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Fig. 1. Exampie simulation results using our solver, both of those methods (mvolve move than 100 million DoFs and 1 million active collisions.
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1 INTRODUCTION
Physics-hased simulation ks the cornerstane of most graphics ap-
plications and the demands from simulation systems o deliver im-
praved stability, accelerated computational performance, and en-
hanced visual realism are ever gnw'mg Particularly in real-time
graphics
are 20 siric that relism can sometimes be begrudgingly considered
of secondary mportance.

Notwithstanding the substantial amount of research and ground-
beeaking discoverics made o physics solvers over the past decades,

existing methods still leave some things to be desired. They either
deliver high-quality results, but fail to meet the computational de-
‘mands of many applications or fit in a given computation time by
sacrificing quality. Stability, on the other hand. is always a challenge,
paticularly with strict computation budgets.

In this paper, we introduxce vertex blook descent (VED), a physics
salver that offers 1 stability, superior
performance than prior methods, and the ability to achieve nu-
merical coavergence to an implicit Euler integration. Though our
method is a general salution that can be used for a variety of simu-
Iation problems, we peesent and cvaluate it in the context of elastic
body dynamics. Then, we bricfly discuss how our method can be
applied to some other simulation systenss, inclading particle-based
simulations and rigid bodies.

Our VBI method is based on block coordinate descent that per-
forms vertex-hased Gauss-Seidel iterations to solve the variational
form of implicit Euler. For elastic body dynamics, each iteration
runs a loop aver the mesh vertices, adjusting the position of a single
vertex at a time, tempararily fixing all others. This offers maxi
mized paralielism when coupled with vertex-based mesh coloring,
which can achieve an oeder of magnitude fewer colors (1. serialized
worklaads) as compared to element-based parallelization. Our local
position-based updates can ensure that the variational energy is
always reduced. Therefore, our method maintains its stability even
with 2 single iteration per time step and large time steps, operating
with uncanverged solutions cantaining a large amount of resid-
wal. With more iterations, it converges faster than its altematives.
Thus. it can more easily fit in a given computation badget, while
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stability with 4
We present all essential components of using VBD for elastic
body dynamics. inchuding formulations for dampéng, constraints,

Local solvers
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GPU Friendly

Slow convergence on dense
meshes and stiff materials

I Simple




Why is it slow to converge ?

I Local propagation of information I Local resolution only reduce vertex energy
BUT
I Can (and will) increase other vertices’ energy
I Undershooting / Overshooting I Unaware of global solution




Global aware subspace

New local minimization

Global aware solving

How to avoid that ?

Be aware of the global solution duh
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Mylgeedness,what an idea.
Whyididnitilithink of that?
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We need to define what is the subspace function
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Global impact of local solution
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How to avoid that ?
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Like an interpolation function that describe how
others particles are influenced by vertex




Let's do some reduction

Co-Rotated Subspace
I Local Deformation Polar Decomposition
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Cubature sampling

Optimizing Cubature for Efficient Integration of Subspace Deformations
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Abstract

We an efficient scheme for evaluating nonlinear subspace
forces (and Jacobians) associated with subspace deformations. The
core problem we address is efficient integration of the subspace
force density over the 3D spatial domain. - Similar to Gaussian
quadrature schemes that efficiently integrate functions that lie in
particular polynomial subspaces. we propose cubature schemes
(multi-dimensioaal quadrature) optimized for efficient integration
of force de S

particular materials, and particular geometric domains. We sup-
port generic subspace defarmation kinematics, and nonlinear hy
perelastic materials. For an r-dimensional deformation subspace
with O{r) cubature points, our method is able 1o evaluate sub-
space forces at O(r%) cost. We also describe composite cubature
sules for runtime error estimation. Results are provided for var-
ious subspace deformation models, several hyperelastic materials
(s 3 . Amuda-Boyce), and multi-
modal (graphics. haptics. sound) applications. We show dramati-
cally better efficiency than traditional Monte C: :

rials (St. Venant-Kirchhoff) in practice [Barbic and James 2005,
oc are inaccurate.

In this paper. we present a general-purpose force evaluation
method that applies to more general materials, subspace kinemat
ics, and geometry, while delivering fast N'-independent force eval-
uations at O(r?) cost (without exploiting sparsity). We achieve this
scalability by performing 2 cubature optimization preprocess that
enables fast runtime evalustion. Additically, we provide evidence
that our cubature schemes are computationally accurate and effi-
cient, are resistant to over-filting. and provide clear
‘over traditional Monte Carlo integration [Baraff and Witkin 1992],

Subspace Internal Forces: Our method can be applicd o gen-
eral subspace deformation models. but for concreteness of exposi-
tion we will focus on the case of dimensional model reduction for
detailed finite element meshes [Krys! et al. 2001; Barbic and James
2005]. In a full FEM simalation with N degrees of freedom. the dis-
placement vector would be of length N. However, in dimensional

CR Categories: 165 [Simulation and Modeling): Types of
Simulation—Animation. 13.5 (Computer Graphics]: Computa-
tional Geometry and Object Modeling—Physically based model
ing G.14 [Mathematics of Computing]: Numerical Analysis
Quadrature and Numerical Differeatistion

Keywords: Dimensicaal model reduction; reduced-order model-
drature; & :

inear, subspace of The
equations of motion describing a mesh deforming in subspace co-
ordinates can be writien as

M+ fig) = fo m

where, M & R™*" ix the (ofien constant) mass matrix, q € R s the
P vector of reduced coonds flg) € &°
are external forces,

ing: subspace pace dy
deformations: nonfinear solid mechanics; real-time simulation

1 Introduction

Recently, dimensional model reduction has gained attention due to
the difficulty y high rates f
‘multimodal (graphics, haptics, sound) applications. Such reduced-
order methods construct a small, r-dimensional subspace that cap-
tures the salient features of 3 much larger. N-dimensional model.
If r< N. simulating these reduced-order models entirely in the 7-
holds pe

v e
‘mance provided casts independent of N are achicved.

L iy ntcrnal forces for subspace
deformation models has proven difficult for arbitrary geometry and
nonlinear materials. In particular, the inability of many models to
support more complex. materials, such s biological materials for
surgical simulation. is unfortunate. Current force evaluation meth-
ods cither have casts dependent on N [Krys] et al. 2001] or that
scale poory (O(r*)) or are essentially restricted to particular mate-

spac Mot €
and the overdot denotes differentiation.

Unfortunately. the subspace internal force term f{gq) in (1) is re
spoasible for the poor O(rN) and O(r*) scalings of previous meth-
ods [Krysl et al. 2001; Barbic and James 2005}, so it efficient eval-
uation i the focus of this paper. The subspace force can be formu
lated in terms of a potential energy function, £(q) - B — R, given
by the domain integral,

E( )7/% 1q) dx. @
@)= | ¥(X:q)dOx

where W(X:q) is the nonnegative strain energy density at material
point X of the undeformed material domain £ [Bonet and Wood
2008]. The subspace internal force is then the gradient of this en-
ergy. and is given by the vector integral

[

- [ vewix:q)d, ;/ Xiq)dDy. ()
[, Sariadny = [ soa)anx
where we denote the “reduced-force density” integrand by

B=g(X:q)= —VyP(X:q) £ R “@

Our approach is to approximate f(q) using an a-point cubature
(multi-dimensional quadrature) scheme.

[ ,/ (X:q) dy = ¥ w, g(X:q). 5
@)= [, alXia) di ):I &(X;:q)

We precompute estimates of the n positive cubature weights (w;),
nd )by

Very aggressive reduction

g; +
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few elements needed

I Computation time explodes with size

I Authors provide opti (days = minutes) I




Final formula

Initialisation Update
Cubature Subspace
Local Deformation Polar Decomposition
|SZ| € [4? 8] We ¢; = R _g-l gT [R}]" Az F
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Some numbers

Scene # Element | # DOF | |§; h [|[Ax|| | Parallelism | Collision | # Iteration | Pre. time Sim. time
Teaser (Fig. 1) 3.5M 4.4M 4 1/120 | 1IE-3 GS Penalty 55 37 min. 855 ms (cox)
Falling Armadillos (Fig. 4) 6M 3.6M 4 1/150 | 5E — 4 Jacobi Penalty 58 52 min. 883 ms (74 x)
House of cards (Fig. 5) 394K 372K 4 1/50 | 1IE-3 Jacobi IPC 23 1 min. 31 ms (120x)
Dragon (Fig. 6) 100K 80K 6 1/100 | 1E-3 Jacobi Penalty 9 7 min. 7.3 ms (32X%)
Letters soft (Fig. 7) 2.1M 1.7M 6 1/120 | 5E -4 GS Penalty 27 37 min. 176 ms (43X)
Barbarian ships (Fig. 8) 2.5M 2.1M 4 1/120 | 3E — 4 Jacobi Penalty 34 45 min. | 333 ms (153 %)
Jack-o’-lanterns (Fig. 9) 6.7M 5.7M 4 1/120 | 5E — 4 GS Penalty 32 4 min. 753 ms (40%)
Squeezed puffer ball (Fig. 10) 1.3M 0.9M 6 1/150 | 3E — 4 Jacobi Penalty 69 67 min. | 290 ms (173 %)
Cactus (Fig. 11) 1.2M 1M 4 1/150 | 1E-3 Jacobi [PC 40 18 min. 171 ms (22 x)
Animal corossing (Fig. 12) 4.8M 4.5M 4 1/150 | 1E-3 GS [PC 43 10 min. 684 ms (136x)
Cloth (Fig. 13) 2M 3M 4 1/120 | 1IE-3 Jacobi [PC 42 48 min. 469 ms (103 %)

“Sim. time is the average simulation time for simulating one time step.”

“Jacobi or GS. The difference between those two parallelization
methods is negligible.’

“[...] show acceleration rate our method offers compared with VBD.”

IHAVE[SOMECONCERNS




Some numbers

Animal corossing (Fig.12) || 48M | 45M | 4 |1/150 [ 1E-3| s | w®c | 4 10min. | 684 ms (136x) |
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4.8M elements
684ms vs 93s (VBD)

Nvidia 3090 RTX GPU

VBD
124M elements

4.5s

e,

1 This platform
will be removed.

Nvidia 4090 RTX GPU

I Hardware ? Material ? Precision ?

Experiment ? I I VBD version ?

Code optimization ?




Video time



https://www.youtube.com/watch?v=U7kX2zSqu5s

Good perf+ GPU

I Robust I

(je chipotte)



