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Abstract. We consider unconstrained optimization problems using
the expensive objective function in which the derivatives are not avail-
able. This property of problems can often impede the performance of
optimization algorithms. Most algorithms usually determine a Quasi-
Newton direction and then use line search technique. We propose a
smoothing algorithm which is developed to modify trust region and to
handle the objective function based on radial basis functions (RBFs). The
value of objective function is reduced according to the relation with the
predicted reduction of surrogate model. At each iteration we construct
the quadratic model based on RBFs. The global convergence of the pro-
posed method is studied. The numerical results are presented for some
standard test problem to validate the theoretical results.
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Introduction

Consider the nonlinear unconstrained optimization problem:
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min f(z) (1)

where z € R”, f : R™ — R. It is assumed that some of the functions
f(x), may be non smooth.

Most of these approaches require derivatives of the objective function.
We also assume that some derivatives of the objective is either unavail-
able or are computationally too expensive to obtain.

Recently, derivative-free trust region algorithms have been used increas-
ingly [7, 13, 17, 23]. A common approach is to combine conventional
algorithm such as genetic algorithms or pattern search with surrogate
models to solve expensive problems. For instance, Booker et al. [4] and
Jones et al. [12] proposed a method based on Kriging basis functions. In
recent years, nonlinear optimization is perhaps one of the most common
reasons for using derivative-free methods. Forming surrogate models by
interpolation has been proposed by Winfield [22] and reviewed by Powel
[17] and Conn [7]. Wild, Regis, and Shoemaker [19] constructed a sur-
rogate model based on RBFs.

The present paper gives a new derivative-free method for the solution
of (1), which belongs to the class of trust region methods for optimiza-
tion. Our aim in this paper is to find an efficient algorithm for the global
solution of optimization problems. At each iteration a quadratic surro-
gate model is assumed to approximate the objective function f(x) based
on RBFs. we have chosen the position of interpolation points within a
sphere of radius A > 0 around the trial point. The important idea is
the assumption that the interpolation points exist and can good ap-
proximate f(x) in small spheres. When the current trial point is not
enough close to a local minimum, we update the interpolation points
and construct a new model by RBFs.

In the previous methods, whenever a trial point did not decrease the
objective function as expected, one of the interpolation points was re-
placed by another evaluated point. In our approach, all the interpolation
points are changed at each iteration, if necessary. Since evaluation of ob-
jective function is computationally expensive, we stress the importance
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of having complete knowledge of all points previously evaluated by the
algorithm. There is a fundamental difference between our method and
previous algorithms, where, in order to reduce linear algebraic compu-
tational costs, with small or large a trust region we can still obtain a
good approximation. The proposed method will guarantee global con-
vergence. Also, models based on RBFs have been shown to be of interest
for global optimization.

This paper is organized as follows: In Section 2, the surrogate model
is introduced. In Section 3, the RBFs are described. In Section 4, we
present derivative—free optimization. Section 5, gives a summary of the
surrogate model based on RBFs. In Section 6, the algorithm is intro-
duced and its convergence properties are established. Numerical results
for some examples are reported in the last Section.

Throughout the paper || . || denotes for Euclidean norm and for simplic-
ity we also use subscripts to denote functions evaluated at iterates, for

example, fr, = f(xr), gr = g(xx) and Hy = H(wy).

2. Surrogate Method

We consider the following unconstrained optimization problem

min f(z),
where f : R" — R is a function which is not necessarily differentiable. In
this paper, we propose a surrogate model that is smooth, easy to mini-
mize and that approximate well the objective f(x).

We remark that surrogate model is referred to as a technique that uses
the sample points to build a surrogate function, which is sufficient to
predict the behavior of the objective function.

2.1 Quadratic surrogate model

Powell [17] and Conn et al. [7, 8] proposed a quadratic surrogate model
as follows:

1
Sm(zy + ) = fx +gi s+ §STHkS, (2)
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where g = Vf(zg) and Hy, = V2f(x)). When f(z) is twice differen-
tiable and admits a hessian matrix, H (x) which will always be positive
definite.

The goal is to construct the surrogate model Sm(zy) instead of the ob-
jective function f(z), which is computationally simple and inexpensive
with good analytical properties. It could be used in optimization because
of its simplicity and a suitable algebraic form.

To build a quadratic model, we define the trust region By := {x € R":

||z —zk|| < Ar}. At each iteration of the surrogate method, the solution
of optimization problem inside By, [9, 16], as

min Sm(xy +s) s.t. ||s|]| < Ag, (3)

is needed, for some trust region with radius Ay > 0. Ratio of the actual
f(z) over the predicted Sm(z) is as follows:

flxy) — f(xp + si)

- Smy(zxk) — Smy(zk + sg)

(4)

Given the standard trust region 0 < no <1 < 1, 0 < 79 < 1 < 71,
0 < Ar < Anax and zp € R”, we define a model Smy on B, and
compute a step sy such that xp+ s, € By, in order to sufficiently reduces
the model Sm/(zy).

By accepting the trial point x, we compute f(zx+ sx) and pg using (4),
then update the surrogate model parameters as follows,

_{ T+ s ifpr = Mo
Le4+1 =

Tk 0.,
and
Ak Mo < Pr < Ui
Apy1 = min{y;1 Ay, Amax } Pk 2 My,
Yol Pr < 1o-

The following assumptions are considered in this section:

1. f(z) is a two times differentiable function.
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2. {x} is a bounded sequence.

Suppose that these assumption holds. Let s; be a solution of subproblem
(3), the following lemma, which can be obtained from the well-known
result (Powel) is needed [17].

Lemma 2.1.1. Subproblem (3) satisfies a sufficient decrease condition
of the form:

¢ ; 9k
Smy(zr) — Smg(zk + sg) = =||gk|| min(Ag, |lgx|| ),
2 A
for some constant ¢ € (0,1). We also assume that % — 400 when

H;, = 0.

Now the main questions are as follows: How to build surrogate models,
and how to evaluate the accuracy of surrogate models?

2.2 Trust region based on the Cauchy point

The line search methods can be globally convergent. We seek the opti-
mal solution of the subproblem (2). It is enough for purposes of global
convergence to find an approximate solution s that lies within the trust
region and gives a sufficient reduction in the model. The sufficient re-
duction can be quantified in terms of the Cauchy point.

Definition 2.2.1. The Cauchy point, given current values g, fr, V [k,
Ay, is a point that solves the quadratic model (3) along the direction
the minimizers the linear model

msinl(xk +8)=fr+gis. (5)

To calculate the Cauchy point, which we denote by si. We find the
vector s} that solves a linear model (5), that is

V fk
sP = —Ap———.
A
So, the Cauchy is
sy = Tksg,
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where

3. Radial Basis Functions Interpolation

RBFs are widely used for scattered data interpolation. A multivariate
interpolation can be stated as follows: Given data (x;, f;), i =1,..., N,
with z; € R", f; € R, we find a continuous function Sm(z) such that
Sm(xl) = fi, 1= 1,...,N.

The function Sm(x) is assumed to be given by a linear combination of
RBF's, that is,

N

Smy(w +5) = > Nip(lls — ') + V(s), (6)
=1

where RBF ¢(||s — ¢'||) is centered at point y%,i = 1,..., N. Note that
M

we have V(s) = ) v,v;(s), where v = {v(s),...,vnm(s)} is an ordered
j=1

basis for the linear space II},_;, the space of polynomials of total de-
gree less than M — 1 with n variables and {)\j}é»v:l are the unknown
RBFs cofficients. Sm(z) as defined by (6) has M degrees of freedom. To
overcome additional degrees of freedom two constraints are imposed as

follows,
Sm(xl):fla IL:L:Nv (7)
N
Z)\ﬂ/k(si)zo, kzl,...,M. (8)
=1

Conditions (7) and (8) can be written in matrix form:

el )=Le ) ®
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Where A € R™ is the undetermined coefficient vector. For the sake of
clarity, the matrix @ is in the form:

plllzr —xall) - el —anl))

plllen —all) - elllen —2nll) |y

It can be seen that(9) is well-posed if the coefficient matrix is non-
singular [3]. Micchell [15] proved that the interpolation problem in equa-
tion (9) is solvable when the following two conditions are met:

1. The points {l‘j};v:l are distinct.
2. The RBFs are used are strictly conditionally positive definite.

Definition 3.1. [6, 20] Let v be a basis for wf,_,, with the convention
that m = 0 if M = 0. A function @ is said to be conditionally positive
definite (CPD) of order M if for all distinct points Y C R™ and all A # 0,
satisfying Zfil Aim(z;) = 0, the quadratic form nyj:l Xi(||xj —z4||) A
is positive [6, 20].

Some of the most popular (twice continuously differentiable) RBFs are
shown in Table 1.

Table 1: Some examples of popular RBFs and their orders of
conditional positive definiteness

o(r) Order Parameters Example

P 2 g€ (2,4) Cubic, r3

@+r)f 2 ¢>0,8€(1,2) ML (2 +1r2):
(4P 1 ¢>0,8€(0,1) Mqll,—(c® +12)2
@+ 0 ¢>0,8>0 Tnv.Mq, (¢ + 72) "2
Exp(—c*r?) 0 c>0 Gaussian, Exp(—c?r?)




18 F. RAHMANPOUR AND M. M. HOSSEINI

4. Derivative Free Optimization

In this section, we suppose that f(x) is a function from R" into R which
is not necessarily smooth. The algorithm is based on approximating the
function (1) by a positive definite quadratic model. The main idea is
to use the available values of f(z) and building a quadratic model by
interpolating within a trust region.

Suppose that in the current zj, we have the sample points Y = {y' =
0,%%,...,yV}, with y* € R®, i = 1,..., N, which contains the points
closest to x in current iterate. We wish to construct a quadratic model
of the form as:

1
Smy(zk +s) = fr + g,z;s + §STHkS, (10)

where the vector ¢ € R™ and H € R™ " is a symmetric matrix. By
imposing the interpolation condition in what follows:

Sma+y) = fla+y),  G=1...,N, (11)
it is now needed to evaluate Sm(z + s) on N = 3(n + 1)(n + 2) points

to find an approximating quadratic form, Where n is the number of
variables [3, 7, 11].

We consider {p;(.)}Y, as a basis for the linear space of n-dimensional
quadratic function. The quadratic function (10) can be expressed as

Smkx—i—y Z)\lap, ), j=1,...,N.

For some coefficients \;, which could be determined from the interpola-
tion condition (11),

sz flar+y),  j=1,...,N.

Ai, . =1..., N, are unique if the determinant of the matrix
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then, iteratively we optimize and update the surrogate model Smy to
reach a satisfactory solution.

5. Surrogate Methods Based on Radial Basis
Functions

In this section, the relevance of the surrogate methods and RBFs is
considered. Suppose that

N M
Sm(z+5) =Y Xipi(s) + > yevir(s) = AT®(s)+T TV (s).
i=1 k=1

This model is twice dfferentiable and is important for the convergence
part of our method [11, 18]. This study considers interpolation condition
at the points of Y:

Smy(zp +y') = flzr +v), W eY.

Let ® € RVN v € RV*M he the matrices defined by ®;; = ¢(||y* —
y’|]) and v;; = v;(y7). Then the interpolation condition can be expressed
as PA + VI = f. By using RBFs, we get the following linear system of

equations
\% Al | f
T o)|lr] (o
and then, - - |

~ [ %) —VT‘:I;‘lV ] [ jrx }: [ —VTJZD—lf ] ! (12)

with the solution T' = (VT @~ 1V)"'WTad—1f A =& 1(f — VD).
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Sufficient condition for the solvability of system (12) is that the points
in Y to be distinct and yield a V7T of full column rank.

Suppose that VT = QR , where R € ROTDx(+1) If 7 is an orthonor-
mal basis for the null space of V' [2], using the condition (8), follows that
A € R(V). Therefore, A = Zw. According to (12), ®A + VIT = f. Mul-
tiplying by Z7 from left gives, ZT®A + ZTVIT = ZT f. Keeping in
mind that Z is an orthonormal basis for the null space V, we obtain
that ZTVIT = 0. Hence

AR VAN AN (13)

Now, we can obtain w from (13) and thus we can compute the vec-
tor A. By introducing the RBFs based on cubic spline [1, 6] which is
the smoothest functions interpolation and conditional positive definite-
ness, then Z7®7 is also positive definite, using Cholesky factorization:
ZT®Z = LL”, for a nonsingular lower triangular L and replacing in
(13), LLTw = ZTC = w = (LLT)™1ZTC, so that

1Al = 12wl = |ZL" L7 Z7C|| < IL7YPC.

For procure I', we have ®A + VT = C and using the QR factorization,
®A + QRT = C, premultiplying this equation by Q7, results, RT' =
QT (C — ®A), and because A = Zw concludes to

RT = QT (C — ®Zw). (14)

In this section, we discuss a method of creating surrogate models. For
this purpose ® must be conditionally positive definite of order at least
2 (Table 1), and V' € II§ be linear. The RBFs interpolation is defined
such that at all sample points are established.

The RBF's coefficients \; and v; must be bounded in magnitude. Define
y® to be ith point in Y, that is in the vicinity of the trust region. How-
ever, for n > 1 condition (11) is not sufficient for the existence and
uniqueness of the interpolation, and to guarantee the good quality of
the model. Geometric conditions on the set Y are required to ensure the
existence and uniqueness of the interpolation [10, 21].
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The process can be summarized as follows:
The study chooses the n + 1 offinely independent points and then gen-
erates the other interpolation points.

3

The cubic spline ¢(r) = r° in dimension n is unisolvent (as defined

below) on points Y = {y!,...,y"} if the matrix,

[elly' =¢IN]  1<ij<N,
is invertible for any choice of N distinct points y',...,y~ € Y.

Definition 5.1. Y is unisolvent for 11}, if there exists a unique polyno-
mial in II%, of lowest possible degree with interpolation points of Y.

Unisolvent systems of RBFs are widely used in interpolation because
they guarantee a unique solution to the interpolation problem. This is
equivalent to the interpolation system (9) which is non-singular if the
interpolation points set Y is unisolvent.

The collection of n + 1 distinct points will uniquely determine a poly-
nomial of lowest possible degree in II". In this section, we describe an
algorithm to find n + 1 of interpolation points which are offinelly inde-
pendent points. We denote D := {d; € R" | f(z + d;) is known} and
d; € Ag. Algorithm 5.1 shows how to obtain n+ 1 offinelly interpolation
points.

Algorithm 5.2. For finding n+1 offinely independent points:
Step 0. Input D, constants 0 < 7o < 71, Ag € (0, Apaz)-

Step 1. Choose D = {d1,ds,...,d|p|} € R" such that z; = z + d; are
close to xy.

Step 2. Let Z = 1,.

Step 3. While i,5 > 1

if ”le < ’71~Ak7 define u = ,mdiéka

if [[projz|| = 7o, then y; = d;, )
Using the Gram-Schmidt, we obtain orthogonal basis for Y as Z, update
Z=17
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Step 4. If |[Y| <n+1

if ||d;|| < 2An4z, define u = VOdik

if [[proj%|| = vo, then y; = d;

Using the Gram-Schmidt process, we obtain an orthonormal basis for Y
as Z. Update Z = Z

However, with n + 1 points, the solution of the system (9) is just inter-
polation obtained for linear function and coefficient A = ). To build the
surrogate model for nonlinear functions, we must add some new points.
Algorithm 5.2 shows how we can obtain “well independent” additional
sample points in the trust region.

Algorithm 5.3. Finding additional independent points:

Step 0. Input Y (obtained from algorithm 5.1), ppar = w,
D= {dl,dg,...,d‘D‘}, 0> 1.
While 7 > 1

Step 1. If ‘Y‘ < Pmazx;
Y]
mro[¥'=0 0y oy A
1 1 ... 1 1

Step 2. Find the orthogonal basis Z for null space II.

Step 3. Build the interpolation matrix by using the cubic spline func-
tion at sample points Y,
b — O Dy,
new — |: (I)g 0 :| .
J
Step 4. Obtain P=27®,,.,,Z:
[ [ VAR YARVAK WA
s 0 et T 270y Z 0
Step 5. P is be positive definite for cubic spline function ¢(r) = 3,
note that for P to be is positive definite, the points Y must be distinct.

Step 6. Let P = LL”, if all diagonal entries of L are positive, then add
d; to the set of sample points Y.

This procedure continues until |Y| = w Note that the points
D = {di,...,dpy} are smartly chosen around the trial point x; by a
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random process.

In a derivative-free algorithm, it is essential to guarantee that whenever
necessary a model of the objective function with uniformly good local
accuracy can be constructed. The function f is no longer guarantee that
the model Sm(zy) approximates the function locally. Therefore, it is
required that the derivative free method similar to what is observed by
derivative based models.

The main difference between interpolation models and gradient-based
models is that the former are considered as a suitable approximation of
the objective function only under some conditions. These conditions de-
pend mainly on the geometry of the points. If they are satisfied, we say
that the model is valid in the trust region. If not, new points are gener-
ated to improve the accuracy of the model. The class of algorithms based
on interpolation models are called conditional trust region method. The
term conditional just means that the model is a convenient approxima-
tion of f only if some conditions are satisfied. The general framework
of trust region methods guarantees the convergence to a first or second-
order critical point depending on the assumptions on the model and on
the objective function. A full analysis of trust region methods can be
found in [9, 20, 21].

Therefore, we have relatively simple analytic expressions for the gradi-
ent:

VSmg(z) + s) Zw Hs—yH)” +VV(s),

and similar hessian (VQSmk).

6. Optimization Surrogate on Radial Basis Func-
tions (OSRB)

This section discusses the details of the derivative-free algorithm for
finding a global solution of problem (1). As pointed in the introduction,
since the objective function is not necessarily smooth, the traditional
methods are not sufficient to search good directions. We give the algo-
rithm in which a surrogate model of problem (1) is solved. The algorithm
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proceeds until the magnitude of the objective function become less than
a natural stopping criterion.

Here, we propose a derivative—free algorithm. In this algorithm we solve
the subproblem (3) which is approximated by using of RBFs (as in
Section 5) and obtain search direction sg.

Given the current iterate xj at step k, then we probe the behavior of the
objective function f(x) along direction s. In case sufficient reduction
of the function value is obtained, a suitable optimal is computed and is
used for the next iteration, i.e. xy+1 = 2 + si. If we do not obtain a
sufficient reduction, then the trust region radius Ay is updated and in-
terpolation points are chosen again (Algorithms 5.1 and 5.2). By solving
the subproblem (3), we obtain another direction sj at the next iteration
which suitably reduces the objective function.

Given N, a set of distinct interpolation points Y = {y' = 0,%2%,...,y"V} €
R™ and the function values {f(x; +y')}, we obtain the surrogate model
for f on Y. The Algorithm 6.1 is described as follows.

Algorithm 6.1. Iteration k of a derivative-free surrogate model:

Step 0. Input € >0,0< 0 <711 <1,0<n<land 0 <A1 < Apga-
We assume that trial point x; is given.
While k£ > 1

Step 1. From Algorithms 5.1 and 5.2 find independent points that is
denoted by Y.

Step 2. Obtain surrogate model Sm(xp + s) by using the RBF’s de-
scribed in Section 5.

Step 3. While ||VSm(zy)|| > €
If Sm(xy) — Sm(zg + si) < 4]|VSm(zy)|| min(Ag, %)
Obtain a step si by solving: min {Sm(xy +s) ; zr + s € Bz, Ag)}-

Evaluate f(zy + sx) and update the trial point according to the ratio pg

_ { i+ sy flak+sk) < f(o),
T, o.w,

ALy — { min{y1 Ak, Amaz}  flor + si) < flaw),
kil YA flag + sk) > f(xg).
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If there is no adaptable direction sy to minimize Sm(zy), the trust region
will be enlarged, i.e. Ag11 = 60.Ag, incremment & by 1 and go to Step 1.

In step 1, the interpolation points set Y = {y! = 0,...,yPme} are de-
termined which are linearly independent. In step 2, we consider how to
construct a model and to obtain parameters of RBFs model from (13),
and (14). In step 3, the algorithm uses criteria for model Smy(zg + s),
the aim is that V.Sm(zy) is not too different from the gradient of the ob-
jective function and updates parameters trust region method. We finds
the candidate step si by approximately solving the subproblem (4). In
this paper, we solve subproblem (4) by using the Fmincon function in
Matlab software.

6.1 Convergence properties of OSRB algorithm

In this study, the trust region algorithm ensures that f(z) is sampled
only within the relaxed level set,
L(zo) == {y € R"| ||z — y[| < Amax, Va; f(x) < f(0)}-

Theorem 6.1.1. Let {Ay} and {zi} be sequences guaranteed by OSRB
Algorithm. Then, klim Ar =0 and klim Vf(zk) =0.

Proof. After the last successful iteration, there is an infinite number of
iterations that are not either acceptable or successful, therefore the trust
region is reduced. If z;11 = x} + s, is obtained so that f(zr11) < f(zr),
then Aj is never increased for sufficiently large k, so A is decreased
at least once every n iterations by a factor of 0 < ~ < 1, thus Ag
convergence to zero. Secondly, for each k, after the jth iteration we have
|z — x;]| < lim nAg — 0, now,
k—o0

IV f (@)l < IV f(2p) =V Smep) +V Smag)|| < |V f(2r) = VSm(x)|[+
IV Sm(z)]]-

All terms of right hand side are equal to zero. [

The statement of Theorem 6.1.1 gives a natural stopping criterion for
OSRB algorithm. It results from the updating of the trust region at the
k-th iteration.
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Surrogate model Smy, is made such that,

Sm(s) — Sm(0) = G(0)T sy, + 35T He(0) s,

where G, = Vf(zx) and Hy, = V2 f(z1).

Assumption 6.1.2. The subproblem C(z) is bounded below on L(z)
and Sm(x) is twice continuously differentiable.

Lemma 6.1.3. Suppose that assumption 6.1.2 holds. Then,

|G|
Hy,

1
Sm(sg) — Sm(0) > §\|Qk|] min{Ayg, }.

Proof. If s = || — %H < Ay, then the quadratic subproblem (3) can
be resolved,
Ok

)THk(—ka)v

Ok 1. G

S =Sm(0) — — —(—=—

m(sg) m(0) e G + 2( e

knowing the cubic spline is twice continuously differentiable, QkTHka is

positive definite. We know the model is convex along direction s;. Next,

Sm(0) — Smisy) = 19 _ 1

Grll? . g
il 1G] > %HQkaln{Ak, HHIZH}'

Hy

Lemma 6.1.3 guarantees that the OSRB Algorithm will sufficient de-
crease at iteration k. [

7. Numerical Results

In this section, we present a set of unconstrained problems from [14]
which are solved by the OSRB algorithm to accommodate practical ex-
periment to show the efficiency of the proposed method. Notice that the
interpolation points are chosen so that interpolation matrix (9) always
is invertible even the trust region is very small.

We have employed the Fmincon routine from Matlab which is corre-
sponding to surrogate model. The starting points are randomly chosen
in our algorithm. We solve unconstrained problems (1) which are not
necessarily smooth to show the efficiency of the proposed method.
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For all experiments we used, the parameters [21]: A; = max(1,||zol|),
Apax = 103A1 ;o =0, 1 = 1073, 49 = 0.1, 4, = 10, and termina-
tion criterion ||V.Sm(z)|| < 1.e — 7, this condition satisfied the global
convergence property of proposed method.

We now present our algorithm for solving minimization some known
problems, which their derivatives are not available. Each function has
been graphically presented to appreciate its geometrical appearance. To
optimize these functions we are used the OSRB algorithm, with wider
local search abilities and randomized neighborhood sample points.

Example 7.1. (Cross in tray function) This function has multiple
local minima with the global Minima at the search domain. This function

0.1
)

This problem has four distinct optima points (+1.3, +1.3), which can be
obtained from different input values.

is given as:

00— Vr1 2 +ee?
00— Y1ttt

sin(zy)sin(xy) =

f(x1,29) = —0.0001 [

Example 7.2. (Modified Schaffer function N.4) In the search do-
main z; € [—100, 100], this function is defined as follows,
cos® [sin(|z1? — 22?])] — 0.5

[140.001(z12 + 292))?

f(x1,22) = 0.5+

and has fynin(0,1.253132) = 0.292579.

Example 7.3. (Holder table function) This tabular holder func-
tion has multiple local minima with Four global minima with f(z*) =
—19.2085. This function is bellow as:

|1—\/x12+x22|

flx1,29) = — |sin(x1)cos(xa)e ™

Example 7.4. (Bukin function) Bukin function is almost fractal (with
fine seesaw edges) in the surroundings of their minimal points. Due to
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this property, it is extremely difficult to optimize by any method of
global (or local) optimization. This function is defined as follows,

- ]xl + 10|

Tog + 100 |0.012% — 5|

f(z1,22)

and has fyin(—10,1) = 0.

Non-convex problems may have multiple locally optimal points and it
can take a lot of time to identify global solution, so depending to the
algorithm it can be get different local minima. In Table 2, the results
computation are compared with the trust region method based on the
cauchy point (Sec. 2). These results show that the modified OSRB al-
gorithm is an effective method for solving non-smooth optimization to
find the global optimum.

Cross in tray function Modified Schaffer function

X1
Holder table function

400

200

Figure 1. An overview of non—smooth functions

Figure 1 shows surfaces created in Matlab for the objective functions. It
is noted that starting point is selected randomly and the derivatives of
objective function are not used.
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Table 2: Numerical results for some new multi-modal test
functions. The ny columns list the number of function evaluations

Problem ny  Modify OSRB  Cauchy point
Cross in tray 26 -2.06261 -2.06261
Modified Schaffer N.4 80 2.92579¢-01 9.98005E-01
Holder table 115 -19.20848 -1.73297
Bukin 74 6.80164e-11 1.10601e-01

Table 3 shows the comparison of the best solution of our method with
SDNM, GRNM and SANM [5] in terms of function value. The header of
the columns mean that: f(z) is the best value of the objective function
value, and nf is the number of objective function evaluations. In Figure
2 we observe that OSRB algorithm is convergent for any initial point.

We solved some of the problems considered, If we consider both the
number of function evaluation and the final function value we can say,
that our algorithm on some test problems if it obtains the same or
better final solution with less function evaluations, or if it obtain a better
final solution value with the same number of valuation. These overall
results suggest that the proposed OSRB can be considered as an effective
optimization technique for solving non-smooth optimization problems.
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Figure 2. Performance profile for the number of function evaluations:
(a) Beal function, (b) Rosenbrock function.
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Comparison of the results with SDNM, GRNM and SANM.

The first two columns list the problem name and dimension. Columns

Table 3

headed with f list the final f values and the nf columns list the

number of function evaluations, averaged over ten runs.

Table 3: Comparison of the results with SDNM, GRNM and SANM. The first two columns list the problem name and dimension.
Columns headed with f list the final f values and the nf columns list the number of function evaluations, averaged over ten runs.

Problem n this paper SDNM GRNM SANM

f nf f nf f nf f nf
Rosenbrock 2 1.39058e — 17 285 1.79285e — 17 517 8.556045e — 20 125 4.22467e — 17 61
Freudenstein and Roth 2 4.23980e — 25 969 1.87891e — 25 1254 4.44784e — 25 1464 3.35681e — 25 742
Powell badly scaled 2 48.9843 217 48.9843 274 48.9843 333 48.9842 22
Beal 2 2.07825e —18 191 1.13556e — 18 183 0.00000 151 2.4448e — 18 51
Jennrich and Sampson 2 124.362 157 124.362 149 124.362 228 2124.362 13
Helical valley 3 9.83210e — 16 342 1.64083e — 16 591 5.67580e — 19 497 9.05792e — 19 315
Bard 3 17.4287 1134 8.21488e — 3 427 8.21488e —3 407 17.4287 714
Gaussian 3 1.12793e — 8 1944 1.12793e — 8 252 1.12793e —8 244 1.12791e—8 93
Meyer 3 87.9459 2801 87.9459 7269 87.9459 4066 87.9457 2576
Box 3 8.70459e¢ — 21 478 1.91130e — 20 923 1.60807e — 20 498 8.9125e —20 93
Powell singular 4 6.73509¢ — 26 1045 3.43198e — 25 1280 2.35132e — 32 2104 2.4752e — 32 1463
Wood 4 2.57400e — 16 656 2.50092e — 17 1177 7.14988e — 19 1102 2.4752e — 19 857
Penalty 1 4 2.24998¢ — 5 1848 2.24998¢ — 5 1596 2.24998e — 5 2837 2.7152e —5 863
Kowalik and Osborne 4 3.07506e —4 653 3.07506e — 4 566 3.07506e —4 638 2.7152e —4 437
Brown almost linear 5 1.08728¢ — 18 648 4.03372e — 18 769 1.43221e — 20 1062 4.85375e — 18 438
Extended Rosenbrock 6  1.35844e — 14 2023 9.06455¢ — 18 2345 1.94036e — 19 1977 8.02541e — 18 1472
Extended Rosenbrock 8  3.27909e — 17 2314 1.50285e — 17 2996 7.96193e — 20 4637 1.41886e — 18 3183
Extended Rosenbrock 10 2.22125e — 16 5629 1.77981e — 17 6208 1.95807e — 19 8611 2.76923e — 17 4617
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8. Conclusions

We have proposed a new method based on trust region method to solve
a non-smooth unconstrained optimization without the use of deriva-
tives. The approach has been improved by a derivative-free local search
phase in which the basis of the algorithm uses the RBF's. The trial step is
accepted if the value of the objective function is sufficiently reduced. At
each iteration, a surrogate model is constructed instead of objective
function by RBFs. The most significant advantage of the proposed al-
gorithm is that the interpolation points can be managed easier, for the
system (9) to have a unique solution. We have tested a set of problems
from [14]. The numerical simulations illustrate the effectiveness of the
proposed method. Studying numerical experiments, especially for large
scale optimization problems is the aim of our future research.
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