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Introduction

The minimum spanning tree is one of the easiest problem of combinatorial optimisation
to define and consists , given a connected graph, in finding the spanning acyclic subgraph
(tree) with the smallest total edge weight. Its applications span a multitude of fields, the
most obvious being computer science and communication networks, but it is also widely
used as a tool for clustering and classification problems, image processing and automatic
speech recognition, to name a few. A common instance of this problem in applications, is
when the nodes of the graph are points in R? and the length of edges of the graph are a power
of the euclidean norm of the points, called Euclidean minimum spanning tree.

The aim of this work is to study the properties of the Euclidean MST where the points
are not supposed to be fixed, but are uniform random variables in [0,1]¢. While there is
a good amount of articles that study the properties of the MST on the complete random
graph generated by the points, very few works about the bipartite case have been published.
However, recently in [2] it was studied the bipartite problem when d = 1 and found an exact
formula for the average cost . Part of the work on this thesis was dedicated to try to extend

the results to a generic d and to our knowledge we discovered this new result:

Theorem. In the Euclidean bipartite toroidal model:

BB (d) = lim ZLn) _ M) |, F(’”%‘l)kf 1;,k(d)
T n—o0 n% d(Cd)% =2 dk 20 jltk—j—1!

(et 1_
nj,k(d):f@ (1)(gj_l(bul,...,buj)+gk_j_1,1(ru1,...,ruk_j_l)) (k+a Ddbul...dbujdrul...druk_j_l
J.k

where

* E|[Ty,] is the average cost of a bipartite MST on n random uniform points in the torus
0,119/ ~

* O k(1) is the subset made by every element of ©y(z) having exactly j blue nodes, which
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in turn is the subset of R?**~V made by every red and blue points, {x1,...Xx_1}, such

that there exists a tree that connects the points with edges of length < 1
* gsz(x1...x5-1) is the the volume oij.;}) B(xj,z).

In chapter 1, after a brief section dedicated to some essential definitions of graph theory,
we focus on the minimum spanning tree problem showing some of its defining characteris-
tics and the classic algorithms used to solve it.

In chapter 2 we explore the properties of the deterministic Euclidean minimum span-
ning tree, in particular we show a bound for its cost that depends only on the number of
nodes, we prove that the degree is limited in any dimension d and also prove some relations
that bind two MSTs of different sets of vertices.

In Chapter 3 we study the asymptotics of the mean cost of the random Euclidean MST.
By using two different approaches, one that considers the points in the cube and the other
that assume the points to be in a torus, we prove a result of convergence of the weighted
mean cost for the MST problem.

In chapter 4 we switch our attention to the MST problem when the graph is bipartite.
First we present an algorithm that is a direct generalisation of the algorithm presented in
[2] in dimension d. Then we prove some deterministic bounds for the cost and use them
to show some bounds on the constant of the mean weight. Then we concentrate on the
maximum degree of the nodes and prove a bound when the blue points are on a grid and
the red ones are uniformly distributed. Finally we prove the result of convergence of the

mean weight when the points are in the torus.



Chapter 1
The minimum spanning tree problem

This chapter is dedicated to provide an introduction of the general problem, defining the
setting of graph theory and every element needed for the following analysis as done in [3].
After a brief exposition of the essential definitions, there is a description of some classic
algorithms used to solve the minimum spanning tree problem in generic graphs, that will

be later used as theoretical tools to prove our statements.

1.1 Graphs

Definition 1.1. A graph G is a pair of sets (V, E) where V is the finite set of the vertices (or
nodes) of the graph and E < V x V is the set of the edges of the graph. Given a function
W:E—R, G=(V,E,W)is called a weighted graph.

We say that u, v € V are adjacent if (¢, v) € E, while w € V is incident to e = (x, y) € E if
x =w or y=w. We call N(u) the set of the nodes adjacent to u while #N(u) is called the
degree of u.

A path is a sequence of edges (ey, ..., ex) such that e; = (v;_1, v;) for a sequence of ver-
tices (v, ..., V). If vy = vy the path is called a cycle. Graphs containing no cycles are called
acyclic. From paths we can define what connection means in graphs: two nodes « and v are
connected if there is a path whose starting node is ©# and ending node is v. A graph is then
connected if every couple of vertices is connected.

If E =V x V, namely for any couple of vertices there is an edge that connects them, then
G is called complete.

Given a graph G = (V,E) and G' = (V, E'), G’ isa subgraph of Gif V< V and E' c E. If G is
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a weighted graph, the weight (equivalently cost or length) of G’ is defined as

Y. Wie).
ecE’
A maximal connected subgraph of a graph G is called a component of G.
A multigraph is a graph where there can be more than one edge that connects two node.
We note that if we are dealing with a weighted multigraph two edges connecting the same

nodes can have different lengths.

1.2 The problem

Given a graph G = (V, E) a spanning tree T = (V’, E') is a connected acyclic subgraph of G
such that V' = V.

Given a connected weighted graph G = (V, E, W), T is a minimum spanning tree of G if it
is a spanning tree of G of minimum weight among all the possible spanning trees of G.

We note that we can suppose, without loss of generality, that the weights of G are all
different, as one can set an ordering even among the edges of same weight.

We now present some basic property of the MST functional:

Given a graph G a cut is any set C c E of edges such that G’ = (V, E — C) is not connected.

Theorem 1.1. Givenagraph G = (V, E, W) (where all weights are different), a minimum span-

ning tree T = (V, E'), and an edge e € E, we have:

a) e€ E' ifand only if there is a cut C such that e € C and e is the edge of minimum weight
inC

b) e ¢ E' if and only if there is a cycle C' such that e € C' and e is the edge of maximum
weight of C'

Proof. [a)lf e is an edge of T, then by removing it from the tree we get a partition of the nodes
V" and V". We consider the cut C made by all edges that connects a node in V' to a node in
V", If e was not the minimum among the edges in C, then one could replace e with another
edge and get a tree of cost less than the cost of the minimum spanning tree.

On the other hand if there is a cut C where e is of minimum length, then if e ¢ E’, when
added to E' it forms a cycle. This means that there is at least another node €’ in the cycle
that is in C. Thus, deleting ¢’ from T and adding e generates another spanning tree of cost

strictly inferior than the cost of T .



b))if e ¢ E/, then E U {e} has a cycle C’ and e € C'. If there was an edge ¢’ € C’ such that
W (e') > W(e) then EU {e} \ {¢'} would be a spanning tree of cost less than the cost of T.

If there is a cycle C’ such that ¢ is the edge of maximum weight in C’, then if e was also
an edge of the minimum spanning tree, one could remove it and add one of the edges of the
cycle that is also in the cut generated by e. The tree generated would have weight strictly

inferior to the one of T.

1.3 Algorithms

In this section we will present some classic algorithms used to solve the MST problem. Apart
from being useful as they provide an easy solution to the minimum spanning tree problem,

they are also used as a tool for the theoretical aspect of the problem.

Kruskal’s algorithm

Kruskal’s algorithm starts with E' = & and considers the set of the edges ordered according
to their weight, in ascending order. Then, one by one, every edge (u, v) is either added to
(V, E") or skipped:

e if u and v are already connected in (V, E’), then (u, v) cannot be added or it would

generate a cycle;

e if u and v are not already connected, then it is possible to find a cut that divides them
and, since the edges are ordered and no other edge of the cut was added before, then

(u, v) is an edge of the minimum spanning tree.

After n—1 edges have been added, (V, E') is a tree and the algorithm stops.

The following is a pseudo code for Kruskal algorithm where G = (V, E), Sor t(E) is a func-
tion that returns the elements of the set E in descending order and Component(E', u, v) is
a function that returns true if u and v are in the same component in (V, E’) and false other-

wise:
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function Kruskal ( G) {
E=9;
X = Sort(E);
while (|E'|<n—-1){
remove from X the first edge (u, v);
if (Component(E',u,v))
E'=E'u{u, )}
}
return T = (V, E')

The most critical point of the algorithm is how to implement Component, but one can
use a data structure to keep track of the components at every iteration, granting cost O(1)
for every call of Component. Thus the cost of the algorithm is given by the sorting, that can
be done in O(|E|log(|E]) and the while cycle that contains only O(1) operations leading to a
cost of O(|E|) for the whole cycle. Since |E| can be at most V2 then the run-time of Kruskal
is O(IEllog(IV]).

Prim’s algorithm

While Kruskal’s algorithm adds one by one every edge until the tree is built, Prim’s algorithm
works on the nodes of the graph: given V' and E’ the nodes and the edges added until that
step, Prim’s algorithm adds to E’ the edge (u, v) of minimum weight in the cut (V- V’,V’) as
well as vto N'. The process is repeated until V' = V.

By the end of the algorithm we will have a connected graph (NN, E’) that contains only
edges of the minimum spanning tree thanks to the cut property[a)] meaning that (N, E') is
the minimum spanning tree of G.

In order implement it one can just calculate the minimum edge that crosses the cut at
every iteration, but the run-time would be of O(|E||V]). A more efficient way to do this is to
keep track, for every v € V—V’, of the minimum edge that connects V' to v at every iteration,
for example by storing the vertices in a priority queue. By doing this, every time a node v is
added to V’ one has to just check the edges that connect v to V — V' and update the queue.
If the costs of the operations inside the queue are low enough, for example by using an heap,
itis possible to get a run-time of O(|E|log(V)) for the whole algorithm.

Here a pseudo code for the algorithm where PQ is the priority queue, decreasekey(PQ, u, v)
rearranges the order of the elements of the queue according to the weight of (u, v), weight[v]
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the weight of the smallest edge that connects the node u to the tree and pred|v] is the node

u € N’ such that (1, v) € PQ. pred is also the vector that represents the tree.

procedure Prim( G) {
choose anoderin N
foreach(ie V) {
predlil =r;
weightli] = oo;
}
PQ={r};
while(PQ # 2){
let u be the first element of the queue
PQ=PQ—-u;
foreach((u, v),ve V-V') {
if (w(u,v) <weightlv]) {
decreasekey(PQ, u, v);
pred[v] = u;
weightlv] = w(u, v);
if (v ¢ PQ) then PQ = PQuU {v};
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Chapter 2

Euclidean MST

In this chapter we consider complete graphs where the vertices are points in [0, 1] and the
length of the edges are a function v of the Euclidean norm. This particular case comes out
as one of the most natural to study and it can be traced as far back as when the minimum
spanning tree problem was first defined. Here we will show some very unique and useful
properties of this case, as presented in [5], that arise due to the geometrical nature of the
problem.
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Figure 2.1: A Euclidean minimum spanning tree in the plane

Given n distinct points S = {x1, X2,... X} C R% and v iRy — Ry wecall G(S) =(S5,5xS, W)
the graph generated from S with edge weight function y, where W((x;, x;)) = w(|x; — x;|)
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and |- | is the Euclidean norm on R?. We call MST(S) the minimum spanning tree of G and
M(S) the length of MST(S). We will also refer to MST(S) as the minimum spanning tree of
S.

Let w(x) = | x|, we define v;(x) as the function counting the number of edges of the min-

imum spanning tree of {x,..., x,;,} whose length is greater than x, namely:
#{e‘ le| > x}

Through Lemmal[2.1we capture some information about the lengths of the edges, prov-
ing that they do not depend on n.

Lemma 2.1. There is a constant y, that depends only on the dimension d such that:

Va(x) < de_d

for every 0 < x < oo.

Proof. First we note, as a consequence of the pigeonhole principle, that there is a constant

a4 such that for every set of k points in [0,1]% one can pick two points x; x j such that
1
|xi — xj| <aqk™d. 2.1)

In fact if for any constant @ we had a configuration such that |x,~ - X j| >ag k=4 for any
i # j, then there would be at least a region of the form B(x;, 27 ay, k‘é) N[0,1]% around each
point x;, devoid of any other point, where B(x, r) is the d-ball of centre x and radius r. The
area of these regions is minimised when the point x; is in a corner of [0, 114 and equals to
cd2_2dagk_1, where cy is the area of unit ball in R?. Then by summing every area around
every point we would get that
ch_ZdaZ <1

for any constant a; which is absurd.
Let then {xi,...x,} € [0,1]%, and E’ the set of the edges of the minimum spanning tree of

the graph generated by x;.

We now consider |Prim’s algorithm|

If ej, 1 < j < n are the edges added by the algorithm ordered according to when they
are selected, when e; is added there are exactly (n— j + 1) connected components in the

graph built until that time. Then by choosing a vertex from every component we can apply
inequality[2.1)and get:
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|e]-| <sagn—j+ 1)_5.
Thusife;; 1 < j < k are any edges of E ', since they are added in ascending order we have:

n-1 k+1 de1
< Z |ej| <ag Z i"d<agk a
n-k i=2

e,-].

k
3
j=1

for a new constant @;. We apply the last inequality to k = v;(x) and get:

d-1
XVg < Z le| < &dvdd
eeT
le|>x

Thus rearranging the terms we finally get y; = dg.
O

Thanks to Lemmawe can now prove some very useful bounds for M(x,...x,) when

v (x) is a power function:

Theorem 2.2. For any v (x) = |x|* and any minimal spanning tree T of {x1,..., x,} we have:

d—a
d

a) Yeerlel<y'(a,d)n for 0<a<d

b) Yeerlel? <y'(d)logn

©) Yiezylel”<y'(a,d)y™ ™  for 0<y<oco and 0<a<d.

Proof. We fix A >0 and have:

Yolel*= ) lel“+ ) el

eeT lel<n=* le|>n~*

The first sum can be bounded by n'~*¢, as the number of edges whose length is < n™* is

n—1-v,.. The second sum can be rewritten as an integral, getting us to:

Vva
Y lel* < nl‘“‘+f x%d(n—1-vq(x).
-

eeT

Applying integration by parts:

vd
Y lel*= n My Ay + a[ xvg(x)dx.
eeT n~*
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Thanks to we can bound v 4(x) with ydx‘d, so we get:

n

va va .
af . x“ug(x)dx < a)fdf . x4y = _da )/d(n_/““_d) -Vd" )s a yan M
n

and
_ “Aa— a _Aa—
Z |e|a5n1 Aa+ydn Aa d)+ Yan Ala d).
eeT d-a

The result then follows by setting A = %.

The other two result derive from similar arguments:

va
Y lel? < nt M gy yn A dmf X ax = T aya(log(Vad) + Alogn)
n_

eeT

and A = %,

vd va
2 lel” Sf xtd(n=1-va(x)) = y“va(y) +af xtogdx <y yt+ da
y y n

le|>y

a—d

a?’dy

O

In the next proposition we will provide some bounds on M (xy, ..., X;,...x,) given M(xy,...Xxy)
and viceversa, where M(xy,...,X;,...X,) is the minimum spanning tree of the graph made

from the points {x;};-1.., except x;.

Proposition 2.3. For any edge weight function 1 we have:

M(x1,...,Xn) SM(xl,...fi,...xn)+minw(|x,-—le).
J7

Furthermore if ¥ is not decreasing we have:

M(xy,... %4y Xp) S M(X1,..,X0) + Y W2Ix; — x;])
JEN()

where N(i) is the set of all nodes adjacent to x; in M(x1,...,x,).
Proof. The first inequality comes from the fact that any spanning tree of {x;,... X;..., x,} can

be completed as a spanning tree on {xy,..., x,} by simply adding an edge that connects any

Xj to x;.
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For the second inequality we consider x’, an element of N(i) that satisfies:

|x"—x;] = min_|x; — x|
x;€N(i)

Then we build a connected graph spanning {xi,...,%;,...x,} from T, a spanning tree of
{x1,...x,}: first we consider the edges of T, then we delete every edge of T that connects
x; to its adjacent nodes, finally for any x; € N(i) apart from x’, we add the edge that con-
nects x; to x'.

Clearly we have:
M(x1,.0, iy X)) S My, x0) — Y. wlxj—xiD+ ). wlx' - x;)).
JEN() JEN()

Now using the triangle inequality and the fact that x’ minimizes the distance from x;:
lx"— x| < 1% = x;] + |x; — x| < 2] x; — x|

for any x; € N(i).

Since v is nondecreasing

v (1x = xjl) =y (21x; — xjl)

and
v (1x; — xj1) <y (2lx — x;1) .

Providing:

M(xy,... %y Xp) S M(x1,..x0) — Y. wlxj—xiD+ Y. w(x' —x;jl
JEN() JEN()

SMX,.0 X))+ Y. w2lxi — xj).
JEN()

O

The next lemma provides a bound on the degree of any node in the minimum spanning

tree.

Lemma 2.4. If y is strictly increasing, for every MST of n points in R? there exist a constant
D,, dependent only on the dimension d, such that the maximum degree of the minimum

spanning tree bounded by D,.
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Proof. If y(x) = x, then the degree is limited by IV;, the number of spherical caps with angle
60° needed to cover a sphere in R%. If there was a node x with degree over N, then there
would be two points, y and z, connected to x whose edges form an angle less than 60°. But
that would be absurd as it would hold

lx—yl+|x—z|>min{lx -yl |x—zl} + ]y -zl

meaning that there would be a spanning tree of cost strictly less than the MST.

For a general ¢ we recall the [Kruskal algorithm|for minimum spanning trees. Since the

algorithm orders the edges according to their weight and then adds them one by one, and
v is strictly increasing then the ordering would be the same as the Euclidean case, meaning
that also the resulting MST would be the same. Then the lemma is true for every v with
D;=Ny. O

We can now prove a bound on the difference of the lengths of minimum spanning trees
of two sets of points, that depends only on how many points they have in common.

Theorem 2.5. Given the weight function v = |x|* with 0 < a < d, for every two finite subsets

of [0,11¢, x and ', there exists a constanty" (a, d) such that

d-a
M -MQ)| <y"(ad) |xox| @ 2.2)

where yAx' = (xux')\ (x nx')-
Proof. Using the second part of proposition[2.3|repeatedly from M (yUy’), considering every

node in y \ y’ we get:

Mh=M@uxh+ Y Y welx -x)
x'ex—yx' xeN(x")

Now, let E' = {(x,x)|xe€ N(x),x' € y \ '}, and V' the set of the nodes incident to any
edge of E'. Thanks to lemma 4 we know that |V'| < (1+Dg)lx\ x'l .

If e belongs to E' then it also belongs to MST{x,.., x,} and as a consequence of the cut
property[a)} there exists A, A° € xy, ..., x, such that:

lel=min{ec E' :{e}nANV' #£0,{e}n ANV’ # &}

which means that e must also be an edge of MST (V') leading to:

YooY wel-xhs Y yleh.

x'ex—x' xeN(x") eeMST (V")
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We can then bound this equation with Theorem[2.2]a) together with the bound we have

for |V'| and write:

a d-a
M(y) < M(yuy)+2°'(a,d) 1+ D)@ [\ x| 7 .

We now bound M (y U x') using M(y). If we consider also M(y’\ y) we can build a span-
ning tree for y U y’ by joining the MST of y U ¥’ and y’\ y with an edge. Therefore we have
the inequality:

Myuy)<sM() +M(yuy)+ min w(x-x')
xey,x'ey’
d-a
We again use Theorem [2.2a) to bound M(y'\ x) with y'(a,d) |x'\ x| ¥ and also bound

. . Z
MM ey, x'ey’ w(lx - xl|) with d?2

Combining the inequalities we finally get:
/ / a d—a ! da a
M) - M) <y (@ d)(1+290+ D)) [y \x| 7 +d?
and by symmetry we also have
! ! a d-a I} d-a a
M) - M) <7 (@d) (1+27 1+ Da) T ||y \y'| T +d2.

Since both [y \ ¥'| and [y’ \ y| are less or equal than |yAy’| and we can assume that

lxAx'| = 1 (otherwise the result would be trivial), the thesis is verified for

Y'(a,d)=y'(@,d)(1+29(1+ Dg) 7| + d?.
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Chapter 3

Asymptotic growth in mean

In this chapter we study the random Euclidean minimum spanning tree problem where the
points are uniform and independent random variables. The main results we are presenting
are given by the asymptotic behaviour of the mean weight of the minimum spanning tree as

the number of points tends to infinity.

We show two proofs as presented in [5] and [6], and in [1] that work with slightly dif-
ferent hypothesis. The first proof considers the points to be in the unitary cube of R% and
exploits a standard technique of Poissonization and then de-Poissonization of the number
of points. The second one requires the points to be in a toroidal space, in order to avoid
possible changes of distribution near the boundary of the cube. The proof revolves around
extracting the right properties from the model and then applying a general result through
those properties. Indeed it is known, as shown in [4], that in both models the weighted

mean of the cost converges to the same constant.

Both results are supported by experimental evidence as shown in the following charts,
where we used Prim’s algorithm to calculate the minimum spanning tree of n random uni-

form points in R%, and plot its cost divided by n'~4.
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Figure 3.1: —M(:l’_'gx") in [0,1]4
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3.1 Cube model

In order to study the properties of the minimum spanning tree functional when the points

are (X;

’f, independent uniform random variables on [0, 114, we first consider a Poissonized

version of the problem.

Definition 3.1. We consider N, a Poisson random variable with parameter t% and set of

random points (X;)92, with uniform distribution in [0, 19 . We also suppose M and (X;)72,
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to be independent. We define the Poisson point process on [0, {]¢ with parameter ¢ to be:

p:Q— (0,11
M(w)
w—p'= 3 Sxw
i=1
where, Q) is a probability space where the variables are defined and .# ([0, {]9) is the set
of the measures of [0, £]%.
We also define, given A c [0, t]? a Borel subset, 7“(A) = {X;(w) € A: i < M(w)} and
[ (A) = #71%(A).

Lemma 3.1. Let A, A,, ..., A, denote a partition of [0, £]¢ where every A; is a Borel set. Let
also be (Xl * , random independent points in [0, f1%and ky, ..., k, € Nsuch that k; +...+k, =

m. Then

m! ‘
P (k; points are in A, ..., k, points are inA,) = P tmd H| A; ki

where | A;| is the Lebesgue measure of A;.

Proof. We know, since the points are uniform on [0, 1% and independent that:
P(X1 € Al Xiy € At Xy 41 € A2y Xy btk 41 € Ak Ag, € Ap) = — H | A"

Since the probability is not affected by the order we choose the points, we just need to con-
sider the number of ways which we can choose subsets of k;,..., k, elements from a set of

m elements, which is
m!

k]_! cee kn!
proving the thesis. O

Thus we get that, for any A, Borel subset of [0, £]%:

PuA) ==Y IP(,u(A) =k, (A% = m— k‘N: m) P(N=m) =
m=k
|A|k AC|m—k

k k
~d AR ey _ JAE
k! -

|
m-0° Tk I

(3.1

I} M8

Since for any bounded Borel set A, the set 7% (A) is almost surely a finite set of points,

we can define the quantity M(7®(A)) as the minimum spanning tree of the points of 7% (A).
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Now we define ¢(f) = E(M(n([0, t]%)), that is the expected value of the cost of the minimum
spanning tree on the Poisson point process.

We now prove that ¢(t) is continuous.

First of all we write ¢ (1) as:

nd _
—¢e
n!

o)=Y E[M@(0,119|N=n
n=0

Since t*M(xy,...,x,) = M(txy,..., tx,), and by setting m,, = E[M(Xy, ..., X;)], where Xj, ...,

are uniform independent points on [0, 1]¢ we get:

nd

a - t —
(/)([) =t nzz‘bmnFG

4

(3.2)

Since m,, is bounded by v'dn (V/d is the maximum possible edge in [0,1]¢), we can derive
¢(t)’s continuity from the dominated convergence theorem, as, every term of the sum is a
composition of continuous functions, and if t — f; the n-th term of the sum is, when t is
sufficiently close to fy, bounded by \/_(t(’ﬂ)n e~ D! whose sum over n is vVd(fo + 1)4*.

O

f(’b()

The next step is to prove convergence o as t — oo. In order to do that we first need

to find a relationship that ties ¢ () and ¢(t') when t' > t. The following lemma provides an

almost linear one, with a remainder term that will turn out to be manageable.

Lemma 3.2. If y(x) = x% with 0 < a < d, then, forevery0< t <ocoand meN, m=1
m
o) < mig (7) +Ct'mda (3.3)
where C is a constant only dependent on a and d.

Proof. Firstly we divide [0, ]% in m? cubes Q; everyone with length % Then from every Q;
we choose a point Y;. Now we can build a spanning tree of 7 ([0, ] d) by considering the MST
of every cube Q; and then connect all the graphs through the edges of MST(Y3,...,Y,,q).
Knowing from lemma 2, adjusted for [0, 7] d that

M(Yy,...,Y, ) < t%'(a,d)m?~¢,

we get

Xn



d

m md
M0, 1) < Y M((Q)) + M(Y1,..., Yypa) < Y. M(m(Q)) + t%' (@, dym“~°.
i=1

i=1
From(3.1{and we also have EM(n(Q;)) = ¢ (%), thus we finally get:

o) = mip (%) +t%'(a, dym“=.

We can now prove convergence for ¢(1):

Theorem 3.3. There exists a constant c(a, d) such that

p(1)

}L%Vc(a, d).
Proof. We set, for the same C as Lemmal[3.2} ¢(#) = ¢(#) +2C¢“. Then right from [3.3|we have
dimt) = p(mp) +2C(m1H* < méP(t) + Ct*m? + 2Ct*m*.
Thus there exists a mj such that for every m = mg we have 2m® < m* and get:

d(mt) < meP(o).

(3.5)
Let B =liminf,_ t%. For every € there exists a fy such that:

g

Since ¢(f) is continuous (Z)(t) is also continuous, meaning that there is an interval [y, fp+

5] where ¢(£)/t? < B +¢. As a consequence of 3.5 we have that the same inequality is also
true for LJ",,‘;:mO [mty, m(ty +0)].

Since if m > % the intervals overlap, we have for ¢’ = max{my, %}

(&)

[t',00)c | [mt, m(t+8)l.

m=my
Hence

, 4
hmsupt—d <B+e.

t—o0

Since this holds for every e and a < d then ¢(¢) ~ ft4.
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(3.4)
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O

We finally extract the asymptotic behaviour of m,, from ¢(?).

Theorem 3.4. There exists a constant By;(a, d) such that:
fim, s = Pulard)
Proof. We consider N a Poisson variable of mean n and set:
nk
(,b(nd) = Z mk—e
Then by taking expectations from[2.2lwe can bound:
nk nk
|my, — mN]I<Z|mn—mk|—e <vy"(a, d)Zln k| @ Fe .
k=0 k=0
We apply [|X|[; < [|X][p, that holds for every random variable and p = 1, with p =
d-a
lc 2d
|mp— Elmgll < p"(a, d)(Zm k|*— )
k=0
But we just got the expression of Var(N) that is equal to n, thus:
|my— Elmgll < p"(a,dyn'.
. d-a
We have just proven |a, — Elag]| = O(n 22 ) and, from Theorem , we have
ngE[mN] = gb(n%) ~c(a,dn as n—oo
leading to:
. my
Bum(a,d) = lim —— =c(a,d).
n—o0 I”LT
O

3.2 Toroidal model

Now we are going to present another point of view, where we identify some essential prop-

erties of the model that allow us to prove a convergence result.
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Let G, = (V,E, W) be a graph such that V = {vy,...,v,} and d; j, the weight of the edge
that connects v; and v}, is a random variable defined on some probability space for any
i,j =1,...,n. We denote by G,(z) the sub-graph of G, made by all the edges (v;, v;) such
thatd; ; < z.

Then for ¢4, the volume of the unitary ball in R%, we assume for any the following prop-

erties:

I for every k,s = 1,...,n there exists a permutation 7 such that n(k) = s and the ma-

trix (d;, ])? j=1 has the same distribution as (dniy,n( f))?, j=1- We will refer to this as the

exchangeability property.

Thanks to property[l]it's well defined for any k € N, k # 0:
Pin(z)=P [a given point belongs to a component of G, (z) having exactly k elements]

and we can state the remaining properties.

II For any fixed k there exists a function fi(y) such that:

(nij] A0

IIT For any k < n, there exists [;(y) such that

Ak
)]s

oo 1,
fo L(y)yd dy<oo

lim Py ,,

|~

Pk,n

and

IV For all K and n,

U~

n

f _Pk,n(z) -—|dz
o \i=x k n

the implicit constant being independent of n.

= O(Kl—é),

We note that the properties shift the focus of the problem from the vertices towards the
edges, as originally in [1] they were developed as a way to unify the Euclidean model and the

independent model, where it is the edges that are random independent variables.
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We now prove, given the properties, a result of convergence:

Theorem 3.5. Let{G,}} | be a sequence of graphs of a model that satisfies the propertiesE],
arzd let {Ty};;_, be the sequence of the lengths of their minimum spanning trees. Then:

ET,] 1 &1

o0 1
d = 1. = _f E—ld
pld) = lim = d(cd)”dk; % Jo firyy y

Proof. Let Cj(z) the number of components of the graph formed by the edges of length less

or equal than z. We first show that:

T :f [Cuh(z)—1]ldz.
0

To prove it we consider 0 = zg < z; < 23... < z,-1 , where z; is the smallest distance such that
Cu(zj)zn-—j.
Then:

0o Zn n-1 pz;
f [Cn(2)-11dz = f (Cn(2)-11dz=) | [Cu(2)-1ldz
0 0 j=1v%j-1
n-1 n-1
=) (n=j)zj=zj1) =} zj.
j=1 '

j=1

Now since during the j-th step of| Prim’s algorithm|an edge of length exactly z; is added

n—1
j=1

Consequently, as C,(z) — 1 = 0 we can use Fubini-Tonelli’s theorem to get:

to the minimum spanning tree, then T}, = zj and the equality is proven.

E[T}] :f E[Cy(z)—1]ldz. (3.6)
0

Then we rewrite C,,(z) as:

Xi k(2)

Cn(2) = ZZ k
k=1i=1

where X; i (z) is a random variable such that:

¥ { 1 if the node i belongs to a component of G,(z) of k nodes
i,k =

0 otherwise.

Taking the expectation, and using the exchangeability property[I}

n p
ElCu@=nYy 2
k=1 k
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d-1

Then we can substitute this in equation and divideby n" 7 :

E[T,] lfoo " Pen(@) 1
=nd - —|dz.
a-1 n 0 (kz::l k n) z

Then we can take the limit and for any given K we can split the sum:

U~

_ o ElTal °° K‘lPk,n(Z) ©
pla = fim == fim ¥ [ =45 dz et |

k=1

Z Pkn(z) _l) dz.

k=K n
Now we apply property[IV}

oo (K=l Py n(2)
-1k

B(d) = lim néf
n—oo 0

)dz+0(1<—1+%)

By linearity of the integral and taking the limit inside the sum:

K-11 ©o 1 1
pd)=> —(limf Pk,n(z)nadz)+0(1<‘“a).
i=1 k\n==Jo

-

In each integral we apply the change of variables z = (L) and thus:

ncg
1
[ea)
ncg

Thanks to property[llljwe can now use dominated convergence and take the limit inside

K-
B(d) = Z (hm [ P

(dcg)a k=1 K \n—e

yé‘ldy) +OK 1),

of the integral that we know converges for property/[I}

1

Bld) = ( f feyt 1dy) + ORI,

(dcg)a @ k 1k

Since the equality holds for every K then the thesis is proven thanks to property[IV}

We now consider the Euclidean toroidal model and show that all four properties hold in

this setting. The model considers a graph whose nodes are random uniform independent
points in the metric space T¢ defined as [—5, E]d

equivalence relation that states that two points are the same if their coordinates are equal

with the Lebesgue measure and with the

mod 1. The length an edge is defined as the minimum, among every element of the class of

the points, of the distances between the points.
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The main reason to use this model is that, unlike the one where the points are in the
cube, the distribution of the points and the edges does not change towards the boundary.

Property [ is then verified as it is a direct consequence from the fact that the nodes are
i.i.d. vectors.

Now for properties|[II} [III} [IV]a little more work is needed:

for xy = 0 we define @;c(z) as the subset of T¥ made by every {x1, ... xx—1} such that there
exists a tree that connects the points with edges of length < z, or equivalently, such that the
union of the closed spheres in T, B'(x}, 5), is a connected set. If k=1 we define 0/ (2) as the
torus.

Now we consider how to compute Py ,(z) using ©.(z). We will consider the case k > 2
and treat k = 1 separately. Firstly, without losing generality, we can suppose that the node
taken into consideration is Xy, as they all have the same distribution. Then since Py ,(2)
does not really depend on where X, falls, but only on how the other nodes around it are
placed, we can always translate every node so that X, = 0, without affecting the probability.
By definition Py ,(z) is the probability that 0 is in a component of G,(z) having exactly k
nodes, namely the probability that 0 is in one of the configurations of @) (z) where the other
k —1 can be any subset of k — 1 elements of all the nodes apart from xy, and the other n—k
nodes are not connected with any node of the configuration in G,. Thus we can write.

(n-1)—-(k-1)

n—-1
X1...dXxp_1

_ o

!
where g (x1...xk-1) is the volume of U;?;é S'(xj,2), and [ refers to the integral over
T+ 1,

Since sets not touching the torus boundary are the same on the torus and R¢, for z < ﬁ

Pk,z:

we get:

n-—1 _
Py n(2) = f [1- gk z(x1...xk-1)]" “dxi...dx
k-1 O (2)
where:

* O(z) is the subset of R%**~1D made by every {x1,... xr_;} such that there exists a tree

that connects the points with edges of length < z
* gi.z(x1...xk-1) is the the volume of U;?;é B(xj,z)

« [ is the integral over (R%)*"!.
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We now apply the change of variables u; = %, and since g . (zu; ... z2ug_1) = 2%g 1 (U1 ... Ug_1)

we have:
n-1 _ n-k
Pk_n(z): Zd(]C l)f [I—ngk,l(ul...uk—l) dul...duk_l
k-1 Ok (1)
1
Let z = (nicd) “. We can still assume z < ﬁ as we are going to take the limit n — oo.
Then:

L k-1 k-1 . ek
P = 1-= 1- L i) | du e dugy.
o ((ncd) ) Ck_l(k—l)!jzl( n) Ok (D) nCdgk’l(u1 =) e it

d
—k
Now we take the limit onn, andsinceIG)k(l)Iisboundedand[l—n—JC'dgk_l(ul...uk_l) " <
1 we can apply dominated convergence to get:
1 _
fe(y) = lim Py, (L)d =Lf exp [_lgk,l(ul---uk—l) duy...dug_.
n—oo "\ ncy c]‘;_l(k—l)! Or() Cd

If k = 1 instead, P;,,(z) is the same as the probability that the other n—1 points do not
belong to B(0, z), and thus:

1 -1
. y \4 y 1" _
= lim P — =|1-cs—— —eV
fk(_V) A k,n (I’lCd) ) [ dncd
O
[II1 Sincel-x<e %, for k=1 we have:

y ! y n—1 =D _Y
() [ e 2

ncg ncyg

vd

Ifk=2, forz= @, Py. ,(z) =0. So we can assume z < %=,
2 ) 2

Since g}, (x1,... Xg-1) < c,z% we have:



32

n-1\ . (n-1)-(k-1)
= f [l—gkz(xl...xk_l)] dxy...dxp_y
0.2 '

n-1\r
= —(n-k)g ,(x1... Xk_1) | dxy ... dxp-
(k— 1)‘[@/16(2) exp[ (n )gk,z(xl Xk 1)] X1 Xk—1

nk-1 a
<— ¢ Rz f dxy...dxi_,.
(k-1 0}(2)

Now we bound |®;c(z)| with k2 (cdz)d, as we note that given x; one can choose x;;; only in

the ball of radius z centred in x;, and those nodes can be connected in at most k52 trees.

1

We also use - > +-, and get:

nk—l

Cqz kk 2
(k—11

Pi.< e T (cgzhHF !

VL

And for z = (y) :

ncg

1 k-1
y |4 y k-2
P —_ < = .
k,n((ncd) )<lk(y) (k—l)!k e F

and since [;° lk(y)yé'ldy <00 property@is also verified.
O

IVl Let Ck, ,(z) be the number of components, formed by K nodes or more, of G,(z). Then

for the same argument used in Theorem 3.5/ we have:

Pk n(z)

E[CnK]—nZ

Therefore, knowing that there a constant M that bounds the length of the edges, we can

write:

[’} np 1 1 M
n%f Z ka2 1 dz= 1[ (E[Ck,n(2)]-1)dz
o lisk kooon nia 0o 3.7
M M
> — > — .
- nl_% B Kl_é

We call J the set of the z;, where j = 1 and z; < z;41, such that there is an edge of such

length that once added increases or decreases the value of Cg ,(z). Thus we have:
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M #]-1
fo (Cxn(2)—1)dz= ) (Ckn(zj)—1)(zjs1—2;) + 21Ck,n(0)
j=1

and by applying summation by parts with zy = 0 we get

M
fo (Ckn(®—-1)dz= ) z;— > zi< ) =z .

zZi€]_ zZi€]y zZi€]_

Where J* c ] is the set of the lengths of the edges that, when added, increase Ck,;,, and
J~ is the same for the edges that make Cg,, decrease. We notice that the edges that the
elements of /~ represent form a tree on clusters of points. Since every time an edge of /™ is
added C,, x(z) decreases it means that there are two connected components made by at least
K nodes that were previously not connected. This means that those edges connects clusters
of points that were not previously connected, forming a tree on the multigraph generated
by the clusters as vertices and keeping the edges of the graph as edges of the multigraph.
Now from a direct consequence of Theorem [2.2)we have that also trees on multigraphs of r

elements in R? have length bounded by kdr%. Knowing that |/7| < ¢ we get

o I Pra(z) 1 1 m  k
n%f enl®) 11, < k(=) T == (3.8)
o |izx K n'-a ‘K Ki~a
Thus equation[3.7/and 3.8|give us the thesis. O

Combining the general theorem with what we have just developed about the Euclidean
MST:

Theorem 3.6. In the Euclidean toroidal model:
ElT,]  T(3) &T(k+5-1)

1
(d) := lim — = + —f 1 (U, .. Uje— )"+ Dy cdug_
Br P B ST Ié A0 o0 8k10A 1 1 1

where

* O (z) is the subset of[RdX(k_D made by every points {xy,...Xk-1}, such that there exists a
tree that connects the points with edges of length < 1

* gr1(x1...x%-1) is the the volume ofLJ;?;é B(xj,1).

In order to prove the properties when the weight function is 1 (x) = x“ one can just repeat

the same steps as the Euclidean case with minor adjustments.
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Chapter 4

The bipartite case

The main goal of this section is to discuss whether the same techniques used for the random
Euclidean MST can be adapted to the bipartite case. We recall that a graph is bipartite if the
vertices can be partitioned in two different subsets, the red ones and the blue ones, such
that the only edges in the graph are those who connects a node of one subset to a node of the
other one. We will consider then the problem of finding some result of mean convergence
in the case where there is an even number of random uniform points 2n, where n are red

and the others are blue. To stress the difference between the two problems we will also refer

to the problem on the complete graph as the monopartite case.

O W
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er - |
not® o] b .
l & o0 |
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0.5 & Oge® P .
o} @ ; (e
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Figure 4.1: A Euclidean monopartite and bipartite minimum spanning tree of the same set of points in the

plane
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4.1 An algorithm

In this section we present an algorithm specific for the Euclidean bipartite graph. First a

definition:

Definition 4.1 (Voronoi diagram). Let S denote a set of n points (called sites) in [0,1]¢. Given
p € S, the set of points of [0, 119 for which p is the closest site is called the Voronoi region of

p. The partition that the regions generate, V(S), is called the Voronoi diagram of S.

The Voronoi diagram is known to be useful in many problems of computational geom-
etry, as it can be calculated with relative ease and has a lot of interesting properties. As
far as the Euclidean bipartite minimum spanning tree is concerned it is possible to use the

Voronoi diagram to start building it.

Proposition 4.1. Given a bipartite graph G = (RU B, E), and a red point r € G, let Vo(R) be
the Voronoi diagram built using the red points as sites. Then if b is a blue point that is in the

Voronoi region of r the edge (r, b) is in the minimum spanning tree of G.

Proof. If thiswasn'’t true, one could try to add (r, b) to the tree, generating a cycle where there
is an edge of length greater than the one (r, b), as b must be connected to at least another

red point outside of the Voronoi region of r. O
The strategy to build the tree is then:
 generate the Voronoi diagram of the red points
* connect every blue node to the site of the Voronoi region they are in

¢ find the minimum spanning tree of the multigraph generated by the connected com-

ponents built so far.

This strategy is simple enough in dimension 1 and has been used as a theoretical tool to
prove the asymptotics of the mean cost of the MST as shown by [2].

The idea is, after connecting the red nodes to the site of their Voronoi region, to connect
them by paying attention on the ticks that divides the region. For each tick, we select its
closest red point, that could end up on its right or left, and connect it to the first blue point
on the opposite side of the tick. This method generates exactly the minimum possible edge
for every couple of consecutive nodes of the multigraph and since the resulting graph is
connected, it generates its minimum spanning tree.

However, this strategy seems hard to be exploited in higher dimensions as one site may

share an edge with any number of sites.
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4.2 Properties

In this section we discuss the properties of the Euclidean bipartite MST, in particular making

a parallelism with what we showed in the monopartite case.

Weight

A first major difference from the monopartite MST is that there is not a bound on its cost
that is true in every instance of the problem as the one in Theorem[2.2| Indeed, the only true
bound that depends only on the number of points, depends linearly from n as the points can
be split according to their color and be on opposite corners of a square. As a consequence
even Theorem2.5]is not verified in the bipartite case.

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Figure 4.2: Example of bipartite MST whose cost scales linearly on the num-
ber of nodes

Even so, we can still prove a bound for mg , the mean cost when the points are n inde-

pendent uniform random variables on [0, 1], that points to the right scaling of the cost.

Lemma 4.2. Given a set of 27 points in R that form a bipartite graph made by ry,..., 7,
red points and by,..., b, blue points call MB(ry,...,rn, by,...,b,) the cost of the minimum

spanning tree on the graph. Then

M(ry,...,Tn, b1, ..by) < MB(ry,..., 10, by, ..by)
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MB(ri,...,rp, b1, b n)<z nlnn Iri —b; |+ZZ min |b;—ri|+M(by,...by)
i=11 n Jj= 1! o

where M(:) is the cost of the monopartite minimum spanning tree on the points.

Proof. The first equation is consequence of the fact that the bipartite graph is a subgraph of
the monopartite one.

We now prove the second equation. If we consider the Voronoi diagram made by the
blue points as sites, we know that every edge connecting any red points to the site of the
Voronoi region it is in, is an edge of the minimum spanning tree[4.1]

We now consider the monopartite minimum spanning tree on the blue points. We have
built a spanning tree on the regular Euclidean case. From this we want to build a connected
graph for the bipartite case (it will not be necessarily a tree).

We pick a blue node b and we know that we can visit every node of the blue MST. We
consider a depth first search visit of the graph, where we explore as far as possible along the
paths before backtracking, that allows us to associate to every other blue node a unique edge
of the blue MST, the edge that connects it from its father, if we consider b to be the root of
the tree.

Now we bound every edge by using its associated node: let (by, by) an edge of the tree.
We remove and replace it with (b, rs,) and (rs,, bi) where rg,_is the closest red node to by.
By repeating this process throughout every edge, we have a connected graph that is allowed

in the bipartite problem whose weight is bounded by:

n

n

Y Imn lr; — b]|+z min |b;—r;|+ Y |y — 7,

1:1]_1" ]1 =L...n (h,k) such that
(bh,bk)EMST(bl,...bn)

Then by using the triangular inequality we have |by, — r | < |by, — bi| + | by — 15, | leading
to:

MB(ri,...,rp, b1, ..b n)<z nlnn Ir; —b; |+ZZ _min |bj —ril+ M(by,...by).
i=1J Jj= 1i=hean

O
n

j=1
The sum on the red points will give the same result as the points have all the same distribu-

In order to complete the result we need to study the asymptotics of E min;=y,.. |bj—ril|.

tion. We note that due to linearity of the expected value and the fact that the minimum is

taken on the red points, we have to study only:

E[.min |b- r,-l]
1=1,..,n
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where b is a fixed blue point. The following lemma is a particular case of Lemma 2.1.1 of [6]
when p =1.

Lemma 4.3. There exists a constant y,,;,(d) such that

< Ymin(d) n_é

E[ min |b—r;j|
1= n

.....

Proof. 1f we consider any blue point b we have, for B(b, A1) the ball of radius A and centre b
and 0 < [ < 1, that the volume of B(x, 1) N [0,1]9 is minimized when b is in a corner of [0, 1]4.
We then have for any b € [0,1]:

‘B(b,/l) Ao, 1]"’) > cA%274,

Thus

IP[ min [b-rj|=A
n

j=1,..,

< (1 - chdZ‘d)" < exp(—ncyA%2~%

and

E[_min Ib—rl-l]:f P['min Ib—rjl=A
0

i=1,.,n j=L..,n

dl < f exp(—ncd)le_d)d,l.
0
We then apply the change of variables y = ncyA42~% and get:

.....

E[ min |b—r;j]
1= n

< 2d(cdn)_éf yé_le_ydy.
0

_1
And the thesis is proven for y,;;,(d) = 2dcd d F(%).

Thus combining Lemma[4.2} taking expectations and using the linearity of the expected
value together with Lemmal4.3|we get:

1 mbB mbB
2174 By (1,d)) < liminf —2- <limsup —2- < Ba(1, d)) + 3y min(d).
n—oo nl—a n—oo nl—a

We note that this result confirms that the growth rate of the mean cost of the Euclidean
bipartite minimum spanning tree, even if there is not convergence, is the same as the monopar-
tite Euclidean case.
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Degree

Another difference is that there is no constant M, independent from the number of points,
that bounds the degree of a node as in Lemma|2.4]since, if the vertices are divided according
to their color in clusters that are far enough apart, except for one blue node that is in the
cluster of red nodes, then every red node will be connected to that blue one.
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0o4r
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01T

0 0.2 0.4 0.6 0.8 1
Figure 4.3: Example of bipartite MST where a node has degree n

However, we prove a result when M is dependent on n but does not scale linearly on it,
and the red points are random independent and uniform on [0, 11%, while the blue ones are
arranged as grid in the unitary cube. For the sake of the argument we will assume that the
points are 2n¢ in order to have the region divided by the grid of the blue points in cubes of
side exactly %

Theorem 4.4. We consider a distribution of points where there are n® blue points arranged
as a grid, and the red ones are n® random uniform independent points in [0,1]1%. We call T

the bipartite minimum spanning tree on those points. We then set:

Py =P(there is at least one red node such that deg(r) = M in Tp).

Then there is a constant C dependent only on d such that if M ~ Clog(n®) then:

lim PM =0
n—o00
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Proof. We want to bound Pj; with
P(there is a spherical region of area A that has no red points).

Now if the minimum spanning tree connects a red node r with a blue node b with an
edge of length L, then we consider S, the sector of 60 of the circle around r of radius L — 2—‘/5,
whose central radius is collinear to the edge that connects r and b. We will prove that S
cannot have any red points.

To prove this we use the property[a)] and reach a contradiction. If there was a red point,

r’ in S we consider the MST of the graph and delete the edge (r, b). There are two cases:

 r'isin the same component as r: since S c B(b, L) then the length of (1, b) is < L but
this means that there is an edge whose length is less than the one of (r, b) that connects

the componentof r and b .

e r'isin the same component as b. we call b, the blue point that is in the same cell as r.
then (r',b,) < (r',r)+ (r,b;) < L— ‘2/—3 + ‘z/—g <L

We found then a region that must have no red points if there is an edge of length L.

Thus there must be a spherical region with no red points, within the sector associated
with the edge of furthest length. Given that there are at least M nodes connected to r, it
means that the minimum possible maximum edge, is less than p, the radius of the sphere

vd

of volume n—l\g. Thus there is always a sphere of radius p = % (ﬁ - ﬁ) that contains no red

points. Hence:

Py < Plthere is a sphere of radius p that has no red points]

d
We now divide [0,1]¢ in squares Q;, i = 1,... [%W of side length %. Since we know
a

there is a sphere of radius p with no red points, we know that at least one of the squares must
have no red points.

Writing the down the expressions we get:

ﬁ:(c:id)é
( M )%_ vd

3dc, nd 6nd

where ¢, is the volume of the d-sphere.
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And thus
d n
d 1
Py <Plone of the Q; has no red points] = {ﬁw 1- 7
p vd
<]
val’ g 1 Va+p)® 4 1
<|—| exp|—n 2= exp|—n"———
p [ﬁ-| p (\/3+p)
p P

d

Given the the dependence of p on n we can safely assume that p < v/d, for n? large

enough, and write:

d
=) el (1)
Py<s|——| e —-nt|—=
M p) Xp( 2vd
d
| ooz ol
= X e — —_—
( M )%_ﬁ PUsdc,ovayd ” “\nd
3dcynd 6nd
Sdé\;lnd‘i'o(#) 3dcq 2V d)? nt))’

Thus, for C = Sdcd vVd)?,if M ~ Clog(nd), we get that

2 vo(2)) T st nd)) T logndy

3dcynd nd

4.3 Asymptotics of the mean weight

In this section we discuss the asymptotics of the mean cost of the random Euclidean bi-
partite minimum spanning tree. Again convergence seems supported by experimental evi-
dence in both the Euclidean model and the toroidal model. In the following charts we used
again Prim’s algorithm to calculate the bipartite minimum spanning tree of 2n random uni-

form points, n red and 7 blue, in R%, and plot its cost divided by nl=a.
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We first look atthat works with uniform independent points in [0,1]¢. Even with the
results of the previous section the proof does not look easily adaptable. The crucial point
is given by the argument used to get that provides a relation between Poisson point
processes of different intensities. Essentially, the argument revolves around dividing the
region in cubes and connecting them back, however, when dividing the region into cubes, it

is not clear how many nodes will still need to be connected for each cube, as it may happen

that only nodes of the same color are in there and they all still need to be connected. This
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property in particular does not look as easily provable with high probability as the previous
ones and constitutes the biggest difficulty in adapting the first approach.

We prove convergence instead through the second approach, in the toroidal model, by

showing that the four properties in I} [IT, [IIT}, [IV| can still be proven in the bipartite case.

[I in order to define the random vectors {dlyj}irzll""{dznyf}izl we note that the model is
equivalent (in the sense that they generate the same minimum spanning tree) to the same
graph where we add an edge of length v/d to connect every pair of vertices of the same
colour. Then we have that if k and s are indexes of points of the same color, then permu-
tation (k, s) gives a matrix of the same distribution as (di, f)?,’;ﬂ' On the other hand, if k£
and j represent points of different colors, then we just need to consider a permutation that

exchange every index of a red point with an index of a blue point. O
Again, for properties and[IV]a little more work is needed:

As we did in the monopartite case, for xo = 0, that we suppose to be a blue point, we
define @/ (z) as the subset of T* made by every {x1,...xx_;} such that there exists a tree that
connects the points with edges of length < z, or equivalently, the union out of every way
to pick j blue points and k — j — 1 red points such that there exists a tree that connects the
points with edges of length < z for j =0...k—-2.

Now we consider how to compute Py ,(z) using @;C(z). We will consider the case k = 2
and treat k = 1 separately.

Firstly, without losing generality, we can suppose that the node taken into consideration
is Xp and is blue, as they all have the same distribution.

Then since Py, ,(z) does not really depend on where Xj falls, but only on how the other
nodes around it are placed, we can always translate every node so that X, = 0 without af-
fecting the probability. By definition Py ,(z) is the probability that 0 is in a component of
G(z) having exactly k nodes, namely the probability that 0 is in one of the configurations of
©).(2) where the other k — 1 points can be any subset of k — 1 elements of all the nodes apart
from 0, and the other n — k nodes are not connected with any node of the configuration in

G,. Thus we can write:

k2(pn-1 n ’ (n=(k=j-1)
o | N N [E RO

](n—l)—j

x |1= 811 k) dby...dbjdr...dri_j_, (4.1)
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where G)']., . (2) is the subset of ©) (z) where every element has exactly j blue nodes, g; ,(x1 ... X5-1)
!
is the volume of U;;o S'(x j»2), and f refers to the integral over Tk-1,
As we noticed in the monopartite case, sets not touching the torus boundary are the

same on the torus and R?, thus for z < ﬁ we get:

&n-1 n (n—(k-j-1))
P :§ ) i f 1-gj2(b1,...,bj) /
k,z ( i k—j-1 @M(z)[ §j.z\b1 ol
x[1- gk jorereriej D] " dby...dbjdr ...dri_j,  (4.2)

where:

* 0 k() is the subset made by every element of O (z) having exactly j blue nodes, which
in turn is the subset of R?**~D made by every red and blue points, {x1,... xx_}, such

that there exists a tree that connects the points with edges of length < z;
* g5z(x1...x5-1) is the the volume of Uj.;(l) B(xj, z);
« [isthe integral over (R4)*~1,

We now apply the change of variables Ru; = % and Buj = % and, since g ;(zx1...2Xx_1) =

ngk,l(xl ...Xr_1), we have:

k-2 ;
n-—1 n d(k_l)f d (n_(k_]_l))
Py, = . . z 1-2z%gi1(bus,...,buj)
: Z( )(k-f—l) ej,km[ spo !

=0\ J
d (n_l)_j
X [l—z gk_j_l,l(rul,...,ruk_j_l)] dbuy...dbujdruy...drug_j_;. (4.3)
1
Letz:(%)d.We can still assumezsﬁas we are going to take the limit on n.
d
Then:
N k-2 k-j-1 . k-1 (n—(k—j-1))
Yy |4 S ! Y y
Py, (—) = (1——) (1——) f [1——g-,1(bu1,...,bu-)
"\\neq ,ZOI n Hl n) ek ik j-11dem L nea™ !

(n-1)-j
X ]

1- Lgk_j_lvl(rul,...,ruk_j_l) dbuy...dbujdruy...drug_;_;.
ncg

(4.4)
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Now we take the limit on n, and since |© ;,(1)| is bounded for every j and [ 1= - 8hz (U - Us—1)

1 we can apply dominated convergence to get:

fe(y) = lim Py,

- k-1
ex
(nCd)) ; '(k ]_1)'fj,k(1) P

—Clgk_j_l,l(rul,..., ruk_j_l)] dbuy...dbujdru,...drug_j_;. (4.5)
d

—lgj,l(bul,...,buj)
Cd

X exp

If k =1 instead, P ,(z) is the same as the probability that the other »n red points do not
belong to B(0, z), and thus:

1
Y\ y 1" o
fe(y) = lim Py, = lim |1-c4——| =e
ncq n—o00 ncg
O
[II1 Sincel1-x<e™*, for k=1 we have:
1
Vi n
Pl,n (L) ): ]-_CdL <e Y
ncq ncy

Ifk=2forz= ‘/_ , Pi. n(z) = 0. So we can assume z < @.

Since gk (X1, ..xk_l) > c,z% we have:

k=214n_1 n (n—(k—-j-1))
Pro=Y | . f 1-g (b....b))
. ;)( J N\k=j-1)Je, (z)[ 8501

](n—l)—j

X [1_g;c_j_lyz(rlr---»rk—j—l) dbl...dbjdrl...drk_j_l

k=2(p -1 n '
< —(n—-(k-j-1)g" (by,...,b;
i ( J )(k_]'—l)‘[@'j,k(z)eXp( (n—( J ))g]vz( 1 ]))

xexp(=(n=1=j)gi_;_y (1o Femjo0)| dbr...dbjdry..dre_j

_ — /
k-2 nkl

—(n—k)cdzdf . .
< e dby...db;dry...dri_;_q.
; i1(k—j—1)! 0’ (2) ! Dk k=i

Again, for every j, we bound |®’j (@) with k*=2(c42)?, as we note that given x; one can
choose x;;; only in the ball of radius z centred in x;, and those nodes can be connected in

less than kX2 trees.

n-—s

<
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1 )
We also use - > -7, and get:

P < kiz nk_l e—ﬁCddek—l(c d)k—l
< _ + z .
k,z j:oj!(k—j—l)! d
1
Then for z = (nicd)d:
y a 2 1 k—17.k-1
P — <l(y) = _— k" e k+1
k’"((ncd) ) e (,-;)J!(k—J—l)!)y
. 0o 14 . .
Thus, since fo lxy(y)ya dy<oo,property@13 also verified. O

Before proving property [IV] we first need a lemma corresponding to Lemma [4.3in the
toroidal case.

Lemma 4.5. Given b € [0,1]¢ and r,...,, random uniform independent points in [0, 114,
there exists a constant ,,;,(d) such that

,111_1}1 néE[ nlnn |b—ril| = Bmin(d).

.....

b is, but only on how the other points around it are placed. Thus we can always translate ev-
ery point so that b = 0 without affecting the probability. We then have for A < &

P| min |b-rj[=A
j=1,..,n

e

.....

1 <A < /d and there cannot be any point further from b than \/_ d. Thus:

ﬁ(l - cdz—d)"da.

(4.6)

.....

1
éfz (1 _ cdad)"dA+n%fl
0 2

1 % d
ndf (l—cd/l) dA<ndE mm lri —bjl| <
0

The last integral is bounded by

né(\/g— %)exp(—ncdz_d).
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On the first integral we apply the change of variables y = ncyA% and get:

J

Where 1 4is the indicator function of the set A.

D=

n oo n
(1-car?) dﬂt:d(cd)—éfo y%—1(1—%) 1y0,0,-4 (1) Y.

=

n

Finally we take the limit on equation[4.6)and apply the dominated convergence theorem
1_ n .
on ya ' (1-2)" 1}y . o-a, () getting:

lim néE[ mln |r; — I] d(cd)_ﬁl“( ) : Bmin(d).

n—oo i=1,..,

We are now ready to prove[lV]

IV Let Ck, ,(z) be the number of components, formed by K nodes or more, of G,,(z). Then
for the same argument used in Theorem [3.5|we have:

Pk n(Z)
k

E[CnK]—nZ

Therefore, knowing that there a constant M that bounds the length of the edges, we can

write:

1 (o.0]
na

As we noticed in the proof of[[V|for the monopartite case:

1 Pkn(z) 1
Z -

n

1-1

M M
f (E[Ckn(2)]-1)dz=- >———. (4.7
0 n-d Kl_ﬁ

1
1-2

fM(CK,n(z)—l)dz: Y ozi—- ) zf<s ) z.
0 zi€]- zi€Jy zi€]-

Where J* c ] is the set of the lengths of the edges that, when added, increase Ck,;, and
J~ is the same for the edges that make Ck, decrease.

We call m=|J/-|and try to bound }_, ¢y z;.

Since they represent the shortest nodes that connects cluster of points they from a tree
on a multigraph, we can bound its cost by picking any representatives in the clusters, as the
tree on the multigraphs will pick the edges that connects the closest nodes. We then choose
wi,... Wy, to be all blue and build the usual monopartite MST. Its length might actually be
smaller than the minimum spanning tree in the bipartite case but it is possible to have sim-
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ilar edges by replacing every edge (w;, w;) with w;, r,), where ry; is the closest red node to
wj, and then connecting it back to w;.

We note that since every z;~ connects only clusters of k points then, if k = 2, every
w; must be already connected to another red vertex through an edge that, by definition
of G, (z), must have length less than z. But this means, again by definition of G,(z), that
w; must be already connected to their closest red point too and thus we just have to con-
sider (w;, ry;) that are edges of the multigraph. We then got a graph that connects the rep-
resentatives in the bipartite case and by the triangular inequality we get that: |(w;, r¢;)| <

|(wi, wj)l+|(wj, ;)| leading to:

Mpg(wy,...wy) < M(w;,.. wm)+z Irlnn |r; — wJI
i= n
] 1 yeeey

We can now bound M(wy, ... w,,) using Theorem as we did in the monopartite case,
while we still need a little more work for the second term.

By taking expectations we get:

oo 1 z 1 1
5 kn() —|ldz= —E Z z;
= n n-d zZi€]_
1 ny 4
lkd(—) a wil| .
n'~a K n'- j=1i=L

Now as a consequence of Lemmal[4.5|we can choose € > 0 and 7i such that for every n > 71
and any b € [0,1]¢

E < 074 (Bpin(d) +6).

min |r; — b|
i=1,..,n

Since m=|J~ |<— we have:

\/3% ifn<n

m
Z min |r; — wjl -
: : n

1
d

z(y+e) ifn>n

and then: )
n'=a nyl-3
/ - / -
=Y (d—— =7 )

Z min |r; — wjl

11_» o

where y'(d) = (Vdii + Bmin(d) +€).
Then,
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o 2 Ppu(z) 1 1 (m%  C
n%f CIAC R =) = 4.8)
o [izx K n nl-a ‘K K'~a
Where C = kg +7y'
Thus equationd.7]and [4.8|give us the thesis. O

Combining the general theorem with what we have just developed about the Euclidean
bipartite MST:

Theorem 4.6. In the Euclidean bipartite toroidal model:

E[T.] _ r(3) &T(k+5-1)k2 5@

= 2

nT degr = Ak S jlk=j-1)!

pr(d) = lim (4.9)

for
(Lo
77j,k(d)=f® ()(gj_l(bul,...,buj)+gk_j_1,1(ru1,...,ruk_j_l)) (k+3 Ddbul...dbujdrul...druk_j_l
ik

where

* Oj (1) is the subset made by every element of ©(z) having exactly j blue nodes, which
in turn is the subset of R%**~V) made by every red and blue points, {x,,...Xx_1}, such
that there exists a tree that connects the points with edges of length < 1

o go1(X1...Xs 1) is the the volume oij.;1 B(xj,1).



Conclusions and perspectives

In this thesis we have analyzed the random Euclidean MST problem, when the points are in-
dependent uniformly distributed random variables. While for the monopartite case the re-
sults were well established, we had to find some new arguments to adapt the techniques for
the bipartite case. In chapter 2 we showed some deterministic properties for the monopar-
tite problem and in chapter 3 we have proven through two different techniques that there is
convergence for its mean cost.

It would be interesting to find when convergence is still verified, if the nodes are not uni-
form but have another distribution, even if the red and blue vertices have different distribu-
tions. Also another interesting variant of the problem is the case when the bipartite graph
has also a constraint on the maximum degree of the nodes. Speaking of the maximum de-
gree we also would like to know whether the bound that was proven on Theorem[4.4]is tight
and it’s possible to find a lower bound that is asymptotically similar. Finally another ques-
tion that comes out naturally is if similar results can be generalised in the k-partite version

of the problem, when the nodes are divided in k subsets of different colors.
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