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Abstract
Digital 3D models are key components in many industrial and scientific 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 flaws that make them incompatible with quality requirements of specific applications. Hence, repair-
ing such defects in order to achieve compatibility is a highly important task – in academic as well as industrial
applications. In this tutorial we first 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 Modeling—

1. Introduction
Nowadays, digital 3D models are key components in many
industrial and scientific sectors, such as product design and
manufacturing, gaming, simulation, cultural heritage, ar-
chaeology, medicine and bioinformatics. Due to their flexi-
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 practice real meshes often have
a number of defects and flaws that make them incompati-
ble with such requirements. Hence, repairing these defects
in order to achieve compatibility is a highly important task
– a task whose complexity and level of difficulty is not un-
commonly underestimated by non-experts in the field.

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 workflows
which similarly rely on certain assumptions.

Thus, this tutorial has a twofold objective: first, 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 at www.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 first discuss upstream applications (that
create a mesh) based on the typical characteristics/defects of
the meshes they produce, and then provide a classification of
downstream applications (that use the 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 – bridging the corre-
sponding compatibility gap.

Overview and Problem Definition

We can define a mesh repairing algorithm to be a process
that takes as input a surface mesh M and produces a modi-
fied version M! where some specific defects or flaws are re-
moved or alleviated. This loose definition intentionally does
not exclude methods that, while fixing specific defects, may
newly introduce other flaws that again need to be fixed by
subsequently applied methods – 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 of M

2. What is the downstream application?
! Determines requirements on M!

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

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 defining the goal of mesh repair, the problem’s 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 actually contains defects or flaws 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 file 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 – specifically, we distinguish among
issues about local connectivity, global topology, and geom-
etry. The following is a list of individual types of defects
and flaws 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 the nature of the data modeled
(i.e. (physical) real-world data vs. (virtual) concepts) and
on the approach employed 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 sufficient to
identify the nature as well as the approach employed. In the
tutorial we determine the specific properties of both aspects.

Downstream Applications

We provide an overview of the prototypical requirements of
key application contexts. For instance, for the purpose of
mere visualization, only the existence of significant holes is
generally deemed unacceptable – 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 fulfilled for, e.g., rapid proto-
typing purposes: the mesh model naturally needs to be con-
vertible to a solid model, i.e. it has to well-define an interior
and exterior volume. For this purpose the mesh definitely
has to be closed and free of intersections and singular non-
manifold configurations that would prevent an unambiguous
volume classification.

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 flaws) 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 specific 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 flaws 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 fix mesh
defects.

Outlook

One insight that can be gained is that some repair tasks
are significantly more 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 filling, 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 field. 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 workflows.

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 field 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 specific field of Geometry Process-
ing can take advantage of this tutorial.
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