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History of Animation ‘7

Before Animation
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History of Animation ‘7

The Phenakistoscope

A First systematic truly moving animatietine phenakistoscopéo be viewed in the mirror through the
slit in the spinning disc)

PHENAKISTOSCOPbute to Joseph Platead YouTube



https://www.youtube.com/watch?v=UqwkdlwmHig

History of Animation

First Film

A Used for researchurposes
in order to answer the questiomto horses life all four limbs off the ground in g&llop

y -

Sallie Gardner at a Galld8¥8 - YouTube



https://www.youtube.com/watch?v=JaumV0FgwBg

How Does it Work? “7

Computer animation is a sequence of still images rapidly changing at a fixed ra
The mechanism:

A Retinal persistence (our light receptors hold the perceived state over a couple of milliseconds)
scientifically disproved

A Beta phenomenarvisual memory in braimot eyeball
A Phiphenomenoi o0 NJ AY | YUAOALI 0Sas IAPAYy3I aSyasS 27

Animation basics: The optical illusion Phi PhenomenonYouTube
of motion- TEDEd- YouTube



https://www.youtube.com/watch?v=V8A4qudmsX0
https://www.youtube.com/watch?v=L2-swEdDXsc

How Does it Work? ‘7

Motion

A Motion is a preattentive phenomenon

A Thlt has a stronger power to render things distinguishable for us than color, shape, ...
A Back toHuman Visual Systemur eyes are more sensitive to motion at periphery

A That@ why we are prone to séghostg in the corner of our visual field

A Motion triggers the orienting response / reflex (an organism's immediate response to a change in its
environment, when that change is not sudden enough to elicit the startle reflex)

A Motion parallax provid8-D cue (like stereopsig)it means that we can understand depth in moving
scenes despite not having the sterd@sual observation




Animation Technology ‘7

G¢KS 5AaySe 62Ny Ff206¢
A Senior artist draws keyframes

A Assistant draws ibetweens (tedious and labor intensive process)

keyframe
keyframe keyframe

I \

\ 4
inbetweens (“tweening”)

In modern animation software the workflow is similar

A You, as an artist decide on the key moments of the movement, and the software interpolates the
geometry in the timesteps in between



Keyframing ‘7

Basic idea:

A Specify important events only

A Fills in the rest via interpolation / approximation

Key frames / Events:

A Position

A Color

A Light intensity ' o keyframes
A Camera zoom l

A etc. .

interpolated frames



WhatCanbe Animated®
Camera Light Source Geometry

A Position A Position A Position
A Direction A Direction A Affine Transform
A Focalength A Radiant Power A Rotation

A Motion

A Scaling

A Shearig

Example

J

A Transparency

Shading

A Textures
A Diffuse properties
A etc.

A Positionis one of the most common characteristics, which is providededaf values

A If the sequence contair®t0frames, for objecAwe can assiga.g.frames0, 100and240as

keyframesand for objecB- frames10, 20and200

A Nextwe needto provide3 positionsfor objectAand 3 positionsfor objectBfor every keyframee.qg.

A Aposl =Vec3f( 7, 0, 1);
A.pos2 =Vec3f( 10, 0, 10);

A For the frames lying ibetween0 and 100, interpolate the position of obje&usingA.pos 1 and

A.pos 2
A Byanalogyproceedwith objectBandall other frames

10



Interpolation via Polynomial Curves

Curve descriptions

A Explicit:
Ao T
Ao Vi o restricted domain
A Implicit:
A Qo) T
Aw o 1 m unknownsolution set

A Parametric:
Ag Aohw Q0
o 1A Qo . -
A oo 10K (‘)h ON [rip] flexibility and ease of use

Polynomials
Ao & o Go6 oo E
A Avoidscomplicated functionse(g.fj € VPA@BOEH 1 i )o
A Use simple polynomials of low degree

11



Interpolation via Polynomial Curves ‘7
Monomial basis

A Simple basiphd 8 (dusually inTip )
Polynomial representation

o W e e —. Degree«
W0 W WO WO |[Wo
w(0) ® OO Wo 8

) é
G o —E — Coefficients) N a 0(0) oY (00) .
ad) @ O |[Wo| |0

lmn

p

o
3 . 7 \ (b
) _E ., Monomials< Q0 |

A Coefficients can be determined from a sufficient number of constrargsr(terpolation of given
points)

A Given§ p) parameter values and points)

A Solution of a linear system in tbe - possible, but inconvenient

Matrix representation L
W 7(;L) 700
00X (6 o E 0 p) wé’ wé’ wé’
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Derivatives o Polynomial Curve

Derivative
A Polynomiabf degree{ p) i} N
N ™ W
Quo . | . : : - A @
00 VD) (€0 E po E p 1 & §
W W
A Derivativeat a point is equalo the tangentvectorat that point
Example |
o o oy g o I
VO AIcOO6 ORKt b(n‘ln)
b (¢ pOEt 0 ¢ gATcOB( )
®©O ¢ IgOKt o 5

W@ ¢ igATcO o

@
@

é

@

Qw e ¢ gATO O YA :
’ A\l Al ] w0 T AQCO 2
Qw D ¢“ IgEL" o
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Derivatives \7

Continuityand smoothness betwegrarametriccurves

A There are two criteria for continuity:
A Geometric continuityO

A Parametric continuity

A 1f curveDd ends in the same point where curvestarts, it is said that we have both and
0 continuity

Notcontinuous Continuous
L p U O L({P) UL T

14



Derivatives \7

Continuity and smoothness between parametric curves
A If the tangent vectors at the joint are equally direched(p) "Dee T

A It issaidthat we havegeometriccontinuity"O
A If the tangent vectors at the joint are equis(p) Ve Tt

A It is said that we have parametric continuity

A Similarfor higher derivatives

"O -continuous 0 -continuous
'O + tangent vectors parallel 0 + tangent vectors parallel
vap) Deem Lagp) UVeeTt

15



Lagrange Interpolation

Given a set of kepoints:
A (ohp)honN ahip N g

Find a polynomial such that:
ALQ0() i

(6 hp)

16



Lagrange Interpolation ‘7
Given a set of points:
A (ohp)honN ahip N g
Find a polynomial such that:
ALQh()
For each point associate a _(ohp)
Lagrange basis polynomial: a e,

- 0 0 Fo (0 Fip)
VO 53 (o hip) ki

where

” ‘ p 'Q ’;'Q ‘:‘:: ....................... ,.u’
0 (0) 1 e .

\%

17



Lagrange Interpolation ‘7

Given a set of points:
A (ohp)hov ahip N g
Find a polynomial such that:
ALQ0() i
For each point associate a (6 Fip)
Lagrange basis polynomial

5 ©) 0 0
0 - S
v O O
where
. /e Q0
0 () 1 P

m €®Mi 0Qi Q

Add the Lagrange basigh points as weights:

NE R NH
5(0) 0 (&) GoX © 0 E O )<”g ”g ”é‘)
n s I 1 |



Lagrange Interpolation ‘7

For each point associate a Lagrange basis polynomial:

- o 0
v () 5 o R
1T 0 (9) 0 (9
Simple Linear Interpolation
A"Y {6}
.00 .
b (9 0O O 5
N 0O O
U (9 0O O
A
Simple Quadratic Interpolation 1+
Ay {of)
0 (0)
>

L (0

0O 0
0O O
0O O
0O O
0O O
0O O

oO‘oO‘oO‘

(0]
(0]
0
L (0 5
(0]
(0]
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Problems

Problems with a single polynomial

A Degree depends on the number of interpolation constraints
A Strong overshooting for high degree ( X)

A Problems with smooth joints

A Numerically unstable

A No local changes

L'E;T.(u)l

20



Splines

Functions for interpolation & approximation

A Standard curve and surface primitives in geometric modeling
A Key frame and ibetweens in animations

A Filtering and reconstruction of images

Historically

A Name for a tool in ship building
A Flexible metal strip that tries to stay straight
A Within computer graphics:

A Piecewise polynomial function

21



Linear Interpolation ‘7

Linear splines
A Defined by two pointsip hip
A Searching fob o such that:

ADM
Ab(p) 1 1
A Degree oD isp 14UY Y
A Basis:
AY©®O p ©
AYW®) ©
T 0o
00 BYO B YO 00X |(p o 9 (@

22



Linear Interpolation

monomiakbasis) —| / \ l_ Lineaibasis

© 1) (1 o o)
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O -continuous

Linear Interpolation

0 6% a'f(pp Al

(%)
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Hermitelnterpolation ‘7

Cubic splines

A Defined by two pointsp hp and two tangentsb b

A Searching fob o such that:
ADM e
Aden b
Ab(p 1w >
A Degree ob) iso

A Basis:
A "0 (0
A "0 (0
A "0 (0
A "0 (0)

«D «D «D «D

0 O0mMO@ O(@MOW VL({EOW 0pOW
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Hermitelnterpolation

Cubic splines
A Defined by two pointsp hp and two tangentsb b

A Searching fob o such that:
Ab@m ip
A b)) b / \
Abvgp) b

Ad(p)

A Degree ob) iso
A Basis: \ /
A "0 (0

A 0 (v
A 0 (9
A 0 (0)

«D «D «D «D

0 6% 0 tof 0 f'0t"0

L LE



Hermitelnterpolation ‘7

Cubic splines

A Defined by two pointsp hp and two tangentsb b
A Searching fob o such that:

ADm ip Abo* (o o o ptoto

Adben b Adsd* (o0 co p mtEOtO

A O#p) b

Ao b Aw¢ O0nX (mmm p)t0t"O

A Degree of) iso AP Dem® (m m p mtoOtoO
A Basis: AP DX (0 ¢ p MtEOtO

A0O® e A< 0pX (p p p ptoto

AO(@© e

A0@© e

AO@© e

235"
O~
(@ [ R
o N4 A
g % % E

p)
ot
T
P

OO F
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Cubic splines

Hermitelnterpolation

A Defined by two pointsp hp and two tangentsb b

A Searching fob o such that:

A 0 ()
A D)
A bep)
A 0(p)

A Degree ob) iso

A Basis:
A "0 (0)
A "0 (0)
A "0 (0)
A 0 (0)

P
b
b

p

«D «D «D «D

© N4 A

© OO I
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Hermitelnterpolation

Cubic splines
A Defined by two pointsp hp and two tangentsb b

A Searching fob o such that:
Ab@m ip
Ad#n b
A bdp) b
Ad(p) 1
A Degree ob) iso

A Basis: 1
AO0WO (P 9 ((p <9
AO@©® op 0
AO® o@® p)
A0O@© (@ coo

(f)
A

29



Hermitelnterpolation “7

Cubic splines cl ol ipllc
A Basis O O | G| P |O
AO©® ( 9@ <9 ( g 51 E E )
AW op 0
A0O@® 00 p (Oo6 0o OO0 0O o0)

AO@©® (o oo

Properties oHermiteBasis Functions f(‘t)

A "O (O) interpolates smoothly frorhto O

A "O andO havezero derivative ab mando p 1
A No contribution to derivativé@ , O )

A O andO are zeroad Tmandd p
A No contribution to position© , O)

A O (O)hasslopdatd 10O p)
A Unit factor for specified derivative vector

30



Examples: Hermite Interpolation ‘7

Tangent vector

direction A, at point
P,; magnitude varies
for each curve

Tangent vector
direction R, at point

p P,; magnitude fixed l 7
1 for each curve
> X(t) » X(t)
y(t)
A b 4
/
oo
vl
AP o N\ X
4 «
P4
P, P P
4 4 7
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S T shlifes)
A Defined by4 points:

A @ o : start and end points

A & o : control points that are approximated . e
A Searching fob 0 such that: qlw)
A0@m o q‘(s)
Abgm) o6& @ o,
Ad#p) o & o q'¢t)

~

Ad(p)

A Degree ob) iso
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S T shlifes)
A Defined by4 points:

A @ o : start and end points

DL . . b' be
A & ho : control points that are approximated
A Searching fob 0 such that: qlw)

A0@m o q‘(s)

AbeEm) od & s o,

Ad#p) o & ° q'¢t)

Ad(p) & . .

. N~ I

A Degree oD iso P TU TT .
0?( O 0O T Tt (*)X
X m 1 o o] g
h)"( LS LS | QR O A W

b oX Oty 0
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S 1 splibds)
A Defined by4 points:
A @ o : start and end points
A & o : control points that are approximated

A Searching fob o such that:

1 3 3 1
g 3 ¢ 3 O
= 0t%o= | 5 3 o o0
1 0 0 O

RO 6 ff)
Ads#E) o o
A ob G )
Ad(p
A Degree ob) iso
A Basis:
A6 © (@ 9
Ad (© oop 0O
A6 (© oo 0
A6 (@© o

A Bernstein polynomial:

As @ (Poe o

0(0)

06 (0

(1)

06 (0

06 (0 w6 (0
34



. ST Prdpeities ‘7

Advantages:

A End point interpolation

A Tangents explicitly specified b,

A Smocithvioivrlts are- simple | %//////////////

A0 MR colinear® G!continuous //
A0 O 0 0 © Ccontinuous //
7 74

A Geometric meaning of control points 7

A Affine invariance kg
A Convex hull property 5
AForm 0 pdo (0

®F
A Symmetryd () 6 (p 0 //’\\ /_\
. 7 s Py
Disadvantages pe o 7

A Smooth joints need to be maintained explicitly
A Automatic in BSplines (and NURBS)

35



DeCasteljadlgorithm

Direct evaluation of the basis function®) B @6 (0)

A Simple but expensive

Use recursion

A Recursive definition of the basis functions

6 © (gote 9 ® © p 08 ©
A Inserting this once yields:
0(0) w6 0 wo 0
A Withthenew. ST poiStdyglven by theecursion
®(@©) 0

~

@O o O p o0 (0

36



DeCasteljau Algorithm ‘7

DeCasteljallgorithm:
A Recursive degree reduction of the Bezier curve by using the recursion formula for the Bernstein
polynomials
0 (0) o6 0 ® 0 o E O 0 ép

Example:
Ao m@

37



DeCasteljau Algorithm ‘7

Subdivision using theeCasteljai\lgorithm

A Take boundaries of th@eCasteljadriangle as new control points for left / right portion of the curve

Extrapolation

A Backwards subdivision

A Reconstruct triangle from one side

38



CatmuHRomSplines

Goal

A Smooth (©-joints between (cubic) spline segments

Algorithm

A Tangents given by neighboring pointd Pi+1
A Construct (cubidiermitesegments

Advantage
A Arbitrary number of control points
A Interpolation without overshooting

A Local control

39



CatmuHRomSplines

CatmulRomsplines
A Defined by4 points:
A @ho: start and end points
A &hw: neighbor segment points

A Searching fod o such that:

A0@m o
Adgnm -0 ©
Adgp) -0
Ad(p o

A Degree of) iso

40



CatmullRomSplines ‘7

CatmulRomsplines
A Defined by4 points:
A @ho: start and end points
A &hw: neighbor segment points

A Searching fod o such that:

A0@m o
Adgnm -0 ©
Adgp) -0
Ad(p o

A Degree of) iso

= X%
e EFE
e IFER
© Hg A
4 g3 =

b oX b toty {0

@)
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CatmuHRomSplines

CatmulRomsplines
A Defined by4 points:

A @ho: start and end points

A & : neighbor segment points

A Searching fob o such that:

A Basis:

A0@m o
AdvsE) -0
Ad#p) -0 ®
Ad(p &

A Degree ob) iso
Ab (® -dp 0

A6 @© -0 p od cO ¢
) -0 10 D)
A6 (@ -60 p

&

0oty

P
C
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CatmuHRomSplines

CatmulRomSpline
A Piecewise polynomial curve
A Four control points per segment

A For¢ control points we obtaing o polynomial segments

Application
A Smooth interpolation of a given sequence of points
A Key frame animation, camera movemestt,
A Only G-continuity

A Control points should be equidistant in time

43



Choice of Parameterization

Problem

A Often only the control points are given

A How to obtain a suitable parameterizatiof

ExampleChordLength Parameterization
O T
o QQibo 0

A Arbitrary up to a constant factor

Warning

A Distances are not affine invariant !

A Shape of curves changes under transformations !!

44



Parameterization

ChordLength versus uniform Parameterization

A Analog: Think 6 as a moving object with mass that may overshoot

/
4 / _
/7 / Uniform
4 /
j /
/
» {
_
e hoi
= \
-
H"""--. \x\
e
e ol ,,..-l"f

Chord-Length
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B-Splines ‘7

Goal
A Spline curve with local control and high continuity
Given
A Degree: ¢
A Control points: n M m (Control polygond ¢ p)
A Knots: oM (Knotvector weaklymonotonid

A The knot vector defines the parametric locations where segments join

B-Spline Curve
0 (0) 0O on

A Continuity:
A a1 at simple knots
A Q¢ at knot with multiplicityQ

46



Recursive Definition

Nio (t) =

N (t)=

NP

B-Spline Basis Functions

\'e'l If t<t<t,,
:'O otherwise
t-t . t-t
—N"(t) - ——n
ti+n - 1:i ti+n+1 B ti+1
NP NP

N7 ()

1+1

N2

>

Uniform Knowector
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B-Spline Basis Functions ‘7

Recursive Definition

A Degree increases in every step

A Support increases by one knot interval

u)/ \ e
\ / j+4 ”r+l)\

N"J(H) (H+": H Jl;_l H f, 12(14) (,.,.4 i) I+‘!’](L~)
rr+7 ‘rr) (IH l'r+l) rl-3 fr+I ([:H ‘rr+7)

/\ e N

(u = )N (u) (fia2 = 1)Nj2y o(u ) (4 =t )Ny (1) (fie3 = )N 2 (1) (1~ i )Nisy () (s = N2 () (0 = tia)Niso g (1) (g ~ 1) Niga (1)
(fa1 = 1) (2 = tis1) (2 = byy) (tis3 = fis2) (fir2 = lis1) (tiy3 — ti2) (tie3 = fis2) (44— 1i43)
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