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SOLID, Dynamo (1999)

L nEAumICInu NG YILIUL EIEASE VEISIUN 3.2.0 I years ayu
[ configure.ac Initial github release version 3.5.8 7 years ago
[ solid3-config.cmake.in  Use namespace for exported target 7 years ago
‘= READMEmd

SOLID - Software Library for
Interference Detection

SOLID is a software library containing functions for performing intersection tests
and proximity queries that are useful in the context of collision detection
Collision detection is the process of detecting pairs of geometric objects that are
intersecting or are within a given proximity of each other. In particular, SOLID is
useful for detecting collisions between objects that are moving relatively of each
other over time. The motions of objects are controlled by the client application,
and are not determined or affected by SOLID.

This open-source edition of SOLID version 3 is released under the terms of either
the GNU Public License (GPL) or the Q Public License (QPL). This means that for
software created with SOLID version 3 you must comply with the terms of one of
these licenses. You may choose which of these licenses best suits your purpose.
See the following files contained in this distribution for a complete list of terms
and conditions of these licenses:

LICENSE_QPL.txt The Q Public License
LICENSE_GPL.txt The GNU General Public License

https://github.com/dtecta/solid3

wuUnUIuWIES 2

rickertm Markus Rickert

- DynaMo: Dynamic Motion library

The library that powers your animations

Languages
-
® C656% ® C++ 2359
® HTML 8.1 ® CMake 2.4 —
Other 0.45% —ontents
* News

 Introduction

» Requirements

» License

» Documentation and Publications
» Examples

» Download

« Installation

e Links

News

September 12th, 2007.
o Even though active development and maintenance on DynaMo has stopped. all files
are now archived at the http://home.i1ae.nl/users/starcat/dynamo/ site.
January 16th, 2004.
o A new year, and a new game that uses DynaMo. Check it out here.
June 20th, 2004.
o Fixed a small memory leak in the constraint manager, courtesy of Felix
Casablancas, who's using Dynamo in a game of his.
May 13th, 2003.
o Moved the main page and the dynamo source to my personal homepage as I don't
know how long I'll retain access to the TUE web-server. Please use url

httn://hoame 1ae nlhcere/etarcat/dvnama/ fram now an hd
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Dynamo PhD Thesis
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Figure 3.1: The major classes in the forward dynamics subsystem

See BartThesis.pdf in the Doc folder here:
https://github.com/erwincoumans/dynamo

#GDC23
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Open Dynamics Engine
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Open Dynamics Engine

|B7 Simulation test environment v0.02 == o X
File Simulation Help
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Open Dynamics Engine
Russell L. Smith.

nttps://www.qgl2.org/phd/thesis/thesis.pdf
Reinforcement Learning

OpCode collision detection by Pierre Terdiman

ODE is maintained by Oleh Derevenko and contributors
BSD-3 License

https://www.ode.org
git clone https://bitbucket.org/odedevs/ode.qit

» dSpaceCollide (space,@,&nearCallback);
* dWorldQuickStep (world, simstep);
* dBodyGetPosition(bodyId);
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https://www.q12.org/phd/thesis/thesis.pdf
https://bitbucket.org/odedevs/ode.git

Open Dynamics Engine

ode-users - Google Groups

= ; Groups Q Conversations v  Search conversations withi... - fo3 i

Y ode-users 1124 members 1-300f 2111 < >
0O ¢ ;
; Oleh Derevenko ODE 0.16.3 was released — Hi, I've published ode-0.16.3 tar.... 12/19/22 3¢
g mids...@gmail.com 2 Capsule can slide up certain walls and boxes — As an updat... 10/22/22 3%
g ril..@na..., .. zheng... 16 Making 64-bit ode.dll on Windows — Hi Riley Do you solve th.. 9/22/22 X
; Oleh Dere..., .. Vaillan... 3 An administrative announcement — |I'm sorry it has gone thi... 2/24/22 3%
a Vaillan..., ... Oleh Dere... 6 How can | limit a hinge2 joint to a single direction? — Hi Da... 7/3/21 X
g gviz...@gmail.com Integrating ODE4j for OBB-0OBB intersetion — Greetings, | ha... 6/12/21 3%
; Oleh Derevenko Bitbucket Pipeline Changes — Hi, They appear to have chan... 5/26/21 ¥
g taro.51...@..., Oleh De.. 3 How to solve “ODE Message 3: LCP internal error, s <= 0 (s=-0 5/13/21 ¢
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Bullet Physics
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Bullet Physics
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Bullet Documentation

Introduction

Bullet is a Collision Detection and Rigid Body Dynamics Library. The Library is Open Source and free for commercial use, under the ZLib license ( htip://openso

The main documentation is Bullet_User Manual.pdf, included in the source code distribution. There is the Physics Forum for feedback and general Collision Det

Installation

Step 1: Download

You can download the Bullet Physics Library from the github repository: https://github.com/bulletphysics/bullet3/releases
Step 2: Building

Bullet has multiple build systems, including premake, cmake and autotools. Premake and cmake support all platforms. Premake is included in the Bullet/build fo
create Microsoft Visual Studio projects. On Mac OSX and Linux you can open a terminal and generate Makefile, codeblocks or Xcode4 projects: cd Bullet/build .
Jpremaked osx xcoded cd Bullet/build/gmake make

An alternative to premake is cmake. You can download cmake from http://www.cmake.org cmake can autogenerate projectfiles for Microsoft Visual Studio, Apple
interface and choose the options and generate projectfiles. You can also use cmake in the command-line. Here are some examples for various platforms: cmake
recommended, you can also use autotools for UNIX: .Jautogen.sh ./configure to create a Makefile and then run make.

Step 3: Testing demos

Try to run and experiment with BasicDemo executable as a starting point. Bullet can be used in several ways, as Full Rigid Body simulation, as Collision Detecti
seen in this documentation under Directories

Step 4: Integrating in your application, full Rigid Body and Soft Body simulation

Check out BasicDemo how to create a btDynamicsWorld, btRigidBody and btCollisionShape, Stepping the simulation and synchronizing your graphics objec
btSoftRigidDynamicsWorld.

Step 5 : Integrate the Collision Detection Library (without Dynamics and other Extras)

Bullet Collision Detection can also be used without the Dynamics/Extras. Check out btCollisionWorld and btCollisionObject, and the CollisioninterfaceDemo.

Step 6 : Use Snippets like the GJK Closest Point calculation.

Bullet has been designed in a modular way keeping dependencies to a minimum. The ConvexHullDistance demo demonstrates direct use of btGjkPairDetecto




|B7 Bullet Physics ExampleBrowser using OpenGL3+ [btgl] Release build = (a] X

Gle  fiew

“xplorer | est darams E
I =

1ultiBody [ ravity : -10.000

Shysics Client-Server

U

:nverse Dynarmics [ ‘bdomen_z q : 0.000
nverse Kinematics =
Tutorial 1
_olision [ bdomen_y g : 0.000
“eformabe Body i A
*educed Deformabe Body o
Soft Body [ ‘bdomen_x g : 0.000
Jenchmarks S
B ‘mporters i
‘mport bullet [ight_hip_x q :0.000
vavefront Obj G
“bj2RigidBody (Show Obj) aht i - 0.000
~bi2RigidBady (Show Hull) [ioht_ho_za : =
“bj2RigidBody Optimize 0]
Tuake = B [ ight_hip_y q : 0.000
“ALLADA daa A
“xample Description - 9,
‘mpart a MICF xml file, create l'ight_knee q : ?_'1000
ultiple multibodies etc 18]

| ight_ankle_y g : 0.000

N
)
[ ight_ankle_x g : 0.000
n
i)
[eft_hip_x q :0.000
- )

0]
['eft_hin_z g : 0.000
n

0
['eft_hip_y q :0.000
W

8]
['eft_knee q :0.000

A

0]
|'eft_ankle_y g : 0.000
: 1}

0
['eft_ankle_x g :0.000

n

0
| ight_shoulder1 g : 0.000
n

8]
[ ight_shouider2 q : 0.000
- T

o
| ight_elbow q : 0.000
M
o

selected demo: MICF (MultiBody )

-amTargetPos=0.47,0.00,-0.64, dist=3.50, pitch=-28.00, yaw=-136.00 Status: OK

https://github.com/bulletphysics/bullet3
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Physics Simulation Forum

X Real-Time Physics
Simulation Forum

Search...
b

Pl

= Quick links @ FAQ & Register O Login
A Board index

It is currently Tue Mar 21, 2023 4:18 am

BULLET PHYSICS LIBRARY USERS TOPICS POSTS LAST POST
General Bullet Physics Support and Feedback 8211 29721 defining a robot not defined ...
% by nojo
Mon Mar 20, 2023 9:21 am
PyBullet Support and Feedback 321 717 Re: objects not visible after...
é Official Python bindings with a focus on reinforcement learning and robotics. by maurock
Tue Mar 14, 2023 5:27 pm
Release Announcements 76 245 Re: PyBullet and Bullet 2.89 ...
% Open source Bullet Physics SDK release information by Mark97
Fri Oct 01, 2021 7:01 pm
Applications, Games, Demos or Movies using Bullet 354 1243 Re: [GAME] Coin Plunger. Medi...
é Show what you made with Bullet Physics SDK: Games, Demos, Integrations with a graphics engine, modeler or any by danialhertz
other application Thu Mar 09, 2023 11:00 pm
PHYSICS AUTHORING TOOLS, SERIALIZATION AND STANDARDS TOPICS LAST POST
Physics authoring tools, serialization, standards and related topics 514 1601 Re: Bullet serialization from...
Physics APIs, Physics file formats, Maya, Max, XSI, Cinema 4D, Lightwave, Blender, thinkingParticles™ and other by sky10086 &
simulation tools, exporters and importers Thu Oct 27, 2022 12:53 pm
RESEARCH AND DEVELOPMENT IN COLLISION DETECTION & PHYSICS. DON'T POST BULLET SUPPORT QUESTIONS HERE! TOPICS LAST POST
Research and development discussion about Collision Detection and Physics Simulation 1304 4819 Re: Impulse Solvers and Conti...
% Please don't post Bullet support questions here, use the above forums instead. by spaceDoctor &
Fri Mar 03, 2023 8:54 pm
—\ Links, Papers, Libraries, Demos, Movies, Comparisons 281 1210 Re: A New Continuous Collisio...
% Subforum: [3 Non-technical forum and license/patent discussion by christian_scheurer &
Thu Sep 22, 2022 7:41 pm
Career Opportunities 94 123 Re: Physics Programming oppor...
é Job seekers and recruitment for game physics developers. by davidsmithhello &
Thu Mar 09, 2023 10:50 am
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Bullet In Games and VFX

. HOWTOTRAINYOUR

= aSpectacular! A Must

User Feedback defines the Product
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Physics Effects
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Physics Effects ‘Acceleration’

E erwincoumans / PhysicsEffects ' Public

<> Code () Issues % Pull requests ® Actions Projects [

Immediate Mode Physics
base level + low level
PS3 SPU Implementation

F master ~  PhysicsEffects / src / base_level / collision /

erwin.coumans Upgrade to latest version of PhysicsEffects, all work-in-progrt

(1 pfx_collidable.cpp Upgrade to latest version of Phys

[ pfx_contact box box.cpp Upgrade to latest version of Phys

C O L LA D A P h - f t [ pfx_contact_box_box.h Upgrade to latest version of Phys
y S I C S O r m a [ pfx_contact_box_capsule.cpp Upgrade to latest version of Phys

U n re a I E n i n e I n te ra t i O n [ pfx_contact_box_capsule.h Upgrade to latest version of Phys
g g [ pfx_contact_box_sphere.cpp Upgrade to latest version of Phys

[ pfx_contact_box_sphere.h Upgrade to latest version of Phys

[ pfx_contact_cache.cpp Upgrade to latest version of Phys

LO n g te r m g O a I : [ pfx_contact_cacheh Upgrade to latest version of Phys

Open physics cross-platform standardization

March 20-24, 2023 | San Francisco, CA #GDC23 GDC



Physics Effects

Search Solution Explorer (Ctrl+;) /

3 baJ Solution 'PHYSICS_EFFECTS' (16 of 16 projects)
> a[%] ALL BUILD

P &% App_0_Console

b &% App_1_Simple

b &[*%| App_2 Stable

b &[%| App_3_Sleep

b &% App 4 MotionType

P &% App_5 Raycast

P & ®%| App_6 Joint

> &% App_99 BulletPhysicsEffects
P & %] BulletCollision

P & [*] BulletDynamics

P & [*%| LinearMath

b a[%] PfxBaselevel

P &% PfxLowLevel

b & [® PrxUtl

https://github.com/erwincoumans/PhysicsEffects
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COLLADA Physics

Collision

: X 3D Tool shapes Rigidbody | Constraints
Physics Engine | PhysX | Havok | ODE | Bullet Maya 8~ | Al primitives,
Box, capsule COI\T;;DA C:?SEE:IE Yes Yes
2 2
Sphﬂ[’ﬂ,C}’liﬂdET Yes Yes Yes Yes [Feeling] concave mesh
3ds Max 8 +
. PhysX 2.6.2
Convex mesh Yes Yes Partial | Yes plugin Yes Yes Yes
- [Ageia]
CDTICH];E Tl: langle Yes Yes Yes Yes XSI Planned Planned Planned
€S Box, sphere,
Compound shapes | Yes Yes Yes Yes Blender2.43 | &YNnder. Yes Partial
. concave mesh
Recursive Shapes No Yes No Yes Table 3. COLLADA Physics tools support
Rigid Body mass
gid bocy ’ Yes Yes Yes Yes
mertia
F ru?tm.n, Yes Yes Yes Yes <rigid_body name="RigidBody1" sid="RigidBody1">
Restitution <technique_common>
Center of mass <dynamic sid="RigidBody1">1</dynamic>
offset Yes Yes Yes Yes <instance_physics_material url="#RigidBody1-material"/>
Hinge, Ball <shape>
Socket, Slider Yes Yes Yes Yes <hollow>false</hollow>
- . <sphere>
Motors, Limits Yes Yes Yes Partial <radius>10.000000</radius>
Generic 6DOF _ </sphere>
Constraint Yes TBD TBD Partial </shape>
Table 2. Physics Engines common features </technique_common>
</rigid_body>

<?xml version="1.0" encoding="utf-8"?>

<COLLADA
xmins="http://www.collada.org/2005/11/COLLADASchema"
version="1.4.1">

<library_physics_scenes>

<physics_scene id="NativePhysicsScene">
<instance_physics_model url="#PhysicsModel1">

<instance_rigid_body target="#RigidBody1"

body="graphicsNode1">
<technigue_common/>
</instance_rigid_body>
</instance_physics_model>
<technique_common>
<gravity>0 -9.81 O</gravity>
</technique_common>
</physics_scene>
</library_physics_scenes>
<scene>
<instance_physics_scene url="#NativePhysicsScene"/>
<instance visual_scene url="#VisualSceneNode"/>
</scene>
</COLLADA>

<physics_material
name="RigidBody1-material">

<technique_common>
<dynamic_friction>0.200000</dynamic_friction>
<restitution>0.600000</restitution>
<static_friction>0.200000</static_friction>
</technigue_common>
</physics_material>

See Chapter 6 "COLLADA Physics Reference” in
https://www.khronos.org/collada
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>, NVIDIA.

PHYSX

https://github.com/NVIDIAGameWorks/PhysX

March 20-24, 2023 | San Francisco, CA  #GDC23



GPU Physics
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https://github.com/bulletphysics/bullet3/tree/master/src/Bullet30penCL
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PyBullet

SOLID Bullet Physics Physics Effects PhysX 4 Brax Jolt Physics PhysX 5
Gino @ TUE Erwin @ SCEA Matsuike @ SCEI NVIDIA Team Erik, Daniel @ Google Brain 70Tt @ Sony NVIDIA Team
PhD Thesis (GIJ;<9,9EPA) 3)6—0H58V0k Q1 2010 Q4 2018 Q4 2021 Q1 2022 04 2022

© o © o
wlgoH 2000 H e H H o Robotics, Al, RL

Motion Matching
a H a a .

Dynamo  ODE GPU Physics PyBullet TDS MuJoCo Warp PBD

. . ) Eric, Erwin @ Google Brain . .
part Barenbrug TUE Russel Smith Takahiro, Erwin @ AMD Erwin, Yunfei @ Tiny Differentiable A que‘;'nrué’age?”l\j”i;‘d Eric, Miles @ NVIDIA
1;925'5 ex-MathEngine  OpenCL Rigid Body Pipeline X, Google Brain o5 2 P Q1 2023
2] Q4 2011 Q2 2016 Q22022

March 20-24, 2023 | San Francisco, CA #GDC23 GDC



PyBullet Quickstart Guide

Erwin Coumans, Yunfei Bai, 2016-2022

Visit desktop doc, forums, github discussions and star Bullet!

. Synthetic Camera Rendering 48
Introduction 2 . L .
computeView/ProjectionMatrix 48
Hello PyBullet World 3
. . getCameralmage 49
connect, disconnect, bullet_client 3 )
setGravity 7 getV|suaI.ShapeData 52
loadURDF, 10adSDF, loadMJCF 8 changeVisualShape, loadTexture 53
saveState, saveBullet, restoreState " Collision Detection Queries 53
createCollisionShape/VisualShape 12 getOverlappingObjects, getAABB 53
createMultiBody 15 getContactPoints, getClosestPoints 54
stepSimulation, performCollisionDetection 17 rayTest, rayTestBatch 56
getBasePositionAndOrientation 18 getCollisionShapeData 57
resetBasePositionAndOrientation 19 Enable/Disable Collisions 58 . .
Transforms: Position and Orientation 19 Inverse Dynamics, Kinematics 61 Motlvatlon
Controlling a robot 22 calculatelnverseDynamics(2) 61
Base, Joints, Links 22 calculateJacobian, MassMatrix 61
getNumJoints, getJointinfo 22 calculatelnverseKinematics(2) 63
setJointMotorControl2/Array 24 i .
getJointState(s), resetJointState 28 Remforc.:ement Learning Gym Envs 66
enableJointForceTorqueSensor 30 En\nronmentto, and Data 66 > 5
getLinkState(s) 31 Stable Baselines & ARS, ES,... 70 — \ 'Alien 3 ,l!gikago
getBaseVelocity, resetBaseVelocity 33 Virtual Reality 73 <‘ q o . ‘g' E—
applyExternalForce/Torque 33 getVREvents,setVRCameraState 73 s
getNumBodies, getBodylInfo, getBodyUniqueld, \
removeBody 34 Debug GUI, Lines, Text, Parameters 75 Gol Hip Join
createConstrair?t, removeConstraint, addUserDebugLine, Points, Text, Parameter 75 Tlllgl] Joint
changeConstraint 34 addUserData (get,sync,remove) 79
getNumConstraints, getConstraintUniqueld 36 configureDebugVisualizer 80 )
getConstraintinfo/State 36 get/resetDebugVisualizerCamera 80 Calf Joint
getDynamicsInfo/changeDynamics 37 getKeyboardEvents, getMouseEvents 82
setTimeStep 40
setPhysicsEngineParameter 40 Plugins 83
resetSimulation 43 loadPlugin,executePluginCommand 83
startStateL ogging/stopStatelogging 43 Build and install PyBullet 84
Deformables and Cloth (FEM, PBD) 45 Support, Tips, Citation 87
loadSoftBody/loadURDF 46
createSoftBodyAnchor 47
] u
| |
http://pybullet.org and http://wiki.ros.org/urdf/XML
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http://pybullet.org/
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Learning Agile Robotic Locomotion Skills

Motion Data Reference Motion

Motion
Retargeting

Animal

Motion
Imitation

Policy (Simulation)

i

Domain

- s s - wem  vAdaptation wes s

Robot

https://xbpeng.qgithub.io/projects/Robotic Imitation/index.html
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https://xbpeng.github.io/projects/Robotic_Imitation/index.html

Motivation for fast Sim for Reinforcement Learning

Real Simulation

Advanced Skills through

Sim-to-Real: Learning  Learning Agile Robotic Inferring Articulated Multiple Adversarial
Agile Locomotion For Locomotion Skills by Rigid Body Dynamics Motion Priors in
Quadruped Robots (2018,Imitating Animals (2020, from RGBD Video Reinforcement Learning
Jie Tan et al) Jason Peng et al) (2022, Eric Heiden et al)

(2022, ETH/NVIDIA)

PyBullet Tiny Differentiable Brax - Omniverse Isaac Gym
Simulator PhysX/WARP
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Tiny Differentiable Simulator

SOLID Bullet Physics Physics Effects PhysX 4 Brax Jolt Physics PhysX 5
Gino @ TUE Erwin @ SCEA Matsuike @ SCEI NVIDIA Team Erik, Daniel @ Google Brain 20Tt @ Sony NVIDIA Team
PhD Thesis (GlJ;<9,9EPA) e2>(<)—OH5avok Q1 2010 Q4 2018 Q4 2021 S Q4 2022

© ©O O © ©
R S

a H a o

Dynamo ODE GPU Physics PyBullet TDS MuloCo Warp PBD

. _ _ Eric, Erwin @ Google Brain . .
part Barenbrug TUE Russel Smith Takahiro, Erwin @ AMD Erwin, Yunfei @ Tiny Differentiable o lator E?el’nf“@gat'ﬁe?ﬂiiﬁd Eric, Miles @ NVIDIA
1;9‘;5'5 ex-MathEngine  OpenCL Rigid Body Pipeline X, Google Brain 5 A P Q1 2023
20 Q4 2011 Q2 2016 Q2 2022

March 20-24, 2023 | San Francisco, CA #GDC23 GDC



Tiny Differentiable Simulator

® ® @ Tiny Differentiable Simulator

|
-0.115684,-0.149743,-0.313081,0.357094,0.397368,0.641578,0.10510:
093228,0.166564,-0.022307,-0.225898,0.121908,-0.403713,-0.097648,
88,-0.131844,-0.319845,0.210790,-0.403948,-0.140762,0.205442,-0.¢
074222,0.096340,-0.092500,0.388411,0.243003,0.475677,-0.038093,0.
.083344,0.023964,-0.036988,-0.097708,0.361379,0.033808,0.352347, -
Iteration = 180
total_timesteps=45629159
AverageReward=2341.449369
MaxReward[1051=2472.205734
MinReward[8]=2049.509687
iteration=180
total time of step 181: 1699.000000
\ﬁ%iterationﬂm
“total time of step 182: 1787.000000

_iteration=182
“total time of
~—iteration=183
“total time of
~w=iteration=184
~Mtotal time of
_“iteration=185

S S total time of step 186: 1728.000000
iteration=186

total time of step 187: 1799.000000
iteration=187

’ total time of

iteration=188

“ltotal time of step 189: 1736.000000

~-yiteration=189
total time of

step 183: 1790.000000

step 184: 1556.000000

step 185: 1670.000000

step 188: 1708.000000

190: 1666.000000

" erwincoumans — htop — 80x33

[EEEEELErrrizee.esl &0 EEEEEEEELELEELTTI
UL T (20 SELTITIITTITTT
CCELTTETITE192.7%3 SELTTTTETITTIT
[LELEEETIIrn iee.a%1 2l (L1111
[11111115.726/16.86] Tasks: 542, 998 thr, @ |
0K/8K] Load average: 7.29 6.92
Uptime: 2 days, 01:24:2(
erwincoum @ 390G 30784 ? 8.2 0.2 0:00.00 /System,
erwincoum © 390G 26592 ? 2.4 0.2 0:00.00 /usr/sh:
erwincoum 17 @ 34.8C 46760 ? 1.0 0.3 0:03.00 /Applic:
erwincoum 17 @ 398G 75728 ? 0.9 ©.5 0:03.00 /System,
erwincoum 24 @ 427G 15IM ? 0.8 0.9 4:36.00 /private
erwincoum 24 @ 389G 211M ? ©.8 1.3 1:27.080 /System,
erwincoum 17 @ 391G 141M ? 0.7 0.9 ©0:13.00 /Applic:
erwincoum 17 @ 39066 125M ? 0.6 ©.8 1:06.00 /System,
erwincoum 24 @ 425G 80704 ? 0.2 0.5 0:26.00 /private
erwincoum 17 @ 391G 123M ? 0.2 0.8 0:01.00 /System,
erwincoum 17 @ 398G 74720 ? 0.2 0.4 3:50.00 /System,
erwincoum 24 @ 429G 208M ? ©.2 1.3 2:33.00 /private
erwincoum 17 @ 389G 4544 ? ©.1 ©.0 0:30.00 /usr/sb:
erwincoum 32 ® 426G 38816 ? 0.1 0.2 0:17.00 /private
erwincoum 24 @ 389G 4528 R @.1 ©.0 0:06.00 htop
erwincoum 17 A 3916 74208 ? A.1 @A.4 2:45.0A@ /private

https://github.com/erwincoumans/tiny-differentiable-simulator
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NeuralSim

NeuralSim (ICRA 2021)

NeuralSim: Augmenting Differentiable
Simulators with Neural Networks

Eric Heiden*, David Millard*, Erwin Coumans,
Yizhou Sheng, Gaurav S. Sukhatme

Q github.com/google-research/tiny-differentiable-simulator

Southem Caliomia - Google Al

https://arxiv.org/pdf/2011.04217.pdf
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Pixels to URDF / USD

Depth or RGB color . . . o
image sequence Object recognition Pose tracking Articulation inference System identification Realistic Simulation
step = 133 time = 1.330 ( ( ) (
06 Detectron?2 Find poses of objects by Determine joint Bayesian inference of
) . minimizing pixel deviation types, kinematic simulation parameters via
.ln.s.tance segmentation of through inverse rendering parameters, joint differentiable simulation +
initial frame position through prismatic inverse rendering
Instance Class RANSAC
Cart Cart Mass Cart !,

L N Ny Nal
04 / A
L revolute &y » / \ \ 4

L 0}/ \ :
~— capsule > Pole o1 s !
——= 3 :

05 10 15 20 000 0.01 0.02 0.03 0.04 0.05

Object IDs, segmentations 3D world poses of objects Articulation model

Image sequence as reference

Real Simulation

https://eric-heiden.com/publication/2022-video2sim-iros
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https://eric-heiden.com/publication/2022-video2sim-iros

Brax

SOLID Bullet Physics Physics Effects  PhysX 4 Brax Jolt Physics PhysX 5
Gino @ TUE Erwin @ SCEA Matsuike @ SCEI NVIDIA Team Erik, Daniel @ Google Brain 0"t @ Sony NVIDIA Team
PhD Thesis (GlJ:égEPA) %-OHSavok Q1 2010 Q4 2018 Q4 2021 S Q4 2022

1990 2000 H 2010 2020 H H
| |

a H I

Dynamo ODE GPU Physics PyBullet TDS MuloCo Warp PBD

. _ _ Eric, Erwin @ Google Brain . .
part Barenbrug TUE Russel Smith Takahiro, Erwin @ AMD Erwin, Yunfei @ Tiny Differentiable O E?ecgn:“é’a[')'ezonl\j”igd Eric, Miles @ NVIDIA
1;9‘;5'5 ex-MathEngine  QOpenCL Rigid Body Pipeline X, Google Brain P A P Q1 2023
20 Q4 2011 Q2 2016 Q2 2022
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J1
92 print(f'time to jit: {times[1] - times([0]}')

93 print(f'time to train: {times[-1] - times[1]}')
|

S 6000

5000 -

8
3

reward per episode
S &
8 8

5
s

0 L] L] L] T
0.0 05 10 15 20 25 30

# environment steps le7
time to jit: 0:00:58.711923
time to train: 0:01:47.832345

https://github.com/google/brax
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MuJoCo

SOLID Bullet Physics Physics Effects  PhysX 4 Brax Jolt Physics PhysX 5
Gino @ TUE Erwin @ SCEA Matsuike @ SCEI NVIDIA Team Erik, Daniel @ Google Brain 70Tt @ Sony NVIDIA Team
PhD Thesis (GlJ;<9,9EPA) %-OHSavok Q1 2010 Q4 2018 Q4 2021 S Q4 2022

1990 2000 H 2010 2020 H H
| |

a H I

Dynamo ODE GPU Physics PyBullet TDS MuloCo Warp PBD

. Eric, Erwin Google Brain . .
part Barenbrug TUE Russel Smith Takahiro, Erwin @ AMD Erwin, Yunfei @ Tiny Sl () S = B EQ"e‘;'n:”@V%eTeO“IJ“ﬁgd Eric, Miles @ NVIDIA
1;9‘;5'5 ex-MathEngine  QOpenCL Rigid Body Pipeline X, Google Brain P A P Q1 2023
2001 Q4 2011 Q2 2016 Q22022
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File
Save xml
Print model

Quit

Option
Spacing
Color
Font
Left Ul (Tab)
Help
Profiler
Fullscreen

Busy Wait

Simulation
Pause
Reset

Align

Noise scale

Noise rate

Watch

Physics

Rendering

MuJdoCo

[®7 MuJoCo : Humanoid and 100 objects

Save mjb
Print data

Screenshot

Tight

Default

200 %
Right Ul
Info

Sensor

Vertical Sync

Run
Reload

Copy pose

Joint

Control

https://github.com/deepmind/mujoco
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Jolt Physics

SOLID Bullet Physics Physics Effects  PhysX 4 Brax Jolt Physics Physx 5
Gino @ TUE Erwin @ SCEA Matsuike @ SCEI NVIDIA Team Erik, Daniel @ Google Brain  J°rrit @ Sony NVIDIA Team
PhD Thesis (G1J:9’9EPA) (3)6—0H5avok Q1 2010 Q4 2018 Q4 2021 Q1 2022 04 2022

1990 2000 H 2010 2020 H H
| |

a H I

Dynamo ODE GPU Physics PyBullet TDS MuloCo Warp PBD

. _ _ Eric, Erwin @ Google Brain . .
part Barenbrug TUE Russel Smith Takahiro, Erwin @ AMD Erwin, Yunfei @ Tiny Differentiable O E?e‘;'n:“é’agezonl\j”igd Eric, Miles @ NVIDIA
1;9‘;5'5 ex-MathEngine  QOpenCL Rigid Body Pipeline X, Google Brain P A P Q1 2023
20 Q4 2011 Q2 2016 Q2 2022
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Jolt Physics

B | TestFramework == a X

5 fa Solution ‘JoltPhysics' (10 of 10 projects)
& %] ALL_BUILD (LLVM - clang-cl)

s %] HelloWorld (LLVM - clang-cl)

a %] Jolt (LLVM - clang-cl)

s %] JoltViewer (LLVM - clang-cl)

s %] PerformanceTest (LLVM - clang-cl)
& %] RUN_TESTS (LLVM - clang-cl)

& [*%] Samples (LLVM - clang-cl)

5 %] TestFramework (LLVM - clang-cl)
s %] UnitTests (LLVM - clang-cl)

a %] ZERO_CHECK (LLVM - dlang-cl)

\ e
Shoot Object
Help

p
p
p
p
p
p
p
p
p
p

https://github.com/jrouwe/JoltPhysics
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PhysX 5

SOLID Bullet Physics Physics Effects PhysX 4 Brax Jolt Physics PhysX 5
Gino @ TUE Erwin @ SCEA Matsuike @ SCEI NVIDIA Team Erik, Daniel @ Google Brain 70Tt @ Sony NVIDIA Team
PhD Thesis (GlJ:égEPA) 3)6—0H5avok Q1 2010 Q4 2018 Q4 2021 Q1 2022 04 2022

1990 2000 H 2010 2020 H H
| |

a H I

Dynamo ODE GPU Physics PyBullet TDS MuloCo Warp PBD

. _ _ Eric, Erwin @ Google Brain . .
part Barenbrug TUE Russel Smith Takahiro, Erwin @ AMD Erwin, Yunfei @ Tiny Differentiable O E?ecgn:“é’a[')'ezonl\j”igd Eric, Miles @ NVIDIA
1;9‘;5'5 ex-MathEngine  QOpenCL Rigid Body Pipeline X, Google Brain P A P Q1 2023
20 Q4 2011 Q2 2016 Q2 2022
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PhysX 5iIn Omniverse

",  CREATE 2022.3.4-beta.3 | New Stage* — fl X

File Edit Create Window Layout Tools Profiler Help % LIVE| ¥ CACHE:

Stage
. RTX - Real-Time . 50 mm ] ] 4| Ae ] 1s0 1000 % {( Stage Lights E

FPS: 39.70 | Frame time: 25.19 ms
NVIDIA GeForce RTX 4090 Laptop GPU: 3.6 GiB used, 11.4 GiB available

Name (Old to New)

Plane

/World/plane101_yup/plane101_yup/Plane
v Transform

Add Transforms

v Materials on selected models

/World/plane101_yup/plane101_yup/Plane

. /World/plane101_yup/Looks/Material

Weaker than Descendants

Y

v PhysX l v Geometry

¥ Mesh

https://github.com/NVIDIA-Omniverse/PhysX

March 20-24, 2023 | San Francisco, CA  #GDC23




PhysX 5iIn Omniverse

G Bloky 105.0+master.109064.516e8516.tc - New Stage*
File Edit Create Window OmniGraph Rendering Help
Viewport

¥ CACHE:
Stage
RTX - Real-Time Perspective
i P 4

Name (OId t¢
FPS: 120.10 | Frame time: 8.33 ms

NVIDIA GeForce RTX 4090 Laptop GPU: 6.5 GiB used, 8.5 GiB available

Pause (SPACE)

Physics Debug

¥ Simulation Control

Pause Stop

¥ Simulation Overrides
Box on a table (paused)

Basic demo showing a box rigid body falling on a table

Press 'F' to play the current demo, 'R'to reset it

Force Physics USD Load
Release Physics Objects
Detach OmniPhysX StageUpdateNode
GPU/CPU Settings Schema Based
Solver Type

Disable Sleeping [ ]
Y Mass Information
Get mass information for selected prims and its sub-hie

Query rigid body

¥ Simulation Debug Visualization
- Enabled @
Physics Demo Scenes
Visibility Maximum Distance
Clear
Scale
A Demo Museum

Controls -- F:play/pause; R:reset; A,S,D,F:movement; E;jump; Spacebar: enter/exit ¥V Deformable Debug Visualization
first person

Stage Tetrahedral Mesh Gap

March 20-24, 2023 | San Francisco, CA  #GDC23




PhysX, USD, MDL In Omniverse

Phys.t

by NVIDIA

https://openusd.org/release/api/usd_physics_page_front.html




OmnilsaacGymEnvs RL training

Isaac Sim Python 2022.2.1 - New Stage* _ a X
File Edit Create Window Replicator Isaac Examples Isaac Utils Profiler Rendering

HLIVEl ¥ CACHE:
Viewport Stage

Renderer / ((T))] Perspective
J | J

Stage Lights
|

Name (Old to New)
Simulation Settings Status

Simulation Output

Rigid Body Fabric (Visualization and Properties not updated!)
Soft Body Fabric CPU (Visualization and Properties not updated!)
Particles Fabric CPU (Visualization and Properties not updated!)

More Simulation Settings

Reset Simulation on Stop Enabled

Property

Add defaultGroundPlane

Prim Path /World/defaultGroundPlane
Instanceable |

v Transform

Translate
Content

Import Y
2 . Bookmarks
(o]

~ Nofiles selected
-]

04:21PM v Materials on selected models
onnection

0.00KB /World/defaultGroundPlane

~ Checkpoints .

Weaker than Descendants

v Visual

B Q search l‘_’?ﬂggmﬁrgqxﬂ@ﬁgg N oy | A2PM

3/21/2023 9

https://github.com/NVIDIA-Omniverse/OmnilsaacGymEnvs
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Warp (pbd)

SOLID Bullet Physics Physics Effects  PhysX 4 Brax Jolt Physics PhysX 5
Gino @ TUE Erwin @ SCEA Matsuike @ SCEI NVIDIA Team Erik, Daniel @ Google Brain 70Tt @ Sony NVIDIA Team
PhD Thesis (GlJ;<9,9EPA) %-OHSavok Q1 2010 Q4 2018 Q4 2021 S Q4 2022

1990 2000 H 2010 2020 H H
| |

H H H H

Dynamo ODE GPU Physics PyBullet TDS MuloCo Warp PBD
Eric, Erwin @ Google Brain . .
o Br?renhbrug o fuseel S Takahiro, Erwin @ AMD Erwin, Yunfei @ Tiny Differen((aable %imulator E'T'm’n:u@;)/atl)’ Tonl\jl'igd Fric, Miles @ NVIDIA
P 2;925'5 ex-MathEngine  OpenCL Rigid Body Pipeline X, Google Brain 02 2020 - cepHl Q1 2023
20 Q4 2011 Q2 2016 Q2 2022
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Wl \ I z I Python-based CUDA Kernel JIT - “Shadertoy for simulation”

import warp as wp

@wp.kernel

calculate_reward_wp(obs_buf: wp.array(dtype=float),
rew_buf: wp.array(dtype=float),
reset_buf: wp.array(dtype=int),
timeout_buf: wp.array(dtype=int),

Wa rp Goals progress_buf: wp.array(dtype=int),

termination_height: float,
num_obs: int,
max_episode_length: int):

1.Make it easy to write GPU graphics + simulation code from £1d = wp.£1d()
Python timeout_buf[tid] = @

reset_buf[tid] = ©
progress_buf[tid] = progress_buf[tid] + 1

up_reward = 0.1 * obs_buf[tid * num_obs + 27]

2.Lower barrier to entry, faster iteration time i et o G L] © e & o

height_reward = obs_buf[tid * num_obs] - termination_height
progress_reward = obs_buf[tid * num_obs + 5]

3 . R-ich bu-ilt_-in math, geometry library rew_buf[tid] = progress_reward + up_reward + heading_reward + height_reward

if progress_buf[tid] >= max_episode_length:
reset_buf[tid] = 1

4.Simple interop with existing C++/CUDA code tineout_buf[tid] = 1

if height_reward < 0.0:
reset_buf[tid] = 1

5.Fully differentiable if reset_buf[tid] == 1:

progress_buf[tid] = @

Ant RL Reward Function in Warp - torch.where() begone!

Warp: A High-performance Python Framework for GPU Simulation and Graphics

March 20-24, 2023 | San Francisco, CA  #GDC23




https://qgithub.com/NVIDIA/warp (and https://github.com/eric-heiden/warp)
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https://github.com/NVIDIA/warp

ChatGPT

"can you create a pybullet script with a ground
plane, a box and a sphere on top."+"can you add
10 more boxes on top?"+"can you move the 5th
box 0.3 units along the x axis?"+"can you add a
guadruped robot next to the boxes?"

-amTargetPos=0,00,0.00,0.00, dst=9.62, pitch=-27.00, yaw=102.80 Status: OK

B Qs % . #9290 RGCS0 MO 2N A raw 5N

March 20-24, 2023 | San Francisco, CA  #GDC23

“create a pybullet script with a sphere falling on
a ground plane. Add a slider to control
contactStiffness and contactDamping”

W Bullet Physics ExampleBrowser using OpenGl lease bu
e dew
“xplorer | st ams
[ Stiffness : 8842.105
n
[Namping : 3.158 C&
{
P P E 3 "\b"\-";__ ,,,,,,,,
————  —— —— ——— — - —————————————e———
=== j:_%__f:,__:—_;——__.:-—:—::::—:;:r;:—:’:—’f:—:é;r ;fg; = % % ’i\’\ix —_—
e - = = = = §’---~§-s‘~*
e e ’- - = - - < < —— —
T e e . e > - ey Snn, S,
- —
~amTargetPos=0.00,0,00,0.00, dist=5.00, pitch=-35.00, yaw=50.00 tatus: OK




ChatGPT PyBullet

pybullet as p

“Place 100 dominoes in a s

domino_width = 8.3

” domino_height = 1.
shape of a heart T

domino_mass = 8.
domino_friction = 8.5
domino_restitution = 8.1
start_pos = [-4, @, @]

add_domino(x, y, z):

boxId = p.createCollisionShape(p.GEOM_BOX, halfExtents=[domino_width/2, domino_depth/2, domino_height/2])

boxVisualld = p.createVisualShape(p.GEOM_BOX, halfExtents=[domino_width/2, domino_depth/2, domino_height/2], rgbaColor=[1,6,0,1])
dominoId = p.createMultiBody(domino_mass, boxId, boxVisualld, [x, y, z])

p.changeDynamics(dominoId, -1, lateralFriction=domino_friction, restitution=domino_restitution)

return dominoId

heart_pos
for t in r 8, 360, 10):
= 16 * math.sin(t) ** 3
y = -13 * math.cos(t) + 5 * math.cos(2*t) + 2 * math.cos(3*t) + math.cos(4*t)
heart_pos.append([start_pos[@] + x * spacing, start_pos[l] + y * spacing, start_pos[2]])

p.connect(p.GUI)
p.setGravity(e, e, -18)

planeId = p.createCollisionShape(p.GEOM_PLANE)
p.createMultiBody(@, planeld)

for pos in heart_pos:
add_domino(pos[@], pos[1], pos[2])

for 1 in 1 (1eeee):
p.stepSimulation()
time.sleep(1./240.)

p.disconnect()

March 20-24, 2023 | San Francisco, CA  #GDC23



March 20-24, 2023
San Francisco, CA

GOC

Thank You! Questions?

https://twitter.com/erwincoumans

Don’t forget about the speaker survey.

#GDC23
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