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1 Introduction

The law of large numbers states that the sample average of a sequence of inde-
pendent and identically distributed random variables converges in probability
towards the distribution mean as the number of samples increases. Let us state
this in mathematical notation. Let (X;);>1 a sequence of i.i.d. random variables
with sample average X, = % > X;. Then for all € > 0, § > 0 there exists an
integer N such that when n > N

P(X, -E[X.]|>d<a )

Note that we have fixed the distribution a priori. What if the distribution
is itself not certain? Say that the distribution is selected, unknown to us, from
a collection C. We can extend Equation 1 as follows:

sup {Pp (|Xn —E[X,][2€)} <4
DeC

In this case the N provides a minimum of samples regardless the precise dis-
tribution D. In a similar fashion we can extend Equation 1 to allow different
distributions for each individual X;, i = 1,2,...,n. This allows us to make
statements when we only have information about certain properties of the ran-
dom variables involved. In general, statements providing bounds both in terms
of distance and probability of samples with their expected value are called con-
centration bounds.

We will start with a concise overview of probability theory in Section 2.
This overview includes the sigma-algebra, probability space, conditional ex-
pectation and stochastic process. In Section 3 we cover a number of con-
centration inequality theorems. The inequalities covered are Markov inequali-
ties, Azuma’s inequality, McDiarmid’s inequality, Hoeffding’s inequality and the
Chernoff bound. Finally in Section 4 we will give a number of applications in
the topics of statistical learning and the random geometric traveling salesman
problem (TSP). Under statistical learning we cover PAC learnable, the ERM
algorithm and Rademacher complexity. Under random geometric TSP we cover
a result by McDiarmid and a result by Rhee and Talagrand.

2 Probability theory

In this section we provide an overview of definitions and theorems within the
field of probability theory used in the rest of this paper.

A sample space is a set. This sample space is understood as containing
the possible outcomes of an experiment. Elements of a sample space are called
samples. A subset of a sample space is named an event. Typically, multiple
events can occur.



2.1 Sigma-algebra

A natural thought is to group a number of events one might observe together.
A formal way to describe such a family of events is the sigma-algebra.

Definition 1 (Sigma-algebra). Let Q denote a sample space, and let F be a set
containing subsets of Q. Then F is a sigma-algebra if it satisfies

1. Qisin F
2. if Ac F then Q— A€ F

8. if a countable number of elements A1, As, As, ... € F then the union Ay U
AyUA3U...e F

Elements of a sigma-algebra are called measurable sets. It follows that
intersections of elements in a sigma-algebra are also contained in the sigma-
algebra because for A, B in some sigma-algebra F on 2 we have that AN B =
Q—((Q—A)U (22— B)). Based on the sigma-algebra we introduce a number of
definitions.

Definition 2 (Sub-sigma-algebra). Let Q a sample space and let F a sigma-
algebra of Q2. Then G is a sub-sigma-algebra if G is also a sigma-algebra of Q)
and G C F.

Definition 3 (Generated sigma-algebra). Let 2 a sample space. Let F be a
set of subsets of Q. The sigma-algebra generated by F, notation o(F), is the
intersection of all sigma-algebras containing F'.

Theorem 1. Let F be a set of subsets of Q. Then o(F) is a sigma-algebra.

Proof. We will prove all properties of the sigma-algebra. Let A be the set of all
sigma-algebras containing F. Then for all 7 € A we have that € F. Hence,
Q€ o(F). Let A € o(F). It follows that for all 7 € A we have that A € F.
Hence, for all F € A we have that  — A € F. Therefore, @ — A € o(F). Let a
countable number of elements Ay, A, As, ... € o(F). Then each of the elements
Ay, As, Ag, ... is contained in all sets in 4. Hence the union of these elements
is also contained in all sets in A. Therefore the union A1 UAs U A3 U...isin
o(F). O

Definition 4 (Borel algebra). Let F' = {(a,b) | a < b € R}. The Borel algebra,
notation B, is the sigma-algebra generated by F'.

The following theorem lists some sets contained in the Borel algebra.
Theorem 2. For all a,b € R,a < b we have that
e (a,00) € B

e (0,a)€B



Proof. Recall that unions of a countable number of elements in the sigma-
algebra B are elements of B . We have that (a,00) = Upen(a,a+2"). Likewise,
(00,a) = Upen(a — 2", a). O

We end this subsection with the following important concept.

Definition 5 (Measurable function). Let X,Y two sets and let Fx the corre-
sponding sigma-algebra of X and let Fy the corresponding sigma-algebra of Y.
Then the function f : X — Y is (Fx,Fy)-measurable if the preimage of all
elements in Fy are contained in Fx. That is,

EcF = fYE)={zcX|f(z)€E}c Fx.

2.2 Probability space

A key part of probability theory is to assign probabilities to events. For this,
we define the probability measure.

Definition 6 (Probability measure). Let F a sigma-algebra on a sample space
Q. A function P : F — R is called a probability measure if it satisfies the
following azioms:

e P is non-negative: for all E € F, P(E) >0
e P(2)=1

o Let E1,FEs, E3,... €8 a countable collection of disjoint sets. Then it must

‘We have defined all the concepts required to define a probability space, which
provides a mathematical setting to probability.

Definition 7 (Probability space). Let Q a set, F a sigma-algebra on Q0 and P
a probability measure on Q. Then the triple (0, F,P) is a probability space.

For the remainder of this probability theory section we assume the context
of the probability space (2, F, P), i.e. we assume that the variables Q, F, IP are
defined as above.

Definition 8 (Almost surely). Within the context of a probability space, one
says that an event E happens almost surely if P(E) = 1.

Definition 9 (Random variable). A random variable is a (F,B)-measurable
function f:Q — R.
2.3 Independence

There are definitions of independence between multiple mathematical objects.
We will use the following definition as basis.



Definition 10 (Independence of sigma-algebras). Let F and G be sigma-algebras.
We say that F and G are independent if for all A € F, B € G we have that

P(ANB) =P (A)P(B).

To extend this definition to random variable we define a method to obtain
a sigma-algebra based on random variables.

Definition 11 (Sigma-algebra generated by random variables). Let X1, Xs,..., X,
random variables. We define the sigma-algebra generated by the random vari-
ables X1, Xs, ..., X,, notation 0(X1,Xs,...,X,), as follows

o(X1, Xy X)) = o({X7HA) | A€ Bie {1,2,....n}}).

Definition 12 (Independence of random variables). Let X and Y be random
variables. We say that X andY are independent if the generated sigma-algebras
0(X) and o(Y) are independent.

Another definition of independence which is often used is the following.

Definition 13 (Independence of random variables). Let X and Y be random
variables. We say that X and Y are independent if for all A,B € B

P(Xe€AYeB)=P(XcAP(X e€B).

We will show that the first definition is sufficient for the second definition.
To avoid confusion, we will refer to the first form of independence using sigma-
algebras as ”independence in the first sense” and we will refer to the second
form of independence using probabilities directly as ”independence in the second
sense” .

Theorem 3. Let X andY be random variables. Then independence in the first
sense of X andY implies independence in the second sense of X and Y.

Proof. Assume o(X) and o(Y) independent. Let A, B € B. We have that by
definition
P(X €AY eB)=P(X (A NnY ! (B)).

Also we have that X ~1(A) € F and Y ~1(B) € G. This result together with the
definition of independence in the first sense implies that

P (X (A)NYH(B)) =P (X1 (A) P(Y (D).

With the identities
P(X €A =P(X '(4)

and
P(Y € B)=P (Y !(B))

we see that P(X € A,Y € B) =P (X '(A)) P (Y~1(B)). O



To be clear, we will use the definition of independence in the first sense in
this paper from now on, unless otherwise noted.

Definition 14 (Independence of a random variable and sigma-algebra). Let X
be a random variable and let F be a sigma-algebra. We say that X and F are
independent if 0(X) and F are independent.

Definition 15 (Independent copy). Let X a random variable. An independent
copy of X is a random wvariable which is independent of X and has the same
distribution as X.

2.4 Simple functions

A simple function is a function which can be written as a sum of weighted
indicator functions of events.

Definition 16. Let n € N, the events E1, Es, ..., E, € ¥ disjoint and define
the corresponding constants c1,¢a,...,c, € R. Then

X = Xn:cilEi
i=1

is a simple function, where 1, is the indicator function.

Simple functions can be used to approximate any non-negative measurable
function.

Theorem 4 (Simple function approximation). Let f : @ — [0, 00) a measurable
function. Then a sequence of simple functions s1 : Q — [0,00), 82, 83, ... exists
such that

1. The sequence is non-decreasing. For all w € Q and i > 1 it holds that
si(w) < 8i41(w).

2. The sequence is bounded by f. For all w € Q and i > 1 it holds that
si(w) < f(w).

3. The sequence approximates [ pointwise. For all w € $ it holds that
lim;, o0 $p(w) = f(w).

Proof. Define for all ¢ > 1 the function g, : [0,00) — [0, 00) by

s ity cn
n ifx>n

gn(l‘) =

We will show that the sequence (gy, o f),>1 is the desired sequence (s,)n>1
by proving the three properties.

We will proof the first property with three cases. Let n € N. For the first
case, assume that 0 < x < n. In this case we have that g,(z) = % =



n n+1,,
Qgiﬂ < LQZHIJ“J = gn+1(x). For the second case, assume that n < z < n + 1.

Then g,(x) = n = LQ;T{” < Lz;ilfj = gnt1(x). For the third case, assume
that n +1 < . Then g,(x) =n <n+1= gp41(z).

For the second property, observe that for all x > 0 and n > 1

Lz;xj ifx<n< 2;—”’3 ifz<n
T ifx>n

gn(@) = n fz>n "
Hence we have that (g; o f)(z) < f(z).
For the third property, we have that for all x > 0
[2"]

g o) = g T = =

For all w € Q, set x = f(w) to obtain

Jim sy (w) = lim gn(f(w)) = lim gn(2) =2 = f(w).

2.5 Convergence

An important result in probability theory is the dominated convergence theo-
rem.

Definition 17 (Dominated convergence theorem). Let Y a random variable
such that E[|Y]] < oo and let X1, Xo, ... a sequence of random variables such
that for all n = 1,2,... we have that |X,| < Y. Then if for some random
variable X it holds that for all w € Q we have that lim,_, . Xp(w) = X(w)
almost surely, then lim, . E[X,] = E[X].

We do not proof this theorem here. Instead, we refer to [5] which provides
an elementary proof for the continuous random variable case.

2.6 Conditional expectation

An important concept for the theorems outlined in this paper is conditional
expectation. A general definition is the following.

Definition 18 (Conditional expectation). Let X a random variable such that
E [XQ} < oo and let G a sub-sigma-algebra of F. Then the random variable
Y : Q = R is a conditional expectation of X given G, denoted by E[X | G], if

o Y is (G, B)-measurable
o E[Y14]=E[X14] forall Aeg.

This definition is not constructive. However, it is possible to prove that
conditional expectation is unique in the almost surely sense. To provide this
proof, we start with a lemma.



Lemma 5. Let G a sigma-algebra. Let X and X' (G, B)-measurable random
variables, and let € € R. Then (X — X')71[(e,00)] € G.

Proof. Let € € R and let w € Q. Note that X (w) > X'(w) + € is equivalent with
the existence of a ¢ € Q such that X(w) > ¢ > X'(w) + €. Therefore we have
that

{we| X(w) > X' (w)+e} = Ugeg{w € 2| X(w) > g}{w € Q| X' (w) < g—¢}.
Rewriting with the preimage gives
(X = X") 7 (e,00)] = Ugeo X~ [(g,00)] N X" (g — €,00)].

Because X and X’ are (G, B)-measurable we have that for all ¢ € Q it holds
that X 1[(¢,00)] € G and X' '[(¢—¢€,00)] € G. Because G is a sigma-
algebra we have that the union of countable elements in G is in G. Hence,
(X = X)7 (e, 00)] € 6. =

Theorem 6 (Uniqueness). Let X a random variable such that E [X?] < oo and
let G a sub-sigma-algebra of F. Define Y and Y’ both conditional expectations
of X given G. Then

P(Y=Y')=1
Proof. Let ¢ > 0. Define the event E. = (Y — Y')"![(e,00)] = {w € Q |

Y(w) = Y'(w) > €}. By Lemma 5 we have that F. € G. From the definition of
conditional expectation it follows that

EYlg]=E[Y'lg]=E[X1g].
It follows that
E[(Y -Y')1g]=0.
However, when w € E it holds that Y (w) — Y'(w) > € > 0. So it follows that
0=E[(Y =Y')lg]>Elelg].

Given that 15, only takes outcomes 0 and 1, it holds that P(1g, = 1) = 0. This
is by definition equal to P(Y — Y’ > ¢) = 0.
Define for n € N e(n) = 27", then define

E = UnENEe(n)~

This gives P (1g = 1) = 0 which isequivalent to0 =P (Y - Y’ > 0) =P (Y > Y’).
Therefore P(Y <Y’) = 1. If we repeat the proof with the inequality signs re-
versed, we find that P(Y > Y’) = 1. We conclude that P(Y =Y') = 1. O

From now on, we will write the conditional expectation instead of a condi-
tional expectation, as the conditional expectation is unique in the almost surely
sense.

We can condition on random variables as well by using the generated sigma
algebra. This is captured in the following definition.



Definition 19 (Conditional expectation on random variables). Let Y, X, X,
..., Xy, random variables. Then define

E[Y | Xl,Xg,...,Xn] = E[Y | O'(Xl,Xg,...,Xn)] .
We list some useful properties of the conditional expectation below.

Theorem 7 (Law of total expectation). Let G sub-sigma-algebras of F, and let
X a random variable. Then

EE[X |g] =E[X].

Proof. From the definition of conditional expectation, we obtain that for all
Aeg
EE[X [G]1a] = E[X14].

If we set A = Q, then 14 becomes the constant function x +— 1 and the result
follows. O

Theorem 8 (Tower property). Let Gi,Ga sub-sigma-algebras of F such that
G1 C G and let X a random variable. Then we have almost surely that

EE[X[G][G:]=E[X|G].

Proof. We show that the conditional expectation properties for E [X | G1] also
hold for E[E[X | G2] | G1]. Then by uniqueness of conditional expectation we
have proven the theorem.

By definition E [E [X | G2] | G1] is (G1, B)-measurable.

We have that for all A € G;

EE[E[X[G][Gi]1a] = E[E[X [ Go] 1a].
We also have that for all A € G
E[E[X | Go]1a] = E[X14].
Because G C Go we have therefore that for all A € G
EEE[X[G][Gi]1a] = E[X14].
O

Theorem 9. Let G a sigma-algebra, and let X, Y random variables. If X is
(G, B)-measurable, then E[XY | G] = XE[Y | G].

Proof. Tt suffices to show that for all A € G that
E[XY14] = E[XE[Y | 0] 14].

We will first show that this proof holds for X = 1 where E € G. We have for
all A € G that

E[XY14) =E[Y1ang] = E[E[Y | G]1ang] = E[XE[Y | G]14].



Let n € N and define Eq, Es, ..., E, € G disjoint and a1, as, ...,a, € R. We
can extend this proof to all simple functions X = Y7 | a;1p,, by using linearity
as follows:

E[XY14]

=E iailEi,YlA
i=1

n
= Z aiE [1E1Y1A]
i=1

Y WE[REN |61

i=1

=E

> ailpE[Y | ] 1A]

i=1

=E[XE[Y |G]14].
We now prove it for the class of non-negative X. Because of Theorem 4, there
exists a non-decreasing sequence X7, Xs,... of simple functions of the form
Q — [0, 00) such that for all © € Q we have that X,,(z) — X (z), and furthermore
Xn(x) < X(x) for all n € N. Therefore we have that | X, Y 14| < |XY14|. This

allows us to apply Theorem 17 (dominated convergence theorem), such that for
allAe g

E[XY14] = lim E[X,Y14] = lim E[X,E[Y | g]14] = E[XE[Y | G]14].

n—oo

Finally, we can remove the non-negative restriction on X by taking positive
and negative parts. Define X : Q — R,z + max(X(z),0) and X~ : Q —
R,z +— —min(X(z),0). We can write X = X — X~. Both of X and X~ are
non-negative. Define —E = {—z | x € E} for some set E C R. Because

XYEU(-00,0]) if0€E

(XHYE) = {Xl(E N(0,00))  otherwise

o X N(—EU[0,)) if0€E
() =45 .
XY (—EnN(—o00,0)) otherwise
it holds that X and X~ are (G, B)-measurable. Therefore we have for all A € G
that
E[XY14]

—E[(Xt = X)V14]

E[XYE[Y | 6]14] - E[X E[Y 0|14

=E[XE[Y |G]14].

10



Theorem 10 (Pulling out independent factors). Let F a sigma-algebra. Let X
a random variable independent of F. Then

E[X | F]=E[X].

Proof. We will proof that E [X] is a conditional expectation of E[X | F]. Be-
cause E [X] is a constant, it is (F, B)-measurable. For the second property, we
have to prove that

E[E[X]14] =E[X14].

Observe that o(14) = {A,Q—A, D, Q}. Because F is a sigma-algebra containing
A, we have that {A4,Q — A,0,Q} C F. From the definition of independence
between F and X it follows that X and 14 are independent. So we have that

E[X14] = E[X]E[l4] = E[E [X] 14].
O

Theorem 11. Let F a sigma-algebra and let X1, Xo, ..., X, random variables.
Let X an independent copy of X1 and let further Xy and X/ independent of
all X9, X3,..., X, and of F. Let f : Q" — R an arbitrary function. For
convenience, define X = (X1,Xo,...,X,) and X' = (X],Xs,..., X,,). Then
almost surely

E[f(X) | FI=E[f(X") | F].

Proof. We will show that E[f(X') | F] is a conditional expectation of E [f (X)) | F].
By definition, E [f(X') | F] is (F, B)-measurable. Therefore we are left to prove
that for all A € F it holds that

E[E[f(X) | F]1a] = E[f(X)1a].
By definition of E[f(X’) | F] this is equivalent to
E[f(X)1a] =E[f(X)14].

Similar to the proof of Theorem 10, we have that X; and 14 are independent.
Analogously we have that X] and 14 are independent. Therefore we have
that both X; and X{ are independent of all other random variables in the
expectation, and as X7 is an independent copy of X7, it must be the case that
the expectations are equal. O

2.7 Stochastic process

In this subsection we will provide concepts which allow us to describe experi-
ments in which knowledge about particular random variables might change over
time. The first thing to define, then, is a set of multiple random variables.

Definition 20 (Stochastic process). A stochastic process (X;)icr is a collection
of random variables for some index set I.

11



Here I could be seen as the index set of time moments. To represent a
changing state of knowledge over time, we define filtration.

Definition 21 (Filtration). A filtration is a collection of sigma-algebras (F;)icr
for some totally ordered index set I such that if i,5 € I, i < j then F; C Fj.

The limited knowledge of a filtration is linked to that of a random variable
with the following definition.

Definition 22 (Adapted). Let I an index set. A stochastic process (X)iers is
adapted to a filtration (F;)icr if X is (F;, B)-measurable for all i € I.

Given a stochastic process, it can be useful to define a filtration which is
adapted to it. Such a filtration is the natural filtration.

Definition 23 (Natural filtration). Let X = (X1, X2, X3,...) a stochastic pro-
cess. Then the natural filtration of X is defined by the filtration (N1, Na, N3, ...)
where

M = O'(X17X2, oo ,XZ)
We show that this definition is well-defined.

Theorem 12. Let X = (X1, X2, X3,...) a stochastic process, and let N =
(N1,Na, N3, ...) the natural filtration of X. Then X is adapted to N'.

Proof. This follows directly from the definition. O

We can use conditional expectation to define a martingale. A Martingale
defines a stochastic process such that given the knowledge at time ¢, the expec-
tation of the next random variable is equal to the one of time 7.

Definition 24 (Martingale). Let I a totally ordered index set. Let (X);er a
stochastic process adapted to a filtration (G;)ier such that E[|Y;|]] < oo for all
i€ 1. Then (X);es is called a martingale if

E[X;|G]=X;

for all j > 1.

3 Concentration inequalities

In this section we provide a number of concentration inequalities.

3.1 Markov inequalities

Theorem 13 (Extended Markov inequality). Let X be a random variable and
let f a strictly increasing real-valued positive function such that E[f(X)] < oo.
Then for any € € R it holds that

P(X > ¢ < X

f(e)

12



Proof. Because f is strictly increasing the events f(X) > f(e) and X > € are
equivalent for any €. In other words

P(f(X) = f(e) =P (X = ¢).

The result follows by the Markov inequality on f(X).
O

Corollary 13.1 (Exponential Markov inequality). Let X be a random variable.
Then for any A >0, e € R

P(X >¢) <e *E [e™]

Proof. Consider the function f(z) = e**, where A > 0. This function is non-
negative and strictly increasing. Therefore we can apply this function to the
extended Markov inequality to obtain for a random variable X:

_ e—AeE [eAX:I )

3.2 McDiarmid’s inequality

The following lemma from [6] will be used to prove McDiarmid’s inequality.

Lemma 14. Let X be a random variable for which E[X] =0 and a < X <b
for some constants a,b € R. Then for any A >0

E [*Y] < exp (W) .

Proof. Let A > 0. We start by observing that  — e** is a convex function.
Considering the points a and b, we have by definition of convex that for any
te|0,1]

e)\(ta+(17t)b) < te)\a + (1 . t)e)‘b.

Define = ta + (1 — ¢)b. Then t = Z:—i for x € [a,b]. This gives

b—x r—a
)\z< Aa Ab
€ _bfae +bfae
hence we have
b—X X —a b a
E[2X] < E Aa Ab| Xa b
[e }* b—ae b—ae b—ae b—ae

Let A= A(b—a) and p = =% It follows that 1 — p = 2. Because E[X] =0,
it holds that a < 0 < b. Hence p > 0. Likewise, 1 — p > 0. Combining gives

0 < p < 1. Therefore we have that

13



= (1—p)e* +pe*’
=(1—pe” pA(b—a) +pe(1 P)A(b—a)
)

= (1 —p)e ™ +pe=7
= PA (1—p+pe )

= exp (—pj\ + log (1 —p—i—pe;\)) .

’B

)A

Define f : R — R by f(z) = —pz + log (1 — p + pe”). Observe that E [e**] <
eFN) = exp (—pj\ + log (1 —-p —i—pej‘)). We will finish the proof by bounding

f (5\) By Taylor’s theorem we can write f as the sum of a linear approximation
of f at 0 and a remainder:

£ = £O) + £+ L5 2
for some 0 < e < . We have
/ _ pe®
f(@) = A —
and a \pe”
" _ — p)pe
A e
For f and f’ we have f(0) = f’(0) = 0. Plugging this in equation 2 we obtain
N OR
fA) = ?)\2

We provide an upper bound for f”. First we show that f” is a decreasing
function on the domain [0,00). The derivative of the numerator is (1 — p)pe
The derivative of the denominator is 2pe®(p(e® — 1) +1). Given that 0 < p <1
we see that for x > 0 the derivative of the denominator is larger or equal to the
derivative of the numerator. As aresult f” is decreasing on [0, 00). Furthermore,
we show that f(0) <

(1-pp
(1-p+p)?

Combining these two results implies that f”(\) < 1 for all A > 0.
So

vlk\’—‘

£(0) = =1 -pp<

32 A2 (b— 0)2'



We show in the following corollary that Lemma 14 also holds for conditional
expectations.

Corollary 14.1. Let F a sigma-algebra. Let X be a random variable for which
E[X | F]=0 and a < X <b for some constants a,b € R. Then for any A >0

E[eM | F] < exp <W> .

Proof. The proof is the same as the proof of Lemma 14, except that expectations
are replaced by expectations conditioned on F. Namely we have that

b—X X - b
E[eM | F] <E e’\“+ae’\b|}'] = ECa———

b—a b—a b—a b—a

As in Lemma 14, define A = A(b —a), p = = and f: R = R, f(z)
—pz +1log (1 — p+ pe®). Then

b e VRN 16} (b —a)?
_ = < _— .
b— ae b— ae € = XP 8

O

The following theorem is an extended version of Azuma’s inequality. A
similar theorem is proven in [6].

Theorem 15. Let Xg, X1, Xo,..., X, be a martingale adapted to a filtration
Fo C F1 C ... C Fp, bounded by a; < X; — X;-1 < b; foralli=1,2,...,n.
Then for any € >0

—2¢>
P (| X, — Xo| > €) < 2exp (w) :
i=1\0i = @i

Proof. We start by proving the upper bound. By the exponential Markov in-
equality we obtain for all A > 0

P(X,—Xo>e€) < e R [e/\(Xn_XO):| .

In which
E |:e)‘(Xn_XO):|
- {ex(xn7x”,1)e,\(xn,17x0)]
) {IE |:e>‘(Xn7Xn—1)e)‘(Xn—1*X0) | ]:n_ln

Observe that eMXn-1=Xo) is (F, _;, B)-measurable. Therefore we can apply
Theorem 9 to see that

E [E [6/\(Xn7Xn71)e>\(Xn7rXo) ‘]_—n_lﬂ - F [E [e,\(xnfxn,l) |]_—n_1} A(Xn—1—X0)
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With some basic properties and the definition of a martingale we obtain that

E [Xn —Xn_1] fn_ﬂ
=E[Xy | Fro1] = E[Xn-1 | Foi]
=Xn1 —E[Xn1 | Faoi]
=X,-1—X,,—1 =0.

Also a, < X, — X;,—1 < b,. Therefore we can apply Corollary 14.1 to bound
the expectation by

E [exp @(A(bn — an))2) e*<Xn1X0>} = exp @(A(bn - an))2) E {e/\(xn,rx(,)}

Using induction, we can expand this to

n

exp <)\8 Z(bi — ai)2>

=1

so that we obtain for our original equation:

8

i=1

2 n
P(X, — Xo>c¢€) <exp (—/\e + X Z(bi — ai)2> :

To get the best bound, we would like to minimize the exponent for any e. This

is done by setting
4e

A== 3
2ic1 (bi —a)?

which proves the upper bound

—2¢2
P(X, — Xo>e€) <exp (7> .
E;:1(bi —a;)?
The bound of P (Xy — X,, > €) follows by symmetry, and the result follows by
combining the lower and upper bound. O

The following definition plays a key role in the proof of McDiarmid’s in-
equality.

Definition 25 (Doob martingale). Let X, Xs,..., X, a stochastic process
adapted to the filtration ) = Fo C F1 C Fo C ... C Fn, and let f a real
valued function taking X1, Xs,..., X, as arguments. Then the Doob martin-
gale of f with respect to the random variables X1, Xo, ..., X, is defined as the
sequence

B, =E[f(X1,X2,...,Xn) | Fi

foralli=0,1,... n.
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Specifically the definition implies that By = E [f (X1, Xo, ..., X,;)] and that
if F,, is the sigma-algebra included in the triple of the probability space, then
B, = f(X1,Xs,...,X,). For completeness, we provide the following theorem
and proof.

Theorem 16. The Doob martingale is a martingale with respect to its filtration.
Proof. We will prove that the Doob martingale has the martingale property:
E[Biy1 | Fi
:E[]E[f(XlaX277Xn) | ‘Fi+1] | ‘FL]
:]E[f(X17X27"'7XTL) | ]:l]
foralli=0,1,...,n—1. O
The following theorem was first proven by McDiarmid in [6]. The proof here

however differs from the proof in [6] as it applies the previously proven Azuma’s
extended inequality to a Doob martingale.

Theorem 17 (McDiarmid’s inequality). Let X = (X1, Xs,...,X,) a vector of
independent random variables and let f : R™ — R a function such that replacing
the i ’th argument with an arbitrary value does not change the function more than
c¢; € R. That 1is,

f(z1, @i, @0, i1, Tn) = f(215 0 Tim1, 04, Tigs o 2n) | S
for all variables x1,x2,..., Ty, a;, b; in all arguments i =1,2,...,n.
Then

—92¢2
P70~ B[ (0]12 0 < 20 (53 )

Proof. Let By, Bs,...,B, a Doob martingale of function f with respect to
X1,X5,..., X, and its natural filtration F; for all i = 1,2,...n. We will show
that this martingale has the assumptions required for Theorem 15. Therefore
we are required to bound B; — B;_1 for all i = 1,2,...,n. It holds that

Bi—Biy =E[f(X) | Fi] = E[f(X) | Fira].

Let X/ be an independent copy of X; and let X! and X3, Xo, ..., X,, be
independent. Define further X' = (X, X2, X;_1, X}, Xi41,...,Xpn). It holds
that X; and X/ are independent of F;_; because F;_; is the natural filtration
of X1,Xs,...,X;_1. Therefore by Theorem 11 it is true that

E[f(X) | Fimal = E[f(X") | Fiza] .
When plugging this into B; — B;—1 we obtain
B; — B; 1



The constraint on the function f implies that there exists some a;,b; € R
such that b; — a; = ¢; and

a; < f(X) = f(X') < b
It follows that
a; <E[f(X)— f(X)| Fi]=B;i—Bi_1 <

for all t =1,2,3,...,n. From Theorem 16 it follows that By, By, B3, ..., B, is
adapted to the filtration (.7-})1-6{1,273’,”7”}. Hence we can apply Theorem 15 to
obtain

—92¢2
P (1B, — Bol > ) = P(If(X) ~ E[f(X)]| 2 ©) < 2exp (Z) .

An inequality theorem known as Hoeffding’s inequality [4] follows directly
from Mcdiarmid’s inequality. This inequality provides concentration bounds for
bounded independent random variables.

Theorem 18 (Hoeffding’s inequality). Let X, Xs,..., X, independent random
variables such that a; < X; < b; for suitable constants a;,b; € R for all i =
1,2,...,n. Define X = 15" | X;. Foralle>0

B B —2€e2n?
P(IX —E[X]|>¢€) <2exp (W) '

Proof. Observe that X is a function of X1, X5,..., X, and is bounded in each
coordinate i = 1,2,...,n by =% O

oL
In turn, Hoeffding’s inequality is a generalization of a result first obtained

by Chernoff [2]. This result provides concentration bounds for random variables
with a Bernoulli distribution.

Theorem 19. Let X1, Xs,..., X, independent and identical Bernoulli dis-
tributed random variables, where each variable takes on values in the set {0,1}.
Define X = L3 | X;. For alle >0

2

P(X-E[X]|>¢) <2e 2.

Proof. Apply Hoeffding’s inequality with b; = 1, a; = 0 for all i = 1,2,...,n.
O
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3.3 Chernoff bound

The following lemma and theorem are based on a paper by Chernoff[3].

Lemma 20 (Chernoff Lemma). Let X1, Xo,..., Xy independent Bernoulli dis-
tributed. Let X the sum of X1, Xo,..., Xn. Then for allt >0 and a >0

P(X >a)<e ' HE [etXﬂ .

Proof. By the extended Markov inequality we have for any ¢ > 0 and a > 0

E [etX]

eta

P(X >a)< =e¢ IR [etx] .

Because X1, X, ..., Xy are independent it holds that

[TE[*] =E [*].

Therefore
P(X >a)<e ' HE [etX’l .

O

Theorem 21 (Multiplicative Chernoff bound). Let Xi, Xs,..., X indepen-
dent Bernoulli distributed. Let X = X1 + Xo+ ...+ Xn. Then

& E[X]
P(X > (14+0)E[X]) < <(1+5)1+5> .

Proof. From Lemma 20 we immediately obtain for all ¢ > 0
P(X > (1+0)E[X]) < exp (H(1 + HE[X]) [[ B[]

Define P(X; =1) = p; for all i € {1,2,...,n}. This allows us to evaluate
the expectation

E [etXf‘] =piet + (1 —p;) =pi(el — 1)+ 1.

Observe that for all x > 0 it holds that x +1 < e®, which is evident when taking
derivatives on both sides. When applying this result we see that

pi(e’ —1) +1 < exp(pi(e’ — 1))

Hence we obtain for the product

TTE [ < [Texpi(e’ — 1)) = exp(ELX] (¢! - 1).
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We have arrived at
P(X > (14 90)E[X])
[X]) exp(E [X] (e = 1))

E
(1 +(5)+e ~1))
§) + ¢ — 1))

exp(t(l +9)
xp(E [X] (¢
xp((¢(1 +

Setting ¢ = log(1 + §) gives

&0 E[X]
exp(((1 +9) + e — 1))P¥] = (Ws> :

This proves the desired result.

4 Statistical learning

Statistical learning (see [10] for an overview) is concerned with the finding of
a function or algorithm with certain desired properties through learning on
a training set. Potential candidate functions are named classifiers. In our
set-up, we will look at independent and identically distributed samples with a
distribution D over the domain X x Y where X denotes the set of input and Y
the set of output which a desired classifier should have. Note that it is possible
to observe multiple different output elements for the same input element. For
example, assume that X is the number of wheels on a car and Y represents
car colors. There exist multiple cars of different color with the same number of
wheels. A classifier is a function h : X — Y. We name the set of all classifiers H.
To allow some granularity in determining whether or not a classifier is correct,
we use a non-negative function [ : H x X x Y — R, the loss function, which
maps to each classifier for each input and output a value which indicates how
far off a classifier is on that certain input, where 0 denotes no loss. For example

b o g) = {0 if h(z) =

1 otherwise

which is called the 0-1 loss function.

4.1 PAC learnable

An important goal in statistical learning is to find a classifier h € H which has
minimal loss. For this purpose we introduce a statistical learning algorithm:
an algorithm which takes a finite number of samples and returns a classifier
h € H, determined entirely by those samples. We will use theory introduced by
Valiant[8]. This theory aims to identify statistical learning algorithms which are
able to find a classifier with minimal loss through sampling. This identifying

20



is done through a special statistical learning algorithm property: agnostic PAC
learnable. The definition is given below. The definition requires that an agnostic
PAC learnable algorithm finds a classifier with minimal loss except for two
relaxations. The first one is that the algorithm is only approximately correct:
the loss of the sample can be larger than the minimal loss, up to an error of
€. The second one is that there is a chance § that nothing is guaranteed about
the outcome of the algorithm. These limitations give rise to the name Probably
Approximately Correct (PAC) [1].

Definition 26 (Agnostic PAC learnable). A statistical learning algorithm is
called agnostic PAC learnable if for all €,6 >0 a N € N ezists such that for all
distributions over X XY we can run the algorithm on at least N i.i.d. samples
returning a classifier h € H such that

Pieoy~p | E[L(R > min E [I(h/ < 4.
earn (ED(2,)] > i B )] +) <6

Next, we will prove that any finite class H is agnostic PAC learnable through
the Empirical Risk Minimizer (ERM) algorithm (see for example [9]).

First we introduce the sample average.

Definition 27 (Sample average). Let S a finite number of samples, and let h
a classifier. Then define the sample average by

B =15 Xty

(z,y)€S

Note that an algorithm can calculate the sample average in a finite amount
of time if S is finite.

Definition 28 (ERM algorithm). The ERM algorithm is a statistical learning
algorithm on finite H, which returns a classifier with minimal average sample
error. That is, for a finite sample S it returns an h such that

Is(h) < Is(h')

for all W € H.
The algorithm works by calculating for each h € H the average sample error,
and then picking the h with the lowest average sample error.

Theorem 22. If H is finite, and | is bounded, i.e. there exists a,b € R such
that a < l(h,xz,y) < b for all values of h € H,x € X,y € Y, then the ERM
algorithm is agnostic PAC learnable.

Proof. Let us observe n i.i.d. samples {(x1,y1), (x2,¥2)s .-+, (Tn,yn)} =S ~ D"
for some n € N. Let h € H the returned function from executing the ERM
algorithm on S. Then I(h,z1,y2), I(h,22,Y2), ..., l(h,Zp,yn) forms an ii.d.
sample. Additionally let b’ € H —{h}. Then it follows that L = (L;)ieq1,....n} =
(I(h' 25, yi)—1(h, 23, Yi))ieqa,...,n} forms aset of i.i.d. random variables. However,
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note that L is not bounded by a, b, but instead by a —b < L; < b — a for all
i=1,2,...,n. The sample average of L can be written by L = lg(h’) — lg(h).
We can apply Hoeffding’s inequality to L

P(Z-E[L]|>¢) < 2exp (— = bff?b - a))2) — exp (—Q(j_nb)z>

It follows by symmetry that

P(I-E[T] Ze)gexp(Q(beQ_na)Q).

Note that
P(L—-E[L] >¢)
=P (Is(h) —Is(h) = E [Is(h)] + E [Is(h)] > ¢)

=P (E [Is(h)] - E [Is(h)] — e > Is(h) —Is(h')).
Because of the ERM algorithm, we have that I5(h) — Is(h') < 0. Therefore
B (E [Is(h)] ~E [5(W)] — ¢ > T5(h) ~ T5(1))

Let (z,y) ~ D. Observe that E [I5(h)| = E[l(h, z,y)] and similarly E [Is(h')] =
E[i(h,z,y)].
From this it follows that
> mi !
P (BU2.0)] > iy B0 2.0)] + <)
= P (there exists b’ € H such that E [I[(h,z,y)] > E[I(K,z,y)] + €)

627’1
< e (35—

To finish the proof, define

e2n
d = |H|exp <_2(b — a)2>

it follows that when

we ha\/e that
P i, l U > I i i, [ / —|— € < (;
( (h,’x, ) hCH (h ,x,y) )

which is the definition of agnostic PAC learnable. O
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4.2 Rademacher complexity

It is also possible to extend the concept of agnostic PAC learnable to certain
infinite classes H. An elegant way to do this is by using the Rademacher Com-
plexity.

Definition 29 (Rademacher complexity). Let H consist of real-valued clas-
sifiers and let S = {(z1,y1), (X2,Y2)s ... (Tn,yn)} a sample with elements in-
dependently distributed by D and draw independently o1,09,...,0, from the
Rademacher distribution, i.e. P(o; = 1) =P (0; = —1) = 5. Then the empirical
Rademacher complexity is defined by

s] |

Rs(H)=E {QS(H)} E lsup Zal (h J;z,yl)] .

heH T

7%, H E su 0-7, h s Liy Yi
s(H) = Legnz Yi)

The Rademacher complexity is defined by

The following theorem shows the importance of the Rademacher complexity.
It bounds the difference between the sample loss of a sample and the expectation
of the sample loss by the sum of the Rademacher complexity and an arbitrary
e with probability going to 1 for n to infinity.

Theorem 23. Let the loss function be bounded to [0,1] and let S = {(z1,11),
(x2,y2) 5, -+, (TnyYn)} @ sample with elements independently distributed by D.
Then for all e € (0,1)

P (sup {8 [1500]) - T} 2 2R+ ¢) < e (32 ).

Proof. Pick some h € H. Define f(S) = suppcy {E[ls(h)] —Is(h)}. We
will bound the difference of f(S) and E[f(S)] using McDiarmid’s inequal-
1ty Observe that E [lg(h)] does not depend on S and recall that Ig(h) =

Z( 2y)€S l(h,z,y). Therefore, when replacing a single element in S by an

arbitrary other element, f(S) does not change more than % This allows us
to apply McDiarmid’s inequality to f where we treat each element in S as a
separate argument:

_e?
PUS(S) - EU(S)] 2 9 <20 (55 ).

It follows that

_e?
PUS) 2 EIS)]+ 0 <o (55 ).
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Hence to prove the theorem it suffices to show that E[f(S)] < 2Rs(H). Let
ST = (2], v1), (25, 95), . .,, (2}, y,,)} be an independent copy of S. Then

£(5)
— sup {E [Ts(h)] — Is(h)}
heH

sup {E [T (h)] — T5(h)}

heH

sup {E [l ()] ~E [Is(h) | 5]}

Because S’ is an independent copy of S, we have that S and ls/(h) are
independent for all h € H. So by Theorem 10 (pulling out independent factors)
we see that

sup {E [T ()] — E [ls(h) | 51}

heH
= sup {E [ls/(h) | ] —E[ls(h) | S]}
heH
= sup {E [is/(h) —1s(h) | S]}.
For all h € H it holds that
E [T (h) ~Ts(h) | §] <E[sup (T (h —ls(h)}S]

Therefore

sup (5 [l (1) ~ (1) | 5]} < B |sup {Tr() ~ 500} 1 8.
heH heH
We have established that

F(8) < [sup {0 ~Tsw} | 5].

heH

Therefore we have in expectation that

heH

BLA(S)] < E [sup (Ts(0) - T} .

Introduce the independent random variables 01,09, ...,0, distributed by
the Rademacher distribution. Then

B |sup {Tar(h) - Ts(1)}|
heH

_E [sup {Ts(h) ZS/(h)}}

heH

lsup{ Zl h, i, yi) — h,fcé,yé)H

heH
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Define the samples

{(l‘i,yi) if g; = 1

u;, =
' (xf,yl) otherwise
and
, (xf,y)) ifo,=1
u, =
! (x;,y;) otherwise
for all i = 1,2,...,n. Define U = (uy,us,...,u,) and U = (uf,uh,...,ul).

Note that U and U’ together contain all the elements contained in S and S’
together. As stated, (z;,y;) and (x},y}) are identically and independently dis-
tributed for all i = 1,2,...,n. Therefore we can swap the sample sets S and S’
by U and U’ and still obtain the same result in expectation. More formally:

[Sup { Zl h xuyz - (hvxévy:)} =E [Sup {7]’; Z(l(hvul) - l(ha U;))}‘| .

heH heH P

This is equal to

lsup{ Zal (h, i, y;) —l(h,xé,yg))}l‘

heH

It follows that

E[f(9)]
su oi(l(hyzi,y;) — U(h, 2}, Y,
heg{ Z yi) — U y))H
su il(h,zi,y;) ¢ + su —oil(h, 2, y;) .

Observe that —o; is also distributed by the Rademacher distribution for all i =
1,2,...,n. Therefore we have by the definition of the Rademacher complexity:

E[f(S)] < 2Rs(H).

O

5 Random geometric traveling salesman prob-
lem

The traveling salesman problem can be stated as follows. Define the points
P, P, ..., P, € R? and the set P = {P, P,,...,P,}. Give an order, known
as a tour T = (t1,ta,...,t,) in which to visit all points in P such that the
total of all distances between each two sequential points is minimized, i.e
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Yo d(P, ,,P,) is minimal, where d is the euclidean metric. In the ran-
dom geometric version, the points are independent random variables, uniformly
distributed over the unit square [0, 1]?. The length of the shortest tour can be
expressed as ¢ : ([0,1]?)" — R. We will show that the length ¢(P) of the shortest
tour is concentrated strongly around its mean.

We start with a result from McDiarmid [6].

Theorem 24. For all € > 0, it holds that

E |[t(P) —E[t(P)]| > ev/n) < 2exp (fﬂ

Proof. We will prove this theorem by applying McDiarmid’s inequality. Let
0 > 0. Observe that the distance between two points lying in the unit square
can never be larger than /2. Hence the difference in ¢ arising from a move of
a single point can never be larger than 2v/2. Therefore McDiarmid’s inequality
gives

—92462 —52
P (|t(P) —E[t(P)]| > 6) < 2exp (W) = 2exp (4”> .

Substitute § = ey/n for the desired result. O

An improved bound has been discovered by Rhee and Talagrand [7]. This
bound uses Azuma’s inequality. First we prove a useful lemma.

Lemma 25. Let P = {Py, Ps,..., P,} a set of independent random variables,
uniformly distributed over the unit square. For some point x € [0, 1)?, let D(P, )
be the distance between x and the closest point in P. Then

E[D(P,2)] < —.

B

Proof. Let z € [0,1]2. Denote a ball centered at 2 with radius r € [0,/2] by
B(z,r). Let A be the area of B(x,r)N|[0, 1]2. We have that D(P, z) > r precisely
when all of the points Py, P, ..., P, are outside of the area A. Therefore

P(D(P,z) > 1) = (1 — A)".

We will determine an expression of the form A > cr? for some constant
c € R, which holds for all z and r. The area A can be decreased by moving x to
one of the four corners of the unit square. Therefore assume without generality
that x is at one of the four corners of the unit square. By symmetry all corners
are equivalent. We will handle three cases for r, which are illustrated in Figure
1. Assume r < 1. In this case precisely a quarter of the circle B(z,r) intersects
with the unit square, and as such A = %7“2. Assume 1 < 7 < v/2. We have that
of the quarter circle a part falls out of the unit square. Therefore A < %7"2, and
without loss of generality we can state that » > 1. As r increases, the overlap

26



J

Figure 1: The three cases of B(z,r) intersecting with the unit square. On the
left, » < 1. In the middle, 1 < r < v/2. On the right, r = V2.

relative to r2 decreases. Therefore we only need to consider r = V2. Ifr = ﬂ,
the unit square falls entirely inside B(z,7), and we have that A = 1 = 72,
Therefore ¢ = %

It follows that A > % = cr?. So,

1
2

P(D(P,z) >7) < (1 —cr?)™

We will apply Fubini’s theorem, which states that under certain conditions
we can can change the order of integration. Let f : R — R the probability
density function of D(P,z). Then

/ P(D(P,xz) >r) dt
(0,00)

/ f(s)dsdt
,00) J[t,00)
,00) [0700)

,00) J[0,00
£(s) /[ () s
0,00

(=}

(=}

T

[0,00)
1 ifs>
=/ f(s)/ He=t o gas
[0,00) [0,00) |0 otherwise
[ stesras
[0,00)
= E[D(P,z)].
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So we have that
V2

E[D(P,z)] §/0 (1 —cr®)™dr.

—er® e have that

vz vio,
/ (1 —cr®)™dr. < / e " dr.
0 0

With substituting we see that

Vo3 V3 vVE
/ e—cnr2 d’/’ — / e—(\/(:n?”)z dT‘ — / 6—7”2 dT’ S \/7
o 0 0 cn

With the identity ¢ = 3 we see that

Because 1 —cr? < e

E[D(P,z)] <

Bl

Theorem 26. Define the constant ¢ = exp(ﬁ +1). Then for alle >0

—62n
P ([t(P) —E[H(P)]| > ev/n) < 2exp <81n((n—1))> '

Proof. Define for each i € {1,2,...,n} T; = E[t(P) | P1, P2,...,P;]. Further
define the set P = {Py,...,Pi_1, P/, Piy1,..., Py}, where P/ is an independent
copy of P; and independent of all other P, Ps,..., P,, i.e. an independent
uniform random point in the unit square. Then

T, — T

E[t(P) | Py, P,,..., P —E[t(P') | P, Py, ..., Pi_i]
E[(P)| P, Ps,..., ] —E[t(P') | P, Py,...,P]
E[t(P) — t(P') | P, Ps,...,P].

It follows that

[Ty = Tioa| SE[[H(P) = t(P)] | Py, Py,..., P].
Let i € {1,2,...,n — 1}. Define P~ = P — {P,} = P’ — {P/}. Consider
the increase in length for the shortest tour through P~ when adding a point
x € [0,1]2. This point can be added to the tour by adding at most two edges

between x and the closest point in P~. The length of these edges is given by
D(P~,z). Therefore

HP) S HP) < H(P7) +2D(P~, )
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and
t(P7) <t(P") <t(P™)+2D(P~,P)).

By combining these inequalities we obtain
—2D(P~,P}) <t(P) —t(P') <2D(P~, P,).
So
-E [2D(P_7Pi’) | P, Ps,.. .7PZ~] <E[P)—-t(P)| P, Ps,..., P
<E[2D(P~,P)| P, Ps,...,P].
Observe that by Theorem 11, in the expectation
E [ZD(P*,PZ-’) | Pl,PQ,...,Pi:I

all variables P/, P,y1, Pit2,..., P, can be replaced by independent copies. So
we have that
E [2D(P_,Pi') | P1, Ps,... ,Pi]
S IE[QD({Pi+17Pi+27'"aPn}a‘Pi/) | Pl,PQa"'a-Pi}
=E[2D({Pi+1, Piy2,..., P}, P))].

Indeed we can apply Lemma 25 for the points P;i1, Pito,..., P, and we
obtain that
1 CE[P)—t(P) | Py, Py...,P] < —
\/m_ 1,42y 474] 3
and so for all i <n 1
T, —Ti_1] < .
| [ [ 1| =~ \/m

From Theorem 24 we obtain that for all ¢ € {1,2,...,n}, specifically i = n, it
holds that
T, — Ty—q| < 2V2.

Finally, we can apply Theorem 15 to find that for all € > 0

P(|t(P) —E[t(P)]| > €)
=P (T, - Tol = ¢)

<2 —2¢
< 2exp —
2\/5 + Zile nl—Gi
2
=2exp | —=—— 7=
(ﬁ + i:ll f)

2
< 2ex .
- p(\/§+8+81n(n—1)>
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Set ¢ = exp(ﬁ + 1) to obtain

7

—62’11
P ([t(P) ~ E[{(P)]| 2 ev/n) < 2exp (81n((n—1))> ‘
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