2

Global Random Search: Fundamentals and
Statistical Inference

2.1 Introduction to Global Random Search

In this section, we formulate and discuss basic assumptions concerning the fea-
sible region and the objective function, introduce a general scheme of global
random search algorithms and provide a general result establishing conver-
gence of global random search algorithms.

2.1.1 Main Assumptions
Consider a general minimization problem

f(z) — min
with objective function f(-) and feasible region A. We shall always assume
that the minimum value m = minge4 f(z) is attained in A. In general, f(-)
may have more than one minimizer z,.
Let us formulate other common assumptions about A and f(-). Most of
these assumptions will be assumed true throughout this chapter and the next.

Assumptions concerning the feasible region A:

C1: A is a bounded closed subset of R? (d > 1);

C2: vol(A) > 0, where ‘vol(-)’ denotes the volume (or d-dimensional Lebesgue
measure) of a set;

C3: A is a finite union of the sets defined by a finite number of the inequality-
type constraints g;(z) < 0, where the functions g¢;(-) defining the con-
straints are continuously differentiable (however, we do not need to know
the explicit forms of these functions);

C4: there exist constants ¢>0 and €9 >0 such that for at least one minimizer
z, and all €, 0 < € < g9, we have vol(B(x.,¢)) > ce?; that is, at least a
uniformly constant proportion of a ball in R? with centre at z, and small
radius must intersect A;
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C5: the structure of A is simple enough for distribution sampling algorithms
on A and some of its subsets, to be of acceptable complexity.

These conditions are satisfied for an extremely wide class of practically in-
teresting sets A. We do not require, in particular, for A to be a cube; moreover,
neither convexity nor connectivity for A are generally required.

Conditions C1 and C2 are very simple and natural (note that Condi-
tion C1 implies vol(A) < oo so that 0 < vol(A4) < o). Conditions C3 and C4
are needed to avoid difficulties at the boundaries of A. Thus, Condition C3
prevents fractal boundaries and Condition C4 helps avoid the configurations
where random search algorithms would almost certainly fail. An example of
such a configuration is shown in Figure 2.1. For such a configuration, simple
random search algorithms (which are not using local descents) will not be able
to approach the minimizer x, as the path to this point is ‘too narrow’.

X

Fig. 2.1. An example of a disallowed combination of the set A and the minimizer x..

Of course, Condition C4 can be substituted with the following simpler
but somewhat stronger condition on A:

C4': there exist constants ¢ > 0 and g9 > 0 such that vol(B(z,¢)) > cg? for
allz € Aand alle, 0 < e < gg.

Assumptions concerning the objective function f(-):

C6: f(-) can be evaluated at any point of A without error (note, however,
that we allow evaluation errors in Sects. 2.1.4, 3.5 and in some general
discussions);

C7: the number of minimizers x, is finite.

As a condition additional to C7, we shall sometimes assume that the minimizer
T, 1s unique.
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Rather than demanding continuity of f(z) for all z € A, we shall demand
the following two weaker conditions:

C8: function f(-) is bounded and piece-wise continuous on A;
C9: there exists dp > 0 such that for all 0 < § < §p the sets

W) ={x e A: f(xr) <m+ 4}

are closed and f(x) is continuous for all x € W(dp).

Note that if the objective function f(-) is continuous for all z € A then
Condition C9 holds for all dy (and, in view of Condition C1, Condition C8
also holds).

The sets W (&) and their behaviour as 6 — 0 (an example)
The boundaries of the sets W(4) are the level sets of f(-):
OW@)={recA: flx)=m+6}=f " (m+9).

These level sets can be easily visualized when d < 2; see e.g. Fig. 1.2 and
Fig. 2.2, where the contour-plot of the function

9(w,y) = f33() + f5.5(y) + fa3(2) f55(y), (z,y9) €[0,1] x [0,1], (2.1)

is provided; the function f(;;)(+) is defined below in (2.2).
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Fig. 2.2. Contour-plot of the function g(z,y) defined in (2.1); the minimum value of

this function is equal to 0 and is achieved at the global minimizer (z.,y.) = (3, 3).

Let A =[0,1] and let & > 2 and I > 2 be some integers. The function
fey () is defined as
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2
) lkm o iy
1*% (Slnm) for x € {0 ( )( )}
f(kl)(fE) 31— (sin lf_lx) for x € {%l(ll)’ ZT1:| (22)

-3 (sinlm z)? for z € [&4,1] .

=/

As illustrations, the functions f(125)(7) and f35)(x) are depicted in Figs. 1.1
and 3.2(A), respectively.

For all integers k,I > 2, the functions f(; ;) (z) are continuously differ-
entiable in A = [0,1] and have three local minima. These local minima are
achieved at the points:

(k—1)(1—1) C@k-1)(-1) 1

okl @ T gy e =g

L) = 21

with the point z. = x () being the global minimizer. The values of the function
f(k,)() at these points are

1
T (@) = fiep(T3) = 3 S (T(2)) =0.

Despite the fact that the functions f(; ;y(x) are continuously differentiable,
the problem of finding x, is very difficult when k is large. Indeed, the com-
plexity of the problem of global optimization is very much related to the rate
of decrease of the ratio vol(W(4))/vol(A) as § decreases. Thus, for large k,
the complexity of the function f ;)(z) defined in (2.2) is expressed in terms
of the values of vol(IW(9)) which are small even for moderately large values
of §; for instance,

-1 1
okl "2k
In fact, for f(-) = fa)(-), we can easily compute vol(W(9)) for all é:

vol(W(0.5)) =

0 it6<0
vol(W (5)) = %gl—%arcsinm) . %“F‘SS%’

1——2((1—1) arcsiny/1-6+ (kl — 1+ 1) arcsiny/2-26) if 1 <6<1,
! it5>1.

For general f(-), the rate of convergence of vol(W(d))/vol(A) to zero as
6 — 0 is studied in Sect. 2.5.3. In particular, it is shown in that section that if
Conditions C7, C8 and C9 hold and if additionally for each global minimizer
x, the objective function f(-) is locally quadratic in the neighbourhood of .,
then there exists a constant ¢ > 0 such that

vol(W(8)) = c6%2(1 4+ 0(1)) as § — 0. (2.3)

This means that the rate of convergence of vol(W(4)) to zero as § — 0 is the
same for a very broad class of objective functions. Of course, the complexity
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of the function f(-) is also related to the value of the constant ¢ in (2.3) and
the range of values of §, where the asymptotic relation (2.3) can be applied.
In a particular case of f(-) = f()(-), we have

_ 20— V6

vol(W(5)) —

(1+g+0(§2)), §—0.

2.1.2 Formal Scheme of Global Random Search Algorithms

In a general global random search algorithm, a sequence of random points
Z1,T2,...,%y, is generated where for each j, 1 < j < n, the point z; has some
probability distribution P;. For each j > 2, the distribution P; may depend
on previous points 1, ...,2;—1 and the results of the objective function eval-
uations at these points (the function evaluations may not be noise-free). The
number of points n, 1 < n < co (the stopping rule) can be either determin-
istic or random and may depend on the results of function evaluation at the
points z1,...,x,. For convenience, we shall refer to this general scheme as
Algorithm 2.1.

Algorithm 2.1.

1. Generate a random point x1 according to a probability distribution Pj
on A; evaluate the objective function at x1; set iteration number j = 1.

2. Using the points x1,...,x; and the results of the objective function eval-
uation at these points, check whether j = n; that is, check an appropriate
stopping condition. If this condition holds, terminate the algorithm.

3. Alternatively, generate a random point xj4+1 according to some probability
distribution Pjy1 and evaluate the objective function at xjq1.

4. Substitute j 4+ 1 for j and return to step 2.

In the algorithm which is often called ‘pure random search’ all the dis-
tributions P; are the same (that is, P; = P for all j) and the points z; are
independent. In Markovian algorithms the distribution P;4; depends only on
the previous point z; and its function value f(z;). There is also a wide class
of global random search algorithms where the distributions are not updated
at each iteration but instead after a certain number of points have been gen-
erated. We can formally write down this scheme as follows.

Algorithm 2.2.

1. Choose a probability distribution Py on the ni—fold product set Ax...xA,
where n1 >1 is a given integer. Set iteration number j = 1.

2. Obtain n; points x§])7 e ,ngj) in A by sampling from the distribution P;.
Evaluate the objective function f(-) at these points.

3. Check a stopping criterion.
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4. Using the points xl(zz) (I())=1,...,n;; i=1,...,7) and the objective func-
tion values at these points, construct a probability distribution P11 on
the njy1—fold product set Ax...x A, where nj1 is some integer that may
depend on the search information.

5. Substitute j+1 for j and return to Step 2.

Of course, if n; = 1 (for all j) in Algorithm 2.2 then it becomes Algo-
rithm 2.1. On the other hand, Algorithm 2.1 allows more freedom in defining
the distributions of points where f(-) is evaluated and therefore can seem to
be more general than Algorithm 2.2. Thus, the difference between Algorithms
2.1 and 2.2 is purely formal; sometimes one form is more convenient and in
other cases the other form is more natural.

There are two important issues to deal with while constructing global ran-
dom search algorithms (in either form, Algorithm 2.1 or 2.2):

(i) choosing the stopping rule n, and
(ii) choosing the way of constructing the distributions P;.

Consider issue (i). Commonly, a fixed number of points is generated (that
is, the total number of points n is fixed). A more sophisticated approach
would be to estimate the closeness of the current record value of the objective
function f(-) to its minimum value m = min f. This can be done in different
ways. Any of the deterministic approaches (based, for example, on the use
of Lipschitz constant estimates) can be applied. An enormous advantage of
many global random search algorithms is related to the fact that because
of the randomness of the points where f(-) is evaluated, probabilistic and
statistical considerations can be applied to infer about the closeness of the
current record value of f(-) to the minimum m; many of these considerations
can be used in defining the stopping rule. A large part of the present chapter
is devoted to these probabilistic and statistical considerations.

Issue (ii) concerns the construction of the distributions P; (here by ‘con-
struction’ we do not mean ‘giving an analytic formula’ but rather ‘formulating
an algorithm for sampling from the distribution’). This is the issue of how we
use prior information about f(-) and the information we obtain in the process
of the search, as well as how we compromise between the globality and locality
of our search. The former problem (of extracting and using information about
f) is complex and versatile; significant parts of this chapter and the next deal
with it. The latter problem is potentially simpler, it was briefly considered in
Sect. 1.1.3.

2.1.3 Convergence of Global Random Search Algorithms

In the early stages of development of global random search theory (in the nine-
teen seventies and eighties), a number of papers were published establishing
sufficient conditions for convergence (in probability and with probability one)
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of random search algorithms; see, for example, [63, 188, 229]. The main idea
in most of these, and in many other results on convergence of global random
search algorithms, is the classical, in probability theory, ‘zero-one law’, see
e.g. [226]. The following simple theorem stated and proved in [273], Sect. 3.2,
illustrates this technique in a very general setup.

Let us consider a general global random search algorithm in the form of
Algorithm 2.1, where the point z; has some distribution P; which may de-
pend on previous points x1, ..., x;_1 and the results of the objective function
evaluation at these points.

Theorem 2.1. Let the objective function f(-) satisfy Condition C7, x. be
a global minimizer of f(-) and let f(-) be continuous in the vicinity of x..
Assume that

> ai(e) = o0 (2.4)

for any € > 0, where
q;(¢) = inf P;(B(z, ), (2.5)

with B(x.,e)={x€A: ||[x—z.|| < e}; the infimum in (2.5) is taken over all
possible previous points and the results of the objective function evaluations
at them. Then, for any 6 >0, the sequence of points x; with distributions P;
falls infinitely often into the set W(6)={x € A: f(x)—m<§}, with probability
one.

Proof is given in Sect. 2.7; it is a simplified version of the proof given
in [273).

Note that Theorem 2.1 holds in the general case where evaluations of
the objective function f(-) can be noisy (and the noise is not necessarily
random). If the function evaluations are noise-free, then the conditions of the
theorem ensure that the sequence {z,,} converges to the set A, = {argmin f}
of global minimizers with probability one; similarly, the sequence of records
Yorn = MiNj<, f(z;) converges to m = min f with probability one.

If for a particular sequence {z;} we have

ZPj(B(x*,E)) < 00,

then the Borel-Cantelli lemma (see e.g. [226]) implies that the points x1, z, . ..
fall into B(x., e) only a finite number of times, with probability one. Moreover,
looking at the family of functions (2.2), we conclude that (2.4) cannot be
improved upon for a wide enough class F of objective functions. That is, if
(2.4) is not satisfied then there exists f € F such that for any n, none of the
points 1, ..., z, fall into B(x,,¢) with any fixed probability v, 0 < v < 1.
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Since the location of x, is not known a priori, the following simple sufficient
condition for (2.4) can be used:

oo

> inf Pj(B(x,¢)) = o0 (2.6)

Jj=1

for all x € A and € > 0.
In practice, a very popular rule for selecting probability measures P;’s is

Pip1 =P+ (1-a;41)Q;, (2.7)

where 0 < a;41 < 1, P is the uniform distribution on A (extension to other
probability distributions P is straightforward) and @Q; is an arbitrary proba-
bility measure on A which may depend on the results of the evaluation of the
objective function at the points z;,...,z;. For example, sampling from @Q;
may correspond to performing several iterations of a local descent from the
current record point z;.

Sampling from the distribution (2.7) corresponds to taking a uniformly
distributed random point in A with probability ;1 and sampling from @);
with probability 1 — a41.

If the probability measures P; in Algorithm 2.1 are chosen according to
(2.7), then a simple and rather weak condition

Zaj =00 (2.8)
j=1

is sufficient for (2.4) and (2.6) to hold.

The rate of convergence of the global random search algorithms, repre-
sented in the form of Algorithm 2.1 with distributions P; chosen according to
(2.7) and (2.8), is discussed at the end of Sect. 2.2.2.

2.1.4 Random Errors in Observations

Many global random search algorithms can easily be modified so that they
can be used in the case where there are random errors in the observations of
the objective function values. To give an example, several versions of the ‘sim-
ulated annealing’ algorithm considered in Sect. 3.3.2, have been devised for
optimizing objective functions corrupted by noise, even before the simulated
annealing algorithms became widely known. The corresponding algorithms are
often called global (or multiextremal) stochastic approximation algorithms,
see [260, 277] and [273], Sects. 3.3.3 and 3.3.4. The theoretical study of these
algorithms is often related to the study of stochastic differential equations and
in particular to the study of diffusion processes, see e.g. [142].

Providing the globality of search (see Sect. 1.1.3) is simple whether or not
there are errors in observations. What is not that simple is recognizing the
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neighbourhood of the global minimizer and making local steps (as it is difficult
to estimate gradients of the objective function). However, many statistical
and heuristic arguments can be employed for monitoring the arrival at the
neighbourhood of the global minimizer (see e.g. Sect. 4.1 in [273]).

Rather than further developing this topic (which is not particularly chal-
lenging), we briefly consider a different problem related to the fact that there
are random errors in observations of f(-). This is the problem of estimating
the values of the objective function and its gradients in the case where the dis-
tribution of noise is known. We assume that the objective function is specified
as the expectation

f(z) = Eagla,Y) = / oz, 9)bs (v)dy, (2.9)

where g(z,y) is a known function and ¢.(-) is the density of the random
variable Y; note that the random variable Y =Y, and the density ¢, (-) may
depend on z.

Assuming that the integral in (2.9) cannot be evaluated analytically, a
natural way of approximating it is to use the following Monte Carlo estimator

n

1 .
o~ Z v, 2.10
(CEFINAED (20)
where {Ygg(l)7 . ,Ym(")} is a sample from a distribution with density ¢,(-).
Assume that there exists a density m(-) such that ¢,(y) = 0 whenever
7(y) = 0 so that the ratio

we(y) = ¢2(y)/7(y)

is well defined. Then, to estimate f(x), we can use the method known as the
importance sampling:

~ 1y (i) (i)
flo) =~ ;g@m/ Jw (Y1) (2.11)
where {Y(V ... Y™} is a sample from a distribution with density 7(-). Note
that this sample does not have to be independent or even random; it can be,
for instance, a stratified sample, a MCMC sample or even a quasi-random
sample, see Sects. 3.1, 3.2.1 and 3.3.2.

The main advantage of using (2.11) over (2.10) is the fact that we can
use the same sample {Y (D ... V(] for estimating values of f(z) for all
required values of the argument x. Moreover, using the same sample we can
approximate the components of the gradient

Vf(x) = (3f(x)/3:17(1), ey 8f(1:)/8:z:(d)) , = (:17(1), e ,:c(d)) .

Indeed, the j-th derivative 0f(z)/0x(;) can be written as
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0f@) _ [ (0 (n29@y) o Ows(y)
D [ (1) ) G2 ) i

and approximated by

af (z) 1 ¢ (i) 89(337Y(i)) (4) 3wx(Y(i))
o~ 2 y @y 29I ) y @y L=t ) 2.12
dzy  n 2 (ww( ) drg 9(@ ¥ Oz )7 (2.12)

i=1

where {Y( ... Y (™1 is the same sample as above. Similarly one can ap-
proximate higher-order derivatives of f(-).

The method based on (2.10) is often called the many-samples method as
it requires a new sample Yw(l), .. .,Yx(n) for every function evaluation. The
method based on (2.11) and (2.12) is called the single-sample method as it only
uses one sample to estimate all required function values and its derivatives.
The single-sample method has numerous advantages over the more traditional
many-samples method, see [92] for references and more discussion.

2.2 Pure Random and Pure Adaptive Search Algorithms

Pure random search (PRS for short) is the simplest global random search
algorithm. It consists of taking a sample of n independent random points
zj (j = 1,...,n) in A and evaluating the objective function f(-) at these
points. Studying this algorithm is relatively simple. However, knowing the
properties of this algorithm is very important as PRS is a component of many
other random search algorithms. Additionally, PRS is often a bench-mark for
comparing properties of other global optimization algorithms (not necessarily
random search ones).

In this section, we also consider a version of PRS which is called ‘pure
adaptive search’ and generalize it to the ‘pure adaptive search of order k’.

2.2.1 Pure Random Search and the Associated c.d.f.
The algorithm

PRS is an algorithm where n random points z; (j = 1,...,n) are generated
and the objective function f(-) at these points is evaluated. The points z; are
ii.d.r.v. in A with common distribution P. Here n is a stopping rule which is
not necessarily a fixed number (typically, however, it is a fixed number); P is
some given probability measure on A, not necessarily uniform (although the
case where P is uniform is the main special case).

The probability distribution P should be simple enough to sample from
and must not be much different from the uniform measure on A (otherwise
PRS may lose the property of being a global optimization algorithm). It is
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often enough to assume that the distribution P is equivalent to the uniform
distribution on A, see Condition C10 below.

Of course, PRS can be represented in the form of Algorithm 2.1, with
P; =P forall j =1,...,n and independent points x1, ..., Zy.

The most common estimators (of course, they can only be used where the
evaluations of f(-) are noise-free) of the minimum m = min f and the mini-
mizer z, = argmin f are respectively the record values yo,, = mini<j<, f(z;)
and the corresponding record points x,, which satisfy f(zon) = Yon. We shall
see below that the estimator y,, of m can often be significantly improved.

The c.d.f. of major importance

As a result of the application of PRS we obtain an independent sample
X, ={x1,...,z,} from a distribution P on A. Additionally, we obtain an in-
dependent sample Y;, = {y1,...,yn} of the objective function values at these
points. The elements y; = f(z;) of the sample Y,, are i.i.d.r.v. with the c.d.f.

Fit)=Pr{x e A: f(x)<t}= / P(dz). (2.13)
f(@)<t
Fig. 2.3 displays the c.d.f. (2.13) for the case where the distribution P is

unform on A = [0, 1] and the objective function f(x) = f(x)(z) is as defined
n (2.2) with I =5 and k£ = 2,5 and 20.

0.8
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0.2 =2 o
k=5
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t

Fig. 2.3. Graphs of the c.d.f. (2.13) when P is uniform on [0,1] and f(z) = fu,;)(2)
is as defined in (2.2) with [ =5 and k = 2,5, 20.

Assumption about the distribution P

Additional to the assumptions formulated in Sect. 2.1.1 we shall need an
assumption about the probability distribution P. We shall assume that P is
equivalent to the standard Lebesque measure on A; that is, we assume the
following condition:
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C10: the probability distribution P has a density p(x) such that
¢y < p(z) < c(2) for all z € A and some positive constants c¢(1),c(2)-

Condition C10, along with condition C4 of Sect. 2.1.1, implies that for
every minimizer x, we have

P(B(z4,€)) > ce? for some ¢ >0 and all 0 < ¢ < 1; (2.14)

here, as usual, B(x.,e) = {z € A : ||lz. — z|| < €}. As a consequence, we
obtain, in particular, that the elements of the sample X belong to the vicinity
of x, with positive probability.

General properties of the c.d.f. (2.13)

The c.d.f. (2.13) is of major importance in studying PRS as well as some
associated global random search algorithms. This is related to the fact that

F(t) = P(W(t—m)) forall t>m, (2.15)

where W () = {x € A: f(x) <m+ 4§}, § > 0. Therefore, for ¢t > m, F(t)
has the interpretation of the probability that a random point z; distributed
according to P falls into the set W (t — m).

If the probability measure P is uniform on A, then the representation
(2.15) can be written in the form

F(m + 8) = vol(W(8)) /vol(A) . (2.16)

The importance of the ratio in the r.h.s. of (2.16) has already been discussed
at the end of Sect. 2.1.1. Furthermore, as we shall see below, the behaviour of
F(m+9) for small § > 0 is a very important characteristic of the efficiency
of PRS and, more generally, of the complexity of the objective function f(-).

Since the set W () is empty for § < 0, we have F(t) = 0 for t < m.
In view of Conditions C7 and C10 we also have F(m) = 0. On the other
hand, the inequality (2.14) and Condition C9 imply that F(¢t) > 0 for all
t > m. Moreover, Conditions C1-C4 and C7-C9 imply that the c.d.f. F(t) is
continuous at t = m.

Certain properties of the c.d.f. F(-), see Sect. 2.3, are different depending
on whether this c.d.f. is continuous or not. In addition to Conditions C8 and
C10, to guarantee the continuity of F(-) defined in (2.15) we have to assume
that vol(f~1(¢)) = 0 for all ¢, where

[P ={zeA: flz) =t}

That is, F'(+) is continuous if the volume of every level set of f(-) is zero.

Let n denote a random variable with c.d.f. F(-). The fact that F(m) =0
and F(t) > 0 for all ¢ > m is equivalent to the statement that the essential
infimum of n is equal to m:
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F(m)=0and F(t) >0forallt >m <= essinfn=m.

Finally, let M = sup,4 f(z). Condition C8 implies that M < co. For the
c.d.f. F(-), this means that F (M) = 1 and correspondingly, F'(t) = 1 for all
t > M = sup f. The value of M is never important; however, it is sometimes
important that the random variable n is concentrated on a bounded interval.

Poisson process representation

Let us follow [44] and give a representation of PRS through a Poisson process.
Assume that vol(A)=1 and the distribution P is uniform on A. Let zy be
an internal point of A (for instance, z is one of the global minimizers of f).
Define a sequence of point processes IV, on B by

n

Nu(B) =Y 1p(n'/*(z; — x0)), Be€B,
j=1

where 15(-) is the indicator function

1U(2):{1 itzelU

0 otherwise.

That is, for a fixed measurable set B, N, (B) is defined as the number of
points among 1, ..., z, that belong to the set zg + n~*/¢B. The sequence
of point processes N,, converges in distribution (as n — oo) to N, a Poisson
point process with intensity 1 defined on A. For this process,

k
Pr{N(B) =k} = % exp(—vol(B)), k>0, B e B;
additionally, for disjoint Bi,...,B; € B, the values N(B;) (j = 1,...,1i) are
independent random variables.

Therefore, a suitably normalized point process of observations near xg
looks like a standard Poisson point process. This does not give us new results
about the rate of convergence of PRS but permits us to look at the algorithm
from a different prospective.

2.2.2 Rate of Convergence of Pure Random Search

Let us consider a PRS where z; (j = 1,...,n) are i.i.d.r.v. distributed accord-
ing to P and let the stopping rule n be a fixed number. In this section, our
aim is to study the rate of convergence of PRS. We assume that all conditions
of Sect. 2.1 concerning the feasible region A and the objective function f(-)
are satisfied.
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Rate of convergence to a neighbourhood of a global minimizer

Let € > 0 be fixed, x, = argmin f be a global minimizer of f(-) and let our
objective be hitting the set

B = B(a.,e,p) = {x € A: plx,2.) < €}

with one or more of the points z; (j = 1,...,n). Let us regard the event
‘a point x; hits the set B’ as success and the alternative event as a failure.
Then PRS generates a sequence of independent Bernoulli trials with a success
probability P(B); Conditions C4 and C5 of Sect. 2.1 imply that P(B) >0 for
all e>0.

A sequence of independent Bernoulli trials is perhaps the most celebrated
sequence in the probability theory. Below, we use some well-known results
concerning this sequence to obtain results concerning the rate of convergence
of PRS.

For fixed j, we have

Pr{z; € B} = P(B). (2.17)
Therefore,
Pr{z; ¢ B} =1—-P(B), forallj.
In view of the independence of z;,
Pr{z1 ¢ B,...,z, ¢ B} = (1 - P(B))"
and therefore
Pr{z; € B for at least one j, 1 <j<n}=1-(1—-P(B))". (2.18)

Since P(B) > 0, this probability tends to one as n — oco.
Let 75 be a random moment of first hitting the set B. Then the average
number of PRS iterations required for reaching B is
1
Erp=—u.
" PB)

Typically, P(B) is very small even if ¢ is not small (see below) and the
rate of convergence of the probability (2.18) to one is very slow. Additionally,
if P(B) is small then E7p is large.

Taking n ~ 1/P(B) is not enough to guarantee that B is reached with
high probability. Indeed, for small > 0 we have

(1—2)r 2e ' 0.36788

and therefore for n = [1/P(B)]
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1-(1-P(B))"= 0.63212 as P(B) — 0.

To achieve a probability of 0.95 for the r.h.s. of (2.18) we need to almost triple
this value:

|- (1-P(B))" = 1_6% ~ 0.950213 for n = [3/P(B)] as P(B) — 0.

Furthermore, let us assume that we are required to reach the set B with
probability at least 1 — v for some 0 < v < 1. This gives us the following
inequality for n:

1-(1-PB)">1—17.

Solving it we obtain

1
n > n(v) .l

Since we assume that P(B) is small, In (1 — P(B)) =& —P(B), and we can
replace (2.19) with

Iny
P(B)’

n> (2.20)

that is, we need to make at least [—1In~y/P(B)] evaluations in PRS to reach
the set B with probability 1 — ~.
Note that

Pr{z; € B(z«,¢,p) for at least one j,1 < j <n} =Pr {lr<n1£1 plxj, xy) < 5}
<j<n

and therefore the discussion above can be considered as a discussion about
the rate of convergence in probability of the sequence

@gﬂp(% )

to zero, as n — oo.
Rate of convergence with respect to function values

If we want to study the rate of convergence with respect to the function values,
that is, of

yon—mzlgi£n|f(xj)—m| as n — 0o,

then in the above study we have to replace the set B = B(z.,¢, p), with the
set
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W) = {w € A: f(z) —m < 6}
with some ¢ > 0. In particular, we have ETy 5 = 1/P(W(4)),
Pr{yon —m <t =1—(1-P(W(H)))" -1 as n — oo,

and in order to reach the set W (d) with probability 1 —-, we need to perform
approximately —In~/P(W(0)) iterations of PRS.

In view of (2.16), these formulae can be expressed in terms of the c.d.f.
F(-). We have, in particular,

Pr{yon —m <6} =1-(1-F(m+9))", Erwe =1/F(m+9),

and to reach W(§) with probability 1 —~, we need to perform approximately
—Inv/F(m + 6) iterations of PRS.

Particular case of the uniform distribution

Consider an important particular case, where the distribution P is uniform
on A and p is the Euclidean metric (that is, p = p3). Then for every Z € B
(this means that Z is any measurable subset of A) we have

P(Z) = vol(Z)/vol(A)
and for B = B(x,,¢) we have

vol(B) _ rEed
vol(A) = I' (4 +1) -vol(A) ’

P(B) = (2.21)

where I'(+) is the Gamma-function. If x, is an interior point of A and ¢ is
small enough so that the ball {z € R%: py(x,x,) < e} is fully inside A, then
the inequality in (2.21) becomes an equality.

The formulae (2.19) and (2.20) then say that if we want to reach the set

B = B(x.,e) ={z € A: pa(z,2.) < ¢}

with probability at least 1 — 7, then we need to perform at least

Iny o~ {—h’w
In (1—r%et/(D(4+1)-vol(4)))

—=—~.vol(4)| (2.22)

Ny = d
3¢gd

I (4+1)
iy

iterations of PRS. Table 2.1 and Fig. 2.4 illustrate the dependence of n, =
n.(7,,d) on v, € and d.

Note that in the majority of cases considered in Table 2.1, the approxima-
tion for n, given in the r.h.s. of (2.22) over-estimates the true value of n, by 1.
Taking into account the fact that the values of n, are typically very large, we
can conclude that the r.h.s. of (2.22) gives a very good approximation for n,.
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Fig. 2.4. Values of Inn, as a function of d; here vol(A) =1,y = 0.1, = 0.5,0.2,0.1
and n. is as defined in (2.22).

d v=0.1 v = 0.05

e=0.5] €¢=02 ¢=0.1le=05] ¢=0.2] ¢=0.1
1 0 5 11 0 6 14
2 2 18 73 2 23 94
3 4 68 549 5 88 714
4 7 291 4665 9 378 6070
5 13 1366| 43743 17 1788| 56911
7 62| 38073 4.9-10° 80| 49534| 6.3-10°
10 924| 8.8-10°% 9.0-10°| 1202| 1.1-107| 1.2-10'°
20| 9.4-107| 8.5-10*%| 8.9-10%'| 1.2-10%| 1.1-10%*¢| 1.2-10%2
50 [1.5-10%%| 1.2-10%8| 1.3-10%%]1.9-10%8| 1.5-10*%| 1.7-10%3
100(1.2-107°|7.7-10'°°(9.7-10'3°|1.6-107°|1.0-10'1°{1.3-10%4°

Table 2.1. Values of n. = n.(v,e,d), see (2.22), for vol(A) = 1, v = 0.1 and 0.05,
€ =0.5,0.2 and 0.1, for various d.

We can see that the dependence of n, on < is not crucial; on the other
hand, n, = n.(v,¢&,d) increases exponentially as the dimension d increases.
As a matter of fact, the Stirling approximation gives for fixed 0 < v < 1 and
e>0:

Inn, (7, €, d):% In (d) —dIn(v2mes)+1n [y/mvol(4) (—Inv)]+0 (;)

as d — oo, and this approximation is extremely good even for small d.
If one is interested in the asymptotic behaviour of the value of n. (v, ¢, d)
when d is fixed and the required precision ¢ tends to 0, then (2.22) implies
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1
Ny =0 (€d> ase — 0. (2.23)

Since we are not specifying the constant in (2.23), this formula holds not only
for the case where n, = n.(v,e,d) with p = p; and P = P, is the uniform
distribution, but also for arbitrary p = p, (1 < p < 00), for any probability
measure P equivalent to the uniform measure Py on A (see Condition C10
above). The same formula is true in the case when n, has the meaning of
the average number of iterations required to reach the ball B(z*, e, p). If the
objective function satisfies Conditions C7-C9 of Sect. 2.1, then we can replace
the ball B(z*, ¢, p) with the set W (e); the formula (2.23) will still hold.

Multivariate spacings

Let us mention a relevant result of S.Janson [127] on multivariate spacings.
In general, the maximum (multivariate) spacing of a set of points z1,...,z,
with respect to a convex set B C R? is defined as the largest possible subset
x + rB of A which does not contain any of the points z;(j = 1,...,n). Let
vol(A) = 1, B be either a cube or a Euclidean ball in R? of unit volume:
vol(B) = 1; let also x1,...,2, be iid.r.v. with the uniform distribution on
A. Set

A, = sup{t: there exists € R? such that z+tB C A\ {z1,...,z,}} (2.24)

and define the volume of the maximum spacing as V;, = (A,,)?, which is the
volume of the largest ball (or cube of fixed orientation) that is contained in
A and avoids all n points z1,...,2z,. Then we have

Vo, —1 . -
lim 0 g1 with probability 1 (2.25)
n— 00 Inlnn

(this result generalizes the result of P. Deheuvels [62]; see also [72]). Moreover,

the sequence of random variables
nV, —lnn—(d—1)Inlnn + Sy

converges (as n — 00) in distribution to the r.v. with c.d.f. exp(—e™), u > 0,
where B3 = 0 if A is a cube and

By =InI(d+1)—(d—1) B 7+l (ZH) ~InI (Cl;lﬂ (2.26)

in the case when A is a ball. Since 84 > 0, the spherical spacings are a little
bit smaller than the cubical ones. For large d, we can use the approximation
d. 2d 1 1
ﬂdanﬂd+1n(7rd)4+O<d), dHOO,
for the quantity (4 defined in (2.26). This approximation is very accurate,
especially if d is not very small (say, d > 5).
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Ezxtension to general global random search algorithms

The main results on the rate of convergence of PRS can be extended to a
much wider class of global random search algorithms.

Consider the general Algorithm 2.1 of Sect. 2.1.2 and assume that the
probability measures P; are chosen according to (2.7), where the probability
measure P satisfies Condition C10 of Sect. 2.2.1. Assume also that the mea-
sures (); are arbitrary and the condition (2.8) guaranteeing the convergence
of the algorithm is met. Let us generalize the arguments that led us to the
estimates of the convergence rate of PRS into this more general situation.

As a replacement of (2.17), for all j > 1 we have

Pr{z; € B} > a,; P(B). (2.27)

Arguments similar to those used in deriving (2.18) imply the inequality

Pr{z; € B for at least one j, 1 <j<n}>1- H (1—-a;P(B)). (2.28)

Jj=1

In view of the condition (2.8) and the fact that P(B) > 0, the r.h.s. of (2.28)
tends to one as n — oco.

Assume now that P(B) is small and define n(y) as the smallest integer
such that the following inequality is satisfied:

> e
24 = TF(B)

Similarly to (2.20) we deduce that one has to perform at least n(y) iterations
of Algorithm 2.1 to guarantee that at least one of the points x; reaches the
set B with probability > 1 — . Of course, n(y) is smallest if all a; = 1, that
is when Algorithm 2.1 is PRS.

Extension of the main results concerning the rate of convergence with
respect to function values and specialization to the case where P is the uniform
distribution on A can be similarly made.

Slow rate of convergence may imply that the convergence is not practically
achievable

Paying much attention to local search reduces the values of «;’s in (2.27). It
may be tempting to perform many local searches leaving «;’s very small (for
example, by setting o; = 1/j), just to guarantee the global convergence of
the algorithm. Let us check what happens with the rate of convergence in the
case when a;; = 1/j. Since for large n we have 2?21 1/j ~ In(n), from (2.20)
we obtain

n(v) = exp{(—Inv)/P(B)}.
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Assuming that vol(A)=1 and that the distribution P is the uniform this,
roughly speaking, implies that to compute the number of required iterations
we need to exponentiate the numbers presented in Table 2.1. For instance, for
very reasonable parameters ¢ = 0.1 and d = 5, we would need about 109000
iterations of Algorithm 2.1 to guarantee that at least one of the points x; will
reach the ball B(z.,¢) with probability > 0.9 (note that the total number of
atoms in the universe is estimated to be smaller than 108!).

The discussion above is very similar to the discussion provided by G.H.Hardy
in Appendix IIT of his book [113]. Its consequence is that the fact of conver-
gence of some global optimization algorithms is only a theoretical fiddle and
does not mean anything in practice.

2.2.3 Pure Adaptive Search and Related Methods

In recent years there has been a great deal of activity (see e.g. papers [182,
265, 268, 269], the monograph [267] by Z.Zabinsky and references therein)
related to the so-called ‘pure adaptive search’. Unlike PRS, where the points
x; are independent and distributed in A with the same distribution P, at
iteration j+1 of the pure adaptive search one chooses a random point ;41
within the set

Sj={z € A: f(x) <o}, (2.29)

where y,; = min{f(z1),..., f(z;)} is the current record (in fact, every new
point in the pure adaptive search is a new record point so that x; = x,; and
Yj = Yo; for all j > 1). More precisely, 21 has the probability distribution P
and for each j > 1, x4, is a random point with the distribution P;; defined
for all Borel sets U C A by

P({UNS;)
Pi1(U) PS;) (2.30)
where P is the original distribution and S; is defined in (2.29). If P is the
uniform distribution on A, then P;i; is the uniform distribution on S;. Of
course, the points x1, x2, ... generated in the pure adaptive search are depen-
dent (unlike in PRS), see Sect. 2.3.3 for details.

If we replace the strict inequality < in the definition of the sets S; with

<, then these sets are exactly the sets
Wy, ={z€A: f(z) < f(z))};

that is, S; = Wy, , where Z denotes the closure of a set Z. The corresponding
method (using the sets W,, in place of S;) is called ‘weak pure adaptive
search’.

The study of the sequence of function values f(x1), f(z2),... in the pure
adaptive search is equivalent to the study of the record values in PRS. This
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is the subject of Sect. 2.3.3; that section provides, therefore, a detailed inves-
tigation of the properties of the pure adaptive search. Note that in previous
literature on the pure adaptive search this kind of investigation was lacking.

Of course, the sequence f(x;) converges to m much faster for the pure
adaptive search than for PRS. The major obstacle preventing the application
of the pure adaptive search to the practice is the fact that it is very hard to
find points in the sets (2.29). To some extent, the problem of finding points
in the sets (2.29) is one of the major objectives of all global optimization
strategies. In particular, the set covering methods of Sect. 3.1 can help in
removing the subregions of A that have no intersection with the sets (2.29)
and thus simplify the problem of generating random points in these sets.

There are several papers fully devoted to the problem of generating random
points in the sets (2.29), see e.g. [28, 194, 269] and Chapt. 5 in [267]; the
corresponding methods either resemble or are fully based on the celebrated
Markov Chain Monte Carlo methods. However, the problem is too difficult and
cannot be resolved adequately. In general, there is no algorithmically effective
way of generating (independent) random points from the sets (2.29) apart
from using PRS in the first place (perhaps, with the bounding of certain
subsets of A) and waiting for a new record value of the objective function
(which is equivalent to obtaining a new point z; in the pure adaptive search).
If this is the way of performing the pure adaptive search then:

(a) the average waiting time of a new record is infinite for all j > 1, see (2.63);
(b) by discarding the k-th record values in PRS (k > 1) we lose an enormous
amount of information contained in the evaluations made during PRS.

Taking these points into account we can state that generally, despite the
fast convergence, the pure adaptive search only has theoretical interest as it
is either impractical or much less efficient that PRS.

A similar conclusion can be drawn about different modifications of the
pure adaptive search. These modifications include:

(i) weak pure adaptive search defined above;

(ii) ‘hesitant random search’ (see e.g. [28, 30]), where for all j > 1 the next
point x;41 is random and has distribution P;y; with probability o1
and any other distribution on A with probability 1—ca;i1; here a1y
(0 < aj41 < 1) may depend on f(z;) and the probability measures Pjyq
are as defined in (2.30);

(iii) ‘backtracking adaptive search’, see [29, 265|, where for all j > 1 the new
point x4 is sampled from the sets:

{x € A: f(z) < yoj} =S, with probability a1
{r e A: f(z) =yo;} with probability 5,41
{x € A: f(x) > yo;} with probability 1—o11—05;41

for some ;41 and 3j41 which may depend on f(z;).
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2.2.4 Pure Adaptive Search of Order k

Aiming to resolve the problems (a) and (b) of the pure adaptive search, we
can suggest the following extension of this algorithm (similar extensions can
be suggested for its modifications (i)-(iii) above) which improves both pure
random search and pure adaptive search.

Algorithm 2.3 (Pure adaptive search of order k).

1. Choose points x1,...,x by independent random sampling from the uni-
form distribution on A. Compute the objective function values y; = f(x;)
(i=1,...,k). Set iteration number j = k.

2. For given j > k, we have points x1,...,x; in A and values of the objective

function at these points. Let yj(-k) be the k-th record value corresponding to

the sample {y; = f(xz;), ¢ =1,...,7}. Define the set

SP = {z e A: fz) <y} (2.31)

3. Choose 41 as a uniform random point from the set Sj(k) and evaluate
the objective function value at ;1.
4. Substitute j + 1 for j and return to step 2.

For simplicity, Algorithm 2.3 is formulated under the assumption that the
underlying distribution of points in A is uniform. It can be easily generalized
to the case of a general distribution: in this case, z1,...,z are distributed
in A according to a distribution P and x4 has the distribution P; +1 defined

for all Borel sets U C A by P, (k) 1U)=PUN S](-k))/P(SJ(-k)); this formula is
an extension of (2.30). Thus, the pure adaptive search of order 1 is just the
pure adaptive search of Sect. 2.2.3.

Similarly to the case k = 1, we can define ‘weak pure adaptive search
of order k£’ by replacing the strict inequality < in the definition of the sets
S;k) with <. Analogously, we can define ‘hesitant adaptive search of order
k’, ‘backtracking adaptive search of order £’ and other versions of the pure
adaptive search.

Let, at iteration j > k of Algorithm 2.3, Y {y e ](k)} be the

6 _ (),

set of k record values and X; ceey j } be the corresponding set

of k record points. We have yj( ) < ... < yj(k) and these values are the k

smallest values of the objective function computed so far At iteration j + 1,
(k) (k) (k=1)

the value y;" is never in the set Y.} (as f(z;11) < y] ) but the value y;
always belongs to the new set of records: y(k D Y](f)l (the value y(k ) can

be either yj(+)1 or y](lj_l ). Similarly, g-k) ¢ Xj+1 and xgk 2 Xg('i)r Thus,
the pure adaptive search of order k (that is, Algorithm 2.3) is probabilistically
equivalent to performing PRS and keeping k records and record points (rather
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than just one record value and one record point in the original pure adaptive
search).
The two main advantages of choosing k > 1 over k = 1 are:

(a) the set (2.31) is bigger than (2.29) and it is therefore easier to find random
points belonging to the set (2.31). In particular, if at an iteration j > k of
Algorithm 2.3 we perform random sampling from A and wait for a point
to arrive in the set (2.31), then the average waiting time is infinite when
k =1 and finite when k > 1, see (2.63) and (2.64), respectively;

(b) the set of records Yk(j ) contains much greater information about m than

the set Yl(j ) consisting of the single record y,; (see Sect. 2.4 on how to use
this information).

Note also that if at each iteration of Algorithm 2.3, in order to obtain
random points in the set (2.31) we sample points from A at random, then
we can use the theory of k-th records (see Sect. 2.3) to devise the stopping
rules (as this theory predicts the number of independent random points we
need to obtain to improve the set of records Y,C(J )). Fig.nnnn illustrates typical

sequential updating of the set of records Yk(j ) obtained by performing random
sampling of points from A. In this figure, the trajectories of three records y§k)
(k =1,2,3) are plotted as we sequentially sample random points from A (the

sample size n increases from 50 to 10000).

2.3 Order Statistics and Record Values: Probabilistic
Aspects

Let F(-) be some c.d.f. and n be a random variable on R with this c.d.f. Our
main particular case will be the c.d.f. (2.13) but the results of this section can
be applied to many other c.d.f. as well. In this section, we shall not use the
specific form of the c.d.f. (2.13) but we shall use the following two properties
of this c.d.f.:

(i) the c.d.f. F(-) and the corresponding r.v. n have finite lower bound
m=essinf n>—o0 so that F(t) =0 for t < m and F(t) > 0 for ¢t > m,
(ii) the c.d.f. F(+) is continuous at some vicinity of m.

We shall sometimes use stronger assumptions:

(i) the c.d.f. F(-) has bounded support [m, M] with —oo < m < M < oo
implying, additionally to (i), F(¢t) = 1 for t < M,
(ii") the c.d.f. F(-) is continuous.

In this section, always bearing in mind applications to the theory and
methodology of global random search, we formulate and discuss numerous
results of the theory of extreme order statistics and the associated theory of
records.
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2.3.1 Order Statistics: Non-Asymptotic Properties

Below, we collect several useful facts from the non-asymptotic theory of ex-
treme value statistics. For more information about the theory we refer to the
classical book by H.A. David [57] and to its extension [58].

Exact distributions and moments

Let n1, 72, ... be i.id.r.v. with common c.d.f. F'(-). If we rearrange the first n
random variables 71, ..., so that 01 , <72, < -+ < Ny, then the resulting
variables are called order statistics corresponding to 71, ...7n,. Two extreme
order statistics are 71, and 7, ,, the minimum and maximum order statistics
respectively. Their c.d.f.’s are:

Fin(t) =Pr{g, <t} =1— (1- F(t)" (2.32)
and
Frn(t) =Pr{n., <t} = (F(t)".

The c.d.f. of 1, with 1 <k <n can also be easily computed:

n

Fun®) = Pr i <0 = 3 (1) (FOO)™ (= (O™

m=k

F®) n!
:/0 muk_l(l W) Rdu,  —co<t<oo. (2.33)

The joint c.d.f of n; », and n;, (1<i<j<n)is given by (—co<u<v<00):

Pr{ni, <umnjn,<v}=

S sy (PO (P =Py ™ (=F@)"™. (23)

s=j r=t
If 1 has density p(t) = F'(t), then (2.34) implies the following expression for
the joint density of n; , and n;, (1 <i < j <n):
P(i,5) (U, U) =

n! i—1 j—i—1 —J
Fu)) (Fv)=F)”™ (1-F())"
I Ty P (P) =)™ (1= P)™ pu)p(e),
where u < v. The joint distributions of several order statistics can also be
written down, if needed.
The expression for the 8-th moment of 7y, ,, easily follows from (2.33):

EX}, = / tPdFy, . ()

— 00
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n!

T (k=D)!(n—k)! /Oo tO(F()* (1=F ()" dF(t) .

We shall also need the following expression for the joint moment FE1n; ,n;n
with 1 <i<j<n:

n!
-G —i—Dln— )

/ h / T ey (F) N (F(y) - F@)y (1 — F(y)"dF(2)dF(y)

Eni,n’r]j,n =

this expression is a direct consequence of (2.34).
Two useful representations

The following representation for the order statistics has proven to be extremely

useful:
d -1 12! V2 Vg
n=F — | —= e — , 2.35
M (exp{ (n+n1+ +nk+1>}) ( )

where vy, vs,. .., are i.i.d.r.v. with exponential density e, ¢ > 0; the for-
mula (2.35) is called the Rényi representation, and was derived in [196] (The
inverse function F~!(s) is defined here as F~!(s) = inf{¢ : F(t) > s} and
the equality 2 means that the distributions of the random variables (vectors)
in the Lh.s. and r.h.s. of the equation are the same.)

When studying the joint distributions of order statistics, the following
representation is often used:

Minse s an) = (FH U)o F 7 (Unn)) (2.36)

where Uy, < -+ < Uy, are the order statistics corresponding to the n
iid.r.v. with the uniform distribution on [0, 1].

Order statistics as a Markov chain

Of course, the order statistics ny ,, are dependent random variables (we assume
that n is fixed and k varies). One of their important properties is that if the
original i.i.d.r.v. 71,72, ... have a continuous distribution (that is, n;’s have
a common density F'(¢)), then the order statistics 7 ,, form a Markov chain.
The (forwards and backwards) transition probabilities of the Markov chain
are:

F(t)\"
Pr{npn <t|nry1n =0} = (F((v)> t < (2.37)
— F(t
Pr {nk-‘rl,n <t | Ne,n = U} =1- ( ’U))> > . (238)
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If we make the substitution n — —n, then (2.38) will become (2.37) and vice
versa.

Using the representations (2.35) and (2.36) we can express M1, through
Mk,n as follows:

v
Met+1.n 4 pt <exp {lnF (Men) — nka }) ; (2.39)

here we assume that the c.d.f. F(-) is continuous, 1 < k < n and vgyq is
as in (2.35). Since Vg4 is independent of 7, ,,, the representation (2.39) also
implies the fact that the sequence of order statistics {nx,} forms a Markov
chain.

If the original distribution is discrete with at least three support points,
then the order statistics do not form a Markov chain.

2.3.2 Extreme Order Statistics: Asymptotic Properties

In this section, we collect classical facts from the asymptotic theory of ex-
treme value statistics. These facts will play the key role in deriving statistical
inference procedures in Sects. 2.4 and 2.5.

More information about the asymptotic theory of extreme value statistics
and its numerous applications can be found in [11, 13, 68, 86, 105] and in
many other books. No proofs of the classical results are given below; these
proofs can easily be found in literature.

Let 11,72, ... be i.id.r.v. with common c.d.f. F(-) and 1, < --- <1, be
the order statistics corresponding to the first n random variables 7y, ..., 7.
We are interested in the limiting behaviour, as n — oo, of the minimal order
statistic 11 ,,. Also, for fixed k and n — oo, we shall look at the asymptotic
distributions of the k-th smallest order statistics 7, ». As we are only interested
in applying the theory to global random search problems, we always assume
the properties (i) and (ii) stated in the beginning of Sect. 2.3 and sometimes
we additionally assume one of the stronger properties (i) or (ii).

Note that the classical theory of extremes is usually formulated in terms of
the maximum order statistics but we formulate all statements for the minimal
order statistics.

Asymptotic distribution of the minimum order statistic

Consider first the asymptotic distribution of the sequence of minimum order
statistics 71, as n — 00. In the case m = essinf > —oo (where 1 has c.d.f.
F(t)), there are two possible limiting distributions. However, in global ran-
dom search applications, where F(-) has the form (2.13), only one asymptotic
distribution arises; specifically, the Weibull distribution with the c.d.f.

Vo(z) = (2.40)

0 for z <0
1—exp{—2*} forz>0.
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This c.d.f. only has one parameter, «, which is called the ‘tail index’. The
mean of the Weibull distribution with tail index « is I'(1 + 1/«); the density
corresponding to the c.d.f. (2.40) is

Val(t) = (Ta(t) = at* Lexp{—t*}, t>0. (2.41)

Figure 2.5 displays the density 1, (t) for & = 2,3 and 8.

3
2.5

2
1.5 0=8
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o=3
0.5
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t

Fig. 2.5. The density 9 (t) for o = 2,3 and 8.

Let k, be the (1/n)-quantile of a c.d.f. F(-); that is, k, = inf{u|F(u) >
1/n}. Note that since we assume that the c.d.f. F(-) is continuous in the
vicinity of m, for n large enough we have F(k,,)=1/n. The following classical
result from the theory of extreme order statistics is of primary importance to
us.

Theorem 2.2. Assume essinf n = m > —oo, where 1 has c.d.f. F(t), and the
function

1
V(v):F(m—i—U), v >0,

regqularly varies at infinity with some exponent (—a), 0 < a < 00; that is,

”li_)n;o V((v) =t"%  forall t>0. (2.42)
Then
lim Fy,(m+ (kn, —m)z) = ¥u(2), (2.43)

where Fy ,, is the c.d.f. (2.32), the c.d.f. Uo(2) is defined in (2.40) and k., is
the (1/n)-quantile of F(-).
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The asymptotic relation (2.43) means that the distribution of the sequence
of random variables (11 , — m)/(k, — m) converges (as n — c0) to the random
variable with c.d.f. ¥, (z).

The family of c.d.f.’s ¥,(z), along with its limiting case

Uyo(z) = alirlgowa(l +z/a) =1—exp{—exp(2)}, 2>0,

are the only non-degenerate limits of the c.d.f.s of the sequences (11,,—axn)/bn,
where {a,} and {b,} are arbitrary sequences of positive numbers.

If there exist numerical sequences {a,} and {b,} such that the c.d.f.’s of
(M ,n—an) /by converge to ¥,, then we say that F'(-) belongs to the domain
of attraction of ¥, (-) and express this as F' € D(¥,). The conditions stated
in Theorem 2.2 are necessary and sufficient for F' € D(¥,). There are two
conditions: m = esssupn < oo and the condition (2.42). The first one is always
valid in global random search applications. The condition (2.42) demands
more attention. For example, it is never valid in discrete optimization problems
since the c.d.f. F'(-) has to be continuous in the vicinity of m = essinf 7. In fact,
for a c.d.f. with a jump at its lower end-point no non-degenerate asymptotic
distribution for n; , exists, whatever the normalization (that is, sequences
{a,} and {b,}).

The condition (2.42) can be written as
F(t) =co(t —m)* +o((t —m)*) ast|m, (2.44)

where ¢g is a function of v = 1/(t — m), slowly varying at infinity as v — oo.
Of course, any positive constant is a slowly varying function, but the actual
range of eligible functions ¢ is much wider.

The following sufficient condition (the so-called von Mises condition) for
(2.42) and (2.43) is often used: if F(¢) has a positive derivative F'(t) for all
t € (m,m + ¢) for some £ > 0 and

o (= (1)
tlm F(t)

:a7

then (2.42) holds.
The following condition is stronger that the condition (2.44) and is often
used for justifying properties of the maximum likelihood estimators:

F(t) = co(t —m)® (1—|—O((t—m)5)) ast|m (2.45)

for some positive constants cg, o and f.

The quantity k, —m, where m = essinfn and k,, is the (1/n)-quantile
of F(-) enters many formulae below and therefore its asymptotic behaviour
is very important. Fortunately, the asymptotic behaviour of x, —m is clear.
Indeed, provided that (2.44) holds with some cg, we have

1

— = F(kn) ~co(kn—m)* asn— oo
n
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implying
(Kn —m) ~ (con)™Y* asn — oco. (2.46)
Extensions to k-th order statistics

There is a one-to-one correspondence between the convergence of the smallest
order statistics 7 ,, and of the k-th smallest statistics 5y ,. Assume that m =
essinfn > —oo, n — oo and let k be fixed. Then it is easy to prove that
F € D (¥,) if and only if the sequence of random variables (9, —m)/(k, —m)
converges in distribution to the random variable with c.d.f.

k—1
B () =1 (1-v Z lnl— ()"
m=0
k—1 pam
=1—exp(— Z i t>0. (2.47)
m=0

The corresponding density is

o) = () (t))' _ ﬁto‘k’l exp{—t}, t>0.  (248)

The following statement is a generalisation of this fact and reveals the
joint asymptotic distribution of the k smallest order statistics: if m > —oo,
FeD(¥,), n — oo, then for any fixed k the asymptotic distribution of the
random vector

<771,n —m’ 2,n —m7_” 777’“7” —m) (2.49)
m— Ky M — Kp m — Kn

converges to the distribution with density
Valti,. . tr) = af(ty .. t3) @ Yexp(—t), 0<t;<---<tp<oo. (2.50)
The density (2.50) is the density of the random vector

(Vll/a, (1 + I/z)l/a, N (R Vk)l/a> ) (2.51)

where vy, ..., v, are i.i.d.r.v. with exponential density e, ¢t > 0.
As an important particular case, we find that the joint asymptotic density

of the random vector
771,n —m nk,n —m
Kp — M Ky —m

coincides with the joint density of the vector (1/11/0‘7 (V14 A ).
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The following corollary of this result will be the basic tool in constructing
confidence intervals for m.

Proposition 2.1. If the conditions of Theorem 2.2 hold, then for any fixed
integer k > 2 and n — oo the sequence of random variables

nl,n —m

Dn,k =
Ne,n — MM

converges in distribution to a random variable with c.d.f.

Fi(u)=1-— (1 - (lzu)a>k_17 u>0. (2.52)

The proof of this statement is given in Sect. 2.7; it is a simplified and corrected
version of the proof of Lemma 7.1.4 in [273].

In the following proposition we use the asymptotic distributions (2.47)
and (2.50) to derive the asymptotic formulae for the moments of the random
variables (1, —m) and the first joint moment E(n; , — m)(nx,, —m).

Proposition 2.2. Let m = essinfn > —oco and F € D(¥,) with o > 1.
Assume that k is either fized or k tends to infinity as n — oo so that k?/n — 0,
n — 0o. Then

E(nn —m)’ ~ (ki —m)” F(k;(kﬂ)/a) as m — oo (2.53)
for any B8 >0 and
E(njp —m)(n —m) ~ (k0 —m)*Aje as n— oo, (2.54)
where k > j and
Mg = 'k+2/a)I(j+1/a) ' (2.55)

I'(k+1/a) I'(j)

We give a proof of this statement in Sect. 2.7; this proof is easier than the
one given in [273], Sect. 7.1.2.

General results on the rate of convergence of the normalised minima to
the extreme value distribution (see e.g. [70] and §2.10 in [86]) imply that
in the case considered in Theorem 2.2 this rate is O(1/n) as n — oo (note
that [60] and [197], Chapt. 2 contain more sophisticated results on the rate
of convergence to the extreme value distribution). This fact along with the
asymptotic relation (2.46) imply that for « < 1 we have

E(ne,n —m)? = O(1/n”)

rather than (2.53). Similarly, we have to have o > 1 for (2.54) to hold. The
reasons why the condition k2 /n — 0 as n — oo must be satisfied are explained
in [273], p. 245-246.
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2.3.3 Record Values and Record Moments

In this section, we survey the theory of record values and record moments.
The importance of this topic in global random search is related, first of all,
to its link with pure adaptive search and its modifications, see Sects. 2.2.3
and 2.2.4. For all missing proofs and more information on record values and
record moments we refer to [6, 171].

Definitions

Let 71,72,... be a sequence of random variables. Define the sequences of
related random variables L(n) and n(n) as follows: L(1) =1, n(1) = n,

L(n+1) = min{j>L(n): n; <nrm)}, 1(n)=nrm), n=1,2,...; (2.56)

L(n) are called (lower) record moments corresponding to the sequence 11,72, . . .
and n(n) are the associated (lower) record values.

If we change the inequality sign in (2.56) to be >, then we obtain the
upper record order moments and upper record values. By changing n; to 1/n;
or (—n;) for j = 1,2, ... we correspond the upper record moments to the lower
ones. We will only consider the lower moments and values and omit the word
‘lower’.

In addition to L(n) and n(n), we shall also use the following random
variables: A/(n) is the number of record values among 7, ...,7, (note that
N (L(n))=n) and A(n) = L(n) — L(n—1), the waiting time between (n—1)-th
and n-th record moments.

Properties of record moments

Assume that 11,72, ... are i.i.d.r.v. with common continuous c.d.f. F(+). First,
consider the non-asymptotic properties of the record moments L(n).

P1: The distribution of L(n) does not depend on F(-).
P2: The sequence of random variables L(n) forms a Markov chain with the
starting point L(1) = 1 and transition probabilities

Pr{L(n)=j|L(n—-1)=i} = for j>i>n—1, n=2,3,...

i
iG-1)
P3: The joint distribution of the record moments is

1
(ia—1)...(in—1)i,

Pr{L(2)=is,...,L(n)=i,} = with 1<ig<---<i,.

Property P3 implies

Pr{L(2) = j} = ﬁ

s
Pr{L(n)=j} = T i>n>1, (2.58)

j>1; (2.57)
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where S% are the Stirling numbers of the first kind.
Property P3 follows from P2, and properties P1 and P2 are simple conse-
quences of the relation between L(n) and N(n),

Pr{N(n) < n} = Pr{L(n) > n}, (2.59)
and of the representation
NO)LG+ 46 (n=1,2,..), (2.60)

where (; are independent r.v. with Pr{(;=1}=1/j and Pr{(;=0}=1-1/j.

For each j, the random variable ¢; can be interpreted as the indicator of the

event that n; is the new record value, which is the event n; < min{ny,...7;-1}.
The sequence of record times L(n) has another useful representation:

L
L(1) =1, L(n—l—l)i[én)-‘ (n=1,2,...),
where Uy, Us, ... are i.i.d.r.v. uniformly distributed on [0,1].
For any integer x > 1, we have
Lin+1) 1
P ~ 7 = — 2. ].
r{ L(n) >m} o (2.61)

if 2 is not an integer, then (2.61) holds asymptotically, as n — co.

The representations (2.59) and (2.60) enable the application of classical
techniques to obtain the law of large numbers, the central limit theorem and
the law of iterated logarithm for the random variables L(n) and N(n). In
particular, as n — oo we have

1
Pr{ lim —InL(n) = 1} =1,

n—oo N

lim Pr{(InL(n) —n) <ty/n} = (1)

n—oo

where @(t) is the c.d.f. of the standard normal distribution:

B(t) = \/%/t e 2y (2.62)

Consider now the moments of L(n). Using (2.57) and (2.58) we obtain:
EL(n) =00 foralln=2,3,... (2.63)

(note that L(1) = 1). Moreover, for any n > 2, the average waiting time
E[L(n) — L(n—1)] of a new record is infinite. This is a very unsatisfactory
result for the theory of global random search: it says that on average one has
to make infinitely many iterations of PRS to get any improvement over the
current best value of the objective function.
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The distributions of the inter-record times A(n+1) = L(n+1)—L(n) can
be easily computed; they are:

Pr{A(n+1)=j} = F (n(n)) - (1=F (n(n)))’ ", j=1,2,..., n=12,...

That is, the distribution of A(n+1) only depends on the n-th record value
n(n) and is in fact geometric with parameter of success F (n(n)).

The logarithmic moments of L(n) can asymptotically be expressed as fol-
lows:

n2
ElnL(n):n—’y+O< ), n — 00,

2TL
2 3
var(InL(n)) =n — 7TEJrO <;1n) , M — 00,

where v = 0.5772. .. is the Euler’s constant.
The number of records in a given sequence

Consider again the sequence of random variables A/(n), the number of records
among the random variables 7y, ..., n,:

N =1, N@0) =1+ Iy, <minfm,.m; 111 -

j=2
In accordance with (2.60) and the fact that

E¢ = % and var(¢x) = % - J% ,

for any continuous c.d.f. F(-) we obtain

n n

EN () =3 % and var(N(n) = (j - ;) .

j=1 J j=1

This implies that both EN(n) and var(N(n)) are of order Inn; the approx-
imation EN(n) & Inn + v with v = 0.5772... (the Euler’s constant) is
very accurate. Additionally, taking into account the asymptotic normality
of (M(n) —Inn)/vInn (the normalized sequence of N'(n)), we can use Ta-
ble 2.2 for making good guesses (using, say, the ‘30-rule’) about the number
of records N (n) for given n. This table shows the expected number of records
EN(n) in a sequence of i.i.d.r.v. 1, ..., n,, along with the standard deviation
of M (n), for some values of n. One can see that as n increases, the number of
records grows very slowly.
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n 10 [10%7103]10*] 10° [ 10° [ 107 [ 10% | 10°
EN(n) (2.9 [5.2]7.5[9.8[12.1(14.4[16.7 [19.0 [21.3
Vvar(N(n))[1.2 [1.9 (2.4 (2.8 3.2 | 3.6 [3.9 [4.2 | 44

Table 2.2. Expected number of records EN(n) among n i.i.d.r.v. m,...,n,, along
with the standard deviation of A (n).

Record values

Let n(1),7n(2), ... be the sequence of record values in the sequence of i.i.d.r.v.

M1, N2, . . Assume that the c.d.f. F'(t) of n; is continuous with density p(t)=F"'(t).
Under these assumptions, it is easy to see that the joint density of n(1),...,n(n)
is

p(r1)  p(Tn-1)
Fa)  Flan) p(Tn),

p(x1, ..., x,) =
This implies, in particular, that the sequence n(1),7(2),... is a Markov chain
with transition probabilities

F(t)
Flw) ™Mt

Pr{n(n+1) <t|n(n)=u} =

For each n > 1, the c.d.f. of the record value n(n) is
n—1 .
—In(F(t)))’
Pr{n(m) <t} =1-F(t) ¥ ((jl())) '
=0

Consider now the asymptotic distribution of the record values n(n) cor-
responding to the sequence of i.i.d.r.v. n1,72,... as n — 0o, assuming that
m = essinfrn; > —oo and F € D(¥,); that is, the c.d.f. F(-) belongs to the
domain of attraction of the c.d.f. ¥, (-) defined in (2.40). Theorem 2.2 implies
that the condition F' € D(¥,) yields that the sequence of random variables
(n(n) —m)/(kr(n) —m) has the asymptotic distribution with the c.d.f. ¥, (-);
here L(n) is the sequence of record moments, and ) is (1/L(n))-quantile
of F(+).

Since L(n) is a random variable, k() is a random variable too, which
is not very satisfactory. There is, however, another limiting law for the prop-
erly normalized record values (n(n) — a(n))/b(n) with non-random coefficients
a(n) and b(n). Specifically, the conditions m > —oco and F € D(¥,) imply
that the sequence of random variables (1(n) —m)/(Kexp(n/2) — ™M) converges
in distribution to the r.v. with c.d.f.

- 0, z<0
Yal2) = {@(—aln(z)), z>0;

here @(-) is as in (2.62).
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Ezxtension to k-th records

To perform statistical inference in global random search algorithms we need
several minimal order statistics, rather than just one of them. Similarly, we can
use the k-th record moments and the k-th record values. The record moments
and the record values considered above are the first record moment and the
first record value, respectively (in this case kK = 1). Assume now the general
case k > 1 and start with the so-called ‘Gumbel’s method of exceedances’, see
[105]. This method is aimed to answer the question: ‘how many values among
future observations exceed past records?’. Specifically, let the c.d.f. F(-) be
continuous, M, < -+ < Ny, be the order statistics as usual and denote
by Sk(n) the number of exceedances of 7y, among the next r observations
NMnt1y - - -y Mntr; that is,

Sf(n) = Z I{7ln+i<77k,n} :
1=1

It is an easy consequence of (2.33) that the random variable S¥(n) has the
hypergeometric distribution with

Pr{Sr(n) = j} = <T+Z:(ri>n§jzkll>,

In particular, the mean number of exceedances is equal to

j=0,1,...,r.

rk
ES*(n) = e

Let us now consider ways of generalizing other results discussed earlier in
this section from the case £ = 1 to the general case £ > 1. We start with
definitions.

For each n > k, we rearrange the random variables 7, ...,7n, so that

Mmn < mn.mn <--- < Tn,n -

The random variable 7, ,, is the k-th order statistic. The sequence of k-th
order statistics is

Mok = Mheyktl = ovr = Mhen = - - -
Let us select the indices n such that there is strict inequality in this sequence:
2’17&,171 > NMen > ..

This gives us the sequence of k-th record moments L*)(n). Formally, the
sequence L) (n) can be defined as follows: L) (0) =0, L(*)(1) = k and
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L® (n+1) = min {j > L™ (n) such that n; <77k,j—1} , n=1,2,...

The sequence of random variables 7783 = Nk, L my: M = 1,2,..., Is the se-
quence of k-th record values; the differences A®)(n) = L) (n) — L) (n—1)
are k-th record waiting times; N'*)(n) is the number of k-th record values
among 7y, ...,7n,. Of course, L) (n) = L(n), ngi)) = Ny, AP (n) = A(n)
and N (n) = N(n).

For each n, the k-th record waiting times have all moments E (A(k) (n))ﬂ
of order 0 < 8 < k; the mean is

EA® (n) = (k/(k—1))""", k>2. (2.64)

Properties of the k-th record moments L(*) (n) are similar to the properties
of the ordinary record moments L(n). In particular, for any fixed k > 1 and
any continuous c.d.f. F(-), the sequence of L*)(n) forms a Markov chain;
many limit theorems for L(*)(n) are direct extensions of the related theorems
for L(n), see [171], Lectures 18-20.

A very useful tool in studying the k-th record sequences is the so-called
‘Ignatov’s Theorem’ which says that the processes of the k-th records are
independent and identically distributed copies of the same random sequence
(here the process of the k-th records is defined as a sequence of time moments
when the current observation of a sequence of i.i.d.r.v. has rank k), see e.g.
[96, 125, 230] and [197], Sect. 4.6. The underlying c.d.f. F(:) of the i.i.d.r.v.
is almost arbitrary; in particular, it does not have to be continuous. The
Ignatov’s Theorem implies that the sequence of moments when the current
observation has rank k is the same for any k, in particular, for £ = 1 where
this sequence is the sequence of record moments {L(n)} discussed above. The
second extremely informative part of this theorem is the independence of the
k-th record processes for all £ = 1,2, .. .. Different implications of this theorem
are discussed in literature; see, for example, [31].

2.4 Statistical Inference About m: Known Value of the
Tail Index

In this section, we consider statistical inference about m =ess inf 7 (in random
search applications m = min f) based on the asymptotic theory of extreme
order statistics described in Sect. 2.3.2. These statistical procedures will be
using only the k smallest order statistics

M,n < 2,n <...< Nk,n

corresponding to the independent sample {7y, ...,n,} of the values of a ran-
dom variable i with c.d.f. F(¢). The sample size n is assumed large (formally,



2.4 Statistical Inference About m: Known Value of the Tail Index 65

n — o00) and k is assumed small relative to n (see Sect. 2.4.3 concerning the
choice of k).

We assume throughout this section that the conditions of Theorem 2.2
hold for the c.d.f. F(-) (in random search application this c.d.f. is defined by
(2.13)) and the value of the tail index « is known. We shall also assume that
a > 1 (results of Sect. 2.5.3 show that this is the main case of interest in global
optimization). As we are interested in the applications of the methodology in
global random search, we always assume that the assumptions (i) and (ii) of
Sect. 2.3 are met.

Note that the statistical inference about m and the behaviour of the c.d.f.
F() in the vicinity of m are much simpler when the value of « is known.
Fortunately, in problems of global random search this case can be considered
as typical in view of the results of Sect. 2.5.3, where the direct link between
the form (2.13) of the c.d.f. F(-) and the value of the tail index « is considered.

A detailed consideration of the theory of asymptotic statistical inference
about the bounds of random variables in the case of known « is given in [273],
Chap. 7; there has not been much progress in this area since 1991, the time
of publication of [273]. Hence, in this section, we only discuss the results that
can be directly applied to global random search algorithms, those outlined in
Sect. 2.6.1.

2.4.1 Estimation of m
The maximum likelihood estimator

The maximum likelihood estimators of m have been introduced and investi-
gated in [109]. These estimators are constructed under the assumption that
«a > 2 and that the distribution of the sample is the asymptotic one, which is
the Weibull distribution with c.d.f. (2.40).

For fixed n and k, set

Bi(m) = kn — Mjn)/ (i — M), J <k (2.65)

Differentiating the logarithm of the likelihood function, see (2.89) below, with
respect to m and ¢y and equating the derivatives to zero, we obtain the fol-
lowing likelihood equation for m:

k—1
(a—1) Zﬂj(m) =k. (2.66)

Hence, when « is known, the maximum likelihood estimator m of m is the
solution of the equation (2.66) under the condition 1 < 7 ,; if there is no
solution of this equation satisfying the inequality 7 < 71 ,,, then m is defined
as 1N1,n-

If the conditions (2.45), a > 2, k — oo, k/n — 0 (as n — 00) are satisfied,
then the maximum likelihood estimators of m are asymptotically normal and
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asymptotically efficient in the class of asymptotically normal estimators and
their mean square error E(m —m)? is asymptotically

L2 (1= 2)(ky, —m)? k=142 for a > 2,
B —m) { (kp —m)?Ink fora=2. (2.67)
As usual, k,, is the (1/n)-quantile of the c.d.f. F(-).

Linear estimators

Linear estimators of m are simpler than the maximum likelihood ones. How-
ever, the best linear estimators possess similar asymptotic properties.
Introduce the following notation:

a=(a1,...,a;) €RF, 1=(1,1,...,1) € RF,
bi=T(i+1/a)/T(i), b= (by,...by) € R¥,

I(i+2/a) D(j+1/a)
T(i+1/a) T(j)

here I'(+) is the gamma—function.
A general linear estimator of m can be written as

Aji = Aij =

for i 2 j’ = ”)"L]”'LJ 15 (268>

mn k: Z @iMin (269)

where a = (ay,...,ax) is the vector of coefficients.
Using (2.53) with 8 = 1, for any linear estimator 1, x(a) of the form
(2.69) we obtain:

Eriun, i ( ZazEm n—mZal kn—m)a'b+o(ky,—m), n — oo. (2.70)

Since Kk, —m — 0 as n — oo, see (2.46), and the variances of all »; , are
finite (this is true, in particular, if the c.d.f. F'(-) has bounded support, see
assumption (i) of Sect. 2.3), the estimator 77, x(a) is a consistent estimator
of m if and only if

k
1= a;=1. (2.71)
i=1

The additional condition

k
a'b=0 ( = > aib=0 > (2.72)
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guarantees that for @ > 1 the corresponding estimator ., ;(a) has a bias
of the order o(k, —m) = o(n~'/%), as n — oo, rather than O(n~'/%) for a
general consistent linear estimator.

For a general consistent estimator 1, (a), we obtain from (2.70):

Erg, k(a) —m ~ (k, —m) a'b, n— oo. (2.73)

The mean square error of a general consistent estimator 7, y(a) is ob-
tained by applying (2.54):

E(nk(a) —m)? ~ (kn—m)? a’ Aa, n — co. (2.74)
Examples of linear estimators

For the simplest and most commonly used estimator of m, where only the
minimal order statistic is used, mn,k(a@)) = 1M1,n, Where a(o), the vector of
coefficients, is a(®) = (1,0,...,0)". For this estimator we easily obtain

E(mmk(a(o)) —m)? ~ (kp—m)?* (14 2/a), n— occ. (2.75)

This is, however, a rather poor estimator, see (2.82) and Fig. 2.6.

The r.h.s. of (2.74) is a natural optimality criterion for selecting the vec-
tor a. The optimal consistent estimator 7, x(a*), we shall call it the optimal
linear estimator, is determined by the vector of coefficients

A1

m . (2~76)

a* =arg min a'Aa =
a:a’l1=1
The estimator i, (a*) has been suggested in [52], where the form (2.76) for
the vector of coefficients was obtained.
Solving the quadratic programming problem in (2.76) is straightforward.
In the process of doing that, we obtain
min a'Aa = (a*) Aa* =1/1"A711. (2.77)

a:a’l1=1

Lemma 7.3.4 in [273] gives us the following expression for the r.h.s. of (2.77):

1 al'(k+1) 2
14711 = a—2 (F(k+2/a) o F(1+2/a)> for 7& 2, (278)
Zle 1/i for a = 2;

this expression is valid for all « > 0 and k= 1,2,...
The components a} (i = 1,...,k) of the vector a* can be evaluated ex-
plicitely: af = u;/1’A7'1 for i =1,...,k with

w = (a+1)/T(1+2/a),
u, = (a=1D)I0@)/TE+2/a) fori=2,...,k—1,
up =—(ak—a+1)I(k) / T'(k +2/a).
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Deriving this expression for the coefficients of the vector a* is far from trivial,
see [273], Sect. 7.3.3.

The asymptotic properties (when both n and k are large) of the optimal
linear estimators coincide with the properties of the maximum likelihood es-
timators and hold under the same regularity conditions (we again refer to
[273], Sect. 7.3.3). In particular, the optimal linear estimators ., (a*) of m
are asymptotically normal (as n — oo, k — o0, k/n — 0) and their mean
square error E(r, ;(a*)—m)? asymptotically behaves like the r.h.s. of (2.67).

Consider two other linear estimators which have similar asymptotic prop-
erties (as n — 00, k — oo and k/n — 0).

The first one is the estimator my, (a™) which is optimal in the class of
linear estimators satisfying the consistency condition (2.71) and the additional
condition (2.72); it is determined by the vector

A1 — (W A1) A/ (0 A D)
+ _ : / _
af marg min aAa = e A1) (WA 1h)
a’b=0

(2.79)

(the solution to the above quadratic minimization problem is easily found
using Lagrange multipliers). For the estimator 7, (a™), the additional con-
dition (2.72) guarantees a faster rate of decrease of the bias Em, ;(a) — m,
as n — 00.

The Csorgé-Mason estimator 7, ;(a
by the vector a®™ with components

M) (proposed in [55]) is determined

Vi fora>2, i=1,...,k—1
v +2—« fora>2, i=k

a; =< 2/1In(k) fora=2 i=1
In(1+41/3)/In(k) fora=2, i=2,...,k—-1

(In(1+1/k)—2)/In(k) fora=2, i=k
with
v; = (a— 1)k2/a71 <j172/a - 1)172/01) '

The finite—sample behaviours of the optimal unbiased consistent estimator
1, (a®) and the Csorgé—Mason estimator 17, . (a“M) are slightly worse than
that of the optimal consistent estimator 7, 1 (a*).

For practical use, a very simple estimator

ik (a”) = (1 + Cr)mn — Criin (2.80)

with a¥ = (14}, 0, ..., 0, —C%)’ may be recommended, where Cj, =b; / (b, —b1)
is found from the condition a’b = 0. (An estimator resembling (2.80) was
proposed in [257].)

For large values of o, which is an important case in global optimization
practice,
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F(kJrl/oz)—F(k:)NéF’(k) as o — 00

and therefore

r+ i _a-y

Tt Lok ) - rQ) - Ir@) ek 1)+

Ch

where 9(-) = I'"(-)/I'(-) is the psi-function and v 2 0.5772 is the Euler con-
stant.

Asymptotic efficiency of the estimators

If £ is fixed, then the asymptotic efficiency of any consistent linear estimator
My k(a) can naturally be defined as

{f (rhy, = i ' A 'Aa.

eff (ftn.i () (ceRIkr:ucr'l1=1 ¢ C) fa'Aa

Obviously, 0 < eff(1i1, 1(a)) < 1 for any a € R* satisfying the consistency
condition (2.71). In view of (2.77) we obtain

1

eff(mn,k(a)) = 1VA-11 .- d'Aa’

(2.81)
where 1’4711 can be computed using the expression (2.78).

In particular, the asymptotic efficiency of thesimplest estimator 1, x (al9)=
M,n 1S

1

eff (11, (a?)) = 1VA-11-I'(142/a)’

(2.82)

This result easily follows from (2.75) and (2.85). For large k and «, the asymp-
totic efficiency of the estimator 77, x(a(?)) is low, see Fig. 2.6.

Asymptotic efficiency of the estimator 7, ;(aV) is higher (especially for
small k) than that of the simplest estimator 1, , (a(?)) = M . Fig. 2.7 displays
this efficiency for k = 3,5 and 20 and varying « (for k& = 2 the asymptotic
efficiency of 1, x(aV) is equal to 1).

Note that the asymptotic efficiency of the optimal estimator m, 1 (a*) can
be low if an incorrect value of « is used to construct this estimator. This issue
is considered in Sect. 2.5.2.

Finite-sample efficiency (simulation results)

Let us make a comparison of the efficiency for the maximum likelihood and
linear estimators of m given finite samples of size n drawn from the Weibull
distribution with tail index «. Considering the Weibull distribution means
assuming that the original sample size n is large enough for the asymptotic
distribution for the minimal statistics to be reached.
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Fig. 2.6. Asymptotic efficiency of the simplest estimator m, x(a(®) = 11 .,, see
(2.82), for k = 2,5 and 20 and varying o.

17
0.8
0.6

0.4

0.2

0 2 4 6 8 10
alpha

Fig. 2.7. Asymptotic efficiency of the estimator 1, x(a”) for k = 3,5 and 20 and

varying a.

According to the definition, for each k, the optimal linear estimator
M,k (a*), with a* given in (2.76), provides the lowest mean square error in
the class of all linear consistent estimators, as n — oo. In view of (2.74) and
(2.77), we have, for the asymptotic mean square error of 7y, r(a*):

i AL NS, () = 1 (2.83)
im —— Mpi(a®)) =1, .
n— o0 (,‘{n — m)2 .k
for any k. Therefore, for fixed n and k it is natural to define the finite-sample
efficiency of an estimator m as

(’f’n - m)2 N
W/MSE(m) . (2.84)

Since we consider finite samples, it is possible for the efficiency to be slightly
greater than 1.

Below, the efficiency of an estimator m will be estimated based on taking
R = 10000 estimators of m;, where each m; (j =1,..., R) is estimated from
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an independent sample of size n; that is,

Thus, for fixed k,n and R, we use the following definition of efficiency of an
estimator m:

MSE(rn

!:U \

eﬁ(m):{(”%ll} i —m)?| . (2.85)

As R — o0, the efficiency (2.85) tends to (2.84).

where in our case m = 0, n = 100, R = 10000 and k varies.

Fig. 2.8 shows the efficiencies (2.85) computed for n = 100, R = 10000,
a=1,2,5,10, and varying k for the following estimators:

the optimal linear estimator ., (a*) (depicted as circles),

the maximum likelihood estimator (squares),

the linear estimators 7, ;(a™) defined by the vector (2.79) (triangles),
Csorgd-Mason estimators 1, (a“M) (dots),

the minimum order statistic 7, ,, = 7, x(a(?)) (bullets).

Fig. 2.8 demonstrates that the mean square error of the optimal linear es-
timator 7, ;(a*) is very close to the asymptotically optimal value of the MSE
given by (2.83) for all @ > 1 (sometimes it is even larger than this value). The
estimator 1M, ;(a*) clearly provides the lowest mean square error in the class
of estimators considered. The efficiency of the maximum likelihood estimator
(MLE) is consistently lower than the efficiency of 7, x(a*), especially when
« is small; note that MLE can only be used for o > 2. Note also that the ac-
tual efficiency curves of MLE are rather uneven; they have been considerably
smoothed in this figure.

The efficiency of the minimum order statistic decreases monotonically as
k — oo, this is because the estimator is not using k—1 out of k£ order statis-
tics. The efficiency of the linear estimator m, x(a™) is poor for small k (as
the unbiasedness condition (2.72) takes away one degree of freedom for the
coefficients) but increases monotonically as k increases. The efficiencies of the
minimum order statistic and the m® estimators are equal for k = 2. This can
be verified by considering the asymptotic mean square errors (as n — ©0)
of these two estimators at this point. The efficiency of the Csoérgé—Mason
estimators is poor for small « (note that this estimator is only defined for
« > 2) but gets better when « increases; thus, for a = 10 the efficiency of the
Csorg6—Mason estimator is basically 1.

The case of small values of a has a particular interest. Unlike the MLE and
the Csorgé—Mason estimator, the linear estimators 7, x(a*) and 7, ,(a™) are
defined in the region 0 < a < 2 and behave rather well.
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Simulation study of the bias of the estimators shows that the bias of the

four main estimators (namely, MLE, 7, x(a*), M, k(a™) and 7, x(a

CM))

improves as both k and « increase; for large k& and alpha this bias is ap-
proximately the same; for small a the bias of the Csérg6—Mason estimator is
large but the bias of the other three estimators is comparable for all @ > 2
(note again that MLE is properly defined only for o > 2). See [110] for more
simulation results and related discussions.
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Fig. 2.8. Efficiency as defined in (2.85) of different estimators; n = 100, R = 10000,

a=1,2,5,10, against k.
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2.4.2 Confidence Intervals and Hypothesis Testing

In global random search one of the most important statistical problems is
testing the hypothesis Hy : m < K versus the alternative H; : m > K, where
K is some fixed number, K < 7 5. For instance, K may be the record value
of the objective function f(-) attained at another region, see Sect. 2.6.1.

Following the standard route, to construct a test for Hy : m < K we
construct a one-sided confidence interval for m of a fixed confidence level and
reject Hy if K does not fall into this interval.

The most convenient procedure for constructing confidence intervals for m
was proposed in [51]. According to this procedure, the one-sided confidence
interval for m is

s Mon + 76N — Mn)] - (2.86)

Here

1
Ths = ((1—51/’“)*1“—1) , (2.87)

the (1—¢)-quantile of the c.d.f. Fj(u) defined in (2.52). Proposition 2.1 of
Sect. 2.3.2 then implies that the asymptotic (as n — o0) confidence level of
the interval (2.86) equals 1 — 4.

The test corresponding to the confidence interval (2.86), for testing the
hypothesis Hy : m < K, is defined by the rejection region

{yimn) © i — K)/(Mkeon — M1n) = Thost - (2.88)

The first kind error probability of this test asymptotically (as n — oco) does
not exceed J; this is a consequence of Proposition 2.1 of Sect. 2.3.2.
Different asymptotic expressions for the power function of this procedure
can be found in [273], Sect. 7.1.5.
Note that if n is very large (in this case, k may also be chosen large enough),
then for constructing the confidence intervals and testing hypotheses one may
also use the asymptotic normality (discussed above) of some estimators of m.

2.4.3 Choice of n and k

Let us briefly address the practically important problem of the choice of k and
the sufficiency of the sample sample size n for applicability of the methodology
considered above to the practice of global optimization.

Theoretically, n should be large enough to guarantee that there are enough,
at least k, sample points in the vicinity of the global minimizer. Everything
now depends on how we define ‘the vicinity of the global minimizer’. This, in
turn, depends on the objective function. For example, if the objective function
is steep in the vicinity of the global minimizer (as an example, see Fig. 1.1),
then the region of attraction of this minimizer is small and there is a high
possibility that this region is completely missed. If the region of attraction of
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the minimizer is not reached, then the statistical inference will be made about
some other minimum (perhaps, local).

Another important point is that the vicinity of a minimizer should not be
confused with the region of attraction of the minimizer, see Sects. 1.1.2 and
1.1.3. If, for example, the objective function f(-) is the sum of a smooth and
slowly varying function f;(-) and a small irregular function fa(-) (see Figs.
1.3 and 1.4) then small variations in the values of f(-) due to the presence
of fa(-) can be regarded as small variations in the sample points, which are
statistically insignificant provided that & is not too large. On the other hand, if
the objective function changes its shape approaching the minimum within the
region of attraction of the global minimizer, this would imply that Theorem 2.2
is practically useless. Theoretically, however, as n — oo we can select k — oo
and construct a consistent estimator of the tail index.

The problem of how large the sample size n should be can be approached
from the more formal point of view of the rate of convergence in (2.43). There
are a number of results concerning the estimation of this convergence rate, see
for instance Sect. 2.10 in [86]; note that these estimators depend on different
characteristics of behaviour of the c.d.f. F(¢) for ¢ close to m.

Theoretically, the value of k£ should be such that at least k sample points
belong to the vicinity of the global minimizer. It may, of course, happen that
some of these k points are far from this vicinity. This would narrow the gap
between 7, and 7, (in the probabilistic sense, and in comparison to such a
gap when all the points belong to the same vicinity of the global minimizer).
This would lead, in particular, to the over-estimation of m. Since we know
the location of the test points, this may sometimes be corrected as follows:
using some prior information about the objective function we can define a
region (say, a ball) with the centre at the record point so the points outside
the region will not be able to contribute to the set of the k smallest order
statistics.

From the theoretical view-point, k should be small relative to the sample
size n, which tends to infinity. Typically, the theoretically optimal choice of k
is k — oo so that k/n — 0 as n — oo. In practice, however, n is never large
enough and therefore small or moderate values of k should be used. Theoretical
results of Sect. 2.4 imply that for many procedures a reasonably small value
of k, say k =5, is almost as good as the theoretically optimal choice k — oo,
so we do not loose much in the asymptotic efficiency by restricting & to small
values.

Another argument in favour of small k is given in Sect. 2.5.2: if the value
of the tail index « is not correct (for instance, o has been estimated), then
an increase in k (formally, & — 00) decreases the accuracy of precision in the
estimators of m.

If the tail index is unknown, the problem of the choice of k is more serious
than when « is known, see Sect. 2.5.1. For example, consistency of estimators
of a can only be achieved if £ — 0o as n — oco. Consideration can be given
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to a mixed strategy which uses a large number of extreme order statistics to
estimate a and a relatively small number of these statistics for estimating m.

2.5 Unknown Value of the Tail Index

Our main objective is making statistical inferences about m based on an
independent sample from the c.d.f. F(-) given in (2.13). In Sect. 2.4 we have
shown how to make statistical inferences when the value of the tail index « is
known. In Sect. 2.5.3 below, we show that the specific form of the c.d.f. (2.13)
in many cases enables explicit determination of the value of «.

An alternative approach would be to find an estimator & for « and use this
estimator in place of the true value of . However, we will show in Sect. 2.5.2
that this approach leads to a significant drop in precision of statistical infer-
ence procedures about m, in comparison to the case of known a.

Additionally, the requirements for the sample size seem to be unrealistic.
Indeed, to construct any consistent estimator of & we must have k = k(n)
observations with k(n) — oo (as n — o0) belonging to the lower tail of
the c.d.f. (2.13), where the approximation (2.44) can be applied. In global
optimization problems, however, obtaining more than a few observations in
this region is problematic.

In global random search problems, making statistical inference about «
is most useful for checking upon one of a few possible exact values of «, say
a = 2/d or a« = 1/d; these expressions for « follow from Theorem 2.3 and
related results, see Sect. 2.5.3.

2.5.1 Statistical Inference

In this section, we assume that the conditions of Theorem 2.2 are met but the
value of the tail index « is unknown. Unlike the case considered in Sect. 2.4,
a satisfactory precision of the statistical inference can only be guaranteed if
k is large enough. Therefore, we shall suppose that the parameter k is chosen
so that k = k(n) — oo, k/n — 0, as n — oo. Also, we shall assume that the
condition (2.45) is met.

The standard way of making statistical inference concerning m, when « is
unknown, is to construct an estimator & of « and to substitute & for « in the
formulae which determine the statistical procedures for the case of known a.

The topic of making statistical inferences about the value of the tail index
is widely discussed in literature including a very recent one, see for example,
[13, 32, 46, 61, 65, 133, 134, 149, 183].

Easily readable surveys of standard results concerning different estimators
of o and their asymptotic properties can be found in Sect. 6.4.2 of [68] and
in Sect. 2.6 of [139]. The two most known estimators are the so-called Hill
estimator
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suggested in [118], and the Pickands estimator

1 n - n
aP) — =y 2k, Tk,
In 2 MNak.n — T2k,n

proposed in [186]. Provided that the conditions of Theorem 2.2, along with an
additional regularity condition of the type (2.45), are satisfied and k — oo as
n — 00, both estimators of « are consistent and asymptotically normal. Their
asymptotic properties are similar. The main practical problem is, of course,
the choice of k. This problem has been addressed in a number of articles, see
e.g. [65]. However, this problem can hardly be adequately resolved in global
random search applications as the value of n required to achieve a reasonable
precision in statistical inference about m = min f must be astronomical when
the dimension d of A is not very small (recall that one of the main attractive
points of the global random search methods is their applicability for solving
problems with moderate or large dimension).

Results of Sect. 2.5.2 show that the linear estimators which perform well
when the value of « is known become much less precise when the value of «
is not known. Their asymptotic properties in the case when & is noticeably
different from « are poor and, consequently, it is often not worth using these
estimators in the case of unknown «.

A slightly different way of making statistical inferences about m is based
on making the inferences about m and « simultaneously using the maximum
likelihood principle outlined below (see [109, 186, 228] for more details).

Assume that the asymptotic relation (2.42), along with the additional
regularity condition (2.45) hold with some ¢g > 0 and o > 2. Then the
likelihood function depending on the unknown parameters cg, « and m is
asymptotically, as n — oo, equal to

L(nl,na - Nkns m,CO7Oé)

E

n! n—k

(n—Fk)! (co)® (1 = co (i, — m)™)

(77j L m)a*1 . (2.89)
j=1

This asymptotic form of the likelihood function is treated as the exact one.
The maximisation of (2.89), with respect to ¢g for fixed & = & and m = m
gives the maximum likelihood estimator for cg:

.k N&
Co = — (nk,n - m) .
n

(2.90)

The maximisation of (2.89) with respect to « for fixed m = 7 and the sub-
stitution (2.90) for cg, gives the maximum likelihood estimator for a:
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k—1
a=k/y In(l+pB;j(m)), (2.91)

j=1

where 3;(7h) are defined in (2.65). The remaining problem is to define the max-
imum likelihood estimator m for m. It cannot be defined as the global max-
imizer of the likelihood function L(n; n, ..., Nn—k; M, o, &), since the global
maximum is achieved at m = 1y, and equals +0o (meaning that the proper
maximum likelihood estimator of m is n; ,, which is a poor estimator). Ac-

cording to the proposal of P.Hall [109], 7 is defined as a solution of the
likelihood equation, which is

k—1 k—1
1/ (14 8;(m)) — 1/ B;(m) = 1/k (2.92)
j=1 j=1

provided that m < 7 ,. If there is no solution to the equation (2.92) in
the half-interval (—oo,71,,), then /m is taken as n ,; if there is more than
one solution of this equation in (—oo,n1,,) (that is, the likelihood function
is multimodal), then the largest solution is taken. Despite the fact that the
estimator does not typically maximize the likelihood function (execpt in the
trivial case where 71 ,, is taken as the estimator), it is still called the maximum
likelihood estimator. Note that the equation (2.92) is exactly the equation
(2.66) with « replaced by & of (2.91).

Under the regularity condition (2.45) the maximum likelihood estimator
m of m is asymptotically normal with mean m and the variance

(0 —1)2(1 = 2/@)(kn —m)?k™ Y% 0> 2 n— oo, k— oo, k/n— 0.

This differs from the r.h.s. of (2.67) in the multiplier (o — 1)? only.

Formally, we can avoid estimating o and construct confidence intervals
and statistical tests for m using the result proved in [262]. This result says
that if the conditions of Theorem 2.2 hold, k¥ — oo, k/n — 0, n — oo, then
the sequence of random variables

(Ink) In[(n2,n —m)/(M1,n —m)]
ln[(%n - 773,n)/(7737n — M2.n)]

converges in distribution to a random variable with the exponential density
e~', t > 0. Some generalizations of this result can be found in [263].

2.5.2 Using an Incorrect Value of the Tail Index
Confidence intervals

Consider what happens to the level of the one-sided confidence interval (2.86)
for the case where
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s =1/ (1 =857 —1)

is being substituted for r s defined in (2.87); this means that ¥ is being used
in place of the true a.

Proposition 2.3. Let the conditions of Theorem 2.2 hold, n — oo, k and
¥ > 0 be fixed. Then the asymptotic confidence level of the confidence interval

I'= [nl,n - T;e,é(nk,n - nl,n) ) nl,n] (293)

is equal to
1—(1—(1—=gYkya/oyk, (2.94)

Proof is given in Sect. 2.7.

Note that if we take ¥ = «a, then (2.94) is simplified to 1 — d; therefore,
Proposition 2.3 generalizes the statement of Sect. 2.4.2 saying that the asymp-
totic confidence level of the interval (2.86) is equal to 1 — 4.

Linear estimators of m

Let us now follow [274] and study the consequences of using incorrect values
of a while constructing linear estimators of m (using incorrect values of « is
inevitable when we do not know the exact value of a and use its estimator
instead).

Assume that a > 1, a # 2 and start the investigation with the opti-
mal estimator 7y, ;(a™). Denote by ¥ (¢ # «) the value we use to compute
a*=a*(¥) and by Ag = A(Y) the matrix A = ||\;;|| defined in (2.68) with ¢
substituted for a.

In view of (2.85) the asymptotic efficiency of the estimator 7, ,(a*(9)) is

1 (1'45'1)?
fF (170,10 (a* (9))) = - ; '
e (mmk(a (19))> VA1 (a*(9)) Aa* (V) 17A-11 . 1//10—1/1/1611

If k is fixed and |9 —«/| is small, then the estimator 7, x(a*(9)) is relatively
good. For example, if £ = 2 then

[ Ir(+2/a) (14
A‘((1+;)F(2+2/a) r

Q=

2

1) v (1)

—

2(a+1) o+2

YATA = (i gy O O = e

We shall say that the estimator 1, 1 (a*(¥)) is poor if

eff (11, 1. (a* (9))) < eff (2, 1 (a(?)) ; (2.95)
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that is, the asymptotic efficiency of the estimator m,, ;(a*(¢)) is worse than
the asymptotic efficiency of the simplest estimator mn,k(a@)) = 11,n- Note
that for k£ = 2 we have

eff (i 1 (a?)) = a4 2/(2(a + 1))

The inequality (2.95) cannot be true for ¥ < a. On the other hand, it is
easy to see that the estimator 7, ,(a*(¥9)) is poor when ¢ > 2a.

In the case k& > 2 the situation is not so clear. For instance, for k = 3 we
have

1 at2 2(a+2)
a+1 2a+1
A=T(1+2/a) | o2 exz )l |
2(a+2) 2(a+1)(a+2) (atl)(atl)
2a0+1 a(2a+1) «?
(9 +2)(9+1)2 992 — 1)
al) = S @Y = sEamay
9?(20 + 1) (a+1)(a+2)
* 79 - _ H‘ An (O) = —_—— .
a3(Y) s ao e H0mk(e™) = S

Thus, for given values of o and ¥, to conclude whether the estimator
T,k (a*(¥)) is poor we must compute the value of the two—variate polynomial

@ ) (Frgg7a4) @ 0.

1+2/a)
which depends on « and ¥, and compare it with 1. The estimator is poor if
this value is smaller than 1.

Another interesting case is where k is large. According to [274], for all
¥ # « we have

(a* () Aa*(9) ~ (0 —2)? (a —9)? (0 + ad —20) 2 k> as k— co.

In this case the estimator 7, ;(a*(¢)) is poor (it is asymptotically less
efficient than the simplest estimator 1, ;(a(®)) = n;,). The estimator is
consistent but the order of convergence (as k — oo, n — oo, k/n — 0) of
the mean square error E(m — 1, x(a*(19)))? to 0 is only (k/n)%® rather than
(k/n)?/«/k for the estimator 17, x(a(®)).

Thus, if the value of the tail index « is not correct (for instance, o has been
estimated), then the increase of k leads to a precision loss in the estimator
T k(a*). A similar conclusion can be derived for the estimators 1, ,(a™)
and 7, x(a“M) since these two estimators are asymptotically equivalent to
M. k(a*) (as k — 00, n — oo, k/n — 0).



80 2 Global Random Search: Fundamentals and Statistical Inference

The situation with the estimator 7, x(a¥ (9)) is better (that is, this es-
timator is less sensitive to deviations in « for large k). Indeed, we have as
k — oo:

b
aV () = , _’“bl ~ 14+ ETYIrA+1/9), al (9) ~ =~V (14 1/9),
I'k+2
Ai=D(1+2/Q), A = (Z“(k)/a) ~ B2

_I(k+2/a)(1+1/a) e
Akl = ICESYES ~ EYor(141/a),
(a”)'A(a”) = (af (9))* M1 + 247 (O)ay (9)Aw1 + (@ (9))* A
~ I(142/a) — 20 (141/a)kY VoD (141/9) + k22 P2 (141/9)

I'l+2/a) for ¥ < a,
~ < T(1+2/a)—T*(1+1/a) for 9 =a,
k2/e=2/92(1 —1/9) for ¥ > a.

This implies that for ¥ < « the asymptotic efficiency of the estimator
1,k (a¥ (9)) asymptotically (as k — 00) coincides with the asymptotic effi-
ciency of the simplest estimator 1, . (a(?)), for o = ¥ the estimator 17, x(a?)
is better than 1, ;(a(®)) but worse than 1, ;(a*), and, finally, for ¥ > « the
estimator 7, x(aV) is poor but it is much more asymptotically efficient than
mn,k(a*).

2.5.3 Exact Determination of the Value of the Tail Index

Recall that the c.d.f. F(-) arising in global random search problems has the
specific form (2.13). As we show in this section, this specific form often enables
the determination of the value of the tail index « explicitly. It gives us the
possibility of using the simple and efficient techniques of Sect. 2.4, rather than
the techniques of Sect. 2.5.1, which require a much larger sample size.

The basic result is the following theorem.

Theorem 2.3. Assume that the global minimizer x. of f(-) is unique and
Conditions C1 — C4, C8 and C9 of Sect. 2.1.1 along with the condition C10
of Sect. 2.2.1 are met. Assume, in addition, that the representation

f@)=m=w(|z—z.])H(z—z.) + O(|z—z.|7), [lz—z.| -0, (2.96)

is valid, where H(-) is a positive homogeneous function on RI\{0} of order
B >0 (for H(:) the relation H(\z) = N’ H(z) holds for all A > 0 and z € R?)
and function w : R — R is positive and continuous. Then the conditions of
Theorem 2.2 for the c.d.f. (2.13) are fulfiled and the value of the tail indezx «
is equal to a = d/ 0.
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Proof of the theorem is given in Sect. 2.7.

The main condition in Theorem 2.3 is (2.96) which characterizes the be-
haviour of the objective function f(-) in the neighbourhood of its global min-
imizer. Let us consider two important particular cases of (2.96).

First, let us assume that f(-) is twice continuously differentiable in the
vicinity of x,, Vf(x.) =0 (here V f(x,) is the gradient of f(-) in z.) and the
Hessian V2 f(z,) of f(-) at x, is non-degenerate. In this case, we can take

w(-) =1, H(z)=—2[V2f(z.)]z,

which implies 8 = 2 and o = d/2.

Assume now that all components of V f(x,) are finite and non-zero which
often happens if the global minimum of f(-) is achieved at the boundary of A.
Then we may take H(z) = 2’V f(x.), w(-) = 1; this gives =1 and a = d.

Consider now two extensions of the basic result.

The following statement demonstrates that if we can assume that the
conditions of Theorem 2.2 are met for the c.d.f. (2.13) with some «, then the
value of « itself can be determined from assumptions that are weaker than
those of Theorem 2.3.

Theorem 2.4. Assume that the global minimizer x, of f(-) is unique and
Conditions C1-C4, C8 and C9 of Sect. 2.1.1 are met. Assume, in addition,
that the conditions of Theorem 2.2 are met for some o > 0 and there exist
positive numbers €q, c3 and ¢4 such that for all x € B(x.,e0) the inequality

esllzs — 2l < f(z) = m < eallz. — al]?
is valid. Then a = d/f.

Proof of the theorem is given in Sect. 2.7.

The next assertion relaxes the uniqueness requirement for the global min-
imizer.
Theorem 2.5. Assume that Conditions C1-C/, C7, C8 and C9 of Sect. 2.1.1
along with Condition C10 of Sect. 2.2.1 are met. Let the global minimum
m = min [ of f(-) be attained at points 7 (i=1,...,1) in whose vicinities
the tail indexes ay; can be determined. Then the conditions of Theorem 2.2
for the c.d.f. (2.13) are fulfilled and the value of the tail index o is o =
min{ay,...,q;}.

Proof of the theorem is given in Sect. 2.7.

2.6 Some Algorithmic and Methodological Aspects

2.6.1 Using Statistical Inference in Global Random Search

In this section, we consider different ways of using statistical inference pro-
cedures in global random search algorithms, discuss the so-called branch and
probability bound methods and review the statistical inference procedures in
the method of random multistart.
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General considerations

Many global random search algorithms consist of several iterations so that
at the i-th iteration a particular probability distribution P = P; is gener-
ated to obtain the points where f(-) is to be evaluated — see Algorithm 2.2 of
Sect. 2.1.2 and a number of methods in Sect. 3.5. At each iteration of these
algorithms and for various subsets Z of A with P(Z) > 0, we have indepen-
dent samples of points which belong to Z and are distributed according to
the probability measure Pz (for a given Z € B, the measure Py is defined
as Pz(U) = P(UNZ)/P(Z), U C A), along with the values of the objec-
tive function f(-) at these points. For given Z, these values of f(-) form an
independent sample from the distribution with the c.d.f.

Fot) = Po{z e Z : f(x) <t}
and the lower bound
my = Zlggf(z)

To guarantee that my is indeed the lower bound of Fz(-) it is sufficient to
assume Conditions C1-C3 and C4’ of Sect. 2.1.1 for the set Z and Condition
C10 of Sect. 2.2.1 for the measure P.

To decide whether it is worthwhile to place new points in Z we can draw
statistical inferences concerning the parameter mz and the behaviour of the
c.d.f. Fz(t) in the vicinity of myz. Since statistical procedures can be con-
structed for all sets Z and at various iterations of the algorithms in a similar
manner, we can extend all the results of Sect. 2.4 and 2.5 formulated in the
case Z = A to the case of a generic Z C A. A wide class of global ran-
dom search methods based on the statistical inference procedures developed
in previous sections, is considered below.

More broadly, the statistical inference procedures of Sect. 2.4 and 2.5 aim
to learn about the distance between the current record y,, and the unknown
target m = min f and hence can be used for devising various stopping rules in
any global random search algorithm presented in the form of Algorithm 2.2 of
Sect. 2.1.2. For example, the estimators m of m and the confidence intervals
for m can be used to define the following stopping rule: if 7 is close enough to
the best value of f(-) obtained so far (alternatively, if the confidence interval
is small enough), then the algorithm terminates.

The distributions for the new points in algorithms of this kind can differ
from the uniform as these distributions are constantly changing. The corre-
sponding algorithms, where the number of iterations is small but the number
of points at each iteration is large, constitute a wide class of the so-called ge-
netic random search algorithms, see Sect. 3.5; these algorithms are extremely
popular in practice. As the number of points at each iteration is typically
large, all the statistical procedures developed above can be used exactly as
they are presented. The differences between these algorithms and the branch
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and probability bound methods considered below, are:
(a) the subregions are not removed from A; instead, the distributions P; are
adapted; and
(b) the function values that were used in previous iterations cannot be used
in subsequent iterations: indeed, the use of them would introduce dependence
into the sample {f(z;)}; this dependence would be difficult to handle.
Furthermore, the assumption of the independence of points xgj ) at itera-
tion j in Algorithm 2.2 of Sect. 2.1.2, which is commonly used in practice (see
e.g. Sect. 3.5), can be relaxed to allow some dependence in these points and
some of the statistical inference procedures developed above can be suitably
modified. In Sect. 3.2 we consider in detail the problem of making statistical
inference about m for the case of stratified sampling. We will show that a
certain reduction in randomness typically leads to more efficient algorithms;
note that improving the efficiency of algorithms by reducing the randomness
of points is one of the major areas of interest in the theory of Monte-Carlo
methods.

Branch and probability bound methods

Branch and bound optimisation methods are widely known. To put it briefly,
they consist of several iterations, each including the following stages:

(i) branching the optimisation set into a tree of subsets (more generally, de-
composing the original problem into subproblems),

(ii) making decisions about the prospectiveness of the subsets for further
search, and

(iil) selecting the subsets that are recognized as prospective for further branch-
ing.

To make a decision at stage (ii) prior information about f(-) and values of
f(-) at some points in A are used, deterministic lower bounds concerning
the minimal values of f(-) on the subsets of A are constructed, and those
subsets Z C A are rejected (considered as non-prospective for further search)
for which the lower bound for mz = inf,cz f(z) exceeds an upper bound 7
for m = min f; the minimum among all evaluated values of f(:) in A is a
natural upper bound  for m. A general recommendation for improving this
upper bound is to use a local descent algorithm, starting at the new record
point, each time we obtain such a point.

Let us consider a version of the branch and bound technique, which we
call ‘branch and probability bound’; see [272] and Sect. 4.3 in [273] for a
detailed description of this technique and results of numerical experiments.
In the branch and probability bound methods, an independent sample from
the uniform distribution in the current search region is generated at each
iteration and the statistical procedures described in Sect. 2.4.2 for testing
the hypothesis Hy : mz < m are applied to make a decision concerning
the prospectiveness of sets Z at stage (ii). Rejection of the hypothesis Hy
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corresponds to the decision that the global minimum m can not be reached
in Z. Naturally, such a rejection may be false. This may result in losing the
global minimizer. An attractive feature of the branch and probability bound
algorithms is that the asymptotic level for the probability of false rejection
can be controlled.

The stages (i) and (iii) above can be implemented in exactly the same
fashion as in the classical branch and bound methods. When the structure
of A is not too complicated, the following technique has been proven to be
convenient and efficient.

Let A; be a search region at iteration j, j > 1 (so that A; = A). At it-
eration j, in the search region A; we first isolate a subregion Z;; with centre
at the point corresponding to the record value of f(-). The point correspond-
ing to the record value of f(-) over A;\Zj; is the centre of a subregion Zjs.
Similar subregions Z;; (i =1,...,I) are isolated until either A; is covered
or the hypothesis that the global minimum can occur in the residual set
A;/ ul_, Zj; is rejected (the hypothesis can be verified by the procedure de-
scribed in Sect. 2.4.2). The search region A;;; in the next (j+1)-th iteration
is naturally either ZU+t1 = UleZji7 a hyperrectangle covering ZU*D | or
a union of disjoint hyperrectangles covering ZU*1. In the multidimensional
case the last two ways produce more computationally convenient versions of
the branch and probability bound method than the first one.

As the value of the minimum of f(-) over these kind of subsets can often
be expected to be attained at the boundary, where all the components of the
gradient of the objective function are expected to be non-zero (assuming the
objective function is differentiable), the results of Sect. 2.5.3 imply that o = d
can be used as the value of the tail index «a. For some subregions Z, the value
d overestimates the true value of a, but this only affects the power of the test
of Sect. 2.4.2 applied for testing the hypothesis Hy : mz < . On the other
hand, the fact that we do not have to estimate « significantly simplifies the
problem of making statistical inferences about the minimum of f(-) over the
subregions Z;.

Note also that at subsequent iterations all previously used points can still
be used, since they follow the uniform distribution at the reduced regions.

The branch and probability bound methods are rather simple and can
easily be realized as computer codes. They are both practically efficient for
small or moderate values of d (say, d < 10) and theoretically justified in the
sense that under general assumptions concerning f(-), they asymptotically
converge with a given probability, which can be chosen close to 1. However,
as d (and therefore ) increases, the efficiency of the statistical procedures
of Sect. 2.4 deteriorates. Therefore, for large d the branch and probability
methods are both hard to implement (this is the case for the whole family of
branch and bound methods) and their efficiency is poor. As a consequence of
this, the use of the branch and probability methods for large dimensions is
not recommended.
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2.6.2 Statistical Inference in Random Multistart

Random multistart is a global optimization method consisting of several local
searches starting at random initial points. In its original form, this method
is inefficient as it typically wastes much effort on repeated ascents. However,
some of its modifications, such as those using cluster analysis procedures to
prevent repeated ascents to the same local extrema, can be quite efficient.
These modifications are widely used and have been discussed in a number of
papers including [22, 23, 147, 198, 199, 210].

This section mainly follows the paper [278] by R. Zieliriski and describes
several statistical procedures that can be used to increase the efficiency of
the simplest random multistart and some of its modifications. A number of
publications have appeared developing the ideas discussed in this section,
mostly using the Bayesian inference, see e.g. [16, 17, 20, 21, 114, 261]. However,
all the main ideas of the approach were contained in the original paper [278]
and there has not been any significant progress in the area since 1981, the
time of the publication of [278].

Notation

Let A C RY satisfy the conditions C1, C2 and C3 of Sect. 2.1.1, f(-) be
a continuous function on A with a finite but unknown number [ of local
minimizers xfsl), . ,x&l)7 P be a probability measure on A and A be a local

descent algorithm. We shall write A(x) = 2\ for z € A, if when starting at

the initial point x the algorithm A leads to the local minimizer z9.

Set 0; = P(Af) fori =1,...,1, where AT ={x € A: A(z) = xiz)} is the
region of attraction of xy) (note that A¥ may depend on the chosen algorithm
of local descent). It is clear that 6; > 0 for i = 1,...,l and 22:1 0;=1.

The method of random multistart is constructed as follows. An indepen-
dent sample X,, = {z1,...,2,} from the distribution P is generated and a
local optimization algorithm A is sequentially applied at each x; € X,,. Let
n; be the number of points x; belonging to Af (that is, n; is the number
of descents to ng) from the points z1,...,z,). According to the definition,
n;>0@=1,...,1), Ei:l n; = n, and the random vector (nq,...,n;) follows
the multinomial distribution

n

Pr{ni=n4,...,ny=n} = (AL
{ 1 1, s Tl l} Ni,..nam 1 1 >

1
|
n n! )
Enizn, =— n; >0 (i=1,...,1).
P N1y..., N ny!...ny!

We consider the problem of drawing statistical inferences concerning the num-
ber of local minimizers [, the parameter vector § = (01,...,0;), and the
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number n, of trials that guarantees with a given probability that all local
minimizers are found.

If [ is known, then the problem is reduced to the standard problem of
making statistical inferences about the parameters of a multinomial distribu-
tion. This problem is well documented in literature, see Chapt. 35 in [129].

The main difficulty is caused by the fact that [ is usually unknown. If an
upper bound for [ is known, then one can apply standard statistical methods;
if an upper bound for [ is unknown, the Bayesian approach is a natural alter-
native. Let us first consider the case where the number of local minimizers is
bounded.

Bounded number of local minimizers

Let L be an upper bound for [ and n > L. Then (ni/n,...,n;/n) is the stan-
dard minimum variance unbiased estimate of 6, where n; /n are the estimators
of 6;’s. Of course, for all n and [ > 1 it may happen, for some i, that n;, =0
but 6; > 0. So, the above estimator non-degenerately estimates only the 6;’s
for which n; > 0.

Let W be the number of n;’s that are strictly positive. Then for given [
and 0 = (61,...,0;) we have

Pr{W =wl|o}= 3 <n1,.7,nw>931~'933”‘

nite = 1<y < o <igy <1
n;>0 = =

For instance, the probability that all local descents will lead to a single local
minimizer is

l
Pr{W =1[60} = 6}
=1

and the probability that all local minima will be found is

Pr{w=16= Y 3 <n1 ” m)agl...egl. (2.97)

”1‘*'7'1;/;131:" 1<y <<y <
The probability (2.97) is small if at least one of the ;s is small. On the other
hand, for any [ and 6 we can find n, such that for any given v € (0,1) we will
have Pr{W =1 |0} > « for all n > n,. Finding n, = n.(v,0) is the problem
of finding the (minimal) number of points in A such that the probability that
all local minimizers will be found is at least ~.
Set 6 = min{6,...,60;} <1/l and note that

Pr{w =16} > (nlnnl> o = (@) Pe{W =1 (1., 7)}-

ni+...+n;=n



2.6 Some Algorithmic and Methodological Aspects 87

Hence the problem of finding n. (7, 0) is reduced to that of finding n. (v, 6.),

where 0, = (I71,... ,171). The latter is easy to approximate as for large n
Pr{W =10} =1" > ( " )—
RS niy,...,n; )
ni+--+n=n

l
=S (-1 <i> (1—i/l)" ~ exp{—lexp{—n/l}},  n— oo,

=0

By solving the equation exp(—lexp(—n/l)) = ~ with respect to n we obtain
the approximation

ny(7,0:) = llnl+In(—In~). (2.98)

This approximation is rather good even for small [ and n; see Fig. 2.9, where
the exact values of n. (7, 6,) and the approximation (2.98) are given for v = 0.9
and [ < 20.

100
801
60

40

0 5 10 15 20

Fig. 2.9. The exact values of n.(v,0+) (dots) and the approximation [Inl+
lIn(—1In~) (solid line) for y =0.9 and I = 2,...,20.

Bayesian approach

Let o; (j =1,2,...) be the prior probabilities of events that the number [ of
local minimizers of f(-) is equal to j and let A;(d#’) be the conditional prior
measures for the parameter vector 67 = (61,...,0;) under the condition [=j.
We shall assume that the measures \;(d6?) are uniform on the simplices

@j = {9] = (91,...,9j)2 6; >0, ZJ:&: 1}.
i=1
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Thus, the parameter set @, on which the vector of unknown parameters
0 = (01,...,0;) can take its values, has the form © = U2 ,0; and the prior
measure A(df) on O for 6 equals

Z ) (d67). (2.99)

It is natural to assume that A is a probability measure.
Let d = d(n1,...,nw) be an estimate of I. The estimate

d* = arg mdin/Eg 1[n1,...,nwzd¢l])‘(d9)
e

is the optimal Bayesian estimate of [; it can be simplified to
dy = Q(j 2.1
arg jné%( Oé]Q(]’ Vvyn)a ( OO)
where
QW) = () TG+ ),
Using a quadratic loss function, the optimal Bayesian estimate for the total
P-measure of the domains of attraction of the hidden I — W local minimizers

(i.e. of the sum of the 6;’s corresponding to the undiscovered minimizers) is
given by

3

aJQj,Wn/Zoz] (4, W,n).

The optimal Bayesian procedure for testing the hypothesis Hy : | = W under
the alternative Hy : [ > W is constructed in a similar way. According to this
procedure, Hy is accepted if

oo

Co1 Z a;Q(F, W,n) < croaw I'(W)/IT'(n+ W),
J=W+1

otherwise Hj is rejected. Here cq; is the loss arising after accepting Hy in the
case of Hy’s validity and c1¢ is the loss due to accepting the hypothesis H;
when it is false.

2.6.3 Sampling on Surfaces

Application of any random search algorithm to an optimization problem
where the feasible region A is defined by the equality-type constraints re-
quires sampling from probability distributions on the surface defined by these
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constraints. We show how to reduce the problem of distribution sampling on
a surface to the problem of distribution sampling on a subset of R* of positive
volume (the latter problem is potentially simpler).

Let X C R¥ with 0 < vol(X) < oo and @ be a continuously differentiable
mapping of X into R? with d > k. Using the notation x = (xq,...,z),

z=(z1,-..,24) and ® = (p1,...,pq) We can write
z1= p1(z1,...,Tk)
za = walz,...,Tk)

simply as z = &(z). For d > k, the set
A=9(X)={z=P(x),z € X}

is a k-dimensional surface in R?.
For any x € X we define

d
dij(z) = o) 9pi(a) (i,j=1,....k)

=1 81)2 a.’lﬁj
and

D(z) = y/det||di; (2)]I} ;—
The matrix ||di;(z)||};—, is non-negative definite for all 2 € X so that its
determinant is always non-negative.
If d=k then D(x)=|0®/0x| is the Jacobian of the transformation ¢. An-
other important particular case is where d=k+1 and ¢;(z)=2; (j=1,...,k);
in this case we have

27}
Ippt1(
1
oy (2t
Let ds denote the surface measure on the surface A = ¢(X). As follows
from §10, Chapt. 4 in [211], for any Borel-measurable function p defined on A

and any B C A of the form B = ¢(U), where U is a measurable subset of X,
we have

[ s = [ wa)pen

Therefore, for any measurable non-negative function p(-) defined on A and
satisfying the condition
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/ p(P(z))D(z)dx =1,
X
the probability measure with density
p(®(z))D(z), z€X

induces the probability distribution p(s)ds on the surface A = ¢(X). In the
important particular case where

c= / D(z)dx < oo,
b'e

the probability distribution with density
1
po(x) = ED(m), xe X,

induces the uniform distribution ds/c on the surface A.

Thus, the problem of distribution sampling on the surface A is being
reduced to the problem of distribution sampling on the set X C R* with
vol(X)>0. In order to obtain a realization ¢ of a random vector in R? with
distribution p(s)ds on A, it is enough to obtain a realization ¢ of a random
vector in X C R¥ with density p(®(z))D(x) and compute & = &(().

This general methodology was applied in [273], Sect. 6.1, to construct
distribution sampling algorithms on various surfaces including ellipsoids, hy-
perboloids and cones.

2.7 Proofs

Proof of Theorem 2.1.

Fix 6 > 0 and find some € > 0 such that B(z.,c) CW(d); this is possible as
f(-) is continuous in the vicinity of x,. Define the sequence of independent
random variables {(;} on the two-point set {0,1} so that

Pr{¢; =1} =1 -Pr{¢; =0} = ¢;(¢)

where g;(¢) is defined in (2.5).

For each j, the probability of the event z; € B(x., ¢) is larger than or equal
to the probability of the event (; = 1. However, the first part of the Borel’s
‘zero-one law’ (see e.g. [226]) implies that if (2.4) holds, then ¢ infinitely often
takes the value 1; this yields the assertion of the theorem. O
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Proof of Proposition 2.1.

Setting w = (1+1/u)®—1 and using the fact that the joint asymptotic density

of
Mpn =M N — M
Kp —M Ky —m
. . . . . . . 1/a 1/
coincides with the joint density of the random vector (v;"", (v1+. . .+v) <),
we obtain

1/
Pr{D, <u} ~ Pr sl v, <u :Pr{MZw}
(V1+...+1/k)1/0471/1 @ 11

-t [ [l ()

Proof of Proposition 2.2.

The formula (2.53) for the asymptotic moments follows from the fact that
(Mg, — m)/(Kn, —m) converges in distribution (as n — o) to the random
variable with density (2.48); computing the 3-th moment of this distribution
with this density immediately gives (2.53).

Proof of (2.54) is similar but more technical. Assume that 1 < j < k < n;
the case j = k is covered in (2.53) with 8 = 2.

Using the fact that the sequence of random vectors (2.49) asymptotically,
as n — 00, has the same density as the vector (2.51), we deduce that the

random vector
nj,n —m nk,n —m
Kp —M  Kp—m
asymptotically has the same density as the vector

(¢ e +Me)

where random variables £ and ( are independent and have Gamma-distributions
with densities

1

P = 1) :

I'(k—j)

277 te™ and pe(z) = I em (2> 0),

respectively. Therefore, as n — oo, we have

1

mE(W,n—m)(le,n—m) — ECl/D‘(E + C)l/a
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1 /OO/OO 1/ Vo o1, —=2 k—j—1 —
= — 2N 4 2) T e " T e Pdad
rrk-yj) Jo 0
| /OO/OO =142/ 1/a,—zk—j—1,—
= z YN +x/z)"Ye *2" 7 e Pdadz
rG)yrk—y) Jo 0

1 /°° /OO Vask—j—1_k—142/a —z(t+1)
= (14 ¢)V/ogh=i=1, =2t gy
r(Hrk—=j) Jo Jo

= 1 /OO 71 dt /Ooukflﬁ/ae*“du—)\ ;
T I()T(k—j) Jo  (t+ DEFT -

In the process of integration, we have introduced the new variables ¢t = x/z

and u = z(t 4+ 1); additionally, we have used the formulae

. 2 [ D= )IG+e)
k—142/a ,—u — - = .
/0 U e “du F(]H_a) and/o (t+1)k+1/adt I'k+1/a)

Proof of Proposition 2.3.

According to Proposition 2.1, the sequence of random variables

(10 —m)/(Mk.n — 1M1.n)

converges in distribution to the random variable with the c.d.f.

A =1 (1- (1))

O

(note that ry 5 is the (1-6)-quantile of this c.d.f.). This implies that as n — oo,

the confidence level of the interval (2.93) can be represented as

Pr{melI'} =Pr {m"_m < rﬁm}
Nen — Miyn
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