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Abstract

The weak and strong laws of large numbers and the central limit theorem describe the
asymptotic convergence of sums of random variables in the limit of large samples. For small
samples, empirical estimates of expected values can exhibit a behavior that strongly deviates
from what is predicted by these theorems. In particular, the mean and the mode of the sample
average could be very far apart. As a consequence, typical values of this average could be very
different from its expected value. To analyze the convergence of the typical to the expected
behavior, we propose to use the bias of the logarithm of the estimator. This bias is non-negative
and decreases monotonically with the size of the sample.

In the literature, one finds different kinds of analysis of the convergence of sample averages
to expected values as a function of sample size. Kagan and Nagaev (2001) propose a criterion
to determine the largest moment order that can be consistently estimated from a sample of
size M. The requirement of consistency is very stringent and leads to extremely low bounds.
As an alternative, we extend the analysis of the random energy model (Derrida,1981) to the
convergence of sample averages. The REM is a simplified model of disordered systems, whose
energy levels are independent random variables sampled from a Gaussian distribution. The
quantity of interest is the partition function. In the standard variant of REM, the partition
function is the sum of M lognormal random variables whose shape parameter is proportional
to the temperature and to log M. From the partition function, one can define a quenched free
energy. This quantity exhibits a second order phase transition as a function of temperature.
Since the derivations of the REM are not entirely formal, we also review Large Deviation
Theory (LDT), a branch of statistics that studies the probability of rare events. This theory
can be used to provide rigorous derivations of the results of the REM analysis.

The main contribution of the current investigation is the application of the REM and
LDT analysis to the problem of estimating the moment of order ¢ from a sample of size M.
In particular, we have analyzed the convergence of the sample moments of the lognormal,
log-exponential-power-law, folded normal, Weibull and Chi-squared distributions. In all these
cases, the moment estimator exhibits a phase transition in the limit of large samples (M —
o0) and large moment orders (¢ — oo) with log M/q — constant. This means that for a
given moment order, ¢, there is a a threshold M.(q) that marks an abrupt transition in the
behavior of the empirical moment estimator. For small samples (M < M,.(q)), the logarithm
of the estimator is biased. For samples whose size is larger than M.(q), the estimator is
asymptotically unbiased. We also analyze the Pareto distribution, which is out of the scope
of REM-LDT. In this case, the logarithm of the empirical moment estimator does not exhibit
a phase transition and is always biased. Yet, the dependence of this bias with the size of the
sample can be accurately approximated using right-censored moments with an appropriate
choice of the truncation threshold (e.g. the mode or the mean of the sample maximum).
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Finally, the validity of the analysis performed is illustrated with the results of extensive Monte
Carlo simulations.
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Chapter 1

Introduction

Monte Carlo (MC) methods are a family of numerical techniques that make use of random
numbers to obtain the solution of problems of different nature. Even though the generation of
random numbers is the defining characteristic of these methods, the problems addressed need
not be stochastic. An attractive feature of MC algorithms is that they are general methods that
can provide accurate approximations when analytical or deterministic numerical approaches
fail or are difficult to implement. Furthermore, they take can be adapted to advantage of
the large processing capacity of current computational systems to address problems in a wide
range of areas of application. For instance, in the health field, MC has been applied to model
stochastic processes in nuclear medicine [1]; in engineering, MC techniques have been used
for the analysis of industrial processes [2]; in finance, they have been used to value financial
options and derivatives [3, 4]; they have been also applied to problems in protein folding [5]; in
chemistry, to model molecular dynamics [6]; and in physics they have been used for studying
phase transitions [7].

A common step in most of applications of MC methods is the estimation of expected
values of functions of random variables. Consider the random variable X, characterized by the
probability density function fx(x). The expected value of g(x) with respect to this distribution
is

(1.1) Elg(X)] = / o) fx (2)da.

Given X7i, ..., X a random sample distributed as X, the sample average

1 M
(1.2) Zulgl = 77 > 9(Xi)-
=1

is an empirical estimator of the expected value E[g(X)]. This estimator is unbiased for any
value of M

(1.3) E(Zulgl] = - ZE[Q(Xi)] = E[g(X)]

because of the linearity of the expected value operator. Note that it is not necessary to assume
independence to derive this property. Therefore, estimates obtained using Markov Chain Monte
Carlo (MCMC) are also unbiased [§].
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MC methods can also be used to approximate numerical quadratures. Consider the quadra-
ture

b
(1.4) I—/ g(x)dz.

The key of the application of MC techniques to the numerical estimation of I is to transform
this quadrature into an expected value over a particular probability density function asin (1.1).
In particular, multiplying and dividing by the length of the integration interval, one obtains

b b
(1.5) I :/ g(@)de = (b— a)/ biag(a:)dx.

Making the observation that the factor fx(x) = 1/(b — a) inside the quadrature can be in-
terpreted as the density of Ula,b], the uniform distribution in [a,b], the quadrature (1.4) is
approximated by

M
(1.6) fzb&QE:ﬂ%)

where {z;} is a random sample of M values that are uniformly distributed in [a, b]. Taking the
expected value of this expression, one obtains

O ey T

which is the quantity that we are after.
Moment estimation, which is one of the objects of our analysis, is a particular case of (1.1)

when g(z) = 27 . Let ZJ(\Z) be the MC estimate of the qth moment from a sample of size M

se)=a ) _ L
(1.7) Zulg = 2y =170 X
=1

Despite the fact that estimator is unbiased, as demonstrated in (1.3), nothing is said about
how the MC average converges to the actual mean. The asymptotic convergence of the esti-
mator to its expected value is described by the laws of Large Numbers:

Theorem 1.0.1 (Weak Law of Large Numbers, WLLN) Let {X;}}| be a sequence of inde-

M
1
pendent identically distributed (i.i.d.) random variables as X. We define Zy = i ZXi,
=1

then
lim P(|Zy —E[X]| > 6) = 0 <= Zy - E[X]
M—o0 def
for any 6 >0
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The weak Law states that the probability of the event |Zy; — E[X]| > § decreases to zero
as the sample size increases. However, for a sample of finite size, this property need not hold
with a non-vanishing probability. Since it is desirable to ensure that the error is bound for
samples of size greater than a finite value My, a more restrictive type convergence is needed.
The strong law of large numbers is a translation of this more stringent requirement.

Theorem 1.0.2 (The strong law of large numbers, SLLN) Let {Xi}f‘il be a sequence of

independent identically distributed (i.i.d.) random wvariables distributed as fx(x). Define
M

1
Zy = Vi ZXi' Using these definitions, the strong law of large numbers states
i=1

]P( lim Zy = IE[X]) =1 Zy “5 E[X]
M—o0 def

This type of convergence means that |Zy; — E[X]| > § only happens a finite number of times.
That is, there exists an My such that |Zy — E[X]| < §,VM > My with probability 1.

Both the weak and the strong laws of large numbers are statements about the limit of
sums of random variables. However, they do not provide any information on the distribution
of Zjs in the limit M — oo. For this, one needs the central limit theorem, which describes the
asymptotic form of the distribution of Zj; for random variables whose variance is finite.

Theorem 1.0.3 (The central limit theorem (CLT)) Let {X1, ..., Xa} be a sequence of M i.i.d.
random variables with a finite expected value p < oo and a finite variance 0? < oc.

M
1
Define Zyr = U Z X;. The central limit theorem states
i=1

2
(1.8) I -5 N <u7 XH

where convergence in distribution is equivalent to convergence of the cdf of the random variables,
that is,

(1.9) lim Fg,, () = ®(z; p, 0°)

M—o0

in the points where Fyz,,(x) is continuous and ®(x; u, 0?) is the cdf of the Gaussian distribution
with mean 11 and variance o?.

Some observations can be made from this statement:
(i) the average of a sample of i.i.d. random variables tends to the distribution mean,
(ii) the variance tends to zero as the number of samples increases and

(iii) the convergence to a normal is independent of the distribution, provided that the variance
is finite.
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Since the CLT describes the asymptotic distribution of the sum of random variables, it is
reasonable to ask the question of how many samples are necessary for the normal distribution
that appears in this theorem to be an accurate approximation of the distribution of the MC
average.

In spite of the general asymptotic validity of the CLT for sums of independent random
variables of finite variance, the rate of convergence to the normal asymptotic behavior is distri-
bution dependent. In his study on the convergence of MC averages of power-law distributions
[9], Crovella identifies convergence patterns in averages of heavy-tailed data that are qualita-
tively different from the asymptotic regime described by the CLT, even when both the mean
of the variance of the individual samples are finite (figure 1.1). For heavy-tailed distributions,
such as the Pareto and the lognormal distributions, and for samples of small sizes, the mode of
the empirical average is shifted with respect to the limiting value. By contrast, for distributions
with exponentially decaying tails, such as the Gaussian or the exponential distribution, the
mode of the MC estimate is close to the actual average even for relatively small samples. All
these observations lead us to believe that there are regimes in which the finite size effects, such
as the asymmetry of the distribution or shift of the mode with respect to the mean, cannot be
accounted for by the CLT.

Folded-Normal distribution w0 Exponential distribution
70 M=10 N M=10
— M=100 — M=100
60 30
— M=1000 — M=1000
Okt — M=10000 25 — M=10000
40 =20
39 15
20 10 |
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2.0
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o
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X
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Figure 1.1: Distribution of the mean estimator as a function of sample size for different types
of distributions.

The observed behavior does not depend on the bias of the estimate because, as shown



earlier, this bias is zero regardless of the distribution. From these observations, it is clear the
CLT is not an accurate description for small samples. Specifically, the distribution of the sum
of random variables is asymmetric. Furthermore, unlike for the Gaussian distribution, the
mode does not coincide with the mean. Note that this discrepancy does not depend on the
shape or the support of the probability distribution of the random variables in the sum. It
seems to be a consequence solely of the tail properties of the probability distribution.

One might expect that there is a smooth transition between a small sample regime, in which
finite size effects such as those observed in sums of heavy-tailed random variables, are dominant
and, an asymptotic (large sample) regime in which the CLT provides an accurate approximation
to the distribution of the empirical averages. In this work we show that for sufficiently heavy-
tailed data, the transition is rather abrupt and can be approximately described in a certain
limit as a second order phase transition in the bias of the logarithm of the estimator. In this
limit this bias exhibits a discontinuous transition at a critical sample size M, from a region of
non-zero bias (small samples, M < M,.), to a regime in which it is unbiased (large samples,
M > M.) that is similar to the second order phase transition in the quenched free energy in the
Random Energy Model [10]. The transition does not take place when the decay is algebraic:
the bias of the logarithm of the estimator is different from zero for any sample size. The
existence of an abrupt change in the behavior of the logarithm of the estimator as a function
of sample is quite different from the smooth asymptotic decrease of the variance predicted by
the CLT.

1.1 Mathematical formulation

In this section, we set up a framework to analyze the convergence of the MC estimator of the
mean of non-negative random variables as a function of the size of the sample. We propose to
use the bias of the logarithm of the estimator as a measure of the quality of the estimate. In the
limit of large samples this bias is a measure of the discrepancy between the mode and the mean
of the sample estimate. Since the mode represents the most probable value of the empirical
estimator, this quantity quantifies how different are the typical and the expected values of the
sample average. The expected value of this bias is shown to be monotonically decreasing with
the sample size. Furthermore, for non-algebraically decaying heavy-tailed distributions, this
expected value exhibits a second order phase transition similar to the one exhibited by the
quenched free energy in the random energy model, a simplified model for glasses [10].

Consider a random variable X whose distribution function (cdf) is Fx(x). The correspond-
ing probability density function (pdf) is fx(z). The expected value of X is

(1.10) E[X] = / o fx (2)dz
A
where A = {z € R : fx(z) # 0}. We focus on positive random variables, A C R*. By (1.3),
M
1
A= i Z X is an unbiased estimator of E[X]. However non-linear functions of Z); will in
i=1

general be biased. In particular, consider bias of the logarithm of Z;;

(1.11) By = log E[X] — log Zy



CHAPTER 1. INTRODUCTION

By is a random variable whose distribution depends on the sample size M. It is finite because
the random variables {X;} are non-negative and the event X; = 0 has measure zero.

The expected value of By is a measure of how different the typical and the average values
of Zy are, for large M. To understand why this is the case, let fys(z) the density function of
Zn- As M increases fyr(z) becomes more concentrated around its mode z},. Since log z varies
only smoothly in the region where fys(z) is peaked , in the limit M — oo, the expectation of
log Z s is approximately

(1.12) E[log Zy] = /dsz(z) log z =~ log 2},
Therefore,
(1.13) E[By] = log E[X] — E[log Z)/] ~ log E[X] — log 2}/,

which is a measure of the difference between the mode and the mean of fy/(2).

We now state some properties of Bjys. The first one is that it converges to zero as the sample
size increases. The second one is that the convergence of its average to zero is monotonic.

Proposition 1.1.1 The estimator log Zy; converges almost surely, in probability and in dis-
tribution to log E[X].

Proof: This property is a direct application of the continuous mapping theorem [11].

Theorem 1.1.2 Let {Zy} defined on a metric space. If h is a function from this metric space
S and the set of points of discontinuity has zero measure then

1. Zuy -5 7 = h(Zy) -5 W2)
2. Zy 5 7 = h(Zy) 2 h(2)
3. Zy %7 = WZy) 2 h(2)

By application of the Strong Law of Large Numbers we have almost sure convergence of
Zyr to E[X]. Then, using the continuous mapping theorem, we have almost-sure convergence
of log Zys to log E[X]. Note that almost-sure convergence implies convergence in probability.
Finally, convergence in probability implies convergence in distribution, which completes the
proof. O

Theorem 1.1.3 The expectation of the bias of the logarithm is a monotonically decreasing
function of M

E[Bum] > E[By1]

Proof: The derivation makes use of a theorem whose proof is given in appendix F. Before
formulating the theorem, we define the quenched average as

L1 Y
9 (M Zg(lﬁ))
i=1

(1.14) (V) =E

where ¢ is a convex function.

6



Theorem 1.1.4 For a sequence of iid random variables {Y1,Y2, ..., Y, Y41, ...}

(1.15) Y = (Vi

In our investigation we choose g(z) = e*.
M
1
Iy = Vi ZXi (which can be done because X; > 0, a.s.) and applying theorem 1.1.4,

i=1

Making the change of variables X; = €' in

V)i — (N3 =0
Ellog Znr+1] — Ellog Zn] = E[log Zar41] — Ellog Zu] =+ log (E[X]) =
= (log (E[X]) — E[log Zn]) — (log (E[X]) — E[log Za41]) =
— E[By] — E[Byrs1] > 0

Finally one can also derive the following result for the convergence of the expectation of
the estimator

Proposition 1.1.5

lim E[log Zy] = logE[X]
M—o0

Proof: Note that, by virtue of the Strong Law of Large Numbers, we have

(1.16) lim Zy =E[X] a.s.

M—o0

If it were possible interchange the expected value and the limit in the left-side of the proposition
the result would be true.
As we have seen in the previous property E[Bys] > E[Bas+1]. Therefore,

E [log Zar+1] > E [log Zu]

Finally
lim E[log Zy] =E [ lim logZM] = E[log E[X]] = log E[X]
M—00 M—00
g

Since E[B)/] is a monotonic decreasing function in M, E[B1] > E[By;] VM > 1. Therefore
the maximum expected bias of the logarithm of the estimator is

(1.17) Bz = E[B1] = log E[X] — E[log X]
Finally, we can define the normalized bias of the logarithm of Z,,
(118) EM = BM/Bmax

where 0 < E[By] < 1.
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The study of the convergence of sample averages can be useful to identify different regimes.
Namely, a regime in which neither the sample mean nor the sample variance have converged;
a regime in which the mean has converged but the variance has not and, finally a regime in
which both quantities have converged. In fact, the analysis in terms of the bias Bj; can be
extended to an arbitrary moment of the distribution by considering the mean of a random
variable Y = X9,

(1.19) Fy(y) =P(Y <y) =P(X <y = Fx(y"/9)

1—¢q

(1.20) fr(y) = ;fx(yl/q)yq

Figure 1.2 illustrates the convergence of the simulated Z](\j][) and log Z](\Z) with E[XY] and
log E[X Y] respectively, for ¢ = 2,4, where X is a lognormal random variable with ;1 = 0 and
o = 1. The monotonicity of the expected value of the bias logarithm of the sample average,
proved in 1.1.4, is observed in this figure for both moments. By contrast, the bias of Z;; has
a very irregular behavior with large jumps followed by a smoother decay.

On the other hand, while in figure 1.2b the difference between log Z](\/2[) and log E[X?] be-
comes vanishingly small around a critical point log M ~ 7. For the fourth order moment
(figure 1.2d) this critical point is not reached yet. This illustrates the different properties of
the empirical estimates of the moments of a random variable and the dependence of the rate
of convergence on the order of the moment. This dependence is reasonable because increasing
the the order of the moment makes the extreme values more dominant in the sample average
sum. Thus, larger sample sizes are required for convergence. OQur main goal is to derive what
is the minimal number of samples, M.(q), above which, for a given order of the moment (g),
the bias of the logarithm of the sample moment estimator becomes approximately unbiased in
the limit of large samples and large q.

The report is organized as follows: In chapter 2 we review previous studies of the conver-
gence of averages of random variables. First, we describe an approach based on the consistency
of the sample moment estimator. A different approach, developed in the area of statistical me-
chanics is described for the specific case of sums of iid lognormal random variables made in the
random energy model [10]. Large Deviation Theory provides a formal mathematical framework
for the results of the REM analysis. The application of the REM and LDT analysis to different
types of distributions (Gaussian, Exponential, Chi-Squared and Exponential distributions) is
made in chapter 3. LDT can only be applied when the distributions have non-algebraic decay.
A separate analysis is required for Pareto distribution, because of the power-law form of its tail
decay. Since sums of random variables appear in a great number of scientific areas, the results
presented in this report can be applied in different contexts. The conclusions, results and
perspectives of the investigation, together with possible applications in the areas of telecom-
munications, statistics and machine learning are presented in chapter 4. Detailed derivations
of the results for the distributions considered are given in appendices A to D. Appendix E re-
views the saddle point method for the asymptotic evaluation of integrals. This method is used
repeatedly in the analysis developed. Finally, a generalization of Jensen’s inequality, which is
necessary to deduce the monotonicity of Bjy, is proved in appendix F.
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Chapter 2

Previous work

As illustrated in the introduction the laws of large numbers and the Central Limit Theorem
cannot be used to describe, even in an approximate manner, the behavior of averages in small
samples. The purpose of this chapter is to review published studies that also analyze these
limitations. Most of the investigations in the literature address the problem of how many
moments can be estimated from a sample of finite size M. The goal is to find a critical value
qe(M) such that lower moments E[X?], whose order is below this critical value (¢ < g.(M))
can be estimated with a certain accuracy, whereas higher-order moments (¢ > g.(M)) cannot.

Kagan and Nagaev [12] define this critical value by requiring that the moment estimator
be consistent for moments g < g.(M). The condition for consistency is that the probability of
the expected value of the finite sample estimator being arbitrarily close to E [X 9] converges to
one for ¢ < q.(M).

This result they obtain is

log M
M)= ——"——
4e(M) 2loglog M
for distributions that satisfy the Bernstein’s condition (see 2.11). For these types of distribu-
tions if M = 105, the critical order moment is g.(M = 10%) = 2.63. This result indicates that
the requirement of consistency is probably too stringent to be useful in practical applications.

The statistical properties of Z](\Z) can be analyzed using a different approach. Specifically,
one can use the techniques developed in statistical physics to investigate the properties of sys-
tems whose energy levels are random variables. The random energy model was first introduced
by Derrida in [10] as a simplified model of disordered systems. The quantity of interest is the
partition function of the system. Assume that {El}f\i 1, the set of energy levels of the disor-
dered system are iidrv’s with density fg(e). In the original version of REM fg(e) is a normal

distribution

62

(2.1) fole) = A exp | <] e € (=)

Nonetheless, the analysis is not restricted to this type of distribution. The partition function
at temperature 7! is defined as

M

(2.2) Zu(B) =) e PP

=1

11
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From this partition function one can define a quenched free energy [13]

(23) Futa(8) =~ log 231 (3)
The annealed free energy is
(24) Fira(3) = =5 105 E [Z3(9)]

Below a critical temperature (371 < B-1(M)) the values of the quenched and the annealed
free energy differ. As the temperature increases Fiyq(f) approaches < Fjq(3) from below.
Above certain threshold (8. 1(M) < 371) both free energies coincide. The system is said to be
self-averaging. In the limit M — oo, this change of regime is a second-order phase transition in
terms of the entropy function. For the standard REM, in which the energy levels are sampled
from a normal distribution

(2.5) sa(y) = log2 — ¢

It is a second order phase transition because the second derivative of the free energy is discon-
tinuous at the transition temperature.

Derrida’s model can be understood in terms of Large Deviation Theory (LDT), a branch
of statistics that deals with the probability of large deviations in stochastic processes. In this
theory, one assumes that the density function of the random variable can be approximated
as the exponential of another function (an entropy in statistical physics, or a rate function in
statistics) in the limit that a certain parameter (the system size, in statistical physics) is large.
LDT provides the conditions under which the rate function (entropy) exists and the techniques
to construct it explicitly.

As mentioned earlier, LDT can only be applied to certain types of distributions. For other
cases, it is possible to use an approach based on truncated moments. The estimate of the gth
moment in a finite sample {Xz}f‘i 1 should be close to the truncated estimate

U(M)
(2.6) 7\ ~ / 27y (z)dw
0

where U(M) is such as the probability of observing samples in {z;} greater than U(M) is
sufficiently small. It seems reasonable to choose U(M) as a statistic of the maximum of
the sample, such as the mean of the mode. In some cases, when closed-form expressions of
these statistics are not available, one can approximate the distribution of the maximum using
Extreme Value Theory [14]. In this case, U(M) is chosen as the mean or the mode of the limit
distribution of the sample maximum.

2.1 Convergence of moment estimators based on their consis-
tency

In this section we review the investigation of A. Kagan and S. Nagaev [12]. These authors
consider the problem of the simultaneous estimation of ¢ moments from a sample of iidrv’s of

12



size M. They determine a threshold ¢.(M), such that the sample estimator of the moment of
order g becomes inconsistent for ¢ > g.(M).
By the law of large numbers the sample average

M
(2.7) 2y = 27 > X!
i=1
is a strongly consistent estimator of E [X9]. This means that for any given € > 0
2. P (120 ~E[X)| > )
(2.8) 24 —EIX|>¢) — 0

From this condition it follows that for any fixed integer ¢ > 0 and ¢ > 0

q
0) - ©) <
(2.9) P <1g1ja§q\2ﬁ —E[X]]> e> < ;P (|ZAj ~E[X7]| > e) =0

Therefore, there must exist q.(M), dependent on the sample size M, such that

' ‘ qc(M) . )
10 (e 127 B RO) ) < 3R B 00N> ) oo

1<5<ge(M) j=1

and limps e ¢e(M) = 0.

Consider distributions that satisfy Bernstein’s conditions
(2.11) E[X9|<qHY H>0

where H is a positive constant. This condition is equivalent to imposing analyticity of the

characteristic function of the distribution in the interval . Some common distribu-

THH
tions, such as the normal distribution, satisfy this condition. Other distributions, such as the
lognormal, does not satisfy (2.11) because their characteristic function is not analytic at zero.

For these types of distributions, we can formulate the following theorem

Theorem 2.1.1 Let Z](\? be the estimate of E [Xj] made in a sample of size M

: () ‘
2.12 lim P max Zy; —E|X7||<e] =1,
(242 M=o0 <1<j<qc(M;6)| M = )
1—20)log M
for any € > 0, where g, (M;9) = (mogiozgjw(l +0(1)) for some 6 > 0.

This theorem establishes the consistency to order q.(M) = ¢ (M;§ = 0). The following
theorem describes the behavior of the sample estimator for orders ¢ > g.(M).

13
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Theorem 2.1.2 In the same conditions as the previous theorem,

2.13 lim P max |20 -E[x/]|>C]|=1
(219) Moo <1§j§qi(M;6)‘ " al )

b o (L+6)log M
for any C >0, and q. (M;0) = Dloglog M (1+0(1)).

As a consequence of these two theorems,

log M

2.14 (M)=—7"——
( ) 4(M) 2loglog M

establishes that the maximum number of moments that can be estimated consistently from a
sample of size M for M — oco. Even though

(2.15) ]V}lglooqc(M) = 00,

the growth of g.(M) with M is rather slow, as shown in Figure 2.1a.

Figure 2.1: (a) Order of moments that can be estimated as a function of the sample size.
(b) Differences of the required sample size between ¢ — 1 and g.

For instance, with a sample of M = 10 the highest moment order that can be estimated
is q.(10%) = 2.63. The slow growth of the critical order as the sample size increases seems
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to be too restrictive to consider g.(M) a useful bound in practical applications. In the next
section, we introduce the analysis of the random energy model, a model of disordered systems
that exhibits a phase transition as a function of temperature in the appropriate scaling limit.
The relevance of the analysis of REM to the current investigation is that it can be adapted to
describe a phase transition in the sample estimator of moments of random variables.

2.2 The random energy model

The random energy model (REM) was introduced by Derrida in the area of statistical
mechanics to describe the thermodynamic properties of disordered systems [10]. Consider a
system with M = 2% configurations. The energy of the ith configuration is E;. In the REM,
we assume that the energy levels {Ez}f\i 1 are iidrv’s distributed following the pdf fg(e).

The partition function at temperature S~' for a particular realization of the system is
defined as

M
(2.16) Zu(B) =) e PP

Thermodynamic quantities of the system such as average energy, energy fluctuations, heat
capacity, etc. can be obtained from this quantity by taking derivatives with respect to the
temperature [13]. Note that the partition function corresponds to the empirical estimate of
the moment-generating function from the sample {El}f\i 1

For the subsequent derivations, it is useful to define the following relation.

Definition: Let A,; and B); be two sequences of random variables
(2.17) Ap = Bar & lim —=log Ay = lim — log B
' M= =M MlinooMog M_Mll)nooMog M

This definition is also valid when the variables are indexed K = log M/log2 and the limit
M — oo is taken.

Let N (e, € 4+ ¢) be the number of configurations in the interval Z = [Ke, K (e + d)]. This
quantity is a binomial random variable whose first two moments are

E[N(e,e+06)] = 25Pr(e,e+0)
(2.18) Var [N(e,e +6)] = 25Pr(e,e+8)(1—Pr(e,e+9))
where
(2.19)
K (e+9) €+0
Prlece+d) = [ futede= [ KewplKop()]ds = exp |K_max {s5()].
Ke € Z€ €€

and gp(z) is a non-positive function. This last expression is obtained by saddle point integra-
tion (see appendix E).
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The microcanonical entropy density function (in this work, to simplify the terminology, the
entropy function) is defined as

1 B
(2.20) ]\/}inoo Vi log N(e,e+9) = yer[rel,ae)jﬁ] 5q(y)
(2.21) N(e,e+9) =exp [K max sa(y)]
yEle,e+0]

Sa(y) is named.
Using expression (2.18), in the leading exponential order,

(2.22) sa(y) =1log2 — gp(2)

The following proposition allows us to establish a relationship between the partition func-
tions and the entropy functions.

Proposition 2.2.1 If s,(y) exists and the limit in (2.20) is uniform then

Zu(B) = exp [K max {sa(y) — 6y}]

In the original formulation of the random energy model [10], the energy levels are assumed
to be normally distributed N (0, K/2)

1 e2

(2.23) fe(e) = T P [—K] Je € (—00,00)

For this particular model

K(e+9) 1 62 K e+0
(2.24) Pr(e,e+0) = /Ke Jik exp [_K] de =/ 7T/e exp [K(—.UQ)] dy

Therefore, the entropy function is

(2.25) sa(y) = log2 — y2

Applying proposition (2.2.1),

(2.26) Zy(B) = exp [K max {log2 — Y’ — ,By}]
YE[yul

because s,(y) > 0, y € [y, yu], where y; = —y/log2 and y, = v/log2]. For 5 > 2¢/log2 (low
temperature), the exponent (2.26) does not have any local maximum in [y;, y,]. In this case,

the maximum of the exponent is reached at y;
(2.27) Zn(B) = exp {K\/log 2ﬂ}
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For 8 < 24/log2 (high temperature), the exponent of (2.26) has a local maximum at y* =

2
(2.28) Zy(B) = exp [ <10g2 + b >}
Therefore, there is a phase transition in Zy;(3), as a function of

Vlog28, B> B, (low temperature)

1
2.29 lim —log Z
(2.29) Koo K08 () = {log2+ ,B<BC (high temperature)

for 5. = 2+/log 2.

The transition is second order because there is a discontinuity in the second derivative of
Zy(B) at the transition point . = 2+/log 2,

d
. —log Z = +/log?2
(2.30) a5 <Klgnoo 7 o8 M(ﬁ)> 'ﬂﬂc og
d? 0, 8> Be
(2.31) < hm logZM(B)) ‘ =
d25 8= %, B < Be
— REM
20l | ﬂc E
g :
21.5* :
N :
0'8.0 0‘.5 1‘.0 1‘.5 : 2‘.0 2‘45 3.0
B

Figure 2.2: Tllustration of the phase transition between the linear regime and the quadratic
one.

The analysis made in the random energy model can be directly applied to the problem of
estimating moments from a sample. Le X be a positive random variable whose pdf is fx(z).
Consider the estimator of the ¢th moment from the sample of iidrv’s {Xz}f‘i 1

1 M
(2.32) 7\ = a7 XL
=1

Define the random variable Y = log X.

M M

(2.33) Z\D = Z Zeqm

=1 =1
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where the pdf of the random variables Y; is

(2.34) fr(y) = fx(e")e?,y € (—00,00)

The discontinuity that marks the phase transition for the random energy model appears
only in the thermodynamic limit (the number of energy levels approaches infinity). For the
moment estimation problem the scaling limit is taken in terms of the two parameters that
appear in the problem: M, the sample size, and ¢, the order of the moment

logM
h(q)

where h(q) is a monotonic increasing function of the order of the moment gq.

1

(2.35) M — 00, ¢ = 00 and

2.2.1 Large Deviation Theory

Large Deviation Theory is a branch of statistics that studies the properties of the distri-
butions of rare events, whose probability is assumed to decay exponentially with their size.
This theory provides formal support to the analysis carried out in the Random Energy Model.
In particular, it specifies the conditions under which the entropy function (in LDT terminol-
ogy, the rate function) exists. The relationship between REM and LDT has been explored in
[15, 16].

Definition: Let {Z);} be a sequence of random variables. The quantity P(Zy; € A)
satisfies a Large Deviation Principle with rate function I4(y) if the limit

. 1
(2.36) — ]\}gnoo Y logP(Zyr € A) = 14(y)
(2.37) P(Zy € A) =exp[—MIa+ o(M)]
for large M.

In the case of discrete random variables, the rate function is defined as
1
2. — lim —logP(Zy =2) = 1(2).
(2.38) Jim 7 log P(Zy = 2) = I(2)

For continuous random variables, one needs to carry out an auxiliary step and define the
density

(2.39) P(Zy € [z, 2+ dz2]) = fz,,(2)dz
in the limit dz — 0 and M — oco. By the definition of the rate function (2.36),
— lim L log fz,,(2) — lim L logdz = I(z2).
M—o0 M M—o0 M
Therefore,

(2.40) [z, (2) = exp[—MI(z) + o(M)]
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where the second term is an arbitrary non-zero infinitesimal value that can be neglected in the
exponential leading order.
In the limit M — oo the expected values of g(Zxr)

(2.41) E[g(Zar)] = / 9(2) F 20, (2)dz = / 9(2) exp(~MI(2))dy

can be approximated asymptotically using saddle point integration techniques (appendix E,
[17]).

However, ensuring the existence of a rate function is not a trivial question. To formulate
these conditions, we need the following definition:

Definition: Given a sequence of random variables {Zy;} we define the scaled cumulant
generating function as the limit

. 1
(2.42) A(k) = lim ——log E[exp (kM Za]]

Next, we formulate the Gartner-Ellis theorem. This theorem specifies the conditions under
which the probability distribution can be expressed in terms of a rate function

Theorem 2.2.2 [If \(k) exists and is differentiable Vk € R, then Zy; satisfies a Large Devia-
tion Principle. The rate function is

(2.43) I(z) =L\ = Ztelg{kzz —Ak)}

The functional applied on A(k) is called the Legendre-Fenchel transform. The formula
for the rate function I(z) can be derived from A(k) by first approximating (exp [kM Zy/]) as
M — oo using saddle point estimation and then noting Legendre-Fenchel transform is self-
inverse, that is, £ (L(A(k))) = A(k).

M
1
For the sample average Zy; = i Z X; the computation of the rate function is particularly
=1
simple
M
(2.44) AE) = lim Lg [exp [kM Zy]] = lim L logE | [ exp [kXi] | =
' M—oo M P M M—oo M i1 P !
1 M
(2.45) = Jlim —log [T E lexp [kX,]] = log E [exp [k X]]

i=1

Therefore, to compute A(k) for sums of random variables, one only needs to calculate the
cumulant generating function. The differentiability condition in the Géartner-Ellis theorem
is satisfied because the Laplace transform (i.e. the moment generating function) is always
differentiable when it is defined.
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Example: Let X be a normal random variable of mean p and variance o?. Let Z); =

1 M
R ‘X.7
M; ’

1
(2.46) k) = pk + 5021@2
A(k) is infinitely differentiable therefore we can compute the rate function by applying the
)2
Gértner-Ellis theorem and we obtain I(z) = (225)
o

Since the Laplace transform is always differentiable where it is defined, we can apply
the Géartner-Ellis theorem and compute the rate function for distributions whose cumulant
generating function is only partially defined; that is, if it is not defined Vk € R.

Example: Let X be a exponential random variable with scale parameter 1,
(2.47) Ak) = —log(1l — k)
and by just computing the maximum in (2.43), I(z) = z — 1 — log 2.

Important cases, such as the power-law distribution, are out of the scope of Large Deviation
Theory.

Example: Let X be a Pareto random variable. Its moment generating function is
o
(2.48) M(k) = E[eX] :/ ax~ ek gy
1

Note M (k) < oo only if £ < 0. In this case
(2.49) Ak) <Xk +0) ¥0>0

because " < e )7 and a1~ is positive in [1,00). Using this observation and M (0) = 1,

the maximum in (2.43) is reached at k = 0,

(2.50) I(y) =0 Yy e[l,00)

Therefore, for distributions with an algebraic tail decay, zero rate functions are obtained.
The reason is that the tails of the distribution decays slower than any exponential function of
M [15].

Finally, we state Varadhan’s Theorem, which is a generalization of the Gartner-Ellis The-
orem. Given a continuous function g, we define

(2.51) AMg) = lim % log E [exp [Mg(Zm)]] -

M—o0
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The rate function I(y) is obtained by taking the Legendre-Transform of g,

(2.52) AMg) = Sgp{g(y) —1(y)}

This theorem will be useful in the derivation of the random energy model results from LDT.
We now detail how the random energy model can be formulated using large deviation
theory [18, 16]. The partition function of the random energy model is

M
(2.53) Zu(B) = exp[-BE], M =2,
i=1

where E; are Gaussian random variables whose pdf is

1 e?
2.54 €)= —exp |——
(254 fole) = oo ||
Given a random sample {F;}, we can construct a probability distribution F as
fersh
(2.55) FK(LU):Q—K i=1,...,2%.

Note that F is a discontinuous distribution defined on R. It has jumps at the points {E;}. If
X is the random variable with cdf Fi ()

Ei Ein
2.56 P(X — =0
259 (x< &%)
2. PlX — = —
237 (xe 5 ]) =
Taking the expected value of h(z) = e 5% we obtain

o0 2 '
(2.58) E[h(z)] = / h(z)dFk(z) = Z h (f{) 2LK
o —

7
1 X 1
=ox ¢ P =g Zu(B)
=1

Therefore, Zj; can be expressed in terms of the expected value with respect to a a probability
distribution that depends on K

(2.59) Zu(8) = 25 /_ " KR (@) = 2K [ K]

Theorem 2.2.3 With probability 1, the measure induced by Fg satisfies a Large Deviation
Principle with index K and rate function

2R if |2 < V2log?2
(2.60) Iz) = {oo, if |z| > +/21og2
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by

P I b1/

Ei/k Eiri/k
(a)

Figure 2.3: Measure of probability dFx

From the definition of A(g) and taking g(z) = —fz,

(2.61) Mg) = Jim 105 fexp [K (—6X)]

K—o0

Applying Varadhan’s Theorem,

.1 2
(2.62) Kh_r}noo 74 logE [exp [K(—BX)]] = sup {-2*" - Bz}
Finally,
.1 2
(2.63) Klgnoo 174 log Zyr = Sl;p {log2 —x° — Baz}

which is the result derived earlier (2.33). In the next sections the methods developed to analyze
the random energy model are applied to the problem of estimation of moments from a finite
sample.
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Chapter 3

Convergence of Monte Carlo
averages

In the previous section, we studied how the analysis of the partition function in the
Random Energy Model reveals the existence of a phase transition as a function of the system
temperature. In this chapter we extend and adapt this analysis to the estimation of the moment
of order ¢ from a sample of finite size {Xz}f\i 1

1 1 U
(3.1) ZW=—3N"X{ =3 e,

where the change of variables X; = e¥ has been made in the last step. Note this way of writing

the estimator Z](\f[) brings out the similarity between a sample moment estimator and the REM

partition function in 2.16. As argued in the previous sections, the convergence of Zl(\j][) to its

infinite sample limit E[X?] can be analyzed in terms of the bias of the logarithm of (3.1)
(3.2) E[B\Y] = log E[X9] — E[log Z\?].

Formally, if one chooses ¢ = — and Y; ~ N (0, K/2) where K = log M/log2, the moment
estimator (3.1) becomes the partition function of the random energy model. However, in
the general context of moment estimation, the parameters of the distribution are fixed and
do not depend on the sample size. Nonetheless, it is possible to make a derivation that is
parallel to the analysis of the random energy model and define an entropy function, which
could depend in a complicated manner on K. Even though, in this case, it is sometimes
not possible to derive closed-form expressions as in the standard REM, the interval [y;, y,] in
which the entropy function is positive can always be estimated numerically. Once this interval
has been computed, one can carry out a derivation similar to REM and find an exponential
approximation to the sample estimate of the gth moment

(@ - 1
3.3 Zyd = exp | K max {s.(y)+
(3.3) M v P el ] {sa(y) +qy}

For a fixed value of ¢, depending on the sample size, the maximum of the exponent could be
either inside the interval or at y,:
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1. If M < M.(q), the main contribution to (3.3) comes from the upper bound of the interval
yu- In this case E[BJ(\Z)] > 0 and the typical values of Z](\g,) are a poor estimation of E[XY].

2. If M.(q) < M, the dominance corresponds to y*, the local maximum of the exponent.

In this case Z](g[) is well approximated by the asymptotic form obtained by saddle point
estimation. In this asymptotic limit the bias of the logarithm of the estimator disappears
IE[B](\Z)] = 0, which means that typical values of ZJ(\Z) are a good estimation of E[X1].
In the limit of large ¢, there is an abrupt change of behavior in the estimator as a function of
the sample size.

In this chapter this analysis is carried out for different types of distributions. In section
3.1 we consider X ~ log —N\/ (0, o), that is, the random variable Y is Gaussian with zero mean
and variance o2. As in the REM case, the interval of definition for the entropy function can be
explicitly computed and, following the same reasonings, the phase transition in the estimator
can be described with expressions in closed form.

A generalization of the lognormal case is constructed in section 3.6 for exponential-power-
law distributions [19]. The family of distributions considered in this section is a generalization
of the lognormal case because the pdf of the random variable Y is

(3.4) fy(y) = pL' (y)y" " exp [~ L(y)y”]

where L(y) is a slow varying function; that is, it behaves asymptotically as if it were a constant.
The lognormal case is retrieved with p = 2 (see [19]). We also compare the exponential-power-
law approach to the results obtained in section 3.1.

In sections 3.3, 3.4 and 3.5 we analyze the Normal, Weibull and Chi-Squared cases, respec-
tively. It is interesting to analyze the Gaussian case because of the central role played by the
Gaussian distribution in the convergence of sums of independent random variables, as stated in
the Central Limit Theorem. On the other hand, the Weibull distribution is the distribution of
the powers of exponential random variables. Finally, the Chi-Squared distribution with d de-
grees of freedom is related to Normal distribution: sum of d squared normal random variables
is distributed as a Chi-Squared random variable. For these three cases explicit expressions for
the bounds of the interval in which the entropy function is positive ([y;, ¥,]) cannot be found.
The reason is that the equation for the zeros of the entropy function

(3'5) Sa(y) =log2 — ga(y) + &y,
where g,(y) is an exponential function of y, cannot be solved explicitly. Nonetheless, approxi-

mate solutions of (3.5) can be obtained using numerical methods. Alternatively, approximate
closed-form solutions can be derived by balancing the two dominant terms in (3.5),

(3.6) log2+ ¢y =0=79y;=—log2/¢
log2 — go(yu) = 0=y, = ga_l(log2)
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By applying equation (3.3), as in the explicit lognormal case, using the approximated y; and
Yu closed-form expressions of the bias (3.2) on both sides of phase transition are obtained.

As discussed in section 2.2.1 an analysis similar to REM, or more generally, based on large
deviation theory, cannot be applied to distributions with algebraic tails. The reason is that
the entropy function is linear. Therefore, the maximum in (3.3) always corresponds to the
lower bound y;. To model B](g[) in the Pareto distribution, we propose to use a method based

on approximating the sample estimate of the gth moment by the truncated moment
@ [
(3.8) AVES / 24 fx(z)dxw
0

where Uy is such that P(max { X;}2, > Uyy) is sufficiently small. Tt seems reasonable to make

the choice in terms of the maximum of the sequence of random variables, G = max {Xz}f‘i 1-
3

The probability density function (pdf) of this maximum is
(3.9) fur(@) = Mf () [F ()"

where F'(x) is the probability distribution of X and f(z) the corresponding density.

In the limit of large samples, Extreme Value Theory [14] provides accurate approximations
to the distribution of G in terms of three different types of distributions. Specifically, the
Extreme Value Theorem states that in the M — oo the distribution of G; approaches one
of these three functional forms: (i) the Weibull distribution, (ii) the Gumbel distribution and
(ili) the Fréchet distribution (see theorem 3.7.1). In section 3.7 the sample average of Pareto
iid random variables are considered. EV'T states that the asymptotic behaviour of Gy is of
the Fréchet from when X is a Pareto random variable. We compare three models depending
how the value of Uy is chosen: (a) the mode of the exact distribution of Gz, (b) the mode of
the Fréchet distribution and (c) the mean of the Fréchet distribution.

3.1 The lognormal distribution

Since the partition function in the Random Energy Model (2.16) is, basically, the sum
of lognormal random variables whose variance depends on the number of energy levels, it is
natural to consider the estimator of the moments of lognormal random variables with fixed
parameters.

A random variable X is said to be lognormal random variable of parameters (u,o) if
Y =log X so that Y is a Normal random variable N (i, 02).

The parameter p only appears in the scale factor e#. Therefore, one can assume pu = 0
without loss of generality. Furthermore, if X is lognormal with parameters (. = 0,0) , X7 =
exp [qoY] is also lognormal with parameters (1 = 0,0q). For this reason, it is sufficient to
analyze the estimator of the moment of a lognormal with parameters log —A (u = 0,0),

M M
o 1 1
=1 1=1
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as a function of o and M.

The framework developed for the random energy model can also be applied to the analysis
of the sample average (3.10), provided that we make the appropriate parameter identifications.
However, in contrast to REM, the parameters of the corresponding normal random variable
are independent of M. Therefore one has to consider an appropriate asymptotic limit, which
is defined as 0 — oo and M — oo with log M/o? — constant. To carry out the analysis in
this limit, one first computes the probability of finding samples in the interval [Ke, K (e + J)]
to the exponential leading order. Using (2.22), the entropy function is

Ky2

Since, by definition, the entropy function s,(y) is non negative, the range of y is restricted to

the interval |y| < 4/ 2”2%. Depending on the location of the maximum of the exponent in
(2.2.1) we can distinguish two regimes: The first one appears for small samples M < M, (o),
where M,(c') = e7/2. Asymptotically, the dominant contribution to the estimator (3.10) comes

from the upper bound of the interval y, = 1/ 2”2%. The second regime corresponds to large

samples M > M.(o), in which the dominant contribution comes from the local maximum of

the exponent y* = 7. In this regime, and in the limit of large M and o, the sample average

is close to the saddle point estimate of the moment.

The change of behavior in y* = y, corresponds to a second order phase transition in the

asymptotic behavior of Z](VUI)

2

exp [%} AM, o) > 1

(3.12) AV
exp [\/202 log M — logM] JA(M, o) <1
2log M

where A\(M, o) = 5— The transition is marked by a discontinuity in the second derivative
o

of E[log Zys] at the transition point in the limit ¢ — oo and M — oo with log M/o? —
constant. There is no discontinuity for finite M and o. Nevertheless, the approximation (3.12)
is still accurate for sufficiently large values of these parameters. In particular, for a sample of
size M, there is a critical value o.(M) = /2log M, such that, for values of o > o.(M) the
sample average ceases to be an accurate approximation of the expected value of the lognogmal

random variable. Alternatively for a fixed value o, the critical sample size is M.(0) = eZ .
To validate this analysis, we compare the asymptotic formulas for with simulations in terms

of B\7 /B%)...
(o)

Note also that an exact expression can be obtained for Biz,
1
(3.13) BY) —E[B)] = logE [X] — E[log X] = 502
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Table 3.1: Critical sample size M, for some values of o

Shape parameter ¢ | Critical size (M,)
2 7.38
4 2.98 x 107
8 7.89 x 10"
16 3.88 x 107

since E[X] = exp [30?] and E[log X| = 0 by observing log X is a Normal random variable with
zero mean and standard deviation o. Using equation (3.13) and by definition of By (3.2),

B(g) 0, A>1
(3.14) B](\Z) = B(];/[) =32 (\/202 log M — logM>
max 5 , A<

o
In table 3.1 some values of M, as a function are showed. It can be observed that critical
sample sizes are smaller than those predicted by Kagan and Nagaev (see section 2.1).
As we can observe in figure 3.1, the model is more accurate when ¢ increases. Even though
it is not necessary to have large values of ¢ to obtain accurate models, it can be observed that
the theoretical transition point is far from the empirical one for low values of o.

L . c=2.0 1 0=4.0 ,
— Simulated — Simulated
0.8 — By 0.8 — By
8 H 8 "y
§ - logM, E - logM,
0.6 H 0.6 T
M : Q
~ E ~
‘;0.4 : §0,4
Q : Q
0.2 0.2
0. ) z 6 3 10 0.G5 2 7 6 8 10
logM logM
1 c=8.0 c=16.0
— Simulated 1.0 — Simulated
0.8 — By, -— B,
§ M %308 M
QR M 0.6
~ ~
=04 0.4
a) Q
0.2 0.2
0. 5 8 10 0% 2 ] 10

4 6 4 6
logM logM
Figure 3.1: Comparison of the theoretical model to simulations for lognormal distribution.

A generalization of the results of the Random Energy Model has been developed in order
to study the estimators of the moments of lognormal distributions. As well as in the REM a
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phase transition was obtained in the behaviour of the partition function (2.29), we have also

)

obtained a phase transition in the limit M — oo, 0 — oo in the estimator Z](\Z . In the next

sections, we generalize this analysis to different distributions.

3.2 The Log-Exponential-Power-Law distribution

In this section we deal with the analysis of Z](\f][) by reviewing the study of the family of

Log-Exponential-Power-Law distributions presented in [19]. The results of this section can be
compared to those of the previous section because the lognormal distribution is a particular
case of a Log-Exponential-Power-Law distribution.

We say X is a Log-Exponential-Power-Law random variable if the cdf of Y = log X satisfies
(3.15) 1= Fy(y) = exp[~h(y)]
where the function h(y) = L(y)y”, with p > 1 and d L(y) is a slowly varying function, i.e.

L(t
lim MZLWGR

y—oo L(y)

We also impose a condition on the derivatives of h(y),

_h'(y)
(3.16) ylggo W)

=0

Under these assumptions, the pdf of the random variable Y is given by

fr(y) = I'(y) exp[—h(y)]

and the gth moment can be written as

(3.17) E[X?] = E[e"] = /Oo exp [qy — y’L(y) + log h'(y)] dy

— 00

Using the saddle point method to approximate quadratures (see appendix E)
(3.18) E[X9) = exp [qy* — y* L(y") + log h' (y")]

where y* is the maximum of the argument of the exponential in the integrand. By the condition
of local maximum and using (3.16)

W (y)
h'(y*)
We can approximate y* by neglecting the slowly varying function L(y),

g\ Y
3.20 YR (>
(3.20) P

(3.19) q—h(y*) +

=0=H1(y")~q
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This result provides a way to approximate y* using only the derivative of h(y).

Since this result is valid only asymptotically, when the sample size is large, the next step
is to analyze the finite size effects in the moment estimate. The probability of the maximum
of a sequence of random variables is given by

P <m§ix (v}, < y> =P <{Yz}£\il <Y W) =P(Y <y)¥

because of independence. Consider now a threshold y; such that the probability of observing
values that are larger than this threshold is sufficiently small. This quantity can be defined in
terms of the distribution of the maximum,

(3.21) P (max{yg-}f‘il < yj) =e 7
(2
Then,
1—P(maX{Yi}£\il <yj) zl—P(Y<y:f)M:1—e*T

The complementary of the cdf evaluated at the threshold is

T T 1
1— Fy(yf)=1—exp [—M} :M+O<M>a

where the exponential has been approximated using its Taylor series truncated to first order.
By definition of the class of random variables we are considering,

h(y) =log M —logT + o(1)

Noting h(y) ~ y” and h(y]") ~ log M, by taking the quotient between y; and y;",

log 7\ /*
+ ~ 1 +

log T
log M

h(yt) ~ <1 + ) log M ~ log M + O(7)

Therefore h(y) behaves like log M with a small correction that tends to zero with log M.
Then, it is natural to require

(3.22) h(yT(M)) = log M

Note that y becomes closer to y; as the sample size increases. This fact allows us to remove
the dependency in 7 since for any 7 O(1), y; is only a small correction of yf Proceeding as
in equation (3.20),

(3.23) yT (M) =~ (log M)"/*
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For a fixed ¢ and as a function of sample size, the boundary between the two regimes is
defined in terms of a critical sample size M.(q, p)

(3.24) yt(Me(q, p)) =y

Using approximations from (3.20) and (3.23), the phase transition occurs in the limit M — oo,
q — oo and

) log M

=) — constant
q —

(3.25) MM, q,p) = p/*~!

When the sample is larger than M.(q, p), the empirical moment estimator is dominated by
(3.18). For small samples we can use the estimation based on truncated moments

@ y+ (M) , )
(3.26) T\ = / exp [qy — h(y) +log h'(y)] dy =

= exp gy (M) — h(y™ (M)) + log (y* (M))]

The convergence to leading exponential order of T]E? to ZJ(\Z) is proved in [19].

In summary, for a fixed ¢, the sample average has a sharp change of behavior

exp [qy ™ (M) — h(y™ (M)) +log I (y* (M))], M < Mc(q, p)

(3.27) I = {
exp [qy* (M) — h(y*(M)) +log I’ (y*(M))], M = Mc(q, p)

This change of behavior leads to a discontinuity in the second derivative of E [Z)/] in the limit
log M
qﬂ/ (p—1)

As mentioned earlier, the lognormal distribution is a particular case of the Log-Exponential-
Power-Law distribution with p = 2. In the lognormal case, Y is a Gaussian random variable
whose cdf satisfies

M — oo, ¢ — oo and — constant.

Fy(y) = % + %erf [\%}

exp[—h(y)]=1-Fy(Y) = 3 %erf [\%} = —erfc [\%]
(3.28) h(y) = log 2 — log erfc [f/%]

where erf is the error function and erfc the complementary error function. Using the asymptotic
approximation for the complementary error function

exp(—y®)
3.29 erfc(y) — ————
(3.29) W) =2,
and by (3.28) becomes,

2
(3.30) h(y) ~log2 + % + log(v/7y)
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Figure 3.2: Comparison of the Log-Exponential-Power-Law model and the REM to simulations.

We use this approximation to h(y) in conditions (3.19) and (3.22) to define y* and y™, respec-
tively. In figure 3.2 we compare this model to the one in 3.1 and simulations.

We observe in figure 3.2 the approach of this section (green curve) achieves similar accuracy
to section 3.1 model (red curve). A significant difference between both models is LEPL model
overestimates the normalized bias where as REM approach underestimates it.

3.3 The Folded-Normal distribution

The analysis of the convergence of the empirical moments of the normal distribution is
of particular interest because of the central role this distribution plays in statistics. In this
section, we carry out an analysis parallel to section 3.1 to study the behaviour of the estimator
7\,

Since the analysis presented is valid only for non-negative random variables, we consider the
problem of estimating the moments of a folded normal random variables X = |Z|, Z ~ N (0, 1)
from a sample of size M. Note that the even moments of X coincide with those of a standard
normal variable. From X, we define the random variable Y = log X, whose pdf is

2 e

(3.31) Fri) = =exw |55 1] v e (-oe,00)
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Following (2.22), the entropy function s, (y),
2Ky
2K

with K = log2/log M. The entropy function is non-negative by definition. Therefore, it
is non-zero only in a bounded interval [y;,y,]. In contrast to the lognormal and the log-
exponential-power-law cases, no closed-form expressions can be given for the bounds of this
interval. Nonetheless, numerical algorithms for finding zeros of nonlinear functions can be
used to estimate them. Alternatively, approximate closed-form expressions can be obtained by
balancing the two dominant terms in the equation s4(y) = 0,

(3.32) Sq(y) =log2 — +y

log2+ 9 =0= 4, = —log?2
2K 9u 0= g, = log (2K log 2)
2K “ 2K
We show in appendix B that these closed-form approximations become more accurate as the

sample size increases. In particular, the error of approximating the upper bound by g, ap-
loglog M

log M

(3.33) log 2 —

proaches zero as in the limit M — oo.

1 1
The maximum of the exponent in equation (3.3) is reached at y* = Og(2q];-)‘ When

M > M.(q), y* € [y, yu] and the estimator coincides with the saddle point approximation of
the expected value. Otherwise, the estimate is dominated by y,,.

(@)

)

In summary there is an abrupt change in the behavior of Z

(g+1)
(334) Z(Q) - exXp [T ( log(q + 1) -1 ):| ) A(M, Q) > 1 ~
exp [Kqy, — Klog2], A(M,q) <1 Yu B
5.35) e [45 (loglg +1) 1)), AM.q) 21
. exp [ log (2log M) — log M, X(M,q)gl
where \(M, q) needs to be computed by numerical methods. A closed-form expression using
the approximation g, is A(M, q) 2log M
roximation ¢, i ,q) = :
pp Y q q+1
An approximate closed-form expression for the maximum bias B = log E [X9]—¢E [log X]
can also be given by computing
1
(3.36) E [log X]| = 5(—7 —log 2)

e ()
e (1)

T ﬂ)
@ ( 2
(3.38) B . 5 + log NG

(3.37) E[X9) =
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where 7 is the Euler-Mascheroni constant and IT" is the gamma function.
Some values of M. as a function of the order of the moment ¢ are shown in table 3.2. It
can be observed that critical sizes are much smaller than in lognormal case.

Shape parameter ¢ | Critical size (M,)
2 1.21
4 12,18
8 90.01
16 4914.76

Table 3.2: Critical sample size M, for some values of ¢

Finally, the validity of the analysis carried out is illustrated by comparing the asymptotic

results and simulations in terms of Bj(\z) / Braa

(9)

(figure 3.3). It can be observed that the closed-

form approximation derived in the perturbative analysis models the estimator behaviour more
accurately than the numerical approximation.
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logM
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logM
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Figure 3.3: Comparison of the described models for Normal case to simulations.

For low orders, ¢ = 2,4, both models produce large errors whereas for higher orders the
accuracy increases significantly. In contrast to the lognormal and Log-Exponential-Power-Law
distributions, the transition point is reached even for vales of ¢ as large as ¢ = 16. One can also
concludes from the results of the simulations that the results obtained from the balancing of
the dominant terms in the solution of s,(y) = 0 yields a better approximation than the exact
numerical solution of this equation.
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3.4 The Weibull distribution

In this section we consider the Weibull distribution, also known as the stretched exponential
distribution [20]. The Weibull distribution has been used in different contexts: for example, to
model the distribution of wind speeds [21] or in survival analysis [22]. It is also the distribution
of powers of exponential random variables.

Let Z be an exponential random variable of parameter A = 1. The probability density
function is

(3.39) fz(2)=e"%, z€[0,00).

Define the random variable X = Z9. The corresponding density is
1 1_

(3.40) fx(x) = gw}l Yexp {—xl/q} ,x € [0,00)

Therefore, X is a Weibull random variable with parameter 1/q. The other usual parameter in
the Weibull distribution is not present because, without loss of generality, the scale parameter
in the exponential distribution has been fixed to A = 1. The moments of exponential random
variables are simply the mean of a Weibull random variable with shape parameter 1/q. Consider
now Y = log X. For this new random variable

(3.41) Frl) = - e [—ey/q + g] 1y € (~00,00)

The corresponding entropy function,

(3.42) Sq(y) =log2 —

9

eKv/q N y
K q

with K = log2/log M. Since the entropy function is non-negative, it is only defined for
Yy € [y, yu]. However, s,(y) = 0 is an implicit equation for these bounds. Therefore closed
formulas for y; and y, cannot be obtained. A solution is the numerical approximation of the
boundaries. Another possibility is to make a perturbative analysis based on balancing the
leading terms of the equation as M — oo

(3.43) log2+ 2 =0= g = —qlog?2
q
Kgu/q log (K log 2
(3.44) log — T _ o g, = 4108 (Klog2)
K
log log M

The error in g, tends to zero as (see appendix C) as in the folded normal case. By

log M
proposition 2.2.1, we can distinguish two regimes, depending on the location of the maximum of
the exponent y* = %. When y* € (y;,y4), Zm behaves as the asymptotic approximation
from saddle point method. If y,, < y*, the estimator is dominated by ¥, and finite size sampling

effects are important.
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The presence of these regimes manifests itself in the sharp change in the behavior of Z;,
as a function of sample size

exp[—(g+1)](g+ 1)L, A>1
(3.45) Zy = -
exp [_ exXp |:K;Ju:| + Kyu (%)] 5 A S 1 Yu Ry,
(3.46) _Jexp[~(a+ D) g+ 1), XA >1
| exp[—log M + (¢ + 1)loglog M], A <1

. log M

where \(M,q) = Og+ T is an approximation of the exact function \(M,q). Hence, a second
q

(q)

order phase transition in B;; appears in the limit M — oo, ¢ — oo and log M

— constant.

The maximum value of the bias Bﬁ%w can be explicitly computed,
(3.47) E [log X]| = —qv
(3.48) E[X]=¢!
(3.49) B, =logq! +qy

Some values of M.(q) as a function of the order of the moment g are given in table 3.3.

Table 3.3: Critical sample size M, for some values of ¢

Shape parameter ¢ | Critical size (M)
2 20.08
4 148.41
8 8103.08
16 2.41 x 107

Finally, the validity of this analysis is illustrated in simulation experiments. The depen-
dence of the bias of log Zjs as a function of the size of the sample is displayed in figure 3.4 for
different values of q.

It can be observed that both models produce, in general, smaller errors than in Folded-
Normal case (figure 3.3). As in previous we obtain the perturbative analysis provides a more
accurate approximation. Eventually, note that transition point is not reached for ¢ = 16.
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Figure 3.4: Comparison of the described models for the Weibull distribution and the results
of simulations.

3.5 The Chi-Squared distribution

As in previous cases, we are going to carry out a similar analysis for the Chi-Squared
distribution. The Chi-Squared distribution is commonly used is statistical tests in goodness-
of-fit and independence tests [23]. It is also the distribution of sums of squared Normal random
variables,

d
(3.50) X =) "7 Zi~N(0,1), X~x(d).
=1

The pdf of a Chi-squared random variable with d degrees of freedom (X ~ x(d)) is

1

_ d/2—1 +
—Wx/ exp[—x/Q],xE[O,oo),dEN

(3.51) fx(x)

Consider now the random variable Y = log X, whose probability density function is

ey d
(3.52) fr(y) = Cyexp {—2 + Qy} , Y € (—00,00)
In this case, the entropy function is
eKv d
(3.53) sa(y) = log2 — oK + 2 Y
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in the region in which this expression is non-negative. The value of the entropy is zero ev-
erywhere except in the interval [y, y,], where y; and y, are defined as the solutions of the
nonlinear equation

(3.54) sa(y) =0, sa(yu) =0, Y1 < Yu-

As in the cases of a folded Gaussian and of the Weibull distribution, it is not possible to give
exact expressions for the bounds of the interval in which the entropy is non-zero. Nonetheless,
the values of y; and y,, can be estimated using numerical algorithms. Alternatively, closed-form
approximate expressions can be obtained by balancing the two leading terms in the nonlinear
equation

d 2
(3.55) log2 + 5@ =0=7q = — log 2
Kiu log(2K log 2
e . log(2K'log2)
(3:56) 082~ 5 = 0= K

loglog M

log M when M — oo.

The difference between g, and y, approaches zero as
An abrupt change of behavior in Z](\Z) can be found depending on the location of the local
maximum of the exponent in proposition 2.2.1. For small samples (M < M.(d,q)) the local
maximum is beyond the interval [y;,y,] and the maximum in the relevant interval [y;, v, is
y* = yy. In this regime, effects related to the size of the sample are dominant in the average.
For large samples, if M > M,.(d, q), the dominant contribution comes from the maximum y*
and the estimator is well approximated by the result of saddle point integration.

By computing the maximum in (2.2.1) the empirical moment estimator is to exponential
leading order

@ . Jeo[= (4 +aq) + (5 +a)log(d+29)], N(M,d,q) >1
(3.57) Zy = Ky J ~
€xp |: 2 + K (§ + q) yui| ) )\<M7 d7 Q) S 1 YuRYu
(3.58) e[ () + (§+a)log(d+29)], MM, d.q) > 1
' exp [—logM+log(2logM) (%—i—q)], AM,d,q) <1,

2log M

where X(M ,d,q) = 712 is the function that determines where the transition occurs.

Note that using the approximate value g,, one recovers the results for the normal distribu-
tion with ¢ = 2 using the results for the Chi-Squared distribution with d =1,¢ =1

~ ~ 2log M
(359> )\Chi-squared(d = 17 q= 1) = )\Normal(q = 2) = § .

As we did in previous cases, the following table contains some values of M, as a function
of the order of the moment q.
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Table 3.4: Critical sample size M, for some values of ¢ with 5 degrees of freedom

Shape parameter ¢ | Critical size (M,)
2 90.01
4 665.14
8 36315.5
16 1.08 x 10°

An explicit expression can be obtained for the maximum bias

B{), =1og E[X] — ¢E [log X],
I(g+9)
3.60 EX1 =29———_=2
(3.60) [X] ()
(3.61) Ellog X| = ¢ (Z) + log 2

d
(3.62) Bl =log (W) —qv (;l)

2

where ¢ (x) and I'(z) are the gamma and the digamma functions respectively.

The validity of this analysis is illustrated using simulations. The dependence of the nor-
malized bias of log Z](\j][) as a function of M, the sample size, is depicted in figure 3.5. The most
striking feature of these plots is the extremely accurate approximation that results from using
Uy instead of the exact y,.
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Figure 3.5: Comparison of the described models for Chi-Squared distribution to simulations,

d=>5.
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Figure 3.6: Critical sizes for analyzed cases.

In this section we compare the critical sizes for the moment estimators for different dis-
tributions that have been computed in previous sections. The results of this comparison are
compiled in Table 3.5 and depicted in Figure 3.6. From this figure, it is apparent that the
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Table 3.5: Lambda functions for the analyzed distributions

Distribution MM, q) M.(¢g=2)| M.(¢q=4)
2log M
Folded Normal y = 0,0 = 1 Of : 4.48 12.18
q
2log M
Chi-Squared (d) 2:i . 12.18 90.01
Weibull log M 20.08 148.41
Yog
lognormal, i = 0,0 = 1 o8 7.39 2980.95
q
log M log M
Log-Exponential-Power-Law, p =2 | ~ o8 -8 54.59 8.88 x 108
qﬂ/(/’_l) q2
log M
Consistency-based method - 5503.66 | 2.14 x 10!
2qloglog M

value M.(q) strongly depends on the probability distribution considered. In particular, the
lognormal distribution has higher critical sizes than the other distributions. This is consistent
with the fact that the tails of the lognormal distribution are heavier. The estimates of the

critical sample size based on requiring consistency (see section 2.1) are exceedingly high.
log M

n

for different

It is interesting to note that, for large ¢ and M, A(M,q) = constant

values of n > 0.

The results of the empirical analysis presented in this section illustrate that the approx-
imations obtained for the critical size M.(q) work well for sufficiently heavy-tailed different
distributions. Poor estimations are obtained for low-order moments of random variables with
exponential decay, as illustrated by the results of simulations presented in figure 3.7.

Our hypothesis is the developed analysis are only applicable for heavy-tailed distributions
that do not have algebraic decay. Note that even if the distribution of the original variable
is not heavy-tailed, powers of the original variable will eventually be heavy-tailed. These
observations imply that the change in regime observed in the sample estimator appears in very
general situations.

Note also that the lambda function of the Log-Exponential-Power-Law distributions

log M
(3.63) MM, q,p) ~ )
interpolates between different cases:
1. As we mentioned in section 3.2, the lognormal case is recovered for p = 2.
2. If p — 0,
log M
(3.64) MM, q, p) ~ constant 08
q
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which is, neglecting the constants, the same A function as for the Folded-Normal, Chi-

Squared and Weibull cases.

3. Ifp— 17T,

(3.65)

log M(g, p) ~ ¢”/*~1) — o0

that is, we cannot reach the asymptotic regime since M,(q, p) increases to infinity. This
situation is found in the analysis of Pareto distributions (see next section).
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Figure 3.7: Low order moments modelization.
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3.7 The Pareto distribution

The Pareto distribution appears in many different contexts. It is the distribution of degrees
of nodes in scale-free networks [24], the distribution of the frequency of words in texts [25], the
time between large earthquakes [26], etc. In all these cases, averages of random samples are
needed and it is reasonable to try a similar approach as in the previous cases.

Let X be a random variable that follows a Pareto distribution
(3.66) fx(x) =az "z € [1,00)
The pdf of the random variable Y = log X is
(3.67) fy(y) = aexp[-ay],y € [0,00)
Solving the equation (2.22) for this pdf,
(3.68) sq(y) =log2 — ay

From the functional form of the entropy function it is possible to see that the maximum of the
exponent in (2.26) is y; = 0, the lower bound of the interval, in which the entropy is non-zero.
Therefore, the entropy (rate in LDT) function is zero to leading exponential order, and

(3.69) Zy = exp|0].

Since a phase transition cannot be obtained, the asymptotic regime is never reached.

Based on the ideas in [19], we can use a truncated moments approach,

Unm
(3.70) AV / x fx(z)dz
0
where Ujy, the truncation value, depends on M, the sample size.

A first approach is to use a statistic of G, the maximum of the sample of size M. The
probability distribution and corresponding density are

Fay(u) =P (Gy < u) = (P(X < u)M = Fx(u)M
e (u) = MFX(U)Mile(U)'
For a Pareto distribution, the quadrature (3.70) can be performed explicitly

(0}

Um
(3.71) Iy~ / oz~ = (1=U
1

a—1

We are going to note as U (i),i = 1,2, 3 each choice of the truncation value. A reasonable trun-

cation value could be Uz\(/l[) as the mode of the distribution of the maximum. For a continuous
distribution, the mode is the maximum of the pdf,

(3.72) o, (U) =0 (M = 1) fx(U)? + Px(U) fe @) = 0
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In case of the Pareto distribution,

—a —1/a
(3.73) (M- " —(1—2a+1)=0 = UY = <A;‘(;11>

For other types of distributions, this value may need to be estimated numerically. Alterna-
tively, to obtain closed-form expressions, one can approximate the distribution of the maximum
by using Extreme Value Theory (EVT) [14]. The Fisher-Tippett-Gnedenko [27, 28] theorem
states that the distribution of the maximum of any distribution behaves asymptotically as
either a Gumbel distribution, a Weibull distribution or a Fréchet distribution. This theorem

can be expressed in a compact way using He(z), the Generalized Extreme Value Distribution
(GEV).

Theorem 3.7.1 Let {X;} be a sequence of i.i.d random variables and G py = max; {X;}. There
exist norming constants byr and cpr such as

- — -1/
(3.74) lim P <GMbM < x) = He(x) = {exp[ }—i—fx) €], e#0,
e\ e expl-e 7] £ =0

Choosing the parameter §, He¢(x) takes the form of one of the three distributions mentioned
before. Applying

(375) FGM*bM/CM(u) = FGM(CMU—f'bM)

we will have a closed-form for the asymptotic distribution of the maximum.

Depending on the distribution of X, the distribution of the sample maximum approaches
one of these three distributions as the size of the sample increases. In every case, the mode and
the mean have closed formulas thus, even in complicated distributions, we can have closed-form
approximations. In particular, for Pareto random variables, the distribution of the maximum
belongs to the domain of attraction of the Fréchet distribution

(3.76) it Gu S @,

with ¢pr = MY and ®,(z) = exp [—27?] the cdf of Fréchet distribution.
Computing the probability for the maximum of Pareto random samples,

(3.77) P(Gy < u) = exp [—5”;]

One can use the mean or the mode of the Fréchet distribution as truncation values in (3.71)

1
(3.78) U? = E[Gy) = MT (1 - a)
1/«
(3.79) U® = mode[Ga] = M | —2 /
M 14+«
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Evaluating in every of the three given solutions,

(3.80)

a—1
1\ o
U](\}) (Mode of the distribution of the maximum) = Z; ~ ac_v 1 (1 — (]\Zjﬂ) )

(3.81)

1 -«
U](\? (Mean of the EVT limit distribution) = Zj; =~ Ll (1 - [MF (1 - >} )
a— a

(3.82)

l1-a/«a
(3) e o« e @
U,/ (Mode of the EVT limit distribution) = Zy ~ =] <1 M (a n 1) )

We test the validity of the three different choices for Pareto distribution in figure 3.8. It can
be observed that the approximation by choosing Ujs as the mode of the explicit distribution of
the maximum is the most accurate of the three options. This figure illustrates that considering
the explicit distribution of the maximum is better than the asymptotic one. However, this
approach might not be used in all the cases and EVT could be applied to model the estimator
behaviour.

1 a=8.0 1 a=6.0
— Simulated B — Simulated B,
M M
0.8 — Uy, = EVT mean 0.8 — Uy = EVT mean
§ — U, = EVT mode § — U, = EVT mode
m‘“o-ﬁ U,, = exact mode M 0.6 U, = exact mode
\ \
0.4 0.4
Q Q \
0.2 0.2
Ao,
A_A oy
WAL 2 e et -
00 33 7 5 6 7 B 5 10 0053 2 5 6 7 8 9 10
logM logM

a=2.0

— Simulated B,

— Uy = EVT mean

— U, = EVT mode
U,; = exact mode

— Simulated B,,

— U, = EVT mean

— U, = EVT mode
U,; = exact mode

i T 9% 10 O 35 3 7 8 9 10

56 5 6
logM logM

Figure 3.8: Bias modelization for each of the three approaches for Pareto distribution. EVT
mean and EVT mode models match almost perfectly for the graphics with a > 4.
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Chapter 4

Conclusions and further work

Conclusions

In this work we have analyzed the convergence of sample averages to the actual value of
mean, which, according to the law of large numbers, is the asymptotic limit of this quantity
as the sample size increases. The estimator is unbiased, because the expected value of the
sample average coincides with the mean for any sample size. However, the distribution of
this estimator for small samples can in general be very skewed. Specifically, its maximum,
which corresponds to typical values of the estimator, can be quite different from its mean.
This difference between typical and average behavior means that, in practice, the estimator,
in spite of being unbiased, is not accurate for small samples. As the sample size increases the
typical values of the estimator approach the expected vale. Asymptotically, for distributions
of finite variance, the estimator has a normal distribution, centered around the actual value
of the mean and a variance that is inversely proportional to the sample size. To describe
how this transition takes place, we have performed an analysis in terms of the bias of the
logarithm of the empirical estimator. As shown in the introduction, this quantity has some
desirable properties such as monotonicity and asymptotic convergence (see propositions (1.1.3)
and (1.1.1) respectively). These properties make the bias of the logarithm of the estimator a
useful tool to analyze the behavior of the estimator as a function of the sample size.

The analysis of the logarithm bias of the estimator is inspired by the analysis of the partition
function in models of disordered systems in the area of statistical physics. Specifically, we
have made extensive use of the analysis made in of the random energy model [10]. The
partition function in the random energy model is a sum of exponentials of minus 3, the inverse
temperature, times a normal random variable whose variance scales with the number of energy
levels (the sample size in our problem). The quenched free energy is proportional to the
expectation of the logarithm of the system’s partition function Under these conditions one
finds a phase transition as a function of temperature f~! (2.29). For low temperatures 3 > £,
the sample free energy is different from its asymptotic value. As the temperature of the system
increases, in the limit in which the number of energy levels approaches infinity (limit of large
samples), the bias in the quenched free energy decreases, and, above a transition temperature
B, becomes exactly zero. The transition is marked by a discontinuity in the second derivative
of the quenched free energy. The analysis made in REM is not completely formal. Nonetheless,
it is possible to provide a more rigorous derivations of REM’s results within the mathematical
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framework of Large Deviation Theory.

In chapter 3 the tools employed in the REM are applied to the analysis of the convergence
of averages of independent identically distributed random variables sampled from different
distributions. The main difference with the analysis performed in REM is that the parameters
of this distributions do not depend on the size of the sample. For this reason, we focus on the
analysis of sample estimates of the gth moment. The main result of this analysis is that, for a
wide class of distributions, the logarithm of the empirical moment exhibits a phase transition
akin to the one found in REM in the limit of large samples M — oo and large ¢ — o0
with log M/q™ finite for some n that depends on the particular distribution considered. The
analysis is made for sample estimates of the moments of lognormal, exponential, normal, Chi-
Squared and Weibull random variables. In all the studied cases, the analysis is validated using
Monte-Carlo simulations.

As discussed in section 2.2.1, the REM and LDT analysis can only be applied to certain
types of distributions. It cannot be applied to distributions whose tails decay algebraically,
such as the Pareto distribution. For these types of distributions, the entropy function is zero.
Therefore, for this case, the convergence of sample moment estimator is analyzed in terms of
estimations of truncated moments. The truncation threshold is chosen as a statistic (the mode
or the mean) of the distribution of the sample maximum 3.7. In contrast to the previous case,
there is no phase transition: one is always in the small sample regime. Monte Carlo simulations
are used to illustrate the results of the analysis performed.

Further work

As shown in section 2.2.1, Large Deviation Theory provides a formal framework for the
random energy model analysis. One of the lines of future research is to provide the theoretical
justification of the results shown in chapter 3 using the LDT framework. In particular, one can
apply the Large Deviation Principle to the measure (2.55) associated with different distribu-
tions and then use Varadhan’s Theorem to obtain corresponding rate function. The truncated
moments estimate developed for the Pareto distribution in section 3.7 could also prove a useful
tool for analysis of the other distributions.

In the random energy model there is a second phase transition for the fluctuations around
the sample average [29]. Presumably, this second transition is also present for the distributions
studied in this work. One may expect the existence of three separate regimes: the first one
(small samples), in which where the logarithm of the sample average is a biased estimator of
the logarithm of the mean; a second regime in which the logarithm of the sample average is
unbiased but where the logarithm of the sample variance is a biased estimator of the logarithm
of the variance; finally, for large samples, a regime in which these two quantities have converged
and the CLT applies, so that the empirical average is approximately normal.

From the observations made in section 3.6, we hypothesize that the REM analysis is valid
only for subexponential distributions [30, 31] with non-algebraic tail decay. A random variable
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X is said to be subexponential if

P(X:+...+ Xy <2x)
1
MP(X <z) a9

(4.1)

It is worth investigating whether this is the relevant asymptotic regime for the analysis of finite
sample averages.

The quantity log Z](\(/J[) is strongly related to cumulant generating function. To make this
connection apparent, define the random variable Y = log X

M
(@ _ 1 QY| _
(4.2) log Zy{ = M;exp (Y] — logE[e™] = g(q)

where the g(q) is

(4.3) 9(g) =) mi
i=1
and k; is the cumulant of order 1.

Another possible approach to analyze the behavior of the sample moment estimator is to
study the convergence properties of the Edgeworth Series [32] of a given distribution. Let Zys
be the sum of standardized M random variables. The Central Limit Theorem states that

(4.4) i Fz, (x) = B(x)
where ®(x) is the cdf of the Normal distribution. From this relation one obtains
= Py(-0,)

(4.5) Fzp (x) = ®(2) + ) N
=1

o(),

wher 0, = % is the derivative operator The summation in this formula indicates how far the
estimator is from the Normal distribution and the coefficients of the polynomials P;(-) can be
written in terms of the cumulants. A line of research is the analysis of the convergence of the
sample estimates of cumulants and, as a result of this analysis, establish the conditions under
which the CLT is an accurate approximation for Z,;.

The results for lognormal random variables can be applied to the field of telecommunica-
tions [33]. In particular, lognormal distribution has been used as a model in slow fading in
communications channels. The performance of wireless systems performance with interfering
stations can be studied in terms of sums of lognormal random variables. The goal of most
previous studies in this area [33, 34] is to approximate the distribution of these sums.

In statistics and machine learning sums of iid random variables are ubiquitous. For in-
stance, maximum likelihood estimators in model fitting are generally expressed in terms of
sample averages

R M
(4.6) Omr = g(x)
=1
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Analyzing the distribution of {g(z;)} it is possible to determine a critical size M. such that, for
sufficiently large samples M > M., the maximum likelihood estimator (4.6) is accurate. For
instance, a maximum likelihood fit of the tail index of a Pareto distribution, «, from a sample
{xi}i]‘il, yields

(4.7) a=1+M

M -1
Z log :L‘Z] .
i=1

@ is the so called Hill estimator [35].

In summary, the main contribution of this work is to propose a criterion for the convergence
of typical values of the sample average to the expected value in terms of the bias of the logarithm
of this estimator. Since sums of random variables appear in a vast number of scientific fields,
these results have a wide range of application. In particular, they open new lines of research
in computational statistics and in machine learning.
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Appendix A

Lognormal distribution

The pdf of a lognormal random variable X is a lognormal random variable if and only if its
pdf is given by

1 (log z — )

—— exp |-
xV2mro? [ 202

X can be expressed as the exponential of a normal random variable,

(A.1) fx(x) = ] ,x € (0,00)

(A.2) X =V Y ~ N(0,1)

The parameter e* is a scale parameter. Therefore one can set p = 0 without loss of generality.
All the moments of the lognormal distribution are defined.

If X is lognormal with parameters p = 0 and o, X7 also follows a lognormal distribution
with parameters y = 0 and oq. In consequence, one only needs to carry out the analysis for a
lognormal distribution with parameters = 0 and o.

A direct and asymptotically exact estimate using the saddle point approximation can be
applied

(A.3) E[ey}z/m — e [_yz+y] dyiexp[m”){ ; +yHieXp [02]

—00 27‘(‘0’2 20’2 —00,00 _ﬁ 2

Let’s assume we have a random sample of size M = 2K distributed as X. We can express
the probability of having a value of the sample in an interval [Ke, K (e 4 §)] in terms of the
entropy function s,(y)

K(6+5) 1

_y2 e+6 K —K2’2 .
P(YE[KE,K(E‘i_(S)]):/[(G Wexp[20_2:|dy:/€ Wexp[K<M>]dZ:
- Ky 1\] -
e[y e )| = oo [ (e -1

where equations (2.18) and (2.20) have been combined. The entropy function is then given by

2

Ky
(A.4) Sa(y) =log2 — 202
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sq(y) is a non-negative function, so it is only defined for an interval of possible values of y,

202 log 2
ly| < %. We will note as y; and y,, the lower bound and the upper one respectively.
1 [y )
(A.5) Iy~ M/ exp [K {sa(y) + y}] dy = exp [K max {sq(y) +y — log M}
Y1 yl:yu]
The maximum of the exponent is reached at y* = ”—; and then the estimate is given by

evaluating the previous formula at y*,

o2
(A.6) ZM & exp [2]
Note this approximation matches the saddle point estimate result. However, this point might
not lie in the interval [y;,y,]. If this occurs, the maximum of the exponent is reached at the
upper bound of the interval y,. Evaluating,

(A7) Zy ~ exp [\/2K02 log2 — K log 2} = exp [\/202 log M — log M}

Analyzing lognormal distribution we have found two cases with different behavior. First
one corresponds to M > M.(c), where the best estimate is given by the saddle point method.
The second case, M.(0) < M depends on the sample size and is biased compared to saddle
point estimate. The critical point where phase transition occurs, y* = y,,

0_2

(A-8) T2 log 2

2
< M =exp [02]

From this result we can describe the phase transition in terms of the sample size

exp [%2] AM, o) > 1
Ty =

exp |v/202log M —log M| ,\(M,0) < 1
v | A1)

where A\(M, o) = Qh%M
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Appendix B

Folded Normal distribution

The pdf of a folded normal (or folded Gaussian) random variable X is

1 (z — p)? 1 (=2 —p)*
oro exp [ 5,2 + o exp 552 ,x € [0,00)

where p is a location parameter and o a scale one. Without loss of generality, one can assume
= 0,0 = 1. The object we want to analyze is the estimator of the qth moment of the
distribution

(B.1) fx(x) =

W 1 M
a) _ q
(B.2) ZW = §._1: X
We define the random variable Y = log X whose pdf is
B.3 2 —er
. = ex —_ +
(B.3) Ir(y) = —exp [ 5 y]

A direct saddle point estimation of the ¢-th moment is

00 ) 2y 2y
E[e?Y] = / e’? exp [_e +y] dy = exp [ max {_e + (¢ + 1)yH =

oo V2 2 ye(=o000) [ 2
(B4) =exp [(q : D (tog(g+1) -1 )}

Given a interval [Ke, K (e + )], the probability of it can be estimated by,

K(6+(5) 9

PO € (KeKlera) = [ ew [—f’w] dy:/:” 2K oo [ (_22+)] gs -

) e2KZ )
= exp [K <yerﬁi§6] {— e + z})] = exp [K yen[(eli)ié] {s4(y) — log 2}]

where the term log 2 is a result of the combination of equations (2.18) and (2.20). Solving the
equation we get the entropy function is expressed as

2Ky

e
B. J(y) =log2 —
(B.5) sa(y) = log 5K

+y
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We have to find the interval [y;, y,,] where the entropy is positive. However, this can only
be made by numerical methods. Despite this fact, we can make a perturbative analysis by
assuming a balance between two dominant terms in the equation when M = 2K — oo. For
the lower bound of the interval, log2 + 7; = 0,

(B.6) Yy = —log2
o—2K log2

(B?) reSyZ = —T Kjgo 0

and the error tends to zero exponentially fast with K.

2Ky
For the upper bound of the integral, log2 — €2K =0,
. log(2Klog2)
B. = -
(B.8) Yu 5K
log(2K log 2)
B. L=
(B.9) z K Kokl

log log M

and, in this case, the error tends much slower to zero, as
log M

We can model the behavior of the qth moment estimator by

Yu
(B10)  Zf =~ / exp[K (sa(y) + ay)] dy = exp [K max {sa(y) + qy}}

i YE[y1,yul

1 1
The exponent has a maximum at y* = 0g(2q+) for sufficiently large sample size. In this
regime,
+1

(B.11) 24y = exp |52 (logta + 1) -1)]

as the saddle point estimation of the g-th moment. For small samples the maximum of the
exponent in equation (B.10) is reached at the upper bound of the interval,

(B.12)
1 21og M)(a+1)/2
ZJ(\Z) =exp [Kqy, — Klog2] =~ exp [—K10g2 + (a+1) log(2K log 2)} = (21og ]\4)
YuRYu

The critical size that is the border between both regimes is

1 1 1 1
(B.13) ey o K= 0BT {Og(ﬁ)]
2Yu 2Yu
L 1 — 1
(B.14) Y=y K. = q+ < M, = exp e+l
2log?2
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by numerical and perturbative analysis respectively. Combining these results, the phase tran-
sition between the two regimes,

@ . [exp [@(mg(qﬂ)q )}, A>1
(B.15) Zy = ~_
exp [Kqy, — Klog2], A <1 Yuru
510 exp [ (log(g+1) 1), A2 1
! 21oe M)(a+1)/2 =~
Zlog YT 7 X <1
. ~ 2log M
where A\(M, q) can only be computed by numerical methods and A(M, q) = 1
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Appendix C

Weibull distribution

The pdf of a Weibull random variable X is
1 1
(C.1) fx(x) = gx; Yexp {—xl/q} ,x € [0,00)

Without loss of generality, one can set the scale parameter to 1. The shape parameter, usually
noted as k, is changed to 1/¢ to emphasize the property of being the distribution of the moments
of an exponential random variable with scale parameter 1. So we only have to analyze the
mean of this variable to get the behavior of the moments of exponential random variables.

We define the random variable Y = log X whose pdf is

(C.2) fy(y) = ;exp [—ey/q + j}y} ;Y € (—00,00)

As in the previous cases we can give an estimation of the average by saddle point method,

1 [ 1 1
E[eY] = q/ exp [—ey/q + ay + y} dy = exp [mgx {—ey/q + q—;y}] =

—0o0

(C.3) =exp[—(¢+ D] (g+ 1) = (¢+1)!

where the last approximation is given by the Stirling’s approximation for the factorial.

Computing the probability of the interval [Ke, K (e + 0)],

K(e+9) 1 1
P(YG[KE,K(6+5)]):/ — exp [—ey/q—ky} dy =
Ke q q
K /e+5 eKz/q Py eKz/q Py
= — exp K |— + —|dz=exp | K max — + -
q Je P [ K q P17 veleera K q

= exp [K max {sq(y) — log 2}]
YE(ee+9)

The entropy function for the Weibull distribution is given by
eKv/a

K

(C4) 5a(y) = log2 — + P € [y, Yul
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The bounds of the interval in which the entropy is defined are obtained by setting s,(y) = 0.
Even though an exact formula for the zeros of s,(y) cannot be obtained, we can make a
perturbative analysis to get their asymptotic behavior by balancing the two dominant terms
sa(y) as M — oo and analyzing the residual.
Let’s assume a balance of the form

Ky,
eXp[ } _ glog (Klog?
(C.5) log2—7:0®yu:—g( g2)
Yy log(Klog2)
-~ B =V = —
resg, (K) =~ K Kol

The upper zero of the entropy function behaves as 7, and the error produced by this estimation

log log M
tends to zero as a function of the sample size resj, (M) ~ %.
0g

Another possible balance between terms of the equation could be
(C.6) log2+ 2 =0 oy = —qlog2
q

1
resg, (K) = s [— K log 2] P

—00

In this balance the estimate 3; does not depend on the sample size. Note the residual tends to
1

zero much faster than in previous case, resg, (M) ~ Vloa i
0g

An important observation is that y; underestimates y; and ¥, overestimates y,, (their resid-
uals are negative and positive respectively). So the true range [y;, y,] is always contained in
[t Yul-

Once we have made this analysis we can compute

Yu
(C.7) Zu = | exp[K (sa(y) +y)ldy =exp | K max {s.(y) +y}
W YE([GL,Ju]
For sufficiently large size, the maximum of the exponent is reached at y* = % and

(C.3) Zy = exp[—(q+1)] (¢ +1)7H!

as we had estimated by saddle point.

If y* ¢ [y, yu], the maximum of the exponent is reached at the upper bound of the interval
Yu- As we mentioned before, ¥, can only be computed ezxactly by numerical methods but we
can make use the approximation in the perturbative analysis.

1 1
. Ky, g+ 1 o (l0g25)T (log M)TF
(C.9) Zy = exp [— exp [q } + Kyy <q )] s SR =

We can also estimate a critical sample size M, between the two regimes by

41—
1 @MCZGXP[Q—FH

C.10 Ty=1y" o K, =
( ) Yu Y c 10g2
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Joining all the analysis we can describe the behavior of Zy,

(C.11) . {exp [—(g+ D] (g + 1)1, A>1 .

exp [_ eXp |:Kyu:| —+ Kyu (ﬂ)] , )\ S 1 yu;"@\u

q q

exp[—(g+1)] (g +1)¢, A >1
(C.12) %{ log M)IFHL =~
Qos M) X <1
where X(M, q) = logM.
q+1
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Appendix D

Chi-Squared distribution

The pdf of a Chi-Squared random variable X is

1

_ d/2—1
—W$/ exp[—x/?],dGN,xE[O,oo)

(D.1) fx(x)

where d are the degrees of freedom of the distribution. We note X ~ x(d). Chi-squared
random variables are additive, that is if X7,..., X, are distributed as X; ~ x(d;) then the
random variable H = X; + ... + Xy ~ x(d1 + ... + du).

One can express the pdf of a random variable Y = log X as

02 Frio) = Caesp | 557+ o] v € (-oe.c0)

A saddle point estimate of the ¢g-th moment can be given by

vy [T _e L (d - m e (d —
E[e?" ] /Oo Cqexp [ 5 + <2 + q> y] dy = exp Le(_ggfoo){ 5 + 5 +q)y
(D.3)

= exp [— <;l +q> + (;l +q> log(d+2Q)]

The probability of a sample of being inside an interval [Ke, K (e 4 )] is

K(e+9)

IP(YE[Ke,K(eJré)])—/KG Cyexp [—e;+§y] dy

6+6CK K _6KZ d ds K —eKy d .
- curcem [ (S ) <o [ e {5+ ) =

= exp [K max {s,(y) — log 2}]
y€le,e+4]

The entropy function for Chi-Squared distribution is
Ky

e d
D.4 W(y) =log2 — —— + —y, U
(D.4) s54(y) = log 2K+2yy€[yzy]
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A perturbative analysis to solve s,(y) = 0 is carried out by balancing the two dominant
terms as M — oo,

Kb log (2K log 2)
D. 1 2 — = 7, = —
(D.5) 082~ 5= =050 i
d log (2K log 2)
D. o2 e \e Mo s
(D) T A
log log M
where the residual tends to zero like 0808 87
log M
On the other hand,
d_. N 2
(D.7) log2+§y1=0<:>yl:—glog2
exp |:_ 2K(li0g2}
D. B S
©8) 7 S
1
and in this case the residual tends to zero much faster than in the previous case, as ——.
M log M

1 [ .
VAV i / exp [sq(y) + qy] dy = exp [K max {Sa(y)+qy}} =

ul YE[Y1,Yul
®9 s {5+ (540)]
. =ex max og2— —+ | =+
P el UF7 T 2K T2 7)Y
log (d + 2
For a sufficient sample size,the maximum is reached at y* = w and
. d d
(D.10) Z](\j][) = exp [— <2 + q> + <2 + q) log (d + 2q)]

Note this estimate is exactly the same as saddle point one.
For small sizes, y* ¢ [y, y,] and the maximum is reached at y,. Evaluating,

d

(D.11) Z](\Z) =exp [Kqy, — Klog2] =~ exp [—Klog 2 + log (2K log 2) (2 + q)]

YuRYu
One can set a critical size M, imposing the border condition,

. log (d + 2
Y =Yy = g(Kc q):yu
N ~ d+2 — d+2

(D.12) y*:yu®K6:7+q(:) . = exp 2

2log?2

Joining all the previous results, the phase transition is described as

—(4+a) + (4 +q)log(d+29)], A =1
(D.13) 7(0) - eXp[eKSZ q) d(2 q) log ( q)] > -~
exp[ 2 +K(§+q)yu}; A<1 YuXTu
(D.14) e[+ (g logd+29], A>1
' exp [—K10g2+10g(2K10g2) (%‘i‘q)], A< 1
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where X(M, d,q) = 7

2log M
+ 2¢q

is the function that controls the transition.
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Appendix E

Asymptotic evaluation of integrals

The theory of asymptotic evaluation of integrals can be placed in a more general context of
complex analysis. In particular, the study of holomorphic functions, differentiable complex-
valued functions, provides theorems to easily compute integrals on complex contours. One of
the most important theorems in complex analysis is Cauchy’s integral theorem. Basically, it
states that the integral of an holomorphic function over a closed contour is always zero. A
direct application of this theorem is that it doesn’t matter the path we choose, the integral of
a holomorphic function between two points is invariant.

Y1 b

Figure E.1: Illustration of the Cauchy’s Integral Theorem. The union of paths v; and ~s
is exactly v so the sum of the integrals over them has to be 0 which implies they are equal
(orientation of the paths changes the sign of the integral). Applying the same reasoning, the
integral over 3 is equal to the previous ones.

Given a complex-valued function f(z) = u(z) + iv(z), we define the integral

b
(E.1) I(K) —/ g(z)exp K f(z)]dz, K >>0

Let’s assume f has an only maximum and it is analytic in the whole complex plane. Our
intention is to modify the integration countour in order to pass through the maximum (saddle
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point) zg. We can approximate the function in a neighborhood of =z,

F(2) % £(z0) + 5" (z0)(= — 20)?

and I(K) becomes

K
(.2 1K) = o) exp [5Gl [ exp | Gl - )] s
We can parametrize the integrand using the exponential form for complex numbers,
f"(z0) = |f"(20)[e”, 2 — 20 = re'?

I(K) = g(20) exp [K f(20)] /exp [[;f”(zo)|ei(9+2¢)r2} e dr

Note 6 is fixed, r is the integration variable and we can choose ¢. Just by imposing 0 +2¢ =«
and extending the interval of integration from (—oo, ),

[e.9]

(E.3) I(K) ~ g(z0) exp [K £ (20) + i6] /

—00

K
exp [—2|f"(zo)|r2] dr
Finally applying the integration of a general Gaussian function

(E.4) / e~ @t/ gy — o/

—0o0
we get the saddle point estimation of the integral,

. 1/2
(E.5) I(K) =~ exp [K f(20) + i6] <K|f2”(zo)\>

The Laplace’s method and the stationary phase one, that have been widely used through
this document, are particular cases of this general theory taking different values for ¢ (¢ =0
in Laplace’s method for considering only real functions and 6 + 2¢ = 7/2 in the stationary
phase method).
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Appendix F

Monotonic decrease in the bias of
the logarithm of the empirical
estimator of the mean

The proof given in this section can be considered a generalization of the Jensen’s inequality
and it is constructed in [36]. First of all, we state this useful result.

Proposition F.0.2 Given a random variable X and g a convex function, then

(F.1) 9(E[X]) < E[g(X)]

1

Let’s assume g is a increasing function, then g~ is properly defined,

(F.2) E[X] < g~ ' (E[g(X)])

The left part of the inequality is a linear average whereas right part will be non-linear in
general.
We also define the sample expression of the right part of the inequality,

M M

Now we can state the theorem we want to focus on.

Theorem F.0.3 Consider a sequence {Xi}i]\il of random variables. Then

(F.4) (X1 = Xy

Firstly, we can decrease the problem complexity to single-sample non-linear average of ar-
bitrary size M. Note we can consider that every n-sample is weighted by its probability
Fxr({zi}) = TIM, fx(2;) and we can construct samples of size M — 1 by removing one ele-
ment from the sample (we have M choices to remove) uniformly distributed from the M sized
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APPENDIX F. MONOTONIC DECREASE IN THE BIAS OF THE LOGARITHM OF
THE EMPIRICAL ESTIMATOR OF THE MEAN

sample. Let’s name {a%l} a sample of size M — 1, then

Ixm—1({2:}) = </fXM T, L1, Th—1 dw—i—/fXM 1,2, ..., Tp—1) do+

+---+/fX,M (.@1,532,...,$) d$> = H fx(iﬁz)
=1

so the construction is consistent.

Let’s name

(F.5) un({ai}) = ( Zg 7 >

Just by definition E [ups({z;})] = (X)9,. We can write the recently defined uy; as

(F.6) um({zi}) = 97" MZM—1ZQ ;)
i#]

because every term i in the second summation appears M — 1 times (in every j # i). Let’s
name {$i}[j] the previous sample where we have removed the jth element. Rewriting uay,

M
(F.7) an(foe) =97 | 57 Dot ({oaky)

because of definition of up;—1 in (F.5). Observing ups—1({z;}[;)) can be considered a random
variable of a discrete probability space of size M and applying the inequality (F.2),

(F8) unm({z:i}) =g " (B g (un—1({xi}y)]) = E [unr—1({wi}yy)] ZHM 1({zi}p;)

Taking the expectation on the random sequence {z;}*£, at both sides of the inequality and
using the observation about the construction of the samples of size M — 1 from one of size M,

1 M
M Z “M—l({xi}m)] =

1 _ + .+

_ x1)+ ... +glzp—
..+/g 1 <g( ) M—i]( M 1)>fX7M(:E1,...,J:M1,x)dx1...dazM1da:M =

:% [M/gl <:1:1 +M+33M 1> H Fx () d:c,] = (X)%,; 4

where we have used the factorizability of the probablhty density function. So we have obtained
(X) = (X1

(X = Eey lunr({2i})] > Eqay

The proof of the monotonicity of the logarithm bias is just an application of this theorem
just by taking g(z) = €*.
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