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Abstract

We present a framework for performing regression when both covariate and response
are probability distributions on a compact and convex subset of R%. Our regression
model is based on the theory of optimal transport and links the conditional Fréchet
mean of the response to the covariate via an optimal transport map. We define a
Fréchet-least-squares estimator of this regression map, and establish its consistency
and rate of convergence to the true map under full observation of the regression pairs.

For the specific case when d = 1, we obtain additional results: we establish the
minimax rate of estimation of such a regression function, by deriving a lower bound
that matches the convergence rate attained by the Fréchet least squares estimator.
Additionally, we find an upper-bound for the convergence rate of an estimator when
observing only samples from the covariate and response distributions. Also in this
case, the computation of the estimator is shown to reduce to a standard convex opti-
misation problem, and thus our regression model can be implemented with ease. We
illustrate our methodology using real and simulated data.

We explore the problem of defining and fitting models of autoregressive time se-
ries of probability distributions on a compact interval of R. In this context, an order-1
autoregressive model is a Markov chain that specifies a certain structure (regression)
for the one-step conditional Fréchet mean with respect to a natural probability met-
ric. We construct and investigate different models based on iterated random function
systems of optimal transport maps. While the properties and interpretation of these
models depend on how they relate to the iterated transport system, they can all be
analyzed theoretically in a unified way. We present such a theoretical analysis, in-
cluding convergence rates, and illustrate our methodology using real and simulated
data. Our models generalise or extend certain existing models of transportation-based
regression and autoregression, and in doing so also provides some new insights on
those previous models.

Keywords: Distributional Regression, Distributional Time Series, Optimal Transport,
Wasserstein Metric

1ii






Résume

Nous présentons un cadre pour réaliser une régression lorsque la covariable et la
réponse sont des distributions de probabilitée sur un sous-ensemble compact et con-
vexe de RY. Notre modéle de régression est fondé sur la théorie du transport optimal
et lie la moyenne conditionnelle de Fréchet de la réponse a la covariable a travers une
application de transport optimal. Nous définissons un estimateur des moindres carrés
de Fréchet pour cette application, et nous établissons sa consistance et son taux de
convergence vers la véritable application, sous 'observation compléte des paires de
régression.

Dans le cas particulier ou d = 1, nous obtenons des résultats supplémentaires
: nous établissons le taux d’estimation minimax d’une telle fonction de régression,
en dérivant une borne inférieure qui correspond au taux de convergence atteint par
Pestimateur des moindres carrés de Fréchet. De plus, nous trouvons une borne supérie-
ure pour le taux de convergence d’un estimateur lorsque nous observons uniquement
des échantillons issus des distributions de la covariable et de la réponse. Dans ce cas
également, le calcul de I'estimateur se réduit a un probléeme d’optimisation convexe
standard, permettant ainsi une mise en ceuvre aisée de notre modéle de régression.
Nous illustrons notre méthodologie a I'aide de données réelles et simulées.

Nous explorons le probleme de la définition et de I’ajustement de modéles de
séries temporelles autorégressives de distributions de probabilités sur un intervalle
compact de R. Dans ce contexte, un modele autorégressif d’ordre 1 est une chaine
de Markov qui spécifie une certaine structure (régression) pour la moyenne con-
ditionnelle de Fréchet a une étape, par rapport a une métrique de probabilité na-
turelle. Nous élaborons et étudions différents modeles basés sur des systémes de
fonctions aléatoires itérées d’applications de transport optimal. Bien que les pro-
priétés et l'interprétation de ces modéles dépendent de la maniére dont ils se rappor-
tent au systeme de transport itéré, ils peuvent tous étre analysés théoriquement de
maniére unifiée. Nous présentons une telle analyse théorique, y compris les taux de
convergence, et illustrons notre méthodologie a I’aide de données réelles et simulées.
Nos modeles généralisent ou étendent certains modeles existants de régression et
d’autorégression basés sur le transport, et apportent par conséquent de nouvelles

perspectives sur ces modeles antérieurs.

Mots-clés : Régression distributionnelle, Séries temporelles distributionnelles, Trans-
port optimal, Métrique de Wasserstein
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Chapter 1

Introduction

As datasets continue to grow in size and complexity, traditional statistical methods
that focus on summarizing or aggregating data through scalar or vector values are be-
coming inadequate, as such summarization or aggregation processes inevitably lead
to the loss of essential information. While some preprocessing of data is typically
required, it is essential to preserve the inherent characteristics of the data’s original
structure and create methods specifically tailored to this structure.

Many complex data types, including images, histograms, and point clouds, can
be represented as probability distributions. With the growing prevalence of these
data types across various fields, it has become crucial to develop models capable of
handling data where every single datum is depicted as a probability distribution. This
may involve observing either the entire distribution or samples drawn from the dis-
tributions. The primary focus of this thesis is the development of models tailored for
regression and time series analysis of probability distributions.

Analyzing distributions is a challenging task since they do not reside in a linear
space and are infinite-dimensional. As a result, when distributions constitute the data
itself, standard statistical methods developed either for linear or finite-dimensional
data are not applicable directly. For instance, functional data analysis [34] has been
developed for infinite-dimensional data, but it is primarily limited to data within lin-
ear spaces. Some of the previous methods, apply certain transformations to the data
to map them into a space with linear structure [38, 22, 58, 39]. However, to tackle
this non-linearity, our strategy is to examine the data in its natural metric space and
integrate this geometry into our models.

Optimal transport theory addresses the question of what constitutes a canoni-
cal metric space for distributions by introducing the concept of Wasserstein space
for distributions [55]. This theory provides a foundation for developing new meth-
ods that can effectively model and analyze complex data represented as probability
distributions while preserving their inherent non-linear structure.

In previous methodologies, the emphasis was on the tangent structure within
Wasserstein space [15, 79]. In contrast, the models presented in this thesis adopt a
shape constraint approach and concentrate directly at the level of probability distri-
butions. This method offers a clear and straightforward interpretation by relating
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response and covariate distributions through an optimal transport map and incorpo-
rating specific deformations as additional noise. The specific deformation noise leads
to interpreting the model as specifying the conditional Fréchet mean of the response
given the covariate. Additionally, the regression operator can be understood point-
wise at the level of the original distributions. Particularly in the one-dimensional case,
the model’s effect in mass transportation is equivalent to quantile re-arrangement. By
providing a more direct and interpretable way of modeling the relationship between
probability distributions, the shape constraint method serves as a valuable alternative
to previous methods that rely on the tangent structure of Wasserstein space.

Moving forward, the study of distributional autoregression models is a logical
next step. This addresses scenarios where there’s a dependency between probabil-
ity distributions. By regarding the sequence of probability distributions {,u,,}fj: , as
a Markov chain in Wasserstein space, autoregressive relationships can be modeled
through the establishment of a connection between the conditional Fréchet mean
at time n + 1 and the chain’s state at time n. We generalize previous methods of
transportation-based autoregressive models [80] to obtain functional dynamics and
interpretable classes of distributional autoregressions. This is achieved by extend-
ing the functional structure of the regression operator we’ve developed and adopting
previous methods that use a contractive parameter to ensure the stationarity of the
dynamics.

1.1 Structure of the Thesis

Chapter 2 This chapter provides a brief overview of the main concepts and def-
initions of optimal transport theory that is used in this thesis, it continues with a
discussion on some of the potential applications of distribution-on-distribution re-
gression and ends by reviewing some of the previous methods.

Chapter 3 This chapter is based on the published articles [24] and [26]. We in-
troduce a model for performing regression when both covariate and response are
probability distributions on a closed interval of R. After specifying the model and es-
tablishing the identifiability of the regression map, we define a Fréchet-least-squares
estimator of this regression map and establish its consistency and rate of convergence
to the true map under full observation of the regression pairs. Additionally, we show
that our estimator is minimax optimal when the distributions are fully observed. We
illustrate the performance of the model and the estimator through a simulation and
by real data analysis for mortality and quantum dot data.

Chapter 4 This chapter is based on the preprint [27]. It considers the general-
ization of the distribution-on-distribution regression model of Chapter 3 to higher
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dimensions, d > 1. Some more restrictive structural assumption needs to be imposed
on the component of the regression model than when d = 1. These assumptions lead
to the identifiability of the model and also enable us to use empirical process theory

to derive the rate of convergence of our estimator.

Chapter 5 This chapter is based on the preprint [25]. It develops transportation-
based autoregressive models, examining three distinct notions of autoregression that
capture various distributional time series characteristics. The models are compared
to existing approaches, with stationarity conditions established and identifiability,
consistency, and convergence rates demonstrated. Finally, the chapter highlights the
finite sample performance of the proposed methodology using both simulated and

real data.

Chapter 6 The final chapter outlines some potential directions for research in each
of the last 3 chapters. Additionally, it introduces an alternative model for distribution-

on-distribution regression and provides some preliminary results.






Chapter 2

Overview

This chapter provides an introduction to optimal transport theory and the problem
of distribution-on-distribution regression, along with a discussion of possible appli-

cations and an overview of previous methods.

2.1 Overview of Optimal Transport

In this section, we give a brief overview of optimal transport theory including some
of the main results and the notation which is used throughout this thesis. We will go
through some definitions and intuitions without going into too much depth or for-
malities. For more background see, e.g. Villani [73], Villani et al. [74], Santambrogio
[64] and Ambrosio et al. [3].

The Monge Problem In 1781, Monge introduced the optimal transport problem,
which addresses a practical question in civil engineering: how to effectively move a
pile of sand to fill a hole of the same total volume. To tackle this problem mathemat-
ically, Monge represented the sand pile and hole as probability measures, p, and v,
both belonging to the set of Borel probability measures $(X) on a space X which in
this original example we take as R?. The successful transportation of sand requires
finding a map T : X — X that ensures the amount of sand arriving at each tar-
get location B C X (measured by v(B)) equals the amount of sand sent to it, i.e.,
v(B) = u(T~Y(B)). This map T is referred to as a transport map, pushing forward p
to v, which is denoted as v = T#pu. The objective is to find the transport map T that
minimizes total displacements:

i / e — T(o)l| dpa().

The Monge problem can be generalized in different ways, the most natural one
being the extension of the ground space X to R? for any d > 1. Furthermore, rather
than minimizing the total displacements, the objective function can be any general
cost function of the form f c(x, T(x)) du(x), where ¢ : X XX — R. In this thesis, we
focus on the case where the ground space is R? and where the cost function is given
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by c(x.y) = Ilx — yl>

The Monge formulation of optimal transport is a difficult non-linear optimization
problem, and even more troublesome is the fact that this formulation can be ill-posed
since the set of optimal transport maps pushing forward y to v might be empty: For
instance, in the case where 1 is a Dirac at a point xy and v is any probability measure
but Dirac, there is no map T such that v = T#y since T#0x, = 67(x,) for any T, so
no T can exist.

The Kantorovich Problem Kantorovich’s reformulation of the Monge problem in
1942 removed the problems that the latter suffered and guaranteed the existence of
a solution. Kantorovich relaxed the original formulation by allowing mass at a given
point x to be split and sent to an infinite number of locations, rather than being sent
to a single location T'(x). Mathematically speaking, this split of mass is represented
by a transport plan y, which is a distribution over R% x R? with marginals v and p. A
transport plan y tells us that the amount of mass that should be sent from A ¢ R? to
B c R%is y(A x B). The problem formulated by Kantorovich is as follows: Given two
probability measures y and v on R?, the task is to find an optimal transport plan that
minimizes a ground-cost function (assuming the quadratic case for now). That is, we
want to find:

&2, (vp) = inf / I — 4l dy(x. ), (2.1)
yel(vu) Jo

where I'(v, pt) is the set of transport plans of ¢ and v. In contrast to the Monge prob-
lem, the Kantorovich problem always has a minimizer (see Theorem 4.1 Villani et al.
[74] for a more general result). Moreover, it takes the form of an infinite dimensional
linear programming.

Wasserstein Distance The optimal transport cost between two distributions as
defined by (2.1), defines a distance between the two distributions (see chapter 6 of
Villani et al. [74]), which is called the Wasserstein distance. Wasserstein space of
distributions over R, denoted by ‘W5 (R?), is a set of probability measures on R?
that have finite second moments and is equipped with the d?w distance!. This distance
makes ‘W (R?) a complete separable metric space.

Wasserstein distance has become a canonical choice for comparing distributions
due to its several desirable properties. For example, it incorporates the geometry
of the underlying space. One way to see this, is that d?W(5x, Oy) = |lx - y||2 and
therefore the mapping x — &, is an isometric embedding of R? in W, (RY).

Moreover, the Wasserstein distance can be used to compare discrete (e.g., empir-
ical) and continuous distributions.

The finiteness of second moments guarantees that d(QW (p,v) <ocoforall p,ve Wg(Rd)
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Brenier’s Theorem One of the most fundamental results in optimal transport is
Brenier’s Theorem [9] which gives a condition under which the Kantorovich and
Monge problems are equivalent. Specifically, for two measures y and v in “Ws(R%),
if p is absolutely continuous with respect to the Lebesgue measure, there exists a
unique and equal solution to both problems. This solution can be characterized as a
deterministic transport map T : R? — R?, which is p-almost surely the gradient of
a convex function ¢ : R? — R. In other words, the unique optimal way to transport
one distribution to another is by pushing the source distribution forward with the
gradient of a convex function.

An optimal transport map between y and v is sometimes denoted as T,,_,,. When
the map T can be represented as the gradient of a convex function (i.e., T = V), the
convex function ¢ is known as the Kantorovich potential of 1 and v.

Univariate Case In the special case when X = R, an optimal transport map has
an explicit characterization. Let F,(x) = p((—00, x)) be the distribution function of a

measure . The quantile function of y is defined as:
F;'(t)=sup{t e R: Fy(x) < t}, tel0,1].

Let p, v € ‘W5 (R), then:

1
&2, (1 v) = /O IF7 () - F; () dp. (22)

If the source measure p is absolutely continuous (i.e. F, is continuous), then the
optimal map T between p and v is a non-decreasing map with the explicit expression

T=F,'oF, (2.3)

Monotonicity of Optimal Maps One of the implications of Brenier’s theorem is
that optimal maps are monotone operators, representing a generalization of the fact
that optimal maps are non-decreasing functions in the univariate case. To see this,
note that the gradient of a convex differentiable function ¢ is a monotone operator:

V(x,x") e RTxRY  (Vo(x) - Vo(x'),x —x') > 0.

However, unlike the one-dimensional case, not all monotone operators in higher di-
mensions are gradients of convex functions. For example, a rotation is a monotone
operator that cannot be an optimal map?.

2Let A be a matrix, then the operator Ax defined by A is related to a quadratic form ¢ (x) = (Bx, x)/2,
resulting in A = V¢ = (B + B")/2. This means A should be symmetric.
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Couplings It is sometimes useful to interpret the optimal transport problem in
probabilistic terms as the search for an optimal coupling between two distributions.
A coupling of two distributions p and v is a pair of random variables X and Y with
distributions p and v respectively. The Wasserstein distance can then be expressed
as:

diy (pv) = IfE|IX = Y|P,

where the pair (X, Y) spans all possible couplings of yz and v.

A coupling (X, Y) is called deterministic if there exists a measurable map T such
that Y = T(X). For instance, if T#u = v and X is a random variable with distribution
u,and Y = T(X), then Y is distributed according to v and therefore (X, Y) is a deter-
ministic coupling and vice versa. Consequently, we can interpret the Monge problem
as finding an optimal deterministic coupling.

It is important to note that, given the definitions of the Wasserstein distance, any
coupling (X, Y) of y and v with joint distribution y provides an upper bound for the
Wasserstein distance

@2y (V) < Egoryey IX = VI,

In this thesis, we sometimes use the fact that for 1, v, b € ‘W(R?), and for maps Ty
and T5 such that T1 #b = p and To#b = v, the following inequality is valid:

dw (i v) < Ty — T2l p2p) - (2.4)

To see this, suppose Z is a random variable with distribution b, and X = T;(Z) and
Y = To(Z), then (X,Y) is a coupling for (g, v), therefore the inequality holds. The
inequality becomes an equality if and only if, the maps T; and T are optimal, i.e.
Ty = Ty, and T, = Ty, and the measures y, v, b are compatible, meaning that
Ty—v © Ty = Ty, (see Section 2.3.2 of Panaretos and Zemel [55]).

In the special case where d = 1, the equality T, ,, o Ty, = T, always holds.
This is because the optimal maps are characterized by nondecreasing functions, and
the composition of two nondecreasing functions is also nondecreasing (and thus op-
timal). Therefore, we have:

d(W(Il’ V) = HTb—m - Tb—>v||L2(b) . (2.5)

2.1.1 Statistical Inference in Wasserstein Space

Optimal transport and Wasserstein distance play significant roles in statistics and
machine learning. For an in-depth review of Wasserstein distance applications in
statistical theory and methodology, consult Panaretos and Zemel [54]. A key question
for statisticians is how to accurately estimate optimal transport-related objects, like

8
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Wasserstein distance, optimal map, or barycenter, using available data.

In this section we briefly overview three of the problems in statistical optimal
transport that will be important to this thesis, in the following contexts:

(I) Since we typically observe distributions through samples, it is crucial to have
efficient methods for estimating the underlying densities.

(IT) The estimation of our regression operator is intricately linked to the estima-
tion of optimal transport maps. Under similar regularity assumptions that aid in
estimating optimal maps, we can estimate our regression parameters.

(IIT) We will utilize the Fréchet functional to construct a sum-of-squares func-
tional within the context of distribution-on-distribution regression. Additionally, we
will use assumptions from previous studies on the Fréchet mean to determine the rate
of convergence.

(I) Density Estimation in Wasserstein Distance An essential problem involves
estimating the density of a distribution based on independent samples from it while
measuring error using the Wasserstein distance. Given n i.i.d. samples from a dis-
tribution y € P(R?), the statistical literature often employs the plug-in approach,
focusing on the empirical distribution p,,. However, it is known that

d?vy(lls /Jn) ~ n_Q/d,
(see Niles-Weed and Berthet [50]). This indicates that achieving a specific precision
requires a sample size exponential in dimension.

One solution is to leverage smoothness assumptions to address the curse of di-
mensionality in this setting [50]. In particular, Niles-Weed and Berthet [50] achieves
a faster rate of convergence for a wavelet density estimator over measures with den-
sities in Besov classes and demonstrates its minimax optimality.

(IT) Estimation of Optimal Transport Map Another crucial question in statisti-
cal optimal transport is determining how to estimate the optimal transport map, T,
between two unknown distributions p and v, based on independent and identically
distributed samples drawn from each distribution.

Several studies [21, 31, 35, 46, 48] have proposed estimators for the map T by im-
posing smoothness assumptions on the distributions p and v or the underlying opti-
mal map T. In particular, Hiitter and Rigollet [35] established a minimax lower bound
for the problem when the map T is in an @-Hélder ball and showed that their estimator
achieves minimax optimality up to a polylogarithmic factor. Manole et al. [46] pro-
posed an estimator that achieves the optimal convergence rate when the sampling
domain is a d-dimensional torus. However, research into computationally efficient
statistical estimators for optimal maps is less developed in the literature [48].
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The proposed estimator by Hiitter and Rigollet [35] cannot be feasibly computed
because it requires projection onto the space of smooth and strongly convex func-
tions, which is NP-hard [48]. The estimator by Manole et al. [46] also requires com-
putation time growing exponentially in d. In contrast, Muzellec et al. [48] explored
an alternative estimator that can be computed in polynomial time if the underlying
map is sufficiently smooth, but their estimator does not achieve the minimax optimal
rate.

(IIT) Wasserstein Fréchet Mean Estimating the mean of a random object is a fun-
damental task in statistics. However, since the Wasserstein space doesn’t have a lin-
ear structure, the usual definition of mean in linear spaces cannot be extended to this
space. Agueh and Carlier [1] introduced the notion of Fréchet mean (or barycenter)
in the Wasserstein space, which relies on the metric structure of the space: For prob-
ability measures puy,- -, iy € Wg(Rd) with weights A1, -+, A, a Fréchet mean is a
minimizer of the functional

b— Z)L,-d?w(b, 1.
i=1

The existence of such a minimizer is guaranteed, and it is unique if at least one y; is
absolutely continuous with respect to the Lebesgue measure.

The notion of Fréchet mean can also be defined at the population level. Let A be
a random measure in ‘W5 (R?), and denote the distribution of A as P. A Fréchet mean
of A is a minimizer of the Fréchet functional

F(b) = 1Ed?w(b, A) = 1 / d2,(b,)dP(1) b e Wu(RY). (2.6)
2 2 Jwi(0)

The Fréchet functional always admits a minimizer and if A has a finite Fréchet func-
tional and is absolutely continuous with positive probability, the Fréchet mean is
unique.

Le Gouic and Loubes [41] proved that if a random measure has a finite Fréchet
functional and a unique Fréchet mean, then the empirical Fréchet mean will almost
surely converge to this unique Fréchet mean. For one-dimensional cases, the empir-
ical Fréchet mean converges to the population counterpart at a parametric rate?, as
shown by Panaretos and Zemel [53] and Bigot et al. [8]. Ahidar-Coutrix et al. [2]
and Le Gouic et al. [42] investigated the convergence rate of the empirical Fréchet
mean in certain general geodesic spaces, particularly in the Wasserstein space. A key
component of their study was establishing quadratic growth of the Fréchet functional

3a rate of the form c/n based on n independent samples

10
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around its minimizer, which on the Wasserstein space takes the form
F(b) — F(b*) > Cd3,,(b,b"),

where b* is the minimizer of F and C is a constant. Ahidar-Coutrix et al. [2] illustrated
that specific regularity conditions on the Kantorovich potentials corresponding to
optimal maps between the Fréechet mean and the distributions in the support of P
guarantee the quadratic growth. Using these conditions, Ahidar-Coutrix et al. [2]
derived an upper bound for the convergence rate of the Fréchet mean. Subsequently,
Le Gouic et al. [42] demonstrated that if Kantorovich potentials are a-strongly convex
and fB-smooth 4, with f — a < 1, a parametric convergence rate for the Fréchet mean
can be obtained.

Zemel and Panaretos [78] proposed a gradient descent algorithm to compute the
Fréchet mean, proving its convergence under certain assumptions. Chewi et al. [18],
established the rate of convergence of the gradient descent algorithm when P is sup-
ported on Gaussian probability measures.

2.2 Distributional Data Analysis

In this thesis, our main focus is on developing regression methods to estimate the
relationships between two distributions. Additionally, we also investigate different
autoregressive models for distributional time series.

Throughout the upcoming chapters, we will provide precise definitions of these
problems. As for the rest of this chapter, we will discuss scenarios where the objective
is to infer relationships between variables in the form of distributions, to motivate the
problem at hand.

2.2.1 Possible Applications of Distribution-on-Distribution Regression

In the following section, we provide several examples, although not an exhaustive
list, of scenarios in which a distribution-on-distribution regression framework could
be a valuable tool for modeling data.

Setting-dependent observations Multi-dimensional measurements can provide
valuable information about both the distributions of individual variables and the rela-
tionships between them. However, in certain situations, obtaining multi-dimensional
measurements isn’t feasible, and only the marginal distributions of each variable can
be observed.

4A twice differentiable convex function is a-strongly convex if its Hessian matrix’s eigenvalues are
always at least @, and ff-smooth if these eigenvalues are always no more than f, for all points x € RY.
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Chapter 2. Overview

Additionally, we can imagine a situation where the marginal distributions them-
selves are not fixed and depend on a particular setting in data collection, but the

relationship between those marginals is somewhat fixed.

More formally, suppose there are k distinct settings, and within each setting, we
have an input variable X* and output variable Y* and we observe independent sam-
ples from them. Here, the distributions of X* and Y* could be influenced by the
specific setting k and connected through a regression operator at the distribution
level.

e Light-emitting quantum dots: One example is when the relationship be-
tween input and output measurements of a physical system is not observable. For
instance, measurements of physical quantities may be aggregates of its many con-
stituents, and the individual-to-individual correspondence is lost: In particular, shin-
ing light on a single “quantum dot” of nanometric size and measuring its size-dependent
spectral response might be unfeasible, while it is feasible to do so on a collection of
such dots, therefore only the marginal distributions of sizes and emitted radiation is
observed [63].

Inferring the relationship between two parameters from their marginal densities
without extra assumptions is ill-posed if the density function of each parameter is
fixed. However, it is increasingly the case where the distributions themselves are
not fixed and they are dependent on the experimental setting. For example, different
experimental settings of quantum dot production result in different size distributions
(see Section 3.5). Correct identification of the probabilistic relationship between the

parameters might be possible by combining information from different settings.

e Censored Data: In many cases, it is crucial to establish the connection between
two independent datasets, which is made harder when the relationship between them
is concealed due to privacy concerns. To address such situations, various methods
have been developed. One example is unmatched regression [12, 62, 66] which has
been specifically designed for cases where we have access to independent samples
of input and output variables, each with fixed distributions. However, this approach
may not be suitable when considering multiple settings with varying underlying dis-
tributions, necessitating the development of alternative methods to handle such sce-

narios.

For example, political scientists often aim to estimate the impact of demographic
factors on voting behavior, even though census data and vote counts are collected
separately. Consider a scenario where voting results and population demographics
are available across different regions of a country. The objective would be to explore
the relationship between these variables, acknowledging that the distribution of var-
ious demographic factors varies from region to region.

Another example involves insurance companies seeking to predict the average
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2.2 Distributional Data Analysis

number of doctor visits for specific age groups within a population. Berzel et al. [7]
considered the problem of estimating the conditional distribution of the number of
visits to the doctor in a determined population, based on some demographic factors,
including age. In this study, the data consisted of the age and gender of a group of
people as well as their number of doctor visits during some years. However, we can
consider the situation in which individual clinics may possess data on patient ages
and visit counts but cannot share this information due to privacy concerns. Instead,
they may publish distributions of the number of visits and age distributions of visitors.
It can be assumed that clinics in different locations will have distinct age distributions
for their patients. By combining information from multiple clinics, the goal would
be to establish a regression relationship between the distribution of the number of
doctor visits and age distribution.

In such situations, a distribution-on-distribution regression method may offer a
better data model and yield more accurate results.

Atmospheric Flow We might be interested in understanding how clouds move
and estimating physical variables such as wind and pressure using pictures of cloud
formations at different times. We can represent clouds as continuous distributions of
cloud particles and analyze their shapes and intensities between consecutive images
by applying optimal transport theory. The works of Cullen [20], and Alessio Figalli
provide valuable insights into how particles move optimally in this scenario, and
by solving the optimal transport problem, we can gain insights into these physical
variables.

However, given a single pair of before and after pictures of clouds, we cannot infer
anything about areas that were not covered by clouds at some point. To overcome
this limitation, we can use multiple pairs of cloud images which show particles in
various locations, and assuming that the weather conditions were stationary, we can
use distribution-on-distribution regression to gain insights beyond what we could
learn from a single pair of images. By combining information from multiple pairs
of images, we can leverage the power of optimal transport theory to obtain a robust
estimate of wind direction and enhance our knowledge of atmospheric dynamics.
This might allow us to make more accurate predictions about physical variables such
as wind and pressure, ultimately leading to a more comprehensive understanding of
wind patterns and atmospheric conditions. See Figure 4.1 for a related toy model
demonstration.

Income inequality and life expectancy Studies investigating the effects of in-
come inequality on health have produced varied results across different countries
[44]. While there is substantial evidence linking higher individual income to reduced
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mortality rates [44], the debate continues on how rising inequality impacts mortality
distribution beyond the individual-level relationship [70].

It might be worthwhile to explore the possibility that average life expectancy
depends, not only on an individual’s income level but also on the overall income dis-
tribution in their population. Distribution-on-distribution regression methods could
potentially offer a more accurate explanation of this relationship.

However, the specific approach developed in this thesis might not be the most
suitable for this problem. For example, a population with a bimodal income distribu-
tion could result in a skewed age-at-death distribution towards younger ages com-
pared to a society with a unimodal income distribution and similar average or median
income (see Figure 2.1). Our model, which assumes that the relationship between the
covariate and response distributions is approximately explained via an optimal trans-

port map, might not capture this scenario effectively.

I I I 0 | I I I
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8

Income (I) Age-at-Death (I)

—

I I | I I I I
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Income (II) Age-at-Death (IT)

Figure 2.1: Two pairs of distributions (I and II) illustrating a possible shortcoming of
optimal transport regression, as the optimal maps associated to each pair are signifi-
cantly different in shape. Units are normalized.

2.2.2 Previous Methods

Various statistical methods for distributional data have been developed (see Petersen
et al. [59] for an excellent review). Specially, various studies develop regression meth-
ods where the predictor is a distribution and the response is a scalar, for example,
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see Chen et al. [15], Poczos et al. [60], Tang et al. [69], Oliva et al. [52], Szabo et al.
[68], Bachoc et al. [6].

Here we provide a summary of past methodologies for regression when both the
predictor and response variables are distributions (hence distribution-on-distribution

regression).

FDA approach Functional data analysis (FDA) is concerned with the analysis of
data that can be represented as objects residing in function spaces of infinite dimen-
sions. Probability density functions can also be treated as functional data, subject to
the constraints that they are nonnegative and have an integral sum of one. Because
of these constraints, directly applying FDA methods to probability distributions may
lead to issues. One solution is to first map probability densities to a Hilbert space of
functions, and then apply FDA methods, such as function-to-function regression, to
the transformed distribution.

It is essential for the mapping between distributions and Hilbert space to be in-
vertible. This is because we often want to interpret the response of the regression
in the original space of distributions. An invertible method called the log quantile
density (LQD) transformation was introduced by Petersen et al. [58]. They utilized
functional regression models with LQD-transformed functions as predictors and ei-
ther LQD-transformed functions or scalars as responses.

However, the LQD transformation has its limitations. It does not consider the
geometry of the probability distribution space, and the resulting transformation map
is not isometric. This leads to deformations that alter the distances between pairs of
objects and can create problems with interpretability. Moreover, the model is only
applicable when the covariate and response distributions are supported on a closed

interval of R.

Kernel Smoothing Oliva et al. [51] applied a Nadaraya-Watson type kernel re-
gression for distribution-on-distribution regression. Specifically, they considered a
situation with a set of distribution pairs (P;, Q;), where the P; are supported on a cube
in R¥, the Q; are supported on a cube in R/, and Q; = f(P;), with f being a trans-
formation. The distributions P;, Q; are only observed through random finite samples
drawn from each (which is the only source of uncertainty in the observations).

For a new distribution Py, the response is estimated as a locally weighted average,
using kernels as weights, and is given by:
. ( d(P;;PO) )
f(Po) = Z QiW(P;, Po),  where W(P;, Po) = —— -5
LK(=——)

Here, d represents a distance measure between distributions, K is a nonnegative real-
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valued kernel function, and A is the bandwidth for kernel regression.

The advantage of this regression method is that the predictor and response dis-
tributions are not restricted to R, and the method is non-parametric. A drawback
of this method is its unsuitability for extrapolation, as the response distribution for
any new predictor distribution is a convex combination of response distributions in
the training set. For example, this limitation comes into play when the new input is
concentrated spatially far from the previous samples (see Appendix 2 of Chen et al.
[16]). Additionally, Nadaraya-Watson type estimators rely on tuning parameters and
generally suffer from the curse of dimensionality.

Wasserstein Regression The ideas of modeling distributions within the Wasser-
stein space for regression and autoregression were studied by Chen et al. [15] and
Kokoszka et al. [39]. They used the structure of the tangent space to create a re-
gression operation. This was achieved by using the log transform, which moved the
regressor and response to appropriate tangent spaces. As a result, a (linear) regres-
sion model is established in a familiar framework akin to Hilbert space. This approach
allowed the authors to take advantage of well-known techniques of functional regres-
sion and build a suitable asymptotic theory.

Although this method has the potential to be used when distributions are sup-
ported on compact subsets of R? for d > 1, only the case where d = 1 was explored.
In section 3.2.3, we delve into this method more deeply and draw a comparison with
the regression model we propose.
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Chapter 3

Distribution-on-Distribution Regression in One

Dimension

The work in this chapter was done in collaboration with my supervisor Victor Panare-
tos and it is published in two articles [24, 26]. This chapter integrates the content of
these published works, adhering closely to the original text with only slight modi-
fications to avoid redundancies. Moreover, an appendix focused on the analysis of
quantum dot data is included.

3.1 Introduction

Functional data analysis [34] considers statistical inference problems whose sample
and parameter spaces constitute function spaces. This framework encompasses data
that are best viewed as realisations of random processes, and presents challenges aris-
ing from the infinite dimensionality of the function spaces, typically taken to be sepa-
rable Hilbert spaces. On the other hand, non-Euclidean statistics [56] treats inference
problems whose sample and parameter spaces are finite dimensional manifolds. Such
problems present with a different set of challenges, linked with the non-linearity of
the corresponding spaces, which often arises due to non-linear constraints satisfied
by the data/parameters.

When the data/parameters of interest are, in fact, probability distributions, one
has a problem that is simultaneously functional and non-Euclidean: on the one hand
the data can be seen as random processes, and on the other they satisfy non-linear
constraints, such as positivity and integral constraints. Thus, the functional data anal-
ysis of probability distributions features interesting challenges stemming from this
dual nature of the ambient space, for example the finite measurement of intrinsically
infinite dimensional objects, and the lack of a linear structure which is crucial to ba-
sic statistical operations, such as averaging or, more generally, regression toward a
mean. See Petersen et al. [59] for an excellent overview.

One approach to dealing with the non-linear nature of probability distributions
is to apply a suitable transformation and map the problem back to a space with a
linear structure [38, 22, 58, 39]. A seemingly more natural approach is to embrace the
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intrinsic non-linearity, and to analyse the data in their native space, equipped with
a canonical metric structure. In the case of probability distributions, the Wasserstein
metric [54, 55] has been exhibited as a canonical choice [53], primarily because it
captures deformations, which are typically the main form of variation for probability
distributions.

The case of inferring the Fréchet mean of a collection of random elements in the
Wasserstein space is by now well understood [53, 8, 78, 42]. The deep links to convex-
ity and the tangent space structure of the Wasserstein space play an important role in
motivating and deriving the analysis of this case. The next step is to understand the
notion of regression of one probability distribution on another. The first to do so were
Chen et al. [15], and, independently, Zhang et al. [79], the latter paper focussing on
autoregression. They used the tangent space structure to define a regression opera-
tion: using the log transform, the regressor and response are lifted to suitable tangent
spaces, where a (linear) regression model is defined in a more familiar Hilbertian set-
ting [47, 32]. This allows the authors to use the well-developed toolbox of functional
regression, and derive appropriate asymptotic theory.

In this chapter, we propose an alternative notion of distribution-on-distribution
regression, following a different path. Rather than taking a geometrical approach,
via the tangent bundle structure, we follow a shape-constraint approach, namely
exploiting convexity. Our model is defined directly at the level of the probability
distributions, and stipulates that the response distributions are related to the covari-
ate distributions by means of an optimal transport map, and further deformational
noise. A key advantage of this approach is its clean and transparent interpretation,
since the regression operator can be interpreted pointwise at the level of the original
distributions, and its effect consists in mass transportation, or equivalently, quantile
re-arrangement. Further to this, the approach requires minimal regularity conditions,
and does not suffer from ill-posedness issues as inverse problems do. We show that
our estimator is minimax optimal and that computational implementation of the es-
timator reduces to a standard convex optimisation problem. The usefulness of the
approach is exhibited when revisiting the analysis of the mortality data of Chen et al.
[15], where the approach is seen to lead to similar (if more expansive) qualitative
conclusions, but with the advantage of an arguably improved interpretability. Addi-
tionally, we apply our method to the analysis of quantum dot data.

3.2 Distribution-on-Distribution Regression

3.2.1 Fréchet Functionals and Regression Operators

Let Q, Q" € R and (i, v) be a pair of random elements in W5(Q) X Wa(Q’) with
joint distribution P. Then, similar to a standard nonparametric regression model, we
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can define a regression operator I' : W5(Q) — Wh(Q’) as the minimizer of the
conditional Fréchet functional, viewed as a function of g,

argmin/ d%v(b, v)dP(v|p) =T (p)
b Wa(Q)

assuming that for any g, the Fréchet mean of the conditional law P(- | ) of v given
1 is unique , which can be enforced by means of regularity assumptions on the pair
(s v).

The difference between the above formulation and the standard regression formu-
lation is that we have replaced the notion of expectation with a Wasserstein-Fréchet
mean, an approach termed as “Fréchet Regression” by Petersen and Miiller [57]. Pos-
tulating a specific form on the regression operator I' amounts to defining a certain
type of regression model. If T is left unconstrained, except for possessing some degree
of regularity, then we would speak of a nonparametric regression model. However,
assumptions on I' are needed to ensure its identifiability, and simply assuming it is
regular will not suffice in this more general context.

For instance, the approach of Chen et al. [15] and Zhang et al. [79] consists in
constraining I to be in a certain sense linear, in that it can be represented as a linear
operator at the level of the tangent bundle. Identifiability, and indeed fitting and
asymptotic theory, can then be derived by appealing to the inclusion of the tangent
spaces in Hilbert spaces.

Here we impose a different constraint on I', and consequently define a different
notion of regression. Namely we impose a shape constraint, by assuming that I'(y) =
T#pu, where T is an increasing map. This is developed in the next section which
postulates a regression model on the pair (y, v) that guarantees the uniqueness of the
conditional Fréchet mean I'(y:) of v given y, and imposes mild conditions ensuring
the identifiability of T'.

3.2.2 The Regression Model and the Fréchet-Least-Squares Estimator

Henceforth, we will take the domain Q to be a compact interval of R. Let {(y;, vi)}fi n
be an independent collection of regressor/response pairs in W5 (Q) x W (R). Moti-
vated by the discussion in the previous paragraph, we define the regression model

vi = Te, #(To# i), {1 Vi}f\:rp (3.1)

where Ty : Q — Q is an unknown optimal map and {Tei}ﬁ 1 is a collection of inde-
pendent and identically distributed random optimal maps satisfying E{T,(x)} = x
almost everywhere on Q. These represent the “noise” in our model. The regression
task will be to estimate the unknown Ty from the observations {y;, vi}fi 1- To be able
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to do so, we need to ensure that Tj is identifiable, and for this we now introduce some
conditions.

In the spirit of Section 3.2.1, let P be the probability law induced on W5(Q) X
“Wa(R) by model (3.1). We denote by Py and Py the marginal distributions induced
on the typical regressor y and the typical response v, respectively.

Denote by Q the measure that is linear average of Py, i.e.

o= [ ) dpy(p.
W2(Q)
Define the parameter set of optimal transport maps 7 as:
T :={T:Q— Q:0< T (x)< oo for Q-almost every x € Q}.

Implicit in the definition of 7~ is that its elements are assumed differentiable Q-a.e.
We will also assume:

Assumption 3.2.1. The model (3.1) is induced by by map Ty that is a detereministic
element of class T

Assumption 3.2.2. The error maps T, : Q — R are i.i.d. non-decreasing random maps
satisfying E(T.,(x)) = x and E(T2(x)) < oo for almost every x on Q.

With these assumptions in place, we can now establish identifiability:

Theorem 3.2.3. Assume that the law P induced by model (3.1) satisfies Assumptions
3.2.2 and 3.2.1. Then, the regressor operator I'(1) = To#u in model (3.1) is identifiable
over the parameter class 7 in the L?(Q) topology. Specifically, for any T € T such that
IT = Tollz2 (o) > 0, it holds that

M(T) > M(Ty),

where .
M(T) := —/
2 Jws(Q)xWs(Q)

Remark 3.2.4. [Identifiability Q-almost everywhere] Theorem 3.2.3 establishes the iden-
tifiability of Ty up to Q-null sets. Consequently, if the random covariate measure i is

3, (T#p,v) dP (g, v). (3.2)

almost surely supported on a strict subset Qo C Q, we can identify Ty on Q¢ (which
coincides with the support of Q) but not on Q \ Qq. Of course, if the measure Q is
equivalent to Lebesgue measure, in the sense of mutual absolute continuity, identifiabil-
ity will also hold Lebesgue almost everywhere on Q. Additional conditions on the law
of the random covariate measure i can yield this equivalence. Suppose the covariate
measures have density with respect to the Lebesgue measure. Then a a simple extra con-
dition is to require f,WQ(Q) infreq fu(x) dPy(p) > 0, yielding that fo(x) > 0, where
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fu and fo are the Lebesgue densities of the measures yi and Q. However this condition
implies that supp(p) = Q with positive probability, which can be restrictive as we would
like our model to encompass situations where none of the covariate measures are fully
supported on Q. A considerably weaker condition that guarantees the equivalence of
Q to Lebesgue measure is to require the existence of a cover {Ep}m>1 of Q such that
Py{Epn C supp(f,)} > 0 for all m — intuitively, this enables different covariate mea-
sures to give information on Ty on different subsets of Q, but requires that they collec-
tively provide information on all of Q. As an example let Q = [0, 1] and let i be defined
as the normalised Lebesgue measure on S = [U,U+1/3] mod 1, whereU is a uniform
random variable on [0, 1]. In this case none of the realisations of i1 are supported on Q,
but the “cover condition” is satisfied.

Further to identifiability, the theorem gives a way to estimate Ty by means of M-
estimation. We can define an estimator Ty as the minimizer of the sample counterpart
of M,

N
1 2 - .
Mn(T) = oSN ;:1 dayy (T#pi, vi), Iy = arg TTHel,gMN(T), (33)
where (p;, v;) are independent samples from P fori = 1,..., N. In effect this a “Fréchet

least square” estimator. The existence and uniqueness of a minimizer is not a priori
obvious, but we establish both in the next section 3.2.4.

Remark 3.2.5 (Pure Intercept Model). When all the input measures are equal, pp =
... = [N, our regression model reduces to a “pure intercept model’”, which is equivalent
to the problem of estimating a Fréchet mean. To see this, let iy a fixed measure. From
the assumption that E{T,,(x)} = x a.e., one can deduce that the conditional Fréchet
mean of the measure v, given the measure p is equal to vo = To#pg. Estimation of
Ty is then equivalent to estimation of the Fréchet mean v of the output measures, since
To = Tyo—w = F;ol o Fyy.

3.2.3 Interpretation and Comparison

It was argued in the introduction that the proposed regression model has the advan-
tage of being easily interpretable, and now we elaborate on this point. The fact that
the regressor operator I'(u:) takes the form

T(p) = To#p, (3.4)

where Ty : Q@ — Q is a monotone map, has a simple interpretation in terms of
mass transport: the effect of the Fréchet mean in this regression is to transport the
probability mass assigned by p on a subinterval (a,b) C Q onto the transformed
subinterval (Tp(a), Tp(b)). Therefore, the model can be directly interpreted at the
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level of the quantity that the input/output measures are modelling. In particular, the
model can be interpreted at the level of quantiles. Since

Frl (@ = (Thyo FyH)(@) = To{F, H(a)), @ e (0.1),

we can see that the mean effect of the regression is to move the a-quantile of y,
say qg, to the new location Typ(q,). Each response distribution v; will then further
deviate from its conditional Fréchet mean To#y; by means of a random monotone
“error” map T, : Q — R whose expectation is the identity map,

F, () = T, [To{F, " (a)}], a e (0,1).

This highlights the analogy with a classical regression setup, except that the addition
operation is replaced by the composition operation at the level of quantiles, or equiv-
alently, by the push-forward operation at the level of distributions. In particular, the
assumption that E{T,(x)} = x is directly analogous to the classical assumption that
the errors have zero mean: one can directly see that E{T,(x)} = x for almost all
x € Q implies that

E(F, ()} = E(T, [To{F, (@}]) = To{F, (@), ae (0,1).

Assuming that we have obtained an estimator Ty of the regression map T based
on N regressor/response pairs, we can then define the fitted distributions,

Vi = quN#,lli.

We can also define the ith residual map T,,(x) : Q — Q as the optimal transport map
T,, = Ty, that pushes forward the fitted value 7; to the observed response v;. The
residual maps can be plotted in a “residual plot” and contrasted to the identity map,
by analogy to the classical regression case. This can help identify outlying observa-
tions, and also to appreciate in what manner the fitted values differ from the observe
values. In particular, it can reveal in which regions of the support of the measures the
model provides a good fit, and where less so. It can also serve to identify clusters of
observations whose residuals are similar, suggesting the potential presence of a latent
indicator variable, i.e. that separate regressions ought to be fit to different groups of
observations. Finally, the residual plot can serve as a diagnostic tool for the validity
of the model. Since the residual map T, can be seen as a proxy for the latent error
map T,, deviations of the average of the residual maps from the identity can serve as
a means to diagnose departures from the assumed model. Note that, contrary to clas-
sical regression, where the residuals sum to zero by construction, the residual maps
T,, are not constrained to have mean equal to the identity.
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By comparison, Chen et al. [15] introduce (linear) regression in Wasserstein space
by means of a geometric approach, that is in a sense a linear model between tangent
spaces. Namely, for i1 and v, the Fréchet means of the regressor and response mea-
sures, they postulate a regressor operator of the form

T(p) = {B(Timy — 1) + I} #7, (3.5)

where I(x) = x is the identity map on Q, and 8 : L?(ji) — L?(¥) is a bounded
linear operator with some assumptions, so that the terms involved be well-defined.
Again, linearity guarantees identifiability. The expression appears convoluted, but
the geometrical interpretation is simple: T;_,, — I represents the image of  under the
log map at j (see Section 2.3 of Panaretos and Zemel [55]). Equivalently, T;,, — I is
the lifting of 41 to the tangent space Tanz{W>(Q)} C L?(fi) at fi. Once the regressor
p is lifted onto Tanz{W>(Q)} C L?(ji), the action of the regression operator is to
map it to its image in L?(7) via the bounded linear operator 8 : L?(fi) — L2(¥),
as in a standard functional linear model. The final step is to push forward ¥ by this
image plus the identity, i.e. 8(T;-, — I) + I, which retracts back onto ‘W>(Q2) and
yields a measure (if 8(T;-, — I) + I is a monotone map, then this is equivalent to
exponentiation, see Section 2.3 of Panaretos and Zemel [55]). The model is most
easily interpretable on the tangent space, where it states that the expected lifting of
the response v; at v is related to the lifting of the regressor y; at i by means of the
linear operator 8. Similarly, fitted values are defined on the tangent space, and then
can be retracted by the same push-forward operation.

The two approaches do not directly compare, and neither captures the other as
a special case. Similarly, there is no reason to a priori expect that one model would
typically outperform the other in terms of fit, and one can expect this to depend on
the specific data set at hand. Thus, our method should be seen as an alternative rather
than an attempt at an improved or more general version of regression. An apparent
advantage of the regressor function (3.4), however, is an arguably easier and more
direct interpretation of the regression effect, directly at the level regressor/response,
through a monotone re-arrangement of probability mass, as discussed above. Indeed
this allows a direct point-wise interpretation of the regression effect. The regressor
(3.5) on the other hand allows for a traditional (functional) regression interpretation
via the linear operator B, albeit acting on the logarithms of regressor/response, which
makes it harder to interpret the regression effect at the level of the original measures,
since there are two transformations involved, one non-linear and one linear. Similar
points can be made with regards to the residuals and residual plots. Another potential
advantage is at the level of regularity conditions imposed on I' for the purposes of
theory. Equation (3.5) leads to an inverse problem on the tangent space, as is standard
with functional linear models, and thus requires more delicate technical assumptions
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on the problem, in addition to regularisation. By contrast, the shape-constrained
approach (3.4) only requires monotonicity on the regressor Ty. It also avoids the
instabilities of an inverse problem.

The utility of our model illustrated in Section 3.4, which considers an example
where the age-at-death distribution v; for country i in 2013 serves as a response dis-
tribution, and the age-at-death distribution y; of the same country in 1983 serves as
the regressor. Interestingly, it leads to similar fits and qualitative conclusions as the
analysis of the same data by Chen et al. [15], while exhibiting a clean and more ex-
pansive interpretation. Indeed, our definition of residual maps help identify effects
related to changes in infant mortality not easily detectable when looking only at the
fitted distributions, and to identify an interesting clustering of observations. See Sec-
tion 3.4 for more details.

3.2.4 Existence and Uniqueness of the Estimator

In this section, we establish the existence and uniqueness of the estimator TN. To
show the existence, we use a variant of the Weierstrass theorem, namely Kurdila
and Zabarankin [40, Thm 7.3.6], stated for convenience as Theorem 3.6.1 in the Ap-
pendix. This requires establishing the convexity and Gateaux differentiability of the
functional My, and this we do in the next lemma:

Lemma 3.2.6 (Strict Convexity and Differentiability). Let 7 be the parameter set and
suppose we have N independent observations (p;, v;) that are realizations of P. Then both
the empirical functional M (T) and the population functional M(T) are strictly convex
with respect to T € 7. Moreover the functionals M and My are Gateaux-differentiable

on the set of optimal maps in T~ with respect to the L>(Q) and L?(Qn) distances, respec-
tively. The corresponding derivatives of M in the direction n € L?(Q) is:

pyu(r) = [ /Q DT () = Ty ()} dp) AP (s v), (36)
and the derivative of My in the direction n € L?(Qy) is
1 N
DMN(T) = 5 35 [ 1T =Ty (0} 0, 67)

where T, , is the optimal map from p tov.

Since 7 is a convex, closed, and bounded subset of LQ(Q) functions, we may now
apply the Weierstrass theorem cited above to conclude:
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3.2 Distribution-on-Distribution Regression

Proposition 3.2.7 (Existence and Uniqueness of the Estimator). There exists a unique
solution Ty € T~ to the Fréchet sum-of-squares minimization problem (3.3), with unique-
ness being in the L2(Qn) sense.

3.2.5 Consistency and Rate of Convergence

In this section, we establish the asymptotic properties of the proposed estimators
both in the case of the fully observed set of measures {y;, v;} and the case where one
only indirectly observes input/output distributions through i.i.d. samples from each.
A natural risk function to measure the quality of the estimator is the Fréchet mean

squared error:
R(T) = Byl (ot T = [ o G Tt T P ).
2

Using the equation (2.5) we can rewrite the above risk as follows:

[ it e = [ 17 =T,y dPu)
- [ [ 160 - 16 duto) dpa

=|To - T”%2(Q)

Thus, we can obtain consistency and convergence rates in Fréchet mean squared

error using the criterion ||Tp — Tl 12(Q)» in particular:

Theorem 3.2.8. In the context of model (3.1), suppose that Assumptions 3.2.1 and 3.2.2
hold true. Then, the estimator Ty defined in (3.3) is a consistent estimator for Ty satisfying

N3 Ty = 7)), () = Op(1). (3.8)

In many practical applications, one does not have not access to the measures
(g, vi). Instead, one has to make do with observing random samples from each p;
and v;. In this case, a standard approach is to use smoothed proxies in lieu of the un-
observable measures, usually assuming some more regularity. Therefore in this case
we have to assume the input distributions have density with respect to the Lebesgue

measure.

Assumption 3.2.9. Let y be a measure in the support of Py;. Then u is absolutely
continuous with the respect to the Lebesgue measure on Q.

We also denote by Qn the empirical counterpart of Q, namely Qn (A) = % Zfil 1i(A),
where {y;} are independent random measures with law Pyy.
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Chapter 3. Distribution-on-Distribution Regression in One Dimension

Also note that in the presence of Assumption 3.2.9, the Q-a.e. existence of T’ is au-
tomatically guaranteed, since Lebesgue’s theorem on the differentiation of monotone
functions states that a monotone function automatically has a derivative Lebesgue
almost everywhere in the interior of Q, and Assumption 3.2.9 implies that Q is dom-
inated by Lebesgue measure.

Let p and v} be consistent estimators of y; and v; obtained from smoothing a
random sample of size n from each respective measure. Given such estimators, define
a new estimator of Ty as

A~

N
—— 3 1 2 n.n
TN = arg min o ; dsy (TH#p;,vi), (3.9)

where
T :={T : Q — Q:0 < T'(x) < B for Q-almost every x € Q}.

Note that here one can use any estimators of y; and v; which are consistent in Wasser-
stein distance, provided p' is absolutely continuous.

Then, the rate of convergence of T,, y will depend on the rate of convergence of
pt and v} to p; and v;, respectively in the Wasserstein distance:

Theorem 3.2.10. In the context of model (3.1), suppose that Assumptions 3.2.2 and 3.2.9
holds true, and furthermore that there exists a B < oo such that Ty € T, and T, € Tp
almost surely. Then, the estimator T,, N defined in (3.9) satisfies

T = Toll}2() = OP(N~%) + 0p(r,'12), (3.10)
wherer;, ! is the rate of convergence in the Wasserstein distance of u to y; and v to v;.

Precise values of r,, can be obtained by choosing specific estimators and imposing
additional regularity on the underlying regressor/response measures. For instance,
one can follow the estimation approach of [50] and obtain the minimax rate of con-
vergence over measures with densities in Besov classes.

Remark 3.2.11. Note that B € (0, 00) can be any finite constant, however large. Its
precise value does not influence the rate (3.10) itself, but only the constants. It is therefore
not to be interpreted as a regularisation parameter.

3.2.6 Minimax Lower Bound

We establish the minimax optimality of the estimator Ty. Since there is no ill-condi-
tioning inherent in the setup of model (3.1), one might hope for a rate of O(N~1/2)
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3.2 Distribution-on-Distribution Regression

when the measures are completely observed (as opposed to being sampled from or ob-
served with error). Our purpose is to show that, in the most general case, O(N~1/3)
is the “right rate”, by establishing a link between model (3.1) and classical isotonic
regression. We also discuss additional conditions that could lead to improved rates.

Theorem 3.2.12. In the context of model (3.1) and under Assumptions 3.2.1 and 3.2.2,
it holds that:

: A 2 -2/3

inf sup E{ In - To }ZN ,

o s €{ Tl o
where the infimum is taken over all measurable functions T of the data {(p;, v,—)}fil
ranging in T .
Here we are only concerned with the lower bound (with respect to N) when one

observes the covariate/response measures completely, as an indicator of the minimax
estimation rate intrinsic! to model (3.1).

Corollary 3.2.13. Under the same conditions, the Fréchet-least-squares estimator Ty
attains the lower bound given by Theorem 3.2.12 and the upper bound given by Theorem
3.2.8 and 3.2.12, and consequently is minimax optimal.

The minimax rate obtained here is not directly comparable to rates such as those
obtained in the classic case of functional linear regression ([32] ; see also Cuevas
[19], and Goia and Vieu [29], Aneiros et al. [5] for broader reviews). This is not only
because the nature of the model is intrinsically non-linear, but also because the re-
lationship posited by the model does not lead to an ill-posed inverse problem. They
are also distinct from rates pertaining to fully non-parametric functional regression
(Chagny and Roche [14], Brunel et al. [10]; see also Ling and Vieu [43]). The reason
is that the regression operator, though non-parametrically specified, is constrained
to be monotone. In this sense, the model can be seen as a “shape-constrained non-
parametric functional regression model”. This distinguishes the form of the estima-
tion procedure (e.g. kernel averaging is unsuitable) and affects the minimax rate itself.
In particular, the fact that both response and covariate are distributions play a dis-
tinct role in the analysis - e.g. the use of Dirac deltas to connect to classical isotonic

regression.

3.2.7 Computation

Since the domain Q is one-dimensional, we have that

2 ! -1 -1 2
02, (v.p) = /0 IF-1p) - F7 A (p)|f dp.

!f the covariate/response measures are observed indirectly, additional regularity is asserted on the
covariate/response measures in order to be able to recover them. But such assumptions are extrinsic to
the structure of the model (3.1) itself.
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Chapter 3. Distribution-on-Distribution Regression in One Dimension

Furthermore, since the regressors p; are assumed absolutely continuous (Assump-
tion 3.2.9), we can always write v; = T, ,,,#; for an optimal map T, ,,,. We can
therefore manipulate the Fréchet sum-of-squares and use a Riemann approximation
to write

2
L2

1 -1
ToFlli _FVi

N N
Z d(ZM/(T#,Ui’ Vi) = Z |
i=1 l]:\rl X
= Z/O T o Fl(p) — F, (p)[ dp
i=1

N 1 9
=Z/O [T o F. (p) = Ty, o F. (p)| " dp

z T

= / IT(x) = Ty (0] dprs(x) (3.11)

i=1

DTG = T e P, (3.12)

Jj=1

&
Mz

—_

i=

for m user-defined nodes {x; }3": | in an interval partition {I ]};": 1 of Q. Writing y;; =
Ty (x), wij = pi(I;) and z; = T(x;), we reduce the above approximate minimiza-
tion of the Fréchet sum-of-squares to the solution of the following convex optimiza-
tion problem:

wijhi(yij, zj),
; (3.13)

subjecttoz; < zo <+ < 2y,

Mz

minimise f(z) =

1l
—

i

where h;(yij,z;) = |yij — z;|*. The above problem resembles an isotonic regres-
sion problem with repeated measurements, and can be solved via the Pool-Adjacent-

Violater-Algorithm (PAVA) [45], which has a linear time complexity.

Remark 3.2.14. To be strictly faithful to the assumptions of Theorem 3.2.10, the com-
putation could incorporate additional constraints of the form (zi41 — z;) < B(x41 — %),
as a discretization of T’ < B. From a practical point of view, though, we always have
(zir1 — z) < (1Q/mint<jem [Ij]) (X1 — x;), since T : Q — Q is monotone. So
maintaining the original formulation of Section 3.2.7 implicitly corresponds to some
B > |Q|/mini<j<m |I;| in Theorem 3.2.10.
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3.3 Simulated Examples

3.3 Simulated Examples

In this section we illustrate the estimation framework and finite sample performance
of the method by means of some simulations. First we generate random predictors
{,ui}fi - We consider random distributions that are mixtures of three independent
Beta components. We choose the parameters of the Beta distributions to be uniformly
distributed random variables on [1, 10], with densities

3
fui(x) = Z 7ibe, g, (%), @ij ~ Uniform[1,10], f;; ~ Uniform[1,10].
j=1

The {Jrj}?:1 are arbitrary fixed mixture weights in [0, 1], such that 2?21 mj = 1. As for
the noise maps T,, we use the class of random optimal maps introduced in Panaretos
and Zemel [53]. Let k be an integer and define { : [0,1] — [0, 1] by

B sin(rkx)

fo(x) =x, Gi(x)=x K

keZ\{0}.

These are strictly increasing smooth functions satisfying {;(0) = 0 and (1) = 1 for
any k. These maps can be made random by replacing k by an integer-valued random
variable K. If the distribution of K is symmetric around zero, then it is straightforward
to see that E[{x(x)] = x, for all x € [0, 1], as required in the definition of model (3.1).
We generate a discrete family of random maps by the following procedure, which
is slightly different from the mixture family of maps introduced in [53]: for J > 1
let {K 1}5:1 be iid. integer-valued symmetric random variables, and {U( ])}{:—11 be
the order statistics of J — 1 i.i.d. uniform random variables on [0, 1], independent of
{K; }§=1' The random maps are then defined as

J-1
T (x) = ZI(U( H < x < Ugs) | Lk, x_—U(]) Ujsy Uy | + Uy |-
£ j J NUian, - UG J j j

As for the optimal map Ty constituting the regression operator, we set Ty = 4. After
having generated the random y; and T,, we generate the response distributions ac-
cording to model (3.1), i.e. v; = T, #T# ;. Figure 3.1 depicts representative sample
pairs of predictor and response densities.

For estimation, we consider the case where we only observe n independent sam-
ples from each pair of distributions (y;, vi)f\:[ ,- For simplicity, we use kernel density
estimation, rather than the estimators in [50], to obtain the proxies ! and v for
the distributions y; and v;. Subsequently, for each i, we estimate Q, where Q7 is
the optimal map such that v} = Q;# ! and solve the convex optimisation prob-
lem described in Section 3.2.7 to obtain the estimator T, 5. Figure 3.2 contrasts the
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Figure 3.1: Examples of simulated predictor (blue) and corresponding response (or-
ange) densities.
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Figure 3.2: Estimated (yellow) versus true (black) regression map for each of 100 repli-
cations of the combinations of N € {10,100, 1000} and n € {10, 100, 1000}.

estimated and true regression maps in each replication, for all nine combinations
N € {10,100, 1000} and n € {10, 100, 1000}. It is apparent that the dominant source
of error is the bias due to partial observation, i.e. due to observing the measures
through finite samples of size n. When n is moderately large (e.g. n = 100) we see
that the agreement between estimated and true map is very good, even for small
values of N. To quantitatively summarise the behaviour of the mean squared er-
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Analysis of Mortality Data
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Figure 3.3: Boxplots for the squared L? deviation between the true regression map and
the estimated regression maps based on 100 replications for the nine combinations of
N € {10,100, 1000} and n € {10, 100, 1000}. The y-axis scale is common for different
values of N.

ror in N, we construct boxplots for the error ||"fn, ~N — Tol|z2 in Figure 3.3, each based
on 100 replications for the corresponding combination of n € {10,100,1000} and
N € {10,100, 1000}. The scale used is the same for each value of n, in order to focus
the behaviour with respect to N.

3.4 Analysis of Mortality Data

We consider the age-at-death distributions for N = 37 countries in the years 1983
and 2013, obtained from the Human Mortality Database of UC Berkeley and the Max
Planck Institute for Demographic Research 2. Death rates are provided by single
years of age up to 109, with an open age interval for 110+. We use Gaussian kernel
density smoothing, to obtain age-at-death densities from the count data. Denote by p;
the age-at-death distribution for the ith country at year 1983 and v; the age-at-death
distribution for the same country at year 2013. We use the distributions y; and v; as
predictor and response distributions respectively. We chose these two years to allow
comparison with Chen et al. [15], who illustrate their methodology on the same data
set, and same pair of years.

Zopenly accessible at www.mortality.org
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Figure 3.4: Estimated Regression Map for the age-at-death distributional regression
(black) contrasted to the identity (red).
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Figure 3.5: Residual maps of all the 37 countries (blue) and their average map (orange).

We fit the model (3.1) by means of the approach described in Section 3.2.7 to ob-
tain the estimated regression map based on the N = 37 countries. This is depicted
in Figure 3.4. The map dominates the identity map pointwise, indicating that the re-
gression effect is to transport the mass of the age-at-death distribution to the right at
visually all locations. Said differently, the map indicates an effect of net improvement
in mortality across all ages. The most pronounced such effect is observed in young
ages (between 0-10), where the regression map rises steeply: The proportion of the
population dying at ages 0-10 in 1983 is redistributed approximately over the range
0-30 in 2013. The form of the map restricted to [0, 10] +— [0, 30] is approximately
linear, indicating that this redistribution is achieved by conserving the actual shape
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Figure 3.6: Distribution-on-distribution regression for the mortality distributions of
Japan, Ukraine, Italy and USA in the year 2013 on those in 1983. Here WD stands
for the Wasserstein distance between the observed and fitted densities at year 2013,
indicating goodness-of-fit.

of the distribution but scaling by a constant. The effect is still visible though less
pronounced in the early adult to middle age range: The proportion of the population
dying at ages between 20 and 60 in 1983 is approximately redistributed over ages
40-60 in 2013. The regression map is approximately parallel to the identity map on
the range 60-80, shifted upwards by about 10 years indicating a translation of that
interval by that amount of years between 1983 and 2013, i.e. the proportion of the
population dying between 60-80 in 1983 has shifted to ages 70-90, but the shape of
the distribution of that proportion over each of these two 20 year periods is approxi-
mately conserved. Overall, the regression map approximately resembles a piecewise
linear map, allowing to interpret it locally by translations and dilations.

It is not easy to directly compare the effects expressed via this estimated regres-
sion map with the effects reflected by the estimated regression coefficient function
ﬁ, that is, the integral kernel of the operator 8 in Equation (3.5) obtained in Chen
et al. [15, Figure 3], when fitting their model to the same data. This is largely due
to fact that the ﬁ acts on tangent space elements, and thus is rather subtle to in-
terpret. In interpreting their estimated regression operator, those authors remarked
that the estimated ﬁ(s, t) was stratified according to the s argument so that, “if the
log-transformed predictor is non-negative or non-positive throughout its domain, then
the fit for the log-transformed response is determined by the comparison of the abso-
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Figure 3.7: Residual maps Tj,_,,, (blue) vs Identity map (red) for the eight countries
in Figure 3.6.

lute values of the log transformed predictor over the positive and negative strata of the
estimated coefficient (-, 1)”.

Using the estimated map Ty we can then compute the fitted age-at-death dis-
tributions for the year 2013, namely ¥; = Ty#;. Figure (3.6) depicts the predictor
and response densities as well as fitted response densities for a sample of 8 different
countries. The first four of these countries (Japan, Ukraine, Italy and USA) were also
selected as representative examples in Chen et al. [15]. All eight countries exhibit a
negatively-skewed age-at-death distribution. Comparing the actual distributions for
the years 1983 and 2013 we can observe the decreasing trend in infant death counts
and peaks shifting to older ages, as dictated by the fitted regression map. Contrast-
ing observed and fitted distributions for 2013 allows for better comparison with the
model output in [15], than does comparing the estimated regression operators.

Indeed, the main observations made in [15] are also apparent from our fitted
model. In the case of our model, besides looking at the shape of the predicted den-
sities, we can also take advantage of the direct interpretability of the residual maps
T,, = Ty, ,, where Ty, _,,, is the optimal map between the fitted response 7; and actual
response v;. The collection of residual maps is plotted in Figure (3.7). It is apparent
that the pointwise variability declines for progressively older ages, illustrating that
it is harder to fit mortality at younger ages. One can then focus on the residual maps
of specific countries. For example, doing so in the case of Japan and Ukraine, we re-
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produce the observation in [15] that “for Japan, the rightward mortality shift is seen
to be more expressed than suggested by the fitted model, so that longevity extension is
more than is anticipated, while the mortality distribution for Ukraine seems to shift to
the right at a slower pace than the fitted model would suggest”. Similarly, we recover
the same inference as in [15] regarding the US: “while the evolution of the mortal-
ity distributions for Japan and Ukraine can be viewed as mainly a rightward shift over
calendar years, this is not the case for USA, where compared with the fitted response,
the actual rightward shift of the mortality distribution seems to be accelerated for those
above age 75 [note: 65 in our case], and decelerated for those below age 70 [note: 65 in
our case]”. In terms of fit as measured by the Wasserstein distance between response
and fit, both models have a harder time fitting Japan, ours doing slightly worse. On
the flip side, our model fits Italy better, and the US and Ukraine considerably better
(we only contrast countries explicitly mentioned in [15]).

Figure 3.5 features the overlay of all residual maps, in order to explore the good-
ness-of-fit of the model as well as the validity of the model assumptions. As the
figure shows, the mean of residuals almost matches the identity map, which pro-
vides evidence in support of our model specification, in that the residual effects after
correcting for the regression should have mean identity, reflected by the assumption
that E{T.(x)} = x. Note that, contrary to usual least squares where the residuals have
empirical mean zero, the residual maps need not have mean identity exactly.

Finally, we can scrutinise the individual residual maps for each of the 37 countries
which we plot separately in Figures (3.8a) and (3.8b). The separation into two figures
is deliberate, and is based on an apparent clustering: in Figure (3.8a) one can observe
more of a rightward shift of fitted mortalities compared to the observed moralities for
the countries concerned. This contrasts to countries in Figure (3.8b) which feature
less of a rightward shift than fitted by the model. In a sense, these are clusters of
“underfitted” and “overfitted” observations. Interestingly countries in Figure (3.8a)
belong mostly to Eastern Europe plus Portugal, Spain, Italy, Israel, Japan and Taiwan.
Countries in figure (3.8b) belong to western/northern European countries plus USA,
New Zealand and Australia. Thanks to the pointwise interpretability of the residual
maps, one can notice a particular contrast between these two groups of countries in
terms of their fitted/observed infant mortality rates. This may be related to the fact
that countries in Figure (3.8a) experienced a more pronounced improvement in their
health care systems over the period 1983-2013, compared countries in Figure (3.8b)
where healthcare was of comparably high quality already in 1983. It is interesting
to note that Japan and Taiwan feature residual maps that everywhere dominate the

identity.
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Figure 3.8: Residual maps (blue), the identity map (red) and the Wasserstein distance
between the observed and fitted densities at year 2013 for each country. The countries
are clustered in two groups (a) and (b). The list of abbreviations can be found in Table
3.1 in the Supplement.

3.5 Analysis of Quantum Dot Data

Roding et al. [63] present a method for resolving the relationship between parame-
ters from the observation of their marginal distributions. In their first use case, given
4 pairs of diameter (input) and wavelength (output) distributions of “quantum dot”
experimental setting, they estimate the joint distribution [63, Fig. 1] which we plot
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Diameter Densities Wavelength Densities
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Figure 3.9: (a) and (b) are the marginal distributions of diameter and wavelength
respectively. (c) is the joint distribution as estimated by [63] and our estimated map.
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Chapter 3. Distribution-on-Distribution Regression in One Dimension

as the colormap in Figure (3.9¢). Quantum dots are nanometer-sized structures pro-
duced in large quantities which have useful light-emitting properties, for example,
in the production of LEDs [77]. The same batch of quantum dots will have a natural
variability in their shapes and sizes which influence their spectra of emission, that is,
what wavelengths of light are emitted when some external source (electric current,
laser) excites them, and with what intensity are those wavelengths emitted [77].

Given the 4 pairs of distributions shown in Figures (3.9a) and (3.9b), we apply our
regression model to obtain the estimated map as shown in Figure (3.9¢). Our map
does not always follow the areas of maximum weight of the joint distribution but
seems to be attracted to them. Note that Roding et al. [63] fitted lognormal distri-
butions to the raw data, while we used a kernel density estimation with bandwidth
determined by Scotts’ rule to obtain the diameter distributions, and we normalized
the raw wavelength intensity data so it is interpretable as a density.

The different treatment of the raw data could be a cause of the extra oscillations
observed in the estimated maps. Regardless of the treatment, we think these oscilla-
tions should reduce if the number of distribution pairs N were to increase, as these
oscillations are a result of overfitting for a small N.

Let us define the line of average A given a fixed d on the joint distribution as
A(d). This line is approximately linear with an apparent change of slope around d =
2nm. Even if the input diameter distribution were controlled so as to reach a Dirac
8(d — dp) form, the output wavelength may still be distributed around A(dy) due to
other uncontrolled parameters: For example, the exact shape of the quantum dot is a
relevant factor [37], not only its diameter, among other factors. The joint distribution
shows such a finite variation and will show it even for an increasing number of pair
distributions N.

It would be interesting to check if the estimated map is related to the average line
A(dp) and converges to it for large N. In this case, we would be correctly modelling
the deviations from A(d) as the gaussian noise of our regression model.

3.6 Proofs

Proof of Lemma 3.2.6. Using the closed form of the Wasserstein distance when d = 1
as given by equality (2.2), one can write:

1
mn) =5 [ [ o= o) dparian,

The expression above shows that M is convex with respect to T since the map x — x2

is convex and also integration preserves convexity. To show the strict convexity we
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should prove that for all 0 < § < 1 and all Ty, T such that ||T} — T2||]2}( 0) > 0,

M{BTi + (1 = p)To} < BM(T1) + (1 — )M(T).

In fact by expanding the squares in the equality and doing some algebra one can
conclude that the equality happens if and only if ||T; — T2||i2(Q) = 0. Thus M, and
similarly My, are strictly convex.

Notice that the domain of definition of M can be extended to the space of L%(Q)
functions. Therefore the Gateaux derivative of M in the direction of € L?(Q) can
be defined as:

D,M(T) = hH(l) M(T +e€n) — M(T)'

Expanding the first term we have:

1
Mrsen =mn+e [ [0 o= )] )} dpdpun
2 1
5 [ [ e ol axdpin

2

= M) +e [(T=F7 o Bz AP + 5 [ i, 4P
2

= M) +e [T Byt o Funua dPGan) + 5 Il g,

(3.14)

The last equality is true since

[ ey a2 = [ [ 10 dut) apiu)

-/ /Q (oI dQ(x)

= Il ) -

Since ”’7“1%2 < o0, we can conclude

(Q)
D, M(T) = / (T=F; oFy ny2gn dP(i,v) = / /Q (T()~T ()00 du(x) AP, ),

where T, , is the optimal map from y to v. One can use a similar argument to derive
the derivative of My.
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Chapter 3. Distribution-on-Distribution Regression in One Dimension

Proof of Theorem 3.2.3. We prove that Ty is the unique minimizer of the population
functional in 7. Suppose v = T.#(To#uo) for some fixed measure iy, where by
assumption E{T.(x)} = x almost everywhere. Thus according to Proposition 3.2.11
of [55], To# 1o is the Fréchet mean of the conditional probability law of v given pg or
equivalently, for any g

arg infbe(WQ(Q) /W (

2

|y (b.v) AP (o) = Toto,
Q

where P is the joint distribution of (g, v) induced by Model (3.1). Now Tj is a mini-
mizer of the above functional, since for any T:

M) = [ dBy (T ap(uy)
- / / a2y (T#p, v) AP(v]po) AP (1o)
> / / 42, (Totyio,v) AP (vlpi) P (ko)
_ / a2, Tyt v) dP(j1, ).

Also since d?w (T#p, v) is strictly convex w.r.t. T € 7, and integration preserves strict
convexity, the functional M is strictly convex. So Tj is, in fact, the unique minimizer.
O

To establish Proposition 3.2.7, we will use the following theorem.

Theorem 3.6.1 (Kurdila and Zabarankin [40], Theorem 7.3.6). Let X be a reflexive
Banach space and suppose that f : M C X — R is Gateaux-differentiable on the closed,
convex and bounded subset M. If any of the following three conditions holds true,

1. f is convex over M,
2. Df is monotone over M,
3. D?f is positive over M,

then all three conditions hold, and there exists an xg € X such that
f(xo) = inf f(x).

Proof of Proposition 3.2.7. The set of maps 7 is closed, convex and bounded in the
Hilbert space of L%(Q) functions. Thus the existence follows immediately from (3.2.6)
and Theorem 3.6.1. Uniqueness also follows from strict convexity of M. O
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To establish the consistency and rate of convergence of our estimator, we will
make use of the theory of M-estimation. To this aim, we restate some key theorems
from Van Der Vaart and Wellner [72].

Theorem 3.6.2 (Van Der Vaart and Wellner [72], Theorem 3.2.3). Let M,, be random
functions for positive integer n, and let M be a fixed function of 0 such that for anye > 0

inf  M(6) > M(6 3.15

ao. (6) > M(6o), (3.15)

sup |[M, () — M(6)] — 0 in probability. (3.16)
0

Then any sequence of estimators 0, with Mn(én) < My (6g) + op (1) converges in prob-
ability to 0.

Theorem 3.6.3 (Van Der Vaart and Wellner [72], Theorem 3.2.5). Let My be a stochas-
tic process indexed by a semi-metric space © with semi-metric p, and let M be a deter-
ministic function, such that for every 0 in a neighborhood of 6y,

M(6) = M(60) % p*(0,6p).

Suppose that, for every N and sufficiently small 8,

E* sup  VN|(My — M)(0) = (My — M)(60)| s én(9),
p2(6,60)<6

for functions ¢n such that § — ¢n(8)/5% is decreasing for some a < 2 (not depending
onN). Let

1
r12\,¢N (—) < VN, foreveryN.
N
If the sequence On satisfies MN(éN) < Mn(6y) + Op(r;f), and converges in outer

probability to 0y, then er(éN, o) = O5(1). If the displayed conditions are valid for
every 0 and §, then the condition that Oy is consistent is unnecessary.

Theorem 3.6.4 (Van Der Vaart and Wellner [72], Theorem 2.7.5). The class ¥ of mono-
tone functions f : R — [0, 1] satisfies

1
MMMMm@ﬂsdﬂ,

for every probability measure Q, every p > 1, and a constant K that depends only on p.
Theorem 3.6.5 (Van Der Vaart and Wellner [72], Theorem 3.4.2). Let ¥ be class of
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Chapter 3. Distribution-on-Distribution Regression in One Dimension

measurable functions such that Pf? < 62 and ||fl|., < M for every f in F. Then

E?ug IVN(P = P)f| < J (S II.ll 2 py » F)
€

RICALR ,
1+J[]( -1l 2 Py T)M,
82VN

~ )
where ][ (6, ||.||L2(p),77) = fo \/1 +log N[ (e, ||.||L2(P),77) de.

Proof of Theorem 3.2.8. Recall that, from Lemma 3.2.7, Ty is the minimizer of the fol-
lowing criterion within the function class 7

N
1 2
Mn(T) = N ; day (T#pi, vi).
And the “true” optimal map Tj is the minimizer of the following criterion function,

M(T) ::%/d?W(T#p,V) dP(p, v).

First we obtain an adequate upper bound for the bracketing number of the class of
functions indexed by T of the form:

Fu={fr(pv) = d?W(T#p, V) — d?W(Tg#,u, v), st. T € 7 and ||T — Toll2() < u},
where the domain of each function fr € 7, is Wa(Q) X Wa(Q). Let
log Ny (€, |I-IlL2py » Fu)

denote the bracketing entropy of the function class 7. One can directly control this
bracketing entropy by the bracketing entropy of the class of optimal maps 7~ (denote
by log Npj (e, |[.l[12(g) > 7). First note that ||Te — Id|| 2, is bounded for any p in the
support of Py and therefore for any T1, T> € F;:

2
I = feollzz e, = / [d3y (Tuttp,v) = diy (Totn v) | dP(p,v)
< C/ ITy = T2l ) APu(p) (3.17)

<Clh - T2||i2(Q) :

From Lemma 3.6.4, we infer that log Njj (e, I|.ll;2(0), 7) < K (1), as optimal maps
are monotone functions. Therefore, by inequality (3.17) we get:

1
log Nij (& |l llz2py » Fu) < log Npj (e ll-llz2(0) - T) < (;)
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The inequality (3.17) also shows that

Pf]? <P|T- TO”??(#) =|IT - TDHIQ}(Q) < u2a

for all fr € F,.

To get the rate of convergence, we first show that M(T) has quadratic growth
around its minimizer. For any map T, we can write T = Ty +1, where n = T —Ty. Thus
the equation (3.14), with € = 1 and also the fact D, M(Ty) = 0 yields

1
M(T) = M(T) = 5 Il g,

1 2
= 5 ”T - TO“L2(Q) .
Next, we find a function ¢ (5) such that
E  sup  VN|(My - M)(T) - (My - M)(Ty)| = E sup VN|(Py - P)f|
||T—T0||L2(Q)S5,T€‘7' feFs

< ¢n(9).

Since the functions in ¥ are uniformly bounded and Pf? < §2 for all f € ¥, the
conditions of Theorem 3.6.5 are satisfied and we can choose

TSNz ey » Fo) C)

¢n(8) :j[](5’||'||L2(P):7_:S)(1+ VN

where the constant ¢ is a uniform upper bound for the functions in class ¥5. Since
we noted that log N (e, ||l .2(py » Fu) S e~! for any u > 0, we can show

5
Jn( I llczpy, F) < /0 1+\/10gN[](€, 12 (p) - F5) de < V8.

The above inequality and the required condition ¢n(5) < 5]2\]\/N gives the bound
ON = N-1/3,
]

To establish the rate of convergence under imperfect observation we will make
use of the following Lemma.

Lemma 3.6.6. Let y1,, be a sequence of measures converging in Wasserstein distance to
a measure y at a rate of convergencer, ' and let T € 7. Then d?W(T#pn, TH#u) < 1,2,

Proof. For simplicity and without loss of generality assume that d(zw (s ) = 1,2
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Chapter 3. Distribution-on-Distribution Regression in One Dimension

exactly. If S, is the optimal map from y, to g, then

/ |Sn(x) —x|2dun < r;z.

Since T is differentiable almost everywhere, and satisfies |T’(x)| < B for almost all
x € Q, then T is Lipschitz continuous with Lipschitz constant at most B. Thus

02, (Tbpun, TH1) < / IT(S0(x)) = TCO| dpun

< B2/ }Sn(x) - x|2dun (3.18)
2

ST,

O

Proof of Theorem 3.2.10. Define M, ny(T) := % 25\:]1 d?W(T#,u?, V). For any map T €
T’

N N
_ 1 2 n .n 1 2
E| M (T) = My(T)]| = E| 21] diy (TH# V) =~ Zl] &y (T4 )|

< E|d3y (T#u}' v]) — iy (T#u, vi)|

< 2CE|day (T#4}, vi') — dow (T#4], vi)| (3.19)
+ Elday (T#u}, vi) — day (THps, vi)|

< 2CEdw (v}, vi) + Edaw (TH#p, T# i)

<t (by Lemma 3.6.6),

where C = sup,, , dw(p,v), and r,; ! is the rate of estimation of an absolutely con-
tinuous measure from n samples. Thus the above inequality shows the uniform con-
vergence of M, 5 to My (at a rate independent of N). Also, since f"N is the unique
minimizer of My, according to Theorem 3.6.2, Tn,N is a consistent estimator for TfN,
when N is fixed.

Now assuming N is fixed, we again use Theorem 3.6.3 for functionals M, y and
Mpy. Since both functionals are differentiable, the first condition of the Theorem
(quadratic growth) is satisfied. For the second condition we need to find an upper
bound for

E - sup V[(Muy = MO)(T) = (Man = MN)(T0)] = 60(0)- 5 99
||T_TN”L2(Q)<5 '

According to (3.19), we have ¢,(5,) < r;'v/n. We also need ¢,(5,) < nd2, thus

44



3.6 Proofs

52 ~ r L. Therefore

A~ A~

Tun —1In |L2(Q) =8 =r,"%
and
Ton = TOHL?(Q) < [Ty — In |L2(Q) +|Tn - TO”L?(Q)’
thus

[~ Tollpago < 72+ N1,
[m}

Before proving Theorem 3.2.12, we restate Fano’s method in the format that we
use to prove the theorem 3.2.12, which is taken from [75].

Given a class of distributions $, we let 6 denote a functional on the space ¥ that
is a mapping from a distribution P to a parameter 0(P) taking values on some space
Q. Let p : QX Q — [0, 00) be a given metric. Also let ® : [0,c0] — [0, 0) be an
increasing function. Then we define the p-minimax risk for the estimation of 8 as:

MO(P); o p) = igf sup E[@(p(8,6(P)))].

The following theorem (proposition 15.2 [75]) gives a lower bound on the mini-

max error.

Theorem 3.6.7. (Generalized Fano’s inequality) Let {0, - - -, 0M} be a 25-separated set
in the p semi-metric on ©(P), and suppose that ] is uniformly distributed over the index
set {1,--- ,M}, and (Z|] = j) ~ Py;. Then for any increasing function ® : [0, 0] —
[0, 00), the minimax risk is lower bounded as

(3.21)

MO(P); o p) > @(5){1 - W}

log M
where I(Z; ]) is the mutual information between Z and J.

In order to find an upper-bound for the mutual information in the inequality 3.21,
we use lemma 15.5 of [75] which we restate here:

Lemma 3.6.8. (Yang-Barron method) Let Nk (€;P) denote the e-covering number of
P in the square-root KL divergence. Then the mutual information is upper bounded as

I(Z;]) < ing{e2 +log Nxr(e; P)}. (3.22)

Proof of Theorem 3.2.12. The idea will be to imbed the setting of isotonic regression
within the setting of the current estimation problem. We will then use Fano’s method

45



Chapter 3. Distribution-on-Distribution Regression in One Dimension

(Theorem 15.2. and Lemma 15.5 from [75]) as restated above for our purposes, fol-
lowing the usual path for establishing the isotonic rate.

First and without loss of generality, we assume that Q = [0, 1]. Suppose Py is
supported on the set of measures S := {Jx s.t. x € [0, 1]}, where J, is a point mass
at x € [0, 1]. Suppose also that dPy; () = dp(x), where p is a distribution on [0, 1]
with bounded density. Note that in this setting, we can see that the distribution p is
equal to Q (defined in the first section).

Further let 02 > 0 and suppose that given x € [0, 1] the marginal distribution of

2

the real-valued random variable T, (x) is centered Gaussian with variance o<, i.e.

T.(x) ~ N(x, o), Vx € [0,1].

To see that such family of random maps exists, take each random map to be T, (x) =
I(x) + 0Z where I(x) = x is the identity map and Z ~ N(0, 1) is a standard Gaussian.
By construction such maps are increasing and their marginal distribution at any fixed
point is a Gaussian.

In the setting we have constructed, both predictor and response distributions are
supported on a single point (Dirac measures). We can thus conveniently represent
them by identifying them with their singleton support. More precisely we represent
each pair of predictor/response distributions (y;, v;) via their support (Xj, Y;). There-
fore, we assume that we observe the collection {(Xj, Y,-)}fi 1» where X; € [0,1] and
are i.i.d. samples from distribution p, and Y; are i.i.d. samples from the distribution
N(To(X;), 0%), i.e. the marginal distribution of Y; given X; = x is N(Ty(x), 0?). The
estimation of the true map Tj in this setting is now equivalent to the estimation of an
isotonic regression map from the sample pairs {(X;, ¥;)}V .

Note that any map T, induces a probability distribution P7(X,Y) € P(R?), and
denote by PITV the distribution induced on {(Xj, Yi)}l{i 1 Let Pr denote the following
family of distributions on R?V of the form

Pr={PY,s.t. T € T}

We want to find an upper-bound for the e-covering number of Pr in the square
root KL divergence [75], denoted by Nk (€;Pr). Since for all T € 7 we can write
P(X,Y) = p(X)Pr(Y|X), we only need to control the e-covering number of the con-
ditional distributions P(Y|X).

The idea is to show Nkp(€; Pr) can be upper-bounded using the bracketing en-
tropy of the set 7", denoted by log Ny (e, ||.||;2(p), 7). First note that according to
[72, Thm 2.7.5], we have the following upper-bound for the bracketing entropy of the
set 7:

1
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Country List Figure (3.8a)

Country List Figure (3.8b)

Country Name || Country Code Country Name || Country Code
Estonia EST Australia AUS
Slovakia SVK West Germany || DEUTW
Bulgaria BGR Austria AUT
Hungary HUN Netherlands NLD
Czechia CZE Iceland ISL
Lithuania LTU Ireland IRL

East Germany || DEUTE Belgium BEL
Latvia LVA France FRATNP
Belarus BLR Finland FIN
Ukraine UKR New Zealand NZL-NP
Israel ISR Switzerland CHE
Slovenia SVN Sweden SWE
Poland POL Norway NOR
Spain ESP UK GBR-NP
Italy ITA US.A. USA
Portugal PRT Denmark DNK
Russia RUS Luxemburg LUX
Japan JPN

Taiwan TWN

Greece GRC

Table 3.1: Country abbreviations used in Figures 3.8a and 3.8b

Since P(Y|X) is a Gaussian distribution, for any two maps T; and T, we can control
N N
KL(PY||PT) < 592 Ty - T2||i2(p) =—

: : V2
so we conclude that log Nxr (€; Pr) is no larger than log N (7, Uwe, Itz 0)) S

N

oe "’

Now we can take any §-packing on the set 7. We know log M(7, 8, ||.[|12(o)) = (15,
where M(T, 6, |||l L2(0)) is the 5-packing number of the set 7. Take ®(5) = 52, then

202 |

|T1 - TQ”[%Q(Q) s

using Theorem 3.6.7 and Lemma 3.6.8 (Appendix) we can write

o
MOP); [0 = 5(1 -

Finally choosing 6;[2 = On = N~1/3 yields the desired rate.

log Njj (7, %ﬁe, I ll2(0)) + €2 +log 2

log M(T, 6, 1I-ll.2(0))







Chapter 4

Distribution-on-Distribution Regression in

Higher Dimension

The work in this chapter was done in collaboration with my supervisor Victor Panare-
tos and is publicly available as a preprint [27]. This chapter follows the priprint with
slight changes.

4.1 Introduction

So far, distributional regression in the Wasserstein space has been confined to mea-
sures on the real line due to the geometrical, computational, and statistical complexi-
ties associated with higher dimensions. These complexities include the lack of closed-
form solutions for optimal transport maps, the positive curvature of the space, and
the curse of dimensionality. Despite these challenges, at least in principle, both the
Wasserstein regression framework developed by Chen et al. [15], which uses the tan-
gent structure of the Wasserstein space to develop a tangential Hilbert-type linear
model, and the shape-constraint approach introduced in Chapter 3, have the poten-
tial to be studied in higher dimensions.

In this Chapter, we consider the distributional regression problem in higher di-
mensions, focussing on the shape-contraint approach, in light of its leaner techni-
cal assumptions and greater statistical interpretability. We incorporate and adapt
concepts and techniques from prior studies in higher dimensional statistical optimal
transport. Specifically, we employ strategies that address the curse of dimensionality
in estimating optimal transport maps by imposing regularity conditions borrowed
from [31, 35]. And, we draw from previous work on imposing geometric and shape
constraints to derive the rate of convergence of Fréchet mean [2, 18]. We thus es-
tablish identifiability of the monotone map model in higher dimensions, introduce a
regularised Fréchet-least-squares estimator, and establish its consistency and rate of
convergence.
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4.2 The Model and its Identifiability

Let Q be a subset of R that is compact, convex, and with a non-empty interior. Let
(p, v) be a pair of random elements in W5(Q) X Wa(Q) with a joint distribution
denoted by P. Similar to Chapter 3, we define a regression operator, I' : W5(Q) —
Wa(Q), characterized as the minimizer of the conditional Fréchet functional as a
function of u:

argmin/ d%y(b, v)dP(v|p) =T (p).
b Wa(Q)

It is implicitly assumed that the Fréchet mean of the conditional probability distribu-
tion P(- | u) of v given p is unique for any p. This uniqueness can be ensured through
suitable regularity assumptions on the pair (g, v). A regression model consists in
positing a specific structure for T'(u). The identifiability of such a model will typi-
cally require additional assumptions on the pair (g, v).

We consider generalizing the regression model (3.1), which is defined for distri-
butions on R: We assume that I'(u) = Tp#p, where Ty is an optimal map, and the
response distribution v further deviates from its conditional Fréchet mean Ty#p by
means of a random optimal map perturbation (with Bochner mean identity).

More explicitly, we consider the regression model

vi = T, #(To#p),  {p vitia, (4.1)

where {u;, vi}ﬁ\:’ , are probability distributions on Q, Ty : Q@ — Q is an unknown

N

transport map and the {7, } ", are independent and identically distributed random

1
optimal transport maps with E(T;,) = id, representing the noise in our model. The
regression task is to estimate the unknown map Ty from the observations {y;, vi}ﬁ\i 1

Let P denote the joint distribution on W5 (Q) X W5(Q) induced by model (4.1).
We denote by Py the induced marginal distribution of 1 and will be assuming that it

is supported on regular measures:

Assumption 4.2.1. Let u be a measure in the support of Pyr. Then u is absolutely
continuous with respect to the Lebesgue measure.

The linear average (Bochner mean) of Py, will be denoted as
o= [ ) dpu(p.
Wa(Q)

Recall that a twice differentiable function ¢ : R — R is a-strongly convex and L-
smooth if at any point x € R?, its Hessian matrix is positive definite with its smallest
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eigenvalue being no less than « and no greater than L:
al < V2p(x) < LI, Vx eRY,

where A < B signifies that the difference B — A between two matrices is positive
semi-definite.
Consider the following sets of potential functions:

®g := {¢ : suchthatal < V?¢(x) <LI} forL > a >0,

o= UC(>O¢C('

Throughout the chapter, we suppose L is fixed and known. Next, we define the fol-
lowing set of optimal maps:

T :={T : Q — Q: T =V, for some ¢ € ®}.

We will require the following regularity of the optimal maps involved in the model,
in order to ensure idenfitiability:

Assumption 4.2.2. The map Ty belongs to the class T .
Assumption 4.2.3. The maps T, are i.i.d random elements in 7, with E(T¢,) = id.
With these assumptions and definitions in place, we can now establish identifiability:

Theorem 4.2.4. (Identifiability) Assume that the law P induced by model (4.1) satisfies
Assumptions 4.2.1, 4.2.2, and 4.2.3. Then, the regressor operator T'(u) = To#p in the
model (4.1) is identifiable over the class of maps T € T, up to Q-null sets. Specifically,
forany map T € T such that ||T — To||2(py > O, it holds that

M(T) > M(To),

where for any T € T,

M(T) := L

5 / 3y, (T#p,v) AP (g, v). (4.2)
Wa (Q)xWa(Q)

Remark 4.2.5 (Identifiability Q-almost everywhere). Theorem 4.2.4 establishes that
Ty is identifiable, up to Q-null sets, and this holds true under minimal conditions on the
input measures u. The intuition behind this form of identifiability is similar to the one
provided in Remark 3.2.4 for the case of one dimension: If the measure Q is supported on
a subset Qo C Q, the map Ty cannot be identified on Q \ Qq. But, if the measure Q is
mutually absolutely continuous with the Lebesgue measure, then identifiability is also
true almost everywhere on Q with respect to Lebesgue measure.
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This equivalence can be achieved by enforcing additional conditions on the law of
random covariate measures ji. One straightforward condition is to require that the input
measures, |1, have a bounded density from below with positive probability. However, this
implies that the support of 1 equals Q with positive probability, which may be restrictive
since we want our model to include scenarios where none of the covariate measures have
the full support on Q.

A weaker condition to ensure the equivalence of Q with the Lebesgue measure is
to assume the existence of a cover {E;,}m>1 of Q such that the probability Py{E,, C
supp(f,)} > 0 is greater than zero for all m. This condition suggests that different
covariate measures can provide information about Ty on different subsets of Q, but col-
lectively, they must provide information about all of Q. Consider an example where Q
is the d-dimensional unit cube and y is defined as the normalized Lebesgue measure on
S=([Up,U1+1/3] mod 1) x---x ([Ug,Us+1/3] mod 1). Here, {U;}% | are inde-
pendent uniform random variables on [0, 1]. In this scenario, none of the y realizations
are supported on Q, yet the “cover condition” is met. This remark directly extends the

analogous observations in the one-dimensional case.

Figure 4.1 illustrates the output of Model (4.1) when d = 2. In the first plot of
each column, blue dots represent samples from a covariate distribution p. The black
dots are sampled from the (conditional Fréchet mean) distribution To#u. The flow
curves depict the effect of Ty — id, with the colour indicating its magnitude. Then, we
examine 4 different random maps T,. In the next 4 plots, we observe samples from
the response distribution v = T.#Ty#u, represented by red dots. In each plot, the
flow curves represent T, — id.

4.3 Statistical Analysis

To obtain a consistent estimator and derive its rate of convergence, we use empir-
ical process theory. This requires us to make additional regularity assumptions on
the model. We consider the case where the true map T satisfies a Holder condition
(defined below).

Definition 4.3.1. (Hélder Space) For any vector k € N¢ with coordinates (k- - - , kq)
write |k| = Z?zl k; and define the differential operator

. Sk
b= oxkt .. gxka
1 d

For any real number > 0, we define the Holder norm of smoothness f of a | f]-
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Figure 4.1: lllustration of Model (4.1) for d = 2, showing samples from y (blue), To#u
(black), and v = T.#Tp#p (red) for four different realisations of the error map, along
with corresponding flow curves. 53
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times differentiable function f : Q — R as

ID¥f(x) - D*f(y)|
= max sup |D¥f(x)| + max su . 4.3
||f||Cﬁ |k|§|_ﬁJ xpl f( )| |k|:|_,6J x;&I; ”x—y”ﬁ_l-ﬁj ( )

The Holder ball of smoothness § and radius L > 0, denoted by Cﬁ(Q), is then defined as
the class of | f|-times continuously differentiable functions with Holder norm bounded
by the radius L:

Co(@) = {f € CPNQ) : Iflles < R).
We might occasionally drop the argument Q when the underlying space can be
understood from the context. Now consider the following sets of maps:

—— s
Tpyr =T :T=Vp,pednChr *

Tor ={T:T=Vo,¢ E@oﬁcg}.

It holds that 75, r C 7p3r (by way of Lemma 4.5.4 in Section 4.5). Our assumption

now is:

Assumption 4.3.2. The map Ty belongs to the set T, r, where B, y, and R are positive
constants and | f+y| = | f].

Remark 4.3.3. The f-Holder function classes appear frequently in optimization and
such regularity assumption is standard in non-parametric regression. In statistical op-
timal transport theory (see e.g. [31, 35]) similar assumptions are imposed to estimate
optimal transport maps when observing samples from distributions.

Our objective is to obtain an estimator, denoted by Ty ( .v.R)» of the unknown map
To. To do so, we define fN,( g.y.R) as the constrained minimizer of the sample version
of the functional M,

N
. . 1
IN,(p,y.R) = argmin My (T), Mn(T) = — Z d?W(T#,ui, Vi), (4.4)
TeT; 2N ;
Byv.R i=1

Here, (p;, v;) are independent samples drawn from P for i = 1,..., N. The constraint
amounts to the requirement that T € 7, z. The minimizer might not be unique. We
can take any of the minimizers of (4.4) as TN,( 6.y.R)- But it will exist in 73 3g, provided
B> 2

Theorem 4.3.4. The minimization problem (4.4) has a solution in Tg 3 when ff > 2.

Remark 4.3.5. The functional d?W(T#,u, v) is not necessarily convex with respect to T,
meaning that we cannot expect d?w([aTl + (1 -a)L]#p,v) < ad?W(Tl#,u, v)+ (1 -
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a)d%v(Tg#,u, v). The reason is that the Wasserstein distance is not necessarily convex
with respect to geodesics. And, if we set Ty as the identity function, [aTy + (1 — a)Id]#p
represent the geodesic between u and Ty #p. Under this scenario, selecting Ty, p and v as
per example 9.1.5 of [3] results in the violation of the inequality.

Nevertheless, when v is close to ;1 we can show convexity. Denote by T,,_,, the optimal
transport from pi to v. Suppose T,,_,, is gradient of a A-strongly convex function. Then
based on Theorem 6 of Manole et al. [46] and inequality (2.4), we have:

2
diy([aTi + (1= )Bl#uv) < [laTi + (1 = @) Tz = Lo |2,

(4.5)
< X%d3,([aTy + (1 - @) To]#uv),

and similarly

ad?W(Tl#y, v)+ (1 - a)d,QW(Tg#y, v)<a HT1 - T,,_W”;(y) +(1-a) ”Tg - Tp_,V”iQ(ﬂ)

< al’&, (Ti#tp v) + (1 — a)A2d3, (DAt v).
(4.6)

Also, by strict convexity of squared norm we have

[[aTi + (1 - &)T5 - Tu—W”;(y) <a|n - Tll_)VHiQ(/J) +(1-a) |- Tu—WHi?(y) :
(4.7)

As we observe from the above equation, the middle value in inequality (4.5) is strictly
smaller than the middle value in inequality (4.6). Moreover, if A approaches 1, both
inequalities’ right-hand sides converge to their respective left-hand sides. Consequently,
for small values of A, the left-hand side of (4.5) is majorised by the left-hand side of
(4.6), which establishes convexity. It is worth mentioning that when A approaches 1,
T, converges to the identity map, and v converges to yi, providing a perspective on
why convexity occurs when v is close to p.

To evaluate the estimator’s quality, we will use the Fréchet mean squared error,
which is the natural risk function in this context:

R(T) = By (T ) = [ 3y (Tottn T) dPu ().

The value on the right-hand side defines a semi-metric on the set of maps 7~. More
specifically, for any two maps T1, T> € 7, we can define

1/2
p(1iTe) = | [y (it Tt AP
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Lemma 4.3.6 (Semi-metric property of p). The map p(-,-) satisfies all the properties
of a metric, except that there may exist pairs Ty # Ta such that p(T1,Tz) = 0.

Since W, (R?) is non-negatively curved (equation (2.4)), for any two maps Ty, T € T
we have

P(T1Ty) = / 02, (Ty#s, Todtys) APyt (1)
< [ 1= D, dPue

= / / [(T1 = T2) (x)1? dps(x) dPag(p)
= ”Tl - TQHIQ‘Q(Q) >

with equality when d = 1. We use this to derive an upper bound for the rate of
convergence of Ty with respect to semi-metric p.

Theorem 4.3.7. (Rate of Convergence) Suppose the Assumptions 4.2.1, 4.2.2, 4.2.3 and
4.3.2 are satisfied with some § > max{g, 2} andy,R > 0. Then

B A
N2+ p(Tn,(py.R)> To) = Op(1).

1/4

In particular, for d > 4, and depending on % < B < oo, the rate is between N™*/* and

N-1/2,

Remark 4.3.8 (The case d = 1). In chapter 3, we showed the Fréchet least square esti-
mator achieves a convergence rate of N~'/3 using the L>(Q)-norm, and also we demon-
strated that this rate is minimax optimal. It’s worth noting that, ford = 1, the L>(Q)-
norm is equivalent to the semi-metric p under the assumption that Ty is a non-decreasing
map. As a result, we can compare their rates with the one provided by Theorem 4.3.7.

215 gnd

When d = 1, Theorem 4.3.7 suggests that the convergence rate lies between N~
N~12, depending on the assumed degree of smoothness (2 < < oo). The faster con-
vergence rate is a result of the additional smoothness assumption, and thus, there is no

inconsistency between the two results.

4.4 Differentiability

In this section, we establish an additional result about Gateaux-differentiability of the
functional M and My. While this result does not contribute directly to the technical
results in this chapter, it might be relevant for computation of the estimator.

Lemma 4.4.1. For any a > 0, the functionals M and My are Gateaux-differentiable at
any maps in T and there exist couplingsy,,, € I'(y,v) and y,,,, € T'(p;, v;) such that:
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D, M(T) = / / < 7). T(x) —y > dyu(ey) dP( ),

(4.9)
02, (THpv) = / IT(x) =yl dyp (x. )
and
1 N
DM(T) = 5 3 [ <060, 700 = > (),
i (4.10)
82, (T#puvi) = / IT(x) — 412 dyppn (5. 3).
4.5 Proofs

In the next statement, we restate a Theorem from Ponomarev [61] that will be used
to prove Lemma 4.5.2.

Theorem 4.5.1. (Theorem 3 of Ponomarev [61]) When f : Q ¢ R — R? is continuous
and almost everywhere differentiable, the following properties are equivalent:

« rank{f’(x)} = d for almost all x € Q,

« the f-preimage of any set of measure zero is set of measure zero, i.e. if E ¢ R?

such that A(E) = 0 then A(f~*(E)) = 0.

Lemma 4.5.2. T#p is absolutely continuous, when yu is absolutely continuous and T €
T.

Proof. We need to show that if A is a measurable set with Lebesgue measure A(A) = 0,
then T#p(A) = 0. We begin by noting that T € 7 implies the Jacobian of T is
full rank. Using Theorem 4.5.1, we conclude that A(T~!(A)) = 0. Next, recall that
T#u(A) = u(T~1(A)). Since y is absolutely continuous and A(T~1(A)) = 0, it follows
that (T~ (A)) = 0. Therefore, we have T#u(A) = u(T~'(A)) = 0, as desired. O

Our argument for the identifiability of Ty relies on a result from Chewi et al.
[18], which was originally employed to establish quadratic growth of the Fréchet
functional (2.6) around its minimiser. In addition to identifiability, this finding is also
applied to exhibit the quadratic growth of functional M around its minimizer, crucial
for determining the convergence rate of our proposed estimator. We will start by
revisiting the notion of variance inequality, introduced by Ahidar-Coutrix et al. [2].
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Chapter 4. Distribution-on-Distribution Regression in Higher Dimension

A distribution P conforms to a variance inequality with a positive constant C,g;, if
for any absolutely continuous measure b € ‘W(R?), the following inequality holds:

* Cvar *
F(b) - F(b*) > Td?W(b,b )

where b* is the minimizer of F defined by equation (2.6). Now we restate the following
result from Chewi et al. [18]:

Theorem 4.5.3. (Theorem 6 of Chewi et al. [18]) Let P be the law of a random measure
in W 5. (Q) with barycenter b* € Wh ».(Q). Assume there exists a measurable map ¢ :
Wi (Q)XR? — R such that for P-almost all p, @y is an optimal Kantorovich potential
for b* to p and is a(Ty—,,)-strongly convex, where Ty-_,, = Vo, is the corresponding
optimal map. Moreover, assume that for almost all x € R?

Eyplou(0] = 5 Ixl (@)

Then, P satisfies a variance inequality for allb € W ,.(Q) with constant

Coar = / a(Tb*—>y) dP(#)

Proof of Theorem 4.2.4. To prove that Ty is the unique minimizer of the population
functional in 7~ up to Q-null sets, fix a measure g in the support of Py, and let v
be a random measure such that v = To#(To#uo) (Where we recall that E(T;) = id).
According to Lemma 4.5.2, To# /o is absolutely continuous, since g is absolutely
continuous, and Ty € 7. Similarly, we can argue that v is also absolutely continuous
because T, € 7. Therefore according to Proposition 3.2.7 of Panaretos and Zemel [55],
for any pp, the induced random measure v has a unique Fréchet mean. By Theorem
4.2.4 of Panaretos and Zemel [55] we conclude this unique Fréchet mean is To#po.
Therefore, for any po,

arg infbe(WQ(Q) ./W

2(Q

: d3y (b, v) dP(vlpo) = To#po,

where P is the joint distribution of (1, v) induced by Model (4.1). Now we show that

Ty is a minimiser of M:
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M) = [ () APy
= [ [ Byttt P01 P
> [ [ Tt ap(viuo) dp(uo)
= / 2, (To#tp, v) dP(p, v).

We will show that Ty is the unique minimizer up to L?(Q)-norm. We apply Theorem
4.5.3 in the following way: Fix a measure g in the support of Py;. As we stated, To# 1o
is the conditional Fréchet mean of the random measure v given y (i.e. the baruycentre
of the law P(v|pp)). Define a mapping ¢ : Wh..(Q) x RY — R such that Pvipo 18
equal to the Kantorovich potential of the optimal map T, where we abuse notation
for tidiness and write v|pg = T #ToF o (the existence of such map T is guaranteed
by the model assumptions). The mapping ¢ satisfies the assumptions of Theorem 4.5.3
because the Kantorovich potential of T, is indeed an optimal Kantorovich potential
from To#puo to v|pp and each T; is the gradient of an a-strongly convex function
by assumption 4.2.3. Furthermore, based on the same assumption, E(T;) = id, and
as a result, equation (4.11) holds. We can deduce that the mapping ¢,,, is a(Te)-
strongly convex. We can also observe that the value Ea(T) no longer depends on pg.
Additionally, we can deduce Ea(T,) > 0 since each map T, is strongly convex.

Collecting and combining the statements above, we can apply Theorem 4.5.3 and
show that for any T € 7:

M) =0T = 5 [ [ 18 (Ttp0.v) = By (oo, 1] AP (o) AP (o)
> %/d?w(T#ﬂo,To#ﬂo) dPp(po)-
(4.12)

Consequently, if for some T we have that M(T) = M(Tp), inequality (4.12) implies
that
Pyr{p such that d2, (T#tpu, To#p) = 0} = 1.

Since both Ty and T are optimal maps, whenever d?W(T#/J, To#u) = 0 we can infer
that ||T — T0||§2 W = 0. Therefore

Py{p such that ||T — T0||%2(y) =0} =1,
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which is equivalent to ||T — T ||§2 = (. Therefore, Ty is the unique minimizer of M

(Q)
up to L2(Q)-norm, and hence identifiable up to Q-null sets.

Lemma 4.5.4. If,y > 0 are such that | f+y| = | B], then for any f € CP*Y we have

Iflles < 311 fllcper -

Proof. Recall that

D¥f(x) - D¥
fllen = max ID¥| + ma » IP7F ) - DF I
|kI<LA] o |kI=fl xzy  |lx —y|/f7LP

(4.13)

First, let’s compare the expressions for || f||-s and || || -p+,. For a function g, we have

lg(x) = g9(y)| lg(x) = g(y)I lg(x) = g9(y)|
su —ﬁ—b S su —ﬁ—b + su —ﬁ—b
xyeQuxzy |lx —yl| xyeQlx-yl<1 |lx —yl| xyeQx-yl=1 [|x —yl|

When ||x — y|| = 1, we have ||x — y||ﬁ_b > 1, therefore

9(x) — g(v)|
ION_FIL < sup g(x) - 9(v)] < 2l
xyeQlx-y[21 [|x —yl| x,yeQ,|x-y[21

but whenever ||x — y|| < 1, we have ||x — y||* < 1, therefore ||x — yllﬁﬂ/_b < ||x - y||'8_b,
so we obtain,

lg(x) —g(y)l lg(x) —g(y)l lg(x) —g(y)l
su —ﬁ—b < Su m < S m
xyeQ,|x—yl<1 ||x — y” xyeQ,|x—yl<1 ||x — y” xyeQxzy ||x — y”

It follows that

969 =9I o oy I 9

xyeQury [|x — y|FY P

xyexzy |lx —yllF~

Moreover, as | f +y] = | f] = b, we have

max ||D¥ ” = max ”Dk H Zmax”Db H . 4.15
IkISL/)’ﬂ/JH foo |kI<|B] foo |b|=b foo ( )

Therefore, using inequality (4.15), and inequality (4.14) for a function g of the
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form DP f, where b is a vector such that |b| = b, we obtain

IDPf(x) = DPf(y)|
Iflles = mac [DRf]| -+ macsn f ﬁ_{ y
|[kl<[B] |b| bx;ty llx = y||
DP - Db
< max ”Dkf +max[ ”Dbf” ID”f (x) fl
|k|<|B+y] o |b|=b xyGQx#y ||x_y||/3+y—b
< 31 fllcpey -
(4.16)
O

Proof of Theorem 4.3.4. Suppose we have a sequence {T,, € 7, r} that converges to
a minimizer of My. Let us consider the corresponding sequence of convex potential
functions,

—— |l
{q)n. h Vq)n,gonecbﬂcﬂﬂ/ C}.

Cgﬂl is precompact in C# (as shown in Lemma 6.33 of Gilbarg et al. [28]), there

Since
exists a subsequence ¢,, converging to a function ¢ in CP. Moreover, since f > 2,
and convergence in $-Holder norm implies convergence of second-order derivatives,

and since {¢,} C @, we conclude ¢ € ®y.

Since the norm ||-|| -5 is continuous with respect to its own induced topology, and
lonllcs < 3ll@nllcssy < 3R, we can also infer that [|¢||os < 3R.

Next, let’s consider the map T = V¢ which consequently is in 73 3g. Given that
the functional M is continuous in T and with respect to L?(Q)-topology (which can be
deduced using the triangle inequality and inequality (4.8)), and since convergence in
Holder norm is stronger than convergence in L2(Q), we can conclude that the initial
sequence of maps minimizing My, converges to T.

Proof of Lemma 4.3.6. 1t is trivial that p(T,T) = O for any T. We can show that p
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satisfies the triangle inequality as follows:

(p(T, &) + p(To, T3))
= p(T1, o) + p(To, T3) + 2p(T1, To) p(To, T)
= p(T1, 12)* + p(To, T3)?
1/2 1/2
v2| [ &y ot dpuo| | [ By (it Tt aw )
> p(T1, To)* + p(Ta, T3)°

+2 / dw (Ti#p, Toftp)dw (Ti#u, To#fp) dPy(p) - (Cauchy Schwarz)
- / 02, (Tittps Toen) + 02, (Tyttps, T tn) + 2dy (Ty s, Tott )y (T #ps Toten) dPyr (1)

> / dzy, (Ti#tp, Ts#hp) dPa(p)
= p*(T1, Ty),
O

To derive the convergence rate for the estimator, we will make use of some theo-
rems from M-estimation [72]. For the reader’s convenience, we will first restate these
theorems (with minor modifications to more easily relate to our context). Further-
more, we restate a theorem from Gunsilius [31] that will be essential for determining
the rate.

Lemma 4.5.5 (Bracketing Entropy of Holder Class, Corollary 2.7.4 [72] ). Let Q be
a bounded, convex subset of R? with a nonempty interior. There exists a constant K,
depending only on B, vol(Q), r and p such that,

log Njj(e, CR(Q), L' (Q)) < KRYFedIF,
for every r > 1,6 > 0, and probability measure Q on R9.

Lemma 4.5.6. (Lemma 5 of Gunsilius [31]) Let @1, p2 be proper strictly convex and
bounded potential functions on every compact subset of Q° with Lipschitz-continuous
gradients Vo and Vo satisfying Vo1 (Q°) = Voo (QP). Then it holds for all x € Q°

V1 (x) = Voo (x)[1? < e(1 + max{Ly, Lz})*|g1 (x) - pa(x)]|

where 0 < Li,Ly < 400 are the Lipschitz constants of Vo1 and Voo , respectively,
¢ < +00 is a constant.

Proof of Theorem 4.3.7. By observing that the right-hand side of inequality (4.12) is
equal to 5p(T, Tp), it follows that the functional M demonstrates quadratic growth in
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the vicinity of its minimizer Ty with respect to the semi-metric p. Therefore we can
use the empirical process approach to obtain an upper bound for the rate of conver-
gence.

First, we find a function ¢ (§) such that

E sup VN|(My = M)(T) = (My — M)(Tp)| < ¢n(9).
p(T.Ty)<8,T€Tp, R

Given that 75, r C 7p3r according to Lemma 4.5.4, we can instead find ¢x(5) such
that

E  sup  VN|(My—M)(T) = (My - M)(To)| < §n(5). (4.17)

p(T.Ty)<6,Te€Tg3R

We define a class of functions indexed by T as follows:

Fu = {fr(pv) = diy, (TH#p,v) — d3y (To#pwv), st. T € Tpgg and p(T, To) < u},

with the domain of each function f; € ¥, being Wa(Q) X Wa(Q). We can see that
(4.17) is equivalent to

E sup VN|(Px — P)f] < ¢n(9).

feFs

Denote by log N{j(e, %, L?(P)), the bracketing number of F,. We find an upper
bound for this bracketing entropy using the bracketing entropy of the class of func-
tions CgR. To do this, note that any fr € 7, is induced by a map T such that T = Ve,
for a convex function ¢ € C§R. Thus, for any fr,, fr, € Fu, we have:

I = ol < [ U Ge) = fa ) a2 ()

< [ 1dE (Tittun) - dBy (Tt P AP ()

. 5 9 (4.18)
< adiamn(2)* [ I = s, dPu(

< ddiam(Q)? | T - Tl %2

< 4diam(Q)*C’ ||y - P21l (g) -

To see why the last inequality holds, note that any T € 73R is the gradient of an
L-smooth convex function, making it L-Lipschitz. Therefore, by applying Lemma
4.5.6 (our re-statement of [31, Lemma 5]), we can establish that for T}, T> € Tp3r
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with corresponding potential functions @1, @2, the inequality ||T; — To III%Q( 0) < c(1+
L)? |1 - 21 (o) holds for some constant c.
Using inequality (4.18) and Lemma 4.5.5, we obtain

d/p
1
log Njj (€, Fa, L2(P)) < log Ny} (e/ (4diam(Q)%C"), 5 (2),11(Q)) < ( ) :
By inequality (4.18), we can also show that

Pff < PIT =Toll3z,) = IT = Toll} ) < w7

for all fr € 7.

Given that the functions in s are uniformly bounded over (p, v) and T, and Pf? <
52 for all f € F5, the conditions of Theorem 3.6.5 are satisfied. This being the case,
we can choose:
§>VN

2
$n (8) = Ji1 (8, T, L2(P))(1 , Jn@ T L(P) )

where the constant ¢ = 2diam(Q)? is a uniform upper bound for the functions in the
class ¥5. Using Lemma 4.5.5 and when f > %, we can write

1)
@ T L) = [ [T+ log Ny (e 7o L2(2) de
0

5 1 a/p
S/ 1+C - de
(d/ﬁ)
<5+/ since 1+a<1+\/_ fora>0

< 5“‘*
1 - 2/5
1_7
<6
(4.19)

Now, we can apply Theorem 3.6.3 to conclude the proof. The rate of convergence rN
is obtained by the requirement rl2\]¢N (%) < VN. This gives us the rate ry = N ohea
when S > %

O

Proof of Lemma 4.4.1. Let T € 7 and take any continuous function 7 with domain Q.
For € > 0 sufficiently small, T + €n is also in 7. If it exists, the Gateaux derivative of
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d%V(T#y, V) is

da, (T + em)#p,v) - di, (T#p,v)
. :

Dydayy (T#p,v) = lim

In the following, we show that Dnd?W(T#,u, v) exists and we calculate the limit.
To do so, we will construct a coupling y between p and v with the property that
d(QW(T#y, v) = f IT(x) — y|? dy(x,y). To this aim, let S be an optimal map such that
S#(T#p) = v. According to Brenier’s theorem, such an optimal map exists and is
unique if T#p is absolutely continuous. Since T € 7~ and p is absolutely continuous,
according to Lemma 4.5.2, so is T#u. Let X ~ p and define Z = T(X) and Y = S(2).
Denote by y the induced joint distribution of the pair (X, Y). Note that

&3y (T#uv) =EZ -S(DI° =ElIZ - Y|I> =EIT(X) - Y|* = / IT %)=yl dy (x, ).

Note that from the construction we can infer that y = (id, S o T)#py and thus the
coupling y is independent of the random variable X. Thus:

02, (T + en)#mv) < / (T +en)(x) -y dy(x.y)
- / (T(x) - yP? + 2e(n(x). T(x) — 1)) dy(x. 1) + o(€?)
= & (T4 v) + 2 / (10, T(x) — ) dy(x, ) +0(E)

and therefore

. A3y, (T + en)#p,v) — d3, (T#p, v
el €

)
<2 / (0. T(x) - y) dy(x. ).

Now define y, using the same procedure as above, but such that y couples y and
v while satisfying d?W((T + en)#Hu,v) = / IT(x) + en(x) — y|> dye(x,y). Therefore
similar to above we can see that y. = (id, (S¢ o (T + €n))#u, where S¢ is the optimal
map between (T + en)#u and v. Thus

&2, (T + en)p v) = / (T + en) (x) — yI2 dye (x,y)
= /(lT(x) —yI* +2e(n(x), T(x) — y)) dye(x,y) + o(€?)
> d%)v(T#y, V) + 26/(7]()(), T(x) — y) dye(x,y) + 0(€?),
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and

. d3, (T +en)#p v) = d3, (T#p,v)
el €

> liminf 2 / (0G0, T(x) — ) dye(x.1).

To prove the existence of the limit, it is enough to show the integral with respect
to ye converges to the integral with respect to y. We show the convergence of y to y
in the Wasserstein metric. Using the inequality (2.4) one can control the Wasserstein
distance between the two measures by controlling ||Sc o (T +en) —S o T||z2 ()" First
note that as e converges to zero, (T + en)#u converges to T#y, and again using the
inequality (2.4) one can control the Wasserstein distance between the two measures
by ||en||]2} ()" As convergence in the Wasserstein distance results in narrow conver-
gence, one can show that S¢ converges to S using Theorem 1.7.7 in Panaretos & Zemel
[55]. By Lemma 4.5.2, (T+e€n)# 1 and T#p are absolutely continuous, thus using The-
orem 5.20 in Villani [74] S. and S are continuous. Therefore S¢c o (T +¢€n) — SoT and
we can conclude y. — y. Additionally, T is bounded and continuous, therefore we
can conclude the integral with respect to y. converges to the integral with respect to
y. The two inequalities prove the existence of the derivative and:

A3, (T + en)#p,v) — diy (T#p, v
€

Dy d3, (T#pu,v) =§g(1) ) =2 / (n(x), T(x)—y) dy(x,y).

Thus

1 N
DD = 5 3 [ 00760 = ) ()
i=1

(4.20)
for yyv € D(uivi) st day(TH#p,vi) = / IT(x) = yI* Ay (%, ),
and
D,M(T) = / / < n(x),T(x) —y > dy,(x,y) dP(p,v)
(4.21)
for yu € Tu) st dy(Thtmn) = [ 1760 =yl ().
O

4.6 Generating random convex functions

The purpose of this section is to briefly discuss how one might numerically generate
random functions ¢(x, y) that are convex on a domain U = [x, x;]? and average to
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(x2 + y?)/2 (therefore their gradient is an optimal map and their average is the id
map, as required in our Model). This can be easily done with linear maps, but we are
interested in more variability and complex maps. To this aim, we take functions of
the form

2 2

D d
X" +y 1 [ k. d—k 1/k, 1/(d—k)
= + E E _ +b , 4.22
Q B 1Ly K(d—k)! adrXx'y dkX Y ( )

where ag and by are random coefficients. To avoid the singularity of the second
term, we take (xg,x1) = (0.5,1.5). We require that E[V¢] = (x,y)" which implies
Elaqx] = E[bax] = 0. Our considerations in this section being practical, we shall
probe for convexity numerically and approximately (at least in probability). Namely,
we set D = 8 and we take the coefficients a; ) and by to be independent random
variables with a centred normal distribution of variance o2. Using the Sympy library
of Python, we explicitly calculate the expectation of the determinant of the Hessian
matrix, and we calculate the minimum in the domain at (1.5, 1.5), specifically

min E [det(Vqu)] ~1-110>% (4.23)
x,yeU
Similarly, we estimate the maximum variance of the Hessian determinant to be at

most
Var [det(V?)] < 1007, (4.24)

for small enough 0. Assuming the determinant follows a normal distribution, the
probability of generating a non-convex function P {det(V2q0) < O} decreases expo-
nentially below o < 0.2, being around 0.1 for o = 0.15 and ~ 10725 for o = 0.03,
which is the parameter used to generate the noise maps in Fig. 4.1. A way to limit
the probability of generating a non-convex function even further could be to use a
distribution with support on a finite domain like a beta distribution adjusted to the
domain U, instead of a normal distribution.
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Chapter 5

Autoregressive Models via Iterated

Transportation

The work in this chapter was done in collaboration with my supervisor Victor Panare-
tos and is publicly available as a preprint [25]. This chapter follows the priprint with
slight changes.

5.1 Introduction

Distributional autoregression is a natural next-step for distributional regression mod-
els — indeed, it is arguably the setting where most distributional regression data sets
arise. Rather than i.i.d. covariate/response distributions, one observes a dependent
sequence of probability distributions {,u,,}lr:’: - When viewed as a Markov chain in
the Wasserstein space, this sequence can be modeled autoregressively by specify-
ing a relationship between the conditional Fréchet mean at time n + 1 and the chain
at time n. Once again, this can be done geometrically (as indeed was already ex-
plored in [15] and [79]), or by way of optimal transport maps, with similar advan-
tages/disadvantages.

A first contribution based directly on transport maps was made in Zhu and Miiller
[80], where random perturbations of the identity were iteratively contracted/composed
to form a time-dependent sequence. This was subsequently used either as “incre-
ments” between consecutive distributions or as “deviations” from the marginal Fréchet
mean, to produce autoregressive models. Key in this approach was the use of iter-
ated random function systems and a canny definition of a contraction operation on
the space of transport maps, allowing to mimic the contractive effect of a correla-
tion operator in usual autoregression. Jiang [36] subsequently generalised this ap-
proach to autoregressive modeling to the case of vector-valued distributional chains,
i.e. time-evolving vectors with distributions as coordinates.

A salient limitation of this approach is that the entire dynamics of the process re-
duce to a single scalar quantity |a| < 1, regulating the “strength” of the contraction.
While this resembles real-valued autoregressive processes, it is likely too rigid in a
functional context (or even a multivariate context), and can have undesirable con-
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sequences when asserting stationarity (see Section 5.2.3 for a more extensive discus-
sion). Ideally, a genuinely functional model would allow for a functional specification
of the dynamics, thus capable of expressing more complex dependencies. In response
to this drawback, Zhu and Miiller [80] also defined a model where the scalar contrac-
tion coeflicient is replaced by a functional contraction coefficient, contracting variably
across the domain. This comes with the caveat of a more complicated theory, includ-

ing cumbersome technical assumptions, as well as a more involved interpretation.

The purpose of this Chapter is to introduce and develop transportation-based au-
toregressive models with genuinely functional dynamics, yielding easily interpretable
yet rich classes of distributional autoregressions. To do so, we extend to the autore-
gressive case the functional structure of the model in Chapter 3, where the regression
operator is a monotone rearrangement, making use of the scalar “contractive effect”
introduced by Zhu and Miiller [80] - intuitively, we posit a model where the shape of
the dynamics is captured by a monotone map, modulated by a contractive parameter
a regulating the degree of non-degeneracy of the model. In its simplest form, this

approach can be interpreted as positing that

Hn+l = Qn#[a,un]a necZz

for i.i.d. random increasing maps 6, with E[6,(x)] = S(x); S a deterministic mono-
tone map; and p, — [apu,] a barycentric contraction operation, suitably defined at
the level of quantile functions (see Equation (5.1) for a precise definition). Intuitively,
the model suggests that step n + 1 in the chain is obtained by pushing forward the
nth step (“shrunken” slightly to allow for temporal stationarity) via a random pertur-
bation of the deterministic deformation S. This is a direct autoregressive extension of
the model in Chapter 3, employing the contractive device of Zhu and Miiller [80] to
assure temporal stability in law. However, more modeling possibilities are available
in our approach, and this is just the motivating one (see Section 5.2.2).

The rest of the Chapter is organised as follows. We first revisit the problem of
defining iterated random function systems of increasing maps. In particular, Sec-
tion 5.2.1 presents a functional extension of the iterated system employed in Zhu and
Miiller [80]. This extension is then used in Section 5.2.2 in order to define three dif-
ferent possible notions of autoregression — in each case, the iterated transport map
system serves to model a different characteristic of the distributional time series (e.g.
the increments, the quantiles, or the generalised quantiles). We compare the resulting
models to existing approaches in Section 5.2.3 and determine conditions for station-
arity in Section 5.2.4. We then show in Section 5.2.5 that all three models can be fitted
and analysed using the same estimation theory — albeit applied to optimal maps that
represent a different characteristic in each case. In particular, we establish identifia-

bility, consistency, and rates of convergence. Finally, the finite sample performance
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of our methodology is illustrated on some simulated and real data (Sections 5.3 and
5.4). The proofs are collected in a separate Section, and we conclude with a discussion
of some further possible generalisations.

5.2 Autoregressive Models via Iterated Transportation

5.2.1 Random Iterated Transport

Our definition of autoregressive models for distributions will hinge on appropriately
defined iterated random systems of transport maps (following the approach of Zhu
and Miiller [80], to whom we compare below). This is a special case of a framework for
studying questions about Markov chains via iterated random functions, going back to
at least Diaconis and Freedman [23]. They define an iterated random function system
on a state space 7 as

T=f(Tir; 6)

for a family of transformations {f(-; €) : 8 € ©} acting on 7, and random elements
0; in some parameter space 0, independent of T; € 7. By suitable choice of the family
f(-; 6) and some distribution on © they show how a plethora of Markov chains can
be cast in this light.

Let Q = [wg, w1] be a closed interval of R. In our case, the state space 7 will be
the set of optimal transport maps

T :={T : Q - Q|T(w1) = w1, T(w2) = w2, T is strictly increasing and continuous},

viewed as a closed and complete subset of the Lebesgue space L?(Q) equipped with
the corresponding p-distance || - ||, for some 1 < p < oo (we will mostly focus on
p = 2). And, the question is how to define f and 6; to generate an iterated random
system that is sufficiently rich to serve as a basis for interesting autoregressive mod-
els, yet remains tractable and admits a non-degenerate stationary solution. Naively,
one might simply posit that ® = 7 and f(T;0) = 0 o T, as increasing maps form a
transformation group under composition. However, f(.; #) needs to be a contraction
“on average” (in a precise sense) for the Diaconis and Freedman [23] results to be
applicable.

This motivates forms of f that are “contractive compositions”. To this aim, given
|a|] < 1, define the a-contraction of an optimal transport map to be the operator

T +— [aT] defined pointwise via

x+a(T(x) —x) O<a<1
[aT](x) = {x a=0 (5.1)

x+a(x-T Hx)) -1<a<0.
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This definition is due to Zhu and Miller [80], under slightly different terminol-
ogy/notation, and mimics the operation of contracting an unconstrained function by
a scalar, but conforming to the constraints elicited by working in 7~. Notice that
T + [aT] is indeed a contraction on 7~ with respect to L' norm, with the identity as
its fixed point — any other fixed point must equal the identity almost everywhere by
the Banach fixed-point theorem.

Finally, given |a| < 1 and 6 € 7 we can now make precise the notion of f being
a “contractive composition” map by defining

f(T;0) =60 [aT].

To define an iterated random system, it suffices to put a probability distribution Q on

7, and make i.i.d. draws 6; ~ Q yielding

Ti = f(Ti-1; 6)). (5.2)

Our proposal is to draw i.i.d. elements of 7 with a specified expectation S € 7,
say 0; = T, o S, for {Tei}f:] , a collection of independent and identically distributed
random optimal maps satisfying E{T,(x)} = x almost everywhere on Q. Explicitly,
our iteration is now

Ti = f(Ti-1;Te; 0 S) =T, 0 S o [aTi-1]. (5.3)
—_— ——
0; 0;

The degrees of freedom in this iteration are the choice of S € 7 and a € [-1,1]. In
a statistical setting, these would be the targets of estimation. This definition extends
the iteration of Zhu and Miiller [80] where S was a priori fixed to be the identity.
Our extension seems natural and conceptually straightforward: it iterates contracted
composition with perturbations of an arbitrary element of the transformation group,
rather than with perturbations of the neutral element. Yet, it substantially compli-
cates the subsequent probabilistic analysis and estimation theory. In exchange, we
get a richer class of autoregressive models that exhibit advantages in the context of
modeling and data analysis. We elaborate on the relationship and the nature of the ex-
tension in a subsequent paragraph. We then show that the iteration admits a unique
stationary solution (under some additional assumptions). First, though, we explore
how such an iterated random system of optimal maps could be used as a basis for
distributional autoregression.
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5.2.2 Autoregressive Models

The main purpose of a random iteration (5.2) is the construction of a Markov chain

model for a dependent sequence of probability distributions p; € Wa(Q2), that will

always be taken to possess a continuous cumulative distribution function. The models

we seek are of autoregressive type, and so should ultimately be interpretable as a

structural specification of the one-step conditional mean. Given stationary random

sequence {T;} of optimal maps, there appear to be (at least) three different ways of

doing so, by relating the T; to some suitable feature of {y;}:

(D)

Modeling the “increments” Tﬁf_l = Fﬂ_il o F,,_, as being equal to T; (we call

these increments, as T:l’_ is the optimal map pushing y;_; forward to y;), or

1
equivalently modeling the quantiles as

-1 ._ 7 -1
Fﬂi =T OF#i—l‘

When {T;} is stationary, this yields a process with stationary increments, but
the process could be non-stationary (if so, it’s interesting to understand if there
is “drift”). This chain corresponds to specifying that the (usual) conditional

. 1 - -1
expectation of F, " given F, " as

E[F,'IF, 1 =E{T;} o F,' =E{f(Ti-1;0)} o F;' =E{0; 0 [aTi-1]} o F," .

The form of E[T;] will depend on the stationary solution of T; = f(T;-1; 6;).

Modeling the (uniform) quantiles Fll_il as being equal to T;,
F,l:=T.

This automatically yields a stationary process when {T;} is stationary, directly
interpretable at the level of quantiles, and corresponds to specifying the (usual)
conditional expectation of F,, ! given F, ! , as

E[F,'F,' 1= (E6) o [aF, ' 1=So[aF, 1= f(F.' ;5.

This model corresponds to an autoregressive extension of model (3.1).

Modeling the generalised quantiles [17] or p-quantiles F,, Lo F,, with respect to
some measure p as being equal to T;. This also immediately yields stationarity
and (under regularity conditions) is equivalent to stating p; = T;#u, in effect
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modeling the y; as serially dependent “perturbations” of a fixed p. This cor-
responds to specifying the (usual) conditional expectation of F;il given F/jl} )
as

E[F,'|F,! 1= (E6) o [a[F, ', o Fyll =So [a[F,' o F,]] = f(E, o FyuS).

Note that setting & = 1 in (UQ) yields the same model as setting ¢ = 0 in (I), in-
terpretable as a random walk, and this we shall revisit. In Section 5.4 we will focus on
(UQ) and (I) to model sequential distributional data and discuss the merits/drawbacks
of each approach. Model (GQ) can actually be seen to be a variant of the model (UQ)
albeit under a modification of the definition of the contraction operator itself — see
Section (5.5.2), and especially Remark (5.5.11) for an equivalent characterization of
the model (GQ)

5.2.3 Comparison with Related Work

Our iteration (5.3) represents a generalization of the iteration in Zhu and Miiller [80],
by combining their notion of a-contraction (which they call distributional scalar mul-
tiplication), with the functional structure of the model (3.1). Specifically, Zhu and
Miiller [80] considered autoregressive models for distributional time series, based on
the iterative system of optimal transport maps

T, =T, o [aTi1]. (5.4)

This is a special case of our system (5.3) when S is fixed to be the identity map id(x) =
x. Their clever a-contraction, combined with classical results on iterated random
function theory, allows one to deduce the existence of a unique stationary solution
to the iteration (5.4) thanks to the contracting effect of & for -1 < ¢ < 1 (and some
additional technical assumptions).

However, basing a distributional autoregressive model on this system is restrictive in
two important ways:

1. As a stochastic model, the system (5.4) is parametric and univariate: the only
unknown is the scalar coefficient ¢ € (—1,1). Correspondingly, when bas-
ing our model on that iteration (with any of the three interpretations specified
in the previous section), the temporal dependence of y; on y;_1 will be com-
pletely specified up to an unknown scalar parameter. This is reminiscent of
autoregressive models on the real line but is arguably overly restrictive in a
functional data analysis (or even multivariate analysis) setting, where the tem-
poral dependence is very likely more complex. A genuinely functional model
would replace the scalar coefficient with a suitable functional coefficient, e.g. a
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non-linear operator.

2. If a stationary solution to system (5.4) exists, then it must satisfy E(T;) = id. To
see this, recall the definition of the scalar multiplication (5.1) and observe that

E[T:] = E[Tin1] = E[E[T;1|T]] = E[aT;].

This is consequential if using the sequence T; to induce a distributional time
series {y;}. In the (I) model, where T; models the increments between con-
secutive y;, this implies that the conditional Fréchet mean (in the Wasserstein
metric) of y; given p;_1 is exactly equal to p;_1, a sort of ‘Fréchet martingale’.
Effectively this trivializes the regressor relationship to be an identity - there is
no modeling flexibility for the conditional mean, only the conditional variance
(via a). In the (UQ) model, where T; = F,, ! is taken as the quantile function of
i, the fact that E(T;) = id implies that the distributional autoregression model
can only admit the uniform distribution as its Fréchet mean (with respect to
the Wasserstein metric). There is no flexibility in the modeling of the marginal
mean.

By contrast, models based on our system (5.3) are genuinely functional, since on
account of the unknown transport map S. Furthermore, our model can accommodate
any distribution as its Fréchet mean: given any optimal map T € 7, there exist S and
a such that E(T;) = T.

The optimal map interpretation of our system (5.3) is an auto-regressive modifica-
tion of the distributional optimal transport regression model (3.1). By direct analogy,
an autoregressive model (optimal map interpretation) for a time series of distributions

{1;} would be defined as
pi = Te, #(S#pi-1),

which is equivalent to model (5.3) when @ = 0 and when we interpret T; such that y; =
Ti#pi-1, i.e. the optimal map interpretation. If we take the quantile interpretation,
the two models are again related for @ = 1 since model (5.3) is equivalent to

F7l=T,0SoF\.

However, assuming the noise maps T, are close to identity, one observes that
the series of CDFs F;” ! would stabilize around a step function where the position of
the jumps coincide with fixed points of the map S, and therefore the distribution y;
would oscillate around a mixture of Dirac measures. This is where we combine the
functional structure of model (3.1) with the scalar “contractive effect” introduced by
Zhu and Miiller [80] - intuitively, the magnitude of @ regulates the non-degeneracy of
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the model. The next Section demonstrates that this combined extension does indeed
yield a unique stationary solution.

5.2.4 Existence of Unique Stationary Solution

We now turn to establish the existence of a unique stationary solution for the system
(5.3). We will use the results of Wu and Shao [76], extending to our iteration (5.3) the
steps follows by Zhu and Miiller [80] in the context of iteration (5.4). Let {T, }i.\i L bea
collection of independent and identically distributed random optimal maps satisfying
E{T.,(x)} = x almost everywhere on Q. Define ®;, Oim:T — T by

(I)l(T) :f(T7T€, OS) = Tei o S o [O.’T]
By (T) = D0 Dj_g 0+ 0 Dy_py1 (T).

The following assumption stipulates

Assumption 5.2.1. (Moment Contracting Condition [76]) Suppose there exists >
0,00 € 7,C > 0andr € (0,1) such that

E ||®:m(Q0) — ®im(T)||2 < Cr™ 1Qo = TI|2 (5.6)

holds foralli€ Z,m e N and allT € 7.

Lemma 5.2.2. Assume the parameters of the model (5.3) satisfy the Assumption 5.2.1.
Then for all T € T, T; = limmoeo Ci),-,m(T) € T exists almost surely and does not
depend on T. In addition, T; is a stationary solution to the following system of stochastic
transport equations:

Ti=T,o0S0[ali], i€Z

and is unique almost surely.

Remark 5.2.3. Zhu and Miiller [80] proposed a specific parameter condition for their
model that ensures Assumption 5.2.1 is satisfied. We provide a similar sufficient condition
for the parameters of Model (5.3) that also guarantees the satisfaction of Assumption
5.2.1. Let L¢ be constant such that E|T.(x) — T.(y)|*> < L?|x — y|®. Assuming a > 0,
if |IS(x) — S(y)| < Lslx — y| and aLsLe < 1, then Model (5.3) satisfies Assumption
52.1 withn = 2 and r = \aLsL.. Similarly, if « < 0, suppose the aforementioned
conditions are met and define 7;, ={T € T : 0 < L; < T’ < L, < oo} and assume
{T;} € 71, € T (see Lemma 5.5.1). Then Model (5.3) also satisfies Assumption 5.2.1

withn =2 andr = VaLsLe.
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5.2.5 Estimation and Statistical Analysis

We consider a time series of continuous distributions y; € ‘Wo(Q) and correspond-
ing time series T; € 7, which are related by one of the models from section 3.2.
Although the methods to obtain T; may differ for each model, we can always obtain
T; by observing y;. Our analysis is thus applicable to all three models studied, but
in each different model, the T; will represent a different feature of the distributional
time series. For the remainder of our analysis, we assume that T; is a (the) stationary
solution obtained from system (5.3).

As discussed in Section 5.2.3, when S is fixed a priori to be the identity, our iter-
ation (5.3) will reduce to that of Zhu and Miiller [80]. In this simplified setting, Zhu
and Miiller [80] use the fact that « is the minimizer of E ||T;z1 — [aT;] ||% to obtain a
closed form expression for « as

/Q EL(T1 (x) — (T, () — )] dx

/ E[(T,(x) - x)°] dx
Q

when a € [0,1) or

/Q EL(To1 (x) — ) (x — T, ()] dx

JECEEAOIEER
Q

when «a € (—1,0). These show that « can be interpreted as the autocorrelation coef-
ficient, and can be estimated by its empirical version, which allows for a straightfor-
ward path to consistency and parametric rates of convergence.

However, our more general iteration (5.3), involves an arbitrary non-decreasing
map S that also needs to be estimated. Consequently, not only are there no closed
forms for the estimands (a, S) but the estimation problem becomes distinctly non-
linear.

To motivate our estimators, we note that if S were known, then « could be es-
timated by non-linear least squares, as the minimiser of % 2?:,1 [|So [aT;—1] — Tng.
On the other hand, if « were known, then a natural candidate to estimate S would be
the ergodic average

This is because the definition of the iteration T; = f(Tj_1;T,, 0 S) = T, o S o [aT;_1],
combined with the assumption that E[T¢, (x)] = x, yields that

E{Tj o [aTj-1]7'} = E{T;, 0 S} = S.
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Since Sy o is available in closed form for any choice of «, this suggests plugging the
expression Sy o for S into the sum of squares, to obtain an objective that depends
only on @. Minimising the said objective over a one obtains an estimator &, which
automatically induces an estimator of S in the form of Sy 4.

Formally, we define the estimators (dn, Sn.ay) of (a, S) as follows:

an = arg min My (a), (5.7)
[24

where

N
1
My (@) = & ;ga<n_1,n,sN,a>
9a(Ti-1, T3, S) = IS o [aTi—1] = Till3 (5.8)

N
1 -1
SNa = 5 JZ; Tjo [aTj-1] ™"

To analyse the behaviour of our estimators, we also define the following popula-
tion quantities:

Se = E[T; 0 [aTj_1]7"]

(5.9)
M(a) = Ega(Ti-1,T;, Sq).

The left-hand sides do not depend on j due to stationarity, which will be assumed
throughout.

For the sake of clarity, we will henceforth denote the true parameters of the model
using boldface fonts, namely as (a, S).

Theorem 5.2.4. If the true parameters of the model are (@, S), then So = S.

Proof. For the true a, we have

Se =E[Tjo [@Tj1]7']
=E[T, 0Sc [aTj1] o [aTj1] "] (5.10)
=E[T, 28] =S

O

We show the consistency of the estimators (an, Sy 4, ) in the following 4 steps
corresponding to the lemmas 5.2.5, 5.2.7, 5.2.8 and Theorem 5.2.9 respectively:

+ « is the unique minimizer of M(a).
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+ Sn.« converges uniformly (with respect to @) in probability to S, in L2.
« My (a) converges uniformly in probability to M(«).

« we conclude the consistency (and identifiability) using the M-estimation the-
ory.

Lemma 5.2.5. (Unique Minimizer of M(«)) For any a # a we have
M(a) = Ega(’Tl—la 7}) S(Z) < Ega(Ti—L ’Tiasl)() = M(a)s

where « is the true a.

Now we show that Sy, converges to S, in probability for any « and also prove a
central limit theorem (CLT) for Sy 4.

If « = «, then it is straightforward to argue that Sy o converges to S, : first note
that for any x € [0, 1], the strong law of large numbers yields that

N N
Sva(0)= 1 D Tjo [alj 1] (1) = = 3T, 0 8(x) = EIT,, o8] (x) = S(x).
=1 =1

Therefore the terms in the expression are independent and identically distributed
with mean S. From Theorem 5.2.4, we know that the true S = S,. Therefore in this
case that @ = &, Sy converges in probability to S, = S. However, in general, when
a # o the terms T; o [och_l]_1 are not independent for different j. Therefore, we
first show that since {T;} satisfies the moment generating condition, we can quantify
the dependency between the terms in the sequence Tj o [aTj_1]~! and apply CLT
methods developed for functional time series.

(o)

Lemma 5.2.6. A sequence {T,,};°__, that satisfies the geometric moment contracting
condition (5.2.1) for n. > 2, also satisfies the conditions (1.1),(1.2),(2.1) and (2.2) of
Horvath et al. [33]. Namely, assume

T, = f(ens €n—1,""" ),

where {€} is an independent copy of {€;} defined in the same probability space. Then,
letting

Tr:,m = f(en’ €En—1,""" 5 €n—m+1, e;l_ma e ), (511)
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forany 0 < 6 <1 we have
D UEIT = Ty l|5) 2 < oo, (5.12)
m=1

Lemma 5.2.7. (Central limit for Sy o) Suppose the parameters of the iteration (5.3)
satisfy the Assumption 5.2.1. Then for any a, there is a Gaussian process I, such that

d
VN(Sn.a — Sa) — Ty, in L2

Also,
sup ”SN,a - Sa”Q = OP(l)
24

Lemma 5.2.8. Suppose the parameters of the iteration (5.3) satisfy the Assumption
5.2.1. Then for any a, there is a o, > 0 such that

VN[My () - M(@)] = N(0,57).

Moreover,
sup |My () — M(a)| = op(1).
a

Theorem 5.2.9. (Identifiability and Consistency) Under Assumption 5.2.1, the param-
eters of the iteration (5.3) are identifiable and (an, Sn 4, ) are consistent estimators for

(a,S).

Theorem 5.2.10. (Rate of Convergence) Let7;,, ={T € T : 0 < L; < T' < L, < oo}
and suppose {T;} C T, C T . Under Assumption 5.2.1 and twice differentiability of the
T;, we have

NZlay - a| = Op(1),

NZ |[Sn.an = S|, = Op(1).

5.3 Simulation Experiments

In this section, we probe the behaviour of our models, and the finite sample perfor-
mance of our estimation framework, via simulation. To generate the noise maps T,,
we use the class of random optimal maps introduced in Section 3.3.

Each plot in Figure 5.1 corresponds to a time series simulation with a different
combination of S and e@. Each column corresponds to a different value of @ €
{=0.9,-0.5,0,0.5,0.9} from left to right. In the three top rows, S is chosen to be
{x (see Section 3.3 for the definition) for K = {-6, -4, —2} from top to bottom. In
row four, S is the average of {1 and an instance of T,. Rows five and six exemplify the
method on non-differentiable and discontinuous maps S respectively.
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Plots that fall within the bounding red rectangle correspond to settings where
our theory is guaranteed to apply. Plots outside of that rectangle are not guaranteed
to be covered by our theory: they either distinctly violate our assumptions (such as
the last row where the true map is not continuous, as required) or we cannot confirm
whether the assumption 5.2.1 holds true. Starting from the identity map, we generate
a time series with 300 iterations and discard the first 100 maps of the series. The
remaining 200 maps {7;} are shown in light blue, the true map S is in dark blue, and
the estimated map is in orange. For each time series, we show the estimated & and
the error between the estimator and true map in ||.||-norm.

As expected from Remark 5.2.3, smaller values of || lead to time series which
apparently oscillate around the mean of the stationary time series, which in turn leads
to the convergence of our estimator with respect to the true map. In particular, good
agreement is seen between the estimator and true map for values of || up to 0.5 at
least, only noticeably failing for & = 0.5 in the discontinuous map case (where our
theoretical guarantee does not apply due to the discontinuity).

Larger values of || can still lead to similar stationary state time series (some-
times even outside of the red rectangle, where our theoretical guarantees apply) but
with naturally larger oscillations. Still, a good agreement between the estimator and
ground truth is observed. This can depend on the choice of map S and the precise
value of «. For instance, in the third, fourth, and fifth rows, when &« = -0.9. In
the remaining rows of the first column, the stationary state behavior changes to a
period-two time series (with noise) where the maps oscillate alternatively between
two maps related by inversion (recall that negative values of & imply an inversion of
the map T;_; at each time step). Nevertheless, the estimator is able to capture features
of the S map that are not visible in the time series itself: notably, the discontinuous
step in row six is present in the estimated map.

In the other extreme of = 0.9, the time series maps are close to step-like func-
tions with some variation in the step height. The maps are in fact still oscillating
around the mean of the stationary time series that is very close to the step-like map
S, which is the mean of the solution to the model (5.3) when ¢ — 1, thatis Ty = SoT.
However, the performance of the estimator is the worst in this limit.

Do note that the family of maps {k (x) is not symmetric with respect to inversion
in the sense that the derivative of {x(x) is 0 at some fixed points ({x(x) = x) but
is never infinite, and therefore the random maps T, which are derived from {x (x),
are biased in this way. For this reason, the vertical variance observed in most maps
is much more pronounced than the horizontal one, which is very clear in the case
a=0.9.
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a=-0.9 a=—-0.5 a=0.0 a=0.5 a=0.9
&= -0.90,err=1.1e - 02 G=-0.50,err=2.0e - 03 G=-0.02,err=2.5e - 03 &=0.53,err=3.8e - 03 G=0.73, err = 3.0e - 02
10 1.0 1.0 10 1.0
0.8 0.8 0.8 0.8 0.8
0.6 0.6 0.6 0.6 0.6
0.4 0.4 0.4 0.4 0.4
0.2 02 02 0.2 0.2
0.0 0.0 0.0 0.0 0.0
0.00 025 050 075 1.00 0.00 025 050 075 1.00 .00 025 050 075 1.00 0.00 025 050 075 1.00 0.00 025 050 075 1.00
&= -0.90, err = 1.6e — 02 G=-0.47,er=3.3e-03 G=-0.01,err=42e-03 G=0.45,err=77e-03 G=0.72,err=2.2e - 02
10 1.0 1.0 10 1.0
0.8 0.8 0.8 0.8 0.8
0.6 0.6 0.6 0.6 0.6
0.4 0.4 0.4 0.4 0.4
0.2 02 02 0.2 02
0.0 0.0 0.0 0.0 0.0
0.00 025 050 075 1.00 0.00 025 050 075 1.00 .00 025 050 075 1.00 0.00 025 050 0.75 1.00 0.00 025 050 075 1.00
&= -0.90,err=2.8e — 03 &= -0.51,err=2.6e—03 &= -0.00,err=1.8e - 03 @=0.49,err=52e-03 &= -0.01,err=2.1e-01
1.0 1.0 1.0 1.0 1.0
0.8 0.8 0.8 0.8 0.8
0.6 06 06 0.6 0.6
0.4 0.4 0.4 0.4 0.4
0.2 02 02 0.2 02
0.0 0.0 0.0 0.0 0.0
000 025 050 075 1.00 000 025 050 075 1.00 00 025 050 075 1.00 000 025 050 075 1.00 000 025 050 075 1.00
a=-0.90,err=1.5e - 03 &= -0.48,err=2.5e - 03 G=0.04,err=5.5¢ - 03 &=0.50, err = 2.0e - 03 G=0.86, err =4.9e — 02
1.0 1.0 1.0 1.0 1.0
0.8 08 0.8 0.8 08
0.6 06 06 0.6 0.6
0.4 0.4 0.4 0.4 0.4
0.2 02 02 0.2 0.2
0.0 0.0 0.0 0.0 0.0
000 025 050 075 1.00 000 025 050 075 1.00 00 025 050 075 1.00 000 025 050 075 1.00 000 025 050 075 1.00
a=-0.90,err=3.4e - 03 G=-0.53err=4.3e-03 G= -0.01,err=4.4e - 03 @=0.41,err = 3.4e - 02 G=0.86, err =1.0e - 01
1.0 1.0 1.0 1.0 1.0
08 08 08 0.8 08
0.6 06 06 0.6 06
0.4 0.4 0.4 0.4 0.4
0.2 02 02 0.2 0.2
0.0 0.0 0.0 0.0 0.0
000 025 050 075 1.00 000 025 050 075 1.00 00 025 050 075 1.00 000 025 050 075 1.00 000 025 050 075 1.00
&= -0.90,err=2.7e - 02 G=-0.41,err=77e-03 a=-0.02,err=1.7e - 03 @=0.38, err = 7.0e - 02 G=0.89,err=1.3e-01
1.0 1.0 1.0 1.0 1.0
0.8 08 0.8 0.8 08
0.6 06 06 0.6 06
0.4 0.4 04 0.4 0.4
0.2 02 02 0.2 02
0.0 0.0 0.0 0.0 0.0
000 025 050 075 1.00 000 025 050 075 1.00 00 025 050 075 1.00 000 025 050 075 1.00 000 025 050 075 1.00

Figure 5.1: Estimated map (orange) versus the true map (blue) for different combinations
of a and S. The light blue line represents the simulated time series, while the green line
represents the id map. Each column corresponds to a different value of «, ranging from
—0.9 on the left to 0.9 on the right. The top three rows show results for S = {x where K
is chosen from {—6, —4, -2} from top to bottom. In the fourth row, S is the average of ()
and an instance of T,. The fifth and sixth rows demonstrate the method on non-differentiable
and discontinuous maps, respectively. The cases within the red rectangle are covered by our
theoretical guarantees.
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5.4 Illustrative Data Analysis

In this section, we consider the distribution of minimum daily temperatures recorded
in the summer of the years from 1960 to 2020 from several airports in the USA (avail-
able at www.ncei.noaa. gov). That is, the years are taken as the time index, and
for any given time index we observe a distribution over the temperature scale (rep-
resenting the distribution of minimal temperatures over that year’s summer). Thus,
each airport gives rise to a distributional time series. This data set has been also anal-
ysed by Zhu and Miiller [80] to demonstrate their own distributional autoregressive
model, which allows for constructive comparison.

We examine the daily minimum temperature for June, July, August, and Septem-
ber from 1960 to 2020 in four locations: Chicago O’Hare International Airport, At-
lanta Hartsfield-Jackson International Airport, Phoenix Airport, and New Orleans
Airport. The corresponding distributions are displayed in Figure 5.2.

Chicago Atlanta
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0.04
0.06
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0.01 0.02

0.00 0.00
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Temperature (F) Temperature (F)

Phoenix NewOrlean
0.12

0.10

0.08

0.06

0.04

0.02

0.00
50 60 70 80 90 50 55 60 65 70 75 80 85
Temperature (F) Temperature (F)

Figure 5.2: Time series of distribution of daily minimum temperature in summer from 1960 to
2020 at Chicago Ohare international airport, Atlanta Hartsfield Jackson international airport,
Phoenix airport, and New Orleans airport. The shading reflects the time index: the fainter
the curve, the earlier in time it corresponds to.

The map sequence elicited by adopting the increment model (Model (I)) is shown
in Figure 5.3a. These maps are obtained by calculating the optimal maps between
consecutive annual temperature distributions for each location. These maps exhibit
oscillations around the identity, except in the subdomains corresponding to extreme
temperature values. In the lower extreme, the maps impose a cutoff on the lower end
of the support of the temperature distribution, while the higher end is pushed towards
higher values and eventually reaches the extreme of the support. This implies that
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extreme temperatures are increasing, indicating that the coldest and hottest nights in
summer are becoming hotter.

Figure 5.3b presents the estimates of S obtained using Model (I), where the esti-
mated @ was found to be 0 up to three decimal points for all airports. This suggests
that the optimal maps T; are independent from each other and, on average, they are
equal to the estimated maps S presented. The estimated S maps are very similar across
all airports, effectively being the identity map in the middle portion of the support
and above the identity at the extreme points.
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— T — T —— Estimated S —— Estimated
80 Identity 807 Identity 80 Identity L Identity
754 / 75
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@ e 707 ¢ / g 70 /
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55 55 /
401 £ 50 == 40 / 50
40 50 60 70 80 50 60 70 80 4 50 60 70 80 50 60 70 80
Temperature (F) Temperature (F) Temperature (F) Temperature (F)
Phoenix NewOrlean Phoenix NewOrlean
— T 851 — i — Estimated S 857 — Estimated S
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Y /
ny T 75 z c75 /
280 £ 70 g8 £70 /
5 570 5 5
& 70 g 651 870 y 865
£ E £ / £
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Temperature (F) Temperature (F) Temperature (F) Temperature (F)

(a) (b)

Figure 5.3: (a): Time series {T;} (blue) based on model (I) and identity map (orange) for the
four locations. (b): Estimated map S (blue) and identity map (orange). Faint blue shading
corresponds to early years, and bold shading to later years.

Examining the maps generated by fitting Model (I), i.e. computing the optimal
maps between consecutive annual distributions in Figure 5.3a, we can observe an
increasing trend in the cutoff value of the lower endpoint over time. This implies that
the time series of optimal maps may not be stationary. Of course, the S maps are not
able to capture the overall increase in the cutoff value of the lower end over time:
the plateaus of the S maps are just the averages of the optimal maps T; and don’t
show this trend. Indeed, a problem of modeling such data is that the system may be
dynamically evolving due to factors like global warming, and it is not obvious a priori
if stationary regimes exist that can be captured by our models.

However, using the uniform quantile model (Model (UQ)), the resulting maps
are more interpretable and reveal more refined dynamics beyond the cutoffs at the
extremes. To obtain these maps, we fitted iteration (5.3) to the time series of quantile
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functions of the temperature distributions. The quantile functions are shown in figure
5.4a. The resulting estimated maps S are in figure 5.4b, and the estimated & for the
four airports are {0.39,0.80, 0.89, 0.89}. All the maps show a cutoff at the lower end
and a fixed point in the second half of the support where the derivative is smaller
than 1. The fixed point implies a point of stability, and the derivative means there is
a trend towards a concentration of weight around this point, that is, if we start the
time series at a Gaussian-like distribution of mean different from the S fixed point, the
distributions in the time series will progress towards Gaussian-like distributions of
mean approaching the fixed point. Again, the model may be failing to capture a trend
of ever-increasing temperature, or it may be implying a stabilization at temperatures
given by the fixed points, which will become the new norm.
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Figure 5.4: (a): Time series of quantile functions (blue) based on model (UQ) and identity
map (orange) for the four locations. (b): Estimated map S (blue) and identity map (orange).
Faint blue shading corresponds to early years, and bold shading to later years.

Even if the model is possibly misspecified, the estimated maps S are still able to
condense several features of the time series of distributions. Namely, the reduction
of extreme cold events and the progression toward higher modal temperatures which
may or may not be static.

There is an interesting observation to be made given that the estimated ¢ when
fitting the intercept model (I) is numerically 0 while it is in (0,1) when fitting the quan-
tile model (UQ). Specifically, in combination, these results suggest that the quantile
model is, in a certain sense, a better fit to the data. The reasoning is as follows. Recall
that the increment model (I) with = 0 is equivalent to the quantile model (UQ)
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when « = 1, and corresponds to “trivial dynamics” (random walk). Therefore, when-
ever fitting model (I) results in an estimated « that is nearly zero, then the best fitting
model of type (I) is in fact a (UQ) model. In which case we have evidence to prefer
a (UQ) modeling approach instead, which will correspond to non-trivial dynamics.
Conversely, if fitting model (UQ) yields an estimated « near 1, it may be preferable
to use model (I) instead.

5.5 Proofs

Proof of Lemma 5.2.2. The proof is directly analogous to that of Theorem 2 in Wu and
Shao [76] and theorem 1 in Zhu and Miiller [80]. O

Proof of Lemma 5.2.5. We prove the theorem in the following 4 steps:

1. Given a function f € L2, and a random function € such that E(e) = id, we can
show that
argmhin Ecllh—¢€ of||g = f.

To do so, we can apply Fubini’s theorem and rewrite the expression as follows:

/ / Ih(x) - e(f ()] dx de = / / Ih(x) - e(f ()] de dx

Since E.[e(f(x))] = f(x) for any x, the minimizer of the inner integral on the
left-hand side is h(x) = E[e(f(x))] = f(x).

2. We will now demonstrate that for any fixed T; and T;_1, as well as for all a, the
following inequality holds:

Ee [ga(Ti—L T, Sa)] < Ec [ga(Ti—L T, Sa)] .

Let us define f(a,T) = S, o [aT]. Note that for all indices i, we have

(T Ti-1,Sa) = ||Su © [aTiz1] = T, © Sqr o [@Tiy 1|[2

, (5.13)

= ||f (e, Ti-1) = T, o f(e, Ti-n)|| -
Using the result from part 1 and the equation (5.13), we can conclude that if
there exists an a such that f(«, T;—1) minimizes the expression E¢ [go (Tj-1, Tj, Sor) |
in equation 5.13, then we must have f(«,T;—1) = f(«&, T;—1). Therefore, we ob-
tain the desired inequality.
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3. We now aim to prove that for any «, we have
Elga (Ti-1, T, Sa)l < E[ga(Ti—la T;,Sa)].

We start by denoting by 7 the marginal distribution of T;, and Q the marginal
distribution of the pair (T;-1,T;). Then, we can express the expectation of
9o (Ti—1, T;, Sg) as follows:

EQ [ga(Tifls T, Sa)] = En[Eega(T}fla T;, Sa) |Ti71] .

By using part 2 of the proof, we know that « is a minimizer for the inner
expectation of the right-hand side, i.e.,

Ee{ga(Ti—L T; Sa) |Ti—1} < Ee{ga(Ti—la T; Sa)lTi—l}’

and this for all T;_;. Therefore, taking the expectation over T;_;, we get
EQ [ga(Tz—L ’Tb S(l)] S EQ [ga(Ti—L ’Tia S(l)] .

4. Finally we can conclude that « is the unique minimizer of M(«). Suppose
there exists an « such that E[gy(Ti-1,T;, Sor)] = E[ga(Ti-1,T;,Se)]. Using
parts 2 and 3, we can deduce that for each fixed T;, T;—1, Ec[9a (Ti-1, T;, Se)] =
Ec[ga(Ti-1,Ti, Si)]- Then using equation 5.13 we can conclude that, for all in-
dices j,

Sa o aTj] =Sq o [aTj].

If Sq o aTj = Sy o [aTj] for all j, we can deduce S, = Sy o [aTj] o [osz]‘1
for all j. However, note that while S, is deterministic, the right-hand side is
deterministic (and not random) if and only if @ = . This is because if @ # «,
then the right-hand side depends on T}, which is a random variable.

O

Lemma 5.5.1. ForanyT,S € 7 we have ||T_1 - 5_1”2 < VT = Sl|ly. Moreover, let
Tu={T€T :0<L £T <L, < oo}. ForanyT,S € 71, € T we have
||T_1 - 5_1”2 S |IT = Sl|y. In summary, there existsb € [%, 1] such that”T‘1 - S_1||2 <
|IT - Sllgfor anyT,S e T.

Proof. LetT,S € 7. For some constant C’, we have: “T‘l - 5_1”2 <C HT‘1 - 5_1”1,
because the functions are bounded. Moreover, HT‘1 - 5_1”1 = ||T — S||;. And, finally,
by applying the Cauchy-Schwarz inequality, we get ||T — S||; < C+/||T — S||5, where
C is a constant. Therefore, we conclude ||T_1 - 5_1”2 < CIIT = S|l-

87



Chapter 5. Autoregressive Models via Iterated Transportation

When T, S € 7}, we can write

1
||T—1—s—1||§=/ 1T~ (x) = $71 (x)* dx
0
1
- /O Tl oS —yS'(dy  (5'(x) =)

<L, / T 0 5(y) — yP dy

< Lu/ |z -5t oT(2)|? T'(z)dz (T1oS(y) =2)

S'(S Lo T(2))

L
gL,,L—‘l‘/|z—s—1oT(z)|2dz
L, 1 1
sLuL—”L—/IS(z)—T(z)Ide (Vxy -yl < —1SG) =S
1 Ll 1
L2
<2 Is-TJ3.
2 l 12

(5.14)

Lemma 5.5.2. There exists a constant % < b < 1 such that the following inequalities
hold:
HSa1 - Sa2“2 < |C(1 - 6(2|b9

and
||SN,a1 - SN,O!2||2 S log — aol”,
and
9err (Ti-1, T SNar) = Gz (Ti-1, T Shaz) < C(T) o1 — 2",
where % > E[C(T)] = 0(1).

Define 7, ={T €7 :0<L; <T <L, <oo}. If{T;} C T1y, thenb = 1 in the
above inequalities.

Proof. To begin with, it should be noted that given any two real numbers a1, a2 €
(-1, 1) with the same sign, and for any given map T, we have the following inequality:

[{erT] = [eaT]lly < Clay = aal,

where C is a constant. In fact, it suffices to consider the definition of [aT] for the

cases when o > 0 and a < 0 separately. Using Lemma 5.5.1 we can write that for
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some 5 < b <1,

N|—

ISees = Sealy = |[ELT; 0 [eaTj—11711 = E[T; o [a2Tj-11711]),

(5.15)
< LC|ay — asl’,

where L is the common Lipschitz constant for all T;. Similarly

“SN,a1 - SN,a2||2 < Lloy — agl”,

We now proceed to show that both Sy, and S, are Lipschitz functions of x. To
do this, we observe that the inverse of a Lipschitz function is Lipschitz, and also the
composition of two Lipschitz functions is Lipschitz. Since all T; are Lipschitz and Sy,
and S, are defined as compositions, they are also Lipschitz with respect to x.

We will now show that g is Lipschitz function of a:

9o (Ti-1, T1, SN,aty) = G (Ti-1, Ti, SNt
= ||SN.e, © [n T3] - Ti+1||2 —|ISN.az © [22Ti] - Ti+1”§
< |Swan © [1Ti] = Snas © [O!QTi]HQ
< |ISvan © [ Til = Snay © [@2Til, (5.16)
+||Sn.a © [@2Ti] = Snas © [2Til|,
< D(T) a1 — ao| + C(Ty) o — ez
< C(T) oy — ol

where D(T;) and C(T;) are constants that depend on T; and > ; E[C(T;)]/n = O(1). O

Proof of Lemma 5.2.6. LetT,_p, = f(€n—ms €n-m-1,---,)andT,_, = f(e,_,.€
Thus we can write Ty, = @ (Ty—m) and T, ,,, = @p (T, ,,)-
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Z(E ”Tn - Tr:,m”;)l/Q = Z (E ”q)n,m(Tn—m) - q)n,m(Tr:—m)Hi)l/2
m=1

3
o

(E|nm (Tr-m) = P (Q0)|[2)2

Me

<
1

+ (E [ @nm (T ) = D (Q0) [

3
I

(Lyapunov’s inequality) ~ < i(E”q)n,m(Tn_m) = Dy Q)| (5.17)
m=1
+ (E[|@nm (T ) = Bam(Qo)[[)”
(Assumption 5.2.1) < i Cr™ (| Tozm = Qolla V | Tn— = Qoll,)
e
O

The following statement is virtually obvious, but is used multiple times in the
proofs below and so is most easily quoted directly:

Lemma 5.5.3. Let {X;} be a sequence of random variables, and suppose that W,, :=
d
\/ﬁ(% 21 Xi —p) — W for some (almost surely finite) random variable W. Then,

1yn
n i=1

X; converges in probability to p.

d
Proof. By Slutsky’s Theorem, we get n™'/2W,, — 0, which also implies convergence
in probability to zero. O

Proof of Lemma 5.2.7. We start by using Lemma 5.2.6 to conclude that the series {T; —
ET;};2 _, satisfies the assumptions (1.1),(1.2),(2.1) and (2.2) of Horvath et al. [33]. From

-1y
I=—00

this, we can argue that the series {Tj o [aT;_1] ! —ETjo [aTj-1] also satisfies
those assumptions and therefore we obtain the following central limit theorem for

SN, for any a, there is a Gaussian process I}, such that

d
VN(Sn.a — Sa) — Ty, in L%

Using the central limit theorem and Lemma 5.5.3, we can infer the convergence in
probability of Sy 4 to S, for any « (in L?). Since both S, and Sy are globally Lipschitz
with respect to «, in the sense of Lemma 5.5.2, we can use Corollary 3.1 of Newey
[49] to obtain uniform convergence in probability:

sup ”SN,a - SO(”2 — 0 in probability.
24
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5.5.1 Overview of Wu and Shao [76]

In their work, Wu and Shao [76] investigated the properties of nonlinear time series
expressed in terms of iterated random functions and established a central limit the-
orem for additive functionals of such systems. The construction involves a sequence
of functions of the form X, (x) = Fg, o Fy, , o --- Fp, (x). The authors assume that
X, satisfies a geometric moment condition, which requires the existence of § > 0,
C=C(a) >0,and r = r(a) € (0,1) such that, foralln € N,

E{p(Xn(X)). Xn(X0))’} < Cr™. (5.18)

In addition, they define the [-dimensional vector Y; = (Xj_141, Xj—142,- -+ , X;) and
for any § > 0, they introduce the functional A4(6) as

Ay(8) = sup{“[g(Y) —g(YD]1,vy) < 5” :Y,Y; areidentically distributed},

Where p(.,.) is the product metric and is defined as

p(z.2') =

1
Dbl forz= (e @7 = (& 7).
i=1

Finally, the functional S,,;(9) = 2.;=; 9(Xi—1+1, Xi—142, - - - , X;) is defined. The authors
establish the following central limit theorem for this functional:

Theorem 5.5.4. (Wu and Shao [76, Theorem 3]) Assume that (5.18) holds, that X1 ~ o,
E{g(Y1)} =0, and E{|g(Y1)|’} < oo for some p > 2, and that

1
/ B(0) < oo. (5.19)
0

t

Then there exists a o, > 0 such that, for w-almost x, {S|nu}1(9)/Vn,0 < u < 1}
conditional on Xy = x, converges to o,B, where B is a standard Brownian motion.

A function that satisfies (5.19) is referred to as stochastic Dini continuous. Using
Theorem 5.5.4 to derive a central limit theorem for My poses a problem: Theorem
5.5.4 uses fixed-length sub-sequences of the time series, i.e., (X;_j+1, Xi—142, - -+ » Xi),
as arguments for the function g, however the arguments of the function g that ap-
pears in the expression of My in 5.7, include not only (T;_1, T;), but also Sy 4, thus
making it dependent on the entire time series. Therefore, Theorem 5.5.4 cannot be

applied directly, and a modified version is required. We present a modified version of
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Theorem 5.5.4 that is specifically tailored for functions of finite dimensional random
variables, followed by another modification that is suitable for functionals of infinite
dimensional variables.

Corollary 5.5.5. (Modified version of Wu and Shao [76, Theorem 3] for finite dimen-
sional arguments) Suppose Z,, is a measurable function of (X1, Xo, -+ ,X,) such that
Zn converges in probability to some constant p. Let Y; = (Xj_141, Xi—142, -+, Xi), and
assume that g(Y;, ) is differentiable with respect to its second argument and that both
9(Yi, 1) and the derivative of g(Y;, i) with respect to its second argument satisfy the
conditions of Theorem 5.5.4. Then there exists o4 > 0 such that

Sn 2
% i N(O, O'g),

where S, = 2.1, g(V;, Zn).
Proof. By Taylor expansion, we write
9(Yi, Zp) = g(Yi, ) +g(0’1) (Y;, 1) (Z,, — ) + higher order terms.

Since ¢(%V (Y;, i) is only a function of Y; and of a constant y, by Theorem 5.5.4 we
have

IZ [9 (i, 1) — gV (Y, )] — N(0.52),

where ¥ 2 Y;. This implies that if N BN (0, 092,),We then have

1 1 & _
N v Zg(n, W]+ (N +VnEg*V (Y, 0))(Z,, — )

(5.20)
=72 Z [9(Yi, 1) + Eg ™) (Y, 1) (Zi = )] + N(Zp, = ).
Since N(Z,, — 1) = op(1), applying Theorem 5.5.4 we get
2 Z [9(Y;, 1) +Eg D (Y, 10)(Zi — )] = N(0,52)
O

Corollary 5.5.6. (Modified version of Wu and Shao [76, Theorem 3] for infinite dimen-
sional arguments) Suppose Z,, is a measurable function of (X1, Xo,- -+ ,X,) such that
Zn converges in probability to some constant p. Let Y; = (X;_141, Xi—142, -+ , Xi), and
assume that g(Y;, i) is Fréchet differentiable with respect to its second argument, and
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that both g(Y, ) and the Fréchet derivative of g with respect to its second argument
satisfy the conditions of Theorem 5.5.4. Then there exists o, > 0 such that

— N(0, 0'92),

Sl

where Sy = X" g(Yi, Z,).

Remark 5.5.7. The proof of this Corollary can be understood by following the same
steps as in the proof of Corollary 5.5.5, without the added technical complexities that
arise when dealing with the Fréchet derivative.

Proof of Corollary 5.5.6. Let Dy(Y;, u,v) denote the Frechet derivative of g with respect
to its second argument at u in the direction v. Assume Z, = j + v,, and apply the
Taylor formula for the Fréchet derivative (Kurdila and Zabarankin [40]) to get

g(Yla Zn) = g(Yla ll) + Dg(Yl; 'U, Un) + R(Yl; ll; Un),
where

[R(Y;, pt, 0,)] _

0.
lonll—=0  [lonll

Note that we can identify the Fréchet derivative with a bounded linear operator
as

Dg(Yla )ua Un) = <Dg(Yla I’[)i Z)Tl>’

Furthermore, as the Fréchet derivative is also stochastic Dini continuous, we can
apply Theorem 5.5.4 to obtain

% Z [(Dy(Yi, 1), 0n) = E(Dy(Y, 1), 0a) | = N(0, 07,),
i=1

where Y 2 Y;.

This implies that if N EN (0, O'gQ,), using the fact that the mapping Dy (Y, 1, .) is

linear, we get:

[g(Y;, ) + Dg(Yi, pt, Zny — )]

[9(Y:, 1) + (Dyg(Ys, 1), Zn — )]

[9(Y;, )] + (N X id +VnEDy(Y, ), Zp, — 1)
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= % Z[Q(Yb p) + EDg(Y, 1), Zi — py] + N(id, Z, — p) (5.21)
i=1

Since N{(id, Z,, — pty = op(1), and ECEDy(Y, p), Z; — ) = 0, we can apply Theorem

5.5.4 and conclude f/—% — N(0, ¢?) for some o. O

Lemma 5.5.8. The function go(T;—1,T;,S) = ||So [aTi-1] — T,||§ is Fréchet differen-
tiable with respect to S and satisfies the Taylor formula

ga(Ti—L T}a S + U) = ga(Ti—L ’Ti, S) + Dg(’Tl—ls ’Tiy Sa U) + R(’Ti—ls ’Tis 59 0),

where Dy(T;_1,T;, S, v) is the Fréchet derivative of g, with respect to S in the direction v,

and
IR(Ty-1, T S.0)| _

0.
llo]|—0 [lo]]

Furthermore, the mapping Dy(T;—1, T, 11, .) is both linear and bounded.

Proof. To begin, we show that g,(T;—1,T;, S) is Gateaux differentiable.

. ga(Ti—L T}ss+€v) _g(x(Ti—L ’I;s S)
1m

1
e—0 €
I [I(S +€0) o [aTi-1] = Till3 = IS o [aTi-1] = Till3
= l1imm
e—0 c
= lim €2 ||U o [(ZTi—l] ||% + 6(0 oal;_1,So [aTi—l] _ T1> (5.22)
e—0 €

=(vo[aTli-1],So [aTi-1] = Ti)
= Dg((Tla Ti—l)sS’ 0)'

As the above expression is linear and bounded with respect to v, it serves as the
Gateaux differential. As Dy(T;-1,T;, S) is Gateaux differentiable for every T and the
mapping T — Dy(T;-1,T;, S) is continuous, Corollary 4.1.1. of [40] guarantees that
Dy is also the Fréechet derivative. ]

Lemma 5.5.9. The stochastic Dini continuity condition (5.19) is satisfied by the function
Ga-

1A
Proof. We want to show fo # < oo, where

Ag(8) = sup { H[ga(Ti—L T:.8) = 9a(T_1. T, ) p((1i1.1).(T . T7)) <6 529
5.23
: T;, T/ are identically distributed}.

and p((T1, ), (13, ) = |1 = 77 + 17 - 3
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First, recall that g,(T;-1,T;,S) = [|So [aTi-1] - Tillg. When ¢ > 0, we have
||[aT,-_1] - [o:Tl.'_l]H2 <a ||Ti_1 - Ti’_1”2. When a < 0, we can use Lemma 5.5.1 to
conclude that ||[o:Ti_1] - [z)(Tl.’_l]”2 < o:HTi_l - Ti’_1||127 for some b > % As S is Lip-
schitz, we can deduce that Ag(t) < Cat?, for some b > 0. Therefore the integral is
finite. O

Proof of Theorem 5.2.8. From Lemma 5.2.7, we see that Sy, converges in probability
to S, and we also obtained a central limit theorem for Sy ,. Then Lemma 5.5.8 and
5.5.9 show that g, is Fréchet differentiable and stochastically Dini continuous, which
are sufficient conditions for Corollary 5.5.6 to be applicable, and yield a central limit
theorem for My (a) = % Zfil 9o (Ti—1, 15, SN o)

VN[My(a) = M(a)] — N(0,02).

Thus for any «, My () converges in probability to M(«). By applying Corollary
3.1 from Newey [49] and utilizing Lemma 5.5.2, which establishes that g, satisfies
Lipschitz continuity with respect to «, we can achieve uniform convergence in prob-
ability of My to M with respect to a:

sup [My(a) — M(a)] = 0 in probability.
O

Proof of Theorem 5.2.9 (Consistency). Lemma 5.2.8 implies that My converges uniformly
in probability to M with respect to a, and Lemma 5.2.5 shows that « is the unique
minimizer of M. By applying Van Der Vaart and Wellner [72, Theorem 3.2.3], we can
conclude that the estimator ay = arg min, My («) converges to the true parameter
arg min, M(a) = «. O

Lemma 5.5.10. Let 7, ={T € 7 : 0 < L; < T' < L, < oo} and suppose {T;} C Tj,,.
Then ]
ElMy(a)| s —.
N \/N

Proof. Note that

N
, 1 394(Tj-1, Tj, Sn.a)
My (@) = N Z o ’

j=1
and
2
09a(Tj-1, Tj,Sna) 0[S © [aTj-1] = T
reled B da
0
= [ 205w 0 1aT110) = T x 2w [aT)] )
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The expression |Sy,q o [@Tj-1](x) —Tj(x)| can be uniformly bounded. In what follows
we will explicitly calculate %S N« © [aT;](x) for a fixed j. The calculation is tedious
but elementary. To calculate the derivative we use the following fact: if f(a,x) =
C(a, y(x,@)), then

of  IC(a,y(x,a")) aC(a,y)  ay(x,a)
—_ = —la/:a + X .
ox ou ay oo

Using the above equation we can write:

ISn,a([aT}](x)) o a[aT;](x)

2 S © [0T71(3) = =8 ([o T (0) | +

d([aT;](x)) da
SN (y) ISN .« (Y) dlaT;](x)
==, lvlanle * a—yly:laTjJ(x) X
(5.24)

First, we derive the first term on the LHS of (5.24):

Bnay) _ 0 2 o
o= ) ooTio[alial )

i=1

If we consider one of the terms in this summation we have

oT;([aTi-1]1 71 (y)) y dlaTi-1] ™ (y)
dlaTi—1] 1 (y) o

d _
—TiolaTi-1] M (y) =
oo

5 (5.25)
=T/ (20 z,=[aT;-1] 1 (y) ¥ 5[“7}—1]_1(9)
Now to calculate a_aa [aT;_1]~ ' (y) note that:
2] 2] _
= Y a_a[aTi—l]([aTi—l] '(y))
9 - dlaTi1]([aTia] ™ (y) _ dlaTia] ™' ()
= —[aTi]([&'Ti-1] 7' (9) =
o [aTi-1]([@'Ti-1] ™ (Y) lar=a + el ] 1(9) X e
9 dlaTi1](z) dlaTi-1]~" (y)
= ¢ LT Gilemtarr ) + = e ) X T

(5.26)
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Thus
olaTio] ' (y) ) 1
o DGl @ emtan ) X e, ——
9z; zi=[aTi-1]17(y)
forO<a <1

1
(Zi - Ti—l(zi)) X a(Ti,_l_(Zi)_l)"’l zi:[aTi,l]_l(y),

1

a 100N oNe 1 3
(Ti_l(zl) zi) X AT G (T ] () for -1 <a<0,
(5.27)

And we can conclude that

P -
o TiolaTia] ™ ()
for0O<a<1

1
(Zi - T}—l(zi)) X a(Ti,_l_(Zi)_l)"'l zi:[aTi,l]_l(y),

1

NN S <
(TZ1(20) = 20) X Sty ey emlaTia ] (5) for —-1<a<0
(5.28)

=T/ (zi) X

With this, we have all the needed terms to calculate the left terms of (5.24). Now we

calculate the right term of (5.24):

N
aSNa(y) 1 ad -1
—_— = — —T; T
o N;ay o laTia] ™' ()
N
1 , 1
= 5 2T G)lemtan 1 ) X Siar i
P g lz=laTi 1 (y)
1 N ’ 1
N i1 I (zi) X AT D |, 1,11y for0<a<1
T )11 N 4 1
N Zi=1 Tl (Zl') X m zi:[q]"ifl]—l(y)’ fOI' -1 <a< 0
(5.29)

By plugging all the terms calculated above in (5.24) we get

0

= Sna 0 [aT1 ()
1 <N v zi—Ti—1(zi)+Tj(x)—x
~N izl I (z1) X a(Ti’fl(z,-)—jl)+1 LTl for0<ac<1 (5.30)
Ti:ll(zi)_zi+x_]“j71(x)

1 N ’
~ Ziz1 Tj (zi) % a(I— (T 1) (z))+1

for -1 <a<0,

zi=[aT;-1]7 ()

where y = [aT;](x).
The differentiability of My with respect to a follows from the equation above.

Similarly, if we replace Sy, with S,, the summations can be replaced by an integral,
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and we can see that M is also differentiable with respect to a. Let

aga(Tj—L ’Ij]', SN,(X)
oa

ag()((’Tj—ls ’1—:]'9 SO{)

"(Ti-1, Ti, SN.g- ) =
g(] 1, Ljs ON,a 0{) Y

) gl(]}—la TJSSa: a) =

Since o is the minimizer of M, we must have Eg’'(Tj_1, T}, S¢, @)|a=a = M'(a) = 0.
Additionally, We can argue ¢’ is stochastically Dini-continuous when {T;} < 7,
(similar to the arguments in the proof of Lemma 5.5.9). Therefore the assumptions of
Corollary 5.5.6 (CLT) are satisfied for g’, and we have E|M,(a)| < \/LN O

Proof of Theorem 5.2.10 (Convergence Rate). Using Theorem 3.6.3, we can obtain a rate
of convergence for our estimator. First, it should be noted that the functional M is
twice differentiable with respect to a since it is a composition of twice differentiable
functions. As « is the unique minimizer of M, its first derivative vanishes at «, which
implies that M has quadratic growth around a. Next, we need to find a function
¢n(8) such that

E| s VN|(My = M)(a) = (My = M)(e)| < ¢n (). (5.31)
a—a|<
Taylor expanding, we can write:

(My = M)(a) = (My — M)(@) + (My — M) () X (@ — @) + higher order terms
(5.32)

Since e is the minimiser of M, yielding M’ () = 0, we only need to calculate M, ().
But by Lemma 5.5.10 we can see that

1
EIMy (@) s —.
N VN
By plugging the inequality into the expression (5.31) we obtain

E«/N|(MN — M)(a) — (My — M)(a)| <la-al.

And, we conclude ¢n(5) = & and the rate of convergence for ay is N -3 Using
Lemma 5.5.1 we can see

ISnan = Slly < ISna — Snaelly + ISnce = S, < N5 + N3 < N3,

and since {T;} C 71, b = 1 according to Lemma 5.5.1.
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5.5.2 Generalization of Iterated System (5.4)

The definition of the iterated system (5.3) is based on the contraction of maps around
the identity map. It extends system (5.4) by introducing the map S. However, we
could alternatively generalise (5.4) by introducing S not at the level of the iteration
itself, but rather at the level of the contraction itself: contracting around an arbitrary
map S, instead of the identity. Specifically, define the a-contraction of a map T around
an arbitrary map S as follows:

S(x) +a(T(x) —S(x)) O<ac<l
alT,S](x) := ¢S(x) a=0 (5.33)
S(x) +a(S(x) -T'(x)) -1<a<0.

With this definition, the original contraction operation (5.1) now corresponds to
a[T,id], for id(x) = x the identity map. Definition (5.33) directly leads to the fol-
lowing extension of system (5.4)

T =T, o a[Ti-1, 5], (5.34)

where {T, }f\i 1 is again a collection of independent and identically distributed random
optimal maps satisfying E{T, (x)} = x almost everywhere on Q. Compared to system
(5.3),

T,=T, S o aT_1id].

this system interjects S at the level of the contraction and not at the level of the
random perturbation (note that for identifiability reasons it does not make sense to
do both). Of course, either is more general than system (5.4)

’Tl' = T€i © a[’Ti—l’ ld]

Remark 5.5.11. Suppose we use the contraction definition (5.33), and define the itera-
tion (5.34). Then, the quantile model (UQ) with S = F;l (i.e. where we contract around
the quantile function of a measure u) is equivalent to the generalised quantile model
(GQ) with S = id; that is, they produce the same stationary time series. To demonstrate
this equivalence, consider the model (GQ) with S = id. We then have:
E(F,' o Fu(x)|F,!, o F)) = E(F,'|F,!, o Fy) o Fu(x) =x +a(F,' (Fu(x)) —x)

Thus,

E(F L, 0 Fy) = B (0) +a(FLl, (x) = FH(x),

which is equal to the conditional expectation ofE(Fljl_1 |Fu_i1) when we use model (5.33)
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-1 _p-1
for F,* and contract around S = F, .

Remark 5.5.12. Note that a[T,S] =T whena = 1, and a[T,S] = T~! whena = —1.
Therefore in either of these cases, the time series T; does not provide any information
about S and it would impossible to estimate the map S. Therefore we assume —1 < o < 1.

This is in contrast with system (5.3), where consistent estimation is possible for all values
of 0 <a <1,

If a stationary solution to system (5.34) exists, then
E[Ti] = E[Tis1] = E[E[T:1|T]] = E[a[T;, S]],

and therefore E[T;] = S, when -1 < a < 1.
We define the estimators (ay, Sy) of (a, S) as follows:

an = arg min My (),
a

where

N
1
Mn(a) = N Zg(Ti—l,Ti, SN)
i-1

9a(Ti-1, T3, S) = |la[T;-1,S] - Till3
1 N
SN = NJZ]-’I}

It is worth noting that unlike in system (5.3), where the estimation of the map S
depends on the estimator of «, in this system, the estimator of the map S is simply
the average of the maps T;. Consequently, the statistical analysis of the estimators is
somewhat easier in this case. Similar procedures to those used for model (5.3) can be
used to demonstrate the existence of a unique stationary solution, the consistency of
the estimator, and obtain the rate of convergence.

Assuming that system (5.34) satisfies the moment contracting condition 5.2.1, a
unique stationary solution for this system exists, and E[T;] = S, as in the previous
case. We can then use Lemma 5.2.6 to obtain the central limit theorem (CLT) for Sy
and show that Sy converges in probability to the true S.

It is worth noting that the Lipschitz continuity property of the new function g
with respect to & can be shown using the fact that || [T, S] — a2[T, S]ll» < a1 — 2.
Using this property and following a similar proof technique as in Theorem 5.2.10, we

can argue that the rate of convergence is N™/2,

Remark 5.5.13. Once again we can use the system (5.34) to construct a Markov chain
model for a dependent sequence of probability distributions p; € Wo(Q) by either in-
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terpreting the maps as consecutive optimal maps between a time series of probability
distributions or directly using the maps to model the quantile functions. While using
system (5.3), the increment interpretation using o = 0 is equivalent to quantile interpre-
tation using a = 1, a similar straightforward relationship does not appear to exist when

using system (5.34).
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Chapter 6

Outlook

In this thesis, we have explored several aspects of distributional regression and au-
toregression. However, there are still many questions and potential directions for
future work that have not been addressed in this thesis. In this chapter, we outline
some of the potential inquiries stemming from chapters 3,4 and 5, that could be fur-
ther examined. Additionally, we introduce an alternative model for distributional
regression and present some preliminary results.

Chapter 3

1/3 rate

Convergence Rate For fully observed distributions, we derived the N~
without imposing extra regularity conditions on the covariate measures and demon-
strated its minimax optimality. It remains an open question how the rate would be
affected by imposing additional constraints on the input measures, such as absolute
continuity. Can a faster optimal rate than N~!/3 be achieved? Is the current esti-
mator able to reach the optimal rate under these conditions? If not, can an optimal
estimator be identified?

We could begin by examining specific situations. For instance, when all input
measures are the same, the estimator Ty is equal to % >N T; and converges at a
rate of N~/2. If the input measures differ but all fully supported on Q, the estimator

1/2

% Zf\il T; also converges at a rate of N™"/“. What about our estimator, which is equal

to Ty = arg miny % Zf\il [|T - T,-||i2(y,) according to equation (3.11)?

Incorporating Additional Covariates When analyzing mortality data with our
model, we observed noticeable differences in the residual maps between Eastern Eu-
ropean and Western European countries. It seems plausible that a more accurate
model for this problem would not treat the optimal map in the regression operator
as fixed, but rather allow it to depend on another covariate, such as GDP.
Consequently, another question to explore is how to extend the model to include
extra covariates, such as a scalar covariate. We can consider the situation where
we want to incorporate a scalar covariate c. We can define a regression operator
I': W (Q) xR —» Ws(R) as the minimizer of the conditional Fréchet functional,
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considered as a function of both y and c,

argmin / 3, (b,v) dP(v]p,c) =T(p,c),
b Wa(Q)

and we can impose I'(y) = T.#p, where T, is an increasing map that depends on
the covariate c. We could consider a specific partial ordering < of the optimal maps
and stipulate that if ¢ < ¢/, then T, < T. Since optimal maps are non-decreasing
functions when d = 1, we can consider them as quantile functions and choose < to
be a certain partial ordering of distributions.

A similar problem is considered in the machine learning community by Bunne
et al. [11]. This paper considers a setting where a data set of the form {c;, (u;, v;)} is
observed, where y; and v; are distributions and c; is a scalar. And the goal is to learn
a mapping Ty such that for any ¢, Ty(c) is an optimal map and Ty(c;)#p; is close
to v; for each i. They use a particular neural network architecture to parameterize
the optimal map Ty (based on the paper by Amos et al. [4]) which guarantees that
Tp is the gradient of a convex function. The focus of the paper is not on developing
a model or methodology with theoretical guarantees but rather developing certain
computational techniques for a similar problem.

Chapter 4

Computational Method The proposed estimator minimizes My over a set of op-
timal maps with certain smoothness. A major challenge in our theoretical framework
is to numerically compute the proposed infinite-dimensional estimator. Are there ef-
ficient computational methods, possibly using its directional derivative for gradient
descent to find the minimizer? Another possibility is to apply ideas from the machine
learning community such as Amos et al. [4], Bunne et al. [11] and parameterize the
optimal map T as a neural network with a specific architecture such that the output
of the network is the gradient of a convex function of (some of) the inputs.

Minimax Optimality We demonstrated the minimax optimality of our estimator
for d = 1 using Fano’s method, so another direction could be determining if the esti-
mator is minimax optimal for d > 1, possibly starting by examining the applicability
of Fano’s method.

Fano’s method is based on reducing the problem to multiple hypothesis testing
and identifying a set of optimal maps {T1, - - - , T, } that are sufficiently separated yet
challenging to distinguish given the samples. More formally, let’s consider a map T,
and denote by Pr the distribution induced on the response variable. Suppose an index
J is uniformly drawn at random from {1, - - -, m}, and a sample Z is generated from
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Pr,. Fano’s method provides a lower bound on the estimation error in terms of an
upper bound on the mutual information between Z and J (see Theorem 3.6.7). One

approach is to use the following inequality:

1 m
HZ:)) < —5 >, KL(Px||Pg),
jk=1

(see inequality 15.34 of Wainwright [75]). Typically, an upper bound on the mutual
information is derived by finding an upper bound on such KL divergence quantities
or by bounding the KL divergence with other divergences or distances.

However, recall that the response variable in our regression model is a distribu-
tion itself, so Pr is a distribution in ‘W, (‘W (R?)) and finding KL divergence between
such distributions could be challenging. It might be possible to find an upper bound
for the Wasserstein distance dy (Pr,, Pr, ), but typically, such an upper bound cannot
be used to find an upper bound for KL-divergence. It is generally easier to find an
upper bound for Wasserstein distance rather than a lower bound.

In this specific situation, determining minimax optimality using Fano’s method
might be difficult due to the complexity of the problem and the nature of the in-
duced distributions being in ‘W5 (‘W5 (R?)). It may be necessary to explore alterna-
tive methods or develop new techniques tailored to this problem’s unique structure
that establish the minimax optimality of the existing rate.

Adaptive Approach We have examined an estimator that minimizes the func-
tional My within a particular Holder ball, dependent on f, y, and R. This proposed
estimator calls for knowledge of these parameters. Could there exist an estimator
that doesn’t require such information and might provide a rate that adapts to the real
intrinsic smoothness of the parameters?

I hypothesize that, under the same conditions as Theorem 4.3.7, specifically As-
sumptions 4.2.1, 4.2.2, 4.2.3, and 4.3.2, the following estimator would also be consis-
tent:

Ty := argmin My (T). (6.1)
TeT

This estimator’s definition no longer hinges on the knowledge of the true smooth-
ness parameters. However, this might result in a slower convergence rate.

A possible strategy for determining the rate of this estimator might involve ini-
tially creating an approximation of Ty by convolution of Ty with a kernel Nen»> Where
en is a bandwidth that depends on the sample size N. It can be demonstrated that this
approximation sits within the Holder ball Cg for any given ff and an adequately large
radius R that depends on ey. By obtaining some bounds on the growth rate of R, we
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can compute the metric entropy of the class Cl’g . Thus, by using a method analogous
to the one we employed to derive the rate of convergence of our estimator, we can
establish the rate of convergence for the approximation of Ty. This could then be
used to define upper bounds for the estimator rate of Ty.

Chapter 5

Higher-Dimensional Extensions Our autoregression models were based on the
iterated random function system (5.3). That system relies on compositions of optimal
maps being optimal for d = 1, and hence it is not applicable to higher dimensions.
Are there any alternative approaches?

Potential avenues of research could involve constructing iterated random func-
tions of optimal maps, by exploring transformations on the space of optimal maps
that preserve optimality. Considering transformations of convex functions first, we
can construct transformations for optimal maps, given their characterization as the
gradient of convex functions.

Alternative Model for Distribution-on-Distribution Regression

In this section, we examine a model where the noise component is a random opera-
tor acting on the space of distributions, characterized as a Markov kernel. Similar to
Model (4.1), where the specific form of the noise component leads to interpreting the
model as specifying the conditional Fréchet mean of the response distribution, the
form of the noise component in this model leads to interpreting the model as speci-
fying a conditional weak barycenter (or weak Fréchet mean), which is introduced by
[13].

We briefly discuss some preliminary results on the identifiability of the model
parameters and the estimation procedure.

Markov Regression

A Markov kernel from R? to R is a map of the form « : (x, B) — x(x, B) such x(x,.)
is a probability measure for all x € R? and k(., B) : R? — R is measurable for every
Borel set B ¢ R,

Given a Markov kernel x and a probability distribution y on the same measurable
space, the Markov operator M, induced by « is defined as:

(M) (4) = / (0 A) dp(x),
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where A is a measurable set.

We consider a specific set of Markov kernels called Dilatations. A dilatation p is
a Markov kernel such that f ydp(x,y) = x for all x. We use Dilatations to model the
noise which leads to the following model for distribution-to-distribution regression:

vi = Mp, (To# i), (6.2)

where Tj is an optimal transport map, and M,_ is the Markov kernel induces by a
random dilatation p.. This model is equivalent to v; = M_p;, where M, is a Markov
operator induced by a random Markov kernel k¢, such that f ydke(x,y) = Tp(x) for
all e.

Remark 6.0.1. The Model (6.2) implies the existence of a coupling (X,Y) of (i1, v),
where E[Y|X] = To(X) and (E[Y|X),Y) forms a martingale. This coupling is called a
mixture of Brenier and Strassen as described by [30].

Let’s recall the definition of the convex ordering of distributions. For two distribu-
tions 11, v € P (R?), we say y is dominated by v in the convex order iff Ydu < f ydv
for all convex functions i/ : R? — R. This is denoted by p < v.

Strassen’s theorem (Theorem 8 in Strassen [67]) establishes the following: p <. v
if and only if there exists a dilatation p such that v = M,,u. From Strassen’s theorem
and Theorem 2 of Cazelles et al. [13], we can deduce that for any fixed measure y,
To#u is a weak Barycenter of the random measure M,,_(To#p).

Before stating a theorem for identifiability of Ty, we mention a Lemma:

Lemma 6.0.2. The convex functions uniquely determine a measure with compact sup-
port Q, in the sense that if

/ 0 () du(x) = / 0(x) dv(x),
Q Q

for all convex functions ¢ : R® — R, then yu = v. (see [71] for a proof)

Theorem 6.0.3. (Identifiability) Assuming the kernel p. is equal to the identity kernel
id(x, .) = x with positive probability, the map Ty can be identified up to the measure Q.

Proof. First note that for any fixed measure p, To#pu <. v, where v = M, _(To#u).
Also, since pe is equal to the identity kernel id(x,.) = x with positive probability, it
means that To#p = v, with positive probability. Now if any other map T, satisfies
these two conditions, we can infer that T#u <. To#p and To#p <. T#u. Therefore
for any convex function, the integral of this convex function with respect to measures
To#u and T#u are equal. By Lemma 6.0.2, convex functions uniquely determined a
measure, hence To#pu = T#p. Therefore, we can infer that ||T — To|| 2(,) = O for any
covariate measure y and hence ||T — To| 2 (o) |
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Remark 6.0.4. (Ideas for the estimator) We consider an estimator Tw such that Ty H#ui =c
v;. Note that such a map always exists, as Ty is a solution by the model assumption.

In the following, we will show that when d = 1, an estimator Ty can be computed
using linear programming solvers.

Lemma 6.0.5. (Theorem 3.A.5 of [65]) Whend = 1, u <. v if and only if the corre-
sponding distributions have the same mean and

1 1
Flwdu< [ G Huw)dy,
‘/p u u ‘/p u u

forall p € [0,1], where F~'(u) and G~ (u) are quantile functions of i and v respec-
tively.

Remark 6.0.6. From Lemma 6.0.5 we deduce that whend = 1, T#pu <. v is equivalent
to distributions T#p and v have the same mean and:

1 1
/ T(F Y (u)du < / Gl (u) du,
p p

forallp € [0,1].

Since /pl T(FY(u))du = /Fl,l(p) T(y)f (y) dy, from the previous inequality we de-
duce that for all p € [0,1]:

“Hp)

1 1
[, twrwws [ cwd
P

Moreover, T#p and v having the same mean is equivalent to

1 1
/ FQT () dy = / xq(x) dx,
0 0

Since these two conditions depend linearly on T, the computation of the estimator Ty,
can be done by a linear programming solver.
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