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ABSTRACT

ON ASYMPTOTICS OF TWO NON-UNIFORM
RECURSIVE TREE MODELS

In this thesis the properties of two kinds of non-uniform random recursive trees
are studied. In the first model weights are assigned to each node, thus altering the
attachment probabilities. We will call these trees weighted recursive trees. In the
second model a different distribution rather than the uniform one is chosen on the
symmetric group, namely a riffle shuffle distribution. These trees will be called biased
recursive trees. For both of these models the number of branches, the number of leaves,
the depth of nodes and some other properties are studied. The focus is on asymptotic
results and the comparison with uniform random recursive trees. It will be shown
that the studied properties of weighted recursive trees are close to uniform recursive
trees in many cases when the number of nodes increases. In contrast biased recursive
trees show a different behaviour but approach uniform recursive trees depending on

the parameters of the riffle shuffle distribution.



OZET

IKI FARKLI DUZGUN DAGILIMA SAHIP OLMAYAN
YINELI AGAC MODELI UZERINE

Bu tezde iki gesit diizgiin dagilima sahip olmayan yineli aga¢ modelinin 6zellikleri
incelenmektedir. Ik modelde her kigseye agirlik vermek suretiyle baglanma olasiklik-
lar1 degiskenlik gostermektedir. Ikinci modelde ise altta yatan diizgiin permiitasyon
dagilimi 6zel bir kart karma modeli ile degistirilerek yine diizgiin dagilmayan bir agag
tipi olusturulmaktadir. Her iki modelde de dallarin sayisi, yapraklarin sayisi, kogelerin
derinligi gibi pek ¢ok 6zellik incelenecektir. Odak noktamiz asimptotik sorular ve olugan
agaclarin diizgiin yineli agaglar ile kiyaslanmasi tizerinedir. Koselerin sayisit arttikca
agirlikli yineli agaglarin 6zelliklerinin diizgiin dagilmig agaclara benzedigi gosterilecek-
tir. Benzer gekilde, ikinci modelimizde de altta yatan parametrelere bagh olarak ortaya

¢gikan dagihim diizgiin dagilima yakin olabilmektedir.
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1. INTRODUCTION

Recursive trees are rooted labeled trees where the nodes on a path from the
root to any other node form an increasing sequence. Because of this property, many
recursive trees can be considered to grow dynamically, by attaching every new node
to one of the already present nodes. Several distributions can be applied on the set
of recursive trees of size n, the most common one being the uniform distribution, i.e.
every recursive tree being equally likely. Given this distribution the number of leaves,
internodal distances, the number of branches, the height of the tree and various other

statistics are well studied.

In this thesis we will study two non-uniform distributions on recursive trees. Our
main motivation is to get a better understanding of general random recursive tree
models. More precisely the goal is to grasp the behaviour of inhomogeneous recursive
trees, which are recursive trees that can be constructed by attaching at every step the
new node n to one node of a recursive tree of size n—1 according to some distribution on
[n — 1] and independently of the structure of the tree. Our first model is a special kind
of inhomogeneous tree, namely the distribution obtained when each node is assigned
a fixed weight. The second model is not an inhomogeneous tree itself but provides an
approximation for inhomogeneous trees as it asymptotically approaches the uniform

model.

Recursive trees are interesting from a theoretical as well as a practical point of
view. First of all recursive trees are connected to a wide range of other mathematical
structures like permutations, branching processes and records. Because this diversity
is well reflected in the history of the study uniform recursive trees, we will now give
a short summary of that development. After that we will give some examples of
applications of uniform recursive trees that illustrate well how profitable knowledge
of more general recursive tree models is from a practical perspective. For the results
that were established until the early 90’s the reader is referred to the comprehensive

survey [1]. Unless otherwise mentioned, the results discussed below in this section can



be found in the cited source.

Properties that were considered early on are internodal distances. In particular
the expectation and variance of the distance between two nodes and as a special case
of the depth of node n were solved in the seventies. Moon found a recursion for the
distribution of the distance between two fixed nodes by using the fact that uniform
recursive trees have a relatively simple growing rule [2|. This recursion can then be
used to derive the expectation without solving the recursion for the exact distribution.
In 1996 Dobrow gave the exact distribution of the distance between a fixed node and n
and proves asymptotic normality for the distance between certain sequences of nodes
and node n [3]. Asymptotic normality of the distance between a fixed node and n was
shown by Su, Liu and Feng in 2006 by using the decomposition of the distance into a
sum of random variables and applying the Lindeberg-Feller central limit theorem [4].
They moreover proved a more general result, namely that the distance between any

sequence of nodes and node n is asymptotically normal.

As a special case of an internodal distance, the exact distribution of the depth of
node n was established by making use of a proper recursion by Szymarnski in 1990 [1].
Finally, asymptotic normality of the depth of node n was proven by two different
methods. Devroye used the theory of records [5] and Mahmoud calculated the limit
of the moment generating function of the depth using its exact distribution which was
already known [1|. The expectation and limiting distribution of the depth of node n
was proved by Feng, Su and Hu by yet another method in 2005 [6]. They were able
to write the depth as a sum of independent indicator random variables, which easily

yields expectation, variance and a central limit theorem.

Another statistic that was studied early on is the number of nodes of a certain
degree and as a special case the number of leaves. The earliest result in this direction
is about the expected number of nodes of a certain degree, which was proved using
a recursion by Na and Rapoport [7]. Gastwirth could establish upper bounds by
first writing the random variables as a sum of Bernoulli random variables and then

using Poisson approximations [8]. For the exact distribution, expectation, variance



and asymptotic distribution of the number of leaves, again several methods can be
used. First of all a special case of Friedman’s urn [9] can be used to derive the exact
distribution [1|. Friedman’s urn contains balls of two colours and grows according to
a replacement rule. When applied on the leaves of uniform recursive trees, the white
balls represent the internal nodes and the black balls the leaves. When a black ball is
drawn, this means that the parent of the next node was a leaf and has now become
an internal node. The new node definitely is a leaf. We thus put the black ball back,
together with an additional white ball. Similarly, if a white ball is drawn, we put it
back together with a black ball, since the internal node is still internal and the new
node is a leaf. Based on the urn model and recursions derived from it, a differential
equation for the moment generating function can be established, which can be solved
and turns out to be the generating function of the Eulerian numbers [1]. Similarly
Mahmoud and Smythe derived the expectation, variance and asymptotic normality of
the number of nodes of degree 1 and 2 by a generalization of the above described urn

model [10].

By the use of a recursion Najock and Heyde also derived the distribution of the
number of leaves and via some well-known results on permutations they could further
prove asymptotic normality of the number of leaves [11]. The emergence of the use
of results on permutation statistics in leaf related problems is no coincidence, as it
was later discovered that there is a bijection between uniform random permutations
and uniform recursive trees, see for example [12]. Using this bijection, size-biased cou-
pling and Stein’s method, results on the convergence rate could recently be established
by Zhang [13|. Altok and Iglak refined these results and studied other leaf-related

properties [12] .

Moving on to another statistic, the number of nodes with a fixed number of de-
scendants was studied by Devroye in 90’s [14]. He used a connection between recursive
trees and binary search trees, which were well studied then. He also uses the idea of lo-
cal counters which allows many local properties to be studied by writing them as sums
of Bernoulli random variables and using central limit theorems for locally dependent

random variables.



The properties that were historically investigated next were two global proper-
ties, and thus combinatorial methods turned out not to suffice [1]. For these properties
different probabilistic methods were developed. Concerning the expectation of the
maximum degree, Szymanski proved an upper bound using the averages of the number
of nodes of a certain degree developed earlier [1]. Actually the maximum degree turned
out to converge almost surely to that bound, which was proved by Devroye and Lu in
1995 [15]. Later results on the distribution of the maximum degree were obtained by
Goh and Schmutz [16] and Addario-Berry and Eslava [17]. Moreover Eslava investi-
gated the height of nodes of high degree [18]. The last two papers use a connection
between uniform recursive trees and Kingman’s coalescence, which is a new approach
yet to uniform recursive trees. Kingman’s coalescence is a Markov process that starts
with all singletons of [n]. At every step subsets or blocks can merge to form new blocks,

and all blocks merge with any other at the same rate, until all elements are in the same

block [19].

The other global property about which results could only be obtained in the 90’s
is the height of the tree, i.e. the longest path from the root to a leaf. In 1994 Pittel
obtained almost sure convergence of the height of uniform recursive trees by using
another way of constructing a uniform recursive tree: from a branching structure with
population-dependent rate we can obtain a uniform recursive tree by attaching the
i-th node to the parent of the i-th born child in the branching process [20]. By using
results about the connection between the time the n-th descendant is born and the
birth time of the first member of the k-th generation, almost sure convergence could be
obtained. Devroye proved this result without using branching processes, this time by
making use of a second moment method argument [21]. Moreover convergence results

for the minimum depth of the second half of the nodes are given in that paper.

Finally another important statistic of uniform recursive trees are their branches.
By using the fact that subtrees of uniform recursive trees have, conditioned on their
size, the same structure as the tree itself, results on the number of leaves and the size
of the subtrees were derived in the 90’s by Mahmoud and Smythe [22|. In that paper

a generalized urn model, similar to the one described above, and known asymptotic



results about urn statistics are used. The branching structure was further investigated
in 2005 by Feng, Su and Hu, mainly by using recursive formulas for branches of a
given size [6]. The number of branches is shown to be asymptotically normal while the
number of branches of a fixed size converges to a Poisson random variable. Furthermore,

results on the size of the largest branch were proven in the same reference.

It is clear that the literature of uniform recursive trees encompasses a wide col-
lection of methods. Recursions play an important role in various proofs, which is not
surprising given that the considered structure is recursive. But the ways used to solve
these recursions, or to use these recursions without solving them explicitly, differ con-
siderably, as was described above. Moreover recursive trees can be constructed by at
least 4 different processes: by dynamically building the tree step by step, by construct-
ing it from a permutation, by building a genealogy tree for a branching process or
by using Kingsman’s coalescence. This makes uniform recursive trees very interesting
from a mathematical point of view, since on the one hand methods from different areas
can be applied in the investigation of uniform recursive trees and on the other hand
connections between different mathematical structures can be discovered through the
study of uniform recursive trees. Also the bijection between uniform recursive trees
and permutations immediately suggests some applications. We will now describe some

of them and demonstrate the importance of more general recursive tree models.

Regarding applications, first, recursive trees can be used as a model for the spread
of epidemics [6]. In that case the root stands for the first person infected, and in general
node 7 stand for the i-th person infected. Now the second person will definitely be
infected by the first one, the third person can in turn be infected by the first or the
second one and so on. In a uniform recursive tree, every node is attached to any of the
previous nodes with the same probability, so in the model any of the previously infected
persons is equally likely to infect the next one. In [2] a different way of modelling the
spread of an infection is suggested: Given a uniform recursive tree an infection starts
from a node ¢ and spreads to any node attached to ¢ with probability p. A uniform
recursive tree can thus either model the infected people or the structure the infection

spreads on.



Similarly uniform recursive trees are useful in order to determine the genealogy of
ancient and medieval texts. As described in [11], often the original sources of old texts
are lost. By modeling the existent copies as nodes of a uniform recursive tree whose

root is the original text, it is possible to reconstruct the genealogy of these texts.

Also, recursive trees are used as models for the pyramid scheme [8]. The pyramid
scheme is a business model that is based on offering people a sales job where they have
to pay an initial fee to participate and most of their revenue will come from recruiting
new people. By letting the i-th node in a recursive tree denote the i-th person that
participates, the pyramid scheme can be modeled by a uniform recursive tree, which
gives estimations on the number of persons that will not even recruit enough new sellers
to make up for their initial investment. More generally, a uniform recursive tree can
represent a distribution network where the root is the producer, the internal nodes are

suppliers and the leaves are retailers, i.e. sell the product to the consumer.

Uniform recursive trees are moreover used to model the spread of a fire in a
tree [23]. This is done by first determining each edge to be either fire-proof or to be
set on fire. When an edge is set on fire it burns all edges connected to it, but cannot
pass any edges previously determined as fire-proof. By removing all nodes that are
connected to burnt edges, only some connected components of the tree remain. In [23]

these components and the number of remaining nodes are then investigated.

Having at hand different distributions than the uniform one entails much more
flexibility when modeling real life problems. For many applications described above
recursive trees seem to be a proper structure to represent the phenomenon in question.
Whether the uniform distribution is the most appropriate one is more questionable.
Using uniform recursive trees implies that all nodes are identical, or more specifically
that every infected person is equally likely to infect the next one, that every book is
equally likely to be copied or that every person is equally likely to recruit the next
seller. This is obviously not the case in real world applications. Thus for recursive
trees to be successfully used it is necessary to investigate the properties of non-uniform

distributions on recursive trees.



Parallel to the development of the theory of uniform recursive trees some other
recursive tree structures were already studied. One of the most common ones are
probably binary recursive trees, which are described in [24] and can also be represented
bijectively by permutations. The binary recursive tree is also very well studied, see for
example [25]. Binary trees can moreover be generalized in a straightforward way to

m-ary trees by specifying that every node can have at most m children [26].

Another possibility is to consider plane-oriented recursive trees, i.e. recursive
trees where the children of each node are ordered. By choosing each such tree with
equal probability and subsequently ignoring different orderings of children, this leads
to a non-uniform distribution on increasing trees [1]. In this model the attachment
probabilities depend on the out-degrees of the nodes [26]. Plane-oriented recursive
trees were first introduced in [27] where results on node degrees were derived and

compared to analogous results for the uniform model.

Yet another distribution on recursive trees recently introduced are scaled attach-
ment random recursive trees. There the parent of each node i is chosen as |iX;]|, where
all X; are identically distributed on [0, 1). By choosing the uniform distribution for the
X,’s uniform recursive trees can be recovered. This model was introduced in [21]| and

subsequently some depth properties were studied.

Another natural generalization of uniform recursive trees, Hoppe trees, was re-
cently considered in [28|. There, the root is assigned a weight 6, all other nodes get
weight 1. Node ¢ then attaches to the root with probability

f_ and to any other

04+i—-2

1
0+i—2"

node with probability This model is associated to Hoppe’s urn, which has an
application in modelling the alleles of a gene with mutation rate § > 0. Concerning
many properties like the number of leaves, the height and the depth of node n, Hoppe

trees behave similarly to uniform recursive trees.

The first model we have chosen to study in this thesis generalizes the idea of

Hoppe trees: we assign every node a weight w;. Node j then attaches tonode 1 <i < j

Wi

P For this model we first give a coupling construction from

with probability



a uniform recursive tree on n nodes. We then study the number of branches and the
depth of node n and give their expectation and variance, as well as some conditions
under which asymptotic normality holds. We moreover derive explicit values for the

expectation and the variance for some examples of weight sequences.

For the number of leaves we had to restrict ourselves to a model where the first
k nodes have weight 6 and the rest weight 1. For this case we first use a martingale
argument to get expressions for the expectation and the variance. We then introduce
another coupling between uniform recursive trees and weighted recursive trees like the
one just described with the additional restriction that § € N. Moreover we introduce a
coupling between Hoppe trees and weighted recursive trees where the first £ nodes have
weight w; € RT and the rest have weight 1. This coupling easily allows inferences about
the number of leaves of these trees, based on known results about uniform recursive

trees and Hoppe trees.

In our model we choose fixed weights for each node, so every step is independent
of the structure of the already present tree. This property is crucial in many arguments
we use, such as couplings and martingales, as well as in applications of various central
limit theorems. It is also worth noting that by defining the tree model via attachment
probabilities, implies that we directly use some of the approaches on uniform recursive

trees described above, but cannot use others.

Introducing weights is also interesting from the point of view of applications since
it allows to introduce diversity among the nodes. In the other non-uniform distributions
discussed above, all nodes have the same behaviour, or in other words attract nodes
according to the same rule. When a recursive process does not satisfy such conditions,
weighted recursive trees can be used to model it more precisely. Moreover the properties
of weighted recursive trees and how much they differ from the uniform model can be
interpreted as an indicator for the stability of a process. It is reasonable to assume that
it is in general more probable for some nodes to get children as others. For example
some persons might be more likely to infect others, some copies of ancient texts are more

probable to have been copied again and some people might be more likely to recruit



new people. Thus it is interesting to see how much fluctuation in the attachment
probabilities of a phenomenon can be tolerated when modelling with uniform recursive
trees. If weighted recursive trees have the same asymptotic behaviour as uniform
recursive trees under some conditions, we can still model processes that satisfy these

conditions by the uniform model.

The second model we consider, introduced in [12], is based on a completely differ-
ent approach based on the bijection between the symmetric group and recursive trees.
Instead of the uniform distribution we choose a biased riffle shuffle distribution on the
symmetric group and then consider the trees obtained from these permutations. We
use the aforementioned connections between properties of permutations and recursive
trees in order to derive results on the number of branches, the number of nodes with

at least k£ descendants and the depth of node n.

Among the non-uniform distributions on the symmetric group the biased riffle
shuffle distribution was chosen for several reasons. First of all the possibility to con-
struct inverse riffle shuffles from random variables makes the model tractable. Moreover
riffle shuffle permutations are themselves theoretically and practically important [12].
Finally biased riffle shuffle distributions vary a lot depending on the chosen parameters.
Accordingly, the properties of the corresponding trees can differ more or less from the
uniform case. For example the number of leaves and the number of branches can be
limited if appropriate parameters are chosen. This allows us to model more diverse
recursive phenomena with more precision. The two models we have chosen hence have
the advantage of reflecting the diversity of approaches there are to uniform recursive

trees and also being interesting for applications.

The rest of the thesis is organized as follows: Chapter 2 is devoted to providing
the necessary background on graph theory and probability theory techniques that are
to be used below. In particular, we begin with a review of some basic definitions and
results from graph theory, especially about trees, and then introduce the tree statistics
that are to be investigated later on. Also, we include some facts about permutations,

and some relevant theorems and methods from probability theory that we will use
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subsequently.

In Chapter 3 we then introduce different representations of uniform recursive
trees and discuss the current literature on them. This will allow us to evaluate the
distance between statistics of our models and the ones from the uniform case. Here,

some non-uniform recursive tree models from the literature are also discussed.

Next we begin the actual topic of this thesis: In Chapter 4 we introduce the
weighted recursive tree model and give results about its number of branches, the depth
of node n and its number of leaves. Furthermore, we introduce two couplings of uniform

recursive trees and weighted recursive trees.

We introduce the second model we will consider in Chapter 5. Since it is based on
a different distribution on the symmetric group we first define riffle shuffle permutations
and based on them biased recursive trees. Subsequently we review known results
about their number of leaves and then give our results about the number of branches,
the number of nodes with at least k descendants and the depth of node n. In the
conclusion we will give an overview of the problems we could not solve and some

further generalizations we think might be interesting.
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2. PRELIMINARIES

2.1. Graph Theory
2.1.1. First Definitions and Properties

A graph G consists of a set of vertices, also called nodes or points, V', denoted
by V(G) and a set of edges, also called lines, F, denoted by E(G), such that each
element of E is an unordered pair of elements of V. The size of GG, denoted by |G|
is the number of vertices of G. We will denote the number of edges of G by e(G). A
graph of size n can have between 0 and (Z) edges. A graph of size n with (Z) edges
is called a complete n-graph, and is denoted by K,. A graph of size n without edges
is called an empty n-graph and denoted by FE,. The graph K; = E) is called trivial.
Below, we will only focus on a special type of graphs, trees, which will always be of

finite size.

A graph is called labeled, if all its vertices have a name. If a graph is labeled,
not only the structure of the graph matters, but also between which nodes these edges
exist. Thus, for each graph with vertex set V' and edge set E, there are |V| labelings.
The number of labeled graphs of size n is 2(3), since each edge can either be present

or absent in the graph [29]. From now on we will consider all graphs to be labeled.

If two vertices v and w are joined by an edge e = {v,w}, they are said to be
adjacent or neighbouring, and v, w are called endpoints of e. An edge will sometimes
be denoted vw for convenience. Edges are said to be adjacent if they have a common
vertex. A graph without loops, i.e. no edges of the form {v,v}, and no multiple edges

is called simple. We will only deal with simple graphs in this thesis.

The set of vertices adjacent to a vertex v is denoted by A(v) and the degree
of a vertex is denoted by d(v) := |A(v)|. Here, |-| is used for the cardinality of the

underlying set. A vertex of degree 0 is called an isolated vertex. Since every edge
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has two endpoints, the well-known hand shaking lemma says that > | d(v;) = 2¢(G),
where V(G) = {v1,..., 0.}

A path P is a sequence of vertices (vq,vs,...,v;) with the property that
{v1vg, vou3, ..., v;_1v;} € E. We sometimes also write vjvs...v; to mean the path
through v; to v;. vy and v; are called endpoints of P and P is said to join v; and v;.
The length of P is denoted by ¢ := e(P). A path is called simple if no vertex occurs
more than once. A graph is connected if between any two vertices in V' there exists a

path joining them, which, in particular, implies that there is no isolated vertex.

If the edges are ordered pairs of vertices, GG is said to be a directed graph, and
a given edge e is written as (v, w) or vw. In the directed case, the edges vw and wv
are not the same, and the edge vw can only be used to go from v to w in a path. In a
directed graph the edge vw is said to start at vertex v and end at vertex w. A directed
graph G = (V, E) is called an oriented graph if EN E~' = &; i.e. between any two
vertices, there can only be an edge in one direction. For a detailed account of graph

theory, we refer to the texts [29-32].

2.1.2. Basics about Trees

Given a graph G = (V, E), a cycle is a path vjvs ... vy, with v; € V for i =
1,...,1l; i.e. a cycle is a path with only one endpoint. A graph without any cycles is
called a forest, and a connected graph without any cycles is called a tree, and is usually
denoted by 7. In a tree all nodes of degree 1 are called leaves. Every tree with at least
one edge has at least two leaves [33]. This can be seen by considering the longest path
in 7 with distinct nodes, and concluding by contradiction that its endpoints must be

leaves. The following proposition summarizes some equivalent formulations of a tree

structure.
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Proposition 2.1 ( [32,33]). The following are equivalent:

(i) T is a tree.
(ii) Any two vertices in T are connected by a single path in T .
(153) T is minimally connected, i.e. T is connected but T \ e is disconnected for every
e€ E(T).
(i) T is mazximally acyclic, i.e. T contains no cycle but T Uvw does, for any two
non-adjacent vertices v,w € T .
(v) T is connected and has n — 1 edges.
(vi) T has no cycles and n — 1 edges.

Cayley’s theorem states that there are n"~2 undirected labeled trees on n vertices
[29]. A rooted tree is a labeled tree where one node is specified as the root. Cayley’s
theorem, in particular, implies that there are n™~! rooted labeled trees on n vertices. In

arooted plane or planted tree the children of each node have a left-to-right ordering [29].

An oriented tree where all edges are directed outwards from the root is called
branching tree [29]. In a branching tree, leaves are defined slightly differently, since
the root should not be considered a leaf, even if it has degree 1. Thus, for a directed
graph, we define the outdegree, dy(v) := |{e € E(T) : e = (v,w),w € V(T)}|, i.e. the
number of edges starting in v. In a branching tree, a leaf is a vertex with outdegree
0. Since the trees we will consider are all branching trees, we will from now one use
the word leaf in this sense. Similarly to the outdegree, the indegree d_(v) is defined
as the number of edges ending in v, i.e. d_(v) :=|{e € E(T):e = (w,v),w € V(T)}|.
Hence, in a branching tree, the root has indegree 0 and all other nodes have indegree
1. By definition of the degree of a vertex, it is in general true in an oriented graph that

d(v) = ds(v) + d_(v).

In a branching tree, if vw € E(T), w is called a child of v and v is called parent
of w. Similarly, if there is a y € V(7)) such that vy and yw are in E(T), w is called

grandchild of v and v is called grandparent of w. Every node can only have one parent
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and one grandparent, since otherwise we would get a cycle. On the other hand, a
node can have several children and all the nodes that have the same parent are called
siblings. There is a single path from the root r to each vertex v and all nodes in this
path are called ancestors of v. Similarly if v lies on the path from r to another node

w, w is called a descendant of v [29].

There are many subcategories of trees. Some of these subcategories can be ob-
tained by restricting the number of children a node can have, the most common one
being the restriction to two children. Unfortunately there are different definitions for
binary trees. In [29] a binary tree is defined as a rooted plane tree in which every node
can have at most 2 children. However, a binary tree is also sometimes defined as a
rooted tree where each node can have at most 2 children [32,33]. We will use the term
binary tree is this latter sense, i.e. we will the not consider the children to be ordered.
In general, for m € N, an m-ary tree is a rooted labeled tree where every node has at

most m children 26, 33].

The trees we will consider are another subcategory of trees, called increasing
trees. These are rooted trees such that on every path from the root to a node the
labels of the nodes are increasing [33]. It is also possible to consider the intersection of

these two subcategories, i.e. increasing binary trees or increasing m-ary trees.

2.1.3. Statistics of Interest

In this subsection, we define certain tree statistics that are studied under vari-
ous branching structures. Most of these will be directly or indirectly handled in the
following chapters for the non-uniform recursive tree models we discuss. Let T be a

tree.

Recall that a vertex is called a leaf if it has no children. The number of leaves
of a branching tree is denoted by L. For |[E(T)|> 1,1 < L7 < n — 1, which can be
seen by construction or by considering that for a tree »_, .\, g d—(v) =n — 1, because

the total number of edges is n — 1. Similarly, we can also consider the number of nodes
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with at least degree k, i.e. the number of nodes v € T, with d(v) > k.

The number of branches B of a rooted tree is the number of children of the root.
Clearly, we have 1 < By < n — 1. Since every branch is again a branching structure,
with the child of the root as the new root, all statistics defined for trees can also be
considered on branches. In particular, we will be interested in the size of the branches,
i.e. in the number of nodes that are descendants of a given child of the root. Let w be
a child of the root and b, the branch rooted at w. If we define Anc(v) as the set of

ancestors of node v, then |b,|= |{v € V : w € Anc(v)}|.

The depth D, of node v in a branching tree is the length of the path from the root
to v or equivalently the number of ancestors of v. For v # r, we have 1 < D(v) < n—1.
Similarly, the distance from one node to another, denoted by D,,,, is the length of the
path from v to w. For general graphs the distance between two nodes is the length of
the shortest path from v to w but since in a tree there is only one path between any

two nodes, this amounts to the same.

The height Hy of a rooted tree is the length of the longest path from the root
to a leaf. As for the other statistics 1 < Hs < n — 1, again with the same examples.
When comparing the height of two trees, 7 and 7', we say that 7T is taller than T’
and T is flater or shorter than T, when Hyr < Hy.

2.2. Permutations

There are several ways to define permutations, we will only give two here, see [34].
While permutations can be defined for any finite set, by giving each element of the set
a label from 1 to n we can consider that all permutations are defined on [n]. First of all
a permutation of size n is an linear ordering of the set [n], say mi7o . .. 7,, where every
integer from 1 to n only appears once. In other words, a permutation is a word with
letters from [n], such that each letter appears exactly once. Equivalently a permutation

can be considered as a bijective map 7 : [n] — [n], by defining 7 (i) = ;.
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Corresponding to these two ways of defining permutations there are two different
notations for permutations. Corresponding to the view of a permutation as a bijection,

a permutation 7w can be represented as

1 2 3 n—1 n
(1) n(2) 73) ... w(n—1) x(n).

We call this the Cauchy representation. Corresponding to the view of a permu-
tation as a list of the numbers from 1 to n, a permutation also has a word or one-line

representation,

(1) w(2) n3) ... w(n—-1) x(n).

Since the word notation is more compact and thus easier to include in the text we will

prefer it most of the time.

The set of all permutations of size n is called symmetric group of size n and is
denoted by S,,. The number of permutations of [n] is n!, since (1) can be chosen among
n elements, 7(2) among n — 1 elements, and so on. A wuniform random permutation, or

URP of [n] is a permutation chosen uniformly among all permutations of [n].

There are several properties of permutations that will be important later, when
we use them as representations for trees. For a permutation 7 of [n], an inversion is
a pair (¢,7) € [n] x [n], such that ¢ < j and (i) > w(j). For 1 <i < n —1, the
permutation 7 has a descent in ¢ if 7(i) > 7(i+1) and an ascent in 7 if w(i) < w(i+1).
For example the permutation m = 41562837 has 3 descents: in 1, 4 and 6, and 4 ascents
in 2,3,5 and 7.

Another concept we will often use are records and anti-records. A record is an

element that is greater than all previous ones and an anti-record an element that is
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smaller than all previous ones. More precisely: a permutation 7 has a record in i if
(i) > {m(1),...,7(i — 1)} and an anti-record in i if w(i) < {m(1),...,7(i — 1)} [34].

Every permutation has a record and an anti-record in 7(1).

Records and anti-records are equally distributed in uniform random permutations
as we can see by the following bijection: Consider the map f : S,, — S, defined by
f:m—=p=n—mie foralli=1,...,n, we have p(i) = n — 7(¢). This map is
bijective and if 7 has an anti-record in ¢, then p has a record in ¢ by construction. Thus

the distributions of the number of anti-records and records in URPs are equal.

Nevzorov summarizes many results about records of sequences of random vari-
ables in [35]. The theory of records is very rich and connected to several mathematical
structures and also has many applications. The results in [35] also apply for the records
in a uniform random permutation by the following standard construction of a uniform
recursive permutation from random variables, as described for instance in [12]. Let
Y1,...,Y, be independent uniformly distributed random variables over (0,1). Then
the rank R; of Y; is equal to j if Y} is the j-th-largest among Y7, ...,Y,,. The sequence
(Ry,...,R,) is distributed as a uniform random permutation of [n], see [5]. In our case
we will often only consider permutations where 7(1) = 1 and thus use permutations of
{2,3,...,n}. This means that we mostly use Y5,...,Y, to construct the permutation

we need.

By considering a permutation as a bijection it can also be represented by its
cycle structure. Since we only consider permutations of finite sets, for every i € [n],
there will be a unique ¢ € [n], such that 7‘(i) = i. We can thus define a cycle of
length ¢ of a permutation as a sequence (7,7 (i), 72(3),...,7"1(i)), where 7¢(i) = i.
For k =0,1,2,..., the cycles (7*(i)7**1(i) ... 78*t¢=1(4)) are all representations of the
same cycle. Since every element of [n] can only be in one cycle, the different cycles of a
permutation are distinct and thus partition [n]. Hence we can write every permutation
as a product of at most n distinct cycles, C,...,C,,, i.e. 1 =C1Cs...C,,. The cycles
have different representations because they can start with any member. Moreover

the cycles can also be ordered in several ways. Thus the cycle representation of a
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permutation is not unique.

To guarantee uniqueness it is common to start every cycle with its smallest el-
ement and order the cycles according to this first element from largest to smallest.
In this way, even if we remove the parenthesis, we know that a new cycle starts ev-
ery time there is an anti-record in the permutation. Thus in this standard notation,
every permutation has a unique cycle representation. For example, given the permu-
tation 439782516, we determine the first cycle by considering 7(1) = 4, then n(4) =7,
7(7) =5, m(5) = 8, m(8) = 1, which gives the cycle (14758) in standard notation. Then
we take the smallest element not in the first cycle, which is in this case 2, and proceed
similarly, and so on. Finally we get m = (2396)(14758). The advantage of this notation
is that one can recover the cycles even if the parenthesis are removed: every time an

anti-record, i.e. a new smallest element appears, a new cycle starts.
2.3. Probability Theory

We start with a brief explanation of the method of indicators as it will be used
several times throughout the thesis. The basic idea is to write a discrete random
variable X as a sum of Bernoulli random variables. Often X is the number of something,

as in the following example.

Example 2.2 ( [36]). At a party n men throw their hat in the air, and then every man
chooses one of the hats randomly. Let X be the random variable denoting the number
of men who choose their own hat. In order to calculate E[X| we define the Bernoulli

random variables X; := 1(i-th man finds his own hat). Then we have

n

le = > EIX] :Z%:l. (2.1)

=1

E[X]=E

When we use this method we will often consider the distribution of the limit of
such sums of indicators. The asymptotic results we will prove are results of convergence

in distribution.
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Definition 2.3 ( [37]). Let (X,)nen be a sequence of random variables with cumula-
tive distribution function F,(z). Let X be another random variable with cumulative

distribution function F'(x). If for all = at which F is continuous

lim F,(z) = F(x) (2.2)

n—oo

the sequence (X,,) is said to converge in distribution to X and we write X, 4 X.

When comparing random variables we will use three different probability metrics.
Let 1 and v be two probability measures. Then each of the metrics we will consider
have the form

dy(p, v) = sup (2.3)

heH

/ h(x)dp(x) — / h(z)dv ()

where H is some family of functions. By extension this also gives a distance function
for random variables: if X and Y are random variables with respective laws y and v,
then dy(X,Y) = dy(p,v). Depending on the set H, this form gives rise to different

metrics.

Definition 2.4. (i) The Kolmogorov metric is obtained by setting H = {1(z < a) :
a € R}, and is denoted by dk-.

(ii) We get the Wasserstein metric if weset H = {h: R — R : |h(z)—h(y)|< |z—y|},
and we denote it by dy. This is the main metric used for approximations by
continuous distributions.

(iii) The total variation metric is obtained by choosing H = {1(z € A) : A € B(R)}
and is denoted by dry. This metric is commonly used for approximations by

discrete distributions.

These metrics have some important properties, which can be found in [38].

Proposition 2.5 ( [38]). (i) For any two random variables X and Y,

Ak (X,Y) < dgv (X, Y). (2.4)
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(i1) If the density function of a random variable X is bounded by a constant C', and

Y s any random variable,

die(X,Y) < /2Cdy (X, Y). (2.5)

(111) If the random variables X and Y take values in a discrete space A,

drv(X,Y) = %Zu@(x —a) —P(Y =a)|. (2.6)

acA

(iv) The Kolmogorov metric gives the maximum distance between distribution func-
tions. Thus, if for a sequence of random wvariables X1, Xo,... and a random

variable Y, dw (X,,Y) — 0, then (X,)nen converges to'Y in distribution.

For proofs of items (i), (77), and (iv) see [38] and for (iii) see [39]. Using Stein’s
method several bounds on these metrics for different kinds of random variables are
then given in [38]. While we will mainly use these bounds to determine rates of con-
vergence, Stein’s method is a general tool to determine the distance between two prob-
ability measures. It was introduced by Stein in [40] as a method to bound the error
in approximations of sums of random variables with the normal distribution. Later
the method was generalized and applied on bounds of approximations of more general
random variables as well as with other distributions. The first part of the main idea
of Stein’s method is to bound the distance between the random variable we want to
approximate and a well-known distribution by the expectation of a functional of the
random variable we want to approximate. The second part consists in methods to

bound the expectation of that functional [38].

In order to analyze the asymptotic behavior of the statistics introduced in the
previous section we also need some limit theorems. In subsequent theorems we use the

following notation: in general Y7,Y5, ... denote a sequence of random variables and we
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define y; := E[Y;] and o7 := Var(Y;). Also we set

_ 2?11)/1' '

W, : - T
>imi09)?

(2.7)

Note that we have E[IV,,] = 0 and Var(W,,) = 1. The following theorems give conditions

on when W, converges to a standard normal distribution.

Theorem 2.6 (Lindeberg-Feller’s central limit theorem, [41]). Let Y1,Y5, ... be inde-
pendent random variables such that p; < oo and 0? < oo for all i = 1,2,.... Define

s2 =" Var(Y;) and let W, be as above. Assume that for all € > 0,

1l
i El E [(Yi — i)*1(]Y; = pus]> €sn)] = 0. (2.8)
Then
lim W, =4 G. (2.9)
n—oo

Another condition for sums of independent random variables to converge, that

implies the Lindeberg-Feller condition, is Liapounov’s condition.

Theorem 2.7 (Liapounov’s central limit theorem, [37]). Let Y1,Y3,... be independent
random variables and p;, o and W, be as above. Now assume that E[|Y; — p;]?] < oo

foralli=1,2,... and that

L E[Y; — il
i b ELY: =g
R (Do)

=0. (2.10)
Then

lim W, =4 G. (2.11)
n—oo
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The following case of the Liapounov theorem will suffice for our purposes.

Theorem 2.8 (Liapounov’s central limit theorem for sums of independent Bernoulli
random variables, [37]). Let Y1,Ya, ... be independent Bernoulli random variables with

parameter p;, 1 = 1,2,.... Letting W, be as above we have

?_Y;'— ?: Di
W:Z_l le

n = 3 (2.12)
Qi pi(l —pi))?
If the infinite series > ;- p;(1 — p;) diverges, then
lim W, =4 G. (2.13)

n—oo

In connection to asymptotic convergence to the normal random variable, the

following result is also of interest.

Theorem 2.9 ( [42]). Let W, be a sequence of random variables. If there is a sequence

of real numbers A\, such that X\, — oo and

n—oo
then
W, — A
lim —" =, G. 2.15
eSS W g (2.15)

As a bound on the distance between sums of Bernoulli random variables and a

Poisson distribution, we will use the following result.

Theorem 2.10 (Law of small numbers, [38]). Let Y1,Y5, ..., Y, are independent indi-
cator random variables with P(Y; = 1) = p;, Y = > " Y, and p = E[Y] = > pi.
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Then

dry (Y, Po(p)) < min{l, p=} Z P2, (2.16)

As we will also consider several cases of sums of locally dependent random vari-
ables, we will now give two bounds for approximations of sums of locally dependent

random variables by the normal distribution.

Definition 2.11 ( [38]). Let (Y1,Y5,...,Y}) be a collection of random variables. For
each i, we call N; the dependency neighbourhood of Y;, if Y; is independent of {Y]};¢n,
and i € N;,.

For random variables with such dependency neighbourhoods the following con-

vergence theorem is true:

Theorem 2.12 ( [38]). Let Y1, Ya, ..., Y, be random variables for which E[Y;}] < oo and
E[Y;] = 0 holds. Let moreover N; be the dependency neighbourhoods of (Y1, ...,Y,) and
define D := maxi<;<, {|N;|}. Finally set o® = Var (3., Y;) and define W := " %
Then

(2.17)

Note that this theorem can also be applied to independent random variables by
setting D = 1, since ¢ € N; for all . There is another more restricted definition of local

dependence, which will mostly suffice for our cases.

Definition 2.13. For m € Ny, a sequence (Y;);eny of random variables is called m-

dependent if for all i € N, the sets {Y;,j <i} and {Y},i+m < j} are independent.

Note that a sequence of random variables is independent if it is O-dependent in the

above sense. Definition 2.13 is a special case of Definition 2.11 where the dependency
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sets do not have to be sets of random variables with consecutive indices. In order to
derive asymptotic results for m-dependent random variables, we will need a special
case of theorem 9.4 in [43]. There, the random variables are indexed over N¢, so we

need to take d = 1. This theorem was also proved by above mentioned Stein’s method.

Theorem 2.14. Let Y1,Y5,... be a sequence of zero-mean m-dependent random vari-

ables and W,, = (g;};—l?)l Then for all p € (2,3],
=197 )3

dy (W, G) < 75(10m + 1)P~* iEHYi]Q]. (2.18)

i=1

In the analysis of the number of leaves of a special kind of weighted recursive tree,
we will moreover need the following concentration inequality for martingale difference

sequences, which is Theorem 3.13 from [44].

Theorem 2.15 ( [44]). Let Y1,Ys,...,Y, be a martingale difference sequence with

a; < Y; < b; for each i, for suitable constants a;,b;. Then for anyt > 0,
n _ 212
P(| S| 2 ) <2 st (219)

i=1

By using a coupling construction we will moreover be able to bound some differ-
ences of random variables. In order to derive results about the asymptotic behaviour
of the unknown random variable from the asymptotic distribution of the known one,

we will use Slutsky’s Theorem.

Theorem 2.16 (Slutsky’s theorem [41]). Let X,, and Y, be sequences of random vari-
ables such that X,, =4 X and Y, —4 c for c € R. Then

lim X,, +Y, =4 X +c. (2.20)

n—oo
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3. REVIEW OF UNIFORM RECURSIVE TREES

3.1. Definition of Uniform Recursive Trees

In following chapters we will consider different distributions on the space of recur-
sive trees. Increasing or recursive trees are branching trees whose vertices are labeled
by {1,...,n} such that on every path starting from the root the labels are increasing,
which implies that node 1 is the root. This property allows us to picture many in-
creasing trees as growing dynamically, such that an increasing tree of size n is obtained
by joining node n to an increasing tree of size n — 1 according to some rule [26]. We
will see later that this is not the case for biased recursive trees. Figure 3.1 shows all

increasing trees on 4 vertices.

Peaea

®

(x3)

®

Figure 3.1. All increasing trees on 4 vertices.

A uniform recursive tree, abbreviated by URT, of size n is a random tree that is
chosen uniformly among all increasing trees of size n. Since attaching node n to any
of the nodes {1,...,n — 1} gives an increasing tree, there are (n — 1)! recursive trees

of size n.
3.1.1. Recursive Construction of a Uniform Recursive Tree

This is equivalent to the following recursive construction principle. A URT 7,

of size n is obtained from a URT 7,_; of size n — 1 by joining node n to any of the
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nodes {1,...,n — 1} with equal probability. If we start from scratch, first node 1 is
added as the root, and node 2 is attached to node 1. Then, node 3 is either attached
to node 1 or to node 2 with equal probability % In general node i attaches to any of
the nodes {1,...,7 — 1} with probability - [12]. It is important to note that every
step is independent of the previous ones for URTS since the structure of 7,,_; does not
affect which node becomes the parent of n. We will call this way of constructing a

URT construction principle and refer to the probabilities for nodes to attach to other

nodes as the attachment probabilities.

3.1.2. Construction of a Recursive Tree from a Permutation

Besides the two alternative definitions of a URT described above, we may also
make use of random permutations to generate such trees. Given a permutation 7 of
{2,...,n}, we construct a URT as follows: First, 2 is attached to 1, then 3 is connected
to 1 if it is to the left of 2, otherwise to 2. In general the node i is attached to the
rightmost node to the left of ¢ that is less than i. If there is no smaller number than
i to its left, 7 is attached to 1. Thus i = m(s) attaches to node j = m(r) when r =
max{t € {1,...,s — 1} : 7(t) < w(s)}, where we set m(1) = 1. We will call this way of
constructing a URT the construction from a permutation. Figure 3.2 shows an example
of the step by step construction of a recursive tree corresponding to a permutation.
Similarly, given a URT 7T, we can construct the corresponding permutation by writing
1 to the very left, 2 on its right and then step by step every node ¢ directly on the right
of the node it is attached to.

That this relation gives a bijection between URTs and URPs can be seen by the
symmetry of the recursive constructions. The tree and the permutation corresponding
to it can be constructed simultaneously, since we can construct a uniform random
permutation by inserting the numbers successively, see [12]. Given any permutation 7
of {2,...,k} we can construct a permutation 7’ of {2,... &k + 1} by inserting k + 1
at the ultimate left or right or between any 7(i) and 7(i + 1) for i = 2,...,k — 1. In
total there are k spots where we can insert k + 1. If at each step we choose the spot

for the next number uniformly, this process gives a uniform random permutation 7’ on
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16387254 16387254 16387254 16378254 16378254
@ (1) (D (D
& © & ©
OO
O
16387254 16387254 16387254

Figure 3.2. Step by step construction of the recursive tree corresponding to 16387254.

The newly attached node is underlined and its parent bold.

{2,...,k + 1}. Note that if we insert k + 1 between m; and m; 41, 7'(s) = m(s) for all
s<i,m(i+1)=k+1and 7'(s) =m(s—1) for all s > i.

3.1.3. Simultaneous Construction of a URP in Cycle Notation and a URT

By using the cycle notation for permutations, we can define another way of defin-
ing a bijection between URPs and URTs. We will show how we can simultaneously
construct a URP in cycle notation and a URT [25]: We start with the node 1. At
the first step we attach 2 to 1. The corresponding permutation is 7 = (2). At each
following step, we proceed as follows: if j is attached to the root in the URT, we add
a cycle of length 1 that only contains j. If j is attached to a node i > 1, we add j to
the cycle of ¢ right after 7. Thus there are in total 7 — 1 slots we can put j in. If we
choose uniformly among all possibilities, we get a URT and a URP in cycle notation

simultaneously.
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Since we want the permutation to have the standard cycle notation, when we
start a new cycle, we put it in the leftmost place. This is the only thing we need to
do, since when adding a number to an existent cycle, it will always be bigger than
the already present ones, hence the condition that every cycle starts with its smallest
element is automatically satisfied. It is easy to see that we simultaneously get a unique
URT and a unique URP by following this process, so this is a bijection. See Figure 3.3

for an example.

(1) (1)(2) (1)

@
96
9 e@ (D

)(2463) )(2463) )(2463)

Figure 3.3. Simultaneous construction of a uniform recursive tree and a permutation

in cycle notation.

When comparing the two permutations one gets for the same tree by these two
bijections, one can see that the numbers are actually in the same order, we just interpret
the sequence in two different ways: either as a permutation in Cauchy notation or
in cycle notation. Thus we get the cycle representation of a URT from the Cauchy

representation by simply starting a new cycle at every anti-record.
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By simultaneously considering a uniform recursive tree and a uniform random
permutation in cycle notation in this way, we can see that the construction is also
equivalent to a Chinese restaurant process: the cycles can stand for round tables and
every node corresponds to a customer. When a new customer arrives, s/he can either

join an already existing table, or sit at a new one [25].

3.2. A Brief Literature Review on Uniform Recursive Trees

Various aspects of URTs are well studied, and in particular the statistics we
introduced in Section 2.1.3 are deeply understood in most cases. In this section, we
briefly go over some known results on URTs. For a more detailed survey on the subject

see [1] or the relevant chapters in [25].

As mentioned in the introduction there are several ways of studying the leaves of a
URT. By using the bijection between URTs and URPs described above, the expectation
and variance of the number of leaves in a URT can easily be derived. First we observe
that i is a leaf if and only if none of the nodes in {i + 1,...,n} is attached to ¢. This
is the case if and only if none of {i + 1,...,n} is inserted in the spot to the right of
i. Thus ¢ = 7(r) is a leaf if and only if 7(r) > 7(r + 1), because this implies by the
construction principle that m(r) cannot be the closest smaller label to the left of any

j > i. Moreover 7(n) definitely is a leaf. Thus we can write £,,, the number of leaves

of the URT 7, as

i
L

L,=4 ) 1(x(r)>n(r+1))+1 (3.1)

r

Il
V)

Since the permutation is uniformly random, E(1(7(r) > 7(r+ 1)) = 1) = 1/2, and we

n

can immediately conclude that E[£,] = . Similar considerations yield Var(L,) = {5.

Concerning the limiting distribution of £,,, we moreover have the following theorem:
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Theorem 3.1 ( [12]). Let T, be a URT of size n and L,, the number of leaves of T,.
Then

L, —n/2 C
dg | — < — 3.2
and for any x > 0

max{P(Ln—ﬁ2x>,P<£n—ﬁ<—x>}<6_%. (3.3)

As mentioned in the introduction, the expectation of the number of nodes of

degree k was also established early on.

Theorem 3.2 ( |7|). Let C* denote the number of nodes of degree k in a URT T, of

sizen. Then

— —. (3.4)

There are several methods to analyze the distribution of the number of branches,
B, in a URT. We will introduce three of them here because we will need them later. The
first approach is to use the construction principle, see for example [6]. Since the number
of branches is equal to the number of children of node 1, we set X; = 1(i is a child of 1),

and write B,, as a sum of these indicator random variables:

Since it is equally probable for node 7 to attach to any of the already present nodes,

P(X; = 1) = - for i = 2,...,n. This implies E[X;] = - and Var(X;) = ;=2

i—1 (i—1)2"
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Thus, we get

17— 2 7 —1 (2)
(i _ 1)2 - Z 2 = dn-1 7 Hn—l (3~7)

and for large n we have Var(B,) = In(n) + O(1). Moreover these results allow us to

derive a central limit theorem for B,, by using the Lindeberg-Feller theorem.

Theorem 3.3 ( [6]). Let B, denote the number of branches of a URT T, of size n.
Then

5, — In(n) —1:&(;) Lg. (33)

We can moreover use the representation of 7, as a random permutation in order
to calculate the number of branches. We can observe that m(2) attaches to 1 and is thus
the first node of a branch of T,,. If 7(3) > 7(2) it will attach to 7(2), if m(4) > 7(2) it
will attach to m(2) or m(3) and so on. As long as no 7(r) < 7(2) appears, all nodes will
be part of the branch starting with node 7(2). Let r = min{r =3,...,n: 7(r) < m(2)}
then 7(r) also attaches to 1 and is thus the start of the next branch. Similarly, as long
as no smaller number comes up, all subsequent nodes will be part of this second branch.
In general, 7(r) attaches to 1 if and only if 7(r) = min{n(2),...,n(r)} which means
that 7(r) must be an anti-record. Thus, the number of branches of 7, is equal to
the number of antirecords of m and we can write the number of branches B,, of 7,, as

another sum of indicator random variables:

n

B, =Y 1(r(r) = min{x(1),...,7(r)}). (3.9)

r=2



32

As expected the number of records in a URP and thus also the number of anti-
records satisfy the same central limit theorem as B,,, see [5,45]. In [5] the equality in
distribution between the number of branches and the number of records of a permuta-
tion was discovered without refering to the permutation representation of a URT. This
way of analysing the number of branches in a URT has the advantage that records
of sequences of random variables and thus random permutations are well studied, see
for example [35]. Thus all properties true for records of uniform permutations are

bijectively also true for the branches of uniform recursive trees.

The third possibility to calculate the number of branches of a URT is by using the
representation of URTs as permutations in cycle representation. This interpretation
allows us to equate the number of branches with the number of cycles in a random

permutation which is well known, see for example [25].

We can also consider the number of branches of a given size. We have that:

Theorem 3.4 ( [6]). For m € N, let 5,,,, denote the number of branches of size m in

T.. Then

(i) form eN, B, LA Po( ) and

1
m

(it) forn>m > "2 B, can only take the values 0 or 1 and P(By, =1) = +.

Moreover the covariance matrix for (5,,,)1<m<n is derived and it is shown that the
number of branches of different sizes are asymptotically independent for any sequence

of integers (myq, ..., my), see [6].

As a final note, these results allow some conclusions concerning the size of the

largest branch.

Theorem 3.5 ( [6]). Let v, denote the size of the largest branch of T,. Then

(i) P (v, > 254) 2% In(2) and

a.s.
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Also in connection to the size of specific components the number of nodes with
k descendants can be studied. In [14], Devroye uses a connection between URTs and

binary trees and local counters to analyse this statistic.

Theorem 3.6 ( [14]). Let Xy, denote the number of leaves with exactly k descendants

1

_ 1
G % = @y ol

in a URT. Moreover we define oy

or = agp(l —ag) —2(k + 1)a2 + 27y. Then

(i) Khn 120 () in probability and

n

(ii) X’“’:‘/%m’“ "% N0, 02) in distribution.

The depth of node n can also be studied by several different methods, of which
we will introduce three. Let D,, denote the depth of node n in a URT 7, of size n. It
turns out that D,, and B,, have the same distribution. Again there are several methods

to show that this is the case.

The first possibility is to describe the depth of node n is to consider the path P,
from 1 to n in 7,. Every node in P, is an ancestor of n and the number of nodes in

the path, except n, thus gives the depth of the node n:

Dn:il(z’ePn):n 1(i € P,) + 1. (3.10)

1=2 )

||
N

It can then be shown that P(i € P,) = % and that the indicator random variables
1(i € P,) are mutually independent, which allows to conclude that D,, has the same

distribution as B, [6].

On the other hand, the depth of node n can also be seen as follows: By construc-
tion, the parent of node n is a node a; uniformly distributed among {1,...,n—1}. Its
grandparent is then a node uniformly distributed among {1,...,a; —1} and so on until
we reach a,, = 1. The depth of node n is then m. Similarly, the position of the last
record in a random permutation, by, is uniformly distributed on {1,...,n — 1}. The

position of the 2nd to last record, by, is then uniformly distributed on {1,...,b; — 1}
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and so on, until b,, = 1. m then gives the number of records in the permutation.

Therefore, we get

Theorem 3.7 ( [5]). D, is distributed as the number of records in a uniform random

permutation of {2,...,n}.

We already saw that the number of branches is distributed as the number of
records in a uniform random permutation, implying that the depth and the number of

branches are equally distributed as well.

There is a third method to determine the depth of node n by recursions, which
was historically the first one used, see [1]. It is based on a recursion for the expected
number of nodes in the k-th generation, which allows to derive the depth of node n
by the following relation. Let ;¥ denote the number of nodes in the k-th generation,

Elpn1]
n—1

where the generation of the root is 0. Then P(D,, = k) = . The expectation and

variance can then directly be computed from the distribution.

Finally there is another, easier way of determining the depth of node n by the
use of recursion without first determining the exact distribution described in [1]. It is

a corollary of a result about internodal distances, which we will now give.

In [2] the expectation and variance of the distance between two nodes in a random
recursive tree are derived via a simple recursion. Let us denote the distance between
¢ and j by D;;. If i < j, the distance between ¢ and j is longer by 1 than the
distance between the node j attaches to and i. In other words if 7 attaches to k where
1 <k <j—1, then we have D, ; = D;, + 1. This gives the recursion

1
PD;j=d) = ——[P(Dy;=d—1)+P(Dy; =d—1)

J—1 (3.11)
to A P(Diy = d—1)].
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This recursion can be used to prove the following theorem.

Theorem 3.8 ( [2]). Let D;; denote the distance between i and j where 1 <i < j<n

i a random recursive tree. Then

1
E[Dz,j] = Hz + ijl -2+ - and
1

Var(D; ;) = H; + H;_, — 3H") — H?

In [3] the exact distribution for D, ,, is given and asymptotic results for D, ,, for
some special cases of (i,),en are given. The asymptotic distribution of the distance

between a fixed node and n is shown to be normal in [4].

Theorem 3.9 ( [4]). Let D;,, denote the distance between nodes i and n in a URT T,.
Then

G. (3.13)

Moreover, asymptotic normality of D;, ,, for any sequence (i, )nen is shown.

Theorem 3.10 ( [4]). Let D;, ., denote the distance between nodes i, and n in a URT

T, where i, > n — 1 for alln. Then

D;, n —In(n) — In(iy) n-yoo,
In(n) + In(i,) d

g. (3.14)

As already mentioned in the introduction there are two main global properties
of URTs that were investigated: the maximum degree and the height. First let us
consider the maximum degree. Let the degree of node 7 in 7, be denoted by 4, and
A, be the maximum degree of any vertex in 7,. Since E[d, 1] > In(n), and A,, > 6,1,

we get E[A,] > In(n). Moreover we have the following result.
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Theorem 3.11 ( [15]). Let T, be a URT and let A,, denote the maximum degree among
the vertices of T,,. Then,

Lt | and (Bl nvoe, (3.15)
In(n) as In(n)

For results on the distribution of the maximum degree, see [16,17].

Concerning the height of a URT the following is known.

Theorem 3.12 ( [20]). Let T, be a URT and let H,, denote the height of T, i.e. the
longest path from the root to any other node. Then with probability 1

7_LI’L n—0o0

In(n)

(3.16)

In [20] this result is proved by using the connection between a continuous time
branching process and URTs. In [21] results about the height of a more general family
of random recursive trees are obtained, implying in particular the above result, by

using a second moment method.

Moreover we have a more precise estimation of the expectation of the height of a

uniform recursive tree, again derived by the use of a branching process.

Theorem 3.13 ( [46]). Let T, be a URT and let H,, denote the height of T,. Then

E[H,]) = eln(n) — ;ln In(n) + O(1). (3.17)

3.3. Non-uniform Recursive Trees Considered in the Literature

There has been a tremendous effort to study uniform recursive trees as the results

above imply. There also are a few papers considering different kinds of non-uniform
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recursive trees. We now give some examples of such distributions.

3.3.1. Non-uniform Recursive Trees via External Nodes

In [26] recursive trees are described by the use of external nodes. By variations
on the number of external nodes each node has, one can thus change the attachment
probabilities and the distribution on the recursive trees. In general, recursive trees can
be constructed by attaching node n according to some rule to a node of a recursive
tree of size n — 1. In order to specify that rule one can add external nodes at every
place the new node can be attached to and then choose one of these according to some
distribution. In the uniform model there is one external node at every node of 7,_;
and one of them is chosen uniformly. This node then becomes the internal node n and

a new external node is created at n and at the parent of n.

This model can be generalized by adding at each step n, after attaching node
n, a external nodes at the parent of n and [ external nodes at n. Among all the
external nodes the place for n + 1 is then again chosen uniformly. Using this principle
the following distributions can for example be obtained. For plane-oriented trees the
number of external nodes of a node 7 is equal to the out-degree of 7 +1. This model is
called plane-oriented because it corresponds to the distribution obtained by considering
the children of each node as ordered, then choosing one of these trees uniformly and
finally identifying all trees that only differ because of the ordering of the children in
order to get a distribution on recursive trees [1]. This model was introduced in [27]
as one of the first non-uniform models. In that paper moreover properties related to
the degrees of nodes where obtained and compared to the uniform case. For m € N,
m-oriented trees are a generalization of this model where every node has m — 1 times

its outdegree +1 external nodes.

Binary trees are a tree model where every node can have exactly 2 children. For
m € N, m-ary trees are a generalization of binary trees where every node can have
exactly m children. These trees can also be defined via the use of external nodes.

Table 3.1 shows the o and 8 values for these tree models [26].
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Table 3.1. Distributions on recursive trees for some values of o and S.

Recursive tree model | o |
Uniform recursive 1]1
Plane-oriented 2|1
m-oriented m| 1
Binary 012

m-ary 0| m

Figure 3.4 demonstrates the construction of a 2-oriented tree with the use of
external nodes. The nodes without label are external nodes. At each step one of the

external nodes is chosen uniformly chosen as the place of the newly added node.

O, :

O O

Figure 3.4. Example of the construction of a 2-oriented tree with external nodes.

Dobrow and Smythe then give a recursive formula for the distribution of D, ,,
the distance between node ¢ and node n, and the exact distribution of D, ,, the depth
of node n, for general @ and S. By using Poisson approximations they then prove

asymptotic normality of D, ,, for all the models introduced above.
3.3.2. Introducing Choice
Instead of altering the distribution on the set of recursive trees by introducing

external nodes, it is possible to introduce choice according to some criterion. The idea

is to choose at each step several potential parents one of which is then chosen according
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to some criterion. In [47|, k possible parents are selected for each node. The node is
then attached to the one among these with the smallest or biggest distance to the root
or the lowest or highest degree. These are called the smallest-depth, highest-depth,
lowest-degree and highest-degree model respectively. The relevant properties of these

models are then shown to qualitatively differ from the uniform one.

While for both m-oriented trees and the highest degree model the choice of the
parent depends on the degree, the two models differ considerably. In the construction
of plane-oriented trees knowledge about the degrees of all nodes is necessary. On the
other hand in the highest-degree model only knowledge about the degree of k nodes is

necessary at each step. The authors of [47] refer to this as global vs. local knowledge.

In [48] a different choice criterion is introduced because the ones investigated
in [47] are intractable in many cases. They propose to either choose the node with
the minimal or the maximal label among the £ potential parents and call this the
label model. In addition to giving the exact distribution of the depths in these trees,
they also show that these label models can be used as bounds for the depth models
introduced in [47].

3.3.3. Scaled Attachment Random Recursive Trees

Another generalization of uniform random recursive trees, that goes into a very
different direction are scaled attachment random recursive trees, abbreviated SARRT,
which were introduced in [21]. To construct an SARRT with n + 1 nodes, we need n
identically distributed independent random variables Xi,..., X, on [0,1). The root
gets label 0. The parent of 7 is then chosen as [i.X;]. Like the uniform recursive tree, the
attachment probabilities do not depend on structural properties of the tree constructed
before node 7 is attached. This was not the case for the recursive tree models introduced
in |26], since there the attachment probability depends on the number of children of the
already present nodes. The models introduced in [47] also relies on knowledge of the
structure of 7,_1 in order to choose the parent of n since we need to know the depth

or degree of the potential parents. SARRTs moreover include URTs: when we choose
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the uniform distribution for the X;, the random variable |iX;] is uniformly distributed

over [i].

The explicit example given in [21] is the SARRT where X; = max{U;, Us, ..., U}
or X; = min{U,,Us,...,U;} with k € N and U, ¢ = 1,...,k, uniformly distributed
over [0,1). This is equivalent to choosing uniformly & potential parents for each node
© and among these attaching i to the youngest respectively oldest parent, where labels
with higher label are considered to be younger. In this way SARRTS recover the model
introduced in [48]. In [21] the authors then go on to prove asymptotic results on the
height of the tree, the depth of node n and the minimal depth of the nodes [2] to n,

2

for general X; and depending on the common distribution of the X;.

Apart from different distributions on recursive trees, recursive structures other
than trees are also studied. One possibility is to consider random recursive forests, i.e.
allowing disconnected components. A way in the other direction is to allow every new

node to join several previously present nodes.

3.3.4. Random Recursive Forests

Another generalization of random recursive trees are random recursive forests,
which were introduced in [49]. A random recursive forest is constructed in a similar
way as a random recursive tree. The difference is that each node n can either attach
to any of the nodes 1 to n — 1 or become the root of a new tree. In the general
model, at each step n, a number y,, € {0,...,n— 1} is chosen according to probability
P= (pn(y))y=0,..n—1- If y, = 0, node n is the root of a new tree. If y, € {1,...,n—1},

Yn is the parent of n. See Figure 3.5 for an example of a random recursive forest.

For the general model the expectations and variances of the outdegrees of all
nodes ¢ and as a corollary the expected number of components are given. Moreover
the expected number of leaves and of nodes of out-degree 1 are given. The rest of
the results are given for uniform recursive forests, so forests where p,(y) =  for all

y = 0,1,...,n — 1. For the uniform model asymptotic normality of the number of
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Figure 3.5. Example of a random recursive forest.

components is shown and results about the expected number of nodes of out-degree k
and the maximum out-degree are derived. Moreover the distribution of the label of the
root of the last component and of the label of the root of the component containing

node 7 are given.

A uniform recursive forest of size n can easily be constructed from a uniform
recursive of size n+1 by deleting the root. The nodes that are the start of the branches
in the URT then become the roots of the components in the uniform recursive forests.

Most results mentioned above thus follow more or less directly from results on URT.
3.3.5. Uniform Random Recursive Directed Acyclic Graphs

As already mentioned, we can also allow nodes to attach to several nodes. In [15]
a model was introduced where initially m roots are present and every additional node
attaches uniformly to r already present nodes, with » and m in N. This yields a
uniform random recursive directed acyclic graph, short URRD, which can be used to
model circuits [21]. In [15] asymptotic results about the maximum degree of such
structures are derived. Similarly as for recursive trees, various distributions different
from the uniform one can be considered on recursive directed acyclic graphs. When
letting the attachment probability depend on the degree of the present nodes, this in
particular yields the preferential attachment model [21]. Also see [50| for results on

paths in uniform random recursive acyclic graphs.



42

3.3.6. Hoppe Trees

Another non-uniform distribution on random recursive trees considered in the
literature are Hoppe trees. These trees were introduced by Leckey and Neininger on
the basis of Hoppe’s urn [28]. In Hoppe’s urn one starts with a black ball of weight 6.
All other balls will have weight 1. We will call all balls that are not black coloured. At
each step one of the balls is drawn from the urn with a probability proportional to its
weight. The drawn ball is always put back. Moreover, when the black ball is drawn, a
ball with a new colour is added to the urn. When a coloured ball is drawn, a new ball

of the same colour is added to the urn.

On the basis of this process a random recursive tree called Hoppe tree can be
constructed: The black ball represents the root and gets label 1. The other balls get
their label from the time they were added to the urn. If we consider the black ball as
the first ball added to the urn, the n-th ball added to the urn thus gets label n. The
label of the ball we draw at time n is the label of the parent of node n in the recursive

tree. Each colour in the urn then corresponds to one branch of the tree.

At each time n the probability to draw the black ball is BJFZ;_Q and the probability

;72. We thus get a random recursive tree with

for any coloured ball to be drawn is 5

the following construction principle: let ¢;,, denote the event that ¢ is the parent of n,

then

fori=1
Plein=1)=¢ "™ (3.18)

fori=2,....,n—1.

04+n—2

The Hoppe distribution on recursive trees is equivalent to the f-biased distri-
bution on permutations as described in [51].We will call these permutations Hoppe
permutations. #-biased permutations can be constructed by using a variation of the
Chinese restaurant process described in Section 3.1.3. At each step, i either starts a

new cycle with probability W{Q or joins any other cycle after any other integer with
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1

probability 55—

. The number of cycles of #-biased permutations and the distribution
of the cycle sizes are known and thus imply the corresponding results for branches of

Hoppe trees, see [51,52|. In particular we have the following theorem.

Theorem 3.14 ( |51,52]). Let BY denote the number of branches of a Hoppe tree of

sizen. Then

- 1
07 _
E[B)] =0 ;:1 e (3.19)

and

n

Var (BY) = 0 Zl ﬁ. (3.20)

Moreover asymptically

Bz -0 ln(n) n—oo
61n(n) d

g. (3.21)

In 28], results about the depth of node n and the height, the number of leaves
and the internal path length of a Hoppe tree of n nodes are given. We will now give

the theorems from [28] that concern statistics we will also investigate.

Theorem 3.15 ( [28]). Let DY denote the depth of the n-th node of a Hoppe tree
and let, for i = 1,...,n — 2, B; be independent Bernoulli random variables with

P(B; =1) = 415 Then

n—2
D) =41+> B (3.22)
=1
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This easily gives

E [D?] = In(n) + O(1)
Var (D) = In(n) + O(1)

D —E[D?] oo 2
n [ n] —00, g and (3 3)
/Var(DV) 4

drv (DY, Poisson(E [DY])) = O <ln2n)) .

Theorem 3.16 ( [28|). Let HY denote the height of a Hoppe tree with n nodes. Then

01 = eimin —§ nmn an
E [H)] = eln(n) Tl + O(1) and @24)
Var (H9) = O(1).

Theorem 3.17 ( [28]). Let LY denote the number of leaves of a Hoppe tree with n > 2

nodes. Then

—1 1
E[ﬁﬁ]ngreTJrO(—)

n

f—1 1
Var(ﬁz) :%—FT—FO(E)
(3.25)

+2
P(|L —E [Efl] 1> 1) < D¢ Wt forallt >0 and
‘Cz —E [‘Cz] n—o0

Var (£9) 4 g

The first distribution we will consider in this thesis is a generalization of Hoppe

trees so this brings us to the next chapter.
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4. WEIGHTED RECURSIVE TREES

4.1. Definition

We now consider a recursive tree model obtained by varying the weights of each
node. In a URT the weight of each node can be considered to be 1. We now give
each node 1 = 1,...,n a weight w; € R, thus every weighted recursive tree model can
be characterized by its sequence of weights, denoted (w;);en. These weights affect the
attachment probabilities: let ¢; ; denote the event that j is attached to ¢ in the j-th
construction step. Then for ¢ < j we have

Pleij=1) = ——t (4.1)

21;11 Wk
We will call these trees weighted recursive tree, or WRT. This is a generalization of

Hoppe trees, which correspond to the case w; =0 >0 and w; =1fort=2,... n.

WRTs share with URTs the property that the construction steps are mutually
independent: whether j attaches to ¢ is not dependent on the structure of the tree at
time j, but only on the weight sequence. We already mentioned this property above
and saw that this is not true for several distributions considered in the literature. For
example for the trees considered by Dobrow and Smythe in [26] where «, i.e. the
number of external nodes created at the parent, was different from 1, the number of
external nodes of node i, and thus the attachment probabilities, were dependent on
the outdegree of ¢ at time 5. The second model we will consider, biased recursive trees,

does not have this independence property either.

Because the construction steps in weighted recursive trees are mutually indepen-
dent, the weighted recursive tree model is a kind of a more general model, which we
call inhomogeneous trees, where j attaches with probability p;; to a node 7, such that
25;11 pj; = 1. In some sense, in inhomogeneous trees, the weight of each node can

change at each step, while in weighted recursive trees the weight is fixed.
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Because of technicalities we will not be able to tackle all problems for a general
sequence of weights. Where it will be necessary we will make some assumptions on
the weight sequence (w;);en, which will be specified at the beginning of each section or
subsection. For the number of leaves, for example, we will assume that for some k£ € N,

wi=1fori>kand w; =0 for 1 <i <k.

In the rest of this section we will proceed as follows: In Section 4.2 we will discuss
a method of constructing WRTSs from URTs. It can be applied to any weighted recursive
tree, but is much easier in the case where only the first £ nodes get a weight 6 that is
different from 1. We then go on by giving results about the number of branches and
the depth of node n of general weighted recursive trees. In both cases we will be able
to write the random variable in question as a sum of independent Bernoulli random
variables. As we will see the depth of node n and the number of branches are not
equidistributed, as it is the case for URTs. We then derive results on the number of
leaves of a special case of weighted recursive trees, where only the first £ nodes get
a weight different from 1. This is done by using a martingale approach. Finally we
introduce a second coupling that can only be applied on weighted recursive trees where
for some k € N, w; = 1 for ¢ > k. The counterpart of this restriction is that it is
much simpler and deterministic and thus allows for easy conclusions concerning the

asymptotic behaviour of the number of leaves of weighted recursive tree of this form.

4.2. Constructing Weighted Recursive Trees from Uniform Recursive

Trees

We begin our discussion of weighted recursive trees by presenting a coupling
construction that can be used to generate a WRT once we are given a URT. Given a
URT we will relocate some nodes with a certain probability. By relocation we mean
that a node j is detached from its parent and attached to another node with all its

descendants. In Figure 4.1 such a relocation is illustrated.

The coupling construction can be applied step by step, as the new edges appear,

or at the end, after the whole URT is constructed. In other words, we can either at
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Figure 4.1. Node 6 is relocated from node 2 to node 4.

each step attach a new node uniformly to any of the present nodes and then relocate
it according to the rule we will now describe, or we can construct a URT with n nodes
and then apply the relocation rule for every node. This amounts to the same result
since the structure of the tree at any time does not affect which node is chosen as the

parent of the next node.

Let us further remark that in the latter case we can relocate the nodes in any
order we like, since we always relocate the node with all its descendants. As we will see,
the relocation process only depends on the weight of the old and the new parent, and
is thus independent of any structural properties of the tree. Thus this coupling has the
property that all adjustments we make, i.e. all relocations, are mutually independent.
So we do not lose the important property of WRTs and URTs that each construction

step is independent while rearranging one to get the other.
4.2.1. General Case

First construct a URT. We will rearrange it by relocating nodes in order to get
a WRT with weight sequence (w;);en. For any two nodes 3 < i < j, node j can only
be either relocated to or from node ¢, not both. This depends on whether its weight is

bigger or smaller than the average weight at time j, i.e. among the first j — 1 nodes.
-1
More precisely, let us denote the average weight at time j by w; := ’;%ﬁw" If w, <wj

node j can only be relocated from i and if w; > wj;, node j can only be relocated
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to node . This restriction is suggested by the fact that w; > w; is equivalent to

j%l < 4o - We will show that under this condition we can construct a coupling
.

producing a WRT with weight sequence (w;);en-

For j > 3, if in the URT j is attached to a node 7 with w; < w;, we relocate it

with probability r; ; to another node such that

P(5 at i in WRT) = IP(j at 4 in reconstructed tree)
< P(j at i in WRT) =P(5 at ¢ in URT)(1 — P(j is relocated from 1))

< P(j at ¢ in WRT)) =P(j at ¢ in URT)(1 —r; ;)

Wi
= =1 " =1 —riy) 1 (4.2)
k=1%k
Sri=1-— <‘7._1)w’
7 i Wk
i—1
o Zi,l wr — (J — Dw;
Z?]

i—1
Zi:l Wk
7j—1

We only get a positive value for r;; if w; < , which is consist with our
assumption that we only relocate from nodes whose weight is strictly less than the
average at time j. It is important to remember that the average of the weights can

change at each step.

Now we want to relocate j to a node that has a weight larger than the av-
erage in such a way that we get the right attachment probabilities. Let p;;n =
P(j relocated to i|j relocated from h). We will see that we get the right probabilities

if we choose

(j — Dw; — Zi:l W . (4.3)
Sk |6 D = X e

we>w;

Pijh =
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That p; ;» does not depend on h implies that given a node j is relocated it does

not matter which node it is relocated from. We thus get

P(j at i in reconstructed tree)

= P(j at ¢ in URT) 4 P(j relocated to 7)

j—1
= P(j at 7 in URT) + P(j at h in URT)P(j relocated |j at h in URT)
<
- P(j relocated to i|j relocated from h)
R |
= = = Th,jDijh
7 —1 i 1
wp<Wj
—1 i .
IR SR b » = P N I e
- . - - 1—1 . . .
k= Tige SR [0 -Dwe- it (e
wh <Wj we>wj
S [S e - (- e
— L 1 + wh<w] h=1 (j - 1) Zk lwk

J—1 Zk 1 Wk ijzl [(] — Dwy — ?c 1“’/6]
we>wy
1 1 (j — Dw; Zk 1“”%]

j_l Zk 1 Wk 1
1 — 1w;

_ 14 (U — Dws Z;g 1 Wk

3_1 Zk 1 Wk = 1wk

wz

Zk 1 Wk
— P(j at i in WRT).
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In the sixth line we used that

h=1_Lk=1 I=1_ k=1
wp<Wj wp>w;
Jj—1 [j-1 j—1 [4—1
=3 e = (- | + lzwk - 1>w]
h=1_Lk=1 =1 [k=1
Wh <Wj we>w;
j—1 Tj-1
+ [Z wy — (J — 1)Wh] (4.5)
h=1_Lk=1 '
Wh=W;
j—1 [j—1
-3 S - 1
h=1 Lk=1
Jj—1 Jj—1
=G -1 wi— Y (G ws
k=1 h=1
=0.

Thus the probabilities for the reconstructed tree correspond to the ones in the weighted
recursive tree we wanted to get. The values of r;; and p; ;; imply that, if w;, = wj,

node j is neither relocated from nor to .
4.2.2. Special Case: When the First £ Nodes Have Weight ¢

Let now (w;)sen be such that for some k € N, § € R, w; =6 fori < k and w; =1
for i > k. As mentioned above we can either first construct a URT and then rearrange
all nodes or relocate the new node at each step. Since the first £ nodes all have the
same weight, for 1 <7 < j < k+ 1 we have

1

0
P(y h ) = = : 4.
(7 attaches to ) G- =1 (4.6)

Hence we don’t need to change anything for the first £ 4+ 1 nodes.

We now need to differentiate between the case # > 1 and 0 < 1, because in the

first case the probability that a node attaches to the first £ nodes increases in the
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WRT compared to the URT and in the second case this probability decreases. So in
the first case we will need to relocate nodes from the nodes k+1,...,n—1 to the nodes
1,...,k and in the second case the other way round. The exact rules of relocation will

be specified below.

(i) Let first 6 < 1. We have P(j attaches to ¢ in the URT) = J%l and for j > k and

i < k we would like to have P(j at ¢ in reconstructed tree) = m. Let r; ; be

the probability that j is relocated given that it is attached to some ¢ < k. Then

we want

P(5 at ¢ in WRT) = P(j at ¢ in reconstructed tree)

<:>k9—i—j9—k’—1_lp(j at ¢ in URT)P(j is not relocated)
@k9+j0—k—1:ji1(1_”’j) (4.7)
(5 —1
ﬁl_ri’j_kHJr(j’—k)—l
kO+7—k—1—-06(j —1
76 = +‘29+j_k_<f !

If the node j > k is relocated from a node 7 < k, we attach it with uniform
probability to any node £k < h < 57 — 1. We now show that this gives the right
probabilities.
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Let A > k, then

P(5 at h in reconstructed tree )

=IP(j at h in URT)
k
+ Z]P’(j at ¢ in URT)P(j relocated |j at [)P(j relocated to h)

/=1
L1 kO+i-k—1-(G—-10 1
+Z;j—1 M) k-1 -1k
1 k(k+j —k—1)—k(j — 1)0
:j——l( (kO +j—k—=1)(G—1—k) >
k0+j—k—1)(j—1—k)+k(k0+j—k—1)—k(j—1)0
G-DEO+j—k—=1)(j—1-k)
kO —kO— K0+ (j—k— 1)+ K0+ k(i —k—1) — kjl + k0
B G-I+ k=1 —1-k)
G—k-—1(G—-1—k+k)
_(j—1)§k9+j—k—1)(j—1—k)
TR0+ — k-1

= IP(;j attaches to h in WRT).

1
=

—_
+

(4.8)

(ii) Let now 6 > 1. In the URT P(j attaches to i) = ]%1 But for j > 7 and ¢ > k

we want in the reconstructed tree P(j attaches to i) = Let r;; be the

1
kO+j—k—1°

probability that j is relocated given that it is attached to some ¢ > k. Then we

want

P(j at i in WRT) = IP(j at 4 in reconstructed tree)

< P(j at i in WRT) = P(5 at ¢ in URT)P(j is not relocated)

N 1 IR N
W+ k-1 j—1- (4.9)
)
I ¥ Sy
k(6 — 1)

=T

VTR k-1

If node j is relocated from a node h > k, we attach j uniformly to a node

1 <@ <k. Again we check if we get the right probabilities.



Let ¢ < k, then

P(j at ¢ in reconstructed tree )

=P(j at ¢ in URT)

7—1
+ Z P(j at ¢ in URT)P(j relocated |j at {)P(j relocated to )

1
1k

l=k+1
7j—1
:ﬁ+ 2. jile—]T—(?—/i)—
l=k+1
1 (H(j_k_;)k(e—n)
j—1 (k0 +j5—k—1k
R SRS Ry (/S R DIV )
=1 KO +7—k—1
1 (j—1)8
-1kt —k—1
B 6
o kO+i—k—1

= P(j at i in WRT).

23

(4.10)

We will now start to study some tree statistics for WRTs. All probabilities in the

next sections refer to probabilities in WRTSs.

4.3. The Number of Branches

As before the number of branches is denoted by BY and is equal to the number

of nodes attaching to 1. We have the following theorem

Theorem 4.1. Let By denote the number of branches in a WRT with weight sequence

(wi)ien. Then

and

(4.11)

(4.12)
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Proof. Since the construction steps are independent we can write B as a sum of

independent Bernoulli random variables ¥ = 1(node i attaches to node 1). Thus

= En: b (4.13)
=2

and

n n n

E[By] = ZE[b‘;’] = Z]P’(z attaches to 1) = Z ]
i=2 i=2 i=2 Zk 1 Wk
n n—1 1 (414)
1
= w =w =
; Zk 1 Wk ; Zk:1 Wk
By independence of the b¢ it is also easy to calculate the variance:
vor ) = Yo 07 - o = -3 o
i=2 Zk 1YWk i k 1 Wk
(4.15)
_Zwl Zk 1wk Z k2wk _ Z Zk 20%
i=2 D e | wk)? i=3 Zk | Wk)?
O

4.3.1. Some Examples of Weight Sequences

We now give the exact values of the expected number of branches and their

variance for some examples of weight sequences. For the Hoppe tree, we write BY for
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the number of branches and get

B 1 _9 1 n 11
=i &+l 04d it
- _ = . (4.16)
1—
=0H, 1+ .
! ;(H—H(htl)
n—2 1
=0H, 1+0(1—-0 :
1+ 60 )i:0i2+(6+1)z'+9
For the variance we similarly get
-2 i—2 1
) =0 ! =0
Var (B,) 20—1—2—2 22—2 O+i—2)2 -2
n—2 n—2 .
1 i — (0 +1i)*
ZZIZ,Jr Zl T (4.17)

Thus asymptotically as n — oo, we get in consistence with Theorem 3.14

E [B)] = 6ln(n) + O(1) and Var (B%) = 61n(n) + O(1). (4.18)
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For the weighted recursive tree with w; =60 fori =1,... k and w; = 1 for ¢ > k,

we write T for the tree and BY for the number of branches. We get

k 1 1
E|B%| = 1
8] (’;m*@z; R
n—1 n—1 &
! 1 1 1 6
—H;ZMZ»;HW_Z*;;_; (4.19)
n—ll n-1 . . 1
=0) k0 -1) Y (k(9—1)+i)i+<1_9),2?
= i=htl =1
Also
Var(Bff)
k
= ( E—1)0+i—k
_ez b o Z (R
=2 i=k+1
n—1 k &
_ (i—1) (i —1)0 (i—1)
L TE L Tar L
=2 i=2 P
n—1 . 1
k(g_l)‘l"b—@ (2_1)
+0 9 .
2 RO D) i) Z 5
n—1 k ‘
i—1 1—1
=Y (i2)+(l_0)z(¢2)
s N (4.20)
vo 3 |MOZDEAR 07 RO 1P RO - 1)

k(0 — 1) + )22

—i3 + 4% — 2i%k(0 — 1) + 2k(0 — 1)i
(k(0 — 1) + )22

o —2(k+1)(0 = 1) +ik(0 — 1)(k(0 — 1) +2) + k2(6 — 1)?
+02 (k(0 — 1) + )%
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Asymptotically this gives, as for the Hoppe tree,
E [ng} =0lIn(n) + O(1) and Var (sz> =0In(n) + O(1). (4.21)
Concerning more general models the following can be said. If the weights are
bounded from below and above, the expectation and variance of the number of branches

will still be equal to O(In(n)) asymptotically.

Let for all 7, 0 < m < w; < M, then

n—1 n—1 1 n—1 1
B ; = ; S ; im (4.22)
%Hn_l <E[B] < %Hn_l
and
unnz_:l (i ~ Um <u}1§:1 Lz <w ”z_:l (i—1)M
= (M) i (Do wh)? —  (im)?
“;\}—TZ ni Z;—Ql < Var (BY) < “’;f ni ! - ! (4.23)
wim - wllj\zj

WHn_l + O(].) < Var (B:) < WHH_I + O(l)

The situation is very different when the weights are not bounded. We now give

some examples of weight sequences that give a different asymptotic behaviour.

(i) Let (w;)ieny = (1)ien. In this case we get from the above formulas

=1 =1 (4.24)




and

and

o8

BS 2i(i + 1) 4
B — (i(t+1))?  (i(i+1))
n—1 2 < 1 )2
e D=y
—~i(i+1) i(i+1)
_ Z 2, (1 ! )
—~i(i+1) i i+1 (4.25)
S SY(E R
—~i(i+1) i(t+1) 2 (i+1)?
B "i U <l+ 1 )
IE=XI(RSY, 2 (i+1)2
n—1 n—1
1 1 1 1
=10 - —4 =
Z(z Z—l—l) — (z2 (z—|—1)2>
n—1
1 1
=10(1-=)—4 =
(0) =G )
2 2
n—oo 10—4(2”——1) :14—4%<1
n—1 n—1 n—1
1 1 1
] =w - = - = — (4.26)
i1 2ak=1%k Zkzl% i=1 H;
y n—1 1 n—1 1
Var (B}) = 7 7P (4.27)

~
||
N
<.
||
N
~
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(iii) Let (wi)ien = (i%)ieN. In this case

n—1 1 n—1 1
EBil=w) =2 = T (4.28)
i=1 D k1 Wk i1 k=172
hence
6 W
(-1 <EB]<n-1 (4.29)
Also

=1 k2 (4.30)
n—1 1 1
= i 1 1— i 1
i=2 Zk:l k2 k=1 %2
Now we have on the one hand, for 0 < a < 1, that 0 < a(1 —a) < %1. On the
other hand 1 — =+ is increasing in ¢ for 2 <7 and 1 — —t— =1 Thus we
k=172 Sh—17z P
get
6 " 1
ﬁ(n —2) < Var (BY) < Z(n —2). (4.31)

4.3.2. Central Limit Theorem

As the number of branches can be written as a sum of independent random
variables, we can apply Theorem 2.8, the Liapounov central limit theorem for Bernoulli

random variables if Var(BY) diverges.

Theorem 4.2. If Var(BY) diverges, B2 the number of branches of a weighted random

recursive tree converges in distribution to a normal random variable:

BY —E[BY] nooo

n

Var(Bv) 4

G. (4.32)
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In particular this is the case

(1) if there is an i > 1 s.t. w; > 0 and (Zizl wk) converges
ieN

i) and if (Shoyon) and (05 ) diverge but (1)
(it) and if (> 5 _; wk . and (> ST o) werge but | > 17, (22:1%)2 .
converges.

Proof. In order to apply Liapounov’s central limit theorem for sums of Bernoulli ran-

dom variables we need to show that Var(BY) diverges. Now we have

n—1
1
Var(B¥) —wlz Zk 2wk = w; Z D 2%k (4.33)
Zk | W) i=2 Zk 1wk2k 1 Wk

If w; > 0 and for all £ > 1, wy, = 0 this sum is zero so we do not have convergence.
That the distribution of the branches is not normal in that case is obvious because all

nodes will attach to 1, so the number of branches is just n — 1.

Let us assume this is not the case, so there is an ¢ > 1 such that w; > 0. We now

differentiate two cases. First let us assume that Z;;ll wy, converges to a number a € R.

Then

Zk o W L a—w

(Ek 1Wk)2 iwoo  a?

>0 (4.34)
thus »"" , Var(by) diverges.

Let now S+ wy, diverge. Then

- 1 w
Var(B%) k 2“’“ - L (4.35)
Z k 1wk ZZk 1wk (Zk 1wk)

Thus in that case if > dlverges and y I, > converges, Var(BY)

1
=2 Zz 1 (22;11 wk)
diverges. O
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Remark 4.3. Additionally to the statements in Theorem 4.2 we know that if the

series » ., Zi_ll —— converges, i.e. if the weights increase too fast, the variance is finite
k=1 %k

and we cannot apply Theorem 4.2. This is for example the case for (w;)ien = (7)sen-

The other case where we cannot say anything general is when 22;11 Wiy D io m

and >, ﬁ all diverge. This is for example the case if w; = %, since then
1 Wk

Sy = O(In(i)).

Example 4.4. For the other examples above, considering the order of divergence of

the sum mostly allows to decide whether the central limit theorem holds. For example,

if S0 0w, = O(i), then 7 = O(3) and —+—5 = O() and thus Var(B¥)
Dt Wk (2221 wk) v

diverges. This is in particular the case when w; = 6 for ¢+ = 1,...,k and w; = 1 for

i > k. On the other hand, if 321_" wp = O(:?), then (g;“__;}wk)z = O(5) and thus
k=1%k

Y i, Var(by) converges. This is for example the case for w; = 1.

We have another possibility of proving convergence to a normal random variable.

Theorem 4.5. If

S (=)
=1 Z}Q:lwk n—00 0
S = ’
=1 Z%lek

(4.36)

and E [B¥] diverges, then

E [BY]

n

G. (4.37)
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Proof. Let p,, :=E[B¥]. By Theorem 2.10

n—1

drv (B, Po(pn)) < min ¢ 1, (Z ﬁ) i (Zk 1W’C>

i=1 i=1

S (w2 )
= e (4.38)
2 T
)
=LA\ Y wk
n—1 .1 :
Zi:l Z;c:lwk

:wl

2
n—1 1
Thus, if ;;(122_% w’“) 7% 0 and E [B¥] diverges, we can apply Theorem 2.9 and
=1 ST
get the result. = O

Remark 4.6. Theorem 4.5 implies that if for a given WRT the weight sequence satisfies

n—oo

w, — 0, Y% w; = oo and E [BY] diverges, then the number of branches of the

corresponding WRT is asymptotically normal. This is implied by the fact that if

Wn —2% 0, we have % SN 0, which can be proved as follows: Let ¢ > 0 and N

i=1 Wi

be such that for all n > N, w,, < . Then we have for n > N,

N
Z?:l wz‘z _ Zi:1 wz‘Q I Z?:NH wz'Q
Z?:l Wi Z?:l Wi Z?:l Wi
N N

N Z:’L:l Wi Z?:l wi Z?:l Wi

(4.39)

" w2 n—oo
Hence &&= oL — 0.

zll

Remark 4.7. All of the above theorems only hold if Var (B%) diverges, which implies
that none covers cases where E [BY] is finite. This follows from (4.11) and (4.12) which

show that if the variance diverges, the expectation diverges to.

4.3.3. Rate of Convergence

We can use some theorems obtained by Stein’s method to obtain bounds on the

rate of convergence. We have
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Theorem 4.8. Let BY denote the number of branches of a weighted recursive tree.

Then

dw<%:fﬁﬁ >< 1 V8+7 (4.40)
V/Var(B2) ’ ~ /Var(BY) VT

This bound decreases to 0 if and only if Var(B¥) diverges, which is the same criterion

we had for the CLT.

Proof. In order to apply Theorem 2.12 we will consider Y; = 0%, , — E[b%,,] and hence
_ L WERY]  BR-E[BY)]
o \/Var(B%) N \/Var(B%)

D=1 Nowfort=1,...,n—1,

. First of all the Y; are mutually independent thus giving

3]
3
—(1— w1 w1
( w1+~'-+wi_1> w1+-~~+wi_1

3
fGa) (e en)
w1+ Wi Wy + -+ wie

— (1 w1 ) w1
N w1+---+wi_1 w1+ -+ wim
2 2
4.41
) 1— w1 +( w1 ) ( )
w1+ wie w1+ wim
— (1 w1 ) w1
N Wy + -+ Wi w1+ Wwie
-2 d 1— d
w1+ Wit Wy + -+ Wi

w1 w1
<|1-—
( w1+"'+wi_1>w1+"’+wi_1

= Var(bY).

w1
Wi+ Wi

E[|Y;]’] =E ||b¥ —

We used that for 0 < a < 1, 0 < a(1 — a) < 1, which implies 1 > 1 —2a(1 — a) > 1.

Hence we get

= EHKP]<;—§:waﬂ::l. (4.42)
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Similarly

E[Y'] =E

2

w 4
b — :
w1+ Wit

— (1 w1 >4 w1
N Wit twior ) Wit T wi

4
Ha) (e e
Wiy + -+ Wi Wy + -+ Wi

— (1 w1 w1
w1+ Wit wyp+ -+ wior

3 3
. (1__ w ) N ( Wi ) (4.43)
w1+ Wit w1+ Wit

— (1 w1 w1
B Wit winy ) w e wig

1-3 1 (1«— 1 )
Wi+ -+ Wi w1+ Wi

w1 w1
<|1-—
( w1+~~~+wi1>w1+~~+wi1

= Var(by).

We again used that 0 < a(1—a) < { for 0 < a < 1, which implies 1 > 1—3a(1—a) > 1.

So we get

V28D3

4.44
N (4.44)
Hence in total we have
B2 — E[B¥] 1 28
d Sk R (] < -4+ —. 4.45
w (B g) < 24 02 (1.45)
O]

Finally we will now give a result concerning the size of branches in Hoppe trees.

We hope to generalize it to more general WRT models in the future.
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4.3.4. Largest Branch in a Hoppe Tree

We denote by B,,; the number of branches of size i in 7,,, a recursive tree of size

n. Now we define
V(Tp) == max{i € [n — 1] : B,; > 1} (4.46)
to be the number of nodes in the largest branch of that tree. In [6], it was shown that

lim P <1/n(7;) >

n—oo

N3

) —In2 (4.47)

when 7, is a URT on n vertices. The purpose of this section and the next theorem
is to extend the result of [6] to Hoppe trees, and to provide more details about the
asymptotic distribution, via exploiting the relation between Hoppe trees and Hoppe
permutations, which were introduced in 3.3.6. Further, the result in (4.47) is now

extended to an explicit expression for the limit lim,, o P (v,(7,) > cn) for ¢ € [1/2,1].

Theorem 4.9. (i.) Let T, be a Hoppe tree. Then %ﬁ?) converges weakly to a random

variable v whose cumulative distribution function is given by
Fy(z) = 27T (0)py(1/2) for x>0 (4.48)

where v is Fuler’s constant and

Pe(l’):e_;(—z)_ 1+Z(_]j) /.../Sk(x) (1_23/]) dy, - - dyx (4.49)

—1 Y1 Yk

with

k
1 1
]:
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(i) When 0 = 1, we obtain the following for the largest branch in a URT: @

converges weakly to a random variable v whose cumulative distribution function is given

by
0 ifx <0
Fu@) = 014 557 55 o [ Mt ifa e [0,1] (4.51)
1 if x> 1

\
where Sg(x) is as before.

Also, for any c in [%, 1} , we have
lim P(v,(T,) < cn) =1—1In(c). (4.52)

n—o0

In particular, we have

E[v] >

SIE

(4.53)

Proof. (i.) First, we translate the problem into a random permutation setting. We

have
Un(T?) =g max{i € [n — 1] : C,,_1:(0) > 1} =: a,,() (4.54)

where C),_1,;(#) is the number of cycles of length i in a #-biased Hoppe permutation.
an (0)

n

In this setting, Kingman [53] shows that converges in distribution to a random

variable o with cumulative distribution function

1
Fy(z) = 21T (0)py (E) for x > 0 (4.55)



67

where v is Euler’s constant,

e (Y o) ddu

and
1 1 <&
S = - ... - <1 s, 4.57
k’(x) {yl>xa 7yk'>$7zy]< } ( )

This proves the first part.

(ii) Setting @ = 1 in the argument of (i) and recalling that the random permutation

in this case reduces to a uniformly random permutation immediately reveals the result.

For the second claim, we first note Watterson [54] shows that the derivative of

Fi(x) over [1/2,1] simplifies to

1
filz) = -. (4.58)
x
Hence, for any ¢ € [%, 1}
"1
lim P(v,(7,) <cn) =P(v < cn) = / —dx =In(1/c). (4.59)
n—oo c X
We have
IE[]>/1 Lgr =1 (4.60)
v r—dr = —. .
B 1/2 T 2
]
vn(Tn)

Remark 4.10. The value lim,, o, =" is known to be the Golomb-Dickman constant

in the literature. Its exact value is known to be 0.62432998854....
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4.4. Depth of Node n

Theorem 4.11. Let D¢ denote the depth of node n in a WRT T and let Z denote

the set of ancestors of n. Let moreover Af, = 1(i € Z}/). Then
n—1
Dy =1+ A7, (4.61)
=2

The A%, are mutually independent Bernoulli random variables with

Wy

P(AY, =1) = S (4.62)
j=1%j

This directly yields the expectation and the variance:
EDY =1+ —— =y —— (4.63)

and

Var(Dn)_ZEi (1 > > Z(Zi o (4.64)

i=2 j=1 Wi j=1 Wi i=2

Proof. In a rooted tree, the depth of a node is equal to its number of ancestors, since
these determine the path from the root to the node. Using that 1 definitely is an

ancestor of n, in the notation of the theorem we thus get
n—1
D=1+ A7, (4.65)
=2
We will first find the distribution law of the Af, and then show mutual independence.

For the distribution law we will use the method used in [6]: we will first find the values

for n — 1 and n — 2 and then proceed by induction.
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The node n — 1 can only be an ancestor of n if it is the parent of n, so we get

Dic1 Wi
Similarly n — 2 can only be an ancestor of n if it is the parent of n or if it is the
grandparent of n, in which case n — 2 needs to be the parent of n — 1 who needs to be

the parent of n. This gives

Wn—2 Wp—2 Wn—1
! DL Wi Dy Wiy wi
—_—— - _

n—2 is parent of n  n—2 is grandparent ofn

n

_ Wp—2 Zzz_f Wj + Wp—2Wn—1

T ey w (4.67)
L Waa 2w

- Z?:_f Wi 2?1_12 Wi

o Wn—2

B E?:? wi

We will now show by induction that for all j =2,... n—1,

4 » Wi
P(jeZy) = ]—] (4.68)
i=1%j
Let the above be true for all j > 7+ 1 and let C}’; denote the event that j is a child of
7. Then

n—1
P(icZy)= Y P(j€Zs.C)+P(CE,). (4.69)

j=i+1

Since Cj’; only relates to the j-th step of the construction process and j € Z only

depends on the j + 1-th, ..., n-th steps, these two events are independent. We thus
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get

n—1

P(ic Zy)= Y P(j € Z)P(CY) +P(CL,)
= (4.70)

n—1
= 7 -1 n—1__.°
j=it1 k=1 Wk Zk:l Wk Z] LW

To simplify this expression we first note that we can factor out w; and that the following

holds:

Wit1 i Wi42
St Wk Yy W o Wk Yy Wi
_ Wit 2?21 Wk + Wi42 Zkzl Wk
Z+2 Wk Z =1 Wk 22:1 Wk
_ (Wi—l—l + wiy2) Zk LWk + Wit (Wit1 + W) e
- ZH—Q W ZH—I Wi Zz Wi ( . )
k=1
(Wit1 + Wita) Zk 1 Wk

1—0—2 Wi ZH—I Wi Zk Wk

Wz+1 + Wit2

ZZ+2 Wk Zk 1 Wk

In general the following holds for [ € N:

Wit1 + Wia 4 -+ + Wi Witl+1
) i+l i+l+1 i+l
D k1 Wk Zk 1%k et Wk D ey W
i1 i
Wi W) Dol W Wit Dy Wi
- i1 it i
el WE D gy WE D gy Wk
i
(Wit + -+ Wi + Wigr1) sy Wk + (Wi + -+ wi)
i+l i+l i
bt Wk D sy Wh D gy Wh
i+l
(Wig1 + -+ F Wiki41) Dpg W
i+l i+l i
bl WE D ey Wh D gy W
_ Wigr e Wi

it i :
k=1 Wk Zk:l Wk

i+1+1

b=kl Ok 79)
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By using this equality n — ¢ — 2 times, we thus get

P(i e Z7) :wi<

wqj+1+"'+wn—1 1
Zk:l Wk Zkz:l Wk Zk:l Wk
— <wi+1 + -+ Wnp—1 + ZZ:l (.Uk) (473)
— Wy i n—1

D k1 Wh D e W

Wi

B Zizl Wi

Now we will show that the events AY, are mutually independent for j =2,...,n — 1.
For this we will use the method used in [28]: forany 2 <k <n—-2and2 < jp, <--- <
jo < j1 < n—1 consider the event that all j;’s and only the j;’s are ancestors of n. We

will denote this event by E. Then
E=010; €2 =1,1(€2%) =0, for j # ji,i=1,...,k). (4.74)
By the structure of the recursive tree, to realize this event, n must be a child of ji, 7;

a child of jo,..., i1 a child of j; and j; a child of 1. In general for i =1,... k-1,
j; must be a child of j;;1. It does not matter what nodes j # j; attach to. Hence, by
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the attachment probabilities we get:

P(E)=P(i € Z,,j & 2, for j # jiyi=1,... . k)

k—1

w]l H ij»l W1
Ji— .]k 1
251“}@21 zlwﬁ Dy we

n chlld of j1 ji child of j;41 jg child of 1

n—1 1 Jj—1
SRS | L ) [ D 3
Zle We =1

i=1 1<j<n
§#dii=1,e ke
k j—1
Mt T (E) o
j 1
i=1 1 We 1<j<n ZE:I We ZZ:I We
J#gisi=1,.k

ﬁ n(-s")

e 1Y 1ljen

J#jii=1,...k
k
=[IrGiez) 1] PG¢Z).
i=1 1<j<n
G#Gii=1,...k

This implies that the events 1(i € Z;) are mutually independent. Hence the A, are
mutually independent Bernoulli random variables, which immediately gives expectation

and variance of D¢ as stated in the theorem. ]

Remark 4.12. While the number of branches and the depth of node n are identically
distributed in URTs this is not generally the case for WRTs. Both of these statistics
can be written as sums of Bernoulli random variables but these are not identically

distributed in general.

4.4.1. Some Examples of Weight Sequences

We will now consider the examples of weight sequences we also considered in

Section 4.3 to illustrate the above remark. For the Hoppe tree, we write DY for the
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depth of node n and have by Theorem 3.15

(4.76)

This implies that in a Hoppe tree the distribution of the depth of node n is asymp-
totically close to the distribution of the depth in URTSs, which is not the case for the

number of branches of a Hoppe tree.

For the WRT with w; =60 fori=1,...,k and w; = 1 for ¢ > k, we call the tree
T and write D¢ for the depth of node n. We get

n

n—1
B[] -2 5+ X g

=1 i=k+1
k n—1 n—1 n—1
1 1 1 1

_22+, 1Z+Zk:1k9+i—k_ 2.5

- e e (4.77)
B ”Z 1 \ —k0 + k

~i A= (k0 +1i— k)i
B n—1 1 . n—1 k?(l . 0)

i e (RO —1)+ )i

This shows that the expectation of the depth of node n in a 6*-RT is smaller than the
expectation in a URT by a constant term if & > 1 and bigger by a constant term if

0 < 1.
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Similarly
Var(p )_iéﬂ(@'—n Zlk9+z—1—k
—~  (i0) e, (kO +i— k)?
k. n—1 . n—1 .
1—1 1—1 kO+1—-1—k 1—1

=y —+ — + - .

iz2 i2 i;—i—l i i;—i—l (k6 +1 — k)2 i;—i—l i (4.78)
_Sfi—l%_if(M9—0+w—iﬁ”—«H9—D+4V@—1> '
- = ¥ i=k+1 (k(0 —1) + )%

n—1

&1 & kO - D)@ i k(0 - 1))
D> k(O —1) + 1))

=2 i=k+1 (

Asymptotically this gives, as for URTS,
E [fo] = In(n) + O(1) and Var (Dﬁ’“) = In(n) + O(1). (4.79)
More generally, as for the number of branches, if the weights are bounded from

below and above, the expectation and variance of the depth of node n will still be equal

to O(In(n)) asymptotically. Let 0 < m < w; < M for all 7, then

m ity Vs
Z < Z <D
1% = (4.80)
m M
& —H, 1 <EDY < —H,_4.
M 1 [ n] m 1
And similarly
n—1 2 n—1 ) i—1 n—1 2
(1 —1)m < Z Wi Ej:l Wi Z (it—1)M
=2 (ZM)Q =2 <Z;‘=1 wj)z =2 (zm)2
2 n—l 2 n—l .
m 1 " M 1—1 4.81
= W 3 < Var (Dn) < m 2 ( )
1= =2
m2 2
~ mHn_l + 0(1) < Var (D:‘;) < 3 H, |+ O(l)
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Thus in the examples above the qualitative behaviour of the depth of node n is
similar to the uniform case, since it is of order In(n). For the branches the situtation
was very different when the weights were not bounded. We will now consider these
same examples and some others in order to compare the behaviours and get an idea of

the range of values we can get for the expectation and variance of the depth of node n

in WRTs.

(i) Let (w;)ieny = (7)ien. In this case we get from Theorem 4.11

n—1 n—1 .
1 21
EDy] =) —<— =)=
i=1 23:13 i—1 (t+1)i
. (4.82)
:2121 1 =2In(n) + O(1)
and
ni pr <Zz j) n — (i(i+1))2 — (1+1)2

= (4.83)

(ii) We can get a similar result for a more general case. Let (w;)ien = (i%)ien for

k € N. In this case

n—1 -k n—1
1 1
E[IDZ]_Z A :Zlk+1
= 2t S wE T o)
- , (4.84)
= - = (k+1)In(n) + O(1)
2 o0



and

and

(IV) Let (wi)ieN = (%)zEN Then

7

76

(4.85)

(4.86)

(4.87)

(4.88)

(4.89)
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And since we have

Var(Dy) = >_ =45 (4.90)

72 (4.91)
= 0,2 < Var (Dy) <0, 65.

We will also get a finite expectation and variance for (ilk)ieN where k£ € N by

similar computations.

(v) Let (wi)ien = (In(@));cn- Then

S €

Il
3
L
Ju—

=
—~
~
~—

Il
3
(]
—_
[a—

=
—~
~
~—

El

m
Il
—

- In(j) — In(q!)

:Li_ll 1 - (4.92)
T 1;1((;)) T % = In{n) + OQ)
Also
Var (DY) = (@)~ (@)
&y () S (Zj’:l 1n(])>2
e In() & (In0)?
B 2_; In(i!) < (In(i!))*
n—1 ln(z) n—1 (ln(z))2 (493)
T (i) & (1n(i#))”
YT o)

@
Il
—_
-
I
—



(vi) Let (w;)ien = (@' 1)ien. First let us consider the case a < 1. Then

n—1 i—1 n—1
a - 1
EDY =Y ——— <) ad'<
P izlzz'zlajl ZZ1 1-a
and similarly
n-l i—1 n-1 (ai1)2 1

wy N4
Var (D)) = Z 2221 -1 Zz_; (Z;Zl aj—1>2 < 1—a’

78

(4.94)

(4.95)

Thus we have a finite expectation and variance. On the other hand, if a > 1,

E D] = o a! _ = (a—1)a" Za-1
nl — 3 1 1 _ - o L
i=1 22:1 @t a1l e
n—2
a—1 a—1
> — = (n—2) -
=0

and

_n72(a_1)a7, at —1 | ”720122_ i . n—2 _%
- az+1_1az+1_1>(a_ )Z(al+1)2>(a_ )Z a2
1=0 =0 =0
n—2
1 1 -1
>a—-1))y ——— _ n+ O(1)

4.4.2. Central Limit Theorem

(4.96)

(4.97)

As the depth of node n can be written as a sum of independent Bernoulli random

variables, we can apply Theorem 2.8, as we did for the number of branches.

Theorem 4.13. Let DY denote the depth of node n in a weighted random recursive

2
tree T with n nodes. If Var(D¥) = S0} @i — (Z = > diverges, then

=2 B ; B .
Dot wWy j=1%j

(4.98)
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Proof. The result follows directly from Theorem 2.8, i.e. Liapounov’s central limit

theorem for sums of independent Bernoulli random variables. O

Remark 4.14. We could not find a general condition for the weight sequence that

implies divergence of the variance. We can though say the following:

(i) When > 7 | w; converges, the variance does not diverge. This can be seen by
bounding —*— from above by **
Z; 19

(ii) If the variance diverges the expectatlon diverges too.

4.4.3. Rate of Convergence

We can derive a rate of convergence for the depth of node n that is similar to the

rate of convergence for the number of branches.

Theorem 4.15. Let D¥ denote the number of branches of a weighted recursive tree.

Then

d DUJ_—W < 1 \/ﬁ—i_ﬁ (4.99)
v \/Var(D¥) \/Var(D¥) N '

This bound decreases to 0 if and only if Var(DY) diverges, which is the same criterion

as we had for the CLT.
Proof. The proof follows steps similar to the proof of Theorem 4.8. O]

This concludes the results about the depth of node n, we will continue with

another statistic: the number of leaves.
4.5. Number of Leaves

We will compute the number of leaves for a specific kind of weighted recursive

tree only. In this section we assume that the weight sequence (w;);ey is such that for
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some 0 > 0,

fforl1 <i<k
w; = (4.100)

1 otherwise.

We will call such WRTs 6*-RTs and denote them by 7:fk. The techniques used here
should also apply for more general tree models, but with some accompanying cumber-

some notation.

Theorem 4.16. Let L0 denote the number of leaves of a WRT T,". Then

1) for some constant C" such that |C'|< |k(6 — 1 +M7
2

E [ﬁ?f] S NG (1) (4.101)
2 n
(i)
Var (EZk> = % +O(1) and (4.102)
(iii) for allt > 0,
P ( £ —E [Lz’“] > t) < D¢~ SRT= T2 ¢ TRO=T A (FO T (4.103)

Proof. The proof will make use of a martingale argument. First, note that for n > 2

we have
A A (4.104)
where

1 if the parent of n was not a leaf at time n — 1
YU = (4.105)

n
0 otherwise
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and E?k = 0, implying in particular Egk =1

We will now construct the martingale that we will use throughout the proof. We
want to find an expression for £ [Eff |[,,91k_1} , so that we can use a martingale to study
the properties of £8". First of all let N denote the number of leaves among the first

k nodes at time n. We have for n > k 4+ 1,

E [nyk LT—MNSZ = J} P (Nfglil = j)

k
ol =S ey
=0
k
=Y p(v =1
j=0
k
= 1-P(v" =0
> (1=
:JZ_;<1_k;@—i—nl—l—k:_k9+n_1_k)P<N2_1:]> (4.106)
k

:ZP(NG’“ = ')— k Lo P(NG’“ - )
n-1=J kg rn—1—k \

Jj=0

Eff—p Nﬁil - j) P (Ng: - j>

Eff—p Nﬁil = J)) P (Ngk—l = j)

(1-0)F [N"’“_l}
:1_ n—1 + n .
kO+n—1—-k kO+n—1—k

We thus get
E[cs]ctty] =B [e0, + v |eo ]
k k k
=% +E [Yg cg_l]
e o (1-O)E [Ng’i 1} (4.107)
Tt T 11—k RMrn—1—F

(1-0) (BN k) +n-1
HO—D)+n—1 17" KO—1) +n—1
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We now set X% := a(n)L? + b(n) and try to find a(n) and b(n) such that
E |xg

£flk_1} — X% . Now we have that

E [ng

k k
‘szfl] = Xzfl

k

& a(mE [£0]£0,] +b(n) = atn = )20, +b(n - 1)

kO —1)+n—2 . (1—9)(E[N351]—k)+n—1
& oln) <1€(91)+n1£"1+ k(O —1)+n—1 +b(n)
(4.108)

=aln—1)L" , +bn—1)

k‘(@—l)—f—n—Q ok
& (a(n)k(0_1)+n_1 —a(n—l)) L,

(1—6) (B[N ] = k) +n—1
k(@—1)+n—1

+b(n) — b(n —1) = 0.

+ a(n)

To simplify this equation we first set the factor of Eff equal to 0, which gives

k@ —1)+n—-2 a(n—1)
FO-Dtn—1_ am = (109

k(@ —1)+n—2
k(@—1)+n—1

—a(n—1)=0«

a(n)
Since we do not have boundary conditions we choose a(n) = k(0 — 1) +n — 1.

Now we similarly need

(1—0)(E|N",| —k)+n—1
g(e[— 1) JL n —>1 Fbn) =bn—1)=0 (4.110)

& bn) —bn—1) = (6 - 1) (B[N, ] k) = (n - 1).

a(n)

This is true for

b(n) = (0 — 1) (i E [fol} - k) - i i1 (4.111)

i=k+1 i=k+1
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We thus define for n > k + 1,

X0 = (kO —1)+n— 1L +(0-1) ( i E [N{’fl] - k) - i i—1 (4.112)

i=k+1 i=k+1
and thus have E [Xﬁklﬁzlil] = X% .

We can now use this martingale to get the expectation. Since Xﬁk is a martingale

we get for all n > k + 1,
E [Xg’“] —E [X,fjl] . (4.113)

Also we have

E [X,fil] — (k@O —1)+k+1—1)E [52’11] +(1-6) (E [N;Zk] - k:) +k

:k9$+(1—9) (g—k> Lk
(4.114)

k+1 &
=k + - (1+0
5 T 5(1+0)

= g(k9+1+20)

where the second equation comes from the fact that up to time k + 1 the tree has the

same attachment probabilities as a uniform recursive tree.

This gives us an expression for E [ﬁfﬂ :

n

E [XH’“] - g(ke +1+26)

K k
& a(n)E [zg = (k0 +1+26) (4.115)

| S

+b(n

<k [ﬁﬂ a(ln) (

~—

b | T

(k0 4+ 1+ 20) — b(n)) :
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So we have

E[Lfif]
_ 1
k(@ —1)+n—1
. (g<k0+1+20) —(0-1) <Z:;1E [fol] —k:) + Z]T;i— 1)
= 2(%&)??1) +k(9—1 +n—1 (;ka] _’“>
= 1)1+ — ,_if -1 (4.116)
:k<e_1>1+n_1<”_k)<§_k_1)+C+O(%)
B e R ©
B e R O
=g+0’+(’)(%>

where |C|< [k(0 — 1)| and |C"|< |k(6 — 1)|+2E2 GH) . In the fifth line we used that for all
i=k+1,...,n, we have |[E[N?,] — k|< k since at any time there can be between 0

and k£ — 1 leaves among the first £ nodes.

We will now derive the concentration equality. Because it is easier to manipulate

zero-martingales we now set

n

= (k(0 1) +n—1)LY + (0 -1) ( Y E [Nz‘e—kl} - k) (4.117)

i=k+1

k k k
Z8 = XU —E|xt}]
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Then in particular

k k
2l = X — B X[ | = ko (£l - E|20]). (4.118)
We have
k k
z2l =7,
k k
= Xz'e - Xiefl
i—1 i—1
— k(0 —1)+i—1)L" — <E[ka} >—Zj
]:k = (4.119)

_ [(k(e D) +i—2L, —(1-0) 3 <E [Nf’“} - k:) RS j]

= (k0 —1)+i— 1)L — k(0 —1)+i—2)L",
~(L=OF [N+ (1= 0)k—i+ 1,

Now we use that
=l v (4.120)

and

E [cffl] _E [fol} 0E [fol]
kO—1)+i—1  kO—1)+i—1

(4.121)
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to get

z!" — 7%,
=20 72" — (k(0—1)+i—1)
Bl ] -E[NG] om [N

EY"| —[1- -
[} kO —1)+i—1  k@—1)+i—1

=(k(0—-1)+i—1) <£gf1 n Y;ek> RO 1) i 2 (4.122)

— (=R [N ]+ (1 =0k —i+1— (KO- 1) +i— DE [v"]
Y kO -1)+i-1-E [ﬁfﬁl} 4 E [Nf_’“l} _YE [Nf_kl}
=l —E [+ ko - +i-1 [ - B[]
Since ka is only defined for £ +1 < i < n, the factor k(6 — 1) + i — 1, which

actually is the sum of all weights at time ¢ — 1, is positive for all such 7. Setting

R = L0 — B[] = k(0 - 1) +i — 1B [v"], we get

RE<z? — 72 =R+ k(0 —1)+i— 1Y <R+ k(@ —-1)+i—1. (4.123)

This allows us to derive a concentration inequality via Theorem 2.15. In our case, the

martingale starts with £ + 1 and we thus get

n—1 _ 2t2
IP’( oozl -2 > t) < 2¢ TimppMO-DFD? (4.124)
i=k+1
which is equivalent to
k k —sn 22 i 2
P (|20 - 2L | 2 1) < 2¢ TEanCODI (4.125)
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We can now bound »°% , ., (k(6 — 1)+ — 1)* by an integral bound. Since (k(# —

1) +i—1)? is an increasing function, we have

Xn: (k(0—1)+i—1)2§/n k(@ —1)+2—12+ k(0 —1)+n—1)
i=k+1 kt+1

n

(kO —1)+ 3 — 1)

+ k(0 —1) +n—1)

3 - (4.126)
SUS A Dl (’?3 + (k0 — 1) + 1 —1)?
< (RO - 1);” — U k(1) 40— 12

Thus,

2

2¢2 _ 2t 2
- - — —1)3 _ 6t
e Zickp1(RE-DFi-1)? <e FO=DEn=DZ 4 (0= 1)+n-1)2 _ o~ RO Tn-13+3(R(0- D) Tn-1)2 (4.127)

In order to derive a concentration equality for L’%k we notice first of all that

7% = (k(0—1)+n—1)L% + (6 —1) ( zn: B[N - k)

i=k+1

B Z": cq g & [Xﬁil} (4.128)

Moreover

]Zgil - ‘Qk (.cz’;l K [ﬁiil])‘ < Ok (k _k ‘5 1) - ‘%U‘;_ D (4.129)

where we use that the expected number of leaves is that of a URT until time k£ + 1.
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Thus for all t > 0,

VoA [ﬁff]

> 1)

- <k(8—1)+n—1)

o —E ]

> (k(0—1)+n — 1)t>

> k(0 —1) +n— 1)t>

> k(0 — 1) +n— 1)t — ‘Z,‘Zil

)

z(k(9—1)+n—1)t—w)

<p(||lz ‘Z,H ‘ > (k(0 = 1) +n = 1)t = ———
4.130
<P(|2 -2 |>(KO-1)+ —1)z—w (150
> n k+1| Z n 9
6((k(9-1)+n—1)t-%)2
< 2¢ (k(e—1)+n—1)3+3(k(6—1)+n—1)2
76(k(071)+n—1)2t2+(%_—U)Z—Z(k(eflwﬂnfl)t%ﬂ
= % (k(6—1)+n—1)34+3(k(6—1)+n—1)2
6 2 o (kO(k—1))2—4(k(0—1)+n—1)t(kO(k—1))
= 2¢ " RE-DFn—D)+3 ¢ 2(k(6—1)+n—1)3+6(k(6—1)+n—1)2

6 +2 12t(k6(k—1))

S e CEO-1)+n+2 e 2(k(0—1)+n—1)2+6(k(0—1)+n—1)
_6 2 6t(k6(k—1))

< 92e k(0—1)+n+2 o (k(0—1)+n—1)(k(0—1)+n+2)

We will now calculate the variance, Var <£ﬁk>. We will use that

k(@ —1)4+n—1
k(@ —1)4+n—2

70" — 720 k(6= 1) +n—1] (Yf’“ “E [Yn@’“D (4.131)

which we obtain by observing the following. First of all

70 = 7% 4+ R [ﬁ?f_l} Y TRO—1) +n—1] (Y,f’“ _E [Yf’“]) L (4132)
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Also
) 1 ok o*
Loor = k(@ —1)+n—2 (Z”—l B [Xk“
- o (4.133)
-1 (ZE [Nf’“} - kz) + Zi)
i=k i=k
and similarly
(] - e (B2 e £ 2]
- - (4.134)
—9-1) (ZE [ka} - k) + Zi).
i=k i=k
Moreover we use that for all n
E [Z,‘jk] —0. (4.135)

Using (4.131) we get,

B (2] - (Ryiaes ) B[]

g Bl (7 E D)) e

+ (kO —1)+n—1)>°E {(Yfk ~E [Y,?RDQ} .
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......

Using again E [Zﬁk] = 0 for all n and the fact that 2%, is £%" L% mea-

surable, we get

~E[E [nglyjk . E,f,lﬂ
K :Zg’“_ E [Yn@ L. Cfik_lﬂ
ok (1-6)E [N?"
—E [Zflkl (1 - k0+in—11—k * k:0+n—[1 —;J)]
E |z L0 (1-0)E NI (157)
-k [sz—l] B k0[+n1— 1 —l}k +E [sz‘l] k:0+n—[1 —;J
7%
| k0+n i k

28, B[ XEL |+ 0 - 1) (B[N ] - k) - 20
( k(O —1)+n—2) )]

E[Zgif]
kKO- +n—1)(k(O@—1)+n—-2)

Moreover

E [.cff_l} (1—0)E [NH’“ 1]

n—

I—Dtn—1 kO0-D+n—1

E[Ynﬂ =14

L 0()+ro0) +3 <1_9)E[N3i1} (4.138)
THO-DAn—1 KO- +n—1

1 1
-3+9(3)




and

We thus get the recursion

e[2”) = (fo=peams) B2

(RO —1) 0 —1)? E |z

k@—1)+n—-2 (k(@—1)+n—-1)(k(0 —1)+n—2)

(RO —1)+n—1) (i+(9(%)>

RO -1 tn 1) -2k 1) tn— 1) [
- kO —1) +n_2) e\ ]

(HO=1)+n—1)° Gﬂo(%))

(k@ —=1)+n—-3)(k(O—-1)+n—1) ko2
= 0 —1) +n—2)? e |2 ]

(RO —1)+n—1) (%+(9(%>>

This is equivalent to

k(@ —1)+n—2 2
k(6—1)+n—1E[ZZ ]
_k(9—1)+n—3 ok 2
—k(é—l)—i—n—QE[Z”l]
+ (k@ —-1)+n—-2)(k(@—-1)+n—1) (}l—I—O(l
Now set

)
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(4.139)

(4.140)

(4.141)

(4.142)
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then we have

W =W+ (k0 —1)+n—2) (k(0—1)+n—1) (}l +0 (%)) L (4.143)

This is satisfied for n > 2 by

W = zn:(k(e — D) +i—2)(k(0—1)+i—1) (i +0 (1>) . (4.144)

- n
=2

Hence

E[Z" ]_k(9—1)+n—2

Y (kO —=1)+i—2) (k0 — 1) +i—1) (;LJFO(%))

=2

(4.145)
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And thus

Var (Eﬁk>

1
_Var<k:(9—1)+n—1

2" —0-1)Y (E [Nf’“] - k)

i=k

+nz_1i+E[X,§il}]>

T k(0 —1) +n—1)2 ( Zek Zﬂ)
k(
k(

B 1 0—1) +n—1
k(6 —1)+n—12k(O—1)+n—2
> k(O —-1)+i—2)(k(0—1)+i—1) (i +0 (%)) (4.146)
=2 )

T hO—D+n—DEO -1 +n-2)

S KO- 1) i - 2) (kO 1) +i 1) (i+0<%>)

=2

1
TGO - DEO-1) +n-2)4 Z@ +o(
= : 1<<2n+1><n+1>n
TGOt D@ 1) tn-2)4

:E+(9()

- 1) +0(1)

]

Remark 4.17. We can also get some results by writing £ as the sum of 1(¢¥) where
¢¢ denotes the event that i is a leaf in a WRT. It follows from the construction principle

that

P (¢2) = ﬁ (1 S “’+ wH) . (4.147)

j=i+1

After some manipulation this expression becomes

n—1
Py = A TR T <1+ A ) (4.148)

Wi+ -+ W1 W1+"'+Wj,1
Jj=i+1
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Moreover we get the exact expression for the expectation of the number of leaves of a
OF-tree by writing E [Eff] =>",E [1 (ﬁfkﬂ and using the above expression. After

some computations we get by this method

k(O —1 kO(1 — kO =1 00k —1) +4
n  k( )+ ( ) N H( ) +i

E £ ==
=5+ 20— +n—1) 2 Ok + i

(4.149)

Remark 4.18. It is possible to derive a CLT by using this martingale, but we will now
introduce another coupling construction, that allows much easier inferences concerning

the distribution of the number of leaves.

4.6. A Coupling View of Some Special Kinds of WRTs

We will now introduce three coupling constructions for special kinds of WRTs.
They all have in common that they can only be applied to WRTs for which there is a
k € N such that the weights are constant for all nodes ¢« with ¢ > k. This is a quite
restrictive assumption, but we will see that the first and the third coupling allow very

easy conclusions concerning several statistics.

4.6.1. Construction of a #*-RT from a URT in the Case 0 € N*

In the case where § € N, we can use the following reconstruction to get a 6*-
RT from a URT. To emphasize the assumption, we write § = m from now on. First
construct a URT on mk + n — k nodes. We write T,x1n_x for this URT. Since we
want the weight of the first k£ nodes to be m we then join several nodes into one in the
following way. To avoid confusion let us denote the nodes in the URT by ¢ and the

nodes in the reconstructed tree by i7. Then we have the following:

e The nodes 1,...,m will become the node 17,
e m+1,...,2m will become the node 27 ...

o (k—1)m+1,...,km become kT.
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The new node i* gets all the children of (i — 1)m+1,...,4m. But since we joined
several nodes into one and the nodes (j —1)m+1, ..., jm might have different parents,
for 1 < j < k, we set the parent of 57 as the parent of (j — 1)m + 1, i.e. of the node
with the smallest label among those that become ;7. If in the URT the parent of
(j — 1)m + 1 is any of the nodes (i — 1)m + 1,...,im, the parent of j7 is iT.

For j > k, we set j7 = j + k(m — 1), so all nodes after k only correspond to a
single node, we just need to "translate" the names of the nodes to take into account
that we used mk nodes instead of k for the first k£ nodes in the reconstructed tree. If
the parent of node j + k(m — 1) for j > k is among the first km nodes of the URT, we
check into which range this node falls and the parent of j7 is chosen as above. In other
words if, for 1 < i < k, the parent of node j+k(m—1) isone of (i—1)m+1, ..., im, the
parent of node j7 is node 7. If the parent of node j+k(m—1) is equal to h+k(m—1)
with & > k, the parent of node j7 is node h”. The tree we thus obtain is called 7"

We can easily verify that the probabilities are right.
e Fori < j <k,

P(57 attaches to i’)

=P((j — 1)m + 1 attaches to any of the nodes (i — 1)m +1,...,im)
m (4.150)

(7 = 1Dm

e Fori <k <y,

P(;7 attaches to i')

= P(j + k(m — 1) attaches to any of the nodes (i — 1)m + 1,...,im)
m (4.151)
Tt km—1) -1
B m
o j—=1—k+km
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e For k <i <y,

P(;7 attaches to i’)

=P(j + k(m — 1) attaches to i + k(m — 1))

1 (4.152)
Tt k(m—1)—1

1
- j—1—k+km’

Let now L,x1+n_r denote the number of leaves of T,,x1n_r and Enmk denote the
number of leaves of 7;{”’c Then L,,x1n_x can be used to bound E?k. First of all if a node
i > km is a leaf in T,,54,_x, the corresponding node in 7;Lmk, which is i — k(m — 1)T, is
also a leaf. The reconstruction process thus only affects the children of the nodes i~T

with 1 <1 <k, so we can have at most k£ additional leaves.

For 2 < i < k, we note that 2m + 1,3m + 1,...,(k — 1)m + 1, determine the
parent of 37,47, ... k™ respectively. Similarly the nodes km+1,km+2,..., km+n—k
determine the parent of (k+1)7, (k+2)7,...nT respectively. Hence if any of the above
are children of one of (i — 1)m + 1,(i — 1)m + 2,...,4m, the node 7 will not be a
leaf. Thus for 7 < k, the node i’ is a leaf if and only if there is no node with the label
2m+1,3m+1,...,(k—1)m+1 and no node with label km+1,km+2,... km+n—k
that attaches to any of the nodes (i—1)m+1, (i—1)m+2, ..., im. This can theoretically

be used to calculate the exact probability that i’ is leaf for 1 <i < k.
But without calculating these exact probabilities we can conclude the following.

For each 2 < i < k we can at most "loose" m — 1 leaves since if all (i —1)m+1,...,im

are leaves in Txin_k, 90 will be a leaf in 7™". Hence we can conclude that

Losn—i + k> L™ > Lopini — k(m —1). (4.153)
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Let moreover £,, denote the number of leaves in a URT on n nodes, then

E[Loseins] +k > E [Lg’“} > E[Lpsni] — k(m — 1)

@W+k>[€[£,’?k} >%—k(m—l)
n+k(;1+l)>E[£Zlk}>n—k(;1—l) (4.154)
@E[ﬁn]jtw >E [ﬁn’”k} > E[L,] — w
k(m +1)

= [E[L™] — E[L,]

< ——-”
- 2

4.6.2. Construction of a #*-RT from a URT in the Case % € Nt

In this case the construction turns out to be a little bit more complicated. When
using the idea introduced above, in order to reduce the weight of the first k£ nodes given
a URT on an appropriate number of nodes we will now specify, we need to increase
the weight of the remaining n — k nodes. This means that the reconstruction affects a
much bigger number of nodes. This in turn implies that the coupling is not as useful
as the previous one but we nevertheless introduce it, to show the same principle can

be applied.

We now assume that the first £ nodes have weight 6 with 6 = % for some m € N
and that the remaining ones weight 1. Such a recursive tree on n nodes has a total
weight of k% + (n—k). Since the actual value of the weights does not matter, but only
the weights relative to each other, it is equivalent to construct a tree with the first k&
nodes having weight 1 and the remaining ones m. This would result in a total weight

of k4 (n — k)m. So we first construct a URT with nm — k(m — 1) nodes.

We leave the first k nodes as they are, so i7 =i for i < k. Then, for i > k+1 we

need to join several nodes together. In particular:

e Nodes k+1,...,k +m are joined together to form node (k + 1),
e nodes k+m+1,...,k + 2m are joined together to form node (k + 2)7 ...
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e nodes k+ (i —k—1)m+1,....k+ (i — k)m form node 7 ...
e nodes k+ (n—k—1)m+1,...,k+ (n—k)m form node n’.

Again, as before, the parent of i7 in the reconstructed tree is the parent of
k4 (i—k—1)m+1 in the URT and all children of the nodes we join together become
children of the new node. Except for the first k£ nodes, we need to remember that only
if a node has a child with label £+ ¢m+1 for some 0 < ¢ < n—k—1, the corresponding

node will also have a child in the reconstructed tree.
We now check that this rearrangement gives us the right attachment probabilities.

e Fori < 7 < k+1 both the attachment probabilities in the URT and the weighted
recursive tree correspond to a URT, so there is nothing to check.

o Fori <k <y,

P (jT attaches to iT)

=P(k+ (j — k — 1)m + 1 attaches to i)

_ 1 (4.155)

k+(—k—1m
1

m

CE k-1
o For k <i < j,

P(;7 attaches to ')

=P(k+ (j — k—1)m+ 1 attaches to

one of k+ (i —k—1m+1,...,k+ (i —k)m) (4.156)
. m
k+(—k—1m
B 1
Ry k-1
1k

While this reconstruction gives the tree we wanted, i.e. 7™ , it does not allow easy

conclusions concerning the number of leaves since the coupling affects the children of
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all but a finite number of nodes.
4.6.3. Constructing a Special Kind of WRT from a Hoppe Tree

Finally we will introduce a third coupling construction that can be applied for
a special case of WRTs that includes the two models presented above. We will now
rearrange a Hoppe tree instead of a URT in order to get a WRT. Let (w;);en be such that
there is a k € N such that w; =1 for ¢« > k. We can then construct the corresponding
WRT from a Hoppe tree using an inverse process than above. Instead of joining nodes

into one we will now split the root into k£ nodes.

First construct a Hoppe tree with n — k 4+ 1 nodes and with 6, the weight of the
root, equal to Zle w;. Then construct a weighted recursive tree of size k corresponding
to (w;)ien. Now we replace the root of the Hoppe tree by this weighted recursive tree of
size k. For i > 2, node 7 in the Hoppe tree becomes node i+ k — 17 in the reconstructed
tree. Then for all ¢ > 2, if 7 is a child of 1 in the Hoppe tree, i+ k — 17 becomes a child
of one of the nodes 17, ..., k" in the reconstructed tree proportional to their weights.

This means that if 7 is a child of 1 in the Hoppe tree, i + k — 17" will become a child of
wj
Z?:l Wy

node j7 in the reconstructed tree with probability . Let us check that this gives

the right probabilities.

e For 1 <i<k <y,

P(57 is child of 4" in reconstructed tree)

=P(j — k+ 1 is child of 1 in Hoppe tree) ——
=1¢
>y W wi (4.157)
J—k+1 —2+Zlewezgzlwz
Wi

—j—l—k—FZ?:lwg‘
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e For k <i <y,

P(57 is child of i* in reconstructed tree)

=P(j — k + 1 is child of i — £ + 1 in Hoppe tree)

_ 1 (4.158)
G—k+1—24+3" w
1

=1+ -k

4.6.4. Using the Coupling for WRT Statistics Analysis

The coupling constructions given in previous subsections are useful in understand-
ing various WRT statistics with the aid of well known results on URTs and Hoppe trees.
We already gave an example in subsection 4.6.1. We demonstrate this briefly here for
the number of leaves and the height of a WRT 7 with (w;);en such that w; = 1 for

1> k.

First focusing on the number of leaves, the reconstruction process implies that all
the leaves of the Hoppe tree are still leaves in the reconstructed tree, since we do not
change any relation among the nodes 2,...,n — k41 of the Hoppe tree or respectively
k+17,...nT of the reconstructed tree. There can be at most £ — 1 additional leaves

among the first k£ nodes. Thus,

L) SLY <Ly g+ k=1

k
_ S 1
noktl 2w +O<l)<Ewﬁ
2 2 n

—k+1 M ow—1 1
cnokHl 2w +k—1+0(—) (4.159)
2 2 n
k k
b wi—k 1 " wi+k 1
L@k o (D) Cppe Py em @R (L
2 2 n 2 2 n

:Ewﬂ=g+an

In a similar way, one can make conclusions about the variance, concentration and

asymptotic distribution of the number of leaves in a WRT with w; = 1 for ¢ > k for
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some k € N.

Theorem 4.19. Let £ denote the number of leaves of a WRT of size n with (w;)icr
such that there is a k € N such that for all i > k we have w; = 1. Then LY 1is

asymptotically normal.

Proof. In order to derive a central limit theorem for £¥, we write

Ly —E[L) 0] ﬁ?ﬁkﬂ — E[ﬁfbfkﬂ] Liwn — £n (4.160)
\/\m Var(L),_y.1) \/m
Now we have by Theorem 3.17 that
ekl — E[E?z—kz-i-l] TG (4.161)
Var(EZ—kﬂ) ’
and by (4.159) that
L& _ E‘g a.s
noktl T | k 250 (4.162)
Var(L9_,.1) Var(L] 1)

n—00

since Var(L?_, ;) —— oo. Now we can apply Slutsky’s theorem, which we stated as

Theorem 2.16 and conclude that

ﬁ?i —E[ﬁﬁ_kﬂ] n—00 g

: (4.163)
Var<Ln k:-l—l)

As a second example, we discuss the height. Let H denote the height of a WRT
with (w;);en such that w; = 1 for ¢ > k. Let moreover DY, and D‘fji denote the distance
between the root and node 7 in the reconstructed tree and the original tree respectively.

Then for any node i7, the path from the root to i’ corresponds to the path from the
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root to the corresponding node in the original tree, i — k + 1, except that we might

have an additional path among the first £ nodes instead of the first edge. Thus DY is

at least as big as DY, ;.

Also D, is at most k — 1 bigger than the distance between the root and the

corresponding node in the original tree: For ¢ < k, DY, is at most k£ — 1 anyway. For

i > k, node i — k + 1 in the original tree becomes node i’ in the reconstructed tree.

Let j — k + 1 be the first node on the path from 1 to ¢ — k + 1 in the original tree.

Then in the reconstructed tree j7 will be attached to some h, where 1 < h < k. Thus

for all £+ 1 <i < n, there is some h < k such that,
D‘f,i = Dih +1+ D?—k+1,i—k+1 = th + D?,i—k-&-l'
Also DY), <k — 1, so we have
D?,i—k-ﬂ < D(f,z‘ < Df,i—k-i—l +k—1

which implies that

< REPS
manH{Dl”} - zglaxn{D“} ~

i=1,....n—

geeey

Thus from H,, = max;—__,{D1,}, we can derive that

H o <HY<H o +k—1

maszH{Du} + k—1.

(4.164)

(4.165)

(4.166)

(4.167)
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According to Theorem 3.16 we have E[HY] = eln(n) — 2 Inln(n) + O(1). Now we have

eln(n —k+1 )—§lnln n—Fk+1)

(it - nl))
_§<lnln i (14 >>) e

=eln(n) — —lnln( +0O(1).

[\

Thus we get for & > n,
3 3
eln(n) — 3 Inln(n) + O(1) <E[HY] < eln(n) — B Inln(n) + O(1) + k-1 (4.169)
which implies
3
E[H;] = eln(n) — 5 InIn(n) + O(1). (4.170)

The CLT for H¥ can be derived similarly as above by using Slutsky’s Theorem.
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5. BIASED RECURSIVE TREES

In Chapter 3 we introduced the representation of recursive trees as permutations
and showed that there is a bijection between uniform random permutations and uniform
random recursive trees. In [12] Altok and Iglak raise the question how the recursive
trees change when a different distribution on S, is chosen. In particular, the properties
of the random recursive trees that are obtained from a riffle shuffle distribution on S,

are studied.

In this chapter after introducing rifle-shuffle permutations, we will be analyzing
the associated p-biased recursive trees. Our study of this tree model will begin by
reviewing some results from [12] on the number of leaves. Then we will present our
further investigations on p-biased recursive trees. In particular, we will be working
on the number of branches, the number of nodes with at least k£ descendants and the

depth of node n.

5.1. Definitions and Basics

Riffle shuffle permutations are based on a common method to shuffle cards: a
deck of cards is first cut into two piles of approximately equal size and these piles are
then riffled together, so that the cards of the two piles interleave. A mathematical

model for riffle shuffles is given in [55].

Definition 5.1 ( [55]). In order to riffle shuffle a deck of n cards, the deck is first
cut into two piles according to a binomial distribution, so that the probability that the
first pile has k cards is gin) Intuitively this means that the deck is approximately cut
in half. The two piles are then riffled together by dropping the cards face down one

by one proportionally to the size of the remaining piles. More precisely, let A; and A,

denote the sizes of the remaining piles. Then the probability that the next card comes

from pile ¢ is equal to A;iiAQ’ 1=1,2.



105

This model is the simplest version of a riffle shuffle and was later generalized into
biased riffle shuffles, where the deck is cut into a piles and the sizes of the piles are

chosen according to a multinomial distribution, see [56].

Definition 5.2 ( [56]). A p-biased riffle shuffle permutation is obtained by first cutting
a deck of n cards into a piles by determining the pile sizes according to mult(a; p) with
P = (p1,p2,---,Pa)- This means that pile sizes by,...,b, are chosen with probability
(b17-T-L-7ba) [T, pi%. Given the piles, they are riffled such that any of the (b1,..n.,ba) ways
of interleaving is equally likely. The order of the cards in each pile is not changed
in this process. We call the resulting distribution on S,, the p-biased riffle shuffle
distribution. When p is the uniform distribution over [a], i.e. p = (%, ce %), the

resulting permutation is called an a-shuffle.

The first definition of a riffle shuffle we gave above corresponds to a 2-shuffle. The
shuffling of the cards after determining the sizes of the piles was described in different
ways in these first two definitions. It is standard in the literature that these ways

are equivalent. The following are a few more equivalent descriptions of p-biased riffle

shuffles.

Theorem 5.3 ( [55,56]). The following are equivalent.

(1) 7y is a p-biased riffle shuffle.
(i1) A deck of n cards is cut according to mult(a, p) and then the cards are dropped face
down one by one proportional to the size of the remaining piles. More precisely,

let A; denote the remaining size of each pile, then the probability that the next

A

card comes from pile i is equal to Y e

1=1,...a.

(i1i) A deck of n cards is cut according to mult(a,p). The piles are then sequentially
riffled together: first riffle pile 1 and 2 according to the rule in Definition 5.1.
Then riffle this combined pile with pile 3 according to that rule. Continue until
all piles are riffled together.

(iv) Partition the interval [0, 1] into a subintervals of length % Then drop n points into

this interval according to the following rule: choose subinterval i with probability

p; and then drop the point uniformly in this interval. Subsequently label the points
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from 1 ton according to their order from smallest to largest and apply the function
f(z) = ax (mod 1) to rearrange their order.

(v) v is the inverse of a permutation constructed in the following way: First assign a
digit from 1 to a to each card according to p. Then reorder the cards by first taking
all cards with digit 1, then all cards with digit 2, and so on, without changing the

order of cards having the same digit.

Given a p-biased riffle shuffle permutation v the corresponding recursive tree is
constructed in the usual way: take 1 as the root, attach 2 to 1, then attach every node
¢ to the node with the label that is the rightmost number to the left of ¢ that is smaller

than ¢ in 7. If there is no such element, attach ¢ to 1.

Definition 5.4 ( [12]). A tree constructed from a permutation over {2,...,n} having
the p-biased riffle shuffle distribution is called a p-biased recursive tree, short BRT, and
denoted by TP. When p'is the uniform distribution over [a] we call the corresponding

tree an a-recursive tree, short a-RT, and denote it by 7,%.

In Figure 5.1 all 2-RTs on 4 vertices are depicted. We can see that not all
permutations of n numbers can be obtained as 2-shuffles, for example the permutation
(432) is not a 2-shuffle and the recursive tree on 4 vertices where all nodes are children
of 1 is thus not a 2-RT. This can be seen by considering that either 2 and 3 or 3 and 4
must be in the same pile and thus not all number can be in reversed order. Moreover we
can see that the probability of obtaining the permutation (234) is very high compared
to the others. The reason for this is that no matter how the deck is cut, just putting

the piles on top of each other in the original order is one way of interleaving them.

What makes this model very different from the weighted model and the other
generalizations mentioned in the literature is that we do not have a way of picturing
its dynamic growth. We mentioned in Chapter 3 that for many kinds of increasing
trees we can obtain a tree of size n by attaching n according to some rule to a node
of a tree of size n — 1. BRTs are neither defined in that way nor can such a rule be

easily derived from the definition. In [12], given the pile sizes, a way of constructing a
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1234 1243 1324 1342 1423
1 1 1 1 1
2 8 8 8 8

Figure 5.1. All 2-recursive trees on 4 vertices with corresponding permutation and

probability.

BRT step by step is given but it cannot be considered as a dynamic growth because we
cannot construct a BRT on n vertices given a BRT on n — 1 vertices using this method.
We thus need to base our results about BRTs on the permutation representation. The

description of p-biased riffle shuffies via their inverse will be crucial in many arguments.
5.2. Number of Leaves

We now review some results from [12] on the distribution of the number of leaves

in p-biased recursive trees.

Theorem 5.5. Let TP be a BRT and L? the number of leaves of TP. Then
-0, 02
E[C?] = (n—z)%ﬂ (5.1)

and

2 2

+2(n —3) < D N (%ﬂﬂﬁ)j .

1<s1<s2<s3<a

Var(£?) —(n — 2) (1 ~Yen (1 - zz;lpzﬁ
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When ' is the uniform distribution over [a], these expressions simplify to

u (n—2)(a—1) u a’—1 a’—1
E[lLi] =1+ 5 and Var(Ly) = (n — Z)W —(n—3) R (5.3)
In particular for fired n asymptotically we get the same values as for URTs
. n . n
lim E[£] = = and lim Var(L£) = —. (5.4)
a—00 2 a—00 12

Proof. As already mentioned in the review of uniform recursive trees, 7 is a leaf if and
only if it is greater than its right neighbour in the permutation representation. So
given a tree constructed from a permutation v with v(j) = i, 7 is a leaf if and only if
v(3) > v(j + 1). Moreover the last element of the permutation is always a leaf. This
allows us to write the number of leaves of a p-biased recursive tree as a sum of indicator

random variables. So we have

i
L

Lh=a D _10v(0) > (i +1) + 1 (5.5)

T
[\

In the description of the inverse of a riffle shuffle each card is assigned a digit from
1 to a with probability pq,...,p, and the cards are then rearranged according to the
digits. This implies that when ¢ < 7, ¢ will come before j in the inverse permutation if
and only if card 7 gets a digit that is smaller or equal to the digit of j. Since (i) >
v(i 4 1) if and only if i + 1 comes before i in the inverse permutation, (i) > (i + 1)
is equivalent to 7 getting a bigger digit than i + 1, i.e. to X; > X;,1.

Let X;, for 2 < i < n be independent random variables with distribution p, over

{1,...,a}, then 1(v(i) > v(i+ 1)) = 1(X; > X;;1) and we can thus write

i
L

%

||
N



109

Since all X; are identically distributed we have P(X; > X;11) = P(X;411 > X;).
Moreover ]P(XZ > Xi+1) —+ ]P(XZ = Xi+1) —+ ]P(XZ < Xi+1) =1 and ]P)(XZ = Xi+1) =

So¢ | p?, thus

-3 2
P(X; > Xpp1) = % (5.7)
So we get
n—1 1_ Za 2
Elcr] = Y EL(X; > Xit)] + 1= (n - 2)%1]’8 +1. (5.8)

=2

Let now £; = 1(X; > X;1), then £2 = Y"1 ¢, + 1 and by writing Var(£?) =
S0 Var(ly) + 23 5csjeny Cov(ly, £;) Altok and Islak get

Var(L}) =(n — 2) (%ﬂﬁ _ (%ﬁﬁ)j

+2(n —3) < > PaPeps — (%w)j .

1<s1<s9<s3<a

(5.9)

The results for the uniform case can be derived by substituting i for all ps in

these expressions. O

As in the uniform case, the distribution of the number of leaves tends to a normal

distribution when p’ is non-degenerate, i.e. when there is no i = 1,...,a such that

pi =1
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Theorem 5.6 ( [12]). Let LP denote the number of leaves in a p-biased recursive tree

and assume that p is non degenerate. Then for any n € N there is a C' € R such that

£, —BlLy) )S c (510

o ( Var(Lh) NG

Moreover a result about the distance between the number of leaves of URTs and

of p-biased recursive trees is given.

Theorem 5.7 ( [12]). Let us denote the number of leaves in a URT, p-BRT and a-RT

of sizen as L, LY and L} respectively. Then we have the following:

(i) Forn >3,

n—1\ —
czw(ﬁn,ﬁﬁ)s( ) )Zpi- (5.11)
s=1

(i) Fora >mn >3 and p the uniform distribution this bound can be improved and we

get

al

N<l - —.
drv(Ln, £3) < (a —n)lan

(5.12)

(111) These two bounds imply that L% converges in distribution to L, as a — oo and
that LY converges in distribution to L, as a — oo if P’ is non-degenerate.

(iv) For a given a, among all distributions on [a], the uniform distribution maximizes

the expected number of leaves of TP. Thus if p is any distribution on |a], then

E[L7] < E[L7].

The proofs of Theorems 5.6 and 5.7 can be found in [12].

We now move on to giving new results about BRTs, namely, on the number of

branches, the number of nodes with at least k£ descendants and the depth of node n.
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5.3. Number of Branches

We will present two different methods to calculate the number of branches in a
BRT. While we use the first one to get explicit expressions we still mention the second

approach because it might be helpful for other problems.

5.3.1. Anti-records

As we have seen in Chapter 3, in URTS there are several possibilities to obtain
results on the number of branches. For WRTs we used the attachment probabilities,
which allowed us to write the number of branches as a sum of independent random
variables. For BRTs we will use the observation that the number of branches of a
recursive tree is equal to the number of anti-records in its permutation representation.
First of all let us observe that in a riffle shuffle permutation, for v(i) to be an anti-
record, it must be the first card of one of the a piles. There can thus be at most a
anti-records. Moreover, as we consider riffle shuffles of {2, ... ,n}, there definitely is an

anti-record at y(2). Using this approach we will prove the following theorem.

Theorem 5.8. Let BY denote the number of branches in a p-biased recursive tree TP.

Then

Z Zz ™ 1-— (Z pg) + Pa. (5.13)

f=s5+1

Moreover we have the following asymptotic result

E[BP] 2225 . 5.14
Z Ze 1 Pe ( )

When p is the uniform distribution over [a], letting BE denote the number of branches

in an a-RT T2,

=
e
Il
Q
|
—
w | =
N\
—_
|
VS
—_
|
SIS
~
3
AR
N———
+
Q|

(5.15)

@
Il
—
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and asymptotically
E[B?] 2= H,. (5.16)

Moreover, when a tends to infinity, the expectation tends to the expectation for URTs,

namely

E[B%] %% H, . (5.17)

Proof. We will use the inverse formulation for biased riffle shuffles in order to study the
number of anti-records. When X; < min{Xs,..., X; 1}, we get at ¢ the first card from
a pile with cards that are smaller than all the previous ones, hence there is an anti-
record at i. Thus for 3 <i < n, and v a p-biased riffle shuffle, v(7) is an anti-record if
and only if X is strictly less than Xs,... X;_; where X;, j = 2,...,n, are independent
random variables such that X; = s, s € [a], with probability ps. By independence of

the X;’s we get for 3 < i < n,

IP)(XZ < min{Xz, B aXi—l})

= P(X; <min{Xy, ..., X; 1 }|X; = s)P(X; = s)

s=1
a | (5.18)
= ZIP’(S <min{Xs,..., X;1})P(X; = s)
s=1
a—1 a i—2
s ( 3 pf) ”
s=1 \f=s+1

We only sum from 1 to a — 1 because for i > 3, min{Xs,..., X; 1} < a and thus
]P)(CL < min{Xg, . 7Xi—1}) = 0.

Let A; = 1(7(i) is an anti-record), then BZ = Y " , A; and 7(2) definitely is an
anti-record. We need to assume p; # 0 from now on in order to avoid division by 0.
This is not an important restriction though, since given p, we can define ¢ as p' without

the p;’s that are zero. Then the distributions obtained from p and ¢ are the same.
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Now,
E[BY] =1+ E[A]
i=3
= 1 -+ ZP(Xl < min{X27 cee 7X7;*1})

—1+2n:a§i(z pz) 2

=3 s=1 \fl=s+1 ( 9)
a ¢ 0.1
14 zpszl (Zzlm)
1 s+

_1+Z ( 1_2323:;1?;1—1)

a—1 a n—1
_ Ds _
- ; 2221 Do 1 ( Z pﬁ) + Pa-

f=s5+1

n—1 n—oo

Since p; > 0 implies (};_. ;1 pr)  —— 0 for all s,

BB == ZZ@ 1 é’ ZZ@ 1 Pe (520

In particular, for ' the uniform distribution over [a] we have p; = £, so we get

zié (1_ (“;S)H> +é (5.21)

and

E[B;] = Zl = H,. (5.22)
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Moreover, for a fixed n, if a — oo, for fixed n the expectation tends to the expectation
of the number of branches for URTs. To show this we will manipulate the second line

of 5.21 and then use the following identity:

a ak+1
D st = + O(a¥) for all k € N, k > 0. (5.23)
p k+1

We have

—_

I
Q|
[S—

[S—
—
Q
[l
cl 3
L

+

=
2
Il

Q

—
w | =
VR
—_

|
VR
)
SH
w
N~~~

3

—
N~
+
IS

i e
—_

2w
|

I
IS
3
b
VRS
=)
SHN
w
~_
o~
+
Q|+

s=1 /=0
_ni SRS (5.24)
=N -
=0 att s=1 a
n—2
1 a€+1
=3 iy O]
=0
n—2
1 1
=251 t0 (‘)
e + a
azoeo, H,
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Theorem 5.9. Let BY denote the number of branches of a p-BRT. Then for p such

that py > 0,
Var(BP) =
a—1 P a n—1 a—1
= |1- e - ps
; D=1 P <e§1 ) ;

_ a 2 a "
— 2 ( ) - (Zz:s+1 p€)2( ”
—Zps Z De a 2
) -

a—1 s—1 i
—2221191”(21)@2]%) 1—25 s+1p226 r+1Pe

s=2 r=1 {=s+1 l=r+1

Ds Zé s+1Pe - "
+22 > i1 Pe ZZq o\ (Z pz) (5.25)

l=s+1
a—1 a s—1 a
92 2 : Z : p q r+1 Dq 1
- Ds Zs
s=2  f=s+1 q 1Pq g=r+1Pq

r=1
a n—3

Z pq ( > pz)

g=r+l1 l=s+1
ol a a a n—3

B (Z€:s+1 De Ze:r+1 pf)

-2 Ds D D s z

; f—sz;rl K; =1 P (e;l E) L= a1 Ped i P

Z s+1 r=1 l=r+1 {=s+1




and

Var(B” [t oo,

Z Ze 1 Pe
—ipz ( i Pe)

a—1 s—1
422%(

s=2 r=1

a—1
- ps

s=1

1
__<§:g—s+lzw)2

1
De De a a
j{: EE: ) 1 _'§:£:s+1p£§:£:r+lpz

l=5+1

l=r+1

Pr

+22P52e s+1pfz

D i1 Pe
_'ng:]% jg: pfj{:

s=1 {=s+1 r=1

Proof. See Appendix A.

r=1 E:;:lzh

1
Ze 1D <Z m) L= o Pe 2

T+1p€

Theorem 5.10. Let B denote the number of branches in an a-RT. Then

Var(B;) =

a—s\""" a—1
a a

1
_2ZZG2 a a 1-—

\21— (a—s)2(n*2)
) 1= (52)
a—sa—r)n_2

a—sa—r
a a

s A-())

a—sa—rl—(

s—1

a— S
—2>
a
s=2
a—1
-2
s=1
a—1

+>2:£:(1;;S

s=1

a—
a—S

s—1 n—3
Za—r 1 ((a—r) _(a—s
r o s—r a a
r=1
11 /a 1

—r 1—
az_ll a—r\"" L (a=s n=3
—~r a a

116

(5.26)

(5.27)
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and

a—1 288 a-s21
Var(B?) "= H, — —{——Z
a

a/i

r

a—1
1 52

aZ CL2 _ 82
s=1
a—2 a—s+1

ZZ 2
a< — Sr
1 r=1

s=
a—1 a—1

ZZT‘az a_ar—r)‘

s=1 r=1

(5.28)

Moreover, for fized n, when a increases the variance approaches the variance from the
uniform case:

Var(B*) =% H, | — H”

n—1-

(5.29)

Proof. See Appendix A. m

Remark 5.11. There are various results in the literature on central limit theorems for
the number of records in random words, for example [57,58]. We hope to adapt these

for obtaining asymptotic results on the number of branches in a subsequent work.

5.3.2. Sequential Shuffling

We now present another possibility to calculate the expectation and variance of
the number of branches of a BRT. As we described in Section 5.1, in a riffle shuffle,
after choosing the pile sizes, we might first shuffle pile 1 and 2 such that if there are
A cards remaining in pile 1 and As cards in pile 2, the probability that the next card

is from pile i is T +A for : = 1,2. More generally, for i = 2,...,n, after shuffling the

first © — 1 piles, we shuffie the obtained shuffled pile with the i-th pile such that if A;

are the cards remaining in the i-th pile and B;_; the cards remaining in the already

shuffled pile, the probability that the next card comes from the i-th pile is B,fl‘jr T
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Only the first card of each pile can be the start of a branch, since all other cards
will definitely have a smaller card of the same pile to their left. Hence we only need
to consider where these are. Let us call the first cards of each pile F}, F5, ..., F, and
the piles S1,...,S,. If pile ¢ is empty F; refers to no card. We know that all cards of
Si,...,S; are smaller than Fj,,. Hence, if S;;; is non-empty, F;.; attaches to 1 if and
only if it comes before any card from piles with lower index. Since each time we riffle
a new pile this only depends on the first step, the remaining pile sizes actually are the

initial pile sizes in our case.

Set I; = 1(F; attaches to 1), then we get

0, lfbl,,bZ:O

P(l;=1) = (5.30)
bﬁb—%, otherwise.
Or alternatively
B[] =P =1) = b (5.31)
v o _maX{l,bl—i—---—i—bi}' )
Now BE = >"% | I;, and we can write, conditioned on the pile sizes,

a a b
E[BE|by,..., b, = E[L;|by, ..., b, = : . 5.32
[n| 1, ’ ] ; [ |1 ] ;max{l,b1++bz} ( )

Since the pile sizes are chosen according to the multinomial distribution this gives

a

p] _ n “ bz bl
E[Bn] Z (bly---:ba) le!pl Zmax{l,bl ++bz} (533)

b1,....ba i= Jj=1

where we used E[X| = E[E[X|Y]] with X = B2 and Y = (by,...,b,).
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We can give this a nicer form by considering for all j = 1,...,a the expression
n a bi bj
Zb _‘?1 ,lf)a (b1 77777 ba) Hi:1 b; max{1,b1++b;} separately.
1 a=

For j = 2, we get

a

> () e
bi, . ba) TP max{1 b+ by}

b1, ba
b1+-4ba=n
by
% 3;a - <bl,..., )Zl_[p’ max{1l,n — k}
artrtba =k ) . (5.35)
bQPn 2p22
_Z Z bs! b 'sz Zmax{l n—k}(n — k — by)! byl
O e, b=
n—1 a n—k n 9 bo
-y ¥ n"'(n—k+1)sz?i (n—k)by  pi "y
= . bs!...b,! Pl ! = (n —k — by)!bo! max{1,n — k}
bg+--+ba=k
Now we have for 1 < k < n,
n—k —k 'b n—k—by _bo
Z (n ) by P1 P
bFl(n —k —by)lby! max{1l,n — k}
n—k
_ Z (n —k)! ba pnfkfbgpbg
= (n =k = b)!baln — k ! 2
Sl (k=1 (n—k—bo+1) (5.36)
= Z b — 1)1 by D
b2:1 ( 2 )
" n—k—1)(n—k—by)
=p2 Y ™~ 2 py il
by =0 2
= pa(p1 +p2)"
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By inserting this into 5.35 we thus get

n—1
SR el ree

k=0 b3,...,ba
bz +-+ba=k
n—1
Do n- (n—k+1
= p, (1 +p
b+t ba=k
I Nl (5.37)
= ——— | p/(pr+Dp2)” —P(by =by=0
S Bbgz;ba Bion- ,H 1+ p2)” = P(by = by = 0)

Bbg+-4ba=n

p1+ . [(p1+p2+ -+ pa)" — (1= (p1 +p2))"]

()

The cases j = 3,...,a can be calculated similarly, thus we get in total

E[B)] = Zpﬁ_p—i ( (Z m) ) (5.38)

Jj=i+1

which is the same expression as in Theorem 5.13.

For the variance we will use that Var(X) = E[Var(X|Y)] + Var(E[X|Y]). We

have
Var(BP|by, ..., b,)

a 2
_F ZIZ’ bl,...,ba]
=S E[Llb, ... +QZZEII b1, ..., ba (5.39)

=1 zl]z

—ZE[mbl,..., —2ZZE[|61,... JE[L;]by, . . . , bq]
1=1

=1 j=1

= ZE[L’bla s 7ba] - E[[Z’bla s 7ba]2'
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Here we were able to get rid of the mixed terms because I; and I; are independent for
i < j, given the pile sizes by,...,b,: F} attaches to 1 if and only if it is the first card
in the shuffle of Sy,...,5;_1,5;, where S;,...,5;_1 are already mixed together. This
only depends on the sum of the first j pile sizes, i.e. S;+---+5;_1, and S}, not on the

order of the previously shuffied cards, particularly not on the position of F;. Hence

Var(Bylbr, -, ba) = z:; max{1, blbj— by (max{1,b (f b2 (5.40)
Also
Var(E[B2|b, ..., bs]) = E[E[B2|by, . .., b.)%] — E[E[BP|by, .. ., ba)]? (5.41)
and

E[E[Bz‘bh te 7ba]2] = Z <b17 ) sz <Z max{l blb_zi_ 4+ bz}) (5'42)

and

E[E[BE|by, . .., ba]])?

a a 2
n b, bz
i E . (5.43
(bl,...,ba> sz — max{l,bl+-~+bz}> (5:43)

I
™

So we get in total

Var (B5) = 3 (bl ! b)Hp?i

bi,eba

a bz bl2
. [ <21: max{1l,b; + -+ b;} a (max{1,b; +--- + bi})2>
a bl 2
+ (Z max{1l,b; +--- + bi})
b ’

(5.44)
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Remark 5.12. We argued at the beginning that the number of branches is limited by
the number of piles we split the deck into, i.e. a. In fact that argument also works for
the degree of any node: if two nodes are children of i, the smaller one must come later
in the permutation, thus the nodes attached to ¢ form a decreasing sequence. But in a
p-biased riffle shuffle permutation any decreasing sequence must consist of cards from
different piles since cards from the same pile remain in the same order. Since there
are a piles, this implies that the degree of any node is limited by a. Since a-ary trees
also have this property, it would be interesting to see whether a-ary recursive trees also

share other properties with trees constructed from a-shuffles.

5.4. Number of Nodes with at least £ Descendants

In a BRT the number of nodes with at least k descendants can also be calculated
using the construction of an inverse riffle shuffle. In a recursive tree 7, node i has
at least k descendants if in the permutation representation of the tree at least the
k entries following ¢ are bigger than i. This is the case if, given v(j) = i, we have
v +1),...,7( + k) > i. This is equivalent to X; < {X,;41,..., X &} in the inverse
riffle shuffle construction. We thus get a node with a least & descendants for every X;
satisfying the above, more precisely, if X; < {X;41... X4}, node ¢ = (j) is a node

with at least k& descendants.

Example 5.13. Let our deck consist of 8 cards. Assume that we cut it into 3 piles.
We first construct the inverse riffle shuffie by assigning digits from 1 to 3 to every card

as can be seen in Figure 5.2.

Xy X3 Xy X5 Xe X7 Xy
1 2 3 1 3 1 1

Figure 5.2. Example of the construction of an inverse riffle shuffle permutation.

This gives the inverse permutation v~ = 2578346 and thus v = 2673845 with
the corresponding recursive tree in Figure 5.3. As can be seen the tree has two nodes

with at least two descendants, 2 and 3. This corresponds to what we can derive from
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Figure 5.3. The biased recursive tree corresponding to v = 2673845.

the permutation: 7(5) = 3 and we have X5 < Xg, X7. Also 7(2) = 2 and we have
Xo < X3, Xy

We will now use this observation to calculate the expectation and variance of
the number of nodes with at least k descendants, and then will prove a central limit

theorem by using the fact that the dependence is local.

Theorem 5.14. Let k € N and let ng’n denote the number of nodes with at least k

descendants of TP, a p-biased recursive tree of size n. Then

E[Y%,]=@n-k-1) Za:ps (i:;») +1. (5.45)

Moreover if p is the uniform distribution over |al,

1 a
E[VZ,) =0 —k-1)—5) s +1 (5.46)
s=1

and in particular, as a — 0o, we get

n
E+1

E Y, ] = (5.47)
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Proof. Let CF = 1(X; < {X;41,...,Xitx}). Then

n—~k n—k
Y8 =4 CP=) Cf+1. (5.48)
=1 =2

Also for 2 <i<n—k,

E[Cf] =P(X; < {Xit1,. .., Xitk})
= iP(XZ < {Xz'+17 ... 7Xz+k}|Xz = S)P(Xz = S)
= za:IP’(s <Xy, Xig HP(X; = ) 49

s=1

a a k
= Zps (Zpr> .
s=1 r=s

Thus

= nz ips (ipr> +1 (550)

=2 s=1 r=s
a a k
=(n-k-1)> p (Zpr) +1
s=1 r=s

In particular, if py = % for all s, we get

a

E[Y2,.] :(n—k—l)Zé (Zé) +1

s=1 r=s

:(n—k—1)ak—1ﬂ§a:<i1> +1 (5.51)

s=1 r=s

1
—(n—k—l)akH;s +1.
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This gives asymptotically

. ; . IS
JE&E e ] = L}Lrgo(n— k— 1)ak+1 Zsk +1

. a**! " (5.52)
_}520<n_k_1)ak+1 [/{;—i—l +O(a )} +1
. n
Ck+ 1

O

Remark 5.15. We know from Theorem 3.6 that in a URT, for A ,, the number of

nodes with exactly k descendants, A’:Z’” n,

G +1)1(k: o) in probability holds. This is
consistent with the expectation of the number of node with at least k descendants we

found for a — oo.

Remark 5.16. For the case £ = 1 and p the uniform distribution over a this gives the

expected number of internal nodes

1 1 —2a+1
E[Y2,] =(n—2)— Zs—i—l—n—Z) a(a; )+1:”2 L1 (5.53)
- a

This also follows from the expected number of leaves in an a-RT.

Theorem 5.17. Let k € N and let YZ, | denote the number of nodes with at least k
descendants in a p-BRT. Then

Var Yfkn Zps (ZPT> n—k—1)+p (2nk —3k(k+1))]

+2Zps = Z%(ZM)

ulurs

a k (554)
n—k—1-(n—2k—1) (Zpu> N _(Zzuaspu)

u:spu

> b (Zp,) n(2k+1) — 3k + 1)(k +1)].
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We moreover have

V k a a k
Jim ——= () —Zps (Zm) 2kpr +1 — (2k + 1)2193 (Zm)
s=1 r=s

N (5.55)
+22 Zpr (Zm) 1- (Zm)
1 Du r=s u=s
Proof. See Appendix A. n
Corollary 5.18. If we choose the uniform distribution over |a] we get
1 <, 1
Var (YZ,,) %Zs (n—Fk—1)+ o (2nk — 3k(k + 1))
s=1
a—s+1
ak—l—l Z Z
w1 (5.56)
a— s + 1 k 1 _ (Z—Z+1
. [n—k—l—(n—Zk—1)< : ) _ 1_(—a_3+1)
1 < i
- <ak+1 > sk> [n(2k + 1) — 3k + 1)(k + 1)]
s=1
and for fized a we moreover have
o Var(Ye,) 1 <, 2k 2k+1
nh_{f)lo n T gk ZS 1+;_ k1 ZS
s=1 s=1
k] a—s+1 (557)
P ()]
r=1
For fized n we moreover get asymptotically
asoo M —k —1 (n—Fk—1) n—2k—1
Ye, ) = — q 2————H
Var (Y2, ,) 1 g} b1+ 2 1 2k+1
N "‘i (k4 1) — (3k+ Dk + 1) (5.58)
P k4641 CESIE .
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If we then take the limit as n — oo we get

Var (Y2, ) 1 2Hopsy — 2Hpyy 2k 41

lim i == = — . 5.59
nomases 7 il k+1 (k+ 1) (5.59)
Proof. See Appendix A. n

Theorem 5.19. Let k € N and let ng’n denote the number of nodes with at least k
descendants in a p-BRT. Then

dw (V2,,.0) < ——2 L ((Zk: 1)+
a Var (ng,n)

V(2K 4 1)2 ”é) . (5.60)

Nz

Proof. We will again use Theorem 2.12. For this we set Y; := CF — E[CF] for i =
1,...,n — k. The dependency neighbourhoods are N; = {C} :i —k < j < i+ k} for
1 <n—2kand Ni:{Cf:z'—ijgn—k:} fori=n—-2k+1,...,n— k. Hence we
have D = max;<;<,{|N;|} = 2k + 1. Let 0 = Var (37, C¥) and define

n Ck]
Z Var ZZ Neil (5.61)

We now need to estimate > E[|V;]?] and Y | E[Y;*]. Since the Y;’s can take values

1 — p; or p;, where p; = E[C¥], we have as in the proof of Theorem 4.8 that

E[Y;]] = |1 = pil’pi + |-pil *(1 — pi)
= pi(1 = pi) (1= pi)* + p})
= pi(l _pi>(1 - 2pi(1 _pi))

< Var[C#]

(5.62)

since for 0 < a < 1, we have 0 < a(1 —a) < 1 and thus 1 > 1 — 2p;(1 —p;) > 3.
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Similarly

E[Y;[*] = (1 — pi)*pi + i (1 — pi)

= pi(1 = p) (1 = p)* +1})

(5.63)
= pi(1 —pi)(1 = 3(pi(1 — ps))
< Var(CF)
since for 0 < a < 1, we have 1 > 1 — 3p;(1 — p;) > 1.
Thus we get
n—~k 3
(2k + 1) e V28(2k +1)2
d < ky L Y20 )
wlI06) < SRS van( e + 5
(5.64)
2k + 1 V28(2k 4 1)z
= 2k+1)+ —— | .
- (( 1)+ Y
[l

Remark 5.20. As we know by Theorem 5.17 that the variance is of order n, the bound

in Theorem 5.19 decreases with order \/Lﬁ

Remark 5.21. Since Yg n, the number of nodes with at most & descendants is equal
ton — YL, the expectation, variance and CLT of YZ,  follows directly from the

above results.

Moreover the expectation and variance of the number of nodes with exactly k de-
scendants can be calculated from the results of the previous section by some additional

calculations.
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Corollary 5.22. Let X,f’n denote the number of nodes with exactly k descendants in a

p-BRT. Then

EX;,l=Mn—-k-1) ips (im) — (im)

s=1

(5.65)

Moreover of Xi,, is the number of nodes with exactly k descendants in a a-RT, then

a

a 1 - k 1 k+1 1 - k+1
LTl P DR S R SEECTE
s=1 s=1

s=1

and asymptotically

n

(k+1)(k+2)

E[X},] == (5.67)

Proof. We have Xp =YL, —YZ, . . Thus we get from Theorem 5.14,
E [le,n} =K [ng,n} —-E [szk—i—l,n}
a a k a a k+1
:(n_k_l)zps<zpr> +1_<n_k_2)zps<zpr> -1
s=1 r=s s=1 r=s (568)
a a k a k+1 a a k+1
=(n—k—=1)) p, (Zpr) - (Zm) +) ps (Zm)
s=1 r=s r=s s=1 r=s

Similarly we get from Theorem 5.14 for p uniform,

a 1 - k 1 . k+1 1 - k+1
EX;,=m—-k-1) (ak’ﬂ ZS - WZS +WZS . (5.69)
s=1 s=1 s=1
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This implies in particular that

EIX}]
1 [a" k 1 [a*? k+1
=n-k-1) ( {mw(a ﬂ T {mw(& >D
ak+2 htl
+ ;) |:k‘—+2 + O(a ):|

. . . ) (5.70)

(n—k—1) (k:+1 N k:+2> T2
B n B k+1 n 1
Ck+DE+2) (R+D)(k+2) k42

n
C(k+D(E+2)
O

Remark 5.23. For the variance of the number of nodes with exactly k descendants

we have that

Var (X? ) =Var (Y?, —Y?
ar ( kn) ar ( >k,n 2k+1,n) (5.71)
= Var (ngz,n) + Var (ng-i-l,n) — 2Cov (szk,m Y§k+17n) :

The covariance can be calculated by the same method as before, so we can obtain an
expression for Var (X ,fn). Since the calculations as well as the expressions one gets
in the end are quite long, we did not include them here. The asymptotic value of

Var (X ,‘jn) as a — 0o can also be calculated using the same methods as in the proof of
Var(Xg )

Theorem 5.10. As expected the value one gets in the end for lim,, . lim, s —

corresponds to the value of the same expression for the number of nodes with exactly

k descendants of URTSs, which is stated in Theorem 3.6.

5.5. Depth of Node n

First we observe that given a permutation representation for a recursive tree we
can determine D, the depth of node n by counting the steps we go down from that
position when we go to the left until 1. It is important to note that we must take any

step down if we can, and we don’t go up again once we went down. This implies that
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we are not looking for the longest increasing subsequence from 1 to n. Rather we are
looking for all anti-records when we start at n and then go to the left until we reach 1.

The following examples will clarify this difference:

Example 5.24. If v = 13456728 the depth of node 8 is 2, because it is attached to 2
which is attached to 1. This corresponds to the number of steps down we take from 8

since we first go down to 2 and then down to 1. The longest increasing subsequence is

1345678, which is much longer.

For p = 12574863 the depth of node 8 is 3 by the construction principle. We can
also see this because from 8 we go down to 4 then there is 7 and 5, which is higher so
we ignore it. Then we go down to 2, and finally to 1. So we take 3 steps down. We
don’t count the step down from 7 to 5 since we already went down to 4 before that, so

we are not interested in anything concerning nodes bigger than 4 anymore.

Thus given P, = 7~ *(n), the position of n in the permutation, we get the depth
of node n by calculating for all i < P, the probability that v(i) < min;;<p, {7(j)}

We will now use these observations to prove the following theorem:
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Theorem 5.25. Let D denote the depth of node n in a p-BRT. Then

E[D?] =
s l(n) - (5h)

s'—1 n—l a s’ n—1
za: Z <Z7‘=1 pr) - <Zr:s pr Zr:l pr)
Ds' s'—1 a s’
s= 221“ 1 Ts =92 Zr:l pr—Zr:spTZrzlpr

T Z o (5.72)

s n=1 41 s s—1 n—1
n-2) zpr> 0 (Xn) S o (0]
r=1 r=1 r=1

(ipr) (&)

a 1 — a_ Dy n—2 o
+ 1 D_ps (Zs’"jf - (n—2)pr+ 1| pi~"
s=2 ZT'Zl pT
Moreover asymptotically we have
. E[D7]
lim = p1. (5.73)

n—00 n

As we will use the position of node n in order to derive its depth, we will need

the following lemma.

Lemma 5.26. Let P? denote the position of n in a p-biased random permutation.

Then for 2 < k <mn,

r=1

- ips (ipr) (Si pr) (574)
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and
P(PL=n)=) ps (Zpr> . (5.75)

Proof. As before we will use the construction of an inverse biased riffle shuffle permu-
tation as introduced in Theorem 5.3. We know that n will be the last card in the last
non-empty pile. Also the digits we assign each index when constructing an inverse riffle
shuffle permutation define the position of the cards in the pile with that digit. In other
words, the indices that get digit s, are the positions of the cards in the s-th pile. This
means that n gets the position of the last index that gets the highest digit. We get

Pr=max{2<i<n:X;>{Xs.. . X.}} (5.76)
SO

]P)('])p = k) =P (Xk Z {X27 cee 7Xk71}; Xk > {XkJrlu s 7X7L}> . (577)

n

By conditioning on Xj; we get independent events and can thus calculate this

probability for 2 < k < n. We get

P(P? = k)
= P(Xk > {XQ, . ,Xk_l},Xk > {Xk+1; R ,Xn}>

= P(Xp > Xy, Xpa }, X > {Xpirs -, X} Xp = ) P(X = 5)
s=1

= P(s > {Xay . X} > {Xipr, - X ) P(XG = 5) (5.78)
s=1

=3 P(s>{Xa,... . Xp 1 DP (s > {Xpsr, .., Xu ) P(Xp = 3)
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We only sum from s = 2 since if X} = 1 it cannot be strictly greater than X.1,..., X,,.

If K = n we have the additional possibility that all X; are equal to 1 and thus get

P(Py=n) =) ps (Zpr> . (5.79)

We can now start with the proof of Theorem 5.25.

Proof of Theorem 5.25. First of all we will find an expression for E[D?|P? = k|. As we
said above, given P? we need to calculate the number of anti-records when we go from

the position of n to the left until we reach 1. Hence, given P?. we define for 1 <1 < PP,

E =1 <7(¢) — min {y(k)}) . (5.80)

i<k<PP

Then, given PP, we get D? = 27.)51_ " E;, and so

PL-1
E[D;|PY] = > E[Ei|PY). (5.81)

=1

We can simplify this sum by first observing that
E(Epz—1) =P(y(P; = 1) <~(P})) =P(y(P; = 1) <n) =1 (5.82)
and in general for all 4, we have (i) < 7(P?) = n, so we can rewrite E; as

E; =1 <’y(z) = min {V(k‘)}) : (5.83)
i<k<Ph

Moreover P(E;) = P(y(1) = min;<,<pr{y(k)}) = 1 since (1) = 1. Now we will again

use the inverse riffle shuffle construction to calculate the rest of these probabilities. We

know that y(i) < v(j) for all ¢ < j if and only if X; < Xj, since this means that in
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the spot j will come a higher card from the same pile or from a pile corresponding to

a higher digit, thus with higher labeled cards.
Let 2 <7 < PP then

E[Ei|P]

—P (10 = smin (1D H (P =n)

i<k<PE

=P (XZ = min {Xk;}|X’p£ Z {XQ, N 7X'P£71}’ Xfpg > {Xfpg+17 N ,Xn})

i<k<Ph

=P (Xi = min {Xk})

i<k<PP

=307 (X = min (X1 = 5 ) POY =) (5.84)

s=1

= za:IP’(s <A{Xit1,.. .. Xpr ) P(X; =)
il a Ph—1—(i+1)+1

> ()
s? r:s .

Y (zpr) |
s=1 r=s

We could get rid of the conditional in the third line because the X are mutually
independent and thus the fact that Xpr > {Xs,..., Xpr_;} does not tell us anything
about the ordering of {Xs,..., Xpr_1}. Moreover Xpr > {Xpr,y,...,X,} concerns

different X;s, so is also independent of E;. We again assume p; > 0 for all 7 in order to
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avoid division by 0. In total we thus get, for 2 < k£ < n,

k-1
E[D}|P} = k] = ) E[E|P} = K]

=1

k—1 a a k—i-1
:Zzps Zpr +1

iZQ 8211671 rjs e
Sy (Ee) o

s;l Iz:z rzs i (5.85)
S ()

s=1 =0 r=s

and

E[D?|PP = 2] = 1. (5.86)
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To get E[D?] we now need to use the tower rule, this gives

E[D7]

~ E[EDLIP] = ]

=Y _E[D}|P = KJP(P} = k)
k=2

n—1
= E[D}|P? = KP(P} = k)

k=3

+ E[DP2| PP = n]P(PE = n)
+ E[DE|P? = 2]P(P? = 2)

n—1 a a k—2
:Z[Zpsl—@sm o2 1

s—1
k=3 Ls=2 Zr:l Dr

B ) €

a 1— a_ , n—2
> b (Z;”_—fp S =2 t1
s=2 Zr:l Pr

(5.87)

+

+ ; Ds (2 pr) -

n a 1— ai : k—92 a s k=2 /o q n—k
:;lzps (gi’f;) ] [Zm( 1p7”> (Zm) ]

=2 r=14T s=2 r= r=1
n a s -2 s—1 ’Vl—k
Yl [ S (zpr) (zpr)
k=3 s=2 r=1 r=1
a a n—2
3 n (Zsrflspr) (e 2y 41|
s=2 Zr:lp?"
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In order to simplify this expression we first look at the first line

s=2 r=1 p’l" s'=2

a a ) n s k=2,
= Zsp—sl ZpS’ [Z <Zpr> ( pr>
k
Now we have

(%) 50) ()
_ (#ler) " (1 o ((Zi; pr) (Zf«,:—llpr>_ ) 1 (5.89)

() (S5

s —1 n—1 o n—1 - -

Zr:l Pr - Zr:l Dy (Z >

- s'—1 Y — pr )
Zr:l pT‘ - Zr:l pT‘ p—



Inserting this into the first part of the last line of (5.88) we get

s=2

Setn i) (5

2.

r=1

S Y

1st 2

Zi:f Pr — Zil:l Dr

s 1 n—1 o n—1
( r=1 pr) - (Zr:1 pr)
> e

7” 1 T s'=92 _psl

Z

o1 n—2
Yl Y zp)
) nr—_l o —1 n—1
_Z = Z; [(Zpr - (22») ]
a a s'—1 n—2
B Ps , AR

s'—1 n—2 1 - (Zi:spr Ei:lpr r=1 pr )
1_27“ spTZr 1Dr (Zr 1p7"

o n—1 a o n—1 , n—9
(Zr 11 pr) - <Zr=s Pr Zr:l pr> <Szl )
= s a s’ - Dr :
Zr:ll Pr — Zr:s Pr Zr:l Dr r=1

<Zi/:_11 pr>n1 - <Zi/:1 pr)nl B <5/_1p >n2]
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(5.90)

(5.91)



Inserting this expression into the second part of the last line of (5.88) we get

ZZZ(Z) () (&)
(o)~ (S i)
Z S Zp O D SIS S

3 S (zp>

T'l T5’2

n—1

Now we look at the second line. First we separate it into two terms,

k=3

i [(k = 2)p1 + 1] ips <ipr> (Z%)

Zg(/ﬂ—Q Zm(Zm) (Zm)
+zzps(ipr>k (zp)

k=3 s=2

Z:Al + AQ.
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(5.92)

(5.93)



Now we easily get

k:?) s=2 . sy . k=2 s 1 —k+2
oM zpr) 5 (zpr) (zpr)
5=2 r=1 k=3 =1 r=1

(S (mEe <2i:1pr>‘<”-1>_1)
Zps Tz;pr) < 1_Zi:1pr (Zj;ipr)il

_ - (Zi;} pT)n—l — (ijl pT)n—l - s—1 n—2
= Zps Zi;i Pr — Zi:l Dr (Zpr) )

5=2 r=1
a s n—1 i s—1 n—1 s—1 n—2
(e ()]
5=2 r=1

E((E) -5 )2 E)

For the first term we need a little bit more work. First of all

k=3

gl €

k=3

141

(5.94)

(5.95)
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We now set z := (Zizl Dr (Zi;} pr)_l) and only look at the sum indexed with

k. Then we have a sum of the form

n n—2
Z(k: —2)zF % = xz kbt
k=3 k=1
d n—2 i
= l’% T
k=0
d1l—z" 1
= r—
dr 1—=x (5.96)
_ x—(n — 12" 21 —x) — (1 — 2" H(-1)
(1—2)
B x(n D™t —(n—1z" 2 +1— 2!
B (1—=)?
B x(n — 2"t —(n— 12" 2 +1
B (1—2)

1 -1 . . .
We now substitute (Zizl Dr (Zf:} pr) ) for # and insert the resulting expression

into A;. This gives

Ar=m ips (ii;%) - ipr (ii}%) 7
| [m -2 (Siee (S )
<1 - <Zf«:1 Pr (Zi;ipr)_l))Q
(1) (Zizl pr (3200 pr)_1> - 1]
(1= (T e )

& [
no [@1} S p)
(n—1) (3, p)" e~ S p, (Ziipr)"_ll

(i -

n—2

(5.97)

—(n—-1) (i%) imeipr <Sipr> ]
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In total now we have as an expression for the expectation
E[D2] -
a - d-1 \ "1
S ; [@) (=) |
B
z . ;ps (zpr)
Z

s -1 n—l a s’

r 1 pT) - (Zr:spT Zr:l pr‘)
s'—1 a s’

r= 1 Pr - Zr 1 Pr — Zr:spr 27:1 DPr

n—1

"y (5.98)

1— ?“*spr "
p (Z: )
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After some simplifications we get
E[Dy]

Yty (z)

Tlprs’2 r=1

-1 n—1
(%)
r=1
Z > (o) (S Sin)
SN ST Sl X

1pr /=9 r=1 Pr —

+p1 Z pls [(n - 2) (Z pr> (5.99)
n_l <Zpr> Sipr‘i‘ipr (ipr) ]

ip - ()"
3 s—1
s=2 Z’I’Zl pT‘

+ +(n—2)p; + 1| pp~!

Asymptotically this gives, for p'such that p; # 0 for all i € [a] and a > 2, for
n — 0o,

lim = lim py =pm
n—00 n n—00 NPq

since

p1(n_2> (n—1)>,— 1pr:pl(n—l)(l—Z?;iPr)_Zﬂ:m 1)p1—— (5.101)
Pa Pa Pa Pa
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As a corollary we get for p uniformly distributed over a the following results.

Corollary 5.27. Let D¢ denote the depth of node n in an a-RT. Then

a—1
u n—2 1 (a —s)" 2
E [Dn] :Ha,1 +1+ - q2n—3 ; S

aTL
a—1 a—1 n—1 n—1
1 18" —((a—s)(s"+1))
— - 5.102
a”—QSZ;SZ::l ss'+s—a ( )
1 - n n—1 n—1
+—Y =2 (s+1)" —(n—1)(s+1)" s+ (s+1)s" .
a s=1
Moreover asymptotically
E D n50 1
CANEEN: (5.103)
n a
and as a approaches infinity, we get the same expectation as for URTS:
E[DY] “% H,_,. (5.104)

Proof. See Appendix A. n
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6. CONCLUSION

We end the thesis with some concluding remarks which contain some discussions
regarding the results above, and some questions which we are planning to pursue in

subsequent work.

The main motivation for this thesis was to understand the ‘most general’ ran-
dom tree model, which we call an inhomogeneous random tree, where each node has a
specific probability of attaching to an already existing node. Namely, once we have 7
nodes present, node ¢ 4 1 attaches to node j, 1 < j <4 with probability p;;;; where
22:1 pi+1,; = 1, and where the attachment is independent of the previous evolution
of the tree. Both of the tree models discussed in this thesis provide approximations
for inhomogeneous random trees, and our next step will be to see if our results can be
translated into this more general framework by employing certain limiting arguments.
We were not able to follow up asymptotic equivalence of various random tree models de-
scribed in this thesis. In particular, results towards asymptotic equivalence of weighted
recursive trees for varying weight sequences, and for certain classes of statistics should

be of interest.

Among the problems we could not solve are the number of leaves of a general
weighted recursive tree. The martingale and coupling argument we used only work
when finitely many nodes are assigned a weight different from 1. There might be the
possibility to use a generalization of Friedman’s urn with a variable matrix. This would
allow us to add at each step balls according to the weight of the newly attached node.
Another way might be to use the exact probabilities we introduced, at least for specific
kinds of weight sequences. This might give as an idea of what a result on asymptotic

behaviour could look like.

Concerning weight sequences it would in general be of interest to find precise
conditions on when central limit theorems apply and when the distribution is asymp-

totically close to the one of the uniform case. Especially concerning the expectation
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of the depth we could not establish general conditions for a central limit theorem to
hold, although many of the examples we checked exhibited a similar asymptotic be-
haviour. Additionally there are many statistics of interest we did not study or only
for special cases, like the height, the maximum degree or the number of nodes with a
certain number of descendants. We believe that the coupling constructions given in
Chapter 4 will help us to analyze various other statistics of weighted recursive trees
by making use of corresponding results for uniform recursive trees. This coupling can
be used to obtain concentration inequalities for underlying statistics besides its use in

understanding asymptotic distributions. We hope to follow this in an upcoming work.

Concerning biased recursive trees an open problem is the asymptotic distribution
of the number of branches. Because of the global dependence of the anti-records, we
could not apply any of the central limit theorems mentioned in the preliminaries. A
different approach to the number of branches of biased recursive trees would be to
analyze the cycle structure and more specifically the number of cycles of riffle shuffle

permutations.

Further results on the depth are also necessary for biased recursive trees. While
we could compute the expectation of the depth our method might be too complicated
for computing the variance. Since the expectation only depends on p; when n is large,

it would be interesting to see if and how the other parameters affect the variance.

We saw that in a biased recursive tree constructed from a riffle shuffle permutation
based on the cutting of the deck into a piles, the maximum degree is a. Thus an
interesting question would be to compare a-ary recursive tree with biased recursive
trees and especially a-recursive trees. It is not clear if this common restriction on the
degree of the nodes is the only property these trees have in common or if they are
more similar that one might expect at first sight. In order to get insights concerning
this relation a dynamic construction of biased recursive trees would be very useful. If
such a construction exists it would probably be very different from the construction
principles we know. Of course such a dynamic growth rule would be useful for many

other questions as well.
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Apart from the problems we could not solve for the models we investigated, there
are moreover other non-uniform models that would be worth investigation in order
to understand the behaviour of inhomogeneous recursive trees. We might gain further
insight by considering weighted tree models where the weights change with time, or are
also randomly distributed. Another possibility would be to use the bijection between
binary recursive trees and permutations, see for example [51]. Extending uniform
binary trees via other random permutation distributions in order to understand all

sorts of random binary trees also seems a promising direction to follow.

Throughout the study of biased recursive trees, the use of biased riffle shuffies
instead of uniformly random permutations stemmed from the fact that certain statis-
tics could be expressed in terms of independent random variables. There is another
random permutation framework allowing such use of independence, namely unfair per-
mutations. See [59, 60| for the definition and analysis of various statistics of unfair
permutations. We are not sure one would gain more insight for inhomogeneous ran-
dom trees by replacing riffle shuffles with unfair permutations, and we believe that this
should be checked in subsequent work. Since in that model the rank of i is determined
by the maximum of ¢ identically distributed independent uniform random variables,
it probably has similarities to models where each node can choose among k potential

parents.
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APPENDIX A: PROOFS FROM CHAPTER 5

Since many of the calculations in the proofs of Chapter 5 are long, we give them

in this appendix.
A.1. Proof of Theorem 5.9

Proof. Let T? be a BRT of size n and «y be its permutation representation. Let moreover
B denote the number of branches of 7. For the calculation of the variance difficulty
arises from the dependence of the events A; = 1(7(¢) is an anti-record). We will again

assume p; # 0.

We can write the variance as follows:

Var(B?) = Var (1 + z”: Ai> = Var (z": Ai)

1=3

) (A1)
= ZV&F(AJ + 2 Z COV<A”£7 AJ)

3<i<j<n

Moreover we have

ZVar(Ai) = ZE[Af] ) E[A)P =E[B) - 1- ZE[AiF (A.2)

=3

and

> Cov(A;, A;) = ‘ E[A;A;] - Y > E[A]E[4;). (A.3)
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Since the A; are Bernoulli random variables, we have
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Now let 3 <17 < j < n, then

E[AZA]] =P (X,L < min{Xg, Ce ,Xifl}, X] < min{XQ, c. ,Xj,l})
= ]P’(XJ < mil’l{Xg, - ,Xj_1}|X7; < min{XQ, c aXi—l})

P(X; <min{Xy, ..., X; 1})

a—1
_ lep (Xj < kzgf}}%_l{Xk}|Xi < k:IQ?‘l'I;_l{Xk},Xi _ S)

2,...i—1

P (Xl- < min {Xi}|X; = s) P(X;=s).

If X; =1, X; < X; is not possible, so the above expression is only positive for 2 < s <

a — 1. For these s we have:

s—1
=> P (Xj < _min {XpHX; =X =5 X < min 1{Xk}> P(X;=r)
=2,..., J— =Ly 1=

r=1 D (A6)

= i < za: pq>j—i_1pr-

r=1 \g=r+1
So in total we have for 3 <i < j < mn,
a

E[A;A;] = ips ( i Pz) Sipr < i pq) . (A7)

s=2 l=s+1 qg=r+1
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Thus when summing over ¢ and j we get

n—1 n
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The last term can be simplified a little bit more, such that we get
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Moreover we have
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This gives in total
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Hence we get asymptotically, for all p’ with p; > 0,
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(A.13)
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A.2. Proof of Theorem 5.10

Proof. 1If {'is the uniform distribution over [a], (5.25) gives
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This gives after some simplifications
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We can easily derive the asymptotic term for n — oo:

Var(B2) nmz__a—1_“il( )2 1
" @ 1= (=)

a—1 s—1

1a-— — 1
_ZZzgaasaarl_ﬂu
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1 2 d
6L2 a2 _ 32
a—2 a—s+1

Z Z az—sr

s=1 r=1
a—1 a—1

eraz a_ar—r)

s=1 r=1

(A.16)

We now look at the terms in Equation A.15 separately to get an asymptotic result
for a — oo. First of all we know that the first line +1 is equal to the expectation of the
number of branches, for which we already have an asymptotic result, namely that it is
asymptotically equal to H,,_;. Again the following equation will repeatedly be used in

our calculations:

Q

ak+1

k k
pu— > . .
s k+1+(’)(a)f0rallk€N,k_O (A.17)

s=1
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For the second term we will now show that it converges to 0 as a goes to infinity:

a—1

2
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1 (a—s 29 _ (a;s)2("_2)
¢\ a - (22)
et
= Ol
SR
et \a/ o \a (A.18)
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a— 00
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For the next term we will show that it converges to the second harmonic number

plus a constant:

a—sa—r ) n—2
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ZZE a a 1] —a=s8a-r
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- § [(£+12)2 - 2(€i2)2} i (2>

We will now show that the 4th and the 6th term, and the 5th and the 7th term of

Equation A.15 are asymptotically equal. We will repeatedly need the following lemma

in these calculations.

Lemma A.1. Let k,n € N. Then

(A.20)



168

Proof. We will prove this identity by the use of generating functions. First we calculate

the generating function for Y27~ (—1)*+! (”;1) L

n=1 k=1

1, 1 (A.21)
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from [61] and the Taylor series for the logarithm:

n(l+z)=>» (-1 1} f0r|$|<1. (A.23)

k=1
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where we used Lemma A.1l in the last line.
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we look at the 6th term of Equation A.15
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Finally we show that the sum of the 5th and the 7th term is asymptotically negligible:

Now we have

1 ni: ai(a — )" y (e (A.30)

(=0 s=2 r=1 r
1 n—4 a—2 (1 . ’f’ n 3] a—1 el
2>, 2 (a9
/=0 r=1 s=r+1
n—4 a—2 a—r—1
1 (a— T)n_g_l 041
D DD DD DI
(=0 r=1 s=1
n—4 a—2
1 (@ —r)" =37t [(a — r)t2
an—1 Z Z r (42 + O(((I - r)“_l) .
(=0 r=1

~ D" @)y = 0 (ln(a)) . (A.31)



Continuing with the rest we get

_ 74)n—3—l (a — 7")“2

)
3|)—‘
o

i
>~

= s}

||M|

—_ [\

—
)

— r {42
1 nz_f 1 &2 (@ —r)~!
— on—1

a — {+2 = T
n—4 a—2

T
M

> (")

nlh( 1)hh1
h

=0 'r‘:lh 0
1 n—4 n—1 n 1 a—2
_ - a™ 1— h h—1

—_
3
Lo

—_

3
_|_
G

-1
_ (n_l)nlh h[a_
n—1
a ‘ + 2 - h h

a—2
+a"! Z 7"_1}

r=1

I
o
>

A.15:
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(A.32)

(A.33)
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We now consider the term dependent on s and the term dependent on r separately.

This gives

a—1
s=1

~—~
<t
!
<
N~—
1
~—~
—
l_l
X
3
N~—
© 7N
+ — 3
- ~_
$ ~ |
W 5|+ )
— 1(@6 +
TIAT E
o\
[\ [a\]
1T+L IT 171_'
-] 3 N0

Aﬁ OA,x OA,x o
nZh nZhn 4
I I

and

(A.35)
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Thus in total we have

n—4 7]: 1 n—1 1 1
Lo (_)] lz Lio(h)s H] (A.30)
=0 h=1
n—4 n—1
S b o)
+ 2 h a
=0 h=1

Implying that the sum of the fifth and the seventh term of Equation A.15 is asymp-
totically negligible:

o 1 | 1 In(a) (A57)
2y —— —— 4+ H,,|4+0 %0
+2 h a
=0 h=1
Thus finally we get
a—00 1
Var(By) == Hyoy =123 (H,f,1 - 1) —H,, - H?,. (A.38)

So the variance of the number of branches in an a-biased tree converges in the case of

p uniform to the variance of the number of branches of uniform recursive trees. n
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A.3. Proof of Theorem 5.17

Proof. We will now calculate the variance of ngn, the number of nodes with at least

k descendants in a BRT. We will use the following expression for the variance:

nzflj 2 n—k 2
=E ( cf) ~E|) cf
=2 1=2
o - (A.39)
=Y E|cP| -3 E[cH?
=2 =2
n—k—1 n—k n—k—1 n—k
+2 E[CFCE] -2 E [CF] E [CF]
=2 j=i+1 1=2 j=i+1

First of all we have

ZE [CkQ] 5 E[Cf]=(n—k-1) Za:ps (Z pr> (A.40)

7

I
N
[
I
_

and

gE[Cﬂ (n—k-1) Zm(ZpT) . (A.41)

Since the events CF and C’f are not mutually independent when ¢ < 57 < i+ k,

we also need to express E[C;C}] for i < j <i+F.
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Let 2 <i<j <i+k, then

E[C}Cy]

=P(X; <{ X1, Xige ), Xj <{Xjq1, -0, Xjpa})

P (X, < X X 1 X < X X < X X))

- iIP’(Xi < AXpits e X1 X € X X < X Xk X = 9)
s=1

-P(X; = s)

= Za:IP’(Xz <A{Xii1,... ,Xj,l}‘Xi <X;,X; < {Xj+1, .. ,Xng},Xi =)

s=1

P (X <X, Xy X < X, XG = s)

=Y P(X; =P (s < {Xi1,.... X;11}) (A.42)
P(s < X)P(X; < { Xy, Xy dls < X))

= P(X;=5)P(s < {Xit1,.. ., X;1})
ZIP’ P(X; <{Xj1,.. ., X; X, =7)

= ZIP(X,; =s)P (s < {Xi1,..., Xj1})

ZIP’ P(r<{Xj1, .., X4k}

S (2%) > (i;ptf



Now we have

n—k—1 n—k n—k—1 n—k
> E[CFCH - > E[Cf]E[C}]
=2 j=i+1 =2 jJ=i+1
n—2k itk n—2k i+k
5 S weer-Y ¥ e
1=2 j=i+1 1=2 j=i+1
n—k—1 n—k n—k—1
LY Swee- 'y S
i=n—2k+1 j=i+1 i=n—2k+1 j=i+1

n—2k i+k

1=2 j=i+1
n—2k i+k a

Where we eliminated all terms where 7 + &k < j and thus E[C}C}] —

=3 Y 3o (Zm) - 1;:;» (tz:pt)k

=2 j=i+1 s=1

n—2k k-1 a a a k
ZQ Zozlps (Z]%J) Zpr (;]%)
n—2k k-1 [ a J a a k
Yy (zpu) S (zpt)
=2 7=0 u=1 r=1 t=r
n—2k a k—1 a J a a k
B (zpu) S (zpt)
=2 s=2 7=0 u=s r=s t=r
n—2k a a k
=> mk)Y p ( pt)
=2 r=1 t=r
LSS ) s (5
=2 s=2 ) 1- Ezzspu r=s ' t=r t
a a k
= (n—2k = )pik Y _pr (Zm)
r=1 t=r
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(A.43)

E [CF] E[CY] = 0.

Moreover we separated the two sums because if ¢t + k& > n — k, only the le; until n — k,
not until 7 + k£ are relevant. We now consider all 4 expressions separately. As in the

expression for the branches, we assume p; > 0 in order to avoid division by 0. We get

(A.44)
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Also

1=2 j=i+1 =2 j=i+1 s=1

- Zk (Zp <2p> ) (A.15)

-2k 1k (zps(zpr) )
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For the second part of the sum we get

n—k—1
> Z E[CFCH]
i=n—2k+1 j=i+1
n—k—1 n—k a Jj—i—-1 a a k
i=n—2k+1 j=i+1 s=1 r=s t=r
n—k—1 n—k—i—1 a a a k
i=n—2k+1 j=0 s=1 r=s t=r
n—k—1 n—k—i—1 a k
= Z Z b1 (Zpu> Zpr (Zpt>

i=n—2k+1 j=0

S SR ()

i=n—2k+1 s=2 r=s
n—k—1 a a
= Y (—k-ip qu« (Z pt> (A.46)
i=n—2k+1
n—k—1 a
+ Z Zps _ Zpr (Z}%)
i=n—2k+1 s=2 “_5 Pu r=s
n—k—1 a )n k—i a
- > Zps i o > o <Zpt>
i=n—2k+1 s=2 Zu:sp r=s

k—1 a a
Sy (z)
=1 =1 t=r

k—1 Zps
—Zps

S (m)

s
u “rs
n—k—1

sl
Ul“ian—l—l u=s
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Continuing with the previous equation we get
n—k—1 n—k

Z Z E[CFCY]

- ’“’f; U3 (m)
_1 Zps s 1 Zpr (Zpt>

1“7"5

_Zps e 11 uzl (;pu> Zpr (Zm) (A.47)
S (m)
k1) Zps > 11 P spr (Zm)

1- U
_Z 1 u( 1_(2231 SSZ;U )Zpr (ZPt) .

Moreover we have

n—k—1 n—k

> > E[CHE[C

i=n—2k+1 j=i+1

Y E(E(E)

i=n—2k+1 j=i+1 s=1
n—k—1 a a k 2
= Z (TL —k— Z) Zps (Z pr) (A48)
i=n—2k-+1 s=1 r=s

55 (5))
(S (50) )
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After adding up these terms, we get

n—2k itk
Var(Y;}) = Z ElCF]+2Y" Y E[ckcy
= =2 j=i+1
n—k—1 n—k n—k
+2 Y N E[crch - Y E[CH
i=n—2k+1 j=i+1 =2
n—2k i+k n—k—1 n—k
—-2) Y E[C]E[C}] -2 E [CF] E[CH]
=2 j=i+1 i=n—2k+1 j=i+1

a a k
= (Tl —k— 1)2]95 (Zpr>
=1 r:sa ) .
2(n — 2k — )pik Y pr (Zm)
+2(”_2k_1)zp31_2 e ). Zpr (Zz&)

2 <k2_1)p12a:pr (Zm)
=) Y S (z)

=11U p=g

(A.49)

a

1 1— (Zu spu
_QZpszi;llpu ( 1_Zu Spu )Zpr <Zpt>

s=2
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This becomes after grouping some terms

Var(Yfk n) =

Zps (ZM) n—k—1)+2(n—2k—1pk+k(k —1)pi]

2 Se—s—1 T t
S (ZP) o

“rs

) [(anl) (1 (ipu> )—l—(k;l) <11(§%5%)k1>]

—k(k—1)4+n—Fk—1)+2(n—2k — 1)k] (ips (ip,) ) :

S
u

And after some simplifications we finally get

Var( Yfkn Zps (Zpr> n—k—1)+p 2nk —3k(k+1))]

F2Y et (m)

ul“rs

. [nkl(nZkl) (ipu> _ 11—_(22??%)

U=s

(Zm(Zm)) n(2k +1) — (3k + 1)(k + 1)].
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We will now look at the asymptotic for a fixed k as n — co:

. Var(Yfk n)
lim —=——~

n—oo n

—Zps (Zpr) [n— —1+p12nk:—3:(k:+1)1
+22ps s ZM(Z%)

ul“rs

a k a
n n Pu n 1—23252%

U=s

2

S <ipr>k [n(2k+ D Bk+ 1)k + 1)}
a a k
= Zps (Zpr) [2]€p1 + 1]
a k
+2Zps St Zpr (Zm) 1- (Zm)

ul“rs

— (ips <ipr> ) 2k + 1]

a a k a a k
=> ps (Zm) 2kpy+1—(2k+1) ) p. (Zm)
s=1 r=s s=1 r=s

(A.52)

+22

Zpr (Zm) - (Zp)k

ul“rs
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A.4. Proof of Corollary 5.18

Proof. 1If we choose the uniform distribution over [a], Theorem 5.17 gives

(A.53)

Using

S s A o
and

k
1 1 1 (=1
2asila (Z>
1 &1/ a—r+1\F
P (—) (A.55)
a—s+1

1
_ak“Zs—l ZT
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we can simplify this expression and get

“ 1
Var (YZ,.,) = k+1z {n— —1)+a(2nk—3k(k’+1))]

a—s+1

ak+1 Z Z rt

(A.56)

~[n—k—1—(71—2k—1) (“_Hl)k_ll—(“Ts“)k

_ a=s+l
a a

_ (ak1+1 Z Sk) (n(2k +1) — 3k + 1)(k +1)].

For n — oo this directly gives, as it also follows from Theorem 5.17

Var (Yﬁkm)

, 3 1 <« 4 2k 2k +1<~ 4
i Y2 ) 1S, [— zs]
s=1 s=1

9 a—1 1 a—s k]l a—s+1 (A57)
+ ak‘-f—l Z g [1 — < ) ] Z 7’
s=1

In order to calculate the asymptotic value as a tends to infinity, we will first of all use
the following equation, that is easy to see

a L ak+1 L
_ o
;S 1 ol

a”) for all k € Nk > 0.

(A.58)
This directly gives results for the first and third term
1 <, 1
— d s n—k- 1)+ — (2nk — 3k(k + 1))
s=1
1 ktl & 1 (A
_ L - _ .59)
g [k—l— ] +O(a )} {(n k—1)+ ” (2nk — 3k(k + 1))}

n—k—1 1
= — O —
E+1 N (a)



and

1
ak+1

a

2

s=1

ak+1 k +1

n(2k+1) — 3k +1)(k+1)

(k+1)2

+0

sk) [n(2k +1) — (3k + 1)(k + 1)]

(&)

(s [ 0] ) k41— ot e+ )

For the middle term we need a little bit more work. First of all

a—s+1

1 <1
ak“;s—l erk

S

1))k+1

a

I < 1 [(a—(s—
_a’““;s—l{ k+1

1 1 [(a—(s—1))k
a’““zs—l{ k+1

s=2

We moreover have

a

L O((a— (s 1>>'f>}

+O0((a— (s — 1))"”)] )

Y0l (- - o (M),

s=2

For the rest we develop the term and get

1

a

(a— (s — 1)

ak—i—l

1

S=

1 kE+1

k+1

1
k41
1
k41

!
k41

1

I — 1 E+1 B
a2 (s -y
s=2 =0

k+1

=0

/=1

{Z ("7 ) + o

(Hor— Hopn} +0 (

1

a

)

a

s=2

— {Z ("7 Dt

}

l
a
TR

LS (e

o)
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(A.60)

(A.61)

(A.62)

(A.63)
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Hence we get

a—s+1

(n—k—1) ak+1zs—1 Z Tl){Ha 1 — Hpa}+0 (1na ) (A.64)

Next we consider

a—s+1 _+1
sy (e

. o e (A.65)
1 1 glla—(s—1 k
_ _ —(s—1))M].
i Yyl 0 [ ol - 1))
Similarly to before we have
L5~ 1 e ) = o (2@ A.66
a2k+1225_1(a_5+ ) (((I-(S— ))>_ a : ( : )
Continuing with the rest of the term we get
I «— 1 g (a— (s — 1))kt
a2k+1;s—1(a_8+1) k+1
1 1 1
Tkt 1a2kt Zs_l(a—(s—l))2k+1
2k-+1
1 1 2k + 1\ gpi1 ¢ ¢
k+1&H4§:s—1§:( ¢ > (==
2k+1 a
L1 <2k + 1) t1—L( _1\L -1
B 1) 3 (s 1) (A.67)
k+1a%+1 — 14 g
2k+1 ¢
1 1 2k + 1\ opi1—s | -1 2%k+1
- Z( )a 1) |+ 0@ )| + a7,
k+ 1 a?k+1 { — 14 14

ISEN

)

2k+1
1 %+1\, 1 Ho,
S 1y 0
k+1;;< ¢ >( JitEat (

Hopy1  Hyq 1
— O
k1 k1 9 \a
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Thus

a—s+1 . +1
—(n—2k - ak+1zs_1z (a - )

n—2k—1 n—2k—1 In(a)
e ey VAR Lt Sy Y .
k1 “+O( )

(A.68)

Finally we consider

a—s+1 . (a s+1)k
ak+123_1z 1 — a=s+l s+1
—(s—1)
ak+1 Z — X; (“ (s ) (A.69)

(a—s—i—l)"”rl
k+1

+O((a— (s — 1))’“)] )

Now we have for all £ =0,..., k—1,

ak1+1 2_: ; i : (a — (2 —~ 1))60(@ —(s—1))H=0 (1“26‘)) . (A.70)
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Continuing with the rest we get
1 Z 1 & a—(s—1)\" (a—s+ 1)k
akt1 5 — 1= a kE+1

1l =1 &K Ly
_k+1zak+z+123_1(a_(5_ )
1 k+0+1

k+C+1\ jioin h h
]{;+1Zak+£+1zs_1 Z( ) GV CERY

k—1 yas) a
1 1 kTN jpering qyn h—1
:k+1zak+e+1 Z ( h )a** (=1) Z(‘S_l)
=0

h=0 s=2

o (A1)
T k1 Z qF e
=0
k e+1 h
1
{ <k: +£+ ) RHEF L=y |:a__’_o(ah—1>} +ak+l+1Ha_1}
1
Ck+1

kO
Fal+1\, 1k |
Yy D g, E
e h1< h )( St 1+O<a)

R k 1
= Trr ;kaﬂ + k—_HHa—l +0 (5) .

+

k

Mm

Il
=)

This gives us the asymptotic value for Var(Y2, ):

Var (YZ“,M)

- n—k—-1 (n—k—1) n—2k—1
= TRr +2 F 1 {Haﬂ—Hkﬂ}‘i‘Qk—HH%ﬂ

n—2k—1 1 k
T g, +2——STH —2 " H._
kE+1 1+k+1£z_;’“”“ k41 ot

n(2k+1) — 3k +1)(k + 1) In(a) (A.72)
2k +1) oY)

aoo, M=k —1 (n—Fk—

k+1 7 k+1

-2

n—2k—1
k+1

n(2k +1) — 3k + 1)k +1)
k+IZHk+Z+1 it 1)

1
)Hk+1+2

2k+1




191

And in particular we get

Var (Y¢, ) 1 2Hyu1—2Hp  2k+1
lim i =507 — — . A.73
nboanee  n kil k+1 (k+1)? (A.73)

A.5. Proof of Corollary 5.27

Proof. We will first derive the exact value for the expected value of the depth of n in
an a-RT, which we denote by D?. First we exchange all p; for % in Equation 5.72. This

gives

RSS! n—2) o1\
aSZQ% n 2 (A.74)
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This expression can be simplified to get

. a 1 a S/ n—1 8/—1 n—1
e [(z> ()
s’fl -1 (aferl s’)n_l

— a__a
_Z Z s’—l a—s+1 s’
s—1 _ a—stls

a a

S @ () am
SO

a 1— a—s+1\"—2
+[Z% (Sfl) tin-2t i

a
s=2 a

n—1

a

After some more simplifications, we have

1 a—1 a—1 1
m—1
s=1 ¢'=1
R S e e (G
n—2 —
an L 4= s ss'+s—a
+—=> n-2)(s+1D)"—(n—1)(s+1)" s+ (s+1)s"" (A.76)
an
s=1
1 a—1
an—1 Z(S +1
s=1
a—1
1 1 a"?—(a—s)"% n-—2
+ n—1 n—2 ( ) +1
a a
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This in turn gives

s=1
1 a—1 a—1 1 m—1 ((a_s)(si+1))n—1
Can- 228,18 ss'+s—a
1 a—1
—i—a— m=2)(s+1)"—=(n—1)(s+1)" s

+(s+1)s"! (A.77)

n—1
+ an—l (& 1)
a—1
1 1 " — (a—s)"2 p—2
-1 -2 ( ) + +1
am” am™

And after some more simplifications

H,_
E [DZ] = Ha—l - !

an—l
a—1 a—1 n—1 n—1
15" ((a—s)(s' + 1))
an? ; S,z:l ss'+s—a
a—1
1 . - .
+a_nZ(”_2)(3+1) —(n—=1)(s+1)" s+ (s+1)s"! (A.78)
s=1
1
+ 1= a/nfl
Hos 1 (a—s+1)"
an—l + an—l + a™ CL2” 3 Z s — 1
Finally we get
a—1
n-2 1 (a— s)"2
ED¢ =H, +1 —
[ n] 1 +1+ a™ a2n73 Szl s
a—1 a—1 n—1 n—1
! 15"~ ((a—s)(s' + 1))
N < A.79
a”_Qéle:ls ss'+s—a ( )
a—1

an n—2)(s+1)"—=(n—1)(s+1)" s+ (s+1)s"L.
s=1
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For n — oo Equation 5.73 gives easily,

1

— —. (A.80)
a

This can also be derived from the previous expression.

For the asymptotics when a — oo we need more work. Since in the uniform case
the expectation of the depth of n is equal to H,,_; we expect the same here. We will
first look at the term in the second line of Equation A.79. In order to get its asymptotic
value we will use the form it had before simplifying, as in Equation A.75. Using this

we have

an—? S ss'+s—a

s=2 s'=2 a a a
a—1 a—1 g\n—1 a—s s'+1 n—1
_y iyl 2 ()
- S a s’ a—ss'+1
s=1 s'=1 a a a
-1 A.81
am1 g aml o gne2 ] ((es2eiel) (£ " (A81)
1 1 S a a a
_a S a 1_afss’+1 s_/)_l
s=1 s'=1 a a a
¢
a—1 a—1 —2n—2 —1
1 Z 1 s\" a—ss +1 s’
a S a a a a
s=1  s'=1 £=0
n—2 a—1 a—1
1 1
o 14 m—2—L, 4 ¢
= v, S(a s) s (s"+1)
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We know look at the term containing only s and the term containing only s

separately. First of all for £ =0,...,n — 2,

a—1 a—1 y4
1 1 14
_(a_s)ﬁz _Z(_l)k( )af—ksk
s=1 s s=1 s k=0 k
y4 / a—1
_ Z(_1>k (k) alF Z gkl

=t (A.82)

¢
=a' Z(—l)k (i) % +0(a™ ) +a'H, 4.

Now for the term depending on s’ only we get for £ =0,...,n — 2,

a

a—1 1
S,Zl s'n_g_z(s' +1)f = Z PASEE Z 4 (2) P

s'=1 h=0
a—1 l g
m—2—~ 1h
= S
’ .

) [ o)



By inserting these expressions into Equation A.81 we get

:“H“‘lz (fl) [aflhn+h1—£—1 +O(ﬁ)]

(el

() [ o ()]
H

where we again used Lemma A.1.
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(A.84)



Now we look at the last term of Equation A.79:

Moreover we have

(i) o ():
(o2 (7))

Thus in total we get

E Dyl

an

a—1
n—2 1 (@ —s)"2
s=1

1

a

)

:Ha—1+1_Ha—1+Hn—l_1+O(

a—r o0

— H, 4.

In(a)

)
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(A.85)

(A.86)

(A.87)





