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Animating fluids (II)

- Procedural
- Level Set

- PIC/FLIP

- SPH
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Procedural models for free surface water

Often based on Shallow water equation

neglect depth velocity component

[ A. Fournier, W. T. Reeves. A simple Model of Ocean Waves, ACM SIGGRAPH 1986 |
[ D. Hinsiger et al. Interactive Animation of Ocean Waves. SCA 2002 |

[ Jerry Tessendorf, Simulating Ocean Water, ACM SIGGRAPH Course Notes 2004 |

ex. Trochoid/Gerstner models
Particles following circular trajectories, waves propagates
X —Xg = Zz azkz/sz” sin(kz- - Xo —w; T+ ¢z)
z—2y) =) .a;cos(k; - xg —w;t+ ¢;)
w? = gk; - dispersion

Used for procedural ocean modeling ;

(+) Simple and scalable

(-) Interaction with other objects



https://dl.acm.org/citation.cfm?id=15894
https://hal.inria.fr/inria-00537490/document
https://people.cs.clemson.edu/~jtessen/reports/papers_files/coursenotes2004.pdf
file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/001/index.html
file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/003/index.html

Free surface water - Example

Link Three.js



https://threejs.org/examples/#webgl_shaders_ocean2
file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/002/index.html
file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/004/index.html
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[.evel Set methods introduction

Eulerian models (ex. stable fluids) do not handle natively free boundaries such as fluid/air.
Idea: Track surface boundary using implicit surfaces

- Encode fluid volume by {2 = {p € R?’, @(p) = 0}, ¢ stored within a 3D grid.
- Solve Navier-Stokes equation within {2

- Deform fluid volume using implicit surface deformation e +u-Vo=0

ot

Introduced by Ronald Fedkiw, Nick Foster, Stanley Osher (ex. [Practical Animation of Liquids, ACM SIGGRAPH 2001] )



http://physbam.stanford.edu/~fedkiw/papers/stanford2001-02.pdf
file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/003/index.html
file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/005/index.html

Particles Level Set

Limitation of level sets: smoothing and loss of volume from grid interpolation

—> Use of Particle Level Set Method

[ D. Enright et al. Hybrid Particle Level Set Method for Improved Interface Capturing. J. Comp. Physics 2001 |
[ D. Enright et al. Animation and Rendering of Complex Water Surfaces, ACM SIGGRAPH 2002 |

@ @

N : . , D. Enright et al.
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http://physbam.stanford.edu/~fedkiw/papers/stanford2001-04.pdf
http://physbam.stanford.edu/~fedkiw/papers/stanford2002-03.pdf
file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/004/index.html
file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/006/index.html

PIC/FLIP (Material Point Method)

Mix between particles and grid based approach.
- Particles: good for advection

- Grid: forces, pressure, viscosity o | %,
o) «
ol o7 o\.
o . . O/V O\A
u,: velocity on particle | o 7
U,: velocity on grid o, o

- PIC approach - Transfert velocity from grid to particles

u£+1 k+1)

- FLIP approach - Add velocity difference from grid to particles.
u’;H — 'v]’,f + (inte'rp(u’g”l,pk*l) — z’nterp(u’g“,pk))

- PIC/FLIP : blending b/w two approaches

— interp(u’;“, D

[ Y. Zhu and R. Bridson, Animating Sand as a Fluid, ACM SIGGRAPH 2005 |
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https://www.cs.ubc.ca/~rbridson/docs/zhu-siggraph05-sandfluid.pdf
file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/005/index.html
file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/007/index.html

MAC grid

MAC = Marker And Cell
Staggered grid b/w scalar and velocity
Widely used grid storage to handle velocity and scalar values.

- Store scalar (pressure, density), in the center of the cell
- Store velocity components (u”, u?) on the cell edges
Improves accuracy and stability

7/19
O Oy O 0 O
i”z}j%
T
Ui 1.5 Pij  fuis
O Qo— O Q> “0O O
ot o1 o
7/7.]_%
O 0) o O (@)



file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/006/index.html
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PIC/FLIP Method 5/19

- Transfert particle velocity to the MAC grid (Store velocity u” on grid)

- Evolve velocity on grid (pressure, forces, viscosity) excepted advection to s

k-+1 k

- Add velocity difference Au = u — U~ to particles using interpolation (FLIP approach)

- Blend particle velocity with interpolated grid velocity (PIC/FLIP)
- Advect particles along their new velocity

[F. Ferstl et al., EUROGRA PHICS 2016]



http://www.in.tum.de/fileadmin/w00bws/cg/Research/Publications/2016/NBFlip/nbflip.pdf
file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/007/index.html
file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/009/index.html

Animating fluids
SPH
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SPH - Smoothed Particle Hydrodynamics

Pure Lagrangian approach.

- Sample the fluid volume with particles
- Build a continuous field from local averaging around samples

Use some local weighting kernel W
- Express derivatives/Navier-Stokes on the continuous field

Advantages
(+) Particle based - can interact with other models
(+) Scalable °
® .-o. %o
7n -
o,/ e o & o
I p}"
® o %0 gl o
\ ! ®
o o O ’./
o o o . . -~y = .
Initial proposed in Astronomy field o ©

[ L. Lucy, A numerical approach to the testing of the fission hypothesis. The Astronomical Journal, 1977. |



file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/010/assets/lucy_77.pdf
file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/009/index.html
file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/011/index.html
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| Sampling and density

How-to build a continuous field from arbitrary sampled particles ?

Consider arbitrary continuous ﬁeld A( )
Def. of convolution: A(p) = (A * §)(p) = [, A(q) é(p — ¢) dq

1. Consider W}, a smooth kernel with [, Wi(p)dp = 1

A(p) ~ (Ax Wh)(p) = Jo Alg) Wa(p — q) dg
Low pass filter applied to A

2. Discrete sampling on p;
A(p) = >_; Apj)Whi(p — p;)V;

Vj : small volume associated to P



file:///mnt/c/Dropbox/drive/teaching/2021_2022/2022_INF585/2022_INF585/lecture/20_fluids_II/slides/render/pdf/content/010/index.html
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-
S PH fo r N aVi e r St Oke S [ Desbrun and Cani, Smoothed Particles: A new paradigm for animating highly délfg/nllc?ble

bodies, EGCAS 1996 |
[ M. Muller et al., Particle-Based Fluid Simulation for Interactive Applications, SCA 2003 |

Lagrangian representation on partICIQ v [ M. Ihmsen et al., SPH Fluids in Computer Graphics, EG STAR 2014 |
dv; m;
(2 [/
m; = m; g Vp; + m; vAv;
dt S~~~ Pi S——
F wetght S— F. viscosity
FpT‘GSS’U/I‘B
Objective:

1. Express p;, VP;, 2Av; using SPH formulation
. k+1
2. Then integrate: ex. v, L ’Uf + At (Fyeight + Fpressure + Fuiscosity) /M

Generic SPH representation:
Arbitrary field A at position p;: A(p;) = Zj A(p;) Wh(pi —p;) V;
For a particle of total mass m; in the volume V;: p;V; = m; = A(p;) = Zj A(pj) mj/,Oj Wh(p; — Pj)

( A

Usually W}, are distance function : | A(p;) = Z A(p;) m;/pi Wr(||lpi — pjil)
J

L J

\
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https://hal.inria.fr/inria-00537534/document
http://matthias-mueller-fischer.ch/publications/sca03.pdf
https://cg.informatik.uni-freiburg.de/publications/2014_EG_SPH_STAR.pdf
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Density

p;: Replace A(p) as p

P.
Q )
p(pi) = 2_; p(p;) m;/p; Wi(llpi — p;ll)
, \ ® .Pi
= pi = ) m; Wi(|lpi — psl|) s ®
j 0

Choice of weight functions
Use a smooth polynomial:

ex. WP (d) = 3155 (h? —d?)® 0<d<h
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Pressure I

Fpressure — _% sz
1. Use symetric gradient b/w (i)  Fpressure = V(pz +p;)/2
Firessure = Z m; pﬁpj VWh(||pi — pj ||)

2. Express the pressure as a function of the density p
Simple approximation: p; = S ( P; — po)
- 8: Stiffness property
- po: Rest density of the fluid

3. Weight function
Pressure is used to avoid particles to group together
Avoid local maxima = non smooth "spiky" function at 0
WP(d) = B (h—d)* 0<d<h

k i—D;j A
VW, (pi p]) %(h — |lpi — pjll)° Hﬁi_ﬁju 0<|lpi—pjll <h
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Viscosity
sz’scosity — my v Avi

1. Use symetric laplacian b/w (i,))
F,; scosity — M V A(Vj — VZ-) - viscosity depends on velocity differences
Ffvz’scosity — my Vv Z]‘ m; (Vjp—sz‘) AI/Vh(sz — Pj H)

2. Weight function
Second derivative should remain positive
Can use the spiky kernel
WPH(d) = 25 (h—d)’ 0<d<h
AWM (d) = B (h—d) 0<d<h

Increasing viscosity V
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SPH Summary

Set initial conditions v;

Compute values
: [
- Density: p; = Zj m; W;ZZO yﬁ("pz' — DPj ||)
- Pressure:p; — S (,Oz' — ,00)

Compute forces
- Fweight =mi g
- Fpressure = _% Z;#Z m; p;;fj VWffpiky(”pi — Pj 1)
- Fliscosity = M V Z;#Z m; L AW;fpiky(HPi — p;ll)

Pj

L N NS R
Time integration: v; "~ = v; + At (Fwez'ght + Foressure + Fviscosz‘ty) /m;
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SPH examples

Muller 2003

M. Teschner 2012 - 20M particles
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Acceleration structure

SPH based on pair-wise interation = spatial sorting acceleration structure

- Uniform grid: simple and efficient.
- Verlet lists (wider neighborhood, updated every n steps only)
- List of vertices per cell, hash table for cell storage

- Spatial sorting for cache efficiency

® o o ¢ © Edge length
equals kernel
O Ps e ¢ °© support

® o ®
Actual ® ¢ Potential
neighbors % . neighbors

o ° o] o

M. Teschner
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SPH extensions

(+) Very versatile (interaction between any deforming shapes)
Not only fluids
(-) Not well understood accuracy

(-) Compressible

[ Solenthaler et al., Predictive-Corrective Incompressible SPH, ACM
SIGGRAPH 2009 ] bBruno Levy
[ Ihmsen et al, Implicit Incompressible SPH, IEEE TVCG 2013 |

(-) Limited time step
[Macklin and Muller, Position based Fluids, ACM SIGGRAPH 2013]
(-) Boundaries are hard to handle

[Brand et al., Pressure Boundaries for Implicit Incompressible SPH, ACM
TOG 2018]

[Macklin and Muller 2013] , [Yu and Turk 2009]
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