Game Physics

Application in Video Games
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o 20ld AY: XpESAH 2= HE etc.

m Simulates how cars drive, collide, rebound, flip, etc..
o 2EZX AY

m Simulates trajectory of soccer, basket balls.
o First Person Shooters | 2: UnReal

m Used to simulate bridges falling and breaking apart when
blown up.

m Dead bodies as they are dragged by a limb.

o 1 5o
= Flowing flags / cloth.

o HAIZH SE[= 0| ALl BE. JLt |2 WE
CPUE AFESIO] & H 720| #{HX|1 AS.

Definitions

20| HiM e 252 B9l H=ot 7t5E 5 AMEH
Study of movement over time.
= Not concerned with the cause of the movement.
o &Y% (Dynamics)
= SN2 25 HEfOf 2ot 2ol =4
m Study of forces and masses that cause the kinematic
quantities to change as time progresses.

o 233 (Kinematics)
m 2
| |

Game Physics

23 (Motion)

fIX| (Position), & (Velocity), 7} & (Acceleration)
¢l (Force), 3 (Gravity)

£ 3(Buoyancy), X& (Drag)

OF&F (Friction)

s 250 (Kinetic friction)

» FX|OpE (Static friction)

o 22 (Spring)
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Motion

0 2& (motion)2 AlZHO| EF S H| 2| X|7t o= oy

O 252 LIEL 7| 28 &2 (speed), £ = (velocity),
7t5 £ (acceleration)2t= E| = *fﬂ

o £k (velocity)= HEH
n HIE Q| &BSF (direction)2 =& 2| &k (direction)= LIEHH
» HEQ] 20| (magnitude)= =2 2

29| £ (speed)S LtEHH
HiE = K| 7F A|ZHO] Zotof et HopLf

LS 7t2lE

O
oo 4
M e

&©9©

Basic Motion

o H Q| (displacement) = &= (velocity) * AlZ (time)
o QHOF SR 7F A|EHE p 01|A1 =utsiol QRS &0
C

(constant velocity) vZtE ZZQICHH, t THe| A|ZHO]
d1tot 29| P(t) -?—lxl(position):
P(t)=P,+vt

o NOTE: EH|(unit)= 7-| 2|o] AL meters, A|Zt2| AL
seconds, X 0| 42 meters/secondE o|o| gt

Varying Velocity

o 9fo] BAle SHJI YW e SXY MY MBS
- 2O YOl 22 2H | £EL A|ZH| Zto| mfa} uha
o HEE B9 A2 Y 9IX|o] Wt
« AlZHO] IH2 I%|o| B3R d
= HEE QXIS AlZHO| CSh BHE O]23H 2E V(t) =—P(1)
s HETFAHS A v = v, dt
o HE7F AT B0 BB A v() = v, + at

o O|Mf, H[(displacement)= =2 & %/ (integral)

displacement = j velocity dt

Acceleration

o 7SR CHO A|ZHE S o| BBl
o 7tEE= &2 2 A|ZH0)| CHSY $HH 0|2 Zf(derivative)

d d?
a(t) ——tV(t) i

o Z5&= 7529 HE Zh(integral)

P()

t
velocity = Iacceleration dt
0




Euler Method (or Euler Integration)

o 2Y2| W (Euler method, &2 Euler Integration)

HY2 2400 S SO Z J1% 7|25 0 K& 2

s 2L}, Hu™ X7 3A

s 77 [a, b]E N7HO| FZUCZE LIFAS [f ZHZto] HS
t;=a+1i*h,i=0,1,2,.,N and h = (b-a)/N

L HH2 wy=0, 0, = o + h*f(t, o),i=0,1,2,.,N-1

AZHE S2H|7F Ao 2 HHXY £ & (current velocity)

x|

P(t,)=P(t,)+v dt

Euler Method (or Euler Integration)

o 22 /S HEStH X XS ALk

dt = t1 - t0;

Acc = ComputeAcceleration();
Vel = Vel + Acc * dt;

Pos = Pos + Vel * dt;

t
P(t):j(vo +at)dt =P, +v0t+%a t?
0

Gravity

o X7 38 7t X (gravity)= Al 72 EHOIA LH st
7F& £ 91 9.8 meter/sec?

o Z58% el X X+ S FLE F=mg &2 &3,
M2 &

22 (mass) ‘ v0
= = — m
F=mg (g=-9.8 Sz) le
gravity

. (0, 9.8, 0)

v2

Force
o & (force)= 25 (motion)d] H3IE Lo 7| = 20l
0 FE Yeto| & 2HA (759 HA

F=ma

=a=F/m

Ol EH|0f| & (force) F7} 7t &S I,
ey g2 MESIH 2 (motion) Al Lk

Acc = F/M;

Vel += Acc * dt;

Pos += Vel * dt;

Note that F, Acc, Vel, and Pos are all vectors. M is a scalar.




Gravitational Force

Projectile Motion

= 20 AREAO AE20|8S

= =2
s A 2a7t Aok

=
= O3 Jhe| Yol HEE M, HE 7t =T,

F

gravity — d 2

M, M, :mass(kg)
d : distance (meter)

o PHeols /5= (graV|tat|onaI force)

O] 23 otof ZX{dt= 2= =

o =g, 2 e

olo Az|o| HZof H*H|E1|°*Ef
=

« POl w2 2 Ty 2H9 R

g8 222

(center of mass)&

oA Of =2 JOtLt ZE =

2 (G =6.673x107)

o AlZFt=00 M 2] &7| QX|7} PO, 7| ZE T} v,0

A (projectile)2| #IX]
P(t)=P0+v0t+%gt

X(1) =%, +V,t, Y(B)= Y, +V,t —% g%, 2(t)= 20+ t

o ZANZE X0 =00 =EBHE AlZHt s

Projectile Motion

o HARNZF Befe] 0|2 Was W7HK| 2otz 4

y(t) = y0+vyt—%gt2 =y, =>t=0Ect=—"

X(t)=x, +vtltE N d=r=

o Ast=s =S A2 rE 77| flet EAF 4=, 6

mlI

r =
g g

2v,v, e 2(scosa)(ssin ) _s

yt =vt-gt’=0=>t= Yy
o V 2
+ 7
Yo 20
Buoyancy e B
%7| * it 2 %% | &0 S0t 22 Kz -

o —‘T'—E—. (buoyancy force)
= LLO| X}0[0f of5t0] /2 MEZ &5t S2t7te &
= Ot27|ME| A (Archimedes)2| #2|: EH 0| &83dt= —rE—1—I
37|= ML Yot [Hlel FAHIQ Zc.
. ;eq = Q9 U x THIIAE (9.81 m/s?) x £ I (EH| 2| HEE
0| x =Xl =0

Fbuoyancy = _pfvg
p,is the density of the fluid
V is the volume of the displaced body of liquid

g is the gravitatio nal accelerati on




Drag Kinetic Friction

o X&s (drag force) o &0 (kinetic friction)
= SHJH NS RN 18 WSt SHol 8. = M2 N2 S0l £ BB AO[O|A LAsHs 3. Zxfe
ZO0[LE 7] HO0A S 2L WHOf Th 2l =30 et Moz 2ga
= Drag at low veloaty (Stoke’s drag): A2 X7l 5 (),
HE0| 25 (h), =7t WE =5 (v)AMICL
Fy =—bv
b =6z7r (r:small spherical object radius, 1) : viscosity)
n Drag at high velocity

1vaC(v v)

—

T

k =M N
N is the normal force
s the coefficien t of kinetic friction

Fo =—u«N =—p,mgcosé
m=10kg F=F. Aoz oF)+F (s1H2)
a=F/m=(F,+F,)/m=gsin @—pu,gcosd

F, is the force vector of drag
pis the density of the fluid
vis the velocity of the object relative to the fluid Fe =mgsin &

A is the reference area

C, is the drag coefficien t

Static Friction Momentum
o HX|0pE (static friction) 0 =& g (momentum)2 E ZH(mass)dt = = (velocity) 2| &
= OF HEHO| O 20 =0 U= §X|E| =M E SH0|X| XoI=§ o YXto| 252 (momentum) H2tO| £ 2= YXH0| 2ES=
EXt0 Q= ol 22X 7K = t tial f 9| |:||-|.| HI5FEO 2 S o
EEHL MT & = = tangential force Z °'(force)01| I:I|E1|o}_l gl o| disk} I)t|oH:|-
83510l SN2 2&E Wilg f; o o=zt ol qle o
. F|ObEE o Y(force)2 & (momentum), P,.2| O|F &f
Fs =—usN P=mv
N is the normal force dpP dv
. . . .. =—=m—=ma=F
usis the coeflicien t of static friction dt dt
= SH0| 7teiX|= l0| Fo| ZCHEtS He =7t X7t S 0|7 o
Xizfoto], JGREE PO ARER D, F I A8, ) 0 Momentumg AM&3H 25 e A4
= ZXE SHE X0 St= A0 ox'olf =HE A& Force = ComputeTotalForce();
SZ0|A dt= AELECHH g SCh Fe <Fg Momentum += Force * dft; /) g HESHH 252 ALt
s BEHZ J7|2Y I M7t 0|112{X|7| A|&tSte ZHe: HX|OrEE Velocity = Momentum / Mass; /) 52t Agto g &5 At
CHojgp AEO| ZaA » . e Mosid o
= Position += Velocity* dt; /] SEE HESHH X ALt

LUsmgcosd=mgsin @ = & =tan"" s




Angular Velocity

Centrifugal Force

o Z+% & (angular velocity)E SX2| 3| X%
o 24EE = A|ZHE ZHE O] HiSHE (radian/seconds THR)

a)(t):ie(t)
o 24T SF% A0 BHOID 37|7 windl HE
a)(t):a)(t)A

o 2o SHLZRH g BT XM M7 S

VE 2%t AZ O
= ENO £k v(t)=|a)(t)r|

n A YK[E rt)2t SHH SH|Q] MET (linear velocity):

v(t) = o(t)x r(t)

o 2MC] M7tE T (linear acceleration)

a(t) = o' (t)x r(t) +at)xr'(t)

= o' () xr(t) + o) x [ot)xr(t)]

o ZHHETH LB B w()=0
a(t) = o(t)x[(t)xr(t)]
« JIEE otk OF ¥EY 2o ¥
= SHOIAM ZEa 22 37]9| tt
(centrifugal force):

Fc — _m(a)(t) X [a)(t) X r(t)])

= r()2F w7t =52 B2, AdE

F =mao’r =

Rigid Motion

Integration Method

o ZH 2 (rigid motion)
= ZH(rigid body)Zt 2| 37| HAO| gl= BEQP =2H(solid
object)O|Ct. (2 2X]| translation & rotation@t 7+s)
o 2K 9% (Rigid body dynamics)
m Linear & angular position, velocity, acceleration
Force = ComputeTotalForce();
Momentum += Force * dft;
Velocity = Momentum / Mass;
Position += Velocity* df;
Torque = ComputeTotalTorque();
AngMomentum += Torque * dt;
Matrix | = Matrix*Rotlnertia*Matrix.Inverse(); // tensor
AngVelocity = lInverse()*AngMomentum;
Matrix.Rotate(AngVelocity*dt);

o 22 & (Euler method)
BV =V, + a¥dt x = x, + v¥dt

= BliohE0| g2 e 100%7‘*2FC>F

w B2 0| AlZHO| M2} e M=
floatt = 0; // AR} A2t
float dt = 1; // A2t 244 (timestamp)
float velocity = 0;  // X£7| &=
float position = 0;  // Z=7| Y|X|
float force = 10;
float mass = 1;
float acceleration = force/mass;
while (t<=10) {

position += velocity * dt;

velocity += acceleration * dt;

t +=dt;

off 24 7F =gt

Initial : y'(t) = f (t, y(1), y(t,) = ¥,
Euler Method : y,,, = Y.+ hf (&, y»)




Integration Method

o S -FEH Y (Runge-Kutta method)
« RK4E OIS FeHs12 0] 2of T o)

Initial : y'= f(t,y), y(t,) =Y,
RK4:y, =Yy, +2(k1 +2k, +2k, +k,)

k] = f (tn7 yn) A — ) ik
h h ¥ Fha Yian) kP by T
_ S i)
k2_ f(tn+7’yn+5kl) Fin T e

= f(t, +h,ijL k,)
k, = f(tn+h,yn+hk3)

Integration Method

void RK4Integration(vector3& pos, vector3& vel, float t, float dt) {
vector3 k1Vel = vel;
vector3 k1Acc = f(t, pos, vel);
vector3 k2Vel = vel + 0.5f * dt * k1Acc;
vector3 k2Acc = f(t + 0.5f * dt, pos + 0.5f * dt * k1Vel, k2Vel);
vector3 k3Vel = vel + 0.5f * dt * k2Acc;
vector3 k3Acc = f(t + 0.5f * dt, pos + 0.5f * dt * k2Vel, k3Vel);
vector3 k4Vel = vel + dt * k3Acc;
vector3 k4Acc = f(t + dt, pos + dt * k3Vel, k4Vel);
pos += (dt / 6.0f) * (k1Vel + 2.0f * k2Vel + 2.0f * k3Vel + k4Vel);
vel += (dt / 6.0f) * (k1Acc + 2.0f * k2Acc + 2.0f * k3Acc + k4Acc);

}
while (t<=10) {

> RK4Integration(position, velocity, t, dt);
k, + 2k, +2k; +K, ' t+=dt
slope =
6 }
Springs Springs
o Hooke's Law o 220 YUXIL He| BO{E =F(stretched) 2Z 9
= ALY H2 AZYO| ZO|/HS0] b2 orE S El $I*I§ 20 g7|= €0 91"'
F=-K.d L JEd
K is the spring constant | ' r 6 6 6 \_‘
d is the displaceme nt from rest length
o 2220 FES A0 =XE M(compressed) A2
o2amd2 Aoz AAE 27029 EH(2 point QIX|7F A~z o] PHEME O Ml ZO[2HE EHOX| ==
mass)2 2 | & &5t 0|= &lo| Xkt

¢ll'e




Springs

Spring Classes

o+ 8 e HEHE AFESHY Bfet 2ol Yt
Vector3 v = point1 — point0;
float displacement = v.length() — restLength;
v.normalize();
Vector3 force = springConstant * displacement * v;

L/{//{f/.-” g‘_\‘

class PointMass

{
float mass;
float position[3];
float velocity[3];
float acceleration[3];
void ClearForces();
void AddForce();
void Update();
void Freeze();

Spring Classes

Simulating Cloth

class Spring

{
float pointMass[2];
float springConstant;
float restLength;
void Update();

o 2Z/8(Clothy2 2 & Of¢| 2 A|Z2{0|M

ol
N =

m 37}X| Z89| AmZ2l0| @ E TlE|Z0

o Structural Springs
o Shear Springs (to pireverttive fiag
from shearing)

4




Simulating Cloth

Particle Systems

O Bend Springs (to prevent the flag from folding along
the vertices).

o Connect to every other particle.
o

Structural springs l

—

— 7
P

Bend springs

o Star Trek 1l (1983) “Genesis Effect’0|A] 222 AL E

Particle Systems

E.g. a 3D particle might be represented as:

o YUXFA|AE (Particle systems)2 Z2, A7, SHAf,
2=0] 55 AlEgo|d
o 2Lk M 5322 BN AN RS 88
o EZ¥(Mass), $1Xl(Position), &= (Velocity)S 7%
Fots| 22 =4
o w8 8RSl 52 L3 20| HE:
= F=ma (F=force, m=mass, a=acceleration)
» a=dv/dt (Change of velocity over time- v=velocity; t=time)
m v=dp/dt (Change of distance over time- p=distance or
position)
= F,m, v, p2 Y& 7|2 HOolH #=& 7Hd

class Particle
{
float mass;
float position[3];
float velocity[3];
float forceAccumulator(3];

}

IS
o F£AQTH LX) ME = 20| QUCHH TF
)& forceAccumulatorOl| & F7tsi{=™ &,




E.g. 3D Particle System

Particle Dynamics Algorithm

class ParticleSystem

{
particle *listOfParticles;
int numParticles;
void EulerStep();

For each particle

{
AXtof| ZE3h= & A4 (Compute the forces that are
acting on the particle)
AKXt 7tE = A4 (Compute the acceleration of each
particle) F=ma; a=F/m
2AXto| &= A4t (Compute velocity of each particle
due to the acceleration)
AXEO] K| A4t (Compute the new position of the
particle based on the velocity)
}

How do you calculate velocity?

E.g. Euler Integration (EulerStep)

O Recall that:
= a = dv/dt (ie change in velocity over time)
m v = dp/dt (ie change in position over time)
o 5k (velocity)&= 7F5E2] B & (integral of acceleration)
fIX| (position)= £=2| & (integral of velocity)
o 7t& theot =X S8 2 (Euler's Method):
= Q(t+dt) = Q(t) + dt * Q'(t)

= So in our case:
To find velocity at each simulation timestep:

a

= y(t+dt) = v(t) + dt * v'(t) = v(t) + dt * a(t) // we know a(t) from F=ma

To find the position at each simulation timestep:
= p(t+dt) = p(t) + dt * p’(t) = p(t) + dt * v(t) // we know v(t)

o To find velocity at each simulation timestep:
v(t+dt) = v(t) + dt * a(t) // we know a(t) from F=ma
v_next[x] = v_now[x] + dt * a[x];
v_nextly] = v_nowly] + dt * aly];
v_next[z] = v_nowl[z] + dt * a[z];

o To find the position at each simulation timestep:
p(t+dt) = p(t) + dt * v(t) // we know v(t)
p_next[x] = p_now[x] + dt * v_nowl[X];
p_nextly] = p_now[y] + dt * v_nowly];
p_next[z] = p_nowl[z] + dt * v_now(z];

o Remember to save away v_next for the next step
through the simulation:

= v_now[x] = v_next[x]; v_nowl[y] = v_next[y]; v_now[z] =
v_next[z];




Warning about Euler Method
o AlZH EEAIZF 3@ (big time steps) &
oS e o)
o 0] Of2)7} ElElH AUXIE SH Z|X|
ol 2o g2 2 IO E|= S0l
LIEFE
o [MhErA 22 AlZF EEA S AFEStE) -
[} Xl”._* S = )\1.7_F CHAE At%ﬁﬁ CPU
A7rg B0 molge S olg T
o Of AlZF CHAIOICH DRAWE & 2R+
83 - Eg. 10 timestepsE A Lot =
d40E dg|E5 &
o O LtS &z Estimate
Adaptive Euler Method
Midpoint Method t

Implicit Euler Method
Runge Kutta Method

Adaptive Step Sizes

o 7t 2 AME & = UA=E 5t 7t o|ldH2=2
2 step-size (dt)E ¥T

o 2{L}, O 2 step-sizes O B2 2{E XD 23
ANAHEZ SCHESHA & = US

o [MEfA, YEHO 2 X2 step-sizeE ZRE o -
SUSIA L F &2 step-sizee AlZH0] 2] Z2| = AS

o &2 step-sizeE EE A|ZHO|| 7tSSHE ZHSHK| RS

(=13
=

Euler with Adaptive Step Sizes

m}

Suppose you compute 2 estimates for the velocity at time t+dt:
So v1 is your velocity estimate for t+dt

And v2 is your velocity estimate if you instead took 2 smaller steps of
size dt/2 each.

Both v1 and v2 differ from the true velocity by an order of dt? (because
Euler's method is derived from Taylor's Theorem truncated after the 2nd
term- see reference in the notes section of this slide)

gyzthat definition, v1 and v2 also differ from each other by an order of
t

So we can write a measure of the current error as: E = [v1-v2|
Let Eijerateq € the error that YOU can tolerate in your game.
Adaptive step size dt,q,y is calculated as approximately:

dtadapt = Sqrt(Eto\erated / E) * dt
So a bigger tolerated error would allow you to take a bigger step size.
And a smaller one would force a smaller step size.

Handling Collisions

o YRS (particles)= EHO| o™ F7{LIetof gt
7t
H

1. B (collision)O] & e S I Z+X|sHof &t
2. B (collision)Of CHSH SHIE HH-SZ Z7Jdl|oF &t




Detecting Collision

o OEI |-I—| oz = XE x-”E Xl-z':I;II-
m Particle/Plane Collision — 7}&F ZHEHSt
m Plane/Plane Collision
m Edge/Plane Collision

Particle/Plane Collisions

o P = HB(plane) {0 3t &
o N = H(plane)2

o X = XS X|H

o For(X-P).N

HMHE (normal)

Collision Response - dealing with the case where
particle penetrates a plane (and it shouldn’t have)

o BHoF IR} X7} etZo =
Soj2 #¢, -
EX ; #;5
o8 g A% 770V i@%

Collision Response

G EEEEEREE
o Vn Vel =&d& (normal
component of a vector V)
Vn=(N.V)V
o Vt= Ve| =8/ d& (tangential
component of a vector V)
Vt=V-Vn

o Vb= (829 Hf-?-ﬁ‘ﬂ HhS HIE
(1 — Kf) * Vt — (Kr * Vn)

*

rEU

=
-||>|ﬂ <

Bi0| ZOtLt X
1:perfectly elastic; O:stick to wall.

m Kf= OFEA|Z= (coefficient of friction):
HL2 A B < 0f V7 EotLy =X =
1= partlcle stops in its tracks. 0=no
friction.

Vn

74|1— (coefﬂaent of rlestltutlon)

=
_||I

Vit
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