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Abstract
Digital 3D models are key components in many industrial and scientiÞc 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 ßaws that make them incompatible with quality requirements of speciÞc applications. Hence, repair-
ing such defects in order to achieve compatibility is a highly important task Ð in academic as well as industrial
applications. In this tutorial we Þrst 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 Descriptors(according to ACM CCS): I.3.5 [Computer Graphics]: Computational Geometry
and Object ModelingÑ

1. Introduction

Nowadays, digital 3D models are key components in many
industrial and scientiÞc sectors, such as product design and
manufacturing, gaming, simulation, cultural heritage, ar-
chaeology, medicine and bioinformatics. Due to their ßexi-
bility, expressiveness and hardware support, polygon meshes
have become a de facto standard for model representation in
many of these domains. Each application, however, has its
own quality requirements that restrict the class of acceptable
and supported models. In practicereal meshes often have
a number of defects and ßaws that make them incompati-
ble with such requirements. Hence, repairing these defects
in order to achieve compatibility is a highly important task
Ð a task whose complexity and level of difÞculty is not un-
commonly underestimated by non-experts in the Þeld.

This importance is in place for both, academic and in-
dustrial applications: researchers in all areas of Computer
Graphics want (and not rarely have) to assume a certain
level of quality and integrity of the meshes they work with
(to avoid unnecessarily complex algorithms or to make con-
cepts work out), whereas practitioners have to reliably deal
with real-world meshes in demanding industrial workßows
which similarly rely on certain assumptions.

Thus, this tutorial has a twofold objective: Þrst, we show
how to exploit state-of-the-art techniques to solve the mesh
repair problem in various scenarios; second, we describe the
existing repairing methodologies and outline the directions
where further research is particularly important. We system-
atically analyze the application contexts that deal with poly-
gon meshes together with the requirements they pose and the
problems they provoke, as well as the various types of de-
fects that typically play a role and may make a mesh unsuit-
able. Subsequently, we consider existing techniques to pro-
cess, repair, and improve the structure, geometry, and topol-
ogy of an imperfect mesh to make it appropriate to case-
by-case requirements. We describe seminal works and key
algorithms, discuss extensions and improvements, and an-
alyze the respective advantages/disadvantages while taking
various key application contexts into account. Where avail-
able, we refer to existing implementations.

The tutorial is based on a recent extensive survey by
the presenters [ACK], which is about to appear in ACM
Computing Surveys. An accompanying website featuring
freely obtainable implementations of several of the pre-
sented methods is available atwww.meshrepair.org .
There we also provide further material and updates.
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2. Outline

The Application Perspective

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-
ploitation. Thus, we Þrst discuss upstream applications (that
createa mesh) based on the typical characteristics/defects of
the meshes they produce, and then provide a classiÞcation of
downstream applications (thatusethe model) based on the
requirements they typically impose on their input meshes.
By looking at the combinatorics of upstream application,
repair method, and downstream application based on these
criteria, we derive practical guidelines to decide which re-
pair approaches are well suited for the data-link between any
particular upstream-downstream pair Ð bridging the corre-
sponding compatibility gap.

Overview and Problem DeÞnition

We can deÞne a mesh repairing algorithm to be a process
that takes as input a surface meshM and produces a modi-
Þed versionM! where some speciÞc defects or ßaws are re-
moved or alleviated. This loose deÞnition intentionally does
not exclude methods that, while Þxing speciÞc defects, may
newly introduce other ßaws that again need to be Þxed by
subsequently applied methods Ð as it is often the case with
available algorithms.

In general, it can be useful to investigate the context as
follows:

1. What is the upstream application?
! Determines characteristics ofM

2. What is the downstream application?
! Determines requirements onM!

3. Based on this information:
! Is it necessary to repairM?

4. If repairing is necessary:
! Is there an algorithm that does it directly?

5. If direct repair is not possible:
! Can several algorithms be used in sequence?

6. If not:
! There is room for further research.

When deÞning the goal of mesh repair, the problemÕs in-
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
(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 actuallycontainsdefects or ßaws 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.

Defect Categories

Most Þle 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-
ber of other defects that often are the source of problems in
several contexts. We provide a categorization of all the issues
that may need treatment Ð speciÞcally, we distinguish among
issues about local connectivity, global topology, and geom-
etry. The following is a list of individual types of defects
and ßaws treated in the tutorial: isolated/dangling elements,
singular edges/vertices, holes, gaps/overlaps, intersections,
degeneracies, noise, aliasing, topological noise, inconsistent
orientation.

Upstream Applications

Common mesh sources (i.e. upstream applications) can be
characterized based on thenature of the data modeled
(i.e. (physical) real-world data vs. (virtual) concepts) and
on theapproachemployed to convert such data into poly-
gon meshes (e.g. patch tessellation, raster data contouring,
point cloud reconstruction). Both, nature and conversion ap-
proach, can be the source of defects in a mesh. In essence,
to identify all the potential defects of a mesh based on the
upstream application that produced it, it is often sufÞcient to
identify the nature as well as the approach employed. In the
tutorial we determine the speciÞc properties of both aspects.

Downstream Applications

We provide an overview of the prototypical requirements of
key application contexts. For instance, for the purpose of
merevisualization, only the existence of signiÞcant holes is
generally deemed unacceptable Ð all other types of defects
can often be neglected. Other applications, e.g.modeling,
demand at least topological manifoldness, for instance in or-
der to be able to apply discrete differential operators. Even
stricter requirements are to be fulÞlled for, e.g.,rapid proto-
typingpurposes: the mesh model naturally needs to be con-
vertible to a solid model, i.e. it has to well-deÞne an interior
and exterior volume. For this purpose the mesh deÞnitely
has to be closed and free of intersections and singular non-
manifold conÞgurations that would prevent an unambiguous
volume classiÞcation.

Repair Algorithms

On the highest level we distinguish between methods that
use a local approach (modifying the mesh only in the vicinity
of the individual defects and ßaws) 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).

Since we are interested in identifying repair algorithms
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suitable for speciÞc contexts, we do not only explain the in-
dividual algorithmic approaches, but also, for each discussed
method, consider the requirements the repair method itself
poses on its input mesh, guarantees of success, accuracy of
the results, possible defects newly introduced, as well as re-
quired or allowed user interaction.

For each category of defects and ßaws 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 Þx mesh
defects.

Outlook

One insight that can be gained is that some repair tasks
aresigniÞcantlymore 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 Þlling, 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 Þeld. 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 workßows.

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 Þeld 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 speciÞc Þeld of Geometry Process-
ing can take advantage of this tutorial.
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• demand for digital 3D models is 
ubiquitous

• CAD / CAM
• Simulation
• Gaming
• Cultural heritage
• Medicine
• Bioinformatics
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• depending on the application, 3D models 
need to be:
• visualized
• analyzed
• processed
• converted

• advanced algorithms in these contexts 
often have strict requirements on model 
quality and integrity
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• polygon meshes are a de facto standard in 
numerous domains
• extremely flexible

and descriptive
• supported by

hardware acceleration

• their versatility, at the same time, allows 
for a variety of defects and flaws in the 
representation
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Motivation
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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
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Motivation
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Motivation
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Motivation
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Motivation
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Motivation
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> 11K patches

Motivation
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Motivation

• complexity of the repair task is often 
underestimated by non-experts

pre-processing simulation post-processing
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• complexity of the repair task is often 
underestimated by non-experts

pre-processing simulation post-processing
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• complexity of the repair task is often 
underestimated by non-experts

pre-processing simulation post-processing

Motivation
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• dist(p,q) = ||p – q||
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• dist(p,q) = ||p – q||

• dist(p,S) = min { dist(p,q) | ! q" S }
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• dist(p,q) = ||p – q||

• dist(p,S) = min { dist(p,q) | ! q" S }

• dist(S,S’) = max { dist(p,S’) ) | ! p" S }
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• dist(p,q) = ||p – q||

• dist(p,S) = min { dist(p,q) | ! q" S }
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• dist(p,q) = ||p – q||

• dist(p,S) = min { dist(p,q) | ! q" S }

• dist(S,S’) = max { dist(p,S’) ) | ! p" S }

• dist(S,S’) ! dist(S’,S)

• *&+),"%-- distance:
max { dist(S,S’), dist(S’,S) }
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• given: input mesh / polygon soup M
• find: output mesh M’

• globally consistent manifold / solid
“watertight”

• tolerance: dist(M,M’) < epsilon
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The Mesh Repair Problem
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Data Source

Mesh Repair

ApplicationApplication Application
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• 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
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1. what is the upstream application?
! determines characteristics and defects of M

2. what is the downstream application?
! 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:
! there is a gap in the state of the art …
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• defect types
• upstream applications
• downstream applications
• repair approaches

• local  ! global
• mesh-based  ! volumetric
• geometrical  ! topological

• repair workflows – an example
• discussion & open problems
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• We distinguish issues about:
• Local connectivity

• „The set of polygons does not represent a 
combinatorially manifold simplicial complex“

• Global topology
• „The overall topological structure (number of 

components, genus, orientability) is wrong“

• Geometry
• „The geometric realization is flawed (holes, gaps, 

noise, …)“
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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“

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 61

!"#"$%&%'(")

• Geometry
• Besides the absence of (near-)degeneracies, 

the general element quality is an important 
characteristic in several applications.

!   Conversion of meshes to meet such 
„continuous quality criteria“ is the scope of 
„surface remeshing“.

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 62

*()%+",-&,((./$,%/01)

• Upstream applications (or !"#$%&!) 
characterized by:
• '()#$&

• (physical) real-world data <-> (virtual) concepts

• *++$"(%,
• -.&/+0"1&2.)".%"34&$).2()(.)".+"015"3./&!,

• Both aspects can be the source of defects 
and flaws.
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*()%+",-&,((./$,%/01)

• 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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*()%+",-&,((./$,%/01)

123456

Digitized (physical) 7 7 7 7

Designed (virtual) 7 7 8 7
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*()%+",-&,((./$,%/01)

• Approach
• 9&!!&00()7"3
• 6&+),.7/(5&.:#!7"3
• ;(!)&$.2()(.%"3)"#$735
• </+07%7).:#3%)7"3.%"3)"#$735
• ;&%"3!)$#%)7"3.:$"/.+"73)!
• =&75,).:7&02.)$7(35#0()7"3
• >"072./"2&0.?"#32($1.&@)$(%)7"3
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UPSTREAM APPLICATIONS

! "#$$#%%&'()*
! Gaps, Intersections

! due to deviation from
original curved surface

! (Degeneracies)
! depending on special

case handling in
tessellator

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

UPSTREAM APPLICATIONS

! A#:'8-(B&6#-C1$()*
! Intersections
! (Degeneracies, Singularities)

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

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

C2)B-E"12F-&*G-H#I)5-0JJ<K

UPSTREAM APPLICATIONS

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

! due to ambiguous
configurations

! (Degeneracies)
! If fixed pattern used

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

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

UPSTREAM APPLICATIONS

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

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

UPSTREAM APPLICATIONS

! 9#L)*$'21L'()*-C2)B-:)(*'$
! 7#'8)G$-&I&(%&N%#-'8&'-G)-*)'-(*'2)G1L#-

&2'(C&L'$-*)'-&%2#&G5-:2#$#*'-(*-'8#-G&'&=
! P1'-B&*5-)'8#2$-B(68'-(*'2)G1L#

! (Holes)
! (Gaps)
! (Aliasing)
! (Topological noise)

! Even if certain sampling criteria are met that 
would allow for correct reconstruction in theory

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

UPSTREAM APPLICATIONS

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

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

! "#$%&'(#&)$'*#+,&-./')01.-21%#,
! "%,3+$-.%1%)4

56'7897':+1#.%-$;'<#$/3#,'=)4>'?)@-%.%,3'A 9BC8DC7897 EF

UPSTREAM APPLICATIONS

Approach

:)44)$$-1%#, X X x
G)@1>'%(-3)'H+4%#, X x x
?-41).'&-1-'2#,1#+.%,3 x X
I(@$%2%1'H+,21%#,'2#,1#+.%,3 x x X
?)2#,41.+21%#,'H.#('@#%,14 x x x x
J)%3>1'H%)$&'1.%-,3+$-1%#,

"#$%&'(#&)$'*#+,&-./')01.-21C X

,#
%

4)

>
#$

)4

3-
@

4

%
,1

).
4)

21
%

#,
4

&
)3

),
).

-2
%

)4

4%
,3

+
$-

.%
1%

)4

1#
@

#$
#3

C
',#

%
4)

-$
%

-4
%

,3

56'7897':+1#.%-$;'<#$/3#,'=)4>'?)@-%.%,3'A 9BC8DC7897 EB

DOWNSTREAM APPLICATIONS

! K)'2#,4%&).'@.#1#1/@%2-$'.)L+%.)(),14'#H'
-'4-(@$)'#H'1>)'M%&)'-@@$%2-1%#,'4@)21.+(
! !"#$%&"'%(")*
! +),-&"*.
! /%0",123)()(40"*.
! 23)5-##"*.
! 6"7$&%(")*

56'7897':+1#.%-$;'<#$/3#,'=)4>'?)@-%.%,3'A 9BC8DC7897 ED

DOWNSTREAM APPLICATIONS

Application Group

N%4+-$%O-1%#, x X x x
=#&)$%,3 X X X x x
?-@%&'<.#1#1/@%,3 X X X X
<.#2)44%,3 X X X x X X x x
"%(+$-1%#, X X X X X X X x

,#
%

4)

>
#$

)4

3-
@

4

%
,1

).
4)

21
%

#,
4

&
)3

),
).

-2
%

)4

4%
,3

+
$-

.%
1%

)4

1#
@

#$
#3

C
',#

%
4)

-$
%

-4
%

,3

56'7897':+1#.%-$;'<#$/3#,'=)4>'?)@-%.%,3'A 9BC8DC7897 EP

REPAIR APPROACHES

! K)'&%41%,3+%4>'*)1M)),'1M#'1/@)4;
! Q#2-$;

! J-,&$%,3'&)H)214'%,&%R%&+-$$/'*/'$#2-$'
(#&%H%2-1%#,4C

! Q#M'%,R-4%R),)44S'*+1'#,$/'H)M'3+-.-,1))4C

! 6$#*-$;
! :/@%2-$$/'*-4)&'#,'-'2#(@$)1)'.)()4>%,3C
! J%3>'.#*+41,)44S'*+1'#H1),'$#44'#H'&)1-%$C
! =#.)'@$-+4%*$)'-(*%3+%1/'.)4#$+1%#,'@#44%*$)C

56'7897':+1#.%-$;'<#$/3#,'=)4>'?)@-%.%,3'A 9BC8DC7897 EE

LOCAL APPROACHES
Gap closing

56'7897':+1#.%-$;'<#$/3#,'=)4>'?)@-%.%,3'A 9BC8DC7897 ET
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Gaps – Nature and origin

• 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

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 79

Proximity-based approaches

• Merge vertices within a prescribed distance 
[RW92]
• to re-unite displaced but equivalent vertices.
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Proximity-based approaches

• Merge vertices within a prescribed distance 
[RW92]
• to re-unite displaced but equivalent vertices.
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Proximity-based approaches

• Merge vertices within a prescribed distance 
[RW92]
• to re-unite displaced but equivalent vertices.
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Proximity-based approaches

• Merge vertices within a prescribed distance 
[RW92]
• to re-unite displaced but equivalent vertices.
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Proximity-based approaches

• Merge vertices within a prescribed distance 
[RW92]
• to re-unite displaced but equivalent vertices.
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Proximity-based approaches

• Merge vertices within a prescribed distance 
[RW92]
• to re-unite displaced but equivalent vertices.
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Proximity-based approaches

• Progressively “zip” pairs of boundary edge 
chains [SM95], [BK97]
• Better control over topology.
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Proximity-based approaches

• Progressively “zip” pairs of boundary edge 
chains [SM95], [BK97]
• Better control over topology.
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Proximity-based approaches

• Progressively “zip” pairs of boundary edge 
chains [SM95], [BK97]
• Better control over topology.
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Proximity-based approaches

• Progressively “zip” pairs of boundary edge 
chains [SM95], [BK97]
• Better control over topology.
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Proximity-based approaches

• Progressively “zip” pairs of boundary edge 
chains [SM95], [BK97]
• Better control over topology.
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!"#$%&%'()*+,-./+00"#+12-,

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

EF,GHIG,J4C$#(1*K,"$*+%$5,;&'8,L&/1(#(5%,M INDH=DGHIG <I

!"#$%&%'()*+,-./+00"#+12-,

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

EF,GHIG,J4C$#(1*K,"$*+%$5,;&'8,L&/1(#(5%,M INDH=DGHIG <G

!"#$%&%'()*+,-./+00"#+12-,

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

EF,GHIG,J4C$#(1*K,"$*+%$5,;&'8,L&/1(#(5%,M INDH=DGHIG <O

“:C(C78(5%“

!"#$%&%'()*+,-./+00"#+12-,

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

EF,GHIG,J4C$#(1*K,"$*+%$5,;&'8,L&/1(#(5%,M INDH=DGHIG <N

“:C(C78(5%“

!"#$%&%'()*+,-./+00"#+12-,

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

EF,GHIG,J4C$#(1*K,"$*+%$5,;&'8,L&/1(#(5%,M INDH=DGHIG <=

“:C(C78(5%“

!"#$%&%'()*+,-./+00"#+12-,

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

EF,GHIG,J4C$#(1*K,"$*+%$5,;&'8,L&/1(#(5%,M INDH=DGHIG <P

“:C(C78(5%“
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Proximity-based approaches

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

EF,GHIG,J4C$#(1*K,"$*+%$5,;&'8,L&/1(#(5%,M INDH=DGHIG <B

“:C(C78(5%“

Proximity-based approaches

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

EF,GHIG,J4C$#(1*K,"$*+%$5,;&'8,L&/1(#(5%,M INDH=DGHIG <O

“:C(C78(5%“

Proximity-based approaches

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

EF,GHIG,J4C$#(1*K,"$*+%$5,;&'8,L&/1(#(5%,M INDH=DGHIG <<

Proximity-based approaches

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

EF,GHIG,J4C$#(1*K,"$*+%$5,;&'8,L&/1(#(5%,M INDH=DGHIG IHH

Proximity-based approaches

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

EF,GHIG,J4C$#(1*K,"$*+%$5,;&'8,L&/1(#(5%,M INDH=DGHIG IHI

Proximity-based approaches

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

EF,GHIG,J4C$#(1*K,"$*+%$5,;&'8,L&/1(#(5%,M INDH=DGHIG IHG
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!"#$%&%'()*+,-./+00"#+12-,

! "#$%#&''()&*+,-.(/0,/1(#',$2,3$4561#+,&6%&,
781(5',9:;<=>?,9@A<B>
! @&CC&#,7$5C#$*,$)&#,C$/$*$%+D
! :C1#C,2#$E,7*$'&'C,/1(#',C$,#&'$*)&,1E3(%4(C(&'D

FG,HIJH,K4C$#(1*L,"$*+%$5,;&'8,M&/1(#(5%,N JODI=DHIJH JIP

!"#$%&%'()*+,-./+00"#+12-,

! "#$%#&''()&*+,-.(/0,/1(#',$2,3$4561#+,&6%&,
781(5',9:;<=>?,9@A<B>
! @&CC&#,7$5C#$*,$)&#,C$/$*$%+D
! :C1#C,2#$E,7*$'&'C,/1(#',C$,#&'$*)&,1E3(%4(C(&'D

FG,HIJH,K4C$#(1*L,"$*+%$5,;&'8,M&/1(#(5%,N JODI=DHIJH JIO

!"#$%&%'()*+,-./+00"#+12-,

! "#$%#&''()&*+,-.(/0,/1(#',$2,3$4561#+,&6%&,
781(5',9:;<=>?,9@A<B>
! @&CC&#,7$5C#$*,$)&#,C$/$*$%+D
! :C1#C,2#$E,7*$'&'C,/1(#',C$,#&'$*)&,1E3(%4(C(&'D

FG,HIJH,K4C$#(1*L,"$*+%$5,;&'8,M&/1(#(5%,N JODI=DHIJH JI=

3.4+51-./6+0/78#,%59

! :&)&#1*,%1/',E1+,7#$'',156,E&&C
! %*$31**+,$/C(E1*,E1C78(5%,$2,Q/1#C',$2R,

3$4561#+,74#)&',9@:<=>,(5'C&16,$2,%#&&6+

FG,HIJH,K4C$#(1*L,"$*+%$5,;&'8,M&/1(#(5%,N JODI=DHIJH JIS

:-9+'%4-/6+0,

! T$5'(6&#,1*'$,-5&%1C()&,%1/'0?,(D&D,$)&#*1//(5%,
/1C78&'?,3+,7*(//(5%,156,E&#%(5%,9KU<O>

FG,HIJH,K4C$#(1*L,"$*+%$5,;&'8,M&/1(#(5%,N JODI=DHIJH JIB

:-9+'%4-/6+0,

! T$5'(6&#,1*'$,-5&%1C()&,%1/'0?,(D&D,$)&#*1//(5%,
/1C78&'?,3+,7*(//(5%,156,E&#%(5%,9KU<O>

FG,HIJH,K4C$#(1*L,"$*+%$5,;&'8,M&/1(#(5%,N JODI=DHIJH JIV
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Negative Gaps

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

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 109

¥ general problem for 
„stitching“

¥ problem for „zippering“ 
if overlap larger than 
triangles

Negative Gaps

• Consider also “negative gaps”, i.e. overlapping 
patches, by clipping and merging [TL94]
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Issues of pairwise boundary stitching

• 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 [BNK02]

• Dynamic selection of zipping or stitching 
depending on gap width [PMR05]
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Advanced Gap Closing

• 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
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Summary Table – Gap Closing

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 113

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.

[Turk and Levoy 1994] Overlap Gap threshold Intersections, degen.

[Borodin et al. 2002] - - Intersections, degen., 
singularities

[Patel et al. 2005] - - Intersections, degen., 
singularities

[Bischoff and Kobbelt 2005] - Gap width, 
resolution

Degeneracies

LOCAL APPROACHES
Hole Filling
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!"#$%&'##'()

! "#$%&'()*+,-.'-)*)/*'+,%).'0&'%,,1234'5,$'
/%,.)-'%,,6.',5'0,73-#$&')-4).

! 8+).)'9.2(6%):'+,%).'/#3'0)'6#*/+)-'0&'
*$2#347%#*234'*+)2$'0,73-#$&'%,,6.

";'<=><'87*,$2#%?'@,%&4,3'A).+'B)6#2$234'C >DE=FE<=>< >>F

*+%,"#-)"(%./'0()1#02'"(

! G)7$2.*2/.?
! A232(#%'#$)#H'(232(#%'-2+)-$#%'#34%).

! ;$))-&'*$2#347%#*2,3'IJKL<M'ANLOM'P@Q=FM'BKLRS'

! T23-',6*2(7('0&'N&3#(2/'@$,4$#((234'
IJULFM'V2)=OS

! 8,,'/,#$.)'5,$'%#$4)'+,%).
! U,()'ON'6,%&4,3.'/#33,*'0)'*$2#347%#*)-'

W2*+,7*'.)%5C23*)$.)/*2,3.

";'<=><'87*,$2#%?'@,%&4,3'A).+'B)6#2$234'C >DE=FE<=>< >>X

3$-"(4%./'0()1#02'"(

! T,$'%#$4)'+,%).H'23.)$*'#--2*2,3#%'Y)$*2/).'
W2*+23'*+)'*$2#347%#*2,3'W+2%)'*$&234'*,?
! ())*'N)%#73#&'/$2*)$2,3'I@ULXS
! $)6$,-7/)'*+)'.#(6%234'-)3.2*&'#3-'#/+2)Y)'

3,$(#%'/,3*2372*&'IV2)=OS
! /,3.2-)$'23*)$3#%'#34%).H'-2+)-$#%'#34%).H'#3-'

#$)#.'IKK@>=S

! N&3#(2/'6$,4$#((234'$#*+)$'23)552/2)3*'
5,$'Y)$&'%#$4)'+,%).'Z)E4E'23'+24+C$).'./#3.[

";'<=><'87*,$2#%?'@,%&4,3'A).+'B)6#2$234'C >DE=FE<=>< >>R

3$-"(4%./'0()1#02'"(

";'<=><'87*,$2#%?'@,%&4,3'A).+'B)6#2$234'C >DE=FE<=>< >>\

3$-"(4%./'0()1#02'"(

";'<=><'87*,$2#%?'@,%&4,3'A).+'B)6#2$234'C >DE=FE<=>< >>L

3$-"(4%./'0()1#02'"(

! T,$'%#$4)'+,%).H'23.)$*'#--2*2,3#%'Y)$*2/).'
W2*+23'*+)'*$2#347%#*2,3'W+2%)'*$&234'*,?
! ())*'N)%#73#&'/$2*)$2,3'I@ULXS
! $)6$,-7/)'*+)'.#(6%234'-)3.2*&'#3-'#/+2)Y)'

3,$(#%'/,3*2372*&'IV2)=OS
! /,3.2-)$'23*)$3#%'#34%).H'-2+)-$#%'#34%).H'#3-'

#$)#.'IKK@>=S

! N&3#(2/'6$,4$#((234'$#*+)$'23)552/2)3*'
5,$'Y)$&'%#$4)'+,%).'Z)E4E'23'+24+C$).'./#3.[

";'<=><'87*,$2#%?'@,%&4,3'A).+'B)6#2$234'C >DE=FE<=>< ><=
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!"#$%&'((%)'*#$+

• Advancing front with Poisson equation [ZGL07]

• Radial Basis Functions [BPB06]

• 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.
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,$-./01"$%+$*"0)1+

• When additional vertices are inserted, 
methods may try to create intersection-
free patches
• [TC04] – After each triangle insertion check for 

intersections. Might fail in producing the 
complete patch.

• [WLG03] – Randomized optimization by 
simulated annealing. Less failures, but still no 
guaranteed convergence to any plausible 
result.
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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”
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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”
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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”
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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”
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Issues

! "#$%&$'())*+&%,+'&$%-.%/$'#&.
! 0#)%.+1'23$+3(4%+/#15)%6+$#5#)#2'%.

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

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

Issues

! "#$%&$'())*+&%,+'&$%-.%/$'#&.
! 0#)%.+1'23$+3(4%+/#15)%6+$#5#)#2'%.

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

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

Exploit the volume

! M;')8+(+N#&.$-('&%8+O%)(;&(*+
7%$-(3%8-()'P($'#&
! Q&5;$+-%R;'-%8+$#+<%+=-%%+#=+.%)=H'&$%-.%/$'#&.S+

.'&2;)(-'$'%.+(&8+8%2%&%-(/'%.

! T.'&2+2-(53H/;$+$%/3&'R;%.S+5-#5%-+=(/%$.+
#=+$%$-(3%8-(+(-%+.%)%/$%8+$#+='))+3#)%.+,'$3+
1;)$'5)%+<#;&8(-'%.U"GCJV

! A;(-(&$%%E+'&$%-.%/$'#&H=-%%+#;$5;$

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

Summary Table – Hole Filling

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

Algorithm Input requirements Parameters Intersect.-free

UMY3&+(&8+Z#P&*+DWWBV H H

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

UG#$3+(&8+Z'<#,## DWWKV G#;23)*+5)(&(-+3#)%+
<#;&8(-'%.

H

U](-&;.\( %$+()9+BCCJV H H

UM(-%R;%$ (&8+^3(-'- DWWJV H H

U_'%5( BCCXV H H

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

U7%\;1())(+(&8+N#3%&+BCCIV H H a

UZ(2&%-+%$+()9+BCCXV H ^'19+b&&%()9+"(-(19 a

U"#8#)(\+(&8+G;.'&\'%,'/P+
BCCJV

:#+8%2%&9S+'&$%-.%/$9S+
.'&2;)(-9

H a

LOCAL APPROACHES
Mesh Completion

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

Beyond smooth patches

! G%5-#8;/'&2+1#-53#)#2'/()+8%$(').+/(&+
)%(8+$#+1#-%+5)(;.'<)%+5($/3%.

! !"#$%&'()*"+,'-% ()2#-'$31.+($$%15$+$#+
.#)4%+$3'.+5-#<)%1

! N#5*+.$-;/$;-%S+$%6$;-%S+(&8+=%($;-%.+=-#1+
'&$(/$+5(-$.

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

=-#1+U^3(-=+%$+()9+BCCIV
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Types of completion algorithms

! "#$%&'()*+(,&#--.-/
! "+0$1$,#)$+%(+1().23&#).(-4#3.-

! 5-.(#6#$&#7&.(8.+2.)9'()+(-.&.,)(#(39+3.9(
:).23&#).;(19+2(#(<=(#%0(#0#3)()4.(&#)).9

! >9.#)$+%(+1()4.(2$--$%8(8.+2.)9'
! 5-.(#6#$&#7&.(8.+2.)9'()+(,9.#).(0.)#$&.0(3#),4.-(

)4#)(,+23&.).()4.(2$--$%8(3#9)-

?@(ABCA(DE)+9$#&/(F+&'8+%(".-4(G.3#$9$%8(H CIJBKJABCA CLL

Template-based completion

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

! 5-.1E&(RE-)(1+9(+7R.,)-()4#)(,#%(7.(,&.#9&'(
,&#--$1$.0($%)+(+%.(+1(1.*(,#).8+9$.-
! 4E2#%(4.#0(-,#%-(S=TUUV(WXYZBAV(="TZBI[
! 7+0$.-(S\>FBLV(\ZW]BK[
! )..)4(SWXYZBAV(ZWBA[

?@(ABCA(DE)+9$#&/(F+&'8+%(".-4(G.3#$9$%8(H CIJBKJABCA CLI

Template-based completion

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

Image courtesy of 
Kraevoy and Sheffer

Inter vs Intra-shape similarities

! D4.(%.,.--#9'(3#),4.-(,#%(7.
! ,+3$.0(19+2(+)4.9(3#9)-(+1()4.(-#2.(2+0.&(

SZ\>MBI[
! 5-.1E&($1().^)E9.-(#%0(1.#)E9.-(-4#&&(7.(9.3&$,#).0

! -'%)4.-$_.0(#,,+90$%8()+()4.(8.+2.)9'(+1(#(
-.)(+1(2.-4.-(+1()4.(-# 2.(,&#--(#-()4.($%3E)(
SF"@]BK[

! D+(#,4$.6.(,+99.,)(8&+7#&(-)9E,)E9.(#%0()+3+&+8'

?@(ABCA(DE)+9$#&/(F+&'8+%(".-4(G.3#$9$%8(H CIJBKJABCA CL`

Patch-based Completion

! Z4#3.(-$2$&#9$)'(2.#-E9.
! D+(1$%0(7.-)(9.8$+%(+9(3#),4()+(,+3'($%)+(4+&.(

9.8$+%J

! Z.&.,)$+%(-)9#).8'/
! ?6#&E#).(1+9(#(-.)(+1

0$-,9.).(&+,#)$+%-a
+9$.%)#)$+%-a-,#&.-
SZ\>MBI[

! ?6#&E#).(+%(#(3.9
3+$%)(7#-$-(S=ZWBKV(=bBK[

?@(ABCA(DE)+9$#&/(F+&'8+%(".-4(G.3#$9$%8(H CIJBKJABCA CLc

19+2(SZ4#91(.)(#&J(ABBI[

Photo-based Completion

! d%1.9($%1+92#)$+%(19+2(#00$)$+%#&(34+)+-
! Z4#3.H19+2H-4#0$%8().,4%$NE.(Se@G]B`[
! F4+)+H,+%-$-).%,'(2.#-E9.(S=fZ]CB[

?@(ABCA(DE)+9$#&/(F+&'8+%(".-4(G.3#$9$%8(H CIJBKJABCA CLg

19+2(SeE(.)(#&J(ABB`[
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!"#$%&'()'*)+&,,&(-)-#'+#%".

! "#$%&'()%#*)+')'#(,-.)%/0,'12)+3$),$4()&#51)
$/)6'57')$&'6)%/*$,*3/3(-.)8,$&)6'(&

! 9#*.)#-7/5,$&6()8/5:)/*)0/,*$;+#('1)
5'05'('*$#$,/*(),*($'#1) <=>?@ABC)D=EAFC)DGAFC)
"H=IAJC)KL9MANO

! P''1)$/)#005/05,#$'-.)(#60-'),Q),*03$),()6'(&
! P''1)$/)$5,#*73-#$')$&')5'(3-$,*7)0#$%&'(

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

/0++$".)1$23#)4 5#,6)!'+73#%&'(

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

83-'"&%6+ 9(70%)"#:0&"#+#(%, ;$ "$+#%#", ;'%#(%&$3)(#<)*3$<,

<=&#5Q)'$)#-X)SAABO ; [0/,*$;+#('1\ W'(/-3$,/* [$/0/X)*/,('2)#-,#(X\

<D'*1'-()'$)#-X)SAAFO ; [0/,*$;+#('1\ =%#-')-']'-( [$/0/X)*/,('2)#-,#(X\

<D5'%:/* #*1)G,(&'5)SAAFO ; [0/,*$;+#('1\ ^,*1/8)=,_' [$/0/X)*/,('2)#-,#(X\

<"#5:)'$)#-X)SAAJO ; [0/,*$;+#('1\ W'(/-3$,/* [$/0/X)*/,('2)#-,#(X\

<K,#/)'$)#-X)SAAFO ; [0/,*$;+#('1\ =']'5#-)` [$/0/X)*/,('2)#-,#(X\

<"#3-. '$)#-X)SAAFO ; 9/1'-)1#$#+#('2)
:'.8/51(

a'7'*'5#%,'(2)
,*$'5('%$,/*(

<K3 '$)#-X)SAAJO W/37&-.)0-#*#5)&/-')
+/3*1#5,'(

?#-,+5#$'1),6#7'( a'7'*'5#%,'(2)
,*$'5('%$,/*(

=>!8=)8;;?>8!@A/
B#-#(#"$C.)$(D)/#3*E9(%#",#C%&'()

?#+'F$3

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

1.7#,)'*)&(70%

! a'7'*'5#%,'()[/5)*'#5;1'7'*'5#%,'(\)#5')
/Q$'*)$&')(/35%')/Q),*($#+,-,$,'(

! >-7/5,$&6()$&#$)Q,b)$&'6)6,7&$)*''1)$/)
3(')5/+3($)7'/6'$5,%)05'1,%#$'(

! U8/)$.0'()/Q),*03$
! U'(('--#$'1)?>a)6/1'-(
! a,7,$,_'1)6/1'-(

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

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

! P''1-';-,:')$5,#*7-'()#5')(,60-.)5'6/]'1)
+.)%/--#0(,*7)$&')'17')/00/(,$')$/)$&')
1'7'*'5#$')%/5*'5

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

$'%&*,c3'

! ^&'*)1/*'2),$'5#$,]')'17')%/--#0('()%#*)
(,60-,Q.)$&')6/1'-)8&,-')5'6/],*7)#--)$&')
*''1-'(

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

/3&C&(-)%#C6(&:0#)GHIJKL

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

• 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

!"#EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012

0$'&123+)-#./#.

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

• E.g. a long 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'.

• Two problems
• Detection
• Resolution

• All-with-all intersection tests lead to 
quadratic complexity ! unaffordable

• Need spatial subdivision to reduce the 
search space

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 !"%

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

• [BK05] 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#-29&'()%"&$'(3#.

• 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

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 !"'

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

• 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 !#(
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Summary Table – Degeneracy and Self-
Intersection Removal

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ 151

Algorithm fixes: Input 
requirements

Parameters GS Accuracy

>?*)6@7#-3A#B*CC5.)#$%%&D E F-3,G*.A '7+<#-32.5 -99+*H<

>I))535#$%&%D EJ#KJ#L : '7+<#-32.5 -99+*H<

>?,6@7*GG#-3A#B*CC5.) $%%=D KJ#" F-3,G*.A '*.5+-3@5J#
2-9#M,A)7

N -99+*H<

>O-F953 -3A#B*CC5.) $%&%D K 3*#C*(3A-+1J#3*#
A52535+-@,56

: N 5H-@)

>"+-3-A*6#5)#-.<#$%%PD K : : N 5H-@)

E#Q#A52535+-)5#G-@56
K#Q#65.G:,3)5+65@),*36
L#Q#7*.56
"#Q#2-96

"K#Q#2(-+-3)55A#6(@@566

LOCAL APPROACHES
Sharp Feature Restoration

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ 152

Interactive approach

R S3#>B?%PDJ#G*+#5-@7#@*++(9)5A#67-+9#5A25J#
)75#(65+#A+-M6#-#TG,67C*35U#6)+(@)(+5#
V69,35#-3A#*+)7*2*3-.#+,C6W

R I#)5665..-),*3#*G#)7,6#6)+(@)(+5#+59.-@56#)75#
*+,2,3-.#@7-FG5+#M,)7#-#67-+9#9-)@7

R X65G(.#-.6*#)*#F*A5.#-+C,)+-+1#9+*G,.56#)*#
C5#6M59)#-.*32#)75#5A25#

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ &=P

The EdgeSharpener approach

R E5)5@)#6F**)7#+52,*36#C1#-3-.1Y,32#)75#
A,75A+-.#-32.5#-)#F567#5A256#>IZ8K%=D

R O+5-)5#67-+9#G5-)(+56#-6#,3)5+65@),*36#*G#
9.-3-+#5H)+-9*.-),*36#*G#6F**)7#+52,*36

R K(,)-C.5#G*+#F56756#,3)5+9*.-),32#9*,3)6#*G#
G5-)(+5:,36536,),[5#6-F9.,32#9-))5+36

R I()*F-),@

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

Other automatic approaches

R S3#)75,+#7*.5:G,..,32#-.2*+,)7F#>OO%\D#
,3@.(A5#-#67-+93566:A5953A53)#G,.)5+#)*#
+5@*36)+(@)#G5-)(+56

R S3#>]-3%^D#C*)7#67-+9#G5-)(+56#-3A#
6F**)7#C.53A6#C5)M553#6F**)7#+52,*36#
-+5#+5@*36)+(@)5A
R '*#A,GG5+53),-)5#C5)M553#)7565#)M*#@-656J#)75#

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

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ 155

Newly-introduced flaws

R I..#)75#F5)7*A6#A,6@(665A#T-AAU#*+#
T+5F*[5U#F-)5+,-.U#)*#+5@*36)+(@)#)75#
G5-)(+56#! 9*)53),-.#65.G:,3)5+65@),*36

R '75#!A25K7-+9535+#F5)7*A#F,27)#
9+*A(@5#A52535+-)5#)+,-32.56#M7,.5#
69.,)),32#)75#@7-FG5+6

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ &=^

Chamfer



14.05.2012

27

Summary Table – Sharp Features

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ 157

Algorithm Input requirements Parameters Potential new 
flaws

>?*@@5.)#-3A#B*)6C7#$%%DE F-3,G*.A ,3)5+-C),H5 65.G:,3)5+65C),*36

>I))535#5)#-.<#$%%=E F-3,G*.AJ#3*#A52535+-C,56 : 65.G:,3)5+65C),*36J#
A52535+-C,56

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

>M-32#$%%NE 3*#3*,65J#3*#A52535+-C,56 )O*#)7+567*.A6 65.G:,3)5+65C),*36

LOCAL APPROACHES
Mesh Denoising

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ 158

Laplacian smoothing

P Q)5+-),H5#-.2*+,)7F
P R*+#5-C7#,)5+-),*3J#C*F9()5#)75#5H53)(-.#

9*6,),*3#*G#5-C7#H5+)5S#-6#)75#C53)5+#*G#
F-66#*G#)75#35,27@*+6#

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

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

Non-shrinking methods

P ! Xµ -.2*+,)7F#>'-(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#,3O-+A#A,GG(6,*3J#C*3)+*..5A#@1#!
P Z35#*()O-+A#A,GG(6,*3J#C*3)+*..5A#@1#µ

P I.)5+3-),H5.1J#>[44WWE#9(67#H5+),C56#
)*O-+A#*+,2,3-.#6(+G-C5#-G)5+#5-C7#
Y-9.-C,-3#,)5+-),*3

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ 160

Morphology-aware denoising

P 0+5H,*(6#-.2*+,)7F6#6F**)7#5H5+1)7,32
P QG#F*+97*.*2,C-.#G5-)(+56#-+5#,F9*+)-3)J#

>R\KZ%DE#9+*9*65#)*#(65#-#@,.-)5+-.#G,.)5+#
-6#A*35#,3#,F-25#9+*C566,32
P ]65+#355A#)*#65)#)O*#9-+-F5)5+6

P >^\\%DE#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#O5..

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

Denoising and sharpening

P Q3#@*)7#>_0%;E#-3A#>`84Y%aEJ#6F**)7#
+52,*36#-+5#A53*,65A#O7,.5#9*)53),-.#67-+9#
5A256#-+5#-C)(-..1#67-+9535A

P R*+#)75#C-65#*G#F5C7-3,C-.XF-3:F-A5#
*@b5C)6J#>Rc0&%E#9+*9*65#-#695C,G,C#
-99+*-C7#)7-)#,6#F*+5#-CC(+-)5

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ &N$
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!"#$%&'()*+,-.",&/$0#1

• All the described methods move vertices 
to new positions

• Some of them reconstruct sharp features, 
thus add material to the object

• Typically, no controls are performed to 
check that these modifications do not 
produce self-intersections or degeneracies
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[Taubin 1995] N closed manifold ! , " , n

[Fleishman et al. 2003] N, F manifold #_c, #_s, n

[Jones et al. 2003] N, F - #_noise

[Hildebrandt and Polthier
2004]

N, S manifold ! , r

[Fan et al. 2010] N, S manifold -n

N = noise removal
F = feature preservation
S = feature sharpening

All these methods might introduce
degeneracies and self-intersections

>?@8>&8::A?8@BC2
D+;+$+7%&@+**".)'+(
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• Based on prior knowledge of the topology
• e.g. Reconstruction of human cortex from MRI 

[XPR*02]: known to be genus 0
• Involving user interaction

• [SLS*07] – Ask the user to resolve possible 
ambiguities

• Based on threshold parameters
• [GW04] – Remove all handles smaller than a 

threshold size
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E"(-15F&1-*/0."1

• [FLD01] inflate the input mesh (brain cortex) 
by alternating steps of Laplacian smoothing 
and radial projection (spherical parameteriz.)

• Folds are replaced by disk-like patches, and 
the parameterization is reversed

• Other methods: [SL01], [HXBNP02] (genus-N)
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• [ESV97] roll a sphere of radius α over the 
mesh and fill up all the regions that are 
not accessible to the sphere

• This removes tiny handles and tunnels, but 
also spoils concave edges and is 
unsuitable for meshes with boundary

• Appears to be extremely difficult to 
implement; robustness issues may arise
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Topological Noise Removal

• [GW04] 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
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Newly introduced flaws

• 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
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Voxel-based topology correction

• [WHDS04] 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 [SV03] is faster though 
less precise
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Voxel-based topology correction (2)

• For huge voxelizations (e.g. 4096^3), 
[ZJH07] use discrete curve skeletons

• [JZH07] make it possible to actually edit 
the topology of an object so as to make it 
equivalent to that of a given target shape 
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Summary table - topology correction 
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Algorithm Input requirem. Parameters Potential new flaws

[El-Sana and Varshney 1997] no boundary radius self-intersect., aliasing

[Guskov and Wood 2001] oriented manifold threshold self-intersections

[Fischl et al. 2001] oriented manifold (! 0 handles) self-intersections

[Attene and Falcidieno 2006] - threshold self-intersections

[Shattuk and Lehay 2001] no large holes (! 0 handles) (aliasing)

[Han et al. 2002] no large holes (! 0 handles) (aliasing)

[Szymczak and Vanderhyde 2003] no large holes threshold (aliasing)

[Wood et al. 2004] no large holes threshold (aliasing)

[Zhou et al. 2007] no large holes two thresholds (aliasing)

[Ju et al. 2007] no large holes target „shape“ (aliasing)

GLOBAL APPROACHES

• Approaches discussed so far are local
• remove single defects (holes, singularities, self-

intersections, ...) mainly individually.

• Absence of individual defects not required 
for their own sake:
• part of greater requirement for manifoldness.

• Achieving this by sequential local 
operations is extremely difficult:
• new defects can be introduced
• ambiguities are hard to resolve in a local manner.
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GLOBAL APPROACHES
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Exterior seed

[ABA02]
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EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 189

Flooding

!"#$%"&%''(#%)*+,

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 190

!"#$%"&%''(#%)*+,

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 191

!"#$%"&%''(#%)*+,

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 192

Internal void
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• Input with orientation information
• often available due to the acquisition process 

(e.g. line-of-sight of the laser scanner).
• Inside/outside decision by:

• Line-of-sight carving [CL96]
+ line-of-light carving [FIMK07]

• Diffusion-based propagation [DMGL02]
+ feature sensitivity [GLWZ06] [Mas04]

• Surface area minimization [SI03] [SI08]
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[CL96]

!"#$%"&%''(#%)*+,

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 209

[CL96]
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from [Davis et al. 2002]
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[CL96]
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Additional
observations

[CL96]
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[CL96]

GLOBAL APPROACHES

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 221

[CL96]
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Without
cam/light
information

[SI03]
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Without
cam/light
information

Orientation
of nearest
surface

[SI03]
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information

Orientation
of nearest
surface
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!"#$%"&%''(#%)*+,

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 233

Without
cam/light
information

Unclean
boundaries
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• Parity Counting / Ray Stabbing
• Consider intersections of rays with the object 

[NT03].
• Combine findings from multiple ray directions 

to be less affected by holes and larger gaps 
[NT03].
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Ray Stabbing

[NT03]
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Ray Stabbing

[NT03]
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Ray Stabbing

[NT03]
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Ray Stabbing

[NT03]
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Ray Stabbing
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Ray Stabbing

[NT03]

!"#$%"&%''(#%)*+,

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 248

Ray Stabbing

Problem:
holes
-> voting by
several ray
directions

Varying
plausibility
of fillings

[NT03]
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Parity
Counting

[NT03]
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Parity
Counting

-> handles
voids

[NT03]
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Parity
Counting

[NT03]
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Parity
Counting
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F3)5+65G),*36
,3#)75#,39()
G-3#.5-H#)*#
3*3:I-3,E*.H
*()9()

!"#$%"&%''(#%)*+,

J 4*+97*.*21
J B*56#3*)#+5.1#*3#5K9.,G,)#7*.5#L*(3H-+1#.**9#

H5)5G),*3<
J M.*6,32#*95+-),*36#)*#E,..#7*.56#-3H#2-96N#

E.**H:E,..,32#)*#H5)5+I,35#*()6,H5#?O0P%=A<
J FI9+*Q5#E,3-.#6(+E-G5#6I**)73566#(6,32#

2+-97:G()#?RP%>A<

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

!"#$%"&%''(#%)*+,

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $>T

?O0P%=A

!"#$%"&%''(#%)*+,

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $>U

B,.-),*3

?O0P%=A

!"#$%"&%''(#%)*+,

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

B,.-),*3

?O0P%=A
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Dilation

[BPK05]
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Flooding

[BPK05]
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Flooding

[BPK05]
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Flooding

[BPK05]
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Erosion

[BPK05]
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Erosion

[BPK05]
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!"#$%"&%''(#%)*+,
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Result

Finally
smoothing
applied to 
hole region

Alternative:
graph-cut
approach
to find
„nice“ fillings 
[HK06]
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Result

Problems:
- fills cavities
- outer hull

!"#$%"&%''(#%)*+,
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OR:
Topology-
preserving
erosion

[BK05]

!"#$%"&%''(#%)*+,

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 280

OR:
Topology-
preserving
erosion

[BK05]
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OR:
Topology-
preserving
erosion

[BK05]
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OR:
Topology-
preserving
erosion

[BK05]
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GLOBAL APPROACHES

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $>?

@8/
'*9*.*21:
9+565+A,32
5+*6,*3

BCD%=E

GLOBAL APPROACHES

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $>;

@8/
'*9*.*21:
9+565+A,32
5+*6,*3

BCD%=E

GLOBAL APPROACHES

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $>=

@8/
'*9*.*21:
9+565+A,32
5+*6,*3

0+*F.5G/
-G*(3)#*H
I,.-),*3#

BCD%=E

GLOBAL APPROACHES

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $>J

@8/
'*9*.*21:
9+565+A,32
5+*6,*3

0+*F.5G/
-G*(3)#*H
I,.-),*3#

BCD%=E

GLOBAL APPROACHES

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $>K

@8/
'*9*.*21:
9+565+A,32
5+*6,*3

0+*F.5G/
-G*(3)#*H
I,.-),*3#

BCD%=E

GLOBAL APPROACHES

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $>>

@8/
'*9*.*21:
9+565+A,32
5+*6,*3

0+*F.5G/
-G*(3)#*H
I,.-),*3#

BCD%=E
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GLOBAL APPROACHES

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $>?

@8/
'*9*.*21:
9+565+A,32
5+*6,*3

0+*B.5C/
-C*(3)#*D
E,.-),*3#

FGH%=I

GLOBAL APPROACHES

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $?%

@8/
'*9*.*21:
9+565+A,32
5+*6,*3

0+*B.5C/
-C*(3)#*D
E,.-),*3#

FGH%=I

GLOBAL APPROACHES

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $?&

J-+,-3)/
71B+,EK
6)+(L)(+5:
9+565+A,32

FGH%=I

GLOBAL APPROACHES

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $?$

J-+,-3)/
71B+,EK
6)+(L)(+5:
9+565+A,32

FGH%=I

GLOBAL APPROACHES

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $?M

J-+,-3)/
71B+,EK
6)+(L)(+5:
9+565+A,32

FGH%=I

GLOBAL APPROACHES

N ".*B-.#@9),C,O-),*3#F4P?QI
N R(+D-L5:-.,235E#A*.(C5)+,L#+59+5653)-),*3#

SGR0:B-65ET
N U5)5+C,35#*9),C-.#,36,E5V*()6,E5#.-B5.6#D*+#

L5..6#6(L7#)7-)#)75#*()9()#6(+D-L5#C-W,C-..1#
L*3D*+C6#X,)7#)75#S9-+),-.T#,39()<

N '75#25*C5)+1#*D#)75#+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<

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ $?;
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GLOBAL APPROACHES
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Build aligned
space
decomposition

[MF97]

GLOBAL APPROACHES
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[MF97]

Build aligned
space
decomposition

GLOBAL APPROACHES

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 297

[MF97]

Build aligned
space
decomposition
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[MF97]

Build aligned
space
decomposition

GLOBAL APPROACHES
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[MF97]

Build aligned
space
decomposition

GLOBAL APPROACHES
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[MF97]

Setup global
Equation system

-1

-1

-1

-1-1
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[MF97]

Setup global
Equation system

-1

-1

-1

-1-1

!"#$%"&%''(#%)*+,
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[MF97]

Solve global
Equation system

-1

-1

-1

-1-1
-0.9

0.7

0.8

0.95

0.99

0.98

-0.85

-0.8-0.99

!"#$%"&%''(#%)*+,
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[MF97]

Extract
pos./neg.
interface

!"#$%"&%''(#%)*+,
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[MF97]

Hole fillings
unstable

Input geometry
is preserved

Handles voids

!"#$%"&%''(#%)*+,
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[PR05]

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

,-../01&2/345&6 7483/4&/9908/:;5<
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%4780=2;. >?9-2&05@-=05.A ,=7?=?7&.52;8B

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

[Andújar 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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REPAIRING WORKFLOWS
An example for raw digitized meshes

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ >%?

Raw digitized meshes
@ A5#B-3#-66(C5#)7-)/

@ D-C9.56#-+5#+-)75+#(3,E*+C.1#69-B5F
@ 4*F5.#,6#F5365.1#6-C9.5F#G*99*65F#)*#69-+65#

)5665..-)5F#HI8JDK

@ A7-)#,6#)75#)19,B-.#,39()L
@ M3#,3F5N5F#E-B5#65)O#9*66,P.1#3*3#C-3,E*.FO#65.E:

,3)5+65B),32O#Q,)7#F52535+-)5#E-B56O#7*.56O#)*9*.*2,B-.#
3*,65O#R

@ S*Q#F*#T#E,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-+9#E5-)(+56
@ X*Q#F,6)*+),*3#+5Y(,+56#)**#C-31#)+,-32.56

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ >%Z

@ D5Y(53B5#*E#.*B-.#-99+*-B756
@ M66(C56#)7-)#)75#,39()#,6#-#+-Q#F,2,),[5F#C567
@ \+5-)56#-#]-.,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

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ >%_

A repairing pipeline Topology reconstruction: step 1

@ \*3]5+)#)75#,3F5N5F#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

$K#\+5-)5#-#G,3,),-..1#5C9)1K#.,6)#X#*E#5F256#-3FO#E*+#5-B7#
)+,-32.5#`,OaO^U#,365+)#,3#X#,)6#)7+55#P*(3F,32#5F256#`,OaUO#
`aO^U#-3F#`^O,U

>K#D*+)#X#.5N,B*2+-97,B-..1O#,<5<#,E#5& b#`,OaU#-3F#5$ b#`^O3U
5&≤ 5$ ,EE#,#`#^#c8#G,#b#^#MHd#a#≤ 3K

;K#'Q*#)+,-32.56#-+5#-Fa-B53)#,EE#)751#,3F(B5#B*365B(),]5#
5F256#,3#)75#6*+)5F#.,6)#X<

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ >&%

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

&K 8(3#)75#B()e6),)B7#-.2*+,)7C#G"(5[,5B#5)#-.<O#$%%&K
@ d(9.,B-)5#6,32(.-+#]5+),B56#-3F#5F256

$K c+,53)#)75#C567#B*36,6)53).1
&K D5.5B)#-#f655Fg#)+,-32.5#G5<2<#)75#)*9C*6)#*35K#-3F#

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

)+,-32.56

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ >&&

Topology reconstruction: step 2 Topology reconstruction: step 3

@ \*3]5+)#)75#C-3,E*.F#-3F#*+,53)5F#C567#)*#-#
6,32.5#Q-)5+),27)#C567

&K TE#)75#C567#B*(.F#3*)#P5#*+,53)5F#G,<5<#B()6#Q5+5#
35B566-+1K#)7,6#97-65#B-33*)#)-^5#9.-B5 :U#E-,.(+5

$K c)75+Q,65O#F5.5)5#-..#)75#6C-..56)#B*335B)5F#
B*C9*353)6#-3F#E,..#)75#7*.56#(6,32#X,59-g6#-.2*+,)7C

&K DC-..56)#B*C9*353)6#-+5#B*C9()5F#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
>K '75#9-)B756#(65F#)*#E,..#)75#7*.56#C-1#,3)5+65B)#

*)75+#9-+)6#*E#)75#6(+E-B5

!"#$%&$#'()*+,-./#0*.12*3#4567#859-,+,32#: &;<%=<$%&$ >&$
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!"#$%"&"'%()*"+,-./,..01

• 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 
‘t’

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

EG 2012 Tutorial: Polygon Mesh Repairing - 14.05.2012 313

2*.#*3/4(&.//*&3".56(13*$(7

• Remove (nearly) degenerate triangles
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2*.#*3/4(&.//*&3".56(13*$(8

• Remove intersecting triangles
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2*.#*3/4(&.//*&3".56("3*/'3".5

• 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

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

<=%>?@>%":3+2'.,A%B+,C;+/%D$5#%E$4.'2'/;%F @G7?H7>?@> I@J

!""#$%&'$()* +,-./--,012320/45006

! K')$,C%1.2C'/;%#.2)/$55%+&%2$4.'2%3.5L5%
)$4$/)'/;%+/%3#$%)$&$-35%'/1+,1$)7
! $7;7%-+/5'53$/3,C%+2'$/3'/;%&.-$5%'5%$.5',C%&+2*.,'M$)%

./)%5+,1$)N
! 0:3%&',,'/;%-+*4,$(%#+,$5%+2%4,.:5'0,C%2$*+1'/;%

'/3$25$-3'+/5%2$9:'2$5%.%/+/F32'1'.,%.442+.-#%./)%
'/32'-.3$%-.5$F0CF-.5$%53:)C%):$%3+%.*0';:'3'$57

! O$54'3$%3#$%1.53%/:*0$2%+&%$('53'/;%
3$-#/'9:$5N%3#$2$%'5%2++*%&+2%&:3:2$%
'/1$53';.3'+/N%$54$-'.,,C%&+2%3#$%!"#$ -.5$57

<=%>?@>%":3+2'.,A%B+,C;+/%D$5#%E$4.'2'/;%F @G7?H7>?@> I>?

+,-./--,012320/45006

! D'/'*.,,C%P/1.5'1$N%0:3%=:.2./3$$'/;%./)%=,+0.,
! QC02')%*$3#+)5%3#.3%.2$%.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$3.F
S/+T,$);$
! D'55'/;%).3.%.,T.C5%'*4,'$5%',,F4+5$)/$55N%.:3+*.3'-%

#$:2'53'-5%#.1$%,'*'35%! %$(4,+'3%9:.,'&'$)%L/+T,$);$%+&%
3#$%:5$2%3#2+:;#%'/3:'3'1$%'/3$2.-3'+/%*$3.4#+257

! U$23'-.,%P/3$;2.3'+/%3+%E$4.'2%K+2L&,+T5
! R+-.,%*$3#+)5%+&3$/%32$.3%+/$%)$&$-3%3C4$

! %5:'3.0,$%5$9:$/-'/;%+&%*$3#+)5%/$-$55.2C7

<=%>?@>%":3+2'.,A%B+,C;+/%D$5#%E$4.'2'/;%F @G7?H7>?@> I>@

+,-./--,012320/45006

! D'/'*.,,C%P/1.5'1$N%0:3%=:.2./3$$'/;%./)%=,+0.,
! QC02')%*$3#+)5%3#.3%.2$%.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$3.F
S/+T,$);$
! D'55'/;%).3.%.,T.C5%'*4,'$5%',,F4+5$)/$55N%.:3+*.3'-%

#$:2'53'-5%#.1$%,'*'35%! %$(4,+'3%9:.,'&'$)%L/+T,$);$%+&%
3#$%:5$2%3#2+:;#%'/3:'3'1$%'/3$2.-3'+/%*$3.4#+257

! U$23'-.,%P/3$;2.3'+/%3+%E$4.'2%K+2L&,+T5
! R+-.,%*$3#+)5%+&3$/%32$.3%+/$%)$&$-3%3C4$

! %5:'3.0,$%5$9:$/-'/;%+&%*$3#+)5%/$-$55.2C7

<=%>?@>%":3+2'.,A%B+,C;+/%D$5#%E$4.'2'/;%F @G7?H7>?@> I>>

+,-./--,012320/45006

! D'/'*.,,C%P/1.5'1$N%0:3%=:.2./3$$'/;%./)%=,+0.,
! QC02')%*$3#+)5%3#.3%.2$%.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$3.F
S/+T,$);$
! D'55'/;%).3.%.,T.C5%'*4,'$5%',,F4+5$)/$55N%.:3+*.3'-%

#$:2'53'-5%#.1$%,'*'35%! %$(4,+'3%9:.,'&'$)%L/+T,$);$%+&%
3#$%:5$2%3#2+:;#%'/3:'3'1$%'/3$2.-3'+/%*$3.4#+257

! U$23'-.,%P/3$;2.3'+/%3+%E$4.'2%K+2L&,+T5
! R+-.,%*$3#+)5%+&3$/%32$.3%+/$%)$&$-3%3C4$

! %5:'3.0,$%5$9:$/-'/;%+&%*$3#+)5%/$-$55.2C7

<=%>?@>%":3+2'.,A%B+,C;+/%D$5#%E$4.'2'/;%F @G7?H7>?@> I>I

&2+*%VW#.2&%$3%.,7%>??XY

+,-./--,012320/45006

! D'/'*.,,C%P/1.5'1$N%0:3%=:.2./3$$'/;%./)%=,+0.,
! QC02')%*$3#+)5%3#.3%.2$%.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$3.F
S/+T,$);$
! D'55'/;%).3.%.,T.C5%'*4,'$5%',,F4+5$)/$55N%.:3+*.3'-%

#$:2'53'-5%#.1$%,'*'35%! %$(4,+'3%9:.,'&'$)%L/+T,$);$%+&%
3#$%:5$2%3#2+:;#%'/3:'3'1$%'/3$2.-3'+/%*$3.4#+257

! U$23'-.,%P/3$;2.3'+/%3+%E$4.'2%K+2L&,+T5
! R+-.,%*$3#+)5%+&3$/%32$.3%+/$%)$&$-3%3C4$

! %5:'3.0,$%5$9:$/-'/;%+&%*$3#+)5%/$-$55.2C7

<=%>?@>%":3+2'.,A%B+,C;+/%D$5#%E$4.'2'/;%F @G7?H7>?@> I>G



14.05.2012

55

AVAILABLE REPAIR TOOLS

! "#$#%&'(%#)&*%(+,,'-(&%#(.%##'/(&$&*'&0'#
! 12)'#2#3+*34(,3#(,%(25'+*)'#(,.(+6#(7,$#%#8(

2#+6,8-9

! :);+,;8&+#(*3.,%2&+*,3(&38(%#.#%#37#-(+,(
+6#-#(+,,'-(&%#(&$&*'&0'#(&+<

http://www.meshrepair.org

=>(?@A?(B5+,%*&'<(C,'/4,3(D#-6(E#)&*%*34(; AF9@G9?@A? H?G

ACKNOWLEDGEMENTS

! "5)),%+(+,(+6*-(I,%J(I&-(4*$#3(0/<
! EU FP7 project VISIONAIR (contract N. 

262044)
! KLE()%,M#7+(ND5'+*2,8&'(&38(D5'+*8*2#3-*,3&'(

K,3+#3+(O(D#8*&N(P &7+*$*+/(L9(1KB9CA@9@@Q
! D1:E;CE1L(C%,M#7+(L9(?@@QRH"STUV@@?
! WT>(K'5-+#%(,.(=X7#''#37#(:D1K(Y>#%2&3(

E#-#&%76(T,538&+*,3(4%&3+(WT>(=ZK([Q\

=>(?@A?(B5+,%*&'<(C,'/4,3(D#-6(E#)&*%*34(; AF9@G9?@A? H?]


