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3D Object Representations

‘Points -Solids
o Range image o Voxels
o Point cloud o BSP tree
o CSG
-Surfaces > Sweep
» Polygonal mesh
o Parametric *High-level structures
o Subdivision o Scene graph
o Implicit o Application specific
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3D Polygonal Mesh

-+ Set of polygons representing a 2D surface embedded in 3D

Face

Edge

Vertex
(X,y,2)

Zorin & Schroeder
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3D Polygonal Mesh

» The power of polygonal meshes
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3D Polygonal Mesh

-+ Set of polygons representing a 2D surface embedded in 3D

Platonic Solids

Dodecahedron Icosahedron
Tetrahedron Octahedron




3D Polygonal Mes

http://www.fxguide.com/featured/Comic_Horrors_ Rocks Statues and VanDyke/
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3D Polygonal Mesh
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3D Polygonal Meshes

- Why are they of interest?
o Simple, common representation
o Rendering with hardware support
o QOutput of many acquisition tools

Viewpoint
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Outline

 Acquisition
* Representation

* Processing

—
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Polygonal Mesh Acquisition

* Interactive modeling
« Scanners

* Procedural generation
- Conversion

« Simulations
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Polygonal Mesh Acquisition

* Interactive modeling e S——
« Scanners ~

- Procedural generation NS
- Conversion ?M___ I
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Polygonal Mesh Acquisition

* Interactive modeling
+ Scanners

* Procedural generation

Conversion

Simulations

Digital Michelangelo Proje
Stanford
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Polygonal Mesh Acquisition

* Interactive modeling

« Scanners

Procedural generation

Conversion

Simulations

sphynx.co.uk
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Polygonal Mesh Acquisition

* Interactive modeling

Scanners

Procedural generation

Conversion

Simulations

[

MakeAGIF.com

Nicky Robinson, COS 426, 2014
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Polygonal Mesh Acquisition

* Interactive modeling

Scanners

Procedural generation

Conversion

Simulations

Fowler et al., 1992

Peter Maag, COS 426, 2}
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Polygonal Mesh Acquisition

* Interactive modeling S T =
T~ > -

- Scanners = % @ G

* Procedural generation R N R

- Conversion

Marching cubes

Simulations
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Polygonal Mesh Acquisition

Interactive modeling

« Scanners

Procedural generation
- Conversion

« Simulations

Aty

o
A

SYIMSCAapce

Lee et. al 2010 )
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Outline

 Acquisition
* Representation

* Processing

—
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Polygon Mesh Representation

 Important properties of mesh representation?

o Efficient traversal of topology
o Efficient use of memory
o Efficient updates

Large Geometric Model Repository

Georgia Tech
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Polygon Mesh Representation

 Possible data structures
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Independent Faces

« Each face lists vertex coordinates

o Redundant vertices
o No adjacency information (X3, Y3, Z3)

(X‘I ’ y‘l ’ Z'I)
(X5, Yo, Z5) (X5, Y5, Zs)

FACE TABLE

F1 (X'I, y'|7 Z'I) (X27 YZ7 22) (X3, YS7 23)
F2 (XZ, y27 22) (x47 Y47 24) (X3, y37 23)
F3 (XZ, y27 22) (X5, YS7 25) (X4, y47 24)
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Vertex and Face Tables (Indexed Vertices)

 Each face lists vertex references

o Shared vertices
o Still no adjacency information (X3, Y3, Z3)

(X‘|7 Y1, z‘])

(X0, Yo, Zp) (X5, Y5, Z5)
VERTEX TABLE EACE TABLE
Vi| Xy Yy 4 Fi|Vy Vo Vg
Vo | X2 Yo 2y Fo|Vo V4 Va
V3| X3 Y3 Z3 Fa|Vo V5 V4
Va|Xq Ya 23
V5 | X5 Y Zg
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Full Adjacency Lists

- Store all vertex, edge, and face adjacencies

o Fast direct adjacency traversal
o Extra storage

Vo V3

ef 6'4 929596

FiFs
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Full Adjacency Lists

Adjacency relationships visualized:

{E}
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Partial Adjacency - Winged Edge

» Adjacency encoded in edges
o All adjacencies in O(1) time
o Little extra storage (fixed records)
o Arbitrary polygons

headleft headright

V
faceleft< faceright

tailleft tailright
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Winged Edge

« Exam ple: (X3, Y3, Z3)

(X'|5 y‘|1 Z‘])
(x2! y25 22) (XS’ y5! 25)

VERTEX TABLE EDGE TABLE o1 o w FACE
TABLE

VilXy Y1 4y | & e1|Vy V3 Fileo e &4 o3
Vo |Xo Yo Zp | eg e2 |V Vo |Fy e1 ¢ e3 e | |Fi|e
V3| X3 Y3 Z3 |e3 ez | Vo Va|Fy Folep e5 o1 eq| |Foleg
Va|Xq Yq Zg | e5 eq | V3 Vg Folel e3 e7 e5 Fa|es

V5| X5 Y5 Zg | eg e5 |Vo Vg |Fo Fgles eg eq4 e7

eg | V2 V5 |Fg e5 ey e7 ey

97 V4 V5 F3 94 95 96 96
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Half Edge

» Traversals do not require “ifs” in code

« Consistent orientation

headleft ~  headright helhead . he2 tail

\\\33::ifg///
he1.face
faceleft+ faceright

verttail

he2.face

ie2.verthea
tailleft tailright hel.tail he2.head
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Half Edge ... in more detail

- Each half-edge stores:
o Its twin half-edge
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Half Edge

- Each half-edge stores:

o Its twin half-edge
o The next half-edge
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Half Edge

- Each half-edge stores:

o Its twin half-edge
o The next half-edge
o The next vertex
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Half Edge

- Each half-edge stores:

o Its twin half-edge
o The next half-edge
o The next vertex

o The incident face
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Half Edge

- Each half-edge stores:

o Its twin half-edge
o The next half-edge
o The next vertex

o The incident face

« Each face stores:
o 1 adjacent half-edge

- Each vertex stores:
o 1 outgoing half-edge
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Half Edge

 Queries. How do you find:
o All faces incident to an edge?
o All vertices of a face?
o All faces incident to a face?
o All vertices incident to a vertex?
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Half Edge

- Adjacency encoded in edges
o All adjacencies in O(1) time
o Little extra storage (fixed records)
o Arbitrary polygons
o Assumes 2-Manifold surfaces

v
[>7

<>
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Outline

 Acquisition
* Representation

* Processing
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Polygonal Mesh Processing

« Analysis
o Normals
o Curvature

- Warps
o Rotate
o Deform

* Filters
o Smooth
o Sharpen
o Truncate
o Bevel
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Polygonal Mesh Processing

« Analysis
» Normals
o Curvature

- Warps
o Rotate
o Deform

* Filters
o Smooth
o Sharpen
o Truncate
o Bevel
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Polygonal Mesh Processing

* Analysis

> Normals Face normals:

o Curvature (use cross product)
« Warps

o Rotate

o Deform

* Filters
o Smooth
o Sharpen
o Truncate
o Bevel
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Polygonal Mesh Processing

« Analysis
» Normals
o Curvature

Vertex normals:

- Warps
o Rotate
o Deform

* Filters
o Smooth
o Sharpen
o Truncate
o Bevel
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Polygonal Mesh Processing

« Analysis
» Normals
o Curvature

Vertex normals:

- Warps
o Rotate
o Deform

* Filters
o Smooth
o Sharpen

Truncate
Bevel

o

o
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Polygonal Mesh Processing

* Analysis
» Normals
o Curvature

Vertex Normals: v,

- Warps
o Rotate

o Deform
for each face

* Filters « calculate face normal
o Smooth  add normal to each connected vertex normal

o Sharpen
o Truncate
o Bevel
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Polygonal Mesh Processing

* Analysis
» Normals
o Curvature

Vertex Normals: v,

A

5 =
\/ N 2 21{:1 Nk
I v

- Warps
o Rotate
o Deform
_ for each face
* Filters . calculate face normal
o Smooth « add normal to each connected vertex normal
o Sharpen
o Truncate
> Bevel for each vertex normal

e normalize
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Polygonal Mesh Processing

Analysis
o Normals
» Curvature color-coded curvature

red = higher curvature)
Warps ( .

o Rotate
o Deform

Filters
o Smooth
o Sharpen
o Truncate
o Bevel

Figure 32: curvature of curve at P is 1/k
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Polygonal Mesh Processing

« Analysis
o Normals
o Curvature

- Warps
» Rotate
o Deform

* Filters
o Smooth
o Sharpen
o Truncate
o Bevel
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Polygonal Mesh Processing

« Analysis
o Normals
o Curvature

- Warps
o Rotate
» Deform

* Filters
o Smooth
o Sharpen
o Truncate
o Bevel

\_ Shefter )
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Polygonal Mesh Processing

« Analysis
o Normals
o Curvature

- Warps
o Rotate
o Deform

* Filters
» Smooth

o Truncate
o Bevel

Thouis “Ray” Jones

o Sharpen How?




/

The Laplacian Operator

 Mesh formulation:
8 = 7 Xjen(i) (Vi — V)

d; = |[N(i)| is the number of
neighbors.

A

Olga Sorkine

Average of
Neighboring
Vertices
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The Laplacian Operator

- The Laplacian operator A

2je lring; VjTvi

L(v) = Avy) = Flring,

B
-1 3 -1 -1
1151 a4
* |n matrix form: / \ 1 4 1 -1
n -1 341 A
/ -1 - -1 §-1-1
B ., (Yo —, =i -1 - i
Wij L# ] /\ -1-1-1 §5-1-1
Lij = 4 Zje1 Wij L= ) -1 -1 3 -

0 K -1 -1-1-1 4
_ 0 else )
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The Laplacian Operator

- The Laplacian operator A

Yie Vj—Vj

J€1lyin i
L(v;) = A(v;) = .

#1ringl-

- However, Meshes are irregular
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The Laplacian Operator

- The Laplacian operator A

z:1'611‘l'ngl-vj_vi

L(v;) = A(v;) =

#1ringl-

- However, Meshes are irregular

o Cotangent weights:

2j€1ying. Wii'Pj
Lp) =—~S————n
151ringi L] D,
P;
S cot(a;;)+cot(Bif) i (Q
=
N\ ’ 2 Y,
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Solve Constrained Laplacian Optimization

* Applicable to:
o Deformation, by adding constraints
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Solve Constrained Laplacian Optimization

« The Laplacian operator A Solve:
(ke ()
Yiel,..  Vi—Vj ' ) )T ~
]Elrmg- ] l @ Ly e | 0 0 C1m
L(w) = Av) = —— o ,, ,}
ring; X = argmin (||Lx— SYNIF+ Y o |x; —f'j-|‘)
X Jje€

- However, Meshes are irregular

o Cotangent weights:
2j61ringiWij'pj

L(pi) = — — D

151ringl-WU

cot(a;;)+cot(B;;)
2

Wij =
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Polygonal Mesh Processing

Deformation

Sorkine
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The Laplacian Operator

* Applicable to:

o Deformation, by adding constraints
o Blending, by concatenating rows in matrix problem
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The Laplacian Operator

* Applicable to:
o Deformation, by adding constraints

o Blending, by concatenating rows
o Hole filling, by 0’s on the RHS
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The Laplacian Operator

* Applicable to:
o Deformation, by adding constraints
o Blending, by concatenating rows
o Hole filling, by 0’s on the RHS
o Coating (or detail transfer), by copying RHS values (after filtering)
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The Laplacian Operator

* Applicable to:

Deformation, by adding constraints

Blending, by concatenating rows

Hole filling, by 0’s on the RHS

Coating (or detail transfer), by copying RHS values (after filtering)
Spectral mesh processing, through eigen analysis

O

O

O

O

O
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Polygonal Mesh Processing

« Analysis
o Normals
o Curvature

- Warps
o Rotate
o Deform

Desbrun
* Filters

Weighted Average
© SmOOth of Neighbor Vertices
» Sharpen

o Truncate

Olga Sorkine
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Polygonal Mesh Processing

« Analysis
o Normals
o Curvature

- Warps
o Rotate
o Deform

* Filters
o Smooth

0P
GO
Os

Archimedean Polyhedra
» Tru ncate http://www.uwgb.edu/dutchs/ sy?lllmetry/ archpol.htm




-

Polygonal Mesh Processing

* Remeshing

o Subdivide
o Resample
o Simplify

 Topological fixup
o Fill holes
o Fix self-intersections

- Boolean operations
o Crop
o Subtract
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Polygonal Mesh Processing

» Remeshing <
o Subdivide —_—
o Resample

o Simplify Remove Vertex
- Topological fixup
o Fill holes —_—
o Fix self-intersections
Collapse edge

- Boolean operations

o Crop
o Subtract —

Subdivide face
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Polygonal Mesh Processing

- Remeshing \ \/
» Subdivide

F
o Resample —
o Simplify

+ Topological fixup /\ | \
> Fill holes e

o Fix self-intersections

ANVANY

- Boolean operations
o Crop
o Subtract

150 PosY s |
TR e e
X ‘ii.'- a@;‘& M
TN
RN AV(W:@«,
ORI,

&ﬁpﬁmn—

Zorin & Schroeder
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Polygonal Mesh Processing

* Remeshing

» Subdivide
o Resample
o Simplify

 Topological fixup
o Fill holes
o Fix self-intersections

* Boolean operations
o Crop
o Subtract

Matt Matl, COS 426, 2014
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Polygonal Mesh Processing

* Remeshing

» Subdivide
o Resample

o Simplify ‘

 Topological fixup
o Fill holes
o Fix self-intersections

- Boolean operations Fractal Landscp“ ,
o Crop
o Subtract

Dirk Balfanz, Igor Guskov,
Sanjeev Kumar, & Rudro Samanta,
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* Boolean operations
o Crop
o Subtract

o S

» Topolog
o F
o F

Polygonal Mesh Processing

- more uniform distribution
- triangles with nicer aspect

-
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Polygonal Mesh Processing

ing

Remesh

ras

VAN
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de

o Subdiv

o Resample

> S

implify
Topological f
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o Fill holes
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-
o
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1I0NS

Boolean operati

o Crop

o Subtract

Adaptive

Uniform

Input
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Polygonal Mesh Processing

* Remeshing

o Subdivide
o Resample
o Simplify

 Topological fixup
> Fill holes
o Fix self-intersections

* Boolean operations
o Crop
o Subtract

Podolak
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Polygonal Mesh Processing

* Remeshing

o Subdivide
o Resample
o Simplify

 Topological fixup
o Fill holes
» Fix self-intersections

* Boolean operations
o Crop
o Subtract

Borodin
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Polygonal Mesh Processing

* Remeshing
o Subdivide
o Resample
o Simplify

° TO pOIOg ical fixu p hMesh separation processed by a boolean operation.

o Fill holes
o Fix self-intersections ‘ . .
——
- Boolean operations

> Crop Intersection / \ T
> S u bt raCt ‘ Substraction

> Etc.

=everal Boolean operations with 3DReshaper®
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Summary

* Polygonal meshes

o Most common surface representation
o Fast rendering

* Processing operations
o Must consider irregular vertex sampling
o Must handle/avoid topological degeneracies

* Representation

o Which adjacency relationships to store
depend on which operations must be efficient
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3D Polygonal Meshes

* Properties
? Efficient display
? Easy acquisition
? Accurate
? Concise
? Intuitive editing
? Efficient editing
? Efficient intersections
? Guaranteed validity
? Guaranteed smoothness
? etc.

Viewpoint
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3D Polygonal Meshes

* Properties
© Efficient display
© Easy acquisition
@ Accurate
® Concise
@ Intuitive editing
@ Efficient editing
® Efficient intersections
@® Guaranteed validity
@® Guaranteed smoothness

Viewpoint




