1 Introduction

The Glivenko-Cantelli theorem is discussed in details in [1] section 36. Nice on-line presentations of the X2 and
Kolmogorov-Smirnov statistics can be found from OpenCourseWare [2]].

Glivenko-Cantelli theorem

The theorem of Glivenko-Cantelli is often referred to in the literature as the basis for mathematical statistics. It allows
us to estimate whether data collected from empirical observations pertain to the realizations of a certain random
variable. Let the collection of numbers {Z;};" ; be the result of re-iterated observations of an indicator X' Let us also
suppose that they are in ascending order

Such data arrangement is often referred to as order statistics (variational series in the Russian literature).

Definition 1.1 (Empirical cumulative distribution). We call the empirical distribution of an order statistics the step
function

Fal&)(r) = 3 X(coo ()
=1

with y 4 the characteristic function of the set A. By construction the empirical cumulative distribution is mono-
tonic, continuous from the left with jumps corresponding to differing entries of the order statistics. If x, is the location
of a jump, the size of this latter is a multiple of 1/n equal to the number of entries in the order statistics with value
If the entries in the order statistics are indeed the realization of n samples of a random variable

E:Q >R
upon setting

Fe(x) = P(¢ < @) (1.1)

we find that for {¢;};" ; a sequence of i.i.d. random variables ¢; 4 & we have

CE\  T(n+1) [Fe(2)" 1 - Fe(a)]"*
P<F"[5](x) _n> - F(k+£1)1“(n—k+£1)
where now
Flé@) = 3 Y x( < o)

is the empirical distribution associated to the sequence {z;};_,. In the simplest case when
E:Q—xy,..., T4

the set of frequencies



with
m; = number of observations of x; out of a total of n observations

the strong law of large numbers ensures us that

In general the following result holds true

Theorem 1.1 (Glivenko-Cantelli). Let F¢(x) the cumulative distribution function of a a random variable & and
F,[¢](z) the cumulative empirical distribution associated to a sequence of i.i.d. copies of {&. Then we have

lim sup |F, [€](z) — Fe(x)| =0 a.s.
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Proof. Let us distinguish two cases
e F¢(x) is continuous (and by definition bounded). Define then for any fixed
1= X(~o00,2)(&)
so that
<n===n' == F(z)

The strong law of large numbers then implies for i.i.d. copies of n
1l
}lerono - ;m =<1 > a.s.
which yields the proof of the claim by the assumed continuity of Fg.
e Suppose now that Fy is only left continuous with a countable number of finite jumps. In such a case

< n == Fe(r—)

and the strong la of large numbers yields

(e}

lim -3 F6@) = Fe(a—)  as.

nloo N =1
Let now choose an arbitrary ;7 € N and define

xm-—inf{x:Fg(x)ZZ_} 1<i<j—-1
J

The point-wise convergence of F,,[¢](z) and F,[¢](x—) imply that there is an Ni(w) such that for any n > Ny (w)

an[§]<xij>—F5<xm>\<j & an[stij—)—Fg(xij—)wj (12)

By setting



the bounds can be extended to any 0 < 7 < j. Consider now any x in between x;_1; and x;;. The monotonicity of
the empirical and of the probability distribution functions allows us to write

1
0 < Fe(wijj—) — Fe(xioy) < 7 (1.3)
which in turn implies
1 2 2
Folé](z) < Ful€](zij—) Sf%KK%FU)+3'§1%@Fh)+}'§1%@)+;
2 2
Faldl(@) 2 Faltl(@io1s) 2 Falél(oy) = 5 = Feloy) = 5 = Fe(@) ==
Gleaning together the above inequalities, we have proved that for any x
2 2
|Fnlél(z) — Fe(z)] < 7 = sup | Fp[§](x) — Fe(z)] < 7
x
The arbitrariness of j yields the proof of the claim. O

The Glivenko-Cantelli theorem is a strong law of large number type result. Bulk fluctuations around this result
are taken into account by a central limit type result:

_t
o(x)

P (ValFa(g)@) - Fe(@) < 1) [ dugoatw)

with
o(z) = Fe(z) [1 — Fe(z)]

the variance of X (_og ) (&)

1.1 Kolmogorov-Smirnov test

The practical importance of the Glivenko-Cantelli theorem for statistics comes from the observation in that the dis-
tribution of the supremum of the distance between the empirical and the theoretical cuamulative distributions does not
depend on the distribution F¢ of the sample, if Fy is a continuous distribution. Theoretical background on the tests is
also provided by [3]] (chapter 1) and [4] (chapter 14).

Proposition 1.1. If F¢(x) is continuous then the distribution of
() = sup |, [€](x) — Fe(z)]
x

does not depend on Fr .
Proof. Let us define the inverse of F¢ by

Fé_l(y) =min{z : Fe¢(z) > y}

Using the definition we can write
P (sup R (o) - Fe(o)l < o) =
x

P( sup | Fol€)(Fy H(y) —yl < t) =P< sup | Fy[Fe(§)](y) —yl < t)

0<y<1 0<y<1
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The random variable ¢ := F¢(&) is uniform in the unit interval:

P(Fe(§) <y =P <£ < Fgl(y)) = Fe (F{I(y)> =y

hence
P (sgp\Fn[fsux) IR (sgp\w(y) ~il <)

where the right hand side is independent of F. O

The explicit form of the distribution of 7(x) is given by a theorem proved by Kolmogorov:

Theorem 1.2 (Kolmogorov).
P (x/ﬁsup [Fnlél(z) — Fe(x)] < y> =1-2% (-1)7te
v i=1

We can now use the above result to set up a statistical test. We are given a set of data organized in an order statistic
and we wan to test two hypotheses

e null hypothesis (Hp): the unknown cumulative distribution F- to which the data pertain is equal to Fy

e alternative hypothesis (): the unknown cumulative distribution Fy is not equal to Fy
If the null hypothesis holds true in the large n limit F,[X](x) converges to F¢(z) and

Mn(z) — 0 a.s.
On the other hand if Hj fails even for large n
Mu(xz) > 6 >0 = Vnnn(x) > /né 1 oo

Definition 1.2 (Kolmogorov-Smirnov statistic). If F is the conjectured cumulative distribution the Kolmogorov-
Smirnov statistic is

KS, = /i sup | FL[¥] (@) = Fe(e)

A decision rule D can be defined by choosing a threshold value t so that

D— Hy if  nnu(z) <t
L H if Van(z) >t

The threshold value is determined by the required level of significance « of the decision rule
o= P(D = Ho) = P (Viim(x) < tlHo)

For finite n we can tabulate the probability in (I.4) using its very definition, in the large n limit we can resort to
Kolmogorov’s theorem. In summary:

e Formulate a conjecture for the data cumulative distribution, say F¢.

Compute the Kolmogorov-Smirnov statistical indicator KS,,.

Fix a significance level, i.e. the probability that it is consistent to accept the null hypothesis.

Use the significance level to determine the acceptance threshold t.

Compare KS,, with t.



2 Empirical description of a probability density

The histogram is a graphical tool to display the content of an order statistics. Let us suppose that we gathered n
observations of an indicator X which we conjecture to be modeled by a continuous random variable &

5 Q- [l'm'm s zmaz]

we can use these observation to approximate the probability density pe by means of simple functions over I =
[Tmin s Tmaz)- This can be done e.g. by defining a uniform partition of I in ny bins of width ¢ so that

[I| =ngt

The i-th bin of the partition the interval z € (z;_1,2;] withi = 1, ney and o = Timin, Tn, = Tmaz. We can then
count the number m; of events coorresponding to values of x in the range of the ¢ — th bin. We have

Uz

mg
" : n
=1

The graph of (i, m;) is called the (uniform) histogram of X'. In order to define a discrete approximation to a continuous
function we further observe that

e m; e m;
1 1
) 2.1
2 =2 @D
i=1 =1
We can interpret the right hand side of (2.1) as a Riemann sum where

I m; o _
dﬂﬁwf:'ﬂ' & Pe (»@')ZTTZ T € (w1, 2]

From the algorithmic point of view, an histogram is efficiently constructed as follows Two observation are in order:

Algorithm 1 histogram algorithm

READ /¢ (set bin width)
ne = [(Tmaz — Tmin) /¥ (compute the integer part e.g. by taking the ceiling)
fori=1,n,do
histogramli] =0 (initialize histogram bins)
end for
fori =1,ndo
READ datali] (store the i-th empirical data into datali])

j = [(datali] = zmin)/l]

histogramlj| = histogram[j] + 1/(n * £)
end for
stop

e The accuracy of the approximation depends upon the choice of the bin width. This latter is in general chosen
taking into account the size of the observation sample n and the known statistical properties of the data. In
some cases non uniform partitions may be more attuned to encode the data.

o If the distribution is expected to have infinite support, tail events can be included in dedicated bin of infinite
widthe.g. £ < Zpin OF T > T
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