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Concentration Inequalities for the Exponential
Weighting Method *

Golubev, Yu.! and  Ostrovski, D. #

Abstract

The paper is concerned with recovering an unknown vector from
noisy data with the help of a family of ordered smoothers [11]. The
estimators withing this family are aggregated based on the exponential
weighting method and the performance of the aggregated estimate is
measured by the excess risk controlling deviation of the square losses
from the oracle risk. Based on natural statistical properties of ordered
smoothers, we propose a novel method for obtaining concentration
inequalities for the exponential weighting method.

1 Introduction and main results

This paper deals with recovering an unknown vector p € R™ from the noisy
observations
Yi=p+0o&, 1=12,...,n, (1.1)

where £ is a standard white Gaussian noise, i.e., & are i.i.d. Gaussian
random variables with E¢; = 0 and E¢2 = 1. For the sake of simplicity it
is assumed that the noise level o > 0 is known. It is also assumed that n
is large. Let us emphasize that all results in this paper can be extended to
the case n = oo provided that p € £s.

Notice also that in spite of the obvious simplicity of this statistical model,
it can cover a very wide class of statistical problems ranging from regression
estimation to inverse problems (see, e.g., [11], [8]).
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research projects 13-01-12447 and 13-07-12111.
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Transmission Problems, 39 rue F. Joliot Curie, 13453 Marseille, France.

fMoscow Institute of Physics and Technology, Institutski per. 9, Dolgoprudny, 141700,
Russsia.



In this paper, the quality of an estimate [i(Y") is measured by the mean
square risk
plit, 1) = Eulla(Y) — ul?,

where E, stands for the expectation with respect to the measure P, gen-
erated by the observations (1.1) under given u, and || - || is the standard
Euclidean norm in R”.

In what follows it is assumed that we have at our disposal a family of

linear estimates
Y)Y = hyYy, heH, (1.2)

where H is a given set of vectors in R™. This set consists of vectors with
specific properties that will be described later on.

Our goal is to construct a good estimate of u with the help of the family
of linear estimates 4"(Y), h € H. To explain what estimates might be
viewed as good, let us notice that for given h, the risk of 4(Y') is computed
as follows :

def
R(p, h) =

E " (Y) = pl? = (1 = h) - pl® + o®||h]|?, (1.3)
where here and in what follows - means the component-wise multiplication
of vectors in R", i.e, z = x - y means that zp = zpyr, k=1,...,n.

Of coarse, we want to find a method of combining estimates {"(Y), h €
H} that provides an estimate with the minimal risk. If the family of esti-
mates is reach enough, then we would be satisfied with estimators whose
risks are close to the value

o N2 217,112
r(n,H) = min{ (1 = h) - ) + o2 B}

This risk is often called oracle risk since it coincides with the risk of the
following psudo-estimate

B =B -Y, B ) = argmind (1= b) -l + 0?02 (14)

Obviously, this object is not a real statistical estimate since it depends on
the unknown vector pu.

A rather natural approach to constructing new estimates with the help
of the available ones is to compute their convex combination

pUY) =) wa(Y)RM(Y), (1.5)
heH



where wy,(Y') are some nonnegative numbers called weights such that

Z 'U}h(Y) = 1.

heH

To simplify unessential technical details, here and below H is assumed to be
finite.

The main issue in this method is evidently related to the selection of
weights wy (Y'). In this paper, we focus on the so-called exponential weights
defined as follows :

R(Y, h)} , (1.6)

wp(Y) = exp [— 2507

where

def R(Y,h)
Z(Y) = hezﬂﬂhexp [— 2502 ], (1.7)

R(Y,h) € (V)2 — 20V, i"(Y)) + 202 > ., (1.8)
heH

is the empirical counterpart of R(u, h) and 3, m, are positive numbers. It is
clear that without loss of generality one may assume that ), ,, m, = 1.

To explain heuristically how these weights can be obtained, let us sim-
plify the initial statistical problem assuming that we have at our disposal
the auxiliary observations

Yi=pr+o&, k=1,2...n, (1.9)

where ¢’ is independent of € in (1.1) a standard white Gaussian noise. These
observations will be used to select weights wp(Y”) in the estimate

(YY) =) wa (YY), (1.10)
heH

where wy,(Y') > 0 and )~ 5w (Y') = 1.

Apparently the approach to constructing new estimates with the help of
the auxiliary sample were firstly studied and developed by A. Nemirovsky
and, independently, by A. Catoni (see [15, 4]). Subsequently, these methods
have been adapted for a wide class of statistical models ( see, for example,
[19], [16], [12], [17).



Let us assume that Y is frozen. The idea in choosing wy(+) in (1.10) is
related to the so-called roughness penalty approach yielding the weights

Z th

wp(Y') = arg mm{
heH

Wh

—i—ﬁK(whﬂrh)} (1.11)

where
wh, ﬂ'h Z Wh, log —

is the Kulback-Leibler divergence between probability distributions wy, and
the a priori weights 7. Since there is no explicit formula for w,(Y’), to
simplify their computing, let us replace in (1.11) the distance between the

data and the estimate )
HY’ = wpph(Y)

heH

by the following upper bound obtained by the Jensen inequality

7= 3wt 2

heH

<N w2t

heH

Thus we arrive at
1 2
AN . / Ah
wp (YY) —argnzlulhn{MhEEHwhHY )| +ﬂK(wh7ﬂ-h)}'

Now, these weights can be easily computed with a simple algebra

T ~h 2 I ~h
) = s g[S HRED) g

where

Y ||2 = 2Y, (Y
:thexp[—”“( il 202; " ( ))]

Obviously, the described above two samples estimation procedure results
in loss of a significant statistical information contained in the data. There-
fore computing estimates and their aggregation should be done, of course,
with the help of the single sample. The main difficulty in implementing this
idea is related to the inner product (Y, 4(Y)) in (1.12). It is clear that we
need to replace this inner product by something that should to be close to



it, but depending only on Y. In order to understand how to implement this
idea, let us look at the probabilistic structure of (Y, 4*(Y")). We have

(Y, y Z hie (s + 0 &) (e + 06r) = thuk
k=1

i . (1.13)
o Y il + 0> hipdy, + o Z hie€rb-
k=1 k=1 k=1

Note that the second line in this equation contains random variables with
zero mean for given h. If we want to make use of the single sample, we need
first to look at

(v, p"(v)) = Z i (e + o) Z hypiz + 202 Z hy
=1 . (1.14)
+20 > hiply + 0” Z hi (& — 1).

k=1 k=1

So, we see that the last line in this equation contains also zero mean random
variables. Therefore, comparing (1.13) and (1.14), we can conclude that

(Y @MY)) = (Y pM(Y) =207 )y,

EQY/, i"(Y)) =B, i"(Y)) = 20" hy.

These intuitive considerations combined with (1.12) result in the expo-
nential weights defined by (1.6)-(1.8).

Notice that in recent years the exponential weighting method has been
extensively studied and enough good upper bounds for its performance have
been obtained for several statistical models [13, 6, 1, 2].

In this paper, we study this method in the case when H is a set of ordered
multipliers defined as follows :

Definition 1.1. H is a set of ordered multipliers if the following properties
hold:

1. hy€[0,1),i=1,...,n for all h € H,



2. hi+1Shi,i:L...,nfOTallhEH,

3. if for some integer k and some h,g € H, hy < g, then h; < g; for all
i1=1,...,n.

Property 3 means that vectors in ‘H may be naturally ordered, since
for any h,g € H there are only two possibilities h; < g; or h; > g; for
all i = 1,...,n. Therefore the estimators defined by (1.2), where H is a
set of ordered multipliers, are often called ordered smoothers [11]. Let us
emphasize that ordered smoothers are very common in statistics (see for
instance [11], [5]).

We start our study of the exponential weighting method with the case
B — 0. It is easy to see that in this case the limiting estimator has the
following form :

F(Y)=h°(Y) Y. where h*(Y) = argmin R(Y, h). (1.15)
S

This standard method of estimate selection with the help of the unbiased risk
estimation has long been well known in statistics and goes back to [3, 14]. A
classical fact about its performance is given by the following theorem [11].

Theorem 1.1. Let H be a set of ordered multipliers. Then for any p € R™

r(p, H)

o2

Bl (V) — ull} < (i M) + Ko\ /1+ . (116)

where here and in what follows K denotes generic constants.

Equation (1.16) is often called oracle inequality since it controls the risk
of p°(Y') via the oracle risk r(u, H).

When g > 0, statistical analysis of the exponential weighting is more
involved (see, e.g., [5]). In order to get an oracle inequality similar to (1.16),
some additional assumptions about 7, and H are required.

First, we will make use of a priory weights defined by the following
condition

Condition 1.1.

e h+ - h/
7rhd:f1—exp{—H Hlﬁ ” ”1}, (1.17)

where h™ = min{g € H : g > h} and mpmax = 1, K™ 4s the mazimal
multiplier in H.



In this definition and below || - ||; stands for ¢;-norm in R", i.e.,

IRl = Ikl
i=1

Along with the above condition, we will need also the following one.

Condition 1.2. There exists a constant K, > 0 such that
B> = llgll* = Ko (IRl — llglly) (1.18)
for all h > g from H.

An upper bound for mean square risk of the exponential weighting
method is given by the following theorem [5].

Theorem 1.2. Assume that H is a set of ordered multipliers, 5 > 4, and
Conditions 1.1, 1.2 hold. Then, uniformly in pu € R™,

E.|5°(Y) — pl? < rP(u, H) + 0*C(K., B), (1.19)

where

def

(1, 1) = r(p, M) + 2607 log [2 + (1.20)

r(p, H)

o2 |
Here and in what follows C(K,,[3) denotes strictly positive and bounded
constants depending on K, and 3.

At first glance, it may seem comparing the remainder terms in Equations
(1.16) and (1.19)-(1.20), that the exponential weighting should be signifi-
cantly better than the classical methods of model selection. In fact, this
is not exactly so, and to find out what is really going on, we need to un-
derstand first of all what methods were used in proving Theorems 1.1 and
1.2.

Theorem 1.1 results from the following concentration inequality (see
Kneip [11]) :

2

P {I7°(Y) il > Vr(a ) + Ko+ 2} < exp{—;ﬂ}, r>0. (121)

At the same time, Theorem 1.2 represents a fact of an entirely different
class. At the very core in the proof of (1.19) in [5] is an original method
proposed in [13] which is based on Stein’s formula [18] for the unbiased risk
estimate. In essence, this means that in contrast to (1.21) Equation (1.19)



cannot control the deviations of the square losses ||@”(Y) — u||? from the
oracle risk.

Note also that Theorem 1.2 holds true only for g > 4. Unfortunately, it
is impossible to say whether this condition is crucial for practical applica-
tions of the exponential weighting, or it is a purely mathematical constraint
resulting from the method of the proof.

In order to understand more profoundly statistical properties of the ex-
ponential weighting method, we focus in this paper on the so-called excess
risk

A H) E (7 () = pll? = (M)
where [z] = max(0,z) and 7%(u, ) is defined by (1.20).

The next theorem, controlling moments of A?(Y,#), is the main result

of this paper.

Theorem 1.3. Assume that H is a set of ordered multipliers and Conditions
1.1, 1.2 hold. Then, uniformly in p € R™ and in m > 1,

B/ [A(Y, H)] < KU\/W + Ko?m + C(K., )0 (1.22)

Notice that compared to majority of results related to the exponential
weighting, see e.g. [13, 17, 6, 5], the main advantage of this theorem is that
it holds for any 8 > 0 and provides an upper bound for the excess risk that
does depend neither n no the cardinality of H. It justifies, in particular,
the use of the exponential weighting with 8 = 1 that demonstrates a good
performance in practice as shown in the next section.

Combining Theorem 1.3 with the Markov inequality, one obtains the
following fact similar to (1.21).

Theorem 1.4. Assume that H is a set of ordered multipliers and Conditions
1.1, 1.2 hold. Then, uniformly in p € R™ and z > o,

2

P10 0) =l 2 o) + 0} < exp{ =5 4 0.

2 Simulation study

To illustrate numerically Theorem 1.3, the following experiment has been
carried out. Its goal was to find out how the exponential weighting with
B = {0,1,2,4} works in regression estimation with the help of the cubic



smoothing splines. Recall that these splines are usually used in recovering
an unknown smooth function f(z), x € [0,1] from the noisy observations

Y/ = f(X;)+e, i=1,...,n, (2.1)

where it is assumed that the design points X; belong to (0,1) and ¢’ is a
standard white Gaussian noise. Smoothing spline of order 2m — 1 is defined
by

n

falz, X,Y') = argm}n{iZ[Yi’ — f(X))? + a/ [f<m><u)]2du}, (2.2)

i=1 0

where f(™)(.) denotes the derivative of order m and o € A C R¥ is a smooth-
ing parameter. In what follows the set of possible smoothing parameters .4
is assumed to be finite.

In order to show that the regression estimation with the help of the
smoothing splines is equivalent to the sequence space model described by
(1.1) and (1.2), consider the Demmler-Reinsch [7] basis ¢ (z), x € [0,1], k =
1,...,n having double orthogonality

1
<¢k‘a 77bl>n = 5kla /() w;(gm)(x)%(m)(x) dr = 5kl)\k’7 kl=1,...,n, (23)

where 0, = 1 if k = [, and dy; = 0 otherwise. Here and below (u, v),, stands
for the inner product

=1

Let us assume for definiteness that the eigenvalues A are sorted in ascending
order A\ <--- < \,.

With this basis, representing the underlying regression function as fol-
lows:

@) =3 @ (2.4)
k=1
we get from (2.1) and (2.3)

1 < €
Vo= S VI(Xi) = o+ —=

3 N (25)



where pp = (f,¢¥r)n and & is a standard white Gaussian noise. So, substi-
tuting (2.4) in (2.2) and using (2.3), we arrive at

falz, X,Y") Zuwk

where
n n
= argm;n{Z[Yk — ]? + aZAkui}-
k=1 k=1

It can be seen easily that
Yy

1+ aXg

and thus the spline regression model (2.1)-(2.2) is equivalent to the sequence
space model defined by (1.1) and (1.2) with o = ¢/y/n and

fux =

1

=<h: hy=———
" { k 1+a)\k’

:1,...,n,a€A}. (2.6)

In order to simulate cubic splines, the following family of ordered multi-
pliers was used

1
1+ [am(k —1)]*

H:{h:hk: k:zl,...,n,ozEA"},

where
A" = {a ra=(14+¢)% s=0,1,...,|log(n)/log(1 +£)J}

with ¢ = 0.01. The motivation of this family is due to the well-known
asymptotic formula A =< (7k)4, k> 1 (see [7]).

The simulations were organized as follows. For given A € [0, 50], 40000
replications of the observations

were generated. Here u(A4) € R3% is a Gaussian vector with independent
components and

k2
Eju(4) =0, Bud(A) = Aexp(—w)

Next, the mean oracle risk

(A, H) = Emin{|[(1—h) - p(A)|* + []*}

10



and the absolute excess risk
AJ(4) = B[ |ju(4) — (V)| = (A A1) .

were computed with the help of the Monte-Carlo method. Finally, the data
{f(A,H), Af(A), A €10,50], B=0,1, 2,4} are plotted on Figure 1 to illus-
trate graphically statistical properties of the exponential weighting method.

Looking at this picture we see that there is no universal S minimizing the
excess risk uniformly in g, but it seems that a reasonable choice would be
f ~ 1. Note also that the exponential weighting with 8 € [1,4] works better
compared to the classical unbiased risk estimation (8 = 0) when 7(u, H) /o>
is not large.

Absolute exc

p——r

p=1
—pe2
B

L L L L L I L I
0 5 10 15 20 25 0 50 100 150 200 250
Oracle risk Oracle risk

Figure 1: Absolute excess risks Af () (left panel ¥ = 5; right panel 3 = 50).

3 Proofs

3.1 Auxiliary facts

In what follows it is assumed that H be a set of ordered multipliers. Basic
probabilistic facts related to the ordered multipliers are described is the
following lemma.

11



Lemma 3.1. Let & be i.i.d. N(0,1). Then for any o € (0,1/4)
P{r}?ez%[:t;hi(fg—l)—a;h%] > a} gexp(—K>, (3.1)
{301~ ks - DR md| = 2 <o), 32

=1
where K s a generic constant.
The proof of this lemma follows immediately from Lemma 2 in [8].

Lemma 3.2. I) If for some R, >0

2 2
R <r+ min {x+aR}, then VRS\/?+|$|maX{2,\/7}.
€

ac(0,e] | @

II) If for some R,r >0

2
R <r+ min {I—i-ozr}, then VRS\/F+]x|max{1,\/§}.
€

a€c(0,e) | &

Proof. 1t is easy to check with a simple algebra that

alél(iol}e]{f + aR} =2lz|VR1{z < eVR} + (¢ '2? + eR)1{z > eVR}
2|x|\/ﬁl{x < 6@} +2e 12?1 {z > 6\/.72}

Therefore if z > eV/R, then

R <r+2¢ a2,

and so,

VE < Vi + V2al Ve,
Next, when x < eV R we have

R <r+2z|VR,

or, equivalently,
(\/E — \x!)Q <r+ 2%

Hence

VR < 1+ 2z].

The proof of the second part of the lemma is quite similar. H

12



Lemma 3.3. Let ( be a nonnegative random variable with EC™ < co. Then
for any A >0

E'Y/™log™(A + ¢) < log(A + EY™¢™).
Proof. Consider the following function

F(z)= ma)fq{log(A +z) — zz}, z € RT.
r>—

It can be checked with a simple algebra that

F(z) = —log(z) + Az — 1.
and therefore for any z > 0

log(A+x) < zzx+ F(2).

So, we have
EY™log™(A + () < zEY™C™ 4 F(z)

and minimizing the right-hand side at this equation in z > 0, we complete
the proof. N

Lemma 3.4. Let
he = max{h € H: R(Y,h) — R(Y,h°)
< 28ea? |2 112 + 7| |,

where € € (0,1/(258)) and h°(Y') is defined by (1.15). Then for any integer
m>1

(3.3)

V1= 2BeEY/ M| he|Pm < 4/ ’”(‘;’2%) + K+\/(m+ B). (3.4)

Proof. By the definition of R(Y,h) (see (1.8))) and (3.3), we get

e — max{h: 10— ) -l + 02(1 = 280) 1|12

+20’Z 1—nh Mz§z+022 hQ (éz_l)
=1
<[l(1- ) pl? +0%(1 —QBG)H’ZH2

—|—20’Zl— #z£z+022h2 (51_1)‘{'250}

13



Let us fix some 7,7" € (0,1/4). Then we can rewrite the above equation as
follows:

he = max{h €H: o2(1—28e—~)|h|*+20 Z(l — hi)? &
i=1

(L= h) - ul? + 0%y (A7 = 2h)(&F — 1) +70° ||
=1

< L+ = h) -l + (1 = 2B + )12

120 S0 = Bk — 21— ) -
=1

£33 - 2h)(€ — 1) — Ao )2 + 2/302}.
=1

Hence

he < he défmax{h €H: o*(1—28e—~)|n|?

-+ min [20 Z(l —g)?uwi& +||(1 —g) - NHZ]

geH i=1
n
o> (6? 20)(€ ~ 1) + 20 ol
=1
<A+ =5) -l + (1 =286+ 7)o | B2

n
+max [2"2(1 —gi)°ui&i =71 - g) - ullz}
i=1

T max [02 S (g~ 20)(E 1) v’azngn?] ; 2502}.

e
g i—1

Next, bounding max and min in (3.5) with the help of Lemma 3.1, we
obtain that for any integer m > 0 and any 7,7 € (0,1/4) the following
inequality holds

(1= 28e — 7)o By ™A™ < (1 4+~ )E)/™ R™ (u, h°)
K(mhYme?  K[(m)Y™ + Blo?
gt | Kionif 1+l

)

where R(-,-) is defined by (1.3).

14



Therefore, applying Lemma 3.2, we obtain from the above equation
V1= 2BecEY M |pe|?m < EY ™M R™ (1, h°) + Ky/m + Bo.  (3.6)

In order to control the expectation at the right-hand side in (3.6), note
that the following inequality

n n n n
Sl - Y2 4207 ke < - aYE 4200 Y
i=1 i=1 =1

=1

holds for any given g € ‘H. Hence, we have

R(u, h° +202 1-— sz@ + 02 Z ho th)(gf - 1)

=1

+20'Z 1_91 ’UJZ&—I_OQZ _291 52_1)

So, for any 7,7’ € (0,1/4], we get with this equation and Lemma 3.1
Y

E}/™R™(u, h°) < R(u 9) +yEY™R™ (1, h°) ++'R(u, 9)

n

+ 20EY™ max | — Z 1 — hy)? & — 5 Z(l — hi)QM?]

heH P

rn

+0?EY ™ max | > "(2h; — hP)(& — 1) ZhQ]

heH LSy
n m
1/ _ _ o 12,2
+ 20E mr}?e@i‘( Z (1 Vi % Z 1(1 hi) Mi]
- n
2l/m 2 2
E 2h; — hY) -1) h
"B | S R wz}
Ko?m o o’m
< R(n,g) + +AEY™R™ (1, h°) + +7'R(p, 9)-

Next, minimizing the right-hand side in g € H and applying Lemma 3.2, we
obtain

El/(2m Rm Iu’ ho /r M? —|—K0'\/>

and substituting this inequality in (3.6), we complete the proof. MW

15



The next lemma collects some useful facts about a priory weights defined
by (1.17). Let

Dp={geM:[hlh<lglh <lhl+1}. (3.7)

Lemma 3.5. Under Condition 1.1, for any h € ‘H, the following assertions

hold:
Zﬂgexp{ ”g‘!h} Xp{—HhB”l}, (3.8)

g>h

oy
Zﬂg_ + Kﬁ’

g<h °

Y mg<i + = (3.10)

9€Dy

> > 35 exp<—;> (3.11)

9€Dx

(3.9)

The proof of this lemma can be found in [5].

The following technical lemma, whose proof is given in [5], is a corner-
stone in the proof of Theorem 1.3.

Lemma 3.6. Suppose {qn <1, h € H} is a nonnegative sequence such that
for allh > h

o < exp{—’Y[HhHl — ||All1] - 1}, 7> 0.

Let

—1
Wy = mhan <Z WgQg)

geEH
and G be a subset in H. Then

Z Wy, log W < log{z Th + exp|R(G,7)] },

heH h<h

where

E(G,7) = 10g<+Z7rh>+<Z7rhqh)l<+Zm> (3.12)

heg heg heg

16



3.2 Proof of Theorem 1.3

The proof is based essentially on the approach proposed in [9, 5]. We begin
with a basic inequality for the excess risk. By Jensen’s inequality we have

2

127 (V) =l =Y wn (V) (h Y — )
he ) (3.13)
< wn(V)|[h-Y = .
heH

This is why in what follows we will deal with Y, wi(Y)||h-Y — ,u”2.

In order to bound this value from above, let us express Hh Y — ,qu in terms
of the unbiased risk estimate of h - Y. With a simple algebra we get

h-Y =l =[|n-Y - Y +o¢|’
=[x = h)-Y|* + ?|e]]* - 2006, (1 = k) - (u + 0€))

=[[(1=n)- Y] +20% Y hi — e (3.14)
=1

—20(&,(1=h) - p) + 207> hi(& = 1).

i=1

Denote for brevity

RY, D) E |1 —h) Y| +202> hi—o

(3.15)
FY,H) ¥ min R(Y,h), h*=argmin ER(Y, h).
heH heH
With these notations and (3.14), we obtain

S wnM)[[-Y = ul* = F(V.H) + 3 wn(Y) [R(Y. ) = #(Y, H)]

heH heH
(3.16)

+ > wp(Y [ Z 51—1—202 m]
heH i=1

17



It is also obvious that

F(Y,H) < R(Y, 1) = [[(1= h") - plf* + o®||1*)|?

th>f<2_ V(€2 — Y — W) ik
07 Y (hi® = 2hD)(E — 1) 420 Y (1~ hi) i (3.17)

=1 =1

= r(u, +022 RE2—2hr) (€2 - 1) —1—202 1— hi)? ;.

Recalling the definition of the weights wy,(Y"), we rewrite them as follows:

(V) =, exp[ R(Y, h%—ar (Y, H) ]/Z - exp[ R(Y, giﬁ—ar(y H)}

geEH
and we obtain
R(Y, 1)~ (Y, H) = 260> " wp, (V) log ﬁ
e o (3.18)
— 280> log{ Z Tp, €XP [— R(Y, h;ﬁ—ag(Y, /H)} }
heH

Therefore, substituting Equations (3.17) and (3.18) in (3.16), we arrive
at the basic inequality

Z wh(Y)Hh Y — ,uH2 <r(u,H)

heH (3.19)

+ 01(p) + 0a(p) + 280°63(n) + 2B0°64(p),

where

n

S1(u) =0 (hi® = 2h3)(& = 1) + 20 (1= hf)pi&,

i=1 i=1

Solp) = Y un(Y) [%Zzhi@f ) =273 00 b,

heH

v e A

heH

Th
= Z wp(Y) log on (¥’

heH

18



The first term at the right-hand side of (3.19) can be easily controlled.
Indeed, denote for brevity one can check easily that

B () = 20* S (% — 203)? + 40> 3 (1 — A )

= . = (3.20)

<o? [802 Z hi? + 42(1 — hf)z,u?} < 80%r(u, H).
=1 =1

Next, since by the definition of ordered multipliers (h})? — 2k} < 0, we get
by a simple algebra that for any A > 0

n

loglexp(Ady (11))] = Z{A02(2h2‘ n?)

=1

1 2X%0%(1 — h})*p?
— 5 log[1+ 220 (@n% — 1) Aot(L = i)y }

14 2X02(2h;? — h})
< Z{A204(2hf2 —h)? +2X%0%(1 — hj)“u?}
=1

< 4AN2o?r(p, H).

(3.21)

Therefore, combining (3.20) and (3.21), we obtain that for any A > 0

Eexp{a\/)\%} < exp(ﬁ). (3.22)
It follows immediately from convexity of the function exp(-) that
z <exp(z—1),
and so, for any x, A > 0

exp(Amz —m)

< G

$m
Thus, by (3.22)

Minimizing the right-hand side at this equation in A > 0, we arrive at

E[U‘Sl(“)]m < exp{—m + ?1og(m)}

V 8T(M>H) + 2
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and thus

EVS1()]1 < o/ Kmr(u, H).

(3.23)

The last three terms at the right-hand side in (3.19) are bounded from
above with the help of more delicate arguments. Since ), 5, wp(Y) = 1,

we obtain that for any v € (0,1/4)

8a (1) §20[Z wy(Y) (oiilhxf? 1)~ f”ii’“z)L

heH

+ 20 [Z wp(Y) (Z(l — hi)&ip; — 32(1 — hi)
heH =1 i—1

+2v ) wa(Y)R(u, h)
heH

2 2 2
<20 %ﬁf[;ﬂ hi(§ —1) =~ ;:1 hi} N
. g = 2 2
+ 20%%[5 (1= ha)&ips = — ;1(1 — hi) uz} .

=1

+29 ) wp(Y

heH

Hence, using Lemma 3.1, we obtain from this equation

Kmo?

B[S < 29El/™ [Z wn(V)R( h)} "y
heH

Our next step is to relate

th(Y)R(u, and th M —h-Y]|>2

heH heH
Since
S wn )b YIP = 3w (V)R
heH heH

),

(3.24)

+20 > wn(Y)|(1—hi) = (L= h)? s + 0% Y wn(Y)hF (€2 — 1),

heH heH
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we get

S wn(VR(u ) < 3 wn(V) |l —h- Y7

heH heH

+zazwh<y>[<1—hi>2—< hi) it + 02 3 wn(V)h3(1 - €2).

heH heH

With this equation, using the same arguments as in proving (3.24), we arrive
at

<1+27>E1/m[2wh<Y>R<u, } El/m[zwh = Yﬂ
heH heH
Kmo?

~

Therefore by Lemma 3.2 we have

{E}‘/m[z wh(y)R(M’h)]m}l/Z {El/m{z wp(Y)|i— 1o YIIQ]m}U2

heH heH

+ov Km.

Next, substituting this equation in (3.24) and using that (z+y)? < 22242y
we arrive at the following upper bound

m 2
B/ 02017 < 9B [ w0l v+ EE )
heH
Let us now consider d3(u). We have by (3.8)
log{ S, exp{ R(Y, h;B—UZ(Y ’H)} }
heH
o] ] 22100
h>ho(Y)
1—h)-Y|2=|1=h(Y)] -Y|?
= log{ Z Th €XP [—H( R4 25”0[2 d)l- Y] (3.26)
h>ho(Y)
1 & .
52l o}



and hence

The final step in the proof is to bound from above the last term at the
right-hand side of Equation (3.19), namely d4(p). We will do this the help
of Lemma 3.6. First of all note that for all h > h¢, where A€ is defined by
(3.3), we have

R(Y, h) = #(Y, 1) > 2Bec® [||h]|* — [|[h°(Y)[|”] + 280>,

In order to make use of Lemma 3.6, let us set

R(Y,h) — #(Y, H) R(Y, h) — R(Y, h°)
gh = €Xp |:_ 2602 :| - [_ 2,302 :|7
G={heH:||r°1 < || <|h°|1+1},

h =he.

By Condition (1.18) we have that for all h > h¢

20*BEoe(|[Alh = [I7°]h)
qn Sexp{— 2502 -1

= exp{—Koe(||h[l1 — [|n°[}1) = 1}.

(3.28)

Note also that similar to (3.26) it can be checked easily that

qn > eXP<—;), heg

and thus it follows immediately from the definition of G and (3.11) that

Zﬂth > eXp(—;) Zﬂh > Zlﬁexp(—;)

heg heg
and hence OlK ) Ol
E(G, Koe) < ClKo, B) + = log o, B) (3.29)
2€ 2 €
Denote for brevity
r(p, H
Pl H) =12+ = 5|
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With Equations (3.29), (3.9), and Lemmas 3.6, 3.3 we obtain

B}/ {64(n) — loglo(u, 7))}

g 2E1/m logm{ H}AfH + exp[E(g, KOE)/Q] }
a BKOP(/’L7H)

r(p, H)

(3.30)

1
<21
= Og{\/l TP

Kyvm C(K., C(K.,
+ £+ ( 6 ) exp{ (26 5)]}_log[Koﬁp(u,H)],

Our next step is to minimize the right-hand side at this equation in
e €(0,1/(2p8)). Note that that for any € < 1/(33) we have

IJ/7 /’L7
mv 1—266
+K6[\IT'L;’2 —|—K\/m—|—f8}

Consider the following function

o . C(Kmﬁ) C(KWB)
Y= itV e e

(3.31)

It is clear that ¥(0) is bounded from above. It is also easy to check with
e = 4C (Ko, ) /log(z) that for any = > C’(Ko,ﬂ)

\I’(QT) < 07/8 \/xlog O?B

log( ) 2 1Og( )
Therefore, combining this equation with (3.30), (3.31), we arrive at
B}/ {da(n) — loglp(n W)]} | < 1og[C(Ko, $)V/m + 8. (332)

Next, substituting (3.23), (3.25), (3.27), and (3.32) in (3.19) we arrive
at

Ell/m [Z wy(Y)|[p—h- Y‘ﬂm <r(u,H)+ Ko/mr(u,H)

heH

m K 2 .
+47E1/m[2 wn (V) gt — h - YH 4 Ame (3:33)
heH v

+2B0% log [C(Ko, B)(m + B)] + 280> log[p(u, H)].
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Using this equation and minimizing the right-hand at (3.33) in v €
(0,1/4), we obtain with the help of Lemma 3.2

El/(Qm)[Z wp(Y)||pp — R - YH2] < Kv/mo
heH (3.34)

+ {rﬁ(u, H) + 280% log[C (Ko, B)(m + B)] }1/2.

Similarly to (3.33), we have that for any v € (0,1/4)

B/ | 3 ¥ e v = o 70)
heH +

< Ka\/m +2B0%1og[C(Ko, B)(m + )]

m K 2
+47E1/m{2 wy (V)| — h - YHQ] + 207
heH v

and substituting in this equation (3.34), we arrive at

El/m[th ‘,u h - YH —r M,H)]
heH +

< KU\/mrﬁ(u,H)—i—?Baz log[C(Ko,ﬂ)(m—&-ﬁ)] (3.35)
+ y{w (1, H) + 280> log [C/(Ko, B)(m + B)] + 16K02m}

Kmo?
o

Our final step is to minimize the right-hand side at this equation in
~v € (0,1/4). Notice that
—-1/2

Yo = ava{Srﬁ(u,H) + 2802 log[C(Ko, B)(m + ﬂ)] + 16K02m}

is the unconstrained minimizer of the right-hand side. However it is clear
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that 7, < 1/4 and hence we have by (3.35)

m

El/m[th MW —h- YH —r ,u,?-l)}
heH +

< Ka\/m +260% log[C(Ko, B)(m + )]

+ Kov/m{r? (11, ) + 260 10g [C (Ko, B)(m + B)] + Ko*m}

1/2

(3.36)
<KU\F{ (1, 1) + Ko m}1/2—i—Kﬂanog[C(Ko,/B)(m-i—/B)]

< Koy/mrP(u, H) + Ko?m + KfBo? log [C’(Ko, 5)]
+ KBo?log(m + f)
< Koy/mrB(u, H) + Ko®m + KB[1 + log(B)]o? log[C(Ko, B)].
In deriving this inequality it was used that
2elog(x) — x < 2¢[1 + log(e€)], © >0, € > 0. (3.37)
Finally, Equation (3.36) with (3.13), we finish the proof. W

3.3 Proof of Theorem 1.4
It follows from (1.22) that for any m > 1

o?[C(K,, B) + m] .
78 (1, M)

m ||~ m K
BV 157 (V) =l = \Jr )| < Kv/mo +
Hence, by the Markov inequality we obtain

2 I°00) — il 2 V.70 + 2 < expf —mlog)

+mlog [E”m[HﬁB( ) = nll - (“’H)H]}
< exp{_m log(z) + mlog [K\/ﬁa + Ko? [C:f(uii )+ m]] }

< exp{—mlog<;a) - mlOQg(m) +log[1 + K\U/[;%mq }

Therefore choosing

:L‘2

T K22 exp(1)’
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we get with (3.37) that for any x > o

P I 0) — il 2 o) +

<exp{ —|—log{ (KO,B)+7%<§>}
p{ (K B)+ logc)?}

Ko
{1 O ). .

\ /\

| /\
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