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Newton’s Law

Force Mass Acceleration



Physically Based Animation
Generate motion of objects using numerical simulation 
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Example: Cloth Simulation



Example: Fluids



Example: Fluids

National Ignition Facility (NIF) Visualized experiments.
Flow physics of a shocked and reshocked high-energy-
density mixing layer

SPlisHSPlasH Smoothed Particle Hydrodynamics (SPH)
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https://lasers.llnl.gov/
https://visit-dav.github.io/visit-website/examples/ex44/
https://visit-dav.github.io/visit-website/examples/ex44/
https://github.com/InteractiveComputerGraphics/SPlisHSPlasH


Example: Cloth Simulation in Robotics

Isaac Sim Demo https://lightwheel.ai/ https://www.physicalintelligence.company/

Simulation Training Reality
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https://lightwheel.ai/


Example: Particle Systems
Single particles are very simple Large groups

can produce interesting effects Supplement

basic ballistic rules 

•Gravity
•Friction, drag
•Collisions
•Force fields
•Springs
•Interactions
• Others...

PhysGaussian: Physics-Integrated 3D Gaussians for Generative Dynamics
(CVPR 2024) customized Material Point Method (MPM)
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https://xpandora.github.io/PhysGaussian/
https://xpandora.github.io/PhysGaussian/
https://xpandora.github.io/PhysGaussian/
https://xpandora.github.io/PhysGaussian/


Example: Simulation Contact Points

https://developer.nvidia.com/blog/reinforcing-the-value-of-simulation-by-teaching-dexterity-to-a-real-robot-hand/
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https://developer.nvidia.com/blog/reinforcing-the-value-of-simulation-by-teaching-dexterity-to-a-real-robot-hand/


Example: Robotic Simulation

Left Head to Head Race Las Vegas 2023, Right SVL Simulated LiDAR (Ray Tracing) with Telemetry, UC Berkeley AIRacingTech

Simulation Training Reality
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Example: Robotic Sensors

REAL LiDAR Telemetry Data Capture and Playback Visualization (Rviz), UC Berkeley AIRacingTech



Example: Generative Methods

Prompt:  "A miniature Wukong holding a stick in his hand sprints across a table surface for 3 seconds, then jumps into the air, and swings his right arm
downward during landing. The camera begins with a close-up of his face, then steadily follows the character while gradually zooming out. When the monkey
leaps into the air, at the highest point of the jump, the motion pauses for a few seconds. The camera circles around the character for 360 degrees, and
slowly ascends, before the action resumes."

Genesis: A Generative and Universal Physics Engine for Robotics and Beyond Xian et. al 2024



Mass + Spring Systems: 
Example of Modeling a Dynamical System

CS184/284A



Example: Mass Spring Rope

Credit: Elizabeth Labelle, https://youtu.be/Co8enp8CH34
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https://youtu.be/Co8enp8CH34


Example: Mass Spring Mesh
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Example: Node Beam Spring Deformation

Real vs. Simulated Crash Physics (BeamNG) Side By Side



Example: Cloth Simulation

DiffCloth: Differentiable Cloth Simulation with Dry Frictional Contact (Siggraph 2022) 

https://people.csail.mit.edu/liyifei/publication/diffcloth/
https://people.csail.mit.edu/liyifei/publication/diffcloth/


Particle Simulation



Euler’s Method

Hidden Figures, Kathrine Johnson Saves the Day with Euler’s Method 2017
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Combating Instability
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Particle Systems



Particle Systems
Model dynamical systems as collections of large numbers
of particles 

Each particle’s motion is defined by a set of 
physical (or non-physical) forces 

Popular technique in graphics and games 

•Easy to understand, implement 
•Scalable: fewer particles for speed, 

more for higher complexity 

Challenges 

•May need many particles (e.g. fluids) 
•May need acceleration structures (e.g. 

to find nearest particles for interactions) https://xpandora.github.io/PhysGaussian/
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https://xpandora.github.io/PhysGaussian/


Particle System Animations
For each frame in animation 

•[If needed] Create new particles 

•Calculate forces on each particle 
•Update each particle’s position and velocity 

•[If needed] Remove dead particles 
•Render particles

Credit: Man Vs Machine Studio https://youtu.be/tNZcI_3iFUI
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https://youtu.be/tNZcI_3iFUI
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Disk galaxy simulation, NASA Goddard

Example: Galaxy Simulation
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Generative Methods



Example: PhysGaussian



PhysGaussian: Physics-Integrated 3D Gaussians for Generative Dynamics (CVPR 2024) 

https://xpandora.github.io/PhysGaussian/
https://people.csail.mit.edu/liyifei/publication/diffcloth/
https://people.csail.mit.edu/liyifei/publication/diffcloth/
https://people.csail.mit.edu/liyifei/publication/diffcloth/
https://people.csail.mit.edu/liyifei/publication/diffcloth/


 Genesis: A Generative and Universal Physics
Engine for Robotics and Beyond

https://genesis-embodied-ai.github.io/

Generating 4D dynamical & physical world
Genesis's physics engine is empowered by a VLM-based generated agent that uses the APIs provided by the simulation infrastructure as tools to
create 4D dynamic worlds, which can then be used as a foundational data source for extracting various modalities of data. Together with modules
for generating camera and object motion, we are able to generate physically-accurate and view-consistent videos and other modalities of data.

https://genesis-embodied-ai.github.io/




https://genesis-embodied-ai.github.io/

 Genesis: A Generative and Universal Physics
Engine for Robotics and Beyond

https://genesis-embodied-ai.github.io/




Finite Element Methods:
Computational Fluid Dynamics

Multi-physics Codes



Purely Lagrangian Rayleigh-Taylor instability
simulation using 8th order mixed elements in the
MFEM-based BLAST shock hydrodynamics code. 

Stress analysis in Ansys

Sims for planetary defense.
NASA’s Double Asteroid
Redirection Test. (Dart
Mission)

https://www.llnl.gov/casc/blast


High-order multi-material inertial confinement fusion (ICF)-like
implosion in the MFEM-based BLAST shock hydrodynamics code.
Visualization with VisIt.

Magnetic Fusion simulation

https://www.llnl.gov/casc/blast
https://visit.llnl.gov/


Ocean Modeling with e3sm
coupled with ROMS

Raleigh Taylor in
rendering in Visit

Type ia Supernova



Quick History

Trinity test

Human computers → IBM Punch Card Machines → ENIAC

Underground
Nuclear testing.

Stockpile
Stewardship

Oppenheimer, von Neumann



How to simulate the analog world?
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Problem Setup

Mesh
Scheme

Derivative



Finite Difference Methods

Richtmyer and Morton 1957

Gives us the power to
represent PDEs as
system of linear equations



1D Heat Equation Analytic Example



1D Heat Equation Analytic Example

Concise analytic solution!



1D Heat Equation Finite Differences
Example

Continuous

Discrete



Discrete Evolution Equations

The Partial Differential Equation that takes the state variable to the
next timestep n+1

Equations of state
examples

In this case the heat equation. 

Another example:



Instability

Don’t want values to
“explode”

Courant-Friedrichs-Lewy condition



Instability arises when with
timestep and grid distance



2D Heat Equation Example



How to approximate gradients in
higher dimensions?
Least Squares Gradient Intuitively, use all

directional derivatives
relations to estimate
gradient.

Green-Gauss Gradient Method (just Gauss’s Law)

solve this system of linear equations using least
squares

(for each mesh cell and neighbor)



Fluid Eulerian Mesh Example

CS184/284A Ren Ng



Fluid Eulerian Mesh

CS184/284A Ren Ng



Fluid Eulerian Mesh

CS184/284A Ren Ng



Navier–Stokes Equations (N-SE)
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(per unit volume)

Pressure
Gradient

Field
Vectors
(Gravity,
electroma
gnetic,
etc..)

Diffusion
Term

Lagrangian
Derivative of
a parcel

Will use this for our discrete
evolution equation



Numerical Stability
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Animation Meshes

Fernando de Goes, Alonso Martinez.
SIGGRAPH2019. Pixar Research
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Physically Based Modeling: Principles and Practice
• Andy Witkin and David Baraff 
http://www-2.cs.cmu.edu/~baraff/sigcourse/index.html

Numerical Recipes in C++
• Chapter 16

Any good text on integrating ODE’s

Suggested Reading

http://www-2.cs.cmu.edu/~baraff/sigcourse/index.html


CS184 - attendance word 
“ai-overlords”



Appendix: Extras



SPlisHSPlasH Smoothed Particle Hydrodynamics (SPH)

Example: Fluids

https://github.com/InteractiveComputerGraphics/SPlisHSPlasH














































Stable Fluids
Demo by Amanda Ghassaei 

Things to notice: 

•In pressure view you can see grid cells 

•You don’t see them when simulation is
rendered! 

•Note how much damping there is 
•Note how pressure changes as cursor is
moved

https://apps.amandaghassaei.com/gpu-io/examples/fluid/ 

https://apps.amandaghassaei.com/gpu-io/examples/fluid/
https://apps.amandaghassaei.com/gpu-io/examples/fluid/
https://apps.amandaghassaei.com/gpu-io/examples/fluid/
https://apps.amandaghassaei.com/gpu-io/examples/fluid/

