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Introduction

In 2008, a significant event took place. The world economy faced its most
dangerous financial crisis since 1930. This crisis has had many casualties and
destroyed several million of jobs in the United States alone. Who is to blame?
How did it all happen? We have now many answers to that question, but no
absolute certainty. Experts around the world are still, at the moment, debating
on what exactly went wrong.

In this context, the story of Gaussian copula models in finance is an inter-
esting one. Felix Salmon, financial journalist, wrote, at the end of 2009:

For five years, David X. Li’s formula, known as a Gaussian co-
pula function, looked like an unambiguously positive breakthrough,
a piece of financial technology that allowed hugely complex risks to
be modeled with more ease and accuracy than ever before.

Then the model fell apart. Cracks started appearing early on, when
financial markets began behaving in ways that users of Li’s formula
hadn’t expected. The cracks became full-fledged canyons in 2008.

Today, as dazed bankers, politicians, regulators, and investors sur-
vey the wreckage of the biggest financial meltdown since the Great
Depression, Li is probably thankful he still has a job in finance at
all.

The Gaussian copula did not cause the 2008 crisis. But the fact it had, by
then, become so ubiquitous in finance only aggravated the collapse further.

High-dimensional dependence modeling cannot rely on Gaussian copulas
only. Non-normal and more flexible copulas must also be used, something
discussed by [Embrechts| (2009) after the crisis, but also by [Pattonl (2006) or
Embrechts et al.| (2005]) before.

But what are copulas? They have been introduced by |Sklar| (1959)) more
than half a century ago and represent a significant breakthrough in the study
of dependencies between random variables and thus in the construction of mul-
tivariate distributions.
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Let (X1,...,Xq4) be a vector of continuous random variables. The genius of
Sklar was to realize that the joint multivariate distribution of this vector can
be splitted in a set of d marginal univariate distributions {Fy(z1),..., Fi(zq)}
and a multivariate distribution C(uy,...,uq) : 19 — I, the latter being the
joint distribution of the random vector (U; = Fy(X1),...,Uq = F4(Xg4)). This
multivariate distribution C' is called a copula, and the joint distribution J of
the vector (X1,...,X4) can be built easily by injecting the univariate margins
in the copula C:

J(@1,...,za) = C(Fi(21), ..., Fa(za)).

By studying the copula C' rather than the joint distribution J, one can truly
study the relationships between the random variables (X1, ..., X4), free of any
concern for the univariate margins, which, by definition, have nothing to do
with the way the random variables interact with one another.

Thanks to Sklar, it is known that a function C : I¢ — T qualifies as a copula
as long as three properties are met:

(1) C must have uniform univariate margins < if all arguments we input
in C' are equal to 1 except for one argument, the C' function will output this
argument.

Example with d = 6:

C(L 1, 17U4, 1, 1) = U4.

It is easy to visualize this requirement by looking at an arbitrary bivariate
copula, such as the one displayed in Figure[l} Any bivariate copula must exhibit
the two red lines displayed in this figure.

0 020.40608 1
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Figure 1: Two views of an arbitrary bivariate copula (the independence copula). The red
lines highlight uniform margins.

(2) C must also be grounded < if any of the arguments we input in C' is 0,
the function C' returns 0 as well. Examples:
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C(u17u2707u47u57u6) = 07
C(u1707u37u4707u6) =0.

Again, it is easy to visualize this requirement on an arbitrary bivariate
copula, such as the one in Figure[2] Any bivariate copula must exhibit the two
green lines displayed in this figure.
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Figure 2: Two views of an arbitrary bivariate copula. The green lines hightlight grounding.

(3) C must be d-increasing.

This last property is a more complicated one to introduce and requires

first to define the notion of C-volume (Nelsen, 2006). Let B be a hypercube

in [0,1]%, with a = (a1,...,aq) being a vertex of B such that for any vertex
bi = (bi1y ..., biq) of B, a, < by, for all k. The C-volume of B is defined as

Vo(B) = sgu(b;)C(b:),
where the sum is taken over all vertices b; of B, and where

sgn(b;) =1

if b;;, = ay for an even number of k’s, and
sgn(b;) = —1

if b; = ay, for an odd number of k’s.
Definition. C is d-increasing if Vo (B) > 0 for all B € [0,1]%.
Note that if a density c(uq,...,uq) exists, d-increasingness is the same as
requesting that
c(uy,...,uq) >0
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for any vector uy,...,uq. The density c, if it exists, cannot be negative at any
point in the domain of C.

In summary, the three properties any d-dimensional copula must meet are:
(1) univariate margins, (2) being grounded and (3) being d-increasing.

Unfortunately, while this framework allows one to check if a given function
Y : 19 — T could serve as a copula, the problem of finding “actual” copulas
remains. Sklar and many other researchers where quick to come up with a
large panel of bivariate copulas, a famous family of bivariate copulas being
for instance the Archimedean family pp. 109-155), which origi-
nally appeared not in statistics, but rather in the study of probabilistic metric
spaces, where Archimedean copulas were studied as part of the development of
a probabilistic version of the triangle inequality. For an account of this history,

see (1991)).

But while the development of bivariate copulas toke off during the last
decades, satisfying d-dimensional copulas, when d > 2, able to accurately model
the relationships between a large number of random variables, are still lack-
ing, with the possible exception of vine copulas, see for instance Bedford and|
Cooke]| (2001)), |Czado| (2010), |Czado et al| (2012), Brechmann et al. (2012)) or
Brechmann and Schepsmeier| (2013)). This is reflected in the literature across
many areas of science, where applications involving copulas limit themselves
to bivariate problems or, if they do not, often use the Gaussian copula or the
t-copula (both are, for instance, formally defined by [Kurowicka and Joe, [2011)).

The goal of this thesis is to improve the understanding of d-dimensional
random phenomena, more precisely to push the development of d-dimensional
copulas further.

The thesis is written in three chapters. The first one is about a particular
kind of graphs, called phylogenetic trees, and mainly deals with how a set of
“small” trees can be used to build a larger tree containing them all. This first
chapter is the only chapter of the thesis not related to copulas.

Chapter [2|is devoted to nested Archimedean copulas (NACs) and is built
on top of Chapter NACs are here formally defined, and their estimation,
facilitated by the findings of Chapter [} is discussed. Chapter [2| as well as
Chapter [1} is largely based on papers from [Segers and Uyttendaele| (2014) and
[Uyttendaele| (2016).

Finally, Chapter [3] which is mainly based on |Mazo and Uyttendaele, deals
with factor copulas, which are introduced and extended, in an effort to increase
their level of flexibility. A general conclusion related to all three chapters
follows, as well as an appendix chapter showcasing some R code allowing to
work with the extended factor copulas from Chapter




Chapter 1

On phylogenetic Trees

1.1 Introduction

The origin of graph theory started with the Swiss mathematician Leonhard
Euler (1707-1783) and the method he used to solve the Konigsberg Bridge
problem, see [Biggs et al.| (1976). Graphs are mathematical structures used to
model pairwise relations between objects and are nowadays successfully used to
model many types of relations and processes in physical, biological, social and
information systems. Many introductory books on graphs have been written
during the last decades, see for instance|Wilson| (1970J), Biggs| (1993)), [1t6| (1993)),
West et al. (2001)), (Chartrand| (2006) or |Chartrand et al.| (2010). Hereafter is
a brief summary of what graphs and phylogenetic trees, which are a particular
kind of graphs (and the main subject of this chapter), are.

Formally, a graph G is a set of vertices (or nodes) and a set of edges, and
can be written

G =(V,B),

where V' = {v1,..., v} is the set of h vertices and E = {e1,..., ey} is the set
of f edges, this last set being made of pairs of vertices from V indicating what
are the linked or connected vertices.

If one of the pairs from the set {(v;,v;)},7 € {1,..., h}, is allowed to be part
of E, then the graph is said to contain a loop, that is, an edge that connects a
vertex to itself.

A common way to represent a graph is through an adjacency matriz A =
{aij}. An adjacency matrix is a squared matrix such that the number of
rows/columns is equal to the number of nodes h in the graph. The entries
{ai;} of the matrix simply indicate if node v; is linked to node v;. If yes,
a;; = 1. Otherwise, a;; = 0. Loops in a graph are easy to spot by looking at
the main diagonal of the matrix.
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As an example, Table displays the adjacency matrix for the loop-free
graph in Figure

Figure 1.1: An undirected connected graph with 10 nodes and 13 edges.

U1 V2 U3 V4 Us V6 vr & V9 V10
VU1 0 1 0 0 0 0 0 0 0 0
) 1 0 1 0 0 1 0 0 0 0
v3 0 1 0 0 1 0 0 0 0 0
V4 0 0 0 0 0 1 1 0 0 0
V5 0 0 1 0 0 1 0 0 1 1
v6 0 1 0 1 1 0 1 0 0 0
v7 0 0 0 1 0 1 0 1 0 0
Vg 0 0 0 0 0 0 1 0 1 0
v9 0 0 0 0 1 0 0 1 0 1
V10 0 0 0 0 1 0 0 0 1 0

Table 1.1: The adjacency matrix corresponding to the graph in Figure

Modern texts in graph theory usually define several types of graphs:

An undirected graph is a graph where edges have no orientation. That
is, edges (vi,v;) and (vj,v;) are considered identical. The maximum number
of edges in an undirected graph is h(h — 1)/2. The adjacency matrix of an
undirected graph is always a symmetric matrix.

Directed graphs or digraphs differ from an ordinary or undirected graph,
in that the latter is defined in terms of unordered pairs of vertices, while the
former is defined in terms of ordered pairs of vertices. The edges in a digraph
are called directed edges or arrows. Entry a;; in the adjacency matrix indicates
if there is a directed edge from node v; towards node v;.

A mixed graph is a graph in which some edges may be directed and some
may be undirected. Their usage is uncommon.

An undirected graph is said connected if, for every pair of vertices
(vi,v;) from this graph, there is a sequence of edges (called a path) that allows
to go from one node to the other. A graph with just one vertex is considered
connected. An edgeless graph (E = (}) with two or more vertices is discon-
nected. An example of undirected connected graph is given in Figure [T}
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Likewise, a directed graph is said connected if, after replacing all di-
rected edges by undirected edges, there is a sequence of edges allowing to go
from v; to v; for any pair of vertices (v;, v;).

An acyclic graph, assumed undirected, is a graph having no graph cycles,
where a graph cycle is a sequence of edges (the minimum size of this sequence
being three), allowing to go from a starting node to itself with distinct nodes on
the way. A graph containing no cycles of length three is called a triangle-free
graph, and a graph containing no cycles of length four is called a square-free
graph.

Undirected trees are undirected graphs that satisfy the following equiv-
alent conditions:

e The graph is connected and has no cycles.

e The graph has no cycles and one is formed if any edge is added to the
graph.

e The graph is connected, but is not connected if any single edge is removed
from E.

e The graph is connected and has h — 1 edges.

e The graph has no cycles and has h — 1 edges.

Directed trees are directed graphs which would be undirected trees if the
directions on the edges were ignored.

A rooted tree is a directed tree with a root, a special node such that all
edges are directed away from that node. Any node in a rooted tree but the
root has always one and only one parent and the root is the common ancestor
to all other nodes.

An unrooted tree is defined in this thesis as an undirected tree for con-
venience. In an unrooted tree, it is not possible to identify the parent of an
arbitrary node, as a neighbouring node could be about anything (child or par-
ent), since the edges are undirected.

a phylogenetic tree is a rooted tree where all nodes but the end nodes
have at least two children. The end nodes of such a tree are called leaves. These
special rooted trees will be referred to as NAC trees or as NAC structures in

Chapter

DEFINITION 1.1.1. Let Dgy be a nonempty, finite set with |Do| = d elements.
For concreteness, let Do = {Uy,...,Ug}. Formally, a phylogenetic tree A on
Dy is a collection of nonempty subsets of Do such that

(i) Do € X;
(1i) {U;} € X for every U; € Dy;
(iii) if A, B € X, then either AC B, BC A, or ANB =0.
The elements of A are the nodes of the graph. The element Dy of A is the root

and the singleton elements {U;} of X are the leaves. The nodes of A that are
not leaves are called branching nodes or internal nodes. If A, B € X are such
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that A C B, A # B, and there is no C € X such that ACC C B and C # A
and C # B, then A is called a child of B and conversely B is called the parent
of A. The set of children of B in A is denoted C(B, ).

Example. Let A be the set

{{U1,U2,Us},{Uz,Us},{U1},{U2},{Us}}.

The graphical representation of this phylogenetic tree is shown in Figure
where Djo3 is a convenient label for the subset {Uy, Uz, Us} and Day3 for the
subset {Us,Us}. Later in this thesis, sets such as {Uy, Ua, Us} will be referred
to as 123 for even more convenience.

[?123
IR
U, D23
R
U, Us

Figure 1.2: A phylogenetic tree. To ease the notation, the singletons {U1}, {U2} and {Us}
are denoted Uy, Us and Us.

In this chapter, a novel way of storing the topographical information about
such tree through a lowest common ancestor matriz (Section and a novel
way of calculating a distance between two phylogenetic trees (Section are,
among other things, given. However, the main contribution of this chapter is
the developement of a new way of using “small” phylogenetic trees in order
to build a larger phylogenetic tree containing them all, see Section [1.5] This
chapter is largely based on |Segers and Uyttendaele| (2014]).

1.2 Getting a marginal phylogenetic tree

Let A be a phylogenetic tree on Dy and let A be a nonempty subset of Dy. The
set A need not be a node of A\. The phylogenetic tree A\ induces a phylogenetic
tree on A by the following operation:

AMA={ANB:Be A\ {o.

That is, A A is obtained by intersecting every node B of A with A. Some of
these intersections will be empty, and they are removed. Different nodes B,
and By of A may have identical intersections By N A and B N A with A; since
AT A is the collection of all intersections, identical intersections are counted
only once.
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It is easy to verify that this construction produces a phylogenetic tree on
A: verification of (i), (ii), and (iii) in Definition is immediate.

1.3 Lowest Common Ancestor

Let T be a subset of Dy containing at least two elements, that is |7 > 2. The
set T' does not need to be a node of A\. The lowest common ancestor (lca) in
A of the elements of T is given by the intersection of all the nodes B in A that
contain 7', that is,

lea(T,A)= () B, (1.3.1)
Bex:TCB

and it provides the lowest branching node (read: farthest from the root) through
which the elements of T" are linked up in A. As an example, looking at the tree
in Figure|l.2] one can see that the lowest common ancestor between Us and Us
is Dayg, while

lca({Ul, UQ}, )\) = D123

and
1C&({U1, Ug}, )\) = D123.

As an alternative to an adjacency matrix, a phylogenetic tree can also be rep-
resented through a lca matrix.

A lca matrix L = {l;;} is a square upper triangular matrix with a number
of rows/columns equal to the number of leaves in the tree. The matrix entries
{li;},i < j, indicate the furthest node from the root through which node U;
and node U; are related, that is, their lowest common ancestor. The entries
{li;},i = j, weigh no particular meaning and are therefore conveniently used
to store the labels of the leaves. Likewise, entries where ¢ > j can be used to
store extra labels for the corresponding lowest common ancestors in the upper
part of the matrix if needed. As an example, Table displays the lca matrix
for the phylogenetic tree shown in Figure

Ui | D123 | D23
U Do3
Us

Table 1.2: The lca matrix corresponding to the rooted tree in Figure

Lowest common ancestor matrices offer several advantages compared with
adjacency matrices. First, they are always more compact than adjacency ma-
trices: a lca matrix is always a d x d matrix, while the corresponding adjacency
matrix is of size (d + I) x (d+ I), where I > 1 is the number of internal nodes
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in the tree. Second, while the labels of the nodes, whether they are internal
nodes or leaves, can easily be stored in the lca matrix itself, they must be stored
apart with an adjacency matrix, which lacks convenience. But the most impor-
tant advantage of lca matrices over adjacency matrices will become apparent
in Chapter [2| where nested Archimedean copula are introduced.

Compared with adjacency matrices, lca matrices have however one practical
disadvantage: it is hard to get an idea of what the tree behind a lca matrix
looks like. Adjacency matrices are indeed much easier to read.

1.4 The 3-leaf case

Let Dy = {Uy,Us,Us}. A phylogenetic tree built on Dy when Dy is made of
three elements will be called a 3-leaf phylogenetic tree, and there are only four
possible phylogenetic trees fulfilling Definition in this case:

{{U1,U2,U3},{U1},{U2},{U3}} = A2z,
{U1,U2,Us},{Us, U3}, {U1}, {U2},{Us}} = Nas,
{{U1, U2, Us}, {U1, U2}, {U1},{U2}, {Us}} = N2,
{{U1, U2, U3}, {U1, Us}, {U1}, {U2}, {Us}} = A

1.5 Recovering a phylogenetic tree from all its
marginal 3-leaf phylogenetic trees

Let A be a phylogenetic tree on Dy = {Uq,...,Uqg}, d > 3. Let B be a branching
node of X\. The set of all children of B forms a partition of B, that is, taking the
union of all children of a branching node B allows to reconstruct that branching
node. As a consequence, every branching node has at least two children.

Since the children of a branching node B form a partition of B and since
each branching node has at least two children, it follows that each branching
node can be reconstructed from the pairs of which it is the lowest common
ancestor, that is, for every branching node B, we have

B = J{{Ui.U;} € Dy : Ui # U;, lea({U;, U;}, A) = B}. (1.5.1)
The relation “...has the same lowest common ancestor as ...” is an equiv-
alence relation on the set of pairs {U;,U;} of Dy. This relation induces a
partition of the set of pairs into equivalence classes: two pairs {U;,U;} and

{Uk, U;} belong to the same equivalence class if and only if they have the same
lowest common ancestor in A.

By Equation (1.5.1]), the phylogenetic tree A can be reconstructed from
the equivalence relation it induces on the set of pairs: every equivalence class

10
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of pairs corresponds to a branching node, the branching node being given by
the union of the pairs in that equivalence class. Put differently, the union
of all pairs within an equivalence class yields the branching node that is the
lowest common ancestor for each pair in that equivalence class. Hence, every
phylogenetic tree A on Dy can be represented as a partition on the set of pairs
of D().

Let d > 4. Suppose that for any set D;jr = {U;,U;, U} with distinct
i,5,k € {1,...,d}, the related marginal tree A D;jj is known. Define 3()\) as
the set of these (g) trees, that is, the set of all marginal 3-leaf phylogenetic
trees one can built from A.

In Proposition [[.5.1] it is shown that the phylogenetic tree A can be recov-
ered from 2()\). Lemmas [I| and [2| contain some auxiliary results.

LEMMA 1. Let A be a tree on Dy. For any nonempty subsets T1,T5 and C of
Dy such that (Ty UTs) C C, we have

lea(Ty, A) = lca(Te, \) < lca(T1, AN C) =lca(Tz, AN C).

Proof. The proof is built in two steps. First we need to prove that, for @ #
A C C C Dy, we have

lea(A, AN C) =1ca(A, ) NC.

By definition, we have

lca(A,A)ﬂO:< N B)ﬂO: (l (BnO).

BeX:ACB BeX:ACB

Since A is a subset of C and since A must be a subset of B, notice that requiring
A C B is equivalent to requiring A C BN C. Thus we can write

lea(A,\)NC= () (BNO).

BEXACBNC
On the other hand,
lca(A, AN C) = ﬂ B
B'€ANC:ACB’

Since A\MMC = {BNC: B e A} '\ {@} by definition, we can rewrite the above
expression as

lea(A,AMC) = N (BNC).
BeEX:ACBNC,BNC#Z

And because A C BN C and A # &, the requirement B N C # & can be
dropped, thus

11
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lea(A,ANC) = [ (BNC)=lca(4,\)NC.
BeX:ACBNC

The second step of the proof of Lemma [I] begins by making use of the result
from the first step. Indeed, we can now write:

lea(T;, AN C) =lca(Tj, \) N C with j =1, 2.
Suppose to begin lca(Ty, A) = lca(Ts, \). We therefore have

lea(Ty,ANC) =lca(Ty1,\)NC
=lca(Tz, A)NC
=lca(T, AN C).

On the other hand, suppose that lca(Ty, A\ C) = lca(T2, AT1C). Obviously,
lea(Ty, A) D lea(Ty,A\) N C,
and since Ty is both a subset of lca(T3, A) and of C, we also have
lca(To, \) N C D Ts.

Because lca(T1, AT1C') = lca(Tz, AMC) implies that lca(Ty, \)NC = lca(Tz, A)N
C, we have

lca(Tl, )\) D Th,

which means that lca(T}, A) is an ancestor of Ts, but not necessarily the lowest.
Therefore lca(Ty, A) D lca(T2, A). The converse inclusion holds as well, by sym-
metry of the argument. We conclude that the two sets lca(T, A) and lca(Ts, \)
are in fact equal. O

Essentially this lemma states that if two subsets of Dy have the same lowest
common ancestor in A, then they also have the same lowest common ancestor
in any subtree of A\, provided the two subsets are included in the set of leaves
of that subtree. For instance, consider the structure in Figure [[.3] where Dy =
{U1,...,Uz}. The set {Us,Us, Uz} has the same lowest common ancestor as
the set {Us, Uz} in A, this lowest common ancestor being the node Dsg7. This
holds true even if you consider only the subtree spanned on {Uy, Us, Us, U7},
that is, even if you only consider the right branch of the structure in Figure

L3l
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D123 D4567
I ¥
Ui D3 Us; Dser
¥ X ¥
U, Uz  Us Dey
¥
Us U

Figure 1.3: A phylogenetic tree that spans on 7 leaves, Do = {Ux,...,Ur}.

LEMMA 2. Let X\ be a tree on Do and let A € X\. Let B be a nonempty subset
of Do with a least two elements. The lowest common ancestor of B is equal to
A if and only if B C A and there exist distinct children By and By of A such
that BN By # @ and BN By # @.

Proof. Suppose first that A is the lowest common ancestor of B. Clearly B C A.
Let Bi,..., B, be the children of A and recall these children form a partition
of A. Hence B = BNA = ?Zl(B N Bj), and thus at least one of these
intersections is not empty. However, if only one of these intersections would
be nonempty, say B N By, then we would get B = BN B; and thus B C By,
meaning that Bj is also common ancestor of all elements of B. Since B; is a
proper subset of A, this would be in contradiction with the assumption that A
is the lowest common ancestor of B. Therefore if A is the sca of B, B has a
nonempty intersection with a least two children of A.

Conversely, suppose that B C A and that there exist distinct children B
and By of A having nonempty intersections with B. Let A’ be a node in \ such
that B C A’. Then also BNB; C A’, and thus, as BN By is nonempty, A’ N By
is not empty. Similarly, A’ N By is not empty. Since B; and By are disjoint,
requirement (iii) in Definition then forces B; and By to be descendants
of A’. As a consequence A C A’. We have obtained that A is included in every
node A’ containing B as a subset. We conclude that A is the lowest common
ancestor of the elements of B, as required. O

The meaning of this second lemma is less straightforward. It states that if
B is a subset of A, A being a node of A, the only way A is going to be the
lowest common ancestor of B is if B has a nonempty intersection with two
distinct children of A. Consider Figure again. If A = {Uy,Us,Us, Uz},
then the lca of B = {Uy4,Us} is A because in that case, B has a nonempty

13
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intersection with the only two children of A, these two children being {U,} and
Dse7 = {Us, Us, Uz}

PROPOSITION 1.5.1. The phylogenetic tree X can be recovered from the set 3()\),
that is, it is possible to retrieve the partition of the set of pairs {U;,U;} of Dy
into equivalence classes from the set ().

Proof. Let first {U;,U;} and {U;, Uy} be two pairs with exactly one element,
U;, in common. To see whether they have the same lowest common ancestor
in A, it is sufficient to consider the tree induced by A on the set {U;,U;, Ui}
it is known from Lemma [1] that the pairs {U;,U;} and {U;, Uy} have the same
lowest common ancestor in A if and only if they have the same lowest common
ancestor in Agji.

On the other hand, if two pairs are disjoint, there exists no set with only
three elements containing both pairs. Still, considering {A;;x} with distinct
i,7,k € {1,...,d} turns out to be sufficient to verify the equivalence of the
two disjoint pairs: the two pairs can only be equivalent if there is a third pair
equivalent to both of them and having a nonempty intersection with each of
them.

Indeed suppose first there exists a pair {U;,U;} having the same lowest
common ancestor as the pair {U;,Ux}. Also suppose {U;, Ui} has the same
lowest common ancestor as {Uy,U;}. Then by transitivity {U;,U;} has the
same lowest common ancestor as {Uy, U, }.

Conversely, suppose that {Uy,U;} and {U;,U;} have the same lowest com-
mon ancestor, A. Recall Lemma [2| Let B;, B;, By, B; be the children of A, to
which U, Uj, Uy, U belong, respectively. Since the Ica of U; and Uj is A, the
pair {U;,U;} must have a non-empty intersection with two different children
of A (Lemma [2). Hence, B; and B; must be disjoint, B; N B; = @. Similarly
B N B; = @. Then B and B; cannot both be equal to B;.

o If By is different from B;, then U; and Uy, belong to two different children
of A, and the lowest common ancestor of {U;, Uy} is A, too;

e If By is different from B;, then, similarly, the lowest common ancestor of
{U;, Ui} is A, too.

In both cases, we have found a pair that is equivalent to {U;, U;} and {Uy, U;}
and that has a nonempty intersection with each of them. O

Given a phylogenetic tree A, it is thus always possible to break it down
into a set of 3-leaf structures, one 3-leaf structure for each combination of the
elements of Dy, taken three at the time without repetition. Proposition
states that this set of 3-leaf trees is sufficient to recover A.

The idea to decompose a structure into smaller pieces that uniquely deter-
mine the structure is however not new. Ng and Wormald| (1996) show that a
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1234
¥ X
12 34
FY PN
U, U, Us Uy

Figure 1.5: A phylogenetic tree that spans on 4 leaves with Do = {U1,...,Ua}.

given structure can be broken down into a set of triples and fans. A triple is a
tree with three leaves and two internal vertices. A fan is a tree with only one
internal vertex and at least three leaves (that is, a fan is a trivial tree with at
least three leaves). A fan with d leaves is called a d-fan.

Hereafter is a practical example on how to retrieve A from 3()\) when d = 4.
Suppose indeed the (%) = 4 elements of *()) are as shown in Figure

D312 Da12 D134 D234

¥ X ¥ X ¥ oox ¥ X

Us Do Uy D12 Uz D34 U, D34
¥ IR ¥ IR
U, U, U, U, Us U, Us U,

Figure 1.4: A set of 3-leaf structures that uniquely determines the 4-leaf structure in Figure
Note that the labels of the internal nodes are irrelevant. The lowest common ancestor
of Uy and Uz could have been labeled P instead of Di2 in the first structure and @ in the
second structure.

From Figure we get that

The lowest common ancestors of the pair {Uy,Us} are {D12, D12};
The lowest common ancestors of the pair {Uy,Us} are {Dsz21, D134 };
The lowest common ancestors of the pair {Uy,U,} are {Dy12, D134 };
The lowest common ancestors of the pair {Us,Us} are {Ds12, D234 };
The lowest common ancestors of the pair {Us, U} are {Dy12, Das4};
The lowest common ancestors of the pair {Us,Us} are {Ds4, D34}

It appears therefore that {Uy, Us}, {U1,Us}, {U2,Us} and {Usz,Us} belong
to the same equivalence class, while {Uy, Uz} is by itself, as well as {Us, Us}.
The branching nodes of X in this case are therefore {Uy,Us, Us, Uy}, {Uy, Us}
and {Us, Us}. The rooted tree structure A is thus as shown in Figure

The general procedure for any d > 4 is as shown in Algorithm [I]
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Algorithm 1 How to retrieve A from 3()\)

for all pairs {U;,U;} such that i < j do

Get from 2()) the set of lowest common ancestors. That is, for each ele-
ment of 3(\) where both {U;, U;} are leaves, extract their common ancestor.
There should be d — 2 lowest common ancestors available for each pair;
end for
for all pairs {U;,U;} such that i < j do

Intersect the set of lowest common ancestors of the working pair with
the other sets (one set for each other pair of variables). Any nonempty
intersection means the two pairs are related, that is, belong to the same
equivalence class. This also allows to determine the number of equivalence
classes;
end for
for all equivalence classes do

Take the union of all pairs within each equivalence class to get the branch-
ing nodes of the structure. There are as many branching nodes as there are
equivalence classes;
end for
Add the leaves to the branching nodes to get .

1.6 Distance between two phylogenetic trees

Given two phylogenetic trees A; and A2, how to get a measure of similarity or
dissimilarity between the two? Hereafter we consider two distances.

The first one is a 01-distance: if the adjacency or lca matrix of A\; is actually
equal to the adjacency or lca matrix of A, then the distance is 0. Otherwise,
the distance is 1.

The second distance, called the tri-distance, is based on the comparison
of the 3-leaf pieces of \; and the 3-leaf pieces of Ao, that is, based on the
comparison of 3(A\1) and 3(\z). If both trees are equal, all the 3-leaf pieces will
be equal as well, and the distance is 0. If, among the (g) trivariate pieces from
A1 and the (¢) trivariate pieces from Az, k pieces differ, then the distance is
k. The maximum possible tri-distance is therefore (¢). Unlike the 01-distance,
this last distance allows to assess how far from one another two phylogenetic
trees are.

1.7 Supertree methods

Supertree methods have been extensively studied in the field of phylogenetics.
They are designed to output a tree (called the supertree) such that this tree
will be the best match of an input set of smaller trees, this input set including
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trees of various sizes, conflicting trees and also missing trees (that is, some
information to build the supertree is actually lacking). Some interesting ref-
erences to get started are Bininda-Emonds| (2004), [Wilkinson et al.| (2005) or
Swenson et al.| (2012).

Many supertree methods take as input a set of unrooted trees and output
an unrooted tree, see for instance the R package phytools (Revell, 2012), where
two such methods are available. Hereafter is described how such methods can
be used for the purpose of building a phylogenetic tree A based on an input set
of marginal phylogenetic trees from .

phylogenetic trees are by definition a subset of rooted graphs. To start, all
input phylogenetic trees must be unrooted. If the root of an input phylogenetic
tree has two and only two children, the root is removed and the two children
become directly connected. Otherwise, the root remains in the graph. In both
cases, the edges become undirected.

Once the input trees are ready, all the topological information available
across them is gathered as a matrix, called the character matrix. Let {e1,...,e,}
be the set of  internal edges (an internal edge is an edge between two internal
nodes) across all trees in the set of unrooted input trees. Let Dy = {Uy, ..., Uy}
be the set of leaves such that each of these leaves exists in at least one of the
input trees. Elements of Dy that are on one side of edge e;, i = {1,...,r},
receive the state 0, elements that are on the other side receive the state 1.
Elements of Dy that are on neither of the two sides of e; receive the unknown
state for that edge. The d X r character matrix contains all of the states. A
supertree is by definition a tree that spans on all of the elements of Dgy. It has
no particular properties or features a regular tree does not have: it is just a
tree that has to span on all the elements of Dy. The goal of a supertree method
is to find a supertree such that some loss function, this loss function comparing
the topological information of the supertree to the d x r character matrix, is
optimized.

1234 1345

vijo o U[0 10
J R » 2} Uz | 17

Us [0 1 0

13 24 U, Us 45 Us |0 0

- = ‘ Us|1 0 1
I\ I\ , U |11 2o o
ry o ry o rox Us | 7 1 S
Ul U3 U2 U4 U4 U5 O 0 0 0

Figure 1.6: Two rooted input phylogenetic trees and the related character matrix built on
the unrooted version of these two trees first without and second with an outgroup added.
1234 refer to the set Dig34 = {Ul, RN U4}. Likewise, 12 = D12 = {Ul7 UQ}, 1345 = D345 =
{Ul, Us, Uy, U5}, etc.

As an example, consider the two tree structures in Figure [I[.6 Suppose one
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wants to build a tree spanned on Dy = {U, ..., Us} based on these two trees.
Both input trees are first unrooted. The first rooted tree in Figure loses
one internal edge in the process and becomes a tree with structure of the form
>—<, as shown on the top left side of Figure [I.7] where the only remaining
internal edge (the — in >—<) has nodes 13 and 24 at its tips.

Us Uz
13 24
Us U,
Uy U,
13 1234 24
Us (0] Uy

Figure 1.7: Top left: the unrooted version of the first rooted tree displayed in Figure
Bottom left: an outgroup O has been attached to the root of the first rooted tree displayed
in Figurebefore the tree is unrooted. Thanks to this outgroup, we are able to keep track
of the root, even though the tree has been unrooted. Right: an example of nearest neighbour
interchange (NNI) from Wikipedia.

The second rooted tree in Figure when unrooted, also becomes a tree
with structure of the form >—<, where the internal edge has nodes 1345 and
45 at its tips. The character matrix that gathers all the topological information
available based on these two unrooted trees is the 5 x 2 matrix displayed in
Figure Looking at the internal edge in the first unrooted tree (top left of
Figure , we see that U; and Us are on one side of that edge and Us and Uy
are on the other side. We assign the label (or state) 0 to Uy and Us, and the
label 1 to Uy and Usy. The leaf Us does not appear in this input unrooted tree
and it is therefore not known to which side this leaf belongs. We therefore assign
an unknown state to Us, thus ending the first column of the 5 x 2 character
matrix. For the second unrooted tree, U; and Us are on one side of the internal
edge and U, and Us are on the other side. We do not know to which side U,
belongs. This makes up the second column of the 5 x 2 character matrix.

Once the character matrix has been built, the next step is to find an un-
rooted supertree that will agree as much as possible with the topological in-
formation available in the matrix. The strategy is to pick a starting supertree
and then to apply topological rearrangements to that supertree in a recursive
fashion. Rearrangements leading to a supertree closer to the character matrix
are kept, otherwise they are not kept. The final supertree is one such that no
further rearrangements of the supertree allows to come closer to the character
matrix.

From here, many different supertree methods can be built by changing the
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way the starting supertree is defined and the way the starting supertree is
recursively modified. Later in this thesis,

o NJNNI will refer to the case where the starting supertree is built based on
the neighbor joining (NJ) clustering method from [Saitou and Nei| (1987)
and where the changes recursively applied on the tree are NNI rearrange-
ments, see the right side of Figure for an example and [Felsenstein
(2004, p. 39) for a detailed description ;

e RNix will refer to the case where the starting supertree is chosen at ran-
dom and is then modified according to Nixon| (1999).

In any case, these supertree methods output an unrooted supertree and,
by unrooting input phylogenetic trees, destroy the topological information that
could be used to root the outputted supertree in order to make it a phylogenetic
tree.

This problem can be solved by using an extra leaf, called the outgroup. The
outgroup is attached to the root of each input phylogenetic tree prior to the
process of unrooting them. The set Dy defined earlier becomes {Uy, ..., Uy, O}.
As an example, the character matrix with such outgroup for the two input
trees in Figure [I.0] is displayed on the most right part of the same figure. The
unrooted version of the first tree in Figure [1.6] with this outgroup attached is
displayed at the bottom left of Figure Note that the character matrix,
with outgroup, has now as many columns as there are internal edges across the
original, rooted, input trees. A supertree based on this 6 x 3 character matrix
will span on {Uy,...,Us} and the outgroup O. Once a satisfying supertree
is found, the final step is to use the outgroup to root the supertree before
removing that outgroup from it.

1.8 Conclusion

In this chapter, what a phylogenetic tree is has been formally defined, and it
was shown how such a tree can be stored as an adjacency matrix or as a lowest
common ancestor matrix, the latter being a more compact and efficient way of
storing the tree than the former. A novel way of calculating a distance between
two phylogenetic trees has also been given, this new distance being based on
the comparison of marginal 3-leaf parts of the two input trees one wishes to
compare. In this chapter, how a set of “small” phylogenetic trees can be used
to build a larger phylogenetic tree containing them all has also been explored
in two different ways, including one novel.

While phylogenetic trees typically arise in evolutionary biology, where they
are used to show the inferred evolutionary relationships among various bio-
logical species or other entities based upon similarities and differences in their
physical or genetic characteristics, this chapter should also be of use for statis-
ticians: indeed, phylogenetic trees are the backbones of nested Archimedean
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copulas (Joe), [2001], pp. 87-89) and hierarchical Kendall copulas (Brechmannl
2014), where they are used to model the relationships between random vari-
ables as a hierarchy. In this context, leaves of the phylogenetic tree are random
variables, while the other nodes represent stops through which these random
variables are able to interact.

In the next chapter, the subject of which being nested Archimedean copulas,
the content of the current chapter will be shown to be of huge interest when
facing the issue of estimation of a phylogenetic tree that properly models the
relationships between a given set of random variables, based on some data from
the random phenomenon of interest.
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Chapter 2

Nested Archimedean
Copulas

2.1 Introduction

Nested Archimedean copulas (NACs), also called hierarchical Archimedean cop-
ulas (HACs), introduced by [Joe| (2001} pp. 87-89), are a natural generalization
of Archimedean copulas. The key feature of an Archimedean copula is its
generator, which are formally defined in Section [2.2

Nested Archimedean copulas are made up of two parts: a NAC (or phylo-
genetic) tree A, as defined in Chapter and a set of generators ¥. NACs offer
more flexibility for modeling dependencies in a high-dimensional setting while
still reducing to Archimedean copulas in simpler cases.

Estimation of nested Archimedean copulas has been the main topic of sev-
eral papers, see for instance |Okhrin et al.| (2013a) or |Gdrecki et al.| (2015). In
this chapter, largely based on papers from Segers and Uyttendaele| (2014) and
Uyttendaele] (2016)), the point of view according to which there are two main
approaches to estimate a NAC is developed.

In the first approach to estimate a NAC, the target phylogenetic tree is
estimated free of any concern for the sufficient nesting condition, this sufficient
nesting condition being given in Section With this first approach, esti-
mation of the generators after the target phylogenetic tree has been estimated
remains an open problem.

In the second approach, the target tree structure A is estimated in such
a way that, should the generators from ¥ all belong to a same parametric
family, their parameters can be easily estimated afterwards so that the sufficient
nesting condition is met.

For each of these two main approaches, several examples are given. Large
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scale simulation is performed in Section[2.5] with special focus given to the abil-
ity of retrieving the target phylogenetic tree A. In Section [2:6] estimation of a
target phylogenetic tree based on the daily logreturns of 6 indices is performed
using a NAC tree estimator from the first approach. The second approach is
applied in Section [2.7] as well as in Section In Section [2.7] the dependence
structure of weekly logreturns is estimated through time around the 2008 crisis.
In Section 2.8] before a discussion section, full estimation of a nested Archime-
dean copula based on exam results from 482 students is performed, as well as
a naive attempt to check the fit using principal component analysis.

Before all this however, a not so short introduction to Archimedean copulas
and nested Archimedean copulas is given.

2.2 Archimedean and Nested Archimedean cop-
ulas

Let (X1,...,X4) be a vector of continuous random variables. The copula of
this vector is defined as

Clugy...,uq) = P(Ur <wuiy...,Ug < ug),

where (Uy,...,Uq) = (Fx,(X1),...,Fx,(X4)), and where Fx,,...,Fx, are
the marginal cumulative distribution functions (CDFs) of X,..., X,.
Archimedean copulas (ACs) can always be written in closed form as
C(uy,y .. uq) =Y ug) + -+ (ug)), (2.2.1)

with v : [0,00) — [0, 1], a continuous, nonincreasing function, however strictly
decreasing on [0, inf{z : ¢(z) = 0}) and such that ¥(0) = 1 and ¢(c0) = 0.
The 1 function is called an Archimedean generator and ! is its generalized
inverse.

In order for C in Equation to be a proper copula when d = 2, ¢ is
also required to a be convex function. This is however not enough for d > 2:
in order for C to be a proper d-dimensional copula, with d > 2, the generator
is required to be d-monotone on [0,00). That is,

(—1)Fp® () > 0

must hold V¢ > 0 and k € {0,1,2,...,d — 2}, while (—1)?2¢)(?=2)(¢) is nonin-
creasing and convex. See [McNeil and Neslehovd (2009) for more details.

The generators in Table (Hofert and Maechler) 2011)) are among the
most popular ones. All of them are completely monotone, that is, d-monotone
for all integer d > 2. For the Frank family, D(0) = lfog t/(exp(t) — 1) dt.

6
For the five families that are given in this table, one can check that increasing
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the value of the parameter 6 leads to an increase of the Kendall’s 7 coefficient
between any two variables of the related Archimedean copula. For instance,
the minimum achievable Kendall’s 7 coefficient in the case of the AMH family
is 0 when @ approaches 0 and 1/3 when 6 approaches 1.

Table 2.1: Some popular generators of Archimedean copulas.

name generator ¢ (x) 0 T
AMH (1—0)/(e® —0) 0 € (0,1) 1—-2(0+(1—0)%log(l—9))/(30%
Clayton (14 z)~1/° 6 € (0, 00) 0/(0+2)
Frank  —log(l — (1 —e " %)e™®)/0 0 € (0,00) 14 4(D(9) —1)/6
Gumbel exp(—zt/?) 6 € l,00) (6-1)/6
Joe 1—(1—e ®)/0 0€l,00) 1—-4352 1/(k(0k +2)(0(k — 1) +2))

Estimation of an AC is usually performed either by assuming v belongs to
a parametric family or by not assuming anything about 1, that is, the whole
1 function has to be estimated in a nonparametric fashion. This last case as
been studied in details by |Genest et al.| (2011b).

Consider a sample (X11,...,X14),-.-,(Xn1,...,Xnd), drawn from a mul-
tivariate distribution function whose copula C' is Archimedean. As originally
recognized by |Genest and Rivest|(1993)), inference for Archimedean copulas can
be based on the probability integral transformation,

W =C(Uy,...,Uy),

where (Uy, ..., Uy) has distribution C, this distribution being the Archimedean
copula of interest. The map

K(w) = P(W <w),

defined for all w € [0,1], is the Kendall distribution function (Barbe et al.l
1996} |Genest and Rivest|, 2001} [Nelsen et al.l 2003), and is such that K(w) > w
for all w € [0, 1] whatever the copula C. However, if the latter is Archimedean,
then, for all w € [0,1],
liTm K(t) = K(w—) > w. (2.2.2)
tTw
The nonparametric estimate of the target generator v is obtained in several
steps:
e Compute the pseudo sample W1y, ..., W,, using

n

1
W, = T ;H(Xkl < Xj1,- 0 Xia < Xja)-

Note: the empirical cumulative distribution function built on these pseudo
observations can be shown to meet the condition expressed by Equation
(12.2.2)).
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e Denote by wy,...,w,, the distinct values of W7y,...,W,,, in increasing
order.
e Foreach i € {1,...,m}, set

n

1
pi= Z]l(Wj = Wm—i41).
j=1
e Find the values of s1,...,s,,_1 that solve the following system of equa-
tions:
wy = (1= $m_1)""pp,
_ d—1 d—1
w3 = (1 - Smflsm*2) Pm + (1 - 5m72) Pm—1,
W = (1 = 51898 -1) 4 o + ... + (1 — 51)4 Iy
e Arbitrarily set r,, = 1 and retrieve r1,...,7r,_1 by using the fact that
ri/riv1 =s; fori e {1,...,m—1}.

e The estimate of ¢(x) is then

d(a) = (1— 2)(1_11%-

T >T

Once this nonparametric generator is available, the following algorithm will
allow to draw observations from the nonparametric AC defined by this gener-
ator:

Algorithm 2 Generating one observation from a nonparametric AC defined

by .
1: draw one value R from the vector rq,..., 7, while taking into account the
weights p1,. .., pm.
2: draw a vector (S1,...,5) from the uniform distribution on the simplex.

3: set Uy = ¥(RS),...,Ug = (RSy).

The second step in Algorithm [2] is always easy to carry out, as it suffices
to generate independent exponential random variables (F1, ..., E4) and to set,
for every i € {1,...,d},

E;

Sj= ——
By +-+Ey

Note that while no ties are possible in the vector (RS1, ..., RS4), the vector
(U, ...,Uq) might contain some, because 1 is a step function.
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For more details on nonparametric estimation of Archimedean copulas, refer
to (Genest et al.[(2011b]).

In the case of Archimedean copulas, C(uq,...,uq) is a symmetric function
in its arguments and this is why Archimedean copulas are sometimes called ez-
changeable. The result of this exchangeability property is easily seen by plotting
a cloud of points generated from a bivariate Archimedean copula: the y = x
axis is a clear axis of reflection symmetry for the underlying distribution. For
a cloud of points generated from a trivariate Archimedean copula, even more
complex symmetries for the underlying trivariate distribution can be observed.

Moreover, given a d-variate Archimedean copula and m € {2,...,d — 1},
any two m-variate margins from that Archimedean copula describe the same
m-variate distribution. For instance, with m = 3 and assuming the joint dis-
tribution of (Uy,...,Usg) is an Archimedean copula, the joint distribution of
(Us, Us, Us) is equal to the joint distribution of (Us, U1g, Uz), (Uy, Uy, Us) or of
any vector (U;, U;, Uy) with distinct 4, j,k € {1,...,10}.

It is clear that, for modeling purposes, this exchangeability property be-
comes an increasingly strong assumption as the dimension d grows. To relax it,
nested Archimedean copulas were introduced. NACs are obtained by plugging
in Archimedean copulas into each other (Joel [2001 pp. 87-89). The following
example shows how a bivariate Archimedean copula Co3 can be plugged into a
bivariate Archimedean copula Cis3:

Cia3(u1, Caz(uz,us)) =
D123 (Vg (ur) + Vioh (P28 (3 (uz) + o (us))))  (2.2.3)

The above trivariate copula, a nested Archimedean copula on Dy = {Uy, Us,
Us}, is still such that the y = z axis remains an axis of reflection symmetry
for all bivariate margins. However, while even more complex symmetries are
observed on the trivariate level of an AC, part of these symmetries are lost
on the trivariate level of the NAC described by . Moreover, while all
bivariate margins are the same in an AC, the distribution of (Us, Us) is not
the same as the distribution of (Uy, Uz) or (Uy, Us) in the NAC described by
©2-3).

In a NAC, the way Archimedean copulas are nested corresponds to a special
kind of tree A called a NAC tree or phylogenetic tree, formally defined in
Chapter Nested Archimedean copulas, such as the one in and for
which the tree can be seen on the left of Figure [2.1] are always defined through
a NAC tree and through a collection of generators ¥, one generator for each
internal node in the NAC tree. Each generator fully describes the dependence
between the random variables interacting through the related internal node.
Archimedean copulas can be seen as a special case of NACs: they exhibit a
trivial structure such as the one on the right of Figure 2.1 and have only one
generator, the one related to the only internal node, the root. A trivial NAC
tree of dimension d is sometimes called a d-fan (Ng and Wormald, (1996)).
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123 123
IR
U, 23
¥ X ¥ |
U2 U3 u 1 U2 U3

Figure 2.1: Left: the NAC tree implied by . The dependence between Uz and Us is
described by 123 while the dependence between U; and Uz or Uy and Us is described by 1123.
Right: the structure of a trivariate AC. The dependence between any two random variables
is here described by 1123. Note that the labels of the internal nodes in both structures (123
and 23 for the left structure, 23 for the right structure) are actually irrelevant.

Let X be a phylogenetic tree on Dy = {Uy,...,Uy}, that is, a d-leaf tree.
Define the related set of indices as i(Dg) = {1,...,d}. Suppose that for each
B € A\ with |B| > 2, an Archimedean generator ¢ p is given, that is, a generator
is given for each branching node in the structure and W is the set of all these
generators.

Next, recursively define the functions Cp : [0,1]/Bl — [0,1], with B € X,
|B| =1, by

. Up if B= {Ub}
CB({Ub be Z(B)}) {wB (ZAGC(B,)\) wgl(CA(’Ufa ‘a€ Z(A)))) if |B| > 9 P
(2.2.4)
where the set of children of B in A is denoted C(B, ) and i(B) is the set of
indices related to B (example : if B = {Uy,Us, U4}, then i(B) = {1,3,4}).

DEFINITION 2.2.1. A d-variate copula Cp, is a nested Archimedean copula
(NAQ) if it is of the form Cp in (2.2.4), with B = Dy.

For convenience, a NAC Cp, is often written as Cjp,). For instance, with
Dy = {U1,Us, Us},

the notation becomes Ca3.

Definition [2.2.1]is however not free from identifiability issues. Recall that a
parameter u (possibly infinite-dimensional) in a statistical model (P, : p € M),
with P, a probability measure on a fixed space, is identifiable if y1; # o implies
that P, # P,,, that is, different parameters yield different distributions of the
observable. For d-variate nested Archimedean copulas, the parameter p consists
of the pair

(A\¥ ={yp:Be|B|> 2})

In this parametrization, the parameter y is not identifiable, since replacing
a generator function ¢ p(z) by the function ¥p(az), with 0 < a < oo, yields
the same copula ; that is, the generator functions are identifiable up to scaling
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only. This issue can be solved easily in different ways, for instance by requiring
that ¥p(1) =1/2.

A more fundamental identifiability issue arises if some generator functions
are the same. Consider for instance the tree A implied by Equation 7
shown on the left in Figure If the generators 1123 and 123 are the same,
say ®, then the nested Archimedean copula with parameter (X; {123, %23})
actually describes an exchangeable Archimedean copula with generator ), that
is, a nested Archimedean copula with trivial tree structure and single generator
Y.

To ensure identifiability of the structure, we must require that for any two
nodes A and B such that A C B and A # B, meaning A is a descendant of B,
the bivariate Archimedean copulas generated by the generator functions ¢ 4 and
g are different, prohibiting the tree structure to collapse at this level. If this
condition holds, then the structure A can be identified. This weak restriction
on the generators will be assumed to hold throughout this Chapter.

Note that some generator functions can still be identical. Consider for
instance the NAC structure in Figure

1234
J Y
12 34
IATEA
Ul U2 U3 UA

Figure 2.2: A four-variate NAC tree.

The generators associated to the nodes 12 and 34 can be identical, without
simplification of the tree being possible.

Sufficient nesting condition. Even if this last identifiability condition
on the generators holds, a set U of arbitrary generators does not ensure that
the resulting NAC defined through (A, ¥) will be a proper copula, meeting the
three properties any copula must mean (refer to the introduction section of the
thesis). In case one is working with fully nested Archimedean copula structures,
that is, structures where each branching node has either two leaves as children,
or one leaf and another branching node, a sufficient nesting condition ensuring
this NAC is a proper copula was however developed by |Joe| (2001)) and McNeil
(2008): VI,J € A such that |I|,|J| > 2 (that is, such that I,J are internal
nodes of the phylogenetic tree A) and such that J is a child of I, 1/);1 oy is
required to be a Bernstein function.

A Bernstein function f is such that f : [0,00) — [0, 00) and

27



Chapter 2: Nested Archimedean Copulas

for all zx > 0 and k € N.

If all elements of ¥ belong to the same parametric family (if not, see Hofert],
2011)), something assumed throughout most of this chapter and most paper
related to NACs, and if, moreover, this family is one of the families given in
Table this sufficient nesting condition simply states that the parameters
0; and 60; related to 1y and ; must be such that 6; < 6; for every pair of
internal nodes I and J in the NAC tree structure such that J is a child of I.
That is, the Kendall’s correlation coefficient 7 between two random variables
increases as these variables are able to interact through a node farther away
from the root node.

It was later proved that this sufficient nesting condition holds for all NACs,
not only fully nested ones, see Holena et al.| (2015) Also note that a recent paper
by [Rezapour| (2015)) gave weak sufficient and necessary conditions concerning
the generators, guaranteeing that the constructed function is a copula.

To conclude this section, we come back to lowest common ancestor matrices,
that were developed in Chapter [I} Section [[.3] and that were said to be of
particular interest when working with nested Archimedean copulas. Given a
nested Archimedean copula (A, ¥), the lowest common ancestor matrix built on
A will naturally match any scatterplot matrix drawn based on iid observations
from that NAC. For instance, assume that (A, ¥) is a nine-dimensional copula
of the form

Cr(us, ug,ur, Car(ug, uz, uz, us, Cyw (ug, ud; Yw); Yar); ),

where the three generators ¥y, 1) and Yy are all Clayton generators with
Kendall’s 7 correlation coefficients set to 0.2, 0.5 and 0.8, respectively.

Figure[2.3]displays on its top a scatterplot matrix based on 500 observations
from that NAC (source: [Hofert and Maechler},2011)), while the bottom of Figure
[2:3] displays the lca matrix built on the NAC of interest.

The theoretical match between the two is of interest for estimation purposes:
indeed, if one wants to check if an estimated tree \ fits the data, one can
compare the lca matrix resulting from \ with a scatterplot matrix of the data,
offering a quick, visual goodness-of-fit diagnostic tool.

Some suggested papers for the readers eager to learn more about NACs are:
McNeil (2008)), Hofert and Pham| (2013)), |(Okhrin et al.| (2013b)) or Matsypura
et al.| (2016).

2.3 A first approach to estimate a NAC

In this first approach, the NAC structure A from a target NAC must be esti-
mated free of any constraints, including the sufficient nesting condition. How
to get towards A in such case?
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L L L M M M M W U
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L L L M M M U

L L L M M U;

L L L M U,

L L L U

L L U

L Us

Us

Figure 2.3: Top: scatterplot matrix of a nine-dimensional NAC. Bottom: the lca matrix for
the corresponding tree A.
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2.3.1 Estimation of a NAC tree, d =3

Let (X1, X2, X3) be a vector of continuous random variables such that the
joint distribution of (Uy,Us,Us) = (Fx,(X1), Fx,(X2), Fx,(X3)) is a nested
Archimedean copula. We are interested in estimating the NAC structure based
on n observations (1, xj2, 13) from (X7, Xa, X3), l =1,...,n. We know from
Section [[.4] in Chapter [I] that there are only four structures fulfilling Definition
in the trivariate case: Ai23, A23, A\12 and Aq3.

In the trivial structure (tree Aja3), all bivariate marginal distributions of
the nested Archimedean copula are the same, while in structures As3, A2 and
A13, two bivariate marginal distributions are the same and one is different.
Moreover, if the bivariate marginal distributions are not all the same, being
able to determine which one is different is enough to select the proper nested
Archimedean copula structure Asz, A2 or Aq3.

It is known from |Genest and Rivest| (1993) that the Kendall distribution of
a pair of variables (X, Xj) fully determines the copula of that pair provided
the copula is Archimedean, which is always true if both variables are part
of a NAC. Thus, rather than working directly with bivariate distributions,
Kendall distributions are going to be used instead, since they are univariate
and therefore easier to handle. The Kendall distribution of the pair (X;, X)
is defined as the distribution of the variable

Wi = Ci(Uj, Ur) = Fjr(X;, Xi),

where Cjg(uj, ux) = P(U; < u;,Ur < ug) is the joint CDF of (U;,Uy), and
where Fjp(x;,z5) = P(X; < xj, Xy < xp) is the joint CDF of (X;, Xy). The
map defined for all w € [0,1] by

Kjk(w) = P(W]k S U)),

is the Kendall distribution function (Barbe et al.| [1996; Nelsen et al. 2003}
Genest and Rivest|2001)).

The Kendall distribution function of a pair of variables (X, X}) can be es-
timated (Genest, Neslehova, and Ziegell [2011b)) by first computing the pseudo-
observations wi jk, ..., Wn, jk and then the empirical distribution function of
these pseudo-observations:

n

1
Wm,jk = 1 ; l(xlj < Tmjs Tik < zmk);
1 n
K jr(w) = o 1(wm,jkx < w), with 0 <w < 1.
m=1
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Since there are three possible pairs in our case, namely (X1, X2), (X1, X3)
and (X3, X3), three empirical Kendall distribution functions need to be esti-
mated. The distance between the empirical Kendall distribution functions of
(Xi, X;) and (X;, Xy) is defined as

1 n
1
/O [ Knij (2) = Knik(@)] do = — > Wimyij = Wmy. ikl = Giins
m=1

where w(1),ij,---,W(n),i; are the ordered pseudo-observations related to the
variables (X;, X;) and w(1)k, .-, W(n),k are those related to the variables
(X4, Xk).

In general, a trivial NAC structure on {Uy, Us, U3} will result in three dis-
tances that are all about the same, while trees such as Ai2, A1z or Aoz will
result in one small distance relative to two other distances that are bigger and
about the same. For any three variables (X, X;, X}), if, for instance, 6;; 5 is
the minimum among the three distances, it seems reasonable to assume that
the tree spanned on (X;, X;, X;) is either the trivial structure or the structure
Ajk where (X;, X;) and (X;, X)) have the same Kendall distribution.

The problem of determining the structure of (Xi, X5, X3) can thus be
rewritten as a hypothesis test:

Hp :  the true structure is the trivial structure,
Hi: the true structure is not the trivial structure,

and if Hy gets rejected, the true structure must be A2, A\13 or Aoz, depending
on which pair of Kendall functions were the closest.

As a test statistic, the absolute difference between the minimum distance
and the average of the two remaining distances is used. The null hypothe-
sis is rejected when the test statistic is observed in the upper tail of its Hy
distribution.

As the Hy distribution of the test statistic is unknown, p-values are cal-
culated thanks to some bootstrapping. How exactly this is done is described
hereafter.

Under Hy, the original sample is assumed to come from an unknown trivari-
ate Archimedean copula. Using the work of |Genest et al.| (2011b), also refer
to Section [2.2] it is possible to estimate that Archimedean copula nonparamet-
rically and to resample from that estimated Archimedean copula, thanks to
Algorithm [2] For each new sample, the three empirical Kendall distributions,
the three distances, and the related test statistic are calculated. The p-value of
the observed test statistic, the one from the original sample, is then estimated
by the proportion of test statistics obtained from the new samples that are
greater than or equal to the value of the observed test statistic from the origi-
nal sample. Should this estimated p-value be lower than a significance level «,
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for instance 10%, the null hypothesis is rejected.

Since the estimator for the Kendall distribution depends on the data only
through the ranks and since the test statistic only depends on this estimator,
the NAC structure estimator for trivariate structures is rank-based, too.

There are two key points in the procedure presented above:

e First, choose between a trivial structure (= Hy) and H;.
e Second, if Hy gets rejected, determine what should be the estimated
structure: Ais, A1z or As3?

Possible errors are:

e if the true structure is the trivial structure, rejecting it and therefore
committing a type I error ;

e if the true structure is structure Aj2, A3 or Aoz, failing to reject Hy (type
1T error) ;

e if the true structure is for instance structure Ao, successfully rejecting
Hy, yet picking the wrong structure among Ai2, A13 or As3 afterwards.
This will be referred to later on as a type III error.

The main difficulty with the test developed in this section is encountered
when the true structure is the trivial trivariate structure, that is, the struc-
ture one gets when the nested Archimedean copula is actually an exchangeable
Archimedean copula. Indeed, if the probability of committing a type I error
is fixed to a = 0.10, the trivial structure will be rejected 10% of the time re-
gardless of the input sample size n. The estimator is therefore not a consistent
estimator for the trivial trivariate structure, unless « tends to 0 as n increases,
so that type I errors are asymptotically impossible. Practically speaking how-
ever, this rule has little significance as it does not help to select « given a value
of n. In the simulations, o will be set to a fixed value of 10% for all n, and
these simulations will confirm that a fixed value for a does not seem to pre-
vent consistent estimation for the target structure when this target structure
is made of 3-fans only, but well when this is not the case.

2.3.2 Estimation of a NAC tree structure, d > 4

Let A be a NAC structure on a finite set Dy = {U1,...,Us},d > 4. It is known
from Proposition in Subsection that if the NAC tree spanned on any
three distinct elements of Dy is known (that is, each element of 3()) is known),

then A can be uniquely recovered, for instance using Algorithm
A first suggestion for estimating A is to estimate each element of ®(\) using

e

the procedure developed in Subsection thus effectively getting 3()), which
can then be used to build .
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1234
PR
U, U, 34
F
Ug UA

Figure 2.4: A four-variate NAC tree.

However, if each element of 3()) is estimated, the problem of reconstructing
a tree from that set of estimated trivariate trees is a bit different than what
was considered in Section[L.5] Indeed, it is not guaranteed that a proper nested
Archimedean copula structure can be recovered from a given set of estimated

—

trivariate structures, that is, 3(\) does not necessarily lead to a proper NAC
tree. When A retrieved from 3()) is not a proper nested Archimedean copula
structure, meaning it does not fulfill Definition or is such that 3(X) # 3()\),

—

we call 3(\) a faulty set.

With a value of « equal to 0.00 for all tests required to estimate 3(\), we fail
to reject the null hypothesis everywhere and we therefore get a set of estimated
trivariate structures each describing a 3-fan. Such a set is never a faulty set,
and ), the estimated NAC structure retrieved from it, will always be a trivial
structure of dimension d, a d-fan. Of course, if the true structure is not a d-fan,
a value of o equal to 0.00 means you are sure to commit type II errors.

With a value of a equal to 1.00 for all tests, all null hypotheses are rejected
and we end up with a set where each estimated trivariate structure describes
a triple. Such a set can be a faulty set and usually is.

Assuming the copula of the vector (Xi,...,Xy) is a nested Archimedean
copula, a faulty set of estimated trivariate structures means at least one error
(type I, type II or type III) has been committed. Notice the converse is not true:
even when at least one type I, type II or type III error has been committed,
3()\) might lead to a structure A meeting Definition and such that 3(\) =

3(\). However \ is not equal to ), the target structure. Suppose indeed the
target structure is the structure on Figure 2.2 This structure is uniquely
determined by the four trivariate structures in Figure Suppose however
that the first two triples in Figure are replaced by two 3-fans, that is, two
type II errors have been committed during the estimation process. Yet, this
leads to a proper four-variate structure, shown in Figure [2.4] however unequal
to the target structure.

A faulty set is essentially a red flag that should be viewed as an opportunity
for correction. What kind of corrective measure should be applied to such a
set is however not straightforward. As done in the simulation study, we simply
suggest to decrease the value of « for all tests until the resulting set of estimated
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trivariate structures is not a faulty set anymore. At worst, « is to be decreased
down to 0.00, we end up with a set of 3-fans, and \ is then a d-fan. This last
strategy is certainly not the best one can imagine, but is a very convenient one
to apply and ensures that A will always be a proper tree.

Since the estimator developed in Subsection [2.3.1]is unable to consistently
estimate a 3-fan if we keep the same value of a > 0 for all n, it also means
consistent estimation of any A that has at least one trivial trivariate component
is impossible, as will be seen in the performance section of this chapter.

Another suggestion in order to estimate A in the case d > 4 is to use
supertree methods (refer to Chapter [1)).

In order to use a supertree method in this case, it is first assumed that the
target structure A spanned on the vector (Ui, ...,Uy) is a binary tree, that is,
a NAC structure where each internal node has two and only two children (this
assumption will be later relaxed). Example of a binary tree: the tree on the
left of Figure 23] or in Figure 2.2] Not a binary tree: the tree in Figure [2.:4] or
the second tree displayed in Figure

As input set of trees for the supertree method, 3(\) is used. But since the

—

target tree is now assumed to be a binary tree, it is known that 3(\) must itself
be made of binary trees only. Given a vector of three variables (X;, X;, Xx),
the hypothesis test from Subsection can be skipped: just estimate the
Kendall distribution for each of the tree pairs (X;, X;), (X;, Xi) and (X;, X&),
and find out which are the two estimated Kendall distributions that are the
closest according to some distance. If, for instance, the estimated Kendall
distributions of (X;, X;) and (X;, X) are the closest, then the trivariate target
tree structure must be a structure where Uj; is left apart while U; and Uy, are
together.

—

The result of the supertree method fed with a set 3(\) of estimated binary
trees will be a binary supertree M. Even if ?@ is a faulty set, a proper binary
NAC tree j\b will be produced. This is because a supertree method resumes
all the information from the input set 3/(\)\) as a character matrix and then try
to built in a recursive fashion a tree that agrees as much as possible with that
character matrix according to some criterion. Again, refer to Chapter [1] for
details.

But what if the target tree A was in fact not a binary tree? To allow for a
more general estimation, suggestion is to collapse, if necessary, one or several
parts of the estimated binary structure Mo produced by the supertree method
used. Many ways to properly collapse such a binary tree are explored in Section

24
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2.3.3 Estimation of the generators

What to do next, once A has been estimated free of any concern for the sufficient
nesting condition remains an open problem. If the generators across A\ are
assumed to belong to a same parametric family F', estimation of the related
set of parameters © can be performed by simple inversion of the estimated
Kendall correlation coefficients, the same way it is done using equation
in Section In most cases, this is expected to lead to a proper NAC (5\, \i/)
But in some cases, it will unfortunately not be true. This is because estimated
Kendall correlation coefficients along trees built using this first approach are
not always ordered, making the sufficient nesting condition hard to satisfy. A
stage-wise estimation of the parameters based on a quasi-maximum likelihood
approach (from the lowest to the highest nesting level), as done by |Okhrin
and Ristig| (2014), with subsequent shortening of the feasible parameter space,
could however help ensure that the final object is a well defined NAC.

2.4 A second approach to estimate a NAC

In this section, a second approach to estimate a nested Archimedean copula
(A, ) is presented. With this approach, a binary tree is built using hierarchical
clustering and then is collapsed if necessary, according to some strategy. Then,
if the target generators are assumed to belong to a same known parametric
family F', estimation of the set of parameters © related to these generators
so that the sufficient nesting condition (see Section is met can easily be
performed. |Okhrin et al|(2013a) and |Gérecki et al.| (2015) are both particular
cases of this second approach. By design, this second approach will always lead
to a proper NAC, meeting the sufficient nesting condition, in contrast to the
first approach developed earlier. But if the target NAC is not a NAC meeting
the sufficient nesting condition, the estimated NAC one gets here will always
be biased.

Estimation of the target tree structure . Based on an iid sample of
size n from (X4, ..., X4), a distance for each couple (X;, X;) with distinct 4, j €
{1,...,d} is first estimated. The random variables are then clustered, using
hierarchical clustering, one at the time, according to the estimated distances.
Getting an estimated binary tree structure this way however makes sense only
if the estimated distance for each couple (X;, X;) is a function of a measure
of association < such that highly related random variables will be considered
close and therefore the distance between the two will be small ; if the tree
is built from leaves to the root using the smallest distances first ; and if the
target NAC is such that the dependence between any two random variables in
the structure increases as the variables are able to interact through nodes that
are farther away from the root, that is, if the target NAC (A, ¥) is assumed to
meet the sufficient nesting condition.
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A measure of association < between two random variables can be obtained,
for instance, through

e Kendall’s T,

e a distance between the (theoretical) Kendall distribution of two indepen-
dent variables and the empirical Kendall distribution of the two variables
under study,

e Hoeffding’s D statistic (see [Hoeffding, [1948]),

e or Spearman’s rho.

Note that these measures of association are all such that > (X;, X;) =
> (U;,Uj), so that the binary tree estimated on (Xi,...,Xq) is actually the
binary tree estimated on (Uy,...,Uy).

For the linkage criteria, single, complete or average linkage can be used (and
where experimentally tested by |Goérecki et al., [2015]). In the rest of this section,
only average linkage will be considered.

If somehow the target tree structure A is known to be a binary tree, it is
possible to directly move on to the problem of estimation of the generators
from here. However, a target NAC structure is not always a binary structure
and thus 5\17, the result from the hierarchical clustering, must be transformed.

Let V.. = {v1,...,v,} be the set of internal nodes in X\p. For any two nodes
{vi,v;m} from V. with I,m € {1,...,r} such that v; is a parent of v,,, collapse
the two nodes if you suspect the generator 1,, to be too similar to the generator
¥y, . The right side of Figure shows the collapsing of nodes 234 and 34 into
a new node. Notice the resulting tree is not a binary tree anymore.

1234 1234
¥ oA / N\
U, 234 ¥ oox
¥ % U, 234+34
U, 34 / i
R x Y
Us Uy U, Us Uy

Figure 2.5: Left: a binary structure spanned on four random variables. Right: nodes 234
and 34 have been collapsed into one node. The resulting tree is not a binary tree anymore.

To compare two successive generators v, and ), , one needs first to es-
timate these generators, as they are unknown. If they are known to belong
to a same given parametric family F', the problem is then to estimate 6,, and

Oor,

that at this point, we are not concerned by the sufficient nesting condition: the
goal here is only to decide if two successive nodes in the binary tree should
be collapsed, based on a rough estimation of the related generators v,, and

and to collapse if )évl -0 < 0., where 6. is some threshold value. Note

Um
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1,,,. Formal estimation of the generators is done later. To make the problem
of whether or not two successive nodes should be collapsed easier, each of the
two related generators can also be summarized as a scalar measure s reflecting
the dependence between the random variables interacting through the related
node, and the two nodes are collapsed if the absolute difference between their
respective estimated scalar measure is lower than a chosen threshold, that is,
if

[80, — 80, | < Sec-

For instance, looking back at Figure one can estimate a summary of
the dependence between the random variables interacting through node 234 by
averaging the estimated Kendall correlation coefficients, calculated within the
random pairs (U, Us) and (Uz,Us). The estimated summary of the generator
related to node 34 is equal to the estimated Kendall’s 7 between the random
variables (Us, Uys). The two nodes are collapsed if the inequality

(f23 + f24) .
Ty )

holds, where t. is the critical threshold for collapsing.

<t (2.4.1)

Using the fact that a vector of estimated Kendall’s taus is asymptotically
distributed according to a multivariate normal distribution (Ehrenberg} 1952}
Genest et al.l |2011a; Rublik, 2016]), a hypothesis test based on Equation
can be built, offering a meaningful choice for the critical threshold 7.. This novel
hypothesis test is hereafter formalized.

First, let’s mark the two nodes with the symbols 1 and |, the node marked
with 1 being the one closer to the root node, while the one marked with | is
the one further down the tree, thus further from the root node. Second, let’s
generalize the left side of Equation as

Mo S
po Zinifi 2=l (24.2)
N ny

where {7;},7 € {1,...,n4}, is the set of all estimated Kendall’s taus that are
such that, for each Kendall’s tau in that set, the two related random variables
interact through the node marked with 1. Similarly, {7;},j € {1,...,n,} is the
set of Kendall’s taus that are such that, for each Kendall’s tau in that set, the
two related random variables interact through the node marked with J.

Thanks to |[Rublik| (2016)), we know that the vector ¥ made of the union of
{#;} and {7} is such that

V(T —7) = Npyyn, (0, V),
where n is the sample size (not to be confused with ny, ny, or ny +n) and

V is the asymptotic covariance matrix, for which an estimator V' can also be
found in [Rublik (2016)), the expression of it being given hereafter.
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Let {(l1,u1), ..., (lny4ny > Un,+n, )} be the set of ny +n pairs of coordinate
indices of the d-dimensional random vector U = (Uy,...,Uy). To each pair in
that set, there corresponds one and only one estimated Kendall’s tau in either
{7i} or {7;}.

Define u; as observation i of U and u;(l1) as element /; of the vector wu;.
Then,

V =4, - Y,Y71),

where

r:liﬂmﬁ”T

T i=1 ' ' ’
(n) 1
Fi = f Z lIl(ul, ’U,j),
GE{L,...n}, j#i
sign(uw;(l1) — wi(l1)) sign(w;(u1) — wi(u1))
U(ui, uj) = : ;
Sign(uj(ln¢+n¢) —Uu; (lnr+n¢)) Sign(uj (un¢+n¢) - ui(un¢+n¢))

and, finally,

2

1<i<j<n

Under the null hypothesis, nodes T and | are the same, and one would
expect T in (2.4.2) to have a centered normal distribution with variance Vrp.
Straightforward calculations lead to

2 ny nq ng ny
1
Vo = () [n% Var ( E 7“'j>—|—nf Var( E %Z-> —2n4ny Cov < E Ti E %j)],
”T”L ,_ . . f—
7j=1 =1 =1 Jj=1

where one can easily extract an estimate of

ny
Var ( 7°j> ,
=1

Jj=

"
Var ( ﬁ-) ,
i=1
Cov <

T ny
Tis Tj)
i=1 j=1

Jj=

3

and

3
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from V/n, leading to V7.

The rule becomes: collapse nodes 1 and | if

T
— < Zlfoz/2 (243)
vV Vr
holds, that is, the threshold for collapsing is t. = 21_q/2V/ V.
Note that instead of using Kendall’s 7 in (2.4.1]) or , other measures
of association can be used, for instance Spearman’s p, Hoeffding’s D statistic,
etc. Should a vector of estimated Spearman’s ps or Hoeffding’s D statistics be

normally distributed (at least asymptotically), then a meaningful threshold for
collapsing could be found using the same reasoning as above.

Another strategy to decide if two successive nodes should be collapsed or
not is to break down both structures before and after collapsing of two given
nodes into their respective set of trivariate pieces (refer to Chapter. Since the
structures before and after collapsing are different, some of the trivariate pieces
will be different as well. Let P be the set of trivariate pieces before collapsing
and P, the set of pieces after collapsing. Let Pa be the set of vectors of the
form (U;,Uj,Uy) such that the tree structure spanned on (U;,Uj,Uy) is not
the same in P and P;. In P;, the tree structure spanned on (U;,U;,Uyg) is a
3-fan, while in P, it is not the case. The decision to collapse or not is made
by performing the hypothesis test developed in Subsection since this test
precisely aims at deciding whether or not the tree structure spanned on three
random variables (U;, U;, Uy) is a trivial tree structure.

Looking back at Figure one can observe that, in the left structure, the
tree spanned on (Us, Us, Uy) is not a 3-fan, while in the right structure it is. If
the p-value of the test is lower than or equal to a threshold «, the nodes 234
and 34 should not be collapsed into one.

When there is more than one vector of the form (U;,U;,Uy) in Pa, the
hypothesis test developed in Subsection [2.3.1] must be applied several times,
and the end result is a set of p-values. For such cases, a rule of thumb such as
the one hereafter can be used (do not collapse if the inequality holds):

average p-value < o (2.4.4)

Estimation of the set of generators V. Once the target tree structure
A has been estimated, one needs to estimate the generators. Usually, as done
in |Okhrin et al.| (2013a) and |Gorecki et al.| (2015)), it is assumed that all these
generators belong to a same known parametric family F. In such case, the only
thing left to estimate is a set of parameters O.

An interesting by-product of the hierarchical clustering used to build b
is a set of non-increasing measures of association from leaves to the root of
Ap. Since the sufficient nesting condition requires the #s in © to decrease from
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leaves to the root of the NAC tree, any monotonically increasing map o:

space of the chosen measure of association used to build b

— parameter’s space for the parametric family F' chosen for the generators,

applied to these non-increasing measures of association, will lead to a set 6
allowing to get an estimated NAC (A, ¥) meeting the sufficient nesting condi-
tion.

In|Okhrin et al.|(2013a)), the parametric family for the generators is specified
prior to the hierarchical clustering, allowing them to directly use, as if it was
a measure of association, the 6 parameter related to that parametric family.
The by-product of the hierarchical clustering allows therefore to directly get
(5\, \il) meeting the sufficient nesting condition without any extra effort. In
other words, §(e) = e.

In|Gdrecki et al.| (2015)), the measure of association used for the hierarchical
clustering is Kendall’s 7. The main advantage of using Kendall’s 7 is that
there is a direct, well known, relationship between Kendall’s 7 and 6 for most
parametric family of generators. That is, a possible map d(e) is easy to find.
For instance, if the parametric family for the generators is assumed to be the
Clayton family, a possible map between Kendall’s 7 and 6 is

5(r) = —0. (2.4.5)

See[Hofert and Maechler| (2011]) or Table[2-1]for the map using other families.

Using other measures of association, such as Hoeffding’s D statistic for in-
stance, a suitable map ¢ is not known. However, as long as § is a monotonically
increasing function, (5\, \i/) will be a proper copula, but the resulting estimator
could be biased or with a very high mean square error.

To conclude this section, the second approach to estimate a target NAC
using hierarchical clustering is summarized in Algorithm [3| hereafter. Note
that the major difference between Algorithm [3] and Algorithm 3 in |Gorecki
et al. (2015)) is the collapsing step, starting at line 6 and ending at line 22 of
Algorithm [3| This collapsing step is missing in (Gérecki et al.| (2015]).

Input. An iid sample from (Xi,...,X,) such that the related copula is
assumed to be a NAC, a measure of association < and a distance based on <
(a large value for i< leading to a small distance), a linkage criteria L, a strategy
S for how to collapse successive nodes in the binary tree resulting from the
hierarchical clustering, a generator’s family F' and a map 9.

Output. An estimated NAC (5\7 \i/) meeting the sufficient nesting condition.

Although this algorithm might seem long, its implementation in practice is
straightforward.
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Algorithm 3 Estimating a NAC using hierarchical clustering.

o

11:
12:
13:
14:
15:
16:
17:

18:

19:

20:

21:

22:
23:

24

for all pairs (X;, X;) such that i,j € {1,...,d} do

get distance(X;, X;) and store it in a distance matrix.
end for
using hierarchical clustering with L and the distance matrix just built, get
a binary tree b
Also store the set of ordered measures of association for later use as A,
this set being a by-product of the hierarchical clustering. Note that the
cardinality of A is d — 1.

set Ay = Ap.
repeat
set \ = 5\,5.
let V. = {v1,...,v,.} be the set of internal nodes in A

for all pairs (v;, vy,) in V,. such that v; is the parent of v, do
try to collapse v; and v,, using strategy S.
store the decision, do not apply it yet.
end for
update e by collapsing what needs to be collapsed.
do this based on the set of decisions one gets from the loop just above.
until \ == ;\t.
the repeat until loop automatically stops as soon as no further collapsing
of )\ is possible.
next, update the set of ordered measures of association A by comparing b
to A as described hereafter.
for all sets of nodes in )\, that have been collapsed into one node in A do
get the minimum of the related ordered measures of association in A.
replace the related ordered measures of association in A by this mini-
mum.
end for
apply the map 0 on each element of A to get a set of estimated parameters
(:), which can then be used with F' to get 0.
return (, ¥)
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Figure 2.6: Percentage of correct estimates when the true structure is the trivial trivariate
structure.

2.5 Performance study

This section is mainly concerned with the ability of estimating A\ based on a
sample from a NAC (A, ).

In this section, the method based on the estimation of each element of
3(\) using the hypothesis test from Subsection in order to built A will be
referred to as the S&U method.

Subsection [2.5.]] starts by comparing the S&U method with the method
from |Okhrin et al.| (2013a), while Subsection m shows the result of using
Equation in order to decide whether or not two succesive nodes should be
collapsed. Finally, further comparisons between various methods are performed

in Subsection 2.5.3

2.5.1 S&U vs Okhrin et al. (2013a))

Let (X1, X2, X3) be a vector of random variables, the copula of which is Ar-
chimedean. Five hundred samples of size n are generated from (X, Xa, X3)
with the help of the R package nacopulzﬂ (Hofert and Maechler} |2011). With
« arbitrarily set to 0.10, how many times among the 500 samples can one re-
trieve the 3-fan using the S&U method? Figure shows the percentage of
correct estimates for various values of n, various generator families and two
different values of the related parameter 6, expressed as Kendall’s 7 coefficient
for convenience according to Table 2.1}

As expected, the percentage of correct estimates does not converge towards

IPlease note that this package has since been merged with the copula package.
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Figure 2.7: Percentage of correct estimates for the trivial five-variate case.

100% but oscillates around 90%, that is, (1 — ) x 100%. Should a value of
2.5% or 0.1% be used for « for all n, then the percentage of correct estimates
would likewise oscillate around 97.5% or 99.9% respectively.

If samples are generated from a 5-fan structure (left of Figure , with 7
arbitrarily set to 0.5 for all tested generator families and the same arbitrary
value of « as before, the same lack of consistency can be observed for the S&U
method, as shown on the right of Figure Notice that the percentage of
correct estimates in this case is near 100%, even though oo = 0.1. This excellent
performance can be explained by the way faulty structures are handled: recall
that the strategy is to decrease o until a valid structure emerges. At worst, «
is decreased to 0% and the estimated structure is then the trivial five-variate
structure which happens to be the target structure in this case, meaning this
rule of lowering a not only ensures that \ s always a proper tree but also
improves the performance of the estimator for this particular case.

Finally, if samples are generated from the structure on the left of Figure [2.§
with 71934 = 0.3 and 734 = 0.7 for all tested generator families (note that the
same generator family is always used across all nodes of a given structure in
this performance section), a lack of consistency can again be observed, as the
percentage of correct estimates eventually oscillates around 97% (right-hand
side of Figure . Since two of the trivariate components of this structure are
3-fans, namely the structure of (U, Us, Us) and the structure of (Uy, Us, Uy),
this lack of consistency was, again, expected.

In all these cases, it seems consistency can be achieved only if one lets «
tend to 0 as n increases, in order to ensure type I errors are asymptotically
impossible.

In order to estimate a NAC structure, (Okhrin et al. (2013a) advise to
use what they call the binary aggregated grouping with recursive estimation
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Figure 2.8: Percentage of correct estimates for a four-variate case.

method, or RML method in short. In a nutshell, this method consists in build-
ing a fully nested tree from bottom to top and then to aggregate some of the
nodes of the resulting tree according to some criterion, so that the final esti-
mated structure can possibly be something else than a fully nested tree. This
method is a particular case of the second approach developed in Section [2.4}

To apply the RML method throughout this performance section, the func-
tion estimate.copula of the R package HAC (Okhrin and Ristig} [2014)) has
been used, this package being related to the work of |Okhrin et al.| (2013a)).
Since only the Clayton and Gumbel generator families are currently imple-
mented in the HAC package, assessment of the RML method performance for
other generator families is not possible at the time of writing.

For the aggregation step in their approach, Okhrin et al,| (2013a) suggest
several criteria. The one used in this performance section, the only one cur-
rently implemented in the HAC package, is the following: for any two succes-
sives nodes with estimated parameters 6; and 0 J in the structure, the nodes
have to be aggregated if |9[ — 9J| < €, where € has to be chosen by the user.

With a value for e arbitrarily set to 0.30 for all n, Figure displays the
performance of their method for the estimation of a 3-fan.

Increasing the value of € for all n typically improves the performance of
their estimator in the case of a 3-fan, as it increases the chances of aggregation.
Lowering the value of € typically deteriorates the performance of their estimator
for this case. At the limit, with € set to 0.00, no aggregation is done at all, and
their estimator is unable to estimate correctly the trivial trivariate structure
studied here. These remarks hold if the samples are generated from a 5-fan.

The case of the structure on the left of Figure is a little more complex:
their estimator turned out to be able to consistently estimate this structure
when € is set to 0.15, 0.30 or 0.60, but not for a value of € set to 5.00 for
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Figure 2.9: Performance of the RML method by |Okhrin et al| (2013a) for a 3-fan, with
€ = 0.30 as threshold for aggregation.

instance.

What happens with the S&U method and the RML method from [Okhrinl
et al.| (2013al) in case the target structure is a non-trivial trivariate structure
(a triple) or a structure made up only of triples?

Given 500 samples of size n from a triple such as the one in the left of
Figure and « = 0.10, how many times among the 500 samples is the S&U
method able to retrieve this triple? Figure[2.10|shows the percentage of correct
estimates for various values of n and various generator families (again, note that
the same generator family is always used across all nodes of a given structure
in this performance section). The parameters 6y (root node, labelled 123 or
Dy) and 633 (the other branching node, labelled 23 or Da3) are expressed as
Kendall’s 7 coeflicients for convenience.

As the sample size increases, there is a clear convergence towards 100%
of correct estimates. The more apart 79 and To3, the faster the convergence
towards 100% of correct estimates (compare the two horizontal axes in Figure
2.10). These results strongly suggest that the S&U estimator, at least when
a = 10%, is a consistent estimator for any non-trivial trivariate NAC structure
and thus for any larger NAC structure made up only of triples. Indeed, if
the samples are generated from the seven-variate structure such as the one
on the left of Figure with 79 = 0.1, 723 = 0.3, 793 = 0.6, 74567 = 0.3,
Ts67 = 0.5, and 767 = 0.8 for all tested generator families, the proportion of
correct estimates grows to 100% as n increases (right-hand side of Figure.

Increasing the value of « for all n actually further improves the performance
of the S&U estimator for both NAC structures, the best performance possible
being delivered when « is set to its upper limit, that is, « = 100%. If « is set
to its lower limit, that is o = 0%, the estimator becomes unable to correctly
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Figure 2.12: Percentage of correct estimates when d = 3 and the true structure is A23. Left is
the RML method for Clayton and Gumbel generators, right is the method described in this
paper for Clayton, Gumbel and Frank generators, the latter generator being an arbitrary
choice. Both methods were pushed to their respective limit in order to deliver the best
performance possible for structure A23.

estimate any of the two structures studied here.

When the target structure is a triple, the percentage of correct estimates
was also found to converges towards 100% by using the RML method from
Okhrin et al.| (2013a), provided the value of € is small enough. In fact, as
any aggregation should be avoided in case the target structure is a triple, the
performance of their estimator typically improves by lowering e for all n, the
best performance being delivered when € = 0, that is, when the aggregation step
is completely skipped. Should the value of € be too large, then their estimator
will fail to be a consistent estimator for the non-trivial trivariate structure.

In case the target structure is a triple, Figure allows for a direct com-
parison between the S&U method and the RML method when both are pushed
to their favorable respective limit, thus with o = 100% for the S&U method
and with e = 0 for the method of |Okhrin et al| (2013a).

There is a performance gap between the two methods. Recall however that
the RML method was applied with the prior knowledge that the generators
were Clayton and Gumbel generators while the S&U method does not require
such prior knowledge.

2.5.2 Equation (2.4.3) to collapse nodes

Let (X1, X2, X3) be a vector of random variables, the copula of which is Archi-
medean. Five hundred samples of size n are generated from (X7, Xo, X3), that
is, the setup is here the same as in the beginning of the previous subsection.
Using Equation (2.4.3), the null hypothesis assumes a trivial tree structure for
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Figure 2.13: Failure to reject the null when the true structure is a trivial trivariate structure
(that is, the null is true) as a function of the sample size.

the data (which is the true one in this case), while the alternative hypothesis
assumes that, say, the tree structure is a structure of the form 1(23), where
Uy and Us are clustered together, while U; is left apart, also see the left of
Figure Does one successfully fail to reject the trivial tree structure 1 —a %
of the time? The simulation results displayed in Figure where conducted
with a = 0.10, various values of n, various generator families and two differ-
ent values of the related parameter 6, expressed as Kendall’s 7 coefficient for
convenience according to Table

Given 500 samples of size n from a triple such as the one in the left of Figure
and the same « as before, how many times among the 500 samples does

Equation (2.4.3]) lead to rejection of the null? Figure shows the percentage
of rejection of the null for various values of n and various generator families.

As the sample size increases, there is a clear convergence towards 100 %.
The more apart 7y and 703, the faster the convergence towards a percentage of
rejection equal to 100 % (compare the two horizontal axes in Figure [2.14]).

These results from Figure [2.14] can be compared with those in Figure [2.10
and one can notice the approaches in Figure[2.10|and Figure[2.14]lead to similar
results. In both cases, increasing the value of o will lead to a higher rejection
rate. A notable difference between the tests used in Figure and Figure
[2:14] is however that the one in Figure [2.10] relies on bootstrap to get the Hy
distribution of the related test statistic, while the approach based on Equation
does not. Another notable difference is that Equation is built
using Kendall’s taus only, while the test statistic used in Figure[2.10]is based on
a comparison of empirical Kendall distribution functions (refer to Subsection

for details).

48



Chapter 2: Nested Archimedean Copulas

10=0.4,1,3=0.6 Tp=0.1, T,3=0.8
8 o
S B « 8 B . et 2p 4444440444420
N W2
=0 | -
g © ﬁ g [oe)
o & S
< i o
53 - o]
©© i o ©
c + c
2 o
8¢ So.
° o
5, 5
S o Clayton S« o Clayton
4 Gumbel A Gumbel
o + Joe o + Joe
0 100 200 300 400 10 15 20 25 0
n n

Figure 2.14: Rejection of the null as a function of n when the true structure is Ag3.

2.5.3 Further comparisons between NAC tree estimators

When the sample size is n, the methodology used in this subsection to esti-
mate the performance of a NAC structure estimator is described through the
following steps:

e generate N = 100 samples of size n from the NAC (A, U);

e apply the NAC tree structure estimator on each of these N samples while

considering the univariate margins unknown (that is, work on ranks) and
get N estimates of A;

e calculate a distance between each estimate of A and X itself;

e get the average of the N resulting distances or some other descriptive
measure of these distances, such as:

(average of the distances)? + variance of the distances; (2.5.1)

e the lower the average of the distances or the lower (2.5.1)) is, the better
the performance of the estimator for the NAC defined through (A, ¥) is,
given a fixed sample size n.

Two distances between a given estimate of A and X itself are considered:
the 01-distance and the tri-distance, refer to Section [I.6]

Since the estimator S&U is based on a hypothesis test, it is required to
choose a threshold « prior to the estimation of a target tree structure.

Regarding estimators based on hierarchical clustering (Section , the
choice of a threshold to decide if any two successive nodes in the estimated
binary tree structure should be collapsed is also required prior to the estima-

tion of a target tree structure, as seen in Equations (2.4.4) or (2.4.1)).

Comparison of the performance of different tree structure estimators is
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therefore a challenge, as the performance of a given estimator depends on the
chosen threshold for that estimator. Given a sample size n, a target NAC (),
U) and a tree structure estimator, the suggestion is to use a threshold ensur-
ing that P(\, = ) is maximized. This particular threshold will be called the
optimal threshold. By making use of the related optimal threshold for each
estimator, one only takes into account the best performance of each estimator,

which should allow for “fair” comparisons between estimators.

In the particular case where A is a binary structure,

e the estimator S&U, which is based on (¢ ) hypothesis tests, should always
reject the nulls. If one null is not rejected, it means the final estimated
structure contains at least a 3-fan, and therefore the estimate of A cannot
be equal to A itself. Thus the threshold « should be set to 100% or more
so that all nulls are always rejected.

e Regarding estimators based on hierarchical clustering or supertree meth-

ods, in case A is a binary structure, P(\, = A) is maximized if the
collapsing step is skipped. This can be achieved by setting « to 100% or

more in (2.4.4), and 7. to 0 or less in (2.4.1).

Although unknown when X is not a binary structure, the optimal threshold
for an estimator can be estimated. Indeed, given N = 100 samples of size n,
a target NAC (A, ¥) and a tree structure estimator, the estimated optimal
threshold is the value such that the average of the N = 100 01-distances be-
tween each estimate of A and ) itself, is minimal. Note that on real data, since
the target structure is by definition unknown, the optimal threshold cannot be
estimated as it is done here.

In this subsection, all tree structure estimators but the S&U estimator rely
on two steps: a binary tree is first built, and then parts of it are collapsed. For
the first step, RNix and NJNNI refer to the two supertree methods described in
Section 2.3 while kind, hD and kt refer to distance matrices related to measures
of deviation from the independent bivariate Kendall distribution, Hoeffding’s
D statistics or Kendall correlation coefficients, respectively (a large measure of
deviation, a large D or a large Kendall’s 7 leading to a small distance). For the

second step, kb and kagg refer to Equations (2.4.4)) and (2.4.1)), respectively.

Target structures are given in Figures and

Figure 2.17] through [2:21] give the simulation results for these target struc-
tures. The generators used across each structure and the related parameters,
expressed as Kendall correlation coefficients for convenience, are specified below
the figures.

Notice the average of the 01-distances is actually equal to the percentage of
estimates that are unequal to the target structure, so that a value of 1 means
not a single estimate of A among the N = 100 available was equal to the target
A, while a value of 0 means all estimates of A were equal to A.

Some comments are:
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As the sample size increases, all estimators perform better.

The more the target NAC is resolved, that is, the more generators of
successive nodes in the target structure are different, the better the per-
formance, as seen in Figure through The tree structure of a
poorly resolved NAC is, in general, harder to estimate.

The group of estimators used in this section are clearly not a homogeneous
group regarding performances. For instance, at the top left of Figure[2.17]
one can see that the NJNNI_kb estimator performs slightly better than
the S&U estimator in terms of mean 01-distance, while the kt_kagg and
hD_kagg estimators both significantly perform better.

Several estimators beat the S&U estimator by a large amount in case of
binary target structures (Figure and . For instance, top right of
Figure [2:20] the kt_kagg estimator can be seen to get the target structure
wrong only 20% of the time when the sample size is 30, while the S&U
estimator gets it wrong more than 80% of the time on the same samples.
Moreover, the bottom right part of the same figure shows that, when the
kt_kagg gets the target structure wrong, it is only by a very small, almost
negligible, amount. When the S&U estimator gets it wrong, the resulting
estimate of A is usually far away from A itself.

As seen in Figure[2.21] the kind_kagg and kt_kagg estimators seem to offer
the same ability to retrieve the target structure. Note however that the
kt_kagg estimator is easier to compute.

No matter what the generators of the target NAC are, notice that kt_kagg
remains the top runner in almost all figures where it is used.

In the simulations for the four-variate binary structure, the kt_kagg esti-
mator turned out to be the one with the smallest execution times, produc-
ing estimates up to a 100 times faster than the S&U estimator. For many
target NACs, estimators using hierarchical clustering exhibit smaller ex-
ecution times than the S&U estimator on the same data.
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Figure 2.17: results for the four-variate binary structure. The generators used across the
structure are all Clayton generators. The related sets of parameters are (71234 = 0.4, 712 =
0.6, 734 = 0.6) for the left-hand side of the figure, (71234 = 0.3,712 = 0.7,734 = 0.7) in the
middle, and (71234 = 0.2, 712 = 0.8, 734 = 0.8) for the right-hand side of the figure.
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Figure 2.18: results for the second four-variate structure. The generators used across the
structure are, again, all Clayton generators. The related sets of parameters are (11234 =
0.4, 734 = 0.6) for the hand-left side of the figure, (71234 = 0.3,734 = 0.7) in the middle, and
(T1234 = 0.2, 734 = 0.8) for the hand-right side of the figure.
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Figure 2.19: results for the five-variate structure. The generators used across the structure are
all Gumbel generators. The related sets of parameters are (71.5 = 0.4, 7345 = 0.5, 734 = 0.6)
for the left-hand side of the figure, (71.5 = 0.3,7345 = 0.5,734 = 0.7) in the middle, and
(T1:5 = 0.2, 7345 = 0.5, 734 = 0.8) for the right-hand side of the figure.
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Figure 2.20: results for the seven-variate structure. The generators used across the structure
are all Frank generators. The related sets of parameters are (71.7 = 0.35, 7123 = 0.5, 723 =
0.65, 74:7 = 0.45, 7567 = 0.55,7¢7 = 0.65) for the left-hand side of the figure and (71.7 =
0.2,7123 = 0.5,723 = 0.8,74.:7 = 0.4,7567 = 0.6,767 = 0.8) for the right-hand side of the
figure.

o4



Chapter 2: Nested Archimedean Copulas

o S "3 X
g |x SR A kt_kagg
E“’.,ﬁix o X S + kind_kagg
0o % o X
2 pY N 5 3 +§<X X NJINNI_kagg
Lol TAE L8 oxAy
20 %;@gx ;3 x A><><X><
2+ * Mﬁ%;fx 2 o
w O
5 7 - R R
S 23/ BT K X
T o =3 s Ao X
S R
w ; @
32 Coveel

© 150 250 350 150 250 350

n n
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2.6 Daily log returns

Daily log returns from January 2010 to December 2012 of the following indices
were gathered with the help of Yahoo! Finance:

Abercrombie & Fitch Co. (ANF), traded in New York;
Amazon.com Inc. (AMZN), traded in New York;

China Mobile Limited (ChM), traded in Hong Kong;
PetroChina (PCh), traded in Hong Kong;

Groupe Bruxelles Lambert (GBLB), traded in Brussels;
and KBC Group (KBC), traded in Brussels.

For each of these six time series, a GARCH(1,1) model with generalized
error distribution was fitted and the residuals were extracted, that is, each of
the six original time series was divided by the related estimated standard de-
viations, leading to a table of n = 740 observations and d = 6 columns. These
new six time series will be called the GARCH(1,1)-standardized log returns.
A Ljung-Box test (lag 20) on each of the six GARCH(1,1)-standardized log
returns was performed, as well as on each of the six squared GARCH(1,1)-
standardized log returns, and failed to reject the null hypothesis of zero serial
correlation every time. A chi-squared test was also performed on each of the
six GARCH(1,1)-standardized log returns to check if the generalized error dis-
tribution assumed for the residuals in the GARCH(1,1) model is appropriate.
Again, Hy was never rejected.

Figure shows the estimated NAC structure, using the S&U estimator,
based on the GARCH(1,1)-standardized log returns of ANF, AMZN, ChM and
PCh, the estimated NAC structure for ANF, AMZN, GBLB and KBC, and the
estimated NAC structure for ChM, PCh, GBLB and KBC.

DQ DO DO
¥ ! ¥ Y ¥ !
D12 D34 D12 D34 D12 D34
r o rox r o rox ro o rox
ANF AMZN ChM PCh ANF AMZN GBLB KBC ChM PCh GBLB KBC

Figure 2.22: Given two series of GARCH(1,1)-standardized log returns from one geographical
area and two from another area, a natural clustering by area arises. The above structures
are all strongly supported by the data, as the 12 related p-values are less than 10e-04.

56



Chapter 2: Nested Archimedean Copulas

In order to build a six-variate structure, eight extra trivariate structures
must be estimated. The left of Figure [2:23] shows a reasonable guess for the
six-variate structure in which the eight extra trivariate structures all are 3-fans.

DO DO
s X
Di234 Dse
D12 Dz4 Dse /
‘ ¥ X Fox
D1» Dss GBLB KBC
14 Y 14 A |4 Y r r x
ANF AMZN ChM PCh GBLB KBC ANF AMZN ChM PCh

Figure 2.23: Possible six-variate structures for the data.

However, the 3-fan in four of the eight extra trivariate structures is strongly
rejected by the data, which rather suggest the structure on the right of Fig-
ure [2.23] Unfortunately, this last structure implies rejection of the 3-fan for
all eight extra trivariate structures and not only for half of them, making the
estimation of a six-variate structure quite uncertain. Since both PetroChina
and China Mobile are not only traded in Hong Kong but also in New York,
their log returns in Hong Kong is expected to be more related to the log returns
of some companies in New York (for instance ANF and AMZN) than to the log
returns of two companies in Belgium. The structure on the right of Figure [2.23
seems therefore more appropriate.

In general, difficulties can appear when the S&U estimator is applied to real
data for which the true copula is not a NAC. For instance, one can end up with
a subset of estimated triples each strongly supported by the data (that is, very
small p-values, meaning type I or type III errors are unlikely) and yet 3()\) is
a faulty set. Such faulty sets cannot be fixed because they do not result from
estimation errors, well from the fact that the target copula is actually not a

NAC.

2.7 The Belgian stock market, 2006-2010

Using Yahoo! Finance, the weekly logreturns between mid 2006 and mid 2010
for d = 7 arbitrary components from the BEL20 index have been extracted.
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The components are:

Ackermans & van Haaren (Ack) - diversified industrials,
Ageas - life insurance,

Bekaert (Bek) - diversified industrials,

Cofinimmo (Cof) - industrial and office REITs (real estate),
KBC Group (KBC) - banks,

Solvay - specialty chemicals,

Umicore (Umi) - specialty chemicals.

The weekly logreturn of component i at the t-th week (week 1 being the
last week of June 2006) is

where R;(t) stands for the raw price the t-th week.
Using a moving window covering a two-year period, a tree structure was

estimated every every year between 2006 and 2010, that is, a tree structure
was estimated on the weekly logreturns for the following periods:

e mid 2006 to mid 2008,
e mid 2007 to mid 2009,
e mid 2008 to mid 2010.

The estimator used is a special case of Algorithm [3] where a binary tree is
first built based on the matrix of Kendall’s taus and then collapsed using the
hypothesis test developed in Subsection [2.3.1] also see Section for details.
Note: the number of observations used to build each tree is about 104, as a
result of the two-year large moving window. The estimated trees are displayed
in Figure where the indicated year on each tree corresponds to the middle
of the two-year large window.
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Figure 2.24: The dependence structure between 7 components of the BEL20 through time.

To help interpret the estimated structures, an estimated summary of the
generator at each internal node of a given structure has been calculated. Given
a node and a structure, the estimated Kendall correlation coefficients of all the
pairs of random variables interacting through that node are averaged. So, for
instance, the value 0.34 in the estimated tree for 2007 is the result of averag-
ing the Kendall’s correlation coefficients of the following pairs: (Solvay, Bek),
(Solvay, Umi), (KBC, Bek), (KBC, Umi), (Ageas, Bek), (Ageas, Umi).

A few comments one can make are:

e Cof becomes increasingly related to other components through time, go-
ing down the three remarkably from 2007 to 2009.

e Bek and Umi remain related through a rather strong correlation through
time, the minimum being 0.41 in 2007. KBC and Solvay also enjoy a
rather strong correlation through time.

e The position of Ageas is stable in the tree, related to most components
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throuhg a correlation of ~ 0.35.

e The minimum dependence (root node) in the tree increases as one goes

from 2007 to 2009, while the maximum dependence remains stable.

BEL20

8000

w000 » /Vd

2000

1000

<

N4

%,

@,

J’)eo
2

Figure 2.25: The BEL20 index through time.

2.8 The story of 482 students

In this section, a NAC tree is estimated based on the results of 482 students to
their exams, using the kt_kagg tree structure estimator with 7, set to 0.075. The
main reason the kt_kagg tree structure estimator is used rather than another is
because it was the best performing one in Section [2.5.3] as well as the fastest.

The 482 students are in their first year, studying economics and manage-

ment in a Belgian university. They took 14 exams, that is, there are 14 ran-
dom variables: Private Law, Psychology and Management, Sociology, Chem-
istry, Geography, English, Dutch, History, Mathematics, Physics, Statistics, a
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Law Psyc Socio 0.44 0.47
¥ Y y |
Chem  Geog 0.51 Engl Dutch

Hist Math Phys Stat BasicSci  0.64

14 A
Econ103 Econl04

Figure 2.26: NAC tree built on the grades of 482 students.

course designed to make sure students have the required prerequisites in sci-
ences (BasicSci), and, finally, micro and macro economics (Econl03) and a
related course (Econ104). Figure shows the estimated tree.

To help interpret the estimated structure, an estimated summary of the
generator at each internal node of the structure are obtained by averaging the
estimated Kendall correlation coefficients of all the pairs of random variables
interacting through that node. For instance, 0.51 was obtained by averaging
the Kendall correlation coefficients of the pairs (Hist, Math), (Hist, Phys),
(Hist, Stat), (Hist, BasicSci), (Hist, Econ103), (Hist, Econ104), (Math, Phys),
(Math, Stat), (Math, BasicSci), (Math, Econ103), (Math, Econ104), (Phys,
Stat), (Phys, BasicSci), (Phys, Econl103), (Phys, Econl04), (Stat, BasicSci),
(Stat, Econ103), (Stat, Econ104), (BasicSci, Econ103) and (BasicSci, Econ104).
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The estimated average Kendall correlation coefficient at the root is 0.33,
suggesting that students tend to have good grades everywhere or bad grades
everywhere, and less often a mix of good and bad grades. The strongest esti-
mated Kendall’s 7 can be observed between the courses Econ103 and Econ104.
Merging both courses in one exam could be a time-saving idea for the teach-
ers in charge. English and Dutch courses are apart from the rest of the tree,
with an estimated Kendall’'s 7 of 0.47. Natural sciences such as Mathemat-
ics, Physics or Statistics are related through a rather strong estimated mean
Kendall’'s 7 (0.51), while courses such as Psychology or Sociology are both
directly connected to the root where the dependence is the weakest.

If one is to assume that the five generators of the tree shown in Figure [2.20]
all belong to a same parametric family F', say the Clayton family, estimation of
the related set of parameter © can be easily performed by inverting the mean
Kendall correlation coefficients displayed in Figure [2.26] according to Equation
(12.4.5).

To check the fit, one could compare the empirical correlation matrix, built
on the raw data, versus the correlation matrix one gets from (5\, \i!) A good
match between the two matrices does not mean that the true copula underlying
the dataset is a NAC, but is nonetheless a key requirement.

Since comparison of two 14 x 14 correlation matrices is quite obnoxious to
perform, suggestion is to use principal component analysis to help perform this
check (Wold et al., [1987; |Jolliffel 2002; |Abdi and Williams, [2010). The 482
students, projected on the first two components, can be seen in the top left
of Figure 5000 points from (A, ¥) can be seen in the top right of Figure
2.2/
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Figure 2.27: Top left: the 482 students projected on the first two components. Top right:
the 5000 generated points projected on the first two components. Bottom: corresponding
correlation circles.

The circle of correlations based on the 482 students can be seen in the
bottom left panel of Figure The circle of correlations based on 5000
observations from (A, ¥) can be seen in the bottom right panel of Figure
By comparing the two correlation circles, one can quickly and effortlessly check
for large discrepancies between the dependence structure of the original data
and the dependence structure of the data generated from (5\7 \i/) While there
are differences, one can observe that all variables point on the right in both
circles, and given a variable, such as Engl, one can see that the difference in
position between this particular variable on the left correlation circle and on
the right correlation circle never exceeds 20 degrees.

In most papers related to NACs, a generator with the same functional form
is used throughout the tree structure. Different generators can however be
used, as discussed by [Hofert| (2011)), offering extra flexibility. In his paper,
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Hofert| (2011)) gives several examples of different Archimedean families one can
use while meeting the sufficient nesting condition. For instance, [Hofert| (2011])
tells us that if a parent node is defined through a Clayton generator, then the
child node can be defined through generator

Y (t) = (14 /01,

as long as the parameter’s value of the Clayton generator € (0, 1]. Translated
as a Kendall correlation coefficient, it means one cannot exceed 1/3 for the
correlation coefficient on the parent node.

Looking back at Figure [2.26] at least one opportunity for the generator
1y, can be seen: node 0.47. Indeed, the parent node has a Kendall correlation
coefficient just below 1/3. The only remaining task is to revert the value 0.47 in

4

order to get Oy Straighforward calculations can show that 6, = A leading

to 0, = 1.258. The resulting estimated NAC now uses different generators
across its tree structure, and, thanks to Hofert| (2011)), it is known that this
estimated NAC is a proper copula.

Of course, one has no reason to use different generators unless the resulting
NAC offers a better fit. To check if using 95 (t) at node 0.47 allows to improve
the fit, comparison of the log-likelihood of the Archimedean copula on (Engl,
Dutch) using a Clayton generator first and then using v, (¢) is performed.
Straighforward calculations can show that the copula density using ¢y, (t) as
generator is

2(—1+1/u)? (-1 + 1/w)?
D )

c(u,w; 0) =
where
D = w?w? (=1 + 1/u) (=1 + 1/w) (1 + 1/6((=1 + 1/u)’ + (=1 + 1/w)?))?,

allowing to calculate the related log-likelihood. The log-likehood using a Clay-
ton generator is 74.00. Using vy, (¢), the log-likelihood is 50.10. So in this case,
it seems one is better off with a Clayton generator at node 0.47.

2.9 Discussion

Based on the performance sections of this chapter, it seems that the tree struc-
ture estimator kt_kagg, introduced in this thesis as an extension of the work
from |Gérecki et al.| (2015)), is most likely the best NAC tree estimator available
at the moment, not only because it is able to retrieve the target structure more
often than other estimators, but also because it is one of the fastest tree struc-
ture estimator there is. The new tree structure estimator based on supertree
methods has failed to beat the kt_kagg estimator in our study, but nonetheless
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outperforms the S&U method, which itself is able to outperform (but not al-
ways) the method from |Okhrin et al.| (2013a). Can a better NAC tree estimator
than kt_kagg be found? Hopefully, further research on the matter by someone
having read this thesis should be facilitated, thanks to the proposed framework
from this chapter, as well as by the novel way of comparing tree estimators,
using the tri-distance introduced in Section [1.6
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Chapter 3

Extending One-Factor
Copulas

3.1 Introduction

Factor copulas refer to copulas which can be expressed by means of unobserved
variables, the factors. Most of the time, only one univariate (and continuous)
factor Xy is used, and thus one talks about one-factor copulas. They are a
hot topic of research at the moment, being written about by [Krupskii and
Joe| (2013)), |Joe| (2014)), [Krupskii and Joe| (2015), Mazo et al.| (2015a)) or |Oh
and Patton| (2015). Nonetheless, the scope of current one-factor copulas is still
limited when it comes to the construction of parametric models.

First, only factors with a uniform distribution are currently considered to
the literature. Yet, in applications, the identification of a factor may implicitely
assume estimating its distribution. Second, studying the factor’s impact on the
dependence structure is not allowed, either. Indeed, in current one-factor copu-

las, only conditional independence is allowed. That is, the variables Uy, ..., Uy,
whose joint distribution is a copula, are independent conditionally on the factor
Xo = xo. This means that, for all uy,...,uq € [0,1],
d
P(U1 < Ui,y - - .,Ud < ud|X0 = .%‘0) = HP(Uz < UilXO = .I]Q).
i=1

As a result, current one-factor copulas are written (Krupskii and Joe, [2013) as
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Cug, .- / HP (Us < ui|Xo = x0) dxo (3.1.1)
(90 m,:z:o)
/ (933‘0 diZ?o

/ H Cijo(uilzo) do,

where C; is some bivariate copula and Xy has a uniform distribution.

As allows to see, the task of modeling only amounts to choose a para-
metric form for P(U; < w;|Xo = x0),% € {1,...,d}. What if the practitioner
assumes that the dependence grows with the factor’s value? Or, what if the
dependence structure remains the same, but is not conditional independence?

This chapter is about overcoming these limitations and is largely written
based on Mazo and Uyttendaelel It introduces new representations for one-
factor copulas, allowing one to construct novel parametric models. These rep-
resentations cover many models of the literature in a nontrivial way, as seen
in Section Section explores various properties of these representations,
while Section [3.6] explores estimation and also proposes a novel test to assess
whether conditional independence may hold or not, without assuming any para-
metric form for the dependence structure. Section presents the numerical
experiments used to illustrate the testing procedure as well as a real data anal-
ysis. An example from Chapter [2| is also revisited using a newly developed
model from Section see the beginning of Section [3.7]

3.2 Extended one-factor copulas and nested ex-
tended one-factor copulas

Consider the the law of total probability,
C(u17"'7ud) :P(Ul S’LLl,.-.,Ud Sud)

= /P(Ul <ui,...,Us S uglXo = o) fo(zo) dwo,  (3.2.1)

where the integral is taken over the support of Xy and f denotes its density.
Equation (3 is the one from which the formula of current one-factor copulas
originated, given by (3 . One can easily see that one-factor copulas are a
reformulation of the law of total probability in which the factor X is uniformly
distributed on [0, 1] and the variables Uy, ..., Uy are assumed to be independent
conditionally on the factor.

68



Chapter 3: Extending One-Factor Copulas

To extend one-factor copulas, in addition to letting the density of X, fo,
be unspecified, it is proposed to reconsider the decomposition of

P(U; S uy,...,Ug S uglXo = 20).

Given Xy = xg, certainly the vector (Uy, ..., Uy) has a distribution function,
but it is not, in general, a copula, because U;| Xy = z( is not, in general,
uniformly distributed. By Sklar’s theorem (Sklar, |1959: |Nelsen) [2006]),

P(Uy S u,...,Ug S ug|Xo = 20)

can be decomposed as a copula and a set of marginal distributions, that is,

PU <u,...,Usg S uglXo = m0) =
C;EO (P(Ul < U1|X0 = 31‘0), .. .,P(Ud < uleo = .’170)) (3.2.2)

If we let g vary, both the copula C, and the margins P(U; < u;|Xo = zo),
i=1,...,d, will be, in fact, conditional distributions.

Example 3.2.1. Consider (3.2.1) with X, following an exponential distribution, as
fo(.i[o) = 679607 xo > 0. (3.2.3)

Moreover, in (3.2.2)), assume that

v F(l + 370) zg—1
i <y = = —1)*° )
P(U SUu |X0 Io) A F({Eo) (1 t) dt
where
I'(z) :/ t*"le Tt dt, z>0, (3.2.4)
0

is the well known Gamma function. Finally, assume that the density of Cy, ¢z, is
- 1 _
Cag (U1, . .. uq) = (det R(x0)) "/ exp |:—§ZT([R(CL‘0)] ' Dz|, (3.2.5)

where z = (z1,...,24), % is the quantile of order u; of the standard normal distribution,
I is the d x d identity matrix, and

R(z0) = 5?“90) : (3.2.6)

where
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In Example for a fixed z, the copula C,, is a multivariate Gaussian
copula with an exchangeable correlation matrix with parameter 8(xg) = e~ *°.
Likewise, the distribution of U; given Xy, = x( is a beta distribution with
parameters 1 and zg. By Sklar’s theorem, P(U; < u;|Xo = x¢) and Cj, can be
set independently.

Example 3.2.2. Consider (3.2.1)) with X, following a Pareto distribution, as
fo(zo) =252, o> 1. (3.2.7)
Moreover, in (3.2.2)), assume that

Cao(ui, ..., uq) = exp [— ((=logu1)™ + ...+ (—logud)l“)l/zo] .

In Example for a fixed zg, the copula C,, is recognized to be a
Gumbel-Hougaard copula with parameter xg, see Nelsen| (2006, p. 153). The
margins P(U; < u;|Xo = xp), i = 1,...,d were not specified.

While examples such as Example and Example [3.2.2] could be mul-
tiplied endlessly, there is a representation, presented below, which permits to
get them all, and build general parametric one-factor copulas quite easily. So,
in view of both the law of total probability and the “conditional Sklar’s
theorem” , every one-factor copula can be written as

Clu, ..., ug)

:/Caco[P(Ul S ’LL1|X0 = IQ), .. .,P(Ud S Ud‘XO = Io)]fo(l‘o) dl‘o, (328)

where, as in Examples and 3:2.2] Cy, is to be understood as a collection,
running over xg, of well defined d-variate copulas and where the integral is
taken over the support of Xy. In representation , as well as in Example
and Example letting x vary induces a collection of copulas {Cy, }
which reflects the change in the dependence structure as the factor varies. For
instance, in the former example, C,, — II (pointwise) as zo — oo, where
IT denotes the independence copula, that is, II(ug,...,uq) = uy - -ug for all
U, ...,uq € [0,1]. On the other hand, if 9y — 0, then Cp, — M, where M
denotes the Fréchet-Hoeffding bound for copulas, that is, M represents the
complete positive dependence structure, with M (uq, ..., uq) = min(uq,. .., uq)
for all uy,...,uq € [0,1]. As the factor’s value varies, the dependence between
the variables X7, ..., X4 varies as well, ranging from independence to complete
positive dependence. The opposite happens in Example We have that
Cz, — M whenever g — 0 and Cp, — II whenever zo — 1.

Representation (3.2.8]) can be recast in terms of standard uniform variables
only. Let Qg = FO_1 be the inverse of the factor’s distribution function Fy. By
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the change of variables ug = Fy(xg) in (3.2.8]), we have
Clur,...,ua)

:/C;co[P(Ul S U1|U0 = Fo(l‘o)), PN ,P(Ud S ud|U0 = Fo(l‘o))]fo(l‘o) dl‘o
1
:/ O,y [P(UL < 1|V = wg), .-, P(Ua < 1alUo = o) duo
0

1
:/0 8oy [Crio(ua o), -, Cao ualuo)] duso

! 301(’&1 UQ) 8Cd(ud Uo)
— <o ) >
—/ OQo(u())[ dug T dug duo, (3.2.9)

where (U;,Up) ~ Cy, i =1,...,d.

Examples [3.2.1] and [3.2.2] - can be recast in view of (3.2.9).

Example 3.2.3 (continuation of Example[3:2.1)). From (3:2.3), we have Qo(uo) = —log(1—
uo), hence, for a fixed uo € (0,1), C3 (,,) is 2 muItivariate Gaussian copula with corre-

lation matrix given by

1

R(uo) = /BFuO) , Bluo) = e~ @00l — 1 _y,
B(uo)

Furthermore, since P(U; < u;|Up = uo) = P(U; < ui|Xo = Qo(uo)), we have

oty = [ EA A+ Qo(wo)) (yy@o(uo)-1
Cio(usuo) /0 okl — .

so that the underlying bivariate copula is

s (ui, uo) / / ' 1+Q0 )(1 _y)Qo(t)*l dt dy,

fori=1,...,d.

In Example [3.2.3] note that ug = 0 implies B(ug) = 1, and thus CQ (0)
is the Fréchet-Hoeffding bound M. Likewise, ug = 1 implies S(ug) = 0 (by
continuity), and thus CQ (0) is the independence copula.

Example 3.2.4 (continuation of Example[3.2.2). From (3.2.7)), we have Qo(uo) = 1/(1—
uo), hence, for a fixed ugp € (0, 1),

1/B8(uo)
C&O(“O)(ul’ ceey Ud) = exp |:7 ((, logul)ﬁ(uo) N (7 logud)ﬁ(uo)) :| ,

1
1—UO7

B(uo) = Qo(uo) =
that is, C(%O(uo) is a multivariate Gumbel-Hougaard copula with parameter given by

B(uo) = Qo(uo) = 1/(1 — uo).
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In Example [3.2.4] uy = 0 implies B(up) = 1, and thus CZJo(Uo) is the in-

dependence copula. Likewise, ug = 1 implies B(ug) = oo (by continuity), and
thus Cao (o) is the Fréchet-Hoeffding bound. In short, we simply replaced the

xo’s of Example and Example by Qo(uo).

Mathematically, both representations and are of course equiv-
alent. It is worth stressing that these representations are better not to be taken
as plain mathematical results, but rather as a convenient way to generate new
parametric one-factor copula models, as was shown in the above examples. The
advantage of the representation in is that it involves copulas only and
allows an easy comparison with (3.1.1). This last equation indeed corresponds
jco with CCOQo(uo) = II, zg = ug and Xy = .UO' Representation
is however more convenient when one adopts a point of view centered on the
factor itself.

Both representations (3.2.8) and (3.2.9) contain two d-dimensional copulas:
one, Cy, or szo(uo)’ that’s part of the integrand, and one, C'(u1, ..., uq), that’s
the result of the integral. In the rest of this chapter, the latter will often be
referred to as the outer copula, while the former will often be referred to as the
inner copula. In the rest of this chapter, the copulas C1,...,Cy in will
be referred to as the bivariate copulas or linking copulas.

The inner copula in both representations is usually assumed to be a copula
with one parameter, this parameter being explicitly related to ug through Qg
in representation . However, many d-dimensional copula have more than
one parameter. In such cases, each parameter can be assumed to be related to
ug through a different mapping @y, I € {1,...,p}, where p is the number of
parameters of the related inner copula, and one can write:

1 9C (uq,up) 0Cq(ug, uo)
C(uh...,ud) = /0 Cf@z(m)} |: Oug R Oug duo

In general however, we will just write Cle(uO)} as 6’220 (ug) OF €ven Cy,-

Since any d-dimensional copula can be used in representations (3.2.8]) and
(13.2.9) as inner copula, one can also consider using an outer copula as inner
copula, nesting the construction in itself.

Let us rewrite expression (3.2.9) as

1
C(ul,...,ud):/ C;)ll |:H11(U1,t1),...,Hdl(’u,d,tl) dtl, (3.2.10)
0

that is, we rewrite C’Z)O(UO) as Cy!, replace %@Z’uo) by H;i(ui,t1) and ug by
t.

Next, define C7! as
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1
Cfll(vl,...,vd):/ C:;(ng(’l)l,tz),...,Hdg(’l)d,tg))dtz,
0

where Cf; is some d-variate copula, the parameters of which being each related

to ty through a different mapping, and where H;o(v;,t2) = %ﬁ’h), {Ci2}
being a set of bivariate copulas, with i € {1,...,d}.

The outer copula C(uq,...,uq) in Equation (3.2.10) is then

Up,y e, Uqg)

C(
1 1

:/ / C2 (Hya(Hy (uy, 1), ). -, Hao(Ha (g, 1), 12)) b .
0 0

Notice that in the above nesting scheme, the d-variate copula Cfll actually
does not depend on t;. In general, we will always assume that only the last
d-variate copula C’f;“ in a nesting chain actually depends on its related variable
tw, in order to avoid an extra layer of complexity. While working with this last
assumption, a nested extended one-factor copula (NEOFC), hereafter denoted
as C2, can be written as

O,ﬁ?(ul, e ,ud)
3.2.11
:/ C:;”(Gl(ul;tw,...,tl),...,Gd(ud;tw,...,tl))dtw...dtl, ( )
[0,1]v
where w,d > 2, Gi(us;ty, ... t1) is
Gi(uiity, ... t1) = H oo H (u;), (3.2.12)
and H!(e) = H;j(e,t;), with
0C;1 (e, t1)
Hi ) =T a,
(s t1) Ity
(’*)Cz Q,t
His(e,t3) =$7
2 (3.2.13)
aciw(.atw)
Hiw(®,ty) =—F—.
(o, tw) ot
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As an example, if w = 3, we have

Gilus; ts, ta, t1) =H5 o H{3 o H (u;)
:301‘3(Hf§ o Hi (u), t3)
Ots

9C;s( OCu(Hyy (ui)ita) (Hé‘;;ui)’tz) ,t3)

Ots

FYel .
00@2(7113(%1 ) ¢5)

C;3( B ,13)
Ot '

The block of equations (3.2.13)) reveals that there is a set of w bivariate
copulas underlying G;(u;;tw,...,t1). Since ¢ € {1,...,d}, this means that
there is always a set of d X w bivariate copulas underlying any NEOFC.

To summarize, a one-factor copula (OFC) can be written as
C(u u)—/lﬁ(aci(ui’uo))du (3.2.14)
17 MR d - 0 Z:1 auo 07 .

an extended one-factor copula (EOFC) as

1 5‘C1 (U1 Uo) 8C’d(ud Uo)
_ 3 ’ )
C’(ul,...,ud) = /0 Cu0< 6u0 yee ey auo > d’U,(), (3215)

and a nested extended one-factor copual (NEOFC) as
C2(u1, ..., uq)

3.2.16
:/ Cov (Gr(urstu, - t1), ..o, Galuas b, - .., 1)) dby, ... diy. ( )
[0’1]10

Note that EOFCs are a special case of NEOFCs: setting w = 1 in the
last expression above means falling back to extended one-factor copulas. Also
note that, while the inner copula of a NEOFC is assumed to depend on only
one factor, T,,, a nested extended one-factor copula actually encompasses more
than one factor: from T to Ty,.

3.3 Properties of EOFCs and NEOFCs

In this section, various properties of EOFCs and NEOFCs are given. Identifi-
ability issues are also addressed.
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3.3.1 On the inner copula

In order to generate new parametric families of one-factor copulas using
or , one can act on 3 components: the bivariate or linking copulas C;,
i € {1,...,d}, the factor’s distribution, represented either by its density fo or by
its quantile function Qo, and the set of multivariate copulas {Cy, } = {C3) ()}
Depending on the choice for the inner copula Cy,, three different forms of factor
copulas can be made. This is illustrated by the following example.

Example 3.3.1. Let X, follow an exponential distribution with parameter A > 0,
fo(zo) = Xe ™0, xo > 0.
Fori € {1,...,d}, let C; be a Clayton copula so that
Ci(ui,uo) = [(uy® +ug® —1)]7* ;>0 (3.3.1)

Finally, let ¢z, the density of Cy,, be as in (3.2.5) where R(zq) is as in (3.2.6) and

where

B(xo) = e P07 reo, Bo, 1 = 0. (3.3.2)

In Example we have built a parametric model for one-factor copulas
which allow for different features. First, the number of parameters, d + 3, is
linear in d, the dimension. Second, as will be seen in Section [3.6] assuming
a parametric form for the factor’s distribution, one can estimate the related
parameter A by maximum pseudo-likelihood, thus learning valuable informa-
tion about a variable which, by definition, is never directly observed. Finally,
one can control the growth rate of the dependence structure, relative to the
change of the factor’s value. For instance, in (3.3.2)), a decrease in j3; leads
to an increase in 3(xg), Vxo, S(xo) being the correlation parameter. If one set
B1 =0, then B(xg) = exp(—/fp), and thus the correlation parameter, hence the
conditional copula C,, does not depend on zy anymore: we call this condi-
tional invariance, not to be mistaken with conditional independence. This last
feature happens when 8y = co, implying a correlation parameter 5(zo) = 0.

The three different forms of factor copulas are now formalized.

Conditional independence. Conditional independent one-factor copulas are
those such that the inner copula is the independence copula. They cor-
respond exactly to copulas of the form , described in |[Krupskii and
Joe| (2013)), and their interpretation is such that, given the factor’s value
Xo = xg, the variables Uy, ..., Uy are independent. Let us note that, even
in this simple case, the obtained models are quite reasonable and useful,
as was demonstrated not only in |[Krupskii and Joe| (2013)) or (Oh and
Patton| (2015]), but also in view of the vast literature about conditional
independent models, see [Skrondal and Rabe-Hesketh| (2007). In Section
we provide a novel procedure in order to test the assumption of
conditional independence.
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Conditional invariance. Conditional invariant one-factor copulas are those
such that, in (3.2.8) for instance, Cy, = C,; for any xo and x. That is,
there is conditional dependence, but this conditional dependence remains
the same regardless of the factor’s value.

Conditional noninvariance. Conditional noninvariant one-factor copulas are
those which are not conditionally invariant. Note that, a fortiori, they are
not conditionally independent either. Here, the conditional dependence
structure is allowed to change with the factor’s value. In Example [3.2.1
B(xo) — 0 as xg — oo and therefore C,, — II, the independence copula.
On the opposite, B(zg) — 1 as g — 0 and thus C,, — M, the Fréchet-
Hoeffding upper bound, characterizing complete positive dependence.

Natural parametric one-factor copulas can be built with the help of Kendall’s
tau and Spearman’s rho. Recall that, given a bivariate copula C, Kendall’s tau
is a dependence coefficient in [—1, 1] defined by

T=4 C(u,v)dC(u,v) — 1. (3.3.3)
[0,1)2

A value of 7 = 0 hints at independence, and 7 ~ —1 (respectively 7 ~ +1)
indicates negative (respectively positive) dependence. Example illustrates
the procedure.

Example 3.3.2. Let X follow a standard uniform distribution and let C, be as

—r Yz —r (x —1/7 Y=z
Clo(ulv"'vud):(ul (O)+...+ud (D)fd+1) 1/ (0),

1

where 77 is the inverse map of

7(B) 8> 0. (3.3.4)

__B_
R

In Example for a fixed zg, Cy, is recognized to be a Clayton copula
with parameter 7! (zg) = 2z¢/(1 — z) for 2o € (0,1). In general, the proce-
dure works as follows. First, choose a parametric family of copulas, here the
family of Clayton copulas

Colur,. . ug) = (u;? + - +uy? —d+ )78, g>o. (3.3.5)

Second, compute Kendall’s tau (there is only one, since all pairs have the
same distribution), which in this case is given by . Third, choose the
distribution of Xy so that its support corresponds to the range of the map
induced by , here (0,1). Fourth and last, replace 3 by 77 (z¢) in .

The conditional dependence structure in Example [3.3.2] goes from condi-
tional independence to conditional complete dependence. Indeed, when zg — 0,
B(xo) — 0 and Cg(yyy — II. If 29 — 1 instead, B(z¢) — co and Cp(y,) — M,
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the Fréchet-Hoeffding upper bound for copulas. If one rather defines S(xo) =
—log(zo), then B(x¢) — oo when zo — 0 and Cg(,,) — M. Hence, in one case
the dependence increases with respect to the factor, while in the other case it
decreases.

3.3.2 Densities of EOFCs and NEOFCs

The density of an EOFC, as defined by (3.2.10) is straighforward to get:

0%C(uq, ..., u
c(ug, ..., uq) = —51(6:. » a)
1 d (3.3.6)
:/ Ctoll(Hll(Ulatl)w~~aHdl('UJd,tl))Hci(uiatl)dth
0

i=1

which is the integral of the product of one d-variate density and d bivariate
densities, and where ¢;! is the density of Cy! while ¢; is the density of C;.

The density of a NEOFC, as defined by m, is however less straighfor-
ward to obtain and require first to figure out the result of 8Gi ,
3.2.12)) and (3.2.13). Observe that (chain rule):

OH}j o Hij (ui) _ OHy;(HY (i), t;) OHY (u:)
Ou; OH [ (u;) ou;

%f? can now be written as

Using this last result,

0G; 78H:,Zf] o= oHZtll(ul)

ou; 8ui
_OH(Hiyy 0 0 Hij (ui), tw) Oy 0 - 0 Hif (u)
OH["™, o -onf(ui) Oui
—H <8sz L 00 Hid (vt >>aHQ(Hf;(ui),tz)aHfﬂui)_
OH;h o 'OHff (us) OH G (u;) Ou;
(3.3.7)

The last expression in is the product of (w—2)+1+1 = w fractions.
The last one is a bivariate copula density and the others each involve a bivariate
density. Starting with the fraction on the right of the last expression in ,
we indeed have that

OH ] (us) _ OHi1(u;, t1) _ 9%Ci1 (ug, 1)

= ci1 (w4, t1).
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If we replace HZ’}g ' o0 Hi (u;) by O so that

OHy(H5 " 00 Hif (W), k) OHi(O, )
OHS o0 HY (u;) o0 7

we see that

OHir(O.tr) _ 0°Cin(Ootr) _
a0 90 ok = cit (O, tr)- (3.3.8)

Therefore, we can write that

G, :
G H (Cik (Hf’z oo Hif (), tk)) x cio(H (u;),t2) X ci1(ug, ).

k=w
(3.3.9)
As an example, we can expand (3.3.9)) for w = 3:
0G;
S =cis(H3 (H}3 (us)), ts)cio (Hit (wi), ta)ea (uq, 1)
Z u 3.3.10
(aCiQ(acﬂa(tlutl) t ) t )C (gcil(uiatl) t )C (U t ) ( )
=Ci; 3)cia(——— ta)cir (us, 1)
3 Bty 3)Ci2 a1, 2)Ci1 1
The density of a NEOFC can now be written:
8dC’®(u1 ud)
© — w ) s
Cu (w1, ta) Ouy ...0ug
= G u,tw,...,t ),.. Gd(ud, ...dtl
/[0,1]10 b (Grm ' H 3%
- [ e
0,1]
d 3
X H [ H (Cik (Hztﬁq_—ll O---0 Hztll (ul),tk>> X Cig(Hztll (ui),tg) X C“(’U,i,tl) dtw e dtl,
=1 Lk=w
(3.3.11)

where ¢ is the density of C7* and {G;} = {G1(u1;tw, .. t1),...,Ga(udgitw, .., t1)}.

The density of a NEOFC, as displayed in the last expression of m,
is thus made of two parts: a d-variate copula density on the left, ¢; ({G })
and a product that involves d x w bivariate copula densities on the right of

(G},

3.3.3 On the margins of EOFCs and NEOFCs

The multivariate margins of an EOFC are still EOFCs.
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Proof. This can be easily seen by integrating u; out of Equation (3.3.6):

1
/ c(ug, ... uq)duy
0
d

1 1
:/ / cfll(Hu(ul,tl),...,Hdl(ud,tl))Hci(ui,tl)dtl du1
0 0

i=1

1 1 d
8HZ Ui,t
:/ / cfll(Hu(ul,tl),...,Hdl(ud,tl)) I | 7( 1)dt1 dul.
0 0

i=1 Ou;
The integral requires the following change of variable to be solved:

u :Hll(ulatl)v
OHq1(u1,t1)

du = 6u1

duh
leading to
Lot d O0H;1(ui,t1)
/ / ctll(u, Hgl(UQ,tl),...,Hdl(ud,tl))HTdtl du
o Jo i=2 v

After reorganizing this last expression, one gets:

/1 c(ui, .. ., ug) duy

8H u,t
/ 11 : 1)/ ctll(u,Hgl(uQ,tl),...,Hdl(ud,tl))dudtl.
0

The integral related to du is the margin of cfll in Hoy,...,Hy; when its first
argument is integrated out. The final result is

) d
P uy, ... uq) :/O e e (H21(u27t1)v---del(“d’tl))H#

=2

which is the density of an EOFC. O

dtla

In general, in order to get a given margin from an EOFC, one just needs to
drop the variables that are no longer needed in (3.3.6]).

Similarly to this last result, the multivariate margins of a NEOFC are also
NEOFCs.
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Proof. The proof is similar to what was done in the case of EOFCs. Start from
(3.3.11) and integrate u; out:

1
/ & (uy, ..., uq)duy
0

1 LY
:/ / v (Gr(uritu, - t1), ..., Galug; tw, - .. 1)) T’dtw ... dty dus.
o Jio,1w i O
(3.3.12)
Perform a change of variable:
u = Gl(ul;tw, e ,tl),
du = 6G1(U1;tw, . 7t1)d’u,1,
3u1
leading to
1 d
0G,;
¥ (u,Ga, ..., Gq Ydty . .. dt1 du.
/0 /[0,1]w w )ZI;IQ Ou;

Reorganize this last expression:

d s
/ Haai/ ;v (u,Go, ..., Ga)dudty, ... dt.
[0,1] ;=5 Ui Jo

The integral related to du is just the (d — 1) margin of ¢ in Gg,...,Gq.
One can now write:

1
/ & (uy, ... uqg) duy = cg:d]@(ug, ceyUg)
0
¢ oG,
:/ c][fi;d]&w (GQ(UQ; tws - ,tl), . Gd(ud;tw, e ,tl)) H b %dtw ...dty,
[0,1]w i—a Uj
(3.3.13)
which is the expression of a NEOFC density. O

In general, the margins of a NEOFC are easy to get: just drop in expression
(3.3.11)) the elements corresponding to the variables that are not of interest.
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3.3.4 The upper and lower Fréchet-Hoeffding bounds

The upper Fréchet—Hoeffding bound and is defined as M (uq, ..., uq) = min(ug,
...yuq). It is always a copula, and corresponds to comonotone random vari-
ables.

PROPOSITION 3.3.3. In (3.2.9), let ngo(uo) = 1II and let C;(u;, ug) = min(u;, ug),
Vi e {1,...,d}, where min(u;,ug) = M (u;,up) is the upper Fréchet-Hoeffding
bound on (U;,Upy). Then, C(uy,...,uq) = min(ug, ..., uq)-

Proof. The outer copula is

L omin(uy,ug)  dmin(ug, ug)
C(uy, ... ,uq) = 3 3 duy,
0 Ug Uo
and since %&““0) is 0 as soon as ug > u;, one can write:
min(u1,....ta) Omin(ug, ug) O min(ug, ug)
Cut, ... ,uq) = 3 3 duyp.
0 Uo Uo
Moreover, as long as ug < min(uq,...,uq), we have that 9min(ui,uo)
Oug __ .
Fo=1Vie {1,...d}. Therefore, we have

min(ui,...,uq)
C(ul,...,ud):/ 1...1dug = min(uq,...,uq).
0
O

This result will turn out very useful to show that OFCs are not suited to
model hierarchical dependence in Section |3.5

The 2-dimensional lower Fréchet-Hoeffding bound is usually written as W (uy,
ug) = max(u;+us—1,0). Note that, in contrast to the upper Fréchet-Hoeffding

bound, its generalization, W(u1,...,uq) = max(d — 1 + Z?:l u;,0), is not a
copula anymore.
PROPOSITION 3.3.4. In (3.2.9), letd =2, C3) () =1L, C1(u1, up) = max(us +

uo—1,0) and Ca(ug, ug) = min(ug,ug). Then, C(u1,uz) = max(ug +uz —1,0).

Proof. The outer copula is

1 o .
Clun,uz) = / Omax(uy +ug — 1,0) 8111111(1@,uo)duo7
0

8UQ auo

and since the integrand is 0 as long as us < ug, one can write that
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dUQ .

U2 _ 1 :
Clun,uz) = / 8max(u16+ up — 1,0) 6m11(19(u2, Up)
0 Uo Uo

O min(us,

Since, Yug € [0, uz], i o) — 1, one can write

“2 9max(u; + uo — 1,0
C(uhug):/ ( 18 0 )duo
0 U

= max(ul “+ ug — 1, 0)|’LL0:'£L2 - max(m “+ ug — 170)'“0:0

= max(u1 + uz — 1,0),

and the proof is complete.

3.3.5 Two degenerate cases
From Equation or Equation , one can end up with
C(u,...,uq) = Ey, [C’;}U(ul, .. ,ud)]
or with
C3(uy, ... ug) = B, [C° (un, . .., ug)].

PROPOSITION 3.3.5. In Equation (3.2.15)), let C;, Vi € {1,...,d}, be such that
Ci(uiyug) = wug. Then, C(uq,...,uq) = Ey, [Cgo (uy, ... 7ud)] )

Proof. If C;, Vi € {1,...,d}, is such that C;(u;,up) = u;ug, and since we have
that 8(#30) = u;, Equation (3.2.15]) becomes

1
C(ul,...,ud) :/ CZO(ul,...,ud) duo = EUO [Cgo(uh...,ud)].
0
O

The reasoning is the same for a NEOFC: one just needs to let all link-
ing copulas be the independence copula. Note that in case of conditional in-
variance, we have that C(u1,...,uq) = C°(u1,...,uq) and C2(uy,...,ug) =
C°v(uy,...,uq), that is, the outer copula is directly equal to the inner one.
This result is important as it means that any d-dimensional copula in the liter-
ature is an EOFC where the linking copulas are the independence copula and
the inner copula is equal to the d-dimensional copula of interest.

A second degenerate case, regarding the linking copulas, is now presented.

82



Chapter 3: Extending One-Factor Copulas

PROPOSITION 3.3.6. Let the inner copula be the independence copula and set
all linking copulas to the upper Fréchet-Hoeffding bound, except for one, Cj.
In C(uy,...,uq), set now all arguments to 1, except for w; and ug, where k
is an arbitrary element of {1,...d}\{l}. The resulting bivariate margin of C,
ClLK] (ur,ug), is then equal to Cy(uy, uk).

Proof. Let us write the expression of CI"Fl(uy, u;,) when the inner copula is the
independence one and CY; is the upper Fréchet-Hoeffding bound:

1 .
0C(uy, ug) O min(uy, u
C[lvk](ul7uk) :/ l(g ! 0) ( k O)d’LLO
0 Uo 8u0

The function min(ug,up) will return wg as long as ug < ug. Otherwise, uy is
returned. Therefore, one can write

“ 9C (ug, ug) Ou L aC (ur, ug) Ouy,
[£,k] — G, H0) TR0 4 G, H0) I8 g
¢ (UI7Uk) /0 auo 8’[1,0 Uo + /uk 8’[1,0 8u0 to
_ / 90 w) 4 4
0 ug
= Ci(ug, ux) — Ci(uy,0)
= Cy(uy, up)

O

Proposition [3.3.6] can be generalized for the case of a NEOFC as follows: if
Cim, is the linking copula of interest, I € {1,...d}, m € {1,...w}, then the [, k]-
margin of C§) (uy, ..., uq) is Cim (ur, ug) if Cf* is the independence copula while
the linking copulas related to T, are set to the upper Fréchet-Hoeffding bound,
except for Cp,,,, and the remaining linking copulas are set to the independence
copula. The proof that the result of this setup is C[l’k]@(ul7 ug) = Crm (ug, ug)
is trivial in view of the proof of Proposition and is therefore left to the
reader.

3.3.6 Dependence properties

To start, let us write representation ([3.2.9) when d = 2:

1 601(U1 UO) 602(U2 UQ)
= p ’ ’ . 3.14
C(u1, up) /O CQo<uo)[ oue | O dug (3.3.14)

Let’s also recall some dependence properties from [Nelsen| (2006)).
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A copula C is positively quadrant dependent (PQD) if C(u) > II(u) for
any u € [0,1]¢, where II(u) is the independence copula. Similarly, a copula C
is negatively quadrant dependent (NQD) if C'(u) < II(u) for any u € [0, 1]¢.

If C is the copula of (U, Up), then U; is said to be stochastically decreasing
. . 801(U1,U0) . . . . 8201 (ul,uo) .
in Uy if —gu, s an increasing function of ug, =5 >=* > 0. This can

0
be written as SD(U;|Uy) and it will often be said that Cy is SD in Uy or that
Cy(u1,up) is SD in its second argument.

Similarly, if C; is the copula of (Uy, Uy), then U is said to be stochastically
2
increasing in Uy if %ulo’"”) is a decreasing function of ug, % < 0.
0
This can be written as SI(U;|Up) and it will often be said that C; is SI in Uy
or that Cy(u1,ug) is SI in its second argument.

Finally, note that if a copula C; is stochastically increasing in either Uy or
Ui, then it is PQD. The same applies if C is stochastically decreasing in either
Up or Uy: Cy is then NQD. The reverse is however not true: being SI or SD
for a copula is a stronger dependence property than being PQD or NQD.

ProPOSITION 3.3.7. Let the inner copula in (3.3.14)), COO(UO), be a PQD co-
pula, Yug. Then if Cy is NQD and Cy is SD(Uy|Uy) or if Cy is PQD and Cy
is SI(U1|Uy), the outer copula is PQD, too.

Proof. If Ccogo(uo)(”l’”?) is PQD, then C (u )(’Ul,’l}g) > v1ve. Therefore, it is
clear that

1 0C1 (u1,up) 0C3(ug, up)
_ © ? ! d
C(u1,uz) /0 CQO("0)|: Oug ’ dug :| o
N /1 9C1 (u1, ug) 0C3(uz,uo) dug.
0 Oug Oug

Using integration by parts, one can then show that

801 (ul, UO

O(’U,l,’UQ) Z Ug——(—— auo

02Cy
/ CQ UQ,’LLQ a( 21 O)duo.
Up

Since C is SD(U1|Up) and Cy is NQD, we have that

1 9 1 )
0< / 02(“27u0)%du0 < / uzuo%duo,
0 ug o u2
and therefore
1 2
Cluna) = “Q%JO’UO) - /0 uwo%duo
ug=1 0
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Using integration by parts again, we have that

1 2
/ U2U078 Cl(uhuo)duo = u27801(u1,u0) — ujuz,
0

2
8UO 8u0 uo=1

leading to
C(Ul,UQ) Z ULU.

O

A similar proposition as the one above can be made, ensuring that the outer
copula is this time NQD. The proof is almost the same as the one from the
previous proposition and is therefore left to the reader.

PROPOSITION 3.3.8. Let the inner copula in (3.3.14]), ngo(uo), be a NQD co-
pula, Yug. Then if Cy is NQD and Cy is SI(U1|Up) or if Cy is PQD and C; is
SD(U1|Uy), the outer copula is NQD, too.

COROLLARY 3.3.9. Let the inner copula in a 2-dimensional EOFC be the in-
dependence copula, that is, we fall back to Equation , where Xg = Up.
Then if Cy is PQD, Cy is SI(U1|Uy) and since the independence copula is PQD,
by Proposition[3.3.7, the outer copula is PQD. Similarly, if Co is NQD, C} is
SI(U1|Uy) and since the independence copula is NQD, by Proposition
the outer copula is NQD.

Note that Proposition 1 in [Krupskii and Joe| (2013) offers a similar result
as the one from the above corollary, where it is shown that if both C; and Cs
are SI in Up, the outer copula is PQD. Proposition shows that both Cj
and Cy do not need to be SI in Uy for the outer copula to be PQD: as long as
one of the two linking copulas is SI and the remaining one is just PQD, then
the outer one is PQD.

Let us now write the expression of a NEOFC when w,d = 2. Then:

8012(M’t2) 8C22(M,t2)
ce = o2 ot ot, dto dt;.
2 (’U,l,’LLg) /[0’1]2 to ( 8t2 ) 3752 2 1
(3.3.15)

The following proposition ensures that the outer copula is going to be PQD.

ProrOSITION 3.3.10. Let the inner copula in (3.3.15)), C’f;’, be a PQD copula,
Vta. Then if Co1 is NQD and Cy1 is SD in Ty, while Cas is NQD and Cia is
SD in Ty, the outer copula, CS (u1,us), is PQD.

Proof. Let us write C5 (u1,u2) as

1
CS (uy, us) :/ Cf;(80“(,;;””51)780218(;‘2’“))dth (3.3.16)
0 1 1
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where

1
oC ta) OC: t
O (v1,v2) = / o ((2C12(te) 0Coa(vaite) )y (3.3.17)
t 0 2 5'152 8t2
By Proposition (3.3.7} if Cfll is PQD while Cy; is NQD and C4; is SD in 17,
then C5 (uy,uz) is PQD, too. By Proposition again, in order for Cy! to
be PQD, one needs Cf; to be PQD, while Cos is NQD and C12 is SD in T5. O

Proposition [3.3.10| can be generalized as follows:

PrROPOSITION 3.3.11. Let the inner copula in a 2-dimensional NEOFC be PQD.
If for each j € {1,...,w} we have that Cy; is NQD and Cs; is SD with respect
to the factor T; or that Ca; is NQD and Cy; is SD with respect to the factor
T;, then the outer copula, CS), is PQD.

w

The proof of this last proposition is trivial in regard of the proof of Proposi-
tion [3:3.10] Proposition [3:3.11] can also be expressed so that the resulting outer
copula is NQD:

PROPOSITION 3.3.12. Let the inner copula in a 2-dimensional NEOFC be NQD.
If for each j € {1,...,w} we have that Cv; is NQD and Cy; is SI with respect
to the factor T; or that Ca; is NQD and Ch; is SI with respect to the factor T},
then the outer copula, C2, is NQD.

w ?

Hereafter is an example of NEOFC meeting the requirements of Proposition

B.3.11

Example 3.3.13. Start from Replace the inner copula C’f; by the Frank copula,
with parameter

_log(1 —t2)

= — ,

that is, we use the inverse CDF of an exponential distribution on ¢2 in order to calculate
0°2, where \ > 0 is the rate, that is, the maximum value of the corresponding exponential
probability density function. Since the support of the exponential is [0, c0), the parameter
0°2(t2) is always positive and therefore C}? is PQD Vi3 € [0, 1].

Next, set both C11 and C2 to be a Mardia copula with a negative parameter’s value,
ensuring the copula is NQD (Nelsen| 2006, p. 188), while both C2; and C32 are AMH
copulas, each with a negative parameter’s value, to ensure that C2; is SD in T1 and Ca2
is SD in T5. Indeed, for an AMH copula Cy,,,, (e, t;), one have that

0°2(t2)

aQCgAMH ('7tj) _ 729AMH X (‘ - 1) o (GAMH X (0 — 1) + 1)
ot] - (Oamn X (t; —1)(e —1) —1)3 ~

which is a positive quantity as long as famn < 0.
The outer copula resulting from this construction is, by Proposition [3:3:11] PQD.

Next we introduce an important conjecture, which describes the relationship
between the inner copula and the outer copula of an EOFC.
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CONJECTURE 3.3.14. Let the inner copula in , C’Z?O(uo), be stochastically
decreasing in both its arguments and be conditionally invariant (refer to Sub-
section |5.3. 1 m for details on conditional invariance). If, moreover, Cy is NQD
while Cy is SD in Uy, then C(uy,us) > CQo (o) (U]_,UQ), V(u1,ug) € [0,1]2.

The motivation of this conjecture is now given.
1

Let AU(UQ) = %u:uo) — . Note that fl mduo = C’i(ui,uo) =
0

u;, and therefore that fo u; (up)dug = 0. Also note that if C; is SI in Up, then
Ay, (up) is a decreasing functlon of up. Similarly, if C; is SD in Uy, then A, is
an increasing function of wg.

Using integration by parts, one can show that

1 1 2
0°C1 (u1,
/ Aul (Uo)Au2 (’LLO) duo = —/ (02('&27”0) — UQUO) X %dﬂ@,
0 0 U

(3.3.18)
the integral on the left remaining positive V(u1,uz) € [0,1]? if Cy is SI in Uy
while Cs is PQD. Likewise, the integral on the left remains negative V(u1, ug) €
[0,1]2 if Cy is SI in Uy while Cy is NQD.

Let us now write the Taylor expansion for a bivariate copula CZQO ()’

C%o(“o) (u1 + Ay, (u), uz + Ay, (uo))

80220 (uo) (ul’ u2) A acz?o(uo) (ul’ UQ)

= Cnun 11, 102) + ouq u (to) Ous uz (U0)
02C° (u1,usz) 9202 (ur, us)
Qo(uo) ) 0o (o) , )
B Au1 (UO)Au2 (UO) + au% Aul (UO)/2
8 C u (ulaUQ)
QN@; A2 (uo)/2 + R(ul + Ay, (ug), ug + Ay, (u0)>. (3.3.19)
2

If one neglects the remainder term R(u1 + Ay, (ug), us + Ay, (uo)>7 then one
can write that the outer copula in Equation (3.3.14) is, taking into account
that C3) (. (u1,u2) = C°(u1, uz) is conditionally invariant,

, Wthh implicitly means that one would assume that higher order derivatives
of Céo(uO)(ul, ug) can be approximated by 0, that is,

6200 ul,ug

C(ul,u2) =~ C’O(ul, UQ) duo + / Aul UQ)Au2 (Uo) duo

Bulaug
9%C° (u1,u) ' AZ (uo) D*C°(uy,uz) A2 (ug)
+ au% /0 5 dug + 8u§ /0 5 duyg.
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Note that both

9?C° (uy,uz) ! AQI(Uo)

c d 3.3.20

ou? /0 2 4o ( )
and ) 'AZ (ug)
1o} Co(ul,’uQ)/ ws Uo

d 3.3.21

Ou3 0 2 4o ( )

are positive since the inner copula C° is stochastically decreasing in both its

1 A2 (up) . . .. .
arguments and fo 5— duyg is necessarily positive Vi.

Moreover, by Equation (3.3.18]),

! ! 8%C1 (u1, u
/ Ay, (u0) Ay, (uo) dug = —/ <C2(U27U0) - U2U0> X % dug
0 0 Uup

is a positive quantity, since Cs is NQD and C; is SD in Uy. Therefore the
outer copula can be approximated by C°(u1,u2) plus some positive quantity,
V(u1,ug) € [0,1]2, leading to the claim of the conjecture that C(uq,us) >
C°(u1, usg).

It is also possible to express a similar conjecture for C'(uy, uz) < C®(uy, uz):

CONJECTURE 3.3.15. Let the inner copula in , C&O(uo) = (C°, be stochas-
tically increasing in both its arguments and be conditionally invariant. If,
moreover, Cy is NQD while Cy is SI in Uy, then C(ui,uz) < C°(uy,us),
V(u,ug) € [0,1]%

The motivation is almost exactly the same as that of Conjecture [3.3.14] and
is therefore left to the reader.

Of course, one might wonder at this point how reasonable it is to neglect
the remainder term in (3.3.19). In what follows, an attempt at detecting at
least one example where Conjecture fails is presented.

Let the inner copula be one of the 9 following copulas:

e a Farlie-Gumbel-Morgenstern (Nelsen, [2006; |[Balakrishnan and Lai, [2009)
copula with a parameter’s value of 0.25, 0.5 or 1,

e a Plackett copula (Kemp et all [1992; Nelsen, |2006) with a parameter’s
value of 3, 12 or 64 (ranging from low to high level of dependence),

e or a Frank copula with a parameter’s value of 2.5, 6 or 14 (again, in an
effort to have low, moderate and high dependence).

All these inner copulas are conditionally invariant and SI in both arguments

as required by Conjecture[3.3.15] Hereafter is the proof that the proposed FGM
copulas are SI in both arguments.

The expression of a FGM copula is

OQFGM (ula UQ) = UjU2 + QFGMUJUQ(I - Ul)(l - u2)7
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where Orgm € [—1, 1].

One can calculate that

02C,
#%GM = 20paum X (ug(ug — 1)),
and that 92
Oram
T%G = 20pam X (u1(ug — 1)).

In order for the copula to be SI in both its arguments, these two expressions
have to be negative. Obviously, this will be the case as long as fpg\ is positive.

Let now C; be one of the following copulas:

e a Plackett copula with a parameter’s value of 3, 12 or 64,
e a Frank copula with a parameter’s value of 2.5, 6 or 14,
e or a FGM copula with a parameter’s value of 0.25, 0.5, 1.

These copulas are all SI in (at least) their second argument, as requested
by Conjecture [3.3.15

Finally, let C5 be one of the following 9 copulas:

e a Mardia copula with a parameter’s value of -0.25, -0.5 or -0.75,
e a Frank copula with a parameter’s value of -2.5, -6 or -14,
e or a FGM copula with a parameter’s value of -0.25, -0.5 or -1.

These copulas are all NQD, as required by Conjecture [3.:3.15] A Mardia
copula (Mardiay, {1970; Nelsenl, |2006)) is defined as

02 ain (14 Ontarai
CeMardia (u17 UQ) = Mardla( 2 Mard a) M(ula UQ)

01%/[ardia(1 — eMardia)

+ (1 - el%/lardia)n(ula U’Q) + 2

W (w1, uz),

where M (uq, uz) is the upper Fréchet—Hoeffding bound and W (uy, uz) the lower
one, with Oyardgia € [—1,1]. A Mardia copula is NQD as long as Oyardia < 0
(Nelsenl, |2006, p. 188).

In total, there are 92 = 729 combinations or setups of interest for the
27 presented copulas. For each of these 729 combinations, it is checked if
C(u1,u2) < C°(u1,us), that is, if the outer copula is below the inner one, for
a grid of 100 points in [0,1]%. Since C(us,u2) is calculated through numerical
integration (see the appendix chapter), one must take into account the error
on C(uy,us) before being able to conclude that C'(uy,uz) < C°(uy,us). This
is performed through the following hypothesis test:
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Hy : C(Ul,UQ) > Co(“hu?)a
Hy:  Clui,u2) < C°(u1,u2),

> & ¥ > & ¥ s
¥ @ ¢ ¢ ¢ e ¢ E
Oplackett = 3 | 1.82e-3  <le-7 <le-T 1.52e-6 <le-7 <le-7 <le-7 <le-T <le-7
OFrank = 2.5 | 2.43e-3 <le-7 <le-T 2.19e-5 <le-7T <le-7T <le-7T <le-7T <le-7
Orcom = 0.25 | 4.05e-2  <le-7 <le-7T 3.63e-3 <le7 <le7 <le7T <le7 <le7
Oplackett = 12 <le-7 <le-7 <le-T <le-7 <le-7T <le-7 <le-7 <le-T <le-7
Orrank = 6 <le-6 <le-7T <le-7 <le7 <le-T <le7 <le-7T <le7 <le-7
Orgn = 0.5 | 1.96e-2 <le-7 <le-T 1.69e-3 <le-7 <le-7 <le-7 <le-T <le-7
Oplackett = 64 <le-7 <le-7 <le-T <le-7 <le-7T <le-7 <le-7 <le-T <le-7
Oprank = 14 | <le-7  <le-7 <le-T <le7T <le7 <le7 <le-7 <le7 <le7
frem =1 | 6.46e-3 <le-7T <le-T 3.33e-4 <le-7T <le-7 <le-7T <leT <le-7

Table 3.1: Averaged p-values for various setups when the inner copula is a Frank copula with
a parameter’s value of 14. Rows are the various C; copulas, while columns describe the Co
copulas.

with the following test statistic:

C(ul, ug) — Co(ul, UQ)
error

MoN(0,1),

and where the p-value is the surface on the left of this test statistic.

Since for a given a setup, the test has to be run over a grid of 100 points, 100
p-values is obtained for each of the 93 setups. To summarize all these p-values,
the average p-value is calculated for each setup.

Results. For all setups except the one using as inner copula a Frank copula
with a parameter’s value of 14, the average p-value was less than le-7. Results
for the inner Frank copula with a parameter’s value of 14 are reported in Table
where the rows are the various C; presented earlier, while the columns are
the various Cy presented earlier.

3.3.7 Identifiability

A model is said to be identifiable if it is theoretically possible to learn the true
values of this model’s underlying parameters after obtaining an infinite number
of observations from it. Mathematically, this is equivalent to saying that differ-
ent values of the parameters must generate different probability distributions
of the observable variables. That is, if (Pp : @ € @) is a statistical model, with
Py a probability measure on a fixed space, the model is identifiable if 81 # 65
implies that Py, # Peg,.

Models built using Equations (3.2.14)), (3.2.15)) or (3.2.16)) are not necessar-
ily identifiable.
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Example 3.3.16. In Equation (3.2.14)), let d = 2 and C, C2 be Farlie-Gumbel-Morgenstern
copulas, that is,

Ci(Ui,Uo; 07,) = u;Ug + Qiuiuo(l — Uo)(l — ui),
with 0; € [1,—1]. The outer copula can be showed to be

ULU2 0102

3

C(ul,uz;el,eg) = (0192(U1—1)(U2—1)+3) :u1UQ+ U1UQ(1—U1)(1—’LL2).

Thus, one can see that
Cl(u1,uz; 01, 02) = Cur, uz; 071, 605)

whenever 0102 = 0105, and the last equation can be satisfied even if (61,02) # (61, 05).

Example 3.3.17. In Equation (3.2.14)), let C; be the independance copula fori € {2,...,d}.
Then, the outer copula is

1 )
C(u;91):/ 7801(%1’1“)’01) Uz ... uq duo,
0

uo

which can be simplified to
C(u;61) =u2...uq (C’l(m, 1;01) — Cl(ul,O;Ql)) =Ui...Uq.

The model is thus not identifiable: all values of #; lead to the same model, the indepen-
dence copula.

Example 3.3.18. In Equation (3.2.15)), let d = 2, C'1 be a Gaussian copula with correlation
A; and C5 be a Gaussian copula with correlation As. Moreover, let C&O(uo) be a Gaussian
copula with correlation p4. Then, it can be shown that the outer copula is a Gaussian

copula with correlation
PAAN/ 1-— A%\/ 1-— A% —|—A1A2.

Even in the case where A1 = Ay = A, this becomes

pa(l—A%) + A%
for which one can easily find (pa, A) and (p/4, A'), (pa, A) # (pa, A') such that pa(1—
A%) + A% = ply (1 = (A")?) 4 (A)?. Refer to Section [3.5|for more details on Gaussian
copula built using Equation (3.2.15]).

In order to shed more light on identifiability issues, a few case studies based
on the Fisher information matrix are presented. The Fisher information matrix
can indeed be used to check if a model is locally identifiable, see [Rothenberg
(1971)) or Iskrev et al.[(2010). If the model is not locally identifiable all over its
parameter space, then it is not, in general, identifiable in that parameter space.
Let ¢(u;0) be the density of an EOFC. Then, the related Fisher information
is defined as
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dlog(c(u; 0)) dlog(c(u; H)) ) _ (3.3.22)

7(6) = E( 0 T

Checking if a model is locally identifiable everywhere in ® is the same as
checking where in © this matrix is singular (Iskrev et al., 2010]).

Numerical computation of this matrix at a point 8, € ® can be done in
various ways. First, one can generate n observations uq, ..., u, from the target
model at point 8, using Algorithm [ and then compute

bl

6=0,

1 O~ [ Dlog(c(us; 0)) Dlog(c(us; 0))
n21< 06 06" )

where

w is numerically approached.

lezer
So, for instance, if 8, = (01, 602,,...)T, we have

dlog(c(us; 61 __ log(c(us; 01, + ) —log(c(ui; 61 — h))

)
0, 0,01, 2N ’

for h set to an arbitrary small value.

Another approach to compute the Fisher information in (3.3.22)) is through
numerical integration. Indeed,

_ 0log(c(u; 0)) Olog(c(u; 9)) . .,
7(6,) /[0,1]d< A4 (00D Yy clus,)d

0log(c(u;0)) ’
56 9=0,.

Note that in both approaches, the computation of c(u;8,) itself requires
numerical integration: see the appendix chapter for details on numerical inte-
gration.

where has to be numerically approached, too.

Case study 1 to 3. Let 'y = C5 be a Frank copula with a parameter’s
value such that Trankx = 0.25,0.5 and 0.75. The inner copula in all three cases
is a normal copula with correlation . The model turned out to be locally
identifiable for each of the 3 cases. Table displays the results for case 3.

0 ‘ 0.09 0.18 0.27 0.36 0.45 0.55 0.64 0.73 0.82 0.91

Z(0) ‘ 0.595 0.745 0.949 1.246 1.698 2438 3.908 6.762 15.617 58.255

Table 3.2: The Fisher information as a function of 6 for case study 3.

Case study 4. In this case study, the inner copula is the independence
one, C5 is a Gumbel copula with a fixed parameter value corresponding to
a moderate dependence and C; is the copula with the parameter of interest,
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Ocumbel- Table shows a rapid decrease of the Fisher information as the
parameter of interest increases.

7(0Gumbe) | 009 0.18 027 036 045 055 0.64 073 082 091

Z(0Gumber) | 1.30 073 043 024 013 0.06 002 <le2 <le3 <leb

Table 3.3: The Fisher information for case study 4.

Case study 5. In this last case study, C; is the independence copula, Co
is the Frank copula with parameter 0. and the inner copula is the normal
copula with parameter 0,,o,ma;. The Fisher information is this times a 2 x 2
matrix. Figure[3.I]shows the determinant of the matrix as a function of Oprank,
expressed as a Kendall’s tau for convenience, and 60,0 mal-

Determinant of the Fisher information matrix

0 0
[ee]
S 0 0
o
0 0
s ©
L »
: 8 0 0
s 0 0
g 1 0 0
S8
E o
5 0 0
S o
., | 000 0 0 o 0
o
0 0020.04003001001 0 0 0
—
(o]
2 {d0.21] 0.3 [0.22[ RENTIEN 0

0.09 0.27 0.45 0.64 0.82

Frank parameter

Figure 3.1: The determinant of the Fisher information matrix for case study 5.

3.4 Data generation

To generate one realization (uq, ..., uq) of the random vector (Uy, ..., Uy) with
distribution C' given by (3.2.9)), one takes the second part of (ug,u1,...,uq),
from uy to ug, a realization of (Up,Uy,...,Uy), where Uy is the latent factor.

Remembering that, given Uy = wug, the distribution of (Uj,...,Uy) can be
split into the inner copula C; and a set of univariate margins {Cjjo(ui|uo)} =
{%ﬂ’o’"o)}, with Ciol(o\uo) denoting the inverse function, i € {1,...,d}, the

following algorithm produces the desired output.
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Algorithm 4 Generating one observation from (3.2.9]).

1: Generate one observation ug from a standard uniform random variable.

2: Generate one observation (uf,...,ug) from Cf, .
—1 .
3: Put u; = O (uflug) for i =1,....d.

Note that, in the presence of conditional invariance, step 1 in the above algo-
rithm is not required for step 2. Needless to say, in the first step, one could have
sampled from Fpy, the distribution of X, and in the second step, one would
have sampled from C,, instead of C .

Data generation for a NEOFC can be performed using a generalized version
of Algorithm 4l The main hurdle for this generalization is to define G;*, such
that

Gfl(Gi(ui;tw, .. .tl);tw, . ,tl) = Uy,

(3

or, in short, such that G; '(G;(u;)) = u;.
Recall that

Gi(ui;tw, . ,tl) = qu‘u" 0-++0 H,fll (’U,Z)
and that Hfj (u;) = 780”6(:“”).
J
Now define Higl’tj as the inverse function of H:]], that is,

H WY (HP (w) = .

) ij
This is the same as writing

1.t .
Hij ot OH:; (ul) = Uj;.

. .. .. t t
Since G; is just a composition of the form H;“o-- -0 H 3 (u;), we can extract

1,t —1,t : i
" o...0oH, """ (e). The inverse of G; is

back u; using the composition H; i

therefore:

Gil(e) = Hy " oo H M (o). (3.4.1)

2

Now that G is defined, Algorithm the generalized version of Algorithm
[ can be given.

Input. A NEOFC, that is, a d-variate copula Cf;“, the related mappings, d x w
bivariate copulas {C;;}, and the related parameters.

Output. One observation from the input NEOFC, as a d-dimensional vector.
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Algorithm 5 Generating one observation from a NEOFC.

1. Generate w observations from a uniform random variable on [0,1]. Denote

these values as t1,...,t,.
2: Generate one observation from wa Denote the resulting vector as
o Sw
U UG . . .
3: On each w;* in {uj”,...,uy”}, run the corresponding function

G (®tw, ..., t1). Denote the result as wu;.

The end result of the last step of Algorithm [5[is a vector (ui,...,uq), one
observation from the input NEOFC. Run Algorithm [5| multiple times to get
multiple observations.

Critical to both Algorithms in this section is the inversion of %&)’“0) with
respect to u; in the case of an EOFC or of %Zm with respect to u; in
the case of a NEOFC. This is usually not hard to get symbolically. In the
worst cases, Cl._‘ol or Higl’tj can be get numerically. In the appendix chapter
of the thesis, R code allowing to work with OFCs, EOFCs and NEOFCs is
showcased, including a function allowing to generate observations according to
the two algorithms presented in this section. At the moment, the inverse of
%uz’"") with respect to u; is implemented for more than 10 bivariate copulas.
See the appendix chapter for a detailed list.

3.5 Models

In this section, several models built from Equation (3.2.9)) or Equation (3.2.11])
are presented, including many well-known copula models from the literature.

Krupskii-Huser-Genton copulas. In their paper, [Krupskii et al. (2016])
offer a new family of one-factor copulas that can be used to model replicated
spatial data. Let C'4 be a d-variate Gaussian copula with correlation matrix
A= {p”} Let

+oo

F.(Il) = / (I)(Iz — I’o)dFo(on),

— 00

where Fj is some univariate CDF, while ® is the CDF of the univariate standard
Gaussian distribution. Then, the KHG family of copulas corresponds to an
EOFC where C3, .y = C° = Cy4 and %&;“0) = O(F; ' (u;) — Fy ' (up)),
Vie{l,...d}.

As shown by Krupskii et al.| (2016)), tail dependence and tail asymmetry for
this model is possible, based on the choice of Fj and A.

Let Cl)(u;,u;), i # 7, be a bivariate margin of C, the outer copula. Recall
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that the lower tail dependence of a bivariate copula, such as Cli+] (ug, uj), is
(Hartmann et al. 2004; McNeil et al., 2015):

A = 1im 7C[i,j] (9,9)
iJ 70 q )
while the upper one is defined as
AY = Iim 2¢— 1+ Cll(1—g,1—¢)
q—0 q '

As an example, if
Fo(afo) =1- Kl‘g@_ero,
Krupskii et al.| (2016) showed that for any bivariate margin CH] (u;, u;) of C,

aslongas 0, K >0, 0<a<land g€ R, oraslongasf K >0, aa=0and
p <0,

U _

A more interesting case however arises if 6, K > 0, a = 1 and 8 € R. Then,

)\gszgq)[_g,/l_pii}’
2

meaning that tail asymmetry becomes possible through the correlation matrix
A={pi;}.

The upper tail dependence coefficient can also be made such that )\U =0:
one need to let 6, K >0, a > 1 and 8 € R.

For more examples and details, refer to Krupskii et al.| (2016).

Farlie-Gumbel-Morgenstern copulas. Let the inner copula of a bidimen-
sional EOFC be such that ngo(uo) = 1II, while C7,Cy are Farlie-Gumbel-
Morgenstern copulas with parameters 6; and 6. Then, the resulting outer
copula is a FGM copula with parameter %. Although a bit tedious, the
proof is trivial. Also refer to Example

Note that in a bivariate FGM with parameter § € [—1,1], the related
Kendall’s tau is 7 = % (Nelsen) 2006, p. 162). This means that even if the
parameters 67 and 65 of C7 and Cy are set to their upper limit, the parameter
of the resulting FGM will be 1/3, correbponding to a rather low Kendall’s tau
of 0.074. The model where C Ooluo) = II, while C, Cy are FGM copulas is thus
trapped between a correlation of -0.074 and 0.074 only.

In an EOFC, the inner copula can be viewed as the baseline level of depen-
dence. Instead of letting C’ggo (o = II, one could let C’g? (wo) = = M, where M
is the upper Fréchet-Hoeffding bound. In this scheme, the two FGM copulas
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Kendall's tau as a function of thetal and theta2.

0.72 0.69 0.64

-1

0.69

-0.8

-0.6

-0.2 -04

theta2
0

04 0.2

0.6

0.8

-1 -08 -06 -04 -02 0 02 04 06 08 1

thetal

Figure 3.2: Empirical Kendall’'s tau for an EOFC where the inner copula is M and C1,C2
are FGM copulas, described through 61 € [—1,1] and 62 € [-1,1].

C1,C5 can only be used to decrease the dependence between the two random
variables of interest, U; and Us. Figure [3.2] shows the empirical Kendall’s tau
calculated (sample size = 1000) for various combinations of 6 and 62 when the
inner copula is M. As one can see, the improved model is now trapped between
a correlation of 1 and ~ 0.55. This range can thus be tuned by changing the
inner copula.

Hierarchical NEOFCs. OFCs are not suited to model hierarchical depen-
dence. Assume that one wishes to build a one-factor copula on (Uy, Us, Us, Uy)
such that the resulting model is described by the following matrix of Kendall’s
taus:

Uy Uy Us U,

U 1 025 0.25

Us 0.25 0.25 (3.5.1)
Us 1

Us
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Since Uy and U, are related through the maximum value of 1, it means that
their bivariate margin must be

b 9min(us, ug) & min(ug, ug)

cl2 (u1,uz) = min(ug, uz) = / duyg.

0 8uo 8u0

Similarly, the bivariate margin of Us and Uy is

b 9min(us, ug) O min(ug, ug)

cBA4 (us,uq) = min(us, ug) = / duyg.

0 3U0 8u0

Therefore, the OFC on (Uy, Uz, Us, Uy) has to be

1 . . ) )
Clur, s, s, ug) — / amlna(uhuo) amlr;(w,lm) 8mlr;(u3,UO) 8m11;(u41,u0)du0'
0 Ug Uo Ug UQ

By propositionhowever, this corresponds to C'(u1, ug, us, u4) = min(uq,
ug, U3, ug), for which the correlation matrix is not . A OFC will never
be able to reproduce a matrix of Kendall’s taus such as the one in . In
general, OFCs do not seem to be suited to model matrices of the form

Uy Uy Uz Uy

Uy Ti2 To 7o

U2 T0 T0 (352)
Us T34

U,

in which T12,7T34 > T0-
On the other hand, it is possible to build NEOFCs for which the matrix of

Kendall’s taus is as in (3.5.2).

Start from Equation , and let w = 3, that is, we have a triple layer
of linking copulas. Let C’f; = II. For j = 3, let all linking copulas C;; be a
Frank copula with a same parameter 3. This layer gives the baseline level of
dependence between the four random variables of interest. Next, use the second
layer, 7 = 2, to couple U; and Us, that is, let C12 and Cas be a Frank copula
with a common paramater 05, while C35 and Cyo are set to the independence
copula. Finally use the first layer, j = 1, to couple Us and Uy, that is, let
C31 and Cy; be a Frank copula with a common paramater 61, while C7; and
(51 are set to the independence copula. Table allows one to visualize this
scheme.
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1=1 1=2 =3 =4

j=1 1I II Frank | Frank | 6;

j =2 | Frank | Frank 11 11 02

j =3 | Frank | Frank | Frank | Frank | 63
c? II

Table 3.4: A hierarchical NEOFC with three layers and an inner copula set to independence.

Example 3.5.1. In Table[3:4] set 03 to a value of 5.74, corresponding to a Kendall'tau
of 0.5 for the related linking copulas and 02 = 6; to a value of 6.73, corresponding
to a Kendall's tau of 0.55 for the related linking copulas. The empirical Kendall's taus
based on 10000 observations generated from the model through Algorithm B are as shown
hereafter (also refer to the appendix chapter).

> round(cor(generated.data, method="kendall"), 3)
[,11 [,21 [,31 I[,4]

[1,] 1.000 0.559 0.119 0.123

[2,] 0.559 1.000 0.118 0.121

[3,] 0.119 0.118 1.000 0.563

[4,] 0.123 0.121 0.563 1.000

While the correlation between Ui, Uz and Us, Uy is strong, one can note that even
though 03 corresponds to a correlation of 0.5, the correlation for the couples (Ui, Us),
(Ur,Us), (U2,Us) and (U, Us) appears to have dampen to ~ 0.12. Pushing 65 towards
higher values can help: if 03 is set to a value of 14.14, corresponding to a Kendall's tau
of 0.75, the empirical Kendall's taus become as shown hereafter.

> round(cor(generated.data, method="kendall"), 3)
[,11 [,21 [,31 [,4]

[1,] 1.000 0.743 0.220 0.222

[2,] 0.743 1.000 0.219 0.222

[3,] 0.220 0.219 1.000 0.738

[4,] 0.222 0.222 0.738 1.000

This increase remains however slow and even with a high value for 03, such as 38.28,

corresponding to a Kendall’s tau of 0.9, the correlation between U; and Us will not exceed
0.27.

To overcome the issue of low dependence between the pairs (Uy, Us), (U1, Uy),
(Uz,Us) and (Us, Uy), one can make use of the inner copula to set the baseline
level of dependence, rather than using a layer of identical linking copulas. See

Table B8

i1=1 1=2 =3 i=4

ji=1 II II Frank | Frank | 6
7 =2 | Frank | Frank 11 11 02
C*° Frank 0°

Table 3.5: A hierarchical NEOFC with 2 layers and an inner copula set to a Frank copula.
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Example 3.5.2. In Table[3.5] set 6° to a value of 14.14, corresponding to a Kendall's 7 of
0.75, 62 to 1.38, corresponding to a Kendall's tau of 0.15, and 6; to 6.73, corresponding
to a Kendall's 7 of 0.55. The empirical Kendall's taus based on 10000 observations
generated from the related hierarchical NEOFC are shown hereafter.

> round(cor(generated.data, method="kendall"), 3)
[,11 [,21 [,31 [,4]

[1,] 1.000 0.755 0.388 0.385

[2,] 0.755 1.000 0.387 0.385

[3,] 0.388 0.387 1.000 0.809

[4,] 0.385 0.385 0.809 1.000

As last example of a hierarchical NEOFC, we revisit the tree on the right
of Figure from Chapter This tree was built on daily log returns and
corresponds to the hierarchical NEOFC from Table where the symbols
{Dg, D1234, D56, D12, D34} on the right of the table are there to help one com-
pare the table with the tree of interest.

1=1 =2 =3 i=4 =5 1i=6

j=1 II II Frank | Frank II II D3y
j =2 | Frank | Frank 11 1I II 11 Do
7=3 11 11 11 11 Frank | Frank | Dsg
j =4 | Frank | Frank | Frank | Frank 11 II Di234
(@ Frank Dy

Table 3.6: The hierarchical NEOFC corresponding to the tree structure on the right of Figure

E23

Note that, given a tree structure, the corresponding NEOFC will have as
many layers as there are internal nodes in the tree when the inner copula is
set to independence, or, when the inner copula is used as root node, as many
layers as there are internal nodes in the tree minus one.

Example 3.5.3. Set the various parameters of Table[3.6] to the arbitrary values shown in
Table[3.7] The empirical Kendall's taus based on 10000 observations generated from the
related hierarchical NEOFC are shown hereafter.

> round(cor(data, method="kendall"), 3)
[,11 [,21 [,31 [,41 [,51 I[,6]l

[1,] 1.000 0.776 0.400 0.406 0.476 0.478
[2,] 0.776 1.000 0.404 0.407 0.475 0.475
[3,] 0.400 0.404 1.000 0.775 0.485 0.483
[4,] 0.406 0.407 0.775 1.000 0.489 0.487
[5,]1 0.476 0.475 0.485 0.489 1.000 0.755
[6,] 0.478 0.475 0.483 0.487 0.755 1.000

Note that, in contrast to what is usually required for nested Archimedean
copulas, the dependence in hierarchical NEOFCs is not required to be a nonde-
creasing function as one goes farther away from the root node. The empirical
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matrix from the last example indeed shows that the dependence at node Dqs
is ~ 0.776, that of node Dq334 = D1.4 is lower, around 0.400, but that of the
root is higher than 0.400, at around 0.475.

i=1 =2 i =3 i =4 =25 i =06
j =1 II 11 T34 — 0.4 T34 — 0.4 1T II D34
j:2 T12 =04 T12:O.4 11 1T 11 1T Dlg
i=3 I T T T =02 | 756 =02 | Dss
j=4 [ 7T1234 =0.1 | 71234 = 0.1 | 71234 = 0.1 | 71234 = 0.1 11 11 Di.4
C’<> T0 = 0.75 DO

Table 3.7: Parameters for Example , expressed as Kendall’s taus for convenience.

Archimedean copulas. Let ¢ be a completely monotonic function on [0, o],
that is, (—1)%d*/dt*+)(t) > 0 for all integers k and all ¢ > 0, and such that
¥(0) = 1 while

P(o0) = lim 9 (t) = 0.

t—o0

If a copula C' can be written as

Clu, .. uq) = Y%~ (ur) + -+ 97" (ua)),

then it is called an Archimedean copula with generator ¢ (McNeil, |2008). Let
us note that, in order to make sure C' is a proper copula, the above-mentioned
conditions on v are sufficient, but not necessary. For sufficient and necessary
conditions, see [McNeil and Neslehovéd| (2009).

PROPOSITION 3.5.4. In (3.2.9), let Cy, = II, assume that the support of Xo is
[0, 0], and put

Qolw)
s, 1) = / =1 £ (1) dit,
0
where -
Q/J(x):/ e*t‘”fo(t)dt,
0

i € {1,...,d}, with fy being the derivative of Fy and Qo its inverse, with
Qo(ug) = xg. It can be checked that 1 is completely monotonic, see for instance

Joe (2001). Then C, the left-hand side of equation (3.2.9), is an Archimedean
copula with generator 1.

Proof. Checking that C; is a copula is straightforward. Moreover, since

9Ci(ui, u0) _ Qoo (u)
auo ’
it holds that
© d —1 d
C(U,l,...7Ud) _ / 6—10 Zi:ﬂb (U«i)fo(xo) dﬁ[}[) — w(Z@[}_l(ul))
0 i=1
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Note that a reformulation of the above construction can be found in [Joel

(2001)).

Nested Archimedean copulas. Archimedean copulas can be nested in or-
der to get more flexible models. Nested Archimedean copulas (NACs) were
introduced by and have been the main topic of many research pa-
pers since, see for instance McNeil (2008)), Hofert and Pham)| (2013)), or |Okhrin|
(2013b). The simplest nested Archimedean copula consists of a bivariate
Archimedean copula

Cra(u1,u2) = Pra(viy (u1) + ¥ (u2)),

which is nested into another bivariate Archimedean copula

Cha (e, uz) = 1123 (V125 () + V105 (u3))

in order to get a copula of the form

C(u1,uz,uz) = Cr23(Cia(u1,u2), us3)

= Y123 (Yigs (12(V13 (u1) + U3 (u2))) + ¥is(us)).  (3.5.3)

In general, an arbitrary pair of generators (¢123,112) does not ensure that the
copula in Equation is a proper copula. See Chapter [2| for more details
on NACs. In this chapter, it is always assumed that the generators are such
that the NAC is a proper copula.

PROPOSITION 3.5.5. Define 1123 the same way ¥ was defined in Proposition

[3-54 Also let C; as in Proposition[3.5.]} Further define

Co (U, v, w) = exp (— Ty X 1/(1/_1 Ljio log <%)] +v7t [%Olog (i)])) X w;

where v(e) = P4 (Y12(e)), v(e) ™t = ¥, (Y123(e)) and 1hi2(e) is equal to the
integral from 0 to oo of exp(—te)dFi2(t) with Fio some distribution function.

Then (3.2.9) is the copula given in (3.5.3)).

Proof. First, it is proven that Cy, is a copula. Define, for 0 < u,v,w <1,
R e G DI =Y0)))
X exp <— To X ¢1_213(w>>
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One can check that Cy, in Proposition is the copula corresponding to the
multivariate distribution G,,. And from Joe (2001, page 88, it can be easily
deduced that G, is indeed a distribution function. Therefore Cy, is a proper
copula.

The proof then proceeds by showing that C in (3.2.9) is a nested Archime-
dean copula. C in (3.2.9)) becomes

1
C(u1,u2,u3) = /0 exp <_ Qo(uo) x V<V1 {Qo(lw) tog (010(11“%))}
(3.5.4)

+vt [Qo(luo) log (Cglo(iﬂuo))])) x Cso(us|uo) duo.

In the proof of Proposition it was shown that %uz’“") = Cyjo(usluo) =
exp(—Qo(uo) X Yiz3(u;)). Replacing in (B.54) gives

/ exp ( ~ Qoluo) ( [V (u)] +v7 [wm§<u2>])>
exp(—Fy H(ug) X ia3(us)) dug
~[Tew ( o v (w12 (932 0) + v ) ) + 0 )| ) 4F (o)

= a3 (Vias (Vr2(¥1y (1) + iy () + Yigg(ua)),
which is the NAC from . O

Gaussian copulas. A Gaussian copula is a copula whose density c satisfies
1 I+
log(e(u, ..., uq)) = ~5 log(det(R)) — 57 (R™" = 1)z, (3.5.5)

where R is a d x d invertible correlation matrix, z = (z1,..., zd)T and z; is the
quantile of order u; of the standard normal distribution. A Gaussian copula can
be represented as in (3.2.9). Let A = (Ay,...,Aq)" be a real vector in [0, 1]%
and let D be a diagonal matrix with elements given by 1 — A? i = 1,....d.
Finally let C'4 be a d-variate Gaussian copula with correlation matrix A.

PROPOSITION 3.5.6. Let ngg(uo) = (C° = C4 and let C; be a bivariate Gaussian

copula with correlation A;, i € {1,...,d}. Then the outer copula in (3.2.9) is
a Gaussian copula with correlation matriz given by R = DY2ADY? 4+ AAT .

Proof. Let R be a symmetric nonnegative matrix whose diagonal elements are
equal to 1 and whose element in the i-th row and j-th column is denoted
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Aij. Let (Z, ..., Zq, Zy) be distributed according to a (d + 1)-variate centered
Gaussian distribution with variance-covariance matrix given by

R A
dxd dx1
AT 17
1xd 1x1

so that (Z1,...,24|Z0 = z9) ~ N(Azp, R — AAT). The partial correlations
are given by

V- a9 -a2)

or, in other words, the partial correlation matrix is A = D~'/2(R—AAT)D~1/2,
Given Zy = 29, the margins (Z;|Zy = 29) are N(A;zp,1 — A?), hence

COV(ZZ‘,ZJ‘|Z0 = ZQ) = COI“I“(ZZ‘,ZJ‘|Z0 = Zo) =

P(ZZ §Z|Zo :Zo) Zq)((Z—AzZO)/ 1—A$)7

and, moreover, the corresponding copula is a Gaussian copula C4, with corre-
lation matrix A.

Calculate the copula corresponding to (Z1, ..., Zg). Let ® be the cumulative
distribution function of the univariate standard Gaussian distribution.

C(Zl, 7Zd)(u1, e ,ud)

/P < Ui, 1= 1 d|ZO = Zo)(I’/(Zo)dZO

/ (Z <‘b ( ) Z:l, d‘Zo—Zo (b/ dZo

(%0
B D1 () — Ayzo i ! (20)dz
‘/CA{q)( VBT ) }‘D o
. 1 (I)il(ui) — Aﬁbi (Uo) .
_/0 C’A{q)( M ),1—1,...,d}duo.

This expression corresponds exactly to the copula given in (3.2.9), with

0C;(ui, up) > O (ui) — Ai® " (uo)
dug V11— A2 ’
see |[Meyer| (2013)) for details.
O

Note: in the case d = 2, the outer copula is a Gaussian copula with corre-

lation given by
PAN/ 1-— A%\/l — A% +A1A2.
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Also see Example [3.3.18

C-Vine copulas. Let (Up,Uy,...,Uy) be a random vector following a C-
Vine copula distribution truncated after the second level. The density of this
truncated C-Vine is given by

d—1 d
c(u, .. ua) = [ € 1140(Ciio(ualuo), C i (wapiluo)uo) T ] ¢ (ui, uo)
=1 i=1

(3.5.6)

where ¢ = 92C} (u;, ug) /Ou; Oug, C’;*lo(ui|u0) = 0C (ug, up)/Oug, {C}(us,up)}
is a set of d arbitrary bivariate copulas, and {CT,1 +i|0} is a set of d — 1 abritrary
copula densities for each ug. Due to their extreme flexibility and ease of use
(one only has to specify sets of bivariate copulas), Vine copulas have been used

in an increasing number of applications and are still a hot topic of research,
see for instance [Aas et al| (2009), Kurowicka and Joe| (2011) or Bedford and|

(Cooke (2002).

ProprosITION 3.5.7. If, in (3.3.6), where T1 = Uy and t1 = ug, for each ug,
Cu, 18 defined as

(]

d—1

Cug (- yua) = T € 1pijo(ur, wrgaluo),
=1

and c¢;(ug, uo) = cf (ug, uo) for all i, then the outer copula c in (3.3.6) is the d-
variate marginal distribution, with respect to ug, of (3.5.6)), that is, its density
18

1 d
(s, ug) :/ o (Cout]0), - Cio unaluio)) T ¢ (s, o)
0 =1
1d—1 d
= [ TL et sl ol o), o sfuo)lun) T (s, uo)
0 ;=1 i=1

If one assumes that, in (3.5.6]), none of the elements of {c] ; Jrilo} actually
depends on g, then the inner copula in Proposition [3.5.7] becomes

d—1
Cuyg (’Uq, S ,Ud) = H C>1k,1+i(u1a u1+’i)a
i=1
which is nothing more than a C-Vine on (Uy,...,Uy), truncated at the first
level.
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p-factor models. Define respectively I1;-factor and Ils-factor copulas as cop-
ulas of the form

CM) (yy, .. u / H i ul|v2 dvg, and (3.5.7)

C’(Ha)( //ch(ﬁ) |0 uz|v1)|v2)d1}2dv1, (3.5.8)

where Ci(l (uslvg) = 0C’( )(uz,vk)/avk fork=1,2and i =1,...,d, and where

the Ci(k) are (arbitrary) bivariate copulas. IIj-factor and II-factor copulas
have been studied in [Krupskii and Joe| (2013, [2015) as copula models for con-
ditionally independent variables given respectively one and two latent factors.

The following (trivial) proposition aims at recovering II;-factor and IIs-
factor copulas as special cases of the model .
PROPOSITION 3.5.8. Consider the copulas given in (3.5.7) and (3.5.5).
, put C; = C’Z-(Z). If, moreover, CZ)o(uo) = II for each ug, then the outer
copula C in is the Il -factor copula given in . Likewise, if, in
, C; = Ci(l) and moreover,

1 d
Cao(uo)(ul,...,ud) = / HC,L(|20)(’LLZ"L~L0) dﬂo,
0 =1
then the outer copula C in (3.2.9) is the la-factor copula given in (3.5.8)).
Note that C’<> o) in the above proposition actually does not depend on ug

hence we have condltlonal invariance. This restriction can be easily removed
as follows. Let, for each wug, {C;(e,®;ug)} be a set of bivariate copulas and

Cdo(ug) (W15 - -+, Ud / ch\o (ui|tio; uo) dito,

where @'\o(uimo; up) = oC; (u;,@g; ug)/Otg. The outer copula is then

C(uy,...,uq / / HC|0 Cijo(uiluo)|to; uo) diig dug.

3.6 Inference

This section discusses estimation of models of the form (3.2.9) or (3.2.11)), as
well as how one can test for conditional independence for models of the form
(13.2.9)).
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3.6.1 Estimation

Let, in (3.2.9), Ci(ui, ug) = Ci(ui, ug; o) and
Cazo(u17 e aud) = Cmo(uh sy Ud;ﬁ(l'o)),

where (3 is a mapping which, to each xg in the support of X, associates a
parameter in the appropriate parameter space. If the mapping 5 depends on
a vector of parameters, as in , we also denote this vector by 5. Like-
wise, we denote the parameter vector which contains the parameters of the
quantile function Q¢ of Xg by A. Accordingly, the notation for the copula
of (U1,...,UqlUy = ug) becomes ngo(uo)(ul, cootg) = Cour, .. ug; By N).
Finally, let us denote by (zp1,...,2Zh4), h = 1,...,n, the sample of the distri-
bution F' with margins Fy, ..., Fy and copula C.

The pseudo log likelihood function to maximize is

1
0

L, (0) = Zlog/ c [C1|0(ﬁ1(ﬂ7h1)|uo;a1), . -7Cd\o(ﬁd(ﬁhd”UO;ad)?ﬁa)\}
h=1

d
X H Ci(ﬁi(mhi)a up; ;) dug,  (3.6.1)
=1

where 0 stands for the complete parameter vector, that is, 8 = (a,f,A),
a = (aq,...,a4) and F; denotes an estimate of F;, i € {1,...,d}. There
are many ways to estimate F;. For instance, F; may be the empirical distribu-

tion function, as in |Genest et al|(1995), or may be a parametric estimate, as
in |Joe and Xul (1996).

Regarding the computational aspects, especially in higher dimensions and
for large datasets, the likelihood may be costly to compute due to the
repeated use of integrals (as many as the sample size). A brief discussion on
these computational aspects are given in Section [3.7.1] also see the appendix
chapter.

3.6.2 Testing for conditional independence

This section provides procedures to test for conditional independence in models
based on the representation . Indeed, being able to assess if the variables
of interest are dependent or independent conditioned on the latent factor seems
a crucial issue. Conditional independence would mean that the factor captures
all the dependence in the data whereas no conditional independence would
mean that there is a remaining, intrinsic dependence in the variables even
though the factor has been accounted for.

Throughout this subsection, the bivariate copulas C;, i € {1,...,d}, are
assumed to belong to some known parametric families. The inner copula C,,, =
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CQD(U ) however, can be left fully unspecified: either nothing is known about it,
either a parametric form is assumed. The possibility to carry out a hypothesis
test in this setting is new to the literature.

The hypothesis test for conditional independence is of the form
Hy : C’%O(uo) = II for all ug
versus H; : there exists some ug such that C%U (uo) # 11

(recall that II stands for the independence copula or the product function),
where for two functions f and g, f = g means that f(t) = g(¢) for all ¢ in their
domain.

If a certain parametric form is assumed for C(%O (u0)? such as in Section
then most likely the test will reduce to testing for a parameter to equate a
certain value, and no conceptual difficulties refrain the task. For instance, in
(3-3:2)), testing for conditional independence amounts to testing for By = oo or
B1 = oo (conceptually). Let us remark that testing for conditional invariance
is also feasible: one need to test 81 = 0.

If C3 is left fully unspecified, the alternative hypothesis needs to be

slightly Cieg‘ér%cted in order for a test to exist. Consider
Hy : ngo(uo) =1II for all ug
versus Hy @ C3 .0y > 11 for all uo. (3.6.2)
Then, the alternative hypothesis is: “conditioned on the factor, the variables
of interest are positively dependent”.

Let m be the risk of type I error. One rejects Hy if T,, < ¢, where ¢, is
chosen so that Py, (T, < ¢;) = 7 and where

T, = sup (M(t)—C(t)), (3.6.3)
tel0,1]4
where M (t) = M(ty,...,tq) = min(ty,...,tq) is the Fréchet-Hoeffding upper
bound for copula and

1 n
*Zl {Fy(Xp) <t;},i=1,....d) (3.6.4)
n

=1
is the empirical estimator of C ; (Xp1, ..., Xna), h € {1,...,n}, being the data
; and F; being the empirical distribution function of Xp;.

The heuristic underlying the expression of T;,, the test statistic, is as follows.
Denote by C'H0) the outer copula under Hy, that is, one substitutes II for the

inner copula C¢, () in 3.2.9) and gets

CUHO) (yy .. / HO,IO wslug) dug. (3.6.5)
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If Hy is true, then the true copula C verifies C = C0) But if Hy is false,
Cy, > 1I implies C' > C(Ho) | In order to reject the null, one could therefore
compare the empirical copula C to CHo) | the latter being an estimate of C'(Ho),
and reject the null if C' — CH0) is too large. However, as the distribution of
this difference under Hj is unknown, one would need to use bootstrap and fit
C(Ho) to simulated data a large number of times, a process far too expensive
for most hardware.

To overcome this issue, the comparison of C to CHo) is done indirectly
using the Fréchet-Hoeffding upper bound as a baseline (note that the Fréchet-
Hoeffding lower bound for copulas could also be considered as a baseline for
comparison, the upper one was however picked since it has the nice property
to be a copula Vd, although this property is by no means required for the test).
The result of this suggestion is , which describe a test statistic always
positive and expected to take small values when Hj is false.

The bootstrap of T, is now described. Note that under Hy, tkle outer
copula in is fully parametric: one can obtain an estimate C(H0) by
maximum pseudo-likelihood (Krupskii and Joe, [2013). New bootstrap samples
(say N of them) are then drawn using Algorithm [] in order to get N test
statistics Tr(Ll), . ,Tr(LN). These can be used, for instance, to compute a p-

value as Pp, (Tn < TT(LObS)) ~ N1 Zszl 1 (TT(Lk) < T£°b5)>. In other words,

the p-value is estimated by counting how many test statistics in {Tr(f)},t €
{1,...,N}, are lower or equal than the test statistic 7.°""), built using the
data from the original sample.

Finally, let us note that the test Hy : ngo(uo) = II against H; : ngo(ug) <II
can be carried out by considering again, but this time with a rejection
region on the right, that is, we reject Hy if T,, > ¢, where ¢, is chosen so that
PHO(Tn Z CW) = T.

3.7 Illustrations

The purpose of this section is to illustrate how one can take advantage of the
framework presented in Section [3.2]in practice. We first provide a few technical
details on how some numerical operations were performed.

3.7.1 Computational aspects
In this chapter, log-likelihoods are maximized using either gradient descent
algorithms, which can be found in the optim function of the statistical software

R, or differential evolution (Storn and Pricel, [1997; Qin and Suganthan| 2005;
Price et all |2006)), for which a R package also exists: DEoptim (Mullen et al.,
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2011)).

Note that gradient descent algorithms usually require to provide a starting
parameter vector. It is advised to try several such points and retain the best
result for the likelihood.

For the numerical evaluation of the integrals in (3.6.1)), refer to the appendix
chapter.

3.7.2 Revisiting the daily log returns from Section 2.6
Chapter

In Section [2:6] Chapter [2] daily log returns from January 2010 to December
2012 for 6 indices were gathered with the help of Yahoo! Finance and analyzed
using nested Archimedean copulas. The result was the estimation of the two
tree structures in Figure [2.23]

In this subsection, we fit the hierarchical NEOFC described by Table [3.6on
the same data, in an effort to reproduce the results from Section [2.6] This is
performed by maximization of the corresponding likelihood using the DEoptim
function. The estimated parameters for this model are, expressed as Kendall’s
taus for convenience,

70 = 0.176813,
T1234 = 0072114,
T12 = 0251929,

T34 = 0.354454,
and 756 = 0.383513.

Also refer to Table

The Kendall’s taus between the random variables of interest induced by the
fitted model are however unknown but can be calculated through simulation.
Hereafter is the matrix of Kendall’s taus between the random variables of inter-
est, calculated using 10000 observations from the fitted hierarchical NEOFC.

ANF AMZN ChM PCh GBLB KBC

ANF 1.00 0.28 0.13 0.14 0.12 0.12
AMZN .... 1.00 0.12 0.12 0.13 0.13
@ 500 o000 1.00 0.34 0.10 0.11
BUL 6000 cocoo acoo 1.00 0.10 0.11
@E8 5600 0000 0ooo cooo 1.00 0.36
YO 0000 0000 cooo o0ooo ocooo 1.00

This can be compared to the matrix of Kendall’s taus induced by the tree
structure on the right of Figure [2.23

110



Chapter 3: Extending One-Factor Copulas

ANF AMZN ChM PCh GBLB KBC
ANF 1.00 0.31 0.08 0.08 0.18 0.18

AMZN .... 1.00 0.08 0.08 0.18 0.18
@il 500 o000 1.00 0.35 0.18 0.18
B30 6000 0000 oocoo 1.00 0.18 0.18

@IS 5000 0000 0ooo cooo 1.00 0.44
FE® 0000 0000 0o0co o0ooo o0ooo 1.00

The Kendall’s taus from the fitted hierarchical NEOFC however match the
ones induced by the model on the left of Figure [2.23] more:

ANF AMZN ChM PCh GBLB KBC

ANF 1.00 0.31 0.14 0.14 0.14 0.14
AMZN .... 1.00 0.14 0.14 0.14 0.14
@il 500 o000 1.00 0.35 0.14 0.14
Bl 6000 co0oo oooo 1.00 0.14 0.14
@EILS 5000 0000 0000 ocooo 1.00 0.44
YO 0000 0000 cooo ocooo ocooo 1.00

In conclusion, the hierarchical NEOFC described by Table fitted on
the data from Section [2.6] Chapter [2] is able to capture a similar hierarchical
dependence structure as the one captured by the tree on the left of Figure [2.23

3.7.3 Power of the test for conditional independence

In this section, we study the power of the test statistic T;, in by means
of a simulation experiment. We considered the test and set the type I
error risk to 7 = 0.1. We drew N = 500 datasets of size n = 50 and 500 from
the model (3.2.9), with d = 3 and C; being Clayton copulas as in with
parameters «;, ¢ = 1,2,3, such that Kendall’s 7 coefficients are equal to 0.4
for i =1, 0.5 for ¢ = 2 and 0.6 for ¢ = 3. The inner copula C, was a normal
copula as in with correlation matrix

r=| 7o (3.7.1)

1

for § =0.0,0.1,0.2,0.3,0.4, and, finally, 0.5. (There are N = 500 samples of
size n = 50 and 500 for each ). Note that S = 0 corresponds to the null
hypothesis Hy.

For each sample, k = 1,..., N, we calculated a p-value p(*) based on 200
boostrap replications. That is, we calculated the proportion of 200 simulated
test statistics that where lower or equal than the observed one. As rejection
occurs whenever the p-value is lower or equal to the type I error risk w, we
approximated the power by the proportion of the p*) falling below 7. See
Section for details.
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Figure shows the estimated power of T, in (3.6.3]). As it was expected,
the power of the test increases as n and g grow. Furthermore the power is
equal to the type I error risk 7 under the null, that is when g = 0.

— n=500 o

<
o --- n=50 e

power

0.2
|

1

o

0.0

beta

Figure 3.3: Power of (3.6.3) as a function of 3, for the setting described above.

3.7.4 Estimating the distribution of a financial market
through the dependence of its individual assets

It is commonly assumed that dependence within financial markets is higher in
“crisis times” than in “stable times” (see e.g. |Tajvidi et al.| (2015)) for a statistical
analysis supporting this view). If one wishes to turn this assumption into a
statistical model, then certainly the approach developed in this paper would
be useful. Indeed, one would let X be the crisis indicator and C, account for
the dependence in the market as a function of its state — state which would
range from “no crisis”, coded by the number 0, to “extreme crisis”, coded by the
number 1, with values usch as 0.5, 0.2 or 0.7 describing an in-between state.

Once a particular model would have been chosen, many things may be of
interest. One may be interested in estimating the latent crisis indicator distri-
bution and study its evolution through time. Or would assess the goodness-
of-fit of the model in order to infirm or confirm it, in particular the functional
dependence related to the latent factor, or, in other words, how the individual
assets respond to the market state.

Data

Our market consists of d = 10 arbitrary componentsﬂ of the NASDAQ index.
We gathered weekly data from Yahoo! Finance at http://www.yahoo.com/
between 2005 and 2013. The log-return at the h-th week and k-th year for the
i-th component is denoted

k k k
Xi(Li) = IOg(Vifi )/fo—)l,i)v

L Alexion, Apple, Biogen, Rob, Citrix, Costco, EA, Fast, Garmin and Henry
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where Vh(zk ) stands for the raw prices. The log-returns are uniformized as

RY) J(ny, + 1),

where ny, is the number of observations for the k-th year (usually 52) and R;L]z)

is the rank of X}(LIE) among Xl(?), . ,Xfﬁ). The latent crisis indicator at the
h-th week and k-th year is denoted X ,(LIS). For the sake of simplification, we
assume that the vectors (X;(L]S), X}(L]i), . ,X,(LZ)), h =1,...,n, are independent
and identically distributed for each fixed k.

Models and methods

Our choice for the 3 components required (remember Section to build a
parametric model are given here. For convenience, the latent crisis indicator is
assumed to be beta distributed, so that it has a flexible distribution over the
interval [0,1]. So, for each year k,

_ F()\gk) + /\ék)) AW 1

(k)
x (1- xO)A2 _1,
T rog)

k k k
9 a2, 50)

where 0 < 2o < 1, A% A% > 0 and T is the Gamma function defined in (32.4).
Consequently, the factor’s median may also be interpreted as a deterministic
crisis indicator: the closer the median is to 1, the more likely we are in a crisis.
The copula of (X,(LIS)7 X}(llz)) is assumed to be a Frank copula for alli =1,...,d
and all k, that is,

(k) (k)

K K 1 e v 1) (em w0 — 1

Cz( )(Uuumag )) = (k) log <]- + ( — ()k() )> )
« e % —1

2

where az(k) # 0 and —oo0 < agk) < oo (see e.g. Nelsen (2006) p. 116). The

inner copula is a Gaussian copula with an exchangeable correlation matrix, so
that ¢, has formula (3.2.5) with

Zo

R(z0) =

Zo
1

In other words, the dependence between the individual assets increases linearly
as the crisis becomes more severe.

For each year, there were 12 parameters to estimate: 10 for the 10 bivari-
ate Frank copulas (agk), e, a((ik)) and 2 for the latent factor beta distribution
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(A(lk), )\(Qk)). Estimation was performed by pseudo maximum likelihood, as de-
scribed in Section [B.6.11

In order to assess the goodness of fit of our model, we compared the average
of the pairwise Kendall’s tau coefficient model-based estimates to its empirical
counterpart. Let us focus first on the empirical coefficient. Denote by Ti(ilf)
(respectively fi(i]f)) the true (respectively empirical) Kendall’s tau coefficient
between the i-th and #’-th individual assets for the k-th year. Let 7(F) =
Siew T /(d(d —1)/2) and 7R = 3. 7% /(d(d — 1)/2) be the respective
pairwise averages. Recall that the empirical estimate of Kendall’s tau coefficient
between the i-th and #'-th individual assets for the k-th year is given by

—1
~(k n . k k k k
1= (3) 3 s (0~ X0 X))
h<h'

where sign(z) =1if £ >0, =1 if 2 < 0 and 0 if z = 0.

Confidence intervals around 7(F) can be built as follows. Let 7(*) be the
vector whose coordinates are the Ti(i]f) and let # be its empirical counterpart.
The vector \/ﬁ(‘f'(k) — 7)) tends to a centered normal distribution of dimen-
sion d(d — 1)/2. The asymptotic variance-covariance matrix can be estimated
by bootstrap from formula (12) in Mazo et al.| (2015b). The convergence in
distribution of v/n(7*) — 7(¥)) to a centered normal distribution and standard
deviation, say o), comes after applying the Delta method. Again, on can
compute an estimate, say %), of 0(*¥) by bootstrap. As a result, one can easily
compute a confidence interval of level 99% as 7(*) iz,ggg)&(k)/\/ﬁ, where z g95 is
a number such that the probability of a standard normal variable to lie between
—Z.995 and “+2.995 is 99%

Results

Figure pictures the average of the pairwise Kendall’s tau coefficient model-
based estimates. The shaded area represents the 99% confidence intervals.
The results presented in Figure [3:4] support the plausibility of our model as
the curve lies inside the confidence intervals. In particular, these results also
demonstrate the model flexibility, as the curve seems to “follow” the empirical
confidence intervals.

Figure pictures three indices normalized so that their shape through
time could be drawn and compared on the same picture. The normalizations
are of the form

fnormalized(t) = (f(t) - F,)/(F+ — F,)
where F_ and F are the minimum and maximum values of f respectively.
Thus, up to normalization, the dashed line represents the NASDAQ loss rate,
that is, (X,(j) - X,(I]:H))/X}(L]:) for k € {2007,...,2013}; the dotted lin repre-

2The data were downloaded from http://www.cboe.com/data/putcallratio.aspx
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sents the put-call ratio on the CBOE total exchange volume (see below for an
explanation) and the plain line represents the latent factor estimated median.

The put-call ratidEI on a certain market is, as its name tells, the ratio between
the put options and the call options on that market. Put options are contracts
on assets which give one the right, but not the obligation, to sell that asset in
the future at a price fixed today, so that a profit can be made if the price of
the asset goes down. Conversely, a call option is a contract on a asset which
allows one to buy in the future at a price fixed today. Thus, arguably, the ratio
of the put to the call can be seen as the overall attitude of investors toward a
financial market. As such, we might see it as a crisis indicator. Likewise, the
index of a market, such as the NASDAQ), is commonly regarded as mirroring
the state of some part of the economy, and, therefore, its loss rate can be seen
again as a crisis indicator.

Therefore, we have at our disposal, on the one hand, two crisis indicators
computed independently from our model, and our latent factor estimated me-
dian, which we chose to interpret as a crisis indicator. Arguably, if these three
indices — the NASDAQ loss rate, the put-call ratio and the latent factor es-
timated median — exhibit a similar behavior, this would support, first, our
choice to interpret X as a crisis indicator, second, the functional form of our
copula Cy, and third, losely speaking, our model.

In Figure |3.5] all the indices have a similar shape: that of the letter “M”:
it goes up, down, up and down again. Moreover, they all pick down at around
the same location, corresponding to 2010. Also, they all pick up at around
2008, corresponding to the world financial crisis that took its root into the
subprimes crisis in the summer of 2007. After 2010, they start to go up again,
perhaps corresponding to the European sovereign debt crisis. While we have,
admittedly, no expertise to discuss the relevancy or confidence one can have in
these indices, it is still noticeable how they agree with each other, how they
tell the same story. In particular, the behavior of our latent factor is consistent
with the behaviors of the other crisis indicators. Therefore, we believe that our
model passed an important empirical test and we hope to have convinced the
reader of its usefulness in this situation.

3see e.g. http://www.investopedia.com/terms/p/putcallratio.asp
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Figure 3.4: Pairwise Kendall’s tau estimated coeflicients average under the considered model
along with empirical confidence intervals through time.
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Figure 3.5: Three normalized financial markets trackers through time: the plain curve rep-
resents the latent factor estimated median, the dashed curve represents the NASDAQ loss
rate and the dotted curve represents the put-call ratio.

3.8 Discussion

In this chapter, we extended the scope of one-factor copulas thanks to Equa-
tions (3.2.8), (3.2.9) and (3.2.11). Models built using these equations can now
feature a varying conditional dependence structure and a factor’s distribution
not restricted to be the standard uniform. General dependence properties for
these models were given and explicit examples were discussed. The usefulness
of these models was illustrated by considering the estimation of the behavior of
a financial market through the dependence of its individual components. Fur-
thermore, a novel hypothesis test was constructed in order to assess whether
conditional independence holds or not.

Note that although not part of this chapter, the appendix chapter of this
thesis was built on top of it and showcases how one can in practice, using R,
build models using Equations (3.2.8)), (3.2.9) or(3.2.11]). Explicit examples of
code is given, as well as details on how numerical integration can be performed,
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including a simulation study to compare five different numerical integration
methods.
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This thesis began with nested Archimedean copulas and their trees. Being able
to nest Archimedean copulas is not only elegant, but also useful. It allows
not only to break the bounds of regular Archimedean copulas, offering more
flexibility, but also to really understand the link between the various variables
at play, thanks to the tree structure arising from the nesting scheme.

Nonetheless, nested Archimedean copulas still fall short when it comes to
flexibility. They might look flexible, and they certainly are more flexible than
Archimedean copulas, but they remain too limited.

This fact was painfully visible while trying to estimate the tree structure
from a NAC using the approach from Subsection 2.3.2 in Chapter 2] In this
approach, pieces of the target tree are marginally estimated and then assembled
to build a “global” estimated tree. When the data actually come from a nested
Archimedean copula, the approach yields very good results. But when the
data are not from a nested Archimedean copula, one always ends up with
pieces that conflict with one another in such a way that a global estimated tree
is impossible to retrieve. Yet, each marginal piece is strongly supported by the
data. Even if there was a procedure allowing to correct some of the pieces so
that they play well with the others, this will not change the fact that the fit
of the resulting tree will be bad on the level where the correction was applied.
How is it possible to have conflicting pieces that are all strongly supported by
the data at the same time? Simple: the data are not coming from a nested
Archimedean copula and fitting one will not accurately model the dependencies
between the random variables of interest.

The approach developed in Subsection [2.4] is a response to this problem of
conflicting pieces. Even if this problem is actually a sign that fitting a nested
Archimedean copula to the data is not a good idea, one should still be able to
do it. Subsection thus gives the key on how to force a tree on the data,
regardless of whether or not the underlying target copula is actually a NAC.

The last chapter of this thesis was devoted to factor copulas. One-factor
copulas (OFCs) form a flexible class of copulas that’s easy to understand and
interpret. They however are unable to model certain hierarchical dependencies,
as shown in Section In Chapter |3 they are extended, allowing for more
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flexibility, and NACs are shown to be a particular case of this extension. EOFCs
and NEOFCs, developed in this thesis, still face many challenges, but they
nonetheless offer flexibility on demand, interpretability and could find their
place alongside vine copulas.

Possible future work. Speaking at the first person in this part of
the thesis. While my desire to build new high-dimensional copulas remains
strong, I feel the urge to start using the ones already developed or studied
on real data. What are the applications of copulas? How are they used by
researchers around the world? A small review of the literature outside of the
realm of statistics lead me to some surprising results, such as a paper from
Jiang et al.| (2009)) where copulas were used for the study of extra solar planets,
one from |Scherrer et al. (2009)) on the study of large scale structures in the
universe, one from Salinas-Gutiérrez et al| (2009)) where copulas are used for
mathematical optimization, one from Onken et al.| (2009) on the study of short-
term noise dependencies of spike-counts in macaque prefrontal cortex, or one
from |De Waal and van Gelder| (2005)), using copulas for the modeling of extreme
wave heights and periods. These are only a few of the papers found. Most
papers using copulas use bivariate copulas only, hinting at a huge potential
for applications using d-dimensional copulas, with d > 2. As a former chemist
with a strong background in physics and a general background in most natural
sciences, it seems I'm in an excellent position to serve as bridge between the
world of copulas and researchers from other fields of science.

Regarding new copula models, nested extended one-factor copulas are one
of the most intriguing constructions of this thesis and are expected to fuel many
future researches. Things of interest regarding them are, among other things,
numerical challenges, identifiability issues and a better understanding of the
properties of hierarchical NEOFCs.

Finally, coming back to hierarchy, a new copula model recently emerged:
the hierarchical Kendall copula, as seen for instance in |Brechmann| (2013)) or
Brechmann| (2014). This copula seems to retain the main quality of nested
Archimedean copulas, which is its ability to be represented as a tree structure,
while offering more flexibility. Estimation is, as far as I know, still an issue and
could be the subject of future researches.
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Appendix: the OFC
package

In this part of the thesis, related to Chapter 3| the three main functions of the
OFC package are showcased, these functions allowing one to work with one-
factor copulas, extended one-factor copulas and nested extended one-factor
copulas, using R. Numerical integration is also discussed.

The three functions are d0FC, pOFC and rOFC. The outer copula one wishes
to work with must be specified to these functions as a list, the first element
of which being a data frame specifying the inner and bivariate (or linking)
copulas. Example 1 shows how to use dOFC with a simple OFC, Example 2
shows how to use pOFC with an EOFC and Example 3 shows how to use rOFC
with a NEOFC.

Example 1: dOFC with a simple OFC. One must here define the points
at which the density has to be calculated, as well as the OFC of interest.

> my0FC
$innerandbiv

i j family paraml param2
1 inner inner ind NA NA
2 1 1 Frank 2.0 NA
3 2 1 Frank 2.0 NA
4 3 1 Frank 2.0 NA
> u

[,1] [,2] [,3]

[1,] 0.21034650 0.3257784 0.7907567
[2,] 0.05175068 0.7129468 0.8002865

> dOFC(u=u,OFC=myUFC)
$values

[1] 0.9067347 0.8080970
$errors

[1] 0.006275317 0.003494095

In this example, the inner copula is the independence copula. The max
value of j being 1, no nesting is involved, and since the max value of i is 3,
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this is a copula that spans on 3 random variables, that is, d = 3. Hereafter,
the code used to create the object myOFC from Example 1:

myOFC=1ist (innerandbiv=data.frame (
i=c("inner", 1, 2, 3),

j=c("inner", 1, 1, 1),

family=c("ind", "Frank", "Frank", "Frank"),
paraml=c(NA, 2, 2, 2),

param2=c(NA, NA, NA, NA)

))

Note 1. Legal families for the inner copula and bivariate copulas are, at
the time of writing: "Independence" (or "ind"), "Normal", "Student" (or
"t"), "Frank", "Joe", "Gumbel", "Clayton", "FGM", Plackett", "min" and
"Amh". Often, the first letter can be capitalized or not. The FGM copula
should not be used as inner copula when d > 2 (a warning will be issued if the
user nonetheless tries, although this won’t stop the code from running), while
using the Plackett copula in such cases will actually cause the dOFC function
to stop, issuing an error message, as one can see in the hereafter example.

> myOFC
$innerandbiv

i j family paraml param2
1 inner inner Plackett 3.0 NA
2 1 1 Frank 2.0 NA
3 2 1 Frank 2.0 NA
4 3 1 Frank 2.0 NA
> u

[,11 [,2] L&l

[1,] 0.21034650 0.3257784 0.7907567
[2,]1 0.05175068 0.7129468 0.8002865
> dOFC(u=u, O0FC=myOFC)
Error in d0OFC(u = u, OFC = myOFC) :
The Plackett copula is a bivariate copula only.
Your d is >2, thus you cannot use it as inner copula in this case.

Note 2. When used as shown in Example 1, d0FC is a fully vectorized
function. The memory usage can therefore be high, although few users are
expected to run into trouble. In any case, should one run out of memory, it is
suggested to loop through the lines of u rather than giving the full u matrix to
dOFC.

Note 3. Using d0FC to work with a NEOFC rather than with an EOFC
does not make any difference regarding memory usage. It does make a difference
regarding calculation times: dOFC indeed runs slower with large values of w.
See Example 3 for how to build a NEOFC.

Example 2. pOFC with an EOFC.
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$innerandbiv

i j family paraml param2
1 inner inner student NA 20
2 1 1 clayton 1.5 NA
3 2 1 clayton 1.5 NA
$mapl
function (tw, param)
{

gbeta(tw, param[1], param[2])

}
$map1l.param
[1]1 55
>u

[,1] [,2]
[1,] 0.8468635 0.1547030
[2,] 0.7673620 0.1715961
> pOFC(u=u, OFC=myQ0FC)
$values
[1] 0.1598121 0.1755701

$errors
[1] 0.007517979 0.007742175

In this example, the inner copula is a d-variate exchangeable student copula
with 20 degrees of freedom. The max value of j is 1, therefore, no nesting is
involved. Since the max value of i is 2, the outer copula spans on 2 random
variables, that is, d = 2. The correlation for the inner copula is related to map1.
mapl is the quantile function of a beta distribution, the two shape parameters
of which are 5 (see map1.param). Therefore, the correlation for the inner copula
comes from a symmetric beta distribution, the expected value of which being
0.5.

Hereafter is the code allowing one to build the myOFC object from Example

myOFC=1ist (innerandbiv=data.frame (
i=c("inner", 1, 2),

j=c("inner", 1, 1),

family=c("student", "clayton", "clayton"),
paraml=c(NA, 1.5, 1.5),

param2=c (20, NA, NA)),

mapl=function(tw, param) {

gbeta(tw, param[1], param[2])

¥s

mapl.param=c(5, 5))
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C(u1,u2)

Figure 5.6: The copula from Example 2, as calculated by pOFC.

Figure displays the copula from this example, as calculated by pOFC.

Note. When working with a map for the inner copula, make sure the map
is able to handle tw as a vector and outputs a vector of the same size.

Example 3. rOFC with a NEOFC.

r0OFC is a function with only two arguments: n and OFC. The function gen-
erates n observations from the input factor copula.

> my0FC
$innerandbiv

i j family
1 inner inner student
2 1 1 gumbel
3 2 1 gumbel
4 3 1 gumbel
5 4 1 gumbel
6 5 1 gumbel
7 1 2 gumbel
8 2 2 gumbel
9 3 2 gumbel
10 4 2 gumbel
11 5 2 gumbel
$map1l
function (tw, param)
{

gbeta(tw, param[1], param[2])

}
$mapl.param
[11 55
$map2

function (tw, param)

paraml param?2

NA
1.386588
1.220615
1.293084
1.236429
1.897415
1.943960
1.397582
1.441990
1.891171
1.692865

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
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{
apply(cbind(round(tw * param), 1), 1, max)
}

$map2.param
[1] 100

> rOFC(2, myOFC)

[,1] [,2] [,3] [,4] [,5]
[1,] 0.3260713 0.2661169 0.1693356 0.2536162 0.4851917
[2,]1 0.3460410 0.5187450 0.1131389 0.2921746 0.1783821

In the above example, the inner copula is again a d-variate exchangeable
student copula, but in this case both the correlation and the degrees of freedom
are related to t,, through mapl and map2. As it was the case before, the cor-
relation of the inner copula comes from the quantile function related to a beta
distribution, with both shape parameters set to 5 (mapl.param). The degrees
of freedom of the copula are equal to the rounded value of ¢,, multiplied by
map2.param. In case the result is 0, the value of 1 is used instead. Finally,
since the max value of i is 5, d = 5, and since the max value of j is 2, w = 2.
myOFC is thus a NEOFC in Example 3.

The code allowing to build myOFC for this example is given hereafter (the
function copGumbel@iTau requires the copula package):

myOFC=1ist (innerandbiv=data.frame (

i=c("inner", 1:5, 1:5),

j=c("inner", rep(1, 5), rep(2, 5)),
family=c("student", rep("gumbel", 10)),
paraml=c(NA, copGumbel@iTau(runif (10, 0.1, 0.5))),
param2=c(rep(NA, 11))),

mapl=function(tw, param) {
gbeta(tw, param[1], param[2])
s

mapl.param=c(5, 5),

map2=function(tw, param) {
apply(cbind (round (twxparam), 1), 1, max)

>

map2.param=100
)

Figure shows cloud of points one gets from this NEOFC while keeping
only the generated values for Uy, U and Us.

Numerical integration. The functions d0OFC and pOFC require to solve a
complicated integral. By default, both functions perform naive Monte-Carlo
integration, where the integration space is sampled a thousand times according
to a uniform distribution that stretches over the integration space.
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Figure 5.7: Cloud of points of the first three random variables in Example 3, related to a

NEOFC.

In case of a one-factor copula or of an extended one-factor copula, the
integration space is the segment [0, 1]. However, with a nested extended one-
factor copula, the integration space becomes [0,1]" and is therefore multi-

dimensional.

In any case, the integrand is calculated at the 1000 sampled points and
dOFC (or pOFC) outputs the average result. An error is also given and can be
decreased by increasing how many times the integration space is sampled.

With pOFC, in case of a NEOFC, the integral one needs to solve is

I= / CZ:” (Gl(ul;tw,. e t1)s e Galugs te, - - ,t1)) dty ...dt,
[0,1]%

which will be rewritten as

I = dt
/{W f(Dydi

for convenience, and where t = (t,...,t1)". Let {1,
uniformly on [0,1]*. Then, what pOFC outputs is

while the error is
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1 £ [r)2
ﬁZ(f(ti) —In)%

=1

The default value of N = 1000 in pOFC and dOFC can be increased or
decreased through the argument input.integration, as seen in the following

example:
> my0FC
$innerandbiv

i j family paraml param2
1 inner inner ind NA NA
2 1 1 Frank 2.0 NA
3 2 1 Frank 2.0 NA
4 3 1 student 0.4 10
>u

ul u2 u3

[1,] 0.1137034 0.6092747 0.8609154
[2,] 0.6222994 0.6233794 0.6403106
> dOFC (u=u,0FC=my0FC)

$values

[1] 0.8252743 1.0727231

$errors
[1] 0.004866552 0.013615694

> dOFC (u=u,0FC=my0FC, input.integration=10000)
$values

[1] 0.8282513 1.0797866

$errors
[1] 0.001523137 0.004332387

The decrease of the error is however very slow, in v N.

Both pOFC and dOFC however allow for more sophisticated numerical in-
tegration approaches, offering full compatibility with the R packages cubature
(Steven and Balasubramanian), |2013|) and R2Cuba (Thomas et al.L[2015). In the
following example, the naive Monte Carlo integration is overriden and replaced

by adaptative multidimensional integration:

> adaptIntegrate(f=d0FC, lowerLimit=0, upperLimit=1,
+ naive.integration=FALSE, u=u[1,], OFC=myQ0FC)
$integral

[1] 0.8255346

$error
[1] 7.004233e-06

$functionEvaluations
[1] 735
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$returnCode
[1] o

The key to override the default naive Monte Carlo integration is to set the
argument naive.integration to FALSE in pOFC or dOFC. Notice that, in the
above example using adaptIntegrate, the error on the result is rather small,
while the integrand was only evaluated 735 times. This however doesn’t mean
that one will get a faster result using the function adaptIntegrate from the
cubature package: the naive Monte Carlo integration used by default by pOFC
or dOFC is significantly faster at evaluating the integrand over and over again.

The following examples show how one can make use of the integration meth-
ods from the package R2Cuba:

> cuhre(ndim=1, ncomp=1, integrand=d0FC,

+ naive.integration=FALSE, u=u[1,], OFC=myOFC)
Iteration 1: 11 integrand evaluations so far
[1] 0.82709 +- 0.0524425 chisq 0 (0 df)

Iteration 13: 275 integrand evaluations so far

[1] 0.825543 +- 0.000734674 chisq 0.00243551 (12 df)

integral: 0.8255427 (+-0.00073)

nregions: 13; number of evaluations: 275; probability: 1.110223e-16

> vegas(ndim=1, ncomp=1, integrand=d0FC,

+ naive.integration=FALSE, u=u[1,], OFC=my0FC)
Iteration 1: 1000 integrand evaluations so far

[1] 0.826074 +- 0.00484348 chisq 0 (0 df)
Iteration 2: 2500 integrand evaluations so far

[1] 0.82546 +- 0.00178692 chisq 0.0141172 (1 df)
Iteration 3: 4500 integrand evaluations so far

[1] 0.825522 +- 0.000719784 chisq 0.0141605 (2 df)
integral: 0.8255218 (+-0.00072)

number of evaluations: 4500; probability: 0.007055242

> suave(ndim=1, ncomp=1, integrand=d0FC,
+ naive.integration=FALSE, u=u[1,], OFC=my0FC)
Iteration 1: 1000 integrand evaluations so far

[1] 0.826074 +- 0.00484348 chisq 0 (0 df)

Iteration 2: 2000 integrand evaluations so far

[1] 0.826075 +- 0.00159638 chisq 0.000569991 (2 df)
Iteration 3: 3000 integrand evaluations so far

[1] 0.82565 +- 0.000763983 chisq 6.91287 (5 df)

integral: 0.8256503 (+-0.00076)
nregions: 3; number of evaluations: 3000; probability: 0.7727983

To conclude this appendix chapter, the five available numerical integration
methods (naive, adaptIntegrate, cuhre, vegas and suave) are compared for the
three models used in Example 1, 2 and 3. Given model k, k € {1,2,3}, the
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Running times for a same error
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Figure 5.8: (1/2) Running times for the model in Example 1.

function pOFC is run 100 times on u; = 0.5, Vi € {1,...d} using each of the five
integration methods until each of these methods reaches a prespecified error
ex. The running times are displayed in Figures to As one can see,
adaptIntegrate appears to reach a prespecified error faster than any of the
four other methods.

Some suggested references for the reader eager to learn more about numer-
ical integration are [Lepage| (1978), Press and Farrar| (1990)), Berntsen et al|
(1991)), (Caflisch| (1998)) or Robert and Casella) (2013).
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Running times for a same error
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Figure 5.9: (2/2) Running times for the model in Example 1, where vegas and suave have
been removed.
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Figure 5.10: (1/2) Running times for the model in Example 2.
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Running times for a same error
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Figure 5.11: (2/2) Running times for the model in Example 2, where vegas and suave have
been removed.
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Figure 5.12: (1/2) Running times for the model in Example 3.
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