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PHYSICAL SIMULATION




WHICH PHYSICS?

m Game Physics = Motion, Collision, Solve
m Goal: “Act as Expected” [2]
m Real-Time — Fake Everything [4]

m Focus on Special Cases:
> Picking
> Rigid Body Mechanics
> Ragdoll
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PHYSICS PRIMER




NEWTONIAN DYNAMICS

m Simple Approximation
m 3D space — vec & MAT
m Variables: F,m,p,s,V.d
m Laws of Motion [7]:

» Law of Inertia |,
F=0<=v-=C
» Force — Momentum

F = ma
» Action & Reaction
1= _Fz

[} Resolvm’_g Forces
2

] Conservatlon of Mgmentum
p = mv

—— —— —+ ==F
m1V1 I m2V2 - m1V1 + m2V2
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MOTION IN SPACE

— —

m Linear Motion:d - vV — S F=ma
> Force F ‘ Foma o . .
» Mass m (vs Weight) p=m w 0
» Acceleration d p = mv =

m Angular Motion: & — & — 6 2B £ tvdt

> Torque T ~ Force

T=dxF
> Inertia I ~ Mass I
7 =la
» Acceleration &
a=I1"7 7=1a
7=dxF
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ABSTRACT BODIES

m Level of Abstraction Yy
m Shape Approximation

wl
3
X

m Body Types: 0 =
» Point Particle: g,rﬁ,v .
> Rigid Body: + 8, shape é’ __________________________

» Soft Body: + deformation
m Universal Force — Gravity
m Inertia, Friction — Damping
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SYSTEM CONSTRAINTS

m Constraints — Interactions

m Explicit Limits: Strict x Loose

m Implicit Modification (Conservation)

m The Velocity Constraint: %

C = f(System) —» o
C=J-v
F=J")\

m Collision & Interface 0
m Distance Constraint
m Hinge Constraint
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SOLVING THE PHYSICS

m Simulated System
m Bodies & Constraints

m Linear / Angular Motion o
m Integrator A -

m Systems of Constraints
m Solver: Global x Iterative
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NUMERICAL INTEGRATION

m Integration — Iteration

m Numerical Integration V= J&'dt

m Time Step At

m Granularity x Precision s = Jth

m Common Techniques: I
» Explicit Euler's G LAt
» Semi-Implicit Euler's !”+1 B !” L
> Verlet Snt1 =S8n + VnAt
» Midpoint
>

Runge-Kutta
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EULER’S INTEGRATION

m Explicit Approach: Explicit
> Direct Calculation Vnp1 = Vp +AnAt
> Instability — Frequency S..—85 LU.At
» Simple Iteration i wr e

m Implicit Approach: Implicit
» Future Time Vnir = Vp + Apq At
» Expensive Approximation = > -
: = VoA
» Domain Knowledge Snt1 = Sn + VoAt

m Semi-Implicit Approach: Semi-Implicit

> Hybrid T|me . ‘7”+1 — ‘7n aF anAt
» Improved Stability ER N
» Most Common L R
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HIGHER ORDER APPROACHES

Verlet

m Verlet Integration: S = S0 TAL L GA L
» Sine Velocity I
» Based on Sl Euler (Init!) " at
» Reversible + Positions Midpoint

o — At At
Viyo.s = v(Sn + Tthn aF 7)

m Midpoint Method (RK2):
» Continuous Change — Look-Ahead
» Semi-Implicit Technique RK4
» Enhanced Precision Ry = v(Sn, tn)

Snt1 = Sn + VoAt

- . At At
ky = v(sp + Tk‘l,fn = T)

m Fourh Order Runge-Kutta (RKz):

— At At

Q R: = VS, + —FR =

» Multi-Look-Ahead ) S SEaiies =)

» Greater Precision Fo = v + 2Rt + A D)
2

» Computation Complexity .. . . At
Spi1 = Sn + (Ry + 2Ry + 2R3 + k,‘)?
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CONSTRAINT SOLVER

u SOI‘,er: SyStems Of Equatlons Solution SolveGleobal (Constraints constraints)
m Degrees of Freedom !
m Global x Iterative }
m Slow Convergence — Bias
Solution Solvelterative(Constraints constraints)

C=J v {

return Solver.solve(constraints);

var solution = initializeSolution(constraints);

U/ for (var step = 0; step < STEPS; ++step)
{
- = L h B foreach (var constraint in constraints)
C=J v+b, b=——-C ) _ .
At { solution = Solver.solve(constraint, solution); }
}

return solution;
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SOLVING CONSTRAINTS

m Projection Method [6] 3 v
» Update Position .
» Temporary Solution
» Consider Properties

m Impulse Method [6]
» Apply Impulse v \ 3 ; ;
» Momentump =mv @

: ' 3 o
> Restitution Coefficient ™. .- e - - -
_ - 4 my Asi g As, ™
m Penalty Method [7] < > ‘
» Higher Derivative =2 | 2
» Apply Acceleration @ I L 0 ‘ L4 . L
» Spring Tension 1 < @ @
F=—kd 9 Vi v,
< > <€ >
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PHYSICS ENGINE




PHYSICS SUBSYSTEM

A i C
m Goal: Simulate Physics“Physics” ;a@il-h\c AR b So ¢
. . [ J

» Linear & Angular Motion y v @ @

» Collisions, Constraints 4 0

» Special Effects zZ )
m Physics Engine — Interaction _ > 0
m Support Functions 0 &

» Spatial Queries

» Visibility, Raycasting ,

» Gameplay =
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GAME PHYSICS OVERVIEW

m Phases of Operation: PhyS 0
Body Motion MV@|( by NVlDlA
Detect Collisions =N

Resolve Constraints
m The Physics World ‘z. 2 ) qh‘
m Update Loop o,

m Time Step At Undat
ate

B Separate System Physics World P

m — Physics Engine ‘

Move N Detect N Resolve

Bodies Collisions Collisions
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COLLISION DETECTION

m Primary Instigator AABB /™ 0BB
m Complex Game World . -
P AtV >d o V) /oY
m Collision Volumes = = N
> Axis-Aligned BB = B = -
> Oriented BB Sphere OE™*
» Sphere & Ellipse Pr—
> Polygon - Q , e
m Broad & Narrow Phase >d<€ ® ® ,
. . o o
m Considerations
» Discrete # Continuous TN T Convex Concave
> Timestep At o: —.—).:
» VVolume Shapes e A T e ‘ ‘ ’ ‘
[ 4 @
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GOING BROAD AND NARROW

m Collision Detection BSP
m Complexity — Broad & Narrow
m Bounding Volume Hierarchy I L
» BSP & BSP Tree
» Quadtree
» Octree
> kD-Tree QuadTree Octree kDTree
m Choosing BVH ° °
m The Narrow Phase ° )
» Contact Points o o
> Collision Normals ™ °
» Distances & Y L4 °
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RESOLVING CONSTRAINTS

m Collision Response ® 0‘ L “
» Sequential Impulse [1] o o
» Projected Gauss-Seidel [5] §, CollisionEnter ;-
» Temporal Gauss-Seidel [3] 7=
m Physics Response
A R, o o
m Gameplay Response o .
> Action Tags
» Simulation Events v CollisionExit Wt
» Enter/Exit Callbacks . R
o " ® .‘
@ @
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PHYSICS IN UNITY




PHYSICS OVERVIEW

FixedUpcate

Internal animation update

m Integrated Physics Engine
m Many Options

» Unity Physics 2D

» Unity Physics 3D

» DOTS Physics

» Havok Physics

m Future DOTS Integration

Internal animation update

Source: Unity Documentation: Execution Order
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https://docs.unity3d.com/2021.2/Documentation/Manual/ExecutionOrder.html

UNITY PHYSICS 2D

m Default 2D Solution
m RigidBody2D
m Collider2D

» BoxCollider2D

» CircleCollider2D

» PolygonCollider2D
» EdgeCollider2D

v 0O v Box Collider 2D
Edit Collider

Material
Is Trigger
Used By Effector
Used By Composite
Auto Tiling
Offset
Size
Edge Radius
» Info

v &%  Rigidbody 2D
Body Type
Material
Simulated
Use Auto Mass
Mass
Linear Drag
Angular Drag
Gravity Scale
Collision Detection
Sleeping Mode
Interpolate
@ 3= i v Constraints
P Freeze Posni.on
Freeze Rotation
None {Physics Material 2D) Sy - Info
Position
R

Velocity

Angular Velocity
Inertia

Local Center of Mass
World Center of Mass

Sleep State

Dynamic -

None (Physics Material 2D) [0]
T

1
0

0.05

1

Discrete -
Start Awake -
MNone -

( 3.40563: ¥ 1.254684

A
0
X0 Y 0
0
0

) 1686667
0 Y 0
3.405631 Y 1.254684
Awake
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UNITY PHYSICS 3D

X v @  Rigidbody e i
m Default 3D Solution - 5
8= Drag 0
= ngldBOdy Angular Drag 0.05
m Collider Use Gravity v
» BoxCollider  Kinematic
o Interpolate Mone -
> SphereColllder Collision Detection Discrete -
» CapsuleCollider ¥ Constraints
» MeshCollider Freeze Position A b =
Freeze Rotation X Y Z
¥ Info
Speed 0
* @ v Box Colider o i Velcly - U 2 “ U
) _ Angular Velocity X 0 Y 0 Z 0
e £ Inertia Tensor X 0.16666¢ Y 0.16666¢ Z 0.16666€
Is Trigger Inertia Tensor Rotation X 0 Y 0 Z0
Material None (Physic Material) @ Local Center of Mass X 0 Y 0 Z 0
Center X 0 Y 0 Z 0 World Center of Mass X 3.40563 Y 1.25468: Z 2117759
Size x 1 Y 1 1 Sleep State Awake
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DOTS UNITY PHYSICS

New Approach
Using DOTS — ECS

Physics Body Authoring
Physics Shape Authoring
DOTS Physics Overview

Custom Simulators

GameObject Entity Physics
Conversion BEIE] World

Unity DOTS
Physics

v B ~ Physics Shape 9
Shape Type Box -
Fitto Enabled Render Meshes A

Size X1 Y1 z
Center X0 Y 0 23 0
Orientation X0 Y 0 Z0
Bevel Radius 0.05
Force Unigue

[LEIGHE]
Template None (Physics Material Template) @
Collision Response  Collide -
Friction L 0.5 Geometric Me~
Restitution L Maximum =

» Collision Filter

» Advanced

v B v Physics Body e

Motion Type Dynamic -

Smoathing Mone -

Mass 1

Linear Damping 0.01

Angular Damping 0.05

Initial Linear Velocity X0 Y 0

Initial Angular Velocity X 0O Y 0

Gravity Factor 1

Override Default Mass D

Custom Tags Mothing -

mas Polasek, Martin Cadik



https://www.youtube.com/watch?v=Uv7DWq6KFbk&t=191s

ADDITIONAL RESOURCES

m [Book] Kenny Erleben : Physics-Based Animation

m [YouTube] Adam Mechtley : Overview of physics in DOTS

m [YouTube] Steve Ewart : Overview of Havok Physics in Unity +  Comparison
m [YouTube] Unity : Cloth Physics

5 d
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https://github.com/Unity-Technologies/EntityComponentSystemSamples
https://www.researchgate.net/profile/Kenny-Erleben/publication/247181209_Physics-Based_Animation/links/5e1b2ed04585159aa4cb43d8/Physics-Based-Animation.pdf
https://www.youtube.com/watch?v=tI9QfqQ9ATA
https://www.youtube.com/watch?v=tI9QfqQ9ATA
https://youtu.be/Uv7DWq6KFbk?t=804
https://www.youtube.com/watch?v=Nc_ZMgEFj-A
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