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Abstract

The Chromatic Art Gallery Problem (CAGP) is a recent problem in the area of
computational geometry with potential practical applications. It can be seen as a
variant of the classical Art Gallery Problem (AGP). Both problems involve stationing
guards in a (polygonal) environment P so that each point of P is seen by at least one
guard. In CAGP each guard is assigned a color and no two guards with the same color
have overlapping visibility regions. While AGP asks for the minimal number of guards,
CAGP asks for the minimum number of colors. Many variations of AGP have been
studied over the years to deal with various types of constraints on guards and different

notions of visibility.

In this thesis, we focused on the Chromatic Art Gallery Problem with a-guards (a-
CAGP), a variant of CAGP with guards whose range of vision is limited to some
angle «, for edge-aligned vertex guards. We restrict to orthogonal polygons and
a = 5, m, 2m. This problem has been studied in the area of AGP, but it is novel in
CAGP. We show combinatorial tight bounds for the chromatic a-guard number for
the Steiner path orthogonal polygons. In addition, we develop a prototype solver
for a-CAGP, for generic instances of orthogonal polygons. The solver performs a
discretization of the problem, using geometric software, finds a 0-1 Integer Linear
Programming (ILP) model for the discretized version, and makes use of optimization

software for finding an optimal solution.

In the first part, we address the generation of random orthogonal polygons, based on the
Inflate-Paste technique. We developed a C-++ library for generic and specific families
of orthogonal polygons, that is compatible with the CGAL. Finally, we integrated the

a-CAGP solver with the generator to carry out an empirical study, with the goal of

il



proving or disproving some conjectures about the chromatic a-guard number of the

path orthogonal polygons. We present some preliminary results from this study.

Keywords: orthogonal polygons, polygon generation, surveillance and visibility, chro-

matic art gallery problems, a-guards, geometric algorithms, optimization
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Resumo

O Problema Cromatico da Galeria de Arte (CAGP) ¢ um problema recente na area de
Geometria Computacional, com aplicagoes praticas. Pode ser visto como uma variante
do Problema da Galeria de Arte (AGP) classico. Ambos requerem a colocagao de
guardas numa regiao (poligonal) de modo que todos os pontos possam ser observados.
No CAGP, cada guarda tem uma cor e dois guardas tém cores distintas se as suas regices
de visibilidade se sobrepuserem. Enquanto que AGP procura minimizar o ntiimero de
guardas, CAGP tem como objetivo minimizar o niimero de cores. De modo a modelar
varios tipos de restrigoes, foram introduzidas diversas variantes de AGP ao longo dos

anos.

Na tese, abordamos a-CAGP, o Problema Cromatico da Galeria de Arte com guardas
com visao limitada a um angulo «. Este problema foi considerado na area de AGP,
mas é novo em CAGP. Os guardas sao colocados em vértices e o cone de visibilidade
destes esta alinhado com uma das arestas incidentes. Neste trabalho, focamos apenas

em poligonos ortogonais e com a = 7, , 27.

Obtivemos limites exatos para o nimero croméatico de a-guardas para os poligonos
ortogonais Steiner path. Desenvolvemos também um prototipo para resolucao de a-
CAGP para instancias genéricas de poligonos ortogonais, baseado na modelacao de
a-CAGP como um problema de Programagao Linear Inteira (ILP) com variaveis 0-1.
O processo de discretizagao é suportado por um software geométrico e a procura da

solugao 6tima por um software de otimizacao.

Na primeira parte da tese, abordamos a geracao de poligonos ortogonais aleatérios,
usando a técnica Inflate-Paste. Desenvolvemos uma biblioteca em C+-+ para gerar

poligonos ortogonais e subfamilias, a qual é compativel com a biblioteca CGAL. Final-



mente, integramos o resolutor de a-CAGP com o gerador para proceder a um estudo
empirico, para anélise de algumas conjeturas sobre o niimero cromatico de a-guardas
em poligonos ortogonais da familia path. Apresentamos alguns resultados preliminares

desse estudo.

Palavras-Chave: poligonos ortogonais, geragao de poligonos, vigilancia e visibilidade,

problema da galeria de arte cromatico, a-guarda, algoritmos geométricos, otimizagao
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Chapter 1

Introduction

The|Art Gallery Problem (AGP)|is a well-studied problem in Computational Geometry,

modeling the problem of guarding paintings in an art gallery. The floorplan of the
gallery can be seen as a polygon with edges matching the room walls. The guards

stand at points inside the polygon.

According to Ross Honsberger [19], was originally posed by Victor Klee in 1973,
as the problem of determining the minimum number of guards sufficient to cover the
walls on a n-wall art gallery. Nowadays, [AGP] refers to the problem of covering not

only the walls but also the interior of the gallery.

Some other real-world problems involving cost optimization can be modeled in terms
of [AGP], such as the minimization of the number of security cameras in a shop or of

the number of lights needed to illuminate an environment.

Many variations of art gallery problems have been studied over the years to deal with
various types of constraints on guards and different notions of visibility. The primitive
AGP|is defined assuming point guards with omnidirectional unlimited vision (i.e., 27-
guards). Point guards are stationary guards that can be placed at any point in the
polygon, whereas edge guards and vertexr guards can be placed at edges and vertices
only. The term edge-guard is often used to define a mobile guard that can move along
an edge. In this thesis, we consider vertex guards only. Variants of [AGP] with guards

whose range of vision is limited to some angle o were also studied (e.g., [32, 29, [18]).
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In 2010, Erickson and LaValle introduced a colored variant of [AGP} called the
matic Art Gallery Problem (CAGP)| [§], in which guards are colored and no two

guards with the same color can have overlapping visibility regions. [CAGP)] aims at
the minimization of the number of colors. For the discrete case, the guards to be used

to cover the polygon are selected from a given finite set.

[CAGP] serves as a model for a landmark-based navigation problem. In a closed
environment with landmarks spread inside it, a robot navigates while seeing a particular
landmark at the moment. The environment is represented by a polygon and the
landmarks by guards. This landmark system has to ensure that wherever the robot
is placed, it has at least one landmark to communicate with. Moreover, the robot
needs to distinguish the landmarks (different colors or transmission frequencies) that
it is seeing currently in order to avoid ambiguity. Thus, the landmark system has
also to guarantee that at any site that the robot can stay, all the landmarks capable
to communicate to it have different colors. This landmark-based navigation system
becomes more simple and less costly once we minimize the number of colors for the

landmarks.

The minimization of the number of colors and the minimization of the number of
guards are essentially distinct problems. Indeed, there exist polygons for which no

[AGP}optimal guard set leads to an optimal solution of [CAGP}

For wireless landmark-based navigation, landmarks with a more reduced wireless range
can be less expensive than the ones with a 27-range. Such practical issue is a motivation

for this thesis. We define [Chromatic Art Gallery Problem with a-guards (a-CAGP))|

a variant of [CAGP] with guards whose range of vision is limited to some angle «, for
edge-aligned vertex guards. We restrict to orthogonal polygons and a = 7, 7, 27. This

problem has been studied in the area of [AGP] but it is novel in [CAGP]

We study in Steiner path orthogonal polygons, from a combinatorial point of
view, and derive combinatorial tight bounds. For 27-CAGP, lower and upper bounds
on other families of orthogonal polygons are shown in |8, 9]. In addition, we developed
a prototype solver for [a-CAGP] for generic instances of orthogonal polygons. The

solver performs a discretization of the problem, using geometric software, finds a 0-1
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IInteger Linear Programming (ILP)| model for the discretized version, and makes use of

optimization software for finding an optimal solution.

In the first part of the thesis, we address the generation of random orthogonal polygons
based on the Inflate-Paste technique, proposed in [30]. We developed and implemented

a C++ library for generic and specific families of orthogonal polygons. We tried to make

this package consistent with the coding conventions of the [Computational Geometric|

|Algorithms Library (CGAL)| since we would like to share it to this library. To carry

out experimental work on that could support our theoretical studies, or to
obtain statistical data that help to predict the number of colors required, we integrated
the solver with the generator of polygons. We present some preliminary
results from empirical tests that aimed at proving or disproving our conjectures about

the chromatic a-guard number of the path orthogonal polygons.

The first part of the thesis (Chapters [2[ and [3)) describes in detail the implementation
of the generator of orthogonal polygons and its customization for particular classes
of orthogonal polygons. The second part (Chapters [4] and [5)) presents our results for
on Steiner path orthogonal polygons and the development of the prototype
solver for [a-CAGPL

In the next section we introduce some basic definitions used throughout the thesis,
namely about orthogonal polygons and polyominoes. Then, we present [o-CAGP} In
the thesis, we focused on simple orthogonal polygons (that is, orthogonal polygons

without holes).

1.1 Orthogonal Polygons and Polyominoes

A polygon P in the plane is a closed subset of R? delimited by finite chains of straight
line segments, that form a polygonal curve (see Figure . Non-adjacent segments
do not intersect and adjacent segments intersect only in their common endpoint. Such
endpoints are the vertices of P and the line segments are the edges of P. The boundary
of P, i.e., the polygonal curve is denoted by dP. In the sequel, n stands for number of

vertices of the polygon.

Thttp:/ /www.cgal.org/
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Figure 1.1: Three polygons.

A simple polygon contains no holes. In Figure [I.1] the polygon in the middle contains
three holes (which are simple polygons). Both the other ones are simple polygons.

A vertex is conver if the interior angle between its two incident edges is at most m and
is reflex (or concave) otherwise. In this thesis, r represents the number of the reflex

vertices, when we refer to the number of vertices of a polygon.

A polygon is orthogonal (or rectilinear) if its edges always meet orthogonally, with
internal angles of 7 and 37“ radians (right angles). We assume that orthogonal polygons
have horizontal and vertical edges, aligned with a pair of orthogonally coordinate axis.
A n-vertex orthogonal polygon is also known as n-ogon, for short. The number of
vertices of an orthogonal polygon is even. O’Rourke [24] has shown that n = 2r + 4,

for every n-ogon with r reflex vertices.

Throughout the thesis, we use H and V' as an abbreviation for horizontal and vertical.

Hence, a H-edge is an horizontal edge, a V-line is a vertical line, and so on. We

consider that the sequence of vertices of a polygon is given in |counterclockwise (CCW)|

orientation. For any given vertex v of an orthogonal polygon, we denote the horizontal
edge incident to v by ey (v) and the vertex that is adjacent to v in that edge by ay(v).
In a similar way, ey (v) stands for the V-edge incident to v and ay (v) is the vertex that

is adjacent to v in that edge. We use (p,,p,) to denote the coordinates of a point p.

The rectilinear partition gy (P) of an orthogonal polygon P is the one we obtain by
adding all the rectilinear (horizontal and vertical) cuts (or chords) incident to the reflex
vertices of P, that is, by extending the edges incident to a reflex vertex towards the
interior of P until they reach the boundary again (see Figure [1.2(a)). Every piece in

[Iyy(P) is a rectangle, which we call a r-piece.
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» E

(a) (b)

Figure 1.2: Orthogonal polygon with its: (a) rectilinear partition, (b) horizontal partition.

When we add the horizontal cuts only, we get the horizontal partition I1g(P) (see
Figure [1.2(b)). Similarly, we obtain the vertical partition I1y, (P) if we add the vertical

cuts only.

By definition, the dual graph of a partition 11 is the graph whose vertices correspond

to the pieces of Il and whose edges connect those pieces of II that share an edge

+ b

(Figure [L.3).

(a) (b)

Figure 1.3: (a) Dual graph of the rectilinear partition of an orthogonal polygon. (b) Dual graph of

the horizontal partition of an orthogonal polygon.

A polyomino is a polyform constructed from unit squares joined edge-to-edge on a
regular two-dimensional Cartesian plane. We restrict to polyominoes that can be

viewed as a partition of a simple polygon (see Figure .

Therefore, we can map polyominoes to rectilinear polygons and any rectilinear polygon

whose vertices lie on a lattice (unit square grid) can be represented by a polyomino.
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Figure 1.4: Examples of polyominoes.

A polyomino is row-convex (or horizontally convex) if the set of cells in each horizontal
row is connected (i.e., consists of a single block of contiguous cells). This definition

can be rephrased in terms of the concept of y-monotonicity.

A polygon P is monotone with respect to a line L (or simply L-monotone) if the
intersection of P with any line L’ perpendicular to L has at most one connected
component, i.e., PN L is a segment, a point or an empty set. In Figure [1.5, we

illustrate this notion, assuming that L is a vertical line.

Figure 1.5: (a) A polygon that is monotone with respect to L. (b) A polygon that is not monotone

w.r.t. to L because of the horizontal lines colored by e.

A polygon P is z-monotone when it is monotone with respect to an horizontal line.
Similarly, P is y-monotone when it is monotone with respect to a vertical line. We
can assume these lines to be the x-axis and the y-axis, which justifies the terminology

used.

Hence, a polyomino is row-convex if the associated orthogonal polygon is y-monotone.
The definition of column-conver polyomino (vertically convex polyomino) is similar.
Each column of a column-convex polyomino consists of a single block of contiguous
cells, meaning that the associated polygon is z-monotone. Figure [1.6]illustrates these

notions.
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=L Y6

Figure 1.6: (a) Row-convex and not row-convex polyominoes. (b) Column-convex and not column-

a

convex polyominoes.

A convex polyomino is both horizontally and vertically convex (Figure .

Figure 1.7: A convex polyomino.

Here, convex stands for orthogonally conver. Actually, no orthogonal polygon with
n > 6 vertex is convex in the usual sense, which requires that any straight line segment

that links two points in the polygon belongs to the polygon.

The convex polyominoes are the ones for which the perimeter of its minimum bounding

rectangle equals the perimeter of the corresponding orthogonal polygon .

If a convex polyomino contains two vertices as opposite corners of the minimum
bounding rectangle, it is called a staircase polyomino. Figure [1.8 exemplifies these

notions.

Figure 1.8: Staircase polyominoes with the same minimum bounding rectangle.
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A spiral n-ogon is a n-vertex orthogonal polygon whose boundary can be divided into

two chains, a reflex and a convex vertex chain (see Figure [1.9)).

iy

(a) (b)

Figure 1.9: (a) A spiral 12-ogon. (b) A spiral 20-ogon. Reflex chains are hued by e and convex
chains by e.

1.2 The Chromatic Art Gallery Problem with a-Guards

In the general visibility model, two points p and ¢ in a polygon P see each other if the
line segment pg contains no points of the exterior of P. Although most of the work
on [AGP| has focused on guards with 27-range of vision, art gallery problems involving

angle guards (also known as floodlights) have been addressed also. In the [a-Floodlight

IHlumination Problem (FIP)| the visibility from a point p is limited to a cone with

aperture a and apex p.

In this section, we give a formal description of a variant of [CAGP] with a-

guards (we use the term a-guard instead of a-floodlight). Our definitions extend the

original ones for [CAGP] to cope with guards with a limited range of vision.

Given a point p in polygon P and a fixed cone C? with aperture «, for a €0, 27|, and

apex p, a point ¢ is visible from p if pg C P N C? (see Figure [1.10)).

The wvisibility region of p with range C? is given by V(p,C?) = {q | pg C PN C2}. We
note that, for this notion, the visibility relation is not symmetric, i.e., p € V(gq,C%)

does not imply ¢ € V(p, CP).

Let G be a subset of P and C¢ be a set of cones with the same aperture «, for o €]0, 27,

such that every g € G is associated to exactly one fixed cone C¢ € C¢. The region
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visible to (or covered by) G is given by
vgeh= U vy
9eG,CleCS
It consists of the set of all points that are visible to at least one point in G, for the
visibility cones defined by C¢. When G is finite and V(G,C¢) = P, we say that
(G,C%) is a a-guard set of P, i.e., it covers P. We call G, a candidate a-guards set of
P if there is at least one pair (G,C¢) in G, that is a a-guard set of P.

Figure 1.10: The visibility region of point p with a cone C% (color e). pg C PN C%, but pr £ P
and ps € C’%.

Two guards (p,C?) and (g, C4) conflict if there is a point that is visible from both,
ie., if V(p,C?) N V(q,C%) # (. For (G,CY) in G,, the conflict graph of (G,CS),
denoted by C(G,CY), is the graph with vertex set G and edge set £ = {(g1,92) |

(91,C9") and (g2,C%) conflict}. The chromatic number of this graph, denoted by
X(G,CY), is the minimum number of colors required to color the vertices of the graph

in such a way that all adjacent vertices have distinct colors.

We can establish a natural relation between such a coloring and [CAGP] The chromatic

a-guard number of P is given by

Xg. (P) = min X(G,C%).

(@, C%) in Go and V(G,C5) = P

Then, aims at finding the chromatic a-guard number of a given polygon P
and a a-guard set of P, (G,CY), that X5, (P) = X(G,CS).

Since the aperture of a visibility cone can be less than 27, it could have uncountable

many inclinations (Figure [1.11]).
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Figure 1.11: Three types of m-guards. The guard at point p is general, the one at ¢ is inward-facing
and the other at r is edge-aligned.

A general a-guard (g,C9) is one without any restrictions on the orientation of CY.
Some works consider inward-facing and edge-aligned guards, for guards at vertices.
For an inward-facing a-guard, the cone C¥ is turned towards the interior of P, i.e., the
edges of P incident to g are disjoint from the interior of CY. An edge-aligned a-guard
is inward-facing and at least one of the bounding rays of its cone C¥ is aligned with an

edge of P. We observe that a 2r-guard is always a general 2m-guard.

In this thesis, we focus on edge-aligned vertex a-guards, for a € {5, m,27}. So, G is

the set of vertices of P, for all (G, C¢), and the cone C? is edge-aligned, for all v.

1.3 State of the Art

Over the years, research on [AGP| and [CAGP] has led to combinatorial bounds, algo-

rithms and hardness results for several variations of the problem, for either different
notions of visibility or types of constraints on guards (for surveys, we refer to e.g. |25

29, [7, [14]). In this section, we give a brief overview of some of these results.

In 1975, Chvatal proved that |%| point 27-guards are always sufficient and some-
times necessary to cover any n-vertex simple polygon. This result is known as the
Art Gallery Theorem. In 1978, Fisk gave a much simpler and elegant proof of
this upper bound, for vertex 2m-guards, by reducing the problem to the problem of
coloring the graph induced by a triangulation of the polygon. In 1983, Kahn, Klawe
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and Kleitman [21] showed that at most |} | vertex 2m-guards are required to cover any

n-vertex simple orthogonal polygon and that this bound is tight, as well.

In 1986, Lee and Lin [22| proved some hardness results on the computational complexity
of [AGP)| variants. They proved the NP-hardness of [AGP] with point 27-guards and
vertex 2m-guards for simple polygons by a reduction from 3-SAT. In 1995, Schuchardt
and Hecker [28] showed the NP-hardness of with point 27-guards and vertex

2m-guards, for simple orthogonal polygons by a similar reduction from 3-SAT.

Guards with an aperture less than 27 have been also exploited. For an interesting
survey, although from 1995, we refer to a paper by Urrutia |32]. Estivill-Castro et
al. [12] showed that there exist simple polygons that cannot be guarded by general

vertex (m — €)-guards, for every € > 0. Estivill-Castro and Urrutia [11] proved that,

3n—4
8

for simple n-vertex orthogonal polygons coverage, | ] edge-aligned vertex 7-guards

are sufficient and sometimes necessary. Abello et al. [1] proved that L%MJ edge-
aligned vertex 7-guards are sufficient and sometimes necessary to cover n-vertex or-
thogonal polygons with h > 1 holes. In addition, they proved that there are simple
orthogonal polygons that cannot be covered by general vertex (3 — €)-guards, for all
e > 0. This result is interesting for our work because it implies that, in general, it is

not possible to restrict the aperture a arbitrarily (i.e., we must fix a > 7).

In 2003, Speckmann and Toth [29] showed another interesting bound: any simple
polygon with k£ convex vertices can be monitored by at most L@J edge-aligned vertex
m-guards and this number is tight. From this result, we can conclude that 3 — 1 edge-
aligned vertex m-guards are always sufficient to guard a simple n-vertex orthogonal
polygon. Nevertheless, this bound is not too interesting as, from the aforementioned
result by Abello et al., we deduce that L%"J —1 edge-aligned vertex m-guards are already

sufficient for simple n-ogons.

Erickson and LaValle introduced in 2010 and obtained some combinatorial
bounds and complexity results |8, 9, |10]. In particular, they showed that Xg, (P) < 2,
for any spiral polygon P, assuming edge 27-guards. For any staircase polygon P, they
showed that Xg, (P) < 3 if we use vertex 2m-guards. For generic simple polygons, they
constructed a family of polygons with 4k vertices requiring at least k& colors, for point

2m-guards, for k& > 3. They showed also that, for every odd integer k > 3, there is a
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monotone orthogonal polygon P with 4k? + 10k + 10 vertices such that Xg, (P) > k,
using point 2m-guards. Moreover, they showed that, if Gy, is a finite set, then the
construction of Lee and Lin [22] can be used to prove the NP-hardness of determining

Xg, (P), for a simple polygon P, using a reduction from 3-SAT.

In 2014, Zambon et al. [34] provided an Integer Programming formulation for the
discrete version of [CAGP] and discussed some techniques to improve the performance

of the solver.

In the same year, Fekete, Friedrichs and Hemmer [13] showed that it is NP-hard to
decide if three or more colors are sufficient for a polygon P with holes, assuming point
2m-guards. More precisely, using a reduction from k-coloring of planar graphs, they
showed that deciding whether Xy, (P) > k, for k > 2, is NP-hard. They proved also
that it is already NP-hard to decide if two colors suffices for P, that is if Xg, (P) = 2,
by a reduction from 3-SAT. In his PhD thesis, Erickson |7| presented an additional
important complexity result for a simple polygon P, assuming point 27-guards, namely
that deciding whether Xg, (P) > 5 is NP-hard. For the proof, he constructed a

reduction from the 4-coloring problem in circle graphs.

More recently, in 2015, Hoorfar and Mohades 20| defined a variant for guards
with limited range of vision and proved various upper bounds on the number of colors
for simple polygons, for a range less than or equal to m. However, they assume that
the visibility cones do not include the supporting rays and they also allow to locate
more than one guard at the same point. This makes the problem distinct to the one

we address in the thesis.



Chapter 2

Grid n-Ogons Generation

In this chapter and the following one, we present the algorithms we developed and
implemented for the generation of generic orthogonal simple polygons and of some
specific families of the orthogonal polygons. All these algorithms are based on the
Inflate-Paste technique [30]. This construction technique was proposed for the gen-
eration of grid orthogonal polygons, a.k.a. permutominoes (grid ogons, for short). A
grid ogon is an orthogonal polygon without collinear edges, defined in a unit square
lattice and that has exactly one edge on all the grid lines that intersect their minimum
bounding square. This class is generic enough because we can use grid ogons to create
generic orthogonal polygons, by spacing the grid lines arbitrarily (or sliding edges),

while preserving their relative order somehow.

The structural properties of the horizontal partition of such polygons are exploited in
the design of Inflate-Paste [30]. We proceed in a similar way for adapting the method
to yield grid ogons of more specific subclasses, namely row-convex, convex, thin and

spiral polygons.

2.1 The Inflate-Paste Algorithm for Grid Ogons

In this section, we present the definition of grid n-ogons, their relation to generic

orthogonal polygons and recall the Inflate-Paste method.

13
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An n-ogon P is in general position if and only if every horizontal and vertical line
has at most one edge of P, i.e., if and only if P has no collinear edges. A grid n-ogon
corresponds to a polyomino in general position defined in a § x § grid. Since an n-ogon

has & horizontal and 7 vertical edges, we have the following result.

Lemma 1. Each grid n-ogon has exactly one edge in every line of a 5 X 5 bounded

grid.

An n-ogon not in general position can be mapped to an n-ogon in general position by
performing e-perturbations (e-deflections), for a sufficiently small constant ¢ > 0. On
the other hand, every n-ogon P in general position may be identified with a unique

grid n-ogon, by performing a planar sweep (see Figure 2.1] for an example).

(1,1)

(a) (b)

Figure 2.1: (a) Three 12-ogons in general position. (b) The corresponding grid 12-ogon.

If we assume that the northwest corner of the bounding square has coordinates (1, 1),
then the H-edges lie on the lines y = 1, ..., y = § and the V-edges lie on the lines
r =1, .., v = 3. The grid ogon corresponding to P is found by mapping the edges
of P to grid lines using the order in which they are found in a top-to-bottom (left-to-
right) planar sweep. Conversely, as Figure suggests, we can create many instances
of m-ogons from a grid n-ogon by spacing the grid lines randomly, while keeping their

relative order.

2.1.1 Inflate-Paste Algorithm

The Inflate-Paste algorithm [30] is an iterative method that creates an n-vertex grid
ogon from a unit square in O(n?) time, using O(n) space. At each iteration, it applies

two transformations (called Inflate and Paste) to glue a new rectangle to the previous
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grid ogon, yielding a new grid ogon with one more reflex vertex. Therefore, it performs

r o= % iterations to produce a grid n-ogon. The rectangle is defined by a convex

vertex v and a point in the exterior of the polygon. This point belongs to a region

denoted by F'SN(v) that consists of points rectangularly visible to v, as we will see

below. In Figure 2.2 we sketch the idea of the method.

- | N
7
v C/

(f) (2) (h) (i)

Figure 2.2: (a)(e) Select v and find FSN(v) (¢ color). (b)(f) Select a cell in FSN(v). (c)(g) Apply
Inflate. (d)(h) Paste new rectangle. (i) Final grid 8-ogon.

Inflate is used to insert new gridlines, which are required to ensure that the polygon
is in general position. Paste is used to glue a rectangle to an horizontal edge of the
current grid ogon. The rectangle is fixed to a convex vertex v that is an extreme point
of that edge. When we apply the method to create a polygon at random, in each
iteration, a convex vertex v is selected randomly, as well as a rectangle to be glued.
The sole restriction is that the rectangle belongs to the free neighborhood of v, i.e. to

FSN(v), which is computed also in that step.

FSN(v) is a subset of the points that are in the exterior of the polygon and that are
rectangularly visible to v. More accurately, F.SN(v) consists of the external points
that are rectangularly visible from v in the quadrant with origin v that contains the
horizontal edge ey (v) and the inversion of the vertical edge ey (v), incident to v. The

inversion of ey (v) is its reflection with respect to v.
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We say that a point p is rectangularly visible from v if there is an axis-aligned rectangle
that contains v and p, but no point in the interior of P. For the definition of the free
neighborhood, we assume that the grid is bounded by a square, as we show in Figure[2.2]
and that (0,0) is its northwest corner. All the inflate-paste transformations keep these

extra gridlines empty.

At the beginning of an iteration, the algorithm selects a convex vertex v of the grid
ogon computed in the previous iteration and determines F'SN(v), as we illustrate in
Figure 2.2] Then, it selects a cell in FSN(v), at random. Its center and the vertex v
define the opposite corners of the new rectangle to be glued by the Paste operation.
But, firstly, it applies the Inflate operation to insert two new lines, a H-line and a
V-line for the new edges that will meet at ¢ = (¢, + 1,¢, + 1). Here, (¢, ¢,) is the

northwest corner of the selected cell (this point is represented by c).

The Inflate procedure is rather simple: the y-coordinate of any H-line such that y > ¢,
is incremented by 1; similarly, the x-coordinate of any V-line such that x > ¢, is

increased by 1; for the remaining lines, nothing changes.

The Paste procedure distinguishes two situations to keep the polygon in [CCW] order.

If ag(v') is after v’ then it removes v’ and inserts the chain (v}, c,), ¢, (¢, v,) in its

place. If ag(v') is before v’ then it replaces v by the chain (c,v;), ¢, (v}, c,). Here,

v' refers to v after the shift carried out by Inflate, which may change its coordinates.

The computation of F'SN(v) is the more complex part of the method. Nevertheless,
we can exploit the structural properties of the grid ogons and the fact that F.SN(v)
is a Ferrers diagram to find a partition of F'SN(v) into rectangles in O(n) time and

space. The partition is useful to select and locate the grid cell in O(n) time.

The algorithm is based on planar sweep, following the work by Overmars and Wood [26].
The horizontal sweeping line starts at ey (v) and moves towards the exterior of P, that
is, in the direction given by the inversion of ey (v). This direction defines the quadrant
that contains FF'SN(v), as we mentioned above. The sweep line status keeps a visibility
interval, which gives the current width of F'SN(v). In each event, we have to check
whether there is some point that shrinks the visibility interval. In case there is, we

have to update F'SN(v) and the current visibility interval.
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The planar sweep stops, i.e, the algorithm terminates, when the visibility interval
becomes empty or the sweeping line reaches the boundary of the grid. The result is a
partition of F'SN (v) into rectangles, each one defined as (y-start, z-interval, y- finish).

x-interval is the visibility interval of v between events y = y-start and y = y- finish.

Figure 2.3] sketches a computation of F'SN(v).

(a) (b) (¢) (d)

Figure 2.3: (a) Finding point [. Set of rectangles: (a) {(vy, |vz, L[, _)}; (b) {(vy, Jva, e[, vy +
1)7 (’Uy + 17]Ua:7lw - 1[7 _)}7 (C) {(Uy7]vw7la:[a Uy + 1), (Uy + 17}111,[1; - 1[’ _)}7 (d) {(Uy7]vm7l$[’ Uy _|_
1)7 (Uy + 17}1]:87[32 - 1[,Uy + 3)}

In the event at height ¢/, the visibility interval is defined as |z, x5 if every point (z/,y')

with 1 < 2’ < x4 is rectangularly visible to v.

The first event is always at y' = v, and the sweep line status is |min(v,, l,), max(v,, l)].
Here, [ is a point with [, = v, and belongs to the V-edge that cuts the rectangular visi-
bility of v. In case there is no such V-edge, [ is given by the correspondent V-line limit of

the grid boundary. The first rectangle is initialized as (v, |min(vy, l,.), max(vg, I)[, _).

At each event, with the current rectangle (y-start,]z1, x2[, ), the extreme points of the
H-edge at height 3’ are analyzed. If the extreme point ¢ is such that ¢, € ]Jz1, x| then
the rectangle is completely processed, (y-start,|x;,z2[,y’), and a new one is created,
(¢, z-interval, ). The z-interval, as well as the sweep line status, is |q,, o[ if ¢, > 21

and |x1, ¢,[ otherwise.

The proof of Inflate-Paste completeness |30] was done by observing the H-partition of
the grid orthogonal polygons. Since the dual graph of I15(P) is always a tree, it is
possible to remove a leaf from it. If we do that and deflate the resulting polygon, we
get a grid (n — 2)-ogon P’. Therefore, assuming that P’ is constructed by the method,

P can be obtained in the next Inflate-Paste step.
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2.2 Implementation

In this section, we describe in detail our generator for grid ogons, using pseudocode.

Algorithm [I]is the main function of the whole process. Given the number of vertices of
the polygon to be generated, n, the algorithm performs r Inflate-Paste transformations.

Table 2.1 shows the auxiliary functions used in the implementation.

Any vertex of the grid ogon is identified by an unique id. This and other details of the

implementation such as the main data structures are explained below.

At each iteration, a convex vertex id v_id is picked from set C. The id of agy(v)
and the interval of z-coordinate values of ey (v) are kept in the variables ayv_id and
egv_z-interval for future use. Then, F.ISN(v) is computed, a cell is chosen at random

from it and the Inflate-Paste process begins.

GETRANDOMCELL chooses a cell from F'SN (v) region and returns its northwest corner
¢ = (g, ¢y), in O(n) time. The function takes a number m at random, that will identify
the cell. We consider an implicit enumeration of the cells in FSN(v). The cell with
label 1 is the nearest cell to v and all the remaining ones are numbered by rows, starting
from the row that contains ey (v) (see Figure[2.4(a)). Since FSN(v) is decomposed into
rectangles, the cell with label m can be found by analyzing the areas of the rectangles.
If FSN(v) has rectangles ry, 79, ..., 7, then r; contains the cell m if the sum of the
areas of 71, ..., r;_1 is less than m and the sum of the areas of rq, ..., r; is greater than
or equal to m. Once the rectangle r; is located, m is updated to m’, by subtracting
the area of the rectangles skipped to m. Now, m' is between 1 and the area of r; (see
Figure (b)) Given Ay, Ay and the new cell number m/, it is possible to find (c,, ¢;)

from the located rectangle in constant time.

After the Inflate procedure, ¢ becomes ¢’ = (¢, c,).
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Algorithm 1 Inflate-Paste for grid n-ogons generation.

1: procedure GENERATEGRIDOGON(n)

2:

3:

4:

9:

10:

11:
12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

INITSTRUCTURES();

r< (n—4)/2;

while r # 0 do

v_id < GETRANDOMVERTEX(C);
{fsn,Au, Ay} < GETFSN(v_id);

(¢y,¢y) < GETRANDOMCELL(fsn, Ay, Ay);

(cl, ¢,) < INFLATE((cy, ¢y));

agv_id < GETADJACENT(v id, H);

vy = GETCOORDINATE(v_id, y); egv_ x-interval < GETINTERVALEDGE(v,, H);
{c_id,ayc_id} < PASTE(v_id, axv_id, (c,,c,));
C+ CU{c_id};
if ¢ & egv_x-interval then
C + (C\A{agv_id}) U{aye id};
end if

dim « dim + 1;

r—r—1;

end while

23: end procedure
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Function Description Algorithms
Selects at random, a vertex id from ]
GETRANDOMVERTEX(C) 1}, (14
set C. — =
Returns the coordinates of the
GETRANDOMCELL( fsn, Ay, Ay) | northwest corner ¢ of a cell picked 1}, (14

randomly from fsn.

GETADJACENT(v_id, dir)

Returns the id of a4, (v), given

v_id.

b4

GETCOORDINATE(v _id, aris)

Gives the v,,;s coordinate, given

v_id.

18,17 5

ol 7 o2l

13} 4} L5
I

GETINTERVALEDGE(coord, dir)

If 0 < coord < dim + 1, returns the
interval of z-coordinate
(y-coordinate) values that H-edge
y = coord (V-edge x = coord) has,
for dir = H (dir = V). Otherwise,
the interval of the correspondent

H-gridline (V-gridline) is returned.

GETWAY (v__id, dir)

_ _ay()y—vy

Returns Ay = Iav(v)z—vZ\ if

Y — aH(v)z_U:c :
dir = H and Ay = Tar(0)e o] if

dir =V, given v__id.

Sy
39

ADDVERTICES(pstaTt ) pfstinew ) psndinew)

Inserts the ids prsi new and pona new
of the new vertices into the circular

list P.

=1

Table 2.1: Auxiliary functions for the implementation of the grid n-ogons generator.



2.2. IMPLEMENTATION 21

19
18
17 c
164314 6 .o 4
131211 3 2

(a) (b)

Figure 2.4: How cells are implicitly enumerated in F'SN(v). (a) Finding the rectangle that contains
cell 15. (b) Finding the cell within the rectangle.

C' is the set of convex vertices of the polygon, which are represented by their ids. In
this way, we have direct access to any convex vertex. Once an Inflate-Paste step ends,
C' has to be updated. The point which represents the random cell in F'SN(v) is a new
convex vertex and, thus, its id, ¢_id, is added to C'. After the Inflate step, when ay (v')
is convex but becomes the new reflex vertex once the rectangle is glued, ay(v') has to
be replaced by ay(c¢’) in C. This happens when ¢ surpasses ey (v'), i.e., ¢, is not in

egv_z-interval. Otherwise, ay (') is the new reflex vertex.

The global data structures used in our implementation were carefully chosen to simplify
the most important and complex steps of the algorithm, namely the computation of
FSN(v) region. Table[2.2] presents these main structures and Figures [2.5| and 2.6 show

a visual representation of a grid ogon with these structures.

Note that line infoy[].coord is the inverse function of gridy[]. It is easy to see that

the main structures at Table use linear space on the number of vertices.
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y A matrix that provides information about the grid. gridg]i]
gri
(gridy[i]) is the id of the horizontal (vertical) grid line y =i (x = 1).

A matrix that provides information about the grid ogon and the grid
itself. line_infogli].coord (line_infoy[i].coord) is the y-coordinate
line_info (z-coordinate) of the horizontal (vertical) grid line with id i;
line _infopylil.vertex (line_infoy[il.vertex) is the id of a vertex

that lies on the horizontal (vertical) grid line with id 4.

A circular doubly linked list that represents the vertices of the
polygon, in [CCW] P[i].liney (Pli].liney) is the id of the horizontal
P (vertical) grid line where the vertex with id ¢ lies on; P[i].next and
Pli].prev are the ids of the next and the previous vertices,

respectively.

Variable that has the current number vertices of the grid ogon
dim divided by two. (dim + 2) x (dim + 2) are the current dimensions of
the grid.

C The ids of the convex vertices of the current grid ogon.

Table 2.2: Global data structures for the implementation of the grid n-ogons generator.

grid line_info l P
H Vv me

1 2 3 4 5 6 H V coordvert coordvert H V nextprev
; 10 3 | 4 161 13/5(1]0 oj1|1|1]>5
4 2|34 204 7|62 12170

2 3
ol | 316 32 (11|44 2/4|2(3]9

3 1
7 5 423 4|5 2|6 3/ 6|2|10]2

4 2
. 1 9 . 5045 5 6 58 433|511
2 6 5 2 6/ 1 (10| 3 |10 5/1(3]|0]4

6 6 s 5
6/5|4|8]|7
1 46 3 5 2 , 712 4af6]1
dim: 6 N P

C={0,1,2,3,6,8,10,11}

9/4|5[2]|8
106 | 6 [11|3
11/3 | 6|4 |10

Figure 2.5: Global structures for a grid 12-ogon generated by the algorithm. Numbers with color:

e are grid coordinates; e are line_info ids; e are P ids.
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next
prev l
L : i 4 i 2 i .2 ) :
linegr 5 next liney next next linepy next linefy next linefy 5
lineV:5 prev linev:5 prev prev linevzl prev linev:4 prev lineV:4
8 9 1 7 6

Figure 2.6: Circular list scheme for the structure P displayed in Figure

gridy|] lets us make an ordered search in the relevant H-edges during the F.SN(v)
computation. We have access to the H-edge with the same y-coordinate as the current
position of the sweeping H-line, in constant time. Thus, the computation of F.ISN (v)
takes O(n) time. Furthermore, gridy[] allows us to find the vertical line that defines
the initial V-limit of FSN(v) in O(n) time as well, since the search for this bound is

similar to a vertical line sweep.

line _info is the middle structure of grid ogon abstraction, linking P to the grid. It
lets us to inflate P implicitly by inflating the grid explicitly (only grid and line info
are updated).

In the Paste procedure, grid is not modified, whereas the new convex and reflex vertices

are added to line _info and P.

The Inflate and Paste take O(n) and O(1) time, respectively. Therefore, using the

described data structures, the total time is O(n?).

INITSTRUCTURES initializes all the global data structures, resulting into the unit
square grid 4-ogon. For all ¢ € {1,2} and dir € {H,V}, we settle gridy,[i] = i

and line _infog;[t].coord = i.

For P structure, we assign P[i].liney = [(HD%MJ + 1, Plilliney = |%] + 1,
Pli].prev = (i—1) mod 4 and P[i].next = (i4+1) mod 4, for each i € {0, 1,2,3}. We also
add the id vertices 0 and 2 to the lines with ids 1 and 2, respectively. More formally,

for dir € {H,V'}, we set line_infog[1].vertex = 0 and line _infog;, [2].vertex = 2.
Then, the set of convex vertices will be C' = {0,1,2,3} and the dimension dim = 2.

The FSN(v) computation steps are organized in GETFSN function (Algorithm [2).
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Here, the quadrant to which F.ISN(v) belongs is expressed by Ay € {—1,1} and
Ay € {—1,1}. These variables allow us to move the sweeping lines without being
worried about symmetries. Ay = —1 (Ay = —1) means that all cells in F'ISN(v) have
y-coordinate (z-coordinate) less or equal to v, (v;). Ay =1 (Ay = 1) when all cells

in F'SN (v) have y-coordinate (z-coordinate) greater or equal to v, (v;).

Algorithm 2 Computation of the free neighborhood of v.
1: function GETFSN(v_id)

2: v, < GETCOORDINATE(v_id, z); v, <= GETCOORDINATE(v_id,y);
3: Ag < GETWAY(v_id, H); Ay < GETWAY(v_id, V);

4:

5: ly < GETFSNX-LIMIT((vs, vy), g, Avy);

6: fsn <= GETRECTANGLES((vg, vy), L, Ap, Ay)

T:

8: return {fsn, Ay, Ay}

9: end function

GETFSNX-LIMIT (Algorithm [3) returns the z-coordinate of the V-edge (or V-line)
that bounds horizontally the rectangular visibility of v. The algorithm scans the V-
edges (and the V-gridline if necessary), as if it were performing a sweep with a V-line,

to find the first one that contains the V-segment defined by y = v, and y = v, + Ap.

Algorithm 3 Finding the interval visibility limit.
1: function GETFSNX-LIMIT((v,, vy), Ap, Ay)

2: curr_x — vy + Dy,

3: y-interval <— GETINTERVALEDGE (curr_x,V);

4:  while ~(v, € y-interval A (v, + Ap) € y-interval) do
5: curr_x < curr_x + Ny,

6: y-interval <~ GETINTERVALEDGE(curr_x,V);

7: end while

8:

9: return curr_x

10: end function
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GETRECTANGLES (Algorithm {)) returns F'SN(v) decomposed into rectangles, which

are stored at fsn set. The implementation follows directly from the algorithm presented

at Section 2.1.11

Algorithm 4 The planar sweep algorithm for finding the free neighborhood.

1: function GETRECTANGLES((Sy, Sy), lz, A, Avy)

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24:

25:

26:

fsn + 0;
ry—start — Sy;

Tz-interval ¥ ]min(sza la:)a mcwc(sx, la:) [;

curr _y < sy + Ap;
z-interval <~ GETINTERVALEDGE(curr _y, H);
while s, & z-interval do
if x-interval N Tointervar 7 O then
Ty finish < CUTT _Y;
fsn < fsnu{r};
Ty-start < CUTT _Y;
if Ay <0 then
Twointerval <— |maz(xz-interval), max (T interval)[;
else
Toeinterval < |MAN(Tointerval), Min(x-interval ) |;
end if
end if
curr_y < curr_y+ Npy;
z-interval <~ GETINTERVALEDGE(curr_y, H);

end while

T'y-finish < Curr_y;

fsn <« fsnu{r};

return fsn

27: end function
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The (s, s,) parameter is the starting point for finding F'SN (v), which is exactly (v, vy)
in the general case. The variable [, gives the z-coordinate that limits the rectangular
visibility of v. For an interval I, the values min(l) and max(I) just give the minimum

and maximum values defining I, respectively.

INFLATE (Algorithm [5)) gathers the Inflate operations.

Algorithm 5 The Inflate procedure.
1: function INFLATE((cs, ¢y))

2: INFLATEAXIS(cy, H);
3: INFLATEAXIS (¢, V);
4: return (¢, +1,¢,+ 1)

5. end function

INFLATEAXIS (Algorithm [6]) inflates the y-coordinates (z-coordinates) of the grid lines

if dir = H (dir = V). The ids of the new H-line and V-line in the grid are dim + 1.

Algorithm 6 The InflateAxis operation.
1: function INFLATEAXIS(coord, dir)

2: for i = dim until coord+ 1 do

3: gridg,[i + 1] < gridg,[i];

4: line_in fogy|gridg,[i]].coord < i + 1,
5: end for

6: gridg[coord 4+ 1] < dim + 1;
7: line_in fog|dim + 1].coord < coord + 1;

8: end function

PASTE (Algorithm |7)) adds the two new vertices, ¢ and ayc, to line_info and P data
structures. The function returns the ids of the new vertices to quickly update the set

C afterwards.
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Algorithm 7 The Paste operation.

1: function PASTE(v id,ayv_id, (c,,c,))

) Cy
2: c_id < 2 x dim; ayc_id < 2 x dim + 1;
3:
4: line_infog|gridy(c,|].vertex < c_id; line_infoy[gridy[c,]].vertex « c_id;
5: Ple_id].liney < gridylcy]; Ple_id].liney < gridy|c,];
6:
7: vy < GETCOORDINATE(v_id, y);
8: line_infog|gridy|v,]].vertex < ayc_id;
9: Playc_id].liney < gridg|vy]; Playc_id].liney < gridy|c,];
10:
11: Plv_id].liney < gridylc,];
12:

13: if Plv_id].next = agv_id then

14: ADDVERTICES(v_id,c_id,ayc_id);
15: else

16: ADDVERTICES(agv_id,ayc_id,c_id);
17: end if

18:

19: return {c_id,ayc_id}

20: end function

After the Paste procedure, v is no longer a vertex of the polygon. However, to simplify
the changes, v’s id is used to represent the new convex vertex adjacent to ay (v). Thus,

only ey (v) has to be updated, i.e., we modify the value of line__in foy[gridy|v,]].vertex.

ADDVERTICES is a function that inserts the chain of ids of the new vertices, prs new
and Pend new, into the circular list P, given the id psqars (id of a vertex that was already
in P and identifies the position where the new chain will be added). The if-else clause
in Algorithm [7] assures that the order of P is preserved. Figure shows the
circular list of P from Figure modified after the next Inflate-Paste step, where the

convex vertex id selected from set C was 1.
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next
prev l
lineH:5 mext lineH:4 next next lineH:7 next lineH:7 next lineH:2 next lineH:2 next li'n.eH:5
lineV:5 prev HneV:5 prev prev lineV:]_ prev lineV:7 prev linev:7 prev li'n,ev:4 prev l'i,neV:4
8 9 1 12 13 7 6

Figure 2.7: The new circular list from Figure after calling ADDVERTICES(1, 12,13).

2.3 Generation of Generic n-Ogons

As we observed in section [2.1, any n-ogon can be mapped into a n-ogon in general
position and, on the other hand, there is exactly one grid n-ogon that matches the
latter. Hence, once a grid n-ogon is created, a n-ogon can be obtained by moving

(stretching) the edges of the grid n-ogon.

The algorithm for creating n-ogons is shown in pseudocode as Algorithm [8]

Algorithm 8 Generation of a generic n-ogon from a grid n-ogon.

1. procedure GENERATEOGON(n, maxCoord, cProb, sTimes)

2: GENERATEGRIDOGON(n);

3

4: INITDEFAULTSTRETCHER();

5: STRETCHGRIDOGON (maxCoord, cProb, sTimes);

6: end procedure

The idea is to create a grid n-ogon and then randomly picking and stretching edges of
the grid ogon several times to end up with a generic n-ogon. The vertices of the final

n-ogon have always positive integer coordinates.

The new global data structure stretched is used to record the new coordinates.

stretched,[i] gives the current position of the i-th horizontal edge and stretched,|i]
gives the current position of the i-th vertical edge. This structure is useful to ensure
that the relative order of the edges is preserved. Clearly, initially, stretched,[i] and
stretched,[i] are equal to ¢, for all 1 <4 < dim, meaning that the n-ogon is the grid
n-ogon itself before any stretching. The function INITDEFAULTSTRETCHER does this

simple initialization.
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The parameters maxCoord, cProb and sTimes (Table allow us to have some

control on the stretching phase.

maxCoord, (maxCoord,) sets the maximum z-coordinate
maxCoord
(y-coordinate) for the V-edges (H-edges) of the polygon.
Prob The probability of making the target edge collinear with an edge in
cPro
the following line, if that is possible.
sTimes The number of edge translations to be performed.

Table 2.3: Parameters of the GENERATEOGON procedure.

The parameter sTimes should be large enough. Indeed, let the i-th vertical edge of
the grid n-ogon be the one in the line z =i, for 1 <7 < dim. In the same way, let the
i-th horizontal edge be the one in the line y = i. If the (dim — 1)-th H-edge has just
been translated and stretched,[dim —1] = LMJ then the first (dim —2) H-edges

maxCoord,

5= |. Moreover, when we have these

would be confined to a rectangle of height |
conditions and the dim-th H-edge has stretched,[dim] = maxCoord,, the unbalance
of this polygon can be notorious. Therefore, sTvmes should be large enough for an
edge to have chances to be translated more than few times, as well as the preceding

ones.

If ¢cProb = 0, the resulting n-ogon will be in general position. Otherwise, the value
(cProb x 100)% defines the probability that the target edge becomes collinear with an-
other edge. More accurately, if the target edge is the i-th horizontal edge, for instance,
then this value is the probability that the edge is moved to the line y = stretched,[i + 1],
provided it can be moved there and without intersecting any other edge. In a subse-

quent iteration, it can be moved to a different line.

The function STRETCHGRIDOGON is presented as Algorithm [0
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Algorithm 9 Main function to stretch the grid ogon.

1: function STRETCHGRIDOGON (maxCoord, cProb, sTimes)

2: ledgeCoord, <+ 0; ledgeCoord, < 0;

3: SETMAXSTRETCHUPPER ( | mazCoords—dim | o). SppMaxSTRETCHUPPER( | Ze2Co0rdu=dim | ),
4:

5: for : = 1 until sTimes do

6: axis < GETRANDOMAXIS(); edgeCoord < GETRANDOMEDGE();
7

8: if edgeCoord < ledgeCoord,.;s then

9: mazxStretch < GETMAXSTRETCHLOWER (axis);

10: else

11: maxStretch < GETMAXSTRETCHUPPER(axis);

12: end if

13: TRANSLATEEDGE(edgeCoord, mazStretch, maxCoord, cProb, aris);
14:

15: ledgeCoord,,;s < edgeCoord,

16: if edgeC'oord > 1 then

17: SETMAXSTRETCHLOWER( Ls”ew:;‘gigg;gi‘fﬁff oord] | awis);

18: end if

19: SETMAXSTRETCHUPPER( Lm“‘”coo’”d”;;; jset;;zgljj;;degeC"o’"d]j ,axis);

20: end for

21: end function

The edge to be moved is selected randomly and, after a move, the current bounds for the
translations in the same direction are updated. In the implementation we try to balance

the current space available for future translations. At start, the algorithm fixes the

maxCoord; —dim

mamCoordyfdimJ
dim ?

upper bound for translation as |, for every V-edge (and | .

for every H-edge). If the i-th vertical edge is translated, stretched,[i] changes, and

the bounds for the first i — 1 vertical edges are updated to [%Wj In addition,

mazCoord,—stretched,[i] J
dim—i+1

the bounds for the last dim — ¢ 4+ 1 vertical edges change to |
We proceed in a similar way if the target edge was the i-th horizontal edge (using

stretched,[i] and maxzCoord, in the formula, instead).
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The functions GETRANDOMAXIS and GETRANDOMEDGE choose the next edge to be
translated, at random. The first one returns x or y, which defines the direction of the

edge, and the other returns an integer between 1 and dim, which identifies the edge.

The function TRANSLATEEDGE performs the translation. The parameters edgeCoord
and axis identify the edge to be moved, and maxStretch defines the upper bound
for the difference between the new position and the current one. TRANSLATEEDGE is
presented in pseudocode as Algorithm [I0} When the new position is defined by the

assignment in line 17, the edge would be collinear with the subsequent edge.

Algorithm 10 Function to translate an edge.

1: function TRANSLATEEDGE(edgeCoord, maxStretch, maxCoord,cProb, axis)

2: if edgeCoord = dim then

3: maxCoord_dist < maxCoord,.;s — stretched,,;s[edgeCoord];

4: stretch < GETRANDOMINTEGER(0, min(mazStretch, maxCoord _dist));
5: stretched,,;sledgeCoord] < stretched,,;sledgeCoord] + stretch;

6: return

7: end if

8:

9: upedge _dist < stretched,,;s|edgeCoord + 1] — stretched,,;s|edgeCoord);
10: if maxStretch < upedge dist then

11: stretch < GETRANDOMINTEGER(0, maxStretch);
12: else if EDGECOULDINTERSECT (edgeCoord, upedge dist,axis) then
13: stretch < GETRANDOMINTEGER(0, maz (0, upedge _dist — 1));

14: else if GETRANDOMREAL(0, 1)> cProb then

15: stretch < GETRANDOMINTEGER(0, max (0, upedge dist — 1));
16: else

17: stretch < upedge dist,;

18: end if

19:

20: stretchedy,;sledgeCoord] < stretched,,;sledgeCoord] + stretch;

21: end function
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The function ensures that the edge does not surpass nor intersect any subsequent edges.

It calls EDGECOULDINTERSECT to check whether the edge defined by edgeC'oord and

axis could intersect some edge on the line stretched,,;s[edgeCoord + 1]. This function

is presented as Algorithm [11]

Algorithm 11 Verifying if the edge may intersect subsequent edges after stretching.

1: function EDGECOULDINTERSECT (edgeCoord, maxStretch, axis)

2:

3:

4:

10:

11:

12:

13:

14:

15:

16:

dir < GETDIRECTION(azis);

for i = edgeCoord + 1 until dim do
if stretched,is[edgeCoord| + maxStretch < stretched,,;s[i] then

return false

end if

edge _azxis-interval < GETINTERVALEDGEOGON(edgeCoord, dir);
upedge _axis-interval < GETINTERVALEDGEOGON(i, dir);
if edge axis-interval Nupedge _axis-interval # () then
return t{rue
end if

end for

return false

17: end function

GETRANDOMINTEGER(min_wval, max _wval) is an auxiliary function and returns a ran-

dom integer between min_wval and max _wval. Similarly, GETRANDOMREAL(min_val,

max_wval) returns a random real number in that range. The other relevant auxiliary

functions are described in Table 2.4

In Appendix , we show instances of grid 24-ogons (both generic and from the studied

subclasses) that were created by our generators, as well as a 24-ogon derived from

cach of them using the stretching algorithm with maxCoord, = maxCoord, = 48,

cProb = 0.5 and sTimes = 48.
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Description
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Algorithms

SeTMaxSTrRETCHLOWER(mazStretch, axis)®

SETMAXSTRETCHUPPER(maxStretch, axis)V

Saves the maximum stretching
maxStretch for the H-edges
with y-coordinate less than®

(greater than or equal toV) the

y-coordinate of the last

translated H-edge, if axis = y.

The same for V-edges, w.r.t the

z-coordinate if azxis = .

GETMAXSTRETCHLOWER (azis)L

GETMAXSTRETCHUPPER (azis)Y

Retrieves the maximum
stretching of the H-edges with
y-coordinate less than® (greater

than or equal toV) the

y-coordinate of the last
translated H-edge, if azxis = y.
The same for V-edges, w.r.t the

z-coordinate if axis = x.

GETDIRECTION (axis)

Returns H if axis = y; V if

aris = x.

[um—y
—_

GETINTERVALEDGEOGON(coord, dir)

Returns the interval of
x-coordinate (y-coordinate)
values that H-edge y = coord
(V-edge « = coord) has in

stretched, for dir = H (dir =V).

—
—_

Table 2.4: Auxiliary functions for the implementation of the n-ogon generator.






Chapter 3

Creating Subclasses of Grid n-Ogons

In this chapter, we present tailored versions of the Inflate-Paste algorithm to generate
grid ogons with specific properties, namely row-convex, convex, thin and spiral grid

ogons.

The algorithm developed for the convex grid ogons is based on the one designed for
the row convex family and the algorithm designed for the spiral grid ogons is based on
the one developed for the thin family. In each section, we consider a class and state

the relevant properties, and then describe the customized version of the algorithm.

3.1 Row-Convex Grid n-Ogons

Any column-convex grid ogon can be obtained from a row-convex grid ogon by perform-
ing a rotation of 7 radians around the center of its bounding square, and reciprocally.
Since the customization of the Inflate-Paste method to produce row-convex grid ogons
is much more simple, we focused on their generation, instead of on the generation of

column-convex grid ogons.

The algorithm is pretty similar to the original version of Inflate-Paste. The main
difference is that only four convex vertices can be used for the expansion at each
iteration: the two topmost and the two bottommost convex vertices of the current
polygon. That is, these four vertices are the ones that lie on the H-edges that define

the minimum bounding square. We can discard all the remaining convex vertices,

35
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which we call the internal convex vertices, because if they were selected the polygon
could not be row-convex anymore. Proposition [I] states this result. In Figure [3.1], we

show an example that provides some intuition for the proof.

11/l| 7/
7

C

Figure 3.1: For all possible points ¢/, i.e., for all the possible rectangles that could be glued at the

internal vertex v’ (color e), the resulting grid 12-ogon will not be row-convex.

Proposition 1. Let P be a row-convexr grid ogon, with n > 6 wvertices, and let v
be any internal convex vertex of P. If we use v to perform one more Inflate-Paste

transformation, the grid (n + 2)-ogon we obtain is not row-convex.

Proof. In the proof, we use the notations introduced in the description of Inflate-
Paste. The grid n-ogon P has an horizontal edge for each y such that 1 <y < 2. Since v

is an internal convex vertex, we have 2 < v, < 3 — 1.

When we apply Inflate, the internal vertices are mapped to internal vertices, because
the order induced by an horizontal planar sweep is preserved by this operation. This
means that if v, is incremented, then all H-edges below v are shifted downwards as
well. If v, is not incremented, then none of the H-edges above v moves. So, if v is
an internal vertex then its image v’ is an internal vertex of the inflated polygon, and

reciprocally.

Now, let us assume, without loss of generality, that y > v, for all points in F.SN(v).
Indeed all the other cases can be reduced to this one by symmetry. Then, for v" and ¢
we have 2 < v’y <gFand3 < c; =c,+1<35+1,and c; —v’y > 1. It follows that, when
we glue the rectangle defined by v" and ¢/, the intersection of the polyomino with the
row defined by the H-lines y = ¢, —1 and y = ¢, is not connected. Therefore, whichever

cell we select in F'SN(v), the grid (n + 2)-ogon we obtain is not row-convex. O

As a result, the set C' of active convex vertices consists of the two topmost and the two

bottommost vertices. Any of these vertices can be used for expansion, because no H-
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line that crosses F'SN(v), for v € C, intersects the interior of the current polyomino.
Since F'SN(v) consists of a unique rectangle, with unit height, we can simplify the

functions GETFSN and GETRANDOMCELL.

The version of GETFSN we designed for the generation of a row-convex grid ogons is

shown below and referred to as Algorithm

Algorithm 12 Customized version of GETFSN to create row-convex grid ogons.
1: function GETFSN(v_id)

2: v, <~ GETCOORDINATE(v_id, z); v, <~ GETCOORDINATE(v_id,y);
3: Apg < GETWAY(v_id, H); Ay < GETWAY(v_id, V),

4:

5: Ty-start € Uy}

6: if Ay <0 then

T: Tg-interval <= |0, Vg;

8: else

9: Ta-interval <= |Vz, dim + 1];
10: end if

1 Ty finish < Uy + Ogr;

12: fsn < {r};

13:

14: return {fsn, Ay, Ay}

15: end function

The main function GENERATEGRIDOGON is then adapted in the following way. We

remove line 12 of Algorithm [I] and replace lines 15—18 by the instruction
C <+ (C\{agv_id})U{c_id}.

Finally, the function GETRANDOMCELL is simplified, as the cell can be found in

constant time now.

3.2 Convex Grid n-Ogons

By definition, every convex grid n-ogon has to be row-convex. The set C' of the active

convex vertices in each iteration will consist of the two bottommost and the two topmost
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vertices of the polygon, again. Nevertheless, to ensure that the resulting polygon is

also column-convex, we need to restrict the definition of F'SN(v).

Considering the way in which the rectangles are glued in Inflate-Paste, we may conclude
that a non convex grid ogon cannot be used to produce a convex one. Now, if the grid
n-ogon P is convex, and v is the vertex in C' we select for expansion in iteration (r+1),
then all cells in the range defined by the edge ey (v) can be safely used. However, as

the example in Figure shows, we cannot select cells beyond ep(v), unless the other

n

extreme point of ey (v), that is the vertex ag(v), belongs to line x = 1 or to line z = 3.

H
oyl

(a) (b)

Figure 3.2: Two grid 12-ogons generated by the same convex grid 10-ogon. (a) The grid 12-ogon is

not column-convex. (b) The grid 12-ogon is column-convex.

Indeed, since the grid orthogonal polygon has one edge in every line of its minimum
bounding square, we know that when the x-coordinate of the vertex ay(v) satisfies
2 < x < % —1, then P has some V-edge to the left (right) of the edge ey (am(v))
if ag(v) is to the left (right) of ey (v). Thus, if the rectangle we glue to obtain a
new polygon grid (n + 2)-ogon P’ goes beyond ey (ay(v)), there exists some V-line L
between ay(v), and ¢, such that P’ N L is not connected (see Figure [3.2f(a)).

In case ay(v) belongs to the line z = 1, it is safe to include the cell whose northwest
corner lies on the V-line = 0, because it belongs to the empty column. Similarly, if
ag(v) belongs to the line z = %, we can select the cell whose northwest corner lies on

the V-line z = %

This leads to a new version of the function GETFSN, that we present as Algorithm [13]
This function is the unique part of the algorithm for the row-convex grid ogons we had

to adapt to create convex grid ogons.
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Algorithm 13 Customized version of GETFSN to create convex grid ogons.
1: function GETFSN(v_id)

2: vy <~ GETCOORDINATE(v_id, z); v, <= GETCOORDINATE(v_id,y);

3: Ay GETWAY(v_id, H); Ay < GETWAY(v_id, V);

4: agv_id < GETADJACENT(v_id, H); agv, < GETCOORDINATE(ayv_id, z);
5:

6: Ty-start < Uyi

7 if agv, =1 or agv, = dim then

8: Ta-interval <= [MIN(Vz, arve + Dy), max(ve, agv, + Ay);

9: else

10: Twointerval <— |MIN(Vz, agv,), maz(vg, agvy,)];

11: end if

12: Ty-finish < Uy + Om;

13: fsn < {r};
14:
15: return {fsn, Ay, Ay}

16: end function

3.3 Thin Grid n-Ogons

The thin and the fat grid ogons were defined in |2] as the grid ogons for which
the number of pieces of the rectilinear partition Ilyy is minimum and maximum,

respectively. For the fat grid ogons with r reflex vertices we have

2214 . .

% if r is even
My (P)] = )

w if 7 is odd

whereas for the thin grid ogons the number of pieces of gy (P) is 2r + 1. There
is a unique fat grid n-ogon, up to symmetry |2|, and its pattern is quite simple (see

Figure [3.3)).

This makes the generation of the fat class straightforward and less interesting than the

generation of thin grid n-ogons, which is the one we address in this section.
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(a) (b)

Figure 3.3: The fat and two thin grid n-ogons: (a) n =8, 7 =2 (b) n =10, r = 3.

The thin grid ogons are the ones for which there are no intersection points between the
horizontal and vertical cuts in the interior of the polygon. Moreover, for n > 6, the

dual graph of Iy (P) is a path graph.

We exploit these structural properties to adapt the Inflate-Paste method. As for the
generation of row-convex and convex grid ogons, thin grid ogons can only be obtained
from thin grid ogons and only a proper subset C' of the convex vertices are active in
each iteration, for n > 6. Actually, the following lemma and proposition are shown

in [23].

Lemma 2. Let P be a thin (n + 2)-ogon. Then every grid n-ogon that yields P by

Inflate-Paste is also a thin grid ogon.

Proposition 2. The unique convex vertices of a thin grid n-ogon P that can be used to
yield a thin grid (n+ 2)-ogon, by Inflate-Paste, are the four convex vertices that belong
to the r-pieces associated to the extreme points of the dual graph of gy (P) (which is
a path graph).

In contrast to the procedure described in [23|, which adopts the original definition of
FSN(v) and, in the end, discards the polygon if it is not a thin polygon, the outcome
of our algorithm is always a thin grid ogon. For that purpose, we need to restrict
FSN(v), as well. Essentially, we have to avoid all cases where the new cuts would

intersect the previous ones, as we see in Figure [3.4]

We know that no intersection point between two cuts can be destroyed by Inflate,
because this operation keeps the structure of the rectilinear partition (although the
size of some pieces may increase, the dual graph does not change). In addition, no
two vertical (or horizontal) cuts can overlap because, by definition, a grid ogon has

no collinear edges. Therefore, when a new reflex vertex is added by Paste, the V-
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cut (H-cut) it adds either intersects some previous H-cut (V-cut), creating internal

intersection points, or does not intersect any previous cut.

3

(a) (b)

Figure 3.4: (a) A thin grid 12-ogon. (b) A grid 14-ogon arising from (a) that is not thin.

Now, we focus on the generation of the thin grid ogons by Inflate-Paste. By case
analysis, we concluded that, for n > 6, we have to distinguish the case where the two
active convex vertices p and ¢ that belong to the extreme piece define a vertical edge
(called Type I) from the case where they define an horizontal edge (called Type II), as
we show in Figure [3.5]

Figure 3.5: The two cases we must distinguish to restrict F'SN (up to symmetry).

In case Type I, when we select p or ¢, any rectangle that does not surpass the vertical
cut l; can be glued. Otherwise, the horizontal cut determined by the new reflex vertex
intersects that cut. In case Type II, when we select p, only the rectangles that surpass ¢
can be glued and, similarly, when we select ¢, the rectangle must surpass p. Otherwise,
the vertical cut incident to the new reflex vertex intersects the horizontal cut denoted

by l;7, and the outcome cannot be a thin grid ogon.
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We state this result as Proposition [3|and prove it by induction. The proof allows us to
understand the structure of the thin grid ogons and at the same time shows how the

Inflate-Paste method works for this subclass.

Proposition 3. The outcome of the Inflate-Paste method is a thin grid ogon if and
only if, in each iteration (other than the first one), we select a convex vertex v that
belongs to a piece defining an extreme point of the dual graph of gy and we follow

the rules given for Type I and Type II to select a cell in FSN(v).

Proof. We proceed by induction on the number of reflex vertices . Along the

proof, P, denotes a grid ogon with r reflex vertices.

Base case: In case r < 1, we do not need to impose any restriction, because all the
grid ogons with n < 6 vertices are thin grid ogons. Up to an horizontal or vertical flip,
when we apply Inflate-Paste to F, using a convex vertex v to obtain a grid ogon P,

the situation is as sketched in Figure [3.6]

er (v)

@ )
er (ay (v)) er (ay (v)) er (ay (v))

Py Py

Figure 3.6: The thin grid 6-ogons, Pj, arising from the grid 4-ogon Py (up to symmetry).

We see that the rectilinear partition Iy (P;) consists of three pieces, its dual is a path
graph and one of the extreme pieces is of Type I and the other of Type II. The two
cuts [y and [;; result from the extension of the edges that are incident to the reflex

vertex.

If P; is as depicted on the left, the convex vertex ay(v) (adjacent to v in Fy) must be
removed from the current set of active convex vertices C'. Indeed, if ay(v) was used
to generate a polygon P,, for r > 2, then the new cuts will intersect I; or l;;, for

every rectangle in its free neighborhood. Similarly, if P, is the polygon on the right, we
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cannot include the vertex w in the set C'. In each case, we can use any of the remaining

four convex vertices and, as we can see, they belong to extreme pieces of the chain.

In both cases, the extreme piece of Type I contains the horizontal edge that is incident
to the reflex vertex of P;. If the selected convex vertex is the other extreme point of
that edge (ay(v) on the left, ay(¢’) on the right), there are no new restrictions. On the
other hand, if we selected the other convex vertex in the extreme piece of Type I (i.e.,
¢ in the right or the vertex that is vertically adjacent to ag(v) in the left), then we
can glue a rectangle in the free neighborhood of this vertex if and only if it does not

surpass [;. Otherwise, the vertical cut added by the new reflex vertex intersects l;;.

As regards the other extreme piece, which is of Type II, if the selected vertex belongs
to that piece, the rectangles that can be glued are the ones in the free neighborhood

of such vertex that do not contain a vertical line that intersects [;;.
So, for P;, the condition stated in the Proposition holds.

Induction step: We are going to show that if the condition holds for all thin grid ogons
P,, then it holds for all thin grid ogons P,,1, for » > 1.

We know that the original Inflate-Paste method is complete, which means that every
grid ogon with r + 1 reflex vertices can be obtained from some grid ogon with r reflex
vertices by gluing a rectangle using the Inflate-Paste transformation. Therefore, the
hypothesis implies that any thin grid ogon P,,; can be created and its predecessor P,
is a thin grid ogon. So, the proof reduces to showing that the conditions on the active
convex vertices and on the types of the extreme pieces hold for P,,; in next iteration.
Since the Inflate operation preserves the structure of Ilgy (F,), the hypothesis still

holds for the inflated polygon.

Hence, let us consider the case where the convex vertex v we select in P, belongs to a

Type I extreme piece.

Considering the induction hypothesis, the local structure of P.,; will be of the form

described in Figure [3.7, up to symmetries.

We can see that the extreme piece is replaced by a chain of three pieces. The new

vertical cut divided that extreme piece in two and the rectangle we glued to obtain
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eg (ap (v))
; : ' l[[
I - ;
I I 0
' ' ]
er (ay (v)) er (ay (v))
Pr Pr+1

Figure 3.7: When v belongs to a piece of Type I in P,, the new rectangle yields a piece of Type II

in Pr+1~

P, .1 becomes the new extreme piece, which is of Type II. The vertex ay (v) has to be
removed from the set of active convex vertices, and ¢’ and w are added to the set. We

can justify this claim as we did for P;, in the base case (Type II).

The remaining structure of P, and Iy (P,) is preserved, because the new cuts only
affect the extreme piece of P, that contains v. Hence, the other extreme piece of
gy (P,41) is the other extreme piece of P, (possibly inflated). Therefore, the condi-
tions hold if v belongs to a piece of Type I.

Now we show that the conditions hold also when the convex vertex v we select in P,
belongs to a Type II extreme piece. Under the induction hypothesis, the local structure

of P,+1 will be of the form sketched in Figure [3.8] up to symmetries.

C/ eg(c’) W

er (ag (v))

er(ay (")

Pr—l—]

Figure 3.8: When v belongs to a piece of Type II in P,, the new rectangle yields a piece of Type I

in PT-‘rl'

As in the base case (Type I), we cannot include w in the set of active convex vertices
and ag(v) must be replaced by ay ('), because ay(v) becomes a reflex vertex when

the rectangle is glued. Since the edge ey (v) is now the new horizontal cut, that cut
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does not intersect any previous cut (by definition of the rectilinear partition). The
new vertical cut, denoted by [;, is directed to the exterior of P,, and affects only the
rectangle we glued. Therefore, it cannot intersect previous cuts either. The extreme
piece is replaced by a chain of three pieces, and the new extreme piece is now of Type 1.
As before, the other extreme piece of 11y (P,) is kept as extreme piece of gy (Pr11).

This concludes our proof. n

3.3.1 Implementation

To develop the generator for thin grid ogons, we adapted the original functions GENER-
ATEGRIDOGON and GETFSN, to take into account the structural properties derived
from the proof of Proposition The new version of GENERATEGRIDOGON is pre-

sented as Algorithm [I4]

Now, we assign a type to each convex vertex in C', which is the type of the extreme
piece it belongs to. In addition, in case Type I, we associate the reflex vertex that
yielded the piece to the two convex vertices. This allows us to identify the types easily,

as well as the delimiting r-cuts.

The function INITTYPES (line 14) performs the initialization of C' and of the types in

the first iteration and UPDATETYPES (line 27) updates them in the following iterations.

The first iteration is handled separately because it is a bit different from the other
ones, as the base case in the proof of Proposition [3] When r = 0, the grid ogon is the
unit square. The computation of the free neighborhood is trivial. For that reason, we

defined a specific function GETFSNBASECASE, presented below as Algorithm [T5]

For the remaining iterations, we adapted the computation of F'SN(v) to make use of
the type of the extreme piece that contains v and of the delimiting cuts, following the

proof of Proposition [3] The new version is shown as Algorithm
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Algorithm 14 Customized version of GENERATEGRIDOGON to create thin grid

ogons.

1: procedure GENERATEGRIDOGON(n)

2:

3:

4:

9:

10:

11:
12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24

25:

26:

27:

28:

29:

30:

31:

INITSTRUCTURES();

r < (n—4)/2;

if r # 0 then
v_id < GETRANDOMVERTEX(C);
{fsn, g, Ay} < GETFSNBASECASE(v_id);

(€, ¢y) < GETRANDOMCELL(fsn, Ay, Ay);

(c,¢,) + INFLATE((cy, ¢y));

agv_id <~ GETADJACENT(v_id, H);

vy < GETCOORDINATE(v_id,y); egv_ z-interval < GETINTERVALEDGE(v,, H);

{e_id,ayc_id} < PASTE(v_id, ayv_id, (c,,c,));

INITTYPES(v_id, agv_id, c_id,ayc_id,(c,,c,),eqv_z-interval);
dim « dim + 1:
r<—r—1;
end if
while r» # 0 do
v_id <~ GETRANDOMVERTEX(C);
{fsn, Ag, Ay} < GETFSN(v_id);

(¢, ¢y) < GETRANDOMCELL(fsn, Ay, Ay);

() < INFLATE((cy, ¢y));
agv_id < GETADJACENT (v id, H);
{c_id,ayc_id} < PASTE(v_id,ayv_id, (c,,c,));

UPDATETYPES(v_id,agv_id,c_id,ayc_id);

dim < dim + 1;
r<nr—1;

end while

32: end procedure
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Algorithm 15 GETFSN for the unit square (i.e., when r = 0).
1: function GETFSNBASECASE(v_id)

2: v, <~ GETCOORDINATE(v_id, z); v, <= GETCOORDINATE(v_id,y);
3: Apg < GETWAY(v_id, H); Ay < GETWAY(v_id,V);

4:

5: Ty-start € Uy}

6: if Ay <0 then

T: Tg-interval <= |0, Vg;

8: else

9: Ta-interval <= |Vz, dim + 1];
10: end if

1 Ty finish < Uy + O

12: fsn < {r}k;

13:

14: return {fsn, Ay, Ay}

15: end function

The function GETRECTANGLES is the same as before (see Algorithm [4)). The first two
parameters define the starting point and the V-line that limits the visibility from v.

We use these parameters to customize GETFSN, as follows.

If v belongs to an extreme piece of Type I then [, defines [;, as we observe in Fig-
ure [3.9(a).

In the original version of the Inflate-Paste algorithm, [, is the x-coordinate of the first
V-edge that intersects the horizontal extension of ey(v) and blocks the rectangular
visibility (or a V-line of the grid boundary when there is no such V-edge). However,
from the proof of Proposition [3], if v belongs to a Type I piece, we know that I; is
a vertical limit that never surpasses a V-edge of this kind, since [ is always a value

between v, and ay(v),.
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Algorithm 16 GETFSN for thin grid n-ogons, for n > 6.
1: function GETFSN(v_id)

2: v, <~ GETCOORDINATE(v_id, z); v, <~ GETCOORDINATE(v_id,y);
3: Ag < GETWAY(v_id, H); Ay < GETWAY(v_id, V),

4:

5: if GETTYPE(v_id) = I then

6: 1, _td < GETREFLEXI(v_id); I; <~ GETCOORDINATE(r;, _id,x);
7: fsn <= GETRECTANGLES((vy, vy), l1, A m, Ay );
8:

9: else //GETTYPE(v_id) =11

10: agv_id <~ GETADJACENT(v_id, H);

11: apVy < GETCOORDINATE(agv_id, x); agvy < GETCOORDINATE(agv_id,y);
12: ly < GETFSNX-LIMIT((vg, vy), Am, Ay );

13: fsn' < GETRECTANGLES((apvg, agvy), lu, A, Av);

14: fsn «+REFINEFSNII(fsn',v_id, Ag);

15: end if

16:

17: return {fsn, Ag, Ay}

18: end function

Y ly

(a) (b)

Figure 3.9: (a) GETRECTANGLES((vg,vy),lr, Am,Av), for Type I. (b) GETRECTAN-

GLES((ap Vg, apvy),lz, A, Av), for Type I1.
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If v belongs to an extreme piece of Type II, the starting point is (ag(v)s, an(v)y)
instead of (v, v,). This means that we simply want all cells in F’'SN(v) that are not
between v, and ay(v),. In fact, from the proof of Proposition , we know that only

cells surpassing ay(v) can be selected in this case.

This leads to the restriction illustrated in Figure [3.9(b). However, we may have to
refine the region further if there are some other edges that obstruct visibility, as the
H-edge ¢’ in the example we show in Figure m(a). For that purpose, we introduced

a new function REFINEFSNI/, to check that and finally get the correct region (see

Figure [3.10|(b)).

(a) (b)
Figure 3.10: Case Type II: (a) fsn' < GETRECTANGLES((apvy, afgvy),le, Ag, Ay). (b)

fsn < REFINEFSN(fsn',v_id, Ag).

As we mentioned above, the function INITTYPES initializes C' and the types in the first
iteration and UPDATETYPES updates them in the following iterations. These functions
are presented in pseudocode as Algorithm [I7 and Algorithm [I§]

The auxiliary functions used in the algorithms are described in Table [3.1]
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Algorithm 17 Setting set C' and type initialization.

1: function INITTYPES(v_id,agv_id,c_id,ayc_id,(c,c),egv_x-interval)

© Cy
2: ayapv_id < GETADJACENT(agv_id,V);

3: C «+ {ayagv_id,c_id};

4:

5: if ¢, € eyv_z-interval then

6: C+ CU{v_id,agv_id};

7 SETTYPE(agv_id,ayagv_id,I); SETREFLEXI (agv_id,ayagv_id,ayc_id);
8: SETTYPE(v_id,c_id,II);

9: else

10: ayv_id < GETADJACENT(v_id,V);
11: C «+ CU{ayc_id,ayv_id};
12: SETTYPE(c_id,ayc_id,I); SETREFLEXI(c_id,ayc_id,agv_id);

13: SETTYPE(ayv_id,ayagv_id,11);
14: end if

15: end function

Algorithm 18 Updating set C' and adding the type of the new extreme piece.

1. function UPDATETYPES(v_id,agv_id,c_id,ayc_id)

2: if GETTYPE(v_id) = I then

3: ayv_id < GETADJACENT(v_id,V);

4: C <« (C\A{ayv_id})U{c_id};

5: SETTYPE(c_id,v_id,II);

6:

7 else //GETTYPE(v_id) =11

8: C <+ (C\{v_id,agv_id})U{c_id,ayc_id};

9: SETTYPE(c_id,ayc_id,I); SETREFLEXI(c_id,ayc_id,agv_id);

10: end if

11: end function
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Function Description Algorithms
Assigns the type 7 to the vertices muEmniE
SETTYPE(p id,q id,T) 17, 18} {19
p_td and q_id. —
Used for Type I cells to associate the
SETREFLEXI (p_id,q_id,r;, id) reflex vertex r;, _id to the convex 17 (18] {19

vertices p_td and q_id.

Returns the type of the convex
GETTYPE(p_id) , ,
vertex p_id.

Returns the V-cut [; associated to
GETREFLEXI(p_id)
the convex vertex p_id.

Used if v is of Type II to refine fsn/,
REFINEFSNII(fsn',v_id, Ap) ensuring that all points are

=

rectangularly visible from v.

Table 3.1: Some auxiliary functions of the generator of thin grid ogons.

3.4 Spiral Grid n-Ogons

In [23], it was proved that the spiral grid n-ogons are a proper subclass of the thin grid

n-ogons, and the following result.

Lemma 3. Only spiral grid n-ogons can yield, by Inflate-Paste, spiral grid (n + 2)-

0gons.

We exploit these properties to develop a generator for spiral grid n-ogons based on the

one for the thin grid n-ogons.

All we need is to restrict the set C of active convex vertices, to keep all reflex vertices
in one chain and all the convex vertices in another chain. For » > 1, there are only
two active vertices in each iteration. By case analysis, we conclude that for a Type I
extreme piece, the active convex vertex v is the one that has a reflex adjacent. This
reflex vertex will become adjacent to the new reflex. If the piece is of Type II, we must

select v as the convex vertex whose two neighbors are convex vertices. When we glue
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the new rectangle, ay (') is the new active convex vertex if the new piece is of Type II.

Otherwise, if the new piece is of Type I, ay (¢’) becomes the new active convex vertex.

Hence, the thin grid ogons Inflate-Paste version can be adapted to create spiral grid
ogons. We change the instructions that update set C' in the INITTYPES and UPDATE-
TYPES functions. In INITTYPES (Algorithm , line 3 is replaced by the instruction
C < (). The modified UPDATETYPES is described in Algorithm [19]

Algorithm 19 Customized version of UPDATETYPES to create spiral grid ogons.

1: function UPDATETYPES(v_id,agv_id,c_id,ayc_id)

2: if GETTYPE(v_id) = I then

3: SETTYPE(c_id,v_id, I1);

4:

5: else //GETTYPE(v_id) =11

6: C + (C\{v_id})U{ayc_id};

7: SETTYPE(c_id,ayc_id,I); SETREFLEXI(c_id,ayc_id,agv_id);
8: end if

9: end function




Chapter 4

a-CAGP in Steiner Path Orthogonal
Polygons

This chapter addresses the Chromatic Art Gallery Problem with edge-aligned vertex
a-guards (a-CAGP), for o € {7, 7,27}, focusing on Steiner path polygons. It is known
that Xg, (P) < 2 for spiral polygons and Xg, (P) < 3 for staircase polygons [7]. We
show that the chromatic a-guard number of any Steiner path orthogonal polygon P

satisfies Xg, (P) < 3, for a € {7, 7,27}, and this combinatorial bound is tight.

4.1 On the Structure of Steiner Path Ogons

A path orthogonal polygon is an orthogonal polygon P such that the dual graph of its
rectilinear partition I1gy (P) is a path graph. When no rectilinear cut links two reflex
vertices, which means that all horizontal and vertical cuts intersect the boundary at
Steiner points (i.e., at extra points, other than vertices of P), we call such a polygon a

Steiner path orthogonal polygon (see Figure .

All thin grid ogons are Steiner path polygons and we can obtain path polygons from
thin grid ogons by shifting the grid lines. In addition, our generator GENERATEOGON
can produce both Steiner path orthogonal polygons and path orthogonal polygons that
are not Steiner path orthogonal polygons by asking for polygons in general position or

not in general position.

23
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(a) (b)

Figure 4.1: (a) A path not Steiner path. (b) A Steiner path.

For a Steiner path polygon P with r reflex vertices, Ilgy(P) = 2r + 1. In our study
of [a-CAGP], we consider a decomposition of P into L-shaped pieces, where each piece
consists of the three r-pieces that are incident to a given reflex vertex v of P. We call

it a turn-piece (or the turn-piece of v).

In addition to this decomposition, we consider a refinement of Iy (P) that turned
out to be very useful also. The refinement is obtained by triangulating the r-pieces
of ITgy (P) that contain two reflex vertices, as opposite corners. The r-piece is split
into two triangles by adding the diagonal that links those vertices. We call each half
a A-piece. Using this partition, we can decide whether an r-piece could be covered in

cooperation or whether the piece requires a guard that can see all its points.

We can restrict the analysis to r-pieces shared by two adjacent turn pieces. Let p;
and py be the two reflex vertices that define the two turn pieces. Up to symmetry, the

relevant cases are the ones we sketch in Figure [4.2]

(a) (b) ()

Figure 4.2: Checking whether g; and go can jointly guard the r-piece that contains p; and ps.
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When p; and ps define an edge of the polygon (that is, the two turn-pieces define an
U-shaped piece), as in Figure (a), two guards located at g; and go cannot assist each
other to cover the r-piece that contains the edge pips. Actually, there would be points
of P in a neighborhood of that edge that cannot be covered unless the guard sees all

the points in the r-piece. So, the r-piece cannot be guarded in cooperation.

When p; and p, are in different chains (that is, the two turn-pieces define a staircase),
as in Figures (b)—(c), g1 and g9 can assist each other to fully cover the r-piece with
opposite corners p; and ps if and only if each of the two A-pieces is completely covered
by one of them (i.e., g; covers the A-piece with label 1 and g covers the A-piece with
label 2).

Indeed, as we see in Figure (c)7 if g1 does not cover the A-piece labelled 1, then,
even if gy can cover some part of that piece, there would be some points near py that
were not guarded. The same holds in the case where g; does not cover all points of the

A-piece labelled 2, now for p; instead of ps.

For solving[a-CAGP]in Steiner path polygons, we can exploit this property further. Let
us assume that we are checking whether a given polygon P admits a 2-colorable guard
set. Now, suppose that the staircase piece is part of a larger staircase, which includes

vertex g that together with g, can see the piece defined by p; and ps, as depicted in

Figure [£.3]

Figure 4.3: A fragment requiring 3 colors if we use g and g2 to guard the r-piece given by p; and ps.

Clearly, there are points of P in the neighborhood of ey (g;) that cannot be guarded
either by g, or g, for instance in the shaded region labeled with w. Since the two guards
g and gs, as well as any guard that can cover w see py, then there is a conflict between
at least three guards. So, the guard set is not 2-colorable (as it requires at least three

colors).
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In the next sections, we will show that there always exist a 3-colorable a-guard set for
any Steiner path orthogonal polygon and that there are instances that require three

colors. The previous observations allow us to simplify the analysis of the problem.

4.2 Minimum Number of Colors for Steiner Path Ogons

We looked for combinatorial lower bounds for the chromatic guard number Xg_ (P),

that can hold for every P, assuming edge-aligned vertex a-guards with a € {5, m,27}.

Although our first impression was that the problem could be simple for a = 7, in the

end it turned out to be more difficult than the case when o = 27. Indeed, our initial

conjecture that two colors could be sufficient if o = 7 was not true. We concluded
that a Steiner path orthogonal polygon can have a long staircase requiring two colors
and may require a guard in a vertex that sees all the vertices along the “diagonal” of
another long staircase, leading to a 3-coloring. This cannot be avoided, even when
we restrict to 5-guards. The instances we constructed by hand for proving the lower

bounds are of that kind and symmetric (e.g., the instance depicted in Figure [4.4)).

(%) V10
V11 V12
wn Weg
vr Wivg U13 V14
ws U5 105 Vg V15 Ve
V3 Vy V17 V18
Wa
U1 Vg V19 V20

Figure 4.4: A Steiner path ogon that has no 2-colorable vertex 2m-guard set.

In the proof of Proposition stated below, we show that this instance has no 2-
colorable vertex 2m-guard set. The shaded ellipses indicate regions that will be useful
to prove the existence of conflicts. We refer to these useful regions as witness regions

(witnesses or critical regions).
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Proposition 4. For n > 20, there are Steiner path n-ogons P such that Xg, (P) > 3,

for vertex 2m-guards.

Proof. First we prove that the instance given in Figure [£.4] requires a 3-coloring.

Clearly, to cover the witness region w; (on the top of the polygon), we need a 27-guard
at either vg, v1g, v11 or v12 and each of these vertices sees all the reflex vertices of P
that belong to one the two staircases (i.e., that lie on one of the two oblique lines in e

color).

Without loss of generality, let us focus on the staircase that contains v;. The witness

region ws requires a 2m-guard at either vy, vy, v3 or vy.

If the guard is located at either v; or vz, we need another guard to cover the witness
region ws, because neither v; nor v see ws. The new guard must be located at either
Ua, V4, Us, U7 Or vg. All of these vertices, as well as v; and vs, see the vertex v,. Thus,
if we locate a guard at vy or v, we need at least two colors for any guard set for that

staircase.

Now, let us see what happens if we locate a guard at v, to cover w,. Since vy cannot
see the witness region wy, we need another guard at either vy, vs, vg, v7 or vg. All these
vertices, as well as vy, see the vertex vs. Therefore, we need at least two colors for any

guard set for that staircase if v, is used.

In both cases, if we place a 2w-guard at either vy or v1; to cover the witness region

w1, then another conflict arises at vy or vs, and hence we need three colors (at least).

Instead of vyy and vy1, we could select either vy or vi5 to locate a guard to cover the
witness wy. Nevertheless, since the polygon is symmetric, similar conflicts will arise in

the other staircase (with vs, vy and v; replaced by vig, v19 and vy for the analysis).

Finally, we consider the case where the guard that covers wy is located at vy. The
analysis is slightly different. The witness ws requires another 27-guard, which must be
placed at either vs, vg, v7, vg or v1;. All these vertices, as well as vy, see vg. So, we

need at least two colors.
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If we select v as the new guard, the witness region w; will be covered, but the witness
wg will not. Hence, a third guard is needed to cover wg and it must be located at either
Vg, V19, V12, V13 Or v15. All these vertices, as well as v, and v;1, see v1g. Therefore, we
need at least three colors. Instead of vy1, we could select one of the vertices vs, vg, v7
and vg to cover ws. Then, we need one of the four vertices vg, v1g, v11 or v12 to cover
the witness wy. But, v1y and vy will raise a conflict at vg, asking for a third color and,

by symmetry, also vg and v12 will raise conflicts in the other staircase.

This concludes the proof that there is no 2-colorable vertex 2m-guard set for the Steiner
path ogon given in Figure [£.4] From this instance, if we extend one of the staircases
downwards, we get a family of Steiner Path n-ogons, with n > 20, whose chromatic

guard number is greater than 2, vertex 2m-guards. O

Both for @ = m and a = 7, the instance we give in Figure @ admits a 2-colorable
edge aligned a-guard set. Nevertheless, the instance depicted in Figure [£.5] which we

call “the space invader”, requires three colors in that case.

V2

Figure 4.5: A Steiner path ogon that has no 2-colorable vertex a-guard set, for a =, 5.
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We constructed this instance by hand, after several attempts to design an algorithm
for finding 2-colorable guard sets, for 7-CAGP. The polygon is symmetric with respect
to the bissector of the topmost H-edge and the labels we use in the right side of the
picture, for the vertices and also for the r-pieces and A-pieces, reflect their counterparts

in left side.

Since the analysis of the problem was even more complex than the former one, we
modeled this instance as a constraint satisfaction problem and used a constraint pro-
gramming system to assist us in the proof. The mathematical model we present in this
section is slightly different. It is based on binary integer programming and it is closed
related to the generic model we implemented in our prototype solver for [a-CAGP] This

solver is described in the next chapter.

4.2.1 A BIP Model for Checking Whether Xy (P) < k

Let G be the candidate guard set and let I be the color set, with || = . For every
g € G and k € K, we define a (binary) decision variable z,; whose value is 1 if and

only if g is selected and assigned color k. Otherwise, z,; = 0.

For a = 7 and a = 7, there are two possible ways of locating an edge-aligned a-guard
at a reflex vertex v. We use v if it is aligned with the H-edge and v" if it is aligned
with the V-edge incident to v. Because of that we separate the set of convex vertices
from the set of the reflex vertices, and denote them by C and R, respectively. Then
G=CU{vf vW|veR}

The constraints of the model must guarantee that the selected guards cover the whole
polygon, there is at most one guard at each vertex, and there are no color conflicts.
The guarding problem is modeled as a set covering problem. For that purpose, we
consider a decomposition II of the polygon and require that each piece of II can be
covered by at least one guard in the guard set. Let F; be the set of guards from G that

can see a given piece f € II, and F be a set of all Fy, for f € II.
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The following constraints require that the selected guard set covers all pieces of IT and

that at most one guard is located at each vertex.

MY wgn>1, for all F e F (4.1a)
geF kek

Z%,k <1, forallveC (4.1b)
kek

Z(%H»k +a,vy) <1, forallv e R (4.1¢)
kek

We will now define constraints to discard color conflicts (incompatibilities). For that
purpose, we identify a set of critical points or regions, and determine the subset I of G
that can see each one. Let Z be the set of all subsets I of (possibly) conflicting guards.
The following constraint states that no two guards in such a set I can be assigned the

same color.

> w1, forall k € Kand I €T (4.2)

gel

We will now see how we used this model to check that Xy, (P) > 2 holds for the space

invader, for a = 7, .

4.2.1.1 The Data for the “Space Invader” Model

As we discussed above, in Section [4.1], for checking whether a Steiner path polygon P
admits a 2-colorable guard set, we can take IT as the refinement of Iy (P) obtained by
triangulating the r-pieces that have two reflex vertices as opposite corners. This is the
partition we considered for the “space invader” polygon, as we can see in Figure [4.5]
Since the polygon is symmetric, we use f; to label the pieces on the left side and f!
to label the corresponding piece on the right side, for 1 < ¢ < 18, and fi9 to label the
r-piece on the top. The set of a-guards that can see f; is given by F; and the same

applies to f/ and F}.

It is worthwhile noting that we are not looking for guard sets of minimum cardinality.
Otherwise, in general, we need to take a partition that gives a more accurate model

(for instance, the partition induced by the visibility regions of all guards |16}, 17]).
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In the same way, in order to show that Xg_ (P) > &, for some constant x (for instance,
k = 2), we do not have to identify all possible color conflicts, we can prove that the
constraints are already inconsistent for a proper subset. We followed this approach in
the model defined for “space invader”, and restricted the critical points to the vertices

of the polygon.

Hence, the conflict set I; refers to all guards that can see vertex v; and we take advantage

of symmetry, defining I/ as the set of all guards that can see the vertex v}, for 1 <1i < 16.

Since the model is incomplete, if we find a solution using x colors, Xg_ (P) # k can be
a false negative and we must check whether or not G, raises other conflicts that were

not taken into account in the data.

Nevertheless, when we defined Z = {I;, I/ | 1 <i < 16} and x = 2, the model for the

)

us

“space invader” instance was inconsistent, implying that Xg, (P) > 2, for a = 7, 7.

The data is given in Figures and [B.2, in Appendix Bl We omitted the values of F
and I! because they can be recovered (by the reflection) from the values of F; and I,

for all 4.

As for the previous case, we can extend one of the staircases to define a family of

Steiner path n-ogons, for n > 32, with similar properties. This concludes the proof of

Proposition

Proposition 5. For n > 32, there are Steiner path n-ogons P such that Xg, (P) > 3,

™

for edge-aligned verter a-guards with o = 7 and o = 7.

4.3 Maximum Number of Colors for Steiner Path Ogons

In this section, we show that three colors are always sufficient for any Steiner path
orthogonal polygon, that is, we prove the upper bound Xg, (P) < 3, for a = 7,7, 27.
The proof defines an algorithm, linear in n, that yields a 3-colorable guard set for the

instance given as input.

Proposition 6. Any Steiner path ogon P can be covered by edge-aligned vertex 7 -

guards and using at most 3 colors.
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Proof. Let us consider a decomposition of P in turn-pieces, each one defined by
some reflex vertex of P. For a given turn-piece, the turn-piece can have two possible
orientations only (up to symmetry) and, therefore, in three consecutive turn-pieces we

have four cases to check.

Let r = 2m + s, with 0 < s <1 and m > 0, and define an enumeration of the reflex
vertices, starting from one endpoint of the path. For all 0 < k& < m, the label v is
assigned to the reflex vertex 2k +s and v;" to the following one (i.e., to the reflex vertex

2k +s+1).

We proceed by induction on k, preserving the following invariant.

e P can be totally covered by vertex 7-guards, with a 3-coloring, until the

first two r-pieces incident to v}, in the enumeration order;

e There is at most two vertex 7-guards seeing the r-piece that is incident to

v’ but not to the two adjacent reflex vertices (we call it the exclusive piece of

v );

o There is at most one vertex f-guard seeing regions that are after the

exclusive piece of v}

Base case: Figure 4.6] shows the location of guards for £k = 0, for all cases, up to

symmetry.

vy Vo vy
)

(a (b)

Figure 4.6: The 7-guards placement (e color) to cover the regions (e color) with the first s reflex

vertices of P, including the first two vy ’s r-pieces. (a) The case s = 0. (b) The cases s = 1.
Induction step: Now, let us assume that for step k all the three properties referred
above are kept, and check that the same can happen for step k + 1. Figure depicts

the four cases for the turn at v, ; and the proposed location for the guards for them
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(we always ignore symmetries and the true dimensions). By construction, there is at

most one guard at each vertex.

Figure 4.7: The 7-guards placement (e color) to cover all the vyy1’s 7-pieces and the exclusive piece
of v,';_l. Such regions are colored by » and . In all cases, locally, the Z-guards are 2-colored and there
is at most one of them seeing the exclusive piece of Ulj+1 (which has e color), possibly surpassing it.
Moreover, there is exactly one guard seeing something on the exclusive piece of v;" (which has also e

color) but that cannot see anything before that.

By the induction hypothesis, all the r-pieces from the first 2k + s reflex vertices of P
are covered and the exclusive piece of v} too, and 3 colors are sufficient. Furthermore,
there is at most two guards seeing the exclusive piece of v; and at most one guard, g,

that could see regions after this r-piece.

In Figure [1.7] we can check that, with the additional guards, P is totally covered until
the first two r-pieces incident at U}Ll- At this point, there is no additional guard seeing
something before the exclusive piece of v}, only one seeing this r-piece, and these new
guards are 2-colorable so that we can use 3 colors in total to include the possible g’s

conflicts.

From Figure [£.7] we see that only ¢ and one of the new guards may see the exclusive

: +
piece of v, ;.

Finally, we check that there is no more than one guard seeing regions after the exclusive
piece of v;7,,. It is easy to see that this property holds in the cases (a) and (b). For
the cases (c) and (d), the guard g may possibly have visibility rays that surpass v, ;.
However, by inspection of these two cases, we see that only one of the guards, either
g or the new one, can see more than the exclusive piece of v:ﬂ. Hence, only one
guard can see regions after that exclusive piece, implying that the third property also

holds. O
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The proof of Proposition [6] can be easily adapted for a 3-coloring by m-guards and
2m-guards. Corollary [I] and Corollary [2] state these results.

Corollary 1. Any Steiner path orthogonal polygon can be covered by vertex mw-quards

and using at most 3 colors.

Proof. Exactly the same, but every 7-guard is replaced by a m-guard. O]

Corollary 2. Any Steiner path orthogonal polygon can be covered by vertex 2mw-guards

and using at most 3 colors.

Proof. The proof is similar, with every guard replaced by a 2w-guard, except
that for the cases (a) and (b) of the induction step (see Figure the new location

for the guards is as we show in Figure [1.8

Figure 4.8: The new location of 27-guards, replacing case (a) and (b) of Figure

These proofs give us O(n) time algorithms for finding a 3-colorable guard set in each

case.

As regards the cardinality of the computed guard set, at least |7 | guards are necessary
for all the three ranges, because the best case occurs when we add exactly one guard

for every k, with 0 <k < | 7] (we recall that 5] +1 = [%F]).

For the worst case, assuming 7-guards or m-guards, we need § — 1 guards, since we

T

may have to add two guards for each k, with 1 < k < [Z] plus another for & = 0.
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Thus, we have 2 x [ +1=2x [7] —1 and

21 if n is a multiple of 4
2 X L%J —1={"
2—-2 otherwise

Nevertheless, for 27-guards, the upper bound is | ], since we always add exactly one

guard for each k, with 0 < k < | 7], in all cases. Thus, assuming 27-guards, we actually

use | %7] guards to cover any Steiner path n-ogon.

We know that this number is tight for the min-area grid orthogonal polygons , which
are Steiner path grid ogons that consist of a staircase formed by 2r + 1 unit squares.
For all r > 9, they require |7 | vertex 27 guards, for a 3-coloring. As we illustrate in

Figure [4.9] for » = 7 and r = 8, we can have smaller guard sets.

(a) (b) ()

Figure 4.9: (a) r = 7 (n = 18) and three 2m-guards are enough. (b) r = 8 (n = 20) and four

27-guards are enough. (c) r > 9 (n > 22) and |} ] are required.

Let us assume that we may use at most three colors to cover min-area grid ogons and,
above all, we want to minimize the number of vertex 2m-guards rather than the number

of colors.

As we can see in Figure [£.9] for a min-area grid ogon P, a pair of reflex vertex 27-
guards can cover at most eleven consecutive r-pieces in Iy (P). On the other hand,
a pair of 2m-guards, one at a convex vertex and other at a convex or reflex vertex, can

cover at most nine r-pieces.

It is noted that a 27-guard at some reflex vertex has a vision ray traversing the staircase

(color e in Figure. The min-area grid 18-ogon can be fully covered using only three
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2m-guards at reflex vertices, but inevitably consuming three colors. The min-area grid
20-ogon cannot be fully covered by the same way, it costs at least four colors if we
used more than two 2m-guards at reflex vertices. Four vertex 2m-guards is the optimal
solution, but, once again, three colors have to be consumed. For min-area grid n-ogons
with n > 22, we cannot use 27-guards at two or more reflex vertices; otherwise we need

more than three colors.

With this in mind, we now determine the minimum number of vertex 2r-guards needed
for any min-area grid n-ogon with n > 22. Since only one reflex vertex 2m-guard can be
used in total, and therefore it can cover as many pieces as a convex vertex 2m-guard,
we can restrict to guards at convex vertices. Let us start to cover the region of an
endpoint of the path (an extreme r-piece) and let us call the reflex vertex that induced

that extreme r-piece as v.

The first 27-guard we place sees at most four r-pieces. This maximum number is
reached if the 2m-guard is at the convex vertex of the r-piece incident to v. Together,
this 27-guard and the next one can cover at most eight consecutive r-pieces (by putting
the second on the convex vertex of the incident r-piece of the third reflex vertex).
After the third 27-guard placement, we have twelve consecutive r-pieces guarded. This

placement is 2-colorable.

In summary, four r-pieces can be guarded per vertex 2m-guard, which means that

gy (P
[I H\i( )I}

= [22H] = [22] 27-guards are needed. Note that

n—3 (%T_ngtﬂ if n = 4k

[4+2=37 = |2 otherwise

4.4 Related Work

In a recent paper |14], Fekete et al. present several results on the complexity of (CAGP),

including the following theorem:

Theorem 1. For a simple polygon P with a finite candidate 2m-guards set Gor, it can

be decided in polynomial time whether there is a 2-colorable 2m-guard set.
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The authors stated several properties about a 2-colorable 27-guard set on simple
polygons, that are important to formulate the algorithm. In particular, they showed, for
a 2-colorable 2m-guard set, all vertices in the overlay of the 27-guards visibility polygons
lie on OP. Therefore, they may conclude that the dual graph of a triangulation defined
with these vertices is a tree, in which every edge of a triangle can split P into two
subpolygons, at most. They exploit this property to design a polynomial-time decision

algorithm, based on Dynamic Programming.

This work does not deal with a-guards for o < 27, but we think that the algorithm
works fine for also, with edge-aligned vertex guards. Therefore, we wonder
whether we could have found more quickly a Steiner path orthogonal polygon that is

not 2-colorable if we had run this algorithm for many instances in that family.






Chapter 5

Solving a-CAGP

Over the years, research in the area of[AGP|has led to combinatorial bounds, algorithms

and hardness results for several variations of the problem.

In the previous chapter, we followed the first line of research, exploiting the geometric
structure of the Steiner path orthogonal polygons to derive tight bounds for
on that class. Although it seemed doable for the path orthogonal polygons as well,
the analysis of the problem for that class turned out to be much more complex. For
that reason, we decided to implement a prototype solver for [.-CAGP] to be able to
look for instances or check our conjectures more quickly, using a computer. In the end,
we employed this solver to carry out an empirical study of on random path

orthogonal polygons.

In this chapter, we address the design and implementation of our solver, and present
the results from our empirical study. It is worthwhile noting the algorithms derived
from the proofs of Proposition [6|and of its corollaries, in the previous chapter, compute

a 3-colorable a-guard set for every Steiner path orthogonal polygon P, but cannot be

used to find an optimal solution to on P.

In the last decade, several works in the area of (and, more recently, [34,
33|) focused on the design of algorithms for computing optimal or good solutions for
(possibly large) problem instances, as well as on their implementation and empirical
evaluation. For a thorough survey on experimental work in this area of [AGP] see [27].

Our solver is closely related to the work by Zambon et al. [34].

69
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In a preprocessing phase, the problem is discretized, by making use of packages from

CGAL| Then, it is modeled as a 0-1 problem (a.k.a. [Binary Integer Programming|

(BIP))) and solved using mathematical software for optimization (we used [GNU Linear
IProgramming Kit (GLPK)f| instead of CPLEX).

We will start by describing the mathematical model and then explain the discretization

procedure.

5.1 The Mathematical Model

As for the “space invader” instance, presented in the previous chapter (in Section ,
the discretization of corresponds to a problem o-CAGPW,Z,G. K,C,R),
where W is a set of witnesses for visibility coverage, Z is a set of incompatibilities
(conflicting guard sets), G is the candidate guard set, K is the set of colors that can be
used (we assume that K = {1,2,...,k}, where k = |[K|), and C and R are the sets of

convex vertices and reflex vertices of the polygon.

Each W € W represents the set of guards that see a particular point/region in the
polygon. It is assumed that once all such points/regions are guarded, the polygon
is completely guarded. Therefore, the guarding problem corresponds to the instance
of the set covering problem determined by W. The relevant points/regions and the

corresponding set VW are computed in the preprocessing phase, as well as the set Z.

The candidate guard set G is given by G = CU{v",v" | v € R}, for a = 7 and o = I,
and by G = CUR, if a = 27. As in the “space invader” model, we use v if the guard
at v is aligned with the H-edge incident to v and vV if the guard is aligned with the
V-edge. We restrict to orthogonal polygons.

Our model is based on the one given in |34} 33| for [CAGP| To reduce its size and the
computation time, we restrict G to the set of guards that can see some witness, that

is, we reduce G to G N (U ey W)- Then, the decision variables are defined as follows:

e For every g € G and k € K, we define a (binary) decision variable x,

whose value is 1 if g is selected and assigned color k. Otherwise, x4 = 0.

Thttps://www.gnu.org/software/glpk/
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e For every k € K, we define a (binary) decision variable ¢; whose value is 1

if the color k is used. Otherwise, ¢, = 0.

e The variable z represents the value of the objective function, which is given

by the sum of the values of the variables ¢, for k£ € K.

We look for solutions that minimize the value of z, under the constraints stated below.

kek
D w =1, YIW e W
geW kel
D wgr— a0, VIET, Vkek
gel
> 2ok —1Glex <0, Vk e K
geg
va,k <1, Yv el
kek
Z(wvH,k + xvv,k) < ]-7 YveR
kek
ck — Ckp1 > 0, Vk € K\ {k}, where k = |K|
wa - waﬂ >0, Vi e K\ {x}
9cg 9€9
> x>0, Wk € K
geg

(5.1a)
(5.1b)
(5.1c)
(5.1d)

(5.1e)

These constraints express the for « = 7, Z. For case a = 2m, the model is

’ 9"

similar, except that the constraints are replaced by >, 7, < 1, for all

v € CUTR. These constraints require that there is at most one guard at each vertex of

P. The remaining constraints establish that:

e 5.1b; the set of witnesses (for visibility coverage) is covered, that is, for all

W € W, there is at least a colored guard selected from W;

e [5.1d¢ there are no color conflicts, that is at most one guard that belongs to

a conflict set I € Z can get color k, for all k € IC;
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e [5.1d} if the color k is assigned to some guard then ¢ = 1;
° the color k& + 1 will not be used if k is not used;

e [5.1h} the number of guards assigned color k is greater than or equal to the

number with color k£ + 1;

° if no guard g is assigned color k then ¢, = 0.

The constraints 5.1h|are symmetry breaking constraints. They preserve the value
of the optimal solution (that is, z) but reduce the search space by breaking some trivial
symmetries. Considering that we look for solutions that minimize z, the constraint

is redundant. Nevertheless, it adds some information that can be useful to the solver.

In order to define Z, in the preprocessing phase, we determine the conflict graph (G, P):
two vertices g; and go are linked by an edge in P if there is a point in the polygon that
both ¢g; and g5 can see. In addition to P, we consider a partition of the conflict graph
into disjoint cliques and add these cliques to Z. Although the corresponding constraints
add redundant cuts to the model, they can be useful to improve the performance of the
TLP]solver. As a side effect, we can discard the constraint since we will include in
7 also the cliques that consists of a single guard g. So, when we require that z,; < ¢,
for all £ € KC, for I = {g}, we guarantee that even in that case the guard cannot be

colored with color k unless ¢, = 1.

5.2 The Discretization Procedure

As we mentioned above, the problem is discretized by running a preprocessing phase

to determine the set of witnesses VW and the set of incompatibilities Z.

For that purpose, it is necessary to compute the region that is visible from each guard.
As we see in Figure , the visibility region may be a degenerate polygon (a.k.a. a

non-reqularized polygon), containing some needles.

These needles could be discarded in a model for [AGP] but cannot be discarded in
[CAGP| where we have to ensure that there would be no color conflicts.



5.2. THE DISCRETIZATION PROCEDURE 73

(a) (b)

Figure 5.1: (a) The non-regularized visibility polygon of vertex J-guard at p. (b) The regularized

visibility polygon of vertex F-guard at p.

A polygon P is a reqularized or non-degenerate polygon if its boundary does not have
vertices nor edges lying on each other, i.e., d(P\ OP)U (P \ 0P) = closure(P\ OP), in
the topological sense. Otherwise, P is called non-reqularized or degenerate. Therefore,
in[a-CAGP], we have to be able to handle non-regularized visibility polygons to account
for conflicts, whereas we can restrict the analysis of visibility coverage to regularized

visibility polygons.

5.2.1 The Discretization of the Guarding Problem

In order to discretize the guarding problem, we determine a decomposition I of the
polygon P into a finite set of regions, such that for each f € II and for each a-guard g
in G, either g sees no point in the interior of f or g sees all points in f. Such a region

is called [Atomic Visibility Polygon (AVP)|

A natural decomposition satisfying this property is the one induced by the arrangement
of line segments defined by all edges in P and all edges of the regularized visibility
polygons V(g,C9), for (9,C9) € G,. This arrangement splits P into closed regions
(faces of the arrangement), each one being an [16l, 17, [6]. Nevertheless, the
number of regions (pieces) can be too large. On the other hand, some of these regions

may be redundant (or dominated) in the following sense.

Let S(f) denote the set of a-guards in G, that can see f. Define a strict partial order <

on the set of atomic visibility regions by f; < fs if and only if f; and f, are adjacent
in IT and S(fl) C S(fg), for all fl, f2 e II.
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Clearly, we can restrict the witnesses for visibility coverage to the minimal elements in

that strict partial order. Once the minimal elements are guarded, so is the polygon P.

The minimal elements are called the shadow [AVHPs, in the literature [34, [33]. The
maximal elements are called light [AVPs. Since every [AVP)] f is convex, we can easily
represent it by a single point wy from its interior (e.g., the centroid of a triangle defined
by three points in f that are not collinear). Let W} be the set of a-guards that see the
witness point wy. We will define VW as the set of all sets Wy, with f restricted to the

shadow [AVPk.

5.2.1.1 Implementation

For the implementation, we make use of some packages from [CGAI] First, for each
candidate guard, we compute the visibility polygons, both the regularized and non-
regularized ones. This is done using the library <CGAL/Simple polygon visibility
2.h> from 2D Visibility Computation package.

For 7-CAGP and 7-CAGP, we have to take into account that, at each reflex vertex,
there are two different candidate guards with different visibility cones. Currently, the
package 2D Visibility Computation provides results for 2m-guards only. However, it is
casy to see that the regions we need for a € {7, 7} can be obtained by performing an
intersection of the visibility polygon of the 27-guard with suitable rectangles (which

define the corresponding visibility cone). In Figure |5.2] we show some examples.

To perform these intersections and also the ones we need to identify conflicting guards,
we use the library <CGAL/Nef polyhedron 2.h>, from the 2D Boolean Operations

on Nef Polygons package.

Once we have computed the visibility polygons, we look for the shadow [AVPk and
their witness points. We make use of the package 2D Arrangements to construct the
arrangement defined by the edges of 0P and the edges of the regularized visibility
polygons. We find the shadow [AVP} in a subsequent step.
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() (d)

Figure 5.2: Finding visibility regions of a-guards by clipping the region visible to a 2m-guard, for

ac{f, T}

The arrangement is represented by [Doubly-Connected Edge List (DCEL)| which is a

geometric data struture quite convenient for exploring the decomposition. It keeps
information about the faces, edges, and vertices, incidence relations and adjacency
relations. Each edge is represented by two twin edges (with opposite orientations and

called halfedges). The faces are oriented, meaning that the face is to the left of
every halfedge that delimits it. The twin edges are halfedges of the adjacent faces.

The 2D Arrangements package provides the library <CGAL/Arr extended dcel.h>
that supports the[DCEL]representation and allows to store extra data on faces, halfedges
and vertices. In our case, we need to save extra data on halfedges. The arrangement
of is built by adding one segment (i.e., two halfedges) per iteration. We use the
<CGAL/Arr_observer.h> library to update the information of the halfedges, when

each halfedge pair is inserted to the arrangement.

We represent all the regularized visibility polygons and the polygon itself by [DCEL]
data structures (i.e., a for each one, having the unbounded face, besides the
bounded face that defines the polygon). Then, we assign a label to each halfedge of
such polygons.

For every regularized visibility polygon, we assign label [ to all the internal halfedges

(the halfedges), to represent the (enlighted) region which the guard can see. We
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assign label s to all the external halfedges (the |clockwise (C'W) halfedges), to represent

the (shaded) region which the guard cannot see.

Suppose that we overlay two visibility polygons, already labeled with [/s, and the
overlay induces to three faces. Each of these faces inherits the labels that are in the
edges of the visibility polygons. The face that both guards can cover has [ in all its
[CCW] halfedges and s in all the twin halfedges. Note that this makes sense, the face
is completely enlighted by those guards but the outer faces are not. Each of the other
two faces have [ (s) in the interior (exterior) halfedges, which were inherited from the

halfedges of the visibility polygon where the face belonged to.

With this in mind, halfedges of edges on regularized visibility polygons that are from
edges on the boundary of the polygon instance should be assigned label n ("neutral")
instead of [/s. The reason is that, actually, these halfedges are not delimited by guards
visibility, they are delimited by walls of the polygon instance instead. Therefore, we
set label n to all the halfedges of the polygon instance and, during the construction
of the arrangement, we make sure that n has dominance to [/s values when halfedges
collide. In other words, when two halfeges with same orientation and slope collide and
one has label n and the other has label [ or s, the resulting halfedge is always labeled

with n.

Once the overlay of all visibility polygons and polygon instance is finished, we search
for the shadow [AVPE. This is done by traversing every face, one by one, and finding

the ones that do not have [ assignments in their interior halfedges. These faces are the

shadow |AVP5s [33].

Note that guards that see a shadow face can see faces that are in the visibility polygons
that have delimited this shadow face, by some of their edges. Furthermore, any face
that shares an edge with the shadow face f is covered by all guards that cover f (unless
the edge is from two visibility polygons that only intersect in the boundary). The face
f is free of [ assignments in its interior because, otherwise, there is an adjacent face f’
with s in the halfedge that is twin to the interior halfedge of f with label [, implying
that there is a guard g € S(f) such that g € S(f’) but this is absurd, since f is a
minimal of f’. By a similar reasoning, all internal halfedges in a light do not have

s assignments.
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In Figure [5.3] we provide an example of the obtained in a polygon, using vertex

2m-guards.

n
n
nln n
nin n nn
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S nm l
l nm
nmn s n s
l i l
1 2
l l
nin S S|l nin
311 S
l
n w s m I\ n n
n n n n n

Figure 5.3: AVPsin a polygon for 27-guards. Shadow and light AVPs have color e and -, respectively.

The I/s and n assignments are shown as well.

There still remains the subtle case where the boundaries of two visibility polygons
collide, i.e., there is some pair of edges of these polygons that collide. In these cases,
if such halfedges do not have the same [/s labels, then they have to be changed to s.
Actually, when this happens, it means that the faces that share these halfedges, f and

', have S(f) ¢ S(f') and S(f') £ S(f).

Figure shows a simple example of those cases. If the candidate guard set for this
polygon contains only p and ¢, then the two unique [AVPf are shadows and, therefore,
both guards have to used to cover the polygon.

n n n
n n n
nn nn n\n nin nn nn
D n s n n l n D n ? n
n l n n S n ? q
nn nn n\n nin nn
n n n
n n n

Figure 5.4: An example of colliding halfedges and the analysis of the I/s labels. (a) The overlay of
Z-guard at vertex p. (b) The overlay of T-guard at vertex ¢. (c) The overlay of both F-guards at

vertices p and q.
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Once the shadow are identified, we find the witness points. Each is defined as
the centroid of a triangle inside the corresponding shadow [AVP] Then, we search for

the set of guards that see each of these witnesses.

A guard g sees a witness point w if the intersection between w and the non-degenerate
polygon that is visible to ¢ is not empty. To perform this intersection, we use <CGAL/
Nef polyhedron 2.h> library, from the 2D Boolean Operations on Nef Polygons.

5.2.2 Finding the Conflict Graph

As we mentioned, to define Z, in the preprocessing phase, we determine the conflict
graph (G, P). Two a-guards g; and gy are connected by an edge in this graph if the
intersection between the non-regularized (i.e., degenerate) visibility polygons of g; and

g2 1s not empty.

The set Z consists of the sets {g1,92} of (possible) conflicting guards, defined by P,
and sets of guards that define a partition of the conflict graph into disjoint cliques.
For computing that partition, we implemented a greedy algorithm described in [4]. We

present it in pseudocode as Algorithm [20]

Algorithm 20 Finding a partition of a graph into disjoint cliques.

1: procedure GETDISJOINTCLIQUES(V, Fg)
2 D« 0; i+ 1,

3: while V5 # () do

4: v < GETAVERTEX(Vg);

5: C; + {v};

6: while EXISTCOMMONNEIGHBORS(Vg, E¢,C;) do

7 v + GETMAXIMALNEIGHBOR(V,Eg,C;);

8: C; + C; U{v};

9: end while

10: REMOVEEDGES(Eg, C;); REMOVEVERTICES(V;, C;);
11: D+ DU{C}; i+ i+ 1;

12: end while

13: end procedure
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The variables Vi; and Eg are the sets of vertices and edges of the graph, respectively.

Each C; contains the vertices of a disjoint clique and D is the set of all C;s.

GETAVERTEX(Vg) selects a vertex from V. EXISTCOMMONNEIGHBORS (Vg Eg, C;)
returns true if there is at least one vertex v € C; that is adjacent to every vertex in C;
and, otherwise, returns false. GETMAXIMALNEIGHBOR(V, Eg, C;) returns the vertex

v ¢ C; that is adjacent to all the vertices in C; and has the largest number of neighbors.

REMOVEVERTICES(V;, C;) and REMOVEEDGES(Fg, C;) update the graph, removing

all the vertices that are in C; and all the edges incident to them.

5.3 Preliminary Experimental Results

In this section, we present the results of a preliminary experimental study of
[CAGP)| using path orthogonal polygons. For creating the sample instances, we apply
our generator for thin grid n-ogons (see Algorithm and then the stretcher (see
Algorithm [8]) for spacing the edges randomly.

The empirical tests showed that path orthogonal polygons requiring more than two
colors seem to be very rare. In addition, we realized that our solver will take too much
time for polygons with more than a hundred of vertices, preventing us from getting
some statistics in due time. On the other hand, from our previous experience with
Steiner path polygons and path polygons, we think that the number of vertices is not
a crucial factor to the optimal number of colors, for these families. Therefore, to save
some time, instead of increasing the size of the instances, we decided to increase the

number of polygons in each sample.

For each a € {7,m, 27}, we generate a sample of one thousand path orthogonal
polygons with a number of vertices n between 16 and 64, and run the solver to find
the optimal value of The value of n and c¢Prob is chosen randomly for each
instance, and for the other parameters of Algorithm [§ maxCoord and sTimes, it is

assigned a random number between 7 and 4n each.
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The upper bound x on the number of colors is defined as 4. We conjecture that any
path is 4-colorable and that there are paths requiring this number of colors, but we

could not prove this conjecture.

Indeed, the results were not flashy. We did not find any path requiring four colors and
even paths not 2-colorable were very uncommon. We found only one path P, with 30
vertices, with ng (P) = 3 and not even one P’ with Xg, (P') = 3. For o = 7, the
results were more interesting. We found paths with just 18 vertices not 2-colorable for

edge-aligned vertex m-guards.

The results are shown graphically in Figure [5.5 The graphics describe the percentage
of paths in a particular interval that require more than two colors. In Figure[5.5(a), we
sliced each sample in ten intervals, using the probability of collinearities (i.e., the cProb
parameter of Algorithm. While in Figure (b), we sliced them in six intervals, using

the number of vertices.

As we can see in Figure [5.5(b), the number of vertices does not seem to affect too
much the number of colors and, in these samples, there is a higher percentage of paths
not 2-colorable for n in the range 24 to 40. In Figure [5.5[a), the results showed some
irregularities for edge-aligned vertex m-guards. This is expected somehow, because the
collinearity probability acts only when a particular edge has the possibility to reach
the level of higher edges. Nevertheless, we emphasize that, observing [60, 80[, a greater
number of collinear edges may increase the number of paths requiring more than two

colors.

We also performed some experiments with samples of Steiner paths, with 500 instances
for each o € {§,7,27}. We were trying to find polygons that were not 2-colorable,
with less vertices than the ones we obtained in Section [4.2] For the generation, the
possible values of each parameter were the same as the previous samples of thousand

of instances, unless cProb which had to be 0.

In the end, we could not found even one Steiner path orthogonal polygon requiring
three colors in these samples. Therefore, the work we did by hand to find the instances
presented in Section [4.2] was not in vain. The polygons in this class that require three

colors seem really rare, and therefore are difficult to be found simply at hazard.
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Figure 5.5: Proportion of paths requiring a 3-coloring. Paths organized by: (a) collinearity

probability, (b) number of vertices.






Chapter 6

Conclusion

It was a great experience and gratifying to work on the field of Computational Geome-
try. The research work that led to the algorithms for generating the various subclasses
of rectilinear polygons and to the combinatorial bounds for in Steiner path

polygons was the most interesting part.

We developed a generator for n-ogons, as well as, for the subclasses of the row-
convex, convex, path and spiral n-ogons. These series of generators are minimally
well settled to be added at [CGAIL] a computational geometry C++ library with the
latest version 4.9 betal. We would like to try to analyze samples of polygons given
by those generators to study statistically the minimum number of colors required in
for the correspondent population of polygons, for a € {7, m,27}. However,
unfortunately, we did not have much time to improve the prototype solver, so as to
reduce the runtime. Nevertheless, we ended up with some preliminary results about
path orthogonal polygons. The implementation of the discretization procedure was
tricky because we also had a problem with 2D Boolean Operations on Nef Polygons
package, and it costed us some time to understand it. The problem was that the input
polygons should be saved in the structure in [CCW] order or, otherwise, the resultant
intersections among them are not well calculated. This package was very useful for us
because we needed to obtain non-regularized intersections between visibility polygons

to get the exact conflicts.

83
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Despite of the problem above, we had exact results of , for a € {5, 7, 2},
in a particular subclass of rectilinear polygons, the Steiner paths or even thin grid
n-ogons. We proved that any Steiner path P has Ay, (P) < 3 and that there exists a
family of Steiner paths requiring the three colors, for each o € {7, 7, 27}. Discovering
if two colors were or were not sufficient for these polygons was not easy to get for
a = 5. We created the examples by hand, since by that time we had not developed the
solver for yet. Otherwise, to look for instances, we could have tried to run it
with Steiner path instances created by our thin grid n-ogon generator. If we had first
attempted to work on the solver before hand, we could possibly have saved

some time and eventually have the statistical results for other n-ogon subclasses.

6.1 Future Work

In the near future, we plan to improve the efficiency of our solver, in order

to be able to carry out statistical studies on subclasses of orthogonal polygons.

In the same way, we think it would be worthwhile to look for new heuristics for creating
generic orthogonal polygons from grid ogons, to cater for the unbalancing problems
and collinearity probability in a better way. Currently, cProb parameter defines the
probability that the shifted edge becomes collinear with a higher one when we move
it. As the edges are moved one by one and the same edge can be moved several times,

collinearities may be broken in subsequent steps.

We plan to pursue our ongoing work on combinatorial bounds for on path

orthogonal polygons. We have the following conjecture.

Conjecture 1. Four colors are sufficient and sometimes necessary for path orthogonal

polygons, using edge-aligned vertex a-guards with o = {3, m,27}.

We have already a sketch of an inductive proof that gy (P) < 4, using a similar turn-
piece decomposition. We did not include it in the thesis because we still need some time
to check that there is no flaw. Indeed, the number of cases we have to consider makes
the proof more complex than the one we did for Steiner path orthogonal polygons. We

can observe that, for example, there are nine cases of three consecutive turn-pieces for
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path ogons instead of the four cases for Steiner path ogons (see Figure . We would

like to find a simpler proof.

LLIL .
O

Figure 6.1: The nine cases of three consecutive turn-pieces for path ogons.

We believe that, for each o € {7, 7,27}, there is a path orthogonal polygon P that
Xg. (P) > 4. We think that some instances may have a section that entails a 4-coloring
in a situation similar to the one we show in Figure but we have not found such an

instance.

Figure 6.2: A fragment of a path ogon that may need three colors to be completely covered and a

guard at g induces the fourth color.

Some of the results presented in the thesis are reported in [31].
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upd

(a) (b)

Figure A.1: (a) A grid 24-ogon. (b) A 24-ogon.

F

(a) (b)

Figure A.2: (a) A row-convex grid 24-ogon. (b) A row-convex 24-ogon.



(a) (b)

Figure A.3: (a) A convex grid 24-ogon. (b) A convex 24-ogon.
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(b)

Figure A.4: (a) A thin grid 24-ogon. (b) A path 24-ogon.

(a) (b)

Figure A.5: (a) A spiral grid 24-ogon. (b) A spiral 24-ogon.
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APPENDIX B. THE DATA FOR SPACE INVADER

C = {U7U, ’ Ve {'Ul,'UQ,'Ug,'UG,'U7,'U10,'U12,'U13,'U16}}
R = {Uﬂvl | v e {U47U57’U87U97U1171}147U15}}

K={1,2}

Fy = {vy,v9,0) ,v6}, Fo = {v1,v9, v3, v, 0) 08 wg}, F3 = {vg, vs, v vil 06},
Fy = {vg,vf,vf,vﬁ,vg},& = {U3>Uf,U5HaUé/aUGaUE‘;/7UIO}7

Fﬁ - {U3avg/’vg>v9H?U10}aF7 - {03,04{{7”?7“5,”10},

Fy = {vs, v, v7, vf v v oo}, Fy = {0, vz, 0l 0l v10},

Fio = {U7,U§I7U§I7U107013},F11 = {U77U§I,U§I;U5¥;U107UYpUlB}u

F12 = {’U7,UX,UK,’013}, F13 = {717,U;/,vﬁ,vﬂ,vlg,vlg,vﬁ},

Fiy = {07,71{{7@127@13,7)51}, Fis = {Uﬁ,U12,U13>Uﬂ7016},

Fig = {vﬁ,vlz,v13,vﬁ,vﬁ,v}/5,v16}, Fir = {U12,Uﬂ,UY5,U16},

Fig = {U127U¥4’Ul%vv{g:vl&v,lgvvi(thw = {0%71}167@/1}5[’”16}

F={F,F|1<i<18}U{Fy}

I = {vy,v9,v) 6}, I = {v1, v, v, v Jvg, vy, vl w13},

I3 = {wg, vl vl oY ve, 0¥ v10}, I = {v1, 09, v3, 08 v 0l vg,0Y 0l vis},

Is = {vo, v3, v vH WY g, v vl vig, 013}, Is = {v1, 00, v3, v 0Y vl w6},

I; = {v7, 08 ol vy vi0,0]1, v13, 01, vi6 ),

Is = {wo,v3, v WY vg 0l v vl v, 013},

Iy = {02’Uf?05707’057057UE‘)/’UlovUYlvvli’)}?[lO = {0371};/7@77@57@2‘3/77)5{’”10}7
[11 = {’U7,’U§§/,Uﬁ,UYl,Ulg,Ulg,’Uﬁ,’th}, [12 = {Uﬁ,U12,U13,Uﬁ,vﬁ,?)¥5,1)16,1]i6},
L3 = {vg, v}, 0¥ vg, vl 0Y  vf o)) vie, vz, 08 ),

]14 = {U7,'Uﬁ,Uu,’Um,Uﬁ,Uﬁ,’U}%,UlG}, ]15 = {Ulg,UKL,U%,U}g,’l}m,vilg,vk},
[16 = {0771}{{7@127”}/47”%7UYEnUlG:U/lQ?UiIE{aU{lG}

T={I,I|1<i<16}

Figure B.1: Data for “space invader”, with edge-aligned vertex m-guards.
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C ={v,v" | v e {v,v,vs,vs, V7, V10, V12, V13, V16 } }
R = {U7U/ ’ (NS {v47U57’U87U970117U147U15}}

K=1{1,2)

Fl = {’U17U27UZ‘1/”U6}’ F2 = {U17U27U37U§I7U6}7F3 = {’U27U37Uf71}£{av6}a

Fy = {vs, vl vl vg,vd }, Fs = {vs,vF v, 08,010}, Fo = {vs, 0¥, vy vl vi0},

Fr = {vg, vl 0¥ vf v}, Fy = {vs, v, v, v&l ,v10}, Fo = {v¥ vz, 08 0l v},

Fig = {v7,v§{,v§,vm,v13}, Fi = {U7,U§I,U10,Uﬂ,v13}, Fip = {07,17;/,1)}/1,1}13},

Fiz = {U7,U3/7U1270137Uﬁ}, Fiy = {U7>Uﬁ7U12,U13,Uﬁ}>F15 = {Uﬁ,vlzwlsavﬁyvm},
Fig = {Uﬁ,U127013,U¥5,U16}7F17 = {0127UK;7UY5,7U16}; Fig = {U12,Uﬂ77}16=vi}5[7”/16}7
F19 = {v%7vlﬁ7vllgv viG}

F={F, F/|1<i<18} U{Fy}

I = {v1,v9, 0], v6}, I = {v1, v, 03, v Jvg, 0¥ vl i3}, I3 = {v3, vl v, vy, v10},

Iy = {v1,v9, v3, 0 0) ol vg, 0¥ vl vis}, Iy = {vg, vz, v 0vE 0¥ vg, vy vl v10, v13),
Is = {U17U2:US>U§I:U6}:I7 = {U7,U§{,U1o,UYp“w;”ﬁva},

Is = {wo, v3, vl 0¥ vg, 08 Y 0l vi0, 013}, To = {ve, vE 0¥ vr, 0l 0l 08 010, 01, v13 ],
IIO = {’03,1}5‘/7?}7,’057?}10},]11 = {U7,’U¥,Uﬁ,1)¥1,1)12,1}137Uﬁ,2)16},

Iy = {Uﬁ,vm,vw,U}%,U16,Uia}>[13 = {UQ,Uf,U§/>U7>U§I>Ug‘;/,012,1113,@5;}7

Iy = {v7,vE via, vis, 08 ol vis, vig ), Iis = {via, v1y, v vls, vie, Vi V6,

L = {077 U{{h 01277]}/4’”167 Uig; U%I’Uiﬁ}

T—{I.I/|1<i<16}

Figure B.2: Data for “space invader”, with edge-aligned vertex J-guards.
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