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Multiple Particles
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ODE solution




ODE solver

voi d dydt (double t, double y[],
doubl e ydot[])







Rigid Body State
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Rigid Body Equation of M otion
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Orientation

We represent orientation as a rotation matrix
R(t). Points are transformed from body-space to
world-space as:

p(t) = R(t) po + X(t)

THe’ slying. Actually, we use quaternions.




world space
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Angular Velocity

We represent angular velocity as a vector at),
which encodes both the axis of the spin and the
speed of the spin.




Angular Velocity Definition

F J at)

How are R(t) and
o(t) related?




Angular Velocity
R(t) and w(t) are related by

0 —w,(t) wy(t)
W (t) 0 — Wy (t)
LUy (t) Wy (t) 0

-

(a)(t)* IS a shorthand for the above matrix)




Rigid Body Equation of M otion
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Need to relate ci(t) and mass distribution to F(t).
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T ntegrals are precomputed.
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Rigid Body Equation of M otion
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P(t) — linear momentum
L(t) — angular momentum




What’sin the Course Notes

. Implementation of dydt for rigid bodies
(bookkeeping, data structures, computations)
. Quaternions — derivations and code

. Miscellaneous formulas and examples

. Derivations for force and torgue eguations,
center of mass, Inertiatensor, rotation
equations, velocity/accel eration of points




Constraints

We want rigid bodies to behave as solid objects,

and not inter-penetrate. By applying constraint
forces between contacting bodies, we prevent

Interpenetration from occurring. \We need to:

a) Detect interpenetration
b) Determine contact points
c) Compute constraint forces




Simulationswith Collisions
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Simulationswith Collisions




Simulationswith Collisions
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Backing up to the Collison Time
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Colliding Contact
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Resting Contact
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Collison Process
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A Soft Collision
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A Harder Collision
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A Very Hard Collision

velocity
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A Rigid Body Collision

Impulsive velocity
force &
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Colliding Contact

Impulse
(alters velocity)

SIGGRAPH '97 COURSE NOTES PHYSICALLY BASED M ODELING



Resting Contact

external

/ forces

force
(alters acceleration)
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dydt for Solid Objects

Collision
detection

Exceptions

Penetration
detected
Estimate: t;

Discontinuity

Constraint/
friction force
determination

Contact point
determination

A

Collision

response
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|n the Course Notes — Collision Detection

Bounding box check between n objects. yes, you
can avoid O(n?) work. Don’t even settle for
O(n log n) —insist on an O(n) algorithm!

A coherence based collision detection strategy
for convex polyhedra: it’s simple, efficient and
(relatively) easy to program.




Computing | mpulses
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Coefficient of Restitution

e ps =—¢(Aepy)
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Computing |

nep, =—¢(Aep;) —— ¢+b=d
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Computing |

i (0n —pr) =—¢(Ae s =pp))




Computing |

e (pa —Pp) =—&(A* (P —pp)) — ci+b=d




In the Course Notes— Collision Response

Data structures to represent contacts (found by
the collision detection phase).

Derivations and code for computing the impulse
netween two colliding frictionless bodies for a
narticular coefficient of e.

Code to detect collisions and apply impul ses.




Resting Contact Forces
external

/ forces
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Conditions on the Constraint Force

To avoid inter-penetration, the force strength f
must prevent the vertex p, from accelerating
downwards. If B isfixed, thisiswritten as




Computing f

hep,=0 —>= af+hb=0
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Conditions on the Constraint Force

To prevent the constraint force from holding
bodies together, the force must be repulsive:

=0
Does the above, along with
Nep,=0 —— af+b=0

sufficiently constrain f ?




Workless Constraint Force

Either

af+b=0
=0
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Conditions on the Constraint Force

To make f be workless, we use the condition

f [{af +b) =0

The full set of conditionsis
atf+b=0
=0
f [af +b) =0




Multiple Contact Points
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Conditionson f;

Non-penetration: Repulsive:
a1 f1 +apfp + 0320 f, =0

Workl ess:;

f1 &g fg +aypfn +107) =0
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Quadratic Program for f; and f,

Non-penetration: Repulsive:
a1 fy +apfr+ 020 f, =0

1 1+ appir+ 10,20 f >0

Workl ess:;

(@11 fq + agpfn +
(@91 Ty + &ppfp +




|n the Cour se Notes — Constraint Forces

Derivations of the non-penetration constraints for
contacting polyhedra.

Derivations and code for computing the &; and b,
coefficients.

Code for computing and applying the constraint
forces finj.




Quadratic Programswith Equality Constraints

Non-penetration:
a1 fy +apfr+1,=0
111+ 3T +10,20

Workl ess:;

@y fa +apfat07) =0 (free)
(&1 1 + appfp + 105) =0




