
HAL Id: hal-04276320
https://hal.science/hal-04276320

Preprint submitted on 8 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Global Random Maximization of Feedforward Neural
Network

Qinghua Li, Lokman Abbas-Turki

To cite this version:
Qinghua Li, Lokman Abbas-Turki. Global Random Maximization of Feedforward Neural Network.
2023. �hal-04276320�

https://hal.science/hal-04276320
https://hal.archives-ouvertes.fr


Global Random Maximization of Feedforward Neural Network

Qinghua Li∗and Lokman A. Abbas-Turki†.

October 25, 2023

Abstract

This paper addresses the problem of maximizing functions expressed as a sum of independent terms on a
bounded closed domain in Rd. A common approach is to first get a regressed approximation of these functions
using neural networks. In this contribution, we propose estimating the maximum by empirically sampling
the neural network approximator’s output using independent and uniformly distributed inputs. We consider
two metrics for quantifying the discrepancy between the sample maximum and the neural network’s real
maximum: asymptotic distribution and mean-square error. The convergence rate estimation is influenced
by the shape of the neural network’s output distribution around its maximum point. In some cases, and
under minimal assumptions, the convergence rate becomes dimension-dependent. However, with additional
assumptions, the convergence rate is free from the curse of dimensionality. The practical implementation of
a canonical example illustrates how embracing an estimation bias can substantially enhance the convergence
rate. The latter approach paves the way for new theoretical and algorithmic solutions.
Keywords: Global optimization; neural network; Monte Carlo simulation; sample maximum.
MSC codes: 93-08, 90C26, 68T07, 65C05, 62G30.

1 Introduction

Neural Networks (NNs) are gaining widespread popularity across various scientific communities. Their
increasing adoption can be attributed, in part, to their approximation power, which was studied theoretically
for example in Cybenko (1989); Hornik (1991) and in Kidger and Lyons (2020). NNs also benefit from several
computational advantages, notably attributed to their utilization of state-of-the-art linear algebra operations
that experience significant enhancements through GPU (Graphics Processing Unit) acceleration Shi et al.
(2016). Furthermore, NNs leverage asynchronous Stochastic Gradient Descent (SGD) and minibatch SGD for
optimized training processes Mishchenko et al. (2022). Once trained, NNs have high throughput capabilities
during the inference stage, particularly when deployed on GPUs, TPUs (Tensor Processing Units), and some
ARM-based solutions Castelló et al. (2022). when confronted with the task of searching for the maximum
value of a conditional expectation g(·) that is heavy to compute pointwise for z in a bounded closed domain
D0 in Rd0 (d0 = 1, 2, ...), one solution would be to approximate g(·) by a NN function G(·), then evaluating
G(·) during the inference phase, one takes the maximum over all the evaluations of G(·).

The actor-critic methods, as detailed in the seminal book Sutton and Barto (1998), represent the es-
tablished norm when it comes to the approximation of the conditional expectation as well as its maximum
value. These methods are well known in the reinforcement learning community, particularly in the context
of stationary stochastic problems. Many versions of these actor-critic methods belong to the subcategory of
policy gradient methods, these include the widely used DDPG (Deep Deterministic Policy Gradient) pre-
sented in Lillicrap et al. (2015) and PPO (Proximal Policy Optimization) originally proposed in Schulman
et al. (2017) with a new parallel implementation suited to GPUs given in github. Besides, there is also
the subclass of derivative-free optimization methods that include CMA-ES (Covariance Matrix adaptation-
Evolution Strategy) reviewed in Hansen (2006). Multiple extensions of the actor-critic methods were also
proposed like the one tested in Bachouch et al. (2022).
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The actor-critic methods are more complicated when compared to what is studied in this paper. Our
procedure is simply based on a randomized evaluation of G(ζi), where ζ1, ..., ζn are independent random
variables identically distributed on D0 ⊂ Rd0 . It is then our purpose to study the convergence rate of
the sample maximum Y(n) of G(ζ1), ..., G(ζn) to the real maximum y∗ of G(·) on D0. Denoting F the
cumulative distribution function of G(ζi), it is the tail rate of F that analytically determines the convergence
rate. Although the convergence rate can be generally established for any function and not only for neural
networks, the assumptions needed are easier to check for the feedforward neural network outputs {G(ζi)}ni=1

using the results provided in Abbas-Turki et al. (2023). According to Abbas-Turki et al. (2023), when the
inputs ζ1, ..., ζn are uniformly distributed on D0 and the neural network G(·) has a Leaky ReLU activation
function, the cumulative distribution function F is continuous, piecewise polynomial, and the degree of each
polynomial is at most d0. Let α be the multiplicity of y∗ as a root of the polynomial 1−F (y). We shall show

that the convergence rate is O
(
n−1/α

)
for the asymptotic distribution and O

(
n−2/α

)
for the mean-square

error, as n → ∞. With this choice of input distribution and activation function, the most pessimistic case
of exponential or sub-exponential right tail (cf. Embrechts et al. (1997)) is ruled out.

Based on Monte Carlo, our approach is also simpler to implement than what is generally considered in
the literature and focuses on global maximization of G(·). The presented method does not require advanced
Monte Carlo techniques like Stochastic Tunneling (cf. Hamacher (2006)) or Parallel Tempering (cf. Marinari
and Parisi (1992)) involving the Metropolis criterion. Indeed, our approach offers a simplicity that is coupled
with rapid random assessments of G(·) during the inference phase. It is however admitted that room for
further enhancement exists within our approach, like those leveraging importance sampling techniques.
The numerical part of this paper also provides an easy improvement idea that opens the door for further
theoretical and algorithmic solutions.

The rest of the paper is organized as the following. Section 2 presents the formulation of the considered
problem and clarifies its computational motivations. Section 2 also eliminates the unfavorable situation when
the distribution of ζ1, ..., ζn is not chosen appropriately. When ζ1, ..., ζn are independent and uniformly
distributed on D0, Section 3 provides both the asymptotic and the non-asymptotic study of the rate of
convergence of max

i=1,...,n
(G(ζi)) to y∗. On a canonical example, Section 4 illustrates the rate of convergence

obtained theoretically and shows that it is possible to improve it numerically with very few changes on the
implementation.

2 Random Maximization of a Neural Network

Before studying the rate of convergence in Section 3, Section 2.1 sets the main motivation of our work and
the definition of the neural network G. Section 2.2 details the assumptions needed on the architecture of G
as well as on the distribution of the inputs ζ1, ..., ζn.

2.1 Conditional expectation maximization

Let us consider a simplified formulation of a generic problem considered in stochastic control. Given a couple
of random variables (X , ζ) and a Borel measurable function ϕ : R? × Rd → R such that the expectation
E[|ϕ(X , ζ)|] < ∞, we define the function g(z) = E[ϕ(X , z)] and we assume it to be bounded on the bounded
closed domain D0 ⊂ Rd. Except for specific models where this expectation can be computed analytically,
generally one needs to draw independent realizations X1, ...,Xm of X and use the Monte Carlo approximation

g(z) ≈ 1

m

m∑
j=1

ϕ(Xj , z). (2.1)

With g(·) approximated as in (2.1), if we wanted also to simulate the maximum value taken by the
function g through randomization we would simulate independent realizations ζ1, ..., ζn of ζ ∈ D0 then pick
the approximation

sup
z∈D0

E[ϕ(X , z)] ≈ max
i=1,...,n

(
1

m

m∑
j=1

ϕ(Xj , ζi)

)
. (2.2)

Example 2.1 To illustrate the genericity of the considered problem, we present a one-period control example
with time variable t ∈ {0, 1}. We denote X the controlled state process, whose value at time t = 0 is constant
X0 = x ∈ R, with X1 = X0 + X + ζ(X0). X is a random variable and ζ is the control function of X0. The
control has to be chosen in order to maximize an expected return E[φ(X1, ζ(X0))] = E[ϕ(x,X , ζ(x))] with
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ϕ(x, y, z) = φ(x + z + y, z). In this case, following approximation (2.2), the optimal control resulting from

randomization belongs to argmax
i=1,...,n

(
1

m

m∑
j=1

ϕ(x,Xj , ζi)

)
.

This example remains quite simple as the control is applied once at the beginning. In a general control
problem, the function ϕ is also indexed with respect to the time variable and its computation involves the
implementation of a dynamic programming algorithm (cf. Gobet et al. (2005); Huré et al. (2021))

The computation of (2.2) involves n×m evaluations of ϕ which is very expensive when compared to state-
of-the-art methods. Indeed, we rather prefer the simulation of independent realizations (X1, ζ1), ..., (Xm, ζm)
of the couple (X , ζ) in order to get a regressed representation G of g. Considering neural network approxi-
mating functions Φ, G minimizes the mean square error (cf. Goodfellow et al. (2016))

G ∈ argmin
Φ

1

m

m∑
j=1

|ϕ(Xj , ζj)− Φ(ζj)|2. (2.3)

The complexity of the numerical minimization (2.3) that involves stochastic gradient descent is propor-
tional to m and thus much cheaper than the computations needed by (2.2). Given that G(z) is also bounded
with respect to values taken by z, one can replace the maximization in (2.2) by

sup
z∈D0

G(z) ≈ max
i=1,...,n

G(ζi) (2.4)

that can be very efficiently implemented during the inference phase. To summarize, the implementation of
(2.3) and then (2.4) can be dominated by a complexity that is proportional to m + n, in contrast to (2.2)
with a complexity proportional to m× n.

The numerical minimization (2.3) is common to almost all actor-critic methods and it is also the origin
of the gain in complexity. Indeed, since G is the approximator of g(z) ≈ 1

ℓ

∑ℓ
k=1 ϕ(Xk, z), one could take G

to be in the argmin

argmin
Φ

1

m

m∑
j=1

∣∣∣1
ℓ

ℓ∑
k=1

ϕ(Xk, ζj)− Φ(ζj)
∣∣∣2, (2.5)

in which case the complexity is proportional to the ℓ×m evaluations of ϕ using the independent realizations
(X1, ...,Xm) and (ζ1, ..., ζℓ) of X and ζ. To reduce the unnecessary complexity of the regression (cf. Broadie
et al. (2015)), (2.3) replaces (2.5) because

argmin
Φ

E
∣∣∣E(ϕ(X , ζ)|ζ)− Φ(ζ)

∣∣∣2 = argmin
Φ

E
∣∣∣ϕ(X , ζ)− Φ(ζ)

∣∣∣2. (2.6)

Remark 2.1 In a typical control problem (cf. Bertsekas (2012)), the focus is rather on the optimization of
functions expressed in terms of the state vector involving G. The admissible controls are generally assumed to
be deterministic functions of a state vector. Iterative methods can be implemented, interleaving the estimation
of the value function given the current policy with the enhancement of the said policy.

Although the implementation of (2.3) is preferred to the implementation of (2.5), it is important to check
whether the real g(z) = E[ϕ(X , z)] is close enough to its approximator G(z). Presented in Abbas-Turki et al.
(2023), the twin method allows to compute the mean-square distance between G and g. Without loss of
generality, assuming the independence of X and ζ and considering two independent copies X (1) and X (2) of
X , the twin method uses the following identity

E
∣∣∣E(ϕ(X , ζ)|ζ)− Φ(ζ)

∣∣∣2 = E
(
ϕ(X (1), ζ)ϕ(X (2), ζ)− [ϕ(X (1), ζ) + ϕ(X (2), ζ)]Φ(ζ) + Φ2(ζ)

)
. (2.7)

Consequently, the following estimation of the mean-square error can be computed

E
∣∣∣g(ζ)−G(ζ)

∣∣∣2 ≈ 1

m

m∑
j=1

(
ϕ(X (1)

j , ζj)ϕ(X (2)
j , ζj)− [ϕ(X (1)

j , ζj) + ϕ(X (2)
j , ζj)]G(ζj) +G2(ζj)

)
. (2.8)

As long as one can simulate independent triplets (ζ1,X (1)
1 ,X (2)

1 ), ..., (ζm,X (1)
m ,X (2)

m ), the approximation
(2.8) can be implemented with a complexity proportional to m, which is cheaper than ℓ × m required

in (2.5). Moreover, in the general setting, for each j ∈ {1, ...,m}, the triplet ζj , X (1)
j and X (2)

j must not be

independent; only X (1)
j and X (2)

j need to be independent conditionally to ζj .
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From what has been presented above, a neural network function G, as an approximation of a conditional
expectation function E[ϕ(X , ζ)|ζ = z], can be obtained from the minimization (2.3) and tested using (2.8)
with complexity only proportional to m. Once G is obtained and its accuracy is satisfactory, one can perform
(2.4) using very effective n evaluations during the inference phase.

In contrast to minimization (2.3) largely used in the actor-critic methods, (2.4) is generally implemented
only when z takes its values in a finite set. This is however not our case since we assume that z belongs to
a bounded closed domain D0 ⊂ Rd0 (d0 = 1, 2, ...). In this setting, with the generic simplified formulation
presented in the previous subsection, usual actor-critic methods introduce another neural network Ξ for
the maximization of the value of G(Ξ). In this paper, we simulate independent, identically distributed
realizations ζ1, ..., ζn whose sample space is identically the whole domain D0. These realizations are then
used for the evaluation of the output of the neural network G.

The neural network G to be considered is a feedforward neural network G : Rd0 → R defined as com-
positions of affine transformations and an activation function a. Detailed descriptions of such feedforward
neural networks are available in Section 2 of Abbas-Turki et al. (2023). Common types of activation functions
include

– Leaky ReLU:
a(z) = a+ max{z, 0}+ a− min{z, 0}, z ∈ R, (2.9)

where the parameters a+ and a− are two positive real numbers;
– Sigmoid:

a(z) =
1

1 + ez
, z ∈ R; (2.10)

– Soft plus
a(z) = log(1 + ez), z ∈ R; (2.11)

– Hypertangent

a(z) =
ez − e−z

ez + e−z
, z ∈ R. (2.12)

Subsection 2.2 will study the asymptotic distribution and estimate the mean-square error of the sample
maximum within the class of feedforward neural networks.

2.2 Performance of the randomization method

We propose the randomization method of maximizing a neural network G with uniform inputs ζ1, ζ2, · · · . The
suggested activation function type is Leaky ReLU. This subsection evaluates this proposed method for the
performance of its sample maximum, consisting of the asymptotic distribution and the mean-square error.
Based on the performance of maximizing one neural network, a possible improvement in the convergence
rate is provided. An example at the end of this subsection shows the reason why the proposed method is
preferred to directly maximizing the original function g.

Assumption 2.1 (i) The activation function a is continuous.
(ii) The activation function a is strictly increasing.
(iii) The activation function a is d0-th continuously differentiable in R.

Property 2.1 Under Assumption 2.1 (i), the neural network G is a continuous function, achieving a finite
maximum y∗ and a finite minimum y∗ on D0.

All activation functions of the above types (2.9)-(2.12) satisfy Assumption 2.1 (i) and (ii), and all but
Leaky ReLU satisfy Assumption 2.1 (iii). By its inductive construction, the neural network G is bounded
by Property 2.1.

To simplify notations, in this section we denote Yn := G(ζn) and the “sample maximum” Y(n) :=
max{Y1, · · · , Yn} as in (3.1). The so-defined random variables Y1, Y2, · · · satisfy Assumption 3.1, with y∗

and y∗ from Property 2.1. By Theorem 3.1, Y(n) = max
i=1,...,n

(G(ζi)) converges almost surely to y∗, as n → ∞.

Characterization of the asymptotic distribution of the sample maximum will rely on the Extreme Value
Theory. Ideally, we would like to find a normalizing constant cn > 0, such that the sequence

{c−1
n (Y(n) − y∗)}∞n=1 (2.13)

converges to some non-degenerate limiting distribution H.
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Definition 2.1 (maximum domain of attraction) [Definition 3.3.1 on page 128 of Embrechts et al. (1997)]
We say the random variable Y1 or its distribution F belongs to the maximum domain of attraction of an
extreme value distribution H, if there exist real constants cn and dn such that the sequence

{c−1
n (Y(n) − dn)}∞n=1 (2.14)

converges to H in distribution.

Theorem 2.1 (Fisher-Tippett Theorem) [Theorem 3.2.3 on page 121 of Embrechts et al. (1997)] The ex-
treme value distribution H in Definition 2.1 belongs to one of the three types: Fréchet, Weibull and Gumbel.

Considering in addition that the sample maximum Y(n) is bounded from above by the maximum y∗, the
limiting distribution of (2.13) is supported within the negative real line. It follows that the only possible
limiting distribution is Weibull or Gumbel types, depending on the tail rate of the sample distribution.

The cumulative distribution function Ψα of a Weibull distribution with parameter α is

Ψα(y) =

{
exp(−(−y)α), y ≤ 0;

1, y > 0,
(2.15)

for some parameter α > 0. The cumulative distribution function Λ of a Gumbel distribution is

Λ(y) = exp(− exp(−y)), y ∈ R. (2.16)

The mean-square error between the sample maximum Y(n) and the maximum y∗ is E
[
R2

n

]
, where the

random variable Rn is defined as

Rn := Y(n) − y∗, for n = 1, 2, · · · ,∞. (2.17)

Theorem 2.2 [Theorem 2.4 in Abbas-Turki et al. (2023)] If G is a Leaky ReLU neural network with its
activation function defined in 2.9 and ζ is a uniformly distributed random variable on the polytope domain
D0, then the cumulative distribution function F (y) of G(ζ) is continuous with respect to y, and is piecewise
polynomial. Each piece of these polynomials is of degree at most d0.

With LeakyReLU neural network and uniform random input, let F (y) be the cumulative distribution
function in Theorem 2.2 and α be the multiplicity of y∗ as a root of 1−F (y). Then Assumption 3.3 is true.
By Theorem 3.2, expression (2.13) converges to the Weibull distribution with parameter α; the normalizing

constant cn is of the order O
(
n−1/α

)
, as n → ∞. The asymptotic confidence interval of the maximum y∗ is

specified by Corollary 3.1. The mean-square error E
[
R2

n

]
has the estimation (3.12) for every positive integer

n, and E
[
R2

n

]
≤ O

(
n−2/α

)
as n → ∞.

When the neural networks G has piecewise affine activation functions and the input random variable ζ
has a histogram distribution, the conclusion in Theorem 2.2 is still true by Remark 2.5 in Abbas-Turki et al.
(2023). Hence the limiting behaviors in the above paragraph remain.

Example 2.2 takes a general shallow neural network to show that the value α in the limiting behavior
estimations can indeed take any value in {1, · · · , d0}.
Example 2.2 Let D0 = [0, 1]d0 . The integer d takes values in {1, 2, · · · , d0}. The neural network has the
expression

G(z) = a

(
d∑

k=1

zk

)
, for z = (z1, · · · , zd0) ∈ D0. (2.18)

The maximum of this neural network is y∗ = a(d), achieved by z∗ = (z∗1 , · · · , z∗d0), where z∗1 = · · · z∗d = 1
and z∗d+1, · · · , z∗d0 taking any value in [0, 1]. We suppose that the activation function a is either Leaky ReLU
or satisfies Assumption 2.1.

(i) The sequence (2.13) converges to a Weibull distribution with parameter α = d. The normalizing
constant cn = a′(d)(d!)1/dn−1/d.

(ii) There exist positive constants C1 and C2, such that

E
[
R2

n

]
≤ C1(1− 1/d!)n + C2nBeta(1 + 2/d, n) (2.19)

for every positive integer n, where the Beta function is defined as

Beta(p, q) :=

∫ 1

0

xp−1(1− x)q−1dx (2.20)

for any positive numbers p and q, and E
[
R2

n

]
≤ O

(
n−2/d

)
as n → ∞.
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The estimation of the mean-square error in 2.19 is an upper bound. We shall illustrate the real convergence
rate in a simplest case. In Example 2.2, we take the Leaky ReLU activation function (2.9), with a+ = 1
and any value of a−. Let {ζn = (ζn1, · · · , ζnd0)}∞n=1 be independent uniform random vectors on [0, 1]d0 . For
every d in {1, 2, · · · , d0} and n = 1, 2, · · · , we define each sample

Y (d)
n := G(ζn) = a

(
d∑

k=1

ζnk

)
=

d∑
k=1

ζnk (2.21)

and the sample maximum
Y

(d)

(n) := max{Y (d)
1 , · · · , Y (d)

n }. (2.22)

By Theorem 3.1, Y
(d)

(n) converges to d and 1
d
Y

(d)

(n) converges to one almost surely, as n → ∞. Figure 1 shows

the convergence of 1
d
Y

(d)

(n) to one, for d0 ≥ 7 and d = 1, 2, 3, 4, 7. Overall, the convergence is slower for lager
d.
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Figure 1: A simulated path of 1
dY

(d)
(n) versus magnitude logn10.

This simplest case suggests that, not only the estimated but also the real convergence rate can differ for
different choices of the neural network G. Intuitively, the convergence rate depends on the shape of a neural
network near its maximum. If the pre-image set on which the neural network takes values near y∗ is smaller,
then the converge is slower. In practice, there are multiple fitted neural networks such that the loss function
is small enough. One way to possibly speed up the convergence is to simultaneously maximize the multiple
fitted neural networks and report the maximum of the maxima. This improvement will be introduced in
detail in Subsection 4.2.

As presented in Subsection 2.1, replacing an arbitrary function g with a neural network G has the benefit
of decreasing the complexity of numerical computations. In this subsection, the benefit of usingG is expressed
in terms of the interpretation of the assumptions needed to establish the convergence results of Section 3.
Indeed, with G, the assumptions can be translated in terms of the specification of both the neural network
architecture and the distribution of the sequence ζ1, ..., ζn. However, without a priori knowledge about the
function g approximated by (2.1), it is impossible to check the requested assumptions. In particular, we
might find ourselves in very pessimistic situations like Example 2.3.

Example 2.3 We consider the function g(z) = ln(z)/(ln(z) − 1) for z ∈ (0, 1], and extend it to g(0) = 1
by continuity. The maximum of g on D0 = [0, 1] is y∗ = 1. Let the independent realizations ζ1, ..., ζn be
uniformly distributed on [0, 1]. Let Yn denote g(ζn) and Y(n) denote the sample maximum as in (3.1), for
n = 1, 2, · · · .

(i) With cn = (1 + ln(n))−2 and dn =
ln(n)

1 + ln(n)
, Y1 belongs to the domain of attraction of the Gumbel

distribution as in Definition 2.1.
(ii) With Rn defined as in (2.17), for any ϵ ∈ (0, 1), there exists a positive constant C(ϵ), such that the

mean-square error E
[
R2

n

]
>

n

C(ϵ)
Beta(1− ϵ, n), where the Beta function is defined in (2.20).

The worst cases of maximizing an arbitrary original function g is outperformed by our proposed choice of
maximizing an approximating Leaky ReLU neural neural network G with uniform inputs. For the function
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g as in Example 2.3, the convergence of its sample maximum is strikingly slow. This example is in dimension
one. However, its convergence is slower than that of our proposed choice in any dimension d0. According to
Example 2.3 (i), Theorem 2.2 and Theorem 3.2, the normalizing constant cn in the two cases is respectively

(1 + ln(n))−2 and O
(
n−1/α

)
, for some positive integer α ≤ d0. In the latter case, Theorem 3.5 gives an

estimate of the mean-square error. On the right hand side of the inequality (3.12), the rate nBeta(1+2/α, n)
in the second summand dominates. Figure 2 compares this rate with the lower-bound rate nBeta(1− ϵ, n)
in Example 2.3 (ii). The estimated mean-square error is obviously faster in the latter case.

Besides, the limit in distribution in Example 2.3 (i) is biased. If considering the convergence to the real
max y∗ = 1, seeing from the identity c−1

n (Y(n)−1) = c−1
n (Y(n)−dn)− (1+ln(n)), for large n the distribution

of c−1
n (Y(n) − 1) is roughly a Gumbel random variable centered at −(1 + ln(n)).

magnitude of sample size
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Figure 2: The ratio Beta
(
1 + 2

α , n
)
/Beta(1 − ϵ, n), with α = 7 and ϵ = 0.05, versus sample size magnitude

logn10.

3 Limiting theorems of the sample maximum

Assumption 3.1 The random variables Y1, Y2, · · · are independent and identically distributed, each having
finite maximum y∗ and finite minimum y∗.

Let F denote the cumulative distribution function of these random variables and f denote their probability
density function when it exists. By the “maximum” (“minimum”) of a random variable in Assumption 3.1,
we mean the supremum (infimum) of the values at which its cumulative distribution function is smaller than
one (greater than zero). The “sample maximum”

Y(n) := max{Y1, · · · , Yn} (3.1)

is the largest order statistic among Y1, · · · , Yn, for n = 1, · · · ,∞. Under Assumption 3.1, this section will
discuss the limiting behaviors of the sample maximum Y(n) as n → ∞.

Theorem 3.1 [pages 114-115 of Embrechts et al. (1997)] The sample maximum Y(n) converges to the max-
imum y∗ almost surely, as n → ∞.

3.1 Asymptotic distribution

The limiting distribution is determined by the tail behaviour of the distribution of Y1 near it maximum y∗.

Assumption 3.2 (i) The density function f exists and, on the interval (y∗−ϵ, y∗) for some positive number
ϵ, is positive.

(ii) (von Mises condition) The limit lim
y→y∗−

(y∗ − y)f(y)/(1− F (y)) exists and is positive.

Property 3.1 (i) [Theorem 3.3.12 on page 135 of Embrechts et al. (1997)] If F is in the maximum domain
of attraction of Ψα, then the normalizing constants in Definition 2.1 can be chosen as dn = y∗ and cn such
that

1− F (y∗ − cn) =
1

n
. (3.2)
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Besides, [page 154 of Embrechts et al. (1997)] the normalizing constant cn and the parameter α are related
by cn = n−1/αS(n), where S is a slowly varying function satisfying lim

n→∞
S(tn)/S(n) = 1, for any positive

real number t.
(ii) [Corollary 3.3.13 on page 136 of Embrechts et al. (1997)] Under Assumption 3.2, F is in the maximum

domain of attraction of Ψα, with

α = lim
y→y∗−

(y∗ − y)f(y)

1− F (y)
. (3.3)

We shall focus on the case of polynomial distributions.

Assumption 3.3 (i) The cumulative distribution function F satisfies 1−F (y) = O ((y∗ − y)α) as y → y∗−,
with some positive number α.

(ii) The cumulative distribution function F is a polynomial of degree d on the interval [y∗−ϵ, y∗], for some
positive integer d and some positive number ϵ. The polynomial 1− F (y) has y∗ as its root with multiplicity
α ∈ {1, · · · , d}.

Theorem 3.2 Under Assumption 3.3 (i) or (ii), the sequence (2.13) converges to a Weibull distribution

with parameter α; the normalizing constant cn is of the order O
(
n−1/α

)
, as n → ∞.

Given the limiting Weibull distribution, we may calculate an asymptotic confidence interval for the
maximum y∗ in terms of the sample maximum Y(n).

Corollary 3.1 Suppose that the sequence (2.13) converges in distribution to Weibull with parameter α > 0.
Let λ be a fraction valued in (0, 1). Then as n → ∞, an asymptotic λ-confidence interval for y∗ is[

Y(n), Y(n) − cnΨ
−1
α (1− λ)

]
. (3.4)

3.2 Mean-square error

This subsection studies the mean-square error E
[
R2

n

]
, with Rn = Y(n) − y∗ defined in (2.17) and y∗ the

maximum as in Assumptioin 3.1.
A pioneer paper that discusses the distance between a quantile of a distribution and the sample quantile

is Bahadur (1966). Under certain conditions on the cumulative distribution function F of the samples,

Duttweiler (1973) continues to estimate the mean-square error as no larger than O
(
n− 3

2

)
. The idea of the

estimation starts with representing the sample as a function Q of a Uniform[0,1] random variable. Then the
distance is estimated respectively for the major possible observations and for the tail of the distribution.

We apply the same idea as in Duttweiler (1973) to give two estimates of the mean-square error for the
maximum. One estimate generalizes the conditions and the other has a sharper convergence rate. The
estimation includes a non-asymptotic result that applies to any (large enough) sample size n.

The function Q that maps the Uniform[0,1] random variable to the samples is the quantile function

Q : [0, 1] → [y∗, y
∗], u 7→ Q(u), (3.5)

of the distribution F , defined as

Q(u) := inf {y ∈ [y∗, y
∗] |F (y) ≥ u} , u ∈ [0, 1]. (3.6)

Theorem 3.3 The mean-square error E
[
R2

n

]
has the following estimates:

(i) for any real number δ ∈ (0, 1) and for every positive integer n, it holds that

E
[
R2

n

]
≤ (y∗ − y∗)

2
ne−n1−δ

+
(
y∗ −Q

(
1− n−δ

))2
; (3.7)

(ii) as n → ∞, it holds that

E
[
R2

n

]
≤ O

(
ne−n1−δ

)
+O

((
y∗ −Q

(
1− n−δ

))2)
. (3.8)

In the inequalities (3.7) and (3.8) of Theorem 3.3, the quantity y∗−Q
(
1− n−δ

)
is the length of the right tail

with probability n−δ for the distribution F . The thinner the right tail, the larger this quantity. A thinner
right tail is equivalent to a smaller probability to get a sample near the maximum y∗, thus implying a larger
distance between the sample value and y∗.

8



Proposition 3.1 If the cumulative distribution function F is continuous in a neighbourhood of y∗ and
satisfies Assumption 3.3 (i), then as n → ∞, the convergence rate in inequality (3.8) becomes

E
[
R2

n

]
≤ O

(
n− 2δ

α

)
. (3.9)

If allowing more assumptions on the tail behavior of the sample distribution, the estimates in Theorem
3.3 can be improved.

Assumption 3.4 (i) The density function f of the random variable Y1 exists in a neighborhood (y∗−ϵF , y
∗],

for some ϵF > 0, and is continuously differentiable in this neighborhood.
(ii) The value f(y∗) is non-zero.

Theorem 3.4 Under Assumption 3.4, the mean-square error E
[
R2

n

]
has the following estimates:

(i) there exists an ϵ0 ∈ (0, ϵF ], such that for any positive real number δ ∈ (0, 1) and for every positive integer
n > (1− F (y∗ − ϵ0))

−δ, it holds that

E
[
R2

n

]
≤ 4

f2(y∗)
· 1

(n+ 1)(n+ 2)

+

(
(y∗ − y∗)

2
+

1

f2(y∗)

)
ne−n1−δ

+
1

4

(
sup

y∈(Q(1−n−δ),y∗]

{
(f ′(y))2

f6(y)

})
n−4δ;

(3.10)

(ii)as n → ∞, it holds that
E
[
R2

n

]
≤ O(n−2). (3.11)

Assumption 3.4 consists of the very assumptions taken in Duttweiler (1973). Compared to the O
(
n− 3

2

)
convergence rate in that paper, Theorem 3.4 provides a faster convergence rate for the mean-square error in
the case of approximating the maximum.

Theorem 3.5 Under Assumption 3.3 (ii), there exists a positive constant C(ϵ, α), such that

E
[
R2

n

]
≤ (y∗ − y∗)

2(F (y∗ − ϵ))n + C(ϵ, α)nBeta(1 + 2/α, n), (3.12)

for every positive integer n, where the Beta function is defined in (2.20), and E
[
R2

n

]
≤ O

(
n−2/α

)
as

n → ∞.

4 Numerical Illustrations

This section illustrates the convergence rate in section 3 with a specific type of examples, and suggest an
improvement of the convergence rate. For some non-negative integer r, the random variables Y1, Y2, · · · at
the beginning of section 3 are assumed to have the probability density function

fr(y) :=


r + 1

(y∗ − y∗)r+1
(y∗ − y)r, y∗ < y < y∗;

0, elsewhere,

(4.1)

plotted in Figure 3. Unless specified otherwise, the illustrations take y∗ = 3 and y∗ = 1.
The corresponding cumulative distribution function is

Fr(y) :=


0, y ≤ y∗;

1−
(

y∗ − y

y∗ − y∗

)r+1

, y∗ < y < y∗;

1, y ≥ y∗.

(4.2)

This density fr satisfies Assumptions 3.1, 3.2 and 3.3, therefore all the results in Section 3 but Theorem 3.4
applies. Especially when r = 0, Assumption 3.4 is satisfied and thus Theorem 3.4 holds.
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Figure 3: Density fr for r = 0, 1, 2, 3, 6.

r magnitude cn 95% ACI 99% ACI

0
2 2.00e-02 9.21e-02 5.99e-02
5 2.00e-05 9.21e-05 5.99e-05
8 2.00e-08 9.21e-08 5.99e-08

1
3 6.32e-02 1.36e-01 1.09e-01
9 6.32e-05 1.36e-04 1.09e-04
15 6.32e-08 1.36e-07 1.09e-07

2
4 9.28e-02 1.54e-01 1.34e-01
13 9.28e-05 1.54e-04 1.34e-04
22 9.28e-08 1.54e-07 1.34e-07

3
5 1.12e-01 1.65e-01 1.48e-01
17 1.12e-04 1.65e-04 1.48e-04
29 1.12e-07 1.65e-07 1.48e-07

6
9 1.04e-01 1.29e-01 1.21e-01
30 1.04e-04 1.29e-04 1.21e-04
51 1.04e-07 1.29e-07 1.21e-07

Table 1: Asymptotic convergence rates.

4.1 Quantification of convergence rates

Property 3.1 (i) and Theorem 3.2 (i) suggest that the sequence (2.13) has the Weibull distribution Ψα as its

limiting distribution, with cn = (y∗ − y∗)n
− 1

r+1 and α = r + 1. Table 1 shows the normalizing constant cn
and the lengths of asymptotic confidence intervals (ACI) for different values of the root multipilicity r and
the sample size n (counted by its magnitude log10 n, same below).

According to calculation by hand, the mean-square error E[R2
n] with Rn defined in (2.17) has the exact

expression

E[R2
n] = (y∗ − y∗)

2nBeta

(
1 +

2

r + 1
, n

)
, (4.3)

where the Beta function is defined in (2.20).
The quantile function in (3.6) becomes

Qr(u) = y∗ − (y∗ − y∗)(1− u)
1

r+1 , u ∈ [0, 1]. (4.4)

Theorem 3.3 (i) gives the estimation

E
[
R2

n

]
≤ (y∗ − y∗)

2
(
ne−n1−δ

+ n− 2δ
r+1

)
, (4.5)

10



for any positive integer n. Especially, when r = 0, Theorem 3.4 (i) gives the estimation

E
[
R2

n

]
≤ 2 (y∗ − y∗)

2

(
2

(n+ 1)(n+ 2)
+ ne−n1−δ

)
. (4.6)

From the first sentence in the proof of Theorem 3.4 given in Section 6.2, the number ϵ0 in this theorem can
be chosen as ϵ0 = y∗ − y∗. Hence the estimation (4.6) is true for any integer n > 1. Table 2 shows the
mean-square errors, where “real”, “estimated” and “non-vanishing density” indicate respectively the values
on the right hand side of (4.3), (4.5) and (4.6). Now that the estimations (4.5) and (4.6) are valid for any
δ ∈ (0, 1), the values in the “estimated” and “non-vanishing density” columns are respectively the infima of
these two estimations over δ ∈ {0.01, 0.02, · · · , 0.99}.

r magnitude real estimated
non-vanishing

density

0
1 6.06e-02 1.25e+00 1.26e-01
2 7.77e-04 5.50e-02 1.55e-03
4 8.00e-08 2.55e-05 1.60e-07

1
1 3.64e-01 2.24e+00

NA4 4.00e-04 7.83e-03
7 4.00e-07 1.39e-05

2
2 1.67e-01 8.52e-01

NA6 3.61e-04 3.48e-03
11 1.68e-07 2.35e-06

3
3 1.12e-01 4.63e-01

NA9 1.12e-04 7.44e-04
15 1.12e-07 1.00e-06

6
5 1.34e-01 3.47e-01

NA15 1.86e-04 6.77e-04
26 1.34e-07 5.86e-07

Table 2: Mean-square errors.

In addition to the results in Section 3, the number of simulations needed to reach a certain accuracy can
be estimated from a geometric distribution. For any number ϵ ∈ (0, y∗ − y∗), the random variable

Nr,ϵ := inf{n ∈ N
∣∣Y(n) > y∗ − ϵ} (4.7)

is the minimal sample size n needed such that the sample maximum Y(n) is less than ϵ away from the
maximum y∗, which has a geometric distribution with success probability

pr,ϵ := P(Y > y∗ − ϵ) = 1− Fr(y
∗ − ϵ) =

(
ϵ

y∗ − y∗

)r+1

. (4.8)

Tables 3, 4 and 5 show the success probability, expectation and quantiles of this geometric distribution for
different accuracies ϵ = 0.1, 10−4, 10−7.

r pr,ϵ E[Nr,ϵ] 2.5% quantile 97.5% quantile
0 5.00e-02 2.00e+01 0.00e+00 7.10e+01
1 2.50e-03 4.00e+02 1.00e+01 1.47e+03
2 1.25e-04 8.00e+03 2.02e+02 2.95e+04
3 6.25e-06 1.60e+05 4.05e+03 5.90e+05
6 7.81e-10 1.28e+09 3.24e+07 4.72e+09

Table 3: Sample size needed for ϵ = 0.1.
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r pr,ϵ E[Nr,ϵ] 2.5% quantile 97.5% quantile
0 5.00e-05 2.00e+04 5.06e+02 7.38e+04
1 2.50e-09 4.00e+08 1.01e+07 1.48e+09
2 1.25e-13 8.00e+12 2.03e+11 2.95e+13
3 6.25e-18 1.60e+17 4.05e+15 5.90e+17
6 7.81e-31 1.28e+30 3.24e+28 4.72e+30

Table 4: Sample size needed for ϵ = 1e− 4.

r pr,ϵ E[Nr,ϵ] 2.5% quantile 97.5% quantile
0 5.00e-08 2.00e+07 5.06e+05 7.38e+07
1 2.50e-15 4.00e+14 1.01e+13 1.48e+15
2 1.25e-22 8.00e+21 2.03e+20 2.95e+22
3 6.25e-30 1.60e+29 4.05e+27 5.90e+29
6 7.81e-52 1.28e+51 3.24e+49 4.72e+51

Table 5: Sample size needed for ϵ = 1e− 7.

4.2 Simulation and improvement

In Section 3, both the asymptotic distribution and the mean-square error are determined by the tail behavior
of the distribution F . Specifically, when the tail is polynomial, the determining factor is the multiplicity of
the maximum y∗ as a root of the polynomial. These results inspire a possible improvement of the convergence
rates by perturbing the distribution F , likely at the price of an acceptable bias.

In the case of approximating a function g with a neural network G as in Section 2.1, there exist sev-
eral candidate neural networks G(1), · · · , G(M) such that the quadratic loss in (2.3) is small enough (cf.
Goodfellow et al. (2016)). An implementation of the improvement would be to

(i) simulate n random inputs ζ1, · · · , ζn;
(ii) obtain the sample maximum Y

(i)

(n) := max{G(i)(ζ1), · · · , G(i)(ζn)} for every candidate G(i), i =
1, · · · ,M ;

(iii) report Y ∗
(n) := max{Y (1)

(n) , · · · , Y
(M)

(n) } as an estimate of the maximum of g.
This implementation requires about M times the computational costs of maximizing one neural net-

work. The convergence rate of this implementation will be that of the most favourable candidate. For the
polynomial distribution example at the beginning of this section, the illustrations in subsection 4.1 suggests
the efficiency of the proposed improvement. As long as the distribution of one of the approximating neural
networks has a lower root multiplicity at its maximum, the sample size needed in this example to reach a
certain accuracy will be reduced by several magnitudes.

Examples 4.1-4.3 compare convergence rates of sample maxima from different neural networks along the
same path, by inverting the output distributions. Let {Un}n be a sequence of independent Uniform [0, 1]
samples. For a cumulative distribution function F , its inversion F−1 applied to every Un has the distribution
F . For different output distributions from different neural networks, the inverted distributions applied to
the uniform samples can be viewed as the outputs of these neural networks with random inputs along the
same path.

Example 4.1 Let us suppose that the neural network output has the distribution Fr defined in (4.2), with
y∗ = 3 and y∗ = 1. Figure 4 shows the sample maximum Y(n) := max{F−1

r (U1), · · · , F−1
r (Un)}, for different

r = 0, 1, 2, 3. In this example, a lower root multiplicity r indeed speeds up the convergence.

Example 4.2 The coefficients of the output distribution is determined by the coefficients of the neural
network (c.f. Abbas-Turki et al. (2023)). This example takes the distribution Fr in (4.2) to explore how the
perturbation of its coefficients impacts the convergence rate. Since Example 4.1 has discussed the effect of
the root multiplicity r, the focus here is y∗ and y∗ with r = 1. Let us suppose that the targeted distribution
is Fr with y∗ = 3 and y∗ = 1.

For the original distribution Fr, the sample maximum Y(n) is defined the same as in Example 4.1. To
perturb the original distribution, we first slightly change y∗ in the expression of Fr into 3.01 or 2.98 and
respectively get the simulated sequences {Yn(3.01)}n and {Yn(2.98)}n by applying the inverted distributions
to {Un}n. Let {Y(n)(3.01)}n and {Y(n)(2.98)}n denote the respective sample maxima of the two sequences.
Then, for independent Uniform [−1, 1] samples {Ūi}100i=1 and {U i}

100
i=1 which are also independent of {Un}n, we
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Figure 4: Sample maxima for r = 0, 1, 2, 3 along the same path, values below 2.8 not displayed.

generate the perturbed coefficients ȳi := y∗+0.01(y∗−y∗)Ūi and y
i
= y∗+0.01(y∗−y∗)U i, for i = 1, · · · , 100.

The perturbed distribution F
(i)
r is produced from setting y∗ = ȳi and y∗ = y

i
in the targeted density Fr. Let

Y
(i)
n be the inversion of the perturbed distribution F

(i)
r applied to the uniform random variable Un. We take the

sample maxima Y
(i)

(n) := max{Y (i)
1 , · · · , Y (i)

n } for i = 1, · · · , 100, and the max Y ∗
(n) := max{Y (1)

(n) , · · · , Y
(100)

(n) }
of these sample maxima.

Figure 5 illustrates sample maxima from the different versions, where in the legend “(1, 3)”, “(1, 3.01)”,
“(1, 2.98)” and “max of max” respectively represent the sequences {Y(n)}n, {Y(n)(3.01)}n, {Y(n)(2.98)}n and
{Y ∗

(n)}n. If willing to accept a bias, the perturbed version may converge faster, especially the maximum of
the sample maxima from several randomly perturbed versions.
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Figure 5: Sample maxima for r = 1 and different values of (y∗, y
∗) along the same path, values below 2.8 not

displayed.

Example 4.3 Theorem 3.2 and Theorem 3.5 suggest that the limiting behaviors of the sample maximum
Y(n) is determined by the root multiplicity of the survival function 1−F (y) at the maximum y∗. In fact, what
matters to the convergence rate is not only the root multiplicity, but also the shape of the tail. The reason
is that, for a piecewise polynomial distribution, it might take too many samples before getting a sample near
the maximum.

For example, let us compare two probability densities. One density f(y), plotted as Figure 6 (right), is
proportional to (y− 2.85)2(y− 3)2(y− 3.15)2 on y ∈ [1, 3.15], and is zero elsewhere. The other densities are
fr as in (4.1) with r = 6, y∗ = 1, and y∗ = 3, 3.15, 2.85 respectively. Figure 6 (left) shows the density fr
with r = 6, y∗ = 1, and y∗ = 3. Despite of the different root multiplicities of their corresponding survival
functions, the two densities in Figure 6 look barely distinguishable.
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Figure 7 illustrates convergence rates of the sample maxima from the above distributions. We observe that
the two densities in Figure 6 produce sample maxima (“(1, 3)” and “different roots”) with similar convergence
rates. However, different values of the coefficient y∗ has a more obvious impact on the convergence rate.
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Figure 6: Density fr for r = 6 (left) and the density with different roots (right).
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Figure 7: Sample maxima from different distributions, values below 2.4 not displayed.

5 Appendix: Proofs in section 2

Proof of Property 2.1. The neural network G is a composition of linear transformations and a continuous
activation function, thus being continuous. A continuous function on a compact set achieves its maximum
and minimum. □

Proof of Example 2.3. We may compute to get F (y) = P (g(ζ) ≤ y) = 1 − exp(−y/(1 − y)), for
0 ≤ y < 1.

(i) This statement follows from Definition 3.3.18, Example 3.3.22 and Proposition 3.3.25 on page 138-141
of Embrechts et al. (1997).

(ii) Using the distribution of Y(n) to express E
[
R2

n

]
and applying a variable substitution in the integral,

the mean-square error has the expression

E
[
R2

n

]
= n

∫ 1

0

(1− x)n−1/(lnx− 1)2dx (5.1)
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For any ϵ ∈ (0, 1), because lim
x→0+

xϵ(lnx − 1)2 = 0, there exists a positive constant C(ϵ), such that 0 ≤

xϵ(lnx− 1)2 ≤ C(ϵ) for x ∈ [0, 1]. Then from (5.1) we may derive

E
[
R2

n

]
≥ n

C(ϵ)

∫ 1

0

x−ϵ(1− x)n−1dx =
n

C(ϵ)
Beta(1− ϵ, n). (5.2)

□

Proof of Example 2.2. By Assumption 2.1 (ii), the neural network has the minimum value y∗ = a(0) and
maximum y∗ = a(d).

For the random variable ζ = (ζ1, · · · , ζd0) uniformly distributed on the d0-dimensional unit cube, its com-

ponents are independent random variables uniformly distributed on [0,1]. The random variable X :=
d∑

k=1

ζk

is the sum of d independent Uniform [0,1] random variables, having an Irwin-Hall distribution (c.f. page 296
of Johnson et al. (1995)). The Irwin-Hall cumulative distribution function Fd is piecewise polynomial with
degree at most d. Especially when d − 1 ≤ y ≤ d, we may show by geometric method that the Irwin-Hall
density equals

fd(y) :=
1

(d− 1)!
(d− y)d−1. (5.3)

The corresponding tail probability is

1− Fd(y) =
1

d!
(d− y)d, for d− 1 ≤ y ≤ d. (5.4)

We claim the existence of two positive constants c ≤ c̄, such that

c(d− x) ≤ y∗ − a(x) ≤ c̄(d− x), for all 0 ≤ x ≤ d. (5.5)

In fact, the constants can be chosen as c = c̄ = a+ if the activation function is Leaky ReLU, and as

c = min{a′(x)|0 ≤ x ≤ d} and c̄ = max{a′(x)|0 ≤ x ≤ d} (5.6)

if Assumption 2.1 is satisfied.
(i) Let F be the cummulative distribution function of G(ζ) = a(X). For d−1 ≤ y ≤ d, the tail probability

is

1− F (y) =
1

d!
(d− a−1(y))d. (5.7)

Equation (5.4) and the two inequalities in (5.5) imply that

1

d!c̄d
(y∗ − y)d ≤ 1− F (y) ≤ 1

d!cd
(y∗ − y)d, for d− 1 ≤ y ≤ d. (5.8)

Hence Assumption 3.3 (i) is satisfied with α = d. The asymptotic distribution follows from Theorem 3.2.
Combining (5.7) with (3.2), and solving for 1

d!
(d− a−1(a(d)− cn))

d = 1
n
, we get

cn = a(d)− a
(
d− (d!)1/dn−1/d

)
. (5.9)

By Assumption 2.1 (iii), Taylor’s expansion can be applied to the function a(d)− a(d− x) at x = 0 to get

cn = a′(d)(d!)1/dn−1/d + o
(
n−1/d

)
. (5.10)

The smaller order term in (5.10) may be omitted.
(ii) The second inequality in (5.5) implies that

E
[
R2

n

]
≤ c̄2E

[(
d−X(n)

)2]
, (5.11)

where X(n) is the sample maximum of n independent realizations of X and the second expectation is its
mean-square error. The distribution of X satisfies Assumption 3.3 (ii) with α = d and ϵ = 1. Then Theorem

3.5 applies to the estimation of E
[(
d−X(n)

)2]
. □
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6 Appendix: Proofs in section 3

6.1 Proofs in subsection 3.1

Proof of Theorem 3.2. (i) This statement can be derived from Proposition 3.3.14 and Example 3.3.16 on
page 136-137 of Embrechts et al. (1997).

(ii) Since 1− F (y∗) = 0 by Assumption 3.1, y∗ is a root of the polynomial 1− F (y). Under Assumption
3.3 (ii), the multiplicity α of the root y∗ is at most d, which implies Assumption 3.3 (i). We may conclude
statement (ii) from statement (i) of this theorem. □

Proof of Corollary 3.1. Because the sequence (2.13) converges in distribution to Weibull with parameter
α > 0, we have the expression

lim
n→∞

P
(
Ψ−1

α (1− λ) ≤ c−1
n (Y(n) − y∗) ≤ 0

)
= λ, (6.1)

which is equivalent to
lim

n→∞
P
(
Y(n) ≤ y∗ ≤ Y(n) − cnΨ

−1
α (1− λ)

)
= λ. (6.2)

□

6.2 Proofs in subsection 3.2

Let {Ui}∞i=1 be a sequence of independent and identically distributed Uniform random variables on [0,1].
The sequences {Yi}∞i=1 and {Ui}∞i=1 are independent of each other. With the quantile function Q defined
in (3.6), the two sequences {Q(Ui)}∞i=1 and {Yi}∞i=1 have the same distribution. The sample maximum Y(n)

has the same distribution as Q(U(n)), where U(n) is the maximum among {Ui}ni=1. The probability density
function of U(n) is

f(n)(u) = nun−11[0,1](u). (6.3)

Proofs for Theorem 3.3 and Theorem 3.4 will all need to operate with the random variable Q(U(n)) instead
of the sample maximum Y(n).

Proof of Theorem 3.3. Let the function H be defined as

H(u) := Q(u)− y∗, (6.4)

for u ∈ [0, 1]. The difference Rn can be expressed as

Rn = Y(n) − y∗ D
= Q(U(n))− y∗ = H(U(n)). (6.5)

We then proceed to estimate the growth rate of E
[
R2

n

]
. Let {ϵn}∞n=1 be a decreasing sequence of positive

real numbers valued in (0, 1) and converging to zero. Then E
[
R2

n

]
is expressed as

E
[
R2

n

]
=

∫ 1

0

H2(u)f(n)(u)du

=

∫ 1−ϵn

0

H2(u)f(n)(u)du+

∫ 1

1−ϵn

H2(u)f(n)(u)du.

(6.6)

Let
Hn,max := sup

u∈(1−ϵn,1]

|H(u)| (6.7)

denote the supremum of H over (1− ϵn, 1]. Because the quantile function Q is increasing, it holds that

Hn,max = y∗ −Q(1− ϵn). (6.8)

By equations (6.3) and (6.6), the expectation E
[
R2

n

]
is bounded by

E
[
R2

n

]
≤

(
sup

u∈(0,1−ϵn)

f(n)(u)

)∫ 1−ϵn

0

H2(u)du+H2
n,max

∫ 1

1−ϵn

f(n)(u)du

=n(1− ϵn)
n−1

∫ 1−ϵn

0

H2(u)du+H2
n,max (1− (1− ϵn)

n)

≤n(1− ϵn)
n−1

∫ 1−ϵn

0

H2(u)du+H2
n,max.

(6.9)
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By the definition of the quantile function Q in equation (3.6) and by the definition of H in equation (6.4),
the integral

∫ 1−ϵn
0

H2(u)du is bounded by∫ 1−ϵn

0

H2(u)du ≤ (1− ϵn)(y
∗ − y∗)

2. (6.10)

The expressions (6.8), (6.9) and (6.10) imply that

E
[
R2

n

]
≤ n(1− ϵn)

n(y∗ − y∗)
2 + (y∗ −Q(1− ϵn))

2
. (6.11)

Because the function

h(x) =

(
1− 1

x

)−x

, for x > 1, (6.12)

converges to e from above, as x → +∞, the sequence

(1− ϵn)
−1/ϵn (6.13)

converges to e from above, as n → ∞. Hence we have

n(1− ϵn)
n = n(1− ϵn)

(−1/ϵn)(−ϵn)n ≤ ne−nϵn , (6.14)

for any positive integer n > 1. In particular, we are allowed to take ϵn = n−δ, for an arbitrary δ ∈ (0, 1).

Then the growth rate ne−nϵn in inequality (6.14) equals ne−n1−δ

. With this particular choice of ϵn, inequal-
ities (6.11) and (6.14) imply the inequalities (3.7) and (3.8). □

Proof of Proposition 3.1: There exist two positive constants c ≤ c̄ and a positive number ∆y, such
that

c(y∗ − y)α ≤ 1− F (y) ≤ c̄(y∗ − y)α, for y∗ −∆y ≤ y ≤ y∗. (6.15)

The inequalities in (6.15) are equivalent to

c̄−1/α(1− F (y))−1/α ≤ y∗ − y ≤ c−1/α(1− F (y))−1/α, for y∗ −∆y ≤ y ≤ y∗. (6.16)

The quantile Q is the inverse function of the cumulative distribution F , where F is continuous. Because F
is assumed continuous in a neighbourhood of y∗, for n large enough, the quantile Q

(
1− n−δ

)
is the value y

such that the identity 1− F (y) = n−δ holds. Then the inequalities in (6.16) imply that

c̄−1/αn−δ/α ≤ y∗ −Q
(
1− n−δ

)
≤ c−1/αn−δ/α, for n ≥ (1− F (y∗ −∆y))−1/δ. (6.17)

For any real number δ ∈ (0, 1), the sequence
{
ne−n1−δ

}∞

n=1
converges to zero faster than the sequence{

n−2δ/α
}∞

n=1
. Hence the dominating part in the convergence rate in inequality (3.8) is the second term. □

Proof of Theorem 3.4. By Assumption 3.4, the function f(y) is neither zero nor infinity for y in a
neighborhood (y∗ − ϵ0, y

∗], for some ϵ0 ∈ (0, ϵF ]. Hence the cumulative distribution function F is strictly
increasing and has an inverse function F−1(u) = Q(u) for u ∈ (F (y∗ − ϵ0), 1]. The first and second order
derivatives of Q(u) for u ∈ (F (y∗ − ϵ0), 1] are

Q′(u) =
1

f(Q(u))
; Q′′(u) = − f(Q(u))

f3(Q(u))
. (6.18)

The function H is defined as

H(u) := Q(u)−Q(1)−Q′(1)(u− 1) = Q(u)− y∗ − 1

f(y∗)
(u− 1). (6.19)

Then the difference Rn can be expressed as

Rn = Y(n) − y∗ D
= Q(U(n))−Q(1)

=Q′(1)(U(n) − 1) +H(U(n))

=
1

f(y∗)
(U(n) − 1) +H(U(n)).

(6.20)
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The mean-square error E
[
R2

n

]
is bounded by

E
[
R2

n

]
≤ 2

(
1

f2(y∗)
E
[
(U(n) − 1)2

]
+ E

[
H2(U(n))

])
. (6.21)

To estimate the convergence rate of E
[
R2

n

]
, we shall respectively derive upper bounds of the two quantities

E
[
(U(n) − 1)2

]
and E

[
H2(U(n))

]
.

By equation (6.3), we may compute to get

E
[
(U(n) − 1)2

]
= E

[
U2

(n)

]
− 2E

[
U(n)

]
+ 1

=

∫ 1

0

nun+1du− 2

∫ 1

0

nundu+ 1 =
2

(n+ 1)(n+ 2)
.

(6.22)

We then proceed to estimate the growth rate of E
[
H2(U(n))

]
. Let {ϵn}∞n=1 be a sequence of positive real

numbers valued in (0, 1) and converging to zero. Then E
[
H2(U(n))

]
is expressed as

E
[
H2(U(n))

]
=

∫ 1

0

H2(u)f(n)(u)du

=

∫ 1−ϵn

0

H2(u)f(n)(u)du+

∫ 1

1−ϵn

H2(u)f(n)(u)du.

(6.23)

Let
Hn,max := sup

u∈(1−ϵn,1]

|H(u)| (6.24)

denote the supremum of H over (1− ϵn, 1]. By equations (6.3) and (6.23), the expectation E
[
H2(U(n))

]
is

bounded by

E
[
H2(U(n))

]
≤

(
sup

u∈(0,1−ϵn)

f(n)(u)

)∫ 1−ϵn

0

H2(u)du+H2
n,max

∫ 1

1−ϵn

f(n)(u)du

=n(1− ϵn)
n−1

∫ 1−ϵn

0

H2(u)du+H2
n,max (1− (1− ϵn)

n)

≤n(1− ϵn)
n−1

∫ 1−ϵn

0

H2(u)du+H2
n,max.

(6.25)

By equation (6.19), the value of H(u) is bounded

y∗ − y∗ ≤ Q(u)− y∗ ≤ H(u) ≤ 1

f(y∗)
(1− u) ≤ 1

f(y∗)
, (6.26)

for any u ∈ [0, 1]. It follows that∫ 1−ϵn

0

H2(u)du ≤ (1− ϵn)

(
(y∗ − y∗)

2
+

1

f2(y∗)

)
. (6.27)

By equations (6.18) and (6.19) and by the Taylor Expansion Theorem, for every u ∈ (F (y∗ − ϵ0), 1), there
exists a real number u0 ∈ [u, 1), such that

H(u) =
1

2
Q′′(u0)(u− 1)2 =

1

2

(
1

f(Q(u0))

)′

(u− 1)2 = − f ′(Q(u0))

2f3(Q(u0))
(u− 1)2. (6.28)

When
ϵn < 1− F (y∗ − ϵ0), (6.29)

the inverval (1 − ϵn, 1] is strictly included in the neighborhood (F (y∗ − ϵ0), 1] where Q′′ has the explicit
expression (6.18). It follows from equations (6.24) and (6.28), as well as Assumption 3.4, that

H2
n,max ≤ 1

4

(
sup

y∈(Q(1−ϵn),y∗]

{
(f ′(y))2

f6(y)

})
ϵ4n. (6.30)
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The expressions (6.25), (6.27) and (6.30) imply that

E
[
H2(U(n))

]
≤
(
(y∗ − y∗)

2
+

1

f2(y∗)

)
n(1− ϵn)

n +
1

4

(
sup

y∈(Q(1−ϵn),y∗]

{
(f ′(y))2

f6(y)

})
ϵ4n. (6.31)

In particular, we may take ϵn = n−δ, for an arbitrary δ ∈ (0, 1). Inequality (6.29) is equivalent to

n > (1− F (y∗ − ϵ0))
−δ. (6.32)

The estimates (6.21), (6.22), (6.31), (6.32) and (6.14) conclude inequality (3.10). The inequality (3.10)
implies that, as n → ∞, E

[
R2

n

]
is has the convergence rate

E
[
R2

n

]
≤ O(n−2) +O(ne−n1−δ

) +O(n−4δ). (6.33)

If further requiring that δ ∈
(
1
2
, 1
)
, we get inequality (3.11) from inequality (6.33). □

Proof of Theorem 3.5. Conditioning on whether Y(n) ≤ y∗ − ϵ or not, the mean-square error can be
expressed as

E
[
R2

n

]
= E

[
R2

n

∣∣Y(n) ≤ y∗ − ϵ
]
(F (y∗ − ϵ))n + E

[
R2

n

∣∣Y(n) > y∗ − ϵ
]
(1− (F (y∗ − ϵ))n), (6.34)

where the two summands are respectively bounded from above by (y∗−y∗)
2(F (y∗−ϵ))n and E

[
R2

n

∣∣Y(n) > y∗ − ϵ
]
.

It remains to estimate the second summand.
Under Assumption 3.3 (ii), the function q defined as q(y) := (1 − F (y))(y∗ − y)−α is a polynomial of

degree d− α, satisfying q(y∗) > 0 and 0 < q(y)(y∗ − y)α ≤ 1 for y∗ − ϵ ≤ y < y∗. Then for y∗ − ϵ ≤ y ≤ y∗,
the cumulative distribution function and the density can be expressed as

F (y) = 1− q(y)(y∗ − y)α and f(y) = (αq(y)− q′(y)(y∗ − y))(y∗ − y)α−1. (6.35)

The constant
C1(ϵ) := min{q(y)|y∗ − ϵ ≤ y ≤ y∗} (6.36)

satisfy C1(ϵ) > 0, C1(ϵ)(y
∗ − y)α ≤ q(y)(y∗ − y)α ≤ 1 and thus F (y) ≤ 1 − C1(ϵ)(y

∗ − y)α, for any
y∗ − ϵ ≤ y < y∗. Especially with y = y∗ − ϵ, we know that 0 < C1(ϵ)ϵ

α ≤ 1. Because y∗ is the maximum,
the density f(y) cannot be all-zero on [y∗ − ϵ, y∗) and the constant

C2(ϵ) := max{αq(y)− q′(y)(y∗ − y)|y∗ − ϵ ≤ y ≤ y∗} (6.37)

thus satisfies f(y) ≤ C2(ϵ)(y
∗ − y)α−1. For y∗ − ϵ ≤ y ≤ y∗, we have the estimate

f(n)(y) = n(F (y))n−1f(y) ≤ C2(ϵ)n(1− C1(ϵ)(y
∗ − y)α)n−1(y∗ − y)α−1. (6.38)

From the conditional probability

P(Y(n) ≤ y|Y(n) > y∗ − ϵ) = (F(n)(y)− F(n)(y
∗ − ϵ))/(1− F(n)(y

∗ − ϵ)), (6.39)

we may get the conditional density and its upper bound

f(n)(y|Y(n) > y∗ − ϵ) = f(n)(y)/(1− (F (y∗ − ϵ))n)

≤ C2(ϵ)

1− F (y∗ − ϵ)
n(1− C1(ϵ)(y

∗ − y)α)n−1(y∗ − y)α−1.
(6.40)

Hence the conditional mean-square error

E
[
R2

n

∣∣Y(n) > y∗ − ϵ
]
=

∫ y∗

y∗−ϵ

(y∗ − y)2f(n)(y|Y(n) > y∗ − ϵ)dy (6.41)

has the upper bound

E
[
R2

n

∣∣Y(n) > y∗ − ϵ
]
≤ C2(ϵ)

1− F (y∗ − ϵ)
n

∫ y∗

y∗−ϵ

(1− C1(ϵ)(y
∗ − y)α)n−1(y∗ − y)α+1dy. (6.42)

With the variable substitution x = C1(ϵ)(y
∗ − y)α and the notation C(ϵ, α) := C2(ϵ)/(αC1(ϵ)

1+2/α(1 −
F (y∗ − ϵ))) on its right hand side, the inequality (6.42) becomes

E
[
R2

n

∣∣Y(n) > y∗ − ϵ
]
≤ C(ϵ, α)n

∫ C1(ϵ)ϵ
α

0

(1− x)n−1x2/αdx. (6.43)

Because 0 < C1(ϵ)ϵ
α ≤ 1 and in Assumption 3.3 (ii) the number ϵ can be taken within (0, 1], the integral

on the right hand side of (6.43) is bounded from above by Beta(1 + 2/α, n). □
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