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Abstract

Digital 3D models are key components in many industrial and scientibc sectors. In numerous domains polygon
meshes have become a de facto standard for model representation. In practice meshes often have a number of
defects and Raws that make them incompatible with quality requirements of specibc applications. Hence, repair-
ing such defects in order to achieve compatibility is a highly important task B in academic as well as industrial
applications. In this tutorial we brst systematically analyze typical application contexts together with their re-
quirements and issues, as well as the various types of defects that typically play a role. Subsequently, we consider
existing techniques to process, repair, and improve the structure, geometry, and topology of imperfect meshes,
aiming at making them appropriate to case-by-case requirements. We present seminal works and key algorithms,
discuss extensions and improvements, and analyze the respective advantages and disadvantages depending on
the application context. Furthermore, we outline directions where further research is particularly important or
promising.

Categories and Subject Descript¢ascording to ACM CCS) |.3.5 [Computer Graphics]: Computational Geometry
and Object ModelingN

1. Introduction Thus, this tutorial has a twofold objective: brst, we show
how to exploit state-of-the-art techniques to solve the mesh
drepair problem in various scenarios; second, we describe the
existing repairing methodologies and outline the directions

chaeology, medicine and bioinformatics. Due to their Rexi- where further research is particularly important. We system-

bility, expressiveness and hardware support, polygon meshesatically analyze the app_lication coqtexts that deal with poly-
have become a de facto standard for model representation in9on meshes together with the requwements_ they pose and the
many of these domains. Each application, however, has its problems they provoke, as well as the various types of de-

own quality requirements that restrict the class of acceptable €€t that typically play a role and may make a mesh unsuit-
and supported models. In practiceal meshes often have able. Subsequently, we consider existing techniques to pro-

a number of defects and Raws that make them incompati- cess, repai_r, and improve the structur_e, geomef[ry, and topol-
ble with such requirements. Hence, repairing these defects ©9Y ©f an imperfect mesh to make it approlprlatek to Caske'
in order to achieve compatibility is a highly important task PY-case requirements. We describe seminal works and key

D a task whose complexity and level of difbculty is not un- algorithms, discuss extensions and improvements, and an-

commonly underestimated by non-experts in the beld alyze the respective advantages/disadvantages while taking
o o ) ~various key application contexts into account. Where avail-
This importance is in place for both, academic and in-  gpje we refer to existing implementations.

dustrial applications: researchers in all areas of Computer

Graphics want (and not rarely have) to assume a certain The tutorial is based on a recent extensive survey by
level of quality and integrity of the meshes they work with  the presentersACK], which is about to appear in ACM
(to avoid unnecessarily complex algorithms or to make con- Computing Surveys. An accompanying website featuring
cepts work out), whereas practitioners have to reliably deal freely obtainable implementations of several of the pre-
with real-world meshes in demanding industrial workRows sented methods is available wtvw.meshrepair.org

which similarly rely on certain assumptions. There we also provide further material and updates.

Nowadays, digital 3D models are key components in man
industrial and scientibc sectors, such as product design an
manufacturing, gaming, simulation, cultural heritage, ar-
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2. Outline Defect Categories

The Application Perspective Most ble formats that are used to represent polygon meshes
are not guaranteed to represent only defect-free models, as
they may easily encode non-manifold and/or non-orientable

sets of polygons, isolated elements, intersections and a num-

loitation. Th brst di ¢ licati that ber of other defects that often are the source of problems in
ploitation. Thus, we Prst discuss upstream applications (tha several contexts. We provide a categorization of all the issues

createa mesh) based on the typical chargcterlstlcs/ Qefec_ts of that may need treatment B specibcally, we distinguish among
the meshes they prod_uce, and then provide a classibcation ofissues about local connectivity, global topology, and geom-
doqutream appllcathns (th.asethe model)l bgsed on the etry. The following is a list of individual types of defects
requwements they typlcglly IMPOSE on their input mes.hes' and Raws treated in the tutorial: isolated/dangling elements,
By looking at the combinatorics of upstream application,

- N singular edges/vertices, holes, gaps/overlaps, intersections,
repair method, .and downstream apphcatmn pased on thesedegeneracies, noise, aliasing, topological noise, inconsistent
criteria, we derive practical guidelines to decide which re- orientation.
pair approaches are well suited for the data-link between any
particular upstream-downstream pair B bridging the corre-
sponding compatibility gap. Upstream Applications

The tutorial provides a useful and handy overview of mesh
repair techniques from a practical application perspective, by
considering the 3D model lifecycle from production to ex-

Common mesh sources (i.e. upstream applications) can be
Overview and Problem DebPnition characterized based on thmature of the data modeled

(i.e. (physical) real-world data vs. (virtual) concepts) and
We can debne a mesh repairing algorithm to be a processon theapproachemployed to convert such data into poly-
that takes as input a surface médhand produces a modi-  gon meshes (e.g. patch tessellation, raster data contouring,
Ped versiorM’ where some speciPc defects or 3aws are re- point cloud reconstruction). Both, nature and conversion ap-
moved or alleviated. This loose debnition intentionally does proach’ can be the source of defects in a mesh. In essence
not exclude methods that, while Pxing speciPc defects, may tg identify all the potential defects of a mesh based on the
newly introduce other Baws that again need to be Pxed by ypstream application that produced it, it is often sufpcient to
subsequently applied methods B as it is often the case withidentify the nature as well as the approach employed. In the

available algorithms. tutorial we determine the specibc properties of both aspects.
In general, it can be useful to investigate the context as
follows: Downstream Applications
1. What is the upstream application? We provide an overview of the prototypical requirements of
I Determines characteristics bf key application contexts. For instance, for the purpose of
2. What is the downstream application? merevisualization only the existence of signibPcant holes is
| Determines requirements off generally deemed unacceptable D all other types of defects
3. Based on this information: can often be neglected. Other applications, engdeling
I Is it necessary to repail? demand at least topological manifoldness, for instance in or-
4. If repairing is necessary: der to be able to apply discrete differential operators. Even
I Is there an algorithm that does it directly? stricter requirements are to be fulblled for, ergpid proto-
5. If direct repair is not possible: typing purposes: the mesh model naturally needs to be con-
I Can several algorithms be used in sequence? vertible to a solid model, i.e. it has to well-debPne an interior
6. If not: and exterior volume. For this purpose the mesh debnitely
I There is room for further research. has to be closed and free of intersections and singular non-

manifold conbgurations that would prevent an unambiguous

When debning the goal of mesh repair, the problemOs -\ Slume classibcation.

herent ill-posedness must be taken into accout. Imperfect

meshes with defects quite often represent an object ambigu-

ously or incompletely and, without additional information Repair Algorithms
(e.g. context, semantics), it can be impossible to decide how
a certain defect is to be repaired in the right way. Depend-
ing on the types of defects, it can even be impossible to de-
cide whether a mesh actuattgpntainsdefects or 3aws which
need to be repaired. Hence, we also take a closer look at al-
gorithms that accept additional information as input or allow
for user-interaction in order to deal with this general prob-
lem. Since we are interested in identifying repair algorithms

On the highest level we distinguish between methods that
use alocal approach (modifying the mesh only in the vicinity

of the individual defects and Raws) and methods that employ
a global strategy (typically based on remeshing of the input,
which allows to more easily achieve robustness and global
correctness guarantees).
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suitable for specibc contexts, we do not only explain the in-
dividual algorithmic approaches, but also, for each discussed
method, consider the requirements the repair method itself

[ACK] ATTENE M., CAMPEN M., KOBBELT L.: Polygon mesh
repairing B an application perspectilCM Computing Surveys
to appear

poses on its input mesh, guarantees of success, accuracy ofACP03] ALLEN B., CURLESSB., Popovie Z.: The space of

the results, possible defects newly introduced, as well as re-
quired or allowed user interaction.

For each category of defects and Raws we explain major
results, seminal works, and key algorithms in detail and fur-

ther discuss valuable extensions and improvements that have

been proposed. We provide pointers to available implemen-
tations and tools that can readily be employed to bx mesh
defects.

Outlook

One insight that can be gained is that some repair tasks
aresignibcantlymore challenging than others. While some
problems can be easily formalized and unambiguously
solved, non-trivial interpretations are necessary to provide
robust and intelligent algorithms for, e.g., hole blling, gap
closing, and intersection removal. We discuss the gaps in the
available range of repairing methods and show up possible
avenues for future research that could provide further valu-
able contributions in the beld. Promising research directions
include hybrid methods which are minimally invasive and
still provide global guarantees, the high-level incorporation
of meta-knowledge, and the vertical integration of multiple
repair techniques to pratical work3ows.

3. Target Audience

The tutorial is targeted at both, researchers and practition-
ers with a Computer Science or Geometric Modeling back-
ground. Instead of listing the existing algorithms based
on their methodology, the tutorial presents the mesh re-
pair problem from an application perspective that is natu-
rally helpful for both developers of 3D applications and re-

searchers that make use of meshes in their activity. In partic-
ular, researchers from the wide beld of Computer Graphics
constitute one of the main targets of this tutorial, since they
quite often work with polygon meshes and (often implicitly)

make assumptions about their integrity. Furthermore, after

having discussed what can be done today (and how it can be

done), we provide an analysis of gaps in the state-of-the-art
and we show fruitful avenues for future research. Thus, also

researchers in the more specibc beld of Geometry Process-

ing can take advantage of this tutorial.
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« demand for digital 3D models is

+ depending on the application, 3D models

ubiquitous need to be:
[ * visualized
. CAD / C.AM - analyzed
. Sumu'latlon FE! « processed
» Gaming
) — . * converted
« Cultural heritage 4
+ Medicine ‘- + advanced algorithms in these contexts
« Bioinformatics g often have strict requirements on model
7 quality and integrity
EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 3 EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012
<$1)H&1)$I IO & GRS

+ polygon meshes are a de facto standard in
numerous domains
- extremely flexible
and descriptive

« supported by
hardware acceleration

Lo

« their versatility, at the same time, allows
for a variety of defects and flaws in the
representation

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 5
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Motivation Motivation

« real world meshes often contain various
defects, depending on their origin.

 but many applications assume ideal
meshes free from defects or flaws.

* Mesh Repairing adapts raw mesh models
to specific application requirements.
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Motivation Motivation

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 9 EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 10

Motivation Motivation
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Motivation Motivation

> 11K patches
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14
Motivation Motivation
« complexity of the repair task is often
underestimated by non-experts
pre-processing simulation post-processing
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Motivation Motivation
« complexity of the repair task is often « complexity of the repair task is often
underestimated by non-experts underestimated by non-experts
pre-processing simulation post-processing pre-processing simulation post-processing
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« dist(p,q) = |lp - 9|

+ dist(p.9) = |lp — 4l
« dist(p,S) = min {dist(p,q) |! 9" S}

"#$%&'($) "#$%&'($)
« dist(p,q) = |lp - q| « dist(p,g) = |lp - ql|
- dist(p,S) = min {dist(p,q) |! 9" S} « dist(p,S) = min {dist(p,q) |! 9" S}
« dist(S5,S") = max { dist(p,S") ) |! p" S} « dist(S,S") = max { dist(p,S") ) |! p" S}
"#$%&'($) 1.$/09$)./1$2&3%/4%"5#$6
« dist(p,q) = ||p — 4| « given: input mesh / polygon soup M
- dist(p,S) = min {dist(p,q) |! 9" S} * find: output mesh M ) .
+ globally consistent manifold / solid
. dist(S,S") = max { dist(p,S") ) | ! p" S } ‘watertight’
« tolerance:  dist(M,M’) < epsilon
« dist(S,S") # dist(S',S)
« *&+),"%-- distance:
max { dist(S,S’), dist(S',S) }
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Spurious Geometry
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The Mesh Repair Problem
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Topological Noise
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Application  Application  Application Application
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Data Source

v

Mesh Repair

— v~

Application  Application  Application

« categorization of:

« defect types

« upstream applications / data sources
« based on typical defects of output meshes.

 downstream applications
* based on typical requirements on input meshes.

* repair approaches
« along with specific requirements and guarantees
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« based on these criteria and by looking
at the combinatorics of

* upstream application
« repair algorithm
« downstream application

guidelines can be derived to find methods
well-suited for a specific problem setting

1. what is the upstream application?
I determines characteristics and defects of M

2. what is the downstream application?
I determines requirements on M’

3.is it actually necessary to repair M?
4. does there exist a suitable algorithm?
5. can several methods be combined?

6. otherwise:
I there is a gap in the state of the art ...
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defect types

* upstream applications

« downstream applications
* repair approaches

« We distinguish issues about:

* Local connectivity

« .The set of polygons does not represent a
combinatorially manifold simplicial complex”

* Global topology

* local I global « ,The overall topological structure (number of
* mesh-based ! volumetric components, genus, orientability) is wrong”
» geometrical ! topological « Geometry
. repair workflows — an example « ,The geometric realization is flawed (holes, gaps,
. . noise, ...)"
« discussion & open problems
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+ Geometry
» Degenerate elements |
« ,Triangles with (near-)zero area”
« Self-intersections
+ ,Non-manifold geometric realization”
* Sharp feature chamfering
« ,Aliasing artifacts due to sampling
pattern”
+ Data noise
« ,Additive noise due to measurement imprecision”

* Geometry & L3 i
« Besides the absence of (near-)degeneracies,
the general element quality is an important
characteristic in several applications.

I Conversion of meshes to meet such
Lcontinuous quality criteria” is the scope of
.surface remeshing”.
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« Upstream applications (or "#$%&)
characterized by:
.« OH$&
* (physical) real-world data <-> (virtual) concepts
o *++3"(%,
. - &/+0"1&2.)".%"34&8%).2()(.)". +"015"3./&!,

« Both aspects can be the source of defects
and flaws.

* Nature

* 6&!753&2
« Basic concept is an abstraction
« Problems due to:

« Inaccuracies in the modeling process
« Inconsistencies in the description/representation

* 6757)78&2
* Measurement of real-world phenomenon

« Problems due to:
« Measurement inaccuracies
* Measurement limitations
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. =&75,).:7&02.)$7(354#0()7"3
. >"072./"280.2"#32($1.8@)$(%)7"3
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UPSTREAM APPLICATIONS
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UPSTREAM APPLICATIONS

I "#3$H%%&'()*
I Gaps, Intersections

! due to deviation from
original curved surface

I (Degeneracies)

! depending on special
case handling in

I A#:'8-(B&6#-C13()*
I' Intersections
I (Degeneracies, Singularities)

! e.g. when using the popular
Minolta V910 software

tessellator
C2)B—E'12F—&*G—H#I)5—OJJ<K"/f ;
+,-0.-"1')2(8.%3-4)%56)*- 7#$8-0#:8(2(*6-; 0<=/>=./0. 2@ +,-10."1)2(8%3-4)%56)*- TH$8-9#:&(2(*6-; 0<=/>=./0. 2D
UPSTREAM APPLICATIONS UPSTREAM APPLICATIONS

I 9&$'#2-G&'&-L)*")12(*6
I Singularities

! due to ambiguous
configurations

I (Degeneracies)
| If fixed pattern used

MB&6#-N5-O*G2#&$-P&#2#*' Q#*

I MB:%(L('-C1*L'()*-L)*)12(*6
I Aliasing
! (Topological noise) — if fixed pattern used

+-10."1)2(8%3-4)%56)*-7#$8-9#:&(2(*6-; 0<=/>=./0. 2J

UPSTREAM APPLICATIONS

+,-10.1')2(8%3-4)%56)*- TH#$E8-9#:&(2(*6-; 0<=/>=./0. @/

UPSTREAM APPLICATIONS

I O#L)*$'21L'()*-C2)B-:)(*'$
| 7#'8)G$-&I&(%&NY#-'88 -G)-*)'-(*'2) G1LH#-
&2'(C&L'$-*)'-8&%2#&G5-: 2#$H - (*-'8#-G&'&=
| P1'-B&*5-)'8#2$-B(68'-(*2)G1L#
I (Holes)
! (Gaps) 4@
! (Aliasing)
! (Topological noise)
I Even if certain sampling criteria are met that
would allow for correct reconstruction in theory

| R#(68'-C(#%G-'2(&*61%&()*

+-10."1)2(8%3-4)%56)*-7H#$8-9#:&(2(*6-; 0<=/>=./0. @0

+,-10.1')2(8%3-4)%56)*- TH#$8-9#:&(2(*6-; 0<=/>=./0. @.
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UPSTREAM APPLICATIONS
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UPSTREAM APPLICATIONS

SR
| HS6& (HE)SHH+ & /)01.-21%H, Approach AR
| "%, 3+$-.%1%)4 a1 e | g8
SEEEEIE I
S | Slale o
IR
)44)$$-1%#, X | x
G)@1>'%(-3)H+4%H, X
2-41).8-1-24,1#+.%3 X
(@$%2%1'H+, 21%H, 24, 1#+.%,3 X
2)2#,41.+21%#, H #( @#%, 14
)%3>1'HY6)$&'L.%-,3+5-10%,
"H$Y68. (#8)SH+ & )01 21C X
56'7897"+1#.%-8;' <#$/34,'=)4>'2) @-%.%,3'A 9BCBDC7897 EF 56'7807"+1#.%-$;'<#$/3#,'=)4>"?) @-%.%, 3'A 9BCBDC7897 EB
DOWNSTREAM APPLICATIONS DOWNSTREAM APPLICATIONS
. S
| K)'2#,4%&). @ #141/@%2-$.)L+%.)(), L4'#H" Application Group MNEE
C4-(@3)#H1S) M%&) -@ @$%2- 1%, 4@)21.+( 8151822
" oy S| X Il HET
LS8 %(")* EFIEEMER
| +),-8, RS | F|9|S]5|%
NO64+-$%O0-1%H, X
| lora o
I /%0",123)()(40"*. —HR)$% 3 X 1 x X
I 23)5-##"™. 2-@%&'< #L#1I@%,3 X | x|x X
I 6"7$&%(")* <#2)44%,3 X|[X|X X | X
"0b(+$-106#, X | x| x|x X | x
56'7897"+1#.%-$;'<#$/3#,'=)4>'?) @-%.%,3'A 9BC8DC7897 ED 56'7897"+1#.%-$;' <#$/3#,'=)4>'?) @-%.%,3'A 9BC8DC7897 EP
REPAIR APPROACHES
| K)'&%A41%,3+%4>%)1M)), IM#1/@)4;
I Q#2-$;
! 3-,8$%,3'&)H)214%,8%RY68+-$$/*/$#2-$
(#8&Y6HY%2-1%#,4C
| Q#M%,R-4%R),)445*+1'#,$/'H)M'3+-.- 1))4C LOCAL APPRQACHES
| 6$H*-$; Gap closing
L I@%2-$$/*-4)&#, - 2#(@$)1).) )4>%,3C
| 09635 #++41,)44S+1HHL), $HAAHH'R)1-%6$C
| =H.) @$-+A%*$)-(Ve3+9% 11" ) A4S+ 1%, @HA4%*$)C
56'7897"+1#.%-$;'<#$/3#,'=)4>'?) @-%.%,3'A 9BC8DC7897 EE 56'7897"+1#.%-$;' <#$/3#,'=)4>'?) @-%.%,3'A 9BC8DC7897 ET
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Gaps - Nature and origin

14.05.2012

Proximity-based approaches

« Between connected components of a
mesh; made of separated chains of edges

* Produced by tessellation, round-off,
conversion errors, inaccurate trimming, ...

+ Usually long and narrow

» Most methods match gap boundaries by
considering their spatial proximity

» Merge vertices within a prescribed distance
[RW92]

+ to re-unite displaced but equivalent vertices.

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012

Proximity-based approaches

79
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Proximity-based approaches

» Merge vertices within a prescribed distance
[RW92]

+ to re-unite displaced but equivalent vertices.

» Merge vertices within a prescribed distance
[RW92]

* to re-unite displaced but equivalent vertices.
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Proximity-based approaches

81
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Proximity-based approaches

» Merge vertices within a prescribed distance
[RW92]

+ to re-unite displaced but equivalent vertices.

» Merge vertices within a prescribed distance
[RW92]

* to re-unite displaced but equivalent vertices.
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Proximity-based approaches

14.05.2012

Proximity-based approaches

» Merge vertices within a prescribed distance
[RW92]

+ to re-unite displaced but equivalent vertices.

« Progressively “zip” pairs of boundary edge
chains [SM95], [BK97]

* Better control over topology.

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012

Proximity-based approaches
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Proximity-based approaches

« Progressively “zip” pairs of boundary edge
chains [SM95], [BK97]

* Better control over topology.

* Progressively “zip” pairs of boundary edge
chains [SM95], [BK97]

* Better control over topology.
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Proximity-based approaches
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Proximity-based approaches

« Progressively “zip” pairs of boundary edge
chains [SM95], [BK97]

* Better control over topology.

* Progressively “zip” pairs of boundary edge
chains [SM95], [BK97]

* Better control over topology.
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I"H#$96&96'()*+,-./+00"#+12-,
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I"H$0%6896' ()*+,-./+00"#+12-,

I "#$%#&" ()&*+,-.(/0,/1(#',$2,3$456 1#+,&6%&,
781(5',9:;<=>?,9@A<B>
| @&CC&#,7$5CH$*,$)&#,CH/$*$%+D

I "#$%#&" ()&*+,-.(/0,/1(#',$2,3$456 1#+,&6%&,
781(5',9:;<=>?,9@A<B>
| @&CC&#,7$5CHS* $)&#,CH/$*$%+D

EF,GHIG,JACSH#(1*K, "$*+%$5,&'8,L&/1(#(5%,M INDH=DGHIG

I"#$96&96'()*+,-./+00"#+12-,

<l EF,GHIG,JACS#(1*K,"$*+9%$5,;&'8,L&/1(#(5%,M INDH=DGHIG <G

I"H$06896' ()*+,-./+00"#+12-,

I "#3%#H&" ()&*+,-.(/0,/1(#',$2,3$4561#+,&6%&,
781(5',9:;<=>?,9@A<B>
I @&CCE&#,7$5C#$*,$)&#,CH/$*$%+D

“C(C78(5%

I "#3%#&" ()&*+,-.(/0,/1(#',$2,3$456 1#+,&6%&,
781(5',9:;<=>?,9@A<B>
| @&CC&#,7$5C#%*,$)&#,CH/$*$%+D

“C(CT78(5%

EF,GHIG,JAC$#(1*K,"$*+%8$5,,&'8,L&/1(#(5%,M INDH=DGHIG

I"H#$96&96'()*+,-./+00"#+12-,

<0 EF,GHIG,JCS$#(1*K,"$*+%8$5,,&'8,L&/1(#(5%,M INDH=DGHIG <N

I"H$06896' ()*+,-./+00"#+12-,

I "#3%#H&" ()&*+,-.(/0,/1(#',$2,3$4561#+,&6%&,
781(5',9:;<=>?,9@A<B>
I @&CCE&#,7$5CH#$*,$)&#,CH/$*$%+D

“C(C78(5%

I "#3%#&" ()&*+,-.(/0,/1(#',$2,3$456 1#+,&6%&,
781(5',9:;<=>?,9@A<B>
| @&CC&#,7$5C#%*,$)&#,CH/$*$%+D

“C(CT78(5%

EF,GHIG,JAC$#(1*K,"$*+%8$5,,&'8,L&/1(#(5%,M INDH=DGHIG

<= EF,GHIG,JC$#(1*K,"$*+%$5,,&'8,L&/1(#(5%,M INDH=DGHIG <P
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Proximity-based approaches
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Proximity-based approaches

I "#$%#&" ()&*+,-.(/0,/1(#',$2,3$456 1#+,&6%&,
781(5',9:;<=>?,9@A<B>
| @&CC&#,7$5CH$*,$)&#,CH/$*$%+D

“C(C78(5%

I "#$%#&" ()&*+,-.(/0,/1(#',$2,3$456 1#+,&6%&,
781(5',9:;<=>?,9@A<B>
| @&CC&#,7$5CHS* $)&#,CH/$*$%+D

“C(CT78(5%

EF,GHIG,JACSH#(1*K, "$*+%$5,&'8,L&/1(#(5%,M INDH=DGHIG <B

Proximity-based approaches

EF,GHIG,JACSH#(1*K,"$*+%$5,;&'8,L&/1(#(5%,M INDH=DGHIG <0

Proximity-based approaches

I "#3%#H&" ()&*+,-.(/0,/1(#',$2,3$4561#+,&6%&,
781(5',9:;<=>?,9@A<B>
I @&CCE&#,7$5C#$*,$)&#,CH/$*$%+D
| :C1#C,2#$P, 7*$'&'C /1 (#,C$,#8&'$*)&,1P3(%4(C(&'D

I "#S%H#&" ()&*+,-.(/0,/1(#',$2,3$456 1#+,&6%&,
781(5',9:;<=>?,9@A<B>
| @&CC&#,T$5CHS* $)&#,CH/$*$%+D
| :C1#C,2#$P,7*$'&'C,/1(# ,C$,#&'$*)&,1P3(%4(C(&'D

EF,GHIG,JAC$#(1*K,"$*+%8$5,,&'8,L&/1(#(5%,M INDH=DGHIG <<

Proximity-based approaches

EF,GHIG,JCS$#(1*K,"$*+%8$5,:&'8,L&/1(#(5%,M INDH=DGHIG IHH

Proximity-based approaches

I "#3%#H&" ()&*+,-.(/0,/1(#',$2,3$4561#+,&6%&,
781(5',9:;<=>?,9@A<B>
I @&CCE&#,7$5CH#$*,$)&#,CH/$*$%+D
| :C1#C,2#$P, 7*$'&'C /1 (#,C$,#8&'$*)&,1P3(%4(C(&'D

I "#S%H#&" ()&*+,-.(/0,/1(#',$2,3$456 1#+,&6%&,
781(5',9:;<=>?,9@A<B>
| @&CC&#,T$5CHS* $)&#,CH/$*$%+D
| :C1#C,2#$P,7*$'&'C,/1(# ,C$,#&'$*)&,1P3(%4(C(&'D

EF,GHIG,JAC$#(1*K,"$*+%8$5,,&'8,L&/1(#(5%,M INDH=DGHIG IHI

EF,GHIG,JC$#(1*K,"$*+%8$5,:&'8,L&/1(#(5%,M INDH=DGHIG IHG

17



14.05.2012

"#$%&%'()*+,-./+00"#+12-, "#$%&%'()*+,-./+00"#+12-,
I "HS%H&" ()&*+,-.(/0,/1(#,$2,3$4561#+,8&6%&, I HS%H&" ()&*+,-.(/0,/1(#,$2,3$456 1#+,86%&,
781(5',9:;<=>?,9@A<B> 781(5',9:;<=>?,9@A<B>
I @&CCE&#,7$5CH$*,$)&#,CH/$*$%+D | @&CC&#,7$5C#S*,$)&#,CH/$*$%+D
I :C1#C,2#$E,7*$'&'C /1(# ,C$,#&'$*)&,1E3(%4(C(&'D | :C1#C,2#$E,7*$'&'C /1(#,C$,#&'$*)&,1E3(%4(C(&'D
FG,HIJH,K4CSH#(1*L,"$*+%$5,;&'8, M&/1(#(5%,N JODI=DHIJH JIP FG,HIJH, KAC$#(1*L,"$*+%$5,;&'8,M&/1(#(5%,N JODI=DHIJH Jio
"#$%&%'()*+,-./+00"#+12-, 3.4+51-./6+0/78%#,%59
I "#S%#&" () &*+,-.(/0,/1(#',$2,3$4561#+,86%8&, I :&)&#1* %1/ E1+,7#$",156,E&&C
781(5',9:;<=>?,9@A<B> I %*$31**+,$/C(E1*,E1C78(5%,$2,Q/1#C" $2R,

I @&CC&#,7$5CHS*,$)&#,CS/$*$%+D 3$4561#+,74#)&',9@:<=>,(5'C&16,$2,%#8&&6+

| :C1#C,2#$E, 7*$'&'C /1(# C$ #&'$*)& 1E3(%4(C(&'D - ~,
‘g s N
by
FG,HIJH KACS#(1*L,"$*+%$5,;&'8, M&/1(#(5%,N JODI=DHIJH Ji= FG,HIJH KAC$#(1*L,"$*+%$5,;&' 8,M&/1(#(5%,N JODI=DHIJH JIS
:-9+'%4-/6+0, :-9+'%4-/6+0,
| T$5'(6&#,1%'$,-58%1C()&1/'0?,(D&D,$)&#*1//(5%, I T$5'(6&#,1%'$,-58%1C()&1/'0?,(D&D,$)&#*1//(5%,
J1C78&'?,3+,7*(//(5%,156,E&#%(5%,9KU<O> 11C78&'2,3+,7*(//(5%, 156, E&#%(5%,9KU<O>
FG,HIJH KACS#(1*L,"$*+%$5,;&'8, M&/1(#(5%,N JODI=DHIJH JiB FG,HIJH KAC$#(1*L,"$*+%$5,;&' 8,M&/1(#(5%,N JODI=DHIJH JIv
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Negative Gaps

14.05.2012

Negative Gaps

+ Consider also "negative gaps”, i.e. overlapping
patches, by clipping and merging [TL94]

¥ general problem for
Lstitching”

¥ problem for ,zippering”
if overlap larger than
triangles

« Consider also "negative gaps”, i.e. overlapping
patches, by clipping and merging [TL94]

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 109

Issues of pairwise boundary stitching

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 110

Advanced Gap Closing

* pairwise processing does not introduce
singular edges

« some gaps remain when only reasonably
resolvable into a non-manifold mesh

 Thus, some methods allow to produce
non-manifolds to be able to close all the
gaps [BNKO02]

« Dynamic selection of zipping or stitching
depending on gap width [PMRO05]

« Gaps may not be bounded
by boundary edges
» More general detection
and resolution needed
* Hybrid approach [BK05]

* Remeshing in voxels
surrounding the gaps

» Output guaranteed
intersection-free

5. prelim. reconstruction 6. result
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Summary Table - Gap Closing
Algorithm Input requirements | Parameters Potential new flaws
[Rock and Wozny 1992] Very small gaps Gap width Intersections, degen.,
singularities
[Sheng and Meier 1995] - Gap width Intersections, degen.
[Barequet and Kumar 1997] | - Gap width Intersections, degen. LOCAL APPROACH ES
[Turk and Levoy 1994] Overlap Gap threshold | Intersections, degen. Hole Fi"ing
[Borodin et al. 2002] - - Intersections, degen.,
singularities
[Patel et al. 2005] - - Intersections, degen.,
singularities
[Bischoff and Kobbelt 2005] | - Gap width, Degeneracies
resolution
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*40,"#-)"(%./'0() 1#02"(

| "H$%& ()*+,-.-)*)*'+,%).'0&'%,,1234'5, $
1%,.)-'%,,6.",5'0,73-#$&")-4).

| 84).)'9.2(6%):"+,%). /#3'0)'6#*/+)-'0&

*$HBATYH*234*+)2$'0, 73-#$5&'%,, 6.

I G)7%2.%2/.?
| A232(#%'#$)HH' (232(H%'-2+)-$H%'#34%).
I:9))-&*$2#347%#*2,3IKL<M ANLOMP@Q=FM'BKLRS'

| T23-,6*2(7(0&'N&3#(2/' @$,45#((234'
IJULFM'V2)=0S
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$-./01"$%+$*"0)1+

« Advancing front with Poisson equation [ZGL07]
« Radial Basis Functions [BPBO06]

« NURBS fitting [KSI*07]

« Curvature energy minimization [Lev03; PMV06]
» Moving Least Squares projection [WO07; TC04]

« Often robustness issues due to required
boundary region parameterizations, hole
boundary flattenings, control point setup, etc.

« When additional vertices are inserted,
methods may try to create intersection-
free patches

« [TCO4] — After each triangle insertion check for
intersections. Might fail in producing the
complete patch.

 [WLGO03] — Randomized optimization by
simulated annealing. Less failures, but still no
guaranteed convergence to any plausible

result.
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2++3%+ 2++3%+

« Potentially new intersections
+ Holes might have complex topologies

« The algorithms cited consider one loop at a
time. Not suitable for e.g. holes with “islands”

« Potentially new intersections

+ Holes might have complex topologies

+ The algorithms cited consider one loop at a
time. Not suitable for e.g. holes with “islands”
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2++3%+
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2++3%+

« Potentially new intersections

 Holes might have complex topologies

* The algorithms cited consider one loop at a
time. Not suitable for e.g. holes with “islands”

\

o)

/

« Potentially new intersections

+ Holes might have complex topologies

+ The algorithms cited consider one loop at a
time. Not suitable for e.g. holes with “islands”

NN
) )
//
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Issues

| "H$%E&$' () +&%,+ &$Y%-.%/$ HE..
| O#)%.+1'23$+3(4%-+/#15)%6+$H5H)#2'%.

! 73%+()2#-'$31.+/'$%8+/#&.'8%-+#E& Yo+ ) ##5+($+(+
$'1%9+:#$+.;'$(<)%+=#-+%929+3#)%.+,'$3+>")(&8.?

NN\
> D
/

| "H$%&$'()*+&%,+ &$Y%%-.%/$ HE..
| O#)%.+1'23$+3(4%-+/#15)%6-+$H5H)#2'%.

I 73%+()2#-'$31.+/'$%8+/#&.'8%-+#& Yo+ )##5+($+(+
$'1%9+:#$+.;'$(<)%+=#-+%929+3#)%.+,'$3+>".)(&8.?

NN N
> D)
/S

@A+BCDB+7;$#-'()E+"#)*2#&+F%.3+G%5("-'&2+H DI9CJIIBCDB DBK

Exploit the volume

@A+BCDB+7;$#-'()E+"#)*2#&+F%.3+G%5('-'&2+H DI9CJ9BCDB DBL

Summary Table - Hole Filling

I M;")8+(+N#&.$-('&%8+0%)(;&(*+
7%3$-(3%8-()'P($#&
| Q&5;$+-%R;-%8+$#+<%o+=-0%%+#=+.%)=H'&$%-.%/$"
&2;)(-'$'%.+(&8+8%2%&%-(/'%.
I T.'&2+2-(53H/;$+$%/3&'R;%.S+5-#5%-+=(/%%$.+
#=+3%3$-(3%8-(+(-%+.%)%/$%8+$#+="))+3#)%.+,"
1;)$'5)%+<#;&8(-'%. u"GCIv

I A;(-(&$%%E+&$%-.%/$ H#&H=-%%+#;$5:$

Algorithm Input requir Intersect.-free

UMY3&+(&8+Z#P&*+DWWB| H H

UF[\%)[+(&8+O#)%&+DWWXV  H H

UGHS3+(&B+Z'<# ## DWWKY  G#;23)*+5)(&(-+3#)Y+

<#,88(-%.

UJ(-&;.\( %$+()9+BCCIV H H

UM(-%R;%$ (&8+/3(-- DWWV H H

U_'%5( BCCXV H H

U"=%'=)% (&8+"%'8%)+DWW'V H H

U79%\;1())(+(&8+N#3%&+BCCIV  H H a
UZ(28%-+%$+()9+BCCXV H ~19+h8&&%6()94"(-(19 la
Ur#8H)(\+(88+G;.'8\%, [P+ | #+8%2%8&9S+8&$%-.%(39S+ a

BCCJV 82))(9

@A+BCDB+7,$#-()E+"#)*2#&+F%.3+G%5('-'&2+H DI9CJI9BCDB DBW

DXC

@A+BCDB+7;$#-'()E+"#)*2#8&+F%.3+G%5('-'&2+H DI9CJ9BCDB

Beyond smooth patches

| Gb5-#8:/'&2+1#-53#)#2'/()+8%$(). +/(&+
)%(8+$#+1#-%+5)(;.'<)%+5($/3%.

I I"HS%6& )"+, % ()2#-'$31.+($$%15$+$H+

LOCAL APPROACHES H#)4%+$3'.+5-#<)%1
Mesh Completion | N#5*+.$-/$;-%S+$%6$;-%S+(&8+=%($;-%. +=-#1+
'&B(/$+5(-$.
/\ /\ A I:
27
=-#1+UN3(-=+%$+()9+BCCIV
@A+BCDB+7;$#-'()E+"#)*2#&+F%.3+G%5('-'&2+H DI9CI9BCDB DXD @A+BCDB+7;$#-'()E+"#)*2#8&+F%.3+G%5(-'&2+H DI9CI9BCDB

DXB
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Types of completion algorithms
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Template-based completion

| H$96& )+ (, &t~/
| "+0$1$,4)$+%(+1().238H).(-443.-
| 5-.(HOHSEHTE.(8.+2.)9'()+(-.&.,) (#(39+3.9(
).23&H).;(19+2(#(<=(#%0(#0#3) ()4.(&#)).9
| >9.#)$+%(+1()4.(2$--$%8(8.+2.)9"

| 5- (HOHSEHTE.(8.+2.)9'()+(,9.4).(0.)4$&.0(3#), 4.-(
)4#)(,+238.).04.(2$--$%8(34#9)-

I M1).%(9.NE$9.(E-.9(-E88.-)$+%-()+(-)#9)()4.(
#8$8%2.9%)0(.J8J(,+99.-3+%0.%, .-O(1.#)E9.(
2#9P.9-0(Q

| 5- 1E&(RE-)(1+9(+7R.,)-()4#)(,#%(7.(,& #9&'(
&H--$1$.0($%)+(+%. (+1(1.*(,#).8+9$.-
| AE2#%(4.#0(- #%-(S=TUUV(WXYZBAV(="TZBI[
| 7+0$.-(S\>FBLV(\ZW]BK[
1)..)4(SWXYZBAV(ZWBA[

2@ (ABCA(DE)+9$#&/(F+&'8+%(".-4(G.34#$98%8(H CIIBKIABCA cLL

Template-based completion

2@(ABCA(DE)+9$#&/(F+&'8+%(".-4(G.3#$9$%8(H CIIBKIABCA cLl

Inter vs Intra-shape similarities

Image courtesy of
Kraevoy and Sheffer

I D4.(%.,.--#9'(3#),4.-(,#%(7.
I, +3%.0(19+2(+)4.9(3#9)-(+1()4.(-#2.(2+0.&(
SZ\>MBI[
| 5- 1E&($1().")E9.-(#%0(1.#)E9.-(-4#8&&(7.(9.3&%,#).0
I -'%)4.-$_.0(#,,+90$%8()+()4.(8.+2.)9'(+1(#(

)FL2A(+10A(# 2.(&H-#-(4.(SU3E)(
SF@]BK[

| D+(#,4$.6.(,+99.)(8&+7#&(-)9E,)E9.(#%60()+3+8&+8'

2@(ABCA(DE)+9$#&/(F+8'8+%(".-4(G.3#$98%8(H CIIBKIABCA CLK

Patch-based Completion

2@ (ABCA(DE)+9$#&/(F+&'8+%(".-4(G.34$98%8(H CIJBKIABCA cL

Photo-based Completion

I Z4#3.(-$2$&#9%)'(2.#-E9.
I D+(1$%0(7.-)(9.8$+%(+9(3#),4()+(,+3'($%)+(4+&.(
9.8%+%J
I Z.&.,)$+%(-)9#).8'/
| 26H&EH).(1+I(H(-)(+1 |
0$-,9.).(&+,#)$+%-a |
+0$.9)#)$+%-a- #&.-
SZ\>MBI[
| 26H&EH).(+0(#(3.9
3+$%) (7#-$-(S=ZWBKV(=bBK|

19+2(SZ4#91()(#8I(ABBI[

I d%1.9($%1+92#)$+%(19+2(#00$)$+06#&(34+)+-
| ZA#3.H19+2H-4#0$%8()., A%$NE.(Se@G]B [
| FA+)+H,+%-$-).%,'(2.#-E9.(S=fZ]CB|

L

19+2(SeE()(#&J(ABB'

2@(ABCA(DE)+9$#&/(F+8'8+%(".-4(G.3#$98%8(H CIJBKIABCA Clc

2@ (ABCA(DE)+9$#&/(F+&'8+%(".-4(G.3#$98%8(H CIIBKIABCA

CLg
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J0++$")1$23#)4 5#,6)!+73#%&(

| "H$68 ()96H*)+) #(,-.)%/0,'12)+3%),$4()&#51)

$/)6'57')$&'6)%/*$,*3/3(-.)8,$8)6'(&
| O#* J#-7/5,$&6()8/5:)/*)0/,*$; +#('1)

5'05'(*$#$,/*(), *($#1)

"H=IAJC)KLIMANO

I P"1)$/)#005/05,#%'-.)(#60-,Q),*03%$),()6'(&

I P"1)$/)$5,#473-#$)$&)5'(3-$,7) 04$%& (

<=>?@ABC)D=EAFC)DGAFC)

83-"8%6+

O(70%)"#:0&" #+#(%, | S "S+HUH", 9H(%8S3)(H#<)*3$<,
<=8#5Q)'$)#-X)SAABO ; [07,4;+#( 1\ W(/-38,/* [$/0/X)*/, (-2)#- #(X\
<D*1'-()'$)#-X)SAAFO [0/, %41\ =0#-")-1~( [S/O/X)*,(:2)#- #(X\
<D5'%:/* #*1)G,(&5)SAAF]  ; [0/,*$;+#('1\ A x1/8)=, ! [$10/X)*1,(2)#- #(X\

<"#5:)'$)#-X)SAAJO [0/, %641\ W(/-3$,/* [$/10/X)*/, (2)#- #(X\
<K #1)S)#-X)SAAFO 07,48 +#(1\ =]54-)" [S10/X)*1,(:2)8- #(X\
<#3-. '$)#-X)SAAFO /1) 1#$#+#(2)] aT*5H%,'(2)
8/51( FE5(%8S,14(
<K3 '$)#-X)SAAJO W/37&-)0-##5) &I )24-,+5#$'1),647'( [a'7*54%,'(2)
+/3*145,( FE5(%8,/4(

RH)SATS)US/5,#-V)"/-.7/)9'(&)W'0#,5,47); TBXAFXSATS TvZ RH)SATS)U3$/5,#-V)'-.7/)9'(8)W'0#,5,*7); TBXAFXSATS TBA
1.7#,)*)&(70%
I a'7™*5#%, ([/5)*#5:1'7*'5#%, ()#5")
1Q$™)$&)(135%")/Q),*($#+,-,$,(
e lo\O.. I >-7/5,$&6()$&#9%)Q,b)$&'6)6,7&$)*"1)$/)
B# #(#:;!C8 )_3)5?5)?/;25*?5%/ #' #C%&'() 3()5/+3($)7/6'35,%)05°1, %6#$(
= . oH , 0 ,
PHLFS3 | U8/$.0')/Q),*03%
| U((--#$'1)?>a)6/1'(
1'a,7,%,_'1)6/1'-(
RH)SATS)US/5,#-V)'"/-. 7/)9'(&)W'0#,5,47); TBXAFXSATS [ RH)SATS)U3S/5,#-V)'-.7/)9'(8)W'0#,5,*7); TBXAFXSATS &

/3&C&(-)!8B)+'D#3,

I3&C&(-)%#C6(8&:0#)GHIIKL

| P"1-5-,)$5,#47- ()#5')(,60-.)5'6/]'1)
+.)%/--#0(,*7)$&')'17)/00/(,$)$/)$&")
1'7*54#$)%/5*'5

| 2#0()%#*)+)(0-,$),*$/)*"1-'(
| U/)#]/,1)-//0(2)<DEATO)'60-/.)}#)(-,%,7)

$'%&*,c3'

| A&*Y1/%2) $'54#S$,]') 17")%/--H#O(' () %oH*)
(,60-,Q.)$&)6/1'-)8&.,-)5'6/],*7)#--)$&.)
*"1_'(

RH)SATS)USS/5,#-V)'"/-. 7/)9'(&)W'0#,5,47); TBXAFXSATS I3

RH)SATS)U3$/5,#-V)'-.7/)9'(8)W'0#,5,*7); TBXAFXSATS
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0$'&123+)-#./#.

« Here we can count on a rather uniform
and dense sampling [Att10]

 Needles can still be removed by collapsing
the opposite edge

« Caps can be resolved by “swapping” the
edge opposite to the flat corner

 Guaranteed to converge for exact
degeneracies, not for near-degeneracies

+ Keeping the mesh manifold while
removing the needles might be impossible
for non-exact degeneracies

+ E.g. along and thin cylinder might be
tessellated with only triangles with angles
below the given threshold

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012

4#315&'%#" #6%&2'".

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 "$

726$3)"#-#.1&'(

« Two problems

» Detection

» Resolution

« All-with-all intersection tests lead to
quadratic complexity — unaffordable

» Need spatial subdivision to reduce the
search space

[BKO5] use a voxel grid to locate self-
intersections efficiently

« If a voxel contains intersecting triangles,
the surface within the voxel is remeshed
« Same process to locate and fix small gaps

« Modifications occur only near the flaws,
thus the approach is local

« Useful to fix tessellated CAD patches with
approximated trimming curves

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012

8#-208'()%"&$'(3#.

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 "&

82:;.%'#..)&..;#.

« In digitized meshes intersecting triangles
are small and can be simply removed, and

the resulting holes filled

 Approach used in [Att10], where several
repairing tasks are performed in sequence

« No parameters are necessary

.

\

%

H

*

3

« Finite precision may be insufficient to
represent the intersection points

» [CK10] use an intermediate BSP
representation
« Fast and robust

« [GHH*03] use arbitrary precision arithmetic
» More precise
« Slower; requires more resources

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 1#(
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Summary Table - Degeneracy and Self-
Intersection Removal

Algorithm fixes: Inpu.t Parameters | GS | Accuracy
>?%)6@7#-3A#B*CC5.)#$%%&D E . F-3,G*A '7+<#-3R.5 -994FH<
>1))535#$%&%D EJ#KI#L - T+<#-325 -99+H<
>?,6@7*GG#-3A#B*CC5.) $%%=D J#" F-3,G*A 2_9#M’A)‘;5+-3@5J#-99+*H< LOCAL APPROACHES
>0-F953 -3A#B*CC5.) $%&%0 K A522;#5Efg§gl‘]#3# N |5H-@) Sharp Feature Restoration
>"+-3-A*6#5)#-.<#$%%PD K : N 5H-@)
E#Q#A52535+-)54G-@56 "KHQ#2(-+-3)55A#6(@ @566
K#Q#65.G:,3)5+65@),*36
LHQHT*.56
"#Q#2-96
I"H#S%&SH()*+,- [#0*.12*3#456 7#859-,+,32#: &;<%=<$%&$ 151 1"#S%&SH()*+,-.[#0*. 12*3#456 7#859-,+,32#: &;<%=<3%&$ 152
Interactive approach The EdgeSharpener approach
R S3#>B?%PDJI#G*+#5-@T#@*++(9)5AH#67-+O#5A R E5)5@)H#6F**)7#+52,*36#C1#-3-.1Y,32#)75#
Y75#(65+#A+-M6#-#TG,67C*35U#6)+(@)(+5# A, 75A+- #-32.5#-)#F56 T#5A256#>1Z8K%=D
V69,35#-3A#*+)7*2*3- #+,C6W R O+5-)5#67-+9#G5-)(+56#-6#,3)5+65@),*36#*G#
R I#)5665..-),*3t#*G#)7,6#6)+(@)(+5#+59.-@56#)75  9.-3-+#5H)+-9%.-) *36#*GHOF**) 7#+52,*36
“+,2,3- #@QT-FG5+#M,) T#-#67-+9#9-) @7 R K(,)-C.5#G*+#F56756#,3)5+9*.-),32#9* 3)6#*G#
R X65G(#-.6%#)*#F*AL #-+C,)+-+1#9+*G,. 56H#)*# G5-)(+5:,36536,),[5#6-F9.,32#9-))5+36
C5#6M59)#-.*32#) 75#5A254# R 10*F-),@
"#S%&SH()*+,- /#0*. 12*3#4567#859-,+,32#: &;<%=<$%&$ &=P "H#S%&SH () +,- [#0*. 12*3#4567#859-,+,32#: & <%=<$%&S$ &=;
Other automatic approaches Newly-introduced flaws
R S3#)75,+#7*.5:G,..,32#-.2*+,) TF#>00%\D# R |..#)75#F5)7*ABH#A, 6@ (665A#T-AAUH#*+#
3@.(AS#-#67-+93566:A5953A53)#G, .)5+#)*# T+5F*[BU#F-)5+,-.U#)*#+5@*36)+(@)#)75#
+5@%*36)+(@)#G5-)(+56 G5-)(+56# 9%)53),-.#65.G:,3)5+65@),*36
R S3#>]-3%"D#C*)7#67-+9#G5-)(+56#-3A# R '"75#1A25K7-+9535+#F5) 7*A#F,27)#
6F**)7#C.53A6#C5)M553#6F**) 7#+52,*36# 9+*A(@5#A52535+-)5#)+,-32.56#M7, .54
+5#+5@*36)+(@)5A 69.,)),32#)75#@7-FG5+6

R “#A,GG5+53),-)5#C5)M553#) 75654)M*#@-656#) 75#

(65+#,6#+5_(,+5A#)*#695@,G1#-#9-+-F5)5+ - chamer

I"HSU&SH )"+, [#0*. 12*3#A56T#859-,+,32#: &;<%=<$%&$ 155 VHSY&SH()*+,- [#0%. 12*3#456T#859-,+,32#: & <%=<$%&$ &="

26



Summary Table - Sharp Features
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Algorithm Input requirements Parameters Potential new
flaws
>P*@@5.)#-3A#B*)6CTHSUWDE  F-3,G*A ,3)5+-C),H5 65.G:,3)5465C),*36

>1))535#5)#-. <#$%6%6=E F-3,G* AJ#3*#A52535}-C,56 -

A52535+-C,56

>K753#-3A#K7532#$%%LH F-3,G* AJ#3*#A52535¢-C,56 65.G:,3)5+45C),*36

>M-32#$%%NE

3413%, 65J#3HAB2535+.C,56  JO*H)T+561*A6  65.G:,3)5+45C),*36

65.G:,3)5+45C) *36J4

LOCAL APPROACHES
Mesh Denoising

HSURSH()+,- #0%, 1234456 TH#859-,+,32#: &i<%=<$%&S 157

Laplacian smoothing

IHSUESH()+,- /H0* 12*3HAE6THEED- +,32H: &;<%=<$%&S 158

Non-shrinking methods

P Q)5+),H5#-.2*+)7F

P R*+#5-C7#,)5+-),*3J#C*FO()5#) 7T5#5H53)(-.#
9%6,),*3H*G#5-CT#H5+)5S#-64#) 7T5#C53)5+#*G#
F-66#*GH#)75#35,27 @*+6#

P '53A6#)*#T67+,3UV#)75#67-95

P X1 -.2%+ )7TF#>'-(W=E#: -#F*A,G,C-),*3#*G#
)75#Y-9.-C,-3#6F**)7,32

P R*+#5-C7#,)5+-),*3J#)O*#6(@:,)5+-),*36#-+5#
95+G*+F5A
P Z35#,30-+A#A,GG(6,*3J#C*3)+*..3A#@1#
P Z35#*()O-+A#A,GG(6,*3J#C*3)+*. SAH@1#

P 1.)5+3-),H5.1J#>[44WWE#9(6 7#H5+), C56#
PO-+A#*+ 2,3 #6(+G-C5#-G)5+#5-CT#
Y-9.-C,-3#,)5+-),*3

"#S%&SH()*+,- /#0*. 12*3#4567#859-,+,32#: &;<%=<$%&$ &=W

Morphology-aware denoising

"H#S%&SH () +,- [#0*. 12*3#4567#859-,+,32#: & <%=<$%&$ 160

Denoising and sharpening

P 0+5H,*(6#-.2*+,)7TF6#6F*)7T#5H5+1)7,32
P QGH#F*+97* *2,C- #G5-)(+56#-+5#,F9*+)-3)J#

>R\KZ%DE#O+*0*65H#)*#(65#-#@,.-)5+- #G,.)5+#

-6#A*35#,3#,F-25#9+*C566,32
P 165+#355A#)*#65)#)O*#9-+-F5)5+6
P >"\\QoDE#9+*9*65#-3#-.)5+3-),H5#-99+*-C7#
O7,C7#,6#3*3:,)5+-),H5
P K-3#)+5-)#9*. 12*3#6*(96#-6#05..

P Q3#@*)7#>_0%;E#-3A#>"84Y%aEJHEF**)T#
+52 *36#-+5#A53* 65A#07, .5#9%)53),- #67-+0#
5A256#-+5#-C)(-..1#67-+9535A

P R*+#)75#C-65#*G#F5C7-3,C-.XF-3:F-A5#
*@h5C)6J#>RCO&IEHI+*9*65#-#695C,G,CH
-99+*-C7#)7-)#,6#F*+5#-CC(+-)5

"#$%&$H()*+,- /#0*. 12*3#4567#859-,+,32#: &;<%=<$%&S$ 161

L 8 B B B
SIRININ

"H#S%&SH () +,- [#0*. 12*3#4567#859-,+,32#: & <%=<$%&$
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"#$%&'()*+,-.",&/I$0#1 2-330*%&)04%$"&5 6"(+'1'(7
« All the described methods move vertices 857+7)93 L <(D&TE0L 0081
tO new pOSitionS [Taubin 1995] N closed manifold [
« Some of them reconstruct sharp features, [Fleishman et al. 2003] NF manifold Fohsn
[Jones et al. 2003] N, F - #_noise

thus add material to the object
[Hildebrandt and Polthier N, S manifold Ir

« Typically, no controls are performed to [2F°°41 o — —
. . an et al. , manifol -n

check that these modifications do not
produce self-intersections or degeneracies

N = noise removal All these methods might introduce
F = feature preservation degeneracies and self-intersections
S = feature sharpening

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 163 EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 164

D%;"1&+/&0;;*+0.9"1

« Based on prior knowledge of the topology

« e.g. Reconstruction of human cortex from MRI
[XPR*02]: known to be genus 0

>?2@8>&8::A?8@BC2 + Involving user interaction
D+;+$+7%8&@+**".)"+( « [SLS*07] — Ask the user to resolve possible
ambiguities

« Based on threshold parameters

» [GWO04] — Remove all handles smaller than a
threshold size

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 165 EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 166

E"(-15F&1-%/0."1 A"3+G'(7&130$$&90(,$"1

+ [FLDO1] inflate the input mesh (brain cortex) « [ESVI7] roll a sphere of radius o over the
by alternating steps of Laplacian smoothing mesh and fill up all the regions that are
and radial projection (spherical parameteriz.) not accessible to the sphere

« Folds are replaced by disk-like patches, and « This removes tiny handles and tunnels, but
the parameterization is reversed also spoils concave edges and is

+ Other methods: [SLO1], [HXBNPO2] (genus-N) unsuitable for meshes with boundary

« Appears to be extremely difficult to
implement; robustness issues may arise

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 167 EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 168
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Topological Noise Removal

14.05.2012

Newly introduced flaws

« [GWO04] use a wavefront traversal to find if
the mesh has local handles or tunnels
(user-defined size)

» Non-separating cuts are identified and the
mesh is cut and sealed along them

« [AF06] propose an accelerated method for
digitized meshes which exploits wavefront
splitting points

« All these methods add or remove material

« Typically, no checks are performed that
these modifications do not produce self-
intersections

« Other algorithms exploit explicit definition
of the volume to avoid this problem

« If you have a mesh, voxelization modifies it
everywhere, so these must be considered
global approaches

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 169

Voxel-based topology correction

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 170

Voxel-based topology correction (2)

« [WHDSO04] use Reeb graphs to locate
handles in voxelized shapes

« If handle is small (measured by short non-
separating cycles), volumetric data is
processed to remove it

« If model has numerous handles, topology-
sensitive carving [SVO03] is faster though
less precise

« For huge voxelizations (e.g. 4096 3),
[ZJHO7] use discrete curve skeletons

* [JZHO7] make it possible to actually edit
the topology of an object so as to make it
equivalent to that of a given target shape

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 171

Summary table - topology correction

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 172

GLOBAL APPROACHES

Algorithm Input requirem. | Parameters Potential new flaws H

o patred  Approaches discussed so far are local
[El-Sana and Varshney 1997] no boundary radius self-intersect., aliasing « remove single defects (holes singularities self-

' ,
[Guskov and Wood 2001] oriented manifold | threshold self-intersections intersections, ...) mainly |nd|v|dua||y
[Fischl et al. 2001] oriented manifold | (= 0 handles) | self-intersections H . H
« Absence of individual defects not required
[Attene and Falcidieno 2006] - threshold self-intersections . .
- for their own sake:

[Shattuk and Lehay 2001] no large holes (= 0 handles) | (aliasing) . .
o et a1 2002] o Targe holes 0 handies) | aliasing) * part of greater requirement for manifoldness.
[Szymczak and Vanderhyde 2003] | no large holes threshold (aliasing) ® ACh|eV| ng thIS by Seq uent|a| |Oca|
[Wood et al. 2004] no large holes | threshold (aliasing) operations is extremely difficult:
[Zhou et al. 2007] no large holes two thresholds | (aliasing) * new defects can be introduced
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« Input with orientation information
- often available due to the acquisition process
r N . .
/ N (e.g. line-of-sight of the laser scanner).
7 « Inside/outside decision by:
( / « Line-of-sight carving [CL96]
\ X + line-of-light carving [FIMK07]
/ \ - Diffusion-based propagation [DMGLO02]
\ \ + feature sensitivity [GLWZ06] [Mas04]
\ AN « Surface area minimization [SI03] [SIO8]
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« Parity Counting / Ray Stabbing Ray Stabbing
« Consider intersections of rays with the object
[NTO3].

« Combine findings from multiple ray directions

to be less affected by holes and larger gaps e il B
[NTO3]. \
1 7
[NTO3]
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Ray Stabbing Ray Stabbing
Problem:
holes
-> voting by
— several ray o O
‘\’ directions ‘\’
\ Varying \
plausibility 4
L‘h\_/ of fillings \-___~_//
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GLOBAL APPROACHES GLOBAL APPROACHES
@8/ @8/
*Q* *¥21: *Q* *¥21:
9+565+A,32 9+565+A,32
54%6,*3 5+*6,*3

— _— N — e ———
\L g \L e
BCD%=E BCD%=E

I"HGUESH( +,- [#0* 12*3HASETHEEO- +,32#: &;<%=<$%E&S $>? IHSUESH()+,- /H0* 12+ 3HAE6THEEG- +,32H: &;<%=<$%&S $>;

GLOBAL APPROACHES GLOBAL APPROACHES

@8/ @8/

*Q* *21: *Q* *21:

9+565+A,32 9+565+A,32

54%6,*3 5+*6,*3

- i, N -— i, N

O0+*F 5G]/ = 0+*F.5G/ =

-G*@)#*H \ -GH3)#H \

1,.-),*3# \ 1,.-),*3# \

U > U >
BCD%=E BCD%=E

"#S%&SH()*+,- [#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $>= I"#S%&SH()*+,- [#0*.12*3#A567#859-,+,32#: & <%=<$%&$ $>J

GLOBAL APPROACHES GLOBAL APPROACHES

@8/ @8/

*Q* *21: *Q* *21:

9+565+A,32 9+565+A,32

54%6,*3 5+*6,*3

- i, N -— i, N

O0+*F 5G]/ = 0+*F.5G/ =

-G*@)#*H \ -GH3)#H \

1,.-),*3# \ 1,.-),*3# \

U > U >
BCD%=E BCD%=E

I"H#S%&S$H()*+,- [#0*. 12*3#A456 7#859-,+,32#: &;<%=<$%&S$ $>K I"#S%&SH()*+,- [#0*.12*3#A4567#859-,+,32#: & <%=<$%&$ $>>
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GLOBAL APPROACHES GLOBAL APPROACHES
@8/ @8/
*gx ¥21: *Q* %21
9+565+A,32 9+565+A,32
5+%6,*3 5+%6,*3
~ ~
0+*B.5C/ e 0+*B.5C/ et
-C*@)#*D \ -C*@)#*D \
E,.-),*3# \ E,.-),*3# \
FGH%=I FGH%=I
1"HSYRSH () +,- [#0*. 12*3#456 7T#859-,+,32#: & <%=<$%&$ $>7? HSYRSH () +,- [#0*. 12*3#A56 T#859-,+,32#: &;<%=<$%&$ $72%
GLOBAL APPROACHES GLOBAL APPROACHES
J-+,-3)/ J-+,-3)/
71B+,EK 71B+,EK
6)+(L)(+5: 6)+(L)(+5:
9+565+A,32 9+565+A,32
IR
1 7
FGH%=I FGH%=!
"#S%&SH()*+,- [#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $?2& I"#S%&SH()*+,- [#0*.12*3#A567#859-,+,32#: & <%=<$%&$ $7$
GLOBAL APPROACHES GLOBAL APPROACHES
J+,-3)/ N "*B-.#@9),C,0-),*3#F4P?QI
Z>1+B(I><E+§ N R(+D-L5:-.,235E#A*.(C5)+,L#+59+5653)-),*3#
0+565+A 32 SGRO:B-65ET
N U5)5+C,35#*9),C-.#,36,E5V*()6,E5#.-B5.64#D*+#
L5..6#6(L7#)7-)#)75#*()9()#6(+D-L5#C-W,C-..1#
L*3D*+C6#X,) T#)T5#S9-+),-. T#,39()<
N '"75#25*C5)+1#*D##+56(.),32#7*.5.D,..,32#
9-)L756#,6#+-)75+#+-3E*C#-3E#L-3#B5#
(39.5-6,32#,3#L-65#*D#.-+25+#7*.56<
FGH%=I
"#S%&SH()*+,- [#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $7M I"#S%&SH()*+,- [#0*.12*3#A4567#859-,+,32#: & <%=<$%&$ $?;
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GLOBAL APPROACHES GLOBAL APPROACHES
Build aligned Build aligned
space space

decomposition

decomposition

[MF97] [MF97]
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GLOBAL APPROACHES GLOBAL APPROACHES
Build aligned Build aligned
space space
decomposition decomposition
\ [MF97] \ [MF97]
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GLOBAL APPROACHES GLOBAL APPROACHES
Build aligned Setup global
space Equation system
decomposition
\ [MF97] [MF97]
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I"#$9%6" 896" (#96)*+,

Setup global
Equation system

-1

[MF97]

Iyt~ 0u))s;
sp= vy \ .

Solve global
Equation system

[MF97]
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I"H$%" 8%" (HY%)*+,
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I"H#$06" 896" (#%6)*+,

Extract Hole fillings
pos./neg. unstable
interface
Input geometry
is preserved
Handles voids
\ [MF97] \ [MF97]
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I"H$%" 8%" (HY%)*+,

,-..101&2/345&6 7483/4&/9908/:;5<

Possible variations:

¥ Smoothing of hole fillings

¥ constrained to cells to avoid intersections

¥ Local cell decomposition at holes
¥ Requires absence of intersections and singularities in input

¥ Incorporation of user constraints
¥ to interactively correct output topology

[PRO5]

%4780=2;. >79-2805@-=05.A ,=77=77&.52,8B

[Oomes et al. 1997] no significant holes/gaps | flood-filling

[AndUjar et al. 2002] no significant holes/gaps | flood-filling

[Curless and Levoy 1996] oriented range meshes line-of-sight
[Furukawa et al. 2007] oriented range meshes line-of-sight/light
[Davis et al. 2002] oriented normals + diffusion

[Sagawa and Ikeuchi 2008] oriented normals + area minimization

[Nooruddin and Turk 2003] - parity counting, ray stabbing

[Ju 2004] (no significant gaps) hole patching + parity counting

[Bischoff et al. 2005] - morphology + flood-filling

[Hornung and Kobbelt 2006] - morphology + graph-cut

[Murali and Funkhouser 1997] (no significant holes) global sign optimization
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Raw digitized meshes

REPAIRING WORKFLOWS
An example for raw digitized meshes

@ AS#B-3#-66(C5#)7-)/
@ D-CO.56#-+5#+-)75+#(3,E*+C.1#69-B5F
@ 4*F5.#,6#F5365.1#6-CO.5F#G*99*65F#)*#69-+65#
)5665..-)5F#HI8IDK

@ AT7-)#,6#)75#)19,B-.#,39()L
@ M3#,3F5N5F#E-B5#65)0#9*66,P.1#3*3#C-3,E*.FO#65.E:
,3)5+65B),320#Q,) 7#F52535+-)5#E-B560#7*.56 O#)*9* *2 B-.#
3*,650#R

@ S*Q#F*#THE,N#-..#)7565#F5E5B)6L
@ " *P-#-99+*-B7#:U#(3353566-+1#F,6)*+),*3#-.6*#Q75+5#
)75#C*F5.#7-6#3*#F5E5B)6#GF5E5B) 6#-+5#69-+65#VK
@ W,.)5+6#*()#67-+O#E5-)(+56
@ X*QH#F B)*+),*3#+5Y(,+56#)*#C-31#)+,-32.56

HSURSH()+,- #0*, 1234456 TH#859-,+,32#: &i<H=<$%&S >%?

A repairing pipeline

IHSUESH()+,- /H0* 12+ 3HAE6THEEG- +,32H: &;<%=<$%&S >%Z

Topology reconstruction: step 1

@ D5Y(53B5#*E#.*B-.#-99+*-B756
@ M66(C56#)7-)#)75#,39()#,6#-#+-QH#F,2,),[5F#C567
@ \+5-)564-#]-.,F#Q-)5+),27)#9* 175F+- #6(+E-B5
@ A*+"6#,3#)Q*#6(BB566,]5#97-656/
@ "9**21#+5B*36)+(B),*3
@ "5*C5)+1#B*++5B),*3

@ \*3]5+)#)75#,3F5NSF#E-B5#65)#)*#-#6,C9.,B,- #B*C9.5N
&K#+,-32(.-)5#3*3:)+,-32(-+#E-B5)6#Q7,.5#.*-F, 32#G*3.1#
6,C9.1#B*335B)5FO#P()#)7,6%#,6#3%+C-.#,3#+-Q#F,2,), [5F#
C56756K
SK#\+5-)54-#G 3,) .. 1#5CO) LK#. B4 X#*E#EF 256#4-3FOH#E*+#5-BT#
)+,-32.54#",0a0"U#, 365+)#,3#X#,)6#) 7+554#P*(3F, 32#5F 2564 ,0aUO#
“aO"U#-3F#70,U
SKHD*+)#X#.5N,B*2+-97,B-.. 1 O 0B DBME-3F#6# "O3U
5e< 5% EE## #MCBH#G, #b# #MBH#a#
[K#'Q*#)+,-32.564-+5#-Fa-B53)#, EE#)751#,3F (B5#B*365B(), |5#
SF256#, 3#) 75#6*+)5F#.,6)#X<

I"HSU&SH )"+, [#0*. 12*3#A56T#859-,+,32#: &;<%=<$%&$ >%_

Topology reconstruction: step 2

"H#S%&SH () +,- [#0*. 12*3#4567#859-,+,32#: & <%=<$%&S$ >&%

Topology reconstruction: step 3

@  \*3]5+)#)75#6,C9.,B,-. #B*CO.5N#) #-#]-.,F#)+,-32.5#
C567#G,<5<#C-3,E*.F#-3F#*+,53)5FK

&K 8(3#)75#B()e6),)BTH-.2%+ ) TCHG" (5[, 5B#5)#-. <O#$YI&K
@  d(9.,B-)5#6,32(.~+#]5+),B56#-3F#5F256

$K  c+,53)#)75#C567#B*36,6)53).1
&K  D5.5B)#-#655FgH)+,-32. 5#G5<2<#)75#)*9C*6)#*35K#-3F#

*+ 53)#,)

$K  0+*9-2-)5#)754*+,53)-),*3H)*#35,27P*+,32#)+,-32.56
>K \(#)75#C567#-)#3*3:B*36,6)53). 1#*+ 53)5F#0- +6H#*E#

@  \*3]5+)#)75#C-3,E*. F#-3F#*+ 53)5F#CE6 7#) #-#
6,32.5#Q-)5+),27)#C567
&K TEH#)TSHCSBTHB*(.F43*#P5#*+ 53)5F#G,<5<#B()6#Q5+5#
35B566-+1K#)7,6#97-65#B-33*)#)-"5#9.-B5 :UHE-,.(+5
$K  C)75+Q,650#F5.5)54-..#) 75#6C-..56)#B*335B)5F#
B*C9*353)6#-3FHE,..#) T5#7* 56#(6,32#X,59-g6#-.2+,)7C
&K DC-..56)#B*C9*353)6#-+5#B*CO()SF#P1#B*(3),32#
)75, +#)+,-32.56#GQ5#-66(C5F#)7-)#) 75#6-C9.,32#,6#
+)75+#(3,E*+CK
$K DC-..56)#B*C9*353)6#,3B.(F5#9*66,P.5#f,6.56g

)+,-32.56 SK '75#0-)B7564#(65F#)*HE, . #)754#7* 564#C-1#,3)5+65B)#
*)T5+#9-+)6HAEH) T5#6(+E-B5
I"HSY&SH()*+,-.[#0*. 12*3#456 T#859-,+,32#: &;<%=<3$%&S >&& I"#S%&SH()*+,- [#0*.12*3#A4567#859-,+,32#: & <%=<$%&$ >&$
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2% #*3/4(&./1*&3" 56(13*$(7

«  For the "geometry correction” phase, we make use
of the notion of simplicial neighborhood

1) The simplicial neighborhood N(t) is the set of all the
simplexes which share at least a vertex with the triangle
"

2) The i'th order simplicial neighborhood Nif(t) is defined
as N(N(...N(N(t))...)), with ‘i’ nested levels

e

* Remove (nearly) degenerate triangles

Require: A combinatorial manifold A and an integer
threshold max_iterations

Ensure: A combinatorial manifold M’ and a status notice
isuccess/Tailure)

e = =<

2 Lt S b the sel he triangles of A

3 fork = 110 m ations do

4 Run the swap/collapse algorithm within 5
s

Let T be the set of degeneracies in S untreatable =24
due to topological constraints
6 ir'7 = 0 then

T terminate with success /* M’ is degener-

acy free * =
& end it =~ =
9 Let 1 be the union of the k™ — order simplicial
neighborhoods of the s € T'
10: Remove 1t from A"
1 Remove possible disconnected components from

M

12: Pateh the remaining gaps with a new set 12 of
triangles p
13 Si=P

14 end for
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2% #+3/4(&./1*&3".56(13*$(8
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2* #*3/4(&.//*&3".56("3*/'3".5

« Remove intersecting triangles

e the set of all the riangles of M’
2 be a uniform 1007 voxel grid tightly enclosing

4 I‘m k = 010 maz_iterations do
5 Let H be the set of voxels intersecting at least a
triangle of &

6 Check for triangle-triangle intersections within
each voxel of H
7 Let 7" be the set of intersecting triangles detected
above
8: i7" =0 then
9: terminate with success /* M" is ot self- Intermalites
intersecting ¥
10: end if
1 Let /2 be the union of the &' — arder simplicial
neighborhoods of all ¢ € T
12 Remove & from M’ h, (W
13 Remove possible disconnected components from
M
14 Patch the remaining gaps with a new set /? of
triangles

15 S=pr
16: end for

« While patching holes to remove self-
intersections, new degenerate or nearly
degenerate triangles may appear

« So, after step 2 we check for
degeneracies and, if any, we repeat steps
1 and 2, until no more degeneracies are
left

« This is guaranteed to converge only
when exact degeneracies are removed
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9:'#$%*
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;<'3,.%.+"&'%=(&'1*1

Raw Input Combinatorial Manifold Fixed Mesh

e The method is not guaranteed to succeed in
all the cases

« We have run it on hundreds of digitized
models, it never failed -> good heuristics

« We had to synthesize a specific model to
make it fail
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+,-./--,012320/45006

I "HS0%&($)%*+)$,%-./%0$%-+/1$23$)%3+%./%
$(4,-'3%5+,")%6'7$7%.%3$32.#$)2.,%*$5#87%
"H596'5%2$9: 2$)%$7;7%8&+2%5:,.3'+/7

I K"$,C%1.2C"/;%#.2)/$55%+&%2%4.'2%3.5L.5%
)SAS/):%+/%3H$%) $8.$-35%'/1+,1$)7
I $7;7%-+/5'53%/3,C%+2'$/3'/;%&.-$5%'5%%$.5', C%&+2*.,'M$) %
)%5+,1$)N
1 0:3%&',,';%-+*4,$(%#+,$5%+2%4,.:5'0,C%2$*+1'/;%
'13$25%-3'+/5%2$9:'2$5%.%/+/F32'1".,%.442+.-#%./)%
'/32'-.3%%-.58FO0CF-.5$%53:)C%):$%3+%.*0";:'3'$57

I O$54'3$%3#%$%1.53%/:*0$2%+&%$('53'/;%
3$-#'9:$5N%3#$2$%'5%2++*%&+2%&:3:2$%
'/1$53';.3'+/N%$54%-'.,,CY%&+2%BESUBS57

<=%>?@>%"3+2". A%B+,C;+%DS5H%ESL. 2/, %F @GT?HT>?@> 1@J

+,-./--,012320/45006

<=%>?@>%"3+2'.,A%B+,C;+/%D$54#%NES4. 2'/;%F @G7?H7>?2@> 1>?

+,-./--,012320/45006

I D'/*.,,C%P/1.5'1$N%0:3%=:.2./3%%/;%./)%=,+0.,
1 QCO02')%*$3#+)5%3#.3%.2$%.5%.--:2.3$%.5%, +-.,%*$3#+)5%
0:3%$/5:2%$%-+22%$-3/$55%,'L$%);,+0.,%+/$57

I D'/*.,,C%P/1.5'1$N%0:3%=:.2./3%$%'/;%./)%=,+0.,
I QC02")%*$3#+)5%3#.3%.2%%.5%.--:2.3$%.5%,+-.,%*$3#+)5%
0:3%%$/5:2$%-+22%$-3/$55%,'L$%:;,+0.,%+/$57
I Q'#FR$1$,%P/3%$2.-834'/-+24+2.3'/;%D%$3.F
S/+T,$);$
! D'55';%).3.%.,T.C5%'*4,'$5%',,F4+5%)/$55N%.:3+*.3"-%
#$:2'53'-506#.1$%, *'35%$(4, +'3%9:.,'&'$)%L/+T,$):$%+&%
3#$%:5$2%3#2+:;#%'/3:'3'1$%'/3%$2.-3'+/%*$3.4#+257

<=%>?@>%"3+2'.,A%B+,C;+/%D$54%ES4. 2/, %F @G7?HT>?@> >@

+,-./--,012320/45006

<=%>?@>%"3+2'.,A%B+,C;+/%D$5#%ES4. 2',.%F @GT?H7>?@> 1>>

+,-./--,012320/45006

I D'/*.,,C%P/1.5'1$N%0:3%=:.2./3%%/;%./)%=,+0.,
1 QCO02')%*$3#+)5%3#.3%.2%$%.5%.--:2.3$%.5%, +-.,%*$3#+)5%
0:3%$/5:2%$%-+22%$-3/$55%,'L$%;,+0.,%+/$57

| Q" #FR$1%,%P/3%2.-3%'/-+24+2.3'/;%D%$3.F
SI+T,$);$

gd /J\ &2+*%vw#.2&%$3%.,:iu>gvl )&%
) pﬂ !
r‘“ W \

I D'/*.,,C%P/1.5'1$N%0:3%=:.2./3%$%'/;%./)%=,+0.,
I QC02")%*$3#+)5%3#.3%.2%$%.5%.--:2.3$%.5%,+-.,%*$3#+)5%
0:3%%$/5:2%%-+22%$-3/$55%,'L$%:;,+0.,%+/$57
I Q' #FR$13$,%P/3%$2.-84'/-+24+2.3'/;%D%$3.F
S/+T,$);$
! D'55';%).3.%.,T.C5%'*4,'$5%',,F4+5%)/$55N%.:3+*.3"-%
#$:2'53'-50#.1$%, *'35%$(4, +'3%9:.,'&'$)%L/+T,$):$%+&%
3#$%:5$2%3#2+:;#%'/3:'3'1$%'/3%$2.-3'+/%*$3.4#+257
1 U$23'-.,%P/3%;2.3'+/%3+%E$4.'2%K+2L&,+T5

I R+-.,%*$3#+)5%+&3$/%32$.3%+/$%)$&$-3%3C4$
I %5:'3.0,$%5%$9:$/-'/;%+&%*$3#+)5%/$-$55.2C7

<=%>?@>%"3+2'.,A%B+,C;+/%D$54%ES4. 2/, %F @G7?HT>?@> 1>1

<=%>?@>%"3+2".,A%B+,C;+/%D$5#%ES4. 2',.%F @GT?H7>?@> 1>G
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