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Abstract

We extend Fano’s inequality, which controls the average probability of (disjoint) events in terms
of the average of some Kullback-Leibler divergences, to work with arbitrary [0, 1]—-valued random
variables. Our simple two-step methodology is general enough to cover the case of an arbitrary
(possibly continuously infinite) family of distributions as well as [0, 1]-valued random variables not
necessarily summing up to 1. Several novel applications are provided, in which the consideration
of random variables is particularly handy. The most important applications deal with the problem
of Bayesian posterior concentration (minimax or distribution-dependent) rates and with a lower
bound on the regret in non-stochastic sequential learning. We also improve in passing some ear-
lier fundamental results: in particular, we provide a simple and enlightening proof of the refined
Pinsker’s inequality of Ordentlich and Weinberger [2005] and derive a sharper Bretagnolle and
Huber [1978, 1979] inequality.

MSC 2000 subject classifications. Primary-62B10; secondary-62F15, 68T05.

Keywords: Multiple-hypotheses testing, Lower bounds, Information theory, Bayesian posterior concentration



Fano’s inequality for random variables

1. Introduction

Fano’s inequality is a popular information-theoretical result that provides a lower bound on worst-
case error probabilities in multiple-hypotheses testing problems. It has important consequences in
information theory [Cover and Thomas, 2006] and related fields. In mathematical statistics, it has
become a key tool to derive lower bounds on minimax (worst-case) rates of convergence for various
statistical problems such as nonparametric density estimation, regression, and classification (see, e.g.,
Tsybakov, 2009, Massart, 2007).

Multiple variants of Fano’s inequality have been derived in the literature. They can handle a finite,
countable, or even continuously infinite number of hypotheses. Depending on the community, it has
been stated in various ways. In this article, we focus on statistical versions of Fano’s inequality. For
instance, its most classical version states that for all sequences of N > 2 probability distributions

Py, ...,Px on the same measurable space (€2, F), and all events Ay, ..., Ay forming a partition of €,
1 N
N ~ %f; KL(P;, Q) + In(2)
N;Pi(&) < () ;

where the infimum in the right-hand side is over all probability distributions Q over (€2, F). The
following alternative version is popular among statisticians and is due to Birgé [2005] and Massart
[2007]: with the same notation and conditions,

- N
. K 1
1I<EI<DN]P)i(Ai) < max{c, ln(N)} where K = N1 ;KL(R,PO (1)
for some universal constant ¢ € (0,1). In both cases, the link to multiple-hypotheses testing is the
following: when applied to events of the form A; = {0 =i}, the last inequality provides a lower bound

on the worst-case error probability max P; (9 =+ z) for any estimator 0.

Several extensions to more complex settings were derived in the past. For example, Han and
Verdu [1994] addressed the case of countably infinitely many probability distributions, while Duchi
and Wainwright [2013] and Chen et al. [2016] further generalized Fano’s inequality to continuously
infinitely many distributions. Gushchin [2003] extended Fano’s inequality in another direction, by
considering [0, 1]-valued random variables Z; such that Z; + ...+ Zy = 1, instead of the special case
Z; = 14,. All these extensions, as well as others recalled in Section 6, provide a variety of tools that
adapt nicely to the variety of statistical problems.

Main contributions. In this article, we revisit Fano’s inequality and make the following three
sets of contributions. First, we extend Fano’s inequality to both continuously many distributions Py
and arbitrary [0, 1]-valued random variables Zy that are not required to sum up (or integrate) to 1.
We also point out that the alternative distribution QQ could vary with 6. Despite the high degree of
generality, the proofs of these results are simple thanks to a reduction to Bernoulli distributions.

Second, we provide new statistical applications, illustrating in particular that it is handy to be
able to consider random variables (not necessarily summing up to 1). The two main such applications
deal with Bayesian posterior concentration lower bounds and a regret lower bound in non-stochastic
sequential learning.

Finally, as a by-product of our simplified analysis, we highlight a direct connection between Fano’s
and Pinsker’s inequalities. We prove a common bound that both implies Pinsker’s inequality for N = 2
and a Fano-type inequality for all NV > 2. These two inequalities were classically thought to be useful
in distinct regimes (Pinsker’s inequality for N = 2, Fano’s inequality for N > 3). This is one reason
why Birgé [2005] designed his alternative version (1) of the most classical version of Fano’s inequality
in order to make it nontrivial even for N = 2.

2 Gerchinovitz, Ménard, Stoltz



Fano’s inequality for random variables

Content and outline of this article. The main body of this article contains new results and a
new look at some older results (that we sometimes generalize), while the appendix contains omitted
technical derivations and discussions, or even some known material (which we provide for the sake of
self-completeness).

More precisely, Sections 2 and 3 explain our two-step methodology to obtain several versions of
Fano’s inequality, at various degrees of generality. These inequalities are discussed and compared
to the literature later in the article, in Section 6. Before that, we present in Section 4 our two
main applications: lower bounds for minimax Bayesian posterior concentration and for non-stochastic
sequential learning. Section 5 presents two other applications which—perhaps surprisingly—follow
from the special case N = 1 in Fano’s inequality. One of these applications is about distribution-
dependent lower bounds on Bayesian posterior concentration (elaborating on results by Hoffmann
et al., 2015). Section 7 concludes the main body of the article and provides new and simpler proofs
of some important bounds on the Kullback-Leibler divergence, the main contributions being a short
and enlightening proof of the refined Pinsker’s inequality by Ordentlich and Weinberger [2005], and a
sharper Bretagnolle and Huber [1978, 1979] inequality.

The appendix of the present article contains the following material. In Section A, we present two
toy applications of our continuous Fano’s inequality for Gaussian mean-parameter estimation and in a
setting of nonparametric regression. Section B provides some background on the problem of Bayesian
posterior concentration. Section C carefully discusses the popular version of Fano’s inequality proved
by Birgé [2005] and Massart [2007]. Section D is a reminder of basic properties of f—divergences (such
as the data-processing inequality), and Section E explains how our two-step methodology readily
extends to f—divergences. Finally, Section F states and proves a version of Jensen’s inequality tailored
to the needs of the present article: that holds for general convex sets and for possibly infinite-valued
convex functions.

Notation. Let P, Q be two probability distributions on the same measurable space (2, F). We write
P <« Q to indicate that P is absolutely continuous with respect to Q. Moreover, the Kullback-Leibler
divergence KL(P, Q) is defined by

dP . .
KL(P,Q) /an<d(@> dP if Pk Q;

+o00 otherwise.

We write Ber(p) for the Bernoulli distribution with parameter p. We also use the usual measure-
theoretic conventions in R U {4o00}; in particular 0 x (+00) = 0 and 1/0 = 400, as well as 0/0 = 0.
We also set In(0) = —oo and 01n(0) = 0.

2. How to derive a Fano-type inequality: an example

In this section we explain on an example the methodology to derive Fano-type inequalities. We will
present the generalization of the approach and the resulting bounds in Section 3, but the proof below
already contains the two key arguments: a reduction to Bernoulli distributions, and a lower bound on
the kl function. We discuss how novel (or not novel) our results and approaches are in Section 6.

Proposition 1. Given an underlying measurable space, for all probability pairs P;, Q; and all events
A; (non necessarily disjoint), where i € {1,..., N}, with 0 < + 21111 Qi(A;) < 1, we have

N
%ZKL(R,QJ +1n(2)
=1

1 N
—1In (N ; Qi(Ai)>

| X
N Z]pi(Ai) <
i=1

Gerchinovitz, Ménard, Stoltz 3
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In particular, if N > 2 and the A; form a partition,

1, &
o N%f;KL(Pi,Q) + In(2)
N ; Pidi) < In(N)

The proof uses the Kullback-Leibler divergence function kl between Bernoulli distributions: for all
(p,q) € [0,1]%,

Ki(p.0) 2 KL (Ber(p) Ber(s)) = pin(”) + (1= p)1n(122).
with the usual measure-theoretic conventions. The proof also relies on the two following information-
theoretic tools, which are proved in Appendix D. Lemma 2 indicates that transforming the data at
hand can only reduce the ability to distinguish between two probability distributions. Corollary 3

states that the Kullback-Leilber divergence is jointly convex.

Lemma 2 (Contraction of entropy; also known as data-processing inequality). Let P and Q be two
probability distributions over the same measurable space (2, F), and let X be any random variable on
(Q, F). Denote by PX and QX the laws of X under P and Q respectively. Then,

KL(P*, Q%) < KL(P,Q).

Corollary 3 (Joint convexity of KL). The Kullback-Leibler divergence KL is jointly convez, i.e., for
all probability distributions P1, Py and Q1, Q2 over the same measurable space (2, F), and all X € (0,1),

KL(APy + (1 — A\)P, AQ; + (1 — A)Q2) < A KL(Py,Q1) + (1 — X) KL(P2, Qo).

Proof (of Proposition 1): Our first step is to reduce the problem to Bernoulli distributions. Us-
ing first the joint convexity of the Kullback-Leibler divergence (Corollary 3), and second the data-
processing inequality with the indicator functions X = 14, (Lemma 2), we get

1 Y 1Y 1Y 1 Y
kl(N ;MAZ-), N;@m)) < N;kl(MAi),@i(Ai)) <y ;Kum@i). (2)
Therefore, we have ki (fo, q) < K with
1 Y o g 1
P=x ;Pi(Ai) =5 ;Qi(Ai) K = N ;KL(RA@@')- (3)

Our second and last step is to lower bound kl(ﬁ, G) to extract an upper bound on p. Noting that
T)ln(f?) + (1 —ﬁ) ln(l — ﬁ) > —In(2), we have, by definition of kl(ﬁ, @),

K(p,g) = pln(1/7) —In(2),  thus p<

Substituting the upper bound kl (ﬁ, ﬁ) < K in (4) concludes the proof. ]

4 Gerchinovitz, Ménard, Stoltz
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3. Various Fano-type inequalities, with the same two ingredients

We extend the approach of Section 2 and derive a broad family of Fano-type inequalities, which will
be of the form

P< (T K),
where the average quantities p, § and K are described in Section 3.1 and where the functions 1 are
described in Section 3.2. The simplest example that we considered in Section 2 was given, for some
probability distributions P;, Q; and some events A;, by

1 & 1 & g
7:NZ]P)Z A; NZQl(Al) K:NZ PZ’@l
i=1 i=1 i=1

But we also address here the more general case where the finite averages are replaced with integrals
over any measurable space ©, and where the indicator functions 14, are replaced with arbitrary
[0, 1]-valued random variables Zy, where 6 € O.

Section 3.3 states some examples of such Fano-type inequalities, based on a choice of averages
picked in Section 3.1 and a choice of functions 1 picked in Section 3.2.

We recall that the novelty (or lack of novelty) of our results will be discussed in detail in Section 6.

sy
Il

3.1. Reduction to Bernoulli distributions

As in Section 2, we can use the contraction of relative entropy to lower bound any Kullback-Leibler
divergence by that of suitably chosen Bernoulli distributions. We present four such reductions, in
increasing degree of generality. We only recall how to prove the first one, since they are all similar.

Finitely many distributions; uniform averages. We consider some underlying measurable
space, N pairs of probability distributions P;, Q; on this space, and N events A;, wherei € {1,...,N}.
The events A; do not need to be disjoint. Recall from Section 2 that

1 & 1 & 1 & 1 &
kl(N ;Pi(Ai)a N;Qi(Ai)> < N;kl(Pi(Ai)a@i(Ai)) < N;KL(PiaQi)a (5)

where the first inequality is by joint convexity of the Kullback-Leibler divergence (Corollary 3 above),
and where the second inequality is by the data-processing inequality (Lemma 2 above), considering
the indicator functions X = 14,.

Countably many distributions; general averages. The argument above carries over to any
convex combination o = (aq, g, ...) of countably many pairs of probability distributions P;, Q; and
events A;, where ¢ € {1,2,...}. The convex combination a can be thought of as a prior distribution.
Let 6(z,) denote the Dirac mass at (v,y) € R2. Using the general form of Jensen’s inequality stated
in Lemma 28 (Appendix F) with ¢(p,q) = kl(p,q) on the convex set C' = [0,1]%, together with the

probability measure p =), oy 6(P‘(A.) Q(A))’ we get

kl <Z a; Pi(A;), Zai Qi(A; ) Zaz kl ), Qi(A;) Zaz KL(P;, Q;) . (6)

i>1 i1 i>1 i1

Distributions indexed by a possibly continuous set; general averages. We consider statisti-
cal models Py, Qy with a measurable parameter space (0, G), a prior probability distribution v over ©,
and a collection Ay of events (not necessarily disjoint) such that

0ecor— (PQ(A@), Q@(Ag)) and 0ecO— KL(P@,Q@)

Gerchinovitz, Ménard, Stoltz 5
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are G—measurable. The reduction is this time (we use again the general form of Jensen’s inequality in
Appendix F, Lemma 28):

kl( /@ Po(Ag) dv(0), /@ Qe(Ae)dV(9)> < /@ KI(Py(Ag), Qp(Ag)) di(6) < /@ KL(Pg, Q) dv(6) . (7)

Random variables; general averages. In the reductions above, it was unnecessary that the sets
A; or Ay form a partition or even be disjoint. It is therefore not surprising that the former reductions
can be generalized by replacing the indicator functions 1 4, or 14, with arbitrary [0, 1]-valued random
variables Z; or Zy. The most elegant way of generalizing the reduction is the following consequence
of Lemma 2 (extracted from Garivier et al. [2017] and proved again in Appendix D for the sake of
self-completeness).

Corollary 4 (Contraction of entropy; with expectations of random variables). Let P and Q be two
probability distributions over the same measurable space (2, F), and let X be any random variable
on (Q,F) taking values in [0,1]. Denote by Ep[X] and Eg[X] the expectations of X under P and Q
respectively. Then,

KI(Ep[X], Eg[X]) < KL(P,Q).

We now state the reduction in the case of finitely many distributions and uniform averages, as
well as in the case of distributions indexed by a possibly continuous set. In the first case, we consider
a collection Zi,...,Zy of random variables taking values in [0,1] and denote by Ep, and Eq, the
expectations with respect to IP; and Q;; the reduction is

1 1 Y 1 1 Y
kl(N ZE]}% [ZZ] "N ZEQ,- [ZZ]> S N Z kl (E]Pi [ZiL Eq, [ZZ]) < N Z KL(P;, Q;) - (8)
=1 =1 =1 =1

In the most general case, the [0, 1]-valued random variables are denoted by Zy, where 6 € O, and
expectations with respect to Pg and Qg are denoted by Ep, and Eg,; we assume that

00— (Bp,[2), Bq,[Z]) and  6€6— KL(P), Q)

are G—measurable. The reduction then is

kl( /@ Eg, [Zo] dv(0), /@ Eg, [Zo] du(G)) < /e kl(Epe (5], Eq, [Zg])dy(H) < /@ KL(P, Qg) du(0) .
9)

This most general form of the reduction will be used in Section 4.1.

3.2. Any lower bound on kil leads to a Fano-type inequality

The section above indicates that after the reduction to the Bernoulli case, we get inequations of the
form (p is usually the unknown)

kl(p,q) < K,

where K is an average of Kullback-Leibler divergences, and p and § are averages of probabilities of
events or expectations of [0, 1]-valued random variables.
We thus proceed by lower bounding the kl function. The first bound was already used in Section 2.

6 Gerchinovitz, Ménard, Stoltz
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The most classical bound. For all p € [0,1] and ¢ € (0,1),
kl(p, ¢) +In(2)
In(1/q)

This bound can be improved by replacing the term In(2) with In(2—¢), which leads to a non-trivial
bound even if ¢ = 1/2 (as is the case in some applications).

kli(p,q) 2 pIn(1/q) —In(2),  thus  p< (10)

A consequence of a convexity inequality. This bound was known and we recall its proof in
Section 7.1. For all p € [0,1] and ¢ € (0, 1),

Kl(p, q) +1In(2 — q)
In(1/q)

N

kl(p,q) = pln(1/q) —In(2 — q), thus  p <

(11)
A (novel) consequence of this bound is that

kl(p, q)
In(1/q)

A final bound, of a similar flavor, is stated below. Note that, perhaps surprisingly, it makes a
connection between Pinsker’s and Fano’s inequalities.

p<0.21+0.79 ¢ +

(12)

A consequence of a refined Pinsker’s inequality. The first inequality was known, the second is
a novel but straightforward consequence of it. We provide the proofs in Section 7.2. For all p € [0, 1]
and g € (0,1),

Ki(p, q) > max{ln(j}),Q}(p—q)2, thus p<q+\/ Klp.a) (13)

max{In(1/q),2}

3.3. Examples of combinations

The combination of (8) and (13) ensures the following Fano-type inequality for finitely many random
variables, whose sum does not need to be 1.

Lemma 5. Given an underlying measurable space, for all probability pairs P;, Q; and for all [0,1]—
valued random variables Z; defined on this measurable space, where i € {1,..., N}, with

1 N
0< N;E@i[&] <1

we have

1 N
NZ Pza@z

—ln( ZEQZ )

The combination of (7) and (10) yields a continuous version of Fano’s inequality. (We discard
again all measurability issues.)

1 1 Y
N EP:‘[Z']<7 E
N; ! N;

Lemma 6. We consider a mesurable space (©,E) equipped with a probability distribution v. Given
an underlying measurable space (2, F), for all two collections Py, Qq, of probability distributions over
this space and all collections of events Ag of (2, F), where 6 € ©, with

< /Qe(Ae)dV(e) <1,
o

Gerchinovitz, Ménard, Stoltz 7
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we have

/ KL(P@, Qg) dy(@) + 111(2)
/Pe(Aa)dV(e) < =° :
©

—In (/ Qo(Ap) dV(9)>
o

Gushchin [2003] generalized Fano-type inequalities with the Kullback-Leibler divergence (as above) to
arbitrary f—divergences, in the case where finitely many [0, 1]-valued random variables Z1+...+Zy =
1 are considered. As we discuss in Appendix E, the main reason why this generalization was possible
is that f—divergences also satisfy a data-processing inequality. We show that all the reductions to
Bernoulli distributions discussed in Section 3.1 go through for f-divergences as well.

3.4. Extensions to f—divergences

3.5. On the sharpness of the obtained bounds

The reductions of Section 3.1 are sharp in the sense that they can hold with equality (they cannot
be improved at this level of generality). Now, we want to draw from the result of this first reduction,
which is of the form kl (To, q) < K, an upper bound on p. We introduce the generalized inverse of kl in
its second argument: for all ¢ € [0,1] and all y > 0,

KI(-,q) D (y) Esup{p € [0,1]: Kl(p,q) <y}

when ¢ € (0,1), it is thus equal to the largest root ¢ of the equation kl(p,q) =y if y < In(1/q) or to 1
otherwise. We then get

p<K(-,7) "V (K).

This formulation should be reminiscent of Birgé [2005, Theorem 2|, but has one major practical
drawback: it is unreadable, and this is why we considered the lower bounds of Section 3.2.
Question is now how sharp these lower bounds on kl are. They are all (in spirit) of the form

kl(p, q)
n(i/g) T

where the ... on the right refer to terms that vanish when ¢ — 0. In the applications, ¢ is typically
small and the main term kl(p,q)/In(1/q) is of the order of a constant. Therefore, the lemma below
explains that up to the ... terms, the bounds of Section 3.2 are essentially optimal.

1
kl(p,q)>pln<q>—... thus  p<

Lemma 7. For all g € (0,1) and p € [0, 1], whenever p > q, we have

kl(p, q)
In(1/q)

Proof: We note that when p > ¢, we have (1 — p)/(1 — q) < 1, so that

s -pn(2) reys-o1a(12) ().

<0

1
kl(p,q) < pln<> thus — p>
q

<0

hence the first inequality. O

8 Gerchinovitz, Ménard, Stoltz
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4. Main applications

We present two new applications of Fano’s inequality, with [0, 1]-valued random variables Z; or Zj.
The topics covered are:

— Bayesian posterior concentration rates, for which we use the reduction (9);

— robust sequential learning (prediction of individual sequences) in the case of sparse losses, which

relies on the reduction (8).

As can be seen below, the fact that we are now able to consider arbitrary [0, 1]-valued random variables
Zy on a continuous parameter space © makes the proof of the Bayesian posterior concentration lower
bound quite simple.

For pedagogical purposes, we also illustrate in Appendix A how to use the continuous Fano’s
inequality for Gaussian mean-parameter estimation or for some nonparametric regression. Two more
applications will also be presented in Section 5; they have a different technical flavor, as they rely on
only one pair of distributions, i.e., N = 1.

4.1. Lower bounds on Bayesian posterior concentration rates

In the next paragraphs we show how our continuous Fano’s inequality can be used in a simple fashion
to derive lower bounds for posterior concentration rates.

Setting and Bayesian terminology. We consider the following density estimation setting: we
observe a sample of independent and identically distributed random variables X1., = (X1,...,X,)
drawn from a probability distribution Py on (X', F), with a fixed but unknown 6 € ©. We assume that
the measurable parameter space (©,G) is equipped with a prior distribution 7 and that all Py have a
density pgr with respect to some reference measure m on (X, F). We also assume that (x,0) — pg (z)
is F ® G—measurable. We can thus consider the transition kernel (xy.,, A) — P(A|z1.,) defined for
all 1., € X™ and all sets A € G by

/ [1pe (z:) dn(¢)
A

PW<A ’ xl:n) = izl (14)
Hpef(fi) dr(¢)

O i=1

if the denominator lies in (0, 4o00); if it is null or infinite, we set, e.g., Pr(A|x1.,) = w(A). The
resulting random measure P, (- | X1.,,) is known as the posterior distribution.

Let £ : © x © — R, be a measurable loss function that we assume to be a pseudo-metrict. A
posterior concentration rate with respect to £ is a sequence (gy,),>1 of positive real numbers such that,

for all 0 € ©,
E, []P’W(G’ L 0(0,60) < | le)} —1  asn— 400,

where g denotes the expectation with respect to Xi., where each X; has the Py law. The above con-
vergence guarantee means that, as the size n of the sample increases, the posterior mass concentrates
in expectation on an e,—neighborhood of the true parameter 6. Several variants of this definition exist
(e.g., convergence in probability or almost surely; or €, that may depend on 6). Though most of these
definitions can be handled with the techniques provided below, we only consider this one for the sake
of conciseness.

!The only difference with a metric is that we allow £(0,6) = 0 for 6 # 6'.

Gerchinovitz, Ménard, Stoltz 9
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Minimax posterior concentration rate. As our sequence (&,),>1 does not depend on the specific
0 € © at hand, we may study uniform posterior concentration rates: sequences (&, ),>1 such that

eig(f;) Ey {IP’W(G’ (0,0) < ey | Xl:n):| —1 as n — +00. (15)

The minimax posterior concentration rate is given by a sequence (&,),>1 such that (15) holds for some
prior 7 while there exists a constant v € (0, 1) such that for all priors 7’ on O,

limsup inf Eg {IP’W/ (9/ 0(0',0) < veq ‘ Xlzn)} <1.
n—+oo 0€O©

We focus on proving the latter statement and provide a general technique to do so. Though we
only illustrate it in the finite-dimensional Gaussian setting, adapting it to, e.g., the nonparametric
regression problem of Appendix A.2 would add no technical difficulty.

Proposition 8 (A posterior concentration lower bound in the finite-dimensional Gaussian model).
Let d > 1 be the ambient dimension, n > 1 the sample size, and o > 0 the standard deviation. Assume
we observe an n-sample X1, = (X1,...,X,) distributed according to N'(0,0%14) for some unknown
0 € R Let 7' be any prior distribution on RY. Then the posterior distribution Py/(- | X1.,) defined
in (14) satisfies, for the Euclidean loss £(6,0) = (|0 — 0|2 and for e, = (c/8)\/d/n,

inf Ey [Pﬂ, (016" 0lla < | le)} < ey,
fcRd

where (¢q)a>1 is a decreasing sequence such that ¢; < 0.55, ¢a < 0.37, and cq — 0.21 as d — +o0.

This proposition indicates that the best possible posterior concentration rate is at best o+/d/n
up to a multiplicative constant; actually, this order of magnitude is the best achievable posterior
concentration rate, see, e.g., Le Cam and Yang [2000, Chapter 8].

There are at least two ways to prove the lower bound of Proposition 8. A first one is to use a
well-known conversion of “good” Bayesian posteriors into “good” point estimators, which indicates
that lower bounds for point estimation can be turned into lower bounds for posterior concentration.
For the sake of completeness, we recall this conversion in Appendix B and provide a nonasymptotic
variant of Theorem 2.5 by Ghosal et al. [2000].

The second method—followed in the proof below—is however more direct. We use our most general
continuous Fano’s inequality with the random variables Zy = P/ (6" : |0/ — 6|2 < &5 | X1:) € [0, 1].

Proof: We may assume, with no loss of generality, that the probability space on which Xj., is defined
is (R9)" endowed with its Borel o—field and the probability measure Py = N(#,0%)®". Let v denote
the uniform distribution on the Euclidean ball B(0, pe,) = {u € R? : [luljs < pe,} for some p > 1
to be determined by the analysis. Then, by the continuous Fano inequality in the form given by the
combination of (9) and (13), with Qp = Py = N(0,0%)®", where 0 denotes the null vector of R?, and
with the [0, 1]-valued random variables Zy = P (6 : [|¢' — 0]|2 < &5, | X1:n), we have

/ KL(Py, Po) du(6)

B(0,pen)

—ln/ EO [Zg] dV(@)
B(0,pen)

d 2.2 2
P dlnp

inf Eg|Zg| < Eg|Zy| dv(0) < Eo|Zg| dv(0) +
Qlean 0[ 9] /B(O,psn) 9[ 9] V() /B(O,psn) 0[ 6] V()

10 Gerchinovitz, Ménard, Stoltz
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where the last inequality follows from (17) and (18) below. First note that, by independence,
KL(Pg,Py) = nKL(N(0,0%), N(0,0%)) =n 16113 /(202), so that

n n 262
/ KL (Py, Po) du(&):w/ 1615 dv(8) < gg;. (17)
B(0,pen) B(0,pen)

Second, using the Fubini-Tonelli theorem (twice) and the definition of

Zy =P ((9/ : HG’ — 9”2 <epn | Xl:n) = ]E@/N]pﬂ_/(, | X1:m) |:]1{H0,_9H2<5n}] ,

we can see that

def
q = / EO [Zg] dV(H) = EO / EQINPﬂ_/(, | X1.n) [1{“9/_9”2<5n}] dl/(&)]
B(0,pen) LJ B(0,pen)

=Eo|Egrb,(- | X1m) [ / Lgjor—ojj<e,} Av(0)
B(0,pen)

|

—E, :EG,NPW,(, | Xin) [V(Bw',gn) n B(0, psn))H < (;)d : (18)

where to get the last inequality we used the fact that v(B(#,&,)NB(0, psy,)) is the ratio of the volume
of the (possibly truncated) Euclidean ball B(¢',¢,) of radius &, and center " with the volume of the
support of v, namely, the larger Euclidean ball B(0, pey,), in dimension d.

The proof is then concluded by recalling that p > 1 was a parameter of the analysis and by picking,

e.g., en = (0/8)y/d/n: by (16), we have

1\? p def
'fIE[]P’ﬁG’:G’—G an.n}:'fIEZg'f )£ L
Jnf, Eo (@ l2 < en | X1n) Jnf, 0[Zo) nfy (5 +3 o, cd

We can see that ¢; < 0.55 and ¢y < 0.37 via the respective choices p = 5 and p = 3, while the fact
that the limit is smaller than (and actually equal to) /e/8 < 0.21 follows from the choice p = /e.
Note that, when using (13) above, we implicitly assumed that the quantity ¢ in (18) lies in (0, 1).
The fact that ¢ < 1 follows directly from the upper bound (1/p)? and from p > 1. Besides, the
condition ¢ > 0 is met as soon as Po (P (B(0,e5) | X1.n) > 0) > 0; indeed, for ¢’ € B(0,e,), we have
V(B(H’,sn) N B(O,psn)) > 0 and thus ¢ appears in the last equality of (18) as being lower bounded
by the expectation of a positive function over a set with positive probability. If on the contrary
Py (PNI(B(O,&J |X1;n) > 0) = 0, then PO(ZO > 0) = 0, so that infy EQ[Z@] = EQ[Z()] = 0, which
immediately implies the bound of Proposition 8. ]

Remark 1. Though the lower bound of Proposition 8 is only stated for the posterior distributions
P (- | X1:m), it is actually valid for any transition kernel Q( - | X1.,). This is because the proof above
relies on general information-theoretic arguments and does not use the particular form of P/ (- | X1.p,).
This is in the same spirit as for minimax lower bounds for point estimation.

In Section 5.2 we derive another type of posterior concentration lower bound that is no longer uni-
form. More precisely, we prove a distribution-dependent lower bound that specifies how the posterior
mass fails to concentrate on e,—neighborhoods of § for every 6 € ©.

4.2. Lower bounds in robust sequential learning with sparse losses

We consider a framework of robust sequential learning called prediction of individual sequences. Its
origins and core results are described in the monography by Cesa-Bianchi and Lugosi [2006]. In its
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simplest version, a decision-maker and an environment play repeatedly as follows: at each round ¢ > 1,
and simultaneously, the environment chooses a vector of losses ¢ = ({14,...,¢y4) € [0,1]" while the
decision-maker picks an index I; € {1,..., N}, possibly at random. Both players then observe ¢; and I;.
The decision-maker wants to minimize her cumulative regret, the difference between her cumulative
loss and the cumulative loss associated with the best constant choice of an index: for T > 1,

T T
Ry = g fr,+ — min E Cr ¢ .
B k=1,...N kit

t=1 t=1

In this setting the optimal regret in the worst-case is of the order of /T In(N). Cesa-Bianchi et al.
[1997] exhibited an asymptotic lower bound of /7T In(N)/2, based on the central limit theorem and on
the fact that the expectation of the maximum of N independent standard Gaussian random variables
is of the order of \/In(N). To do so, they considered stochastic environments drawing independently
the loss vectors ¢; according to a well-chosen distribution.

Cesa-Bianchi et al. [2005] extended this result to a variant called label-efficient prediction, in which
loss vectors are observed upon choosing and with a budget constraint: no more than m observations
within 7" rounds. They prove an optimal and non-asymptotic lower bound on the regret of the order
of T'/In(N)/m, based on several applications of Fano’s inequality to deterministic strategies of the
decision-maker, and then, an application of Fubini’s theorem to handle general, randomized, strategies.
Our re-shuffled proof technique below shows that a single application of Fano’s inequality to general
strategies would be sufficient there (details omitted).

Recently, Kwon and Perchet [2016] considered a setting of sparse loss vectors, in which at each
round at most s of the N components of the loss vectors ¢; are different from zero. They prove an
optimal and asymptotic lower bound on the regret of the order of y/T'sIn(/N)/N, which generalizes
the result for the basic framework, in which s = N. Their proof is an extension of the proof of Cesa-
Bianchi et al. [1997] and is based on the central limit theorem together with additional technicalities,
e.g., the use of Slepian’s lemma to deal with some dependencies arising from the sparsity assumption.

The aim of this section is to provide a short and elementary proof of this optimal y/T'sIn(N)/N
bound. As a side result, our bound will even be non-asymptotic. The expectation in the statement
below is with respect to the internal randomization used by the decision-maker’s strategy.

Theorem 9. For all strategies of the decision-maker, for all N > 2 and all T > N In(N)/(16s), there

exists a fived-in-advance sequence of loss vectors 1, ..., in [0,1] that are each s—sparse such that
2 d 1 S
E[Rr] = ;E[&,t] - kIE}HN;Ek,t > [Ty .

Proof: We fix ¢ € (0, s/(2N)) and consider, as Kwon and Perchet [2016] did, independent and
identically distributed loss vectors ¢; € [0,1]", drawn according to one distribution among P;, where
1 < i < N. Each distribution P; over [0, 1]V is defined as the law of a random vector L drawn in two
steps as follows. We pick s components uniformly at random among {1, ..., N}. Then, the components
k not picked are associated with zero losses, L = 0. The losses L for picked components k # i are
drawn according to a Bernoulli distribution with parameter 1/2. If component i is picked, its loss L;
is drawn according to a Bernoulli distribution with parameter 1/2 —eN/s. The loss vector L € [0, 1]V
thus generated is indeed s—sparse. We denote by PZ-T the T—th product distribution P, ® - - - @ P;. We
will actually identify the underlying probability and the law PZ»T. Finally, we denote the expectation
under PiT by E;.

Now, under PiT, the components £}, ; of the loss vectors are all distributed according to Bernoulli
distributions, with parameters s/(2N) if k # ¢ and s/(2N) — ¢ if k = i. The expected regret, where
the expectation E is with respect to the strategy’s internal randomization and the expectation E; is

12 Gerchinovitz, Ménard, Stoltz
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with respect to the random choice of the loss vectors, is thus larger than

E:|E[Rr]| > ZE[ (01,4 }— min ZE [4.4] =Z2N<1—5E [E[n{lt:i}]D_T<2jV_€>
_ Ts(l _E [E[Fi(T)]D ,

where
1 X
BT =7 ;_1 L=y -

All in all, we copied almost word for word the (standard) beginning of the proof by Kwon and Perchet
[2016], whose first lower bound is exactly

sup, E[Rr] > ~ ZE{ ] Ta<1—ZE[ D (19)

The main differences arise now: we replace a long asymptotic argument (based on the central limit
theorem and the study of the limit via Slepian’s lemma) by a single application of Fano’s inequality.

We introduce the distribution @ over [0, l]N corresponding to the same randomization scheme
as for the P;, except that no picked component is favored and that all their corresponding losses
are drawn according to the Bernoulli distribution with parameter 1/2. We also denote by P the
probability distribution that underlies the internal randomization of the strategy. An application
of Lemma 5 with P; = P® P! and Q; = P ® Q7, using that Fy(T) + ...+ Fx(T) = 1 and thus
(1/N) SN EQ[E[F(T)]] = 1/N, yields

ly,

N
1 1
S Y E[ERD)]] <% KLIP’ Pr P2 QT). 2
By independence, we get, for all 7,
KL(P® P, P Q") =KL(Pl, Q") =T KL(P, Q). (21)
We now show that ) N1
s
KL(F; <—=klf=—e—, = ). 22
(7. @) < 5 13- 3) (22)
Indeed, both P; and @ can be seen as uniform convex combinations of probability distributions of the
following form, indexed by the subsets of {1,..., N} with s elements and up to permutations of the

Bernoulli distributions in the products below (which does not change the value of the Kullback-Leibler
divergences between them):

N -1
( > distributions of the form (when 7 is picked)

Ber<;—€N>®®Ber( ) @ 5 nd ®Ber(;>® é} 50,

k=s+1 k=1 k=s+1

Q

where dy denotes the Dirac mass at 0, and

N -1
( > distributions of the form (when 7 is not picked)

®Ber( > ® 8o nd

k=s+1 k=1

oV
®m
o

&
N
N | =
N———
®
X =
&
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Only the first set of distributions contributes to the Kullback-Leibler divergence. By convexity of the
Kullback-Leibler divergence (Corollary 3), we thus get the inequality

N -1

KL(P;, Q) < <ZN>1>KL (Ber(i —sf) ®§Ber<;> ® é) 50, (%Ber(;) ® é 5())

k=s+1 k=s+1
S 1 N 1
= —kll - —e—, =
N (2 i 2)’

where the last equality is again by independence. Finally, the lemma stated right after this proof
shows that 5
1 N 1 4N*<e

klf = —e—, = | < ——. 23

<2 s 2) s? (23)

Combining (19)—(23), we proved

1 ANTE2 1
E\Rr| >2Te(ll— —— | ——— | =>2Te( = — )
S, Blf) 6( N smm) f(z “)

where we used 1/N < 1/2 and denoted ¢ = 2v/NT/+/sIn(N). A standard optimization suggest the
choice £ = 1/(4c), which is valid, i.e., is indeed < s/(2N) as required, as soon as T' > N In(N)/(16s).
We get a lower bound T'e/4, which is the claimed bound. O

Lemma 10. For allp € (0,1), for all € € (0,p),

&2
kKl(p—e,p) < 7.
“p(l-p)
Proof: This result is a special case of the fact that the KL divergence is upper bounded by the
x2-divergence. We recall, in our particular case, how this is seen:

K(p—e,p) = (p—¢) ln<1—;) +(1—p+e) 1n<1+8) < (p—a)_f+(1—p+g)

1—-p 1-p p 1-p

where we used In(1 + u) < u for all u > —1 to get the stated inequality. O

5. Other applications, with N = 1 pair of distributions

Interestingly, Proposition 1 can be useful even for N = 1 pair of distributions. Rewriting it slightly
differently, we indeed have, for all distributions P, Q and all events A,

P(A) ln< ) < KL(P,Q) + In(2).

1
Q(A)
Solving for Q(A)—and not for P(A) as was previously the case—we get

KL(P,Q) + 111(2))

P (24)

Q) > exp

where the above inequality is true even if P(A) = 0 or KL(P,Q) = 4o00. More generally, for all
distributions P, Q and all [0, 1]-valued random variables Z, we have, by Corollary 4,

KL(P,Q) + In(2)
EglZ] > exp(— Ep[Z] ) )

14 Gerchinovitz, Ménard, Stoltz
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where again the above inequality is true even if Ep[Z] = 0 or KL(P, Q) = 4o0.

The bound (24) is similar in spirit to (a consequence of) the Bretagnolle-Huber inequality, recalled
and actually improved in Section 7.3; see details therein, and in particular its consequence (43). Both
bounds can indeed be useful when KL(P, Q) is larger than a constant and P(A) is close to 1.

Next we show two applications of (24) and (25): a simple proof of a large deviation lower bound
for Bernoulli distributions, and a distribution-dependent posterior concentration lower bound.

5.1. A simple proof of Cramér’s theorem for Bernoulli distributions

The next proposition is a well-known large deviation result on the sample mean of independent and
identically distributed Bernoulli random variables. It is a particular case of Cramér’s theorem that
dates back to Cramér [1938], Chernoff [1952]; see also Cerf and Petit [2011] for further references and
a proof in a very general context. Thanks to Fano’s inequality (24), the proof of the lower bound
that we provide below avoids any explicit change of measure (see the remark after the proof). We are
grateful to Aurélien Garivier for suggesting this proof technique to us.

Proposition 11 (Cramér’s theorem for Bernoulli distributions). Let 6 € (0,1). Assume that X1,..., X,
are independent and identically distributed random variables drawn from Ber(6). Denoting by Py the
underlying probability measure, we have, for all x € (0,1),

.1 1 «
ngg-loo Eln]P’g (n El X; > x) = —kl(z,0).
1=

Proof: We set X, def -1 >, X;. For the convenience of the reader we first briefly recall how to
prove the upper bound, and then proceed with a new proof for the lower bound.

Upper bound: By the Cramér-Chernoff method and the duality formula for the Kullback-Leibler
divergence between Bernoulli distributions (see, e.g., Boucheron et al. 2013, pages 21-24), we have,
for all n > 1,

A>0

Py (Yn > :c) < exp (—n sup{)\x —InEg [eAXl} }) = exp(—n kl(z, 9)) ) (26)

that is,
1 _
Vn > 1, —InPy(X, > z) < —Kkl(z,0).
n

Lower bound: Choose ¢ > 0 small enough such that x +& < 1. As in the proof of Proposition 18, we
may assume with no loss of generality that the underlying distribution is Py = Ber(6)®™. By Fano’s
inequality in the form (24) with the distributions P = P, . and Q = Py, and the event A = {Xn > m},
we have

— KL(P, ., P In(2
IP’g(Xn>a:) >exp<— (Pz e, Py) + In )> .

]P)]H_E (yn > I)
Noting that KL(P,4c,Pg) = nkl(z + ¢, 60) we get

nkl(:ﬁ+€,9)+ln2 S nk1($+6,9)+ln2
— >e _ ’
Prie (Xn > .%') 1 — e—nkl(z,z+e)

Py(Xn > x) > exp (— (27)
where the last bound follows from Py, (Yn > x) =1—-P,c (Yn < x) > 1 — e nklzate) by a
derivation similar to (26) above. Taking the logarithms of both sides and letting n — +oo finally
yields

1 .
liminf —InPy(X, >z) > —kl(z +¢,6).

n—+o0o n
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We conclude the proof by letting ¢ — 0, and by combining the upper and lower bounds. O

Comparison with an historical proof. A classical proof for the lower bound relies on the same
change of measure as the one used above, i.e., that transports the measure Ber(6)®" to Ber(z + ¢)®".
The bound (26), or any other large deviation inequality, is also typically used therein. However, the
change of measure is usually carried out explicitly by writing

S . . dPg _ fnﬁn
T E TR Fe

where the empirical Kullback-Leibler divergence Ian is defined by

~  gef 1 APy e 1 — T+ e 1—(z+e)

=1

The empirical Kullback-Leibler divergence I/{in is then compared to its limit kl(z +¢, ) via the law of
large numbers. On the contrary, our short proof above bypasses any call to the law of large numbers
and does not perform the change of measure explicitely, in the same spirit as for the bandit lower
bounds derived by Kaufmann et al. [2016] and Garivier et al. [2017]. Note that the different and more
general proof of Cerf and Petit [2011] also bypassed any call to the law of large numbers thanks to
other convex duality arguments.

5.2. Distribution-dependent posterior concentration lower bounds

In this section we consider the same Bayesian setting as the one described at the beginning of Sec-
tion 4.1. In addition, we define the global modulus of continuity between KL and ¢ around 8 € © and
at scale €, > 0 by

0 (en,0,0) int{KL(Py, ) : £0/,6) > 22,, 6/ € O}

the infimum is set to +oo if the set is empty.

Next we provide a distribution-dependent lower bound for posterior concentration rates, that is, a
lower bound that holds true for every 6 € ©, as opposed to the minimax lower bound of Section 4.1.
Note however that we are here in a slightly different regime than in Section 4.1, where we addressed
cases for which the uniform posterior concentration condition (29) below was proved to be impossible
at scale g, (and actually took place at a slightly larger scale &/,).

Theorem 12 (Distribution-dependent posterior concentration lower bound). Assume that the poste-
rior distribution P (- | X1.,) satisfies the uniform concentration condition

. /. /

(}g(g EQ[IPN(G .6(9,9)<€n‘X1:n)] — 1 as n — +0o.
Then, for all 8 € © and ¢ > 1, for all n large enough,

Ey [P,T (0 60,60) > | le)] > 9 exp(—cnw(an, 9,5)) . (28)
The conclusion can be stated equivalently as: for all 8 € O,

In <E9 [P (07 10/, 0) > snyxm)D
lim inf In(2) + n Y (en, 0, 0)

> —1.

The above theorem is greatly inspired from Theorem 2.1 by Hoffmann et al. [2015]. Our Fano’s in-
equality (25) however makes the proof more direct: the change-of-measure carried out by Hoffmann
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et al. [2015] is now implicit, and no proof by contradiction is required. We also bypass one technical
assumption (see the discussion after the proof).

Proof: We fix § € © and ¢ > 1. By the uniform concentration condition, there exists ng > 1 such
that, for all n > ny,

inf E@* |:P7r (9/ : g(el,e*) < é&n ‘ Xl:n)] P (29)

1
0*€O c’
We now fix n > ng and consider any 0* € © such that 5(0*, 9) > 2e,. Using Fano’s inequality in the
form of (25) with the distributions P = P3" and Q = P, together with the [0, 1]-valued random

variable Zy = P, (0’ 0(0,0) > e, ‘ Xl;n), we get

Eg[Zg] = exp| —

KL(PE", P§™) +n2 KL (Pp:, Py) + In2
_exp<—n (Po- By) + In > (30)

Eo+ [Zo) Eg+ [Zo]

By the triangle inequality and the assumption K(Q*, 9) > 2e, we can see that {9’ :0(60,0) > Sn} )
{6/ 0(0,0%) < &,}, so that

Eg- [Z0] > Ege [Pr(0/ : 00/,0%) < en| X1)| >

(SR

by the uniform lower bound (29). Substituting the above inequality into (30) then yields

Eo[Zs] > exp <—c(n KL(Pye, Py) + In 2)) .

To conclude the proof, it suffices to take the supremum of the right-hand side over all 6* € © such
that 6(9*, 9) > 2y, and to identify the definition of w(sn, 0, f). O

Note that, at first sight, our result may seem a little weaker than Hoffmann et al. [2015, Theo-
rem 2.1], because we only define w(sn, 0, E) in terms of KL instead of a general pre-metric d: in other
words, we only consider the case d(0,0") = /KL(Py, Py). However, it is still possible to derive a
bound in terms of an arbitrary pre-metric d by comparing d and KL after applying Theorem 12.

In the case of the pre-metric d(6,0") = /KL(Py, Py), we bypass an additional technical assumption
used for the the similar lower bound of Hoffmann et al. [2015, Theorem 2.1]; namely, that there exists
a constant C' > 0 such that

sup PS" (L:n(e') — Ln(0) > CnKL(Py, Pg)) 50 asn— +oo,
0.0/

where the supremum is over all 6,0’ € © satisfying 1/1(571,9,6) < KL(PgI,P@) < 2w(£n,9,€), and
where £,,(6) = Y7 | In(dPy/ dm)(X;) denotes the log-likelihood function with respect to a common
dominating measure m. Besides, we get an improved constant in the exponential in (28), with respect
to Hoffmann et al. [2015, Theorem 2.1]: by a factor of 3C'/c, which, since C' > 1 in most cases, is
3C/c~3C > 3 when c~ 1. (A closer look at their proof can yield a constant arbitrarily close to 2C,
which is still larger than our ¢ by a factor of 2C/c ~ 2C > 2.)

6. References and comparison to the literature

We discuss in this section how novel (or not novel) our results and approaches are.
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Main innovations. We could find no reference indicating that the alternative distributions Q;
and Qp could vary and do not need to be set to a fixed alternative Qg, nor that arbitrary [0, 1]—
valued random variables Z; or Zy could be considered. In particular, to the best of our knowledge,
reduction (9) is a new result. We provide two novel applications with [0, 1]-valued random variables
in Section 4.

Also, as we discuss below in detail when referring to the work of Birgé [2005], results like Lemma 5
provide an interpolation between the most classical versions of Fano’s inequality with a In(2) factor
and Pinsker’s inequality. Typically, depending on N > 3 or N = 2, one or the other lemma had to be
used, while Lemma 5 can be used in all cases.

What on the contrary was already known. The inequalities (10) are folklore knowledge. The
first inequality in (11) can be found in Guntuboyina [2011]; the second inequality is a new (immediate)
consequence. The first inequality in (13) is a consequence, which we derived on our own, of a refined
Pinsker’s inequality stated by Ordentlich and Weinberger [2005], while the second inequality is ours
again.

Reduction (9) is new, as we indicated, but all other reductions were known, though sometimes
proved in a more involved way. Reduction (2) and (6) were already known and used by Han and Verdu
[1994, Theorems 2, 7 and 8|. Reduction (7) is stated in spirit by Chen et al. [2016] with a constant
alternative Qy = Q; see also a detailed discussion and comparison below between their approach
and the general approach we took in Section 3. We should also mention that Duchi and Wainwright
[2013] provided preliminary (though more involved) results towards the continuous reduction (7).
Reduction (8) is stated in a special case in Gushchin [2003], where Z; + ...+ Zny = 1. We also note
that while we only discussed Kullback-Leibler divergences so far, all reductions (2) and (6)—(9) extend
to f-divergences, as noted already by Gushchin [2003], see also Chen et al. [2016]. We state this
extension to f-divergences in Section E of the appendix.

That the sets A; considered in the reductions (2) and (6) form a partition of the underlying
measurable space or that the random variables Z; sum up to 1 in (8) were typical requirements in the
literature until recently. Chen et al. [2016] noted in spirit that the requirement of forming a partition
was unnecessary, which we too had been aware of as early as Stoltz [2007], where we also already
mentioned the fact that in particular the alternative distribution @Q had not to be fixed and could
depend on ¢ or 6.

Finally, the conjunction of a reduction (2) or (6)—(9) and a lower bound on the kl function was
already present in Han and Verdu [1994]. Other, more information-theoretic statements and proof
techniques of Fano’s inequalities for finitely many hypotheses as in Proposition 1 can be found, e.g., in
Cover and Thomas [2006, Theorem 2.11.1], Yu [1997, Lemma 3] or Ibragimov and Has’minskii [1981,
Chapter VII, Lemma 1.1] (they resort to classical formulas on the Shannon entropy, the conditional
entropy, and the mutual information).

6.1. On the “generalized Fanos’s inequality” of Chen et al. [2016]

The Bayesian setting considered is the following; it generalizes the setting of Han and Verdua [1994],
whose results we discuss in a remark after the proof of Proposition 13.

A parameter space (0, G) is equipped with a prior probability measure v. A family of probability
distributions (Pp)gco over a measurable space (2, F), some outcome space (X,€), e.g., X = R™, and
a random variable X : (Q,F) — (X, &) are considered. We denote by Ey the expectation under Py.
Of course we may have (Q2, F) = (X, ) and X be the identity, in which case Py will be the law of X
under Py.

The goal is either to estimate 6 or to take good actions: we consider a measurable target space
(A, H), that may or may not be equal to ©. The quality of a prediction or of an action is measured
by a measurable loss function L : © x A — [0,1]. The random variable X is our observation, based
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on which we construct a o(X)-measurable random variable @ with values in A. Putting as side all
measurability issues (here and in the rest of this subsection), the risk of @ in this model equals

R(@@) = / Eo|L(0,3)] av(6)
©
and the Bayes risk in this model is the smallest such possible risk,
RBayes = lI/l\f R(a) N

where the infimum is over all o(X)-measurable random variables with values in A.

Chen et al. [2016] call their main result (Corollary 5) a “generalized Fano’s inequality;” we state it
below not only for {0, 1}—valued loss functions L as in the original article but for any [0, 1]—valued loss
functions, as we are able to prove it for any such loss function. The reason behind this extension is that
we not only have the reduction (7) with events, but we also have the reduction (9) with [0, 1]-valued
random variables. We also feel that our proof technique is more direct and more natural.

We only deal with with Kullback-Leibler divergences, but the result and proof below readily extend
to f—divergences.

”

Proposition 13. In the setting described above, the Bayes risk is always larger than

(i%f/gKL(]P’g,Q) dy(@)) +1n<1+ inf | L(6,a) dy(9)>

acA Jg

1n<1— inf /@ (0, a) du(9)>

where the infimum in the numerator is over all probability measures Q over (2, F).

RBayes 2 1 +

)

Proof: We fix @ and an alternative Q. The combination of (9) and (11), with Zg = 1—L(6,4), yields

/ /@KL(]P’@, Q) dv(8) + In(2 — ¢5)
1— | Eg|L(6,a)|dv(0) < : 31
| Eo[L(0.3)| ) ] (31)

where Eqg denotes the expectation with respect to Q and

qazl—/E@[L(e,a)}dy(e).
S)

As g — 1/In(1/q) and ¢ — In(2 — ¢)/1In(1/q) are both increasing, taking the supremum over the
o(X)-measurable random variables @ in both sides of (31) gives

/@KL(P@, Q)dv(8) + ln(2 - q*)
ln(l/q*)

1-—- RBayes < (32)

where

q" =supgz =1- igf/ Eq [L(G,&)} dv(f) =1— ;2&/@ L(6,a)dv(0), (33)
a a [©)

as is proved below. Taking the infimum of the right-hand side of (32) over Q and rearranging concludes
the proof.
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It only remains to prove the last inequality of (33) and actually, as constant elements a € A are
special cases of random variables @, we only need to prove that

inf /@ E@[L(e,a\)} dv(0) > inf /@ L0, a) dv(0) . (34)

acA

Now, each a that is o(X)-measurable can be rewritten @ = @(X) for some measurable function
a: X — A; then, by the Fubini-Tonelli theorem:

/ EQ[L(Q,a)} dv(9) = ( / L(@,a(m))dy(@)) dQ(z) > <gg§ / L(6, ) du(@)) dQ(z)
) X S} X o

which proves (34). O

Remark 2. As mentioned by Chen et al. [2016], one of the major results of Han and Verdua [1994],
namely, their Theorem 8, is a special case of Proposition 13, with ® = A and the loss function
L(0,0") = 1(9,¢y- The (opposite of the) denominator in the lower bound on the Bayes risk then takes
the simple form

—ln(l ~ inf /@ £(6,0) dy(e)) - ln<supl/({0})> “ g o),

0'coO 0cO

which is called the infinite-order Rényi entropy of the probability distribution v. Han and Verdu
[1994] only dealt with the case of discrete sets © but the extension to continuous © is immediate, as
we showed in Section 3.

6.2. Comparison to Birgé [2005]

This version of Fano’s inequality is extremely popular among statisticians. We state here a slightly
simplified version of the main result by Birgé [2005] (his Corollary 1), inspired by a previous (looser)
simplification by Massart [2007]: in Appendix C these two alternative statements are stated, proved,
and compared to Theorem 14. In contrast, the proof of Theorem 14 is provided at the end of the
present subsection; it of course follows the methodology described in Section 3.

The bounds by Birgé [2005] only deal with events A1, ..., Ay forming a partition of the underlying
measurable space. As should be clear from their proof this assumption is crucial.

Theorem 14 (Birgé’s lemma). Given an underlying measurable space (Q,F), for all N > 2, for all
probability distributions Pq,...,Py, for all events Ay, ..., An forming a partition of §2,

7 N
) K — 1
lglgI}VPZ(Al) < maX{CN, ln(]\f)} where K= ﬁ ZE - KL(]P)Z, ]P)l)

and where (cy)n>2 s a decreasing sequence, where each term cy is defined as the unique ¢ € (0,1)

such that
—(cIn(c) + (1(:_ ¢)In(1 —¢)) +In(l —¢) = ln<NJ\_f 1) ' (85)

We have, for instance, co = 0.7587 and c3 =~ 0.7127, while lim ¢y = 0.63987.

The aim of this subsection is to compare this bound to the versions of Fano’s inequality following
from the kl lower bounds (11), (10), and (13), in this order. In the setting of the theorem above and
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by picking constant alternatives @, these lower bounds on kl respectively lead to

1, 1 1 &
o N %f;KL(]P’i, Q) +In (2 — N) N %f;KL(IF’i,Q) + In(2)
N;P"(Ai) S In(N) S In(N) , (36)
1 N
—inf S KL(P;, Q
d 1%1@-(/1-) <4 Gk ; o (37)
an N LTSy max{In(N), 2}

=1

The main point of Birgé [2005] was that the most classical version of Fano’s inequality, that is, the
right-most side of (36), was quite unpractical for small values of N, and even useless when N = 2. In
the latter case N = 2, the statistical doxa had it that one should rather resort to Pinsker’s inequality,
which is exactly (37) when N = 2. One of his main motivation was therefore to get an inequality that
would be useful for all N > 2, so that one does not have to decide which of the classical Pinsker’s
inequality or the classical Fano’s inequality should be applied. A drawback, however, of his bound is
the K term, in which one cannot pick a convenient Q as in the bounds (36)—(37). Also, the result is
about the minimum of the P;(A4;), not about their average.

Now, we note that both the middle term in (36) and the bound (37) yield useful bounds, even for
N = 2. The middle term in (36) was derived—with a different formulation—by Chen et al. [2016], see
Proposition 13 above. Our contribution is to note that our inequality (37) provides an interpolation
between Pinsker’s and Fano’s inequalities. More precisely, (37) implies both Pinsker’s inequality and,
lower bounding the maximum by In(N), a bound as useful as Theorem 14. Indeed, in practice, the
additional additive 1/N term and the additional square root do not prevent from obtaining the desired
lower bounds, as illustrated in Section 4.2.

We close this subsection with a proof of Theorem 14.

Proof (of Theorem 14): We denote by h : p € [0,1] = —(pIn(p) + (1 — p) In(1 — p)) the binary
entropy function. The existence of ¢y follows from the fact that ¢ € (0,1) — h(c)/c+ In(1 — ¢) is
continuous and decreasing, as the sum of two such functions; its respective limits are 400 and —oo at
0 and 1.

Reduction (2) with Q; = Py for all i > 2 indicates that kl(p,q) < K where

N N N
et 1 (A ~det 1 Vo 1-PiA) 1 N
p = N_]-;]P)z(A’L)a q = mi:2]pl(Az)—ﬁa K_]H;KL(]PZ)Pl);

note that we used the assumption of a partition to get the alternative definition of the ¢ quantity. We
use the following lower bound on kl, which follows from calculations similar to the ones performed
in (4), using that cy > 1/2 and that the binary entropy h : p — —(pln(p) + (1 — p)In(1 — p)) is
decreasing on [1/2, 1]: for p > ¢y,

kl(p, q) > pln(;) — hien) 2 pln(;) —-p h(c?) :
where In(1/q) — h(cn)/en > 0 for ¢ < exp(—h(cn)/cn). Hence,
Vp e [0,1], Vqe (0, exp(—h(cN)/cN)>, p < max{cN, 1n(1/q§{1—(p;1?c)N)/cN} i (38)

Now, we set a = 12111<nN P;(A4;) and may assume a > cy (otherwise, the stated bound is obtained).
\Z\
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We have, by the very definition of a as a minimum and by the definition (35) of ¢y,

_ . _1l—a 1—cn 1 h(en)
< d < < == -
a<p an IS 1S V1 Nexp( . (39)

while ¢ > 0 unless P; (A1) = a = 0, in which case there is nothing to prove. We may therefore combine
kl(p,q) < K with (38) to get

N kl(p,q) K
a<p< maX{CN’ In(1/q) — h(cN)/CN} S max{cN, IH(N)} 7

where, for the last inequality, we used the upper bound on ¢ in (39). O

7. Proofs of the stated lower bounds on ki
(and of an improved Bretagnolle-Huber inequality)
We prove in this section the convexity inequalities (11) and (12) as well as the refined Pinsker’s

inequality and its consequence (13). Using the same techniques and methodology as for establishing
these bounds, we also improve in passing the Bretagnolle-Huber inequality.

7.1. Proofs of the convexity inequalities (11) and (12)

Proof: Inequality (12) follows from (11) via a function study of ¢ € (0,1) + In(2—g)/In(1/q), which
is dominated by 0.21 + 0.79q.

Now, the shortest proof of (11) notes that the duality formula for the Kullback-Leibler divergence
between Bernoulli distributions—already used in (26)—ensures that, for all p € [0, 1] and ¢ € (0, 1],

1

kl(p,q) = sup{)\p - ln(q(e)‘ — 1) + 1)} > pln<> —1In(2 —¢q)
AER q

for the choice A = In(1/q). O

An alternative, longer but more elementary proof uses a direct convexity argument, as in Gun-
tuboyina [2011, Example I1.4], which already included the inequality of interest in the special case
when ¢ = 1/N’; see also Chen et al. [2016]. We deal separately with p = 0 and p = 1, and thus restrict
our attention to p € (0,1) in the sequel. For ¢ € (0,1), as p — kl(p, q) is convex and differentiable
on (0,1), we have

Vippo) € (0,15 K(p,q)— K(po,q) > 1n<m> 0 p). (40)

a5 Kl(po.a)

The choice pg = 1/(2 — q) is such that

e I (= R
and
kl(po,q) = 21qln<1/(2q_ Q)) + ;_Zln<(1_z)/(§_@) - 21qln<(11> —l—ln<21q> .

Inequality (40) becomes
1 1 1 1
In{ - | +1In(2—gq 2( —>ln<>,
2-¢ <Q> ¢=9 2—-¢q q
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7.2. Proofs of the refined Pinsker’s inequality and of its consequence (13)

The next theorem is a stronger version of Pinsker’s inequality for Bernoulli distributions, that was
proved? by Ordentlich and Weinberger [2005]. Indeed, note that the function ¢ defined below satisfies
min ¢ = 2, so that the next theorem always yields an improvement over the most classical version of
Pinsker’s inequality: kl(p,q) > 2(p — q)?.

We provide below an alternative elementary proof for Bernoulli distributions of this refined Pinsker’s
inequality. The extension to the case of general distributions, via the contraction-of-entropy property,
is stated at the end of this section.

Theorem 15 (A refined Pinsker’s inequality by Ordentlich and Weinberger [2005]). For allp,q € [0,1],

In((1-4q)/q)

a2 (0 —9)> = olg) (0 — 9)?,

kl(p. q) >
where the multiplicative factor ¢(q) = (1 —2¢) "' In((1 — q)/q) is defined for all q € [0,1] by extending
it by continuity as ¢(1/2) =2 and ¢(0) = p(1) = +oo.

The proof shows that ¢(q) is the optimal multiplicative factor in front of (p —¢)? when the bounds
needs to hold for all p € [0, 1]; the proof also provides a natural explanation for the value of .

Proof: The stated inequality is satisfied for ¢ € {0,1} as kl(p,q) = +oo in these cases unless p = gq.
The special case ¢ = 1/2 is addressed at the end of the proof. We thus fix ¢ € (0,1) \ {1/2} and
set f(p) = kl(p,q)/(p — q)? for p # q, with a continuity extension at p = q. We exactly show that f
attains its minimum at p = 1 — ¢, from which the result (and its optimality) follow by noting that

CK(1-g¢,9) ((1-9)/q)
f(lf(J)_ (1_2q)2 - 1_2q

=p(q)-

Given the form of f, it is natural to perform a second-order Taylor expansion of kl(p, ¢) around gq. We

have )

9 =1In p(l—q) an o7 _ 1 e
ap kl(p,q) =1 <(1_p)q> d 2 kl(p, q) o1=p) Y(p), (41)

so that Taylor’s formula with integral remainder reveals that for p # g,
_ K(p,q) 1 / Py(t)
q

fe) = p—a? (a7 1!

1
(p_t)ldtz/o (g +ulp—q))(1 —u)du.

This rewriting of f shows that f is strictly convex (as 1 is so). Its global minimum is achieved at the
unique point where its derivative vanishes. But by differentiating under the integral sign, we have, at

p=1-gq, )
f’<1—q>=/0 (g +u(1 - 29)) u(1 — u)du = 0;

the equality to 0 follows from the fact that the function u — ¢’ (g+u(1—2¢))u(1 —u) is antisymmetric
around u = 1/2 (essentially because ¢’ is antisymmetric itself around 1/2). As a consequence, the
convex function f attains its global minimum at 1 — ¢, which concludes the proof for the case where
€ (0,1)\ {1/2}.
It only remains to deal with ¢ = 1/2: we use the continuity of kl(p, - ) and ¢ to extend the obtained
inequality from ¢ € [0,1] \ {1/2} to ¢ = 1/2. O

We now prove the second inequality of (13). A picture is helpful, see Figure 1.

*We also refer the reader to Kearns and Saul [1998, Lemma 1] and Berend and Kontorovich [2013, Theorem 3.2] for
dual inequalities upper bounding the moment-generating function of the Bernoulli distributions.
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Figure 1: Plots of ¢ [left] and = € (0,1) — ¢(x) — In(1/z) [right].
Corollary 16. For all ¢ € (0,1], we have ¢(q) = 2 and ¢(q) > In(1/q). Thus, for all p € [0,1] and

q € (0,1),
kl(p, ¢)
psat \/max{ln(l/q), 2}

Slightly sharper bounds are possible, like ¢(q) > (1 + ¢)(1 + ¢?)In(1/q) or ¢(q) = In(1/q) +2.5¢,
but we were unable to exploit these refinements in our applications.

General refined Pinsker’s inequality. The following result, which improves on Pinsker’s in-
equality, is due to Ordentlich and Weinberger [2005]. Our approach through Bernoulli distributions
enables to derive it in an elementary (and enlightening) way: by combining Theorem 15 and the
data-processing inequality (Lemma 2).

Theorem 17. Let P and Q be two probability distributions over the same measurable space (2, F).

Then
KL(P, Q)
A) — A XX St A (O A
sup [P(4) — Q(4)] < inf o (Q(A))

where ¢ > 2 is defined in the statement of Theorem 15.

7.3. An improved Bretagnolle-Huber inequality

The Bretagnolle-Huber inequality was introduced by Bretagnolle and Huber [1978, 1979]. The multi-
plicative factor e=1/¢ > 0.69 in our statement (42) below is a slight improvement over the original 1/2
factor. For all p,q € [0, 1],

1—|p—gq| = e Vee KR thus g=p—1+e /e P, (42)

It is worth to note that Bretagnolle and Huber [1978] also proved the inequality

p—al < \/1 —exp(—kl(p,q)) ,

which improves as well upon the Bretagnolle-Huber inequality with the 1/2 factor, but which is neither
better nor worse than (42).
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Now, via the data-processing inequality (Lemma 2), we get from (42)

1— sup ‘IP(A) — Q(A)‘ > e 1/e o  KLEQ)
AeF

The left-hand side can be rewritten as inf 4c 7 {P(A) + Q(A®) }, where A denotes the complement of A.
Therefore, the above inequality is a lower bound on the test affinity between P and Q. For the sake
of comparison to (24), we can restate the general version of the Bretagnolle-Huber inequality as: for

all A e F,
Q(A) > P(A) — 1 4 ¢ Ve e  KLPQ) (43)

We now provide a proof of (42); note that our improvement was made possible because we reduced
the proof to very elementary arguments in the case of Bernoulli distributions.

Proof: The case where p € {0,1} or ¢ € {0,1} can be handled separately; we consider (p, q) € (0,1)?
in the sequel. The derivative of the function € (0,1) = zIn(z/(1 — ¢)) equals 1+ In(z) — In(1 — g),
so that the function achieves its minimum at = (1 — ¢)/e, with value —(1 —¢)/e > —1/e. Therefore,

—Ki(p, q) = —pln(Z) -~ —p)ln<1_];> < —pln(2> + % =p<1n<Z> + i) +(1 —p)%.

Therefore, using the convexity of the exponential,

1
e MPD) < pexp <ln<lq)> + e) +(1—p)e* = (¢+ (1 —p))es,
which shows that
By replacing ¢ by 1 — ¢ and p by 1 — p, we also get

This concludes the proof, as 1—|p—q| is equal to the smallest value between 1—(p—gq) and 1—(¢—p). O
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A. Two toy applications of the continuous Fano’s inequality

We present here two toy applications of our continuous Fano’s inequality, that the unfamiliar reader
may study in complement to the new applications addressed in Sections 4 and 5. The two topics
covered below are:
— parametric estimation of the mean in a multivariate Gaussian model, where we use the reduc-
tion (7);
— nonparametric regression with fixed design, which also relies on the reduction (7).

A.1. Parametric minimax lower bound in the mutivariate Gaussian model

The next result is a well-known minimax lower bound on the mean-estimation problem in the standard
multivariate Gaussian model. Many proof techniques were used to derive this toy lower bound. The
proof we provide below illustrates how to use Fano’s inequality without relying on any discretization
argument, thanks to a continuous version of Fano’s inequality. Proofs of the same spirit were proposed
by Duchi and Wainwright [2013] and Chen et al. [2016], though some discretizations were still used
at some point in both references.

See the end of this subsection for extended comments and references, in particular with respect to
other well-known proof techniques not resorting to discretization arguments like the use of Assouad’s
lemma.

Proposition 18 (Parametric lower bound with a continuous Fano’s inequality). Let d > 1 be the
ambient dimension and R?® be the parameter space. Assume that we observe an n—sample X1,..., X,
distributed according to N'(0,0213) for some unknown 6 € R?, where o > 0 and where I; is the d x d
identity matriz. Then, denoting by Eg the expectation when the unknown parameter is 0, we have the
lower bound

-~ 24
inf sup By (6 03] > ca ™"
0 0eRrd n
where the infimum is over all R9—valued estimators 6 = 0(X1,...,Xn), and where (cq)gs1 is an
increasing sequence such that ¢y > 0.01, cg > 0.025, and dlim cq = 0.05.
—+00

The proof of this result uses similar but simpler arguments than the one of Proposition 8.
Proof: We may assume with no loss of generality that the underlying probability space is 2 = (Rd)n,
that each X; is the i—th projection map (z1,...,x,) € Q — z; € R?, and that the collection of
probability distributions over Q is formed by the Py = AN (#,021;)®". We still denote by Ey the
expectation under Py. Fix any estimator g = §(X1, ..., Xp) and let ¢ > 0 be determined by the
analysis. By Markov’s inequality for the first inequality and considering any probability distribution

v over R for the second inequality,

N 2 2 -~ 2 2\ 2 X ~
sup B [ = 01] > sup 2 (0 -0 > <) =< (1—91€n]1£dIF’9<H0—9H2 gg))

g2 (1 — / Pg(Hé\— 0“2 < 5) dl/(9)> . (44)
]Rd

We take v as the uniform distribution on the Euclidean ball B(0, pe) = {u € R? : |[ul|2 < pe} for some
p > 1 to be determined by the analysis (as is also the case for £). Fano’s inequality in the form given
by the combination of (7) and (13), with the fixed alternative distribution Py (where 0 denotes the
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null vector of R?) and the sets Ay = {||§— 0)|2 < €}, indicates that

/ Py (18— 0], < 2) av(6)
B(0,pe)

/ KL (g, Po) dv(0)
B(0,pe)

</ Po (6 ll, < <) dv(6) +
B(0,pe) _1n</ PO(H@— 9], < 8) du(@))
B(0,pe)

1\¢ 222 /(952
<()+ npel/@07) (45)
p dlnp

where the second inequality follows from the inequalities (46) and (47) below. First note that, by
independence, KL(Pg,Pg) = nKL(N(6,02), N(0,0%)) =n 16115 /(202), so that

n

) np2e?
KL (Py, Po) du(6) = 5 1613 dv(e) < "2 (46)
B(0,pe) B(0,pz) ’

Second, by the Fubini-Tonelli theorem,
def ~
i< ao -z [ s, a0
B(0,pe) B(0,pe)
1

R [V<B(§,e) ﬂB(O,pa))] < (p)d , (47)

where to get the last inequality we used the fact that, almost surely, V(B (@ 5) NnB (0, pe)) is the ratio
of the volume of a (possibly truncated) Euclidean ball of radius € with the volume of the support of v,
namely, the larger Euclidean ball B(0, pe), in dimension d.

We conclude the proof by combining (44) and (45) and recalling that p > 1 and £ > 0 were two
parameters to get

3
(1_ <1>d_ 2np2€2 >:d"2 8(1—(1/p)d) In(p)

sup EQ[HG 9H } sup sup € no -1 27p?
p

US p>1 >0

~~
=cq

for the optimal choice of € = (2/3)(1 — (1/p)?)\/2do?In(p)/(np?). We see ¢; > 0.01 and c; > 0.025
via the respective choices p = 4 and p = 2.5, while the fact that the limit is larger than 0.05 follows,
e.g., from the choice p = 2.

Note that, when using (13) above, we implicitly assumed that the quantity ¢ defined in (47) lies
n (0,1). The fact that ¢ < 1 follows directly from the upper bound (1/p)? given p > 1. As for the
condition ¢ > 0, note that given the support of v, we could rewrite (44) as

sup B0 - 03] > sup ]EQ[HH ol3] > sup Ee[HH ) — o]

HcRd 0cB(0,p 0€B(0,pe
2 <1 - / Pg(”ﬂ(é\) - 9H2 < e) du(@)) )
Rd

where H(@) is the projection of 8 onto the closed convex set B (0, ps). Thus, we can assume without loss
of generality that beB (0, pe) almost surely. In this case, the normalized volume I/(B (5, 5) NB (07 pa))
is almost surely positive, so that ¢ = Eg [V(B(é\, 5) N B(O, ps))] > 0. O
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Comparison with other, historical proofs. Various types of proofs were proposed in the litera-
ture to derive a lower bound of order do?/n as above.

The proof technique that consists in lower bounding the minimax risk by the Bayes risk works
surprisingly well in this simple estimation problem. It is indeed folklore knowledge that taking a
Gaussian prior with covariance matrix s2I; and letting s — 400 yields, after simple calculations, a
lower bound of do?/n (see, e.g., Massart, 2007, page 106). Interestingly the multiplicative constant
of 1 is even optimal because it matches the upper bound of do?/n satisfied by the empirical mean.
However, this proof technique does not carry over easily to more complex settings such as, e.g., the
same Gaussian model but with a bounded parameter space O, as is the case in the nonparametric
regression problem of Section A.2 below. This is the reason why, even for this toy estimation problem,
it is useful to provide alternative proofs that may be suboptimal in terms of the multiplicative constant,
but that can be easily adapted to more intricate settings.

Another simple proof technique consists in using Assouad’s lemma, which is very useful when the
loss function can be decomposed as a sum over the d coordinates, as is the case here. Assouad’s lemma
reduces the estimation problem to d parallel two-hypotheses testing problems. (See, e.g., Yu, 1997,
Example 2 for an application of Assouad’s lemma.)

All alternative proofs that we know of are based on Fano’s inequality and often involve a discretiza-
tion argument. Historical proofs reduce the estimation problem to a multiple-hypotheses testing prob-
lem (with exponentially many hypotheses) by showing that every estimator must fail to identify at
least one 6 in a subset of the d-dimensional rescaled hypercube {0, co/ \/ﬁ}d (this subset is obtained
via a combinatorial tool known as Varshamov-Gilbert’s lemma). See, e.g., Yu [1997, Example 2] or
Massart [2007, Proposition 4.8] for such applications of Fano’s inequality. More recently Duchi and
Wainwright [2013] and Chen et al. [2016] provided a continuous version of Fano’s inequality (of which
Lemma 6 above is a generalization to some extent) to avoid the discretization step mentioned earlier.
Instead they directly addressed a multiple testing problem with continuously many hypotheses. This
provides a nice interpretation of the factor d in the lower bound do?/n as the log ratio of the volumes
of two Euclidean balls in R?, as in (47) above. Note however that both articles use a discretization
argument at some point: Duchi and Wainwright [2013] prove their continous Fano inequality (Propo-
sition 2 therein) via an unnecessarily involved grid-based approximation argument. Chen et al. [2016]
later proved a continuous Fano’s inequality (cf. Corollary 3.5 and Theorem 4.1 therein) without any
discretization argument, but the way they use it in Example 5.3 for the Gaussian model relies on an
unnecessary calculation of covering numbers. On the contrary, the proof we provided above uses no
discretization whatsoever.

We finally mention the lower bound that Xu and Raginsky [2016] derived for the Bayes risk with a
uniform prior on a Euclidean ball (as in the proof above). The proof of their Corollary 3, which uses
a generalized Fano’s inequality, also bypasses any discretization step. It is however only asymptotic
in n, and it requires longer calculations than above since log ratios of densities have to be manipulated
explicitly.

A.2. A minimax lower bound for nonparametric regression

In this subsection we revisit a well-known lower bound within the nonparametric regression model
with fixed design, which unfolds as follows. We observe an n-sample (x1,Y1),...,(zn,Ys), where
z; = (i —1)/n €]0,1] and

Y= f(x;)+¢e;, where 1<i<n,

for some unknown function f € Fp, def g: [0,1] > R, gis LfLipschitz} and ¢; that are independent

and identically distributed according to N'(0,02). The goal is to estimate f; the parameters are o2,
L and f. For the sake of notation, we only focus on f and denote by Py and E; the probability and
expectation underlying the random vector (Y7,...,Y},,). Actually, as in the previous section and with

no loss of generality, we may identify the law of (Y1,...,Y,) and the underlying probability.
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We assess the accuracy of any estimator fe L2 ([O, 1]) via its expected quadratic risk,

=~ 2
Ef|lIF - £l3)
1
where the squared Euclidean norm of any g € L?([0,1]) is defined as || qlj3 = / g(x)*dz.
0

The next lower bound is well known; see Ibragimov and Has’minskii [1982, 1984], Tsybakov [2009,
Theorem 2.8] or Duchi [2014, Theorem 4.4] for proofs based on either Fano’s inequality (with a
discretization argument) or Assouad’s lemma. We illustrate below how to use the continuous Fano’s
inequality.

Proposition 19 (Nonparametric lower bound with no discretization). Fiz 02 > 0 and L > 0, two
quantities possibly known to the statistician. In the nonparametric regression model described above,

we have, for all n > max{L/(o+/In(2)), 64In(2) 0?/L?},
2/3
—~ 2r
inf El|f—fIP] > 2=
inf sup I7 = £12] <71)

where the infimum is over all estimators fz ]?(Yl, LY, € ]Lz([(), 1]), and where C is a universal
positive constant; e.g., C' = 0.001 works.

The lower bound of Proposition 19 is tight in the sense that there exist estimators fsuch that
2/3
2
~ 2 ~ (oL
up w17~ 113 < (%)
ferL n
for some universal constant C; see, e.g., Tsybakov [2009, Theorem 1.7] or Duchi [2014, Corollary 4.3].

Proof: We start as in the proof of Duchi [2014, Theorem 4.4]. Let ¢ be the function defined on R by
o(z) = (1/2 — |z — 1/2])+, where y; = max{0,y}. Note that ¢ is a 1-Lipschitz function with support

(0,1); in addition,
, vz 1
=2 de = —.
lll2 /0 T dr 12

Thus, for any integer d > 2 (to be determined by the analysis), the functions f; : [0,1] — R defined

for all j € {1,...,d} by
ﬂmzjwe@—ﬁfn

belong to F7, and form an orthogonal system in L2 ([(), 1]), since the f; have pairwise disjoint supports.

We define fy = E;l:l 0 f; for all 6 € R?. Note that, again because of the disjoint supports of the fis
the mapping 0 — fy is an injection from © into Fp, where

0L heRr?: 0] <1}

Moreover, for all 6,6 € ©, we have the norm relationship

d
L2
1fo = forll3 =D (6, — 65 1153 = B lell3 116 — 6|13 =

j=1

L? 9
/

o013, (15)

Next we reduce the nonparametric problem to a parametric one and then proceed as in the proof of

Proposition 18, avoiding any discretization argument. To that end, we write abusively Py = Py, and
Eg =Ey,.
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We set 6 = argmin Hf— foll5 and get
0O

sup By[|[7 = 713] > sup o[ |F = fall3] > sup o[- fol;] (49)

where we first used that the set Fg = { fo: 0 € @} is a subset of Fp,, and second, that f; is the

projection of f onto the closed convex subset Fg of L2([0,1]). Now, for all p > 0 (to be determined
by the analysis), inequality (48) and Markov’s inequality yield

sup By 75 fol

L2
~ sr w5 10| >

L2
128 o Ee[pd 1{5—93>pd}]

> 1‘;L;2 <1_ng(§) Pg(ue 0|2 < )) > 1’)2Ld2< /Pe(HH 0|2 < )du(9)> . (50)

where the last inequality holds true for any prior v on ©.

Now we choose the uniform (Lebesgue) prior v Ly (0©) and apply Fano’s inequality in the form
of Lemma 6, with the fixed alternative distribution Py (where 0 denotes the null vector of R?):

ln(2)+/KL(IP’9,]P’O) dv(9)
/Pg(HG 0|2 < )du(@)\ © <l rdl® (51)
©

. T3 8d30%In(2)
_1n</ IP’O(HQ - 0H; < pd) dv(9)>
©

where the second inequality follows from the inequalities (52) and (54) below, with the choice of
p = 1/(2me). Note that these calculations also show that the integral in the denominator in (51) lies
n (0, 1), as required for Lemma 6.

n
First note that Py = @ N (fs(z;),0?) and Py = N(0,0%)®", so that, by independence,
i=1

LB, By) = ZKL( (o), 0%), N(0,0%)) = 55 folai)?,
=1

which, since the f; have pairwise disjoint supports, is also equal to

n d n L2 L2
;fe(xi)z:;eﬁ.;fj( HeuQ( +1)m< <%“>H’

where for the first inequality we used that ||fj|lcc < L/(2d) and that at most n/d + 1 design points
z; are in the support of a function f;, while the second inequality follows from |03 < d||0]|%, < d as
f € ©. Summarizing, we proved

VoeO,  KL(PyPy) < W (52)
Second, as in inequality (47), we write
/PO(HQ 05 < pd) dv(6) = By [V(B(ﬁ, Vpd) N @)]
e
) d\%? /2
< (\/Zp?volmd(B(o, 1) = (Z) TN (53)
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where we used the formula for the volume of the unit Euclidean ball B(0,1) of R?. As in addition,

+o0 +00 d/2
P<1 + d> —/ 12 e tdt > / (d/2)7? e tdt = (d/Z) ,
2 0 /2 e

we finally get with the choice p = 1/(27e)

/ (10013 < ) o) < () iamy < (55) =4 =2"<g 6w
(€]

for d > 3. For d = 2, using that I'(2) = 1, we see that the final upper bound in (53) equals
1/(4e) < 1/8 < 274 We use the 277 upper bound for the second term in the left-hand side of (51)
and the 1/8 upper bound for its first term.

Now, combining (49)—(51), we proved so far that, for any integer d > 2 to be determined,

7 2 L? 2 (n+d)L?
P Ef[Hf_fM Z Ured (3 T 832 1n(2)> ' (55)

=)

In the rest of the proof we choose

We consider sample sizes n such that

n = ma L 641n(2) o
=z XN T 0 75 (>
o4/In(2) L2

the first condition ensures that d < n while the second condition entails that d > 4. The bound d > 2
was required above, while the bound d < n simplifies the lower bound (55) into

L? 2 (n+d)L? L? 2 n L?
24med? \3 8d302In(2) 24med? \3 4d3021In(2)

We substitute the value of d therein, using that

2/ 27\1/3 2/ 2\1/3 2/ 2\1/3
<nL/a> <d<1+<nL/J> <Z(nL/a) ’

In(2) In(2) In(2)

where the last inequality follows from n > 641n(2) 02/L?. We get

L? 2 nL? L? 2 1 L?* 5

- _ > - _ | == =

24med? \3 4d3021n(2) 24med? \3 4 24 med? 12
o L? 1 nL?/o? “23\ 5
~ 24me \ (5/4)2 \ In(2) 12

97\ 2/3 (223
=C <0L> where C = &

n 90 e

A numerical computation shows that this value of C is larger than 0.001, as claimed. Collecting all
bounds, the proof is concluded. ]
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Supremum versus Euclidean norms. Though the general structure of the proof is similar to that
of Proposition 18, we emphasize a technical difference: here, the support © of the prior v is a ball in
the supremum norm instead of the Euclidean norm. The reason is that, contrary to Proposition 18
where the choice of © was not constrained (so that we could choose © as a Euclidean ball of arbitrary
radius), here, we should choose © C [—1, 1]d to ensure the inclusion Fg C Fr. Taking a Euclidean
ball of radius at most 1 (and v a uniform prior on this ball) would have led to a choice p of the order
of 1/d for calculations similar to (53) and (54) to upper bound the integral at hand by a numerical
constant smaller than 1. This would result in a lower bound not of the right orders of magnitude in
n, L and o2. On the contrary, the ball © in the sup norm allowed us to choose p as a constant and
hence get an optimal lower bound.

Extension to Holder functions. We can easily generalize the proof above to the set of (53, L)—
Holder functions over [0, 1] to get a lower bound of the order of n~28/26+1)  where 8 > 0. We first
recall the definition of such functions. Let (p,a) € N x (0,1] be such that § = p + a. A function
f:[0,1] — R is called (B, L)-Holder if it is p times differentiable and if for all (z,y) € [0, 1],

|fP)(2) — fP(y)| < Llz —y|*.

We can indeed use the same construction (but without any discretization) as in Tsybakov [2009,
Section 2.6] by choosing a function ¢ : R — R that is infinitely differentiable, (3,1)-Hélder, and
supported on (0, 1), and by considering an orthogonal system of the form

fj(x)ZCfg@(d(x—jgl)), jed{l,...,d},

for a well-chosen d. The proof then follows exactly the same lines as above, with the same functions
of the form fy = >, 0; f;, for a parameter 6 in © = {6 R 0]l < 1}

Note that this proof technique also works in higher dimensions, i.e., for (3, L)-Holder functions
over the m—dimensional cube [0,1]™. A simple adaptation of the above arguments indeed yields a
lower bound of the order of n=28/(28+m) in the same spirit as in the lower bound that Gyorfi et al.
[2002, Theorem 3.2] derived in the regression model with random design.

B. From Bayesian posteriors to point estimators

We recall below a well-known result that indicates how to construct good point estimators from good
Bayesian posteriors (Section B.1 below). One theoretical benefit is that this result can be used to
convert known minimax lower bounds for point estimation into minimax lower bounds for posterior
concentration rates (Section B.2 below). This technique is thus a—less direct—alternative to the
method we presented in Section 4.1.

B.1. The conversion

The following statement is a nonasymptotic variant of Theorem 2.5 by Ghosal et al. [2000] (see also
Chapter 12, Proposition 3 by Le Cam, 1986, as well as Section 5.1 by Hoffmann et al., 2015). We
consider the same setting as in Section 4.1 and assume in particular that the underlying probability
measure is given by Pég’”.

Proposition 20 (From Bayesian posteriors to point estimators).
Letn>1,6>0,and 0 € ©. Let 0, = 0,(X1,...,Xy) be any estimator satisfying, P0®"falmost surely,

P, (9’ L 0(0,0,) < £ | le) > sup P, (9’ 0(0,0) < e Xlzn) —. (56)
6O
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Then,
pgn (]P’W (0 6(0,0) > e | X1n) > 1;5) > Py (0(0n,0) > 260) - (57)

This result implies that if c/9\n is a center of a ball that almost maximizes the posterior mass—see
assumption (56)—and if the posterior mass concentrates around 0 at a rate £/, < £,—so0 that the left-
hand side of (57) vanishes by Markov’s inequality—then 0, is (2e,,)—close to 0 with high probability.
Therefore, at least from a theoretical viewpoint, a good posterior distribution can be converted into
a good point estimator, by defining 6, based on Pz (- | X1:n) such that (56) holds, i.e., by taking an
approximate argument of the supremum. A measurable such 6, exists as soon as © is a separable

topological space and the function 0 P (9’ 0(0,0) < ey { 371;n) is lower-semicontinuous for m®"-
almost every z1., € X™ (see the end of the proof of Corollary 21 for more details).

Proof: Denote by By(0,¢) def {6/ € ©: ((#,0) < e} the open ¢-ball of center # and radius . By the
triangle inequality we have the following inclusions of events:

{€00,0) > 220} € {Be(Bu.20) N Bu(B.20) = 2}

- {IP’W (Be(Bnsen) | X1n) + Pr (Be(0,60) | X10) < 1}

c {PW(BM,%) | X1 < 1;5} (58)
:{11@,,(9’:5(9’9 <5n|X1n > ;5} (59)

= {IP’W(H’:E(Q’ En‘Xln = }

where (58) follows from the lower bound P, (Bg (Hn, sn) ‘ X1 n) > P, (Bg 0,¢ ‘ Xi. n) ¢, which holds
by assumption (56) on 6,. This concludes the proof. O]

B.2. Application to posterior concentration lower bounds

We explained above that a good posterior distribution can be converted into a good point estimator.
As noted by Ghosal et al. [2000] this conversion can be used the other way around: if we have a
lower bound on the minimax rate of estimation, then Proposition 20 provides a lower bound on the
minimax posterior concentration rate, as formalized in the following corollary. Assumption (60) below
corresponds to an in-probability minimax lower bound; it is for instance a consequence of (45) in the
standard multivariate Gaussian model with Euclidean loss.

Corollary 21. Letn > 1. Consider the setting of Section 4.1, with underlying probability measure P®

when the unknown parameter is 0. Assume that © is a separable topological space and that 0 — 6(9’, 5)
is continuous for all ' € ©. Assume also that for some absolute constant ¢ < 1, we have

. o N N <
for all estimators 0, Elélg P, (f(@n,ﬁ) < 25n) <ec. (60)

Then, for all priors " on ©,

1+e¢
2

inf By [Pﬂ/ (0 60,0) < 2| le)] < <1. (61)

0coO

Eroof: Let 6 > 0 be a parameter that we will later take arbitrarily small. Fix any estimator
0,, satisfying (56) for the prior n’, i.e., that almost maximizes the posterior mass on an open ball
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of radius €,. (See the end of the proof for details on why such a measurable é\n exists.) Then,
Proposition 20 used for all # € © entails that

1 -
sup PF" <IP>7F/ (0 00,0) > e | Xi1n) > 25> > sup P" (z(en,e) > an) >1—c,
0cO 0cO

where the last inequality follows from the assumption (60). Now we use Markov’s inequality to upper
bound the left-hand side above and obtain

2 sup Ey []P’W/ (0 :(6,0) > ey | le)} > sup P (IP’W/ (0" 0(6,0) = ep | X1m) = H) >1—c.
1 -4 gco 00 2

Letting § — 0 and dividing both sides by 2 yields

1—c¢
5 -

1 inf By [Pﬂ/ (0 £(0,0) < 2, | le)} >

Rearranging terms concludes the proof of (61). We now address the technical issue mentioned at the
beginning of the proof.

Why a measurable 0, exists. Note that it is possible to choose 0, satisfying (56) with 7’ in a mesurable
way as soon as @ is a separable topological space and

$:0€0——Pu(0: 00,0) < ep|T1n)

is lower-semicontinuous for m®"-almost every z1., € X", and thus P?"—almost surely for all 8 € ©.
The reason is that, in that case, it is possible to equate the supremum of i over © to a supremum
on a countable subset of ©. Next, and thanks to the continuity assumption on ¢, we prove that the
desired lower-semicontinuity holds true for all x1., € X™ (not just almost all of them). B

To that end, we show the lower-semicontinuity at any fixed 8* € ©. Consider any sequence (6;);>1
in © converging to *. For all x1.,, € X", by Fatou’s lemma applied to the well-defined probability
distribution P,/ (- | x1.,), we have,

lmdnl P (0100 < 20| 21n) = Hmdal Lz <cy | 10

> Ew'[liiglj&f Lioor 6 )<eny ‘ ml:”}

=1if £(0,6%) < en

> P (9’ 0(0,0%) < e 561:n> :

where in (62) we identify that the lim inf equals 1 as soon as £(¢',0*) < &, by continuity of  — ¢ (¢, ] )
at § = 0*. O

C. Variations on Theorem 14

The original result by Birgé [2005, Corollary 1] reads, with the notation of Theorem 14:

K
1r<r%1<nNIP’Z(AZ) < max{dN, () } ) (63)

where (dy)n>2 is a decreasing sequence, defined as follows, based on functions ry : [0,1) — R:

1—a
N -1

ry(a) = kl(a, ) —aln(N) and dy =max{a € [0,1]: ry(a) <0}.
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On the other hand, the simplification by Massart [2007, Section 2.3.4] leads to
2e —1 K
1SiSN (4:) max{ 2e ln(N)} (64)

(The original constant was a larger 2e/(2e + 1) in Massart, 2007, Section 2.3.4.)
Before proving these results, we compare them with Theorem 14. The values of the ¢y of Theo-
rem 1, of the dy of (63) and of (2e — 1)/(2e) are given by (values rounded upwards)

N 2 3 7 +00
~ 0.8161 and CN 0.7587 0.7127 < 0.67 0.63987
dn 0.7428 0.7009 < 2/3 0.63987

2e — 1

The ¢y and dy are thus extremely close. While the ¢y are slightly larger than the dy (with, however,
the same limit), they are easier to compute in practice. (See the closed-form expression for rn below.)
Also, the proof of Theorem 14 is simpler than the proof of Birgé [2005, Corollary 1]: they rely on
the proof scheme but the former involves fewer calculations than the latter. Indeed, let us now prove
again Birgé [2005, Corollary 1].

Proof of (63). We use the notation of the proof of Theorem 14 and its beginning. We can assume
with no loss of generality that a > 1/N, so that, using the definition of a,
~_1l—-a _

(< y—7Sas<p; (65)

therefore,

KI(7,3) > K(a,3) > k1<a, if“i) ,

since by convexity, p — kl(p, g) is increasing on [g, 1] and ¢ — kl(p, q) is decreasing on [0, p|]. Combining
this with K > kl (]3, qN), one has proved

K>Ka -2
(a’N—l

1—a> =aln(N) +ry(a),

from which the conclusion follows after studying the variations of ry(a) in @ and N. This last analytical
part of the proof is tedious, as

1—a

>+(1—a)ln — +(aln(N—1)—aln(N))
S
= (aln(a) + (1 — 2a)In(a)) +aln<NA_r 1) +(1—a) 1H<NN_1> ;

ry(a) = aln(

1—a

—2+4a

and we could overcome these heavy calculations in our proof of Theorem 14.

Proof of (64). For p > In(2) and all ¢ € [0, 1],

Ki(p, q) > pln(j}) (@) > pln(;> = pln(l) . (66)

eq
Equation (39) is adapted as

g d ~<1—a<2(1—a)< 1
a < an < < < —
P 15 N7 N eN
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where we used respectively, for the last two inequalities, that 1/(N — 1) < 2/N for N > 2 and that,
with no loss of generality, a > (2¢—1)/(2e). In particular, eg < 1/N. Combining this with K > kl(p, q)
and (66), we have proved

— 1
K >ﬁ1n<~) > aln(N),
cq

which concludes the proof.

D. Proofs of basic facts about f—divergences
(and thus, about Kullback-Leibler divergences)

The results recalled and re-proved in this section were stated in the main body of the article (Sections 2
and 3) for Kullback-Leibler divergences, which are a special case of f-divergences with f(z) = zInz.
We restate them in greater generality and to that end, first recall the definition of f-divergences.
Note that these f—divergences will be further studied in Section E below, where we show that the
reductions and results of Section 3 extend in a straightforward manner to arbitrary f—divergences.

D.1. Definition of f—divergences and basic properties

The definition of the Kullback-Leibler divergence can be generalized as follows (see Csiszar, 1963, Ali
and Silvey, 1966 and Gushchin, 2003 for further details). Let f : (0, +00) — R be any convex function
satisfying f(1) = 0. By convexity, we can define

7(0) S lim f(t) € R U {00}

the extended function f : [0, +00) = RU {400} is still convex.

Maximal slope. Note that, for any x > 0, the limit

i SO =10 _ 0 -6
t—+o00 t—x >0 t—x

0, 400
exists since (by convexity) the slope (f(t) — f(z))/(t — z) is non-decreasing as ¢ increases. Besides,
this limit does not depend on x and equals

def . f(t)
My tBElOO & € 10, o0},

which thus represents the maximal slope of f. An inequality that we will repeatedly use and that
follows from the two equations above with ¢t = x + y is

flz+y) — fz)
y

V>0, y>0, < My

Put differently,
Ve20,y20,  flz+y) < fle)+yMy, (67)

where the extension to y = 0 is immediate and the one to z = 0 follows by continuity of f on (0, +00),
which itself follows from its convexity.
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Lebesgue decomposition of measures. We recall that < denotes the absolute continuity between
measures and we let | denote the fact that two measures are singular. For distributions P and Q
defined on the same measurable space (€2, F), the Lebesgue decomposition of P with respect to Q is
denoted by

P = Pac + Pging where Poe < Q and Pging LQ, (68)

so that P, and Pg,e are both sub-probabilities (positive measures with total mass smaller than or
equal to 1) and, by definition,

@ _ dB
dQ  dQ -
Definition. The f-divergence Divy(P, Q) between P and Q is defined as
. dP
Divi(P,Q) = [ f| == ) dQ + Pging(£2) M. (69)

The existence of the integral in the right-hand side follows from the general form of Jensen’s
inequality stated in Lemma 28 (Appendix F) with ¢ = f and C' = [0, +00). This inequality, together
with (67), also indicates that Divy(P,Q) > 0. Indeed,

/Qf@g) d@>f</gj(gd<@> = J(Pal).

Din(R Q) = f(PaC(Q)) + I[Dsing(Q) Mf = f(PaC(Q) + IP)sing(Q)) = f(l) =0.

so that by (67),

Concrete and important examples of f-divergences, such as the Hellinger distance and the x?-
divergence, are discussed in details below. The Kullback-Leibler divergence corresponds to the function
f:x— xIn(x). We have My = 400 for the Kullback-Leibler and x2—divergences, while M =1 for
the Hellinger distance.

D.2. The data-processing inequality and two major consequences

Lemma 22 (Data-processing inequality). Let P and Q be two probability distributions over the same
measurable space (Q, F), and let X be any random variable on (Q, F). Denote by PX and Q¥ the
laws of X under P and Q respectively. Then,

Div (P, Q%) < Divy(P,Q).

Corollary 23 (Data-processing inequality with expectations of random variables). Let P and Q be
two probability distributions over the same measurable space (0, F), and let X be any random variable
on (Q,F) taking values in [0,1]. Denote by Ep[X] and Eg[X] the expectations of X under P and Q
respectively. Then,

divy (Ep[X], Eg[X]) < Divy(P,Q),

where divy(p, q) denotes the f—divergence between Bernoulli distributions with respective parameters p
and q.

Corollary 24 (Joint convexity of Divy). All f-divergences Divy are jointly convez, i.e., for all prob-
ability distributions P1,Py and Q1, Q2 over the same measurable space (2, F), and all X\ € (0,1),

Divy (1= APy + AP, (1= A)Qi +AQ2) < (1= A) Divy(Py, Q1) + ADivy (P2, Q2) .
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Lemma 22 and Corollary 24 are folklore knowledge; we provide here complete and elementary
proofs mostly for the sake of self-completeness. These proofs are extracted from Ali and Silvey [1966,
Section 4.2], see also Pardo [2006, Proposition 1.2]. They can be refined: Gray [2011, Lemmas 7.5 and
7.6] establishes (70) below and then derives some (stronger) data-processing equality (not inequality).
These proof techniques do not seem to be well known; indeed, in the literature many proofs of the
elementary properties above for the Kullback-Leibler divergence focus on the discrete case (Cover
and Thomas, 2006) or use the duality formula for the Kullback-Leibler divergence (Massart, 2007 or
Boucheron et al., 2013, in particular Exercise 4.10 therein).

Proof (of Lemma 22): We recall that Eg denotes the expectation with respect to a measure Q.
Let X be a random variable from (Q, F) to (€', F’). We write the Lebesgue decomposition (68) of P
with respect to Q.
We first show that (P,.)* < Q¥ and that the Radon-Nikodym derivative of (P,.)* with respect
to Q¥ equals
A(Pac)X _ o [ dPuc
“0x  ~Q
dQ¥X dQ

i.e., v is any measurable function such that Q-almost surely, Eg[(dPac/dQ) ‘X | = ~v(X). Indeed,
using that P,. < Q, we have, for all A € F/,

X = ] = (70)

dP,. APy
(Pac) ¥ (4) = Pae(X € 4) = /Q La(X) G o = /Q 1L4(X) Bo| 2

_ / LAX)4(X)dQ = | T7dQ¥,
Q Q/

X] dQ (71)

where the last equality in (71) follows by the tower rule.
Second, by unicity of the Lebesgue decomposition, the decomposition of PX with respect to QX
is therefore given by

X
ac

PX = (]P’X ) + (]P’X ) where (IP’X )

ac sing

ac (PaC)X + (Psing)
X X
and (]P) )sing = (PSing)sing :
The inner ac and sing symbols refer to the pair P, Q while the outer ac and sing symbols refer to PX, Q.

We use this decomposition for the first equality below and integrate (67) for the first inequality
below:

X

d Pac X d ]P)sin ’
Divy (PX’QX) = /Q/ f< (d@)z + (de()aC> dQX + (PSing);(ng(Q )Mf

X
) /Q ! <d(§533> Q7 + <(PSing)i(Q/) T (PSing);{ng(Q/)) My

— / F(7) AQY + (Pang) X () My

:/f(’y(X))dQ-l-]P)sing(Q) My

I
T

(EQ [j(g ‘X} ) AQ + Pying () M;

dP
|f()
b
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d
:/f<dg>dQ+IP’sing(Q)Mf:Divf(]P’,Q),
Q

where the inequality in (72) is a consequence of the conditional Jensen’s inequality in its general form
stated in Appendix F, Lemma 29, with ¢ = f and C' = [0, +00), and where the final equality follows
from the tower rule. 0

We continue with the proof of Corollary 23, which is (almost) extracted from Garivier et al. [2017]:
it was proved therein for Kullback-Leibler divergences.

Proof (of Corollary 23): We augment the underlying measurable space into Q x [0, 1], where [0, 1]
is equipped with the Borel o—algebra B ([O, 1]) and the Lebesgue measure m. We denote by P ®@ m
and Q ® m the product distributions of P and m, Q and m. We write the Lebesgue decomposition
P = P, + Pging of P with respect to Q, and deduce from it the Lebesgue decomposition of P ® m with
respect to Q ® m: the absolutely continuous part is given by P,. ® m, with density

d(Pae ® m)
d(Q®m)

APy
(w7 .’E) = dQ

while the singular part is given by Pging ® m, a subprobability with total mass Pging(€2). In particular,

(w,z) € QA x[0,1] —

(@),

Divf(P®m, Q®@m) = Divy(P,Q).

Now, for all events £ € F ® B([O, 1]), the data-processing inequality (Lemma 22) ensures that

Divs (P ®m, Q@ m) > Divs ((IP’ om)lE, (Qw m)ﬂE) = divy (P @ m)(E), (Q®m)(E)),

where the final equality is by mere definition of divs as the f-divergence between Bernoulli distribu-
tions. The proof is concluded by noting that for the choice of E = {(w,z) € 2 x [0,1] : © < X(w)},
Tonelli’s theorem ensures that

(P& m)(E) = /Q ( /H ooxio) dm(ac)) dP(w) = Es[X],

and, similarly, (Q ® m)(E) = Eg[X]. O

The joint convexity of Divy (Corollary 24) may be proved directly, in two steps. First, the log-sum
inequality is generalized into the fact that the mapping (p, q) € [0, +00)? + q f(p/q) is jointly convex.
Second, a common dominating measure like p = Py + Py + Q1 + Q2 is introduced, Radon-Nikodym
derivatives p; and ¢; are introduced for the PP; and QQ; with respect to u, and the generalized log-sum
inequality is applied pointwise.

We suggest to see instead Corollary 24 as an elementary consequence of the data-processing in-
equality.

Proof (of Corollary 24): We augment the probability space Q into ' = {1,2} x Q equipped with
the o—algebra F’ generated by the events A x B, where A € {0, {1}, {2}, {1,2}} and B € F. We
define the random pair (J, X) on this space by the projections

X (jyw) €{,2} x Qr—w and J:(jyw) e {1,2} xQr— 7,

and denote by P the joint distribution of the random pair (J, X) such that J ~ 1 + Ber(\) and
X|J ~ Pj. More formally, P is the unique probability distribution on (€', ') such that, for all
G.B) € (1,2} x F,

P({j} x B) = (1 = N1 j_1y + Myj—s) B;(B).
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Similarly we define the joint probability distribution Q on (', ') using the conditional distributions
Q1 and Qs instead of P; and Ps.

The corollary follows directly from the data-processing inequality Divy (IP’X , QX ) < Divy(P,Q), as
the laws of X under P and Q are respectively given by

PX=(1—-NP;+ AP, and QF = (1-NQ; + A\Qq,

while elementary calculations show that Divg(P, Q) = (1 — A) Divy (P, Q1) + ADivy (P2, Qo).
Indeed, for the latter point, we consider the Lebesgue decompositions of IP; with respect to Qj,
where j € {1,2}:

Pj = Pj,ac + Pj,sing , where ]P)j,ac < Qj and ]P)j,singj—@j .
The (unique) Lebesgue decomposition of P = Py + Psing with respect to Q is then given by

dPac . dPl ac dPQ ac
— ]1 . ) -]1 . )
d@ (]7 CL)) {]—1} d@l ((A]) + {]—2} d(@z (CU)

and for all (5, B) € {1,2} x F,

Psing ({7} x B) = ((1 = M1gj=1y + Myj=gy) Pjsing(B) -

This entails that

dPac /. :
Divy (P, Q) = / () ) 400 + Pang (1,2} x ) M
{1,2} xQ2

Y /Q (e ) deue) + A /Q () dew)

+ ((1 — /\) Pl,sing(Q) + AP2,sing(Q)) Mf

= (1 — A\) Divy(P1,Q1) + A Divy(Ps, Q2). O

E. Extensions of the reductions of Section 3 to f—divergences

We recall that f-divergences are based on convex functions f : (0, +00) — R extended at 0 via

£(0) % lim £(#) € R U {00}

and such that f(1) = 0.

E.1. Reduction to Bernoulli distributions
We denote by divy the f-divergence between Bernoulli distributions: for all (p,q) € [0,1]%,

div(p, q) def Divy (Ber(p), Ber(q)) .

Because f-divergences are also jointly convex and enjoy a data-processing inequality (see Lemma 22
and Corollaries 23 and 24 in Appendix D) the various reductions considered in Section 3.1 hold as
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well. We only illustrate the reduction by considering the simplest one, stated in (5), and the most
general one, stated in (9); with the notation used therein, we have

N N
1 ) 1
d1Vf<NZP NZ@Z i ) < N;dwf(}P’i(Ai),Qi(A N; ive (P, Qs) , (73)
and (putting aside all measurability issues)
divy ( /@ Ep, [Z5] dv(0), /@ Eq, [Zs] du(9)> < / divy (Er, [20], Bq, 2] ) dv(9)
S}

< / Div;(Pg, Qg) du(6) . (74)
C)

It thus suffices to lower bound divy to obtain bounds of interest, as we did for kl in Section 3.2. We
propose below such lower bounds for the y? divergence and the Hellinger distance.

E.2. Lower bound on div; for the x* divergence

This case corresponds to f(z) = x? — 1. The associated divergence equals, when P < Q,

x2<P,@>=/<jg) Q1.

A direct calculation indicates that for all (p,q) € [0,1]?,

5 C-9* _p—9)?
X* (Ber(p), Ber(q)) = -0 4

in this case. We get, for instance, the following result based on the reduction (73), which corresponds
to Proposition 1 for Kullback-Leibler divergences.

Lemma 25. Given an underlying measurable space, for all probability pairs P;, Q; and all events A;
(non necessarily disjoint), where i € {1,..., N}, with 0 < % SV L Qi(4y) < 1, we have

iz Z@ 1%@.(/1.) li 2(P;, Q) (75)
N 7 ’L NZ:1 1 1 NZ::LX (2] 1)

2

In particular, if N > 2 and the A; form a partition,

N
1 1
Pi( —— 4| = inf ¥ x2(P;,Q).
S SEUTRE S RAERS

E.3. Lower bound on div; for the Hellinger distance

This case corresponds to f(z) = (\/:? — 1)2, for which My = 1. The associated divergence equals,

when P <« Q,
H*(P,Q) = <,/Q1> dQ =2 1/,/ dQ
Q

and always lies in [0,2]. A direct calculation indicates that for all p € [0, 1] and ¢ € (0, 1),

h2(p,q) < H?(Ber(p), Ber(q)) = 2<1 -~ (\/27q+ V(I =p)(1- Q))> :

and further direct calculations in the cases ¢ = 0 and ¢ = 1 show that this formula remains valid in
these cases.
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Resorting to the Cauchy-Schwarz inequality. The Cauchy-Schwarz inequality indicates that

VI VI =T -p) <4/ o+ (1 - ) (g +(1-p) = VI- (-7,

or put differently, that h?(p,q) > 2(1 —1-(p— (])2)7 thus

p<a+\1-(1-Rpa/2) = q+ VP20,0) (1= H2(p,0)/4), (76)

which is one of Le Cam’s inequalities. This bound is clean and clear enough for the reader to be
able to state consequences of it, e.g., in the spirit of Proposition 1 for Kullback-Leibler divergences or
Lemma 25 for x? divergences. In particular, if the A; form a partition,

N

N N
1 1 . 1
Nl:glpz(AZ) S N-‘-l%f Nl:ngQ(]P)“Q) 1—4]\72251H2(P“@)

Solving for p. This is the path followed by Guntuboyina [2011, Example I1.6]; as we prove below,
we get

p <+ (120 B2 (p.0) (1~ 1(p,0)/4) +2v/a(l — @) (1~ h2(p.0)/2)/h2(p. ) (1 — h2(p.)/4) . (77)

It can be seen that this bound is a general expression of the bound stated by Guntuboyina [2011,
Example I1.6]. This bound is slightly tighter than (76), by construction (as we solve exactly an equa-
tion and perform no bounding) but it is much less readable. It anyway leads to similar conclusions in
practice.

Proof: Assuming that h> = h%(p,q) is given and fixed, we consider the equation, for the unknown
z € [0,1],

v =2(1- (vave+ VI=vi=3)):

this equation is satisfied for z = p, by definition of h?(p,q). Rearranging it, we get the equivalent
equation

(1—2)(1—q) = (1-h*/2= aVz)" = (1= h*/2)" = 2(1 = h*/2) Vg /& + g,
or equivalently again,
z—2(1—h%/2)\gva+ (1 —h%/2)° 14+ ¢=0.

Solving this second-order equation for \/z, we see that all solutions y/z, including ,/p, are smaller
than the largest root; in particular,

VB < (1= B2/2) i+ (1 - £2/2)% — (1— h2/2)* + 1—q.
e
Put differently,
p< (U=07/2) g+ (1 - 17 (1 = h*/4) + 2/q(1 — ) (1 = 1*/2)/1* (1 — h*/4)
=g+ (1-20) W3(p, @) (1~ W(p,)/4) +2/a(T — @) (1~ h2(p, 0)/2) /B30, @) (1 — h2(p, 0)/4) .

which was the expression to obtain. ]
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E.4. Finding a good constant alternative Q

Consider, for example, the reduction based on a convex combination o = (ay, ..., ay), with all a; > 0:

N N N N
divy (Z aiPi(Ai), Y ai Qi(Ai)> <o divy (Pi(Ai), Qi(Ai) < o Dive(Pi, Q)
=1 =1 1=1

i=1

which is more general than (73) but less general than (74).
We wonder, under the constraint that only one fixed alternative distribution Q; = Q is considered,
which such alternative to pick. That is, we want to compute or at least upper bound

N
inf (67} Di PZ‘, o
n ; vy (Pi, Q)

distributions Q that (approximatively) reach the infimum should be used, at least from a theoretical
viewpoint. Sometimes calculations are easier in practice for some specific Q, as we illustrated, for
instance, in Section 4.2. Otherwise, the lemma below indicates a good candidate, given by the weighted
average P, of the distributions P;.

To appreciate its performance, we denote by

B¢(a) = max_Divy(d;, )
j=1,.,N

the maximal f-divergence between a Dirac mass d; at j and the convex combination . This bound

equals In(1/min{ay,...,an}) for a Kullback-Leibler divergence and 1/ min{ey,...,an} — 1 for the

x?~divergence.

Lemma 26. Let Py,...,Py be N probability distributions over the same measurable space (2, F) and
let a = (a1,...,an) be a conver combination made of positive weights. Then,

N N
i%f > i Dive(P;, Q) < Y oy Divy(Pi, Pa) < By(e),
=1 =1

N
where the infimun is over all probability distributions Q on (Q, F) and where P, def Z o; P
i=1

The first inequality holds with equality in the case of the Kullback-Leibler divergence, as follows
from the so-called compensation equality (see, e.g., Yang and Barron, 1999 or Guntuboyina, 2011,
Example I1.4): assuming with no loss of generality in this case (since My = +00) that P; < Q for all
j €{1,...,N}, we have P, < Q and dP;/dQ = (dP;/dP,)(dP,/dQ), which entails

- - dP; dP, N _ B
;ai KL(P;,Q) = ;a <ln Fin +In 9 > dP; = (Zai KL(IPZ-,IP’Q)> +KL(Ps, Q) ,

i=1

N
where we used that Z a; dP; = dP,. So, indeed, the considered infimum is achieved at Q = P.
i=1
Proof: The first inequality follows from the choice Q = P,. For the second inequality, we proceed

as in Corollary 24 and consider the following probability distributions over {1,..., N} x Q: for all
je{l,...,N} and all B € F,

P({j} x B) =a;P;(B) and  Q({j} x B) = a; P,(B).
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Note that because a; > 0 for all 7, we have P; < P, for all j. Thus, P < @, with Radon-Nikodym
derivative given by

, dP dP; | def
W) E{L...,N} xQ — —(j,w) = —=L(w) = p;(w
(J,w) €{ } dQ(J ) dIP’a(> pj(w)
By uniqueness and linearity of the Radon-Nikodym derivatives, we thus have, for P,—almost all w,
N N =
dP; dP,
a;ipi(w) = a —(w) = —(w) =1, here Vke{l,...,.N}, « > 0;
D pi(e) Z:j i@ = @ w { b anpr(w)

that is, ap(w) = (ajpj(w))1<j<N is a probability distribution over {1,..., N}. (It corresponds to the
conditional distribution of j given w in the probabilistic model j ~ o and w|j ~ P;.)

We now compute Divy (]?’, @) in two different ways. All manipulations below are valid because all
integrals defining f—divergences exist (see the comments after the statement of Definition D.1, as well
as the first part of the proof of Lemma 28). Integrating over j first,

- dP
Div; (B, @) = f( —(j. >> aQ(j.w)
{1,..,N}xQ aQ

-----

On the other hand, integrating over w first,

N
Divy (ﬁ”, @) = Zf(pj(w)) aj | APy (w)

Q

N
= Z f<oszj(w)> a; dFa(w) = /Din (ap(w), a) d@a(w) < By(a),
=1 &) Q
Q
where the last inequality follows by noting that, by joint convexity of Div; (see Corollary 3),
DlVf ap(w Z a;pj(w) Divy (5], a) < By(a) .

Comparing the two obtained expressions for Divy (]P’, Q) concludes the proof. O

F. On Jensen’s inequality

Classical statements of Jensen’s inequality for convex functions ¢ on C' C R"™ either assume that the
underlying probability measure is supported on a finite number of points or that the convex subset
C' is open. In the first case, the proof follows directly from the definition of convexity, while in the
second case, it is a consequence of the existence of subgradients. In both cases, it is assumed that the
function ¢ under consideration only takes finite values. In this article, Jensen’s inequality is applied
several times to non-open convex sets C, like C = [0,1]2 or C = [0, +00) and/or convex functions ¢
that can possibly be equal to 400 at some points.

The restriction of C' being open is easy to drop when the dimension equals n = 1, i.e., when C' is
an interval; it was dropped, e.g., by Ferguson [1967, pages 74-76] in higher dimensions, thanks to a
proof by induction to address possible boundary effects with respect to the arbitrary convex set C.
Let B(R™) denote the Borel o-field of R™.
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Lemma 27 (Jensen’s inequality for general convex sets; Ferguson, 1967). Let C C R™ be any non-
empty convex Borel subset of R™ and ¢ : C' — R be any convex Borel function. Then, for all probability
measures pu on (R™, B(R™)) such that 4(C) =1 and [ ||z||du(z) < 400, we have

[etu@rcc ana so( / xdu(az)) < [ e@ant), (78)

where the integral of ¢ against p is well-defined in R U {+o0}.
Our contribution is the following natural extension.
Lemma 28. The result of Lemma 27 also holds for any convex Borel function ¢ : C — RU {+o0}.

We rephrase this extension in terms of random variables. Let C' C R” be any non-empty convex
Borel subset of R™ and ¢ : C' — R U {400} be any convex Borel function. Let X be an integrable
random variable from any probability space (2, F,P) to (R”, B (R”)), such that P(X € C') = 1. Then

EX]eC and ¢(E[X]) <Elp(X)],
where E [p(X)] is well-defined in R U {+o0}.

Proof: We first check that ¢ = max{—¢, 0} is p—integrable on C, so that the integral of ¢ against y is
well-defined in RU{+o00}. To that end, we will prove that ¢ is lower bounded on C by an affine function:
() = aTz + b for all x € C, where (a,b) € R% from which it follows that ¢_(z) < |lal|||z|| + ||b]| for
all x € C' and thus

Le-@ante) < [ (lalllall+101) duto) = ol | el dte) + o] < +oc.

So, it only remains to prove the affine lower bound. If the domain {¢ < 400} is empty, any affine
function is suitable. Otherwise, {¢ < 400} is a non-empty convex set, so that its relative interior R
is also non-empty (see Rockafellar, 1972, Theorem 6.2); we fix xyp € R. But, by Rockafellar [1972,
Theorem 23.4], the function ¢ admits a subgradient at x(, that is, there exists a € R™ such that
o(x) = ¢(x0) + a’ (xz — x0) for all € C. This concludes the first part of this proof.

In the second part, we show the inequality (78) via a reduction to the case of real-valued functions.
Indeed, note that if (¢ = +00) > 0 then the desired inequality is immediate. We can thus assume
that (e < 400) = 1. But, using Lemma 27 with the non-empty convex Borel subset C' = {¢ < +00}
and the real-valued convex Borel function @ : C — R defined by &(z) = ¢(x), we get, since u(C) = 1:

/xdu(x)eé and @(/xdu(x)) </6§5(a:)du(x).

Using the facts that 3(z) = () for all z € C and that 1(C\ 5) =1—1=0 entails (78). O

We now complete our extension by tacking the conditional form of Jensen’s inequality.

Lemma 29 (A general conditional Jensen’s inequality). Let C' C R™ be any non-empty convex Borel
subset of R™ and ¢ : C' — R U {+0o0} be any convex Borel function. Let X be an integrable random
variable from any probability space (2, F,P) to (R”, B(R”)), such that P(X € C') = 1. Then, for every
sub-o—field G of F, we have, P—almost surely,

EX[GleC  and  »(E[X|G]) <E[p(X)|0],

where B[p(X)|G] is P-almost-surely well-defined in R U {+o0}.
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Fano’s inequality for random variables

Proof: The proof follows directly from the unconditional Jensen’s inequality (Lemma 28 above)
and from the existence of regular conditional distributions. More precisely, by Durrett [2010, Theo-
rems 2.1.15 and 5.1.9] applied to the case where (S,S) = (R™, B(R™)), there exists a regular conditional
distribution of X given G. That is, there exists a function K : Q x B(R"™) — [0, 1] such that:

(P1) for every B € B(R"), w € Q+ K(w,B) is G-measurable and P(X € B|G) = K(-, B) P-a.s;
(P2) for P-almost all w € (2, the mapping B + K (w, B) is a probability measure over (R", B(R")).
Moreover, as a consequence of (P1),

(P1’) for every Borel function g : R™ — R such that g(X) is P-integrable or such that g is nonnegative,

[o@ K an=Elx)]6]  Pas

Now, given our assumptions and thanks to (P1) and (P1’):
(P3) by P(X € C') =1 we also have K(-,C)=P(X € C|G) =1 P-a.s,;
(P4) since X is P-integrable, so is [ ||z|| K(-, dz) = E[||X|| | G], which is therefore P—a.s. finite.
We apply Lemma 28 with the probability measures p, = K(w, -), for those w for which the

properties stated in (P2), (P3) and (P4) actually hold; these w are P-almost all elements of 2. We
get, for these w,

/ZL'K(UJ, dz) e C and go(/z:K(w, dm)> g/gp(:n)K(w, dz),
C
where the integral in the right-hand side is well defined in R U {4+00}. Thanks to (P1’), and by

decomposing ¢(X) into ¢_(X), which is integrable (see the beginning of the proof of Lemma 28), and
@+ (X), which is nonnegative, we thus have proved that P-a.s.,

Elx|glec and  o(E[X|d]) <E[p(X)|d],

which concludes the proof. O
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