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Introduction

0 Abundance of physics simulation methods
3 Physical materials
3 Physical phenomena

0 Multiphysics simulation

3 Interacting materials and phenomena

0 Applications in many industries
3 Entertainment
3 Engineering

3 Training

Robotic vacuum cleaner colliding with carpetrernandezFernandez et al.,2024]
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Introduction

0 How to classify multiphysics simulation methods?
3 Domain discretization

Lagrangian Eulerian
(ex: particles) (ex: grid)
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Introduction

0 How to classify multiphysics simulation methods?

3 Domain discretization
3 Behavior and interaction modeling

-

Unified Models Coupling Techniques

Monolithic modeling frameworks, Techniques for two-way coupling of

yielding strong two-way coupling multiple models ordiscretizations
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Introduction

Lagrangian Point-Based
Methads (Sec. 2)

Eulerian & Hybrid Methods
(See. 3)

Energy-Based Modeling
(See. 4)

Consiraini-Based Modeling
(Sec. 5)

Deformables (elastic
& plastic)
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[Jak01] [MHTGO3]
[MHHRO6] [SLMO6]
[MMCK 14] [BKCW 14]
[Chol4] [MCKM15]
[CMMI6] [DCB16]
[MMC16] [BGAOIT]
[FM17] [ARM"19]
[MEM"19] [WWB"19]
[MMC*20] [MM21]
[TTKA23] [CHC* 24a]
[Cei24] [MAK24] [SZDJ24]
[YLL*24]

Unified Models

Monolithic modeling frameworks,
yielding strong two-way coupling

)

Granular Materials [LDOY] [AOT1] [TWTI13]
[YIL"16] [YCL"17]

[GHB*20]

[ZB05] [SSC* 13] [DBD16]
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[GPH" 18]

[Hol 14] [MMCK14]
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Rigid Bodies &
Multibody Systems
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Fluids & Fluid Phe-
nomena

[PW02] [MCGO3] [SSPOT7]
[BTO7] [BITO9] [SP0Y]
[Pril2] [SB12a] [AATI3]
[ICS™14] [HWZ"15]
[TDE®I5] [BKIT7] [PT17]
[YCL*17] [YML*17]
[PGBTI8] [WKBB 18]
[BKKW19] [CBG" 19]
[GPB* 19] [WIL"20]
[ZRS™20] [KBF"21]
[LWB™21] [WDK"21]

[ZLX"24] [YWX"24]

[Har62] [HW* 65] [BR86]
[FM96] [S1a99] [Pes02]
[TUKF02] [CMT04] [ZB0S5)
[CGFO06] [KFCO06]
[CFL*07] [MCP*09]
[SABSI14] [SSI714]
[ATWI15] [JSS*15]
[RGI*I5] [FGG"17]

[GPH" 18] [HFG" 18]
[IGTI7] [ZB17] [FLGII9]
[GAB20] [HGMRT20]
[TB20] [CKMR*21]
[SXH"21] [QLDGI22]
[TB22] [STBA24] [QLY “23]
[LLH*24] [TLZ*24]

[TB20] [TB21] [TB22]
[XLYI23]

[BLS12] [MM13]
[MMCK 14] [TNF14]
[BGAO17] [XRW*22]
[YLL"24]

[MKB® 10] [ZQC" 14]
[ZLQF15]

Co-dimensional
Structures
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Multi-Phase, Phase
Transitions &
Porous Flow

[MKN*04] [SSPO7]
[LADOS] [SPOS] [BIT09]
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Other Phenomena

[LL10] [Pri12]

[WFL*19] [WDG" 19]
[SNZ"21] [FCK22]
[CCL*22]

[CSYRVI8] [CNZ"22]
|[WFFIB24]

[GZO10] [Chol4]
[BCK*22]
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Structure of the Talk Series

0 Partl: Constraint -Based Multiphysics Modeling

3 Flexible,Lagrangiandomain discretization
3 Behavior and interactions modeled using constraint functions

Robotic hand grasping an elastic cube
[FernandezFernandez et al.,2024]
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Structure of the Talk Series

0 Partl: ConstraintBased Multiphysics Modeling
0 Part ll: Energy -Based Multiphysics Modeling

3 Equally flexible domain discretization
3 Behavior and interactions modeled using energy functions

Robotic hand grasping an elastic cube
[FernandezFernandez et al.,2024]
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Structure of the Talk Series

0 Partl: ConstraintBased Multiphysics Modeling
0 Part Il: EnergyBased Multiphysics Modeling

0 Partlll: Lagrangian Point-Based, Eulerian and Hybrid Methods

3 Lagrangian Eulerian and Hybriddiscretizations
3 Simulated domain treated as a continuum

Robotic hand grasping an elastic cube
[FernandezFernandez et al.,2024]
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Outline

1. Introduction
2. Structure of the TalkSeries

3. Partl: Constraint -Based Multiphysics Modeling
1. A Unified Modeling Framework

2. Position-Level Formulation

3. Velocity-Level Formulation

4. Questions
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A Unified Modeling Framework

6 NewtonYs 2"d law of motion
E60  Kb)

o) W FB Fw Generalized coordinates
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A Unified Modeling Framework

0

0

Newton\s 2"d [aw of motion
E60  Kb)

o) W FB Fw Generalized coordinates

Constraints as unified modeling tool
3 ldea: directly model the desired behavior

Multiphysics Simulation Methods in Computer GraphicpNEG 2025, London

3.1 A Unified Modeling Framework
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A Unified Modeling Framework

6 NewtonYs 2"d law of motion
E60  Kb)

o) W FB Fw Generalized coordinates

0 Constraints as unified modeling tool 5
3 Idea: directly model the desired behavior A _}7——
A O Bilateral constraints "':)/Q —> '\\_,'
\\ ,,' c') ~
0

.......

Distance constraint

3.1 A Unified Modeling Framework (0 ’ U 20

A 6 (OB (0)
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A Unified Modeling Framework

6 NewtonYs 2"d law of motion
E60  Kb)

o) W Fﬁ Fm Generalized coordinates

0 Constraints as unified modeling tool
3 ldea: directly model the desired behavior

A O Bilateral constraints

A (6) Unilateral constraints

A 6 (OB (0)

Multiphysics Simulation Methods in Computer GraphicpNEG 2025, London
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.......

Contact constraint
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A Unified Modeling Framework

6 NewtonYs 2"d law of motion
E60  Kb)

o) W Fﬁ Fm Generalized coordinates

0 Constraints as unified modeling tool % s \/
3 ldea: directly model the desired behavior SRR

- ’
—— Vg \\ I,‘ \\
,,,,,,,,,,,,,, s / i s ! l \
(74 ] . ) I,’ 7[\‘ \‘ K N ",' Y '[ B _‘I {_ _______ ~ :
A 0] Bilateral constraints [ or-te | =Pp | o—i—C | | &7 I o !
\ N /o ~ /N, , \ O U \ /
__________ Q T === ~==-""Q N J ~ /’
(14 J L -
A (O) Unilateral constraints

A 6 (OB (0)

Contact constraint
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A Unified Modeling FrameworkDiscretization

1) Discretization of equations of motion

EO0 kD)
A O >
A (0)

Equations of motion Simulated material domains

Multiphysics Simulation Methods in Computer GraphicfNEG 2025, London 3.1 A Unified Modeling Framework (I 0 ' U 23



A Unified Modeling Framework: Discretization

1) Discretization of equations of motion

DA
B0 KO)
A O >
. , Discretize in
A (0) space and time

Equations of motion




A Unified Modeling Framework: Discretization

1) Discretization of equations of motion

0 Two popular approaches

3 Position -level formulation: Position Based Dynamics
3 Velocity -level formulation: Nonsmooth Multidomain Dynamics

0 Very stable, even under coarsaliscretizationsand large time steps
3 Good choice forreal-time and interactive applications

Eo kD)

Q
., b

A (0)

h -

Multiphysics Simulation Methods in Computer GraphicfpNEG 2025, London 3.1 A Unified Modeling Framework (0 ' U 25



A Unified Modeling Framework: Multiphysics Modeling

2) Multiphysics Modeling
0 What do we need?

0 Constraint function definition

A O
A (0)

Constraint functions Multiple material domains in interaction

Multiphysics Simulation Methods in Computer GraphicfNEG 2025, London 3.1 A Unified Modeling Framework (I 0 ' U 26




A Unified Modeling Framework

A o A
A (0)

» (A

- |

Material constraints

Multiple material domains
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A Unified Modeling Framework

Metal H Cloth H WatEr
/&
o

Water H Wood

>
A T 'n
Water
I Interaction
Boundary constraints

Materialinteractions
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Equations of motion Simulated material domains

|

1

I

I

: Eo D)

Unified modeling framework : N O —

: A ()

:

I

1) Discretization of , L e -
equations of motion

2) Multiphysics modeling
via constraints

Deformables Granular Materials
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Unified modeling framework

1) Discretization of
equations of motion

2) Multiphysics modeling
via constraints

EO0 kD)
A O —>
A (0)

Simulated material domains

Equations of motion

Multiphysics Simulation Methods in Computer GraphicpNEG 2025, London

Deformables

Granular Materials
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Eo D)
Unified modeling framework N O —
A (0)

Equations of motion Simulated material domains

1) Discretization of
equations of motion

via constraints

Deformables
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Position Based Dynamics

Rigid car with f1 @20bl e Fiabtcaclelilg Y&y eeal, 2024 al . , Deformed cloth [Bender et al.,2014]

Position Based FIl ui2et8 [ Mac k| i nRod forthing\b@dtohemes,[Deul et al.2018]  Cream [Barreiro et al.2017]

Multiphysics Simulation Methods in Computer GraphicfNEG 2025, London 3.2 Position-Level Formulation
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Position Based Dynamics: Discretization

1. Prediction with forward Euler:

0 Predictor-Corrector schemems | ¢t al.r2006] )

1. Predict : Predictunconstrained positions o 301 30—
2. Correct : Correct constrained positions in solver

0 Differentsolver types:

3 lterative, e.g., GaussSeidel, orJacobi
3 Direct[Goldenthalet al., 2007; Deul et al.,2018]
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Position Based Dynamics: Discretization

1. Prediction with forward Euler:

0 Predictor-Corrector schemems | ¢t al.r2006] )
1. Predict : Predict unconstrained positions 0o 30l 30 &
2. Correct : Correct constrained positions in solver
2osolver: ..
0 Differentsolver types: E ¥l [HE HE i
3 lterative, e.g., GaussSeidel, orJacobi ! e i
3 Direct[Goldenthalet al., 2007; Deul et al.,2018] | R, :
! no(l) 'E no 'l !

Need: Constraint error and gradient
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Position Based Dynamics: Discretization

0 Predictor-Corrector schemems | ¢t al.r2006]

1. Predict : Predictunconstrained positions
2. Correct : Correct constrained positions in solver

7’
o—=~ V4 S
~~~~~ AR N \
_________ 4, N

P \\‘ V N \ 1 N A 1
II .-:---\r-. 1 [ @---F~" s ; I ®---" " - X !
] \ s ) \ 1] 1 \ O i
\ N/ Vi N AN R4 \ O / \, /
PSS S ~==c e \ ’ S 4

Sea- S==

5@ o of G ) W i1 1 A@ |

......
........................

Cap correction for unilateral constraints
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Position Based Dynamics: Discretization

1. Prediction with forward Euler:

0 Predictor-Corrector schemems | étal.f2006] )

1. Predict : Predictunconstrained positions o 301 30—
2. Correct : Correct constrained positions in solver

0 Differentsolver types:

3 lterative, e.g., GaussSeidel, orJacobi
3 Direct[Goldenthalet al., 2007; Deul et al.,2018]

0 3. Update velocity from position change

3 No extrapolation, yields high stability b !
3 But some limitations (more later)

3. Update velocity and position:
. 0

I —h

30

o
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Position Based Dynamics Discretization

Limitations of original PBD

1. Time-step and iteration dependence
2. Resolution dependence

less iterations more iterations

Increased stiffness with larger iteration count in original PBD [Bouaziz et £2014]
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Position Based Dynamics: Discretization

Limitations of original PBD

1. Time-step and iteration dependence
2. Resolution dependence

1. overcome by eXtended PBD (XPBD) [Mackin et al.,2016] Bouaziz et al. 2014
3 Derived from elastic energy potentialY[Servin et al. 2006]

Elastic energy: Original PBD: XPBD:

s Py iy r i 0l 0Cl); 1730 1|
— ! ] — - — — : u.--:'.-_’ ......... i) -
v CO(I) S no(l) E no'l 3 noCl) 'E n6(Cl) 730 i

..............

v

] : compliance

l1h1l a1
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Position Based Dynamics: Discretization

Limitations of original PBD

1. Time-step and iteration dependence ’ ‘ ‘,‘ i“

2. Resolution dependence

1. overcome by eXtended PBD (XPBD) [Mackiin et al. 2016] Bouaziz et al.,2014
3z Derived from elastic energy potentialY[Servin et al.,2006]

less iterations more iterations lessiterations more iterations

Original PBD Macklin et al.,2016
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Position Based Dynamics: Discretization

Limitations of original PBD

1. Time-step and iteration dependence
2. Resolution dependence

1. overcome byeXtended PBD (XPBD )mackiin et al.,2016]
2. overcome by Bender etal. ( 2014)

3 Continuous, deformable materials
3 Tetrahedral volume elements (FEMtyle)
3 Position-level constraint of the strain energy

Bender et al.,2014
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Unified modeling framework

1) Discretization of
equations of motion

2) Multiphysics modeling
via constraints

EO0 kD)
A O —>
A (0)

Simulated material domains

Equations of motion

Multiphysics Simulation Methods in Computer GraphicpNEG 2025, London

Deformables

Granular Materials
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Eo D)
Unified modeling framework N O —
A (0)

Equations of motion Simulated material domains

1) Discretization of
equations of motion

via constraints

Deformables
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Position Based FlUidS[Mackl in a2 MSI |l er,

0 Density constraintd [Bodin et al., 2012] . A

3 Modelsincompressible fluid
3z Enforces uniform reference density ato

Reatt i me Position Based FIl ui d2018Ji mul ati on [ Macklin and MSI |l er,
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Position Based FlUidS[Mackl in a2 MSI |l er,

0 Density constraintd [Bodin et al., 2012]

3 Modelsincompressible fluid
3 Enforces uniform reference density ato

0 SPH-based material interpolation "
3 Smoothing kernelw with radius™Q

Macklin a2018 MSI | er,




Position Based FlUidS[Mackl in a2 MSI |l er,

0 Density constraintd [Bodin et al., 2012] . A
0 Tt
3 Modelsincompressible fluid ! P
3 Enforces uniform reference density ato
0 SPH-based material interpolation g a w 0 0hQ

3 Smoothing kernelw with radius™Q

0 Constraint gradient for inclusion in PBD
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Position Based FlUidS[Mackl in a2 MSI |l er,

0 Density constraintd [Bodin et al., 2012]

3 Modelsincompressible fluid
3 Enforces uniform reference density ato

0 Extensions

3 Multi -phase fluids & smoke
[Macklin et al.,2014]

(-

Macklin et al.,2014
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Position Based FIUidS[Mac klin a2 MSI|ler,

0 Density constraintd [Bodin et al., 2012]

3 Modelsincompressible fluid
3 Enforces uniform reference density at o

0 Extensions

3 Multi-phase fluids & smoke
[Macklin et al.,2014]

3 Viscous fluids & phase transitions
[Takahashi et al.,2014]

Takahashi et al.,2014
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Position Based FlUidS[Mackl in a2 MSI |l er,

0 Density constraintd [Bodin et al., 2012]

3 Modelsincompressible fluid
3z Enforces uniform reference density ato

B ,”.*

0 Extensions

3 Multi-phase fluids & smoke
[Macklin et al.,2014]

3 Viscous fluids & phase transitions
[Takahashi et al.,2014]

3 Strong surface tension  [Xing et al.,2022]

= i)ﬂ

——r——

Xing et al.,2022
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Position Based FlUidS[Mac klin a2 MSI|ler,

0 Density constraintd [Bodin et al., 2012]

3 Modelsincompressible fluid
3 Enforces uniform reference density at o

0 Extensions
3 Multi-phase fluids & smoke
[Macklin et al.,2014]

3 Viscous fluids & phase transitions
[Takahashi et al.,2014] Barreiro et al.,2017

3 Strong surface tension[xing et al.,2022]
3 Viscoelastic and elastoplastic fluids  [Barreiro et al.,2017]
Yy Hybrid velocitybased / position-based solver
y'  Enforces bothposition -level and velocity -level constraints
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Position Based Rigid Bodies

0 PBD extended to rigid bodies[Deul et al.,2014]

3 Introduce rotations'l
3 Scalar particle massd becomes rigid body mass matrixXE
3 Efficient representation

Rigid elk collides with rubber ducky [Deul et al2014]
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Position Based Rigid Bodies

0 PBD extended to rigid bodies[Deul et al.,2014]

3 Introduce rotations'l
3 Scalar particle massd becomes rigid body mass matrixE G
3 Efficient representation

Ax
O -0
my m,

Ax, AX,

— —

-0
my ms,

Correction of particles

Multiphysics Simulation Methods in Computer GraphicpNEG 2025, London

Ax

mo, |
ml! ]1 AR
my, Iy my, 1,

Correction of rigid bodies [ MS1 | e2020pt al . ,

3.2 Position-Level Formulation
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Position Based Rigid Bodies

0 PBD extended to rigid bodies[Deul et al.,2014]
0 Compatible with PBD particles
3 Strong two-way coupling
3 Shows flexibility of PBD discretization
0 Joints and friction[Deul et al.,2014]
O Restitution[ MS1 | e2020pt al . ,

3 Via additionalvelocity -level solve

Rigid car with deformable tir2e28] dri ves
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Position BasedDeformables

~

0 Mostly tetrahedral/triangular discretization

0 Deformable material constraints

3 Constrainstrain energy [Bender et al.,2014]
3 Constrainstraintensor [ MS1 | e2015et al . ,

3 Constraint derived fromelastic energy potential
[Macklin et al.,2016; Francu et al.,2017]

3 Shape matching [Chentanezet al., 2016]

— ™

Newton Y method XPBD

Cloth simulation using strain energy constraint [Bender et al2014]

Hookean, isotropic cantilever beamMacklin et al., 2016]
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Position BasedDeformables

0 Mostly tetrahedral/triangular discretization 2% slower

0 Deformable material constraints

0 Support for ©
3 Hookean materials
[Bender et al.,2014; Macklin et al.,2016; Francu et al.,2017] ‘

3 Hyperelasticmaterials[ender et al., 2014; N oakean SaifiCVENEnT Kirchhoff
Mack !l i n a202i; TohSThalt et al.,2022; Chen et al., 2024] ,
E ng her-order finite elements Hyperelasticmaterials under compression [Bender et al.2014]

[Saillant et al.,2024]
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Position Based Rods

0 Co-dimensional structure
3 Ideal for hair, fur, vegetation, cables, ropes®
0 Cosseratrod theory in PBD[Umetaniet al., 2015]

3 Elastic rods with stretching, bending and torsion

Ghost points (cyan) for defining rod material framedJmetaniet al., 2015] Squishy ball hits a wallymetaniet al., 2015]
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Position Based Rods

0 Co-dimensional structure
3 Ideal for hair, fur, vegetation, cables, ropes®

0 Cosseratrod theory in PBD[Umetaniet al., 2015]

0 Extensions

3 Material frames via quaterniongkugelstadtand S ¢ h N n2616]
3 High material stiffness via direct solvelDeul et al.,2018]

3 Volumetric deformations with volume conservation
[Angles et al.,2019]

Multiphysics Simulation Methods in Computer GraphicfNEG 2025, London Muscles modeled using volumetric rods [Angles et al2019] 57




Position Based Granular Materials

0 Two common approaches
3 DEM-based & Continuumbased

0 DEM-based

3 PBD solil particles
3 Particle interaction constraints

Yy Viscoelastic collisions
[Holz,2014; Macklin et al.,2016; Francu et al.,2017]
y"  Coulomb friction[Macklin et al.,2014; Holz, 2014]

Yy Cohesion[Holz and Galarneau2018]

Excavator digging in clay type soil [Holand Galarneau,2018]
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Position Based Granular Materials

0 Continuum-based

3 Plasticity theory in PBD[Yu et al.,2024]

y  eXtended Position -Based Inelasticity (XPBI)
3 Viscoplasticand elastoplastic materials

y'  Strongly coupled sand, water, snow, metal, and foam
3 Employs a hybrid gridparticle discretization (cf. MPM)

Yy Wellsuited for large deformations and fracture
3 Challenge:

Sandcastle washed away by water in XPBI [Yu et al2024]

y  Approach: Reformulate XPBD on thevelocity -level € i € 30Ln|8
0 Next slided

Calculation of future
deformation gradiente

3.2 Position-Level Formulation (0 ’ U 59
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XPBD vs. XPBI (velocitjevel)

XPBD:

1. Predict position:
1 6 301 30E ‘Kb
2. Correct positions iteratively in solver:
oCl) 1730}
8(1) E n8(1) {130
INT 3]

3l 'E no(l)s}
TN 3l
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XPBD vs. XPBI (velocitjevel)

XPBD: XPBI (velocitylevel XPBD):
1. Predict position: 1. Predict velocity:
fl 0 301 30E kD) TN 1 30E - Ti)
2. Correct positions _iieratively in solver: =~~~ 2. Correct velocities__iteratively insolver: . ____
| 1 6@ 17301 | i 1 6@ Fa 41301 ;
. 3 =t - ! ; 3 e ~ —
! noCl) 'E no(Cl) 730 : : ng(6 3d E no(6 3d) 30 !
| 1IN 3] | | 1IN 3] |
| A i I S Y S — |
! ¥ E no(iha ! ! A E L i 180 __30h3 ) !
; TN s § | L TINET g7 ;
3. Update velocity from new position: 3. Update position from new velocity:
IN T 6 T30 ON & 30l
oN
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Eo D)
Unified modeling framework N O —
A (0)

Equations of motion Simulated material domains

1) Discretization of
equations of motion

via constraints

Deformables

Multiphysics Simulation Methods in Computer GraphicpNEG 2025, London




Unified modeling framework

1) Discretization of
equations of motion

2) Multiphysics modeling
via constraints

EO0 kD)
A O —>
A (0)

Simulated material domains

Equations of motion
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Deformables

Granular Materials
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Eo D)
Unified modeling framework N O —
A (0)

Equations of motion Simulated material domains

1) Discretization of
equations of motion

via constraints

Deformables
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Velocity-Level Formulation

Adhesivejello[Gascon et al.,2010] Chain with heavy weight [Andrews et al.2022] Constraint Fluids [Bodin et al.2012]

Rods wrapped around rigid beam [Servin et al.2010] Constraintbased suction [Bernardin et al. 2022]

Multiphysics Simulation Methods in Computer GraphicfNEG 2025, London 3.3 Velocity-Level Formulation U 65




Velocity-Level Formulation:Nonsmooth Dynamics

0 Nonsmooth, rigid body dynamics modeling[Moreau, 1963; Moreau, 1985]
3 Wellsuited for hard, unilateral interactions, e.g., contacts

0 Applied in numerous popular rigid body dynamics method$sender et al.,2014]

~

Eo ko)

A O
A (0)

Equations of motion

Multiphysics Simulation Methods in Computer GraphicpNEG 2025, London
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VAT |

Equations of motion onvelocity level
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Velocity-Level Formulation:Nonsmooth Dynamics

0 Nonsmooth, rigid body dynamics modeling[Moreau, 1963; Moreau, 1985]
3 Wellsuited for hard, unilateral interactions, e.g., contacts

0 Applied in numerous popular rigid body dynamics methodg$senderet al., 2014]

3 Lagrange multiplier method
3 Linear Complementarity Problem (LCP) formulation

~I ~| » S ) f 'E
‘ H {'H y
3‘_0 | I r]- A
) > » <|NA
Al s0H WA A
nA | i'"i ) Constraint impulses as \

Lagrange multipliers

Equations of motion onvelocity level
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E’l 3~(‘)7H] [

~
¥

Iy

F
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Mixed LinearComplementarity Problem (MLCP)
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Velocity-Level Formulation:Nonsmooth Dynamics

0 Nonsmooth, rigid body dynamics modeling[Moreau, 1963; Moreau, 1985]
3 Wellsuited for hard, unilateral interactions, e.g., contacts

0 Applied in numerous popular rigid body dynamics method$sender et al.,2014]

Contact example:

Impact Separation
—> «— «— —>
‘‘‘‘‘‘‘ N ,f’_-~‘s ,f’_-~‘~ *‘__-‘\

1 \\,'/ \ \\\ ‘\
I i [ 3 !
‘\ 'I*\‘ I’ ‘\ :*\ ','I
,,,,, ’ \\ i ~, - ~. f"
w T i a——
1
v T i TT 0T ) T

([ E
A

Slack variable:constraint velocity

Mixed LinearComplementarity Problem (MLCP)

(’DUGS
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Velocity-Level Formulation:Nonsmooth Dynamics

0 Nonsmooth, rigid body dynamics modeling[Moreau, 1963; Moreau, 1985]

~

0 Applied in numerous popular rigid body dynamics method$Bender et al.,2014]

0 Different solver types

3 lterative, e.g., GaussSeidel, orJacobi
y  Favorable efficiency
3 Direct, e.g., pivoting solvers
Yy Ideal for high stiffness/mass ratios
3 Hybrid (direct/iterative)
y*  Combined benefits

Hybrid direct/iterative solver in Unity Physics (

OR §




Nonsmooth Multidomain Dynamics

O Limitations
1. Only hard constraints, e.g., rigid bodies with hard contacts N0) A
2. PositionHdriftl at velocity-level

n_"A ’TI

Andrews et al.,2022
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Nonsmooth Multidomain Dynamics

O Limitations
1. Only hard constraints, e.g., rigid bodies with hard contacts N0) A
2. PositionHdriftl at velocity-level

n_"A ’TI

0 Generalization toNonsmooth Multidomain Dynamics (NMD)
1. Multiple material domains: model more than rigid bodies

-
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Nonsmooth Multidomain Dynamics

O Limitations
1. Only hard constraints, e.g., rigid bodies with hard contacts N0) A
2. PositionHdriftl at velocity-level

0 Generalization toNonsmooth Multidomain Dynamics (NMD)

1. Multiple material domains: model more than rigid bodies
Yy h&oftenl the constraints[Servinet al., 2006]
Yy Robust, physically meaningful parametrization
O Constraints as stiff limits of energy potentialSY(0)
0 iCompliance matrix/
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Nonsmooth Multidomain Dynamics

O Limitations

1. Only hard constraints, e.g., rigid bodies with hard contacts N0) A — 1A A
2. PositionHdriftl at velocity-level
0 Generalization toNonsmooth Multidomain Dynamics (NMD)
1. Multiple material domains: model more than rigid bodies Yo E'”(é) 1 A0
y  Softenl the constra