two simulation systemswill often be prohibitively expen-
sive. Additionally, merging simulation capabilitiesin this manner leads to “ quadratic software explosion”
inwhich software must be written to deal with al the permutationsin which simulators might be combined.

However, the difficulties go far beyond logistical issues. Algorithmically, handling all these disparate
simulation domains within a single monolithic simulation system is all but impossible, because for effi-
ciency each must be attacked with specialized techniques. Particle-system simulators are specialized to
handle large ensembles of homogeneous simple objects, with ssmple interactions. Rigid-body simulators
deal with smaller numbers of more complex objects, and must handle the extremely complex interactions
that arise due to contact constraints. Soft-body simulation focuses on modeling volumetric deformations,
while cloth simulation must cope with arbitrarily complex folding and wrinkling patterns of deformable
surfaces, and with the highly stiff interactions resulting from the internal forces.

These differences go far deeper than the implementation details: the differential -equation solving meth-
odswe useto handlerigid-body systemsdiffer fundamentally from thosethat are suited to cloth, or tofluids.
While we could in principle construct a“least-common-denominator” simulator, the resulting weak meth-
odswould cost literally orders of magnitudein performance degradation. In addition to these fundamental
differences, each system gains greatly in performance by exploiting regularities in the objects it models,
and we have the practical issuethat we would like to use existing specialized systems, many of which have
by now been highly optimized for performance and robustness.
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1.2 A Modular Approach

These considerations argue for an approach to combining simulation domains that treats each simulation
systemasa*“black box,” handling theinteractionsthrough somekind of simple, uniform, generic interface.
We have investigated this approach, and in this paper we report our initial results.

Combining simulation systems from the outside, while more promising than building a monolithic sim-
ulator, is by no means an easy task. Handling some interactions, such as “weak” spring forces, isasimple
matter of externally computing the interaction forces, and injecting them into each simulator. More dif-
ficult to handle are interactions involving contact and other geometric constraints, because they require a
simultaneous constraint-force solution. Typically, constraint forces are obtained by solving a global ma-
trix equation, which would seem to cut right across the simulation boundaries, and into the heart of each
system.

Our specific goal isto compute constraint forces across interacting systems, requiring minimal knowl-
edge of the systems' internal's, with acceptable accuracy and only minimal performance degradation, when
compared to the cost of running each simulator independently. We first show that the global constraint-
force equations can be solved iteratively using standard matrix methods, given little more than the ability
to apply forces and take time steps. This method does not meet our performance expectations since many
iterations might be required to obtain an acceptably accurate result. We then show that we can obtain re-
sultsthat are quite accurate, at |east in the sense that the constraints are satisfied geometrically, without the
need for multiple iterations per time step, provided that some or al of the systems are capable of handling
constraints individually.

The mathematical framework that produces this result suggests arelated family of solution methods for
the general problem. We introduce one particular solution method, interleaved simulation, which achieves
our goals. Interleaved simulation handles a broad class of simulation domains, with negligible overhead,
and good accuracy over awiderange of situations. The method works best where there are significant (but
not necessarily extreme) mass disparities between the systems. We demonstrate the success of interleaved
simulation with several simulations that show complex, realistic two-way interactions between cloth and
rigid bodies, and between rigid bodies and particle systems. We note that while the timeto implement each
individual simulator ranged from days to months, the implementation time of the interleaved simulation
method was measured in hours. A concrete easy-to-implement description of the combination method is
included.

1.3 Overview

A standard approach to imposing geometric constraintsisto cal culate a set of constraint forceswhosejob it
isto keep the constraints sati sfied—keeping joints attached, preventing interpenetration, etc.—by ensuring
that objects accelerations are consistent with the constraints. To solve for forces that produce the desired
accelerations, we need to know the functional relationship between forces and accelerations. Ideally, this
relationship can be captured in amass matrix. In practice, though, asimulation system’s effective response
to outside forces depends not only on its mass distribution, but on internal constraints and forces, and even
on the solution method that is used to step forward through time. Rather than delving into these internal
complexities and combining them across disparate systems, we can expl ore the force/accel eration relation-
ship simply by applying forces, instructing the system to take a step, and seeing what it does: the resulting
change in velocity gives an approximation to acceleration. Aswe will show in detail later on, this pro-
cedural approach gives us a way to multiply a proposed constraint-force vector by the constraint matrix,
without ever explicitly forming that matrix, even when the constraints span multiple “ black box” systems.
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The ability to perform matrix-vector multipliesis all that we need to employ standard iterative techniques
to solvefor the constraint forces. We can thus impose constraints across multiple partitioned systems, with
minimal access to their internals, though perhaps with greater computational cost than we would like to
incur, since many iterations may be required.

We next show how the cost of multipleiterations per time step can be avoided, provided one or more of
the simulation systems can be made to satisfy constraints individually (a common simulation capability).
We then describe a specific instance of the approach, called interleaved simulation.

Interleaved simulation, in both detail and implementation, is a ssimple method, and we present a rough
sketch of the method before proceeding: labeling two interacting systems S, and S, wefirst instruct S, to
take astep, without regard to the constraints coupling the two systems. System S, isthen instructed to take
a step consistent with §;'s already computed motion. In the course of doing so, S, internally computes a
constraint force, to which we assume we have access. No simultaneous sol ution across systemsisrequired,
because S, treats S§,’s motion as given. Wethen step S, again, but thistime apply the previously computed
constraint forceto S,. System S, then takes another constrained step, again feeding its computed constraint
force back to S, and the cyclerepeats. Thisproceduretreats S, and S, asymmetricaly, and it works best if
thereisin fact a significant mass disparity between the two systems. Interleaved simulation has the desir-
able property that the constraint solution is geometrically accurate, even if thereis error in the dynamics,
empiricaly it proves to work well over awide range of conditions. Section 3 gives a mathematical inter-
pretation of interleaved simulation in terms of the framework developed in section 2.2; this interpretation
explains the success of the method.

2 Solving For Constraint Forces

We have said informally that we want to treat each simul ation system asa* black box”, but what information
do weredlly need to extract from a simulation system in order to impose constraintson it? To constrain the
behavior of apoint on abody, we need a“handle” on the point that followsit as it moves. We will need to
guery not only the point’s position, but its velocity, and we will also need the ability to apply forcestoit.
Constraints may involve other geometric features such as normals, distances, or areas. To avoid becoming
embroiled in the geometric details, we will treat the entire set of such “handles’ extracted from a system
as asinglevector, with position denoted by x, velocity X, acceleration X and applied force F. In addition to
operations on geometric handles, we assume that we can instruct the system to take atime step of size At,
updating the values of x and x, and that we can tell the system to retract atime step, returning to its former
state.

2.1 Constraint Force For mulation

Typically, in the context of dynamic simulation, constraints are expressed as sets of simultaneous con-
ditions on bodies accelerations. Starting with a vector of position-dependent conditions C(x) = 0, we
obtain the corresponding acceleration constraints by differentiating twice with respect to time. If we de-
fineJ = 9C/ax, and J = X" (92C/9x?), the acceleration conditions, by two applications of the chain rule,
are

C=J%+Jx=0. (1)
In adynamic simulation, accel erations depends on an externally applied force F according to
X=M"1F+d,
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where M ~1 is an inverse mass matrix and d is the handle's accel eration due to internal forces. To enforce
the acceleration conditions we must compute a constraint force F that, when combined with the internal
forces, produces an acceleration that satisfies C = 0. This condition aone does not uniquely determine
the constraint force, but the additional assumption that the constraint force is passive (in the sense that it
does no work, neither adding nor removing kinetic energy) suffices to determine a unique solution. This
extra condition can be enforced by requiring the constraint force to have theform F = JT\, where X isan
unknown vector of Lagrange multipliers. Instead of solving directly for the force, we solvefor A. Substi-
tuting into equation (1) yields

IM~RITA = —(Jd + J%).

Thislinear system is solved for A, which isthen multiplied by JT to obtain the constraint force F.

2.2 Constraints On Multiple Systems

Suppose now that we have two independent simulation systems S, and S, with geometric handles x, and
Xp, and avector of constraints C(X,, X,) = 0 coupling thetwo systems. Let J, = dC/dx, and Jp, = 9C/9Xp.
The systems’ handles evolve according to the relations

Xa=M_'Fa+dy, and  Xp=M,'F,+dp
where
Fa=Jix and Fo=JA

are the constraint forces applied to S, and S, respectively, and d, and dy, arethe handles’ accel erations due
to internal forces. Defining

A =JM1], B =JM,;1J}
and
D = —(Jala + Jo0b + JaXa + JpXs),
the combined acceleration condition is simply
(A +B)X=D. )

Equation (2) when solved for A yields the constraint forces on both systems. Unfortunately, solving equa-
tion (2) is problematic. Of the quantities that comprise A, B, and D, some—J,, Ja, Jb, Jy—involve only
the relation between the geometric handles and the constraintswe have imposed. Theselie entirely outside
the simulation systems, and are therefore accessible to us. However, M1, M1, and system S, and S;'s
internal accelerations d, and dy, lie inside the black box.

In practice, these internal quantities can be far more complex than they might at first appear, involv-
ing interna constraints, inertial effects, and even vagaries of the differential equation solvers, since we
can only really observe the systems' time stepping behavior, rather than true instantaneous accel erations.
In fact, these quantities may often only exist implicitly, in the relation between input forces and resultant
state changes, rather than as explicit internal matrix/vector datastructures. It is therefore all but hopeless
to expect every simulation system we wish to combine to provide these quantitiesto us explicitly.

Robotics I nstitute 4 CMU-RI-TR-97-33



2.3 lterative Solution

We do not have explicit access to the inverse mass matrices M ;* and M2, nor the internal handle accel-
erations d, and d,. We can however obtain access to al of these quantities proceduraly. We know that
Xa = M;1F, + da. To approximately evaluate X, for agiven F,, weinstruct the ssimulator S, to take a step
of size At with force F, acting on the system, and observe the change in velocity, AX,. Then

. AXa
Xy ~ .
RN

Computing d, is straightforward: we evaluate X, with F; = 0. The acceleration dy, is computed similarly.

Having evaluated d,, we have procedural access to M, in the sense that we can compute the product
M 1F, for arbitrary F,. To do so, we apply the force F,, evauate X,, and subtract d,, yielding M *F,.
We can now compute AX for any A; since J, is known to us, we compute F, = JI A, then procedurally
compute the product M —1F,, then multiply by J, to obtain AX. The product B is computed similarly
using simulator S,. Computing D, given d, and dy, is aso straightforward.

In summary, we can evaluate (A + B)A and the right hand side, D. The ability to multiply A + B by
an arbitrary vector is all that is required to apply a variety of standard iterative matrix solution methods,
such as Gauss-Seidel or conjugate gradient [11], to solve equation (2) for A. Thisiterative method gives a
general solution for coupling simulation systems with constraints, but at considerable computational cost.
Each evaluation of (A + B)A incursthefull cost of atime step. Using the conjugate gradient method, for
example, would require O(n) such evaluations, where n is the number of constraints.

2.4 Avoiding “In-place’ Iteration

Typically, iterative matrix solution methods continue until an error tolerance is met. In our context, this
means taking time steps at each iteration, then retracting those steps to return to the previous step. If A
is changing relatively slowly over time, it might be possible to accelerate the solution by spreading the
matrix-solver iterations over time, allowing the simulation clock to advance with each iteration rather than
resetting the state. Thisis equivalent to using the previous solution for A as an initial guess in the current
iteration (almost always a good idea), but terminating the solver after a single iteration (not necessarily a
good idea).!

2.5 Constraint “Repair”

Aswe consider solution techniquesthat might introduce appreciable error, it isworth noting that constraint
force solutions can err in two very different ways, corresponding to the two conditionsthat we imposed on
the solution: C = 0, and the “ passivity” condition {F, = JIX, F, = JJA}. Thefirst condition captures
the geometry of the constraints; violations will take the form of separated joints, interpenetrating objects,
and so forth. Violationsof the second condition are more subtlein their effect: constraint forcesthat satisfy
both conditionsaretheminimal forcesneeded to “ do thejob” of enforcing the constraints. Forces satisfying
the first but not the second condition enforce the acceleration constraint C = 0, but with additional stray
forces that may add or remove energy from the system, giving correct geometry but incorrect dynamics.

INotethat if we do spread the sol ution process out over time, then reducing the step si ze of the simul ation correspondsclosely
to increasing the number of iterations per step. In general then, increased accuracy is simply obtained by reducing the time step,
obviously with commensurate expense.
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Both geometric and dynamic error can be very disturbing if sufficiently large, but in our experience people
are far lesstolerant of geometric error than of dynamic error.

Constrained simulation techniques are well known, and many simulation systems—our own included—
support avariety of constraints, such as point-to-point attachment, contact, etc. When these capabilitiesare
available in one or more of the simulation systems that we wish to combine, we can improve substantially
on the general combination method described above, by “repairing” low-quality constraint force estimates.

Suppose that a simulation system allows us to impose constraints on its “handles,” to control individual
points, attach points together, etc. A typical interface might allow us to define constraints by providing
procedures that evaluate C(x), J(x), and J(X, X), using the notation introduced previously for constraint
functions and their derivatives. Internaly, the system would compute its constraint forces, invoking these
procedures as needed, resulting in atime step that respects the constraints.

Having computed an inaccurate A, we can perform the “repair” step asfollows: first, use the computed
value to step one of the systems, say S,, forward, obtaining avalue X,. Then, use this value as an input to
S,’s constraint solver, commanding it to take a step consistent with S;’s motion. In terms of the notation
devel oped above, system S, would internally be solving for arevised vector, A" that satisfiesAA™ =D —
BA. Thisrepairs the geometric error, because the resulting handle accelerations satisfy C = 0; however,
since the constraint forceson S, and S, are based on different values of A, the “passivity” condition isno
longer guaranteed to hold.

3 Interleaved Simulation

L et us summarize the situation up to this point. We have cast combined simulation with constraints as the
problem of solving at each time step an equation (A + B) A = D, with A describing the constraint forces act-
ing between the simulations. Our ability to access A and B isrestricted to procedurally performing matrix-
vector products AX or BA, whichin turnslimitsusto iterative solution methods. Since each matrix-vector
product is expensive, keeping the number of iterationslow isimportant. We already have two ideastoward
thisgoal. First, whenever we decide to stop iterating, we can repair the “ geometric” error of the constraints
as described in section 2.5, although this still leaves us with some “dynamic” error. Because reducing ge-
ometric error is more important for animation, the ability to repair constraints lets us stop iterating much
sooner than we could without it. Second, we can reduce the number of iterations by advancing the sim-
ulation clock on each iteration, thereby avoiding in-place iteration, again at the cost of some error. The
interleaved simulation method we sketched in section 1.3 uses both of these techniques.

There is one more factor to consider in reducing the number of iterations. All iterative methods can be
improved (that is, achieve faster convergence) by use of agood preconditioner. A good preconditioner for
asystem Mx = b, isamatrix C that iscloseto M—1; given C, we solve (CM )x = Cb for x. Aswith any
iterative method, the “perfect” preconditioner would be C = M ~1, which insures convergence in asingle
step—but of course, if C = M~ were availablein thefirst place, there would be no need to use an iterative
solution technique.

Aswe noted in section 2.5, the ability to constrain each system individually allows usin effect to solve
equations A\ = b for an arbitrary vector b. Thisability inturn gives us procedural accessto A~1. We have
similar procedural access to B—1. Since we have access to these inverses, we should consider using them
in some fashion to help precondition the iterative solution method. Unfortunately, there is no universal
method for combining A—! and B~ into a good approximation of (A + B)~; agood combination will be
situation dependent. In particular, for simulations where there is a mass disparity between systems, it will
turn out that either A= or B~ aloneis agood preconditioner.
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To see this, consider a particle system S,, interacting with arigid-body system S, with the rigid bodies
outweighing the individual particles. Since the rigid bodies are comparatively heavy, the rigid-body sys-
tem’s inverse mass matrix, M1, is much smaller than the particles system’s inverse matrix M ;1. Thus,
B = J,M; 1] ismuch smaller than A = J,M;1J]. If the difference between A and B is significant, then
A~ becomes a reasonable approximation to (A + B)~1; that is, it becomes sensibleto use A~ as a pre-
conditioner in solving (A 4+ B)A = D. (Note that in the limit when the rigid bodies are infinitely heavy,
that is, completely unaffected by the particles, then Mt is zero. Asaresult, B iszero, and A~*—whichis
the same as (A + B)~'—isthe perfect preconditioner.)

The question now is how to effectively take advantage of A~! asa preconditioner. It turns out that inter-
leaved simulation, which already avoidsin-place iteration and uses constraint-repair, also exploits A~1 as
a preconditioner, though thisis not obvious. To see this, we must cast the interleaved simulation method
in terms of section 2.2'siterative framework.

As previously described, the (i 4 1)th time step of the interleaved simulation involves both S, and S,
taking their own individual steps, with system S, going first. System S, ignores the constraints that couple
it to system S,, but subjectsitself to aforce I AD, with A® the constraint force computed by system S,
during the previous step. (We will take A© to be zero.) After S, finishesits step, the acceleration of its
handle vector, xy, isfixed: we have X, = My1IJJA® + dp.

After computing thisresult, the acceleration X, isimported to system S,, assystem S, takesits (i + 1)th
step. System S,’s acceleration has now been determined for the ith step, and nothing system S, does will
changeit. Given S,’s now determined motion, system S, computes anew vector AU+% that will satisfy the
motion constraint C = 0. The accelerations at the end of the (i + 1)th step are

Xa=MZ1IAMY +d, and % =M IJAD + dp.

What value does system S, compute for A(*+2? Remember that system S, treats system S,’s motion as
fixed, and tries to find amotion that will not violate the constraints. Since the acceleration of &'s handles
Xy, are computed in terms of A and not A+1, the correct condition for system S, to satisfy isnot (A +
B)A(+D = D, but instead

AXTTD L BAD =D,
Since A" is already known, system S, simply takes a step that enforces the constraint
AXHD =D —BAD, (3)
The newly computed A+V is then fed back to system S, as the cycle continues.
Let usexpress AV intermsof A, B and AV, Solving equation (3) for A(*+Y, we obtain
ATD = A7Y(D - BAD)
=AD-BXD) + AV —AD)
=A"1(D -BAD — AXD) + 2D
=A1D - (A+B)AD) + 2D,
If not for thefactor A= in equation (4), the changein \ at each stepwouldbeD — (A +B)A®. Thispartic-
ular iterative update is the method of “steepest descent,” and is known to converge to the answer, provided

that the eigenvalues of A + B are less than one [7].2 Of course, steepest descent is not particularly effec-
tive on its own; however, equation (4) describes a preconditioned steepest descent iteration, with A~* as

(4)

2By simply scaling the update, that is, by writing A0*Y = A® + (D — (A + B)AD) where sis a suitably small number,
the method can always be made to converge, assuming A + B is positive definite. However the convergence can be dow, if s
needs to be very small.
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the preconditioner. Mathematically then, each step of interleaved simulation implements one step of apre-
conditioned steepest descent iteration; as we have noted, A~ is a good preconditioner for mass-disparate
simulations. Our resultsin section 5 show the empirical success of the method.

4 Implementation

We tested our theories on partitioned simulation by implementing the interleaved simulation method. This
section gives an overview of the simulation systems used, followed by an exact description of theinterface
between the simulation systems. Following this, we present the results for several combined simulation
runs.

Particle-System Simulator

Particle systems were first described by Reeves [12]; atutorial overview of particle system dynamics and
implementation can be found in Witkin [16]. We implemented a very basic particle-system simulator for
use in combination simulation.

Our particle-system simulator computes the motion of particles subject to gravity and other field forces.
No particle/particle interactions were implemented. The simulator takes into account collisions between
the particlesand solid objectswith kinematically defined motion paths. Solid objectsareimplemented very
simply astriangles, with each triangle€’ svertex locationsenumerated at fixed pointsover time. (If thesystem
isinstructed to step forward from timety to timet,, it isassumed that all vertices have a defined position at
sometime before ty and sometimeafter t;. The system determines vertex locations at times between to and
ty by linear interpolation). Particles bounce off triangles they collide with; a particle’s change in velocity
at each collision is determined by a standard simple collision law [16].

Cloth Simulator

Cloth simulation has been an active areain computer graphicsfor years. Many simulation paradigms have
been proposed; a recent comprehensive survey of the field is given by Hing and Grimsdale [8]. In recent
work, Breen et al. [3] adopted a particle-based model of cloth in conjunction with real-world datafor cloth
energy functions, producing very realistic examples of cloth draped on solid objects. Eberhardt et al. [6]
extended Breen et al.’s work by having the system produce animation results (Breen et al.’s system was
geared toward producing only final static resting poses). Eberhardt et al. describe their use of Maple [5]
to generate optimized source code for derivative expressions. Their resultsimprove upon Breen et al.’s; in
particular, Eberhardt et al. report achieving an average running time of between 21 CPU minutes and 27
CPU minutes per frame of animation for a52 x 52 particle mesh (on an SGI R8000 processor).
Theintegration method used by the abovetwo systemsemploysan explicit integration step; thisseverely
limits the size of the time steps that can be taken. The cloth-animation system described by Volino et al.
[14] (including a predecessor system described by Carignan et al. [4]) also uses explicit integration tech-
niques. In contrast, much earlier work by Terzopoulos et al. [13] on deformable surfaces and solids treats
cloth differently. Terzopoulos et al. attacked cloth using an implicit integration method, which alows a
step size that is often orders of magnitude large than the steps that can be taken by explicit methods. The
complication here is that each step of the implicit method requires formulating and solving a matrix sys-
tem of size n x n, where n isthe number of variables used to represent the cloth’s spatial pose. Thisstepis
obviously expensive. For example, a50 x 50 node cloth grid (with each node constituting three variabl es)
requiresthe formation and solution of a7, 500 x 7, 500 matrix at each step. This matrix, though obviously
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quitelarge, turnsout to be extremely sparse. Unfortunately, the sparsity pattern mirrors the mesh topology,
so that adirect banded solver (such as banded Cholesky) cannot be used.

We have achieved promising results in cloth simulation by building a simulator that uses an underly-
ing particle-system base to represent the cloth surface, and a triangular mesh topology for describing the
bend/stretch/shear energy functionsthat give cloth itsbehavior. Thetriangular mesh also defines the geom-
etry of the cloth for collision detection purposes, and allows for non-rectangular boundaries and arbitrary
surface topologies. The simulator stepsforward in time using the backward Euler implicit integration tech-
nique, coupled with sparse matrix storage methods and a sparse conjugate gradient solution method [11].
The conjugate gradient algorithm solvesthe sparsen x n matrix system generated by theimplicit solver step
in nearly linear time. The system detects and responds to cloth/cloth contact using spring forces (which are
also implicitly integrated). The system also allows for solid objects with scripted motion. Cloth particles
which contact a solid object are prevented from interpenetrating the object by imposing motion constraints
on the cloth particles.

Ininitial experiments with systems of size up to 14,000 particles, we have found that the simulation’s
running time is nearly independent of the material parameters of the cloth, and comes very close to being
linear in the number of particles being simulated. As a timing comparison, the system can simulate the
motion of a 51 x 51-particle grid (resulting in a 2,621 particle/5,054 triangle mesh) with a running time
of approximately 3—4 CPU seconds per step on an R10000/199Mhz SGI Indigo-2 processor. (A suitable
static draping pose of this size mesh over solid objects can be achieved after perhaps two to three minutes
of CPU time.) Collision detection (of both the cloth with itself and with the solid objects) accounts for less
than 10% of the system’s running time; the majority of the ssmulator’s effort goes into formulating and
solving the sparse matrix system underlying the implicit integration step. The system usually requires 1-2
steps per frame of animation. More precise timings are given in the next section.

Rigid-Body Simulator

For the rigid-body simulations, we used the CorioLIs™ rigid-body simulation system. CoRIOLIS isthe
3D extension of the 2D rigid-body simulator described in Baraff [1]. CORIOLIS simulatesarbitrarily shaped
polyhedral rigid bodies, with an emphasis on persistent contact, collision and friction. In our combination
simulations, the running time spent by CorioLIS in computing rigid-body motion is negligible compared
with the running time of the other simulators.

4.1 Collision Detection

To enforce contact constraint requires collision detection. If neither ssmulator supports collision detection
internally, some external agent must take responsibility for examining the simulator’s states (through their
handles) and formulating the proper constraints. Fortunately, many (if not most) simulation systems sup-
port some kind of collision detection and response. Our own simulators each support collisions between
dynamic objects (those whose motion is computed by the simulator) and kinematic objects (those whose
motion is scripted). When thisis the case, essentially all of the work of collision detection and the asso-
ciated constraint formulation for the interleaved simulation can be delegated to the individual simulators.
The main additional requirement is that each simulator be able to export its geometry over the course of
the simulation. (Our rigid-body simulator, for example, exports the geometric shape of each its body once,
at the beginning of the simulation. At the conclusion of each step thereafter, the simulator exports only the
initial and final position and velocity of each body’s reference frame, for use by the other ssmulator.)
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4.2 Combining Particle Systemswith Rigid Bodies

We combined particle-system motion with rigid-body motion by designating the particle-system simulator
as simulation system S,, and the rigid-body simulator as system S,. We chose a fixed step size At for the
problem that seemed consistent with the time-scale of the interactions between the particles and the rigid
bodies. Each simulation step began with therigid-body simulator advancing itssystem clock fromtimet, to
to + At. Oncethe step was completed, the output motion was described to the particle-system simulator in
termsof theinitial and final positionsand velocities of each rigid body. The particle-system simulator used
theinitial and final position to define the motion trajectory of each kinematic triangle over the range to to
to + At. The particle smulator then computed the motion of the particles, and summed the total constraint
forces exerted on the particles as they collided with therigid bodies. ® This force was then fed back to the
rigid-body simulator for use at the next step.

The constraint forces needed by the particle-system simulator are trivial to compute. Suppose that the
particle-system detects a collision between a particle of mass m and arigid body. If the particle system
alters the particle’s velocity by an amount Av due to the collision, then the constraint impulse acting on
the particleis mAv. Even though the collision was instantaneous, it is reasonable to regard the constraint
impulse instead as aforce that acted for time At on the particle. Thus, we can regard the particle as being
subject to the constant constraint force mAv/ At over the smulation interval. Since an opposite constraint
force acts on the rigid body, the particle-system simulator records that the body struck by the particle has
been subject to a force of —mAv/At. If the collision takes place at world-space point p, and the rigid
body’s center of mass has world-space location c, then the rigid-body is also subject to atorque of (p —
C) X (—MAV/At).

Rather than reporting each collision separately, the particle-system keepstrack of the net constraint force
and torque dueto collisionfor each rigid body. Whenever abody is struck by aparticle, the particle system
addsthe constraint force and torqueinto the running sumfor that body. At theend of the simulation step, the
particle system exports the net constraint force and torque exerted on each body due to particle collisions
(and then zeros out these sums in preparation for the next time step). The rigid-body simulator takes the
net constraint force and torque for each body and applies those forces and torques over the next time step
of the simulation. New motion is computed for therigid bodies, and the cycle continues.

4.3 Combining Cloth with Rigid Bodies

We combined our cloth simulator with our rigid-body simulator in much the same manner. Theonly signifi-
cant difference between the two combinationsinvol ved the manner in which the cloth simulator determined
the constraint force acting on the cloth. To advance forward intime, our cloth simulator solves an equation
of the form KAY = f where AY is avector giving the change in the cloth-particle velocities during the
step, f istheforce apart from the constraints, and K is the sparse, square matrix determined by the implicit
solver. However, if the ith cloth particle is constrained in some manner (the simulator supports contact,
friction, and fixed-point attachments with objects), then the ith component of K AY — f may not be zero.
Thisdifference, if it isnot zero, tells us the net constraint force that acted on the ith cloth particle. Again,
once this constraint force is known, the cloth system adds the opposite force (and corresponding torque)
into the running sum of the appropriate rigid body.

3For each collision at time t, with ty < t < to + At, the colliding triangle’s velocity was computed by linear interpolation
between the trianglesinitial and final velocities during the step. Thisinterpolated vel ocity was used in determining the response
of the particle dueto the collision.
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5 Results

Theinterleaved simulation method gave excellent resultsfor the cloth/rigid-body and particle-system/rigid-
body combinations we tried. We see no obstacle to combining all three simulation systems. The method
could aso be applied to merge volumetric flow models (for example, a volumetric representation of water
flow, or finely calculated wind effects) with solid objects, either deformable or rigid, which would then
react and influence other.

The overhead imposed by interleaved simulation is negligible; the time for combined simulation is al-
most exactly the same as running each individual simulation system by itself. Therigid-body simulator ac-
countsfor approximately 40% of thetotal running timein the particle/rigid-body smulation of figure 1. The
sequencein figure 1 has arunning time of 0.23 CPU seconds per frame, on asingle SGI R10000/199M hz
processor.

For the cloth/rigid-body combined simulations, the rigid-body system accounts for no more than 1% of
the total run time. The sequencein figure 2, involving a 5,054 triangle mesh piece of cloth, has arunning
time of 3.9 CPU seconds per frame of animation, on a single SGI R10000/199Mhz processor. Figure 3
involves a 1,088 triangle mesh with a running time of 1.27 CPU seconds per frame. Finaly, figure 4, in
whichrigid posts support acloth surface which inturn supports somerigid spheres, illustratesvery complex
and subtle interactions. The running time for this ssimulation, with 3,017 cloth particles, organized as a
5,802 triangle mesh, is 5.7 CPU seconds per frame of animation.

We also believe that interleaved simulation might be applied as a partitioning method for homogeneous
systems, such as rigid-body simulation. In order to compute contact forces between objects, the CORIO-
LIs simulator formulates and solves amodified linear complementarity problem (LCP), which involvesan
O(n) x O(n) matrix, for situations involving n contact points.* Although this matrix is usually sparse, it
isdifficult for the LCP solution process to exploit this sparsity, and dense methods are used instead. This
leads to an O(n®) solution method. However, if it is possible to partition the simulation into two separate
simul ations, substantial savings could result: solvingtwon/2 x n/2 matrix systemswith an O(n®) method
isfour timesfaster than solving asingle problem of sizen x n. If the problem can be broken into even more
partitions, the savings could be higher. In some cases, it is possible that interleaved simulation might not
yield adequate results; however, the framework developed in section 2 suggests several waysto refine the
accuracy of the solutions to achieve a suitable result.
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4Thisis assuming that that the n contacts occur among a single cluster of connected bodies. The matrix equations for dis-
connected clusters of bodies decouple and CORIOLIS exploits this.
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Figure 1: Cratesbeing knocked over by particle stream.

k= LT ==

Figure 2: Heavy cloth falling on blocks.
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Figure 3: Top falling off hanger.

Figure 4. Complex interactions between moveable support posts, a cloth surface, and some spheres.
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