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Abstract: Influenced mixed moving average fields are a versatile model-
ing class for spatio-temporal data. However, their predictive distribution is
not generally known. Under this modeling assumption, we define a novel
spatio-temporal embedding and a theory-guided machine learning approach
that employs a generalized Bayesian algorithm to make ensemble forecasts.
We use Lipschitz predictors to determine fixed-time and any-time PAC
Bayesian bounds in the batch learning setting. Performing causal forecast
is a highlight of our methodology as its potential application to data with
temporal and spatial short and long-range dependence. We then test the
performance of our learning methodology by using linear predictors and
data sets simulated from a spatio-temporal Ornstein-Uhlenbeck process.
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1. Introduction

Analyzing spatio-temporal data introduces various methodological challenges.
These include determining models that can account for the serial correlation
observed along their temporal and spatial dimensions and that, at the same
time, can also enable forecasting tasks. Statistical models such as Gaussian pro-
cesses [6], [30], [66], and [78]; spatio-temporal kriging [26], and [58]; space-time
autoregressive moving average models [39]; point processes [40], and hierarchi-
cal models [26] are very versatile in modeling the spatio-temporal correlation
observed in the data and can deliver forecasts once the variogram or the data
distribution (up to a set of parameters) is carefully chosen in relation to the
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studied phenomenon and practitioners’ experience. In a nutshell, such choices
allow access to the models’ predictive distribution.

Suppose we want to avoid making any explicit choice regarding the data dis-
tribution. In this case, we can alternatively use deep learning methodologies
to perform forecasting tasks in a spatio-temporal framework, see [5], [68], [76],
[65] for a review, or a video frame prediction algorithm as in [57]. Deep learn-
ing techniques can successfully extract spatio-temporal features and learn the
inner law of an observed spatio-temporal system. However, these models lack
interpretability, i.e., it is not possible to infer the correlation and causal relation-
ship between variables in different space-time points that the models consider,
and typically, no proof of their generalization performances is available in a
spatio-temporal framework for dependent data. On the other hand, the video
prediction algorithm presented in [57] retains a causal interpretation of the re-
lationship between different space-time points. However, as in the case of deep
learning algorithms, there is no proof of their generalization performances.

This paper proposes a novel theory-guided machine learning methodology
for spatio-temporal data that enables one-time ahead ensemble forecasts based
on moment assumptions (no further assumptions on the data distribution are
needed), an opportune spatio-temporal embedding, and a generalized Bayesian
algorithm. A theory-guided machine learning methodology is a hybrid proce-
dure that employs a stochastic model in synergy with a learning algorithm. Such
methodologies have started to gain prominence in several scientific disciplines
such as earth science, quantum chemistry, bio-medical science, climate science,
and hydrology modeling as, for example, described in [18], [51], [64], [67], and
[68]. Tt is important to emphasize that in these works the data are typically
considered outputs of (deterministic) dynamical systems driven by partial dif-
ferential equations. We define a theory-guided machine learning methodologies
for data generated by a random field.

We call our methodology mized moving average field guided learning or
MMAF-guided learning. In particular, we analyze raster data cubes [62], which
are described for dimension d = 2 in Section 3.1, and that are nowadays gener-
ated in environmental monitoring, from satellite observations, and climate and
weather numerical models’ outputs. Our methodology applies, in general, to
raster data having spatial dimension d > 1, and we assume that such data are
generated by an influenced mized moving average field (MMAF, in short), see
Definition 2.6. Such a class of random fields has been introduced in [28] and
allows modeling the correlation and the causal relationship in different space-
time points using ambit sets, see [8] [12] [59], and [60]. Such models have been
so far employed to model data in environmental monitoring [45, 59|, imag-
ing analysis [50], and electricity networks [24]. They allow modeling Gaussian
and non-Gaussian distributed data; they can be non-Markovian and have non-
separable covariance functions. Moreover, they are stationary and 6-lex weakly
dependent, as proven in [28, Section 3.3], and allow modeling temporal and
spatial short and long-range dependence. A drawback of employing MMAF in
forecasting tasks is that their predictive distribution is not explicitly known. To
our knowledge, the only available results on the predictive distribution of an
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MMAF in a spatio-temporal framework can be found in [59, Theorem 13] for a
Gaussian spatio-temporal Ornstein-Uhlenbeck process.

We then select a generalized Bayesian algorithm, i.e., a so-called random-
ized estimator, which is a regular conditional probability on the class of the
Lipschitz functions H, see Definition 1.2. The latter is then employed to make
ensemble forecasts. We call a function h € H a predictor. Linear models, neural
network architectures with feed-forward and convolutional modules [14, 74], and
Lipschitz modifications of the transformer architecture [52, 63] are between the
predictors belonging to H. The selection of a randomized estimator is guided
by the design of a spatio-temporal embedding of an observed raster data cube,
which gives us the training data set on which the estimator can be learned. The
precise construction of the spatio-temporal embedding is given in Section 3.1
and depends on several parameters that must be opportunely tuned. Therefore,
given a raster data cube, there exist different ways to pre-process them into
a training data set. Such a procedure ensures casual forecasts and good gen-
eralization performance, which, in the context of our paper, means obtaining
non-vacuous PAC Bayesian bounds. In the paper, we present how to guide the
design of a Dirac delta mass concentrated on the Empirical Risk Minimizer and
a randomized Gibbs estimator.

1.1. Setting

Let S := ((X;,Y;)")iez be a random element defined on the canonical prob-
ability space (£, F,PP), see [16, Chapter 7] for more details on its definition.
Here, each (X;,Y;) is identically distributed and has values in X x ) (Eu-
clidean Spaces). In particular, €2 is the space of all possible trajectories or re-
alizations of the process S. We further assume that S is a sample from an
MMAF with finite second moments as carefully described in Section 3.1. Sy,
indicates a finite dimensional distribution of the process S of length m, and a
training data set is one of its realization which, for a given w € 2, we indicate
with S, == ((X;,Y:) )™, where X; = X;(w) and Y; = Y ;(w). We also call
S = ((X;,Y;) ")iez a realization from S.

Let H be the set of all Lipschitz functions b : X — Y, and L : X x Y — [0, 0]
a loss function. We define the generalization error (out-of-sample risk) as

where (X,Y) indicates a general example belonging to S, and the empirical
error (in-sample risk)

r(h,w) = — > L(h(Xiw)), Yi(w)).
i=1

1
m
which is determined by a particular realization w € €2 of the finite dimensional
distribution S,,. The function L is used to measure the discrepancy between
a predicted output h(X) and the true output Y. Using the in-sample risk, we
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measure the performance of a given predictor h just over an observed training
data set S,,. In contrast, the out-of-sample risk gives us the performance of a
predictor depending on the unknown distribution of the data P. We then need
a guarantee that a selected predictor will perform well when used on a set of
out-of-sample observations, i.e., not belonging to S,,. We can also rephrase the
problem as finding a predictor A for which the difference between the out-of-
sample and in-sample risk R(h) — r(h,w) is as small as possible. We call the
latter generalization gap. The classical PAC framework aims to find a bound on
the generalization gap that holds with high probability P; see, for example, [75]
and [81]. Such probability inequality is also called a generalization bound. The
acronym PAC stands for Probably Approximately Correct and may be traced
back to [80]. A PAC inequality states that with an arbitrarily high probability
(hence “probably”), the performance (as provided by the generalization gap) of
a learning algorithm is upper-bounded by a term decaying to an optimal value
as more data is collected (hence “approximately correct”). Note that we drop
the dependence on w € Q in r(h) to ease the notations in the following.

In the paper, we use a PAC Bayesian approach, also known as generalized
Bayesian approach. First, we select a reference distribution m on the space
(H,T), where T indicates a o-algebra on the space H. The reference distri-
bution gives a structure on the space H, which we can interpret as our belief
that certain predictors will perform better than others. The choice of 7, there-
fore, is an indirect way to make the size of H come into play; see [21, Section 3]
for a detailed discussion on the latter point. Therefore, 7 belongs to M (H),
which denotes the set of all probability measures on the measurable set (H, 7).
We then aim to determine a randomized estimator. To introduce the latter, we
need first the following definition.

Definition 1.1. Let (2, F,P) be a probability space, (H,T) a measurable space,
h:Q — H a random element, and G a sub-o-algebra of F. The function
Payg(10)() 12 x T = 0,1
(w0, B) = By, g (E|G)(w)

is a regular conditional distribution of b given G if:

o for any E € T, the function w — Py, o(E|G)(w) is G-measurable and a
variant of the conditional probability P(ﬁ € E|G), i.e.,

Phig(EI9)() = P(h € E|G)() a.s.

o for any w € Q, Py ;5(-|G)(w) is a probability measure on (H,T).

We assume throughout that the measurable space (H,T) is a Borel space, i.e.
T is a countably generated o-algebra. Then, the regular conditional distribution
of h given G exists, see [77, Theorem 5, Chapter I1.7]. We can now give a formal
definition of a randomized estimator that follows [22, Section 1].



MMAF-guided learning 523

Definition 1.2. Let S = ((X;,Y;) " )icz be a random vector on the probability
space (Q, F,P), (H,T) a Borel space, and G, = 0{S.,}. We define a random-
ized estimator p as the reqular conditional distribution of h given G, i.e., for
allweQ, and Ec T,

P(E,w) = ngm (E|Gm)(w).

From now on, we indicate with 7[-] the expectation with respect to the refer-
ence distribution, and with p[-] the conditional expectation with respect to G,,.
Moreover, we call p[R(h)] and p[r(h)] the average generalization error and the
average empirical error, respectively. In particular, these notations indicate two
random elements, i.e., for all w € Q

mmww:éﬁmmmm

and

) = [ (v ptan.).

We remark that the use of the letter h in the notation p[R(h)] and p[r(h)]
plays the role of reminding the reader that we work on the hypothesis space
‘H. To evaluate the generalization performance of a randomized estimator p, we
determine a so-called PAC Bayesian bound, which is a bound on the (average)
generalization gap defined as p[R(h)] — p[r(h)] holding with high probability
P. Over the past two decades, PAC-Bayesian bounds have been successful in
addressing various learning problems such as classification, sequential or batch
learning, and deep learning [37, 42].

MMAF-guided learning applies to bounded loss functions, see Remark 3.20
for more details on this point. Throughout, for € > 0 called the accuracy level,
we define the truncated absolute loss as

LE(h(X),Y)) = L(M(X),Y)) Ae. (1.1)

The generalization error is then indicated with R°(h) = E[L¢(h(X),Y)] and
the empirical error with r¢(h,w) = = 37" | L¢(h(X;(w)), ¥;(w)) for w € Q. We
also drop in this case the dependence on w € §2 in the empirical error’s notation,
and indicate the average generalization gap with p[R(h)] — p[rc(h)]. We then
derive PAC Bayesian bound for the latter.

1.2. Contributions and outline

The PAC Bayesian bounds proven in the paper are the first results in the lit-
erature for f-lex weakly dependent data, i.e., data generated by a stationary
f-lex weakly dependent random field Z = (Z(z))(,2)erxre- The latter is a
novel notion of dependence introduced in [28]. When considering a random field
sampled on Z x Z% such that E[|Z(0)|P] < oo for p > 1, then #-lex weak
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dependence is a more general notion than a, and ¢ ,-mixing for random
fields being v € NU{oo}, and « and ¢-mixing in the particular case of stochastic
processes, see [28, Section 2.3]. In particular, an MMAF is a 6-lex weakly depen-
dent random field, which can then be used to model very general frameworks;
see Remark 3.22 and Appendix A.

We then analyze fixed-time and any-time PAC Bayesian bounds for data
generated by an MMAF. In particular, our fixed-time bounds are explicitly
stated in the function of one single 0-lex coefficient of the underlying field.
In the literature, two comparable bounds exist for time series data, which are
explicitly stated in the function of a-mixing and 6, .-coefficient. The former is
presented in [2, Section 3.2], and is a bound where it appears a series of a-mixing
coeflicients, which cannot be estimated from observed data and may diverge for
power decaying coefficients. The latter is analyzed in [4, Section 3] for bounded
01 ~o-coefficient, which also cannot be estimated from observed data. Instead, we
can estimate the decay rate of the 8-lex-coefficients for specific MMAF models as
the spatio-temporal Ornstein Uhlenbeck (STOU, in short) process and its mixed
version called MSTOU process defined in [59, 60], respectively. In the paper, we
also discuss the range of applicability of such estimation methodology to other
types of MMAFs. The knowledge of the decay rate of the 8-lex coefficient of an
MMAF is fundamental in our methodology and allows us to guide the choice of a
randomized estimator, as detailed in Section 3.2, and to assess its generalization
performance.

We start by proving a fized-time PAC Bayesian bound that holds for all
S with m > 2 and employs a novel exponential inequality for sums of weakly
dependent processes. 6-lex weak dependence is a notion of projective type related
to an Li-norm, see [28] and Remark 2.15, and A.3. In regards to projective
type dependence notions for L,-norm and p € [1, 0], there have been proven
moment inequalities for partial sums of weakly dependent random fields in [17]
for p € [2,00] and for stochastic processes and p = 1 in [36]. To the best of
our knowledge, another exponential inequality for a projective type dependence
notion was obtained just for p = co in [4].

To give a complete overview of the range of applicability of MMAF-guided
learning in the function of different choices of the spatio-temporal embedding,
it is necessary to introduce a second fixed-time PAC Bayesian bound. The proof
of such a result involves using an any-time PAC Bayesian bound. The latter is
proven using Ville’s maximal inequality for non-negative supermartingales [82],
and it holds for all countable sequences of examples; this means simultaneously
for each S,, and m > 1. Several any-time PAC Bayesian bounds exist in the
literature for general dependent data frameworks as discussed in [43]. However,
they do not hold in the so-called batch learning case for dependent data, which
our proof covers for bounded losses.

We then combine the any-time bound with the results proven in [2] applied to
a particular residual process. Hence, we obtain a fixed-time PAC Bayesian bound
where a moment inequality is involved in its proof instead of an exponential
one. In our examples and simulation results, the latter bound allows us to define
randomized estimators using realistic spatio-temporal embeddings, which means
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training data sets that can best preserve the serial correlation observed in a given
raster data cube.

The paper is structured as follows. First, we review the MMAF framework in
Section 2 and describe its causal interpretation. In this section, we also introduce
the STOU and MSTOU processes. These are isotropic random fields for which
we compute novel bounds for their #-lex coefficients. The paper uses the latter
to show feasible examples of MMAF-guided learning in the case of temporal
and spatial short and long-range dependence. Section 3 introduces the spatio-
temporal embedding applied to raster data cubes and the PAC Bayesian bounds.
In Section 4, we give a step-by-step description on how to apply in the practice
MMAF-guided learning and discuss the causal interpretation of the ensemble
forecasts. We conclude by analyzing the performance of our methodology for a
randomized Gibbs estimator on six simulated data sets from an STOU process
with a Gaussian and a normal-inverse-Gaussian distributed Lévy seed. Appendix
A contains further details on the dependence notions discussed in the paper and
a review of the estimation methodologies for STOU and MSTOU processes.
Appendix B contains detailed proofs of the theoretical results presented in the

paper.

2. Mixed moving average fields
2.1. Notations

Throughout the paper, we indicate with N the set of positive integers, Ny the set
of non-negative integers, and R the set of non-negative real numbers. As usual,
we write LP(Q) for the space of (equivalence classes of) measurable functions
f:+ Q — R with finite Ly-norm | f||,. When @ = R™ and z € Q, |z|; and
|lz|| denote the Li-norm and the Euclidean norm, respectively, and we define
|2]loo = max;—1,__,|2\9|, where (/) represents the component j of the vector
x.

To ease the notations in the following sections, we sometimes indicate the
index set R x R? by R!*¢. £ C E’ denotes a not necessarily proper subset E of
aset E', |E'| denotes the cardinality of £’ and dist(E, E') = inficp jer |1 —j/
indicates the distance of two sets E, B/ € R1*4. Let n,k > 1, and F : R" — R,
we define ||F|loc = supyegn||F(t)||. We indicate with T' = {i1,...,i,} € R
for u € N, a sequence of elements in R'*¢. We then define the random vector
Zr=(Z , Z;,). In general, we use bold notations when referring to random
elements.

In the following, Lipschitz continuous is understood to mean globally Lips-
chitz. For v € N, G is the class of bounded functions from R* to R and G, is
the class of bounded, Lipschitz continuous functions from R* to R with respect
to the distance || - || and define the Lipschitz constant as

o Jh() b))
Lip(h) =smp =00

i1y .-

(2.1)
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Hereafter, we often use the lexicographic order on R'*%. Let ¢ and s be indicating

a temporal and spatial coordinate. For distinct elements y=(y1 ¢, ¥1,s,- - -, Yd,s)
and z = (214,216, -, 2ds) € R1Twe say y <jer z if and only if y14 < 214
or Yps < zps for some p € {1,...,d} and y1+ = 21+ and ygs = 24,5 for ¢ =

1,...,p—1. Moreover, y <jop 2 if y <jep 2 or y = z holds. Finally, let z € R,
we define the set V, = {y € R4 : y <o, 2z} and V) = V, N {y € R4 .
Iz —ylloo > r} for r > 0. The definition of the set V is also used when referring
to the lexicographic order on Z*<.

2.2. Definition and properties of MMAF

Let I = H x R x R%, where H C RY for ¢ > 1, and the Borel o-algebra of I be
denoted by B(I) and let By(I) contain all its Lebesgue bounded sets.

Definition 2.1. A family of R-valued random wvariables A = {A(B) : B €
By(I)} is called a Lévy basis on (I, By(I)) if it is an independently scattered and
infinitely divisible random measure. This means that:
(i) For a sequence of pairwise disjoint elements of By(I), say {B;,i € N} :
= AMUjen Bi) = 2 ien A(Bi) almost surely when ;o Bi € By(I)
— and A(B;) and A(Bj) are independent for i # j.
(ii) Let B € By(I). Then, the random wvariable A(B) is infinitely divisible,

i.e., for any © € N, there exists a law p; such that the law pppy can be
expressed as jip(p) = wit, the i-fold convolution of u; with itself.

€N

We refer the reader to [73] for more details on infinitely divisible distributions.
In the following, we will restrict ourselves to Lévy bases which are homogeneous
in space and time and factorizable, i.e., Lévy bases with characteristic function

E [eiuA(B)} — 2WI(B) (2.2)

for all w € R and B € By(I), where II = 7 X A\144 is the product measure of the
probability measure 7 on H and the Lebesgue measure A\; 4 on R x R%. Note
that when using a Lévy basis defined on I = R x R, II = A, 4. Furthermore,

1 .

O(u) =iyu— 502u2 + / (e"® — 1 —iuxly y(|2|)) v(dz) (2.3)
R

is the cumulant transform of an infinitely divisible distribution with character-

istic triplet (v,02,v), where v € R, 02 > 0 and v is a Lévy-measure on R,

i.e.,

v({0})=0 zaund/]R (1A 2?) v(dz) < oc.

The quadruplet (v,02,v,m) determines the distribution of the Lévy basis,
and therefore, it is called its characteristic quadruplet. An important random
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variable associated with the Lévy basis, is the so-called Lévy seed, which we
define as the random variable A’ having as cumulant transform (2.3), that is

E [ei“A’] = ¢®W, (2.4)

By selecting different Lévy seeds, it is easy to compute the distribution of
A(B) for B € By(I), for example, when I = R x R%. In the following two exam-
ples, we compute the Lévy bases used in generating the data sets in Section 4.2.
Example 2.2 (Gaussian Lévy basis). Let A ~ N (v, 02), then its characteristic
function is equal to exp(i’yu—%cfQuZ). Because of (2.2), we have, in turn, that the
characteristic function of A(B) is equal to exp(iyuliya(B) — 30°Ai4a(B)u?).
In conclusion, A(B) ~ N (yA\14+d(B),0* \114a(B)) for any B € By(I).

Example 2.3 (Normal Inverse Gaussian Lévy basis). Let Ky denote the mod-
ified Bessel function of the third order and index 1. Then, for x € R, the NIG
distribution is defined as

flz:a,B,u1,0)
= ad(m2(82+(x—)?)) "% exp(§v/a?— 2+ B(z—p)) K1 (ar/62+(x—p)?),

where o, B, 1 and & are parameters such that p € R, § > 0 and 0 < |5| < a. Let
AN ~ NIG(a, B, u,0), then by (2.2) we have that A(B)~NIG(«a, 8, pr1+a(B),
6A1+a(B))

for all B € By(I).

We now follow [8] and [11] to formally define ambit sets.

Definition 2.4. A family of ambit sets (A¢(x))1,2)crxre i a collection of sub-
sets of R x RY, d.e. Ay(z) C R x R for every (t,x) € R x R, which satisfies
the following properties:

Ai(z) = Ap(0) + (¢, ), (Translation invariant)
As(z) C Ae(x), fors<t (2.5)
Ay(z) N (t,0) x RY = () (Non-anticipative).

We further assume that the random fields Z := (Z¢(¥))z)crxre in the
paper are influenced. By this name, we mean random fields defined on a given
complete probability space (2, F', P), equipped with the filtration of influence
(in the sense of Definition 3.8 in [28]) F = (F(; 4)) (1,2)crxre generated by A and
the family of ambit sets (A¢(2))(,z)erxre C R X RY, i.e., each Ft,0) is the o-
algebra generated by the set of random variables {A(B) : B € By(H x Ai(x))},
which are adapted to F. We call our field adapted to the filtration of influence
F if it is measurable with respect to the o-algebra F for each (t,z) € R x R%.

Moreover, we work with spatio-temporal stationary random fields in the fol-
lowing.
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Definition 2.5 (Spatio-temporal stationarity). We say that Z is spatio-temporal
stationary if for everyn € N, 7 € R, u € R4, t1,...,t, € Randxq,..., 2z, € RY,
the joint distribution of (Zy,(x1),. .., Z+, (xy,)) is the same as that of (Z, 1+ (x1+
W),y L, 4r(Tn +u)).

We simply use the term stationary throughout when referring to processes
satisfying Definition 2.5. We can now formally define the stochastic model un-
derlying our learning methodology.

Definition 2.6 (MMAF). Let A = {A(B),B € By(I)} a Lévy basis, f : H x
R x R? — R a B(I)-measurable function and Ai(x) an ambit set. Then, the
stochastic integral

2@ = [ [ fe-gros) MaAded). (ba) e RXRL (20
H JA(x)

s adapted to the filtration F, stationary, and its distribution is infinitely divisi-
ble. We call the R-valued random field Z an (influenced) mized moving average
field and f its kernel function.

Remark 2.7. On a technical level, we assume all stochastic integrals in this
paper to be well defined in the sense of Rajput and Rosinski [65]. For more
details, including sufficient conditions on the existence of the integral as well as
the explicit representation of the characteristic triplet of the MMAF’s infinitely
divisible distribution (which can be directly determined from the characteristic
quadruplet of A), we refer to [28, Section 3.1]. In the latter, there can also be
found a multivariate definition of a Lévy basis and an MMAF.

Important examples of MMAFs are the spatio-temporal Ornstein-Uhlenbeck
field (STOU) and the mixed spatio-temporal Ornstein-Uhlenbeck field (MSTOU),
whose properties have been thoroughly analyzed in [59] and [60]. There are also
interesting time series models in the MMAF framework, which we present in
section A.5.

Example 2.8 (STOU process). Let A = {A(B),B € By(I)} be a Lévy basis,
f:RxRY— R a B(I)-measurable function defined as f(s, &) = exp(—As) for
A >0, and Ai(z) be defined as in (2.9). Then, the STOU is defined as

Z(x) := / exp(—A(t — s))A(ds, d§). (2.7)
Ay (x)

The STOU is a stationary and Markovian random field. Moreover, an STOU
exhibits exponential temporal autocorrelation (just like the temporal Ornstein-
Uhlenbeck process) and has a spatial autocorrelation structure determined by
the shape of the ambit set. In addition, this class of fields admits non-separable
autocovariances, which are desirable in practice, see Example A.7.

Example 2.9 (MSTOU process). An MSTOU process is defined by mixing
the parameter A in the definition of an STOU process; that is, we assume that
7 has support in H = (0,00). This modification allows the determination of
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random fields with power-decaying autocovariance functions, see example A.9.
Let A = {A(B), B € By(I)} be a Lévy basis, f : (0,00) x R x R* — R a B(I)-
measurable function defined as f(A,s,&) = exp(—As), and Ai(x) be defined as
in (2.9). Moreover, let [(A) be the density of m with respect to the Lebesgue
measure such that

< 1

Then, the MSTOU is defined as
Z(x) := / / exp(—A(t — s))A(dA, ds, dE). (2.8)
0 A (x)

The MMAF framework has a causal interpretation under the following as-
sumption.

Assumption 2.10. For a ¢ > 0, we consider
Ay(z) = {(s,6) e Rx R : s <t and ||z — &|| < c|t — 5|} (2.9)

To explain why using cone-shaped ambit sets allows to have such an inter-
pretation, we borrow the concept of lightcone from special relativity.

A lightcone describes the possible paths that the light can make in space-
time leading to a space-time point (¢,z) and the ones that lie in its future.
In the context of our paper, we use their geometry to identify the space-time
points having a causal relationship. For a point (¢,2), ¢ > 0 and by using the
Euclidean norm to assess the distance between different space-time points, we
define a lightcone as the set

Lokt (1) = {(5,6) € R x R : ||z — €] < cft — s}

The set AY9" () can be split into two disjoint sets, namely, A (z) and Ay (z)T.
The set A;(x) is called past lightcone, and its definition corresponds to the one
of a cone-shaped ambit set (2.9).

The set

A(2)T ={(5,6) eRxRY: s> tand ||z — &| < |t — 5[}, (2.10)

is called instead the future lightcone. By using an influenced MMAF on a cone-
shaped ambit set as the underlying model, we implicitly assume that the fol-
lowing sets

I (4,2)={Z4(9) : (5,€) € A(2)\ (1,2)} and I (,0)={ Z,(€) : (5.€) € Au(2)*}

(2.11)
are respectively describing the values of the field that have a direct influence on
the determination of Z;(z) and the future field values influenced by Z;(x). We
can then uncover the causal relationship between space-time points described
above by estimating the constant ¢ from observed data, which we call the speed
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of information propagation in the physical system under analysis. A similar ap-
proach to modeling causal relationships can be found in several machine learning
frameworks, as in [57] and [72]. The sets (2.11) are employed in the former to
perform video frame prediction and in the latter to discover coherent structures,
as defined in [48], in spatio-temporal physical systems. Hence, the concept of
lightcones enters into play in the definition of their algorithm. In statistical mod-
eling, we typically have two equivalent approaches towards causality: structural
causal models, which rely on the use of directed acyclical graphs (DAG) [61],
and Rubin causal models, which rely upon the potential outcomes framework
[71]. The concept of causality employed in this paper can be inscribed into the
latter. In fact, by using MMAFs on cone-shaped ambit sets, the set IT(¢,z)
describes the possible future outcomes that can be observed starting from the
spatial position (¢, z). Finally, we consider the following definitions of temporal
and spatial short and long-range dependence in the paper.

Definition 2.11 (Short and long range dependence). A random field

(Z1()) (t,2)erRx R4
is said to have temporal short-range dependence if

/0Oo Cov(Z(x), Ziyr(x)) dT < 00,

and temporal long-range dependence if the integral above is infinite. Similarly,
an isotropic random field, see Definition A.10, has spatial short-range depen-
dence if

/ C(r) dr < oo,
0

where Cov(Z(x), Z¢(x + u)) = C(|u|) and r = |u|. It is said to have spatial
long-range dependence if the integral is infinite.

Under Assumption 2.10, an STOU process admits temporal and spatial short-
range dependence, whereas an MSTOU process can admit temporal and spatial
short and long-range dependence by carefully modeling the parameter A.

Example 2.12. Let Z be an MSTOU process as defined in Example 2.9 for d =
1, Assumption 2.10 hold, and l(A) = %Ao‘_l exp(—BA) be the Gamma density
with shape and rate parameters « > d+ 1 and B > 0. From the calculations in
Ezxample A.9 and by setting u = 0, then Z has temporal short-range dependence

because for a > 3, the integral

~ Con(Zu(@), Zepr(w)) dr = —EVAB) [y,
/0 C (Zt( )7Zt+‘r( ))d - 2(&72)(@71)4 (ﬁ'i_ ) d

B cf2Var(A)
~ 2(a—1)(a—2)(a—3)

is finite. This integral is infinite for 2 < a < 3, and we then say that the
MSTOU process has temporal long-range dependence. We obtain spatial short



MMAF-guided learning 531

or long-range dependence for the same choice of parameters. In fact, for r = |u|
and T =0, and a > 3, the integral

o] B CBQVQT(A/) [ee} o
/O C(T)er(a_Q)(a_l)/o (B+r/c)~ @2 gy

_ cfVar(A)
- 2(a—1)(a—2)(a—3)

converges, whereas it diverges for 2 < a < 3.

2.3. Weak dependence coefficients in MMA F-guided learning

We start by giving the definitions of the dependence notions involved in our
learning methodology.

Definition 2.13. Let Z be an R-valued random field. Then, Z is called 0-lex-
weakly dependent if

Orex:(r) = sup O,,(r) — 0,
u,vEN r—+oo

where

o { 1Cov(F(Zr). G(Zr))]
O ()= P{ | F||lacvLip(G)

, Fr e gqjv Geg,,T, F/a |F| =u, |F/:U}

or T = {ti,....t; Yy e R TV = {¢t. ... ¢t;} € R"™? such that T € VI, =
1 u J1 Jv r
Ni-; Vi, fort; € IV. We call (01ex(7))rer+ the 0-lex-coefficients.

MMAFs are #-lex weakly dependent random fields, as proven in Proposi-
tion B.1. Moreover, Definition 2.13 is an extension to the random field case of
a dependence notion developed for causal processes called #-weak dependence.

Definition 2.14. Let Z be an R-valued stochastic process. Then, Z is called
0-weakly dependent if

O(k) = supb,(k) — 0,
wEN k—o0

where

[ (Cov(F(2Z0),G(Z,,))]
bulh) = 5“"{ [ FleLin(@)

,Fegz,Gegl,F,ﬂ:u}.

for T = {tiy,...,t;,} € R such that i1 < iz < ... <y <y +k < j1. We call
(6(k))ker+ the B-coefficients.

We use the following result extensively in Section 3 proofs.
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Remark 2.15 (Projective-type representation of #-weak dependence).

Let (Xi)iezbe a real-valued 0-lex weakly dependent process, L1 = {g : R —
R, g€ G, Lip(g) <1},s€N,j1 €Z, and M =o{X; :t < j1 and [t—7j1| > s}
, then it is showed in [33, Proposition 2.3] that

0(s) = sup sup IE[g(X ) IM] = Elg(X )]l (2.12)

An alternative proof of this result can also be found in [28, Lemma 5.1].

Remark 2.16 (About the parameter k£ and r in Definition 2.14 and 2.13).
Let us start by assuming that Z = (Z;)icr s a sequence of independent and
identically distributed (in short, i.i.d.) random variables, then for any F € G
with u € N, G € Gy, and selecting a set T = {i1,... iy} € R such that i; <
coo <y < iy + k < J, we have that

COU(F(ZF), G(ZJ)) = 0,

and O(k) = 0 for all k € R™. The process Z is O-weakly dependent and the
parameter k is encoding the distance between the marginals

P:=(Z,,....Z,;,), and F :=(Z;).

In terms of the process Z, the o-algebras generated by P and F' represent past
and future events. Obviously, in the case of a sequence of independent random
variables, the past plays no role in the unfolding of the future. However, if we
consider a 6-weakly dependent process Z, then it satisfies the inequality

Cov(F(Ziy; -+, Zi,),G(Z;)) < 2||F||oo Lip(G)O ().

The result above has been proven, for example, in [27] and gives a criterion
to measure explicitly the dependence between past and future. Here, the past is
progressively forgotten for k — oo. The parameter k expresses the distance at
which we are evaluating the influence of the past on how the future unfolds, and
the coefficients 0(k) is a measure of how fast the past is forgotten.

Similar considerations can be made in the case in which we consider Z =
(Z))iemi+a a O-lex weakly dependent random field for the constant r € RT.
However, P and F represent the marginals of lexicographically ordered elements
in this case. The lexicographic order in Rt? substitutes the natural temporal
order for stochastic processes defined on R.

In the MMAF modeling framework, we can show general formulas computing
upper bounds of the 8-lex coefficients. The latter is given as a function of the
characteristic quadruplet of the driving Lévy basis A and the kernel function f
in (2.6), see Proposition B.1.

For d = 1,2, when the MMAF has a kernel function with no spatial compo-
nent, we can compute a bound for the #-lex coefficients expressed in terms of
the covariances of the field Z, which can be computed as shown in Section A.2.
These bounds have an expression that allows us to use standard statistical infer-
ence tools to infer the decay rate parameter of the coeflicients; see, for example,
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the estimators (2.14) and (2.15). In the general framework described in Propo-
sition B.1, however, similar estimation methodologies are not yet available and
remain an interesting open problem.

Proposition 2.17. Let A be an R-valued Lévy basis with characteristic quadru-
plet (y,0%,v,7) and f : H x R — R a B(H x R)-measurable function not de-
pending on the spatial dimension, i.e.,

Xr) = — S S i 1+d. .
Zu(x) /H/At(m)f(A,t JA(dA, ds, d€), (t,7) € R (2.13)

(i) For d = 1, if f|m\>1x21’(dx) < oo and v + flI|>1x1/(dx) =0, then Z is
0-lex weakly dependent and

Ores (1) <2 <2Var(A') /00/ f(A, —s)%sd{w(dA))
0 Ap(0)NAg(r min(2,c))
=2./2Cov(Z,(0), Zo(r min(2, c))),

where Var(A') = o® + [p 2? v(dz).
(it) For d = 2, if flxblxzu(dm‘) < o0 and v+ [, 1o, @v(dz) = 0, then Z is
0-lex weakly dependent and

Orex(r) < 2(26’01} <Z0(O,O), Z, <Tmin <1, é) 7 min <1, é)))
20 (20,0, 20 (roin (1.5 ) =i (1.5 ) )

The proof of the results above is given in Appendix B.1.

Notation 2.18. In general, we indicate the bounds of the 0-lex coefficients
determined in Proposition B.1, Corollary B.2 or Proposition 2.17 using the
sequence (Bjex(1))rer+ where

9l5$ (7’) < 29~lez (T) .

Definition 2.19. For r € RT, @ > 0, if f1..(r) < & exp(—Ar) we say that Z
admits exponentially decaying 0-lex coefficients, whereas if Oic.(r) < ar—>, we

say that Z admits power decaying 6-lex coefficients.

We give below examples of MMAF with exponential and power-decaying 6-
lex coeflicients.

Example 2.20. Letd =1 and Z be an STOU as in Def. 2.8. If [ 2*v(dx) < oo,
|z|>1
v+ f‘$|>1 zv(dz) =0, then Z is 0-lex weakly dependent with

0100 (r)= (Var(A') / exp(24s) ds df) :

Ao (0)N (Ao (P)UA0(—2))
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S(QVar(A’)/
Ao(0)NAo(v)

2Var /—27 /w—cs exp(2A4s) ds d§ (A2 Var(A') exp (__jjw))%

+es
( yE —Var(\) exp ( - Am%(lc) r))
N

2)
=\/2Cov(Zy(0), Zo(rmin(2,¢))) := aexp(—Ar),

exp(2A4s) ds df)%

Wl \_/
||

where A > 0 and & > 0. Because the temporal and spatial autocovariance
functions of an STOU are exponential, see (A.4), the model admits temporal
and spatial short-range dependence. By estimating the parameter vector 6y =
{A,c,Var(A')} using the methodologies revised in Appendix A.3, we can esti-
mate the parameter A using the following plug-in estimator

min(2, c*)

A=
2c*

(2.14)
where the estimators A* and c* are defined in (A.19). This estimator is con-
sistent because of [59, Theorem 12] and the continuous mapping theorem. Fur-
thermore, by using an estimator of the parameter Var(A'), we can also obtain
a consistent estimator for the parameter a.

Example 2.21. Let d =1 and Z be an MSTOU as defined in FExample 2.12.
If Jiujsn 2?v(dr) < oo, v+ Jizjs1 TV (dz) = 0, then Z is 0-lex weakly dependent
with

1

fiea(r) < (g Var(y) /0°°exp<#)w<dm)z

( Var(A)cs® )%
B+v/c)* 2 (a=2)(a—1) 1
_ ( Var(A) cﬁo‘) (5_1_ rmm(Q,c))*(a*?))a

\/2001) Zo ), Zo(rmin(2,¢))) := ar—?,

where A = “7_2 and @ > 0. As already addressed in Example 2.12, for2 < a < 3,
that is0 < A < %, the model admits temporal and spatial long-range dependence.
Instead, for a > 3, that is A > %, the model admits temporal and spatial short
range dependence.

For the model used in Example 2.21, an estimator for

a* —2

AT = 5

(2.15)

where the vector of parameters 01 = {«,8,¢,Var(A')} is estimated using a

GMM estimator 07 = {a*, ", c*, Var(A’)"}.
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Frame

Pixel

Origin

Time

F1G 1. Raster data cube’s spatio-temporal index set with origin in (to,xo).

The estimator of A depends on the chosen data generating process and the
spatial dimension of the data. For further details on the parametric estimation
methodologies nowadays available for other fields belonging to the MMAF class,
we refer the reader to the Appendices A.3, A.4 and A.5.

3. Mixed moving average field guided learning
3.1. Pre-processing N frames

In this section, we describe MMAF-guided learning for a spatial dimension d =
2. Let (Z(x))(,z)erx be an observed data set on a regular lattice L C R?
across times T = {tg + h¢,...,to + heIN} for hy € R, such that

Zy(z) = p(x) + Zi() (3.1)

holds, and no measurement errors are present in the observations. Here, p;(x)
is a deterministic function, and Z;(x) are considered realizations from a zero
mean stationary (influenced) MMAF.

We represent graphically the regular spatial lattice L as a frame made of a
finite amount of pizels, i.e., squared-cells representing each of them a unique
spatial position z € L, see Figure 1. In several applications, such as satellite
imagery, a pixel refers to a spatial cell of several square meters. In the paper,
we assume that a pixel represents the spatial point z € R? corresponding to
the center of the pictured squared cell. We then use the name pizel and spatial
position throughout interchangeably. In total, N frames represent the spatio-
temporal index set of the observed data set. This terminology is often used to
describe raster data cubes [62]. We define in Section 3.1.1 a spatio-temporal
embedding for data with such structure. For dimension d = 1, we consider that
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the pixel collapses in the point x € R that describes, see Figure 3. MMAF-
guided learning also applies to spatial index sets of dimension d > 2. However,
we do not represent the spatial positions using pixels in such cases.

We call (g, zo) the origin of the space-time grid, see Figure 1, and h; and hs
the time and space discretization step in the observed data set, i.e. the distance
between two pixels along the temporal and spatial dimensions.

MMAF-guided learning has the target to determine one-time ahead ensemble
forecasts of the field Z in a pixel z*. We do not consider further the problem of
estimating the deterministic function p;(x) when performing forecasting tasks,
i.e., we assume our data set to be generated by a zero mean MMAF from now
on. We refer the reader to [26] for a review of how to estimate the function
pie ().

In the following sections, we need to define a training data set to employ in our
learning methodology. Therefore, we pre-process the set of indices represented
by the N frames to select a set of different examples, i.e., input-output pairs,
to include in the training data set .S,,.

8.1.1. Spatio-temporal embedding

Let us consider a stationary random field (Z;(z)),)ezx1L, and select a pixel
position z* in .. We define the input-output vectors

X; =1L, (totia,z"), and Y; = Zy1ia(2"), forieZ, (3.2)

where
L; (ta (E*) = (Zil (fl)a ceey Zia(p,c) (ga(p,C)))Tv (3'3)

with indices selected in the set

I(t7$*)::{(i5,£s) : ||IE*—§5||§C (t - is) for O<t—i<p, and (isvfs)<lez (is+1vfs+1)}a
(3.4)

for t = tg +ia with ¢ € Z, and ¢ > 0. We call a(p,c) := |Z(t,2*)| and assume
that is constant for all ¢ = ¢ty + ta and ¢ € Z. The parameters a > 0 and p > 0
are multiples of h; such that a = azhs, p = pthy, as,pr € N and a; > ps + 1. We
note that each element of L (¢, z*) C {7 (t,2*) for t = to +ia and i € Z, where
I~ (t,x*) is defined in (2.11) and identifies the set of all points in R xR? that could
possibly influence the realization Z;(z*). The sampling leading to (3.2) can be
performed starting by a pixel z* for which the index set Z(tg + ia,x*) CZ x L
for all 7. Further details on why the examples need to be structured following
the index sets Z(t,z*) are given in the next remark.

Remark 3.1 (Geometry and lexicographic order of the examples). The sets
Z(t,x*) are chosen with a geometry that is inherited by the definition of the
cone-shaped ambit set in (2.9). Such a geometry allows us to give a causal in-
terpretation of the one-time ahead ensemble forecast, as shown in Section 4.
Moreover, we store in the input vectors X ; values of the fields Z with indices in
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F1G 2. (a) Observed raster data cube. (b) Spatio-temporal embedding: the red pizel identifies
the spatial point x*, and for i € Z the set Z(to + ia,z*) defined in (3.4) is represented by the
pizels in the green bozes. The parameters in use in this sampling are ¢ = /2, pt = 2, as = 3,
hi = hs = 1. (¢) A realization S from the cone-shaped sampling process.

lexicographic order. This choice implies that ((X;,,Y4,),...,(X;,,Y:,)) and
(X;,Y ;) foru € N and j € Z are lexicographically ordered marginals of the
field Z. This allows, in turn, to precisely assess how the 0-lex weakly depen-
dence of the data generating process Z (defined w.r.t. lexicographically ordered
marginals, see Definition 2.13) is inherited by the process S and to understand
how the 0-lex weakly dependence plays a role in the definition of the randomized
estimators in Section 3.2. Modifications of this representation may be needed
when using convolutional or transformer architectures as predictors. This latter
issue is outside the scope of the present paper but constitutes an important future
research direction of MMAF-qguided learning.

Last but not least, it is important to motice that the considerations above
rule out the choice of overlapping examples, i.e., the possible choice of exam-
ples that maintain the cone-shaped geometry but have indices not following the
lezicographic order. If we were to make this choice, we would then work with
a training data set that does not inherit the dependence structure of the data
generating process Z; see Section 3.1.2 for more details.

The sequence ((X;,Y ;)" );ez is composed of identically distributed random
vectors for all i € Z. We call 8§ := ((X;,Y;))icz a cone-shaped sampling
process. An example of a realization S of the sampling scheme, together with
its related spatio-temporal embedding’s description can be found in Figure 2.
The distribution of S is indicated throughout by P.

Next, let us assume to observe a data set (Z;())t,z)eTxL, and that we want
to determine a one-time ahead ensemble forecast in the pixel z*. We define
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m = La—l\iJ and a training data set S,, = ((X;,Y;)"))™, as a realization from

the cone-shaped sampling process S of fixed length m. In particular,
X; =L, (to+ia,z), and Y; = Z;,yia(2*) fori=1,...,m, (3.5)
where

L; (tv x*) = (le (51); vey Zia(p,c) (ga(p,c)))—rv and (isa fs) € I(ta CU*) (36)

for s = 1,...,a(p,c) and t = tg + ia with ¢ = 1,...,m. We assume that the
parameters a and p follow the constraints in Table 1. The index set used to define
the training data set (3.5) is a spatio-temporal embedding in the set R x R%. A
similar interpretation can be given for the index set defining the cone-shaped
sampling process (3.2).

TABLE 1
Parameters involved in pre-processing N observed frames.

Parameters Constraints Interpretation
a:= atht prt+1<ar < {%J translation vector
p = piht 1<pt < {%J -1 past time horizon
m = L%J 2<m<N number of examples in Sp,

For an observed raster data cube, we know the value of the constants NV,
h¢, and hg, and it remains to select the parameters a; and p;. We discuss the
selection of the parameter a; in Section 3.2 and of p; in Section 4.2, respectively.

3.1.2. Study of the dependence structure of L and L¢

We analyze in this section the dependence structure of the processes L :=
(L(h(X),Y)iez and L€ := (L¢(h(X;),Y;))icz, where L and L€ are the loss
functions defined in Section 1.1, and h is a Lipschitz predictor.

Proposition 3.2. Let S be the cone-shaped sampling process defined by (3.2),
then L is a 0-weakly dependent process for all h € H. Moreover, for a,p > 0,
keN, andr =ka —p >0, it has coefficients

o) < d(Tiphalp, ) + 1) (FENZ(0) - 20 @) +00(r)), (B7)

where d > 0 is a constant independent of r, and ZET) () :=Z(z) AT.

Remark 3.3 (Locally Lipschitz predictor). Let the predictor h be a locally
Lipschitz function such that h(0) = 0 and

|h(@) = h(y)| < Elle —yli(L+ llzll + llyl) for 2,y € RYP,

for ¢ > 0. Moreover, let Z be a stationary and 0-lex weakly dependent random
field such that |Z| < C almost surely. An easy generalization of Proposition 3.2,
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leads to show that L is 6-weakly dependent with coefficients
- 2 ,
0(k) < d(e(1 + 20)a(p.c) + 1) (FEIZ:(@) = 27 @)) + Ouear), (38)

where r = ka —p >0 fora,p >0 and k € N, d > 0 is a constant independent
of r, and Zy) (x) :=Z(z)AT.

Remark 3.4. The spatio-temporal embedding discussed in Section 3.1.1 also
apply to O-weakly dependent time series models Z. In such case, the parameter
¢ =0, S is a flat cone-shaped sampling process, and (straightforwardly) a -
weakly dependent process with coefficients satisfying the bound (3.7).

In the case of MMAFs, we have obtained explicit bounds for the 6-lex coef-
ficients in Propositions B.1 and 2.17. We now prove that a more refined bound
than (3.7) for the -coefficients of the process L can be given in this setting.

We consider the following assumption.

Assumption 3.5. Let Z be an MMAF under the Assumption 2.10 and such
that E[|Z(z)|?] < oo. Let N € N, T = {tog + ht,...,to + hyN} and L C R2.
Sm and S are realization from (Z(x)) ¢ z)ezxL following the spatio-temporal
embedding defined in Section 3.1.1.

Proposition 3.6. Let Assumption 3.5 hold. Then L is a 0-weakly dependent
process for all h € H with coefficients

0(k) < 2(Lip(h)a(p, ) + 1)Bre(r), (3.9)

wherer = ka—p > 0 fora,p > 0 and k € N. In particular, for linear predictors,
e, hg(X) = Bo + Bl X, for B = (50751)T € B and B = R*P9I*! ye have
that L is a 6-weakly dependent process for all f € B with coefficients

0(k) < 2(|B1ll1 + 1)0rea (7). (3.10)

Lemma A.2 straightforwardly implies that the process L€ is 6-weakly depen-
dent with the same 6-coefficients as the process L under the assumptions of
Proposition 3.2, Remark 3.3 and Proposition 3.6.

3.2. PAC Bayesian bounds for MMAF generated data

Three essential results, namely, the change of measure theorem of Donsker and
Varadhan [34], the Markov’s inequality, and an exponential inequality, are typ-
ically employed to prove a fized-time PAC Bayesian bound, which holds for a
given choice of m (which in our framework is related to a given number N
of frames). We find in [13] a scheme of proof for PAC Bayesian bounds that
summarizes the above. There is, however, another scheme of proof described
in [23], which allows us to obtain any-time PAC Bayesian bounds, which hold
simultaneously for all m. Such methodology avoids using the Markov’s and
the exponential inequalities by substituting them with the Ville’s inequality for
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non-negative supermartingale [82]. To the best of our knowledge, in the depen-
dent case, the existing proofs of such bounds are holding in the so-called online
framework and make use of martingale properties as detailed in [23] and [43].

In this section, we prove a novel exponential inequality for #-weakly depen-
dent processes (the dependence property of L) such to be capable of applying
the scheme of proof of [13] and obtaining a fixed-time bound. Moreover, we also
prove an any-time bound for -weakly dependent processes in the batch learning
framework. We then define a novel scheme of proof for fixed time bounds that
combines an any-time bound with the Markov’s inequality and the projective-
type property of the 6-weak dependence (2.12). The last part of this scheme
of proof is inspired by the analysis made in [2]. Our examples and simulation
studies show that the latter bound allows us to guide a randomized estimator
employing realistic spatio-temporal embeddings, which means training data sets
that can best preserve the serial correlation observed in a given raster data cube.
From the definition of the spatio-temporal embedding in Section 3.1.1, because
the MMAFs are 6-lex weakly dependent fields, the more the parameter a; be-
comes bigger, the more the examples in S,,, are less correlated. This phenomenon
is a consequence of the dependence structure of the data generating process and
significantly impacts the generalization performance of the employed estimators.

For a measurable space (#,7) and for any (p,m) € ML (H)?, where p <
T means that p is absolutely continuous respect to m with Radon-Nikodym
derivative & 22, the PAC Bayesian bounds introduced in this section employ the
Kullback-Leibler divergence

dp .
KL(p,7) = p[logdﬂ] it pm
+00 otherwise
and the f-divergences defined as
dp .
Dy(p,) = W[f(dﬂ_>] if pm
400 otherwise

For ¢,,(x) = 2P, we have that the chi-square divergence corresponds to Dy, _1(p, 7).
We prove next an exponential inequality for 6-weakly dependent processes
using the notations introduced in Section 3.1.

Theorem 3.7. Let Z be an R-valued stationary 0-weakly dependent process, and
f:R = [a,b], for a,b € R such that (f(Z;))icz is itself O-weakly dependent. Let
l=1%], form,k €N, such that | > 2 and 0 < s < ﬁ, then

exp i (Z))| < exp 2Va7’(5b(a) +oxp(s [b—al)(k)s,
(1)

3=

=1

~.

(3.11)
Z Zi)))}SGXp <M>+exp(s|b—a|)9(k)s.

[eXp( zz( éu,sla\>

SI%

i=1

(3.12)
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Note that increasing the parameter k& makes the bounds in (3.11) and (3.12)
become tighter because 0(k) goes to zero when k goes to infinity.

We have shown in the last section that the process L is 6-weakly depen-
dent. We then apply Theorem 3.7 in the scheme of proof described in [13] and
determine a fixed-time PAC Bayesian bound.

Theorem 3.8 (Fixed-time PAC Bayesian bound- Type I). Let 0 < € < 3,
I = L%J such that | > 2, and Assumption 3.5 holds. If m € M}r(H) such

that w[0(k)] < oo, p is a randomized estimator in the sense of Definition (1.2),
Pl w) < m(:) for allw € Q, and § € (0,1), then

P {5 - LR ()] — ()| < (KL(p,m) + 1o (5)) %
)+ [3Viexp(3VDOK)] ) } = 126,
(3.13)

2

(55=9

where 0(k) is a 0-coefficient of the process L.

For any possible choice of the parameters defining the spatio-temporal em-
bedding leading to S,,, Theorem 3.8 gives us a PAC Bayesian bound for a
randomized estimator p. The fastest convergence rate that can be obtained in
this framework is O(m~'/2) when choosing the parameter k = 1.

Given an accuracy level ¢, if the right-hand side of the PAC Bayesian bound
is less than € with a high probability (i.e., the bound is not vacuous), we say that
a randomized estimator p has good generalization performance. The smaller the
right-hand side becomes, the better the performance of a randomized estimator
in forecasting is. We then aim to select a spatio-temporal embedding such as the
right-hand side of the inequality (3.13) is small as possible. For the reader’s con-
venience, we have summarized all the parameters appearing in MMAF-guided
learning in Table 2.

TABLE 2
Overview of parameters appearing in MMAF-guided learning.

Parameters Type Interpretation

€ Hyperparameter Accuracy level

N Given Parameter Number of frames

hy Given Parameter time step

hs Given Parameter space step

A Unknown Parameter Decay rate of the 6-lex coefficients

c Unknown Parameter Speed of information propagation

Pt Hyperparameter Length of the past included in each input X;

at User Choice Parameter Translation vector

k User Choice Parameter k-th 6-coefficient of the process L€

In the following, we show in our examples and theorems how to guide the
design of two types of randomized estimators, see Definition 1.2:
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e a Dirac delta mass concentrated on the empirical risk minimizer, defined
forall E €7 and w € Q as

pE,w):= 6[§(w)7 (3.14)
where ,3 : Q — H defines the empirical risk minimizer
B :=arg i%f r(8); (3.15)

e and the randomized Gibbs estimator p defined for all E € T and w € Q2 as

[ exp(— e ()e(dh)
P = (e (R))(dh)’

where 7¢(h) := r(h) A € and r(h) is the empirical error.

(3.16)

Note that the definition of a randomized estimator depends on S,,. Therefore,
different values of the parameters €, a;, pt, A and c give us different distributions
to be used in forecasting tasks.

Remark 3.9 (Possible selection rule for v/ and the parameter a; in relation
to the bound (3.13)). Differently from the classical PAC Bayesian for indepen-
dently and identically distributed data, see reviews [1] and [42], the parameter |
is tuned in the bounds (3.13) through the choice of the spatio-temporal embed-
ding. We now give several examples of the latter that can be chosen to tighten
the right-hand side of the bound (3.13). In Proposition 3.6, we have determined
for a Lipschitz predictor a bound from above of the 0-coefficient 0(k) related to
the process L€. If we employ this result, we get a PAC Bayesian bound where
we are capable of dividing in the last term the contribution of a predictor h from
the dependence structure of the underlying MMAF field Z expressed through the
0-lex coefficients. By applying Proposition 3.6, the Lip(h) appears in the bound.
Therefore for 1 > 2, and r = ka — p, we obtain the bound

P{vp - LR ()] — ()l < (KL(p,m) + 1o () %

o (e (55—
+w[3\ﬂ exp(3vD)2(Lip(h)a(p, ¢) + 1) élm(r)])} >1-25  (3.17)

We now consider that the parameters €,py, A, ¢, and & (which determines how
tight O(r) is as a bound of 6(k)) have been selected and we concentrate on the
selection of the parameter a;. We refer the reader to Section 4 for a discussion
on the selection of the other parameters.

For k =1, we obtain a convergence rate of O(mfé), and we can pre-process
the data choosing the smallest value of a; satisfying the following inequalities

—Ahi(ar—pt)+3 aﬂt<0 for exp. decaying 0-lex coef., see Def. 2.19,
—Alog(hi(at—pt))+34/ %<0 for power decaying 0-lex coef., see Def, 2.19.
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Under these choices, we obtain that exp(3v1)0iex(r) < 1, and the bound
(3.17) tightens. For k > 1, we obtain a convergence rate of O((m/k)~ ), and we
can pre-process the data choosing the smallest value of a; satisfying the following

inequalities

—Mhe(kar — pt) + 34/ a—I\i <0 for exp. decaying 0-lex coef.,
—Alog(hi(kar — pt)) + 34/ aﬁt <0 for power decaying 0-lex coef..

By choosing k > 1, we could, however, select a lower value of ay.

The choice of the parameter a; discussed in this section is inversely propor-
tional to the parameter k and proportional to the parameter p,. This means we
obtain more examples (i.e., longer training data sets S,,) when k increases and
p; decreases. Hence, a careful choice of the parameter a; must be done even to
obtain training data sets with m > 1, especially when the data generating process
Z admits power decaying 0-lex coefficients.

Example 3.10 (Guided randomized estimators of type (3.14)). Let us assume
to observe two data sets with N = 20000 from an STOU and an MSTOUprocess
as defined in Example 2.20 and 2.21, respectively. The parameters A = 2,pt =
l,c=1,h; =1 and hs = 1 are associated to the STOU data set and A = 5, =
3,pp =1,c=1,hy =1, and hs = 1 to the MSTOU data set. The former is a
serially correlated data set having temporal and spatial short-range dependence
and exponentially decaying 0-lex coefficients, whereas the latter possesses tempo-
ral and spatial long-range dependence and power decaying 0-lex coefficients. Let
us choose a; following the rule in Remark 3.9 in the case of linear predictors.
We call S}, the sampling from the STOU, where a; = 92 and m = 217, and
an the one from the MSTOU, where a; = 8742 and m = 2. We have that the
dimension of the input space of our examples is a(p,c) = 3 and we consider the
parametric space B C {8 = (Bo,51) : Bo € R, 31 € R®and||B||1 < 1} such that
card(B) = M < oo for M € N. We look at the bound (3.17) for k = 1. We con-
sider as reference distribution a uniform distribution m on B. For a realization
Sk or SZ,, we have that

%15} gt =
L(34llm) = %1 (W{B})(SB{B}—logW{B}_log(M). (3.18)

It is crucial to notice that the bigger the cardinality of the space B is, the more
the term log(M) and the bound increase.
Finally, for § € (0,1), we obtain for S:n and an (obviously w.r.t. different
distribution P depending on their data generation process) the bound
3 2

P{|R€(B) —r(B )‘ <log <M>T + Tlog (exp (2(376_6))
+ 3vmr2(| |1 + 1)@])} >1- 2. (3.19)
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Let us assume to work with an accuracy levele =1, M =100, a =1, § = 0.025.
Then, the generalization gap with respect to S}n is less than 0.98 with at least
95% probability, whereas for an, we can just prove that the generalization gap
is less than 9.40 with a probability of at least 95%. The latter is obviously a
vacuous bound.

The randomized Gibbs estimator is the minimizer of the right hand-side of
the bound (3.13) and gives the best generalization performance in the class
MU (M) and has the best possible rate of convergence for k& = 1. The result
below is also called an oracle inequality in the literature.

Theorem 3.11 (PAC Bayesian bound for the randomized Gibbs estimator-
Type I). Let 0 < e <3, m > 2, and Assumption 3.5 holds. If 7 is a distribution
on ML (H) such that w[f(1)] < oo, p is a randomized estimator in the sense
of Definition (1.2), p(-,w) < w(-) for all w € Q, p is the randomized Gibbs
estimator defined in (3.16), and § € (0,1)

p{plRe (] < int (plR ()] + (KL(5.m) + log (%) %)

+ % log (exp (2(546_26)) + ﬂ[3\/ﬁexp(3\/ﬁ)0(1)}>)} >1—26.
(3.20)

We now focus on determining the any-time PAC Bayesian bound in our
framework. Let us define the filtration F = (F,;)men, where Fp, = o(Sm)
for all m > 1, i.e., the filtration generated by the cone-shaped sampling process,
and Fy is equal to the trivial sigma-algebra. For ¢ > 0, we then define the
process (fi(S,h))ien, as

fo(§,h) =0
Fn(S,h) = 03, (LE(h(X5), Vi) — E[LS(h(X), Y5)))
=1 325 (BIL(R(X,), Yo) | Fioa] = E[L(R(X ), Y5)))
—%me2, for m € N.
We can then prove an any-time PAC-Bayesian bound, which allows a choice
of the accuracy level € > 3 and, therefore, it complements the results given in
Theorem 3.8 for a bounded loss.

Theorem 3.12. Let € > 0 and Assumption 3.5 holds. If = € ML (H) such
that w[0(1)] < oo, p is a randomized estimator in the sense of Definition (1.2),
Pl w) K m(-) for allw € Q, and § € (0,1), then

KL(p,7) + log (%)

mn

P{¥p,¥m = 1: plr(n)] — pLR* ()] < + o

+ ﬁ{% iE[Le(h(Xi), Y ,)|Fi—1] — E[L¢(h(X), Yz)]] } >1-6. (3.21)
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We call the process - 3" (E[L(h(X;), Y ;)| Fi—1] — E[LS(h(X;), Y s)])ien
the residual process.

Following the same line of proof, it can also be proven that an any-time PAC
Bayesian bound holds for the average generalization gap p[R(h)] — p[r¢(h)], by
using the following definition of f,,(S, h), namely,

fO(S’h) = 0
fm(S,h) = 030 (E[LS(R(X5), Y 5)] — LE(W(X5),Y3))
—n > i (E[LE(h(X ), Ys)] — E[LE(h(X;), Vi) Fi1])

_n
2

me?, for m € N.
The following result follows straightforwardly by applying a union bound.

Corollary 3.13. Let ¢ > 0 and Assumption 3.5 holds. If 7 € MYL(H) such
that w[0(1)] < o0, p is a randomized estimator in the sense of Definition (1.2),
pl,w) L w(:) for allw e Q, and § € (0,1), then

KL(p,m) + log (%) €2

B{vp.vm 2 1 ¢ |p[R (W) - plr* ()] < . -
5 %ZE[LG(h(Xi), Yo)|Fia] ~ B (h(X0), Vo] } > 1~ 26

(3.22)

We can now give the proof of a fixed-time PAC Bayesian bound obtained by
using the bound (3.22), a Markov’s inequality, and the projective-type property
(2.12). In this new scheme of proof, it is determined a fixed-time PAC Bayesian
bound of the residual process following [2, Theorem 1].

Theorem 3.14 (Fixed-time PAC Bayesian bound- Type IT). Let € > 0 and
Assumption 3.5 holds. If 1 € ML (H) such that 7[0(1)] < oo, p is a randomized
estimator in the sense of Definition (1.2), p(-,w)nw(:) for all w € Q, and § €
(0,1), then

KL(p,m)+ log (

nm

SO
~——

P{vp : |5l ()] = LR ()] <

where O(1) is a 0-coefficient of the process L°.

Remark 3.15 (Selection rule for the parameter a; in relation to the bound
(3.23)). We now discuss an exemplary spatio-temporal embedding which can be
chosen such to tighten the right-hand side of the bound (3.23). We consider
that the parameters €,py, A and ¢ have been selected (the parameter k does not
enter in the determination of the spatio-temporal embedding in this case), and we
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concentrate on the selection of the parameter a;. We refer the reader to Section 4
for a discussion on the selection of the other parameters. Let us choose n = %,

and select a; as the smallest constant such that élem (a—p) < which implies

2m ’
—Ahi(az—pt)—log ( )<O for exp. decaying 0-lex coeff., see Def. 2.19,
—Alog(hi(at—pi))— log ( )<0 for power decaying 0-lex coeff., see Def. 2.19

So doing we have that the third addend in the right-hand side of the bound has
the same order of magnitude as the other terms, which gives us the convergence
rate of (’)(m_%). We can notice that with respect to the selection rule in Re-
mark 3.9, we can guide the design of a randomized estimator using a lower value
of the parameter a;. This ultimately means that we are working with a training
data set that admits a stronger serial correlation along the temporal and spatial
dimension than the ones obtained using the selection rule in Remark 3.9.

The bound (3.23) can also be used in different ways to guide the selection of a
randomized estimator. For example, when working with the estimator (3.14), we
can choose a value of n that minimizes the right-hand side of the bound and then
select a spatio-temporal embedding that makes the bound not vacuous. Fxamples
of such a spatio-temporal embedding are used in Example 3.17.

Remark 3.16 (Hostile Framework). Theorem 3.1/ employs a well-known result
in the PAC Bayesian literature for dependent and stationary data, analyzed in
[2]. The authors determine a general fized-time bound holding for unbounded
losses; see Theorem 1. In particular, let § € (0,1), p > 1, and ¢ = with
probability at least 1 — 0, they prove that for any p

LR < pir()] + () (D15, m) + 1),

This bound obviously applies to our set-up, but it cannot be used in its general
shape to guide the selection of a randomized estimator, which is the primal target
of our paper. The reason for this is that we cannot write the term Mg, as a
function of the 8-coefficients of the process L€, similarly, as done in [2] in the
case of a-mizing processes. When working with such a dependence notion, the
term Mgy, n can be controlled using Lemma 3 (for bounded losses) and Theorem
3 (for unbounded losses) in [35]. To the best of our knowledge, no proofs in
the literature extend such results for 0-weakly dependent processes. Moreover,
even if we could determine such a proof, following the methodology described
in [2], we will end up estimating the term Mg, n from above using . z 0(j).
This estimate diverges for specific power decaying 0-coefficient sequences, such
as those discussed in FExample 2.21.

Therefore, we developed novel results where the PAC Bayesian bounds depend
just on one single 0-coefficient and are also not equal to infinity for a given data
set generated by a temporal and spatial long-range dependent MMAF.

17

Example 3.17 (Guided randomized estimators of type (3.14) and comparisons
between the bounds (3.17) and (3.23)). We use the data described in Exam-
ple 3.10. We also maintain the same assumptions on the set B and the reference
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distribution w. Moreover, we select parameters ¢ = 1, M = 100, = %, and
¢ =p; = hy =1. From [2, Proposition 1], we have that (Dg,—1(p,m) +1) = M.
We compute first the bound (3.23) for the estimator (3.14) and the data set
observed from the STOU process. We use the bound (3.10) for the 0-coefficients

of the process L, and assume that & = 1. Moreover, we select the parameter as

n =14/ %. Such choice minimizes the right-hand side of the bound (3.23)
in this framework, we then obtain for § € (0,1) that

P{lRe(B)_re(B”S 210g7(nM/5)+(€M2(7T[H51Hl];l)&elew<a—p))%}21_36.

(3.24)
We then select the smallest parameter a; such that Orex (a—p) < 4A§1m' We obtain
an S}n, where a; = 34 and m = 588, and a generalization gap less than or equal
to 0.21 with at least 95% probability. With the same choice of spatio-temporal
embedding and computing directly the bound (3.19) for 6 = 0.025, we obtain that
the generalization gap is less than or equal to 2.99 with at least 95% probability.
Using instead the spatio-temporal embedding defined in Example 3.10 for the
STOU data set, we obtain that the generalization gap computed with (3.24) is
less than 0.28 versus a 0.98 obtained from (3.19).

For the data set observed from the MSTOU process, we now compute the
bound (3.24) by employing the selection rule in Remark 3.15. We then obtain a
spatio-temporal embedding an for a; = 1170 and m = 17 and a generalization
error less or equal to 27.51 with probability at least 95%. With the same choice
of spatio-temporal embedding and computing directly the bound (3.19) for § =
0.025, we obtain a generalization gap less than or equal to 5.66 with at least 95%
probability instead. Using the spatio-temporal embedding defined in Example 3.10
for the MSTOU data set, we obtain that the generalization gap computed with
(8.23) is equal to 18.97 versus a 9.40 obtained from (3.19).

From this simple example, we can notice how, for the temporal and spatial
short-range data set, the bound obtained in (3.24) is tighter than the one pre-
sented in (3.19). In the temporal and spatial long-range case, it seems, however,
that with all spatio-temporal embeddings so far considered, we can just obtain a
vacuous bound. However, there is an aspect of the bound (3.24) that we have not
truly used so far in our evaluations. All the results above hold under the choice
of the accuracy level e = 1. If we choose € = 1000 (which goes outside the range
of wvalidity of the bound (3.19)) and compute again the bound in (3.24) for the
choice of ay = 1170, we obtain a not-vacuous bound. In fact, under this choice
of the accuracy level, we obtain a generalization error less or equal to 838.84
with a probability at least of 95%. Therefore, for different reasons that in the
case of temporal and spatial short-range data, the bound obtained in 3.2/ is the
one to employ when analyzing long-range data.

From the description of possible selection rules for the parameter a; and the
Examples 3.10 and 3.17, different questions may arise. The first regards the
vacuousness of the bounds (3.13) and (3.23) observed in some of our examples
when employing temporal and spatial long-range data. Secondly, it is important
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to question the dependence of the bound from the constant Lip(h) and the
accuracy level parameter e. The three remarks below tackle these issues and
present interesting future research directions for our work.

Remark 3.18 (Spatio-temporal embeddings for temporal and spatial long-
range dependent data sets). In general, the bounds (3.13) and (3.23) depend
non-linearly on the set of parameters listed in Table 2, and assessing their mag-
nitude in the temporal and spatial long-range dependence framework for MMAF
is still an open problem.

It is important to highlight that the selection of the spatio-temporal embed-
ding depends on the discretization step in time hy. Such constant is related, in
practical applications, to the frequency of the observed data and has a significant
impact on the tightness of the bound. From the selection rules in Remarks 3.9
and 3.15, we can see how the parameter value a; decreases when hy > 1.

Moreover, the bound (3.23) holds for € > 0 and this gives us better gener-
alization performance as long as we consider an € > 3 (which goes outside the
range of validity of the bound (3.13)), see Example 3.17.

Remark 3.19 (Are the fixed-time bounds (3.13) and (3.23) depending on the
value of the Lip(h)?). There is no explicit dependence on the Lip(h) in the
bounds (3.13) and (3.23). Such a coefficient appears if we employ Proposition 3.6
to estimate the 0-coefficients in the bound. However, we do not have a formal
proof of the tightness of this estimation.

When working with deep neural network predictors computing their Lips-
chitz constant is a complex numerical task; see [38] and [7/]. In this framework,
we could use the bound (3.9) for the 0-coefficients of the process L® and then
work with a numerical approzimation for the Lip(h). However, future research
should focus on determining tight estimates for the 0-coefficients and assessing
their dependence on the Lip(h) in detail. Such analysis could greatly help the
empirical computation of PAC Bayesian bounds for (random) deep learning ar-
chitectures and extend the range of applicability of MMAF-guided learning in
practical applications.

Remark 3.20 (The importance of the accuracy level €). For the time being, the
proofs of Theorems 3.8 and 3.14 work just if L® is bounded. Such an assump-
tion allows us to apply the projective-type representation of the 0-coefficients
discussed in Remark 2.15. This, in turn, allows us to be capable of guiding a
randomized estimator, i.e., choosing the parameters defining the spatio-temporal
embedding by controlling the magnitude of the 8(1)-coefficient of the process L°.
It is important to highlight that, as observed at the end of Example 3.17 for a
temporal and spatial long-range data set, or in the sensitivity analysis conducted
for a temporal and spatial short-range data set in Section 4.2, the performances
of the employed randomized estimators improve when € > 3.

In the following theorem, we give an alternative fixed-time bound for the
randomized Gibbs estimator, obtained using Theorem (3.14). In this case, the
estimator no longer minimizes the right-hand side of the inequality.
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Theorem 3.21 (PAC Bayesian bound for the randomized Gibbs estimator-
Type II). Let € > 0 and Assumption 3.5 hold. If m > 1, n = \/—%,

distribution on H such that w[0(1)] < oo, p is the randomized Gibbs estimator
defined in (3.16), and § € (0,1)

T s a

B{ ol ()] < inf (LR )+ (K5, ) + g () %) N ;_;
+ 2@{@} (Dyy—1(5,m) + 1))%} > 1 46,
(3.25)

where 6(1) is a O-coefficient of the process L°.

Several results on fixed-time PAC Bayesian bounds in a dependent framework
can be found in the batch setting, but only for time series models. We review
them in the remark below.

Remark 3.22 (Are there PAC Bayesian bounds for dependent data with faster
convergence rates?). In [2], the authors determine an oracle inequality with a
rate of O(m™ =) under the assumption that (X ;,Y ;)T )icz is generated by a sta-
tionary and a-mizing process, see [19] for a detailed explanation of the proper-
ties of this dependence notion, with coefficients (o) jez such that y -,z o < oc.
Such a bound employs the chi-squared divergence and holds for unbounded losses.
It is important to highlight that the randomized estimator obtained by minimiza-
tion of the PAC Bayesian bound is not a Gibbs estimator in this framework. An
explicit bound for linear predictors can be found in their [2, Corollary 2]. This
result holds under the assumption that w[||3]|°] < oo.

In [4], the authors prove oracle inequalities for a Gibbs estimator and data
generated by a stationary and bounded 01 -weakly dependent process— such de-
pendence notion extends the concept of ¢p-mixing discussed in [69]- or a causal
Bernoulli shift process. Models with bounded 6, o -weak coefficients are causal
Bernoulli shifts with bounded innovations, uniform ¢-mizring sequences, and dy-
namical systems; see [4] for more details. The oracle inequality is here obtained
for an absolute loss function and has a rate of O(mfé). An extension of this
work for Lipschitz loss functions under ¢-mixing [49] can be found in [3]. Here,
the authors show an oracle inequality for a Gibbs estimator with the optimal
rate O(m~1Y). This rate is considered optimal in the i.i.d literature, and for a
squared loss function, [20].

Interesting results in the literature of PAC Bayesian bounds for heavy-tailed
data (albeit identically distributed) can also be found in [41] and [47].

MMAF-guided learning has the potential to be extended to general 6-lex
weakly dependent models because of the results in Proposition 3.2. Another
possible extension of the methodology is related to using bounded and local
Lipschitz losses; see Remark 3.3. Considering unbounded losses is beyond the
scope of the present paper and the content of future research treated in [29].
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Fic 3. The z- and y-azes represent the time and spatial dimension, respectively. We picture
the last 3 frames of a data set with spatial dimension d = 1 where the blue stars represent
the pizels used in the definition of the training data set, and the violet stars represent the
space-time points where it is possible to provide forecasts with MMAF-guided learning for
pt = ¢ = hy = 1. Note that the forecast in the time-spatial position (4, 3) lies in the intersection
(red area) of the future lightcones A2(5)T, A2(4)T and A2(3)T as defined in (2.10) and
represented with green cones.

4. Ensemble forecasts using MMAF-guided learning
4.1. Practical implementation and casual forecast

The knowledge of all the parameters in Table 2 allows us to have a precise
definition of the spatio-temporal embedding defined in Section 2.1. So far, we
have only discussed the selection of the parameter a;. The parameter p; is an
hyperparameter in our learning methodology. By establishing a finite grid of
values I C N for the parameter p;, we could introduce in (3.13) and (3.23)
an explicit dependence on its possible values. So doing, we could approach the
general question of minimizing the right-hand-side of the bound (also known
as, exact minimization) in the function of every possible randomized estimator
p and the grid of values I, see Section 2.1 in [1] for exemplary calculations.
Similarly, we could approach the selection of the parameter e and obtain a
methodology for the selection of all the hyperparameters involved in MMAF-
guided learning. Such an issue is outside the scope of the present paper. However,
we provide in our numerical experiments in Section 4.2 a sensitivity analysis
about the hyperparameters ¢ and p;.

If we assume that our data are generated by an STOU or an MSTOU pro-
cess, i.e., we are assuming that the data admits exponential or power-decaying
f-lex coefficients, as discussed in Section A.3 and A.4, there are several method-
ologies available for the estimation of the parameters ¢ and A. There are also
other feasible model set-ups for time series models, such as when ¢ = 0. In this
framework, several estimation methodologies can be employed to estimate the
model’s parameters of an MMAF, see A.5.

Remark 4.1. When using the spatio-temporal embeddings described in Re-
mark 3.9 and 3.15, similarly to the kriging literature, we need an inference
step before being capable of delivering one-time ahead ensemble forecasts. In
this literature, it is often assumed that the estimated parameters used in the
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calculation of kriging weights and kriging variances are the true one, see [25,
Chapter 3] and [26, Chapter 6] for a discussion on the range of applicability of
such estimates. We implicitly make the same assumptions if, for example, we
use estimated values for the parameters A and c.

It remains an interesting open problem to understand the interplay of the esti-
mates’ bias of the parameters involved in the computation of the PAC Bayesian
bounds (3.13) and (3.23). One of the biggest problems of this analysis relies
upon disentangling the effect of the bias of the constant ¢ introduced in the pre-
processing step, which changes the length of the input-features vector X;.

We detail now how to guide the design of a randomized Gibbs estimation p
and make one-time ahead ensemble forecasts. Differently from the notations so
far employed, we indicate the training data set by S;ﬁ: to remark the dependence
of the training data set on the pixel position z* where we perform our forecasts.
In general, the learning methodology applies to any pixel x* for which Z(to +
ia,z*) CTxLforalli=1,...,N.

Application Steps:

(i) We observe a raster data cube whose spatio-temporal index set is described
by N frames and we estimate the parameters A and ¢ (and & if necessary).

(ii) We fix a pixel position z* and choose a value for the accuracy level e and
the hyperparameter p;. We then select the parameter a; as suggested in
Remark 3.9 or 3.15 and determine the spatio-temporal embedding.

(iii) We determine the training data set S using all available N frames, which
correspond to a specific realization w € €, i.e., S (w) = S .

(iv) We then draw § from the distribution p(-,w), following the definition of
the randomized Gibbs estimator in (3.16).

(v) We perform a so-called ensemble forecast by repeating point (iv) several
times.

A one-time ahead forecast corresponds to the space-time point ((to + Na) +
h,x*) and it is given by (L, ((to + Na) + ht), 3), where 8 is a draw from the
randomized Gibbs distribution. Therefore, we can make a forecast in a future
time point ¢t = (to + Na) + h; as long as the set Z((tg + Na) + he, z*), as defined
in (3.4), has cardinality a(p, ¢).

For each 3, the forecast of the field we obtain in the space-time point ((¢o +
Na) + hy, x*) lies in the intersections of the future light cones of the space-time
points belonging to L, ((to + Na) + h¢,x*). In Figure 3, we give an example of
a one-time ahead forecast performed for an MMAF for d = 1. As we can see,
MMAF-guided learning enables us to make plausible forecasts in space-time
points (under the causality concept induced by the ambit sets, see Section 2.2)
starting from the set of inputs we observe.

4.2. Linear predictors: an example with simulated data

We work in the hypothesis space H' = {hg(X) = Bo+BT X, for 8 := (Bo, 51)" €
B}, where B ¢ R4+ We use simulated observations from an STOU, i.e.,
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a temporal and spatial short-range dependent field with exponentially decaying
0-lex weakly dependent coefficients. We simulate four data sets (Z:())(¢,0)eTxL
from a zero mean STOU process by employing the diamond grid algorithm in-
troduced in [59] for d = 1. The time and spatial discretization steps are chosen
as hy = hs = 0.05 on the spatio-temporal interval [0,100] x [0,10]. There-
fore T = {hs,...,2,000h;:} and L. = {0,...,200}. We use the unidimensional
frames related to the time indices T = {0, hy,..., 1,999k} to determine
the training data sets and the one corresponding to T!*st = {2000h;} as a
test set. We choose as distribution for the Lévy seed A’ a normal distribution
with mean p = 0 and standard deviation o = 0.5, and an NIG(«, 8, p,0) dis-
tribution with « = 5,8 = 0,6 = 0.2 and pu = 0; see Exercises 2.2 and 2.3.
We use the latter distribution to test the behavior of MMAF-guided learning
for different sets of heavy-tailed data. We generate data with different seeds
for the Lévy basis realizations. Moreover, the speed of information propaga-
tion c¢ is equal to one for all generated data sets. Finally, we choose different
mean reverting parameters, namely A = 1 or 4. Therefore, \ is equal to % if
A=1or2if A= 4. We call these data sets GAU10, GAU1A4, NIG1A4, and
NIG10. For the NIG Lévy seed described above, we generate two further spatio-
temporal data sets called (Zf(x))(t,x)eT,-le for ¢ = 1,2 on the spatio-temporal
interval [0,1000] x [0,10]. We choose h; = hs; = 0.05, L. = {0,...,200} and
time indices Ty = {18,000h, ..., 20,000h;} and Ty = {0, hs,...,20,000h;}.
Such data sets are called NIG1 in the following. A summary scheme of the
data’s characteristics is given in Table 3. For the NIG1 data sets, we use the
unidimensional frames corresponding to T{ %" = {18,000h;, . .., 19,999k} and
Tirain = {0, hy, . ..,19,999h;} to determine the training data sets, respectively,
and T!*** = {20,000k} and T4** = {20,000h:} as test sets. For all the gen-
erated data sets, we perform a one-time ahead ensemble forecast for the pixels
corresponding to L' = {1,...,199}.

TABLE 3
Overview on simulated data sets with ¢ = 1 and spatial dimension d = 1.

Data Set | Mean Reverting Parameter | Lévy seed | Random generator seed
GAU1A4 A=4 Gaussian 1

GAUI10 A=1 Gaussian 10

NIG1 A=1 NIG 1
NIG1A4 A=4 NIG 1

NIG10 A=1 NIG 10

We follow the steps detailed in Section 4.1 to use MMAF-guided learning in
practice. We start by estimating the parameters ¢ and A\. We use the estima-
tors (A.19) presented in Section A.3 and the plug-in estimator (2.14). Table 4
gives the results for each data set. We then use such estimates and the frames
corresponding to I/ x Trein I/ x Tiein or I/ x T4 %" in the selection of the
parameter a; by following the rules in Remark 3.9 for k£ = 1, and Remark 3.15.
We then analyze the performance of the different randomized Gibbs estimators
obtained from a particular choice of the parameter a; when the reference dis-
tribution is assumed to be multivariate standard Gaussian. We do not give an
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empirical evaluation of the right-hand side of the bounds (3.20) and (3.25) and
base our assessment of the performance of the different estimators on how nar-
row their inter-quartile range on a 50 member ensemble forecast is. Note that
each forecast we make has a casual interpretation as described in Figure 3.

We start by conducting two different experiments to showcase the perfor-
mance of our methodology for € = 2.99 and p; = 1. We use as a baseline model
a linear model where the estimation of the parameter vector S is performed
using the empirical risk minimizer defined in (3.15).

In the first experiment, we use the data sets GAU1A4, GAU10, NIG1A4,
NIG10 and work with the training data sets S% described by the Tables 5
and 6.

TABLE 4
Estimations of parameters A, ¢ and \.
Data Set A* c* A* Frames Used
GAU1A4 | 3.9684 | 0.9958 | 1.9715 T x L
GAU10 0.8429 | 0.9978 | 0.4196 T x L
NIG1 1.0186 | 1.0018 | 0.5111 Ty x L
NIG1 1.0186 | 1.0019 | 0.5112 To x L
NIG1A4 4.0308 | 1.0076 | 2.0461 T xL
NIG10 0.9728 | 1.0021 | 0.4884 T x L
TABLE 5

Parameters defining the training data sets S;"ﬁ; used in the first experiment for each pizel.

Selection of parameters as in Remark 3.9

GAU1A4 GAU10 NIG1A4 NIG10

at | 124 | a¢ | 346 | a¢ | 121 | a¢ | 313

m 16 m 6 m 17 m 7

k 1 k 1 k 1 k 1
TABLE 6

Parameters defining the training data sets an* used in the first experiment for each pizel.

Selection of parameters as in Remark 3.15

GAU1A4 GAU10 NIG1A4 NIG10
at 47 at 156 | at 45 at 139
m 41 m 13 m 43 m 15
k 1 k 1 k 1 k 1

An acceptance-rejection algorithm with a Gaussian proposal determines a
draw [ from the randomized Gibbs estimator. We show in Figure 4 the min-max
range of the two ensemble forecasts (dark grey for the parameters in Table 5,
and light grey for the one in Table 6) as well as the inter-quartile ranges of a
50-member ensemble forecast for each pixel in I compared with the test set.
As the plots clearly show, using a randomized Gibbs estimator, we obtain an
inter-quartile range that contains the test set for each spatial position z* € I/,
Moreover, the ranges seem to have a similar behavior independently of the test
set and the Lévy seeds. The randomized Gibbs estimators guided by the choices



554 1. V. Curato et al.

0.0
0.0
-05

0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200

(a) GAU1A4 (b) NIG1A4
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(c) GAU10 (d) NIG10

Fi1Gc 4. Min-maz and inter-quartile range of a 50-member ensemble forecast for the training
data sets Sﬁ: described in Tables 5 and 6. Dark grey and orange colors represent the ranges
related to the use of Table 5, whereas the light grey and red colors represent the ranges related
to the use of Table 6. The test set is depicted with a thick black line, while the forecasts
obtained using the baseline estimator (3.15) are represented with a violet thick line. The
training data set an* described in Table 6 are used for computing the baseline estimates with
respect to the GAU1A4, NIG1A4, GAU10, and NIG10 data sets in (a), (b), (c) and (d),
respectively. The x-axis represents the pizels in L', whereas the forecast values are along the
Y-aTis.

of parameters in Table 6 have narrower inter-quartile ranges (in red) with respect
to the ones guided by the choices of parameters in Table 5 (in orange).

Let us define the average Relative Mean Absolute Error (averRMAE) to
compare our forecasts with the baseline model. Let P = |L/|, we define the
average Relative Mean Absolute Error as

i) = Zy(x;)|
| Ze(zi)| 7

P
_ 1 |Z:(
averRMAE = Iz ;:1

where Z;(z;) is the one-time ahead forecast obtained with the linear model for
all 7. The observations in our simulated data sets have an order of magnitude (on
average) of 1073, Tables 7 and 8 show that the empirical risk minimizer cannot
capture any significant digit, as also seen in Figure 4. Our ensemble forecasts
give, at least, an interval where the one-time ahead forecasts can lie.

In the second experiment, we analyze the performance of randomized Gibbs
estimators for the data sets NIG1. For each pixel, we work with the data sets
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TABLE 7
averRMAE for the baseline estimator following the selection rule in Remark 3.9. The NIG1

data set’s averRMAE has been computed with respect to S?,;z* described in Table 9.

GAU1A4 | GAU10 | NIG1A4 | NIG10 | NIG1
linear 0.0304 0.0176 0.0168 0.0127 | 0.0142

TABLE 8
averRMAE for the baseline estimator following the selection rule in Remark 3.15. The

NIG1 data set’s averRMAE has been computed with respect to S?,{I* described in Table 10.

GAU1A4 | GAU10 | NIG1A4 | NIG10 | NIG1
linear 0.0303 0.0176 0.0156 0.0128 | 0.0138

SLe" and S%*" described in Tables 9 and 10, obtaining the ensemble forecasts
in Figure 5.

0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200

(a) NIG1’s ensemble forecast based (b) NIG1’s ensembe forecast based on
on Table 9 Table 10

Fi1c 5. Inter-quartile range of a 50-member ensemble forecast using S,l,{z* (in wviolet) and
S2*" (in green) as defined in Table 9 (a) and Table 10 (b). The test set and the baseline
forecasts are depicted with thick black and violet lines, respectively. The training data sets

572,{1* in Table 9 and 10 are respectively used as baseline estimates in (a) and (b). The x-axis
represents the pizels in L', whereas the forecast values are along the y-axis.

TABLE 9
Parameters describing the training data sets used in the second experiment at each pixel x*.

Selection of parameters
as in Remark 3.9
1,2™ 2,
m

m

at 303 at 652
m 7 m 32
k 1 k 1

By comparing the inter-quartile range of the ensemble forecasts, we see that
in both cases, the green range representing the forecasts related to STQ,;’”* is
contained in the purple range, which represents the inter-quartile range of the
forecasts made using the data set S5*". Both of them include the test set. The
amplitude of the inter-quartile range reduces when the number of observations
in the data set increases. The forecasts of the baseline model are performed
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TABLE 10
Parameters describing the training data sets used in the second experiment at each pixel x*.

Selection of parameters
as in Remark 3.15
S},{x* STQn,x*

at 134 at 207

m 15 m 96

k 1 k 1

using the data set S%*" and have a high averRMAE as reported in Tables 7
and 8.

We want now to analyze our methodology’s sensitivity to the hyperparameter
p¢ when a; is selected following the rules in Remarks 3.9 and 3.15, respectively.
The selection of the parameter a; is proportional to the values of p;. Therefore,
the smaller we choose this parameter, the more examples we obtain in an*. We
work in this experiment with the data sets GAU1A4 and NIG1A4. However, we
obtained the same conclusions for all the other data sets employed in our study.
We generate ensemble forecasts (and their respective inter-quartile ranges) for
p: = 1,8,15. All inter-quartile ranges in Figure 6 contain the test set, and
a significant increase of p; has a negative impact on the inter-quartile range
amplitude. For this reason, we have chosen the parameter p, = 1 in our previous
experiments.

TABLE 11
Parameters describing the training data sets S;’”n* used in the third experiment for each pizel.

Selection of parameters as in Remark 3.9
GAU1A4 NIG1A4
j & 1 Dt 8 pt 15 | pt 1 j & 8 pt 15

at 124 | as 129 | at 134 | at 121 | as 127 | at 132
m 16 m 15 m 14 m 17 m 15 m 14
k 1 k 1 k 1 k 1 k 1 k 1

TABLE 12
Parameters describing the training data sets Sﬁ: used in the third experiment for each pizel.

Selection of parameters as in Remark 3.15

GAU1A4 NIG1A4
Dt 1 | pe 8 | pt 15 | pt 1 | pe 8 | p¢e 15
at 47 at 53 at 58 at 45 at 52 at 58
m 41 |m 37 | m 33 | m 43 | m 39 | m 35
k 1 k 1 k 1 k 1 k 1 k 1

Finally, we analyze the sensitivity of our methodology to the choice of the
accuracy level e. We work in this experiment with the data set GAU10 and
the related S described in Tables 5 and 6. However, we obtained the exact
same conclusions for all the other data sets employed in our study. We choose
e =1,2,2.99 for the Sﬁ; in Table 5 and € = 1,2.99, 5 for the training data set in
Table 6. We remind that the bounds (3.20) and (3.25) work for 0 < € < 3 and
€ > 0, respectively. Also, in this experiment, we plot the inter-quartile ranges
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(a) GAU1A4’s ensemble forecast (b) GAU1A4’s ensemble forecast
based on Table 11 based on Table 12
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(¢) NIG1A4’s ensemble forecast (d) NIG1A4’s ensemble forecast
based on Table 11 based on Table 12

F1G 6. Inter-quantile range of a 50-member ensemble forecast for pr = 1 (blue), pr = 8 (lilac),
pt = 15 (magenta) using the training data sets described in Table 11 and Table 12. The test
set and the baseline forecasts are depicted in black and violet thick lines, respectively. The
training data sets ST, in Table 12 are respectively used as baseline estimates in (a), (b),
(c) and (d). The z-azis represents the pizels in L', whereas the forecast values are along the

Y-axis.

0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200

(a) GAU10’s ensemble forecast based  (b) GAU10’s ensemble forecast based
on Table 5 on Table 6

Fic 7. (a) Inter-quantile range of a 50-member ensemble forecast for e =1 (magenta), € = 2
(lilac), € = 2.99 (blue) using the training data set described in Table 5 for the GAU10. The
test set and the baseline forecasts are depicted in thick black and violet lines, respectively. The
training data sets Sﬁ: in Table 5 is used as baseline estimates for e = 2.99. (b) Inter-quantile
range of a 50-member ensemble forecast for e = 1 (magenta), e = 2.99 (lilac), € = 5 (blue)
using the training data sets described in Table 6 for the GAU10. The test set and the baseline
forecasts are depicted in thick black and violet lines, respectively. The training data sets Sﬁ:
in Table 6 is used as baseline estimates for ¢ = 5. The z-axis represents the pizels in L',

whereas the forecast values are along the y-axis.
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obtained for the different randomized Gibbs estimators in Figure 7 and observe
that the bigger the parameter €, the narrower the amplitude of the ranges. We
choose in our experiment € = 2.99 because it is the bigger e for which both the
bound (3.20) and (3.25) are defined.

5. Conclusions

We define a novel theory-guided machine learning methodology for spatio-temporal
data called MMAF-guided learning, which works in the class of the Lipschitz
functions, e.g., linear functions and several types of neural network modules.
Our methodology applies to raster data cubes, and it works under the assump-
tion that such data are generated by an influenced mixed moving average field
(MMAF, in short) defined on a cone-shaped ambit set. Such random fields are
strictly stationary, f-lex weakly dependent, and can be employed to model Gaus-
sian and non-Gaussian distributed data. Moreover, they can be non-Markovian
and admit non-separable covariance functions.

We show fixed-time and any-time PAC Bayesian bounds in this framework.
All our bounds are determined for a bounded loss and depend on one single
f-lex coefficients of the underlying MMAF. In particular, our bounds hold for
temporal and spatial short and long-range dependent data.

To enable one-time ahead ensemble forecasts, we need an estimate of the
decay rate of the 6-lex coefficients of the underlying MMAF. Such an estimation
is feasible, for example, in the case of STOU and MSTOU processes. We can
then define spatio-temporal embeddings such that they make the right-hand side
of the fixed-time PAC Bayesian bounds, proven in the paper, not vacuous. The
analyzed embeddings give us possible training data sets for learning randomized
estimators that have good generalization performance with a high probability.
We can then determine one-time ahead ensemble forecasts.

In conclusion, we test the learning procedure for a guided randomized Gibbs
estimator and a Gaussian reference distribution on the class of linear models.
Our estimator has a convergence rate of O(m_%). We simulate a set of six data
sets from an STOU process with Gaussian and NIG Lévy seed and determine
(50 members) ensemble forecasts. We obtain that the inter-quartile ranges of
our forecasts always contain the test set and are narrower when the number of
observations in the training data set increases. Moreover, our forecasts have a
causal interpretation induced by the ambit sets of the data-generating process
known as Rubin’s potential outcomes framework.

Appendix A: Appendix

A.1. Weak dependence notions for causal processes and (influenced)
MMAF

In this section, we discuss in more detail the dependence notions called #-weak
dependence and #-lex weak dependence. The latter notion has been introduced
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in [28, Definition 2.1] as an extension to the random field case of the notion of
f-weak dependence satisfied by causal stochastic processes [32]. This notion of
dependence is presented in Definition 2.14. However, the notion of f-lex weak
dependence given in Definition 2.13 slightly differs from the one given in [28,
Definition 2.1] and represents an extension to the random field case of the 6-
weak dependence notion defined in [33, Remark 2.1]. Note that the definitions of
f-weak dependence in [32] and [33, Remark 2.1] differ because of the cardinality
of the marginal distributions on which the function G is computed, namely,
G € G; in the former and G € G, for v € N in the latter.

Let us now analyze the relationship between #-weak dependence, a-mixing,
and ¢-mixing. Most of the PAC Bayesian literature for stationary and heavy-
tailed data employs the following two mixing conditions, see Remark 3.22,
namely a-mixing and ¢-mixing. The results in the Lemma below give us a
proof that the #-weak dependence is more general than a-mixing and ¢-mixing
and therefore describes the dependence structure of a bigger class of models.

Let M and V be two sub-sigma algebras of F. First of all, the strong mixing
coefficient [70] is defined as

a(M,V) =sup{|P(M)P(V) - P(MNV)|,M € M,V € V}.
A stochastic process X is said to be a-mixing if
a(r) = a(c{Xs,s <0}, 0{Xs,s>71})

converges to zero as r — 00. The ¢-mixing coefficient has been introduced in
[49] and defined as

d(M, V) =sup{|P(VIM) — P(V)|,M € M,V €V, P(M) > 0}.
A stochastic process X is said to be ¢-mixing if
p(r) = ¢p(0{X 5,5 <0}, 0{Xs,5s > 7})
converges to zero as 1 — 00.

Lemma A.1l. Let (Xi)iez be a stationary real-valued stochastic process such
that E[| X |7 < oo for some ¢ > 1. Then,

2¢—1

g=1 g=1 g=1
(a) O(r) <27 alr) « || Xollg <277 ¢(r) = [ Xollq, and
(b) 6-weak dependence is a more general dependence notion than a-mizing
and ¢-mizing.

Proof. The proof of the first inequality at point (a) is proven in [28, Proposi-
tion 2.5] using the representation of the f-coefficients (2.12). The proof of the
second inequality follows from a classical result in [19, Proposition 3.11]. In [28,
Proposition 2.7], a stochastic process is defined, which is §-weak dependent but
neither a-mixing or ¢-mixing. O

As seen in Definition 2.13 by using the lexicographic order in R'*¢, an op-
portune extension of f-weak dependence valid for random fields can be defined.
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The definition of §-lex coefficients for G € Gy is given in [28, Definition 2.1].
The latter can be represented as 6}, (r) := sup,cn{0u,o(r)} for v = 1. Therefore,
an alternative way to define the 6-lex coefficients in Definition 2.13 is obviously

O1e(r) = sup 0y, (r),v €N for all r € RT. (A.1)
veEN

The following Lemma has important applications in the following sections.

Lemma A.2. Let Z be a 0-lex weakly dependent random field and M > 0, then
ZM = Z;V (—=M) A M is 0-lex weakly dependent.

Proof. Let u,v e N, M >0, F € G, G € Gy, and iy, 49, ..., € Vi where I" =
{1y sdot- Let FM(Z,,,...,Z;)=F(Z),...,Z}"), and GM(Z;,,...,Z;,) =

TR
G(Z%, ey Zj\f) We have that F'™ is a bounded function on (R")* and G is
a bounded and Lipschitz function on (R™)" (with the same Lipschitz coefficients
as the function G). Let (Z1,...,Z,) and (Z4,...,Z,) € (R™)?, then

GM(Z1,.0, Z0) = GM (2, 2)| < Lip(@) Y |2 - 7}

i |
=1
< Lip(G) Y |2 — Zil.

i=1
Hence, it holds that

\Cov(F(Z},...,Z2"),G(ZY,...,Z}")| < ||F|ocvLip(G)biea(r),
where ., (r) are the f-coefficients of the field Z. So, the field ZM (z) is #-lex
weakly dependent. O

Note that the above result also holds for X a #-weakly dependent process.
Therefore, the truncated X = X,V (=M) A M is a f-weakly dependent
process.

The notion of #-lex weak dependence also admits a projective-type represen-
tation.

Remark A.3. Let (Z)iczi+a be a real-valued and 0-lex weakly dependent ran-
dom field, £L; = {g: R =R, g € G,, Lip(g) <1} and ' = {j1,...,j,} € Z}*+¢
such that |I'| = v. Letr € N, and M = o{Z; : t € V&, C Z'*4}, then it holds
that

Oea(r) = supsup sup ||E[g(Z;,, ..., Z;,)IM] = E[g(Z;,,..., Z;,)][1. (A.2)
veN TV geLl;

The result above follows by readily applying [28, Lemma 5.1].

We now use the representation of the 6-lex coefficients (A.2) to understand its
relationships t0 oo ,-mixing and ¢ ,-mixing for v € NU {oo}. These notions
are defined in [31], and they are strong mixing notions used in the study of
stationary random fields.



MMAF-guided learning 561

In general, for u,v € NU {oo}, given coeflicients
Quw(r) = sup{a(o(Zr),0(Zr)), T, T € RY T < u, || < v, dist(T,T) > r},
and
bu.o(r) =sup{p(o(Zr),0(Zr)), 1, T € R" |1 < u, || < v, dist(T,T') > r}.

a random field Z is said to be ay, ,-mixing or ¢, ,-mixing if the coefficients
(Quw(T))rer+ OF (Pu,v(7))rer+ converge to zero as r — oco. We then have the
following result.

Lemma A.4. Let (Zy);ezabe a stationary real-valued random field such that
E[|Zo|?] < oo for some ¢ > 1. Then, for v € NU{oo},

2g—1

(a) Bies(r) <277 e (1) T | Zolly <27 600,0(r) T |1 Z0lly, and

(b) it holds that 0-lex weak dependence is more general than e ,-mizing and
a-mizing in the special case of stochastic processes. Moreover, 0-lex weak
dependence is more general than ¢os -mizing.

Proof. From the proof of [28, Proposition 2.5], we have that
2g-1 a=1
01w (1) <270 oo (r) 7 [ Zolq-

Because of (A.1) and [19, Proposition 3.11], we have that

Olea(r) <277 Qe (r)' 7 1 Zolly < 277 dooa (r) T [ Zollq.
Equally,

2¢-1 a=1 g—1 a—1
Orex(r) <277 aoow(r) @ [[Zollg €277 doow(r) @ | Zollg-

The proof of the point (b) follows directly by [28, Proposition 2.7]. In fact
Orex (1) = 01,00(r) following the notations of [33, Definition 2.3] and the process
used in the proof of the Proposition is 6-lex weakly dependent but neither o v,
Q0T Qo ,-Mixing. O

A.2. Autocovariance structure of MMAF and isotropy
Moment conditions for MMAFs are typically expressed in function of the char-
acteristic quadruplet of its driving Lévy basis and the kernel function f.

Proposition A.5. Let Z be an R-valued MMAF driven by a Lévy basis with
characteristic quadruplet (y,o?%,v,7) with kernel function f: H x R x R — R
and defined on an ambit set A;(x) C R x R%,

(i) Iff|z\>1 |z|v(dz) < oo and f € LY(H x R x RY) N L2(H x R x R?) the first
moment of Z is given by

E[Z/] = E(A) /H /A T s s den(as),

where B(A') = + [, 5, zv(dz).
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(ii) If [z 2? v(dz) < oo and f € L*(H x R x RY), then Z € L*(2) and

Var(Z(z)) = Var(A')/ / f(A, —s,—€)%dsd¢ m(dA),
H JRxRA
Cov(Zy(0), Z:(x))
=Var(A") / F(A, —s, —&f(A,t — s,x — &) ds dé m(dA),
H JAp(0)NA¢(x)
and
Corr(Zy(0), Z(x))
_fH Jaoyna, @) [ (A=s, <€) f(At—s,2—&) dsd{ m(dA)
B Jir Jouma F(A, —s,—&)2ds dE w(dA) ’
where Var(N)=0?+ [p, xva'v(dz).

(iii) If o%=0, f‘zleR|x\y(d:c)<oo, and f € LY(H x R x RY), then the first
moment of Z is given by

Bz @)= [ [ a9 (or [ avtdn)asdentan)

where

Yo =7y — ~/|z|§1 xv(dx). (A.3)

Proof. Immediate from [73, Section 25] and [28, Theorem 3.3]. O

From Proposition A.5, we can evince that the autocovariance function of an
MMAF depends on the variance of the Lévy seed A’, the kernel function f and
the distribution 7 of the random parameter A.

We give below the explicit expression of the autocovariance functions for an
STOU and MSTOU process.

Example A.6. Let Z ad defined in Example 2.8, u € R4 7 € R, and E[Z4(z)?]
< 00. Then,

Cov(Z(x), Z4r(x +u)) = Var(A') exp(—Ar) /A s ex(p(+—)2A(t — 8))ds d¢,
(A.4)

and
exp(—Ar) fAt(x)ﬂAtJr,-(w-&-u) exp(—2A(t — s)) dsd¢
fAt(m) exp(—2A(t — s)) dsd¢

Corr(Z(x), Ziyr(x +u)) =
(A.5)
Example A.7. Let Z ad defined in Example 2.8 and d =1, then

p' (1) = Corr(Z(x), Zir(w)) = exp(—Alr]), (A.6)
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0% (u) == Corr(Z(x), Zi(x + u)) = exp ( - A%), (A.7)

P (1,u) := Corr(Z(x), Zi4-(x +u)) = min (exp(—A|7-|)7eXp ( — #))

(A.8)

Example A.8. Let Z be defined as in Example 2.9, v € R? and 7 € R, and
E[Z;(z)?] < oo, then

CO’U(Zt(I),ZH_T(I + U)) =

= Var(\') exp(—Ar) /00/ exp(—2A(t — s))ds d¢ 1(A)dA,
0 A (z)NAty - (z+u)
(A.9)
COT’/‘(Zt(x),ZH_T(Jj + U)) =
exp(=AT) [7% [4, (00140, - (apu) EXP(—2A(E = 5)) ds dE1(A)dA
15 Sy () exP(=2A(t — 5)) dsd§1(A)dA '

(A.10)

Example A.9. Let Z be defined as in Example 2.9 for d = 1, Assumption 2.10
hold, and I(A) = A exp(—BA) be the Gamma density with shape and

rate parameters o 52@ land p>0. Ford=1,u€eR and T € R
Var(Z,(z)) = % (A.11)
CONZe) Bl +0) = g gy (12
p°T (1,u) := Corr(Z4(x), Zipr(a +u)) = (5 n maxﬁﬁ u|/c}> a_2~ (A.13)

It follows the definition of an isotropic spatio-temporal random field.

Definition A.10 (Isotropy). Let t € R and x € R?. A spatio-temporal random
field (Z(x)) (1,0)erxrae s called isotropic if its spatial covariance:

Cov(Zi(x), Zu(x +u)) = C(Ju]), Vu € B!

for some positive definite function C.

STOU and MSTOU processes defined on cone-shaped ambit sets are isotropic
random fields.

A.3. Inference on STOU processes

Let us start by explaining the available estimation methodologies for the param-
eter vector 6y = {A, ¢, Var(A’)} under the STOU modeling assumption when
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the spatial dimension d = 1. Throughout, we refer to the notations used in
Example 2.20.

We have two ways of estimating the parameter vector 6y in such a scenario.
The first one is presented in [59]. Here, the parameters A and c are first estimated
using normalized spatial and temporal variograms defined as

,YS(U) — E((Zt(‘fi;(zztt((;;))_ u))?) =2(1— pS(u)) _ 2(1 —exp ( _ %)>’
(A.14)
and
X)) — LT 2
o7(r) = B B @) _ gy 7)) = (1 — exp(-47)). (A15)

Var(Z:(z))

where p° and pT are defined in Example A.7. Note that normalized variograms
are used to separate the estimation of the parameters A and ¢ from the param-
eter Var(A'). Let N(u) be the set containing all the pairs of indices at mutual
spatial distance u for v > 0 and the same observation time. Let N(7) be the set
containing all the pairs of indices where the observation times are at a distance
7 > 0 and have the same spatial position. [N (u)| and |N(7)| give the number
of the obtained pairs, respectively. Moreover, let k2 be the empirical variance
which is defined as

. 1 &
ko = D-1 ;Z%(Ii), (A.16)

where D denotes the sample size. The empirical normalized spatial and temporal
variograms are then defined as follows:

~S . 1 (Ztl(xl) - th (xj))2
4% (u) = N MEZN:(U) i (A.17)
N (Z1,(x:) = Z4,(x5))?
YO = w ig&(ﬂ 5 : (A.18)

By matching the empirical and the theoretical forms of the normalized vari-
ograms, we can estimate A and ¢ by employing the estimators

A*u
s (1 7)

Alternatively, we can use a least square methodology to estimate the parameters
A and ¢, i.e. (A.17) and (A.18) are computed at several lags, and a least-squares
estimation is used to fit the computed values to the theoretical curves. The au-
thors in [59] use the methodology discussed in [54] to achieve the last target.
We refer the reader also to [25, Chapter 2] for further discussions and examples
of possible variogram model fitting. The parameter Var(A’) can be estimated

A" =~ og (1- ﬁT(T)), and ¢* = —

) (A.19)
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by matching the second-order cumulant of the STOU with its empirical coun-
terpart. The consistency of this estimation procedure is proven in [59, Theorem
12].

A second possible methodology for estimating the vector 6y employs a gener-
alized method of moment estimator (GMM), as in [60]. It is essential to notice
that by using such an estimator, we cannot separate the parameter Var(A')
from the estimation of the parameters A and c. Instead, all moment conditions
must be combined into one optimization criterion, and all the estimations must
be found simultaneously. Consistency and asymptotic normality of the GMM
estimator are discussed in [60] and [28], respectively.

For d > 2, a least square methodology is still applicable for estimating the
variogram’s parameters. The estimator used in [59] is a normalized version of the
least-square estimator for spatial variogram’s parameters discussed in [54], which
also applies for d > 1. This method, paired with a method of moments (matching
the second-order cumulant of the field Z with its empirical counterparts), allows
estimating the parameter Var(A’). The GMM methodology discussed in [60] also
continues to apply for d > 2. However, when the spatial dimension is increasing,
the shape of the normalized variograms and the field’s moments become more
complex, and higher computational effort is required to navigate through the
high dimensional surface of the optimization criterion behind least-squares or
GMM estimators.

A.4. Inference for MSTOU processes

When estimating the parameter vector 6; = {«, 8, ¢, Var(A’)} under an MSTOU
modeling assumption— see, for example, solely the shape of the coefficients in
Example 2.21- it is evident that the shape of the autocorrelation function,
and therefore of the normalized temporal and spatial variograms, become more
complex for increasing d. As already addressed in the previous sections, when
estimating the parameters («, 3, ¢) alone, we can use the least-squares type es-
timator discussed in [54]. Moreover, by pairing the latter with a method of
moments or using a GMM estimator, we can estimate the complete vector 6.

A.5. Time series models

In the MMAF framework, we can also find time series models. The latter are
f-weakly dependent.

Example A.11 (Time series case). The supOU process studied in [7] and [12]
is an example of a causal mized moving average process. Let the kernel function
f(A s) = e 15 5)(s), A € RT, s € R and A a Lévy basis on R* x R with
generating quadruple (v,0%,v,7) such that

1
/|$>110g($6|) v(dx) < oo, and /]R+ Zw(dA) < 00, (A.20)
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then the process
t
Z, = / / e~ A=) A(dA, ds) (A.21)
Rt J—o0
is well defined for each t € R and strictly stationary and called a supOU process
where A represents a random mean reversion parameter.

IfE(A)=0 andf‘ |z|?v(dz) < oo, the supOU process is 0-weakly depen-
dent with coefficients

0,(r) < (/]R+ /_:o o245 52 dsw(dA))% - [Var(A’) /]R+ GQA w(dA)}

= COU(Z07Z27~)%7

z|>1

where Var(N') = o® + [p 2*v(dx), by using Theorem 3.11 in [12].

IfE(A) = p and f‘$|>1 |z|?v(dx) < oo, the supOU process is 0-weakly depen-
dent with coefficients

02(r) < (Cov(Zo, Zar) + W (20,2 )2)% (A.23)
Z = 0y & 2r V(IT(A/)Q 0y “r . .

If [o |zlv(de) < oo, 0% =0, v9 =7 — flw\<1 zv(dx) >0 and v(R™) = 0, where
R~ identifies the set of the negative real numbers, then the supOU process admits
0-coefficients

—Ar
0,(r) < / C  r(dA), (A.24)
R+ A
and when in addition flz\>1 |z)?v(dx) < oo
2
<2 _ .
07(r) < VaT(A’)OOU(ZO’ Z,) (A.25)

Note that the necessary and sufficient condition fR+ % 7w(dA) for the supOU
process to exist is satisfied by many continuous and discrete distributions 7, see
[79, Section 2.4] for more details. For example, a probability measure m being
absolutely continuous with density ™ = xz"l(x) and regularly varying at zero
from the right with h > 0, i.e. [ is slowly varying at zero and satisfies the above
condition. If moreover, I(x) is continuous in (0. + o00) and lim, o+ I(z) > 0
exists, it holds that

Cov(Zo, Z;) ~ —;, with a constant C >0 and r € RY

r
where for h € (0,1) the supOU process exhibits long memory and for h > 1 short
memory. In this set-up, concrete examples where the covariances are calculated

explicitly can be found in [9] and [27].
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Another interesting example of MMAFs is given by the class of trawl pro-
cesses. A distinctive feature of these processes is that one can model the correla-
tion structure independently from the marginal distribution, see [10] for further
details on their definition. In the case of trawl processes, we also have available
in the literature likelihood-based methods for estimating their parameters; see
[15] for further details.

In general, the generalized method of moments is employed to estimate the
parameters of an MMAF, see [27, 59, 60].

Appendix B: Appendix
B.1. Bounds for the 0-lex coefficients of MMAF

In [28, Proposition 3.11], it is given a general methodology to show that an
MMAF Z is 6-lex weakly dependent. Given that the definition of #-lex-weak
dependence used in the paper slightly differs from the one given in [28], the proof
of Proposition B.1 differs from the one of [28, Proposition 3.11]. Proposition 2.17
is a novel computation of a #-lex coefficients’ bound of an MMAF when the
kernel does not depend on the spatial component.

Before giving a detailed account of these proofs, let us state first some notations.
Let 7 > 0, {(tj,, zj,)s--- (tj,,25,)} =T € R4 and {(t;,,24,), ..., (ti,, vi,)} =
I' € V% such that [I'| = v and || = v for (u,v) € N x N. We call the truncated
(influenced) MMAF the vector

.
2 = (2@, 20 w;.) (B.1)

tj,

where ¢ := ¢(r) for r > 0. In particular, for all @ € {1,...,u} and a b €
{1,...,v}, v has to be chosen such that it exists a set Bf;b (x,) with the following
properties.

J |B;€.b (xj,)| = oo as r — oo for all b, and
o I;, =Hx Ay, (r5,) and I}, = H x B;ﬁb (xj,) are disjoint sets or intersect
on a set H x O, where O C R'*¢ and dim(O) < d + 1, for all a and b

Let us now assume that it is possible to construct the sets Bf;b (xj,). Then,
since ™ X A\+4(H x O) = 0 and by the definition of a Lévy basis, it follows that

2., (2,) = / / F(Ats, — .25, — ©)A(A, ds, d€) and
H Atia (Iia)

2w = [
1B (

and Zp and Zg{’) are independent. Hence, for F' € G and G € G, F'(Zr) and

f(A7tjb - 55, — f)A(dA,dS, df),
)

a:jb
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G(Z(Fﬂ,})) are also independent. Now
|Cov(F(Zr),G(Z1))|
< |Cov(F(Zr),G(ZY: >>|+|Cov< (Zr),G(Zr) — G(ZW)))|
= |B[(G(Zr) — G(ZW)))F(Zr)) - E|G(Zr) — G(ZW)) | E[F(Zy))|
< 2| Fl|lEl|G(Zr) — G(ZW)]] (B.2)

< 2Lip(G)||Fllwe D El| 24, () — 21 (25,)]] =
=1

= 2Lip(G) | Fllov Bl| Z1,, (25,) — 2L (2],

because an (influenced) MMATF is a stationary random field. To show that a field
satisfy Definition 2.13, is then enough to prove that E[|Z, (v;,)— Zg_bl) (xj,)]] in
the above inequality converges to zero as r — oco. The proofs of Proposition B.1
and 2.17 below differ in the definition of the sequence 1 and the sets Bf;b (xj,).

Proposition B.1. Let A be an R-valued Lévy basis with characteristic quadru-
plet (v,0%,v,7), f: HxRF 5 R a B(H x R -measurable function and
Z(z) be defined as in (2.6).

(i) Iffz|>1a: v(dz) <00, ¥+ [,15, 2v(dz) =0 and f € L2(H x R4, then
Z is 0-lex-weakly dependent and

Orex (1) < 2(/1{ /l:) Var(A) /|§|<cs f(A, —s, 75)2d5d§7r(dA))%

(ii) If flw\>1 2?v(dx) < 0o and f € L*(H x R¥™4) N LY(H x R ), then Z is
0-lex-weakly dependent and

p(r)
Oex(r) < 2 Var(A A, —s)? dsdén(dA
et <2( | W) [ A s g

HJ—-oc0 <
p(r) 2\ 3
+ E(A’ A, —s) dsd¢r(dA )
]/H/Oo ( )/|£|<C5f( s) dsdem(dA)

(iii) If [ |x|v(dz) < oo, 02 =0 and f € L'(H x R*™?) with ~o defined in
(A.3), then Z is O-lex-weakly dependent and

Brea(r <2< / / " /| MO sl dsdgn(a
+/H/_‘:)/lglgcs/R|f(A,—s)x|V(dx)ds7r(dA)>.

The results above hold for all r > 0 with
—rmin(1/c, 1)
d+1)(+1)

p(r) =
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Var(A') = 0® + [ 2? v(dx) and E(A') = v + flrlzl xv(dr).

Proof ofProposz'tion B.1. In this proof, we assume that B;ﬁb(zjb) =
Atw(ij)\ (tjys wherewzw(r) = e

(i) Using the translation invariance of A;(z) and V(Eswx)) we obtain

B2y, (25,) - 28 (25,)]

f(A, —s, —€&)%dédsm(dA 2
<<//Aoo)m§0/ar f(A, —s,=&) dEdsm( ))

—rmin(1/c,1)
(/ /\/mv (A/)/ f(A,—s,—g)Qddeﬂ'(dA)> s

ll€l<es

where we have used Proposition A.5-(ii) to bound the L;-distance from
above. Overall, we obtain

—rmin(1/c,1) 2

Gzex(r) (/ /\/(d+l)(c2+1 Va (A/) f(A, —s, —f)QddeTF(dA)> ,

€l <es

which converges to zero as r tends to infinity by applying the dominated
convergence theorem.
(ii) By applying Proposition A.5-(i) and (ii), we obtain

B2y, (25,) — 2 (x3,)]]
—rmin(1/c,1)

V(d+1)(e2+1)
( / / Var(A') [ f(A —s,—£)?dEdsm(dA)
leli<es

—Tmln(l/r‘ 1)
(d+1)(c2+1

( / / B [ 10, s,—f)dgdsw(dA)>2>é.

Finally, we proceed similarly to proof (i) and obtain the desired bound.
(iii) We apply now Proposition A.5-(iii). Then,

B Zy,, (25,) — 2\ (2;,)]]

—rmin(1/c,1)

(/ /W/ A, —s,—&)yoldEdsm(dA)

|§H<CS

—rmin(1/c,1)

//m/mkw/lf T y"’(dy)dwm(df‘))
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The bound for the #-lex-coefficients is obtained following the proof line in
(i)
O

Proposition B.1 gives general bounds for the #-lex coefficients of MMAF. For
example, it can also be used to compute upper bounds for the 6-lex-coefficients
of an MSTOU process for d > 2 which Proposition 2.17 does not cover.

Corollary B.2. Let Z be an MSTOU process as in Definition 2.9 and (v, 0% v, )
be the characteristic quadruplet of its driving Lévy basis. Moreover, let the
mean reversion parameter A be Gamma(a, 8) distributed with density 1(A) =
lféa) A Lexp(—BA) where a > d+ 1 and 3 > 0.

(i) Iff‘ 51 % 2y(dr) < oo and'y+fz|>1 v(dz) =0, then Z is 0-lez-weakly
dependent. Let c € [0,1], then for

d=1,
Var(AVB* [ T(a—2)  20D(a—1)\\?*
Brea(r)<2 < 2 (a) ((2w R O T >> ’
and for
d>2

9

d'Var(A")p~ d (2¢)" I'(a—d—hk) :
Biea (r)<2 (Vd(c) 20T L KI2g+B) T T(a) )

Let ¢ > 1, then for

deN,

AV ar(A)B* & (%)k Mla—d—1+k)\ *
Orea (r) <2 V()= ° — .
s (i o Yo e T

(d+1)—o¢

The above implies that, in general, B¢, (r) = O(r ).
(i) If [, |x|v(de) < oo, ¥ =0 and o as defined in (A.3), then Z is 0-lex-
weakly dependent Let ¢ € (0,1], then for

d
PP P(a—d—1+k)
d€N7 elex T)SZVd(C)dlﬁa’yabs )
( 2 WA )
whereas for ¢ > 1 and
k
d (ﬂ) T(a—d—1+Fk)

dEN,  Oea(r)<2Va(c)d!BYabs Y R R
k=0 k! (%—}—ﬁ)
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where Yaps = [Y0|+ [ |2|v(dzx), Va(c)denotes the volume of the d-dimensional
ball with radius ¢, and ¢ = (r) = ﬁdLﬂ

Proof. Proof of this corollary can be obtained by modifying the proof of [28
Section 3.7] in line with the calculations performed in Proposition B.1. O

The results of the Corollary above imply that, in general, 8., ()=O(r(¢+D—a),
We give now the proof of Proposition 2.17.

Proof of Proposition 2.17. (i) Without loss of generality, let us determine the

(i)

truncated set when (¢;,,2;,) = (0,0). We use, to this end, two auxiliary
ambit sets translated by a value ¥ > 0 along the spatial axis, namely, the
cones Ag(1) and Ag(—1), as illustrated in Figure 8-(a), (c) for ¢ <1 and
in Figure 8-(b), (d) for ¢ > 1. Then, we set the truncated integration set to
By (0) = Ag(0)\(Ao(¥) U Ag(—1)). Since (ti,,2:,) € Vj ), it is sufficient
to choose v such that the integration set of Z((Jw)(O) is a subset of (V({ o))°.

To this end, the three intersecting points (_2—;/’, %), (_Tw,O) and (_z—f, %)
have to be inside the set (Vj o)), as illustrated in Figure 8-(e) for ¢ <1

and in Figure 8-(f) for ¢ > 1. Clearly, this leads to the conditions ¢ < rc,
1 < 2r and ¥ < 2rc¢, which are satisfied for ¢y = rmin(2,c). Hence, by
using Proposition A.5-(ii), we have that

1

2
1

Oren(r) < 2Var(A')} / / F(A, —s)2dsden(dN)
Ao(0)N(Ag(P)UAg (=)

= 2Var(A')? / / s)%dsd¢m(d))
Ao(o)ﬁAo(¢)

/ / $)2dsdem(d\)
Ao<o>nAo< w

,/ / f(A, —s)%dsdém(dN)
0 JAp(0)NAg()NAG(—1)

< 24/2C0v(Z(0), Zo(r min(2, c))).

1
2

which converges to zero as r — oo for the dominated convergence theorem.

In this proof, we indicate the spatial components and write z;, =(y;,, 2, ) €
R x R and zj, = (y;,,2j,) € RxRfora e {1,...,u} and b € {1,...,v}.
Without loss of generality, let us then determine the truncated set when
(tiy> Yius 25,) = (0,0,0). To this end, we use four additional ambit sets
that are translated by a value ¥ > 0 along both spatial axis, namely, the
cones Ao (v, 9), Ao(¥, —v), Ao(—1, 1) and Ag(—1, —1), as illustrated in
Figure 10-(c) for ¢ < 1 and in Figure 10-(d) for ¢ > 1). Then, we set the
truncated integration set to By (0) = Ag(0,0)\(Ao(¥, %) U Ag(1), —3) U
Ao(=1,¥) U Ao (=9, =v)). Since (ti,, Yi,» 2i,) € V{{0,0), it s sufficient to
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(a) Integration set Ag(0) for ¢ = 1/4/2 to-  (b) Integration set Ag(0) for ¢ = 2v/2 to-
gether with the complement of V(B 0) for r =  gether with the complement of V(B 0) for r =

3.

¢ =rmin(2,¢) = 3/V2 :

=(0,9)

0. %)

(c) Integration set Ap(0) together with (d) Integration set Ag(0) together with
Ao(¢) and Ag(—7) for ¢ = rmin(2,c). Ao(¢) and Ag(—2) for ¢ = rmin(2, c).

Ag(0)\(Ag() U Ag(—1)) 1 0

o AU 0 ,Ao
DA

s . L . s .
1 5 5 E E E [ 1

(e) Integration set of Zéw)(O) together with  (f) Integration set of Zéw)(O) together with
the complement of V(B )’ the complement of V(B 0)°

Fia 8. Ezemplary integration set and truncated integration set of an MMAF Z(x) for (t,x) =
(0,0).
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choose 1 such that the integration set of Zg/}) (0,0) is a subset of (V{4 0))¢
ie.

sup  ||bloe < 7. (B.4)
be B (0)

In the following, we prove that the choice 1) = r min(1,¢/v/2) is sufficient
for (B.4) to hold. We investigate cross-sections of the truncated integration
set Bg’ (0) along the time axis. For a fixed time point ¢, we call this cross-
section B and, similarly, we denote the cross-section of an ambit set by
At. Note that the cross sections of our ambit sets along the time axis are
circles with radius |ct| (see also Figure 9).

(\;——;’C, O} : As the distance between the center of the circle A§(0,0) and the

centers of the circles A§(v,v), AL(—,v), AL, —),
Ab(—1h, —1p) is /21, respectively, the set Af(0,0) (which is a
circle with radius |ct|) is disjoint from every of the additional
ambit sets’ cross-sections at ¢ and hence B* = Af(0,0) (see Fig-
ure 9-(a)). Clearly, we obtain

sup sup ||b]| = sup max/(clt|, [¢])
te(—w/(x/ic),o} beB! te(—w/(\/ic),o}

—max (). (8.5)

te <,£ — } : For such t the set A} (0,0) intersects with every additional ambit

sets’ cross-section (see Figure 9-(b)). However, as the additional
ambit sets’ cross-sections do not intersect with each other, the
point p1(t) = (¢, ¢|t|,0) € B' on the boundary of A{(0,0) (see
the red point in Figure 9-(b)) is not excluded from B! by any
additional ambit set. Note that symmetry makes it sufficient to
look at p;(t). Hence, we obtain

sup sup [[b]] = sup P (B
te(—w/e.~v/(VIe)| PEE te (—w/e,—w/(v20))

we(). o

: For such ¢ the set Af(0,0) intersects with every additional am-

bit sets’ cross-section. Such intersections additionally restrict
AL(0,0) (see Figure 9-(c)). Straightforward calculations show
that the point where the boundaries of Af(—1, ) and A§(—1, )
as well as the set Af(0,0) intersect, say pa(t), is given by (¢, 0,1 —

(ct)? — 4)?) (see red point in Figure 9-(c)). Note that symme-
try makes it sufficient to look at ps(t). We obtain

wp swlbl= sp )]
te(—v2p/e,—/c| VB’ te(—v2e/c,—v/c]
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= max ( \/_@Z)> (B.7)

t < —Y2Y . I the following, we show that for such ¢, the set A4(0,0) is en-
tirely included in the union of the additional ambit sets’ cross
sections. Clearly, this is true if the upper point where the bound-
aries of A}(—1,v) and Af(—, ) intersect, say ps(t), is outside
of A%(0,0) (see the red point in Figure 9-(d)). Note that symme-
try makes it sufficient to look at ps3(t). As straightforward cal-
culations show that p3(t) = (¢,0,% + /(ct)? — ¥?), this is true

if 1+ /(ct)? — 2 > c|t|, or equivalently (¢ + /(ct)? —2)? >
(ct)?. Moreover, we have

P2+ 20/ (ct)2 — 2 + (ct)? —p? > (ct)? <= ¥ >0. (B.8)

In view of condition (B.4) we combine (B.5), (B.6) and (B.7) and set
¥ = rmin(1,c/v/2), which also satisfies (B.8).

In addition to the cross-sectional views from Figure 9, we give a full three-
dimensional view of the set BY (0) for ¢ < 1 in Figure 10-(e) and for ¢ > 1
in Figure 10-(f) that highlight the points on the boundary of Bg’(O) with
maximal co-norm for ¢ = r min(1, c/\/§)

Therefore, because of Proposition A.5-(ii), we can conclude that

Ore (T)

[N

1

< 2War(A)} ( / / f(A,—s)stdgw(d/\)>
Ao (0,0)N(Ao (¥, 1)UA0 (=2, )UAo (Y, —p)UAo (=2, —))
= 2Var(\')? / / —5)%dsdém(dN)
Ao (0, 0>on(w w>

/ / —5)2dsdém(dN)
Ao (0, O)OAo( w w>
+/O f(A, —s)%dsdem(dN)

A0(0,0)N Ao (h,—)

n / / ) dsden(dN)
0 A0(0,0)NAo(— @2’7
/ F(A, - ) dsdérn(d))
0 JA(0)NAg(Y,—)NAo(—1p,—1h)

/ f(A, —s)?dsdém(dN)
0 Ao (0)NAo (=9, 9)N(Ao (¥, —¥)UAo (=9, —))

o0 %
/ / f(A, —s)std&r(d)\)>
0 Ap(0)NAg (¢, )N (Ao (=, 9)UAo (P, —Y)UAo (=2, —))
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(a) Cross sections of the auxiliary

ambit sets and A§(0,0) for t = —1
and ¢ = 2.
*lat( At (o), )
LN /1’3(7‘)
/
// /
J t=—7/4

1h(~, ) A5, —)
B

(c) Cross sections of the auxiliary am-

bit sets and A§(0,0) for t = —7/4 and

c=2.

t=—5/4

s 5 4 2 [ 2 a 6 8

(b) Cross sections of the auxiliary
ambit sets and A§(0,0) for t = —5/4
and ¢ = 2.

/1):4(7)
Ay (=1, Al (v, )

L ‘ . t=-22

4 4 4 F % & &
(d) Cross sections of the auxiliary
ambit sets and A§(0,0) for t = —2.2

and ¢ = 2.

Fic 9. Cross sections of the auxiliary ambit sets and Af)(0,0) at different time points for

=3

< 24/2C00(Z(0,0), Zo (¢, 1)) + 2Cov(Zo(0,0), Zo (v, —1))).

which converges to zero as r — oo for the dominated convergence theorem.

B.2. Proofs of Section 3

O

Proof of Proposition 3.2. We drop the bold notations indicating random fields
and stochastic processes in the following. Let h € H, we call L; = L(h(X;),Y;)

fori € Z, ZM (2) := Z,(x)V(=M)AM for M > 1, and L =L(n(x™)), v;™))

where

Xi(M):L;(M)(to—Fia,m*), and Y]

and

(M) _ (o)

tOHa(x*), for i € Z,

L;(M)(t,x*) — {ZgM)(ﬁ) (8,8 e XL, ||lzF—=¢| <c(t—s)and t — s < p}.
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I

& & A M o N &2 @ @

(a) Integration set Ag(0,0) for ¢ = 1/v/2 to-  (b) Integration set Ag(0,0) for ¢ = 2 together
gether with the complement of V(B,O,O) for  with the complement of V(T),O,O) for r = 3.
r=3.

6 & L b o n s oo @
- 5
6 & L b o n s oo @

(c) Integration set Ap(0,0) together with (d) Integration set Ag(0,0) together with
A0(¢» w)v AO(_T/’,w), AO(¢» _w) and AO(¢7¢)7 AO(_d}v w)v Ao(wr _¢) and
Ao (=1, =) for 3 = rmin(1,c/v/2). Ao (=1, =) for 3 = rmin(1,c/v/2).

(FFh00) (=,

//
s o

(e) B is the integration set of Z(()w)(0,0). (f) B is the integration set of Z(()w)(0,0). In
In addition, we illustrate Ag(—v,—1) for addition, we illustrate Ag(—1, —) for ¢ = 2

¢ = 1/4/2 together with the complement of  together with the complement of V(B 0,0) for
‘/'(BOO)forrZS. r=3. =

Fi1c 10. Integration set and truncated integration set of an MMAF Z(y, z) for d = 2.
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for t = tg+ia with ¢ € Z. For u € N, i1 <15 < ... < iy < iy + k = j with
k € N, let us consider the marginal of the field

(X0 Yoo (X, Vi), (X5, Y9), (B.9)
and let us define
T = {(t;,x;) € 2" Z, () € L, (to +isa,x*) or (t;,x;) = (to +isa,2”)
fors=1,...,u},
and
I = {(t;,x;) € Z": Z,, () € L, (to+ja,x") or (t;,x;) = (to + ja,z™)}.

Then r = dist(T',I"). In particular ' € V%, and r = (j — 4y )a — p. For F € G
and G € Gy, then

|Cov(F(Liy, ..., Li,),G(Lj))| (B.10)
<|Cov(F(Ly,,...,Ls,),G(L;) — G(LS))]

(B.11)

+[Cov(F(Li,, ..., Li,), G| (B.12)

The summand (B.11) is less than or equal to
. M
2|1 Lip(G)E[|L; — L]
; (M) (M)
<2 Flloo Lip(G)(E[Y; — Y37 + E[|A(X;) — R(X;7)])
< 2|F || Lip(G)(Lip(R)a(p, ¢) + DE[| Ze, (21) = 2" (a1)]
by stationarity of the field Z, and because L and h are Lipschitz functions.
Moreover, the function G(LgM)) belongs to Gy (p,e)+1- Let (X,Y), (X',Y) €
Re(P)+1 then
|G(L((XM), Y D)) — G(L(A(X M), YD)
< Lip(G)|L((X M), Y WD) — L(R(X'MD), YD)
< Lip(G)(|p(X M) = (X" 4 [y (D — y (D)
< Lip(G)(Lip(h) + D(IX = X"|ls + [Y = Y"]),
and Lip(G(L™)) < Lip(G)(Lip(h) + 1).
Because Z is a #-lex weakly dependent random field, (B.12) is less than or

equal to }
d||Flloc Lip(G)(Lip(h) 4+ 1)f1ex (r).

We choose now M = r and obtain that (B.10) is less than or equal than

1Pl Lip(@)d(Lip(h)alp. ) + 1) (GBI Z2, () = 26 (@)l) + O (1))

The quantity above converges to zero as r — oo. Therefore, (L;);cz is a 8-weakly
dependent process. O
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Remark B.3. Note that when working with a general 8-weakly dependent ran-
dom field, as in Proposition 3.2, we do not employ the truncated random field
defined in (B.1). This happens because a 0-lex weakly dependent field is not
generally defined as an integral driven by a Lévy basis on an ambit set. The
field (B.1) can just be employed in the MMAF framework. In a more general
framework, without further information on the structure of the field, we can just
employ the truncated random field Z,EM)(x) =Z(z)V(-M)ANM.

Proof of Proposition 3.6. We drop the bold notations indicating random fields
and stochastic processes in the following. We call L; = L(h(X;),Y;) for i € Z,

as defined in Proposition B.1. Moreover, we employ the truncated field Zt(w) (x)
and define L(¥) = (L(h(Xi(w)), Y;W)))iez where

XM = LWty +ia,a*), and V") = z{"), (a%), foricZ,

to+ia
and
Ly (0" = {Z0() : (5,6) €Zx L, 2" €] Sclt—s) and t — s < p).

for t =tg+ia with ¢ € Z. For u € N, 47 <15 < ... < iy < iy + k = j with
k € N, let us consider the marginal of the field

(60 Vi) (X Y2 ), (X5, 79) (B.13)
and let us define
U= {(t;,x;) € 2" Z, (x;) € L, (to +isa,x") or (t;, ;) = (to +isa,2")
fors=1,...,u},
and
I = {(t;,2;) € Z'F% Zy,(2) € Ly, (to + ja, z*) or (ti,x;) = (to + ja,z*)}.

Then r = dist(T',I"). In particular I' € V%, and r = (j — iy )a — p. For F € G
and G € Gy, then

|Cov(F(Li,, ..., Li,), G(Ly))|
<|Cov(F(Li,,..., L), G(L;) — GLY))| (B.14)

u

+|Cov(F(Li,,..., L), GIL))]. (B.15)

The summand (B.15) is equal to zero because I' € V{,, see proof of Propo-
sition 2.17 for more details about this part of the proof. We can then bound
(B.14) from above by

2||F e Lip(G)E[|L; — L]
< 2| F||oo Lip(G) (E[|Y; — Y, V|] + E[[A(X;) — (X)) (B.16)
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< 2||F|loo Lip(G) (Lip(h)a(p, ) + 1E[| Z, (1)~ 21 (1)) (B.17)

where (B.16) holds because L is a function with Lipschitz constant equal to one,
and (B.17) holds given that h is Lipschitz.

When we work with linear functions, we consider h parameterized with re-
spect to the set B € Ra(P:c)

a(p,c)

Elhs (X;) = hs(X{)]] = Hzﬂuztl @) -z @)|]. By

By stationarity of the field Z, we have that (B.18) is smaller or equal than

IB1ILE[| Zt, (1) — Zt(lw) (21)[]. Overall, we have that (B.14) is smaller or equal
than

2| F || oo Lip(G) (Lip(h)a(p, OH1)E[| Zy, (21 )2 @1)[] for h a Lipschitz function,
or it is smaller or equal than

2| Floo Lip(G) (|1 P11 + VE[| Z, (z1) — Zt(lw)(xl)H for hg a linear function.

Because of the properties of the truncated field Z (w)( 1), we have that the
above bounds converge to zero as r — o0o. Therefore, L is a 6-weakly dependent
process. U

The proof of Theorem 3.7 uses a blocks technique introduced in the papers
[44] and [56]. Such results are based on the use of several lemmas. To ease the
complete understanding of the proof of Theorem 3.7, we prove these Lemmas
below, given that they undergo several modifications in our framework. Let us
start by partitioning a set {1,2,...,m} into k blocks. Each block will contain
I = |%7] terms. Let h = m — k1 < k denote the remainder when we divide m by
k. We now construct k blocks such that the number of elements in the jth-block
is defined by
l_{ I+1 if j=1,2,....h
I if j=h+1,...,k

Let (U,;);ez a stationary process, and V,,, = 7", U, for j = 1,..., k we define
the j-th block as
Lj
Vim=U;+Uj i+ ... Uj+(l}—1) k= Z Uj*‘r(i*l)k
i=1

such that B
k l]

Vj,m :ZZUJ+1 1) k-

j=1 j=11i=1

|

k k
. I 1 -
For j=1,2,...,k, let us define p; = ;2. It follows that E 1pj = E 1lj =1.
j= j=
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Lemma B.4. For all s € R

Lo (5] < ppelon32)

J

The proof of the result above is due to Hoeffding [46].

Lemma B.5. Let the assumptions of Theorem 3.7 hold and define the process
(Ui)iez such that U; := f(Z;) — E[f(Z;)]. For all j = 1,2,...,k, 1 > 2 and
0<s< |b‘"ila‘

l; 7.
() — - sUjr-1k - sUj -1k
Mj (s) = ‘]E[il:[lexp (4@ )] —}:IIE[exp (—l_] )H
<exp(s|b—al)f(k)s (B.19)
The same result holds when defining the process (U;);cz for U; = E[f(Z;)] —
1(Z;).

Proof. Let us first discuss the case when U; = f(Z;) — E[f(Z;)], we have that
the process U has mean zero and |U,| < |b—al. Let us define F; = o(U;,% < j).

o[ [ (22 - e[ (222
e o (L sl (L0
Tl ()]

E| Hp (Vi) gy (200
=l ()

E [lj:[:exp (M)} —lﬁ lE [eXp (‘%;%)} ‘

M; =

J

]:j+(l’j—2)k}

sU . 7 _
+ E[exp (*ﬁfl] l)k)} z
J J i=1
I;—1
] s|U i (i— 1)kl sU @, -1k
< [T e (1255089 el (Vi) ]
i=1 J oo J
sU ., 7 _
sy (i)
L
3|U'+ L—1)k|
+ exp(ij [(,] ) ) Mz’jq
J oo




MMAF-guided learning 581

The above is then less than or equal to

exp (—S(l_j — Db - a') exp (}—SG)E E [eXp <—Sf(ZlerFlj1)k)>
J

l j

—E [exp <_Sf(ZlerFlj1)k)>
J

Note that the function g(z) = (7’)51[,1,1,] () is in £4 for each s. We then use
exp |22 )=
t

7. J+<zj—2>k]

(B.20)

J
the projective-type representation of
and obtain that

sli|b— al s s|b— al

;< = = = P ,
M, < exp( ; )e(k)lj +exp( ; )Ml B (B.21)
slb—al

T ), we have that
J

Let now, u = exp (

My, < 0(kpub = +udy,
j
s (42 (2 ()
]E[exp (SU;_jw)”

< o (2] = (2]

L J L
< (I; - DOkl > = (I; — 1) exp (s\b - a|)9(k)i.
L Lj
In conclusion, for all j =1,...,k (and remembering that l} =1l or Zj =1l+1)

M, < exp(s|b—a|)f(k)s.

For U; = E[f(Z;)] — f(Z;), the proof follows the same line as above provided
that the point (B.20) is changed as follows:

exp (—S(ij — {)|b — a|) exp (j_—b>E E lexp <_Sf(Zj;(lj1)k)>
J

l j
—sf(Z . ;. _
—Elexp ( sf( Jl_+(l_7—1)k)> ‘ + exp (s|bl_ a|)
J
o (1)

J
Note that the function g(z) = (7753)'1[717'7‘1] (x) is in £, for each s. We then
exe (7))

]:j+(lj2)k1

lj*l'

use the projective-type representation of the #-coefficients of f(Z) and obtain
again that the inequality (B.21) holds. |



582 1. V. Curato et al.

Lemma B.6. Let the Assumptions of Theorem 3.7 hold and define the process
(Ui)iez such that U; = f(Z;) — E[f(Z;)]. For all j = 1,2,...,k, 1 > 2 and
0<s< 2L

E[exp (221)] < exp (%) + exp(s[b— al)(k)s

J 1— s|b3;a\

The same result holds when defining the process (U;)icz for U; = E[f(Z;)] —
(Z;).

Proof.

lj

E[exp (5‘;%)} — E[exp (; Wﬁ%)} < T[ e (22te=0t)]

[l s (252 [l (5220)

_ E[eXp (M)]l M (B.22)

We have that E[U ;1 (;_1) 5] = 0 by definition of the process U, and w
J
satisfies the Bernstein moment condition (Remark Al [56]) with K; = %.
J

Hence, for Zj >2and 0 < s < %

E[eXp (SUJG_%)} < exp <S Ei(g]j(ﬁ/)lj) ]> (B.23)

Because l_j > 1, we can conclude that the inequality above holds for [ > 2.
Moreover, by stationarity of the process U and since for all j = 1,2,... &k, we
can bound (B.22) uniformly with respect to the index j by using Lemma B.5,
and noticing that

3L 315
|lb—a|l ~ |b—al’
and then

(-5 = ()

J

0<s<

The same proof applies when defining U; = E[f(Z,)] — f(Z,). O
Proof of Theorem 3.7. By combining Lemmas B.4, B.5, B.6, for 0 < s < \1)3le1|:

E[exp (s% if(ZZ) - IE[f(Z,)])} = E[exp (S% iUl)}
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gzij[exp (Sv,ﬂ"vmﬂ (B.24)

_— exp(s|b—al)8(k)s,
2l<l_$>>+ p(s p—a))0(k)
(B.25)

where V' ,, = Zi’zl U (i-1) k- The inequalities (B.24) and (B.25) hold because
of Lemma B.4 and Lemma B.6, respectively. We have then proved the inequality
(3.11). The same proof applies to showing the bound (3.12) by defining U; =
E[f(Z:)] - f(Z)). 0

We remind the reader that the proof of Theorem 3.8 and 3.14 use the below
Lemma that we recall for completeness.

Lemma B.7 (Legendre transform of the Kullback-Leibler divergence function).
Let (H,T) be a measurable space (note that in the case of hypotheses of type
{fo : 6 € ©} then H = ©). For any m € MY (M), for any measurable function
f:H — R such that wlexp(f)] < oo, we have that

rlexp(f)] =exp ( sup  plf)— KL(,m)),
PEM(H)
with the convention oo — oo = —oo. Moreover, as soon as [ is upper bounded
on the support of m, the supremum with respect to p in the right-hand side is

reached for the Gibbs distribution with Radon-Nikodym derivative w.r.t. m equal
to exp(f)

wlexp(R)]*

The proof of Lemma (B.7) has been known since the work of Kullback [53]
in the case of a finite space B, whereas Donsker and Varadhan have proved the
general case [34]. Given this result, we are ready to prove our PAC Bayesian
bounds.

Proof of Theorem 3.8. Let us choose f(s) = 2 for 0 < s < ¢, which satisfies the
assumptions of Theorem 3.7 and has support in [0, 1]. We have that R°(h) —
r¢(h) = (30 E[f (L)) — f(L$)). We have, in this case, that U; = E[f(L;)] —
f(L$) such that E[U;] = 0 and |U;| < 1. Note that the process f(Lf)icz has
the same f-weak coefficients of the process (Lf);cz because f is a 1-Lipschitz

function. By Theorem 3.7 applied for 0 < ev/1 < 3v/1, and the bound (3.9),

]E{exp (\/Z(Rs(h) - re(h)))} = E[exp (O/Z% Zz:? Uz)i| < exp (2(5’7626))
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+ 3V exp(3v1)6(k)
(B.26)

where the last equality holds because of the particular shape of the chosen
function f.
We follow the scheme of proof developed by [13].

VIPLR ()] = plre(h)] = IV (R (h) —r°(h))]

< KL(p||7) + log(n[exp(V1 (RS(h) — 7(R)))])  (P-a.s. by Lemma B.7).
(B.27)

We have that 7[exp(v/1(R"(f)

—1r¢(h)))] := A, is a random variable on Sy,
By Markov’s inequality, for § € (0,1)
E

(A < ElAm ]>>175.

0
This, in turn, implies that with probability at least 1 — ¢ over S;,

pIR ()] plre(h)]
|

< @'\} log5+\%1og<w{E[exp<\/Z(Re(h)—re(h)))H) (B.28)

S—KW”T%%%bg(w[cxp@ s aViemaviow]).
(B.29)

where (B.28) holds by swapping the expectation over S,, and over 7 using
Fubini’s Theorem, and (B.29) is obtained by using (B.26). Similarly, it can be
proven that the bound (B.29) holds for p[R(h)] — p[rc(h)]. We then conclude
by using an union bound. O

Proof of Theorem 3.11. Let % = %.

p=argint (KL(lin) ~ ol (n)]) = arging (S22 4 gire(ny).
and by using one side of the bound (3.13) for k =1, for all § € (0,1)
el (u) < it (50" (0) + (KL 7) + 108 (5) ) =)

+—tog (nf e (5= + avimespiavimo)]) } 2 1

We now substitute to p[r<(3)] the other side of the bound (3.13), we obtain that

P{ﬁ[Rf(h)] < inf (ﬁ[RE(h)] + (KL(/S, ) + log (%)) %) (B.30)
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+ 2 tog (n[ e (5o + avmesp(avmo)]) } 2 125
(B.31)
by using an union bound. O

Proof of Theorem 3.12. First of all, we show that the process (exp(fi(:S, h))ien,
is a super-martingale. Note that

{fo(&h) =0 2
Fn(S,h) =02 (LE(h(X,), Vi) —E[LE(h(X,), Y3)| Fi_1])— Tme?, for meN,

In fact, the process 7 Z(Ls(h(Xi), Y:) — E[L¢(h(X;),Y;)]) minus the residual
i=1
process is equal to a sum of martingale differences with respect to the filtration

(Fm)men,, namely

m

1Y (L(W(X;),Yi) = B[LY(h(X;), Y )| Fiza)).-
=1

We have that
Ep—1[exp(fm (S, h)] =exp(fim—1(S, 7)) Em_1[exp(n(L (M X m), Y m)

— E[L(M(X ), Y )| Fin1]) — %8)1 <1,

by applying the conditional Hoeffding’s Lemma. By direct application of Theo-
rem 4 in [23], we obtain that for all m > 1 and § € (0,1), we have that

ﬁ[n ’ (L (h(X5),Y5) —E[Le(h(Xi),Yi)])} < KL(p, ) + log (%) n n;mez
+ [0 Y EIL (X, V)| Fi] = EIL (X, Y )
=1

with probability at least 1 — §. Dividing both sides of the inequality by m, we
obtain that for all m > 1 and § € (0,1)

KL(p,7) +log (%
plre(h) — Re(h)] < - () +1¢

+ ﬁ[% ZE[Le(h(XiLYi)‘]:ifl] - E[Lf(h(Xi),Yi)]]
- (B.32)

with probability at least 1 — 4.
|
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Proof of Theorem 3.14. Let us apply the scheme of proof used in [2, Theorem 1]
to the residual process Ay, (h) = L 3" E[LS(h(X;), Y ;)| Fiz1] — E[LS(h(X,),
Y,

We have that

8= [ 1801 F i
S( 5 |A, (R)? dw) : (/H (%)2 d7T) %(Cauchy—Schwarz’s Inequality)
<(e/HAm(h)|d7r>%(D¢21(ﬁ77r)+1)é.

We then apply the Markov’s inequality to [}, [A,,(h)|dr, and for § € (0,1)
obtain that with probability at least 1 — §

2

At < (L En @IS iy 41)

w[E[|A,, 3
(c=E0a

< (h)”> <D¢2,1(ﬁ, ) + 1)% (Fubini’s Theorem)

< (e@) : (Dqu,l(ﬁ7 )+ 1)% (Definition 2.12)

The last inequality holds because L is a #-weakly dependent process as proven
in Proposition 3.6, and the truncation of this process through the accuracy level
€ means applying a projection function to the process L which has Lip(h) = 1,
see Erratum in the arXiv version of [27] for a detailed explanation. We can then
apply the projective-type representation of the #-coefficients in Remark 2.15.
We then use an union bound to combine the result above with the any-time
bound in Corollary 3.13. O
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