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Abstract

Locally stationary time series (LSTS) repre-
sent an essential modeling paradigm for cap-
turing the nuanced dynamics inherent in time
series data, whose statistical characteristics,
including mean and variance, evolve smoothly
over time. In this paper, we propose a condi-
tional probability distribution estimator for
LSTS through Nadaraya—Watson (NW) ker-
nel smoothing. NW estimator leverages local
kernel smoothing to approximate the condi-
tional distribution of a response variable given
its covariates. Under mild conditions, we es-
tablish optimal transport convergence guar-
antees to the proposed NW-based conditional
probability estimator. These guarantees are
initially proven in the univariate setting using
the Wasserstein distance, and subsequently
in a multivariate setting employing the sliced
Wasserstein distance. To corroborate our the-
oretical findings, we conduct a wide range of
numerical experiments to assess the conver-
gence rates and showcase the practical rele-
vance of the estimator in capturing intricate
temporal dependencies in complex nonstation-
ary phenomena.

1 INTRODUCTION

Time series analysis (TSA) aims to study the historical
and current behavior of certain variables to predict
future patterns. Such analysis is pivotal to forecast
and control potential future scenarios, for instance
in predicting inflation rates, stock prices, unemploy-
ment rates (Weng et al., 2018; Dadashova et al., 2021),
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and meteorological factors (Jiang et al., 2020; Kol-
luru et al., 2021), among many others. While classical
TSA operates under the assumption of stationarity,
it is important to note that many time series display
nonstationarity (Aue et al., 2015; Chen et al., 2016;
Amato et al., 2020). One approach to model this non-
stationarity is through LSTS, where these processes are
locally approximated by a strictly stationary process
in a finer-grid time interval (Dahlhaus, 1996; Dahlhaus
and Subba Rao, 2006; Dahlhaus, 2012). Most of the
statistical theoretical guarantees on LSTS in the lit-
erature are proposed for both the conditional mean
and the variance functions. In a parametric frame-
work, Dahlhaus (1996) obtained estimates by mini-
mizing the generalized Whittle function using local
periodograms. Nonparametric approaches rely on NW
(Nadaraya, 1964; Watson, 1964) estimation procedure,
that is a widely used local averaging method for es-
timating the conditional mean function (Kristensen,

2009; Vogt, 2012; Truquet, 2019; Kurisu, 2022).

To deviate from estimation of conditional mean func-
tion, various works have already been proposed for
conditional distribution estimation (Hall et al., 1999;
Ferraty and Vieu, 2006). Hall et al. (1999) considered
strictly stationary processes and proposed two esti-
mation methods: a local logistic distribution method
and an adjusted NW estimation procedure. Ahmed
et al. (2020) introduced an adaptive NW estimator for
strictly stationary processes using varying bandwidth
and proved asymptotic normality of the proposed esti-
mator. In Bouanani and Bouzebda (2024), they devel-
oped a local polynomial estimator for the conditional
cumulative distribution function (CDF) of a scalar Y;
given a functional X;. For distributional regression,
Dombry et al. (2024) extended Stone’s theorem using
Wasserstein distance and showed that the conditional
CDF estimator with local probability weights is a uni-
versally consistent estimator of the true conditional
CDF.

It is worthy to note that in conditional distribution esti-
mation, we have to carefully choose a metric measuring



Optimal Transport Guarantees to Nonparametric Regression for Locally Stationary Time Series

the distance between these distributions. In this work,
we consider optimal transport (OT) metrics that have
been recognized as effective tools in comparing probabil-
ity distributions. OT solves problems centered around
the shortest path principle (Peyré and Cuturi, 2020).
One of the prominent metrics in OT is Wasserstein dis-
tance (Villani, 2009). It has gained many applications
compared to Total Variation, Hellinger, and Kullback-
Leibler divergence since it can be optimally estimated
from samples under mild assumptions (Manole et al.,
2022). However, the direct computation of Wasserstein
distance in high-dimensional setting can be computa-
tionally expensive. To overcome this computational
burden, sliced Wasserstein distance was proposed to
approximate the Wasserstein distance by projecting
multivariate distributions onto one-dimensional sub-
spaces and averaging the resulting one-dimensional
Wasserstein distances (Bonnotte, 2013; Bayraktar and
Guo, 2021).

Contributions.
per are threefold:

The contributions of the present pa-

o We consider estimating the conditional probability
distribution of LSTS rather than the conditional
mean or variance functions, as was largely pro-
posed in the literature.

e Under mixing conditions (Doukhan, 1994; Rio,
2017), we provide the convergence rate of NW
conditional distribution estimator with respect to
Wasserstein distance for a scalar target Y; r given
a d-dimensional locally stationary covariate X; r.

o We extend the results to a multivariate setting,
ie., Y;r € Ri(q > 1), where we derive the conver-
gence rate of NW conditional distribution estima-
tor through sliced Wasserstein distance.

To the best of our knowledge, this is the first work that
establishes OT bounds for conditional probability distri-
butions for both univariate and multivariate LSTS. We
then illustrate our theoretical findings through numeri-
cal experiments on synthetic and real-world datasets.

The structure of this paper is as follows. In Section 2,
we present the regression estimation problem in LSTS, a
brief background of local stationarity, and Wasserstein
distance. We derive the main results in Section 3:
we first define the NW kernel estimator, and then
provide the rates of convergence of Wasserstein distance
between estimated and true conditional distributions.
We extend our result to the multivariate case in Section
4. Section 5 shows the results of numerical experiments.
All the proofs and additional experiment results are
postponed to the appendices.

2 PRELIMINARIES

We start introducing a background of LSTS and opti-
mal transport through Wasserstein distance. We then
present the mixing coefficient employed to assess weak
dependency between observations in the time series.

2.1 Locally stationary time series

Suppose that we have access to T € N random vari-
ables {Y: v, X v}i=1,... 1, where Y 1 is real-valued and
Xir = (X} p,...,X{7)T € RY. We consider the fol-
lowing regression estimation problem

t
Yir = m*(f’Xt’T) +eyp, forallt=1,...,7, (1)

where {e; 7}1ez is a sequence of 1.i.d. random variables
such that Ele; 7| X, 7] = 0. We assume that the co-
variate X, 7 is locally stationary and Y; r is integrable.
Note that m*(%,Xt,T) = E[Y; r| X, ] is the oracle
conditional mean function in model (1), which does
not depend on real-time t but rather on the rescaled
time u = %. It is identified almost surely (a.s.) at all
rescaled u-points if it is continuous in the time direction.
In LSTS, this rescaled time refers to the transformation
of the original time scale.

A wide range of interesting nonlinear process mod-
els fit into the general framework (1). An important
example is the nonparametric time-varying autoregres-
sive (tvAR) model: Y; 1 = m*(%7 Yicir, .., thd,T) +
&, T, where Xt7T = (}/t—l,Ta AN ,i/t_d7T)T is the d—lag
of Y, p; for instance, see (Vogt, 2012; Richter and
Dahlhaus, 2019). Let us now formally define the notion
of LSTS. We adopt the definition given in Vogt (2012).

Definition 1 A process { X r}i=1,.. 1 is locally sta-
tionary if for each rescaled time point u € [0,1],
there exists an associated strictly stationary process

{Xi(u)}i=1,.... 7 verifying
t 1
||Xt»T - Xt(u)H < (‘T - U’ + T)Ut’T(u) a.s.,

where {Uy () }1=1,...7 is a positive process such that
E[(Utr(w)f] < Cy for some p > 0 and Cy < oo
independent of u,t, and T. The norm || - || denotes an
arbitrary norm on RY.

Definition 1 states that around each rescaled time u,
any d-dimensional LSTS { X r}/=1,..,r can be approxi-
mated by {X;(u)};=1, 7, which is a strictly stationary
process at each fixed u. This suggests that a nonsta-
tionary process can be presumed stationary at local
time. The exponent p can be considered as an indicator
of how well the approximation is being done: the larger
a p, the better approximation of X; r by X;(u) and
moderate bounds for their absolute difference.
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2.2 Optimal transport: Wasserstein distance

Let P.(R) be the set of Borel probability measures in R
having finite 7-th moment (r > 1), i.e., P.(R) = {p €
P(R) : [ #|"n(dz) < oo}. We quantify the distance
between probability measures u,v € P.(R) through
the rth-Wasserstein distance (Villani, 2009), denoted
by W,.(u,v) and defined as

W, v) = (mﬁ%ft v)

: i/r
/ lu — v|"7(du, dv)) (2)
R2
where II(u, v) stands the set of probability measures on
R x R with marginals p and v. Equation (2) states that
W,-(1s, V) is the infimum of the expectation of distance
between two random variables over all possible cou-

plings, i.e., W, (u,v) = (infUNN’ v~ E[JU — V\r])l/r.

A simple optimal coupling can be represented by a prob-
ability inverse transform: let F},(-) and F,(-) be the
cumulative distribution functions (CDF) and F},*(-)
and F,!(:) be the respective generalized inverse or
quantile functions. Then, for a uniformly distributed
random variable Z on (0,1), we can construct an op-
timal coupling (U, V) = (F,;'(Z), F,7'(Z)) (Dedecker
and Merlevede, 2017). Hence, in univariate setting, the
minimization problem (2) boils down to

1 4 . r 1/r
W) = ([ IR - Rl )
For r = 1 and using a change of variable, the 1-
Wasserstein distance writes as
Wieo) = [ 1Fu0) = Blolde. @)

Clearly, Wy (u,v) is the Li-distance between the CDF
F,(-) and F,(-).

Now, since we are dealing with sequences exhibiting
weak dependency, let us define the mixing coefficient
being considered in this paper.

2.3 Mixing condition

The convergence rates of LSTS estimation are estab-
lished under weakly dependent conditions, often termed
mixing conditions (Doukhan, 1994; Rio, 2017). These
latter are used to measure the dependency degree be-
tween observation sets of a stochastic process when they
get far apart in time. In a nutshell, the farthest time
distance between observations, the lower dependency.
One of the prominent mixing conditions is S-mixing, it
has been utilized to prove central limit theorems and
moment inequalities (Dedecker et al., 2007; Bosq, 2012;
Poinas, 2019).

Definition 2 Let (2, A,P) be a probability space,
B and C be subfields of A, and set B(B,C) =
Elsupgee |[P(C) — P(C|B)|]. For any array {Zyr :
1 < t < T}, define the coefficient B(k) =
supi<icr_k B(0(Zsr,1 < s <t),0(Zspt+k < s <
T))7 where o(Z) denotes the o-algebra generated by Z.
The array {Zyr} is said to be B-mixing or absolutely
reqular mizing if B(k) = 0 as k — oo.

Definition 2 entails asymptotic independence as k — oo
for a B-mixing process. As argued in Vidyasagar (1997),
f-mixing is a “just right” assumption in analyzing
weakly dependent sequences. [-mixing is highly de-
sirable in practice, as many commonly used time se-
ries models exhibit this property (McDonald et al.,
2011). Various types of S-mixing include exponentially
B-mixing where B(k) = O(e™ %) for v > 0 (Masuda,
2007; Lee, 2012). Tt can also be arithmetically S-mixing,
ie., B(k) = O(k’“f) (Ferraty and Vieu, 2006; Vogt,
2012; Bouzebda, 2024).

3 WASSERSTEIN BOUNDS FOR
UNIVARIATE LSTS

For a fixed sample time ¢ € {1,...,T} and a covariate
x € R%, we denote the conditional probability distri-
bution of Y; 7| X, r = « by 7 (:|x) and its associated
conditional CDF by Fy(:|z). The mean conditional
regression function is then given by

oo

t

m*(f7w) = Eﬂ';(\m) [E,T|Xt,T = w] = / ydﬂ-:(y|w)

— 00

Let K1, K5 be two 1-dimensional based kernel functions
and h be a T-dependent bandwidth, i.e., h = h(T)
satisfying h(T) — 0 as T" — oo. Setting the scaled
kernels K, ;(-) = K;(5), for i = 1,2, we define.

Definition 3 The NW estimator of w}(-|x) reads as

e (c|x) = ZaTzl wa(%, x)dy, ., where

d
t a . .

| I J
Kh,l(f - T)J:I Kh,z(xj — Xa,T)

p— T d .
t a . i
Kni(=— )T Koz — X7

;:1 nal T)]Lll h2(z a1)

The associated conditional CDF to #:(-|x) is defined
as, for all y € R,

T
Blyle) = Y walm@)lvrsy ()

a=1

The weights {we(u, €)}e=1,... 7 are measurable func-
tions of ®, X, 7, and u but do not depend on Y, 7.
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Note that NW estimator of m*(u,x) is given by
m(u,x) = Zle wq(u, )Y, 7, that involves two kernel
functions: one is in the direction of the d-dimensional
covariate X; 7 and the other is with respect to the
rescaled time u = % This means that we do not only
smooth in the space-direction of X; 7 but also in the
time-direction, allowing us to properly assign weights
wq(%, x) and then consider local behavior of the data
t

in the rescaled time T

Next, we present the assumptions about the underly-

ing process in model (1) and NW estimator given in
Definition 3.

3.1 Assumptions

Our main results are based on the following assump-
tions that are classical in LSTS (Fan and Masry, 1992;
Hansen, 2008; Vogt, 2012) and conditional distribution
estimation (Owen, 1986; Hall et al., 1999; Veraverbeke
et al., 2014; Otneim and Tjestheim, 2018).

Assumption 1 (Local stationarity) Assume that
{Xi1r}i=1... 17 has compact support X and is locally
stationary approzimated by { X (u)} for each time point
u € [0,1]. The density f(u,x) of X¢(u) has continuous
partial derivative, 0; f(u, x) := %f(u, x), with respect
to x for each u € [0,1].

Assumption 1 establishes the smoothness of the density
f(u,x) w.r.t x, allowing to use Taylor expansion in the
proofs.

Assumption 2 (Kernel functions) The based ker-
nel K;(+), i = 1,2, is symmetric about zero, bounded,
and has compact support, that is, K;(z) = 0 for all
|z| > C; for some C; < oo. Additionally, it ful-
fills a Lipschitz condition with a positive constant
L; < o0, such that |K;(z) — K;(2")| < L;|z — #/|, for
all z,2' € R, and [ K;(2)dz =1, [2K;(z)dz =0, and
[ 22K;(z)dz = k < c0.

Assumption 2 signifies that the kernel function has
a bounded rate of change. By assuming that K is
symmetric about zero, we allow either or both kernel
functions to be box, triangle, quadratic, or Gaussian
kernels. The kernels follow bounded second-moment
regularity, leading each kernel to have finite variance
and limiting influence of outliers.

Assumption 3 (Bandwidth regularity condition)
The bandwidth h satisfies T~ 2 h=9=1 = o(1), where
v=pA1l, for p >0 as introduced in Definition 1.

Assumption 3 indicates that h converges slower to zero,
for instance at a polynomial rate, i.e., h = O(T~%),
for small £ > 0. It is worth noting that the choice

of bandwidth is crucial for the bias-variance trade-
off (Silverman, 1998): small h leads to over-fitting,
producing an estimator with high variance and low bias,
while large h may cause under-fitting. Assumption 3
is a strengthening of the usual condition Th?*t! — oo,
needed to guarantee convergence to zero of our resulting
bounds.

Assumption 4 (Conditional CDF) The con-
ditional ~CDF  F*(-|) 4s Lipschitzian, i.e.,
|F2 () — B (|a)] < Lo (o — /]| + |& — &), for
some constant L« < 00, and for all a,t € {1,...,T},
x,x’ € R

Assumption 4 entails F*(-|-) to not change rapidly as
the observation changes. This differs from the assump-
tion used in (Hall et al., 1999; Veraverbeke et al.,
2014; Otneim and Tjgstheim, 2018; Ahmed et al., 2020)
where the conditional CDF is assumed to be twice
differentiable.

Assumption 5 (Mixing condition) The process
{(Xy1,601) }i=1,... 7 s arithmetically B-mizing, that
is, B(k) < Ak~ for some A > 0 and v > 2. We
further assume Y ;- | k‘:ﬁ(k)l_% < 00, for some p > 2
and ¢ >1— %

Assumption 6 (Blocking condition) There exists
a sequence of positive integers {qr} satisfying gr — o0
and qr = o(VTh¥+1), as T — .

Assumptions 5 and 6 are useful for dependent sequence
estimation procedures. Assumption 5 highlights the
decay of S-mixing coefficient S(k). In the proof of
Theorem 1, Bernstein’s blocking technique was used to
create independent blocks (Bernstein, 1927).

3.2 Convergence rate in Wasserstein distance

We investigate the error between NW estimator 7;(-|x)
and true conditional distribution 7} (-|x) by establish-
ing the rate of convergence w.r.t Wasserstein distance.

Theorem 1 Let Assumptions 1 - 6 hold and define
Ih = [Clh, 1-— Clh] Th€’fL,

sup  B[Wy (7 (|2), 7/ (-|z))]

xeEX, el
1 1
+ Tuhd+u—1

- O(T%hd+1—%(1—u)

+h).

Theorem 1 ensures that the expectation of Wasserstein
distance between the underlying conditional probability
distributions converges to zero with nonstandard com-
1 1
(T%hdﬁ»lf%(lfv) ) and (Q(T"hfpr“*1 )’
and a standard component of order O(h). Generally,

ponents of orders O
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this convergence depends on the bandwidth h; as dis-
cussed in Assumption 3, it should slowly approach zero
for this result to be valid. The first and second compo-
nents, which depend on v and p, are respective results
of approximating {X; r}:=1,.. 7 by a locally stationary
{Xt(%)}tzl’wT and by assuming that {X;r}=1.. 1
is B-mixing. More precisely, the dependency on v = pAl
comes directly from Definition 1, i.e., the difference
between X¢ 7 and X, (%) is bounded by a product of a
negligible term and a positive process Ut7T(%) having
finite p-th moment. Additionally, p > 2 corresponds
to the rate of decay of the S-mixing coefficient in As-
sumption 5. While the last component is obtained
through Lipschitz continuity property of the condi-
tional CDF F*(+|-). If v = 1, this convergence becomes
O(=—r-— +h).

T% hd+1

For a strictly stationary stochastic process {Y;, X;},

where Y; and X, are scalar, Hall et al. (1999) (The-

orem 1.i7) had shown the pointwise convergence of

their proposed adjusted NW conditional distribution
. . 1 2

function estimator to be O(\/ﬁ +h )

We further bound the second moment of Wiy in Ap-
pendix B. The next succeeding results give the bounds
for the expectation of general W,. The proofs are
deferred to Appendices C.2—C.5, respectively.

Corollary 1 Assume that Y; v is uniformly bounded
by M > 0 and that Assumptions 1-6 hold. Then, for
everyr > 1,

sup  B[WI(7(- | @), 7 (- | @))]

reX, %Glh,

In particular, for r =2,

sup  B[W3(7(- | %), 77 (- | @))]

zeX, LIy,

+

Remark 1 Corollary 1 shows that the expected squared
2-Wasserstein distance between the estimated condi-
tional distribution 74(- | @) and the oracle conditional
distribution 7f (- | €) converges to zero with the same
rate as in Theorem 1. In this sense, B[W2 (7, 7))
can be regarded as a distributional analogue of the
mean squared error, with Wy playing the role of an
Lo-distance between full conditional laws, rather than
between their means only.

Under finite r-th moments, r—Wasserstein adheres to
the following convergence.

1 1
- O<T1/2hd+1;<1u> T T h) '

1 1
o O<T1/2hd+1—;(1—u) Tvh d+v—1 + h) )

Corollary 2 Assume that Assumptions 1-6 hold and
that, for some r > 1, the conditional distributions
satisfy the uniform moment condition

sup / I 7 (dy | ) < oo, and
xzeX, t, T JR

sup / I #e(dy | ) < co.
zeX,t, T JR

Then,
sup [ Gial- | @), (| @)
xEX, %EI;L
1 1
- O(Tl/Zhd"rl—é(l—u) + Tvhd+v—1 + h) .

Furthermore, under integrability and tail conditions,
the convergence in expected W, of the underlying con-
ditional distributions is provided as follows.

Corollary 3 Let r > 1 and assume Assumptions 1-6
hold. Suppose furthermore that the conditional laws
75 (- | ®) and 7(- | ©) have uniformly integrable r-th
moments, 1i.e.

lim  sup

] | Wiy le) =0, e
O xeX,t,T J{|y|>R}

lim  sup / lyl” #.(dy | @) = 0.
R=oozex .1 J{|y|>R}

Then, as T — oo,

sup E[W[(ﬁt(-|m),7rt*(~\:c))] 0.

zeX, Lely

In particular, this holds for r = 2, yielding a Wasser-
stein analogue of the mean squared error.

Moreover, we provide below the refined rate of conver-
gence for W, given an optimized choice of R.

Proposition 1 Let r > 1 and suppose that Assump-
tions 1-6 hold. Assume furthermore that there exists
s > r such that

sup / |yl 77 (dy | ) < 0o, and
R

xzxcX,t,T
sup / |y|g7ATt(dy | :n) < 00. (5)
zeX,t,T JR
Define
Ap:=  sup E[Wl (7 (- | @), 7 (- | a:))} (©)
xeX, %€Ih

By Theorem 1, we have

1 1
Ar = O<T1/2hd+1_zl>(1_”) T popdio—1 T h) :
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Then there exists a constant C' > 0 such that, for all
sufficiently large T,

sup  B[W/ (m(- @) m (- |2)] < CAp
zEX, Lely
(7)

In particular, for r =2,

=2
s B[W3 (| o) xi(| )] =0( 477 ).
TEX, Ll

which can be interpreted as a Wasserstein analogue of
the mean squared error with a rate slowed down by the
tail parameter s.

Proposition 1 shows that, under a uniform s-moment
condition with s > r, one can choose the trunca-
tion level optimally to obtain a refined convergence
rate for the expected r-Wasserstein distance, bound-
ing it by a fractional power of Ar; in particular, for
r = 2, the squared Wasserstein distance behaves like
a mean—squared—error analogue with a rate slowed ac-
cording to the tail parameter s.

On a different note, as a result of Theorem 1, the NW
conditional mean estimator m of m* verifies

Proposition 2 One has,

t
sup  E[i(=,x) — m* (=, )|
zeX, L€l [ T T }
< sup  E[Wi(7(|®), 7 (|®)]. (8)
zEX, &el)

Proposition 2 signifies that convergence rate of NW
regression function estimator 7 (u, ) can also be ob-
tained through Wasserstein distance. This latter is
comparable with the uniform convergence rate of the
NW mean function estimator in Vogt (2012) (Theorem

4.2), of order Op (y/ % + gz + h?). If we assume
that F*(+|-) is twice differentiable, then we get a similar

convergence rate for the bias component. The bound in
the right hand side of (8), given in Theorem 1, is slower
than that of (u, ) given in Vogt (2012) since we are
measuring the disparity between underlying distribu-
tions, taking into account all aspects of distributional
differences, not just discrepancies between conditional
means.

For a bandwidth that goes to zero at a polynomial rate,
the explicit Wasserstein bound is given below.

Proposition 3 Assume Assumptions 1 - 6 hold and

let h =T, where 0 < £ < é_ﬁ Then,
sup E[Wl(ﬁt(|;v),7r;(|a:))]

zeX, el

- (T%—a(d+1—%(1—»)) T re@n * ﬁ)

Proof of Proposition 3 follows the same lines of Theorem
1’s proof, by setting h =< T¢.

4 SLICED WASSERSTEIN BOUND
FOR MULTIVARIATE LSTS

Let YVt,T = ()/,‘}T7 s 7)/t?T)T € R? (q > 2)7 Xt,T S Rda
and consider the multivariate regression model:

t
Y. r = m*(T7Xt,T) +eur,

where the conditional mean is given as m* (%, Xt,T) =
(m* (s Xer) - o ™ (e Xir)) |
e,r = (ehps--- ,6Z7T>T The variables {e} ;}icz,
for I € {1,...,q}, are i.i.d random variables inde-
pendent of {X; r};—1,... 7. We denote by w;(:|x) €
P(R?) the conditional distribution of Y; r| X1 = .
An example that fits this framework is the time-
varying vector autoregressive (tvVAR) model: Y} p =
m*(%, }ft—l,Ta ey n—d,T) + &t T, where Xt7T =
(Yoo17,...,Yi_a7) ' is the d-lag of the g-dimensional
vector Y; p (Haslbeck et al., 2020; Li and Yuan, 2024).

and the noise

Definition 4 The NW estimator of 7} (-|x) is defined
as 7t (-|x) = Z:Zl wa (%, )0y, 1, where we(&, ) is
given in Definition 3 and dy, . represents a point mass
at Yo r € R, The associated conditional CDF to
7t (-|x) writes as, for ally = (y*,...,y9)" € RY,

T

- t

Bu(yla) = Y el @)y, <0ty
a=1

Remark 2 The NW estimator of m* is given by
m(u,x) = ZaT:1 wq (u, )Y, 1.

When Y; r € R?, estimating the Wasserstein distance
is often affected by the curse of dimensionality due to
high computational complexity (Bayraktar and Guo,
2021). To overcome this complexity, sliced Wasser-
stein distance was introduced (Bonnotte, 2013). It
only requires estimating the distance of the projected
unidimensional distributions.

Sliced Wasserstein distance. Let S7™! = {0 € RY:
|8]|2 = 1} be the unit sphere in RY. Let 04 : R? — R
be the map defined by 04 (v) = (6,v) = 0T v. For any
1 € Pi(RY) and 6 € S771, we define the push-forward
measure O4pu(l) = p({v € R?: 0Tv € I}), for any [
Borelian in R. The sliced Wasserstein distance of order
one between p,m € P1(R?) is defined as follows.

Definition 5 For p,n € P1(RY), the sliced Wasser-
stein distance of order one is defined as

SWilm) = [ Wil0ym.04m)0,1(d6). (9
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where 0,1 stands for the uniform measure on S971.

Sliced Wasserstein distance can be determined by av-
eraging the Wasserstein distance between random 1-
dimensional projections of distributions. Generally,
this metric is weaker than Wasserstein distance, but it
still preserves similar properties, making it an alterna-
tive application computation (Bonnotte, 2013; Manole
et al., 2022).

For 0 € S771, let Oum;(-|x) be the pushforward mea-
sure of 7} (-|) in the direction @ with conditional CDF
Frg(|z). We estimate this pushforward measure by
647, (-|]x) with conditional CDF F} g(-|a) defined, for
all y € R,

T

« t

Fio(ylx) = E Wa(faw)]leTYa,Tgy- (10)
a=1

We assume that, for fixed direction 8, F} g(-|z) obeys
the following condition.

Assumption 7 (Multivariate conditional CDF)

For any @ € S?', the projected conditional CDF
F*o(+|-) is Lipschitzian, i.e., |Fyo(-|x) — th9(~|:c’)’ <
Lp; (|le—a'||+ % —L|), for some constant Lp; < oo,
and for all a,t € {1,...,T}, =, o’ € RY.

Similar to the univariate case, the projected condi-
tional CDF Fy(-|-) likewise exhibits smooth behavior,
changing slowly as observations change.

Using the aforementioned setting and condition, we
yield the result below.

Theorem 2 Let Assumptions 1 - 3 and 5 - 7 hold.
Then,

sup  B[SW, (7(-|z), 77 (-|2))]

zeX,Lel,

1 1

Theorem 2 is an extension of Theorem 1 to the mul-
tivariate LSTS response Y;r € RY. We use sliced
Wasserstein distance that allows the convergence of
measures on R? to be reduced to the convergence of
their unidimensional projections with respect to a direc-
tion @ € S7!. As a by-product, at a direction 8, the
convergence of the multidimensional measure 7 (-|x)
is identical to that of the univariate case.

5 NUMERICAL EXPERIMENTS

We conduct numerical experiments on synthetic and
real-world datasets to calculate the empirical Wasser-

stein distance between NW estimator and true con-
ditional CDF. We have made the implementation
code of the experiments in Python using Pytorch and
Scikit-learn packages. The code that generates all fig-
ures is available from https://github.com/mzalaya/
wasslsp in the form of annotated programs, together
with notebook tutorials.

5.1 Synthetic data

We consider univariate response case Y; 7 € R and il-
lustrate the convergence of NW estimator w.r.t Wasser-
stein distance for each of the following processes:

Gaussian tvAR(1). The time-varying autoregressive
model for p = 1, tvAR(1) (Richter and Dahlhaus, 2019),
with Gaussian noise is defined by

t
Yir = Q(T)}/t—l,T + &,

where a(u) = 0.9sin(27u) and ¢, ~ N(0,1). Its strictly
stationary approximation at rescaled time u (Dahlhaus,
2012)7 is th(u) = a(u)thl(u) + Cta where Ct ~ N(Ov 1)
The topmost time plot of Figure A.1 shows the resulting
process Y; r for T' = 1000.

Cauchy tvAR(2). The second synthetic process is time-
varying autoregressive model for p = 2, tvAR(2) (Birr
et al., 2017), with Cauchy noise:

t
Y. = 1.8cos (1.57008(2WT))}/}_1,T70.81Y,}_27T+€t,

with i.i.d. Cauchy noise €;. For a rescaled time wu,
the strictly stationary approximation reads as Yi(u) =
1.8 cos (1.5 —cos(2mu))Y;—1(u) — 0.81Y;_2(u) + (;, with
ii.d. Cauchy noise (; (Birr et al., 2017). The process
Y; r, for T'= 1000, in this example is depicted in the
second time plot of Figure A.1.

Gaussian AR(1). Finally, we also give an example
of a stationary autoregressive process of order p = 1,
AR(1), with Gaussian noise: Y; = aY;_1 + &;, where
a = 0.9sin(2n7), and e, ~ N(0,1). This process is
plotted at the bottom portion of Figure A.1, which
behaves stationarily compared to the plot of Gaussian
tvAR(1).

We compute Wasserstein distance between the true
and NW conditional distributions of these processes.
However, we highlight a remark below.

Remark 3 The true conditional probability distribu-
tion and NW estimator are calculated for a fixed time
t € {1,...,T}. Hence, obtaining empirical versions
of these quantities from a single one-shot sampling is
impossible. Towards this end, we replicate each pro-
cess L > 1 times. At specific time t, we compute NW
conditional CDF, for eachl € {1,...,L}, and calculate
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the empirical conditional CDF. We then measure the
corresponding approximated Wasserstein distance be-
tween the average NW and the empirical conditional
CDFs. This Wasserstein distance computation using a
replication procedure is detailed in Algorithm 1.

Algorithm 1: Wasserstein distance calculus using
data replication

input : sample size T, time point t € {1,...,T},

number of replications L > 1, based kernels
Ki(+), K2(+), bandwidth h;
for!=1,...,L do
# Generate [-th replication process
{Ya(,l%}azl,m,T
fora=1,...,7 do
l *(a l !
| Yok e mt (5, X)) + el
# Calculate [-th NW conditional CDF
estimator

T

. t

Ft( )(y|:I:) - Zwﬂ(f7m)ny<l;<y;
a=1 i

# Calculate average NW conditional CDF

estimator
ZF (vl);

# Calculate emplrlcal conditional CDF

) Z]ly‘l)<y

return: Wi (Ft (y|83), Fl(ylz));

Ft (ylz) +

Ft (ylz)

Monte Carlo simulations. To illustrate theoretical
results in Section 3, we provide 50 Monte Carlo runs of
Algorithm 1 to get the expected W; distance between
the underlying conditional distributions. We set L =
1000 and calculate the empirical conditional and NW
CDFs, using (4). We consider different kernels K;(+)
and Ks(-) for each chosen process. We select h = T¢,

where £ = £+21 for Gaussian tvAR(1) and Gaussian
AR(1), and £ = 22 +1 for Cauchy tvAR(2) and increase

sample sizes T' € [10%,...,10%]. For based kernel K;
belonging to Uniform, Rectangle, Triangle, and tricube,
the constant Cy = 1 and I, = [h,1 — h]. Recall that
our theoretical results are valid when u = % e I, we
then fix rescaled sample time u = % € [0.45,...,0.52].

The expected Wasserstein distances are depicted in Fig-
ure 1. For each considered process, the supremum over
u of the expected Wasserstein distances is approaching
zero as T increases, which validates our theoretical
result. It is also evident that Wasserstein distances of
Cauchy tvAR(2) converge to zero more slowly than
those of Gaussian tvAR(1) and Gaussian AR(1), since
Cauchy tvAR(2) has higher dimension and extremely
large fluctuations. This demonstrates how the theoreti-
cal convergence rate is affected by the covariate dimen-
sion d and local stationarity approximation. However,

0.025 —e— u=0.45

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
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o
o
IN)
o
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0.012
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Figure 1: Expected Wasserstein distances between empirical
conditional CDFs and estimated NW conditional CDFs,
using (4), at different u = % for increasing sample sizes
T € [10%,...,10") using specified kernels K; and K> for
each process; bandwidths h are selected such that h = T~¢
with 0 < £ < 0.5/(d + 1); distances are calculated using
L = 1000 replications and 50 Monte Carlo runs.

Wasserstein distances of Gaussian AR(1) are relatively
smaller than Gaussian tvAR(1), indicating that the pro-
posed estimation method is even more accurate when
applied to stationary data. In general, the produced
Wasserstein distances for all considered processes are
small, signifying that NW conditional distribution es-
timator is robust in dealing with nonstationarity and
extreme values. Moreover, the proposed estimator
performs better compared to a classical method as
discussed in Section A.1.1.

5.2 Real-world data

We utilize BabyECG (T = 2048) and HRV (T = 17178)
datasets. BabyECG contains a record of the heart rate
in beats per minute (bpm) of a 66-day-old infant, sam-
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pled every 16 seconds, and HRV records observations
of instantaneous noninterpolated heart rate (niHR)
frequency in bpm.

Remark 4 Similar to our synthetic experiment, we
want to calculate the NW and empirical conditional
CDFs at fixred t. However, for this real data experiment,
we could not get the empirical conditional CDF since we
only have one data point value at specific t. In order to
produce Wasserstein distances, we create copies of these
datasets through replication, that relies on a Gaussian
smoothed procedure explained below.

Gaussian smoothing procedure. We replicate a
given data L > 1 times by adding Z; . ~ N(0,0?) with
o > 0 to each data observation Y; 7: Y;(l% =Y. r —&-Zt(l)

for all replication I € {1,...,L} and t € {1,...,T}.
This is done since Corollary 1 in Nietert et al. (2021)
ensures that lim, o W (u + N(0,02),v + N(0,02)) =
W {(p,v), for p,v € P1(R). As an example, Figure A.3

presents time plots of Gaussian-smoothed datasets Y;(?

with Zt(l% ~ N(0,1) for L = 3 replications.

After replicating L times, we calculate the empirical
and NW conditional CDFs at a specific time point
t. We then measure the corresponding approximated
Wasserstein distance between the empirical and aver-
age NW conditional CDFs. Algorithm 2 presents the
calculus of Wasserstein distance approximation.

Algorithm 2: Wasserstein distance calculus using
data replication and Gaussian smoothing

: real dataset {Ya,7}a=1,..,7, 0 > 0, time point
t € {1,...,T}, number of replications L > 1,
based kernels K (-), K2(-), bandwidth h;

for/=1,...,L do

# Generate [-th replication {Y;g—v}azl,.u,T
fora=1,...,T do
Y(l) Y, Z(l) h Z(l) ~N 2y.
a,T Yo+ a, T where a,T (070 )7
# Calculate [-th NW conditional CDF
estimator

! t
F()(y|a: (—Zwa T,:l:)lly(l) <y
a=1
# Calculate average NW conditional CDF

estimator
L
. 1 0l
Fl(yle) « £ 3B (yle);
=1

# Calculate empirical conditional CDF

Fyle) < y Zﬂ (l)<y

return: Wl(Ft (y|:c) Ff(yle));

input

We next conduct an experiment to check the behavior
of Wasserstein distance for increasing partitions of sam-
ple sizes T'. Towards this end, we cut the observations

at S € {3T,2T,T}. We set L = 1000 and smoothing
levels o € {1,1071,1072,1073}. We quantify NW con-
ditional CDF, through (4), using uniform and Gaussian
kernels for K7 and Ks, respectively. Similarly, we se-
lect h = T7¢ for £ = 0.2/(d+ 1), and d = 1, and fix
u=%e[h1—h)

Figure A.5 shows the resulting Wasserstein distances.
Plots in the first column represent Wasserstein dis-
tances for the partition S = 1T the second column
for S = 2T and the last column for S =T. For each
Gaussian—smoothed dataset, the supremum over T of
Wasserstein distances tends to be smaller for larger
partitions S = %T , T, verifying our theoretical results.
Moreover, it conveys the sensitivity of Wasserstein dis-
tance to the smoothing level ¢. It is worth noting that
Wasserstein distances do not change much for o near to
zero (0 =1071,1072,1073) but vary slightly for o = 1.
This confirms that as o — 0, we preserve, to the maxi-
mum extent, the behavior of the given dataset, hence,
Wasserstein distance for Gaussian-smoothed processes
converges to the actual Wasserstein distance, as stated
in Corollary 1 in Nietert et al. (2021).

CONCLUSION

We investigated Nadaraya-Watson (NW) conditional
probability estimation for LSTS and established con-
vergence rates w.r.t the Wasserstein distance in the
univariate setting and the sliced Wasserstein distance
in the multivariate case. These rates depend on the
bandwidth in kernel smoothing, the degree of deviation
from local stationarity approximation, and the weak
dependence structure of the underlying time series. We
then proposed a data-generating procedure for the syn-
thetic data to compute the NW estimator, while for
the real-world data, we used a Gaussian smoothing
procedure. For future direction of this work, one may
consider the Wasserstein-Fourier distance to measure
similarity between power spectral densities involving
LSTS as it was done in Cazelles et al. (2020) for station-
ary time series. In addition, the Gaussian smoothing
procedure may be used to analyze privacy sensitive
LSTS data, that usually arises in other research fields
like medicine and psychology. Moreover, we view the
development of lower bounds, such as those considered
by Antos et al. (2000), and ultimately a complete opti-
mality theory for conditional distribution estimation
under Wasserstein metrics as an important direction
for future research. This paper also lays the ground-
work for future extensions involving nonparametric or
machine-learning-based distributional estimators such
as k-nearest neighbors, random forests, gradient boost-
ing, or deep distributional models adapted to LSTS.
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Optimal Transport Guarantees to Nonparametric Regression for
Locally Stationary Time Series: Supplementary Material

This supplementary material is organized as follows. Appendix A provides additional results of the conducted
synthetic and real-world data experiments. It also includes an application of NW estimator to real-world data.
We present additional theoretical results in Appendix B. Proofs of the main results and some helpful lemmas are
given in Appendices C and D, respectively.

A ADDITIONAL EXPERIMENT RESULTS

To visualize and understand more the conducted numerical experiments, we also provide additional plots in this
section.

A.1 Plots of synthetic data
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Figure A.1: Time plots of the simulated processes (right) with their corresponding true conditional mean function m*(u, x)
(left) for sample size T' = 1000; from top to bottom: Gaussian tvAR(1), Cauchy tvAR(2), and Gaussian AR(1).

As shown in Figure A.1, Gaussian tvAR(1) (topmost) exhibits gradual downward and upward trends between
time points t = 100 and ¢t = 400. However, these trends are smooth over time, that is, the values remain tight
at finer time intervals. For Cauchy tvAR(2) (second plot), most observations are centered around zero with
relatively low-valued fluctuations. The process is affected by intermittent high-valued spikes at some time points
of the series, which are due to the heavy-tailed property of Cauchy distributed error term &; (Rojo, 2013; Jaber
et al., 2024). Lastly, Gaussian AR(1) (bottom) behaves stationarily compared to Gaussian tvAR(1) and Cauchy
tvAR(2). The conditional mean functions m*(u,x) of these example processes are also correspondingly placed
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beside each time plot. As shown, only the conditional mean function of the Gaussian AR(1) process is stationary
for different values of u € [0, 1].

A.1.1 Comparison to a classical method

We also compare the performance of the proposed NW conditional CDF estimator for LSTS (NWLSTS) with the
adjusted NW conditional CDF estimator (ANWSTS) introduced in Hall et al. (1999), given below:

F(ylz) = ZleT]l‘agypt(x) Kn(X, — $)7
ST pi(a) Kn(X; — )

where p; = pi(x), for 1 <t < T, denote weights depending on the data Xi,..., X7 and the point x, with the
conditions that p, > 0, >, p; = 1, and

T
> pil@) (X — 2)Kn (X, —2) = 0.
t=1

The weights p; are chosen to maximize [[, p; while satisfying the above conditions. Using the same algorithm
and parameter setting used in the Monte Carlo experiment in Section 5.1, Figure A.2 shows the Wasserstein
distances obtained from using both NWLSTS and ANWSTS for Gaussian tvAR(1) with 7= 1000. As shown by
this result, the proposed NW estimator consistently has smaller Wasserstein distances compared to the adjusted
NW estimator, suggesting that it captures better the conditional distribution of the given LSTS.

0.0250
0.0245
0.0240
0.0235

0.0230

Wasserstein Distance

0.0225

o

NWLSTS ANWSTS

Figure A.2: Comparison of Wasserstein distances generated using NWLSTS and ANWSTS using Gaussian tvAR(1) for
T = 1000 with K; = Uniform and K> = Gaussian; bandwidths h are selected such that h = T~ with 0 < £ < 0.5/(d + 1);
distances are calculated using L = 1000 replications and 50 Monte Carlo runs.
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A.2 Plots of real-world data
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Figure A.3: Example plots of Yt{T: real datasets smoothed with Gaussian noise N'(0, 1) for replications [ = 1,2,3 and
t=1,...,T.

We plot L = 3 replicated Gaussian-smoothed datasets Y;(l% with Zt(l)T N(0,1) in Figure A.3. Looking at each
replication, the mean of BabyECG and HRV changes gradually Moreover we computed NW conditional CDF's
of the replicated Gaussian-smoothed BabyECG at t = 970 and Gaussian-smoothed HRV at ¢t = 7950, see Figure
A.4. We observe that NW conditional CDF's of Gaussian-smoothed HRV, having more data points, tend to be
smoother.

1.0 —— 1.0 ——
—— replication: 1 —— replication: 1
E 08 repI!cal!on:Q B 08 repl!cai!on:Z
(&) —— replication: 3 O —— replication: 3
© ©
.S 0.6 _g 0.6
o o
5 04 5 04
O o
S 02 202
0.0 0.0
0 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175 200
BabyECG values HRV values
(a) Gaussian-smoothed BabyECG; t = 970 (b) Gaussian-smoothed HRV; ¢ = 7950

Figure A.4: Plots of estimated NW conditional CDF's, using (4), for each Gaussian smoothed-dataset shown in Figure A.3
at specified ¢t using K; = Uniform and K, = Gaussian, and bandwidths h = T7¢ for £ = 0.2/(d+1), and d = 1.

We plot in Figure A.5 the Wasserstein distances obtained by the conducted real-world data experiments in Section
5.2. The figure shows the behavior of Wasserstein distance w.r.t. the sample partition S and the choice of the
Gaussian smoothing parameter o.
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Figure A.5: Wasserstein distance between empirical conditional CDFs of Gaussian-smoothed datasets, for different
smoothness level o, and corresponding estimated NW conditional CDFs using K7 = Uniform and K2 = Gaussian and
bandwidths h = S7¢ for € = 0.2/(d + 1), and d = 1; values are computed for sample size partitions S = %T, %T, T.

A.3 NW conditional median estimator for BabyECG and HRV data

In both synthetic and real-world data experiments, we have shown that the proposed approach is efficient
in capturing the distributional behavior of LSTS. We further demonstrate its applicability by modeling both
BabyECG and HRV datasets. We employ NW conditional median estimator, a by-product of NW CDF
estimator (4). Since FY(y|x) is strictly increasing, the conditional quantile of order 7 € [0, 1] can be written as

F;tl(a:) = inf{y € R: F}(y|x) > 7} with guaranteed uniqueness (Ferraty et al., 2005; Ferraty and Vieu, 2006).
Hence, we can define NW conditional quantile estimator as (Cai, 2002):
F l(z) =inf{y e R: Fy(y|z) >}, for 7 €[0,1]. (11)

Setting 7 = 0.5, Equation (11) is denoted as the NW conditional median estimator.

In this application, we set X, 7 = Y;_1 7 and calculate NW conditional median Yt,T = FO_.E},t(m) using (11) with
7 = 0.5. We fix uniform and Gaussian kernels for K; and K, respectively. The bandwidth h is selected using
a leave-one-out cross-validation procedure used in (Benhenni et al., 2007; Rachdi and Vieu, 2007), describe as
follows.

Bandwidth selection criteria. We define

T
t t
(50 @) = > 'wa(f,w)Ya’T, (12)
a=1;a#i
for any fixed i € {1,...,T}, where w,(#, ) is given Definition 3. We denote (12) as the leave-out-(X; r, Y; 1)
estimator of m} (4, x). We then introduce the following leave-one-out cross-validation (LOOCV) criterion

a 1 ) .t 2
CV(y,x, h) = Tz (Yir — mi(f,az)) . (13)
=1
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We select a bandwidth i among h € [ar, br] that minimizes (13) (Rachdi and Vieu, 2007). As highlighted in
Theorem 3.8 in Richter and Dahlhaus (2019), h/hg — 1, for hg ~ T~/ (4+4) which satisfies Assumption 3. Hence,
bandwidths selected using this cross-validation method are guaranteed to follow the established convergence rates
in Section 3.

As it can be seen in Figure A.6, YLT provides an accurate representation of the observed series Y; 7. It effectively
characterizes the central tendency of the conditional distribution of the given data, yielding very low mean
absolute errors (MAEs). These results underscore the proposed NW estimation procedure’s efficacy and precision
in modeling LSTS.

180
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250 500 750 1000 1250 1500 1750 2000

(a) BabyECG; MAE = 0.363001.
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100
2000 4000 8000 8000 10000 12000 14000 16000
(b) HRV; MAE = 0.004863.

Figure A.6: Actual values of real-world datasets with fitted values of the NW conditional median Yt,T using K1 = uniform
and Ky = Gaussian; h is selected using a leave-one-out cross-validation procedure.

B ADDITIONAL THEORETICAL RESULTS

Notation. For any real random variable X, we denote || X||r, as the Lg-norm of X, for ¢ > 1, i.e., || X||L, =

(E[|X |q])3. We say ar < by if there exists a constant C' independent of T' such that ar < Cby. For a given ar
and a sequence of random variables X, we write X = Op(ar) if for any € > 0, there exists C. > 0 and T, € N

such that, for all T > T, ]P[% >C] <e

Let us examine the convergence rate of the second moment of W; and some lemmas involving the general
r-Wasserstein distance between the considered NW estimator and true conditional distribution.

Corollary B.1 Let Assumptions 1 - 6 hold. Then,

1 1
Wy (e (), wp (- =o( h).
a:ei’l,l%pelh W1 (e (- |), 7 (|)) | o TEpa+1-L1-v) T Topdre—1 T

Proof. We use the definition of W given by (3) and Minkowski’s integral inequality, that is, for any r > 1,

H/|Ft(y|w)—Ft*(y|:c)}dyHLr g/||Ft(y|a:)—Ft*(y|a:)||ery-
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Fi(ylx) — Ft*(y|w)|dyHL . For r = 2, we have
2

By (3), Wi (feC), 77 (1) . = || Jo
IW3 (), 7 (o)) 2 < / |Fu(ylz) — Ff (yle)]|,,dy

- [ ®l(E0ln) - Frw))

- [l ]) W

the last equality is obtained by (40) and (19). However, using Proposition C.2, Jg%(% ) = O(1) and Proposition
C.3, we get

[N

dy

1
2

W e Clee), (L) s < / (B[Z20(s.2)]) *dy

1 1 )
S /]R <Th2(d+1)7%(17u) + Tz th ) dy,

W=

Therefore,
IW (), 77 () = O ! SR +h)
1\7¢ y Mg Ly — T%h(d-‘rl)_%(l_y) Tvhd+r—1 )
where v = p A1l and p > 2. O
Lemma B.1 (A moment-based control of W, by W;) Letr > 1 and let p,v € P.(R) be probability
measures with finite r-th moments
o) i= [ lol" n(do) <00, mn()i= [ ol () < .
R R
Then
W (,v) < Wil v) + 277 (mn () + me (). (14)
Proof. By definition,
W (p,v) = inf / |z — y|" m(dz, dy),
mell(p,v) R2
where II(u, v) is the set of all couplings of p and v.
Fix any coupling 7 € II(u, v) and consider two real numbers x,y € R. We use the elementary inequality
o —yl” < o —yl+ 2" (Jal" + [yl"), (15)

which holds for all z,y € R and all 7 > 1. Indeed:

o If |z —y| <1, then |z — y|” < |z —y|, and (15) is immediate.
e If [z — y| > 1, then by the triangle inequality and (a + b)" < 2" 1(a" + b"),
o=yl <lel+lyl = |e—yl" < (I +1y)" <27 (" + Jy]"),

so (15) also holds.

Integrating (15) with respect to 7 gives

J[1e=vr sty < [[lo-vint@san + 27 [[ (o + 1) ntazay).
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Since the marginals of 7 are u and v, we have

[[ 1t ntas.an) = [1a ey =meGo. [ [ 1ol w00 = o, 0,
h J[1e=vr atanan < [[le-vint@s.an) + 27 om0+ m )

Now take the infimum over all 7 € II(u,v):

W (u,v) = inf // |z —y|" 7(dz,dy) < inf // 2 — y| m(dz,dy) + 277 (m(p) + m,(v)).
By definition of Wy (u,v),
it [ [ o = gl o, dy) = WaGuv),

which yields (14).

Lemma B.2 (Truncation inequality for W,) Let r > 1 and p,v € P.(R). Then, for every R > 0,

W) < QR) " Wa(n,v) + 27! ( /{ ol (o) + [

{ly|>R}

IyVl%dy)>- (16)

||> R}

Proof. Let m € II(u, v) be any coupling of p and v. Write

/ / & — y" (da, dy) = / / o~y w(da, dy) + / / & — |7 7(dz, dy).
{lz|V]y|<R} {lz|V|y|>R}

On the set {|z| V |y| < R}, we have |z — y| < 2R, and hence
o —y|" < (2R)" Mo —yl.

Therefore,

/ / & — |7 w(de, dy) < (2R)™" / & — | (dz, dy).
{lz|V|y|<R}

On the complement {|z| V |y| > R}, we bound using
2 —y[" <277 (|2]" + [y[7),

/ / & — y|" w(da,dy) < 27 / / (2" + [y|") w(dz, dy)
{lz|V]|y|>R} {lz|V|y|>R}
§2“< / 2l w(dz, dy) + // y|’“w<dz,dy>>
{|z|>R} {ly|>R}
— o (/ ja]” p(da) + / |y|’"u<dy)>,
{lz|>R} {ly|>R}

using the marginal property of 7 in the last step.

SO

Combining the two parts, we obtain

[[1a=uirntaz.ay < Ryt [[fo - yintaz,ay) +27 (/{ ol (o) + [

{ly|>R}

yVﬂ@O-

||> R}

Taking the infimum over all couplings 7 € II(u, v) yields (16).
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C PROOFS OF MAIN RESULTS

Before providing the proofs of the main results, we begin with the following propositions that will be useful in the
succeeding proofs. Proposition C.1 controls the expectation of terms involving K}, . Proposition C.2 bounds the
general kernel density estimator for LSTS. While Proposition C.3 controls the squares of the weighted conditional
CDF around the true conditional CDF.

Proposition C.1 Let Assumptions 1 to J hold. Then, for a,t € {1,...,T}, the following inequalities hold:
LQCUCd”’d%

(C.1.1) B]| Ty Ko = Xi ) = Ty Koo - X3(9))]] < 2%

(C.1.2) ]EH H?leh,z(xJ’ *XZ,T)H < % hef (4, @) + hit2 M .

(C.1.8) K (= $)B[ TTiy Kna(e? — X 0)lLy, <y — Fi (J2)]
. .3
< (VAC + C1) L+ K1 (= $) { 2G0T 1 ht1 £ (4, @) + b+ Y

where v =p A1, k= [ 22Ks(2)dz, and Z?zl 0 f (%, )| < M.

Proof.
Proof of (C.1.1). Using (D.1.1) and K5 is bounded by Cs, we have

d d d
. . . .a _ . . . .a
[T Kate? = X0 = T Kinale? = X)) < O VAL [nale? = X, = Kiale? = XE(7))]

Note that for any bounded function |f(x)| < ¢, we have |f(x)|*~” < 1}7%, which implies that |f(z)| < 77| f(2)|",
for 1 — v > 0. This yields,

|Kn 22 = X3 1) = Kna(2? — X)(5 \ < Oy |Kna(a? — X)) = Ko (2! —Xﬁ(%))|y~
Set,
d . . d . d . . . .. a
B I ot = X2 = T Kool - xi(3)|] <cs'va TELY_ [ Kua(e! = Xoi) = Ko = Xi(p)]

u

< VALY [Kialad X g) ~ Koo~ XA(2)[')

Recall that K5 is Lipschitz, we get

- i xd oy - i yi(2 d—u\fd xj_Xg,T @ =X\
B[ TLKna’ = X0) = T Knale’ = X2() ] < BIL0f VAN |[(——725) - ()]
d
< BlLa0f VY |7 (X - X))

d—v a y
_ LG sz (K2 0 — X2 (2)]"):

Clearly ‘XZ,T _XZ,T(%H < ||X2’T _XZ,T<%)||1 and by Assumption 1, HXZ’T —Xj () < £Uar (%), where

IE[(U(LT(%))V} < Cy, we arrive at

d d d—v d—v 33
, , . a LyC§ Vd & 1/ LyCyC5™vdz
EHHKW(”T] - Xor) _EKWW _XQ(T))H < e ZE ‘UaT < =
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Proof of (C.1.2). Using Assumption 1, X, r is locally stationary, and (C.1.1),

B H Kna(e = X 1)[] < B[] H Ko = X)) H Kna(a! = Xi(2))|] + E]| HK( - X3(2)]]

3

LoCpyCa~vd3 d . :
< O o [t -t

For the second term in the previous inequality, we have

t
H HKhz ( / /Kh2 (z —y Kh,z(ifd—yd)f(f»ylwowyd)dyl"'dyd'

Let the change of variable 2/ = wj;yj , then

t
H H Ko ( / /Kg (2 )f(f,xl —hzt, .2t — he)(=h)dzt - (—h)d24.
By Assumption 1, we use the first order Taylor expansion of f(%7 ol — hzt, .. 2% — hz?) wrt all 27, Setting
f(&,at, . ah) = f(&,x), we have
t t d t ,
f(T,xl —hzt, a2t — het) = f(f,xl 4y 4 Zajf(fwl, a2 (=h)2 + Ry(hz)

+Za f —h)z? + Ry (hz).

The remainder part of this expansion verifies Ry (hz) < 2L h?||z||2, since 9;f(%,x) are continuous for x € X.
Hence, Z?Zl |8ijt(%)(w)’ <M< oofor|z—y| < h“ZH’ 4Where y= (x! - hzll, o at - hzd)'. That i§, R‘l(hz)
goes to zero as h — 0. Now by Assumption 2, [ Ka(2?)dz? =1, [27K5(27)dz? =0, and [(27)2Ks(27)dz? = &,
so we have

B [T (e - i)

— )d/-~~/K2(zl)---Kg(zd){f(jt,,m)+Zd:3jf(;,m)(—h)zj+R1(hz)}dzl~--dzd
—h)d/o-'/Kz(zl)~~K2(zd)f(%,m)dzl~~~dzd

d

_(_1)d+1hd+1/.../K2(Z1)...Kz(zd)zajf(%,w)zjdzl---dzd

dhdM/ /K2 VB2 2]2dzt - - - dat

< (fh>df<f,m> ~(- )d*lhdﬂ{al / / ) - (o) [ 2 Hfe s a2
+6df / /Kg - )(/szg(zd)dzd)dzl~-~dzd1}

+ (=) { / / Ko(z (2 )( / (21)2 Ko (21)dz!
+/---/Kg(zl)-..Kz(zd_l)(/(zd)QKz(zd)dzd)dzl...dzd—l}'

~—
o,
N
S
[}
N
Y



Optimal Transport Guarantees to Nonparametric Regression for Locally Stationary Time Series

It entails
B]| TT Kno (o~ X2(2))|] < )5 Chm) + ()82 Lo < W () + 025 kd. (17)
j=1 ) T a T 2 .
Therefore,
EHﬁK (27 — X7 )H<W+hdf(t a:)—i—hd“%md
L17n2 T/ =T e T 2 "
Proof of (C.1.3). By Assumption 4, |F; (y|Xar) — Ff (yl)| < L« (| Xar — 2l + | § — £]),
t a d ; -
K (f - T)E[jl:[l Kpa(a! — X5 7))Ly, r<y — Ft*(y‘w)ﬂ
t a d ; i
< K - T)E[H Kn2(2! = X 0)B| (v, r <y — F (9|0))| Xarr ||
j=1
SKIH {HKh2 z) — g,T)|F¢:(y|Xa,T)_Ft*(y‘m)’]
d 4 .
<LF*Kh1 e 2@’ = X ) (1 Xar — 2| + *—*)
2 [ - -4
d . d : ; a t
< L8 (= pH{E[TT Ko’ = X Xor =l + B[ T] Knate? - X201 = 7]}

However, using Assumption 2, |27/ — XZ7T| < Cyh otherwise, Kp o(2? — Xg r) =0,

d d d
I Ena@? = X2 )1 Xar —2ll2 = [[ Kno(@? = X2 7),| D |27 -
j=1 j= j=1

IN

Jj=1
d
[T (e = 7 1)yt mselo = 3, o
i=1 7 ’ ’
d
< VACh [ Kna(a? — X 7).
j=1

Simultaneously, for the kernel Ky 1, |% — %| < Cyh, otherwise K, 1(|% — 4|) = 0, then latter combined with
C.1.2, we get
Kni(z— o [H Kna@? = X2 0Ly, vsy = F (y])]]
d .
<LF*Kh1(T T){fczhE[HKh2 X ):| +ClhE|:HKh2 XCJLT):I}
=1

d
(f02+Ol)LF*hKh1(T ;)E[HKh,z(xj _XZ,T)}
Jj=1

ta\(LCyCy™ds ..t as M
< (VACy + C1) L Kna (7 — ) { P — + W (@) + 04 owd

as claimed.
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Proposition C.2 Let Assumptions 1 - 3 hold, then for I, = [C1h,1 — C1h),

T d B
Jtiil’(%ﬁr)‘ = sup ‘(# ZKh,l(% - %) H Kha(z! — XZ,T)) 1‘ =0(1).
a=1 j=1

zeEX,LEy

sup
zeX, Lely

Proof.
By application of Theorem 4.1 in Vogt (2012) with W, r =1,

t t logT
sup JﬁT(,m)—E[JﬁT(,w)} ‘ =0p(\ == )-
wex. Le1] W T (\/ Thd+1)

Additionally, using Assumption 1, J; (4, ) can be decomposed as J; (%, z) = jth(%, x) + Jyr(%, x), where

T d

~ t 1 t a ; ia

Jt,T(Taw) = Thd+1 § Kh,l (T - T) HK}L;2($] - XCJL(T))’
a=1 =1

and

T d d
_ ot 1 t ) A . ,
T ) = oy D K (7 — %){ [[ Knole? = X7 7) = T] Knala? ~ Xﬁ(%))}~
a=1 j=1 j=1

Then,

[ r(,2)] = [ (,2) — Blr (22, 2)] + Bl (,0))

< [ hir (o 2) = Bl (g )| + Bl (5 2|

logT t
< 01?(\/ Thit + E[Jt,T(va)]’

)
< Op(\ gy + [Blur () + Jer ()
)

~ ¢ - t
+ B (o 2))| + [Elur (7, @)
Let us first observe ’]E[jt’T(%7 x)] ‘ Using Assumptions 1 and 2 together with (C.1.1), we have
B (o < Bl S Ko (= ST Kale? — X T Kol — X3
[t,T(T7m)] < W; h,l(f_f) ]1;[1 n2(x) — a’T)—H ne (2 — G(T»

j=1
1 £l t a d - : d . .a
< gyt 2 K = ) B[{| TL K@’ = X ) = T Kna (o = X0
a=1 j=1 j=1

~

t a
— Kh’l(f - T)
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For I, = [C1h,1 — C1h], Lemma D.4 implies

1T
T—Z _sup

T
1 a
77 2 K (0= )|

u€ely
1 L a
<sup | S Kna(u— 2 71’ 1
< sup h; n(u T) +
= 0572 ! ) +o(h)+1=0(1). (18)
Th?
It gives,
-V g3 T d—v 33
LQCch ds. 1 t  a,  LyCCyCivda 1
E[J, ' 22U T N Ky (= — =) < < .
ur =\ vpdty )Thg w7 =) S = popir S g
0(1)
On the other hand, using (17) and (18), we get
a d . .a
[‘]tT @) < HThd+1 Z 7 ) Ll Kna - Xé(f))u
j=1

<T;dﬂzw;—;>E{\ﬁf<haz<wj—xz<§>>ﬂ

M

d d+2

_ThdHZ (hf(— z) + W2 rd)
t M t a
< 2 K
= (f(T ) d) ThZ nilz—7)
o)
t
t
Observe that |E] Jt 7(%,z)]| > 0, since f( ,x)> inf  f(=,x). Moreover, using Theorem 4.1 in Vogt (2012),

wEX,uEI;L T

t

TG ®) < [ (@) = (0] + £ ()

=)

A

t t
< sup Jir(u,x) — f(=2)| + fz.x
wEX,uE[O,l]‘ tT( ) (T )‘ (T )

o(1) + f (7 ).

Hence infpex uer, Jrr(u, @) < o(l) +infrex ver, f(%, x). We finally get

L o L ! o)
Jer(%, @) ~ wexwern, Jur(u,x)  infrexuer, Jir(u,x)
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Proposition C.3 Let Assumptions 1 - 6 be satisfied. For x,y € R4, define

T d
1 t ) ,
Zu1 (@) = iy O Kna(g = 7) [T Knal@ = X5 0)[Ly, <y — B (l2)].
a=1 j=1

Then

1 1
2 _
E[Z!r(y,®)] = O(ThQ(d-H)-i-%(u—l) + T2vp2(d+v—1)

+h2),
where v=pA1l andp > 2.

Sketch of proof. We employ Bernstein’s blocking procedure (Bernstein, 1927): we first decompose Z; r(y, ) as a
sum of independent blocks: big blocks, small blocks, and a remainder block. The proof then continues in three
steps. Step one controls the expectation of the square of sums of the big blocks, step two controls the expectation
of the square of sums of the small blocks, and step three controls the expectation of the square of sum of the
remainder block.

Proof.

To begin, rewrite

T
1 t a
Zir(y, @) = Thi+t ;Kh,l(? - f)Za,t,T(yam)a (19)
where
Zapr(y HKh2 o) [Wyarsy — Ff (yl2)].

Applying Bernstein’s big-block and small-block procedure on Z; r(y, ), we partition the set {1,...,T} into
2vr + 1 independent subsets: vy big blocks of size rp, vy small blocks of size s, and a remainder block of size
T — vr(rr + sr), where vy = [ ———|. To establish independence between the blocks, we need to place the
asymptotically negligible small blocks in between two consecutive big blocks. This procedure was also used in
(Fan and Masry, 1992; Masry, 2005; Kurisu, 2022; Bouzebda, 2024). So, we decompose Z, 1 (y, ) as

v — 1 ’L)T—l
Zt,T(y’ w) = At,T(y7 $) + Ht,T(ya w) + =t T y7 Z Al t, T y» Z Hl,t,T(ya 13) + Et,T(y7 w)7 (20)
where
1 l(re+sT)+rr ;
Ay, @) = ThiTT Z Km(? - f)ZafT(%w%
a=l(rp+sr)+1
1 (I+1)(ro+s7) ‘ a
Wy (y, @) = ThiTT Z Ky, 1(T T)Za,t,T(yvm)v
a=l(rp+sr)+rr+1
and

T
— 1 t
:t,T(y7m) = Thd+1 Z Kh 1(T T)Za,t,T(ya :13)

a=vr(rr+sr)+1

Let us define the size of the big blocks as rp = |VTh*t! /qr]|, where gr satisfies Assumption 6, i.e., gr =
o(VTh4t1). This further implies that there exists a sequence of positive integers {qr}, gr — oo, such that
grst = o(VTh*1). As T — oo, 2 — 0 and 7 — 0. Note that by defining rr = [VTh?*!/qr| immediately
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implies that rr = o(vThd+1), st = o(ry) and vy = o(qrVTh4t1). Now,
E[ZtQ,T(ya :c)} = E[A?,T(%@] + E[H?,T(yu 33)] + E[E‘?,T(ya 33)]
2{]E [At,T(ya a:)Ht,T(ya :B)] + E [At,T(ya w)Et,T(yv 212)] + E [Ht,T (yv m)Et,T(ya CB)] }

However, the defined size of big blocks ensures that the blocks are asymptotically independent and the sums of
small blocks and the remainder block are asymptotically negligible. Consequently, we can neglect the last terms
in the previous equation. Hence, we have

E[ZtZ,T(y7 .’I})] ~E [AiT(yv .’B)] + E [th,T (yv CC)] + E[E%,T (y’ CC)] .

For convenience of notation, in the succeeding steps, the dependency on y and « is implicit.

Step 1. Control of the big blocks. First, let us start by dealing with E[Af,ﬂ. One has

vr—1 vr—1lvr—1
EA7 7] = Y E[AL 7]+ Y. Y ElArlE[Ar 7]
1=0 1=0 1'=0
1£1
1 vr—1 l(rr+sT)+rr " a 5
= (Thd+1)2 Z E[( Z Khl(T T)ZM,T) }
=0 =l(rr+s7)+1

vr—1vp—1 U(rr+st)+rr U(re+st)+rr

t t b
Thd—H 2 Z Z Z Z Khl(T ;)Khl(T T)E[Za»tﬁTZb,t,T}

1= 07£l’ 0 a=l(rr+s7)+1b=l'(rr+sr)+1
1#£1

vp—1 l(rr+s7)+rr " a
2 2
Thd+1 5. > Kz - p)ElZa]
=0 a=l(rr+sr)+1
vp—1 Wrr+st)+rr U(rr+sT)+rr

t t b
Thd+122 Z Z Khl(T T)Khl(T T)E[Zaﬁt,TZb,t,T]

=0 a=l(rp+s7)+1b=l(rr+sr)+1
la—b|>0

vr—1vp—1 Urr+st)+rr U(re+st)+rr b

t t
hd+1 2 Z Z Z Z Khl(T ;)Khl(f - T)E[Za,tTZb,t,T}

1= Ol#f’ =0 a=l(rp+s7)+1b=l'(rr+s7)+1

= SP + SO + S
Step 1.1. Control of S*. Considering Si\, we have,

vp—1 l(ro+st)+rr

a
Si\ Thd+1 2 Z Z Khl(T T)E[Zg,t,T]
=0 a=l(rp+s7)+1

vp—1 l(ro+sp)+rr

hdmz S K [HKM — X 1)y, <y — Y (y]2))?

1=0 a=l(rp+s7)+1

Observe that,
t a d ; i
Kh,l(f - T)E[H K}%,z(x] - X(jl,T)(]]'Ya,TSy - Ft*(y|w))2}

t , ,
<205 K (= — E)]E[H Kna(@?! = X) p)| Ly, r<y — Ft*(y|$)|]
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By (C.1.3),

t a d ) )

K (7 — ) B[ [T K2 oa? = X) 1)1y, sy — i (yl2))?]
j=1
d t a d j j *
< QCth,l(T - T)E[H Kno(2! = X) p)[1y, p<y — F (ylw)”
j=1
LoCyCd=vds M
< 204(VdC, +01)LF*K,11(T T)(QT(’]’T hd+1f( )+hd+37md)
i _a 1 d+1 d+3

< Khl(T T)(Tth1 +hdtt4p )

Thus,

vp—1 Wrr+st)+rr "

1 1 . a
A d+1 d+3 2
S ,S T2 p2d+2 (Tyhl/—l +h +h > Z Z Khyl(f - f)
=0 a—l(rT+sT)+1

Cl 1 d t a
< pa+1 hd+3) K
= Th2d+1 (thvfl + + Th Z nilz = 7)
o)
<1 ( 1 4 pdtl JrhclJrg) (21)
~ Th2d+1 Tuhy—l
1
Step 1.2. Control of 52 On the other hand,
vr—1 Wrr+st)+rr U(rr+sr)+rr ¢ a : b
A
52 Thd+1 2 Z Z Z Kh 1(T T)Kh,l(f - f)E[ZavthZb»@T]
=0 a=l(rp+s7)+1b=l(rr+s7)+1
la—b|>0
vp—1 l(ro+st)+rr U(ro+st)+rr " a " b
Thdﬂ DI > Knalg — ) Ena(g = ) Cov(Zasr: Zosr)
=0 a=l(rr+s7r)+1b=l(rr+s7)+1
|a—b|>0
vp—1 l(ro+sr)+rr l(rp+st)+rr " " b
Thd+1 2 Z Z Z Khl(T T)Khl(T T)E[ZG,LT]E[Z@ET}
1=0 a=l(rp+s7)+1b=l(rr+sr)+1
la—b|>0
5 +5
Step 1.2.1. Control of S5,. We have
vp—1 l(rr+sr)+rr l(ro+st)+rr ‘ ;
A
Sy = Thd+1 2 Z Z Z Khl(T T)Kh1(T T)@OV( Zat.1s Zot,T)
=0 a= l(rT—i-sT)l—i-l b‘ l(rr+sr)+1
a—>b|>0

vr—1 rr
t )\ + t A+
hd+1 2 Z Z Z Kh 1 fZ"n1 )Kh71 (T - /l'vn2 )COV(ZA"FTLl,t,Ta ZA+7L2,t,T)

=0 ni=1ns=
I’I’Ll ’I’L2|>O

vpr—1 rp rT
t )\+n t A+n
hd+1 2 Z Z Z Kh 1 T 1)Khvl(f - T 2)|COV(Z>\+7L1¢,T’Z/\+n27th)|’

=0 ni=1n2=1
I’I’Ll ’I’L2|>O
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where A\ = I(rp + sr). Note that {X, 1, e, 1} is S-mixing (Assumption 5), using Davydov’s inequality (see Lemma
D.3), for p > 2 and by Lemma D.2, we have

t A+ t A
Kh,l(f - Tm )Kh,l(f - + n2 ‘COV Zxtny 0T Lot t, T)‘
t A+ A+ _z
< SKh,l(T - nl) (T n2)HZ/\-i-nl,t,THLpHZ/\-ﬁ-ng,t,T|‘Lp6(o'(X)\+n1,t,T)7U(X/\-i-ng,t,T))l ,
t A+ t oA+ d o Py 2
< 8Kt (7 = S ) K (55— ) (B]| T Km0 = Xy 1) (Wi, s — F )| )
j=1

=

x (E HHKM X ) Wy ry = Fr ()| ] ) Bima = nal)' 3

Using (C.1.3),

t )\+7’LQ

t A+n
Kh,1(f - 1)Kh,1(f - ’COV Z)\+n1tTaZ)\+n2tT)’
t A+n 1 + t A+n 1 % _2
< K~ =7 1)(Tyh,_1+hd“+hd*3) Ko (g = =) (gms + 17 4 172) Bl — mal)' 5
t A+n t A+n 1 3 _2
§Kh,1(f* T 1)Kh7l(f* T 2>(Tyh”—1 +hd+1+hd+3) Bny —naf)' 5. (23)

In consequence, by Assumption 5, > p- kSB(k) ™ P o< 00, which can be expressed as > .7, k¢B(k )7 P+
Zk rT+1k B( )1_7

vr—1 rr

1 1 HE t A+ t A+ -2
S % g (s + 0% 100) S S0 S0 i = 2 ks (- A0 e

=0 ni=1n.=1
|n17n2\>0

vpr—1 rr

et 1 A1, pd43\ T N
= Topdiz (T”h'/—l FAT AR ) > D Z Bllny — nal)'~

=0 ni=1ne=1
|n17n2\>0

Letting k = |n; — na| yields

S Blm—na)' =3 (DD Bz —m)' T+ S Bl ma) -7)

ni=1ngs=1 ni=1 na2>ng na<ni
|7l171’7,2‘>0
rr TrT—N1 T rT—N2
=2 2 BT+ S Bk
ni=1 k>0 na=1 k>0

T rr—n

_23° Y petE < mimkﬂ—

n=1 k>0

rT
Srry kB! p<rTZk<6 )
k=1



Jan Nino G. Tinio"?, Mokhtar Z. Alaya', Salim Bouzebda'

since k¢ > 1 for ( > 1 — %, where p > 2. Hence,

1

e

T

3

Cir 1
A 1'r d+1 d+3
So1 = T2}2d+2 (Tl/hz/—l th th )

Y kBk)

0 k=

Il
—

vrrT ( 1 +hd+1+hd+3)

1—2
~ 2p2d+2 \ Tvpr—1 kcﬁ(k) P

1N
NE

e
Il
—_

! 1 d+1 d+3 : . T
5 T h2d+2 (Tthfl +h +h ) ,  since vpry < ETT =T,

1 1 »
<
~ (Tp+2uh2(d+l)p+2(u—1) + TphZ(d+1)p—2(d+1))

< 1
~ ThQ(d-f—l)—%(l—V) ’

Step 1.2.2. Control of S5,. We have

vp—1 l(ro+s)+rr (ro+st)+rr " b

t a
Sh, = Thdﬂ 5 Z Z Z Kh,l(f - T)Kh’l(f - T)E[Za,t,T]E[Zb,t,T]
=0 a=l(rr+sr)+1b=l(rr+s7r)+1
|a—b|>0
kr—1 ro rp

t )\+n t A+n
Thd+1 2 Z Z Z Khl 1)Kh»1(f7 T 2)E[ZAJrnl»th]E[Z)\Hlmt»T]

=0 ni=1ns=1
‘77/1 n2|>0

v — 1 T TT

t )\+n t A+n
Thd+1 2 Z Z ZKhl 1)Kh»1(f_ T 2)

=0 ni1=1ns=1

|[n1—n2|>0
d . .
X E[H Kh 2 )\+n1 )(]]'Y)\+n1,T§y - Ft*(y|w))} E[H Kh,Q(x] - Xi—'r’nQ,T)(]]'Y/\-FnQ‘TSy -
j=1
By (C.1.8), for i = 1,2,
oA o
K (o = =) B[ [] Kol = X3, 2)Avap, sy — F (0]2))]
j=1
S K = 4) (e + 1091 4189),

then,

v — 1 rT TT

1 1 2 t A+n t A+n
522NT2h2d+2<Tth/ 1 +ATH hdH) Z Z ZKhl T T 1)Kh1(f* T :

=0 ni=1nq.=1

|7l171’7,2‘>0
T
Cl 1 d 2 1 t a
< p+1 M“)—f Kni(=—2
= Th2d+1 (Tuhu—l + + Th ; h,l(T T)
o(1)

1 1 2(d+1
’S Th2d+1 (TQVhZ(V—l) + h ( ))

< 1
~ Th2(d+v)-1"

(24)
F; (yle))]
)

(25)
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Step 1.3 Control of Si. Observe that

vr—lvp—1 Urr+st)+rr U(re+sr)+rr b

S5 = Thd+1 2 Z Z Z Z Kh,l(% - T)K;n(; T)]E[Za’t’TZb)t’T}

1= O;ﬁl/ 0 a=l(rr+s7)+1b=l'(rr+sr)+1

vp—1vp—1 Urp+st)+re l(T‘T-‘r‘iT)"FT'T

4 4 b
Thd"‘l 3 Z Z Z Z Ky 1(T - T)Kh 1(T - f)COV( at,TaZb,t,T)

= Olyéél 0 a=l(rr+s7)+1b=l'(rr+sr)+1

vr—1lvp—1 l(re+sr)+rr U(rr+sr)+rr ¢ b

t
hd+1 DD ) > Khl(T ;)K (T - T)E[Za,t,T]E[Zb,t,T]
1= OZ;J/ =0 a=l(rr+s7)+1b=l'(rpr+sr)+1

=: S§ + S5,
Step 1.3.1 Control of S3,. We have

vrp—1vp—1 l(rr+st)+rr U(rr+st)+rr

t t
SQI hd+1 2 Z Z Z Z K 1(T T)Kh 1(T T)COV( at,T7Zb,t’T)

= O l’ 0 a=Il(rr+s7)+1b=l'(rr+sr)+1

v — 1’UT 1 TT

t A+ t N+
hd+1 2 Z Z Z Z Khl Tnl)Kh,l(f - Tn2) x COV(ZA+7L1¢,T?Z)\'+n2,t7T)7

1=0 1'=0 n1=1ny=1
1Al

where A = l(rg + s7) and X = U'(rr + st), however, for | # I, see that for ny,ns € {1,...,r7r},

A — N+ —na| > |l(rp + sT) — l’(rT + 87) 4+ 1y — ng|
> (U= U)(ry + s7) +n1 — ng| > sy

Define m = A +n; and m’ = X + na, we have

1 v (re+st)—st vr(ro+sr)—sr " ¢ m'
Sé\l = W Z Z Kh 1(? - ?)Kh l(f - 7)00‘7( m,t, T Zm’,t,T)
m=1 m’/=1

[m—m/|>sT

hd+1 2 Z Z Khl T T)Khl(T )‘COV( m,t7T7Zm’,t7T)’~

Using (23),
t t m
Khl(T T)Kh 1(T T)’COV(Zm,t,T7Z’m’,t,T)‘
t m t m 3 _z

S K (7 — ) Ena (7 = ) (o + A4+ 02) 7 3(im = m))!

Thus, by Assumption 5, >~ kcﬂ(k)l_% < 00,
1 1 R t m tm 2
P 1—2
SHIES T2h2d+2 (Tuhuq +hH +hd+3) mX::lmZ:: Kh,1(T - ?)Kh,l(f - ?)ﬁ(\m— m'|)" "

C? 1 : Iz
i d+1 d+3\? r1—2
= T2},2d+2 (Tuhy—l + R Rt ) Z Z B(lm —m')

m=1m'=1
[m—m/|>sr
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Set k = |m — m/|, this yields

&l &l 2 ) 2 1 &l 2
> Z (jm—m/)'"7 <C 3 BH)'TF Sz D kBT
m=1

m7m7|>sT

T
1
< < Z kSB(k)' "%, since k > s,
T k=sp+1
1 e < 172
T k=sp+1

since B(k) > 0 and (%)< >1for(>1- %, where p > 2. Then,

2 2 oo f
S8 < S%Tilz(dﬂ) (TV};—I + AT 4 hd+3) ’ kzgﬂ KSB(k)F
< Tzhzl(dH) (TV}:)I:V_l + Rt 4 h’”?’)%, since slgp <1,

S (TQPhgl(dH)p (Tu];ﬂ 4 pdtl hd+3>2)%
S (T2ph21(d+1)p (TQVhi(V—l) + hQ(dH)))%
1

< .
~ T2h2(d+1)7%(17u)
Step 1.3.2 Control of S%,. Observe that

vrp—1lvp—1 l(rr+sr)+rr U(rr+st)+rr

t a t b
Sy = TW”Z >y Y. Enalg = 5)Eni(g = ) ElZarr]EZ 7]

= 07$l’ 0 a=l(rr+s7)+1b=l'(rp+sr)+1

vpr—1lvpr—1 7rp rT

A+ t N+
hd+1 2 Z Z Z Z Khl nl)Kh’l(f_ Tn2)E[Z/\+n1,t,T]E[Z/\’+n2,t,T-
=0 l’ 0 n1=1ns=1
I

Similarly, for I #1', |A — X +ny — na| > s, then,

T /
S, < Thd+1 Z Z Khl ) hl(jt—, T;)E[thT]E[Z ',T)
i |>sT
1 L t o
= T 2 Z Ko (o = ) K (o [HKhz 5r) Ly, sy — F (y]2)]

|m m |>sT

< B [] Knale’ = X3y )Ly, < — F ().

Using (C.1.3), K1 (4 2)B[ Ty Knala? X, 1)Ly, ey~ F @le))] S Kny (5 %) (uomr +h041042),
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then,

1 1

A

Ss2 S (Thd+1)2 (Tuhuq
mTTrlLr—nm:’\1>sT

T
hd+1 hd+3 21 K t
+ R 7 2 K
m=1

1 1
S W(Tyhu—l

+hd+1+hd+3)2i XT: Khl(i_m)Khl(i_m)
T T T T

mTlZ_: )

!

l

o(1) o)
1 1 2(d+1
5 W(TQuhZ(ufl) + 1 )>
2
S T2 2 dro—1) + h*. (27)
Hence, comparing (21), (24), (25), (26), and (27), we have
E[A? ] < ! + . +h? (28)
t,T] ~ Th2(d+1)_%(1_y) T2v p2(d+v—1) .
Next, we deal with the small blocks.
Step 2. Control of the small blocks. We have
v — 1 ’UTfl’UTfl
B[, = 5| Z Mop+ 3 3 Mol ]
1=0 1'=0
14
vp—1  (+1)(rr+sT) a
2
hd—i—l 2 Z Z Khl(T T)E[Za,t,T]
=0 a=l(rp+sr)+rr+1
vr—1  (I41)(ro+s7) (+1)(rr+sT) a t b
Thd+1 3 Z Z Z Khl(T T) h,l(f - f)E[Za,t,TZb,t,T]
=0 a=l(rr+sr)+rr+1b=l(rr+sp)+rr+1
a#b
vpr—1ovp—1 (I+1)(rr+sT) (l/+1)(7"T+ST) t t b
hd+1 2 Z Z Z Z Khl(T T)Khl(T T)E[Za’t7TZb’th]
= O7£l’ =0 a=l(rr+s7)+rr+1b=U'(rr+sr)+rr+1
=: ST+ S¥ 4+ St
Step 2.1. Control of S'. We have
vr—1 (I4+1)(ro+sT) " a d ]
e 2 K- B[] K — X2y~ FrGla)]
=0 a=l(rr+s7)+rr+1 j=1
2C vr—1  (I+1)(rr+s7) " a d ]
Thd-zl 2 Z Z Kﬁ,l(T T)E{H Kna(e? = X(];,T)HY@,TS@/ - Ft*(y‘m)u'

=0 a=l(rr+s7)+rr+1 j=1
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By (C.1.8), we get

vr—1  (I41)(rp+sr)

! 1 d+1 d+3 9 1 a
SIS T2h2(d+1) (thvfl R ) 2 2. Kia (7 = 7)
=0 a=l(rr+sr)+rr+1

vr—1  (I41)(rr+st)

G 1 d+1 | pd+3 t_a
< T2p2d+2 (Tuhu—l +hT 4k ) Z Z Khl(f_f)
=0 a*l(rTJrsT)JrrTJrl

Cl 1 d t a
< h +1 hd+3) K
= Th2d+1 (thv—l e ThZ nilg = )
o)
1 1 d+1 d+3
S gt (g + 007+ 0)
<1
~ Th2d+u
Step 2.2. Control of S!}. On the other hand,
vr—1  (I+1)(rr+sT) (I+1)(rr+sT) " a " b
n
Sy = hd+1 2 Z Z Z Kh 1(T T)Kh,l(f - T)E[Za,t,TZb,t,T}

=0 a=l(rr+sr)+rr+1b=l(rr+sr)+rr+1
a#b

lesT t

t )\Jr A+
hd+1 2 Z Z Z K’“ Tnl)Kh’l(T_ Tn2)

=0 n1=1ns=1
"I’Ll n2|>0

X {COV(ZA—i-nl,t,Ta Z/\+n2,t,T) + E[Z)\+n1,t,T]E[Z>\+n2,t,T]}7

where A = l(rp + s7) + rp. We arrive at,

'UTlgT

t )\ t A
Sy = Thd+1 5 Z Z Z Khl —;nl)Kh,l(T - —;-,n2)COV(Z/\+n1,t,TaZ)\Jrnz,t,T)

=0 ni=1ns=1
|n1—ns|>0

v — 1 ST
t A+ t A+
ThdH 5 Z Z Z Khl = — nl)Kh,l(T - Tnz)E[Z)\+n1,t,T}E{ZAJrnz,t,T}

=0 n1=1n2=1
[n1—ns|>0

=: S5 +Sh,

Step 2.2.1. Control of SY,. We have

vr—1 s st
t A+ t )\+
Shh = Thd+1 5 Z Z Z Khl = — nl)Kh 1( TnZ)COV(Z)\Jrnl,t,TaZ)\+n2,t,T)'

=0 ni=1ns=1

|TL1 n2|>0
Using (23),
t A t A
h’l(f - ;nl) h,l(f - —;—vn2)’COV(Z/\+TL1,t,T;Z/\+n2,t,T)|
t A t A 1 » _2
S Kna (i~ S Kna (= 202 (s + B4 050) 7 s = a3

(29)
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Thus, by Assumption 5

vr—1 sr +

1 1 2" t A+ A+ _2
521 ~ T2p2(d+1) (Tllhu—l +hT + hd%) ’ Z Z Z Kh, 1 Tnl)Kh,l(T - Tn2)5(|”1 - ”2|)1 r

=0 n1=1ns=1
\n17n2\>0

’UTfl

Ct 1 d+1 d+3 g ShS 1-2
= T2h2(d+1) (Tl/hl/—l +h +h ) Z Z Z B(Iny —nal) "7

=0 n1=1n2=1
\n17n2\>0

In addition, letting k = |n; — ns| yields

SZT: SZT: Bl = mal)' > = SXT: ( SXT: Blna —n1)' 7 + SXT: B(na —n2)1_%)

ni=1nqe=1 ni=1 na2>ng na<ni
|n1—nso|>0

ST ST—n1 ST ST —MN2

=D Y BRI Y D BT
ni=1 k>0 na=1 k>0
ST ST—n sT

=23 B <250 > Bk
n=1 k>0 k=1

<sr XT; KB ™r <57y kCB(R)' TP
k=1

k=1
since (k) > 0 and k¢ > 1 for ( > 1 — %7 where p > 2. So,

zi :
>k

k=1

1N

Cisr 1 d+1 d+3
521 = T2h2(d+1) (Tllhu—l th th )

SN

vrST
~ T2p2(d+1) (Tuhu—l

1opdtl 4 hd+3)

1 1 » T
< d+1 d+3> P _
S Th2TD ( + h +h , since vrsy < s s =T,

Tl/hy—l
1 1 b
< 2(d+1)>> v
~ (Tph2(d+1)p (T2uh2(u—1) +h
1
S PR (30)
Step 2.2.2. Control of SY,. We have
vr—1 l(rr+st)+rr l(rr+st)+rr " a " b
i
S22 = Thd+1 2 Z Z Z Khal(f - T)K’%l(f - T)]E[Z%LT]]E[ZILLT]
=0 a=l(rr+sr)+1b=l(rr+sr)+1
la—b|>0
v — 1 ST
At m t A+ng
Thd+1 2 Z Z ZK“ T )K’%l(f_ T )
=0 n1=1ns=1
[n1—ns|>0
d . .
[H i = X4 )iy oy — F )| B T] Ko e? = Xy 1) (v sy — F ()]

j=1
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By (C.1.8), for i = 1,2,

t >\+ i)
EKna (=~ HKM = X)Wy, sy = F (]2)]
t A+n; 1
< P
~ Kh’l(T T )(Tyhy—l

Then

UTlsT
1

1 t )\—|—
522 ~ T2}2d+2 (Tuhy—l +hT hd+3> Z Z Z Kh, 1 nl)Khﬁl(f T

=0 ni1=1ny=1

|7’L1—7L2‘>0
& 1 ar1 | pars)? 1 . t

< it (o 00 1) ﬂle’“(f T
o(1)

< ; + ﬁ

~ T1+2uh2(d+u)—1 T

<

N Th2(d+r)—1

Step 2.3. Control of S? Sg can be decomposed as

vp—lop—1  (I+1)(ro+sT) (U'+1)(rr+sr)

Sy = Thd+12z Z Z Z Khl(jtﬂ ;)K (’;" T)

1= Ol;éé/ =0 a=l(rp+s7)+rr+1b=U'(rr+sr)+rr+1

vp—lop—1  (I4+1)(rr+sT) '+1)(rr+sT)

Thd+1 2 Z Z Z Z Khl(; T)Khl(

1= Olyﬁl/ =0 a=Il(rr+s7)+rr+1b=l'(rr+sr)+rr+1
=Si 4+ sk

Step 2.53.1 Control of Sgl. Setting

v — ].UT 1 ST ST

An t MN+n
Sgl hd+1 2 Z Z Z Z Khl T T 1)Kh,1(f* T Q)COV(Z)\+n1,t,T7Z)\’—i-ng,t,T)a

1=0 U'=0 n1=1ny=1
1£1

where A = l(rq + s7) + rp and X =U'(rr + st) + rr, however, for I # I/,

+ AT 4 pAt).

t /\+TL2)

(31)
(32)
COV( a,t, T Zb,t,T)
b
T)E[Za,mT]E[ZlLt,T]

A= X +mny —no| > |l(rr + s7) + 77 —U'(re + $7) —r0 + 11 — no

> |(l — l/)(TT +ST) +nq —’I’L2| > rr,

since ny,ng € {1,...,s7}. Soif we let ¢ = A+ ny and ¢’ = X' + nay, we have
1 vr (ro+st) ve(ro+sr) q/
I
S51 = d+1)2 Z Z Kh 1( )Kh 1( *)COV(Zq,uTan’,t,T)
(Tha+t) T T T T
q=rr+1 q¢'=rr+1
lg—g'|>rr
1 vr(rr+sr)—rr vr(rr+st)—rr ¢ m ; m
= 4(Thd+1)2 Z Z Kh,l(f - ?)K}L’I(T - T)COV(Z7,L¢7T, Zm/7t,T)
m=1 m’/=1

[m—m/|>rr

T T
1 t t m
< e 2o 2 Kna(g — 2V Ena(5 = 7)€V (Zmeir, Zuwair) |

m=1m'=1
[m—m/|>rr
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where m = ¢ — rp and m’ = ¢’ — rp. Now, using (23), we have

t t m
Khl(f — ?)Kh 1(T )|COV(Zm,t,T7Zm’,t,T)‘
t m tom 1 2
< L " _m d+1 d+3>? Iy =
Thus, by Assumption 5
1 1 2 r T t m/
2\ 5 L2
531 ~ (Thd+1)2 (Tuhu—l +ht +hd+3) Z::l Z:: Khl )Kh 1(T ?)5(\m*m'|)
m— m'|>rT

2

Ct 1 d+1 d+3\? -
< T2h2d+2 (Tz/hu—l +RT AR ) Z Z B(lm — m|

m=1m'=1
|m—m/|>rr

Letting k = |m — m/| entails

&l T 2 ) 2 1 El 2
DY Blm-m')Tr <O Y BRI S Do kAW

m=1m'=1 k=rp+1 k=rp+1
[m—m/|>rr

T
1
<z > kB(k)'TE, since k> rr,
r
T k=rp+1
1 o0
— ¢ 1-2
=z > KBk
T k=rr+1
Hence,
sl < 1 ( 1 +hd+1+hd+3)% i K B(k )1_7
31 ~ T%TQhQ(dJ,-l) Tvhv—1 =
—
1 1 d+1 d+3 : . 1
S T2h2(d+1) (Tl’h”—l +h +h ) , since E <1,
1 1 1
< 2(d+1))) 2
~ (T2ph2(d+1)p (T2vh2(v—1) +h
1
<
~ opep2(dtl)=2(1-v)’ (33)
Step 2.3.2 Control of SH. . Observe that
vp—lvp—1 sp  sr ,
t )\+n1 t A + ng
I
Sz2 = Thd+1 2 Z Z Z Z Khl )Kh,l(f i )IE[Z,\+n17t,T}E[Z/\,+n27t’T}
'=0 n1=1ns=1
1= Oz;ﬁf —0 o
vr—1lvr—1 st ST
)\+n1 t >\I + no
Thd+1 2 Z Z Z ZKhl T )Kh,l(f— T )
=0 l’ 0 ni=1ns=1
141/
d . .
X E[H Kh 2 >\+n1 T)(ﬂY/H—m <y — Ft*(y|33)):|E|:H Kh,2(LL'] _ Xi‘/+n2,T)(]1Y>\'+n2,TSy _ Ft*(ylw)) )
j=1
Using (C.1.3),
d
t /\+n1 . . N
Kh’l(f T )E[H K a(a? — X/J\+n1,T)(]1YA+n1,TSy — F (y|;c))]
j=1
t A+ nq 1 d
< Kpil=— pdt+l 4 pd+3
N h,l(T T )(Tthfl + + ),
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and

v — 1’UT 1 ST
t

A N 2
Sie S ThdH 2 Z Z Z Z Kh1 i +n1)Kh1(%— ;n2)<TV;V71 +hd+1+hd+3) .

= /= O’I’Ll 1TL2 1

l;él’
Similarly, for I #1', |\ — X +ny — na| > rp,

1 1 a1 pdes)? L& t m t m
% 5 g (qogs + A ) 30 Y Kna (g = ) B (- )

m=1m/=1
[m—m/|>rr

1 1 2] & my 1 < m’

< - d+1 d+3) 4 K _my L
h2d (thv TP A Thz; a ) Th Z )
o) o)

1 1 d+1 d+3 2

S g (o +A4 4 000)
1
+ h?,

< -
~ T2vp2(d+v—1)
Now, comparing (29), (30), (31), (33), and (34), we get
1 1

2 2
E[Ht,T] f, Thg(dJrl),%(l,y) + T2vp2(d+v—1) +h%
Step 3. Control of the remainder block. Now, let us deal with IE[E?T]
1 d t a
=2 1 _ 2 2
E[Ht T] - (Thd+1)2 Z Kh,l(f - T)E[Za,t,T]
a=vp(rr+sr)+1
T T
1 t a t b
+ (Tha1)2 Z Z Ky 1(T T)Kh,l(f - f)E[Za,t,TZb,t,T]~
a=vr (rr+st)+1b=vr(rr+sr)+1
a#b

We can further expand this as

1 d t a

=2 — 2 2
E[“t,T} - (Thd+1)2 Z Kh,l(f - T)E[Za,t,T]
a=vr(rr+sr)+1
1 ! d t a t
+ (Thi)e Z Z Ky, 1(T T)K (T T)‘DOV( Zau, s Zoa,T)
a=vr(rr+s7)+1 b=vr(ro+sr)+1
a#b
1 d d t tb
+ gy > > Kna(g — 2)Ena(g — 7)E[Zawr]E[Zor]
a=vr(rr+sr)+1b=vr(rr+sr)+1
a#b
=: ST+ S5 +S5.
Step 3.1. Control of ST. We have
1 L t a d ;
S 2 Khalp B[ I KRl — Xtz — 1 0l2)°)
a=vp(rp+sr)+1 j=1
T

204 t a d ) . X
= m Z Kﬁal(f o T)E{H Koz’ — X;,T)|]1Ya,T§y - F (y|:c)|]
a=vp(rp+sr)+1 j=1
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Using (C.1.3), we have

T
E L L d+1 | pd+3 2 (t _a
STS T2}2d+2 (Tuhu—l th th ) Z Kh,l(f - T)
a=vr(rr+sr)+1

C 1 1 « t a
1 d+1 d+3
< hitl 4 ) — N Kpi(= — =
= Th2d+1 (thv—l * * Th ; nilz = 7)
o(1)
1 1 A1 | pd+3

S gt (g + 00 H)

< L

~ Th2d+u
Step 3.2. Control of S5. Observe that

T T

= 1 t a t b
S = e > > KhJ(f - T)Km(f - T)@OV(th,T’Zb,t,T)
a=vr(rr+st)+1b=vr(rr+sr)+1
a#b
1 T*’UT(’I‘T+ST) T*UT(TT+ST) t A + n t )\ + n
1 2
- (Thd+1)2 Zl 21 Kh»l(f T )Kh,l(f - )COV(Z/\-HLl,t,TaZ/\-i-nz,t,T);
ny= na=
|n1—nso|>0

where A = vr(rr + s7). Now, using (23), we have

(36)

t A+ t A+
Kh,l(f - Tnl)Kh,l(T - Tn2)|COV(Z>\+n1,t,T;Z)\+n2,t7T)|
t A+n t A+n 1 2 2
S K = = (7 = ) (e + 17+ 1070) Bl = mal)' .

By Assumption 5,

) ) 5 T—vr(ro+sp) T—vr (ro+sr) + A+
= d+1 d+3\?
ST < T (TVhV*1 +h*T 4+ h ) Zl Zl Kh,l(f T )
ni= nz=
|n1—ns|>0
t )\ + no

X K (7 = =5 2) Bl = mal)' 7

02 1 o T—vr(rr+st) T—vr(rr+sT) )
1 d+1 , pd+3)7 12
< T2h2(d+1) (Tl/hu—l +h +h ) Z Z B(Iny —nal) 7.

TL1:1 112:1
|n1—n2|>0

Moreover, letting k = |n; — na| and wp =T — vr(rr + st) yields

i i Bllm — nal)'™% = i ( i Blns —m)' "5 + i Bln —nz)'7)

ni=1ng=1 ni=1 mn2>n;

na<ni
|n1—ns|>0

wr wWr—ni wr wr—nsg

S BT S Bk

ni=1 k>0 no=1 k>0

wr wr—n

23" Y a

n=1 k>0

<wr Z KB(k)' 7,
k=1
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since B(k) > 0 and EC>1for¢>1-— %7 where p > 2. So

= Clur 1 d+1 043 7 N ¢ 1-2
S5 < oo (s + % + 0 kz_:lk B(k)—%
1 1 a1, pd+s\? .
hS Tha@D (TVhV—l +h" +h ) , since wpr < T,
1 1 5
< 2<d+1>)) g
~ (TphZ(d+1)p (T2vh2(v—1) +h
1
< -
N TR -21-0) (37)
Step 3.3. Control of S5. Lastly, let us look at 535.
T T
= 1 t a t b
S5 = (Thd+1)2 Z Z Khl(T T) h-rl(f - T)E[Zavt,T}E[ZbﬁtyT]
a='UT(T'T+3T)+1;Z=’UT(7"T+3T)+1
t )\ +n1 t A+ ng
Thd+1 2 Z Z T ) hvl(f T )]E[ZAJrnht’T]E[Z/\Jrnz,t,T]
ni=1no=1
1|7L1 2nz|>0
t At m t A+ng
Thd+1 2 Z Z Khl T )Khvl(f_ T )
ni=1ln
1|n1 2’ﬂz|>0
d . .
[H Kn2(@? = X ) (Mo, sy = B Wl2) | B T Kna(@? = Xy 0) (i sy — FE (0l2))]
j=1
Using (C.1.3), for i = 1,2,
t A + n;
Kp 1 (T Z H K}L )\+n1, )(]IYA+'rLi,T§y - Ft*(ykc)ﬂ
t A+n; 1 A1 d+3
S Kz = =5 ) (G + 07+ 077,
then,
= 1 1 o = t Ay t A+ne
SE < ( hd+1 hd+3> K v K v
3~ 2p2d+2 Tuhufl Zl Zl h, 1 T T ) h,l(T T )
ni no
|n1—n2|>0
T
G 1 ar1 | pars)? 1 t a
< e (qogr +0 ) o ZlK’“l(T ~7)
o(1)
1 1 d+1 , pd+3)?
’S Th2d+1 (TIJhV—]. + h + h )
1
S FrEa T (38)
Now, comparing (36), (37), and (38), we have
— 1
E[‘:?,T] < TR 2(1-0)” (39)
Therefore, following (28), (35), and (39), we get
E[Z}r] = O( ! + . +1?)
tT1 = Tp2A+D)-2(1-v) " T2vp2(dtr—1) :
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C.1 Proof of Theorem 1

Recall that 7} (-|x) is the probability measure of the random variable Y; | X;r = = with conditional CDF
Fr(ylx) = P(Y,r < y| X = ). Observe that, by the definition of W given in (3),

E[W, (7, (-|a), =7 ()] = / E[|£(y]z) — F7 (yle)|]dy,
using Fubini’s theorem. Now, using Definition 4,

T o d ; j
Da=1 Kh,l(% - T) Hj:l Kpa(z) — Xi,T)II'Ya,TSy
ZaTzl Khyl(% - %) H?:l Kpa(2? — X;,T)

Fy(yle) — F} (ylz) = - F (yl)-

Then observe that
T a d ; j
7Th}z+1 2 a1 Kna (% - T) Hj:l Kpo(2? — Xé,T) [ﬂYa,TSy - Ft*(y|:c)]
T “ d : ;
Thi“rl Za:l Kh,l(% - T) Hj:l Kh,2(17j - Xi,T)

Further, by applying Cauchy-Schwarz inequality, we obtain

Ft(y|w) - F (ylz) =

. (40)

E[W: (7 (), 77 (-|2))] = /IEHE(y\m) — Ff(ylx) ] dy

T d 4 j
B /EH T 2oget Kna (5 — %) [T Kno(2? — X(Jz,T)[]lYa,TSy — Ff (y|z)] de
= T o o d p ;

ﬁ > am1 Kna (% - T) szl Kpa(27 — XtJI,T)

2

1

2
- =4 [L=y Knalad — XZ,T)> D

_/(EKM}iHZaT_lKh,I(

=

(6] e o s = 3 T e = X2y = i) ) P o

Let Jy (4, @) = 7 ZaT:1 Kpi(%— %) H?:l Kpo(zd — XiT). Using Proposition C.2, the first term in (41)
becomes

1 2773
{]E[( - _ — ) }} = 0(1). (42)
Th}“rl Za:l Kh,l(% - %) Hj:l Kpa(ad — X;,T)
Proposition C.3 implies the second term is of order (’)( T dﬂl,L(l,V) + Tuhdlwfl + h) Therefore, from (41), we
T2h P
have
sup  B[Wy (7(|z), i (|2))] = 0( ! P h)
xEX, 1€l o T3 pdti=50-r) © Tvhdtr=1 '
where v = p A1l and p > 2. O

C.2 Proof of Corollary 1

Proof. Step 1: Bounded support of the conditional laws. Since |Y; r| < M a.s. for all ¢, both 77 (- | x)

and (- | @) = ZaTzl wq (%, ) dy, , are supported on [—M, M]. Hence their quantile functions also take values
in [-M,M

Step 2: One-dimensional representation of W, and comparison with W;. In one dimension,

1
W (1, ) = / F7(2) - Fyi(2)| .
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Let p=#¢(- | ) and v = 7} (- | ). For every z € [0, 1],
~1 ~1
|F M (=) — F N (2)| < 2M.
Hence, for all » > 1,
BN ) = F )] < M) E N (E) = B

Integrating over z yields

W (#(- ), mi (- [ @) < (2M) " Wi (- | @), i (- | =) (43)

Step 3: Take expectations and apply Theorem 1. Taking expectation of (43) and using linearity,
E[W (7te(- | @), 7 (- | 2))] < (2M) " E[Wi(7(- | @), 7 (- | )]

Taking the supremum over x € X and % € Iy, and using Theorem 1,

1 1
S EW! (7, 7})] =
o hen, e (e, i) O(Tl/%d“—i(l—”) T g T h) ’
since (2M)"~! is a finite constant independent of T', h, t, and . The case r = 2 follows immediately. O

C.3 Proof of Corollary 2

Proof. By Lemma B.1, for any ¢ and «,
Wy (- [ ), mf (| ®) < Wil | @), 7 (- [ 2) + 27 (my (7)) +me (7))
where m,. (1) := [ |y|” p(dy). Under the given uniform moment condition,

sup (m,(7t¢) + m,.(77)) < C, < 0.
x,t,T

Taking expectations and suprema over (x,t/T) yields

sup E[W! (7, 77)] < sup E[W, (7, 7)) +2"1C,.

®, Lely, xz, Lel,

Finally, applying Theorem 1 completes the proof. O

C.4 Proof of Corollary 3

Proof. Fix e > 0. By the given uniform integrability condition, there exists R = R(g) > 0 such that

sup / Iy |z) <e,  sup / I #e(dy | @) < .
@.t.T J{|y|> R} @67 J{jy|> R}

Apply Lemma B.2 with this R to u = (- | ®) and v = 77 (- | @):
WE (| )l @) < RR) Wi (- | @), i @) + 27,
uniformly in x,¢,7T.

Taking expectations and then the supremum over € X and % € I, yields

sup E[W[(ﬁt,w;‘)] <(2R)"' sup E[Wl(ﬁt,wi)} +2"e.

x, %€l x, Lel,
By Theorem 1, the first term on the right-hand side goes to zero as T'— oo, for any fixed R. Hence

limsup sup E{W:(ﬁ't,ﬂ':)} < 27e.

T—oo %Elh

Since € > 0 was arbitrary, the conclusion follows. O
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C.5 Proof of Proposition 1

Proof. Fix x € X and t, and denote

By Lemma B.2, for any R > 0,

ly[" 1(dy) +/

ly[>R} {ly|>R}

W (u,v) < (2R)" ' Wi(p,v) +277 (/{ ly|” V(dy)> ' (44)

Step 1: Tail control via the s-th moment. By Markov’s inequality and the assumption (5), for R > 0,

1 C
I n(dy) < —— / yl? p(dy) < —2,
/{|y>R} Re=7 Jr Rs=r

and the same bound holds for v, i.e.

C
" v(dy) < ==,
/{|y|>R} R

for some constant Cs independent of (x,¢,T). Hence, from (44),

Wy () < (2R)™ Wi (u,v) (45)

+ Rsf'r”
for a suitable constant C' > 0.

Step 2: Take expectations and suprema. Taking expectations in (45) and the supremum over € X and
% € Iy, yields

C
Rs—T’

sup  E[W) (7, m)] < (2R)" Ar +

x, Lel,
where Ap is defined in (6).
Thus, for each fixed T', we are led to control

fr(R) == arR"™ " + bR 77,
with ap := 2" 1Ay and b:= C.

Step 3: Optimizing the choice of R. We choose R = Rr to minimize the order of fr(R). Ignoring constants
and differentiating formally, set

%(amH +bR™)) =ap(r — 1)R"2 —b(s — )R- = 0.

Solving for R gives

—24s— _ b(s —r) 1
_1R" 2+s—r+1 _ b(s — s—1 _ [
ar(r—1)R (s—r) = R ar(r=1)  Ap’

so that
Rp =< A7Y/¢7D,

Substituting Ry back into the two terms,
aTR;—l = Ap- A;(r—l)/(s—l) _ A}s—f“)/(s—l)7

and
bR;(s—T) - A}s—r)/(s—l) '
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Hence, with this choice of Rr,
fr(Rr) $ ApT7/0Y.

Therefore, there exists a constant C' > 0 such that, for all sufficiently large T,

sup E[W[(frt, ’/T:)} < C’A%S_r)/(s_l)7

x, %EI;L

which proves (7). The specialization to r = 2 is immediate. O

C.6 Proof of Proposition 2

Observe that

(s, @) — m* (o, 2)| = [ElVyr| X, = 7] — B |

= | [ datutlz) = [ wamicio)|
<sup| [ fas(le) - [ i (o))
= Wil ), i (1))

In the last equality, we use duality formula of Kantorovich-Rubinstein distance (see Remark 6.5 in Villani (2009)),

@)=l « g,

where F is the set of all continuous functions satisfying Lipschitz condition || f|| i, < 1, i.c., SUDy£y =]

Hence,

E[|m(%,w) - m*(%,w)ﬂ < E[Wy (7 (|2), 7 ()]

This finishes the proof. O

C.7 Proof of Proposition 3

If h < T~¢, then directly from Theorem 1, for v = p A 1, we get

1 1
= (. *(. <
E[Wl (Tl't( |$)’7Tt( |£B))] ~ T%h(d+1)_%(1_y) + Tl/hd+l/71 + h
1 1 1

< _—
~ pip—€(d+)-31-v) T pop—earn e

Note that, as T' — oo, the third component goes to zero for any £ > 0. The second component converges to zero

when & < Wthh suggests that { < ;75 +1 Lastly, the first component approaches zero if £ < m,
p

since v = p A1 and p > 2. Therefore, for h < T=¢, E[W; (#(-|x), 7 (:|x))]

d+1/ 1
which further implies that £ <
converges to zero if,

2(d+1)

: 1
§<{d+1 ifv<s,

ST otherwise.

1
SNV
2
As a consequence, § < 2. O

C.8 Proof of Theorem 2

Observe that using (9) and by Fubini’s theorem, we have

BISWi (@), ()] = [ E[Wi(0p( 1), 05 (f2)] o1 (d0).
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On the other hand,
E[W1(047(|x), 04 (-|z))] = ]E[/R |Fro(ylz) — Fig(yla)|dy] = AE[|Ft,o(y|w) — Ffg(ylz)|]dy.
Using the weights defined in Definition 3 and (10),
ﬁ 25:1 K1 (% - %) H?:1 Kh,2(xj - XZ,T) [HGTYG,TSy - Ft*,o(y|w)]
— : , .
TRIFT Yoy Kna (#—-%) [Tj=1 Kn2(ad = X 7)

Further, by applying Cauchy-Schwarz inequality, we obtain

E[W1(047:(|x), 04 (-|2))]

T o 17 ; j "
_ / ]EH Th1d+1 Za:l K}Lvl(% - T) H]:1 K}“Q(I‘] - X;,T) []leTYa,TSy - Ft,g(y|m):| de
T o 17 , j
R Th}i‘*'l Zazl Kh»l(% - T) Hj:l Kh,2(=’fj - XZ,T)

Ft,@(y‘m) - the(y|m) =

2

1
<

<Ll

)Ty Kna(ad — Xg,T)) J)

%
T d 1
< (B] (e > K (-2 r:[ Koo — X3 [Movv, vy~ Frowle)]) |) . (46)

Note that from Proposition C.2, the first term in (46) is O(1). Moreover, it can be observed that inequality (46)
is similar to inequality (41), hence, we again use Bernstein’s big-block and small-block procedure and consider
(20) with Zg 11 = H;l:l Kno(a? — X) 1) [Lory, p<y — Ft*’g(y|:c)]. Furthermore, Assumption 7 and (C.1.3) give

: ; t 1 .
Kna(z — *)E{H Kpo(2! = X ) (Lory, p<y — tho(y|$))} < Kh,l(f - %) (Tyhu_l + R 4 ).

The rest of the proof follows directly from the proof of Theorem 1. By Proposition C.3, we have

E[(Zt,T)ﬁ S Th2(d+l§—%(1—u) + T2uh2(1d+1/71) + 1. (47)

From (46), and incorporating (42) and (47), we have
1 1
me;g)elhE[Wl(o#frt(.\m),0#77;(.|m))] - O(T%hd“*%(l*”) + o h)
Therefore,
sup  E[SWi(7:(-|x), wf (-|2))] = (9( - d+11_l(1_u) + Tl/h/jifl/*l + h),
zeX, el T2h P

where v = p A 1. (]

D TECHNICAL LEMMAS

Lemma D.1 Let Assumption 2 hold, then

(D.1.1) ‘ H;‘i:1 Kh,2(xj - XZ,T) - H?Zl K2 (xj - Xﬁ(%))‘
< CTWAYT_ | Kna(@? — X5 1) — Kna (el — X5(3))]-

(D.1.9) |y KR o(o? — Xi0) — [Ty K (o¥ — X4(8))|
< OV [Kna(a? = X] p) = Kna (+7 = X3(4)).

(D.1.3) for p> 2, E[| TTLy Knae? - x)|'] < G20 VE|| T2, Kanala? - X2.0)
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Proof. Proof of (D.1.1). Let ¢/ = Kp, 2(27 — XZ,T)7 ¢ =Kpa(2? — XJ(%)), and G(g*, ..., g%) = H?Zl g7. The

gradient of G(g',...,g%) can be written as
8G(g",....9" d
agt Hj 29’
0G(9 ... ) Hﬂ?_l_ 59
VG(g' 9% % v
5G 1.7.“, d d— 1 1
(gagd 9%) H] 1 g’
By Assumption 2, K> is bounded by Cs,
d ) d ) -1,
196" o=\ (ITe7) +( II ) ++(II¢)
Jj=2 J=1j#2 Jj=1
< (G2 4 (g =\ Ja(ed 2 = e AL

Now,

Glg'- 9" — GG ) < C5WVAl(gh g™ = (G @)

d
=C9~d Z Kpao(xd — Z7T)_Kh,2(xj_Xg(%)>>2
j=1

< i 1¢gZ\Kh2 — XJ )~ Kpa(a? X;’(%))\,

j=1

since for d-dimensional vector z, ||z||2 < ||z]|1. Then,

d d d
T Rate? — X) ~ [T Kinalo? — X8| € CHVaS [Rale? X )~ Kinalo? — XU
Jj=1 j=1 j=1

Proof of (D.1.2). Let ¢/ = Kﬁvz(xj - XZ’T), ¢ = K,?Lg(xj - X71(%)), and G(g',...,g%) = H;l:l ¢’. Using the

gradient of G(g',...,g%) given in (D.1.1) and noting that K2(-) is bounded by C3,

1 dy|| — de : j2... d71j2
VGG gD = | (TT) +( IT &) ++(II¥)
j=2 J=155#2 j=1
S \/(O;d_2)2+ CZd 2 \/d 02d 2 022d—2\/g.

Observe that,

G(g"- 0 9") = G 7)< G322 (g g™ = G @)l

d
= VA S (ialad — X2p) — Ko — XU(E))°

Jj=1
< - W&thg — X7 )~ Kpa(a! Xg(%))|,
Jj=1
Finally,

d

d d
L Knale? = X2 ) = T Knale? = X2(5))| < G 2VAY [Knale? = X1 7) = Kiale? = X4 (7))
j=1

j=1 j=1
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Proof of (D.1.3). We use the boundedness of K3, so

d d _1, 4 _
ol ]];[1 Kna(? = X1 p)[ ] < B[ max | T] Knale? = 71| 1’}1 Kna(e = X] )]

Lemma D.2 Forl # 1, (o(Xi1),0(Xy 1)) < B(|l =1|), where o(X) denotes the o-algebra generated
by X.

Proof. Let us start the proof by first considering the case [ > I’, that is

Blo(Xir),0(Xr,r)) < B(o(Xs1,8 2 1),0(Xs 1,8 < 1))
- /B(U(XS,T7S S l/)aU(Xs,Tvl S 8))
<supf(o(Xs1,8 <t),0(Xsr,t+1—-1'<s<T)), (t=1)
t

< sup Bo(Xer,s<t),0o(Xer, t+ 1 -1 <s<T))
Tt <T— |1~

=Bt =)
The last inequality holds since ¢t < T — |l —I’|. For I’ > [, observe that

Blo(Xir),0( Xy 1)) < Blo(Xsp,s>1),0(Xs1,8<1))
= 5(0—(XS,T75 S l)7J(XS,Tal/ S S))
<supfB(c(Xs1,8 <t),0(Xsr,t+1'=1<s<T)), (t=1)
¢
S sup B(U(XS,T;SSt)70(Xs,Tat+|l/_” SSST))
Tt <T— |11

= B(lt =)

Lemma D.3 (Davydov (1973)) Suppose that X and Y are random variables which are 4 and -
measurable, respectively, and that E[|X|P] < oo, E[|Y|p,] < 0o, where p,p’ > 1, p~ L +p' "' < 1. Then

=1

|Cou(X,Y)| < 8||X||, IV ||z, [8(%, 7)) P

Lemma D.4 (Vogt (2012)) Suppose K fulfills Assumption 2 and let g : [0,1] x R = R, (u, x) — g(u, )
be continuously differentiable wrt w. Then for any compact set S C R?,

1 & t\ [t 1
. e 5 (= () s 7| o) + 0

u€ly,x€S



	INTRODUCTION
	PRELIMINARIES
	Locally stationary time series
	Optimal transport: Wasserstein distance
	Mixing condition

	WASSERSTEIN BOUNDS FOR UNIVARIATE LSTS
	Assumptions
	Convergence rate in Wasserstein distance

	SLICED WASSERSTEIN BOUND FOR MULTIVARIATE LSTS
	NUMERICAL EXPERIMENTS
	Synthetic data
	Real-world data

	ADDITIONAL EXPERIMENT RESULTS
	Plots of synthetic data
	Comparison to a classical method

	Plots of real-world data
	NW conditional median estimator for BabyECG and HRV data

	ADDITIONAL THEORETICAL RESULTS
	PROOFS OF MAIN RESULTS
	Proof of Theorem 1
	Proof of Corollary 1
	Proof of Corollary 2
	Proof of Corollary 3
	Proof of Proposition 1
	Proof of Proposition 2
	Proof of Proposition 3
	Proof of Theorem 2

	TECHNICAL LEMMAS

