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A comparison of linear consistent correction methods for first-order SPH derivatives [Westhofen et al. 2023] Fast and versatile fluid-solid coupling for turbulent flow simulation [Lyu et al. 2021]
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[ agrangian Point-based Methods - Overview

& Simplest primitive & Suitable for topology changes

f

& \ersatile description of many objects & “Locking” particle arrangements

Versatile rigid-fluid coupling for incompressible SPH [Akinci et al. 2012]
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L agrangian Point-based Methods - Method zoo

- Smoothed Particle Hydrodynamics (SPH)

Multiphysical
- Moving-Least Squares (MLS)

Graphics
+  Reproducing Kernel Particle Method (RKPM)
- Discrete Element Method (DEM)*
. Moving Particle Semi-implicit Method (MPS) @ Multiphysica
+ Peridynamics @ Graphics

@ 48  Multiphysics Simulation Methods in Computer Graphics — EG 2025, London



| agrangian Point-based Methods - Equations of Motion
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Pressure-Poisson Equation (PPE)

Compression
P > Po
D
Atvz =_,0 \
Dt
AtV3p = p(V - V) essare Clamping

EXpansion
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L agrangian Point-based Methods - Fluid
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Particle-Based Fluid Simulation for Interactive Applications

Matthias Miiller, David Charypar and Markus Gross

Department of Computer Science, Federal Institute of Technology Ziirich (ETHZ), Switzerland

Abstract

Realistically animated fluids can add substuntial realism o interactive applications such as virtual surgery sim-
ulators or computer games. In this paper we propose an interactive method based on Smoothed Particle Hydro-
dynamics (SPH) to simulate fluids with free surfaces. The method is an extension of the SPH-hased technique
by Desbrun to animate highly deformable bodies. We gear the method towards fluid simulation by deriving the
force density fields directly from the Navier-Stokes equation and by adding a term to model surface tension effects.
In contrast to Eulerian grid-based approaches, the particle-bused approuch makes mass conservation equations
and convection terms dispensable which reduces the complexity of the simulation. In addition, the particles can
directly be used to render the surface of the fluid. We propose methods to track and visualize the free surface using
paint splatting and marching cubes-based surface reconstruction. Qur animation method is fast enough 1o be used
in interactive systems and to allow for user interaction with madels consisting of up to 5000 particles.

Categories and Subject Descriptors (according to ACM CCS):  1.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism

1. Introduction
1.1. Motivation

Fluids (i.e. liquids and gases) play an important role in every
day life. Examples for fluid phenomena are wind, weather,
ocean waves, waves induced by ships or simply pouring of
a glass of water. As simple and ordinary these phenomena
may seem, as complex and difficult it is to simulate them.

Even though Computational Fluid Dynamics (CFD) is a well Figure 1: Pouring water into a glass at 5 frames per second.
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Constraint Fluids

Kenneth Bodin, Claude Lacoursiere, Martin Servin

» EXPIICIt mler et al. 2003]

le mak-
are also
ras : such as
Position Based Fluids
om 3D-
L) Miles Macklin * Matthias Miiller of me(‘i-
. Cheokton 1 haptic
® — ' NVIDIA ity is a
[Bodin et al. 2012} o B
triangle
. .- Abstract ditional
[Macklin and Muller 2013] e to be
In fluid simulation, enlorcing incompressibilily is crucial for real- — : Rirfaces
ism; it is also computationally expensive. Recent work has im- . ues for
proved efficiency, but still requires time-steps that are impractical 1

for real-time applications. In this work we present an iterative den- 1nch.1de
sity solver integrated into the Position Based Dynamics [ramewark raphics,
(PBD). By formulating and solving a set of positional constraints n using
that enforce constant density, our method allows similar incom- fels [21]
pressibility and convergence to modern smoothed particle hydro- sd to as

dynamic (SPH) solvers, but inherits the stability of the geometric, ‘2 f
position based dynaﬂucs method, allowmg large ume steps suit- (@) Reu!-time rendered fluid surjace using ellipsoid splatting ] or a

able for real-time applications. We incorporate an artificial pressure
term that improves particle distribution, creates surface tension, and )
lowers the neighborhood requirements of traditional SPH. Finally, naterial

we address the issue of energy loss by applying vorticity confine- ( : rmance
ment as a velocity post process. ized use
serious

CR Categories: 1.3.5 [Computer Graphics]: Computational d
Geometry and Object Modeling — Physically based modeling 1.3.7 ad poor
[Computer Graphics]: Three-Dimensional Graphics and Realism—
Animation; .

1id, the
Keywords: fluid simulation, SPH, PCISPH, constraint fluids, po- L . . sibility,
sition based dynamics (b) Underlying simulation particles npuls s
Links: ©DL S PDF Figure 1: Bunny taking a bath. 128k particles, 2 sub-steps, 3 den-

sity iterations per frame, average simulation time per frame {0ms. P

1 Introduction

Jarola 2009], but small time steps remain a requirement, limiting

Fluids, in particular liquids such as water, are responsible for many . S
N real-lime applications.

visually rich phenomena, and simulating them has been an area of
long-standing interest and challenge in computer graphics. There For interaclive environments, Tobustness is a key issue: the simula-
are a varicty of techniques available, but here we focus on particle tion must handle degenerate situalions gracelully. SPH algorithms
methods, which are popular for their simplicity and flexibility. often become unstable if particles do not have enough neighbors for

Smoothed Particle Hydrodynamics (SPH) [Monaghan 1992][1994] accurate density estimates. The typical solution is to try to avoid

is a well known particle based method for fluid simulation. It these situations by taking sutficiently small time steps, or by using
P S S SO S T sufficientlv manv narticles. ar the cost of increased comnutation

@ (323 Multiphysics Simulation Methods in Computer Graphics — EG 2025, London
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Constraint-based Bodin et ai. 2012]
[Macklin and Muller 2013]

\mp\ICF[ [Solenthaler and Pajarola 2009] [lhmsen et al. 2014]
[Bender et al. 2017]
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Predictive-Corrective Incompressible SPH

L) B. Solenthaler * R. Pajarola *
EaEy University of Zurich University of Zurich

Figure 1: Three examples produced with our incompressible sinudation: (Left) . . . .
(Center) Close-up view of a wave tank. (Right) A fluid represented by 700k partic, Markus Ihmsen, Jens Cornelis, Barbara Solenthaler, Christopher Horvath, and Matthias Teschner

IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS, VOL.23, NO.8, MARCH2017 1163

Divergence-Free SPH for Incompressible
and Viscous Fluids

Jan Bender and Dan Koschier

IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS, VOL. 20, NO. 3, MARCH 2014

Implicit Incompressible SPH

ed Particle Hydrodynamics (SPH). We combine a
ion to obtain a discretized form of the pressure
oes consider the actual computation of the pressure
e, we propose to compute the density deviation
ss of the time-integration scheme. We show that our
3PH methods. Large time steps and small density
stical relevance of the approach is illustrated by

rdrodynamics, incompressibility, implicit integration

alternative to EOS approaches with locally
penalty forces, projection schemes, also referred
ng [8], can be used to compute the pressure field
st, intermediate velocities are predicted without
3 the pressure forces. Then, a PPE is solved to
ressure such that the resulting pressure forces
intermediate velocities to a divergence-free state.
:andard technique in grid-based approaches, for
8], [9], [10], but a detailed discussion of grid-
lants is beyond the scope of this paper. In

v Asmsmnnannhan smenianbiae cnhanaan Ann e sk

.
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Projective Fluids

L) Marcel Weiler Dan Koschier Jan Bender
e Graduate School CE, Graduate School CE, Computer Animation Group,
TU Darmstadt TU Darmstadt RWTH Aachen University

+  EXPIICI (miiler et a. 2003]

An Implicit Compressible SPH Solver for Snow Simulation

- Constraint-based sodin et al. 2012 -

CHRISTOPH GISSLER, University of Freiburg, Germany and FIFTY2 Technology GmbH, Germany

' ' ANDREAS HENNE, FIFTY2 Technology GmbH, Germany fuid ana cloth
[M acC kl N an d M U | |er 2 O 1 8] STEFAN BAND, University of Freiburg, Germany
ANDREAS PEER, FIFTY2 Technology GmbH, Germany b constr

MATTHIAS TESCHNER, University of Freiburg, Germany

‘ \mp\ICF[ [Solenthaler and Pajarola 2009] [lhmsen et al. 2014]
[Bender et al. 2017]

+ Compressible (Gisser et al. 2020] (weiler et al. 2016]

@ (323 Multiphysics Simulation Methods in Computer Graphics — EG 2025, London
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-+ Multiphase

- Multi-fluid [Solenthaler and Pajarola 2008]

° I\/Iixing and dissolution [Xu et al. 2023] [Ren et al. 2021]

[Yan et al. 2016]

i

BO REN®, Nankai University, China
BEN XU, Nankai University, China
CHENFENG LI, Swansea University, UK

Unified Particle System for Multiple-fluid Flow and Porous Material

An Implicitly Stable Mixture Model
for Dynamic Multi-fluid Simulations

Multiphase SPH Simulation for Interactive Fluids an Yanrui Xu Xiaokun Wang' Jiamin Wang
1)) Xiao Yan Yun-Tao Jiang Chen-Feng Li Ralph R. Martit B;l]l:{g :\d.‘:;:cc;:d Innmgtlt?n Ccptcr University of S(;;Cl:lfc and Technology Chongmmg Song
St Tsinghua University Tsinghua University Swansea University Cardiff Universit <cjlr‘; ]:’ c‘]" 1 cxﬁf)mc nguq neenng d (f;lmg Tiancheng Wang
and school o n.te igence science an -ina . University of Science and Technology
Technology, University of Science and Bournemouth University Beijing
Technology Beijing UMted Kingdom China
o China . wangxiaokun@ustb.cdu.cn no4724722205@163.com
University of Groningen 18519225284@163.com
the Netherlands wtianchengg@163.com
yanrui.xu@rugnl
Fig. 1. Selective filtering of a three-phase liquid mixture. The black liquid mixture flows through
absorbing one fluid phase (red, green or blue). The porous foams turn inta different colours as the | Yalan Zha_ng Jian Cha_ng Jian Jun Zha_ng
University of Science and Technology Bournemouth University Bournemouth University
Beijing United Kingdom United Kingdom
Figure 1: Instant coffee and a soft candy dissolving in water. China jehang@bournemouth.ac.uk jzhang@bournemouth.ac.uk
zhangyl@ustb.edu.cn
Abstract [2003] to simulate fluid flow. The SPH method has also been Jiti Kosinka Alexandru Telea Xiaojuan Ban
™ k extends existi NP p— . utsf:lj '2501‘;1]“1“3(]3133‘0?&3“‘3 f"l.‘gli[};/lkﬁuer?‘[*kﬁloq‘k Gedrsé‘:“:lf’h University of Groningen Utrecht University University of Science and Technology
1S work extends existing mu llp ase-fiuid rameworks to el al. , and granular materials € SaIx udn an aduy ies . o
cover solid phases, including deformable bodies and granular mate- 2011]. Fluid-solid coupling has also been achieved within the SPH _the I‘\Ietherlands the Nethetlands Beqmg, and Institute of l\faler.lals
rials. In our extended multiphase SPH framework, the distribution framework, to simulate fluid interacting with an elastoplastic solid jkosinka@rug.nl a.clelea@uu.nl Intelligent Technology, Plaomng
and shapes of all phases, both fluids and solids, are uniformly rep- [Solenthaler et al. 2007; Keiser et al. 2005], fluid interacting with Academy of Materials
resented by their volume fraction functions. The dynamics of the granular materials [Lenaerts and Dutr 2009], and porous materials China
multiphase system is governed by conservation of mass and mo- |Lenaerts et al. 2008]. banxj@ustb.cdu.cn
mentum within different phases. The behavior of individual phases
and the interactions between them are represented bv corresponding More recently, by introducing the concept of volume fraction, the
T — e ———

Density Contrast SPH Interfaces

B. Solenthaler and R. Pajarola

Visualization and MultiMedia Lab, University of Zurich, Switzerland

Figure 1: Tea diffuses from a leabag into a cup of water. After the teabag is removed, the mixture is stirred with a (glass) rod.
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-+ Multiphase
- Multi-fluid [Solenthaler and Pajarola 2008]

° I\/Iixing and dissolution [Xu et al. 2023] [Ren et al. 2021]
[Yan et al. 2016]

- Turbulence
’ I\/Iicropolar [Bender et al. 2019]

- Vorticity Refinement Monte Carlo rve et a. 2024
[Liu et al. 2021]

Engineering for Industry
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M) Check for updates

DOL: 10.1111/cgf.14093 COMPUTER GRAPHICS forum

Violume 40 (2021), mumber 1 pp. 5467
Turbulent Details Simulation for SPH Fluids via Vorticity Refinement

Sinuo Liu,*" Xiaokun Wang,!" Xiaojuan Ban,! Yanrui Xu,! Jing Zhou,? Ji#¥{ Kosinka® and Alexandru C. Telea* @

'nstitute of Artificial Intelligence, University of Science & Technology, Beijing, China 2284 IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS, VOL.25, NO.G, JUNE2019
xuyanruiedw @ me.com
2School of Computer & Ct ication F. ing, University of Science & Technology, Beijing, China
787666673 @qq.com,zhoujing_me_cn@hotmail.com
3Bernoulli Institute, University of Groningen, Groningen, the Netherlands
j-kosinka@rug nl
“Department of Information and Computing Sciences, Utrecht University, Utrecht, the Netherlands

a.c.telea@rug.nl

Turbulent Micropolar SPH Fluids with Foam

Jan Bender ™, Dan Koschier”, Tassilo Kugelstadt, and Marcel Weiler

Abstract
A major issue in smoothed particle hydrodynamics (SPH) approaches is the numerical dissipation during the projection process.
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Monte Carlo Vortical Smoothed Particle Hydrodynamics
for Simulating Turbulent Flows
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Figure 1: The divergence-free SPH (DESPH) method (left) produces basic wake flow mottons. Qur MCVSPH method (right) effectively
generates intricare vortical monons throughout the fluid domain, exhibiting transportation, merging, and splitting of vortices.

Abstract

For vortex particle methods relying on SP'I-based simularions, the direcr approach of iterating all fiuid particles to caprure
veloctty from vorticity can lead to a significant computational overhead during the Biot-Savart summation process. To address
this challenge, we present a Monte Carlo vortical s heed particle hydrod) (MCVSPH) method for efficienty yimulaiing
turbident flows within an SPH framework. Our approach harmesses a Monte Carlo estimator and operales exclusively within
a pre-sampled particle subset, thus eliminating the need for costly global iterations over all fiud particles. Our algorithm is
decoupled from various projection loops which enforce incompressibility, independently handies the recovery of turbulent details,
and seamlessly integratey with state-of-the-art SPH-based incompressihility solvers. Qur approach rectifies the velocity of all
fluid parncles based on vorticity loss to respect the evolution of vorticity, effectively enforcing vortex motions. We demonsrrare,
by several experiments, that our MCVSPH method effectively preserves vorticity and creates visually prominent vortical motions.
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Implicit Surface Tension for SPH Fluid Simulation
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Pairwise Force SPH Model for Real-Time
Multi-Interaction Applications

Tao Yang, Ralph R. Martin, Ming C. Lin, Fellow, [EEE, Jian Chang, and Shi-Min Hu

Abstract—In this paper, we present a novel pairwise-force smoothed particle hydrodynamics (PF-SPH) model to enable simulation of
various interactions at interfaces in real time. Realistic capture of interactians at interfaces is a challenging problem for SPH-based
simulations, especially for scenarios involving multiple interactions at different interfaces. Our PF-SPH model can readily handle
multiple types of interactions simultanecusly in a single simulation; its basis is to use a larger support radius than that used in standard
SPH. We adopt a novel anisotropic filtering term to further improve the performance of interaction forces. The proposed model is
stable; furthermore, il avoids the particle cluslering problem which commonly occurs at the free surface. We show how our model can
be used to capture various interacticns. We &lso consider the close connection between droplets and bubbles, and show how to
animate bubbles rising in liquid as well as bubbles in air. Qur method is versatile, physically plausible and easy-to-implement. Examples
are provided o demonstrate the capabilities and elfectiveness of our approach.

Index Terms—Smoothed particle hydrodynamics (SPH), pairwise force, surface lension, bubble animation, fluid simulation
+

1 INTRODUCTION

N computer graphics, interactions at interfaces between

materials in different phases, or immiscible materials in
the same phase, have been extensively investigated during
the last decade. In this work, we focus on interfaces involving
a liquid; thus commonly observed interfaces can be catego-
rized into three classes: between a liquid and a gas, another
liquid, or a solid. The gas is mostly considered as air in this
paper unless otherwise specified. The interaction between a
liquid and air leads to surface tension, which is the main
cause of manv well knawn visual effects. includine the water

high density ratios [2] and interfacial flows [3], [4], [6]. We
avoid complex treatments for miscible flows and concentrate
on the interactions between different immiscible flows. The
interactions between a liquid and a solid are of two main
types: fluid-solid coupling and adhesion. Fluid-solid cou-
pling contributes to macroscopic movements while adhesion
is caused by molecular forces and results in various wetting
effects. In the real world, many scenarios involve interactions
at multiple interfaces. For instance, when cracking an egg,
there are simultaneous interactions between air. ece white.
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Direct Forcing for Lai
Rigid-Fluid Coug

Markus Becker, Hendrik Tessendorf, and M

Abstract—We propose a novel boundary handling algorithm for particle-based fluids. |

. velocity and position, one- and two-way coupling with rigid bodies can be realized. Tl
B e C ke r e‘t a | 2 O O 9 improvements over existing penalty-based approaches. Different slip conditions can be

L] forcing is employed to meet the desired boundary conditions and to ensure valid states

various experiments in 2D and 3D. They illustrate one- and two-way coupling of rigid |
dynamic forces on a rigid body, as well as different slip conditions. Numerical experir
pravided.

Index Terms—Physically-based simulation, fluid dynamics, smeothed particle hydrot

+

1 INTRODUCTION

Versatile Rigid-Fluid Coupling for Incomg

Nadir Akinci* Markus Thmsen* Gizem Akinci* Barba
University of Freiburg  University of Freiburg  University of Freiburg E

Figure 1: Fluid-rigid interaction in a large-scale seiting. A boat with ragdolls passes
with the bridge due to an increased flow rate and the bridge is released (middle and rig
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Abstract

We propose a novel monolithic pure SPH formulation to simulate fluids strongly coupled with rigid bodies. This includes fluid
incompressibility, fluid-rigid interface handling and rigid-rigid contact handling with a viable implicit particle-based dry fric-
tion formulation. The resulting global system is solved using a new accelerated solver implementation that outperforms existing
fluid and coupled rigid—fluid simulation approaches. We compare results of our simulation method to analytical solutions, show
performance evaluations of our solver and present a variety of new and challenging simulation scenarios.

Keywords: animation, physically based animation, particle systems, fluid modelling
2 C CCS Concepts: + Computing methodologies — Physical simulation; Collision detection

1. Introduction

Rigid body dynamics, as well as fluid simulations are subject of
an extensive amount of research motivated by great interest in ap-
plications in computer graphics, robotics and industrial prototyp-
ing [BET14, I0S*14, Bril5]. Even though most of the work fo-
cuses on exclusively simulating either the dynamics of rigid bodies
or the motion of fluids, there exist more recent approaches combin-
ing fluids and rigid bodies into one simulation framework [AIA*12,
MMCK14, KB17, HFG*18, GPB*19, BKWK19]. It is easy to see
that these combined methods vastly expand the range of possible

annlicatinne and cimulatinn cnanavmiae TTonalle tn samhinad an

hand, a collision detection method similar to the molecular dynam-
ics method [BYMOS5] together with shape matching constraints is
used for rigid bodies. Due to impulsive collision responses, rigid
contact handling strongly influences fluid-rigid constraints and con-
sequently the internal fluid state. Equivalently, internal fluid forces
might also have a great effect on neighbouring rigid bodies that
needs to be considered when solving rigid contacts. By solving
fluid and rigid body contact constraints sequentially, the mutual de-
pendencies between the constraints are neglected, leading to unsta-
ble and inefficient coupled simulations. However, due to heteroge-

neous solving procedures for rigid bodies and fluids, mixed simu-
Tatinn mathade hava Aiffanltiac caluvina Anid and wicid hado ~nn
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COMPUTER ANIMATION AND VIRTUAL WORLDS
Comp. Anim. Virtua! Worlds 2013; 24:135-203
Published onling 13 May 2013 in Wiley Online Library {wileyonlinglibrary.com). DOI: 10.1002/cav. 1433
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Coupling elastic solids with smoothed particle
hydrodynamics fluids
Nadir Akinci*, Jens Cornelis, Gizem Akinci and Matthias Teschner

University of Freiburg, Freiburg, Germany

ABSTRACT

We propose a method for handling elastic solids in smoothed particle hydrodynamics [luids. Our approach samples Langu-

Interlinked SPH Pressure Solvers for Strong Fluid-Rigid Coupling

CHRISTOPH GISSLER, University of Freiburg and FIFTY2 Technology GmbH
ANDREAS PEER and STEFAN BAND, University of Freiburg

JAN BENDER, RWTH Aachen University

MATTHIAS TESCHNER, University of Freiburg
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- Force-based [Becker et al. 2009]

- Pressure-based [Akinci et al. 201
[Akinci et al. 2012]

+ Rigid-rigid & rigid-fluio

[Probst and Teschner 2023] [Gissler et al. 2019]

[Bender et al. 2020] [Fujisawa and Miura 2015]

An Efficient Boundary Handling with a Modified Density
Calculation for SPH

Makoto Fujisawal and Kenjiro T. Miura®

'University of Tsukuba, Japan
2Shizuoka University. Tapan

Abstract

We propose a new boundary handling method for smoothed particle hydrodynamics (SPH). Previous approaches
required the use of boundary particles to prevent particles from sticking to the boundury. We address this issue by
correcting the fundamental equations of SPH with the infegration of a kernel function. Our approach is able to
direcily handle triangle mesh boundaries withoul the need for boundary particles. We also show how owr approach

can be integrated into a position-based fluid framework.

Categories and Subject Descriptors (according to ACM CCS): 1.3.7 [Computer Graphics]: Three-Dimensional

Graphics and Realism—Animation

1. Introduction

Particle-based fluid simulation is widely used to model com-
plex fluid phenomena for computer graphics animation be-
cause it offers attractive features such as mass conserva-
tion, ease of extending the simulation space, and simplic-
itv. One popular particle-based fluid simulation technique
is smoothed particle hydrodynamics (SPH). SPH simula-
tion has two main prohlems. The first is how to enforce in-
compressibility. SPH was originally designed to model com-
pressible flows, and thus allows the density to change easily.
Many methads, such as WCSPH [BT07], PCISPH [SP09],
position-based fluids [MM13], and LISPH [ICS™14] have
been developed in order to solve this problem.
The second problem is

') MR | - IS ¥ SRR |

2982

Implicit Frictional Boundary Handling for SPI

Jan Bender ", Tassilo Kugelstadt™, Marcel Weiler"”, and Dan Koschier™

Multiphysics Simulation Methods in Computer Graphics — EG 2025, London

tails of the houndary since the shape of the boundary needs
to be approximated by finite-sized particles even though the
solid boundary is represented by a flat plane, a collection
of triangles, or ather such shapes. This also dramatically in-
creases the number of particles in the simulation space. As
a result, the computational cost for a neighborhood particle
search 1s high.

In this paper, we present the theoretical problem of SPH
for the case where the scene has a solid houndary and show
how to solve this problem. We propose a fast calculadon
method of integration of kernel functions, which are used to
correct the problems for a triangle mesh. We treat the mesh
as a collection of flat planes. Our method is based on the

hacie farmmlation of SPH maanine that it ran he annlied ra
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Semi-Analytic Boundary Handling Below Particle Resolution for

Smoothed Particle Hydrodynamics

RENE WINCHENBACH, University of Siegen
RUSTAM AKHUNOV, University of Siegen
ANDREAS KOLB, University of Siegen

Fig. 1. Our novel semi-analytical boundary handling method enabl

fluid-rigic interactions even under difficult conditions and can be directly combined with

any spatially adaptive simulation technique. This figure shows the simulation of a collision of an inlet flow from the right with a counterclackwise rotating
propeller, calculated with up to 1.3 million particles and an adaptive volume ratio of 100 : 1. The boundary configuration is shown in the top right corner, the
left and the right part of the main figure visualizes particle volume and particle velocity, respectively.

In this paper, we p a novel i-analytical boundary handling method
for spatially adaptive and divergence-free smoothed particle hydrodynam-
ics (SPH) simulations, including two-way cougling. Our method is consi

under varying particle resolutions and allows for the treatment of beundary
features below the particle resolution. We achizve this by first introducing an
znalytic solution to the interaction of SPH particles with planar boundaries,
in 2D and 2D, which we extend to arbitrary boundary geometries using
signed distance fields (SDF) to construct locally planar boundaries. Using

cCs ¢ pts: - Computi thodologies — Physical simulation;

Multiscale systems; Massively parallel and high-performance simulations; «
Mathematics of computing — Integral equations.

Additional Key Words and Phrases: SPH, spatial adaptivity, physical simula-
tion, two-way coupling, boundary handling, semi-analytical methods

ACM Reference Format:
Rene Winchenbach, Rustam Akhunov, and Andreas Kolb. 2020. Semi-Analytic

this boundary-integral-based approach, we can directly eval boundary

contributions, for any quantity, allowing an easy integration into state of
the art simulation methods. Overall, our method improves interactions with
small boundary fi readily handles spatially adaptive fluids, preserves
particle-boundary interactions across varying resolutions, can directly be
implemented in existirg SPH methods, and, for non-adaptive simulations,
provides a reduction in memory consumption as well as an up to 2x speedup
relative to current particle-based boundary handling approaches.

Boundary Handling Below Particle Resolution for Smoothed Particle Hydro-
dynamics. ACM Trans. Graph. 39, 6, Article 173 (December 202)), 17 pages.
https://doi.org/10.1145/3414685.3417829

1 INTRODUCTION

In modern computer animation the physically accurate simulation
of high quality free surface liquid systems is becoming ever more
important, but uniform resolution increases are strongly limited

T —
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interactions 1. Catln nd 1, Schnciter (o)

. - i An Implicit SPH F lation for I ible Li 1
» Linear isolenthaler et al. 2007] b Borbara Slethaer, irg Shif ond Renato Pefarle Corotated SPH for d n Implicit SPH Formulation for Incompressible Linearly

We present a new method for the simulation of melting and solidification in a unified
particle model. Our technigue uses the Smoothed Particle Hydrodynamics (SPH) meth
the simulation of liquids, deformable as well as rigid objects, which eliminates the ne.
define an interface for coupling different models. Using this approach, it is possible to University of Freiburg, Germuny

[ ]
P simulate fluids and solids by only changing the attribute values of the underlying pan {peer, gisslere, bands, leschner} @ informalik, uni-freiburg de
C O rOt at I O n a | [BeC ker et al . 2 009] We significantly changed a prior elastic particle model to achieve a flexible model for

melting and solidification. By using an SPH approach and considering a new definitio
local reference shape, the simulation of merging and splitting of different objects, as m
caused by phase change processes, is made possible. In order to keep the system stable

Markus Becker Markus Ihms Andreas Peer @ Christoph Gissler, Stefan Band and Matthias Teschner

University of I1

Abstract
Smoothed Particle Hydrodynamics (SPH) is a powerful techr
carly SPH approaches in Compuier Graphics have mainly b

in regions represented by a sparse set of particles we use a special kernel function for also focuses on the dynamics of deformable solids using § Abstract
solidification processes. Additionally, we propose a surface reconstruction technique t SPH formulation for deformable solids. The rigid body ma We propose a novel smoothed pariicie hydrodynamics (SPH) formulation jor deformable solids. Key aspects of our method are
° | | . . -t -t | . on considering the movement of the center of mass to reduce rendering errors in conca allows to use a tinear strain ";m;’lr' In con.'ra.:; ";5" evious 1 implicit elastic forces and an adapted SPI formulation for the deformation gradient that—in contrast to previous work—allows
vominue Thos esculte Aowsnuctents uomn intoearting offortc ravrovuineg tho winltinm aud ex les using copl and collinear particle data sets. 1 TSP SN TR D A SN TSNP SN RSN 2O NP SUIPE ST T SR SN T
MPICIT COrona ed linear [kugelstadt et al. 2021] prie fe ]
PO 10.111 Ticaf 14756 rand the efficiency @ '.') -
210111 1icgf 147 - - » - . - _
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Fig. 1. Left: Stable simulation of eight walrus models (210k particles) that are pushed through a tight funnel
and impact the water in a container with 1.2M fluid particles. Right: To showcase the coupling capabilities of
our method 10 deformable solids and 4 rigid tori are dropped into a bowl while water and a highly viscous

Figure 1: Our optimization-based solver allows stable and robust simulations of coupling between hyperelastic solids and fluids in a unified fluid are poured on top. A total of 800k particles are used for the fluids and 252k for the elastic objects.
SPH framework. The elastic solids of this example are simulated using the Neo-Hookean model with 39.3K particles, and the fluid is simulated

using the divergence-free SPH solver with 320K particles.

We develop a new operator splitting formulation for the simulation of corotated linearly elastic solids with
Abstract Smoothed Particle Hydrodynamics (SPI). Based on the technique of Kugelstadt et al. [2018] originally devel-
This paper propases a novel method for A'imulatirzg~ hyperela.trir:_ solids wz'r_h Smaoothed Particle ({}_'dmd}wamics (SPH). 771‘e oped for the Finite Element Method (FEM), we split the elastic energy into two separate terms Corresponding to
proposed metkod extends the coverage of the state-of-the-art elastic SPH solid method to include different types of hyperelustic stretching and volume conservation, and based on this principle, we design a splitting scheme compatible with

materials, such as the Neo-Hookean and the St. Venant-Kirchoff models. To this end, we reformulate an implicit integration . .
scheme for SPH elastic solids into an optimization problem and solve the problem using a general-purpose quasi-Newton SPH. The operator sphttmg scheme enables us to treat the two terms separately, and because the StretChmg

method. Qur experiments show that the Limited-memory BFGS (1-BFGS) algorithm can be employed to efficiently solve our forces lead to a stiffness matrix that is constant in time, we are able to prefactor the system matrix for the
optimization problem in the SPH framework and demonstrate its stable and efficient simulations jor complex materials in the implicit integration step. Solid-solid contact and fluid-solid interaction is achieved through a unified pressure

SPH framewaork. Thanks to the nature of our unified representation for both solids and fluids, the SPI formularion simplifies

solve. We demonstrate more than an order of magnitude improvement in computation time compared to a
coupling between different materials and handling collisions. & P P P
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Mixing Fluids and Granular Materials

Toon Lenaerts and Philip Dutré

Computer Science Department, Katholieke Universiteit Leuven, Belgium

Abstract

Fluid animations in computer graphics show interactions with various kinds of objects. However, fluid flowing
through a granular material such as sand is still not possible within current frameworks. In this paper, we present
the simulation of fine granular materials interacting with fluids. We propose a unified Smoothed Particle Hydro-
dynamics framework for the simulation of both fluid and granular material. The granular volume iy simulated
as a continuous material sampled by particles. By incorporating previous work on porous flow in this simulation
Sframewaork we are able to fully couple fluid and sand. Fluid can now percolate between sand grains and influ-

An Implicit Compressible SPH Solver for Snow Simulation

CHRISTOPH GISSLER, University of Freiburg, Germany and FIFTY2 Technology GmbH, Germany
ANDREAS HENNE, FIFTY2 Technology GmbH, Germany
STEFAN BAND, University of Freiburg, Germany
ANDREAS PEER, FIFTY2 Technology GmbH, Germany
MATTHIAS TESCHNER, University of Freiburg, Germany

Fig. 1. Snow fall onto a car is simulated with single snow flakes modeled as single particles. | he particles are coupled to a precomputed airflow field {visualized
in the top left). The snow accumulates and is wiped away by moving windshield wipers. The car drives away in the end, compressing the snow below its tires.

Snew is a complex material, It resists elastic normal and shear deformations,
while some deformations are plastic. Snow can deform and break. It can
be significantly compressed and gets harder under compression. Existing
snow solvers produce impressive results. E.g. hybrid Lagrangian/Eulerian
techniques have heen naed to eapture all material properties of snow. The
anxiliary grid, hawever, makes it challenging to handle small volumes. Tn pas-
tienlar, snow f2ll and accumnlatian an surfaces have nat been demonstrated
with these solvers yet. Existing particle-based snow sclvers, on the other
hand, can naturally handle small snow volumes, However, existing solutions
consider simplified material properties. In particular, shear deformation and
the hardening eifect are typically cmitted.

We present a novel Lagrangian snow approach based on Smoothed Parti-
cle Hydrodynamics (SPH). Snow is modeled as an elastoplastic continuous

matetial that captures all above-mentioned eifects. The compression of snow
is handled by a novel compressible pressure solver, where the typically
employed state equation is replaced by an unplicit formulation. Accelera-
tion due to shear stress is computed using a second impliait formulation.
The linear solvers of the two implicit formulations far aceelerations dne
to shear and narmal stress are realized with matrix-free implementations.
1lsing implicit formulations and solving them with matrix free solvers al

lows to couple the snow to other phases and is beneficial to the stability
and the lime slep size, i.e., performance of the approuch. Solid boundaries
are represented with particles and a novel implicit formulation is used to
handle friction at solid boundaries. We show that our approach: can simulate
accurulation, deformation, breaking, compression and hardening of snow.
Furthermore, we demonstrate two-way coupling with rigid bodies, mterac-
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SPH Granular Flow with Friction and Cohesion

Ivin Aldudn Miguel A. Otaduy

TURIC Madrid, Spain

Figure 1: An avalanche of sand flooding a city populated with dynamic objects.
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A Lagrangian framework for simulating granular material
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We present an efficient Lagrangian framework for simulating granular material with high visual detail.
Our model solves the computationally and numerically critical forces on a coarsely sampled particle
simulation. Pressure and friction farces are expressed as constraint farces which are iteratively
computed. We realize stable and realistic interactions with rigid hodies hy employing pressure and
friction-based boundary forces. Stable formations of sand piles are realized by employing the concept of
rigid-body sleeping. Furthermore, matenal transitions from dry to wet can be modeled. Visual realism 1s

‘fe)""'ﬂ"‘l‘f o _ achicved by coupling a set of highly resolved particles with the base simulation at low computational
‘s'l','"‘l‘""“" material simulation costs. Thereby, detail is added which is not resolved by the base simulation. The practicability of the

approach is demonstrated hy shawing various high-resolution simulations with up to 20 million

Multi resolution .
particles.

@ 2013 Elsevier Ltd. All rights reserved.
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EFulerian and Hybrid Methods - Overview

Algorithm [Bridson 2008]

—————————————————————————

-----------------------

1. Explicit Grid Force
Computation

~ 2. Pressure Projection

] _ T 30 Advection
agrangian Eulerian \
& Spatial Derivatives
& Energy conservation
«& Boundary conditions
Hybrid & Parallelization
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EFulerian and Hybrid Methods - Overview

Algorlthm [Jiang et al. 2016]

| agrangian & Eulerian = MPM

1. Particle-to-Grid

; ~Mass conservation 2. Grid Velocity
: Computation
| . - Fxplicit 1 d F
+ “rTransient grid - xpliclt Grid Force
| (© Computation
; - §§ Grid Velocity Update
+ - Parallelization j Deformation Gradient
O T S e Update

Hybrid +GPU suitable 6. Grid-to-Particle

Transfer

7. Particle Advection
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Rasterize [Takahashi et al. 2002]

Foster and Metaxas 1990]

Realistic Animation of Liquids

Nick Foster and Dimitri Metaxas

Cenrter for Human Modcling and Simulation,
University of Fennsylvania, hilad=lphia, 'A 19104

fostern@graphics ©

upenn.zdu

http:/ /www.cisnpenn.edn/fastern liguids b

Abstract

We present a comprehensive methodslogy for realistically
animating liguid phencmenz. Physically aconrate 31 mo
tion is aclueved by perlorming a (wo-stage calculalion over
an arbitrary environment of static obstacles sunounded
by fluid. A finite difference approximarion to the Navier-
Stokes equations 1= first applied te a lew resolution, vox
clized representation af the scene. The resulting velacity
and pressure liclds describe the gross transport cf liguid,
cluding effects such as splashing, vortivity and overturn
ing. Local fluid velocity is then used to drive a height field
equation or to convect massless marker particles. The po
sitinn of any free surface can thus be determined 10 o sig
nilicantly higher resolution than thav ol the Navier Stokes
calculation. In additicn, the pressure ficld, together with
the Lagrange equations of motion, is used to simulate dy
namic buovant objects. Typical disadvantages tc volumet-
ric methads such as poor scalability and lack of cantral are
addresscd hy assnming that stationary obatacics align with
grid cells during the linite dilference diseretization, and by
appending driving functions to the Nawvier-Stokes equa-
tions. The cutput from onr system is snitable for many of
the water rendering algorithms presented by researchers
in recent years,

Kewmords: Fhod Simudations Nawier-Stokes bonations

effects responsible for the much of 2 fluid's characteris-
tic behavier. They also cannot easily incorporate dynamic
ahjects or buoyant cts inte the model, becanse the ve-
locity of the fluid is kncwn only en the sorface, and in-
Lernal pressure as nob caleulated wtb all, Chen and Lebo
wo turther towards a physies-based flnd methodology by
solving a simplified form of the Navier-Stokes cquations
in two dimensions 7. However, they assume that the fluid
has cere depth. and calenlare the elevaticn of the surface
solzly from the instanlaneous pressure. Ihis allows them
to perform some mteraction between moving objects and
the flow field, but restricts the class of proklems that can
be solved using the method. Notably, obstacle geometry
must he twa-dimenainonal, and althongh the snrfare height
1 varied for animation. they treat the fluid as being com-
pletely llat during the calculation. 'Therzlore, convective
wave elects, mass lransporl, and submerged obstacles are
not covered by their technique.

Camprehensive models of fluid mation da exist and
there are a variety of tocls for aolving them in the ficld
ol Computalional Fluid Dynamics (CEI) These melhods
aenerally 1nvolve dirzct simulation techmiques to get acen-
rate fluid motion. Unfortunately, in any direct simulation
technique the temporal resalution is strangly conpled ta
the spatial reselution. Thuas, if the spatial reselution dan-

I P PR PRCLETTSY P POY BT Py}
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The simulation of fluid-rigid body interaction

Tsunemi Takahashi Heihachi Ueki
Toshiba Corp. Toshiba CAL Systems, Inc.
{suncmi.takahashi@toshiba.cogp ucki@fer.loshiba.co.jp

1 Introduction

This sketch describes the modeling of the interaction hetween
flud and rigd bodics, how to simulate scenes 1 which fluid
pressure acts on a rigid body, and conversely, in which rigid body
motion drives a force back to fluid. We construct the interface
between fluid simulation using the Cubic Interpolated Propagation
(CIP) method and rigid body simulation using the impulse-based
method. For fast simulation, we apply the CIP method to uniform
structured meshes. For treating the interaction between rigid
bodies and fluid efficiently, we use Volume of Solid (VOS) for
rigid bodies, and for the collision among rigid bodies, we use
Palygon-Palygon collision detection. Tor fast response to rigid
body’s collision, we use smaller time step for rigid body than for
floid.

2 Fast fluid simulation

For visually realistic motion of fluids, Navier-Slokes cquations
have to be solved. In the cngineering arca, the Arbitrary
Lagrangien-Eulerian (ALE) method has been used for solving the
fluid-rigid body interaction as moving boundary problems. But
the ALE method uses unsiructured meshes and requires high
computational cost, and is unsuitable for applications in the
computer graphics field. For a visually realistic scene and fast
simulation, we choose the Volume of Fluid (VOF) [Hirt and
Nichols 1981] method and the CIP [Yabe 1997] method for
calculation of the advection term and apply these methods to

Atsushi Kunimatsu Hiroko Fujii
Toshiba Corp. Toshiba Corp.
atsushi.kunimatsu@toshiba.co.jp hiroko. fuln@toshiba.co.jp

to simulate the dynamics of rigid body, we calculate force and
torque. For these, we consider only pressure of fluid.

5 Example and evaluation

The following figure shows one example of an animation
generated by our system. There are two peaches rolling on the
ground. Then the river-like {low appeurs and these peaches are
floated away, colliding with rocks. A 120x36x18 mesh was used.
We got scenes with consistent motion of fluid and rigid bodies,
that is, very attractive and complex scenes that have not been
achieved previously in computer graphics. The simulation time
required in our system is acceptable for practical use. In view of
several advantages mentioned ahave, our system is useful for
practical application in the compurer graphics field.




Eulerian and Hylbrid Methods - Eulerian Coupling

- Rasterize [Takahashi et al. 2002]
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The immersed boundary method

Charles S. Peskin
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* Immersed boundary methoo
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[Li et al. 2020] [Carlson et al. 2004] [Peskin 2002

To Dora and Volodya Abstract motion is a secondary effect in response to the ball. In such simula-
tions, the fluid has no effect on the motion path of the ball, but the
We present the Rigid Fluid method. a technique for animating the ball can splash the water all around.

interplay between rigid bodics and viscous incompressible fluid In one-way fuid-to-solid coupling, the fiuid moves the solid
with free surfaces. YVc use distributed Imgm.ngc m'ulnphcm 0 en- without the solid affecting the fluid. Toster and Metaxas demon-
This paper is concerned with the mathematical ermintira af tha immarcad sure Two way coupling that generates rezlistic motion far hoth the steate this type of coupling by animating tin cans floating on top
boundary {IB) method, which is intended for water [1996]. In this type of one-way coupling the tin
fluid structure interaction, especially in biologice brink to the size of a cotk or grow to the size of a barrel

. : - . s T ecting the motion of the water.
formulation of such problems, derived here fron -way coupling of solids and fuid, simulation alone can

tion, involves both Eulerian and Lagrangian var scenes that once required assistance from hand anima-
delta function. Spatial discretization of the IB ec :ample, flood waters could sweep away a score of horse-
Cartesian mesh for the Bulerian variables, and a1 , washing around them before they can reach the safety

built wall of stones, the flood water slowing only briefly

the Lagrangian variables. The two types of variab n ‘through and washes away the makeshift barrier. Alter-

cquations that involve a smoothed approximation =) Fast and Scalable Turbulent Flow Simulation with Two-Way Coupling doomed batleship, cracked in half by torpedocs, would
. k realistically, causing cddies and whirlpools, possibly
10— v unforrunate seamen down with the undertow.
WEI LI, ShanghaiTech University/SIMIT/UCAS tk focuses on two-way coupling of rigid bodics and in-
YIXIN CHEN, ShanghaiTech University/DGene [f fuid. Two-way coupling of this type is in gencral 2
MATHIEU DESBRUN, ShanghaiTech/Caltech
CHANGXI ZHENG, Columbia University S

XIAOPEI LIU, ShanghaiTech University

Engineering for Industry
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Eulerian and Hylbrid Methods - Eulerian Coupling

Cartesian Grid Fluid Simulation with Irregular Boundary Voxels

»  Rasterize makanashi et al. 2002
Foster and Metaxas 1990]
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Mandoline: Robust Cut-Cell Generation for Arbitrary Triangle Meshes

i

MICHAEL TAOQ, University of Toronto, Canada
. CHRISTOPHER BATTY, University of Waterloo, Canada
s5an ? : EUGENE FIUME, Siman Fraser University, Canada and University of Torontn, Canada
8§ 12 DAVID LW. LEVIN, University of Toronto, Canada
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i

842,

- Immersed boundary metho

Figure 1 Figure 4

[Li et al. 2020] [Carlson et al. 2004] [Peskin 2002] introduction

’gfﬁ:c ;xt:;?f?; g;::s:g dt %cnh:;q:lz;t;; m;;!::i:lgc;h:n?;‘;o]n °|: ° Eﬁ:::;&lg the dr““:;::z::;‘zﬁ:;‘;gimnﬂy i [I:;I::yull:l:; Fig. 1. Various cut-cell meshes generated by our method based on surface geometries drawn from both graphics and engineering, To visualize the tut-cells, we
ﬁt; ;icfonncd erid to the derails of the Qi'mulminn while finite dif- Vi =0 lorces l;:riusa [lux across each lﬂw[ljo bl Su slice the meshes along user-defined cut planes, omiiting empty background gric cells except in the adaptive case.

If the boundary is represented as a level sct, this can be done
using a rechnique similar to marching cuhes.

ference methods impose u regular grid on the simulation details.
Most computer graphics CFD solutivns have been based on linite
dillerence (echnigues on regulur cartesian grids. These are much
easier (0 implement but delails are lost in (he grid discretization.

for a 2D example, this must hold:

W2, %12 — Q12 Mi-1p2, b @ eevii- <
4 vy =0

Although geomelry arising “in the wild” most cfien comes in the form
of a surlace representation, a plethora ol geomelrical and physical appli-
cations require the construction of volumetric embeddings either of the
geowetry itself or the domain surrounding it. Cartesian cut-cell-based mesh

Additional Key Words and Phrases: cut-cells, volumetric meshing

ACM Reference Format:
Michael Tao, Christopher Ratty, Fugene Fiume, and David [IW. Levin, 2019

This sketch presents a modification to a regular grid finite differ- thm Gi-172,715 the upenarea ol a l""‘i_afld _u'+ 1/2,j fb Lhe ves fT::::TR:zvif::a:f.:rfr"::'TI“:‘::::" 1‘:‘11 t: im:::::‘mn“ Mandoline: Robust Cut Cell Generation for Arbitrary Triangle Meshes. ACM
[ ] . ence method so that voxels on the boundary deform (o capture more locity componcnt m"m'l to the fa s. Graph. 35, 6, Article 179 (November 2019), 17 pages. htipsy,/doi.org/
= S h | e‘t al 2 O 2 4 ao et al 2 O 1 9 accurate detail. [Losasso et al. 2004] approached this problem by genee can be derived using the div 145/3355089.3336543
" " refining the simulation using an cctree data structure for the veloc- et f'l' 2004] explain a sir-'nilar deriv
ity field and surtace representation. [Johansen and Colella 199%] a lincar ser of cquations:
has developed a similar technique to ours. but produced a non- oAy A e =
R O b | e e‘t al 2 O O 5 symmetric matrix that they solved with multi-grid techniques. Lacest P)face 1) face L7
Ll X o ) R . « Sclving the above equations for p i —
In a typical linite dillerence uid simulalion, the boundary and fuid produces divergence free velocitie
surfalce :epremtatlons ?av;mc:t); detail Ith'a_n ﬂ)e':elocm{_gr‘l‘d;‘ F"S,; taken into account. Interpolation ¢ )
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Eulerian and Hylbrid Methods - Eulerian Coupling

+  Rasterize makanashi et al. 2002] \

... Monolith: A Monolithic Pressure-Viscosity-Contact Solver for Strong
- Two-Way Rigid-Rigid Rigid-Fluid Coupling
Foster and Metaxas 1996]

TETSUYA TAKAHASHI, Adcbe, University of Maryland at College Park, University of North Carolinza at Chapel 11ill
CHRISTOPHER BATTY, Universily of Walerloo

c_;',)_: An Extended Partitioned Method for Conservative Solid-Fluid Coupling
 Immersed bounda 'y met hod Mo
VICTOR ZORDAN, Clemson University, USA
[Li et al. 2020] [Carlson et al. 2004] [Peskin 2002]

TAMAR SHINAR, University of California, Riverside, USA

Fig. 1. Our Monolith sclver enables efficient anc rcbust two-wzy simultaneous rigid-rizid and rigid-fluid coupling. (Left) Two hcllow glass spheres containing
irviscid liquid roll arnund witkin a hasir as the liquid slides and splashes. (Miccle) A boat carrying multiple ‘oads is perturhed by ocean waves. (Right) When
the glass spheres irstead contain viscous liquid. the no-slip boundary cendition, viscosity, anc frict.en together bring the spheres more quickly to rest.

Fig. 1. Lefi: Rigid balls of varying densities are dropped into a pool of water. achieving correct buoyancy. Center: A thin, elastic balloon is stressed and filled by
a fast stream of water. Right: Pressure applied to a small piston of a hydraulic press is transmitted undiminished to a large piston through a fully enclosed and

We propese Monolith, a monolithic pressure-viscosity-contzct solver for
more accurately, robustly. and efficiently simulating non-trivial two-way
interactions of rigid bocies with iaviscid, viscous, or non-Newtonian liquids.
QOur solver simultaneously handles incompressibility and (optionally) im-
plicit visensity integration for liquids. contact resolutior for rigid hacies,
and mutual :nteractions between liquids and rigid bedies by carefully for-

mlatine thece ac a dnole nnified minimiration nrohlem Thic maaalithic

ACM Reference Format:

Tetsuya Taknhashi and Christepher Batty. 2020. Monolith: A Monolithic
Pressure-Viscosity-Contact Solver for Strong Two-Way Rigic-Rigid Rigid-
Fluid Coupling. ACM Trans. Grapi. 39, 6, Article 182 (Dece:mber 2020),
19 pages. hHps://daiorg/10.1135/4314685 3417198

A amirraescas e s

‘ CUJ[‘CGH [Shi et al. 2024] [Tao et al. 2019]

incompressible medium.

Engineering for Industry

|[Roble et al. 2005]

Rigid-fluid coupling

Partitioned [akpay et al. 201g]

MonolIithiC makanashi and Batty 2022]

[ Takahashi and Batty 2020]

We present a novel extended partitioned method for two-way solid-iluid
coupling, where the fluid and solid solvers are treated as black boxes with
limited exposed interfaces. facilitating modular:ty ard code reusability. Our
method achieves improved stahility and extended range of applicability
over standard pertitioned approaches through three technigues. First, we
canple the black box solvers throngh a small, reduced arder menalithie
system, which is constructed on the fly from input/cutput pairs generated
by the solid and tluid solvers, Second, we use a conservalive, impulse-based
interaction term to couple the solid and fluid rather than typical pressure-
based forces. We show that both of these techniques significantly improve
stability and reduce the number of iteratiors needed for convergence. Finally,
we propose a novel houndary pressure projection method thet allaws for the
partitioned simulation of a fully enclosed fluid coupled to & dynamic solid, a
scenario that has been problematic for partitioned methods. We demonstrate
the benefits of our extended partitioned method by coupling Eulerizn fuid
solvers for smoke and water to Lagrangian solid solvers for volumettic and
thin deformable and rigid objects in a var:ety of challenging scenarics. We
further demonstrate our method by coupling a Lagrangian SI'H fluid solver
to 2 rigid body salver.

ACM Reference Format:

Muzatier Akbay, Nicholas Nobles, Victor Zordan, and Tamar Shinar, 2018,
An Extended Partitioned Method for Conservative Solid-Fluid Coupling.
ACM Trans. Grapk. 37, 4, Article 86 (Angust 2018), 12 pages. https://doiorg/
10.1145/3197317.3201345

I INTRODUCTION

Physically-based simulation of coupled fluids and solids has been an
area of active research in recent years, both in computer graphics
and computational physics, and many solution approaches have
been investigated [I1ou et al. 2012]. The techniques generally fall
into two categories, monolithic and partitioned approaches. In mono-
lithic approaches, equations for the solid and fluid are comhined into
one system and solved simultaneously, implicitly coupling internal
solid and fluid forces to the interaction forces between them. On the
other hand, partitioned approaches employ separate salvers far the
solid and fluid and intetleave calls to each solver to achieve either a
weak counline. or if iterated to converrence. a strone counline of

T —
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«..  ElastoMonolith: A Monolithic Optimization-based Liquid Solver for
Contact-Aware Elastic-Solid Coupling
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EFulerian and Hybrid Methods - Hybrid Stability and Multiphysics

- Point-to-grid transfers

The Affine Particle-In-Cell Method
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CHENFANFU JIANG, University of Pennsylvania
JOSEPH TERAN, University of California, Los Angeles
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APIC DolylPIC

° Poly PIC [Fu et al. 2017]

FLIP APIC PolyPIC

‘W) Check for updates

- Power PIC aquetal. 2022

; |
aeactii M The Power Particle-In-Cell Method

updstes
Abstri .
i <10, fegt. 1502
ZIYIN QU, University of Pennsylvania and University of California Los Angeles, USA :1;:0:}1;;’:1(;;'2(;2:/; B and E. Kaloseraki COMPUTER GRAPHIGS forum
MINCHEN LI, University of California Los Angeles, USA (Guest Editors) - renmane Tosers Volume 43 (2024)., Number 2
Hybrid 1 FERNANDO DE GOES, Pixar Animation Studios, USA "
| ?;::mgil; CHENFANFU JIANG, University of California Los Angeles, USA /
- Impulse PIC i
p [S a n C h O et al . 2 O 2 4] fom g '.IWE compare from left to: The Impulse Particle_ln_Ceu Method
; a 5 7 ; . . ] ' ¥ 7 2¢ Particle-In-Cell (APIC) M
p Sergio Sancho'?, Jingwei Tangz, Christopher Bany3 , Vinicius C. Azevedo®
'ETH Ziirich, Switzerland *DisneyResearchiStudios, Switzerland 3University of Waterloo, Canada

Fig. 1. We introduce the Power Particle-In-Cell method as a new weighting scheme that improves hybrid fluid simulations with evenly spaced particles
and volume preservation. The top row shows frames of two liquid jets colliding generated by Power FLIP, our extension of the Fluid Implicit Particle (FLIP)
method. In this example, we also render the liquid surfaces using the isocontour constructed directly from our fluid occupancy map. The bottom row displays
the particle view of our simulation associated with the top-middle frame using pseudo-colors to indicate the particle velocity magnitude, followed by the
visualization of our novel particle-based density kernels that define a regularized representation of Power Particles.

This paper introduces a new weighting scheme for particle-grid transfers address the construction of volume-constrained density kernels as a regular-
that generates hybrid Lagrangian/Eulerian fluid simulations with uniform ized optimal transportation problem and describe an iterative solver based
particle distributions and precise volume control. At its core, our approach on localized Gaussian convolutions that leads to a significant performance
reformulates the construction of Power Particles [de Goes et al. 2015] by speedup compared to [de Goes et al. 2015]. We also present novel extensions
computing volume-constrained density kernels. We employ these optimized for handling free surfaces and solid obstacles that bypass the need for cell
L ———— ————
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Hierarchical Optimization Time Integration for CFL-Rate

: Afflﬂe PlC [Jiang et al. 2015] ~ MPM Stepping

Effective time step restrictions for explicit MPM simulation

XINLElI WANG, Zhejiang University & University of Pennsylvania
MINCHEN LI, University of Pennsylvania & Adobe Research

YU FANG, University of Pennsylvania

XINXIN ZHANG, Tencent

"Tongji University, China MING GAO, Tencent & University of Pennsylvania

2University of California, Riverside .. . .
Y MIN TANG, Zhejiang University
| O |y | | C [FU et al. 201 7] DANNY M. KAUFMAN, Adobe Research

CHENFANFU JIANG, University of Pennsylvania

Yunxin Sun' and Tamar Shinar®® and Craig Schroeder”

We propose Hierarchical Optimization Time Integration (HOT) for effi- ACM Reference format:
cient implicit timestepping of the material point method (MPM) irrespec- Xinlei Wang, Minchen Li, Yu Fang, Xinxin Zhang, Ming Gao, Min Tang,
tive of simulated materials and conditions. HOT is an MPM-specialized Danny M. Kaufman, and Chenfanfu Jiang. 2020. Hierarchical Optimization
hierarchical optimization algorithm that solves nonlinear timestep prob- Time Integration for CFL-Rate MPM Stepping. ACM Trans. Graph. 39, 3,
lems for large-scale MPM systems near the CFL limit. HOT provides con- Article 21 (April 2020), 16 pages.
vergent simulations out of the box across widely varying materials and https://doi.org/10.1145/3386760
() computational resolutions without parameter tuning. As an implicit MPM
[Q u et al 2 O 2 2] timestepper accelerated by a custom-designed Galerkin multigrid wrapped 1 INTRODUCTION
- in a quasi-Newton solver, HOT is both highly parallelizable and robustly

The material point method (MPM) is a versatile and highly effec-
tive approach for simulating widely varying material behaviors
ranging from stiff elastodynamics to viscous flows (e.g., see Fig-

convergent. As we show in our analysis, HOT maintains consistent and ef-
ficient performance even as we grow stiffness, increase deformation, and
vary materials over a wide range of finite strain, elastodynamic, and plastic

X o examples. Through careful benchmark ablation studies, we compare the ef- ures 12 and 14) in a common framework. As such, MPM offers

Ours (CFL v = 0.99) Maximum stable Minimum unstable Unstable (explodes) fectiveness of HOT against seemingly plausible alternative combinations of the promise of a single unified, consistent, and predictive solver
Ar > 0.0024 Ar =0.0026 Ar = 0.0027 Ar = 0.0029 MPM with standard multigrid and other Newton-Krylov models. We show for simulating continuum dynamics across diverse and potentially
how these alternative designs result in severe issues and poor performance. heterogenous materials. However, to reach this promise, signifi-

Figure 1: Stability of a perturbed elastic sphere. Using a novel analysis of the nonlinear elastic problem, our method gives a time step In contrast, HOT cutperforms existing state-of-the-art, heavily optimized cant hurdles remain. Most significantly, obtaining accurate, consis-

Y restriction which maintains stability throughout the simulation, yet is only ~ 10% smaller than the empirically determined stability threshold
[San C h O et al 2 02 4] on this test, eliminating the need for costly trial and error. Colors represent velocity magnitude; black is smallest, increasing through the P—

rainbow from blue to red, with white as the largest.

DOE 100 Hegf 14020
ACM SIGGRAPH / Enrographics Symposium on Computer Animation 2022 Volume 41 (2022), Number &
D. L. Michels and S. Pirk

- Time-stepping

Stability analysis of explicit MPM

Song Bai! and Craig Schroeder' f

° :XpllClJ[ [Bai and Schroeder 2022] [Wang et al. 2020]
Sun et al. 2020]

Figure 1: Destabilizing ejfects of cycling between two time siep sizes on stability with one pariicle. Aty is the x axis and Ay is the y axis. The
dashed box indicaies the stable region based on constani time steps sizes. For images A-C, time steps alternate: Aig, Ary, Al Aly ... with PIC
(A), APIC (B), and CPIC (C). In(D), APIC is run with Arg, A1y, Aty Ay, Ary ALy, . ... In(EJ, Arg is foliowed by 6 time steps ar Ay using APIC.
In all cases, guadratic splines are used in 3D. All plois are on the same scale. White is stable, and black is unstable. If stability is particle
position dependent, colors indicate the likelihcod of any particuiar position being siable. with red being likely stabie and blue being likely
unstable. The stability region can become quite complex with unstable time step sequences scaliered throughoul the predicied siable region.
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Optimization Integrator for Large Time Steps

) . . . . . Theodore F. Gast, Craig Schroeder, Alexey Stomakhin, Chenfanfu Jiang, and Joseph M. Teran
. ~.. A Moving Least Squares Material Point Method with Displacement
® Affl | I e | | ( ; [J |an g et al 2 O ‘] 5] Discontinuity and Two-Way Rigid Body Coupling Abstract—Practical time steps in today’s state-of-the-art simulators typically rely on Newton's method to solve large systems of
" nonlinear equations. In praclice, this works well for small lime sleps bul is unreliable al large lime sleps al or near lhe frame rale,
YUANMING HUT, MIT CSAIL particularly for difficult or siiff simulations. We show that recasting beckward Euler as a minimization problem allows Newton’s methad
YUF ANGT Tsinghua Uni it to be stabilized by standard optimization tachniques with some novel improvements of our own. The rasulting solvar is capabla cf
> :lng ua University solving even the toughest simulations at the 24 7Tz frame rate and beyond. We show how simple collisions can be incorporated direcily
ZIHENG GE', University of Science and Technology of China into the solver through constrained minimization without sacrificing efficiency. We also prasent novel penalty collision formulations for
ZIYIN QU, University of Pennsylvania self collisions and collisions against scripted bodies designed for the unique demands of this solver. Finally, we show that these
YIXIN ZHUT, University of California, Los Angeles techniques improve the behavior of Material Point Method (MPM) simulations by recasting it as an optimization problem.
| ’ | ’ ( ; ANDRE PRADHANA, University of Pennsylvania
o ’ Index Terms—Computer graphics, three-dimensional graphics and realism, animation
O |y | [Fu et al 201 7] CHENFANFU JIANG, University of Pennsylvania puter graph grap
: +
1 INTRODUCTION
— . s . . - . . . . P et resa rem veas ress ress Todoo that
)ds like back-
n problem has
21,141,151
° ms [2], 4], [51,
Power PIC [Qu et al. 2022]
! lent nonlinear
,‘:&t — g 3 : imization for-
: SIS V- e g (i Xz ) .. . . . . . ems more effi-
. An Implicit Updated Lagrangian Formulation for Liquids with Large Enulation as a
Fig. 1. Our method allows MPM to handle world space material cutting, complex thin boundaries and natural two-way rigid body coupling. oo .
R Surface Energy lln]\ear?'s;;rﬁ
1al et al.
ised to enforce
[

| | | C DAVID A. B. HYDE, UCLA, USA 2 showe that

MPuIse = [Sancho et al. 2024] STEVEN W. GAGNIERE, UcLA, Ush fpctow et
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.. Silly Rubber: An Implicit Material Point Method for Simulating
Non-equilibrated Viscoelastic and Elastoplastic Solids

¢ T i m e - St e p p i n g YU FANG, University of Pennsylvania

MINCHEN LI, University of Pennsylvania
MING GAO, University of Pennsylvania
CHENFANFU JIANG, University of Pennsylvania

’ :XpllClJ[ [Bai and Schroeder 2022] [Wang et al. 2020] i l ll l l sl
Sun et al. 2020] “ . &P

Fig. 1. Our method easily czptures the compliant and slow!y-recovering behavior of a viscoelastic solid silicone rubber ('eft). as well as controllable flowing
and merging behavinr of creamy dense fluid foam (right) in a unified framework

Simulating viscoelastic polymers and pelymeric fluids requires a robust and ACM Reference Format:
aceurate caphure of elasticity and viscesity The eomputation is known tn Yu Fang, Minchen Li. Ming (ian, anc Chenfant Jiang. 2019 Silly Rubber: An

become very challenging urder large deformations and high visecsity. Dx Implicit Material Point Method for Simulating Nor ilibrated Viscoelasti - -
ecome very ¢ nging urder large deformations and high viseesity. Draw plicit Material Point Method for Simulating Non-equilibra iscoelastic 3 — s‘GGRAPH

1 1
o ing inspirations from return mapping based elastoplasticity treatment for and Elastoplastic Sclids. ACM Trans. Graph. 3&, 4, Article 118 (July 2019), , - - - — == = As' A 272 0
granular materials, we present a finite strain integration scheme for general 13 pages. htips://dol.crg/10.1145/330534€.3322968 B > N
y ' . UAL

viscoelastic solics uncer arbitrarily large deformation and non-equilibrated

[Hu et al. 2018] [Gast et al. 2015] R— —
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A material point method for snow simulation

Alexey Stomakhin*’  Craig Schroeder’ Lawrence Chai*  Joseph Teran*'  Andrew Selle*

TUniversity of California Los Angeles

Abstract

Snow is a challenging natural phenomenon to visually simulate.
While the graphics community has previously considered accumu-
lation and rendering of snow, animation of snow dynamics has
not been fully addressed. Additionally, existing techniques for
solids and fluids have difficulty producing convincing snow re-
sults. Specifically, wet or dense snow that has both solid- and
fluid-like properties is difficult to handle. Consequently, this pa-
per presents a novel snow simulation method utilizing a user-
controllable elasto-plastic constitutive model integrated with a hy-
brid Eulerian/Lagrangian Material Point Method. The method is
continuum based and its hybrid nature allows us to use a regular
Cartesian grid to automate treatment of self-collision and fracture.
It also naturally allows us to derive a grid-based semi-implicit in-
tegration scheme that has conditioning independent of the number
of Lagrangian particles. We demonstrate the power of our method
with a variety of snow phenomena including complex character in-
teractions.

CR Categories: 1.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Animation 1.6.8 [Simulation and Model-
ing]: Types of Simulation—Animation

Keywords: material point, snow simulation, physically-based
modeling

Links: ©DL TPDF @ WEB
1 Introduction
Snow dynamics are amazingly beautiful yet varied. Whether it is

powder snow fluttering in a skier’s wake, foot steps shattering an icy
snow crust or even packing snow rolled into balls to make a snow-

*Walt Disney Animation Studios

S 4
Figure 1: Rolling snowball. As the snowball moves down the
hill, compressed snow sticks, demonstrating that we can handle so-
called packing snow effect. (©)Disney.

versa), it is not the most optimal strategy. When solids and flu-
ids are needed simultaneously, researchers have developed two-way
coupled systems to get good accuracy and performance for both
phenomena. Unfortunately, snow has continuously varying phase
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Augmented MPM for phase-change and varied materials A Unified Second-Order Accurate in Time MPM Formulation for

1) Alcxcy Stomakhin*  Craig Schrocder!  Chenfanfu Jiang"  Lawrence Chai*  Joseph Teran*™  Andrew Sclle* Simu |at| ng Viscoelastic qu uids Wlth Phase C hange
University of California Los Angcles  *Walt Disncy Animation Studios

+ Phase-change metat. 2024 ’ ) '

[Su et al. 2021] [Stomakhin et al. 2014]
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HAOZHE SU", Rutgers University

TAO XUE’, Rutgers University

CHENGGUIZI HAN, Rutgers University
CHENFANFU JIANG, University of Pennsylvania
MRIDUL AANJANEYA, Rutgers University
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Figure 1: Lava solidifying inte pahoehoe forms complex and attractive shapes. The lava emits light according to the blackbody spectrum
corresponding to the simulated temperature. (©)Disney.

A Unified MPM Framework Supporting Phase-field Models and

Chech for
updaies
Elastic-viscoplastic Phase Transition
ZAILI TU, CHEN LI, ZIPENG ZHAO, LONG LIU, CHENHUI WANG, and CHANGBO WANG, East China
Normal University, China
HONG QIN, Stony Broak University (SUNY at Stony Brook), USA
Fig. 1. Different scenarios based an our method. The versatile and delicate coupling phenomena of EVP materials and fluids can be simulated simultaneously
within our framework.
Recent years have witnessed the rapid deployment of numerous physics- interactions inside the same framework. In this article, we propose a prac-
based modeling and simulation algerithms and techniques for fluids, sclids, tical method capable of simulating granular flows, viscoplastic liquids.
and their delicate coupling in computer arimation. However, it still re- elastic-plastic solids, rigid bodies, and interacting with each other, to sup-
mains a challenging problem to model the complex elastic-viscoplastic port novel phenomena all heavily involving realistic phase transitions,
behaviors during fluid-solid phase transitions and facilitate their seamless including dissolution, melting, ccoling, expansion, shrinking, and so on.
e W
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@ 1780 Multiphysics Simulation Methods in Computer Graphics — EG 2025, London




Eulerian and Hybrid Methods - Hybrid Materials

- Snow [Stomakhin et al. 2013]

A Semi-Implicit Material Point Method Drucker-Prager Elastoplasticity for Sand Animation

:1 for the Continuum Simulation of Granular Materials L) Gergely Klsr Theodore Gast Andre Pradhana Chuyuan Fu Craig Schroeder Chenfanfu Yiang Joseph Teran
o Gilles Daviet Florence Bertails-Descoubes o University of California, Los Angeles

INRIA and Laboratoire Jean Kuntzmann (Grenoble University, CNRS), France*
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Multi-species simulation of porous sand and water mixtures m
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Fig. 1. Our energetically consistent inelasticity model can not only be applied to the Material Point Method (top row), but also easily extend to the Finite
Element Method (bottom row with decreasing hardening coefficients from left to right). The stability under large time steps is guaranteed by the optimization
time integration.

In this paper, we propose Energetically Consistent Inelasticity (ECI), a
new formulation for modeling and discretizing finite strain elastoplastic-
ity/viscoelasticity in a way that is compatible with optimization-based time
integrators. We provide an in-depth analysis for allowing plasticity to be im-
plicitly integrated through an augmented strain energy density function. We
develop ECI on the associative von-Mises J2 plasticity, the non-associative
Drucker-Prager plasticity, and the finite strain viscoelasticity. We demon-
strate the resulting scheme on both the Finite Element Method (FEM) and
the Material Point Method (MPM). Combined with a custom Newton-type
optimization integration scheme, our method enables simulating stiff and
large-deformation inelastic dynamics of metal, sand, snow, and foam with
larger time steps, improved stability, higher efficiency, and better accuracy
than existing approaches.

ACM Reference Format:

Xuan Li, Minchen Li, and Chenfanfu Jiang. 2022. Energetically Consistent
Inelasticity for Optimization Time Integration. ACM Trans. Graph. 41, 4,
Article 52 (July 2022), 16 pages. https://doi.org/10.1145/3528223.3530072

1 INTRODUCTION

Since the pioneering work of Terzopoulos and Fleischer [1988], the
computer graphics community has observed increasing interests
in modeling inelastic deformations governed by elastoplasticity,
viscoelasticity, and viscoplasticity. These inelastic mechanical prop-
erties govern the behaviors of a wide range of everyday objects.
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Part lll - Summary

Lagrangian Eulerian
¥ Topology changes ¥ Air and smoke
¥ Contact ¥ Turbulence
¥ Fluid-rigid coupling ¥ Bounded domains
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Hybrid

2 Topology changes

¥ Complex material models

¥ Cutting and fracture
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