solving partial differential equations
in participating media

Bailey Miller Rohan Sawhney Keenan Crane loannis Gkioulekas
CMU NVIDIA CMU CMU

electric potential
_ w/ screening from ions
proteins & )
bilipid | ‘ ' '

membrane

) . ™
""""

-1 T

electric potential



Team

Bailey Miller Rohan Sawhney Keenan Crane loannis Gkioulekas
CMU NVIDIA CMU CMU



Complex geometry is ubiquitous
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Monte Carlo makes complex geometry tractable
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Participating media: aggregations of particles
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only aggregate effect
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Can we efficiently simulate other physics
; - without directly considering all
- _ o U particles?



Physical systems involving participating media

water droplets
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Physical systems involving participating media

Laplace equation
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Connection to rendering

rendering walk on spheres
[Kajiya 1986] [Mueller 1956, Sawhney and Crane 2020]
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Generalizing to participating media

volume rendering volumetric walk on spheres
[Kajiya and Von Herzen 1984] ours

4
N\

visualization simulation
light transport conduction, electrostatics, diffusion, etc.

11



Generalizing to participating media

volume rendering volumetric walk on spheres
[Kajiya and Von Herzen 1984] ours

4
N\

visualization simulation
light transport conduction, electrostatics, diffusion, etc.

11



Volumetric walk on spheres

walk on spheres
[Mueller 1956, Sawhney and Crane 2020]

x = X0, radius = inf
until radius < €:

cp = compute_closest_point(x)

radius = | cp-x|

x = sample_point_on_sphere(x, radius)
return g(x)

volumetric walk on spheres
Oours

x = x0, radius = inf, memory=||
until radius < &:
cp = sample_closest_point(x, memory)
memory.append((x, cp))
radius = | cp - x|
x = sample_point_on_sphere(x, radius)
return g(x)
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Volumetric walk on spheres

walk on spheres volumetric walk on spheres
[Mueller 1956, Sawhney and Crane 2020] ours
x = X0, radius = inf x = x0, radius = inf, memory=||

until radius < &:
cp = sample_closest_point(x, memory)

until radius < &:
cp = compute_closest_point(x)

+ stochastic
closest point queries

radius = | cp-x| memory.append((x, cp))
X = Sample_pOint_On_Sphere(X, radiUS) ﬁ radius = | Cp-X |
return g(X) x = sample_point_on_sphere(x, radius)

return g(x)




Review of walk on spheres
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Wa\k on Spheres [Muller 1956, Sawhney and Crane 2020]

<M(Xi)> _ {g(xz+1) Ifxz+1 €0 €

(u(x;)) otherwise

X~ U [OB(xi)]
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Wa\k on Spheres [Muller 1956, Sawhney and Crane 2020]
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(u(x;)) otherwise
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Closest point queries



Closest point queries
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Closest point queries are fast and general



Closest point queries are fast and general

queries are fast

logarithmic-complexity queries with BVH

input build BVH for WoS
boundary mesh few milliseconds
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Ingo Wald ' Sven Woop Carsten Benthin ' Gregory S. Johnson Manfred Ernst *
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Figure 1: Images produced by renderers which use the open source Embree ray tracing kernels. These scenes are computationally challenging
due to complex geometry and spatially incoherent secondary rays. From left to right: The White Room model by Jay Hardy rendered in
Autodesk RapidRT, a car model rendered in the Embree path tracer, a scene from the DreamWorks Animation movie “Peabody & Sherman™
rendered with a prototype path tracer, and the Imperial Crown of Austria model by Martin Lubich rendered in the Embree path tracer.
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queries are fast

logarithmic-complexity queries with BVH

input build BVH for WoS
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Autodesk RapidRT, a car model rendered in the Embree path tracer, a scene from the DreamWorks Animation movie “Peabody & Sherman™
rendered with a prototype path tracer, and the Imperial Crown of Austria model by Martin Lubich rendered in the Embree path tracer.
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Closest point queries are fast and general

queries are fast queries are general

logarithmic-complexity queries with BVH  available for many representations

neural harmonic

build BVH for WoS
few milliseconds
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Figure 1: Images produced by renderers which use the open source Embree ray tracing kernels. These scenes are computationally challenging
due to complex geometry and spatially incoherent secondary rays. From left to right: The White Room model by Jay Hardy rendered in
Autodesk RapidRT, a car model rendered in the Embree path tracer, a scene from the DreamWorks Animation movie “Peabody & Sherman™
rendered with a prototype path tracer, and the Imperial Crown of Austria model by Martin Lubich rendered in the Embree path tracer.
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Oxygen diffusion on complex model

oxygen concentration (mol/L)
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Volumetric walk on spheres



| aplace PDE in participating media
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| aplace PDE in participating media

Up =g 0on o<
where
Q=V\0

O = {B(c), B(c,),..,B(cy)}
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| aplace PDE in participating media

Up =g 0on o<
where
Q=V\0

O = {B(c), B(c,),..,B(cy)}

u==~Lylu,]

mean solution
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Brute force: ensemble average
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Brute force: ensemble average

sample particle configurations
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Brute force: ensemble average

sample particle configurations

solve each configuration

l/tol
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Brute force: ensemble average

sample particle configurations

solve each configuration

I/tol

compute mean solution i

21



Sampling and querying all particles is slow
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Sampling and querying all particles is slow

E[num particles] = 1.9m

23



Taking inspiration from volume rendering

9
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Naive approach to rendering volumes
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Naive approach to rendering volumes

Why not sample only the
particles that intfluence the

random walk?




Volume rendering: sample only what you need
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Generalizing to walk on spheres
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Generalizing to walk on spheres

u, =g on 0Q @8 OQ
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Generalizing to walk on spheres

Up =g 0on 0<2



Volumetric walk on spheres

8(o) T {lxg = yoll <€
(it(x; | yg)) otherwise

<ﬁ(xo)> — {

y; ~ pl.cp X1 ™~ CZ[[GB(JCO, ‘Y() — X )]
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Volumetric walk on spheres
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Stochastic queries with Poisson Boolean model

free-flight distribution (volume rendering) spherical-contact distribution (volumetric WoS)

p¥ (1) = exp (— j(; A(x + ws) ds) A(x + wt) pP(y) = exp (— IB R A(z) dz ) A(y)

A(X) A(X)

30
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Memory: rendering vs walk on spheres

Sampled particles must be consistent across entire walk.
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Memory: rendering vs walk on spheres

Particles cannot obstruct already sampled path / walk.
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Memory: rendering vs walk on spheres

Walk must account for previously sampled particles.
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Memory rendering versus walk on spheres
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Memory rendering versus walk on spheres

Volume rendering assumes “memoryless-ness” since inconsistent events are rare
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Memory rendering versus walk on spheres

Volume rendering assumes “memoryless-ness” since inconsistent events are rare

Volume walk on spheres uses memory since inconsistent events are likely

34
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Flectrostatic potential near biological membrane
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Flectrostatic potential near biological membrane

WoS (w/out partlcles)

surface geometry

proteins
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Flectrostatic potential near biological membrane

surface geometry

Debye-Hiickel effect
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Flectrostatic potential near biological membrane

surface geometry

Debye-Hiickel effect

proteins

lipid

mbrane

boundary condition
+ jons
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Flectrostatic potential near biological membrane

Volumetric WoS

surface geometry

proteins

lipid

mbrane

boundary condition
+ jons
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Simulation ot photochemical effect

photochemical ozone reaction
[Madronich and Flocke 1999; pg 4-5]
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Simulation ot photochemical effect

photochemical ozone reaction
[Madronich and Flocke 1999; pg 4-5]
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Simulation ot photochemical effect

VWos = VPT VWoS — VPT

coupled w/out memory coupled w/ memory

photochemical ozone reaction
[Madronich and Flocke 1999; pg 4-5]

diffusion
(toy model)

concentration (ppm) O I max
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Simulation ot photochemical effect

O VWos = VPT VWoS — VPT
coupled w/out memory coupled w/ memory
xo’ . .
X (\ photochemical ozone reaction
¢ J | Madronich and Flocke 1999; pg 4-5]
X o

diffusion
(toy model)

concentration (ppm) O I max

38



Simulation ot photochemical effect

O VWos = VPT VWoS — VPT
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Simulation ot photochemical effect

VWoS — VPT
O coupled w/out memory

concentration (ppm) O I

VWoS — VPT
coupled w/ memory

max
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What's next?



More interesting particles and correlations

anisotropic particles
[Heitz et al. 2015, Jakob et al. 2010]

)

S 2

oc=0.1 c=03 oc=20.5 g= 10
isotropic medium anisotropic medium
—aa» —aa»
‘ —a» —aa»

correlated media
[Bitterli et al. 2018, Jarobo et al. 2018, d'Eon et al 2018]

(a) ITndependent/white noise (b) Blue noise (c) Pink noise (d) Red noise

® % 2 08 e e "

.
.....
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Stochastic geometry beyond microparticles

microparticle

solid

volume rendering

stochastic opaque solids
[Miller et al. 2024]

deterministic

o O 9 o

O
O o0 OOO
O O
kS, o
O
oL, o O ©
/ O O

stochastic

volume rendering

Gaussian process implicit surfaces
[Seyb et al. 2024]
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NeRF for Physics

differential walk on spheres

[Miller et al. 2024]

LN

M

volumetric walk on spheres
Oours

VWoS — VPT VWoS — VPT
visual of volume density coupled w/out memory coupled w/ memory

£ i

higher density

4
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lower density

density O Em— " max fluence (W/m?) 0 BN max concentration (ppm) O IEE—— ma
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NeRF for Physics

differential walk on spheres

[Miller et al. 2024]
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NeRF for Physics

differential walk on spheres
[Miller et al. 2024]

volumetric walk on spheres
Oours

VWoS — VPT VWoS — VPT

visual of volume density coupled w/out memory coupled w/ memory

max concentration (ppm) O I max

42



Thank you!



On taculty job market this fall
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