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General Introduction

Global optimization is a field with active research. It is the process of finding the global
extremum of a function of n variables, with the possibility of being subjected to some
constraints. Its importance is due to the increasing needs in many applications in sci-
ences and engineering. Two factors render the global optimization of certain classes of
multivariate multi-extremal functions difficult to treat: local irregularity, for example non
differentiability and the existence of a large number of local and global extrema of the ob-
jective function in the feasible area. One of the key challenges in global optimization is the
presence of multiple local optima, which can mislead traditional optimization algorithms
into converging to suboptimal solutions. To address this challenge, global optimization
algorithms employ various strategies to explore the solution space more thoroughly and
efficiently, aiming to find the global optimum or approximate it within a specified tol-
erance. During the last recent years, numerous works have been realized concerning
Lipschitz functions [5, 6, 10, 14]. More recently, some works tackling less regular functions
have appeared [4].

Several techniques are used in global optimization, including;:

Deterministic methods: These methods systematically explore the solution space to guar-
antee convergence to the global optimum under certain conditions. Examples include
branch and bound, interval analysis, and outer approximation methods.

Stochastic methods: These methods use randomness to explore the solution space, often
based on probabilistic principles. Examples include simulated annealing, genetic algo-
rithms, particle swarm optimization, and evolutionary algorithms.

In this work we will consider only Lipschitz and Holder continuous objective functions of
which the Lipschitz and the Holder constants are known.

This document is primarily aimed at Master’s students in mathematics specializing in
Modeling and Decision Support, as well as any student working on global optimization.
Chapter 1 introduces some important terminology and definitions and describes the field
of local optimization. Also we give some reminders of optimal conditions for an optimiza-
tion problem without constraints, thus some classical approached algorithms to determine
the solution of this problem.

In chapter 2, we are interested in deterministic global optimization methods. Our atten-
tion will be paid to one -dimensional covering methods which have the reputation of being
effective in dimension 1. Among these methods, there are those based on the use of linear
or non-linear support functions, others on covering the feasible domain. We will finish
this chapter with a series of exercises taken from Literature and others proposed by the
author. The third chapter is devoted to the extension of certain covering methods to mul-



tidimensional cases without and with constraints. Two essential methods were presented.
The first method based on a technique for partitioning and eliminating the regions of the
feasible set not containing the global minimum known by Branch-And-Bound.

A second method is of Alienor reducing transformation, is presented.

The main idea in this method consists of approximating the objective function of several
variables defined on a compact set C' of R™, by a function of a single variable by densifying
the feasible set C using a simple curve . This makes it possible to reduce the multidi-
mensional optimization problem to a one-dimensional optimization problem, to be able
to use the one-dimensional methods seen in the second chapter. Finally, we will end this
chapter with a series of numerical exercises.
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1.1 Introduction

Optimization involves the search for the minimum (or maximum) of a certain quantity,
called cost or objective function [20]. In this document, we will assume that the cost
depends on n (n > 1) real variables, gathered in a vector = (z1,...,2,) € R", which
yield a value f(z) where f is a function from R" to R. Generally, the variables z1, ..., x,
will not be allowed to take on any values, but must satisfy constraints represented by
a non-empty subset C' C R™. We will write the optimization problems in the following

general form:
min f(z)
(P) { relC



1.2 Local Minimum and Global Minimum

Local Minimum. A point z* € C is said to be a local minimizer (or local minimum
point) of the function f in a subset C' if there exists a neighborhood V'(z*,r) of z* such
that

flz*) < f(x), YVee CNV(z" ).

Recall that a neighborhood V' (z*,7) of center z* and radius r > 0 is defined by:
V(z*,r)={z eR"/ |z—2z"|| <r}.

Global Minimum A point z* € C is called a global minimizer (or global minimum
point) of the function f in C' if:

f(z*) < f(x), Vxel.

o Every global minimum is a local minimum.

o f(z*) is a minimum of f on C.
o A maximization problem can always be reduced to a minimization problem through

max f(x) = —min(—f(x)).

global maximum

local maximum

local minimum

Figure 1.1: Local and Global Minima and Maxima for f(x) on [a,b]

1.3 General Theorems of Existence and Uniqueness

Theorem 1.3.1. [4] (Weierstrass) If C' is a non-empty closed and bounded (compact) set
m R™ and f: C'— R, a continuous function on C, then the function f is bounded and
attains its bounds, meaning f has at least one global minimum and at least one global
maximum in C.

Theorem 1.3.2. If C' is a non-empty closed but unbounded set in R™ and f: C — R, a
continuous function on C'.
If lim f(x) =400 (f is coercive on C).

Izl —+
zeC

Then f has at least one global minimum x* in C.

o The uniqueness of the solution generally results from properties of convexity of f and

C.




1.4 Optimality Conditions Case C' = R"

If the exact solution of problem (P) is obtained using the optimality conditions given
below, then the resolution method is analytical.

1.4.1 Necessary Conditions

Result 1. (C.N) [20] Suppose a function f : R" — R is differentiable in the neighborhood
of a point z*. Then:

z* is a minimum or maximum of f on R" = V f(z*) = Ogn.

Result 2. (C.N) Suppose a function f : R™ — R is twice differentiable in the neighbor-
hood of a point x*. Then:

- . n
2" is a minimum of f on R" = . .. . : .
/ { V2f(z*) is a positive semidefinite matrix

1.4.2 Sufficient Conditions

Result 3. (C.S) Suppose a function f : R" — R is twice differentiable in the neighbor-
hood of a point z*. Then:

V2f(z*) is a positive definite matrix = @ is a local minimum of f on R”.

Result 4. (C.N.S) If f: R™ — R is convex and differentiable on R". Then,

z* is a global minimum of f on R" < V f(x*) = Ogx.

1.5 Approximate Methods for Solving the Problem

1.5.1 Descent Methods

The algorithms presented in this subsection allow for an approximate calculation of the
solution to problem (P).

General principle. Given a point x and its value f(z) (f assumed to be of class C*(R")),
by locally moving from z (determining whether f increases or decreases), the simplest
movement being in a straight line (in Euclidean space), small displacements will be made
in a certain number of directions d, aiming to improve the value of f. [20].

Definition 1.5.1. Let d be any direction and « > 0, if we have:
f(a +od) < f(z), ¥z € R",

then d is called a descent direction.
« : the step size
d : displacement direction or descent direction.




The principle of descent methods is to find a stationary (critical) point 7 € R™(V f(Z) =
0) by constructing a sequence of vectors {xk} .k € N from a starting point z°, defined by
the following general form:

{ x’ given

2P =2k fapd,, keN

with di the descent direction for f satisfying the following condition:
f(@"h) < f(a¥), VEeN

oy, : the displacement step from z* to zF*!.

Choice of d,.

If the vector dj, is given in terms of V f(z*), the method is said to be of first order.
If d;, is given in terms of V f(z¥) and V2f(2¥), the method is said to be of second order.

1.5.2 Gradient Method
From the first-order Taylor expansion, we have:

f@* 4+ apdy) = f(2%) + ar(VF(25), di) + O(ardy).
Assuming that V f(z*) # 0 then:

f(®) = f(a* + apdy) = —ap(VF(2), di) + O(oudy).

We deduce that each Vector dj, such that (V f(z*),dy) < 0 is a descent direction of f in
the neighborhood of z*, since f(x* + O./kdk) f(xk)

If we take dy = =V f(z*) = (Vf(a*), =V f(z")) = — ||[Vf(=")| < 0, then =V f(z*) is a
descent direction, and thus we have the general gradient algorithm [4]:

Gradient Algorithm

1) Set k =0, z° € R", an arbitrarily chosen initial point, € : a given precision.

2) While convergence test not satisfied

a) Find a descent direction by calculating d = —V f(z*).

b) Choose a step ap > 0 so that f(z* + apdy) < f(2%).
)
)

¢) Determine zFt! = 2F 4+ ad,.
d)Set k=k+1
End while
3) Stop if ||V f(z%)|| < e or |f(a"F) — f(a¥)] < e or |aFT — b <e

€ is a given precision.

Choice of a4, (the step)

a) Fixed-Step Gradient Algorithm
It consists of taking a constant step ap = o > 0 for all iterations, i.e.:

" =aF —aVf(ah), a>0.

The determination of the parameter « is done manually. If « is chosen too large, the
algorithm diverges, if « is too small, convergence is very slow.




1.5.3 Examples

Example 1. Consider the minimization problem:

(P) { I(I;i’nyj)ct(aé %32— 2(x® + y?) — 3wy

1

1- Apply 4 iterations using the fixed-step gradient method with o = 5z starting from

(«° y”)" = (1, 1)". _
2- Calculate the exact solution X of problem (P).
3- Deduce the error g4 = ||X —X® H .

Solution

1- f is continuous and differentiable on R?. Since R? is non-compact, it suffices to justify
that the function f is coercive on R? (hence problem (P) admits at least one global
solution, for uniqueness it suffices to see if f is strictly convex on R2.

The sequence of the fixed-step gradient method is given by:

(@49 = (1,1)
Xk = Xk —aVf(XY), a=% X = (2,y)

257
Vf(x y) =4 x — 3y, —3y + 4y)" hence:
) =
Xk+1 k—f—l LCk 1 4£L’k _ 3yk
yk 25 _Syk +4ykz
_ g k
Le k _ 23590 N 2§y
Yyt = gk + 2yt
For
E=0= (2°¢°)"=(1,1)
t
k=1= (:I:l,yl)t = (%723—451) = %(17 1)t
k=2= (%) = (%) (1L1)
k=3= (2% ") = (%) (1,1)
4
k=4= (a9 = (%) (1,1
2- Analytical method. We have V*f(z,y) = 3 4 and the principal minors

are D =4 >0, Dy =7 > 0= V?f(x,y) is positive definite V(z,y) € R? = f is strictly
convex on R?, thus:

P) “BVF(X) = Oge & X = (0,0)"

X is a solution of (P) ~&

So X = (0,0)* is the unique global solution (global minimum) of (P).

3- The error g4 = || X — XW|| = (2—4) (1, 1)t = (0,0)!|| = v2 (%)4 ~ 1.2.

Remark 1.5.1. 1- As (2%, y*)! = (%) (L1 = g = |[X - X®| = (%)’“ 4 0 as

k — oo, thus the sequence of the method converges to the unique solution X = (0,0)",
but the convergence is very slow.
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b) Optimal Step Gradient Method

The idea in this method is to calculate the step a4 such that:

ar = argmingg(a)
a >0
where ¢r(a) = f(z" —aVf(2")) (a function of a single variable).

i.c., starting from an initial point 2°, we have

vt = 1Y — oV f(2°) with ap = arg mingg(a) and go(a) = f(2° — aV f(2°))
a >0

(optimal value of «y)

v = 2" — o Vf(z') with a; = argming, (a) and ¢;(a) = f(z' — aVf(z'))
a >0

that is, at each iteration k£, we obtain an optimal value of the step «y.

Example 2. Consider the following problem

(P) min f(z,y) = 2*y* + y* + 20y + 2y + 2
(z,y)! € R

Use the optimal step gradient method starting from X° = (2%, 4°)! = (0, 0)".
We have Vf(z,y) = (2zy* + 2y, 2yz? + 2y + 2x + 2)* .
V(%% = Vf(0,0) = (0,2)!, we seek ap = argmingy(a) with pg(a) = f(a® —

a >0
aVf(z) = f£((0,0) — a(0,2)) = f(0, —2a) = 4a* — 4a + 2.
£ and since wg(a) =8> 0= ay = 1 is an optimal point

wg(a):8a—4:0<:>a: 3

(minimizer) of ¢q. Therefore,
1
X'= X"~y VF(X") =(0,0) — 5(o, 2) = (0, —1)".

Is X! a solution? We have Vf(X') = Vf(0,-1)" = (=2,0) and |[Vf(X)|| =2 > ¢
(where € is a given precision).

Thus, X' is not a solution, so we need to calculate X?2.

First, we find oy = argming;(a), the second optimal step, with p(a) = f(X! —

a >0
aV (X)) = f((0,-1) — a(=2,0)) = f(2a, —1) = 4a* — 4a + 1.
p1(a@) =8a—4 =04 a=1and since p,(a) =8 > 0 = a; = 1 is an optimal point
(minimum) of ¢;.
Therefore,

X2=X'— V(X =(0,-1) - %(—2,0) =(1,-1)".

We stop at this iteration because V f(X?) = (0,0)" (X? is a critical point), so the solution
is X = (1,-1)%.

See the Newton and relaxation methods and others in [20].
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1.6 Limitations of classic optimization methods

The local optimization methods presented aim to find the minimum of a function based
on the knowledge of a search direction. These methods are applicable (and even rec-
ommended) when the desired solution is close to the known solution (starting point) or
if the objective function is convex, differentiable, etc. However, they are not suitable
for multi-modal, non-convex, non-differentiable problems where there is a risk of getting
stuck around a local optimum.
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2.1 Introduction

Global optimization is a rapidly developing research field over the past few years. Its
importance is primarily related to the growing needs of applications in engineering, fi-
nance, chemistry, medicine, and other fields [6]. This topic studies the question of finding
extrema (local and global) of a function of one or several variables. Naturally, if we want
to optimize in the best possible way, we are interested in the absolute optima, hence the
importance of global optimization, which aims to obtain the global optimum. The main
quality of deterministic global optimization methods (which do not use any stochastic
concept) is that they do not always require the starting point in the search for the opti-
mum. These methods allow, at convergence, to obtain the exact solution of the considered
optimization problem with an absolute guarantee.

12
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2.2 Global optimization methods based on local search
techniques.

2.2.1 Methods of multiple initializations (Multi-start)

This method consists of performing multiple searches for local minima starting from dif-
ferent initial points (starting points) with different descent directions. These points are
generally chosen from the elements of a uniform grid. The difficulty with this method
is that to be sure of finding the global minimum with the desired precision, one must
take a number of initial points much larger than the number of local minimizers, which
is almost always unknown. The "multi-start" algorithm [22] would be efficient if multiple
determinations of the same local minimum could be avoided.

2.2.2 Tunnel excavation technique (Tunneling)

The tunneling method, presented by Levy et al.[22], consists of a series of cycles, each
consisting of 2 phases:

e minimization phase;
e "tunneling" phase.

o The minimization phase is executed to obtain a point x* such that the following condi-
tions are satisfied:

Vf(z*) =0gn and VZf(z*) is a positive definite matrix.

For a given starting point xq, any local minimization algorithm (local descent, gradient,
Newton, etc.) can be used.

o The tunneling phase is known to reach a "good" starting point for the next minimization
phase: starting from the point x* just obtained, a solution of the "tunneling" equation
given by:

flx) = f(@") =0 (1.1)
is sought.

As soon as a zero (root) of equation (1.1) is reached for an xy # x*, this point is taken as
the new starting point for the next minimization phase. If, after a sufficient computation
time (arbitrarily chosen), an zy # 2* solution of (1.1) is not found, it is considered that
the equation:

f(z)— f(z*) >0, VrelsS, x#a,

is satisfied and the algorithm is terminated.

The figure below provides a geometric illustration of this algorithm for a one-dimensional
function (single variable).
Starting from the point z9, the local minimization phase leads to the local minimum z%,
Then, the tunneling phase provides the point 29, which serves as the starting point for a
second iteration in two phases: minimization until 27 followed by tunneling until 3 . The
final iteration brings, in the minimization phase, to x3, Since the tunneling phase cannot
provide a zero (root) of equation (1.1), the program stops. We consider z% as the global
minimum of the function f.
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fix)

mummusation 1 ,:
x|
minmisation 2

minimisation 3

Figure 2.1: The geometric interpretation of the tunneling method

Remark 2.2.1. This procedure avoids the attraction of local minima that have already been
encountered. However, it has a drawback: the auxiliary piercing function, progressively
constructed from f and other coefficients, becomes increasingly flat, which complicates
its minimization.

2.3 Covering methods

First, consider the global minimization problem:

f* = globminf(z), (P)
zeC

where C' C R" is a compact set, and f : C' — R is a continuous function on D. (Weier-
strass).

In numerical computations, this problem is usually simplified by introducing what is called
the set of e-approximate (or approximated) solutions:

Cr={zxeC: f(r)—e< [},

where € > 0 is a given precision. We need to find some point z* € C}. In other words, it

is necessary to find, with precision ¢, the value of the global minimum of the function f

and at least one point * = arg minf(x) at which the approximate value is attained, that
c

is: min f(z) =f* = f(z*).
General principle of covering methods.
First, let’s give the key idea of these methods (we will specify the description later):[5]

Suppose that the objective function f is evaluated at the points xy, s, ..., x; of C.
We call record of order k£ the following value:

Ry, = min {f(z1), f(22), ..., [ (@) }; (2.1)
and we call record point of order k any point z;,7 = 1, ..., k verifying:

f(x;) = Rg. that is, x; = argmin Ry.
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Define the following set:

Ey,={reC: R,—e< f(x)}, (2.2)
obviously,
Ry —e< ilggif(x)
then:

= globmeigf(x) = min f(x),if C # E;.

ZL’EC—Ek

Thus, the points of Fj are not of interest in the search for the global minimum and
consequently they can be omitted (or eliminated) from the feasible set C'. The search for
the global minimum continues only on the set C' — Ej. In particular, if:

CCEy, (i.e., B} covers C') (2.3)

then the initial problem is solved and the record point xj, is considered as an approximate
solution (R is the approximated global minimum of f), with the guarantee that z; € C.

Now, if f is evaluated at a new point xp,1, then another record Rj,; is obtained, and
consequently a larger set Fjy.; can be omitted. The real sequence (Ry) is decreasing,
while the sequence of sets { £} is increasing in the sense of inclusion, i.e.,

Rk+1 < Ry and E, C Ek+1~ (24)
Thus, the minimization problem (P) is reduced to the construction of a sequence of points
Ty, Ty, ..., T verifying (2.4).

These are called covering methods because they generate a finite family of balls (B(z;,7;))1<i<i
whose union covers C', that is

l
C Q L_Jl(B(SL’“ T‘Z))
Covering methods are divided into two types:

a) Passive covering methods.
b) Iterative covering methods.

2.3.1 Passive covering method

Generally, the functions encountered in most practical problems have a bounded rate of
variation (a less restrictive assumption than differentiability), which is why the as-
sumption that the objective function f is Lipschitz is very common in numerical analysis.
Covering methods have been theoretically constructed to exploit this property.

Definition 2.3.1. Let (C,d) be a metric space, a function f :C' C R™ — R is said to be
Lipschitz on C' if there exists a constant L = L(f,C) > 0 such that
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Obviously, if f is Lipschitz with constant L on C, then it is also Lipschitz for any
constant L' > L. Furthermore, from inequality (5), we deduce that any Lipschitz function
on C'is continuous on C' (the converse is not always true).

In most cases, the Euclidean distance is used. However, in several applications, inequality
(5) is considered with respect to other distances:

1/p
dp<x,y) = (Zl |$j — yjIP) for 1 <p < .
]:

1/2
Ifp=2: ds(z,y) = (Z |z; — yj\2> = ||z — y||, (the Euclidean distance and norm in
j=1

R™).
And dyax(7,y) = max (|z; — y;]) with 2 = (21,29, ...,x,) € R" and y = (y1, Y2, ..., Yn) €

1<j<n

R™. (Chebyshev distance).

o While considering the equivalence between the norms |||, , .||, and ||.||. -

o Any Lipschitz function with respect to one norm is also Lipschitz with respect to the
other norms.

Remark 2.3.1. Evaluating the objective function f only at the points of a sufficiently
(or a-dense) a-mesh (or grid) of the domain C' guarantees the detection of the global
minimum with a given precision.

Definition 2.3.2. A sequence of points (xy)reny C C is said to be an a-mesh (or a-grid),
(> 0)in C'if:
Vo € C, 3k € N such that d(x,z;) < a.

In passive covering methods, there are several ways to choose the sequence of points
x1, T, ..., Ty that satisfies condition (4). The selection of points x1,zy, ...,z is done in
advance among the elements of the feasible set and independently of the information
that arises during the search of the algorithm. The meshes are generally uniform. These
methods are simple but of great theoretical and practical interest.

Remark 2.3.2. The most common and easiest to construct uniform meshes in a cube of
R™ are those where the space is equipped with the maximum distance (the Chebyshev
distance). Naturally, the Lipschitz constant must be estimated with respect to this dis-
tance. However, the construction of a passive mesh is easy only for certain sets such as
parallelepipeds and balls in R™. If the set C' does not have a simple structure, one may
encounter enormous difficulties in constructing a mesh with good uniformity characteris-
tics. Moreover, this is the most important step in the algorithm, given the simplicity of
investigating its realization. Cubic meshes are obtained by equipping C' with the distances
d,(z,y) and dpyax(z,y).

Rectangular meshes are obtained from the following distances:
1

P

Op(z,y) = Zl)\j lz; —y;[P | forp>1
J:

Omax(T,y) = [nax (Aj |z; —y;]) with A1, A, ..., A, being strictly positive numbers not all
SJsn
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equal.

Examples of uniform meshes.

Ezxample 2.3.1. If n =1, n € N and p > 2 is an integer. Let the set C = [a,b] C R be an
interval, then we define the uniform grid of points in C as follows:

1.b—
Gp:{xi:a+(i+§) ¢ /i:O,l,...,p—l}
where p is the number of sub-intervals [a;, b;] with centers z; and the same radii $%=¢ such

that: »
la,b] = éUO [a;, b;] .

1=

Example 2.3.2. If n > 2, let the hypercube in R" be defined by C = [0,a]" = [0,a] X ... x [0, a];

.

vV
n times

then the uniform grid of points in C is given as follows:

. la, 1loa N o ,
= { (0 )00+ )%l ) itrein € (0, 1,p - 1]

is a uniform mesh of C consisting of p” points. We can easily show that for any x € C,
there exists € g, such that:

dmax<x 5) S

SHRS

Thus, the balls centered at the mesh points with radii % form a covering of C.
See an example for n = 2 and p = 3.

Ezxample 2.3.3. If C is a hyper-rectangle, i.e., C = ﬁ [a;, b;] = [a1, b1] X [ag, ba] X... X [an, by].

Then we divide each side [a;, b;] of C into p; segments of length [; = %=% ‘“ and we choose
the mesh points as follows:
_ [ (a4 (a4 P, as+ (ia + Hlay ooy s an+ (in +%) )
/ilai%" Zne{0a17' Pk — 1} :1a yeeey 1V

Passive covering algorithms

The idea of the passive covering algorithm is simple. Indeed, for a Lipschitz function
f with constant L defined on a compact set C' of the metric space (R™, d), we take a
mesh g = {1, xs,...,2x} C C. In the construction of the covering of C, one of the most
commonly used methods is covering by balls B(x;,r) where r is the radius of the balls

k
satisfying C' C le(xi’ r). Then we have:

Ve e C, J3i € {0,1,....k} such that x € B(x; ,r).

Suppose that z; = argmin{ f(z;)} = arg minf( ) (record point), i.e., x} is the point
1<i<k
that achieves the minimum of f on the grld g, SO xj, is an approximation of a global

minimizer z* of f on the grid gy, thus f} = f(x}) is an approximation of m* = f(z*) =
mig f(z) (exists according to Weierstrass), that is f; = lrgjgk {f(z;)} (record).
TE AN
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Furthermore, there exists j € {1, ..., k} such that 2* € B(x;,r), and since f is Lipschitz,
we have

fi =l = |f@}) — f@)] < |f(e)) — f@2)] < Ld(ay,a") < Lr < c.

Thus, by taking the radius of the balls 7 < £, the global minimum of f can be obtained
with the precision € and the minimizer xj with the precision £.

Passive covering algorithms have interesting theoretical properties but they have the draw-
back of completely neglecting the information about the objective function obtained dur-
ing the search. This drawback makes grid algorithms inefficient, especially in the case
where C' is of high dimension (since the number of evaluation points of f increases enor-

mously with the dimension of C'). Below, we provide a passive covering algorithm in the

one-dimensional case, i.e., C' = [a,b] C R.

Algorithm.

1- Initialization.

Set k=1, vy =a+ §, v =z and f. — f(z.) (record).
2- Steps k= 2,3, ...

Set Tpy1 = Tp + 27

If 441 > b— § (or if x441 > b) then stop.

Otherwise, determine f(xgy1).

If f(xgs1) < fe then set x. — xpy1, fo — f(Trp1)-

Set kK — k + 1 and go to step 2.

End of the algorithm.

Remark 2.3.3. 1) In the case where C' = [a,b], we can cover [a,b] with sub-intervals
{Ii}1<icp centered at {z;}, ;. and having the same radius r; = £, Vi such that [a,b] =

k
'91]1-. (see the first example of uniform grids).

2) At the initialization of the algorithm, we set z; = a + ¢ which is the center of the

interval I; = [a,a + 2%} with radius r; = £, because at the initialization f(z1) = R,

(record of order 1). With this value of z1, we save time and ensure that we do not miss

the global minimum in the vicinity of this point. Indeed, if 2* = argminf(z) € [a,a + 2£]
a,b

then: 6
£@) — )| < Ld(r,a) < s

= x1 is an approximation of the global minimum z*.

3) The passive covering strategy is independent of the use of information about the ob-
jective function f (i.e., the evaluations of f during the search).

4) Passive covering algorithms have interesting theoretical properties but they have the
drawback of completely ignoring the information about the objective function obtained
during the search. This drawback makes grid algorithms inefficient, particularly when
C' is of high dimension (since the number of evaluation points of f increases enormously
with the dimension of C').
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Theorem 2.3.1. The number of evaluation points N for a Lipschitz continuous function
with constant L over an interval [a,b] C R is given by:

ve 0505

2e

where |.| denotes the floor function (the greatest integer less than or equal to a given real
number) and € is a given precision.

Proof. According to the passive covering algorithm, we have:

B £
ry = Cl"—z
£ e 2 (2x2—1)
Ty = m1+f:a+z+f:a+f
2¢e (2x3—1)
T3 = x2+f:a+#
T = a-+ (2xk=-1)e (this can be shown by induction).

L

For the algorithm to converge to the global minimum with the desired precision ¢, the
number £ must satisfy the following condition:

£
$k§b+z<$k+1.

Assuming the algorithm stops at iteration & = NN, then at this iteration we have the
following condition:

g
IN§b+E<ZEN+1.

Since the sequence (xy)g>1 is increasing, it follows that N is the smallest integer j € N*

that satisfies: .

N:min{jEN* / b+L<xj+1}a

(2xj—1)e

where ;11 = a+ %

I . € (2xj—1)e
N = mln{jEN / b+L<a+—L }
(b—a)L}

= min{jEN* / i> 5

thus the smallest integer j € N* that satisfies the last inequality is

N:{%J—Flel\l*.
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Passive overlap algorithm in the multi-dimensional case. In the case where the

feasible set C is of dimension n > 2 and C is a hyperrectangle in R", i.e., C = ‘1:[1 la;, b;] =

[a1,b1] X [ag,by] X ... X [an, b,], the overlap intervals are replaced by cubes in R™ whose
faces are parallel to the coordinate axes. For this purpose, it suffices to assume that the
Lipschitz condition is satisfied with respect to the Chebyshev norm (||| ). In this case,
we have:

1f(x) — fy)| < Lz —yl|,, Vr,yeC.

If the norm used is not the Chebyshev norm, for example the Euclidean norm, we obtain:
[f(@) = fWI < Llz—yll, < Lvnlz—yll,, Vz,yeC.

k
Then, taking the radius of the cubes P(x;,r), r < T verifying C C Y P(z;,1).

Passive covering algorithm if n = 2.

If n =2 then C = [aq, by] X [ag, ba].

1- Initialization. Set z; = (z,2%) = (a;,a2) + ﬁ(l, 1).

m = f(z1), Ry =m (record of order 1) (= is an initial approximation of argcminf(a:)).

2- Procedure Npgssive(1, a,b).

L
J

We construct a sequence of points =7 (horizontal grid).

: 1 €
While x; < by + R do
If le > b; then mjl =
S = f(z)), (z; = (2, 27), with 27 = as + ;55).
IfS<R, m=S andargR;, =z,
Ti =T+ sz (see the one-dimensional case on [aq, b1]).

End While

Otherwise Npggsive(i — 1,a,b) (we fix j, (vertical grid))

While xé < by + ﬁi , do
If x> by then z% = by

i =%+ 7% i =i+1End While.

Theorem 2.3.2. The number of evaluation points N for a Lipschitz continuous function
with constant L > on the rectangle C = [ay, by] X [a, b] in R? is given by:

() (e

where |.| denotes the floor function of a real number and € is a given precision.
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Proof. If n = 2, we have

Ty = a;+ LL\/§
L L 2 3 2 (2x2—1)
Ty, = $1+L—\/§:a1+L—\/§+L—\/§:a1+L—\/§
1 L 2 (2x3—1)
BTRTIATT LA
T, = ap+ M (this can be shown by induction).

L2

For the algorithm to converge to the global minimum with the desired precision ¢, the
number £ must satisfy the following condition:

19
<bi+ S <al

< G

The number of evaluation points N; is given by (see the one-dimensional case on [aq, b1])

N = Q—(bl — ;QL\EJ - 1) .

So at each call of Npgssive(1,a,b), Ny evaluation points are needed, but the procedure

Npassive(1, a,b) will be called Ny = ({WJ + 1> times, hence the total number of

evaluation points is N = N; X N, which was to be demonstrated. O

7

Exercise 2.3.1. Describe the passive covering algorithm in the general case n > 2, i.e.,
C= ‘1:[1 [ai,bi} = [al,bl] X [ag,bg] X ... X [an,bn].

2.3.2 Evtushenko’s iterative covering method

In iterative covering algorithms, the elements xq, o, ..., x; of the mesh are denser in the
region where the function takes small values and less dense elsewhere. Indeed, at step
i of the algorithm, the selection of point x; (1 < i < n) depends on the points previously
chosen xy, , ..., x;—; and their images f(x1), f(z2),..., f(x;—1). The construction of the
mesh depends on the function f, the feasible set C', and the chosen metric, in addition to
the Lipschitz constant. First and second derivatives of f are sometimes used when they
exist.

Evtushenko developed several covering methods, the one we will present is the most well-
known and widely discussed in the literature. It is based on excluding cubes whose centers
are points obtained through a recursive procedure of one-dimensional global optimization.
Suppose the function f is evaluated at points x1, xo, ..., Tp.

Let m} = min{f(xy), f(x2), ..., f(zx)} and denote by (B(z;,7))1<i<k the family of balls
with centers x; and radii r;;. Let’s demonstrate how this sequence of points is constructed
in the method of Evtushenko.
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Theorem 2.3.3. Let f be a Lipschitz function with constant L, defined on a compact set
C' of the metric space (R",d). Suppose f is evaluated at points xy,xa, ..., xx in C. Define

k )—m* :
m; = min{f(xy), f(xa),..., f(zx)}. If C C iL:JlB(x,»,mk) with 1y, = % then mj, is

the global minimum of f with precision € on C.

Proof. According to the Lipschitz condition, we have

[f(@) = fy)l < Ll —yll, Va,yeC, (1)

thus
fy) =Lz =yl < f(z), Vz,yeC (2)

which means that for a fixed y € C, if a certain x satisfies:
my, —e < f(y) — Lz -yl (3)
then mj — e < f(x). We consider the balls:
B(wiri) ={z € R"/ |z — 2| < ra};

from inequality (3) we have

e+ fly) —m;
— <
o~y < SFI

so for y = x; , we must have the radii r;; given by:

e+ f(x;) —my
Tik = I .

It is easy to see that for all i = 1, ...,k and for all z € B(z;, ;) we have mj — e < f(x).
Thus if the union of the balls B(x;, ;) does not cover C, the global minimum can be

k
reached in C' — ~le(xi’ rir). Consequently, the balls B(x;,r;;) can be omitted from the

feasible set C'; we search for the solution in the remaining part. The problem (P) will
have a solution when the union of the balls completely covers C.
O

Remark 2.3.4. 1° In the case where the feasible set C'is of dimension n > 2, the covering
intervals are replaced by cubes in R™ whose faces are parallel to the axes of the coordinate
system. For this, it suffices to assume that the Lipschitz condition (1) is verified with
respect to the Chebyshev norm. In this case, we have

[f(x) = f(y)] < Lllx =yl = Lmax (|27 —¢|) = Ldmax(z,9),

1<j<n

where z = (z',2% ...,2") € C and y = (v*,y? ...,y") € C. Therefore, according to

inequality (4), for y = z;,
fla) —mp+e _

dmax;ig — lik-
(x, ;) 7 Tik
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2° If the norm used in (1) is not the Chebyshev norm, for example the Euclidean norm,
we obtain

(@) = FW)I < Lle—yll =L, | Y Jad =y < Lv/nmax (|27 = ]) = Lv/n |z =y,
st <jsn

thus according to (4), for y = z; ,

o — i) < Vit (@, 22) = v/ max (|27 — ¢]) < rie

1<j<n

then,
rig  f(@) —my +e
Ao (7, 1) < —= = :
a ( z) = \/ﬁ \/ﬁ I

The representation given suggests a constructive method for solving the problem (P). In
summary, the method consists of the following: suppose that for a certain sequence of
points {zy} the record m} is determined. The sequence of points x; and the radii ry
of the ball are stored in memory. If at the new point x5, we have f(xpi1) < mj , we
set my,; = f(xr41) and replace the term 7y with 74,11. If the balls Bj41 cover the set
C, then the calculation will be stopped; otherwise, we take a new point x;, - and continue.

3° The set C'is covered by balls of different radii. Consider a point z; for which m; = f(z;),
1 < i <k, obviously we have f(z;) = m} > mj} hence,

flz) —mj+e_ e
L - L
thus the smallest radius is at the point x; for which mj = f(z;). (that is 7).
Evtushenko’s One-Dimensional Method
In the case where C' = [a, b] in R, according to theorem 3, we can cover the interval [a, b]

with sub-intervals {I;}1<;<x centered at {x;}1<;<x and with radius ry, = w

Tik =

, such
that: [a, b] C z@lji'

Since the smallest of the radii 7 is £ , we take xy = a + 7 which is the center of the
interval I; = [a,a + 2] with radius r; = £, because at initialization f(z1) = mj.

With this value of x;, we save time and ensure that we have not overlooked the global
minimum in the vicinity of this point.

For the point x5 which is the center of the interval I, with radius roy = w, we
should take w3 = 1 + 711 + r22. However, roy is unknown, but we know that rey > ;. So
Wetake@:xl—l—rn—k%:a—k%—i—%.

In general, for i > 1, the sequence {z;,1} is defined by:

Ty =a+ %
%H:%+%+KQ%ME:%+KQ%£E
Remark 2.3.5. - This choice ensures that we do not miss the global minimum of f, as the

k
intervals I; overlap. We stop when £ satisfies C' C ‘U1]i’
i

- If x,, < b and xy + ri > b, then the last point of the sequence is Ty.
- If 2 + 7 < band xp, + 14 + £ > b, then the last point of the sequence will be 1 = b.
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Evtushenko’s Iterative One-Dimensional Algorithm
1. Initialization

Set k=1, x1=a+ %, . =11, fo= f(21).

2. Steps k=2, 3,...

Set xp 1 = a2 + 7 + w

If zx41 > b — %, then stop.

Otherwise, determine f(zg1).

If f(zhe1) < fo, then Set 2. = mppr, fo = f(Tas1):

Set k =k + 1 and go to step 2.

Theorem 2.3.4. The number of evaluation points N in Evtushenko’s algorithm, in the

one-dimensional case, lies between ki and kg, (k1 < N < ky), with:

S T B
o [0505]

|.| denotes the floor function of a real number.

Proof. 1t is clear that N is maximal < the radii 7, are maximal (maximum distance),
and this is verified when the objective function f exhibits the greatest possible variation
between two points x and y in the interval [a, b]. However, f is Lipschitz, which means

|f(z) = fy)| < Lz —y|, Va,y € [a, b].
~—_——— ——

variation distance

Thus, the most favorable case for the method is the one in which we have

|f(xz) — f(y)| = Llz —y|, Vx,y € [a, b], with f increasing on [a, b].
— S——

variation distance

In this case, the Evtushenko algorithm gives us the following sequence of points:

r = a-+ zr. = x1, fo = f(x1) = m] (initial record)

Za
B o= m b (f(o) — fo b 20) = at o o(f(an) —m 4 26) = at
—_——

(%)

L L L
=0
1 1 .
T3 = 9+ Z(f(a:Q) — fe+2e)=x9 + z(f(xz) —m5+2e) =
1 1
= 29+ z(f(ﬂfz) —min{f(z1), f(z2)} +2¢) =22 + E(f(xg) — f(x1) + 2¢) since f is increasing
1
= z9+ Z(L(Ig — x1) + 2¢) (according to (x)).
2e (23 —1)e
= 2$2—$1+Z—G+T.
27 — 1
T, = a+ Q, for all j > 1 (by recurrence).

L
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To ensure that the algorithm converges to the global minimum with the desired precision
e, the number k; must satisfy the following condition:

€
Tk, <b+ E < Tpya1-
Hence £ is the smallest integer 7 € N* such that
kL = min{j eN"/ b+ % < xj+1}
2j+1 -1
= min{jEN*/ b+% <a+u}

L
b—a)L .
= min{jEN*/ %+1<2J}

_ min{jeN*/ j>10g2(%+1)<j}

If the function f is constant, meaning f(x) = ¢ for all x € [a, b], then the method
coincides with the passive covering method. Indeed:

€
xr = Cl“f—z
1 2e 2x2—1)e
Ty = x1+z(f(x1)—f€+25):x1—|—fza—i-%
1 2x3—1)e
T3 = 952+z (f(z2) — f2) +2€):a+¥
——— L

=0 since f is constant

(2xk—1)
L

T = a-+

To ensure that the algorithm converges to the global minimum with the desired precision
g, the number k; must satisfy the following condition:

£
Ly S b+ E < Lho+1-

So ky = L%J + 1. In general, we have k; < N < k. O
Remark 2.3.6. According to Theorem 4, we deduce that the Evtushenko method is not
effective for decreasing functions, since the number of evaluation points in this case is

equal to the number of evaluation points in the passive algorithm. Indeed:

vy =t () = s+ 22) = 2+ T (f(e2) —min {F (@), f(22)} + 22)
2e

= 1‘2+f
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2.4 Global optimization methods using support func-
tions

The main idea behind these methods is to construct convex lower bounding functions
(support functions), whether linear or nonlinear, of the objective function over the feasible
set in order to relax the non-convex problem. Thus, the global minimizers of these support
functions form a sequence that converges to the global minimum of the objective function.
In this section, we describe how to construct support functions for a Lipschitz continuous
objective function or a function that is twice continuously differentiable.

2.4.1 Piyavskii-Shubert method

Problem Statement. Consider the following one-dimensional global minimization prob-
lem:

min  f(z) (P)

z€[a,b]

which we aim to solve with a required precision of € > 0, where f is a Lipschitz continuous
function with constant L > 0, defined on an interval [a,b] in R and taking values in R. In
other words, f satisfies

V,y€lab], [f(x) = f(y)l < Lz -y (2.1)

The Piyavskii-Shubert method [11] involves constructing increasingly refined coverings of
the objective function over the optimization domain C' = [a,b] C R. It is applicable to
one-dimensional Lipschitz continuous functions with Lipschitz constant L > 0 over [a, b].

Definition 2.4.1. We say that a function g is an underestimator (or support function)
of the function f on [a,b] if

Vz € [a,b], g(z) < f(z).

According to (2.1), we have

fly) = Llz—y| < f(o) < fly) + Lz —y|, Vaz,yc€la,b] (2.2)

Let’s fix y € [a,b]. It follows from (2.2) that the concave function: F'(z) = f(y)—L |z — y|
is an underestimator (or support function) of f on the interval [a,b] . We will construct
a sequence of points {x;} and a family of sets {Ej} satisfying [a,b] C %Ek as follows:

Consider the function,
Fi(z) = f(x1) — Lz — 2], (2.3)

where z; = y is any point in [a, b]. The next point of the iteration is defined by:

ro = argminf(x).
zeD

Replacing z; with x5 in (2.3), we obtain an underestimator of f(z) on [a,b], but

max(f(x1) — Lz — 21|, f(z2) — L |z — 23])
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is a new underestimator of f and it is closer to f(z). Therefore, we take

Fy(x) = max (f(z;) — L|x —z;]) and w3 = argminFy(x).

1<i<2

z€[a,b]
At step k, we take
Fi(w) = max (f () — Lz — ), (2.5)
and
Ty = argminFy(x) (2.6)
x€la,b]

In the Piyavskii method, we take the following family of sets as the covering of [a, b]:

Ey = {xER:lgi}é(f(xi)—[/|x—xi|)2f; —6}
= {zeR: Fy(z) > fi —¢€},

where f} is an approximation of the global minimum of f. In the Piyavskii-Shubert
method, the sequence of points {z} is defined by the general term:

a+b

Tpe1 = argminFy(x), with z; =
z€[a,b]

and Fy(x) = fgfg;(f(%) — Lz — ),
in this case Fi(z) is a piecewise linear underestimator (support function).

Piyavskii-Shubert one-dimensional algorithm
1. Initialization.
a+b

k + 17 Tl < SRE Topt < T1, fopt — f(xopt).

Fopt < fopt — 2(b—a), Fi(x) = f(z1) — Lz — 4|,
2. While f,,, — F,,; > ¢ do

If J(@rg1) < fopts fopt & f(Tr41)i Topt < Tig1s
End If

Fipa1(z) + 1gr?ga13i1<f(xi) — Lz — x4])

Fopt < r[nibr]leH(:z:).
k< k+1  End While

Remark 2.4.1. 1) This method is simple and very effective in the one-dimensional case.

In the multidimensional case where C' is a box [] [a%,b] in R", the algorithm loses its
i=1

efficiency. Some extensions of the Piyavskii method in both one-dimensional and multi-

dimensional cases will be given eventually.

2) The restriction of the function Fy(z) on each subinterval [x;_;, z;] is a piecewise linear

function (see figure 2). Its global minimum is attained at the intersection point of two

lines with equations:

yi(x) = f(x) — L(z; — x)
Y2 () f(zic1) — L(z — x;)
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1 is increasing and 15 is decreasing. The intersection point of y; and ys is explicitly given
fori=2,....k by

Ty = i(f(l“i—l) — f(z:)) + %(1’@‘ +Ti1)
nd Filin) = min Fia) = 5(/() + @) = 5 (o~ ).

Convergence of the Piyavskii-Shubert Method

Theorem 2.4.1. The Piyavskii-Shubert method applied to Lipschitz continuous functions
converges in a finite number of iterations to the global minimum with precision less than
or equal to €.

Proof. Let m denote the exact global minimum of f on [a, b], and let f. be the approximate
global minimum of f obtained by the Piyavskii method. We will show that f. —m <e.
Suppose the algorithm has reached the global minimum f. with precision ¢ after &
point evaluations zy, xs, ..., Tg.
Then, we have:

fe =min{f(z1), f(x2),..., f(xx)} (the k-th record).

And f. — ming Fi(x) < e (since Fi(x) is an underestimator and f, are evaluations of
f), where Fy(z) = maxy<;<x(f(x;) — Lz — 24]).
Since Fj(x) < f(x) for all = € [a, b], then

I[nib? Fi(r) <m < f;

and consequently
fe—fo<fe—m<fe —I[Ilibl]le(x) <e.

This completes the proof. n

2.4.2 Brent’s method

Problem Statement. Consider the following one-dimensional global minimization prob-
lem:
min f(z) (P)
z€[a,b)
which we want to solve with a required precision € > 0, where f is a C? function defined
on the interval [a, b] of R and takes values in R.

Brent’s method is a one-dimensional method developed by Brent. It applies to twice
continuously differentiable functions whose second derivative is bounded. In other words,
there exists a constant M > 0 such that:

"

f (x)‘ < M, for all z € [a, b].
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The idea is to construct an increasing sequence of piecewise parabolic functions (¢ )ken
on [a, b] such that:

op(r) < pria(x) < f(z), Vo € [a,b],Vk € N.

Let’s recall that a function F' is piecewise parabolic on [a, b] if there exists a finite family of
disjoint intervals (I;);<;<x such that: [a,b] = 1<u<k]1i and for all ¢ = 1, ..., k, the restriction

of F to the interval I; is a parabolic function. This allows us to generate a sequence of

points z} = arg mingpy, which converges to an optimal solution of problem (P).
z€[a,b]
Brent’s method relies on the following result:

Theorem 2.4.2. Let f: [a,b] — R be a function twice continuously differentiable and

satisfies | " (z)| < M for all x € [a,b]. Then for any x1, x5 € [a,b] such that x; < x5, the
parabola p(x) defined by:

¢ (x) =M, Yz € [a,b] and { andﬁ@i)::fﬁ;i)

is an underestimate (or support function) of f on [x1,xs].

Proof. Let’s define g(x) = ¢(x) — f(x) for z € [a,b], then
g (x)=¢ (x)—f (x) = M~ f"(x) > 0, thus g is convex and we have: g(z;) = g(z2) = 0,
hence we necessarily have

g(x) <0,V € [x1, 23], where p(z) < f(z),Va € [x1, x9).
Il

Remark 2.4.2. If the function f is evaluated at points a = xg < 7 < ... < wp < Tpy1 = b
within [a,b], then we can construct a parabola ¢, .. ) on each interval [z, z;] for
j =0,..., k, satisfying:

SO[-Z’j7-1’j+1]<Ij) = f('r])
Qp[xyxjﬁl](‘rj‘f'l) = f(xj-f-l)
and ¢ x) =M for x € [z;,xj41].

$jvfcj+1]<

This results in a sequence of piecewise parabolic functions, where the general term is
denoted by:
Fk(x) - [(p[a,xlb Plry,za]s -+ Qp[xk_l,xk]} .
Now, let’s find a parabola ¢(x) satisfying " () = M and passing through the two
points (z1, f(z1)) and (za, f(x2)), where z; # x5. Assume ¢(z) = ¥a? + az + 3. We

have "
f(z1) = gxf +ar +
fla) = Haf+axy + 6

This system has the solution:

 flm) = fea) M
S TaTn 2t
3 = 21 f(x2) — 22 f(21) + %mlxg.

Ir1 — X2 2
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The minimum of ¢ necessarily occurs at the point z,, which satisfies ¢’ (o) = 0, hence

o flz) = fl@1) | o+
M_ M(l’l—l’2> 2 ’

Trog = —

Ezample 2.4.1. Figure 2 below shows an example of a function f of class C?([0,1]) and
its minorant function ¢(z) (parabolic) on the interval [0, 1], where f is given by

(@) = sin((z — %)zm) 4627 +2,¥z € [0,1].
We have:
Fl@) = drcos((z — %)4@ +122,¥z € [0,1].
f () = —167°cos((z — %)4#) +12,Vz € [0, 1],
thus we have
‘f’Kx)‘5;16w2-+12,vx e 0,1].
We set M = 1672 + 12. There exists then a parabolic minorant function ¢(z) such that

p(x) < f(z), Vo € [0,1] and ¢(0) = f(0) and ¢(1) = f(1).

The parabolic function ¢(z) is defined by p(z) = ¥2? + az + § with o = % —

M0 41) = —872 and g = YO=VO 4 Mo 1 = 2 whence p(z) = La? + ax + f =
(872 +6) 2 + (—87%)x + 2

el - 2

10T

m— = o i

104+ “‘x g
204

20T

Figure 2.2: The parabolic minorant function (in red) of the objective function (in blue)

Brent’s Algorithm.

1. Initialization.

Set k=1, a1 = {0 4 ot  — argmin {f(a), f(z1), FD)}, fo= f(x)-
Fe = @ap(®1), Fi = [Plam]s Pleib)] -

2. Step k = 2,3, ...

If f. — F. <, then stop.
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Otherwise, determine x4, = argmin Fi([a, b]).

If f(xrs1) < fe, then set fo = f(Tpy1), Te = Tpy1.

Set Fk+1(x) = [So[a,xl}; Pla1,aa]y -+ (P[a:k,b]} and F, = min Fk+1([a, b])
Set k =k + 1 and go to 2.

2.4.3 Conclusion

The covering methods mentioned in this chapter are simple to program and very effective
in the one-dimensional case. Brent’s method generates a smaller number of evaluation
points than the methods of Evtushenko and Piyavskii-Shubert, but it is applicable only
to the class of functions that are twice differentiable with bounded second derivatives,
whereas the other algorithms apply to a larger class (Lipschitz functions, Holder func-
tions, etc.). Additionally, its disadvantage is that it does not generalize to the multidi-
mensional case, and it loses its efficiency if the objective function is fairly flat near the
global minimum.

2.5 Exercises

FExercise 2.5.1. Let P C R™ be a convex set and let f be a continuously differentiable
function on an open set €2 containing P with the gradient of f bounded on P. Then show
that f is a Lipschitz function on P with Lipschitz constant L given by

L=suwp {|Vi@)] .z € P}.
Ezample 2.5.1. Let f(z) =sin ((z — 1)4w) + 627 + 2, z € [0,1]. Calculate L. [5]

Solution 2.5.1. Let x,y € P, since P is convex, there exists z € P such that z = Az +
(1 =Xy, A €0,1]. Using the Mean Value Theorem,

fl@)=fly) = (@-y)" Vf(z)
= [f(2) = f)| =z —y)" VIz)],
since V f is bounded on P,

[f(@) = fWl = [(@—y)" VIE)| < IVl -yl
< suwp|[VIE)He =yl

Let L =sup{||Vf(z)|| ,x € P} then

[f(x) = f(y)| < Lz =yl Yo,y € P.
Thus, f is Lipschitz on P with Lipschitz constant L = sup ||V f(z)]| .
P

Remark 2.5.1. 1) If the set P is a compact subset of R, we can apply the previous result,
i.e., f is Lipschitz with constant
L = m}ngVf(z)H. (because V f(z) is continuous on the compact P, thus Vf(z) is

bounded).

2) According to the expression of the Lipschitz constant, we note that L is the smallest
constant that satisfies the Lipschitz condition.
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Ezample 2.5.2. Let f(z) = sin((z — 3)4m) + 62 + 2, z € [0,1]. We will show that f is
Lipschitz and calculate L.
f is differentiable on the compact [0, 1] of R, according to the previous result, f is Lipschitz
on [0, 1] and the Lipschitz constant is given by the expression
L =max|f (@)
max |f - (x)
Calculating f '(z) = 47 cos((x — §)4m) + 12z and |f "(z)| = |47 cos((z — 1)4m) + 122] <
4+ 12,Vx € [0, 1].
Here, dm + 12 = L = I{Ilai( |f /(:p)| (the smallest Lipschitz constant).
0,1

FEzercise 2.5.2. Let f, g, f; (i = 1,...,m) be Lipschitz functions on a compact set C' in R™.
Show that the following propositions hold:

i) Each linear combination of the functions f; (i = 1,...,m) is a Lipschitz function on C.
i1) The functions max f; and min f; are Lipschitz functions on the compact set C.
i _

1,....m i=1,....m
i71) The product function f - g is Lipschitz on C.
iv) Let f be a Lipschitz function on an interval C} with constant L; and g be Lipschitz
on an interval Cy with constant Ly such that f(C;) C Cy. Then the composite function
g o f is Lipschitz on C with constant LiLs.

Ezample 2.5.3. The function h(x) = (2z—1)*. This function is Lipschitz on every bounded
interval. Let f(z) = 2z — 1 and g(z) = x*. Consider the interval C} = [—%, %}, then
f(Cy) C [-2,2] = Cy. Since g is Lipschitz on Cy with constant 32, and the Lipschitz
constant of f is 2, hence h is Lipschitz with constant 32 x 2 = 64 on C;. (We can

determine the Lipschitz constant of h using the result from Exercise 1).
Exercise 2.5.3. Let f be a function defined on a bounded interval [a, b] of R by:

| file)ifz € a,(]
flz) = { fo(z) if x € [c, b]

where ¢ € [a,b] and such that fi(c) = fa(c).
Show that if f; is Lipschitz with Lipschitz constant Ly on [a,c| and fs is Lipschitz with

Lipschitz constant Ly on [c, b], then f is Lipschitz with constant L = L; 4+ Lo on [a, b].

Provide an example.

Ezxample 2.5.4. Consider the function f(z) = { o] ifze -1, 1]
z? ifx e [1,2]

fi(z) = |z| and fo(x) = 22, and fi(1) = fo(1).

f1 is Lipschitz with constant 1 on [—1,1] and f5 is Lipschitz on [1, 2] with constant 4, thus

f is Lipschitz on [—1, 2] with constant L = 1+ 4 = 5.

Here, we have

Note: f is not differentiable on [—1,2]. We cannot use the result from Exercise 1, but f
is Lipschitz.

FEzercise 2.5.4. Let f : [0,c] — R be a Lipschitz function with constant L > 0 satisfying
f(0) = f(c). Consider the function g : [0,2c] — R defined by:

[ flx) if x € [0, |
9(x) = { flx —c) ifx€le,2c]

then show that ¢ is Lipschitz on [0, 2¢]. Determine the Lipschitz constant of g.
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Exercise 2.5.5. Differentiable Lipschitz problems with a single variable [6] .

Determine the Lipschitz constants of the following functions on each indicated domain.
(162% — 242 + 5) e, [1.9,3.9], Ans. 3>2.937

(—3x 4 1.4) sin 18z, [0, 1.2], Ans. 36>35.455

(z +sinz)e ™ [~10,10], Ans. 2.5

23 — (22— 1)"* [0.001,0.99], Ans. 8.5

=456 [_5 5], Ans. 6.5

5
Y kcos[(k+ 1)z + k],[—10,10], Ans. 67
k=1

Exercise 2.5.6. Non-differentiable Lipschitz problems with a single variable.
Determine the Lipschitz constants of the following functions on each indicated domain

[6].

10
1 3

zgl[(l)g]ﬂx) =1 (‘x — 5‘ — |sin 10z | +3>

2 2, 89 4
f(x)_{sin(5x—4)+x+% >3 v e 0,5)

i 6(r —2)2 -1 r<i

min f(x) = 3 2 -2

J;E[O,4]f( ) { Hz—-9) >3
* 3 21 11

el(6-2). (-2
50
Tz —4 r <3
min f(z) =¢ $22 -8z +15 3<x<6
2€l0.10] “o45 2>6
60
! 1
f(r) = -5 s1n(§(x - 5)‘ +1, z € [0,10]
70
min f(x) = —cos(3z) |zsinz| 4+ 8
x€[0,4]

8° g

flz) = 2 e ?|sin(3nzx)|, x€]0,4]
90

fl@) = { :2(Tnz:102z 2) l—f 1$ egls?e) z € 0.6]

Exercise 2.5.7. Let f : [a,b] — R be a Lipschitz function with constant L > 0, and let
F be a piecewise linear underestimator of f on each subinterval [z; 1, x;] of [a,b]. Show
that F attains its global minimum at the intersection point of two lines with equations:

y=f(v;)) = L(z; —x) and y= f(zi1) — L(v —x;1),
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which is explicitly given by:

.1 1
v = o7 (flzia) = f(20) + 5 (@i + 2ima)
and F(z*) — %(f(xi_1)+f(xi))—g(asi—xi_l).

Fxercise 2.5.8. Consider the following global minimization problem:

. 6(1’—%)2—% ifa:ﬁ%
_ P
inf @) {i(x_@ i > 1 (P)

1. Determine the Lipschitz constant L > 0 of f on the interval [0, 4].

2. Show that problem (P) has at least one solution in [0, 4].

3. Determine the number of passes Np,ss and iterations Ny, necessary to achieve the
global minimum of f on [0, 4], with a given precision £ > 0.

4. Calculate three approximations x1, 9, and x3 in terms of ¢ and L, using the methods
of Piyavskii and Evtushenko.

5. Using the Brent algorithm, compute the global minimum of f on [O, %} with
precision € = 0.1.

6. Determine the global minimum of f on [%, 4], and deduce I[{)lillr]l f(x).

Exercise 2.5.9. Inspired by the Piyavskii method, describe an algorithm to solve the
following global optimization problem with precision € > 0:

max f(x) (P)

z€[a,b]

where f is a Lipschitz function on [a, b] with constant L.

Note: Without transforming problem (P) into the problem m[ir%)](— f(z)).
z€]la,
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3.1 Introduction

The authors have utilized the generalization of the Piyavskii algorithm to the single-
variable case. For the multivariable case, a direct generalization of the Piyavskii algorithm
is very challenging, as determining the local minima of the surrogate function overesti-
mating the objective function requires determining the intersection of several parabolic
hypersurfaces. They proposed a procedure to partition and eliminate uninteresting hyper-
rectangles (Branch-and-Bound) by constructing piecewise constant lower bound functions.

35
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The Branch-and-Bound method [10] is intended for solving a class of multidimensional
global optimization problems. It is an iterative method that divides a given hyperrect-
angle €2 C R” into smaller and smaller sub-boxes. At each sub-box of €2, a lower bound
of the objective function f is constructed in order to eliminate parts that do not contain
the global optimum and to select the sub-box that needs to be divided.

This method is widely used for solving a large number of mathematical problems with
various structures using tools from convex analysis.

3.2 Branch-and-Bound Separation and Evaluation Method

3.2.1 General Branch and Bound Algorithm

Consider the global minimization problem:

min f(z) (P)

€N

where () is a compact subset of R™ and f : {2 — R is a continuous and non-convex function
on €.

The B& B algorithm consists of generating two convergent sequences { BSy} and { BI;} of
upper and lower bounds respectively for the minimum value of the function f of problem
(P).

We denote by BS : Upper Bound and BI : Lower Bound.

An initial relaxation D of the feasible set 2 will be defined such that: Q2 C D.

D is convex and can be a rectangle, a cone, a cube, etc. At each iteration k, the lower
and upper bound problems will be solved on a finite number of subsets of D. We denote
these subsets as Dy, € I, where I is the set of active subsets at iteration k. On each
subset Dy, the lower and upper bounds BI; and BS) will be calculated by relaxing f
over Dy, N €) respectively. This method uses the "best-first" strategy. Indeed, the final
lower and upper bounds for iteration £ will be given by:

BIk = mjnBIki,

respectively, and any subset on which the lower bound exceeds BSjy will be eliminated,
as min f cannot be attained on such a subset. Let x. be the optimal solution of problem
(P) for the following.

The Branch-and-Bound Algorithm

1. Build the set D such that: Q C D.

2. Let’sset: k=1, I, =D, and € > 0, a given precision.

3. Construct the lower and upper bound problems of min f(x) on D. Let Bl and BS
be the respective solutions.

4. 1f BS), — BI}, < ¢, then we stop and set: min f(z) = BSy and x. = 2" € {z : f(z) =
BS,, xe€QnN D}
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5. Otherwise, subdivide [ into two (or a finite number of) subsets Dy, and Dy, such that:
2
L_Jlel = D; et Dk1 N Dk2 =

6. Construct the lower and upper bound problems of min f(x) on QN Dy, i = 1,2. Let
BI;, BS; and Bl,, BS; be the respective solutions.
7. Let’s set:

BSk+1 = min{BSkl, BSkz, BSk}
BIk—i—l = min{B[kl, BI]Q}

8. Let’s set: I = {Dy,, Dy, }
9. Eliminate from Ij any subset Dy, 1 =1, 2. such that:

B[kl > BSk+1

10. Let’s set: £ =k + 1 and go to 2.

D, : The current subset.
BI,, and BSj : The lower and upper bounds respectively found at the k%" iteration.
x), : The solution obtained at the k' iteration.

3.2.2 Branch and Bound Algorithm on the Main Diagonal of an
Hyper-rectangle in R"

Description of the method

Consider the following global optimization problem:

min f (). (P)
where f is a Holder continuous function defined on the hyperrectangle Q = {x € R" : a < x < b}
where a,b € R", and takes values in R.

It has already been noted that the Piyavskii method is numerically inefficient for n > 2

. For this reason, we prefer to present the extension of Branch-and-Bound by essentially
applying the one-dimensional version of the Piyavskii-Shubert method to the main diag-

onal of the rectangular sets in the partition of Q [14].

Let aps, byr € R™, denote the lower and upper bounds of the hyperrectangle M, i.e.,

M={zeR":ay <z<by}.

The B&B-Piyavskii-Diagonal HOL, Algorithm

1) Initialization:

M() == Q, M(] — {Mo} .

ap=min{f (a), f(b)}, 2°€ {a,b} such that f(2°) = ay.
Bo = max{f (a), f (0)} = h[lb—al”.

Go to step k.
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2) Step k=1,2, ...
At the beginning of step k, we have the current partition Mj_; of a subset of My = Q)
which is still of interest and for all M € M;_,, there exist bounds g (M), a (M) such
that:

B(M) < min f (M) < a (M),

moreover, we have the bounds S;_1, ap_1 such that:
Br—1 < min f (Q) < g1,

with a1 = f(2*71), where 2*~! is the record obtained in step (k — 1).

k.1. Exclude any subset M € M _; satisfying:

B (M) > Nfe—1.

Consider the class R of the remaining subsets of M;_1.
k.2. Choose a class &, C Ry, such that:

Sy Nargmin {3 (M) : M € R} # 0.
Then, in each M e Sy, consider the point x3; given by:

flagp) — f(bgp)

2h ||bgz — agz]|”

1
Ty = _(GM -+ bj\/j) + (ijj — aﬁ)

2

and subdivide M into two, by the hyperplane containing x3; and orthogonal to the longest

face of M.
Let M, be the set of all new elements of the partition.

For each M’ € M), denote by M € Sk, the hyperrectangle whose subdivision generates
M.
k.3. For each M' € My, set:

ag (M) = min{f (aar), f (bar), flzgp)}-

B (M) = max { BT, max {f (asr) , f (), Flrzz)} = B lloae — ane|”}

k.4. Determine

ar = min{a(M): M € M},
Br = min{g(M): M € M},
¥ € Q such that: f(2*) =y

k.5. If ap— B < ¢, then stop.
Otherwise, go to step k + 1.
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3.3 The reducing transformation method

3.3.1 Presentation of the Method

This is a multidimensional global optimization method that was developed in the early
1980s at the MEDIMAT Laboratory. It was invented by Y. Cherruault and collaborators
[1], [21] [18]. However, it is in the works of Y. Cherruault that the method received
its theoretical justification, complemented by the results of A. Ziadi, G. Mora, and Y.
Cherruault.

The main idea is to transform an optimization problem with n variables into an optimiza-
tion problem with a single variable. It is a reductive transformation using approximations
of a compact set S in R™ by a-dense curves. Let f(x1,xo,...,x,) be a function of n vari-
ables x1,x,...,2,. The method consists of expressing these variables using a single
variable by densifying the compact set S with the help of a simple curve of class C*°. We
will highlight what we call the reductive transformation:

,I'l:hz(t), t>0,1=1,2,....,n

where t is a real variable and the h; are very regular functions.
This transformation allows approximating the compact set S by a curve with the desired
precision, meaning it reduces a multivariable function to a single-variable function f*(t)

[1].

We denote by:

i = the Lebesgue measure.
A : a closed and bounded interval of R, (generally A = [0,7], with 7" > 0).
« : a real number, strictly positive and assumed to be very small compared to the di-

n
mensions of the hyperrectangle S = 4H1[ai, bi], (a << 11212 (b; — a;)), where n > 2, is an
i= <i<n

integer.

The Aliénor Method for Multidimensional Global Optimization

Consider the following multidimensional global optimization problem:

min f(x) (Pb)

zeSCR"

where f is a continuous function with constant L(e) defined on a compact set S, and
taking values in R.
The Aliénor transformation

l’zzhz(t), 1= ]_,,TL

is used to approximate the function f by the single-variable function f* defined by:
f*(t) = f(hl(t)v hQ(t)’ ) hn<t))
The minimization problem (Pb) is then approximated by the minimization problem

in £*(t Ph*
tg[l&r%]f (t) (Pb¥)

which we can solve simply using unidimensional methods (e.g., modified Piyavskii method).
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3.3.2 Construction of a-dense curves in a box in R"”

Definition 3.3.1. A parameterized curve in R" defined by:
h:A— 8= f[l[ai,bi]

is said to be a-dense in S, or that it a-densifies S, if for every x € S, there exists t € A
such that
d(z,h(t)) < «,

where d is the Fuclidean distance in R™.

Consider the function h(t) = (hy(t), ha(t), ..., h,(t)), defined on an interval A of R
and taking values in a box S C R"™. We study the relationship between the component
functions hy, ha, ..., h,, so that the function h generates an a-dense curve in the box S [16].

Theorem 3.3.1. Let h = (hy, ha, ..., hy,) : A — S be a continuous function and ts,ts, ..., t,, «
be strictly positive numbers such that:

1. hy s surjective.

2. Forallt=2,...,n, h; reaches the bounds a; and b; in every closed interval of length
t

3. For all i =2,...,n, and for every interval I of A we have:

p(l) <t; = pu(hi—1(1)) < a.

Then the parameterized curve defined by h(t) = (hi(t), hao(t), ..., h,(t)), for t € A, is
vn — la-dense in S = [] [a;, bi].

=1
Proof. (By induction)
i) For n =2, S = [ay, b1] X [ag, by).
Let x = (x1,25) € S. Consider the interval [z7 — a, 21 + .
Since h; is surjective, there exists a closed interval I C A such that:

hi(I) = [x1 — o,z + o] N [ay, by

But p(hi(I)) > «, so p(I) > ty and consequently ho(l) = [ag,bs]. Moreover, x5 €
[az, bs] so 3t € I such that 25 = hy(t'), and since hy(t') € [r1 — «, 21 + @] N [aq, b;] then
|l’1 — h1<t/)| S .

We deduce that

|z = A = [l(z1,22) — (ha(t), ha(t'))]]
V(@ = hy(t)? + (22 — ho(t)))?

Q.

IA A
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i1) Assume that the theorem is verified for (n — 1).

n
Let x = (z1,29,...,2,) € ][] [ai,b;]. Consider the interval [z, 1 — a,x,_1 + «]. Given
i=1

that h,,_; is surjective, there exists a closed interval I C A such that:

hn—l(l) = [xn—l — Ty + O[] N [an—h bn—l]a

but p(h,_1(I)) > a, so u(I) > t,. It follows that h,(I) = [an,b,]. Let x, € [ay,b,], so
Jt"” € I such that x, = h,(t"). Moreover, the sequence t,ts, ..., t, is increasing, so the
functions hq, hs, ..., h,, restricted to the interval I are surjective and satisfy the hypotheses
of the theorem.

Since h,_1(t") € [xp_1 — a,xp_1 + & N [ay_1,b,_1], then
|xn—1 - hn—l(t”>| S «,
we deduce that:

|z =h") = (@1, 22, a1, 20) — (ha ("), ha(t"), o na (87), B (7)) |
vn —la.

IN

Example of a-dense Curves

n

Let h = (hy, hay ...y hy) 2 [0, =] — ] [as, b;] (with n > 2) be a function defined by:

T i=1
hi(t) = —“1?’1 cos(ayt) + —“1'2%1
ho(t) = —a2;b2 cos(aat) + —“2;“’2
h (t) — an—bn COS(Of t) _I_ an+bn
n 2 n 2

n

where [] [ai, b;] is a box in R™ and «, ay, as, ..., o, are given strictly positive constants
i=1

satisfying the relation:

’/T(bi_l — ai_l)\/n -1

o = a;_1, for Vi =2,...,n.
2a

Then the curve defined by h(t) = (hi(t), ha(t), ... hn(t)) for t € [0, ] is a-dense in
Q [ai, bz]

Proof. Indeed

1) hy is surjective.

2) For all © = 2,3, ...,n, h; reaches the bounds a; and b; in any closed interval of length
t,-z%,thereexistt;:?—_kandtfzf—i—mel,keN.

3) For all i = 2,3,...,n, and for any interval I such that u(I) < = we have pu(h;_1(1)) <
\/%, this results from the fact that for an interval I of length strictly less than -, we

(3
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have:
vttt el,
/ " A;—1 — bi,1 ’ ”
hi—1(t) — hi—1(t )‘ = =/ ‘cos(ai_lt ) — cos(a;_1t )
- bi_ ‘ t/ . t// ‘ t/ t//
S e 2sin(o—q ) sin(ay—q * )
2 2
t/ _ t//
< b1 — @i |sin(a;_q 5 )
t/ o tl/
< (bio1 — @) |
2
t/ o t//
< (bimy — @i1) o 5
(bzfl - aifl) ™ o
< 1— < .
= 2 e T ao1

According to theorem (2.3.1) the parameterized curve defined by the function A is a-dense

in [ [as, bi] - O
i=1

3.3.3 Constrained global optimization of multivariate functions
based on dimensionality reduction through a-dense curves

This subsection deals with the reducing transformation method to study multi-dimensional
constrained global optimization problems where the objective function is Holderian and
non-differentiable over a general compact set D of R™. The fundamental principle is to
give explicitly a parametric representation x; = (;(t),1 < i < n of a-dense curve ¢, in
the compact D, for t in an interval I of R, which allows to convert the initial problem to
a one-dimensional Hélder unconstrained one. Thus, we can solve the problem by using
an efficient algorithm available in the case of functions depending on a single variable.
A relation between the densification parameter a of the curve ¢, and the accuracy of
attaining the optimal solution is given. Some concrete a-dense curves in the non-convex
feasible region D are constructed.

Let us consider the following constrained global optimization problem

min F'(x)
subject to ¢;(xz) <0,i € I (1.1)
x e

where x = (z1,-+- ,x,)T is the real vector of R™ represents the n variables, I is a finite

index set and €2 is a compact hyper-rectangle given by
Q= [a:ll,xqf] X - X [a:fl,xﬂ C R",

and x!, 2% i = 1,--- n are real constant specifying the hyper-rectangle Q. The functions

F,gi (i € I): Q — R are assumed to be Holderian and non-differentiable over 2. Denote
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the feasible region of solutions for problem (1.1) associated to inequality constraints and
explicit bounds by
D={zeQ, g(r)<0, foralli e},

with the assumption that the feasible region D is bounded and robust, i.e. it is the closure
of a non-empty open set.

Definition 1. [4]A function F : Q — R, is said to be Hélder continuous on a hyper-
rectangle §2, if there exists a pair of finite positive constants H and [ < 1, satisfying

[F(x) = Fy)l < H | —y|”, for every z,y € ©, (1.2)
where ||.|| denotes the Euclidean vector norm in R™, other norms could be also considered.

The two real constants H and  are respectively called Holder constant and Hélder
exponent. If F'is a Holder function with constant H and exponent 5 on €, then it is also
Hélderian with constant H > H or exponent 5 < 3. Note that a Holder function need
not be differentiable. A Hdélder function with a low value of 8 is much more irregular than
a Holder function with a large value of 5.

In this work, we shall generalize the modified Piyavskii’s algorithm MPA which we
have introduced in [12] for minimizing multivariate Holderian functions over a hyper-
rectangle of R™ to minimization problems of strictly Holder functions of several variables
undergoing a finite set of constraints which are also strictly Holderian.

As the problem (1.1) is difficult to solve, there are only a few works in the literature
(see [4]). In this paper, we develop an approach which does not use penalty functions or
Lagrange multipliers. It is based on the reduction of the dimension of problem (1.1) by
means of a transformation allowing to write the n variables x;,1 < ¢ < n in functions of a
single variable ¢, given by x; = ¢;(t),1 < i < n. In this way, becomes on one-dimensional
problem without constraints. Recently, the reduction approach, coupled with some one-
dimensional optimization methods has proved its effectiveness in solving various types of
global optimization problems where the objective function is Lipschitzian and the feasible
set is a relatively small hyper-rectangle [1,3,12,19]. In many cases, the feasible region

is a non-convex compact set whose boundaries are non-smooth functions. We treat the
problem (1.1) in the case where the feasible set D can be formulated, with a finite number
of inequalities, as follows:

a<z <b

x € €, -

Do , (1.3)

i1, xic1) < xp < Yi(xe, ., xim1), 2< 1< n

where a,b € R such that a < 2!, b < 2% and the functions ; and ; (i > 2) are all
Holderian and non-differentiable over a hyper-rectangles €2; given by

Qi = [2h, 2] x o x 2l 2]

respectively with the constants h; > 0, §; < 1 and H; > 0, 7; < 1, that is,
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hi ||z — yl|”

Hillx —y

, forall x,y € €,
T for all z,y € Q.

lpi(z) — @i(y)]
[i(x) — Pi(y)]

In our approach, the objective function F(z) of the initial problem (1.1) is approxi-
mated by a function of a single variable defined by f(t) = F(¢1(t), ..., £, (t)). A computable
parametric a-dense curve ,(t) = (¢1(t), ..., £,(t)) in the feasible region D should be used
and ensured the passage from the constrained multi-dimensional problem (1.1) to the
unconstrained one-dimensional simpler one

min f (¢) (1.4)

tel

<
<

where the univariate objective function f(¢) of the problem (1.4) is Hélderian and
non-differentiable over the interval I = [0,7]. The constant 7" is the upper bound of the
function ¢,(t) on which the global minimum of f(¢) in I will be located. It can be proved
that the global minimum of the function F(z) on the compact D is approximated by the
global minimum of the function f(¢) on the interval T [12]. This due to the fact that f(t)
is the restriction of F'(z) to the a-dense curve in D. Thus, we can solve the problem (1.4)

by applying a more efficient and performing algorithm proposed for minimizing functions
depending on a single variable and satisfying the Holder condition (1.2). We will devote
section 4 to this type of problem.

Ilustrative example. The following two-variables function F(z,y) =  sin(y/|z — y[)—
1 cos(y/]z +y|) is Holderian on the square [—5, 5]*. This example is inspired by the Egg
Holder function when n = 2, see [14]. The function F' has on the square, several local
minima, —0.5 as global minimum value and three global minimizers (0, 0); (=5, 5); (5, —5).
There are marked on the contour plot of F(z,y) (see Fig.1 below), at which F(z,y) is
not differentiable and not Lipschitzian.

\\

— /%@rona\ inimum
K

Global minimum__

' ! : '
R S R R - R S S T S

Figure 3.1: A contour plot in 2D of the two-variables Egg Holder function

The paper is organized as follows. In section 2, we give some preliminaries and nota-
tions. The reducing transformation method is presented with concrete a-dense curves in
section 3. In section 4 we give an algorithm for a one-dimensional unconstrained problem.
Section 5 presents some numerical experiments and section 6 concludes the work.
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3.3.4 Lower and Upper bounds

In the preliminaries, we start by recalling that the diameter of the hyper-rectangle €2;, is,
foreachi=1,...,n,

di = max {||lz — 7|, z,7 € O} = \/(xll — :L“f)Q ot (2, - x;‘_l)Q,

and the center of €);, is

1 l u l u

CZ — 5 (ZL’I “I'_ Il’ ...7x,£_1 + ZL’i_l) .
Let the following numbers:
d;\ Bi
Li = pi(c;) — hy (5(1) .
Uy = ¥i(e) + Hi (%)

Since the functions ¢; and ; (i > 2) are Holderian on 2; then by the Hélder condition
(1.2) we have

Bi

wi(x), for all x,y € Q;

pi(y) —hille —y|™ <
T < (), for all x,y € Q.

Vi(y) — Hillz —y
In the last two inequalities, if a value of y is fixed by the center ¢; of €2;, then, the

constants L; and U; given above, are respectively lower and upper bounds of the functions
¢; and 1); on the hyper-rectangle €;, for i > 2, with L; = a and Uy = b, [4], [12].

Notation and sequence of parameters.

In all this work, the constants h;, H;, [;, i, are assumed to be known a priori and
selected such (h;)a<i<n,(H;)2<i<n form two increasing sequences and (5;)a<i<n,(Vi)2<i<n
two decreasing one. Let a > 0 and very small compared to the feasible region D and let,
for i > 2,

5, =1,6; = 1 + max ( hia®~16% | Hioﬂi_16311>
)\i = Imax (1, hi<&5i71)5i—1’ Hi(Oé(Sifl)%‘_l) .
The sequence of numbers (6;)1<;<, is strictly increasing. Indeed, for i = 2, since
hy >0, B <1 and Hy > 0, 75 < 1, then 9, > 0;. We suppose that §; < §,,1 for all 7, we

have
his1 < hive and Biis < Bis1 then for a << 1 we have o+ < o2,

Anologously,
Hi+1 < HZ‘+2 and Yi+2 < Yit+1 then o+t < o+2,
By suitably choosing the sequence §; such that §; < d;,; we have

Bit+1 Bit2 Vit1 Vit2
0; T < 0,0 and 0 < 4T,

however,
ir1—1 cBiv1 iro—1¢Bit2
Ryt oPi+ 5i i < hi+2&61+2 5#1

i1 —1 ¢Vi+1 ito—1 ¢Vit+2
and H; 17770, < Hjjoa™7 70,117,
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whence 0; 11 < d;19.

In the literature, there exist several methods based on the reduction of the dimension of
a multi-dimensional global optimization problem to a univariate case. The method based
on filling the feasible region by a curves was studied by numerous authors, see e.g.Butz
[2]. They consider the approximation of Peano type curves for this purpose. These curves
were first introduced by Peano (1890) then Hilbert (1891) and have the property of pass-
ing through all points of a hyper-rectangle of R” and are known as space-filling-curves
[13]. The method based on the approximation by Peano type curves to explore the feasi-
ble region have been systematically developed and improved by Strongin, Sergeyev and
their collaborators [23]. The monograph [23] treats in detail the theoretical and numerical
aspects of this approach. The last works involving this approach have shown that it is
competitive in practice and particularly when the feasible set is a hyper-rectangle rela-
tively small of dimension < 4 [23]. Sergeyev and al. have solved the global minimization
problem when the objective function F'(z),x € R", satisfies the Lipschitz condition over a
hyper-rectangle of R™ using computable approximations of Peano functions to reduce the
original problem to a univariate one satisfying the Holder condition over an interval of R.
They also proposed some techniques for estimating locally and globally the Lipschitz and
the Holder constants when these constants are not a priori known [23].

The reduction approach that we will present in our work, is different with the approach
given above. The reducing transformation method called Alienor (RT), which has been
proposed and developed by Cherruault et al.[1], [18], 191](1980), is based on the approxi-
mation of an n variables of the objective function by a single variable function by using
a continuous parametric curve /,, defined from a real interval I onto the n-dimensional
compact D and satisfying a densification property described by the definition given be-
low. Such a function ¢, is said to be a space-densifying-curve in D [16,17]. However,

the introduction of these a-dense curves has allowed analytical argumentation of certain
dimension reduction methods in global optimization techniques [3], [19]].

Definition 3.3.2. Let S be a subset of the metric space F and o > 0. We say that a

continuous curve ¢, of F is a-dense in S, if £, C S and d(z,¢,) < a for all x € S, where
d(z,l,) = ingf d(z,vy).
yela

Definition 3.3.3. Let o > 0. We say that a subset S of the metric space E is a-densifiable
if there exists a continuous curve of E, rectifiable and a-dense in S.

Remark 3.3.1. Designate by L, ¢ the length of a continuous curve ¢, parametrically rep-
resented by the function ¢, (t), ¢ € I, where I is an interval of R. (L, is independent of
the chosen parametrization). We say that the curve ¢, is rectifiable if £, , is finite.

The curves used in the dimensionality reduction method belong to two different classes.
Butz, Strongin and Sergeyev et al.[2],[23], use numerical approximations of Peano type
curves whereas Cherruault and their collaborators [15], use a-dense ones. The approxi-
mations of Peano curves are obviously a-dense but the curves used by Cherruault et al.
do not necessarily converge to Peano type curves. Although both classes of curves have
the common property to approach as much as wanted all the points of an hyper-rectangle
of R™, there are important differences: they do not possess the same regularity, they differ
also concerning repartition uniformity (on the hyper-rectangle) and asymptotic behavior.
In this work, we are interested by compact sets of type (1.3) which are a-densifiable and
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note that if the functions ¢; and v; are only Holderian we can construct compacts which
are not a-densifiable, in this case we can transform our problem by defining "a Lagrange
penalty function" by choosing a huge hyper-rectangle C' C R™ which comprises the feasi-
ble set of the problem (1.1) and so we solve the transformed problem where the objective
function is Holderian on the hyper-rectangle C' (for the detail see [20]).

3.3.5 A constructive method for generating a-dense curves in the
feasible region

Some interesting results concerning the existence of a-dense curves with minimal length
of an a-densifiable compact in general metric space were given by Ziadi et al. [17]. In
the case where the feasible set is a hyper-rectangle €2 of R”, some ways of constructing
the a-dense curves in {2 have been given, see [10, 18]. In this subsection we shall give the
relationship existing between the components ¢; (i = 1,...,n) of the parametrization in
order to generate a new class of a-dense curves in a compact D C R"™ whose boundary
is defined by a non-smooth functions. Denote by m the Lebesgue measure, the number
a > 0 is supposed to be less than the length of the intervals [& (t;) i (t;/)} ,t;, t;-/ e I for
alle=2,...,n.

In the rest of this section, the sup-norm ||z|| := max {|z;|} is used in order to simplify

calculations, but other norms can also be considered. Next, keeping the same notations

introduced above, we give a general main result for generating a-dense curves in D.

Theorem 3.3.2. Let {, = ({4,...,0,) : I — D be a continuous function and ts, ..., t,,
strictly positive numbers such that:

1) ¢y is surjective.

2) For all i = 2,...,n, and for all interval 1;_y with length t;, there exist t; and t;’ el

such that: , , ,
Gi(ty) = illa(t;), s i ()

3) For all i =2,..,n, and for all closed interval J, we have:
m (J) <t; = m(&,l (J)) < Q.

Then, the parameterized curve defined by Ly, (t) = ({1 (t), ..., 0, (t)) fort € L, is 6, 1 Apa-
dense in D where 0,1, A\, are the parameters designated in section 2.

Proof. The proof is obtained by induction in two parts.

Part 1. n=2.
Consider the interval [z; — a, x1 + ] where (z1,22) € D. Since the function ¢; is
surjective, there exists a closed interval I; C I such that:

fl (]11) = [1’1 — O, T + @] N [a, b] .

But m(& (H1>> Z «, SO m(]ll) Z tg.
Thus, we have for all ¢ € I;: |z — ¢1 ()] < o moreover, there exists ty,t; € I such
that:
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{ fg(t%) = s02(£1(tl%))
Ua(ty) = a(li(ty)).

On the other hand, according to the definition of the feasible region D, we have:

P2 (351) <@y <y ($1) .

As the functions s, 19 are Holderian on §25, respectively with the constants hs, B2, Ha, o,
ie.,

2 (21) = 2a(85))] < ol = (4(85)| < haa™
[ (21) = Ua(a(85))] < Ha [o1 — ta(t)| < Hoa™,

then
Eg(t;) - hg(l/ﬁ2 S i) S gg(tg) + HQO/YQ.
We will study the following three cases:

(1) gz(t;) — hQCMﬁQ < x99 < gz(t;)
(2) Lalty) < w < (1)

/

(3) EQ(tQ) < Ty S Eg(tg) + HQO[’YQ.

~

If (1) holds, we have:

To — 52(75/2) < hya™,

and therefore

H:c () 21— li(ty)|, w2 — Ca(ty)

Y

:max{

} < max {a, hgofBQ} .

If (2) that satisfied, there exists ty € [t,t;] such that:

leading to

If the last case (3) holds, we have:

To — Eg(t;> S HQOZ'Y?,

and therefore
< max {a, Hya"?}.

o - tatt)

We deduce that the parameterized curve ¢, (t) = (¢ (t), 45 (t)) for t € I, is Apa-dense
in D with Ay = max (1, hooP2~ 1, HgoﬂQ_l) )

Part 2. For n > 2.
Let x = (x1, ..., z,,) € D and consider the interval [x; — «, 21 + @], since ¢; is surjective,
there exists a closed interval I; C I such that:

06 (L) =[xy — o,z +alNa, b],
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But m (¢, (I)) > «, then m (I;) > to.
It follows that |z, — ¢, (t)] < o for all ¢ € I;. In addition, there exist t,, £, € I; such

that:

{ la(ty) = 2 ((a(t))
Us(ty) = 1oy (El(tQ)) :

> «, then,

o (i ([])) 2
m ([t;,t;’D > ts.

On the other hand, we have s (21) < 3 < 99 (21), and as s and 1, are Holderian

Since |(o(th) — Ca(ty)

and hence

on €1y, respectively with the constants hs, 82, Ho, 72, then

EQ(t;) — hg(yﬁ? S i) S gg(t;) + HQCM’YQ.
We still have to study the three cases:

(1) La(ty) — haa™ < x5 < bo(t))
(2) bo(ty) < w5 < Lo(ty)
(3) 62(t2> S T2 S £2(t2) + HQOﬂQ.

If (1) holds, we take I = [ty, 1, + t3] .
If (2) is valid, there exists I, C [t,,t,] such that:

@@g:m—m@+@mVﬂg&@ﬂ.

If the case (3) holds, we take I, = [t; — t3,15] .
It is clear that I C [t,,t5] and m (I,) > t; in the three cases. Indeed, for (2) we have:

m ({3 (I3)) > a,

and hence m (I;) > t3 from the assumption #) of Theorem 1.

In addition, for all £ € Iy, we have:
If (1) holds, then

22 = 62 (1) < |02 = (1) + |2(t) = 2 (8)] < @+ haa.
If (2) holds, then

|l’2 — EQ (t)’ S Q.
If the condition (3) holds, then

|l‘2 —62 (t)| S ) —52(25/2/) + gg(tg) —52 (t) S Oé+HQOﬂQ.
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Consequently, for all ¢ € Iy, we have:
|zg — Uy ()] < (1 + max (hgaﬁz_l, Hgoﬂz_l)) = ady.
We have m (I,) > t3, then there exist t5,t; € Iy such that:

{ f(té)/ = p3(l (t;,}; 52(1552/)
l3(t3) = U3(li(ty), La(ts)),
hence

£ats) — tafty)

s ([6])) =
m ([t;,t;]) > ty.

On the other hand, we have: 3 (21, x2) < 3 < 3 (21, 22) and 3, 13 are two Holder
functions on €)3,, i.e.,

|05 (1, 22) — 3(la(t), a(t3))| < hg [max {21 — G (t5)] , |22 — Lo(ts)
< hg [max {a, a8, 1] = hy(ady)?.

|1 (21, 22) — P3(Le(ty), La(ty))| < Hy [max {|ay — bi(ty)] , |22 — 62(t5)]}] ™
< H3 [max {Ck, 04(52}]%)’ = H3(Oé52)73.

>,

consequently

and therefore

}]53

Whence
gg(tg)) — h3(0é52)’83 S T3 S gg(tg) + H3(0652)73.

Obviously, we will study the following cases:

(4) £5(t5) — hs(ady)? < x5 < Ly(ts)
(5) £s(ts) < 23 < L(ty)

!

(6) ég(t?)) S T3 S fg(tg) + Hg(aég)'y‘"’.

~

If (4) holds, we take I3 = [t;, ty + t] -
If (5) is satisfied, there exists I3 C [t3,t;] such that:

05 (Iy) = [23 — a, w3 +a] N [ﬁg(té),&,(t;)} .

If the condition (6) is valid, we take I3 =

Hence, we have I3 C [t5,t;] and m (I3) >
have:

If (4) holds:

t4 in all cases. In addition, for all ¢ € I3, we

|23 — L3 (t)] <

Oy(ts) — L (t)] < o+ hy(ads).
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If (5) is satisfied, then:
‘I’g — 63 (t)’ <a.

If the condition (6) holds:

|25 — €3 ()] <

O5(ts) — s (t)‘ < o+ Hy(ady)™.
Then in all cases, we have for every t € I3

lzg — U5 ()] < {1 + max <h3a63_15§3, H3a73_15;3> } ,
ie.,

’373 — 63 (t)| S 05(53.

With the same process given previously until the step (n — 1), we obtain by induction
forallt €l,_q,
|xn—1 - En—l (t)| S O./(Sn_l,
with m (]In_1> >t,andl,_ Cl,oC---Clj CL
Therefore, there exist ¢, ,t, € I,,_; such that:

{ én(t%) = ¥n (él(t;}), ...,ﬁn,l(t;}))
Ca(ty) = U (C1(t)s oo laa () -

On the other hand, according to the definition of the feasible region, we have:

On (1, oy @) < xp < Uy (21,000, Ty g

Moreover, the two functions ¢,,, ¥, are Holderian on the hyper-rectangle €2,,, and as shown
in section 2, the sequence of numbers (9;)1<;<, is increasing, we have

|0 (21, Tn1) = @n (Gi(E,), oy bna (8,)) ] ,
< h, [max{’xl — ()], Ty — Kn_l(t;)JH "
< hy, [max {a, ady, ..., aén,l}]ﬁ" = hy (@dp_1)™"

|wn (331, ceey xn—l) - ¢n (ﬁl (t;;), ceey En_l(t;)) }
< H, [max {«a, ady, ..., a0, 1}|"" = H, (ad,_1)™ .
Hence

!

Co(t)) — iy (061" < 2 < 0(t)) 4+ Hy (a6—1)™

Again, we have three cases to check:

If (7) holds, we have:

and
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’

| =max {|z; — Kl(t/n)‘ T = G (L)

S max Oé,Oé(SQ,...,O[(Sn,b ozén 1 Bn}

< max? adp,_1, hy, (aén_l)ﬁn} )

!

o = Ca(t) — (t,)

}

If (8) is satisfied, there exists ¢y € I,,_; such that x,, = ¢, (to), consequently

[ = la (L) | = max{|zy — £2 (to)] ;- [2n-1 = lna (to)] ; 20 — £n (t0)[}
< max {a, ads, ..., 0,1, '}
S Of(snfl-
If the last condition (9) holds, we have:

Tn — En(t;;)

S Hn (aén—l)’yn .

And therefore
|z = Ca(ty)| =max{|z1 — G(&,)] s |21 — Caoa (L))
< max {a, ads, ..., ad,_1, H, (ad, 1)}
< max{ad,_ 1, H, (ad,_1)"}.

We deduce that the parameterized curve 4, (t) = (1 (), ..., €, (1)) for t € 1, is §,,_1 \a-
dense in D. O

Tn — gn(t;;)

}

)

Corollary 1. Let o, = (¢1,....4,) : T = D, be a continuous function, whose com-
ponents {; ,(i = 1,...,n) are Hélder functions with constants ¢; > 0 and exponents
i < 1,(i=1,...,n) (resp.). Let to,ts, ..., t,, a be strictly positive numbers such that:

1) 4y is surjective,

2) For all i = 2, ...,n and for all interval I;,_y with length t;, there exist t; and t;/ el

such that: ) ) /
{ Gi(t Iz) i (51( /2/) . gi—l(tz;/))
G(t) = i (G(t)), o lia (1)
3) Foralli=2,...n N

Ci-1 < tﬂz

Then, the parameterized curve defined by £, (t) = (01 (t),...,0n (1)) for t € 1, is
Op_1Apa-dense in D.

Proof. It is a consequence of Theorem 1. The conditions 1) and 2) of the Theorem
1 are satisfied. It remains to check the condition 3). Indeed, let i = 2,...,n and I;_; an
interval of I satisfying m (I;_;) < ¢;. For t' t" € I,_y, we have:

1"

' - .
Gia(t)—Lia(t )| <c|t —t ' < c¢oym (1)

involving
m (&_1 (]12_1)) < c¢_1m (]11‘_1)/”71 < Ci_lt?i_l < Q.
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3.3.6 Constructing a concrete a-dense curves
In this subsection, we will use the following notations:

(I)l(t) = a and (I)Z(t) = @i (gl (t) N ...,Ei_l (t)) for ¢ Z 2
\Ifl(t) = b and \I’Z(t) = ¢Z (El (t) s ...,Ei_l (t)) for 4 Z 2,

where ; and v; for i > 2, are the functions defined in the feasible region (1.3).

Theorem 2. Consider the compact D given in the problem (1.1) and let the param-
eterized curve by, = ({1,...,0,) : I — D be defined by

0:(t) = By(t) cos? <O‘2it) + 0, (1) sin’ (%) fori=1,..m,
where ayq, ..., ay,, o are strictly positive numbers satisfying the relationship
(aa/m)-P > (1/20) (Uiy = Lica)ics +2 (hicazl5 + Hioazl5') )
with

1<k<i

1
Z; — Imax (5 (Uk — Lk) g + <hk2’£il + szzk1>> , 20 = 0,

and L;, U; are respectively the lower and upper bounds of the functions p; and 1; on the
hyper-rectangles €;(see section 2). Then, the parameterized curve £, (t) = (€1 (t), ..., €, (1))
for t € [0,7/aq] is 0p_1Ana-dense in D.

Proof. This result is a consequence of Theorem 1. Indeed, the proof is obtained in a
recurrent way:

(i) For i = 2.
1) ¢, is surjective by definition.
2) 1f we take to = O%, then for all interval II; with length t,, there exist t/, t" e 1, such
that:
{ O5(t) = pa(br(t)) N { cos”(ast'/2) = 1
lo(t") = by (L1 (1)) sin?(aqt” /2) =1

t, :27'[']{/042
:{ £ = (2% + 1) 7/ , keN.

3) For any interval I; satisfying m (I;) < 1, we have m (¢, (I;)) < a.

%
vi' el
0 () — 4y (t )‘ = ‘a(cos2(oz1t//2) —cos?(art /2)) + b(sin® (aqt'/2) — sin®(aqt /2))
— ;o
<(b—a) sin% < %(b—a)al ‘t —t ‘ < %(b—a)al&1 <a.
2

By Theorem 1, the parametrized curve ¢ (t) = (€1 (t), ¢z (t)) defined on [0,7/c] is
Aga-dense in D with 22 > %

(ii) We suppose that the theorem is true for i.
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2k

i

2) For all i = 2,...,n and for all interval I, _; with length ¢; = 1, there exist t; =
e%}

and t;’ ==+ 22—’“ € l;_q; k € N, such that:

{ Ez(t;) = sz(fl (t//?, ...,Ei_l(t/%)
Gt = Gl (), o b ().

3) We suppose that the inequality holds for i = 2,...,n, i.e., for any closed interval J
of length less than - we have:

m(J) < = =m(li, ()< a

Q;
Consequently
vt t" el ‘Ei_l(t') — 4 (t )‘ <
L\ BLBict
|:% (Uz;l — Li—l) [0 73] + <hl 1Z 1 + Hl 1Z >:| )t —t S .

Consider the closed interval J, such that: m (J) < , show that for ¢ ,¢" € J, we

Qi1
have:
D, (t") cos?(at' /2) 4 Wy(t) sin? (it /2)—
Di(t )cos? (ot /2) — Wyt )sin?(ast /2)

H(@(l) = Wit cost ot /2) = (@ll)) = Wi(t)) cos* (it /2)]
- ‘((bi(t') — () (cos?(aut /2) — cos(ait [2)) + (Bi(t) — Dy(t

"

))(cos? (ait” /2)

(Ui(¢) — Wit ) sin?(agt” /2)‘

< @) — wi(t))| ‘0082(041-25' /2) — cos?(agt /2)] +|@i(t) — Bi(") - \Ifi(t")’.

Let us take into account that the constants L;, U; are respectively the lower and upper

bounds of the functions ¢;, 1; on the hyper-rectangles €2;(as shown in section 2). If we
suppose that 7; > 3; (or 7; < ;) for each i, then we have

() — 6] < L i(max{ NGARAS
() = )| })”

1

Gia(t) = Gia(t)

D

t—t

(Ui - Li) Q5

g eeey

g eeey

B1...Bi—1

. B1--Bi—1 ) Yi

"

t —t

B1...6;

’ 1"

i max{%(b—a)al,...,%(Ui_l—Li_l)ai_1+ (hl 121 2 +H1 12 )}’t'_t
L t —1

< [% (Ui — Li) oy + (haz) ) + Hizgil)]

BB
< [% (Ui = Li) s + (hazy + Hizgil)} <0‘7T ) o
i+1

Hence the inequality holds for ¢ + 1.
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Remark 2. All the functions ¢; (t) defined in Theorem 2 are Hélderian with constants
¢; > 0 and exponents u; < 1, for each i = 1,....,n, given by

{ ¢ = % (Ui — Li) a; + (hizfil + H;z]' )
pi = Br..-Bi.
It is well known that if a function with several variables F'(z) is Holderian of the con-

stant H and the exponent 3 on the compact €, then the function of a single vari-

g
able f(t) = F({,(t)) is Holderian with the constant h = H (maxcl-) and exponent

1<i<n

=4 (1rg<n m) on the interval [0, 7/aq].

Examples of a compact sets which are a-densifiable

In this subsection and according to Theorem 2, the illustrations figures 2-6 given below,
represent a densification of some non-convex sets and hyper-rectangles (for n = 2 and
n = 3), by the supports of the different a-dense curves ¢, (t) on [0, 7] (with ay = 1). Note

that the parametrized curves obtained in the examples Dy, D3 and D, are regular of class
C*> whereas the curve in Ds, is only continuous.

a) Ezamples with non-convex sets

Let Dy = {(z1,22) € R?/ — 1< <1,—qaf+ 21 — 1 <2y < j2? 4 $zy + 1}, here,
we have [y = v = 1.

Dy ={(v1,29) €R?/ 22+ 23 <1, |11]— (22 +1)° <0},

2 (z1) = V/|z1| — L and ¢y (21) = /1 — 2f and B = 7o = 1/2.
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Figure 3.2: The a-dense curve ¢, in D; with
a=0.2.

L L L
-1 -05 0 05

Figure 3.3: The a-dense curve ¢, in Dy with
a=0.2.

L L L
-1 -05 0 05

Figure 3.4: The a-dense curve ¢, in Dy with o = 0.01.

Remark 3. In particular, if the functions ¢; and v¢; (i > 2) in the definition of the
feasible set D, are all constants and if D = ), i.e.,

a = xll and (102'('%17 --wmi—l) - xi‘) 2 < { < n,
b=z} and ¥;(z1,...,xi1) =2}, 2<i<n.

Then the feasible set D becomes an hyper-rectangle of R"”. According to Theorem 2, the
hyper-rectangle D is a-densified by the parametrized curve ¢, = (¢1,...,¢,) defined on
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[0, 7/ay], by the following expression:

— it
0(t) = (‘” 2“"@>cos2 (0‘2 ) ot 1<i<n,

where the constants aq, ..., a,,, a satisfying the relationship:

Q; a1 ! .
LA N ( ) gl ) 2<i<n,
( 7T> = 20 (:L‘z—l xz—l) St=n

But in the implementation of the reducing transformation, one can choose these last
constants as:

i—1
alzl,ai:<z> H(xZ—xé), 2<i<n.

b) Examples with the hyper-rectangles

Let D3 = {(z1,79) € R?/ —1<x; <1,—1 <y <1}, here, we have ¢y (1) = —1
and 1y (z1) = 1.

Dy = {(x1,29,73) € R?/ —1 < x; <1, i=1,2,3}, here, we have @s (71) = — 1,25 (1)
1, @3 (z1,72) = —1,%3 (21, 22) = 1.

Remark 4. At the end of this section, it should be mentioned that, in the reducing
transformation method (RT), the number of evaluation points necessary for reaching
the global minimum, with the accuracy e, of the univariate objective function f(t) =
F(ly (t)), depends on the length £, , of the a-dense curve ¢, in the feasible set, which
allows to convert the constrained multi-dimensional problem (1.1) to the one-dimensional
unconstrained one. As for all @ > 0, the set of a-dense curves in a compact D of R",
contains a curve with minimal length, see Ziadi et al.[17], it is therefore, very interest
to find other curves with small length in order to improve the reducing transformation
method.

3.3.7 One-dimensional unconstrained problem

The univariate global minimization problem of Holder functions over a closed and bounded
interval of R appear frequently in several life applications, for instance, the simple plant
location problem under a uniform delivered price policy, see [4]. The authors gave a
transformation that reduces the problem of the infinite horizon into an equivalent one-
dimensional optimization problem of Holder function over an interval of R .

Let us consider ¢, (t) = (¢4 (t), ..., £, (t)) the 6,1 A,a-dense curve in D, for t € [0, 7/ ;]
which is obtained from Theorem 2. Then by using the reducing transformation z; =
l;(t), for i = 1,...,n, the initial problem (1.1) is approached by the one-dimensional
unconstrained one,

i t 4.1
nin f(t), (4.1)

where f(t) = F (¢, (t)) is a Holder non-differentiable function on the interval [0, 7 /o]
with constants h and the exponent 8 < 1. In the rest of this section, we focus on the
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Figure 3.5: The a-dense curve ¢, in the
square D3 with a = 0.2.
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Figure 3.6: The a-dense curve /, in the cube
D, with a = 0.3.

one-dimensional global minimization problem (4.1).

Constructing piecewise affine under-estimator functions.
Since the objective function f(t) of problem (4.1) is Holderian on [0, 7 /], then we
have

‘f(t) . f(t')‘ <h ‘t —t/‘ﬂ, Vit € [0,7/an]. (4.2)

The one-dimensional deterministic method that we will use for solving this problem,
is that of Piyavskii [11], which is the best known and more discussed in the literature
among the covering global optimization methods. It applies to Lipschitz functions on
a closed and bounded interval of R whose Lipschitz constant is known. Recall that an
under-estimator of a function f: [a,b] — R, is a function U: [a,b] — R, such that for
all x € [a,b], U (z) < f(z). In the case of Holder functions, it follows from the Holder
condition (4.2) that, for all ¢, € [0, 7/a;] we have

, , 18
Fe) = nle—t| < re).

If a point ¢ € [0,7/ay] is fixed, then the function
B

Y

/

U(t):f(t)—h‘t—t'
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is an under-estimator function for f on [0,7/a4], i.e.,
U(t) < f(t),forall t € [0,7/ay].

A sequence of points, t1, ta, ..., tg, converging to the global minimizer of f on [0, 7/a],
is generated by constructing a sequence of an under-estimator functions of f over [0, 7/a].
In the starting step, a sampling point ¢; is chosen at the mid-point of the interval LO, /o]
as t; = m/2aq, and at t; we have the under-estimator U, (t) = f(t1) — h|t — t1|”, which
represented by two parabolic curves as shown in Fig.7. Let’s set to = argmin U ([0, 7/a4]),
we have obtain a new under-estimator of f, which is a piecewise parabolic function and
is closer to f, as

Ua (8) = max { f(t) = bt =t}

i=1,2

At the iteration k, the function given by

U (t) = max {f(t) —hlt =t}

i=1,....,k

which satisfies

Uy (t) < Upia (1) < f(2), 1 € [0,7/0n],

is also an under-estimator of f on [0,7/a4]. In fact, in this algorithm, we construct an
increasing sequence of a piecewise parabolic functions which are the under-estimators of
the objective function f. The restriction of the under-estimator Uy on each sub-interval
[ti_1,t;],i=2,...,k of [0,7/c], can be given as

Ui (t) - m?X {Qi <t> y T (t)} )
where
G (t) = f(ticy) —h(t —t;-))” and r; (t) = f(t;) — h(t; — )"

The stopping criterion for this algorithm is when one has f (1) — U (topt) < €, where t,,
is the optimal global minimizer of a piecewise under-estimator function U of the objective
function f on [0,7/ca;] and € is the required accuracy. On each sub-interval [t;_q,%;],
i = 2,...,k of [0,7/ay], the function U; (t) is strictly convex and non-differentiable and
its global minimum can be calculated by determining the intersection point of the two
parabolic curves ¢; and r; (see Fig.7. below). Then at each iteration we must solve a
non-linear algebraic equation:

i (t) — i (t) = 0. (4.3)

Usually, it is not easy to find the explicit solution of this last equation, particularly in the
case where the parameter [ is sufficiently small or where it is not as g = %, m e N*m #1
. We can even say that the equation (4.3) presents the same difficulty as a local opti-
mization problem. The technique used by Gourdin et al.[4] is based on resolution at each
step of the algorithm, the non-linear equation (4.3) in the case when = % and m is the
integers 2, 3,4 and h is given, because it is possible to obtain the analytical expression of
the intersection point of ¢; (t) and r; (). Lera and Sergeyev [11] have replaced this inter-
section point by an intersection point of two linked segments of the parabolas ¢; (t) and

ri (t). They even consider this technique when the constant h is not given a priori. The
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previous techniques become very difficult to realise in the case of multivariate Holderian
functions, since the under-estimators of the objective function are also multivariate and
the determination of their local minima at each iteration is the intersection of several
parabolic hyper-surfaces on a hyper-rectangles of R™. In this case, the equation (4.3) is
still non-linear and with several variables. To overcome this situation, a deterministic
approach is proposed. It is composed of two parts, the first one, is to approximate both
the multivariate Holderian function F' of the initial problem (1.1) to a univariate one and
the feasible domain D, by using a new computable parameterized a-dense curves ¢, (t) in
D as previously described. The second one, is to apply the modification of the Piyavskii’s
algorithm to the one-dimensional unconstrained problem (4.1). The technique used for
the Holder univariate minimization does not need to solve at iteration the equation (4.3).
It consists on constructing a sequence of piecewise affine under-estimators of f on [0, 7/a;]
similar to the previous procedure, which is essentially based on the following result.

Theorem 3 A real function F defined on a compact set D of R"™ is continuous if and
only if for any € > 0 there exists a constant L > 0 such that for all x,y € D,

|F(z) = F(y)l < Lz —yll +e. (4.4)
A version of the proof of this result is found in [15], but in this last one, the author

assumes that the set D is a convex of R", whereas this condition is not necessary if D is a
compact. We have gave a simpler proof of this result in [12]. It is based on the fact that
if D is a compact of R", then the set of Lipschitz functions on D defined by

L(F,D)={F:D —R,3L>0,|F(z) - F(y)| < L||z — yl|,Vz,y € D},

is dense in the space C(F, D) of continuous functions on D, on which the sup-norm
|F'— G| = sup |F(z) — G(x)|, is defined. The above result has a very important theo-
zeD

retical advantage, but in the numerical implementation of the majority of covering global
optimization methods, we need to know the value of the constant L in (4.4), unfortu-
nately, it is usually difficult to calculate it. The algorithm of Piyavskii used in this paper
is applied to a class of Holderian functions. Since all the functions of this class defined
on a compact D of R", with the knowledge of the constants A and 3, are continuous,
then the condition (4.4) of the previous theorem is satisfied. However, in most cases, it
is not easy to evaluate explicitly these constants. We can then, proceed to the numerical
evaluation. Since theorem 3 only ensures the existence of the constant L, without giving
us how to evaluate it. Due to this reason, several procedures can be envisaged, with the
aim of applying the previous algorithm and improving the convergence. From the inequal-
ity (4.4), one can directly estimate the constant L, instead of estimating h and §. The
estimates of the constant L have an influence on the convergence to the global minimum.
Among the procedures allowing for estimating L, there is one, such that the constant L
is locally estimated in different sub-intervals of the search domain, the other procedure,
is to estimate globally the constant L, i.e., valid for the entire search domain, until the
optimal solution is obtained. More details are discussed in [12, 14]. Another idea that can
be applied for some covering global optimization methods which use the constant L, is
to construct an appropriate increasing sequence of a real positive constants (L), k € N
which satisfies the following conditions: L — oo for & — oo and for a given accuracy
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e > 0, there exists j € N, such that L < L;. Consequently, the inequality (4.4) is holds
with the constant L; for which the convergence to the global minimum is guaranteed [19].
As mentioned earlier, after using the a-dense curve /¢, (t) in the search region D, the
univariate function f(t) = F(¢, (t)) is Holderian on the interval [0, 7/a4], however, f is
certainly continuous and hence condition (4.4) is satisfied. In this case, there is no need
to estimate the constant L, because here, the value of the constant L is given explicitly
with respect to h, S and the accuracy €. Let us give the following result and for more
details of the proof, one can see [12].

Theorem 4 Let f(t) = F({, (1)) be a real univariate Holder function with constant
h and exponent § < 1 defined on the interval [0,7/aq], then for all € > 0, we have:

(f(t) —f(t')‘ < L. t—t" +e, V.t €[0,7/o] (4.5)
with >
Faes for Be{t meN,ms#1}
L. =
BT for BEJO AN {&meN}.

For a given € > 0 and for a known constants h and 5 < 1, the set of all such constant
L. is closed in R. Then the smallest value theoretically always exists. In [12] we have
suggested another technique for calculating a different constant than L. that satisfies
(4.5). Now, from the inequality (4.5), we construct an increasing sequence of piecewise
affine under-estimators of the objective function f(t) = F({, (t)) on the interval [0, 7 /],
instead parabolic:

Ly (1) = max {f(t;) = Le[t —t:] =<},

-----

and on each sub-interval [t;_1,%;], i = 2,...,k of [0, 7/a4], the restriction of Ly can be given
as

Li (t) = max {v; (t) ,w; (1)},

such that v; and w; are two linear functions which are drawn with slope L., as shown in
Fig.7., where their expressions are given by

vi(t) = fltis)) = Le(t—tia) —e, t€ [ti,t)

Note that the global minimum of the functions L; on the interval [t;_1,¢;], is calculated
at ¢; the intersection point of two lines v; and w; (see Fig. 7. above) which is easily found
by solving over the interval [t;_1,t;], a simple linear equation with the single variable ¢
even [ is not an integer or is large:

v; (t) —w; (t) = 0.

The explicit solution ¢; of the last equation, and the value L; (E) are given by

{ti:%<f(yzl_yz>+tzl+t) =2,..,k
(): yz 1+yz Lg(ti—t,)—Zé“),
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Figure 3.7: The piecewise affine under-estimator of f(t) = F({, (t)) on [t;—1,t;].

where y; = F({, (t;)), 7 =1,...,k. Then we have

Li (t;) = min L; (t) < f(£),Vt € [ti1,ti] .
tE[ti_1,t:]

The modified algorithm of Piyavskii MPA proceeds then to evaluate the global min-
imum of the affine under-estimator of f(t) = F({, (t)) on the search domain [0,7/a;]
through the construction of an increasing sequence of piecewise affine under-estimators.
This algorithm can be extended to the case when the constant L. is a priori unknown.

Let’s now show the combined method of reducing transformation and the modified Piyavskii’s
method, which is called RT-MPA, as follows:
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Algorithm RT-MPA The reducing transformation combined with
the modified Piyavskii’s method.

Input :
- Define ¢, (t), t € [0,7/a4], a parametrized curve a-dense in a nonconvex D with oy = 1.
- Choose € > 0, the given small search accuracy.
- For a given € > 0, and for the known constants h and (8 of the one-dimensional function f,
compute the constant L..
- For each subinterval [t;,_1,t;], i = 2, ..., k, compute the point #; (The trial points) and
the value L; (%;) (the lower bound of the function f(t) on the curve £, (t) ).
Output :
“ topt 5 fopt, the optimal global minimizer and global minimum of f(¢) on [0,7/a4].
- Topts Fopt, the optimal global minimizer and global minimum of F(z) over D.
Step 1. Initialisation
k <+ 1,t1 — 7T/2Ckl,topt — 1
fopt < f(topt); Lopt A fopt - 7TL5/2051 - %; L1<t) — f(t1> - LE |t - t1| - %
Step 2.
While fopt — Lopt > € do
tpy1 < argmin L (t)
tel0,m /a1

if f(trsr) < fopr then fop < f(trr1)itopt < trtr

end if

Lip(t) = min {f(t;) — L [t — ;| — 5}

1<i<k+1

Loy +— min L t
Pt te[0,m/a1] k+1()

k+—k+1
End While

Relationship between o density and ¢ accuracy
Theorem 5. Let {, a curve a-dense in D and ¢ an accuracy with which the global

minimum of the problem (1.1) on the compact D is to be searched, then we have

{ e(a) = 2H (0,1 M)’
st.  e(a)—0.

Proof. Suppose that z* is an exact global minimizer of the objective function F(x)
on the compact D and t* an exact global minimizer of the function f(t) = F (¢, (t)) on
the interval I = [0, 7w/cy] . Since the parametrized curve £, (t) is 6,1 Apa-dense in D, then
there exists ¢ € I such that

The modified algorithm of Piyavskii MPA gives us a minimizer ¢ of the function f(t)
on the curve ¢, (t) for t € I, satisfying

HGESAIES

ot — za(t’)H < G hnar.

Then we have
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and as the function F'(z) is Holderian on €2, it follows that

/ / / ﬁ
F(a®) = f(#)] = [Fa) = F(eat))| < # |2 = tat)|
So to have the desired accuracy e, it suffices to choose:
VIV
=G S

Consequently, the densification parameter « is calculated, depending on the required
search accuracy.

Problem 1

()’

™

min Fy(x1,29) = — |coSx1 COS Ty €

on the non-convex set D = {(z1, %) € R?/ g1(x1,72) <0 and ga(w1,22) <0 }
where g1 (z1,29) = =1+ x5 — }l |x1|1/3 and go(z1,72) = —1 — 29 + }l |x1|1/3
the set D is contained in the rectangle Q@ = [—1,1] x [-1,2].

In this problem we take: ¢o(z1) = 1 21"% — 1 and ¢o(z1) = : |z1]"® + 1.The global

minimizer of F is z* = (0, O)T at which both the objective and the constraint functions
wo(z1) and Yo(xq) are Holderian and non-smooth.
The parametrized curve ¢, (t) = (¢1 (t), ¢ (t)) defined on the interval [0, 7/a;] by

{ l1 (t) = — cos aqt

Uy (t) = 1 |cos art|'® — cos ant

with
Qg > 27?%
{ and Ay = max (1,1/(4a*?))
is Adsa-dense in D. The number « is calculated according to the accuracy € with which
this problem is numerically solved. The problem 1 can be reduced to the following Holder
one-dimensional problem:

min (1) = Fy(la (1))

te0,m/aq]

Problem 2
min F3(xq, T9, 3) =

sin (0.5 + 9.5/ + 23 + m%)

subject to Ve =1 < x < /1 — a2
)sin V2 —|—x%‘ <y < ‘3+cos Va2 +x§‘

1<z, <1l1=1,2and 0 <x3<4
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In this problem we take:

a(x1) = ]z =1, ahe(a1) = /1 —
@3(x1,12) = |sin\/a3 + 23|, Ys(w1, 22) = ’3+COS Vil 4 a3l

Then, the parametrized curve ¢, (t) = (¢4 (t), 42 (t), 43 (t)) defined on [0,7/c1] b

0 (t) = —cos gt
Uo (t) = 02ty (£))(1 + cos ant) + 2o (£ (t))(1 — cos ast)
U5 (t) = 503(01 (t) , o (£))(1 4 cos ast) + 33(01 () , Lo (£))(1 — cos at)

with
\/a3/7r>l<a +ao)! +\/_a12/3)

)\3 max <1 \/2/0((52,\/_/ CM(SQ 2/3>
and 6y = 1+ (2/a)??

is 0o Aza-dense in the feasible region.

Problem 3. Find the global minimum of non-smooth Hoélder function subject to an

inequality constraint. This problem com from [12].

min Fy (21, 22) = 3 sin(y/|z1 — a|) — 5 cos(y/|z1 + z2])

subject to —xl/ < x9 < exp (\/x_)

In this problem we take @q(x1) = —a:l /3 and Yo(z1) = exp (/21) -
Then, the parametrized curve ¢, (t) = (¢1 (t), 2 (t)) defined by

{ 0 (t) = 5 (1 — cos ant) for t € [0,7/a]
62 (t) = %@2(61 (t))(l -+ cos Oégt) + %wg(‘gl (t))(l — COS Oégt)
with

Z 2ma
{ and Ay = max (1,1/2a%/3,2.72/\/a)

is Asa-dense in the feasible region.

Problem 4.

subject to  x? 4+ 23 <16
4 <z <4, i=1,2

In this problem We take:

a=-4, b=
{ wa(x1) \/16—1‘1, o (21) 16 — 22
Then, the parametrized curve ¢, (t) = (¢1 (t), {5 (t)) defined by
{ (1 (t) = —4cosaqt , for ¢t € [0,7/c]

Uy (t) = —4sin gyt cos ast,
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with

Qs > 27To<1
and )\2 max(1,4//a)

is Asa-dense in the feasible region.

Problem 5.

3
min F5(xq,29) = 2k |cos (% + 1) T+ o Qk ‘ |z — 23] 1/3

subject to (2x1—3) +(2x2—3) —-9<0
0<z; <3, 1=1,2.

In this problem we take:

a=0 b=3
{%02%_‘—\/‘— 331 1/)2% +\/-— xl—-

Then, the parametrized curve ﬁa (t) = (41 (t),05(t)) defined by

{ 0 (t) = 2(1 — cos agt) for ¢t € [0,7/c]
'Jfﬁ (t) = 2201 (1)) (1 + cos ast) + 31h2(fy (£))(1 — cos aot)

Qs > 27ra1
and )\2 max(1,3/\/a)

is Aoa-dense in the feasible region.

Problem 6.
min Fy(z1, 20) = ‘COS(O.E) +9.5y/x% + x%)‘
subject to |21 — (22 +1)° <0

xi+a3 <1

The objective function Fg has 0 as global minimum value and has a continuum of
global minimizers on its non-convex feasible region. In this problem we take

a=—1, =1
{ pa(w1) = /o1 — 1, (1) = /1 — 22,

Then, the parametrized curve £, (t) = (¢1 (t), 5 (t)) defined by

0 (t) = —cosaqt for t € [0,7/a]
ly (t) = (=1 +sinayt + /|- cos oyt |) cos® %28 + sin ant,
with

and Ay = max (1, \/2/a> ,

is Apa-dense in the feasible region.
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3.4 Conclusion

A new coupled method is proposed called RT-MPA method, for solving non-convex, non-
smooth constrained global optimization problem. We have consider a class of problems
when the objective and the constraint functions are all Holderian and non-differentiable,
and we have shown how to solve such a problem without using the Lagrangian and the
dual problem. Indeed, this class of problems is very difficult to treat, because the non-
differentiability of the objective and the constraint functions, with the existence of a large
number of local and global extrema. This method is a combination of two methods. In
fact, by means of the reducing transformation method, we converted the multivariate
initial problem to a univariate Hoélder non-differentiable one. Before starting the mini-
mization procedure, we approach the non-convex feasible area with an a-dense curve by
constructing explicitly a parametric representation z; = ¢;(t),1 < i < n defined on the
interval I of R. For minimizing the univariate Holder function on the interval I, we have
proposed a modification of Piyavskii’s algorithm MPA which we have introduced in [12]
and which does not require any other assumptions but only the knowledge of the con-
stants h and 3. We have used the Piyavskii’s algorithm because it is the best known and
most studied in the literature. The reducing transformation method is rather effective
for dealing with difficult problems and its numerical implementation is very simple and
does not require a memory space. Although this method has its own advantages, the
disadvantage is that it generates an excessive number of evaluation points of the objective
function, particularly when the dimension of the feasible set is greater then four or when
the objective function is subject to great variations.

3.5 Exercises

FEzercise 3.5.1. [6] Lipschitz problems in multiple variables.

Determine the Lipschitz constants L;(i = 1,2, 00) with respect to the norms ||-||, for the
following functions:

f(z,y) = daysin(dry), (z,y) € [0,1] x [0, 1]
f(x,y)—sin(2x+1)+251n(3y+2) (x,y) €0 ,1]><[ 1]
f(x,y):—max{\/_x—i—y, -2,y — \/_x},(x, e [-1,1] x [-1,1]
f(xvy)zeim Sln[E—|y|,( r,y ) [0710]

flx,y) = —=100(y — 22)? — (z — 1)%, (z,y) € [-3,3] x [~1.5,4.5]
f(z,y,2) =sinzsinzysinzyz , (z,y,2) € [0,4]3.

Hint. We have:

oo < Il <2l

Flo < Il < VRl

Il <ALl < Vel
nT 2 < s < L

Exercise 3.5.2. Let X = (z,y) € R? and f : R?> — R be a function defined by:

—1
T = X" ao+s
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1- Let g : R — R be defined by:
gty =2lt—a|. (t—a)*+3)", ack

a) Show that g reaches its maximum at the points: t; = o+ 1 and t5 = o — 1.
b) Calculate mRaxg(t).

Hint. Compute ¢'(t) by studying the two cases t > o and ¢ < «v.
2- Show that for all x,y € R, we have

i

< 2w —1]. ((z—1)?+3)"

‘ ‘ < 2y-2 (y-2"+3) ",

and deduce the Lipschitz constant of f over R?.

FExercise 3.5.3. Consider the following global minimization problem:

Min T
Min, f(x,y)
—-1<z<1
where f(z,y) = max {2y, 3z +y, —V3z +y} and Q = {(:c,y) e R/ -1<y<1 }

1- Show that f is Lipschitz over €2 and determine the Lipschitz constant L.

2- Show that f is continuous over Q. Deduce the existence of (zg,yo) € € such that
f(‘rovy()) S f<x7y)7v($;y> € Q.

3- What is the minimum number of iterations NV,,ss required to achieve the global mini-
mum of f over {2 with precision € = 1072 using the passive covering algorithm? Calculate
three approximations within 2 using this algorithm.

4- Does f admit an upper bounding function over €27 If yes, determine one.

Fxercise 3.5.4. Consider the following global maximization problem:

{ max (1, 72)

(271,1'2) cP
where f(z1,22) = 23 + 2129 + 23 — |21| and P = [—1,2] x [1,2].
1° Show that there exists a constant L > 0 such that:
|f(x1, 22) — f(y1, 92)| < L[(z1,22) — (Y, 92l V(21, 22), (Y1, 92) € P,

Hint. In R, [|. ||z < |1, < V2[lll, and || (z1,22)|, = max {|a1] . [aa]}, | (21, 22)[l, =

2° Deduce the existence of a point (z7,2%) € P, such that

f(xlva) < f(xiaxz)vv(l‘hI?) cP.
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3° Let the function g(z1,25) = 1 + Lmax {|z1], |2 — 1|}, show that

flz,20) < g(21,22),V(21, 22) € P.
Does there exist a function h such that h(zy,x9) < f(x1,22),V(x1,22) € P?7. If yes,
provide one.
4° Define the recursive sequence of the Evtushenko algorithm starting from X° = (—1,1)"
and e = 1071,

FEzxercise 3.5.5. Consider the following global minimization problem:

min f (21, 79, ¥3) = 21 + 423 + T3]

(P) 3
(ZE17 X2, l’g) € [07 ]-]

1- Does f have a global minimum x* € [0, 1]? Justify.

2- Determine the number of function evaluations N required to reach x* using the passive
covering method with precision € = 1071,

3- How can we improve the number N7

Hint.

1/2
lell, = (a2, ey = lail, @] = max (i),

v = (@1, wn) €RYlzfly <nflzly llzll, < vallzll -

Ezercise 3.5.6. Let f be a Lipschitz function with Lipschitz constant Ly over the square
P = [1,2]* defined by:
fla,y) = (@ +y)* = Vo,
and let g(z,y) be a function defined on P by g(z,y) = f(1,1) — Ly ||(z,y) — (1,1)|| . -
1- Show that g is Lipschitz with constant L, to be determined.

2- Determine the constant L.

3- Prove the following inequality:

3—8(‘1’—1‘4—@—1’) < f(x,y),V(x,y) cP.
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