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Animating Natural Phenomena

A giant phantom jelly spotted with the ROV Doc Ricketts 990 meters deep in Monterey Bay 
https://twitter.com/MBARI_News/status/1465742426501312512 

https://www.mbari.org/products/creature-feature/giant-phantom-jelly/ 

https://twitter.com/MBARI_News/status/1465742426501312512
https://www.mbari.org/products/creature-feature/giant-phantom-jelly/
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https://www.youtube.com/watch?v=9bzQYKm3xTA
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Course Logistics



About Doug
Affiliations: 
   Stanford CS (ICME, CCRMA) 
   NVIDIA Research (Simulation) 

Expertise: 
   Applied mathematics 
   Computer graphics & animation 
   Simulation & modeling 
   Computational physics 
   Acoustics 
   Fabrication 



About Karen
Affiliations: 
   Stanford CS (HAI, ...) 

Expertise: 
   Character animation and robotics 
   Computer graphics & animation 
   Simulation & modeling 
   Optimal control 
   Reinforcement learning 
   Computational biomechanics 
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Course Staff
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Webpage

https://web.stanford.edu/class/cs248b/cgi-bin/autumn22/index.php/home  

https://web.stanford.edu/class/cs248b/cgi-bin/autumn22/index.php/home
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Webpage
Main place to get course content, e.g., slides 
Students + staff can login to the webpage 
- TODO: Create an account 
- CODEWORD: (see Ed) 
Comment feature:  
- Login to post + read slide comments 
- A great way to ask and answer slide-specific questions 
- Example from CS348B
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Comment Example:  CS348B-S22  Image Synthesis
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Comment Example:  CS348B-S22  Image Synthesis
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Ed
Online discussion forum 
Access link through Canvas 
Main place to ask questions
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SCPD Students 
Stanford Center for Professional Development (SCPD)

This is a hybrid SCPD class 
- Both in-person and remote attendees.  
All lectures are recorded and available to all students 
- Available in Canvas (see "Panopto Course Videos") 
All lectures are live streamed with live chat 
- Please feel free to ask questions  
- Course staff will answer them
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Office Hours
Staff OH will be available over Zoom 
- Convenient and safe 
- Zoom links can be found in Canvas 
Some staff OHs will be hybrid 
Updated office hours on the webpage 
Can ask me questions after class



Stanford CS248B, Fall 2022

COVID-19 Considerations
Face coverings are required in the classroom at Stanford University until further notice 
We care about your health & safety 
- We want everyone to complete their studies safely  
- We want everyone to graduate and have productive careers 
We will provide opportunities for you to reduce your exposure and stay safe 
It is OK to skip class if you do not feel well, or have been exposed, etc.  
- You do not need a note 
Please take advantage of our numerous accommodations:  
- Lecture recordings 
- Lecture live stream + chat 
- Slide and Ed discussions 
- Virtual office hours 
If you have any concerns, please contact us
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Tentative Syllabus
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Lectures + Projects
20 Lectures 
5 Written Homeworks 
- HW1: Math foundations 
- HW2: Numerical integration 
- HW3: Rigid and deformable bodies 
- HW4: Keyframe animation 
- HW5: Articulated bodies 
4 Programming Assignments 
- The fun part :)  
- Details in a moment 
Final Exam 
- Comprehensive 
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Week 1: Introduction
Math Foundations 
- Recap of mathematical and geometrical concepts 
- Leads to first written homework (HW1) 
Programming Warm-up 
- p5.js is a JavaScript library for creative coding 

- https://p5js.org  
- OpenProcessing (OP) 

- https://openprocessing.org  
- Everyone in the course will get an OP course account 
- Enables easy group collaboration and sharing of your results 

- With or without sharing code 
- So... we can try each other's simulations and ... play each other's games

https://p5js.org
https://openprocessing.org
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Week 2: Particle Systems
Particle Systems 
- Dynamical systems 
- First- vs second-order motion models 
- Forces 
- Numerical integration schemes 
Collision Resolution Basics 
- Collision examples from animation (hair, cloth, rigid bodies, etc.) 
- Contact models; Position- vs velocity-level contact resolution 
- Contact conditions 
- Coefficient of restitution 
- Planar and nonplanar contact geometry 
- Signed distance fields (SDFs)

[Reeves 1983]

Lagoa

http://vimeo.com/13457383
http://vimeo.com/13457383
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Nomination for best supporting actor:  

Signed distance fields (SDFs)
Useful primitive for proximity queries (used in rendering, simulation, etc.) 
Definition: Let d(x) be the signed distance to a closed boundary/surface, where  
- d(x)<0 : x is inside the shape 
- d(x)=0 : x is on the shape 
- d(x)>0 : x is outside the shape 
- |d(x)| is the closest distance to the shape's boundary from x 
Analytical SDFs are know for many simple geometric shapes 
- 2D SDFs:  https://iquilezles.org/articles/distfunctions2d   
Efficient evaluation for simulation and HW-accel. rendering 
- https://www.shadertoy.com/playlist/MXdSRf 

https://iquilezles.org/articles/distfunctions2d
https://www.shadertoy.com/playlist/MXdSRf
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Programming Assignment #1:  Simulating Pinball!

Modify starter code to design your own virtual pinball game 
Robust collision processing using 2D SDFs  
- Ray-march SDFs for robust continuous collision checks  
Work alone or with a partner. Full creative control. 
Play each other's games on OpenProcessing (w/o sharing code) Groovy Starter Code
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Animating Deformable Models: Hair

Tangled [Disney]

Brave [Pixar]



Adaptive Nonlinearity for Collisions in Complex Rod Assemblies [Kaufman et al. 2014]
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Week 3: Collisions
Collision Detection (CD) Methods 
- Broad vs narrow phase CD 
- All-pairs culling strategies 
- Primitive-level computations 
- Bounding volumes (fitting and evaluation) 
- Broad phase CD data structures 
Continuous collision detection methods 
- Discrete vs Continuous CD 
- CCD methods (2D, 3D) 
- Root finding schemes 

- Ray-marching SDFs (for pinball, of course) 
- Collision resolution strategies (conservative advancement, ...)
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Animating Deformable Models: Plastic Chairs 

[James and Pai 2004]
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Animating Deformable Models: Sheet-based Cloth

[Bridson et al. 2002]
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[Kaldor et al. 2010]

Animating Deformable Models: Yarn-level Cloth 
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[Kaldor et al. 2010]



Stanford CS248B, Fall 2022 [Zheng & James 2012]
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Week 4: Deformable Models
Deformable Models in Animation 
- Examples from animation (hair, cloth, flesh, etc.) 
- Kinematic models 
- Constitutive force models 
- Numerical integration (stability and robustness) 
- Element inversion 
Robust Deformable Collision Processing 
- Detection vs resolution 
- Examples from cloth and hair simulation 
- Collision resolution schemes (impulses, penalty, etc.) 
- Untangling methods

[Bridson et al. 2002]
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Code a 2D particle-based collision processor  

Make it robust to interpenetrations ... at all cost!

OLD Animation Homework:  Robust Collision Processing
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OLD Animation Homework:  Robust Collision Processing
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OLD Animation Homework:  Robust Collision Processing



Stanford CS248B, Fall 2022

OLD Animation Homework:  Robust Collision Processing
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OLD Animation Homework:  Robust Collision Processing
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Wait… real spaghetti has…
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More spaghetti 

By Paul Liu (TA)
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CS348C-W19 HW3: Spaghetti Factory Results
Paul Liu (TA)
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Programming Assignment #2: "Blob Factory" 
Robust collision processing with 2D deformable models 
- Builds on P1's 2D SDF collision environment to now simulate 2D deformable bodies  
Components:   
- Implicit integration of 2D deformable models ("blobs") 
- Robust collision handling (both defo-rigid and defo-defo collisions) 
Theme: Blob Factory or Blob Game (you decide) 
- Mechanically simulate non-interpenetrating blobs using moving SDFs  
- Choose your favorite blobs (gummy bears, marshmallows, cells, balloons, etc.) 
- Machinery or game of your choosing
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Week 5: Particle-based Fluids

Position Based Fluids [Macklin & Müller 2013]
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Week 5: Grid-based Fluids

Schrödinger’s Smoke [Chern et al. 2016] 
https://youtu.be/5C9BLAXCe1I?t=1m43s 

https://youtu.be/5C9BLAXCe1I?t=1m43s
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Programming Assignment #3: Water Games
Build an interactive 2D fluid simulation!   
- Grid-based semi-Lagrangian solver 
- Builds on P1 & P2's 2D SDF collision environment to now simulate 2D fluids  
Theme:  A 2D Water-Powered Game:  
- Push objects around with fluid jets 
- Precomputed matrix factorization for real-time performance
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Week 6: Rigid Body Simulation
3D position and 3D orientation 
Rigid-body dynamics 
Collisions and constraints 
Articulated rigid bodies 

Guendelman et al SIGGRAPH 2003
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3D position
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3D orientation

pitch

yaw

roll
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Rigid body simulation

Objects that translate and rotate 
freely in 3D without 
deformation. 
Satisfy Newton-Euler equations. 
Contact and collision need to be 
handled through forces.
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Rigid body simulation

Furguson et al SIGGRAPH 2021
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Week 7: Character Modeling
Human skeletal systems 
- Hierarchical transformations 
- Parameterization of human kinematics 
Skinning 
- Deformation of human body 
- Shape interpolation 
- Skeleton subspace and pose space deformation 
- Data-driven approach



Stanford CS248B, Fall 2022

What’s a compact representation for human poses?
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Simulate human as articulated rigid bodies

xi

∆x

xi+1

integrator

Newtonian laws
gravity
contact force…

feedback loop

Liu et al SCA 2006
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Skinning

body shape

p = f(q; θ)

skeleton pose

skinning parameters

Park et al SIGGRAPH 2006

M. Keller 
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How do we control human motion?

physics without control physics with control



neural excitation

muscle activation

joint torque

physics sim

skeleton pose

external forces



neural excitation

muscle activation

joint torque

physics sim

skeleton pose

dynamics

kinematics



neural excitation

muscle activation

joint torque

physics sim

skeleton pose

trajectory abstract goal

“walk over there, don’t fall”



neural excitation

muscle activation

joint torque

physics sim

skeleton pose

trajectory abstract goal

naturalness generality



neural excitation

muscle activation

joint torque

physics sim

skeleton pose

trajectory abstract goal

Kinematic approach to motion synthesis
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Week 8: Inverse Kinematics and Keyframes
Inverse kinematics 
- IK constraints 
- Efficient computation for Jacobian matrix 
- Solving IK as a non-linear optimization 
- Heuristics-based IK methods 
Keyframe animation 
- Interpolation using cubic curves 
- Interpolating multiple keyframes using splines 
- Properties of splines
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Human kinematics
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Forward kinematics

Given a pose q, what is the 3D position of the 
finger tip in the world coordinate frame?

q = x, y, z, ✓,�,�, ✓thigh,�thigh,�thigh, ✓knee, ✓ankle,�ankle, · · ·
<latexit sha1_base64="x4MTEhKDm5aL3fW1rKTDNEvLyjc="></latexit><latexit sha1_base64="x4MTEhKDm5aL3fW1rKTDNEvLyjc="></latexit><latexit sha1_base64="x4MTEhKDm5aL3fW1rKTDNEvLyjc="></latexit><latexit sha1_base64="x4MTEhKDm5aL3fW1rKTDNEvLyjc="></latexit>

x, y, z, ✓,�,�
<latexit sha1_base64="ZP2fXYJiY50mdVBNyKA32PHYCvo=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgopQZEXRZdOOygn1AO5RMmmlDk5khuSOOQ1du/BU3LhRx6ze4829M21lo64HkHs65l+QePxZcg+N8W4Wl5ZXVteJ6aWNza3vH3t1r6ihRlDVoJCLV9olmgoesARwEa8eKEekL1vJHVxO/dceU5lF4C2nMPEkGIQ84JWCknn14X8FpBT9UcBeGDIip8ZCbW/OBJD277FSdKfAicXNSRjnqPfur249oIlkIVBCtO64Tg5cRBZwKNi51E81iQkdkwDqGhkQy7WXTNcb42Ch9HETKnBDwVP09kRGpdSp90ykJDPW8NxH/8zoJBBdexsM4ARbS2UNBIjBEeJIJ7nPFKIjUEEIVN3/FdEgUoWCSK5kQ3PmVF0nztOo6VffmrFy7zOMoogN0hE6Qi85RDV2jOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7A+fwBsipcw</latexit><latexit sha1_base64="ZP2fXYJiY50mdVBNyKA32PHYCvo=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgopQZEXRZdOOygn1AO5RMmmlDk5khuSOOQ1du/BU3LhRx6ze4829M21lo64HkHs65l+QePxZcg+N8W4Wl5ZXVteJ6aWNza3vH3t1r6ihRlDVoJCLV9olmgoesARwEa8eKEekL1vJHVxO/dceU5lF4C2nMPEkGIQ84JWCknn14X8FpBT9UcBeGDIip8ZCbW/OBJD277FSdKfAicXNSRjnqPfur249oIlkIVBCtO64Tg5cRBZwKNi51E81iQkdkwDqGhkQy7WXTNcb42Ch9HETKnBDwVP09kRGpdSp90ykJDPW8NxH/8zoJBBdexsM4ARbS2UNBIjBEeJIJ7nPFKIjUEEIVN3/FdEgUoWCSK5kQ3PmVF0nztOo6VffmrFy7zOMoogN0hE6Qi85RDV2jOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7A+fwBsipcw</latexit><latexit sha1_base64="ZP2fXYJiY50mdVBNyKA32PHYCvo=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgopQZEXRZdOOygn1AO5RMmmlDk5khuSOOQ1du/BU3LhRx6ze4829M21lo64HkHs65l+QePxZcg+N8W4Wl5ZXVteJ6aWNza3vH3t1r6ihRlDVoJCLV9olmgoesARwEa8eKEekL1vJHVxO/dceU5lF4C2nMPEkGIQ84JWCknn14X8FpBT9UcBeGDIip8ZCbW/OBJD277FSdKfAicXNSRjnqPfur249oIlkIVBCtO64Tg5cRBZwKNi51E81iQkdkwDqGhkQy7WXTNcb42Ch9HETKnBDwVP09kRGpdSp90ykJDPW8NxH/8zoJBBdexsM4ARbS2UNBIjBEeJIJ7nPFKIjUEEIVN3/FdEgUoWCSK5kQ3PmVF0nztOo6VffmrFy7zOMoogN0hE6Qi85RDV2jOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7A+fwBsipcw</latexit><latexit sha1_base64="ZP2fXYJiY50mdVBNyKA32PHYCvo=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgopQZEXRZdOOygn1AO5RMmmlDk5khuSOOQ1du/BU3LhRx6ze4829M21lo64HkHs65l+QePxZcg+N8W4Wl5ZXVteJ6aWNza3vH3t1r6ihRlDVoJCLV9olmgoesARwEa8eKEekL1vJHVxO/dceU5lF4C2nMPEkGIQ84JWCknn14X8FpBT9UcBeGDIip8ZCbW/OBJD277FSdKfAicXNSRjnqPfur249oIlkIVBCtO64Tg5cRBZwKNi51E81iQkdkwDqGhkQy7WXTNcb42Ch9HETKnBDwVP09kRGpdSp90ykJDPW8NxH/8zoJBBdexsM4ARbS2UNBIjBEeJIJ7nPFKIjUEEIVN3/FdEgUoWCSK5kQ3PmVF0nztOo6VffmrFy7zOMoogN0hE6Qi85RDV2jOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7A+fwBsipcw</latexit>

✓ankle,�ankle
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✓knee
<latexit sha1_base64="DNMF+/6HHVBo7FmZq4lTSYpixSk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP6ANZbOdtks3m7g7KZTQ3+HFgyJe/THe/Ddu2xy09cHA470ZZuaFiRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8cNE6eaY53HMtatkBmUQmGdBElsJRpZFEpshqO7md8cozYiVo80STCI2ECJvuCMrBR0aIjEutlIIU67pbJX8eZwV4mfkzLkqHVLX51ezNMIFXHJjGn7XkJBxjQJLnFa7KQGE8ZHbIBtSxWL0ATZ/Oipe26VntuPtS1F7lz9PZGxyJhJFNrOiNHQLHsz8T+vnVL/JsiESlJCxReL+ql0KXZnCbg9oZGTnFjCuBb2VpcPmWacbE5FG4K//PIqaVxWfK/iP1yVq7d5HAU4hTO4AB+uoQr3UIM6cHiCZ3iFN2fsvDjvzseidc3JZ07gD5zPH0PJkmg=</latexit><latexit sha1_base64="DNMF+/6HHVBo7FmZq4lTSYpixSk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP6ANZbOdtks3m7g7KZTQ3+HFgyJe/THe/Ddu2xy09cHA470ZZuaFiRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8cNE6eaY53HMtatkBmUQmGdBElsJRpZFEpshqO7md8cozYiVo80STCI2ECJvuCMrBR0aIjEutlIIU67pbJX8eZwV4mfkzLkqHVLX51ezNMIFXHJjGn7XkJBxjQJLnFa7KQGE8ZHbIBtSxWL0ATZ/Oipe26VntuPtS1F7lz9PZGxyJhJFNrOiNHQLHsz8T+vnVL/JsiESlJCxReL+ql0KXZnCbg9oZGTnFjCuBb2VpcPmWacbE5FG4K//PIqaVxWfK/iP1yVq7d5HAU4hTO4AB+uoQr3UIM6cHiCZ3iFN2fsvDjvzseidc3JZ07gD5zPH0PJkmg=</latexit><latexit sha1_base64="DNMF+/6HHVBo7FmZq4lTSYpixSk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP6ANZbOdtks3m7g7KZTQ3+HFgyJe/THe/Ddu2xy09cHA470ZZuaFiRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8cNE6eaY53HMtatkBmUQmGdBElsJRpZFEpshqO7md8cozYiVo80STCI2ECJvuCMrBR0aIjEutlIIU67pbJX8eZwV4mfkzLkqHVLX51ezNMIFXHJjGn7XkJBxjQJLnFa7KQGE8ZHbIBtSxWL0ATZ/Oipe26VntuPtS1F7lz9PZGxyJhJFNrOiNHQLHsz8T+vnVL/JsiESlJCxReL+ql0KXZnCbg9oZGTnFjCuBb2VpcPmWacbE5FG4K//PIqaVxWfK/iP1yVq7d5HAU4hTO4AB+uoQr3UIM6cHiCZ3iFN2fsvDjvzseidc3JZ07gD5zPH0PJkmg=</latexit><latexit sha1_base64="DNMF+/6HHVBo7FmZq4lTSYpixSk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP6ANZbOdtks3m7g7KZTQ3+HFgyJe/THe/Ddu2xy09cHA470ZZuaFiRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8cNE6eaY53HMtatkBmUQmGdBElsJRpZFEpshqO7md8cozYiVo80STCI2ECJvuCMrBR0aIjEutlIIU67pbJX8eZwV4mfkzLkqHVLX51ezNMIFXHJjGn7XkJBxjQJLnFa7KQGE8ZHbIBtSxWL0ATZ/Oipe26VntuPtS1F7lz9PZGxyJhJFNrOiNHQLHsz8T+vnVL/JsiESlJCxReL+ql0KXZnCbg9oZGTnFjCuBb2VpcPmWacbE5FG4K//PIqaVxWfK/iP1yVq7d5HAU4hTO4AB+uoQr3UIM6cHiCZ3iFN2fsvDjvzseidc3JZ07gD5zPH0PJkmg=</latexit>



Stanford CS248B, Fall 2022

Inverse kinematics

Given the target 3D position of the finger tip in 
the world coordinate frame, what is the pose q?

q = x, y, z, ✓,�,�, ✓thigh,�thigh,�thigh, ✓knee, ✓ankle,�ankle, · · ·
<latexit sha1_base64="x4MTEhKDm5aL3fW1rKTDNEvLyjc="></latexit><latexit sha1_base64="x4MTEhKDm5aL3fW1rKTDNEvLyjc="></latexit><latexit sha1_base64="x4MTEhKDm5aL3fW1rKTDNEvLyjc="></latexit><latexit sha1_base64="x4MTEhKDm5aL3fW1rKTDNEvLyjc="></latexit>

x, y, z, ✓,�,�
<latexit sha1_base64="ZP2fXYJiY50mdVBNyKA32PHYCvo=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgopQZEXRZdOOygn1AO5RMmmlDk5khuSOOQ1du/BU3LhRx6ze4829M21lo64HkHs65l+QePxZcg+N8W4Wl5ZXVteJ6aWNza3vH3t1r6ihRlDVoJCLV9olmgoesARwEa8eKEekL1vJHVxO/dceU5lF4C2nMPEkGIQ84JWCknn14X8FpBT9UcBeGDIip8ZCbW/OBJD277FSdKfAicXNSRjnqPfur249oIlkIVBCtO64Tg5cRBZwKNi51E81iQkdkwDqGhkQy7WXTNcb42Ch9HETKnBDwVP09kRGpdSp90ykJDPW8NxH/8zoJBBdexsM4ARbS2UNBIjBEeJIJ7nPFKIjUEEIVN3/FdEgUoWCSK5kQ3PmVF0nztOo6VffmrFy7zOMoogN0hE6Qi85RDV2jOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7A+fwBsipcw</latexit><latexit sha1_base64="ZP2fXYJiY50mdVBNyKA32PHYCvo=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgopQZEXRZdOOygn1AO5RMmmlDk5khuSOOQ1du/BU3LhRx6ze4829M21lo64HkHs65l+QePxZcg+N8W4Wl5ZXVteJ6aWNza3vH3t1r6ihRlDVoJCLV9olmgoesARwEa8eKEekL1vJHVxO/dceU5lF4C2nMPEkGIQ84JWCknn14X8FpBT9UcBeGDIip8ZCbW/OBJD277FSdKfAicXNSRjnqPfur249oIlkIVBCtO64Tg5cRBZwKNi51E81iQkdkwDqGhkQy7WXTNcb42Ch9HETKnBDwVP09kRGpdSp90ykJDPW8NxH/8zoJBBdexsM4ARbS2UNBIjBEeJIJ7nPFKIjUEEIVN3/FdEgUoWCSK5kQ3PmVF0nztOo6VffmrFy7zOMoogN0hE6Qi85RDV2jOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7A+fwBsipcw</latexit><latexit sha1_base64="ZP2fXYJiY50mdVBNyKA32PHYCvo=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgopQZEXRZdOOygn1AO5RMmmlDk5khuSOOQ1du/BU3LhRx6ze4829M21lo64HkHs65l+QePxZcg+N8W4Wl5ZXVteJ6aWNza3vH3t1r6ihRlDVoJCLV9olmgoesARwEa8eKEekL1vJHVxO/dceU5lF4C2nMPEkGIQ84JWCknn14X8FpBT9UcBeGDIip8ZCbW/OBJD277FSdKfAicXNSRjnqPfur249oIlkIVBCtO64Tg5cRBZwKNi51E81iQkdkwDqGhkQy7WXTNcb42Ch9HETKnBDwVP09kRGpdSp90ykJDPW8NxH/8zoJBBdexsM4ARbS2UNBIjBEeJIJ7nPFKIjUEEIVN3/FdEgUoWCSK5kQ3PmVF0nztOo6VffmrFy7zOMoogN0hE6Qi85RDV2jOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7A+fwBsipcw</latexit><latexit sha1_base64="ZP2fXYJiY50mdVBNyKA32PHYCvo=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgopQZEXRZdOOygn1AO5RMmmlDk5khuSOOQ1du/BU3LhRx6ze4829M21lo64HkHs65l+QePxZcg+N8W4Wl5ZXVteJ6aWNza3vH3t1r6ihRlDVoJCLV9olmgoesARwEa8eKEekL1vJHVxO/dceU5lF4C2nMPEkGIQ84JWCknn14X8FpBT9UcBeGDIip8ZCbW/OBJD277FSdKfAicXNSRjnqPfur249oIlkIVBCtO64Tg5cRBZwKNi51E81iQkdkwDqGhkQy7WXTNcb42Ch9HETKnBDwVP09kRGpdSp90ykJDPW8NxH/8zoJBBdexsM4ARbS2UNBIjBEeJIJ7nPFKIjUEEIVN3/FdEgUoWCSK5kQ3PmVF0nztOo6VffmrFy7zOMoogN0hE6Qi85RDV2jOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7A+fwBsipcw</latexit>

✓ankle,�ankle
<latexit sha1_base64="L3uVj1u55zgYnpDB1XKWl6NgExc=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBhZQZEXRZdOOygn1AZxgyadoJzWSG5I5Qhm7c+CtuXCji1n9w59+YtiNo64HAyTn33uSeMBVcg+N8WaWl5ZXVtfJ6ZWNza3vH3t1r6SRTlDVpIhLVCYlmgkvWBA6CdVLFSBwK1g6H1xO/fc+U5om8g1HK/JgMJO9zSsBIgX3oQcSABDmRQ8HGp9hLI/5zC+yqU3OmwIvELUgVFWgE9qfXS2gWMwlUEK27rpOCnxMFnJp5FS/TLCV0SAasa6gkMdN+Pt1ijI+N0sP9RJkjAU/V3x05ibUexaGpjAlEet6biP953Qz6l37OZZoBk3T2UD8TGBI8iQT3uGIUxMgQQhU3f8U0IopQMMFVTAju/MqLpHVWc52ae3terV8VcZTRATpCJ8hFF6iOblADNRFFD+gJvaBX69F6tt6s91lpySp69tEfWB/fAheY4g==</latexit><latexit sha1_base64="L3uVj1u55zgYnpDB1XKWl6NgExc=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBhZQZEXRZdOOygn1AZxgyadoJzWSG5I5Qhm7c+CtuXCji1n9w59+YtiNo64HAyTn33uSeMBVcg+N8WaWl5ZXVtfJ6ZWNza3vH3t1r6SRTlDVpIhLVCYlmgkvWBA6CdVLFSBwK1g6H1xO/fc+U5om8g1HK/JgMJO9zSsBIgX3oQcSABDmRQ8HGp9hLI/5zC+yqU3OmwIvELUgVFWgE9qfXS2gWMwlUEK27rpOCnxMFnJp5FS/TLCV0SAasa6gkMdN+Pt1ijI+N0sP9RJkjAU/V3x05ibUexaGpjAlEet6biP953Qz6l37OZZoBk3T2UD8TGBI8iQT3uGIUxMgQQhU3f8U0IopQMMFVTAju/MqLpHVWc52ae3terV8VcZTRATpCJ8hFF6iOblADNRFFD+gJvaBX69F6tt6s91lpySp69tEfWB/fAheY4g==</latexit><latexit sha1_base64="L3uVj1u55zgYnpDB1XKWl6NgExc=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBhZQZEXRZdOOygn1AZxgyadoJzWSG5I5Qhm7c+CtuXCji1n9w59+YtiNo64HAyTn33uSeMBVcg+N8WaWl5ZXVtfJ6ZWNza3vH3t1r6SRTlDVpIhLVCYlmgkvWBA6CdVLFSBwK1g6H1xO/fc+U5om8g1HK/JgMJO9zSsBIgX3oQcSABDmRQ8HGp9hLI/5zC+yqU3OmwIvELUgVFWgE9qfXS2gWMwlUEK27rpOCnxMFnJp5FS/TLCV0SAasa6gkMdN+Pt1ijI+N0sP9RJkjAU/V3x05ibUexaGpjAlEet6biP953Qz6l37OZZoBk3T2UD8TGBI8iQT3uGIUxMgQQhU3f8U0IopQMMFVTAju/MqLpHVWc52ae3terV8VcZTRATpCJ8hFF6iOblADNRFFD+gJvaBX69F6tt6s91lpySp69tEfWB/fAheY4g==</latexit><latexit sha1_base64="L3uVj1u55zgYnpDB1XKWl6NgExc=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBhZQZEXRZdOOygn1AZxgyadoJzWSG5I5Qhm7c+CtuXCji1n9w59+YtiNo64HAyTn33uSeMBVcg+N8WaWl5ZXVtfJ6ZWNza3vH3t1r6SRTlDVpIhLVCYlmgkvWBA6CdVLFSBwK1g6H1xO/fc+U5om8g1HK/JgMJO9zSsBIgX3oQcSABDmRQ8HGp9hLI/5zC+yqU3OmwIvELUgVFWgE9qfXS2gWMwlUEK27rpOCnxMFnJp5FS/TLCV0SAasa6gkMdN+Pt1ijI+N0sP9RJkjAU/V3x05ibUexaGpjAlEet6biP953Qz6l37OZZoBk3T2UD8TGBI8iQT3uGIUxMgQQhU3f8U0IopQMMFVTAju/MqLpHVWc52ae3terV8VcZTRATpCJ8hFF6iOblADNRFFD+gJvaBX69F6tt6s91lpySp69tEfWB/fAheY4g==</latexit>

✓thigh,�thigh,�thigh
<latexit sha1_base64="VFuRCSR6+vmDvW+aa0zIz6zGIVg=">AAACFXicbVDLSsNAFJ34rPUVdelmsAguSklE0GXRjcsK9gFNCJPpJBk6eTBzI5TQn3Djr7hxoYhbwZ1/47QNUlsPXDhzzr3MvcfPBFdgWd/Gyura+sZmZau6vbO7t28eHHZUmkvK2jQVqez5RDHBE9YGDoL1MslI7AvW9Yc3E7/7wKTiaXIPo4y5MQkTHnBKQEueWXcgYkC8AiIeRuM6drKIz70UD+Nf1zNrVsOaAi8TuyQ1VKLlmV/OIKV5zBKggijVt60M3IJI4FSwcdXJFcsIHZKQ9TVNSMyUW0yvGuNTrQxwkEpdCeCpOj9RkFipUezrzphApBa9ifif188huHILnmQ5sITOPgpygSHFk4jwgEtGQYw0IVRyvSumEZGEgg6yqkOwF09eJp3zhm017LuLWvO6jKOCjtEJOkM2ukRNdItaqI0oekTP6BW9GU/Gi/FufMxaV4xy5gj9gfH5A56/n7g=</latexit><latexit sha1_base64="VFuRCSR6+vmDvW+aa0zIz6zGIVg=">AAACFXicbVDLSsNAFJ34rPUVdelmsAguSklE0GXRjcsK9gFNCJPpJBk6eTBzI5TQn3Djr7hxoYhbwZ1/47QNUlsPXDhzzr3MvcfPBFdgWd/Gyura+sZmZau6vbO7t28eHHZUmkvK2jQVqez5RDHBE9YGDoL1MslI7AvW9Yc3E7/7wKTiaXIPo4y5MQkTHnBKQEueWXcgYkC8AiIeRuM6drKIz70UD+Nf1zNrVsOaAi8TuyQ1VKLlmV/OIKV5zBKggijVt60M3IJI4FSwcdXJFcsIHZKQ9TVNSMyUW0yvGuNTrQxwkEpdCeCpOj9RkFipUezrzphApBa9ifif188huHILnmQ5sITOPgpygSHFk4jwgEtGQYw0IVRyvSumEZGEgg6yqkOwF09eJp3zhm017LuLWvO6jKOCjtEJOkM2ukRNdItaqI0oekTP6BW9GU/Gi/FufMxaV4xy5gj9gfH5A56/n7g=</latexit><latexit sha1_base64="VFuRCSR6+vmDvW+aa0zIz6zGIVg=">AAACFXicbVDLSsNAFJ34rPUVdelmsAguSklE0GXRjcsK9gFNCJPpJBk6eTBzI5TQn3Djr7hxoYhbwZ1/47QNUlsPXDhzzr3MvcfPBFdgWd/Gyura+sZmZau6vbO7t28eHHZUmkvK2jQVqez5RDHBE9YGDoL1MslI7AvW9Yc3E7/7wKTiaXIPo4y5MQkTHnBKQEueWXcgYkC8AiIeRuM6drKIz70UD+Nf1zNrVsOaAi8TuyQ1VKLlmV/OIKV5zBKggijVt60M3IJI4FSwcdXJFcsIHZKQ9TVNSMyUW0yvGuNTrQxwkEpdCeCpOj9RkFipUezrzphApBa9ifif188huHILnmQ5sITOPgpygSHFk4jwgEtGQYw0IVRyvSumEZGEgg6yqkOwF09eJp3zhm017LuLWvO6jKOCjtEJOkM2ukRNdItaqI0oekTP6BW9GU/Gi/FufMxaV4xy5gj9gfH5A56/n7g=</latexit><latexit sha1_base64="VFuRCSR6+vmDvW+aa0zIz6zGIVg=">AAACFXicbVDLSsNAFJ34rPUVdelmsAguSklE0GXRjcsK9gFNCJPpJBk6eTBzI5TQn3Djr7hxoYhbwZ1/47QNUlsPXDhzzr3MvcfPBFdgWd/Gyura+sZmZau6vbO7t28eHHZUmkvK2jQVqez5RDHBE9YGDoL1MslI7AvW9Yc3E7/7wKTiaXIPo4y5MQkTHnBKQEueWXcgYkC8AiIeRuM6drKIz70UD+Nf1zNrVsOaAi8TuyQ1VKLlmV/OIKV5zBKggijVt60M3IJI4FSwcdXJFcsIHZKQ9TVNSMyUW0yvGuNTrQxwkEpdCeCpOj9RkFipUezrzphApBa9ifif188huHILnmQ5sITOPgpygSHFk4jwgEtGQYw0IVRyvSumEZGEgg6yqkOwF09eJp3zhm017LuLWvO6jKOCjtEJOkM2ukRNdItaqI0oekTP6BW9GU/Gi/FufMxaV4xy5gj9gfH5A56/n7g=</latexit>

✓knee
<latexit sha1_base64="DNMF+/6HHVBo7FmZq4lTSYpixSk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP6ANZbOdtks3m7g7KZTQ3+HFgyJe/THe/Ddu2xy09cHA470ZZuaFiRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8cNE6eaY53HMtatkBmUQmGdBElsJRpZFEpshqO7md8cozYiVo80STCI2ECJvuCMrBR0aIjEutlIIU67pbJX8eZwV4mfkzLkqHVLX51ezNMIFXHJjGn7XkJBxjQJLnFa7KQGE8ZHbIBtSxWL0ATZ/Oipe26VntuPtS1F7lz9PZGxyJhJFNrOiNHQLHsz8T+vnVL/JsiESlJCxReL+ql0KXZnCbg9oZGTnFjCuBb2VpcPmWacbE5FG4K//PIqaVxWfK/iP1yVq7d5HAU4hTO4AB+uoQr3UIM6cHiCZ3iFN2fsvDjvzseidc3JZ07gD5zPH0PJkmg=</latexit><latexit sha1_base64="DNMF+/6HHVBo7FmZq4lTSYpixSk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP6ANZbOdtks3m7g7KZTQ3+HFgyJe/THe/Ddu2xy09cHA470ZZuaFiRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8cNE6eaY53HMtatkBmUQmGdBElsJRpZFEpshqO7md8cozYiVo80STCI2ECJvuCMrBR0aIjEutlIIU67pbJX8eZwV4mfkzLkqHVLX51ezNMIFXHJjGn7XkJBxjQJLnFa7KQGE8ZHbIBtSxWL0ATZ/Oipe26VntuPtS1F7lz9PZGxyJhJFNrOiNHQLHsz8T+vnVL/JsiESlJCxReL+ql0KXZnCbg9oZGTnFjCuBb2VpcPmWacbE5FG4K//PIqaVxWfK/iP1yVq7d5HAU4hTO4AB+uoQr3UIM6cHiCZ3iFN2fsvDjvzseidc3JZ07gD5zPH0PJkmg=</latexit><latexit sha1_base64="DNMF+/6HHVBo7FmZq4lTSYpixSk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP6ANZbOdtks3m7g7KZTQ3+HFgyJe/THe/Ddu2xy09cHA470ZZuaFiRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8cNE6eaY53HMtatkBmUQmGdBElsJRpZFEpshqO7md8cozYiVo80STCI2ECJvuCMrBR0aIjEutlIIU67pbJX8eZwV4mfkzLkqHVLX51ezNMIFXHJjGn7XkJBxjQJLnFa7KQGE8ZHbIBtSxWL0ATZ/Oipe26VntuPtS1F7lz9PZGxyJhJFNrOiNHQLHsz8T+vnVL/JsiESlJCxReL+ql0KXZnCbg9oZGTnFjCuBb2VpcPmWacbE5FG4K//PIqaVxWfK/iP1yVq7d5HAU4hTO4AB+uoQr3UIM6cHiCZ3iFN2fsvDjvzseidc3JZ07gD5zPH0PJkmg=</latexit><latexit sha1_base64="DNMF+/6HHVBo7FmZq4lTSYpixSk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eKxgP6ANZbOdtks3m7g7KZTQ3+HFgyJe/THe/Ddu2xy09cHA470ZZuaFiRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8cNE6eaY53HMtatkBmUQmGdBElsJRpZFEpshqO7md8cozYiVo80STCI2ECJvuCMrBR0aIjEutlIIU67pbJX8eZwV4mfkzLkqHVLX51ezNMIFXHJjGn7XkJBxjQJLnFa7KQGE8ZHbIBtSxWL0ATZ/Oipe26VntuPtS1F7lz9PZGxyJhJFNrOiNHQLHsz8T+vnVL/JsiESlJCxReL+ql0KXZnCbg9oZGTnFjCuBb2VpcPmWacbE5FG4K//PIqaVxWfK/iP1yVq7d5HAU4hTO4AB+uoQr3UIM6cHiCZ3iFN2fsvDjvzseidc3JZ07gD5zPH0PJkmg=</latexit>
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Programming Assignment #4: Pose Matching Game 

Build a real-time inverse kinematics (IK) solver  
Fast IK solving process that supports interactive 
posing of the character 
Build a 3D game using IK: Control the character’s 
pose to match the desired body silhouette

OhShape
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Keyframe animation
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Keyframe animation
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Interpolation
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Week 9: Animation Techniques
Data-driven and ML-based character animation 
- Motion graphs 
- Learning-based motion matching 
- Generative models for kinematic motion 
Physics-based character animation 
- Feedback control 
- Trajectory optimization 
- Reinforcement learning
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Motion graphs

Lee et al SIGGRAPH 2002 Kovar et al SIGGRAPH 2002
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Generative models

Starke et al SIGGRAPH Asia 2019
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Generative models

current pose 

pass and future states and actions

past and future goals

environment geometry

next pose

future states and actions

future goals

phase parameter

Motion  
prediction  

network
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Generative models

current pose 

pass and future states and actions

past and future goals

environment geometry

next pose

future states and actions

future goals

phase parameter

Motion  
prediction  

network



neural excitation

muscle activation

joint torque

physics sim

skeleton pose

trajectory abstract goal

Dynamic approach with joint actuation
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Control human motion
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Physics simulation

xi

∆x

xi+1

integrator

Newtonian laws
gravity
contact force
joint torque…

feedback loop
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Control a dynamic system

xi

∆x

xi+1

integrator

Newtonian laws
gravity
contact force
joint torque…

feedback loop

Control policy
joint  
torque
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Control a dynamic system

Dynamic system

xi

xi+1

feedback loop

Control policy
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Tracking human motion

Liu et al SIGGRAPH 2012
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Trajectory optimization

subject to
<latexit sha1_base64="zJjZnU3xK3IMXvTkrRiLi/FJRsc=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5D0peKm4MaFiwr2AU0ok+mkHTvJhJmJUEPxV9y4UMSt/+HOv3HSVlDRAwOHc+5lzj1+zKhUtv1h5BYWl5ZX8quFtfWNzS1ze6cleSIwaWLOuOj4SBJGI9JUVDHSiQVBoc9I2x+dZ377lghJeXStxjHxQjSIaEAxUlrqmXtuiNRQhKlM/BuClXum+KRnFm3LqTq1Sg3aVsk5LdkZKZfKdrUGHcueogjmaPTMd7fPcRKSSGGGpOw6dqy8FAlFMSOTgptIEiM8QgPS1TRCIZFeOk0/gYda6cOAC/0iBafq940UhVKOQ19PZlnlby8T//K6iQpOvJRGcaJIhGcfBQmDisOsCtinQl/MxpogLKjOCvEQCYSVLqygS/i6FP5PWiXL0V1dVYr1y3kdebAPDsARcMAxqIML0ABNgMEdeABP4Nm4Nx6NF+N1Npoz5ju74AeMt0+fIZYC</latexit><latexit sha1_base64="zJjZnU3xK3IMXvTkrRiLi/FJRsc=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5D0peKm4MaFiwr2AU0ok+mkHTvJhJmJUEPxV9y4UMSt/+HOv3HSVlDRAwOHc+5lzj1+zKhUtv1h5BYWl5ZX8quFtfWNzS1ze6cleSIwaWLOuOj4SBJGI9JUVDHSiQVBoc9I2x+dZ377lghJeXStxjHxQjSIaEAxUlrqmXtuiNRQhKlM/BuClXum+KRnFm3LqTq1Sg3aVsk5LdkZKZfKdrUGHcueogjmaPTMd7fPcRKSSGGGpOw6dqy8FAlFMSOTgptIEiM8QgPS1TRCIZFeOk0/gYda6cOAC/0iBafq940UhVKOQ19PZlnlby8T//K6iQpOvJRGcaJIhGcfBQmDisOsCtinQl/MxpogLKjOCvEQCYSVLqygS/i6FP5PWiXL0V1dVYr1y3kdebAPDsARcMAxqIML0ABNgMEdeABP4Nm4Nx6NF+N1Npoz5ju74AeMt0+fIZYC</latexit><latexit sha1_base64="zJjZnU3xK3IMXvTkrRiLi/FJRsc=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5D0peKm4MaFiwr2AU0ok+mkHTvJhJmJUEPxV9y4UMSt/+HOv3HSVlDRAwOHc+5lzj1+zKhUtv1h5BYWl5ZX8quFtfWNzS1ze6cleSIwaWLOuOj4SBJGI9JUVDHSiQVBoc9I2x+dZ377lghJeXStxjHxQjSIaEAxUlrqmXtuiNRQhKlM/BuClXum+KRnFm3LqTq1Sg3aVsk5LdkZKZfKdrUGHcueogjmaPTMd7fPcRKSSGGGpOw6dqy8FAlFMSOTgptIEiM8QgPS1TRCIZFeOk0/gYda6cOAC/0iBafq940UhVKOQ19PZlnlby8T//K6iQpOvJRGcaJIhGcfBQmDisOsCtinQl/MxpogLKjOCvEQCYSVLqygS/i6FP5PWiXL0V1dVYr1y3kdebAPDsARcMAxqIML0ABNgMEdeABP4Nm4Nx6NF+N1Npoz5ju74AeMt0+fIZYC</latexit><latexit sha1_base64="zJjZnU3xK3IMXvTkrRiLi/FJRsc=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5D0peKm4MaFiwr2AU0ok+mkHTvJhJmJUEPxV9y4UMSt/+HOv3HSVlDRAwOHc+5lzj1+zKhUtv1h5BYWl5ZX8quFtfWNzS1ze6cleSIwaWLOuOj4SBJGI9JUVDHSiQVBoc9I2x+dZ377lghJeXStxjHxQjSIaEAxUlrqmXtuiNRQhKlM/BuClXum+KRnFm3LqTq1Sg3aVsk5LdkZKZfKdrUGHcueogjmaPTMd7fPcRKSSGGGpOw6dqy8FAlFMSOTgptIEiM8QgPS1TRCIZFeOk0/gYda6cOAC/0iBafq940UhVKOQ19PZlnlby8T//K6iQpOvJRGcaJIhGcfBQmDisOsCtinQl/MxpogLKjOCvEQCYSVLqygS/i6FP5PWiXL0V1dVYr1y3kdebAPDsARcMAxqIML0ABNgMEdeABP4Nm4Nx6NF+N1Npoz5ju74AeMt0+fIZYC</latexit>

X
⌧ 2 + Ctask(q)

<latexit sha1_base64="orPn2tOlaiNrBGkXZu1xKRHWU1w="></latexit><latexit sha1_base64="orPn2tOlaiNrBGkXZu1xKRHWU1w="></latexit><latexit sha1_base64="orPn2tOlaiNrBGkXZu1xKRHWU1w="></latexit><latexit sha1_base64="orPn2tOlaiNrBGkXZu1xKRHWU1w="></latexit>

⌧ low  ⌧  ⌧high
<latexit sha1_base64="jPITPsB/8meiZlTrniFf2UsxkEQ="></latexit><latexit sha1_base64="jPITPsB/8meiZlTrniFf2UsxkEQ="></latexit><latexit sha1_base64="jPITPsB/8meiZlTrniFf2UsxkEQ="></latexit><latexit sha1_base64="jPITPsB/8meiZlTrniFf2UsxkEQ="></latexit>

q̈ = fskelDyn(q, q̇, ⌧ )
<latexit sha1_base64="Sb91GaBiJH/Y/Isi0OCDxYi8+uw="></latexit><latexit sha1_base64="Sb91GaBiJH/Y/Isi0OCDxYi8+uw="></latexit><latexit sha1_base64="Sb91GaBiJH/Y/Isi0OCDxYi8+uw="></latexit><latexit sha1_base64="Sb91GaBiJH/Y/Isi0OCDxYi8+uw="></latexit>

qlow  q  ⌧high
<latexit sha1_base64="1GTjFVly+GHmh8CM9i6lLxP2IA4="></latexit><latexit sha1_base64="1GTjFVly+GHmh8CM9i6lLxP2IA4="></latexit><latexit sha1_base64="1GTjFVly+GHmh8CM9i6lLxP2IA4="></latexit><latexit sha1_base64="1GTjFVly+GHmh8CM9i6lLxP2IA4="></latexit>

min
⌧ ,q

<latexit sha1_base64="mPYLODng3at8IOj4/52UJTtmI4A=">AAACEHicdVDLSsNAFJ34rPVVdelmsIguJCTpQ90V3LisYh/QlDKZTtqhk0mcmQgl5BPc+CtuXCji1qU7/8ZJW6GKHhjmcM693HuPFzEqlWV9GguLS8srq7m1/PrG5tZ2YWe3KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJH5rTsiJA35jRpHpBugAac+xUhpqVc4cgPKe4nrhawvx4H+ElehOD2ZV27TtFcoWqZdsavlKrRMxz53rIyUnJJVqULbtCYoghnqvcKH2w9xHBCuMENSdmwrUt0ECUUxI2nejSWJEB6hAeloylFAZDeZHJTCQ630oR8K/biCE3W+I0GBzHbTlQFSQ/nby8S/vE6s/LNuQnkUK8LxdJAfM6hCmKUD+1QQrNhYE4QF1btCPEQCYaUzzOsQvi+F/5OmY9o6q6tysXY9iyMH9sEBOAY2OAU1cAnqoAEwuAeP4Bm8GA/Gk/FqvE1LF4xZzx74AeP9C3Ugns8=</latexit><latexit sha1_base64="mPYLODng3at8IOj4/52UJTtmI4A=">AAACEHicdVDLSsNAFJ34rPVVdelmsIguJCTpQ90V3LisYh/QlDKZTtqhk0mcmQgl5BPc+CtuXCji1qU7/8ZJW6GKHhjmcM693HuPFzEqlWV9GguLS8srq7m1/PrG5tZ2YWe3KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJH5rTsiJA35jRpHpBugAac+xUhpqVc4cgPKe4nrhawvx4H+ElehOD2ZV27TtFcoWqZdsavlKrRMxz53rIyUnJJVqULbtCYoghnqvcKH2w9xHBCuMENSdmwrUt0ECUUxI2nejSWJEB6hAeloylFAZDeZHJTCQ630oR8K/biCE3W+I0GBzHbTlQFSQ/nby8S/vE6s/LNuQnkUK8LxdJAfM6hCmKUD+1QQrNhYE4QF1btCPEQCYaUzzOsQvi+F/5OmY9o6q6tysXY9iyMH9sEBOAY2OAU1cAnqoAEwuAeP4Bm8GA/Gk/FqvE1LF4xZzx74AeP9C3Ugns8=</latexit><latexit sha1_base64="mPYLODng3at8IOj4/52UJTtmI4A=">AAACEHicdVDLSsNAFJ34rPVVdelmsIguJCTpQ90V3LisYh/QlDKZTtqhk0mcmQgl5BPc+CtuXCji1qU7/8ZJW6GKHhjmcM693HuPFzEqlWV9GguLS8srq7m1/PrG5tZ2YWe3KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJH5rTsiJA35jRpHpBugAac+xUhpqVc4cgPKe4nrhawvx4H+ElehOD2ZV27TtFcoWqZdsavlKrRMxz53rIyUnJJVqULbtCYoghnqvcKH2w9xHBCuMENSdmwrUt0ECUUxI2nejSWJEB6hAeloylFAZDeZHJTCQ630oR8K/biCE3W+I0GBzHbTlQFSQ/nby8S/vE6s/LNuQnkUK8LxdJAfM6hCmKUD+1QQrNhYE4QF1btCPEQCYaUzzOsQvi+F/5OmY9o6q6tysXY9iyMH9sEBOAY2OAU1cAnqoAEwuAeP4Bm8GA/Gk/FqvE1LF4xZzx74AeP9C3Ugns8=</latexit><latexit sha1_base64="mPYLODng3at8IOj4/52UJTtmI4A=">AAACEHicdVDLSsNAFJ34rPVVdelmsIguJCTpQ90V3LisYh/QlDKZTtqhk0mcmQgl5BPc+CtuXCji1qU7/8ZJW6GKHhjmcM693HuPFzEqlWV9GguLS8srq7m1/PrG5tZ2YWe3KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJH5rTsiJA35jRpHpBugAac+xUhpqVc4cgPKe4nrhawvx4H+ElehOD2ZV27TtFcoWqZdsavlKrRMxz53rIyUnJJVqULbtCYoghnqvcKH2w9xHBCuMENSdmwrUt0ECUUxI2nejSWJEB6hAeloylFAZDeZHJTCQ630oR8K/biCE3W+I0GBzHbTlQFSQ/nby8S/vE6s/LNuQnkUK8LxdJAfM6hCmKUD+1QQrNhYE4QF1btCPEQCYaUzzOsQvi+F/5OmY9o6q6tysXY9iyMH9sEBOAY2OAU1cAnqoAEwuAeP4Bm8GA/Gk/FqvE1LF4xZzx74AeP9C3Ugns8=</latexit>

Ha and Liu SIGGRAPH 2014

Tan et al SIGGRAPH 2010
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Trajectory optimization

subject to
<latexit sha1_base64="zJjZnU3xK3IMXvTkrRiLi/FJRsc=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5D0peKm4MaFiwr2AU0ok+mkHTvJhJmJUEPxV9y4UMSt/+HOv3HSVlDRAwOHc+5lzj1+zKhUtv1h5BYWl5ZX8quFtfWNzS1ze6cleSIwaWLOuOj4SBJGI9JUVDHSiQVBoc9I2x+dZ377lghJeXStxjHxQjSIaEAxUlrqmXtuiNRQhKlM/BuClXum+KRnFm3LqTq1Sg3aVsk5LdkZKZfKdrUGHcueogjmaPTMd7fPcRKSSGGGpOw6dqy8FAlFMSOTgptIEiM8QgPS1TRCIZFeOk0/gYda6cOAC/0iBafq940UhVKOQ19PZlnlby8T//K6iQpOvJRGcaJIhGcfBQmDisOsCtinQl/MxpogLKjOCvEQCYSVLqygS/i6FP5PWiXL0V1dVYr1y3kdebAPDsARcMAxqIML0ABNgMEdeABP4Nm4Nx6NF+N1Npoz5ju74AeMt0+fIZYC</latexit><latexit sha1_base64="zJjZnU3xK3IMXvTkrRiLi/FJRsc=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5D0peKm4MaFiwr2AU0ok+mkHTvJhJmJUEPxV9y4UMSt/+HOv3HSVlDRAwOHc+5lzj1+zKhUtv1h5BYWl5ZX8quFtfWNzS1ze6cleSIwaWLOuOj4SBJGI9JUVDHSiQVBoc9I2x+dZ377lghJeXStxjHxQjSIaEAxUlrqmXtuiNRQhKlM/BuClXum+KRnFm3LqTq1Sg3aVsk5LdkZKZfKdrUGHcueogjmaPTMd7fPcRKSSGGGpOw6dqy8FAlFMSOTgptIEiM8QgPS1TRCIZFeOk0/gYda6cOAC/0iBafq940UhVKOQ19PZlnlby8T//K6iQpOvJRGcaJIhGcfBQmDisOsCtinQl/MxpogLKjOCvEQCYSVLqygS/i6FP5PWiXL0V1dVYr1y3kdebAPDsARcMAxqIML0ABNgMEdeABP4Nm4Nx6NF+N1Npoz5ju74AeMt0+fIZYC</latexit><latexit sha1_base64="zJjZnU3xK3IMXvTkrRiLi/FJRsc=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5D0peKm4MaFiwr2AU0ok+mkHTvJhJmJUEPxV9y4UMSt/+HOv3HSVlDRAwOHc+5lzj1+zKhUtv1h5BYWl5ZX8quFtfWNzS1ze6cleSIwaWLOuOj4SBJGI9JUVDHSiQVBoc9I2x+dZ377lghJeXStxjHxQjSIaEAxUlrqmXtuiNRQhKlM/BuClXum+KRnFm3LqTq1Sg3aVsk5LdkZKZfKdrUGHcueogjmaPTMd7fPcRKSSGGGpOw6dqy8FAlFMSOTgptIEiM8QgPS1TRCIZFeOk0/gYda6cOAC/0iBafq940UhVKOQ19PZlnlby8T//K6iQpOvJRGcaJIhGcfBQmDisOsCtinQl/MxpogLKjOCvEQCYSVLqygS/i6FP5PWiXL0V1dVYr1y3kdebAPDsARcMAxqIML0ABNgMEdeABP4Nm4Nx6NF+N1Npoz5ju74AeMt0+fIZYC</latexit><latexit sha1_base64="zJjZnU3xK3IMXvTkrRiLi/FJRsc=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5D0peKm4MaFiwr2AU0ok+mkHTvJhJmJUEPxV9y4UMSt/+HOv3HSVlDRAwOHc+5lzj1+zKhUtv1h5BYWl5ZX8quFtfWNzS1ze6cleSIwaWLOuOj4SBJGI9JUVDHSiQVBoc9I2x+dZ377lghJeXStxjHxQjSIaEAxUlrqmXtuiNRQhKlM/BuClXum+KRnFm3LqTq1Sg3aVsk5LdkZKZfKdrUGHcueogjmaPTMd7fPcRKSSGGGpOw6dqy8FAlFMSOTgptIEiM8QgPS1TRCIZFeOk0/gYda6cOAC/0iBafq940UhVKOQ19PZlnlby8T//K6iQpOvJRGcaJIhGcfBQmDisOsCtinQl/MxpogLKjOCvEQCYSVLqygS/i6FP5PWiXL0V1dVYr1y3kdebAPDsARcMAxqIML0ABNgMEdeABP4Nm4Nx6NF+N1Npoz5ju74AeMt0+fIZYC</latexit>

X
⌧ 2 + Ctask(q)

<latexit sha1_base64="orPn2tOlaiNrBGkXZu1xKRHWU1w="></latexit><latexit sha1_base64="orPn2tOlaiNrBGkXZu1xKRHWU1w="></latexit><latexit sha1_base64="orPn2tOlaiNrBGkXZu1xKRHWU1w="></latexit><latexit sha1_base64="orPn2tOlaiNrBGkXZu1xKRHWU1w="></latexit>

⌧ low  ⌧  ⌧high
<latexit sha1_base64="jPITPsB/8meiZlTrniFf2UsxkEQ="></latexit><latexit sha1_base64="jPITPsB/8meiZlTrniFf2UsxkEQ="></latexit><latexit sha1_base64="jPITPsB/8meiZlTrniFf2UsxkEQ="></latexit><latexit sha1_base64="jPITPsB/8meiZlTrniFf2UsxkEQ="></latexit>

q̈ = fskelDyn(q, q̇, ⌧ )
<latexit sha1_base64="Sb91GaBiJH/Y/Isi0OCDxYi8+uw="></latexit><latexit sha1_base64="Sb91GaBiJH/Y/Isi0OCDxYi8+uw="></latexit><latexit sha1_base64="Sb91GaBiJH/Y/Isi0OCDxYi8+uw="></latexit><latexit sha1_base64="Sb91GaBiJH/Y/Isi0OCDxYi8+uw="></latexit>

qlow  q  ⌧high
<latexit sha1_base64="1GTjFVly+GHmh8CM9i6lLxP2IA4="></latexit><latexit sha1_base64="1GTjFVly+GHmh8CM9i6lLxP2IA4="></latexit><latexit sha1_base64="1GTjFVly+GHmh8CM9i6lLxP2IA4="></latexit><latexit sha1_base64="1GTjFVly+GHmh8CM9i6lLxP2IA4="></latexit>

min
⌧ ,q

<latexit sha1_base64="mPYLODng3at8IOj4/52UJTtmI4A=">AAACEHicdVDLSsNAFJ34rPVVdelmsIguJCTpQ90V3LisYh/QlDKZTtqhk0mcmQgl5BPc+CtuXCji1qU7/8ZJW6GKHhjmcM693HuPFzEqlWV9GguLS8srq7m1/PrG5tZ2YWe3KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJH5rTsiJA35jRpHpBugAac+xUhpqVc4cgPKe4nrhawvx4H+ElehOD2ZV27TtFcoWqZdsavlKrRMxz53rIyUnJJVqULbtCYoghnqvcKH2w9xHBCuMENSdmwrUt0ECUUxI2nejSWJEB6hAeloylFAZDeZHJTCQ630oR8K/biCE3W+I0GBzHbTlQFSQ/nby8S/vE6s/LNuQnkUK8LxdJAfM6hCmKUD+1QQrNhYE4QF1btCPEQCYaUzzOsQvi+F/5OmY9o6q6tysXY9iyMH9sEBOAY2OAU1cAnqoAEwuAeP4Bm8GA/Gk/FqvE1LF4xZzx74AeP9C3Ugns8=</latexit><latexit sha1_base64="mPYLODng3at8IOj4/52UJTtmI4A=">AAACEHicdVDLSsNAFJ34rPVVdelmsIguJCTpQ90V3LisYh/QlDKZTtqhk0mcmQgl5BPc+CtuXCji1qU7/8ZJW6GKHhjmcM693HuPFzEqlWV9GguLS8srq7m1/PrG5tZ2YWe3KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJH5rTsiJA35jRpHpBugAac+xUhpqVc4cgPKe4nrhawvx4H+ElehOD2ZV27TtFcoWqZdsavlKrRMxz53rIyUnJJVqULbtCYoghnqvcKH2w9xHBCuMENSdmwrUt0ECUUxI2nejSWJEB6hAeloylFAZDeZHJTCQ630oR8K/biCE3W+I0GBzHbTlQFSQ/nby8S/vE6s/LNuQnkUK8LxdJAfM6hCmKUD+1QQrNhYE4QF1btCPEQCYaUzzOsQvi+F/5OmY9o6q6tysXY9iyMH9sEBOAY2OAU1cAnqoAEwuAeP4Bm8GA/Gk/FqvE1LF4xZzx74AeP9C3Ugns8=</latexit><latexit sha1_base64="mPYLODng3at8IOj4/52UJTtmI4A=">AAACEHicdVDLSsNAFJ34rPVVdelmsIguJCTpQ90V3LisYh/QlDKZTtqhk0mcmQgl5BPc+CtuXCji1qU7/8ZJW6GKHhjmcM693HuPFzEqlWV9GguLS8srq7m1/PrG5tZ2YWe3KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJH5rTsiJA35jRpHpBugAac+xUhpqVc4cgPKe4nrhawvx4H+ElehOD2ZV27TtFcoWqZdsavlKrRMxz53rIyUnJJVqULbtCYoghnqvcKH2w9xHBCuMENSdmwrUt0ECUUxI2nejSWJEB6hAeloylFAZDeZHJTCQ630oR8K/biCE3W+I0GBzHbTlQFSQ/nby8S/vE6s/LNuQnkUK8LxdJAfM6hCmKUD+1QQrNhYE4QF1btCPEQCYaUzzOsQvi+F/5OmY9o6q6tysXY9iyMH9sEBOAY2OAU1cAnqoAEwuAeP4Bm8GA/Gk/FqvE1LF4xZzx74AeP9C3Ugns8=</latexit><latexit sha1_base64="mPYLODng3at8IOj4/52UJTtmI4A=">AAACEHicdVDLSsNAFJ34rPVVdelmsIguJCTpQ90V3LisYh/QlDKZTtqhk0mcmQgl5BPc+CtuXCji1qU7/8ZJW6GKHhjmcM693HuPFzEqlWV9GguLS8srq7m1/PrG5tZ2YWe3KcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1vdJH5rTsiJA35jRpHpBugAac+xUhpqVc4cgPKe4nrhawvx4H+ElehOD2ZV27TtFcoWqZdsavlKrRMxz53rIyUnJJVqULbtCYoghnqvcKH2w9xHBCuMENSdmwrUt0ECUUxI2nejSWJEB6hAeloylFAZDeZHJTCQ630oR8K/biCE3W+I0GBzHbTlQFSQ/nby8S/vE6s/LNuQnkUK8LxdJAfM6hCmKUD+1QQrNhYE4QF1btCPEQCYaUzzOsQvi+F/5OmY9o6q6tysXY9iyMH9sEBOAY2OAU1cAnqoAEwuAeP4Bm8GA/Gk/FqvE1LF4xZzx74AeP9C3Ugns8=</latexit>

Tan et al SIGGRAPH 2012
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Reinforcement learning
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Reinforcement learning

st at Execution or 
Simulation

st+1

Learn a control policy that maps a state to an action… 

J (⌧) = E⌧⇠p⌧ [
1X

t=0

�tr(st, at)]…such that                                                                       is optimized.

Control 
policy

• handlebar angle 
• handlebar from 

target angle 
• bike tilt angle 
• bike tile angle 

speed

• handlebar 
angle speed

r(s,a) = w1Ebalance(s) + w2Edirection(s,a)
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Reinforcement learning

front wheel (1)

wrist (1)

elbow (1)

shoulder (2)

back wheel (1)

torso (3)
hip (2)

knee (1)

ankle (1)

handlebar (1)pedal (1)

actuated degrees of freedom
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Uncontrolled dynamic system



Tan et al SIGGRAPH 2014
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Deep reinforcement learning

Peng et al SIGGRAPH 2022



neural excitation

muscle activation

joint torque

physics sim

skeleton pose

trajectory abstract goal

Dynamic approach with muscle actuation
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Week 10: Final Week
Musculoskeletal animation 
Future directions in visual computing 
Guest lecture from the graphics industry (TBD)
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Muscle activation
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Muscle activation

Model and simulate dynamics of muscles and 
tendons, in addition to skeleton dynamics 
As muscles contract, they pull the attached bones 
to generate torques around joints 
Parameters for muscles and tendons can be 
obtained from biomechanics experiments 
Muscle activation becomes the control variables 
instead of joint torques
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Control muscle activation

Wang et al SIGGRAPH 12 Nakada et al SIGGRAPH19
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Learning muscle activation

Lee et al SIGGRAPH 19NeurIPS Challenge17

Learning with reference motionLearning without reference motion
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Week 10: Final Week
Musculoskeletal animation 
Future directions in visual computing 
Guest lecture from the graphics industry (TBD)
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Visual Computing Track NEW!

Starting Fall 2022, the CS department will introduce a new Track, “Visual Computing”, which is a specialization at the 
intersection of AI/ML, Graphics, and Systems. “Visual Computing Track” takes a broader view than the former 
“Graphics Track” by giving students the increased flexibility to decide what areas of visual computing they want to 
focus on. 
  
Creating, manipulating, and interpreting visual information (images, videos, 3D geometry, and simulated virtual 
worlds) is pervasive in modern computing. Today, we see “visual computing” play a huge role in applications ranging 
from entertainment (games, CGI for TV and film), digital imaging (smartphone cameras, AR/VR capture, scientific 
imaging), robotics (driver assistance, autonomous vehicles, health-care robotics), engineering, and commerce.  The 
visual computing track aims to give students the background needed to master the fundamental techniques of visual 
computing and to advance the development of new visual computing techniques and applications. 
  
You can find all the details about the Visual Computing Track here, including the course requirements, possible 
curriculum paths, changes to the former Graphics Track and more. 
  
If you have any questions, please email Kayvon, Doug, or Karen.

https://docs.google.com/document/d/1Tu5zE_qfk6LWTkdYgz7IHcFn3DvAFXwXCaxTj9Z-M9o/edit#heading=h.cpkijjdie0x5
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Visual Computing Track NEW!

Canonical Visual Computing Path
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Traditional Computer Graphics Path
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Traditional Computer Graphics Path



Visual Computing Track NEW!

Rendering/Geometry Specialization Paths



Visual Computing Track NEW!

Animation/Robotics Specialization Path


