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Physically Based Simulation
in Computer Graphics

+ Static Models
» Shading (Gouraud, 1971)
* Raytracing (Whitted, 1980)

» Geometric Manipulation
* CSG: Constructive Solid Geometry (Voelcker, 1978)
* Free-from deformation (Sedeberg et al. 1986)

* Physically Based Simulation
» Elastic and plastic objects (Terzopoulos, 1987)
» Liquids (Foster, Metaxas, Fedkiw 1996)
* Fracture (O’'Brien 1999)

Borrows From Many Fields

* Robotics Fﬁ%
* Rigid body simulation, joints, collision detection (g

« Computational Geometry
» Delaunay triangulation, dynamic data structures

» Computational Fluid Dynamics (CFD) i :

e Eulerian fluid simulation, SPH

» Material Science
e Continuum mechanics
* Numerics
» Finite Element Method (FEM), time integration schemes
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Unintentional Reinventions of the Wheel

« Difficult to overview all related fields (CFD, FEM,..)
* Introduction to computer graphics
* The community learns about useful methods:

* Examples
* Warped stiffness — co-rotational FEM formulation
« Stable fluids —» semi-Lagrangian advection
* FEM based elasticity, plasticity
» Eulerian fluid simulation
* Level sets
» Smoothed Particle Hydrodynamics
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Justification for Doing Physics

* Goal of scientific computations
» Reproduction of physical phenomena
» Substitution for real experiments

» Goal of physically-based simulation
 Imitation of physical phenomena / effects
» Speed and stability more important than accuracy
Plausible behavior (cheating possible)
Controllability

.

* New goals require new methods!




Offline Methods

* If time is not an issue:
» High resolutions possible (fluid grid, FEM mesh, time steps)
* Re-runs and adaptive time steps possible
» Time consuming shading possible

* Resulting movies run in “real-time”
* Look much better than real-time results
» Better chances to get accepted!

— Many academic methods target offline simulation!

PhysZs

Water with Free Surfaces

* Eulerian grid and particle level sets
* Enright et al. 2002, 8 min/frame




Water Against Rigid Bodies

* Rigid bodies simulated as rigid fluid
» Carlson et al. 2004, 27 sec/frame
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Water Against Cloth

» Adaptation of semi Lagrangian advection
* Guendelman et al. 2005, 5-20 min/frame




Fluid against Fluid

» Combination of multiple level sets
* Losasso et al. 2006, 5-50 min/frame
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Sand

* Fluid + local rigid regions due to static friction
* Zhu et al. 2005, 10 sec/frame




* Jump conditions using ghost fluid method
* Nguyen et al. 2002, 3 min/frame
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Brittle Fracture

 FEM based deformation, stress based fracture
e O'Brien et al. 1999, 5-10 min/frame




Rigid Bodies

* Local velocity solver
» Kaufman et al. 2005, 5-10 sec/frame
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Cloth Simulation

* Robust handling of collisions
* Bridson et al. 2002, 2 min/frame




Why are these Methods Offline?

* Grid based approaches (fluids)
» Typical grid size 256 x 256 x 256
» Bottleneck: Pressure solve (incompressibility)
 Linear system with 16 million unknowns!
* Level sets (marching cubes) on even finer grids

* Meshes (cloth, solids)
* >45,000 triangles
* > 10,000 tetrahedra

* Raytraced results
» Reflection / refraction / caustics (photon mapping, BSSRDF)
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Offline Methods

» Substantial research already done
» Materials: Rigid, brittle, deformable, cloth, water, sand, smoke, fire
* Interactions: One way, two way among many materials

* Well established research groups
* Hard to compete...

— Explore new territory!




Real Time Methods

* Visually not as compelling (so far)
» Coarser representations
» Blobby fluids, coarse cloth
* Less attractive shading

* But interactive!
» A totally different experience
» Unforeseeable outcomes
* Interaction is fun!
* New challenges (robustness and speed)
» Submit interactive demos instead of movies!
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Game Requirements

« CHEAP TO COMPUTE!

» 40-60 fps of which physics only gets a small fraction (10%)
 Low memory consumption

* Must run on consoles or on chip (GPU, PPU)
+ Stable even in non-realistic settings

* Game characters sometimes run at 100 km/h!

» Challenge
* Meet all these constraints
» Get to offline results as close as possible
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From Offline to Real Time

* Reduce resolution
* Simple (use same algorithms)
* Results look blobby and coarse
* Interesting details disappear

* Invent new methods
* Reduce dimension (e.g. from 3d to 2d)
» Use different resolutions for physics and appearance
« Simulate only in interesting and active regions (sleeping)
» Camera dependent level of detail (LOD)
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Examples

» Water Splashes

» Water surfaces

» Deformable objects
* Metal




* ldea:
» For sparse fluids replace grid with particles
» Empty space not represented or simulated
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SPH Examples
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Water surfaces

* ldea:
* Reduce 3d fluid simulation to 2d
» At every point in the plane simulate one height value
» Solve 2d wave equation on water columns

Deformable Objects

* ldea:
« Skin jointed rigid bodies
» From thousands of vertices to 40 bodies (40x6 dof)

13



Metal

* ldea:
» Can't tell you how yet, waiting for patent ©

PhysZs

Conclusion

+ Differentiation / Justification
» Computational physics vs. physics in computer graphics
» Visual plausibility more important than accuracy
* More so in games

» Large body of work in offline simulations
* Many materials and interaction types covered

* Real time methods
* Relatively new field
* New challenges
* Interaction brings new dimension and is more fun!

— Go for interactivity!




Thank you for your attention!

Comments? Questions?
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