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ABSTRACT

A geometric graph is a graph whose vertex set is a set of points in the plane and whose edge set
contains straight-line segments. A matching in a graph is a subset of edges of the graph with no
shared vertices. A matching is called perfect if it matches all the vertices of the underling graph. A
geometric matching is a matching in a geometric graph. In this thesis, we study matching problems
in various geometric graphs. Among the family of geometric graphs we look at complete graphs,
complete bipartite graphs, complete multipartite graphs, Delaunay graphs, Gabriel graphs, and
O-graphs. The classical matching problem is to find a matching of maximum size in a given graph.
We study this problem as well as some of its variants on geometric graphs. The bottleneck matching
problem is to find a maximum matching that minimizes the length of the longest edge. The plane
matching problem is to find a maximum matching so that the edges in the matching are pairwise
non-crossing. A geometric matching is strong with respect to a given shape S if we can assign
to each edge in the matching a scaled version of S such that the shapes representing the edges
are pairwise disjoint. The strong matching problem is to find the maximum strong matching with
respect to a given shape. The matching packing problem is to pack as many edge-disjoint perfect
matchings as possible into a geometric graph. We study these problems and establish lower and
upper bounds on the size of different kinds of matchings in various geometric graphs. We also
present algorithms for computing such matchings. Some of the presented bounds are tight, while
the others need to be sharpened.
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PREFACE

This thesis is in “integrated article format” in which each chapter is based on published papers,
conference proceedings, or papers awaiting publication.

¢ Chapter 2 considers the matching problems in Gabriel graphs. This chapter is a combination
of results that have been published in the journal of Theoretical Computer Science [9]
and results that have been presented in the 32nd European Workshop on Computational
Geometry (EuroCG’16) [5].

¢ Chapter 3 considers matching problems in triangular-distance Delaunay graphs. This chap-
ter presents the results that have been published in the journal of Computational Geometry:
Theory and Applications [7]. A preliminary version of these results have been published in
the proceedings of the First International Conference on Algorithms and Discrete Applied
Mathematics (CALDAM 2015) [8].

¢ Chapter 4 considers the strong matching problem. This chapter is based on the results that
have been accepted for publication in the journal of Computational Geometry: Theory and
Applications, special issue in memoriam: Ferran Hurtado [4].

¢ Chapter 5 considers the non-crossing bottleneck matching problem in a point set. The re-
sults of this chapter have been published in the journal of Computational Geometry: Theory
and Applications [1].

¢ Chapter 6 considers the non-crossing bottleneck matching problem in bipartite geometric
graphs. The results of this chapter have appeared in the proceedings of the 26th Canadian
Conference on Computational Geometry (CCCG 2014) [6].

¢ Chapter 7 considers the non-crossing maximum matching problem in complete multipartite
geometric graphs. The results of this chapter have been published in the proceedings of the
14th International Symposium on Algorithms and Data Structures (WADS 2015) [3].

¢ Chapter 8 considers the problem of packing edge-disjoint perfect matchings in to a complete
geometric graph. The results of this chapter have been published in the journal of Discrete
Mathematics & Theoretical Computer Science [2].
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INTRODUCTION

A matching in a graph is a subset of edges of the graph with no shared vertices. A geometric
graph is a graph whose vertex set is a set of points in the plane and whose edge set contains
straight-line segments between the points. In this thesis we consider matching problems in vari-
ous geometric graphs.

In this section we provide a summary of the thesis. First we give a description of various geo-
metric graphs that are considered in this thesis. We also provide the definition of different kinds
of matching problems that we are looking at. Then we provide a brief review of the previous
work on each problem, followed by a summary of the obtained results. Moreover, we present a
brief description of the main ideas that are used to obtain these results.

1.1 GEOMETRIC GRAPHS

Let P be a set of n points in the plane. A geometric graph, G = (P, E), is a graph whose vertex set is
P and whose edge set E contains straight-line segments with endpoints in P. A complete geometric
graph, K(P), is a geometric graph on P that contains a straight-line edge between every pair of
points in P. Let {Py,..., Py}, where k > 2, be a partition of P. A complete multipartite geometric
graph, K(Pq,...,Py), is a geometric graph on P that contains a straight-line edge between every
point in P; and every point in P; where i # j.

For two points p and q in P let D(p, q) be the closed disk having pq as diameter, and let \/(p, q)
(resp. A(p, q)) be the smallest downward (resp. upward) equilateral triangle having p and q on
its boundary. Moreover, let the lune L(p, q) be the intersection of two disks of radius [pq| that are
centered at p and q, where [pq| denote the Euclidean distance between p and q. See Figure 1.1 for
illustration of the following geometric graphs. Assume P does not contain any four co-circular
points. Then the Delaunay triangulation on P, denoted by DT(P), has an edge between two points
p and q if and only if there exists a circle that contains p and q on its boundary and whose
interior does not contain any point of P. The Gabriel graph on P, denoted by GG(P), is defined to
have an edge between two points p and q if and only if D(p, q) is empty. The relative neighborhood
graph on P, denoted by RNG(P), has an edge (p, q) if and only if L(p, q) is empty. Similarly, the
triangular-distance Delaunay graph on P, denoted by TD(P), is defined to have an edge between two
points p and q if and only if /(p, q) is empty. The theta-six graph on P, denoted by O¢(P), has
an edge (p, q) if and only if 7(p, q) or A(p, q) is empty. The Lo-Delaunay graph on P is defined
to have an edge between two points p and q if and only if there exists an empty axis-parallel
square that has p and q on its boundary.

The order-k Gabriel graph on P, denoted by k-GG, has an edge (p, q) if and only if D(p, q)
contains at most k points of P\ {p, q}. Note that 0-GG is equal to GG(P). The k-RNG graph is
defined similarly. The order-k triangular-distance Delaunay graph on P, denoted by k-TD, has an
edge (p, q) if and only if /(p, q) contains at most k points of P \ {p, q}. Note that o-TD is equal
to TD(P).

Given a radius r > 0, the disk graph on P, denoted by DG(P, r), has an edge (p, q) if and only if
the Euclidean distance between p and q is at most r. The unit disk graph on P, which is denoted
by UDG(P), is DG(P, 1).
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%
1-GG 1-TD UDG

Figure 1.1: Some geometric graphs.

1.2 MATCHING PROBLEMS

Consider a geometric graph G. We say that two edges of G cross if they have a point in common
that is interior to both edges. Two edges are disjoint if they have no point in common. A matching
in G is a set of edges that do not share vertices. A maximum matching is a matching with maximum
cardinality. A perfect matching is a matching that matches all the vertices of G. When we talk about
perfect matchings we assume that G has an even number of points. A plane matching is a matching
whose edges do not cross. A bottleneck matching is a maximum matching in G in which the length
of the longest edge is minimized. Given a matching M and geometric shape S, we say that M is
a strong matching if we can assign to each edge (p, q) in M a scaled copy of the shape S such that
p and q are on the boundary of S and all the shapes are pairwise disjoint (do not overlap). A
bottleneck biconnected subgraph of G is a 2-connected spanning subgraph of G in which the length
of the longest edge is minimized. A bottleneck Hamiltonian cycle is defined similarly.

Let {Py,..., Py}, where k > 2, be a partition of P. Assume the points in P; are colored C;. P is
called color-balanced if no color is in strict majority, i.e., [P;| < |P|/2 for alli € {1,...,k}. A matching
in K(Pq,...,Py) is called a colored matching. A balanced cut is a line { that partitions a color-
balanced point set P into two color-balanced point sets Q1 and Q> such that max{|Q1],[Q2[} < %IPI.
See Figure 1.2(a). The ham-sandwich cut is a balanced cut; given a set of red and blue points,



1.3 PREVIOUS WORK

there exists a line that simultaneously bisects the red points and the blue points. A ham-sandwich
cut can be computed in O(n) time [30].

(b)

Figure 1.2: (a) A balanced cut. (b) A packing example of three edge-disjoint plane perfect matchings.

We say that a set of subgraphs is packed into K(P), if the subgraphs in the set are pairwise
edge-disjoint (do not share any edge). In a packing problem, we ask for the largest number of
subgraphs of a given type that can be packed into K(P). Among all subgraphs of K(P), plane per-
fect matchings, plane spanning trees, and plane spanning paths are of interest. See Figure 1.2(b).
We say that a graph G is matching persistent if by removing any perfect matching M from G, the
resulting graph, G —M, has a perfect matching. We define the matching persistency of G as the
size of the smallest set M of edge-disjoint perfect matchings that can be removed from G such
that G — M does not have any perfect matching. The plane matching persistency of G is defined
similarly while each of the matchings in M is plane.

1.3 PREVIOUS WORK

In a (strong) matching problem, usually we are looking for a (strong) matching of maximum
cardinality in a specific geometric graph. Dillencourt [26] proved that the Delaunay triangulation
of P, denoted by DT(P), contains a perfect matching. Abrego et al. [2] proved that DT(P) has a
strong circle matching of size at least [(n—1)/8]. Abrego et al. [2, 3] proved that L-DT(P) has
a perfect matching and a strong matching of size at least [n/5].

A problem related to the bottleneck matching problem is the containment problem in which we
want to determine the smallest value k* for which k*-GG contains a bottleneck perfect matching
of every point set P (or of K(P)). Chang et al. [25] proved that a bottleneck perfect matching of P
is contained in 16-RNG. Since for a given point set k-RNG is a subgraph of k-GG, this implies that
16-GG contains a bottleneck matching of P. Chang et al. [24] showed that a bottleneck biconnected
subgraph of P is contained in 1-RNG, and hence in 1-GG. In [1] it is shown that a bottleneck
Hamiltonian cycle for P is contained in 15-GG. Recently, Kaiser et al. [28] improved the bound by
showing that 10-GG contains a bottleneck Hamiltonian cycle of P. This implies that 10-GG has a
perfect matching. They also showed that 5-GG may not contain any bottleneck Hamiltonian cycle
of P.

The bottleneck plane matching problem is to compute a plane perfect matching in a geometric
graph in which the length of the longest edge is minimized. Let {R, B} be a partition of P such
that [R| = [B|. Carlsson et al. [23] showed that the bottleneck plane perfect matching problem
in K(R,B) is NP-hard. When RUB is in general position, they presented an O(n*logn)-time
algorithm. Abu-Affash et al. [5] showed that the bottleneck plane perfect matching problem in

3
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K(P) is NP-hard and does not admit a PTAS (Polynomial Time Approximation Scheme), unless
P=NP. Let A* be the length of the longest edge in an optimal bottleneck plane perfect matching in
K(P). Abu-Affash et al. [5] presented a polynomial-time algorithm that computes a plane perfect
matching whose edges have length at most 2/T0A*.

A plane perfect matching in K(R,B), with |R| = |B|, can be computed optimally in ©(nlogn)
time by recursively applying the ham-sandwich theorem [30]. Let {Py,..., Py} with k > 2, be a
partition of P. Aichholzer et al. [6] and Kano et al. [29] showed that K(Py,...,Py) has a plane
colored matching if and only if P is color-balanced. Kano et al. [29] presented an algorithm that
computes such a matching in O(n? logn) time.

In a packing problem we usually ask for the maximum number of edge-disjoint structures that
can be packed into a complete graph. Aichholzer et al. [7] considered the problem of packing
plane spanning trees and plane Hamiltonian paths into K(P). They showed that at least /n plane
spanning trees can be packed into K(P). They also showed how to pack 2 plane Hamiltonian
paths into K(P).

1.4 OBTAINED RESULTS

We looked at the maximum matching problem in Gabriel graphs and TD-Delaunay graphs. We

showed that 0-GG, 1-GG, and 2-GG has a matching of size at least n_1 2(“57] ), and “51 , re-

spectively [22]. We also showed that o-TD, 1-TD, 2-TD contains a matching of size at least “? ,

Z(n;”, and “z] , respectively [20, 21]. As for Euclidean bottleneck matching, we showed that a
bottleneck perfect matching of P is contained in 9-GG, but 8-GG may not have any bottleneck
perfect matching [22, 18]. As for triangular-distance bottleneck matching, we showed that a bot-
tleneck perfect matching of P is contained in 6-TD, but 5-TD may not have any bottleneck perfect
matching [20, 21]. In [8, 9] we considered the maximum matching problem in o-TD.

In [17] we considered the strong matching problem. We showed that if shape S is a diametral-
disk (a disk whose diameter is a line segment between two input points), a downward equilateral

triangle, and an axis-aligned square then P admits a strong matching of size at least “1—_7], “T?],

and 71, respectively. If both downward and upward equilateral triangles are allowed, we com-
pute a strong matching of size at least 25

For the plane matching problem in complete multipartite geometric graphs, we show how to
compute a plane maximum matching in K(Py, ..., Px) in @(nlogn) time [16]. We also extended
this results to the case where the points are in the interior of a simple polygon [15, 13].

In [4] we considered the plane bottleneck matching problem in K(P), which is NP-hard. We
show how to compute a plane bottleneck matching of size at least 7 in K(P) with edges of length
at most A* in O(nlog® n) time, where A* is the length of the longest edge in an optimal bottleneck
plane perfect matching. We also presented an O(n log n)-time approximation algorithm that com-
putes a plane matching of size at least 2 in K(P) whose edges have length at most (v/2 + v/3)A*.
In [19] we considered the bottleneck matching problem in complete bipartite geometric graphs.

In [14] we considered the problem of packing plane edge-disjoint matchings into K(P). We
proved that at least |log, n| — 1 edge-disjoint plane perfect matchings can be packed into K(P).

1.5 SUMMARY OF THE THESIS

In this section we describe the obtained results in more detail. Moreover we give a brief descrip-
tion of the approaches used to obtain these results.



1.5 SUMMARY OF THE THESIS

1.5.1  Maximum Matchings

In [22, 18, Chapter 2] and [21, 20, Chapter 3] we consider the maximum matching and bottleneck
matching containment problems in k-GG and k-TD graphs. In [22] we showed that 0-GG has a
matching of size at least ™7~ and this bound is tight. We also proved that 1-GG has a matching
of size at least w and 2-GG has a perfect matching. As for Euclidean bottleneck matching,
we showed that a bottleneck matching of P is contained in 9-GG, but 8-GG may not have any bot-
tleneck matching; see [22, 18]. In [18] we also showed that 7-GG may not contain any bottleneck
Hamiltonian cycle of P. In [9, 8] we have shown that o-TD contains a matching of size at least “T*]
and this bound is tight (this result is not included in the thesis). In [21, 20] we proved that 1-TD
has a matching of size at least 2(%7” and 2-TD has a perfect matching. As for triangular-distance
bottleneck matching, we showed that a bottleneck matching of P is contained in 6-TD, but 5-TD
may not have any bottleneck matching. We also showed that a bottleneck biconnected subgraph
of P is contained in 1-TD. In addition, we showed that 7-TD contains a bottleneck Hamiltonian

cycle of P while 5-TD may not contain any. Tables 1.1 and 1.2 summarize the results.

Table 1.1: Lower bounds on the size of maximum (strong) matchings.

’ Graph ‘ Max matching ‘ Reference H Strong matching ‘ Reference ‘
DT 3] [26] (5] [2]
Loo-DT B [2, 3] E 2 5]

[T | [17, Section 4.7]

0-GG [“T*W [22, Section 2.4] [“]—*7]} [17, Section 4.4]
1-GG (2“5;2] [22, Section 2.4] - -
2-GG | 5] [22, Section 2.4] - -

o-TD (25 [0] B [17, Section 4.5]
1-TD (2“57_21 [21, Section 3.5.2] - -
2-TD 1 5] [21, Section 3.5.2] - -

O¢ [“T*W [9] [“T*W [17, Section 4.6]

OUR APPROACH: In order to provide a lower bound on the size of a maximum matching in
k-GG and k-TD, we first give a lower bound on the number of components that result after
removing a set S of vertices from k-GG and k-TD. Then we use the following theorem of Tutte
and Berge. For a graph G = (V,E) and S C V, let G — S be the subgraph obtained from G by
removing all vertices in S, and let o(G — S) be the number of odd components in G — S, i.e,
connected components with an odd number of vertices. In a graph G, the deficiency, defg(S), is
0o(G—S)—|S|. Let def(G) = maxscv defg(S).

THEOREM 1.1 (Tutte-Berge formula [12]). The size of a maximum matching in G is

1
E(n—def(G)).

In order to show that 9-GG and 6-TD contain bottleneck matchings, we do the following. For
a matching M we define the length sequence of M, LS(M), as the sequence containing the lengths



6

INTRODUCTION
Table 1.2: Bottleneck structures containment in k-GG and k-TD.
Distance Bott. struct. ‘ ¢ H Reference ‘ € ‘ Reference ‘
biconnected subgraph | 0-GG [24] 1-GG [24]
Euclidean matching 8-GG || [22, Section 2.3.2] | 9-GG | [18, Section 2.3.1]

10-GG [28]
1-TD | [21, Section 3.3.2]

cycle 7-GG || [18, Section 2.3.3

biconnected subgraph | o-TD
Triangular matching 5-TD

21, Section 3.3.2

[
[
[
[

e [ d

21, Section 3.5.1] | 6-TD | [21, Section 3.5.1]

cycle 5-TD [21, Section 3.4] 7-TD [21, Section 3.4]

of the edges of M in non-increasing order. A matching M; is said to be less than a matching M,
if LS(M) is lexicographically smaller than LS(M;). Then, we show that the matching with the
minimum length sequence is contained in 10-GG and 6-TD.

1.5.2 Strong Matchings

A geometric matching is strong with respect to a given shape S if we can assign to each edge in
the matching a scaled version of S with the endpoints of the edge on the boundary, such that the
shapes representing the edges are pairwise disjoint.

In [17, Chapter 4] we considered the strong matching problem with respect to a given geometric
object S. We proved that if S is a diametral-disk (a disk whose diameter is a line segment between
two input points), then P (and hence GG(P)) has a strong matching of size at least [ =~ ] and if
S is a downward equilateral triangle, then P (and hence TD(P)) has a strong matchlng of size at
least [™51]. In case both downward and upward equilateral triangles are allowed, we compute
a strong matching of size at least [";1] in P (and hence in ©(P)). If S is an axis-aligned square,
then we compute a strong matching of size at least (“—*]] in P (and hence in L, -DT(P)); this
improves the previous bound of [ £ ]. The results are summarized in Table 1.1.

v % 7|

(a) (b) (c)

Figure 1.3: Point set P and (a) a non-strong perfect matching in G, (P) (two shapes overlap), (b) a perfect
strong matching in Gg(P), and (c) a perfect strong matching in G (P).

OUR APPROACH: To compute a strong matching with diametral-disks and equilateral triangles
we present the following algorithm that is depicted in Algorithm 1. For a given point set P and a
geometric shape S € {©, v/}, the edge weighted geometric graph Gs(P) on P is defined to have an
edge between two points of P if and only if there exists an empty shape S having the two points
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on its boundary. The weight of each edge e is equal to the area of S(e), where S(e) is a smallest
scaled copy of S containing e. Let T be a minimum spanning tree of Gs(P). For each edgee € T
we denote by T(e™) the set of all edges in T whose weight is at least w(e). Moreover, we define
the influence set of e, as the set of all edges in T(e™) whose representing shapes overlap with S(e),
ie.,

Inf(e) ={e’: e’ € T(e"),S(e’)NS(e) # 0.

Note that Inf(e) is not empty, as e € Inf(e). Consequently, we define the influence number of T to
be the maximum size of a set among the influence sets of edges in T, i.e,,

Inf(T) = max{|Inf(e)|: e € T}.

Algorithm 1 receives Gs(P) as input and computes a strong matching in Gs(P) as follows.
The algorithm starts by computing a minimum spanning tree T of Gs(P), where the weight of
each edge is equal to the area of its representing shape. Then it initializes a forest F by T, and a
matching M by an empty set. Afterwards, as long as F is not empty, the algorithm adds to M, the
smallest edge e in F, and removes the influence set of e from F. Finally, it returns M.

Algorithm 1 Strong-matching(Gs(P))
T+ MST(Gs(P))
2 F« T
3 M+ ()
4: while F # () do
5: e < smallest edge in F
6
7
8

M+ M U{e}
F + F—Inf(e)

: return M

THEOREM 1.2. Given a set P of n points in the plane and a shape S € {S, </}, Algorithm 1 computes a

strong matching of size at least [%] in Gs(P), where T is a minimum spanning tree of Gs(P).

In order to compute a strong matching with diametral-disks and equilateral triangles, we show
that if S is © then Inf(T) < 17, and if S is 57, then Inf(T) < 9.

The bounds for the strong matching when § is an square is proved by induction on the area
of the smallest axis-aligned square containing P. The bounds for the strong matching when S is
allowed to be upward or downward equilateral triangle is proved similarly.

1.5.3 Bottleneck Matchings

A bottleneck matching in a graph G is a maximum matching in which the length of the longest
edge is minimized. A plane bottleneck matching is a bottleneck matching that is non-crossing.

Table 1.3: Approximating plane bottleneck matching.

time complexity

plane bottleneck

size of matching

Reference

O(n]'S\/logn)

O(nlog2 n)

O(nlogn)

VTN
A*
(V2+V3)A

n/2
n/5
2n/5

[5]
[4, Section 5.4.1]
[4, Section 5.4.2]
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Problems related to computing bottleneck plane matchings in geometric graphs are considered
in [4, Chapter 5] and [19, Chapter 6]. Computing a bottleneck plane matching in K(P) is NP-hard.
In [4], we present an O(nlogn)-time algorithm that computes a plane matching of size at least
“T_] in a connected disk graph. Using this algorithm we obtain a bottleneck plane matching of
size at least % in K(P) with edges of length at most A* in O(nlog® n) time, where A* is the length
of the longest edge in an optimal bottleneck plane perfect matching in K(P). We also presented
an O(nlogn)-time approximation algorithm that computes a plane matching of size at least 2™
in K(P) whose edges have length at most (v/2 +v/3)A*. Table 1.3 summarizes the results. In [19]
we considered the bottleneck plane matching problem in K(R,B) with |R| = |B|. This problem is
NP-hard; we provided polynomial-time algorithms that compute exact solutions for some special
cases of the problem. When RU B is in convex position we solve this problem in O(n3) time that
improves upon the previous algorithm of [23] by a factor of nlogn. If RUB is on the boundary
of a circle we solve this problem in O(nlogn) time. If the points in R are on a line and the points
in B are on one side of the line, we solve this problem in O(n*) time. Table 1.4 summarizes the
results.

OUR APPROACH: In order to compute a bottleneck plane matching in K(P) we do the following.
First we present an O(n logn)-time algorithm that computes a plane matching of size at least "=
in any connected disk graph. Using this algorithm we obtain a bottleneck plane matching of size
at least T in K(P) with edges of length at most A* in O(nlog”n) time.

We show that every minimum spanning tree on K(P) is a minimum spanning tree of UDG(P).
Monma et al. [31] proved that every set of points in the plane admits a minimum spanning tree
of degree at most five that can be computed in O(nlogn) time. Now we present an algorithm
that extracts a plane matching M from a minimum spanning tree T of UDG(P) with vertices of
degree at most five. We define the skeleton tree, T', as the tree obtained from T by removing all its
leaves; see Figure 1.4. Clearly T" C T C UDG(P). For clarity we use u and v to refer to the leaves
of T and T’ respectively. In addition, let v and v/, respectively, refer to the copies of a vertex vin T
and T'. In each step, pick an arbitrary leaf v/ € T’. By the definition of T’, it is clear that the copy
of v in T, i.e. v, is connected to vertices uq, ..., uy, for some 1 < k < 4, that are leaves of T (if T’
has one vertex then k < 5). Pick an arbitrary leaf u; and add (v, u;) as a matched pair to M. For
the next step we update T by removing v and all its adjacent leaves. We also compute the new
skeleton tree and repeat this process. In the last iteration, T’ is empty and we may be left with
a tree T consisting of one single vertex or one single edge. If T consists of one single vertex, we
disregard it, otherwise we add its only edge to M. M has size at least %*1 and can be computed
in O(nlogn) time.

Figure 1.4: Minimum spanning tree T with union of empty convex hulls. The skeleton tree T’ is sur-
rounded by dashed line, and v’ is a leaf in T.
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Then we compute a (possibly crossing) bottleneck perfect matching My of K(P) using the
algorithm in [25]. Let Ap,, denote the length of the bottleneck edge in M. It is obvious that the
bottleneck length of any plane perfect matching is not less than Apq, . Therefore, A* > Ay, . We
consider a “unit” disk graph DG(Am,, P) over P, in which there is an edge between two vertices
p and q if [pq| < Apm, . Note that DG(An,, P) is not necessarily connected. Let Gy, ..., Gk be the
connected components of DG(Am,, P). For each component G, consider a minimum spanning
tree T; of degree at most five. We show how to extract from T; a plane matching M; of proper
size ¢ and length A*. We show how to compute M in O(n log®n) time.

To compute a plane matching of size at least 2?“ in K(P) with edges of length at most (V2 +
V3)A*, we do the following. Let DT(P) denote the Delaunay triangulation of P. Let the edges
of DT(P) be, in sorted order of their lengths, ej, ey, . ... Initialize a forest F consisting of n trees,
each one being a single node for one point of P. Run Kruskal’s algorithm on the edges of DT(P)
and terminate as soon as every tree in F has an even number of nodes. Let e; be the last edge
that is added by Kruskal’s algorithm. Observe that e; is the longest edge in F. Denote the trees
inFby Ty,..., Tx and for T <1i <k, let P; be the vertex set of T; and let ny = [Pi|. Then we prove
the following lemma.

LEMMA 1.3. A* > |ey].

By Lemma 1.3 the length of the longest edge in F is at most A*. For each T; € F, where
1 <1 <k, we compute a plane matching M; of P; of size at least % with edges of length at
most (v2 4 v/3)A* and return | J¥_; M. This gives a plane matching of P of size at least %n with
bottleneck at most (v'2 + v/3)A*. This matching can be computed in O(nlogn) time.

The plane bottleneck matchings for the special cases of RUB in K(R,B) are computed by
dynamic programming.

1.5.4 Plane Matchings

There has been much research to extend the well-known ham-sandwich theorem—that partitions
a two colored point set—to more colors; see [10, 11, 29]. For a color-balanced point set P in the
plane we showed how to compute a balanced cut in linear time [16, Chapter 7]. Moreover, by
applying balanced cuts recursively, we computed a plane matching in K(Py,...,Pyx) in @(nlogn)
time. We have also extended this notion for points that are in the interior of a simple polygon [15]
(this extension is not included in the thesis).

OUR APPROACH: Let {R, B} be a partition of P such that |R| = |B|. Assume the points in R are
colored red and the points in B are colored blue. A plane perfect matching in K, (R, B) can be
computed in O(nlogn) time by recursively applying the following Ham Sandwich Theorem.

THEOREM 1.4 (Ham Sandwich Theorem). For a point set P in general position in the plane that is
partitioned into sets R and B, there exists a line that simultaneously bisects R and B.

Let {Pq,..., Py}, with k > 2, be a partition of P. A necessary and sufficient for the existence of
a plane perfect matching in Ky (P1,..., Px) is obtained by the following theorem.

THEOREM 1.5 (Aichholzer et al. [6], and Kano et al. [29]). Let k > 2 and consider a partition
{P1,...,Px}of a point set P, where |P| is even. Then, Kn (P1, ..., Px) has a plane colored perfect matching
if and only if P is color-balanced.
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Table 1.4: Plane colored matchings.

Problem Point set ‘ Time complexity ‘ Reference ‘
general position NP-hard [23]
convex position O(n*logn) [23]
bottleneck 2-colored . 3 i
) convex position O(n?) [19, Section 6.2]
plane perfect matching . .
on circle O(nlogn) [19, Section 6.2.1]

one color on a line o(n%) [19, Section 6.3]

plane maximum matching 2-colored O(nlogn) [27]
k-colored O(nlogn) [16, Section 7.3]

Figure 1.5: Illustrating the balanced cut theorem.

Based on that, we first prove the existence of a balanced cut in a color-balanced point set.

THEOREM 1.6 (Balanced Cut Theorem). Let P be a color-balanced point set of n > 4 points in general
position in the plane. In O(n) time we can compute a line £ such that

1. { does not contain any point of P.

2. L partitions P into two point sets Q1 and Q,, where
a) both Qq and Q; are color-balanced,
b) both Qq and Q; contains at most %n + 1 points.
c) if |P| is even, then both |Q1| and |Q2| are even.

Then, by applying the Balanced Cut Theorem recursively, we can compute a plane perfect
matching in matching in Ky, (Py,...,Px) in ©(nlogn) time.

1.5.5 Matching Packing

Recall that in a matching packing problem, we ask for the largest number of matchings that can
be packed into K(P). A plane matching packing problem is to pack non-crossing matchings to
K(P).

In [14, Chapter 8] we consider the problem of packing perfect matchings into K(P). Let n be
the number of points in P, and assume that n is an even number. We proved that if P is in general
position, then at least [log, n| — 1 plane perfect matchings can be packed into K(P). Moreover,
we show that for some point set P in general position, no more than [ 3] can be packed into K(P).
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If P is in convex position we show that the maximum number of plane perfect matchings that
can be packed to K(P) is 5, and 5 — 1 when P is in regular wheel configuration. As for matching
persistencey, we showed that the matching persistency of K(P) is & if n =2 mod 4, and 5 + 1 if
n =0 mod 4. As for plane matchings we showed that if P is in convex position then the plane
matching persistency of K(P) is 2. We also show the existence of a set of points in general position
with plane matching persistence of at least 3.

Figure 1.6: About 1/3 of the points are in the middle and the boundary has an odd number of points.

OUR APPROACH: In order to show the upper bound, we provide an example, as depicted in
Figure 1.6, that does not contain more than [ % | edge-disjoint plane perfect matchings.

Figure 1.7: The points in P are assigned, in pairs, to the leaves of T, from left to right. Internal nodes
store the number of points in their subtree. The three edge disjoint plane perfect matchings are
shown in red, green, and blue.
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To prove the lower bound of |log, n| —1, we first build a binary tree T on the point set P,
then we assign the points of P to the leaves of T, and then we extract a plane matching from the
internal nodes in each level of T. See Figure 1.7.
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MATCHING IN GABRIEL GRAPHS

Given a set P of n points in the plane, the order-k Gabriel graph on P, denoted by k-GG, has an
edge between two points p and q if and only if the closed disk with diameter pq contains at most
k points of P, excluding p and q. We study matching problems in k-GG graphs. We show that a
Euclidean bottleneck matching of P is contained in 9-GG, but 8-GG may not have any Euclidean
bottleneck matching. In addition we show that 0-GG has a matching of size at least “Tq and this
bound is tight. We also prove that 1-GG has a matching of size at least @ and 2-GG has a
perfect matching. Finally we consider the problem of blocking the edges of k-GG.

This chapter is a combination of results that have been published in the journal of Theoretical
Computer Science [6] and results that have been presented in the 32nd European Workshop on
Computational Geometry (EuroCG’16) [5].

2.1 INTRODUCTION

Let P be a set of n points in the plane. For any two points p, q € P, let D[p, q] denote the closed
disk which has the line segment pq as diameter. Let [pq| be the Euclidean distance between p
and q. The Gabriel graph on P, denoted by GG(P), is defined to have an edge between two points
p and q if D[p, q] is empty of points in P\ {p, q}. Let C(p, q) denote the circle which has pq as
diameter. Note that if there is a point of P\ {p, q} on C(p, q), then (p, q) ¢ GG(P). That is, (p, q)
is an edge of GG(P) if and only if

Ipql2 < Iprl2 + |rq|Z Vr e P, T#7p,q.

Gabriel graphs were introduced by Gabriel and Sokal [12] and can be computed in O(nlogn)
time [14]. Every Gabriel graph has at most 3n — 8 edges, for n > 5, and this bound is tight [14].

A matching in a graph G is a set of edges without common vertices. A maximum matching in
G is a matching of maximum cardinality, i.e., maximum number of edges. A perfect matching is
a matching which matches all the vertices of G. In the case that G is an edge-weighted graph, a
bottleneck matching is defined to be a perfect matching in G in which the weight of the maximum-
weight edge is minimized. For a perfect matching M, we denote the bottleneck of M, i.e., the
length of the longest edge in M, by A(M). For a point set P, a Euclidean bottleneck matching is a
perfect matching which minimizes the length of the longest edge.

In this chapter we consider perfect matching and bottleneck matching admissibility of higher
order Gabriel Graphs. The order-k Gabriel graph on P, denoted by k-GG, is the geometric graph
which has an edge between two points p and q iff D[p, q] contains at most k points of P\ {p, q}.
The standard Gabriel graph, GG(P), corresponds to 0-GG. It is obvious that 0-GG is plane, but
k-GG may not be plane for k > 1. Su and Chang [17] showed that k-GG can be constructed
in O(kznlog n) time and contains O(k(n —k)) edges. In [7], the authors proved that k-GG is
(k 4+ 1)-connected.

15
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2.1.1 Previous Work

It is well-known that a maximum matching in a graph with n vertices and m edges can be
computed in O(my/n) time, e.g., by Edmonds algorithm (see [10, 15]). Any Gabriel graph is
planar, and thus, has O(n) edges. Therefore a maximum matching in a Gabriel graph can be
computed in O(n'") time. Mucha and Sankowski [16] showed that a maximum matching in a
planar graph can be found in O(n®/2) time, where w is the exponent of matrix multiplication.
Since w < 2.38 (see [19]) a maximum matching in a Gabriel graph can be computed in Oo(n'18)
time.

For any two points p and q in P, the lune of p and q, denoted by L(p, q), is defined as the
intersection of the open disks of radius |pq| centred at p and q. The order-k Relative Neighborhood
Graph on P, denoted by k-RNG, is the geometric graph which has an edge (p,q) iff L(p,q)
contains at most k points of P. The order-k Delaunay Graph on P, denoted by k-DG, is the geometric
graph which has an edge (p, q) iff there exists a circle through p and q which contains at most k
points of P in its interior. It is obvious that

k-RNG C k-GG C k-DG.

The problem of determining whether a geometric graph has a (bottleneck) perfect matching
is quite of interest. Dillencourt showed that the Delaunay triangulation (0-DG) admits a perfect
matching [9]. Chang et al. [8] proved that a Euclidean bottleneck perfect matching of P is con-
tained in 16-RNG." This implies that 16-GG and 16-DG contain a (bottleneck) perfect matching of
P. In [1] the authors showed that 15-GG is Hamiltonian. Recently, Kaiser et al. [13] improved the
bound by showing that 10-GG is Hamiltonian. This implies that 10-GG has a perfect matching.

Given a geometric graph G(P) on a set P of n points, we say that a set K of points blocks G(P) if
in G(P UK) there is no edge connecting two points in P, in other words, P is an independent set
in G(P UK). Aichholzer et al. [2] considered the problem of blocking the Delaunay triangulation
(i.e. 0-DG) for P in general position. They show that 2 points are sufficient to block DT(P) and
at least n — 1 points are necessary. To block a Gabriel graph, n — 1 points are sufficient, and

%n — o(n) points are sometimes necessary [3].

2.1.2  Our Results

In this chapter we consider the following three problems: (a) for which values of k does every
k-GG have a Euclidean bottleneck matching of P? (b) for a given value k, what is the size of a
maximum matching in k-GG? (c) how many points are sufficient/necessary to block a k-GG? In
Section 2.2 we review and prove some graph-theoretic notions. In Section 2.3 we consider the
problem (a) and prove that a Euclidean bottleneck matching of P is contained in 9-GG. In addi-
tion, we show that for some point sets, 8-GG does not have any Euclidean bottleneck matching.
Moreover, we show that for some point sets, 7-GG does not have any Euclidean Hamiltonian cy-
cle; this improves the previous bound of 5-GG that is obtained in [13]. In Section 2.4 we consider
the problem (b) and give some lower bounds on the size of a maximum matching in k-GG. We
prove that 0-GG has a matching of size at least ™!, and this bound is tight. In addition we prove

that 1-GG has a matching of size at least % and 2-GG has a perfect matching. In Section 2.5
we consider the problem (c). We show that at least (“T*]} points are necessary to block a Gabriel

1 They defined k-RNG in such a way that L(p, q) contains at most k — 1 points of P.



2.2 PRELIMINARIES

graph and this bound is tight. We also show that at least [W} points are necessary and

(k+1)(n—1) points are sufficient to block a k-GG. The open problems and concluding remarks
are presented in Section 2.6.

2.2 PRELIMINARIES

Let G be an edge-weighted graph with vertex set V and weight function w: E — R™". Let T be a
minimum spanning tree of G, and let w(T) be the total weight of T.

LEMMA 2.1. Let 5(e) be a cycle in G that contains an edge e € T. Let &' be the set of edges in 5(e) which
do not belong to T and let e, . be the largest edge in &'. Then, w(e) < w(ef, qx)-

Proof. Let e = (u,v) and let T,, and T, be the two trees obtained by removing e from T. Let
e’ = (x,y) be an edge in 5’ such that one of x and y belongs to T,, and the other one belongs to
Ty. By definition of e}, ,,, we have w(e’) < w(e], .x)- Let T" = T, UT, U{(x,y)}. Clearly, T’ is a

spanning tree of G. If w(e’) < w(e) then w(T’) < w(T); contradicting the minimality of T. Thus,
w(e) < w(e’), which completes the proof of the lemma. O

For a graph G = (V,E) and S C V, let G — S be the subgraph obtained from G by removing
all vertices in S, and let o(G — S) be the number of odd components in G — S, i.e., connected
components with an odd number of vertices. The following theorem by Tutte [18] gives a charac-
terization of the graphs which have perfect matching;:

THEOREM 2.2 (Tutte [18]). G has a perfect matching if and only if o(G —S) < [S|forall S C V.

Berge [4] extended Tutte’s theorem to a formula (known as the Tutte-Berge formula) for the
maximum size of a matching in a graph. In a graph G, the deficiency, defg(S), is o(G —S) —IS|.
Let def(G) = maxscy defg(S).

THEOREM 2.3 (Tutte-Berge formula; Berge [4]). The size of a maximum matching in G is

1
E(n—def(G)).

For an edge-weighted graph G we define the weight sequence of G, WS(G), as the sequence
containing the weights of the edges of G in non-increasing order. A graph G is said to be less
than a graph G; if WS(G1) is lexicographically smaller than WS(G.).

2.3 EUCLIDEAN BOTTLENECK MATCHING

In Subsection 2.3.1 we prove the following theorem.
THEOREM 2.4. For every point set P in the plane, 9-GG contains a Euclidean bottleneck matching of P.
In Subsection 2.3.2 we prove the following proposition.

PROPOSITION 1. There exist point sets P in the plane such that 8-GG does not contain any Euclidean
bottleneck matching of P.

In Subsection 2.3.3 we prove the following proposition.

PROPOSITION 2. There exist point sets P in the plane such that 7-GG does not contain any Euclidean
bottleneck Hamiltonian cycle of P.

Proposition 2 improves the previous bound of 5-GG that is obtained by Kaiser et al. [13]

17



18

MATCHING IN GABRIEL GRAPHS

2.3.1  Proof of Theorem 2.4

In this section we prove Theorem 2.4. The proofs for Lemmas 2.5 and 2.6 are similar to the
proofs in [8] which are adjusted for Gabriel graphs. The proof of Lemma 2.8 is based on a similar
technique that is used in [13] for the Hamiltonicity of Gabriel graphs.

Let M be the set of all perfect matchings of the complete graph with vertex set P. For a matching
M € M we define the weight sequence of M, WS(M), as the sequence containing the weights of
the edges of M in non-increasing order. A matching M is said to be less than a matching M,
if WS(M,) is lexicographically smaller than WS(M; ). We define a total order on the elements of
M by their weight sequence. If two elements have exactly the same weight sequence, break ties
arbitrarily to get a total order.

Let M* ={(aj,bq),..., (a%, bn )} be a matching in M with minimum weight sequence. Observe
that M* is a Euclidean bottleneck matching for P. In order to prove Theorem 2.4, we will show
that all edges of M* are in 9-GG. Consider any edge (a, b) in M*. If D[a, b] contains no point of
P\{a, b}, then (a,b) is an edge of 9-GG. Suppose that Dla, b] contains k points of P\ {a, b}. We
are going to prove that k < 9. Let R = {ry,12,..., 1k} be the set of points of P\ {a, b} that are in
Dla,b]. Let S ={s1,s2,..., sk} represent the points for which (ri,s;) € M*.

Without loss of generality, we assume that D[a, b] has diameter 1 and is centered at the origin
o = (0,0), and a = (—0.5,0) and b = (0.5,0). For any point p in the plane, let |p| denote
the distance of p from o. Note that |ab] = 1, and for any point x € D[a,b] \ {a, b} we have
max{|xal, [xb|} < 1.

LEMMA 2.5. For each point s; € S, min{|sial, [sib[} > 1.

Proof. The proof is by contradiction; suppose that [s;a| < 1. Let M be the perfect matching
obtained from M* by deleting {(a, b), (1, si)} and adding {(si, a), (ri, b)}. The lengths of the two
new edges are smaller than 1, and hence both (s, a) and (r;,b) are shorter than (a,b). Thus,
WS(M) <1ex WS(M*), which contradicts the minimality of M*. O

As a corollary of Lemma 2.5, R and S are disjoint.
LEMMA 2.6. For each pair of points sy, s; € S, [sisj| > max{[risil, [vjs;], 1}

Proof. The proof is by contradiction; suppose that [s;s;| < max{|risil, [rjs;], 1}. Let M be the perfect
matching obtained from M* by deleting {(a, b), (11, s1), (7, s)} and adding {(a, 1), (b, 15), (si, s5)}-
Note that max{|ari|, [brj|, [sis;|} < max{[risi], [rjs;l, |ab[}. Thus, we get WS(M) <, WS(M*), which
contradicts the minimality of M*. O

Let C(x, 1) (resp. D(x, 1)) be the circle (resp. closed disk) of radius r that is centered at a point
x in the plane. For i € {1,...,k}, let s{ be the intersection point between C(o,1.5) and the ray
with origin at o passing through s;. Let the point p; be s, if ||si|| < 1.5, and s/, otherwise. See
Figure 2.1. Let S’ ={a, b, p1,...,pK}

OBSERVATION 2.7. Let s be a point in S, where ||s;|| > 1.5. Then, the disk D(s;, ||s;|| —0.5) is con-
tained in the disk D(s;, [sj7;]). Moreover, the disk D(p;, 1) is contained in the disk D(s;, [|s;j]| —0.5). See
Figure 2.1.

LEMMA 2.8. The distance between any pair of points in S’ is at least 1.
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Figure 2.1: Proof of Lemma 2.8; p; = s{, pj; = sj’, and py = s.

Proof. Let x and y be two points in S’. We are going to prove that [xy| > 1. We distinguish
between the following three cases.

¢ {x,y} ={a, b}. In this case the claim is trivial.

e x € {a,bl,y € {p1,...,px}. If |Jy|] = 1.5, then y is on C(o,1.5), and hence |xy| > 1. If
lyl| < 1.5, then y is a point in S. Therefore, by Lemma 2.5, [xy| > 1.

* X,y € {p1,...,px). Without loss of generality assume x = p; and y = pj, where 1 <i <j <k.
We differentiate between three cases:

Case (1): ||pi]| < 1.5 and ||p;|| < 1.5. In this case p; and p; are two points in S. Therefore, by
Lemma 2.6, [pip;| > 1.

Case (ii): [|pi]| < 1.5 and ||p;|| = 1.5. In this case p; is a point in S. By Observation 2.7, the
disk D(pj, 1) is contained in the disk D(s;, [sj7;|), and by Lemma 2.6, p; is not in the interior
of D(s;, |sjrj |). Therefore, p; is not in the interior of D(pj, 1), which implies that [pip;| > 1.

Case (iii): [[pi]| = 1.5 and ||pj|| = 1.5. In this case |[si|| > 1.5 and [[s;|| > 1.5. Without loss
of generality assume ||si|| < [[sj||. For the sake of contradiction assume that [pip;| < 1;
see Figure 2.1. Then, for the angle & = Zs;os; we have sin(«/2) < % Then, cos(x) =

1—2sin?(/2) > %. By the law of cosines in the triangle As;os;, we have

14
Isisil? < [lsill® + |Isj||* — 7HSiH ;- (2.1)
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By Observation 2.7, the disk D(s;j, ||s;j|| — 0.5) is contained in the disk D(s;j,|s;7jl), and by
Lemma 2.6, s; is not in the interior of D(s;, Isjrjl). Therefore, s; is not in the interior of
D(sj, ||sj]| —0.5). Thus, [sisj| = ||sj|| —0.5. In combination with Inequality (2.1), this implies

14 ,
Il (il =1) < sl = 5. @2)
In combination with the assumption ||s;|| < [|sj||, Inequality (2.2) implies

5 1
Sllsill? =il + 3 <0,

5 3 3
5 (1s1=55) (sl =3) <o

This is a contradiction, because, since |[[si| > 1.5, the left-hand side is non-negative. Thus
Ipip;j| > 1, which completes the proof of the lemma.

ie.,

O]

By Lemma 2.8, the points in S’ have mutual distance at least 1. Moreover, the points in S’
lie in D(o, 1.5). Fodor [11] proved that the smallest circle which contains 12 points with mutual
distances at least 1 has radius 1.5148. Therefore, S’ contains at most 11 points. Since a,b € S/,
this implies that k < 9. Therefore, S, and consequently R, contains at most 9 points. Thus, (a, b)
is an edge in 9-GG. This completes the proof of Theorem 2.4.

2.3.2  Proof of Proposition 1

In this section we prove Proposition 1. We show that for some point sets P, 8-GG does not contain
any Euclidean bottleneck matching of P.

Consider Figure 2.2 which shows a configuration of a set P of 20 points. The closed disk D{a, b]
is centred at ¢ and has diameter one, i.e., |[ab|] = 1. D[a, b] contains 9 points U = {uy,...,ue}
which lie on a circle with radius % — € which is centred at c. Nine points in U’ = {rq,..., 19}
are placed on a circle with radius 1.5 which is centred at c in such a way that [rju;| = 1+¢,
Irjal > 14¢€, rjbl > 1+¢, and [rjri| > T+ € for 1 < j,k < 9 and j # k. Consider a perfect
matching M = {(a,b)}U{(ri,ui) : 1 =1,...,9} where each point r; € U’ is matched to its closest
point u;. It is obvious that A(M) = 1+ €, and hence the bottleneck of any bottleneck perfect
matching is at most 14 €. We will show that any Euclidean bottleneck matching of P contains
(a,b). By contradiction, let M* be a Euclidean bottleneck matching which does not contain (a, b).
In M*, a is matched to a point x € UUU'. If x € U/, then |ax| > 1+ €. If x € U, w.l.o.g. assume
that x = uy. Thus, in M* the point r7 is matched to a point y where y # ;. Since u; is the closest
point to ry and [rju1| = 1+¢€, [r1y|l > 1+ €. In both cases A(M*) > 1+ ¢, which is a contradiction.
Therefore, M* contains (a, b). Since Dla, b] contains g points of P\ {a, b}, (a, b) ¢ 8-GG. Therefore
8-GG does not contain any Euclidean bottleneck matching of P.

2.3.3 Proof of Proposition 2

In this section we prove Proposition 2. We show that for some point sets P, 7-GG does not contain
any Euclidean bottleneck Hamiltonian cycle of P.
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Figure 2.2: A set of 20 points such that 8-GG does not contain any Euclidean bottleneck matching.

Figure 2.3 shows a configuration of a multiset P = {a,b,x,11,...,78,51,...,57} of 26 points,
where ss5 is repeated nine times. The closed disk Dla, b] is centered at o and has diameter one,
i.e., lab] = 1. Dla, b] contains all 8 points of the set R = {ry,...,13}); these points lie on the
circle with radius % — € that is centered at o; all points of R are in the interior of D[a, b]. Let
S = {s1,...,s7} be the multiset of 15 points, where s5 is repeated nine times. The red circles
have radius 1 and are centered at points in S. Each point in S is connected to its first and second
closest point (the black edges in Figure 2.3). Let B the chain formed by these edges. Note that
r1 and rg are the endpoints of B. Specifically, |r1s1| = [rgs7| = 1, and for each point r;, where
2 <i<7, Isial > 1, [sib] > 1, [six] > 1, and |risi—1] = [risi| = 1 (here by s5 we mean the first
and last endpoints of the chain defined by points labeled ss). Consider the Hamiltonian cycle
H = BU{(ry,a),(a,b),(b,x),(x,18)}. The longest edge in H has length 1. Therefore, the length
of the longest edge in any bottleneck Hamiltonian cycle for P is at most 1. In the rest we will
show—by contradiction—that any bottleneck Hamiltonian cycle of P contains (a,b). Since in B
each point of S is connected to its first and second closest point, every bottleneck Hamiltonian
cycle of P contains B, because otherwise, one of the points in S should be connected to a point that
is farther than its second closest point, and hence that edge is longer than 1. Now we consider
possible ways to construct a bottleneck Hamiltonian cycle, say H*, using the edges in B and the
points a,b,x. Assume (a,b) ¢ H*. Then, in H*, a is connected to two points in {ry,7g,x}. We
differentiate between two cases:
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* (a,x) € H*. In this case |ax| > 1, and hence the longest edge in H* is longer than 1, which
is a contradiction.

* (a,x) ¢ H*. In this case (a,17) € H* and (a,rg) € H*. This means that H* does not contain
x and b, which is a contradiction.

Therefore, we conclude that H*, and consequently any bottleneck Hamiltonian cycle of P, con-
tains (a, b). Since D[a, b] contains 8 points of P\ {a, b}, (a,b) ¢ 7-GG. Therefore 7-GG does not
contain any Euclidean bottleneck Hamiltonian cycle of P.

Figure 2.3: Proof of Proposition 2. The bold-black edges belong to B. D[a, b] contains 8 points.

2.4 MAXIMUM MATCHING

Let P be a set of n points in the plane. In this section we will prove that 0-GG has a matching
of size at least ™!; this bound is tight. We also prove that 1-GG has a matching of size at least
@ and 2-GG has a perfect matching (when n is even).

First we give a lower bound on the number of components that result after removing a set
S of vertices from k-GG. Then we use Theorem 2.2 and Theorem 2.3, respectively presented by

Tutte [18] and Berge [4], to prove a lower bound on the size of a maximum matching in k-GG.
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(b)

Figure 2.4: The point set P of 16 points is partitioned into white/black disks, white/black squares, and
crosses. (a) The graph G(P), (b) The set T of straight-line edges corresponding to MST(G(P))
is in bold, and the set D of their corresponding disks.

Let P = {Pq,P2,...} be a partition of the points in P. For two sets P; and P; in P define the
distance d(P;, P;) as the smallest Euclidean distance between a point in P; and a point in Pj, i.e.,
d(P;, P;) = min{lab| : a € P;,b € P;}. Let G(P) be the complete edge-weighted graph with vertex
set P. For each edge e = (P;, P;) in G(P), let w(e) = d(Py, Pj). This edge e is defined by two points
a and b, where a € P; and b € P;. Therefore, an edge e € G(P) corresponds to a straight line
edge between two points a, b € P; see Figure 2.4(a). Let MST(G(P)) be a minimum spanning tree
of G(P). It is obvious that each edge e in MST(G(P)) corresponds to a straight line edge between
a,b € P. Let T be the set of all these straight line edges. Let D be the set of disks which have the
edges of T as diameter, i.e., D ={Dla, b] : (a,b) € T}. See Figure 2.4(b).

OBSERVATION 2.9. T is a subgraph of a minimum spanning tree of P, and hence T is plane.
LEMMA 2.10. A disk Dla, b] € D does not contain any point of P\ {a, b}.

Proof. By Observation 2.9, T is a subgraph of a minimum spanning tree of P. It is well known that
any minimum spanning tree of P is a subgraph of 0-GG(P). Thus, T is a subgraph of 0-GG(P),
and hence, any disk Dl[a,b] € D—representing an edge of T—does not contain any point of
P\ {a,bl. 0

LEMMA 2.11. For each pair Dy and Dj of disks in D, D (resp. D;) does not contain the center of D;
(resp Dy).

Proof. Let (ai, bi) and (aj, bj) respectively be the edges of T which correspond to D; and Dj. Let
Ci and Cj be the circles representing the boundary of D; and Dj. W.l.o.g. assume that C; is the
bigger circle, i.e., [aibi| < |a;bj|. By contradiction, suppose that C;j contains the center c; of Cj.
Let x and y denote the intersections of C; and Cj. Let x; (resp. x;) be the intersection of C; (resp.
C;) with the line through y and c; (resp. cj). Similarly, let y; (resp. y;) be the intersection of C;
(resp. Cj) with the line through x and c; (resp. c;j).

As illustrated in Figure 2.5, the arcs XiX, Uiy, Xjx, and yjy are the potential positions for
the points ai, bi, a;, and bj, respectively. First we will show that the line segment x;x; passes
through x and |a;a;| < [xix;]. The angles Zx;xy and Zx;xy are right angles, thus the line segment

xix;j goes through x. Since xix < 7 (resp. Xjx < m), for any point a; € Xix,|aix| < [xyx| (resp.

a;j € %%, lajx| < [xjx|). Therefore,

laiajl < laix|+ [xaj| < [xix] 4+ xx) = [xixj].
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Figure 2.5: [llustration of Lemma 2.11: C; and Cj intersect, and C; contains the center of Cj.

Consider triangle Ax;x;y which is partitioned by segment cix; into t; = Axixjci and t; =
Acix;jy. Since xiy is a diameter of C; which passes through the center ci, the length of the
segment xic; of t1 is equal to the length of the segment c;y of t;. The segment c;x; is shared by
ty and t,. Since c; is inside Cj and yxj = m, the angle Zycix; > Z. Thus, Zxicix; in t; is smaller
than § (and hence smaller than Zyc;x; in t2). Therefore, the segment x;x; of t; is smaller than
the segment x;y of t;. Thus,

laiaj| < [xix;| < Ixjyl = lajbjl.

By symmetry [bib;| < |ajbj|. Therefore max{|aia;l, [bib;[} < max{|a;bil,|ajbjl}. In addition & =
(ai, aj, bj, by, ai) is a cycle and at least one of (aj, aj) and (bj, b;) does not belong to T. This
contradicts Lemma 2.1 (Note that by Observation 2.9, T is a subgraph of a minimum spanning
tree of P). O

Now we show that the intersection of every four disks in D is empty. In other words, every
point in the plane cannot lie in more than three disks in D. In Section 2.4.1 we prove the following

theorem, and in Section 2.4.2 we present the lower bounds on the size of a maximum matching
in k-GG.

THEOREM 2.12. For every four disks D1,D,,D3,Ds € D, D1ND;ND3N Dy = 0.

2.4.1  Proof of Theorem 2.12

The proof is by contradiction. Let Dy, D2, D3, and D4 be four disks in D. Let X = D; N DN D3N
D4 and let x be a point in X. For i = 1,2, 3,4, let c; be the center of D;, let C; be the boundary
of Dj, and let (ai, bi) be the edge in T which corresponds to D;. Denote the angle Za;xb; by «;,
fori =1,2,3,4. Since (aj, b;) is a diameter of D; and x lies in Dy, oy > 7. First we prove the
following observation.

OBSERVATION 2.13. For i,j €{1,2,3,4}, where i # j, the angles o« and oy are either disjoint or one is
completely contained in the other.
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Proof. The proof is by contradiction. Suppose that «; and o are not disjoint and none of them
is completely contained in the other. Thus «; and «; share some part and w.l.o.g. assume that
b; is in the cone which is obtained by extending the edges of «;, and bj is in the cone which is
obtained by extending the edges of «;. Three cases arise:

* b; € Axa;bj. In this case b; is inside Dj which contradicts Lemma 2.10.
* b; € Axaib;. In this case bj is inside D; which contradicts Lemma 2.10.

* b; ¢ Axajb; and b; ¢ Axaib;. In this case (ai, bi) intersects (aj, bj) which contradicts
Observation 2.9.

O

We call «; a blocked angle if o; is contained in an angle o; for some j € {1,2,3,4}, where j # i.

Otherwise, we call «; a free angle.
LEMMA 2.14. At least one «, for i € {1,2,3,4}, is blocked.

Proof. Suppose that all angles o, where i € {1,2,3,4}, are free. This implies that the os are
pairwise disjoint and o = Y {_; & > 27 If « > 271, we obtain a contradiction to the fact that the
sum of the disjoint angles around x is at most 27t. If « = 27, then the four edges (aj, b;) where
ie{1,2, 3,4}, form a cycle which contradicts the fact that 7 is a subgraph of a minimum spanning
tree of P. O

a; a;

bi
(b)

Figure 2.6: (a) The point x should be inside the circle segment sc(ci, b;). (b) The trap(ay, b;) which consists
of two lenses lens(aj, ¢;) and lens(b;, ¢i).

By Lemma 2.14 at least one of the angles is blocked. Hereafter, assume that «; is blocked by
oi where 1 < 1,j < 4 and i # j. Wlo.g. assume that a;b; is a vertical line segment and the
point x (which belongs to X) is to the left of a;b;. Thus, a;b; and c; are to the right of a;b;. This
implies that ajb; N Dj # (. See Figure 2.6(a). By Lemma 2.11, ¢; cannot be inside Dj, thus either
aici NDj # 0 or ciby NDj # 0, but not both. W.l.o.g. assume that cib; N Dj # (. Let C’ be the
circle with radius |c;bi| which is centered at b;. Let d denote the intersection of C’ with C; which
is to the right of c;b;. Consider the circle C” with radius |db;| centered at d. Note that C” goes
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through b; and c;. Let sc(ci, bi) be the segment of the circle C” which is between the chord c;b;
and the arc c;b; as shown in Figure 2.6(a).

We show that x cannot be outside sc(ci, bi). By contradiction suppose that x is outside sc(cy, b;)
(and to the left of cibi). Let 11 and 1, respectively be the perpendicular bisectors of xb; and xc;.
Let b{ and c{ respectively be the intersection of 1; and 1, with c;b; and let d’ be the intersection
point of 1 and 1,. Since x is outside sc(c;, bi), the intersection point d’ is to the left of (the vertical
line through) d and inside triangle Abjcid. If ¢; is below 1; then |cjbi| < [cjx| and Dj contains
b; which contradicts Lemma 2.11. If ¢j is above 1 then |c;bi| < [cjx| and D; contains ¢; which
contradicts Lemma 2.11. Thus, ¢; is above 1; and below 1;, and (by the initial assumption) to the
right of cib;. That is, ¢j is in triangle Ab{c/d’. Since Abc{d’ C Abjcid C Dy, c; lies inside D;
which contradicts Lemma 2.11. Therefore, x is contained in sc(ci, by).

By symmetry Dj can intersect aic; and/or c¢; can be to the left of a;b; as well. Therefore, if o;
blocks «;, the point x can be in sc(c;, bi) or any of the symmetric segments of the circles. For an
edge a;b; we denote the union of these segments by trap(ai, b;) which is shown in Figure 2.6(b).
For each disk Dj, let trap(D;) = trap(ai, bi) where (aj, by) is the edge in T corresponding to Dj.
Therefore x is contained in trap(D;) which implies that

X C trap(Dy).

Note that trap(D;) consists of two symmetric lenses lens(aj, ci) and lens(bs, ci), i.e., trap(D;i) =
lens(aj, ci) Ulens(byi, ci).
LEMMA 2.15. For any point x € trap(ai, bi), Zaixb; > 150°.

—

Proof. See Figure 2.6(a). The angle Zbjdc; = 60°, which implies that c¢ib; = 60°. Thus, for any
point x’ on the arc c/i\bi, Zx'cibi + Zx'bici = 30°, and hence for any point x in the segment
sc(cy, bi), Zxcibi + Zxbici < 30°. This implies that in Axbici, Zbixcy > 150°. On the other hand
Zbixci < Zbixai, which proves the lemma. O

(a) (b)

Figure 2.7: Illustration of Lemma 2.16.

LEMMA 2.16. For any two disks Dy and Dj in D, trap(D;) N trap(D;) = 0.

Proof. We prove this lemma by contradiction. Suppose x € trap(D;) Ntrap(D;) and w.l.o.g. as-
sume that x € lens(ai, ci) Nlens(aj, cj) as shown in Figure 2.7. Connect x to aj, ci, aj, and ¢; (a;
may be identified with a;). As shown in the proof of Lemma 2.15, min{Za;xc;, Zajxc;j} > 150°.
Two configurations may arise:
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* Zcixcj < 60°. In this case [cicj| < max{[xcil, [xcj[}. W.lo.g. assume that [xc;| < [xcj| which
implies that [cic;j| < |xc;l; see Figure 2.7(a). Clearly |xc;| < |cja;], and hence |cicj| < [cjajl.
Thus, D; contains ¢; which contradicts Lemma 2.11.

* Zcixcj > 60°. In this case Zaixc; < 60° and Zajxc; < 60°, hence [aicj| < max{|aix], [cyx[}
and |ajci| < max{|a;x|, [cix|}. Three configurations arise:

- |aix| < lejx|, in this case |aicj| < |cjx| < [cja;] and hence Dj contains ai. See Fig-
ure 2.7(b).

- lajx| < leqx], in this case |ajci| < |cix| < |cia;i| and hence D; contains a;.

- laix| > leyx| and |ajx| > [cix|, in this case w.lLo.g. assume that [aix| < [a;x|. Thus
laicj| < laix| < |ajx| < |ajcj| which implies that Dj contains a;. See Figure 2.7(b).

All cases contradict Lemma 2.10.

O]

Recall that each blocking angle represents a trap. Thus, by Lemma 2.14 and Lemma 2.16, we
have the following corollary:

COROLLARY 2.17. Exactly one i, where 1 < i < 4, is blocked.

Recall that «; is blocked by «;, aib; is vertical line segment, ¢; is to the right of a;b;, and
x € sc(ci, bi). As a direct consequence of Corollary 2.17, &, &y, and «; are free angles, where
1<1,j,k,1<4andi+#j#k#L Inaddition, ci and ¢y are to the left of a;b;. It is obvious that

X C trap(Di) N Dy NDy.

Figure 2.8: Illustration of Lemma 2.18.

LEMMA 2.18. For a blocking angle «; and free angles ov and o, trap(Di) N Dy N Dy = 0.
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Proof. Since «; is a blocking angle and «y, «; are free angles, cx and c; are on the same side of
aib;. By contradiction, suppose that x € trap(D;) N Dj N Dy. See Figure 2.8. It is obvious that
max{[xail, [xbi|} < |aibil, max{|xay|, [xbk[} < |axbk|, and max{|xa|, [xb1|} < [aibi]. By Lemma 2.15,
i = 150°. In addition oy, op > 90°. Thus, max{Zaixby, Zaxxby, Zayxbi} < 30°. Hence, |a;by|
< max{|xail, Ixby|}, larxbi] < max{|xay], [xbi|}, and |a;bi| < max{|xay], |xb;i[}. Therefore, max{|a;by|,
larbil, larbil} < max{|aibil, |axbkl, laibil}. In addition & = (ay, by, ay, by, ak, bk, ai) is a cycle and
at least one of (ay, by ), (ak,by) and (ay, bi) does not belong to T. This contradicts Lemma 2.1. [

Thus, X = (); which contradicts the fact that x € X. This completes the proof of Theorem 2.12.

2.4.2 Lower Bounds

In this section we present some lower bounds on the size of a maximum matching in 2-GG, 1-GG,
and 0-GG.

THEOREM 2.19. For a set P of an even number of points, 2-GG has a perfect matching.

Proof. First we show that by removing a set S of points from 2-GG, at most [S| 4+ 1 components are
generated. Then we show that at least one of these components must be even. Using Theorem 2.2,
we conclude that 2-GG has a perfect matching.

Let S be a set vertices removed from 2-GG, and let € = {Cy,..., Cy,(s)} be the resulting m(S)
components. Then, P = {V(Cy),..., V(Cy,(s))} is a partition of the vertices in P\ S.

cLaim 1. m(S) <IS|+1.

Let G(P) be the complete graph with vertex set P which is constructed as described above. Let
T be the set of all edges between points in P corresponding to the edges of MST(G(P)) and let D
be the set of disks corresponding to the edges of T. It is obvious that 7 contains m(S) — 1 edges
and hence [D| =m(S)—1.Let F ={(p,D):p € S,D € D,p € D} be the set of all (point, disk) pairs
where p € S, D € D, and p is inside D. By Theorem 2.12 each point in S can be inside at most
three disks in D. Thus, |[F| < 3 - |S|. Now we show that each disk in D contains at least three points
of S in its interior. Consider any disk D € D and let e = (a, b) be the edge of T corresponding
to D. By Lemma 2.10, D does not contain any point of P\ S. Therefore, D contains at least three
points of S, because otherwise (a, b) is an edge in 2-GG which contradicts the fact that a and b
belong to different components in €. Thus, each disk in D has at least three points of S. That is,
3-|D| < |F|. Therefore, 3(m(S) — 1) < |F| < 3|S|, and hence m(S) < [S] + 1.

CLAIM 2. 0(C) < |[S|.

By Claim 1, [C] = m(S) < [S|+ 1. If €] < |S], then o(€C) < [S|. Assume that |€] = [S|+ 1. Since
P=S U{UE;r1 V(Ci)}, the total number of vertices of P is equal to n = [S| + ZET] [V(Ci)I.
Consider two cases where (i) [S| is odd, (ii) [S| is even. In both cases if all the components in C are
odd, then n is odd; contradicting our assumption that P has an even number of vertices. Thus, €
contains at least one even component, which implies that o(C) < |[S|.

Finally, by Claim 2 and Theorem 2.2, we conclude that 2-GG has a perfect matching. O

THEOREM 2.20. For every set P of n points, 1-GG has a matching of size at least y

Proof. Let S be a set of vertices removed from 1-GG, and let € = {Cy, ..., Cy,(s)} be the resulting
m(S) components. Then, P = {V(Cy),...,V(Cy,(s))} is a partition of the vertices in P\ S. Note
that o(C) < m(S). Let M* be a maximum matching in 1-GG. By Theorem 2.3,



2.4 MAXIMUM MATCHING

IM*| = Z(T'L def(1-GQG)), (2.3)
where
def(1-GG) zrglég( o(C)—[S)) < maX(I(':‘I SI) = Ogmwa}én(m(s)—\s\)- (2.4)

Define G(P), T, D, and F as in the proof of Theorem 2.19. By Theorem 2.12, [F| < 3-[S|. By the
same reasoning as in the proof of Theorem 2.19, each disk in D has at least two points of S in its
interior. Thus, 2|D| < |F|. Therefore, 2(m(S) — 1) < |F| < 3]S|, and hence

m(S) < ? +1. (2.5)

In addition, |S| +m(S) = |S| +|€] < |P| = n, and hence
m(S) <n—|S|. (2.6)

By Inequalities (2.5) and (2.6),

m(S) < min {2 +1,n ISI} . (2.7)

Thus, by (2.4) and (2.7)

def(1-GG) < max (m(S)—|S|) < max {min{|2|+1 ISI}—ISI}

0<ISI<n 0<ISIL<n

IS \ n+4
= m m n—2 .
o<|sﬁén{ In{ 2 |S| 5 5 (2 8)

where the last equation is achieved by setting % + 1 equal to n — 2|S|, which implies |S| =
%. Finally by substituting (2.8) in Equation (2.3) we have
2(n—1)
M* > ———.

M| 5

By similar reasoning as in the proof of Theorem 2.20 we have the following Theorem.

Figure 2.9: A 0-GG of n = 17 points with a maximum matching of size 251 = 4 (bold edges). The dashed
edges do not belong to the graph because any of their corresponding closed disks has a point
on its boundary.

THEOREM 2.21. For every set P of n points, 0-GG has a matching of size at least ™

The bound in Theorem 2.21 is tight, as can be seen from the graph in Figure 2.9, for which
the maximum matching has size 27-". Actually this is a Gabriel graph of maximum degree four
which is a tree. The dashed edges do not belong to 0-GG because any closed disk which has one
of these edges as diameter has a point on its boundary. Observe that each edge in any matching
is adjacent to one of the vertices of degree four.
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NOTE: For a point set P, let v (P) and o (P) respectively denote the size of a maximum match-
ing and a maximum independent set in k-GG. For every edge in the maximum matching, at most
one of its endpoints can be in the maximum independent set. Thus,

o (P) < [Pl — vy (P).

By combining this formula with the results of Theorems 2.21, 2.20, 2.19, respectively, we have
ao(P) < 3“4“ , x1(P) < 3“5+2, and «,(P) < [5]. The 0-GG graph in Figure 2.9 has an indepen-
dent set of size % = 13, which shows that this bound is tight for 0-GG. On the other hand,
0-GG is planar and every planar graph is 4-colorable; which implies that xo(P) > [ 7 ]. There are
some examples of 0-GG in [14] such that «o(P) = [} ], which means that this bound is tight as

well.

2.5 BLOCKING HIGHER-ORDER GABRIEL GRAPHS

In this section we consider the problem of blocking higher-order Gabriel graphs. Recall that a
point set K blocks k-GG(P) if in k-GG(P U K) there is no edge connecting two points in P.

THEOREM 2.22. For every set P of n points, at least [ "5~ 17 points are necessary to block 0-GG(P).

Proof. Let K be a set of m points which blocks 0-GG(P). Let G(P) be the complete graph with
vertex set P = P. Let T be a minimum spanning tree of G(P) and let D be the set of closed
disks corresponding to the edges of T. Since G(P) has n vertices, T has n — 1 edges. Thus, |D| =
n — 1. By Lemma 2.10 each disk Dl[a,b] € D does not contain any point of P \ {a, b}, thus, T C
0-GG(P). To block each edge of T, corresponding to a disk in D, at least one point is necessary. By
Theorem 2.12 each point in K can lie in at most three disks of D. Therefore, m > [“T_W, which
implies that at least (“T*]} points are necessary to block all the edges of T and hence 0-GG(P). [

NN

(a) (b)

Figure 2.10: (a) 0-GG graph of n = 13 points (in bold edges) which is blocked by [ "5~ 1] = 4 white points,
(b) dashed edges do not belomg to 0-GG.

Figure 2.10(a) shows a 0-GG with n = 13 (black) points which is blocked by (“Tq] =4 (white)
points. Note that all the disks, corresponding to the edges of every cycle, intersect at the same
point in the plane (where we have placed the white points). As shown in Figure 2.10(b), the
dashed edges do not belong to 0-GG. Thus, the lower bound provided by Theorem 2.22 is tight.
It is easy to generalize the result of Theorem 2.22 to higher-order Gabriel graphs. Since in a k-GG
we need at least k + 1 points to block an edge of 7 and each point can be inside at most three
disks in D, we have the following corollary:
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(k+1)(n—1)

COROLLARY 2.23. For every set P of n points, at least | 3 | points are necessary to block

k-GG(P).

In [3] the authors showed that every Gabriel graph can be blocked by a set K of n — 1 points by
putting a point slightly to the right of each point of P, except for the rightmost one. Every disk
with diameter determined by two points of P will contain a point of K. Using a similar argument
one can block a k-GG by putting k + 1 points slightly to the right of each point of P, except for
the rightmost one. Thus,

COROLLARY 2.24. For every set P of n points, there exists a set of (k+ 1)(n — 1) points that blocks
k-GG(P).

Note that this upper bound is tight, because if the points of P are on a line, the disks repre-
senting the minimum spanning tree are disjoint and each disk needs k + 1 points to block the
corresponding edge.

2.6 CONCLUSIONS

In this chapter, we considered the bottleneck and perfect matching admissibility of higher-order
Gabriel graphs. We proved that

¢ 9-GG contains a Euclidean bottleneck matching of P and 8-GG may not have any.

0-GG has a matching of size at least " and this bound is tight.

1-GG has a matching of size at least @

2-GG has a perfect matching.

At least [51] points are necessary to block 0-GG and this bound is tight.

U (W} points are necessary and (k+ 1)(n — 1) points are sufficient to block k-GG.

BIBLIOGRAPHY

[1] M. Abellanas, P. Bose, ]J. Garcia-Lépez, F. Hurtado, C. M. Nicolds, and P. Ramos. On struc-
tural and graph theoretic properties of higher order Delaunay graphs. International Journal
of Computational Geometry & Applications, 19(6):595-615, 2009.

[2] O. Aichholzer, R. F. Monroy, T. Hackl, M. J. van Kreveld, A. Pilz, P. Ramos, and B. Vogten-
huber. Blocking Delaunay triangulations. Computational Geometry: Theory and Applications,

46(2):154-159, 2013.

[3] B. Aronov, M. Dulieu, and F. Hurtado. Witness Gabriel graphs. Computational Geometry:
Theory and Applications, 46(7):894—908, 2013.

[4] C. Berge. Sur le couplage maximum d’un graphe. C. R. Acad. Sci. Paris, 247:258-259, 1958.

[5] A. Biniaz, A. Maheshwari, and M. Smid. Bottleneck matchings and Hamiltonian cycles in
higher-order Gabriel graphs. In Proceedings of the 32nd European Workshop on Computational
Geometry (EuroCG’16), pages 179-182, 2016.

31



32 MATCHING IN GABRIEL GRAPHS

[6] A. Biniaz, A. Maheshwari, and M. H. M. Smid. Matchings in higher-order Gabriel graphs.
Theoretical Computer Science, 596:67—78, 2015.

[7] P. Bose, S. Collette, F. Hurtado, M. Korman, S. Langerman, V. Sacristan, and M. Saumell.
Some properties of k-Delaunay and k-Gabriel graphs. Computational Geometry: Theory and
Applications, 46(2):131-139, 2013.

[8] M.-S. Chang, C. Y. Tang, and R. C. T. Lee. Solving the Euclidean bottleneck matching prob-
lem by k-relative neighborhood graphs. Algorithmica, 8(3):177-194, 1992.

[9] M. B. Dillencourt. Toughness and Delaunay triangulations. Discrete & Computational Geome-
try, 5:575-601, 1990.

[10] J. Edmonds. Paths, trees, and flowers. Canadian Journal of Mathematics, 17:449—-467, 1965.

[11] F. Fodor. The densest packing of 12 congruent circles in a circle. Beitrige Algebra Geom,
41:401—409, 2000.

[12] K. R. Gabriel and R. R. Sokal. A new statistical approach to geographic variation analysis.
Systematic Zoology, 18(3):259—-278, 1969.

[13] T. Kaiser, M. Saumell, and N. V. Cleemput. 10-Gabriel graphs are hamiltonian. Information
Processing Letters, 115(11):877-881, 2015.

[14] D. W. Matula and R. R. Sokal. Properties of Gabriel graphs relevant to geographic variation
research and the clustering of points in the plane. Geographical Analysis, 12(3):205-222, 1980.

[15] S. Micali and V. V. Vazirani. An O(+/|V||E|) algorithm for finding maximum matching in

general graphs. In 21st Annual Symposium on Foundations of Computer Science, FOCS, pages
17—27, 1980.

[16] M. Mucha and P. Sankowski. Maximum matchings in planar graphs via gaussian elimina-
tion. Algorithmica, 45(1):3-20, 2006.

[17] T.-H. Su and R.-C. Chang. The k-Gabriel graphs and their applications. In SIGAL Interna-
tional Symposium on Algorithms, pages 66—75, 1990.

[18] W. T. Tutte. The factorization of linear graphs. Journal of the London Mathematical Society,
22(2):107-111, 1947.

[19] V. V. Williams. Multiplying matrices faster than coppersmith-winograd. In Proceedings of the
44th Symposium on Theory of Computing Conference, STOC, pages 887-898, 2012.



MATCHING IN TD-DELAUNAY GRAPHS

We consider an extension of the triangular-distance Delaunay graphs (TD-Delaunay) on a set P
of points in general position in the plane. In TD-Delaunay, the convex distance is defined by a
tixed-oriented equilateral triangle 5/, and there is an edge between two points in P if and only if
there is an empty homothet of 57 having the two points on its boundary. We consider higher-order
triangular-distance Delaunay graphs, namely k-TD, which contains an edge between two points if
the interior of the smallest homothet of 7 having the two points on its boundary contains at most
k points of P. We consider the connectivity, Hamiltonicity and perfect-matching admissibility of
k-TD. Finally we consider the problem of blocking the edges of k-TD.

This chapter was first published in the proceedings of the First International Conference on
Algorithms and Discrete Applied Mathematics (CALDAM 2015) [7], and was subsequently pub-
lished in the journal of Computational Geometry: Theory and Applications [8].

We also obtained lower and upper bounds on the size of maximum matching in 0-TD graphs,
which are not included in this thesis. The results were first published in the proceedings of
the 7th International Workshop on Algorithms and Computation (WALCOM 2013) [4], and was
subsequently invited and accepted to a special issue of Theoretical Computer Science [5].

3.1 INTRODUCTION

The triangular-distance Delaunay graph of a point set P in the plane, TD-Delaunay for short, was
introduced by Chew [15]. A TD-Delaunay is a graph whose convex distance function is defined by
a fixed-oriented equilateral triangle. Let 57 be a downward equilateral triangle whose barycenter
is the origin and one of whose vertices is on the negative y-axis. A homothet of </ is obtained by
scaling <7 with respect to the origin by some factor n > 0, followed by a translation to a point b
in the plane: b4 uyy = {b + pa : a € ). In the TD-Delaunay graph of P, there is a straight-line
edge between two points p and q if and only if there exists a homothet of 57 having p and q on
its boundary and whose interior does not contain any point of P. In other words, (p, q) is an edge
of TD-Delaunay graph if and only if there exists an empty downward equilateral triangle having
p and q on its boundary. In this case, we say that the edge (p, q) has the empty triangle property.

We say that P is in general position if the line passing through any two points from P does
not make angles 0°, 60°, and 120° with horizontal. In this chapter we consider point sets in
general position and our results assume this pre-condition. If P is in general position, then the
TD-Delaunay graph is a planar graph, see [10]. We define t(p, q) as the smallest homothet of v/
having p and q on its boundary. See Figure 3.1(a). Note that t(p, q) has one of p and q at a vertex,
and the other one on the opposite side. Thus,

OBSERVATION 3.1. Each side of t(p, q) contains either p or q.

A graph G is connected if there is a path between any pair of vertices in G. Moreover, G is
k-connected if there does not exist a set of at most k — 1 vertices whose removal disconnects G. In
case k = 2, G is called biconnected. In other words a graph G is biconnected iff there is a simple
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cycle between any pair of its vertices. A matching in G is a set of edges in G without common
vertices. A perfect matching is a matching which matches all the vertices of G. A Hamiltonian cycle
in G is a cycle (i.e., closed loop) through G that visits each vertex of G exactly once. For H C G
we denote the bottleneck of H, i.e., the length of the longest edge in H, by A(H).

Let K, (P) be a complete edge-weighted geometric graph on a point set P which contains a
straight-line edge between any pair of points in P. For an edge (p, q) in Ky, (P) let w(p, q) denote
the weight of (p, q). A bottleneck matching (resp. bottleneck Hamiltonian cycle) in P is defined to be a
perfect matching (resp. Hamiltonian cycle) in Ky, (P), in which the weight of the maximum-weight
edge is minimized. A bottleneck biconnected spanning subgraph of P is a spanning subgraph, G(P),
of K, (P) which is biconnected and the weight of the longest edge in G(P) is minimized.

A tight lower bound on the size of a maximum matching in a TD-Delaunay graph, i.e. 0-TD,
is presented in [5]. In this chapter we study higher-order TD-Delaunay graphs. The order-k TD-
Delaunay graph of a point set P, denoted by k-TD, is a geometric graph which has an edge (p, q) iff
the interior of t(p, q) contains at most k points of P; see Figure 3.1(b). The standard TD-Delaunay
graph corresponds to 0-TD. We consider graph-theoretic properties of higher-order TD-Delaunay
graphs, such as connectivity, Hamiltonicity, and perfect-matching admissibility. We also consider
the problem of blocking TD-Delaunay graphs.

(©)

Figure 3.1: (a) Triangular-distance Delaunay graph (0-TD), (b) 1-TD graph, the light edges belong to 0-TD
as well, and (c) Delaunay triangulation.

3.1.1 Previous Work

A Delaunay triangulation (DT) of P (which does not have any four co-circular points) is a graph
whose distance function is defined by a fixed circle O centered at the origin. DT has an edge
between two points p and q iff there exists a homothet of O having p and q on its boundary and
whose interior does not contain any point of P; see Figure 3.1(c). In this case the edge (p, q) is said
to have the empty circle property. The order-k Delaunay Graph on P, denoted by k-DG, is defined
to have an edge (p, q) iff there exists a homothet of O having p and q on its boundary and
whose interior contains at most k points of P. The standard Delaunay triangulation corresponds
to 0-DG.

For each pair of points p, q € P let D[p, q] be the closed disk having pq as diameter. A Gabriel
Graph on P is a geometric graph which has an edge between two points p and q iff D[p, q] does
not contain any point of P\ {p, q}. The order-k Gabriel Graph on P, denoted by k-GG, is defined to
have an edge (p, q) iff D[p, q] contains at most k points of P\ {p, q}.

For each pair of points p,q € P, let L(p, q) be the intersection of the two open disks with
radius [pq| centered at p and g, where [pq| is the Euclidean distance between p and q. A Relative
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Neighborhood Graph on P is a geometric graph which has an edge between two points p and q iff
L(p, q) does not contain any point of P. The order-k Relative Neighborhood Graph on P, denoted by
k-RNG, is defined to have an edge (p, q) iff L(p, q) contains at most k points of P. It is obvious
that for a fixed point set, k-RNG is a subgraph of k-GG, and k-GG is a subgraph of k-DG.

The problem of determining whether an order-k geometric graph always has a (bottleneck) per-
fect matching or a (bottleneck) Hamiltonian cycle is of interest. In order to show the importance
of this problem we provide the following example. Gabow and Tarjan [18] showed that a bottle-
neck matching of maximum cardinality in a graph can be computed in O(m - (nlogn)®>) time,
where m is the number of edges in the graph. Using their algorithm, a bottleneck perfect match-
ing of a point set can be computed in O(n? - (nlogn)®>) time; note that the complete graph on
n points has ©(n?) edges. Chang et al. [14] showed that a bottleneck perfect matching of a point
set is contained in 16-DG; this graph has ©(n) edges and can be computed in O(nlogn) time.
Thus, by running the algorithm of Gabow and Tarjan on 16-DG, a bottleneck perfect matching of
a point set can be computed in O(n - (nlog n)%°) time.

If for each edge (p, q) in Kn (P), w(p, q) is equal the Euclidean distance between p and q, then
Chang et al. [12, 13, 14] proved that a bottleneck biconnected spanning graph, bottleneck perfect
matching, and bottleneck Hamiltonian cycle of P are contained in 1-RNG, 16-RNG, 19-RNG,
respectively. This implies that 16-RNG has a perfect matching and 19-RNG is Hamiltonian. Since
k-RNG is a subgraph of k-GG, the same results hold for 16-GG and 19-GG. It is known that
k-GG is (k + 1)-connected [11] and 10-GG (and hence 10-DG) is Hamiltonian [19]. Dillencourt
showed that every Delaunay triangulation (0-DG) admits a perfect matching [17] but it can fail
to be Hamiltonian [16].

Given a geometric graph G(P) on a set P of n points, we say that a set K of points blocks G(P)
if in G(P UK) there is no edge connecting two points in P. Actually P is an independent set in
G(PUK). Aichholzer et al. [2] considered the problem of blocking the Delaunay triangulation (i.e.
0-DG) for a given point set P in which no four points are co-circular. They show that 37“ points
are sufficient to block 0-DG and n — 1 points are necessary. To block a Gabriel graph, n — 1 points
are sufficient [3].

3.1.2  Our Results

We consider some graph-theoretical properties of higher-order triangular distance Delaunay
graphs on a given set P of n points in general position in the plane. We show for which values of
k, k-TD contains a bottleneck biconnected spanning graph, a bottleneck Hamiltonian cycle, and
a (bottleneck) perfect-matching; for the bottleneck structures we assume that the weight of any
edge (p, q) in K,,(P) is equal to the area of the smallest homothet of 57 having p and q on its
boundary. In Section 3.3 we prove that every k-TD graph is (k + 1)-connected. In addition we
show that a bottleneck biconnected spanning graph of P is contained in 1-TD. Using a similar ap-
proach as in [1, 12], in Section 3.4 we show that a bottleneck Hamiltonian cycle of P is contained
in 7-TD. We also show a configuration of a point set P such that 5-TD fails to have a bottleneck
Hamiltonian cycle. In Section 3.5 we prove that a bottleneck perfect matching of P is contained in
6-TD, and we show that for some point set P, 5-TD does not have a bottleneck perfect matching.
In Section 3.5.2 we prove that 2-TD has a perfect matching and 1-TD has a matching of size at
least @ In Section 3.6 we consider the problem of blocking k-TD. We show that at least
[251] points are necessary and n — 1 points are sufficient to block a 0-TD. The open problems
and concluding remarks are presented in Section 3.7.
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3.2 PRELIMINARIES
Bonichon et al. [9] showed that the half-©¢ graph of a point set P in the plane is equal to the TD-
Delaunay graph of P. They also showed that every plane triangulation is TD-Delaunay realizable.

1120
3p q T
AN

Figure 3.2: The construction of the TD-Delaunay graph.

The half-©¢ graph (or equivalently a TD-Delaunay graph) on a point set P can be constructed
in the following way. For each point p in P, let 1, be the horizontal line through p. Define 1 as
the line obtained by rotating 1, by y-degrees in counter-clockwise direction around p. Actually
13 = 1,,. Consider three lines lg, lgo, and lg)zo which partition the plane into six disjoint cones with
apex p. Let cl ..., Cg be the cones in counter-clockwise order around p as shown in Figure 3.2.
Cg,, Cf,, C?, will be referred to as odd cones, and C%, Cg, Cg will be referred to as even cones.
For each even cone Cj,, connect p to the “nearest” point q in Cj,. The distance between p and q,
d(p, q), is defined as the Euclidean distance between p and the orthogonal projection of q onto
the bisector of C]"D. See Figure 3.2. The resulting graph is the half-©¢ graph which is defined by
even cones [9]. Moreover, the resulting graph is the TD-Delaunay graph defined with respect
to homothets of 7. By considering the odd cones, another half-©¢ graph is obtained. The well-
known ©g graph is the union of half-O¢ graphs defined by odd and even cones.

Recall that t(p, q) is the smallest homothet of 57 having p and q on its boundary. In other
words, t(p, q) is the smallest downward equilateral triangle through p and q. Similarly we define
t’(p, q) as the smallest upward equilateral triangle having p and g on its boundary. It is obvious
that the even cones correspond to downward triangles and odd cones correspond to upward
triangles. We define an order on the equilateral triangles: for each two equilateral triangles t;
and t, we say that t; < t, if the area of t; is less than the area of t;. Since the area of t(p, q) is
directly related to d(p, q),

d(p,q) < d(r,s) ifandonlyif t(p,q)<t(r,s).

For a set {t1,...,tm} of equilateral triangles we define max{tj,...,tm} to be the triangle with
the largest area. As shown in Figure 3.3 we have the following observation:

OBSERVATION 3.2. If t(p, q) contains a point v, then t(p,r) and t(q, ) are contained in t(p, q).

As a direct consequence of Observation 3.2, if a point 1 is contained in t(p, q), then max{t(p, 1),
t(q, 1)} < t(p, q). It is obvious that,
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(b)

Figure 3.3: Illustration of Observation 3.2: the point r is contained in t(p, q). The triangles t(p, ) and t(q, r)
are inside t(p, q).

OBSERVATION 3.3. For each two points p, q € P, the area of t(p, q) is equal to the area of t'(p, q).

Thus, we define X(p, q) as a regular hexagon centered at p which has q on its boundary, and
its sides are parallel to lg, 1%0, and 1]1020.

OBSERVATION 3.4. If X(p, q) contains a point v, then t(p,r) < t(p, q).

We construct k-TD as follows. For each point p € P, imagine the six cones having their apex
at p, as described earlier. Then connect p to its (k + 1) nearest neighbors in each even cone
around p. For each edge (p, q) in k-TD we define its weight, w(p, q), to be equal to the area of
t(p, q). The resulting graphs is k-TD, which has O(kn) edges. The k-TD can be constructed in
O(nlogn + knloglogn)-time, using the algorithm introduced by Lukovszki [20] for computing
fault tolerant spanners.

For a graph G = (V,E) and K C V, let G — K be the subgraph obtained from G by removing
the vertices in K, and let o(G — K) be the number of odd components in G — K. The following
theorem by Tutte [21] gives a characterization of the graphs which have a perfect matching:

THEOREM 3.5 (Tutte [21]). G has a perfect matching if and only if o(G — K) < [K] forall K C V.

Berge [6] extended Tutte’s theorem to a formula (known as Tutte-Berge formula) for the max-
imum size of a matching in a graph. In a graph G, the deficiency, defg(K), is o(G — K) — [K|. Let
def(G) = maxkcv defg (K).

THEOREM 3.6 (Tutte-Berge formula; Berge [6]). The size of a maximum matching in G is

%(n—def(G)).

For an edge-weighted graph G we define the weight sequence of G, WS(G), as the sequence
containing the weights of the edges of G in non-increasing order. For two graphs G; and G, we
say that WS(G1) < WS(G2) if WS(G1) is lexicographically smaller than WS(G;). A graph Gj is
said to be less than a graph G, if WS(G1) < WS(G;).

3.3 CONNECTIVITY

In this section we consider the connectivity of higher-order triangular-distance Delaunay graphs.
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3.3.1  (k+ 1)-connectivity

For a set P of points in the plane, the TD-Delaunay graph, i.e., 0-TD, is not necessarily a triangu-
lation [15], but it is connected and internally triangulated [5], i.e., all internal faces are triangles.
As shown in Figure 3.1(a), 0-TD may not be biconnected. As a warm up exercise we show that
every k-TD is (k + 1)-connected.

THEOREM 3.7. For every point set P in general position in the plane, k-TD is (k + 1)-connected. In
addition, for every k, there exists a point set P such that X-TD is not (k + 2)-connected.

Proof. We prove the first part of this theorem by contradiction. Let K be the set of (at most)
k vertices removed from k-TD, and let ¢ = {Cy,C3,...,Cy,}, where m > 1, be the resulting
maximal connected components. Let T be the set of all triangles defined by any pair of points
belonging to different components, i.e., T = {t(a,b) : a € C;,b € Cj,1 # j}. Consider the smallest
triangle t;hin € T. Assume that t,i, is defined by two points a and b, i.e., tmin = t(a, b), where
acCy,beCjandi#].

Claim 1: tmin does not contain any point of P \ K in its interior. By contradiction, suppose that
tmin contains a point ¢ € P\ K in its interior. Three cases arise: (i) ¢ € Cj, (ii) ¢ € Cj, (iii) ¢ € Cy,
where 1 # i and 1 # j. In case (i) the triangle t(c, b) between C; and C; is contained in t(a, b). In
case (ii) the triangle t(a, c) between C; and C; is contained in t(a, b). In case (iii) both triangles
t(a,c) and t(c,b) are contained in t(a, b). All cases contradict the minimality of t(a,b) = tmin.
Thus, tmin contains no point of P\ K in its interior, proving Claim 1.

By Claim 1, t;in = t(a, b) may only contain points of K. Since [K| < k, there must be an edge
between a and b in k-TD. This contradicts that a and b belong to different components C; and
C; in C. Therefore, k-TD is (k + 1)-connected.

We present a constructive proof for the second part of theorem. Let P = A UB UK, where
|IA|,|Bl > 1 and |K| = k + 1. Place the points of A in the plane. Let C‘}\ = ﬂpeA C;‘,. Place the
points of K in C%. Let C} = MNpex Cf;. Place the points of B in Cf. Consider any pair (a,b) of
points where a € A and b € B. It is obvious that any path between a and b in k-TD goes through
the vertices in K. Thus by removing the vertices in K, a and b become disconnected. Therefore,
k-TD of P is not (k 4 2)-connected. O

3.3.2 Bottleneck Biconnected Spanning Graph

As shown in Figure 3.1(a), 0-TD may not be biconnected. By Theorem 3.7, 1-TD is biconnected.
In this section we show that a bottleneck biconnected spanning graph of P is contained in 1-TD.

THEOREM 3.8. For every point set P in general position in the plane, 1-TD contains a bottleneck bicon-
nected spanning graph of P.

Proof. Let G be the set of all biconnected spanning graphs with vertex set P. We define a total
order on the elements of § by their weight sequence. If two elements have the same weight
sequence, we break the ties arbitrarily to get a total order. Let G* = (P, E) be a graph in § with
minimal weight sequence. Clearly, G* is a bottleneck biconnected spanning graph of P. We will
show that all edges of G* are in 1-TD. By contradiction suppose that some edges in E do not
belong to 1-TD, and let e = (a,b) be the longest one (by the area of the triangle t(a, b)). If the
graph G* —{e} is biconnected, then by removing e, we obtain a biconnected spanning graph
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G with WS(G) < WS(G*); this contradicts the minimality of G*. Thus, there is a pair {p, q} of
points such that any cycle between p and q in G* goes through e. Since (a,b) ¢ 1-TD, t(a,b)
contains at least two points of P, say x and y. Let G be the graph obtained from G* by removing
the edge (a,b) and adding the edges (a,x), (b,x), (a,y), (b,y). We show that in G there is a
cycle C between p and q which does not go through e. Consider a cycle C* in G* between two
points p and q (which goes through e). If none of x and y belong to C*, then C = (C* —{(a, b)})
U{(a,x),(b,x)} is a cycle in G between p and q. If one of x or y, say x, belongs to C*, then
C=(C"—{(a,b)}) U{(a,y),(b,y)}is a cycle in G between p and q. If both x and y belong to C*,
w.lo.g. assume that x is between b and y in the path C* —{(a, b)}. Consider the partition of C*
into four parts: (a) edge (a, b), (b) path 3y, between b and x, (c) path 5y between x and y, and
(d) path 6,4 between y and a. There are four cases:

1. None of p and q are on 0,y. Let C = dpx U dyq U{(a,x), (b,y)}.

2. Both p and q are on d,y. Let C = 0,y U{(a,x), (a,y)}.

3. One of p, q is on by while the other is on dpx. Let C = dpx U dxy U{(b,y)}.
4. One of p, q is on 5, while the other is on 0yq. Let C = 85y U dyq U{(a,x)}.

In all cases, C is a cycle in G between p and q. Thus, between any pair of points in G there
exists a cycle, and hence G is biconnected. Since x and y are inside t(a, b), by Observation 3.2,
max{t(a,x), t(a,y),t(b,x),t(b,y)} < t(a,b). Therefore, WS(G) < WS(G*); this contradicts the
minimality of G*. ]

3.4 HAMILTONICITY

In this section we show that 7-TD contains a bottleneck Hamiltonian cycle. In addition, we will
show that for some point sets, 5-TD does not contain any bottleneck Hamiltonian cycle.

THEOREM 3.9. For every point set P in general position in the plane, 7-TD contains a bottleneck Hamil-
tonian cycle.

Proof. Let H be the set of all Hamiltonian cycles through the points of P. Define a total order
on the elements of H by their weight sequence. If two elements have exactly the same weight
sequence, break ties arbitrarily to get a total order. Let H* = ag, ay,...,an—1, ap be a cycle in H
with minimal weight sequence. It is obvious that H* is a bottleneck Hamiltonian cycle of P. We
will show that all the edges of H* are in 7-TD. Consider any edge e = (aj, ai;+1) in H* and let
t(ai, ai41) be the triangle corresponding to e (all the index manipulations are modulo n).

Claim 1: None of the edges of H* can be completely in the interior t(ai, ai;1). Suppose there
is an edge f = (aj, aj;1) inside t(ai, ai11). Let H be a cycle obtained from H* by deleting e and
f, and adding (ai, aj) and (aiy1,aj41). By Observation 3.2, t(aj, ai4+1) = max{t(ai, a;), t(aiy1,
aj+1)}, and hence WS(H) < WS(H*). This contradicts the minimality of H*.

Therefore, we may assume that no edge of H* lies completely inside t(ai, ai;1). Suppose there
are w points of P inside t(ai, aj41). Let U =uy,uy,...,u,, represent these points indexed in the
order we would encounter them on H* starting from a;. Let R = {ry,72,...,1\,} represent the
vertices where 1; is the vertex succeeding u; in the cycle. All the vertices in R, probably except
Tw, are different from a; (and aj;71). Without loss of generality assume that a; € Cimr and
t(ai, ai4+1) is anchored at a;, 1, as shown in Figure 3.4.
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Claim 2: For each vj € R, t(rj, ai 1) = max{t(ai, ai 1), t(u;,r5)}. Suppose there is a point r; € R
such that t(rj, ai; 1) < max{t(aj, ai 1), t(uj, rj)}. Construct a new cycle H by removing the edges
(uj,75), (ai, ai41) and adding the edges (ai41,75) and (ai, u;). Since the two new edges have
length strictly less than max{t(a;, ai41), t(uj,r5)}, WS(H) < WS(H*); which is a contradiction.

Claim 3: For each 15,1 € R, t(rj, 1) = max{t(ai, ai+1), t(uy, 73), t(wy, 1 )}. Suppose there is a
pair 1; and T such that t(rj, m) < max{t(ai, ai11),t(uj, 5), d(uk, 1) }. Construct a cycle H from
H* by first deleting (u;, 7j), (ux, T ), (ai, aijy1). This results in three paths. One of the paths must
contain both a; and either rj or r. W.l.o.g. suppose that a; and Ty are on the same path. Add
the edges (ai, uj), (ais1,uk), (15, 11). Since max{t(u;, ), t(uk, 1), d(ai, ai 1)} = max{t(ai, u;),
tlaig1, w), t(ry, m)}, WS(H) < WS(H*); we get a contradiction.

l

Figure 3.4: Illustration of Theorem 3.9.

We use Claim 2 and Claim 3 to show that the size of R is at most seven, and consequently
w < 7. Consider the lines l?lm, lg?ﬁ, 1133], and l]flo as shown in Figure 3.4. Let 11 and 1, be
the rays starting at the corners of t(ai, ai;1) opposite to a1 and parallel to lgm and lg?H
respectively. These lines and rays partition the plane into 12 regions, as shown in Figure 3.4. We
will show that each of the regions D1, D, D3, D4, Cq, C2, and B = By U B, contains at most one
point of R, and the other regions do not contain any point of R. Consider the hexagon X(ai41, ai).
By Claim 2 and Observation 3.4, no point of R can be inside X(ai1, a;). Moreover, no point of
R can be inside the cones Aj, A, or A3, because if 15 € {A; UA, UA3}, the (upward) triangle
t’(uj,1;) contains ai; 1. Then by Observation 3.4, t(rj, ai+1) < t(uj,15); which contradicts Claim
2.

We show that each of the regions D1, D2, D3, D4 contains at most one point of R. Consider the
region D1; by similar reasoning we can prove the claim for D, D3, D4. Using contradiction, let
1; and 1 be two points in Dy, and w.l.0.g. assume that r; is the farthest to 1?1?“. Then 1 can lie
inside any of the cones Clj, ij, and Cfj (but not in X). If ry € Clj, then t’(rj, 1) is smaller than
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t’(ai, ai41) which means that t(rj, mic) < t(ay, aipq). If 1 € C?j, then t’(uj, 1) contains 1y, that
is t(rj, m) < t(uy,15). I e € ij, then t(u;, 15) contains Ty, that is t(rj, 1) < t(uj, 75). All cases
contradict Claim 3.

Now consider the region C; (or C;). By contradiction assume that it contains two points T;
and 1y. Let 1;j be the farthest from l?lm. It is obvious that t’(u;, ;) contains 7y, that is t(rj, 1) <
t(u;,1;); which contradicts Claim 3.

Consider the region B = B7 U B,. Note that it is possible for r; or Ty to be a;. If both r; and
T belong to By, then t'(rj, 1) is smaller that t(ai, ai1). If rj € By and 1 € By, then t'(uj,1j)
contains Ty, and hence t(rj, T¢) < t(uj,7;). If both 15 and 1 belong to By, let r; be the farthest
from lllfo. Clearly, t(uj,j) contains 1y and hence t(rj, 1) < t(u;,7;). All cases contradict Claim
3.

Therefore, any of the regions Dy, D2, D3, D4, Cq, C2, and B = By U B, contains at most one
point of R. Thus, [R| < 7 and w < 7, and t(ai, aj41) contains at most 7 points of P. Therefore,
e = (ai, aj41) is an edge of 7-TD. O

As a direct consequence of Theorem 3.9 we have shown that:

COROLLARY 3.10. 7-TD is Hamiltonian.

Figure 3.5: t(ay, aj4+1) contains 7 points while the conditions in the proof of Theorem 3.9 hold.
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An interesting question is to determine if k-TD contains a bottleneck Hamiltonian cycle for
k < 7. Figure 3.5 shows a configuration where t(ai, ai+1) contains 7 points while the conditions
of Claim 1, Claim 2, and Claim 3 in the proof of Theorem 3.9 hold. In Figure 3.5, d(ai, ai+1) =1,
dri,wi) =14¢,d(ry, ) >1+¢ d(ri,ai41) > 1+efori,j=1,...7and i #j.

Figure 3.6: The points {rq,...,7¢,t1,12,t3} are connected to their first and second closest point (the bold
edges). The edge (a, b) should be in any bottleneck Hamiltonian cycle, while t(a, b) contains 6
points.

THEOREM 3.11. There exists an arbitrary large point set such that its 5-TD does not contain any bottle-
neck Hamiltonian cycle.

Proof. In order to prove the theorem, we provide such a point set. Figure 3.6 shows a configu-
ration of P with 17 points such that 5-TD does not contain a bottleneck Hamiltonian cycle. In
Figure 3.6, d(a,b) =1 and t(a, b) contains 6 points U = {uy, ..., ug}. In addition d(ri, ;) =1+¢€,
d(ri,m5) > T+e¢€,d(ri,b) > T+efori,j=1,...6 and i # j. Let R = {ty,t2,t3,71,...,76}. The
dashed hexagons are centered at a and b and have diameter 1. The dotted hexagons are centered
at vertices in R and have diameter 1+ €. Each point in R is connected to its first and second
closest points by edges of length 1+ € (the bold edges). Let B be the set of these edges. Let H
be a cycle formed by B U{(uz,b), (b, a), (a,us)}, i.e., H = (u4,14,us,75,u¢, 716, t1,t2,t3, 77,1, 72,
uz,73,u3,a,b,uy). It is obvious that H is a Hamiltonian cycle for P and A(H) = 1+ €. Thus, the
bottleneck of any bottleneck Hamiltonian cycle for P is at most 1+ €. We will show that any
bottleneck Hamiltonian cycle for P contains the edge (a,b) which does not belong to 5-TD. By
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contradiction, let H* be a bottleneck Hamiltonian cycle which does not contain (a,b). In H*, b is
connected to two vertices by and b;,, where by # a and b; # a. Since the distance between b and
any vertex in R is strictly bigger than 1+ € and A(H*) < 1+¢, by ¢ Rand b, ¢ R. Thus by and b,
belong to U. Let U’ = {uy,uz, us, ug}. Consider two cases:

* by € U orb, € U. Wlo.g. assume that by € U’ and by = u;. Since u; is the first/second
closest point of r1 and 1, in H* one of r1 and r, must be connected by an edge e to a point
that is farther than its second closet point; e has length strictly greater than 1+ €.

* by ¢ U and b, ¢ U’. Thus, both by and b, belong to {uz, us}. That is, in H*, a should be
connected to a point ¢ where c € RUU’. If ¢ € R then the edge (a, ¢) has length more than
1+e. If c € W, wlo.g. assume ¢ = u;; by the same argument as in the previous case, one
of r1 and r, must be connected by an edge e to a point that is farther than its second closet
point; e has length strictly greater than 1+ €.

Since e € H*, both cases contradicts that A(H*) < 1+ e. Therefore, every bottleneck Hamil-
tonian cycle contains edge (a,b). Since (a, b) is not an edge in 5-TD, a bottleneck Hamiltonian
cycle of P is not contained in 5-TD. We can construct larger point sets by adding new points very
close to ty, and at distance at least 1 + 2¢ from b. ]

3.5 PERFECT MATCHING ADMISSIBILITY

In this section we consider the matching problem in higher-order triangular-distance Delaunay
graphs. In Subsection 3.5.1 we show that 6-TD contains a bottleneck perfect matching. We also
show that for some point sets P, 5-TD does not contain any bottleneck perfect matching. In
Subsection 3.5.2 we prove that every 2-TD has a perfect matching when P has an even number of

points, and 1-TD contains a matching of size at least @

3.5.1 Bottleneck Perfect Matching

THEOREM 3.12. Fora set P of an even number of points in general position in the plane, 6-TD contains
a bottleneck perfect matching.

Proof. Let M be the set of all perfect matchings through the points of P. Define a total order on the
elements of M by their weight sequence. If two elements have exactly the same weight sequence,
break ties arbitrarily to get a total order. Let M* = {(aj,b1),..., (a%, bxn )} be a perfect matching
in M with minimal weight sequence. It is obvious that M* is a bottleneck perfect matching for
P. We will show that all edges of M* are in 6-TD. Consider any edge e = (aj, b;) in M* and its
corresponding triangle t(ai, bi).

Claim 1: None of the edges of M* can be inside t(a;, b;). Suppose there is an edge f = (aj, b;)
inside t(aj, bi). Let M be a perfect matching obtained from M* by deleting {e, f}, and adding
{(ai, a;), (b, bj)}. By Observation 3.2, the two new edges are smaller than the old ones. Thus,
WS(M) < WS(M*) which contradicts the minimality of M*.

Therefore, we may assume that no edge of M* lies completely inside t(aj, bi). Suppose there
are w points of P inside t(aj, bi). Let U =uq,uy,...,u,, represent the points inside t(a;, b;), and
R =1y,712,...,7 represent the points where (ri,u;) € M*. W.l.o.g. assume that a; € Cf)i, and
t(ai, bi) is anchored at b; as shown in Figure 3.7.
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Figure 3.7: Proof of Theorem 3.12.

Claim 2: For each v; € R, min{t(rj, a;), t(rj,bi)} = max{t(ai, bi), t(u;,r;)}. Otherwise, by a
similar argument as in the proof of Claim 2 in Theorem 3.9 we can either match r; with a; or b;
to obtain a smaller matching M; which is a contradiction.

Claim 3: For each pair rj and Ty of points in R, t(rj, 1) = max{t(ai, bi), t(rj, u;), t(ry, wc)}. The
proof is similar to the proof of Claim 3 in Theorem 3.9.

Consider Figure 3.7 which partitions the plane into eleven regions. As a direct consequence
of Claim 2, the hexagons X(bj, a;) and X(ai, b;) do not contain any point of R. By a similar
argument as in the proof of Theorem 3.9, the regions A1, A, A3 do not contain any point of R. In
addition, the region B does not contain any point r; of R, because otherwise t/ (1j,u;) contains aj,
that is t(rj, a;) < t(u;,15) which contradicts Claim 2. As shown in the proof of Theorem 3.9 each
of the regions Dy, D;, D5, Dy, Cy, and C, contains at most one point of R (note that D C D3
and D) C Dy). Thus, w < 6, and t(aj, b;) contains at most 6 points of P. Therefore, e = (ai, bi)
is an edge of 6-TD. O

As a direct consequence of Theorem 3.12 we have shown that:

COROLLARY 3.13. For a set P of even number of points in general position in the plane, 6-TD has a
perfect matching.

In the following theorem, we show that the bound k = 6 proved in Theorem 3.12 is tight.

THEOREM 3.14. There exists an arbitrarily large point set such that its 5-TD does not contain any
bottleneck perfect matching.

Proof. In order to prove the theorem, we provide such a point set. Figure 3.8 shows a configura-
tion of a set P with 14 points such that d(a, b) = 1 and t(a, b) contains six points U = {uy, ..., ug}.
In addition d(ri,wi) = 1+¢€, d(ri,x) > 1+ € where x # u;, fori=1,...6. Let R = {rq,..., 76}
In Figure 3.8, the dashed hexagons are centered at a and b, each of diameter 1, and the dot-
ted hexagons centered at vertices in R, each of diameter 1+ €. Consider a perfect matching
M = {(a,b)jU{(ri,ui) : 1 =1,...,6} where each point r; € R is matched to its closest point u;.
It is obvious that A(M) = 1 + ¢, and hence the bottleneck of any bottleneck perfect matching is
at most 1+ e. We will show that any bottleneck perfect matching for P contains the edge (a,b)
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Figure 3.8: The points {11, ..., ¢} are matched to their closest point. The edge (a, b) should be an edge in
any bottleneck perfect matching, while t(a, b) contains 6 points.

which does not belong to 5-TD. By contradiction, let M* be a bottleneck perfect matching which
does not contain (a,b). In M*, b is matched to a point c € RUU. If c € R, then d(b,c) > 1+ €. If
c € U, wlo.g. assume ¢ = uj. Thus, in M* the point r; is matched to a point d where d # u;.
Since u; is the unique closest point to vy and d(r1,uy) = 1+¢€, d(r1,d) > 1+ €. Both cases con-
tradicts that A(M*) < 1+ €. Therefore, every bottleneck perfect matching contains (a, b). Since
(a,b) is not an edge in 5-TD, a bottleneck perfect matching of P is not contained in 5-TD. We
can construct larger point sets by adding new points—which are within distance 1+ € from each
other—at distance at least 14 2e from the current point set. O

3.5.2 Perfect Matching

In [5] the authors proved a tight lower bound of ["T*W on the size of a maximum matching in
0-TD. In this section we prove that 1-TD has a matching of size @ and 2-TD has a perfect
matching when P has an even number of points.

For a triangle t(a, b) through the points a and b, let top(a,b), left(a,b), and right(a,b) re-
spectively denote the top, left, and right sides of t(a, b). Refer to Figure 3.9(a) for the following

lemma.

LEMMA 3.15. Let t(a, b) and t(p, q) intersect a horizontal line {, and t(a, b) intersects top(p, q) in such
a way that t(p, q) contains the lowest corner of t(a, b). Let a (resp. p) lie on right(a, b) (resp. right(p, q).
If a and b lie above top(p, q), and p and q lie above {, then, max{t(a, p), t(b, q)} < max{t(a, b), t(p, q)}
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"/
BV

t(p, q)

(a) (b)

Figure 3.9: (a) Illustration of Lemma 3.15, and (b) proof of Lemma 3.15.

Proof. Recall that t(a,b) is the smallest downward triangle through a and b. By Observation 3.1
each side of t(a, b) contains either a or b. In Figure 3.9(a) the set of potential positions for point a
on the boundary of t(a, b) is shown by the line segment s; and similarly by sy, sp, sq for b, p, q,
respectively. We will show that t(a,p) < max{t(a,b), t(p, q)}. By similar reasoning we can show
that t(b, q) < max{t(a,b), t(p, q)}. Let x denote the intersection of { and right(p, q). Consider a
ray r initiated at x and parallel to left(p, q) which divides s, into (at most) two parts s/ and s/
as shown in Figure 3.9(b). Two cases may appear:

* a € s;. Let t; be a downward triangle anchored at x which has its top side on the line
through top(a, b) (the dashed triangle in Figure 3.9(b)). The top side of t; and t(a, b) lie on
the same horizontal line. The bottommost corner of t; is on £ while the bottommost corner
of t(a, b) is below {. Thus, t; < t(a, b). In addition, t; contains s, and s, thus, for any two
points a € s; and p € sy, t(a,p) = t1. Therefore, t(a,p) < t(a,b).

* a € s/. Let t, be a downward triangle anchored at the intersection of right(a,b) and
top(p, q) which has one side on the line through right(p, q) (the dotted triangle in Fig-
ure 3.9(b)). This triangle is contained in t(p, q), and has s, on its right side. If we slide t;
upward while its top-left corner remains on s, the segment s, remains on the right side
of t;. Thus, any triangle connecting a point a € s to a point p € sy, has the same size as
ty. That is, t(a,p) = t2 < t(p, q).

Therefore, we have t(a, p) < max{t(a, b), t(p, q)}. By similar argument we conclude that t(b, q) <
max{t(a, b), t(p, q)}. O

Let P = {Py,P3,...} be a partition of the points in P. Let G(P) be the complete graph with
vertex set P. For each edge e = (Pi,P;) in G(P), let w(e) be equal to the area of the smallest
triangle between a point in P; and a point in Pj, i.e. w(e) = min{t(a,b) : a € P;,b € P;}. That
is, the weight of an edge e € G(P) corresponds to the size of the smallest triangle t(e) defined
by the endpoints of e. Let T be a minimum spanning tree of G(P). Let T be the set of triangles
corresponding to the edges of T, i.e. T ={t(e) : e € T}.

LEMMA 3.16. The interior of any triangle in T does not contain any point of P.
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Proof. By contradiction, suppose there is a triangle T € T which contains a point ¢ € P. Let
e = (Py, P;) be the edge in T which corresponds to T. Let a and b respectively be the points in
P; and P; which define 7, i.e. T = t(a,b) and w(e) = t(a,b). Three cases arise: (i) c € Py, (ii)
c € P;, (iii) ¢ € Py where 1 # i and 1 # j. In case (i) the triangle t(c, b) between c € P; and b € P;
is smaller than t(a,b); contradicts that w(e) = t(a,b) in G(P). In case (ii) the triangle t(a,c)
between a € P; and c € P; is smaller than t(a, b); contradicts that w(e) = t(a, b) in G(P). In case
(iii) the triangle t(a,c) (resp. t(c, b)) between P; and Py (resp. Py and P;) is smaller than t(a, b);
contradicts that e is an edge in 7. O

LEMMA 3.17. Each point in the plane can be in the interior of at most three triangles in T.

Proof. For each t(a,b) € T, the sides top(a, b), right(a, b), and left(a, b) contains at least one of
a and b. In addition, by Lemma 3.16, t(a, b) does not contain any point of P in its interior. Thus,
none of top(a,b), right(a,b), and left(a, b) is completely inside the other triangles. Therefore,
the only possible way that two triangles t(a, b) and t(p, q) can share a point is that one triangle,
say t(p, q), contains a corner of t(a,b) in such a way that a and b are outside t(p, q). In other
words t(a,b) intersects t(p,q) through one of the sides top(p, q), right(p, q), or left(p, q). If
t(a, b) intersects t(p, q) through a direction d € {top, right, left} we say that t(p, q) <4 t(a,b).
By contradiction, suppose there is a point c in the plane which is inside four triangles {t1, t, t3,
t4} C T. Out of these four, either (i) three of them are like t; <q tj <q ti or (ii) there is a triangle t;
such that t1 <top ti, tt <right tj, t1 <tert t, where 1 <1i,j,k, 1 <4 and i #j # k # L. Figure 3.10
shows the two possible configurations (note that all other configurations obtained by changing
the indices of triangles and/or the direction are symmetric to Figure 3.10(a) or Figure 3.10(b)).

t’;\\\ / é \\\\ //// /t4

(a) (b)

Figure 3.10: Two possible configurations: (a) t3 <top t2 <top t1, (b) t4 <top t1,ta <teft t2,t4 <right 3.

Recall that each of t1, t;, t3, t4 corresponds to an edge in 7. In the configuration of Figure 3.10(a)
consider t7, t;, and top(t3) which is shown in more detail in Figure 3.11(a). Suppose t; (resp. t2)
is defined by points a and b (resp. p and q). By Lemma 3.16, p and q are above top(t3), a and
b are above top(t;). By Lemma 3.15 max{t(a,p), t(b, q)} < max{t(a,b), t(p, q)}. This contradicts
the fact that both of the edges representing t(a,b) and t(p,q) are in 7, because by replacing
max{t(a,b), t(p,q)} with t(a,p) or t(b, q), we obtain a tree T’ which is smaller than 7. In the
configuration of Figure 3.10(b), consider all pairs of potential positions for two points defining t4
which is shown in more detail in Figure 3.11(b). The pairs of potential positions on the boundary
of t4 are shown in red, green, and orange. Consider the red pair, and look at t;, t4, and left(ty).
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By Lemma 3.15 and the same reasoning as for the previous configuration, we obtain a smaller
tree 7’; which contradicts the minimality of 7. By symmetry, the green and orange pairs lead to
a contradiction. Therefore, all configurations are invalid; which proves the lemma.

th
a
/ .

top(ts)

q‘

right(t,)’ left(ty)

Figure 3.11: Illustration of Lemma 3.17.

O

Our results in this section are based on Lemma 3.16, Lemma 3.17, Theorem 3.5, and Theo-
rem 3.6.
Now we prove that 2-TD has a perfect matching.

THEOREM 3.18. For a set P of an even number of points in general position in the plane, 2-TD has a
perfect matching.

Proof. First we show that by removing a set K of points from 2-TD, at most |[K| + 1 components
are generated. Then we show that at least one of these components must be even. Finally by
Theorem 3.5 we conclude that 2-TD has a perfect matching.

Let K be a set of vertices removed from 2-TD, and let € = {C;, ..., Cy; (k) } be the resulting m(K)
components. Then, P = {V(Cy),..., V(Cy(k))} is a partition of the vertices in P\ K.

craiMm 1. m(K) < K|+ 1.

Let G(P) be the complete graph with vertex set P which is constructed as described above.
Let 7 be a minimum spanning tree of G(P) and let T be the set of triangles corresponding to
the edges of 7. It is obvious that T contains m(K) — 1 edges and hence [T| = m(K) — 1. Let
F={(p,t):p € Kt €T,p € t} be the set of all (point, triangle) pairs where p € K, t € T, and
p is inside t. By Lemma 3.17 each point in K can be inside at most three triangles in T. Thus,
[F| < 3-[K[. Now we show that each triangle in T contains at least three points of K. Consider
any triangle T € T. Let e = (V(Cy), V(Cj)) be the edge of T which is corresponding to T, and
let a € V(C;) and b € V(Cj) be the points defining T. By Lemma 3.16, T does not contain any
point of P\ K in its interior. Therefore, T contains at least three points of K, because otherwise
(a,b) is an edge in 2-TD which contradicts the fact that a and b belong to different components
in €. Thus, each triangle in T contains at least three points of K in its interior. That is, 3 - [T| < [F|.
Therefore, 3(m(K) — 1) < |F| < 3|K|, and hence m(K) < |[K| + 1.



3.5 PERFECT MATCHING ADMISSIBILITY

cLAIM 2. 0(C) < [K|.
By Claim 1, |C] = m(K) < [K|+1.If |C] < [K], then o(€) < [K|. Assume that |C| = |[K|+ 1. Since P =

K LJ{U'K‘Jr1 Ci)}, the total number of vertices of P can be defined as n = |K|+ ZlKlH [V(Cy)l.

Consider two cases where (i) [K| is odd, (ii) |K| is even. In both cases if all the components in C

are odd, then n is odd; this contradicts our assumption that P has an even number of vertices.

Thus, € contains at least one even component, which implies that o(C) < [K|.
Finally, by Claim 2 and Theorem 3.5, we conclude that 2-TD has a perfect matching. O

THEOREM 3.19. For every set P of points in general position in the plane, 1-TD has a matching of size
2(n—1)
=

Proof. Let K be a set of vertices removed from 1-TD, and let € = {Cy, ..., C;;, ()} be the resulting
m(K) components. Then, P = {V(Cy),..., V(Cy,(x))} is a partition of the vertices in P\ K. Note
that o(C) < m(K). Let M* be a maximum matching in 1-TD. By Theorem 3.6,

|M*|_2(n def(1-TD)), (3.1)
where
defH-TD):r]pga;;( o(C) —[K[) < glCaX(IG\ IK]) = \n|na|>in(m(K)—|K|)- (3-2)

Define G(P), 7, T, and F as in the proof of Theorem 3.18. Then, by Lemma 3.17, [F| < 3 [K|. By
the same reasoning as in the proof of Theorem 3.18, each triangle in T has at least two points of
K in its interior. Thus, 2|T| < |F|. Therefore, 2(m(K) — 1) < |F| < 3/K|, and hence

m(K) < ? +1. (3-3)

In addition, |K| + m(K) = |[K| + €| < |P| = n, and hence

m(K) < n—|K|. (3-4)
By Inequalities (3.3) and (3.4),

m(K) < min {|2| +1,n IKI} . (3-5)

Thus, by (3.2) and (3.5)

def(1-TD) < max (m(K)—|K|) < max {min{|2|+1 n— |K|}—|K|}

0<IK|<n 0<IK|<n
] [K]| n+4
— — +1,n—2K _ .6
ogn}gén{mm{ > + K] 5 (3.6)

where the last equation is achieved by setting LS equal to n — 2|K|, which implies [K| =
%. Finally by substituting (3.6) in Equation (3.1) we have
2(n—1)

M*| >
M| > S
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36 BLOCKING TD-DELAUNAY GRAPHS

In this section we consider the problem of blocking TD-Delaunay graphs. Let P be a set of n
points in the plane such that no pair of points of P is collinear in the 1°, 1°°, and 129 directions.
Recall that a point set K blocks k-TD(P) if in k-TD(P U K) there is no edge connecting two points
in P. That is, P is an independent set in k-TD(P U K).

THEOREM 3.20. At least (W} points are necessary to block k-TD(P).

Proof. Let K be a set of m points which blocks k-TD(P). Let G(P) be the complete graph with
vertex set P = P. Let T be a minimum spanning tree of G(P) and let T be the set of triangles
corresponding to the edges of 7. It is obvious that [T| = n — 1. By Lemma 3.16 the triangles
in T are empty, thus, the edges of T belong to any k-TD(P) where k > 0. To block each edge,
corresponding to a triangle in T, at least k + 1 points are necessary. By Lemma 3.17 each point in

K can lie in at most three triangles of T. Therefore, m > [W]

[W} points are necessary to block all the edges of T and hence k-TD(P). O

, which implies that at least

Figure 3.12: (a) A 0-TD graph which is shown in bold edges is blocked by [51] white points, (b) p!
blocks all the edges connecting p; to the vertices above lgi.

Theorem 3.20 gives a lower bound on the number of points that are necessary to block a TD-
Delaunay graph. By this theorem, at least [51], [z(ng_] ) |, n—1 points are necessary to block 0-,
1-, 2-TD(P) respectively. Now we introduce another formula which gives a better lower bound for
0-TD. For a point set P, let vi (P) and « (P) respectively denote the size of a maximum matching
and a maximum independent set in k-TD(P). For every edge in the maximum matching, at most

one of its endpoints can be in the maximum independent set. Thus,
i (P) < [Pl =i (P). (3.7)

Let K be a set of m points which blocks k-TD(P). By definition there is no edge between points
of P in k-TD(P UK). That is, P is an independent set in k-TD(P U K). Thus,

n < o (PUK). (3.8)
By (3.7) and (3.8) we have
n<o(PUK) < (n+m)—vi(PUK). (3.9)
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THEOREM 3.21. At least [51] points are necessary to block 0-TD(P).

Proof. Let K be a set of m points which blocks 0-TD(P). Consider 0-TD(P U K). It is known that
vo(PUK) > [®E2=17; see [5]. By Inequality (3.9),

n<(nam) — [n—k?—]-‘ < 2(n—|—;11)+1’

and consequently m > [“T*W (note that m is an integer number). O

Figure 3.12(a) shows a 0-TD graph on a set of 12 points which is blocked by 6 points. By
removing the topmost point we obtain a set with odd number of points which can be blocked by
5 points. Thus, the lower bound provided by Theorem 3.21 is tight.

n+m)—

Now let k = 1. By Theorem 3.19 we have v{(PUK) > 20 = D and by Inequality (3.9)

n< (n+m)_2((n+;n)—1) _ 3(n+;n)—|—2/

and consequently m > (2(n3—1 )} ; the same lower bound as in Theorem 3.20.

Now let k = 2. By Theorem 3.18 we have v,(PUK) = L“*ij (note that n +m may be odd). By
Inequality (3.9)

N (nam)— {n—%mJ _ {n—i—m-‘ ,

2 2

and consequently m > n, where n + m is even, and m > n — 1, where n + m is odd.
THEOREM 3.22. There exists a set K of n — 1 points that blocks 0-TD(P).

Proof. Let d°(p, q) be the Euclidean distance between 18 and lg. Let 8 = min{d°(p,q) : p,q € P}
For each point p € P let p(x) and p(y) respectively denote the x and y coordinates of p in
the plane. Let p1,...,pn be the points of P in the increasing order of their y-coordinate. Let
K={p{:p{(x) =pilx),pi(y) =pily) + €€ <51 <i<n—1} See Figure 3.12(b). For each point
pi, let E,. (resp. Ep,) denote the edges of 0-TD(P) between p; and the points above lgi (resp.
below lgi). It is easy to see that the downward triangle between p; and any point q above 1& (ie.
any point q € C;i U C%i U C%i) contains p{. Thus, p; blocks all the edges in E,,. In addition, the
edges in E,, are blocked by pj,...,p{_;. Therefore, all the edges of 0-TD(P) are blocked by the
n — 1 points in K. ]

We can extend the result of Theorem 3.22 to k-TD(P) where k > 1. For each point p; we put
k + 1 copies of p{ very close to p;. Thus,

THEOREM 3.23. There exists a set K of (k+ 1)(n — 1) points that blocks k-TD(P).

This bound is tight. Consider the case where k = 0. In this case 0-TD(P) can be a path rep-
resenting n — 1 disjoint triangles and for each triangle we need at least one point to block its
corresponding edge.
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3.7 CONCLUSIONS

In this chapter, we considered some combinatorial properties of higher order triangular-distance
Delaunay graphs of a point set P. We proved that

e k-TDis (k+ 1) connected.

¢ 1-TD contains a bottleneck biconnected spanning graph of P.

7-TD contains a bottleneck Hamiltonian cycle and 5-TD may not have any.

6-TD contains a bottleneck perfect matching and 5-TD may not have any.

1-TD has a matching of size at least @

2-TD has a perfect matching when P has an even number of points.

° PLT_W points are necessary to block 0-TD.

. (W] points are necessary and (k + 1)(n — 1) points are sufficient to block k-TD.

We leave a number of open problems:
¢ What is a tight lower bound for the size of maximum matching in 1-TD?
* Does 6-TD contain a bottleneck Hamiltonian cycle?
¢ As shown in Figure 3.1(a) 0-TD may not have a Hamiltonian cycle. For which values of

k=1,...,6,is the graph k-TD Hamiltonian?
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STRONG MATCHING OF POINTS WITH GEOMETRIC SHAPES

Let P be a set of n points in general position in the plane. Given a convex geometric shape S, a
geometric graph Gs(P) on P is defined to have an edge between two points if and only if there
exists an empty homothet of S having the two points on its boundary. A matching in Gs(P) is
said to be strong, if the homothests of S representing the edges of the matching, are pairwise
disjoint, i.e., do not share any point in the plane. We consider the problem of computing a strong
matching in Gs(P), where S is a diametral-disk, an equilateral-triangle, or a square. We present an
algorithm which computes a strong matching in Gs(P); if S is a diametral-disk, then it computes
a strong matching of size at least [%='], and if S is an equilateral-triangle, then it computes a
strong matching of size at least (an] If S can be a downward or an upward equilateral-triangle,

we compute a strong matching of size at least [*5] in Gs(P). When § is an axis-aligned square

we compute a strong matching of size [25] in Gs(P), which improves the previous lower bound

of 3],

The results that are presented in this chapter are accepted to be published in the journal of
Computational Geometry: Theory and Applications, special issue in memoriam: Ferran Hur-
tado [6].

4.1 INTRODUCTION

Let S be a compact and convex set in the plane that contains the origin in its interior. A homothet
of S is obtained by scaling S with respect to the origin by some factor p > 0, followed by a
translation to a point b in the plane: b + uS = {b + pua: a € S}. For a point set P in the plane, we
define Gs(P) as the geometric graph on P which has an straight-line edge between two points
p and q if and only if there exists a homothet of S having p and q on its boundary and whose
interior does not contain any point of P. If P is in “general position”, i.e., no four points of P
lie on the boundary of any homothet of S, then Gs(P) is plane [10]. Hereafter, we assume that
P is a set of n points in the plane, which is in general position with respect to S (we will define
the general position in Section 4.2). If S is a disk O whose center is the origin, then G (P) is the
Delaunay triangulation of P. If S is an equilateral triangle 57 whose barycenter is the origin, then
Gy (P) is the triangular-distance Delaunay graph of P which is introduced by Chew [11].

A matching in a graph G is a set of edges which do not share any vertices. A maximum matching
is a matching with maximum cardinality. A perfect matching is a matching which matches all
the vertices of G. Let M be a matching in Gs(P). M is referred to as a matching of points with
shape S, e.g., a matching in G (P) is a matching of points with with disks. Let S)¢ be a set of
homothets of S representing the edges of M. M is called a strong matching if there exists a set
S8t whose elements are pairwise disjoint, i.e., the objects in 8¢ do not share any point in the
plane. Otherwise, M is a weak matching. See Figure 4.1. To be consistent with the definition of the
matching in the graph theory, we use the term “matching” to refer to a weak matching. Given
a point set P in the plane and a shape S, the (strong) matching problem is to compute a (strong)
matching of maximum cardinality in Gs(P). In this chapter we consider the strong matching
problem of points in general position in the plane with respect to a given shape S € {&, 7, O} (see
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Section 4.2 for the definition), where by © we mean the line segment between the two points on
the boundary of the disk is a diameter of that disk.

N/ AW [ ’D
V4 V4 |

(a) (b) ()

Figure 4.1: Point set P and (a) a perfect weak matching in G, (P), (b) a perfect strong matching in Gg(P),
and (c) a perfect strong matching in G(P).

4.1.1  Previous Work

The problem of computing a maximum matching in Gs(P) is one of the fundamental problems in
computational geometry and graph theory [1, 2, 3, 5, 8, 7, 12]. Dillencourt [12] and Abrego et al.
[1] considered the problem of matching points with disks. Let S be a closed disk O whose center
is the origin, and let P be a set of n points in the plane which is in general position with respect
to O. Then, Go(P) is the graph which has an edge between two points p,q € P if there exists
a homothet of O having p and q on its boundary and does not contain any point of P\ {p, q}.
Go(P) is equal to the Delaunay triangulation on P, DT(P). Dillencourt [12] proved that G- (P)
contains a perfect (weak) matching. Abrego et al. [1] proved that G (P) has a strong matching of
size at least [(n —1)/8]. They also showed that there exists a set P of n points in the plane with
arbitrarily large n, such that G (P) does not contain a strong matching of size more than 3$n.

For two points p and q, the disk which has the line segment pq as its diameter is called the
diametral-disk between p and q. We denote a diametral-disk by ©. Let G (P) be the graph which
has an edge between two points p, q € P if the diametral-disk between p and q does not contain
any point of P\ {p, q}. Gg(P) is equal to the Gabriel graph on P, GG(P). Biniaz et al. [8] proved
that G5 (P) has a matching of size at least [(n — 1)/4], and this bound is tight.

The problem of matching of points with equilateral triangles has been considered by Babu et
al. [3]. Let S be a downward equilateral triangle 57 whose barycenter is the origin and one of
its vertices is on the negative y-axis. Let P be a set of n points in the plane which is in general
position with respect to 7. Let G (P) be the graph which has an edge between two points
P, q € P if there exists a homothet of 7 having p and q on its boundary and does not contain
any point of P\ {p, q}. G (P) is equal to the triangular-distance Delaunay graph on P, which was
introduced by Chew [11]. Bonichon et al. [9] showed that G (P) is equal to the half-theta six
graph on P, %@5(P). Babu et al. [3] proved that G, (P) has a matching of size at least [(n —1)/3],
and this bound is tight. If we consider an upward triangle A, then G (P) is defined similarly.
Let Gg(P) be the graph on P which is the union of G, (P) and G (P). Bonichon et al. [9] showed
that Gg(P) is equal to the theta six graph on P, ©¢(P). Since G, (P) is a subgraph of Gg(P), the
lower bound of [(n —1)/3] on the size of maximum matching in G, (P) holds for Gg(P).

The problem of strong matching of points with axis-aligned rectangles is trivial. An obvious
algorithm is to repeatedly match the two leftmost points. The problem of matching points with
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Table 4.1: Lower bounds on the size of weak and strong matchings in Gs(P).

S Weak match. | Ref. || Strong match. Ref.
o 3] [12] 5] [1]

S Bl [8] =t Theorem 4.14
\V4 [HT_W (3] [’%‘1 Theorem 4.26
vorA [“%W (3] [“wa Theorem 4.27

= 1,2

0 3 |wa| 3] (1. 2]
[ ] Theorem 4.28

axis-aligned squares was considered by Abrego et al. [2]. Let S be an axis-aligned square 0
whose center is the origin. Let P be a set of n points in the plane which is in general position
with respect to 0. Let G5(P) be the graph which has an edge between two points p,q € P if
there exists a homothet of O having p and q on its boundary and does not contain any point of
P\{p, q}. Go(P) is equal to the L, -Delaunay graph on P. Abrego et al. [1, 2] proved that G5(P)
has a perfect (weak) matching and a strong matching of size at least [n/5]. Further, they showed
that there exists a set P of n points in the plane with arbitrarily large n, such that G5(P) does not
contain a strong matching of size more than > n. Table 4.1 summarizes the results.

Bereg et al. [5] concentrated on matching points of P with axis-aligned rectangles and squares,
where P is not necessarily in general position. They proved that any set of n points in the plane
has a strong rectangle matching of size at least | % |, and such a matching can be computed in
O(nlogn) time. As for squares, they presented a ©@(nlogn) time algorithm that decides whether
a given matching has a weak square realization, and an O(n? logn) time algorithm for the strong
square matching realization. They also proved that it is NP-hard to decide whether a given point
set has a perfect strong square-matching.

4.1.2  Our results

In this chapter we consider the problem of computing a strong matching in Gs(P), where S €
{©,v7,0}. In Section 4.2, we provide some observations and prove necessary Lemmas. Given a
point set P in which is in general position with respect to a given shape S, in Section 4.3, we
present an algorithm which computes a strong matching in Gs(P). In Section 4.4, we prove that
if S is a diametral-disk, then the algorithm of Section 4.3 computes a strong matching of size at
least [(n—1)/17] in Gg(P). In Section 4.5, we prove that if S is an equilateral triangle, then the
algorithm of Section 4.3 computes a strong matching of size at least [(n —1)/?] in G (P). In
Section 4.6, we compute a strong matching of size at least [(n —1)/4] in Gg(P). In Section 4.7,
we compute a strong matching of size at least [(n—1)/4] in G(P); this improves the previous
lower bound of [n/5]. A summary of the results is given in Table 4.1. In Section 4.8 we discuss
a possible way to further improve upon the result obtained for diametral-disks in Section 4.4.
Concluding remarks and open problems are given in Section 4.9.
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4.2 PRELIMINARIES

Let S € {&,v, 0}, and let S1 and S, be two homothets of S. We say that St is smaller then S, if
the area of St is smaller than the area of S,. For two points p,q € P, let S(p, q) be a smallest
homothet of S having p and q on its boundary. If S is a diametral-disk, a downward equilateral-
triangle, or a square, then we denote S(p, q) by D(p, q), t(p,q), or Q(p, q), respectively. If S is a
diametral-disk, then D(p, q) is uniquely defined by p and q. If S is an equilateral-triangle or a
square, then S has the shrinkability property: if there exists a homothet S’ of S that contains two
points p and q, then there exists a homothet S” of S such that S” C S/, and p and q are on the
boundary of S”. If S is an equilateral-triangle, then we can shrink S” further, such that each side
of S” contains either p or q. If S is a square, then we can shrink S” further, such that p and q are
on opposite sides of S”. Thus, we have the following observation:

OBSERVATION 4.1. For two points p,q € P,
* D(p, q) is uniquely defined by p and q, and it has the line segment pq as a diameter.

* t(p, q) is uniquely defined by p and q, and it has one of p and q on a corner and the other point is
on the side opposite to that corner.

* Q(p, q) has p and q on opposite sides.

q  tpa Qp,q)

“h /AR =

p

Q(q,r)

Figure 4.2: Illustration of Observation 4.2.

Given a shape S € {©, 7, O}, we define an order on the homothets of S. Let S; and S, be two
homothets of S. We say that S; < S if the area of Sy is less than the area of S,. Similarly, S; <'S;
if the area of S7 is less than or equal to the area of S;. We denote the homothet with the larger
area by max{S1, S2}. As illustrated in Figure 4.2, if S(p, q) contains a point r, then both S(p, r) and
S(q,r) have smaller area than S(p, q). Thus, we have the following observation:

OBSERVATION 4.2. If S(p, q) contains a point v, then max{S(p,r),S(q,7)} < S(p, q).

DEFINITION 4.3. Given a point set P and a shape S € {©,<7, 0}, we say that P is in “general position”
with respect to S if

S = ©: no four points of P lie on the boundary of any diametral disk defined by any two points of P.

S = /: the line passing through any two points of P does not make angles 0°, 60°, or 120° with the
horizontal. This implies that no four points of P are on the boundary of any homothet of ;.

S = O: (i) no two points in P have the same x-coordinate or the same y-coordinate, and (ii) no four points
of P lie on the boundary of any homothet of O.



4.2 PRELIMINARIES

Given a point set P which is in general position with respect to a given shape S € {&, 7, O},
let Ks(P) be the complete edge-weighted geometric graph on P. For each edge e = (p, q) in
Ks(P), we define S(e) to be the shape S(p, q), i.e., a smallest homothet of S having p and q
on its boundary. We say that S(e) represents e, and vice versa. Furthermore, we assume that the
weight w(e) (resp. w(p, q)) of e is equal to the area of S(e). Thus,

w(p,q) <w(r,s) ifand onlyif S(p,q) < S(r,s).

Note that Gs(P) is a subgraph of Ks(P), and has an edge (p, q) iff S(p, q) does not contain any
point of P\ {p, q}.

LEMMA 4.4. Let P be a set of n points in the plane which is in general position with respect to a given
shape S € {6, <7, O}. Then, any minimum spanning tree of Ks(P) is a subgraph of Gs(P).

Proof. The proof is by contradiction. Assume there exists an edge e = (p,q) in a minimum
spanning tree T of Ks(P) such that e ¢ Gs(P). Since (p,q) is not an edge in Gs(P), S(p,q)
contains a point r such that r € P\ {p, q}. By Observation 4.2, max{S(p, 1), S(q, 1)} < S(p, q). Thus,
w(p,1) < w(p,q) and w(q,r) < w(p, q). By replacing the edge (p,q) in T with either (p,r) or
(q, 1), we obtain a spanning tree in Ks(P) which is smaller than T. This contradicts the minimality
of T. O

LEMMA 4.5. Let G be an edge-weighted graph with edge set E and edge-weight function w : E — R™.
For any cycle C in G, if the maximum-weight edge in C is unique, then that edge is not in any minimum
spanning tree of G.

Proof. The proof is by contradiction. Let e = (u,Vv) be the unique maximum-weight edge in a
cycle C in G, such that e is in a minimum spanning tree T of G. Let T, and T, be the two trees
obtained by removing e from T. Let e’ = (x,y) be an edge in C which connects a vertex x € T,
to a vertex y € T,. By assumption, w(e’) < w(e). Thus, in T, by replacing e with e’, we obtain a
tree T = T, UT, U{(x,y)} in G such that w(T’) < w(T). This contradicts the minimality of T. [

Recall that t(p, q) is the smallest homothet of \7 which has p and q on its boundary. Similarly,
let t'(p, q) denote the smallest upward equilateral-triangle A having p and q on its boundary.
Note that t’(p, q) is uniquely defined by p and q, and it has one of p and q on a corner and the
other point is on the side opposite to that corner. In addition the area of t'(p, q) is equal to the
area of t(p, q).

G (P) is equal to the triangular-distance Delaunay graph TD-DG(P), which is in turn equal to
a half theta-six graph $@(P) [9]. A half theta-six graph on P, and equivalently G (P), can be
constructed in the following way. For each point p in P, let 1, be the horizontal line through p.
Define 1} as the line obtained by rotating 1,, by y-degrees in counter-clockwise direction around
p- Thus, lg = lp. Consider three lines lg, lgo, and 12,20 which partition the plane into six disjoint
cones with apex p. Let Cg,, e, Cg be the cones in counter-clockwise order around p as shown in
Figure 4.3. C 1 C%, Cf, will be referred to as odd cones, and C%, Cg, Cg will be referred to as even
cones. For each even cone Cj,, connect p to the “nearest” point q in C,. The distance between p
and q, is defined as the Euclidean distance between p and the orthogonal projection of q onto
the bisector of C%,. See Figure 4.3. In other words, the nearest point to P in Cli, is a point q in
C}, which minimizes the area of t(p, q). The resulting graph is the half theta-six graph which is
defined by even cones [9]. Moreover, the resulting graph is G, (P) which is defined with respect
to the homothets of 1. By considering the odd cones, Ga (P) is obtained. By considering the odd
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120
lp

..
q [
R— 3

Figure 4.3: The construction of G, (P).

cones and the even cones, Gy (P)—which is equal to ©¢(P)—is obtained. Note that Gy(P) is the
union of G, (P) and G (P).

Let X(p, q) be the regular hexagon centered at p which has q on its boundary, and its sides are
parallel to 19, lgo, and 1;20. Then, we have the following observation:

OBSERVATION 4.6. If X(p, q) contains a point v, then t(p,r) < t(p, q).

4.3 STRONG MATCHING IN Gs(P)

Given a point set P in the plane which is in general position with respect to a given shape
S € {6, v, 0}, in this section we present an algorithm which computes a strong matching in
Gs(P). Recall that Ks(P) is the complete edge-weighted graph on P with the weight of each
edge e is equal to the area of S(e), where S(e) is a smallest homothet of S representing e. Let T
be a minimum spanning tree of Ks(P). By Lemma 4.4, T is a subgraph of Gs(P). For each edge
e € T we denote by T(e™) the set of all edges in T whose weight is at least w(e). Moreover, we
define the influence set of e, as the set of all edges in T(e™) whose representing shapes overlap
with S(e), ie.,
Inf(e) ={e’:e’ €T(e™),S(e’)NS(e) # 0}.

Note that Inf(e) is not empty, as e € Inf(e). Consequently, we define the influence number of T
to be the maximum size of a set among the influence sets of edges in T, i.e.,

Inf(T) = max{|Inf(e)| : e € T}.

Algorithm 2 receives Gs(P) as input and computes a strong matching in Gs(P) as follows.
The algorithm starts by computing a minimum spanning tree T of Gs(P), where the weight of
each edge is equal to the area of its representing shape. Then it initializes a forest F by T, and a
matching M by an empty set. Afterwards, as long as F is not empty, the algorithm adds to M,
the smallest edge e in F, and removes the influence set of e from F. Finally, it returns M.

THEOREM 4.7. Given a set P of n points in the plane and a shape S € {&, <7, O}, Algorithm 2 computes
a strong matching of size at least [%1 in Gs(P), where T is a minimum spanning tree of Gs(P).
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Algorithm 2 Strong-matching(Gs(P))
. T+ MST(Gs(P))

2 F« T

32 M« 0

4: while F # () do

5: e < smallest edge in F
6 M~ MuU{e}

7 F < F—Inf(e)

8: return M

Proof. Let M be the matching returned by Algorithm 2. First we show that M is a strong matching.
If M contains one edge, then trivially, M is a strong matching. Consider any two edges e; and
e, in M. Without loss of generality assume that e is considered before e, in the while loop. At
the time e; is added to M, the algorithm removes from F, the edges in Inf(e1 ), i.e., all the edges
whose representing shapes intersect S(e7). Since e, remains in F after the removal of Inf(eq),
e2 ¢ Inf(eq). This implies that S(e;) N S(ez2) = 0, and hence M is a strong matching.

In each iteration of the while loop we select e as the smallest edge in F, where F is a subgraph
of T. Then, all edges in F have weight at least w(e). Thus, F C T(e™); which implies that the set
of edges in F whose representing shapes intersect S(e) is a subset of Inf(e). Therefore, in each
iteration of the while loop, out of at most |Inf(e)]-many edges of T, we add one edge to M. Since
[Inf(e)| < Inf(T) and T has n — 1 edges, we conclude that M| > (%] O
REMARK Let T be the minimum spanning tree computed by Algorithm 2. Let e = (u,v) be an
edge in T. Recall that T(e™) contains all the edges of T whose weight is at least w(e). We define
the degree of e as deg(e) = deg(u) + deg(v) — 1, where deg(u) and deg(v) are the number of
edges incident on u and v in T(e™), respectively. Note that all the edges incident on u or v in
T(e™) are in the influence set of e. Thus, [Inf(e)| > deg(e), and consequently Inf(T) > deg(e).

4.4 STRONG MATCHING IN Gg(P)

In this section we consider the case where S is a diametral-disk ©. Recall that G5 (P) is an edge-
weighted geometric graph, where the weight of an edge (p, q) is equal to the area of D(p, q).
Gg (P) is equal to the Gabriel graph, GG (P). We prove that G5 (P), and consequently GG(P),
has a strong diametral-disk matching of size at least [%=1].

We run Algorithm 2 on Gg(P) to compute a matching M. By Theorem 4.7, M is a strong
matching of size at least (ﬁ] , where T is a minimum spanning tree in G (P). By Lemma 4.4,
T is a minimum spanning tree of the complete graph Kg(P). Observe that T is a Euclidean
minimum spanning tree for P as well. In order to prove the desired lower bound, we show that
Inf(T) < 17. Since Inf(T) is the maximum size of a set among the influence sets of edges in T, it

suffices to show that for every edge e in T, the influence set of e contains at most 17 edges.

LEMMA 4.8. Let T be a minimum spanning tree of G (P), and let e be any edge in T. Then, |Inf(e)| <
17.

We will prove this lemma in the rest of this section. Recall that, for each two points p, q € P,
D(p, q) is the closed diametral-disk with diameter pq. Let D denote the set of diametral-disks
representing the edges in T. Since T is a subgraph of G (P), we have the following observation:
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OBSERVATION 4.9. Each disk in D does not contain any point of P in its interior.
We have proved the following lemma in Chapter 2.

LEMMA 4.10. For each pair Dy and Dj of disks in D, D (resp. D;) does not contain the center of D;
(resp Dy).

Let e = (u,v) be an edge in T. Without loss of generality, we suppose that D(u,v) has radius
1 and centered at the origin o = (0,0) such that u = (—1,0) and v = (1,0). For any point p in
the plane, let ||p|| denote the distance of p from o. Let D(e™) be the disks in D representing the
edges of T(e™). Recall that T(e™) contains the edges of T whose weight is at least w(e), where
w(e) is equal to the area of D(u,v). Since the area of any circle is directly related to its radius, we
have the following observation:

OBSERVATION 4.11. The disks in D(e*) have radius at least 1.

Let C(x,1) (resp. D(x,1)) be the circle (resp. closed disk) of radius r which is centered at a
point x in the plane. Let J(e™) ={Dy, ..., Dy} be the set of disks in D(e™) \{D(u,v)} intersecting
D(u,v). We show that J(e™) contains at most sixteen disks, i.e., k < 16.

For i € {1,...,k}, let ¢; denote the center of the disk D;. In addition, let ¢/ be the intersection
point between C(o,2) and the ray with origin at o which passing through c;. Let the point p; be
ci, if ||ci|| < 2, and ¢{, otherwise. See Figure 4.4. Finally, let P’ ={o,u,v,p1,...,pk}.

OBSERVATION 4.12. Let ¢j be the center of a disk Dj in J(e™), where ||cj|| > 2. Then, the disk
D(cj, ||cj|| = 1) is contained in the disk D;. Moreover, the disk D (pj, 1) is contained in the disk D (c;, ||c; || —
1). See Figure 4.4.

¢4
e 1
/ .

Figure 4.4: Proof of Lemma 4.13; p; = ¢{, p; = ¢{, and px = ck.

The main idea in the proof of the following lemma is similar to the main idea in the proof of
Lemma 2.8 in Chapter 2. Since the number of points and the constants involved in the calculations
are different, for the sake of completeness we present a full proof for the following lemma.
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LEMMA 4.13. The distance between any pair of points in P’ is at least 1.

Proof. Let x and y be two points in P’/. We are going to prove that [xy| > 1. We distinguish
between the following three cases.

* x,y € {o,u,Vv}. In this case the claim is trivial.

e x € {o,u,v},y €{p1,...,px}- If |Jy|| = 2, then y is on C(o,2), and hence |xy| > 1. If |jy|| < 2,
then y is the center of a disk D; in J(e™). By Observation 4.9, D; does not contain u and v,
and by Lemma 4.10, D; does not contain o. Since D; has radius at least 1, we conclude that
Ixyl > 1.

* X,y € {p1,...,px). Without loss of generality assume x = p; and y = p;, where 1 <i <j <k.
We differentiate between three cases:

- |Ipill < 2and [|p;|| < 2. In this case p; and pj are the centers of D; and Dj, respectively.
By Lemma 4.10 and Observation 4.11, we conclude that [p;p;| > 1.

- |Ipill < 2 and ||p;|| = 2. By Observation 4.12 the disk D(pj, 1) is contained in the disk
Dj. By Lemma 4.10, p; is not in the interior of Dj, and consequently, it is not in the
interior of D(pj, 1). Therefore, [pip;| > 1.

- |lpill = 2 and |[|p;j|| = 2. Recall that c; and c; are the centers of D; and Dj, such
that |lci|| > 2 and ||cj|| > 2. Without loss of generality assume ||ci|| < [|cj||. For the
sake of contradiction assume that [pip;| < 1. Then, for the angle & = Zcjoc; we have
sin(a/2) < %. Then, cos(a) > 1 —2sin?(x/2) = Z. By the law of cosines in the triangle

Acjocj, we have
14
leicsI2 < lleal + lls 17 = = llealles - (4.1)

By Observation 4.12 the disk D(cj, ||cj|| — 1) is contained in Dj; see Figure 4.4. By
Lemma 4.10, ¢; is not in the interior of Dj, and consequently, is not in the interior of
D(cj, [[cj|| = 1). Thus, |cicj| > ||cj|| — 1. In combination with Inequality (4.1), this gives

14
el (g lesll =2) < sl 1. 2)
In combination with the assumption that ||c;|| < ||cj||, Inequality (4.2) gives
6
® e~ 2lec) +1 <.

To satisfy this inequality, we should have ||ci|| < 2, contradicting the fact that ||ci|| > 2.
This completes the proof.

O]

By Lemma 4.13, the points in P’ has mutual distance 1. Moreover, the points in P’ lie in
(including the boundary) C(o,2). Bateman and Erd&s [4] proved that it is impossible to have 20
points in (including the boundary) a circle of radius 2 such that one of the points is at the center
and all of the mutual distances are at least 1. Therefore, P/ contains at most 19 points, including o,
u, and v. This implies that k < 16, and hence J(e*) contains at most sixteen edges. This completes
the proof of Lemma 4.8.

THEOREM 4.14. Algorithm 2 computes a strong matching of size at least [™5=1] in G (P).
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4.5 STRONG MATCHING IN Gy (P)

In this section we consider the case where S is a downward equilateral triangle 57, whose barycen-
ter is the origin and one of its vertices is on the negative y-axis. In this section we assume that
P is in general position, i.e., for each point p € P, there is no point of P \ {p} on lg, lgo, and
1;20. In combination with Observation 4.1, this implies that for two points p, q € P, no point
of P\ {p, q} are on the boundary of t(p, q) (resp. t’(p, q)). Recall that t(p, q) is the smallest
homothet of 57 having of p and q on a corner and the other point on the side opposite to that
corner. We prove that G, (P), and consequently %@6 (P), has a strong triangle matching of size
at least [ 511,

We run Algorithm 2 on G (P) to compute a matching M. Recall that G (P) is an edge-
weighted graph with the weight of each edge (p, q) is equal to the area of t(p, q). By Theorem 4.7,
M is a strong matching of size at least (%] , where T is a minimum spanning tree in G, (P). In
order to prove the desired lower bound, we show that Inf(T) < 9. Since Inf(T) is the maximum
size of a set among the influence sets of edges in T, it suffices to show that for every edge e in T,
the influence set of e has at most nine edges.

LEMMA 4.15. Let T be a minimum spanning tree of G, (P), and let e be any edge in T. Then, [Inf(e)| < 9.

V2 S1 U1 V3
/tz (v9)
t
U3 (0N S3 A
(a) (b) (0)

Figure 4.5: (a) Labeling the vertices and the sides of a downward triangle. (b) Labeling the vertices and
the sides of an upward triangle. (c) Two intersecting triangles.

We will prove this lemma in the rest of this section. We label the vertices and the sides of
a downward equilateral-triangle, t, and an upward equilateral-triangle, t’, as depicted in Fig-
ures 4.5(a) and 4.5(b). We refer to a vertex v; and a side s; of a triangle t by t(v;) and t(si),
respectively.

Recall that F is a subgraph of the minimum spanning tree T in G, (P). In each iteration of
the while loop in Algorithm 2, let T denote the set of triangles representing the edges in F. By
Lemma 4.4 and the general position assumption we have

OBSERVATION 4.16. Each triangle t(p, q) in T does not contain any point of P\ {p, q} in its interior or
on its boundary.

Consider two intersecting triangles t1(p1, q1) and t2(p2, q2) in T. By Observation 4.1, each side
of t1 contains either p; or qj, and each side of t, contains either p; or q;. Thus, by Observa-
tion 4.16, we argue that no side of t; is completely in the interior of t,, and vice versa. Therefore,
either exactly one vertex (corner) of t; is in the interior of t;, or exactly one vertex of t; is in
the interior of t;. Without loss of generality assume that a corner of t; is in the interior of t;,
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as shown in Figure 4.5(c). In this case we say that t; intersects t, through the vertex t;(v;), or
symmetrically, t, intersects t; through the side t;(s3).
The following two lemmas have been proved by Biniaz et al. [7]:

LEMMA 4.17 (Biniaz et al. [7]). Let t1 be a downward triangle which intersects a downward triangle
ty through t;(s1), and let a horizontal line { intersects both ty and t;. Let py and q1 be two points on
t1(s2) and t1(s3), respectively, which are above t;(s1). Let p2 and q2 be two points on t;(s2) and t;(s3),
respectively, which are above (. Then, max{t(p1,p2),t(q1,q2)} < max{ty, t2}. See Figure 4.6(b).

LEMMA 4.18 (Biniaz et al. [7]). For every four triangles t1,t2,t3,ta € T, t1 Nty Ntz Nty = 0.
As a consequence of Lemma 4.17, we have the following corollary:

COROLLARY 4.19. Let ty,t2,t3 be three triangles in T. Then ty, t2, and t3 cannot make a chain
configuration, such that t, intersects tz through t3(s1) and ty intersects both t; and t3 through t;(s1)
and t3(s1). See Figure 4.6(b).

(a)

Figure 4.6: (a) Illustration of Lemma 4.20. (b) lllustration of Lemma 4.17.

LEMMA 4.20. Let t1 be a downward triangle which intersects a downward triangle t, through ta(v2).
Let p be a point on tq(s3) and to the left of t2(s2), and let q be a point on t;(s,) and to the right of t1(s3).
Then, t(p, q) < max{ty, ta2}.

Proof. Refer to Figure 4.6(a). Let t1(s3) be the part of the line segment t;(s3) which is to the left

of t2(s2), and let t,(s}) be the part of the line segment t;(s2) which is to the right of t;(s3).

Without loss of generality assume that t;(s}) is larger than t,(s}). Let t’ be an upward triangle
having t1(s}) as its left side. Then, t’ < t;, which implies that t" < max{t, t2}. Since t’ has both

p and ¢ on its boundary, the area of the downward triangle t(p, q) is smaller than the area of t’.

Therefore, t(p, q) < t’; which completes the proof. O

Because of the symmetry, the statement of Lemma 4.20 holds even if p is above t,(s7) and q is
on t;(s71). Consider the six cones with apex at p, as shown in Figure 4.3.

LEMMA 4.21. Let T be a minimum spanning tree in G, (P). Then, in T, every point p is adjacent to at
most one point in each cone Cl, where1 <i<6.
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Proof. If iis even, then by the construction of G, (P), which is given in Section 4.2, p is adjacent
to at most one point in C}). Assume 1 is odd. For the sake of contradiction, assume in T, the point
p is adjacent to two points ¢ and r in a cone Cj,. Then, t(p, q) has g on a corner, and t(p,r) has
T on a corner. Without loss of generality assume t(p,r) < t(q, r). Then, the hexagon X(q,p) has r
in its interior. Thus, t(q, ) < t(p, q). Then the cycle 1, p, g, r contradicts Lemma 4.5. Therefore, p
is adjacent to at most one point in each of the six cones. O

In Algorithm 2, in each iteration of the while loop, let T(e*) be the triangles representing
the edges of F. Recall that e is the smallest edge in F, and hence, t(e) is a smallest triangle
in T(eT). Let e = (p,q) and let J(e") be the set of triangles in T(e") (excluding t(e)) which
intersect t(e). We show that J(e™) contains at most eight triangles. We partition the triangles
in J(e*) into {Jy,J2}, such that every triangle T € J; shares only p or q with t = t(e), i.e.,
Ji ={t:7tedler), TNt € {p,q}}, and every triangle T € J, intersects t either through a side or
through corner which is not p nor q.

Figure 4.7: Illustration of the triangles in J;.

By Observation 4.1, for each triangle t(p, q), one of p and q is on a corner of t(p, q) and the
other one is on the side opposite to that corner. Without loss of generality assume that p is on the
corner t(v1), and hence, q is on the side t(s;). See Figure 4.7. Note that the other cases, where
p is on t(v2) or on t(v3) are similar. Since the intersection of t with any triangle T € J; is either
p or q, T has either p or q on its boundary. In combination with Observation 4.16, this implies
that T represent an edge e’ in T, and hence, either p or q is an endpoint of e’. As illustrated
in Figure 4.7, the other endpoint of e’ can be either in C 1 C%, Cg, or in C‘é, because otherwise
TNt ¢ {p,q}. By Lemma 4.21, p has at most one neighbor in each of cl, C%, Cg, and q has at
most one neighbor in C‘é. Therefore, J1 contains at most four triangles. We are going to show
that J, also contains at most four triangles.

The point q divides t(s;) into two parts. Let t(s}) and t(s%) be the parts of t(s2) which are
below and above q, respectively; see Figure 4.7. The triangles in J, intersect t either through
t(s1) Ut(sy) or through t(s3) U t(s}); which are shown by red and blue polylines in Figure 4.7.
We show that most two triangles in J; intersect t through each of t(sq) U t(s5) or t(s3) Ut(s5).
Because of symmetry, we only prove for t(s3) Ut(s5). When a triangle t’ intersects t through both
t(s3) and t(s}) we say t’ intersects t through t(v3). In the next lemma, we prove that at most
one triangle in J; intersects t through each of t(s3), t(s}). Again, because of symmetry, we only
prove for t(s3).
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(a)

Figure 4.8: Illustration of Lemma 4.22: (a) t1(v2) € t2. (b) t1(v2) € ty and ty(v2) € t7.

LEMMA 4.22. At most one triangle in J, intersects t through t(s3).

Proof. The proof is by contradiction. Assume two triangles t1(p1, q1) and t2(p2, q2) in J; intersect
t through t(s3). Without loss of generality assume that p; is on ti(s7) and q; is on ti(s2) for
i = 1,2. Recall that the area of t; and the area of t, are at least the area of t. If t;(v2) is in
the interior of t; (as shown in Figure 4.8(a)) or t2(v2) is in the interior of t;, then we get a
contradiction to Corollary 4.19. Thus, assume that t(v2) € t; and ta(v2) € t;.

Without loss of generality assume that t(s1) is above t;(s1); see Figure 4.8(b). By Lemma 4.20,
we have t(p,p1) < max{t, t1} < ty. If q7 is in X(p, q), then by Observation 4.6, t(p,q7) < t. Then,
the cycle p,p1, q1,p contradicts Lemma 4.5. Thus, assume that q; ¢ X(p, q,). In this case t;(s3) is
to the left of t;(s3), because otherwise q lies in t, which contradicts Observation 4.16. Since both
t1 and t; are larger than t, t, intersects t; through t;(s2), and hence t;(v1) is in the interior of t;.
This implies that q; is on t2(v3). In addition, p; is on the part of t(s7) which lies in the interior
of X(p, q). By Observation 4.6 and Lemma 4.20, we have t(p,p2) < t and t(q1,q2) < max{ty, tz},
respectively. Thus, the cycle p,p1, q1, q2,p2, p contradicts Lemma 4.5. ]

LEMMA 4.23. At most two triangles in J, intersect t through t(v3).

Proof. For the sake of contradiction assume three triangles t1,t2,t3 € J; intersect t through t(vs).
This implies that t(v3) belongs to four triangles t, t1, t2, t3, which contradicts Lemma 4.18. O

LEMMA 4.24. If two triangles in J, intersect t through t(v3), then no other triangle in J, intersects t
through t(s3) or through t(s}).

Proof. The proof is by contradiction. Assume two triangles t1(p1, q1) and t2(p2, q2) in J; intersect
t through t(v3), and a triangle t3(p3, q3) in J, intersects t through t(s3) or t(s5). Let p; be the
point which lies on ti(s7) for i = 1,2,3. By Lemma 4.23, t3 cannot intersect both t(s3) and
t(s3). Thus, t3 intersects t either through t(s3) or through t(s}). We prove the former case; the
proof for the latter case is similar. Assume that t3 intersects t through t(s3). By Lemma 4.20,
t(p,p3) < t3. See Figure 4.9. In addition, both t;(s3) and t,(s3) are to the left of t3(s3), because
otherwise q3 lies in t; Ut UX(p, q). If q3 € t1 Ut, we get a contradiction to Observation 4.16.
If g3 € X(p,q) then by Observation 4.6, we have t(p,q3) < t, and hence, the cycle p,p3,q3,p
contradicts Lemma 4.5.
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(d)

Figure 4.9: Illustration of Lemma 4.24: (a) p2 is to the right of t1(s3), (b) q1 € Cf(w), (¢)q1 € Cf(vg), and
(d) qi1 € Cl(v3)'

Without loss of generality assume that t1(s7) is above t2(s1); see Figure 4.9. If t1(v3) is in t; or
t2(v3) is in ty, then we get a contradiction to Corollary 4.19. Thus, assume that t;(v3) ¢ t» and
t2(v3) ¢ t1. This implies that either (i) t;(s3) is to the right of t1(s3) or (ii) t2(s2) is to the left of
t1(s2). We show that both cases lead to a contradiction.

In case (i), p2 lies in the interior of X(p, q,), and then by Observation 4.6, we have t(p,p2) < t;
see Figure 4.9(a). In addition, Lemma 4.20 implies that t(p2, q3) < max{t, t3} < t3. Thus, the cycle
P,P3,93,P2,P contradicts Lemma 4.5.

Now consider case (ii) where t;(s7) is above t2(s1) and t;(s2) is to the left of t1(s2). If py is to
the right of t, then as in case (i), the cycle p, p3, q3,p1, p contradicts Lemma 4.5. Thus, assume that
Pp1 is to the left of t, as shown in Figure 4.9(b). By Lemma 4.20, we have t(q, p1) < max{t, t;} < t;.
Each side of t; contains either p; or g7, while p is on the part of t1(s7) which is to the left of t,
thus, q1 is on t1(s3). Consider the six cones around t(v3); see Figure 4.9(b). We have three cases:
@ q1 € CY,,) ) q1 € Cg,,, 0r (©) q1 € Cyfy -

In case (a), which is shown in Figure 4.9(b), by Lemma 4.17, we have max{t(p1,p2),t(q1,q2)} <
max{ty, t2}. Thus, the cycle p1,p2,q2,q1,p1 contradicts Lemma 4.5. In Case (b), which is shown
in Figure 4.9(c), we have t(q1, q3) < t3, because if we map t3 to a downward triangle T—of area
equal to the area of t3—which has t(v2) on t(v3), then T contains both q and q3. Therefore, the



4.5 STRONG MATCHING IN G (P)

cycle p,p3,q3,91,P1,q,p contradicts Lemma 4.5. In Case (c), which is shown in Figure 4.9(d), by
Observation 4.6, t(p, q1) < t, and then, the cycle p, q1,p1, q, p contradicts Lemma 4.5. O

/

Figure 4.10: Illustration of Lemma 4.25: (a) p2 € t2(s}), and (b) p2 € t2(sy).

LEMMA 4.25. If three triangles intersect t through t(s}), t(v3) and t(s3). Then, at least one of the three
triangles is not in J;.

Proof. The proof is by contradiction. Assume that three triangles t1(p1,q1),t2(p2,q2),t3(p3, q3)
in J; intersect t through t(s}),t(v3), t(s3), respectively. Let p; be the point which lies on ti(s1)
for i =1,2,3. See Figure 4.10(a). By Lemma 4.20, we have t(p,p3) < t3 and t(q,p1) < t1.If g3
is in the interior of X(p, q), then by Observation 4.6, t(p, q3) < t, and hence, the cycle p,p3, q3,p
contradicts Lemma 4.5. If q; is in X(q,p), then by Observation 4.6, t(q,q1) < t, and hence,
the cycle q,q1,p1, q contradicts Lemma 4.5; see Figure 4.10(b). Thus, assume that q3 ¢ X(p, q)
and q1 ¢ X(q,p). Let t2(s]) and t2(s{) be the parts of t,(s1) which are to the right of t(s3)
and to the left of t(s2), respectively. Consider the point p, which lies on t,(s1). If p2 € ta(s]),
then p, € X(p,q) and by Observation 4.6, t(p,p2) < t. In addition, Lemma 4.20 implies that
t(p2,q3) < t3. Thus, the cycle p,p3,q3,p2,p contradicts Lemma 4.5; see Figure 4.10(a). If p2 €
t2(sy), then p2 € X(q,p) and by Observation 4.6, t(q,p2) < t. In addition, Lemma 4.20 implies
that t(p2, q1) < t2. Thus, the cycle q,p2, q1,p1, q contradicts Lemma 4.5; see Figure 4.10(b). [

Putting Lemmas 4.22, 4.23, 4.24, and 4.25 together, implies that at most two triangles in J,
intersect t through t(s3) Ut(s}), and consequently, at most two triangles in J, intersect t through
t(s1)Ut(s5). Thus, J, contains at most four triangles. Recall that J; contains at most four triangles.
Then, J(e™) has at most eight triangles. Therefore, the influence set of e, contains at most 9 edges
(including e itself). This completes the proof of Lemma 4.15.

THEOREM 4.26. Algorithm 2 computes a strong matching of size at least (“T*W in G (P).

The bound obtained by Lemma 4.15 is tight. Figure 4.11 shows a configuration of 10 points
in general position such that the influence set of a minimal edge is 9. In Figure 4.11, t = t(p, q)
represents a smallest edge of weight 1; the minimum spanning tree is shown in bold-green line
segments. The weight of all edges—the area of the triangles representing these edges—is at least
1. The red triangles are in J; and share either p or q with t. The blue triangles are in J, and
intersect t through t(s7) Ut(sy) or through t(s3) U t(s}); as show in Figure 4.11, two of them
share only the points t(v;) and t(v3).
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1+2¢

Figure 4.11: Four triangles in J; (in red) and four triangles in J, (in blue) intersect with t(p, q).

4.6 STRONG MATCHING IN g (P)

In this section we consider the problem of computing a strong matching in G (P). Recall that
G (P) is the union of G (P) and G (P), and is equal to the graph ©¢(P). We assume that
P is in general position, i.e., for each point p € P, there is no point of P \ {p} on lg, lgo, and
1]1320. A matching M in Gy (P) is a strong matching if for each edge e in M there is a homothet
of 7 or a homothet of A representing e, such that these homothets are pairwise disjoint. See
Figure 4.1(b). Using a similar approach as in [2], we prove the following theorem:

THEOREM 4.27. Let P be a set of n points in general position in the plane. Let S be an upward or a
downward equilateral-triangle that contains P. Then, it is possible to find a strong matching of size at least
[“T*W for Gg(P) in S.

Proof. The proof is by induction. Assume that any point set of size n” < n—1 in a triangle S’,
has a strong matching of size [%} in S’. Without loss of generality, assume S is an upward
equilateral-triangle. If n is 0 or 1, then there is no matching in S, and if n € {2,3,4,5}, then by
shrinking S, it is possible to find a strongly matched pair; the statement of the theorem holds.
Suppose that n > 6, and n = 4m + 1, where r € {0,1,2,3}. If r € {0, 1,3}, then [21] = [(2=D=17)
and by induction we are done. Suppose that n =4m+ 2, for some m > 1. We prove that there are
[”T_W = m+ 1 disjoint equilateral-triangles (upward or downward) in S, each of them matches
a pair of points in P. Partition S into four equal area equilateral triangles S1, S5, S3,S4 containing
nj,My, M3, N4 points, respectively; see Figure 4.12(a). Let ny = 4my + 1, where vy € {0, 1,2,3}. By
induction, in S1 U S, U S3 US4, we have a strong matching of size at least

Tl]-] le—] TLg—] Tl4—1
St R b e R e w3

CLAIM 1. A>m.

Proof. By Equation (4.3), we have

4 4
ny —1 ni—1 n 4m+2 1
= > = — — e — —= —_ .
A ;—]{ ) -‘/ g ) ) 1 7 1=m 2

i=1
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Since A is an integer, we argue that A > m. O

If A > m, then we are done. Assume that A = m; in fact, by the induction hypothesis we have
an strong matching of size m for P. In order to complete the proof, we have to get one more
strongly matched pair. Let R be the multiset {rq, 12, 73,14}

CLAIM 2. If A =m, then either (i) one element in R is equal to 3 and the other elements are equal to
1, or (ii) two elements in R are equal to 0 and the other elements are equal to 1.

Proof. Let « = 11+ 712 + 713+ 14, where 0 < 1y < 3. Then n = 4(m; + mz + m3 + m4) + . Since
n=4m+2, « = 4k+ 2, for some 0 < k < 2. Thus, n = 4(mq +my + m3 + my + k) + 2, where
m=mj+my+m3+mg + k.

By induction, in S;, we get a matching of size at least (%]
S1US2US3 US4, we get a matching of size at least

. T‘]—] T‘z—] T3—1 T‘4—]
A—m1+mz+m3+m4+{ 7 “+[ 7 —‘Jr[ 7 —‘Jr’V 1 “

= m; + ["51]. Hence, in

Since A = m and m = my + my + m3 + my4 + k, we have

T]-] Tz—] T3—] T4—1
ol e M e R b &

Note that 0 < k < 2. We go through some case analysis: (i) k = 0, (ii) k = 1, (iii) k = 2. In case
(i), we have 0« =4k +2 =711 + 12 + 13 + 14 = 2. In order to have k equal to o in Equation (4.4), no
element in R should be more than 1; this happens only if two elements in R are equal to o and
the other two elements are equal to 1. In case (ii), we have o = 171 + 12 + 13 + 14 = 6. In order
to have k equal to 1 in Equation (4.4), at most one element in R should be greater than 1; this
happens only if three elements in R are equal to 1 and the other element is equal to 3 (note that
all elements in R are smaller than 4). In case (iii), we have &« = r1 + 12 + 13 + 14 = 10. In order to
have k equal to 2 in Equation (4.4), at most two elements in R should be greater than 1; which is
not possible. O

We show how to find one more matched pair in each case of Claim 2.

We define S* as the smallest upward equilateral-triangle contained in S; and anchored at the
top corner of S1, which contains all the points in S; except x points. If S; contains less than x
points, then the area of S;* is zero. We also define S!* as the smallest upward equilateral-triangle
that contains S1 and anchored at the top corner of S;, which has all the points in S; plus x other
points of P. Similarly we define upward triangles S;* and S;* which are anchored at the left corner
of S;. Moreover, we define upward triangles §;* and S;* which are anchored at the right corner of
S4. We define downward triangles S7f, S77, S3; which are anchored at the top-left corner, top-right
corner, and bottom corner of S3, respectively. See Figure 4.12(a).

Case 1: One element in R is equal to 3 and the other elements are equal to 1.

In this case, we have m = m; + my + m3 + m4 + 1. Because of the symmetry, we have two
cases: (i) 13 = 3, (ii) v; = 3 for some j € {1,2,4}.

L4 T3:3.

In this case n3 = 4m3 + 3. We differentiate between two cases, where all the elements of
the multiset {m, m, m4} are equal to zero, or some of them are greater than zero.
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S

Si

Fll
S;

(a)

Figure 4.12: (a) Split S into four equal area triangles. (b) S’ is larger than S and S.

— All elements of {m, my, m4} are equal zero. In this case, we have m = m3 + 1. Consider

the triangles S;" and S7. See Figure 4.12(a). Note that S;* and S} are disjoint, S} con-
tains two points, and S} contains 4m3 + 2 points. By induction, we get a matched pair
in §;* and a matching of size at least m3 + 1 in S. Thus, in total, we get a matching of
size atleast 1+ (m3+1)=m+1in S.

Some elements of {m1, my, my} are greater than zero. Consider the triangles S, S;?, and
S;. Note that the area of some of these triangles—but not all—may be equal to zero.
See Figure 4.12(b). By induction, we get matchings of size m;, m,, and m4 in S, S2,
and S, respectively. Without loss of generality, assume S, is larger than S and S.
Consider the half-lines 1y and 1, which are parallel to 19 and 1°° axis, and have their
endpoints on the top corner and right corner of S, respectively. We define S as the
downward equilateral-triangle which is bounded by 11, 1,, and the right side of S7;
the dashed triangle in Figure 4.12(b). Note that 1; and 1, do not intersect S? and S.
In addition, S?, S?, S, and S} are pairwise disjoint. If any point of S; U S, US3 is
to the right of 1, then consider S;* and §}. By induction, we get a matching of size
my +my+ (m3+ 1)+ (mg+1)in SPUS?USHUS;", and hence a matching of size m + 1
in S. If any point of S; US3 US4 is above 13, then consider S;* and S7. By induction,
we get a matching of size (mq +1) + mz + (m3 +1) +m4 in S;*USPUS; US?, and
hence a matching of size m + 1 in S. Otherwise, S) contains n3 +3 = 4(mz +1)+2
points. Thus, by induction, we get a matching of size m; + m; + (m3 +2) + my4 in
S1US?USS US,, and hence a matching of size m+1in S.

* 13 =3, for somej €{1,2,4}.

Without loss of generality, assume that r; = 2. Then, n, = 4m; + 3. Consider the triangles
§2, S, and S?. See Figure 4.13(a). By induction, we get matchings of size my, m; + 1, and
my in §2, S}, and S, respectively. Now we consider the largest triangle among S?, S, and
S?. Because of the symmetry, we have two cases: (i) S’ is the largest, or (ii) S?? is the largest.

- St is larger than S and S}. Define the half-lines 1y, 12, and the triangle S5 as in the

previous case. See Figure 4.13(a). If any point of S; U S, U S3 is to the right of 1, then
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Figure 4.13: (a) S7' is larger than §? and S?. (b) S is larger than S and S

consider S;* and §}. By induction, we get a matching of size my + (mz2 +1) +m3 +
(mgq + 1) in SP U S U S U S . If any point of S, US3 U Sy is above 1y, then consider
Si* and S§;;. By induction, we get a matching of size (my + 1) + (mz + 1) + m3 + m4 in
St USUSUSY. Otherwise, S contains n3 + 1 = 4m3 + 2 points. Thus, by induction,
we get a matching of size mj + (mz + 1)+ (m3+ 1) +my in S;USUS,US4. As a
result, in all cases we get a matching of size m+1in S.

— S7 is larger than S7 and S}'. Define the half-lines 1y, 1, and the triangle S} as in Fig-
ure 4.13(b). If any point of S; US3 US4 is above 17, then by induction, we get a match-
ing of size (my +1) + (m2 + 1) + m3 + my in §7"US US} US?. If at least three points
of S US3 US4 are to the left of 15, then consider S;> and S}}. Note that S} contains
ny +3 = 4(my + 1) + 2 points. By induction, we get a matching of size m; + (m, +
2) +m3 +my in SPUS?US?US. Otherwise, S; contains at least n3 + 1 = 4m3 + 2
points. Thus, by induction, we get a matching of size m; + (mz +1) + (m3 +1) + my
in S;US;US, US?. As a result, in all cases we get a matching of size m 4 1in S.

Case 2: Two elements in R are equal to o and the other elements are equal to 1.
In this case, we have m = mj +m, + m3 + m4. Again, because of the symmetry, we have two
cases: (i) r3 =0, (ii) r3 # 0.

® T3 =0.

Without loss of generality assume that 1, = 0 and v1 = r4 = 1. Thus, n; = 4m; +1,
ny = 4my, n3 = 4m3, and ng = 4my + 1. If all elements of {mj, m,, m4} are equal to
zero, then we have m = m3, where m3 > 1. Consider the triangles S;* and S}, which are
disjoint. By induction, we get a matched pair in S;* and a matching of size at least m3 in
S- Thus, in total, we get a matching of size at least 1 + m3 = m + 1 in S. Assume some
elements in {m,, m2, m4} are greater than zero. Consider the triangles S?, S?, and S;’. See
Figure 4.14(a). By induction, we get a matching of size m;, m,, and m4 in S?, S?, and Sf,
respectively. Now we consider the largest triangle among S?, S, and S7’. Because of the
symmetry, we have two cases: (i) S;* is the largest, or (ii) S}’ is the largest.

— S islarger than S7 and S7. Define 14, 12, S5 as in Figure 4.14(a). If any point of S; US, U
S3 is to the right of 1,, then by induction, we get a matching of size mj +m, +ms +
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Figure 4.14: (a) S7* is larger than §? and S?. (b) S is larger than S and S3*.

(mgq +1)in SPUS?USH US; . If any point of S, US3 US4 is above 1y, then by induction,
we get a matching of size (my + 1) + mz +m3 +my in §;* US2 U S} US?. Otherwise,
S5 contains n3 4+ 2 = 4m3 + 2 points. Thus, by induction, we get a matching of size
my+my+ (m3+1)+my in S; US?USS US4. In all cases we get a matching of size
m+1inS.

S} is larger than S? and S7. Define 14, 15, S} as in Figure 4.14(b). If any point of S US3 U
S4 is above 17, then by induction, we get a matching of size (m; +1) +my + m3 +my
in S7*U S USH USP. If at least two points of S; U S3 US4 are to the left of 1, then by
induction, we get a matching of size my + (mz +1) + m3 +my in SP US> USZ U SP.
Otherwise, S 4" contains at least n3 4+ 2 = 4m3 + 2 points. Thus, by induction, we get a
matching of size my +m; + (m3 +1) +mg in S; US; US; US?. In all cases we get a
matching of size m+1in S.

® T3 750

In this case r3 = 1, and without loss of generality, assume that r, = 1, which means
11 =14 = 0. Thus, ny =4my, ny =4my +1,n3 =4m3 + 1, and ng = 4my. If all elements of
{mj, m2, m4} are equal to zero, then we have m = m3, where m3 > 1. Consider the triangles
S;* and S}, which are disjoint. By induction, we get a matched pair in §]* and a matching
of size at least m3 in S;. Thus, in total, we get a matching of size at least 1 + m3 = m +1
in S. Assume some elements in {m7, m,, m4} are greater than zero. Consider the triangles
S, S, and S*. See Figure 4.15(a). By induction, we get matchings of size m;, m;, and m4
in §?, S7?, and SZ respectively. Now we consider the largest triangle among S7?, S, and Sf.
Because of symmetry, we have two cases: (i) S? is the largest, or (ii) S;* is the largest.

- S is larger than S and S;. Define 1y, 13, S 5 as in Figure 4.15(a). If at least two points

of S1US,US3 are to the right of 1,, then by induction, we get a matching of size
m;+mz+m3+ (mg+1)in SPUSU S; US> If at least two points of S; US3 U Sy
are above 17, then by induction, we get a matching of size (m7 4+ 1) + m2 +m3 +my
in $;>US? US; US?. Otherwise, S contains n3 + 1 = 4mg3 + 2 points, and we get a
matching of size mj; +m, + (m3 + 1) + my in S; US? US) US4. In all cases we get a
matching of size m+1in S.
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Figure 4.15: (a) S? is larger than §7* and SP2. (b) S;* is larger than S and S3.

- S is larger than S and S7. Define 1y, 15, S 4 as in Figure 4.15(b). If at least two points
of S, US3US, are above 1y, then by induction, we get a matching of size (m; + 1) +
my +m3+my in SPUSPUSE USE If any point of S1 US3 US4 is to the left of 15, then
by induction, we get a matching of size my + (mz +1) +m3 +m4 in SPUS USUS.
Otherwise, S} contains at least n3 + 1 = 4m3 + 2 points, and we get a matching of size
my +mz + (m3 +1) +my in S; US; US; US?. In all cases we get a matching of size
m+1inS.

O

4.7 STRONG MATCHING IN G (P)

In this section we consider the problem of computing a strong matching in G5 (P), where O is
an axis-aligned square whose center is the origin. We assume that P is in general position, i.e., (i)
no two points have the same x-coordinate or the same y-coordinate, and (ii) no four points are
on the boundary of any homothet of 0. Recall that G (P) is equal to the L,-Delaunay graph
on P. Abrego et al. [1, 2] proved that G5 (P) has a strong matching of size at least [n/5]. Using
a similar approach as in Section 4.6, we prove that G5 (P) has a strong matching of size at least

[
THEOREM 4.28. Let P be a set of n points in general position in the plane. Let S be an axis-parallel

square that contains P. Then, it is possible to find a strong matching of size at least [ 51 for G (P) in
S.

Proof. The proof is by induction. Assume that any point set of size n’ < n — 1 in an axis-

parallel square S’, has a strong matching of size [*1] in S’. If n is 0 or 1, then there is

no matching in S, and if n € {2, 3,4, 5}, then by shrinking S, it is possible to find a strongly
matched pair. Suppose that n > 6, and n = 4m + r, where r € {0,1,2,3}. If r € {0, 1, 3}, then

[“T*W = (%] , and by induction we are done. Suppose that n = 4m + 2, for some m > 1.
We prove that there are [®;1] = m + 1 disjoint squares in S, each of them matches a pair of

points in P. Partition S into four equal area squares S1, S, S3, S4 which contain ny,nz, n3, ng
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points, respectively; see Figure 4.16(a). Let ny = 4m; +ri for 1 < i < 4, wherer; € {0,1,2,3}.
Let R be the multiset {r7,12,713,714}. By induction, in S7 U S, U S3 U S4, we have a strong
matching of size at least

[ 2 )

In the proof of Theorem 4.27, we have shown the following two claims:

CLAIM 1. A>m.

CLAIM 2. If A =m, then either (i) one element in R is equal to 3 and the other elements are equal to
1, or (ii) two elements in R are equal to O and the other elements are equal to 1.

If A > m, then we are done. Assume that A = m; in fact, by the induction hypothesis we have
an strong matching of size m in S. We show how to find one more strongly matched pair in each
case of Claim 2.

We define S* as the smallest axis-parallel square contained in S; and anchored at the top-left
corner of S, which contains all the points in S except x points. If S; contains less than x points,
then the area of S;* is zero. We also define S}* as the smallest axis-parallel square that contains
S1 and anchored at the top-left corner of S7, which has all the points in S; plus x other points
of P. See Figure 4.16(a). Similarly we define the squares S7*, S;*, and §}*, S;*, and S*, S;* which
are anchored at the top-right corner of S;, and the bottom-left corner of S3, and the bottom-right
corner of S4, respectively.

Case 1: One element in R is equal to 3 and the other elements are equal to 1.

In this case, we have m = m; + my + m3 + m4 + 1. Without loss of generality, assume that
1 =3 and r; = r3 = 14 = 1. Consider the squares S7*, 57, S?, and S??. Note that the area of
some of these squares—but not all—may be equal to zero. See Figure 4.16(b). By induction, we
get matchings of size my +1, mz, m3, and my, in S, S, §7, and S}, respectively. Now consider
the largest square among S, S?, S, and S*. Because of the symmetry, we have only three cases:

3

(i) 7' is the largest, (ii) S7 is the largest, and (iii) S} is the largest.

Sil o . S;B 4 Sll . S23
A . o ¢ .
. 9 °
¢ SQ % O I [ 7 Lt ~
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Figure 4.16: (a) Split S into four equal area squares. (b) S;* is larger than S, S7, and S. (c) S? is larger
than §7, S7, and S2.

e S is the largest square. Consider the lines 1; and 1, which contain the bottom side and

right side of S7*, respectively; the dashed lines in Figure 4.16(b). Note that 1; and 1, do not
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intersect any of S3, S?, and S?. If any point of Sy is to the right of 1;, then by induction, we
get a matching of size (m; +1) + (mz + 1) + m3 + my in §7 U S US? US}. Otherwise, by
induction, we get a matching of size (m; +1) +mz + (m3 +1) +my in ST USP U ST US}.
In all cases we get a matching of size m+1in S.

® S is the largest square. Consider the lines 1; and 1, which contain the bottom side and
left side of S;?, respectively; the dashed lines in Figure 4.16(c). Note that 1y and 1, do not
intersect any of ST, S, and S}. If any point of S; is below 1y, then by induction, we get
a matching of size (m; +1) + my + m3 + (mg + 1) in §7 US? US? US;*. Otherwise, by
induction, we get a matching of size (mj +2) + mz + m3 +my in S USP USP USP; see
Figure 4.16(c). In all cases we get a matching of size m+1in S.

* S is the largest square. Consider the lines 1 and 1, which contain the top side and left side
of §, respectively. If any point of S4 is above 1y, then by induction, we get a matching of
size (my +1) + (m2 + 1) + m3 +m4 in ST US]" USSP US;. Otherwise, by induction, we get a
matching of size (my +1) +my + (m3 + 1) +my in ST USP US:* US. In all cases we get a
matching of size m+1in S.

Case 2: Two elements in R are equal to o and two elements are equal to 1.
In this case, we have m = m; +m; + m3 + m4. Because of the symmetry, only two cases may
arise: Q)1 =rm2=landr3 =14 =0,(ii)) 7y =r4 =Tand rp =73 =0.

* 11 =712 = 1and r3 =r4 = 0. Consider the squares S, S?, S;z, and Sf. By induction, we get
matchings of size mj, m,, msz, and my, in S?, S, S;, and Sf, respectively. Now consider
the largest square among S, §7, §7, and S;*. Because of the symmetry, we have only two
cases: (a) S’ is the largest, (b) S} is the largest. In case (a) we get one more matched pair
either in S} or in §;*. In case (b) we get one more matched pair either in S}* or in S;*.

* 11 =714 = land r; =13 = 0. Consider the squares S?, S7?, S, and S?. By induction, we get
matchings of size my, m;, m3, and my, in §7, S, S7*, and S, respectively. Now consider
the largest square among S, S?, S*, and S;’. Because of the symmetry, we have only two
cases: (a) S is the largest, (b) S;* is the largest. In case (a) we get one more matched pair

either in S;* or in §;*. In case (b) we get one more matched pair either in S;* or in S;".

O]

4.8 A CONJECTURE ON STRONG MATCHING IN Gg(P)

In this section, we discuss a possible way to further improve upon Theorem 4.14, as well as a
construction leading to the conjecture that Algorithm 2 computes a strong matching of size at
least ["T*W; unfortunately we are not able to prove this.

In Section 4.4 we proved that J(e™) contains at most 16 edges. In order to achieve this upper
bound we used the fact that the centers of the disks in J(e™) should be far apart. We did
not consider the endpoints of the edges representing these disks. By Observation 4.9, the disks
representing the edges in J(e™) cannot contain any of the endpoints. We applied this observation
only on u and v. Unfortunately, our attempts to apply this observation on the endpoints of edges
in J(e™) have been so far unsuccessful.

Recall that T is a Euclidean minimum spanning tree of P, and for every edge e = (u,v) in T,
deg(e) is the degree of e in T(e™ ), where T(e™) is the set of all edges of T with weight at least
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w(e). Note that w(e) is directly related to the Euclidean distance between u and v. Observe that
the discs representing the edges adjacent to e intersect D (u, v). Thus, these edges are in Inf(e).
We call an edge e in T a minimal edge if e is not longer than any of its adjacent edges. We observed
that the maximum degree of a minimal edge is an upper bound for Inf(e). We conjecture that,

CONJECTURE 1. Inf(T) is at most the maximum degree of a minimal edge.

Monma and Suri [13] showed that for every point set P there exists a Euclidean minimum
spanning tree, MST(P), of maximum vertex degree five. Thus, the maximum edge degree in
MST(P) is 9. We show that for every point set P, there exists a Euclidean minimum spanning
tree, MST(P), such that the degree of each node is at most five and the degree of each minimal
edge is at most eight. This implies the conjecture that Inf(MST(P)) < 8. That is, Algorithm 2
returns a strong matching of size at least [ 25 ].

Figure 4.17: In MST(P), the triangle Auvw formed by two adjacent edges uv and uw, is empty.

LEMMA 4.29. If uv and uw are two adjacent edges in MST(P), then the triangle Auvw has no point of
P\ {u,v,w} in its interior or on its boundary.

Proof. If the angle between uv and uw is equal to 7, then there is no other point of P on uv and
uw. Assume that Zvuw < 7. Refer to Figure 4.17. Since MST(P) is a subgraph of the Gabriel
graph, the circles C; and C, with diameters uv and uw are empty. Since Zvuw < 7, C7 and C,
intersect each other at two points, say u and p. Connect u, v and w to p. Since uv and uw are
the diameters of C; and C,, Zupv = Zwpu = 7t/2. This means that vw is a straight line segment.
Since C7 and C; are empty and Auvw C Cq U Cy, it follows that Auvw NP = {u, v, w}. O

LEMMA 4.30. Follow Figure 4.18. For a convex-quadrilateral Q = a, b, c, d with |ab| < |bc| < |ad|, if
min{Zabc, Zbad} > n/3 and Labe + Lbad < 7, then |cd| < |ad|.

Proof. Let «1 = Zcad, «y = Zbac, 1 = Zcbd, 2 = Zabd, y1 = Zacd, y2 = Zach, &; = Zbdc,
and b, = Zadb; see Figure 4.18. Since |ab| < |bc| < |ad|,

Y2 < «2 and 8, < .

Let ¢ be a line passing through ¢ which is parallel to ad. Since Zabc + Zbad < 7, { intersects the
line segment ab. This implies that &7 < v2. If B < 871, then |cd| < |bc|, and hence [cd| < |ad| and
we are done. Assume that 87 < 1. In this case, § < 3. Now consider the two triangles Aabc and
Aacd. Since 6 < B and o7 < v2, &2 < v1. Then we have

o <y2 <o <V
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Figure 4.18: Illustration of Lemma 4.30: |ab| < |be| < |ad|, Zabc > /3, Zbad > ©/3, and Zabc + Zbad <
T.

Since o1 < v1, |ed| < |ad|, where the equality holds only if 07 = y2 = a2 = vy, ie, Qis a
diamond. This completes the proof. O

Uus Uy (&

U3

w3

W2 wn i

Figure 4.19: Solid segments represent the edges of MST(P). Dashed segments represent the swapped
edges. Dotted segments represent the edges which cannot exist.

LEMMA 4.31. Every finite set of points P in the plane admits a minimum spanning tree whose node
degree is at most five and whose minimal-edge degree is at most nine.

Proof. Consider a minimum spanning tree, MST(P), of maximum vertex degree 5. The maximum
edge degree in MST(P) is 9. Consider any minimal edge, uv. If the degree of uv is 8, then
MST(P) satisfies the statement of the lemma. Assume that the degree of uv is 9. Let uy, uz, u3, us
and vi1,v2,v3,v4 be the the neighbors of u and v in clockwise and counterclockwise orders,
respectively. See Figure 4.19. In MST(P), the angles between two adjacent edges are at least
7t/3. Since Zujuuiy 1 = 7w/3 and Zvivvi 1 > w/3 for 1 = 1,2,3, either Zvuu + Zuvvy < @ or
Zvuuy + Zuvvy < . Without loss of generality assume that Zvuug + Zuvvy < Zvuuy 4+ Zuvvy
and Zvuu; + Zuvvy < 7. We prove that the spanning tree obtained by swapping the edge uv
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with ujvy is also a minimum spanning tree, and it has one fewer minimal-edge of degree 9. By
repeating this procedure at each minimal-edge of degree 9, we obtain a minimum spanning tree
which satisfies the statement of the lemma. Let Q = u,v, vy, uy. By Lemma 4.29, vy is outside the
triangle Aujuv, and u; is outside the triangle Auvv;. In addition, u; and v; are on the same
side of the line subtended from uv. Thus, Q is a convex quadrilateral. Without loss of generality
assume that [vv1| < [uug|. By Lemma 4.30, [uyvy| < [uug|. If jugvq| < Juug|, we get a contradiction
to Lemma 4.5. Thus, assume that [uyvy| = [uug|. As shown in the proof of Lemma 4.30, this case
happens only when Q is a diamond. This implies that Zvuu; + Zuvvy; = 7, and consequently
/vuuy + Zuvvy = 1. In addition, Zujuui 1 = /3 and Zvivvi 1 = /3 fori = 1,2, 3. To establish
the validity of our edge-swap, observe that the nine edges incident to u and v are all equal in
length. Therefore, swapping uv with u;v; does not change the cost of the spanning tree and,
furthermore, the resulting tree is a valid spanning tree since u;v; is not an edge of the original
spanning tree MST(P); otherwise u, v, v1, and u; would form a cycle. We have removed a minimal
edge uv of degree 9, but it remains to show that the degree of u; and v; does not increase to six
and new minimal edge of degree 9 is not generated. Note that uju, and viv; are not the edges
of MST(P), and hence, deg(u;) and deg(vy) are still less than six. In order to show that no new
minimal edge is generated, we differentiate between two cases:

* min{Zvviuy, Zviuju} > 1/3. Since Zviuu > /3 and Zuuju, = 7/3, ug can be adjacent
to at most two vertices other than u and vq, and hence deg(u7) < 4; similarly deg(vy) < 4.
Thus, u, v, uy, and v; are of degree at most four, and hence no new minimal edge of degree
9 is generated.

e min{/vvijuy, Zviuiu} = /3. W.lo.g. assume that Zvyuju = 7t/3. This implies that Zvviu; =
2m/3. Since Zviuiu = m/3 and Zuujuy = 1t/3, ug is adjacent to at most three vertices other
than u and vq. Let u,vi,wj, w2, w3 be the neighbors of u; in clockwise order. Note that
v1 is not adjacent to u, v2 nor wi. But vy can be connected to another vertex, say x, which
implies that deg(vy) < 3. We prove that the spanning tree obtained by swapping the edge
ujvy with viw; is also a minimum spanning tree of node degree at most five, which has
one fewer minimal edge of degree 9. The new tree is a legal minimum spanning tree for P,
because [viwi| = [viuq]. In addition, deg(u1) < 4 and deg(vy) < 4. Since wiw; and wix
are illegal edges, deg(w1) < 4. Thus, u, v, u, vi, and wy are of degree at most four and no
new minimal edge of degree 9 is generated. This completes the proof that our edge-swap
reduces the number of minimal-edges of degree nine by one.

O

4.9 CONCLUSIONS

Given a set of n points in general position in the plane, we considered the problem of strong
matching of points with convex geometric shapes. A matching is strong if the objects represent-
ing whose edges are pairwise disjoint. In this chapter we presented algorithms which compute
strong matchings of points with diametral-disks, equilateral-triangles, and squares. Specifically
we showed that:

¢ There exists a strong matching of points with diametral-disks of size at least [“1—*7]}

¢ There exists a strong matching of points with downward equilateral-triangles of size at

least [511].
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¢ There exists a strong matching of points with downward/upward equilateral-triangles of
size at least [1].

e There exists a strong matching of points with axis-parallel squares of size at least [*1].

The existence of a downward/upward equilateral-triangle matching of size at least [251],

implies the existence of either a downward equilateral-triangle matching of size at least [“Tq]
or an upward equilateral-triangle matching of size at least [z ]. This does not imply a lower
bound better than [™51] for downward equilateral-triangle matching (or any fixed oriented
equilateral-triangle).

A natural open problem is to improve any of the provided lower bounds, or extend these
results for other convex shapes. A specific open problem is to prove that Algorithm 2 computes a
strong matching of points with diametral-disks of size at least [“T_W as discussed in Section 4.8.
An alternative for Algorithm 2 is to pick an edge with the smallest influence set in each iteration.
It remains open to derive lower bounds on the size of matchings reported by this new algorithm.
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BOTTLENECK PLANE MATCHINGS IN A POINT SET

A bottleneck plane perfect matching of a set of n points in R? is defined to be a perfect non-
crossing matching that minimizes the length of the longest edge; the length of this longest edge
is known as bottleneck. The problem of computing a bottleneck plane perfect matching has been
proved to be NP-hard. We present an algorithm that computes a bottleneck plane matching of size
atleast ¢ in O(n log® n)-time. Then we extend our idea toward an O(n logn)-time approximation
algorithm which computes a plane matching of size at least ZT“ whose edges have length at most
V2 4+ /3 times the bottleneck.

This chapter is published in the journal of Computational Geometry: Theory and Applica-
tions [1].

5.1 INTRODUCTION

We study the problem of computing a bottleneck non-crossing matching of points in the plane.
For a given set P of n points in the plane, where n is even, let K(P) denote the complete Euclidean
graph with vertex set P. The bottleneck plane matching problem is to find a perfect non-crossing
matching of K(P) that minimizes the length of the longest edge. We denote such a matching by
M*. The bottleneck, A*, is the length of the longest edge in M*. The problem of computing M*
has been proved to be NP-hard [2]. Figure 1 in [2] and [4] shows that the longest edge in the
minimum weight matching (which is planar) can be unbounded with respect to A*. On the other
hand the weight of the bottleneck matching can be unbounded with respect to the weight of the
minimum weight matching, see Figure 5.1.

1 €

0 &— 0 &— 0 O— 0

1+e€

(a) (b)

Figure 5.1: (a) bottleneck matching, (b) minimum weight matching.

Matching and bottleneck matching problems play an important role in graph theory, and thus,
they have been studied extensively, e.g., [2, 3, 5, 9, 10, 13, 14]. Self-crossing configurations are
often undesirable and may even imply an error condition; for example, a potential collision
between moving objects, or inconsistency in a layout of a circuit. In particular, non-crossing
matchings are especially important in the context of VLSI circuit layouts [11] and operations
research.
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Table 5.1: Summary of results.

Algorithm running time | bottleneck (A) | match. size
A.-Affash etal. [2] | O(n'® \/@) 2V 10A* n/2
Section 5.4.1 O(nlog2 n) A* n/5
Section 5.4.2 O(nlogn) (V2 +V3)A* 2n/5

5.1.1 Previous Work

It is desirable to compute a perfect matching of a point set in the plane, which is optimal with
respect to some criterion such as: (a) minimum-cost matching which minimizes the sum of the
lengths of all edges; also known as minimum-weight matching or min-sum matching, and (b) bottle-
neck matching which minimizes the length of the longest edge; also known as min-max matching
[10]. For the minimum-cost matching, Vaidya [13] presented an O(n?? log4 n) time algorithm,
which was improved to O(n'? log® n) by Varadarajan [14]. As for bottleneck matching, Chang
et al. [5] proved that such kind of matching is a subset of 17-RNG (relative neighborhood graph).
They presented an algorithm, running in O(n'->,/logn)-time to compute a bottleneck matching
of maximum cardinality. The matching computed by their algorithm may be crossing. Efrat and
Katz [10] extended the result of Chang et al. [5] to higher dimensions. They proved that a bot-
tleneck matching in any constant dimension can be computed in o(n'?, /log n)-time under the
Loo-norm.

Note that a plane perfect matching of a point set can be computed in O(nlogn)-time, e.g., by
matching the two leftmost points recursively.

Abu-Affash et al. [2] showed that the bottleneck plane perfect matching problem is NP-hard
and presented an algorithm that computes a plane perfect matching whose edges have length at
most 21/10 times the bottleneck, i.e., 2v/10A*. They also showed that this problem does not admit
a PTAS (Polynomial Time Approximation Scheme), unless P=NP. Carlsson et al. [4] showed that
the bottleneck plane perfect matching problem for a Euclidean bipartite complete graph is also
NP-hard.

5.1.2  Our Results

The main results of this chapter are summarized in Table 5.1. We use the unit disk graph as a
tool for our approximations. First, we present an O(nlogn)-time algorithm in Section 5.3, that
computes a plane matching of size at least % in a connected unit disk graph. Then in Section
5.4.1 we describe how one can use this algorithm to obtain a bottleneck plane matching of size
at least 7 with edges of length at most A* in O(nlog?® n)-time. In Section 5.4.2 we present an
O(nlogn)-time approximation algorithm that computes a plane matching of size at least ZT“

whose edges have length at most (v/2 + v/3)A*. Finally we conclude this chapter in Section 5.5.

5.2 PRELIMINARIES

Let P denote a set of n points in the plane, where n is even, and let K(P) denote the complete
Euclidean graph over P. A matching, M, is a subset of edges of K(P) without common vertices.
Let M| denote the cardinality of M, which is the number of edges in M. M is a perfect matching if
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it covers all the vertices of P, i.e., [M| = 5. The bottleneck of M is defined as the longest edge in
M. We denote its length by Ani. A bottleneck perfect matching is a perfect matching that minimizes
the bottleneck length. A plane matching is a matching with non-crossing edges. We denote a plane
matching by M- and a crossing matching by M. The bottleneck plane perfect matching, M*, is a
perfect plane matching which minimizes the length of the longest edge. Let A* denote the length
of the bottleneck edge in M*. In this chapter we consider the problem of computing a bottleneck
plane matching of P.

The Unit Disk Graph, UDG(P), is defined to have the points of P as its vertices and two
vertices p and q are connected by an edge if their Euclidean distance [pq| is at most 1. The
maximum plane matching of UDG(P) is the maximum cardinality matching of UDG(P), which has
no pair of crossing edges. The following lemma states a folklore result, however, for the sake of
completeness we provide a simple proof.

LEMMA 5.1. If the maximum plane matching in unit disk graphs can be computed in polynomial time,
then the bottleneck plane perfect matching problem for point sets can also be solved in polynomial time.

Proof. Let D ={|pq|: p, q € P} be the set of all distances determined by pairs of points in P. Note
that A* € D. For each A € D, define the “unit” disk graph DG(A, P), in which two points p and
q are connected by an edge if and only if [pq| < A. Then A* is the minimum A in D such that
DG(A, P) has a plane matching of size 3. O

The Gabriel Graph, GG(P), is defined to have the points of P as its vertices and two vertices
p and q are connected by an edge if the disk with diameter pq does not contain any point of
P\ {p, q} in its interior and on its boundary.

LEMMA 5.2. If the unit disk graph UDG(P) of a point set P is connected, then UDG(P) and K(P) have
the same minimum spanning tree.

Proof. By running Kruskal’s algorithm on UDG(P), we get a minimum spanning tree, say T. All
the edges of T have length at most one, and the edges of K(P) which do not belong to UDG(P)
all have length greater than one. Hence, T is also a minimum spanning tree of K(P). O

As a direct consequence of Lemma 5.2 we have the following corollary:

COROLLARY 5.3. Consider the unit disk graph UDG(P) of a point set P. We can compute the minimum
spanning forest of UDG(P), by first computing the minimum spanning tree of P and then removing the
edges whose length is more than one.

LEMMA 5.4. For each pair of crossing edges (u,v) and (x,y) in UDG(P), the four endpoints u, v, x, and
y are in the same component of UDG(P).

Proof. Note that the quadrilateral Q formed by the end points u, v, x, and y is convex. W.l.o.g.

assume that the angle Zxuy is the largest angle in Q. Clearly Z/xuy > /2, and hence, in triangle
Axuy, the angles Zyxu and Zuyx are both less than 7t/2. Thus, the edges (u,x) and (u,y) are
both less than (x,y). This means that (u,x) and (u,y) are also edges of UDG(P), thus, their four
endpoints belong to the same component. O

As a direct consequence of Lemma 5.4 we have the following corollary:

COROLLARY 5.5. Any two edges that belong to different components of UDG(P) do not cross.
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Let MST(P) denote the Euclidean minimum spanning tree of P. We have prove the following
lemma in Chapter 4.

LEMMA 5.6. If (u,v) and (u,w) are two adjacent edges in MST(P), then the triangle ANuvw has no
point of P\ {u, v, w} inside or on its boundary.

COROLLARY 5.7. Consider MST(P) and let N, be the set of neighbors of a vertex v in MST(P). Then
the convex hull of N, contains no point of P except v and the set N,,.

The shaded area in Figure 5.2 shows the union of all these convex hulls.

5.3 PLANE MATCHING IN UNIT DISK GRAPHS

In this section we present two approximation algorithms for computing a maximum plane match-
ing in a unit disk graph UDG(P). In Section 5.3.1 we present a straight-forward %—approximation
algorithm. For the case when UDG(P) is connected, we present a %—approximation algorithm in
Section 5.3.2.

5.3.1 %—approximation algorithm

Given a possibly disconnected unit disk graph UDG(P), we start by computing a (possibly cross-
ing) maximum matching M, of UDG(P) using Edmonds algorithm [7]. Then we transform My
to another (possibly crossing) matching M! with some properties, and then pick at least one-
third of its edges which satisfy the non-crossing property. Consider a pair of crossing edges
(p,q) and (7, s) in M, and let ¢ denote the intersection point. If their smallest intersection angle
is at most 71/3, we replace these two edges with new ones. For example if Zpcr < 71/3, we replace
(p, q) and (r, s) with new edges (p, 1) and (q, s). Since the angle between them is at most 7t/3, the
new edges are not longer than the older ones, i.e. max{|pr|,qs|} < max{[pq|, [rs[}, and hence the
new edges belong to the unit disk graph. On the other hand the total length of the new edges is
strictly less than the older ones; i.e. [pr| + |qs| < [pq| + |rs|. For each pair of intersecting edges in
M, with angle at most 71/3, we apply this replacement. We continue this process until we have a
matching M/ with the property that if two matched edges intersect, each of the angles incident
on c is larger than /3.

For each edge in M/, consider the counter clockwise angle it makes with the positive x-axis;
this angle is in the range [0, 7). Using these angles, we partition the edges of M{ into three
subsets, one subset for the angles [0,71/3), one subset for the angles [r/3,27/3), and one subset
for the angles [271/3, ). Observe that edges within one subset are non-crossing. Therefore, if we
output the largest subset, we obtain a non-crossing matching of size at least [M{|/3 = [M|/3.

Since in each step (each replacement) the total length of the matched edges decreases, the
replacement process converges and the algorithm will stop. Bonnet ant Miltzow [8] showed that
this process stops after O(n?3) steps, where n is the number of points in P. Thus the running time
of this algorithm is polynomial.

5.3.2  Z-approximation algorithm for connected unit disk graphs

In this section we assume that the unit disk graph UDG(P) is connected. Monma et al. [12] proved
that every set of points in the plane admits a minimum spanning tree of degree at most five which
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can be computed in O(nlogn) time. By Lemma 5.2, the same claim holds for UDG(P). Here we
present an algorithm which extracts a plane matching M from MST(P). Consider a minimum
spanning tree T of UDG(P) with vertices of degree at most five. We define the skeleton tree, T’,
as the tree obtained from T by removing all its leaves; see Figure 5.2. Clearly T C T C UDG(P).
For clarity we use u and v to refer to the leaves of T and T’ respectively. In addition, let v and
v/, respectively, refer to the copies of a vertex v in T and T’. In each step, pick an arbitrary leaf
v/ € T’. By the definition of T’, it is clear that the copy of v/ in T, i.e. v, is connected to vertices
uq,..., Uy, for some 1 < k < 4, which are leaves of T (if T’ has one vertex then k < 5). Pick
an arbitrary leaf u; and add (v,u) as a matched pair to M. For the next step we update T by
removing v and all its adjacent leaves. We also compute the new skeleton tree and repeat this
process. In the last iteration, T’ is empty and we may be left with a tree T consisting of one single
vertex or one single edge. If T consists of one single vertex, we disregard it, otherwise we add its
only edge to M.

Figure 5.2: Minimum spanning tree T with union of empty convex hulls. The skeleton tree T’ is sur-
rounded by dashed line, and v’ is a leaf in T'.

The formal algorithm is given as PLANEMATCHING, which receives a point set P—whose unit
disk graph is connected—as input and returns a matching M as output. The function MST5(P)
returns a Euclidean minimum spanning tree of P with degree at most five, and the function
Neighbor(v’, T’) returns the only neighbor of leaf v/ in T'.

LEMMA 5.8. Given a set P of n points in the plane such that UDG(P) is connected, algorithm PLANE-
MATCHING returns a plane matching M of MST(P) of size IM| > %*1 Furthermore, M can be computed
in O(nlogn) time.

Proof. In each iteration an edge (v, u;) € T is added to M. Since T is plane, M is also plane and
M is a matching of MST(P).

Line 5 picks v/ € T’ which is a leaf, so its analogous vertex v € T is connected to at least
one leaf. In each iteration we select an edge incident to one of the leaves and add it to M, then
disregard all other edges connected to v (line 9). So for the next iteration T looses at most five
edges. Since T has n — 1 edges initially and we add one edge to M out of each five edges of T,
we have M| > an

According to Corollary 5.3 and by [12], line 2 takes O(nlogn) time. The while-loop is iterated
O(n) times and in each iteration, lines 5-13 take constant time. So, the total running time of
algorithm PLANEMATCHING is O(nlogn). O

The size of a maximum matching can be at most 5. Therefore, algorithm PLANEMATCHING

computes a matching of size at least 2(751; U times the size of a perfect matching, and hence,

when n is large enough, PLANEMATCHING is a %—approximation algorithm. On the other hand
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Algorithm 3 PLANEMATCHING(P)

Input: set P of n points in the plane, such that UDG(P) is connected.
Output: plane matching M of MST(P) with [M]| > “T_]

. M+

2. T +MST5(P)

3: T/ +SkeletonTree(T)

4: while T’ # () do

5: v/ < aleaf of T’

6: L, < set of leaves connected to v in T
7: u < an element of L,

8: M +— M U{(v,u)}

oo T+« T\(vUL)

10: if deg(Neighbor(v’, T’)) = 2 then

11: T’ «+ T\ {v/, Neighbor(v’, T’)}

12: else

13: T «— T'\{v'}

14: if T consists of one single edge then
15: M~ MUT
16: return M

there are unit disk graphs whose maximum matchings have size “='; see Figure 5.3. In this case

PLANEMATCHING returns a maximum matching. In addition, when UDG(P) is a tree or a cycle,
PLANEMATCHING returns a maximum matching.

Figure 5.3: Unit disk graph with all edges of unit length, and maximum matching of size nT_l
In Section 5.4.1 we will show how one can use a modified version of algorithm PLANEMATCH-
ING to compute a bottleneck plane matching of size at least ¢ with bottleneck length at most A*.
Recall that A* is the length of the bottleneck edge in the bottleneck plane perfect matching M*.
Section 5.4.2 extends this idea to an algorithm which computes a plane matching of size at least
21 with edges of length at most (v2 + v/3)A*.

5.4 APPROXIMATING BOTTLENECK PLANE PERFECT MATCHING

The general approach of our algorithms is to first compute a (possibly crossing) bottleneck perfect
matching M of K(P) using the algorithm in [5]. Let Apm,, denote the length of the bottleneck edge
in M. It is obvious that the bottleneck length of any plane perfect matching is not less than Apz, .
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Therefore, A* > Apm .. We consider a “unit” disk graph DG(Anm, , P) over P, in which there is an
edge between two vertices p and q if [pq] < Am,. Note that DG(Am,,P) is not necessarily
connected. Let Gy, ..., Gk be the connected components of DG(An1, , P). For each component Gj,
consider a minimum spanning tree T; of degree at most five. We show how to extract from T; a
plane matching M; of proper size and appropriate edge lengths.

LEMMA 5.9. Each component of DG(Anm, , P) has an even number of vertices.

Proof. This follows from the facts that M » is a perfect matching and both end points of each edge
in My belong to the same component of DG(Am,, P). O

5.4.1 First Approximation Algorithm

In this section we describe the process of computing a plane matching M of size [M| > In
with bottleneck length at most A*. Consider the minimum spanning trees Ty,..., Ty of the k
components of DG(Am,,P). For 1 < i <k, let P; denote the set of vertices in T; and n; denote
the number of vertices of P;. Our approximation algorithm runs in two steps:

sTEP 1: We start by running algorithm PLANEMATCHING on each of the point sets P;. Let M;
be the output. Recall that algorithm PLANEMATCHING, from Section 5.3.2, picks a leaf v/ € T/,
corresponding to a vertex v € T;, matches it to one of its neighboring leaves in T; and disregards
the other edges connected to v. According to Lemma 5.8, this gives us a plane matching M; of
size at least “1T_1 However, we are looking for a matching of size at least =

The total number of edges of T; is n; — 1 and in each of the iterations, the algorithm picks one
edge out of at most five candidates. If in at least one of the iterations of the while-loop, v has
degree at most four (in T;), then in that iteration algorithm PLANEMATCHING picks one edge out
of at most four candidates. Therefore, the size of M; satisfies

Mtz 14 DT

If in all the iterations of the while-loop, v has degree five, we look at the angles between the
consecutive leaves connected to v. Recall that in MST(P) all the angles are greater than or equal
to 7t/3. If in at least one of the iterations, v is connected to two consecutive leaves u; and ;1
for 1 <j < 3, such that Zu;vu;, 1 = 7/3, we change M; as follow. Remove from M; the edge
incident to v and add to M; the edges (u;,uj41) and (v, us), where ug, s € {j,j + 1}, is one of the
leaves connected to v. Clearly Avuju;y g is equilateral and [uju 1| = [uyvl = uj1v] < Amy,, and
by Lemma 5.6, (uj, uj11) does not cross other edges. In this case, the size of M; satisfies
(Tli—])—S _ Tli+4 S ng

M;| =2 > b,
|Mi| + 5 z =

sTEP 2: In this step we deal with the case that in all the iterations of the while-loop, v has
degree five and the angle between any pair of consecutive leaves connected to v is greater than
7t/3. Recall that M is a perfect matching and both end points of each edge in M belong to the
same T;.

LEMMA 5.10. In Step 2, at least two leaves of T; are matched in M.
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Figure 5.4: Resulted matching M; by modified PLANEMATCHING. The numbers show the order in which
the edges (bold edges) are added to M.

Proof. Let m; and m] denote the number of external (leaves) and internal nodes of T;, respectively.
Clearly m/ is equal to the number of vertices of T and m; + m/ = n;. Consider the reverse
process in PLANEMATCHING. Start with a 5-star tree ti, i.e. t; = Kj 5, and in each iteration append
a new K;j 5 to ty until t; = T;. In the first step m; = 5 and m{ = 1. In each iteration a leaf of the
appended Kj 5 is identified with a leaf of t;; the resulting vertex becomes an internal node. On
the other hand, the “center”of the new K; 5 becomes an internal node of t; and its other four
neighbors become leaves of t;. So in each iteration, the number of leaves m; increases by three,
and the number of internal nodes m; increases by two. Hence, in all iterations (including the first
step) we have my > m{ +4.

Again consider M. In the worst case if all m/ internal vertices of T; are matched to leaves, we
still have four leaves which have to be matched together. O

According to Lemma 5.10 there is an edge (p,p’) € M« where p and p’ are leaves in T;. We
can find p and p’ for all Ti’s by checking all the edges of M once. We remove all the edges of
M; and initialize M = {(p,p’)}. Again we run a modified version of PLANEMATCHING in such
a way that in each iteration, in line 7 it selects the leaf u; adjacent to v such that (v,uy) is not
intersected by (p,p’). In each iteration v has degree five and is connected to at least four leaf
edges with angles greater than 7t/3. Thus, (p,p’) can intersect at most three of the leaf edges and
such kind of (v, u;) exists. See Figure 5.4. In this case, M; has size

n;—1 n; +4 ny
Mil =1 = > —.
Ml * 5 5 5
We run the above algorithm on each T; and for each of them we compute a plane matching
M. The final matching of point set P will be M = U]f:] M;.

THEOREM 5.11. Let P be a set of n points in the plane, where n is even, and let N* be the minimum
bottleneck length of any plane perfect matching of P. In O(n'>,/logn) time, a plane matching of P of
size at least = can be computed, whose bottleneck length is at most A*.

Proof. Proof of edge length: Let An,, be the length of the longest edge in M ;. and consider a compo-
nent G; of DG(Apm,, P). All the selected edges in Steps 1 and 2 belong to T; except (u;,u;41) and
(p,p’). Ti is a subgraph of Gi, and the edge (uj, uj+1) belongs to G;, and the edge (p,p’) belongs
to M (which belongs to G; as well). So all the selected edges belong to Gi, and Ap, < Anm, -
Since Am,, < A%, we have Apm, < Am, <A*foralli, T <i<k

Proof of planarity: The edges of M; belong to the minimum spanning forest of DG(Am,, P)
which is plane, except (u;,uj;1) and (p,p’). According to Corollary 5.5 and Lemma 5.6 the edge
(uj,u541) does not cross the edges of the minimum spanning forest. In Step 2 we select edges
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of T; in such a way that avoid (p,p’). Note that (p,p’) belongs to the component G; and by
Corollary 5.5 it does not cross any edge of the other components of DG(Anpm,, P). So M is plane.
Proof of matching size: Since M = M1 U--- UMy, and for each T <1i <k, [My| > %, hence

MY M=) ST

i=1 i=1

Proof of complexity: The initial matching M« can be computed in time O(n'-,/logn) by using
the algorithm of Chang et al. [5]. By Lemma 5.8 algorithm PLANEMATCHING runs in O(nlogn)
time. In Step 1 we spend constant time for checking the angles and the number of leaves con-
nected to v during the while-loop. In Step 2, the matched leaves p and p’ can be computed in
O(n) time for all T;’s by checking all the edges of M before running the algorithm again. So
the modified PLANEMATCHING still runs in O(nlogn) time, and the total running time of our

method is O(n]'SN/log n). O

Since the running time of the algorithm is bounded by the time of computing the initial bottle-
neck matching M, any improvement in computing M leads to a faster algorithm for comput-
ing a plane matching M. In the next section we improve the running time.

5.4.1.1 Improving the Running Time

In this section we present an algorithm that improves the running time to O(nlog?®n). We first
compute a forest F, such that each edge in F is of length at most A* and, for each tree T € F, we
have a leaf p € T and a point p’ € T such that [pp’| < A*. Once we have this forest F, we apply
Step 1 and Step 2 on F to obtain the matching M as in the previous section.

Let MST(P) be a (five-degree) minimum spanning tree of P. Let F\ = {Tq,T,,..., Ty} be the
forest obtained from MST(P) by removing all the edges whose length is greater than A, i.e.,
Fo ={e € MST(P) : [e]| < A}. For a point p € P, let cl(p, P) be the point in P that is closest to p.

LEMMA 5.12. Forall T € Fy~, it holds that
(i) the number of points in T is even, and

(ii) for each two leaves p,q € T that are incident to the same node v in T, let p’ = cl(p, P\ {v}), let
q’ = cl(q, P\{v}), and assume that |pp’| < |qq’l. Then, N\* > |pp’| and p’ belongs to T.

Proof. (i) Suppose that T has odd number of points. Thus in M* one of the points in T should be
matched to a point in a tree T’ # T by an edge e. Since e ¢ Fx-, we have |e| > A*, which contradicts
that A* is the minimum bottleneck. (ii) Note that v is the closest point to both p and q. In M*, at
most one of p and q can be matched to v, and the other one must be matched to a point which
is at least as far as its second closest point. Thus, A* is at least [pp’|. The distance between any
two trees in Fj- is greater than A*. Now if p’ is not in T, then in any bottleneck perfect matching,
either p or q is matched to a point of distance greater than A*, which contradicts that A* is the
minimum bottleneck. O

Let E = (e1,e2,...,en—1) be the edges of MST(P) in sorted order of their lengths. Our algo-
rithm performs a binary search on E, and for each considered edge e, it uses Algorithm 4 to
decide whether A < A*, where A = |e;|. The algorithm constructs the forest F5, and for each
tree T in Fy, it picks two leaves p and q from T and finds their second closest points p’ and q’.
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Assume w.l.o.g. that [pp’| < [qq’|. Then, the algorithm returns FALSE if p’ does not belong to T.
By Lemma 5.12, if the algorithm returns FALSE, then we know that A < A*.

Let e; be the shortest edge in MST(P), for which Algorithm 4 does not return FALSE. This
means that Algorithm 4 returns FALSE for e;_j, and there is a tree T in F|e]~,,| and aleaf pin T,
such that [pp’| > |e;|. Thus |ej| < A* and for each tree T in the forest F‘e].|, we stored a leaf p of
T and a point p’ € T, such that [pp’| < A*. Since each tree in F‘ej| is a subtree of MST(P), F‘ej| is
planar and each tree in Fj, is of degree at most five.

Algorithm 4 CoMPARETOOPT(A)

1: compute Fy
2: L < empty list
3: foreach T € F), do

4 if T has an odd number of points then
5: return FALSE
6: if there exist two leaves p and q incident to a node v € T then
7: p’ < cllp, P\ {V})
8: q" + cl(q,P\{v})
9: if [pp’l < lqq’| then
100 if p’ does not belong to T then
11: return FALSE
12 else
13: add the triple (p,p/,T) to L
14: else
15: if q’ does not belong to T then
16: return FALSE
17: else
18: add the triple (q,q’,T) to L

19: return L

Now we can apply Step 1 and Step 2 on Fj;| as in the previous section. Note that in Step 2,
for each tree T; we have a pair (p,p’) (or (q,q’)) in the list L which can be matched. In Step 2, in
each iteration v has degree five, thus, p’ should be a vertex of degree two or a leaf in T;. If p’ is a
leaf we run the modified version of PLANEMATCHING as in the previous section. If p’ has degree
two, we remove all the edges of M; and initialize M; = (p,p’). Then remove p’ from T; and run
PLANEMATCHING on the resulted subtrees. Finally, set M = U]f:1 Mi.

LEMMA 5.13. The matching M is planar.
Proof. Consider two edges e = (p,p’) and e’ = (q, q’) in M. We distinguish between four cases:

1. e € Fig;  and e’ € Fi,|. In this case, both e and e’ belong to MST(P) and hence they do not
cross each other.

2. e & Fley and e’ € Fe;l- If e and e’ cross each other, then this contradicts the selection of
(q,q’) in Step 2 (which prevents (p,p’)).

3. e € Fi¢;) and e ¢ Fie;|- It leads to a contradiction as in the previous case.
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4. e ¢ Fe;) and e’ ¢ Fe;- If e and e’ cross each other, then either min{|pq|, [pq’[} < [pp’| or
min{|qp|, [qp’} < Iqq’|, which contradicts the selection of p’ or q’. Note that p cannot be
the second closest point to q, because p and q are in different trees.

t
LEMMA 5.14. The matching M can be computed in O(nlog®n) time.

Proof. Computing MST(P) and sorting its edges take O(n logn) [6]. Since we performed a binary
search on the edges of MST(P), we need logn iterations. In each iteration, for an edge e;, we
compute the forest F|.,| in O(n) and the number of the trees in the forest can be O(n) in the
worst case. We compute in advance the second order Voronoi diagram of the points together
with a corresponding point location data structure, in O(nlogn) [6]. For each tree in the forest,
we perform a point location query to find the closest points p’ and q’, which takes O(logn) for
each query. Therefore the total running time is O(nlog2 n). O

THEOREM 5.15. Let P be a set of n points in the plane, where n is even, and let A* be the minimum
bottleneck length of any plane perfect matching of P. In O(nlog? n) time, a plane matching of P of size at
least & can be computed, whose bottleneck length is at most A*.

5.4.2 Second Approximation Algorithm

In this section we present another approximation algorithm which gives a plane matching M
of size M| > %n with bottleneck length Ay < (V2 +v/3)A*. Let DT(P) denote the Delaunay
triangulation of P. Let the edges of DT(P) be, in sorted order of their lengths, e, e, .. .. Initialize
a forest F consisting of n tress, each one being a single node for one point of P. Run Kruskal’s
algorithm on the edges of DT(P) and terminate as soon as every tree in F has an even number of
nodes. Let ey be the last edge that is added by Kruskal’s algorithm. Observe that e is the longest
edge in F. Denote the trees in F by Ty,..., Ty and for T < i <k, let P; be the vertex set of T; and
let ny = |PL|

LEMMA 5.16. A* > |e].

Proof. Let i be such that e is an edge in T;. Let T/ and T,” be the trees obtained by removing e;
from Ti. Let P{ be the vertex set of T/. Then |e;| = min{lpq| : p € P{,q € P\ P{}. Consider the

optimal matching M* with bottleneck length A*. Since e; is the last edge added, P{ has odd size.

The matching M* contains an edge joining a point in P/ with a point in P\ P{. This edge has
length at least |eq]. O

By Lemma 5.16 the length of the longest edge in F is at most A*. For each T; € F, where
1 < i<k, our algorithm will compute a plane matching M; of P; of size at least 2;” with edges
of length at most (V2 +v/3)A* and returns U]f:] M;. To describe the algorithm for tree T; on
vertex set P;, we will write P, T, n, M instead of P;, T, ni, Mj, respectively. Thus, P is a set of n
points, where n is even, and T is a minimum spanning tree of P;.

Consider the minimum spanning tree T of P having degree at most five, and let T’ be the

skeleton tree of T. Suppose that T’ has at least two vertices. We will use the following notation.

Let v/ be a leaf in T’, and let w’ be the neighbor of v’. Recall that v/ and w' are copies of vertices
vand win T. In T, we consider the clockwise ordering of the neighbors of v. Let this ordering be
w,ur,uy,..., u for some 1 < k < 4. Clearly uy,...,uyx are leaves in T. Consider two leaves 1
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and u; where i < j. We define cw(u;vu;) as the clockwise angle from vit; to vity. We say that the
leaf v/ (or its copy v) is an anchor if k = 2 and cw(ujvu,) > 7. See Figure 5.5.

Figure 5.5: The vertices around v are sorted clockwise, and v; is an anchor vertex.

Now we describe how one can iteratively compute a plane matching of proper size with
bounded-length edges from T. We start with an empty matching M. Each iteration consists of
two steps, during which we add edges to M. As we prove later, the output is a plane matching
of P of size at least %n with bottleneck at most (v/2 4+ v/3)A*.

5.4.2.1 Step 1

We keep applying the following process as long as T has more than six vertices and T’ has some
non-anchor leaf. Note that T’ has at least two vertices.

Take a non-anchor leaf v/ in T’ and according to the number k of leaves connected to v in T do
the following:

k=1 add (v,u;)toM,and set T =T\ {v,uq}.

k = 2 since v’ is not an anchor, cw(ujvu;) < 7. By Lemma 5.6 the triangle Awjvu, is empty. We
add (uj,uz) to M, and set T =T\ {u,us}.

k = 3 in this case v has degree four and at least one of cw(ujvu,) and cw(uyvus) is less than
7. W.Lo.g. suppose that cw(ujvu,) < 7. By Lemma 5.6 the triangle Aujvu; is empty. Add
(uj,up) toMand set T =T\ {ug,uz}.

k = 4 this case is handled similarly as the case k = 3.

At the end of Step 1, T has at most six vertices or all the leaves of T’ are anchors. In the former
case, we add edges to M as will be described in Section 5.4.2.3 and after which the algorithm
terminates. In the latter case we go to Step 2.

5.4.2.2 Step 2

In this step we deal with the case that T has more than six vertices and all the leaves of T’ are
anchors. We define the second level skeleton tree T” to be the skeleton tree of T’. In other words, T”
is the tree which is obtained from T’ by removing all the leaves. For clarity we use w to refer to a
leaf of T”, and we use w, w/, and w”, respectively, to refer to the copies of vertex win T, T/, and
T”. For now suppose that T” has at least two vertices. Consider a leaf w” and its neighbor y” in
T”. Note that in T, w is connected to y, to at least one anchor, and possibly to some leaves of T.
After Step 1, the copy of w” in T, i.e. w’, is connected to anchors v{,..., v, in T’ (or vy,..., v in
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T) for some 1 < k < 4, and connected to at most 4 — k leaves of T. In T, we consider the clockwise
ordering of the non-leaf neighbors of w. Let this ordering be y,v1,v2,...,vk. We denote the pair
of leaves connected to anchor v; by a; and b; in clockwise order around v;; see Figure 5.6.

Figure 5.6: Second level skeleton tree T” is surrounded by dashed line. v;’s are ordered clockwise around
leaf vertex w”/, as well as x;’s. a; and b; are ordered clockwise around v;.

In this step we pick an arbitrary leaf w” € T" and according to the number of anchors incident
to w”, i.e. k, we add edges to M. Since 1 < k < 4, four cases occur and we discuss each case
separately. Before that, we state some lemmas.

Figure 5.7: Illustrating Lemma 5.17.

LEMMA 5.17. Let w" be a leaf in T". Consider an anchor v; which is adjacent to w in T. For any neighbor
x of w for which x # vy, if cw(viwx) < /2 (resp. cw(xwvyi) < 1/2), the polygon P1 = {vi,x,w, ai}
(resp. P2 = {vi, bi, w, x}) is convex and empty.

Proof. We prove the case when cw(viwx) < 7/2; see Figure 5.7. The proof for the second case is
symmetric. To prove the convexity of P; we show that the diagonals viw and aix of Py intersect

each other. To show the intersection we argue that a; lies to the left of Xv} and to the right of XW.

Consider xv}. According to Lemma 5.6, triangle Avixw is empty so b; lies to the right of
)W{. On the other hand, v; is an anchor, so cw(a;vibi) > 7, and hence a; lies to the left of
xvi. Now consider xw. For the sake of contradiction, suppose that a; is to the left of xw. Since
cw(viwx) < 7/2, the angle cw(ajwv;i) is greater than 71/2. This means that Via; is the largest

side of Aajwvi, which contradicts that viay is an edge of MST(P). So a; lies to the right of 0.

Therefore, viw intersects aix and P; is convex. P; is empty because by Lemma 5.6, the triangles
Aviwx and Aviwa; are empty. ]

LEMMA 5.18. Let w” be a leaf in T" and consider the clockwise sequence v, ..., Vi of anchors that are
incident on w. The sequence of vertices a1,vi,b1,..., ax, vk, bx are angularly sorted in clockwise order
around w.
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Figure 5.8: Proof of Lemma 5.18.

Proof. Using contradiction, consider two vertices v; and vj, and assume that vi comes before v;
and a; comes before b; in the clockwise order; see Figure 5.8. Either a; is in Awv;b; or by is in
Awvj;aj. However, by Lemma 5.6, neither of these two cases can happen. O

Figure 5.9: Illustrating Lemma 5.19.

LEMMA 5.19. Let w” be a leaf in T" and consider the clockwise sequence v, ..., vy of anchors that are
adjacent tow. Let 1 < i < j < kand let x be a neighbor of w for which x # vi and x # vj.

1. If x is between v; and vj in the clockwise order:
a) if ai is to the right of X0, then P1 ={x,w, aj, vi} is convex and empty.

b) if a; is not to the right of X, then P2 = {w,x, vj, bj} is convex and empty.

2. If vj is between vi and x, or vi is between x and v; in the clockwise order:
a) if by is to the left of W, then P3 ={w,x,vi, bi} is convex and empty.

b) if by is not to the left of X0, then P4 = {x, w, aj, vj} is convex and empty.

Proof. We only prove the first case, the proof for the second case is symmetric. Thus, we assume

that x is between v; and v; in the clockwise order. First assume that a; is to the right of XW. See

Figure 5.9(a). Consider biv;. Since v; is an anchor, a; cannot be to the right of b;v;, and according
. — .

to Lemma 5.6, x cannot be to the right of b;v;. For the same reasons, both the vertices b; and x

cannot be to the left of a;vj. Now consider Xv. By assumption, a; is to the right of Xv. Therefore

Xa; intersects wv; and hence Py is convex.
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Now assume that a; is not to the right of xwy; see Figure 5.9(b). By Lemma 5.18, bj is to the
left of XxW. Therefore, xbj intersects Wv;j and hence P, is convex. The emptiness of the polygons
follows directly from Lemma 5.6. O

Figure 5.10: Illustrating Lemma 5.20.

LEMMA 5.20. Let W be a leaf in T" and consider the clockwise sequence v1,...,vy of anchors that
are incident on w. If 4 < k < 5, then at least one of the pentagons P1 = {a1,v1,v2, b2, w}and P, =
{ax—1,Vvk—1,Vk, by, W} is convex and empty.

Proof. We prove the case when k = 4; the proof for k = 5 is analogous. By Lemma 5.18, a;
comes before by in the clockwise order. Consider a;w; see Figure 5.10. Let l(aj,b2) denote

the line through a; and b;. If b, is to the left of a;W, then 1(ay, b, ) separates w from v; and v;.

Otherwise, b; is to the right of a1—v>v. Now consider byw. If a3 is to the right of b4—v>v, then (a3, by)
separates w from v3 and v4. The remaining case, i.e., when a3 is to the left of b4w, cannot happen
by Lemma 5.18 (because, otherwise, az would come before b, in the clockwise order).

Thus, we have shown that (i) (a7, b, ) separates w from v and v, or (ii) l(a3, bs) separates w
from vz and v4. Assume w.l.o.g. that (i) holds. Now to prove the convexity of P; we show that all
internal angles of P; are less than 7. Since v is an anchor, cw(bvia;) < 7. By Lemma 5.6, by is
to the left of of viv}. Therefore, cw(vaviag) < ew(bjviar) < 7. On the other hand cw(wviaq) >
/3, so in Aajviw, cw(viaiw) < 2m/3. By a similar analysis cw(bzv,vy) and cw(wbyvy) are
less than 7. In addition, cw(ajwb;) in Aajwb; is less than 7. Thus, Py is convex. Its emptiness
is assured from the emptiness of the triangles Av,wb,, Aviwa; and Aviwv,. O

Now we are ready to present the details of Step 2. Recall that T has more than six vertices
and all leaves of T’ are anchors. In this case T” has at least one vertex. If T has exactly one
vertex, we add edges to M as will be described in Section 5.4.2.3 and after which the algorithm
terminates. Assume that T" has at least two vertices. Pick a leaf w’’ in T”. As before, let vy, ..., vk
where 1 < k < 4 be the clockwise order of the anchors connected to w. Let x1,...,x; where
¢ <4 —%k < 3 be the clockwise order of the leaves of T connected to w; see Figure 5.6. This means
that deg(w) = 1+k+{, where k+ { < 4. Now we describe different configurations that may
appear at w, according to k and {.

CcAsE 1: assume k=1.If £ =0or 1,add (aj,vi) and (by,w) to M and set T = T\ {a;,by,vi,wh

If £ =1 remove x; from T as well. If { = 2, consider «; as the acute angle between segments
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wvr and Wxi. W.lo.g. assume & = min(oy, ). Two cases may arise: (i) o1 < 7/2, (ii)
a1 > m/2. If (i) holds, w.l.o.g. assume that x; comes before v; in clockwise order around
w. According to Lemma 5.17 polygon P = {vq, b1, w,x1} is convex and empty. So we add
(vi,a1), (b1,x1) and (x2,w) to M. Other cases are handled in a similar way. If (ii) holds,
according to Lemma 5.6 triangle Axjwx; is empty. So we add (v1, a1), (by,w) and (x1,x2)
to M. In both cases set T = T\ {a1,bq,v1,x1,x2, w}. If £ = 3, remove x3 from T and handle
the rest as £ = 2.

CASE 2: assume k = 2. If { = 0, we add (v1,a7), (b1, w), and (v2,a2) to M. If £ = 1 suppose

that x; comes before v in clockwise ordering. According to Lemma 5.19 one of polygons
Pz and P4 is empty; suppose it be P3 = {w,x1,v1,b1} (where i = 1 and j = 2 in Lemma
5.19). Thus we add (v1,a1), (b1,x1), (v2,az2) and (bz, w) to M. In both cases set T =T\ {ay,
bi,vi,a3,b,vo,whand if £ = 1 remove x; from T as well. If £ = 2, remove x, from T and
handle the rest as { = 1.

CASE 3: assume k = 3. If { = 0 then set M = M U{(vq,a1),(b1,w),(v2,a2),(v3,a3)}. If L =1,

consider (3; as the acute angle between segments Wx7 and wv;. W.Lo.g. assume (3, has
minimum value among all ;’s and x; comes after v, in clockwise order. According to
Lemma 5.19 one of polygons Py and P, is empty; suppose it be P; = {w,x1,v;, az} (Where
i=2and j = 3 in Lemma 5.19). Thus we set M = M U{(v2,b2), (az,x1), (vi,a1), (b1, w),
(v3,a3)}. In both cases set T = T\ {aj,b1,v1,a2,b2,v>,a3,b3,v3,w}and if { = 1 remove x;
from T as well. Other cases can be handled similarly.

Figure 5.11: The vertex vy is shared between P; and P3.

CASE 4: assume k = 4. According to Lemma 5.20 one of P; = {aj,vi,v2,bz,w} and P, =

{asz,v3,vs4, b4, W} is convex and empty. Again by Lemma 5.20 one of P3 = {a4,v4,Vv1, b1, W}
and P4 = {az,vz,v3, b3, w} is also convex and empty. Without loss of generality assume
that P; and P3 are empty. See Figure 5.11. Clearly, these two polygons share a vertex (v; in
Figure 5.11). Let @1 = cw(by, vy, w) which is contained in P3 and «; = cw(w, vy, a;) which
is contained in P7. We pick one of the polygons Py and Pz which minimizes «;,i=1,2. Let
P; be that polygon. So we set M = M U{(v1,b1), (v2, az2), (a1, b2), (v3,a3), (b3, w), (v4,as)}
and set T =T\ {aj,b1,vi,a2,b2,v2,a3,b3,v3,a4,bs,vs, wh

This concludes Step 2. Go back to Step 1.
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5.4.2.3 Base Cases

In this section we describe the base cases of our algorithm. As mentioned in Steps 1 and 2, we
may have two base cases: (a) T has at most t < 6 vertices, (b) T” has only one vertex.

(A) t< 6 Suppose that T has at most six vertices.

t = 2 it can happen only if t = n = 2, and we add the only edge to M.

t

4, 5 in this case we match four vertices. If t = 4, T could be a star or a path of length three,
and in both cases we match all the vertices. If t = 5, remove one of the leaves and match
other four vertices.

t = 6 in this case we match all the vertices. If one of the leaves connected to a vertex of degree
two, we match those two vertices and handle the rest as the case when t = 4, otherwise,
each leaf of T is connected to a vertex of degree more than two, and hence T’ has at most
two vertices. Figure 5.12(a) shows the solution for the case when T’ has only one vertex and
T is a star; note that at least two angles are less than 7t. Now consider the case when T’ has
two vertices, vy and v, which have degree three in T. Figure 5.12(b) shows the solution for
the case when neither v nor v, is an anchor. Figure 5.12(c) shows the solution for the case
when v is an anchor but v; is not. Figure 5.12(d) shows the solution for the case when both
v1 and v are anchors. Since v is an anchor in Figure 5.12(d), at least one of cw(b,v,v1)
and cw(vivzay) is less than or equal to 7t/2. W.lo.g. assume cw(vivyay) < 7/2. By
Lemma 5.17 polygon P = {v1, az,v;, a1} is convex and empty. We add (v, b1), (v2,b2),
and (aj, ay) to M.

t = 1, 3 this case could not happen. Initially t = n is even. Consider Step 1; before each iteration
t is bigger than six and during the iteration two vertices are removed from T. So, at the end
of Step 1, t is at least five. Now consider Step 2; before each iteration T’/ has at least two
vertices and during the iteration at most one vertex is removed from T"'. So, at the end of
Step 2, T’/ has at least one vertex that is connected to at least one anchor. This means that t
is at least four. Thus, t could never be one or three before and during the execution of the
algorithm.

Us .~

Figure 5.12: The bold (solid and dashed) edges are added to M and all vertices are matched. (a) a star, (b)
no anchor, (¢) one anchor, and (d) two anchors.

(B) T HAs ONE VERTEX In this case, the only vertex w’/ € T’ is connected to at least two
anchors, otherwise w’’ would have been matched in Step 1. So we consider different cases when
w is connected to k, 2 < k < 5 anchors and £ < 5 — k leaves of T:
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k=2 if £ =0,1,2 we handle it as Case 2 in Step 2. If { = 3, at least two leaves are consecutive,
say x7 and x,. Since cw(x1wx,) < m we add (x7,x2) to M and handle the rest like the
case when { = 1.

k = 3 if { =2 remove x;, from T. Handle the rest as Case 3 in Step 2.

k = 4 if { =1 remove x; from T. Handle the rest as Case 4 in Step 2.

k =5 add (vs,as5) to M, remove as, bs, vs from T, and handle the rest as Case 4 in Step 2.
This concludes the algorithm.

LEMMA 5.21. The convex empty regions that are considered in different iterations of the algorithm, do
not overlap.

Proof. In Step 1, Step 2 and the base cases, we used three types of convex empty regions; see
Figure 5.13. Using contradiction, suppose that two convex regions P; and P, overlap. Since the
regions are empty, no vertex of P; is in the interior of P, and vice versa. Then, one of the edges
in MST(P) that is shared with P; intersects some edge in MST(P) that is shared with P,, which
is a contradiction. O

Figure 5.13: Empty convex regions. Bold edges belong to MST(P).

THEOREM 5.22. Let P be a set of n points in the plane, where n is even, and let A* be the minimum
bottleneck length of any plane perfect matching of P. In O(nlogmn) time, a plane matching of P of size at
least 2 can be computed, whose bottleneck length is at most (v/2 + v/3)A*.

Proof. Proof of planarity: In each iteration, in Step 1, Step 2, and in the base cases, the edges added
to M are edges of MST(P) or edges inside convex empty regions. By Lemma 5.21 the convex
empty regions in each iteration will not be intersected by the convex empty regions in the next
iterations. Therefore, the edges of M do not intersect each other and M is plane.

Proof of matching size: In Step 1, in each iteration, all the vertices which are excluded from T are
matched. In Step 2, when k = { = 1 we match four vertices out of five, and when k = 3,{ =0 we
match eight vertices out of ten. In base case (a) when t = 5 we match four vertices out of five. In
base case (b) when k = 3,{ = 0 we match eight vertices out of ten. In all other cases of Step 2 and
the base cases, the ratio of matched vertices is more than 4/5. Thus, in each iteration at least 4/5
of the vertices removed from T are matched and hence |M;| > % Therefore,

s 2n;  2n
M=) IMil>) == ="

i=1 i=1

Proof of edge length: By Lemma 5.16 the length of edges of T is at most A*. Consider an edge
e € M and the path b between its end points in T. If e is added in Step 1, then |e| < 2A* because
d has at most two edges. If e is added in Step 2, 5 has at most three edges (le| < 3A*) except in
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Case 4. In this case we look at 6 in more detail. We consider the worst case when all the edges
of 6 have maximum possible length A* and the angles between the edges are as big as possible;
see Figure 5.14. Consider the edge e = (a1,b2) added to M in Case 4. Since v; is an anchor and
cw(wvaaz) > m/3, the angle cw(byvaw) < 2m/3. As our choice between Py and P3 in Case 4,
cw(w, v, aq) < 7/2. Recall that e avoids w, and hence le| < (v2 + v3)A*. The analysis for the
base cases is similar.

Figure 5.14: Path § (in bold) with four edges of length A* between end points of edge (a1, bz).

Proof of complexity: The Delaunay triangulation of P can be computed in O(nlogn) time. Using
Kruskal’s algorithm, the forest F of even components can be computed in O(nlogn) time. In Step
1 (resp. Step 2) in each iteration, we pick a leaf of T’ (resp. T”) and according to the number of
leaves (resp. anchors) connected to it we add some edges to M. Note that in each iteration we
can update T, T" and T” by only checking the two hop neighborhood of selected leaves. Since the
two hop neighborhood is of constant size, we can update the trees in O(1) time in each iteration.
Thus, the total running time of Step 1, Step 2, and the base cases is O(n) and the total running
time of the algorithm is O(nlogn). O

5.5 CONCLUSIONS

We considered the NP-hard problem of computing a bottleneck plane perfect matching of a
point set. Abu-Affash et al. [2] presented a 2v/10-approximation for this problem. We used the
maximum plane matching problem in unit disk graphs (UDG) as a tool for approximating a
bottleneck plane perfect matching. In Section 5.3.1 we presented a polynomial time algorithm
which computes a plane matching of size 7 in UDG. We also presented a %—approximation
algorithm for computing a maximum matching in UDG. By extending this algorithm we showed
how one can compute a bottleneck plane matching of size T with edges of optimum-length. A
modification of this algorithm gives us a plane matching of size at least ZT“ with edges of length

at most /2 + v/3 times the optimum.
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BOTTLENECK PLANE MATCHINGS IN BIPARTITE GRAPHS

Given a set of n red points and n blue points in the plane, we are interested to match the red
points with the blue points by straight line segments in such a way that the segments do not
cross each other and the length of the longest segment is minimized. In general, this problem in
NP-hard. We give exact solutions for some special cases of the input point set.

This chapter is published is published in the proceedings of the 26th Canadian Conference on
Computational Geometry (CCCG 2014) [3].

6.1 INTRODUCTION

We study the problem of computing a bottleneck non-crossing matching of red and blue points
in the plane. Let R = {r,..., 7} be a set of n red points and B = {by,...,bn} be a set of
n blue points in the plane. A RB-matching is a non-crossing perfect matching of the points by
straight line segments in such a way that each segment has one endpoint in B and one in R.
The length of the longest edge in an RB-matching M is known as bottleneck which we denote
by Am. The bottleneck bichromatic matching (BBM) problem is to find a non-crossing matching
M* with minimum bottleneck A*. Carlsson et al. [4] showed that the bottleneck bichromatic
matching problem is NP-hard. Moreover, when all the points have the same color, the bottleneck
non-crossing perfect matching problem is NP-hard [1].

Notice that, the bottleneck (possibly crossing) perfect matching of red and blue points can be
computed exactly in O(n'>logn) time [5]. In addition, a non-crossing perfect matching of red
and blue points always exists and can be computed in O(nlogn) time by applying the ham
sandwich cut recursively. In [2] the authors considered the problem of non-crossing matching of
points with different geometric objects.

In this chapter we present exact solutions for some special cases of the BBM problem when the
points are arranged in convex position, boundary of a circle, and on a line. For simplicity, in the
rest of the chapter we refer to a RB-matching as a “matching”.

6.2 POINTS IN CONVEX POSITION

In this section we deal with the case when R U B form the vertices of a convex polygon. Carlsson
et al. [4] presented an Oo(n* log n)-time algorithm for points on convex position. We improve their
result to O(n?) time. Let P denote the union of R and B, thatis P = {r1,...,Tn,b1,...,bn}. We
have the following observation:

OBSERVATION 6.1. Let (1i,bj) be an edge in any RB-matching of P, then there are the same number of
red and blue points on each side of the line passing through i and b;.

Using Observation 6.1, we present a dynamic programming algorithm which solves the BBM
problem for P. For simplicity of notation, let P = {p1, ..., p2n} denote the sequence of the vertices
of the convex polygon in counter clockwise order, starting at an arbitrary vertex p;; see Figure
6.1. By Observation 6.1, we denote (pi,p;j) as a feasible edge if p; and p; have different colors and
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the sequence pi1,...,pj—1 contains the same number of red and blue points. In other words we
say that pj is a feasible match for p;, and vice versa. Let F; denote the set of feasible matches for p;.
Figure 6.1 shows that F1 = {p4, ps, p10}. Therefore, we define a weight function w which assigns
a weight w; ; to each pair (pi, pj), where

S lpip;l :if (pi,pj) is a feasible edge
" +o00  : otherwise

Figure 6.1: Points arranged on convex position.

Consider any subsequence P;; = {pi,...,p;j} of P, where 1 < i < j < 2n. Let A[i,j] denote the
bottleneck of the optimal matching in P; ; if P; ; has an RB-matching; otherwise, A[i, j] = +o00. So
Al[l,2n] denotes the optimal solution for P. We use dynamic programming to compute A[l, 2n].
We derive a recurrence for Ali,j]. For a feasible edge (pi,px) where i+1 < k <jand px € Fy,
the values of the sub-problems to the left and right of (pi, px) are Ali+1,k—1] and Alk + 1,j].
We match p; to a feasible point pyx which minimizes the bottleneck. Thus,

i+1<kSg ’

PrEFL
The size of A (which is the total number of sub-problems) is O(n?). For each sub-problem
Ali,j] we have at most k = j —1i lookups in A. Therefore, the total running time is o(n3).

THEOREM 6.2. Given a set B of n blue points and a set R of n red points in convex position, one can
compute a bottleneck non-crossing RB-matching in time O(n3) and in space O(n?).

Note that in [1] the authors showed that for points in convex position and when all the points
have the same color, a bottleneck plane matching can be computed in O(n3) time and O(n?)
space via dynamic programming. They obtained the same time and space complexities for the
bichromatic set of points.

6.2.1 Points on Circle

In this section we consider the BBM problem when the points in R and B are arranged on the
boundary of a circle. Clearly, we can use the same algorithm as for points in convex position
to solve this problem in O(n?) time. But for points on a circle we can do better; we present an
algorithm running in O(n?) time. Consider P = {p1,...,p2n} as the sequence of the points in
counter clockwise order on a circle. We prove that there is an optimal matching M*, such that
each point p; € P is connected to its first feasible match in the clockwise or counter clockwise
order from p;.
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Di
(a) (b)

Figure 6.2: (a) illustrating the proof of Lemma 6.3, (b) the resulting graph of procedure CompareToOpt.

LEMMA 6.3. There is an optimal RB-matching for a point set P on a circle, such that each p; € P is
connected to its first feasible match in the clockwise or counter clockwise order from pj.

Proof. Consider an optimal matching M* with an edge (p3, p;). Consider two arcs pip; and p;jp;.
Wlo.g. let pip; be the smaller one. Clearly, the distance between any two points on pip;j is at
most [pipjl. If pis1,...,pj—1 contains no feasible match for p;, then pj is the first feasible match
to the right of p;. Otherwise, let py be the first feasible match for p; in pipj; see Figure 6.2(a). By
connecting p; to px we have two smaller arcs piT1px—1 and prr1p;. Obviously, [pipkl < Ipipjl,
and any matching of the vertices on piy1pix_1 and pi+1p; have the bottleneck smaller than [p;p;/.
By repeating this process for all edges of M* and all new edges, we obtain a matching M which
satisfies the statement of the lemma and Apq < A*. O

As a result of Lemma 6.3, for each point p; € P, we consider at most two feasible matches in F;.
Thus, using the dynamic programming idea of the previous section, for each sub-problem Al[i, j]
we have at most two lookups in A. Thus, it takes O(n?) time to fill the table A. By preprocessing
P, for each point p; € P we can find its first matched points in O(n?) time. Thus, the total running
time of the algorithm is O(n?).

6.2.1.1 A Faster Algorithm

Let R ={ry,...,mn} be a set of n red points and B = {by,...,bn} be a set of n blue points on the
boundary of a circle C. Without loss of generality let P = {p1,...,p2n} be the clockwise ordered
set of all the points. In this section we present an O(nlogn) time algorithm which solves the
BBM problem for P.

Let F; denote the first feasible matches of p; in clockwise and counter-clockwise order. Note
that [F;| < 2. We describe how one can compute F; for all points in P in linear time. First, consider
the case that we are looking for the first clockwise-feasible match for each red point. We make
a copy P’ of P. Consider an empty stack, and start from an arbitrary red point rg¢qr¢ and walk
on P’ clockwise. If we see a red point, push it onto the stack. If we see a blue point p; and the
stack is not empty, we pop a red point p; from the stack and add p; to F;, and delete p; and p;
from P’. If we see a blue point pj and stack is empty, we do nothing. The process stops as soon
as we find the proper match for each red vertex. As we visit each point in P at most twice, this
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step takes linear time. We can do the same process for the counter-clockwise order. Therefore, F;
for all 1 <1 < 2n can be computed in O(n) time.

Let F denote the set of all feasible edges, in sorted order of their lengths. Let G be the graph
with vertex set P and edge set F. Note that the degree of each vertex in G is at most two and hence
the total number of edges is 2n. Let G, be the subgraph of G containing all the edges of length
at most A. Our algorithm performs a binary search on the edges in G and for each considered
edge e, we use the following procedure to decide whether G,, where A = |e|, has a non-crossing
perfect matching. The running time of the algorithm is O(nlogn).

() (b)

Figure 6.3: (a) definition of a sub-problem, (b) possible matching edges for 1, and (c) Q. returns +oo as it
does not contain a matching; recurse on Q.

For each edge e = (pi,p;) in Gy let I, be the set of all vertices of P in the smaller arc between
pi and pj, including p; and pj. Let Py and Py be the lists of vertices of degree zero and one in
Gy, respectively. If Py is non-empty, then it is obvious that a perfect matching does not exist. If
Py is empty and P; is non-empty, then for each point p € Py, do the following. Let e = (p, q) be
the only edge incident to p. It is obvious that any perfect matching in G, should contain e. In
addition, (p, q) is a feasible edge, and then all the points in I, can be matched properly. Thus, we
can remove the points of I. from G,. Note that this changes the lists Py and P;. The algorithm
CompareToOpt receives G, as input and decides whether it has a perfect non-crossing matching.

Algorithm 5 CompareToOpt(Gy )

Input: a graph G,
Output: TRUE, if G, has a non-crossing perfect matching, FALSE, otherwise
1: Po « vertices of degree zero in Gy
2: Py < vertices of degree one in Gx
3: while Py # () or Py # () do
4 if Py # () then return FALSE

p < a vertex in Pq
q < the vertex adjacent to p in G,
for each rin [(;, ) do
remove 1 and its adjacent edges from G
9: update Py and P
10: return TRUE

The algorithm CompareToOpt consider each vertex and each edge once, so it executes in linear
in the size of G). At the end of the while loop, we have Py = Py = (). All the vertices of the
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remaining part of G have degree two and this case is the same as the problem that we started
with (BBM problem) and by Lemma 6.3, it has a perfect non-crossing matching, thus we return
TRUE. See Figure 6.2(b).

Notice that, if the procedure returns FALSE for some A, then we know that A < A*. Let e
be the shortest edge for which the procedure returns TRUE. Thus |e| > A*, and a bottleneck
RB-matching is contained in G,, where A = |e].

THEOREM 6.4. Given a set B of n blue points and a set R of n red points on a circle, one can compute a
bottleneck non-crossing RB-matching in time O(nlogn) and in space O(n).

63 BLUE POINTS ON STRAIGHT LINE

In this section we deal with the case where the blue points are on a horizontal line and the red
points are on one side of the line. Formally, given a sequence B1,, = by, ..., by of n blue points
on a horizontal line ¢ and n red points above {, we are interested to find a non-crossing matching
M between the points in R and B, such that the length of the longest edge in M is minimized. We
show how to build dynamic programming algorithms that solve this problem. In Section 6.3.1 we
present a bottom-up dynamic programming algorithm that solves this problem in O(n>) time. In
Section 6.3.2 we present a top-down dynamic programming algorithm for this problem running
in O(n*) time.

6.3.1 First algorithm

In this section we present a dynamic programming algorithm for the problem. We define a
subproblem (R’,B’) in the following way: given a quadrilateral Q with one face on {, we are
looking for a bottleneck RB-matching in Q, where R” = RN Q and B’ = BN Q. For simplicity,
we may refer to the sub-problem (R’,B’) as its bounding box Q. In the top level we imagine
a bounding quadrilateral which contains all the points of R and B. See Figure 6.3(a). Let b(Q)
denote the bottleneck of the sub-problem Q. If Q is empty, we set b(Q) = 0. If Q is not empty but
IR’| # |B'|, we set b(Q) = +o0, as it is not possible to have a RB-matching for (R’, B’). Otherwise,
we have [R’| = [B’| > 0; let vy be the topmost red point in R” in Q. It has at most [B’| possible
matching edges. Each of the matching edges defines two new independent sub-problems Q and
Q-+ to its left and right sides, respectively. See Figures 6.3(b) and 6.3(c). Thus, we can compute
the bottleneck of a sub-problem Q, using the following recursion:

b(Q) = min {max{jribk|, b(Qu), b(Qr)}:
rEB

Note that the y-coordinate of all the red points in Q; and Q. are smaller than y-coordinate of .
If we recurse this process on Qi and Q, it is obvious that each sub-problem (R’, B’) is bounded
by the left and right sides of its corresponding quadrilateral. Thus, each sub-problem is defined
by a pair of edges (or possibly the edges of the outer bounding box).

Note that the total number of edges is n? + 2 (including the edges of the outer box). The
dynamic programming table contains n? + 2 rows and n? + 2 columns, each corresponds to an
edge. The cells correspond to sub-problems. The dynamic programming table contains O(n*)
cells, and for each we have at most n pairs of possible sub-problems, which implies at most 2n
lookups in the table. Therefore, the algorithm runs in time O(n°) and space o(n*).
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6.3.2  Second algorithm

In this section we present a top-down dynamic programming algorithm that improves the result
of Section 6.3.1. Consider the problem (R, B), where B = By, ={by,...,bn}. Let ¢ be the topmost
red point. In any solution M to the problem, consider the edge (¢, bx) € M which matches r¢
to a point by in B, then there is no edge in M that intersects (r, byx). Thus, (¢, by) is a feasible
edge if on each side of (r¢, by) the number of red points equals the number of blue points. In this
case, by is a feasible match for r¢. Recall that F; denotes the set of all feasible matches for ;. See
Figure 6.4(a). In other words,

F¢ ={k: (1, by) is a feasible edge}.

For a feasible edge (¢, by ), let Ry (resp. R;) and By (resp. B,) be the red and blue points to the
left (resp. right) of (r¢, by ), respectively. That is, the edge (¢, by ) divides the (R, B) problem into
two sub-problems (Ry, B{) and (R, B;), where [Ry| = [By| and |R;| = |B;|. Clearly, By = By x_1 =
{b1,...,bx—1}and By = Bxt1n = {bx+t1,...,bn}. We develop the following recurrence to solve
the problem:

b(R,B) = ]Eréig:{max{lftbkl,b(Bu Ri),b(By, Ry )1

Let ¢ denote the horizontal line passing through r¢. Note that the y-coordinate of all red points
in Ry and R, is smaller than the y-coordinate of r¢, and hence they lie below 1;. This implies that
the left (resp. right) sub-problem is contained in a trapezoidal region Ty (resp. T;) with bounding
edges ¢, 1y, and (1, by ). See Figure 6.4(a). Since, in each step we have two sub-problems, in the
rest of this section we describe the process for the right sub-problem; the process for the left sub-
problem is symmetric. Note that r is the top-left corner of the right sub-problem. Thus, given
B, and r(, we know that r is connected to a blue point immediately to the left of B,. In addition,
we can find the red points assigned to the right sub-problem in the following way. Stand at a
blue point immediately to the right of B; and scan the plane clockwise, starting from {. Count
the red points in T, while scanning, and stop as soon as the number of red points seen equals
the number of blue points in B;. These red points form the set R,. See Figures 6.4(b) and 6.4(c).

Since, 1 defines the right (resp. left) and top boundaries of Ty (resp. T,) which contains the left
(resp. right) sub-problem, we call r¢ a “boundary vertex”. We define a sub-problem as a sequence
Bi; = {by,..., b;} of blue points, a boundary vertex, r¢, connected to bj 1 (resp. b;_1) for the left
(resp. right) sub-problem. More precisely, a sub-problem (B;;, ¢, d) consists of an interval By ;,
a boundary vertex r¢, and a direction d = {left, right} which indicates that r{ is connected to a
point immediately to the left or to the right of B ;. For a sub-problem (By ;,t, d), where d = left
we find the vertex set Ri; in the following way. Scan the plane by a clockwise rotating line s
anchored at b; 1. Count the red points in trapezoidal region formed by {, 1;, and (r¢, b;i—1), and
stop as soon as j —i+ 1 red points have been encountered. These red points form the set Ry ;. See
Figures 6.4(b) and 6.4(c).

In the top level, we add points by and by, 41 on { to the left and right of B, respectively. We add
a point rp as the boundary vertex of the (R, B) problem in such a way that R and B are contained
in the trapezoid formed by {, 1y, and the line segment Tobp. Thus in the top level we have the
sub-problem (B ,, 1o, left).

The dynamic programming table is a four-dimensional table A[1..n,1..n,0..n,1..2], where the
tirst and second dimensions correspond to an interval of blue points, the third dimension corre-
sponds a boundary vertex, and the fourth dimension corresponds to the directions. For simplicity
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(a) (b)

()

Figure 6.4: (a) feasible matches for 1, (b) scanning the red points in the trapezoidal region (shaded area),
and (c) the trapezoidal region which contains the same number of red and blue points.

we use | and r for left and right directions, respectively. Each cell A[i,j, t,d] stores the bottle-
neck of the sub-problem (Bj;, r¢, d), and we are looking for A[1,1,0, 1] which corresponds to the
bottleneck of M*. We fill A in the following way:

Alij, t,dl = gﬂiFn{maXﬂTt'bkLA[i,k— 1,t,r], Alk+1,5,t/, U},
eryr

where 1/ is the topmost red point in the point set R; ; assigned to (B, t, d).

Algorithm 6 computes the bottleneck of each subproblem using top-down dynamic program-

ming. In the top level, we execute LineMatching(1,n, 0, l). Before running algorithm LineMatch-
ing, for each point, we pre-sort the red points in the following way. For each red point r, we keep
a sorted list of all the red points below 1, in clockwise order. For each blue point, we keep two
sorted lists of red points in clockwise and counter-clockwise orders. This step takes O(n? logn)
time.

Algorithm 6 LineMatching(i,j, t, d)

Input: sequence B ;, top point 1, and direction d.
Output: bottleneck of M*.

1:

2

10:
11:
12
13:
14:
15:
16:
17:

XN 2 B

if Afi,j, t,d] > 0 then
return A[i,j, t,d]
if i > j then
return A[i,j, t,d] < 0
Ri; < j—1i+ 1 red points assigned to Bj ;
t’ « top-index(Ry )
if i =j then
return A[i,j,t,d] < |ry/byl
b+ +o0
F¢/ < indices of feasible blue points for r/
for each k € F; do
Ali,k—1,t/,7] + LineMatching(i,k —1,t/,7)
Alk+1,j,t/,1] + LineMatching(k +1,j,t/,1)
m < max{|ry/byl, AlL, k—1,t/, 1], Alk+1,j,t/, 1}
if m < b then
b+m
return A[i,j,t,d] «+ b
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LEMMA 6.5. Algorithm LineMatching computes the bottleneck of M* in O(n*) time.

Proof. Each cell Ali,j, t, d] corresponds to a sub-problem formed by an interval B; ;, a boundary
vertex 1, and a direction d. The total number of possible B; ; intervals is (}) +n (i can be equal
to j). For each interval, any of the n red points can be the corresponding boundary vertex, which
can be connected to the left or right side of the interval. Thus, the total number of subproblems
is 2n(5) +2n? = O(n3). In order to compute R;; for each sub-problem, we use the sorted lists
assigned to b;_j (or b;j; 1) and scan for the red points in the trapezoidal region. To compute the
feasible blue vertices for ¢/ € R; j, we use the sorted list assigned to T/ and keep track of feasible
matches for 1/ in By ;. Thus, for each sub-problem, we can compute Ry ;, 1¢/, and Fy in linear
time. Therefore, the total running time of the algorithm is O(n*). O

Finally, we reconstruct M* from A in linear time.

THEOREM 6.6. Given a set B of n blue points on a horizontal line {, a set R of n red points above {, one
can compute a bottleneck non-crossing RB-matching in time O(n*) and in space O(n3).
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PLANE MATCHINGS IN COMPLETE MULTIPARTITE GRAPHS

Let P be a set of n points in general position in the plane which is partitioned into color classes.
P is said to be color-balanced if the number of points of each color is at most [n/2|. Given a color-
balanced point set P, a balanced cut is a line which partitions P into two color-balanced point
sets, each of size at most 2n/3 + 1. A colored matching of P is a perfect matching in which every
edge connects two points of distinct colors by a straight line segment. A plane colored matching
is a colored matching which is non-crossing. In this chapter, we present an algorithm which
computes a balanced cut for P in linear time. Consequently, we present an algorithm which
computes a plane colored matching of P optimally in @(nlogn) time.

This chapter is published in the proceedings of the 14th International Symposium on Algo-
rithms and Data Structures (WADS’15) [8].

We also extended the results of this chapter to the case where the points are in a simple poly-
gon; the extension is not included in this thesis. However, the results have been published in
the Proceedings of the First international conference on Topics in Theoretical Computer Science
(TTCS’15) [6], and also published in the journal of Computational Geometry: Theory and Appli-
cations [7].

7.1 INTRODUCTION

Let P be a set of n points in general position (no three points on a line) in the plane. Assume
P is partitioned into color classes, i.e., each point in P is colored by one of the given colors. P is
said to be color-balanced if the number of points of each color is at most [n/2|. In other words,
P is color-balanced if no color is in strict majority. For a color-balanced point set P, we define a
feasible cut as a line £ which partitions P into two point sets Q1 and Q2 such that both Q; and Q2
are color-balanced. In addition, if the number of points in each of Q7 and Q; is at most 2n/3 +1,
then { is said to be a balanced cut. The well-known ham-sandwich cut (see [13]) is a balanced cut:
given a set of 2m red points and 2m blue points in general position in the plane, a ham-sandwich
cut is a line £ which partitions the point set into two sets, each of them having m red points and
m blue points. Feasible cuts and balanced cuts are useful for convex partitioning of the plane
and for computing plane structures, e.g., plane matchings and plane spanning trees.

Assume n is an even number. Let {R, B} be a partition of P such that |[R| = [B] = n/2. Let
Kn(R,B) be the complete bipartite geometric graph on P which connects every point in R to
every point in B by a straight-line edge. An RB-matching in P is a perfect matching in Ky, (R, B).
Assume the points in R are colored red and the points in B are colored blue. An RB-matching
in P is also referred to as a red-blue matching or a bichromatic matching. A plane RB-matching is an
RB-matching in which no two edges cross. Let {Pq,..., Px}, where k > 2, be a partition of P. Let
Kn(P1,...,Px) be the complete multipartite geometric graph on P which connects every point in
P; to every point in Pj by a straight-line edge, for all 1 <i < j < k. Imagine the points in P to be
colored, such that all the points in P; have the same color, and for i # j, the points in P; have a
different color from the points in P;. We say that P is a k-colored point set. A colored matching of
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P is a perfect matching in K, (Py,...,Px). A plane colored matching of P is a perfect matching in
Kn(Pq,...,Px) in which no two edges cross. See Figure 7.1(a).

In this chapter we consider the problem of computing a balanced cut for a given color-balanced
point set in general position in the plane. We show how to use balanced cuts to compute plane
matchings in multipartite geometric graphs.

/ —~
NS
(@)

(b)

Figure 7.1: (a) A plane colored matching. (b) Recursive ham sandwich cuts.

7.1.1  Previous Work

7.1.1.1  2-Colored Point Sets

Let P be a set of n = 2m points in general position in the plane. Let {R, B} be a partition of P such
that |[R| = [B| = m. Assume the points in R are colored red and the points in B are colored blue. It is
well-known that K;, (R, B) has a plane RB-matching [1]. In fact, a minimum weight RB-matching,
i.e.,, a perfect matching that minimizes the sum of Euclidean length of the edges, is plane. A
minimum weight RB-matching in K (R, B) can be computed in O(n%> logn) time [16], or even
in O(n?*¢) time [2]. Consequently, a plane RB-matching can be computed in O(n?*¢€) time. As a
plane RB-matching is not necessarily a minimum weight RB-matching, one may compute a plane
RB-matching faster than computing a minimum weight RB-matching. Hershberger and Suri [11]
presented an O(nlogn) time algorithm for computing a plane RB-matching. They also proved a
lower bound of Q(nlogn) time for computing a plane RB-matching, by providing a reduction
from sorting.

Alternatively, one can compute a plane RB-matching by recursively applying the ham sandwich
theorem; see Figure 7.1(b). We say that a line { bisects a point set R if both sides of { have the same
number of points of R; if [R| is odd, then ¢ contains one point of R.

THEOREM 7.1 (Ham Sandwich Theorem). For a point set P in general position in the plane which is
partitioned into sets R and B, there exists a line that simultaneously bisects R and B.

A line { that simultaneously bisects R and B can be computed in O(|R|+[B|) time, assuming RU
B is in general position in the plane [13]. By recursively applying Theorem 7.1, we can compute
a plane RB-matching in ®(nlogn) time.

7.1.1.2 3-Colored Point Sets

Let P be a set of n = 3m points in general position in the plane. Let {R, G, B} be a partition of
P such that [R| = |G| = [B| = m. Assume the points in R are colored red, the points in G are
colored green, and the points in B are colored blue. A lot of research has been done to generalize
the ham sandwich theorem to 3-colored point sets, see e.g. [4, 5, 12]. It is easy to see that there
exist configurations of P such that there exists no line which bisects R, G, and B, simultaneously.



7.1 INTRODUCTION

Furthermore, for some configurations of P, for any k € {1, ..., m — 1}, there does not exist any line
{ such that an open half-plane bounded by { contains k red, k green, and k blue points (see [5] for
an example). For the special case, where the points on the convex hull of P are monochromatic,
Bereg and Kano [5] proved that there exists an integer T < k < m — 1 and an open half-plane
containing exactly k points from each color.

Bereg et al. [4] proved that if the points of P are on any closed Jordan curve v, then for every
integer k with 0 < k < m there exists a pair of disjoint intervals on y whose union contains
exactly k points of each color. In addition, they showed that if m is even, then there exists a
double wedge that contains exactly m/2 points of each color.

Now, let P be a 3-colored point set of size n in general position in the plane, with n even.
Assume the points in P are colored red, green, and blue such that P is color-balanced. Let R, G,
and B denote the set of red, green, and blue points, respectively. Note that [R|, |G|, and |B| are at
most [n/2], but, they are not necessarily equal. Kano et al. [12] proved the existence of a feasible
cut, when the points on the convex hull of P are monochromatic.

THEOREM 7.2 (Kano et al. [12]). Let P be a 3-colored point set in general position in the plane, such
that P is color-balanced and |P| is even. If the points on the convex hull of P are monochromatic, then there
exists a line £ which partitions P into Q1 and Q; such that both Q1 and Q3 are color-balanced and have
an even number of points and 2 < |Qi| < |P|—2, fori=1,2.

They also proved the existence of a plane perfect matching in K., (R, G, B) by recursively apply-
ing Theorem 7.2. Their proof is constructive. Although they did not analyze the running time, it
can be shown that their algorithm runs in O(n?logn) time as follows. If the size of the largest
color class is exactly n/2, then consider the points in the largest color class as R and the other
points as B, then compute a plane RB-matching; and we are done. If there are two adjacent points
of distinct colors on the convex hull, then match these two points and recurse on the remaining
points. Otherwise, if the convex hull is monochromatic, pick a point p € P on the convex hull and
sort the points in P \ {p} around p. A line {—partitioning the point set into two color-balanced
point sets—is found by scanning the sorted list. Then recurse on each of the partitions. To find ¢
they spend O(nlogn) time. The total running time of their algorithm is O(n?logn).

Based on the algorithm of Kano et al. [12], we can show that a plane perfect matching in
Kn (R, G, B) can be computed in O(nlog3 n) time. We can prove the existence of a feasible cut
for P, even if the points on the convex hull of P are not monochromatic. To find feasible cuts
recursively, we use the dynamic convex hull structure of Overmars and Leeuwen [14], which
uses O(log”?n) time for each insertion and deletion. Pick a point p € P on the convex hull of
P and look for a point q € P\ {p}, such that the line passing through p and q is a feasible cut.
Search for q, alternatively, in clockwise and counterclockwise directions around p. To do this,
we repeatedly check if the line passing through p and its (clockwise and counterclockwise in
turn) neighbor on the convex hull, say v, is a feasible cut. If the line through p and r is not
a feasible cut, then we delete r. At some point we find a feasible cut { which divides P into
Q1 and Q. Add the two points on { to either Q7 or Q; such that they remain color-balanced.
Let [Q1] = k and |Q2| > k. In order to compute the data structure for Q,, we use the current
data structure and undo the deletions on the side of £ which contains Q,. We rebuild the data
structure for Q1. Then, we recurse on Q7 and Q. The running time can be expressed by T(n) =
Tn—%k)+T(k)+ O(klog2 n), where k < n — k. This recurrence solves to O(nlog3 n). Notice that,
because we undo the deletions on one side of { and rebuild the data structure for the points on
the other side of {, any dynamic data structure that performs insertions and deletions in faster
amortized time may not be feasible.
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7.1.1.3 Multicolored Point Sets

Let {P1,..., Pk}, where k > 2, be a partition of P and K, (P, ..., Px) be the complete multipartite
geometric graph on P. A necessary and sufficient condition for the existence of a perfect matching
in Kn (P1,...,Px) follows from the following result of Sitton [15].

THEOREM 7.3 (Sitton [15]). The size of a maximum matching in any complete multipartite graph
Kni,...ne Withm =mnq + - - - +ny vertices, where ny > - - > ny, is

k k
. 1
IMinax| = min {Z ni, L ZniJ } .
i=1

i=2

Theorem 7.3 implies that if n is even and n; < %, then Ky, .. n, has a perfect matching. It is
obvious that if ny; > I, then Ky, .. n, does not have any perfect matching. Therefore,

COROLLARY 7.4. Let k > 2 and consider a partition {Py,..., Py} of a point set P, where |P| is even.
Then, Kn(P1,...,Px) has a colored matching if and only if P is color-balanced.

Aichholzer et al. [3], and Kano et al. [12] show that the same condition as in Corollary 7.4 is
necessary and sufficient for the existence of a plane colored matching in Ky (Py,...,Px):

THEOREM 7.5 (Aichholzer et al. [3], and Kano et al. [12]). Let k > 2 and consider a partition
{P1,...,Px} of a point set P, where |P| is even. Then, Ky (P1, ..., Py) has a plane colored matching if and
only if P is color-balanced.

In fact, they show something stronger. Aichholzer et al. [3] show that a minimum weight col-
ored matching in K, (Py,...,Px), which minimizes the total Euclidean length of the edges, is
plane. Gabow [10] gave an implementation of Edmonds” algorithm which computes a minimum
weight matching in general graphs in O(n(m+nlogn)) time, where m is the number of edges in
G. Since P is color-balanced, K (P1,...,Px) has ©(n?) edges. Thus, a minimum weight colored
matching in Ky, (Py,...,Px), and hence a plane colored matching in K, (P1,...,Px), can be com-
puted in O(n3) time. Kano et al. [12] extended their O(n? log n)-time algorithm for the 3-colored
point sets to the multicolored case.

Since the problem of computing a plane RB-matching in K, (R, B) is a special case of the prob-
lem of computing a plane colored matching in K, (Py,...,Py), the Q(nlogn) time lower bound
for computing a plane RB-matching holds for computing a plane colored matching.

7.1.2  Our Contribution

Our main contribution, which is presented in Section 7.2, is the following: given any color-
balanced point set P in general position in the plane, there exists a balanced cut for P. Further, we
show that if nn is even, then there exists a balanced cut which partitions P into two point sets each
of even size, and such a balanced cut can be computed in linear time. In Section 7.3, we present
a divide-and-conquer algorithm which computes a plane colored matching in K (Py,...,Px) in
O(nlogn) time, by recursively finding balanced cuts in color-balanced subsets of P. In case P is
not color-balanced, then Ky (P1,...,Px) does not admit a perfect matching; we describe how to
find a plane colored matching with the maximum number of edges in Section 7.3.1. In addition,
we show how to compute a maximum matching in any complete multipartite graph in linear
time.
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7.2 BALANCED CUT THEOREM

Given a color-balanced point set P with n > 4 points in general position in the plane, recall that
a balanced cut is a line which partitions P into two point sets Q1 and Q;, such that both Q; and
Q2 are color-balanced and max{|Q1/,|Q2|} < ZT“ + 1. Let {Py, ..., Px} be a partition of P, where
the points in P; are colored Cj. In this section we prove the existence of a balanced cut for P.
Moreover, we show how to find such a balance cut in O(n) time.

If k = 2, the existence of a balanced cut follows from the ham sandwich cut theorem. If
k > 4, we reduce the k-colored point set P to a three colored point set. Afterwards, we prove the
statement for k = 3.

LEMMA 7.6. Let P be a color-balanced point set of size n in the plane with k > 4 colors. In O(n) time
P can be reduced to a color-balanced point set P' with 3 colors such that any balanced cut for P’ is also a
balanced cut for P.

Proof. We repeatedly merge the color families in P until we get a color-balanced point set P’ with
three colors. Afterwards, we show that any balanced cut for P’ is also a balanced cut for P.

Without loss of generality assume that Cy, ..., Cy is a non-increasing order of the color classes
according to the number of points in each color class. That is, ||P|/2] > [P1| > - > |Px| > 1 (note
that P is color-balanced). In order to reduce the k-colored problem to a 3-colored problem, we
repeatedly merge the two color families of the smallest cardinality. In each iteration we merge
the two smallest color families, Cx_; and Cy, to get a new color class, C{<71, where P{<4 =
Px—1 UPy. In order to prove that P’ = Py U---UPx_, UP/_; is color-balanced with respect to
the coloring Cy,...,Cx—2,C_; we have to show that [P, ;| < [|P’|/2]. Note that before the
merge we have [P| = [Pq[+ -+ [Px_2| + [Px_1| + [Px|, while after the merge we have |P/| =
P14+ - + P2l + [P{_,|, where [P, _;| = [Px—1|+ [Px|. Since Px_; and Py are the two smallest
and k >4, [P|_ ;| <|P1[+ -+ [Px_2|. This implies that after the merge we have |P;_,| < [[P’l/2].
Thus P’ is color-balanced. By repeatedly merging the points of the two smallest color families,
at some point we get a 3-colored point set P’ which is color-balanced. Without loss of generality
assume that P’ is colored by R, G, and B. Consider any balanced cut ¢ for P’; { partitions P’ into
two sets Q1 and Q;, each of size at most %n + 1, such that the number points of each color in Q;
is at most ||Qil/2], where 1 = 1,2. Note that the set of points in P colored Cj, for 1 < j <k, is a
subset of points in P’ colored either R, G, or B. Thus, the number of points colored Cjin Q; is at
most ||Qil/2], wherej =1,...,kand i = 1,2. Therefore, { is a balanced cut for P.

In order to merge the color families, a monotone priority queue (see [9]) can be used, where the
priority of each color Cj is the number of points colored C;. The monotone priority queue offers
insert and extract-min operations where the priority of an inserted element is greater than the
priority of the last element extracted from the queue. We store the color families in a monotone
priority queue of size 5 (because all elements are in the range of 1 up to 3). Afterwards, we
perform a sequence of O(k) extract-min and insert operations. Since k < n, the total time to merge
k color families is O(n). O O

According to Lemma 7.6, from now on we assume that P is a color-balanced point set consisting
of n points colored by three colors.

LEMMA 7.7. Let P be a color-balanced point set of n > 4 points in general position in the plane with
three colors. In O(n) time we can compute a line { such that

1. { does not contain any point of P.
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2. L partitions P into two point sets Q1 and Q, where

a) both Qq and Q3 are color-balanced,

b) both Qq and Q, contains at most %n + 1 points.

Figure 7.2: Illustrating the balanced cut theorem. The blue points in X are surrounded by circles. The line
{ is a balanced cut where: (a) [R| is even, and (b) |R| is odd.

Proof. Assume that the points in P are colored red, green, and blue. Let R, G, and B denote the set
of red, green, and blue points, respectively. Without loss of generality assume that 1 < [B| < |G| <
R|. Since P is color-balanced, [R| < [ 5 |. Let X be an arbitrary subset of B such that [X| = [R| —|G|;
note that X = () when [R| = |G|, and X = B when [R| = 5 (where n is even). Let Y = B — X. Let ¢
be a ham sandwich cut for R and G U X (pretending that the points in G U X have the same color).
Let Q7 and Q2 denote the set of points on each side of {; see Figure 7.2(a). If [R| is odd, then
|G U X| is also odd, and thus ¢ contains a point r € R and a point x € G U X; see Figure 7.2(b). In
this case without loss of generality assume that the number of blue points in Q; is at least the
number of blue points in Q1; slide ¢ slightly such that r and x lie in the same side as Q;, i.e. Q2
is changed to Q; U {r,x}. We prove that { satisfies the statement of the theorem. The line { does
not contain any point of P and by the ham sandwich cut theorem it can be computed in O(n)
time.

Now we prove that both Q7 and Q; are color-balanced. Let Ry, G1, and B be the set of red,
green, and blue points in Q7. Let X1 = XN Q7 and Y7 = YN Q1. Note that By = X; UYj. Similarly,
define Ry, G2, B2, X2, and Y, as subsets of Q5. Since |R| = |G U X| and ¢ bisects both R and G U X,
we have [R1| = |[R]/2] and |G1| + [X1] = [Rq]. In the case that [R| is odd, we add the points on { to
Q2 (assuming that [B2| > [B1]). Thus, in either case (|R| is even or odd) we have |R,| = [[R]/2] and
|G2| + IX2| = |Rz]. Therefore,

Q1
Q2

| > [R1]+1G11+ 1Xq] = 2[[RI/2],
| > [R2| +1G2| + 1X2| = 2[[R[/2]. (7.1)
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Let t; and t; be the total number of red and green points in Q7 and Q2, respectively. Then, we
have the following inequalities:

t1 = [Ry|+ 1[Gyl t2 = [R2| +1G2
= 2[Ry = X4] = 2[Rz| = Xz|
> 2[Rq| —[X] > 2[Rz| = X
= 2|IRl/2) — (IRl - [GI) = 2IRI/2] — (IR~ [G]) (72)
_ { |G| if |R| is even _ { |G| if |R| is even
L 16l=1  if [Rlis odd, L IGI+1  if [R]is odd.

In addition, we have the following equations:

Qil=t1 +[B1] and [Qz|=t,+ (B2l (7.3)

Note that [R1| = [IR|/2] and |G| < Q1 N (G U X)| = [Ry], thus, by Inequality (7.1) we have
IR1l < [1Q1l/2] and |Gq] < ||Q1]/2]. Similarly, [R2| < [1Q21/2] and |G| < [|Q2]/2]. Therefore, in
order to argue that Q; and Q; are color-balanced, it only remains to show that [By| < [|Q1]/2]
and [B,| < [|Q2l/2]. Note that [B1], [B;| < |B| and by initial assumption |B| < |G|. We differentiate
between two cases where [R| is even and [R| is odd. If [R| is even, by Inequalities (7.2) we have
t1,t2 > |G|. Therefore, by the fact that max{|B1|,[B2|} < |B|] < |G| and Equation (7.3), we have
IB1] < [1Q11/2] and [B2| < [IQ2l/2]. If [R] is odd, we slide { towards Q1; assuming that [B2| > [B1].
In addition, since |B1|+ [B2| = [B| and [B| > 1, |B2| > 1. Thus, |By| < |B|—1 < |G| —1, while by
Inequality (7.2), t1 > |G| — 1. Therefore, Equality (7.3) implies that |B¢| < [|Q1|/2]. Similarly, by
Inequality (7.2) we have t; > |G|+ 1 while |B2| < |G|. Thus, Equality (7.3) implies that |B,| <
||1Q21/2]. Therefore, both Q7 and Q; are color-balanced.

We complete the proof by providing the following upper bound on the size of Q7 and Q5.
Since we assume that R is the largest color class, [R| > [5]. By Inequality (7.1), min{|Q1], [Q2[}
> 2|IR|/2], which implies that
_2n

n
——+1=——+1.
n 3—1— 3+

N

max{|Q1,1Qal} < n -2 WJ gn_2<|R|2—1>

O O
Therefore, by Lemma 7.6 and Lemma 7.7, we have proved the following theorem:

THEOREM 7.8 (Balanced Cut Theorem). Let P be a color-balanced point set of n > 4 points in general
position in the plane. In O(n) time we can compute a line £ such that

1. { does not contain any point of P.

2. U partitions P into two point sets Q1 and Q2, where
a) both Q1 and Q; are color-balanced,
b) both Qq and Q, contains at most %n + 1 points.
By Theorem 7.5, if P has even number of points and no color is in strict majority, then P admits

a plane perfect matching. By Theorem 7.8, we partition P into two sets Q7 and Q; such that
in each of them no point is in strict majority. But, in order to apply the balanced cut theorem,
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recursively, to obtain a perfect matching on each side of the cut, we need both Q7 and Q; to have
an even number of points. Thus, we extend the result of Theorem 7.8 to a restricted version of
the problem where |P| is even and we are looking for a balanced cut which partitions P into Q1
and Q3 such that both [Q1] and |Q;| are even. The following theorem describes how to find such
a balanced cut.

Figure 7.3: Updating { to make Q1] and |Q;| even numbers, where: (a) { passes over one point, and (b) ¢
passes over two points.

THEOREM 7.9. Let P be a color-balanced point set of n > 4 points in general position in the plane with
n even and three colors. In O(n) time we can compute a line £ such that

1. { does not contain any point of P.

2. U partitions P into two point sets Q1 and Q2, where
a) both Qq and Q3 are color-balanced,
b) both Qq and Q2 have even number of points,

¢) both Qq and Q2 contains at most %n + 1 points.

Proof. Let £ be the balanced cut obtained in the proof of Lemma 7.7, which divides P into Q1 and
Q2. Note that ¢ does not contain any point of P. If |Q1]| is even, subsequently |Q>| is even, thus ¢
satisfies the statement of the theorem and we are done. Assume that |Q1| and |Q;| are odd. Let
R1, G1, and By be the set of red, green, and blue points in Q. Let X1 = XN Qg and Y1 =YN Q.
Note that B; = X7 UY;. Similarly, define R,, G, B2, X2, and Y, as subsets of Q. Note that Q1] =
IR1[+ G714 X7[ +Y7] and |Q2| = [R2| + |G|+ [X2] + [Y2[. Recall that [Rq| = [G1] + |X;5| = [IR[/2]
and |Rz| = |G2|+X2| = [IR]/2]. Thus, |R1|+|G1|+ [X1] and [Rz| + |G2| + |X2| are even. In order to
make |Q1| and Q2] to be odd numbers, both |Y;| and |Y>| have to be odd numbers. Thus, |Y;| > 1
and [Y;| > 1, which implies that

Q1] = IR1|+IG1[+ X5+ Y1l = 2[IR[/2] + 1,
Q2] = [R2| +[G2| + [X2| + [Y2| = 2[IR|/2] + 1. (7.4)

In addition,

B|—1,
B|—1. (7.5)

Note that Q; is color-balanced. That is, [R1/,|G1l,[B1] < [IQ1]/2], where |Q1] is odd. Thus, by
addition of one point (of any color) to Qj, it still remain color-balanced. Therefore, we slide {

IB1l = IB] = (IX2[ +[Y2]) <
<

|
B2l = Bl = (IXa[+1Y1]) <
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slightly towards Q, and stop as soon as it passes over a point x € Q2; see Figure 7.3(a). If { passes
over two points x and y, rotate { slightly, such that x lies on the same side as Q7 and y remains
on the other side; see Figure 7.3(b). We prove that { satisfies the statement of the theorem. It is

obvious that updating the position of ¢ takes O(n) time. Let Q; = Q; U{x} and Q} = Q2 —{x}.
By the previous argument Q7 is color-balanced. Now we show that Q} is color-balanced as well.

Note that Q5] = |Q2| — 1, thus, by Inequality (7.4) we have

Q2| = 2[IRI/2].

Let R}, G5, and B} be the set of red, green, and blue points in Q}, and let t, be the total number
of red and green points in Q5. Then,

Q2] = t5 +[B3l. (7.6)

To prove that Q} is color-balanced we differentiate between three cases, where x € Ry, x € G2, or
x € By:

* x € Ry. In this case: (i) [R)] = [Ra|—1 = [IR[/2] —1 < [IQ51/2]. (ii) IG5 = [G2| < [Ry]
= [IR[/2] < [IQ5/2]. (iii) t) = t2 —1 > |G| —1, while [B5| = [Bz| < [B|—1 < |G| - T;
Inequality (7.6) implies that [B5| < ||Q5l/2].

* x € Gz. In this case: (i) R3] = [Rz2] = [IRI/2] < [IQ51/2]. (i) IG5 = 1G2|—1 < [R2|—1 =
[IRI/21 =1 < [IQ41/2). Giii) t5 = to—1 > |G| — 1, while [B}| = [Ba| < [B—1 < |G|—1;
Inequality (7.6) implies that [B5| < [|Q5l/2].

o x € By. In this case: (i) [Ry] = [Ra| = [IRI/2] < [|Q41/2]. (ii) 1G4 = G2l < [Ra| = [IRI/2] <
[1Q51/2]. (iii) t5 =t > |Gl|, while [B5| = [B2| — 1 < [B| — 2 < |G| — 2; Inequality (7.6) implies
that [B5| < [1Q51/2].

In all cases [R5],1G5[, [B5| < [IQ51/2], which imply that Q) is color-balanced.
As for the size condition,

min{|Q7l,1Q3[} = min{|Q1]+1,1Q2l — 1} > 2|IRI/2],

where the last inequality resulted from Inequality (7.4). This implies that max{|Q}|,|Q4[} < 27“ +1.
Thus, { satisfies the statement of the theorem, with Q1 = Q} and Q, = Q5. O O

We note that the constant % in Theorem 7.9 is tight. Consider an equilateral triangle with
vertices a, b, and c. Consider a color-balanced point set P of T red points, T green points, and 3
blue points such that the red points are located around a, the green points are located around b,
and the red points are located around c. Then, any feasible cut for P partitions it into two point
sets such that one of them has size at least %n.

Note that both Theorem 7.9 and Theorem 7.2 prove the existence of a line ¢ which partitions a
color-balanced point set P into two color-balanced point sets Q1 and Q. But, there are two main
differences: (i) Theorem 7.9 can be applied on any color-balanced point set P in general position.
Theorem 7.2 is only applicable on color-balanced point sets in general position, where the points
on the convex hull are monochromatic. (ii) Theorem 7.9 proves the existence of a balanced cut
such that % —1 < [Qi] < 27“ + 1, while the cut computed by Theorem 7.2 is not necessarily
balanced, as 2 < |Qi| < n—2, where i = 1, 2. In addition, the balanced cut in Theorem 7.9 can be
computed in O(n) time, while the cut in Theorem 7.2 is computed in O(nlogn) time.
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7.3 PLANE COLORED MATCHING ALGORITHM

Let P be a color-balanced point set of n points in general position in the plane with respect to a
partition {P1,..., Py}, where n is even and k > 2. In this section we present an algorithm which
computes a plane colored matching in K, (Py,...,Px) in ©(nlogn) time.

Let {Cy,..., Cyx} be a set of k colors. Imagine all the points in P; are colored C; forall 1 <1i < k.
Without loss of generality, assume that [P > [P > --- > |Py|. If k = 2, then we can compute
an RB-matching in O(nlogn) time by recursively applying the ham sandwich theorem. If k > 4,
as in Lemma 7.6, in O(n) time, we compute a color-balanced point set P with three colors. Any
plane colored matching for P with respect to the three colors, say (R, G, B), is also a plane colored
matching with respect to the coloring Cj, ..., Cy. Hereafter, assume that P is a color-balanced
point set wh