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Introduction

The Minimum Spanning Tree (MST) problem is an archetypal member of the
class of combinatorial optimization problems, a rather broad and interdisciplinary
field, its ideas stretching from theoretical computer science to statistical physics
throughout graph theory, the latter providing the ground basis for both exact re-
sults and construction of efficient algorithms. Combinatorial optimization may be
defined as the set of results and techniques used to find extrema of some function,
taking values only on a finite or at most countable set. In this setting, the MST
problem on a connected graph consists in finding the spanning acyclic subgraph
(tree) with the smallest total edge weight. Despite being simple in its formulation,
in practice this problem is quite difficult to handle, as it is clear if one considers
that on a graph with N vertices, all connected to each other, the number of dif-
ferent spanning trees is NV~2.

The first generally accepted algorithm for the solution of this problem was
published in 1926 by O. Boruvka [11| as a method for constructing an efficient
electricity network for the region of Moravia, in the Czech Republic. In that case,
the edge weights of the underlying graph were given as a first approximation by
the distances between different nodes of the network, so that the problem was
actually defined in a Fuclidean domain. Since then, the MST problem has been
one of the most thoroughly studied problems of computational geometry. More-
over, it has found diverse applications in an outstanding number of fields, both
theoretical and practical, ranging from computer algorithms design to document
clusterings, from the analysis of gene expression data to the modeling of turbulent
flows, among many others.

In the MST problem solved by Bortvka, as in most cases of everyday interest,
the vertices of the graph are supposed assigned, and therefore the problem is fixed
in all its details: no disorder or randomness is present. However, we can consider
the problem under a different point of view, supposing for example that the edge
weights are random variables generated according to some probability distribution
density. These can be independent and identically distributed, or even correlated
if we consider the vertices of the graph as random points scattered in a Euclidean
domain, with the edge weights that become proportional to the distance between
them. In such versions of the problem, called random MST problem, the specific
solution of a given instance of an optimization problem is not of great interest,
and one is instead concerned with the average properties of the MST, possibly
depending on some parameters and on the way randomness is introduced in the
first place.

What we have described is clearly the typical playground of statistical physics,



Introduction

which has developed through the years a plethora of techniques to obtain the av-
erage properties of systems with a huge number of degrees of freedom, even in the
presence of disorder. In fact, since the seminal work by Mézard and Parisi [25]
published in 1985 on the Fuclidean matching problem, the methods of statistical
mechanics, and specifically of spin glasses, has proven extremely powerful to treat
random combinatorial optimization problems.

In this thesis we overview the main results concerning with the random MST
problem, and we present the results of our investigation on this subject, with the
material organized as follows.

In chapter 1 we introduce the basic concepts and definitions of graph theory,
together with a brief review of optimization theory. We then concentrate on the
MST, both describing its general properties and the main algorithms designed for
its search in a given graph. After that we focus on the contextualization of random
combinatorial optimization problems, making clear their profound connection to
the field of statistical physics, and we provide at the end a description of a relevant
technique used to treat both, namely the replica method.

In chapter 2 we start dealing with the main subject of the thesis in more detail,
considering the random MST problem with i.i.d. edge weights. After a review
of the existing literature, we derive the spanning trees generating polynomial for
a generic graph as a ¢ — 0 limit of the g-state Potts model. We then rewrite
this quantity in an interesting way using the matrix-tree theorem and Grassmann
variables, and we use it as the starting point to set up a replica calculation for the
MST problem on the complete graph.

In chapter 3 we turn our attention to the random Fuclidean MST problem,
where the underlying graph is embedded in a Euclidean domain. After an intro-
duction to the subject, considering edges weighted by a positive power of their
Euclidean length, we solve for the first time the one dimensional MST problem
on a bipartite graph, in which the vertices are divided in two different sets, pro-
viding an exact formula for the average cost. Finally, we perform a numerical
investigation in one and two dimensions to analyze the asymptotic behavior of the
MST average cost in the thermodynamic limit. This, together with our previous
solution, shows that the scaling behaviour does not change by passing from the
monopartite to the bipartite case, contrary to what happens in other combina-
torial optimization problems such as the Traveling Salesman Problem (TSP) and
the matching problem. This result represents the main contribution of this thesis
to the topic.



Chapter 1

Graphs and optimization

The minimum spanning tree problem is an important combinatorial optimization
problem defined on a graph, so the first section is devoted to a short introduction to
the basic definitions and results of graph theory, referring mostly to the standard
textbook of Diestel [1]. We then turn our attention to optimization problems,
with a focus on the main subject of the thesis and the algorithms that solves
it. Finally, an interesting connection between random optimization problems and
the statistical mechanics of disordered systems is established. For this reason,
after a brief description of these two last topics, the chapter concludes with the
introduction of a relevant method used to treat both, namely the replica technique.

1.1 Graph theory basic definitions

A graph G = Graph(V; &) is a couple of sets (V; &), such that £ C V x V, whose
elements are called vertices and edges respectively. The cardinality V' = |V| of the
vertex set V is called order of G and we will always suppose that V' € N is finite,
unless otherwise stated.

In the present work an element e € £ can be uniquely identified by a pair of
vertices u,v € V, i.e. we do not consider graphs containing multi-edges. If the
ordering does not matter we say that the graph is undirected, otherwise every edge
is thought to posses an initial vertex and a terminal vertex, and the graph is called
directed (or digraph). In the last case, an edge in which the initial vertex and the
terminal vertex coincides is called a loop (Fig. 1.1Db).

Usually, one refers to the structure of a graph as a collection of incidence re-
lations, in fact given a vertex v and an edge e we say that v is incident with e if
v € e, and we write e — v. The number of edges that are incident with a cer-
tain vertex v in an undirected graph is called the degree (or coordination number)
of v, and it is denoted by deg(v). Moreover we say that u,v € V are adjacent if
(u,v) € £, and we denote by dv the set of adjacent vertices to v. Finally, we define
the complete graph Ky as the graph in which each of the V' vertices is adjacent to
all the others (Fig. 1.2a).

Given two graphs G = Graph(V;€) and G = Graph(V;&’), if ¥V C V' and
E C & we say that G is a subgraph of G’ and G’ is a supergraph of G, in symbols
G C G@. Furthermore, if V = V' G is called a spanning subgraph of G (Fig. 1.1c).

3
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(a) Example of path (b) Directed graph with (c) Example of spanning
(red) and cycle (blue) a loop and a multi-edge subgraph (bold), in this
case a tree

Figure 1.1: Examples of graphs

Let us observe that the set . of spanning subgraphs is in natural bijection with
the power set P(E) of &.

A path of length [ in a graph G is a subgraph P C G such that Vb = {vy, ..., v}
is a set of distinct vertices and the edge set is
E = {(vo,v1), (v1,v2), ..., (v_1, )} (1.1)

Any nontrivial path starting and finishing at the same vertex is called a cycle
(Fig. 1.1a). A graph G is said to be connected if, for any couple of vertices
u,v € V, there exists a path in G linking them. Every graph can be expressed
as union of maximal connected subgraphs, called components. Given a connected
graph G = Graph(V; &), the subset X C V U & is said to be a separating set if
G' = Graph(V \ &;E& \ X) is not connected. Specifically, if X C £ is an edges’
subset only we call it a cut, and if X contains only a single vertex this is called a
cutvertex. Similarly if X' contains only one edge, we say that the selected edge is
a bridge.

A Hamiltonian path in an undirected or directed graph is a path that visits
each vertex exactly once. Specifically, if such a path is also a cycle it is called
Hamiltonian cycle. Analogous definitions hold when we consider paths and cycles
traversing all edges exactly once instead of vertices, in which case we refer to Fu-
lerian paths and Fulerian cycles respectively.

Given two graphs G = Graph(V; £) and G’ = Graph(V; ') with the same vertex
set V we define
GAG' := Graph(Vgae; EAE'), (1.2)

where

EAE = (EUEN\ (ENE) (1.3)

is the symmetric difference between the two edge sets and Vgag is the set of the
vertices that are endpoints for the edges in EAE".

Let us consider now the set .#; of the spanning subgraphs of a given graph
G = Graph(V; &), which contains the set .7 of Eulerian subgraphs. This space
has the peculiar property of being closed under the symmetric difference operation

4



1.1 Graph theory basic definitions

(a) (b)

Figure 1.2: A complete graph Ky with V' = 8 (a) and a complete bipartite graph
KV,V with V' =4 (b)

A, that is to say G; € YGE, Gy € YGE = G;AGy € YGE. The dimension of
SE with respect to the operation A is called cyclomatic number L of the graph
G, and it corresponds to the number of cycles in G that cannot be obtained by
other subgraphs through symmetric difference. These cycles are called independent
cycles and play the role of a basis in the space of Eulerian subgraphs.

Here it is worth mentioning the fundamental classic result of Euler (1752),
which relates the number of vertices, edges and independent cycles in a general
graph, which always sum up to a fixed number depending only on the space in
which the graph is embedded, and not on the graph itself [2].

Theorem 1.1.1 (Euler’s formula). Given a graph G with x disconnected com-
ponents, V wvertices and E edges, it holds

V+L=EFE+r (1.4)

This result can be applied easily to the case of planar graphs, i.e. graphs that can
be drawn on the surface of a sphere in such a way that no edge crossing occurs.
In fact, in this case the cyclomatic number is recovered in terms of the number of
faces F' of the graph as L = F — 1.

If the vertex set of a graph G = Graph(V; ) can be partitioned in k subsets,
called classes,

V= JV VinVY; =0 fori# j,

in such a way that every edge in £ connects vertices in different classes, we
say that G is k-partite (or multipartite in general) and we denote it as G =
Graph(Vy, ..., V; €). Furthermore, such a graph is called complete and indicated
by Ky, v, if taken any pair of vertices belonging to two different classes there
exists an edge connecting them. Note that a multipartite graph with £ = 2 has
no odd cycles and it is referred to as a bipartite graph (Fig. 1.2b).
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The incidence relations of a graph G = Graph(V; ) are usually summarized in
the V' x V adjacency matriz A := (a;;);;, defined as

o { 1 if (UZ‘,'U]') €& (15)

a;; = /
*J 0 otherwise

If the graph is undirected the adjacency matrix is symmetric, therefore A has a
real spectrum, called the spectrum of G. Another fundamental matrix that can be
associated to a graph is the so called Laplacian matriz L := (L;;),;, simply given
by

Lij = deg(vz) 57§j — Q5. (16)

where 0 is the Kronecker delta. Finally, a graph G is said to be weighted if there
is a function w : &€ — R that assigns to every edge e € £ a weight w(e). For a
given weighted graph we can easily introduce the weighted adjacency matriz as
W = (wley) aij)is-

1.1.1 Trees and forests

In this subsection we introduce a particular class of graphs which will be used
extensively throughout the thesis. A connected graph without cycles is called a
tree, and a disjoint union of trees, i.e. a general acyclic graph, is called a forest.
The edges of a forest are usually referred to as branches, whereas the vertices with
degree one are called leaves (Fig. 1.3).

Theorem 1.1.2. The following assertions are equivalent for a graph T:
(i) T is a tree;
(ii) any two vertices of T are linked by a unique path in T;

(iii) T s minimally connected, i.e. the removal of any one edge disconnects the
graph;

(iv) T is mazimally acyclic, i.e. adding an edge between any two non-adjacent
vertices forms a cycle.

It follows straightforwardly from the theorem above that every connected graph
contains a spanning tree, in fact by the equivalence of (i) and (iii) any minimally
connected spanning subgraph is a tree.

Corollary 1.1.3. A connected graph with V' wvertices is a tree iff it has V — 1
edges.

Proof. The vertices of a tree can always be enumerated, say as vy, ..., vy, so that
every v; with ¢ > 2 has a unique neighbour in {vy,...,v;_1}. Induction on i shows
that the subgraph spanned by the first ¢ vertices has i — 1 edges, and for ¢ = V this
proves the forward implication. Conversely, let G be any connected graph with V
vertices and V' — 1 edges, and let G’ be a spanning tree in G. Since G’ has V' — 1
edges by the first implication, it follows that G = G'. O]
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Figure 1.3: A forest composed by two trees, with leaves are colored in green.

Theorem 1.1.2 says that adding just one edge to a spanning tree will create a cycle,
which is called fundamental cycle. There is a one-to-one correspondence between
fundamental cycles and the '—V +1 edges not in the spanning tree: in particular
for any given spanning tree, the set of all £ — V + 1 fundamental cycles forms a
cycle basis.

An important graph invariant is the number 7(G) of spanning trees of a con-
nected graph, also considered as the complexity of the graph, because it provides
a measure for the global reliability of a network. Its determination is a problem
of fundamental interest in mathematics and physics, first addressed by Kirchhoff
in his analysis of electric circuits [3]. His theorems provides a universal algorithm
for the computation of 7(G) in terms of the determinant of the Laplacian matrix
of the graph (1.6). In the case of a complete (bipartite) graph, 7(G) is given by
the simple following formula.

Theorem 1.1.4 (Cayley’s formula). The number of spanning trees of a com-
plete monopartite graph is
T(Ky) =VV72, (1.7)

while for a complete bipartite graph is
T(Kyy) = VU (1.8)

Note that the first formula provides in general the number of unlabelled span-
ning trees on V vertices. We will explicity derive this result from Kirchoff matrix-
tree theorem in Sect. 2.3, but several other interesting proofs exist, one of the
simplest and most elegant can be found e.g. in [4].

1.2 Optimization problems

Many problems of both practical and theoretical importance concern themselves
with the choice of a "best" configuration or set of parameters to achieve some
goal. They are referred to as optimization problems and a general definition for
them can be stated in the following form. An instance of an optimization problem
is a pair (%, C), where .# is any set representing the domain of feasible solutions,

7



1. Graphs and optimization

whereas C is the cost function
C: 7% — R (1.9)

Usually, the target is to find the globally optimal solution, i.e. an element xg € %
such that
Clzo] = minClx]. (1.10)

TEF

whose existence is a priori not guaranteed. For every optimization problem, one
can also formulate its so called decision versions. For instance, one can wonder if
the set

Se={x e F:Clz] <c} (1.11)

is empty or not for a given constant c.

In the theory of computational complexity [5], each optimization problem is
classified according to the running time (number of computational operations)
and memory required to evaluate the decision problem or to find its solution. The
knowledge of the algorithmic complexity of a family of problems induces a hyer-
archy of classes, depending on the asymptotic resolution time for each problem.
For example, an algorithm is said to be polynomial if the running time is bounded
from above by a certain polynomial in the size of the input, and superpolynomial
otherwise. We say that an optimization problem belongs to the class P of polyno-
mial time problems if there exists a polynomial algorithm that solves it.

Another relevant class is the one of non-deterministic polynomial problems NP,
defined as the set of problems whose decision version can be solved in polynomial
time. Furthermore, given a complexity class of problems, one defines the subclass
of complete problems as the set of problems to which all the others can be re-
duced, up to a polynomial factor in the complexity. It is obvious that P C NP,
but it is one of the millennium problems proving whether the inclusion is tight or
not. If an NP-complete problem is found to be in P, it would follow that P = NP,
with striking consequences in the field of computer science because the NP class
contains a large number of problems, the archetypal of which will be introduced
in the next section.

1.2.1 Combinatorial optimization

In this work we concentrate on the so called combinatorial optimization, that deals
with optimization problems in which the cardinality of F is finite for all instances
|F| € N. In this case the problem has always at least one feasible solution. How-
ever, in many cases the number of feasible solutions is extremely large, so they
cannot be faced with a brute-force approach.

To exemplify the aspects described above, let us introduce three classical com-
binatorial optimization problems: the Traveling Salesman Problem, the Matching
problem and the Minimum Spanning Tree problem.

Traveling Salesman Problem. The TSP is considered the archetypal problem
in combinatorial optimization [6]. In an instance of the TSP we are given a
generic connected graph G = Graph(V; £) with a weight function w : £ — R™ that

8



1.2 Optimization problems

() (b)

Figure 1.4: Examples of traveling salesman tour (c), perfect matching (a) and
spanning tree (b) on a complete graph Ky, with V' = 8.

associates to each edge the cost w(e) paid to travel along it. Here the set of feasible
solutions .# is composed by all possible Hamiltonian cycles h = Graph(Vy; &) on
the graph G, that is to say the closed paths traversing all vertices exactly once
(Fig. 1.4a). The cost function that one aims to minimize to find the cheapest tour

can be written as
CTSP] == "w(e). (1.12)
ecéy

The TSP belongs to the NP-complete computational complexity class, even when
the problem is defined on a bipartite graph, where the tour has to alternate be-
tween the two vertices’ subsets. Observe that in the complete monopartite case
G = Ky one has |F| = @ It is therefore computationally unfeasible, even for
small values of V| to try to find the optimal solution with a direct inspection of
all possible values of the cost function.

Matching problems. We say that a subgraph M = Graph(Vy; &) of a given
graph G = Graph(V;€) is a matching if no two edges in & have a vertex in
common. Moreover when Vy = V the matching is said to be perfect (Fig. 1.4b).
If we consider a weighted graph with weight function w : & — R, the matching
problem consists in finding the perfect matching such that the cost functional

COVM = " wle) (1.13)

e€&y

is minimized. When the matching problem is defined on a complete bipartite
graph Ky it is called assignment problem and the number of feasible solutions is
|#| = V1. In fact, in this case one can number the vertices in the two different
classes as V = {vy,...,ov}, U = {uy,...,uy}. Assuming that the edge weights
are given by w : (v;,u;) — w;;, the cost of the optimal matching My becomes

1%
COV o] = min > wie(s, (1.14)

c€eS
V=1

where Sy is the group of permutations of V' elements. Unlike the TSP, from the
computational point of view the matching problem can be solved with quite fast

9



1. Graphs and optimization

algorithm, e.g. the Hungarian algorithm in the case of the assignment [7|, which
belongs to the polynomial complexity class.

Minimum Spanning Tree Problem. Being the main topic of this dissertation,
we will devote the next two sections to a detailed description of the minimum
spanning tree problem, which we simply define here. We are given a connected
weighted graph G = Graph(V; £) and the problem consists in finding the spanning
tree T that has the minimal total cost, defined as

cMST) — Zw(e). (1.15)

ecér

From corollary 1.1.3 we know that the cardinality of the set of feasible solutions
is |Z| = VV=2 in the case of the complete graph Ky and |#| = VU=1UV~! for
the bipartite case Ky,y. The algorithms that find the MST of a given graph are all
polynomial in the running time (see Sect 1.2.3), so the problem is in the P class.
This is true for the related decision problems too, such as determining whether a
specific edge is in the MST or if the total weight exceeds a certain threshold c.

1.2.2 The Minimum Spanning Tree

The Minimum Spanning Tree problem is one of the most typical and well-known
problems of combinatorial optimization. Methods for its solution, though simple,
have generated important ideas of modern combinatorics and have played a cen-
tral role in the design of computer algorithms [8]. It is standard practice among
authors discussing the MST to refer to Kruskal (1956) [9] and Prim (1957) [10]
as the sources of the problem and its first efficient solutions, even though one can
find references in the literature as early as 1926 [11]. This makes the MST one of
the oldest and most thorougly studied problems in computational geometry.

In addition to its long-standing theoretical and algorithmic interest, the MST
is useful for many practical purposes because its search in a given network stems
in several optimization problems. For this reason, the MST is used in document
clustering [12|, wireless network connectivity [13], analysis of gene expression data
[14], percolation analysis [15] and modeling of turbulent flows [16], among other
areas. Moreover, the MST is used in several exact and approximation algorithms
for other combinatorial optimization problems, such as the TSP and the matching
problem [17, 18]. Let us note that all the problems mentioned here are commonly
formulated in the Euclidean setting, so the graph G = Graph(V; &) on which the
MST is originally defined is supposed to be embedded in a Euclidean domain
Q C RY ie. every v € V corresponds to a d-dimensional vector.

We now proceed to state two simple properties of the MST, which allow one to
add or remove edges from consideration when searching for it in a given weighted
graph with weight function w : & — R*. They are intended as crucial for our
problem, because all algorithms in the literature have their roots in them in some
way. Firstly, let us observe that a sufficient (but not necessary) condition for the
MST to be unique is that all edge weights in the graph are distinct, i.e. for every
ei,e; € Eif i # j then w(e;) # w(e;).

10



1.2 Optimization problems

Figure 1.5: Example of Voronoi diagram (dashed) and its dual graph, the De-
launay triangulation (solid), for a given set of points on the plane.

Lemma 1.2.1 (cycle property). Consider any cycle C C G and an edge e € &
with mazimal cost among all edges of C. Then e cannot belong to a MST of G.

Proof. Assume that e belongs to a MST T; C G. Then deleting e will break T; into
two subtrees, which can be reconnected considering the remainder of the cycle C.
Hence, there is an edge € € & with w(e’) < w(e) that forms a new tree Ty C G
with total cost smaller than that of T;. O

Lemma 1.2.2 (cut property). Let X be a cut of the graph G and let e € X be
a minimal-cost edge. Then e belongs to all MSTs of the graph G.

Proof. Suppose that there is a MST T not containing e. Adding e to T will produce
a cycle which crosses the cut once at e and crosses it back at another edge ¢’'. If
we delete e’ we obtain a new spanning tree T with total edge weight smaller than
that of T. O

In the Euclidean setting, the MST has another interesting property which finds
its application in algorithms design. To state it, we need to introduce some ele-
ments of computational geometry [19] first, focusing for the sake of simplicity on
the two dimensional case. Nonetheless, everything can be readily generalized to
higher dimensions.

Let P C R? be a set of n points, called seeds. The Voronoi diagram of P is
the subdivision of the plane into n regions, one for each point in P, such that the
region of a site p € P contains all points in the plane for which p is the closest
site. Furthermore, a triangulation of P is the partition of the smallest convex set
containing P (convexr hull) into non intersecting triangles having vertices in P.
A frequently used point set triangulation is the so called Delaunay triangulation,
composed by the set of triangles that are circumscribed by a circle containing no
points in P. Working in two dimensions, it is clear from the definition that a
triangulation can be understood as a planar graph D = Graph(Vp; &) with set of

11



1. Graphs and optimization

vertices V, = P. This observation allows us to say that, given a set of points P,
its Delaunay triangulation is the dual graph of its Voronoi diagram (Fig. 1.5).
In practice, the former has a vertex for every Voronoi region, and it has an edge
between two vertices if the corresponding regions share a boundary.

As anticipated, given the above definitions we can now state the following result

Proposition 1.2.3. Consider a graph G = Graph(V; &) with ¥V C R? and edge
weights given by |le||” for all e € £, where ||| represents the standard Euclidean
norm in R, Then the MST of G is a subgraph of the Delaunay triangulation of V.

1.2.3 Algorithms for the MST

All classical algorithms for the solution of the MST problem belong to the class
of so called greedy algorithms, i.e. they follow the problem solving heuristic of
making the local optimal choice at each stage, with the purpose of finding a global
optimum. They basically rely on lemma 1.2.2 to form cuts in the graph and add
the minimum weight edge across each at every stage. Examples of algorithms using
this rule are the already mentioned Kruskal’s [9] and Prim’s [10]|, which require
O(FElogV) and O(E + V' log V') time respectively on a graph with V' vertices and
E edges.

It is worth noting that besides being effective in the direct solution of the
problem they are designed for, the algorithms can prove to be very helpful in
the theoretical analysis of general aspects of an optimization problem. We will
find examples of this in Sects. 2.1 and 3.3 in the case of Kruskal’s algorithm,
and that is the reason why we describe it here in detail. This also gives us the
occasion to show explicitly why the MST problem belongs to the P computational
complexity class. Given a connected weighted graph, Kruskal’s algorithm proceeds
as described by the following pseudocode (see Fig. 1.6 for a reference).

Algorithm 1 Kruskal’s algorithm
1: function KRUSKAL(Graph(V;¢&))

2 F = Graph(V; () < starting forest with no edges

3: W <« set of the edges sorted in increasing order w.r.t. their weights
4: while W +# () do

5 Remove the edge (u,v) with minimum weight from W

6 if (u,v) connects two different trees of F' then

7

F=FU{(u,v)}

8: return F

Regarding the computational complexity of the above algorithm, the E edges
sorting procedure can be carried out in O(FE log F') time using a simple compar-
ison algorithm: this allows step (3) to operate in O(1) time. We are then left
with O(V') operations to perform (4), as in each iteration the algorithm finds the
components to which u and v belong, possibly joining them. This can be done in
O(V'log V) time by using any disjoint-set data structures, which tracks a set of

12
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4
(a)
7
2 2
8 2 2
4 7]
(c) (d)

Figure 1.6: Example of MST construction (bold) as performed by Kruskal’s
algorithm on a given weighted graph (a). Starting from the smallest weight, an
edge is added to the MST if it does not form any cycles in the developing spanning
forest F (b), otherwise it is discarded (c¢). The algorithm stops when all edges have
been considered (d).

elements partitioned into non-overlapping subsets by means of pointers. Consid-
ering that F is at most O(V?) in a simple graph, and that V = O(FE), we finally
obtain the anticipated total running time O(Elog V).

In recent years new sophisticated algorithms have been developed for the MST
problem on general graphs. The fastest non-randomized comparison-based algo-
rithm with known complexity [20] has running time O(E «(E,V)), where « is
the classical functional inverse of Ackermann function. It grows extremely slowly
with its arguments, so that for practical purposes it may be considered a constant
smaller than 4, leading to an almost linear time algorithm.

All the cited general algorithms are insufficient for large, metric problems be-
cause they depend linearly on the number of edges E. The edge set of a graph
consists of all pair of points, therefore linear scaling in £ means quadratic scaling
in the number of vertices V', which are usually the input data in the Euclidean
case. For this reason, most current Euclidean MST algorithms start by computing
a set of edges which can be shown to be a superset of the edge set of the MST.
For instance, in the two dimensional case a good choice is the Delaunay triangu-
lation, dual of the Voronoi diagram for the V' points, which can be constructed in
O(Vlog V) time [21]. Unfortunately, this bound worsens to O(V?1log V) in d > 3,
because the edge set of the Delaunay triangulation happens to be the complete
graph. This problem has been partially overcome e.g. by the work of Agarwal et
al. [22], who related the running time of the minimum spanning tree problem in
R? to the bichromatic closest pair problem, formulated as follows. Given a set of
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1. Graphs and optimization

N red and M blue points in R, find a couple such that the distance is minimum
among all red-blue pairs.

We end this section noting that all the algorithms described above are designed
to work on a monopartite graph. Very little literature exists on algorithms con-
structed specifically for the MST problem on multipartite graphs. A remarkable
example is the recent paper by Biniaz et al. [23], who obtained in two dimensions
the time complexity bound O(V log V' logk) for the k-partite case with V' total
vertices.

1.3 Random optimization problems: worst vs typ-
ical case

In Sect. 1.2.1 we introduced optimization problems defined on graphs, always
supposing that the parameters of the problems, e.g. the weights associated to the
edges of the graph, were assigned once and for all. Given an instance of such an
optimization problem, specific algorithms allow us to classify the problem accord-
ing to the computational resources (time and memory) required to solve it.

Note that the theory of computational complexity is based on a pessimistic
attitude: a problem’s tractability is defined depending on the worst possible in-
stance. Quite often this worst case scenario differs considerably from the typical
case, averaged over a reasonable ensemble of instances. A common observation is
that "hard" problems are typically "easy" to solve, and to get real hard instances
the parameters must be carefully tuned to certain critical values. Varying the
parameters across the critical region often leads to abrupt changes in complexity,
related to changes in the structure of the set of feasible solutions [24], very similar
to what happens with phase transitions in physical systems.

This arguments justifies the consideration of random instances of an optimiza-
tion problem, in order to study its general properties such as its complexity and its
solution in average, for large sizes of the input. A first kind of randomization for a
combinatorial optimization problem defined on a weighted graph G = Graph(V;€)
can be performed on the graph itself. In the simplest case we can choose the
weights {w(e)}eece as independently and identically distributed random variables
with distribution density p(w). The distribution itself defines therefore an ensem-
ble of random instances and we ask for the typical properties such as the average
optimal cost, the optimal cost distribution, and so on, for a given ensemble in the
thermodynamic limit |V| — oo.

It is easy to see in general that an optimization problem can be stated as a
physical problem. Indeed, the set of possible solutions can be interpreted as a
configuration space, and the cost can be chosen as the Hamiltonian of the system.
Thus, cost minimization turns into finding the ground state of the physical system,
when frozen at zero temperature. As we said above, the cost function depends
on a large number of parameters, and one is interested in the average case with
respect to a measure on the parameters space. Therefore, the corresponding phys-
ical system is a disordered system, and the probability measure over the disorder
corresponds to this measure over the parameters space, i.e. on the space of possi-
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1.3 Random optimization problems: worst vs typical case

ble instances of the random optimization problem.

Interestingly, this probabilistic approach to combinatorial optimization prob-
lems shed new light on their mathematical properties, and many results have been
obtained in recent years. Since the 1985 seminal work by Mézard and Parisi [25],
many techniques developed by physicists in the field of statistical physics started
to be used effectively on random optimization problems. For example, with a
method borrowed from spin glasses, namely the replica method (see Sect. 1.3.2),
the two authors analyzed the random bipartite matching problem (RBMP) with
i.i.d. edge weights [26]. In particular, they were able to obtain the average optimal
cost of the problem, defined in Eq. (1.14),

CRBMP) = Jim CM[M] = ((2) = —, (1.16)

N—o00 6
where ® denotes the average over the distribution of the weights and ((z) is the
Riemann zeta function. Remarkably, only 25 years later Aldous [27]| confirmed the
obtained result by providing a rigorous mathematical treatmeant of the problem.

1.3.1 Statistical mechanics of disordered systems

As explained in the previous section, in random optimization problems we are
not interested on specific instances, but in the average properties of the problem,
possibly dependending on some parameters in the cost function and on the way we
introduce randomness in the problem itself. Over the years statistical physics has
developed a lot of techniques to deal with systems with a huge number of degrees
of freedom, even in the presence of disorder. For this reason, we will introduce here
the fundamental concepts of the statistical mechanichs of disordered systems.

Let us consider a graph G = Graph(V;&), V = |V|, and suppose that we
assign to each node v; € V an Ising spin variable o; € {—1,1} and to each
edge e = (v;,v;) € € an interaction energy —.J;;0,0;, with J;; € R Vi,j. The
Hamultonian functional of the system has the following form

\%
H(;[O';J, h] = - Z Jijaiaj - hZO'i, (117)
(i) i=1

with h € R a fixed quantity, while the parameters J = {J;;};; are independently
extracted from a certain probability distribution p(.J;;), identical for all (v;, v;) € &.
Here we assume that these random quantities are specified once and for all for each
instance, and therefore we say that the disorder is quenched. In other words, the
random parameters are supposed fixed on the time scale in which the degrees
of freedom o := {0;};=1,. v of the system fluctuate. If the system is defined
on the hypercubic lattice in d dimensions the model is called Fdwards-Anderson
model (EA-model) and it is an example of spin glass. Here we just mention that
spin glasses represent the reference frame in which physicists analyze the peculiar
effects of disorder on the behaviour of systems with a large number of degrees of
freedom, and their importance goes beyond the application to physical systems.
An interesting introduction to this argument can be found e.g. in [28, 29].
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1. Graphs and optimization
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Figure 1.7: The simplest example of frustration

To each configuration o = {0;}; we can associate a Boltzmann-Gibbs weight

1
:J, B, h] = e Pl ] 1.18
MG[av 757 ] Z(;[J,ﬁ,h]e ( )
where (3 is the inverse temperature and with the normalization given by the par-
tition function of the system

Z5[J, B,h] =y e Mol (1.19)

which plays a central role in the computation of many physical quantities of in-
terest. Finally, given a function ¢ := g(o), we denote its expectation as

(9), = 9(a)uclo; 3, 8, h]. (1.20)

Note that together with randomness, represented here by the fact that the
coupling constants are random variables taken with a certain distribution function,
a disordered system is characterized by the presence of frustration. Differently
from a standard ferromagnetic system, in a frustrated one it becomes impossible
to satisfy all the couplings at the same time. Formally a system is frustrated
if there exists a loop on which the product of the couplings is negative: what
happens is that if we fix an initial spin and try to chain-fix the others one at a
time to minimize the energy, we are bound to return to the initial spin and flip
it (Fig. 1.7). The energy landscape of frustrated systems is thus often non trivial
and it is not obvious what is the structure of the minimum energy configuration.

Thanks to the fact that the disorder is quenched, to evaluate a physical quantity
using the Hamiltonian of Eq. (1.17) it is appropriate to trace over the spin variables
first, with the interactions J = {J;;};; fixed. For instance, the free energy of the
system is calculated as

1
Fsld, 8, h] = —B1ogze—ﬂﬂc[mlhl. (1.21)

The next step is to average over the distribution of J, i.e. over the disorder, and
this is done through the so called configurational average

T ZOh
Fol3, 5.7 :_—%_—% H/p(Jij)dJij log Zo|3, 8,1, (1.22)
(ig)
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1.3 Random optimization problems: worst vs typical case

Differentiation of this averaged free energy by the external field h or the inverse
temperature 3 leads to the magnetization or the internal energy, respectively. Note
that in general we want that physical observables do not depend on the specific
realization of the system, and this is guaranteed by the following crucial property.
The free energy density fo = Fy/V for a disordered system on a generic graph
G has vanishingly small deviations from its mean value fg in the thermodynamic
limit |V| — oo [29], i.e. fq is self-averaging

g U1

i = 0. (1.23)

This means that for large systems the raw value f; for a given set of random pa-
rameters J agrees with its configurational average fg with probability 1. Therefore,
we can choose either of these quantities in actual calculations, with the second one
much easier to handle having no dependence on J even for finite-size systems.

1.3.2 The replica method

The dependence of log Z; on the random variables J is very complicated and it is
not easy to compute its configurational average. Nonetheless, the manipulations
are greatly facilitated by the general relation

Zg—1

IOgZG:}zIL% — (1.24)

One prepares n replicas of the original system, evaluates the configurational aver-
age of the product of their partition functions Z§, and then takes the limit n — 0.
This technique, the replica method, is very useful because it is easier to evaluate
7% than log Zg.

Note that Eq. (1.24) is an identity valid in general, but to carry out the calcu-
lations one has to consider n as a positive integer. Only at the end the limit n — 0
is performed as a sort of analitic continuation, and this is quite often the most
difficult point of the whole procedure in actual calculations. We will now conclude
this chapter showing how does the replica approach work in the simplest possible
case, namely the Sherrington-Kirkpatrick (SK) model. This task has been fulfilled
for the first time by Parisi and collaborators at the beginning of the 80’s, and since
then the model has become a prototype for mean-field disordered systems. For a
more extensive presentation, we refer the reader to [28, 30].

The Sherrington-Kirkpatrick model. The SK model represents the infinite
range version of the Edwards-Anderson model, i.e. the graph on which the Hamil-
tonian (1.17) is defined is the complete graph G = Ky. The interactions J = {J;;}4;
are quenched variables with Gaussian distribution function

1 /N N Jo\?
p(Jij) = 7\ 3. &P {—Q—JQ (Jij - ﬁ) } ; (1.25)

with the normalization for the mean and for the variance chosen to obtain extensive
quantities proportional to N in subsequent calculations.
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1. Graphs and optimization

According to the prescription of the replica method we have to compute the
configurational average of the n-th power of the partition function. It follows that

7Zn = / (H p(r]z'j) dJij) Trexp (5 Z Jij Z 0?0? + Bh Z Z Og)

1<j 1<j a=1 i=1 a=1
N 2J2 2 2
= exp (%) Trexp B Z (ZU 1)
a<b 7

DY (Zaz) qO»¥A] (1.26)

a %

where we have carried out the Gaussian integral over J;; independently for each
(7j), and we have rewritten the sums over ¢ < j and a, b (namely the replica
indices). In order to linearize the exponent with respect to the spin variables, so
as to perform the trace operation, we introduce the auxiliary variables q,;, and m,
by means of an Hubbard-Stratonovich transformation. We thus arrive to

7" = exp (@) /Hanb/Hdm(z

a<b a
NB2J? 9 NﬂJg
- exp (— 5 ;qab Zm + Nlog Tre” |, (1.27)
where
L=p3J"Y " quo'c +/32 Joma + h)o* (1.28)
a<b

Observe that Trel appears as a sort of partition function for a set of n coupled
spins, each one associated to one of the n replica indices.

The exponent of the above integral is proportional to N, so that it is possible
to evaluate the integral by steepest descent in the thermodynamic limit N — oo

— Nj32J? NBJ, NB32J?
Z"%exp(— B T BOZm + Nlog Trel + NG n)

2 “ 4
a<b
_ ﬁ2j2 ) BJO ) 1 I 52,]2
~1+ Nn <— in aééb 9oy — % Ea m, + ﬁ 10g Tre” 4 1 ) (129)

where in the last line we have taken the limit n — 0 with N kept very large but
finite. Note that the correct order for the two limits above should be N — oo
after n — 0, but we took N — oo first so that the saddle point approximation
is applicable. This is importante to remark, since at an early stage of research it
was suspected that the problems arising in the replica method were due to this
apparently inappropriate exchange of limits. Nonetheless, this passage proved to
be correct in subsequent years, the source of trouble being elsewhere, as we will
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1.3 Random optimization problems: worst vs typical case

point out below.
The values of ¢, and m, in the above expression are those that satisfies the
extremality conditions, i.e.

1 OlogTre” a

Qab = PR o0, = (0%") (1.30a)
1 OlogTre” u

My = 55 om = (0", (1.30b)

with () denoting the average by the weight e”. Remarkably, g, are not merely
a set of variables introduced for technical convenience, indeed they express a sort
of "average superposition" between replicas, being

Gap = (OLTT),, (1.31)

where (@) is the average with respect to the replicated system, whose Hamiltonian

is
n N
HY{o"}o; 3, 0] =) (—ZJ,-jagag — hzag>. (1.32)
a=1 1<j =1

In particular, the variables g, play the role of spin glass order parameters, while
m is the ordinary ferromagnetic order parameter according to (1.30b), and is the
value of m, when the latter is independent of a. If we suppose that all replicas
are equivalent (replica symmetric hypothesis) we have

Gab = <0§J§’>R = (0%), <o§’>R =(0)?=q, a#b. (1.33)

We expect that for § — 0 the spins are randomly oriented, and therefore ¢ = 0,

whilst in the 8 — oo limit ¢ > 0, having (o;) # 0 for each realization.
Proceeding with the computation in the replica symmetric hypothesis, with the

notation Dz := dzexp(—2%/2)/v2r and H(z) = J\/qz + Jom + h, one finds [30]

—_62J2

BngZ
—Bf=—-(1-¢") -

+/Dzlog[2 cosh BH (2)], (1.34)

from which we obtain the following equations of state through the extremization
conditions

q= /thanh2 BH(z) (1.35a)

m = /thanhﬁf[(z). (1.35b)

Even if the replica approach of the SK-model seems to give a complete solu-
tion, an anomalous behaviour emerges at low temperature. For instance, a direct
computation gives a negative value of the entropy density s

lim s = lim §°—= = —— (1.36)
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1. Graphs and optimization

In particular, Almeida and Thouless [68] found that the replica symmetric solution
for the SK-model is not stable in the absence of an external field when 8 > 1/.J.
Then, in 1980, Parisi [69] proposed a solution to the problem by showing that
a proper break of the replica symmetry was needed. Remarkably, only years
later this solution was proven with mathematical rigour [70, 71]. Despite being
extremely interesting, this argument goes beyond the purposes of this introduction,
thus we will not go any further, but the reader can find out more in the previosly
cited references.
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Chapter 2

The MST in the mean field
approximation

In this chapter we focus on the random MST problem with independent and
identically distributed edge weights, which can be regarded as a sort of mean
field approximation of the correlated case. After a brief review of the existing
literature on the topic, our attention turns to the well known g-state Potts model,
from which we derive as the ¢ — 0 limit the spanning tree generating polynomial
of a general graph. With this quantity, properly rewritten in terms of a Berezin
integral defined on two sets of Grassmann variables thanks to the matrix-tree
theorem, in the last section we sketch a replica calculation for the purely random
MST problem on the complete graph.

2.1 ((3) limit for the random MST

The aim of the present section is to offer a survey of the existing literature concern-
ing the average cost of the random MST defined on a graph with independently
and identically distributed edge weights. The starting point is the fundamental
result obtained by Frieze in 1985 [31], which can be formulated as follows. Suppose
we are given a complete graph Ky on N vertices in which the edge weights are
i.i.d. non-negative random variables. Assume also that their common cumulative
distribution function F' is differentiable at zero, with D := F’(0) > 0. Denoting
by W a random variable with this distribution, the following holds for the average

optimal cost Cy := C [Ky] of the MST.
Theorem 2.1.1. If W has finite mean, then

. ((3) 1
Jim Oy =222 ((3) = l; 5 =1202... (2.1)
Moreover, if W has finite variance, then
. 3
]\}EHOOPT(CN—%' >€) = 0. (2.2)

A fact worth noting is that this theorem strongly relies on Kruskal’s algorithm
procedure. In fact, the author is able to find asymptotics bound for the total
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2. The MST in the mean field approximation

average MST cost by writing it in terms of the sequence of successive spanning
forests which originates as described in Sect. 1.2.3.

Frieze’s result can be generalized in two different ways. First it can be shown
[32] that the condition on the distribution function F’(0) > 0 is sufficient for
convergence in probability, and no other smoothness or moment conditions are
required. Furthermore, Theorem 2.1.1 can be stated for graphs different from Ky
[33]. For simplicity, let us consider the case where each edge weight is a uniform
random variable on [0, 1]. Then, e.g. for the complete g-partite graph (K,)n with
q classes all of cardinality /N, we have

Jim CT(K)\] = —25(3) (2.3)
We see that for a complete bipartite graph (¢ = 2), the difference to the monopar-
tite case is given simply by a factor 2, as it happens in the random matching
problem [26].

Note that for uniform distributed edge weights a central limit theorem can be
exhibited too for the average cost of the random MST [34, 35|, i.e.

Nz (Cy—<(3)) S N (0,07, (2.4)

with the variance given by o = 6((4) — 4((3).
With reference to Eq. (2.1) we have that in the large N limit Cy = ((3) +o(1),
but ideally one would like to have an exact expansion for the average cost, as
it happens for the random assignment problem |36, 37|. For uniform weights on

[0, 1], Cooper and Frieze 38| went in this direction by improving the asymptotics
for the average cost of the MST to the secondary and tertiary terms

— ¢ ca+o(l)
CNZC(3)+;+W, (2.5)
where

1 o

cqg=-1-(@3) - 5/ log(1—(1+x)e ®)dx (2.6a)

0
2 e _ ) _ ™ _ 1 _
62=§/ (y 2p(y)e v P —y 7 — SV 1—§)y Y3y (2.6D)
0

In the last expression, ¢ is defined as the moment generating function of the
random variable By

W(t) = exp (tBex), (2.7)

with Bex = fol Bex(s) ds representing the area under a normalized Brownian ez-
cursion (see [39] for a review on the topic). A numerical investigation performed
by the authors yielded ¢; > 0, so for (very) large N (see Fig. 2.1a) we expect to
find Cy > ((3).

Remarkably, Eq. (2.5) refuted Steele’s conjecture [40| of the average cost in-
creasing monotonically with NV, based on its exact computation for N < 8. This
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Figure 2.1: Numerical simulations for the average optimal cost of the MST with
i.i.d. weights generated in the interval [0, 1] with uniform distribution (a) and
exponential distribution p(w) = e (b). The dashed line represents the ((3)
limit, while the solid blue line represents the data fit with Eq. (2.5) (¢; = 0.27009,
cy = —2.4751). For each N, Cy is obtained by averaging over n = 2 - 10 (a) and
n =3-10* (b) instances.
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2. The MST in the mean field approximation

result was carried out exploiting a very interesting formula involving the so called
Tutte polynomial T'(G; z,y), which in general contains a lot of information about a
graph G = Graph(V; &) (it has been widely studied in the context of the algebraic
properties of graphs, see e.g. [41]).

To define this polynomial, one needs to go outside the familiar class of simple
graphs, taking into account loops or multi-edges too. Much of the usefulness of
the Tutte polynomial comes from its relation to the so called rank function, which
measures how much a graph is connected. Given an edge subset A C & the rank
r(A) of A is defined by

r(A) = [V = k(A), (2.8)

with k(A) number of connected components of the graph G’ = Graph(V;.A). The
Tutte polynomial of the graph G is then the two-variables polynomial defined as

T(Ga,y) = 3 (¢ — 1)@ "Wy — A, (2.9)
ACE

By making use of it, one can find the following interesting result valid for any finite
number N of vertices of the graph G, contrary to all the previous statements. Here
we report a generalization [42| of the original theorem proved by Steele

Theorem 2.1.2. If G = Graph(V; &) is a simple, finite and connected graph and
its edge weights W, are positive random variables for all e € &, all with the same
distribution F(x) = Pr(W, < x), then

o — /Ooo 1-F(t) Tx(g;j,y) . (2.10)

where © = 1/F(t), y = 1/(1 — F(t)) and T,(G;x,y) is the partial derivative of
the Tutte polynomial w.r.t. x. In particular, for x € (0,00) if F,(x) is the uni-
form cumulative distribution and F.(x) = 1 — e the exponential one, for every
connected graph G it holds

Cr.[G] < Cr. [G]. (2.11)

2.2 The Potts model

The main result of the previous section is that given a graph with i.i.d. edge
weights, the average optimal cost of the MST converges in probability to ¢(3). This
limit immediately reminds us of an analogous one in the case of the assignment
problem (1.16), which was computed by Mézard and Parisi [26] by means of the
replica method. One is then led to wonder whether the same calculation can be
performed for the random MST. To try to answer to this question, we need as a
starting point an expression for the "partition function" of our system, namely a
function that enumerates all the spanning trees in a given graph, weighted with
their total edge cost. The aim of this section is thus to derive such an expression,
which remarkably emerges as a particular limit of one of the most studied models
in statistical physics, the Potts model.

The Potts model [43] represents one of several possible generalization of the
Ising model: each spin, instead of being allowed to point only up or down, can find
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2.2 The Potts model

itself in ¢ different states (or colors). Historically, the model bears its current name
after Domb proposed it as a research topic to his student Potts in 1951. Thanks
to the outstanding number of problems it is related to, from lattice statistics, to
combinatorics, to graph theory, the Potts model has been a subject of increasingly
intense research interest in recent years.

Originally, being the Ising model a system of interacting spins that can be either
parallel or anti-parallel, a natural extension appeared to be the consideration of
spins confined on a plane, each pointing to one of ¢ equally spaced directions
specified by the angles

0, = 2mn/q, n=0,...,q— 1. (2.12)

In the most general form, the nearest-neighbour interaction J := {J;;};; depends
only on the relative angle beetwen the two spins 0;; := 6,,, — 0,,,, and the Hamil-
tonian of the system on a graph G = Graph(V; ) reads

He =~ J(6;). (2.13)
(i)

This is quite generally known as a system of Z(q) symmetry and it plays an im-
portant role in lattice gauge theories, (see e.g. |44] for an interesting review).

At first, Potts considered an interaction of the type J(f) = —ecosf, but was
unable to extend his results on the critical point of the system for ¢ > 4. He
then focused on another version of the ¢-state model, known as the Ashkin-Teller
model in the case ¢ = 4 [45], in which there are only two different interaction
energies that correspond to nearest-neighbour spins being in the same or differ-
ent states. This is the g-component model, that has attracted the most attention,
and it is the one referred to as the standard Potts model, or simply the Potts model.

Given a graph G = Graph(V; E) the Potts model Hamiltonian can be written as

Helo; 3] == Y Jod(0i,05), (2.14)

ecf

e=(i.j)
where the sum runs over all the adjacent vertices, ¢ is the Kronecker delta and
o = {0;}; denotes the spin configuration of the system. As usual, the interaction
is said ferromagnetic or antiferromagnetic if the coupling J. is either positive
or negative. Finally, the partition function is simply given by the sum over all

mappings o : V — {1,...,q}

Zo(q, J) =D ] ¥l (2.15)

o ecf
e=(i,5)

Let us observe that this model possesses an S, symmetry under the group of
permutations of ¢ elements, in opposition to the Z, symmetry of the Ising model,
which is recovered in the special case ¢ = 2.
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2. The MST in the mean field approximation

2.2.1 The Fortuin-Kasteleyn representation

The fact that the interaction in the Potts model is expressed through a delta
function has strong implications on the combinatorial content of the model. In
particular, one is allowed to perform a redefinition in which the parameter ¢ has
a natural analytic continuation, as we will show now. This redefinition is called
Fortuin-Kasteleyn representation of the Potts model [46].

First of all, let us conveniently introduce the following couplings

ve = e — 1 (2.16)

?

so that the partition function (2.15) reduces to

Zo(g,v) =Y [ (1+veb(oi,0))). (2.17)
o ec&
e=(4,5)

The ferromagnetic region (J. > 0) is mapped to v, > 0, whereas the antiferro-
magnetic one (J, < 0) is sent to the interval —1 < v, < 0. The zero temperature
limit is obtained by letting v, — oo for all e € £ in the former case, and v, — —1
in the latter. In both cases, the high temperature regime corresponds instead to
the specific value v, = 0. Let us note that for v, values smaller than —1 the
system falls into an unphysical region, because the Boltzmann weight is no more
a positive quantity, as we expect for a statistical mechanical model.

Theorem 2.2.1 (Fortuin-Kasteleyn representation). For each positive inte-

ger q, we have that
Za(q,v) = > _ ¢ ] ves (2.18)

se e€€s

where S is the set of all spanning subgraphs of G and k(S) represents the number
of their connected components, including isolated vertices.

Proof. Let us assume for simplicity that v. = v Ve € £. Looking at Eq. (2.15),
each term in the sum is the product of F = |£| factors, one per edge e = (i, j),
that can be either 1 or vd(a;,0;). The 2% possible choices of factors are clearly in
bijection with the power set P (&), and thus, as mentioned at the beginning of Sect.
1.1, with the set of spanning subgraphs of G. This tells us that every spanning
subgraph S takes the weight v™. Furthermore, each connected component is
made of spins of the same color ¢, thanks to the effect of the Kronecker delta, so
summing over allowed spin configurations gives a contribution ¢*®). Putting all
the elements together, the Potts partition function can be written as a sum over
spanning subgraphs S = Graph(V; &) C G with the following form

Zo(gv) = > ¢’ (2.19)

SEY

It is quite simple to verify that the same reasoning can be repeated in the case of
edge-dependent coupling constants v, leading to the desired expression (2.18). [J
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2.2 The Potts model

What we have just proved is that the Fortuin-Kasteleyn representation shows
that the partition function Zg(q,v) of the g-state Potts model on any finite graph
G is in fact a polynomial in ¢ and v. This allows us to interpret these two param-
eters as taking arbitrary real or even complex values.

It should be stressed, however, that the Potts spin model has a probabilistic
interpretation, i.e. it has nonnegative weights, only when ¢ is a positive integer
and v > —1. Likewise, the Fortuin-Kasteleyn representation, which extends the
Potts model to noninteger ¢, has a probabilistic interpretation only when ¢ > 0
and v > 0. In all other cases, the model belongs to the "unphysical" regime with
negative or complex weights, and the ordinary statistical mechanical properties
need not to hold. For instance, the free energy needs not to possess the usual con-
vexity properties, or phase transitions can occur even in one-dimensional systems
with short-range interactions.

Let us observe that the obtained partition function can be rewritten in an useful
way by means of Euler formula (1.4). Denoting by L(S) the cyclomatic number of
the spanning subgraph S, i.e. the number of its independent cycles, we have

ve
Za(g,v)=q" Y "] = (2:20)
Se e€fs q

Note that in the mathematical literature, formulas like (2.18) and (2.20) are usually
written in terms of the Tutte polynomial T'(G;x,y) defined in Eq. (2.9). In
particular, it can be easily shown that the following relation holds

T(Ga,y) = (z— 1)y = 1) VZ((z = 1)y — 1),y = 1) (2.21)

In other words, the Tutte polynomial T'(G;z,y) and the Potts model partition
function Z;(q,v) are essentially equivalent under the change of variables

r=1+q/v, y=1+v (2.22)

g=(x—1)(y—1), v=y—1 (2.23)

The advantage of the Tutte notation is that it allows a slightly smoother treatment
of the ¢ — 0 limit. The disadvantage is that the use of the variables x and y
conceals the fact that their particular combinations ¢ and v play very different
roles: ¢ is a global variable, while v can be given separate values v, on each edge.

2.2.2 The ¢ — 0 limit

Now that we have seen how to define the Potts model partition function Zg(q, v)
for arbitrary (even unphysical) values of ¢ and v, we can investigate the limit where
these two parameters go to zero, keeping w = v/q fixed [47]. As anticipated above,
this regime is particularly relevant for us because it has an intriguing combinatorial
interpretation, i.e. the partition function reduces to the generating function of
spanning forest for the graph G. Moreover, the limit we are about to consider
acquires further importance in light of the recent discoveries [48] that (a) it can
be mapped onto a fermionic theory containing a Gaussian term and a special
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2. The MST in the mean field approximation

four-fermion coupling, and (b) this latter theory is equivalent, to all orders in
perturbation theory in 1/w, to the N-vector model, i.e. O(N)-invariant o-model,
at N = —1 with § = —w, and in particular it is perturbatively asymptotically free
in two dimensions, analogously to two-dimensional o-models and four-dimensional
nonabelian gauge theories.

We now proceed to consider the different ways in which a meaningful limit
q — 0 can be taken for the Fortuin-Kasteleyn representation of the Potts model
partition function. Let us note that in what follows we will assume that the graph
G = Graph(V; €) on which the model is defined is in general not connected, but we
will specify every time what happens in the particular case of a single component
graph.

The first and simplest approach is to take ¢ — 0 at fixed couplings v. From
Eq. (2.18), we see that this selects out the subgraphs S C G having the smallest
possible number of connected components. The minimum achievable value is of
course k(G) (= 1 when the graph is connected), therefore we have

lim g% Zq(q,v) = Ca(v), (2.24)
q—0
where
Ce(v) = E | | Ve (2.25)
seS  e€s
k(s)=k(G)

is the generating function of mazimally connected spanning subgraphs (connected
spanning subgraphs). Observe that all the generating functions we talk about are
just polynomials until G is a finite graph, i.e. with V = |V| < o0.

A different limit can be obtained by taking ¢ — 0 with fixed values of w = v/q.
Looking at the alternative form (2.20) of the partition function it is clear that only
the subgraphs with the smallest possible cyclomatic number survives. The latter
is of course 0, so we get

lim ¢~ Za(q, qw) = Fo(w), (2.26)
q—0
with
Fs(w) = g | | We (2.27)
SeS ec&s
L(S)=0

generating polynomial of spanning forest (spanning trees).

Suppose now that in Cg(v) we replace each edge weight v, by Av., and then we
take the limit A — 0. This chooses, among all the maximally connected spanning
subgraphs, those having the fewest edges, i.e. precisely the maximal spanning
forests (spanning trees in case G is connected), with exactly V — k(G) (V — 1 for
a single component) edges. Hence

lim M*©=VC,(Av) = Tg(v), (2.28)
A—0
where
Te(v)= > J]ve (2.29)
se.s% e€&s
k(s)=k(G)
L(s)=0
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2.2 The Potts model
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Figure 2.2: Schematic picture of the ¢ — 0 limit for the Fortuin-Kasteleyn
representation of the Potts model.

is the generating function of unrooted spanning forests (trees). Note that the same
result can be obtained from (2.27) by replacing w, with A\w, and sending A — oo.
This selects the spanning forests with the greatest number of edges, i.e. once again
the maximal spanning forests

lim ANV E (W) = Tg(w). (2.30)
— 00

Finally, maximal spanning forests (spanning trees) can also be obtained directly
from Zg(q,v) by a one-step process in which the limit ¢ — 0 is taken at fixed
x = v/q“, where 0 < o < 1. Indeed, a simple manipulation of Eq. (2.18) with the
Euler formula yields

ZG(q,an) — an Z qaL(S)-‘r(l—a)k(S) H Te. (231)

se.s e€€s

The quantity aL(S) 4 (1 — «)k(S) is minimized only on maximal spanning forests,
where it takes the value (1 — «)k(G), hence

lim ¢~V = (M9 Z4 (¢, ¢*x) = Te(x). (2.32)
q—0
In summary, the polynomials that we have obtained are all related one another,
as it can be seen pictorially in Fig. 2.2.

We conclude this section by noting that according to the Yang-Lee picture of
phase transitions [49]|, information about their possible loci can be obtained by
investigating the zeros of the partition function for finite subsets of the lattice £
on which the system is defined, when one or more physical parameters (e.g. the
temperature or the magnetic field) are allowed to take complex values. The ac-
cumulation points of these zeros in the thermodynamic limit constitute the phase
boundaries. For the Potts model, therefore, by studying the zeros of Zs(q,v) in
complex (g, v)-space in the infinite-volume limit, we can learn about its phase di-
agram even in the real (q,v)-plane. Since those computations are usually quite
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2. The MST in the mean field approximation

involved, it is very convenient to study first "slices" of the complex space such the
one provided above.

The polynomials that we have introduced are thus of great interest not only
from the combinatorial point of view, but also in the study of the physical prop-
erties of the Potts model itself. Actually, in the specific case of the spanning trees
polynomial (2.29) a number of other interesting physical results exists. For in-
stance, the number of stable configurations that occur with nonzero probability
in the steady state of the abelian sandpile model |50, 51] on a graph G equals the
number of spanning trees on G’, the graph obtained from G by connecting one extra
site. Furthermore, the spanning tree polynomial is closely related with the analy-
sis of electrical circuits, as we will point out in the following section to introduce
the matrix-tree theorem.

2.3 Matrix-tree theorem and Temperley formula

Let G = Graph(V; &) be a connected graph with edge weights w = {w;;}jee,
then its Laplacian matrix, defined in Sect. 1.1, is written as

—w;; if i #£j and (i,j) € €

As we already mentioned, in the case the graph G is undirected Lg is symmetric.
Moreover it has zero determinant by construction, since each row (and column)
elements sum to zero.

If we now consider the graph as an electrical network, the weights w, represent
the conductance, while their inverse 1/w, are the resistance. Supposing we inject
currents J = {J; };ey into the vertices, one can ask what node voltages ¢ = {¢}icy
will be produced. By applying Kirchhoff’s law of current conservation at each
vertex and Ohm’s law on each edge, it is quite easy to see that the node voltages
and current inflows satisfy the linear system

Le(w) - ¢ = J. (2.34)

If we further impose that ) ._,,J; = 0, namely total current conservation, and
fix an arbitrary node iy € V to zero voltage (the "ground", because only voltage
differences are physically observable), the linear system becomes

Le(W)vio * i = o (2.35)

where Lg(W)\;, denotes the matrix obtained from Lg(w) by deleting the ip-th row
and column. A natural question is then to ask under which conditions does this
system have a (unique) solution, i.e. when the determinant of Lg(w) is nonzero.
In 1847 |3] Kirchhoff answered this question with the following striking result.

Theorem 2.3.1 (matrix-tree theorem). The determinant of Lg(w)\; is inde-
pendent of i and equals the spanning trees generating polynomial Tg(w) (see Eq.
(2.29)) for the graph G

det Lg(w)\; = Tg(w). (2.36)
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2.3 Matrix-tree theorem and Temperley formula

Many different proofs of the matrix-tree theorem are now available in the lit-
erature, e.g. a simple one based on Cauchy-Binet theorem of matrix theory can
be found in [52].

The above result is extremely useful for our purposes, because it provides a way
to represent in a very useful form the spanning trees generating function, which
will represent the starting point of our replica calculation for the MST problem.
What remains to be done is to express Eq. (2.36) in a still simpler fashion, namely
eliminating the constraint on the deletion of the i-th row and column. In the mean-
time, as we have promised at the end of Sect. 1.1.1, we will also provide a proof of
Cayley’s formula (see Theorem 1.1.4), which counts the number of spanning trees
in a complete graph Ky.

Let us start by representing the determinant in Eq. (2.36) in terms of a Berezin
integral on the couple of Grassmann variables {1; }icy, {1 }icy that we introduce
on each vertex of the graph G (see Appendix A for an introduction on the Grass-
mann algebra). Using Eq. (2.29) for the generating polynomial of spanning trees
one can write

r= [[we=detLy = /D(w, D) iy V1Y), (2.37)
TeT eeT

where the sum runs over the set of all spanning trees 7 in the graph G, and with
the shorthands D (1/1, w) := [ [, diy;de; for the integration measure and

(@Ea L ¢) = Z Vi Lijih;. (2.38)

for the scalar product in the exponent. As we have already mentioned, the deter-
minant of L is zero by construction, so by developping it along the k-th row we
have

detL = Lu(adjL)x = > Ly / D (¥,9) D e(PLY) = 0 (2.39)
l l

with the matriz adjugate to L (i.e. the transpose of the cofactor), defined by
(adj L)U = (-1)i+j det L\jﬂ', (240)

From Eq. (2.39) it is evident that adj L has to be proportional to the projector on
the eigenstate with zero eigenvalue of the matrix L, i.e. to the operator IT such
that

LII=TIIL=0. (2.41)

This corresponds to IT = J/N, with N = |V| and J;; = 1 Vi,j, as can be
checked easily given the structure of the Laplacian matrix. The proportionality
constant follows again from Eq. (2.39) by decomposing the sum into diagonal and
off-diagonal parts, and then using the matrix-tree theorem on the first term

Z Lkl(adj L)lk = Tka + Z Lkl(adj L)lk (242)
l I#k
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2. The MST in the mean field approximation

What one obtains is therefore
adjL=7J=7N1I (2.43)

or, in other words, a generalization of the matrix-tree theorem, saying that it does
not matter what specific row and column we remove from the Laplacian matrix,
due to the fact that

Introducing now the orthogonal projector II+ = 1 — J/N, thanks to the last
relation one can directly check that

/ D () (5, I10) o P1¥) — g, (2.45)

thus we can write the following chain of equalities
1 o _
= [ P.0) (Bv) el
— 5 [P @d) (1e) 2
e L R

1
= L 1) . 2.4
)\Ndet( + AIT) (2.46)

In the first passage we simply exploited the independence of 7 from the indices i, j,
and we used Eq. (2.45) in the second. The third equality follows instead from the
fact that the determinant of the Laplacian matrix vanishes, as it happens to higher
order in the expansion of A, thanks to the nilpotency of Grassmann variables.

Note that in the last equation the zero eigenvalue of the Laplacian is substituted
by the arbitrary constant A, which is removed by the denominator. By choosing
in particular A = N we finally arrive at the desired result, which is the so called
Temperley’s formula [53|

T = %det (L+J). (2.47)

To directly check the validity of the obtained result let us consider a complete
graph Ky with all weights fixed to one. In this case, the generating polynomial
Te(w) coincides with the number of different spanning trees that can be drawn on
the graph, and with our formula we find

1 1
7(Ky) = ~zdet (L+7J)= ~zdet (NT) = NV—2 (2.48)

which is exactly Cayley’s result (1.7).
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2.4 Random MST via replicas

2.4 Random MST via replicas

In the previous sections we have provided all the building blocks necessary to set
up the final part of our analysis of the random MST problem with i.i.d. edge
weights. In particular, we have seen in Sect. 2.2.2 how to obtain the partition
function for our system, namely the spanning tree generating polynomial (2.29),
as a ¢ — 0 limit of the ¢-state Potts model. Then we have expressed it as the
determinant of the graph Laplacian through the matrix-tree theorem, which al-
lows us to state the problem in terms of a Berezin integral defined on Grassmann
variables.

Now we want to proceed with the established path, i.e. with an attempt in the
calculation of the average optimal cost of the MST with the replica method, as
already performed for other combinatorial optimization problems [25, 26]. Before
we start, however, it is important to mention that at least another promising route
exists that one can consider to obtain our desired result. In fact, one could think
to carry out a replica calculation directly on the ¢-state Potts model, and only in
a second time to consider the limit ¢ — 0 to investigate the case of spanning trees
and forests.

In this case, a good starting point would be to consider the work of Elderfield
and Sherrington [54], even if a crucial difference has to be taken into account. The
two authors applied the replica method to the Potts model by choosing couplings
of the form given in Eq. (1.25), i.e. Gaussian random variables, thus finding that
only the first two moments of their distribution matter when one averages over
the disorder, exactly as it happens in the SK model (see Sect. 1.3.2). Instead,
in our case we have to redefine the couplings according to Eq. (2.16), and so we
expect that all the moments of the distribution will play a role in the calculations,
making them much more involved.

From now on we will restrict ourselves to the case of the complete graph Ky with
N vertices. According to Temperley’s formula (2.46) with the arbitrary constant
fixed to A = 1, the partition function for the weighted spanning trees on the given
graph can be written as

7= [ we= %det(L + %). (2.49)

To select the minimum spanning tree Ty in the low temperature limit § — oo, we
assume that the edge weights are of the form

w, = e PN (2.50)
In this case, the cost of the optimal configuration for our system will properly be
given by
C= _5113;0 log Z(B) = mln le = Zl (2.51)
eET ecTy
Clearly, as we are considering a random optimization problem, [, are positive

random variables generated according to a probability distribution density p(1),
which we take for definiteness as the simple exponential one

p(l) = 6()e . (2.52)
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2. The MST in the mean field approximation

We now introduce the Grassmann variables representation (A.11) for the deter-
minant appearing in Eq. (2.49), and according to the prescription of the replica
method (see Sect. 1.3.2) we take the n-th power of the partition function, obtain-
ing

n 1 n - al 1 .a a a a 1 a,a
a=1 1,j=1

(2.53)

where we have written explicitly the action of the matrices L and J on the anti-
commuting variables 1, 1.

The next step of our recipe consists in performing the average over the disorder,
namely the configurational average Z”. For this purpose, we exploit the identity

/dw,o(w)ew = exp (Z ¢k%) : (2.54)

where ¢y are the cumulants of the distribution p(w). More precisely, being the
form of the weights the one given in Eq. (2.50), we have to perform the following
integral

ape ™ =3 2 [ e = 1 4 LS 2 2.55
pl)e =D 5 [ e ™M =1+ 5 o (2.55)
k=0 k=1 ’

where we have introduced, as in the case of the assignment problem [55], the
moments g /N of the distribution function p. Expanding the last equation in series
of N one recovers Eq. (2.54), so the following relations between the cumulants
and the moments of the distribution hold
2

¢1:g—]\1[, ¢2:g_]\2[_(g_]\17> L (2.56)
Remembering that we are interested in the thermodynamic limit N — oo, it is
evident that at the leading order in N the k-th cumulant and the k-th moment
coincides. Therefore, the averaged partition function w.r.t. the edge weights
distribution is

7= [P d)ex (% S drust

a 1,

k a

k
1 _ _
X o a [Z (f =) (i =o5) | |- (2.57)

Let us remark that thanks to the nilpotency of the Grassmann variables, by ex-
panding the power in the exponent when two indices are equal the product van-
ishes, so one has

1 L& B )
> S ) ()

j=lai,.., ap=1

2 D O D N (R T R

1<i<j<N 1<a; <-<ax<n

(Wi = of) (U =) =

(5 = o) (" = ¢5*)
(2.58)
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2.4 Random MST via replicas

2.4.1 Sites decoupling

Having in mind what we have done in Sect. 1.3.2 for the Sherrington-Kirkpatrick
model, normally the next step in the analysis of the replicated partition function
is to transform the part of the integrand of Z» that involves sums on pairs of sites
into a form involving only sums over single sites. Having done that, the partition
function may be written as an integral where the number of sites N appears just
as a parameter.

Unfortunately, in our case this task is not straightforward due to the particular
structure of the Laplacian matrix, resulting in the complicated form of the expo-
nent in Eq. (2.57). A similar problem has been already treated in the context
of disordered diffusion [56], and faced by the authors with a generalized func-
tional Hubbard-Stratonovich transformation, necessary to introduce the auxiliary
variables one needs to decouple different sites. This technique has been used in
subsequent years in the study of random matrices too, so we refer the reader e.g.
to the work of Fyodorov [57|, in which one can find an example of the procedure
together with a heuristic discussion on its validity. Here we will simply sketch the
reasoning, highlighting only the fundamental steps.

The term we want to decouple is of the form

eﬁ 20 f(lzﬂi,wi,il_ljﬂ/’j) (2_59)

where we have defined the operator

) k
L (Gt by ty) =200+ 3 g o [T 00 =65 (e — o)
a k=1 at,...,ar s=1
(2.60)

Note that for simplicity we have dropped the dependence on the replica indices into
the arguments of the operator .. Suppose now it is possible to diagonalize the
operator, and that the basis over which it is diagonal is spanned by the functions
e (1@, ¢Z~) (again, v; and v; depend on all replica indices), which are orthonormal
with respect to the measure D (w, 1/_1) in the replica space

[P @) s (B e () = b (2.61)
Therefore we have

Z (?/_Jz, Y, &jﬂﬁj) = Z )‘,ue,u (1;@7 wz’) Cu (&jﬂ/}j) (2-62)
w

so the expression (2.59) can be manipulated as follows

2
LS (e e 1 7
o3N Zig Z(Pivibints) — oxpy N Eﬂ A [E €y (wi’wi)]

(2

=/<H j‘%) exp (—%ZWZW_Z (wz-,m-))- (2.63)
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2. The MST in the mean field approximation

By defining the function
= Z Yuv /\,ueu (77;7 ¢) (264)
o
together with the inverse operator

- (@Eiawh&jawj) =F (&hwia&jazﬂj Z e/t wu% €u (¢]7w]) (265)

one can easily prove by exploiting the orthogonality condition (2.61) that the
following equality holds

/D (0, ) D (0, 0) G (0, 9) F (4,0, 7.0) G (0,m) = ) v (2.66)

We have thus obtained the generalized Hubbard-Stratonovich transformation
we were looking for, which reads

ozt ig (i) — / DG o5 S P(w8) PG (D.0) F (440G M)+, G (i)
(2.67)

with DG representing a suitable integration measure. Therefore, we have shown
that proceeding this way one finally arrives to the desired form for the configura-
tional average of the replicated partition function

Zn = / DG e NSlE, (2.68)

where we have defined the action

=1 / D (,0) D (0.7) G (8, 4) F (&, ,7,1) G (7,7) — log 2], (2.69)

with
- / D (¢, %) e(¥¥). (2.70)

From these expressions one can perform a saddle point analysis in the thermody-
namic limit N — oo.

Clearly, here we have performed a series of formal manipulations, and the main
question is whether it is possible to explicitly diagonalize the operator .Z for our
specific problem. The integral representation we have found is rather puzzling at
first sight, still the method is very useful and led to correct results in various cases
[58]. In particular, provided some kind of regularization of the problem is allowed,
the functional Hubbard-Stratonovich transformation is correct and identical to the
set of Hubbard-Stratonovich identities.
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Chapter 3
The Euclidean MST

In the last chapter of this thesis we focus on the so called random Euclidean
MST problem, in which correlations between edge weights are present due to the
fact that the N vertices of the graph are random points scattered in a Euclidean
domain. After an introduction to the subject, we provide for the first time the
solution of the problem defined on a bipartite graph in one dimension. Moreover,
we perform a numerical investigation in one and two dimensions to study the
scaling for large IV of the average cost of the random MST. Both of this elements
show that the random fluctuations in the positions of the points do not influence
the scaling behavior of the average cost in the bipartite setting, which remains
identical to the one of the monopartite case, a fact that represents the main
contribution of our work to the topic.

3.1 Random Euclidean optimization problems

In the previous chapter, in particular in the first and last sections, we focused on
the random minimum spanning tree problem defined on a graph with independent
and identically distributed weights. In practice, we excluded the possibility of the
presence of correlations between different edges, and so we considered what can
be thought of as a mean field approximation for the case we will examine here.
In fact, some optimization problems are actually defined in the geometric space,
think e.g. to the TSP to be solved in a certain geographical area, or to the several
applications of the MST problem cited in Sect. (1.2.2), so let us introduce the
class of so called Fuclidean optimization problems.

This kind of problem is still defined on a graph G = Graph(V; ), but a con-
nected convex domain €2 C R? is also given, together with a random point process
® which provides the embedding of G in the Euclidean space,

®:V — Q such that v; € V= P(v;) =& €L (3.1)

In the remaining part of this thesis, we will consider a weight function w : £ — R
defined as
w(ey) =wl =& - &, peR* (3.2)

so that the weight associated to the edge e;; = (v;,v;) is a positive power of
the Euclidean distance between the points. Note that apart from this, no other
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3. The Euclidean MST

differences emerge with respect to the combinatorial optimization problems on
graphs introduced in the first chapter.

Clearly, the Euclidean origin of the weights in the graph is not relevant for
the solution of a given instance of the problem, and the algorithms available in
the literature work perfectly. However, the study in presence of randomness is
more complicated. In the context of random Euclidean optimization problems,
randomness is typically introduced in the embedding process of the graph in €.
In this case, a probability distribution density is given on €2,

p:Q— R / p(x)d%z = 1. (3.3)
Q

and we suppose in practice that N = |V| points, Z = {&}iz1,.. v € Q, are
independently randomly generated on 2. Therefore, we associate to each vertex
v; € V of the graph a point &; at random.

Doing so, the weights w(e) defined according to Eq. (3.2) are random, but in
general Fuclidean correlations appear, due to the correlations among the distances
of the points, such as the one imposed by the triangle inequality. Considering all
this, the average procedure becomes more subtle than in the purely uncorrelated
case, and great importance is given to the point generation procedure. In this
regard, one usually defines the empirical measure

1 N

par(x) = ~ Z 0D (x — &), (3.4)

which can be proven to converge to p almost surely for N — oo.

Let us now fix some notations and terminology considering the MST problem
defined in a Euclidean domain @ C R? having in mind that everything can be
readily adapted to other combinatorial optimization problems, such as the TSP
or the matching problem.

In the random Euclidean monopartite MST problem (rEm) the problem is de-
fined on the complete graph Ky, with each vertex v; € V associated to a point
& € Q) randomly generated according to a given probability density function p, as
in Eq. (3.3). We are interested in the spanning tree Ty C Ky that minimizes the
functional

CPET =Y wP(e),  T=Graph(Vr &) €T, (3.5)

e€ér
where w® (e) is defined in Eq. (3.2) and
T :={T|T C Ky spanning tree} . (3.6)
In what follows we will denote the MST cost by
(vam) f— (p,Em) T — 3 (vam) T
CYE™ = PP = min CPE[T), (3.7)
while its average will be indicated by

ciEm) = et (3.8)
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3.2 Average optimal cost scaling for the rEm

(a) (b)

Figure 3.1: Random Euclidean monopartite MST (a) with N = 200 and random
Euclidean bipartite (grid-Poisson) MST (b) with N = 100. In both cases the ran-
dom points are generated with uniform distribution on [0, 1]? and open boundary
conditions are assumed.

Clearly the average ® is performed on the positions of the points, and we note
that the previous quantity strongly depends on the considered domain €2, on the
number of points N and on their distribution p.

If the problem is defined on a complete bipartite graph Ky y = Graph(V,U; €)
we call it random Fuclidean bipartite MST problem (rEb), but two different possi-
bilities exist to introduce randomness. Considering the flat distribution p(x) = ‘ﬁ1|,
if both vertices in V and U are associated to points in 2 that are randomly and
independently generated according to p, we will call the problem Poisson-Poisson
Euclidean MST problem (RR-Eb). Whereas if one set of vertices, say U, is mapped
to a fixed hypercube lattice on 2 we will refer to the problem as the grid-Poisson
FEuclidean MST problem (GR-rEb). Naturally, all the above definitions for the
(rEm) continue to hold (with some obvious modifications), but this time two dif-
ferent averages on the positions of the points can be performed, namely

Coi = et (3.9a)

cod =

(3.9b)

U on the grid )

In the first case we average over both the sets of points, in the latter one set is
instead supposed fixed.

3.2 Average optimal cost scaling for the rEm

As we did in Sect. 2.1 for the purely uncorrelated case, we now want to review
the existing literature on the MST problem when defined in a Fuclidean setting.
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3. The Euclidean MST

Before we start to analyze it in detail, let us note that the asymptotic optimal
cost of all the classical combinatorial optimization problems has been studied
extensively in the hypothesis that the points {&;}; are randomly generated on
Q C R? [59]. For instance, using the fact that the Euclidean functionals of the
TSP (1.12) and the matching problem (1.13) are homogeneous and translationally
moariant, i.e.

C[s] 244 wecls], A€ RT, reRY (3.10)

with S proper subgraph depending on the problem considered, Redmond and Yu-
kich [60] proved that on the complete graph Koy, embedded in the unit hypercube
in d dimensions, their optimal cost scales as N'~@ for 0 < p < d in the large N
limit.

An analogous result for the random Euclidean MST functional of Eq. (3.7) was
obtained by Steele in 1988 [61], and it can be formulated in the following form.

Theorem 3.2.1. Consider a complete graph G = Graph(V; E) with vertex set given
by VY ={&,...,En}, where & are independent random variables with distribution
F having compact support in R?, d > 2. If the monotone weighting function
w = w(]e]]), with |le|| denoting the Euclidean length of the edge e € &, satisfies
w(z) ~ P for some 0 < p < d, then with probability 1

N—o0

lim N~ cPP™ = o(p,d) [ f(x)'"4 d%. (3.11)
Rd

Here f denotes the density of the absolutely continuous part of F' and c(p,d) is a
stricly positive constant.

First of all, let us note that this theorem lacks the case d = 1 simply because it is
trivial. In fact, the Euclidean MST for a set of random points scattered on a line
is readily constructed by joining them in order from one end to the other. This
will not be true anymore in the case of a bipartite graph, in which points in the
same class cannot connect, as we will see explicitly in the next section.

Secondly, it is worth observing that the above result is closely related to the
general theory of subadditive Euclidean functionals [62], but there are some cru-
cial differences. One issue is that the cost of a monopartite Euclidean MST is not
an almost surely increasing sequence of random variables, i.e. it is not true that
C(€UA) >C(A) for any &€ € R? and finite subsets A of RY. This forces subtleties
on its analysis, which are not present in the study of the TSP or other monotone
Euclidean functionals.

At the end of its paper, Steele outlined some open problems concerning with
its result, e.g. the possibility to investigate the rate of convergenge for the asymp-
totic behaviour he provided. This task was carried out by Yukich [63], who also
extended the above theorem to the critical range p > d in the sense of complete
convergence. In particular, for all d > 2 and p > 1 he established that for the
average cost of the monopartite Euclidean MST it holds

N — o(p,d)| < N7 (312)

where ¢ is a simple constant.
Another important question stemming from theorem 3.2.1 was whether the

40



3.3 One dimensional rEb: exact solution for p > 0

constants ¢(p, d) could be determined explicitly somehow. Despite the pessimistic
attitude of Steele’s itself about the topic, a step in this direction was performed
some years later [64], exploiting a procedure that remarkably unified the deriva-
tion for the MST asymptotic behaviour for the Euclidean model and the purely
uncorrelated one. Supposing as usual that the set {&;}¥; of i.i.d. points is given
in RY, let us define Gy(z) as the graph composed by all vertices distant at most

z, together with the function
y é
—— 3.13
() ] , (3.13)

where v, denotes the volume of the unit sphere in d dimensions, while Py y(2) is
the probability that a given point belongs to a component of Gy(z) having exactly
k points. In this setting, the values of the constants appearing in (3.11) for p < d
are given by

gr(y) = lim Py

N—o0

P = 1/00 21
) 51y, 3.14
c(p, d) dyg/d;k ey dy (3.14)

Truncation of the sum after a finite number of terms yields a sequence of lower
bounds for the constants, but unfortunately the functions gx(y) are increasingly
harder to obtain analytically as k increases. Nonetheless, from the expression
above one can obtain the following bounds in arbitrary dimension for the case

=1
['(1/d)

dv;/d

21/417(1/d)

dvi/d

<c(l,d) < (3.15)

We conclude this section by noting that, contrary to the monopartite case, no
scaling results exist in the literature concerning the cost of the random Euclidean
bipartite MST. The fact that, from a mathematical point of view, the treatment
of the problem becomes more complicated should not particularly impress the
reader. In fact, although the bipartite case appears as a slight modification of the
monopartite one, the differences can prove to be crucial with respect not only to
the value of the average optimal cost, but also to its scaling behaviour for large N,
especially in low dimensions, where local fluctuations of points of different type
are much more relevant.

Those discrepancies between the monopartite and bipartite case have been
observed in several random Euclidean optimization problems, such as the matching
problem [65, 72, 73] and the TSP [66, 74, 75]. Instead, they do not appear in the
random Euclidean MST problem, as we will see explicitly in the next sections by
analyzing in detail the one and two dimensional cases. We remark that this fact
represents the main result of this thesis, and it will be explained in detail at the
end of the chapter.

3.3 One dimensional rEb: exact solution for p > 0

In this section we want to provide the explicit solution for the random Euclidean
bipartite MST problem in one dimension. As in the general setting illustrated
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3. The Euclidean MST

—x—o—+e ; ® " T X e e x|
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Figure 3.2: (a) Ky y = Graph(R,B;&) with N = 6 embedded in the segment
0, 1], with the vertices chosen uniformly at random. (b)-(c) First and second step
of the construction of the MST for the given graph. The lines corresponding to
the edges of the MST are drawn as semicircles out of the segment for a matter of
visualization.

above, we consider the complete graph Ky y = Graph(R,B;&), N = |R| = |B| €
N, and we assume that the points {r;}; and {b;};, which correspond to the "red"
R and "blue" B vertices respectively, are randomly and independently generated
with uniform distribution in the interval [0, 1] (Fig. 3.2a). Moreover, we consider
a weight function w® : & — R* of the form

w(p)(eij) = |7“i — bj‘p, pE RJF (316)

i.e. a monotonically increasing function of the distance of the points. The quantity
of interest for us is the average cost of the MST, which we have indicated in the
previous section as

C](\?’lrEb) :=min Y w®(e), (3.17)

TeT
e€lr

with T set of all possible spanning trees of the graph G.

First of all we provide an explicit construction method for the one-dimensional
bipartite MST given a specific instance of the 2N points on the segment [0, 1]. This
will allow us to write down a general formula for the total cost of the MST, which
can be computed exactly for all finite V. Let us consider one of the two sets of
points, e.g. the blue one, as the seeds of a Voronoi diagram on the line (see Sect.
1.2.2). In Fig. 3.2a Voronoi cells are represented by the ticks, corresponding to the
mean points between successive blue points. In the first step of the construction
of the MST every red point connects to the (blue) seed of the Voronoi cell which
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3.3 One dimensional rEb: exact solution for p > 0

he belongs to, as shown in Fig. 3.2b. After that, to form the remaining N — 1
links, we have to connect different cells, and to do so we concentrate on the ticks
separating them. 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 (see Fig. 3.2c¢). The resulting subgraph is the MST for the starting 2N
vertices complete graph.

To definitely prove the last statement it is sufficient to consider the functioning
of Kruskal’s algorithm, explained in Sect. 1.2.3. Let us recall that once the edge
weights have been sorted in increasing order, starting from the smallest one the
algorithm checks if its corresponding link does form a loop when inserted in the
developing spanning forest, discarding it if that happens and adding it otherwise.
In our case, when a weight from the list is taken into account two situations can
occur.

1. The corresponding link lies completely in the interior of a Voronoi cell (step
I). In this case it is necessarily the first edge connecting its red end to the
forest, so it will never form any loop.

2. The corresponding link connects two different cells (step II). When this hap-
pens, the link is added to the forest if and only if it is the shortest connecting
the two cells. In fact, any longer edge will necessary form a loop, since all the
red points between the two seeds of the cells have already been connected
to them in the first step.

Let us note that by considering the previous procedure, only if more than one
consecutive Voronoi cells are empty, i.e. free of red points in our case, it happens
for an edge to connect non adjacent cells.

We conclude this proof, together with the section, observing that we never
mentioned in our construction the power p which determines the values of the
edge weights. This is due to fact that until the weighting function is a monotone
increasing function of the distance of the points, the cluster structure formed by the
Voronoi cells and the relative distance ordering among the points are unchanged.
This means that given a specific instance of the 2N random points on [0, 1], the
MST will be always the same for all p > 0.

3.3.1 The Grid-Poisson case

To evaluate explicitly the average cost of the rEb we first focus on its grid-Poisson
version, where one set of points (e.g. the blue one) is supposed fixed on a grid.
We are thus interested in the cost functional

cPGR) . ~(PED) , 3.18
N1 N B on the grid ( )
SO we set 97 1
7 — .
[T — =1,...,N. 3.19
T TN 0 I T (319

In what follows, we will always consider separately the contributions to the cost
given by the two different steps of the MST construction given above. So let us
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3. The Euclidean MST

start with the first one, taking into account the weights of intra-cells links (Fig.
3.2a).

If the red points are uniformly and independently distributed on [0, 1] all cells
are equivalent, so without loss of generality we can concentrate on one of them, say
the first [0, 1/N]. The probability distribution density for the random variable R
representing a red point’s position ending up in this interval is simply pr(r) = N,
so the expected value of the p-th power of its distance from the blue seed at the
center of the cell can be written as

1

1|7 ¥ 1
L / AL P
2N 0 2N 27(p + 1)NP
This quantity times the number of red points gives the total contribution of the
first step to the average cost of our MST. Observe that for p = 1 the above result

turns into 1/4N, which can be derived immediately from simmetry considerations
too.

p
dr (3.20)

IEHR_

Considering now also the second step of the construction, we can write explicitly
the total cost of the MST in the grid-Poisson case

CPGR) _ 1 n Nzl ; 2 I ’ (3.21)
1= on the gri

Note that in the second term the sum runs over the mean points i/N (ticks in
Fig. 3.2¢) between successive blue points, and for every link the contribution can
be splitted in two parts: a constant 1/2N corresponding to the distance between
the blue seed and the tick, plus the distance between the tick and its closest red
point.

To compute the average over R, i.e. over red points’ positions, we first need
the distribution function of the random variable

MY = min [r; =yl (3.22)

where y € (0,1) is considered fixed. For this purpose, we start from the all order
statistics probability distribution of N random samples choosen uniformly in [0, 1]
(see Appendix B). Thus, supposing the red points are labeled in such a way that
r; < r; if ¢ < j, their joint distribution can be written as

N-1
PRy Ry (T15 - 7)) = N1O(ry) H O(riyr —1i)0(1 —1rN). (3.23)
i=1
The probability distribution for the distance between the N ordered red points
and y, let us call it f, follows then by simply imposing N constraints with a delta
function on the previous distribution

N
f(dW,....dv) = /pR(l) ,,,,, Ry (115 rn) [T [d9) = (i — )] dry . dry =
=1
N-1
= N16(dY +y) || 0(d, —d¥)6(1 - d¥) —y) (3.24)
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3.3 One dimensional rEb: exact solution for p > 0

To compute the pdf for the random variable M®) we start from its cumulative
distribution function

Pr{ min ‘diy) <m|=1-Pr Hd%’)‘zm,...,’dg’]’g‘zm}:
=1, N| "I
1—y N
v i=1
= —/ flly, .. ln)dl .. dly (3.25)
[—y,—m|U[m,1—y]

where we have used the fact that dﬁl{) € [-y,1 —y|] Vi. By observing the
interval of integration we note that the result will be different from 0 only if
m € [0,max{y,1 — y}]. To simplify the notation from now on we will denote

f[_y iUl = J. Taking the derivative of the above cumulative we obtain

o —-m
pM(y)(m) = —% |:/ dll/dlg . lef(ll, .. ,ZN)
-y

1—y
+/ dh/dlg...lef(ll,...,lN)

m

= /dlgle [f(—m,lg,...,l]v) +f(m, lz,...,lN)]

0
—/dlla—m/dlg...lef(ll,...,lN)—...

N
:Z/dll...%...le[f(ll,...,—m,...,lN)+f(l1,...,m,...,lN)]
- (3.26)

with —m and m both as the ¢-th argument in the last line. We can now substitute
Eq. (3.24) in the previous expression, considering y € [0,1/2] and y € [1/2, 1] sep-
arately. Nonetheless, the calculations are exactly the same, so we write explicitly
only the first case.

Looking at the form of the pdf in Eq. (3.24) it is clear that one has to pay
attention when substituting m and —m if the index of the last sum is ¢ = 1 or
1 = N. For this reason we will consider separately these two situations, excluded
from the general case which starts below. Proceeding with the substitution, the
terms of the sum in Eq. (3.26) become

N—-1
MY /dll Al 00+ y) (0= — 1 )0(Tsen + m)
1=2

+0m —1)0(liy —m)]...0(1 — Iy — y) (3.27)
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3. The Euclidean MST

with the two terms in the square brakets giving the same contribution when one
considers the intervals of integration (remember the shorthand), which imply

lioy < —m, liy1 > —m
li—l <m, li+1 >m.

Moreover, from the inequality [;_; < m the integral is nonzero only if m < y, so
we write

N-1 —-m 1—-y
2N!9(y—m)2/ dli_l/ dliﬂ/dll...m...dl]\,
i=2 Y Y m

. 9([1 —+ y) Ce Q(Zifl — ll',g)e(li+2 — li+1) .. 6(1 — lN — y) =...

N-1 nom li—1
=2N10(y —m) ) / dl;_, / dl;_s
i=2 v Y -y

lo 1—y 1—y 11—y
. / dl, / dlis / dliso - / dly (3.28)
-y m liv1 IN—1

In the particular case ¢ = 1 we have instead

:N!/l_ydb/dlg...le[Q(y—m)—|—1]9(l3—lg)--~9(1—lN—y):...

1—y 1—y 1-y
= NI / dls / dlz- - - / din[0(y — m) + 1] (3.29)
m lo IN-1

Here it is evident that an additional term emerges for y < m < 1 — y, given by
the +1 in the braket. The same calculation can be carried out for ¢ = N, where
no new terms appear with respect to the general case. In the end, putting all
together, we have

li—1 l2
-y

N —m
i ) =200~ ) 3 [ty [t [T
i=1v Y

-y
1—y 1—-y 1—-y
e [ [y
m litv1 IN—1

1—y 1—y 1-y
+N!/ dl2/ dzg---/ diy0(m — y) (3.30)

m l2 IN—1

The integrals are easy to evaluate and the expression one obtains is

i) = 28100y =) 3 = S =)
+ N1 —y—m)N0(m —1)0(1 —y —m) (3.31)

46



3.3 One dimensional rEb: exact solution for p > 0

Finally, the finite sum can be computed explicitly using the binomial theorem, so
the probability distribution for the minimum distance between the N red points
and a fixed one y € [0,1/2] is given by

2N(1—2m)""1  O0<m<y

1 _

(M) =S N(L—y—m¥ y<m<l-y  ye(0.d) (332
0 m>1—y

The result for the specular case y € [1/2,1], due to trivial symmetry considera-
tions, can be obtained directly by substituting y — 1 — y in the above expression,
so we obtain

2N(1—=2m) 1 0<m<1—y
2 _
PO M) =S Ny—m)V"! 1—y<m<y  ye(i) (3.33)

0 m >y

At this point we are ready to perform the average over the red points’ positions
of Eq. (3.21), namely the average over the disorder of our system. For simplicity,
let us first consider the case p = 1, in which the average cost for the MST can be
rewritten as

1 N-1 &« (%)
cery 1 N=1 o~ (3.34)
A 4 2N ZZI B on the grid
For y € [0,1/2] we have to perform the following integrals
—2N/m Nldm+N/ m(l —y —m)" tdm
1—-2 N+1 1
_ (=2 + (3.35)

2(N + 1)

which can be readily asapted as before to the case y € [1/2,1]. The obtained
results can be putted together, so substituting y = i/N in the end we find

el .\ N+1
acr)y 1 (@N+1)(N-1) 1 2
=  — .
Cvi i 2N(N +1) +N+1;; N (3:36)

We stress that this result is exact for all number of points IV, because no assump-
tions have been performed during its derivation. Only now, not being able to
provide a closed form for the sum appearing above, it is worth performing a large
N expansion of the formula, in order to obtain a result comparable with numerical
simulations that we will report in Sect. 3.4. By approximating its argument as
an exponential, the partial sum turns into a geometric one, which can be easily
evaluated

.\ N+1 . _N+L
—1 (1 — &) ~ —1 e_wivﬂ)" = 1 1-e ~ . (3.37)

N+1 ¢ N+1 2v% _1
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Therefore, the expression of the average cost for N > 1 is given by

5 5—3e? 1 15’ +2 1 1
C(l’GR) _9 (6 _+€‘ e’ + ol —
4 2e*—-1)N (e2—1)2 N2 N2

(3.38)

When p > 0 the procedure is similar and the computation gets just a little
more involved. This time the formula for the average cost reads

1 N-1 ( ) 1\?
CcPGR) _ E MF) L = 3.39
s 2¢(p + 1) Np—1 N — Y TaoN I (3:39)
= on the gri

and for y € [0,1/2] the argument of the sum corresponds to,
Y 1-y
L+ = 2N/ (m+c)P(1—2m)N—1dm+N/ (mA4c)P(1—y—m)N~tdm (3.40)
0 Y

where we have defined ¢ := 1/2N. The two terms can be computed in the same
way by iteratively integrating by parts, so let us focus only on the first one (note
that p € R so one can only take the derivative of the term independent of p to
get rid of it after N — 1 steps).

I = pZTNl [(y+ )Pt (1 —29)N ! — ]
AN(N —1) [¥ b (] g N2
+—p—|—1 /O(m—i—c) (1—=2m)" =dm = ...
= Nlp! Z e [(y + C)p+j(1 _ Qy)N—j _ Cp+j] (3.41)

We notice that the above result does not hold for y = 1/2, because an indetermi-
nate form 0° emerges when j = N. By evaluating singularly this particular case,
all the terms containing 1 — 2y vanish and we arrive to

=12 N 9J » oN 1 N+p
LY = Nipl |- , , cpﬂ+—(—+c) . (342
! Z (N =) (p+3) (N +p)!\2 (342)

Jj=1

Note that this problem does not arise in I, which is identically zero when y = 1/2.
Putting together the results of the two integrals we obtain

4 N . . s
NP S G (27— Dy + (1 = 25V
= et (1 -yt c)N+p} ye(0,1) (343)
N 27 i oN 1 N+p _ 1
V=S e+ e G0 w=

48



3.3 One dimensional rEb: exact solution for p > 0

which is valid in the case y € [1/2, 1] too if one substitutes y — 1 — y as usual.
In conclusion, rearranging the various terms the average optimal cost of the
grid-Poisson one-dimensional MST for p > 0 and for all N is

1 (N = 1)NIpl & 1
(r,GR) _
C > %

Y 2+ N @Ny S NI(N =) (p +5)!

%= W J_ i r AR
FaN ) [Z (N—2j)!(;+j)! (W%) (1_%)

oN 1 1\
N+p)! (5 * W) (3.44)
Note that the last line survives only when N is even due to the last factor, in fact
this contribution arises from the case y = ¢/N = 1/2, appearing in the MST only
if one has an even number of Voronoi cells.

3.3.2 The Poisson-Poisson case

Making use of the calculations performed in the previous section we now concen-
trate on the Poisson-Poisson MST problem, where both red R = {r;}; and blue
B = {b;}; points are chosen uniformly at random in [0, 1]. In this case, a general-
ization of Eq. (3.21) provides the cost functional for our problem in the following
form

N P
,RR .
cert =" (j:r{l,.‘f}NV’z’ - bj|>

i=1

biy1 + b
2

’I"j—

N-1
DT 2
where now the average have to be carried out w.r.t. to the positions of both point
sets. Again, this formula follows straightforwardly from the construction of the
MST illustrated in Sect. 3.3. The first term is the contribution of the links that
lie completely in the interior of a Voronoi cell. In fact by choosing the blue points
as the seeds of the Voronoi diagram, every red point connects to its closest blue
neighbour. Instead, the second term takes into account links between different
cells and is composed by two pieces:

bis1 — b \"
4+ ) : (3.45)

1. the distance between the boundary of the cell (indicated with a tick in Fig.
3.2), i.e. the mean point of two consecutive blue seeds, and its closest red
point

biy1 + b;

2

min
j=1,...N

(3.46)

Tj—
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3. The Euclidean MST

2. the distance between the boundary of the cell and the blue seed, e.g. the
left one

bit1+b; - bit1 — b;

2 2

Although the method adopted is the same, the calculations are quite long when

p > 0, thus we just sketch the derivation of the average cost in the simple case

p = 1, providing the result for the general situation at the end. Let us consider

the first term of Eq. (3.45). Being the minimum taken on the positions of the

blue points, we can consider the random variables r; € [0,1], i = 1,..., N, fixed,

and therefore the average over the set 3 is given by Eq. (3.35) of the grid-Poisson
case, with y = r;,

(3.47)

Cr=2r)M 1
Rifixed  2(N +1)
At this point, to average over the set R we need the i-th marginal distribution
for the N points order statistics. In fact, we are supposing that the points are

ordered, i.e. 7, < 1; <= i < j, so the probability of finding r; in the interval
dr = (r,r +dr) is given by Eq. (B.12)

M (r:)

(3.48)

Prr, e dr] = = 1)']\8\[ — i)!ri_l(l — )Ny, (3.49)
and the quantity we have to compute is
: 1 ' N+1
M) = TR (1 +/0 1—2r|" " Prlr; € dr]) (3.50)

To evaluate the integral, we note that it is very convenient to carry out first the
sum appearing in Eq. (3.45) by exploiting Newton’s formula. Doing so we obtain

N_ N 1
M) — 7 1+/ dr1—2rN“)
S A = sy (1 [ a2

__N N 3.51
TN+ 2N+ D(N+2) (3:51)

The computation of the second line of Eq. (3.45) proceeds in a similar way,
this time with the average over the red points performed first. For this reason, we
start again from the result in Eq. (3.35), now with y = (b; 11 + b;)/2

n biy1 —bi |1 — (bip1 + bi)’NH +1 b1 — b
B fixed 2 2(N +1) 2

(3.52)

For the second fraction, the average over blue points is easily performed with the
i-th and (74 1)-th order statistic distributions, exactly as we did above for the red
points, by again evaluating the sum appearing in Eq. (3.45) as the first step

N—-1

biv1—bi  N-—-1
; 2 2(N+1) (3:53)
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3.3 One dimensional rEb: exact solution for p > 0

For the first franction we need instead the joint probability of finding b; in dx =
(x,z +dzx) and b;1; in dy = (y,y + dy), which is given by Eq. (B.13)

NI
G-I (N—i-D"

Pr[b; € dz, b4y € dy] = 1—y)N T 0(y—x)dady (3.54)

We are thus left to evaluate the following expression

NﬁlT‘”’i) 1 N—-1 1 N1
- N=b (1 + N/1 =+ " O+2—y)VN 20y - x)) (3.55)
2(N +1) 0

Splitting the integral in two parts because of the absolute value, one finds that
the two contributions are the same, as can be verified by substituting + — 1 — z,
y — 1 —y, and then by renaming x <> y. Therefore, considering for a moment
only the term containing the integral, the result can be obtained with a series of
integrations by parts

1:1:
N—Jrl/ dx/ y(l =z =y (1o -y

N_
~ 22N + 1)(N n 2)(N 1)

(3.56)

By putting together the results in Eqgs. (3.51) and (3.55)-(3.56) we find that
the exact value of the average cost for the Poisson-Poisson MST in one dimension
forp=1is
4 2 1

CULRR)
N+l Nt2 2@NTO)

N1

(3.57)

3
2
which in the large N limit can be written as

3 7 1 1
curm) _3 T 1 1y 3.58
N1 5 AN snz o\ (3.58)

As we have promised, we now provide the result for the general case p > 0 too.
Firstly, let us note again that the calculation one has to perform is identical to
the one described above. The only difference consists in the fact that the starting
point is given by the average over one set of points provided by Eq. (3.43), with
y=mr,c=0and y = (bis1 — b;)/2, ¢ = (biy1 — b;)/2 for the computation of
the first and second term of Eq. (3.45) respectively. In particular, the results one
obtain for them are the following

i N!p!' N
2°(N +p+1)!

=1

(2P + N —1) (3.59)
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> ( (=) %)p — 2NIpI N(N — 1) {;(w‘ —1)(N - 2)!
= 1 (2N —j — 1)! (N —j+k)
£ (N —j+ k) (N—k—1) [ 2N +p)! 2P+j+1(N+p+k:+1)!1
(N=2)! (1-2VN+27) 1
2N+pHl ; (N = )N +p+5)!
1 1 2N-1(N — 2)!
+(N —1)(N+p+1)! (1 N 2N+p+1) o (2N + p)! } (3.60)

The final result, reached after some manipulations of the expressions above, is
given by

CORR) _ 9N (N — 1)1 p! {(N— DN +p+1)+27IN  4VN(N — 1)!1
N,1 )

22(N +p+1)! (2N +p)!

N

2(N1)2pl & OIN —j—1
a2 ()

(ND)2pl (N — 1) & 1
N op—1 Z(N—j)!(N +p+7)!

(3.61)

Jj=0

3.4 Numerical investigation in one and two dimen-
sions

The aim of the present section is to provide a collection of numerical results con-
cerning the average cost and the cost variance for the Euclidean MST in one and
two dimensions. The reasons for this are twofold. First of all we want to check the
correctness of the formulas derived in the last two sections for the average cost of
the one dimensional bipartite MST problem. Secondly, in light of the considera-
tions we made at the end of Sect. 3.2, we want to analyze the scaling behavior of
the average cost of our problem for large N, in order to see how the monopartite
result of Theorem 3.2.1 is modified when two different sets of points are present,
namely in the bipartite case.

In the plots below the specific problem considered is indicated in the title. We
denote by K the complete monopartite case, and by Ky x the bipartite one, with
the labels GR and RR for its grid-Poisson and Poisson-Poisson versions respec-
tively. Let us note that the positions of the points on the grid are given in one
dimension by Eq. (3.19), and more generally are such that all points are equidis-
tant from each other and from the boundary of the Euclidean domain.

Each of the subsequent plots has been obtained using Mathematica and adopt-
ing the following procedure. For a given instance of our problem, one (K or GR)
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3.4 Numerical investigation in one and two dimensions

or two (RR) set of points are uniformly generated on the unit interval (d = 1)
or square (d = 2). The list of their p-th power Euclidean distances, i.e. of the
edge weights, together with a complete (bipartite) graph structure, is passed to
Kruskal’s algorithm to find the MST of the graph, and consequently its cost Cy.
This steps are iterated n times to compute the mean Cy and the rescaled variance
of the cost (shown in the inset of each plot), which we denote by

ON ‘= — 3 (362)

together with their standard errors. Note that the number n, that we specify
under each plot, is chosen every time in such a way to reach a good compromise
between the precision of the numerical results and the running time necessary to
obtain them.

We then perform a fit on the numerical data of the average cost to obtain
its scaling behavior for large N: the result is both plotted as a blue line and
written below each plot. Moreover, in the one dimensional case, specifically in the
bipartite setting, we plot as a red line the numerical values computed with our
exact solution given in the previous section. Finally, let us note that error bars are
always present, but very often they end up being smaller than the marker sizes.
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3.4 Numerical investigation in one and two dimensions

3.4.1 Comparison with the matching problem and the TSP

The last two sections provided us some analytical and numerical results on which
some interesting considerations can be formulated. The final part of this thesis is
thus devoted to the analysis of these results, concerning the average cost scaling
and the rescaled variance of the cost for the random MST problem in one and two
dimensions.

Looking to the plots of the previous section, the thing that stands out from our
numerical study is the fact that the average cost of our problem scales for large N
in the same way both in the monopartite and bipartite case. This is corroborated
for p = d = 1 also by our exact solution of the Euclidean MST given in Eqs. (3.38)
and (3.58). In practice, the asymptotic behavior provided by Theorem 3.2.1, i.e.

C](\?’:lEm) ~ N7 as N — oo (3.63)
is correct in one and two dimensions also when one considers the MST problem
defined on the complete bipartite graph Ky y. As we have already mentioned in
Sect. 3.2, this property of the Euclidean MST is quite unexpected considering
that in the TSP and in the matching problem the opposite holds. In fact, in the
case of the Euclidean assignment (rEa) the scaling of the average optimal cost is
known in every dimensions and for every p > 1 [65]

N'=3 d=1
COF ~ ¢ N'"5(log N)E  d =2 (3.64)
N'-a d> 2.

Remembering that on the complete monopartite graph K the scaling of the match-
ing problem is N'~4 for all d, it is clear that an anomalous behavior appears in
low dimensions on Ky n. The same happens for the Euclidean TSP, whose average
optimal cost in one dimension is twice that of the assignment [66], and thus its
scaling is again anomalous w.r.t. the monopartite case.

In general, the fact that in one and two dimensions the scaling does not change
for the Euclidean bipartite MST means that the random fluctuations of the posi-
tions of the points are irrelevant. This can be understood considering the first part
of the construction of the MST as explained in Sect. 3.3 for the one-dimensional
case, but valid in general in higher dimensions too. The crucial element is that
when two different sets of points are present, a Voronoi diagram arises from one
of them, and each point of the other set connects with its closer seed. This allows
the presence of vertices in the final subgraph with degree greater than two, differ-
ently to what happens in the matching and the TSP, where such configurations
are forbidden. Thus, from the perspective of disordered systems, we can say in
a sense that the Euclidean bipartite MST is less frustrated than its two classical
counterparts, and this reflects on the asymptotic behavior of the average cost for
large sizes of the system.

Let us observe that the above discussion is confirmed also by the analysis of the
rescaled variance of the cost, depicted in the inset of each of the previous plots. In
fact, recalling the definition given in Eq. (1.23), in all the cases examined the cost
of the MST proves to be a self-averaging quantity, as one expects when fluctua-
tions do not matter in the thermodynamic limit. Again, this represents a crucial
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difference w.r.t. the TSP and the matching problem. In fact, in both these cases
it has been shown that the average optimal cost is not self-average in d = 1 for
the bipartite setting [66, 67|, while it is self-average in all dimensions when the
problem is defined on Ky [59].

We conclude by saying that if an anomalous behavior in the asymptotic scaling
is present, as in the cases of the TSP and the matching problem, it emerges in
low dimensions due to the major Euclidean constraints imposed by the structure
of the space. For this reason, even if we have not carried out a direct analysis, we
expect that what we have found for the Euclidean MST in one and two dimensions
continues to hold even in d > 3, making our arguments valid for all dimensions.
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Chapter 4

Conclusions and perspectives

In this thesis we have analyzed the random MST problem both in the purely
random case, namely when the edge weights are independent and identically dis-
tributed random variables, and in the Euclidean setting, where correlations are
present. For both these situations, by considering the results obtained and the
approaches used, we can make some interesting final considerations.

In the first case, we have shown in Sect. 2.4 that it is possible to set up a replica
calculation for the MST problem on the complete graph, remarkably deriving the
partition function for our system as a particular limit of the Potts model. This is
certainly an important starting point for an innovative kind of analysis of the ran-
dom MST problem, considering the effectiveness displayed by the replica method
in the study of the matching problem, not only in the purely random case but also
in the correlated one. As we have seen, a problem emerges when one performs the
configurational average over the disorder, because an immediate decoupling of dif-
ferent sites of the graph appears impossible. However, we illustrated an interesting
general technique consisting in a functional Hubbard-Stratonovich transformation
that potentially could solve our problem. This method has proven very useful in
the study of random matrices in the case of bosonic variables, so it would be very
interesting to investigate further whether the same can hold when the problem is
formulated with Grassmann variables, as it happens for the random MST.

Regarding the random Euclidean MST problem, one fundamental result of this
thesis is surely the explicit solution of the one dimensional bipartite case for p > 0
obtained in Sect. 3.3. Unfortunately, in the case p # 1 we have not been able
to provide a closed formula for the average cost, nor to write down an asymp-
totic expansion for large NV for the finite sums which appear in it. This remains
an open problem, especially considering the fact that numerical simulations show
that for p = 1 all the sums diverge, and so they have to cancel each other in the
thermodynamic limit. It is possible that a completely novel approach is necessary
in order to obtain closed formulas for general values of p > 0.

The second fundamental result of our work for the random Euclidean MST has
been obtained both with our explicit solution and with a numerical investigation
performed in one and two dimensions in Sect. 3.4. This can be formulated simply
by saying that random fluctuations do not play any role in the scaling behavior of
the average cost in the bipartite setting, being it equal to the one of the monopar-
tite problem. It would be extremely interesting to consider in more detail this
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fact, for example by computing explicitly the second moment of the cost in the
one dimensional case, or by studying directly the two dimensional problem. In
particular for the latter case, we expect that something interesting can be obtained
for the average properties of the MST by exploiting its relation with the elements
of computational geometry introduced in Sect. 1.2.2, namely the Voronoi diagram
and the Delaunay triangulation.
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Appendix A

Grassmann-Berezin calculus

An N-dimensional Grassmann algebra on R or C is the algebra generated by a set
of variables {1;} | satisfying the anticommutation relation

{ti,;} =0 Vi, j. (A.1)

which implies in particular, ¥ = 0 Vi. The most general function that one can
write in this algebra has the form

FOO) = FO+D " Fo+ > b+ > b+
7 1<j i<j<k

=2 %Zfil """ N iy -y, (A-2)

0<k<N =~ {i}

the coefficients being antisymmetric tensors with & indices, each ranging from 1 to
N. Since there are (],:,[ ) such linearly independent tensors, summing over k£ from 0
to N yields a 2V-dimensional algebra. The above expansion can be written also
in an alternative form, which highlights the relation with Fermi statistics

f(quj): Z fa1,a2 ----- an (ll1 (212"' ?VN' (A3)
;=0,1

The integers a; = 0,1 can be tought of as occupation numbers of states described
by ;. Note that in this setting one refers to the nilpotency property ? = 0 Vi
as the Pauli exclusion principle.

Thanks to the anticommuting rule we can define an associative product

Fa)g@) =fDg® +3 " (fO4 + fg) i+
+ % Z (F79O+ g7 — fig + fO97) by + ... (A4)
ij

but in general fg # +¢gf. Nevertheless, the subalgebra containing terms with an
even number of i variables commutes with any element f.

In the Grassmann algebra we can define a left and a right derivative 9/9v).
When applied to a monomial containing the variable 1);, this is moved to the left
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A. Grassmann-Berezin calculus

with the appropriate sign due to the exchanges, and then suppressed. In the case
where 1); is not present, the result is simply zero. The described operation can be
extended by linearity to any element of the Grassmann algebra. From the given
definition, one can prove the following rules

o 0 0
{3%" 0Y; } ! {3%, (0F } N (A.5)

The so called Berezin integral is defined as a linear operation exactly in the same
way as the (left) derivative, so we have

/ d@bf(@b):% / ded@blf(w):a%a% W) ... (A6

In general, given a permutation 7w € Sy, it holds

/dl/Jw(N)dww(N_l)-~~d¢w(1>f(1/}) = €(W>/d¢Nd¢N—1"'d¢1f(¢)7 (A.7)

where €(m) denotes the signature of the permutation.
The integral operation as we have defined it satisfies the constraint of transla-
tional invariance, which requires

/dm ~0 /dw _1 (A.8)

If a non-singular linear tranformation of the form y; = Zjvzl A1, is applied,
due to the anticommuting structure of the Grassmann algebra one obtains the
following relation

/ bntbny - 1 f (1) = detA / dvdyws - duF(),  (A9)

having set f(v) = F(x). Let us note that in normal integration such a change of
coordinates produces on the right hand side the factor |detA| ™"

Let us now consider a 22"-dimensional Grassmann algebra comprising two in-
dependent sets of generators {1;}, and {¢;}X |, with 1; that can be regarded
as the complex conjugate of ;. Together with Eqs. (A.1), (A.5) for both the
variable sets, the following relations hold

_ o - 0
(i} =0 {3_1/%’%} =0 {a—w,w]} =0. (A.10)

With the ingredients introduced we can prove the fundamental result
N
/ Dy (¥, ) exp (Z wiAij¢j> — detA, (A.11)
ij=1

where we have defined the shorthand Dy (w, @Z_)) = sz\; dep;de);. First, we perform
the change of variables x; = Zjvzl A;j1;, obtaining

/DN (1, 0) exp (Z QZiAiﬂ/Jj) = detA/DN (x,©) exp (Z &th) , (A12)

1,7=1
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then we observe that due to nilpotency of the Grassmann variables

exp (Vixi) = 1+ ¥ixs, (A.13)
so that

N

/DN (x. 1) exp (i &zXz) = /DN (x, ¥) H (1+ixi) - (A.14)

=1

Properties (A.8) guarantees that the integral is non zero only if the integrand
contains every variable appearing in the integration measure. Therefore, in the
product expansion, only the term ;1 - - - xxn contributes to the result. More-
over, the variables order in the integration fixes the factor of this term to +1,
proving (A.11).

The above result can be extended to expectation values of monomials. If we de-
note by A(I|.J) the submatrix obtained from A deleting the rows I = (i1, 1o, ..., ix)
and columns J = (j1, 7, ..., jx) the following general formula can be proven

N
/DN (0, 0) iy g, -+ - i, g exp (Z @/_’z‘Aij%‘) = €(I]J) detA(I]J). (A.15)
i,7=1

Indeed, the presence of ¢ (respectively 1) annihilates the contribution of terms
of the form ; Aixthr (VrAkj1;), and e(I]J) = %1 accounts for the number of
interchanges needed to order the variables before the integration.
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Appendix B

Order statistics

Let X1,..., Xy be a sample of i.i.d. random variables generated according to a
probability distribution density p and with cumulative distribution function given

by
B(t) = Pr(X, < t) = / p(B)6(t — ), (B.1)

where 6(z) is the Heaviside step function. If one considers the ordered sample
Xy < Xy <+ < X the element Xy, is called k-th order statistic.

The joint distribution of all order statistics can be easily derived from the joint
distribution of the random variables in exam. Denoting the interval (z,z + dx)
simply by dz, the probability for our random sample to be X; € dxy,..., Xy €
dxy, thanks to independence of the X;’s, is given by

N
Pr(X; € dzy,..., Xy € day) :Hp(xi)dxi. (B.2)
i=1

Now since the order does not matter, we have N! possible permutations of the
random variables X;, so the joint distribution for all order statistics reads

N
Pr(Xq) € day,..., X € day) = N! HP(%) dz;. (B.3)
i=1
Two special cases of the order statistics are the minimum and the maximum of
a given random sample

= X(1) = min X; X = X(y) = max X; B.4
=X = Inin () = max (B.4)

where [N] = {1,..., N}. Considering e.g. the random variable z, its distribution
can be computed by asking which is the probability for an element Xj of the
random sample to be smaller than all the others

pot)dt =Pr(z € dt) =Pr(ANk: X, € dt, X; >t Vi # k). (B.5)

Due to the fact that the smallest element can be chosen indifferently among N,
and exploiting independency of the random variables we have
pe(t)dt = NPr(X, € dt, X; >t Vi# k) = NPr(X; € dt) [[ Pr(X; > 1.
i#1
(B.6)
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Proceeding in a similar way for the random variable X in the end we obtain

po(t)dt = N[1 — &))" p(t)dt (B.7a)

px (t)dt = N[®(8)]N " p(t) dt. (B.7b)

With the same considerations used above, we can compute the probability
distribution of the k-th order statistic too. The only difference lies in the fact that
we have to choose arbitrarily k — 1 samples out of NV — 1 that are smaller of X,.
Denoting by Sy the set of permutation of N elements we have

PX gy (t) dt = Pr (X(k) € dt)

Pr(do € Sy : 0(1) € dt, Xo-(2) <t,... ,Xg(k) <t, Xo-(k-Jrl) >t,.. )

(
:N(]Ij )Pl" Xléth2<t kat,Xk+1Zt,...,XN2t)
:N( )Pr (X, € dt) [HPrX <t] LH P(ijt)]
j=k+1
=N () 2 - et (B.5)

An identical procedure allows us to derive also the joint distribution for the two
order statistics X(,), X(; with p < ¢. In this case, for ¢ < s the result is

PX (X (o) (t,s)dtds = Pr (X(p)) edt, X € ds)

N! | o
= DI g [B(1)]P~[D(s) — B(t)]
1= ®(s)]N (1) p(s) dds. (B.9)

Let us specialize the obtained results in the case of a random sample gener-
ated with uniform distribution on the interval [0, 1]. The probability distribution
density p and the cumulative distribution function ® are given by

p(t) =0()0(1 — 1), O(t) =t0(t)0(1 —t). (B.10)

Substituting into the Eqgs. (B.7b), (B.8) and (B.9) we obtain
p=(t) = N(1 =)V 19()0(1 — 1) (B.11)
@ =N ()= 0 owe - (B.12)

N!

R T [ R T ey LA

0()0(s — £)0(1 — 5). (B.13)
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