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Abstract

Many studies involve the collection of multivariate data with an interest in understanding
their dependencies. While some researchers aim to study all interrelations, others focus on
the dependency between non-overlapping sets of random variables. Canonical Correlation
Analysis (CCA) is a method for the latter, considering data partitioned into two groups.
The goal is to find linear combinations of random variables in both groups that have the
highest (canonical) correlation. Researchers can then study these combinations to explain
the dependency within the dataset. Despite its established use, CCA assumes normality of
the data. To overcome this restrictive assumption, generalizations have been proposed.
One such generalization is the Gaussian Copula CCA (GCCCA) model, which allows
the univariate marginals to have arbitrary continuous distributions while requiring that
the joint dependency is described by a Gaussian Copula. Recently, the GCCCA model
has been further generalized to the Cyclically Monotone CCA (CMCCA), allowing the
joint marginals to follow arbitrary distributions. In this thesis, we will present all three
models, including their estimation methods and establish their consistency. Given that
the CMCCA model is based on optimal transport, we will provide an introduction to this
topic, including cyclical monotonicity and gradients of convex functions. Additionally,
we will suggest two Bayesian methods for the GCCCA and CMCCA models. Finally, we
will present a simulation comparing the performance of all five methods.

Zusammenfassung

In vielen Studien werden multivariate Daten erhoben, wobei deren Abhéangigkeit von In-
teresse ist. Einige sind an der Untersuchung aller Zusammenhange interessiert, wahrend
andere sich auf die Abhéngigkeit von nicht iiberlappenden Gruppen von Zufallsvariablen
konzentrieren. Die Kanonische Korrelationsanalyse (CCA) gehort zu den letzteren und
betrachtet Daten, die in zwei Gruppen aufgeteilt sind. Ziel ist es, Linearkombinationen
von Zufallsvariablen aus beiden Gruppen zu finden, die die hochste (kanonische) Korrela-
tion aufweisen. Der Forscher kann dann die Linearkombinationen mit der héchsten Kor-
relation untersuchen und die Abhéngigkeit des Datensatzes mit diesen erklaren. Heute ist
die CCA eine etablierte Methode, die jedoch Normalitat der Daten voraussetzt, sodass Ve-
rallgemeinerungen vorgeschlagen wurden, um diese restriktive Annahme zu tiberwinden.
Eine dieser ist das Gauf’sche-Copula-CCA Modell (GCCCA), bei dem die univariaten
Randverteilungen beliebige stetige Verteilungen haben konnen, aber die gemeinsame
Abhéngigkeit durch eine Gauflsche-Copula beschrieben werden muss. Neulich wurde das
GCCCA-Modell weiter zur zyklisch monotonen CCA (CMCCA) verallgemeinert, so dass
die gemeinsame Verteilung der beiden Gruppen beliebige Verteilungen haben konnen.
Wir werden alle drei Modelle vorstellen, einschliellich eines Schatzers fiir jedes Modell,
fiir welche wir die Konsistenz beweisen. Da das CMCCA-Modell auf optimalem Transport
basiert, werden wir auch eine Einfiihrung in dieses Thema geben und verwandte Begriffe,
wie zyklische Monotonie und Gradienten von konvexen Funktionen erlautern. Aufler-
dem werden wir zwei Bayes’sche Methoden fiir die GCCCA bzw. CMCCA vorschlagen.
Zum Schluss wird eine Simulation vorgestellt, die die Genauigkeit aller fiinf Methoden
vergleicht.
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1 Introduction

Until the 1930s, correlations and regressions were usually applied to one dimensional
data, until Hotelling developed the theory of Canonical Correlation Analysis (CCA) in
(Hotelling (1936))). Consider the following example for motivation. Let us say a researcher
is interested in the dependency of two non-overlapping sets of random variables. One set
is body characteristics of people given a fixed age, as height, weight, shoulder width, etc.
The other variables are performances in sections of an 1Q) test, as processing speed, work-
ing memory, verbal comprehension and perceptual reasoning. Now, a typical approach
at that point of time would have been to study all correlations which yields 3 -4 = 12
numbers to explain the dependency. Although this approach is reasonable and 12 is not
a too high number, Hotelling developed a better procedure to tackle this problem with
CCA.

The idea of CCA is to study linear combinations of both variable sets which yield the
highest correlation. These will be then called canonical variates and their correlation is the
first canonical correlation. Thereafter, one will continue to find new linear combinations
of both sets of random variables which are uncorrelated with the previous maximizing
their correlation. Thereby, the requirement of being uncorrelated is there to ensure that
the new linear combinations explain dependencies that have not been covered before. This
procedure can be repeated as often the dimension of the smaller data set permits it, in our
example 3 canonical correlations in total. This procedure is particularly advantageous
in high-dimensional data sets as one can explain their dependency with a manageable
number of canonical variates and canonical correlations instead of estimating a huge block
of a correlation matrix.

Today, CCA has become an established method to examine the correlation of groups of
random variables. However, one of its fundamental assumptions is the normality of the
data which is obviously not satisfied in all cases. Therefore, there have been suggestions
for generalizing the classical CCA model, such as the Gaussian Copula CCA and more
recently the cyclically monotone CCA which allow more flexibility in the distribution of
the data. The latter will be the main topic of this thesis.

The expected prerequisites for this thesis are measure theory, linear algebra, analysis and
introductory courses to probability theory and statistics. We will begin with a chapter
about measure-theoretic probability theory, as the proofs later on may need some results.
Thereby, we will cover topics such as distributions, convergence of random vectors and
tightness.

Then, Chapter {4] will provide an introduction into optimal transport as the cyclically
monotone CCA model is based on it. Thereby, we will cover the function class of gradients
of convex functions which can be interpreted as a generalization of increasing functions
in higher dimensions. They are particularly interesting, as they are exactly our optimal
transport maps. Further, we will learn about cyclical monotonicity which allows tackling
discrete optimal transport problems by solving an optimal assignment problem. The
theory has been extensively studied in (McCann, 1995) and (Rockafellar, |1966).

After introducing it in Section we cover an example for the use of optimal transport
in order to understand this concept better. We will present the center-outward distribu-
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tion function, a concept invented in (Hallin et al., 2017) which allows to generalize the
distribution function and quantiles to higher dimensions. This is based on so called rank
statistics which can be interpreted as representants of samples with respect to another
distribution. The application of rank statistics is a current research trend. For example,
tests of equality and the independence of probability distributions based on rank statis-
tics have been proposed in (Deb and Sen, [2019)) and (Shi et al., 2022), respectively. We
will later use them for Canonical Correlation Analysis.

In chapter [f, we will begin with a short recap of the multivariate normal distribution in
section [5.1] Then, we will introduce the classical CCA theory in Section following
(Anderson, 2003)). Thereby, we will present the estimation method and prove its consis-
tency. Then, we will consider generalizations of the classical model, such as the Gaussian
Copula CCA (GCCCA) in Section 5.3 which has also been proposed in[Yoon et al. (2020)).
There, the univariate marginals of the data are allowed to follow arbitrary continuous
distributions. One can then estimate the canonical correlations with Spearman’s p. We
will present this method and prove its consistency, as well.

In Section [5.4] we will then examine the main topic of this thesis, the cyclically monotone
CCA model which is based on optimal transport. The idea behind it is that when the
joint marginals of our observed data Y; and Y5 follow some arbitrary distribution, we can
transport them to the multivariate normal distribution and then apply the classical CCA
estimator. This idea has been proposed and studied in Bryan et al.| (2024)). Also for this
method we will prove the consistency which will be done in Section [5.5

In chapter [0} will present two more estimation methods for the GCCCA and the CMCCA
model, respectively. These will go in a different direction as the previous models and
follow a Bayesian approach. Therefore, we begin the chapter with an introduction into
Bayesian models and Markov Chain Monte Carlo algorithms, such as the Gibbs Sampler.
After doing this in Section [6.1] we present the Bayesian methods in Section and [6.3]
respectively. These algorithms have been introduced in |Hoff (2007b) and Bryan et al.
(2024)), respectively.

Finally, we will make a simulation in Chapter [7]in order to assess the performance of all
five methods. These will compare the accuracy of all algorithms in different scenarios
such as varying distributions of the data, changed dimensions and different sample sizes.
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2 Notation

We will use the following notations in the thesis.

e The euclidean norm || - || will be denoted by ||- ||, i.e. we have for z = (x1,...,x4) €
R,

e For n € N, we will write

and
[n]o = [n] U{0}.

e We denote the set of all permutations of the set [n] by S,.

e Let X be aset. We denote the power set of X by B(X) = {M : M C X}. Further,
let A € PB(X) be a subset. Then, we will denote the complement of A in X by
A= X\ A

e Let X be a set. We denote the indicator function of the set by Iy. We have

1, ifreX
Ix(z) = {

0, otherwise.

Sometimes we will also use the notation Iy, when Y is a claim. Then, we will have

1, if Y is true
1y = .
0, otherwise.

e For d € N, I; will denote the identity matrix, i.e.

1 0 ... 0
01 ... 0

Iy=1. . . | e R
0 0 1

e Forde N, weset 1= (1,...,1) € R%
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3 Fundamentals of Measure-Theoretic Probability

In order to present the theory for Canonical Correlation Analysis, we will need some
results from measure-theoretic probability theory. This section explains some basic con-
cepts. Introductions to the prerequisites, measure theory and calculus-based probability
are provided in (Bauer, [2001)) and (Georgii, |2013), respectively.

3.1 Preliminaries

We begin with some preliminaries, namely defining probability spaces, events, random
variables/vectors, independence, distributions, and expectation. Further, we will estab-
lish some basic properties.

Definition 3.1.1 (Probability space). Let §2 be a nonempty set. Further, let F C (2)
be a o-field on €2, i.e.

(i) Qe F,
(11) AI,AQ...E..F:> UAZ-E]:,and
=1

(i) Ae F = A°€ F.

Then, we call the tuple (€2, F) a measurable space. A map P : F — [0,1] is called
probability measure on (€2, F) if

(i) P(0) =0,
(ii)) P(Q) =1, and

(iii) for all Ay, Ay... € F pairwise disjoint, we have
P (U AZ») => P(4).
i=1 i=1

The triple (Q, F,P) is a probability space. The elements of F are called events.
Definition 3.1.2 (Borel o-field). Consider the set of all open subsets of R?,
O ={ACR?: Aopen}.

We call
B(Rd) =0(0)

the Borel o-field on R, where o(Q) is the generated o-field of O on R?, i.e. the smallest
o-field on R? containing O.

For E € B(R?), we define the o-field
B(E):={ENF:FeBRY},

which we call the Borel o-field on E.
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Example 3.1.3 (Dirac Measure). Fix * € R% The Dirac-Measure with mass in ,
defined as
8y : B(RY) — [0,1],6,(A) = La(2),
is a probability measure on (R%, B(R?)).
Example 3.1.4. Let Q = [0,1] and let F := B([0, 1]). Set P = A|g,1), where Ao is the

restriction of the Lebesgue-measure on B(R) to B([0,1]). Then, (2, F,P) is a probability
space.

In the following, let (€2, F,P) be a probability space.
Definition 3.1.5 (Random vector). A measurable map
X :(Q,F) — (R, B(RY))
is called random wvector. The set
o(X)={X"YA): AcBR
is called the generated o-field by X. If d = 1, we call X random variable.
Notation 3.1.6. Let X be a random vector in R? and let A € B(R?). We will use a

common notation for events throughout the thesis. For example we define
{XeA} ={weQ: X(w) e A}
{IX[| <1} ={we@: | X(w)| <1}

Further, we will write P(X € A) for P({X € A}) and so on.

Definition 3.1.7 (Independence). Random vectors Xi,..., X, in dimension di,...,d,
are independent if for all B; € B(R%)

P (ﬁ{Xi € B,-}) = ﬁIP’(Xi € B).

i=1
An infinite collection of random vectors is called independent if every finite subset of
random vectors is independent.

Theorem 3.1.8. Suppose Xi,...,X, are independent random wvectors with values in
Re. Let f1,..., fo: R — R? be measurable. Then, f1(X1),..., fu(X,) are independent

random vectors.

Proof. This follows from (Durrett, 2019)[Theorem 2.1.10]. There the Theorem is pre-
sented in dimension 1. However, the proof in higher dimensions is analogous. O]

Definition 3.1.9 (Distribution). Let X be a random vector. Let px be the push-forward

measure of P by X,
px = X#P=Po X,
ie.
px(A) =P(X € A) =P(X"(4)) AcBR?.

Then, ux is called the distribution of X and is a probability measure on (R, B(R?)). We
write X ~ ux.
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Definition 3.1.10 (Distribution Function). Let X ~ px be a random variable in dimen-
sion 1. The function

FX:R—> [071]7FX<t> ::U’X<<_ooat]) :]P)(X St)

is called distribution function. If X1, ..., X, is a sample in dimension 1, the function
1
FW R —[0,1], F™(t) = —#{k € [n] : X; <t}
n

is called empirical distribution function.

Definition 3.1.11 (Continuous Distribution). We say that a random variable X with
values in R has a continuous distribution if its distribution function Fx is continuous.

Example 3.1.12. Consider the probability space from Example [3.1.4] Define

U:00,1] - R, U(w) = w.
Then, U is uniformly distributed on the interval (0,1). We write U ~ Unif(0,1). Also,
U is continuous.

We can now introduce an important tool we will need later: the generalized inverse
transform method.

Definition 3.1.13 (Generalized Inverse). Let X be a random variable in dimension d = 1
with distribution function Fx. The generalized inverse of Fx is defined as

Fil:(0,1) = Rurs inf{t e R: F(t) > u}.

Note, that by the definition of Fx, Fx is increasing, and we have lim Fx(t) = 0 and

t——o0
tlim Fx(t) = 1. Hence, Fy' is well-defined with values in R.
—00

Proposition 3.1.14 (Proposition 5.2 in (McNeil et all [2005))). Let X be a random
variable in dimension d = 1 with distribution function Fx and generalized inverse Fy'.

Further, let U ~ Unif(0,1). We have
(i) Fx'(U) ~ px.
(i) Fx is continuous = Fx(X) ~ Unif(0,1).

Hence, for every one-dimensional distribution u, there exists a random variable Y with

Y ~ p by Example|3.1.14. The same holds for all distribution functions.
Some other properties of the generalized inverse we may need later are the following:

Theorem 3.1.15. Let X be a random variable in dimension 1 with distribution function
Fx and generalized inverse Fy'.

(i) We have P(X = F;'(Fx(X))) = 1.

(ii) If Fx is continuous, then F' is strictly increasing. Furthermore, we have Fx(Fy'(u)) =
u for all w € (0,1).
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Proof. For (i) we refer to (McNeil et al., [2005)) [Proposition A.4]. Claim (ii) can be found
in (McNeil et al., [2005]) [Proposition A.3 (viii)]. O

Now, we define densities and absolutely continuous distributions.

Definition 3.1.16 (Density). Let X be a random vector with distribution pux. Let v
be a measure on (RY, B(RY)). We say that X has a density with respect to v, if ux
has a density with respect to v, i.e. there exists a (B(R?)/B([0, o0))-measurable function

fx : R? — [0, 00) such that for all A € B(R?)

ix(A) = [ fx()dv(a).
/

Definition 3.1.17 (Absolutely Continuous). A probability measure p is called absolutely
continuous if it has a density w.r.t. the Lebesgue-measure on R?. We say a random vector
X is absolutely continuous if its distribution is absolutely continuous.

Notation 3.1.18. In the following we denote the set of all probability measures on
(R4, B(R?)) by P¢. Further, we write P2, for the set of all absolutely continuous distri-
butions in R,

Example 3.1.19. Let X ~ Bin(n,p) where n € N and p € (0,1). Then, X has the
density

MpFL—p)* it  ke{0,....n}

0 otherwise,

fX R — [O,OO),fX(/{Z> = {

with respect to the counting measure on (R, B(R)). Further, we have uy ¢ P...

Next, we will define the expectation and variance of random variables and vectors starting
in dimension 1.

Definition 3.1.20 (Expectation). Let X > 0 be a non-negative random variable. Then,
we define the expectation of X by

Mﬂ:/XWGMw]
Q
For an arbitrary random variable Y, we say Y is integrable, if E[|Y|] < oco. For an
integrable random variable Y, we define
V' :=max{YV,0} and Y :=max{-Y,0}

and set
E[Y] =E[YT] —E[Y].

Notation 3.1.21. We say that a random vector fulfills a property almost surely, shortly
a.s., if it fulfills it P-almost everywhere. For example X < Y a.s., means that X (w) <
Y (w) for P-a.a. w € Q or, equivalently, P(X <Y) = 1.

7
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Some elementary results about the expectation are the following.

Theorem 3.1.22 (Theorem 1.6.1 in (Durrett, 2019)). Let X,Y € L. Then, the following
statements hold:

(i) E[X +Y] =E[X]+E[Y],
(i1) Ya € R : ElaX] = aE[X]
(i) X <Y as. = E[X] <E[Y].

Note that (i)-(iii) are also true for not necessarily integrable random variables X,Y > 0.
In that case one replaces Va € R with Ya > 0 in ().

Definition 3.1.23. Let X be a random variable and let p > 1. We say X € L? if

E[|X?] < .

Lemma 3.1.24. Let X be a random variable and let 1 < p < q. We have LT C LP i.e.,
E[|X]] < 0o = E[|X|P] < 0.
Proof. Let E[|X7] < co. Applying Theorem yields
E[IX]7] = E[[X "L oxj<] + EIXPLxsn] < 1+ E[X]7] < oc.
O

Theorem 3.1.25 (Markov’s inequality). Let X > 0 be a random variable and let ¢ > 0.
Then,
c-P(X > ¢) <E[X].

Proof. Observe that clyx>. < X a.s. and apply Theorem . m
Definition 3.1.26 (Variance). Let X € L? be a random variable. Then, its variance,
Var[X] == E[(X — E[X])"] = E[X"] - E[X]*
is well-defined. Further, let Y € L? be another random variable. Then, the covariance,
Cov[X,Y] =E[(X —EX]))(Y —E[Y])] = E[XY] - E[X]E[Y]
is well-defined. If both, Var[X] # 0 and Var[Y] # 0, we can define their correlation as

Corr[X,Y] = CovlX, Y] (3.1)
’ Var[X|Var[Y] '

Now, we define the same terms for random vectors.
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Definition 3.1.27. Let X = (X1,..., X4) be a Ré-valued random vector and let p > 1.
If X; € LP for all i or, equivalently,

E[IX]]"] < oo,
we say X € LP. For X € L', we define

E[X4]
E[X] = : € R%.
E[X4]
For X € L?, we define
Var[X;]  Cov[Xy, X3 -+ Cov[Xy, X4
e S W el
Cov[Xy X,] Cov[Xs Xa] -+  Var[X,
If additionally Var[X;] # 0 for all i, we set
1 Corr[Xy, X3 -+ Corr[ Xy, X4
Confx] = | A Bl X e
Corr[Xd,Xl] Corr[kd,XQ] 1

This concludes the preliminary section.

3.2 Convergence of Random Vectors

The next important topic is the convergence of random vectors. Therefore, we will define
almost sure convergence and convergence in probability in this section, and present the
convergence results we need.

Throughout this subsection, let (X,,)nen and (Y;,)nen be sequences of R%- and R%-valued
random vectors and let X and Y be R%- and R%-valued random vectors, respectively,
all defined on the same probability space.

Definition 3.2.1 (Convergence). The sequence (X, ),en converges against X
e almost surely if there exists Q € F with P(Q) = 1 such that for all w € Q
Xp(w) — X(w).

We write
X, — X.

e in probability if for all € > 0
P(| X, — X|| >¢) — 0.

We write
X, — X.

9
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One helpful lemma for showing convergence is the following. It allows us to prove the
convergence of a random vector componentwise.

Lemma 3.2.2. We have

(i) X, % X and Y, 225 Y = (‘;S") SN (if), and

(i) X, o x and Y, iy — (iﬁ”) N ()}f)

Proof. Claim (i) is trivial. For claim (ii), observe

() ) 52 ) (o 3) o

]

Convergence in probability and almost sure convergence are related in the following way:

Theorem 3.2.3. We have
X, %% X = X, 25 X.

Proof. The claim in dimension 1 is shown in (Shorack, 2017)[Theorem 5.7(i)]. With
Lemma [3.2.2 the multivariate version follows. O

The next two convergence theorems we present are well known, namely, the Continuous
Mapping Theorem and the Strong Law of Large Numbers.

Theorem 3.2.4 (Continuous Mapping Theorem). Let g : R% — R be continuous. We
have

(i) X, 2 X = g(X,) —2= g(X)

Proof. Claim (i) is trivial. Further, Claim (ii) can be shown using the subsequence
criterion in (Shorack, [2017)[Theorem 3.1 eq. (15)]. As it is provided in dimension 1 one
can show the claim componentwise and then apply Lemma [3.2.2] O

Corollary 3.2.5. Now suppose all random wvectors are defined in the same dimension
d=d; =dy and let a,b € R. We have

(i) X, =3 X and Y, 225 Y = aX, +bY, =% aX +bY

(i) X, —2— X and Y, —25 Y = aX, +bY, —— aX +bY
Furthermore, we have in dimension d =1,

(iii) X, —25 X and Y, =25 Y = X,Y, — XY

(iv) X, 2= X and Y, 2>V = X,Y, > XY

10
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Proof. If X,, =% X and Y, =2+ Y, then (‘i(/”) B (é) by Lemma |3.2.2, Now,

note that f: R* — R? f(z,y) = ax + by and g : R? - R, g(z,y) = zy are continuous.
Hence, (i) and (iii) follow from Theorem [3.2.4 Finally, (ii) and (iv) can be shown
analogously for convergence in probability. [

Theorem 3.2.6 (Strong Law of Large Numbers). Let (X, )nen be a sequence of indepen-
dent and identically distributed (i.i.d.) random vectors with X, € L'. Then,

1 Z" s
n
i=1

Proof. For the SLLN in dimension 1, we refer to (Durrett} [2019)[Theorem 2.4.1]. This
can be generalized to the multivariate version with Lemma [3.2.2] and Lemma 3.1.8f O

A consequence of the Strong Law of Large Numbers is the Glivenko-Cantelli theorem:

Theorem 3.2.7 (Theorem 19.1 in [van der Vaart| (1998)). Let pn € P be an arbitrary

one-dimensional distribution and let X1, Xo, ... w i be an i.0.d. sample. Further, let F
be the distribution function corresponding to u and let F™ be the (random) empirical
distribution function obtained from the first n samples, X1,...,X,. Then, we have

|F® = Flloo = sup |[F™(t) = F()] — 0 as.

The next result we would like to present is the Dominated Convergence Theorem. The
common form, in which it is stated, has the assumption that the random vectors are
jointly bounded by an integrable random variable. However, there exists a stronger
version which only requires uniform integrability which we define next.

Definition 3.2.8 (Uniformly Integrable). The sequence (X,,),en is uniformly integrable
if
im SuIN)E[HXNH]l{lanHZK}] =0.

1
K—o0 e

A useful criterion for showing uniform integrability is the following:

Theorem 3.2.9. [If
sup E[|| X, ||P] < o0 (3.2)

neN

for some p > 1 then, (X,))nen is uniformly integrable.

Proof. We show the claim by using Theorem 5.6 in (Shorack, 2017). It states that a
family of integrable random variables (Z,),en in uniformly inetgrable if there exists a
convex function G : [0,00) — [0, 00) with

(i) G(0) =0,

(i) lim @ = 00, and
T—00

11



3 Fundamentals of Measure-Theoretic Probability

(iii) supE[G(|Z,])] < oc.

neN

Condition (3.2) implies that (|| X,||)nen is a family of integrable random variables by
Lemma |3.1.24] Setting G(z) = aP, shows that (|| X,||)nen is uniformly integrable. There-
fore, (X, )nen is uniformly integrable. ]

Now, we can present the theorem:

Theorem 3.2.10 (Extended Dominated Convergence Theorem). If X, Ly X and
(Xn)nen is uniformly integrable, then,

E[X,] — E[X].
Proof. See Vitali’'s Theorem (Theorem 5.5 in (Shorack, 2017)). O

Another notion we will encounter is conditional expectation which we define next.

Definition 3.2.11 (Conditional Expectation). Let X € L' be a random variable in
dimension d = 1 and let G C F be a o-field on 2. Then, a random variable X, € L! is a
version of the conditional expectation of X given G if

(i) X is G-measurable, and

(i) for all A € G, we have
E[Xo14] = E[X14].

We write X, = E[X]G].
For a random variable Y or a family of random variables (Y;);c;, we define
E[X|Y] =E[X|o(Y)] and E[X|Y;,i € I] = E[X|o(Y;,i € I)],
respectively, where I is an arbitrary index set and o(Y;,i € I) is the smallest o-field such
that all Y; are measurable.
For a random vector X = (X,...,X,) € L', we define
E[X3|9]

E[X|g] = :
E[X4|G]

The definition is justified by the following theorem.

Theorem 3.2.12 (Theorem 9.2 in (Williams, 1991)). Let X € L' and let G C F be
a o-field. Then, the conditional expectation E[X|G| exists and is a.s.-unique, i.e. if
Y =E[X|G] and Z = E[X|G], then Y = Z almost surely.

There are many results about conditional expectation, but the most important one to us
is the Bounded Convergence Theorem.

12



3 Fundamentals of Measure-Theoretic Probability

Theorem 3.2.13 (Bounded Convergence for Conditional Expectation). Suppose
X, — X.
Assume that there exists C' > 0 such that for alln € N
[Xall < C.
Now, let G C F be a o-field on 2. Then, we have
E[X.|g] — E[X|]].
Proof. See (Williams, [1991))[Section 9.7(g)]. O

This concludes the section of the convergence of random vectors.

3.3 Weak Convergence, Tightness and Prokhorov’s Theorem

The final preliminary topics we discuss are weak convergence, tightness and Prokhorov’s
Theorem.

The most results in this subsection will be about distributions, so let (f,)nen and (v, )nen
be sequences of probability measures in P4 and P9, respectively, throughout this sub-
section. Further, let u € P% and v € P,

Also, we will have some theorems about random vectors, so let (X,)nen and (Yy,)nen
be sequences of random vectors in R® and R, respectively. Further, let X and Y be
random vectors in R% and R%, respectively. For notional convenience, we set d = dj.

Definition 3.3.1 (Weak Convergence). The sequence (fi,,)nen converges weakly to u if

/ F (@) dpin(z) — / f(@)dp(z) (3.3)

for all f:R?Y — R continuous and bounded. We write
[l — [L.
The sequence (X, )nen converges weakly against X if puy, —— pix, or equivalently,
E[f(Xn)] — E[f(X)]
for all f:R?Y — R continuous and bounded. We write

X, — X.

A useful criterion for weak convergence is the following:

13



3 Fundamentals of Measure-Theoretic Probability

Lemma 3.3.2. We have j, —— pu if and only if

pin(A) — u(A)
for all A € B(R?) with 1(0A) = 0, where OA is the boundary of A.
Hence, we have X,, —— X if and only if

P(X,e€A) — P(X € A)

for all A € B(R?) with P(X € 0A) = 0.
In dimension d = 1, we have X,, —— X if and only if

Fx, (t) — Fx(t)
for all t € R, where Fx is continuous.

Proof. For the first claim, see (Billingsleyl [1999))[page 26]. For the second claim see
(Durrett, 2019)[page 116 and Theorem 3.2.9]. O

The weak convergence of random vectors is related to the convergence in probability in
the following way:.

Theorem 3.3.3. We have
X, 2o X — X, % X

If X is a almost surely constant random vector, i.e. there exists some a € R? such that
P(X =a) =1, we have
X, 2o X = X, —— X.

Proof. For the first claim suppose X, 2 5 X and let f : R? — R be continuous and
bounded. Then, we have

F(Xo) —— F(X)

by the Continuous Mapping Theorem (Theorem [3.2.4)). Since the f(X,,) are uniformly
bounded by the supremum norm of f, i.e.

[f(Xa)| < N1 lloe

for all n € N, the collection (f(X,))nen is uniformly integrable. We conclude from the
extended dominated convergence theorem (Theorem (3.2.10)) that

E[f(Xn)] — E[f(X)].

Hence, X,, — X.

For the second claim suppose X,, —— X such that P(X = a) = 1 for some a € R, Let
€ > 0. Define the set

A={z € R: ||z —a| > e} € B(R?).

14



3 Fundamentals of Measure-Theoretic Probability

Then,
OA={zx e R?: ||z —a| = &}

and we have P(X € 0A) = 0. By Theorem [3.3.2) we have
P(|X, —X]|>¢)=P(X, € A) — P(X € A) =0,
which shows X, .x O

Hence, we get the following order of convergences: Almost sure convergence is the
strongest implying convergence in probability which implies weak convergence. All modes
of convergence fulfill a continuous mapping theorem. We have established it for the first
two. Next, we introduce the continuous mapping theorem for weak convergence.

Theorem 3.3.4. Let g : R* — R™ be a measurable function and let D, be the set of
discontinuities of g. If P(X € D,) =0 then,

Xy — X = g(Xn) — g(X)
Proof. This is shown in (Billingsley, [1999)) [page 26]. O
Other important definitions for a collection of distributions are tightness and relatively
compactness.

Definition 3.3.5 (Tight). The sequence (i, )nen is tight if
Ve>0:3M >0:Yn€N:p,([-M, MY >1—¢.
The sequence (X, )nen is tight if (px, )nen is tight or, equivalently, if

Ve>0:3IM >0:Vne N:P(|| X,|| < M) >1—¢.

Definition 3.3.6 (Relatively Compact). The sequence (i, )nen is relatively compact if
for all subsequences (fi,, )ren, there exists a subsubsequence (Mnkl)leN and ji € P9 such
that

Fny, — 0.
The sequence (X,,)nen is relatively compact if (ux, Jnen is relatively compact or, equiv-
alently, if for all subsequences (X, )ren there exists a subsubsequence (Xnkl>l€N and a
random vector X such that

X, —— X.

TLkl

Prokhorov’s Theorem shows that tightness and relatively compactness are equivalent:

Theorem 3.3.7 (Theorem 5.1 and 5.2 in (Billingsleyl, 1999)). It holds
(tn)nen s tight <= (pn)nen is relatively compact.

Hence,
(X )nen s tight <= (X,)nen is relatively compact.

15
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Tightness can be very useful to show convergence in some scenarios. With Theorem [3.3.7]
we obtain the following criterion for tightness:

Corollary 3.3.8. Suppose
fhy — L.

Then, (fin)nen 1 tight.

Equivalently, if
X, — X,

then, (X, )nen 1 tight.

Proof. Since the whole sequence (i, )nen converges, it is relatively compact. By Theorem
3.3.7, (tn)nen is tight. The same holds for random vectors. O

One scenario in which tightness can help to show weak convergence is the following:

Corollary 3.3.9 (Corollary of Theorem 5.1 in (Billingsley, (1999)). If (fin)nen is tight
and every subsequence that converges weakly, converges against the same distribution u,
then, the entire sequence converges against ji:

w
Mo — [
The last two lemmata of this section are rather specific and are tailored to proofs later
throughout the thesis.

Definition 3.3.10. We define T'(i1,v) as the set of all probability measures in P9 T4
with marginals ¢ and v on the first d; and last dy coordinates, respectively.

Lemma 3.3.11. Suppose (fin)nen and (v, )nen are tight. Then, any sequence of probability
measures (Yn)nen in PEYE with 7, € T(pin, vn) for all n € N is tight.

Proof. Let € > 0. There exist My, My > 0 such that for all n € N
pi ([~ My, My 2) > 1 —¢/2 and Un([— My, My]®) > 1 —€/2,
respectively. With M = max{M;, M>}, we have for all 7,, € I'(u,, ;) and all n € N
o (=M, MIP5%)T) < o (=M, M) + v (=M, M]2)°) <,

which shows the claim. O

Definition 3.3.12 (0op and Op). We introduce the following notations:
(i) X, €o0p(1): = X, -2 0,
(i) X, € Op(1) : <= (X, )nen is tight.
Lemma 3.3.13. Let (X,)nen and (Y, )nen be sequences of random variables in R so that
X, € op(1) and Y, € Op(1).
Then,
XY, € op(1).

16



3 Fundamentals of Measure-Theoretic Probability

Proof. Let €,0 > 0. Let M > 0 such that

0
supP(|Y,| > M) < =
neN 2
Further, let ng € N such that for all N > n > n,
€ )
X, ) <2
(' > 51) =3

Then, we have for all N > n > nyg

P(1X, Y, > ) = P (| Xo|[YalLvajear + | Xl [YalLgyvai<any > €)
13
| Xl IYal Ly, i<nry > 2) +P (IXnHYnI]l{\mM} > 5)

< ]P(
<P (X Mgy e > 5 ) +P (Lgvisan #0)
_ p(

1Xal > 5 )+]P’(]Yn| > M) <6,

17



4 Optimal Transport

In the last section we have introduced the necessary mathematical background we need
for the theory later. This section will provide a brief introduction into optimal transport
which our method for Canonical Correlation Analysis will be based on.

4.1 Cyclical Monotonicity

We begin by considering Monge’s problem (see also (Monge, (1781)): How should one
move given piles of sand to fill up given holes of the same total finite volume? For a
mathematical formulation of this problem, let us assume w.l.o.g. that the total volume
of the piles and holes is equal to 1, respectively. Then, one can imagine the piles and
holes as probability measures u; and uy on (R3, B(R?)), respectively. Now, the objective
is to find a (measurable) transport map 7* : R® — R? solving the problem

ir%f/ |z — T'(z)||dus subject to  TH#puy = po.
R3

Thereby, the function T assigns every x € R3 the point T'(x) € R3, where it gets trans-
ported to. Obviously, we are only interested in points x which lie in the support of uq,
i.e. where sand is present. The integral calculates the entire distance the sand has been
transported with T'. Finally, the condition T#u; = o is there to ensure that when we
use the transport map 7T, all the sand holes have been filled with the sand piles. The
following picture from (Williams| 2020) illustrates the problem.

LI R T T T T R T R T T R R R T T |
edesieesbhebededecieckhebedadedechabedladeadealeabadad
]

L} 1] 1 1 1 1] 1]
. h B dirt pile
Il hole

One could also view the problem in a discrete way. Let m green and n red points be
given. What is the best one-to-one way to connect each red point to a corresponding
green point? Thereby, one aims to minimize the sum of distances of the resulting pairs
of points. Figure 4.2 illustrates the problem in dimension 2.

More generally, the optimal transport problem can be formulated in d dimensions with
probability measures p; and po on (R B(R?Y)) and a measurable loss L : R* — [0, oo]:

18
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a o

o o
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Figure 4.2: Example for a discrete optimal transport problem (solution on the right)

ir%f/L(x,T(x))dul(x) subject to  TH#puy = po. (OT)
Rd
Although this problem looks simple, it has not been solved for a long time. For the
squared error loss L(z,T(x)) = |Jx — T(z)]|?, it has been shown that if y; and s are
absolutely continuous with finite second moments (i.e. E[[| X;]|?] < oo and E[|| X5||?] < oo
for X7 ~ py and Xy ~ o, respectively) then, the solution to exists, is a.e. unique
and the gradient of a convex function (see (Villani, 2009)[Theorem 9.4]).

Why does this problem matter for us, especially when our main topic is Canonical Correla-
tion Analysis? We will later see that transport maps can help us overcome the traditional
assumption of normality in CCA. Thereby, the mentioned function class of gradients of
convex functions will be particularly interesting for us as these functions will be exactly
our transport maps. Note that the property of being a gradient of a convex function can
be interpreted as a generalization of increasing functions in higher dimensions. Let us
provide some examples for optimal transport maps.

Example 4.1.1 (Transport Maps or Gradients of Convex Functions).

(i) Let A € R¥? be symmetric and positive semidefinite. Then, for all b € R?, the
function

1
0 : R R, p(z) = §zTAz + b7z
is convex. Hence, its gradient
Vo :R* 5 R p(2) = Az + b

is an optimal transport map.

(ii) Let f1,..., fs : R — R be increasing functions. Then, the function
G Rd — Rdaz = (217 R Zd) = (fl(zl)a s >fd(zd))

is the gradient of a convex function.
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4 Optimal Transport

(iii) Let f:(0,00) — [0,00) be an increasing function. Then, the function

AUELD

2]

J RN\ {0} = RY, J(2) =

z

is the gradient of a convex function.

(iv) Let ¥ : R? — R? be a continuously differentiable function with symmetric and
positive semidefinite Jacobian matrix DW(z) for all z € RY. Then, ¥ is the gradient
of a convex function.

(v) Let H : R? — R? be the gradient of a convex function, let b € R%, and let B € R4*4
be an arbitrary matrix. Then, the function

H:R* =R H(z) = BTH(Bz +b)
is the gradient of a convex function.

Proof.
(i) Since, the Hessian
VZp:RT - R 25 A
is positive semidefinite on R?, ¢ is convex.

(i) Let fi1,...,fs : R — R have antiderivatives Fi,..., Fy : R — R which must be

convex. Now, let
d

F:R' R F(z) =) F(z)

=1
Then, trivially VF = G and we have for all x,y € R? and X € [0, 1]

FOw+ (1= Ny) =3 B+ (1= Ng) < 3 (OFi(i) + (1= N Fil)

i=1
=AF(z)+ (1 = AN F(y)
Hence, F'is convex and G is its gradient.

(iii) Let F' be an antiderivative of f. Since f > 0, F' is increasing and convex. By the
convexity of the norm the function,

J RN\ {0} = R, J(2) = F(||2])

is convex. Further, we have V.J = J which shows the claim.

(iv) Since DV is symmetric on the convex domain R? we may conclude from the Poincaré
Lemma that ¥ has a potential. This potential must also be convex since DV is
positive semidefinite on the whole domain.
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(v) Let 1 be a convex potential of H. Set
Y :RY 5 R,z (Bz+b)
Then, Vi = H and we have for all 2,y € R and X € [0, 1]

YA+ (1 =Ny =v(BAx+ (1 =Ny)+b) =AM Bx+0b) + (1 -\ (By+1b))
< Mp(Bz +b) + (1 = \p(By +b) = Mb(z) + (1 — Nd(y),

showing the convexity of . Hence, H is a gradient of a convex function.

]

The transport of probability distributions with gradients of convex functions has been
extensively studied in (McCann) [1995). The following proposition summarizes the main
results.

Proposition 4.1.2 (Proposition 2.1 in (Deb et al., 2023)). Let u and v be absolutely
continuous probability measures in RY. Then, there exist gradients of convex functions
T,S : R* = R? such that T#u = v and S#v = u, respectively. Furthermore, T and S
are unique, j1 and v a.e., respectively. We also have (T o S)(x) = z for p-a.a. x and
(SoT)(y) =y for v-a.a. y, respectively.

Hence, given two absolutely continuous distributions p and v, we can find a p-a.e.-unique
transport map 7' transporting p to v. Therefore, when Y ~ p, we have Z :=T(Y) ~ v.
Further, when given a sample Y7,...,Y, “ i, the random variables 71, ..., Z,, defined
as Z; = T(Y;), can be interpreted as representants of the Y-sample with respect to the
distribution v. We will later see why this is useful. The next question we deal with
is: What if the distribution p, and hence also T is unknown? How can we transport a
sample Y7,...,Y, from an unknown distribution to its representants with respect to a

known distribution v? To do this, we need to discretize the mentioned concepts.

So far we have transported a distribution u to another distribution v. Now, when given

a sample Yi,...,Y, w i with g unknown, we need to transport a random set of vectors
representing p to another random set representing v. Hence, a discretization of v will be

helpful:

Definition 4.1.3 (Grid). Let v € P% A triangular array of random vectors (ngn))nzkzl
is called grid of v if

n
1 w
- Outny — V a.s.
n X

k=1

Or equivalently, there exists Q € F with P(€) = 1 such that for all w € Q
1 Z” 5 w
E X}gm(w) — V.
k=1

Hence, for a grid (X ,E"))nzkzl of v and a large n € N, the empirical uniform distribution
on the random set {X{n), . ,Xén)} is a random probability measure on (R? B(R?))
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approximating v. For some grids, X ’gn) will be independent of n and we will simply write

(Xn)nen- The following theorem provides an easy general method to generate grids.

Theorem 4.1.4. Let v € P4 and let (X, )nen be a sequence of independent and identically
distributed random vectors with Xy ~ v. Then, (X,)nen s a grid of v.

Proof. Let A € B(R?) with v(dA) = 0. Then, for all n € N, the random variable

Y, = 1x,cay follows a Bernoulli-distribution:
Y, ~ Ber(P(X; € A))

Clearly, (Y,)nen is a sequence of independent (by Lemma [3.1.8]), identically distributed
and integrable random variables. Hence, by the Strong Law of Large Numbers (Theorem
3.2.6), there exists Q € F with P(Q) = 1 such that for all w € Q

%imm S P(X) € A).

Hence, we have for all w €

3 B A) = - 3 Vilw) — B(X1 € 4) = u(A).
k=1 k=1

Hence, by Lemma |3.3.2] we have shown

1 n
— g Sx, — U a.s.
n

k=1

and the claim is proven. O

Example 4.1.5. Let v ~ Unif[0,1]. Then, when (X, )nen is a sequence of identically
distributed random variables with X; ~ v, (X}, )nen is a grid of v by Theorem m

Another choice of a grid could be the following. For 1 < k£ < n, set Yk(n) to be deterministic

with Yk(") = £ Let us show that (Yk(n))nzkzl is a grid of v. We have that the uniform
distribution on the set

12
M, = {Yf"),...,yﬁ}:{— = 1}

)y Ty
n n

converges weakly against v. This is because we have for the distribution function F;, of
Unif (M,,)

E k
F.(t) = max{— —<tke [n]o} —
non

for ¢ € [0, 1]. Hence, the convergence follows from Lemma [3.3.2]

Still, our goal is to transport a sample with unknown distribution Yi,... Y, ~ u to
another known distribution v. With the help of grids we know where we can transport
our sample to, namely to X 1("), e X,(L"). But what would be the transport map? We also
need a discrete version of gradients of convex functions, in particular an optimal way to

assign the Y;’s to the XZ-(n) ’s. Therefore, we introduce the concept of cyclical monotonicity.
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Definition 4.1.6 (Cyclical Monotonicity). A subset S C R? x R? is called cyclically
monotone if, for all finite collection of points {(z1,41),..., (2, yn)} C S,

DMy ==l <D v = zow P (4.1)
i=1 i=1

for all permutations o € .5,,. This condition can be understood as optimal assignment of
the y;’s to the z;’s with respect to the squared error loss. Equivalently one can require
that for all {(z1,21),..., (20, yn)} C S,

D Wiz =Y Wi 20)
i=1

i=1

for all permutations o € S,,. Another equivalent condition found in literature is that for
all {(z1,11),--+, (Zn,un)} C S,

n

Z@ia zig1 — 2i) <0 Zn4l = 21

=1

Proof. We show that these definitions are equivalent. Let {(z1,41), ..., (20, yn)} € S. We
have for all o € S,

n n
Doy =zl <D v — 2zl
=1 =1

n n

= > (lyall® + 1zl = 20 z0) < D (lwall® + 120w = 200 z0)))

i=1 =1

n n

=) (Il + 12l = 20w z)) < (lwll® + 201> = 20, 20))
i—1 i—1
n n

— Z<yi72i> > Z(%;%(i)%
=1 i—1

which shows the equivalence of the first two definitions. Next, we show that the second
defintion implies the third. When we have

n n

Z<yz7zz> > Z(Z/i, Zo(i))

i=1 i=1

for all permutations o we can set o to be the one with o(i) =7+ 1 for i € [n — 1] and
o(n) = 1. Then, we have

n n n
D vz =) (Wezn) = ) Yoz — ) <0,
1 =1 =1

i=

where we set z,,1 = 2. For the last implication, assume that for all {(z1,41), ..., (20, yn)} C

S, we have
n

Z(yia Zig1 — 2i) < 0.

=1
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Now, fix a set {(z1,¥1),---, (zn,¥n)} € S and a permutation o € S,,. We need to show
that

n

Z(yi, Zo(i) — 2i) < 0.

i=1
We show this first under the assumption that o is cyclical which means that successive
application of o would take every element ¢ € [n| through the whole set, i.e.

Vi€ [n]: {o"(i): k € N} = [n],
where 0%(i) = (0 0 ---00)(i) is the k-times composition of 0. Now, we reindex the set
with
(’21{7 Z/g) = (zc,H(l), yUH(l))

for i € [n], where o is the identity, i.e. ¢°(1) = 1. Since o is cyclical we have
{G00)5 5 (s yn) = {(z1 ), (20, 9n) } © S and therefore,

0> Z(yé,ZQ+1 ) = (Yoi( — Zoi-1(1))

=1
n

= Z Yoi-1(1); Ra(oi=1( 1)) Z Yoi=1(1)s Zoi= 1(1)>
=1

n

= > )~ Sl ) = Do —
i=1 i=1 i=1

For the second to last equality we used that o is cyclical. Now, consider an arbitrary
o. Let Cy,...,C) be the cycles of o, i.e. all the sets of the form {o*(i) : k € N} for
i € [n]. Further, let o; be the restriction of o to Cj. Then, o, is cyclical and we have
{Gziyyi) i€ O} S {(z1,11),- -, (#n,yn)} € S. Hence, we have by our previous result

Z (Yir 20, — 2i) = Z (Yir 2o(i) — 2i) < 0.
iil,iECj i:1,i60j

Summing over the cycles yields

Z Z Yis Zo (i) > = Z@/la Ro(i) — Zz)

which finalizes the proof. m

Suppose we have chosen a way to assign the Y;’s to the Xz-(n)’s on the grid with a permu-
tation o € S,,. That is, for i € [n], we transport Y; to X(SZ.)). Then, the set

{(Yle(())) (YQ’X(S(%)) (Yn’Xﬁ)@))}

being cyclically monotone would imply that this assignment is optimal with respect to
the squared error loss, i.e. we would have

m[|* _
(1)

TESn (i)
1=
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Hence, we have found a discrete version for optimal transport maps. But how is this
cyclical monotonicity related to gradients of convex functions? The following theorem
yields the answer.

Definition 4.1.7 (Cyclically Monotone Function). A function G : R? — R? is called
cyclically monotone if its graph

Cr(G) = {(2,G(2)) : z € RY} CR? x R?

is cyclically monotone.

Theorem 4.1.8 (Theorem 1 and Corollary 1 in (Rockafellar, 1966)). A function G :
R? — R? is cyclically monotone if and only if it is the gradient of a convex function.

With the help of the following lemma we can show our solution to the problem.

Lemma 4.1.9. Fiz y;,...,y, € R? and z,...,2, € RS Then, there exists a (not
necessarily unique) permutation o € S, such that the set {(2,1),y1),---, (Zom):Yn)} C
R? x RY is cyclically monotone.

n

Proof. Take a permutation o € S, minimizing > ||y; — 2o [|*- O
i=1

Definition 4.1.10 (Empirical Ranks). Let p,v € P4, Further, let (X,g"))nzkzl be a grid
of vand let Y7,....Y, w 1 be a sample. Let o, € S, be a permutation such that the set

(S IRORENC R A):

is cyclically monotone. We define the so called empirical rank statistics (or empirical
representants) of the sample Y7, ..., Y, with respect to v as

pN _ v
R(Vi) = X,

for k € [n] (which are not necessarily unique). Further, let G be the p-a.e. unique
cyclically monotone function pushing u forward to v. Then, the true rank statistics (or
true representants) of the sample Y7, ... Y, with respect to v are defined as

RY(Yy) = G(Yr)

for k € [n] (which are defined p-a.e.).

By the characterization of cyclical monotonicity in (4.1)), we observe that the optimal
transport becomes an optimal assignment problem in the discrete case.

Example 4.1.11. Let v = Unif[0, 1] and let u € P... Further, let Y;,...,Y, w i be an
observed sample. The p-a.e unique cyclically monotone function transporting p to v is
the distribution function F' corresponding to u by Theorem [3.1.14] Hence, the true rank
statistics of Yi,...,Y, with respect to v are F'(Y1),..., F(Y,). Equivalently, we have

RY(Y;) = F(Yi).
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(b

from Example [4.1.5] Then, the empirical rank statistics of Y7,...,Y,, with respect to v
are given by

Now, fix the grid of v,

R(Y;) = F\(Y;). (4.2)
Thereby, F,, is the empirical distribution function
1 2 1 .
F,:R— {O,—,—,...,l} JEL () = —#{ X, - X; <t,i € [n]}.
n'n n

The claim in (4.2)) follows since F,, is increasing, hence a cyclically monotone function and
therefore, its graph is a cyclically monotone set, and {(Xi, F,,(X1)), ..., (Xn, F(X,))} is
cyclically monotone.

This concludes our introduction into optimal transport, gradients of convex functions
and cyclical monotonicity. Further literature we recommend for interested readers, are
McCann (1995)) and Rockafellar| (1966).

Let us summarize the results so far. Given two absolutely continuous probability distribu-

tions p, v € P2, there is a p-a.e. unique transport map 7" from p to v. This means, when

given a sample Yi,...,Y, d i, there are p-a.e. unique “representants” (or rank statistics)
RE(YY), ..., RE(Y,) with respect to distribution . When p is unknown, we can work with
empirical rank statistics R%(Y}),..., R(Y,). But what can rank statistics/representants
be used for? We provide an example in the next subsection.

4.2 Example: Quantiles and Ranks in R?

What is the idea of optimal transport that we are going to use? Often when we work
with random variables/vectors, they may follow some arbitrary distribution. Then, we
would like to make inference, e.g. estimating their correlation. Sometimes this is easier
when working with some other specific distribution. Consider the following example:
The Pearson’s correlation defined as in is a well established way to measure the
dependency of two random variables. However, it has some disadvantages, e.g. it is
undefined for random variables with infinite variance. Also, it only measures the linear
dependency and one can therefore lose a part of the interval [—1,1]. This holds for
example for a Exp(1)- and a Unif[0, 1]-random variable. An alternative to Pearson’s
correlation is Spearman’s p.

For random variables X and Y with distribution functions F'x and Fy, Spearman’s p is
defined as
PXyYy = (COI‘I‘[F)((X), Fy(Y)]

So what does Spearman’s p do? In the case where X and Y are absolutely continuous,
we know by Theorem that Fix(X) and Fy(Y) have Unif|0, 1]-distribution. Hence,
Spearman’s p calculates the correlation of the Unif[0, 1] versions of X and Y. In other
words, one can transport X and Y to Uniform distributions on [0, 1] with the cyclically
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monotone distribution functions F' := Fx and G := Fy, and determine the correlation
Corr[F(X),G(Y)]. The transport to Unif[0, 1] has two advantages: Firstly, we do not
need to worry about the existence of second moments and secondly, Spearman’s p is
invariant under increasing transformations. Thirdly, values over the whole interval [—1, 1]
are always attainable for absolutely continuous random variables.

We will use this idea of transporting to a more convenient distribution to work with, when
we introduce our new method for Canonical Correlation Analysis. In order to understand
this concept better, we provide another example beforehand, namely the Centre-Outward
Distribution Function introduced in (Hallin et al., [2017). The theory around it suggests
a way to generalize the distribution function, the empirical distribution function, the
median, rank statistics and quantiles to higher dimensions. Note that the main goal
of this section is not to introduce this concept, but to comprehend the use of optimal
transport and the definitions in the previous section illustrated at this example, both in
the distribution and in the empirical case.

Consider the following problem: Suppose u is a distribution in dimension 1 with corre-
sponding distribution function F,

F:R—[0,1], F(t) = p((—o0,t]).

We are now interested in the quantiles of . As we are working in dimension 1, we can
simply define the ¢-th quantile as F~!(q) for ¢ € (0,1), where F'~! is the generalized
inverse of F' defined in Definition Similarly, the median is given by F~1(1/2).
But what if we were working in dimension d > 1?7 The quantile can not be analogously
defined in higher dimensions as we do not have a canonical ordering of R? as in the
one-dimensional case.

The empirical case is also interesting. When given a sample X,..., X,, ~ u, the order
statistics are defined such that

Xy =Xe ==X

Then, one can easily define the median as the value in the middle (in the n odd case). Due
to the canonical ordering of R it is also very easy to define the empirical quantiles. But
what if we were working in a higher dimension? Also, what is the empirical distribution
function in higher dimensions?

Transport maps can help us suggest a solution this problem. As established in Example
[1.1.17] the distribution function is a transport map from a distribution x to the Unif[0, 1]
distribution. Similarly, in the empirical case the empirical distribution function transports
the sample to the set {%, %, ce 1} which approximates Unif[0, 1]. The problem in higher
dimensions is that it is difficult to work with the set [0, 1] equipped with Unif[0, 1] on
which the theory in dimension 1 is based on. Instead we will work with the unit ball in
higher dimensions equipped with a type uniform distribution. We will later see how this
can be done.

For now, let us begin with some intuition. Let X ~ p with u € PL be absolutely
continuous and have distribution function F. Consider the increasing function Fy =
2F — 1, which we for now call center-outward distribution function. It is cyclically
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monotone since it is increasing, and it transports p to the uniform distribution on the
unit ball U; = Unif(—1,1). The question is: Why is this transformation useful? The
answer is: It is not very helpful in dimension 1, but in higher dimensions it is. The
center-outward distribution FL contains the same information as F' and we can define
familiar and new terms:

e The medians are given by the elements of F'({0}).

e The center-outward quantile regions are defined as C(q) = Fy'([—q,q]) for ¢ €
(0,1).

e The center-outward quantile contours are defined as C(q) == F;'({—q,q}) for q €
(0,1).

We observe the difference between the classical distribution function and the center-
outward distribution function. As the name already suggests the center-outward dis-
tribution function defines quantiles from a center-outward perspective. Everything is
centered around 0. We will later see that we can generalize this to higher dimensions.
Next, let us consider the empirical case in dimension 1.

Suppose we are given a sample Xi,..., X, w i. Then, the empirical rank statistic
Rg"), ..., R are defined as

R™=#{ken]: X, <X} i€ln]

Further, the classical empirical distribution is given by
1
FM(t) = —#{k € [n] : X < t}.
n

Observe that only the values of F™ on the sample {X;,...,X,} are uniquely defined,

as F(™ can be defined arbitrarily in between as long as it remains increasing and we

have tlim F®(t) = 0 and tlim F®(t) = 1. We can also say that F™ maps the order
——00 —00

statistics

1 2

2L
n n

ey

We can now define the empirical center-outward distribution F i") analogously by mapping

X(I),X(g),...,X(n) to

n—1 n-—3 n—1
n+1" n+1"" ""n4+1’

X(l),X(g),...,X(n) to -

where we assume n to be od Outside the sample Fj([n) can be defined such that it is
increasing and we have lim F"(t) = —1 and Jim F"(#) = 1. Again we can define the
——00 —00

familiar and new terms:

INote that both the statistics from Definition [4.1.10] and here are called rank statistics. The ones
from the definition are with respect to a distribution. As the rank statistics from here take values in
[n], they may be interpreted as empirical rank statistics with respect to the uniform distribution on [n].
This can be shown with a similar argument as in Example [1.T.T1}

2The case, n even, is also studied in (Hallin et al. 2017)). It is very similar, but with slightly more
unconvenient notation. As we are mainly interested in the idea behind it than introducing the concept
we do not consider the n even case.
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“ . . . . (n)71
The empirical median is given by Fy” ({0}).

for i € [n].

The center-outward ranks Rgg 2 are defined as RE_L"’ 2 = ’RZ(") — ot

The center-outward signs Sinz are defined as Sinz = sign <R(") - "TH> for i € [n].

e The empirical quantile regions C7” (¢) = {XZ- : Rs_fz < @} for g € (0,1).

e The empirical quantile contours CE_Ln) (f—jl) = {XZ- : R(B < j} for j € [”T“}

Everything is again defined in a center-outward perspective. Also, note that the set

{—Z—jr}, —Z—j, ey Z—:} is a grid of Unif[—1, 1], when interpreted as a triangular array of

fixed points increasing with n.

This concludes the definitions for dimension 1. We are now able to examine the interesting
part namely, generalizing these concepts to the higher dimension. Thereby, we will be
working with the unit ball equipped with a uniform type distribution which we introduce
next:

Definition 4.2.1 (Uniform Distribution on the Unit Ball). Let S be uniformly dis-
tributed on the unit sphere S;_; and let U be uniformly distributed on [0, 1]. Then,
we call the distribution of US the uniform distribution U, on the d-dimensional (open)
unit ball S;. Note that this is not the actual uniform distribution on the unit ball in
dimensions d > 2.

In dimension 1 the center-outward distribution function was the p-a.e. unique function
transporting p to Uy. This property will carry over to the higher dimension, as we will be
working with S; equipped with U;. We can now define the center-outward distribution
function based on Proposition [4.1.2]

Definition 4.2.2 (Center-Outward Distribution Function). Let X ~ u € P2

e The center-outward distribution function of X is the unique gradient of a convex
function Fy pushing u forward to U,.

e The corresponding center-outward quantile function Q4 is defined as the unique
gradient of a convex function pushing U, forward to p.

e The quantile regions of order q € (0,1) are defined as C(q) = Q+(qSq)
e The quantile contours of order q € (0,1) are defined as C(q) = Q+(¢Sa-1).

This definition is slightly different to the corresponding Definition 4.1 in (Hallin et al.
2017). There, the center-outward distribution function is defined for non-vanishing dis-
tributions which is a stronger requirement:

Definition 4.2.3 (Non-Vanishing). An absolutely continuous distribution p € P2, is
called non-vanishing if its density f satisfies the following property: For all D > 0 there
exist 0 < Ap < Ap such that

Ap < f(z) < Ap

for all z with [|z|| < D. We write u € P4,.
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For non-vanishing distributions, Definition becomes particularly meaningful. In
that case, Proposition 4.2 in (Hallin et al. [2017)) shows that the quantile regions C(q)
have boundaries C(q), and are connected and nested as ¢ increases from 0 to 1. Further,
the set Fiz'({0}) is a compact set of measure zero and can be defined as the set of center-
outward medians. Note that the center-outward medians can not be well-defined in the
absolutely continuous case. Proposition |4.1.2| only provides the existence of transport
maps almost everywhere.

In summary, the transport map from an arbitrary non-vanishing distribution u € P?,
to the uniform distribution on the unit ball U, enabled us to generalize the distribution
function, the median, and quantiles to the higher dimension. Optimal transport theory
will also be very useful in the empirical case, as we will see next.

In order to generalize our concepts we will need to find a grid for the uniform distribution
on the unit ball Uy:

Definition 4.2.4. We will formulate the grid visualized in Figure 4.3 mathematically.
Let (un)nen % Unif (S4-1) fix a sequence of directions. Next, factorize n as

n=ngng +ng, nNg,ng,No €N, 0<ny<min(ng,ng),

where ng, ng — oo when n — co. Now, we obtain a grid of ngng points in the unit ball at
the intersection of the directions (uy, ..., u,,) and ng hyperspheres centered at the origin
with radii 1/(ng + 1),...,ng/(ng + 1). The remaining points are ng indistinguishable
copies of the origin if ng > 0.

Let us denote this collection of points by Zf"), ey Zi™ . We define the discrete distribution
which assigns the probability mass 1/n to every point but the origin, and the probability
mass ng/n to the origin, i.e.

w1 o
=1

We call Uén) the uniform distribution over the augmented grid. By (Hallin et al., [2017),
the array (Z,g"))nzkzl is in fact a grid of Uy in the sense of Definition , i.e. we have

]' . n w
LSz vy, as
n

=1

Now, the grid for U, enables us to define the empirical center-outward distribution func-
tion. Recall that in dimension 1, we were only interested in the restriction of the empirical
center-outward distribution function to the sample on which it was cyclically monotone.
This will also carry over to higher dimensions.

Definition 4.2.5 (Empirical Center-Outward Distribution Function). Let Xi,..., X, w

p be a sample with € P Let (Z,g"))nzkzl be the grid of Uy as in Definition We
define the empirical center-outward distribution function as

FO Xy Xy = {20, 20, FO(XG) = Ry (X)),
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Figure 4.3: The augmented grid for U, (taken from page 15 in (Hallin et all 2017)).

where the empirical rank statistics are with respect to the grid (Z,(Cn) Jn>k>1. Equivalently,

we have
F{(X0) = Zog

for an optimal permutation ¢ which satisfies

DX = Zoo|” = min 37 [1X — Ze ||
i=1 =1

TESn
In particular, the set
{(x F(xD) o (X F (X)) |
is cyclically monotone.

The following picture illustrates the center-outward distribution of a sample.

o e 17 e 2
= &0
L
T3] q e -
;T . 13 =
o ) .?v? e 11 3
o | " es Bl o |
[ ] (o}
s 7 5
]
- ] =
T T T T T N T T T T
1.0 -05 0.0 05 1.0 1.0 -05 0.0 05 1.0

Figure 4.4: Center-Outward Distribution function of a sample of Exp(1) @ N (0, 1)
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Example 4.2.6. What can we see in the plots? On the left hand side there is a n = 17
sample of the distribution 11 ® o, where 1 ~ Exp(1) and pgy ~ N(0, 1) are independent.
On the right hand side we see the grid of U, as in Definition [4.2.4f Further, we see
which sample point gets mapped to which point on the grid, e.g. the observed point with
number 8 is the empirical center-outward median of the sample.

With the empirical distribution function we can now define the familiar concepts in a
higher dimension:

Definition 4.2.7. Let X1,..., X, w i be a sample with g € P? and empirical center-
outward distribution function Fj([n). Then, we define

e center-outward ranks: R@ = (np + 1)||F(X,)]|| for i € [n].

() x,
e center-outward signs: Sinz = % for ¢ € [n] and 0 if undefined.
+ 7

e center-outward quantile regions: Ci")(q) ={X; | R@ < gng} for g € (0,1).
e center-outward quantile contours: C{"” (j/nr) ={X; | R@ = j} for j € [ng).
Next, we show examples for the mentioned terms.

Example 4.2.8. Consider again the sample from Example with n = 17. We have
no =1, ng = 2 and ng = 8. Some calculations:

17 17 17 0 17 1 /=1
R, =1, R =2 s7 = <1) s = ( 1 )

The following are examples for quantile regions and quantile contours.

o * 17 * o *17 ®
= o5 = RX:
10 *4 5] g ., ®4
— 13 — 13
o _ Lo U e o _ o2 Ve e
o | & 15 -Hﬁlf‘m o ® 15 .!mwm
L] L)
Ly (T}
Q 7] ShN
o o
T T T T T T T T T T
10 05 00 05 1.0 10 05 0.0 05 1.0

Figure 4.5: Quantile Region C(im(l/Q) (left) and Quantile Contour C$7)(1/2) (right)

Finally, the center-outward distribution has a Glivenko-Cantelli type property:
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4 Optimal Transport
Theorem 4.2.9 (Theorem 5.1 in (Hallin et al., 2017)). Let (X, )nen % 1 be a sample

with p € PL, and empirical center-outward distribution function Fj([n). Further, let Fy be
the actual center-outward distribution function with respect to p. Then,

=0 a.s.

FI(X,) — Fa(X5)

lim max
n—oo t=1,...,n

When rewriting the statement with the rank statistics from Definition we have

=0 a.s.

Ry, (X:) — Ry, (X)

lim max

n—o0 i=1,...,n
Hence, the empirical rank statistics of the X;’s on Uy converge uniformly against the true
rank statistics on Uy.

Let us summarize the results of this subsection. Although we see how strong the theory of
the center-outward distribution function is with the defined concepts in Definition
and the property in Theorem [£.2.9] this was not the main purpose of this subsection. The
idea was to get a better understanding for the use of optimal transport. So what can we
learn from this example? When we have theory around some distribution v, but we are
working with a Y ~ u, we can transport p to v. Then, we can use the theory for v with

the rank statistic 22(Y). When working with a sample Y1, ...,Y, w p and p is unknown
one needs a grid of v and can use the empirical rank statistics R}'(Y}), ..., R}(Y,) instead.

This concept has been a focal point of research in recent years. For example, tests of
equality and the independence of probability distributions based on rank statistics have
been proposed in (Deb and Sen|, 2019) and (Shi et al., 2022), respectively. Also, rank
statistics can be used to define multivariate analogues of Spearman’s p and Kendall’s 7
as suggested in (Shi et al} 2024). Overall, there any many possible applications for rank
statistics. We will use them for estimation in Canonical Correlation Analysis later.
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5 Canonical Correlation Analysis

Now, we have introduced the measure-theoretic probability and optimal transport theory
we need. This chapter will deal with Canonical Correlation Analysis (CCA). We begin
with a recap of the multivariate normal distribution as the classical CCA theory is based
on it. Thereafter, we continue with the motivation, history, and the model of CCA. Next,
the Gaussian Copula CCA, a generalization to the classical model, will be introduced.
Finally, we will present our main topic, the Cyclically Monotone CCA model. Throughout
the chapter we discuss the formulations of all three models, present an estimation method
for each and prove their consistency.

5.1 Recap: Multivariate Normal Distribution
Definition 5.1.1 (Normal Distribution).

e A random variable Z follows a univariate standard normal distribution if Z has the

density
1 52
fz(2) = \/%6_7 z€eR

with respect to the Lebesgue-measure in R. We write Z ~ N (0, 1).

e A random variable Y follows a univariate normal distribution if Y = m + o7 for
some m € R, >0 and Z ~ N (0,1). We write Y ~ N(m, d?).

e A random vector X = (Xi,...,X,) follows a multivariate normal distribution,
denoted by X ~ Ny(m,X), if for all a € R?, a7 X is univariate normal with a” X ~
N(aTm,a’>a), where m € R? and ¥ € R%*? is positive semi-definite.

Definition 5.1.2. A quadratic and symmetric matrix A € R¥? is called positive-
semidefinite if for all z € R, 27 Az > 0. A positive-semidefinite matrix is called positive
definite if it is also invertible.

The next important property of the normal distribution is that all of its moments exist:

Proposition 5.1.3. Let Y ~ N(m,0?) be normally distributed with m € R and o > 0.
Then, all moments of Y exist and we have E[Y] = m and Var[Y] = o2. Hence, by the
definition of the multivariate normal distribution, all its marginal and product moments
exist, too. In particular, we have E[X] =m and Var[X]| =X for X ~ Ny(m,).

Proof. We refer to page 45 and Proposition 5.1 in (Bilodeau and Brenner| 1999)). [

Other properties we are interested in are linear transformations, independence, and con-
ditional distributions.

Proposition 5.1.4 (Proposition 5.2 and 5.3 in (Bilodeau and Brenner, [1999))). Let X ~
Na(m, %), let b € R™ and let A € R™. Then, AX +b ~ N,(Am + b, ALAT). In

particular, if
X1 my Y Yo
X = ~ N 9 9
() =l () 22)

then, X1 ~ Ny, (mq,X11), where dy is the length of my.
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Proposition 5.1.5 (Proposition 5.4 in (Bilodeau and Brenner},[1999))). Let X ~ Ny(m,X)

with
X3 my Y1 X2
X = ~ N, , )
()~ () (G 32)
Then, X, and X5 are independent if and only if ¥15 = 0. In that case we write X; 1L Xo.

Proposition 5.1.6 (Proposition 5.6 in (Bilodeau and Brenner],[1999))). Let X ~ Ny(m, )
with % positive definite and

X my 21 Yo
X = ~ N, , .
()~ () (5 52)
Then, the conditional distribution of X, given the event Xy = o for some xo € R% s
given by

X1|Xo = @5 ~ Ny, (mq + 12355 (22 — ma), B11 — T12555 Ta1) -

Thereby, the matriz Y119 = 11 — 21222_21221 is called the Schur-complement.

Proposition 5.1.7. Let m € R? and ¥ € R be positive definite. Then, there exists a
random vector X with X ~ Ny(m,X).

Proof. By Theorem 3.2.4 in (Tong,[1990), we have X ~ Ny(m, X) if there exist 71, ..., Zy i
N(0,1) and A € R™? such that AZ + m = X and AAT = ¥. By generalized inverse
transform in Theorem [3.1.14] there exists Z; ~ N (0,1). It is an elementary result from
probability theory that we can always construct independent random variables. Hence,
there exist Z1,..., 2y YN (0,1). By the Cholesky factorization in (Horn and Johnson)
2013, Corollary 7.2.9), we can find L € R™¢ so that LLT = X. Letting Z = (Z,,..., Zq)
and X = LZ + m shows the claim. O

This finalizes our recap for the multivariate normal distribution. We can now begin with
the history of Canonical Correlation Analysis.

5.2 Classical CCA
5.2.1 History and Motivation

The original theory for Canonical Correlation Analysis (CCA) was developed by Harold
Hotelling in (Hotelling, [1936). He examined the idea of applying correlations and regres-
sions not just to one-dimensional random variables.

An example for the theory of correlation is marksmen, side by side, firing shots at a target.
The deviations of their shots are partly due to individual errors and partly to a common
cause such as wind. When one wanted to investigate this association with approaches
available at that point of time, one could calculate the correlation of one-dimensional
variables. For example the correlation of the z-deviation of the shots and the z-velocity
of the wind could have been determined. However, studying only this dependence would
lead to an incomplete analysis as there are other variables which could be analyzed, such
as correlation of the z-,y- and z-velocity of the wind, and the z- and y-deviation of the
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shots. But if one aims to make a more detailed analysis involving all mentioned variables,
the problem becomes more complicated. Of course one could estimate a 2 x 3 block of a
correlation matrix in this case, providing 6 correlation values for interpretation. However,
in a higher dimensional data set this option would not be suitable as there are too many
correlations to work with.

One example could be the following scenario: Suppose one is interested in studying
the association of returns of two baskets of assets in a financial market. Thereby, one
aims to study the dependence between the two sets of assets rather than the correlation
inside each set. When the size of each basket is not small, let us say n > 30, then, the
corresponding block of their correlation matrix contains at least 900 elements which is
not very informative. Canonical Correlation Analysis provides a solution to overcome
this problem. The approach is to find one linear combination of assets for each basket
which have the highest correlation. Thereafter, one can find two new linear combinations
of assets which are uncorrelated with the previous which have the highest correlation and
so on. The investigator would then observe that the interrelation of the two sets can
almost entirely be explained by a few of such linear combinations.

Today, CCA has become an established method to analyze the correlation of non-overlapping
sets of random variables. Let us provide another example: Suppose one is interested in the
academic success of students based on their personality. Variables for academic success
could be grades in subjects, like:

e X;: Languages
o X,: Mathematics
e X3: Humanities
e X,: Science
For Personality Traits one could take the ones from the Five-Factor Model:
e Yi: Agreeableness (being compassionate and polite)
e Y5: Conscientiousness (being industrious and orderly)
e Y3: Extraversion (being enthusiastic and assertive)
e Y,: Neuroticism (affinity towards negative emotion, withdrawal and volatility)
e Y;: Openness (intellect and openness to experience)

The variables X = (Xi,...,Xy) and Y = (Y7,...,Y;) are taken from (Journals, 2021).
Now, instead of considering all pairs of correlations, the approach of CCA is to learn
which combination of personality traits is correlated with strengths in which combination
of subjects.

The goal is to find linear combinations af X and 7Y which have the maximum corre-
lation \; := Corr[al X,7{Y] with a; € R* and 7; € R®. Then, )\, is called the first
canonical correlation of X and Y, and af X & 7{'Y are called canonical variables. Hypo-
thetically, one pair of such linear combinations could look like this: High conscientiousness
combined with low neuroticism is positively correlated with good grades in mathematics
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and science. Note that as described before we do not study the dependency within each
set. A relationship that CCA does not cover is e.g., the correlation of good grades in
languages and humanities with the performance in mathematics and science.

After identifying the first canonical variables af X and 7Y, one can then continue to find
new linear combinations o X and 77 Y maximizing the correlation Ay := Corr[ad X, ~{Y]
with ap € R* and 85 € R® subject to being uncorrelated with the first canonical variables
al' X and 4TY. Thereby, this constraint is there to ensure that the new pair of linear
combinations explains dependencies that have not been covered before. Then, A, is called
the second canonical correlation of X and Y and so on. We will later see that this could
be done 4 times, as this the number of variables in the smaller data set. In practice one
would stop after a satisfying number of canonical correlations, in particular when most
of the interrelations have been explained.

For further reading about Canonical Correlation Analysis we refer to (Hotelling, [1936),
(Anderson, [2003)), and (Johnson and Wichern) 2007). In the following we will introduce
CCA mainly following (Anderson| 2003).

5.2.2 The Classical CCA Model

In the end of this section we will provide the main theorem about CCA, namely Theorem
5.2.1| which describes the theory concisely. For now let us begin with some intuitive steps
for the derivation of it.

One fundamental assumption of classical CCA is multivariate normality which also im-
plies invariance of the canonical correlations under linear combinations of the variables.
Let two multivariate normal data sets Y7 ~ N, (m1, X11), Yo ~ N, (ma, Xao) with p; < po
be given such that they are jointly normal

_(h ~ — (T (X X
Ve (i) (= () = G 52)

Thereby, we assume > € RP*P to be positive definite. As described we are interested in
finding linear combinations maximizing the correlation, i.e. solving the problem

max A, = Corr[a] Y},77 Ya). (P1)

a1 €RPL y; €RP2

If this problem can be solved, we want to find new linear combinations Y] and vV,
maximizing their correlation subject to being independentf’| of all previous linear combi-
nations, i.e.

max Ay == Corr[ad Yy, 71 Yy] (P2)

a2 €ERPL o €RP2

subject to (a3 Y1,72Ys) AL (af Y1,~]Ys).

If this problem can be solved, we again aim to find new linear combinations al'Y; and
7FY, maximizing their correlation subject to being independent of all previous linear

3Note that independence and having zero correlation are equivalent for normal random vectors by

Proposition
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combinations, i.e.

max A3 = Corr[ad Yy, 71 Y)] (P3)

a3 €RPL y3€RP2

subject to  (ag Y1,73 Ya) AL (af V1,7 Yo, a5 1,75 Ya).

Let us rewrite these problems for simplicity. Since ¥ is positive definite (p.d.), 313 and

Y99 must be p.d., too. Hence, they have p.d. square roots 2%2 and E%Q, respectively.
Now consider the random variable

7 (%) _ S (Y = my) <N o Iy, IR P il
T\ %)\ 5527, — my) S G DI YD SR I ’
22 2 2 22 21411 p2

where we derived its distribution with Proposition Now, (P1)) can be rewritten to

max A= Corr[aip(Ei{QZl + my), yf(E%QZQ + ma)].

a1 ERP1 ~1 €RP2

Since 21{2 and 2%2 are invertible, and the correlation is invariant under the addition of
constants, we conclude that by reparametrization (P1)) is equivalent to

max A = Corr[¢] Z1, (] Zs).
Gremn Gerr €120, ¢ 2]

Further, w.l.o.g. we can require our linear combinations to have unit variance. This
condition can be expressed as

1= Varl¢T 7)) = B[¢T 2, 27¢)) = €TR[Z, Z7)6, = ¢T'¢,
1= Var[(] Zs) = E[(] 2223 1] = (TE[ 2227 ]G = (¢

With W == £,/2%,55,7%, we then have

Covlel Z1,({ Z)  E[E] 2125 ¢

(COI'I'[&?ZI, ClTZ?] = - = ffwgla
VVarlel ZVarl(7TZ,] - /€7¢-(7¢
by Proposition m Finally, can be rewritten as
max A\ =& W (P1%)

&1€RPL (1 ERP2
subject to e =1
GG =1
With Lagrange multipliers this problem can be solved, see Section 12.2 in (Anderson,
2003), and there exist maximizers &, 1, and Ay to (P1¥)) such that \; = Corr[¢] Zy, (T Zo].
One can easily observe that the maximizers for (P1)) are then given by A1, oy = 21711/ 3
and 31 = 25,
Next, we rewrite (P2)). The new condition (o Y;,73Y3) 1L (afYy, 7] Y3) is equivalent to

(&3 72,1 Zy) W (6] Z1,¢T Z,). Since these linear combinations are normally distributed
by Proposition and independence for normal variables is equivalent to having 0
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covariance by Proposition |5.1.5] the condition is equivalent to all four pairs having co-
variance 0, i.e.

0=E[& Z12:6] = & &
0=E[& Z12:¢] = &G WG
0=E[G Z:Z{ &] = G W&
0 =E[(y Z2Z2G] = 5 G-

Finally, under the unit variance assumption, (P2)) can be rewritten as

max Ay =& W, (P2%)

&2€RP1 (o ERP2
subject to 5;“52 =1

Gé=1
[&=0
{G=0

EWEG =0
GWE&E =0

It is shown in (Anderson, 2003) that this problem has a solution as well. In fact the
procedure of finding linear combinations can be done as long as the dimension permits
it, that is, p; times. Assume that this is done and we obtain canonical correlations

1>XM >X2>...> ), >0 and vectors for linear combinations &;,...,&,,Ci, .., (p,-
If we summarize the \;’s in a diagonal matrix A in decreasing order and the vectors
in matrices, = = (&,...,§,,) and ¥ = ((1,...,(,, ), the conditions of our optimization

problems imply that = and ¥ must be orthogonal and we have Z'W W = A, similar to the
singular value composition of W. This raises the question: Can canonical correlations be
obtained through a singular value composition of W7

The answer to that question is yes and is shown in a very long proof in section 12.2 of
(Anderson, 2003)). We summarize the results in the following theorem.

Theorem 5.2.1 (Canonical Correlation Analysis). Let Yy ~ N, (m1, 311), Yo ~ N, (Mo, Xa)
be given such that they are jointly normal

. Y, [T L Y1 X2
() (e () = (B 5) oo

with ¥ positive definite and p1 < ps. Let Z be the multivariate normal random vector

with )
Z 20 (Y —my) ( (I W))
7 = — 11 ~ N 07 p1 ;
(ZQ) (2;;/2% — my) P\,

where W = 21_11/221222_21/2 € RP*P2 - Further, let W have singular value composition

X0 - 0 0 -+ 0
e A c R,
0 0 -+ X 0 - 0
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where Q1QT = I,, and Q2QF = I,,,. Then, \; is called the k-th canonical correlation of
Y1 and Y. Further, let A = 21_11/2@1 and T' == 22_21/2622 have columns A = (ajl--- ;)
and I' = (77| -+ - |p,), respectively. We call the triple (A, T, A) the CCA parameters of Y.
In particular, for k € [p1], af and v solve the optimization problem

_ T T
akeRrg}?}:esz Ay = (Corr[ozk Y1 % YQ]
SUbj@Ct to (O‘ZYh f)/lzﬂ}/é) AL <O[{T}/17 VTT}/% tee 7azilmu ’71::}/2)
with optimal value A\, = X;. Finally, we have for k € [ps] \ [p1]

w7 o o x T «T «T «T
Yk }/2 i (al }/la 71 }/Qa ce 7ap1 Yia’ypl }/2771)1-1-1}/2) ce 7,7k—1}/2> .

Let us provide an example for this theorem.

Example 5.2.2. Suppose Y; and Y5 have distributions

i (2):(35) 0w e (7))

with joint distribution

Yi, 2 5 4 175 0.625
(Y | Vi ~1 4 5 125 0.875
Y‘(}@)_ Yo, Nell sl i 15 40 o

Yoo 4 0.625 0875 0 1

What are the CCA parameters of Y7 The corresponding optimization problems are

max  A; := Corr[al Y}, ~] Ya],
a1ER? v ER?

and

max Ay = Corr[al Y1, 1 Ya]
az€R2 y2€R?

subject to (o Y1,7, Ya) AL (] Y1, 7] Ya).

We use the approach from Theorem [5.2.1} Now, one can compute

sz _ (54 P 12 - 4 e (40 (0500
11 45 3l-1 2 an 22 0 1 0 1)

Then, we have
w2 12 L2 =1\ (175 0.625) (0.5 0\ _ (0.375 0.125
W= 2017 222 _3(—1 2)(1.25 0875/ \ 0 1) \0.125 0.375

Then, one can calculate the singular value decomposition

1 /1 =1\/05 0\ 1 /1 1
WleAQéF:ﬁ(l 1)(0 0.25>E(—1 1)'
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Finally, one can compute
A Lr2 -1\ 1 /1 -1y _ 1 1 -3
S 3\-1 2),2\1 1) 3,2\1 3

r_ 05 0\ 1 /1 -1y _ 1 705 —0.5
S\0 1), \1 1) 2\1 1 )
The CCA parameters of Y are (A,I", A), but how can we interpret these results? Firstly,
note that the correlation of the linear combinations is invariant under scaling with positive

constants. Hence, linear combinations of ¥; and Y, with maximum correlation are given

by

and

Yii+Yie and Yo, +2Y59
with correlation 0.5 which is the first canonical correlation. The second pair of linear
combinations explaining the dependency of the set is given by

—Yi1+Yio and — Y51 +2Ya,

with second canonical correlation 0.25. In summary, these two pairs explain the depen-
dency of the random vectors Y; and Y, and we have canonical correlations of 0.5 and
0.25.

The next question is: How can the CCA parameters be estimated in practice, i.e. when
given a sample?

5.2.3 Estimation of the CCA Parameters

In this subsection we provide the estimation method for the classical CCA model and
prove asymptotic results. Let us begin with the notation which is used in the following.

Notation 5.2.3. Let Y1, Y® % A (m, %) be given as in (CCAJ). We denote the
data matrix based on the first n samples by Y ™. Thereby, YO, Y® ... Y™ are the
rows of Y™ and we use the partitioned notation

Yy y®
Yo = (v v = o ervr, v =| ¢ | ervon
y () y,™
Some times we will also suppress the index (n) in the exponent.

The determination of the CCA parameters is straightforward by plug-in estimation. Note
that the canonical correlations are obtained by the singular value decomposition of the
matrix W = 2;11/ 22122521/ ®. Hence, we need to estimate blocks of the covariance matrix
Y. The following theorem provides a consistent method.

Theorem 5.2.4. In the setting of Notation[5.2.3, define
(n) 1

v, =y - -1,17v\".
n
It holds for all k,1 =1, 2,
1 f/(n)T}}(n) a.s.
n
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Proof. We define the sample mean,

—m) 1 Zn @ 1 Ty (n)
k n p k n n* k

Note that we enter the samples as row vectors, hence, the sample mean 75:) € Rk and

the true mean my, € RYP+ are row vectors, as well. We have

1) < (n
—YL)YZ()

—m)\ 71 n —(n
v -1y") (v -1.7")

SI—3|—3|F

Y™ — Loy, + Loy — 1n?,§"))T <Yl(") Ly + Ly — 1n?§”))
kn) — 1nmk>T <Yl(") — 1nml> — % (Y(n) mk>T 15 (Yl(n) — lnml>
1 (Yk") — lnmk)T 1, (Yl(n) l) + % (75:) — mk>T 171, (?l(n) — ml)
L) () — (7 m) (7 m)
IS0 ) (0 m) - () (7 )
=1
By the Strong Law of Large Numbers (Theorem and the fact that the matrix

product is continuous, the first and the second term converge to ¥;; and 0, respectively.
Hence, the assertion is proven. O

h<

/N 7 N 7 N

Now, we would like to plug the consistent estimators of Theorem into the equations
of Theorem [5.2.1], but this involves the calculation of a matrix inverse and square root. We
shortly address their well-definedness in the following lemma and present the algorithm
thereafter.

Lemma 5.2.5. In the setting of Notation we have that both, f’lTlN"l and YQTYQ
are almost surely positive definite if n > py + 1.

Proof. For k = 1,2, clearly f/:f’k is positive semi-definite, so let us show that it is also
invertible. By Complement 3.4.5 (¢) in (Mardia et al., |1979), ?Zf’k ~ W, (n—1,%)
follows a Wishart distribution which we introduce in Definition [6.2.2] By Proposition

6.2.3] YZf’k is invertible with probability 1 if n > p; + 1. O

Algorithm 1 CCA Estimation

Input: Data Matrix Y = Y™ with n > P2+ 1
Output: CCA parameters A, I, and A.

1: Set Y1 =Y, — E]-n]-ZYl and Yg =Y, — %LJZ;YQ, respectively.
~ ~ T ~ -1/2 . p . T ~ 1/2

2: Set W = (Y1 Yl) Y. Y, (Y Y2>

3: Let W have singular value composition W= QJ\QQT

A T ~ 12

Set A = <YT171) O, and T = (Y Y2> Os, respectively.

>
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Algorithm 1 is consistent for the estimation of the CCA parameters. We can show this
with Theorem [5.2.4] and the following lemmas.

Lemma 5.2.6. The matriz inverse and square root are continuous on the space of positive
definite matrices.

Proof. The entries of a matrix inverse can be written as a continuous function of the
entries of the matrix and the determinant. Since the determinant is a polynomial of the
matrix entries, the inverse is continuous. For a proof of the continuity of the matrix
square root, we refer to (Wihler, |2009)). ]

Lemma 5.2.7 (Theorem 3 and Theorem 6 in (Nathanson and Ross|, 2023)). Let
R:R"™\ (R" x {0}) — C"

be the function that assigns each (n + 1)-tuple (ao,...,ay,) the roots of the polynomial
f(2) = > a;z" in increasing order. Then, R is continuous, i.e. the roots of a polynomial

of fixed ?legree n depend continuously on its coefficients.

Corollary 5.2.8 (Consistency of CCA). Let Y Y@ X N (m, %) be as in (CCA).
Then, algorithm 1 is consistent for the estimation of W and the canonical correlations
M-y Apy - That, is when W™ and A™ with diagonal entries A A are obtained
from algorithm 1 with the first n samples YV, .. Y™ we have

W(n) a.s. W

and for all k € [pi],
)\I(Cn) a.s. )\k

Proof. Combining Theorem [5.2.4| with Lemma [5.2.6| and the Continuous Mapping Theo-
rem yields

n

5 () lore \ 2 (1o lore \ % ae ~-1/2 ~1/2
w = ﬁYl Yl Yl Y2 EYQ YQ — Ell 212222 =W

showing the consistency for W. Now, note that for k& € [p1], Ay is the k-th biggest root
of the polynomial

F(N) = det (W<">TW<"> . )\Ip2> .

By Lemma [5.2.7] the continuity of the determinant and the Continuous Mapping Theo-
rem, we conclude

a.s.

A2
0

Another interesting result about the classical CCA is the asymptotic normality of the
squared canonical correlations.

43



5 Canonical Correlation Analysis

Theorem 5.2.9 (Asymptotic Normality of CCA). Let Y1,Ys,... < Ny(m, X)) as in
(CCA) such that \y # 1 and the nonzero canonical correlations are pairwise distinct.
Then, we have for all k € [p] with A\, # 0

(Afj)f -
20 (1= A2)

vn N(0,1),

where )\,(fn) is the k’th canonical correlation obtained from Algorithm 1.
Proof. See Section 12.5 in (Anderson, [2003)). O

This concludes our section about the classical Canonical Correlation Analysis. Next, we
will consider models generalizing the classical CCA.

5.3 Gaussian Copula CCA
5.3.1 The Gaussian Copula CCA Model

Obviously, one drawback of the classical CCA is the normality assumption which may
not be fulfilled in many scenarios, so that there have been proposed models relaxing this
assumption. In this section, we introduce the Gaussian Copula model which allows the
marginals of the data to follow an arbitrary absolutely continuous distribution. However,
their dependency must be described by a Gaussian Copula. This model has also been
presented in (Yoon et al., [2020). Further reading about semiparametric CCA models we
recommend are (Agniel and Cai, [2017)) and (Zoh et al., 2016).

We begin this section by defining the model setup, continue by discussing the implications
of the model assumptions and explain how the Gaussian Copula model generalizes the
classical CCA. Further, we present an estimation method of the Gaussian Copula CCA
(GCCCA) parameters and prove its consistency.

Definition 5.3.1 (Gaussian Copula Model). A random vector Y = (Y3, ...,Y},) satisfies
the Gaussian Copula Model if there exists an underlying multivariate normal random
vector Z = (Zy,...,2Z,) ~ Np(0,C) and increasing functions fi,..., f, : R — R so that

fe(Ye) = 2y, (GCCCA)

for all k& € [p]. Thereby, we assume C' to be a correlation matrix which means being
positive definite and having diagonal entries 1. We write Y ~ NPN,(C, f), where f =
(fi,-.., fp). This is sometimes referred to as the nonparanormal distribution.

Remark 5.3.2. Note that the index notation in this section is slightly different to the last
section. Previously, we had Y = (Y1 Yg) to denote the two partitions. In this section we
write Y = (Y3,...,Y,) in order to emphasize the one-dimensional univariate marginals
as we will mostly focus on them in this section.

Definition 5.3.3 (Gaussian Copula CCA). Suppose Y ~ NPN,,(C, f) satisfies the Gaus-
sian Copula Model with an underlying Z ~ N,(0,C). If Y is partitioned into (Y3, ...,Y},,)
and (Y, +1,...,Y,) with py < py = p — p; then, we define the GCCCA parameters of ¥
as the CCA parameters of Z as in Theorem [5.2.1]
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There are three aspects that we will discuss for the model formulation. We begin with
the implications of the model assumptions.

What do the model assumptions imply? Another way this question can be for-
mulated is: If Y ~ NPN,(C, f), what can we deduce about the distribution of Y or its
marginals? In fact, we show that ¥ ~ NPN,(C, f) implies that the marginals Y} can
follow arbitrary continuous distributions.

Theorem 5.3.4. Let Fi, ..., F, be continuous distribution functions and let C' be a cor-
relation matriz. Then, there exists Y ~ NPN,(C, f), so that Y}, ~ F}, for all k.

Proof. Let Z ~ N,(0,C) be an underlying multivariate normal random vector which
exists by Proposition [5.1.7 Let ® be the distribution function of a N(0,1) random
variable. We define

Yy = F7H®(Z)).

By the generalized inverse transform (Theorem [3.1.14), we have ®(Z;,) ~ Unif(0, 1) and
therefore, Y}, = F, ' (®(Z},)) ~ uy. Further, since Fy is continuous, we have by Theorem
3.1.15| (i), @1 (Fy(Y3)) = Zi. Finally, note that f == ®~! o F}, is increasing, so that
Y =(Y1,...,Y,) ~ NPN,(C, f) satisfies the Gaussian Copula Model. O

The converse is also true.

Theorem 5.3.5. Let Y = (Y1,...,Y,) ~ NPN,(C, f) follow the Gaussian Copula model.
Then, for all k, the function f; has the form f, = ® 1 o F},, where F}, is the continuous
distribution function of Yy. In particular, we have

Ve = F, 1 (®(Z)) a.s. (5.1)
for all k.

Proof. Let k € [p]. Note that since fi(Yy) = Zx ~ N(0,1), fr must be surjective. By
assumption it is also increasing and hence, continuous. Now, let us define the continuous
function Fj = ® o fr. We show that F}, is the distribution function of Y. We have for
allt e R

P(Yi <t) <P(fe(Yr) < fi(t)) = ©(fe(t)) = Fi(t)
P(Y, <t) > P{Yr <t} U{Ye >t fi(Ye) = fr(D)}) = P(fi(Ya) < fu(t)) = @(fu(t)) = F(t).

Hence, Y}, has the continuous distribution function f;. Finally, note that
where we applied Theorem [3.1.15| (i) for the last implication. ]

Hence, the Gaussian Copula CCA allows exactly all continuous distributions as univariate
marginals. The next question we address is the parametrization of the Gaussian Copula.

Why this parametrization? Note that for Y ~ NPN,(C, f), the multivariate normal
Z is parametrized with mean 0 and a correlation matrix C' instead of an arbitrary mean
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m € RP and positive definite covariance matrix > € RP*P. Working with a correlation
matrix will turn out to be very useful, but for now let us address why this parametrization
is not a restriction.

Theorem 5.3.6. Suppose Y = (Y1,...,Y,) is a multivariate normal random vector, so
that there exist Z = (Zu, ..., Z,) ~ Ny(m,X) with ¥ € RP*? an arbitrary positive definite
covariance matriz and increasing functions fi,..., f,, so that

Je(Yi) = Zy

for all k. Then, Y satisfies the Gaussian Copula model. In particular, there exists a
correlation matriz C and increasing functions fi, ..., f,, so that Y ~ NPN,(C, f).

Proof. Since ¥ = (o) € RP*P is positive definite, all its diagonal entries are greater
than 0. Define the matrix C' = (¢;;) € RP*P with ¢;; = —=—. Further, set f, =

(fx — mg)/+/orr and define

Zk — My
vV Okk '

Then, Z = (Z; ...,Zp) ~ N;(0,C) and C is positive definite with diagonal entries 1 by
Proposition [5.1.4] Hence, Y ~ NPN,(C, f). ]

Z~k = .]Ek:(Yk) =

Which models are covered? As the Gaussian Copula relaxes the normality assumption
of the CCA and allows arbitrary marginals, it should intuitively be larger than the CCA.
In fact, this is true and we have already shown it.

Corollary 5.3.7. Let Y be a multivariate random vector satisfying (CCA|). Then, Y
satisfies the Gaussian Copula Model (GCCCA)).

Proof. If Y satisfies (CCAJ), then this implies that Y fulfills the assumptions of Theorem
5.3.6], where we set Z, = Y} and fi to be the identity. Hence, Y satisfies the Gaussian
Copula Model. O

This concludes our discussion of the Gaussian Copula CCA model. The next question
we deal with is: How can we estimate the GCCCA parameters when observing Y7

5.3.2 Estimation of the GCCCA parameters

When solely observing Y ~ NPN,(C, f), the estimation of the GCCCA parameters is
nontrivial, as they are based on the correlation matrix C' of the unobserved Z. If we
knew C' then, we could proceed as in Algorithm 1 and estimate a block of a covariance
matrix and make the singular value decomposition. Thankfully, there exists a lemma
which lets us make inference on C' by using Spearman’s p. In this section we will present
this estimation method and prove its consistency. For now, let us begin with the notation
and setting throughout the section.
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Notation 5.3.8. Let YV Y® % NPN »(C, f) be observed, so that ZW, Z® w

N,(0,C) are normal with a correlation matrix C' and increasing functions fi, ..., f, which
satisfy

fk(Yk(n)) - Z]gn)
for all k € [p] and all n € N. We denote the data matrix based on the first n samples by

Y ™. Thereby, YV, ..., Y™ enter the matrix as row vectors:
y @)
yo | | = (7@ NORNS %gm) € R™*P
y(n)

The vectors 7]('71) = (Yj(l), e ,Yj(n)) denote the columns of Y ™. As we will compute the

Spearman’s correlation coefficients, having a notation for the columns will be helpful.
Next, let us define Spearman’s p.

Definition 5.3.9 (Spearman’s p). Let X and Y be random variables with distribution
functions F'x and Fy. Then, their Spearman’s correlation coefficient pxy is defined as

pxy = Corr[Fx(X), Fy(Y)].

The estimation method relies on the following relationship of the Sperman’s correlation
and the entries of the correlation matrix:

Lemma 5.3.10 (Lemma 3.1 in (Liu et al., [2012)). Let Y = (Y1,...,Ys) ~ NPN,(C, f)
with C' = (¢;;) € RP*P and let p;; be the Spearman’s correlation coefficient of Y; and Y.
That 1s,

pij = Corr[F(Y;), F3(Y;)],
where F; and F; are the distribution functions of Y; and Y;, respectively. Then, the
following relationship between the Spearman’s correlation coefficient and the correlation
matrix holds:

Cij = 2sin (%pld> (52)

Hence, we can estimate the entries of C' with Spearman’s p without having to know the
increasing functions fi,..., f, or the latent Z(@’s which is very convenient. Before we
can present the algorithm we need to define the empirical version of Spearman’s p.
Definition 5.3.11 (Empirical Spearman’s p). Let Xl(l), . ,X(n) P ~ 1 and X2 - ,X2(n) by
1o be two samples in R with empirical distribution functions F1( and F2 , respectively.
We use the notation

=) (n) 1 3 (3) (n) 1 ¢ (n) 3 (3)
F E F} X d F, == E F,7 (X
an 2 n & 5 (

The empirical Spearman’s p of the samples is defined as
>
~(n) i=1

PX1,X5 D 2 n 2
V2 (RO -7 5 (R ) - 7Y

i=1 i=1

(A =) (B x8) - F5Y)
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Now, we can plug the empirical Spearman’s p of the marginals into (5.2)) and estimate the
correlation matrix C. Then, we can apply the same steps as in classical CCA (Theorem
5.2.1]). This yields the following straightforward algorithm:

Algorithm 2 GCCCA Estimation

Input: Data Matrix Y = (1] ... |7)
Output: GCCCA Parameters W and A

1: fori=1,...,pdo
2 for y=1i,...,pdo
3: Determine the Spearman’s correlation coefficient p; ; of v; and ~;.
4 Set éij = éjz‘ = 2sin (%ﬁz,])
5: Let C have block structure C' = ((;11 Cjw).
Ca1 Co
6: Set W = C/2C1Co?.
. Compute A with the singular value decomposition of W= Qlf\QzT

EN

We can show that Algorithm 2 is consistent for the estimation of the GCCCA parameters.
To do this we first show the consistency of the empirical Spearman’s p.

Theorem 5.3.12. Let Xl(l), X1(2), - Fy and X2(1), Xg(z), L E5 be i.i.d samples in R.

Let ,62?1)7)(2 be the empirical Spearman’s correlation coefficient of the first n samples, 1.e.

n n i +(n) n i (1)
> (P - FY) (R0 - 7Y

~(n) i=1

< n 1 +(n) 2z n i -=(n) 27
> (A -FY) - (B - 7)
where Fl(n) and F2(n) are the empirical distribution functions. Further, let

pxix, = Cort[FL(X(Y), Fy(X5V)]

denote the true Spearman’s correlation of the two distributions. Then, ,52?1)% is consistent

for px, x,, i.e. we have

~(n) a.s.
le,Xg 7 PX1,Xz-

Note that this is a general result, not specific to the Gaussian Copula. I.e. Spearman’s
p is always consistent for i.i.d. samples.

Proof. We show the convergence for the numerator and the two factors of the denominator
separately. For indices k,l = 1,2, define

N [ ;
mi = B[F(X)] Fr= - F(X)
=1
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and consider the statistic
1 N P
- > <Fk(Xzi)) - Fk) (Fl(Xz( Ny - Fl)
i=1
1 ; ; _ _
:ﬁz <Fk(X]g)) _ mk> (FI(XZ( )) — ml> + (Fk — mk) (Fl — ml) .
i=1

By the Strong Law of Large Numbers, the first term and second term converge almost
surely to Cov|[F)(X ,ﬁ”), F(X l(l))] and 0, respectively. Further, we have

; Z (R - F) (R x5 =B = (B - Fa) (A - )
=1x Z (F ) EO) ~ FOFY) — (R R - FOF)
< - Z Fén) (Xlgi)>Fl(n) (Xl(i)) _F, (X,gi))Fz(Xl(i)) + ‘F;")Fl(n) - Fkﬁl‘

< =S RPE R - B O RKE) +
=1

1 - n % i % i
+ S EN R - A RX)

=1

+ \F,ﬁ%,”) - F,@E\ + )F,S“E _ RE\

1 = n n 7 1 7 n 1 7
< o |Rea) \Fl‘ ()~ B+ ]E )| | (x0) ~ Bt
™ § Ny (n) 300 (0
F F - (X, Fyl |- F7 (X — F (X
+’ k i +| l| n;l: p o (X) K(XL)

SQ-HFk —FkH +2-HFZ<”)—FZH N

where we applied the Glivenko-Cantelli-Theorem (Theorem [3.2.7)) in the last step. Com-
bining these two statements yields that

1 - n % —(n) n % —(n) a.s. 1 1
=S (ER ) -FY) (R0 = FY) 2 CoA(x(M), A(XY)).
Since the numerator and the factors of the denominator converge as desired, we have by
the Continuous Mapping Theorem
A(n) as. . Cov[F (X(l)) Fy(x§)]

X1,X2 (1) - COrr[Fl (X£1)>7 FQ(X2(1))] = PX1,X2
v Varl A (X ) Var[Fy (X (V)]

and the assertion is proven. O]

Finally, we have that Algorithm 2 is consistent for the estimation of the GCCCA param-
eters.
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Corollary 5.3.13. Let YU, Y® % NPN,(C, f) be as in (GCCCA). Then, Algo-
rithm 2 is consistent for the estimation of W and A = diag(Ay, ..., Ay, ). That is, when
W™ and A = diag()\gn), ce )\1(,?)) are obtained from Algorithm 2 based on the first n

samples, we have

~

W(n) L 7

and for all k
PYREET VY

Proof. By Theorem [5.3.12, we have that

ﬁgz) =5 i,
where ﬁ%) is the Spearman’s correlation of %W) and 7](-n) as in line 3 of Algorithm 2.

Hence, we have by (5.2)) and the Continuous Mapping Theorem

A(n) a.s.

Cij — Cjj.

Now that one has the consistency for the correlation matrix C'; one can proceed with the
same steps as in the proof of the consistency of classical CCA (Theorem [5.2.8)) and show

the consistency for W and A. n

This finalizes our discussion of the Gaussian Copula CCA model. We continue with the
cyclically monotone CCA.

5.4 Cyclically Monotone CCA

In this section we introduce our model for Canonical Correlation Analysis based on op-
timal transport. We begin with some intuition for the model, define it, discuss the
assumptions and the parametrization, explain how it generalizes the previous methods
and then, suggest an estimation method. The proof of its consistency is long and pre-
sented in Section . For further reading about this model we refer to (Bryan et al.|
2024).

5.4.1 The Cyclically Monotone CCA Model

The motivation behind the cyclically monotone CCA is as follows. Suppose one observes
a partitioned random vector Y = (Y1 Yg) and aims to examine the dependency of Y;
and Y3 with Canonical Correlation Analysis. Then, one could use the classical CCA to
do so, but what if the normality assumption of Y is not appropriate? One could also try
the Gaussian Copula CCA, but this assumes that the univariate marginals of the data
are increasing functions of a multivariate normal. Hence, the GCCCA does not consider
joint transformations of multiple margins which may be the case. How can we include
more complicated transformations in our model?

At this point our main optimal transport result, Proposition [4.1.2], can help: For any two
absolutely continuous distributions p and v, there exist unique transport maps S and T,
so that S#u = v and T#v = u. Hence, if we observe Y ~ p; and Yy ~ ps with for
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5 Canonical Correlation Analysis

now absolutely continuous distributions, we know that there exist Z; ~ N, (0,1,,) and
Zy ~ Ny, (0,1,,), so that G1(Z;) = Y1 and Go(Z2) = Ys for cyclically monotone functions
G and G5. Equivalently formulated, we can transport the observed Y; and Y5 to the
multivariate normal Z; and Z, and then apply the classical CCA. The only assumption
we need is that Z; and Z5 are jointly normal.

We summarize this idea in the following definition.

Definition 5.4.1 (Cyclically Monotone CCA). Let Y = (Y; Y) be a partitioned ran-
dom vector, where Y; and Y5 take values in R”* and RP?, respectively, with p; < po.
Then, Y satisfies the Cyclically Monotone CCA model if there exists a multivariate nor-
mal random vector Z = (Z1 Zg) and cyclically monotone functions G; and G, so that

Zy~ '/vpl<0’ Ipl)

Zy ~ /\/;32 (07 ]p2)

Y1 = Gi(Z) (CMCCA)
Yy = Ga(Z)

I, W
Z = (Zl ZQ) N./\[p (O,C = (I/valT Ip2>) .

Thereby, we require C' to be positive definite. Then, the CMCCA parameters of Y are
defined as the CCA parameters of Z.

Remark 5.4.2. Note that we again change our index notation from the previous section.
This time we primarily work with the joint marginals, so that we will write Y = (Y1 Yg)
instead of emphasizing the univariate marginals with Y = (¥3,...,Y}) as in Section [5.3]

The definition of the cyclically monotone CCA model raises multiple questions which we
examine next. We begin with discussing the model assumptions.

What do the model assumptions imply? To answer this question we present the
following Proposition first.

Proposition 5.4.3 (Proposition 2.1 in (Bryan et al., 2024)). Let u € P¢ and let v =
Ny(0,1). Then, there exists a unique cyclically monotone function G, so that G#v = p.

This Proposition is an extension to Proposition [.1.2] So far we knew of the existence
of unique pairs of invertible transport maps for two absolutely continuous distributions.
Here, one distribution can be arbitrary and we still have the existence of a unique optimal
transport map in one direction. However, it does not have to be invertible. We conclude:

Corollary 5.4.4. Let iy € PP* and py € PP? be two arbitrary distributions. Then, there
exists Y = (Y1 Yz) satisfying the cyclically monotone CCA model with Y1 ~ uy and
Yy ~ po. Equivalently, the two joint marginals of the cyclically monotone CCA model
can have arbitrary distributions.

This shows that the cyclically monotone CCA allows more flexibility in the distributions
of the marginals than the Gaussian Copula model. There, the univariate marginals
could follow continuous distributions, but their dependency must have been described
by a Gaussian Copula. Here, we can have arbitrary joint distributions as marginals
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which makes many more scenarios admissible. This particularly includes cases where the
univariate marginals have some complicated joint distribution which can not be described
by a Gaussian Copula.

Next, we discuss the parametrization of the CMCCA model.

Why this parametrization? We observe that Z is parametrized with mean 0 and a
specific block correlation matrix C'. This assumption is more convenient for estimation
as will compute square roots of inverses of an empirical covariance matrix later. These
matrices will then be “closer” to the identity matrix. Further, this parametrization is not
a restriction which we show next.

Theorem 5.4.5. The parametrization of (CMCCA|) with 0 mean and block correlation
matriz C' is not a restriction. That is, if Y = (YI’ YQ’) satisfies the more general CMCCA
model assumptions with

Zy ~ Ny, (my, X11)
Zy ~ Npy (ma, Ya2)
V) = Hy(Z))
Yy = Hy(Z5)

Yuu X%

I / / o 11 12
e N R C)]
where 33 is positive definite, then Y’ satisfies (CMCCA]).

Proof. We denote the distributions of Y] and Y by p; and us. Now, let us define the
random vectors Z; := E_l/Z(Z’ mq) and Zy == E_l/Q(Z’ —mg). Then, Z = (21 ZQ) ~
N,(0,C) is jointly normal, where C satisfies the block structure from . Now,
by Proposition [5.4.3] there exist unique cyclically monotone functions G; and Gz, so
that Y == G1(Z1) ~ 1 and Yy = G9(Zy) ~ pe are equal in distribution to Y/ and YJ,
respectively. We can now assume that we observed Y as its CMCCA parameters are
equal to the CMCCA parameters of Y. This is, because the CCA parameters of Z and
Z' are the same. O

Finally, we discuss how the CMCCA generalizes the two previous models.

Which models are covered? The cyclically monotone CCA model has very strong
implications as we argued before. Intuitively, it should contain the Gaussian Copula CCA
and therefore, the classical CCA. This is in fact the case. We capture this result in the
following theorem.

Theorem 5.4.6. IfY ~ NPN,(C, f) follows the Gaussian Copula Model, then it satisfies
the cyclically monotone CCA assumptions. In summary, the cyclially monotone CCA
contains the Gaussian Copula CCA which contains the classical CCA.

Proof. The fact that the GCCCA contains the classical CCA was already shown in Corol-
lary [5.3.7 We show that the CMCCA generalizes the GCCCA. Let Y = (Y;,...,Y,) ~
NPN,(C, f) follow the GCCCA model. As an exception to the notation in the rest of
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the section, the index of Y} represents the univariate marginals. Further, let F} be the
distribution function of Yj. By assumption, there exists Z = (Z1,...,Z,) ~ N,(0,C), so
that

Y, = F7H(2(Zy)),

where we use the representation from ([5.1). Now, let us the define the functions

Gi R = R Gi(21,. .., 2p,) = (F7H®(21)), ..., F, 1 (@(2,,)))

TP

Gy : R — R, G2(zp1+1a SR 7217) = (F_}i-l(q)(zpl-i-l))’ ce >Fp_1(®(zp)))‘

p1

These functions are cyclically monotone by Example [4.1.1] (ii). Further, we have
(K,...,Y;)l):Gl(Zl,...,Zpl), and (Y;?l_,_l,...,}/;)):Gl(Zpl_H,...,Zp).

Hence, Y satisfies the more general CMCCA assumptions, where the correlation matrix
does not necessarily satisfy the block structure from (CMCCA|). However, we know
that by Theorem that this parametrization is not a restriction, so that Y satisfies
(CMCCA]). O

This finalizes our theoretical discussion of the cyclically monotone CCA. The next ques-
tion we address is: How can the CMCCA parameters be estimated in practice?

5.4.2 Estimation of the CMCCA parameters

In this section we present a plug-in estimation method in the case that the joint marginals
Y] and Y5 are absolutely continuous. Before we discuss its intuition, let us address the
notation and setup in this section.

™ ii.d. satisfying the cyclically mono-

(") where we enter the

Notation 5.4.7. Suppose we observe YU . Y
tone CCA model. We summarize these in the data matrix Y
samples as row vectors and use the partitioned notation:

Y(l) Yl(l) }/2(1)

Further, denote the distributions of Yl(l) and Yg(l) by p1 and ps, respectively. As men-
tioned before, we additionally require that p; and ps; are absolutely continuous
throughout the remainder of the chapter. By the CMCCA model assumptions there

exist ZW ..., Z0 % N,(0,C) and cyclically monotone functions G; and G, so that

vy G2 Go(Z5")

vy G(Z") Ga(Z5")

(1 W
o= (v 1)

is positive definite. We also use the notations vy := N, (0, I,,) and v, := N,(0, I,,,) in the
following.

Further, we have that
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5 Canonical Correlation Analysis

Now, our goal is to determine the CCA parameters which eventually means inferring
W. Then, we can make the singular value decomposition of W which yields the canon-
ical correlations. The problem is that we only observe Y .. Y and the normal
ZW .. ZM and the cyclically monotone transformations Gy and G5 are unknown. If
we knew the Z(’s, then we could easily estimate the block of its covariance matrix with
the estimator from Section [5.2

Let us try to estimate the two parts Zl(i) and Zéi), separately. The information about
the Z]@’s that we have is that they have been optimally transported to the Y;-(i)’s with
a cyclically monotone function. Now, we would like to “transport the Yj(i)’s back” to
the Z](-i)’s. We learned in chapter [4| that the Z;i)’s are rank statistics with respect to the
distribution p;, i.e.

7)) = Ry(v)")
foralli=1,...,n and 7 = 1,2. Hence, we can estimate them with the empirical ranks

by defining a grid of v;. We use the canonical choice for a grid from Lemma and
sample

1 n) iid
XWX RN (0, 1),

Now, we have grid points where we can transport the Yj(l), e ,Yj(") to. In chapter 4, we
learned that we do this by solving an optimal assignment problem. Thus, we need to find
a permutation ¢* minimizing

n

> |

Then, we can define our estimators by the empirical rank statistics with respect to this
grid by

. . 2
@) )
Yir = X0

5() . pnoy @y — (@
ZJ’ '_ RVj (Y; ) - XU*(J')'
Now that we have the estimators for the Z(®)’s, the remaining steps are straightforward
as we can apply the classical CCA to estimate W. We summarize our estimators in the
matrix

20
Z; = : € R"*Pi
40
and define R A ) A
Z,=Z7;— Elnlej.

Then, we can define W by
R S —-1/2 »~ 2 S —-1/2
W= (ZlTZ1> AV (ZQTZQ)

and calculate the singular value decomposition. Note that these expressions are well-
defined for n > py + 1, which follows from applying Lemma [5.2.5| The whole procedure
is summarized in the following algorithm which uses the preceding notation.
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Algorithm 3 Cyclically Monotone CCA Estimation

Input: Data Matrix Y™ with n>ps+1
Output: CMCCA Parameters W and A

1: for j=1,2do

2: Sample grid points X](-l)7 - ,X;n) ”A?’ij(o, I,).

3: Define Z](Z) = Rﬁj(l/;(i)) as the empirical rank w.r.t. the grid for all i =1,... n.
~ P —-1/2 ~ _ » S -1/2

4 Set W = (ZlTZI) Z7Z, (ZZTZQ> .

5: Compute the singular value decomposition W = QJ\QQT

This concludes our presentation of the CMCCA estimation method. We will prove its
consistency in the next section.

5.5 Consistency of CMCCA

In order to prove the consistency of our method we need some more theorems on optimal
transport. The central result we require is a convergence theorem of empirical rank
statistics to true rank statistics. In order to present it we will begin the section with
some lemmas which help us with the proof of this theorem. Thereafter, we state the
general rank statistic convergence theorem and prove it. At that point we will have all
the results we need in order to show the consistency of our method. However, there will
be an estimator for every sample size n which makes the notation more difficult. Thus,
we will precisely define the notation and setup and finally, prove the consistency.

Recall that for distributions u € P% and v € P9, the set I'(u,v) is defined as the
set of all probability measures in P%*92 with marginals ;1 and v on the first d; and
last ds, respectively. The following lemmas are tailored to the steps in the proof of the
convergence theorem.

Lemma 5.5.1 (Theorem 6 and Corollary 14 in (McCann, [1995)). Let p,v € P2L. Then,
there exists a unique v € I'(u, v) with cyclically monotone support. This means that there
exists a cyclically monotone set S € B(R? x RY) such that v(S) = 1.

Lemma 5.5.2 (Lemma 9 in (McCann, |1995)). Let (yn)nen be a sequence of probability
measures in P>* such thatl
Vo =,

where v € P?1. Then,
(1) If v, has cyclically monotone support for all n € N, then so does ~.

(ii) If the left and right marginals of v, € T(jin, vn) converge weakly to limits u,v € P,
respectively, then, v € I'(u,v).

4This version of the lemma is a bit weaker as the version in (McCannl 1995). We require weak
convergence to a limit in 72¢, while the original version only requires weak*-convergence as in functional
analysis (which effectively means that needs to hold for a smaller set of test functions f). Also, the
limit may lie outside of 2¢ in the original version.
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With Lemma, and Lemma [5.5.2] we can show the following lemma.

Lemma 5.5.3. Let u,v € P2 be absolutely continuous. Further, let Y1,Ys, . .. u i be a
sample and let (X,En))nzkzl be a grid of v. Let R*(Y1),..., R™(Y,) be the empirical ranks
of Yi,...,Y, with respect to the random grid points Xl(n), e ,Xy(Ln). Additionally, define
the distribution v :~ (Y1, RE(Y1)). Then, we have

_253’ fnvi)) = Tn — a.s.

The weak convergence almost surely is due to the fact that ~, is a random probability
measure.

Proof. Assume that all the random variables are defined on the same probability space
(Q, F,P). Let us break down the proof in multiple steps.

Step 1: The left and right marginals of (7, )nen, which we denote by (g, )nen and (v, )nen
converge weakly against p and v almost surely, respectively.

For (fin)nen this fact is immediate from Lemma m It implies that there exists Q € F
such that P(Q2) = 1 and for all w € Q

1 & w
- > vy = ta(w) = . (5.3)
=1

For (v,)nen, note that the empirical distribution on the set {RZ(Y})}je[n] equals the
empirical distribution on the grid {X }ge[n Hence, the convergence follows from the
definition of a grid. That is, there exists 2 € F such that P(Q2) = 1 and for all w € Q

- Z 8 o (o) Z O yimi) = Vnlw) = . (5.4)

Now, fix w € QN Q.
Step 2: The sequence (7, (w))nen is tight.

By (5.3), (5.4) and Corollary [3.3.8] both (t,(w))nen and (v, (w))nen are tight. Hence,
(Y (w))nen is tight by Lemma [3.3.11]

Step 3: For any subsequence x = (1 )ren, 0 that 7, (w) —— ~,(w) converges to some
Ye(w) € P, we have v, (w) = 7.

Suppose = = (ng)ken is such a subsequence and we have
Yo (W) — Yo (w). (5.5)

By (5.3)) and and Lemma [5.5.2] (ii), we must have 7, (w) € I'(,v). Now, note that
for all k eN,

n 5 ™
’71@ nkz Y; (W), RyF (Y )
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has cyclically monotone support by the definition of empirical ranks. By and Lemma
5.5.2| (i), we conclude that 7, (w) has cyclically monotone support. Since p and v are ab-
solutely continuous, I'(1, ) contains only one measure with cyclically monotone support
by Lemma Since v € I'(u,v) has cyclically monotone support, we deduce that
Yo(w) = 1.

Finally, we obtain from Corollary [3.3.9] that for all w € QN (,

w

Yn(W) — 7.

Since P(QN Q) = 1, we have
Yo —— 7 a.s.

and the assertion is proven.

O

Now, we can present the convergence theorem. It states that under certain integrability
conditions the empirical ranks converge against the true rank statistics, where the mode
of convergence is the average powered deviation. The claim is derived from Theorem 2.1
in (Deb et al., [2023). There the theorem is more general involving continuous joint trans-
formations of the ranks and allowing a pooled sample from two different distributions.
We tailored the statement to our proof of the consistency later. This also involved adding
the power parameter o which is not included in the original, but useful for us later.

Theorem 5.5.4. Let p, v € P2 be absolutely continuous. Further, let Y1,Ys, . .. w W be a

sample and let (X,E"))nzkzl be a grid of v. Let R*(Y1),..., R™(Y,) be the empirical ranks

of Y1,..., Y, with respect to the random grid points Xl(n)7 e ,X,(Ln). If for some o/ >0
BN ()| by [
sup — ZE X; < 00 and  E|||RE(YY) < 00,
neN T i—1
then for all 0 < o < o
1 n ~ 1+« P
— R(Y;) — RE(Y; — 0.
> | i) = Ruva)

For the proof we will need Alexandroff’s Theorem:

Theorem 5.5.5 ((Alexandroff,[1939))). Let f : U — R be a convex function where U C R?
open. Then f has a second derivative Lebesgue-a.e. in U.

Proof. For this proof we may assume that all random variables are on the same probability
space (€, F,P). We begin by defining the function

g R R 5 R, gy, 2) = |Ri(y) — 2|+
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Note that R¥ is the gradient of a convex function. Therefore, by Theorem [5.5.5, ¢
is continuous almost everywhere. Now, let v be the distribution of (Y, R¥(Y1)). By
Lemma [5.5.3] we have

1 & "
E Z(S(Yiﬁﬁ(Yi)) =Y — 7 a.s.
i=1

For n € N, let (C,, D,) ~ v,. Now, we would like to apply the Continuous Mapping
Theorem for weak convergence (Theorem [3.3.4]) on g. We denote the set of discontinuities
of g and RY, by D, and Dge, respectively. Then, we have

1(Dy) = P((V, By(V1)) € Dg) <P(Y1 € Dpge) =0

Thereby, we used the fact that any discontinuity of g must come from a discontinuity of
R! since the other functions are all continuous. As ¢ is continuous Lebesgue-a.e. and
1 is absolutely continuous by assumption, we could conclude that g is continuous 7-a.e.
Hence, the assumptions of Theorem are satisfied and we have

g9(Cn, Dy) SN g(Y1,RE(Y1)) =0 a.s.

Since weak convergence to a constant implies convergence in probability (Theorem [3.3.3)),
we have -
9(Cn, D) — g(Y1, RE(Y1)) =0 a.s.

Equivalently, for all € > 0

P (g(Cn, D) > e

Yl,...,Yn,Xl(”),...,XfL")) — 50 as

Next, we apply the bounded convergence theorem for conditional expectation (Theorem

3.2.13|) and we obtain
0= lim P (g(Cn, Dy) > s‘Yl, Y X ,X<">>
= lim P’ (9(Cm Dy) > 5‘(Y;)iEN7 (Xi(j))j2i21>
(Yi)ien, (Xi(j)>j2i21]

(Y3)ien, (Xi(j)>j2i21] >

= lim E []l{g(cn,Dn)>5}

n—oo

=E [7}13;0 Lig(n,Dn)>e)
where the equalities hold almost surely. Applying expectations on both sides yields

0=E [E L}g{}o Lig(cn.Du)>ey| (Yi)ien, (Xi(j))jzz’zlﬂ

=F [lim ]l{g(cn,Dn)>€}:|

n—0o0

= lim E []l{g(cn,Dn)>s}]

n—oo

= lim P(g(C,, D,) > ¢),
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where we used the dominated convergence theorem (Theorem (3.2.10)) in the third equality.
Hence, we have shown ¢(C,,, D,,) L. Next, define

1+«

v, — %Zl HR,@(%) — Ru(Y))

) [g(Cn,Dn)

m,...,Yn,Xl("),...,XM

for n € N. To finish the proof, we need to show V, 25 0. We have

P(V, >e) =P <IE [g(cn, D)

m,...,Yn,X{”),...,XW] >5>

< 'E [E [g(C’n, D.)
= 'Elg(Cy, Dy)]

m,...,Yn,Xl("),...,X}PH

for e > 0 by Markov’s inequality (Theorem [3.1.25)). Next, we show that
(9(Chy Dp))nen  is uniformly integrable. (5.6)

This will prove that E[g(C,,, D,,)] — 0 by Theorem [3.2.10] since we have already shown
that ¢g(C,, D) 4 0. To show (5.6)), let us rewrite g(Cy, D,,):

9(C, Dy) = |RL(Co) — Do
< 2| RE(C)|IT + 2| D
= 2G,, + 2H,.

Therefore, it is sufficient to show that (G),)nen and (H, )nen are uniformly integrable. We

use the criterion from Theorem . Let p = % > 1. We have

supE[GE] =supE [E[GP]Y7,...,Y,]]

neN neN
1 . 14+a/
=supE |- RE(Y;
e |1

—E || R0 ] < o0

by assumption. Similarly, we have

sup E[H] = supE |E | H2|Y3,. .. Y, X{7, . X0 |
neN neN
1 n . 1+a/
— supE |~ HF R(Y; < 00
w13 ) ]
_1 n 1+o/
=supkE | — HF Xi(n) ’ < 00
nEIN) _niz_: ( )

by assumption. Hence, both, (G, ),en and (H,,)nen are uniformly integrable by Theorem
3.2.9. Therefore, (¢(Cp, Dy))nen is uniformly integrable and the assertion is proven. [
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Now, we have the convergence theorem for rank statistics that we needed in order to prove
the consistency. As we will have an estimator for every sample size n for the consistency
proof, the notation will be slightly more complicated. In order to be precise we define the
notation and the setup of this section next. This will be similar to Notation [5.4.7, but
more rigorous with entries of the matrices and additional indices referring to the sample
size. Also we apply Algorithm 3 and define notations for the estimators resulting from
it.

Notation 5.5.6. Let Y Y@ iid. satisfying the CMCCA model be observed,
where we summarize the first n samples in the data matrix

y Y*l(l) }/2(1)
YWw=1 = | eRrR
Yy Yy

We denote the distributions of Y( ) and Y by (1 and g, respectively. Again, we assume

w1 and gy to be absolutely continuous. Further, let Z(V, Z®2) e »(0,C) be given,

where
L, w
c=(wr 1)

is positive definite. By the CMCCA assumptions we have Gj(Z]@ ) = Y;,(i) for cyclically
monotone functions G; and Gs. We summarize the first n of the Z(’s in the data matrix

%m:<zp Z@>:

1 1 1 1 1 1
7(1) Zf ) ZQ( ) Z§1) Zf,lzl Z§1) Zé ]32
. = . . = . : : : c Rnxp‘
Z) zm - zm Zﬁ) . fo;)l Zéﬁ) . 25722

We will later show a componentwise convergence, so that we need this notation for the
entries of the matrix. Further, we will need the following terms later:

7(n) __ T rz(n) __ (2) (n) ~(n) 1xpj
Z;" —1 Z, ZZ (Z Zj,pj> c RI*Ps
(1) 1) ~(n) (1) ~(n)
. ) Z; Zix —Zi) o i, — iy,
zW=zmW_ 11Tz | . | = : : € R™*Pi
! o - (n) ) ) ) )
Z] Z]vl - Z]71 T Z J,Pj Zj7pj

Next, we proceed as in Algorithm 3 and sample two grids X J(l), X ;2 e “ Ny, (0,1,,) = v;
for j = 1,2, independent from each other. Then, for n € N, i € [n] and j = 1,2, we
define

7(im) _ pn v (0)
Zj _Ruj<Y;' )a

where the empirical ranks are with respect to the corresponding grid points X J(l), o X ;").
These will be summarized in the matrix

~(n) ~(n ~ (n
Z :Cﬁ)zy):
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S(1.n S5(1,n S5(1,n >(1,n 1,n >(1,n >(1,n
ZOON (A N (A A A A
: = : : = : : : € R"*P
Z(n,n) Z{"an) Zé"v”) Z£ﬁ7n) .. Z}’;Tb) Zg,]l’n) .. Zg;,;)
Further, we set
(n) (n) > (n) 1x
ZZ (Z ZMJ) € RIP
5 (1,n) 5(1,n)  H(n) 5(1n) _ Z(n)
~ . (TL) 1 . (n) Z] Z]vl - Zjal e Zj7pj B Zjvpj
z"W=z"--11Tz"=| : |= : : € R,
" 2 S(nn) _ S(n) S(nn) _ S(n)
(n,n) nn) n . nn) n
j Zj71 Z]vl Zj»pj Zj»pj
Finally, we define
“ 2, \T 2 —-1/2 ~ 1 2 2 \T 2 —1/2
W(n) _ (Zgn) Zgn)> Zgn) Zgn) <Zgn) Zén))
with singular value decomposition W™ = an)A(”)QZ , whereby A = dlag(/\ A,(Jf ).
Now, Theorem yields the intermediate step:
Corollary 5.5.7. In the setting of Notation we have
L ] - - ot 2o
{Cr— ’

fork=1,2.

Proof. The claim follows from Theorem [5.5.4] when checking the integrability conditions
with o =2 and o = 1. We have for k = 1,2

3 NTE:
sup ~E |xe| =& [HX(”) < 00
nEII\T) n Z F
and ,
{HRM (v, ’)H —E MZ,&” < oo,
This holds since all moments of the normal distribution exist (Theorem [5.1.3)). []

Finally, we can show the consistency of our method:

Theorem 5.5.8. In the setting of Notation[5.5.6, Algorithm 3 is consistent for the esti-
mation of W. That s, we have

2 2 -1/2 2 2 2 —1/2 5

and for all k € [pi],
A
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Proof. The first step of the proof is to prove that for k,l = 1,2, we have

1 2T 2 ~ ~(n
ZW' gz 7™ g r g, (5.7)
n
where || - || is any norm. We show this componentwise. It holds for i € [px] and j € [p]
1 > =~ ()T ~(n
L <Zl(€n) Zl(n)> (Z;,) Zz( ))
n 13 ij

m=1 m=1
1 o S(m,n m,n S(n) H(n 1 - m m n n
- (EZ< mm >>) _ AW - (E (Z&%ﬂ)) Z0 7
m=1 m=1

To show that the last two summands converge to 0, note that we have by the SLLN

) _ L X~ m) _as.
7 == 4" 0

m=1
(n 1 o S(m 1 o m
and Z;):EZZ,Q)ZEZX;)—M)
m=1 m=1

where the index k can be interchanged with [. Now, let us consider the first summand.

We have

1 5 (mn) S(mn)  (m) ,(m)
ﬁ Zk,i Zl,j - Zk,i Zl,j
m=1
1 g S (m,n) &(mn > (m,n m) m,n) (m)
:ﬁ Zk,i )Zl,j )_Zlg,i )Zl(,j + 15 Z( i Zk,i Zl(,j
m=1
IBS Z{mm m| 1 (m)| | Smm) _ o (m)
SE ‘Zl Zl,j +ﬁ ’Z kyi Zkz
m=1 m=1
1 - Z(m,n 2 1 : S (m,n m 2 1 : m 2 2
< gZ 25" 'EZ‘ZI(J )_Zl(,j)‘ T EZ‘ZI(J) Z‘Zk -z
m=1 m=1 m=1

by applying the Cauchy-Schwarz inequality. At this point we can apply Lemma [3.3.13]in
order to show convergence to 0. That is, we show that in each square root one factor is
op(1) and the other is Op(1), so that their product is op(1) and hence, converges to 0.
Firstly, note that by the Strong Law of Large Numbers, we have

L~ [ m)
EZ)ZIJ
m=1

a.s.
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1
and -
n

2 gs.
— 1.

L | pm)
- Emz:r ‘Xk,i

As almost sure convergence implies weak convergence by Theorem [3.2.3] and Theorem
3.3.3, we can conclude that both sequences are tight by Corollary [3.3.8 Hence, we have

m=1

1 - m 2 1 . S(m,n 2
-y )Zl{j> €O,(1) and =" ’Z,gﬂ.’ e 0,).
m=1 m=1
For the other factors, note that we have by Corollary
? LS | im0
- Z ‘Zl Z €o1) and = 37|Z0 — 2| € op(1).
m=1
Thus, we have shown that
AN Pl ‘ mn) _ P LSS pm P LSS | g
- Z{mm _ - ‘Z QI N
n mZZI Z n TnZZI L,j n ot ki ki

converges to 0 in probability, where we also applied the Continuous Mapping Theorem
(Theorem. Hence, follows. Intuitively, this means that the CMCCA estimator
based on the empirioal ranks is asymptotically equivalent, to the CCA estimator if we
knew the latent Z(™’s. An application of the triangle inequality yields

A

ez o< :

2 ~nT~n 1507 50
i wz +—HZI(€)Z§)—CM — 0,
n

where C1 = I,,, Cy» = I,, and C12 = W. Thereby, the convergence of the second
summand follows from Theorem [5.2.4] as in classical CCA. Hence, we have shown

120072 m 1230720, 12,72
ZzWzw L 2zWizm Py gz P
n n n

Now, Lemma [5.2.6| implies

“ S 2 —1/2 » S IS S —-1/2
T — (Zgn)TZYL)> Zgn)TZgn) (Zgn)ng")> P

By the same reasoning as in the proof of Theorem [5.2.8 the estimated canonical corre-

lations )\( ) )ng) continuously depend on W so that by the Continuous Mapping

Theorem (Theorem 3.2.4)),
VRIS
k k
for all k € [p1]. O

This finalizes our discussions of different CCA models. In the next chapter we will
introduce another type of estimation method for the GCCCA and CMCCA, respectively.
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6 Bayesian Methods for CCA

In this chapter we will present two more estimation methods for Canonical Correlation
Analysis. These go in a different direction and are both Bayesian methods which use a
Markov Chain Monte Carlo algorithm. In the first section of this chapter we will present
a short introduction into Bayesian models and explain how they motivate the use of
Markov Chains. Further, we will introduce the Gibbs Sampling algorithm, a classical
Markov Chain Monte Carlo method. Then, we will present the two Bayesian Methods
for the GCCCA and the CMCCA in Section [6.2] and [6.3] respectively.

For more detailed information on Bayesian Models and MCMC methods we refer to
(Gelman et al., [2014)).

6.1 Bayesian Models and Markov Chain Monte Carlo

When working with Bayesian models, one usually specifies prior and posterior distribu-
tions which have densities or probability mass functions. Further, one will also encounter
conditional distributions and densities. Therefore, the notation can easily become con-
fusing. In order to be precise, the following definition defines not only Bayesian Models,
but also the notation for this chapter.

Definition 6.1.1 (Bayesian Model Formulation). Suppose 6 is a parameter (possibly a
vector or a matrix). In Bayesian Models we assume that 6 is random and we have some
prior knowledge on it in form of a distribution. We will write

0~ n(0),

where 7(0) is called the prior distribution of 6. Thereby, we will often assume that 7 (6)
has a density or probability mass function which we also denote by m(8).

Now suppose we observe a sample © = (x1, ..., z,) which has a joint density or probability
mass function depending on the parameter §. We denote it by m(x|f). Sometimes we will
refer to the function 7(z|0) for a fixed a x depending on 0, as the likelihood function and
write [(0) = w(z|0).

Finally, we would like to make inference on 6 using the information obtained from the
sample x. As 0 is random we can do this by the distribution of 6 given x which we denote
by 7(0|x). It can be expressed by Bayes Theorem
7 g)m (6
oy T _ malo)x()
() m(x)

where 7(6, ) denotes the joint density of § and =, and 7(z) the density of x. Then,
7(0|z) is called the posterior distribution of 6. Sometimes we will write

(0|x) o< w(x|0)7(0),

to indicate proportionality as the normalization constant is not relevant in order to iden-
tify the posterior distribution.
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6 Bayesian Methods for CCA

One important case of Bayesian Models is when the prior distribution of # and the
distribution of x given € are such that the posterior is from the same family as the prior.
Such prior distributions will be called conjugate.

Definition 6.1.2 (Conjugate Prior Distributions). Suppose &2 denotes a family of prior
distributions and J denotes a family of distributions for the sample z. Then, we call
P conjugate to Z, if for every prior 7(f) € & and every x ~ 7(z|f) € F, we have

m(0|z) € 2.
Let us provide an example for a Bayesian Model and conjugacy.

Example 6.1.3. Suppose we are interested in inferring a mean parameter 6 of a normal
distribution N (6,1). Thereby, we have prior knowledge about €, which is also a normal

distribution, given by 7 () ~ N (m,c?), where m € R and ¢ > 0. Now, we observe a

) zzd

sample = = (z1, .. 1), so that we can determine the posterior distribution

N (0,
of 6. In the following let z = 3" z; denote the sample mean.
i=1

1

2

1 2
5(7192—29 mc+9——29 )>
1

2

no? +1 . m
- ( -~ 92—29-<n$+§>>)

1 ) o2 1/n
= (g2—90.
9. _2n (9 ¢ ($02+1/n+m02+1/n))>

= exp
o2+1/n
1 o? 1/n 2
S
o exp Q.Jgi/f;n ( <xa2+1/n+ma2+1/n))

Note that we were interested in identifying the posterior distribution and thus could
rewrite the density up to proportionality without considering normalization constants.
We conclude that the posterior distribution of € is given by

_0? 1/n o?/n
m(0lz) ~ N <x0_2 +1/n + o +1/n 02 + 1/n)

One can also observe that the posterior distribution is normal like the prior. Hence, we
have shown that the family of priors &2 = {N(m,0?) : m € R, > 0} is conjugate to the
family .#7 = {N(0,1) : 0 € R}.

For readers who are new to the topic a valid question might be: How are Bayesian models
related to Markov Chains? The answer is that Markov Chains can help us to sample from
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a complicated posterior distribution. Let us provide a short introduction into Markov
Chains. For more detailed information we refer to (Feller, |1971)) and (Meyn and Tweedie,
2009).

Definition 6.1.4 (Markov Chain). Suppose S € B(R?) is a state space. Then, we call a
sequence of random vectors (9("))n€N with values in S a stochastic process.

A stochastic process is called Markov Chain if the future states are independent of the past
states given the present state. That is, for alln, z € S and all Ay,..., A, 1, A1 € B(S),
we have

PO € A, 4]0 = 2,0V e A, 4,...,00 € 4) =POY € A, 110" = ).

If the probability on the right-hand side is independent of n for all A = A, 11 € B(S) and
all z € S, then (0™),,cy is called a homogeneous Markov Chain.

For a stochastic process on a finite state space S, the following condition is sufficient to
show that it is a Markov Chain: It holds for all z,..., 2,41 € S,

PO = g, 1 |0® = 2,00 =2, 1, ..., 00 =2)) = POV =2, 4]0 = 1,)

The probabilities on the right-hand side are then called transition probabilities.
The most important definition for the algorithms later is the stationary distribution.

Definition 6.1.5 (Stationary Distribution). Let (#),cy be a homogeneous Markov
Chain on the state space S € B(R?). A probability measure 7 on (S, B(S)) is called
stationary distribution of the Markov Chain (), cy if for all A € B(S)

WM%i/MNMDEAWm—xMﬂ@. (6.1)
S
Condition (6.1) can be interpreted as follows. If the distribution of the Markov Chain

at time n is m, it also at time n 4+ 1. Hence, if a Markov Chain reaches a stationary
distribution it is in an equilibrium.

For Markov Chain on a finite state space condition (6.1)) is equivalent to the following:
If for all y € S it holds

m(y) =Y PO = yl9™ = r)n(x), (6.2)

zeSs

then 7 is the stationary distribution of (0(),en. If 7 = (7(2))pes is written as a row
vector and Il = (II(x, y)), yes is matrix containing the transition probabilities II(z,y) =

PO+ = 0™ = z), condition (6.2)), can be written as

7w = wll.

Why is the stationary distribution important for us? As we mentioned Markov Chains
shall help us to sample from a complicated posterior distribution 7(f|z). The idea behind
Markov Chain Monte Carlo algorithms is to construct a Markov Chain which has 7(6|z)
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as stationary distribution. Then, under certain conditions the distribution of the Markov
Chain at time n converges against the stationary distribution. Hence, we can sample
from a distribution close to 7(#|x) if we run the Markov Chain long enough provided it
converges.

There is theory on the general convergence of Markov Chains, e.g. see (Meyn and
Tweedie, 2009), particularly for countable or finite state spaces. As we will consider
R? as a state space, we will not state the theory here. Instead, we provide a simple
example of a convergence to a stationary distribution in order to give some intuition.

Example 6.1.6. Suppose a frog is jumping back and forth between two leafs. Thereby,
it stays on its current leaf with probability % and jumps to the other with probability %
Then, this Markov Chain has transition matrix

It is easy to show that the stationary distribution of this Markov Chain is given by the
probability measure p = (% %) However, suppose the Markov Chain starts with an

arbitrary initial distribution pg. Also, let us denote the state space by S = {1,2}. We
then have for x € S

=

I
VR
NN L)
GO =

PO = 1)
= > POV =z,0" =g, .. 00 =)

Tl Tn €S
= Z PO = 2|0 = z,,,..., 00 = 1))
L1, En €S

-P(Q(”) = aznw(”_l) =Zp1,...,00) = x1) - -IP’(H(l) =11)
= Z PO = 210 = 2 )P(O™ = 2,0V = 2,,_1)---P(OY = )

L1, Tn €S
= > (wg, 2) (w1, 2) - (wy, 22)pto(21) = poll" ' TI(-, ),
T1,...,Tn €S

where II(-,z) is the column of II corresponding to z. Hence, the distribution of the
Markov Chain at time n, denoted by pu,, is given by

D086 D
~ 5 ) @) (175 11T)
= G+ ) —3) 3+ (2 —3)).

NN [I]

MZ%WZM(

Thereby, we used the fact that ug(1) + po(2) = 1. In fact, we have that u, converges
against the stationary distribution:

lim yi, = lm (5 + 55(0(1) = 3) 5+ 9e(m0(2) =3)) = (5 3)

n—o0



6 Bayesian Methods for CCA

In this example we observed that although the Markov Chain can be initialized with any
distribution, after a sufficiently long time its distribution becomes close to the stationary
one. Now with this intuition, the motivation and procedure behind the algorithms we
will present can be summarized as follows.

1. Suppose one observes a sample x = (x1,...,x,) whose distribution depends on a
unknown parameter #, and is interested in a statistic ¢(6).

2. Choose a suitable prior m(#) and identify the posterior distribution m(6|x).
3. Construct a Markov Chain whose stationary distribution is the posterior m(0|x).

4. Sample m independent trials 6y, ..., 8,, from the Markov Chain after a sufficiently
long running time and compute the posterior mean

o) = t(6r).

k=1
We finish this section by introducing Gibbs Sampling which is the type of Markov Chain
Monte Carlo algorithm we will encounter later. Beside the Metropolis algorithm it is one
of the most commonly used MCMC methods. For more detailed information we refer to
(Gelman et al., [2014)).

Gibbs sampling is mostly used when there are multiple parameters involved, so that it is
difficult to draw from the joint distribution, but possible from conditional distributions.
Particularly, Bayesian Models with conjugate priors are suitable for Gibbs Sampling as
the conditional distribution before and after resampling will be of the same type. When
we introduce the algorithm, we will use the notation 8 = (64, ..., 6;) for the parameters.
These can denote anything, e.g. numbers, vectors, matrices, etc.

Algorithm 4 Gibbs Sampling
Input: number of iterations m, data x, initial values 6,
Output: sample § = 9™

1: Set initial values §(©) = (050), e ,6&0)).

2: fori=1,...,mdo

3: forj=1,...,ddo

4

5

Sample 6\ ~ (00", ..., 0 070,08 )

. Return (™)

Before we finish this section, let us provide a simple example for a Gibbs sampling algo-
rithm from (Gelman et al., 2014, p.277).

Example 6.1.7 (Gibbs Sampling). Suppose we observe one single sample from a bivariate

normal distribution
T 61 1 P
) 2 02 ’ P 1 ’

where p € (—1,1) is known and we would like to infer #. The next step is to choose a
suitable prior distribution for . We will do this by picking a improper prior distribution
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by setting 7w(0) ~ 1. This prior is called improper as it integrates to oo and there-
fore, is no probability distribution. However, improper priors can yield proper posterior
distributions, as we will observe next. We have

(0]2)  1(0)7(6) o exp (% (¢1— 6, 2 6) (/1) f) B (2 - z;)> |

Hence, the posterior distribution is proper and given by

won)~x (7). (5 1))

Of course this is an easy distribution to sample from, so that one usually would not apply
Gibbs Sampling. But for understanding the algorithm, this example can be helpful. We

need conditional distributions which can be determined from Proposition [5.1.6, Hence,
we have

(01102, 1) ~ N (21 + p(02 — 22), 1 — p?)
7'('(92‘61,.%’) ~ N(l'g + p(91 — %1), 1— p2)

Therefore, we have the following Gibbs Sampling algorithm:

Algorithm 5 Gibbs Sampling Example
Input: number of iterations m, data z, initial values 6,
Output: sample 6 = 6™

1: Set initial values 8© = (6{” ().

2: fori=1,...,m do

3. Resample 6;: 0 ~ N (1 + p(6s — 32),1 — p?).
4 Resample 6y: 0 ~ N (g + p(6y — 31),1 — p?).
5: Return (™).

This concludes our introduction to Bayesian Models and Markov Chain Monte Carlo
algorithms. In the next chapter, we will learn how these yield new estimation methods

for CCA.

6.2 The Extended Rank Likelihood for GCCCA

In this section we introduce a Bayesian method for the Gaussian Copula CCA. We begin
by defining the notation and the setup throughout the section. Then, we continue by
defining the likelihood in this model which is a nontrivial question. Further, we address
the choice of priors and finally, present the Gibbs Sampling Algorithm which is based on
(Hoft, |2007Db)).

iid

Notation 6.2.1. Suppose we observe Y1 . Y & NPN,(C, f), so that AQNWAQ, w

N,(0,C) are joint normal and we have
v = E@(Z))
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for all i € [n] and k € [p], where we used the representation from (5.1)). Thereby, C' is a
correlation matrix and Fi,..., F, are continuous distribution functions. We summarize
the Y@’s and Z(®’s in the data matrices

ZM zW oz y® VAN ‘A%
7(n) 20 g y ) Yo oy

Our goal is to estimate the correlation matrix C. As in Section [5.3], the problem is that
the normal Z()’s are unobserved. There, we were able to tackle this issue by estimating
the entries of C' with Spearman’s p. This time we will go in a different direction and infer
C' with a Bayesian Method which has been presented in Hoff| (2007b). The procedure
can generally be applied for estimating correlation matrices of Gaussian Copulas and is
therefore, not specific to our application in CCA estimation.

Now, when setting up a Bayesian model as in Definition [6.1.1], we have the data Y and
unknown parameters C, F, ..., F,. Hence, our “likelihood” would look somewhat like
this

(C)=n(Y|C, Fy,...,Fp),

which is obviously inconvenient to work with. The idea from [Hoff (2007b) is to replace the
data Y by some event which yields information about Z, so that the resulting likelihood
is independent of the nuisance parameters Fi, ..., F),.

Due to the model assumptions we have some information on Z when observing Y, namely
that the univariate marginals of the Y@’s are increasing transformations of the Z @),
Hence, if we observe Y;-(“) < Yj(”), we must have ZJ(.“) < Zj(”). More generally, observing
Y means that Z must lie in the set

D= {z e R max {Z v < v} < 20 <min {27 vP <y
Now, we can replace our data Y by the occurrence of this event. Then, the likelihood,
also called “extended rank likelihood”, is given by

(C)=n(Z € D|C,F,...,F,) =P(Z € D|C).

We observe that the last equality holds since the distribution of the Z)’s is independent
of F1,...,F,. Hence, our likelihood does not depend on the nuisance parameters which
is very convenient. As we work with a Bayesian model, the full posterior distribution is
given by
7(C|Z € D) x P(Z € D|C)n(C),

where 7(C) is a prior distribution of Z. We address the choice of priors next.

Later we will resample C' and Z with a Gibbs Sampling algorithm for which we need a
suitable prior for C'. We learned in the previous section that suitable choices of prior dis-
tributions for Gibbs Sampling are conjugate priors. One such distribution is the Inverse-

Wishart which is conjugate to the multivariate normal distribution. In order to present
it we need to define Wishart distribution first.
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Definition 6.2.2 (Wishart Distribution). Let Xy,..., X, b N (0,3), where X is positive
definite. Then,

> XX~ Wa(n, %)
i=1
follows a Wishart Distribution with n degrees of freedom and covariance matrix . Hence,

Wy(n,X) is a distribution on the set of symmetric and positive semidefinite matrices in
Rdxd‘

Proposition 6.2.3 (Corollary 7.2 in (Bilodeau and Brenner) 1999)). Let 3 € R%*¢ be
symmetric and positive definite and let n € N. Further, let W ~ Wy(n,%). Ifn >d—1,
then P(W is invertible) = 1.

The preceding proposition justifies the following definition:

Definition 6.2.4 (Inverse Wishart Distribution). Let W ~ Wy(n, X)) follow a Wishart
Distribution with symmetric and positive definite covariance matrix X with n degrees of
freedom where n > d — 1. Then, its inverse W ! follows an Inverse Wishart Distribution.
With U = X7 we write

Wt~ IWy(n, ¥).

Some important properties of the Inverse-Wishart distribution are the following:

Proposition 6.2.5. Let W ~ Wy(n,X) withn >d+1 and ¥ = X7, We have
1. E[W] = nx

Proof. For 1. see page 66 of (Mardia et al., [1979)). For 2. we refer to Theorem 3.1 in
(von Rosen, 1988). O

Theorem 6.2.6. Let U € RY? be symmetric and positive definite and let 33 ~ ITWqy(n, ¥).

Further, let Xq,..., X, w N4(0,%) and summarize the samples into the matric X =
(Xq|...|Xn) € R™. Then, we have for the posterior distribution of %

Y|IX ~IWaln+m, ¥+ XXT).
Proof. We refer to (Zhang), 2021)). O

Hence, the Inverse-Wishart distribution is conjugate to the multivariate normal distribu-
tion, and therefore perfectly suitable for our Gibbs Sampling algorithm later. However,
there is one drawback: The theorem is for sampling from normals with general covariance
matrices while the GCCCA is parametrized with a correlation matrix. Therefore, we will
resample over a covariance matrix V instead of C' and C' will be equal to its corresponding
correlation matrix.

For the prior distribution of V, we let V' = (v;;) ~ ZW,(ng, noVy) have inverse Wishart
Distribution, so that E[V ] = V; !, where V; is the initial positive definite covariance
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matrix and ng > p is some prior weight. Thereby, the initial V will be chosen to be the
covariance matrix of the initial Z, which will be based on the observed Y. We state
the algorithm first and then explain how starting values can be chosen and the intuition
behind all the steps. The Gibbs Sampling scheme is given as follows:

Algorithm 6 Gaussian Copula: Correlation Matrix Estimation

Input: Data Matrix Y, prior weight ng, iterations m
Output: Posterior Sample of Correlation Matrix C' = (¢;;) ~ 7(C|Z € D)
1: Set starting values Z = Z and Vj as described after.
2: Generate V = (v;;) ~ ZW,(ng, noVp)
3: for k=1,...,m do
4: Resample Z:
5 for j=1,....,pdo
6: for each unique Y € {Yj("), . ,Y;-(n)} do
7 Set Z; = max{Z\" : V" <Y,i€n]}, Z,=min{Z" Y <Y.i € [n]}
8 for each ¢ such that Yj(i) =Y do
9

Set (7]2- = Vj; — V[j,—j]v[:jl"_j]v[—j,j]‘

10: Compute p; ; = Z[z’,—j](‘/[j,_j]‘/[:;_j])T
2y — i Zy — 1
11: Sample u; ; ~ Unif ((1) (l—/M) . ( Y ]))
. 0j 0
= Set Z;" = piy + ;- @ (uiy).

13: Resample V' ~ IW,(ng + n,noVy + Z'7)
14: Compute C: For all i, j, set ¢;; = v;;//ViiV;;

Thereby, Z|; _; denotes the i-th row of the matrix Z where the j-th column is removed.
Further, Vi_; _; is the matrix V' with its j-th column and j-th row removed, and V[:;_j]
is its inverse. Finally, V}; _; denotes the j-th row of V' where the j-th entry is removed.
Before addressing the choice of initial values let us explain the steps of this algorithm.
As we mentioned before, the Inverse-Wishart distribution is supported over the space of
general covariance matrices, so that we resample over Z and V instead of Z and C. This
is done in the lines 5-13 of the algorithm Thereby, we sample from the distributions

i) 2V ~p(Z2"|Z € D, Z\{Z\"},V)
(i) V ~IW,(no +n,noVo + Z* Z)

As the sampling of V' is clear, let us explain how we do it for the ZJ@78. When de-

termining a new value for ZJ(-i), we need to make sure that the new Z remains in D.
Hence, we calculate and admissible interval [Z,, Z;] in line 7 based on the structure of

Y;.(l), ey Yj("). Then, we determine the conditional normal distribution parameters of Z J(-i)
given Zfi), e Z](-Z, Zj@l, el ZI(,i) in line 9-10. This is done with the formula from Propo-

sition [5.1.6l As this distribution is truncated to the set [Z,, Z;] we apply the generalized
inverse transform method to sample from this conditional distribution.
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After the resampling is run long enough, we terminate with a covariance matrix V' and
calculate its corresponding correlation matrix in line 14.

Finally, let us address the question of starting values. As V' is the covariance matrix of
Z in the algorithm, we chose the initial Vj as the covariance matrix of Z, i.e. V) =
ﬁ(zgzo), where Zy = Z, — %1n1£Z0. So how do we choose Z;? As we need to make
sure that Zy € D, we need to keep the ordering of the columns of Y while transforming
the data to a normal distribution. We do this the following way.

Let the columns of Y be denoted by Y = (y1]---|7,). Then, we set Z, = (G- 16),
where the (;’s are transformations of the v;’s which we explain next. For j € [p], v, is

T
the vector of j-th marginals of the sample, i.e. v; = (Yj(l) Yj(”)> . Now, let Fj(")
be the empirical distribution function of this sample. Then, define
T
— n n 1 — n n n
G = (o (0 e (2RO (63

and its mean and variance

Now, define the standardized {; = (¢; — m;1,)/s; and Zo = (1] ---]¢,). In summary,
we “transport” the ;’s to normal variables in (6.3) while maintaining. Thereby, the
5 factor is the to ensure that finite values are generated. Finally, we standardize the
columns. During the whole process the ordering of the v; was maintained so that we have

Zy € D.

Finally, one can compute C' which is the corresponding correlation matrix to V. Then, the
generated Markov Chain has the stationary distribution 7(C|Z € D) by (Hoff, 2007b)).
Now, the remaining part is to estimate the GCCCA parameters of Y which can be done
with the posterior mean.

Algorithm 7 GCCCA Estimation

Input: As Algorithm 6

Output: GCCCA Parameters W and A

. Generate k posterior samples CV, ..., C® ~ w(C|Z € D) with Algorithm 6.
cfor j=1,... kdo

N

@

. o AG) AG)

Let CY have block structure OV = C:%l.) Cj? )
C J C J)
21 22

b set W =T eRey
A 1k ..
5: Compute the posterior mean W = z 2:1 W,
J:

6: Compute A with the singular value decomposition of W= QleQQT
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This concludes our subsection presenting this Bayesian GCCCA method. In the next
section we present a similar procedure for the CMCCA model.

6.3 Outlook: The Multirank Likelihood for CMCCA

In this final section we will briefly discuss a Bayesian method for the CMCCA model
which is also presented in (Bryan et al., 2024). We begin by the defining the notation
and setup and then present the so-called multirank likelihood on which this method is
based on.

Notation 6.3.1. In this section we assume the same setup as in Notation [5.4.7] Hence,
we observe YU . Y™ iid. satisfying the cyclically monotone CCA, so that we have

VO Y (G Gzt z0 2z
Y = : : = : : 5 Z = : :
v o) \ewz) ) 70 7

for cyclically monotone transformations Gy and Gs. Further, we have ZW, ... Z(" £

N,(0,C), so that

(1 W
o= (v 1)

is positive definite and W has singular value decomposition W = Q;AQ7T.

As in Section [5.4] our goal is to estimate the CMCCA parameter W or equivalently @1,
@2 and A. In particular, we do not need to know the cyclically monotone functions G
and G5. Like in the previous section the estimation would be straightforward if we knew
the latent Z®’s, but we do not. In Section we took on the problem by sampling from
a grid and then use optimal transport, but this time we follow a Bayesian approach.

For stating the likelihood function, note that we have data Y and unknown parameters
Q1,Q2, A\, G1, Go, so that our likelihood would be given by

Z(Qlﬁ @2, A) = 7T(Yv|Qla Qo, A, Gy, G2)>

which is difficult to work with. Hence, we follow a similar approach as in the previous
section by replacing the data Y by the occurrence of an event making the resulting
likelihood independent of the nuisance parameters G7 and Gs.

Again when we observe data Y we can learn some information on the structure of the
Z@’s. The starting point is the following: As Y, Y™ is a sample from the CM-
CCA model, we must have Yj(z) = Gj(ZJ@), where Gj is cyclically monotone. By the
characterizations in Definition [.1.6] we have

n ‘
=1

More generally, Z must lie in the subset of R"*P,

70 _y®

J m(j)

. 112
(%) (%)
7 -,

j=172

= min
ﬂ'ES’n

D= {Z : {(ZJQ), Y;-(l)), (Z]@, }/;-(2)), e (ZJ(-"), Yj(n))} is cyclically monotone for j =1, 2} :
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Now, we can take the occurrence of the event {Z € D} as our data and obtain the
so-called multirank likelihood

(Q1,Q2,A) =P(Z € D|Q1,Q2,\,G1,G2) =P(Z € D|Q1,Q2, A).

We observe that the last equality holds since the distribution of Z is independent of G
and G5. Hence, our likelihood function is independent of the nuisance parameters GG; and
(G5, as desired. Finally, one can specify a prior distribution for @1, Q2 and A and obtain
the posterior distribution

m(Q1,Q2, A Z € D) x P(Z € D|Q1, Qa2, N)7(Q1, Q2, A).

We end the section at this point, as the next steps go beyond the scope of this thesis. The
choice of priors on )1, Q)3 and A involves highly complex domains. Further, the resulting
Gibbs Sampling scheme involves distributions which it is difficult to sample from, e.g. a
matrix normal distribution truncated to a set with a cyclically monotone constraint. For
interested readers we refer to (Bryan et al., 2024) for more information.

This finalizes the chapter on Bayesian methods for Canonical Correlation Analysis. In
the next chapter we will conduct simulations to compare all five introduced methods.
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7 Simulation

7.1 Setup

In chapter 5] we have introduced three different models for Canonical Correlation Analysis
and presented one method for each model. The classical CCA method directly estimates
the CCA parameter W by multiplying blocks of the empirical covariance matrix. In
comparison, the Gaussian Copula CCA method calculates the Spearman’s correlation
coefficients of the sample which determine the entries of a correlation matrix in a first
step. Finally, the Cyclically Monotone CCA method samples from a multivariate normal
grid and transports the sample to it before estimating WW. All three models are consistent
provided their respective model assumptions hold.

Furthermore, we have provided two Bayesian estimation methods for the Gaussian Copula
Model and the CMCCA Model, respectively, in chapter [0} In those one can sample from
a Markov Chain which has the desired posterior distribution as stationary distribution if
the corresponding model assumptions are satisfied. In summary, this makes five methods
which have strong asymptotic results. But how do they perform in practice?

In this chapter we will make a simulation to answer this question. The main goal is to
assess the performance of all methods in different scenarios which includes varying sample
sizes, dimensions, and distribution of the samples. As the cyclically monotone CCA is
our largest model containing both, the classical CCA and Gaussian Copula CCA, our
samples will be distributed according to this model. Therefore, we will simulate an i.i.d.
sample from

(- (6E) - (@) )

where p; < po, p = p1 +p2, W has singular value decomposition Q;AQL, and G, & G are
cyclically monotone transformations. These functions will be chosen based on Example
[1.1.1] We will pick one transformation from each type, (i)-(v). Then, we will run all
five presented methods for sample sizes increasing from 100 to 1000. This procedure
will be repeated for the dimensions p; = p, = 2,3,4. Thereby, when we increase the
dimension, we will try to change the cyclically monotone transformations as little as
possible. The purpose behind this is to analyze the effect of sample size and dimension
on the performance of each model.

In the simulations, we will estimate the CMCCA parameters W and A. Doing so we will
use the loss functions

- W —W|3 - JA=AJ3
P1p2 P
where || - || is the Frobenius-norm of a matrix. Le. for a matrix A = (q;;) € R™ ", it

holds

[Allp =

Our methods will have the following abbreviations in throughout this section:
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CCA: The classical CCA method from Section (.2

GCCCA: The Gaussian Copula CCA method with Spearman’s p from Section [5.3|
e GCCCA-Bay: The MCMC method for the GCCCA from Section [6.2]

e CMCCA: The plug-in method for the CMCCA model from Section

e CMCCA-Bay: The MCMC method for the CMCCA from Section [6.3]

As we did not present the estimation method for the CMCCA-Bay method, we refer to
the cmcca package at https://github.com/j-g-b/cmcca. There, one can use the cmcca-
mcmc() function to sample from a Markov Chain with the desired stationary distribution.

7.2 Models and Performance
7.2.1 Dimension 2

For the two dimensional case, we set

1 1 V3
A=z . o =(7 ) g-=(% 2
017 1 11 > 2 lﬁ’
4 V2 V2 2 2

and apply five different cyclically monotone transformations. As explained before, these

will be based on Example 4.1.1] For each model we will calculate the loss for W and A
in 100 replications for each sample size n = 100, 250, 500, 1000.

Model 1. The first model is a linear transformation as in Example (i). Define

L2 2 . 1 0.25 21
im0 (2)

v (1) (T(2)
v,) “\1(2))
Model 2. The second transformation applies univariate increasing functions to each
marginal as in Example [4.1.1] (ii). Let

and set

FROR W =W, 6R o R.GE = (1)

where ® is the distribution of a standard normal random variable, V' ~ Exp(1) is expo-
nentially distributed, and Fy, ! the inverse of Vs distribution function. Then, set

v () ()
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Model 3. The next transformation is a combination of Example [1.1.1] (i) and (v). Let
G be as in Model 2. Define

G:R?* = R%G(2) =UTG(U2), U= (3 1) ,

1 3
Y = Ny _ @(Zﬁ
Ys G(Z2)) "
Model 4. In this model we transform the Z;’s by scaling them with increasing and
non-negative functions of their norms as in Example (iii). Let H be defined as

and set

1
H - RQ N R2,H(2) —_ eXp(O ||Z|I) <
1+ exp(0.1][z[]) || =]

v () - (i)

Model 5. The last transformation is as in Example (iv). Define

and set

3
. 2 2 . :U/3—|—l‘+y
J:R* = R J(z,y) = <y3/3—|—y+x)

y_ () (1)
Vs J(Zs))
Performance. The following boxplots show the performance of 100 trials of each method
in all models with sample sizes increasing from n = 100 to 1000.

and set
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Figure 7.5: Performance in Model 5

Before we comment on the boxplots, let us address which model assumptions are satisfied
in which model. As the first transformation is linear, Model 1 satisfies the CCA assump-
tions, and therefore, also the ones for the GCCCA. In Model 2, we do not have normally
distributed data anymore, so that the classical CCA assumptions are violated. However,
the type of transformation still lies in the GCCCA setup. Finally, one can check that
Model 3-5 neither fulfill the classical CCA nor the GCCCA model assumptions. However,
by our setup the CMCCA assumptions are satisfied in every model.

These observations are reflected in the boxplots. In figure 7.1, we see that all methods
perform similarly in Model 1 with some minor fluctuations. In particular, the accuracy
of each model improves with the sample size.

In figure 7.2 we observe a different result. While the other methods become more accurate
with a higher sample size, the classical CCA fails to do so. This makes sense as its model
assumptions are not satisfied and its consistency does not hold.

In Model 3, only the CMCCA assumptions are satisfied, so that the two corresponding
methods perform best as seen in Figure 7.3. The classical CCA demonstrates the worst
performance, while the GCCCA methods perform mediocrely. The distinction in accuracy
of the five methods arises particularly with higher sample sizes.

In Model 4, the dominance of the CMCCA methods is clear. While the three other
methods perform similar with no improvement in accuracy, the CMCCA methods perform
significantly better.

Finally, Figure 7.5 is similar to Figure 7.3, with the CMCCA methods performing best,
the GCCCA being mediocre and the classical CCA being the least accurate method.

In summary, the classical CCA method only performed well when its model assumptions
were satisfied. The GCCCA methods were accurate in their models, but also moderate
if their model assumptions were violated. Overall, the CMCCA methods performed best
as they were accurate in every scenario. In particular, they beat the established methods
in Model 3-5, and performed similarly in the other two.

80



7 Simulation

Next, we consider the case p; = py = 3.

7.2.2 Dimension 3

For the three-dimensional case, we set

AN (L, W B .
Z = (22) -/\/’6(07 2)7 Y= (WT 12)a W = QIAQ2>

1 1
%(1)0 50—75 0 01

AzoggaQ1:91?aQ2:1007
00 3 un Y% 010

and again apply five different cyclically monotone transformations. The functions will
be the same or similar to the previous section, so that we can analyze the effect of
the dimension on the performance. We will examine the accuracy for the sample sizes
n = 100, 250, 500, 1000.

Model 1. We define

TR =R T(2)=1025 1 025] [=2

and set
(Y (T(Zy)
v=(4) = ()
Model 2. Let
f(21)
fiR =R, fx) = F,}(®(x)), G:R* =R G(z) = :;Ezzg

where @ is the distribution of a standard normal random variable, V' ~ Exp(1) is expo-
nentially distributed, and F},;' the inverse of V’s distribution function. Then, set

v () ()
Model 3. Define

41
G:R* =R G(2)=U"GWUz), U=/|[1 4
11

and set
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Model 4. Let H be defined as

1
H - RB N R3,H(Z) — eXp(O H’Z”) <
1+ exp(0.1][z[]) || =]

v= 30) = (i)

33+ 2r+y+z
V/3+2y+ax+2
2/3+22+x+y

v () ()

Performance. The following boxplots show the performance of 100 trials of each method
in all models with sample sizes increasing from n = 100 to 1000.
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Figure 7.10: Performance in Model 5

As in the two-dimensional case, the classical CCA assumptions are satisfied only in Model
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1. Further, the GCCCA assumptions are met in Model 1 and 2. Finally, the CMCCA
setup is always satisfied.

In Model 1, we again observe that the accuracy for all methods improves with the sample
size. In Figure 7.6 we can also see that the CMCCA estimators perform slightly worse
for lower sample sizes, but are equally accurate in comparison to the others for a high n.

Figure 7.7 shows a similar result as Figure 7.2. All methods become more accurate
asymptotically except the classical CCA. As in Model 1, the CMCCA methods perform
slightly worse for lower sample sizes, but improve significantly asymptotically.

In Model 3, we observe that the classical CCA method performs worst while the GC-
CCA methods are more accurate although their model assumptions are violated, as well.
Particularly, the GCCCA method using Spearman’s p performs well in all sample sizes.
However, asymptotically the CMCCA methods are slightly more accurate, particularly
the plug-in method.

In Model 4, the classical CCA and GCCCA methods are misspecified, and they perform
similarly. Although they become slightly more accurate for higher sample size they are
not consistent asymptotically. In comparison, the CMCCA methods improve significantly
for higher n and are consistent beating the other methods clearly.

Finally, Figure 7.10 shows that all methods perform similarly and become more accurate
for higher sample sizes. Thereby, the GCCCA-Bay and CMCCA methods are slightly
better than the other two.

Overall, the two CMCCA methods were dominant in this three-dimensional case. Al-
though the difference in accuracy is not as big as in the two-dimensional case, the CM-
CCA methods performed best on average. In particular, they beat the other methods in
Model 3-5. An exception is the GCCCA-Bay method in Model 5 which performed best
there, but was less accurate in Model 3-4. In Model 1-2 the CMCCA methods were still
able to reach a comparable performance in comparison to the correctly specified GCCCA
methods. The classical CCA method performed worst as in the two-dimensional case.
This is non-surprising as its assumptions were mostly misspecified.

Next, we consider the case p; = py = 4.

7.2.3 Dimension 4

For the four-dimensional case, we set

§ 000 by 2o 00
0%00 Q %_%%_% Q %\/7300
A= 1 7 S 117 1 11> 2 = V31|
SO B 0 0% -3
000 3 —2 T3 T3 T3 0o 0o L1 ¥

and again apply five different cyclically monotone transformations. The functions will be
the same or similar to the previous section. We will then examine the performance for

84



7 Simulation

sample sizes n = 100, 250, 500, 1000, 2000. Due to the higher dimension, we include the
case n = 2000 this time.

Model 1. We define

1 025 O 0 21
025 1 025 0 29
0 025 1 0.25 23
0 0 025 1 24

T:R* =R, T(2) =

and set

Model 2. Let
f(z1)
FR=R f(2) = F(e(2), G:R'=R.G(2) = %3
f(z4)

where @ is the distribution of a standard normal random variable, V' ~ Exp(1) is expo-
nentially distributed, and Fy, ! the inverse of V’s distribution function. Then, set

v ()~ (6i2)

Model 3. Define

5 1 1 1
5. 3 3 A _ T |1 511
G:R° >R, G(2) =U"G(U=z), U= 115 11
1 1 15
and set ~
Y = Y _ (G4
v,) = \G(z)
Model 4. Let H be defined as
1
H . R4 N R4,H(Z) — eXp<O HZH) <
1 4 exp(0.1][z]]) [ =]
and set
o (V) (H(Z)
Y, H(Zy)
Model 5. Define
P3+3r+y+ztw
3
. R4 4 |3 +3y+r+ 24w
TR =Ry zw) = | s 3 p ey tow

w/3+3w+r+y+z

85



and set

Y =

7 Simulation

()
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Performance. The following boxplots show the performance of 100 trials of each method
in all models with sample sizes increasing from n = 100 to 2000.
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Figure 7.15: Performance in Model 5

As in the two-dimensional and three-dimensional case, the classical CCA setup is satisfied
only in Model 1. Further, the GCCCA assumptions are met in Model 1 and 2. Finally,
the CMCCA setup is always satisfied.

We observe in Model 1 that all methods are accurate and are consistent asymptotically.
The CMCCA “take slightly longer” to converge, but still improve significantly for higher
sample sizes.

In Model 2, the misspecified classical CCA estimator fails to improve asymptotically.
However, the other methods are consistent with a slight edge for the GCCCA methods.
The GCCCA methods outperform the CMCCA particularly for lower sample sizes while
the CMCCA methods are almost as accurate as the GCCCA methods for n = 2000.

In Figure 7.13 we observe that the methods perform similarly asymptotically, whereby
the GCCCA methods are slightly better. However, the CMCCA methods improve in
accuracy for higher sample sizes as we have shown in the theory section. Hence, a
n > 2000 simulation would be needed to observe their consistency.

Figure 7.14 and 7.15 are rather similar. In those the CMCCA methods are a bit less
accurate than the other methods for lower sample sizes, but improve significantly asymp-
totically, so that all methods perform equally well for n = 2000.

87



7 Simulation

7.3 Key Findings

Let us summarize the results of the simulation. As described in the setup our goal was
to assess the performance of all five methods in different scenarios and analyze the effect
of the sample size on the accuracy.

Classical CCA: Our simulations showed that the classical CCA method is inaccurate in
many scenarios. Some examples include Figure 7.3, 7.5, 7.8 and 7.12 and other previous
figures. These particularly show that the CCA may not perform well in different dimen-
sions and sample sizes. It almost only displays accuracy if its assumptions are satisfies
as in Figure 7.6 and 7.11.

GCCCA: The GCCCA method with Spearman’s p performs significantly better. If its
model setup is true, then it can outperform the other methods as in Figure 7.2 and 7.12.
However, if it is misspecified it may still perform moderately which is an advantage that
the CCA lacks. Examples are Figure 7.3, 7.8, 7.14 and 7.15. However, there are still
scenarios, where it is inaccurate, e.g. in Figure 7.4 and 7.9.

GCCCA-Bay: The Bayesian GCCCA method performs similarly as the method with
Spearman’s p. It is particularly accurate when its model assumptions are satisfied as in
Figure 7.6, 7.7. and 7.12. As the Spearman method it can also perform well when it is
misspecified as in Figure 7.10, 7.13 and 7.15. However, it can also be inaccurate as in
Figure 7.3. 7.4 and 7.9. Another of its disadvantages is a long runtime.

We also observe that the dimensions do not influence the performance of both GCCCA
models that much. Higher sample sizes improve their accuracy, but the difference in
improvement is not as high as for the CMCCA models.

CMCCA: The plug-in method for CMCCA has the strongest theoretical results and
also performed very well in the simulations. It was particularly dominant in dimensions
2 and 3, where it often was the most accurate as in Figure 7.3-7.5 and 7.8-7-10. Hence,
it could beat the other methods in many cases. We also observed that the higher the
dimension gets the higher sample size is necessary in order to improve accuracy (e.g.
compare Figure 7.4 and 7.9). In dimension 4, the CMCCA method could still keep up
with the other methods for high sample sizes.

CMCCA-Bay: Its performance is very similar to the CMCCA plug-in method, partic-
ularly asymptotically. However, one disadvantage is its long running time.
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8 Conclusion

Let us quickly summarize the most important aspects of the thesis. In chapter [, we
learned about optimal transport and rank statistics. These allow us to transport samples
to a more convenient distribution to work with and use its theory. We particularly
explored this in Section and [5.4] where we applied them for defining the center-
outward distribution function and the CMCCA model, respectively. The concept of rank
statistics is promising and will remain a focal research topic in the next years.

Further, we got to know three different models for Canonical Correlation Analysis, one
requiring normality, one assuming a Gaussian copula dependency structure and one al-
lowing arbitrary joint marginals, but requiring their true rank statistics to be jointly
normal. For all three models we have presented a consistent estimation method and two
additional Bayesian methods. In the simulations we could compare their performance
and observed the the CMCCA estimation methods which are rather new, were highly
accurate particularly in lower dimensions and high sample sizes.
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