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Abstract: We propose a generalized notion of Wasserstein-Fréchet inte-
gral of conditional distributions for the classical situation of a joint distri-
bution between two scalar random variables X and Y by viewing the space
of probability distributions as a metric space and defining the Wasserstein-
Fréchet integral of conditional distributions as a Fréchet integral. Within
this general framework we illustrate various special cases, focusing on the
case where one adopts the 2-Wasserstein metric, which however is only one
possible choice of metric to implement the proposed method. We demon-
strate that this choice often leads to a useful and interpretable notion of
the conditional distribution of Y in situations where Y varies systematically
with X when one is interested in the residual distribution of Y after the
systematic effect is removed. We provide convergence results for the esti-
mated Wasserstein-Fréchet integral of conditional distributions for several
commonly encountered data generating mechanisms that are of statistical
relevance. These include scatterplot data (X;,Y;), ¢ =1,...,n; data where
one has a sample of fully observed (conditional) densities along with predic-
tors X;; and data where one encounters conditional densities that are not
fully observed and instead one has samples of the data that they generate.
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1. Introduction and preliminaries

The problem of defining a notion of mean when dealing with random objects
that reside in a metric space is of key statistical interest (Bhattacharya and
Patrangenaru, 2005; Agueh and Carlier, 2011). For a metric space M with a
probability measure P, the Fréchet mean or barycenter (Fréchet, 1948) on the
metric space (M, d) is defined as 7 = argmin,, ¢ v Ep(d?(v,1p)), where v is a
random element in M. Here ¥ in general is not unique and may consist of more
than one element. In the following, expectations and moments of distributions
will always be taken with regard to the measure P. Whether the Fréchet mean
is unique depends on both the space and the measure P. It extends the no-
tion of center from the usual mean or expectation in Euclidean space to more
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general metric spaces and random objects. Extensions to conditional means or
conditional barycenters for situations in which the response is a random object
lying in a metric space and where the predictor is an Euclidean vector have been
studied recently (Petersen and Miiller, 2019a). Another useful tool is Fréchet
integrals, where the Fréchet mean is taken over the arguments of a random func-
tion that takes values in a metric space. These generalized integrals were found
to be instrumental for various scenarios (Petersen and Miiller, 2016a; Dubey
and Miiller, 2020; Lin and Miiller, 2021).

In the following, we use the abbreviation pdf for probability density func-
tion and assume that pairs of random variables (X,Y") have a joint distribution
with well-defined joint, conditional and marginal pdfs in the traditional sense,
where the joint distribution of (X,Y") has the pdf fxy(z,y); the marginal
pdf of X and Y are denoted by fx, fy and the conditional pdf of Y | X by
fyix = fxy(x,y)/fx(x). The key idea of our approach is as follows: We
start by observing that the marginal density fy is the center of the (ran-
dom) conditional pdfs fy|x (-, X), viewed as elements of the space of pdfs
F={g:Y—=R: [,g(s)ds=1,g >0}, since

fr(y) = /X fyix(y, @) fx (z) dz = E(fy|x(y, X)),

where fx denotes the density of X. Accordingly, the classical marginal fy is
the solution to an optimization problem over F,

fy = argmin E[d]: (fyx (-, X),9)], (1)
gEF

where dy> denotes the L? distance in F with respect to the Lebesgue measure.
To see this, observe that for any g € F and using properties of the L? inner
product, similarly to Proposition 1 in Petersen and Miiller (2019a),

Eld7>(fyix (- X),9)] = Ell fyix(,X) = fyli=] + lfy = gli-,

where the minimizer is uniquely achieved at the density ¢ = fy. We con-
clude that the classical marginal density fy is the (population) Fréchet mean
of the densities fy|x (-, X) when viewed as random elements of the metric space
(F,dp2) of density functions endowed with the L? metric.

This observation suggests that using the L? metric in (1) is a special case of a
more general principle, where the metric dr2 may be replaced by another metric
d in the space of distributions. Implementing this idea leads to the proposed
Fréchet integral of conditional distributions,

fra= au“grninE[d2(fyp((-,X),g)]7 (2)
geEF

which depends on the choice of the metric d, with fy = fya,,. Of particular
interest is the choice of the 2-Wasserstein metric d = dyy, due to its ability
to measure convergence in law while taking into account the geometry of the
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intrinsic space. In the following we refer to Fréchet integrals of conditional distri-
butions with respect to the Wasserstein metric as Wasserstein-Fréchet integrals
of conditional distributions and denote these by fy.4,,,-

Wasserstein-Fréchet integrals of conditional distributions can be expected to
capture the underlying geometry of Y|X = x in scenarios of statistical in-
terest such as when conditional distributions form location-scale families or
warped /deformed distributions that are derived from a common template mea-
sure (Panaretos and Zemel, 2019). Data examples illustrating that Wasserstein-
Fréchet integrals of conditional distributions provide a useful alternative to the
usual marginal distributions are provided in Section 6.1 below. For example,
the right panel of Figure 2 below displays a comparison of the regular marginal
density and the density of the Wasserstein-Fréchet integral of the conditional
distribution for weekday bike rentals during 2019 at a station in the Chicago
Divvy bike system. In contrast to the unimodal Wasserstein-Fréchet integral,
the regular marginal density is seen to be bimodal, which turns out not to be
a reasonable representation of the random fluctuations around the mean trend.
A similar phenomenon can be seen in Figure 1 for a simulated example. Since
the classical notion of marginal measure implicitly utilizes minimization of the
L? distance, in many situations it is not suited to track the underlying geom-
etry of the space of conditional distributions fy|x(-,z), * € &, even in simple
cases such as when Y|X = z belongs to the Gaussian ensemble with a mean
that varies with x. These examples demonstrate that since the space of density
functions F is a nonlinear subset of L2, adopting the L? metric in this space is
not always a statistically meaningful choice.

Estimation of a population level Fréchet mean in Wasserstein space proceeds
by finding the empirical barycenter of a collection of iid observations of prob-
ability measures vy, ..., (Le Gouic and Loubes, 2017), where the empirical
barycenter of vq,...,v is given by the minimizer of the Fréchet functional
W= Z?=1 d?(vj, i), which exists and is unique under absolute continuity of
at least one of the measures p; (Agueh and Carlier, 2011). In this framework,
Wasserstein-Fréchet integrals of conditional distributions are of interest when
the probability measures v = v(X) are related to a predictor X, where mea-
sures v(X) have a (random) density fy|x(-, X); there is a connection with the
population barycenter for parametric families studied in Bigot and Klein (2018),
where the probability distribution family is defined through a transformation
®(0) that is known in advance and inherently tied to the conditional distribu-
tion Y| X = x. However, in practical situations such as scatterplot data (X;,Y;),
i =1,...,n, the available information does not correspond to a sample of prob-
ability measures but instead to a sample of observations coming from the joint
distribution of (X,Y"), and the fact that population level random measures are
not directly observed needs to be taken into account when constructing suitable
empirical estimates; the empirical barycenter estimation approach in Bigot and
Klein (2018) is infeasible due to the unavailability of the sample of distributions.

In the following, we consider the space of probability measures on ) C R,
denoted by P()). For the subspace P,(Y) C P(Y) of probability measures on
Y with finite p-moments, p > 1, a metric that has attracted much interest in
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the literature is the p-Wasserstein metric, which for two probability measures
vi,v0 € Pp(Y) is defined by dy, (v1,12) = inf E(|Ry — R|P)'/?, where the
infimum is taken with respect to both scalar random variables R; and Ry such
that Ry ~ v and Rs ~ vy (Villani, 2003). Of particular interest is the choice
of the 2-Wasserstein metric d = dyy, due to its ability to measure convergence
in law while taking into account the geometry of the intrinsic space. While
we study only the case of one-dimensional distributions here, for the case of
multivariate distributions, it is noteworthy that the solutions to the optimal
transport problem under the Ws-metric (Villani, 2003; Ambrosio, Gigli and
Savaré, 2005) are maximal monotone operators (Gangbo and McCann, 1996).
The convergence of the empirical estimator is thus associated with problems
relating to the convergence of convex functions (Hallin et al., 2021; del Barrio,
Sanz and Hallin, 2024; Segers, 2022; del Barrio, Gonzélez-Sanz and Loubes,
2024).

When dealing with data in a simple regression problem, one typically ob-
serves bivariate scatterplot data (X1,Y1),...,(Xn,Ys) coming independently
from the joint distribution Fx y of scalar random variables X and Y, where we
assume throughout that the density fy|x (-, ) of the conditional distribution of
Y |X = z exists. In this setting, a classical modeling assumption is to connect the
response Y with the predictor X by postulating an additive measurement error
model Y = m(X) + ¢, where € is an error term that satisfies F(e|X) = 0 and
m(z) = E(Y|X = z) is the (unknown) conditional mean or regression function.
To give a motivating example for the notion of Wasserstein-Fréchet integral of
conditional distributions, suppose for the moment that the conditional distri-
bution of Y|X = x belongs to a location-scale family. This includes important
situations such as Gaussian linear regression where the error term €| X = x be-
longs to the Gaussian ensemble so that the distribution of Y| X = x is recovered
once m(x) is available. This observation motivates to target a notion of center
for the conditional distributions Y|X = x that is able to track the underlying
geometry of the probability model connecting Y with X, and therefore that of
the error term € conditionally on X.

A classical approach consists is to first estimate the unknown regression func-
tion m(z) nonparametrically, e.g., by employing local constant or linear kernel
estimators (Fan and Gijbels, 1996), followed by obtaining residuals Y —m/(X) at
predictor levels X = X;, and using these to recover the distribution of €| X = x.
However, this multi-step process involves bandwidth or tuning parameter selec-
tion for the mean estimation step and requires careful analysis of bias and vari-
ance, as the estimate of the regression function m impacts the non-parametric
distribution estimation step for the error term. Instead, we approach this prob-
lem more directly through the proposed Wasserstein-Fréchet integral of con-
ditional distributions, obliviating the need to estimate the regression function
m. For location-scale families, the proposed approach captures the distribution
of the error term, as demonstrated in the following. Since the 2-Wasserstein
metric is inherently connected to quantile functions (Villani, 2003), the pro-
posed Wasserstein-Fréchet integral of conditional distributions is also related to
the problem of conditional quantile estimation (Parzen, 1979; Falk, 1984, 1985;
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Stute, 1986; Samanta, 1989; Bhattacharya and Gangopadhyay, 1990; Jones and
Hall, 1990; Li and Racine, 2008; Yu and Jones, 1998).

The organization of the paper is as follows. We introduce the notion of
Wasserstein-Fréchet integrals of conditional distributions in Section 2, where
we also provide various examples and comparisons with traditional marginals.
Empirical estimates along with theoretical convergence results are provided in
Section 3 for different data generating mechanisms such as (1) when one observes
scatterplot data (X1,Y7), ..., (X, Yn) i Fx y; (2) when one has available fully
observed conditional densities f; = fy|x (-, X;); and (3) when one has a dense
sample Y1, ..., Y}, coming from f; which introduces further estimation errors
that need to be accounted for. In Section 4 we study the optimal transport from
the estimated conditional densities f; to that of the Wasserstein-Fréchet integral
of conditional distributions and provide theoretical justifications. In Section 5
we present simulation results for various settings and in Section 6 we illustrate
the proposed estimates for data from bike pickups in the Divvy bike system
in Chicago, for Covid-19 cases across states in the United States and for data
on child development from the ECHO cohort study. Proofs of the theoretical
results along with additional simulation settings can be found in the Appendix.

Some notes on notation: Throughout, we use P()) to denote the space of
probability measures defined on Y C R, and P,(})) to refer to the subset of
P(Y) containing probability measures with finite p-moments. The p-Wasserstein
metric is denoted by dyy,, where we use the simplified notation dy, for the
special case dyy,. We denote the space of density functions corresponding to the
measures in P(Y) by F, and d2 . represents the L?-metric, defined as d2,(f, g) =
J{f(u) = g(u)}* du. We do not distinguish between the space of probability
measures P()) and the space of density functions F when referring to the
Wasserstein space.

2. Population Wasserstein-Fréchet integral of conditional
distributions

For a metric space (M,d), an interval 7 C R and an object-valued function
h:T — M, the Fréchet integral of the metric-space valued curve h is (Petersen
and Miiller, 2016a)

h* = arginf [ d?(h(t),w)dt.

weM JT
Its existence can be guaranteed if M is compact and uniqueness if M is a
Hadamard space; in the case of non-uniqueness the Fréchet integral h* is a set
of minimizers, in analogy to the Fréchet mean. We show below that the classical
marginal density of the scalar random variable Y can be characterized as a
generalized Fréchet integral (Dubey and Miiller, 2020) when employing the L2
metric in the space of density functions.

Suppose that one has scatterplot data (X1, Y1), ..., (X, Ya) ud (X,Y), where
X and Y are scalar random variables. Let fy|x (-, z) be the density of the condi-
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tional distribution of Y| X = x with corresponding quantile function Qy | x (¢, ),
t € (0,1), where the support X’ of X is a compact interval. Suppose that (Fy, d)
is a metric space with a suitable metric d, where F4 C F is an appropriate sub-
space consisting of density functions of probability measures for which the under-
lying metric d is well defined. For example, when one employs the p-Wasserstein
metric d = dyy,, it is natural to consider the metric space of density functions
of probability measures with finite p-th moments. Let v(x) be the probability
measure with density function fy|x(-,z), x € X, which is assumed to reside in
Fa. The generalized Fréchet integral of v(z), x € X, is

Vi = g int /X 2 (v(z), w)dF (), 3)

where here and in the following we write F' for Fx and f for fx for the dis-

tribution function and density of the random variable X, which are assumed

to exist on the support X. The integral in (3) is understood in the Lebesgue-

Stieltjes sense and can be written as v* = arginf [, d*(v(z),w) f(z)dz, in anal-
weFq

ogy to the generalized Fréchet integral introduced in Dubey and Miiller (2020),
where one can find further details about conditions for existence and unique-
ness. We denote by F,, f, the distribution function and pdf of a probabil-
ity measure w and by C()) the space of density functions of absolutely con-
tinuous probability measures on ) with respect to the Lebesgue measure. If
Fa=C(Y) and d is the L? distance between corresponding density functions,

namely dQ(V(x)aw) = f]R(fY|X(S,‘T> - fw(3)>2d35 then f:Lg = fy.

Proposition 1. Let F; be the space of absolutely continuous probability mea-
sures with respect to the Lebesque measure, endowed with the L? metric between
density functions. Then the L? generalized marginal vi. of v(z), x € X, as in
(3), corresponds to the classical marginal distribution of Y.

If we consider the 2-Wasserstein space (Fg,d) = (P2()), dw), then (3) leads
to the notion of the Wasserstein-Fréchet Integral, which is a probability distri-
bution that we denote by v*. Proposition 2 shows that the Wasserstein-Fréchet
Integral v* has the quantile function

Q(t) = /X Qyix(t,2)dF(z), t € (0,1). (4)

Proposition 2. For the choice (Fq,d) = (P2(Y),dw) corresponding to the 2-
Wasserstein space, if Y = [0,1] is compact or Y = R is unbounded and there
exists a function g € L*([0,1]) such that Qy|x(t,x) < g(t) for all x, then the
Wasserstein-Fréchet Integral v in (3) is unique and has corresponding quantile

function Q(v}) = Q* (4).

If f is continuous on the compact set &', the condition Qy|x(t,x) < g(t) in
Proposition 2 is automatically satisfied when ) is compact; for the unbounded
case Y = R it is implied if sup,¢¢|Qy|x (-, )| € L*([0,1]). The latter is a mild
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condition and holds in the Gaussian setting of Example 1 below whenever p(-)
and o(+) are continuous.

The proposed Wasserstein-Fréchet Integral is readily seen to keep track of the
underlying geometry of the relationship between Y and X, as demonstrated in
the following examples. We remark that since the Wasserstein-Fréchet Integral
can be alternatively viewed as a barycenter in 2-Wasserstein space, some of its
properties are well known (see for example Alvarez Esteban et al. (2016); Bigot
and Klein (2018)).

Example 1. Consider a Gaussian linear regression setting, where Y| X =z ~
N(u(z),0%(x)), o*(r) > 0, z € X, and let ® be the cdf of a standard nor-
mal random variate. Then Qy|x(t,z) = ®~1(t)o(x) + p(x), t € (0,1) and the
Wasserstein-Fréchet Integral is given by

u*=N< /X u(x)dF<m>,( /X o-(x)dF(@)Q),

where the mean and variance of v* correspond to the Fuclidean barycenter
of the random variables Y and o(X), respectively. This can be seen from the
fact that E(Y) = E(E(Y|X)) = E(u(X)) = [, p(x)dF(z) for the mean and
similarly for the variance.

Example 2. Consider the more general model Y = g(X) + ¢, where g(X) =
E(Y|X = z) is the regression function and € is a random variable that may
depend on X and is such that E(e|X) = 0. Proposition 2 and some simple
calculations show that the quantile function of the Wasserstein-Fréchet Integral
v* is given by

Q(t) = /X Gorx (t2)dF(z) + E(g(X)), te(0,1),

where g, x (-, ) is the conditional quantile function associated with the distri-
bution €|X = z. For the special case when the error € is independent of X it
follows that

Q(t) = ¢c(t) + E(9(X)), te(0,1),

which shows that if the error distribution is a location-scale family, then the
Wasserstein-Fréchet Integral belongs to the same family.

Example 3. Consider a location-scale family model for the conditional distri-
bution Y|X = z, ie., fyx(y,2) = == fo (y_“(w)), where f corresponds to a

o(x) o(x)
density function over R such that [ zfo(z)dz = 0 and [ 2*fo(z)dz = 1, and
(X)) and o(X) > 0 are (measurable) functions of X. Then the quantile function
corresponding to the Wasserstein-Fréchet Integral is given by

Q° (1) = Qolt) /X o(2)dF(z) + / W(x)dF(z), te(0.1),

X
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where @ is the quantile function corresponding to the density fo, since for a
location-scale model it holds that Qy|x (¢, z) = Qo(t)o(x)+ p(x) by Proposition
2. Thus, the Wasserstein-Fréchet Integral belongs to the same location-scale
family, with pdf

1 (y E)
0= g (“aety ) v

In the context of the time-warping or curve registration problem in func-
tional data analysis (Sakoe and Chiba, 1978; Kneip and Gasser, 1992; Wang and
Gasser, 1997; Liu and Miiller, 2004; Bigot and Charlier, 2011), one may con-
sider an observation Y and a time shift random variable 6 such that fy|s(y,0) =
foly — 0), and 6 ~ g for some density g. This can be viewed in the framework
of the location-scale model for the conditional distribution of ¥Y'|X when tak-
ing X =6, 0(X) =1 and p = id. Then the Wasserstein-Fréchet Integral has
the density f,«(v) = fo(v — E(6)), which is a preferred notion of center com-
pared to the Euclidean marginal fg(y) = [, fo(v — z)dFy(z), as in general the
latter does not lie in the family of time-warped densities (Bigot and Charlier,
2011; Bigot, 2013) and does not adequately reflect the underlying shape of the
template density fp, which usually is the target of interest.

Example 4. Considering a convex combination of Gaussian measures, let m >
0, m# = (m1,...,Tm) such that Z;’;l 7; =1 with m; > 0, and introduce random
means i1 (X), ... ftn (X)

€ R and random standard deviations o1(X),...,0,,(X) > 0. Suppose that the
distribution of Y|X = z satisfies Qy|x(t,z) = Z;ﬂ:l m;Q;(t), t € (0,1), where
Q; is the quantile function of a Gaussian random variable N (y;(z), 0]2» (x)). Then

v (32w 00 [ Yooy ()]

=1

This situation can be viewed equivalently as an empirical Wasserstein barycenter
(Agueh and Carlier, 2011; Panaretos and Zemel, 2019) of Gaussian measures
vj ~ N(E[p;(X)],Elo;(X)]), j =1,...,p, which has been well studied for the
Gaussian case (Takatsu, 2011; Agueh and Carlier, 2011) and also for location-
scatter families (Alvarez Esteban et al., 2016).

The following example shows that the proposed Wasserstein-Fréchet Inte-
gral measure remains in the distribution class of Y| X for several well known
probability models, which elucidates a closedness property for the proposed
Wasserstein-Fréchet Integral and demonstrates the utility of the 2-Wasserstein
geometry.

Example 5. The Wasserstein-Fréchet Integral v* remains in the distribution
class corresponding to Y| X for the following probability models:

e If Y|X = 2 ~ Lognormal(u(z),o) has a Log-normal distribution with
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parameters p(x) and o > 0, then

v~ Lognormal(log(/){ exp (u(z))dF (x)),0).

o If Y|X =z ~ £(A(z)) has an exponential distribution with inverse scale
parameter 6(z) > 0, then v* ~ E( [, 0(z)dF(x)).

o If Y|X = 2 ~ Gumbel(u(z),5(x)) has a Gumbel distribution with lo-
cation and scale parameters p(z) and B(x) > 0, respectively, then v* ~
Gumbel( [, u(x)dF (x), [, B(x)dF(x)).

o If Y|X = z ~ Gompertz(), x(x)) has a Gompertz distribution with
shape and scale parameters A > 0 and k(xz) > 0, respectively, then
v* ~ Gompertz(\, { [, [1/(x)]dF (x)} ).

In contrast, when d is chosen as the L? metric between corresponding den-
sity functions, the classical marginal measure typically does not track the un-
derlying geometry of the distribution of Y|X = z in important cases such
as Gaussian location-scale families, as the classical marginal is then given by
fy(s) = fur, () = E{¢[(s — p(X))/o(X)]/o(X)}.

We next show that the proposed generalized Wasserstein-Fréchet Integral
adapts to the geometry induced by other possible metrics for probability mea-
sures such as the 1-Wasserstein distance and the Hellinger distance, or equiva-
lently the L? distance between the square-root densities viewed as elements of
the unit Hilbert sphere in the context of the Fisher-Rao metric. For these im-
portant scenarios the generalized Fréchet integral in (3) admits a closed form.

For the 1-Wasserstein space, where Fy3 = P;()) and d is chosen as the 1-
Wasserstein metric, which is equivalent to the L' distance between correspond-
ing cdfs (Villani, 2003), Fubini’s theorem shows

vy :arginf/ /|FY|X(s,m)—Fw(s)\dde(x)
weP1(Y)Jx JR

:arginf/E(|Fy|X($,X)—Fw(S)|) ds.
weP1(Y) JR

This is easily shown to be minimized when F,(s) = median(Fy |x(s, X)), s €
R. That median(Fy|x (s, X)) is a valid cdf is a consequence of it being con-
tained in (0,1), non-decreasing in s € R and satisfying lims_, o F,,(s) = 0
and limg_, o F,(s) = 1. In a classical linear regression setting, where Y =
Bo + B1X + ¢, € ~ N(0,0%), the 1-Wasserstein-Fréchet Integral v has cdf
F,:(s) = ®[(s — o — fimedian(X))/o].

Example 6. Consider F; = P;()) and the metric d to be the 1-Wasserstein
metric so that the probability measure v7 has cdf Fy (s) = median(Fy |x (s, X)),
s € R. The following relations hold.

e If Y|X = 2 ~ Lognormal(u(z),o) has a Log-normal distribution with
parameters p(z) and o > 0, then v ~ Lognormal(median(p(X)), o).
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o If Y|X = ~ E(A(z)) has an exponential distribution with rate parameter
A(z) > 0, then vf ~ &(median(A(X))).

o If Y|X = x ~ Weibull(A(z),x) has a Weibull distribution with scale
and shape parameters A(z) > 0 and k > 0, respectively, then v; ~
Weibull(median(A(X)), k).

o If Y|X = z ~ Gompertz(\(z),x) has a Gompertz distribution with
shape and scale parameters A(z) > 0 and x > 0, respectively, then
v} ~ Gompertz(median(A(X)), k).

o If Y|X = 2 ~ Gumbel(p(x), 8) has a Gumbel distribution with location
and scale parameters u(x) and 8 > 0, respectively, then

Vi ~ Gumbel(median(u(X)), 5).

If d is the Hellinger distance on the space Fy of absolutely continuous prob-
ability measures with respect to Lebesgue measure on Y, i.e., du(f1, fo) =
IV i =V f2L2 with f1, fa € Fa, then the Hellinger marginal in the sense of (3)
is given by

vy = arg inf B(dg(fyix (- X), gw));

where g, is the density function of the probability measure w. With (-, )2
denoting the L? inner product, the well known property d( Fyix(5X),90) =

2- 2<[fY‘X('7X)]1/27gi1/2>L2 reveals that

Yy = arg sup (E([fy1x (, X)1M2), g/ pe.
wEFq

For h(-) = E([fy|x(-,X)]/?), observing Hgi,/2||Lz = 1, since g, is a den-
sity function, and the inequality (h,gf/2>L2 < |Ih]lL2, one finds that g, =
h?/||h||%- achieves the upper bound over the class of density functions. There-
fore, the density corresponding to the Hellinger marginal v is given by fu(-) =
B2/ [ h2(y)dy.

In the following, we adopt the 2-Wasserstein metric in the space of probability
distributions over ) as it successfully keeps track of the underlying geometry
inherent to the model between the response Y and predictor X, especially when
deformations are of key importance in applications (Bolstad et al., 2003).

3. Empirical Wasserstein-Fréchet integrals of conditional
distributions and quantiles

3.1. Preliminaries

We now consider the estimation of the Wasserstein-Fréchet Integral v* which
can be equivalently characterized through its corresponding quantile function
Q* = Q(v*) given by the relation Q*(t) = [, Qy|x(t,z)dF(z), t € (0,1), as
shown in Proposition 2. Without loss of generality, suppose that X = [0,1]. As
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we assume throughout that densities exist, one can write alternatively Q*(¢) =
fX Qy|x(t,x)f(x)dr, t € (0,1). The latter suggests empirical estimates as fol-
lows. Suppose that an estimate Qy|x(~, r) of Qy|x (-, ) is available such that it
is a valid quantile function for all predictor levels x € X', and similarly for a den-
sity estimate f of f over X'. Then, a natural estimate of the quantile function Q*
corresponding to the Wasserstein-Fréchet Integral that is guaranteed to reside
in the space of quantile functions is obtained by plugging-in the empirical coun-
terparts into the expression for Q*. This leads to Q*(t) = [y Qy|X(t, x)f(x)dx,
te(0,1).

Several smoothing approaches have been extensively studied in the literature
for estimating the conditional quantile function Qy |x(-,z), * € X. However,
many of the known approaches are not directly applicable as they do not yield
estimates that reside in quantile space. For example, local linear estimators of
the quantile regression function Qy|x (-, ) (Yu and Jones, 1998) are not guar-
anteed to produce valid quantile functions. To address this issue, Nadaraya-
Watson kernel type estimators have been proposed in the literature for esti-
mating the conditional distribution function Fy|x(-,z) that are guaranteed to
be non-decreasing and lying in [0, 1], and which are then inverted to obtain the
corresponding (conditional) quantile function (Stute, 1986; Hall, Wolff and Yao,
1999; Li and Racine, 2008). In this approach one first estimates the conditional
cdf Fy| x (-, ) of the (conditional) distribution Y| X = x by a Nadaraya-Watson
kernel type estimator given by

n 30 Ly Kn(Xi — 2)
f(z)

where f(z) =n~' 321 | Ku(X; — ) is the standard kernel density estimator of
f(z), K is a kernel function corresponding to a symmetric density function with
compact support [—1,1], Kp(-) = K(-/h)/h and h > 0 is a bandwidth. It is clear
that (5) is a valid cdf as it is non-decreasing with values in [0, 1]. This estimate
corresponds to the one introduced in Hall, Wolff and Yao (1999) when taking
the weights p(z) in this paper to be identically one. Then, a direct estimator of
the conditional quantile function is constructed by inverting Fy| x (@) via

FY\X(:%:E): ayeya (5)

Qy|X(t,w) =inf{y e Y: ﬁ'y|X(y,x) >t} telo,1], (6)

which is a valid and quantile function; see also Yu and Jones (1998); Fan,
Hu and Truong (1994); Fan and Gijbels (1996). A parametric version is pro-
vided by quantile regression, which employs M-estimation (Koenker and Bas-
sett, 1978) but may suffer from the problem of crossing quantiles (Chernozhukov,
Fernandez-Val and Galichon, 2010) and requires parametric assumptions.

We develop here an intrinsic estimation framework for Wasserstein-Fréchet
integral of conditional distributions, for which we adopt a double-kernel smooth-
ing approach. For a situation with compact support X of X, we utilize the
boundary-corrected kernel density estimator f for f of Petersen and Miiller
(2016b), which adjusts for boundary effects while producing bona-fide density
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estimates, i.e., [, f(z)dz =1 and f(z) >0, z € X. Let k3 be a kernel function
corresponding to a density function over [—1,1] that is symmetric around 0.
Then this boundary-corrected kernel density estimator for the density f of the
predictor X is

n

f@) =Y ks <X"h ”") w(a,h) /01 Ko <Xih S) w(s, h)ds,

=1

where the weights

1
w(z, h) :(/ ) ﬁg(u)du)_ll{xe[o,h)}
—x/h

(1—2)/h -1
+ / wo(u)du | Lipe—n1y + Laelh1-n)}

-1

are constructed in such a ways as to correct for the boundary bias.

Suppose that ) is compact and without loss of generality consider Y = [0, 1].
For the estimation of the conditional density fy|x(-,7) = fy,x(-,z)/f(x), we
further adjust the classical double kernel based quotient type estimate (Stone,
1977; Samanta, 1989). For bandwidths hq1,h < 0.5, the estimate fy|X(y,:r) of

fyx(y, ) is given by

X Sy (52) wn b (5572) w(a, h)
fY\X(y7x): n X _ 1 v 7y€y7x€Xa
Sicy ke (F5E) w(a, h) [y ka ( 1518> wi (s, hy)ds

where w; is defined analogously as w but replacing the kernel ko by k1. This
allows to correct for boundary bias in both X and ). The estimated conditional
cdf can be directly obtained by integration, Fy|X(y, x) = foy fy|X(s, x)ds,y € V.
It is easy to see that the estimated conditional density fy|x(-,) is a valid (con-
ditional) density function since fol fy|X(y, x)dy =1 for all x and fy‘X('7 x) >0,
whence Iy |x(-,z) is a valid (conditional) cdf for all x. Then Qy|x (-, ) is ob-
tained by inverting the estimated conditional cdf F’Y‘X(-, x) using (6). Finally,
the estimate of the quantile function @* = Q(v*) of the Wasserstein-Fréchet
Integral v* is Q*(t) = [, Qv |x (t,2)f(z)dz, t € (0,1).

3.2. Estimation of the Wasserstein-Fréchet integral for scatterplot
data

Suppose that the available data consists of a scatterplot (X1,Y7),..., (X, Ys)
sampled from the joint distribution of (X,Y"). The following result shows that
the Wasserstein-Fréchet Integral v* can be consistently recovered in the 2-
Wasserstein metric. Denote by ||g]|cc = sup,cx|g(z)| the supremum norm for a
function g : X — R. We require that



1734 A. Gajardo et al.

(S1) fy|x : ¥ x X = R¥ is positive and continuously differentiable.
(S2) The density function f of X is continuously differentiable and satisfies
infyex f(z) > M for some M > 0.

Assumptions (S1)-(S2) are mild regularity conditions. If f is continuously
differentiable and strictly positive, (S2) is immediately satisfied due to com-
pactness of X. Denote by K the space of kernel functions kg : R — R that
correspond to a continuous density function that is symmetric around 0 and
has compact support [—1, 1].

Theorem 3.1. Suppose that Y = [0,1], X = [0, 1], k1, k2 € K and the regularity
conditions (S1)-(S2) hold. If h = h,, = n~'/3, then

By (07,07) = Op (i +n~2/%).

Choosing h; = n~!/? in Theorem 3.1 leads to the rate O,(n~2/%), which
is due to the estimation of f in the L? norm, and is optimal for the class of
differentiable density functions that are bounded away from zero (Petersen and
Miiller, 2016b). Since the W; metric is the weakest of all W, metrics, p > 1,
(Villani, 2009, Remark 6.6, page 107), it follows that the L!-distance between
the estimated and true Wasserstein-Fréchet Integral cdfs can also be consistently
recovered.

Considering an extension to the case ) = R where the support of the density
fyx(-;x) is unbounded, there is no need for boundary correction in this case
and therefore we slightly adjust the estimators as follows. For simplicity, suppose
that the kernel function x; has unbounded support R (such as is the case for a
Gaussian kernel). The estimate of fy|x(y,z) is given by

Sy (G2 w2 (2 wia, )
Z;L:l K2 (Xihiz) w(‘r’ h)

and then the estimated conditional cdf Fy|X(y, x) = ff'oo fy|X(s, x)ds, y € Ris

Py x,2) = EG(Z’;Y) o (25 w(x,h)/if”»z (455wt

where G(z) = ffoo k1(s)ds, z € R. Clearly FY|X(y, x) is non-decreasing in y for

fY|X(y7 LE) =

all z, and satisfies Fy|X(y,x) — lasy — oo and Fy‘x(y,m) — 0asy — —o0, S0
that it is a valid (conditional) cdf. We require the following regularity conditions
in the unbounded support case.

(S1’) There exists § € (0,1) such that [, 5175 %X(t,x)dtda: < 00.

(S2’) It holds that supmex’y€y|aé—;Fy7X(y,x)| < oo and

sup  fy|x(y, ) < oc.
zeX ,yey
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(K1’) k1 corresponds to a continuous density function with unbounded support
R that is symmetric around 0 and satisfies [ [u|r1 (u)du < co.

Assumption (S1°) is a mild condition that is satisfied if [, E(Y?|X = z)dx <
0o, which in turns holds if F(Y?|X = z) is continuous in z. In this case any
0 € (0,1) can be taken in (S1’). Theorem 3.2 shows that v* can be consistently
estimated in the interior, i.e., in terms of the d-truncated 2-Wasserstein distance
defined by 2y, (0%,v*) = [} 7°(Q*(t) — Q*(t))?dt, with § as in (S1’).

Theorem 3.2. Suppose that Y = R, X = [0,1], ko € K and the regularity
conditions (S1), (52), (52°) and (K1) hold. Let § € (0,1) be defined as in (S1°)
and h = h,, = n=Y3. Suppose that hin?~/3 — 0o as n — oo for some p > 2/3.
Then

3y, (0%, v%) = Op(h? +n=%/3).

Again choosing the bandwidth sequence as h; = n~'/® in Theorem 3.2

leads to the rate O,(n~2/3). For situations in which the conditional densities
fi = fy1x (-, Xi) can be assumed to be fully observed across subjects, one can
readily utilize this additional information when constructing estimates of the
Wasserstein-Fréchet Integral, as follows.

3.3. Estimation of the Wasserstein-Fréchet integral for fully
observed and for estimated conditional densities

For another perspective, suppose that the conditional densities f; = fy| x (5 X5)
are fully observed, in which case the available data is the i.i.d. sample

{<X17f1)7 AR (Xna fn)}

Denoting by @Q; the quantile function corresponding to f;, the @; form an i.i.d.
sample of random quantile functions with E(Q1(t)) = Q*(¢), t € (0,1), where
Q* = Q(v*) is the quantile function of the Wasserstein-Fréchet Integral v*.
Then the law of large numbers suggests the estimate

Q*(t) =n"! Z Qi(t)v te (07 1)7
=1

for Q(v*). The next result shows that v* can be consistently recovered in the
2-Wasserstein metric at the y/n-rate for predictors X € R?, p > 1.

Theorem 3.3. Suppose that Y = [0,1] and X = [0,1)?, p > 1. If the densities
fi() = fyix (-, X4), i = 1,...,n, are fully observed, then

doy (0%, v%) = Op(n~1).

We remark that when the densities f; have unbounded support R, the result
still holds provided that fol Var(Q1 (t))dt < oo, which is a mild regularity con-
dition. For example, in the location-scale model of Example 3, this is satisfied
when Var(u(X)) < oo and Var(o(X)) < oco.
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However, for situations in which the conditional densities f; remain latent and
are not directly observed, which is the most common scenario in data analysis,
these estimates are not feasible and Theorem 3.3 does not apply. A common
framework is to instead assume that one has an increasing sample of observations
coming from such densities f;, so that consistent estimation of the individual f; is
possible (Bigot et al., 2018; Petersen and Miiller, 2016b). This introduces further
estimation errors that need to be accounted for in the final estimate of the
Wasserstein-Fréchet Integral. To this end, suppose that the available data consist
of a random sample Y;1,...,Y;,, % fi for each f;, where fi(-) = fyx (-, Xi),
i.e., a random sample from the conditional distribution fy|x (-, X;) at predictor
level X; is available. We then estimate the individual density f; by

Uz

R =3 (5wt h>/§/olm (P4 ) wat s,

i=1 !

where y € Y = [0, 1]. Let Fl(y) = foy fi(u)du be the estimated cdf obtained from
the density estimate f;. By the law of large numbers, n = Sy Fi_1 (t) converges
in probability to E(Fy ' (t)) = E[E(F; ()| X1)] = E[Qyx(t, X1)] = Q*(t) at
the y/n-rate. Thus, if £ () can be shown to be close to F;"'(t), a natural
estimate of Q*(t), t € (0,1), is Q*(t) = n~' 327, ;1 (b).

Theorem 3.4. Suppose that Y = [0,1], X = [0,1]?, p > 1, k1 € K and the
reqularity conditions (S1) and (S2) hold, furthermore that Yi1,...,Yin, ud fi
where fi(-) = fy|x (-, Xs) andn; > 1,4 =1,...,n. Suppose that min;—; ..., n; >
m(n), where m(n) — oo asn — oo. If m(n)hi = O(1) asn — oo and fy|x (-, z)
is twice-continuously differentiable for all x, then

d?,v(ﬁ*,u*) =0, (n_l + m(n)_l) i

Thus, if m(n) = n which then requires h; = O(n~/%), potentially under-
smoothing the individual density estimates ﬁ, the overall n~! convergence rate
is maintained even for the more realistic case where the densities need to be
estimated.

4. Optimal transport to the Wasserstein-Fréchet integrals

Next we study optimal transport maps (Villani, 2003) T; : [0,T] — [0,7] from
the individual (conditional) measures v; with corresponding density functions
fi = f(v;) to the Wasserstein-Fréchet Integral v*, which minimizes the transport
cost

T
T, = argmin / (y — To(y))* fi(y)dy,
To:[0,T)—[0,T] Jo

where Tp pushes v; forward to v*, i.e., To#v; = v* (Panaretos and Zemel, 2019).
This problem has a well known solution given by T;(y) = Q*(Fi(y)), y € Y. With
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available empirical estimates F; of F; and Q* of @Q*, a natural estimate of the
optimal transport map T; is then given by T*(y) = Q*(Fi(y)), y € Y. The
next result shows that the optimal transport maps across all subjects can be
uniformly recovered when the conditional densities f; are fully observed. Since
in this case F; = foy fi(s)ds is fully observed, the empirical optimal transport

estimate is given by 7% (y) = Q*(Fi(y)), y € V.

Theorem 4.1. Suppose that Y = [0,1], X = [0,1]?, p > 1, and there exists
L > 0 such that Qyx(-,x) is L-Lipschitz for all x. If the densities fi(-) =
fyix(Xq), i=1,...,n, are fully observed, then

max sup [T} (y) — T;' ()] = Oy ((logn/n)"/?) .
i=1,..,n gy

Ranking the individual observations Y7, ...,Y, while adjusting for each cor-
responding covariate level X;, ¢ = 1,...,n, is also of interest. In the con-
text of time-varying functional data but without additional covariates, Chen,
Dawson and Miller (2020) proposed to study the rank dynamics of a pro-
cess Yy(+) observed on a compact time window by targeting the cross-sectional
percentile F}(Yy(t)), where Fi(y) = P(Yo(t) < y). Since here the responses
Y, are scalar, a similar idea would be to rank the Y; based on the classical
marginal cdf Fy(y) = foy fy(s)ds. Instead, we propose to utilize the cdf of
the Wasserstein-Fréchet Integral, where we obtain percentiles of the observa-
tions Y71, ...,Y, through the Wasserstein-Fréchet Integral distribution functions
F*(Y;), i = 1,...,n. This approach to ranking incorporates the corresponding
covariate levels X; in a natural way and removes the effect of the conditional
mean. It basically ranks the responses across all subjects by how their response
relates to the mean, i.e., to what degree it is above, at or below the conditional
mean.

The following results justify this new approach. It shows that when the (con-
ditional) densities are fully observed, the cdf of the Wasserstein-Fréchet Integral
can be uniformly recovered across subjects.

Theorem 4.2. If the conditions of Theorem 4.1 and (S1), (52) are satisfied,

EEE\F (y) F(y)l—0p<( . ) )

For situations in which the (conditional) densities f; remain unobserved and
one only has available a sample of observations generated from each distribution,
the optimal transports across all subjects can still be uniformly recovered, as
per the following result.

Theorem 4.3. Suppose that Y = [0,1], X =[0,1]?, p > 1, k1 € K, n; > m(n)
with m(n) — 0o as n — oo, (S1) holds and fy|x(-,x) is twice-continuously
differentiable for all x. If m(n)hi = O(1), m(n)*°~th2logm(n) — oo and
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n/m(n)Pr = o(1) as n — oo for some o > 1/2 and p1 > 0, then

max sup |17 (y) — T (y)] = O, ((10571)1/2 * <M>1/Z> .

i=1,...,n yey m(n)

Thus, if by = m(n)~? for some v > 1/4, then one can take any v > 1/2+ v
in Theorem 4.3 to fulfill the condition m(n)?°~h?logm(n) — oo as n —
co. If m(n) = n” has a polynomial growth rate for some p > 0, then taking
any p; > p~ ! satisfies the condition n/m(n)?* = o(1) as n — oco. The rate
O,((logn/n)'/?) is achieved provided that m = m(n) grows faster than n. Since
the uniform recovery of the optimal transports is naturally tied to the uniform
estimation of @Q*, Lemma A.8 in the Appendix provides the rate of convergence
for supt€(071)|QA*(t) — Q*(t)|, which is a stronger metric compared to the 2-
Wasserstein metric that governs the result in Theorem 3.4.

The next result shows that the Wasserstein ranking of the observations

Yi,....Y,

can be uniformly recovered when the f; are unknown as long as one has available
an increasing sample of observations that are generated by each f;.

Theorem 4.4. Under the regularity conditions of 4.3

up £ (y) ~ 7 (4)] = O ((loin)l/z * (%)Uj ’

where F*(y) = infte[o,l]{Q*(t) >y}

The fact that F*(y) is a valid cdf, i.e., right-continuous on Y with £*(0) = 0
and F*(1) = 1, is a consequence of the non-decreasing property of Q* (Feng
et al., 2012). Here we take the convention that inf,cjo ;0 =1 as Y = [0,1]

5. Simulations

We consider the following random mechanism that generates fully observed con-
ditional densities: First generate predictors Xi,..., X, e U(0,1). Then, con-
ditional on X;, the conditional density f;(-) = fy|x(-, X;) corresponds to the
density function of a truncated normal random variate with support [0, 1] and
parameters u = ag + bpX; and 0 = a; + b1 X;, where the scalars ag, by, a1, by are
such that a; + byz > 0 for any = € [0,1]. Since f; is assumed to be fully ob-
served, we equivalently consider its corresponding quantile function @);. The esti-
mated quantile function of the Wasserstein-Fréchet Integral is given by Q*(t) =
n~t 3" Qi(t), which is computed over a dense grid in [0, 1], while its true
counterpart is obtained numerically using that Q*(t) = [, Qv |x(t,z)f(x)dz,
where f is the uniform density in [0, 1] and Qy|x (-, ) corresponds to the quan-
tile function of a truncated normal variate with support [0, 1] and parameters
w=ag+byr and 0 = a; +bjx. We set a9 = 0.1, by = 0.9, a3 = 0.1 and b; = 0.1.
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Fic 1. Left panel: Conditional truncated mormal density functions fy|X(-,J:) with support
[0,1] and parameters p = ao +box and o = a1 + bix over a dense grid of increasing x values
in [0,1] (from blue to red) as outlined in the simulation setting for fully observed conditional
densities. The density of the Wasserstein-Fréchet Integral measure is shown in solid black
while the classical marginal is dashed. Right panel: Bozplots of squared Wasserstein distances
D2 for 1000 simulations for increasing sample sizes in the same simulation setting. Here

D2 = d,(v*,v*) = fol (Q* (t) — Q*(t))2dt is estimated numerically over a dense grid in [0,1].

The left panel of Figure 1 shows the density function of the truncated con-
ditional Gaussian variates at different predictor levels x along with the den-
sity function corresponding to the Wasserstein-Fréchet Integral as well as the
classical marginal of Y. It is clearly seen that the classical marginal mea-
sure does not track the underlying geometry of the random mechanism that
generates conditional densities, in contrast to the Wasserstein-Fréchet Inte-
gral, which captures this geometry. To assess the finite sample performance
of the empirical estimates, we compute the squared 2-Wasserstein distance
D2 = &3, (0", v*) = fol(Q*(t) — Q*(t))*dt between the estimated Wasserstein-
Fréchet Integral measure ©* and its true counterpart v* for increasing sam-
ple sizes n. The right panel of Figure 1 shows the resulting boxplots of D2
across 1000 simulations. These boxplots shrink towards zero as n increases,
which demonstrates the convergence of the estimated Wasserstein-Fréchet In-
tegral measure towards its true counterpart. Figure 11 in the Appendix illus-
trates the individual optimal transports from the conditional densities f; to the
Wasserstein-Fréchet Integral density. For low values of the predictor X, points
y € Y closer to 0 are pushed strongly to the right, while for higher values of X
the points y they are pushed to the left.

We also investigate in the Appendix the situation where only scatterplot data
(X, Y:), i = 1,...,n, are available and the conditional densities f; are latent
and not directly observed. We explore a scenario where Y; comes from a mixture
Gaussian distribution and X has a beta distribution.
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6. Data applications
6.1. Daily bike rental data

This dataset contains the bike pick-up times and locations for bike rentals and
is publicly available at https://www.divvybikes.com/system-data. We illus-
trate the proposed Wasserstein-Fréchet Integral for the Divvy bike trip records in
Chicago during weekdays of 2019. These data are publicly available at https://
www.divvybikes.com/system-data and contain the individual pick-up times
for bike rentals at several locations in the Divvy bike system in Chicago. The
data have been analyzed previously from a replicated point process perspective
in Gervini and Khanal (2019); Gajardo and Miiller (2021). We consider the re-
sponse Y to be the total number of bike trips during non-holiday weekdays that
originate at the station located near the intersection of Clinton St and Wash-
ington Blvd. As predictor X we take the observed daily temperature in Chicago
from the station “Northerly Island” which is publicly available at https://www.
ncdc.noaa.gov/cdo-web/.

Thus we have available scatterplot data (X;,Y;); for n = 222 weekdays
excluding holidays, where we disregard days with very low temperature below
—5°C. The left panel of Figure 2 shows the scatterplot between total daily
bike pickups and daily temperature which seems to suggest a near-linear re-
gression relationship between the two variables, where both the (conditional)
mean and variance appear to vary with the predictor level z. One would ex-
pect the conditional density function fy|x (-, ) to be unimodal. The right panel
of Figure 2 displays the estimated Wasserstein-Fréchet Integral along with the
classical marginal in terms of their density functions. It is clearly seen that the
Wasserstein-Fréchet Integral is unimodal and resembles a Gaussian shape with
some asymmetry, while the classical marginal is spread out and has a bimodal
appearance, which is not unexpected as it reflects the entire distribution of the
Y without taking into account the shifting means of the conditional distribu-
tions. The domain for X was chosen as X = [—5,29.4] and we used a Gaussian
kernel for k1 and an Epanechnikov kernel for k. The bandwidth sequences h
and h; were taken as 10% of the observed range for X and Y, respectively. The
Wasserstein-Fréchet Integral is seen to be useful in summarizing the distribution
of the measurements, in contrast to the classical marginal.

6.2. COVID-19 cases

As a second data application, we consider the COVID-19 daily confirmed case
trajectories across states in the United States. These data are publicly available
at https://github. com/CSSEGISandData/COVID-19 (accessed on December 7,
2021) from the COVID-19 Data Repository by the Center for Systems Science
and Engineering (CSSE) at Johns Hopkins University. This dataset has been
extensively analyzed from different perspectives, including functional data anal-
ysis and point processes (see, e.g., Carroll et al., 2020). We obtained the daily
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Fic 2. The left panel shows the scatterplot of (X,Y), where X is the daily temperature in
degree Celsius and Y corresponds to the total number of bike pick-ups during weekdays, ex-
cluding holidays, in 2019 at a bike station in the Divvy bike system in Chicago. The right
panel shows the estimated Wasserstein-Fréchet Integral (blue solid line) and classical marginal
densities (red dashed line) of the random fluctuations in the y-direction.

confirmed cases for the time period between September 1, 2020 and March 31,
2021, and converted these into histograms of the distribution of cases over this
time domain, using the same approach as described in Gajardo and Miiller
(2022).

As associated covariate we took the total number of cases per capita dur-
ing the time window for each state, where the state population for 2019 was
obtained from www.census.gov/programs-surveys/popest/data/data-sets.html.
This covariate provides an indicator for the intensity of the infections in the
respective state. The conditional densities f; were obtained in a pre-smoothing
step, which was performed by employing the frechet R package (Chen et al.,
2020). The smoothing bandwidth employed for this smoothing step was con-
strained to be below 4% of the domain to avoid oversmoothing. To further
mitigate boundary effects in the pre-smoothing step, we also used the daily con-
firmed cases prior to and after the selected time domain when obtaining the
density estimates.

Figure 3 illustrates the individual conditional densities f; for each state along
with the classical marginal distribution and the proposed Wasserstein-Fréchet
Integral, both visualized as densities. Again the Wasserstein-Fréchet Integral
emerges as a preferred summary measure, as it provides a reasonable quantifi-
cation of the variation in these data, whereas the classical marginal again is
bimodal and spread out, which makes it much less useful as a data summary.

6.3. Child development cohort data

The Environmental Influences on Child Health Outcomes (ECHO) study (dash.


http://www.census.gov/programs-surveys/popest/data/data-sets.html
http://dash.nichd.nih.gov/study/417122
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F1G 3. Density functions of daily confirmed cases of COVID-19 for each state over the time
window [0,T], where time t = 0 corresponds to September 1, 2020 and T = 7 months. The
color of each density reflects the value of the covariate, which ranges from low values (blue)
to high values (red), where the covariate is the total number of cases per capita over the
time window or each state. The estimated densities of the Wasserstein-Fréchet Integral (solid
black) and classical marginal distributions (dashed black) are also displayed.

nichd.nih.gov/study/417122) collected longitudinal data on 30,000 pregnancies
and 50,000 children from 69 pediatric cohorts to investigate the effects of envi-
ronmental factors on child health outcomes. The available data to date can be
obtained from NIH. Our study focuses on the “AAX03” cohort, which provides
1574 longitudinal measurements from physical exams, including anthropometry
for children aged two years and older. We use age as a predictor variable, denoted
as X, and analyze the conditional distributions of anthropometric variables Y,
such as height and weight, given X.

We first consider the weight of the child as the response variable Y. The age
domain 7 is divided into 20 bins S = [ag, a1), S2 = [a1,a2), ..., S20 = [a19, a20],
where the a; are chosen such that min(Z) = ap < a1 < ... < ag = max(Z),
and the number of samples in each bin is approximately equal. The midpoint of
the kth bin is by, = (ag—1 +ax)/2, and an estimate fy‘X(', bi) of the conditional
distribution fy|x (-, bx) is obtained based on all observations in the kth bin. The
left panel of Figure 4 shows a heat map of the conditional distribution Y| X; the
distributions of Y| X = x come across as roughly Gaussian, with increasing mean
and decreasing variance as age increases. The right panel of Figure 4 compares
the Wasserstein-Fréchet Integral with the classical L? marginal of Y, where
smoothed density functions are obtained by applying a local linear smoother to
the histograms, analogous to the previous data illustration in Section 3.2. It is
clear from the figure that the Wasserstein-Fréchet Integral is unimodal, while
the classical L? marginal is flat and uninformative.

In the two-dimensional case, Y = (Y1, Y2)7 is the response with Y; represent-
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Fic 4. The left panel displays a heat map of fy|x, where X represents the age of the child
in days and Y corresponds to height. The right panel shows the estimated densities of the
Wasserstein-Fréchet Integral and classical marginal distributions of height.

ing the weight and Y5 representing the height. We utilize the wasserstein_bary
function from the WSGeometry package (Heinemann and Bonneel, 2021) to com-
pute the Wasserstein barycenter in the 2D case. Figure 5 displays heat maps
of the conditional distributions of Y|X = z at six randomly selected values of
x. Similar to the one-dimensional case, the conditional distribution Y| X = x
is unimodal and approximately symmetric around the center. Figure 6 shows
that the Wasserstein-Fréchet Integral is also unimodal and resembles a two-
dimensional Gaussian shape, while the classical L? marginal is ridge-like and
can provide misleading information about Y.

7. Discussion

The proposed approach is inspired by the representation of a marginal distribu-
tions as an integral of a conditional distribution. We found that this representa-
tion of a marginal distribution is more flexible than it seems at first glance once it
is interpreted as a Fréchet integral with respect to the L? metric. As we demon-
strate, replacing the L? metric by a different metric in the space of distributions
leads to alternative integrated conditional distributions. If the 2-Wasserstein
metric is substituted for the L? metric one obtains the Wasserstein-Fréchet Inte-
gral. The Wasserstein-Fréchet Integral has several attractive properties in terms
of invariance for various distributional families which are reproduced under the
Wasserstein-Fréchet Integral operation and can reflect the error distribution in
regression settings. The latter application of the Wasserstein-Fréchet Integral is
of immediate relevance for statistical practice.

The proposed method is not directly comparable with quantile regression
where the conditional distribution given a covariate level is the target. In con-
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Fic 5. The heat maps of fy|x, whereY = (Y1, Y2)T represents weight and height. Each figure
corresponds to the heat map of fy|x for a specific value of X = x.
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F1G 6. Heat maps of the densities of the classical L? marginal (left panel) and the Wasserstein-

Fréchet Integral (right panel) of the joint distribution of weight and height for the ECHO
study.
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trast to quantile regression, the proposed method does not require specifying a
mean model or imposing any particular structure on the quantiles. Such assump-
tions are inherent in quantile regression, as this method relies on M-estimation
and necessitates parametric specifications (Koenker and Hallock, 2001) and of-
ten also further modifications, e.g., to address the crossing problem for quantiles.
The Wasserstein-Fréchet Integral and Fréchet integrals based on other metrics
provide a general framework for studying the average distribution of a response
across all covariates and thus serves as a tool in downstream analyses. For exam-
ple, a direct application is using the proposed Wasserstein-Fréchet Integral as a
reference measure to examine the influence of the covariate X on the distribu-
tion of Y. Specifically, one can employ optimal transport from the Wasserstein-
Fréchet Integral to each conditional measure Y| X = x as the response and per-
form Fréchet regression (Petersen and Miiller, 2019a) of these responses with
predictor z. The optimal transport method serves to center random elements in
the Wasserstein space, which is nonlinear and lacks a subtraction operator. In
this context, the Wasserstein-Fréchet Integral takes on the role of an intrinsic
mean, for which traditional marginal distributions are not suited.

An extension that will be left for future research concerns the case of more
general metric objects, including the case of multivariate distributions. Current
approaches to obtain distributional results for such data include Tukey’s depth
(Dai and Lopez-Pintado, 2023) or transport-based definitions of quantiles (del
Barrio, Gonzéalez-Sanz and Hallin, 2020; Hallin et al., 2021; del Barrio, Sanz
and Hallin, 2024). A specific extension where the Wasserstein-Fréchet Integral
may prove useful is slicing in Wasserstein spaces of multivariate distributions
(Kolouri, Rohde and Hoffmann, 2018; Chen and Miiller, 2023).

Appendix A: Proofs of theorems and ancillary results
A.1. Proof of Propositions 1 and 2

In what follows, write D(t,z) = %an(t,x) and gpq(y, x) = %Fy,x(y,x),
p,q=0,1,2 with 0 < p+ ¢ < 2, and recall that

n

flz) = an <Xihw> w(x,h)/ /01 K2 <Xih s) w(s, h)ds.

=1

Proof of Proposition 1. It suffices to show that the density of vj. is fy =
E(fy|x(-,X)). By construction, we have
sz =arginf F (||fY|X('7I) - gw”%ﬁ) )
weEFyq
where ||-|| 2 denotes the L? norm and g,, is the density function corresponding to
w € F4. By properties of the L? inner product, the fact that fy = E(fyx(-, X))

and using similar arguments as in the proof of Proposition 1 in Petersen and
Miiller (2019a),

vis = arginf || fy — gul7z,
weEFyg
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which implies the result. O

Proof of Proposition 2. If Y = [0,1], the result follows from Theorem 3.1 in
Bigot and Klein (2018). Suppose that ) = R. Since |Qy | x (t, X)| < g(t) with
g € L*([0,1])  L*([0,1]) and Qy|x (-, X) is non-decreasing and left-continuous,
by the Lebesgue dominated convergence theorem these properties are also shared
by Q*(t) = E(Qy x (t, X)). Also note that v(z) € P2(Y)(Y) since for a random
variable R, with probability distribution v(x) it holds that

B(R2) = /0 (Qy x (£, 2)dt < /0 ()t < .

From arguments in the proof of Theorem 3.1 in Bigot and Klein (2018) along
with Proposition A.2 in Bobkov and Ledoux (2019) and observing that

B(Q3x(t. X)) < g°(t) < oo,

it follows that there exists a unique probability measure v* with cdf F* such
that Q* = F*~ !, where F* ! is the left-continuous generalized inverse. For any
probability measure w € Py ()

[ @0@wf@is> [ @)
X

X

where v* has quantile function Q* and v* € Py()) since

/0 Q" (1)t < / P(t)dt < oo,

which is due to g € L%([0,1]). From Lemma 3.2.1 in Pass (2013) it follows that
the application [, d?(v(z),w)f(z)dz over w € Pa(Y) is strictly convex, which
implies that v* is the unique solution to (3). ]

A.2. Proof of theoretical results when the conditional distribution
has compact support

Recall that hy, h < 0.5 and
Sy (52) waly, b (5572) wi(a, b)
Sy (55 wia, h) o wn (G2 wils ha)ds

where w; is defined analogously as w but replacing the kernel ks by k1. We
require the following auxiliary lemmas.

)

fY\X(y?‘T) =

Lemma A.1. Suppose that Y =[0,1], X = [0,1], k1, k2 € K and the regularity
conditions (S1) and (S2) hold. Then

E[(N(y,z) = f(2)Fy|x(y,2))*] = O(hi + h* + (nh)™"),
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where

N(y,z) = (nh)™! éﬁg (X 5”) w(:m)hil /Oy K1 (YZ 8) wi (s, h1)ds

and the bound is uniform in y and x.

Proof of Lemma A.1. Fubini’s theorem implies

B ) = [ e () wten) [ (o)

1 u— 8

></ h—1/€1< 3 )fy’X(u,r)dudsdr

b () [t

(1—s)/h1
X / k1(V) fy, x (s + vhy,r)dvdsdr.
—S/hl

By a Taylor expansion, fy,x(s+ vhi,7) = fy,x(s,7) 4+ g21(&1,7)vhy and
frx(s,z +uh) = fyx(s,) + g12(s, §2)uh

where & = &i(s,v, ha, 1) is between s and s + vhy, and & = &(s,z,u,h) is
between x and x + uh. Since f /h <)/ k1 (u)wi (s, hy)du =1,

(1—z)/h
/ ko (w)w(z, h)du =
—z/h

and noting that f(z)Fy|x(y,z) = foy fy.x(s,z)ds, we obtain

(1—z)/h
E(N(y,2)) = f(x)Fyx (s, 7) + h / / wrs(w)w(z, R)gra(s, &) duds

z/h

s)/h1 _
/ / /1 h (T 33) w(z, h)wi (s, h1)vki(v)g (&1, r)dvdsdr.
—s/h1 h

This along with ||g12]jcc < oo and H921||oo < o0, Wthh follows from (S1),
(SQ) the compactness of ¥ and X, w(zx, h) fo Ko(u Land wy(s, hy) <
fo k1 (u —1 Jeads to

-1

1
[E(N(3,2)) — £(2)Fypx (4,2)] < hllgazlloe ( / m(u)du) / s () s

t B lgan oo ( / 1 m(u)du)l e
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Thus

|E(N(y, l‘)) - f(x)FY|X(y7w)| = O(h + hl)? (7>

where the bound is uniform in y and z. Similarly, using that

L [Y (Y- !
- K1 ( S) wi (s, hy)ds < </ m(u)du)
h1 0 hl 0

for all y € Y and [, K3 (u)du < oo, we obtain

-1

Var(N(y, z)) < O((nh)™"),
where the bound is uniform in y and z. Combining with (7) leads to the result.
O
Lemma A.2. Under the conditions of Lemma A.1 and taking h = hy, =n~'/3,
it holds that

Zy: = / / By x (4,2) — Fyix (4,2)) fy 1x (s 2)dyda = Op (12 + n~>/%).
xJYy

Proof of Lemma A.2. Define auxiliary quantities

N(y,z) = (nh)™! i@ (Xh_ ‘”) w(%h)hil /Oy K1 (YZ 8) wi (s, h1)ds

and fo(z) = (nh)™r 30 ko (£-2) w(x, h). Note that wy(s,hy) > 1 for all
s € [0,1]. By a change of variables (see for example the proof of Proposition 1
in Petersen and Miiller (2016b))

11 Y. — s (1-Yi)/h1 (1—s)/h1
/ —K1 ( i ) ds :/ k1(v)dv > inf / k1(v)dv
0 hi hy ~Yi/hy s€[0,1] —s/hy

> /01 k1(v)dv.

N(1,z) > ( /0 1 m(z/)du> fol).

From the proof of Proposition 1 in Petersen and Miiller (2016b), we have || fo —
flloo = Op(n=(1/6=<0)) for any fixed €y € (0,1/6). Let € € (0, M) with M >0
as in (S2). Since fo(z) > f(z) — ||fo — f|loo, With probability tending to one as
n — oo, it holds that inf,cpo1) fo(s) > M — e > 0 so that supye(o y[fo(s)] ™" <
(M — €)~!. For the remainder of the proof we work conditional on this event.
Writing ¢; = fol k1(v)dv > 0,

Thus

|Py|x(y,2) — Fy|x(y, )]
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= |[N(y,2)/N(1,z) — Fy|x(y,)|
< ' N(y,x) — N(1,2)Fyx (y, 2)|/ fo(x)
< e '(M —e)7H(IN(y,2) — f(2)Fyx (y,2)| + | f(z) = N(1,2)| Py x (y, )) .

Thus
Zn <2((M = €)cr)™ / / (y,2) — £(2) Py ix (4, 7)) Fy x (v, 7)dydaz
/ / (1,2) (2)) FY\X(yvz)fﬂX(y,x)dydx}
= Op(hi +h? + (nh) ™),

where the last equality is due to Lemma A.1 and 0 < Fy|x(y,z) < 1 with
Fy x(1,2) = 1. The result follows. |

Proof of Theorem 3.1. Recall that Q = [ Qy|X (t m)f( )dz, t € (0,1) is

the quantlle function of the estimated Wassersteln—Frechet Integral measure 0*
and Q*(t) = [, Qv |x(t,z) f(x)dz is the true population counterpart. Note that

02, (5", 1) = /@ () — Q" ())%dt (8)
2
- ( ) () QnX(t,x)f(x)dx) i, ()

where

( / Oyix (t2)F(2) — Qyx (t, 2) f (2)de)?
X

<4)|Qyx (£, ) — Qyx (t, M7z < (If - 7202y + 1172 )
+21Qvix (& )2 Il f = FllFe )

Similarly as in the proof of Proposition 1 in Petersen and Miiller (2019b), we
have from the mean value theorem and Fubini’s theorem

1
/0 ||QY\X(t7 QY\X( )HLZ(X dt
1
:/ / (QY\X(t;CE)—Qy\x(t,x))thda?

QY x (1, 90) N ~
/ / | D(&y )]Q(Fy‘x(u, x) — FY‘X(u,x))ny|X(u,:1c)duda:,

Y\X(O x)
where &, , lies between Fy|x (u,z) and Fy‘X(’LL, x), and

D(t,x) =1/ fy|x (Qy|x (t, ), )
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is the conditional quantile density function. Since Qyx (¢, ), Qy|X(t, z)eY=
[0,1] and fy|X(u,x) > 0, it follows that

1
/0 1Qvix(t:) = Qypx () o eyt

1
< ( sup D?(s, l/))/ / (Byx (u,2) — Fy|x (u, ) fy|x (u, ¥)dudz,
(s,v)€[0,1]x X X JO
(10)
where sup,epo,1],vex D?(s,v) < oo, which is due to the fact that

inf ,x) >0,
(y,r)eyXXfY‘X(y )

which in turn follows from (S1), observing that J and X are compact.
Next, using that fy |y is non-negative and Fy‘ x () is a valid (conditional)
cdf with ﬁ'y|X(1,x) =1 and Fy|X(0,x) = 0, setting
1
Zy = / / (Fyx (u,z) — Fy‘X(u,:z:))2fy|x(u,x)dud:z:7
x Jo

one obtains
1 7 A~
Zn, =/ / (Byx (u, ) — Py x (u,2))2(Fyix (@) — fyx (v, 7)) dudz
x Jo
1 A
+ /X/o (Fy|x (u, x) — Fy|x (u, JL‘))2fY|X(u,JL")duda:

1
N /X /0 (FYIX(u’ z) — Fy|x (u, x))ng|X(U7 x)dudx
= Op(h +n=2"),

where the last equality is due to Lemma A.2. Combining with (9), (10) and
IIf— f”%?(x) = 0,(n~%/3), which is due to Proposition 1 in Petersen and Miiller
(2016b), leads to the result. O

A.3. Proof of theoretical results when the conditional distribution
has unbounded support

Recall that

S e (G2 e (52 wiash)
Doy K2 (Xif:z) w(z, h) 7

and the conditional cdf Fy‘x(y,l‘) = ffoo fy|X(s,w)ds, y € R, is given by

Bt =326 (450 ) o (B2 ) wio/ Yo (B2 ) wio

fY|X(yvx) =
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where G(z) = ffoo k1(s)ds, z € R. Denote by ||gpqllcc = sup(yvx)eRXx|gpq(y,x)|
and || fllco = supgex|f ()| the corresponding supremum norms.

Lemma A.3. Suppose that Y = R, X = [0,1], ko € K and the regularity
conditions (S1), (82), (S2°) and (K1’) hold. Then

E[(N(y,z) = f(2)Fy|x(y,2))*] = O(hi +h* + (nh)™"),

where N(y,z) = (nh)"' 3" | G (ygly’) Ko (X72) w(z, h) and the bound is uni-
form in y and x.

Proof of Lemma A.3. Integration by parts and (K1’) imply G(z) > 0 for all
z € R and

e = [ e (U

(1—z)/h
=M / Ko (uw)w(z, h)/ G)fy x(y — hiv,z + uh)dvdu
—x/h R

) Ko (’" . x) w(z, h) fy.x (s, r)dsdr

(1—z)/h
= / ko (uw)w(z, h) / k1(V)go1(y — hiv,  + uh)dvdu.
—xz/h R

By a Taylor expansion,
9o1(y — hav, @ + uh) = go1(y, ®) + go2(y, &2)uh — ha fy x (&1, @ + uh)v,

where
&2 = &z, y,u,v, by ha)
is between x and x + uh, and & = & (z,y,u, v, h, hy) is between y and y — vhy.

With [|goz|lec < 00 and || fy, x|lec < 00, as implied by (S2) and (S2’), using that

fﬁ}if)/h ko (u)w(z, h)du = 1, one obtains

|E(N(ya ‘T)) - gOl(ya ‘T)|

(1-2)/h
<h / uliia (), b)|goa (y, €2)|du
—z/h

(1-z)/h
+ hy /I/h M(u)w(x’h)/R|V‘“1(V)fY,X(§1,$—|—uh)du
Thus

|E(N(y,z)) — go1(y, x)| = O(h + hy), (1)

where the bound is uniform in y and z. Similarly, and using that G(s) < 1 for
any s € R, we obtain

Var Vo)) < 58 (6 (L) o (K2 ) e ) = Ot(an) ),
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where the bound is uniform in y and z. This along with (11) and noting that
f(@)Fy|x (y, %) = go1(y, ) leads to the result. O

Lemma A.4. Suppose that the conditions of Lemma A.3 hold. If h = h,, =
n=13 then

Zy =/ /(ﬁylx(y,x) — Fyx (v, %)) fy|x (y, @)dydz = Op(h3 +n=/3).
X JR

Proof of Lemma A.4. Let fo(z) = (nh)~ 30 ko (F72) w(z, h) and 0 < € <
M with M as in (S2) and €y € (0,1/3). From the proof of Lemma A.2, we have
1fo = fllee = Op(n=/67%0/2)) and also that sup,epq[fo(s)] ™ < (M —e)~*
holds with probability tending to 1 as n — co. The remainder of the proof is

conditional on this event. Defining N(y,z) as in Lemma A.3, we have

Py x (y,2) — Fy|x(y, )]

= |N(y,z)/ fo(z) — Fy|x(y, )|
) —
)

<|N(y,z) — f(z)Fyx (y, 2)|/ fo(x) + | f(z) — fo(z)|Fy|x(y,2)/ fo(x)
< (M =)' N(y,2) = f(@)Fy x(y,2)| + (M — ) f(x) — folz)|Fy x(y,2),

and
Zn = ﬁ/}{A[N(y7w) — (@) Fy x(y, )] fy)x (y, v)dyda
+ ﬁ/X/D{F)2/|X(y7$)fY|X(yax)(f($) — fo(x))*dydz
< Sty LN W) F s ) rx 0,

2
+m||fo—f||2w(x)~ (12)

From Lemma A.3 we obtain

B ([ [130) ~ 1000 )i ) = OG0 + 0+ (u) ),
X

(13)

where the bound is umforrn in y and x. Also, from the proof of Theorem 3.1, we

have || f — f||L2(X) O, (n~2/3). With (12) and (13) this implies the result. [

Lemma A.5. Suppose that the conditions of Lemma A.3 hold. Let C > 0 and
assume n Ph=Y(hT'+h~1) = o(1) for somep > 0. If nh/logn — oo as n — oo,
then

sup  [N(y,z) — f(z)Fy|x (y,7)| = 0p(1),
(,y) EX X[~ C,C]

where N(y,z) = (nh)"! 3" | G (ygly) ko (Z72) w(z, h).
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Proof of Lemma A.5. Let Y, and X, be equispaced grids on [—C, C] and [0, 1]
with spacing n~7, where v > 0. Then

(z,y)eX x[-C,C]
S Sup |N(y,$) —E[N(y,.’I})H + sup ‘N(yal‘> _N(91»$1)|
YEYVn, xEXp ly—y1|,|lz—z1|<n—7
+ sup |E[N(y,2)] — E[N(y1,z1)]|
[y—y1],|lz—z1|<n=7
+ sup  |E[N(y,z)] - f(@)Fyx(y,z)|. (15)

y€[-C,Cl,zeX

To control the first term on the right hand side, we follow similar arguments as
in the proof of Lemma 2 in Zhang and Wang (2016). Let

_ y-Y; Xi—z
=6 (L) e (K0 ) i,

wi =EU;),i=1,...,n, M >0 and a, = (logn/(nh))'/?. By independence of
the U; and using Chernoff’s bound, we have for large enough n

P(N(y,:l?) - E[N(y,;t)] > Man)

=P (a'n Z(Ul - /-Lz) > Mlogn)

i=1

=n—M H E [exp(an(U; — 1))

<nM H[l + a2 E(U?)]
i=1

<n M H[l + a2 C1h)

i=1

<n M ] exp(Crash)
=1

=n"M exp(Cya2nh),

where the first inequality is due to |U; — u;| < Cy for some constant Cp < oo
along with a, — 0 as n — oo and the fact that e* < 1 + u + u? holds for
u in a small enough neighborhood around 0. The second inequality is due to
E(U?) < hC; for some constant C; > 0, and the last inequality is clear. Here
Cy and C can be shown to be uniform in z and y. Thus

P ( sup N(y,z)— E[N(y,x)] > Man)
YEVn ,LEXy,

<20n*'n~M exp(Cra2nh) = O(n“ T27=M),
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where for large enough M we have n©1t27=M = 5(1) as n — oo. This shows
that

swp [N (g 2) ~ B[N (,2)]| = Oyan). (16)

YEVn , TEXy

Next, note that

y—Y; y1—Y; ly — v1]
zZ < 0 , 1
’G< h1 > G( h1 > ‘ < [lsa hy (7

and let z,z7 € X. Observe that if 2,21 € [0,h) are such that |x — 21| < n77,
then

-2

1
ute ) = wer )] < [ watidn)  leallale - 2al/h = 007,

-1
where the bound is uniform in 2 and x1, using w(s, h) (fo Ka(u ) for all
s € X. Also, if z € [0,h) and 1 € [h,1 — h] are such that |z — z1| < n~7, then

-1 1

( du) 1|1—/_x/hﬁg(u)du|
([Fotrs) [
5

|w(z, h) —w(zy, )| <

IN

1

/1 ng(u)du> i /—11+n7h1 kao(u)du

0
(n=7h71),

IN

where the bound is uniform in z and x1, and the last equality is due to —z/h <
—1 + n=7h~L. Similarly, if x € [h,1 — h] and 21 € (1 — h, 1] are such that
|z — 1] < n~7, then

‘w(‘% h) - w(xl, h)l = O(”_Vh_l%

where the bound is uniform in x and ;. Finally, for n large enough it cannot
occur that € [0,h) and z; € (1 —h, 1] as a necessary condition for this to hold
is that n=7 + 2h > 1. Coupling this with the Lipschitz continuity of ko implies
that for large enough n

. <Xh_ “””) w(z, h) — Ko <Xi . xl) w(xl,h)’ —O(n~"h7Y,
(18)

sup
lz—z1|<n—7

where the bound is uniform in X;. Combining (17) and (18) with the uniform
bound on w(s, h), s € X, leads to

sup IN(y,2) = N(y1,21)| = O(n YA~ (k' +h7H),

ly=yil,lz—z1|<n=Y
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where the bound is non-random. Since n=Ph~'(h;* + A=) = o(1) for some
p >0, for any v > p

sup IN(y,z) = N(y1,21)| = 0p(1). (19)
ly—y1l,|lz—z1|<n=Y
Observing
sup E|N(y,x) — N(y1,71)|
ly—y1l,lz—z1|<n=7
<E sup IN(y,z) — N(y1,21)]
ly—y1l,lz—z1|<n=7
leads to

sup |EIN(y, 2)] = B[N (y1, 21)]| = 0p(1). (20)

ly=y1l,|lz—21|[<n—7

Finally, from the proof of Lemma A.3 we have |E(N(y,x)) — go1(y,x)| = O(h +
h1), where the bound is uniform in y and x. Therefore

sup  [E[N(y,z)] — f(z)Fy|x(y,z)| = O(h + ha). (21)
ye[—-C,ClzeX

Combining (15), (16), (19), (20) and (21) leads to the result. O

Lemma A.6 below shows the uniform convergence in x towards the true con-
ditional quantile Qy|x (t,z) for fixed ¢ € (0,1). Set

xr)=(n 71” y—Y K9 Xi—w w(x
Np) = ) 326 (2 ) (T Jwte
and fo(z) = (nh)~' 30 ko (F72) w(z, h).

Lemma A.6. Suppose that the conditions of Lemma A.5 hold. Let t € (0,1) be
fized and h = h, = n~'/3. Then

sup |Qy|x(t,2) — Qyix(t,z)| = 0p(1).
TeEX

Proof of Lemma A.6. Let § > 0 and € € (0, M) with M as in (S2). Define
auxiliary quantities

co(t) = inf inf , ),
o®) JJEXye[QY\X(tvl‘LQY\x(t,x)'Hs]fY|X(y )

and

c1(t) = inf inf ,T).
1( ) TeX y€(Qy | x (t,2)—9,Qy | x (t,2)] fY‘X(y )
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Note that the regularity conditions (S1) and (S2) along with compactness of X
imply that Qy|x(t,-) is continuously differentiable and

0< inf ,x) < colt),
T€X,y€linfsex Qy|x (t,8),5up,c x Qv |x (t,5)+7] fY|X(y ) 0( )

as well as
0< inf fyix(y,z) < eilt),

i
z€X,y€linfsex Qv |x (t,5)—3,5upscx Qv |x (t,5)]

which shows that ¢g(t) and ¢ (¢) are strictly positive constants.

By a Taylor expansion, there exists & = £i(t,7) between Qy|x(t,x) and
QY|X(t7 I) + 6§ such that Fy‘X(Qy‘X(t, l‘) + 5, 1‘) =t+ fY|X(€17 x)é >t+ Co(t)5
Similarly, Fy|x(Qy|x(t,z) — d,x) < t — c1(t)d. Defining the closed interval
As(t) = [infscx Qy x(t,8) — d,5up ey Qy|x (¢, s) + ], we have that there exists
Cs = Cs(t) € (0,00) such that As(t) C [-Cs,Cs). From the proof of Lemma
A.4 and using that Fy|x(y,z) < 1, with probability tending to 1 we have

1By x(y.2) — Fyx(y,2)] < (M — €)' [N(y, ) — f(z)Fy x(y,2)]
+ (M =€) fo = [l

where || fo — f|loc = 0p(1). Combining this with Lemma A.5 leads to

An = sup |Fy|X(y,x) — Fyx(y,z)| = op(1).
zeX,ye[—Cs,Cs)

Let £ > 0 and «(t) = min{co (), ¢1(t)} > 0. Note that A,, < ex(t)/2 holds with
probability tending to 1. The remainder of the proof is conditional on this event.
Observe

> _An + FY\X(QY\X(ta JJ) +9, 33)
> —ek(t)/2+t+ co(t)d
>t 4 (6 — €/2)k(t).

FY|X(QY|X(tvx) +6,z)

Choosing 6 = ¢ leads to Fy|X(Qy|X(t,z) +4,z) > t and then Qy|X(t,z) <
Qv x (t,x) +d. Similarly, By x (Qy|x (t,x) = §,2) < A, +t—ci(t)d < t+(e/2—
0)k(t) < t which implies Qy|X(t,x) > Qyx(t,x) — ¢. Therefore |Qy|x(t,x) -
Qy)x(t,z)| <6 = €. Since ¢ does not depend on x, we obtain with probability
tending to 1

SUP\QY\X(L@ - Qyx(t,z)| <e,
zeX

and the result follows. O
Proof of Theorem 3.2. Observe

1-¢6

@2y, (5%, 07) = / Q" (1) — @ (1))t

0
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2

-/ o ([ @vixttfo) - uixtears) a2

where from the proof of Theorem 3.1

2
(/[ @rxtt)f) - Qs fayas
§4||QY|X(75 ) — Qyx (1, )||L2 (X) (||f f||L2(X)+||f||L2(X)>
+ 20| Qyyx (& ) F2 oy 1 = FlIF2 (25

Define As = f61_6||leX(t, ) = Qyx (1, )||L2(X)dt Similarly as in the proof of
Proposition 1 in Petersen and Miiller (2019b), we infer from the mean value
theorem, the change of variables u = Qy|x (¢, z) and Fubini’s theorem that

1-5
As = / (Qy|x(t,z) — Qy|x(t,x))2dtdx

Qvix(1- 590 o - .

/ / [D(§uz, )" (Fy|x (u, 7) — Fyx (u, 7)) fy|x (v, 7)dudz,
Qy | x (6,r)

where &, . lies between Fy | x(u,x) and FY‘X(U, x), and

D(t,z) =1/ fyx(Qy|x (t, ), z)

is the quantile density function. Setting A, (t) = SupS\QY‘X(t, 5) — Qy|x(t,8)],
€ (0,1),

QY\X(& ‘T) 2 QY|X(57 l‘) - An(é) Z Slg; QY\X(& S) - AW((S)? (23)

and
QY\X(l —d,x) < Qy;x(1—0,7)+ An(1—06) (24)
gsquy‘Xu —8,8) + An(1-9). (25)
se

For ¢ > 0 define auxiliary quantities co(€) = infsex Qy|x(d,5) — €, ci(e) =
sup,ex Qy|x (1 —6,8) + ¢ do(€) = infsex Fy|x(co(e),s) — € and

di(e) = sup Fy|x(c1(e), s) + e
seX

We note that due to 0 < Fy|x(y,x) < 1for all y € R and x € X, the continuity
of Fy|x(y,-) and the compactness of X, one has inf,cx Fy|x(y,s) > 0 and
sup,ex Fy|x(y,s) < 1. Similarly, it can be shown that both inf,cx Qy|x (%, )
and sup,cy Qy|x(t,s) are achieved for any ¢ € (0,1). In particular, this shows
that the previous quantities are well defined. Next, choose € > 0 such that

€ <min (32§c Fy|x (S}g)f( Qyx(d,8) — 1, V) :
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1 —sup Fy|x <SUP Qy|x(1—46,5)+1, V>> ,
veXx SEX

which implies € € (0,1) and 0 < dg(e€), d1(e) < 1. From the arguments outlined
in the proof of Lemma A.6, it follows that

Un(e) = sup |FY|X(?J7$) — Fyx(y,2)| = 0p(1),
y€lco(e),ci1(e)],zeX

while Lemma A.6 shows that A, (t) = 0,(1), where t € {5,1 — 8}. Here the
conditions of Lemma A.6 are satisfied since h = h,, = n~ /3 and the regularity
condition hynP~1/3 — oo as n — oo for some p > 2/3 implies n Ph 1 (b +
h~=1) = o(1). Thus, the event where max{U,(¢), A,(8), A, (1 — §)} < € occurs
with probability tending to 1 as n — oo, and therefore it suffices to work on
this event in what follows. . .

Next, using (23) and (25) along with max{A,(d), A, (1 — )} < e shows that
co(€) < Qyx(0,2) and Qy|x(1—-0,2) < c1(€). Hence u € [Qy|x (6, ), Qy|x (1 —
d,z)] implies u € [co(€), c1(€)]. Also, by monotonicity

A~

Fyx(co(e),z) — € < Fyx(u,7) — € < Fy|x(u,x) — Up(€) < FY|X(U7I)’

and thus do(e) < FY\X(%@’)- Similarly, FY|X(U,J?) < dy(€). This shows that
&uz € [do(€), d1(€)] and hence

-1
D<fu,z,x><( in fyx<y,s>) < oo,

yEA(e),s€X

where A(e) = [infsex Qy|x(do(€),5),supsex Qy|x(di(e),s)], and the last in-
equality is due to the fact that fy|x(y, s) is pointwise strictly positive and also
continuous over the compact set A(e) x X C R2. Setting

Me = inf ’ _15
(et ien Fr1x(8:9)

we obtain

(11(6) N R
As < Mf/ / o (Fyx (u,z) — Fy|X(u,x))2fy|X(u,x)dudx
X Ccol€

< M?/ /(FY|X(U775) — Py x (u,2))* fy | x (u, 2)dudz
X JR

=M?7Z,,

where the last inequality is due to the fact that fy‘ x (u, z) is non-negative and
Z,, is defined through the last equation. Hence

1-46
/5 10y 1x (1) = Quix () 2yt < M2Z,.
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Since fy|X is non-negative and both Fy|X(~, x) and Fy|x (-, ) are valid cdfs, it
follows that

VS /X A(ﬁylx(u,x) - Fy\x(u,z))Q(fwx(u,g:) — fyx (u, z))dudz
i /X /R(FY‘X(U’ZE) — Fy|x (u,2))? fy | x (u, ©)dudz

B /X /R(pr((u, ) = Fy|x (u,2))? fy|x (u, z)dudz
= Op(h +n~%?),

where the second equality is due to the change of variables v = Fy‘ x(u,x) —
Fy|x(u,z) and the last is due to Lemma A.4. Hence

1-6
/5 Qv x(t,-) — Qyx(t, ')H%?(X)dt =0p(h} + n=2/3).

Combining with (22) and using that

1-6 1-6
/5 1Qyx (t, ')H%2(X)dt = /X : Q%—‘X(t,x)dtdx < 00,

which is due to (S1’) along with Fubini’s theorem, and the fact that |f —
f||%2(X) = Op(n’z/?’), which is due to Proposition 1 in Petersen and Miiller

(2016b), then leads to the result. O

A.4. Proof of theoretical results when the densities are fully
observed

Recall that @Q; is the quantile function corresponding to f; and that when the
densities f;(-) = fy|x (-, X;) are fully observed, the Q; form an i.i.d. sample of
random quantile functions with E(Q1(t)) = Q*(¢). A natural empirical estimate
of @Q* is then given by

Q () =n"">_Qi(t), te(0,1).
i=1
Proof of Theorem 3.3. Since the @; are i.i.d. random quantile functions, we have
E(Q*(t) = E(Q1(t)) = Q*(t), t € (0,1), and

Var(Q*(t)) = n~! Var(Q1(t)) = O(n™ ),

where the bound is uniform in ¢ and the last equality is due to 0 < Q4(¢) =
Qyx(t, X1) < sup,cx Qy|x(1,2) < oo, which in turn follows from the fact
that fy|x(-,z) has compact support } = [0, 1]. These observations along with
Fubini’s theorem imply

E (/OI(Q*(t) - Q*(t))th> — 0(nY),
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and the result follows. |

Consider the optimal transport T; from the density f; to the Wasserstein-
Fréchet Integral density f*. From the closed form solution of the 2-Wasserstein
distance in the one-dimensional case (Villani, 2003), we have T;(y) = Q*(F;(y)),
y € Y. A natural estimate of the optimal transport 7T; is then achieved by
replacing Q* with its estimated counterpart, as F;(y) = foy fi(s)ds is assumed
to be fully observed.

Proof of Theorem /.1. Note that for i € {1,...,n}

sup |17 (y) — T5' (y)| = sup |Q"(Fi(y)) — Q" (Fi(y))| < sup [Q*(t) — Q(t)],

yey yey t€[0,1]
and thus
maxsup [T7(y) ~ Tr ()| < sup |Q7(1) — Q°(1)]. (26)
1=1,...,n yey te0,1]

Let Ty, be an equispaced partition of ) = [0, 1] with mesh size J,, = n~", where
v > 0. Using that Q*(t) =n~' Y_i_, Qi(t) and Q*(t) = E(Q1(t)), we obtain

n

sup [Q°(H) = Q" (W] < swp [n Y[ - B@u®)| @7

te[0,1] teT, =

+ sup ’n—lz[Qz(t)—Ql(s)}‘

[t—s|<dn

=
+ s [B@O) -EQi) @9
Since |Q;(t) — Qi(s)| < Lt — s|, we have
e [E@O) - BQi)] < 16, (29)
and
Jsup S 1Qu0) - Qu(e)]| <t Y b, = L6, (30)
S 5 i:l

It remains to control the first term on the upper bound in (28). For this, we
adopt arguments similar to those in the proof of Lemma 2 in Zhang and Wang
(2016). Let M > 0 and define a,, = (logn/n)'/2. Then, using the independence
of the Q; along with the inequality exp(s) < 1+ s + s% for small enough s, we
obtain for large enough n

P <n_1 ZQi(t) = E(Q1(t) > Man)
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=P <an > [Qi(t) — E(Q1(t))] > Mlog n)

=1

<n M T Bfexp (aulQu(t) — B@(1))

i=1

M T+ a2 B2 0)

n
<n M H(l +aZcp)
i=1
<n M exp (naico)
:,},LC()—JW7

where ¢o = sup,cy y* = 1. Hence, taking M > ¢ + v implies

n

sup |n 7t DIQi(1) ~ BQu(0)]] = Oplan)

Combining this with (28), (29), (30) and d,, = o(an), which remains valid for
any fixed v > 1/2, shows that sup,¢jo ) [Q*(t) — Q*(t)| = Op(an). The result
follows from (26). O

Proof of Theorem 4.2. Recall that when the densities f; are fully observed, we
have Q*(t) = n~! >, Qi(t). Under (S1) and by compactness of X and ), there
exist My € (0,00) and Lg € (0,00) such that My < inf, ,ycyxx fyx(y, ) <
SUP(y.)eyxx fy|x (Y, ¥) < Lo. This implies that Q* is differentiable and strictly
increasing over [0, 1]. Thus, the inverse function F*(y) = Q*~!(y), y € ), exists
and is continuous on Y = [0, 1]. Also, Q*(t) = [, Qy|x (t, ) f(x)dx is continuous
and strictly increasing over [0,1] and so is F*(y) = Q*"(y), y € V. Hence, for
M > 0 and a,, = (logn/n)'/2, denoting by Q the set of rational numbers,

P (sup B () — F*(3)] > M) —p| U 1B - F'G)| > anM
yG)f yeym(@

<P U F'>F) +aM
yeYNQ

+P| | Fy) <F(y)—aM|. (31)
yeynQ

Note that by the Lebesgue dominated convergence theorem, it holds that for all
te(0,1)

1
)= /X Frix(@Qyx(t,2), 2)

o f(x)dz,
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which under (S1) implies that Ly ! < dQ*(t)/dt < My '. Writing [|Q* — Q*||ee =
SUPeo,1)| Q" (t) — Q*(?)], defining A, = {y € ¥ : F*(y) + a, M < 1} and using
that 0 < F*(y) < 1, y € Y and a Taylor expansion, it follows that

P U E*(y) > F*(y) + an M
yeyNQ

<P| U @ EF®)>Q (F(y +aM)
yeEYNQNAy,

A d
=P U @@ w)>y+ 50 E)anM
yEYNQNAy,

<Pl U QEW) >ytaly'M
yeEYNQNA,

<P U 10" = Qe+ Q" (F* (W) > y+anly'M
yeEYNQNA,

=P (10" = @'l > anLy M),

where £, € [0,1]. The tthird inequality is due to Q*(F*(y)) < [Q* — Q*[loo +
C:Q*(F* (1)) and the last equality to Q*(F*(y)) = y. Combining this with ||Q* —
Q*|loc = Op(ay,), which was shown in the proof of Theorem 4.1, leads to

Pl | Fy)>F ) +aM|=oQ), (32)
yeYNQ

as n — oo and for sufficiently large M. Similarly

Pl | Fy)<F' ) —aM | =o(D),
yeynNQ

as n — oo and sufficiently large M. Then applying (31) and (32) leads to the
result. O

A.5. Proof of theoretical results when sampling from conditional
densities

Suppose that Y;i,..., Yin, s fi, where fi(-) = fy|x(-, Xi), are a sample of

observations coming from the conditional distribution fy|x (-, X;) at predictor
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level X;. We estimate f; by

Uz

fily) = Zfﬁ (Yl’hl_y> wy (y, h)/i/olm (Yz

Jj=1

S) wi (s, h)ds,

where y € ¥ = [0,1]. Let Fi(y =) fi(v)dv be the estimated cdf corre-
sponding to the density f;. By the central hmlt theorem, n=! 3" | F~ L(t) con-
verges in probability to E(Fy '(t)) = E[E(F;'(1)|X1)] = E[Qyx(t,X1)] =
Q*(t) at the /n-rate. Thus a natural estimate of Q*(t), t € (0,1), is Q*(t) =
D DD (5]

Lemma A.7. Suppose that Y = [0,1], X = [0,1]", p > 1, k1 € K, fy|x(-,2)
is twice-continuously differentiable at each x and the regularity conditions (S1)
and (S2) hold. Then

E ((Fi(y) = Fi)?) = O +n7Y),
where the bound is uniform in y and depends on i only through n;.

Proof of Lemma A.7. Set

foi(y) = (nihy) ™! ZL:M (Yijhl_ y> wi(y, h),

j=1

and Fy;(y fo foi(s)ds. By Fubini’s theorem,
Var(Fo; (y)| Xs)

1 Y Y, —
([ (52 i)
nzh / / / i ( h1 ) 1 (T};u) ’lUl(S, hl)wl(uvhl)fi(r)d'rdsdu
(1 S)/h1 5_U+Vh1
nzhl / / /S/hl V Hl <T> (33)

X w1 (8, h1)wi(u, hy) fi(s + vhy)dvdsdu

(1- S)/hl (y—s—vhi)/h1
/ / w1(5 hl)fz(s + l/hl)/ (34)
s/h1 —(s+vh1)/h1
X k1(D)wi(s + vhy + lhy, hy)dldvds

=0(n; 1), (35

)
where the bound is uniform in y and X;. The last equality is due to f;(y) <
|l fy|xllec < 00, y € Y, which follows from (S1), the compactness of J and X
and

1

1 <wi(s, hy) < (/01 Hl(u)du>_ )
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which holds for all s € [0, 1], and ||#1]|cc < 00 since k1 € K. Next, by a Taylor
expansion, Fubini’s theorem and as for all s € [0, 1]

(1=s)/h1
/ k1(v)wi (s, hy)dv =1,
—S/hl

we obtain

E(Foi(y)| X)) hl//m< >w1(3 I fi(w)duds

(1-s /h1
/ / v)wy (s, hy) fi(s + vhy)dvds

S/h1
(1—s)/h1

= F(y) + hl/ f{(s)/ vk (v)wy (s, hy)drds

7S/h1

(1 S /h]

/ / v ri(w)wi(s, ) ff' (§)dvds, (36
S/h]

where £ = £(i,s,v,h1) is between s and s + vhy. Since k1 € K, ||/ ]leo <

[/yx loc < 00, due to the compactness of } and X, (S1) and the uniform of

boundedness of w;. Then

(1—s)/h1
U s @] =om. @1
6/}11
where the bound is uniform in y and X;. We next show that
1 S /hl
| / £(s / s () (s, ha)dvds| = O(R3), (38)
75/}7.1

-1
where the bound again is uniform in y and X;. Setting ¢; = (fol m(u)du) , it

follows that

Y (1=s)/ha
hl‘/ fz/(s)/ vk (V)wi (s, hy)dvds (39)
—s/h1
(1—s)/h1
<C1h1||fY‘X||oo‘/ / viq (v )dl/ds‘. (40)
s/h1

Note that if y € [0, hq)

1 S /hl hl 1
’/ / vk (v dl/ds‘ < / / wcl(u)dy‘ds = O0(hy),
75/}741 7S/h1

which is due to k1 € K; this bound is uniform in y. Also, if y € [h1,1 — hy]

(1—=s)/h1 h1 1
)/ / vk (v duds’ </ / ym(v)du‘ds
G/hl —S/h1
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Yy 1
—|—/ / I/Iil(V)dV’dS
h1 -1
hy, ol
:/ / um(u)du‘ds
0 —S/hl

=0(M),

due to fil vk1(v)dv = 0 as k1 € K; this bound is also uniform in y. Finally, if
y € (1 — hy,1] we have

y p(1=s)/h Yy (1=s)/h
)/ / I/Iil(l/)dVdS’ < O(hy) —|—/ ’/ vk (v)dv|ds
0 1—-hy ' J—1

—S/hl
= O(hl)a

where the bound is uniform in y. With (40) this shows that (38) holds. Com-
bining (36), (37) and (38) leads to

|E(Foi(y)|Xi) — Fi(y)| = O(h}), (41)

where the bound is uniform in y, ¢ and X;. From the proof of Proposition 1 in
Petersen and Miiller (2016b), Fp; (1) = fol foi(s)ds > fol w1 (u)du = ¢, Since
Fi(y) = Foi(y)/Foi(1), furthermore

E ((Fi(y) - Fi(y))?)
<26 | E ((Foily) — Fi))?) + B (1 = Fu(1))?) |
=23 B | E ((Foi(y) — Fi()*1X:) + B (1 = Fos(1)*X3) |
=0(hi +n; "),

where the bound is uniform in y and depends on ¢ only through n;, and the last
equality is due to (35), (41) and since F;(1) = 1. The result follows. O

Proof of Theorem 3.4. Note that

(5%, v%) = / (Q° (1) — Q*(1))%dt
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where A, (t) = n=' Y7L [F7H () — F7H(0)] and By(t) = ! 30 EFN(E) —
Q*(t). Since

1 1 1 1/2
/0 A, (t) By (t)dt < [ /0 A% (t)dt /0 Bi(t)dt] ,

it suffices to control the terms fol A2 (t)dt and fol B2(t)dt. Since E(B,(t)) = 0,

E (/OlBg(t)dt) :/OlE(B;i(t))dt - /01 Var(By (1))dt

! / Var(F L (0)dt = O(n~Y),
0
where the last equality is due to the compactness of Y = [0, 1] and

Var(F (1)) = Var(Qyx(t, X1)) < [supy — inf y]*/4,
yeY yeY

whence
1
/ B2(t)dt = Op(n™1). (43)
0
Next, similar arguments as in the proof of Theorem 3.1 and (S1) show that

M= SUP(¢,z)e[0,1]x X D(t7 Z‘) < o0, where D(t,l‘) = 1/fY|X(QY|X(tax)7m) is the
conditional quantile density, and

/ (inl(t) - inl(t))2dt S M/ (F‘Z(l/) — FZ(V))zfz(V)dV
0 0
1 A
= M/O (Fi(v) — Fi(v))? fi(v)dv
=M (yeifufex leX(yw)) /0 (Ei(v) — Fy(v))2dv,

where the first equality is due to A, (s) := Fi(s) — Fi(s), s € Y, with A, (1) =0
and A,,(0) = 0. Lemma A.7 leads to

ay ) - PO ) = O(ht ), (44)

where the bound depends on 4 only through n;. Note that
1 LS U
/ A2 (t)dt = n~? Z/ (E7Y(t) — F7H())2at
0 = Jo

n 1
YN /0 (BN = F7 ) (EN () — F M (6)dt. (45)

i=1 j#i
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Using (44) along with a conditioning argument and the fact that n; > m(n),

E <n2 zn:/l(ﬁgl(t) _ F[l(t))th> ~0 <M) .

i=1 j#i
=0 (h1 +1/m(n)) .
Combining this with (45) leads to
/ A2 (t O, (h +1/m(n)). (46)
The result then follows from (42), (43), (46) and the condition m(n)hi = O(1).
U

In what follows, recall that F; is the cdf correponding to f; = fyx (-, Xi),
1=1,...,n
Lemma A.8. Suppose that Y = [0,1], X = [0,1]", p > 1, k1 € K, n; >
m(n) with m(n) — oo as n — oo, the regularity condition (S1) holds and
fyix (-, @) is twice-continuously differentiable at each x. If m(n)hi = O(1),
m(n)?°~1h?logm(n) — oo and n/m(n)P* = o(1) as n — oo for some g > 1/2
and p1 > 0, then

sup Q" (1) — Q*(1)| = Op((log n/n)"/? + ay),

te[0,1]

where a, = y/logm(n)/m(n).

Proof of Lemma A.8. Observe

sup [Q*(t) — Q" (t)| < sup |n~ IZQ Qi(1)] (47)

te(0,1] t€(0,1]

+ sup |n” IZQ E(F{ (1))l

te[0,1]

< a[lp]\n 12@ — Qi(t)| + Op((logn/n)*/?), (48)
telo,1
where the last inequality follows from the proof of Theorem 4.1 and using that
Qy|x (-, x) is (1/ko)-Lipschitz with ko = inf(, »yeyxx fyx(y,z) > 0, which is
due to (S1). For M > 0,

P < sup ‘ﬂ_l i@i(t) - Qi(t)‘ > Man> (49)

teo,1] i1
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<P < 12 sup |Q;(t) i(t)|>Man>
i—1 t€[0,1]
Z ( sup [Qs(t) — Qi(t>|>Man>, (50)
i—1 t€0,1]

so that it suffices to control the upper bound term in (50). For this, let ., ()
be an equidistant grid in [0, 1] with spacing m~7. Then

P ( sup |Qs(t) — Qi(t)] > Man) (51)

t€(0,1]

<P < sup |Qi(t) — Qi(t)] > Man/2>

teXn(’Y)

0,1],|t—s|<m—70

+ P < sup |Ql(t) — Qz(s)| > Man/4>
t,s€|

+P ( sup |Q:i(t) — Qi(s)| > Man/4> . (52)
t,s€[0,1],[t—s|<m =70
From the (1/k¢)-Lipschitz continuity of the @Q;, we have for large enough n
P ( sup |Ql(t) - Ql(s)| > Man/4> < 1{&51m*W0>Man/4} =0,
t,s€[0,1],[t—s|<m—70 N
(53)

where the last equality is due to m(n)*7~"logm(n) — oo as n — oo.
Next, let A; = sup,cy|Fi(y) — Fi(y)| and suppose that we can show

max A; = o,(1). (54)

i=1,...,n

Then it suffices to work on the event where max;—1 __, A; < 1/4, which holds
with probability tending to 1 as n — oo. Also, note that for large enough n it
holds that m~7 < 1/4.

Analogously to the proof of Corollary 1 in Bonnéry, Breidt and Coquet (2012),
observing the inclusion

{yeV: FEy)>t+A}C{yeY:Fy) >ty C{yey: F(y) >t— A},
where ¢ € [0, 1], it then follows that
Qi(t — A3) < Qu(t) < Qi(t+ Ay),
where we define Q;(r) = 0 for r < 0 and Q;(r) =1 for r > 1. Thus

(Qi(t) — Qz‘(s))l{sgt} <Qit+A) — Qi(s — Ay). (55)
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Note that if t + A; > 1 and |t — s| < m™7, then for large enough n we have
S—Al 21—2Ai—m_7° Z ]./4,

and thus s — A; € [1/4,1]. Hence, by a Taylor expansion and large enough n,
we obtain

(Qi(t+ A¢) — Qi(s — Ai)) 1 t>1-A, 135, jt—s|<m—0}
<1 —(Qi(1) + Q&) (s — Ay = 1))
<kg (1 —s+4)
<rg 124 +m70),

where ¢; lies between s — A; and 1. Also, if t + A; < 1, [t — s| < m™ and
s > A;, then by the kg L_Lipschitz continuity of Q; and large enough n

(Qi(t+ Ai) — Qi(s — Ai))ljp<1—n, s8> A0 [t—s|<m—0} < Ko Lm0 4+ 24,).

Similarly, if t + A; < 1, |t —s] < m™ and s < A;, then Q;(s — A;) = 0 and
t < A; +m~7°. By a Taylor expansion and large enough n, it then follows that

(Qilt+ D) — Qi(s — D))l pr<ci- A, 155,50, [t—s|<m-0} < Ko (E+ Ay)
<kg HmT 4 24A,).
Combining these observations leads to

(Qit + D) = Qi(s — M) Lirss jt—s|<m—0} < Ko (M7 +24;),

which holds for large enough n. This along with (55) and as Q; is non-decreasing,
implies

|Qz(t) - Qi(s)‘1{|t—s|gm—vo} < :‘ial(m_"*O +2A;)

for large enough n, whence

P ( sup 1Qi(t) — Qi(s)| > May, /4) (56)
t,s€[0,1],|t—s|<m—"0
<P (kg 'm ™ 4+ 2k5 ' A; > Ma,/4)

Here the last inequality follows from the fact that a, —4m™"k; M1 > a, /2,
which holds for large enough n and is due to v9 > 1/2.

Let M’ > 0. Suppose we can show that there exists a constant Cy > 0
depending only on ~yy such that for any M’ > 16Cy

P(A; > M'ay) = O(m(n)Co—M'/16), (58)
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as n — 0o, where the bound is uniform in ¢. Then, combining this with (57)
and taking M > 256Cy/k¢ leads to

P sup 1Qi(t) — Qi(s)| > Ma, /4| =0 (m(n)CO_M”O/%G) ,
t,s€[0,1],|t—s|<m~=70
(59)
as n — 0o, where the bound is uniform in i. We next note that (58) implies (54)
since for any My > 0
P < HllaX A; > Mo) < ZP(Al > M()) = O(n/m(n)MO/w’CO) = ()(1)7
i=1,...,n =

where the last equality is due to the condition n/m(n)?* = o(1) for some p; > 0,
taking Moy > 16(Co + p1).
Next, by a Taylor expansion and for M > 32C/kg, we have

P (Qi(t) —Qi(t) > May, /2)
<P (F(Qi(t) + Man/2) < t A Qi(t) + Man/2 < 1)

<P (=A; + F(Qi(t) + Man/2) < t AQi(t) + Man/2 < 1)
<P (Az > KZ()Man/Q)
:O(Tn(n)C’ofm)M/32)7

as n — 00, where the bound is uniform in 7. Similar arguments lead to
P (Qi(t) — Qi(t) < —Ma, /2) < P(A; > koMay/2) .
Hence, for M > 32Cy/ko
P (1Qu(t) = Qi(t)] > May /2) = O(m(n)*0roM/32),

as n — oo and therefore

teXn(’Y)

P ( sup |Qi(t) — Qi(t)] > Man/2> = O(m(n) 0o rmoM/52), (60)

as n — oo, where the bound is uniform in ¢. Combining (52), (53), (59) and (60)
leads to

i ( sup |Q:(0) = Qu(t)| > M ) = O(m(n) 700N/ () oMo/ 200)
te[0,1]

as n — 00, where the bound is uniform in ¢ and we take M > 256Cj/ko.
Therefore, for large enough M

ZP ( sup |Qi(t) — Qi(t)| > Man> =o(1),

i—1 tel0,1]
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as n — 0o, where the last equality follows from the condition n/m(n)** = o(1)
for some p; > 0. The result then follows from (48) and (50).
It remains to prove (58). Let

foi(y) = (niha) ™" im (Yijhl y) wi(y, ha),

j=1

with corresponding cdf Fy;(y) = foy foi(s)ds and a;, = \/logn;/n;. Let

Yy
mj=m*/‘m«s—mnmnwmamMa
0

and Ui = bij — E(bi]"Xi), j=1,....n;i=1,...,n. Note that E(leXz) =0
and that the U;; are (conditionally) independent in j given X;. By similar
arguments as in the proof of Lemma A.5 and using that k1 € K, we have
bi; < (fol k1(s)ds)™t = 2 and for large enough n and M’ > 4

1 &
P(Foi(y) — E(Fol(y”Xz) > Ml(lln|XZ) =P n— ZU” > M/(lin|X1'
i

=P amZUij >M/10g7’L7;|Xi
j=1

g

< n; M T E(exp (ainUs;)|X:)
j=1

< ni_M/ H(l + 4a3)
j=1

< ni_M/ exp (4n;a3,)

< m(n)*M.

Therefore, for large enough n and M’ > 4

P (Foi(y) = E(Foi ()| X3) > M'azn) < m(n)*=",
and similarly

P (Foi(y) = BE(Foi ()| X:) < =M'azn) < m(n)*~"

Let YV, be an equidistant partition of ) = [0, 1] with spacing m(n)~7. Thus,
for large enough n and M’ > 4 + o

P (Suyp |F01(y) — E(FOz(y)|Xz)| > M'am) < 2m(n)7°+47M/. (61)
YyeVn
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Now, from the proof of Lemma A.7 we have |E(Fy;(y)|X;) — Fi(y)| = O(h?),
where the bound is uniform in X;, ¢ and y. This shows that

sup |E(Foi(y)|Xi) — Fi(y)| = O(hi), (62)

where the bound is uniform in X; and ¢. From the uniform bound on w; and
K1,

sup [ Foi(y) — Foi(s)| = O(m(n)""hit), (63)
ly—s|<m(n)=70
where the bound is uniform in X;, Y;;, 7 =1,...,n,, and 7. Similarly
sup  |B(Foi(y)|Xi) — E(Foi(s)|Xy)| = O(m(n)""hi ), (64)

ly—s|<m(n)=70

where the bound is uniform in X; and 7. Hence, for large enough n and taking
M’ > 16+4~p, observing that a;, < a, for n large enough so that m(n) > exp (1)
is satisfied, we obtain

P (sup IFu) - i)l > M'a,

yey

<P (sup [Fuly) ~ B(Fu)X)| > Mo, 2)

ip (2‘25 B(Fu(y)|X:) = Fi(y)] > M'an/z)

<P (sup | Foi(y) — E(Foi(v)| X3)| > M’an/2>
yeY

+ Lom?)>Ma,/2}

<P < sup [Fos(4) = E(Fusy) Xo)| > M'a /1)

sup \ng(y) — Fpi(s)] > M’an/8>

ly—s|<m(n)~

+P ( sup |E(Foi(y) — Foi(s)| Xi)| > M/an/8>

ly—s|<m(n)—70

\ /\

4-M'/4
) 1 o )0 n )2 M 8)

m(n)
m(

| /\

n)70+4 M’ /4

where the second inequality is due to (62), the third follows from (62) and
m(n)h} = O(1) as n — oo. The fourth inequality is due to (61), (63) and (64)
and M’ > 16+4+p. The last inequality follows from the condition m(n)2°~1h? x
logm(n) — oo as n — oo. This shows that

P (sup |Fo:(y) — Fi(y)| > M'an> < 2m(n)V0+4fM’/4, (65)
yey
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for large enough n and M’ > 16 + 47o.
Next, set 7; = Fo;(1) so that F;(y) = Foi(y)/7: and consider a fixed M’ >
16(0 + 4). Then (65) and F;(1) = 1 imply

P(l7; — 1] > M'a,) < 2m(n)20t4-M'/4,
and thus for large enough n
P (sup 1Fuls) — B > M'ar/2) < P (sup |Fuy) — Fty)] > a2
y Yy
+ 2m(n)”°+4_M//4
< Qm(n)'yo+4—M’/16 + Qm(n)'yo+4—M’/4

= O(m(n) 10 H4=M'/16),

Here the first inequality follows by using that M’a,, < 1/2 holds for large
enough n, the second inequality is due to (65) and the last equality holds since
M’ > 16(yo + 4). Similarly

P(|lr =1 > M'a,7:/2) = O(m(n)wﬂ—M'/m)7

as n — 0o. Therefore

P (sup \Ey(y) — Fi(y)| > M'an> <P (sup |Foi(y) — Fi(y)| > M'ann/2>
yeY yeY
+P(|Tz — 1‘ > M’ann/2)

= O(m(n)'y‘)“_M//lG),

as n — 0o. The result in (58) then follows by taking Cy = 7o + 4. O
Proof of Theorem 4.3. Observe that

sup |77 (y) = T; (y)| =sup |Q*(Fi(y)) — Q" (Fi(y))|

yeY yey
< sup Q% (Fi(y) — Q" (Fiy))|
+sup Q" (Fi(y) — Q*(Fi(y))l
< sup Q7 (Fi(y)) — Q" (Fi(y))|

+ (1/k0) sup |Fi(y) — Fi(y)l,

where ko = inf(, ,)cyxx fy|x(¥,2) > 0 and the last inequality is due to the
(1/kg)-Lipschitz continuity of @*, which follows from (S1). Hence

‘max_sup [T (y) — T7 (y)| < max sup |Q*(Fi(y)) — Q*(Fi(y))]
1=1,..., n oyey 1=1,..., n oyey
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+ (ko) max sup |Fiy) ~Fiy)l.  (66)
e, e

Let a, = y/logm(n)/m(n). From the proof of Lemma A.8, we have that there
exist C' > 0 and Cy > 0 such that for M > 16C, and large enough n

R C
P (21615 |Fi(y) — Fi(y)| > Man) < () M716—Co

This along with the independence across i of the quantities F}(y) and Fj(y)
implies that for large enough n and M > 16Cj

P ( max sup |Bi(y) — Fiy)| > Man)
i=1,...,n yeY

P (sup 136 - ) < e, )

i=1 V&Y

=TI [ (sup 1) - Bl > 10, )|

i=1 yey

C n
<t~ (1= s

Since n/m(n)?* = o(1) as n — oo for some p; > 0, it is easy to show that for
large enough M

1‘(“W>n=om,

as n — 0o. Therefore

max sup |Fi(y) — Fi(y)| = Op(an). (67)
i=1on yey

From Lemma A.8, we have
max - sup Q*(Fi(y) — Q*(Fx(w))| < sup [Q(t) — Q*(1)]
i=1,...,n ycy t€0,1]
:Op((logn/n)l/2 +ay),

which together with (66) and (67) leads to the result. O

Proof of Theorem 4.4. Recall that F* (y) = infte[o’l]{Q*(t) > y} and Q*(t) =
n=tS" Qi(t), where Qi(t) = infyey{Fi(y) > t}, t € [0,1]. Also denote by
1Q* — Qoo = Supeoq1]|Q" (1) — Q*(t)|. Since Fj is continuous over ) with
E*(0) = 0, F*(1) = 1, it holds that the range ran(F™*) = [0,1] and thus similar
arguments as in Embrechts and Hofert (2013) show that @); is strictly increasing
on [0,1] and therefore so is @*. Since Q" is non-decreasing, arguments in Feng
et al. (2012) show that F™* is right-continuous. To show that F™* is continuous,
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we argue by contradiction. Suppose that F is not left-continuous so that there
exists yo € Y = [0,1] such that F*(y; ) < F*(yo). Then there exists ¢1 < ¢
such that F™*(yy ) < ¢1 < ¢p2 < F*(yo). Then for small enough ¢ > 0,

A

F*(yo —8) < F*(yg) < ¢1 < ¢2 < F* ().

This implies yo —d < Q*(¢1) < yo and taking 6 | 0 shows that Q*(¢1) = yo and
similarly Q* (gbg) = yo. Thus Q* (1) = Qr (d)g) with ¢1 < ¢2, which contradicts
the fact that Q* is strictly increasing. Hence F* is continuous over Y = [0, 1].

Next, setting b, = (logn/n)*/?+(logm(n)/m(n))*/? and using the continuity
of F* and the arguments in the proof of Theorem 4.2 leads to

P (sup () — F*(3)] > bnM> <P | B> F ) +bM
yeY yEYNQ

+P | |J F*y) <F*(y)—b.M |, (68)
yeYNQ

and Ly <dQ*(t)/dt < My ', t € [0,1], for some positive constants Lo, My > 0.
Setting A, ={y € Y : F*(y) +b,M < 1} and using that 0 < F*(y) <l,ye),
we obtain

Pl U Fw)>F(y) +bM
yeYNQ

<P U QU ) >Q (F(y) +b.M)

yeyﬂQﬂAn

<P U 1@ = Qe + Q" (F*(y) >y +bulg' M
yeEYNQNA,

P(1Q" = Q"o > buLg'M),

where the last inequality follows from the fact that Q*(F*(y)) < y, which we
show next. Indeed, suppose that there exists y € ) such that Q*(F*(y)) > y.
Then, there exists v € Y such that y < v < Q*(F*(y)) By left-continuity of Q*,
we have that for any € > 0 there exists § = §(e) > 0 such that Q*(F™*(y) — &) >
Q*(F*(y)) — € > v — e. Taking € = (v — y)/2 > 0 implies

Q(F(y) =0) > (v +9)/2 >y,

A

and thus F*(y) < F*(y)—4, which is a contradiction as § > 0. Thus Q*(F*(y)) <
y.
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Combining this with |Q* — Q*||ec = O,(b,), which is due to Lemma A.8,
leads to

Pl U F @) >F @) +bM | =o(), (69)
yeYNQ

as n — oo for sufficiently large M. Similarly, setting B, = {y € YV : F*(y) —
b, M > 0},

Pl U Py <F@-tuM|<P| |J Q(F() —b.M) >y
yeYNQ yeYNQNB,

<Pl U 1@ —Qllo+Q F (y) —bM) >y
yeYNQNB,

<Pl U 1@ -Qllwt+y—Lg'baM >y
yeYNQNB,

<P (I1Q" = Q'lloe > Ly "buM) = o(1),

as n — oo and sufficiently large M. Combining this with (68) and (69) leads to
the result. |

Appendix B: Additional simulation results
S.6 Additional simulation results

We investigate the situation when only scatterplot data (X;,Y;),i =1,...,n, are
available but the conditional densities f; remain unobserved. For this, we first
generate predictors Xi,..., X, g f, where f corresponds to the density of a
U(0,1) random variate. Then, conditional on X;, we generate Y; from a mixture
Gaussian distribution as follows: We first draw a uniform variate p ~ U(0, 1)
independently of all other random quantities. If p > 0.5, we sample Y; from a
normal distribution N(u1,01) with g1 = X; and o1 = 0.1. Otherwise, if p < 0.5,
we sample Y; from a N(u2,02) with ug = 1 — X; and o9 = 0.1. Thus, the
underlying conditional density function fy|x is given by the Gaussian mixture

fyix(y,z) =m : ¢ (y—m(@) + o 21x)¢ (y_M(x)) , (70)

o1(x) o1(x) oa oa(x)

where ¢ corresponds to the density of a standard normal random variable,
oj(z) =01, 7 =05, =12, my(z) =z and pa(z) =1 -2,z € X = [0,1].
Figure 7 shows the conditional Gaussian mixture densities over a dense grid
of x values along with the density of the Wasserstein and classical marginal
measures.
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FiG 7. Conditional Gaussian mizture densities fy|x(-,x) as in (70) over a dense grid of
increasing x values in [0,0.5] (from blue to red) as outlined in the simulation setting for
Gaussian miztures with X ~ U(0,1). Here pi(z) = =, p2(x) = 1 —z, oj(z) = 0.1 and
7; = 0.5, j = 1,2. By symmetry, if x € (1/2,1] then fy|x(-,z) = fyx(,1 — x) with
1—x €1[0,1/2). The density of the Wasserstein-Fréchet Integral is shown in solid black while
the classical marginal is dashed.

We take k1 and k9 to be Gaussian and Epanechnikov kernel functions, respec-
tively, bandwidth sequences h; = h = n~*/3 and compute Q* over a dense grid
of values in [0.05,0.95]. Since the quantile function of a Gaussian mixture has no
closed form expression, we obtain the true quantile function of the Wasserstein-
Fréchet Integral measure by using that Q*(t) = [, Qy|x(t,z)f(z)dz and nu-
merically approximating this term. To assess the finite sample performance of
the empirical estimates, we utilize the squared Wasserstein error measure

D= [ Q0 - Qw2 ae(0.1/2),

which is obtained numerically over a dense grid in [o, 1 — . We set o = 0.05.
Figure 8 shows the boxplots of D,, , across 1000 simulations, and D,, . is seen
to rapidly converge to zero.

For the previous Gaussian mixture scatterplot setting, we further explore
the situation when X has a beta instead of a uniform distribution, where we
expect the shape of the density of the Wasserstein-Fréchet Integral to be closer
to the conditional densities fy|x (-, ) especially for larger x. For this, we slightly
adjust the previous Gaussian mixture setting where we now set pq(z) = 0 and
f ~ Beta(2,2) while all other population variables remain the same as before.
Figure 9 shows the conditional Gaussian mixture densities over a dense grid of x
values along with the density of the Wasserstein and classical marginal measures.
For sufficiently large values of z, the conditional density fy|x(:,z) is bimodal
with peaks at 0 and 1 — x while for smaller values of = the conditional density
converges to a zero-mean Gaussian density. Since X ~ Beta(2,2), higher weight
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FiG 8. Bozxplot of the squared Wasserstein error measure Dp o = fi_a(QA* (t) — Q*(t))2dt
with o = 0.05 for 1000 simulations and increasing sample sizes in a simulation setting with
Gaussian miztures when X ~ U(0,1).

values f(x) are concentrated around x = 0.5 and thus the Wasserstein-Fréchet
Integral should be closer to a bimodal Gaussian variate which is clearly seen
to be the case in Figure 9. In contrast, the classical marginal density does not
represent the vertical variation around the means. Figure 10 shows the boxplots
for D, o, o = 0.05, which again converge rapidly to zero with increasing sample
size, indicating consistency of the Wasserstein-Fréchet Integral. The associated
transports are shown in Figure 11.
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F1G 9. Conditional Gaussian mizture densities fy|x (-, ) as in (70) over a dense grid of in-
creasing x values in [0,1] (from blue to red) as outlined in the simulation setting for Gaussian
miztures with X ~ Beta(2,2). Here p1(x) = 0, p2(z) = 1 — =z, oj(z) = 0.1 and m; = 0.5,
j = 1,2. The density of the Wasserstein-Fréchet Integral is shown in solid black while the
classical marginal is dashed.
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F1G 10. Boxplot of the squared Wasserstein error measure Dy, o = f;_a(Q* (t) — Q*(t))?dt
with o = 0.05 for 1000 simulations and increasing sample sizes in a simulation setting with
Gaussian miztures when X ~ Beta(2,2).
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Fic 11. Individual optimal transports T; = Q* o F; from the conditional distributions v; to
the Wasserstein measure v* in the simulation setting of Figure 1. Low values of the predictor
x are displayed in blue and higher values in red. The identity map is displayed in solid black.
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