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Abstract

This master’s thesis describes a new data structure called Discrete Polyhedron
Decision Diagram (DPDD), suited for representing symbolically meshed poly-
gons, i.e., the intersection between a discrete mesh and a convex polygon. We
develop algorithms for manipulating the data structure such as performing the
intersection of a meshed polygon with a set of constraints, or adding points
to the structure. Each algorithm is thoroughly explained and presented in
pseudo-code. Some examples are also given to illustrate important properties
and operations. This master’s thesis provides as well a prototype of the data
structure in which all the main operations have been implemented.

The data structure is based on the double description method and
automata-based representations. DPDD then explicitly stores the face lattice
of the polygon while each of its faces also contain meshes. An advantage of
this is that we can retrieve the canonical form of any meshed polygon thanks
to a rounding process. This leads us to have more efficient operations over the
data structure. We are able to easily and efficiently check whether two meshed
polygons are equal, as example, and as we have the submesh of each face, we
can avoid redundant computations.

iii






Acknowledgements

First, and foremost, I would like to thank my promotor, Bernard Boigelot, for
sharing with me its contagious enthusiasm about computer system verification
during his lectures and our discussions during the redaction of this master’s
thesis. Without his listening ear, his patience, and his knowledge, I would
not have the opportunity to have completed such a work. His office door was
always open, as well as his email box to provide me feedbacks or to answer my
questions.

I would also like to thank Pascal Fontaine, and Quentin Louveaux for willing
to read and evaluate my work.

Finally, I would like to thank my family for supporting me during my studies.

I would eventually like to give a special thank to my girlfriend, Marie Puis-
sant, for encouraging me throughout these years and especially during the
hardest times. Thank you for listening to me while I was constantly talking
about my researches and ideas for this master’s thesis, reading my work, and
helping me when I was stumbling over problems during my redaction. I would
not have been able to work that well on this master’s thesis without your
support.






Contents

Introduction|

I Basi ons

I1.1  Linear Algebra] . . .. .. ... ... ....
I1.1.1 ~ Vector Spaces| . . . . . ... ... ..
I1.1.1.1  Linear Dependence] . . . .

[1.1.1.2 Vector Subspaces| . .. ..

[1.1.2  Affine Spaces| . . . . ... ... ...
[1.1.2.1  Affine Subspaces| . . . . . .

L1.2.2 Coordinatesl . . ... ...

[1.2.2  Polyhedral . . . . .. ... ... ...
I1.2.3  Representation of Polyhedra). . . . .
[1.2.4  Operations| . . ... ... ......
11.2.4.1  Representation Conversion|
11.2.4.2  Point Membership| . . . . .
1.2.4.3  Emptiness| . ... ... ..

1.2.4.6  Equality] .. ... .....
1.2.4.7  Complexity| . . . . .. ...

|2

Representing Meshed Polyhedral

2.1 Objectives| . . . . . . .. ... ... ...
2.2 Polyhedra Representation| . . . . . ... ..
2.3 Mesh Representation| . . . . . ... ... ..
2.4 Meshed Polyhedra] . . ... ... ......

|2.4|l l)i!lil :‘! l”s!”lsl ............
2.5 Operations] . .. ... .. ... .. .....

2.5.1 Point membership| . . .. ... ...

vii

© © 0 0o~ Ut ot

T T T e T o T e T e T S e e Gy
CO I 3 JO OOk wkHO©

19



[2.5.4  Finding all the points of a mesh that satisfy a set of |

[ constraints] . . ... .. 47
[2.5.5 Rounding a (half-)linef . . . . . ... ........... 48
................... 49

13 Implementation| 55
13, data Structurel . .. ..o Lo 55
[3.1.1 Representation| . . .. ... ... ... .. ........ 56

8.2 Operations] . .. ... .. ... . 57
[3.2.1 Point Membership| . . . ... ... ... ... ...... 57

3.2.2 oloring|. . . . . . .. ... 57
......................... 58

B2.4 Tutersectionl . . . . . . . . . ... 61

V] o P 62

B26 AddPointl. .. ... ... ... ... 62

327 Find Pointsl . . . .. ... oo oo 63

328 Translationl . . . .. ... ... . oL 64

8.2.9 Advanced Intersectionl . . . . . . .. ... ... ... .. 64
4__Conclusions| 67
Bib D 69



Introduction

Computer-aided verification is a branch of computer science that aims to ver-
ify the correctness of computer systems and software in an automated way.
Verification is then the process of checking algorithmically whether the system
or software satisfies a set of properties, in all of its executions. To be veri-
fied, a program first needs to be written in an abstract formalism before being
analyzed[4]. One way to create an abstract model is through state machines:
the program is represented as a state machine where each state represents a
certain control location, while the actions of the system correspond to the tran-
sitions of the machine. It is then possible to verify the program by exploring the
reachable states to check whether a given property is violated or not. However,
as the number of states of the state machine created may grow exponentially
with the description of the system, we may need an additional abstraction to
prevent the exploration of each state by the model checker.

Symbolic state-space exploration consists in symbolically representing states
to avoid enumerating each one individually. It is then possible to use a specific
kind of verification technique called Symbolic Model Checking[IT]. Polyhedra,
which correspond to finite Boolean combinations of linear constraints, are of-
ten used for representing sets of systems of configurations for such state spaces.
Symbolically representing polyhedra then plays an important role in symbolic
state-space exploration, as it allows efficient algorithms for performing the op-
erations needed during the analysis of systems.

Several symbolic representations of different types of polyhedra have already
been covered by Boigelot et al.[5], for Nef polyhedra[3], or I. Mainz|[19] with
convex polyhedra in high-dimensional spaces. This master’s thesis aims to
focus on representing symbolically meshed polygons, i.e., 2-dimensional poly-
hedra. Meshed polygons can be defined as convex sets of integers with discrete
periodicities. They may be used to represent state spaces of systems relying
on integer variables and that perform linear operations on them. This variant
of a convex polyhedron, stemming from the intersection between a polygon
and a mesh, can be bounded or not. This master’s thesis covers bounded and
unbounded meshed polyhedra.

Polyhedra can be symbolically represented in several ways, such as the dou-
ble description method, and the automata-based representation. The double
description method consists in describing polyhedra by two representations: a
set of inequalities, and the combination of their set of vertices and extreme



2 CONTENTS

rays. Keeping both these two representations helps speeding up operations
over polyhedra.

There are several automata-based representations suited for polyhedra, such
as Real-Vector Automaton (RVA), Implicit Real-Vector Automaton (IRVA)[5],
Convez Polyhedron Decision Diagram (CPDD), Decomposed Convex Polyhe-
dron (DCP), or Internally Decomposed Convex Polyhedron (IDCP)[19]. These
representations already combined the double description method with the con-
cept of face lattice. The face lattice of a polyhedron represents a partial order-
ing of its faces. RVA and IRVA can represent convex and non-convex, bounded
and unbounded polyhedra. CPDD, DCP, and IDCP only represent convex
polyhedra but address one of the main drawbacks of RVA and IRVA, which
suffer from combinatorial explosion in high dimensional spaces like the double
description method[I9].

This master’s thesis introduces an original data structure, called the Dis-
crete Polygon Decision Diagram (DPDD), to symbolically represent meshed
polygons. The data structure, which can be considered as an automata-based
representation of meshed polygons, combines the double description of polyhe-
dra, its face lattice, and the notion of submeshes of faces to represent meshed
polygons. This data structure presents two main advantages. First, as it is
based on the face lattice representation, the data structure allows us to easily
compute the canonical form of a meshed polygon. The advantage of having
canonical representations can be seen during some operations. As an example,
equality testing between two meshed polygons amounts to just performing a
syntactic check between the two representations. Another example of this ad-
vantage is the point membership operation that consists in checking whether
the point belongs to one of the faces of the face lattice. Another advantage of
the data structure is that each face contains its own submesh. By including the
mesh into the face lattice, the data structure allows us to perform operations
such as finding the appropriate rounding of the given meshed polygon more
easily, and saves unnecessary computations that would have occurred if the
mesh was stored separately from the face lattice of the polygon.

We first present the basic notions used in this master’s thesis in Chapter
This chapter is divided in two main sections. The first one focuses on linear
algebra. We define concepts such as vector and affine spaces, and the represen-
tation of such spaces. This section also presents useful theorems and properties
used in this work, such as the change of basis, or the decomposition of a vector
with respect to a basis. The second section introduces polyhedra. We first
express the notion of convex sets and cones before presenting convex polyhe-
dra and a list of operations that can be performed over them. This section
also introduces the notion of face lattice which is fundamental in this master’s
thesis, as well as the definition of meshes.

Chapter [2| first defines the different representations that are the basis of the
data structure created in this master’s thesis. Meshed polyhedra are defined be-
fore explaining the canonical representations of polyhedra, meshes, and meshed
polyhedra. Thanks to these representations, we then describe the original data
structure called Discrete Polygon Decision Diagram (DPDD) by giving a formal
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definition. This definition is based on the notion of face lattice and submesh.
Indeed, the data structure represents the face lattice of the given polyhedron,
where each face corresponds to a subset of the constraints and mesh of the
meshed polygon. This chapter also develops algorithms for several operations
that can be performed on the data structure.

Chapter [3] presents a prototype implementing the data structure as well as
the operations presented as algorithms in Chapter [2] The chapter focuses on
the implementation issues, presenting how the different operations work on the
data structure through Python code.

Eventually, Chapter [ concludes this master’s thesis with a summary of its
contributions, as well as some perspectives for future work.






Chapter 1

Basic notions

In this chapter, we introduce the basic notions that one needs in order to fully
understand this master’s thesis. We give definitions, theorems and properties
on specific topics of linear algebra. Furthermore, we define polyhedra as well
as their major operations and further concepts used for the conception of a
data structure and its operations.

1.1 Linear Algebra

In this section, we introduce linear algebra definitions, properties, and theo-
rems. The different subsections will help the reader to have the needed back-
ground on linear algebra concepts used in this master’s thesis.

We also introduce vector and affine spaces and their properties as well as useful
theorems that have been used in this work. We also present a canonical rep-
resentation of vector and affine spaces that has been used in order to develop
the data structure created in this master’s thesis.

We based the definitions, theorems, and propositions on papers and lectures
of E. Charlier[I0], M. Rigo[20], I. Mainz[I9], Dodson et al.[13], and R. Beezer[2].

1.1.1 Vector Spaces

Definition 1.1.1 A wvector space on R is a set E associated with two opera-
tions:

+:ExE—FE

and
RxE—FE

that satisfies the following properties:
1. There ezists an element 0 of E neutral for +: Veée E,.eé+0=0+¢e¢=¢

2. For any element of E there exists an inverse one: Ve &€ E,Elf € FE |
E+f=f+€=0
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5. For any element €, j? of E and k,¢ € R, we have:

a) The multiplication by a scalar operation is associative: k- (£ - €) =
(k-0)-¢&

b) The scalar multiplication operation is distributive when used with
the addition of two reals: (k+¢)-é=k-+4(-€

¢) The scalar multiplication operation is distributive when used with
the addition operation: k- (€4 f)=k-e+k- f

d) The element 1 is neutral for the scalar multiplication operation: 1 -

e€=¢

If E is a vector space on R, then the elements of E are called vectors and the
elements of R are called scalars.

1.1.1.1 Linear Dependence

Definition 1.1.2 Let n € N, and E be a vector space. A linear combination
of the vectors ©1,...,%, of E is a vector of the form:

kil + ...+ ka2,

with ki, ..., k, € R. The scalars kq, ..., k, are called coefficients of this linear
combination. A linear combination of linear combinations of vectors &1, . .., Ty,
1s still a linear combination of x1,. .., ;.

Definition 1.1.3 The vectors z1,...,%, of E are linearly independent if
Vki,...,kn €E R ki1 +...+ ki =0=>ki1=...=k, =0

If wvectors are mot linearly independent, they are linearly dependent. There-
fore, 21, ..., %, are linearly independent if the only way to obtain 0 as a linear
combination of 21, ...,%; is to take all the coefficients equal to 0. These vec-
tors are linearly dependent if there exist non-zero scalars ki, ..., ky, such that
ki1 + ...+ k,2, =0.

1.1.1.2 Vector Subspaces

Definition 1.1.4 Let E be a vector space. A vector subspace of E is a part of
E which contains all the linear combinations of the vectors of E.

Proposition 1.1.5 Let E, F be two vector spaces with identical definitions of
vector addition and scalar multiplication. If F' is a subset of E (F C E), then
F is a subspace of E.

Definition 1.1.6 Let E, F' be two vector spaces and ' C E. The span of A
(span(A)) is the set of all the linear combinations of vectors of A.
Formally, the span of 21, ...,%, is the set:

span(@y, ..., 2q) = {Zklx'; | k1y..o kn € R}
i=1



1.1. LINEAR ALGEBRA 7

Definition 1.1.7 Let E be a vector space and F, Fy be vector subspaces of E.
The sum of these vector subspaces is defined as the set: Fy + Fo = {f1 + f2 |
f1 € F1, fo € Fu}. This sum represents the smallest vector space containing Fy
and F5.

Definition 1.1.8 Let E be a vector space, Fy, Fy be vector subspaces of E,
and F be the sum of F1 and Fy. Let us suppose that every fe F can only be
uniquely written as f = ﬁ + fé, then F' 1is called the direct sum and can be
written as F = Fy @& Fy. In other word, if there is no intersection of Fi and
F, (FiNFy,=0), then F = Fy ® Fy is the direct sum of Fy and F.

1.1.1.3 Basis and Dimension

Definition 1.1.9 Let E be a vector space. The set B C E is a basis of E if
any element of E can be written as a linear combination of vectors of B and
the elements of B are linearly independent. In other words, a basis is a linearly
independent spanning set.

Proposition 1.1.10 If the vector space E is spanned by a finite number of
vectors, then the basis of E consists of this finite number of vectors.

Definition 1.1.11 Let E be a vector space spanned by a finite number of vec-
tors, the dimension of E (dim(E)) corresponds to the unique number of basis
elements of E and E is called finite dimensional. If E is not spanned by a
finite number of vectors, E is called infinite dimensional and dim(E) = co.

Proposition 1.1.12 Let E, F be vector spaces. Let us assume that E is finite
dimensional and F C FE, then:

o dim(F)<dim(E)
e dim(F) = dim(E) <— E=F

Proposition 1.1.13 Let E be a vector space of dimension n € N and F C E
of dimension m € N. Given a basis of the vector E, the subspace F can be
described as a system of n — m independent homogeneous linear equations:
ainT1+ ...+ ajnd;, = 0.

Theorem 1.1.14 (Decomposition of a vector in a basis) Let B = (b1, ..., by)
a basis of E. FEwvery vector of E has a unique decomposition in the basis B:
VT € E, there exist unique scalars x1,...,x, € R such as ¥ = x1b1+...+x,by,.

-

Definition 1.1.15 Let B = (b;, ..., by) be a basis of the vector space E, and
Z € E. The coefficients x1,...,x, € R of the unique decomposition of X in the
basis B are called the coordinates of & with respect to the basis B.

Theorem 1.1.16 (Change of basis) Let B = (by,...,by) and B' = (b_’i7 L)
two bases of the vector space E and €, ¢ be elements of respectively B and B’
we obtain:

¢ = M(B,B')e,
where the matriz M(B, B') is called the coordinate transformation matrix from
the basis B to the basis B’ and always exists.
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1.1.2 Affine Spaces

Definition 1.1.17 Let E be a vector space, and A be a non-empty set. Let us
define as well the operation p+ & € A for any vector ¥ € E and element p € A
such that it satisfies the following conditions:

ep+0=p
e (p+Z)+y=p+(T+7)
e Vgc A3X € E: q=p+ &, where ¥ is unique.

An element p € A is called a point and p + &, where & € E, is the translation
of the point p by the vector Z.

Definition 1.1.18 Let p1,...,pn € A. An affine combinations of p1,...,Pn
s a linear combination:

Zkipl =kip1 + ...+ knpn such that Zki =1

i=1 i=1

Definition 1.1.19 Let p1,...,p, € A. The affine hull of this set is:

{E:mm|kh“”kn€Ramﬂq+.”+kn1}
=1

In other words, the affine hull of a set is the set of all its affine combinations.

Definition 1.1.20 The points p1,...,pn € A are affinely dependent if one of
them belongs to the affine hull of the others. If not, they are affinely indepen-
dent.

1.1.2.1 Affine Subspaces

Definition 1.1.21 Let A be an affine space over a vector space E. Then
A’ C A is an affine subspace of A if there exists p € A, and a vector subspace
FCE of E such that A =p+ F={p+Z|Z € F}.

The set I is called the direction of A’.

Proposition 1.1.22 The intersection between two affine subspaces is either
empty or an affine subspace.

Definition 1.1.23 Let A=p+ F and A’ = p' + F' be two affine subspaces.
IfFCF or F'CF, then A and A’ are parallel. This is denoted by A || A’.

Definition 1.1.24 Let E be a vector space, A be an affine space and A’ an
affine subspace of A over E. The dimension of A corresponds to the dimension
of its direction. If A’ = p + F where dim(F)= 1, then A’ is called a line.
If dim(F)= 2, then A’ is called a plane. Finally, if dim(F)= n — 1, where
n =dim(E), then F is called an hyperplane.
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1.1.2.2 Coordinates

As affine spaces are translated vector spaces, we can describe them thanks
to the description of their vector space and its translation. Vector spaces
can be described thanks to their basis. The elements of an affine space are
characterized by affine coordinates, defined as follows:

Definition 1.1.25 Let A be an affine space and E a vector space. The affine
coordinates of A over E consists in a point o € A (origin), and a basis B =
{b}, .. .,b:L} of the vector space E. The coordinates of a point p € A are the
coordinates of the vector}% with respect to the basis B.

Proposition 1.1.26 Let A be an affine space over the vector space E of di-
mension n and an affine subspace A’ C A of dimension m. A’ can be described
as a system of n — m independent linear equations: a;1T1 + ...+ ajpZy, = b.
The direction of A’ can also be described as: a; 121 + ...+ a;n2;, = 0.

1.1.3 Representations of Vector and Affine Spaces

Definition 1.1.27 Let M € R™™ be a matriz. Let m;; be an element of M.
m;j 45 a pivot if and only if m;; = 0 and mye # 0 when i < k, ¢ < j and

(,4) # (k, 0).

Definition 1.1.28 Let M € R™ ™ be a matriz. M is said to be in row echelon
form iff all its non-zero rows contain a pivot, all its zero rows are located below
the non-zero rows, and each pivot is strictly to the right of the pivot of the
Previous non-zero Tows.

Definition 1.1.29 Let M € R™ ™ be a matriz. M is said to be in reduced
row echelon form if:

e The pivot of each non-zero row is 1.
e M is in row echelon form and has no zero rows.

e The pivot of each row is the only non-zero element of each column.

Theorem 1.1.30 (Gaussian Elimination) Thanks to elementary row opera-
tions, any matriz representing an equation system can be transformed to an
equation system under its unique reduced row echelon form.

Thanks to Theorem [1.1.30} and Propositions|1.1.13[and1.1.26] stating that

any vector or affine space can be described as systems of linear equations, it is
possible to create a canonical representation. Canonical means that there is a
unique way to represent this matrix. It is then possible to compare them as
they have to be represented identically to be equal.

1.2 Polyhedra

We introduce polyhedra in this section. We start with a definition and descrip-
tion of convex sets, and then cones which are specific types of polyhedra. We
also present the bounded and unbounded forms of polyhedra. Polygons, i.e.,
two-dimensional polyhedra, were the main focus of this master’s thesis as the
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data structure and operations were based on these two-dimensional polyhedra.
After introducing the different representations of polyhedra, we compare their
theoretical complexity on multiple operations on polyhedra. We then intro-
duce the notion of face lattice of polyhedra as well as the components of the
structure such as the faces of polyhedra. We then conclude this section with
the notion of meshes. The two last notions are a really important part of this
master’s thesis as the data structure developed as well as its operations deeply
depend on these principles.

We based the following definitions, theorems, and properties on papers of I.
Mainz[19], W. Fenchel[14], Boyd et al.[7], A. Brgndsted[§], B. Griinbaum[L6],
and lectures of Gallier et al.[15] and KC. Border[6].

1.2.1 Convex Cones

Before defining convex cones we need to introduce the definition of convex sets.
Once done, we give definitions, and properties of cones as well as examples of
some particular convex cones.

Definition 1.2.1 A set S is convex if, for any point x1,x5 € S, the segment
[x1,22] € S. In other words, a set is convex if any segment between two points
i the set is entirely within the set.

Definition 1.2.2 Let z1,...,x2, € R™. The convexr combination of these
points is the point Y .| k;jx;, where ky,...,k, € R>0 and > 1 k; = 1.

Definition 1.2.3 Let C be a convex set. The convex hull of C' (conv(C)) is
the set of all the convex combinations.

Definition 1.2.4 Let C be a convex set. A point p € C is an extreme point
of C if there does not exist two points q,r € C such that p € [q,7], p # ¢ and

pFT

Definition 1.2.5 Let E be a vector space on R™ with O as origin. A subset
C of E is a convex cone if O is in C, and there exists Z,9 € E such that if
Z,y € C, then kX + ty € C for any k,¢ € R>o. In other words, if the vectors
Z,y € C, then the linear combination of non-negative coefficient is also in C.
The vectors & and i are called rays of C.

Definition 1.2.6 Let S C R™. S is a generalized cone if there exists a cone
C CR"™, and a point p € R™ such that S =p+ C.

Definition 1.2.7 Let x1,...,z, € R™. A conic combination of these points
is a point Y ., kix;, where ky, ..., k, € Rsg and > i ki = 1.

Definition 1.2.8 Let C be a convex set. The conic hull of C (cone(C)) is the
set of all the conic combinations.

Definition 1.2.9 Let C be a convex cone. A point x € C is an extreme ray
of C if there does not exist any linearly independent y,z € C, and k,{ € Rxg
such that © = ky + £z.
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Note 1.2.10 Here are some particular (convez) cones:

e The empty set ().

The singleton O.

Any closed (half )-line whose origin is 0.

Any closed (half )-line passing through O is a generalized cone.

Any affine subspace is a convexr cone.

1.2.2 Polyhedra

Convex polyhedra are convex sets. We introduce here the reader to unbounded
and bounded polyhedra as well as polyhedral cones. We end this section with
a quick definition of polygons and provide some examples.

Definition 1.2.11 A set P C R" is a (convex) polyhedron if it is a non-empty

finite intersection of closed halfspaces — i.e. the sets of the form AZX < b when
Z € R™ which is the set of solutions to a finite system of linear inequalities, or
the convex hull of a finite set of points.

Definition 1.2.12 A set P C R™ is a polytope if it is the convex hull of a
non-empty finite set. In other words, a polytope is a bounded polyhedron.

Figure shows an example of a two-dimensional polytope defined by the set
of inequalities:

3y geqr + 2,y > 2x — 6,3y < —x + 17, and y < 4x — 3

I I I I I >
u u u u u d

1 2 3 4 5 6

Figure 1.1: Polytope in dimension 2.

Definition 1.2.13 The set C C R™ is a polyhedral cone if it is a cone that is
also a polyhedron.

Figure [[.2] represents a polyhedral cone defined by the set of inequalities:

dy — 2 < 0,5y —4x >0
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1 2 3 4

Figure 1.2: Polyhedral cone.

Theorem 1.2.14 (Minkowski-Weyl) Every polyhedral cone in R™ is a finitely
generated convex cone. Let C € R™ be a polyhedral cone, then C' can be written
as C = AT < l_;, where A € R™*™, b e R™, and m > 0. In other words,
C corresponds to the intersection of a finite set of closed half-spaces, which
corresponds to a finitely generated convex cone.

Definition 1.2.15 Let P be a polyhedron on R™. Let us suppose that P is not
a cone and P = P(A,b) = {AZ < b}, with A a m X n matriz and b € R™. Its
homogenization is defined as

cor=r((3 2).0)

which is a polyhedral cone in R™t!

Proposition 1.2.16 Let P C R"™ be a polyhedron. P can be represented as a
convezx cone in R"H1,

Figure[L.3]shows a polytope in two dimensions and its representation by a cone
in three dimensions.
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1
(a) Polytope in dimension 2 (b) Cone of the polytope in dimension 3

Figure 1.3: A 2D polytope and its cone representation in 3D.

In this master’s thesis, we only consider polygons, i.e., 2-dimensional poly-
hedra. Now that we have defined polyhedral sets and their properties in any
dimension, we can easily define polygons as two-dimensional polyhedra, keeping
then the same properties given to polyhedra in this section.

1.2.3 Representation of Polyhedra

In Definition [1.2.11] we defined polyhedra in two ways. We will now describe
in detail these two representations and show that they are equivalent.

Definition 1.2.17 The half-space representation (H-representation) of a poly-
hedron is defined as the non-empty finite intersection of finite set of closed
halfspaces. Let A be a matriz n x m and beR". The H-representation of the
polyhedron P is the system of n inequalities AT < g, with ¢ € R™.

Definition 1.2.18 The vertex representation (V-representation) of a polyhe-
dron is defined as the convex hull of a finite set of points. Let P be represented
by n wvertices x1,...,T, and m Tays ri,...,rm. 1LThe V-representation of the
polyhedron P is P = conv(x1,...,%n) + cone(ri,...,mm)

Theorem 1.2.19 (Minkowski-Weyl) The following statements are equivalent:

e Let A be a matriz n x m and b € R™, then P = P(A,b) = {ATZ < b}, with
Z € R™ (P is a H-polyhedron,).

e Let P be represented by n vertices and m rays, then P = conv(x1, ..., xn)+
cone(ry,...,mm) (P is a V-polyhedron).

Let us take the V-representation of a polyhedron P. This representation is de-
fined by the convex hull of the extreme points of the polyhedron: conv(xy, ..., Ty).
Ezxtreme points can be seen as a solution of a set of inequalities. This set of
inequalities AT < b represents the hyperplanes of the extreme points. We can
then notice that the two representations are equivalent as the H-representation
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1s the set of inequalities determining the hyperplanes of the extreme points ex-
pressed in the V-representation through the convexr hull of these points.

1.2.4 Operations

In the previous section, we have presented how polyhedra can be described,
namely by H-description and V-description. In this section, we define several
operations that can be performed over polyhedra. For each operation, we also
give the complexity for the two representations. Then, we discuss another way
of representing polyhedra based on using jointly both the H-representation and
the V-representation.

The representation description and the operations complexity of the different
representations below, as well as the Fourier-Motzkin algorithm, are based on
the papers of I. Mainz[19], RJ. Jing[I8], [I6], and the lectures of J. Walsh[23].

1.2.4.1 Representation Conversion

Depending on the operations we wish to perform on polyhedra, it is some-
times better to put polyhedra into a specific form (H-representation, or V-
representation). Performing this action before the operation can give us better
complexity.

Thanks to Theorem [[.2.19] we know that the H-representation and the
V-representation of a same polyhedron are equivalent. Therefore, we can con-
vert one to another depending on which one is better to perform an operation.
The representation conversion operation is then defined as the reconstruction
of a representation from the other one.

Given a polyhedron in V-representation, we can determine its H-representation
thanks to the Fourier-Motzkin elimination algorithm. This algorithm aims to
eliminate variables from a system of linear inequalities. For representation
conversion, we use Fourier-Motzkin as follows:

Let n be the number of variables in the V-polyhedron given to the Fourier-
Motzkin elimination algorithm. The V-representation consists of linear inequal-
ities of the form @ - Z < b. The algorithm returns the system of inequalities
representing the H-representation of the V-polyhedron given as input. The
Fourier-Motzkin elimination algorithm then performs a loop from ¢ = 1 to n
with the following steps:

1. For each pair of inequalities involving z;, the algorithm performs the
following operations:

a) Multiply one of the inequalities by a scalar such that the coefficient
of x; has an opposite sign with the coefficient of x; in the other
inequality.

b) Eliminate the variable z; by adding the two inequalities.

2. Remove z; from the system of inequalities.
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Grouping all the sets of inequalities found by the algorithm corresponds to the
H-representation of the polyhedron. However, some constraints in this set may
be redundant and finding this redundancy is not trivial.

Let us take a look at an example to better understand how the Fourier-
Motzkin elimination algorithm works:

Let P be a polyhedron under its V-representation whose system of inequal-
ities corresponds to the following one:

b 42y <2 (1.1)
10z —3y <6 (1.2)
Tex+6y <1 (1.3)

We first eliminate the variable x.

1. We multiply Equation [T.1]by —2 and Equation[T.2] by 1 in order to have
the two variables coefficients with opposite signs.

2. We add Equation [I.I] to Equation [T.2}

—10x —4y+10x -3y < —44+6 & —Ty < 2.

We then eliminate the variable y.

1. We multiply Equation [T.1]by —3 and Equation[T.3] by 1 in order to have
the two variables coefficients in opposite signs.

2. We add Equation [I.1] to Equation [I.3}

—15x—6y+T7r+6y<—-6+1& —8xr < —5.

The new system of inequalities is then:

-7y <2

—8r < -5

This corresponds to the H-representation of the V-polyhedron given as input
to the Fourier-Motzkin elimination algorithm.

Given a polyhedron in H-representation, we can determine its V-representation
by finding the points where the hyperplanes defined in the H-representation
intersect. This operation is known as vertex enumeration. However, such an
operation is quite complex. Indeed, the complexity depends on the dimension
of the polyhedron as well as the size of the H-representation. The complexity
of such an operation is then exponential in the dimension of the polyhedron in
the worst case.
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Because of the complexity of these two operations, another representation of
polyhedra is used: the double description method. This representation consists
in jointly maintaining the H-representation and V-representation of polyhedra.
Doing so prevents the use of representation conversion when no modification on
the polyhedron has to be performed, allowing to use the representation giving
the best complexity. Using this representation also helps with representation
conversion: finding redundancy in the H-representation when performing the
Fourier-Motzkin elimination is then easier if the two representations are kept.

The double description then maintains the H-representation, and
V-representation of polyhedra, which eases the execution of several operations
on polyhedra.

1.2.4.2 Point Membership

The point membership operation consists in determining if a given point is
within a given polyhedron:

Given a polyhedron P C R™ and a point = € R™, the goal is to determine
whether x € P.

From the point of view of complexity, it is easy to determine whether a point
is located or not within a given polyhedron when in a H-representation as it
corresponds to checking whether the point violates one of the inequalities. If the
polyhedron is in V-representation, however, it corresponds to solving a system
of linear equations which is a polynomial problem. When performing this
operation with a polyhedron represented in double description, it corresponds
to performing the operation on the H-representation of the polyhedron.

1.2.4.3 Emptiness

The emptiness operation consists in determining whether a given polyhedron
is empty:
Given a polyhedron P, the goal is to determine whether P = ).

From the point of view of complexity, it is trivial to check if a polyhedron in
V-representation is empty as it consists in checking if there is any point or ray
in the polyhedron. When in H-representation, it consists in checking whether
any point satisfies the set of inequalities which can be done in polynomial time.
As there is no modification to the polyhedron with this operation, the double
description allows to only take into account the V-representation to perform
the operation.

1.2.4.4 Intersection

The intersection operation consists in computing a new polyhedron equal to
the intersection between two given polyhedra, i.e., containing all the points
that belong to both polyhedra:
Given two polyhedra P, C R", the goal is to compute the new polyhedron
R C R™ such that R=PNQ.
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If the two polyhedra are under H-representation, the intersection consists in
combining the constraints of the two polyhedra. Therefore, if we want to per-
form this operation, we need to convert any polyhedron from the V-representation
to the H-representation. This initial conversion is not needed with double de-
scription. However, as the intersection operation operates only on the
H-representation of polyhedra, it also only returns the H-representation of the
new polyhedron. It is then needed to convert this H-representation into the
V-representation of the polyhedron to keep the two representations for the
double description.

1.2.4.5 Inclusion

The inclusion operation consists in determining whether a given polyhedron
P is entirely within another given polyhedron P2, i.e., when all points of P;
belongs to Ps:

Given two polyhedra Py, P, C R™, the goal is to determine whether P, C Ps.

In order to perform this operation, we can just take the V-representation
of the polyhedron we wish to know whether it is included in the second poly-
hedron in H-representation. We then have to check if all points and rays of
the polyhedron in V-representation satisfy the linear inequalities of the polyhe-
dron in H-representation. From the point of view of complexity, depending on
the representation of the polyhedra, we may need to convert them to another
representation which is never the case in the double description.

1.2.4.6 Equality

The equality operation consists in determining whether a given polyhedron P;
is equal to another given polyhedron P, i.e., when all points of P; belongs to
P, and all points of P, belongs to P;:

Given two polyhedra P, P, C R™, the goal is to determine whether

Po=P,<—= P, CP,and P, C P;.

This operation is quite simple to perform when the two polyhedra are repre-
sented in V-representation or H-representation as it consists in checking syntac-
tically the equality between two representations. However, if we have a polyhe-
dron under the V-representation and the other one under the H-representation,
we need to convert them before checking each representation. When using the
double description, we can just check syntactically representation type by rep-
resentation type.

1.2.4.7 Complexity

You can find here a recapitulative table of complexity of the operations given
above based on the representation of polyhedra. (Table [L.1)) A color code is
given depending on the complexity.

° problem

e Difficult problem
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Table 1.1: Recapitulative table of operations complexity

Conversion | z€ P | P=0 | PNQ | PCQ | P=Q

H-Representation

V-Representation

Double Description

1.2.5 Face Lattices

We present in this section face lattices which are combinatorial information
about the geometrical components of polyhedra. We first define faces of polyhe-
dra and their properties and relations before describing the face lattice method
to represent polyhedra.

We based the definitions, theorems, and propositions of this section from
the articles of Allamigeon et al.[I] and I. Mainz[19], and the lectures of K.
Chandrasekaran[9] and Gértner et al.[I7].

Definition 1.2.20 Let P be a polyhedron. The inequality @ - T < b is valid for
Pifda-#<b foral®eP.

Definition 1.2.21 Let P be a polyhedron and F C P. If ' = P or is the
intersection of P with an inequality @ - < b, where a-Z < b is a subset of the
inequalities of P, then F is called a face of P.

Theorem 1.2.22 Let P be a polyhedron whose constraints are C' = AZ < b
and FF ' C P. F is a face ofP_g'jj‘Fsé(Z) and F =ad-Z =0, with ¥ € P, for some
subsystem @ - & < b of A¥ <b.

Theorem 1.2.23 (Characterization of faces) Let P be a polyhedron whose
constraints are C' = A¥ < b. All its faces are obtained by converting some
inequalities of AZ < b into equations, i.e., turning an inequality @ - T < b into
a - ¥=b.

Proposition 1.2.24 A polyhedron P has a finite number of faces.

Proposition 1.2.25 Let P be a polyhedron and F, F’ be faces of P. FNF' is
also a face.

Definition 1.2.26 A partial order < on a set S is a relation with the following
properties for any x,y,z € S:

o reflexive: x S x

e anti-symmetric: if xt Xy and y < x, then x =y

o transitive: if t <y andy =X z, then x < z
Definition 1.2.27 A lattice is a partially ordered set S in which every pair of

elements x,y € S has a unique minimal upper bound in S, called join, and a
unique mazximal lower bound in S, called meet.



1.2. POLYHEDRA 19

Definition 1.2.28 Let P be a polyhedron. The face lattice F of P is the set
of all the faces of P partially ordered by set inclusion.

Theorem 1.2.29 Let P be a polyhedron which constraints are C = Ax < I;,
F a face, and F the face lattice of P. We have F € F iff F correspond to
the set of solutions of the system obtained after converting some inequalities of
Az < b into equations.

To better understand the concept of face lattice, Figure [[.4] represents the
face lattice of a given polygon.

B b C
a ) F ) (D)
A d D

(a) Polygon (b) Face lattice of the polygon

Figure 1.4: A polygon and its face lattice.

1.2.6 Meshes
In this section, we describe the notion of mesh, and explain the elements con-

stituting meshes.

Intuitively, a mesh represents the values that a point may take. These values
are characterized by a set of periods between them.
A mesh can then be represented as an initial point with a set of periods.

Definition 1.2.30 A mesh in R" is a set S C R" of the form
S:{so—kklv_i—i-...—kkmv?n | kl,...,km EZ},

where m > 0 and sg,07,...,Vym € R™. The point sqg is called the initial point
of the mesh while the vectors v1, ..., v, are called the period of the mesh.

A point then belongs to a mesh if it is equal to the initial point of the mesh
to which an integer combination of the vectors of the period has been added.






Chapter 2

Representing Meshed Polyhedra

In this chapter, we address the problem of representing symbolically meshed
polyhedra which correspond to intersections between meshes and polyhedra.
Meshed polyhedra are the focus of this master’s thesis that aims to symboli-
cally represent them in a data structure. We then define terms linked to meshed
polygons and explain how they can be represented separately and combined.
Once we have explained the scope, we introduce an original data structure for
representing meshed polygons. We end this chapter by defining the operations
we want to perform over this data structure and present algorithms that allow
us to perform correctly these operations. In this section, we aim to explain
more specifically what is the scope of this master’s thesis by defining the dif-
ferent elements of meshed polygons and their respective representation before
combining them. We also share with the reader the thought process behind
some choices made for defining the representation that will be described in the
next section.

2.1 Objectives

In this master’s thesis, we aim to create a data structure to represent meshed
polygons, also called discrete polygons, on which we could perform efficient
operations.

I. Mainz[19], and Boigelot et al.[5] already published ways to symbolically
represent polyhedra. We built on these papers to create the basis of our data
structure, especially for the representation of (non-meshed) polygons.

The main difficulty we encountered was finding a canonical way to represent
meshed polygons in order to easily compare two instances of the data structure
and immediately see whether they are equal or not. To do so, we define the
canonical representation of polygons, the canonical representation of meshes,
and find a way to combine these two canonical representations together to form
the canonical representation of meshed polygons.

Even if we only consider polygons, the data structure was created with the
goal of being as general as possible, in order to easily reuse or enhance the data
structure to use it with any dimensional meshed polyhedra. The data structure
given could then be used to describe any meshed polyhedra. The algorithms

21
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proposed for the manipulation operations would need to be adapted, which is
a non-trivial task. When presenting the algorithms, we precise whether they
can be used with polyhedra which have a higher dimension than polygons.

2.2 Polyhedra Representation

In order to represent polygons, we used the concept of face lattice of polyhedra
that we already defined in Section [1.2.5)

We then define the representation of a polyhedron as a directed acyclic graph
in which each node corresponds to one of its faces.

By definition, each node then corresponds to a subset of saturated con-
straints retrieved from the set representing the polyhedron. We can then label
each node as this subset.

Transitions between nodes correspond to the transitive reduction of the
partial order of the face lattice. A transition between two faces is labeled by
the constraints that are no longer saturated by the second one. In order to
better understand this concept, we give in Figure [2.1| an example of two faces
of a polyhedron as well as the transition between them.

a-xr<b
c-¥<d
c-@<d

a-r<b

Figure 2.1: Example of the transition between two faces.

Finally, we define a special face as the initial state, which corresponds to the
saturation of all the constraints of the polyhedron. It is easy to see which vertex
it represents when given a polyhedral cone. However, it may be more compli-
cated to understand this when given a polytope for example. To represent
this graphically, we use Proposition which states that polyhedra can be
represented as a cone in the same dimension augmented by 1. Intuitively, we
can then understand that the face saturating all constraints corresponds to the
vertex of the cone of the same dimension augmented by 1 as it is not possible
to saturate all constraints in the given dimension but it is in the dimension
augmented by 1. Therefore the cone found by the homogenization (Theorem
of a polyhedron is represented identically as the given polyhedron. We
can see this correspondence through Figure which gives the representation
of a polygon and the representation of the cone resulting from the homogeniza-
tion of the given polygon. Proposition already presented this property
of the face lattice.
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(a) Polygon (b) Cone

Last state Last state

(c) Face lattice of polygon (d) Face lattice of cone

Figure 2.2: Face lattice of a polygon and its cone representation.

We give in Figure a comparison of the face lattice with and without
labels of a given polyhedron. This example may help anyone to better under-
stand the concept of face lattice and how it is applied to polyhedra but also
how it is linked to the double description method.
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(a) Polygon

y+3x/2>0,
y—92/4 <0,
y—3z/8 < 15/2 | y—3¢/8<15/2 | y+32/2>0
/ y—92/4 <0 \
y+32/2 >0, [ y+3z/2>0, | y— 92/4 <0,
y—92/4<0 y—3x/8<15/2 y—3x/8 <15/2
. J

Y Y
y+32/2>0 y—92/4 <0 (y - 32/8 < 15/2]

(b) Face lattice of polygon

Initial state

(c) Face lattice with labels of polygon

Figure 2.3: Face lattice of the polygon which constraints are:
y+32/2>0,y —92/4 <0, and y — 3z/8 < 15/2.

In this example, we can easily notice that the representation includes the
double description of the polyhedron. In Section [1.2.4] we defined the double
description method as a representation containing both the V-representation
and H-representation, defined in Section [1.2.3] By looking at the different
faces in Figure we can easily see the V-representation formed by all the
faces consisting of vertices, but also the H-representation which is the set of
inequalities of each face, in other words, the labels we give to each node of the
face lattice.
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We can then formally define the structure of the representation of polyhe-
dra, and more specifically polygons as follows:

Definition 2.2.1 A non-empty polyhedron P is represented by the tuple (S, T, so,¥s)
where:

e S is a finite set of states.
e T'C S xS is a transition relation.
e s € S is the initial state.

o (,:8 — 29 where C is the set of constraints of P. The labeling function
Ly assigns labels to the states. The label consists in the set of equations
that corresponds to the set of constraints of a given face, which is a set
of inequalities. In other words, the label of a face corresponds to the set
of equations that represent the set of points that belongs to the given face.
The label of a face F of P, is then a subset F' C C of the set of constraints
of P.

We can notice in this definition that the tuple (S, T, sq) is in fact the face
lattice of the polyhedron. We then give a labeling function that allows us to
label each state of the face lattice. This label, as explained before, corresponds
to the subset of saturated constraints of the face it corresponds to. The initial
state sg in the face lattice corresponds to the unique minimal element of the
face lattice whose label consists in the saturation of all the inequalities defining
the polyhedron.

The definition of the structure of non-empty polyhedra will be the basis of
the data structure we have created in this master’s thesis.

2.3 Mesh Representation

Now that we have defined polyhedra representation, we need to explain how
we can represent the other element of meshed polygons: meshes.

We defined meshes in Section However, we do not have any canonical
representation at the moment. As we aim to easily compare two meshes, a
canonical representation is desirable. As defined in Definition meshes
are composed of two elements: an initial point, and a set of vectors called
period. We first give a way to represent canonically a period, then define the
canonical representation of any mesh with a canonical period.

In order to find a canonical representation of a period, we first give in Figures
and 2.5 a set of examples of periods corresponding to the same set of points
but that are represented with different vectors.
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14 1|
u v u
’ ' Po—> ———— e e >
1 2 3 4 1 2 3 4
-1 —1

(a) Representation 1: initial point = (b) Representation 2: initial point =
(0,0), and period = (2,0), (4,0) (0,0), and period = (2,0)

Figure 2.4: Two representations of the mesh corresponding to the even numbers
on the x axis.

U
. o
v 1 2 3 4
—1 9 ° ° ° °
(a) Representation 1: initial point = (b) Representation 2: initial point =

(0,0), and period = (1,-1),(1,1),(2,3) (0,0), and period = (1,0), (0, 1)

Figure 2.5: Two representations of the mesh corresponding to the set of inte-
gers.

An easy way to modify a set of vectors without affecting their set of possible
linear combinations is through the Gaussian elimination, explained in Theorem
The aim is then to redefine vectors as a subtraction of themselves by a
combination of other vectors in the set. Performing the Gaussian elimination
in the example given in Figure |2.5] we obtain:
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1 1
1 —1 L2—>L2—L1
2 3
1 1
0 -2 L3—)L3—2L1
2 3
1 1
0 -2 L2—>L2+2L3
0 1
1 1
0 O L1*>L17L3
0 1

~ N
O =
= O
N———

As we can notice, performing the Gaussian elimination on a set of vectors allows
us to remove any redundant vectors but also to simplify the set of vectors.

The initial point of our definition of mesh can be any point of the mesh from which
any other point of the mesh can be retrieved by adding some repetition of the period.
One specific point of the mesh may be the origin. One may then want to define the
initial point as the exact point where all the axis intersect. However, it is not always
the case. When the mesh does not contain the origin, we use the offset as the initial
point. The offset corresponds to the nearest point to the origin that is in the mesh.
If the origin belongs to the mesh, then the offset is 0.

We eventually give a formal definition of the structure of a mesh that we use later
when considering the data structure for meshed polygons.
Definition 2.3.1 A mesh U = (so, V) is a tuple where:
e so € Z" is a point of the mesh, also called the initial point.
e V is an array of vectors {vg,...,Vm} where v; € Z™ and m € N.
The array V corresponds to the set of vectors representing the period between two

points of the mesh. If the vector is empty, it means that the mesh is only constituted
of one point. The empty mesh is represented as (.

2.4 Meshed Polyhedra

Convex meshed polyhedraﬂ are defined as the new set resulting from the intersection
of a mesh with a polyhedron. In other words, such a set is equal to the set of points
of a mesh that satisfy the constraints of the given polyhedron.

1Beware that it is a misuse of language. Indeed, the set of a meshed polyhedron is not
convex in general as it does not contain the segments between two points of the mesh. A
convex meshed polyhedron is in fact a meshed polyhedron where its set of constraints is
defined on a convex set.
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We have already given canonical representations of meshes and polyhedra. A way
to represent a meshed polyhedron could be the intersection operation of the two sets,
and therefore keeping and maintaining the two representations without interference
from one to the other.

However, we found out that doing so may be inefficient when we have large sets
for the polyhedron and the mesh. For example, performing the point membership
operation on the data structure would require to first check that the point satisfies all
the constraints of the polyhedron and then check the whole set of the mesh whether
the point is in it or not. Our goal is to find a more efficient way to combine the two
representations in one.

We decided to keep the principle of face lattice as the foundation of the data
structure but we modified the labeling function in order to incorporate the concept
of mesh in each face. Indeed each face does not have the same set of points in it
therefore each face will keep the canonical representation of its own submesh as a
label. By doing so, each label’s face corresponds to the subset of constraints of its
direct ascendants, but also to the submesh of its direct descendants.

Let us define exactly the notion of submesh of a face. Let M be a mesh. Then
M’ C M is a submesh of M if the whole set of points belonging to M’ also belongs
to M. All the points of M do not compulsorily belong to M’. The submesh of a face
F = A% < b of the meshed polyhedron defined by the polyhedron P, and the mesh
U, corresponds to the submesh of U where only the points belonging to the mesh U
that are on the set of constraints AZ = b are retrievable. The period of a submesh
then still corresponds to the distance between two points of the mesh with the only
difference being that these points are only those that saturate the constraints of the
face while satisfying the constraints of the transitions between the face and its direct
ascendants. The initial point is still either the origin point or the nearest point of
the mesh from the origin but the origin now corresponds to the exact point where
the face intersects with one of its ascendants. The initial point consists then of the
nearest point to the origin of the face that is in its submesh. Let us also precise that
the empty mesh is by definition the submesh of any mesh.

However, this new representation is not canonical. As it can be seen in Figure
two meshed polyhedra representing the same set of points can be represented in
several ways, even if the representation of the polyhedra and the meshes are unique.
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—-5—-4-3-2-1 123 45 —-5-4-3-2-1 1 2 3 45
(a) Meshed polygon 1 (b) Meshed polygon 2

Figure 2.6: 2 Meshed polygons containing the exact same set of points.

‘We then have to find a way to canonically represent this new structure. We can
do that by rounding the polyhedron based on the points of the submesh of each of its
faces. Intuitively, we can understand the rounding process with a metaphor. Let us
consider the polyhedron as if it was a rubber band stretched, and the points of the
mesh pins coming out of the plane. Rounding the meshed polygon then consists in
un-stretching the polyhedron such that its new form passes through all the external
points of the meshed polyhedron. In order to better understand the process, we give
in Figure the rounded form of the meshed polyhedra of Figure [2.6] proving that
their new form is the same. The rounding operation then consists in adapting the
constraints of the polyhedron of the meshed polyhedron to only have faces with non-
empty meshes. The new meshed polyhedron then still consists in the same set of
points but is under its canonical representation.

9
° ° 8 e ° °
74
54
° 4 e °
34
. 2 °
1+
5 -4 -3 -2 -1 1 2 3 4 5

Figure 2.7: Rounded form of meshed polygon.
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Meshes of meshed polygons may not be aligned with the axis of the coordinate
system. Figure shows such a meshed polygon as well as its canonical representa-
tion. We can also notice in this figure that the rounding process of a meshed polygon
in order to retrieve its canonical representation may change the number of faces of
the meshed polygon. The number of faces of the face lattice of the canonical repre-
sentation of a meshed polygon is therefore not bound to the one of the same meshed
polygon which is not in its canonical representation.

. 1+ .
. S
-3 -2 -1 1 2 3 -3 -2 -1 1 2 3
(a) Meshed polygon (b) Rounded form of the meshed polygon

Figure 2.8: Meshed polygon and its canonical representation.

2.4.1 Data Structure

Now that we have explained how we wish to represent meshed polyhedra, and more
specifically meshed polygons, we are now ready to define the data structure we have
created for discrete space polygons. This data structure that we call Discrete Polygon
Decision Diagram (DPDD), includes the representation of the face lattice of the
polygon on which each label’s face contains the representation of the submesh of the
current face as well as its subset of constraints. This data structure is defined as
follows:

Definition 2.4.1 A Discrete Polygon Decision Diagram D = (5, T, so, {s) represent-
ing the intersection between a non-empty polygon P, and a non-empty mesh U, is a
tuple where:

e S is a finite set of states.

e T'C S xS is a transition relation.

e so € S s the initial state.

e ly : S — 2°U U, where C is the set of constraints of P, and U’ C U, a
submesh of the mesh U. The labeling function s then assigns labels to the
states as the set of constraints saturated as well as the representation of the
submesh belonging to the saturated constraints. In other words, the label of a
face F of P is then a subset F' C C of the set of constraints of P, and a subset
of the mesh U’ C U, and corresponds to the set of points belonging to the face
of the meshed polygon.

The tuple (S, T, so) corresponds to the face lattice of P with the mesh U. The state
s is labelled by £5(s) corresponding to the subset of all the constraints of P (an affine
subspace of P) that are saturated as well as U’, the submesh of U which its whole set
belongs to the saturated constraints. The initial state so corresponds to the unique
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minimal element of the face lattice of P, i.e., the saturation of all the constraints of
P. The transition relation T C S x S corresponds to the partial order of the face
lattice of P. The definition of the data structure does not apply when P = () or
U = ). Thus the notation Dy denotes a special representation of ().

Figure[2.9 gives an example of a meshed polygon representation. As explained, the
data structure is the face lattice of the polygon where each label of a face corresponds
to the subconstraints and submesh of the face. We can also notice that labels of
transitions do not contain any submesh. Indeed, as explained in Section [2.2] links
correspond to transitions between two faces and correspond thus to the constraints
that are saturated in the first face but not the second face while these constraints are
still satisfied nonetheless. As the mesh of the first face is a submesh of the second
face, and the transitions are directed, it has no sense to also label a transition with
a mesh. A last thing to notice is that the submesh of a face can contain points that
saturate the constraints belonging to the label of a transition leading to a face.

9,,

1,,

T —_———
—-5—-4-3-2-1 1 2 3 45

(a) Meshed polygon

(b) Structure of the meshed polygon

Figure 2.9: A meshed polygon and its representation.
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2.5 Operations

In this section, we describe the operations that can be performed on Discrete Poly-
hedron Decision Diagrams. Each important operation is given under the form of an
algorithm in pseudo code. The main operations that we cover in this section are the
point membership, and the intersection operations. The latter one is presented in
two versions: one that simply performs the intersection of two meshed polygons and
another one that also converts the resulting meshed polygon into its canonical form,
as defined in Section 241

2.5.1 Point membership

The point membership operation consists in determining whether a given point x
belongs to the set defined by the meshed polygon represented by a DPDD D.

Given a meshed polygon and a constraint, the Point Membership algorithm goes
through the faces of the face lattice of the meshed polygon and checks whether the
given point belongs to the set of saturated constraints of one of the faces and its
mesh. In other words, the algorithm checks whether the point belongs to the label
of a face. The algorithm passes from one face to another thanks to the transitions
of the face lattice. If the point satisfies the set of constraints of the transition, the
algorithm goes through the face at the other end of the transition. The algorithm
then returns whether the point belongs to one of the faces of the face lattice.

Given a DPDD D = (S, T, s, {s) representing a polygon P with a mesh U, and z
a point, the goal is to determine whether x € PN U.

Algorithm 1 Point membership

1: function POINTMEMBERSHIP(DPDD D, Point x)

2 if ISEMPTY (D) then:

3 return False

4 s <+ D.sg >Initialize s as the initial set of the structure given
5: while = does not saturate all constraints of D.¢,(s) do:

6 s {s"|(s,¢) e D.T} >Put in s' all descendants of s
7 found < False

8 while not ISEMPTY(s’) and not found do

9 if z satisfies all constraints of D.lr(s,s’) then >Check if point

satisfies constraints of transition

10: s+ & >Move in next state
11: found < True >Found new states
12: REMOVEFIRSTELEMENT(s") >Remove checked state
13: if not found then:

14: return False

15: if x € D.4s(s).Mesh then >Check point on current mesh
16: return True

17: return False

The main principle of this algorithm is to go through the states of the data
structure from the initial state. We pass through a state only if the point satisfies
the constraints labeling the transition between the state and its ascendant. For each
state, we check whether the point saturates the constraints of the corresponding face,
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contained in the label of the state. If the point saturates all the constraints of the face,
then we check whether the point belongs to the set of points defined by the submesh
of the face. If it is the case, the meshed polygon contains the point, otherwise the
point does not belong to the mesh and therefore not to the meshed polygon. If no
face containing the point membership has been found and there is no other state to go
through, the algorithm states that the point does not belong to the meshed polygon.

Figure shows an example of an execution of the point membership operation
algorithm on a meshed polygon in DPDD.

In order to be more precise in the execution of the algorithm, here is a step by
step execution of the algorithm for Figure

1. The point (—2,2) does not saturate the constraints of the initial state.

2. We retrieve the direct descendants of the initial state for which the point sat-
isfies the label of the transition.

3. We go through one of the states retrieved. In this case, we selected the state
y > —x,y > 4.

4. The point does not saturate the constraints of the face.

ot

We retrieve the direct descendants of the state for which the point satisfies the
label of the transition.

The only state retrieved is the one with constraint y > —=x.
The point saturates the constraints of the face.

We check whether the point is within the submesh.

© ® N >

The point (—2,2) belongs to the mesh ((0,0), (—2,2)) of the face.

2.5.2 Intersection

The intersection operation consists in constructing the meshed polygon formed by the
intersection between a given meshed polygon and a given constraint. As a polygon is
a set of constraints, we can also easily perform this intersection operation between a
meshed polygon and a polygon. Indeed, this reduces to performing the intersection
with each constraint, one by one. However, in this master’s thesis, we do not address
the problem of computing the intersection between a meshed polygon and a mesh.
Therefore, performing the intersection between two meshed polygons that do not
share the same mesh is not allowed by the algorithm described below.

The approach we follow to perform the intersection operation mainly relies on a
coloring procedure that reflects how the faces are affected by the operation.

A color code of four different colors has been designed by I. Mainz[I9]. As the
intersection algorithm is significantly similar, we took the same approach. Therefore,
each face is labeled by either the color Green, Blue, , or Red, depending on its
position from the given constraint. Let then @-Z < b be the constraint that intersects
the meshed polygon. A face is Green if it is completely in the half-space created by
a- T < b. Blue faces are completely contained in @ - Z = b. Faces that are labeled
Red are “outside” of the intersection, meaning that they are completely contained in
the half-space @ - Z > b. Finally, a face that is labelled as has a non-empty
intersection with both sides of the constraint.
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(a) Meshed polygon
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(b) Point membership over the DPDD of the meshed polygon

Figure 2.10: Point membership of the point (—2,2) over the polygon with the
constraints y > —x,y > 4,y < 22/3+20/3 and the mesh ((0,0), ((0,2), (2,0)).



2.5. OPERATIONS 35

Definition 2.5.1 With respect to the constraint @- T < b, a face F' of the polygon P
is colored thanks to the following rules:

Green ifVZ¥ e F:
Blue ifVZ e F:
Red ifVZ € F :
if X € F:

E<bAITEF:d
F=b,

CE>bAITEF:
F<bAITEF:

Q
8
A

e

Q QL 8 &

a-
a

As this list of colors is exhaustive, each face has a color. Based on the definition, the
empty set is Blue. It is also possible to determine the color of a face based on the
colors of its ascendants in the face lattice. Let us go through this property:

o If there is at least one direct ascendant of a face colored , then the face
is also colored

e If one of the direct ascendants of a face is colored Green, and another direct
ascendant is colored Red, then the face is colored

e If all direct ascendants of a face are colored Blue, then the face is also colored
Blue.

e If at least one direct ascendant of a face is colored Green and all the other direct
ascendants are either colored Green or Blue, then the face is colored Green

e If at least one direct ascendant of a face is colored Red and all the other direct
ascendants are either colored Red or Blue, then the face is colored Red.

Figure describes the coloring of a meshed polygon based on a given constraint.
The data structure resulting from this meshed polygon then contains all the faces with
the colors shown in the figure.

-5 —-4-3-2-1 1 2 3 4 5

Figure 2.11: Coloring of a meshed polygon with a given constraint.

By giving a face of the face lattice of a meshed polygon, as well as a constraint to
the Coloring algorithm, it colors the given face either in Blue, Green, , or Red.
The color given to the face is determined by the set of colors of the direct ascendants
of the given face, or by comparing directly the face with the constraint.
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Given a face f from a DPDD D = (5,7, so,{s) representing a polygon P and
a mesh U, and a constraint under the form a - ¥ < b, the aim is to color the face
depending on which side of the constraint the face is.

Algorithm 2 Coloring faces in a face lattice

1: procedure COLOR(Face F', Constraint @ - Z < b)

2 if ' = () then

3 F.Color = Blue

4: else if F' is minimal then

5: Compute F.Color by comparing the affine spaces F and {Z | @-& < b}
6 else

7 S < set of colors of the direct ascendants of F’
8 if Number of direct ascendants = 1 then

9: Compute ray r

10: if ar < 0 then

11: S < S U {Green}

12: else if ar = 0 then

13: S+ S U {Blue}

14: else

15: S« SU{Red}

16: if € S then

17: F.Color =

18: else if Green € S and Red € S then

19: F.Color =

20: else if S = { Blue } then

21: F.Color = Blue

22: else if S = { Green } or S = { Green, Blue } then
23: F.Color = Green

24: else if S={ Red } or S ={ Red, Blue } then
25: F.Color = Red

During the intersection operation, we also have to insert a new calculated mesh for
each state created and those modified. Thanks to the properties of the representation,
the mesh of a face is always a submesh of the meshes of the descendants of the face.
It is then possible to easily calculate the unknown mesh of a face with only the direct
successors of the face.

The Insert Mesh algorithm computes and sets the current mesh of the face of the
face lattice given as input. To compute the mesh, the algorithm also needs the set
of meshes from which the submesh of the face will be computed, as well as the set of
constraints representing the transitions between the face and its direct ascendants.
The algorithm then computes the canonical representation of the mesh of the given
face by setting the initial point of the mesh, and then calculating the distance vector
between this point and the nearest point belonging to the set of meshes and the set
of constraints of the face.
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Given a state s of the DPDD D = (5, T, so, {s) representing a polygon P and a
mesh U, a set of meshes m that contains the set of meshes from which the mesh of s
can be a subset, and t, the set of transitions going to the state s, this algorithm aims
to calculate the mesh of the state s from the known set of meshes m and transitions
t and insert it in the label of the face. The labels of the transitions, are of the form
a-Z <bandnot d-Z < b as a point saturating a transition belongs to the mesh of
the face.

Algorithm 3 Calculate and insert mesh on a face of a meshed polygon

1: procedure INSERTMESH(State s, Meshes m, Transitions t)
2: if m = () then > The succeeding meshes are all empty, the mesh of this
face is then also empty

firstPoint <~ p € m | p € £5(s).Constraints U ¢

£s(s).Mesh « firstPoint >Add the point to the mesh (empty if no
point as been found)
10: if firstPoint # () then >Find another point on the mesh to calculate
the periodicity

3: £s(s").Mesh <+ 0

4: firstPoint < ()

5: if #t =0 then >Retrieve a point that is on the mesh
6: firstPoint <~ p em

7 else

8:

9:

11: secondPoint < ()

12: if #t =0 then

13: secondPoint < p € m and p # firstPoint

14: else

15: secondPoint < p € m | p € £s(s).Constraints U ¢

16: if secondPoint # () then

17: £5(s).Mesh «+ £5(s).Mesh U (secondPoint — firstPoint) >Add

the period to the state

Now that it is possible to easily figure out which face remains or must be updated
after an intersection operation. Moreover, any mesh can be calculated from its direct
successors and the transitions from its predecessors. We can now explain how to
perform an intersection between a meshed polygon and a constraint.

However, before doing so, let us see how faces are affected by an intersection
operation, based on their color, computed by Algorithm [2}

e If a face is colored Blue, then the face is also a face of the meshed polygon
computed by the intersection operation.

e If a face is colored Green, then the face is also a face of the new meshed polygon,
and more precisely, a Blue face of this new meshed polygon.

e If a face is Red, then the constraint is a face of the new meshed polygon while
the red face is not. The constraint will then be Blue face of the meshed polygon
computed.

e If a face is , then two new faces for the new meshed polygon are created
by truncating the face by the constraint.

Now that we have discussed how faces are modified and created during the inter-
section operation based on their color, let us do the same for transitions:
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If a face is colored Blue, then all its transitions between the face and its ascen-
dants are kept unchanged.

If a face is colored Green, then all its transitions between the face and its
ascendants are kept unchanged.

e If a face is colored Red, then none of its transitions is kept as the face is not
within the meshed polygon.

If a face is colored , then

— if a direct ascendant of the face is also colored , then the two faces
will create each two faces of the new meshed polygon. Figure then
shows the creation of the new transitions between the newly created faces.

— if a direct ascendant of the face is colored Green which has a direct as-

cendant colored Blue, then only the face creates new faces. Figure
2.13]illustrates the creation of the new transitions between the new faces
and the ascendants of the face.

F
%

(a) Initial states and transitions (b) New states and transitions

Figure 2.12: New transitions.
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Figure 2.13: New transitions.

The Intersection algorithm returns the meshed polygon retrieved by performing
an intersection between a given meshed polygon and a given constraint. The algo-
rithm first colors the faces of the meshed polygon thanks to the Coloring algorithm.
Then, new faces are computed based on the colors of the different faces of the face
lattice of the meshed polygon. After having retrieved all the faces of the new meshed
polygon, the missing transitions are computed and added to the structure. Eventu-
ally, the mesh of each face is calculated thanks to the Insert Mesh algorithm.



2.5. OPERATIONS 39

Given a DPDD D = (S, T, so, {s) representing a polygon P and a mesh U, and a
constraint under the form @ - ¥ < b, the aim is to compute the new meshed polygon
P =PnCcC.

Algorithm 4 Intersection between a meshed polygon and a constraint

1: function INTERSECTIONCONSTRAINT(DPDD D, Constraint @ - & < b)

2 if ISEMPTY (D) or {Z|@-% <b} =0 then

3 return Dy

4: COLOR(D, @ - % < b) >Color the faces with the given constraint

5: S0 >Initialise new states

6 T+ 0 >Initialise new transitions

7 NewS + 0

8 for all s € D.S such that s.Color # Red do

9: S« SU{s} >Add the current state to the new states

10: ls(s) < D.Ay(s)

11: if s.Color = Blue then

12: £5(s).Constraints + £4(s).Constraints U {axz < b} >Add the new
constraint in the label of the state

13: if s.Color = then

14: if not ISEMPTY (¢,s.Constraints) then >The face that has no
label contains all the mesh and does not need to be modified

15: newS < newS U s

16: s’ «+ NEWSTATE() >Create a new state

17: S« SU{s'}  >Create the transition between the 2 states and
add it

18: T+ TuU{(s,s)}

19: £5(s").Constraints < £5(s).Constraints U {az < b} >Add the
label of s, as well as the new constraint

20: NewS <+ NewSUs' >Keep in mind all new states and the faces
that have been modified to insert their mesh afterwards

21: if S =0 then ©The intersection results to the empty meshed polygon

22: return Dy

23: for all s,s’ € S such that (s,s’) € D.T do

24: T+ TU{(s,s)}

25: ADDNEWTRANSITIONS(D, S, T) >Add the missing transitions

between added states

26: Sort(NewS) >Sort the states in NewsS in reverse order of the depth in
the face lattice

27: for all s € NewS do

28: mesh + ()

29: constraints < ()

30: for all s’ € S such that (s,s’) € T do

31: mesh < mesh U £s(s").Mesh

32: for all s’ € S such that (s',s) € T do

33: constraints < constraints U by (s, s)

34: INSERTMESH(s, mesh, constraints)  >Calculate the mesh of the

face s’ and add it to £s(s")
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Algorithm 5 Intersection between a meshed polygon and a constraint (cont)
35 {s1,.rs6t < {s€ S|P’ €S:(s,8) €T} vUsed to find new initial

state

36: if k =1 then >Initial state already present in meshed polygon

37: {s'1,..,8e} < {s€ 85| (s1,8) €T}

38: if /=1then ©The current initial state has only one transition.
The next state can be taken as new initial state

39: S 8/1

40: else

41: So < S1

42: else >Have to create a new initial state

43: s0 < NewState()

44: S+ SU{so}

45: T(—TU{(So,Sl),...,(So,Sk)}

46: l5(sp).Constraints < £s(s1).Constraints U ... U £s(sy).Constraints

>Create the label of the new initial state (considering all constraints satis-
fied)

47: DPDD D’ + (S, T, so,s) >Create the new DPDD and allow to put
sub-meshes in states

48: return D’

Figure [2.14] provides an example of the intersection operation. This example is
based on the meshed polygon and constraint of Figure [2.11

The major drawback of this naive approach is that we do not fully exploit the
DPDD data structure. Indeed, each face of the meshed polygon stores its own mesh.
The main though behind this choice was to easily see if a point is contained in the
mesh without having to perform each time an operation on the whole initial mesh.
By performing the intersection algorithm, we could end up with multiple faces with
empty meshes (possibly all of them). As Figure illustrates, we would then
lose the advantage of canonicity effect by our choice of data structure. In other
words, performing the intersection algorithm does not ensure that, given a meshed
polygon in its canonical representation, it returns another meshed polygon in its
canonical representation. In order to do so we would need to round each face to
contain at least a point of the mesh, as explained in Section [2:4] The Algorithm [4]
does not cover this rounding operation of the meshed polygon. Another version of
the intersection operation will be presented later in Section [2.5.6|in order to alleviate
this drawback. Nonetheless, this algorithm would work if the DPDD structure stores
a meshed polyhedron which has a higher dimension than a meshed polygon. This
would not be the case however with the advanced version of the intersection.
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(b) Structure after intersection

Figure 2.14: Intersection of a meshed polygon with a constraint.

2.5.3 Adding a point to a meshed polygon

While performing the rounding of a meshed polygon, we may need to add points
belonging to the meshed polygon, which were removed during the operation. The
operation to add a point then allows to add any point of the mesh into the meshed
polygon, resulting to a new meshed polygon with all the points of the initial meshed
polygon to which a new point has been added.

Adding a point into a meshed polygon amounts to create a new meshed polygon in
which one of its vertices is the newly added point. The new meshed polygon results
in the union of the initial meshed polygon and the new point as well as the edges
created between the new point and each vertex of the initial meshed polygon. As a



42 CHAPTER 2. REPRESENTING MESHED POLYHEDRA

meshed polygon is a convex set, several points may be added to the set while adding
a single point. Figure shows why and how it would happen.

—4-3-2-1 1 2 3 4
—4-3-2-1 1 2 3 4
(a) The meshed polygon and the point to

add (b) The new meshed polygon
Figure 2.15: Adding multiple points of the mesh while adding a given point.

In order to know which face will disappear or be modified during the operation of
adding a point, we created another color code. This color code is only composed of
two colors. Faces that are labelled as Red are faces that will disappear, meaning that
it is an edge that only contains constraints that make the point to be added violates
the point membership or a vertex that is between edges that are already labelled as
Red. Faces that are Black are vertices that have at least an edge that is Red but
not every direct successors are colored Red. That means that these faces have to be
modified as the vertex will be used to create a new set of constraints by linking this
vertex with the point that has to be added.

We have nonetheless two special cases to cover. The first one is when the given
meshed polygon consists in an only vertex. As the operation looks for edges to see
whether they are not compatible with the given constraint, and then going up the
face lattice to mark vertices, we have to make a rule in the case there is no edge. As
when adding a point to another point consists in creating an edge between the two
vertices, we mark the vertex in Black. The other case to cover is when the meshed
polygon is bounded and corresponds to a set of edges that does not form a plane. The
easiest example of such a case can be represented as an edge whose constraint consists
in @- & = b, represented by the two inequalities @ - & < b and @ - £ > b, bounded by
two vertices. By following what we have presented so far for this algorithm, the two
vertices should be colored Red. However, if they are, we would not have any point
to link to the point added to create the new edges. Therefore, if a vertex should be
colored in Red but has only a direct descendant, the vertex is colored in Black.

Definition 2.5.2 With respect to the set of constraints C, containing inequalities of
the form @ - & < b, a face s of the DPDD D of a polygon P and mesh U is colored
following these rules:

Red if s is Edge and 3@-Z<be C |d-Z < b € Lys.Constraints
Black if3s' € D.S s.t. (s,s') € D.T | s'.Color = Red
Red ifVs' € D.S s.t. (s,s') € D.T | s'.Color = Red
Black if s is Vertex and #(s,s’) € D.T | s' € D.S
Black if s is Verter and Vs' € D.S s.t. (s,s') € D.T'| s'.Color = Red and #s' =1
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The Mark Faces algorithm sets the color to faces of the meshed polygon given as
input. The colors are determined by the set of constraints given. Edges that intersect
one of the constraints are marked in Red by the algorithm then set the color of the
direct ascendants of the face either in Black, or Red. The latter color is given to a
vertex face only if all its direct descendants are already colored in Red.

Given a DPDD D = (S,T, so,{s) representing a polygon P and a mesh U, and
C, a set of constraints, the aim of this algorithm is to mark all the faces of D that
represent an edge which intersects a constraint of C in Red. Furthermore, each face
that has at least one direct successor colored in Red, is marked in Black and if all
its direct descendants are colored in Red, the vertex is also colored in this color.

Algorithm 6 Mark faces of the meshed polygon depending on the constraints
given

1: procedure MARKFACES(DPDD D, Constraints C')

2: if not ISEMPTY (D) then >Cannot mark non-ezisting faces
3: if #D.5 =1 then
4: if sis Vertex | s € D.S then>There is only a vertex, it needs to

be kept to create the constraints for adding a point
s/Color + Black
for all s € D.S | s is Edge do
7: if Jc € C'| ¢ € £4s.Constraints then >The constraint is in the
face of the edge

8: 5.Color < Red

9: for all s’ € S| (¢',s) € D.T do>Retrieve the predecessors of
the edge

10: if Vsuce € D.S | (¢/,succ) € D.T : succ.Color = Red
then >All the successors of the face are Red

11: if #succ =1 then

12: s'.Color + Black

13: else

14: s'.Color + Red

15: else

16: s’.Color + Black




44 CHAPTER 2. REPRESENTING MESHED POLYHEDRA

Figure [2.16] illustrates the marking of a meshed polygon based on a constraint.

A \
/¢ e

6

_4-3-92_1 1 2 3 4 (b) Face lattice of the meshed polygon
w1th the colors determined by the Mark-
(a) Meshed polygon ing algorithm

Figure 2.16: Marking of a meshed polygon based on a constraint.

Thanks to this marking, we are now able to check to which faces the new point is
linked and then create the new constraints of the meshed polygon.

The Add Point algorithm would then add the point given as input to the given
meshed polygon which has to be under its canonical representation. It would then
returns the newly created meshed polygon which is also in its canonical representation
as the point given belongs to the mesh and the initial meshed polygon is in its
canonical representation. This ensures that each face created will have a non-empty
mesh. The function uses the Marking operation to determine the faces that have to be
modified or removed from the new meshed polygon before performing the intersection
between the new constraints computed to add the point to the meshed polygon and
the faces of the initial meshed polygon that have not been marked in Red. The
constraints computed to add the point correspond to the set of constraints that
represent the edge between the point and the vertices marked in Black during the
marking phase of the algorithm.
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Given a DPDD D = (5,7, s0,¥s) representing a polygon P and a mesh U, and

x a point that is part of the mesh, the goal is to find a new DPDD D’ such as the
newly created meshed polygon is the minimal meshed polygon that contains all the

po

ints of the mesh of the initial meshed polygon and the new point.

Algorithm 7 Add point of the mesh to a meshed polygon

10:
11:
12:
13:
14:

15:
16:

17:

18:

19:

20:

21:

22:

23:
24:

25:
26:

27:
28:

1
2
3
4:
5:
6
7
8

: function ADDPOINT(DPDD D, Point x)

if ISEMPTY(D) then »If D is empty, the new DPDD is the point x
so < NewState()
S S0
T+ 0
P + CONSTRAINTS(x) >The polyhedron is the point x only
U <+ x ©>Creates a mesh with only the point x in it and no period
£5(s0).Constraints <~ CONSTRAINTS(x) >Add the constraints of

x in the label of sg

£s(s0).Mesh <+~ U >Add the new mesh in the label of sg
DPDD D’ + (z,U, S, T, so,{s)

else

s <~ NEWSTATE() ©>State that will retrieve the face that resulted
to the negation of the point membership

if POINTMEMBERSHIP(D, z,s) then ©The point is already in
the polyhedron so no need to add it
DPDD D'+ D
else
¢ < constraint € {4(s).Constraints | Vconstraint €

ls(s).Constraints : x ¢ constraint  >Check which constraints negated the
point membership and only keep these ones
MARKFACES(D, ¢)
L+ 0
for all s € D.S | s.Color = Black do >Retrieve all the faces
marked in black
¢ <+ (U CREATECONSTRAINTS(s, ) >Create "link”
between the point x and the faces by creating new constraints
for all s € D.S | isEdge(s) and Vs € D.S and (¢',s) € D.T :
#(s',s) =1do >The edge has a ray as a predecessor
¢ + ¢ U CREATECONSTRAINTS(RETRIEVERAY (s), x)
>Crreate a constraint with the ray retrieved, starting from point x

DPDD D’ «+ NewDPDD(D.U)
for all constraint € £ do >Do the intersection with the
polyhedron face lattice and a new constraint
D’ + INTERSECTIONCONSTRAINT(D’, constraint)

for all constraint € ¢s | s € D.S and nots.Color =
red or black do
D’ <+~ INTERSECTIONCONSTRAINT(D’, constraint)

return D’
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The principle of this algorithm is then to mark the faces to know which vertices
of the meshed polygon have to be linked by edges in order to represent the new
constraints of the new meshed polygons. Each vertex marked as Black is linked with
the new point, creating a new edge and each face colored Red does not remain in
the new meshed polygon. Figure illustrates an example of a point added to a
meshed polygon.

i I I I I >
k u u u u d

-3 -2 -1 1 2 3

(a) The meshed polygon and the point to add

f/

) The face lattice of the meshed poly-
gon with the colors of the Marking algo- (c) The face lattice of the new meshed
rithm polygon after the point has been added

Figure 2.17: Add point operation on a meshed polygon.

When performing the operation to unbounded meshed polygons some edges have
only one direct ascendant in their face lattice, as shown in Flgure This happens,
in particular, when they represent half-lines. In such a case, we can nonetheless
represent a second ascendant as a vertex tending towards infinity. We can represent
this point as the direction of the ray. When a point is added to a meshed polygon,
if a vertex that represents a ray is marked in Red, then a new ray is created, coming
from the new point and with the same direction as the ray marked in Red. Figure
2.19| gives an example of an unbounded meshed polygon to which a point is added.



2.5. OPERATIONS 47

(a) Meshed polygon (b) Face lattice of the meshed polygon
Figure 2.18: Unbounded meshed polygon.

4 5

3
(a) The meshed polygon and the point to
add (b) The new meshed polygon

Figure 2.19: Add point operation on an unbounded meshed polygon.

2.5.4 Finding all the points of a mesh that satisfy a set of
constraints

We study here the operation to retrieve all the points belonging to a given bounded
meshed polygon. This operation corresponds to finding all the points of the mesh
that satisfy the constraints of the bounded polygon. This operation only covers two-
dimensional polytopes, i.e., bounded polygons, as it is not possible to retrieve all the
points of an infinite set. We use this operation for the rounding operation of meshed
polygons.

The Find Points algorithm returns the set of points that belong to the meshed
polygon given as input. The meshed polygon has to be a meshed polytope. As the
meshed polygon given is bounded, the set of retrieved points is finite. To retrieve
all the points, the algorithm first creates a rectangle around the meshed polygon to
bound the search of points. Once one of the vertices of the rectangle is on a point
of the mesh, the algorithm uses this point as the initial point then computes all the
points of the mesh within the rectangle. Each point found is then checked against
the Point Membership algorithm to only retrieve the point belonging to the meshed
polytope.
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Given a DPDD D = (S, T, so, £s) representing a two-dimensional polytope P with
a mesh U, the aim is to retrieve the list of all the points of the mesh that belong to
the meshed polytope.

Algorithm 8 Finding all the points of the mesh strictly inside of a meshed
polytope

1: function FINDPOINTS(DPDD D)

2 p+0

3 if not ISEMPTY (D) then

4: z+ 0

5 y<+—0

6 for all s € D.S | s is vertex do >Retrieve the min and maz values
of vertices to create a rectangle containing the polyhedron

7: if z = () then

8: z[0] + XCOORDINATE(s)

9: z[1] «+ XCOORDINATE(s)

10: else

11: z[0] + MIN(x[0], XCOORDIN ATE(s))

12: z[1] + MAX (z[1], XCOORDIN ATE(s))

13: if y =0 then

14: y[0] «+ YCOORDIN ATE(s)

15: y[1] + YCOORDIN ATE(s)

16: else

17: y[0] + MIN(y[0],YCOORDIN ATE(s))

18: y[1] + MAX (y[1], YCOORDIN ATE(s))

19: coord|i] + z[k],y[l] |0 <i< 4 and 0 < k,l <2 b»Retrieve the four
vertices of the created rectangle

20: constraints < CREATECONSTRAINTS(x, y) >Create a
constraint for each min and mazx x and y

21: while POINTMEMBERSHIP (coord[i]) | 0 < i < 4 do bA vertex of
the rectangle contains a point of the mesh

22: Modify an arbitrary constraint to extend the rectangle and find
new vertices

23: for all point € D.U | point = start +
combination of period and point € constraints do

24: if POINTMEMBERSHIP(point) then

25: p < pU point

26: return p

2.5.5 Rounding a (half-)line

In order to reach a canonical representation of a meshed polygon, we have to round
the meshed polygon to only have faces with non-empty meshes. The way it is usually
done is explained in Section However, the rounding of the faces may differ
depending on the type of the face. Here, we cover the rounding operation of a
(half-)line. Half-lines are present in unbounded meshed polygons as they are rays of
these meshed polygons. If we have a (half-)line with an empty mesh, the rounding
process we use can be related to the translation of the line to the nearest point of
the meshed polygon. The translation of a line consists in shifting the line in a given
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direction without changing its slope. All the points of the edge are then moved to
the given destination defined by a given distance. Performing the translation on the
line allows us to adapt the constraint of the edge to have a non-empty mesh in its
label while keeping all the points of the initial meshed polygon within the structure.

To create the new constraint, we use Theorems|1.1.14] and [1.1.16| Based on these
theorems, we can write the constraint forming the edge with the mesh of the meshed
polygon, which is a basis of the meshed polygon. Let the constraint defining the edge
a- ¥ <b,and ((v),((u1), (u2))), the mesh of the meshed polygon, then we have:

T =kiul + kous +v | k‘hkz S/
kid-ul +ked-us+dv<b
kia} + keay < b’

b/
A= — | ———
{gcd(a’l,a’z)

The new constraint of the (half-)line is then @ - & < b— A.

[t

Figure illustrates the example of a line that has to be translated in order to
pass through points of the mesh.

5 4
. o4 |
3
° o9
1

5,

S
—5—-4-3-2-1 1 23 45 —-5-4-3-2-1 1 2 3 45
(a) Initial line (b) Line after translation

Figure 2.20: Translation of a line.

The operation of rounding a (half-)line then consists in finding the new constraint,
which has the same slope as the constraint of the line, which is a translation of the
line. The new line defined by the retrieved constraint passes through the nearest
point belonging to the meshed polygon to the initial line. As this operation only
consists in arithmetic computation, we do not provide any pseudo-code algorithm.
However, such an algorithm would return the constraint of the translated line given
as input. We would then be able to compute the canonical representation of the
meshed polygon containing the (half-)line by performing an intersection between the
meshed polygon and the newly computed constraint.

2.5.6 Advanced intersection

We can now cover the other way to perform the intersection operation that we call
Advanced Intersection. The difference between this version and the previously shown
one in Section [2.5.2]is that the advanced intersection always results in the minimal
resulting meshed polygon, meaning that the meshed polygon has only faces with
meshes that are non-empty, i.e., its canonical representation. The aim of such a
representation is to take advantage of the data structure created for this master’s
thesis.
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Before giving the algorithm, let us go through the different cases we may encounter
when performing a rounding operation with the meshed polygon retrieved from the
intersection of the canonical representation of a meshed polygon and a constraint.

e The first case we may encounter is the case of a meshed polytope. Rounding a
meshed polytope consists in retrieving all the points belonging to the meshed
polygon thanks to the Algorithm [8| and creating a new meshed polygon by
adding each of them one by one thanks to Algorithm [7]

e The second case is when the meshed polygon is a (half-)line. In that case, we
translate the line as shown in Section

e The last case we may encounter is the case of an unbounded meshed polygon.
The rounding operation for this case consists in dividing the meshed polygon
into two meshed polygons including one which is a meshed polytope. The
division into these two meshed polygons is done by creating a new edge between
the two nearest points of the face that does not have any mesh. We then retrieve
all the points inside of the meshed polytope with Algorithm [§] and add them
to the other meshed polygon formed with Algorithm [7

Now that the principle has been explained, let us define the algorithm for the
intersection and rounding operation.

The Advanced Intersection algorithm takes as input a meshed polygon under its
canonical representation, and a constraint. The algorithm’s goal is to return the
intersection between the given meshed polygon and the constraint in its canonical
representation. It is done by first performing the Intersection algorithm on the given
meshed polygon and the constraint. Once the intersection and the resulting meshed
polygon have been computed and retrieved, the algorithm will go through all the faces
of the face lattice. If one of the faces (but the initial state) has an empty mesh, then
the algorithm rounds the meshed polygon to retrieve its canonical representation.
The rounding operation is performed by adding all the points belonging to a meshed
polygon one by one if the meshed polygon is a polytope. Otherwise, by creating new
constraints, adapting the original constraints of the meshed polygon to constraints
representing faces with non-empty meshes, and performing an intersection between
the new constraints and the meshed polygon.
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Given a DPDD D = (S, T, so, {s) representing a polygon P and a mesh U, and C,

a constraint under the form @ - # < b, the aim is to compute the new meshed polygon

D/

= D N C on which each face contains a non-empty mesh.

Algorithm 9 Advanced intersection between a meshed polygon and a con-
straint

1

ey

10:

11:

12:

13:
14:

15:
16:
17:

18:

: function ADVANCEDINTERSECTIONCONSTRAINT(DPDD D, Constraint a-
Z <)
D' + INTERSECTIONCONSTRAINT(D,d - Z < b) >Perform the
normal intersection
if 3s € D'.S| £s(s).Mesh = () then
if D’ is polytope then >The polyhedron is a polytope, we can just
find all the points inside it and add them to the polyhedron
p < FindPoints(D")
D’ + AddPoint(D’,p)
else
if 4(s).Mesh = 0 | s € D'.S and isEdge(s) and Vpred €
D’.S and (pred,s) € D'.T : #(pred,s) =1 then >An edge that has a ray
as a predecessor does not have any mesh
D’ + TRANSLATE(D', s) >Translate the edge to have a
mesh
elseFind nearest points to vertices with no mesh and create con-
straints between them
for all s | s € D.S and £(s).Mesh =0 do >All the vertices
that do not have any mesh
pointl, point2 < nearest points on the two nearest edges
with mesh
D" + INTERSECTIONCONSTRAINT(D’,
CREATECONSTRAINTS(pointl, point2)) >Create a
polytope to get points that need to be added to the new polyhedron
p «+ FINDPOINTS(D")
D’ + INTERSECTIONCONSTRAINT(D’,
CREATECONSTRAINTS(pointl, point2)) >Create the
new polyhedron
D’ < ADDPOINT(D’, p) >Add the points that were
missed by creating the new edge between the two nearest points

return D’
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Figures and illustrate an example of the advanced intersection with an
unbound meshed polygon and a constraint.

9,,

—5—-4-3-2-1 123 45 6 78 910

(a) Intersection between a meshed polygon and a constraint

9,,

—-5—-4-3-2-1 12 3 45 6 7 8 910
(b) Non-minimal meshed polygon resulting in the intersection operation

Figure 2.21: Intersection operation of the advanced intersection algorithm.
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(a) Division of the meshed polygon into two meshed polygons
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(b) Adding all the points found in the bounded meshed polygon to the unbounded
meshed polygon
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(¢) Minimal meshed polygon of the intersection between the meshed polygon and the
constraint

Figure 2.22: Rounding of the meshed polygon in advanced intersection.






Chapter 3

Implementation

In this master’s thesis, we also implemented a prototype of the data structure and its
operations in order to show the practical feasibility of our algorithms and definitions.

We decided to create this prototype in Python in order to have a quick working
application but also because it provides a large library of linear algebra packages.

We mainly used Numpy to easily store arrays for our data structure but also oper-
ate on these lists, Matplotlib to have a visual representation of the meshed polygons
created during the operations over our data structure, and the Sympy solver to find
combinations of vectors, but also compute change of basis or create edges based on
the vertices of the meshed polygon.

This section finally covers the implementations of the data structure and its op-
eration in Python code. We explain how the algorithms have been implemented as
well as the choices we made during this process. The prototype is available on the
GitLab of the University of Liege for anyone to access.

3.1 Data Structure

We created 3 main classes for the data structure.

e State: this class represents the different faces of the face lattice of our data
structure. Each state stores its own label as inequalities as well as its own
submesh. We chose to separate the inequalities label and the mesh to have
specific attributes for each and to easily update them without interfering with
the other. Each state also has its type which can either be a wverter, an edge,
a plane, or an initial state if the state corresponds to the cone created by
homogenization of the polygon. These types will be used in order to know which
part of the polygon they represent. Doing so will then help us to differentiate
the different faces and possibly use that to our advantage for implementing
some operations. The class State contains several methods and functions:

— A function to check whether the set of constraints inside of the given face’s
label is saturated by a given point. This is done by Sympy’s sympify
function that allows us to transform a given string into an equation in
which the symbols can be replaced directly within the equation by the
coordinates of the given point.

— A function that checks whether a given point is within the mesh of the
given face. This is done once again with the Sympy solver to find whether
a diophantine equation of the mesh can be equal to the point.

%)
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— A function that calculates the coordinates of a vertex face. This operation
is done by finding the exact point where all the constraints of the vertex
face intersect with each others.

e Transition: this class represents the different transitions between faces. We
store the transition’s label, which corresponds to a set of strict inequalities,
but also the two faces that share the transition in the face lattice. As the face
lattice is a directed graph, we make sure that the direction is respected by
giving first the parent and then the child state. We create functions inside the
class to easily retrieve the inequalities in the label of the transition as well as the
states. Another function allows us to check whether a given point satisfies the
strict inequality. This is done in the same way as the function to check whether
a point saturates a constraint in the state class. To check the saturation of a
point, we verify whether the point is directly on the constraint. We adapt this
function to see whether the point is a possible solution to the strict inequality
of the constraint. This function will be pretty useful when implementing the
point membership operation in order to retrieve child faces that a given point
might saturate.

e DPDD: this class represents the implementation of our DPDD data structure
defined in Section As labels are directly stored into the faces of the
face lattice, the implementation of the data structure does not need a labeling
function as input. To easily create an instance of the data structure, a new
DPDD object requires the initial state, and the set of states and transitions.
By default these sets are empty lists. We also store directly the initial given
mesh as well as the set of constraints of the meshed polygon. We want the
whole set of constraints and the mesh as input in order to easily verify that
no constraints have been forgotten when creating faces and transitions, even if
they are not required to perform the different operations.

The main drawback of our implementation is that we store labels, and there-
fore constraints, as string to be humanly readable to check the correctness of our
operations. In order to not lose on precision and be able to perform correctly the
operations, we needed to transform the rational numbers given by the solver as a
fraction to store these numbers in the label. We do so through the Fraction function.
However, to use this function, we need to already typecast the value into a string.
Doing so already reduces the precision of the value and the retrieved fraction is not
conclusive because of the error brought by the typecast. After testing, we figured out
that giving a maximum value of 100000 to the denominator gave the best resulting
fractions. To have a fully working implementation, we needed to avoid any impreci-
sion, even if small, as we would not be able to perform correctly operations with the
solver.

3.1.1 Representation

In order to represent meshed polygons, we decided to create Matplotlib figures.
We take the vertices from the DPDD data structure and put them into the two-
dimensional graph before linking them graphically. We represent the mesh by points
directly on the graph. We found it easier to take the initial point of the initial mesh
and then repeat a combination of the vectors representing the period of the mesh.
By doing so, points of the mesh are visible on the figure even if they do not belong
to the meshed polygon. As every point is reachable from an initial point through a
combination of the vectors of the period, we set extremal values to the combination.
Let p be the initial point of the mesh, and w71, ...,u, the set of vectors of the period
of the mesh, then the set of points retrieved corresponds to all the points p such as
p=v+ kil + ...+ kntin, where MIN < kq,..., &k, < MAX.
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— [y<=x+07] — ly<=x+0]
[y<=x+0] ry>=-11]
— [y>=11

Figure 3.1: The representation of a Figure 3.2: The representation of
meshed polytope an unbounded meshed polygon

Figure [3-1] presents the Matplotlib figure representing a given meshed polytope. In
case of unbounded meshed polygons, we should also need to retrieve the direction of
the ray to represent a half-line in the figure. However, Matplotlib does not allow to
easily represent half-lines. We then chose to set an arbitrary bound to the axis and
to set a point at the intersection between the ray and the given bound. Figure
then represents a given unbounded meshed polygon.

The drawback of our representation is that it is not possible to visually distinguish
a half-space from a (half-)line. Indeed, on the Matplotlib figure, both are represented
as an edge. However, by looking at the face lattice of the DPDD data structure,
or the constraints given in the figure, we can now easily compare the two meshed
polygons and see the differences. When the meshed polygon consists of only a point,
we set the color of the meshed polygon to another color than the points of the mesh
in order to differentiate the given point from the mesh.

3.2 Operations

3.2.1 Point Membership

We performed a simple little modification to the algorithm of the Point Membership
presented in Section Now, the function does not only return whether the point
given as input belongs to the meshed polygon, but also on which face of the face
lattice of the meshed polygon the function was before ending. The state retrieved
when performing the point membership will be used later in other functions of the
prototype.

In addition to the point membership on a meshed polygon, we also created a
version of the point membership that does not take into account the mesh of the
meshed polygon. The function then returns whether a given point belongs to the set
of constraints that determine the polygon of the meshed polygon.

We do not go any further in the explanation of these functions as they are only
direct implementations of the algorithm given in Section [2.5.1

3.2.2 Coloring

For the coloring process, we took advantage of the fact that we only work with
polygons and that we store the types of the faces. We can then color first the nearest
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faces to the initial state before coloring the direct descendants. We then repeat this
procedure until coloring the last face of the meshed polygon. As the coloring process
is based on the one explained in Section [2:5.2] we can use its properties to color faces
based on the color of their direct ascendants. It is then the reason why we perform
the coloring of faces in that order. The coloring process is adapted when we need
to color a ray. As they are half-lines, we cannot use their (only) direct ascendant to
decide a color. It then depends on the intersection of the ray with the given constraint
and the direction of the ray.

Let us focus first on the case of a face that is a (half-)line. In order to know how
to color the given face, we check whether the equation of the constraint and the one
of the edge intersect each others. If it is the case, thanks to the Sympy solver, we can
get the intersection point(s) between the two constraints. If there are several points
as result, the face is colored Blue. If we did not find any intersection between the
two equations, the edge is either fully within the given constraint or fully outside. To
know which one it is, we just compare a point from each constraint by the symbol
of the inequality of the given constraint. If we obtain a single point as intersection
between the two constraints, we have several possibilities to color the face. The face
is colored if the point belongs to the meshed polygon and that the last state
visited during the point membership operation for the given point is the half-line.
Otherwise, the face is colored in the same color as the color of the face of the vertex
bounding the half-line.

Now that we can color faces that are (half-)lines, let us go through the function
used to color any other face of the face lattice. In this function, we start by coloring
each vertex. The coloration of vertices is pretty simple: we compute the point given
by the face then check whether this point belongs to the equation of the constraint,
or not. If the point is not on the constraint, then we determine the color by checking
on which side of the constraint the point is. Once we have colored all the vertices, we
can color all the edges whether by determining the color thanks to the color of the
vertices bounding the edge, or thanks to the function explained before. Eventually
for the last face, the plane of the polygon is colored only depending on the colors of
the edges.

In order to easily check that the function correctly assigned the colors to the faces,
we store the color directly in the structure of the face object. Each time the coloring
function is used, we reset the color to avoid any conflict with previously assigned
colors.

3.2.3 Insert Mesh

In order to calculate the mesh of a face, we take the set of meshes of its direct
descendants as well as the set of constraints of the transitions going to the face. In
this section, we go through the calculation of the submesh of a given face.

Let us first start with the easiest faces to compute their meshes: the vertices.
Indeed, in order to find the mesh of a vertex, it is only required to check whether the
point belongs to the set of submeshes of its direct descendants. If it is the case, its
submesh is then equal to its own coordinates. Otherwise, the mesh of the vertex is
empty.
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The second easiest mesh to retrieve is the plane face. As the mesh is directly stored
in our implementation of the DPDD data structure, we can simply use this mesh and
just set the initial point to a point that is on the vertex face of the meshed polygon.

Eventually, let us talk about the edge face. An edge can either be a line segment,
a half-line or just a line. We explain here how we operate for each type.

e When the edge is a line segment, we can easily find the initial point and the
period for the canonical representation of the mesh:

— If both vertices bounding the edge have a non-empty mesh, the coordi-
nates of one of the vertices are used as the initial point of the mesh of the
edge. The period can then be retrieved by computing the vector repre-
senting the distance between both vertices. However, there may be points
of the mesh between the two vertices. We then need to divide the dis-
tance by the GCD of the combination of the vectors of the set of meshes
given as input. Let d be the vector representing the distance between two
points and 473, ...,u, be the set of vectors of the set of meshes given as
input. The vector d is a combination of ULy evoy Unt d= kiui+. ..+ kntin,
with k1,...,k, € Z. Let g be the greatest common djvisor of ki,...,kn.
Then, the period p of the mesh corresponds to: p'= g.

— If only one of the vertices bounding the edge has a non-empty mesh, the
coordinates of this vertex are used as the initial point of the mesh of the
edge. As the other vertex does not belong to the mesh, it cannot be used
to create the mesh of the edge. We then first find another point of the
mesh on the constraint of the edge. This point may actually not belong to
the meshed polygon. We can then compute a distance vector, and then
a possible period in the same way as previously mentioned. However,
this period might not be the one we are looking for. Indeed, we need
to compute two points of the mesh by adding once the period to the
initial point and by subtracting once the period to the initial point. We
then check whether one of the points belongs to the meshed polygon, and
keep either the period or the negated period as the period of the mesh.
It is however possible that neither of these points belong to the meshed
polygon. Indeed, we could only have the initial point in the mesh of the
edge. Therefore, if neither points belong to the meshed polygon, the mesh
of the edge has an empty period.

— If neither points have non-empty meshes, we use, as the initial point, the
point of the mesh which is the nearest to one of the vertex, and that
belongs to the meshed polygon while being on the constraint of the edge.
In order to do so, we first find two arbitrary points of the mesh that are
on the constraint of the edge. Once again, we compute the distance and
then a period. This period and one of the points are then used to find
the initial point. Indeed, we can retrieve any point of the mesh which is
on the constraint of the edge with the current point and period. We then
find the number of times we need to add the period to the point before
reaching one of the vertices. Depending on where is the point based on
the constraints of the transitions. We then need to round up or round
down the number of times the period has been added to the point. Then,
we do the same as when we have only a vertex that has a non-empty
mesh to compute the period of the canonical representation of the mesh.
Once again the mesh of an edge can be empty. We have to check that the
nearest point belongs to the meshed polygon before using it as the initial
point.
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e When the edge is a half-line, we can actually operate in the same way as when
we have a line segment with only one vertex with a non-empty mesh, or when
we do not have any vertex with non-empty mesh.

e When the edge is a line, we compute two points of the mesh that are on the
constraint of the edge and compute the period. We use as the initial point the
nearest point, which is on the constraint of the edge, to the initial point given
in the set of meshed given as input.

The following figures show the example of the computation of the mesh of an edge
where no vertices bounding this edge have a non-empty mesh. The two examples
represent two possible cases, depending on the first point found on the constraint. It
then shows the importance of the transition as input of the algorithm.

Let us explain the steps performed on the figures. We first need to find a point
on the constraint. This point is labeled po on the figures. The distance is then
computed by retrieving another point of the mesh on the constraint. The distance
vector is labeled d in this example. Then, in Figure [3:4] as the point po satisfies the
constraint of the transition between the edge and the vertex point we are trying to
reach, we round down the number of times the distance vector has been added to the
point. The initial point of the mesh in this example is then the point labeled so. The
period is the negation of the distance vector d. However, in Figure [3.5] as the point
po does not satisfy the constraint of the transition between the edge and the vertex
point we are trying to reach, we round up the number of times the distance vector
has been added to the point. The initial point is the same as in the previous example
but the period is the distance vector this time.

— N W ok Ot

Figure 3.3: Edge on which the Insert Mesh function is performed.
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Figure 3.4: The Insert Mesh algorithm computing the mesh of the edge based
on a point satisfying the transition.
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Figure 3.5: The Insert Mesh algorithm computing the mesh of the edge based
on a point that does not satisfy the transition.

Thanks to these examples, we can also notice that the operation performed is in
fact a change of basis to get the constraint as an axis and the point po corresponds
to the origin of the new basis.

All the meshes are computed and inserted from the plane state to the initial state.
We compute them in that order to ensure that we have a set of mesh containing at
least a submesh when the given face has a non-empty mesh.

3.2.4 Intersection

As we can now color the different faces based on a given constraint but also compute
and insert meshes to each face, we use these functions to perform the intersection
between a meshed polygon and a given constraint. We first color the faces depending
on the constraint given to the intersection function. Then, by going through each
face we easily retrieve the states that are still part of the new meshed polygon. Red
faces are not kept while new faces are created when we have some faces. We
use the properties stated in Section [2.5.2]in order to know what kind of face needs
to be added. Labels of transitions are computed by retrieving the set of constraints
that are in the parent face but not in the child face. After adding all faces, we check
whether there already exists an initial state in the list of faces. If we have multiple
vertices, a new face of type initial state has to be created. However, that is not the
case if one or less vertex is present in the list of faces. In that case, we set the initial
state of the data structure as the face that has the highest type.

Now that all the faces are created, we also need to create missing transitions
between some faces. We can check that each transition is present by checking that
faces whose label contains a subset of the constraints of a face of a direct higher type
have a transition between them. We can therefore determine if all the transitions
between initial state and vertices are present, as well as the transitions between
vertices and edges, and edges and plane. If one is missing, we can retrieve the label
of the missing transition by computing the subset of constraints that are not present
in the label of a face but are in the face that has a direct higher type.

The last step to perform the intersection operation is to compute and insert the
meshes of each face. We do that thanks to the insert mesh function explained in Sec-
tion [3:2.3] We repeat the method for each face, and in the inverse hierarchical order,
as we need the set of meshes of the direct descendants to compute the mesh of any
face. As ascendants of faces may have been modified, and they impact the submesh
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of their direct descendants through their transitions, it is needed to recompute the
mesh of all the faces.

The intersection function then returns the new meshed polygon as an instance of
the DPDD data structure.

3.2.5 Marking

To mark the faces depending on the set of constraints given, we will go through each
edge face to check whether they contain one of the constraints given as input. If it
is the case, the edge is colored Red and we set its direct ascendants in Black. When
we are setting one of the faces as Black, we look at all its direct descendants. If they
are all already colored in Red, then the vertex is also colored Red, unless the vertex
has only one direct descendant.

We first reset all faces’ color to prevent any conflict with previous iterations of
the function or of the coloring function used for the intersection operation.

3.2.6 Add Point

In order to add a new point to the meshed polygon, we first retrieve all the constraints
that the given point does not satisfy. All these constraints that will not be present
anymore in the new meshed polygon. These constraints are given as input to the
marking faces function.

Once we have colored every faces, we retrieve only the vertices colored in Black.
These vertices are kept in the new meshed polygon. We then compute the equation of
the edge between the new point and the Black vertex. The newly created constraint,
after having set the equation as an inequality, becomes a constraint of the new meshed
polygon.

Once we have all the new constraints, we need to construct the new meshed poly-
gon. To construct it, we retrieve all the constraints of the initial meshed polygon
that were not used to mark its faces. The new meshed polygon then consists in the
intersection of the mesh of the initial meshed polygon with the new constraints cre-
ated in the previous step and the constraints of the initial meshed polygon that did
not violate the point membership of the point to be added.

As the meshed polygon given needs to be in its canonical representation and as
the given point needs to belong to the mesh of the initial meshed polygon, we do
not need to round the resulting meshed polygon. The meshed polygon will already
be in its canonical representation even if the intersection operation used is not the
advanced one.

Figure[3.6]shows the example of a meshed polygon to which a point has been added.
Figure [3.7] presents the example of a point added to an unbounded meshed polygon.
Indeed, when a half-line is in the Red faces, a new constraint passing through the
new point and with the same direction has to be created. As we can retrieve the
direction of a half-line, we can easily compute this new constraint with the Sympy
solver already used to compute every other new constraint.
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Figure 3.6: Effect of the addition of the point (0,2) to the meshed polytope.
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Figure 3.7: Effect of the addition of the point (0,2) to the unbounded meshed
polygon.

3.2.7 Find Points

In order to find all the points within a given polytope, we create a rectangle sur-
rounding the whole polygon. If one of the vertex belongs to the mesh of the meshed
polygon, we can directly go to the second step. However, if it is not the case, we
arbitrarily select an edge of the rectangle that we expand of one unit. We do so until
one of the vertex is a point of the mesh.

Once we have this point, the second step is to use it to retrieve all the points of the
mesh that are within the rectangle. This is validated by the definition of the mesh
set, stating that any point of the mesh can be computed as a point of the mesh to
which a combination of the vectors representing the period of the mesh is added.

The last step is then to retrieve the required points. We are able to retrieve all the
points of the mesh within the rectangle created at the beginning of the method, by
sequentially adding a combination of vectors from the vertex of the rectangle found
that belongs to the mesh.
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We then created a recursive function allowing to retrieve all these points by as-
signing at each iteration a different value to the combination variable of one of the
vectors representing the period. However, all points of the mesh within the rectangle
do not belong to the meshed polygon. We then have to check each point by using
the point membership function explained in Section [3.2.1

3.2.8 Translation

In order to reach a canonical representation of a meshed polygon, we have to round
the meshed polygon to only have faces with non-empty meshes. When we work with
unbounded meshed polygons which ray does not have non-empty mesh, the rounding
operation consists in translating the ray to have the new edge passing through the
nearest point of the meshed polygon to the initial ray.

In order to round a (half-)line we compute a new constraint corresponding to the
translation of the given edge. To perform this operation, we have to compute the
new value of b of the edge constraint @ - < b. We do so thanks to the change of
basis with the given mesh. We then retrieve the values of @ - Z and b. After, that,
we re-write the left side of the equation as k1@ -4l + ...+ k:;d - u; and the right side
as b — av, where ki1,...k; € Z, and v and 43, ..., u; corresponds to the initial point
and period of the mesh. Next, we just retrieve the GCD (g) of the left side elements

and calculate the new value of bas b— [ (b—av) — {%} g |. As we need to round

the value, we either choose to round down with the floor function or round up with
the ceil function, depending on the sign of the constraint of the edge. The new b
then replaces the initial value of the edge equation. The new equation corresponds
to the new constraint of the translated edge. To see this modification, we just need
to create an intersection with the new constraint and the meshed polygon.

3.2.9 Advanced Intersection

The advanced intersection operation consists in performing an intersection, between a
meshed polygon in its canonical representation, and a constraint, and then rounding
the resulting meshed polygon to retrieve the canonical representation of the result-
ing meshed polygon. Once the intersection has been performed, we retrieve all the
vertices that do not have any non-empty mesh. We check, thanks to the canonical
representation of a mesh and the function to insert mesh, if a vertex has a non-empty
mesh. If we have vertices with empty mesh, we need to round the meshed polygon.
For each vertex with empty mesh retrieved, we find the two nearest points on each
side of the vertex belonging to the mesh that are on edges. Once the two points
are retrieved, we create a new edge between the two. Doing so divides the meshed
polygon in two. We can then add the points within the meshed polygon which still
has the empty meshed vertex to the other meshed polygon to retrieve the canoni-
cal representation of the initial meshed polygon. This operation can be done if the
meshed polygon is a meshed polytope or if the rays of the unbounded meshed polygon
contain a non-empty mesh. If the meshed polygon is a (half-)line or if the unbounded
meshed polygon has a ray with an empty mesh, then it is required to translate the
(half-)line in order to retrieve the canonical representation of the meshed polygon. In
the case of an unbounded meshed polygon, translating the ray to have a mesh does
not ensure that the meshed polygon is now under its canonical form. Indeed as we
can see in Figure even after the translation of the ray, we can still have a vertex
of the meshed polygon with an empty mesh. To avoid that, we perform once again
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the advanced intersection operation to intersect the meshed polygon with the new
constraint of its ray but also the rounding of the resulting meshed polygon.

~3-2-1

Figure 3.8: Rounding of a meshed polygon with a ray with an empty mesh.

Figures and show examples of meshed polytopes on which the
advanced intersection function has been performed. Figures and represent
particular cases where the canonical representation of a meshed polygon results in an
edge or a vertex.
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Figure 3.9: Advanced intersection on a meshed polytope.
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Figure 3.11: Advanced intersection resulting to an only vertex.



Chapter 4

Conclusions

This master’s thesis introduced a new data structure called the Discrete Polygon
Decision Diagram (DPDD), suited for representing meshed polygons. We provided
algorithms in pseudo-code for all the major operations that can be performed on the
data structure. This data structure is based on a representation of the face lattice of
the polygon, in which a submesh is added to each face. Doing so allowed us to obtain
more efficient algorithms.

Another contribution was to develop a Python prototype of the implementation
of the data structure, as well as the manipulation operations, to prove the feasibility
of the theoretical contributions this master’s thesis brought.

The data structure does not discriminate on the type of meshed polygons. They
can either be polytopes, i.e., bounded polyhedra, or unbounded polyhedra. The
set of operations given in this master’s thesis then fully works over meshed poly-
topes, or meshed polygons. Furthermore, we defined the canonical representation of
meshes, polyhedra, and meshed polyhedra. The operations manipulating the meshed
polygons output meshed polygons in their canonical representation, which simplifies
comparison operations between meshed polygons.

The rounding process of polyhedra representing integer sets, which is essential to
obtain a canonical representation of meshed polygons, has already been explored
in the field of integer linear programming[22]. However, the needs for a symbolic
representation of meshed polyhedra in optimization and computer-aided verification
are different. The aim in optimization is to retrieve one solution to a given set of
constraints. The best solution is based on the possible solutions defined by the meshed
polyhedron, and the object functions that we want to either maximize, or minimize.
In computer-aided verification, the goal is to represent every reachable state of the
state-machine representing the program.

Generalizing the data structure and its operations to polyhedron defined in R",
for n > 0, instead of R? would be the logical next step to this master’s thesis. Doing
so would not be trivial but the data structure can be kept as if, as it already allows
to store meshed polyhedra of any dimension. The point membership operation also
works with meshed polyhedra of any dimension. However, other operations would
require to find more general properties to correctly round meshed polyhedra or add
points to meshed polyhedra, as the algorithms given in this master’s thesis take into
account the type of each face to perform these operations.

67
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In its current form, our data structure does not allow to compute intersections be-
tween meshed polygons and other meshed polygons or meshes. A quick improvement
of this work would then be to find a way to compute efficiently this intersection.

Another way to improve this work would be to not only consider convex sets but
also non-convex ones. Indeed, the set of reachable states of a system is generally a
non-convex set. Another direction would be to extend the data structure to include
non-linear constraints.
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