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Motivation - Wave Equation is Everywhere

Wave equation : second-order linear PDE

EM 
Wave

Gravitational 
Wave

Schrodinger’s
Equation

Seismic
Wave 
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Motivation - Why Physically-based Sound (1)

Refraction Diffraction Reflection
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Motivation - Why Physically-based Sound (2)

https://docs.google.com/file/d/1VUwQ4Aed1T0aMtCImTePRNAwFr9ZjLNt/preview
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Motivation - Why Physically-based Sound (3)

http://www.youtube.com/watch?v=4LzfGOT6bQo
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Method
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Background - Rigid Body Sound (Modal Sound) 

Linear Elasticity (How object vibrate)

Acoustic Wave Equation (How sound propagate)

Sound Render (How person hear)
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Solving Acoustic Wave  

Acoustic Wave Equation (Time Domain)

Still IMPOSSIBLE to solve with WoS scheme
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Solving Acoustic Wave  

Acoustic Wave Equation (Frequency Domain)

theoretically POSSIBLE to solve with WoS 
scheme. Not sure the implementation
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Solving Acoustic Wave  

Acoustic Wave Equation (Frequency Domain)

Stochastic Representation of Wave Equation 
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Solving Acoustic Wave  

Acoustic Wave Equation (Frequency Domain)

Stochastic Representation of Wave Equation 

very HARD to estimate 
termination time

[Killing WoS, Weighted WoS] 
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Solving Acoustic Wave  

Acoustic Wave Equation (Frequency Domain)

Duffin’s Correspondence 
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Solving Acoustic Wave  

Acoustic Wave Equation (Frequency Domain)

Duffin’s Correspondence 

Wave Equation after Duffin’s Transform
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Solving Acoustic Wave  

Acoustic Wave Equation (Frequency Domain)

Duffin’s Correspondence 

Wave Equation after Duffin’s Transform
Laplace Equation!
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Solving Acoustic Wave - Neumann BC 

Acoustic Wave Equation with Neumann BC

Duffin’s Correspondence with Neumann BC 
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Solving Acoustic Wave - Neumann BC

Acoustic Wave Equation with Neumann BC

Duffin’s Correspondence with Neumann BC 
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Solving Acoustic Wave - Overview

Duffin Walk-on-Sphere (Dirichlet BC)

General Duffin Walk-on-Sphere Algorithm
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Solving Acoustic Wave - Overview

Duffin Walk-on-Sphere (Dirichlet BC)

Sample Sphere of 
dimension N + 1
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Solving Acoustic Wave - Overview

Duffin Walk-on-Sphere (Dirichlet BC)
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Review - Rigid Body Sound (Modal Sound) 

Linear Elasticity (How object vibrate)

Acoustic Wave Equation (How sound propagate)

Sound Render (How person hear)

Volumetric FEM

BEM
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Solving Elastic Wave  

Elastic Wave Equation (Time Domain)

obviously IMPOSSIBLE to solve with WoS 
scheme
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Solving Elastic Wave  

Elastic Wave Equation (Frequency Domain)
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Solving Elastic Wave  

Elastic Wave Equation (Frequency Domain)

Solvable!
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Solving Elastic Wave  

Elastic Wave Equation (Frequency Domain)
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Overall Pipeline 

Fourier Transform

Laplace Solve
Duffin Correspond.

Sound Render

 Set Neumann BC

Solve Radiation

Kelvin Trans.

Elastic Solve
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Kelvin Neumann BC
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Overall Pipeline 
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Acceleration Techniques - Recycling Walks

- Once a frequency is solved, other frequencies can be 
cheaply evaluated with the cached walks

- Once cached, parallelly solve for all frequencies

- Bidirectional solving of Poisson equations

- Boundary Value Caching
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Experiment
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Experiment 

Wavesolver Dataset [Wang, et al. 2018]

Scene

Wang el 
al. 2018 
run-time

(s)

Ours 
precompute 

(s)

Ours 
run-time

(s)

Ours 
total
(s)

Speed-up

Spolling Bowl 3000 2.12 0.647 2.77 1083

Wineglass 3000 5.62 6.64 12.26 245

LEGO 3240 0.803 1.67 2.47 1312
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Conclusion
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Summary

Solving Acoustic wave and Elastic wave equation in frequency 
domain via Duffin Correspondence. Our contribution includes:

● Deriving Neumann BC for Duffin’s Correspondence
● Deriving Kelvin Transformed BC for Helmholtz Equation
● Efficient Implementation of Helmholtz solver on GPU
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Expected Benefits

● Fast Wave Solver can use Real-time Physically based sound 
rendering

● It can use not only sound rendering, but also any situations wave 
equation used.
○ Seismic wave, schrodinger equation, maxwell equation, …
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Future Works

- Implement Elastic Wave Solver

- Extend beyond rigid bodies (fires, water, etc.)

- Implement More Efficient Sampling (Bidirectional, Adaptive, etc.)
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