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1. Introduction

CHAPTER

Introduction

The main theme of this thesis is the theoretical study of Gaussian processes as a tool
in Bayesian nonparametric statistics. We are interested in the frequentist properties
of Bayesian nonparametric techniques in an asymptotic regime.

This chapter will give a general introduction to Bayesian nonparametric statistics.
After a brief preamble on statistical science, we will compare the two main statistical
approaches: frequentism and Bayesianism. Our work will consist of a combination
of both, since we will study the Bayesian techniques from a frequentist perspective,
specifically consistency, convergence rates, uncertainty quantification and adaptation.
These properties will be studied in the context of non-parametric problems, that is
to say models with few modeling constraints. We will focus on the non-parametric
regression model and its idealized version, the signal-in-white-noise model.

One of the main theme of the thesis is scalability of Bayesian techniques. Indeed,
these computation-hungry techniques rapidly become intractable as the number of
observations grows. This issue led to the introduction of distributed Bayesian meth-
ods in order to decrease the computational complexity of the techniques. The later
chapters of this thesis will focus on such distributed methods and their properties.
They will also be briefly introduced in this chapter.

§1.1 Statistical science

Statistics can be defined as the study of data, which covers its collection, organiza-
tion, analysis, interpretation and presentation. The main focus of this thesis will be
mathematical statistics, which follows the framework of probability theory. Moreover,
the theoretical results will be illustrated with simulated data.

In order to understand both probability theory and statistics, it is useful to start
with a definition of modeling. A model describes and explains a system with the help
of mathematical concepts and language. Even though models are helpful in most
disciplines, they are all considered as oversimplification of the described system. As
George Box (Box, [1976) famously said “all models are wrong, but some are useful”.
While in probability theory, one studies the behavior of data following a specific and
known model, in theoretical statistics, one follows the opposite paths: one tries to
gather as much information from the data in order to make inference on the model.

More formally, one can think of a probability distribution P as a model for gener-
ating an observation X. The classical statistical approach is to assume that our model
P is a collection of probability distributions, and the end goal is to infer properties
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of an element of P which could best describe the observation.

§1.2 Frequentist and Bayesian inference

Inference in statistics consists of establishing and evaluating propositions about the
process by which the data is generated. Different paradigms of statistical inference
coexist. This section will focus on two important paradigms: frequentist inference
and Bayesian inference.

§1.2.1 Frequentist inference

Frequentist inference is associated with the frequentist interpretation of probability;
we consider that the probability of an event is the frequency of appearance of this
event if it were possible to repeat the same experiment independently ad infinitum.
One of the main characteristics of frequentism is that frequentist modeling views
the data X as the realization of a random variable following some fixed probability
distribution Py belonging to some model P. Often, the statistical model P is defined
as
P = {Pg 10 e @},

where the probability distributions are indexed by a parameter § and © is the set of
all possible parameters, and we suppose the existence of a 6y such that Py = Fp,.
Basically, if 6y were known, the work of a frequentist statistician would be finished.
Among the most widely used tools of frequentist inference, one can think of the
likelihood function. The likelihood function is a function of the parameter which
measures how well a particular parameter of the model fits a given sample of data.
Heuristically, it makes sense that parameters whose likelihoods are large are prefer-
able, since they verify that the probability of the observed data occurring is high.

§1.2.2 Bayesian inference

The Bayesian approach is quite different from the frequentist one. It is based on the
Bayesian interpretation of probability which stipulates that a probability is merely a
quantification of a personal belief or a reasonable expectation. Bayesian statisticians
generally believe that there is no fixed underlying parameter, but that the parameter
itself is the realization of a random variable. More formally, the parameter 6 has
a probability distribution IT on the parameter space © called the prior distribution.
This distribution represents the degree of belief the statistician attaches to possible
parameters explaining the model. Then, the distribution Py describes the distribution
of the data X conditionally on the value of the parameter 6. This belief is then
updated once we have access to the data. If the model is dominated, which means all
possible distributions Py are absolutely continuous with respect to a common measure
1 and have corresponding densities pg, then this operation gives us the posterior
distribution of the parameter

_ Jape(X)dII(6)
A—TI(0 € AIX) = m7
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for a measurable set A C ©. The integrand in the numerator of the previous fraction
represents the joint distribution of the parameter and the data, which can be obtained
by multiplying the prior distribution of the parameter by the likelihood function, while
the denominator represents the marginal distribution of the data.

Even though the Bayesian approach is quite different from the frequentist ap-
proach, it can be useful in certain situations. Indeed, Bayesian techniques benefit
from conceptual simplicity in practice; after assigning a prior to the parameter, one
needs only to compute the posterior to make relevant inference. Besides, previous
expertise on a problem can be incorporated in the prior distribution of a parame-
ter. Although this implied subjectivity can be seen as a drawback compared to the
frequentist approach, subjectivity can never be completely absent from statistical
modeling and Bayesian subjectivity might appear more natural. Moreover, once the
statistician has access to the posterior distribution, all inference can be done exhaus-
tively. Finally, from a decision theoretical point of view, there is a Bayesian procedure
(or a limit of Bayesian procedures) which performs uniformly better than any other
procedure according to the “complete class theorem”, and only those procedures are
admissible, see for instance (Balder et al) [1983) and references therein. For a more
exhaustive introduction to Bayesian methods, see the books (Bernardo and Smithl
1994), (Robert}, 2001)), and (Ghosal and Van der Vaart} 2017)).

One of the advantages of the Bayesian framework is the simplicity with which
we can quantify uncertainty. As the parameter is a random variable whose posterior
distribution depends on the data, we can construct sets containing the parameter with
high posterior probability. It is interesting to note that this is a probability statement
about the unknown parameter; thus, those sets are quite different from frequentist
confidence sets which provide a probability statement about the sets themselves.

After the introduction of both paradigms, the following section will be focused
on a hybrid approach where Bayesian methods are used, but given a frequentist
interpretation.

§1.2.3 Frequentist Bayes

Since Bayesian inference always starts with the choice of a prior which represents sub-
jective belief of an expert, if two experts do not share the exact same subjective belief,
the outcomes of their analyses can vary even if they shared the methodology. This
situation seldom occurs within the frequentist community, because of the shared as-
sumption that there exists a single true distribution explaining how the data has been
generated. Although the Bayesian paradigm differs significantly from the frequentist
one, it can be interesting to see Bayesian inference as a mere different frequentist
method. Indeed, one can still assume that the data X follows a fixed probability
distribution Py belonging to some model P, and then study the posterior distribution
II(-| X)) of the parameter § as a random measure which depends on the prior and the
“true” distribution Fy. On one hand, this hybrid view allows statisticians to enjoy the
relative simplicity of implementation of Bayesian methods, for instance the built-in
uncertainty quantification; on the other hand, it gives frequentist guarantees for those
same methods.

In the parametric case, where the parameter 6 describing the model has a finite
dimensional structure, the well-known Bernstein-von Mises theorem establishes that
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under mild regularity conditions Bayesian inference is asymptotically equivalent to
frequentist inference. More precisely, the theorem states that the posterior becomes
asymptotically normal centered around the maximum likelihood or any efficient es-
timator with variance equal to the inverse of the Fisher information. Despite the
strength of this result, its limitation to the parametric and semi-parametric case re-
quires statisticians to find other ways to study non-parametric Bayesian methods.

§1.3 Non-parametric asymptotic statistics

As established, non-parametric statistical techniques are based on models with as
few assumptions as possible. Technically, a non-parametric model does rely on a
parameter @, but this parameter is infinite dimensional; it can for instance be an
infinite sequence or a function. Non-parametric models are attractive thanks to their
flexibility and robustness. The books (Wassermanl 2006)), (Tsybakov,2009) and (Giné
and Nickl, 2016)) provide a more detailed introduction to non-parametric statistics.

In non-parametric statistics, it is common to consider some assumption on the
smoothness or regularity of the parameter § € ©. In this thesis, we consider frequently
used smoothness spaces: the Sobolev and the Holder spaces. These spaces will be
defined for functions defined on [0, 1], but the idea can be expanded to functions on
other domains as well.

Let (¢;)i>1 denote an orthonormal basis of L?([0,1]) (i.e. measurable functions
that are square-integrable in [0, 1]) and consider functions on L?([0,1]) in the form

“+o0o
0="> 6,
=1

where 6; is the ith coefficient in the series expansion. The Sobolev ball S#(M) with
smoothness parameter 5 > 0 and radius M > 0 is defined as

SP(M) = {9 € L2([0,1]) : > aif} < MQ} :

where a; =< %%, In this thesis, we will also consider a related regularity space of
function: hyper-rectangles

0% (M) = {0 € L*([0,1]) : supi*?6? < M}.
For integer regularity parameters 8 and the classical Fourier basis, it is also possible

to represent the Sobolev class as the set of 5 — 1 times differentiable functions [0, 1]
with absolute continuous derivatives and with a Sth derivative satisfying

/1(95(t))2dt < Mn?.
0

The Holder space of smoothness 3 > 0 on [0, 1] denoted by C?([0,1]), on the other
hand, contains all functions 6 with |3] (the integer part of 3) derivatives and their
last continuous derivatives verifies the Holder condition

sup |01 (z) — 6191 (y)| < M|z —y|*
z,y€[0,1]

10



§1.3. Non-parametric asymptotic statistics

with @« = 8 — |8] and M > 0. The corresponding Holder ball with radius M > 0 is
defined as

won<{ € CP([0,1]) : sup, yepo, 107 (x) — 0V (y)| < Mz — y|P~ 12,
B SUPr<g ||9(k)||oo <M J

The asymptotic approach to assess the performance of a statistical technique can
be described intuitively. Indeed, the outcomes of any statistical procedure can be ar-
ranged in a sequence indexed by the size of the sample used during this procedure. The
theoretical study of this sequence allows to understand the behavior of the procedure
when the size of the data grows, and ideally the larger our data sample is, the better
the procedure performs. Mathematically, if we observe the data X (") generated from
the distribution Pp,, and our outcome is a random variable called point estimator
T(X (™), given by a measurable function T', then we are interested in the study of the
sequence (T(X(™)),en. Since this thesis focuses on the frequentist Bayes approach,
we will introduce some frequentist properties of Bayesian asymptotics: consistency,
contraction rates and coverage of credible sets.

§1.3.1 Consistency

The first frequentist property one could check when applying Bayesian techniques
is the consistency of the posterior. Posterior consistency simply means that the
posterior distribution II(.|X (™)) puts most of its mass around a smaller and smaller
neighborhood of the true parameter 6y. Formally, it means that for all € > 0,

T1(6 - d(6,6) < <| X ™) ™% 1,

where d is a given metric and the convergence is in probability under the true parame-
ter. Posterior consistency is a necessary frequentist property to assess the performance
of a Bayesian method, but it is relatively weak and non-informative.

In non-parametric models, posterior consistency is not always satisfied even if
the prior distribution covers the true parameter; it is possible that some posterior
distribution does not concentrate around the true parameter even when any neigh-
borhood of this parameter has positive mass, see for instance (Freedman) |[1963), (Di-
aconis and Freedman| 1986) and (Kim and Lee, |2001). Fortunately, Doob’s theorem
and Schwartz’s theorem provide a robust result to assess the consistency of non-
parametric Bayesian models. Doob’s consistency theorem (Doob, 1949)) states that
if the true parameter 6y is not in some null-set of the prior, then the posterior dis-
tribution is consistent. While topologically, prior null-sets can be large, Schwartz’s
theorem (Schwartz, |1965|) gives a more extensive result. It assesses that posterior con-
sistency over the whole parameter space is verified under two conditions: the prior
mass condition which requires that the prior assigns sufficiently large probabilities
to neighborhoods of the true parameter, and the test condition which necessitates
the existence of a sequence of tests which separates the true parameter from the
complements of neighborhoods around the parameter.

Although consistency is important in evaluating non-parametric Bayesian tech-
niques, since it is not considered strong enough, we will focus on a more descriptive
property: rate of contraction.

11
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§1.3.2 Contraction rates

When estimating a parameter 6, the frequentist asymptotic way to evaluate the es-
timation 6,,, which is a measurable function of the data, is not only to verify that
the sequence (0,,)nen converges (in probability or almost surely) to the true value 6
uniformly over the possible ”truths”, but also to evaluate the risk of this estimator.
Mathematically, we first choose a loss function L : © x © — (0,00) and then define
the maximum risk of our estimator as
r(6,) = sup EgL(0,,,0),
0co

where the expectation Fjy is taken with respect to the probability measure Py. This
function represents the amount an estimator deviates from the true parameter in the
worst case scenario. The choice of a loss function impacts directly the choice of the
best estimator. Once the maximum risk over the class © has been defined, the goal
is to find an estimator which minimizes this risk. Such an estimator is called the
minimax estimator, and the risk associated to it is the minimax risk

R, = inf r(én),
en
where the infimum is taken over all measurable functions of the data. Thanks to
Markov’s and Chebyshev’s inequality, it can be shown that the minimax estimator 6,
has the best convergence rate €2 := R,,, which means that

sup Py (d(é:,@) > Mnsn) — 0,
0coe
for any M,, — 400, and that for all §,, such that §,, = o(e,) there exists at least one
0* € © such that .
Py (d(o;;,a*) > L(Sn) -0

for all L > 0. The minimax risk and estimators have been studied for a large variety
of problems. We refer to (Lehmann and Casellal |1998) for more details about the
topic.

The analogous property to convergence rate for Bayesian techniques is the rate of
contraction. The contraction rate €, of a Bayesian procedure is a sequence converging
to 0 in n such that

I, (6 d(6,60) < =0 X)) T g,

This rate quantifies how quickly the posterior mass concentrates around the true
parameter 6y. In regular parametric models, the posterior contraction rate can always
achieve the same order of the optimal frequentist convergence rate. This result follows
from the Bernstein-von Mises theorem. However, it is not yet clear if such a result
could also exist in the non-parametric case.

(Ghosal et al., [2000), (Ghosal and van der Vaart} 2007, (van der Vaart and van
Zanten), [2008) and (Ghosal and Van der Vaart| [2017) address this issue. Let us
consider the iid case where X1, ..., X,, are n random variable distributed according to
Ppy,. We consider the Hellinger metric d on the parameter space given by

2(0,0') = / (/o — v/Po) 2

12
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where py and pgs are the densities of Py and Py with respect to the measure p. We
also define the entropy number (denoted by N (e, B, d)), which represents the number
of e-radius balls required to cover the set B with respect to a given metric d.

Theorem 1.3.1 (Theorem 2.1 of (Ghosal et al., 2000)). Suppose that for a sequence
en With e, — 0 and nsi — 00, a constant C' > 0 and subsets ©, C O of the parameter
set, we have

log N (e, Op,d) < ne2,
I(0 ¢ ©n) < exp(—(C +4)ne;),
H(G : Py, log P < 2, Py, log? P - EZ) > exp(—Cne2).
p90 paO
Then for sufficiently large M, we have that TI(0 : d(0,60y) > Me,|X™) = 0 in
Py, -probability.

The conditions can be understood as follows: the first condition, the entropy con-
dition, implies that the sets ©,, are not too large; the second condition, the remaining
mass condition, implies that prior distribution puts enough mass on these sets; the
last condition, the prior mass condition, requires the prior to put enough mass in a
small neighborhood of the true distribution.

We consider that the contraction rate is optimal if it is equal to the minimax
convergence rate. It is relatively easy to construct an estimator 6 from the posterior
which attains the same convergence rate as the posterior construction. Indeed, we can
for instance take the center of the smallest ball with posterior mass greater than 1/2,
see (Ghosal et all [2000) and (Ghosal and Van der Vaart| |2017)). Therefore, finding
a posterior achieving optimal contraction rate leads directly to a Bayesian estimator
with minimax convergence rate.

§1.3.3 Bayesian uncertainty quantification

Once the posterior distribution is computed, one can derive Bayesian point estimates.
Those are simply functions of the data which minimize an integrated loss function
with respect to the posterior measure. Despite their usefulness, point estimates do
not provide information about the uncertainty of our inference on 6y. For that reason,
it is also interesting to generate a set of possible values for our parameter.

In the frequentist case, these sets are known as confidence sets. Confidence sets are
set-valued estimators C,,(X (™) to which the true parameter is most likely to belong,
according to the data. More formally, we define a confidence set C), of level 1 — o as

inf P 7)Y >1—a.
jnf (0 €Cn)>1—a

Asymptotically, confidence sets should also verify

liminf inf Py(0 € Cp) >1— a.

n—oo €O

These sets have asymptotically uniform confidence level 1 — «. In other words, they
have the same confidence level asymptotically even in the worst case scenario for the
true parameter.

13
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Nonetheless, the construction of confidence sets is not easy when the model is
computationally complex. In the Bayesian approach, we talk instead of credible sets,
which accumulate most of the posterior probability mass. Since it is possible to sample
from the posterior, the construction of approximate credible sets thanks to Markov
chain Monte-Carlo (MCMC) methods is relatively simpler than the construction of
confidence sets. Formally, credible sets C,, of level 1 — a are sets such that

IL,(0 € Cp| X™) > 1 —a

Contrary to confidence sets, credible sets are subjective in nature because of the
influence of the prior distribution in the posterior. Although confidence sets and
credible sets are asymptotically equivalent in the parametric case under some regu-
larity assumptions thanks to the Bernstein-von Mises theorem, the question of their
equivalence in the non-parametric case has not been entirely answered.

Actually, it is known through several negative examples that Bayesian credible sets
do not converge automatically to frequentist confidence sets when the model is infinite-
dimensional, see for instance (Cox, (1993). This phenomenon encourages a further
analysis of the behavior of credible sets from a frequentist point of view. It appears
in (Knapik et al., 2011), (Castillo and Nickl, 2013), (Szabo et al.| [2015), (Sniekers
and van der Vaart| 2015b]), (Belitser, 2017)) and (Szabo et al., [2017)) that in some
situations, Bayesian credible sets ensure good coverage of the true parameter, that is
to say that the credible sets are asymptotically likely to contain the true parameter
according to the true distribution. Moreover, (Rousseau and Szabo, [2020) studied the
asymptotic coverage of Bayesian credible sets in a general non-parametric framework.
The general intuition is that Bayesian credible sets have good coverage when the prior
generates parameters that are slightly less smooth than the true parameter.

§1.4 Gaussian processes

The examination of Bayesian techniques from a frequentist perspective requires a
good understanding of the prior distribution because it influences heavily the out-
come of a Bayesian statistical procedure. In this work, we mainly treat Gaussian
process priors. Gaussian processes are stochastic processes, i.e. collections of random
variables indexed by time or space which can be viewed as random elements in a func-
tion space verifying the following condition: every finite collection of the evaluation
of the process at different times has a multivariate normal distribution. We refer to
(Rasmussen and Williams|, 2006]) for a more comprehensive introduction to Gaussian
processes and their applications.

A Gaussian process W = {W; : t € T'} indexed by a set T is characterized by its
mean 4 : T — R and its covariance function K : T'x T'— R given by u(t) = EW; and
K (s,t) = Cov(W;, W,), respectively. Generally, the set T is a subset of R? so that
the function ¢ — W, belongs to the space of real-valued functions on 7. As priors,
we typically take centered Gaussian processes, i.e. their mean p(t) is set to be zero;
thus, their behaviors can be understood entirely through their covariance functions.
Moreover, thanks to Mercer’s theorem (Mercer, [1909), we can see that the covariance

14
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function of a Gaussian process can be represented as follows
—+oo
K(s,1) =) Ajoi(s)e5(t),
j=1

because the covariance is a symmetric non-negative definite kernel. Here, the ¢;’s
are eigenfunctions representing an orthonormal basis of L?(T), the A;’s are the corre-
sponding non-negative eigenvalues and the convergence of the series is absolute and
uniform when the kernel is continuous and 7" is compact. In addition to Mercer’s the-
orem, the Karhunen-Loeéve theorem, (Karhunen, [1947)) and (Loeve, |1978), provides a
nice representation of the random variable W; for any t € T

+oo
Wt - Z \/EZJ(ZSJ (t)7
Jj=1

where the Z;’s are independent standard normal random variables and the conver-
gence is almost sure.
In this thesis, we will focus on the following specific Gaussian processes (GP):

e the GP with a Matérn covariance kernel

(e ()

K(st) = INE) a

where I" is the gamma function, K, is the modified Bessel function, a is a
rescaling parameter and « is the smoothness parameter. The sample paths
t — W, of a GP with Matérn covariance function are |«] times differentiable.

e the GP with a squared-exponential covariance kernel

(s —1)°
K(s,t) =ex (7),
(5,1) = exp (~—
where a is a scaling parameter. The squared-exponential covariance kernel can
be seen as the limit of Matérn covariance kernels with « going to infinity. A GP
with squared-exponential covariance function has infinitely differentiable sample
paths.

e the Brownian motion and its primitives, the Brownian motion has covari-
ance kernel
K (s,t) = min(s,t).

Since the sample paths of a Brownian motion are Lipschitz continuous of any
order a < 1/2 but not differentiable anywhere, it is common to integrate this
process k times in order to have a GP with a smoothness order k + 1/2. More-
over, the k-fold integrated Brownian motion has vanishing derivatives at zero;
hence, it is common to ”release” this process by adding a polynomial process
t — Z?:o Z;t1/j! where the Z;’s are independent standard normal random
variables. Thus, the k-fold integrated Brownian motion can be written as
k 74
Gy = Z =+ I'W,

|
=0 L
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1. Introduction

where I* = I¥=1T and If(t) = fot f(s)ds.

Both the GP with Matérn and with squared-exponential covariance kernel are station-
ary; Cov(Wy, W) only depends on the distance between the two points ¢ and s, and
not on their position. On the other hand the Brownian motion, while not stationary,
has independent and stationary increments, which means the consecutive increments
of this process over the same distance are iid random variables.

Gaussian processes appear to be good priors of choice in the statistical models
studied in this thesis. For more detailed investigations on these processes, we give
a non-exhaustive list of work and references therein: (Tokdar and Ghosal, 2005),
(Choudhuri et al., [2007), (van der Vaart and van Zanten, 2007), (van der Vaart and|
van Zanten, 2008) and (van der Vaart and van Zanten) 2009b)).

§1.5 Models

The main non-parametric models investigated in this thesis are the signal in Gaussian
white noise model and the non-parametric regression model.

§1.5.1 Signal-in-white-noise model

Let the random function Y (™ () be defined as follows

t
1
() (4) < €
Y™ () /an(s)ds—i—\/ﬁWt, teo,1],

where 0y € L?[0,1] is the parameter of interest and W, is the Brownian motion. This
problem can also be interpreted as observing n independent realizations of a random
variable defined as

t
0 ::/oo(s)ds+wj,t, je{ln}, teo1],
0

where the W;; are n independent Brownian motions.

It is usual for practicality to convert the problem into the spectral domain using
an orthonormal basis (¢;);>1 of L?[0,1]. The random function Y (™) (t) becomes a
sequence (Y;);>1 defined as

1
Vvn
where (0p.:)i>1 € ¢? is an infinite sequence and (Z;);>; are independent standard
normal random variables. The relative simplicity of the model and its relation to
non-parametric regression (Brown and Lowl, [1996) and (Nussbauml [1996) makes it
an important benchmark model in the literature; see for instance (Donoho, [1994),
and (Giné and Nickl, [2016).

In the case 0y € S? with regularity parameter 8 > 0, the minimax convergence
rate to estimate the parameter is proportional to n=%/(1428) with respect to the Lo-

loss; see (Tsybakovy 2009) and reference therein. One way to achieve this rate is to

Y =60+ Zi, 1€N,
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§1.6. Adaptation

simply estimate the Fourier coefficients of 6, with the first n'/(1128) coefficients of
(Yi)i>1. Furthermore, it has also been shown in (Knapik et al 2011) and (Ghosal
and Van der Vaart, 2017) that using an appropriately smooth GP prior (for instance
a squared-exponential GP with rescaling a,, := nl/(1+25)/10g2/(1+2ﬂ) n) leads to op-
timal posterior contraction rates (up to a multiplicative logarithmic factor).

§1.5.2 Non-parametric regression

Let (X;,Y:)!_; be n iid pairs of random variables such that
Y;ZH()(Xi)—f—Zi, xS {1,,71}

where the X;’s are in a set X (e.g. [0,1]), the Z;’s are iid centered random variables
(generally taken as standard normal) and 6y € L? is the functional parameter of
interest. When X is deterministic, we talk about regression with fixed design, for
instance the regular grid X; = i/n on X = [0, 1], while in the case of random X;, we
talk about regression with random design. Generally, 6y is assumed to belong to a
certain class of smoothness with regularity § > 0, for instance a Sobolev or Holder
class. The corresponding minimax rate for both classes is, up to a constant multiplier,
n=B/(+26) with respect to the empirical Lo-norm in the fixed design case and the
usual Lo-norm in the uniformly random design case.

Among the estimators achieving the minimax convergence rate, we can present
the Nadaraya-Watson estimator introduced in (Nadarayal, [1964) and (Watsonl, [1964)

S A
0,(x) = ,
@) = S R

which uses a kernel K, a non-negative integrable function, as a weight function and
h > 0 is a smoothing parameter called the bandwidth. In (Bickel and Doksuml (1977)),
we can see that if the bandwidth is well chosen, namely h =< n~1/ 28+ then both
the point-wise and integrated mean-square errors are proportional to the optimal
convergence rate n~?/(1428)  In this model as well, (van der Vaart and van Zanten,
2008)), (Knapik et al., 2011)), (Ghosal and Van der Vaart, 2017) and (Bhattacharya
et al., 2017)) have shown that using a GP prior can result in a posterior density which
contracts around the true parameter at an optimal rate in Ly-norm up to a possible
logarithmic factor.

§1.6 Adaptation

In the previous section, we have seen that some estimators are minimax for the dis-
cussed models. However, these estimators require the knowledge of the exact regu-
larity of the true parameter. In practice, this might not be realistic since the true
regularity is seldom known in advance; thus, it is desirable to have procedures which
do not rely on the true smoothness hyper-parameters, but adapt to them. In math-
ematical words, we can consider that the parameter of interest fy belongs to a pa-
rameter space © seen as a collection of subspaces ©° indexed by a hyper-parameter
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1. Introduction

5. We would like to find an estimator én € O which attains the minimax rate R, g
corresponding to ©° whatever the true smoothness £ is

sup EgL(én,e) < Canﬁ,
0cOrs

where Cg > 0 is a positive constant depending only on 8 and R, g is defined as

R, 5= inf sup EgL(f,,0).

0,€08 gcos

Although the theory of adaptation is fairly developed in frequentist statistics; see
for instance (Bickel, [1982), (Lepski and Spokoiny, [1997), and (Goldenshluger and
Nemirovski, [1997)), its Bayesian counterpart is relatively recent, and has been getting
more attention, see the monograph (Ghosal and Van der Vaart| 2017) and reference
therein.

The idea is to construct a prior distribution reaching the optimal contraction rate
for a set of possible regularities. In the non-parametric case, the oracle choice, the
tuning parameter of the prior associated with the true smoothness, is impossible to
select in practice. This encourages us in most cases to make a data-driven selection
of this parameter. The two adaptive Bayesian techniques discussed in this thesis are
the empirical Bayes and the hierarchical Bayes methods.

§1.6.1 Empirical Bayes

One possible way to proceed is to estimate the tuning parameter from the data. Al-
though not fully Bayesian, since the parameter of interest is estimated using frequen-
tist techniques, this method can be computationally convenient in some statistical
settings. This approach is known as the empirical Bayes method in the literature.
Basically, if the prior distribution is tuned by a parameter a such that we can denote
it by Il,,, we first need to estimate this parameter by maximizing the marginal likeli-
hood [ Ps(X)dIL,(0) seen as a function of a to obtain an estimator & with X being
our observation, then plug & into the posterior used in our inference. In other words,
the maximum marginal likelihood estimator (MMLE) is

&= argmax/ Py(X)dIIL,(0),
o Je

and the corresponding posterior would be Il4 (| X) = IL,(-|X)|
o=

We consider the following toy-example to demonstrate the idea. Let X (™ be a
sample of n iid observation from a Bernoulli distribution with unknown mean 6. We
endow 0 with a Beta prior with parameters a,b > 0, which are also unknown. We will
first estimate the hyper-parameter ¢ and b by maximizing the marginal likelihood

N 7 1 a+§:v X.—1 b+n—§:. X.—1
= i 1 — i k3
(an,bn) arg nggx B( ) )9 (I 9) ,

where B(a,b) is the normalizing Beta function. Then, we plug a, and b, in the
posterior distribution of the parameter 6

I, (|X™) =TI, ,(-|X™)  ~Beta(in + > Xi by +n— Y X;).

a Py
n,Vn a=an, ,b=b,
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§1.7. Distributed computation

The approach benefits from the fact that once the estimators of the hyper-parameters
are computed, the posterior distribution generally becomes simple to compute. Fur-
thermore, the choice of the hyper-parameters makes sense intuitively for the frequen-
tist community, since it removes part of the subjectivity tied to the prior. For a
more comprehensive overview of the use of Empirical Bayes in practice and theoreti-
cal properties thereof, see (Johnstone and Silverman) |2005), (Belitser and Enikeeval,
2008), (Jiang and Zhang, 2009) (Szabo et all [2013]) and (Rousseau and Szabo, 2017)).

§1.6.2 Hierarchical Bayes

On the other hand, the hierarchical Bayes method is more appealing to Bayesian
statisticians. In this approach we treat the hyper-parameter a as a random vari-
able, similarly to the parameter 6, and we endow it with a hyper-prior distribution.
Formally,

X0~ Py, Ola~1l,, a~A,

where A is a hyper-prior distribution, II,, is the prior distribution of the parameter
of interest 6 conditionally on « and Py is the distribution of our data conditionally
on the parameter §. This creates a multilevel, hierarchical Bayesian procedure We
are then interested in the marginal posterior distribution II(:|X) = [II,(:|X)dA(c).
This fully Bayesian method has been studied in different models, and it has been
shown in, among other papers, (Huang, [2004)), (Lember and van der Vaart, 2007,
(de Jonge and van Zanten) 2009), (van der Vaart and van Zanten) [2009a) and (Arbel
et al., |2013) that if the hyper-prior is chosen appropriately, the posterior distribution
contracts at an optimal rate adaptively.

Considering our previous toy-example, in a hierarchical Bayes procedure, we would
put a hyper-prior on a, b > 0, for instance two independent Gamma distributions with
parameters k,~ > 0. Formally, we would have

X™|g ~ Ber(0), 0la,b~ B(a,b), a,b "~ T(k,7).

In some cases, it is possible to compute the marginal posterior 6|X (") straightfor-
wardly; however, in most cases, only approximation techniques (like MCMC methods)
can be applied.

One of the reasons hierarchical Bayes procedures are popular is that they ensue
directly from the Bayesian philosophy. Indeed, once a suitable sampling method is
found for the parameters of interest, most questions about the data-generating process
can be answered from a Bayesian point of view.

§1.7 Distributed computation

An asymptotic assessment of a statistical procedure requires the size n of the data to
be large; paradoxically, the optimal procedures suffer from having larger and larger
data set, consequently increasing computation time. On one hand, a larger sample
size is appreciated because it leads to more precise statistical statements, and on
the other hand, increasing the number of observations results in more computational
burden. Among the statistical procedures showcasing this phenomenon, we can give
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1. Introduction

the GP non-parametric regression as an example. In this statistical model, we endow
the functional parameter § with a GP prior § ~ GP(0, K) where K is a covariance
kernel. When the noise is also Gaussian with (Z;), N (0,0?), the corresponding
posterior becomes easy to compute and we have 0|(X;,Y;)?_; ~ GP(6, K), where the

parameters 6 and K have closed forms:

D>
—~

8
~

Il

K(z, X)T(K 4 ¢*I,) 'Y, (1.7.1)
K(z,2') — K(z, X)T (K + ¢*I,) ' K (2, X), (1.7.2)

=

—

R
H\

S~—"
I

where Y = (Y;)iL,, K(z,X) = (K(z,X:))j2; and K = (K(X;, X;))7';—; for all
x, 2’ € X where X is a compact space (generally [0, 1]%). Even though it is possible to
compute the parameters of the posterior directly, they require the inversion of a n xn
matrix, which scales the computational complexity to O(n3) and requires a memory
of order O(n?).

Against the background of the high computational complexity, methods based on
distributed computation have emerged. Distributed methods partition the data over
several machines called experts, see for instance (Jordan and Jacobs| [1994), (Minsker
et al., 2014), (Ng and Deisenroth| |2014)), (Cao and Fleet| 2014)), (Srivastava et al.,
2015) and (Scott et al. [2016]). The experts process their share of the data locally,
solving smaller versions of the problem. Then, all the local results are aggregated on
a central machine to produce a final outcome of the statistical analysis. To formalize
these ideas, let us partition the data (X;,Y;)™, into m batches (X7, Y/);”, with j €
{1,...,m}, such that 3, n; = n. So as to keep the simplicity of the GP non-parametric
regression problem, we assume that each machine endows the parameter with a GP
prior. Once the local posterior distributions 6|(X7,Y/)?, are computed, we can
sample from the global posterior by aggregating each sample from the local posterior
distributions. There exist different types of distributed computation methods based
on the manner the data is partitioned, the way the local posterior or its modification
is computed and the aggregation technique used in the process. We provide here a
short description of these methods, but more details will be given in Chapters 3 and
4.

§1.7.1 Uniformly random partitioning

The data can be partitioned uniformly randomly among the machines. For simplicity,
we assume that n = 0 mod m. Each machine will receive n/m data points chosen
randomly among (X;,Y;)" ; such that no data point simultaneously belongs to two
machines or more.

Although in the classical Bayesian approach, the posterior is merely proportional
to the likelihood multiplied by the prior, it is sometimes beneficial in distributed
computation to modify the local posteriors. For instance, in order to tone down the
effect of the prior, it can be useful to raise the prior to a power decreasing in m, the
number of machines, for instance 1/m. Another technique would be to increase the
effect of the likelihood by raising it to a higher power, for instance m.

Furthermore, the aggregation of the local posteriors also affects the quality of the
global posterior. In the case the data has been partitioned uniformly randomly, one
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§1.8. Overview

can either simply average the local posterior distributions or compute their Wasser-
stein barycenter, which is based on the Wasserstein distance between probability
measures.

§1.7.2 Spatial partitioning

It is also possible to partition the data spatially. In this case, we partition the design
space X into m sub-regions called D; with j € {1,...,m}, and the jth machine will
deal with the data points {(X;,Y;),,X; € D;}.

In this scenario, we will see that no modification of the local posteriors is needed.
Moreover, even though each machine only receives observations with X; in D;, it can
produce a posterior mean and covariance for all x € X. Then, it is possible to draw
from the local posterior and compute a weighted average of these draw, subsequently
constructing a global posterior. Mathematically, if 6; is a sample from the local

posterior II;, then
m
0= Zwﬂj,
j=1

is a draw from the global posterior II*. The functions w; are defined on X such
that Z;nzl wj(z) = 1 for all z € X. The most naive approach would be to take
w;j = 1p,, "gluing” in a sense the local GP posteriors. However, this approach leads
to discontinuous samples from the global posterior. In order to avoid discontinuities,
continuous data-driven weight functions concentrating around D; are favored.

§1.8 Overview

This thesis focuses on frequentist properties of Bayesian techniques. The first chap-
ter examines how adaptation affects uncertainty quantification using exponentially
decaying covariance kernel. The two following chapters (Chapter 3-4) focuses on dis-
tributed computation in the Bayesian non-parametric regression model. In Chapter
3, we derive contraction rates and coverage for uniformly randomly partitioned dis-
tributed methods when the smoothness of the true function is known. On the other
hand, Chapter 4 deals with adaptive optimal recovery for spatially partitioned dis-
tributed methods. Finally, the last chapter is an extensive comparative simulation
study of the aforementioned distributed methods.

§1.9 Notations

For two positive sequences a,,b, we use the notation a, < b, if there exists an

universal positive constant C such that a,, < Cb,. Along the lines a,, < b, denotes
that a, < b, and b, < a, hold, simultaneously. For § € L5[0,1] we denote the

standard Lo-norm as ||0||3 = fol 0(x)?dz and let diam(S) denote the f5-diameter of
the set S C f5. Throughout the thesis, ¢ and C' denote global constants whose value
may change one line to another. The dependence of the constants ¢, C' on the model

parameters we denote by sub-indexes, e.g. cg, Cg,m, m-
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2. Adaptive credible sets with a squared-exponential GP prior

CHAPTER

Adaptive credible sets with a
squared-exponential GP prior

This chapter has been published as: A. Hadji, B. Szabd, “Can we trust Bayesian
uncertainty quantification from Gaussian process priors with squared exponential co-
variance kernel?” (2021) in STAM/ASA Journal on Uncertainty Quantification, (9),
1, 185-230

Abstract. We investigate the frequentist coverage properties of credible sets result-
ing in from Gaussian process priors with squared exponential covariance kernel. First
we show that by selecting the scaling hyper-parameter using the maximum marginal
likelihood estimator in the (slightly modified) squared exponential covariance ker-
nel the corresponding credible sets will provide overconfident, misleading uncertainty
statements for a large, representative subclass of the functional parameters in con-
text of the Gaussian white noise model. Then we show that by either blowing up
the credible sets with a logarithmic factor or modifying the maximum marginal like-
lihood estimator with a logarithmic term one can get reliable uncertainty statement
and adaptive size of the credible sets under some additional restriction. Finally we
demonstrate on a numerical study that the derived negative and positive results ex-
tend beyond the Gaussian white noise model to the non-parametric regression and
classification models for small sample sizes as well. The performance of the squared
exponential covariance kernel is also compared to the Matérn covariance kernel.

§2.1 Main results

§2.1.1 Model description

We consider the Gaussian white noise model

Y(t) = /0t Oo(s)ds + %WD teo,1], (2.1.1)

where 6y € L2[0, 1] is the unknown function of interest and W; denotes the Brownian
motion. Let Py, Ey, and V) denote the corresponding probability measure, expected
value, and variance, respectively. In the Bayesian approach we endow the unknown
function of interest 6y with a prior distribution representing our initial belief. In our
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2. Adaptive credible sets with a squared-exponential GP prior

work we investigate the popular Gaussian process prior with rescaled squared expo-
nential kernel. Let us consider the sequence representation of the Gaussian white noise
model. For an orthonormal basis v;, i = 1,2, ... (e.g. the Fourier basis) let us denote
the sequence decomposition of the functions 0y (t), Y (¢), and Wy by ¥; = (Y (t), 1:(t))2,
0o,; = (0o, ¥i(t))2, and Z; = (Wi, ¥;(t))2 “ N(0,1), i = 1,2, ..., respectively. Then
the equivalent sequence model can be given in the form

1

—Z;, 1=1,2,....
v
Slightly abusing our notations we denote by 6y both the functional parameter in the
Gaussian white noise model and the sequential parameter 6y = (g 1,602, ...) in the
sequence model. It is common to assume that the true function 6y belongs to a
hyper-rectangle regularity class, i.e.

Y; =60, +

0o € ©° (M) = {9 € 0y s sup 62i?PF < M} :

i>1

for some (typically unknown) 3, M > 0. The class ©°(M) is closely related to Sobolev
type of regularity classes S?(M) = {0 € {5 : Y",-, 02i*# < M} and the derived results
can (typically) easily be extended to them, see for instance (Szabo et al., [2015). We
note that the minimax estimation rate for the above hyper-rectangle regularity class
is n=A/(28+1) "je. there exists Cs > 0 such that

inf sup  Epl|§ — ||z > Can A/ A+
0 9cof(M)

where the infimum is taken over all estimators, see for instance (Donoho, [1994).
In view of Mercel’s theorem we can represent the Gaussian process prior with
squared exponential kernel as

Gr =Y N&i(t),
i=1

where \;, ¥;, 1 = 1,2, ... are the eigenvalues and eigenfunctions of the squared expo-
nential covariance kernel, and &; are iid standard normal random variables, see for
instance Chapter 4.3 of (Rasmussen, 2004). The corresponding coefficients A; can be
approximated as \? ~ a~le”"/? for X = R and with respect to the Gaussian dom-
inated measure, see for instance (Rasmussen, [2004)). In the rest of the chapter we
(mainly) work with the prior

Ola ~ ®N(O, a~temVe) (2.1.2)
i=1
in the sequence model, for convenience. Note that in view of [0y ~ @:=, N (0o, n™ ")

and the choice of the prior II,(+) in , the corresponding posterior II,(-|Y") takes
the form

0la,Y ~ ®N( nk; ! ) (2.1.3)
i=1

aet/a 4 n’ qetla +n
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§2.1. Main results

The behavior of the posterior distribution is very sensitive on the choice of the
hyper-parameter a. Since the optimal choice of a depends on the (typically) unknown
regularity parameter 8 of the underlying functional parameter of interest 6 in practice
one uses data driven procedures for selecting a. The two most commonly applied
Bayesian techniques for selecting the hyper-parameter are the hierarchical Bayes and
the marginal likelihood empirical Bayes methods. In the hierarchical Bayes method
the hyper-parameter a is endowed with a prior distribution 7 (also called hyper-prior
distribution), resulting in a two-level, hierarchical prior distribution

() = /000 I, (-)(a)da.

For technical reasons, we introduce the following assumptions on the hyper-prior
density function 7(-) supported on [1, A,].

Assumption 2.1.1. Let us assume that for some c¢; > 0 there exist ca,ce > 0 and
c3,¢q,c5 > 0 such that

cyta% exp(—cpa) < m(a) < cpa” exp(—cpa), (2.1.4)

forallcy <a< A,.

Note that among others the exponential, the gamma, and the inverse gamma
distributions (restricted to [1, A,]) satisfy Assumption [2.1.1]

In contrast to this in the empirical Bayes approach we take the maximum marginal
likelihood estimator (MMLE), i.e.

Gy, = arg aen[llz,ljl(n] ln(a), (2.1.5)

where the marginal log-likelihood function (with respect to the measure .-, N(0,1))
is
o0

1 n TLQYZ-2
ln(a) = —52 <log (1 + aei/“) T Leila +n>

i=1

and the parameter A, = o(n) restricts the parameter space to a compact interval,
which is advantageous both from practical and analytical perspective. Then the
estimator a, is plugged in into the posterior distribution , resulting in the
empirical Bayes posterior II;, (-]Y).

We show in Section that both of these methods result in optimal recovery
for the functional parameter of interest 8y. These results are of interest on their own
right, but our main focus lies on the reliability of Bayesian uncertainty quantification
resulting both from the hierarchical and the empirical Bayes procedures, hence we
have deferred the contraction rate results to the Section

§2.1.2 Uncertainty quantification

In our work we investigate the reliability of the built-in uncertainty quantification
of the above data-driven posterior distributions. For convenience let II,,(-|Y") denote
both the hierarchical and the empirical Bayes posterior distributions in the following.
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2. Adaptive credible sets with a squared-exponential GP prior

In Bayesian methods the remaining uncertainty of the procedure is visualized by the
credible set. We consider fs-credible balls centered around the posterior mean, i.e.
we analyze credible sets in the form

Cra={0€ 2011002 <70 (2.1.6)

where 6 is the posterior mean and the radius 4 is chosen such that (0 C’n,a|Y) =
1 — «, for some prescribed significance level o > 0.

We are interested in the frequentist properties of ¢o-credible balls resulting from
the data driven credible balls. Then let us denote by r, the radius of the ¢2-ball
centered around the posterior mean 6 and accumulating 1 — « fraction of the posterior
mass, i.e.

IO : |0 —0]ls <ralY)=1—a

In our analysis we introduce some additional flexibility by considering inflated credible
balls, i.e.

Co(Ln) = {0116 = 0llz < Lura }, (2.1.7)

for some blown up factor L,, > 1, possibly depending on n. As a first step we note that
the size of the credible set for both the empirical and hierarchical Bayes procedures
adapts to the minimax rate (actually the diameter of the set is even a logarithmic
factor faster than the minimax rate in case of the empirical Bayes procedure).

Corollary 2.1.2. Both the hierarchical and the empirical Bayes credible sets defined
in (2.1.7) have rate adaptive size, i.e. for every By >0 and M >0

sup sup P, (diam(é’n(l)) > M,,n A28+ (1og n)’l/(w“)) -0,
B>Bo 0€OF (M)

where the sequence M, goes to infinity arbitrary slowly in case of the empirical Bayes
method and M, > logn in case of the hierarchical Bayes method.

Proof. The proof is given in Sections [2.7] and 2.10] respectively. O

2.1.2.1 Coverage of credible sets - negative results

Next we investigate how much we can trust the above derived data-driven Bayesian
uncertainty quantification from a frequentist perspective. We would like to know
whether the true function 6y is included in the (blown up) credible set, i.e. if any
fixed By > 0
inf Py(6o € Cp(Ly)) > 1 —
B0 €Up> 5,07 (M)

holds for some sufficiently large choice of L,,. Since it is impossible to construct honest
confidence sets with rate adaptive size and in view of the adaptive size of the credible
sets, see Corollary they must have poor frequentist coverage properties at least
for certain functional parameters y. Actually the radius of the credible sets decays
even faster than the minimax rate, which already implies impossibility of coverage.
Nevertheless it is of interest to quantify the set of functions for which the Bayesian
uncertainty quantification is truth-worthy.
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§2.1. Main results

First we note that a representative subset of the hyper-rectangle ©° (M) is the set

0% (m, M) = {9 € ©°(M) : mini'*t?P92 > m} : (2.1.8)

i>1

for some parameters 0 < m < M. Let us refer to this subclass of sequential parameters
as self-similar signals following the similar terminology of (Giné and Nickl, 2010)
and (Szabo et all 2015). It was shown in the later paper that the minimax rate
over ©7(m, M) is the same as over ©°(M). The next theorem shows that both of
the hierarchical and the empirical Bayes procedures provide unreliable uncertainty
quantification over this representative sub-class of functions unless it is blown up
with at least a logarithmic factor.

Theorem 2.1.3. Let us take arbitrary L, = o(y/logn). Then the empirical and
hierarchical Bayes credible sets blown up by L, have frequentist coverage tending to
zero for every self-similar signal, i.e. for every 0 <m < M,

sup Py, (6p € C’n(Ln)) — 0.
000’ (m, M)

Proof. See Section [2.7] O

This negative result draws a dark picture as it tells us that one can not trust
Bayesian uncertainty quantification resulting from the investigated prior, even if one
allows certain amount of adjustment (i.e. by blowing up the set with a sequence
tending to infinity, not too fast). Since the prior used is very closely related to the
Gaussian process with squared exponential covariance kernel this gives the intuition
that one has to be very cautious working with squared exponential kernel as the
corresponding Bayesian uncertainty statement are (typically) unreliable. In the next
subsection we will be touching the corners by deriving some positive results on the
coverage properties of the credible sets. First we show that for analytic functions the
(slightly inflated) credible sets provide reliable uncertainty quantification and second
we show that by blowing up the credible sets by a logarithmic factor or by slightly
adjusting the maximum marginal likelihood estimator, one gets reliable uncertainty
statements for a large subclass of functions, including the self-similar functions.

2.1.2.2 Coverage of credible sets - positive results

Let us consider the set of analytic-type functions defined as

0y € AT(M) = {e €ly: Zafem < M} ,

i=1

for some v > 0. Note that the investigated prior is more suitable for this
class of functions due to the exponential decay of the variances. We show below that,
indeed, for the class AY(M) both the empirical and the hierarchical Bayes procedures
provide reliable uncertainty quantification. Note, however, that the present class of
functions is substantially smaller than ©% (M), for any 8 > 0.
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2. Adaptive credible sets with a squared-exponential GP prior

Theorem 2.1.4. The inflated empirical and hierarchical Bayes credible sets C’n(L)
have frequentist coverage tending to one over the class 6y € AY(M) for any v > 1/2
and sufficiently large constant L > 0, i.e.

inf  Py(0 € C,(L 1.
00614117(1\/1) 0 (0o € Cn(L)) —

Furthermore, the size of the credible set is (nearly) optimal, i.e. for some sufficiently
large constant C' > 0,

. A < On-1/2 .
eoe%f(M) Py (dzam(Cn(l)) <Cn logn) —1

Proof. See Section [2.6 O

Next we investigate the behavior of the credible sets by allowing a logarithmic
inflating factor. Since the size of the inflated credible sets are still nearly minimax,
the credible sets fail to cover all functional parameter 8y of interest, in view of the non-
existence result of adaptive confidence sets seen in (Cai and Low, 2004)) and (Robins
and van der Vaart], 2006)). Therefore we restrict the investigated class of functions to
the so called polished tail class, introduced in (Szabo et al, [2015)) and (Rousseau and
Szabo, [2020). We say that a sequential parameter 6 € ¢5(M) belongs to the class of
polished tail signals denoted by ©,.(Lg, No, p), for some Ly, p, Ng > 0 if

[eS) pN
07 <Loy 67, forall N >N,
=N =N

The above assumption basically requires that knowing the sequential parameter 6 up
to a certain coordinate enables us to draw conclusion about the tail of the sequence.
We require that the energy (sum of the squared coefficients) of the tail is dominated
by the energy of a finitely large block of coefficients. This condition makes also
sense intuitively as in the stochastic model the signal can be observed only up to
some limit, the fluctuation in the later coordinates can equally likely be caused by
the noise. Therefore to make reliable uncertainty statement we have to assume that
the tail behavior of the signal hidden by the noise is not substantial and can be
extrapolated by information available at given signal-to-noise ratio. In (Szabo et al.,
2015)) it was shown that the above assumption is mild from statistical, topological
and Bayesian point of view as well.

The next theorem states that when the sequential parameter 6y is restricted to
polished tail sequences, then both the empirical and the hierarchical Bayes credible
balls blown up by a logn factor (i.e C,, (L log?/? n)) are honest frequentist confidence
set, for large enough L.

Theorem 2.1.5. For any Lo, Ng,p > 1 there exists a constant L such that

inf Py(6y € C,(L(logn)®/?)) — 1,
00€O,:(Lo,No,p) 0( 0 ( ( g ) ))

where C,, denotes either the empirical or the hierarchical Bayes credible sets under
Assumption[2.1.1].
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§2.2. Numerical analysis

Proof. See Sections and [2.10.3] respectively. O

Hence one can achieve reliable uncertainty quantification on an arguably large
subset of the function space by blowing up the standard credible set with a slowly
varying term. This, however, is not very appealing as a practitioner would righteously
hesitate introducing the artificial logarithmic blow up. Therefore, we propose another
method, where one does not have to introduce a logarithmic blow up factor, but
instead adjust the maximum marginal likelihood estimator. Investigating the proof
of Theorem one can see that the MMLE a,,, given in , is too small, the
empirical Bayes procedure is basically oversmoothing. One can compensate for this by
undersmoothing the procedure. We propose to adjust the MMLE by a multiplicative
logarithmic factor

an, = log(n)ay,. (2.1.9)

Then the corresponding empirical Bayes credible set (blown up by a sufficiently large
constant L > 0) results in reliable uncertainty quantification for self-similar functions
08 (m, M).

Theorem 2.1.6. For any 0 < m < M there exists a constant L > 0 such that

inf  Py(fy € Cp(L)) — 1,
00O (m, M)

where dn(l) denotes the credible set resulting from the empirical Bayes posterior with
hyper-parameter a,, .

Proof. The proof of the theorem is deferred to Section [2.9] O

§2.2 Numerical analysis

In this section we investigate the numerical properties of the Gaussian process prior
with (approximately) squared exponential covariance kernel. First we consider the
Gaussian white noise model and the prior . We show that the correspond-
ing Bayesian uncertainty quantification is misleading for various regularly behaving
functions. We also demonstrate that a different choice of the covariance kernel or
a modified version of the empirical Bayes procedure results in more accurate uncer-
tainty statements. Then we consider the (from practical point of view) more relevant
non-parametric regression and classification models, where we also demonstrate the
sub-optimal behavior of the (standard) empirical Bayes method with squared expo-
nential covariance kernel and show that the proposed modification results in superior
performance compared to it. We also consider GP priors with Matérn covariance ker-
nels and show that although they poses good recovery and uncertainty quantification
properties, their run times are substantially slower than using squared exponential
kernels.
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2. Adaptive credible sets with a squared-exponential GP prior

§2.2.1 Gaussian white noise model

First we demonstrate the sub-optimal performance of the Gaussian process with (ap-
proximately) squared exponential covariance kernel compared to modified ver-
sions of the empirical Bayes procedure and to the Gaussian process prior with poly-
nomially decaying variances in the series representation, see (Knapik et al.,[2016|) and
(Szabo et all |2015)). Let us consider the function 6; € L]0, 1] given by their Fourier
coeflicients 01 ; = i—3/2 sin(i), for i« = 1,2, ..., respectively, relative to the Fourier
eigenbasis 1;(t) = v/2 cos(m(i—1/2)t). Note that although the function lies outside of
the self-similar function class , it has essentially the same behavior. In Figure
n we visualize the 95% credible sets (light blue or light red), the posterior mean
(blue or red) and the true function (black), by simulating 2000 draws from the em-
pirical Bayes posterior distribution and plotting the closest 95% of them in Ls-norm
to the posterior mean. We note that all credible sets were constructed without any
inflation factor, i.e. L,, = 1 was taken (except of the case where the choice L,, = logn
was pre-specified). The credible sets are drawn for signal-to-noise ratio n = 100,
500, 1000 and 5000, respectively. We also plot the same credible sets blown-up by
a logn factor, the credible sets obtained by the modified empirical Bayes procedure
(where the MMLE a,, of the scaling parameter a was multiplied by logn) and the
empirical Bayes credible sets corresponding to the prior § ~ ®3°, N (0,i~172%), with
hyper-parameter a estimated by the MMLE. One can see that the standard marginal
likelihood empirical Bayes method provides too narrow credible sets failing to cover
the underlying true function. Also note that both modifications of the empirical
Bayes credible sets and using the prior with polynomially decaying variances provide
good coverage, but in contrast to the overly conservative approach of inflating the
credible sets with a logarithmic factor the modification of the MMLE results in more
informative uncertainty statement (i.e. smaller credible sets).

§2.2.2 Non-parametric regression and classification

In this section we demonstrate on a simulation study that the results derived for
the Gaussian white noise model generalize to more complicated statistical models as
well. We consider the popular non-parametric regression and classification models
specifically. The empirical Bayes posteriors, posterior means and credible sets are
computed in both cases using the MatLab package “gpml”.

In the non-parametric regression model we assume to observe pairs of random
variables (X1,Y1), (X2,Y2),...(Xp, ¥2), where

Yi=00(X) +e e U N00%), X;CU01), i=1..n,
and the aim is to estimate the unknown non-parametric regression function 6y. In
the Bayesian approach we endow 6y with a Gaussian process prior with squared
exponential kernel and estimate the tuning parameter using the MMLE.

In this simulation study we take the Fourier coefficients of the underlying true
function 0y to be 0y ; = i73/2cos(i), i = 1,2, .... We take o> = 1/2, but in the proce-
dure it is considered to be unknown and estimated with the MMLE 2. We plot the
true function (black), the posterior mean (blue), and the posterior point-wise credible
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Figure 2.1: Empirical Bayes credible sets for the function 6; (drawn in black) zoomed in to the interval
x € [0.25,0.4]. First line: credible set (in light blue) and posterior mean (blue curve) corresponding to the
prior with exponentially decaying variance. Second line: credible set (in light blue) blown-up by a logn
factor (L,, = logn) and posterior mean (blue curve) corresponding to the prior with exponentially decaying
variance. Third line: credible set (in light blue) and posterior mean (blue curve) corresponding to the prior
with exponentially decaying variance and modified empirical Bayes procedure (rescaling factor multiplied
by logn). Last line: credible set (in light red) and posterior mean (red curve) corresponding to the prior
with polynomially decaying variance. From left to right the signal to noise ratio is n = 100, 500, 1000, 5000.

intervals (dashed blue) [A(x) — qo.0251/¢(x, ), 0(x) + qo.025+/¢(x, )], where 0 is the
posterior mean, ¢, the a-th quantile of the standard normal distribution and é(.,.)
the posterior covariance kernel. We consider the MMLE empirical Bayes method with
and without the log n inflation factor for the credible set, the modified empirical Bayes
method (where the MMLE was multiplied by logn), and finally the empirical Bayes
method for Matérn covariance kernel with estimating either the regularity or the scale
tuning parameter from the data. We take the sample size to be n = 100, 500, 1000,
and 2000. Observe in Figure that the standard MMLE empirical Bayes method
provides unreliable uncertainty quantification in certain points, while the two modi-
fied squared exponential credible sets and the empirical Bayes credible sets from the
Matérn kernel (with data-driven choice of the regularity hyper-parameter) capture
the underlying functional parameter of interest better. Also note that by multiplying
the MMLE of the scaling parameter by a logn factor in the squared exponential ker-
nel case we do not get an overly conservative credible set, unlike in the case when the
radius is inflated with a logarithmic factor. Finally, we note that the computation
time using the squared exponential kernel is much smaller than working with the
Matérn kernel. We note that the computational times corresponding to the Matérn
kernel are higher than for the squared exponential kernel. Estimating the regularity
hyper-parameter of the kernel is time consuming as the eigenfunctions depend on it.
Alternatively, one can consider a rescaled Matérn covariance kernel with fixed regu-
larity. This method is typically faster, however, optimal recovery of the underlying
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2. Adaptive credible sets with a squared-exponential GP prior

function is possible only up to the smoothness level a + d/2, where « denotes the
regularity of the prior, see for instance Szabo et al.| (2013). Therefore, we choose
a large enough (o = 10), which then seemingly slows down the computations. The
different running times can be found in Table[2:3] The running time is based on the
time spent computing the MMLE, the posterior mean and the point-wise posterior
variance using the MatLab package “gpml” in a personal computing environment.

We also investigate empirically the frequentist coverage probabilities of the point-
wise credible sets by repeating the experiment 100 times and reporting the frequency
that the function at given points (we consider z = (0.25,0.3188,0.75) with 0.3188 =
argmax, ¢ o 1j02()) is included in the credible interval, see Table Moreover, Table

shows the average size of the point-wise credible intervals (i.e. 2qg.025+/¢(2, ))
depending on the sample size n and the procedure used to compute the credible sets.
One can observe similar behavior to what we have described above.

Note that Table does not quite illustrate the results of Section [2.1.2] since the
table shows the point-wise credible intervals whereas most of our theoretical results
concern the Ly credible balls. However, they still give an indication of the reliability
of Bayesian uncertainty quantification. The point x = 0.3188, at which the maximum
of 65 is achieved, is seen as one of the clearest way to illustrate our negative results,
whereas our positive results could be accepted only if the probability of 82(x) being
inside of the corresponding credible interval goes to one for all point € [0, 1].

n=100 n=500 n=1000 n=2000

Figure 2.2: Empirical Bayes credible sets for the regression function 65 (drawn in black), zoomed in to
the interval z € [0.25,0.5]. The posterior means are drawn by solid blue line, while the 95% point-wise
credible sets by dashed blue curves. In the first row we plot the MMLE empirical Bayes method, in the
second row the MMLE empirical Bayes method with a logn blow up factor, the third row the modified
MMLE empirical Bayes method using squared exponential Gaussian process prior, while in the fourth row
we plot the empirical Byes credible sets using a Matérn kernel with data-driven choice for the regularity
hyper-parameter. From left to right the sample size is n = 100, 500, 1000, 2000.

Next we consider the non-parametric classification problem. Let us assume that
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§2.2. Numerical analysis

x =0.25 r = 0.3188 xz=0.75

n = 100 | 500 | 1000 | 100 | 500 | 1000 | 100 | 500 | 1000
Method 1 | 0.84 | 0.69 | 0.57 | 0.01 | 0.01 | 0.00 | 0.98 | 0.92 | 0.97
Method 2 | 1.00 | 1.00 | 1.00 | 0.96 | 0.98 | 1.00 | 1.00 | 1.00 | 1.00
Method 3 | 0.98 | 0.98 | 0.97 | 0.35 | 0.55 | 0.50 | 0.99 | 0.96 | 0.98
Method 4 | 0.99 | 1.00 | 1.00 | 0.12 | 0.35 | 0.51 | 1.00 | 1.00 | 1.00
Method 5 | 0.98 | 1.00 | 1.00 | 0.08 | 0.30 | 0.47 | 0.99 | 1.00 | 1.00

Table 2.1: Frequencies that 05(z) is inside of the corresponding credible interval for the squared expo-
nential and Matérn Gaussian process prior at given points z € {0.25,0.3188,0.75}. Method 1: SE kernel
MMLE empirical Bayes procedure, Method 2: SE kernel empirical Bayes procedure with logn blow up
factor, Method 3: SE kernel modified empirical Bayes procedure (MMLE multiplied by logn), Method 4:
Matérn kernel with smoothness MMLE empirical Bayes, Method 5: Matérn kernel with rescaling MMLE
empirical Bayes and a = 10. From left to right the sample size is n = 100, 500, 1000.

n= 100 500 1000
Method 1 | 0.3956 | 0.2367 | 0.1814
Method 2 | 1.8218 | 1.4711 | 1.2533
Method 3 | 0.7541 | 0.5279 | 0.4262
Method 4 | 0.6346 | 0.4308 | 0.3446
Method 5 | 0.5151 | 0.3338 | 0.263

Table 2.2: Average size of the pointwise credible intervals (i.e. 2qo.025+v/¢(x,x)) for Oa(x) in the re-
gression model. Method 1: SE kernel MMLE empirical Bayes procedure, Method 2: SE kernel empirical
Bayes procedure with logn blow up factor, Method 3: SE kernel modified empirical Bayes procedure
(MMLE multiplied by logn), Method 4: Matérn kernel with smoothness MMLE empirical Bayes, Method
5: Matérn kernel with rescaling MMLE empirical Bayes and a = 10. From left to right the sample size is
n = 100, 500, 1000.

n= ‘ 100 ‘ 500 ‘ 1000 ‘ 5000 ‘ 10000 ‘ 200000 ‘
Method 1 | 0.74s | 2.75s | 10.84s | 3.7m | 252 m 1.2 h
Method 4 | 148 s | 13.93s | 43.83s | 16.7m | 3.8 h 125 h
Method 5 | 1.37s | 11.15s | 33.5s | 123m | 2.8 h 10.5 h

Table 2.3: Average run time of the EB methods for 05 in the regression model. Method 1: SE covariance
kernel, Method 4: Matérn covariance kernel and MMLE for the regularity hyper-parameter, Method 5:
Matérn covariance kernel and MMLE for the scaling hyper-parameter with fixed regularity a = 10. From
left to right the sample size is n = 100, 500, 1000, 5000

we observe the binary random variables Y3, Ys, ..., Y, € {0,1}, with

PY;=1)=pX), X:%“U01), i=1,...n,
for some non-parametric function p(z) : [0,1] + [0,1]. We write p(z) in the form
p(x) = ¢¥(0(x)), with ¥(x) = e*/(1 + €®), for some function 6(zx) : [0,1] — R. In the
Bayesian approach we endow the functional parameter 6(z) with a Gaussian process
prior with squared exponential or Matérn covariance kernel.

We design similar experiments for the non-parametric classification model as for
the non-parametric regression model above, with sample sizes n = 100, 500, 1000 and
2000 and the same 6 as above. We plot the point-wise credible intervals for 6, corre-
sponding to the empirical Bayes procedure, with and without a logn inflation factor,
and to the modified empirical Bayes procedure (where the MMLE is multiplied by
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2. Adaptive credible sets with a squared-exponential GP prior

a logn factor), see Figure One can observe that the standard MMLE empirical
Bayes procedure produces unreliable uncertainty statements, while by blowing up the
credible sets with a logarithmic factor we get overly conservative uncertainty quan-
tification. These problems are resolved by considering the modified empirical Bayes
method, which captures the shape of the underlying functional parameter better and
provides more reliable uncertainty statements. We also collect the empirical estima-
tion of the frequentist coverage probabilities of the underlying functional parameter
02(x) at points z = (0.25,0.3188,0.75) in Table[2.4 and the computation time for dif-
ferent methods in Table underlying the conclusions drawn from the figures above.
Note that, similarly to Table [5.2] Table 2:4] does not quite illustrate our theoretical
results, but is linked to it in a similar fashion as Table[5.2] Moreover, Table 2.5 shows
the size of the average credible interval.

n=100 n=500 n=1000 n=2000

Figure 2.3: Empirical Bayes credible sets using squared exponential Gaussian process priors in the
classification model for the function #2 (drawn in black). The posterior means are drawn by solid blue
line, while the 95% point-wise credible intervals by dashed blue curves. In the first row we plotted the
MMLE empirical Bayes method, in the second row the MMLE empirical Bayes method with a logn blow
up factor, while in the the third row the modified MMLE empirical Bayes method. From left to right the
sample size is n = 100, 500, 1000, 2000.

§2.3 Discussion

We have shown that the MMLE empirical Bayes method for Gaussian process prior
with (a slightly modified version of the) squared exponential covariance kernel pro-
duces misleading uncertainty statement in context of the Gaussian white noise model.
The derived negative results were demonstrated on a simulation study in context of
the Gaussian white noise model and extended to the non-parametric regression and
classification models as well. Hence we can conclude that one has to be very cau-
tious when applying empirical Bayes methods with squared exponential Gaussian
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r=0.25 r = 0.3188 x =0.75

n = 100 | 200 | 500 | 100 | 200 | 500 | 100 | 200 | 500
Method 1 | 0.90 | 0.90 | 0.89 | 0.29 | 0.16 | 0.12 | 0.92 | 0.88 | 0.85
Method 2 | 1.00 | 1.00 | 1.00 | 0.98 | 0.98 | 1.00 | 1.00 | 1.00 | 1.00
Method 3 | 0.91 | 0.94 | 0.95 | 0.42 | 0.36 | 0.45 | 0.94 | 0.94 | 0.95
Method 4 | 0.94 | 0.96 | 0.95 | 0.32 | 0.27 | 0.42 | 0.95 | 0.96 | 0.96
Method 5 | 0.94 | 0.94 | 0.96 | 0.30 | 0.32 | 0.35 | 0.96 | 0.96 | 0.96

Table 2.4: Frequencies that 62 () is inside of the corresponding credible interval for squared exponential
and Matérn Gaussian process prior in the logistic regression model. Method 1: SE kernel MMLE empirical
Bayes procedure, Method 2: SE kernel empirical Bayes procedure with logn blow up factor, Method 3:
SE kernel modified empirical Bayes procedure (MMLE multiplied by log n), Method 4: Matérn kernel with
MMLE for the smoothness, Method 5: Matérn kernel with MMLE for the scaling and taking a = 10. From
left to right the sample size is n = 100, 200, 500.

n=100 | n=200 | n=>500
Method 1 | 3.2672 | 0.8209 | 0.3485
Method 2 | 15.0461 | 4.3495 | 2.1661
Method 3 | 3.6777 | 1.2675 | 0.7575
Method 4 | 3.5409 | 1.1186 | 0.6212
Method 5 | 3.4040 | 0.9698 | 0.4848

Table 2.5: Average size of the pointwise credible intervals 2¢g.025+/¢(x, ) for 62 in the logistic regression
model. The methods and the sample sizes are the same as in Tablc

n= | 100 | 500 | 1000 | 5000
Method 1 | 2.23s | 30.81s | 59m | 2.8 h
Method 4 | 4.77s | 3.1m |239m | 11.1h
Method 5 | 4.42 s 3m 151m | 82h

Table 2.6: Average run time of the EB methods for 65 in the logistic regression model. Method 1: SE
covariance kernel, Method 4: Matérn covariance kernel and MMLE for the regularity hyper-parameter,
Method 5: Matérn covariance kernel and MMLE for the scaling hyper-parameter with fixed regularity
a = 10. From left to right the sample size is n = 100, 500, 1000, 5000

processes for uncertainty quantification as typically they provide misleading confi-
dence statements, due to over-smoothing behavior of the MMLE. We note that the
bad performance of the prior (2.1.2)) is not due to the rescaling factor a=! in the
variance, because similar (but easier) computations show that the prior without the
a~! factor behaves sub-optimally as well.

One can compensate the haphazard uncertainty statements by blowing up the
credible sets with a logn factor, however, this approach is not appealing from a
practical perspective, as demonstrated in our simulation study as well. Instead we
propose to modify the MMLE by multiplying it with logn to compensate for the
over-smoothing. This procedure is less conservative than the previous one and hence
provides more accurate information about the uncertainty of the method. One can
also consider different covariance kernels, with polynomially decaying eigenvalues, like
the Matérn kernel, however, these procedures can be computationally less appealing,
as demonstrated in the simulation study.
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2. Adaptive credible sets with a squared-exponential GP prior

§2.4 Some properties of the MMLE

§2.4.1 Deterministic bounds

As a first step we provide deterministic bounds for the marginal maximum likelihood
estimator a, of the rescaling hyper-parameter a. Let us introduce the following
functions for a € [1, 00):

1 > n2iet/93
hn(a,by) = - L 2.4.1
(0= o ) & o 24
1 > n2(i — a)ei/aﬁgi
(. 00) = ) _ A 92.4.2
g ( 0) log (a) = a(aez/a+n)2 ( )

These functions are derived from the expected value of the score function, see Section
Then let us define the deterministic bounds a,, and @, for a, with the help of the
functions h,, and g, as

a,, :=sup{a € [1, A,] : gn(a,6y) > Blogn},
@y, = sup{a € [Ko, Ay] : hn(a, b)) > b}, (2.4.3)

with some b, B, Ky > 0 to be specified later and A,, = o(n) given in (2.1.5). Then we
show that these bounds sandwich a,, with high probability.

Theorem 2.4.1. The MMLE a,, satisfies

inf  Py(a, < an <an) — 1, 2.4.4
sy 0(ay < an <ap) (2.4.4)

for a,,,a, defined in (2.4.3)).
Proof. See Section O

We also derive upper bounds for a,, in the case the true function belongs to the
hyper-rectangle with regularity hyper-parameter 8 or or to the analytic function class
A7 and a lower bound for a,, in the case of self similar functions 6, € ©%(m, M).

Proposition 2.4.2. For every 8 > By and v > 0 there exist Cgp pr, Cy o, > 0 such
that

sup  a, < CB@Mnl/(?ﬁH)(logn)—lﬂ/(zﬁﬂ),

0o€OB (M)
sup  an < Oy,
0o €AY (M)
inf , > C nt/2B+1) (190 )12/ (28+1)
0o €O (m, M) B.B,m ( S )

Proof. Let us start with the proof of the first inequality. We show that for any
b > 0 the inequality h,(a,0y) < b holds for a > Cp 4 prn'/ 28+ (logn)—1—1/(26+1),
Let us introduce the notation I, = alog(n/a). Note that by using the inequalities
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ae/% +n > n and ae/% +n > aei/“, for all @ > 1, and the sum of geometric series we
get

hn(a,6p) < ——— ( ZGZ/G —2p + Z e—ila; —2[3)

- log i>1,

< Cp

2
M (I 28 Ia/a I 25 Ia/a>
o (7) "l

—2-28
< QC@Ma_l_wn <log (ﬁ)> ,
a

for some constant Cz > 0 depending only on . For any a > 0 such that A, >
a > Knl/(zﬁ“)(logn)*l’l/(w“) the preceding display is bounded by a multiple
of 203 MK~1728. Then for sufficiently large choice of the constant K = Cpp us
(depending only on 3,b and M), we get that h,(a,0y) < b for any a larger than
Cg7b,Mn1/(1+25)(logn)_l_l/@ﬁ“‘l).

The proof of the second inequality of the statement goes similarly, i.e. we prove
that for a > C, 4 ar we have hy(a,8y) < b. Note that by the sum of geometric series
we get for every a > 1/

2
—2~i T . —ija_—2vi
hn(a,eo)i ﬁ ( E ie'/ "’+—a3 E ie Ve V)

i>1,

/\

Zze M ,
a a(l —e™ 7)210g ( )

o alog

which is bounded from above by arbitrarily small b for sufficiently large choice of the
constant Cy p ar.

Finally we deal with the lower bound for a,,. Note that by using the inequalities
ae/? +n > n and ae/% +n > aei/“, for all @ > 1, and the sum of geometric series we
get

= cgma~' " n(log(n/a)) 727%,

for some c5 > 0 depending only on . For 1 < a < Kn'/(28+(logn)~1=2/(28+1) the
preceding display is bounded by a multiple of mcgK —1-281ogn. Then for sufficiently

small choice of the constant Cg g ., we get that g,(a,0y) > Blogn for any a <
Cﬂ B mnl/(26+1)(1og n)_1_2/(25+1). O

In the next lemma we show that under the polished tail condition the deterministic
bounds ga,,, @, are close to each other.
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Lemma 2.4.3. For every Lo, p, Ng > 1 we have

m\‘§

a, log ( )
sup < K log?n,

00€O,¢(Lo,No,p )a log

~
\@ ‘3
N

with K = 8.1e*p?>LoB/b for n large enough.

Proof. First of all note that since a,, < @,, there is nothing to prove in the trivial
cases a, = A, or @, = Ky. Hence h,(@n,0p) < b and g,(a,0y) < Blogn, for all
a > a,,, hold. Furthermore assume that a,, < p’zﬁn, else the statement is trivial.
. . . . k41
Let us divide the interval [p7, p?*!) into sub-intervals [p’* MMos T o T TeenT) k=
0,1,...[logn] — 1, and introduce the notation

i+ (k1) /Tlog n]

. _ 2
kj = argmax,_o . rogn]—1Yjk, Where d; = > 05.:>

i:pj+k/ [log n]

with the notational convenience Z?: ZZ fa] Cis applied later on as well.
Then by the polished tail condition

J+1
Z 00 i < Ly Z 00 7 <L lOg( )19]'7/@7
1= pJ i=pJ

for j > log, No. Note that for every a > 0 there exists an a € (a, p®a) such that
ki+1
I; = alog(n/a) € [ 7+ Tt A Flogﬂ) (2.4.5)

for some j € N and let us denote this j by J;. Then

el/logny,

2
Z 00,1‘ 2 ﬁJa,ykJa :

j=e—1/1log nls

Let us take any a; < p’2a2 and denote by a; € (a1, p2a1) the value satisfying .
Then in view of exp{e!/ 8" log(n/a)} < exp{(14+2/logn)log(n/a)} < e*n/a, for n >
e, combined with the previous inequalities we get that the ratio hy,(as,800)/hn (a1, 6o)
is bounded from above by

2( n Ia, i/a2n2 La, - 1/asn2 n? o8} : —i/a2n2
ay log (&1)4 22 ie'/202 it Ta, iet/ 9071"’_@21‘:1&2 je~ i/ 02,
e
2(mn et/ 1osnlay . 1602
az log ((72) Dim1 ie'/ @03 ;
2(n Tay - ijagp2 n 00 2
- a log (a) w2 (1 Zi:]al ie'/ 205,; + nlog (g) Zi:]az 05.:
< € + v
a 10 2 n el/ log 15,1 ’iei/&loz
2108 ag i—e—1/log "15'1 0,2
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§2.4. Some properties of the MMLE

Since ie’/% > e~2nlog(n/a,) fori > e~/1°8"[; and ie’/*2 < nlog(n/as) fori < I,,,
we can see that

Lo, ..
Zi:[;,,l Zel/awai + nlog(%) Zfizaz 93,2‘ < log (ai) Zfizal 03,1‘
e2

el/log "I(i L~ -
1 i/a1 2
> ime—1/1ogn g, 1€ / 105, log (

1/lognJ- 2

e ay '
) S 08

@z‘j

Moreover, since

el/ log "I,

o0
Z 98}1» < Lg log(n)ﬁjal,mal < Lglog(n) Z Hg’i,
i:]al i:e—l/lognlal

combined with the preceding computations we get that

2log<

log( glogn . (2.4.6)

D‘3

bl 00) _ 318" (%)

Furthermore, let us note that for any a,, < a < A4,

1+L06

s

262 2a
———— Y 62, <2Blog(n) + o(1).
1og2(g); i < 2Blog(n) + o(1)

Then by taking a; = a,,, @1 € (a,, p*a,), and az = @, in (2.4.6) we get that

hn(aa 90) S 2gn(aa 00) +

b Pn (@, 00 a1 log(3)
T mE R N O O ey
a, log(3-)

< 4e*p2(1 + o(1)) Lo log(n)
After rearranging the preceding inequality we arrive to our statement. O

§2.4.2 Contraction rates

In this section we provide the contraction rate results both for the empirical and hi-
erarchical Bayes procedures. First we show that the empirical Bayes method achieves
the (up to a logarithmic factor) optimal minimax contraction rate around the truth
for unknown regularity hyper-parameter g > 0.

Theorem 2.4.4. The maximum marginal likelihood empirical Bayes posterior corre-
sponding to the prior (2.1.2)) achieves the minimax adaptive contraction rate (up to a
logarithmic factor), i.e. for given M, By > 0 we have

10— Oolls > M, (”2
log”n

sup sup FEp [, ( Y)| — 0, (2.4.7)

—B/(28+1)
B>Po 6€OF (M) )

for any sequence M, tending to infinity.
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2. Adaptive credible sets with a squared-exponential GP prior

Proof. See Section [2.4.3 O

Using our findings on the empirical Bayes method we can extend the results on
the hierarchical Bayes method, derived in (van der Vaart and van Zanten, 2009al)
and (Bhattacharya and Pati, [2015) (where typically inverse gamma hyper-prior was
considered), by allowing other, more general choices of the hyper-prior distribution
as well.

Theorem 2.4.5. Let us assume that the hyper-prior m satisfies Assumption [2.1.1]
Then the corresponding hierarchical Bayes posterior achieves the minimax contraction
rate (up to a logarithmic factor), i.e. for given o, M > 0 we have

n —B/(28+1)
sup sup Ep [H(||6 — 6oll2 > M, <2> )| — 0, (2.4.8)
B>Bo 6€OB (M) log“n
for some arbitrary sequence M, tending to infinity.
Proof. See Section [2.10.1] O

§2.4.3 Proof of Theorem [2.4.4

Let us introduce the shorthand notation

ey = BB (10 1)28/(2541)
In view of Markov’s inequality and Theorem [2.4.1] for every 3 > 0

1
sup  Fo[lls, (|6 — Ooll2 = Mpe,|Y)] < sup Eg[ sup Rp(a)]+o(1),

00€08 (M) T MZ2el gocon(m)  acla, an]
(2.4.9)
where
Rofa) = [ 16— 6o|B1L(at]Y)
is the posterior risk. We show below that both
sup sup  Eo[Rn(a)] = O(£2) and (2.4.10)
0p€OB (M) a€la,,,an]
sup B[ sup |Rn(a) — Eo(Rp(a))|] = o(e?) (2.4.11)

00c©8 (M) a€la,.dn]

hold, which results in that the right-hand side of (2.4.9) vanishes as n — oo, conclud-
ing the proof of Theorem [2.4.4]

2.4.3.1 Bound for the expected posterior risk (2.4.10)

First, note that by elementary computations
= 1

Rn(a) = (éa,i -0 ,i)2 + 3 ida 1L
Z 0 ;ae/ +n

i=1
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§2.4. Some properties of the MMLE

where éa,i = n(aei/“ +n)~1Y; is the ith coefficient of the posterior mean. Therefore
the expectation of R, (a) is given by

e 2¢2i/a oo OO 1
EoR,( 9 . . 2.4.12
0 ; (aei/a 4 n)2 07 g ael/“Jrn +;ael/a+n ( )

Note that the second and third terms do not contain 6y, and that the second term
is bounded by the third. By Lemma [2.11.2| (with » = 0 and [ = 1) and Proposition
the latter is further bounded for a < @, by a multiple of

a log (ﬁ> < n log (n) < Cﬂ,b,Mn_QB/(Qﬁ—H)(lOg n)_l/(%“),
n a n 7%

since the function a — alog(n/a) is monotone increasing for a < n/e. It remained
to deal with the first term on the right hand side of (2.4.12), which we divide into
three parts and show that each of the parts have the stated order. First note that for
0y € ©°(M)

o0 2 2i/a 0

a“e 2 _1-23
2. (acila 200 < > Mi

z=(n/ 10g2 n)l/(2ﬁ+1) i=(n/ log2 n)l/(23+1)

M/ \-28/C8+D
SN
28 \log” n

Next note that for a < @, in view of Proposition [2.4.2

= a’e? a’e? a’et 2
— 02, < — 0 < — 62,
; (aez/a Jrn)z 0,0 = Z n2 03 = "2 ; 0,7
—2
< et < AMCE, @5 (logn) 22/ (BB,
n b,

Furthermore, notice that the maximum of the function i — €*/*/(i —a) over [2a, I,] is
attained at ¢ = I, because the function is increasing for ¢ > 2a and n > 0. Besides,
for a > a,, we have g,(a, fo) < Blogn, hence for any a,, < a < ay,

la a2e2i/a

o o a_log’ (3) Z nelfi—a)
(aclle 0 = {log (3) 1) 5, alog? (2) (welle )2 "

i=2a 1=2a
< 2a,n 'log (n) gn(a, 0o)
an
< 2a,n 'log’n < 26’57b7Mn*2B/(2ﬁ+1)(10g n)25/(25+1)’

where the last inequality follows from Proposition
It remained to deal with the terms between the term I, = a,,log(n/a,,) and the

term (n/log®n)Y/ A+ Let J = J(n) be the smallest integer such that

1\’ n n O\ M@+
14 a, log{ — ) > —5
logn a, log” n
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2. Adaptive credible sets with a squared-exponential GP prior

1 J
=11 I, .
" ( + logn> &n

Note that the sequence n; is increasing. For notational convenience, we also introduce
b; such that bje”j/bi =n and b; < n;. Now we have for any a > 1

and let

(n/10g2 n)l/(26+1) a eZz/a J—1mnj41

WOZ—ZZQOz

7=0i=n;

J—1mnj41

i/b
9 nb;e/ % 9
<4y N 0 ez/b] e 90,¢- (2.4.13)

7=0i=n;

By elementary computations we get that b; < n;/logn;, therefore (2.4.13) is further
bounded by constant times

nitl = 5

E (Z —b; ) 2 bj log n
E < — Jme ) )
logn] (b;e1/55 + )2 901 = Jz::o log 1, gn(b;,60)

Since b; > a,, we have g, (b;,60) < Blogn for all j > 0. Then by the sum of geometric
series we get that

J
J-1 I, (14 2 )
1 1 Qn( ogn
SN U logtn < 2(1428)2 220 8

n] IOg nj n logn

< 2(1 + 2B)%n 28/ 28+1) (1og n)2~2/(28+1)

concluding the proof of assertion (2.4.10)).

2.4.3.2 Bound for the centered posterior risk (2.4.11])
Note that
R,(a) — EoR,(a) = V(a)/n —2W(a)/v/n, where
> ae’/aﬁo i

(o)
1
= 2 _— 2 g .
V(a)=n ;:1 (a1 ) (Z7 = 1), and W(a g (e n)? Z;.

Therefore it is sufficient to show that there exists a constant K = Kg prp,5 > 0 such
that

B sup DN o pp28/08+0) (og ) -1/284D)
aELn,EH] n

Ey sup 7|W(a)| < Kn~28/(428)
a€la,, ,an] \/ﬁ

We deal with the two processes above, separately.
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§2.4. Some properties of the MMLE

For the process V, Corollary 2.2.5 in (Van Der Vaart and Wellner, 1996) implies
that

diama,
Eo| sw V@IS sw V@ + [ VEE e d)de
a€la,, an] a€la,,,an] 5
where d2(a1,a2) = Vo(V(a1) — V(az)), diam, is the d,-diameter of [a,,,@,] and

N (e, B,d,) the covering number of the set B with e-radius balls relative to the d,
semi-metric. The variance of V(a) is equal to

- 1
Vo(V =o'y
0(V(a)) = 2n ; (aei/® + n)
since V(Z2) = 2. Using Lemma [2.11.2 (with » = 0 and [ = 4) we can conclude
that the variance of V(a) is bounded from above by a multiple of alog(n/a), hence
diamy,, < v/a, logn. In view of Lemma the distance d,, (a1, az) is bounded from
above by a multiple of |a; — as|log®?n, hence the interval [a,,,@,) can be covered

with constant times @,c~! logg/ 2 amount of e-balls relative to the d, semi-metric.
In view of the above computation and Proposition

1
— sup |V(a)|

" agla,, ,an)

E, < M logn < Oy arn2 OB+ (log ) /284D
- b,

The process W can be dealt with similarly to V. The main difference is the
bounding of the variance of W, which we describe in details. First note that

W(a) = a?etle
1% = 1 00.i-
°( NG ) "2 Caailo O

Let us split the sum at I, and by applying the inequality ae’/* +n > n, we get

< Lsn iy, < L0olE
m i=1 v n .

Ia
a 621/(1

i/a 0,2
— (ae'/® +n)*

Then by noting that the function i — e¥/%/((i — a)(ae’/* 4 n)?) is decreasing on
[I,,0), recalling that g, (a,6y) < Blogn, for all a > a,,, and in view of Proposition

[2:43] for a < an

=n>

ST e ) St
ael/“—l—n ~ 4n? (log (2) — 1) = alog? (%) (aei/a 4 n)2

<a 2log( )gn(a 6o) < Ba,n 2log*n

+1)

< 2BCj 4 pm 2P (logn)2P/ 26+

hence diam,, = O(n~ Riia (logn)?/(1+28)) . Then in view of Lemma the covering

number of the interval [a,,,@,] is bounded by Cye~1(@,//n)logn with respect to
the semi-metric d,(a1,a2) = Vo(W(a1)/v/n — W(az)/y/n) and the rest of the proof
goes as above.
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2. Adaptive credible sets with a squared-exponential GP prior

2.4.3.3 Bounds for the semi-metrics associated to V and W
Lemma 2.4.6. For any 1 < ay < ag and fy € lo(M) we have
Vo(V(a1) — V(ag)) < (a1 — az)*log® n,
Vo(W(ar) — W(az)) < (a1 — az)*log”n,
with constants only depending on M.

Proof. The left-hand side of the first inequality is equal to
42 ¢z al — ¢ a2)) (Z2)

where ¢;(a) = (ae’/® +n)~2. The square of the derivative of ¢; is given by ¢/(a)? =

4¢i(a)?e®/*(i — a)?/a?, hence in view of Lemma [2.11.3| the preceding display is
bounded above by a multiple of

e 21/(1 —_4)2 e Qz/a
(a1 — a2)2 sup # < (ay — a2)2n4 sup #
aclor.az] (= @*(a€/" +n)° a€lar,az] j=7 @ (ae’/® +n)°
log (2
< (ay —as)?* sup Lw (1 + log? (E))
] a a

a€lar,az

with the help of Lemma (first with m = 2 and then with m = 0), and Lemma
(with r =1 and [ = 4).

We next consider the process W(a). The left-hand side of the second inequality
in the statement of the lemma is equal to

QZ ¢’L 0,1 — @ a2))203,i%(zi)7

with ¢;(a) = ae’/*/(ae’/* + n)?. Note that |¢(a)| < (i + a)a=2¢;(a), hence in view
of Lemma [2.11.1] (first with m = 2 and then with m = 0) and Lemma [2.11.3] the
preceding display is bounded by

1 00 21/(1( +1 )

4(a; — a2)2n2 sup 0.i

ae[a1,a2]a2 i—1 (aez/a + n)

<l —a2)? swp s (1og” (%) +1) ool

a€lai,az] CL

concluding the proof of the lemma. O

§2.5 Proof of the empirical Bayes part of Theorem
2.1.5

First note that we get the empirical Bayes credible set by plugging in the estimator
Gy into the credible ball C, , defined as

aa—{HeLg 16 — 042 < Lra}
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§2.5. Proof of the empirical Bayes part of Theorem 2.1.5

satisfying that
,(ConlY) =1 a,

where éa is the posterior mean for fixed hyper-parameter a > 0.
The proof of the statement is then based on the deterministic bounds for the
MMLE a,, derived in Theorem and their distance investigated in Lemma [2.4.3
Note that 6y € Cy,(Llog®? n) if and only if [|§g—0a, |2 < L(logn)3/?r,. Therefore
by triangle inequality it is sufficient to verify that

IW (@n)lls < L(logn)*/ra(@n) — [ Blan, )|z (25.1)

holds with high probability, where W (a) = 0, — Eof, and B (a,bp) = Eyf, — 0, are the
centered posterior mean and the bias of the posterior mean for fixed hyper-parameter
a > 0, respectively. Note that the ith coefficient of these vectors take the form

aei/aﬂw

n(Y; —6o,:)
aei/a 4+ n’

Wila) = aet/e 4+ n

y and Bi(a, 90) =
We prove below that there exist constants C1,Cy > 0 depending on p, Ly, B and b
such that for large enough n,

a, <a<an

: 2 Qn n
> _ «J.
inf 7a(a) IOg ( n) 5 (2 5 2)

00€O,¢(Lo,No,p) a,<a<a,

inf P0< sup |[|[W(a )||2 < Cl log <an) log2 n> — 1, (2.5.3)

sup sup || B(a,0)||3 < Cg—”log ( ) log® n. (2.5.4)
00€0pt(Lo,No,p) a,<a<a, [£0%

Hence in view of Theorem assertion (2.5.1)) holds with probability tending to
one for large enough choice of L, under the polished tail assumption.

Proof of (2.5.2)): The radius ra( ), given in (2.1.6), is defined as P(Uy,(a) <
r2(a)) = 1 — a with Uy,(a) := Z o7 28, where Z's are iid N(0,1). We show
=1

« 70
i=

below that

1
lminf mf B |22 | L (2.5.5)
n—oo a€la, ,dn) alog (%) 2
U, (a) — EU,
E| sup n|Un(a) ,E @I} . (2.5.6)
acla, ] alog (%)

Then by Markov’s inequality with probability tending to one we have

nUpn(a)

1
ae[lgr,lz,an] alog (%) >1/3

hence ([2.5.2) follows from the definition of r(a).
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2. Adaptive credible sets with a squared-exponential GP prior

Assertion (2.5.5) follows as

(@) 2 Y —— 2 20 > g ().

— ae'/*+n " 2n " 2n a
To verify (2.5.6), it suffices by Corollary 2.2.5 in (Van Der Vaart and Wellner,

1996) (applied with ¥(x) = 2?) to show that there exist K1, K5 > 0 such that for any
a € [a,, n)

1
v <”U"(an))> <Kj— (2.5.7)
diam,

VN(e,la,,an),dn)de < /A, /n = o(1), (2.5.8)

0

. . . 2 L nUy,(a1) nUp (az)
where d,, is the semi-metric defined by d=(a1,as) = V(a1 log(n/lal) - log(n/2a2)>’
diam,, is the diameter of the interval [a,,,ay] relative to d,, and N(e,S,d,,) is the
minimal number of d,,-balls of radius € needed to cover the set S.

First note that in view of Lemma [2.11.2| (with » = 0 and [ = 2) we have
nUn(a) \ 2n? 1 < 1
alog (2) a2log® ( —~ (aet/a +n)2 ~ alog (L)

As a consequence one can see that diam, < (a,log(n/a,))”'/?. By Lemma m
dp(a1,a2) S al_g/Q log'/?(n/ay)n="a; — as|, hence

Mx

N(€7 [gnaan]v dn) S, 5_1 10g1/2 (TL) 7;3/2 an
a

a, n
Therefore one can conclude that

diartn @ log!t () e, tostn/a, 2
VNG @@ dn)de = ?/ 1242 < /A, T,
Qn/ nt/2 0

Proof of (2.5.3): The variable ||W(a)||3 is distributed as WZE, with
i=1

z; % N(0,1). Observe that

(oo} oo

EollW @] = 3 o e 20 WUIW @) =23 s

=1 =
Furthermore note that by applying Lemma[2.11.2| (with » = 0 and [ = 2) we get

I, e’}

a n 41,n
a4 (f) << C’ 1 ( )
n 08 a/ (aeI‘l/a—f—n Z ael/a+n Z aez/a+n 0g

i=1 1=1
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§2.5. Proof of the empirical Bayes part of Theorem 2.1.5

for some universal constant C' > 0, while by applying the same lemma (with » = 0 and
| = 4) the variance is bounded above by a multiple of an~2log(n/a). Then similar
reasoning to the previous proof results in that

inf )( sup [ 1W(a)[ < €2 log (:))ﬁn. (2.5.9)

bo€la(M) \ g, <a<a,

Then in view of Lemma the right hand side of the inequality in the preced-
ing probability statement is further bounded from above by constant multiplier of

(a,/n)log(n/a, ) log” n.
Proof of (2.5.4): First note that

I, e’}
1B(a,60)[3 < n~2a®e™ /65, + > 65
i=I,

=1

To bound the first term on the right hand side, we use the inequalities a/n < log(n/a)
for a < A, and Y 7%, 65, < oo, and furthermore note the function i ~— e’/ (i — a)
is monotone increasing on the interval [2a,I,] hence it takes its maximum at I,.
Therefore in view of Lemma the first part of the bias for functions satisfying the
polished tail condition is bounded by

Ia a 621/(192 2a azezi/aegi a 10g2 (ﬂ
sup 72 < sup ————— 1+ sup *Tign(a to)
a,<a<a. = n a,<0<a. = M a,<a<a,  (log () — 1)

422a

< S 2+ (B o) s (2 )10
< (B—l—o(l))—log ( n) logn

<KpL0,Bb log( >log3n,

for some constant K, 1, B, depending on p, Lo, B, and b. Furthermore in view of the
polished tail assumption we have

pla,, I, +pan
2901<L02901<10g< ) Z 0027

=1, =1, i=Ig,,

an an

for some a, € [a,,, pa,].- Therefore, by using Lemmam

i 2. <log [ - Iﬁygan n? (i — @ )e'/on 62, I 1og (2
4 0,8 ~ g n g )

i=Is, an, log ( )((L ei/an +TL)2 ay,

n - &n n Qn
<log (a> gn(amHo);lOg (a ) < K, 1,.55l0g> (a ) ;logny
n Zn

=n

for some large enough constant K, 1, pp > 0. Combining the two bounds, we see

that (2.5.4) holds.
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2. Adaptive credible sets with a squared-exponential GP prior

Lemma 2.5.1. There exists a K > 0 such that for any 1 < a1 < as

log { *
v Un(al) o Un(a2) < K(a1 _ a2)23(21)_ (2.5.10)
arlog (£)  azlog () ain
Proof.  First note that
% Un(al) _ Un(a/2) _ 22 (bl al ¢Z a2)) (2511)

aq log (f—l) as log (%)

The derivative of ¢;(a) is given as

with ¢i (CI,) = alog(n/a)l(aei/a+n) .

2(i — a)et/® N 1 B 1)
a(ae/e +n) = alog(n/a) a/’

¢1(a) = éi(a)

ita)e’/® . .
so we can see that |¢}(a)| < (% V 1)¢i(a). Thus in view of Lemma [2.11.3) the

right hand side of (2.5.11]) is bounded by a multiple of

> ((7[2 +a2)62i/a

1
a2(aei/a +n)2 aiz)(b;(a)?

2 o
(a1 —ag)® sup
116[111,(12] i=1

Then in view of Lemma [2.11.1] (first with m = 2 and then with m = 0) and Lemma
2.11.2| (first with » = 1 and [ = 2 and second with r = 0 and [ = 2) the preceding

display is further bounded by the right hand side of (2.5.10)), finishing the proof of
the statement. O

§2.6 Proof of Theorem [2.1.4

We use the notations introduced in Section R
First recall that 6y € C,,(L) if and only if |6y — 0||2 < Lr(dy,). We show below
that

a n
inf P W|2<Ci=log|— )| =1, 2.6.1
o, ez 0 (1)) 2o
n
sup sup ||B(a, fo)l|3 < 02 log( ) , (2.6.2)
00€AT (M) a, <a<a, a,

for some constants C7,Cy > 0 depending only on M, which together with (2.5.2)) and
Theorem [2.4.1] results in the statement.

The proof of assert follows by combining and the second in-

equality of Proposition Next note that similarly to the proof of (2 -, we get
that

1a a 21/0,02

| B(a, 0|3 Z Ol—i—zeolwanlog( ) ZHOz

i=1 i=I,
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§2.7. Proof of Theorem 2.1.3‘] and the empirical Bayes part of Corollary 2.1.§|

Furthermore

[eS)
Z 6—274/627/)/92 < Me~ 2l,, v _ M (QJ)QE"’Y < M,n log ( n )
i= n G,

d Ln

i

et
>
OL\D

for v > 1/2, finishing the proof of (2.6.2]) and concluding the proof of the theorem.

§2.7 Proof of Theorem |2.1.3|and the empirical Bayes
part of Corollary 2.1.2

In the proof we use again the notations introduced in Section
First note that 6y € Cp,(Ly,) implies that ||B(an,0o)ll2 < Lnra(dn) + [|W(an)l2,
which combined with Theorem [2.4.1] provides the upper bound

Py(6p € Co(Ly)) < Py (alnaf I|B(a,b0o)|l2 < L sgp ro(a) + SEP W(a)g) + o(1).
- (2.7.1)

The proof of assertion (2.5.2)) also shows that there exists constants C; > 0 such that

sup 72 (a) < Cl% log <n> . (2.7.2)

a<an, an,

Then in view of assertion and Proposition both the squared radius 7, (a)?
and the variance term ||W (a)||% are bounded byCj j, pyn=28/28+1) (1og n) =1/ (2641 for
some Cgp pr > 0.

aZe2t/ag2

Since for 8y € ©2(m, M) we have || B(a, 0)|]3 = Z m the bias is bounded
from below by

B(a, 0|2 >m i [—25 > _—q 2P og™ % (E)
|| ( 0)”2 = ig]:a /8 = 26 a

As the function a — a=2° log 2" (n/a) is monotone decreasing for a < A,,, we see that
1<nj | B(a,00)|13 > (m/(28))a,;?’log*" (n/a,). Hence in view of Proposition [2.4.2

the bias is bounded from below by ¢, 55501~ 2%/ (2841 (log n)28/(28+1) | for some
¢m,8,b,8,m > 0. Thus, the above inequalities imply that for arbitrary 6y € @f (m, M)
the right hand side of (2.7.1)) is further bounded by

sup Py (n™P/CH) (logn)/ ) < L, 0n /@540 (log m) ~(/2/ 54D 1 o(1)
Op€la (M)

)

which goes to 0 for arbitrary L,, = o(y/logn) and C depending on m, 3,b, B and M,
concluding the proof of the theorem.
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2. Adaptive credible sets with a squared-exponential GP prior

§2.8 Proof of Theorem (2.4.1

First note that the derivative of the marginal likelihood function £, (a) is

1 (= n?Y2et/(i—a — n(i—a
M, (a) = 9 (; a(aei/ain)2> N ; a2(a(ei/a +>n)> J (2.8.1)

with expected value

i—a)et/*2 . 00 n2(i — a
EolM <Z aez/“)—i— n)o - - Zz:; aQ(ae(i/a —i-)n)2> . (2.8.2)

=1

In the following subsections we show with the help of the score function M, (a) that
the marginal likelihood function ¢, (a) with probability tending to one has its global
maximum outside of the set [1,a,,) U (Gn, Ap].

§2.8.1 M, (a) on [1,a,)

In this subsection we derive that the process M, (a) is bounded from below by
—Cplog?(n/a) on [1,a,], for some Cp > 0, and is bigger than e~*/2Blog®(n/a,,), on
the interval

I, = Ma a (2.8.3)

with probability going to one, where B is the parameter in the definition of a,,. Hence
with probability tending to one for every a € [1,a,]/Z,

log(n/a,

1+log(n/an)7n
lo(a,) — ly(a) > / M, (a)da + M, (a)da
a Zn
¢oBa,, log® (
a)C log? (n) + <g"')
w/ o og(2)

v

Y

(Béo/2)a, log” (f) ,

for B > 2¢,'C. Therefore the global maximum of £, (a) lies outside of the interval
(1, a,) with probability tending to one. It remained to show the stated lower bounds

for M, (a).
By leaving the non-negative stochastic part out we get the lower bound

1 (= n2(i—a)e/2Y? = n(i—a
M (a) > B (Z aEaei/a)_,_ n); - ; a2(a(€i/a —l—)n)> : (2.8.4)

i=1

In view of Lemma - the deterministic part in is bounded from below by
a negative constant times log? (n/ a) The stochastlc part is bounded from below by
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§2.8. Proof of Theorem|2.4.1

—C Y Y2 and since Eg Y, Y2 = > 03, +an~! and Vo( X ¥?) = 2071 Y03, +
i i=1 i=1 i=1

i=1 i=1

an=? — 0 for all a < A, it follows from Chebyshev’s inequality that the sum Y Y;?
i=1
is bounded with probability going to 1, for all 6y € £o(M).

Next we deal with the lower bound on the interval a € Z,,. First note that
Y? > 603 +200,:Z;//n implying

1 (& n2(i — a)et/?Y? 9 (T = n(i—a)
M, (a) > = UV 1062 () go(a,B0) + Hy(a) = S — D)
(a) 2 2 <ZX_; a(ae’/® + n)? +log (a) 9n(@,90) + Hn(a) ; a?(ae’/a +n)

with the centered Gaussian process

> n3/2(i — a)e““&o 1Zz
Hp(a) = aacl T (2.8.5)

Note that

a 00 n37;_a2€2i/a 2

log" (%) 55, a*(act/® +n)!

ngn(a,bp) i (i — a)ei/a < gn(a,8p)
alog? (2) i>2a (ae?/* +n)? ~ alog (2)

a

IA

hence the diameter of the interval Z,, with respect to the metric

Hn(al) _ Hn(a2)
log? (%) log? (%)

is bounded by a multiple of sup,cz. gn(a,6o)/%(alog(n/a))~1/2.

Next we give an upper bound for the covering number of the interval Z,,. Let us
take e-balls centered at a € Z,,, with 2a € N. To cover the remaining part of the inter-
val Z,, it is sufficient to cover all intervals of the form (a,a+1/2), 2a € NN2Z,. Note
that on these intervals for every a1, a2 € (a,a+1/2) we have |2a; | — |2a2] = 0. Hence
in view of Lemmamwe have d,, (a1, a2) < |a1 — az|sup,ez, v/1og(n/a)gn(a,bp)/a.
Thus the covering number of the interval (a,a + 1/2) relative to d,, is bounded from
above by a multiple of e ' sup,cz, v/log(n/a)gn(a,8)/a?, which implies that the
covering number of the whole interval Z,, is bounded from above by constant times

e sup,er, y/log ! (n/a)g(a, 60)/a + a,/ log(n/a,,).
We show below that for any co > 2

di(afl7a’2) = %

e **°Blogn + o(1) < gn(a,60) < e®Blogn+o(1),  fora€ I, (2.8.6)

hold. Therefore the covering number of Z,, is bounded from above by a multiple of
a, +c71/log ! (n/a,) log(n) /a,.
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2. Adaptive credible sets with a squared-exponential GP prior

By Corollary 2.2.5 in (Van Der Vaart and Wellner, [1996)) (applied with ¢(z) =
e — 1) it follows that

By | sup | Fnl@  Fnla.)
a€l, 10g (E) log2 (ﬁi)

C logl/Q(n)I;wl/2 1
< / ' log (an+€1\/0g(n)log (n)>ds
0 a, a,

C log1/2(n)1;nl/2

< / Vlioga, d5+/ log(1/e)de = O(1).

0

Therefore the process M, (a) can be bounded from below on a € Z,, by

-1 . n _
M (a) 227" inf {log2 (%) (Be10gn—C)

Z (i—a) Z/“YQ i n(t —a)
— (aei/® 4+ n)2 — a2(aet/® +n)

with probability going to one. In view of and since the third and fourth
terms on the right hand side of the preceding display are bounded from below by
a fixed negative constant, we get that with probability tending to one M, (a) >
e 52Blog*(n/a,,).

It remained to verify assertion . First note that

oo 2 oo

n? (i —a,) i/a, n )
— > —n 02, < Y iemiengg
tog” () A |

i:COIgn _ a, iZCOIQn
ACO—2
S ———— 6ol = o(1).
n—2log (aﬂ)
Furthermore, in view of the inequality col, (a=t —a,!) < ¢, for a € Z,,, we have
that
n2 cola, (Z _ a)ei/a )
a,fy) > i )
P o ) 2 e
I, .
n2 €0 an (i — Qn)ez/gn )

= i/a 270
e2co log2 (ai) i=2a Qn(gne /2 + n)

By combining the preceding two displays we get that
on? S (i-a)élm
i/a, 270,i
log? () i, Gn(ane’/ +n)

e % Blogn + o(1),

gn(aa 00) Z 67260971(@7” 00) -
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§2.8. Proof of Theorem|2.4.1

finishing the proof of the first inequality in ([2.8.6]). The proof of the second inequality
goes accordingly.

Lemma 2.8.1. There exists a constant K > 0 such that for any a € [1,n)

= n(i—a) 9
—F < Kl
i:ZI a2(aez/a + TL) — og (n/a)
Proof. Note that
i n(i —a) <§: ni <§: 1 +§: nie~'/¢
“~ a*(ae’/" +n) T = a*(ae’/* +n) T = a? =

O

Lemma 2.8.2. There exists a constant K > 0 such that for any positive a1 and as
such that a1 < as, [2a2| — [2a1] =0

VO( Hn(al) Hn(a2) ) < K(a1 _a2)2 log(n/a)gn(a"eo)

- sup
log(n/a1)?  log(n/az)? a€lar,az] a’

Proof. Recall that the left hand side of the display in the lemma was denoted by
d? (a1, az) and note that

oo

2
d2(ar,a2) = > (¢i(a1) — ¢ilaz)) 063, (2.8.7)
i:2a2
with ¢;(a) := Toa(n /Ej)ggga:;a el Then by elementary, but cumbersome computa-

tions we get that |¢}(a)| < ia=2¢;(a). Thus, in view of Lemma [2.11.3] the right hand
side of (2.8.7) is bounded by

3 2 - 7;2 22
n’(ar —az)” sup Z 7@(@ 05,
a€lai,az] i=2a a

nZ'Sei/a

< (a1 —az)* sup  gn(a,fp)sup - .
(a2 o 9l ) o (nfa) (ace & )2

Then the statement of the lemma follows by applying Lemma|2.11.1| (with m = 3). O

§2.8.2 M, (a) on [a,, A,]

We prove that for sufficiently large choice of Ky > 0 in the definition of @,

M
limsup sup sup E()[;fm)} < =275, (2.8.8)
n Go€la(M) a€lan,An] log*(n/a)
M, (a) — Eo|M, _
limsup sup FEy sup (M (a) 5 oMy (a)]] <276, (2.8.9)
no foeta(M) | a€fan, A, log”(n/a)
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2. Adaptive credible sets with a squared-exponential GP prior

These imply that with probability tending to one M, (a) < —2~%log?(n/a), for every
a € [Gn, Ay], hence the marginal likelihood function ¢, (a) is monotone decreasing and
does not attain its global (or local) maximum on the interval [a,, 4,], i.e.
inf  Py(a, <a,) — 1. 2.8.10
Oo€ls (M) O( - ) ( )
Proof of assertion (2.8.8)): In view of hy(a,fp) < b for all a € [a,, 4,] (assuming
that @, > Kj), we get that

0 [IOI;ETE;C;)CL)} - %(hn(a, o) - log? (1n/a) ; GQ(T;@(;“_ELP)
<30 o) & e )

In view of Lemma [2.11.2 (with » = 0 and [ = 2), we have Z Wj_m)z < log(n/a).

Furthermore,

o0 . I, .
I +1) 3y 2 ("1
z:: ael/“Jrn Z:: 22" log (g)’
which implies that

Eo[Ma(a)/log*(n/a)] < (b—27% +0(1))/2,

concluding the proof of assertion , for small enough choice of b (b < 274 is small
enough).

Proof of assertion : In view of Corollary 2.2.5 in (Van Der Vaart and Well-
ner, [1996) (applied with ¢ (z) = 2?) it is sufficient to show that there exist universal
constants K7, Ko > 0 such that for any a € [a,, A,]

Vo (M, (a)/log*(n/a)) < K1/log(n/a), (2.8.11)
diamy,
VNG, [an, A, dn)de < Ky /K34, (2.8.12)
0
where d,, is the semi-metric defined by d2 (a1, as) := Vo (IOZ%W(&‘/QI) — IOIZHZ"('gla/"ZI)Z)), diam,,

is the diameter of [a,, A,] relative to d,, and N(e,S,d,,) is the minimal number of
dn-balls of radius € needed to cover the set S, since by sufficiently large choice of K|
(Ko > (26K5)* is sufficiently large) assertion (2.8.9)) holds.
Note that Lemma immediately implies assertion (2.8.11)) and
diam, < sup (alog(n/a))~? <log™?n.
a€lan,An]
Then let us introduce the cover

Ky,—1

(@n, An) € | 2%, 2113,
k=0
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§2.8. Proof of Theorem|2.4.1

with K,, = [log(A4,/@,)]. In view of Lemma [2.8.4] when a; and az are on the interval
[2%a,, 251G,

—3/2

dn(ar,a2) < (2F@,) log'?(n)]ay — as,

hence
Kn—1
logl/2 (n) < logl/2 (n)

= e(2ta,) T !’

N(€7 [ETHATL]; dn) 5

This results in

diam,,

VN, [an, Ay, dn)de < Ky /al/* < Ky /KM,

0
Lemma 2.8.3. For alla € [a,, A,], we have Vj (Mn(a)/log2(n/a)) < (alog(n/a))~t.

Proof. We know that the Y;s are independent and Vo(Y;?) = 2/n? + 463 ;/n, so the
variance is equal to

log®(n/a) 4 = a? log*(n/a)(aei/a + n)*
_ li n262i/a(i _ a)2 oo n362i/a(i _ a)zog’i |
2 2+ @ log"(n/a) (e +n)? 25 @ logh(nja)(ae* + )}
(2.8.13)

In view of (i —a)? < a® + i?, for any a,i > 0, and by applying Lemma [2.11.1] (with
m = 2) and Lemma [2.11.2] (first with » = 2 and | = 4 and then with r = 1 and | = 2)
2.8.13]

the first sum in (2.8.13)) is bounded from above by a multiple of

vo(le ) 1 $o i) = a)?

= n2e?i/e = ne/®
2 ot /a)aee Tt 2 alon a) acte T
i=1 =1
- LN N
~ alog®(n/a)  alog(n/a) ~ alog(n/a)
Similarly, following from Lemma [2.1T.1] (with m = 1 and m = —1) and h,(a,6p) < b
for a > @, the second sum in (2.8.13)) is bounded by a multiple of

( a ane’/® 4 ma inet/
max - max ‘
ieN jlog?(n/a)(aei/a +n)? €N alog®(n/a)(aei/* +n)
alog’(n/a)  alog(n/a) alog(n/a)

concluding the proof of the lemma. O

5 )in(a,00)

Lemma 2.8.4. For alll < ay < ag < A,, we have

1
d?(ay,az) < Co(a; — az)*  sup %(1 + hn(a, o)),
a€lay,az]

for some universal constant Cy > 0.

55



2. Adaptive credible sets with a squared-exponential GP prior

Proof. Note that

d2(ar,a2) =n* Y (¢i(ar) — ¢i(a2))*Vo (V7).
i=1
with ¢;(a) = Ve (i—a) 5. By elementary computations one can see that

2alog?(n/a)(aei/a+n)

|i(a)|? < (i2a=* + a=2)¢2(a), hence in view of Lemma [2.11.3]

0 2z/a +a
B (ar,02) S (a1 — )t sup S e yva,

wcionl 5 a¥log" (n/a) (act/* + )

Since Vo(Y;?) = 2/n® + 403 ;/n the preceding sum is bounded by

0o 9 2i/a > 4 2i/a
P p— G +a/) D D (i +°3) 03, (2814)
— abn log*(n/a)(aei/a + n) —a nlog*(n/a)(ae’/* 4 n)

Then in view of Lemma [2.11.1] (applied with m = 4 and m = 0) and Lemma [2.11.2
(applied with » = 1 and [ = 2) the first term of (2.8.14) is bounded from above by a

multiple of

i ei/e < log(n/a)
“a3nd(ac/" +n)2 ¥ atnd

1=

Similarly in view of Lemma [2.11.1] (with m = 3 and m = —1) the second term of
(2.8.14]) is bounded by

((i/a)® + (i/a))eV/e
ieN a2n3log®(n/a)(aei/* + n)?

§<M+ 1) n(a,8) < Mhn(a,eo)a

a3nt nda? a3nt

hn ((1, 00)

concluding the proof of the lemma. O

§2.9 Proof of Theorem [2.1.6

Similarly to the previous sections we use the notations introduced in Section We
show below that there exists a constant ¢ > 0 depending only on m, M and [y such
that

inf inf  Py(dn > c(n/logn)/ 28 /logn) — (2.9.1)
B2Bo 6,08 (m,M)

which combined with Proposition and Theorem [2.4.1| results in
inf inf Py(e(n/logn)/+28) < g, < C(n/logn)/1+28)) 5 1,

B2Po 6,08 (m,M)
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§2.9. Proof of Theorem 2.1.0

for some positive constants ¢, C' depending on b, B,m, M and p. Let us introduce
then the notation R ) .
T, = [e(n/logn) ™28 ,C(n/logn) 27 ].

As before, note that 6y € C,(L) is equivalent to ||6g — 0|l < Lra(ay), hence by
proving that

inf 12(a) > C1(n/ logn)~2/(1+29),
a€”l,

inf inf  Py( inf |W(a)|3 < Ca(n/logn)28/(1+28)) 1,
B=Bo Goe@f(m_’M) acZ,

sup sup sup ||B(a,0)||2 < Cs(n/logn) 28/ (1+26),

B2Po goe08 (m,M) a€l,

hold for some constants C7, Cs, C3 > 0, the statement of the theorem follows immedi-
ately. The proof of the first two inequalities follow from and ( - (with a,,
and @, replaced by a multiple of (n/ logn)t/(1+28)), respectlvely To prove the last
inequality we note that for 6y € ©%(m, M), a € Z,,, and B > Sy we have that

a/2 oo
|B(a,6)|3 < Za2 Zijap=2=1-28 4 Z i1 <a/m+ 1%
i=1,/2

= o((n/logn)~2A/(0+28)),

It remained to prove assertion (2.9.1). Let us introduce the slightly modified
version of a,, as

a, :=supia € [1,4,] : gn(a,by) > B},

for some sufficiently large constant B > 0 to be specified later. Then we show below
that

Py(an >dal) =1, and d, > c¢(n/logn)* 1428 /logn, (2.9.2)

for some sufficiently small constant ¢ > 0.
For the second statement note that

gn(a,bp) > L Z e"%728 > mna= =P log 2% (n/a), (2.9.3)
log® n/a =

hence for any fixed B > 0 there exists a small enough ¢ > 0 such that the right hand
side of the preceding display with a = c(n/logn)'/(1+26) /logn is bigger than B. Tt
remained to deal with the first part of . We show below that with probability
tending to one infuc(qr /2,41)Mn(a) > cBlog®(n/a), for some small enough constant
¢ > 0, not depending on B. Then with probability tending to one for any a € [1,a/, /2]
we have

ar, /2
bla) @)= [ M@+ [ @

lal,/2,a!]
> —(a,/2 — a)Clog?(n/a,) + cB(d, /2)log*(n/al,)
> (c/4)Bal, log*(n/dl,),
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2. Adaptive credible sets with a squared-exponential GP prior

for large enough choice of B > 0, hence the global maximum of ¢, (a) lies outside of
the interval [1,a/].
It remained to verify the lower bound for M, (a). First note that for a < A,, = o(n)

o) < (235 i 50 i)

~ log? n/ a

< cppna 7P (logn) 72720,

hence a;, < ¢} 5B~ 1/(+26) (n/log n)/(1+28) /log n. Therefore in view of (2.9.3) for
every a > a/ /2 we have g,(a,6p) > ¢, p,mB, for some positive constant cps g, > 0
not depending on B. Similarly we can show that gn(a,00) < ¢}, ,,B, for every
a > a, /2, for some CM g.m > 0 not depending on B. Then following the same line
of reasoning as in Section [2.8.1] with the only main difference that instead of the
interval given in (2.8.3]) we are working with the interval [a}, /2, a]] we get that with
probability going to one

inf  M,(a)>2"" inf {1 ? ( mB—\/’73)
ae[glizn/Q,%} (@) 2 ae[alfn/z a’] & (n/a){cas, M,
_ Uayﬂ > ('_ )
i—a nt—a
+2Mun;ﬂwwm}
% Blog?(n/ay,),

for large enough choice of M > 0, finishing the proof of the theorem.

§2.10 Proofs for the Hierarchical Bayes procedure

In this section we prove the results on the hierarchical Bayes procedure (i.e. Theorems
and and Corollary based on the results derived for the empirical
Bayes procedure. First we state that under the conditions of Theorem the
hyper-posterior distribution on the hyper-parameter a concentrates most of its mass
on the interval Z,, = [a, log(n)/(1 + logn), Ca,], for some large enough constant
C > 0.

Lemma 2.10.1. Ifa ~ 7(.) such that 7 verifies Assumption then for sufficiently
large C > 0 we have for every By > 0 that

inf inf EH(I 1+logn) < <C*nY):1 1/n).
it B, Jog(n)/(1+ logn) < a < Ca,lY) = 1+ of1/n)

§2.10.1 Proof of Theorem [2.4.5

Take &, = (n/ log2 n)~P#/(428)  Then following from Lemma [2.10.1] we have

sup  Boll(0: (10— Ollo > MuealV) < sup  (Eoll(a ¢ T,]Y)
906@/5(M) 0066f*(]w)

+ Eo sup T (6: 110 = oll2 > My, V) ) = o(1),
a€Zl,
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§2.10. Proofs for the Hierarchical Bayes procedure

where the last equation follows by similar arguments as given in and the
displays below it (the only difference is that the supremum is taken over the interval
T, instead of [a,,, @], but it only changes the constant factors which do not play an
essential role. This concludes the proof of the theorem.

§2.10.2 Proof of Theorem [2.1.3|- Hierarchical Bayes
part

In the proof we use again the notations introduced in Section
Let o := n'/0+20) (logn)~1-1/(+20) = @, = g with probability going to one
thanks to Proposition One can see that in the hierarchical case,

Po(0 € Cu(Ln)) < Po(I1B(,60)l2 < Lura + W (@)llz + 16 = Burll2) + o(1),
(2.10.1)

which is a slightly modified version of (2.7.1) thanks to the triangle inequality. In
order to prove that the right hand-side tends to zero, it is sufficient to show that there
exist constants C1, Cy, C3 > 0 such that

r2 < Cyn =28/ (0420) og ()~ 1/ (1+26) (2.10.2)

Py(|[W ()5 < Con™ 2P/ (20 Jog(n) ~H/(128)) — 1, (2.10.3)
|B(a',60)3 > Can=28/(1428) 19g () 28/ (1426) (2.10.4)

Py([|0 = Bar||2 < Cyn™28/0+28) 1og(n) =1/ (F28)) 1, (2.10.5)

The bounds on the variance and the bias are obtained in a similar manner as in

Section and [2.10.3] Next we deal with assertion (2.10.5).

By Jensen’s inequality, Fubini’s theorem and triangle inequality one can obtain
that

HG%bHM G, TI(dalY) 3 (2.10.6)
SZ/@r%ﬁmmm
=1

< sup Z i — 0ar.0)?T(ay € T,|Y) + sup Z orii — O ) (ay ¢ T, |Y).
a1 € ar¢Zn ;1

Starting with the first term, we use the trivial bound 1 for II(.|Y"). We have with
Py-probability tending to 1 that

sup Z wri— b 1)? < sup Z Eobla, i — Eoflar 1) (2.10.7)
a1€L, a1€Tn
+ Sug Z ay,i al,i>2+z a 1_E0 a z)
a1€Ln ;4 i
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2. Adaptive credible sets with a squared-exponential GP prior

The two last term on the right hand-side are bounded by a constant multi-
plier of n~=28/0428) Jog(n)~1/(0+28) from (25.3). The first term can be written as
SUP,, ez, Doien (gi(a1) — gi(a’))? for gi(a) = nb ;/(ae'/® +n). The derivative of g;(a)
is —nd ;(a — i)e'//(a(ae’’® + n)?). Without loss of generality, when a; < a’ writ-
ing the difference as the integral of ¢;(a), applying Cauchy-Schwartz inequality to its
squares and then interchanging the sum and the integral, we get that

%S} R ) s} a’ 2 e’} a’
> (Bl — Faboi? = 3 gé(a)da) <> @ -a) [ glarde
i=1 i=1 J@ i=1 a1

(@' —ay) z:g2 da< (@' —ay) sungZ

ar =1 a€ln =1
oo 294 | — a)2e%i/a
< (a — S
( al aélzp Z a? aez/a+n)

For fixed a, the sum in the preceding display is bounded from above by constant
times

o . i I,
o~ 1% 240 — a)?e?/ 1 Z(i2+a2)i7274562"/“
a?(aei/a+n)4 — a2n2
i=1 =
n’ 2 2\:—2-48 _—2i/
—|—$ E (i +a”)i e e
i>1,

5 —3-48 1, ()14[5
a

Therefore, one can see that

oo
sup Z(E()ead,i — FEoba :)? < sup (a — a1)?a;, > P log(n)' 7.
a1<an, i=1 a1€Zy,

<120 1og () THY/ (F20) = o(1 /),

with probability tending to one using Proposition [2.4.2
It is left to deal with the second term on the right hand-side of (2.10.6). Following
from (2.10.7), we get with Py-probability tending to 1 that

oo
sup Z(Gal,i - ga 7.) < 2 sup Z EO ai, z) + sup Z a1t anal,i)2
ai ¢In i=1 ai ¢In i=1 ai ¢In i=1

(2.10.8)
+2 Z(Eoéa’,i)z + Z(éa/,i — Eofari)?,
i=1 i=1
where all terms on the right hand side are O(1). Since

(a & Zn[Y) = o(1/n),
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§2.10. Proofs for the Hierarchical Bayes procedure

applying Markov’s inequality leads to the second term on the right hand-side of
(2.10.6)) being of lower order than n !
It remained to deal with assertion (2.10.2). We show below that

re <F:= sup (Hé o + ra/g(a)). (2.10.9)
aEIn

Then in view of the inequality

sup [0 = Oall2 < (10— Oar |2 + sup (6o — bur ||
a€ly, a€ly

and assertions | %, m, and we get that with probability tending to
—2B87(1+

one r2 < Cin 28) Jog(n)~Y/ (1+2 d since r, is deterministic the inequality
holds almost surely.
Finally we verify assertion (2.10.9)). Note that

0 : |6 — 0|, <FY) > / I, (0: |6 — 0|2 < 7Y)m(a]Y)da

n

z/ (0 : 10— 0all2 < raye(a)|Y)m(alY)da
Z,

n

> / (1 - a/2)m(alY)da < 1~ a,

n

for large enough n, concluding the proof of our theorem for the Hierarchical Bayes
method.

§2.10.3 Proof of Theorem [2.1.5|- Hierarchical Bayes
part

Let us introduce the notations W = 6 — Eqf and B(6y) = Eof — 6y, for the centered
hierarchical posterior mean and the bias of the posterior mean, respectively. Then
Py(6p € C(Llogn)) if and only if

[Wll2 < Llog(n)ra — [|B(6o)]|2 (2.10.10)

holds. Using assertions (2.5.2), (2.5.3), and (2.5.4) we show below that, there exist
constants Cp,Cs, C3 > 0, such that

re > Ci(a,/n)log(n/a,), (2.10.11)
e Po([W]3 < Ca(a,/n)log(n/a,)log® n) — 1, (2.10.12)
1B(60)ll5 < Cs(a,,/n)log? (n/a,)logn, (2.10.13)

resulting in ([2.10.10) for sufficiently large choice of L > 0.
Proof of (2.10.11): Let us take any o/ > « and note that in view of (2.5.2)) we

have

inf ro/(a)? > Ci(a,/n)log(n/a,).

a€l,
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2. Adaptive credible sets with a squared-exponential GP prior

Next, in view of Lemma [2.10.1] and Anderson’s lemma, we get for arbitrary r <
inf,ez, ror(a) that

(6 160l < 1Y) = [ T0a(6s 10~ 82 < rl¥)m(alY )da -+ o(1)

In

< / I, (0 : |6 — 0,2 < ros(a)]Y)m(a]Y)da + o(1)

n

<1-a'+o(1),

hence r2 > inf,ez, ror(a)? > Ci(a, /n)log(n/a,).

Proof of . Note that by triangle inequality, Fubini’s theorem, assertion
7 and Lemma we get that under the polished tail condition with FPy-
probability tending to one

H/H — Eofy)m(alY) daH

sup [W(a)llam(Za]Y) + sup [[W(a)ll2m(Z;]Y)

a€Z, 1<a<A,

< (C‘ggn/n)l/2 log(n/gn)l/2 logn + o(1/n)

W2

IN

where 7(Z,|Y) denotes (by slightly abusing our notation) the posterior probability
that the hyper-parameter a lies in the interval Z,, and in the last inequality we used
in view of the proof of assertion (2.5.3) that sup;,<4, [[W(a)|2 = O(1).

Proof of (2.10.13)): Similarly to the proof of (2.10.12) we get that

1B(60)]13 < sup 1B(a.00)[13 + o sup [ B(a,00)l3/n)

a€[l,A,

< Cs(a,,/n)log? (n/a,)logn + o(1/n),

where the last inequality follows from || B(a,6y)||3 < ||60||3 = O(1), finishing the proof
of the theorem.

§2.10.4 Proof of Corollary |2.1.2

Let &, = (n/log?n)~A/0+28) and first note that in view of assertions (2.10.12) and
(2.10.13) combined with triangle inequality and Proposition [2.4.2| we have with Py-
probability tending to one that

160 — 0ll2 < W2 + [ B(6o)ll2 S Va,/nlog(n/a,) S en.

Then in view of Theorem and by applying again the triangle inequality we get
with probability tending to one that

(0 : |0 —0]]2 < Mype,|Y) > 110 : [|0 — Ooll2 < Mpne, — |00 — 0]|2]Y) =1 — o(1),

concluding the proof of the corollary.
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§2.11. Technical Lemmas

§2.10.5 Proof of Lemma 2.10.1

In Section it was shown that M, (a) = ‘%8( 9) gatisfies, for positive constants K,
K2 and Kg,

< -K; fora>a

Mn — ) n
27@ > Kslog(n/a,), fora € la,a,]

log®(n/a) > —Ks, for a <aj,

where af = a,, logn/(1 + logn). Furthermore, the constant K5 can be chosen arbi-
trarily large by choosing B large enough, while the constant K3 is fixed.
For a > Ca,, with C > 3, we have

ln(a) — 0, (2a,) < —K; logz(n/an)(a —2a,) < -K4 1og2(n/6n)an

with Ky = K;(C — 2). Consequently efn(®) < ¢fn(2@n)—Ka log?(n/@n)an for q > Cay,.
Since also e/(®) > etn(2an) for ¢ € [a,, 2a,], we find

fc* e (a)da - H([Cﬁn,oo))e’K‘l log?(n/an)an

a> Ca,|Y) < ———
= o) = e o r(a)da (. 23,])

(2.10.14)

Note that by Assumption [2.1.1
([, 2,)) 2 @b~ cte™c20n 5 ¢ Kalog™ (/@

hence the right hand side of (2.10.14]) tends to zero.

The analysis of the left tail goes similarly. Note that for a < a}/2 we have
£a(a3) — Lala) > ~ Ky (a, — ) log*(n/a,), hence ¢f+(®) < (63 +Kom, 108" (/52) ang
analogously for (a, +a*)/2 < a < a,, we have £, (a)—£,(a*) > Ky(a—a*)log*(n/a,),
which implies efnla) > eln(a)+Kz2(a,/4)log®(n/a,)  Therefore

a,, [ (a) d Ksa, log®(n/a,,)
M(a < a}|Y) < 2 rlada (L, 2, e e
JE 2 @ @n(@)da ~ W({(a, + 43)/2,0,]) K@ /DT /a,)
(2.10.15)

Since ,
I([(a, + a})/2,a,]) " < log(n)ag ™" etn < e/2(an/8)log™(n/ay),

for large enough choice of K, the right hand side of (2.10.15)) tends to zero, finishing
the proof of the lemma.

§2.11 Technical Lemmas

Lemma 2.11.1. Leti,m € N and a > 1, then for any n/a > e™

net/agm 1 a”™

n
—— < —log"™ (=) Ve
a™(aet/* +n)?2 ~ a & (a) n
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2. Adaptive credible sets with a squared-exponential GP prior

Proof. Assume first that ¢ < I, = alog(n/a). Note that the function f(z) =
e*/*(x/a)™ is monotone decreasing on (—oo, —ma] and monotone increasing on [—ma, oc].
Then by the inequality ae’/® +n > n,

nei'/aim - ei/a(i/a)m - llogm (ﬁ) y eafm
m(qet/a + n)? n a a n

Next assume that i > I,. Note that the derivative of the function f(z) = e=*/%z™
is f'(z) = e=*/?2™ Y(m — x/a), hence the function f(i) is monotone decreasing for
i > am. Thus for n/a > €™, f(i) takes its maximum at ¢ = I,, which implies that

nei/az’m ne—i/aim

< 1lo m (E)
am(aei/a+n)2 — am+2 ~a g a :

Lemma 2.11.2. Letl >r >0, then for n/a > el=r

e zr/a < nrt ) n
; aez/a+n ~ qr-1 0g (E)

Proof. First note that following from the inequality ae”/® +mn > n and the sum of
geometric series we get

(a6i/a -1 Z ir/a <

where I, = alog(n/a). Then similarly, using the inequality ae’/® 4+n > ae’/® and the
sum of geometric series,

log( )

e m/a —1 1 nr—l n

—1 (r— l)z/a < 7

]Z aet/a + ’I’L - Z@ a” ell=m)/a _1 ~ gr-1 log (a)
because e!="/a — 1 > l%’ and log (%) > [ —1r for % > el-r, O

Lemma 2.11.3 (Lemma C.11 of (van der Pas et al. 2017)). For any stochastic
process (V, : a > O). with continuously differentiable sample paths a — Vg, with
derivative written as Vg,

E(Vyy = Vay)? < (ag —a1)* sup EVGQ.

a€lai,az]

§2.12 Extra simulation study

The purpose of this section is to reinforce the evidence shown in Section 2.2] To this
end, we will show graphically and numerically the sub-optimal performance of the
Gaussian process with (approximately) squared exponential covariance kernel com-
pared to other methods in the non-parametric regression model specifically. In this
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§2.12. Extra simulation study

simulation study we take the Fourier coefficients of the underlying true function 63
to be 03, = i~3/2cos(i), i = 1,2,.... We take 0? = 1/2, but in the procedure it is
considered to be unknown and estimated with the MMLE 62. We take the sample
size to be n = 500, 1000, 5000, and 10000. Observe in Figure 2.4] that the standard
MMLE empirical Bayes method provides unreliable uncertainty quantification in cer-
tain points, especially compared to the three other methods. One can also observe
through different running times in Table that while the Matérn covariance kernels
might provide robust credible sets, they substantially slow down the computations for
large n.

We also investigate empirically the frequentist coverage probabilities of the point-
wise credible sets by repeating the experiment 100 times and reporting the frequency
that the function at given points (we consider = (0.25,0.6474,0.75) with 0.6474 =
argmaxco 1103(z)) is included in the credible interval, see Table Moreover, Table

shows the average size of the point-wise credible intervals (i.e. 2gg.025+/¢(2, x))
depending on the sample size n and the procedure used to compute the credible sets.
One can observe similar behavior to what we have described above.

n=500 n=1000 n=5000 n=10000

. E) .
05 055 06 06 07 075 05 055 06 065 07 075 05 055 06 065 07 075 05 055 06 065 0T 075

Figure 2.4: Empirical Bayes credible sets for the regression function 63 (drawn in black), zoomed in to
the interval = € [0.5,0.75]. The posterior means are drawn by solid blue line, while the 95% point-wise
credible sets by dashed blue curves. In the first row we plot the MMLE empirical Bayes method, in the
second row the MMLE empirical Bayes method with a logn blow up factor, the third row the modified
MMLE empirical Bayes method using squared exponential Gaussian process prior, while in the fourth row
we plot the empirical Byes credible sets using a Matérn kernel with data-driven choice for the regularity
hyper-parameter. From left to right the sample size is n = 500, 1000, 5000, 10000.

We also consider a multi-variable version of the previous regression with d =
10 variables. The Fourier coefficients of the underlying true function 6, become
04 = ]16021(2',;3/2 cos(ix)), i = 1,2, ... for all k = 1,2,...,10, relative to the Fourier
eigenbasis ;(t) = 32 H,lcozl cos(m(ip — 1/2)t). We have collected the frequentist
coverage probabilities of the point-wise credible sets at given points (we consider
x = ({0.25}19,{0.3188}1°,{0.75}19)) in Table and note that similar conclusions
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2. Adaptive credible sets with a squared-exponential GP prior

x =0.25 x = 0.6474 x =0.75

n= 100 | 500 | 1000 | 100 | 500 | 1000 | 100 | 500 | 1000
Method 1 | 0.00 | 0.00 | 0.00 | 0.86 | 0.82 | 0.71 | 0.00 | 0.01 | 0.00
Method 2 | 0.94 | 1.00 | 1.00 | 0.64 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
Method 3 | 0.11 | 0.12 | 0.17 | 0.95 | 0.95 | 0.96 | 0.62 | 0.47 | 0.75
Method 4 | 0.00 | 0.13 | 0.14 | 0.86 | 0.86 | 0.90 | 0.24 | 0.27 | 0.35
Method 5 | 0.00 | 0.08 | 0.10 | 0.83 | 0.84 | 0.87 | 0.19 | 0.19 | 0.34

Table 2.7: Frequencies that 03(z) is inside of the corresponding credible interval for the squared expo-
nential and Matérn Gaussian process prior at given points = € {0.25,0.3188,0.75}. Method 1: SE kernel
MMLE empirical Bayes procedure, Method 2: SE kernel empirical Bayes procedure with logn blow up
factor, Method 3: SE kernel modified empirical Bayes procedure (MMLE multiplied by logn), Method 4:
Matérn kernel with smoothness MMLE empirical Bayes, Method 5: Matérn kernel with rescaling MMLE
empirical Bayes and a = 10. From left to right the sample size is n = 100, 500, 1000.

n= 100 500 1000
Method 1 | 0.4184 | 0.2335 | 0.1804
Method 2 | 1.9270 | 1.4516 | 1.2459
Method 3 | 0.7949 | 0.5271 | 0.4267
Method 4 | 0.6694 | 0.4292 | 0.3446
Method 5 | 0.5439 | 0.2987 | 0.2625

Table 2.8: Average size of the pointwise credible intervals (i.e. 2qo.025+/&(%, x)) for 03(x) in the re-
gression model. Method 1: SE kernel MMLE empirical Bayes procedure, Method 2: SE kernel empirical
Bayes procedure with logn blow up factor, Method 3: SE kernel modified empirical Bayes procedure
(MMLE multiplied by logn), Method 4: Matérn kernel with smoothness MMLE empirical Bayes, Method
5: Matérn kernel with rescaling MMLE empirical Bayes and o = 10. From left to right the sample size is
n = 100, 500, 1000.

n= | 100 | 500 1000 | 5000 | 10000
Method 1 | 0.82s | 2.70s | 10.66s | 3.6 m | 19.1 m
Method 4 | 1.61s | 14.52s | 45.77s | 19m | 4.2h
Method 5 | 1.37s | 11.45s | 3429s | 141m | 24h

Table 2.9: Average run time of the EB methods for 03 in the regression model. Method 1: SE covariance
kernel, Method 4: Matérn covariance kernel and MMLE for the regularity hyper-parameter, Method 5:
Matérn covariance kernel and MMLE for the scaling hyper-parameter with fixed regularity o = 10. From
left to right the sample size is n = 100, 500, 1000, 5000, 10000

can be drawn as in the d = 1 dimensional case. Surprisingly, the computation times
for the posterior in higher dimension is of similar order as their one-dimensional coun-
terpart, hence they are omitted.
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z = {0.25}10 x = {0.3188}10 z = {0.75}10
n= 100 | 500 | 1000 | 100 | 500 | 1000 | 100 | 500 | 1000
Method 1 | 1.00 | 0.97 | 0.96 | 0.85 | 0.76 | 0.70 | 1.00 | 0.98 | 0.95
Method 2 | 1.00 | 1.00 | 1.00 | 1.00 | 0.98 | 1.00 | 1.00 | 1.00 | 1.00
Method 3 | 1.00 | 1.00 | 1.00 | 0.86 | 0.87 | 0.89 | 1.00 | 1.00 | 1.00
Method 4 | 1.00 | 1.00 | 1.00 | 0.96 | 0.95 | 0.97 | 1.00 | 1.00 | 1.00
Method 5 | 1.00 | 1.00 | 1.00 | 0.95 | 0.95 | 0.94 | 1.00 | 1.00 | 1.00

Table 2.10: Frequencies that 04(z) is inside of the corresponding credible interval for the squared
exponential and Matérn Gaussian process prior in the multivariate (d = 10) regression model. Method
1: SE kernel MMLE empirical Bayes procedure, Method 2: SE kernel empirical Bayes procedure with
logn blow up factor, Method 3: SE kernel modified empirical Bayes procedure (MMLE multiplied by
log n), Method 4: Matérn kernel with smoothness MMLE empirical Bayes, Method 5: Matérn kernel with
rescaling MMLE empirical Bayes and o = 10. From left to right the sample size is n = 100, 500, 1000.
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

CHAPTER

Optimal recovery and coverage for
distributed Bayesian non-parametric
regression

Abstract. Gaussian Processes (GP) are widely used for probabilistic modeling and
inference for non-parametric regression. However, their computational complexity
scales cubicly with the sample size rendering them unfeasible for large data sets. To
speed up the computations various distributed methods were proposed in the litera-
ture. These methods have, however, limited theoretical underpinning. In our work
we derive frequentist theoretical guarantees and limitations for a range of distributed
methods for general GP priors in context of the non-parametric regression model,
both for recovery and uncertainty quantification. As specific examples we consider
covariance kernels both with polynomially and exponentially decaying eigenvalues.
We demonstrate the practical performance of the investigated approaches in a nu-
merical study using synthetic data sets.

§3.1 GP regression framework

In our analysis we consider the multivariate random design regression model. Let us
assume that we observe (X;,Y;), i = 1,...,n, i.i.d pairs of random variables satisfying

}/i = 00 (Xz) + &5, &4 %1./\/'(0,0'2) N (311)

with design points X;, ¢ = 1,...,n, belonging to some compact set X C R?, obser-
vations Y; € R, noise variance o2 > 0, and functional parameter 6y : X — R. For
simplicity we take X = [0, 1]¢, assume that the design points are uniformly distributed,
ie. X; i U[0,1]%, and 0% > 1 to be known. We use the notation D,, = (Y5, Xi)i=1,..m
for the observations and P, and Ey for the probability measure and expected value
corresponding to the underlying regression function 6.

In order to perform inference on the regression function 6y, we consider a non-
parametric Bayesian approach. We endow 6y with a mean-zero Gaussian Process
(GP) prior GP(0, K), where K : R x R? — R is a positive definite stationary kernel.
For matrices A € R¥" and B € R let K (A, B), denote the n x n/ matrix of

(K(A.4, Bj))i<i<n,1<j<n’-
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

By conjugacy the posterior distribution of # is also a Gaussian process and by
the same conjugate computation as in Chapter 2 of (Rasmussen and Williams|, |2006)),
9|D,, ~GP(8,,C,), where for any z, 2’ € [0,1]%

b, (z) = K (2,X) (K (X,X) + 02L,) Y, (3.1.2)

Co (z,2') = K (,2') — K (2,X) (K (X,X) +021,) " K (X,2), (3.1.3)
where X € [0,1]2X", Y € R” are the collection of design points and observations,
respectively, and I,, denotes the n x n identity matrix.

We assume that the eigenfunctions {1);};ene of the above covariance kernel K
factorize, i.e.

d
;=[] ws.d € N, (3.1.4)

k=1

where {9;, }j.en are the eigenfunctions corresponding to the one dimensional kernel
on [0,1]. We further assume that the eigenfunctions of the kernel K are bounded.

Assumption 3.1.1. There exists a global constant Cy > 0 such that the eigenfunc-
tions {1 }jena of K satisfy [1;(t)| < Cy for all j € Nt e X.

The corresponding eigenvalues of K are

d
pi = [ -5 € N% (3.1.5)
k=1

with {uj, }j,en the eigenvalues of the k-th component of the kernel (Berlinet and
C. Thomas-Agnan, |2004)). Although our results hold more generally, as specific ex-
amples we consider polynomially and exponentially decaying eigenvalues

Assumption 3.1.2. The one dimensional eigenvalues 1;, j € N are either
e Polynomially decaying:
CTlj2/dl <y < T2/ dL) (3.1.6)
for some a,C > 0, or
e FExponentially decaying:
C™lbe ™ < pj < Che™", (3.1.7)
for some a,b,C > 0.

In non-parametric statistics, it is common to assume that the underlying functional
parameter of interest belongs to some regularity class. In our analysis we consider
Sobolev-type of regularity classes defined with the basis v;, i.e. for any 5 > 0 and
B > 0, define as in (Bényi and Oh, |2013)), (Hunter} 2013) and (Cobos et al., |2015)
the function space

d 28
% (B)=160=> 00 €Ly ([0,1]%): > ( jk> 03 <B*H.  (3.1.8)
k=1

jENC jENE
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For the Fourier basis or the basis corresponding to the Matérn covariance kernel,
©8(B) is equivalent to S-smooth Sobolev balls and are known as isotropic Sobolev
spaces, see (Cobos et al., [2015]).

The frequentist properties of Gaussian process priors for recovery are well under-
stood in the literature. It was shown in various specific examples and choices of priors
that for appropriately scaled Gaussian priors the corresponding posterior can recover
the underlying functional parameter of interest 6, € ©°(B) with the optimal minimax
estimation rate n—P/(28+d) gee for instance (]van der Vaart and van Zanten, 2007)),
(van der Vaart and van Zanten| |2008) and (van der Vaart and van Zanten, 2011)).
Another, from a practical perspective very appealing property of Bayesian methods is
the built-in uncertainty quantification. Bayesian credible sets accumulate prescribed
(typically 95%) posterior mass and can take various forms. In our analysis we consider
Ly credible balls, i.e. we define the credible set as B,, = {8 : |0 —6,,|| < .}, satisfying
(0 € B,|D,) = 1— 7, for some v € (0,1). Credible sets do not provide automati-
cally valid confidence statements. In recent years the frequentist coverage properties
of Bayesian credible sets were widely studied and it was shown for appropriate choices
of the prior distribution the corresponding posterior can provide reliable frequentist
uncertainty quantification for functions satisfying certain regularity assumptions, see
for instance (Szabo et al., 2015), (Belitser, 2017), (Castillo and Nickl, 2014), (Serra
land Krivobokoval [2017)), (Sniekers and van der Vaart} [2015a)), (Yoo and Ghosal, 2016),
(Bhattacharya et al., [2017)), (Ray}, |2017)), (Rousseau and Szabo, 2020)) and (Hadji and
Szabo, 2021)). However, our setting wasn’t covered by these results yet.

Despite the fact that the mean and covariance functions can be
explicitly computed, consequently solving the model, their computation requires in-
verting the matrix (K(X,X) + 02I,). The inversion of this n x n matrix is of O(n?)
computational complexity, which rapidly explodes as n grows. One way to speed up
the computations is to consider sparse approximations of the matrices, see for in-
stance (Gibbs et all [1976)), (Saad,|1990)), (Quinonero-Candela and Rasmussen, 2005)
and (Titsias, [2009). In this work we focus on a different, distributed approach to
decrease computational complexity.

§3.2 Distributed GP regression

In distributed methods, the data are divided among multiple local machines or servers,
and the computations are carried out locally, in parallel to each other. Then the
outcome of the computations are transmitted to a center machine or server where
they are aggregated somehow forming the final outcome of the distributed method.
In the random design regression model it means that we divide the data of size
n over m machines (we assume for simplicity that n mod m = 0), i.e. in each
machine k = 1, ..., m we observe iid pairs of random variables (Xi(k), Yi(k)) € [0,1)¢xR,
i =1,...,n/m, satisfying

v =y (X) 4, O HN (0,07, (3:2.1)

where fp : [0,1]¢ +— R is the unknown functional parameter of interest, and o > 0 the

. . . . . k
known variance of the noise. For convenience, let us introduce the notations D% ) =
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

(X® vy A X = (xF) L YR = (v %),y 5 for the whole data set,
the design points, and observations in the k-th local machine, respectively. Similarly
to the non-distributed method (with only one local machine m = 1), we assume that
the true function belongs to some Sobolev-type of regularity class 6y € ©°(B), for
given B, B > 0, see (3.1.8]).

We consider distributed Bayesian approaches for recovering 6y. First, we endow
the function 6y in each local machine k = 1, ..., m with a Gaussian process prior and
compute the corresponding local (adjusted) posterior distribution TT*)( .\DL’“)). Then,
we transmit the m local posteriors into a central machine where we aggregate them
somehow into a global (adjusted) posterior ITf, ,,, (-|Dy). We further denote by %) the

local (adjusted) posterior mean, and by én,m the global (adjusted) posterior mean.
For quantifying the uncertainty of the distributed Bayesian procedure we consider
La-credible balls resulting in from the aggregated posterior distribution, i.e. let

Bn,mxy = {0 e — én,m”Z < ?“n,m,»y} , satisfying
Hiz,m (0 € Bn,m,’y‘Dn> =1- Y, (322)

for some prescribed v € (0, 1).

Distributed methods vary according to the way the local (adjusted) posterior
distributions are computed and aggregated to obtain the global posterior. The be-
havior of the aggregated posterior crucially depends on the applied techniques. To
demonstrate this let us consider a naive method where in each local machine we
endow 6, € ©°(B) with a Gaussian process prior and compute the corresponding
unadjusted local posterior distribution H;*L(-|D£«Lk)). We consider a centered GP with
polynomially decaying eigenvalues as in Assumption [3.1.2] with matching regularity
hyper-parameter a« = 3. Note that this choice of the hyper-parameter is optimal in
the non-distributed case (with only one local machine m = 1). Then the local pos-
teriors are aggregated to a global posterior I} . (-|D,) in the following way: a draw
from the aggregated posterior is taken to be the average of a single draw from each
local posteriors. The theorem below shows that such method results in sub-optimal
concentration for the posterior mean and contraction rate for the whole posterior
distribution.

Theorem 3.2.1. Take § > 2 and consider the function 8y € ©g(L) of the form
fo(z) = cL ;24 i1 % (log )% (x), = € [0,1], for sufficiently small c;, > 0. Then
for the covariance kernel K with polynomially decaying eigenvalues (3.1.6) with o =
andd =1, and (logn)? < m < n'/(1+28) the corresponding naive aggregated posterior
mean énym has sub-optimal concentration and the posterior itself achieves sub-optimal
contraction rate, i.e.

“ 2
B[ — 00| > ¢ Qogn) ™2 (nfm) /254D, (3.2.3)
2

Eoltl, (9 16— 602 < ¢ (logn) 2 (n/m)—ﬁ/<2ﬂ+1>|Dn) -0, (3.2.4)

for sufficiently small ¢ > 0, where én,m is the mean of the global posterior HL,m
obtained with the naive method.

The proof is given in Section
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§3.2.1 Optimal Distributed Methods

In this paper we consider two methods, for which optimal performance were de-
rived in context of the Gaussian white noise setting, see (Szab6 and van Zanten,
2019). We investigate these methods here in the practically more relevant and tech-
nically substantially more complex non-parametric regression model. We note that
in (Guhaniyogi et all [2017) in context of the regression model an approach closely
related to Method II was derived and its contraction properties were investigated for
a rescaled covariance kernel with polynomially decaying eigenvalues. In our work we
consider more general kernel structures and in contrast to (Guhaniyogi et al.,|2017)) do
not require that the functional parameter belongs to the Reproducing Kernel Hilbert
Space (RKHS) of the Gaussian Process prior. Furthermore, we also derive guarantees
and limitations to uncertainty quantification. Therefore, our results are of different
nature requiring a different approach.

3.2.1.1 Method I

Rescaling the priors. In the first method, introduced by (Scott et al., [2016)) in a
parametric setting, we consider raising the prior density to the power 1/m, which is
formally equivalent to multiplying the kernel K by m, i.e. the adjusted kernel takes the
form K’ :=mK. Then the eigenvalues of the kernel K' are {u}};ene = {my;}jena.
Hence, in view of the posterior distribution, for each machine k = 1,...,m, is

also a Gaussian process 9|]D)$Lk) NGP(&(«ZC), CA'y(lk)) with

0% (1) = K (sc X(k)> (K (X(k), X(k)) + m*lcr?I,-L) Ty,

®) (. 2') = m (K (z,2) — K (x,X(k)) (K (X(’“),X(’“)> + m—la%ﬁ)_l K(X(’“),x’)> .

Averaging the local draws. A draw from the global posterior is generated by first
drawing a single sample from each local posteriors and then taking the averages of
these draws over all machines. Since the data sets and the priors in the local machines
are independent, the so generated average of the local posteriors is also a Gaussian pro-

. 5 _ Ak . A - A(k
cess with mean 6, =m~1 3", 0 and covariance kernel Chon=m=23 ", i

)

where HA,(Ik) and CA’,(lk) denote the posterior mean and covariance functions in the kth
local machine.

3.2.1.2 Method II

Rescaling the likelihood. In the second method proposed by (Srivastava et al.,
2015), we adjust the local likelihood by raising its power to m in every machine, which
is equivalent to rescaling the variance of the observations by a factor m~!. Then, by
elementary computations similar to , we obtain that for each machine, the
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

posterior distribution is GP(GA,({{), C’flk)), with
00 (2) = K (m,X(k)> (K (X(’“),X(’“)> +m~Lo?I; ) Ly,
CW (z,2") = K (z,2") — K (x,X(k)) (K (X(k),X(k)) +m ol ) 'k (X(k),x’) .

Wasserstein barycenter. This approach consists in aggregating the local posteri-
ors by computing their Wasserstein barycenter. The 2-Wasserstein distance W3 (u, v)
between two probability measures p and v is defined as

Wi ) i=int [ [ o = ylir(do.dy),
where the infimum is taken over all measures v with marginals p and v. The cor-

responding 2-Wasserstein barycenter of m probability measures g1, ..., fty, is defined
by
1 m
o= argmin — 3 W3 (1, ),
k=1

where the minimum is taken over all probability measures with finite second moments.

In view of Theorem 4 in (Mallasto and Feragen) 2017)), the global posterior is a

9” and covariance C” satisfying

it = L3,

! m’;

R 1™ R 172 R 1/2\ 1/2

S <0£fm ew (e, ) |
- 155 (o) e (et

In particular, the posterior variance function is

Varﬁm (f(x Z Var ( ()| D) )

Gaussian process with mean

for all x € X.

§3.2.2 Posterior contraction rate

We show that the above proposed distributed methods (i.e. Methods I- II) provide
optimal recovery of the underlying functional parameter of interest. The methods
result in different global posteriors which can have different finite sample size behavior,
but their asymptotic properties are similar.

Theorem 3.2.2. Let 3,B > 0, K a kernel with eigenvalues (115) jene satisfying |{j €
N¢ . pin > 0%} < n and corresponding eigenfunctions satisfying Assumption
Furthermore, let

n,uj

i IljeN? 3.2.5
P for all j € N, (3.2.5)

I/j:
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§3.2. Distributed GP regression

and P a linear operator defined as P(6) := Y jena(l —v;)050; for all 6 € L3(X).
Then

2
i 2 7 2, O 2
Eollnm — 00l S IP@)IE+ 5 D 2 +60,  (32:6)
jeNd
Eoll (w 6oll3 > M, (||P(90)H2+* > vi+ ) D, ) 50, (327
jENd

for arbitrary sequence M, tending to infinity, where énym is the mean of the global
posterior IIf, . (.|Dy,) obtained with either Methods I — I1 and

n_mf{ Z ZW T c N |I|<nmlognz } (3.2.8)

jENd leze jENd
is a (typically) negligible technical term.

The proof of the theorem is deferred to Section [3.5.3

First we note that the condition |{j € N% : p;n > ¢?}| < N is very mild and
is satisfied by the eigenvalues considered in Assumption The sequence (v;)jen
can be thought of as the population eigenvalues of the posterior. Next note that the
bound has two main components. The first term || P(6)||3 measures how close
fp is (in Lo-norm) to its convolution with the eigenvalues (v;);ena, hence it accounts
for the bias of the estimator. In the meanwhile the second term (o2 /n) > jend v? can
be thought of as the variance term. In a similar fashion, the contraction rate
has also two main components: ||P(6)||3 and (62/n) >_jena Vj, Where the former is
the squared bias while the latter is the expected value of the posterior variance under
the true parameter. The remaining §,, term is of technical nature. It bounds the tail
behavior of the eigen-decomposition of the variance of the posterior mean. This term
is shown to be negligible in our examples. Since all the above terms are related to
the kernel K, explicit bounds on the expectation of ||én — boll2, as well as explicit
posterior contraction rates of the global posterior Hl,m(.m”), can be achieved for
specific choices of the kernels.

Corollary 3.2.3. (Polynomial) For given B > 0 and > 3d/2, assume that the
covariance kernel K satisfies Assumptions [3.1.1 and (3.1.6)) with « = 5. Then for

26—
m=o(n % ) ) the aggregated posterior distribution 11§ . (.|D,) and the corresponding

aggregated posterior mean 0,, n,m resulting from either of the Methods I — II achieve
the minimaz convergence rate up to a logarithmic factor, i.e.

sup  Eo|0n,m — 0013 S (n/0®) 7/ D (log(n/0®))*!
90€@ﬁ(3)

and for all sequences M, — 400,

sup EOHL’ (0160 = boll2 > My, (n/o®) =P+ (log(n /)4~ D/2|D,) = 0
00€06 (B)

The proof is given in Section [3.6.1
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

Corollary 3.2.4. (Exzponential) For given B > 0 and > d/2 assume that the
covariance kernel K satisfies Assumptions and (3.1.7) with rescaling parameter

B—d
a = (02/n)/ 8+ Jog(n/o?) and b = 1. Then for m = 0(n2(22ﬁ+d>) the aggregated
posterior distribution HIL’m(.HD)n) and the corresponding aggregated posterior mean

0 m resulting from either of the methods I — II achieve the minimax convergence
rate, i.e.

N 2
sup EO ‘ gn,m - 00H2 5 (n/0_2)726/(2ﬂ+d)’

906@[3(3)

and for all sequences M, — 400,

sup  BoIlf (9 16 = 662 > Mn(n/ch)’ﬂ/(25+d)\]D)n> 0.
00€08(B) '

The proof is given in Section We note that the conditions on S and m in
both corollaries follow from the remaining technical term §,. These conditions are
not optimized and are of technical nature.

§3.3 Distributed uncertainty quantification

In the following, we study the frequentist coverage properties of the Lo credible balls
defined in resulting from Method I. For convenience we allow some additional
flexibility by allowing the credible balls to be blown up by a constant factor L > 0,
i.e. we consider balls

Brm(L) = {0 € Lo(2): [0 = b < Lroms )

where for the choice L = 1 we get back our original credible ball . The frequen-
tist validity of Bn,mﬂ(L) will be established in two steps: First we approximate the
centered posterior measure 6 — émm |D,, and second we study the asymptotic behavior
of the radius, the bias and the variance of the posterior mean corresponding to the
approximated posterior.

In the non-distributed case (i.e. m = 1), the posterior distribution can be ap-
proximated by an auxiliary GP. For the GP posterior 6 — én|Dn ~GP(07C’n), the
covariance kernel C), given in is hard to analyze due to its dependence on X.
Against this background, following the idea of (Bhattacharya et al., 2017, we define
a population level GP W ~GP(0,C,,), where Cp,(z,2") = 02 /n > jena Vi (z) ('),
and show that the two kernels are close with respect to the Lo-norm. Then using this
result we can provide the following frequentist coverage results for the credible balls.

Theorem 3.3.1. Let 3,B > 0, K be a kernel with eigenvalues (ji5)jena satisfying
{j € N : nu; > 02} < n and corresponding eigenfunctions satisfying Assumption
3.1.1, Furthermore, assume that ndy/ 3 ;cnavj = o(1), where the (typically) negli-

gible term 6, was defined in (3.2.8). Then in case the bias term |[P(6)||2 satisfies
that

n PO

< (3.3.1)
o? ZjeNd vj
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§3.3. Distributed uncertainty quantification

for some ¢ > 0, the frequentist coverage of the (inflated) credible set resulting from
Method I tends to one, i.e. for arbitrary L, — 400

Py, (90 € Bumn (Ln)> nIOS

On the other hand, if the bias term ||P(8y)||2 satisfies that

7 IP@)I3 noge

o0, (3.3.2)
o? ZjeNd vy

then the aggregated and inflated credible set resulting from Method I has frequentist
coverage tending to zero, i.e. for any L > 0,

Py, (90 € Bom (L)) n2e0 )

We briefly discuss the assumptions. Condition requires that the squared
bias term is dominated by the posterior variance, which is a natural and standard
assumption for coverage. On the other hand condition resulting in the lack
of coverage assumes that the squared bias dominates the variance which is again
natural and standard. The assumption né,/ > na v; = o(1) is of technical nature,
and is required to deal with the tail of the eigen-decomposition of the posterior.
This condition is not optimized but it is already sufficiently general to cover our
examples. The blow up constant of the credible sets are again of technical nature,
it can be equivalently replaced by slightly under-smoothing the priors, see (Knapik
et al., 2011)).

Below we consider specific choices of the covariance kernel K, both with poly-
nomially and exponentially decaying eigenvalues. We show below that by not over-
smoothing the priors, Method I results in frequentist coverage tending to one in both
examples.

Corollary 3.3.2. (Polynomial) For given B > 0 and > 3d/2, assume that the
covariance kernel K satisfies Assumptions |3.1.1] and (3.1.6) with o < 3. Then for

28—3d
m = o(n - ) and L, tending to infinity arbitrarily slowly the aggregated posterior
credible set By, m ~(Ly) attains asymptotic frequentist coverage one, i.e.

inf P(o € Brmr (L )—>1.
0061(515(3) 01Y0 n, L,’y( n)

The proof is given in Section [3.6.3

Corollary 3.3.3. (Exponential) For given B > 0 and 8 > d/2, let us take m =
25-d . . .
o(n2@Fd ) and assume that the covariance kernel K satisfies Assumptions

and B.1.7) with (m/n)Y ) (logn)' =1/ < ¢ < (U/n)l/(25+d) logn and b = 1.
Then for Ly, tending to infinity arbitrarily slowly the aggregated posterior credible set
By, m.(Lp) obtains asymptotic frequentist coverage one, i.e.

inf P(e € By Ln)—>1.
00e1c§6(3) o\ my (Ln)

The proof is given in Section We note that in both examples the conditions
on B and m are of technical nature and they were not optimized.

7



3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

§3.4 Discussion

In this chapter, we have shown that distributed methods can be applied in the context
of Gaussian Process regression and give accurate results in terms of recovery and
uncertainty quantification. Although a naive averaging of the local posteriors will fail
to capture the true functional parameters, there exist techniques obtaining a global
posterior distribution which has similar asymptotic behavior as the non-distributed
posterior distribution. We demonstrate through various examples (including both
polynomially and exponentially decaying eigenvalues for the covariance kernel) that
the aggregated posterior distribution can achieve optimal minimax contraction rates
and good frequentist coverage.

One of the main contributions of our paper is that we do not need to assume
that the true functional parameter belongs to the Reproducing Kernel Hilbert Space
(RKHS) corresponding to the considered Gaussian Process prior, which is a typical
assumption in the literature. This way our results are less restrictive and can be
applied for a larger class of functions and priors. For instance squared exponential
covariance kernels contain analytic functions in their RKHS, hence assuming that
the truth belongs to that space would substantially reduce the applicability of the
method. Also, in case of Matérn kernels by relaxing this assumption we do not have
to introduce an (artificial) rescaling factor which is needed otherwise as the regularity
of the Matérn kernel can’t be chosen to match the regularity of the truth.

The optimal choice of the tuning hyper-parameter in the covariance kernel depends
on the regularity of the underlying function, which is typically unknown in practice.
In the non-distributed setting various adaptive techniques were proposed to solve
this problem, including hierarchical and empirical Bayes methods. However, in the
distributed setting standard approaches based on the (marginal) likelihood fail, as it
was demonstrated in the context of the Gaussian white noise model, see (Szabd and
van Zanten, 2019). An open and interesting line of research is to understand whether
adaptation is possible at all in the distributed regression framework and if yes
to provide method achieving it.

§3.5 Proofs of the main results

§3.5.1 Kernel Ridge Regression in non-distributed
setting

Let us first consider the non-distributed case, i.e. take m = 1. We introduce some
notations and recall standard results for the kernel ridge regression method. The
posterior mean 6,, coincides with the kernel ridge regression (KRR) estimator

n

0, = Ok rr = arg min (6, (0)], Lo (0) = D (¥i—0(X))*+020]7,, (3.5.1)

i=1

where the RKHS H corresponds to the prior covariance kernel K, see Chapter 6 in
(Rasmussen and Williams|, [2006]). The objective function of the KRR is composed of
the average squared-error loss and an RKHS penalty term. In view of the representer
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§3.5. Proofs of the main results

theorem for RKHSs, the solution to is a linear combination of kernel functions,
which renders it equivalent to a quadratic program.

By the reproducing property, all functions 6 in the RKHS H can be evaluated as
0(X;) = (0, Kx,)n with Kx, = K(X;,-), and ||0||3, = (0,0)5. The corresponding
log-likelihood function takes the form (up to an additive constant term)

—(0,Kx,),)° +0°(0,6),,

n

=1

Performing a Fréchet derivation on ¢, : (H,{-,-)%) — R with respect to 6, one can
obtain the score function. By multiplying the score function with 1 /(2n) we arrive at
the function S, : H — H given as

> (Y- 0(X:) Kx, — 029] : (3.5.2)
i=1
For simplicity we refer to S, () as the score function from now on and note that the
KRR estimate 0,, = 0 rr then verifies

S (00) = 0.

Define also S,,(6) := EoS,,(0) to be the population version of the score function, i.e.

0'2 0'2
S, (6) = /X (60 (2) — 0 (2)) Kyda — 70 = F (6 — 0) — —-0, (3.5.3)

where the operator F' : Ly(X) — H is a convolution with the kernel K, in other words
0) = [0(x)K,dv. Considering § = 3, ya0;1;, a straightforward calculation
yields F'(0) = > cna #j0;45. We can then rewrite Sy, (0) as

%+ nu;
Sn(a) = Z (,Uja(),j - njej) ’Lﬂj, (354)
jENd
which leads immediately to a solution of S,(0) = 0 with 8; = v;6y;, where v; =

Un,j = o2+np;”

Let us define another operator F: Ly(X) — H, with H denoting the Hilbert space
with inner product (0,0"); = > cna v; 29J<9], as F(0) = > jend uﬂjz/){ (we omit the
dependence on n in the notation). Note that both operators F' and F' are bijective
and linear, which allows us to rewrite as

S, () =F(6)) —FoF1(f)=F (90 . (9)) .
Hence, using the notation Af, = 6,, — F(6) we get
Ab,=-FoF oS, (én) . (3.5.5)

It will also be useful to define the operator P = id — F', where id denotes the identity
operator on Ly(X). Also note that S,,(F(6p)) = 0.

Table provides a summary of the key above notations in order to help the
reader find a way in the proofs.
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

Table 3.1: Notation references

Symbol | Definition

D, Data, {(Y;, X;)™4}.

0o True function.

£ Gaussian error, g; = Y; — 0p(X;) ~ N(0,02).

0,, posterior mean function, Ex[0|D,], equal to the KRR solution.

f = argminger [nt LI, (Y — 0(X0)® + n o203
F Convolution with kernel K, F(0) = 3 ya 11;0;1;.

F! Inverse of F, F~1(f) = > jenalli/pg);.

{v;}jena | Eigenvalues of the equivalent kernel v; = nju; /(02 + np;).

F Convolution with the equivalent kernel F(§) = > jena Vi0ib;.
}j_l Inverse of I, F=H0) = 3 ena(05/vi);.

P P=id-F.

S, Sample score function, S,(0) = n='[>1, (YV; — 0(X,))Kx, — o20].
Sh Population score function, S, (0) = F(6y — F~1(0)).

§3.5.2 Kernel Ridge Regression in distributed set-
ting

In the distributed setting (both in Methods I and II), accordingly, the kth local sample
and population score functions are given (up to constant multipliers) by

n/m 2
S0 () = n/% S (v -0 (X)) Ky - Zo]
90 = [ 0@ -0 Kade — 0= 5,0), (3.5.6)
X n

respectively. Analogously to (3.5.2]), every local KRR estimate satisfies .S, (k)(ﬂ(k)) 0.
In view of S = S, we have S (F(OO)) =0, hence for each machine, let AL =

é,(f) —F (fo) denote the difference between the empirical and the population minimizer
of the KRR.

§3.5.3 Proof of Theorem (3.2.2

In the proof we use ideas from the proof of Theorem 2.1 of (Bhattacharya et al.,
2017). The main differences between their and our results are that we are consid-
ering (various) distributed Bayesian methods (not just the standard posterior with
m = 1) and that we extend the results to general Gaussian process priors (including
kernel with polynomially decaying and exponentially decaying eigenvalues), while the
proof (Bhattacharya et al.,|2017)) only covered the rescaled version of the kernel with
polynomially decaying eigenvalues, with scaling factor depending on the sample size.
More specifically we do not require that the true function belongs to the RKHS of
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§3.5. Proofs of the main results

the GP prior, which substantially extends the applicability of our results. Finally in
our analysis we consider the multivariate d-dimensional case, work with Ls-norm and
consider Sobolev type of regularity classes rather than L., norm and hyper-rectangles
induced by the series decomposition with respect to the eigenbasis 1. These exten-
sions and conceptual differences required substantially different proof techniques than
in (Bhattacharya et al., [2017).

First note that in view of the inequality (a + b)? < 2a? + 2b%, we get

~ 2 - 2 N - 2
E, ‘ [ 90H2 <2 Heo _ F(GO)H2 + 280 || — F(GO)’ :

where én’m is the mean of the global posterior HL’m(. |D,,) obtained with either method
I or II. Then we show in Section [3.5.3.1| that for 6, € ©°(B)

O — F(%)HQ < % S (||15(90)H§ +02) + 6, (3.5.7)

2
jENd

Ey

where
-1

Op, = inf nZV?ZM:ICNCﬂﬂg% Zyjz

jENd  ¢eTe jENd

concluding the proof of the first statement.
For the contraction rate note that by using Markov’s and triangle inequalities we
get

EoE! [Ha ean D}JFEO Oy — eoH

2.2
MZze2

EOHIL,m (9 : ||9 - 00”2 > Mn€n|Dn) S

Therefore it is sufficient to show that
EoET 0—0 ’ D,| =0 i E
0Ln,m |:H - n,mH2| n:| ; - Vj

In view of Fubini’s theorem the expected squared Lo-norm of the process 6 — én7m|]D)n
is the integral of the aggregated posterior variance of §(z) over X,

B {He—én,muzmn} :/ Varl,,, (6 (2) |D,) da
X

In the non-distributed setting, the posterior variance only depends on the design
matrix X. The expectation of this integral is known as the learning curve in Chapter
7 of (Rasmussen and Williams, [2006]). In Section [3.5.3.2| we prove that

EO/ Varn 'm “D)n) dr =< 0'2 Z m — Z vy, (358)

jENd jENC

concluding the proof of the statement.
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

3.5.3.1 Proof of (3.5.7)

First note, that in view of the inequality (a + b)? < 2a® + 202,

- 2
HM(k)H <92 HM(k) FoF~1o8k ( (o) )H 42 HFOF o §(k) (F (90))H .
2
Then we show below that
B _ pop1og® (F 21 ik ||
Eo HAen —FoFto8® (F(6)) H < —F, HAGn H + 6, (3.5.9)
2™m 2
which together with the preceding display implies
. . - 2
Fo HAG(’“)H 2+0(1)) (EO |Fortos® (Fo)|| + 05n> .
By combining the preceding two displays we arrive at
EOHAM—FOF 80 (F (o )H
2
<1lg [Forto8( (£ 00)|. +6n
m 2
For the aggregated estimator we get that

|86 A0~ 23 For 10500 (F01)

ZFOF oS (F ( (90)>

Then in view of the preceding display, the independence of the data across machines
and Eg(FoF~'lo S (F(6))) = 0 we get that

2

R 2 1 - . . 2
’ 2 m 2

Finally we verify below that

EOHFOF—loS';M(F(90)>H2§ n/lmjz V2 (HJB(Q())HE-FUQ), (3.5.10)

2
eNd

which together with ||P(6)||2 < ||60]|3 < B2 provides us (3.5.7).
Proof of (3.5.9)): First note that the identity AP = _FoF-1o Sflk)(éﬁlk)) follows

from assertions (3.5.5) and (3.5.6). This implies together with the properties of S
and S, that

(502 (99) = 512 (06)) = (58 (P 40)) = 512 (7 60)) )
FoF

Sl (Aggc)) _ ) (ﬁ(go)) _ (3.5.11)

82
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On the other hand, in view of (3.5.6)),

S (9) — SH) () = n/im % (Yf’“) 9 (XZ(M)) Ky — /X (6o (z) — 0 (2)) Kpda

for all functions 8 € H. Therefore, by applying the preceding display twice with
0 =0 and 6 = F(6), we get that

(30 3) - 0 () - (5 (i) -5 (i)

n/m
1 . X
= N AR XK /Ae)(k) K, dz.
n/m; n(l)kamLX V) (x) z

Combining assertion ([3.5.11]) with the preceding display and then using Lemma
(with 9= A@;g% satisfying the boundedness assumption, see Lemma j together
with Lemma we get for arbitrary index set Z ¢ N? that

B, 288~ Fo o 50 (£ (60) Hz

2

n/m
- E, (F o F‘1> n/im ; AP (X}’“)) K /X AP (2) Kpda

AR

n/m
/ jENd éeIc

2

Taking the minimum over |Z| < W(Zg‘el\ld 1/]2)_17 we get that

Eo HAéﬁl’“) _FoFlos® (F(ao))H < % o AGR|2 + 6, (3.5.12)

concluding the proof of (3.5.9)).

Proof of (3.5.10). In view of the linearity of the operator FoF~ ! the inequality
161 + 6215 < 2[|6113 + 2[|62]3, and

S (ﬁ (90)> - n/im rf (Yi(k) v (Xz‘(k)>) KXE’”
i=1
+ %gzﬂ(eo) (X)) K g - T F (00)
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

the left hand side of (3.5.10) can be bounded from above as

B[P (5 (Fiw) -t (F)|
< 2B, |FoF! v mrfp (Xlik))Kka)—/)(P(eO) (2) K dz
2

n/m 2

- (k)
+ 2By |FoF n/m§ MK
2
=: (T1+T2)

We deal with terms 77 and T3 separately. In view of Lemma (with 9 = P(6))

for some C > 0. Since the operator F o F~1! is linear, we get that

A (CUN TS (el
RO I (RN R)

1<i<t<n

202 - 2 202
sl A CE e r A
n/m° ° XM )e T n/m EZNdVJ
j

because the cross terms are equal to 0 due to independence of the noise sl(-k), 1 =

1,.,n/m k=1,..,m

3.5.3.2 Proof of (3.5.8)

In this section we give upper bounds for the learning curves in case of both distributed
methods.

Method I: Let us denote by MJI- = my; the eigenvalues of the local covariance kernel.
Then in view of Lemma [3.7.4] the expectations of the m local posterior variances are
all of the same order

I
EoEx Var (0( )|]D)(k)) o jEZNd W o Z 02 +nM n/m Z V-

jeNd

Since the variance of the global posterior distribution IT}, . (.|Dy,) satisfies the following

equality
Varl, ., (0(2)) =m ™23 Var (9(2)D{ ),
k=1
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one can see that )
o

EoEx Varl (0(X)) < — .

oEx Var, ,, (0(X)) n ZV]

n,m
jENE

Method II: First note that ,ufl = 11 the eigenvalues of the local covariance kernel.
Note that the expectations of the m local posterior variances are all of the same order

2 11 2

i o
EoEx Var (6(X)ID() = J - ’
oLyx var ( )| n mjgdgg/m+(n/m)u§1 n ZVJ

because the variance of the noise is o?/m for each machine. The variance of the
aggregated posterior distribution ITLf (.|Dy) satisfies

2
g
EoEx Var[, (0(X)|Dy,) < — DRZ
jENd

because we know that

n,m

Varll, (0(X)|D,) = m™" Zm: Var (6(2) D)
k=1

proving assertion (3.5.8)).

§3.5.4 Proof of Theorem |3.2.1

The proof follows similar lines of reasoning as Theorem [3.2.2] where we provided
general upper bounds for the contraction rate of the distributed posterior.

First we prove (3.2.3). For the naive averaging method the local sample and
population score functions coincide to the non-distributed case given in Section [3.5.1
with sample size n/m, i.e.

A 1
*(k) — (k) (k) o
«(k) o? -
550 (9) = /X () = 6(0) Ko — 70 = (6 0) = 7.

Note that the solution of the equation S;Z(k) (#) = 0 is given by the coefficients 6; =

* . : * __ np; ; d
vibo,j, with vy = T J € Ne.

Then using the inequality a? > (a — b)?/2 — b one can obtain that

~ 2 - 2 N - 2
Bl = o Pl ]

1
2

where F*(6) = > jen ;05 and é;m is the mean of the global posterior II} ,,, (.|D,)

obtained with the naive averaging method.
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

First note that

AN m L 1 e
H9o - F (90)H2 =3 oo R +W,93,j z5 > G717 (log j)?
=1 ! (n/(mo2))/ @8+ <
> ¢o(n/m) ™28/ (log(n/m)) 2, (3.5.13)

for some small enough ¢y > 0. We conclude the proof of (3.2.3) by showing below
that Eo|[fn,m — F(9o)||2 = o((n/m) =P/ (log(n/m))~ )~

Similarly to we can derive (by replacing F and v with F* and v* , respec-
tively) that

n

o|léz . — 7 H < lz (HP*(@@H}&)M;, (3.5.14)

where 0 = nZ?’;l(V;‘)Q e e, with I = #W(Zjo (v)?)~ 1. Note that |1P*(80) 13 =

O(1) and in view of Lemma 322 ()2 = (n/m)Y 2FFD); hence

(n/m)28/(28+1)

mlogn

Therefore the first term on the right hand side of (3.5.14)) is O (n =28/ (2841 ~1/(26+1))
and

55 < n(n/m)Y/ (H28) [28 — 228~ 1448 (190 )28 — <(log(n/m))_2) ,

where the last step holds for large enough choice of 5 and not too large choice of m.
For instance taking 8 > 2 and m = o(n'/(?+28)), we get that

8 (n/m)*/ D < =0 logh n = o ((log(n/m))~?),

for some ¢; > 0.
It remained to deal with (3.2.4)). First note that by the computations above
combined with Markov’s inequality there exists a sequence p,, — 0 such that

n

Then by triangle inequality, (3.5.13|) and Markov’s inequality we get for ¢ < ¢y that

é:m - F*(eo)HQ > pn(n/m)_ﬁ/(%‘*‘l)(1og(n/m))—1) o

EolL; ,, @ww—%M§4merW“m%mmm*ma
< Bt ([0 = 700

— e(n/m)~P/ @D (1og(n/m)) 1<H9 9an |]D)n)

rl,

< EolIl;, ,, ((CO — ¢ — pp)(n/m)~#/ D (log(n/m)) =t < H6‘ - éZmH2 |]D)n> +o(1)

< (n/m)?/ 5 log(n/m))? Eo By, [0~ 05
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We conclude the proof by noting that

j=1

2 oo
J *
==

n/m =

for all k € {1, ...,m}; hence
. P2 Ly (k)
EoE;, |6 - GWHQ = — > BoBx Var (6(0)|D{)

§3.5.5 Proof of Theorem (3.3.1

We first consider the non-distributed case m = 1 for clearer presentation and then
extend our results to the distributed setting.

3.5.5.1 Non-distributed setting

Connection to KRR Similarly to the posterior mean, the posterior covariance
function C), can be given as

Cu(z,2") = K(z,2') — Ky (2, 2"),

where K, (z, ) = K(-, X)[K(X,X) + 021,] ' K (X, z), or equivalently

n

02
LS (K, X0) = 0(X0))” + nlWll?{] (3515

n -

Kon = Kn(,) = arg min

see assertion (8) of (Bhattacharya et al.| [2017).

Then by taking the Fréchet derivative of the expression on the right hand side we
arrive to the (adjusted) score function and its expected value

n

Sk, m(9) = 1 (Z (K2(Xi) —9(Xy)) Kx, — 0219) )

n :
=1

A o2
Sk,m(V) =ESk, n(¥) = / (Kz(2) —9(2)) K.dz — ?19.

X
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

Then similarly to the posterior mean in Section the following assertions hold

Sk, m(¥) = F(K,) = Fo F~ ') =F (Km ~ F—l(ﬁ)) : (3.5.16)
A A:c,n = Kz,n - F(Kz) = _F o F_l ] SKI,” (Kx,n) s (3517)
A % <i P(K)(Xi)Kx, — UQF(KI)> ; (3.5.18)

I e— , - .
—— g AKm’n(Xi)KXi +/ AKm’n(m/)KIrdx’, (3.5.19)
n < X
=1

and note that Kxn and F(Kz) are the zero points of the functions S'Kz,n and Sk, n,
respectively.

Under-smoothing Following from the triangle inequality, to obtain frequentist
coverage for the credible ball it is sufficient to show that for L, — oo

j 8 (HP(@O)HQ +é, - 13“(90)H2 < Lnrm) 1

The preceding display is implied by assumption (3.3.1)) and assertions

~ (12 0'2
Py HAen <L Zd vi | —>1, (3.5.20)
9 1 o2
Po| g2 55m | =1, (3.5.21)
P jeNd

where Af,, := 0, — F(Ho), verified below.

Proof of (3.5.20)): In view of assertion (3.5.7) with m = 1 and Markov’s inequality
we get

N 2
) 2 E, HAen i
2

A g
Bol oo, <10 v ) < 2
jeNd noy 2ijeNd Vi

< (% 2 jend VJQ) +0n
- L”%z EjeNd vj
1 nd
=0 —+ =] =0(1).
<Ln ZjeNd Vj)

Proof of (3.5.21)): The radius r,, , is defined, conditionally on X, as P(||W,||3 <
72 |X) = 1—7, where W, is a centered GP with covariance kernel C;, given in (3.1.3).
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§3.5. Proofs of the main results

In view of Chebyshev’s inequality

r2 > B [[Wal3X] = (1= 4)~2 Var (W] 31%)"*.

n'y—

Using Fubini’s theorem, the first term on the right hand side of the preceding display
can be rewritten as

B (W, 51%] = 2 (16 = 6ulDn] = [ Vr (0(@)Dy) da

The integral on the right-hand side of the display, called the generalization error, see
Chapter 7 of (Rasmussen and Williams, 2006), is asymptotically bounded from below
almost surely by

= ”’ > v, (3.5.22)

2
e nujbupxex ¥ (z) et

in view of assertion (12) of (Opper and Vivarelli, [1999) and Assumption Fur-
thermore, the variance of ||W,,||3, conditional on the design X, is

Var (||Wl[31X) = B [[[Wall2X] — B2 [|WalI31X]
The first term on the right hand-side satisfies

B (IWal31X] = E [16 - 8. [3/D.] (3.5.23)

:/(/X (G(x)—én(x)>2da:/X (H(x’)—én(x’))de’> 11(d6|D,)
:/X/X/(&(x)—én(x)>2(0(9:’)fén(:c/))2ﬂ(d0\]1])n)dxdx’

- / / (Var(0(m)|]D)n)Var(0(x')\Dn)+2€’n(x,x’)2> dz’ dx
X JX

- </XVar(9(x)|Dn)dx)2+2 e

= B [|WalBIX] +2/X C‘n(x,.)szx, (3.5.24)

using Fubini’s theorem and the reduction formula EX?X2 = Var(X;)Var(Xs) +
2Cov(X1, X2)? for X1, X5 centered Gaussian random vanables, see for instance page
189 of (Isserlis, [1916). Hence, again in view of Fubini’s theorem,

. 2
Eo Var (|| W,||2[X) :2/ EOHC’n(a:,.)szx. (3.5.25)
X

Recall that the covariance function C’n(x,x’) = K(z,2') — Kn(x,m’), where Kwn =
Xn(m7 .) is the solution to (3.5.15). We show below that for all z € X

+ 6, (3.5.26)

B [Cuten, % [P
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

for
2 -1

b, = inf ZV? ZMZ:ICNCHI\:O n ZVJQ

jEeNd ¢eze jENd

In view of the definition of the linear operator P and the eigenvalues vj, f1j we get

~ 0.2
P(K(x,a") = Y (1= v)pusep,(2)ep,(2') = o D i), (35.27)

jENd jENE

for all z,2’ € X. Then by combining the last three displays

o Var (IWal3%) =2 | B |Gl do

5/ HP(K(m,.))H dz + 6,

2
< )/Z Vi, (x dz+6ngzje§d”j

jeNd

( > IRz JEN“/z (3.5.28)

jENC

Therefore, by Markov’s inequality and Lemmas [3.7.5] and [3.7.6]

2 i V2 nén . 1/2
Py | Var (|W,)21x) "% > 2 S| e ((Z]eNd iy > jend j> o
n

jend ZjeNd v;)? (ZjeNd v;)?

for all ¢ > 0. Hence by combining (3.5.22) and the preceding display (with ¢t =
(1-m'2C;%/2),

2
12 - o
Py | E[[Wall31X] = (1= ~)7"2 Var (W, [51X) " > ( w2/2); Yo =L
jENd

This implies that all the quantiles of ||W, |3, conditionally on X, are of the order
(0%/n)> jena v with Po-probability going to one, including e

Proof of (3.5.26)): First note that by the inequality (a + b)? < 2a? + 2b2,

z,n )

N 2 ~
Cn(:r,.)H2 < QHP(K

where A[A(w)n = [A(m’n — PN’(K,;)
Next we give an upper bound for the second term of the preceding display similarly
to Section [B.5.311 First note that

2

()| -

2

o

HAKwn—FoF OSKJC ( )H —‘rHFOF OSK n(
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§3.5. Proofs of the main results

Then by showing below that

Bo|AR, — P~ oSic P (KD, <0 (Bo[akn[)) +6, (3529

we arrive at

" 2 - R - 2 -
E, HAKM LS Eo HF o F oSk (F(KZ)) H 45

2

Next, in view of (3.5.18]),

B HF o F o8k 0 (F(Km)) z — E, HF o1 (sKn (F(Kz)) — Skom (F(Kx))) H

:EO

For! (;iﬁ(m)(&)l{xi - / ﬁ(Kz>(:v’)Kmfdx’>

2
2) ’
where the last line follows from Lemma with ¥ = P(K,) (and m = 1), conclud-
ing the proof of (3.5.26)).

Proof of (3.5.29)): Similarly to (3.5.12)), by using assertion (3.5.19)), Lemma
(with ¥ = AK, ,,, sample size n) and Lemma (with m = 1), we can show that
forallz € X

2

2

(I

1 -
w2 | [P
J

€Nd

N - N - 2
E, HAKOM —FoFlo8k, . (F(KI)) H2
2
= EO

N 1 & R N
(FoF™1) ( > AK, o (Xi)Kx, — / AKLH(;C’)Kz/dx’)
n X

i=1

2

- IZ|logn ) ;ena V3

~

2
) e

jENd LeZe

E, HAKM

n

Taking the infimum over |Z| = o(n/(lognzjeNd v?)), we get that the left hand-

side of the preceding display is bounded from above by o( Eo||AK, ||2) + 6y, conclud-
ing the proof of the statement.

Over-smoothing By the definition of credible sets and using the triangle inequality,
we get that

o (< ) < o ([ ], <|

<n(Jrw, <>

0, — 13’(90)H2 + Lrnﬁ)

0= F(00)|,) + Po (| Pi60)]|, < 22r-)

and we show below that both probabilities on the right hand side tend to zero.
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

The first term disappears in view of (3.5.20) and assumption (3.3.2)). For the
second term note, that in view of Markov’s inequality and PO(HW ||2 >y X)) =7,

where W, is a centered GP with covariance kernel C,,, we have yr2 ~ < E[[W,]I51X].
Then
- 2
Py (w{i7 > | 260 ) < Po( (W3] > HP (00, )
’ 2
2LE D
7 HP<90>H2

The expectation in the numerator, known as the learning curve, is of order (o2 /n) D jend Vi
according to Lemma [3.7.4} thus for all L > 0 not dependmg on n the right hand 81de
of the preceding display goes to 0 in view of assumption (3 .

3.5.5.2 Distributed setting

Preliminary results. We start by introducing the distributed version of the nota-
tions introduced in Section [3.5.5.1] The aggregated posterior covariance function is
Chon(@,a’)y=m=23 ", C L") (@, 2'), where the local posterior covariance functions

can be given as Cy, ’(k)( ') = Kl(2)) - Ki’(k)(x’) with

K10 () = KT (.7X(k)> [KI (X<k>,x<k>) +02]n/m}‘1 Kl (X(m’x)

—mK (-,X(k)) [K (X(’“),X(k)> +m U2In/m} K (X(k), :v) .

Then in view of (3.5.15)),

n/m

(k) G
> (KX = 9(xM)) + )i,

i=1

1
_1KI (k) = = argmin ———
JEH N/ M

For convenience let us introduce the notation f(i’(k) = m_lf{,{’(k). Then the corre-
sponding score function (up to constant multipliers) is given by

X 1 n/m 2

S 0) = —— [ 32 (K (X)) = 9(x")) Ky = T

n/m P

I,(k) , 71,(k
(( ())

satisfying S = 0. Furthermore the expected value of the score function is

2
Sken(0) = BSEO0) = [ (Kue) = 9) Koz = T-0 = S (0),
Bw=/

hence S’f(zn(ﬁ’(lg)) =0.
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Then similarly to the posterior mean in Section the following assertions hold

ARD®) = RI0) _ p(K,) = —FoF oSk (f(z,(k)) 7

n/m 9
Si{a(fn (F(K«”)) = n/lm Z p(K:r) (X k)) KXi(M - 7F(Kz) ) (3.5.31)
=1
Fo Pt (ARL®) - S35 (F(K.))
n/m
= _n/im ; AKp™® (Xi(k)> Kym + /X AKD® (@) Kypda!.

(3.5.32)

Main assertions. Similarly to the non-distributed case in Section [3.5.5.1] for the
coverage of the credible sets it is sufficient to show that

2
P ; i 1 .
0| Tam(M) = Co= D v | =1, (3.5.33)
jENd
P | |6 ool <10.% 1 3.5.34
- < — j .J.
o ([ =P, < 2T 30 ) 1, 3531

where the radius r,, () is defined as P(|W, |3 <72 ,,(7)|X) =1—~ and W,, ,, is

—= '"n,m
a centered GP with the same covariance kernel as HIL’m(.UD)n). Furthermore, the lack
of coverage under ({3.3.2)) follows from

. 2
Py (Lrim(v) > HP(&O)H2> 0. (3.5.35)
We prove below the above assertions.

Proof of (3.5.33): Similarly to the proof of (3.5.21)) we get by Chebyshev’s
inequality that

_ 1/2
e (v)>E [HWn,m”%Dg] —(1—7) /2 Var (HWn,m||%|X) / .

n,m

Then in view of

Varl, (0(z)) =m™*Y Var! (0(;«)|D5f>) . forallze X, (3.5.36)
k=1
and Lemma [3.7.4] it holds almost surely that
2
E[[|[Waml3X] = / Varl (0(x))dx > 7 Z vj. (3.5.37)
zeX 7 " jend

Furthermore, as in (3.5.25)),

R 2
Var (IWoml3%) =2 [ ||Chn(a)] do
X
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

Recall that the covariance function C'fl’m(x,x') =m2Y", o (z,2'). Then in
view of (3271, ;) <m Y T, af,

2
2 m m 2
o H _ —2 ALK (4 < 3 AT (k) H .
L), = |2 Yo O @ )| <m S e, )|
k=1 2 k=1
‘We show below that
R 2 . 2
Ey HC{;(“ (z, .)H2 <m? (HP(Km) Lt an) : (3.5.38)

for &, = nf{(3"ena ¥3)* Ypeze e = |Z| < m/(m?logn y; yav3)} similarly to the
non-distributed case. Then in view of assertion (3.5.27)), the variance of ||[W, .3,
similarly to (3.5.28]), is bounded from above by

N 2
Eo Var ([Wo. 2/X) :2/ By |[Ch(a,)| do
X

([ [Pt

4
O' ~
- 2
=2 ZVJ+5"'
jeNd

N

2 -
dx + (5n)
2

Hence for all ¢t > 0 we get by Markov’s inequality and Lemmas and [3.7.6] that

2
2 04
Py | Var (|Waml3%) 275 [ 3 v,
JENd
R Onn?
St—Q E]ENd 7 nT 3 :O(l)

(ZjeNd Vj>2 ot (ZjeNd Vj)

Hence with Py-probability tending to one E[||W, ,|3|X,] is of higher order than
Var(||W,,.m||2)'/2. Therefore, the quantiles of || W,, ,,.||3 are of the order (¢2/n) > jend Vg

with Py-probability going to one, including r%’m(’y).

Proof of (3.5.38)): We adapt the proof of (3.5.26) to the distributed setting. First
note that

2 2

2 ~ ~ N ~
L+ HAK;W —FoFtoSp® (F(Kw)) H

CE® @, |

2 2

< m2<H15(Kw)

5 o1 al(k) (£ 2
[peresi (uc)[)
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where AKZ™ = Ki’(k)/m — F(K,). Then for, in view of (3.5.31)), we get that

- R - 2
Eo|[FoFto 8™ (F(K.) H

2

where the penultimate inequality follows from Lemma with 9 = P(Kx).

Furthermore, similarly to the proof in Section by using assertion (3.5.32)),
Lemma (with 9*) = AKE®), sample size n/m) and Lemma [3.7.3) we can show
that for all x € X

. . R . 2
Bo |[ARL9 — Fo Pt o 53 (F(K)) |
1 A I,(k) (k) I,(k)
_ —1 1, 1, / /
— By |[(FoFY) n/—mz;AKx (Xi )KXE,C)—/XAKQC (') Ky dac
= 2
< |Z|logmn > cpa 1/]2
~ n/m

Eo| ARDW[3 + 5,

Taking the infimum over |Z| = o(n/(mlogn D jend 1/]2)) we get that the left hand side

of the preceding display is bounded from above by o(Eo||AKY)||2) +3,,. We conclude
the proof of (3.5.38)) by combining the above three displays.

Proof of (3.5.34): Exactly the same as the proof of (3.5.20)).

Proof of (3.5.35)): Similarly to assertion (3.5.30)) we get in view of (3.5.36) and
Lemma in the case where assumption (3.3.2)) holds

2LE, [, Var, m (0(x)) da.
el
%3 jena %

[P,

B (L2 2 [P60)]}) <

DML/ o(1).
Jra]
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§3.6 Proof of the Corollaries

§3.6.1 Proof of Corollary |3.2.3
First note that for any N' C N¢

[Pe,= S a-nr, = 5

jENd jENC

S (n/g2) Z 790] + Z 00,] (361)

JEN ] JjENd /N

Consider eigenvalues satisfying with o = 3, i.e. p; < (Hf 1]1) 28/d=1
Let us take N = {j € N¢: TIZ , j; < Jﬁ} with Jg := (n/0?)%(@+28) and note that in
view of (3.7.6)) [with I = Jg] we have

IN| < Jglog®™t Js = o(n) (3.6.2)
Furthermore, we also get that

, 4/d+2 , 4 —28 d 28
~ . . 2
ol B (1) () 2(50) =

00€08(B) 00€08(B) JEN
d -2 d 28
rm(a) T (50) )
JEN \i=1 jeN \i=1
(’I’L/O'2)_2J;B/d+2B2 + JEQﬂ/dBQ
(n/oﬂ)*25/(d+25)7

IZANRIA

using Lemmas [3.7.10| [with r = 45/d+2, s = 28 and J = Jg] and [3.7.11| [with s = 23
and J = Jg].
Moreover, in view of Lemma [3.7.5and v; < 1
o? 2 O ol g 2y-28/(d+28) (10 (1))
;ZV]-N;J;& og” " Jg = (n/o”) <0g(§>)

Finally we show that the remaining term is 6, = o(n~28/(@+28)) for the choice

. < . n -1
I:{]GNd:HJiSI} Wlthlzm<21/f) ,

i=1 jENC

-1
where me) ( > jENd 1/]2) > 1 holds because m is small enough. Note that in

view of Lemma 3.7.8| the cardinality of Z satisfies |Z| < ;=77 ( > jend 1/]2) , hence
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it satisfies the cardinality assumption on Z. Then in view of Lemma[3.7.8)and Lemma

3. (.l
ST SN SRR SRy

JENG LTI, 4i>T jENd
26/d+1
1-28/d,_48/d 2 2B+d—1
< nl=2B/dpAs/ Zz/j (logn)?P*
jENd

< n2—2,6/dm46/d(10g n)25+d—1_

The right hand side is of order o(n=28/28+d) for all m = o(n'/?2=34/(46)) with £ >
3d/2. Combining the above inequality with Theorem concludes the proof for
the polynomially decaying eigenvalues.

§3.6.2 Proof of Corollary (3.2.4

For arbitrary index set N C N¢ we get that

~28 4\ 28
2

P 2a32¢, i 2 2

sup HP(90)H2§ sup [n IJ%%{C J> e ey <i§_191> 09,5

906@’3(3) 006("‘)[’,(3) JEN

J —28 J 28
Jer;lj{)f(le) Z(;g> eg,j}. (3.6.3)

JEN

We deal with the two terms on the right hand side separately. Note that the function
x = 27 2Pe2% is convex on [1, J,], for J, = a~!log(n/0?) with a < 1, and achieves its

maximum at one of the end points. Let us take the set N' = {j € N¢: Zk 1 Ik < Ja}
and note that

V| < a"4log?n = o(n), (3.6.4)

, by the lower bound on a. Furthermore, by noting that (Z?:l §i)? < deZl j2, the
maximum of the last display over A is bounded from above by

—28
d

. 2a 0 G < —28 2alq
max e i=1 1+ J “Pe .
() s

The second term in ([3.6.3) is directly bounded from above by J; 2% B2. Therefore,
by combining the inequalities above,

B 2 _dt -1 21\ 28
HP(GO)H2 S 3 + (a~"log(n/a?)) . (3.6.5)
Moreover, in view of Lemma
o T TR 2
o Z vj < ;Ja =-a log®(n/c?). (3.6.6)
jENC
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

For a := (n/0?)~1/(28+d) Jog(n/o?) both of the preceding displays are bounded from
above by a multiple of (n/g?)~28/(28+d),

Finally we show that the remainder term d,, is of lower order than (n/g?)~2/(28+d),
We take Z = {j € N : Z?lei < I}, with I = n'/d(m 210gn2j€NdV ) e,
Then it is easy to see that [Z] < I? < n(m? loganGNd 1/]2) holds. Note that
|Z| > 1 holds because m 1s small enough. Furthermore, in view of the upper bound
p(j,d) < L (d 1) 1/2 < j? on the d partition of j € N, we get that

5n:nZV?ZW§nZV?ZEde*“€

jeENd Leze jENd e>1
<nrde=ol Z < (n/m)%e= (logn)~* (3.6.7)
jeNd

Since § > d/2, we have
—1/d

al = (n)o?)~ Y28+ 1og(n/o?)nt/ Im=2/4(1ogn)~1/? Z Z/J2-
JEN

> n%m_wd(logn)l_l/d > Llogn.

Hence the right hand side of (3.6.7) is o(n~%), for arbitrary L > 0, when m =
28—d
0(n2@5+4 ) concluding the proof of the corollary using Theorem

§3.6.3 Proof of Corollary |3.3.2

We proceed by proving that the conditions of Theorem hold for this choice of
the kernel and the parameters, which directly provides us the statements.

Let us take N = {j € N¢ : II{_, j, < Jo} with J, = (n/o?)V/o+d) in (356.1).
The cardinality of this set is o(n), see (3.6.2). Furthermore, in view of a < 3,

, da/d+2 , 28 d 28
s [|P@o)| s suwp | %5 max ([T i gi| ez,
0,08 (B) 2 00€O8(B) n? jeN H ; jezf\/ ; "
d —28 d 26
- (zﬁ) > (30)
JEN \i=1 jgN \i=1
< (n/02)72J§a/d72ﬂ/d+2B2 + J(;2B/dB2 < (n/02)725/(2a+d)'
Then, in view of Lemma v; <1 and the preceding display,

—20/(2a d—
— Z vj < n o (log o) = (n)o?) 20/ (2otd) (log(n/a?))
]GNd

when a < 5. Finally in view of Corollary we have that

2

)

1

S
0po€OB(B)

dp=0 ((n/02)’2a/(2a+d)> =0 o Z vi |,

n
jeENd
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finishing the proof of the corollary.

§3.6.4 Proof of Corollary |3.3.3

We again prove that the conditions of Theorem [3.3.1] hold in this setting.

In view of assertions (3.6.5) and (3.6.6), we get for a < (o2 /n)Y/ 28+ log(n/o?)

that

P < 2
[P, =% 30w
jEN
Furthermore, the cardinality of the set {j € N¢ : nu; > 02} is o(n), see (3.6.4). Fi-
nally, in view of Corollary|3.2.4} d,, = o(n~°), hence the condition ¢,, = 0(%2 > jend Vj)

of Theorem also holds, concluding the proof.

§3.7 Technical lemmas

Lemma 3.7.1. Consider the local regression problem (3.1.1)) for arbitrary k € {1, ..., m}
and let ¥ € Lo(X). Then there exists a universal constant C' not depending on ¥ such
that

2
n/m
- 1 C
-1 (k) 2 2
Ey (FOF ) nim E 1 VX;) Ky — Ex[d(2) Kqd] < %WHQ 'GEN; Vi
1= 2 J
(3.7.1)

where X is a uniform random variable on X, and v;’s are the eigenvalues of the
operator F'.

Proof. For simplicity we omit the reference to the local £ machine in the proof by
writing X; = ka). Let 0 =}, na¥jj € La(X). Since

IX)Kx = Y ity (X)ibn(X)0;,
j,keNd

and (¢;) jena is an orthonormal basis of Lo (X'), we have Ex [(X)Kx] = 3 ;cna 19595
Furthermore, the linearity of the operator F o F~! implies that F o F~1(9(X)Kx) =
Zj,kENd v Ui (X)e(X);, providing

FoFP Y (ExW(X)Kx]) = > vy,

jend
; 1" A
FoF™! oy Y O(X)Kx, | = T S Fo Pl (9(X,)Kx,)
i=1 i=1
1
" n/m Z > vt (X gR(Xa)yy.  (3.7.2)
i=1 j,keNd
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

Then using the inequality (a + b)? < 2(a? + b?) we get

2
n/m

Eo (Fo ) n/mZﬁ K x, — Ex[0(X)Kx]

2

n/m
= Eo Z vk, ij Xi) = bji
j,keNd 2
= Xy (Xi) = 9;)°
2(CJ + DIIYII3
<2 D2(X;) +092) < - T2 2
Zdnm (K5 (X0) +95) < n/m Zdyﬁ
JEN JEN
finishing the proof of the statement. O

Lemma 3.7.2. Consider the local regression problem (3.2.1) for arbitrary k € {1, ...,m}.
Then for any finite index set T C N¢, |Z| < n® and data dependent function %)
xR, (|9®)| < 0, for some C > 0,

2

n/m
- 1 . .
—1 k (k) k
Ey (FoF ) v ;1 I (XK o = Ex [0 (X)Kx]

2

Z 2y pwe+n~%®, (37.3)

Lele

|Z|logn 2 ) |12 3(k)
s By v |0+ 5 o
jENd

where X is a uniform random variable on X, v;’s are the eigenvalues of the operator
F, Cy can be chosen arbitrarily large, and 19(11?() = jere 1§§-k)1/)j(~),

Proof. For simplicity we omit the reference to the kth local problem and write X; =
Xl-(k) and ¥ = 9. Let us next define the set Az ; C X™/™ as

2
n/m 2
8C5C'logn
Azj = n/mZ% X;) = 8¢ g#, teTh. (374

Note that by Hoeffding’s inequality, for arbitrary ¢ € Z,

n/m 2
8C5Clogn
P(AZ;) <|ZIP Z Pi(X | > ——

4C2C'lo
< 2|Z]exp {_wcggn} < O(|Z]n=%).
P

n/m
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Then using (a + b)? < 2a® + 2b% and Cauchy-Schwarz inequality

n/m 2

E, (ﬁo ) n/mZﬂ X)Kx, — Ex[0(X)Kx]

2

2
n/m

Z Z Vj&ewj Z ¥;(X —dje
jENT ¢eNd /m 9

2
n/m

SEy Y v (D /mz% it

jENd leT
2
+E Y v (Z 1Del(C2 + 1)>
jENC LeTe

n/m

SEy Y vIT)> 07 o/ Z% it

jEN teT

+ Z v; Z,LLZEO Zﬁ#e_l

jENd Lele Lezle

. 8C2C|Z|logn
< Y VEI9)3 (w +

et n/m

5~ g + o
ieNd

%ZV?ZM

jeNd  feTe

Z ZM—i—O (n=9),

eNd LeLe

Lac |I|> + Eo|dze

< |Z] log n

n/m

where C' can be chosen arbitrarily large, concluding the proof of our statement. [

Lemma 3.7.3. There exists C > 0 such that

Eol|[KEP fm — F(K,)|3, < €Y v
jENd

Proof. First note that
1K fm — F (KR, < 2m 2| KD 13, + 201 F (KL [17,:

x,m

The second term on the right hand is bounded by

IF(E)3 = > ny viudi(@)® < CL Y pwd S > vy,

jENC jENC jENC
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

Since Ai,’,(,k) is a KRR estimator, we get that

n/m
- . & & .
Eoo K15, < Bo | 3RS = Ko (X)) + 1RSI,

i=1
g (k) (k) 7

< Ep | Y (F(EL) (X)) = Ko(X)? + 0| F(KL) |13
i=1

n/m i
< Z EoP(K)*(X{Y) + ®|F (KL 3, = O3 v3),
jeENd
where the last inequality follows from (3.5.27)). O

Lemma 3.7.4. Assume that the eigenvalues p; of the covariance kernel K satisfy
> jena Hj < oo, [{j € N¢: nu; > 0?} <n, and 0® > ¢ > 0. Then the expectation of
the posterior variance is of the following order

2
EOEX Var( ( )|D 0o Z m
jENd

where the expectation Ex corresponds to the random variable X ~ U[0,1]¢ and the
multiplicative constant depends on ZjeNd wj and c.

Proof. Tt is shown in Section 6 of (Opper and Vivarelli, [1999) that the expectation
of the posterior variance, named “generalization error”, is bounded from below as
follows

EyEx V. )|D,) > 2 o2
oEx Var (0(X)] 9 Z 02+nﬂ EX1/12 Z UzJF”,“
jENd jEeNd

In (Ferrari-Trecate et all [1998)), it has been shown that for stationary GPs, for
any J C N, with |J| < n, the learning curve is bounded from above by

EyEx Var (6 Z 1y fnz 'uj

jeNd JEJ

where

¢j=(n—Dpj+0°+ Y ny.
jENC

Let us take J = {j € N? : nu; > 02} and by assumption its cardinality is
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bounded by n. Then

2
Zuj—nzfj—Zug _W“rZua
eJ

jENd JjeT i¢T

2
Djend Hj 0% — 1y
= Hj + )
s e TR

2
jeNd Hj +o

JjeT i¢JT
. Joc + 1 .
<Y JEN;if/ R Y=y
= o2 + ny; R
o2
concluding our proof. O

Lemma 3.7.5. For v;, j € N%, defined in (3.2.5) with eigenvalues p; polynomially
decaying according to Assumption and k € N,

k _ d—1
Z vi < Jolog™ " Ja,
jENd

where J, = (n/o?)% 2atd),
Proof. Let N == {j € N : nu; > 0%} = {j € N*: Hleji < CJa} and we apply

Lemma[3.7.8| [with Z=N, I=CJ, and y = k(2c/d+1) — 1]. First, we prove the upper
bound,

(nusy)
Z Z 02+;L/$

jENd jeNd
< 0o 3
JEN JEN

< J lOgd 1J —|—(n/a ) k(2(x/d+1)+1 logdfl Ja
< Jolog?t ..

The lower bound follows similarly,
Z ( ) Z ph > (nfo?)k g R/ aT )T ogd 1 g, > T, log? ! g
jENd
O

Lemma 3.7.6. For vj, j € N, defined in (3.2.5) with eigenvalues p; exponentially
decaying according to Assumption[3 1.4 withb =1, a <1 and k € N,

ko 7d
E vi < Jg,

jENd

where J, = a~1log(n/a?).
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

Proof. Let Ny := {j € N4 :nu; > 0%} = {j € N¢: Z?Zl Ji < Jo +c¢/a} with ¢ > 0
a positive constant. Then it is easy to see that |[Ny| < 2¢J2. Moreover, we will show
by induction on d that

Z etk Tl di <a ¥ (n/o?) Flog? (n/o?).
JENa
Let us start with the case d = 1. We can directly see that

k
aki _ e? _ _
g em W < Cem e < 1(71/(72) k.
ek —1 7~

Now, assume that our assumption holds for d and consider the case d + 1, then

d+1 a .
E e—ak 252 g 5 E e—ak >im1di E e—adeJrl
JENa41 j1:aEN? Jat1>max(J,—3 ¢ | §:,0)

ak

—aquL i —akdJg €
S D (eTthEim et
J1:a €N

< § a—le—ak’Ja + § a—le—ak’ Zle Ji
~J
J1:a€Ng J1:a€Na

< @ Wal(n/0?) ™ + a7 (/%) log™ (n/0?)
S @=L (n/o?) Flog(n/o?),

which concludes the induction proof.
Using these two results, we can easily show that

DV 1k (nfo?) Y] et NG+ a og" (nfo?) S Y.
JEN? JENa JENa

On the other hand, we can show by induction that for all J > d, the cardinality
of Ny = {j e N¢: ijl Ji < J} is bounded from below as follows

Na| > (J —d)?/d.

Note that it holds trivially for d = 1. Now assume it holds for d, then we can write
N1 as a partition as follows

d+1 J—d d
Nay1 = {j € Ni+! izjk < J} = U {j e N gy :i;ij < JZ}-
=1 i—1 =1

According to our induction assumption, the cardinality of all these subsets are bounded
from below by (J —d —4)9/d!, hence we have

J—d . J—d d d+1
(J—d—i) / J—d—t)  (J—d—1)
>SS W Zemuy _
Wd“'—; a =) a =T a

104



§3.7. Technical lemmas

which concludes our induction proof. Using this result, we can now show that

ke S =Nl 2

jeNd JEN

concluding the proof. O
Lemma 3.7.7. For arbitrary 6y € ¢2(L) we get that

Eo|| A0P |3, < Cn,
for some universal constant C' > 0.
Proof. First note that

1AGS 13, < 21659113, + 211 E(60) 13-

For 0y € ¢3(L) the second term on the right hand is bounded by

n?
1B @05 = 32 w05, < Y oyt < P/
(o +nu
jeNd jeNd

Then by the definition of 5 we get that

n/m

i i k k)\ 2 i
0PI < > (O (XP) =¥ )+ 003,
=1

n/m 9
< [ D2 (F0)(x™) = 06(X0) =)+ 02| F(60) 1,
=1
n/m n/m ~
<2ZP )2 (x*)y +2Z N2 4 62| F(60) 12, (3.7.5)

We conclude the proof by taking the expectation of both sides

n/m n/m
2Bl 112, < 3" EoP(00)* (X)) + Y Eo(e{™)? + 02| F(60)I13, = O(n).
=1 i=1

Lemma 3.7.8. The cardinality of the set

d
Ira= {j eNg: [[ii< I} (3.7.6)
i=1

satisfies that |I1 4| < Q‘illogd_1 I. Furthermore,

d
S I =1 (log )", (3.7.7)

JET ,i=1

for some large enough constant C., 4.
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

Proof. We prove both statements by induction, starting with the first one. For d = 1
it is trivial. Let us assume that it holds for d and consider the case d + 1. We
distinguish cases accordlng the value of jgy1. If jgr1 = 1, then H —1Ji <1 holds, if
Jd+1 = 2, then Hi:l Ji < 1/2 holds, and so on. Hence we can write that

I I
I I
Zracil < Y | Trjjear] <24 ) ——1log < 2% log I,
T . 1 Jd+1 Jd+1
Jd+1 Jd+1=
where in the last inequality we have used that > ;" 1/i <1+ logn < 2logn.
Note again that for d = 1 the second statement holds trivially (using Riemann
sums for instance). Then assume that it holds for d and consider the case d+ 1. First
we deal with the upper bound, where we note that

d+1

L=y L—y—1 —v—1
S It- Yt Y HJ
JELT 44 t=1 Ja+1=1 JGII/7d+1 4

1 - 1
SN | 3
Jay1=1 k=1 jr=1
I 1 0o
_ . d— v
S Y I (logl/jar) ™+ > g

japi=1 Jd+1 et

< I 7log? I Z L T < I 7 og?I.
Jd+1

Ja+1=1
Finally, it remained to deal with the lower bound. First, note that it is sufficient
to show the result for I > C, for some C large enough (depending only on d and
7). Then by noting that for z > e¢~! the function z +— 27! 1ogd_1 x is monotone
decreasing, we get that

d+1
—y—1 - 1 — 1
S It Y et Y I
JETF 4y =1 Ja+1=1 JeT 1/]d+1d’ 1
I I
= I Z Jan log"™' 1 - Z Jat log’ ™! jas1
Ja+1=1 Ja+1=1
I ed—l
> I‘”(logdi1 I/ zldx — Z j;rll ].Ogdiljd+1
! Ja+1=1
I
— / z! 1ogd*1 xdw)
ed—1
—~ d d —y d
> T <10g I—Cy. —log 1/2)) > [og? I,
concluding the proof of our statement. O
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Lemma 3.7.9. There exists an event A%’“) such that for any 0y € Loo(L) and n <
(n/m)C, for some Cy > 1 there exist constants Cy, C3 > 0 such that

it

L < (nfm)°

—Csn/m

(A(k) =€

A;k)—FoFfloi( 90 H 1

Proof. Let us take A\ = {Zn/m( ¥)2 < (n/m)C}, for arbitrary Cy > 1. Then in
view of | - we have on the event A%k) that

Jaa] <

‘ + HF @)z < nt/2? 4 (n/m)(}'o +L< (n/m)covcl/g

Furthermore, note that

HMSP _FoFlo sg@(ﬁ(eo))Hz < HAégﬂHz n Hﬁop—l ° Sg@(ﬁ(eo))Hz

n/m

S+ ()2 +n?
i=1

© 0

Furthermore from the definition of S5, the boundedness of X and I K|l = O(1)
we get that
/ 2
3 2 o lew (7 ? L~ ® 2
BEG)| < [SPEGN| s | = D 1eM ]+ 160ll%
2 o0

n/m P

n/m
1
<Y ()41

n/m —

?

Since W,, = (n/m)~1 Z?z/;n(e(k))z ~ X3 m» Dote that for n/m large enough
R N JR 2
E%HA%P——FoP“loSﬁNFw@ﬂLIMWUC
S E90 ((n/m)ZCIWn + (n/m)201) 1Wn>(n/m)00 = O(ein/m)v
concluding the proof of the lemma. O

Lemma 3.7.10. Let r,s > 0 such that v > s/d and f : [1,00)% — R defined as

(i) ()

Then f is bounded from above by d=°J"~5/% on the set N := {x € [1,00)%: Hf-l:l x; <
JY with J > 1.
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3. Optimal recovery and coverage for distributed Bayesian non-parametric regression

Proof. From the inequality of arithmetic and geometric means, we know that for all
x € [1,00)?

d d 1/d
i=1 i=1

Thus, we can bound f from above by

d r—s/d
fla) <d™ (H xi> <drel,
i=1

on N concluding the proof. O

Lemma 3.7.11. Let s >0 and f: [1,00)% = R defined as

Then f is bounded from above by d=*J =%/ on the set N := {x € [1,00)%: Hle x; >

J} with J > 1. a

Proof. Since f is differentiable on its domain, we can compute its gradient

d
(Ve=—=s>_z) "' <0,
k=1

for all ¢ € {1,...,d}. Thus, the function attains its maximum at H?:l x; = J. At
the maximum point, in view of the inequality of arithmetic and geometric means,

1/d
4_ x; > d 4_ T; = dJY4. The statement of the lemma follows by raisin
2171 =1 y g
both sides to the —s power. O
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4. Optimal recovery for spatially distributed Gaussian process regression

CHAPTER

Optimal recovery for spatially
distributed Gaussian process
regression

Abstract. This chapter delves into spatially distributed Gaussian process regres-
sion. Even though it has been seen that distributed Bayesian non-parametric regres-
sion not only allow tractable computation, but can also lead to optimal contraction
rate and good coverage of the credible sets when the data is distributed uniformly
randomly across the machines when the smoothness of the underlying parameter is
known. Nonetheless, the knowledge of said smoothness is often not realistic in prac-
tice. Therefore, we look into another way to split the data between the machines. We
see that if the data is distributed spatially, in other words, if machines receive data
from non-overlapping sub-regions of the design points, then appropriately scaled and
aggregated local priors result in adaptive global posterior contraction rates. Further-
more, this result holds true when using a fully Bayesian adaptive procedure without
any knowledge of the smoothness of the true parameter.

§4.1 Spatially distributed GP regression

In our analysis we consider the non-parametric regression model, where the observed
data Y = (Y1, Y5, ....,Y},) satisfy the regression relation

Y: = 0o(z;) + &4, si%i/\f((),ag), 1=1,..,n,

where x1,...,x, are the fixed covariates and the goal is to estimate the unknown
regression function 6y belonging to a Hélder regularity class (i.e. 6y € C?([0,1])). For
simplicity of the analysis we take ¢ = 1 known. Then the data is distributed over m
machines spatially in the following way. The kth machine, k € {1,...,m} received the
observations Y; with design points belonging to the kth equidistant sub-interval, i.e.
z; € (52, £]. For convenience we introduce the shorthand notation S*) = (=1 £
x®) =Lz, 2, € STV and YR = {Y; @ x; € S},

In the Bayesian approach we endow the functional parameter 6y in each machine
with the same Gaussian Process prior G; supported on t € [0,1]. These Gaussian
processes are often endowed by scaling factor a which can be adjusted to achieve

bigger flexibility. As a next step the corresponding local posteriors are computed
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4. Optimal recovery for spatially distributed Gaussian process regression

based on the data available at the local machines. Finally the local Gaussian processes
are aggregated to a global one by restricting them to the intervals the corresponding
data falls and pasting them together, i.e. a draw # from the aggregated posterior is
defined as

9 =3t 4 O,
k=1

where (%) is a draw from the kth local posterior. Then the aggregated posterior
measure takes the form

m
I, (0 € B]Y) = H ) € Bi|[YW),

for any set of functions B, where By, is the measurable set of functions whose restric-
tions to S®) is equal to the corresponding restriction of an element of B, i.e

By = {19 : 360 € B such that d(x) = 0(z),z € S(k)} )

and TI®) (.[Y®)) the kth posterior distribution.

§4.1.1 Posterior contraction for distributed GP

We investigate the contraction rate of the aggregate posterior constructed this way
I, (-|Y). To this end we introduce the local version of the concentration function
originally introduced in (van der Vaart and van Zanten |2008]|) for the non-distributed
model. Let us formally restrict the prior in the kth machine to the S*) = (%, %]
interval and define

(b () YeH ) H@o . k<€” HH(’“) 0g ( I Hoo,k €),

where [|0]|oo x = SUp,c g |0(x)| denotes the Lo,-norm restricted to S*) | and ||. g
is the norm corresponding to the Reproducing Kernel Hilbert Space (RKHS) H*) of
the Gaussian Process prior Gy on S*). Then the aggregated posterior contraction
rate can be expressed with the help of the local concentration functions.

Theorem 4.1.1. Let 6y be a bounded function and assume that there exists €, — 0,
(n/m?)e? — oo, such that ¢g;) (en) <€2(n/m), k=1,....,m. Then

E()Hn’m (9 : ||9 — 00”” > Mn5n| Y) — O,

for arbitrary M, — oo, where || - ||, denotes the empirical La-norm, i.e. 0|2 =
nT i O(w)?.

The proof is deferred to Section [£.3.1]
In Section we apply the above results to provide minimax contraction rates
for a properly tuned Gaussian Process priors: the integrated Brownian motion.
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A common practice to tune the GP is to insert a time scale parameter a, i.e.
consider a GP t — G¢ := G, instead of the original process. Even though the
qualitative smoothness of the sample paths should not change for any a, a dramatic
impact on the posterior contraction rate can be observed when a = a,, goes to infinity
or zero with the sample size n. For a > 1 this entails shrinking a process on a bigger
time set to the time set [0, 1], whereas a < 1 corresponds to stretching. Intuitively
shrinking makes the sample paths more variable, as the randomness on a bigger time
set is packed inside a smaller one, whereas stretching creates a smoother process.

§4.1.2 Adaptation

The time scale parameter a usually depends on the regularity or smoothness class of
the underlying function 6y. However, since the regularity class of 8y is typically not
available in practice, one would like to provide a method which doesn’t rely on this
knowledge and uses a data driven tuning of the Gaussian Process. In this chapter
we consider a fully Bayesian approach, where the scaling parameter a is taken to be
a random variable A, i.e. we consider the hierarchical prior G4 = {Ga; : t € [0,1]}
restricted to [0,1] and endow A with another layer of prior. We will denote by g
the Lebesgue density of A. In each local model we take an iid random variable Ay,
k =1,...,m resulting in the independent hierarchical priors

A4 (-) = /H(“)(~)g(a)da. (4.1.1)

Then the aggregated posterior is constructed similarly as in the non-adaptive case,
i.e. a draw 0 from the aggregated posterior is defined as

=3 dms ()

where 0(%) is a draw from the kth local hierarchical posterior. Then the aggregated
posterior measure takes the form

nm(BIY) = ﬁ 4% (B[ Y™W), (4.1.2)
k=1

for any set of the form B = ®Zn 1 Bi, where By is a measurable set of functions

restricted to the interval (.2, £] and II® (.[Y®)) the kth posterior distribution.

m’m

Theorem 4.1.2. Let 0y be a bounded function and assume that there exists a sieve
B,gf,)n, such that for all local hierarchical prior 1% given in ([E.1.1)) it holds that

4 (0 : 0 ¢ Bk)) < e~ t/men (4.1.3)
A% (0 : 1|6 — Ol oot < €0) > e~ (/™ (4.1.4)
log N(EmBr(zkr)nﬂ H'”OOJC) < (n/m)ai, (4'1'5)
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with €, — 0. Then for m satisfying (n/m?)e2 — oo the aggregated hierarchical

posterior 117} (-] Y) achieves the following contraction rate, i.e.
EoIL) . (10 = 0ol > Mynen|¥) — 0, (4.1.6)

for arbitrary M,, — oo, where ||.||, denotes the empirical Lo-norm.

The proof is deferred to Section [4.3.2}]
We will apply this result as well in Section in order to obtain minimax
contraction rates for the integrated Brownian motion with adaptive rescaling.

§4.2 Application to the Integrated Brownian Mo-
tion

The "released” f-fold integrated Brownian motion is defined as
Lzt
G, :=BY “—+1'W,
- VR
Jj=0

with ¢ € [0,1], random variables (Z;){_, 9 N(0,1) independent from the Brownian
motion W;, and constant B > 0. The functional operator I¢ is defined recursively
as I' = I and I* = 1] for all ¢ € N with IW, = fg Weds. Tt is considered as
a way of smoothing out the rough Brownian motion W;. Indeed, the sample paths
of this process are ¢ times differentiable and their last derivative is Holder of order
almost 1/2. Tt has been seen in Section 11.4 of (Ghosal and Van der Vaart|, [2017)) that
the posterior contraction rate for this particular Gaussian process prior achieves the
minimax rate for S-regular functions if and only if 5 = ¢ + 1/2. Since this condition
is restrictive, we introduce some form of rescaling of the prior.

It is known that the integrated Brownian motion is self-similar of order £ + 1/2.
Accordingly, a time rescaling is equivalent to a space rescaling with another coefficient.
That is why we consider a time rescaling of I*W, and introduce

0
G{ =B Zjat) +I'Wa, tel0,1], (4.2.1)
j=0

where a > 0 is a rescaling factor on the time axis. This process has been studied in
Section 11.5 of (Ghosal and Van der Vaart| [2017)) where they have demonstrated that

. 1¥1/2—p . . . ..
taking a := a,, = n@F1/2@+1) also leads to optimal contraction rate in the minimax

sense around 6y € CP[0,1] for B < £+ 1, i.e.
e (£ 56 = ol 2 n7T[Y") = 0.

We will show that choosing a = a,, for all local distributions allows us to achieve the
same contraction rate for the distributed version of this process.
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Corollary 4.2.1. Let 8 > 1/2 and consider the rescaled integrated Brownian motion
(41/2-8

prior G¢ [.2.1) for some ¢ > B —1, a = n@F/AEFD and B? > nTHm. Let
17 . (-|Y) the corresponding aggregated posterior; then for all 6 € C([0,1]), if m =

o(n%)

Eolt, (010 = flln > ManZ 7 |(Vi)1, ) =0,
for arbitrary M,, — oo, where ||.||n is the empirical La-norm on [0, 1].

This result shows that the aggregated posterior based on an appropriately rescaled
integrated Brownian motion prior contracts around any Holder smooth truth at an
optimal rate provided that the number of machines does not increase at more than a
sub-linear polynomial rate with the number of data points. Although the contraction
rates are optimal, the procedure necessitates knowledge of the smoothness level ahead
of time, considering it appears in the expression of the optimal rescaling factor. This
is generally not realistic in practice; the smoothness of the function of interest is
typically not known. Fortunately, it will be shown further that if each local rescaling
factors Ay are iid random variables independent of W, and follow the hyper-prior
distribution g, m verifying, for positive constants C;, D, C3, D, non-negative
constant p and every a > 0,

1 1

200+1) o1/ 2(041)  e41/
B < grnm(a) < Cod? exp{-Dy——a HT ), (4.2.2)
m m

Cia® exp{—D;

then the optimal contraction rate can be achieved in the distributed case as well.

Corollary 4.2.2. Consider the hierarchical prior (4.1.2)) with the Gaussian Process
(4.2.1) taken as the rescaled integrated Brownian motion with some £ > 1. Then if

m= o(n4(@+11/2>) and 0y € CP([0,1]), for some 1/2 < B < £+1/2 the posterior adapts
to the optimal minimax contraction rate, i.e.

BTl (04110 = bolln = Myn T [(Y), ) = 0,

for arbitrary M,, — oo, where ||.||,, is the empirical La-norm on [0,1].

The proof is given in Section [4.3.4

In the above theorem, we can see that if all the local rescaling parameters follow
a suitably chosen hyper-prior, the resulting aggregated posterior will, in some way,
adapt to the true Holder smoothness of the function of interest. Indeed, the con-
traction rates around the true function will be optimal for all smoothness S in some
interval as long as the hyper-prior and the number of experts are chosen appropriately.

§4.3 Proofs of the general results

In this section we have collected the proofs of the abstract contraction rate theorems
both for the non-adaptive and adaptive settings.
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4. Optimal recovery for spatially distributed Gaussian process regression

§4.3.1 Proof of Theorem 4.1.1

In view of Theorem 3.3 of (van der Vaart and van Zanten|, 2008) and Theorem 4 of
(Ghosal and van der Vaart} [2007)) the local contraction functions provides us that

1
EqI®) (0210 — Oplne > Mnen|Y) S ———
0 ( || 0” N 6| )N(n/m)&%’
where [|6]2 ;. = n/#m > iesi O(x;)?. Note that
1 1o 1 1
615 = 52 0@) = 2> D e = 0> N6l
i=1 k=1 ;€80 k=1
Then by triangle inequality
EolLym (602 10 — boln > Mnen|Y)
S ZEOHn,m (9 : ||9 - QOHn,k 2 Mn5n|Y)
k=1

2

EolT®) (01 116 — Opllnse > Maea|Y) S —= = o(1),
ne

I
NE

n

~
Il
—

concluding the proof of the statement.

§4.3.2 Proof of Theorem |4.1.2

The result in the adaptive case is based on a comparison between the comparisons
of the Kullback—Leibler divergence and variance, and the norm || - ||,, to the uniform
norm on the Gaussian process as seen in (van der Vaart and van Zanten, 2008) and
(Ghosal and van der Vaart| [2007). Indeed, (van der Vaart and van Zantenl 2008) and
van der Vaart and van Zanten| (2009a) showed that (4.1.3])-(4.1.5) map one-to-one
to the conditions of Theorem 1 of (Ghosal and van der Vaart, |2007) over posterior
contractions rates.

We make use of the latter theorem in order to bound the expected adaptive local
posterior distribution

1

EoIl* (0 : (|6 — Og]|n, > Mype,|Y) < ————.
oII* (0 < |6 = Oolln,, = Mnenl )N(n/m)gi

Then by triangle inequality
EoIly,, (010 = o]l > MyenY)

< Z EOnﬁ,m (0110 = Oollnk = Mnen|Y)
k=1

m2

EolT* (02 |0 — Op|n.k > Mnen|Y) <

M-

= 0(1)7

2
nez

>
Il
—

concluding the proof of the statement.
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§4.3.3 Proof of Corollary 4.2.1

2(041-5) tp
We show below that for 6y € C?[0,1] with B? > a**tme™ 7, a 2 ¢ and

B < ¢+ 1, the following bounds are satisfied for C},C5 > 0 not depending on ¢, m
and n

a= 21 _seq1-p
inf Bl < CF e F 4.3.1
B bl < (43.1)
—logTI® (0 : ||0]|cos < €) < Cf —c7177, (4.3.2)
m

where TI% is the prior associated with the rescaled GP G¢ and H*(*) is its RKHS on
S®) . The local modulus inequality is hence verified for

—B(£+1/2) £41/2
en > K* (a o+ 2<e+1) Vi (a/n)2<@+1>)

0+1/2-8
for some large enough constant K* > 0. For a < n@F1/2@+0) the above inequality

—p
results in €, > Kn#+1 for B? > NI m. Therefore, the statement is a direct
consequence of Theorem

Proof of (£.3.1) Let 6y € C?([0,1]) with 8 < £+ 1. By Whitney’s theorem, we can
extend 0y € CP([0,1]) to a function 6y € C#(R) with compact support. We notice,
as in the proof of Lemma 11.31 in (Ghosal and Van der Vaart, 2017), that for any
(th order kernel ) (an integrable function with [ (s)ds =1, [ z'y(s)ds = 0 for all
1 < ¢, and [ |s|*Te(s)ds < 00), the scaled version 1, () := L¢)(2) satisfies

sup 0o — 6o * Yo |(2) < aﬂ,
0<z<1

where 6 * ¢, is the convolution between 6y and ,. Moreover, for all § <[+ 1

sup (6o * 1ho) ) ()] S P11,
0<z<1

because (fy * 1y )+ = QéLBD * w((,lﬂ_wj) using the fact that the derivative of the
convolution f * g is given as

(fx9) =fxg=fxg"
Taking h € H*®*) defined as

‘ ) k-1
ht) =17 ((00 *%)(”1)1[&’&]) + Z 00 % 1y) ) <m> )

Jj=

where t € [b —] leads to h(*TD = (By * o)D) and h = Oy * ¢, on [E=L, E].

m m ’m
Therefore h Verlﬁes the inequality ||h — 0||co.x < 0?. Moreover, in view of Lemmas

1] and [4.3.9] the local RKHS norm of h is

K9 (0 o [
= Z a2J 2 1/ﬂ(90*¢0)(€+1)(5)2d5.
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4. Optimal recovery for spatially distributed Gaussian process regression

The second part of the right hand-side of this display can be directly bounded
from above by a=2¢~1¢=2+1=6) /m. On the other hand, the first part is bounded as
follows

¢ R (0)2 ¢ _1Yrd (e — 1) i _ _
S < (SR e (55

j=0 Jj=0 r=j
4 . 4 2
((+1—7) (k —1)2r~2 G (k=1
R Db (T AL M (%)

If we choose 0 = ¢!/#, we can deduce that

a= 21 _s@-p)
£ B s

7l S B2 +

inf
h:HOO_h”oo,k<

1 —20+1-p)
when a 2 ¢ . The right-hand side of the display is dominated by < M
(+1-8)
275, which concludes the proof.

when B2 > a2ttime

Proof of [{.32) Forf ~ B Ej _o Zj(at)?+T*W2, the centered small ball probability
is lower bounded by

4
0 (0 : [0]look < &) =T (ITW ook <&/2) T | 1B Zj(at) ook < /2
=0

Lyxra
I ([IW oo < €/2) P lel ¢v1)

The small ball probability of the ¢-fold integrated Brownian motion on S*) can be
bounded from below as follows

¢ _—a
II a(k—ls).u<r)t<Lk|IWt|<E/2 ZC’kexp{mgl/(Hl/m}

using Lemmam [with zg = a(’f;l) and z; = ‘;”r’ﬂ

On the other hand, the probability of the sum of absolute values of (Z ) j=1 being

smaller than ¢/(2B(a’ V 1)) can be bounded from below by the probability of the
absolute value of the ¢ 4+ 1 independent standard normal random variables being
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§4.3. Proofs of the general results

bounded by ¢/(B(£ + 1)(a’ v 1)). Consequently

¢ - X - 041
Pr| 217l < 2B V1) | = 2 <¢ (QB(€+ 1)(af v 1)) N q)(0)>

=0

2
o g exp {Wi(aﬂ\/l)} c 0+1
o (2m)(+1)/2 ((+1)(al V1) )

using the standard lower bound of an integral on a closed set.
Applying the function z — — log(z) to the centered small ball probability provides
us the following lower bound

—2(£+1)
aln . a =1 e 7 ¢
—logIl (9 : |\0||oo,k < E) < (1 <m€[+ /2 + m +10g(6/a )) + Cs,

; 2 20+1,  2UH1=P) . .
since B* > a me”“ 7 . We note that the upper bound is dominated by the

£+1
first term when € > n~* and PR < a?*1 < nl2 for arbitrary Ly,Ls > 0
concludes the proof of the upper bound in (4.3.2)).

Lemma 4.3.1. The RKHS H® of the rescaled process G¢ given in (4.2.1) on [0,1] is
the Sobolev space S*([0,1]) with inner product

j
<191,192 He = QZ —2@ 1/ 19(€+1) e+1)( )d '

Proof. Lemmas 11.29 and 11.52 of (Ghosal and Van der Vaart|, 2017) tell that the
RKHS of the integrated Brownian motion part of Gf is the subset of the Sobolev
space S‘+1([0,1]) of functions ¥ with ¥(0) = ... = 9(©(0) = 0 under the following
inner product

(01, 0s) = a~2 1/ 9D (198D ().

In addition, the RKHS of the rescaled polynomial process is the set of fth degree
polynomials with inner product the Euclidean product of the rescaled coefficients.
In other words, for ¥; and ¥ two £th degree polynomials in this RKHS, their inner
product is

(010 = 22 w(”( 97 (0095 (0).

The RKHS H* of the process Gf can then be obtained by applying the general
result for the RKHS of a sum of independent Gaussian random elements (Lemma I1.18
n (Ghosal and Van der Vaart, [2017))), which concludes the proof. O

Lemma 4.3.2. Let Gy be a Gaussian process on [0, 1] with RKHSH. The local RKHS
H! of the process Gy on I C [0,1] is contained in the set of functions h € H restricted
to I, with the norm

h = inf R |-
1Al h*eH;h*(lg:h(t):tEIH e
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4. Optimal recovery for spatially distributed Gaussian process regression

Proof. Let zy € HY, then according to the definition of the RKHS of a mean zero
Gaussian process, there exists a random element H € lin(Gy : ¢t € I) such that

for all t € I. Since H € lin(Gy : t € I), it is also an element of lin(G, : t € [0,1])
which means there is an element 2z}, € H such that

25 (t) == FHG; = zp (1)

for all t € I. Moreover, by the definition of the inner product in the RKHS of a
Gaussian process, one can notice that

Izallmr = |25 |-
The next step is to show that the norm of any zy« € H such that
zu+(t) = zu(1)

for all t € I is larger than ||z ||gr. By the definition of the H norm, we can directly
see that
28+ [l = v/ E(H*)?

with H* € lin(Gy : t € [0,1]). Since for all t € I, we have z~(t) = 2 (t), then

E(H*—-H)G,=0.
This in turn, following from H € lin(Gy : t € I), implies that
E(H*)? = E(H* — H)> + EH? > EH?

concluding the proof. O

§4.3.4 Proof of Corollary 4.2.2

In view of Theorem it is sufficient to construct a sieve B,Sk,)n such that the
assumptions (4.1.3), (4.1.4) and (4.1.5) hold. The construction of the sieves B},’“}n

for a rescaled integrated Brownian motion is analogous to its counterpart in [van der
Vaart and van Zanten| (2009a)) for a squared exponential Gaussian process.

241
Let us take K7 :=8Co(n/m)eZ and ry, :=ne, "*'/* /Dy. Define

B, = (0@)1sw (@) :0€ J (KumB®) + 2B}, (4.3.3)

a<ry

where HT’(k) is the unit ball in the RKHS of the local rescaled integrated Brownian

motion Gg on S and ]B%gk) is the unit ball in the Banach space of functions on S*)
equipped with the supremum norm, denoted by C(S®*)).
It will be shown below that when &, <n~/* and

1 2]
m=o0 (n1+2B A\ n(2+1/2)(1+2ﬁ)) ,
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§4.3. Proofs of the general results

which is true for m = O(nﬁ) since 1/2 < 8 < £+ 1/2, the following bounds are
satisfied

log IT (GAk’(k) §§B(k) ) < —Ki(n/m)e2, (4.3.4)

118
—logII (GA’“(’“) |GA%®) — gyl oo.x < gn) <K, (4.3.5)
log N (sn,B,(L ) oo k) < Ks(n/m)e2, (4.3.6)

for 6y € CA0,1].
The local conditions on Bfﬁ)n are hence automatically verified for e, /6 <K *ne%
for some large enough constant K* > 0. Therefore, the statement is a direct conse-

quence of Theorem

Proof of (4.3.4) We first consider the local small ball exponent ¢ () (¢) for the
rescaled process G*

6™ (e) = —logI1* (8 : ||6]|oc,r. <€)

and the corresponding concentration function for 6

a,(k a
o5 (e) = )2 — 1og 1% (8 - [|8]|oo,k < €)-

inf
h:]|00—h||co, 1 <e
In view of Borell’s inequality,
H(G@(k) ¢ Bm)n) < H(Ga,(k) ¢ Kn’mH;n,(k) +E”ng))
S 1— q)(q)—1<e_¢rn,(k)(5n)) + K’n,m)

Let e, < p so that e=¢ ") < 1/4. Seeing as m = 0(5£+1/2), we can have p <
m=t12 g0 p < EH/27im 12 for all 1 < k < m and 0 < j < ¢; hence in

view of Lemma [with zg = % and r; = ﬁ] p exists. Consequently, for all

1) s ,
n~ 20D < g, < p, we have r, > 1 and thus e~ Plen) <« g=¢"Pen) < 1/4.

Furthermore, it is possible to rewrite thm as follows

z+1/2

KEL — 8COD2%
e m

Similarly to the proof of (4.3.2)), we can lower bound for the local centered small
ball probability

e @ M) S (|| W 2) Z;
(” W ||00k < En/ Z| | < ’I"Z Vi 1) 9

where the small ball probability of the rescaled ¢-fold integrated Brownian motion is
bounded from below as follows

—r,C
11 sup ‘IeWt|<€n/2 zckexp{n}
wgtg T:Lnk mE}L/(Z-i-l/Q)
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4. Optimal recovery for spatially distributed Gaussian process regression

as long as m = o(ne?) and &, > n~/? using Lemma m [with 2o = “=*=D anq

T = %], while the probability of the sum of absolute values of (Zj)§:1 being smaller

than e, /(2B(r% v 1)) is also bounded from below

2

_e2
Pr i|Z.|<€7n >2é+lexp{m} e 18+1.
= TU2B(r V) ) T (2m)(E+D)/2 BUE D)@V D)

Therefore, we can deduce the following
-1 —2(£+1)

(k) T 51?—1/2 Eﬁ ¢

T, n

P S O T Gy gy, OB ) |

NGEET)!
as long as B2 > r2*1me;,, 7 . We note that the upper bound is dominated by the

IPESY
first term when g, > n~%2 and 277" 7 <2641 <l for arbitrary L > 0. Hence,

we can conclude that
K7, > 160" (c,),

as long as m = o(ne2) and ¢, > n~'/2. In accordance to Lemma M [with v =

exp{—¢"(*) (e,)}], the inequality K2, > —2&~*(exp{—¢"*)(g,)}) holds; thus,

H(Ga,(k) ¢ B(k) ) S 1— q)(Kn,m/2)

n,m

—K2 /8
Se n,m/7

using Lemma [4.4.5] The local remaining masses can then be bounded from above as
follows,

I(GAR®) ¢ BE) ) < P(Ay > 1) + / "11(G=® ¢ BE))g(a)da
0

1 041/2
p++ _ 2(0+1) 7+1 52 _ 2
< 2027’7; 20040 Dan T /m +e K3 ../8 <e c(n/m)an7

for some ¢ > 0 small enough in view of Lemma [£4.3] Thus, to conclude it suffices

—1
that m = o <5£“/2 A ns%), so that the inequality (4.3.4) be satisfied.

Proof of (4.3.6) Lemma 11.52 of (Ghosal and Van der Vaart, 2017) [with o = ¢ +
1/2] implies that the set H¢ can be rewritten as a’*'/2H; ; hence | J KmmH’f’(k)) =
rfLJrl/QKn,mHgk) = H;"’(k), and we get

a<rn (

N <2sn, U (K™ +2,B0), |.||oo,k> <N (s KO, o) -

a<lrn
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Since the function x +— log(z) is increasing on its domain, and in view of Lemmam

log N <2 U (KB + £,35), [ o

a<lrnp

1 rbt 2K, o\ VD)
) s (e

m
041/2

1 1

(e )

_ 1 <m71/2ne+1giz+2) 1/(+1)

m

1/(€+1)

—2£—3 2
= m2EF ne;,

< (n/m)ey.,

since m = o(ne?); hence (n/m)e? — +oo and sn/(Kn,mrf,H/Q) 4 0. From this

display, we have that the assertion (4.3.6) is verified.

Proof of ({#£.3.5) Suppose that 6y € C?([0,1]). In view of assertion (4.3.1]), there
exists C} > 0 such that

a~ 21 _agsiop

€ B s

inf Bz, . < O
hleO*l}rLlHoo,kSa” ”H"(k) — Y1

2(e+1-p)

provided that B? > a?*lme™ 5  and a > e Additionally, (4.3.2) tells that
there exists C5 > 0 such that

ak) (o) < o Lo
¢ (e) < 2m5

Therefore,

a,(k) _ inf B2 (k) —0—1/2
G, @)=, bl + 60 @)

1 _op_q =2(4+1-B) —1
il (C{‘a 2L 18 B —I—C;(IE“I/Q) .
m

IN

By taking a which verifies

W=
IA
IS}
IN
[\v)
o™
N
+
3
|

cT¥1/2

one can find a constant Cy > 0 such that the local concentration function is bounded

from above as follows
o (k) “c e—1/8
%0 (e) <o P

Let a := % — ﬁ so that there exists a constant C > 0 such that,

o0 a,(k)
TA(| G — Gl oo < 260) > / ") g(a)da
0

2e,.
> / exp { — cosgl/ﬂ/m}g(a)da.

—a
n
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4. Optimal recovery for spatially distributed Gaussian process regression

The integral on the right-hand side is larger than the infimum of the integrand mul-
tiplied by e, %; hence, if we apply the function z — —log(z) to both sides of the
display, we obtain the following bound

(£41/2)
—1/8 —a
ent! n I En

—logHA(HGA — Oollook < 26n) S + loge,.

which concludes the proof of (4.3.5) when &, < N,

~

Lemma 4.3.3. Let (I'W; : t € [zo,71]) be the {-fold primitive of Brownian motion
Wy on [xo, 1] with 0 < zo < x1 < T, then the process (I'W; : t € [xg,21]) has the
same distribution as (I'Wyyy, : t € [0,21 — 20]). Moreover,

e .
i .
¢ ¢ o
I'Weny = I'W; 4 30 51 Wy,
Jj=0
with W a Brownian motion independent from Wy, and for any € verifying

o (£ + 1) (w1 — wo) a2
- 020+ 1 ’

for all 0 < j < ¢, we obtain the following bounds

*QQ(ﬂCl - 960)
1

cl+1/2

*lh(fﬂl - wo)

1
cTF1/2

SlogPr( sup |I£Wt|<s>§

zo<t<z1
when 1 — g < xg, where the constants q1,q2 > 0 depend only on L.

Proof. For W, a standard Brownian motion, let Wy = W, .+ — W, for a given
xo > 0, then the process (W[ ):>¢ is also a standard Brownian motion independent
from (Wy)o<i<z, because Brownian motions are translation invariant.

In order to prove the first part of the lemma, it is possible to first show by induction
that

e .
* t —J
Wy =I"Ware — ) jﬁﬂ TWay-
j=0""

Indeed, the identity is trivial for £ = 0. Moreover, if the claim is true for ¢, then

t
I twr = / I'Wrds
0
t ’ ¢ t SJ i
:/0 I Wro—i-stZO/O FI 7]WTod5
j=
441

ti »
= "Wy — I W, — Z I" MWy = I Wi = > ﬁﬂ“ TWay,
7=0

which confirms the claim for ¢ + 1.
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§4.3. Proofs of the general results

Using this newfound identity, one can rewrite the small ball probability of (I*W;

t € [x0,21]) as follows

Pr( sup |[I'W,| < 6) =Pr sup IKWt +Z IZ IW,,| < e
0<t<zi1—xz0

zo<t<z)
Then, we can use Anderson’s theorem and the self-similarity of I¢W; with index £+1/2
in order to bound this probability from above

Pr( sup |[I'W;| < 5) <Pr ( sup |I€VV(I1 xg)t‘ < E)

zo<t<zy 0<t<1

=Pr ( sup |[IW}| < (z1 — x0)£1/25> .
0<t<1

Hence, there exists a qg; > 0 such that

—q1(z1 —
logPr( sup |T'W;| < 5) < M.
ro<t<m; ge+1/2

Besides, one can bound the small ball probability of (I‘W; : t € [xg,21]) from below

as follows

Pr< sup |IEW25|<€> =Pr sup IEW*—}—Z IZ Wl < €

zo<t<zmy 0<t<z1—z0

> Pr ( sup  |[I'W| < 5/2) X
0<t<z1—x0

e .
oo,
Pr( sup ZFIFJW”’U < 6/2).

0<t<x1—xo j=0

The logarithm of the first part can be bounded from below by a constant multiplier
-1
of —(z1 — 20)e™ /2 because I‘W* is self-similar with index ¢ 4+ 1/2. On the other
hand, one can bound the probability in the second part as follows

€ ¢
[ZA o—
Pr( sup E ﬁl T W, <s> > Pr( E O<ti131}1) . ]' |] JWx0| >

0<t<z1—x9 =0 =0
¢

H ( |ﬂ ]WEO|<5/6+1)>
The variance of the elements I¢=7 Wy, for 0 < j < £ can be derived as follows

Var (I~ JWwO) E(I'W,,)
= 1'2/ / zo —8) I 2o — w) I TLEW W, duds
G —
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4. Optimal recovery for spatially distributed Gaussian process regression

using the Cauchy formula for repeated integration and Fubini’s theorem. The ex-
pectation inside the integral is simply the covariance kernel of the Brownian motion
min(s,u). Without loss of generality, let’s compute this integral when u < s

o S . .
2/ / (zo — )7 Y zg — u) 7 ududs
o Jo
T

L+1—j 0—j 0—j
_ o — g)f—i—1 Lo _ xo(zo —5)"77 _ s(zo —5)"7 s

C+1—5)(t—j) (E+1-5—j) £+1—]
=1+ 1+ Is.

The integrals Iy, I and I3 can be computed straightforwardly:

9p20+1-2j
I, = o - —
(L+1-=3)t—-j)
204125
I = o
(L+1—5)~7)
20+1—275
I = oy 7

@I+ 1-2)(+1—j)l—j)
Consequently, the total integral is
204+1-25

) I A A duds — o ;
/0 /O (o = )" (w0 —u) ™ ududs = o o s

and the variance of the integrated Brownian motion at point xg is

2041-2j
potti=2

£—j = 0
Var (I°79W,,) = 20+ 1—2j)((— )

Accordingly, it is possible to obtain the following bound for all 0 < j < £

Pr(W < s 1)) . 2@( ejl(l — )2l +1—2j ) ~1.

J (0 +1)(zy — wo)ial /0

It can be verified that the function given by z — log(2®(z) — 1) is increasing from
—o0 to 0, and that log(2®(z) —1) > —1—|log z| when « is small enough. This implies
that the log-probability of interest is bounded from below by

log <(sj!(€—j)! WTr1-2; )’

14 + 1)(391 — xo)j$€+1/2_j

11—

Furthermore, seeing as —1 — |log | > —1/z for small values of z and because

€ (4 1)@ — xo)jxg“ﬂ_j < (C+1)(z1 — xo)jxf)H/Q_j
) evat+1 T =)WV T2
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for all 0 < j </, we have that

logPr<(aC1__'gCO)7 |I€_ij0| <£—:/(€+1)> —1 — |log M=) %—,'_Z_l/zj.)‘
J: f-i—l ,’L‘l —.’)30) J
5 —(@1 —xo)zy P
~ €
- —(@1 —x0)
~ 1 *
cT¥1/2

The last inequality results from the fact that ¢ is of smaller order than

e S (1 —xo)

i (e+1/2-5)(£4+1/2)
< 3y — o) Ty
~ 2 Zo )

joA+1/2—j
0

)

for all 0 < j < ¢ when 7 — zg < xg. We conclude the proof by noting that the
logarithm of a product is the sum of the logarithm of the terms.
O

§4.4 Auxiliary Lemmas

Lemma 4.4.1 (Proposition 11.19 of (Ghosal and Van der Vaart, 2017))). For any
mean zero Gaussian random element G in a separable Banach space, any 6 in the
closure of its RKHS and any e > 0

¢o(e) < —loglI(||G — 0] <) < ¢u(c/2),
where the norm is taken as the norm of the Banach space.

Lemma 4.4.2 (Proposition C.7 of (Ghosal and Van der Vaart|, [2017))). For M > 0,
k>0 anda >0, let Hf the unit ball in the RKHS of G* on X where G is defined as
in , then there exists a constant K such that

1

M 1
log N (e, MEZ, | |ac) < K Vol(X)a 5 () .

€

Lemma 4.4.3. If the random variable A has a density gin m that satisfies (4.2.2)),
then for a T > omn @ [1—2(0+41)p|/(D2(2£+ 1) and a > e,

1 041/2
) 1y
P(A > a) < 20,a7 7@ ¢~ Pan?EF D a 51 /m

Proof. As this lemma is analogous to Lemma 4.9 of (van der Vaart and van Zanten),
ISR Z5V/

2009b), the proof follows the same steps. Set j,(a) = a? exp{—DgnWlJrl) a /m}

and Jp(a) = f;oo Jp(t)dt with p > 0. The derivative of the function j, can, with

the help of the chain rule, be expressed as the sum of two terms. By integrating this
identity we see that

Dy 7D (fz+1/2)
Jp(a) = Iyt (@) = pJpi(a).

m P—3wTn
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4. Optimal recovery for spatially distributed Gaussian process regression

The first term on the right is non-negative, while the second is negative if and only if
1

p > 0. By the transformation p — STy P we conclude that

s (0+1/2)
2(L4+1 (7
Don>0 =y

1 ,
Jp(a) — ‘p—f— 20+ 1) Jp_%(a) :Jp+m(a)-

m
Here N
C _(e41/2) —(e+1/2)
Jp_z+1/2(a)=/ t 1 jp(t)dtﬁa +1 Jp(a).
a

TF1

By substituting this inequality in the left-hand side and rearranging we obtain the
bound

1 .

7+1

_1 0+1/2
<D2n2<’5+1) (H# B a7(£+1/2)

m

on P(A > a) < CyJp(a) asserted by the lemma. O
The following lemmas are standard results from the literature.

Lemma 4.4.4. For ® the standard normal cumulative distribution function, ®=*(u) >
—+/2log(1/u) for u € (0,1) and ®~1(u) < —1/2/log(1/u) for u € (0,1/2).

Lemma 4.24.5. For ® the standard normal cumulative distribution function, 1 —
d(u) > e /2 foru>0.
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5. Simulation study

CHAPTER

Simulation study

Abstract. In this chapter we investigate the numerical properties of the differ-
ent Gaussian process regression techniques using distributed methods. Distributed
methods use a divide-and-conquer strategy: the supposedly large data set is divided
among m machines. This strategy helps reducing the computational costs of the typ-
ical Bayesian non-parametric regression. It should be noted that there exist multiple
ways of partitioning the data among the machines

§5.1 Distributed GP regression

Gaussian process regression is arguably a very useful tool in machine learning since
it can elegantly capture complex relationships in data (Rasmussen and Williams),
2006). However, it scales very poorly in computation and memory (O(n?) and O(n?)
respectively, where n is the number of data points). This limitation inspired different
approximation approaches, among which the divide-and-conquer strategy where the
design is partitioned into m ”expert” machines; then, the kth partition, with k& €
{1,...,m} of size ny is modeled by the "expert” to which it was assigned. Different
models arose according to the way the data is allotted to the expert machines. A
uniformly random partition model (see (Cao and Fleet, |2014)) and (Tresp, 2000))) are
built by allotting each machine a random subset of the data of size n/m in order to
independently compute predictive distributions which will be aggregated. These have
been shown to not only be Kolmogorov inconsistent (Samo and Roberts|, [2016]), but
also to have posterior which contracts at a sub-optimal rates (Szabd and van Zanten,
2019).

On the other hand, spatial partition models are based on a division of the design
space into non-overlapping region. Each machine is assigned a specific region and
inference is made using the data in this region. For instance, the Naive-Local-Experts
model (Kim et al.l|2005)) models each region with an independent GP. Its main draw-
back is the introduction of discontinuities in the prediction at the border of each
region. There exist multiple ways to address the issue. Patched GPs (see (Park and
Huang}, 2016)) and (Park and Apley, 2018)) for instance impose continuity constraints
such that two adjacent local GPs are patched to share the nearly identical predictions
on the boundary. Two-step Mixtures introduce a latent variable to the model which
dynamically selects an expert to draw prediction on a given point (Tresp} [2001)), (Ras-
mussen and Ghahramani, [2002)), (Meeds and Osindero, 2006)). Recently, hierarchical
spatial partitioning models (Ng and Deisenroth) 2014) have been developed. They
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typically result in posterior predictive distributions in the form of an average of all
the "expert” predictions with a weight supposed to indicate how the confidence level
of each prediction.

§5.1.1 Uniformly random

The data can be randomly split among the m machines. Each machine will receive
a random sub-sample of the data, and will therefore solve a smaller version of the
initial regression by computing a local posterior. The different posteriors will then be
aggregated to form a global posterior. As seen in (Szab6 and van Zanten| 2019)), some
adjustments should be made locally in order to obtain theoretical guaranties for this
method. In this simulation study, we chose to adjust the local prior by raising it to
the power 1/m and to average the local posteriors. However, (Szabd and van Zanten),
2019)) also shows that despite the modifications on the local prior, adaptation leads
to sub-optimal contraction rates and bad coverage for some true functions.

§5.1.2 Spatial

The data can also be split into subsets of the design point set. Each machine will
receive data such that the design points belong to a certain sub-region. The sub-
regions are not to overlap. The machine can then be seen as local experts; each expert
is specialized in one particular sub-region of design points. A draw from the global
posterior will thus consist of the local posterior draws restricted to their corresponding
intervals and pasted together. Due to the localized structure, there is no need for
alterations in the local prior. Moreover, this structure allows the local posterior to
adapt to the unknown smoothness as we showed in Chapter 4. Unfortunately, the
global posterior obtained by this procedure contains unwanted discontinuities at the
border of each regions.

§5.1.3 Weighted-average model

One can note that both global posteriors produce samples in the form of a weighted
average of the local samples. In the first scenario, a global posterior draw 6 is defined
as

bla) = =3 o),
k=1

for all z € X where the 8()’s are local draws. In the second scenario, a global
posterior draw can be written as

m

0@) =Y 1p, ()0P (@),

k=1

where Dy’s are the sub-regions into which the design points are partitioned. This
observation explains the discontinuities in the latter case, since the weights are dis-
continuous themselves. In order to palliate this problem, we propose using data-driven
weight functions which are both continuous and close to indicator functions. One can
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find in the literature (Ng and Deisenroth) [2014) weights proportional to the inverse
variances:

where the UJZ’S are the local posterior variance and $(z) = (Y-, 0,;2(‘%))71. Al-

though these weights are data-driven and continuous, we will see that the correspond-
ing global posterior exhibit sub-optimal asymptotic characteristics in an adaptive set-
ting. Indeed, adapting to local smoothnesses may lead to shrinking variances for some
machines, which in turn will lead the corresponding weight to be overly large even
outside of the expert’s domain. That is to say that experts are overly confident about
the behavior of the true function in the whole space when this function is particularly
smooth in this expert’s domain. That is why we propose a modification of the weight
functions so that they shrink quickly outside of their corresponding region minimizing
the behavior of indicator functions. Namely, we choose

m

Z wi(z g(k)

where w(x) = e*m2(“”c’*")2/ai(x) with ¢; being the center of gravity of Dy, and
W(z) = (>, wk(ac))_l. These weights are both continuous and data-driven.

§5.2 Numerical study
§5.2.1 Simulated Data

First, we consider Gaussian process regression with simulated data that will allow
us to compare the different distributed techniques to the non-distributed Gaussian
regression, which will act as a benchmark. We see that if the smoothness of the true
function is known and the Gaussian process parameters are chosen accordingly, all
proposed distributed methods behave similarly. They present comparable Lo distance
between the true function and the posterior mean, and they portray similar coverage
for their point-wise credible sets. Moreover, if the number of machines m does not
grow too fast, these distributed methods are also similar to our benchmark. On the
other hand, we show that in the adaptive setting, the way the data is distributed
among the machines affect greatly the performance of the regression.

In this model we assume to observe n independent pairs of random variables
(X1,Y1),...(Xp,Ys), where

Y = 00(X:) +ei, e “N(0,0%), X: ¥ U0,1),

and the aim is to estimate the unknown non-parametric regression function 6y. In
the Bayesian approach we endow 6y with a Gaussian process prior with squared
exponential kernel and estimate the tuning parameter using the MMLE. In addition,
we wish to reduce the computational time by distributing the n pairs of random
variables among m machines such that each machine only deals with the independent
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5. Simulation study

pairs (X {k), Yl(k)), ...(Xr(L]Z)7 Yn(,]f)) which represent a subset of the original sample and

ng = n/m is the number of random variable pairs in the corresponding machine. All
the posterior means, credible sets, and the empirical Bayes posteriors in the adaptive
setting are all computed using the MatLab package gpml. Let us consider the function
0o € Lo[0,1] given by the coefficients 6y, = i~3/?sin(i), for i > 3 and 6y, = 0
otherwise, relative to the cosine eigenbasis v;(t) = v/2cos(n(i — 1/2)t). Note that
although the function lies outside of the self-similar function class, it has essentially
the same behavior.

We take 02 = 1, but in the procedure it is considered to be unknown and esti-
mated with the MMLE 62. We plot in figures the true function (black), the pos-
terior mean (colored), and the posterior point-wise credible intervals (shaded area)
[0(x)—qo.025/¢(, @), () +qo.025/¢(x, )], where 0 is the posterior mean, g, the a-th
quantile of the standard normal distribution and ¢&(., .) the posterior covariance kernel.
We consider the non-distributive method (at the top) along with the four distributed
methods proposed. We will compare the methods in different figures depending on
the setting (non-adaptive or adaptive), the sample size ( n = 100, 500, 1000 or 2000)
and the number of machines (m = 10, m ~ n'/3 or m = n/100).

We also investigate empirically the rate at which the posterior mean concentrates
around the truth and the frequentist coverage probabilities of the point-wise credi-
ble sets by repeating the experiment 100 times and reporting the average integrated
mean squared error and the frequency that the function at given points (we con-
sider z = (0.5,0.41148,0.31143) with 0.41148 = argmin ¢y 1)fo(z) and 0.31143 =
argmax,¢o 1j00(z)) is included in the credible interval. See Tables [5.1afor the aver-
age Lo-norm between the posterior mean and the true function, and see Tables [5.2for
the frequentist coverage of the credible sets.

The different methods we study are summed up in this table:

Method | Description

1 uniformly random partitioning + adjusting the prior with power 1/m
2 spatial partitioning

3 spatial partitioning 4 inverse local post variance weights

4 spatial partitioning + inverse centered squared-exponential weights

Figure illustrates that when m increases at sub-linear rate with n, the global
posterior means obtained via the different methods are similar in a non-adaptive
setting. Besides, these global posteriors means look similar to the traditional posterior
mean. Nonetheless, the global posteriors as wholes do not behave similarly. Method
2, for instance, produces visible discontinuous predictions on the boundaries of sub-
regions One can also see in Table that global posteriors of distributed Bayesian
regression take substantially less time to compute. It should also be taken into account
that the all computations have been done sequentially; the parameters of all local
posteriors have been computed and stored in the same computer. This may explain
why adding more experts does not necessarily decreases the computation time. In
practice, one can imagine that these running times might be reduced using multiple
machines or cores, and that the effective time of the operation would roughly equal
the present computation time divided by the number of machines.

Observe in Table that the posterior mean in all distributed methods concen-
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Non-distributed method Method 1 Method 2 Method 3 Method 4

Figure 5.1: Non-adaptive posterior density for the function 6y (drawn in black) on = € [0,1]. The
posterior means are drawn by solid line, while the 95% point-wise credible sets are shaded between two
dotted lines. In the first column, we plot the non-distributed method, in the second column the distributed
method with random partitioning, the third column the distributed method with spatial partitioning, while
in the fourth and fifth column we plot the distributed method with spatial partitioning with inverse variance
weights and exponential weights respectively. From top to bottom the sample size is n = 1000, 5000, 10000
and the number of experts is m = 10, 15, 20.

n= 1000 4500 10000 1000 4500 10000
BM | 39.0041 | 23.5635 | 17.0517 49.9397 | 28.4795 | 20.3814
m =10 M1 | 48.0590 26.1719 18.6091 64.2480 30.9439 22.2252
M 2 | 47.5648 | 27.4998 19.5424 67.2354 | 31.2043 | 23.6621
M 3 | 36.5442 | 24.0340 17.8270 56.6046 | 28.7473 | 22.2875
M4 | 42.1584 25.5088 18.3610 55.1067 29.5429 22.5838
man'/3 | M1 | 480590 | 27.0015 19.2581 64.2480 | 31.9520 | 23.1445
M 2 | 47.5648 | 29.4000 | 22.1400 67.2354 | 33.4671 26.8086
M 3 | 36.5442 24.3732 18.6893 56.6046 29.5770 23.6461
M4 | 42.1584 26.7001 20.0192 55.1067 30.9875 24.7048
m =155 | M1 | 480590 | 36.5080 | 35.7912 64.2480 | 61.4936 | 84.4595
M 2 | 47.5648 | 37.7861 32.7527 67.2354 | 43.1683 | 39.6620
M 3 | 36.5442 24.9314 23.6126 56.6046 30.5618 23.9152
M 4 | 42.1584 | 31.7063 | 25.9903 55.1067 | 36.9440 | 32.3062

(a) Average Lo distance between 0y and the posterior mean (b) Average Lo credible ball radius for
for the squared exponential Gaussian process prior in a non- the squared exponential Gaussian process
adaptive setting. prior in a non-adaptive setting.

Table 5.1: BM: Benchmark, Non-distributed method. M 1: Random partitioning, M 2: Spatial parti-
tioning, M 3: Spatial partitioning with inverse variance weights, M 4: Spatial partitioning with exponential
weights. From left to right the sample size is n = 1000, 4500, 10000.

trates around the true function at a similar rate in a non-adaptive setting. When
m < ¥/n, the contraction rate of the distributed posterior mean is virtually the same
as the non-distributed case. However, as soon as the number of machine increases
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z=0.5 x = 0.41148 r = 0.31143
N = 1000 | 4500 | 10000 | 1000 | 4500 | 10000 | 1000 | 4500 | 10000

Benchmark | 0.99 | 0.96 | 0.95 | 0.96 | 0.91 | 1.00 | 0.57 | 0.48 | 0.30
m =10 Method 1 | 0.98 | 0.97 | 094 | 093 | 092 | 099 | 0.73 | 0.62 | 0.43
Method 2 0.97 | 099 | 098 | 0.97 | 0.95 1.00 | 0.91 | 0.80 | 0.46
Method 3 0.99 | 098 | 097 | 0.99 | 0.95 1.00 | 0.69 | 0.60 | 0.37
Method 4 1.00 | 0.98 | 099 | 1.00 | 0.97 | 1.00 | 0.94 | 0.76 | 0.55

m= n | Method 1 | 098 | 095 | 097 | 093 | 096 | 098 | 0.73 | 0.66 | 0.49
Method 2 | 097 | 0.97 | 098 | 097 | 095 | 098 | 0.91 | 0.67 | 0.45
Method 3 | 0.99 | 099 | 097 | 0.99 | 095 | 0.99 | 069 | 047 | 0.28
Method 4 1.00 | 0.97 | 099 | 1.00 | 0.97 | 098 | 0.94 | 0.63 | 0.52

m = 155 Method 1 0.98 | 0.95 1.00 | 0.93 | 0.91 1.00 | 0.73 | 0.78 | 0.70
Method 2 0.97 | 0.95 1.00 | 0.97 | 0.94 | 098 | 0.91 | 0.98 | 0.98
Method 3 0.99 | 098 | 096 | 099 | 095 | 0.78 | 0.69 | 0.38 | 0.04
Method 4 1.00 | 0.97 | 1.00 | 1.00 | 0.97 | 1.00 | 0.94 | 0.97 | 0.96

Table 5.2: Frequencies that 6g(z) is inside of the corresponding credible interval for the squared ex-
ponential Gaussian process prior in a non-adaptive setting at given points z € {0.5,0.41148,0.31143}.
Benchmark: Non-distributed method. Method 1: Random partitioning, Method 2: Spatial partitioning,
Method 3: Spatial partitioning with inverse variance weights, Method 4: Spatial partitioning with expo-
nential weights. From left to right the sample size is n = 1000, 4500, 10000.

N = 1000 | 4500 | 10000
Benchmark | 0.93 | 0.96 0.95
m =10 Method 1 0.96 0.95 0.92
Method 2 0.95 0.95 0.95

Method 3 0.99 0.98 0.99
Method 4 0.99 0.96 0.98
m = /n | Method 1 0.96 | 0.93 0.93
Method 2 0.95 0.98 0.99
Method 3 0.99 0.99 1.00
Method 4 0.99 0.97 1.00
m = 155 | Method 1 0.96 1.00 1.00

Method 2 0.95 1.00 1.00
Method 3 0.99 0.98 0.57
Method 4 0.99 0.98 1.00

Table 5.3: Frequencies that 6g is inside of the credible ball for the squared exponential Gaussian process
prior in a non-adaptive setting at given points € {0.5,0.41148,0.31143}. Benchmark: Non-distributed
method. Method 1: Random partitioning, Method 2: Spatial partitioning, Method 3: Spatial partitioning
with inverse variance weights, Method 4: Spatial partitioning with exponential weights. From left to right
the sample size is n = 1000, 4500, 10000.

linearly with the quantity of data available, the posterior means of the distributed
methods concentrates at a sub-optimal rate. On the other hand, we can notice on
Table [5.10] that the radius of the Ly credible ball for every methods is bigger than the
Lo distance between the posterior mean and the true function on average. Further-
more, Tables and corroborate this statement by showcasing that the coverage
obtained by distributed methods in a non-adaptive setting is as good as in the non-
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n= 1000 4500 10000

Benchmark | 1.9800 sec | 16.5773 sec | 70.5413 sec

m =10 Random 1.8536 sec 8.2083 sec 18.3162 sec
Spatial 1.8900 sec 8.1137 sec 18.3614 sec

m=~ ¢/n | Random 1.8536 sec 8.8279 sec 18.1707 sec
Spatial 1.8900 sec 8.6763 sec 18.5524 sec

m= 155 Random 1.8536 sec 8.5768 sec 18.5996 sec
Spatial 1.8900 sec 8.3238 sec 18.4250 sec

Table 5.4: Average running time for the computation of the posterior for 0y for the squared exponential
Gaussian process prior in a non-adaptive setting. Benchmark: Non-distributed method. Method 1: Ran-
dom partitioning, Method 2: Spatial partitioning. From left to right the sample size is n = 1000, 4500, 10000

distributed case. It is also noted that Method 2 and 4 may lead to better point-wise
coverage than using a non-distributed regression method. This may be due to the ca-
pacity of spatially distributed regression to capture localized properties of the ”truth”.

Non-distributed method Method 1 Method 2 Method 3 Method 4

Figure 5.2: Adaptive posterior density for the function 6y (drawn in black) on = € [0, 1]. The posterior
means are drawn by solid line, while the 95% point-wise credible sets are shaded between two dotted lines.
In the first column, we plot the non-distributed method, in the second column the distributed method with
random partitioning, the third column the distributed method with spatial partitioning, while in the fourth
and fifth column we plot the distributed method with spatial partitioning with inverse variance weights
and exponential weights respectively. From top to bottom the sample size is n = 1000, 5000, 10000 and the
number of experts is m = 10, 15, 20.

Although the last-mentioned empirical results draw an optimistic picture of dis-
tributed methods, these results are only valid when the exact smoothness 5 of the
function 6y is known in advance. In real life applications, this might not be realistic
and the smoothness is generally learned before doing any inference on the true func-
tion. One can for example estimate the Gaussian process prior parameter from the
data using a frequentist technique. We will be using the maximum marginal likeli-
hood estimator (MMLE) in the present study. Despite exhibiting reasonably good
contraction rates, the Gaussian process with squared exponential kernel where the
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n= 1000 4500 10000 1000 4500 10000
BM | 32.1979 | 20.2424 | 16.0613 46.6420 | 27.5647 | 20.4758
m =10 M1 | 43.3699 34.1139 18.4541 40.9491 21.6266 17.2895
M 2 | 41.1122 | 22.3420 15.6854 62.1316 | 39.4716 | 33.1512
M 3 | 46.9816 41.1088 33.6787 23.6971 17.5376 18.1167
M4 | 36.6261 21.9179 15.9172 42.4518 | 30.6414 | 27.0113
ma~n'/3 | M1 | 43.3699 | 38.6536 | 36.6079 40.9491 19.4399 14.3160
M2 | 41.1122 24.2863 17.9899 62.1316 43.3218 38.5396
M 3 | 46.9816 | 44.6756 | 43.7188 23.6971 15.0748 15.0664
M4 | 36.6261 22.5384 | 15.6955 42.4518 | 32.0551 28.8076
m =155 | M1 | 433699 | 45.1984 | 46.0332 40.9491 26.2542 | 27.0996
M2 | 41.1122 33.8245 32.4338 62.1316 55.1480 46.9959
M 3 | 46.9816 | 47.9000 | 48.2887 23.6971 11.1716 16.3951
M4 | 36.6261 27.5078 | 26.9132 42.4518 | 37.2899 | 38.5320

(a) Average Lo distance between 0y and the posterior mean for (b) Average Lo credible ball radius for
the squared exponential Gaussian process prior in an adaptive the squared exponential Gaussian process
setting. prior in an adaptive setting.

Table 5.5: BM: Benchmark, Non-distributed method. M 1: Random partitioning, M 2: Spatial parti-
tioning, M 3: Spatial partitioning with inverse variance weights, M 4: Spatial partitioning with exponential
weights. From left to right the sample size is n = 1000, 4500, 10000.

z=0.5 x = 0.41148 z = 0.31143
n= 1000 | 4500 | 10000 | 1000 | 4500 | 10000 | 1000 | 4500 | 10000

Benchmark | 0.96 | 0.97 | 0.96 | 0.79 | 0.89 | 0.96 | 0.14 | 0.04 | 0.01
m =10 Method 1 | 061 | 068 | 0.89 | 0.34 | 051 | 0.79 | 0.11 | 0.02 | 0.00
Method 2 0.84 | 096 | 093 | 0.77 | 0.90 | 098 | 0.47 | 0.65 | 0.42
Method 3 | 0.00 | 0.01 | 0.08 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Method 4 0.62 | 074 | 083 | 059 | 0.85 | 096 | 021 | 0.34 | 0.24

m= ¥/n | Method 1 | 061 | 048 | 023 | 034 | 012 | 0.03 | 0.11 | 0.00 | 0.00
Method 2 0.84 | 091 | 094 | 0.77 | 092 | 095 | 0.47 | 0.63 | 0.67
Method 3 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Method 4 | 062 | 0.73 | 084 | 059 | 0.83 | 0.95 | 0.21 | 0.17 | 0.36

m = 1= Method 1 0.61 | 009 | 011 | 0.34 | 0.06 | 0.05 | 0.11 | 0.03 | 0.02
Method 2 0.84 | 064 | 073 | 0.77 | 0.75 | 0.79 | 0.47 | 0.72 | 0.92
Method 3 0.00 | 0.00 | 0.00 | 0.00 | 000 | 0.00 | 0.00 | 0.00 | 0.00
Method 4 0.62 | 043 | 054 | 059 | 0.72 | 0.64 | 021 | 0.32 | 0.32

Table 5.6: Frequencies that 0o () is inside of the corresponding credible interval for the squared exponen-
tial Gaussian process prior in an adaptive setting at given points z € {0.5,0.41148,0.31143}. Benchmark:
Non-distributed method. Method 1: Random partitioning, Method 2: Spatial partitioning, Method 3: Spa-
tial partitioning with inverse variance weights, Method 4: Spatial partitioning with exponential weights.
From left to right the sample size is n = 1000, 4500, 10000.

rescaling parameter is estimated using the MMLE is known to provide unreliable un-
certainty coverage since the credible sets based thereon fail to cover the true function,
see Chapter 2. We will witness this pattern in the following results, in particular in

Table 27

In Figure [5.2] one can observe that as soon as one considers adaptation, the
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N = 1000 | 4500 | 10000
Benchmark | 0.87 | o0.79 0.60
m =10 Method 1 0.33 0.30 0.38
Method 2 0.98 0.99 0.99
Method 3 0.09 0.00 0.02
Method 4 0.72 0.88 0.93
mea /n | Method1 | 033 | 005 0.01
Method 2 0.98 0.98 1.00
Method 3 0.09 0.00 0.02
Method 4 0.72 0.90 0.98
m = 155 | Method 1 0.33 0.13 0.15
Method 2 0.98 1.00 1.00
Method 3 0.09 0.00 0.09
Method 4 0.72 0.95 0.99

Table 5.7: Frequencies that 0 is inside of the credible ball for the squared exponential Gaussian process
prior in an adaptive setting at given points z € {0.5,0.41148,0.31143}. Benchmark: Non-distributed
method. Method 1: Random partitioning, Method 2: Spatial partitioning, Method 3: Spatial partitioning
with inverse variance weights, Method 4: Spatial partitioning with exponential weights. From left to right
the sample size is n = 1000, 4500, 10000.

n= 1000 4500 10000
Benchmark | 8.0086 sec | 3.40244 min | 23.81 min
m =10 Random 3.7013 sec 20.6797 sec 79.5956 sec
Spatial 3.6724 sec 21.5390 sec | 81.8753 sec
m = J/n Random 3.7013 sec 17.5368 sec | 49.5480 sec
Spatial 3.6724 sec | 16.36173 sec | 49.1387 sec
m= 155 Random 3.7013 sec 16.4724 sec | 29.9921 sec
Spatial 3.6724 sec 15.0549 sec 32.0985 sec

Table 5.8: Average running time for the computation of the posterior for 6y for the squared exponential
Gaussian process prior in an adaptive setting. Benchmark: Non-distributed method. From left to right
the sample size is n = 1000, 4500, 10000

distributed methods do not behave similarly any longer. Indeed, the way the data
is partitioned influences how well the true function can be recovered with the global
posteriors. For instance, if we randomly partition the data across the machines and
the draw local Bayesian inference using local empirical Bayes estimates, the global
posterior will not contract optimally around the true function. This phenomenon
has already been studied theoretically in (Szab6 and van Zanten, 2019) in the signal-
in-white-noise model. Using spatial partitioning could seem more sensible since each
machine could adapt to the smoothness locally on a smaller region. This method does
result in a global posterior which behaves similarly to the non-distributed method, and
yet the discontinuities it inherently produces make it unattractive to practitioners.
Fortunately, putting appropriate weights on each draw of the local posteriors, namely
wi(z) = W(z)wg(z), where wi(z) = e‘mz(””_ck)Q/U,%(x) with ¢ being the center of
the local data region and W(x) = (Z;nzl Wy, (x))fl, alleviate the issue of the ” jumps”
at the border of the different partitioning regions while preserving the optimal recovery
property of the method.
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Tables and support the conclusion drawn from Figures [5.2
They illustrate that if one wants to adapt the priors to the smoothness locally be-
fore computing the global posterior, then the distributed method of choice influences
greatly the performance of the corresponding posterior. Some methods (Methods
1 and 3) result in very poor performances, which can be exacerbated if the number
of experts increases with the data. Considering this dysfunction, it may seem that
distributed adaptation sometimes leads to a global posterior behaving as bad as the
worst local posterior in terms of contraction around the true function and credible
set coverage. On the other hand, the other methods (Methods 2 and 4) exhibit
promising results when that m < &/n. Not only are the rates at which the posterior
means approach the true function for those methods on par with their non-distributed
counterpart, both the point-wise and the Ly coverage are sometimes slightly improved
due to the localized aspect of the former methods. Moreover, we can notice that the
coverage is still good even when the number of machines increases linearly with n,
which indicates that even when the methods do not achieve optimal recovery, the
global posterior does not concentrate too much around the global posterior mean. It
should be taken into account that these results are nonetheless only numerical.

While Table highlighted the gain in computation times distributed methods
offer when the smoothness of the true function is correctly assumed, Table [5.8] em-
phasizes that this gain is considerable in an adaptive setting. As a matter of fact, the
computation of the MMLE is also heavily influenced by the size of the data which
explains why the computation of distributed methods takes much less time than the
computation of the classical posterior.

Overall, most methods are of interest, especially when the smoothness is assumed
to be known, although some of them perform sub-optimally in the adaptive setting.
It seems that spatial partitioning with exponentially decreasing weights is the method
that generates a global posterior closest to the long-established conventional posterior
when the number of experts increase reasonably fast.

§5.2.2 Airline Delays (USA Flight)

Next, we will compare the performance of our different distributive method on a large-
scale data set: flight arrival and departure times for every commercial flight in the
USA from January 2008 to April 2008. This data set covers more than 5 million flights
and contains exhaustive information about the flights, including delays at arrival (in
minutes). The average delay in first the quarter of 2008 was about 30 minutes, but
one may be interested in estimating this delay more accurately thanks to wealth of
data available. However, the usual non-parametric Bayesian regression is discouraged
due to the mere size of the data set

This data set has already been studied before by (Hensman et al. [2013), (Gal
et al., 2014), (Ng and Deisenroth, [2014) and (Ng and Deisenroth, [2015) using var-
ious methods to speed-up the regression. (Hensman et al. |2013) used Stochastic
Variational inference (SVI) with inducing points, whereas (Ng and Deisenrothl |2015])
compared different distributed methods with random partitioning, among which their
robust Bayesian Committee Machine (rBCM) performed the best. We decided to fol-
low the same procedure described in those articles; in order to predict the delay at
arrival we select P = 70K,2M and 5M data points to train our models and 100, 000
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P = T0K 2M 5M
CT | RMSE | SE CT | RMSE | SE CT | RMSE | SE
SVI — 33.0 — — — — — — —
rBCM 13's 27.1 <0.3 39 s 34.4 <0.3 90 s 35.5 <03
M1 24.2 m 29.1 0.52 | 35.4m 34.8 0.49 | 41.3m 41.5 0.5
M 2 22.5 m 25.0 0.12 | 31.1m 27.1 0.14 | 39.9m 30.2 0.17
M 3 24.6 m 33.4 0.35 | 35.0m 40.4 0.29 | 40.8 m 45.1 0.28
M4 | 237m 26.6 0.15 | 35.5m 31.5 014 | 421 m 31.8 0.15

Table 5.9: US Flight Data Set. Performance of different method in terms of computation time (CT), root-
mean-square error (RMSE) and standard error (SE). SVI and rBCM results are reported from (Hensman
et al.l 2013) and (Ng and Deisenroth| |2015) respectively. Best and worse performance by training size
are highlighted in blue and red, respectively. M 1: Random partitioning, M 2: Spatial partitioning, M 3:
Spatial partitioning with inverse variance weights, M 4: Spatial partitioning with exponential weights.

other data points to test them. The dependent variable is of dimension 8 and encom-
pass: the age of the aircraft (number of years since deployment), distance between
the two airports (in miles), airtime (in minutes), departure time, arrival time, month,
day of the week and day of the month. We conducted 10 experiments with 256, 512
and 1024 machines respectively. The computation times, the root-mean-square errors
and the standard errors (i.e. root of the mean of the squares of the deviations within
the training set) of the different methods are all reported in Table along with the
reported performance of the SVI and the rBCM. All the simulation have been made
on a single workstation using an Intel Core i7-8700 CPU operating at 3.40 GHz and
16 GB of RAM using sequential computation of the different local GP posteriors (i.e.
all the local posteriors have been computed and stored on the same station).

On the table, one can observe a decrease in performances with the number of train-
ing data which has already been reported in [Ng and Deisenroth (2015). Nonetheless,
it is also noticeable that partitioning randomly the data across machines leads to
similar RMSE as the one obtaining by an rBCM, which is not surprising. It is notice-
able that the spatial partitioning consistently outperforms all the other GP methods.
Nonetheless, we should remind the reader that despite those performance, the result-
ing global posterior contains multiple discontinuity regions. The table draws however
a dark picture on the prediction of weighting the local posterior with inverse variance
after a spatial partitioning of the data. Luckily, this can be compensated by expo-
nential weights which largely improve the prediction. Indeed, Method 4 achieves
consistently better RMSE than other reported methods in the literature while still
providing a global posterior with continuous draws.
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Summary

This thesis investigates the frequentist properties of Bayesian procedures, specifically
the use of Gaussian process priors in Bayesian nonparametric statistics. Typically,
in Bayesian statistics, there is no fixed unique parameter of our model, but rather a
realization of a random variable which will act as a parameter. To this end, an prior
distribution on the parameters is assumed. After observing the data, this leads to a
posteriori distribution on the parameters, which is used to compute estimates of the
parameters. Although this paradigm differs significantly from frequentist statistics, it
is still interesting to see how the posterior distribution behaves as a random measure
which depends on the “true” parameter.

One, very appealing advantage of the Bayesian framework is that it readily pro-
vides built-in uncertainty quantification. Indeed, since it is possible to sample from
the posterior, the construction of credible sets containing a fraction of the posterior
mass is relatively simple. In Chapter 2, we study the coverage of those credible sets
resulting in from Gaussian process priors with squared exponential covariance kernel.
As the sample paths of the process are infinitely smooth, the common practice is to
rescale it in order to recover the underlying functional parameter. The optimal scal-
ing depends on the smoothness of this parameter, which is generally unknown. The
scaling hyper-parameter is thus generally learnt from the data using either hierarchi-
cal Bayes or Empirical Bayes techniques. Unfortunately, both methods initially lead
to overconfident, unreliable uncertainty statements for a large class of parameters in
the context of the Gaussian white noise model. However, blowing up the credible
sets with a logarithmic factor or modifying the estimated hyper-parameter with a
logarithmic term can get good frequentist coverage while maintaining a reasonable
adaptive size.

The following chapters focus on the scalability of Bayesian methods in the context
of Gaussian process nonparametric regression. Coming from the Bayesian paradigm,
Gaussian process regression allows to make probabilistic statements the regression
function based on the data. Moreover, when the noise in the model is Gaussian, it
is possible to make use of conjugacy to obtain a closed form solution for the pos-
terior distribution of the regression function. Nonetheless, this model is extremely
greedy as its computational complexity scales cubicly with the number of observa-
tions. Distributed methods allow to divide the data across different machines which
will all perform a local Bayesian nonparametric regression. The local solutions will
then be collected by a global machine and aggregated into a global distribution for
the regression function.

The naive approach is to simply perform a Gaussian process nonparametric re-
gression with a random subset of the data in each machine and average all the local
distributions into a global one. This approach quickly shows its frequentist limits as
the convergence rate of the posterior will depends on the number of machines. Other
methods are possible: down-scaling the prior locally and then averaging the results,
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or up-scaling the likelihood and find the Wasserstein-barycenter of the resulting local
distributions for instance. If the smoothness parameter of the Gaussian process prior
matches the true regularity of the regression function, then both methods lead to
near-optimal recovery and good uncertainty quantification, provided the number of
machines does not increase too fast compared to the number of observations.

Another approach would be to partition the design space of the regression such
that each machine performs a regression on one of the non-overlapping resulting sub-
regions. Though the final posterior distribution contains discontinuities at the borders
of each partitions, it will contract optimally to the “true” regression function when the
rescaling hyper-parameter of the prior is well chosen. Furthermore, this approach can
also lead to adaptive optimal contraction rates. Even when the “true” regularity is
unknown, it is possible to learn the hyper-parameter using a hierarchical framework.
This will also lead to optimal recovery of the regression function.

This approach can be seen as an aggregation of the posterior samples obtained by
the different machines combined with weight functions. Indeed, the weight functions
would be indicator functions of a sub-region of the design space. The discontinuities
of the latter are then the result of the discontinuities of the weights. A thorough
simulation study suggests that by choosing appropriate, data-driven weights, it is
possible to achieve adaptive near-optimal recovery and coverage of the underlying
regression function.
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Samenvatting

Dit proefschrift onderzoekt de frequentistische eigenschappen van Bayesiaanse proce-
dures, met name het gebruik van Gauss-proces als a-priori-verdeling in Bayesiaanse
niet-parametrische statistiek. In Bayesiaanse statistiek is er typisch geen vaste unieke
parameter van het model, maar eerder een realisatie van een stochastische variabele
die als parameter zal fungeren. Daartoe wordt een a-priori-verdeling op de parame-
ters aangenomen. Na waarneming van de data leidt dit tot een a-posteriori-verdeling
op de parameters, welke gebruikt wordt om tot een schatting van de parameters te
komen. Hoewel dit paradigma aanzienlijk verschilt van de frequentistische statistiek,
is het toch interessant om te zien hoe de a-posteriori-verdeling zich gedraagt als een
willekeurige maat die afhangt van de ”ware” parameter.

Een zeer aantrekkelijk voordeel van het Bayesiaanse framework is dat het gemakke-
lijk ingebouwde kwantificering van onzekerheid biedt. Aangezien het mogelijk is een
steekproef te nemen uit de a-posteriori-verdeling, is de constructie van geloofwaardig-
heidsgebieden die een fractie van de a-posteriori-verdelingsmassa bevatten relatief
eenvoudig. In hoofdstuk 2 bestuderen we de dekking van die geloofwaardigheidsgebied
die het resultaat zijn van Gauss-proces als a-priori-verdelingen met gekwadrateerde
exponentiéle covariance kernel. Omdat de steekproefpaden van het proces oneindig
glad zijn, bestaat de gangbare praktijk erin de schaal te wijzigen om de onderliggende
functionele parameter terug te vinden. De optimale schaling hangt af van de gladheid
van deze parameter, die meestal onbekend is. De hyperparameter voor de schaling
wordt dus meestal uit de gegevens geleerd met behulp van hierarchical Bayes of Em-
pirical Bayes technieken. Helaas leiden beide methoden aanvankelijk tot overmoedige,
onbetrouwbare onzekerheidsuitspraken voor een grote klasse parameters in de context
van het Gaussian white noise model. Door echter de geloofwaardigheidsgebieden op
te blazen met een logaritmische factor of de geschatte hyperparameter aan te passen
met een logaritmische term kan een goede frequentistische dekking worden verkregen
met behoud van een redelijke adaptieve grootte.

De volgende hoofdstukken richten zich op de schaalbaarheid van Bayesiaanse me-
thoden in de context van niet-parametrische regressie op basis van Gauss-proceses.
Vanuit het Bayesiaanse paradigma maakt Gauss-procesregressie het mogelijk proba-
bilistische uitspraken te doen over de regressiefunctie op basis van de gegevens. Wan-
neer de ruis in het model Gaussisch is, is het bovendien mogelijk gebruik te maken
van conjugatie om een relatief eenvoudig formule voor de a-posteriori-verdeling van
de regressiefunctie. Dit model is echter zeer inhalig, want de rekencomplexiteit ervan
schaalt kubiek met het aantal waarnemingen. Gedistribueerde methoden maken het
mogelijk de gegevens te verdelen over verschillende machines die allemaal een lokale
Bayesiaanse niet-parametrische regressie uitvoeren. De lokale oplossingen worden dan
door een globale machine verzameld en samengevoegd tot een globale verdeling van
de regressiefunctie.

De naileve aanpak bestaat erin gewoon een niet-parametrische Gaussische regressie
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uit te voeren met een willekeurige subset van de gegevens in elke machine en het
gemiddelde van alle lokale verdelingen te nemen als globale verdeling. Deze aanpak
toont al snel zijn frequentistische grenzen, doordat de convergentiesnelheid van de
a-posteriori-verdeling afhangt van het aantal machines. Andere methoden zijn mo-
gelijk: de a-priori-verdeling lokaal omlaag schalen en dan de resultaten middelen,
of de aannemelijkheid omhoog schalen en bijvoorbeeld het Wasserstein-barycentrum
van de resulterende lokale verdelingen vinden. Indien de gladheidsparameter van de
prior van het Gaussische proces overeenkomt met de werkelijke regelmaat van de
regressiefunctie, dan leiden beide methoden tot een bijna optimaal terugvinding en
een goede kwantificering van de onzekerheid, mits het aantal machines niet te snel
toeneemt ten opzichte van het aantal waarnemingen.

Een andere aanpak zou zijn om de ontwerpruimte van de regressie zodanig te par-
titioneren dat elke machine een regressie uitvoert op een van niet-overlappende resul-
terende subgebieden. Hoewel de uiteindelijke a-posteriori-verdeling discontinuiteiten
bevat aan de grenzen van elke partitie, zal die optimaal samentrekken tot de ”ware”
regressiefunctie wanneer de herschalingshyperparameter van de prior goed gekozen is.
Bovendien kan deze aanpak ook leiden tot adaptieve optimale contractiesnelheden.
Zelfs wanneer de ”"ware” regelmaat onbekend is, is het mogelijk de hyperparameter
te leren met behulp van een hiérarchisch framework. Ook dit leidt tot een optimaal
herstel van de regressiefunctie.

Deze aanpak kan worden gezien als een aggregatie van de proefsteken van de a-
posteriori-verdeling verkregen door de verschillende machines in combinatie gewichts-
functies. De gewichtsfuncties zouden immers indicatorfuncties zijn van een subregio
van de ontwerpruimte. De discontinuiteiten van deze laatste zijn dan het gevolg van
de discontinuiteiten van de gewichten. Uit een grondige simulatiestudie blijkt dat
het mogelijk is om door het kiezen van passende, gegevensgestuurde gewichten een
adaptief bijna-optimaal herstel en dekking van de onderliggende regressiefunctie te
bereiken.
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