b) Prismatic joint.

a) Revolute joint.

FIGURE 127. Typical Joints used in computer animation
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al) ball and socket joint b1) planar joint
T2

T
01

zero length linkage

zero length linkages

a2) ball and socket joint modeled as b2) planar joint modeled as 2 one-degree
3 one-degree joints with zero-length links prismatic joints with zero-length links

FIGURE 128. Modeling complex joints
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root node

<4——— oot arc
O root \A |

|
“ 1
1
1
1
| “----
I 1
l |
1 1
1 1
1 4
1 _-"
9 - -
: " Joint’
Link
a) articulated figure b) abstract hierarchical c) tree structure
representation

FIGURE 129. Example tree structure representing a hierarchical structure.
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170

Nodg - contains:

* a transformation to be applied
object data to position it so
its point of rotation is at
the origin (optional)
* object data

Arc; - contains:
* constant transformation of Linko
its neutral position relative to Link

* variable transformation responsible
for articulating Link

FIGURE 130. Arc and node definition.
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T
-
. o i root object (Link 0) transformed
original definition of root object (translated and scaled) by T
(Link 0) to some known location

in global space

Fr======"n

——

Link 1 transformed by Tto its
o o ] position relative to
original definition of Link 1 untransformed Link 0

o . ) Link 1.1 transformed by {T; to its
original definition of Link 1.1 position relative to '
untransformed Link 1

FIGURE 131. Example hierarchical model.
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To (global position and orientation)

( data for Link O (the root) )

T (transform of Link 1 relative to Link 0)

( data for Link 1 )

T,4 (transform of Link 1.1 relative to Link 1)

( data for Link 1.1 )

FIGURE 132. Example tree structure.
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Vo' = TV, (EQ75)

V' = T, v, (EQ 76)

"= EQ 77
Vl.l - TO |:“—1 D.I—l.lD‘/l.l €Q77)
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Link 1.

-

FIGURE 133. Variable rotations at the joints.

174 V3: Computer Animation: Algorithms and Techniques



L
< data for Link g (the root)

T
R1(61)

C data for Link

Ty11
R1.1(01.0)

C data for Link 1.1 >

FIGURE 134. Hierarchy showing joint rotations.

V3: Computer Animation: Algorithms and Techniques 175



' EQ 78
Vi = To O, [Ry(6,) IV, EQ7®

Vll.l = TO EI.I—l [Rl(el) DTl.l |:Rl.l(el.l) |]‘/1.1 (EQ79)
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FIGURE 135. Hierarchy with two appendages.

V3: Computer Animation: Algorithms and Techniques 177



To

data for Link O (the root)

RZA(V \il(el)

( data for Link 2)

(data for Link 1 )

To1
R2.1(02.1)

T11
R1.1(61.0

v
( data %r Link 2_) ( data for Link 1.9

FIGURE 136. Tree structure corresponding to hierarchy with two appendages.
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/* the node structure */
typedef struct node {

object * obj;
struct arc * arc_array;
int num_arc;

} node_struct;

/* the arc structure */
typedef struct arc {

trans_mat rot;
trans_mat m;
node_struct *nptr;

} arc_struct;

/* pointer to object data structure */
[* array of arcs emanating downward from node */
/* number of arcs in array */

/* joint rotation matrix */
/* orientation and position matrix */
/* pointer to node below arc */

/* the highest structure of the tree is the root arc holding the global transforms */
/* the high level routine simply calls for the (recursive) evaluation of the root node */

eval_tree(struct arc rootArc)

{
}

eval_node(rootArc->m,rootArc->node);

/* the recursive evaluation routine */
eval_node(trans_mat m,node_struct node);

{

trans_mat temp_m;

concat_tm(node->m,m,&temp_m);
transf_obj(obj,temp_m,&temp_obj);
display_obj(temp_obj);

/* recursively evaluate the root node */

/* temporary transformation */

/* concatenate current and node transform */
[* transform object */
/* display transformed object */

/* loop over each arc emanating from node and recursively evaluate

/* the attached node */
for (I=0; I<node->num_arc; I++) {

premul_tm(node->arc_array[l]->m,temp_m);
premul_tm(node->arc_array[l]->rot,temp_m);
eval_node(temp_m,node->arc_array[l]->node);
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Z;
Yi

Joint Joint,

Joint i+1

FIGURE 138. Denavit-Hartenberg Parameters
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name symbol description

link offset d the distance from;x to x along z
joint angle 6, the angle between_x and x about z
link length a the distance from; 2o z,4 along x
link twist (of the angle between and z., about x

TABLE 1. Denavit-Hartenberg joint parameters for joint i.

name symbol description screw transformation
link offset d+1 the distance from;3o x4, along 7,1 relative to z,¢
joint angle 6,41 the angle between and x,1 about 7,1 “
link length a the distance from; 20 z,, along x relative to x
link twist Q, the angle between and z,1 about x “

TABLE 2. Parameters which relate the ith frame and the i+1st frame.
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Vi = Tx(@)Rx(a)T2(d; 4 DRA0; + )V 44

Cos(ei+1) _Sin(ei+l) 0

R,(6,,,) = | SN(®i+1) cos(Bi.4) O
0 0 1

0 0O o0

100 0
010 0
T, ,,) =
2620 = |00 74"
000 1 (EQ80)

1 0 0

0 cos(a;) —sin(a;) O
0 sin(a;) cos(q;)

0 O 0

Rx(a;) =

1003

Tx(a) = 0100
0010
0001

v, = M1y

i i+1

cos(6;, 1) —sin(8; . 1) 0 a;
Mii+1 _ | cos(a;) [sin(B; . ;) cos(a;) [kos(B; . ;) —sin(a;) —d; ., Usin(a;)
sin(a;) 0sin(6; , 1) sin(a;) Ceos(8; ;) cos(a;) d;,, Ltos(a;)

0 0 0 1
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FIGURE 139. Simple Manipulator Using Three Revolute Joints

Joint \ Parameter Link Displacement Joint Angle Link Length Link Twist
A 0 O 0 0
B 0 6 LA 0
C 0 6c LB 0
TABLE 3. Parameters for three revolute joint armature
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FIGURE 140. Incorporating a Ball-and-Socket Joint

y Joint A
Joint B
Ball-and-Socket
z
X

y

X z
v Joint C
vk S Z
/ X . 4
y

X
Zero Length Links /\X‘

V\y
LB

FIGURE 141. Coordinate axes induced by the DH representation of a ball-and-socket joint.
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Joint \ Parameter Link Displacement Joint Angle Link Length Link Twist
A 0 0 0 0
B1 0 61 LA 90
B2 0 9040, 0 90
B3 0 Bg3 0 0
C 0 0 LB 0
TABLE 4. Joint parameters for ball-and-socket joint.
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AN -

FIGURE 142. Determining the origin and x-axis of the ith frame
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AN

AnniinNae

b) reachable workspace

a) configuration

IGURE 143. Simple linkage.
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X

cos(8y) = —2—
X2 +Y?

0 x 0

6; = acosi——0
O0/x? + y2O

L22-L12—(X?+Y?
21 X2+ Y?

2_ 2_ 2 ZD
6, = acos%"2 L1 -(X+Y )D+ 0;
O opmaoyx?+y? O

cos(8,—-6;) = (law of cosines)

) = (X2 +Y?) -L1°-L2°
2 20102

2 2 2 2
_ X2+ Y%) — 12— L2’
0, = _aco%( 20112 O

cos(180-6

(law of cosines)

FIGURE 144. Equations used in solving simple inverse kinematic problem.
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Y1 = F1(Xy %o, X3, Xy, Xs, Xe)
Yo = fo(Xq, %o, X3, Xay X5, Xe)

Y3 = f5(Xp Xa, X3, Xas X5, Xg)

(EQ 81)
Yo = F4(Xq, Xoy Xz, Xgs X5, Xg)
Y5 = f5(Xy, Xp Xg, X4, X5, Xg)
Yo = fo(Xi Xa, X3, Xgs X5, Xg)
5 —6fi|:6 +6fi[5 _|_6fi|:5 +6fi|:5 +5fi|:5 +6fi[5
I e PR VR P Q82
Y = KX (EQ 83)
oF
= (EQ 84)
oY X DX
Y = J(X) X (EQ 85)
V = J6)6 (EQ 86)
V= [V Wy vy 0y 00 @] (EQ87)
0 =[6,6,6,..,0] (EQ 88)
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ov, dv, ov,

0081 962 " 96n
avy avy avy
J = 13010062 " 96n (EQ 89)

ow, 0w, Ow,
961062 " 96n

E - end effector

J - ith joint

Z; - ith joint axis

w, - angular velocity of ith joint

a) angular velocityy, b) linear velocity,Z; X (E—J))

FIGURE 145. Angular and linear velocities induced by joint axis rotation.
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AARAEARARRAR IR NN

FIGURE 146. Planar, Three Joint Manipulator.
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FIGURE 147. Instantaneous changes in position induced by joint angle rotations.

192 V3: Computer Animation: Algorithms and Techniques



(G-B)] [0, 0 1xE), (0,0 1)x(E-P1), (0,0 1)x(E-P2),] |6,
(G-E),| = |((0,0, ) xE), (0,0, 1) x (E-P1), (0,0, 1) x (E-P2),| O, (EQ 90)
(G-B))  [((0.0.)xE), (0.0, ) x(E~P1), (0,0, Y x(E-P2), |g

V = J6 (EQ 91)

Jv=29 (EQ 92)
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g1

SIS

Motions
92  induced by
joint
93 articulation
Joing Joinz Joing
Goal End Effector

desired motion
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V = J8

J'v =336
- a7 (EQ93)
AT v = (3" TI6
JV =20
Jv=96
eI 'v=86 (EQ 94)
B =)V
QIR =V (EQ 95)
_
Ig=8 (EQ 96)
6=003-z (EQ 97)
vV = J6
V= JJJI-z
vV= (J(JJ J;)J)Z (€0 98)
= (J-Jz
V=00
V=0
n
H = Zai E(ei_eci)lp (EQ 99)

1]
[y
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n
dH -1
z=1[gH = ® wzai (6, —6,;)"

i=1

0 =J'V+(J'JI-1)OgH

6 = JV+(JI-1)0H
0 = J'V+JJ0gH -1 0gH
8 = J°(V +J0gH) —OgH
8 = 373" NV + JOgH) — OgH
8 = JT[(337) (Vv + I0gH)] — OgH

B = (337) (V + JOgH)

; T
0 = J'B—OH

V+J0gH = (3IN)B

(EQ 100)

(EQ 101)

(EQ 102)

(EQ 103)

(EQ 104)
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object properties
(e.g. position, linear a

angular velocity, lineal
and angular momentufn, calculate forces _ .
mass) (e.g., wind, gravity, viscosit
calculate change
in objects’ positions .
velocities, moment ca[culafe accelerations from
\_/ objects’ masses

FIGURE 148. Rigid body simulation update cycle.
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X(t+At) = x(t) + v(t) CAt

V(t+At) = v(t) + a(t) (At

X(t+At) = x(1) + ((V(D) + V(t + 81))/2) (At

X(t+At) = x(t) +v(t) At + % Ca(t) At

etc.

(EQ 105)

(EQ 106)

(EQ 107)

(EQ 108)

(EQ 109)
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¢ Acceleration

Velocityg

>

Positior

a) initial conditions

Velocityo Position

Acceleration

verage velocity
in first timé period

Positiony-

b) first time period

Position,

Positio.rl/,Q
Velocity; Average velocity

>

Velocity,

¢) second time period

FIGURE 149. Modeling of a point’s position at discrete time intervals (vector lengths are for illustrative

purposes and are not accurate)
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200

175

) 150
height ..
100
75
50

25| .

100 200 300 400 500 600

distance

FIGURE 150. Path of a particle in the simple example from the text.

° f(ti, o) = f(t) + £'(t) At

()

FIGURE 151. Euler integration

200
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a) In this example, the sine function is the

underlying (unknown) function. The

objective is to reconstruct it based on an

initial point and knowledge about the

derivative function (cosine). Start out at
any (x,y? location and, if the reconstruction

is completely accurate, the sinusoidal curve

which passes through that point
should be followed. In the examples below,

the initial point is (0,0) so the thicker

sine curve should be followed.

b) Updating the function values by taking

small enough steps along the direction

indicated by the derivative generates a good

approximation to the function. In this
example Ax=0.2.

c) However, if the step size becomes tootlarg
then the function reconstructed from the
sample points can deviate widely from the
underlying function. In this examplax=5.

FIGURE 152. Approximating the sine curve by stepping in the direction of its derivative.
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a) Using step sizes of 2 with
the Euler method

b) Using step sizes of 2 with
the midpoint method

FIGURE 153. Euler method and the midpoint method.
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° ()
()

7 > g

FIGURE 154. For a given number of rotations per unit of time, the angular velocity is the same whether
the axis of rotation is near or far away.
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a = b+r()

FIGURE 155. A point rotating about an axis.
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F() = w(t) xr(t)
[F@®) = lw(t)[rt)/sind

R = [R1(t) R2(t) R3(t)]

RO = [a(t) x RL(H) wi(t) x R2() o(t) x R3(t)

A, [B,-A,[B, 0 -A A |B

Yy X
AxB=|-(AB)+AB| = |A, 0 -A/|B| =AB

A [B,—A, B, -A, A, 0B

4

R(t) = w(t) R()

q(t) = R+ x(¥)
G(t) = o) R(YG+ WY

q(t) = w(t) x (a(t) —x(V) +v(t)

(EQ 110)

(EQ 111)

(EQ 112)

(EQ 113)

(EQ 114)

(EQ 115)

(EQ 116)
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X(1) = zmlivclli(t)
F=mla
a=F/m
F) = 21t

(1) = (a®) —x()) x f;(t)
() = ZT14(t)

p = mlv

P() = Zmg()

P(t) = M O(t)

P() = M O/(t) = F(t)

L(t) = Z((a(t) —x(1)) x m; (q(t) —v(1)))
= Z(R(Ha > m Ho(t) x (a(t) —x(1))))
= Z(m; OR(Ha x (a(t) x R(H0)))

L(t) = (1)

LE®) = 1) C(t)

(EQ 117)

(EQ 118)

(EQ 119)

(EQ 120)

(EQ 121)

(EQ 122)

(EQ 123)

(EQ 124)

(EQ 125)

(EQ 126)

(EQ 127)

(EQ 128)

(EQ 129)
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Lobject = |Txy lyy lyz (EQ 130)
I, | yz l,,
I = IIIP(Q) E(QS + qf)dxdydz (EQ 131)

lx = zmit(yi2+z|‘2) Iy = zmiD(i[Vi
lyy = Zmi ¢ +2) I, = zmi Ok [z, (EQ 132)
Izz: zmi |:(Xiz'l'yiz) Iyz= zmi [yi |:jzi

x(1)

_ |R(t
Y = PEt; (EQ 133)

L(t)

1t) = RO opiecRD)"

(EQ 134)
W) = 1(t)7L(Y) (EQ 135)
P(t

v(t) = T\(‘A‘) (EQ 136)

X(t) v(t)

d - dIR(D| - () R(

as( t) - & P(t) - w(l:)(t)() (EQ 137)

L(t) (1)
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® E(p)>0

E(p)=0

\. E(p)<0

FIGURE 156. Point-plane collision.
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E(p = alk+bly+clkz+d (EQ 138)

p(t) = p(t_y) + 0t Oy, 1) (EQ 139)
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v(t;) —v(t) IN N
>

FIGURE 157. Kinematic solution for collision reaction
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(i, 1) = V() —v(t) N —k DA(t) N = v(t;) — (1 + k) OAt;) [N (EQ 140)
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200
175
150
125
w00 B .
ol . .

Y
sl

200 400 600 800 1000 1200 1400 1600

FIGURE 158. Kinematic response to collisions with ground using 0.8 as the damping factor for example from
Section 4.3.1.1
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) point p ati;

I

T Penalty force
point p at

FIGURE 159. Penalty spring.
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200
175
150
125
100
75
50
25 :

200 400 600 800 1000 1200 1400 1600

FIGURE 160. Penalty method with a spring constant of 250 and a point mass of 10 for example from Section
4.3.1.1.
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o b) Object penetration without
a) Vertex inside a polyhedron a vertex of one object
contained in the other

FIGURE 161. Detecting polyhedra intersections.
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back faces

front face

direction of travel

\ boundary edges

swept volume

FIGURE 162. Swept Volume
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point p at t t = ti+lE‘E(ti—ti_l)

N
N g

FIGURE 163. Linearly estimating time of impact, t.
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tangential component of velocityifgent
point p ati;

velocity (V)

normal to surface point p at
A o

normal component of velocity (v

a) components of a particle’s velocity colliding with a plane

resulting velocity — (k Dv,) + Viangent

b) computing velocity resulting from a collision (k is the coefficient of restitution)

FIGURE 164. Impact response of a point with a plane
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J = F LAt (EQ 141)

J=FOAt = MAAt = M AV = A(M /) = AP (EQ142)

+

Vil = —€ By (EQ 143)
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wa(t)

FIGURE 165. Configuration of colliding objects.
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ra = Pa—Xa)

= pg—Xg(t)

q
w
|

Viel = (Pa(t) —Pa(D) Ch

Pat) = Va(t) + Wat) X1 A
Pe(t) = vg(t) + wg(t) xrg

Vjp = vA+ﬁ
Vg = vg%

WA= wa+lTal) Qryxjh)

w's = wa+17g(t) {rgx j [h)

Vier = NC(PA®D — Pa())

Vier = NV A(M) + @ a(t) X1 4= (V7B(t) + 00"B(t) X I'g))

—((1+¢) Drey)

j =
MR A< ) %1+ (16 0 x m) x1g

(EQ 144)

(EQ 145)

(EQ 146)

(EQ 147)

(EQ 148)

(EQ 149)

(EQ 150)

(EQ 151)
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Compute VA, VB ;EQ 121

Compute Vrelative = dot(N,(VA-VB) ; relative velocity of two contact points
if V-relative > threshold
compute j ; EQ 126
J=j*n
PA +=] ; update linear momentum
PB-=J ; update linear momentum
LA+=rAxJ ; update angular momentum
LB-=rBxJ ;update angular momentum

else if Vrelative < -threshold
resting contact
else
objects are moving away from each other

222
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Parallel component
) I :Applied force
Perpendicular component
(Normal force)

Normal

FIGURE 166. Horizontal and vertical components of force.
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Fs = Hs[Fy (EQ 152)

Fi = Ry (EQ 153)
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Ps

£

FIGURE 167. Multiple object resting contacts
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di(® = mi(t) pa®) — Ps(®))

di(t) = Ay(t) CUPAM) — Pe(®) + Ny(t) CPAW) — Pa(®)

di(®) = fi(t) LTPA® — Pe(®) + Ai(t)
LUPA®M) — Pa(D)) + Ni(1) LUPA®M) — Pa(t)) + ni(t) LXPA(Y) — Pa(t))

di(te) = Ni(to) dPalto) — Palte)) + 2 Ci(to) T Pato) — Pelto))

di(t) =0

di(t) Of, = 0
dity) = by + Z (& Of )
i=1

Pa(t) = Va(t) + 0a(t) X1 o + Wa(L) X (wA(L) XT 4)

(EQ 154)

(EQ 155)

(EQ 156)

(EQ 157)

(EQ 158)

(EQ 159)

(EQ 160)

(EQ 161)

(EQ 162)
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WAD) = Ta(t) A + 1A (0) (L A®D) X A1) (EQ 163)

f, ;ni;) + (1A (to) CUP; = Xalto) X Ni(te)) X 1 a5 (EQisy
= ~ _
rATS\O) + IAl(t) LT A1) + A1) X () xT4) + (1 Al(t) LILA(Y) % wa(1))) X T A (EQ 165)
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V1
E31

E12 V3

FIGURE 168. A simple spring-mass model of a flexible object.

E23
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FrR9 = R = K dist (1) —leny ;) O | (EQ 166)

damper _

i = —kq (0) (EQ 167)
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damper

. spring :
mass point , :l mass point
<+—>

<+—>

FIGURE 169. Spring-damper configuration.
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FIGURE 170. Interior springs to help stabilize the object’s configuration.
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>

FIGURE 171. An angular spring imparting restoring torques.
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T = kg L(6(t) — 6,57 — kg B() (EQ 168)

T= ks [(e(t) - edesire() - kd |:(e(t) - édesired) (EQ 169)
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energy o DE

(E)

P2

e

parameter space —> o
P1 minimum

FIGURE 172. Sample simple energy function.
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F(ti.) = F(t)—-h[E (EQ 170)
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Point-to-point:  E = |P%ug, v,) ~P°(up, vy)|
Point-to-point locally abutting: E = |P%(u,, v,) - P°(uy, vb)‘2 + N3y, v,) IN°(up, vp) + 1.0
Floating attachment: E = (1°(P%u,, va)))2

b ~a
I ,
Floating attachment locally abutting: E = (Ib(Pq(ua, va)))2+ N(u,, v,) b( q(ua Va)) +1.0
01°(P%(u,, v,)|
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mx(t)-f(t)-mOg =0 (EQ 171)

X(t) = a
° (EQ 172)
x(t) = b
— (1 ¢2
R= ﬁo‘ﬂ dt (EQ 173)
. X=X
% = === (EQ 174)
oo Xie1— 20X+ X g
i 2 (EQ 175)
_ Xip1—20K+X%_q _
Pi = I hzI —-f-mg=0 (EQ 176)
C,=%—-a=0
C, = X,—b =0 (EQ 177)
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Jij = 3s,
62R
Hy = 9505,
R -
as Z ij~)
-C = ZJij(éj+éJ)
T

(EQ 178)

(EQ 179)

(EQ 180)

(EQ 181)
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Type of Group | Number of elementg Incorporated physics Intelligence
Particles many much - with environment none
Flocks some some - with environment ang limited

other elements
Autonomous few little much
Behavior
TABLE 5. Characteristics of Group Types
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particle’s mid-life with modified
color and shading

—
trajectory based on collides with environment
simple physics but not other particles

4—— particle’s demise, based on
constrained and randomized
life-span

particle’s birth: constrained and randomized
place and time with
initial color and shading (also randomized)

FIGURE 173. The life of a particle
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# of particles= averaget Ran@) [(fange (EQ 182)

# of particles= averaget Ran@) [tangelscreenArea (EQ 183)
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typedef particle_struct struct {

vector3D p;

vector3D V;

vector3D f;

float mass;
} particle;

typedef particleSystem_struct struct {

particle *p;
int n;
float t;

} particleSystem;

update(pSystem)

clearForces(pSystem)
computeForces(pSystem)
getState(pSystem,array1)
computeDerivative(pSystem,arrayw)
addVector(arrayl,array2,array2,n)
saveState(array2,pSystem)

t += deltaT
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be aware of itself and two or three of its neighbors.

be aware of what's in front of it and have a limited field of view (fov).

have distance-limited field of view (fov).

be influenced by objects within the line of sight.

be influenced by objects based on distance and size (angle subtended in the fov).
be affected by things using a distance-squared or distance-cubed weighting function.
have a general migratory urge, but no global objective.

not follow a designated leader.

not have knowledge about a global flock center.
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flock members to avoid objects to avoid

\ / flock centering
migratory urge

Navigation

velocity match|ng\> osulo external forces

/ such as wind

final desired velocity vector

physical constraints on member—p|  Pilot «—— current status of member
such as non-penetration constraints Module

motion to be implemented

Flight
Module

flight articulation

FIGURE 174. Negotiating the Motion
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IGURE 175. Force field collision avoidance.
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a) attempt at parallel movement

bl
!

b) attempt to fly directly toward a surface

( O C )
SULTTINS LN

c) attempt at finding a passageway

FIGURE 176. Problems with force field collision avoidance

246 V3: Computer Animation: Algorithms and Techniques



Nearest boundary point

Original direction of travel

4&— Sphere of influence

Boundary sphere

’ Center of object

FIGURE 177. Steer to avoid bounding sphere.
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s=|C-H
Vv
V|

k t = Js?—K

t<r indicates penetration
S with bounding sphere

k=(C-P)-

FIGURE 178. Testing for potential collision with a bounding sphere.
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k= J|C—RZ=r"

r2 — 52+t2

K> = S+ (C-P 1)
K = r’—t*+(/C-P -1)°

K = r’—t°+|C-P°20C-P @+t

‘= K —r’—|C-P?
—20C-P
s= -t
C-P
U= <—-
|IC-P

W= (UxV)xU
B=P+(|C—H-t)U+sOW

FIGURE 179. Calculation of point B on boundary of sphere
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Closest point on silhouette edge

Silhouette edge\ /

Flock member

AN
*Direction of travel

FIGURE 180. Determining steer-to point from silhouette edges
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roll (}
aw,
Y () pitch

FIGURE 181. Roll, pitch, and yaw of local coordinate system.
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l Gravity

FIGURE 182. The forces of flight.
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| leof/ e |
RELATIVEN aftack .
WIND DRAG

FIGURE 183. Lift produced by an airfoil.

V3: Computer Animation: Algorithms and Techniques 253



it Vertical I|ftT /:ift

—>
orizontal lift

Gravity Gravity
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Internal state (_Knowledge of external world 4| Sensors | «— (External world)
N \ =

‘4 a

¢ strategies to satisfy some objective

i

v Sequence of actions to get the job done

- - --C_Movement coordinato

L \ invocation of specific action at specific time
otor activity otor activity otor activity

¢ ¢ manipulation of DOF variable L

,,,,, » data path ) level of behavior
. . () database
—p Imperatives
P ] sensors

FIGURE 184. Levels of behavior
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normalized
distance

1

’ IR

FIGURE 185. The metaball and a sample density function.
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F(P) = sw f.(P) =T (FQ184)
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a) two overlapping metaballs

¢

a) wi=w2=1.0 b) w1=1.0; w2=-1.0 c) w1=1.0; w2=-5.0

FIGURE 186. Compound implicit surface.
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FIGURE 187. Distance-based implicit surfaces.
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FIGURE 188. Point samples used to test for collisions.
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sample points on
surface of polyhedron

polygonal object

_____ collection of implicit surfaces used to
approximate polyhedron

FIGURE 189. Using implicit surfaces for detecting collisions between polyhedral objects.
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Undeformed Implicit Surfaces
Fi(p) =0
Fi(p) =0

Object

T~

Propagation Region

Object

Penetration Region

FIGURE 190. Penetrating Implicit Surfaces.
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Gij(p) = —Fi(p)
Gji(p) = -Fi(p) (EQ 185)
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Bulging to simulate
Fi(p) = Fi(p) _ volume preservation

Fi(p) +G;(p) = 0 Fi(p) +Gj(p) = 0

. . Surface of Contact
Bulging to simulate

volume preservation

FIGURE 191. Implicit surfaces after deformation due to collision.
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max

FIGURE 192. Deformation function in the propagation region.
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