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Abstract

We prove analogues of the popular bounded difference inequality (also called
McDiarmid’s inequality) for functions of independent random variables under sub-
Gaussian and sub-exponential conditions. Applied to vector-valued concentration
and the method of Rademacher complexities these inequalities allow an easy
extension of uniform convergence results for PCA and linear regression to the case
potentially unbounded input- and output variables.

1 Introduction

The popular bounded difference inequality [11] has become a standard tool in the analysis of
algorithms. It bounds the deviation probability of a function of independent random variables from its
mean in terms of the sum of conditional ranges, and may not be applied when these ranges are infinite.
This hampers the utility of the inequality in certain situations. It may happen that the conditional
ranges are infinite, but that the conditional versions, the random variables obtained by fixing all but
one of the arguments of the function, have light tails with exponential decay. In this case we might
still expect exponential concentration, but the bounded difference inequality is of no help.

Vershynin’s book [14] gives general Hoeffding and Bernstein-type inequalities for sums of indepen-
dent sub-Gaussian or sub-exponential random variables. In situations where the bounded difference
inequality is used, one would like to have analogous bounds for general functions. In this work we
use the entropy method ([8]], [3l], [2]]) to extend these inequalities from sums to general functions of in-
dependent variables, for which the centered conditional versions are sub-Gaussian or sub-exponential,
respectively. These concentration inequalities, Theorem [3] [4] and [5] are stated in Section [3] below.
Theorems [d]and [5] which apply to the heavier tailed sub-exponential distributions, are our principal
contributions. Theorem 3] for the sub-Gaussian case has less novelty, but it is included to complete
the picture, and because its proof provides a good demonstration of the entropy method.

For the purpose of illustration we apply these results to some standard problems in learning theory,
vector valued concentration, the generalization of PCA and the method of Rademacher complexities.
Over the last twenty years the latter method ([[1]], [S]) has been successfully used to prove gener-
alization bounds in a variety of situations. The Rademacher complexity itself does not necessitate
boundedness, but, when losses and data-distributions are unbounded, the use of the bounded differ-
ence inequality can only be circumvented with considerable effort. Using our bounds the extension is
immediate. We also show how an inequality of Kontorovich [6], which describes concentration on
products of sub-Gaussian metric probability spaces and has applications to algorithmic stability, can
be extended to the sub-exponential case.

Related work Several works contain results very similar to Theorem [3] which refers to the sub-
Gaussian case. The closest to it is Theorem 3 in [12]], which gives essentially the same learning
bounds for sub-Gaussian distributions. Theorem 1 in [6] is also somewhat similar, but specializes to
metric probability spaces. Somewhat akin is the work in [[7]].
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To address the sub-exponential case, we have not found results comparable to Theorems ] and [5]in
the literature.

There has been a lot of work to establish generalization in unbounded situations ([[12], [4], [6]]), or
the astounding results in [13]], but we are unaware of an equally simple extension of the method of
Rademacher complexities to sub-exponential distributions, as the one given below.

2 Preliminaries

2.1 Notation and conventions

We use upper-case letters for random variables and vectors of random variables and lower case letters
for scalars and vectors of scalars. In the sequel X = (X1, ..., X,,) is a vector of independent random

variables with values in a space X, the vector X' = (X7,..., X} ) isiid to X and f is a function

f: X™ — R. We are interested in concentration of the random variable f (X) about its expectation,
and require some special notation to describe the fluctuations of f in its k-th variable X}, when the
other variables (z; : ¢ # k) are given.

Definition1 If f : A" —» R, = (21,...,x,) € X" and X = (X4, ..., Xy) is a random vector
with independent components in X™, then the k-th centered conditional version of f is the random
variable

fe (X)) () = f (21, Th1y Xy Thia1s - Tn) — E[f (21, s Th—1, Xpoy Tht 1y -+ -, Tn)] -

Then fj, (X) is a random-variable-valued function fj (X) : x € X™ — fi (X) (), which does
not depend on the k-th coordinate of x. If ||.|[, is any given norm on random variables, then
| fx (X, (@) :== || fx (X) (x)]|, defines a non-negative real-valued function | fj (X)|, on X"
Thus || fx (X)]|, (X) is also a random variable, of which ||| fx (X)||, || is the essential supremum.
If X' is iid to X then || f; (X)]|, is the same function as || f, (X")||, and || f (X)]|, (X”) is iid to
| fr (X)]|, (X). Note that

[ (X)(X) = £ (X) =E[f (X) [ X1, 0, Xpo1, Xpgr, . X
Also, if f (z) = Y i, @i, then fi (X) (z) = X, — E[X}] is independent of .
If H is a Hilbert space, then the Hilbert space of Hilbert-Schmidt operators H.S (H) is the set
of bounded operators 1" on H satisfying ||T'|| ;5 = 1/>_;; (e, €j>§{ < oo with inner product

(T, S) s = 2_i; (Tei,ej)  (Sei, €5) gy, where (e;) is an orthonormal basis. For z € H the operator
. . 2
Q. € HS (H) is defined by Q,y = (y, ) z, and one verifies that | Q| ;5 = |||/ 5-

2.2 Sub-Gaussian and sub-exponential norms

It follows from Propositions 2.7.1 and 2.5.2 in [14] that we can equivalently redefine the usual
sub-Gaussian and sub-exponential norms ||-||,,, and ||+, for any real random variable Z as

VA Z
w121, = sup 2. )
p p>1 P

VA = su
121l , sup

where the L,-norms are defined as || Z|| , = (E[|Z]" ])1/ P Tt also follows from the above mentioned
propositions that for every centered sub-Gaussian random variable Z we have, for all § € R,

E [eﬁz] < 64652|\Z“i2. )

Sub-exponential variables (|| Z||,,, < co) have heavier tails than sub-Gaussian variables and include

the exponential, chi-squared and Poisson distributions. Products and squares of sub-Gaussian
variables are sub-exponential, in particular
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(we would have HZ 2 =|Z ||i2, if the norms were defined as in [14]). All sub-Gaussian and

Iy,
bounded variables are sub-exponential. For bounded variables we have || Z|,, < [Z],, < [|Z]|.
but for concentrated variables the sub-Gaussian and sub-exponential norms can be much smaller. The
arithmetic mean of IV iid bounded variables has uniform norm O (1), sub-Gaussian norm O (N -1/ 2),
and the square of the mean has sub-exponential norm O (N _1) (see [14]]). The inequalities of the next
section can therefore be applied successfully to n such variables, even when the bounded difference
inequality gives only trivial results, for example when n < In (1/§), where § is the confidence
parameter. For strongly concentrated variables we have the following lemma (with proof in the
supplement).

Lemma 2 Suppose the random variable X satisfies E [X] =0, | X| < 1a.s. and Pr {|X| > €} < ¢
for some € > 0. Then Vp > 1, || X||, < 2¢/P and X1, <2(eln (1/e)~ "

In a nearly deterministic situation, with € = e~%, we have || X 4, < O(1/d), and a simple union
bound of the sub-exponential inequalities allows uniform estimation of e such variables with sample
size O (n) < O (d).

In several applications we will require a sub-Gaussian or sub-exponential bound on the norm of
a random vector. This may seem quite restrictive. If X = ) Z;, then in general we can only
say [1X M, < 22 M Zilll,,, soif X = R? with basis (e;) then our most general estimate is

X, < Z?Zl [[{es; X)||,4,» which has poor dimension dependence. But in many situations

in machine learning one can assume that X is a sum, X = Zs;gnal + Znoise, Where || Zsignal|| is
bounded and the perturbing component || Z,,4;s¢|| is of small sub-exponential norm, albeit potentially
unbounded.

3 Results

Our first result assumes sub-Gaussian versions f; (X). It is an unbounded analogue of the popular
bounded difference inequality, which is sometimes also called McDiarmid’s inequality ([2], [L1]).

Theorem 3 Let f : X™ — Rand X = (X1,...,X,) be a vector of independent random variables
with values in a space X. Then for any t > 0 we have

—¢2
Sl GO,

If f is a sum of sub-Gaussian variables this reduces to the general Hoeffding inequality, Theorem
2.6.2 in [14]. On the other hand, if the fj, (X) are a.s. bounded, || f (X)||, () < 7k (), then also
[ fr (X)Ily, () < i (z) and we recover the bounded difference inequality (Theorem 6.5 in [2]) up
to a constant factor. A similar result to Theorem E] is given with better constants in [6], although
in specialized and slightly weaker forms, where the essential supremum is inside the sum in the
denominator of the exponent.

Pr{f(X)—E[f(X)] >t} <exp

32¢e

oo

The next two results are our principal contributions and apply to functions with sub-exponential
conditional versions.

Theorem 4 With f and X as in Theorem[3]for any t > 0
Pr{f(X)-E[f(X')] >t}

—¢2
< exp 2
162 [y e GO, ||+ 2emaee |1 GO, |t
The bound exhibits a sub-Gaussian tail governed by the variance-proxy HZ i i (X) ||12p1 for

small deviations, and a sub-exponential tail governed by the scale-proxy maxj H lfx (X) ||w1 H for

large deviations. If f is a sum we recover the inequality in [14], Theorem 2.8.1.



In Theorem [ both the variance-proxy and the scale proxy depend on the sub-exponential norms
[[Il 4, - A well known two-tailed bound for sums of bounded variables, Bernstein’s inequality [L1],

has the variance proxy depending on ||-||, and the scale-proxy on ||-|| .. When ||-||, < |||, this
leads to tighter bounds, whenever the inequality is operating in the sub-Gaussian regime, which often
happens for large sample-sizes. The next result allows a similar use, whenever |-[|,, < ¢||-|, for
conjugate exponents p and q.

Theorem 5 With f and X as above let p,q € (1,00) satisfy p~* + ¢~ = 1. Then for any t > 0
—¢2
_+2eqmaxy |17 (X,

Pr{f(X)—E[f (X')] >t} <exp X

oo

2[4 Ik ()13,

We cannot let p — 1 to recover the behaviour of Bernstein’s inequality in the sub-Gaussian regime,
because this would drive the scale-proxy to infinity. But already p = ¢ = 2 can give substantial
improvements over Theorem if the distributions of the fj (X) are very concentrated. This inequality
appears to be new even if applied to sums. A proof is given in the supplement, where we also show,
that the g in the scale-proxy can be replaced by ,/q, if the sub-exponential norm is replaced by the
sub-Gaussian norm.

We conclude this section with a centering lemma, which will be useful in applications. The proof is
given in the supplement.

Lemma 6 Let X, X' be iid with values in X, ¢ : X x X — R measurable, o € {1,2}. Then

(D) [E ¢ (X, X) [X][l,, <o (X, X)),

(i) F X = R then | X —E[X]], <2 X],..

One consequence of this lemma is, that we could equally well work with uncentered conditional

versions, if we adjust the constants by an additional factor of 2.

4 Applications

To illustrate the use of these inequalities we give applications to vector valued concentration and
different methods to prove generalization bounds. We concentrate mainly on applications of the more
novel Theorems@]and[5] Applications of the the sub-Gaussian inequality can often be substituted by
the reader following the same pattern.

4.1 Vector valued concentration
We begin with concentration of vectors in a normed space (X, ||.||).

Proposition 7 Suppose the X; are independent random variables with values in a normed space
(X, [[-1I) such that ||| X; |||, < oo and that § > 0. (i) With probability at least 1 — &

D K| -E> X

The inequality is two-sided, that is the two terms on the left-hand-side may be interchanged.
(ii) If X is a Hilbert space, the X; are iid, n > 1In (1/9) > In 2, then with probability at least 1 — §

LSy kg 21n (1/9)

—-E

< 46\/2 NIk, o (1/8) + 4e max ||| Xk, In (1/3).
k

< 8elllX1lllly, \/ ——— 3)

(iii) If X is a Hilbert space, the X; are iid, 0 < § < 1/2 and p,q € (1,00) are conjugate exponents
then with probability at least 1 —

1 In(1/4)
EZXZ-—]E[X{] + deg [|[[ X1 lll 5, :

21n (1/6)

< 21X1 —E X,




The purpose of the simple inequality (3) is to give a compact expression, when it is possible to restrict
to the sub-Gaussian regime with the assumption n > In (1/§). This is often possible in applications.
Part (iii) gives better estimation bounds when the lower order moments |[-[|,,, ar small.

Proof. (i) We look at the function f (z) = ||>_, «;||. Then

i (X) (@) = ||| Y wi+ X[ =B | | D+ Xi||| | < E[IXk — X4l 1X]
itk itk

Observe that the bound on f, (X) (z) (not fx (X) () itself) is independent of . Using Lemmal6]
we get
1£e (X) @)y, < Xk = X5y, < 201Xl

and the first conclusion follows from Theorem ] by equating the probability to ¢ and solving for ¢.
The proofs of (ii) and (iii) follow a similar pattern and are given in the supplement. m

4.2 A uniform bound for PCA

With the results of the previous section it is very easy to obtain a uniform bound for principal subspace
selection (often called PCA for principal component analysis) with sub-Gaussian data. In PCA we
look for a projection onto a d-dimensional subspace which most faithfully represents the data. Let H
be a Hilbert-space, X iid with values in H and P the set of d-dimensional orthogonal projection
operators in H. For x € H and P € P, the reconstruction error is £ (P, z) := |Px — ;vH?{ We give
a bound on the estimation difference between the expected and the empirical reconstruction error,
uniform for projections in Py.

Theorem 8 With X = (X1,...,X,,) iid andn > In (1/5) > In 2 we have with probability at least
1-0
21n(2/6)

1 2
- E[{(P,Xy)]—L(PX;) <1 d+1) ||| X —_—.
sup = STE[(P X)) = £(PX0) < 16e (VA1) X, /=

Proof. It is convenient to work in the space of Hilbert-Schmidt operators H.S (H ), where we can
Writeg(Pv l') = HQJE”HS - <P7 Q$>HS Then

1
i > E[L(P,X1)] - £(P, X;)

1
HS ~ gz 1Qx, HS) :

Since for P € P, we have || P||;;5 = V/d, we can use Cauchy-Schwarz and Proposition [7| (ii) to
bound the first term above with probability at least 1 — § as

Vd

= sup <Pa % Z (QXz —-E [QXL])> + (E HQXI
HS

PePy i

2In(1/6
§86\/EH||QX1||HSHw1 (7/)

n
HS

K2

1
n

The remaining term is bounded by applying the same result to the random vectors ||Qx, || ;¢ in the
Hilbert space R (note that this just involves a sum of sub-exponential variables and could already
be handled with Theorem 2.8.1 in [[14]). The result follows from combining both bounds in a union

. 2 2
bound and noting that |||Qx, || sll,,, = HHX1|| Hw < 2|[[ X1l
1

4.3 Generalization with Rademacher complexities

Suppose that H is a class of functions h : X — R. We seek a high-probability bound on the
supremum deviation, which is the random variable

n



The now classical method of Rademacher complexities ([, [5]) writes f (X) as the sum

FX)=(f(X)-E[f (X)) +E[f (X)] )

and bounds the two terms separately. The first term is bounded using a concentration inequality,
the second term E [f (X)] is bounded by symmetrization. If the ¢; are independent Rademacher
variables, uniformly distributed on {—1, 1}, then

E[f(X)] <E [21[43 = E[R(H,X)].

n

sup Z eh (X;) X]

heH

Further bounds on this quantity depend on the class in question, but they do not necessarily require
the h (X;) to be bounded random variables, Lipschitz properties being more relevant. For the first
term f (X) — E[f (X)], however, the classical approach uses the bounded difference inequality,
which requires boundedness. We now show that boundedness can be replaced by sub-exponential
distributions for uniformly Lipschitz function classes.

Theorem 9 Let X = (X1, ..., X,,) be iid random variables with values in a Banach space (X, ||-||)
and let H be a class of functions h : X — R such that h () — h (y) < L ||z — y|| for all h € H and
x,y € X. If n > 1In (1/6) then with probability at least 1 — §

sup lz:h(Xi) ~E(h(X)) <E[R(H,X)] + 16¢L [[| X4l n(1/9)

hen T = n

Proof. The vector space
Bz{g:H—)R: sup|g(h)|<oo}
heH

becomes a normed space with norm ||g|; = sup,cy |9 (h)| . For each X; define X; € B by
Xi(h) = (1/n) (h(X;) —E[h(X])]). Then the X, are zero mean random variables in B and
f(Xx)= sz X; HB. Also with LemmaHand the iid-assumption

. 1
1% || = [sup @D x) = nxD11X)
BlYa Tl n Va
L 2L
< ZIENX: - XX, < = M1IX,,,

and from Proposition 7] (ii) we get with probability at least 1 — §

F(X) —E[f (X)] < 16eL ||| X1l @

The result follows from (). m

Remarks. 1. A possible candidate for H would be a ball of radius L in the dual space X'*, composed
with Lipschitz functions, like the hinge-loss.

2. If, instead of using Proposition one directly considers the centered conditional versions of f (X),
the constants above can be improved at the expense of a slightly more complicated proof.

3. A corresponding sub-Gaussian result can be supplied along the same lines by using Theorem
instead of Theorem 4] Such a result has been given in [12], Theorem 3, using a sub-Gaussian
condition which involves the supremum over the function class. The sub-exponential bound above is
new as far as we know, and in the relevant regime n > In (1/) it improves over the sub-Gaussian
case, since [[[| Xul[l, < [IX1llll,,-

As a concrete case consider linear regression with potentially unbounded data. Let X = (H,R),
where H is a Hilbert-space with inner product (.,.) and norm ||.||;, and let X; and Z; be each
sub-exponential random variables in H and R respectively. The pair (X7, Z71) represents the joint
occurrence of input-vectors X; and real outputs Z;. On X we consider the class H of functions
H={(z,2) = h(z,z) =L({(w,z) — 2) : |Jw||, < L}, where £ is a 1-Lipschitz loss function, like
the absolute error or the Huber loss.



Corollary 10 Ler X and H be as above and (X, Z) = ((X1,21) , ..., (Xn, Zn)) be an iid sample
of random variables in X. Then for 6 > 0 and n > 1n (1/0) with probability at least 1 — §

1 8
sup 5 2R (X Z) ~E(h (X0 Z)) < o (L MX Ly, + 112300, ) (1 + 268/ W (173))

hen T
The proof of this corollary is given in the supplement.

4.4 Unbounded metric spaces and algorithmic stability

We use Theorem 2 to extend a method of Kontorovich [6] from sub-Gaussian to sub-exponential
distributions. If (X', d, 1) is a metric probability space and X, X’ ~ p are iid random variables with
values in X', Kontorovich defines the sub-Gaussian diameter of (X', d) as the optimal sub-Gaussian
parameter of the random variable ed (X, X'), where € is a Rademacher variable. The Rademacher
variable is needed in [6] to work with centered random variables, which gives better constants. In
our case we work with norms and we can more simply define the sub-Gaussian and sub-exponential
diameters respectively as

Ay (X, d, ) = |d (X, X") for a € {1,2} and independent X', X ~ p.

Il
Then Theorem [ implies the following result, the easy proof of which is given in the supplement.
Theorem 11 For 1 < i < n let X; be independent random variables distributed as p; in X,

X =(X1,...,Xp), X'iidto X, and let f : X™ — R have Lipschitz constant L with respect to the
metric p on X" defined by p (x,y) = >, d (x;,y;). Then fort >0

/ _t2
Pr{f(X)—E[f(X)] >t} <exp (46L2 S A i e (X,M)t) .

This is the sub-exponential counterpart to Theorem 1 of [6], a version of which could have been
derived using Theorem[3]in place of ] Our result can be equally substituted to establish generalization
using the notion of total Lipschitz stability, just as in [6]. We also note that Theorem 4 of the latter
work also gives bounds for different Orlicz norms ||| 4, but it requires p > 1, and the bounds

deteriorate as p — 1.

5 Proofs of Theorems 3 and 4
We first collect some necessary tools. Central to the entropy method is the entropy S (Y") of a real
valued random variable Y defined as

S(Y)=Ey[Y]-IE[e],

where the tilted expectation Ey is defined as Ey [Z] = E [ZeY'] /E [¢¥]. Using Theorem 1 in [9]
the logarithm of the moment generating function can be expressed in terms of the entropy as

P S(yY)d

InE {eﬂ(Y—E[Y])} - 5/ # (5)
0 v

If f: X" — R and X and the fj; are as in the introduction then the conditional entropy is the

function Sy : X" — R defined by Sy (z) = S (fi (X) (z)) for z € X™. At the heart of the
method is the sub-additivity of entropy (Theorem 6 in [9]] or Theorem 4.22 in [2]])

S(f (X)) <Epex) lZ S (X )] : 6)
i=1
The following lemma gives a bound on the entropy of a sub-Gaussian random variable.

Lemma 12 For any centered random variable Y we have (i) S(Y) < InE [ezy]. (ii) If Y is
sub-Gaussian and 3 is real then S (BY) < 16¢/3 ||Y||§52 .



Proof.

S(Y) = Ey {m (Ee[;]ﬂ <InEy {Ee[;}] =InE [¢*Y] —2InE [¢]

InE [621/] .

IN

The first inequality follows from Jensen’s inequality by concavity of the logarithm, the second by
convexity of the exponential function. This gives (i). For (ii) replace Y by BY and use to get
S(BY) <InE[e*Y] <16ep? Y], . m

Proof of Theorem For any x € X" and -y € R part (ii) of the previous lemma gives S., s ;. (z) =
S (vfr (X) (z)) < 16ey? || fr (X) (2) HiQ By subadditivity of entropy @ this gives

>k GOl

S (vf (X)) < 16e7°Eqp(x) [Z I (XI5, (X)] < 16ey?
k

k

oo

Using Markov’s inequality and (3)) this gives

B
Pr{f(X)—E[f(X)] > 1} < exp<ﬁ/o th)

d’y—ﬁt) .

IN

ST (XI5,

k

exp (166ﬂ2

Minimization in S concludes the proof. m

Lemma (12 (i) and the preceeding proof provide a general template to convert many exponential
tail-bounds for sums into analogous bounds for general functions. For sums Y X; one typically has a
bound on In E [¢?¥]. Lemmathen provides an analogous bound on the entropy of the conditional
versions of a general function, and subadditivity of entropy and (5) complete the conversion, albeit
with a deterioration of constants. Using part (v) of Proposition 2.7.1 in [14]] this method would lead
to an easy proof of Theorem[] in a form exactly like Theorem 2.8.1 [[14]. Here we will use a slightly
different method which gives better constants and will also provide the proof of Theorem 5]

For the proof of Theorem d] we use the following fluctuation representation of entropy (Theorem 3 in

(9.
S(Y)= /0 1 ( /t "Euy (v =By [v])’] ds) dt (7

We use this to bound the entropy of a centered sub-exponential random variable.
Lemma 13 If [|Y]|,, <1/eand E[Y]= 0 then

2
e Y15,

(1—elvi,,)”

S(Y) <

Proof. Let s € [0,1]

E [YQ@SY] <E [YQesY} .

Esy [(Y — Esy [Y])Q} < Esv [YQ] = W >

The first inequality follows from the variational property of variance, the second from Jensen’s
inequality since E [Y;] = 0. Expanding the exponential we get

Z Wym+2] _ Z m]E [Ym+2] )

E[Y?eY] <E

m=0 m=0




The interchange of expectation and summation will be justified by absolute convergence of the sum
as follows.

= ™ m - m+2 m+2
Z ﬁ [ym+2] < Z — ||Y|| T m 2"
m=0 m= O
2 m
< I, D m+2) m+ 1) (selY )

m=0
The first inequality follows from definition of || Y| 4, » and the second from Stirling’s approximation
(m+2)"™*? < (m + 2)le™+2. Absolute convergence is insured since se 1Y]l,, <1. Using

1,1 1
/ / s"ds dt = ———
o Jt m—+ 2

the fluctuation representation (7) and the above inequalities give

S(Y) = /01 </t1]Esy [(Y-Esy[Y})Q] ds) dt
> m Y7
< EVIE, Y m+1)(elY],) =—".
”bmzzzo #1 (1) (1—elvl,,)

We also need the following lemma (Lemma 12 in [10]).

Lemma 14 Let C and b denote two positive real numbers, t > 0. Then

. cp? —2
ﬂe[%}l;/b) < b+ 1-— bﬁ) ~ 2(2C +bt) ®

Proof of Theoremd, We abbreviate M := max;, Hka (X, H andlet0 <~y < g < (eM)™!

Then forany z € X" and k € {1, ...,n} we have [|vfi (X) (z),, < fi (X) (@), /(eM) < 1/e

by the definition of M. We can therefore apply the previous lemma to 7 fy, (X) (x). It gives for
almost all =

2 2
Sy (@) = S (vfe () (@) < — T @y, 7P (X) @),

2= 2
(1= elhfi (X) @y, (1 =7eM)
Subadditivity of entropy (6)) then yields the total entropy bound

Ve By | S Lk (XD, (X)
S(fX)) = Eypx [stfyk(X)] < i (E _:eﬂz) v } ©)
726 Sl (I3,
N (I—VeM)

Together with (3)) this gives
2 2
srsnl o (P S dy B Sl I
InE |e = 5 < 7
0 v 1— BeM

and the concentration inequality then follows from Markov’s inequality and Lemma[T4] m

6 Conclusion

In this paper, we presented an extension of Hoeffding- and Bernstein-type inequalities for sums of
sub-Gaussian and sub-exponential independent random variables to general functions, and illustrated
these inequalities with applications to statistical learning theory.

We hope that future work will reveal other interesting applications of these inequalities.
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A Appendix

A.1 Remaining proofs for Section

We give the missing proof for Theorem[5] The next lemma replaces Lemma[T3]

Lemmal5 Let E[Y] = 0 and 1 < p,q < oo be conjugate exponents (1/p + 1/q = 1). If
HYle < 1/ (eq) then

=,

5
2(1-eq||]],,)
Iflyl,, <1/ (e /q) the same inequality holds with q Y|l replaced by \/q||Y]|,,,.

S(Y) <

Proof. As in the proof of Lemmal[l3]we let s € [0, 1] and obtain the inequality

2 - s™ m—+2 2 - s m
Eo (¥ ~Eo V)] SE| D Svm2) < V2 30 2y,
m=0 : m=0 :

where the second bound follows from Héler’s inequality. Using the definition of ||. || », and Stirling’s
approximation give the bound

m m m
Yl =1y < (am Y1, ) "~ =m™ (al¥l,,) " <mt(eal¥ll,,)

whence, since ||Y||w1 <1/(eq) = eq ||Y||¢1 <1,

> ol 3 (sealvll,) = 30 (eallvll,) < g < -
m=0 ’ m=0 m=0 q Y1 (1 — €eq HY||1/11)
Substitution above gives
2 2 > Sm m HY2Hp
E.y [(Y—Esy Y]) } <2, D2 — Il < ok
n=0 (1-ealvll,,)

and the double integral in (7)) then provides the factor of 1/2. For the remaining statement repeat the
proof and use

Vi, < (Ve Ivl,,) <m™ (vaivl,)" -

ProofofTheorem We abbreviate M := max;, Hka (X, H andlet0 <y < B < (egM)™".
Then for any k € {1,...,n} we have [[vfi (X)[l,, < [fx (X)lly, /(eqgM) < 1/(eq) by the

definition of M. We can therefore apply the previous Lemma to the random variable v fj (X). It
gives almost surely

v 07|

2
2 (1= eq v fie (X))
Subadditivity of entropy (6) then yields the total entropy bound
2
VB0 | Sl (007, 00
2(1 — yeqM)?

2 ka (X)2Hp
<

S (vfx (X)) < = 2(1 — veqM)?

S(f (X)) < Eqf

DS (e (X)) (X)] <
k

72

S o
2(1 — yeqM)?
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Together with (3)) this gives

P 2
= 2(1— BeqM

)

InE [eﬁ’(f—Ef)} :ﬂ/oﬂ S(ng ‘)’pr

and the concentration inequality then follows from Markov’s inequality and Lemma[T4] if we set

C = sz ka (X)2Hp /2and b =eqM. m

Proof of Lemmal6l By Jensen’s inequality for p > 1

o0

IN

E[E[s (X)X < EE[o (X)) XP] =E[E (s (X, X)) 1x]']

E[E [|o (X, X)" IX]] = E [|6 (X, X)].

IN

Therefore [|E [¢ (X, X') [X][|,, < ll¢ (X, X")]|,, and (i) follows from our definition of the two norms.
If ¥ =Rand ¢ (s,t) = s — t we get from (i) that

IX —E[X,, =EX - X'|X]]

<X = Xy, <20X1,, -

Hwa Ya

A.2 Remaining proofs for Section[d]

Here is a proof of Lemma 2]

Proof of Lemma@ For p > 1 the function g (t) = t'/? is concave and ¢’ (t) = 51 It follows

that for s,£ > 0

1
P

(t+ S)l/p < l/r 4 stv — /P (1 + S) < ti/p (1 + f) .
p pt t

Under the conditions on X we therefore have

€

XM, < (e+e"(1— )P < r <1 4 fp(l€)>

IN

el/p (1 + 617*1) < 2¢1/P.

This proves the first claim. Calculus shows, that the function p — 2¢'/P /p attains its maximum at
p=1In(1/e), so
X1, o 267 2
su = .
- pzli P eln(1/e)

X =su
X1, sup

We prove parts (ii) and (iii) of Propositionm
Proof. (ii) If X is a Hilbert space and the X; are iid, then by Jensen’s inequality

B[S x-Ex)|] < WE (1%~ Ex12] = vallxll, < 2vallIXl, . 0

Now let f (x) = [|>, (x; — E[X]])||. Then as in the proof of (i)

i (X) (@) = ||[D i+ Xi = nE[X{][| =B [|[Dai + Xp — nE[X{]|| || < B[ Xe — X4l 1X].
i#k i£k
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and Lemma [6]and Theorem [] give with probability at least 1 — &

Y Xi-El| < E[|Xx-EXI|]+aeliXillly, vom(i/8) + de[1Xl, n (1/9)
< 2V llIXllly, +4e lXully, vl (1/5) + de X, In (1/6)
< VallXillly, (2+8ev/in (1/3))
< sevallXill, v2In(1/9),

where the second inequality follows from (10), the third from n > In(1/§), and the last from
In (1/4) > In 2. Division by n completes the proof of (ii).

(iii) Apply Theorem[5|to f () = |3, (#; — E[X{])|| and solve for the deviation to arrive at

| Y X-El]| < E[|Xx-EXI|]+ 11X~ B, v2nI0(1/3) + 2eq |1 X2 ~ E[Xll, In
< ValllIXy = ELX], (14 V2 (1/9)) + eqlll Xall,, In (1/6).

where in the second inequality we bounded the last term using Lemma [6] and the first term with
Jensen’s inequality as

{HZX -E[X } < VnllIX =B X, < 11X =B [X]lllly, »

since p > 1. The result follows from using 6 < 1/2 and division by n.

We now prove the Corollary applying to linear regression.
Proof of Corollary [10}

X becomes a Banach space with the norm ||(, 2)|| = L ||z ;; + |2|. Evidently ||[|(X1, Z1)[[,,, <
LI X1y, + 1Z11ll,y, - Then for h € H
h(z,z) = h(@,2) = L({wz)=2)—L((w,2') - 2)
< Llle 2|l + 12— 2] < ll(2,2) — (@, 2.
so H is uniformly Lipschitz with constant 1. Also for an iid sample (X, Z) € X™ using the Lipschitz
property of ¢, the triangle inequality and Jensen’s inequality, it is not hard to see that

RO e2) < {2 51+ \/Zzi|2

Using the iid assumption and ||-[|, < 2|-[|,,, we get

8
ER (1, (X, 2)] < —= (LIIXlly, + 112:01],,)

Substitution in Theorem 9 gives for n > In (1/§) with probability at least 1 — &

8
sup Zh (X0, 2) =B (h (X5, 20) < = (LMl + W20y, ) (1 0+ 20v/m0T79))

Finally we prove the Theorem referring to metric probability spaces.

Proof of Theorem[T1} The result follows easily from Theorem ] and

175 (X) (@)1,
=[1f (@1, ozt Xy Togrs oo zn) —E[f (21,000 zpm1, Xy Tagrs - zn)]ly,
= E[f (@1, rm1, Xioy Tty -, @) = (@15 @1, Xy Thg1s - ) [ Xk,
< L|E[d(Xk, Xi) [X]ll,
< L|d(X, X"y, = LAy (X, d)
where Lemmal]is used in the last inequality. m
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