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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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Numerical analysis
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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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§2.3. Discussion

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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§2.4. Some properties of the MMLE

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

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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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.
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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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