Basic Rigid Body Simulation
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matthiasmueller.info/tenMinutePhysics



PhysX &3

oy NVIDIA NVIDIA. /warp

¢ @



Method

To simulate rigid bodies...
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Using Position Based Dynamics

See tutorials:

 Position Based Dynamics (9)
e 3d Vector Math (7)



PBD Algorithm for Particles

while simulating solve(C, At):
for all particles i
Vi<V, +tAtg for all particles i in C
P; < X; compute AXx;
X; < X; + At v; X; < X; + Ax;

for all constraints C
solve(C, At)

for all particles i
v < (X; —py)/At



Distance Constraint

* Rest distance [,
e Current distance [

* Masses m;
* Inverse masses w; = 1/m,
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Rigid Bodies

* The center of mass of a rigid body acts like a particle
with mass m, position X and velocity v.



Orientational Quantities

A rigid body also has ()

* an orientation q
* an angular velocity w
* and the moment of inertia I



3d Rigid Transformation

{/ / global pose

local frame (center at the origin)

a =x+q=+a

q = q—l * (al _ X) q Is a quaternion, * IS quaternion rotation



Three.js

this.rot = new THREE.Quaternion();

this.rot.setFromEuler(new THREE.Euler(angles.x, angles.y, angles.z));
this.invRot = this.rot.clone();

this.invRot.invert();

localToWorld(localPos, worldPos)

{
worldPos.copy(localPos);
worldPos.applyQuaternion(this.rot);
worldPos.add(this.pos);

}

worldTolLocal(worldPos, localPos)

{
localPos.copy(worldPos);
localPos.sub(this.pos);
localPos.applyQuaternion(this.invRot);




Angular Velocity

* w is a 3d vector passing through x

* |ts length |w| is the speed
in angle per second

e Its direction describes the
axis of rotation

* The velocity of a pointaisv, = w X r

* With moving body: v, = v+ ®w Xr



Moment of Inertia

f=m-a T=1 «
a=1/m-f a=1"1-1
* force causes acceleration  torque (angular force r X f)

* mass is the resistance to force causes angular acceleration

* Moment of inertia describes
the resistance to torque



Moment of Inertia

* The resistance to a torque of the same object
can vary in different directions:

f

large resistance large resistance small resistance



The Inertia Tensor

T=1«a 0

Lyx Ixy Iyz] [ = 0
=Ly Ly Iy 22

bz lyz Nz aligned with principal axis



Wikipedia

* For basic shapes see

* For general triangle meshes, see an upcoming tutorial



PBD Algorithm for Rigid Bodies




PBD Integration

integrate(dt, gravity)

{
// linear motion
this.prevPos.copy(this.pos);
this.vel.addScaledVector(gravity, dt);
this.pos.addScaledVector(this.vel, dt);

J// angular motion
this.prevRot.copy(this.rot);
this.dRot.set(

this.omega.x,

this.omega.y,

this.omega.z,

B.o
);
this.dRot.multiply(this.rot);
this.rot.x += 8.5 * dt * this.dRot.x;
this.rot.y += 8.5 * dt * this.dRot.y;
this.rot.z += 8.5 * dt * this.dRot.z;
this.rot.w += 8.5 * dt * this.dRot.w;
this.rot.normalize();

*
*
*
*




PBD Velocity Update

updateVelocities()

{
J/ linear motion
this.vel.subVectors(this.pos, this.prevPos);
this.vel . multiplyScalar(l.0 f/ this.dt);

// angular motion
this_prevRot.invert();
this._dRot.multiplyQuaternions(this.rot, this.prevRot);
this.omega.set(
this.dRot.x * 2.8 / this.dt,
this.dRot.y * 2.8 / this.dt,
this.dRot.z * 2.8 / this.dt
)
if (this.dRot.w < 0.8)
this.omega.negate();




Distance Constraint
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corrections proportional to m™1

corrections proportional tom~tand ™1



XPBD Algorithm for Rigid Bodies

* Given ry, Ip, constraint direction n and the constraint distance C

For a distance constraint: n = (a, —aq)/|la, —aq|and C =1 — [

Compute generalized inverse masses:

w; «m;t+ (r; xn)TI;! (r; X n)

Compute Lagrange multiplier (a physical inverse stiffness):

Update states:

X; « X; + w;An An/At? is the constraint force

1 —
q; < q; £ A[I7" (r; xn), 0] q



PBD vs. XPBD

Both are unconditionally stable (never blow up)

PBD: simply scaling the correction vector Ae—5-C-(wy +w,) L

* Time-step dependent

e Scaling factor s is a non-physical quantity

o
XPBD: derived from implicit Euler integration Ae—C-(wy+w, +—

* Time step independent
* The scalar « is the inverse of physical stiffness
e Both can handle infinite stiffness with s = 1 and o = 0!

* For infinite stiffness they are identical



ain Demo

Time step size: “ =

Time step size: “ s Time step size: m s

150N, 0.15m 150N, 0.156m 150N, 0.15m
1.0kg 1.0kg 1.0kg

140N, 0.14m 140N, 0.14m 140N, 0.15m
. 20kg . 20kg . 20kg

120N, 0.12m 120N, 0.12m 120N, 0.12m

m
g =10.0 —




Three.js

applyCorrection(compliance, corr, pos, otherBody, otherPos)

{

if (corr.lengthSq() == ©.8)
return;

let C = corr.length();
let normal = corr.clone();
normal.normalize();

let w = this.getInverseMass(normal, pos);
if (otherBody != undefined)
w += otherBody.getInverseMass(normal, otherPos);

if (w == 0.0)
return;

// - XPBD

let alpha = compliance / this.dt / this.dt;
let lambda = -C / (w + alpha);
normal.multiplyScalar(-lambda);

this._applyCorrection(normal, pos);

if (otherBody != undefined) {
normal.multiplyScalar(-1.9);
otherBody._applyCorrection(normal, otherPos);




Three.js

getInverseMass(normal, pos)

{
if (this.invMass == 0.8)
return ©.0;

let rn = normal.clone();
rn.subVectors(pos, this.pos);
rn.cross(normal);
rn.applyQuaternion(this.invRot);
let w =
rn.x ¥ rn.x * this.invInertia.x +
rn.y * rn.y * this.invInertia.y +
rn.z * rn.z * this.invInertia.z;

w += this.invMass;

return w;




Three.js

{

_applyCorrection(corr, pos)

if (this.invMass == ©.0)
return;

//-linear correction

this.pos.addScaledVector(corr, this.invMass);

//-angular correction

let dOmega = corr.clone();

dOmega.
dOmega.
dOmega.
dOmega.
dOmega.

subVectors(pos, this.pos);
cross(corr);
applyQuaternion(this.invRot);
multiply(this.invInertia);
applyQuaternion(this.rot);

this.dRot.set(dOmega.x, dOmega.y, dOmega.z,
this.dRot.multiply(this.rot);

this.rot.

this.rot.

+=-@8.5 ¥ this.dRot.x;

+=-08.5 * this.dRot.z;

X

this.rot.y +=-©.5 * this.dRot.y;
z
W

this.rot.

+= ©.5 * this.dRot.w;

this.rot.normalize();
this.invRot.copy(this.rot);
this.invRot.invert();

0.90);




Interaction

Pm mouse ray

+ —0
d
Pm mouse ray
= @
Pb d
On mouse down On mouse move

* Intersect mouse ray with the scene to find p * Update p,,, using d
* Store the distance d along the ray * Update pj using r and the current
e Store the local position r on the body pose of the body

e Create a distance constraint



See you in the next tutorial...



