FC. @A IUjfe flc)

Mesh Processing
Parameterization

Bruno Lévy
INRIA - ALICE




Outline

]1. Infroduction - motivation

2. Simple objects

3. More complicated objects

4. Spectral methods

Epilogue
N




Infroduction
Why parameterization ¢

Texture mapping

... and more




Infroduction
Ed Catmull - 1974

]




]. Infroduction
Jim Blinn - 1978
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Bump mapping




: 1. Infroduction b
Splines: we got a parameterization

2D-Parameter A 3D
space




1. From Newell's feapof ...
... To Stanford's Bunny

Martin Newell

\- ;f./ |

[Turk and Levoy 94

Q: How can we do texture mapping on the bunny ¢




~ 1. From Newell's teapot ...
... To Stanford's Bunny

Parametric
form

Natural (u,v)
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Alice's adventures in wonderland




4 1. Infroduction .
Other motivations

Creating a CAD model from a real car .
ot S

“><< AL

\_1970's: purely mcnuol acquisition (Y. Sutherland))




4 . Infroduction .
Other motivations

Creating a CAD model from a real car ...

3D scanner Reconstructed model
[Levoy & Turk], [Boissonnat], ...

1 million vertices, 2 millions triangles:
Cannot be used by CAD/CAM software




g . Infroduction b
Other motivations

[SICAIA VS (5B ovgn, Shat CANFractt

output of the 3D scanner CAD/CAM software

CIESOEETS .

¥ DT —
tatoy

-~

The representation is not the right one,
CAD/CAM needs ...
... equations instead of sampling

How can we find the equation of this car ¢

AL i




g . Infroduction b
More Motivations

output of the scanner CAD/CAM representation

I million poinfs — 100 Splines (bicubic equations)
How can we find the equation of this car ¢

L v




]. Infroduction

Square pieces in round holes ...

Scanner 3D
AcCquisition
- . ~ 3D modeling
Noft the right Simulation
representation !l Visualization ...
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Texture mappi
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What is the point

asking ¢

What is the equation

of this bunny @

Ao




" 1. Can we play Catmull/Blinn .
game with meshes ¢
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1. Other Applications

(a) "aM faces \\ i \

-~ 2
!‘ v
. /
(b)\./ 8K face: @ W v
o normal-map * g

Wil
i WY

Texture Mapping Normal Mapping
=,

Databases Remeshing Surface Fitting




2. SImple Objects

Notion of parameterization x(.,.)

Object space (3D) Texture space (2D)




2. SImple Objects

Triangulated surfaces

Object space (3D) Texture space (2D)
Q: How can we find all these (u, v,)'s ¢

L v




‘ 2. Simple Objects
Tufte theorem (1960's)

1) we got some coetficients q;;

suchThOT
ZO,J(UV
jeN

, A > C

J] Oi,i:_zg'

. i, 2) The borderis mapped fo
a convex polygon

Then we got a valid mapping
N




2. SImple objects
Floater's idea

Tutte's theorem characterizes
familly of valid mappings

Why not using It to construct a valid
mapping ¢

S 7
M. Floater

i




2. Simple Objects b

Floater's idea

1. Map the border fo a convex polygon

2.50lve AU = UI Q: How do you choose
3. 50IV& AV =V the coeffs. of A = [a, ]

E 7
M. Floater

i




2. Simple Objects
Choosing the weights a;

0

K

e
Ry
e .044)0 'O

aij=1 Vl#]

Problem: distorfion !l




2. Simple Objects

miniMizing distortion

[Greiner et.al]: Variational principles
for geometric modeling with Splines
PDEs for geometric optimization

Can we port this principle to !l

K’rhe discrete se’r’rmg 2 [Hormann & Greiner]

Kai Hormonn




2. Simple Objects
ANISOtropy




Geometry of T,(S)

Partial derivatives of x(.,.)




Geometry of T,(S)

Ditferential dxp ; directional derivatives

dxp(w) =8/ 0t ( x( (ug,vo)+ t.w)) )




Geomes
Jacobio

Ty Of T,(S)

N Matrix Jp

ox/ou Ox/0v

Jp= [ dy/ou 0Oy/ov ]
oz/Ou 0z/0Ov

dxp(w) = W, Ox/0u + w, Ox/0v = Jp.W

oxIov. dep(W)

P -
ax/auO




Geometry of T,(S)

Measuring things, First Fundamental Form Ip

VltVZ - (J Wl)t J Wk Wlt Jul Wy = Wlt Ip Wy

Te(S)




Geometry of T,(S)

Measuring things, First Fundamental Form Ip

Distances : || Vy [|*=w' L w,

Angles : V'V, =w 'L, w,

Ip 1s called the metric tensor




Geometry of T,(S)
ANISOtropy

Ao

r*(0) = || dxp(cos 0, sin 0) ||?




Geometry of T,(S)

Anisotropy ; 1" fundamental form I;

~

oXx
O u

0X 0X

Ou

Ov

| doep(w) [ =[] Jp.w ||

= (Jpw).(Jpw)'
Z: °Zf =wtJplJp.W
., 2 = wtlp.w
Ov
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Geometry of T,(S)

Anisotropy ; 1" fundamental form I;

W, W, unit eigen vectors of Ip

A, A, associated eigen values

1r’(0) = || dxp(cos O w; + sin O w,) ||

= (cos B.w; + sin 6.w,)"I,.(cos 6.w; + sin 0.w,)
= c0s2 0.|[w|[*.A; + sin? 0.||w,||2. A, +

sin 0. cos 9.(7&1.Wt2.wl i 7\42.Wt1.W2)
r2(0)= cos? 0.1, + sin? 0.1,




Geometry of T,(S)

Anisotropy ; eigen structure of |,

r2(0)= cos? 0.1, + sin? 0.1,

d/d6 ( r%(0) ) = 2. sin 6. cos 0.(A, - )
— §in(20).(L, - &)

a =m ;b =\/T2l (eigen values of 1)




Geometry of T,(S)

Anisotropy ; eigen structure of |

3

- OO
e B
p ) Y " t
du 0 CREN
0z Oz 1 0 0
- Qu  Ov °
See also Singular values decomposition (SVD) of ]
HOMOMN]  Reme 1,15 s a =[5 5 b=/T

i




2. Simple Objects

ANISOfropy ; axes

3

ox > ox ox
Y i ) Y

2

0X 0X 0X
Ou Ov Ov

a=|A; ; b=[A, (eigen values of I,= sq. sing values of J,,)

i




2. SImple Objects

Triangulated surfaces

Object space (3D) Texture space (2D)




(2. Using Differential Geome’rry\
Triangulated Surfaces




4 N

2. Using Differential Geometry

Anisofropy - See SIGGRAPH & EUROGRAPHICS
course notes (with Kai Hormann and Alla Sheffer)

F G
E = fquu = fquU G = fUTfU

first fundamental form If — JfTJf — (E F)

eigenvalues of 1

A1 = %((E + G) + \/4F2 + (E — G)Q)

singular values of J¢ (anisotropy ellipse axes)

| a=vE e=vR !




g Non-Distorted Parameterization
General Idea

Many different applications (with
different requirements)

A nice formalism (differential
geomefry)

Lots of different methods
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Non-Distorted Parameterization
General Idea

Define some energy functional Fin
function of J, L, 1,4,

Expand their expression in F In
function of the unknown u,, v.

Design an algorithm to find the u,,v;'s
that minimizes F




2. SImple Objects

Some Parameterization Methods

IT-Id|7 = (A — 1>+ (Ao — 1)? Maillot & Verroust

"‘_f\’ \ P

oi402 trace(Ip)
0102 det(ar)

[Hormann & Greiner]

Lo(T) = /((1/o1)2+ (1/09)?) /2
LI[T} = 1/0q

[Sander & Hoppe]
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2. Simple Objects
Mean Value Coordinates

mean value coordinates

KThe only one with th. guarantees

[Floater]




g 5

mple Objects

Constraints

v I

Rotate Light mest ﬂ 0_ff|

===
(A2 | ain e

A
o & Er

[Levy OT]

TextureMontage
N

MatchMaker [Kraevoy et.al]
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b

B

=

7]
|
=l

K

Shader |+ < I |
,,JJJ Far oot o o DEMO

HEEEEE=
J_IM J_I <V> __J_IJ_J_J_JJ‘ m

s |Nferactive, No guarantee

= Non-interactice, 1tol
[Zhou et.al]




2. Simple Objects

Conformal Parameterization




2. Simple Objects

Conformal Parameterization

Cauchy-Riemann: Ox 0 J
ov _ Ou

. ey B 0
kNO Piecewise Linear solufion in 6enerof(




r . . ®
2. SImple Objects
LSCM
i a_v_ . a_u— 2
] O x o, Fix t fi t
Minimize ; ov \ a_z dl)é’r;vrgw;l/’]eer Ifoe’r,s’rrccj)nsl,scaling
- Oy G

+ eqasy fo implement - overlaps, deformations

o




2. SImple Objects

ABF/ABF++/LINABF
=

Limits of analytic methods| % iv..ﬁs‘:“‘n

‘llll\\‘\‘\

/LSCM ; DNCP /f\\\
%"\“\ |

)

d|s’ror’r|ons validity

v

kGeome’rric Methods mp




2. SImple Objects
ABF/ABF++/LinABF

Variables: angles

characterization of planar triangulation

o 3anf | = nf+2.nv ) |
A )Z Yoo =B)" 121 REA()

Canf : : / N g /

-y

Thapa- P
where: ( nf+l..nf+nv — c :
\ ¢ nf+mv.nf+2.m /] B




2. Simple Objects

4 iInifial ABF [Sheffer & de Sturler]
Cut by Seamster  faster one [Sheffer et.al 04]

N [Sheffer & Hart] inABF [Zayer et.al 07] b,




2. Simple Objects

290000 facets

Demo: Normal mapping
N b




2. SImple objects
Summary

Fixed boundary

Floater MVC: provably correct

Free boundary

LSCM: + linear, easy to implement

- trgl flip, distorfions
(in)ABF(++): + lower distortion
- more complicated

[Zayer07] LInABF: ABF in 30 lines of Matlab !!
\(C++ sources soon on http://alice.loria.fr)
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3. More complicated objects

~

Ao

If the object is not
unfoldable ....

... We need to cut it.

VSA [Alliez et.al 04]
DEMO




" 3. More complicated objects®
Ray's "Tetris’ packing (DXUVAtlas

T 7
W
it T T7




: 3. More Complicated Objects .

Arbifrary Topology : Need for new methods

L Wi




(3. More Complicated Objec’rs\

Remeshing and Geometry Images




3. More Complicated Objects

Reverse engineering




3. Difficulties

Singularities




3. Difficulties
Singularities
THE ORDER OF SINGULARITY OF A WEAVE is equal to the angle of
C the arrow's direction, positive or negative, divided by 260° (2n) j

Archibald Higgins Adventures (used with author permission)
For french readers, Archibald is known as Anselme Lanturlu

hitp://www.savoir-sans-frontieres.org




3. Difficulties

Singularities

the right, of negative
rg orderneg

Q{é’
=




3. Difficulties

Singularities

If you weave a closed surface,
eventuall will have sinqularities.
The E goPuoincaré characteristic
will be equal to the algebraic sum of
the orders of singularities.




3. Difficulties

Singularities

" I could weave a TORUS without singularity. That's n

ormal, . Y
itsEulerPoincarécharactisnﬂ- _D PO"’]Cere HOpf

I here's a sphere | [HHEHILT VAT | 4 DEC version:

St (| N N-Symmety
= A D N direction fields

AR \ [Ray et.al]

3/4, and order 1/

See also N-Rosy
[Zhang et.al]




g 3. Difficulties
Functions over manifolds

Differential Manifold

see, e.g. [Grimm et.al], [Gortler et.al], [Ray et.al]

L




3. Base Complex
Triangulafed Base Complex

Inter-Chart Relaxation




‘ 3. Base Complex
Quadrangulated Base Complex

Polyc.u.bemops Semi-manual construction
\__[Tarini et.al]




s 2. Base Complex

Why quads are desirable ¢
iV V.

+ tensor
product
splines




3. Base Complex A
Frusfration with charts

I Et Ou Ov Lots of computations !
P laxv.ax ax’ Handling charts is a hassle
Ou Ov Ov




Summary

Porting Differential Geomeftry 1o the
discrete setting [Pinkall&Polthier,
Hormann&Greiner,
Desbrun&Schroeder]

Defining distortion
Methods for disk topology
Other methods: coming next...




4 Overview
This tutorial

]. Infroduction
2. Ditterential Geometry on Meshes
Mesh Parameterization

3. Functions on Meshes

Discrete Exterior Calculus
———————————— 10n30="10hs0: CoffeeBredk ——————-—--—-—-—-

4. Spectral Mesh Processing
5. Numerics

Ao




