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Abstract

We study posterior contraction rates for a class of deep Gaussian process priors in the
nonparametric regression setting under a general composition assumption on the regression
function. It is shown that the contraction rates can achieve the minimax convergence rate
(up to logn factors), while being adaptive to the underlying structure and smoothness of
the target function. The proposed framework extends the Bayesian nonparametric theory
for Gaussian process priors.

Keywords: Bayesian nonparametric regression, contraction rates, deep Gaussian pro-
cesses, uncertainty quantification, neural networks

1. Introduction

In the multivariate nonparametric regression model with random design distribution p sup-
ported on [—1,1]¢, we observe n i.i.d. pairs (X;,Y;) € [-1,1]¢ x R, i = 1,...,n, with
X~

YZ:f*(XZ)—ksl, 1=1,...,n (1)

and ¢; independent standard normal random variables that are independent of the design
vectors (X1, ...,X,). We aim to recover the true regression function f* : [—1,1]¢ — R from
the sample. Here it is assumed that the true regression function itself is a composition of
a number of unknown simpler functions. This comprises several important cases including
generalized additive models. As recently proved by Giordano et al. (2022), Gaussian process
priors are suboptimal for learning such regression functions. Meanwhile, Schmidt-Hieber
(2020) proved that sparsely connected deep neural networks are able to pick up the un-
derlying composition structure and achieve nearly-minimax L?(u1)-estimation rates over a
compositional function class.

Deep Gaussian process priors (DGPs), as conceived by Neal (1996); Damianou and
Lawrence (2013); Cutajar et al. (2017), can be viewed as a Bayesian analogue of deep
networks. While deep nets are built on a hierarchy of individual network layers, DGPs
are based on iterations of Gaussian processes. Compared to neural networks, DGPs have

(©2023 Gianluca Finocchio and Johannes Schmidt-Hieber.

License: CC-BY 4.0, see https://creativecommons.org/licenses/by/4.0/. Attribution requirements are provided
at http://jmlr.org/papers/v24/21-0556.html.


https://creativecommons.org/licenses/by/4.0/
http://jmlr.org/papers/v24/21-0556.html

FINOCCHIO AND SCHMIDT-HIEBER

moreover the advantage that the posterior can be used for uncertainty quantification. This
makes them potentially attractive for Al applications with strict safety requirements, such
as automated driving and health.

In Bayesian nonparametric regression without compositional constraints, Gaussian pro-
cess priors are a natural choice and a comprehensive literature is available, see for instance
the book (Chapter 11) by Ghosal and van der Vaart (2017). The seminal contribution of
van der Vaart and van Zanten (2008a) fully characterizes the contraction rate of the poste-
rior distribution for a Gaussian process prior by the small-ball probabilities of the prior and
a property of the associated reproducing kernel Hilbert space (RKHS). From this, one can
deduce that the best possible rates are achieved when the smoothness of the prior matches
that of the unknown regression function. Adaptation to the smoothness can be achieved
via rescaled smooth Gaussian processes and an inverse gamma hyperprior on the rescaling
parameter as shown by van der Vaart and van Zanten (2009).

In this work we extend the theory of Gaussian process priors to derive posterior contrac-
tion rates for DGPs to learn compositional functions. Inspired by model selection priors,
we propose a hierarchical prior construction. First, we assign prior weights to possible com-
position structures. Then, given a composition structure, the final DGP prior puts suitable
Gaussian processes on all functions in this model.

The main contribution of this work is to provide an explicit construction for a large class
of deep Gaussian process priors and to characterize the corresponding posterior contraction
rates. By controlling the composition of Gaussian processes, we obtain tight bounds for the
entropy and the decentered small-ball probabilities of DGPs. We also provide examples of
DGP priors inducing nearly-minimax posterior contraction rates. In particular, if there is
some low-dimensional structure in the composition, the posterior will not suffer from the
curse of dimensionality.

Stabilization enhancing methods such as dropout and batch normalization are crucial
for the performance of deep learning. In particular, batch normalization guarantees that
the signal sent through a trained network cannot explode. We argue that for deep Gaussian
processes similar effects play a role. In Figure 1 below we visualize the effect of composing
independent copies of a Gaussian process, the resulting trajectories are rougher and more
versatile than those generated by the original process alone. This may, however, lead to
wild behavior of the sample paths. As we aim for a fully Bayesian approach, the only
possibility is to induce stability through the selection of the prior. We enforce stability by
conditioning each individual Gaussian process to lie in a set of ’stable’ paths. To achieve
nearly-optimal contraction rates, these sets have to be carefully selected and depend on the
optimal contraction rate itself.

The mathematical analysis requires to answer various questions involving the compo-
sition of GPs. To our knowledge, the closest results in the literature are bounds on the
centred small-ball probabilities of iterated processes. They have been obtained for self-
similar processes by Aurzada and Lifshits (2009) and for time-changed self-similar processes
by Kobayashi (2016). A good reference on the literature of iterated processes is given by
Arendarczyk (2017). In a different line of research, Funaki (1979) studies iterated Brow-
nian motions (IBMs) as solutions of high-order parabolic stochastic differential equations
(SDEs), whereas Burdzy (1993) focuses on their path properties. The composition of general
processes in relation with high-order parabolic and hyperbolic SDEs has been studied by
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Figure 1: Composition of Gaussian processes results in rougher and more versatile sample
paths. On the left: trajectories of two independent copies of a standard Brownian
motion. On the right: the composition (red o blue) of the trajectories.

Hochberg and Orsingher (1996). More recently, the infinite iteration of Brownian motions
has been studied by Curien and Konstantopoulos (2014); Casse and Marckert (2016).

The article is structured as follows. In Section 2 we formalize the model and give
an explicit parametrization of the underlying graph and the smoothness index. Section 3
provides a detailed construction of the deep Gaussian process prior. In Section 4 we state the
main posterior contraction results. In Section 5 we present a construction achieving optimal
contraction rates and provide explicit examples in Section 6. Section 7 compares Bayes with
DGPs and deep learning. It also contains a subsection on computational challenges. All
proofs are deferred to the appendix.

Notation: Vectors are denoted by bold letters, e.g. x := (x1,...,24)'. For § C
{1,...,d}, we write xg = (x;)ics and |S| for the cardinality of S. As usual, we define
xly = (20 xal?) V7, [xloo 1= ma ], [xlo i= Y2, 1k, # 0), and write |[f]o(p) for
the LP norm of f on D. If there is no ambiguity concerning the domain D, we also write
|| - |lp- For two sequences (an), and (by,), we write a, < by, if there exists a constant C' such
that a,, < Cb, for all n. Moreover, a,, < b, means that (a,)n, < (bn)n and (byn)n S (an)n.
For positive sequences (ay), and (by,), we write a, < b, if a,/b, tends to zero when n
tends to infinity.

2. Composition Structure on the Regression Function

In this section, we introduce the compositional class for the regression function f* in the
nonparametric model (1). As we are interested in prediction, the aim is to learn the true
regression function, but not its underlying compositional structure.

Consider the class of functions f which can be written as the composition of ¢+ 1 func-
tions, that is, f = g4094—10. . .0g10g0, for functions g; : [a;, bil% — [air1, bip1]%+ with dg = d
and dg41 = 1. If f takes values in the interval [—1,1], rescaling h; = ¢i(||gi—1llo0)/l9illco
with ||g—1]|cc := 1 leads to the alternative representation

f=hgohg_10...0h10hy (2)
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for functions h; : [~1,1]% — [~1,1]%+1. We also write h; = (hij)jT:I,...,diH? with hgj; -
[~1,1]% — [~1,1]. The representation can be modified if f takes values outside [—1, 1], but
to avoid unnecessary technical complications, we do not consider this case here. Although
the function h; in the representation of f is defined on [—1,1]%, we allow each component
function h;; to possibly only depend on a subset of ¢; ’active’ variables S;; C {1,...,d;} for
some t; < d;. Writing for a subset of indices S, (+)g : X — x5 = (2;)ies, define

Eij : [—1, 1]ti — [—1, 1], XSi; — hij(XSij7XSfj)- (3)

As h;j does not depend on XS this function is well-defined.

To define suitable function classes and priors on composition functions, it is natural
to first associate to each composition structure a directed graph. The nodes in the graph
are arranged in ¢ + 2 layers with ¢ 4+ 1 the number of components in (2). The number of
nodes in each layer is given by the integer vector d := (d,dy,...,dq, 1) € N9+2 storing the
dimensions of the components h; appearing in (2). In the graph, we draw an edge between
the j-th node in the 7 + 1-st layer and the k-th node in the i-th layer if and only if £ € S;;.
The number t; is the in-degree of the nodes in layer 7 + 1.

For any ¢, the subsets corresponding to different nodes j = 1,...,d;+1, are combined
into S; := (Sity -+, Sigyy,) and S = (So, ..., S,). Setting t := (lo,...,ty), we summarize
the previous quantities into the hyper-parameter

A= (¢,d,t,S), (4)

which we refer to as the graph of the function f in (2). The set of all possible graphs is
denoted by A.

As an example consider the function
sponding graph representation displayed in @

Figure 2. This function is the composition @ / @_’

of two layers and takes a five-dimensional '

input, while each of its components never @ @ @_, @
(the in-degree of all nodes is 3). In this )'

case, we have g =1, dy = 5,d1 = 3,dy =1 @ @

and tg = t; = 3. The active sets are Sp1 = @

in Figure 2 are generalized additive mod-

els (GAMs), where the functions are of Figure 2: Graph representation of the exam-
the form f(z1,...,2q4) = hm(Z?:l hoi(x:)). ple function (left) and the general-
function x; +— hog;(x;), the second layer

sums these functions, and the last layer fi-

nally computes the GAM hgl(Zle hoi(x;)). In this case we have ¢ = 2, d = (d,d, 1,1),

f(xlw")xf)) :hl(h()l(mlax3ax4)) @ @—>
ho2(x1, x4, x5), hos(z2, x4, 25)) with corre-

involves more than three variables at once

{1,3,4},502 = {1,4,5},8{)3 = {2,4,5}, and @

S11 = {1,2,3}. Another example shown @ @

The first layer of the graph computes the ized additive model (right).
t= (1,d, 1), S()i = {7,}, for i = 1,... ,d, 811 = {1,. . .,d}, and 821 = {1}
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We impose smoothness conditions on all functions in the composition. A function has
Holder smoothness index § > 0 if all partial derivatives up to order |3| exist and are
bounded, and the partial derivatives of order |3] are (8 — |3])-Holder. Here, the ball of
(-smooth Hoélder functions of radius K is defined as

CA(K) = {f =11 = 1,1

o Z ”804]7”00 + 2B—LBJ Z sup |8°‘f(X) _ﬁa,O[gJ(y” < K}, (5)
ailal<|A] cslal=Lo) XYL XYl

where a = (aq, ..., ;) € N is a multi-index, |a| := |a|; and 0% = 9% - .- 9% . The factors
2r and 28~ 18} guarantee the embedding CTB(K) C CTB/ (K) whenever 8’ < 3, see Lemma 15.

For B = 1, we recover the Lipschitz functions |f(x) — f(y)| < &|x — y|oo. If for a
positive integer § all the partial derivatives 0% f with |a| < § exist and are continuous,
then it follows from the definition of the Holder functions and first order Taylor expansion
that f € CE(K) for all sufficiently large K. Moreover, if f(z1,...,2,;) = g1(x1) - ... gr(zy)
with ¢g1,...,9, € Cf(K), then there exists a finite K/ such that f € CE(K’), see Lemma 14
for a detailed statement and a proof.

We impose now Holder smoothness on the functions h;; in (3), assuming that h;; €
Cg ‘(K), with 8; € [B-,B4] for some known and fixed lower and upper bounds S_, 5+
satisfying 0 < f- < B4+ < +oo. The smoothness indices of the ¢ + 1 components are
collected into the vector

B = (Bo,-..,By) € [B-, BT =1 I(N). (6)

Combined with the graph parameter (4), the compositional functions (2) are completely
described by

n-= (Avﬁ) = (Qa d,t,S,ﬂ). (7)

We refer to n as the composition structure of the regression function f in (2). The set of
all possible choices of n = (A, 3) with A € A and B € I(\) is denoted by €.

Throughout the following, we assume that the true regression function f* belongs to
the function space F(n*, K), for some unknown n* € 0, where

F(n, K) = {f = hgohg10...0hiohg: hi=(hi);: [-1,1]% — [~1,1)%+, o
huj € 1 (K) },

for some known K > 0. Given a true regression function f*, there might be several com-
positional function decompositions 7 for which f* € F(n, K). Our main result on posterior
contraction rates states that, if f* € F(n, K) for a given 7, then the posterior contracts
with a rate e,(n). This means that if f* € F(n;, K) for different choices 11,...,7m, the
smallest rate AJL e, (n;) can be achieved.
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3. Deep Gaussian Process Priors

In this section, we construct deep Gaussian process priors as prior on composition functions.
The hierarchical prior construction assigns first specific prior weights to all composition
structures and, for any fixed structure, Gaussian process priors on all the individual func-
tions that occur in the representation. To achieve fast contraction rates, the prior weights
on the composition structures need to be selected carefully. Due to the complexity, the
construction is split into several steps.

Step 0. Choice of Gaussian processes. For a centered Gaussian process X =
(Xt)ter, the covariance operator viewed as a function on 7' x T, that is, (s,t) — k(s,t) =
E[XsX¢] is a positive semidefinite function. We refer to the reproducing kernel Hilbert
space generated by k as the RKHS corresponding to the Gaussian process X, following the
formalization by van der Vaart and van Zanten (2008b).

For any dimension » = 1,2,..., and any 8 > 0, pick a centered Gaussian process
G = (é(ﬁ””)(u))ue[_lylr on the Banach space of continuous functions from [—1,1]" to R
equipped with the supremum norm. We will use this process later as a prior for S-Holder
smooth functions defined on [—1,1]" in the compositional structure. Write || - ||y for
the RKHS-norm of the reproducing kernel Hilbert space Hr) corresponding to G, For
positive Holder radius K, we call

B K () o= inf 2 —logP(|GPD]| <), 9
ST I T (s FED A

the concentration function over C/ (K). This is the global version of the local concentration
function appearing in the posterior contraction theory for Gaussian process priors byvan der
Vaart and van Zanten (2008a). For any 0 < o < 1, let &, (cv, 8, 7) be such that

gp(ﬁ’r’K) (gn(a,ﬁ,r)l/o‘) < nsn(a,ﬂ,T)Q. (10)

Step 1. Deep Gaussian processes. We now define a corresponding DGP G™ on a
given composition structure n = (¢,d,t, S, 8). Let Boo(R) := {f : supyc[_11)- [f(x)] < R}
be the supremum unitary ball with radius R. For simplicity, we suppress the dependence
on r. Recall that the Holder ball radius K in (8) is assumed to be known. With «; :=
[17_;11(Be A1), the subset of paths

Di(n. K) 1= Boo(1) 1) (€ (K) + Boo (2200 fin 1)) ) (1)

contains all functions that belong to the supremum unitary ball B, (1) and are at most
2en (i, Bi, i)/ i-away in supremum norm from the Holder-ball CgL (K). With G the
(

centred Gaussian process in Step 0, write éiﬁi’ti) for the process Gut)) conditioned on
the event {GBt) ¢ D;(n, K)}. Recall that for an index set S, the function (-)g maps a

vector to the components in S. For each ¢ =0,...,q, j =1,...,d;+1, define the component

. . *(ﬁi,ti) X
E;-?) to be independent copies of the processes G, o()s; : -1, 1% — [~1,1].

Finally, set ng) = (GE?))?;T and define the deep Gaussian process G := G((In) o.. .oG(()n) :

[—1,1]¢ = [~1,1]. We denote by II(-|5) the distribution of G,

functions G
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Step 2. Structure prior. We now construct a hyperprior on the underlying compo-
sition structure. For I(\) as in (6) and for any function a(n) = a(X, 3), it is convenient to
define

Jatman:=3" [ ar.8)d8.

AEA oy

Let v be a probability density on the possible composition structures, that is, [~(n)dn = 1.
We can construct such a measure vy by first choosing a distribution on the number of compo-
sitions ¢q. Given ¢ one can then select distributions on the ambient dimensions d, the effective
dimensions t, the active sets S and finally the smoothness indices 3 € [5_, 3,]9"! via the

conditional density formula () = ¥(\7(B1A) = 7(a)y(dla)7(t|d, 4)1(S[¢, d. @)7(8]A). For
a sequence £,(n) satisfying

q

5n(7]) > i{%axqen(ai,ﬁi,ti), with «; := H (ﬁg A 1), (12)
e (=it

and |d|; =1+ >°7 ,d;, consider the hyperprior

eIy (y)
— [e Tty (n)dy

The denominator is positive and finite, since 0 < e~ Y7 < 1 and [~(n)dn=1.
Step 3. DGP prior. We consider deep Gaussian process priors of the form

w(n): . with W, (1) := ne,(n)? + e (13)

(df) == /Q T(df ) (n) dn, (14)

where  is the set of all valid composition structures, II(:|n) is the distribution of the DGP
G™ and 7(n) is the structure prior on 7.

Some remarks on the DGP prior. Step 0 allows for a large class of Gaussian
processes, since the only requirement is that the concentration function inequality (10)
admits solutions for any 0 < o < 1. Lemma 5 shows that it is often enough to check (10)
for « = 1 only.

Composing Gaussian processes leads to wild sample paths with non-negligible proba-
bility. We overcome the issue in Step 1, by conditioning the Gaussian processes onto the sets
D;(n, K). This is well-defined since D;(n, K) contains the sup-norm ball B, (25n(ai, Bi, ti)l/ai)
and Gaussian processes with continuous sample paths give positive mass to B, (R) for any
positive radius R > 0. By choosing suitable Gaussian processes, the conditioning is not very
restrictive. Brownian motion, for instance, is known to have sample paths that are almost
surely S-Holder continuous for any S < 1/2. The Holder norm is, however, random. The
conditioning step requires then to constraint the prior to Brownian motion sample paths
with Holder norm bounded by K.

Step 2 of the DGP prior construction introduces the rate e,(n). This sequence will
later be shown to be the posterior contraction rate if the true regression function f* is an
element of the compositional space F(n, K). To achieve fast posterior contraction rates, it
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is desirable to pick a small ,(n) in (12). On the contrary, Assumption 2 below imposes
additional restrictions on the rate.

The prior 7(n) on the composition structure 7 should be viewed as a model selection
prior, as discussed (in Chapter 10) by Ghosal and van der Vaart (2017). As always, some
care is needed to avoid posterior contraction on models that are too large and consequently
lead to overfitting and suboptimal posterior contraction rates. This is achieved by the
carefully chosen exponent W,, in (13), which depends on the sample size and penalizes large
composition structures.

4. Main Results

Denote by 11 ( X, Y) the posterior distribution corresponding to a DGP prior II constructed
as above and (X,Y) = (X;,Y;); a sample from the nonparametric regression model (1). For
normalizing factor Z, := [ps/ps+(X,Y)II(df) and any Borel measurable A in the Banach
space of continuous functions on [—1,1]¢,

- p

nAXY) =zt [ ZLeyyna), u@) = [ o@iosmd. )
ADg* Q

where (pf/ps<)(X,Y) denotes the likelihood ratio. With a slight abuse of notation, for any

subset of composition structures M C 2, we set

(e MX.Y) =2, [ 2L y) [ 1o dn (16)
Dy M
which is the contribution of the composition structures M C €2 to the posterior mass.
Before we can state the results, we first need to impose some conditions. The first
condition is on the distribution v appearing in the graph prior in Step 2 of the DGP
prior construction. While uniformity of v(-|A) is the most natural choice and simplifies the
mathematical analysis considerably, the next condition also states that all graphs have to
be charged with non-negative mass and requires [ /(1) dn to be finite. The latter restricts
the amount of prior mass that can be assigned to complex composition structures.

Assumption 1 We assume that, for any graph X\, the measure y(:|\) is the uniform dis-
tribution on the hypercube of possible smoothness indices I(\) = [B_, B+]9TL. Furthermore,
we assume that the distribution v is independent of n, that it assigns positive mass y(n) > 0
to all composition structures 1, and that it satisfies [ \/v(n)dn < +oo.

The prior on v can be constructed hierarchically by using the decomposition y(n) =
y(g@)v(d|g)y(t|d, ¢)v(S|t,d, q)(B+ — B_)"97L. Tt is natural to draw ¢ and all components
of d|¢q independently from distributions on the positive integers and generate t|(d,q) and
S|(t,d, ¢) independently from uniform distributions on the respective sample spaces. The
distribution ~ assigns positive mass to all composition structures. The next result shows
that the previous assumption is satisfied under suitable moment conditions.

Lemma 1 If the prior v is generated hierarchically as above, where q is drawn from a
distribution with finite moment E,[A?] for all A > 0, and all components dilq, . ..,dq|q are

i.i.d. with Ed”q[d?Qd%] < o0, then, v satisfies Assumption 1.
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The second assumption deals with the rates in Step 2 of the DGP prior construction.
We impose a lower bound on e,(«, 3,r) and also require that, uniformly over all models
n=\0),7 = (\B) sharing the same graph A and having similar smoothness indices
3,3, the corresponding rates €,(n),e,(n") only differ by multiplicative factors.

Assumption 2 We assume the following on the rates appearing in the construction of the
prior.
(i) For any positive integer v, any 5 > 0, let Q1(5,r, K) be the constant from Lemma 19.
Then, the sequences ey (v, B,1) solving the concentration function inequality (10) are
chosen in such a way that

B Ba
enla, B,1) = Q1(B, 1, K)2+rn 2P+, (17)

(i) There exists a constant Q@ > 1 such that the following holds. For any n > 1, any graph
A= (q,d,t,S) with |d|; =1+ Z?:o d; <log(2logn), and any B' = (B, .. .,BL’]),B =
(Bo,---,Bq) € I(N) satisfying B, < p; < B + 1/log?n for alli = 0,...,q, the rates
relative to the composition structures n = (\,3) and ' = (\,3') satisfy

en(n) < en(n') < Qen(n). (18)

The previous assumptions are checked for a number of examples in Section 6. The rate
en(n) associated to a composition structure 7 can be viewed as measure of the complexity
of this structure, where larger rates €,(n) correspond to more complex models. Our first
result states that the posterior concentrates on small models in the sense that all posterior
mass is asymptotically allocated on a set

M, (C) := {17 cen(n) < Csn(n*)} N {77 ddfy < log(2logn)} (19)

with sufficiently large constant C. This shows that the posterior not only concentrates on
models with fast rates €,(n) but also on graph structures with number of nodes in each
layer bounded by log(2logn). The proof is given in Appendix A.2.

Theorem 2 (Model selection) LetI1(:|X,Y) be the posterior distribution corresponding
to a DGP prior I1 constructed as in Section 5 and satisfying Assumptions 1 and 2. Let
n* = (\*,B8%) for some B* € (B_,B4)T T and suppose e,(n*) < 1/(4Q). Then, for a
positive constant C = C(n*),

sup  Ep[II(n ¢ M, (C)|X,Y)] 7% 0,
freFn*.K)

where E¢« denotes the expectation with respect to Py, the true distribution of the sample

(X,Y).

Denote by p the distribution of the covariate vector X; and write L? (1) for the weighted L2-
space with respect to the measure u. The next result shows that the posterior distribution
achieves contraction rate &,(n*) up to a logn factor. The proof is based on the testing
approach developed by Ghosal et al. (2000) and given in Appendix A.2.
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Theorem 3 (Posterior contraction) Let II(-|X,Y) be the posterior distribution corre-
sponding to a DGP prior 11 constructed as in Section § and satisfying Assumptions 1 and 2.
Let n* = (\*, B*) for some B* € (B_, )Tt and suppose e,(n*) < 1/(4Q). Then, for a
positive constant L = L(n*),

sup g [T = fllpage = Llogn) Fo5 e, ()X, Y) | “2=50,
f*eF(n*,K)

where Ep« denotes the expectation with respect to Py, the true distribution of the sample
(X,Y).

Remark 4 Our proving strategy allows for the following modification to the construction
of the DGP prior. The concentration functions @ P™K) in (9) are defined globally over
the Hélder-ball CE(K) The concentration function inequality in (10) essentially requires

that the closure ﬁ(ﬁ’r) of the RKHS of the underlying Gaussian process GB") contains the
whole Holder ball. There are classical examples for which this is too restrictive, and one
might want to weaken the construction by considering a subset HE(K) C C,@(K). This can
be done by replacing Cfii (K) with the corresponding subset HﬁZ(K) in the definition of the
conditioning sets D;(n, K) in (11) and the function class F(n, K) in (8). As a consequence,
this also reduces the class of functions for which the posterior contraction rates derived in
Theorem 3 hold.

We do not impose an a-priori known upper bound on the complexity of the underly-
ing composition structure (2). While we think that this is natural in practice, it causes
extra technical complications resulting for instance in the appearance of the bound |d|; <
log(2logn) in Assumption 2 and in the definition of the model class M, (C) in (19). If
we additionally assume that the true composition structure satisfies |d|; < D for a known
upper bound D, then the factor e in (13) can be avoided. Moreover, the (log n)lHOgK—
factor occurring in the posterior contraction rate is somehow an artifact of the proof, and
could be replaced by K, see the proof of Lemma 20 for more details. A trade-off regarding
the choice of K appears. To allow for larger classes of functions and a weaker constraint
induced by the conditioning on (11), we want to select a large K. On the contrary, large K
results in slower posterior contraction guarantees.

The main result requires that all smoothness indices lie in the interval [5_, 81] with 0 <
B- < B4 < 00. As commonly observed in nonparametric Bayes, extension to (0, o) is highly
non-trivial as many constants depend in an intricate way on 8_, 5+ and quickly explode in
the limits f_ — 0 and B, — oco. A prototypical example for the latter is the constant e+ in
Lemma 7 below. One could also wonder what would happen in the misspecified case where
the true 3* lies outside of the compact set [5_, 3,]7 T!. For nonparametric regression using
GPs, it is known that extending the range of 3* while keeping the prior on 3 as before, the
rates become suboptimal by a polynomial factor in the sample size n due to the mismatch
between the smoothness of the prior and that of the true regression function, Castillo (2008)
showed this for the Riemann-Liouville prior.

For mathematical convenience, all functions in the function class (8) have range [—1, 1].
In general, any function f mapping to [—a,a] can be represented as in (2) where all in-
termediate components h;; in the compositional class have range [—1, 1] and only the very
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last hy has range [—a,a]. In the construction of the DGP prior, we then need to restrict
for i = ¢ in (11) to the set B (a) instead. The mathematical analysis can be extended. In
particular, in the Hellinger-L?(p) equivalence in (28), the constant factor becomes e=/2,

By making appropriate changes in the proofs, one can also include in the nonparametric
model (1) a known standard deviation ¢* > 0 instead of taking standard normal noise. As
the analysis is already quite technical, we have chosen to avoid additional parameters that
are not of primary focus.

We view the proposed Bayesian analysis rather as a proof of concept than something that
is straightforward implementable or computationally efficient. The main obstacles towards
a scalable Bayesian method are the combinatorial nature of the set of graphs as well as
conditioning the sample paths to neighborhoods of Hélder functions, see also Section 7 for
a more in-depth discussion.

5. Nearly Optimal Contraction Rates

Theorem 2.5 by Ghosal et al. (2000) ensures the existence of a frequentist estimator converg-
ing to the true parameter with the posterior contraction rate. This implies that the fastest
possible posterior contraction rate is the minimax estimation rate. For the prediction loss
|.f = gllz2(y)> the minimax estimation rate over the class F(n, K) is, up to some logarithmic
factors,

__Biaj a
ta(n) = ii%aan 2Bieitt; - with g := H (Ben1), (20)
=i+1

as shown by Schmidt-Hieber (2020). This rate is attained by suitable estimators based on
sparsely connected deep neural networks. It is also shown in the recent work by Giordano
et al. (2022) that there are compositional structures for which GP priors lead to a posterior
contraction rate that is suboptimal by a polynomial factor compared with t,(n).

Below we derive sufficient conditions that are simpler than Assumption 2, apply to
standard examples of Gaussian processes in the Bayes literature and imply an optimal
posterior contraction rate t,(n) up to logn factors.

The first result shows that the solution to the concentration function inequality for arbi-
trary 0 < a < 1 can be deduced from the solution for o« = 1. The proof is in Appendix A.3.

Lemma 5 Let €,(1,5,7) be a solution to the concentration function inequality (10) for
a = 1. Then, any sequence en(c,B,1) > epm, (1,5,r)% where my is chosen such that
Mnem, (1, B,7)272% < n, solves the concentration function inequality for arbitrary o € (0, 1].

The next result identifies sequences e, (a, 3,7) satisfying inequality (10) provided the
solution &,(1,3,r) for o = 1 is, up to logn factors, n=?/(#+7) " The proof is given in
Appendix A.3.

Lemma 6 Let n > 3.
(i) If the sequence e,(1,8,7r) = C1(logn)“2n=P/2B+7) solves the concentration function
inequality (10) for a = 1, with constants C1 > 1 and Cy > 0, then, any sequence

enla, B,1) > C2(28 + 1)2C2 (log n) 228+~ 2ars

11



FINOCCHIO AND SCHMIDT-HIEBER

solves the concentration function inequality for arbitrary o € (0, 1].
(i1) If there are constant C| > 1 and C4 > 0 such that the concentration function satisfies

e PrE) (§) < Cl(log 613675, for all0 < 6 < 1, (21)
then, any sequence
enla, B,7) > C(Blogn)®> n” arr
solves the concentration function inequality (10) for arbitrary o € (0, 1].

To verify Assumption 2, we need to pick suitable sequences e,,(7) > max;—,.. 4 &n(i, Bi, ;).
In the previous lemma, e, (a, 8,7) = C1(5,7)(log n)CQ(ﬁ’T)n_BO‘/(wa”) for some constants
C1(B,7) > 1 and Co(B,7) > 0. A suitable choice in this case is

en(n) = Ci(n)(log n) 20, (1), (22)

provided the constants 5j () = max;—o,..qSupges_ g, Ci(B,ti), j € {1,2} are finite. This
can be checked by verifying that 8 — C;(5,7), j € {1,2} are bounded functions on [3_, 54 ].

Lemma 7 The rates €,(n) in (22) satisfy condition (i) in Assumption 2 with Q = P+,

Let II be a DGP prior constructed with the Gaussian processes and rates given in this
section. Then, the corresponding posterior satisfies Theorem 3 and contracts with rate
t,(n*) up to the multiplicative factor L(n*)C1(A*, K)(logn) Hlos K+C2(A"K) = Ap examina-
tion of the proof gives L(n*) = M -10CeP+ for M > 0 a sufficiently large universal constant.

6. Examples of DGP Priors

In this section we verify the abstract conditions for standard choices of Gaussian processes
{GB") . B € [B_,B4]} and show that they achieve nearly-optimal posterior contraction
rates.

6.1 Lévy’s Fractional Brownian Motion

Assume that the upper bound S on the possible range of smoothness indices is bounded
by one. A zero-mean Gaussian process X? is called a Lévy fractional Brownian motion of

order g € (0,1) if
xX%0)=0, E|X°u)-Xx°W)? =lu-u?, vuu el-1,1].

The covariance function of the process is E[X”(u) X#(u’)] = %(]u[%ﬁ +[F —ju—u|?). In
Chapter 3 of their book, Cohen and Istas (2013) provide the following representation for a
r-dimensional S-fractional Brownian motion. Denote by f(ﬁ) = (2m)7"/2 Jzr eiu €y (u)du
the Fourier transform of the function f. For W = (W(u))ug[-1,1» a multidimensional
Brownian motion, and Cg a positive constant depending only on g, r,

—iuTﬁ -1 —~
XP(u) = / 1 o ae,
RT 02/2’€’§+7‘/2
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in distribution, where /W(df) is the Fourier transform of the Brownian random measure
W (du), see Section 2.1.6 of the book by Cohen and Istas (2013) for definitions and proper-
ties. The same reference defines, for all ¢ € L?([—1,1]"), the integral operator

—ul € _ 1 dE

e

1)) = [ 7@ .
- Cé/2|€|g+r/2 (2m)7/2

The RKHS H” of X# is given in Section 3.3 of the same book as

HP = {I% Lo e LP([-1, 1]7")}, (IP0, 10 )ys = (0, &) 12 (1,17

The process X# is always zero at u = 0. To release it at zero, let Z ~ N(0, 1) be independent
of X# and consider the process u + Z + X?(u). The RKHS of the constant process u — Z
is the set HZ of all constant functions and, according to Lemma, 1.18 by Ghosal and van der
Vaart (2017), the RKHS of Z + X7 is the direct sum HZ & HA.

The next result is proved in Appendix A.4 and can be viewed as the multidimensional
extension of the RKHS bounds in Theorem 4 by Castillo (2008). Whereas the original proof
relies on kernel smoothing and Taylor approximations, we use a spectral approach. Write

o) = (s ol = 1) [ R@RQ+ e g < k] @

for the B-Sobolev ball of radius K

Lemma 8 Let 8 € [f_,1] and Z + XP = (Z + Xﬁ(u))ue[,l’l]r the fractional Brownian

motion of order [3 released at zero. Fiz h € C’,?( K)n Wy (K). Set ¢p5 = o7 "o(- /a) with ¢
a suitable regular kernel and o < 1. Then, ||h * ¢y — h|loc < KRgo? and ||h * ¢, ||?

KQL%O'_T for some constants Rg, Lg that depend only on 3, r

HZ pHPA <

The next lemma shows that for Lévy’s fractional Brownian motion released at zero
nearly-optimal posterior contraction rates can be obtained. For that we need to restrict the
definition of the global concentration function to the smaller class C7 (K)nN wy (K). The
proof of the lemma is in Appendix A.4.

Lemma 9 Let 84 <1 and work on the reduced function spaces HE(K) = CTB(K) N W;«g(K)
as outlined in Remark 4. For {GP7) : B e [B_, B.]} the family of Levy’s fractional Brownian
motions Z + XP released at zero, there exist sequences e,(n) = C1(n)(logn)“>Mr, (1) such
that Assumption 2 holds.

6.2 Truncated Wavelet Series

Let {t;5 : j € Ny, k = 1,...27"} be an orthonormal wavelet basis of L?([—1,1]"). For
any o € L*([~1,1]"), we denote by ¢ = PO Ziﬁl Njk(©)1) ) its wavelet expansion. The
quantities \;,(p) are the corresponding real coefficients. For any 5 > 0, we denote by
Bo,0,3 the Besov space of functions ¢ with finite

[@lloo00,6 1= sup 22P+2) max |\;x(p)]-
jJEN k=1,. .2qr
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We assume that the wavelet basis is s-regular with s > 4. For i.i.d. random variables
Zjr ~N(0,1), consider the Gaussian process induced by the truncated series expansion

Jp 2 9—i(B+3)

=> Z Zj kb k()

=1 k=1

where the maximal resolution Jg is chosen as the integer closest to the solution J of the
equation 27 = n!/(F+7) see Section 4.5 by van der Vaart and van Zanten (2008a). The
RKHS of the process X# is given in the proof of Theorem 4.5 by van der Vaart and van

Zanten (2008a) as the set HP of functions ¢ = Zjil iZl k(@) with coefficients

k() satisfying [[o[[2, == 3272, SR jr2¥ /2 4 ()2 < oo,

For this family of Gaussian processes, it is rather straightforward to verify that con-
ditioning on a neighbourhood of S-smooth functions as in Step 1 of the deep Gaussian
process prior construction is not a restrictive constraint. The next result shows that, with
high probability, the process X? belong to the Bug o s-ball of radius (14 K’)\/2log2, with
K’ > /3. In view of Section 4.3.6 by Giné and Nickl (2016), the Besov space Bog o0 8 CON-
tains the Holder space Cﬁ for any 5 > 0, and they coincide whenever [ is not an integer.
Moreover, By oo8 C cP for all B > 8.

Lemma 10 Let X? be the truncated wavelet process. Then, for any K' > /3,

P (107 < (14 K)/21082) 21—y

The proof is postponed to Appendix A.4. The probability in the latter display converges

quickly to one. As an example consider K’ = 2. Since r > 1, the bound implies that more

than 2/3 of the simulated sample paths u — X”(u) lie in the Besov ball Bu « (3v/210g 2).

The next lemma shows that for the truncated series expansion, nearly-optimal posterior
contraction rates can be achieved. The proof of the lemma is deferred to Appendix A.4.

Lemma 11 For {C:’(B”") : B € [B_,B4]} the family of truncated Gaussian processes X°
there exist sequences £,,(n) = C1(n)(logn)“>Mt,(n) such that Assumption 2 holds.

6.3 Stationary Process

A zero-mean Gaussian process X" = (X"(u))ue[—1,1] is called stationary if its covariance
function can be represented by a spectral density measure v on R" as

BLX(wX ()] = [ e eng)de,

see Example 11.8 by Ghosal and van der Vaart (2017). We consider stationary Gaussian
processes with radially decreasing spectral measures that have exponential moments, that
is, [ ec‘ﬂ?y(ﬁ)dﬁ < 400 for some ¢ > 0. Such processes have smooth sample paths thanks to
Proposition 1.4 by Ghosal and van der Vaart (2017). An example is the square-exponential
process with spectral measure v(€) = 2~ "7 "/2¢~65/4, For any ¢ € L2(v), set (H"¢)(u) :=
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Jrr eiﬁT“cp(S)y(E)df. The RKHS of X* is given in Lemma 11.35 by Ghosal and van der
Vaart (2017) as H” = {H"p : ¢ € L*(v)} with inner product (H" @, H"¢')puv = (¢, OV r2()-

For every 8 € [B_, A4], take G to be the rescaled process X”(a-) = (XY(au))ue—1,1)r
with scaling

1+r

a=a(p,r)= nﬁ(log n) 26+, (24)

The process G5 thus depends on the sample size n. We prove the next result in Ap-
pendix A 4.

Lemma 12 For {é(ﬁ’r) : B € [B—, B+]|} the family of rescaled stationary processes X" (a-),
there exist sequences e,(1) = C1(n)(logn)>Mr, (1) such that Assumption 2 holds.

7. DGP Priors, Wide Neural Networks and Regularization

In this section, we explore similarities and differences between deep learning and the Bayesian
analysis based on deep Gaussian process priors. Both methods are based on the likelihood.
It is moreover known that standard random initialization schemes in deep learning converge
to Gaussian processes in the wide limit. Since the initialization is crucial for the success of
deep learning, this suggests that the initialization could act in a similar way as a Gaussian
prior in the Bayesian world. Next to a proper initialization scheme, stability enhancing
regularization techniques such as batch normalization are widely studied in deep learning
and a comparison might help us to identify conditions that constraint the potentially wild
behavior of deep Gaussian process priors. Below we investigate these aspects in more detail.

It has been argued in the literature that Bayesian neural networks and regression with
Gaussian process priors are intimately connected. In Bayesian neural networks, we generate
a function valued prior distribution by using a neural network and drawing the network
weights randomly. Recall that a neural network with a single hidden layer is called shallow,
and a neural network with a large number of units in all hidden layers is called wide. If the
network weights in a shallow and wide neural network are drawn i.i.d., and the scaling of
the variances is such that the prior does not become degenerate, then, it has been argued
by Neal (1996) that the prior will converge in the wide limit to a Gaussian process prior
and expressions for the covariance structure of the limiting process are known. One might
be tempted to believe that for a deep neural network one should obtain a deep Gaussian
process as a limit distribution. If the width of all hidden layers tends simultaneously to
infinity, Matthews et al. (2018) proves that this is false and that one still obtains a Gaussian
limit. The covariance of the limiting process is, however, more complicated and can be
given via a recursion formula, where each step in the recursion describes the change of the
covariance by a hidden layer. Matthews et al. (2018) shows moreover in a simulation study
that Bayesian neural networks and Gaussian process priors with appropriate choice of the
covariance structure behave indeed similarly.

It is conceivable that if one keeps the width of some hidden layers fixed and let the width
of all other hidden layers tend to infinity, the Bayesian neural network prior will converge, if
all variances are properly scaled, to a deep Gaussian process. By stacking for instance two
shallow networks as indicated in Figure 3 and making the first and last hidden layer wide,
the limit is the composition of two Gaussian process and thus, a deep Gaussian process. In
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Input Hidden Output Input Hidden Output

Figure 3: Schematic stacking of two shallow neural networks.

the hierarchical deep Gaussian prior construction in Section 3, we pick in a first step a prior
on composition structures. For Bayesian neural networks this is comparable with selecting
first a hyperprior on neural network architectures.

Even more recently, Peluchetti and Favaro (2020) as well as Hayou et al. (2019) studied
the behaviour of neural networks with random weights when both depth and width tend to
infinity.

While the discussion so far indicates that Bayesian neural networks and Bayes with deep
Gaussian process priors are similar methods, we now show that deep learning with randomly
initialized network weights behaves similarly as a Bayes estimator with respect to a deep
Gaussian process prior. The random network initialization means that the deep learning
algorithm is initialized approximately by a deep Gaussian process. As mentioned earlier,
initialization is crucial for the success of deep learning and indeed acts as a prior. Denote
by —¢ the negative log-likelihood/cross entropy. Whereas in deep learning we fit a function
by iteratively decreasing the cross-entropy using gradient descent method, the posterior
is proportional to exp(¢)xprior and concentrates on elements in the support of the prior
with small cross entropy. Bayesian sampling methods such as stochastic gradient Langevin
dynamics are closely related to noisy stochastic gradient descent, as shown by Welling and
Teh (2011), and Gibbs sampling of the posterior has a similar flavor as coordinate-wise
descent methods for the cross-entropy.

The only theoretical result that we are aware of examining the relationship between deep
learning and Bayesian neural networks is by Polson and Rockové (2018). It proves that for
a neural network prior with network weights drawn i.i.d. from a suitable spike-and-slab
prior, the full posterior behaves similarly as the global minimum of the cross-entropy (that
is, the empirical risk minimizer) based on sparsely connected deep neural networks.

As a last point we now compare stabilization techniques for deep Gaussian process
priors and deep learning. In Step 1 of the deep Gaussian process prior construction, we
have conditioned the individual Gaussian processes to map to [—1, 1] and to generate sample
paths in small neighborhoods of a suitable Holder ball. This induces regularity in the prior
and avoids the wild behaviour of the composed sample paths due to bad realizations of
individual components. We argue that this form of regularization has a similar flavor as
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batch normalization, cf. Section 8.7 by Goodfellow et al. (2016). The purpose of batch
normalization is to avoid vanishing or exploding gradients due to the composition of several
functions in deep neural networks. The main idea underlying batch normalization is to
normalize the outputs from a fixed hidden layer in the neural network before they become
the input of the next hidden layer. The normalization step is different from the conditioning
proposed for the compositions of Gaussian processes. In fact, for batch normalization, mean
and variance of the outputs are estimated based on a subsample and an affine transformation
is applied such that the outputs are approximately centered and have variance one. One
of the key differences is that this normalization invokes the distribution of the underlying
design, while the conditioning proposed for deep Gaussian processes is independent of the
distribution of the covariates. One suggestion that we can draw from this comparison is
that instead of conditioning the processes to have sample paths in [—1,1], it might also
be interesting to apply the normalization f — f(t)/sup,ci_1 13- |f(t)| between any two
compositions. This also ensures that the output maps to [—1,1] and is closer to batch
normalization. A data-dependent normalization of the prior cannot be incorporated in the
fully Bayesian framework considered here and would result in an empirical Bayes method.

7.1 Computational Challenges of DGP Priors

For complex tasks, sampling from the posterior is a notoriously hard computational prob-
lem. Several algorithmic breakthroughs resulted in computationally scalable procedures
even in the particularly problematic case of high-dimensional model selection. While this
is not the main focus of this work, we briefly discuss in this section aspects regarding the
implementation of DGP priors and the underlying computational challenges.

Model selection prior. A major computational challenge is the large number of
potential composition structures. A naive sampling method needs to visit all these com-
position structures. Below we describe several methods to reduce the number of candidate
structures.

Firstly, we argue that many models can in principle be omitted as they do not lead
to faster contraction rates. As an example consider functions of the form f = hy o hg for
univariate functions h; having smoothness 3; < 1, that is, h; € Clﬁ ‘(K) for i = 0,1. From
the definition of Holder spaces, we can immediately infer that f has Holder smoothness
Bof1. This means that we can alternatively represent f as a degenerate composition model
f = ho with ¢ = 0 and hg a Spf1-smooth function. The optimal contraction rate t,(n)
defined in (20) is in both cases n~PoB1/(2B0B1+1)  Writing the function as a composition
model, does therefore not lead to a faster contraction rate. The prior does consequently
also not need to put any mass on this composition.

For a general composition structure f = hgohy_10...0hg, let i* be an index dominating
the rate in the sense that t,(n) = max;—o_ 4 p—hiai/(2Bicitt) — p—Bixai /(2Bixai+tix) p
many cases, it can be checked that the rates for the two composition structures

f=hgo...ohjxohix_q10...0hg= HjoHj

=:H; =:Hy

are the same. In all these cases, it is therefore sufficient to consider the simpler composition
structure Hy o Hy only.
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The next lemma provides conditions such that the number of compositions ¢ can be
reduced by one.

Lemma 13 Suppose that f is a function with composition structure n = (¢,d,t,S,3) and
assume that By = K = 1. If there exists an index j € {1,...,q} witht; =t;_1 =1, then, f
can also be written as a function with composition structure n' = (¢ —1,d—j,t_;,5-;,8'),
where d_j,t_;,S_; denote d,t,S with entries dj,t;,S; removed, respectively, and @' =
(Bo, - Bj—2,Bj=1Bj, Bj+1, - - -, Bq). Moreover the induced posterior contraction rates agree,
that is, t,(n) = v, (0).

The discussion above calls for some notion of equivalence classes on composition struc-
tures. Two composition structures are said to be equivalent if one of them can be reduced
to the other and both lead to the same rate v, (7). It is enough to assign prior mass to only
one composition structure in each of the equivalence classes. The equivalence classes can
be computed a priori.

Even for large sample sizes, it makes little difference whether the contraction rate is
n~1/10 or p=1/1 gay. While compositional structure can lead to much faster contraction
rates, the biggest gains occur for structures with small ¢ and small ¢;. This indicates that if
we are willing to loose a bit in the contraction rates, the number of candidate composition
structures can be significantly further reduced.

An alternative is to combine posterior sampling with a greedy model selection method.
By first sampling from small composition structures, we can successively increase the com-
plexity of the composition structures. In each iteration, we keep the composition structures
with the most pronounced posterior concentration.

Additional information about the underlying composition structure can be incorporated
as well. In nonparametric statistics, the generalized additive models and the single index
model are two examples of widely studied structural assumptions imposed on the target
function. Both constraints can also be rewritten as compositional constraint of the form
f =hgo...ohy and correspond therefore to specific compositional structures, more details
are given by Schmidt-Hieber (2020). This means that if we suspect that those structural
assumptions represent the true regression function, we can put higher (or all) prior weight
on the corresponding composition structures.

Conditioning of Gaussian Processes. Step 1 of the deep Gaussian process prior
construction requires to condition Gaussian processes to the unitary ball By (1) and some
enlargement of a Holder ball. Following Section 4 by Swiler et al. (2020), conditioning the
sample paths to the unitary ball is a bound constraint where the range of the process is
restricted to some compact interval. One proposed method is to add a warping function to
the output of the Gaussian process in such a way to restrict the range to the desired interval,
introducing nonlinear layers when dealing with compositions. Another solution involves
discrete constraints using truncated Gaussian distributions. This requires an expensive
rejection sampling procedure that has been recently made more efficient by Ray et al. (2020);
Lopez Lopera (2019). An alternative solution involves constrained maximum likelihood
optimization. This approach has been proposed by Pensoneault et al. (2020) to enforce
non-negativity but can be easily extended to other inequality constraints. Another method,
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proposed by Maatouk and Bay (2017) is based on finite dimensional approximations of
Gaussian processes.

Restricting the sample paths of Gaussian processes to neighborhoods of a Holder ball is
considerably more challenging from a computational point of view. Lemma 10 shows that
for truncated wavelet processes this constraint is not very restrictive.

Variational Bayes. The variational Bayes approach introduced by Titsias (2009)
shows how to approximate the posterior distribution induced by a Gaussian process prior.
Nieman et al. (2021) gives contraction rates for such an approximation and shows that
minimax rates are still achievable even when the KL divergence between the true posterior
and the variational posterior does not vanish in the limit n — oo. This approach has
been extended by Damianou and Lawrence (2013). Conditionally on a fixed composition
structure 7, let II(:|X,Y,n) denote the posterior distribution. This is the same as putting
all mass of the model selection prior m on 7. Therefore, sampling from II(-|X,Y,7n) does
not involve any model selection. Damianou and Lawrence (2013) proposes a procedure to
sample from an approximation of the distribution II(:|X,Y,n) arising from a DGP prior
II(:|n) obtained by composing square-exponential processes (radial basis function kernels).
The same procedure has been reformulated by Cutajar et al. (2017) in terms of random
features expansions.

To sample approximately from the full posterior I1(:|X,Y) = [II(-|X,Y,n)m(n) dn for
our hierarchical prior, one can first sample a compositional structure n ~ m(n) and after-
wards use the method from Damianou and Lawrence (2013) to approximate the distribution
II(-|X,Y,n). Let Q(-|X,Y,n) denote the distribution of the approximation and Q(:|X,Y)
be the induced approximation of the posterior II(:|X,Y). If for the variational Bayes step,
we have some approximation guarantee of the form sup, [|TI(:|X,Y,7) — Q(-|X, Y, n)[lrv <
7, then also [[II(:|X,Y) — Q(-|X,Y)|rv < 7.
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Appendix A. Proofs

We provide here the proofs for the results presented in the main sections, together with
auxiliary material.

A.1 Proofs for Section 2

Lemma 14 If f(z1,...,x.) = g1(x1) - .. .- gr(xy) with g1,...,9, € CIB(K), then there exists
a finite K' such that f € CE(K’).

Proof [Proof of Lemma 14| Without loss of generality, assume K > 1. For any a =
(a1,...,a,) € N" and x = (21,...,2,), we have 0*f(x) = 0%¢gi(z1)--- 0% g.(x,). By
assumption, Zajgmj 0% gjllc < K forall j=1,...,r, thus

Yo lloflle s D (TTH0%gle | <TT | 22 0%l | < K7 (25)

a:lal<[ 8] a:lal<[B] \J=1 J=1 \q;<|8]
For real numbers ay,...,a;,b1,...,b,, we can expand the difference of the products by a
telescoping sum, finding that a; -...-a, —by-... b, = Z;Zl(ni: as)(aj —bj) [Ti—j11 bt
Therefore, |ay ... ay — b1 ... by| < ([T las| V [bs] v 1) 375_; [a; — bj|. Applying this to
0% f(x) = 0%gi(x1) -+ 0% gr(xr) and 0% f(y) = 0 g1(y1) - - - 0" gr(yr) gives

0%f(x) — 9% - o " 0% qg:(x;) — 0% qg;(x;

x,y€[-1,1]" |x — ¥| =1 =1 %y €-1.1] lzj — yj

X£Y T FYj

For any a = (ay,..., ;) such that |a = 3], the function 0% g; belongs to Cf_aj (K)

by assumption. Therefore, sup, s c(—1,1)[0% g;(x) — 0% g;(y)|/|z — y|P~18l < K. With the
bound in (25) and K > 1, we obtain

sup laaf(x)—(‘)af(Y)‘<rK_ Z ﬁ(Haajgj”oo\/l) STKTH.

B—18] -
alal=|g| XYE=L" X =Yoo alal= j=
e e Jal=18) \i=1
The proof is complete by taking K’ > 2r K" + 2818l gr+1,
|
Proof [Proof of Lemma 1| Given ¢, d, the components of t = (to, t1,...,t,) are drawn inde-
pendently from Unif{1,...,d;}. Givenq,d,t,S = (So,S1,...,8,) with S; = (Si1, - .., Sia;sy)

are drawn independently from Unif{1,..., (Ctl:) }. By construction,

/ V() dn
=> V(B = BTN
A

=Y V(B =B V) Y ﬁ\/m >

dy,...,dqg j=1 t0,--tg
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Because of the inequality ( ) < Zq 0 ( ) = 2" we have

q d7,+1

s I o - T4 - (T < e

So,..,8q \ =0 j=1 ti =0 j=1 =0 j=1 ti =0 =0

The sum Zt()’.."tq is over [[Z, d; many terms. Using that 2%%i+1 < 2dz2/22d12'+1/2, the previous
displays combined give

/Fdn<¢d?2m+— TA@ Y [[Vadloazs. (6

dy,.. 7dq] 1

Cauchy-Schwarz inequality gives

FEdllq[d:pd%] =K

2 2
Z \/’Y(dj\Q)dedj < \/Z 'y(dj]q)d;’?de
d; d;

Due to 32y 4. H?:l = H;I':1 > d;+ (26) combined with Cauchy-Schwarz inequality yields

[ VAt < Va2 Y G = A

< Via? \/Z(ﬁ+ — By (enns %E
q
= V2 \ [, (8, - - )2r2ennia]

< 00,

ve—1

using for the last step that by assumption E,[A9] < oo, for all A > 0. The proof is complete.
|

A.2 Proofs for Section 4

Information geometry in the nonparametric regression model. The following
results are fairly standard in the nonparametric Bayes literature. As we are aiming for
a self-contained presentation of the material, these facts are reproduced here. Let Py be
the law of one observation (X;,Y;). The Kullback-Leibler divergence in the nonparametric
regression model is

KL (P, Py) = 5 [ (F00 = 90 du(x) < 1F = 9l -0
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with g the distribution of the covariates X;. Using that Et[logdPs/dP,] = KL(Py, P,),
Var(Z) < E[Z?], E4[Y|X] = f(X) and Ef[(Y — f(X))?|X] = 1, we also have that

Va(Py, Fy) :=Ey H log i KL(Py, Pg)ﬂ

dP
:Ef_(Y( X)) - % +%9(X)2>2}
=Ef:(y< (X)) = 5(F(X) = a(X) (F(X) +5(X))) ]
:]Ef_(f ( % Q(X))f}
1
i

—~
By
/\

\
Q
/\
‘:’/

&
=

/-\

In particular, for € < 1, ||f — g|loo < £/2 implies that Va(Pf, P;) < €? and therefore

By(Py.e) = {9 KL(Pp. B) <2 Va(Pp, P) <2} 2 {9 If —gllw < 5} (@D)

We derive posterior contraction rates for the Hellinger distance. This can then be
related to the || - [[12(,)-norm as explained below. Using the moment generating function of
a standard normal distribution, the Hellinger distance for one observation (X,Y’) becomes

dg(Py, Py) = 1—/\/dpfdpg :1—/ dP;/dP, dP,
—1_F [ F(V—g(x )in(Yff(X))Q}
—1_F [ g[e% (Y —9(X))(F(X)— g(X»‘X} e—i(f(X)—g(X))Q]
1
8

_1_E[ —1(f(X)—g(X))? }
- / e~ HUGI-969)? g (x0).

Since 1 — e~® < z and p is a probability measure, we have that dy(Py, Py) < £ [(f(x) —
Q(X))2 du(x). Due to 1 — e ™™ > e *z, we also find

-Q%/2
e .
dri(Py, P,) > / flx 2 du(x), for all f,g, with [[fllse: lglo < Q. (28)

By Proposition D.8 by Ghosal and van der Vaart (2017), for any f,g, there exists
a test such that Ey¢ < exp(—%du(Py, Py)?) and SUPdyy (P, Py)<dpr (P, Py)/2 Enll — @] <
exp(—%dp (Pf, Pg)?). This means that for the Hellinger distance, the test condition in (8.2)
by Ghosal and van der Vaart (2017) holds for £ = 1/2.

Function spaces. The next result shows that the Holder-balls defined in this paper
are nested.
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Lemma 15 If0 < ' < 3, then, for any positive integer v and any K > 0, we have
cl(K) C cP(K).

Proof [Proof of Lemma 15| If |5'| = | 8] the embedding follows from the definition of the
Holder-ball and the fact that supy yer_q,1) [x — y\fgﬁ' =208 1f | 8’| < |B], it remains to
prove CP(K) C CP'IH1(K). This follows from first order Taylor expansion,

02/ () = 9/ )l _ S Ivernll

2 Z sup

ol XYl eclal=15')
<2 3 [0
alal=]8"]+1
and the definition of the Holder-ball in (5). [ |

The following is a slight variation of Lemma 3 by Schmidt-Hieber (2020).

Lemma 16 Let h;; : [-1,1]% — [—=1,1] be as in (2). Assume that, for some K > 1 and
ni > 0, [hij(x) = hij (¥)]oo < ni+K|x—y|2 for allx,y € [~1,1]%. Then, for any functions

h; = (hw)]T with }VLZ']‘ : [—1, 1}” — [—1, 1],

q
tho...ohg—hqo...ohOHLm[_Ll}d < Kan?i + H|hZ —hi|oo‘
=0

ey
e
with c; = [1§_; 1 Be A L.

Proof [Proof of Lemma 16.] We prove the assertion by induction over ¢. For ¢ = 0, the
result is trivially true. Assume now that the statement is true for a positive integer k. To
show that the assertion also holds for k4 1, define Hy = hgo...ohg and Hy = hio...o hg.
By triangle inequality,

| hjey1 © Hyp(x) — hysr © Hy(x)]

< |hps1 © Hy(x) = hyeyr 0 Hi(x)|_ + [hpes1 0 Hyo(x) = hyeyr 0 Hyg(x)|

~ Al ~

< Mt + KH(x) = Hy(G0| 25 4 (s = B ool oo
Together with the induction hypothesis and the inequality (y + 2)® < y® + 2* which holds
for all y,z > 0 and all a € [0, 1], the induction step follows. [ |

The next result is a corollary of Theorem 8.9 by Ghosal and van der Vaart (2017).

Lemma 17 Denote the data by D,, and the (generic) posterior by I1(-|D,,). Let (Ay)n be a
sequence of events and Bo(Py«,€) as in (27). Assume that

eQna% H(An) n—00
II(Bo(Pp+, an))

0, (29)
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for some positive sequence (ay)n. Then,
E g [H(Anﬂ)n)] e 0,
where K¢« is the expectation with respect to Ppx.

We can now prove Theorem 2.

Proof [Proof of Theorem 2| By definition (16), the quantity II(n ¢ M,(C)|X,Y) denotes
the posterior mass of the functions whose models are in the complement of M,,(C). In view
of Lemma 17, it is sufficient to show condition (29) for A, = {n ¢ M,(C)} =: M5(C) and
a,, proportional to &,(n*). We now prove that

Qna% fM%(C) 7T(’f]) d?’]

H(BQ(Pf*,CLn)) -0 (30)

for a, = 4K9 (¢* +1)Qe,(n*) and II the deep Gaussian process prior. The next result deals
with the lower bound on the denominator. For any hypercube I, we introduce the notation

diam(7) := Supg grer 1B — |-

Lemma 18 Let II be a DGP prior satisfying the assumptions of Theorem 2. With @ the
universal constant from Assumption 2, R* := 4K7 (¢* + 1)Q and sufficiently large sample
size n, we have

H(BQ(Pf*,QR*fn(T]*))) > 6—|d*‘1Q2n€n(77*)27T()\*7I;);)’

where I} :={B = (Bo,---,B4) : Bi € 85 — bu, B7],Vi} and by, := 1/log?n.

Proof [Proof of Lemma 18] By construction (27), the set By(Py«,2R*e,(n*)) is a superset
of {g: ||f* — glloo < R*en(n*)}, so that

H(B2 (pf*,m*gn(n*))) > H(f* + Boo (R*en(n*))>.

We then localize the probability in the latter display in the neighborhood I around the
true 8% = (B5,...,5;). Since B* € I(\*) = (B_,B4)T L, we can always choose n large
enough such that I; C I(A\*). With f* =hj. o...0hjand R* = 4K (¢* +1)Q,

H({g =gl < R*gn(n*)})

> /l P(|[rg o oons =GR P o0 GO < Rienli))m(N", B)aB.

. * ¥, — (A%, % <k .
Fix any 8 € I Both G} ™ = G} o (-)s: and s = Bij0()s: map [~1,1]% into [~1,1].

z(;\*ﬁ) is

an independent copy of the conditioned Gaussian process GBit) ]{é(ﬂiﬁ ) € Di(\, B, K)}.
The function E:j belongs by definition to the space Cﬁl (K) and satisfies m:j (x) — E:j (v)] <

They also depend on the same subset of variables S7;. By construction, the process G
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K|x — y[fg/\l for all x,y € [-1,1]% and all i = 0,...,¢% j = 1,...,d},,. By Lemma 16
with n; = 0, we thus find

*

q
R N U ST

- ig — Mg | 00’
i=0 ]717“'7d;§(+1

where af = [T%,,, Bf A L. Since af > a; = [[%,.,(Be A1) for B € I, if |[hf; — Gor

is smaller than one, the latter display is bounded above by

lloo

* * 7* raly
1f* = Ga* o) S K7 Z e {nail( Hhij - Gjj

Set 0;p 1= 5n(ai,ﬁi,t;‘)1/o‘i. By Assumption 2 and the definition of £,(n) in (12), we
have (5m S (Qe (n ))1/0‘1' and so 49;, < 1 since we are also assuming e,(n*) < 1/(4Q). If
17 Pl < 46, for all i = 0,...,¢" and j = 1,...,d then ||f* — GO P <
R*en( ) Consequently,

P(|lrge 0 oohy = G o 0GR < Rien(n))

¢ i (32)

>HHP(H% G < 40).

=0 j=1

We now lower bound the probabilities on the right hand side. If E:j € CEE(K ), then,
(1- 251-”)5;- € Cg;((l — 20;,)K) and by the embedding property in Lemma 15, we obtain
(1 = 28in)hz; € CH(K).

When |[|(1 25m)h — GBt Hoo < 26;n, the Gaussian process GBit?) is at most 26;,-
away from (1 — 25¢n)h” € Ctﬁl( ). Consequently, {]|(1 — 25m)h — GWE)|| o < 26} C
{GVt)) € Dy(A*, B, K)}, where the bound for the unitary ball follows from the triangle

inequality. Moreover ||(1 —2d;;, hy— GBt 0o < 20, implies h — Gt} o < 46;y,. The
ij

concentration function property in Lemma I1.28 by Ghosal and Van der Vaart (2017) gives
(H — G| < 252.”) > exp ( _ Bt K) (51,”))'

Together with the concentration function inequality in (10), we find

o) o P = 6in) By — GO o < 25,)
(th ’Lj Hoo < 452n) (G(B“t:) c D()\* B’ ))

> B(]|(1 — 8 — GOD|| _ < 25,
_ Bt K )(5in)>

(
> exp ( —nep(, Bi, tf)z)
(
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where @ is the universal constant from Assumption 2. With |[d*|; = 1+ E; —0dj, (31), (32)
and the previous display we recover the claim. |

The latter result shows that
H(BQ(Pf*,4Kq*(q* + 1>Q5n(77*))) > €_|d*|1Q2n5n(77*)2/ W(/\*,,B) dﬁ, (33)

with I} = {8 = (Bo,...,B¢) : Bi € [Bi*—l/log2 n, B7],Vi}. Recall that, by construction (13),
7(n) o e YrMry(n) with W,,(n) = ne,(n)? + "' For any 3 € I, we have U, (\*,3) <
U, (A%, 3%), and Assumption 1 gives v(A*, 8) = v(A*)y(B|\*) with v(A*) > 0 independent
of n and v(-|A\*) the uniform distribution over I(\*) = [B_,5.]9 . Thus, y(I}|\*) =
|5 /|T(X*)] and |I%| = (1/1log?n)?"*1, so that by Assumption 2

(1) eQan(n*)%eem*‘1 ~Wn () ()
Ji: (A%, B) dﬁ - YA )Y (L5 | A%) (34)
|I()‘*)| Q%ne ('r]*)Q—&—eeld*‘1 U, (n) ,2(g*+1)loglogn
= € " e y(n).
30%) g

The quantities v(A\*), [I(\*)| = (B4 — )7 T! and exp(eeld*h) are constants independent
of n. We can finally verify condition (30) by showing that, with a, = 4K% (¢* +1)Q,

2a 2 pen ()2 anen(n 1242(g*+1) loglognZ/ BN _\I}n(n)'Y(n) dB — 0.

By the lower bound in Assumption 2 (i), we have ne,(n*)? > nt,(n*)? > 2(¢* + 1) loglogn,
since the quantity nt,(n*)? is a positive power of n by definition (20). The complement of
the set M,,(C) is the union of {n : e,(n) > Cen(n*)} and {n : |d|;1 > log(2logn)}. Over
these sets, by construction (13), we have either ¥ (772 > C?ne,(n* ) or W,,(n) > n?. There-
fore, the term e Y7 decays faster than either e~ ¢ (1) or ¢="" In the first case, the
latter display converges to zero for sufficiently large C' > 0. In the second case, the latter dis-
play converges to zero since €, (n*) < 1 and ne,(n*)? < n < n?. This completes the proof. B

We need some preliminary notation and results before proving Theorem 3.

Entropy bounds. Previous bounds for the metric entropy of Holder-balls, e.g. Propo-
sition C.5 by Ghosal and van der Vaart (2017), are of the form log (9, cl(K),| - loo) <
Q1(p,r, K)&"’/ﬁ for some constant Q1(8,r, K) that is hard to control. An exception is
Theorem 8 by Bolley (2010) that, however, only holds for 5 < 1. We derive an explicit
bound on the constant Q1(8,r, K) for all § > 0. The proof is given in Appendix A.2.1.

Lemma 19 For any positive integer r, any >0 and 0 < § < 1, we have

Ao K28 (B+1)" 47 (B+1)Tr7 (2eK) B §
N(é, CHE), |- Hoo) < < ‘ ; A 1) (25+26Kr5+ 1)

T
B

N

< te (187T7K)67 p
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with Q1(B,r, K) = (1 + eK)4™1(B + 3)" 1"+ 1(8eK?)"/B. For any 0 < a < 1 and any
sequence 6, > Q1(f, T, K)ﬁ/(%”)n_ﬁo‘/(wa”), we also have

log " (04/, G (K), | - Iloe ) < 2. (35)

Support of DGP prior and local complexity. For any graph A = (¢,d,t,S) and
any B € [3_, B+]9F!, denote by ©,,(\, B, K) the space of functions f : [-1,1]¢ — [~1,1] for
which there exists a decomposition f = hyo...o hg such that h;; : [-1,1]% — [~1,1] and
hij € Di(\,B,K), for all i = 0,...,q; j = 1,...,d;i41 and D;(\, B, K) as defined in (11).
Differently speaking

@n()\wﬁvK) = @q,n()‘nB?K)o"'OGO,TL()‘nBaK) (36)
with

Oin(\ B, K) = {hi =1, 1)% > 1,15 Ry € Dy B K),j =1, ... ,dm}.

By construction, the support of the deep Gaussian process G ~ II(-|n) is contained in
On(A, B, K). For a subset B C [B_,3+]9 we also set ©,(\, B, K) := Ugep©,(), B, K).
The next lemma provides a bound for the covering number of O, (), B, K). Recall that
diam(B) = supg grcp |8 — B'|co- We postpone the proof to Appendix A.2.1.

Lemma 20 Suppose that Assumption 2 holds and let X be a graph such that |d]; < log(2logn).
Let B C [B_, 849" with diam(B) < 1/log?n. Then, with R, := 5Q(2logn) o8 K,

sup IOgN(RNEn()\,ﬁ),@n(A,B7K), H : ||OO) < R72L
BeB nen(A, B)? T 25

Proof [Proof of Theorem 3| For any p > 0, introduce the complement Hellinger ball
HE(f*, p) == {f : du(Ps, Ps+) > p}. The convergence with respect to the Hellinger dis-
tance dy implies convergence in L?(p) thanks to (28). As a consequence, we show that

f*Ei}(lg,K) By [H<Hc(f*’ Lngn(n*))‘(X,Y))} — 0,

with L, := MR, R, := 10QC(2logn)'*°¢ X and M > 0 a sufficiently large universal con-
stant to be determined. With M,,(C) = {n : e,(n) < Ce,(n*)} N{n : |d|1 < log(2logn)}
and the notation in (16), we denote by II(- N M, (C)|X,Y) the contribution of the compo-
sition structures M,,(C) to the posterior mass.

We denote by L,(C) the set of graphs that are realized by some good composition
structure, that is,

L(C):={AeA:TBeIN), n=(\B) e My(O)}. (37)

By construction, all graphs in £, (C) have bounded dimension |d|; < log(2logn) and so
part (ii) in Assumption 2 can be applied. For any A € £, (C), partition I()\) = [B_, 84?1
into hypercubes of diameter 1/log®n and let By(\),..., By(n(A) be the N(A) blocks that
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contain at least one 3 € I(\) that is realized by some composition structure in M,,(C). The
blocks may contain also values of 3 for which (A, 3) ¢ M,,(C). The set M,,(C) is contained

in the enlargement
N())
M, (C) = U U (A Br(A
€L k=1

Thanks to Theorem 2 and the enlarged set of structures ./\/ln(C’)7 it is enough to show, for
sufficiently large constants M, C,

sup By [H <7—[C( 5 MRuen(n®)) N MH(C)\(X,Y))} 0. (38)
freF(n*,K)

Fix any f* € F(n*, K). Since there is no ambiguity, we shorten the notation to H¢ =
HE(f*, M Ryen(n*)) and rewrite

Jrge TS N Mo (C)[X,Y)
fH df\X,Y)

o [H(H; N MH(C)‘(X,Y))} — K,

We follow the steps of the proof of Theorem 8.14 by Ghosal and van der Vaart (2017). In
their notation we use &, = Ryen(n*) and £ = 1/2 for contraction with respect to Hellinger
loss. Set

A;o; _ {/H(df|X,Y) > H(Bz(f*’Rngn(n*)))e—QR%nEn(ﬂ*h}‘

Then P (Ay) tends to 1, thanks to Lemma 8.10 by Ghosal and van der Vaart (2017) applied
with D = 1. Since 1 = 1(A%) + 1(Ay°), we have

Jye T(df N M (C)[X, Y)
fH daf1X,Y)

E;. [H(H; N ﬁ/lvn(C)’(X,Y)ﬂ <Py (A50) + Epe |1(AY)

and Py« (A7) — 0 when n — +oo. It remains to show that the second terms on the right
side tends to zero.

Let ¢y, 1(A) be arbitrary statistical tests to be chosen later. Test are to be understood as
Onk(A) = 0nk(A)(X,Y) measurable functions of the sample (X,Y), taking values in [0, 1].
Then, 1 = ¢y, 1 (A) + (1 — ¢p k(A)). Using the definition of H(dfﬂ//\zn(C’)]X, Y) and Fubini’s
theorem, we find

By [11(3 0 Ma(O)|(X,Y)) | < By (45%) + By [Ty + T2), (39)
where
) * Z)\EE (@) Ek 1 (Z)n k )ka(A) ﬂ—()‘?l@) (f’}-[% ifi (XvY)H(dﬂ/\a/B)) d/@
Ty = 1(A%) THaXY) ,
. L 2UAELn(C) Sy J09 ™A B) (f?—[%(l — onk(N) % (X,Y)H(df|)\,ﬂ)) g
Bt X Y)
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We bound T} by using 1(A%) < 1, together with

Joeoy 7 B) (Jyye 22X, )T 1A, B)) dB

<1
JI(df1X,Y)
so that
Ep [T < ) ZE,M [fn,(A (40)
AL (C

We bound 75 using the definition of A}, and obtain

Z,\eﬁn(C) Ziv:(/l\) ka(A) (fH — Pk ( ))pf*( ,Y)H(df‘)\,ﬁ)) a8
H(Bz(f Rugn(n))) e 2Fanen(n)?

2 >

For large n, R, = 10QC(2logn)' T8¢ X > 4Q K7 (¢* 4+ 1). By Lemma 18, we find
I (Ba(f7, Ruen(n"))) = e fmen 0 m (3, 1), (41)

with I} .= {8 = (Bo,...,B¢) : Bi € [B;—bn, ]],Vi} and b, := 1/1og? n. By the construction
of the prior 7 in (13), the denominator term e~Y»( is bounded above by 1 and fQ ~v(n)dn =
1, thus

[z OBy (x7, B)dB .
X D) = Tt (o di 2/ e By (3", B)dB.
Q n

Furthermore, by condition (ii) in Assumption 2, we have ,(\*, 3) < Qe,(A*, B%) for any
B € I, which gives

71'()\*7[::) > exp(_ee|d ‘1)67622”5”(77*)2’}/()\*,[;),
with proportionality constant exp(—ee‘d*h) > 0 independent of n. Again by construction,
the measure (A", I¥) can be split into the product ~v(A*)y(L:|\*) where ~(:|A\*) is the
uniform measure on I(\*) = [B_,34]7 ™! and the quantity y(\*) > 0 is a constant in-

dependent of n. Thus, with ¢(n*) = exp(— e ‘1)7()\*)/|I()\*)], we obtain w(A\*,[}) >
()| Ix|e=@*=n(1)? In the discussion after (34) we have shown that ne,(n*)? is a pos-
itive power of n and so, for a large enough n depending only on n*, one has |I}| =

(1/log?n)?" 1 > e=m=n()”  This results in
71'()\*, I;;) > c(n*)e—(Q2+1)nsn(n*)2 > C(n*)e—R%nen(n*)2. (42)

By putting together the small-ball probability bound (41) and the hyperprior bound (42),
we recover

et Zrd o TOB) (fis (1 = s (W) 24X, YT, B) ) 4B

e—4RZnen(n*)? ’
(43)

Ty <c(n)”
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with proportionality constant ¢(n*)~! independent of n and depending only on n*, B_, B.
We now bound the numerator of T using Fubini’s theorem and the inequality Ez«[(1 —

G k(M) (s /s ) (X Y)] S Ef[1 = ¢ (M),

2L
>y / (/H « ¢n,k()\))pf*(XaY)H(dfP\aﬁ))d,@

AELn(C) k=1
AE%: Z/ (/H Ef. [(1 _¢n,k(x))£(x,y)} H(df]A,ﬁ)) a8
< 2 Z / [ T8 [ Bl = uoii s (14)

With the supports ©,,(X, 3, K) in (36) and any k = 1,..., N()), consider O, (), Bx()\), K) =
UgeB,(\)On(A, B, K). Now, for any fixed A, k choose tests ¢, x(A) according to Theorem D.5
by Ghosal and van der Vaart (2017), so that for f € O, (X, Bx(\), K) NHE(f*, M Rpen(n™))
we have, for some universal constant K> 0,

E«[pni(N)] < ek WN <Rn€g(77*)

Ef[l — dni(N)] < cp(A) L KM Rinen(n)?

eff(MzR%nsn(n*)z

)

Ou(N, Bu(N). K), |- uoo)

1— e—f(M?R%nan (n*)?

with choice of coefficients
7(\, Bp(N))

Ck()‘)Q = Rnen () '
N (H55070, 0,40, By(0). K. |- )

Let us denote by pg(\) the local complexities

= Va0, BeV)- \/N (55 0,00 B K. e ).

Combining this with the bound on 7} in (40) and the bounds on T in (43)-(44), gives

—KM2R2nen(n*) N(A)
Ep- [T1] < | o R > oY >
Aeﬁn(C) k=1
N(X)
By (1] < clg) e RIS S
NELL(C) k=1

It remains to show that both expectations in the latter display tend to zero when n — +o0.
Since M > 0 can be chosen arbitrarily large, we choose it in such a way that KM? > 5
and the proof is complete if we can show that

Z Z pk < eRinan(n*)27 (45)

AELR(C) k=1
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for some proportionality constant independent of n. Fix A € £,(C) and k = 1,..., N()\). By
construction, there exists 3 € By (\) such that (\, 3) € M,,(C). Since R,, = 10QC(2logn)' e K
using Ce,(n*) > e,(n) together with Lemma 20, we find

Rpen(n* R?
og 7 (B2 0,00, B, 10, ) = 1)

This results in

S Y a0y <o (g anen(?) ¥ ZW

AELn(C) k=1 AEL(C
1 N
_ 2
= exp <50Rnn5n > Z Z VY, Bi(A
AELR(C) k=1

where z, =), fl()\) e~ Yn(AB)y (X, B)d is the normalization term in (13). By the localiza-

tion argument in (42), we know that z, > w(\*, [}}) = e~ Ranen (1) with proportionality
constant independent of n. Thus,

N(\)

> Yno S e (Rnenr?) ¥ ZW

AELR( AL, (C) K

Since R, = 10QC(2logn)' 18 K > 1 it is sufficient for (45) that

> Zv (A By(V)) S ez, (46)

AELA(C) K

for some proportionality constant that can be chosen independent of n. To see this, observe
that by Assumption 1, we have y(\, 8) = v(A\)y(B|\) with v(:|A) the uniform distribution
over I(A). Thus

N() N(X)
Yo Y VB = > VIBWIVA B (V).
€L, (C) k=1

A AELA(C) k=1

where B;(\) is the center point of the hypercube By (\). Since | By ()| = (1/log?n)9! and
(g+1) < |d|; < log(2logn), we have log(|Bx(\)|™') = 2(g+1)(logn) < 4log®n < ne,(n*)?%.
Therefore, for a sufficiently large n depending only on n*, we find |Bp(\)|7! < enen(m”)?
The above discussion yields the following bound on the latter display,

N\

VYA, Bi(A)) =
Aeﬁzn:(C) ; ! ’ Aeﬁzn:((}) ; \ ‘Bk

< eznenn)? Z Zer YO\ Br(V).

AL (

YA, Be(A)
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This is enough to obtain (46) since, by Assumption 1,

> Z\Bk VA BN Z/ VAOBYB = [ VAl dn

AELR( AEA

is a finite constant independent of n.

Since all bounds are independent of the particular choice of f* and only depend on the
function class F(n*, K), this concludes the proof of the uniform statement (38). [ ]

A.2.1 PROOFS OF AUXILIARY RESULTS

Proof [Proof of Lemma 19] We follow the proof of Theorem 2.7.1 by van der Vaart and
Wellner (1996) and provide explicit expressions for all constants. We start by covering the
interval [—1,1]" with a grid of width 7 = (6/¢(8))"/?, where ¢(8) := er + 2K. The grid
consists of M points x1,...,X)s with

vol([—2,2]")

7—7‘

™3
™3

M< = 47¢(B)B 5B, (47)

For any heC;?(K) and any o = (g, ...,0p) € N" with |a|; = a1 + ...+ a, < |S], set

Aah:qWJ{WD (48)

7B—leds 7B—ledy

The vector 771211 A%k consists of the values 9%h(x;) discretized on a grid of mesh-width

rB=lal Since 92 € ¢ (K) and 7 < 1 by construction, the entries of the vector in the
latter display are integers bounded in absolute value by

[T <[] = [5] "

Let b, h € CJ(K) be two functions such that A%h = Ap, for all e with |af; < |3]. We
now show that ||k — h||s < 6. For any x € [—1,1]", let x; be the closest grid vertex, so that
|x — Xi|oo < 7. Taylor expansion around x; gives

(x — x;)¢

(h=h)= > 9 h=h)x) = + R
a:lali<|8) ' (50)
_ a7 90l T\ (. (x —x;)¢
R= 37 |07~ R)xg) — 0%(h = W) ()| T
ajali=[5]
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with x¢, = x; + &(x — x;) and a suitable & € [0,1]. With [0%(h — ?L)|13_|a|1 the Holder
seminorm of the function 8*(h — h) € ¢l lad (2K), we bound the remainder R by

- - |ex|1
Bl S0 (0= R)xe) — 0% (h = )xi)|
aclafi=|5) '
< Y (Ga(h—ﬁ)] SB-lads T
- B—|al ol
aclafi=|5)
§2K75.
Plugging this into the bound (50) gives
- - F=151
(=PI > |07 - R)xi)| - + 2K
aclali<|8)
a(p 1 ) ||t
_ Y e | SR T e
aclai<|8) T '

In view of definition (48), we denote A%(h :E)(x,) = |0%(h —E)in)/T'B_“"'lj and B*(h —
h)(x;) = 0%(h — II)(>§V¢)/75_|°‘|1 — A%(h — h)(x;). Thus A%(h — h)(x;) = 0 by assumption
on h,h and |[B*(h — h)(x;)| < 1. We now prove

1
Z - <erP. (51)

olaf1 <)

In fact, for any positive integer k, consider the multinomial distribution induced by a fair
r-sided die over k independent rolls. The corresponding p.m.f. is a +— 7~ *k!/a! and is
supported on {a: ||y = k}. Since the p.m.f. sums to one, we have 3, 1 1/l = rF /L.

By summing over k£ =0,..., 3], one finds }_ o), <) 1/ = E,E@O Palali=k 1/al < er?,
proving (51). Combining the discussion above together with the previous bounds, yields

~ 1
[(h—h)(x)| <T | gl o !+2K7' <T (er +2K)—5, (52)
a:|lal1 <

proving that, if two functions h,% € Cf(K) have A%h = A%h for all a with a1 < 5],

then ||h — hlloo <.
The quantity N (4, c’ (K),||-]]) is bounded above by cardinality #.4 of the set of matrices

The rows of the matrix Ah consist of the row vectors A%h. Since we consider a : |a|; < |3],
the matrix Ah can have at most (|8 +1)" rows. Any matrix Ah has moreover M columns.

To complete the counting argument, we first explain the underlying idea. If two neigh-
boring grid points x;,x; are selected such that |x; — Xj|oc < 27, say, then, 0%h(x;) ~
0%h(x;), whenever |a|; < . Since the ¢-th column of Ah contains the discretized entries
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(0%h(x¢))a:|al1<| 8> the number of possible realizations of the i-th and j-th column vector
can be bounded by the possible realizations of the i-th column vector times a factor that
describes the number of possible deviations of the values in the j-th column vector.

We now show that this factor is bounded by 2°+1¢(3). To see this, observe that Taylor
expansion gives

k

Xi — X5 k a X; — X5
80‘h(xj) _ Z 8"‘+kh(xi)(]k,> + Z 0 +kh(x§)(jk|>’
kial1+|k[1<[8] ) ki|e]1+k|[1=]8] )

for some x¢ on the line with endpoints x;, x;. By replacing h by 0, h by 0%h, 8 by § — |a|1
and 7 by 27, we can argue as for (52) to find

. \k
0%h(x;) — Z 75—|a|1—|k1Aa+kh(Xi)(X1k!XZ) < 26—\a|1c(5 _ ’ah)T,B—\cxh
kiai+ k1 <|8)
< 20¢(B)rf I,

This shows that, if the i-th column of Ah is fixed, the values 0*h(x;) range over an interval
of length at most 2 - 2%¢(8)r#~12I1. The entry |9%h(x;)/7?~1%I1| can attain therefore at
most 28+ ¢(B)rP-leh /rB-leh 1 = 26+1¢(8) + 1 different values. As there are at most
(8 +1)" many rows, for fixed i-th column of Ah, the j-th column of Ah can attain at most
(28 1e(B) + 1)BHD" different values.

Without loss of generality, assume that the points x1, ..., X are ordered in such a way
that for each j > 1, there exists i < j, such that |x; — X;|oc < 27. This determines then also
the ordering of the columns of the matrix Ah. In view of Equation (49), the first column of
Ah can attain at most (2K 77 4 1)(8+1)" different values. For each of the M — 1 remaining
columns, we can use the argument above and find

NG, CLE), |- lloo) < #A < (K77 4+ DT (20 ¢ () 4 1) MDD,

Since z +y < xy for all z,y > 2, using ¢(8) = er® + 2K < 2eKr?, the bound on M in (47)
and the definition of 7 = (§/¢(8))"/?, the first assertion of the lemma follows.

For the bound on the constant Q1(8,r, K), we take the logarithm. With log(xz + 1) <
log(2x) for all z > 1, we get

Ao K28 (B+1)7 4T (B1)Trm (2eK) PS5 B
log (( ‘ ; i 1) (25+26Krﬁ + 1)

e K2rP

< (B+1)" log (
=: A1 + As.

) F47(B+ 1) (2eK) 557 log (2’8+3€KT6>

Observe that log(x) < z%/a for all a,z > 0, then

2 /B T T T T
log (8‘3}2 ! ) < D8ek28Y 5575 = grr-1(8ek?)557 5,

r
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which yields A1 < (8 + 1)"t1r"~1(8eK?)"/#5="/8. Furthermore, using that logz < x for all
z >0,

log (25+3eKr5) <2B+3)+fr+eK < (r+2)(8+3)+ekK.

Since r > 1, the latter display is smaller than 4(5 + 3)r + eK < 4eK(f + 3)r and so

Ay < 4eK (B + 3)r-47(8 + 1)"r" (2eK)™/86~7/8. Combining the bounds for A; and As, we
find

A+ A T T

I;TQ < (B+ 1) (8eK?)F 4+ eK (B4 3)4 ™ (B 4 1) (2eK) 7

B

< (1+ eK)A™ (B + 3) 1 (8eK?) 5 |

and the right hand side is Q1 (5,7, K) by definition.

We now prove the entropy bound in (35). Let Q; = @Q1(8,r, K), C; = Q’fa/(z’gaM) and
t, = n~Pe/(2Fe+r) By construction, r;’"/ﬁa = nt2 and Qler/Ba = C%. For any sequence
0n > C1t,, the first part of the proof gives

1 1 .
log 7 (7 CER e ) < o7 ((Cuea) .2 ()1 )
< Qi o
= Cim?

< né>.

The proof is complete. |

Proof [Proof of Lemma 20| Fix any 3 € [3_,3.]9"!. In a first step we show that, with
R:=5K9(q+1) and 6;,(\, B) = en(a, Bi, 1)1/, we have

q

N(REH()\,,B),@n()\,ﬁ,K), H : Hoo) < HN(géin()‘wg)7@i7n(/\7B’ K)? H : Hoo) . (53)

=0

Foranyi=0,...,q,1let gi1,..., 9 n, be the centers of a 30;, (), B)-covering of ©; » (A, B, K).
Then, any function g, 0 --- 0 gg € ©,(), 3, K) belongs to a ball around a composition of
centers gg k, © -+ © gok, for some k = (ko, ..., kq) and such that [|g; — gir,[lcc < 30in(A, B).
By definition of ©; 5, (), 8, K), the components (g;; ,); of g, satisfy |gi; x,(x) — gijr (¥)| <
20in (N, B) —I—K\x—y]gé/\l, for all x,y € [~1,1]%. Using Lemma 16, the definition of &;,(\, 3)
and the fact that «; < 1, gives

q
lgg -0 90 = gay © - © Goko| o < KT D (20im(A, B)™ + (30i(A, B))™
=0
<5K(q+ 1)en(N, B)
— Ren(M, ).
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Since there are Ny x --- X N, centers, this concludes the first part of the proof.

We now cover the set ©,,(\, B, K) = UgepOn(A, B, K). Denote by 3 the smallest element
in B, that is, for any 3 € B we have @Z < B;, for all i = 0,...,q. Since B is contained
in the closed hypercube [3_,3,:]9"!, we have B € [3_, B4]9"!. We now show that, for any
i=0,...,qand B € B, the set ©; ,(\, 8, K) is contained in the set Oin(A, B, K). In fact, by
definition, any function h; € ©; (), 8, K) satisfies h;; € D;(\, 3, K) and, as a consequence
of the embedding in Lemma 15 and the fact that d;, (A, 3) < din (A, 3) by the rate comparison

condition (if) in Assumption 2, one has Cf* (K)+Bag (20in(), 8)) C Cr (K ) +Bog (20 (A, B)).
Thus, D;(\, B, K) C D;i(\, B, K) and ©;,(A, 8, K) C ©;,(\, B, K). Together with (53), we
obtain

N(Rgn()‘vg)’@n(AvaK)’ H : ||oo) < N(R5n()‘7g)a@n()"g’ K)v H : Hoo)

q
< H,/\/’(3(5m()\,g),9i,n(Aagv K)? H ' HOO) :

i=0
We now use the definition of ©; (), 3, K) and upper bound the metric entropy by removing
the constraint B, (1) in the definition of D;(\, B, K). This gives

dit1
B,
N (38in(X, 8), ©in(A B, K, |- 1) < TT A (3in(A ), € (K) + B (200(A, 8)) | - 1) -
j=i
Any function in CgZ(K) + Boo(20in (A, B)) is at most, in sup-norm distance, 26,,(), B)-away

from some function in C%(K ). Therefore, by applying Lemma 19 with r» = t;, § = ﬁi,
a = q, and 6, = 0;n(n),

N (300(A 8). € (K) + Boo (2010, 8)) -l ) < (810, 8). € (. - 1)
< enan()\,g)z )

Assumption 2 ensures that €, (A, 8) < Qe (), B), thus combining the last inequalities gives
IOgN (RQETL()\a 13)’ @n()‘v B, K)7 || : HOO) < IOgN (Ren(Aag)v G)TL()\’ B, K)a || : HOO)

dit1

< Z Z nsn()\,g)z

i=0 j=1
= |d[inen (A, B)
< Q*|d1nen(X, B)°.
Since R = 5K9(q+1), we use that (¢+1) < |d|; <log(2logn), together with log(2logn) <
2logn. Thus, K(q+ 1) < (2logn)' 18K and, with R, = 5Q(2logn) s kK
R2
log N (Bnzn(A, B), On (X, B, K), || - [loo) < 5Enen(X, B)%,
which concludes the proof. |
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A.3 Proofs for Section 5

Proof [Proof of Lemma 5| Fix 8,7 and let e be such that p3mK)(ez) < Te2 for all
T > 1. For this choice of (8,7), we show that the concentration function inequality (10)
holds for any 0 < o < 1 with e,(c, 8, 7) := €}, , where the sequence m,, is chosen such that
mnsgn_n?“ < n. To see this, observe that

PP (e, B, )Y = @B (4,) < e, < el = (o, B,r)7.
By Lemma 3 by Castillo (2008), the function u +— w(ﬁ’r’K)(u) is strictly decreasing on
u € (0,+00), thus any &,(a, 8,7) > e, (a, 8, 1) satisfies

PP (7 (o, B,1)1%) < QBT (e (e, B,7) ) < mep (e, B,7)? < mEn(a, B,7),

which concludes the proof. |

Proof [Proof of Lemma 6] (7): By Lemma 5, the sequence ¢, (v, 8,7) can be obtained from
en(1, B,7) viaen(a, B,7) = em, (1, B,7)%, for any sequence m,, satisfying my e, (1, 3,7)> 2% <
n. We verify this for the sequence m,, = Cs(logn)~C1n(28+7)/(2Be+7) with

_(2-20)(@28+41) (2—2a)(28 +7)

Cs = [C1(28+ 1)) 77" and Cy:= P —t

Since C; > 1 and n > 3, we must have C3 < 1, (log n)_c4 < 1 and thus also log(m,) <
(268 4 1) log(n). Consequently,

B 122

2—2« Cgm; 2B+r

MnEmy, (1a ﬁ’ T) =my |Ch (1Og mn)

o 28+r—28+28a
_ 2—2« 2—2« 25+
= C?72(log m, )2 )1 "
2Ba+r

< C22((26 + 1) log(n)) ** 7m0

2—2a Ca(2—2a) % C2(2—20)—Cy 24T
<Oy **(28+1) C, (logn) 2B

=n.

As shown in the proof of Lemma 5, any sequence &, (a, 8,7) > e,(a, 8,7) is still a solution
to the concentration function inequality (10). We now derive a simple upper bound for
en(a, B,7). Using that a < 1 and log(m,,) < (25 + 1) log(n), we find

5n(a7 /87 7") = Emn(la ﬁ? T)a
_ Ba
S Ciy log(mn)anmn 28+r

_ Ba Ba __Ba
< C1(28 + 1) Cy 7 (log n) 2+ 4 5marr n ~ ety

Using the definition of C5 together with 0 < a < 1, (2 — 2a) < 2 and 28a/(2Ba + 1) < 1
yields

_ _Ba (2—2a)Ba
03 26+ _ [Cl(2ﬁ+ 1)02] Patr < 01(25‘1‘ 1)02'
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Similarly, we get

Ba (2—-2a)(28+7) 1 _ 28+
25044—7“SC2 2B8a+r .§S2Ba+rgcg(25+1)'
The two previous displays recover the first assertion.

(i3): By assumption, for any § € (0,1), we have p#"5)(§) < C!(log 5_1)055_%. We
now choose § = e,(a, 8,7)/* and e,(a, 8,7) = C}(Blogn)Can=r/(2Ba+r) Since O > 1,
C% >0, and logn > 1,

Cy

1 __Ba
logsn(a,ﬂ,r)_é < ——logn 2atr < logn < Blogn.
«

B
280+
Similarly,

B T Ba 253
gn(Oé?ﬁ?T)_La S (n_miojr’"> por :n.n_26air < ngn(a757r)

~ (C1)*(Blogn)*

and therefore,

C} r
P (2@, B,m)7 ) < €1 (1ogen(an B,7) 7% ) enla )5 < men(a, B,7)2
|

Proof [Proof of Lemma 7.] It is sufficient to show that for n > 1, any composition graph
A= (¢,d,t,85), and any B = (By,...,5,),8 = (Bo,---,B4) € I(A) satisfying g < 8; <
Bi+1/log?n for all i = 0,...,q, the rates relative to the composition structures n = (), 3)
and 7' = (X, @) satisty e,(n) < en(nf) < ePren(n).

Since e,(n) = Cl(n)gogn)CQ(Z)tn(n) with Cj(n) = max;=o,.. ¢supsep_ g, Cj(B:ti),
J € {1,2}, we have that Cj(n) = C;j(n') and it is thus sufficient to prove t,(n) < t,(n) <
e, (n).

Using that v,(n) = max—q__,n %/28eitt) and the fact that the function z
x/(2x + ;) is strictly increasing for x > 0 (its derivative is = — t;/(2x + t;)?), the first
inequality t,(n) < v,(n') follows. For the second inequality, rewriting the expressions and
simplifying the exponents gives
Biog Bi%j __Biog Bioy

/
T . - . p v Bl
n(7) < max min n 2%t PTG < max op 28t 2Pttt < gy pfica i

tn(n) T i=0,..q j=0,...q i=0,.... = i=0,...q

We conclude the proof by showing that | — Bial| < S4/logn. For u,u/,v,v" > 0,
we have that |uv — u/v'| < wlv — V| + V'|u — «/|. In particular, if u,v’ < 1, then also
luv — V'] < v —v'| + Ju — |. By iterating this argument, we find that

q
a; —aj| < Z}(l/\ﬁz)—(l/\ﬁe Z |8e = By| <

P 1 og’n

=i+1 (=i+1
and thus, Bia; — Bia < Byl — of| + l|Bi — Bi < Bi(q + 1)/log®n. Since we are re-
stricting ourselves to graphs A such that |d|; = 1+ >°7  d; < log(2logn), we must have
g+ 1 <log(2logn). Since logx < x/2 for all x > 0, we find (¢ + 1) < logn. This gives
(¢ +1)/log®n < 1/logn and thus Assumption 2 (ii) holds with Q = e®+. [ ]
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A.4 Proofs for Section 6

Proof [Proof of Lemma 8.] For the first part of the proof, take a kernel ¢ with Rg :=
Jgr ]V]gogb(v)dv < 4o00. Using that h € CTB(K), f <1 and the change of variable v/ = v /o,
we immediately get

(o)) = (| < [ 6,(¥) = v) = h(u) v
SK/W&%WMV
—K/ VI8 o p(v /o) dv
=K [ Jovo)av

< KRgo”.

This shows ||h * ¢o — h|joc < KRga® and concludes the first part of the proof.

We now deal with the RKHS norm. Notice that

(h* ¢o)(u) = / h(€)ps (€)™ ¢ (2:)§T/2

T

2 e e
- cg/2 (€)oo (€)[€l5 T 61/2 — (27;/2 + (h * ¢s)(0).
R” Cs' 7€l

The RKHS of Z + X7 is the direct sum of the space of constant functions H? and HP. If
the term (h * ¢, )(0) is finite, it is a constant and thus belongs to H%. Then, the function
h % ¢, is a candidate element of H? @ HP since h * ¢, — (h * ¢4)(0) has been represented
as a potential element of the RKHS of X?. We now bound their norm using the isometry
property of the norm || - ||gs, so that

o d
I ol < 200 60) O +205 [ HOPTPIER 52

By the change of variable £’ = o€, the fact that £ — (1+€|2 )Bh( €) has L- -norm bounded by
K, the property ¢, (&) = ¢(c€), and choosing ¢ such that M?2 := = SUPgcpr 6(€)[2 1€l < 400,
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we can bound

/|h i €I

o2 / /o)) PIER fr/z

_ 2 [ L+ [E/0] )* 28+r  dE
| s e e e
s o |OEPIER™ Ve fo 2 &
<o (T8 s [ 0o Pl G
i ) IBOPIERT [ s e dE
< o RSP o
< K°M?*c™"

Similarly, by choosing ¢ such that N2 := (2r)~"/2 Jgr ](Z(E’)\Z d€ < 400, we obtain

(om0 < ([ @5 (e W)

_ > s 1008 de \?
( [ @+l {2 (%Wz)

< (L oras e o) ([ oS )

2 6(6)] dg¢
=Ko /R (1+ [€/0]2)? (21)/2

< K?N?¢7"

The proof is complete by taking L% := 2(Cp + 1)(M? v N?). Since this will be useful for
the proof of Lemma 9, the explicit form of the constant Cj is given in (3.67) by Cohen and
Istas (2013) as

o /278 +1/2)
O 2281 (28) sin(rB)L(B + r/2)°

and depends only on S, . |

Proof [Proof of Lemma 9] We show that:

(a) Lemma 6 (ii) holds for some C}(5,7) > 1 and C4(3,7) = 0.

(b) Any sequence e, (a, 8,7) > C}(B3,r)n=P/@Bet1) solves (10).

(¢) Assumption 2 (i) holds for e, (a, B,7) = C1 (B, r)n =P/ Be+7) with Cy (B, r) := C1(B,7)V
Q1(8,, K)B/(25+r),

(d) supgeip_ 5.1 C1(B,7) < +o0.

(e) Assumption 2 (ii) holds for £,,(n) of the form (22).
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By Lemma 6, (a) = (b) = (c) and by Lemma 7, (d) = (e). Thus it remains to
prove (a) and (d).

Proof of (a): Fix B € [6_,+]. We have to show that, for all § € (0,1), @5 (§) <
o (ﬁ,r)&""/ﬁ, for some constant C7(5,7) > 1 depending only on 3, r, K. We denote the

small-ball probability term by o’ (§) := —1log P(|Z + X?||oc < 6) and show that

(A): sup 6’"/ﬁ<péﬁ’r)(5) <400, (B): sup 6/5 (go(ﬂ’r’K)(é) — cp(()’B’r)(é)) < 400.
5¢(0,1) 5€(0,1)

To prove (A), observe that the process Z + X is the sum of two independent processes,
thus its small-ball probability can be bounded by log P(||Z + X?||sc < 6) > logP(|| Z]|e0 <
§/2) +1ogP(|| X?| s < 6/2). It is then sufficient to study the small-ball probabilities of Z
and X#, separately. We now show the following condition, which implies (A),

sup —0"Plog P(| XP||so < 0) < 400, sup —6"PlogP(|Z] < §) < +oc. (54)

6€(0,1) 6¢€(0,1)

Sharp bounds are known, see Theorem 5.1 by Li and Shao (2001), for the small-ball prob-
ability of the fractional Brownian motion X?. In particular, for 0 < § < 1, we have
—1og P(|| XP||o0 < 6) < ex(B,7)077/P for a finite constant cx (3, r) depending only on 3, .
Since Z is a standard normal, we have P(|Z| < §) = (2r)~ /2 fis e 2y > 26e="/2/\/27.
With the universal constant ¢ := 2/v/27, this gives —logP(|Z| < 6) < log(c™1671) + 62/2.
Therefore, using log(z) < x*/a for all z > 1,a > 0, we get

1\"/? 2 3 1
—5"/PlogP(|Z] < 8) < e A —) = s = :
e~ ogB(2) <o)< s (5] +T) = g = eB)

This concludes the proof of (A).

To prove (B), we apply Lemma 8. In particular, with finite constants R(3,r), L(53,r)
depending only on f, 7, take o = (KR(3,r))"Y/#§'/8. Then, any function h € CZ(K) N
W (K) can be well approximated by the convolution hxg, in such a way that ||h—hx¢y||es <

0 and ||h * (;SUH%_HZ@HB < K2L(B,7)%6~"/#. This proves (B) because it gives
(B K) (5) — p,B7) 2 25—7/B
¥ (6) —¢p " (9) K°L(B,7)%6 2 2
sup < sup = K°L(B,r)".
5€(0,1) §—r/p 5€(0,1) §—r/B (8,7)

We have thus concluded the proof of (a), that is, for any § € [5_, 5+], condition (ii) in
Lemma 6 holds with finite constants

C1(B,7) = ex(B,7) + cz(B,7) + K*L(B,1)*,  C5(8,r) =0.
Proof of (d): With the definition of C(/3,r), we want to show that

sup Ci (/85 T) \ Ql(ﬁv T, K>B/(2'B+T) < +00.
BE[B-,B+]

The constant Q1(3,r, K) is given explicitly in Lemma 19 and depends continuously on
B > 0. Thus, supgers_ g,] @1(8,7, K) = Q1 < +00. Since the function g — B/(28 +r) is

increasing for 8 > 0, we also have Q, (8, r, K)P#/(28+7) < @f‘L/(w*H).
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In the previous part of the proof we have found C1(8,7) = cz(B,r) + cx(B,r) +
2L(B,7)?, thus it remains to prove

sup  cz(B,7) +ex(B,r)+ K2L(,8,r)2 < +o0. (55)
BEB-,8+]

By examining the proof of Lemma 8, we know that supgeis_ g, K2L(B,7)? < +o00. The
explicit form of ¢z (/) is given in (54) and so, with ¢ = 2/v/2m,

sup es(,r) < Dy
/56[57,54

We now show that the properties of c¢x (3, 7) can be deduced from Theorem 5.2 by Li and
Shao (2001). We observe that E[|X?(u) — X?(0)|?] = [u—u |2’6 Furthermore, the function
B+ E[XP(u)X?(u')] is continuous for all fixed u,u’ € [~1,1]". In the notation of Theo-
rem 5.2 by Li and Shao (2001), we can take o5() := §° and check that, with ¢; := 1/2°+
and ¢ :=1, c10(20 A1) < 03(9) < c205(20 A1) for all § € (0,1). The constants ci, ¢y are
chosen to be independent of 8 in the compact interval [S_, 5;]. From this, one obtains a
constant cx (r) that only depends on ¢, ¢ and such that — log P(|| X?||s < ) < ex(r)d~"/#
for all § > 0. This shows that the quantity cx(8,r) in (55) can be replaced by cx(r) and
thus is bounded, concluding the proof of (d). [ |

Proof [Proof of Lemma 10| Using the definition of X* yields

XA = a a AR
|| ”OOOOﬂ I{]’- }’{ \/ﬁk}:?...éjr| ],k|

It is known that E[max;_; o Zjz] < 1/210g(277), a reference is Lemma 2.3 by Massart
(2007). For K’ > 1, using symmetry of Z;; and the Borell-TIS inequality, e.g. Theo-
rem 2.1.1 by Adler and Taylor (2007),

P (k max |ij| > (1+K') 2log(2j”)> < 2P <k max Zjk > (1+K') 210g(23'7”)>
1, 1,

< 4dexp (—K’ log(2jr)) .

Combining this with the union bound and the formula for the geometric sum, we obtain for
any K' > 2/\/r,

P(Hj:l,...J,kmax Zjkl = (1 + K') 210g2”"> 223(2 TK)< 22 192 rK?

Therefore, with K’ > /3, on an event with probability at least 1 — 4/(2"% - 4), we find

1+ K')\/2log(27")
Xx° < ( = (14 K')/2log2.
15 o0 00,8 <, max, N (1+ K')v/2Zlog
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Proof [Proof of Lemma 11| In view of Section 4.3.6 by Giné and Nickl (2016), the Besov

space Boo,oo,3 contains the Holder space CE for any 8 > 0, and they coincide whenever

B ¢ N. Thus there exists K’ such that Cf (K) C Boo,0o,3(K"). We show that:

(a) The assumption of Lemma 6 (i) holds for some C{(8,r) > 1 and C)(8,r) = 3/2.

(b) Any sequence e, (a, B,1) > C1(B,7)%(28 + 1)3(log n)3(B+ 1 p=Ba/(2Ba+r) solves the con-
centration function inequality (10).

(c) Assumption 2 (i) holds by taking e, (a, 8,7) = C1(3,7)(logn)C2Br)n=Be/(2Be+r) with
C1(8,7) = CL(B, 1228+ 1) V Qu(B,r, K)P/25+0) and Co(8,7) := 3(8 + 1).

(d) SUPge(3_ 4, ] C1(B,7) < 400 and SUPge[B_,84] Cy(B,r) < 400.

(e) Assumption 2 (ii) holds for an £,(n) of the form (22).

By Lemma 6, (a) = (b) = (c) and by Lemma 7, (d) = (e). Thus it remains to

prove (a) and (d).
Proof of (a): We denote the small-ball probability term by go(ﬂ ) (6) := —1log P(|| X P00 <

§) and the RKHS term by @Bm5)(§) — (()'8 T)((S). We start with the RKHS term. The
proof of Theorem 4.5 by van der Vaart and van Zanten (2008a) shows that any function
h € Boo,co,s(K') can be well approximated by its projection h’8 at truncation level Jg. In
fact, one has ||h — h78||o < K'27785 /(2% — 1) and, with coefficients w; = 277(54+7/2) /[y,

Jg 2ir Jg
19720 = 32D i) ® < KPrds 3200 < Kzl
j=1 k=1 Jj=1

Recall that Jg is defined as the closest integer to the solution J of 2/ = pl/@f+r) By
definition, we always have Jz < 1+ logyn/(28 + r) and so 276 < 2n!/(25+7) and 2=748 >
2P ~B/(2B+7) With all the above, the choice

B
b K0V s,

implies ||h — h'# || < 6, and
@(B’TvK) (677,) _ QO(()B’T) (671,) S K/ZTJEQJBT

< K'QTQTJQn B

2 1
KIQE—F]-; QTJBHQBM
B
< néi.

We now study the small-ball probability. The proof of Theorem 4.5 by van der Vaart
and van Zanten (2008a) shows that, for any sequence 4, € (0,1),

I o 0n2 —
22 log <2<1> <K(5)+] r2> 1),
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where K (3) is chosen in such a way that the function z — /" /(K (3)+log3(z)) is increasing
for x > 1. Taking the derivative and imposing it to be positive for x > 1 yields BK(B)/r +
log3(z) — 2log(x)/log3(2) > 0, which is solved for any K (3) > 4r/f. van der Vaart and van
Zanten (2008a) also shows that the function f(y) = —log(2®(y) — 1) is decreasing and can
be bounded above by f(y) < 1+ |logy| on any interval y € [0, ¢]. Thus we find

Jg i3
(B,r) T 6n2]
o) < 27 [ 14 log | =———— ]|
° 2 K(B)+r

j=1
We now show that for sufficiently large n, we have &, < (K(3) + J§r2)2*‘7ﬁ5. For this, one
has to verify the inequality

(28 +1)2 F13/2 7 2.2
K(2ﬁ_1)\/7j < K(8)+ J5r

which holds for sufficiently large n since Jg/ < Jg. Therefore, using that the function

j = 1+1log((K(B) + j2r2)/(0,279)) is decreasing, together with 1+ log(z) < 2log(x) for all
x > e, and log(a/b) =log(a) + log(1/b),

Jp ~ 2.2
B7T ‘7' K(B) +] r
90(() )(6n) < E 27 (1+10g (W

i=1

< Jg27em <1 + log (W))
< 2J52787 [log (W) +log (;)] .

Then, with the definition of é,,

@éﬁ’T)(én) <2 |log < + log ] J52J67’

<21 2757 Jz278"
< og +1lo o @) r27’Jg B

@)

<2 10g<
<2 10g<

<2 |log (%) + Blog (2 )] 2rJ2n2ﬁ+T

+1og 2Jﬂﬁ ]Jﬂ?’ﬁ*

+ Blog (2 ] J22J5T

The last term in the latter display only depends on n through the quantity J 21,277 . Since

JE < Jg’, for large enough n the latter display is smaller than K" gZJrB 2TJ5n2ﬁ% < nd2.
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This concludes the proof of (a), since we have shown that the sequence

26 +1)2 —
€n(17ﬁ77") = K/((Q/g_{_]_)) T2TJ§/227JBﬁ7

solves the concentration function inequality (10) for o = 1.
Proof of (d): The constant Q1(8,r, K) is given explicitly in Lemma 19 and depends
continuously on S > 0, so supge[s_ g, Q1(B,r,K) =: Q1 < +00. Since the function g —

B/(2 + r) is increasing for 8 > 0, we also have Q1(8,r, K)#/(28+7) < @f+/(25++r)'

All the quantities involved in the construction of the rate €,(1,3,r) are explicit. It
is immediate to see that they are all bounded on the compact interval g € [B_, 54] since
B_ > 0.

This concludes the proof of (d). |

Proof [Proof of Lemma 12| We show that:

(a) Lemma 6 (i) holds for some C{(8,r) > 1 and C4(8,r) = (1 +r)B/(28 + ).

(b) Any sequence e, (v, B,7) > C4(B3,7)2(28+1)2C2(8:7) (log n) 20+ C2(B:r) = Ba/ 2Ba+7) golves
the concentration function inequality (10).

(¢) Assumption 2 (i) holds for any e,(a,B,r) = C1(8,7)(logn)C2Br)p=Fa/GBatr) with
C1(B,7) == Cy(B,m)2(28 + 1)2C2B1) v Q1 (B, r, K)P/28+1) and Cy(B,7) := (28 +2)(1 +
r)B/ (2B +T).

(d) supgeg_ g1 C1(B,7) < 400 and supgez_ 5,1 C2(8,1) < +00.

(e) Assumption 2 (ii) holds for an €,(n) of the form (22).

By Lemma 6, (a) = (b) = (c) and by Lemma 7, (d) = (e). Thus it remains to

prove (a) and (d).

Proof of (a): Let gpff "K) the concentration function of the rescaled process X" (a-),
then Lemma 11.55 and Lemma 11.56 by Ghosal and van der Vaart (2017) show that, for

all0 < d < 1,

#P7(6) < (C(r) (log(as™) ™" + D(r) ) a,

where C(r) and D(r) are constants that only depend on r and the spectral measure v
of X”. It is sufficient to solve the concentration function inequality (10) for o« = 1. The
solution is given in Section 11.5.2 by Ghosal and van der Vaart (2017) as e,(1,8,r) =
C1(B,7)(log n)(1+7B/(2B+1), =B/ (2647 for some constant C (8,7) > 1 depending on 3, r, K.

Proof of (d): The constant Q1(53,r, K) is given explicitly in Lemma 19 and depends
continuously on 8 > 0, so supgeig_ g, @1(B,7, K) =: Q1 < +o0. Since the function 8 —

B/(2 + r) is increasing for 8 > 0, we also have Q1(8, r, K)%/(28+7) < Q“lf+/(2ﬁ++r)'

The dependence on (8 in the concentration function bound only appears in the scaling
a = a(f,r), since the constants C'(r) and D(r) are independent of 3. The right side of the
latter display depends continuously on the scaling a = a(3,r), which in turn is continuous
in 8 € [B_, B+] by construction (24). This gives

sup Ci(Bir) < 400, sup Ca(Br) < (284 + 1)1+ 1)t
Bepelf_ py] BeelB_ By 2By +r
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A.5 Proofs for Section 7

Proof [Proof of Lemma 13] For two functions g € Clﬁ’“(l), k=1,2,and B, 32 < 1, we have

that [g2(g1(x)) — g2(91(1))| < |g1(x) — 91(¥)|?? < |& — y|#172. Hence, go 0 g1 € C;72(1). We
now write

f=hgo---0hy=hgo---0hji1ohjohj g0---0hg,

with 7Lj := hj o hj_1. The right hand side can be written as composition structure 7’ :=
(¢ —1,d_;,t_;,8_;,0), with d_j,t_;,S_;, 3" as defined in the statement of the lemma.
pot

Due to B4 < 1, we have t,(n) = max;—g,__qn 2%'1“1', with v; = [[7_; B¢ and it follows that
tn(n) = (') u
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