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Abstract.  This paper gives a new definition of a filled function, which eliminates certain drawbacks of
the traditional definitions. Moreover, this paper proposes a quasi-filled function to improve the efficiency
of numerical computation and overcomes some drawbacks of filled functions. Then, a new filled function
method and a quasi-filled function method are presented for solving a class of global optimization problems.
The global optimization approaches proposed in this paper will find a global minimum of original problem
by implementing a local search scheme to the proposed filled function or quasi-filled function. Illustrative
examples are provided to demonstrate the efficiency and reliability of the proposed scheme.
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1. Introduction
Consider the following unconstrained programming problem:

min  f(x) (L1
s.t. x € R"

Many results devoted to global optimization are available in the literature. See, for
example, [3—10] and [13]. In order to ensure the ability to escape from local minimum,
many global optimization algorithms would include in their consideration a subproblem
of transcending local optimality, namely: given a local minimizer x*, find a better
feasible solution, or showing that x* is a global minimizer upon termination. Among
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all the different types of global optimization algorithms available in the literature,
one popular approach is called the modified function approach. In this approach, the
resolution to the subproblem under concerned is to replace the original cost function
with a modified function. This replacement procedure, in principle, should ensure any
local search applied to the modified function starting from x*, would lead to a lower
minimum of the original cost function, if there exists one. Thus, global minimizer can
be obtained just by implementing local search methods to the modified function and the
original function. However, it is rather difficult to construct such a modified function.

Filled function method is a typical modified function method. The concept of filled
function was firstly introduced in [3]. The filled function proposed in [3] is as the
following:

e, :;exp<_”x__x*”> (1.2)
X, X%, 1,0 r—i—f(x) p2 , .

where x* is the current local minimizer of original problem. This filled function has
some drawbacks, then [4-8], [10] and [13] proposed some other filled functions, which
improved the filled function (1.2). And then [14] revised the concept of filled function
as follows.

A function p(x, x*) is said to be a filled function of f(x) at the local minimizer x* if
it satisfies the following:

(Py): x* is a maximizer of p(x, x*) and the whole basin B* of f(x) at x* becomes a part
of a hill of p(x, x*);

(P2): p(x, x*) has no minimizer or saddle point in any basin of f(x) higher that B*;

(P3): if f(x) has a basin Bj at xJ that is lower than B*, then there is a point x’ that
minimize p(x, x*) on the line through x* and x”, for any x” in some neighborhoods
of x3.

The Property (P3) revised the Property (3) in [3]. It was much stronger since a
minimizer was required for lines connecting the current minimizer with every point in
some neighborhoods of a next better minimizer, not just for one such point as required
in Property (3) in [3]. But the Property (P3) is still not very satisfying, since a minimizer
was still required for lines and the filled function proposed in [14] is not differentiable.

Then, [9] proposed another continuously differentiable filled function, which assured
the existence of a local minimizer in a lower basin but not just on lines. But the filled
function presented in [9] maybe obtain its local minimizer on the boundary of A, where
A was decided in [9]. The points on the boundary of A are not a better point, i.e., its
value is larger than f(x*).

Wu et al. [12] gave a new modified function method to obtain a better local minimizer
by implementing local search methods to a one- constrained subproblem constructed
by a modified function, which overcome the drawback in [9] in some degree, but the
drawback of the method in [12] is that the subproblem for finding the better point than
X* is a constrained problem.

In order to overcome the above drawbacks. In this paper, we will propose two new
kinds of modified functions: a new filled function which is different from those in the
above literature, and a quasi-filled function, which is different from the filled functions
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and is an improvement of the filled function. Two global optimization algorithms
constructed upon the proposed filled function and quasi-filled function are presented.

Finally, numerical examples are given to demonstrate the efficiency and effectiveness
of the proposed techniques.

2. A novel definition about the filled function
We assume that the following conditions are satisfied.
Assumption 1. f(x) is continuously differentiable on R".

Assumption 2. Let Y be the set of all local minimizers of problem (2.1). The set F
defined by

F={fx)|xeY} 2.1)

is a finite set.
Note that Assumption 2 only requires that the number of local minimal values of
problem (1.1) is finite. The number of local minima may be infinite.

Assumption 3. f(x) satisfies that f(x) — +o0 as ||x]| = +oo.
By Assumption 3, there exist a box set €2, a point x(l] € R" and a constant fy > 1 such
that f(x) > f (x?) + fo forany x € R" \ int2, where intQ2 denotes the interior of 2.
For convenience, let 2 be defined by

Q={x=0x,....,.x») ¢ <x=d;, i=1,...,n}, (2.2)

where ¢;, d;,i =1, ..., n, are constants.
Then, the original problem (1.1) is equivalent to the following problem:

min  f(x) 23)
s.t. x € Q. ’

i.e., ¥* is a global minimizer of problem (1.1) if and only if X* is a global minimizer of
problem (2.3).

To proceed further, we need the following definitions.

Definition 2.1. B* C X is said to be a G-basin of problem (1.1) corresponding to a
local minimizer x* if it is a connected domain with the following properties:

1) f(x) > f(x*) forany x € B¥;
(i) ¥ € B* is a local minimizer of problem (1.1) if and only if f(X) = f(x™).

Note that the concept of the G-basin in this paper is not the same as the definition of
basin defined by traditional ways.
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Definition 2.2. Letx! and x? be two local minimizers. If f(x?) > f(x!), then the local
minimizer x? is said to be higher than the local minimizer x! and the local minimizer x'
is said to be lower than the local minimizer x. If the local minimizers x' and x? are such
that f(x') = f (x?), then the local minimizers x! and x? are said to be with the same
height.

Throughout the rest of the paper, let x* be a local minimizer of problem (1.1), B*
be the G-basin of x*, and let L be the set which consists of all the local minimizers of
problem (1.1) lower than x*.

Definition 2.3. A differentiable function p(x) is a filled function of problem (1.1)
corresponding to a local minimizer x* if it satisfies the following properties:

(1) x*is a strictly local maximizer of p(x);
(i) For any x # x* satisfying f(x) > f(x*), x is not a stationary point of p(x), i.e.,
Vp(x) # 0;
(iii) if x* is not a global minimizer of problem (1.1), i.e., L # @, then for any X € L, X
is a local minimizer of p(x) and furthermore satisfies

p(X) < p(x™)
p(X) < p(x), forany x € 02,

where 02 denotes the boundary of €.
(iv) Forany x;, x, € Q satisfying f(x;) > f(x*)and f(x2) > f(x¥), [[x2 —x*|| > (=)
ey — x*|| if and only if p(x2) < (<)p(xy).

By Definition 2.3, we know that if p(x) is a filled function satisfying Definition 2.3,
then we have the following results:

1. x* is a global minimizer of problem (1.1) if and only if x* is the only stationary point
of p(x) and x* is a strictly local maximizer of p(x).

2. x* is not a global minimizer of problem (1.1) if and only if there exists at least a point
X € intS2 such that ¥ is a local minimizer of p(x) and satisfies f(¥) < f(x*), p(X¥) <
p(x*) and p(X) < p(x) for any x € 9€2, where int2 denotes the interior of €.

Remark 2.1. Note that Definition 2.3 about the filled function is different from those
definitions mentioned in [3—10, 13] and [14]. This novel definition is stronger than those
mentioned in the above literature.

3. A novel filled function and its properties

In this section, we will introduce a filled function which satisfies the conditions of
Definition 2.3.
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Figure I  The behavior of g,(t) with r = 0.5, 0.4 and 0.3, respectively.

For any r > 0, let

1, >0
a0=1-2p_2p241 —r<i<0 34
r r
0, t < —r
and
t+r I <—r
@)= r_32t3+#t2+1, —r<t<0- (3.5)
r r
1 t>0

The figure 1 and figure 2 are the behaviors of g, (¢) and f,(t) withr = 0.5, ~ 0.4 and
0.3, respectively. We can easily verify that g, (#) and f; (¢) are continuously differentiable
on R. And

0, t>0
g () = —gzz — Et, —r<t<0 (3.6)
1”3 r2
0, t < -—r
and
1 t < -—r
fo=1200 220 o<, 37
r r
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Figure 2 The behavior of f,(¢) with r = 0.5, 0.4 and 0.3, respectively.

Let
B llx — x| , \
Hy o (x) = qexp T & (f) = fO&N+ fr(f)— Fx™) ), (3.8)

where r > 0, ¢ > 0 are parameters, x* is the current local minimum.

Remark 3.1. Even though the function H,,.«(x) includes an exponential term

fle—x*1>

exp(— M) but when ¢ is very large, is very small, thus the exponential
term exp( ”‘ sl =—=L) will not result any computational problem.

Theorem 3.1. Suppose x* is a local minimizer of f(x), then x* is a strictly local
maximizer of H, , +(x) for anyr > 0,q > 0.

Proof: Let B* be a G-basin of f(x) at minimizer x*, that is, for any x € B*, we
have f(x) > f(x*). Therefore, g-(f(x) — f(x*)) = & (f(x*) — f(x*)) = 1 and
[ (f(x)— f(x*)) = f,(f(x*)— f(x*) =1foranyr > 0. And for any x # x*,q > 0,
exp(— '“ X )< exp(— =1 ik =X ), Thus,

Hq,l‘,x* (X) < Hq,/‘,x* (.X*)

for any x € B* and x # x*. Hence, x* is a strictly local maximizer of H, , .-(x) for any
r>0,g>0. ]
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For any x € €2, define

d(x)=x —x*. 3.9

Theorem 3.2. Suppose Assumption 1 is satisfied. If x € Q is such that f(x) > f(x*)
and x # x*, then x is not a stationary point of H, , «+(x); and

VIH, . (x)d(x) <0
foranyr > 0,q > 0.

Proof: By (3.8), we have

)
VH, o (x) = exp (—%)[—zu — g () — F&*))
gl (f() — FONV L]+ af/(f@) — FENVF). (3.10)

For any x satisfying f(x) > f(x*), forany » > 0, ¢ > 0, we have

B llx — x* |12 .
VH, o (x) = —2exp [ ———— | (x — x*).
q

Thus, for any x € €2 satisfying f(x) > f(x*) and x # x*, we have VH, , \»(x) # O for
any r > 0, ¢ > 0, i.e., x is not a stationary point of H, , .+(x). By (3.9), we have

¥ 2 |:|
VTH‘I,I‘,.x*(-x)d(x) = _2 eXp <— M) ”x _ x*”Z < O
q
Let
= min — |, 3.11
Po yin€F yi#y: 1=l (3.11)

where F is decided by (2.1). By Assumption 2, we have that Sy > 0.

Theorem 3.3. Suppose Assumption 1—3 are satisfied. If x* is not a global minimizer
of problem (1.1) (L # @), then for any X € L, for any q > 0, X is a local minimizer of
H, , «+(x) and satisfies

Hq,r,x*(f) < Hq,r',x*(x*)
Hyroo(X) < Hyp+(x)  forany x € 0Q

when the parameter r is chosen such that
B

2

Obviously, X is a stationary point of H ;. (x).

(3.12)
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Furthermore, for any x satisfying f(x) < f(x*) — 2r, x is a local minimizer of
Hy .+ (x) and satisfies

Hq,r,x*(x) < Hq,r,x*(X*)
Hq,r,x*(x) < Hq.r.x*(y) f()l” any 'y € BQ,

which must be a stationary point of Hy . +(X).

Proof: Since By = miny, y,cr,yy, |1 — ¥2| and since L # @, then for any X € L, we
have that By < f(x*) — f(X). Thus, we have f(X) — f(x*) < —By < —2r < —r when
r < % By the continuity of f(x), there exists a neighborhood N (X, §¢) of ¥, such that
f(x)— f(x*) < —r forany x € N(X, §p), where N(X, 8p) = {x € R" | ||x — x| < 8o}
Thus, we have that g.(f(x) — f(x*)) = 0 for any x € N(X, &). Since ¥ is a local
minimizer of f(x), then there exists a positive number §; > 0, such that f(¥) < f(x)
for any x € N(X, §;). Let § = min{§y, §,}. For any x € N (&, §), we have that

Hy o) = q0+ f(x) = f(X) +7) = q(f(X) — fF(X) +7) = Hy e (F).
Thus, X is a local minimizer of H, , ,~(x) and satisfies
Hq,r,x*(x) =q(f(x) — f(X*) +r)<0< Hq,r,x*(X*) =q(1+1)=2q

o . e = x*|1?
Hy o (X) = q(f(X) = f(x") +71) <0 <q <q| exp R + 1
= H,,+(x) foranyx € 0Q.

Similarly, we can prove that for any point x satisfying f(x) < f(x*) —2r,xis alocal
minimizer of H, , .-(x) and satisfies

Hq.r.x*(x) < Hq,r,x*(X*)
Hy,(x) < Hy,+(y) forany y € 922,

which must be a stationary point of H,, ;. ¢+ (x). ]

Theorem 3.4. For any x|, x, € Q satisfying f(x1) > f(x¥), f(x2) = f(x*), |x2 —
X*| > ()llxr — x*|| if and only if Hy . x+(x2) < (S)Hy e (x1) for anyr > 0,q > 0.

Proof: For any x|, x, € Q satisfying f(x;) > f(x*), f(x2) > f(x*), we have that

llaz — x*)12
et = (oo (220 ) ),
lly — x*||?
Hy o (x1) = g exp — 1),

Thus, for any r > 0, g > 0, [[x2 — x*|| > (=)|lx; — x*| if and only if H , «(x2) < (=)
Hq,r,x*(xl)~ (|

Remark3.2. By Theorem 3.1-3.4, we know that H,, ,. .-(x)is afilled function according
to our novel Definition 2.3 when r satisfies condition (3.12). Note that even if the
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function H, , ,+(x) includes an exponential term exp(—%), but exp(— w) will
not bring any computational problem. In fact, since the parameter ¢ does not need to
satisfy any condition, thus we can take ¢ is very large. The very large ¢ is just used
to make exp(—w) contribute a little to the function H, , ,~(x) and improve the
decreasing rapidity of H, , .-(x) at x when x satisfies f(x) > f(x*). Thus we can take

q is very large, then exp(— M) will not bring any computational problem. The term
fr(f (x)— f(x*)) takes advantage of the superiority of those points which values are less
than f(x*) since the less of f(x) is, the less of f,.(f(x) — f(x*))is when f(x) < f(x¥).

Moreover, we can verify that g(x) = exp(—|lx — x* ||2)g,.(f(x) — f(x*))and h(x) =
q exp(— w)g,( f(x)— f(x™)) are also filled functions satisfying Definition 2.3. But
from the above discussions, we can easily know that the computational efficiency of
function H, , (+(x) is better than those of functions g(x) and A(x). Thus, using the filled
function H, , (+(x), we can obtain a filled function method, referred to as Algorithm
FFM.

Algorithm FFM:

Step 0. Choose sufficiently small positive numbers i > 0 and ¢ > O(¢ < p) as the
tolerance parameters for terminating the minimization process of problem (1.1). Choose
a sufficiently large number M > 0 as the tolerance number ¢, an integer ko > 2n, where
n is the number of variables, a set of unit directions ¢;,i = 1, ..., ko such that ¢;, i =
1, ..., ko almost uniformly distribute over the unit sphere B = {x € R" | ||x|| = 1}, an
initial point x? € , and initial values gy > 1 and ry < 1 for the parameters g and r,
respectively. Set k := 1.

Step 1. Let x} be the local minimizer of problem (1.1) starting from the initial point
x,?. Take a positive number §yp > 0, let § = §p, 1 = 1.

Step 2. Let X = x; + de;. If f (X)) < f(xf), then set x,?H =X, k:=k+1andgo
to Step I; otherwise, go to Step 3.

Step 3. Let

k2
Hy o () = q(exp ( = Wﬁmx) — FOD) + £ (F) — .f(x:»),

where g,(¢) and f,(¢) are decided by (3.4) and (3.5), respectively. Solve the problem:

min  Hy ;. (x) (3.13)
x e |

by a local search method starting from the initial point ;.
If the minimizer of problem (3.13) attained at the boundary of €2, go to Step 4, else if
one of the following conditions holds at some point y; € Q:

(D) OF = x) VHy e (v0) = 0;
Q) fOH < F&0:
(3) IIVH,ODI < &
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then, set x,? +1 =Y,k :==k+ 1and go to Step I; otherwise, continue the minimization
of H, , +(x) on €.

Step 4. If ¢ < M, then increase g(such as, let ¢ := 10g), go to Step 2; otherwise, let
q = qo, go to Step 5.

Step 5. If § > u, then decrease §(such as, let § := %) and let ¢ = qo, go to Step 2;
otherwise, let g := qo, 6 := &y, go to Step 6.

Step 6. If i < ko, thenleti :=i + 1, go to Step 2; otherwise, go to Step 7.

Step 7.1fr > u,then decrease r(such as, letr := %), andseti :=1,q := qo, § := do,
then go to Step 2; otherwise, stop and x; is a global minimizer of problem (1.1).

In this section, we have given a new definition of a filled function and a new filled
function satisfying the given definition and a new filled function method, referred to as
Algorithm FFM. By the given Algorithm FFM, we can obtain a global minimizer or an
approximate global minimizer of original problem. But the local minimizer of problem
(3.13) obtained in Step 3 is very easily on the boundary of €2, in which case, we have
to change the parameters g, r or change the starting point ;’. Thus, the ky maybe have
to be chosen very large. In order to improve numerical computational efficiency, in the
next section, we will introduce another modified function, which possesses almost all
properties set in Definition 2.3 on one hand, and demonstrate computational superiority
on the other, which local minimizer on 2 must be in the interior of 2. This function is
referred to as the quasi-filled function.

4. Quasi-filled function and its properties

By Assumption 3, we know that there exist a point x? and a positive number fy > 1,
such that f(x) > f(x?) + fo for any x € 9. If x* is a local minimizer of f(x) on Q
starting from x?, then f(x*) < f(x?). Thus, f(x) > f(x*)+ fo for any x € 9.

For any r > 0 and given ¢ > 0, let

c, t>0
2 3¢
g =1 -ZF =SP4, —r<i<0 (4.14)
r r
0, t<-—r
t+r t < —r
-2 -3
i . t3—|—r—2t2+1, —r<t<0
r r
1 0<r<l1
he@® =13 40 _2 66 — Dr + 2 (4.15)
—Cg t3+(c )3(r+)t2 1<t<l+r
- r
6c —3)2+2r 4c —2 6c—3
_(c )g + ’)t+ c +§c )r_’_1
r r
2c t>14+r

The figure 1 is the behavior of g, .(¢) with ¢ = 1 and r = 0.5, 0.4, 0.3, respectively.
The figure 3 is the behavior of £, .(t) with ¢ = 1 and r = 0.5, 0.4, 0.3, respectively.
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Obviously, g, .(¢) and A, (t) are continuously differentiable on R. And

0, t>0
g.(1) = —@12—6—Ct, —r<t<0
r3 2
0, 1< —r
1 < —r
3r—=6 2r —6
r3 2+ '2 ‘ —r<t<0
r r
o 0 0<tr<l1
=1 12c-6 12¢ — 6)(r +2 :
‘ - C3 t2+( ¢ A3)(’+)t l<t<l+r
loc —32+2r) '
—
0 t>14+r

Let

~ e — x| , ,
Farear ()= (o0 (=5 )8rel /0 = SN+ el F0) = 10679 )

Consider the following programming problem:

min Fq,r,c,x*(x)

x e Q.

Then, we have the following results:

- - r=05

r=0.4

— r=03

ol
1.5 B
1k i
0.5 B
ok i
-0.5 | | | | | | | | | |
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

Figure 3 The behavior of 4, (¢) with with ¢ = 1 and r = 0.5, 0.4, 0.3, respectively.

(4.16)

(4.17)
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Theorem 4.1. [f x* is a local minimizer of original problem (1.1), then for any r >
0,9 > 0,c > 0,x*is a strictly local maximizer of function F ;.. .~(x) on Q.

Proof: Since x* is a local minimizer of continuous function f(x), then there exists a
§ > 0, such that 0 < Zf(x) — f(x*) < 1lforanyx € N(xf, 8). Therefore, by (4.16),
we have exp(—="Lye, (F(x) — f(x*) < exp(—=E=yg, (f () — f(x*)) and
hee(f(xX) — f(™) = hpo(f(x*) — f(x¥)) for any x € N(x*,8) \ {x*}. Thus,
Fyrexs(x) < Fgpexe-(x*) for any x € N(x*,8) \ {x*}. Thus x* is a strictly local
maximizer of function F ;¢ v+ (x). O

Theorem 4.2. Suppose Assumption 1 is satisfied. For anyr > 0, if x € Q and x # x*
satisfies 0 < f(x) — f(x*) < lor f(x) — f(x*) = 1 +r, then x is not a stationary
point of Fy ;.. x+(x). Otherwise, if x is a stationary point of f(x), then x is not a stationary
point of Fy . +(x). And v F(q,r c, x*)(x)d(x) < O for any x satisfying the above
conditions.

Proof: By (4.16), we have
VFgrcx(X) = exp (- ||x—q—x*||2>[_2(x — X)gre(f(x) = f(x™)
+q8, (fX) = fFOUNV O]+ qhy (f (x) = fFN)V f(x).
Thus for any x satisfying f(x) > f(x*), we can rewrite the above to get
VFyrex(x) = —2cexp (—”x_q—x*||2>(x — X"+ qhl (f(x) — FEDVF).
(4.18)

By (4.18), if x # x* satisfies 0 < f(x) — f(x*) < lor f(x) — f(x*) > 1471, we
can conclude

llx — x*|? «
VF,rex(x) =—2cexp| ——— |(x —x7) #0.
q

Otherwise, if x satisfies 1 < f(x) — f(x*) < 14r and V f(x) = 0, we also conclude

k2
VFq,r,c,x*(x) = —2cexp (_H)C—X”)(x _ x*) £0.
q

Hence, x is not a stationary point of function F,, . (x). And we have that
VTFq,,.,U,x*(x)d(x) < 0 for any x satisfies the above conditions. O

Theorem 4.3 Suppose Assumption 1—3 are satisfied. If x* is not a global minimizer
. . — . ﬁ - . o e .

of problem (1.1), i.e., L # ), then for any X € L, whenr < 3, X is a local minimizer

of Fy r.c v+ (x) and satisfies

Fq,r,c,x*(j) < Fq,r,c,x* (X*), Fq,r,c.x*()_() < Fq,r,c,x*(x)fOr any x € 0€2,

where By is decided by (3.11). Obviously, X is a stationary point of Fy ;. ¢ x(x).
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Furthermore, for any x satisfying f(x) < f(x*) — 2r, x is a local minimizer of
Fy rc.x+(x) and satisfies

Fq,r‘,c,x* ()C) < Fq,r‘,c,x* (X*)

Fyrex(X) < Fyrex(y)foranyy € 09,
which must be a stationary point of Fy ;. . v« (x).

Proof: Since fy = miny, ,,cF y .y, [y1 — ¥2| and since L # §, then for any X € L,
we have that f(¥) — f(x*) < —fy < —2r < —r whenr < % By the continuity
of f(x), there exists a neighborhood N (X, &) of X, such that f(x) — f(x*) < —r for
any x € N(&, &), where N (¥, §o) = {x € R" | ||x — X|]| < &o}. Thus, we have that
&r.c(f(x) — f(x*)) = 0 for any x € N(X, &p). Since ¥ is a local minimizer of f(x),
there exists a positive number §; > 0, such that f(¥) < f(x) for any x € N(X, 6;). Let
8 = min{éy, &1}, then we have that

Fq,r,c,x*(x) = Q(O + f(x) - f(X*) + I') Z Q(f(f) - f(x*) + I‘) = Fq,r,(,',x*(-f)
for any x € N(x, §). Thus, X is a local minimizer of F , . .+(x) and satisfies
Fq,r,c,x* (f)

e e e ( (||x—x*||2> )
prea@® = (@ = 6D +1 <0<q<afcexp (- ) +1

q(f(f) - f(X*) +r) <0< Fq,r,c,x*(-X*) = Q(C +1

< Fyex+(x)forany x € 022,
since f(x) — f(x*) > 1 for any x € Q2 by Assumption 3.

Similarly, we can prove that for any » > 0, for any point x satisfying f(x) <
f(x*) — 2r, xis a local minimizer of F, , . ««(x) and satisfies

Fq,r,(f,x* (x) < Fq,r,(f,x* (x*)

Fq,r,c',x* (X) < Fq,r,c',x* ()’) for any y € 891
which must be a stationary point of F ;. . v+ (x). [l

Note that the second part of Theorem 4.3 illustrates that function F , . ,+(x) has many
local minimizers if x* is not a global minimizer of problem (1.1).

Theorem 4.4. For any xg satisfying f(xo) — f(x*) < 1, the local minimizer X of
problem (4.17) starting from x is in the interior of Q when r and c satisfy the following
conditions, respectively.

r<fo—1 and c=1, (4.19)

where fy > 1is decided by Assumption 3.
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Proof: Forany x € 0%, since f(x) > f(x*)+ fo > f(x*)+14+r whenr < fo— 1,
then we have

B e — 272 . .
Forea ) = a( 060 (=5 )4nelF @) = FGD +hroF0) = )

> qhy(147)
= 2qc.

For any xj satisfying f(xo) < f(x*) + 1,

k2
F‘[,r,(,',x* (XO) = C]<eXP (_ w)gl((f()%) - f(x*)) + hr.c(f(XO) - f(x*))>

< q(c+ h. (1))
< gq(c+1).

Thus when ¢ > 1, we have g(c + 1) < 2gc. Therefore, any local minimizer of
problem (4.17) starting from x, satisfying f(xo) < f(x*) 4+ 1 can not be obtained on
the boundary of 2 when r and c satisfy r < fy — 1 and ¢ > 1, respectively. ]

By the given quasi-filled function F , . ,~(x), we can propose a method to obtain a
global minimizer of original problem (1.1) via implementing local search schemes. This
method is referred to as Algorithm QFFM.

Algorithm QFFM:

Step 0. Choose a sufficiently small positive number ¢ > 0 as the tolerance parameter
for terminating the minimization process of problem (1.1). Choose a sufficiently large
positive number M > 0 as the tolerance numbers g and ¢ (in the following examples,
we take u = 10719 and M = 10'9). Choose an integer ko > 2n and unit directions
ei,i =1,..., ko, where n is the number of variables (in the following examples, we
take ko = 2n and e; as the positive and negative coordinate directions). Pick an initial
point x¥ €  and initial parameters: 7o > 0, co > 0, go > 0 (in the following examples,
we takerg = 1,co = 1 and ¢y = 10°). Take a positive number §p > O (in the following
examples, we take 8y = %). Letk :=1.

Step 1. Let x{ be the local minimizer of problem (1.1) starting from the initial
point x{. If f(x}) > f(x;_)(where x; = xV), then go to Step 4; otherwise, Let
q :=¢qo,C:=co, 7 :=19,8 :=8pandi := 1, go to Step 2;

Step 2. Let X = xj + 8e;. If f(X]) < f(x}), thenset x| := ¥, k := k + 1 and go
to Step 1;if f(x}) < f(X}) < f(x})+ 1, then go to Step 3; otherwise, let § := %, goto
Step 2.

Step 3. Let

- e — ;2 . .
Fureai@) = exp (= Jnc £ = S GD) e () = £ |
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where g, .(t) and h, .(¢) are decided by (4.14) and (4.15), respectively. Solve the problem:

min Fq,,.,c.,,(;(x) 4.20)
x e '

by a local search method starting from the initial point X;'. Let Xq.r.cap be the local
minimizer obtained. Then, set x,? 1= Xgrcxps k =k + 1and goto Srep 1.

Step 4.1f ¢ < M, then increase ¢ (in the following examples, we let g := 10q ), then
goto Step 3; otherwise, go to Step 5.

Step 5. If ¢ < M, then increase c (in the following examples, we let ¢ := 10c ), and
let g = qo, go to Step 3; otherwise, go to Step 6.

Step 6. 1fi < kg, thenleti :=i+1,q := qo, ¢ := co, 8 := 89, g0 to Step 2; otherwise,
goto Step 7.

Step 7. If r > w, then decrease r (in the following examples, we let r := %, let
i:=1,9 := qo,¢c 1= co,8 := Jo go to Step 2; otherwise, stop and x; is a global
minimizer of problem (1.1).

5. Numerical results

In this section, we will use the Algorithm QFFM to solve a set of well-recognized test
functions, where the optimization subroutine within the optimization Toolbox in Matlab
6.1 is used as the local search scheme to obtain local minimizers of problem (1.1) and

problem (4.20).
In the following examples, we take M = 100, u= 10719, ky = 2n and the direction
ei,i =1,..., ko are the positive and negative coordinate directions in Step 0, and take

the initial ¢, ¢, 7, § as qp = 105, ¢co = 1,80 = % and ro = 1 in Step 1, respectively

and take ¢ := 10q, ¢ := 10c, r :=r/10 in Step 4, Step 5 and Step 7, respectively. The
numerical results of each example obtained are presented in the respective tables, where
the following notations are adopted.

k—the number of local minima obtained by Algorithm QFFM that satisfy f(x}) <
VACTEDR

x¢—the initial point for the kth local minimization process of problem (1.1), x| :=
)_Cq,r,c,x{'

x;—the local minimizer of f(x) starting from x,?.

e;,i =1,...,n—e; € R" and the ith element is 1, the others are 0.

ei,i=n+1,...,2n—e; € R" and the (i—n)th element is —1, the others is 0.

Xq.r.c.;—The local minimizer of problem (4.20) obtained by the optimization subrou-
tine within the optimization Toolbox in Matlab 6.1 starting from X; (all the Xgrext
given in these tables satisfy f(x{, ;) < f(x;), where x;_, is a local minimizer of
function f(x) starting from % ;¢ ;).

Example 5.1 (Goldstein-Price (G-P) (n = 2) [2])
min  fg(x,y) =14+ + y + D*(19 — 14x + 3x% — 14y + 6xy + 3y?)]
X,y

x [30 + (2x — 3y)%(18 — 32x + 12x2 4+ 48y — 36xy +27y®)]  (5.1)
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Figure4  The behavior of Goldstein-Price.

st. —3<x<3,-3<y<3.

From figure 4, we see that there are many local minima of this problem G-P. We
take the initial point x? = (1, 1). The first local minimizer of problem (5.1) obtained
by the optimization subroutine within the optimization Toolbox in Matlab 6.1 starting
from x? = (1,1) is x{ = (1.8000, 0.2000) with the local minimal value of f(x}) =
84.0000.

Table 1 gives the numerical results obtained by Algorithm QFFM for problem
G-P.

From Table 1, we see that a global minimizer of problem (5.1) obtained by Algorithm
QFFM is:

x* = (—0.0000 — 1.0000)

Table 1. Results for G-P by QFFM.

k X]? X]t f(x]):) 3,ei,q,c,r xq,r,e,x:
1 (1,1) (1.8000, 0.2000) 84.0000

1/27,e1,105,1,1  (1.8155, 0.2004)
2 (1.8155,0.2004) (—0.0000 3.0000

—1.0000)
forany ¢ < 1010
e,-,i =1,..., 2n -
g <10° et

andr > 10710

o X FG) = 3.0000
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Figure 5 The behavior of Six-Hump Camel-back.

with global optimal value f(x*) = 3.0000.
Example 5.2 (Six-Hump Camel-back (n = 2) [1])

min fg(x) = 4x] — 2.1x} + x0/3 — xxp — 4x3 + 4x) (5.2)

—3<x;<3,i=12

From figure 5, we see that there are many local minima of this problem. We take
the initial point x(l] = (0, 0). The first local minimizer of problem (5.2) obtained by the
optimization subroutine within the optimization Toolbox in Matlab 6.1 starting from
x? = (0, 0) is x{ = (0, 0) with the local minimal value f(x}) =0

Table 2 gives the numerical results obtained by Algorithm QFFM for Six-Hump
Camel-back.

Table 2. Results for Six-Hump Camel-back by QFFM.

k x,? X f&p) 8,ei,q,c,r X rext
1 00) ©0) 0
1/2,e1,10°,1,1 (0.5412, —0.0000)
2 (0.0313, 0) (0.0898, 0.7127) —1.0316
forany ¢ < 1010
ei,i=1,...,2n _
10 Xg.,r.ext
q <10 91Oy

andr > 10710

et X f&E) = —1.0316
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Figure 6 The behavior of Rastrigin.

From Table 2, we see that a global minimizer of problem (5.2) obtained by Algorithm
QFFM is:

x* = (0.0898, 0.7127)

with global optimal value f(x*) = —1.0316.
Example 5.3 Rastrigin (n = 2) [11]

min  fr(x) = x7 + x3 — cos(18x;) — cos(18x2) (5.3)
s.at. —2<x;<2,i=1,2.

From figure 6, we see that there are many local minima of this problem. We take
the initial point x? = (1, 1). The first local minimizr of problem (5.3) obtained by the
optimization subroutine within the optimization Toolbox in Matlab 6.1 starting from
x? = (1, 1) is x{ = (1.0408, 1.0408) with the local minimal value f(x}) = 0.1798.

Table 3 gives the numerical results obtained by Algorithm QFFM for problem (5.3).
From Table 3, we see that a global minimizer of problem (5.3) obtained by Algorithm
QFFM is:

x* = 1.0 x 107%(0.1434, —0.3560)

with the global minimal value f(x*) = —2.0000.
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Table 3. Results for Rastrigin by QFFM.

k x,? X f&) 8,ei,q,¢,1 Xy et
1 an (1.0408, 1.0408) 0.1798
1/2%, 1,105, 1,1 (1.1241, 1.0408)
2 (1.1241, 1.0408) (0.3469, 1.0408) —0.7890
1/2%,e1,10°,1,1  (0.7132, 1.0407)
3 (0.7132, 1.0407) (—0.0000, 1.0408) —0.9101
1/2%,e1,10°,10*, 1 (0.7515,1.0405)
4 (0.7515, 1.0405) (0.0000, 0.6938) —1.5156
1/2%, e1,105,10%, 1 (0.7512, 0.6936)
5 (0.7512, 0.6936) 1.0 x —2.0000

1076(0.1434, —0.3560)
forany ¢ < 1010
ei,i=1,..., 2n _
g < 1010 '\q,r.L‘,x;
andr > 10710
Lq.rext R feg) =
—2.0000

Example 5.4 (two-dimensions Shubert III function (n = 2) (Shubert, 1972) [3])
5

5
min fs(x) = (Zicos[(i + g +i])(Zicos[(i + l)xz+i]>
i=1 i=1

+ [(x1 + 1.42513)% + (x2 + 0.80032)?] (5.4)
s.t. —10<x; <10,i =1, 2.

From figure 7, we see that there are many local minima of this problem (there are
about 760 minimums). We take the initial point x? = (1, 1). The first local minimizer of
problem (5.4) obtained by the optimization subroutine within the optimization Toolbox
in Matlab 6.1 starting from x? = (1,1) is x{ = (—0.8017,2.7818) with the local
minimal value f(x}) = —25.0600.

Table 4 gives the numerical results obtained by Algorithm QFFM for the two-
dimensions Shubert III function. From Table 4, we see that a global minimizer of
problem (5.4) obtained by Algorithm QFFM is:

x* = (—1.4251, —0.8003)
with the global minimal value f(x*) = —186.73009.

Example 5.5 (n-dimensions Sine-square II function (Levy and Montalvo, 1985) [4])

. . s .2 2
min f;(x) = ;{IOsm @y)+ G, —1)

n—1
+ D [ — D1+ 10sin*(ryi )]}, (5.5

i=1
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Figure 7 The behavior of two-dimension Shubert III function.

st.yi=14+@ —1)/4
—10<yx;<10,i =1,2,...,n.

From figure 8, we see that there are many local minima of this problem (n = 2).

When n = 2, we take the initial point x? = (0, 0), the first local minimizer of
problem (5.5) obtained by the optimization subroutine within the optimization Toolbox
in Matlab 6.1 starting from x{ is x} = (4.9599, 1.0000) with the local minimal value
f(x}) = 1.5550. Table 5 gives the numerical results obtained by Algorithm QFFM for
two-dimensions Sine-square II function. From Table 5, we see that a global minimizer

Table 4.  Results for Shubert III function by QFFM.

k X/? X fxg 8,ei,.q,c,r Xy rex
1 1,1 (—0.8017,2.7818) —25.0600
1/2%,1,10°, 10,1 (—1.4136,2.2210)
2 (—1.4136,2.2210) (—1.4251,2.2950) —28.0619
1/2%, e1,10°,10, 1(—1.4251, —0.8003)
2 (—1.4251,-0.8003) (—1.4251,—0.8003)  —186.7309
forany ¢ < 1010
e, i=1,...,2n _
g <1010 Xq,re.xf
andr > 10710
Sqorea R fa )=

—186.7309
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Figure 8 The behavior of two-dimensions Sine-square II function.

Table 5.  Results for two-dimensions Sine-square II function by QFFM.

k x,? X F&) 8,ei,q,¢,r Fgrexr
1 00) (4.9599, 1.0000) 1.5550
1/4,e1,10° 1,1 (1.0000, 1.0000)
2 (1.0000, 1.0000) (1.0000, 1.0000) 1.6003 x 10713
forany ¢ < 1010
ei,i=1,...,2n -
g <101 Xg.r.c.xf
andr > 10710
Tqrext XE f@g, ) > 1.6003 x 10713

of the two-dimensions Sine-square II function obtained by Algorithm QFFM is:
x* = (1.0000, 1.0000)

with the global minimal value f(x*) = 1.6003 x 10713 & 0.

When n = 6, we take initial point x? = (2,...,2)(in fact, we can take any point
as the initial point). The first local minimal value of problem (5.5) obtained by the
0

optimization subroutine within the optimization Toolbox in Matlab 6.1 starting from x;
is f(x}) = 0.5183. Table 6 gives the numerical results obtained by Algorithm QFFM for
the 6-dimensions Sine-square II function. From Table 6, we see that a global minimizer
obtained by Algorithm QFFM of the 6-dimensions Sine-square II function is:

x* = (1.0000, 1.0000, 1.0000, 1.0000, 1.0000, 1.0000),

with global minimal value f(x*) = 1.6066 x 107! ~ 0.
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Table 6.  Results for 6-dimensions Sine-square II function by QFFM.

k x,? X F&0) 8,ei,q,c,r Xq_,,,('_x;«
1 2,2,2, (_1203(5)49181 10(())8(2)0 0.5183
2,2,2) ’ e ! ’

0.9999, 0.9997)

1.0000, 1.0000,
1/2%,¢1,10°,10,1 1.0000, 1.0000, 2
1.0000, 1.0000
(1.0000, 1.0000,  (1.0000, 1.0000,

2 1.0000, 1.0000, 1.0000, 1.0000, 1.6066 x 10711
1.0000, 1.0000) 1.0000, 1.0000)

forany ¢ < 1010
ei,i=1,...,2n _
q< 1010 xq,r.c,,\',’:
andr > 10710
GIE
1.6066 x 10~

When n = 20, we take initial point x? = zeros(20, 1)(in fact, we can take any point
as the initial point). The first local minimal value of problem (5.5) obtained by the
optimization subroutine within the optimization Toolbox in Matlab 6.1 starting from x?
is f(x}) = 1.8265 x 107°. Table 7 gives the numerical results obtained by Algorithm
QFFM for the 20-dimensions Sine-square II function. From Table 7, we see that a global
minimizer of the 20-dimensions Sine-square II function obtained by Algorithm QFFM

is:
x* = ones(20, 1),

with global minimal value f(x*) = 2.4946 x 1072 ~ 0.

When n = 50, we take initial point x? = zeros(50, 1) (in fact, we can take any point
as the initial point). The first local minimal value of problem (5.5) obtained by the
optimization subroutine within the optimization Toolbox in Matlab 6.1 starting from x?
is f(x}) = 1.6227 x 107°. Table 8 gives the numerical results obtained by Algorithm
QFFM for the 50-dimensions Sine-square II function.

From Table 8, we see that a global minimizer of the 50-dimensions Sine-square II

function obtained by Algorithm QFFM is:
x* = ones(50, 1),

with global minimal value f(x*) = 2.3380 x 1072 ~ 0.

6. Conclusions

In this paper, we have defined a new filled function and a quasi-filled function and then
developed two associated global optimization methods. Using the two proposed global
optimization methods, we can obtain the required global minimizer in finite steps under
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Table 7. Results for 20-dimensions Sine-square II function by QFFM.

k x,? x;f f(x]):) 3, e,q,r,c iq,r,z',x,ﬁf
1 zeros(20,1) 1.8265 x 1072
1/2%2, e49, 105, 10719, 1  ones(20,1)
2 ones(20,1) ones(20,1) 2.4946 x 10712
forany ¢ < 1010
ei,i=1,...,2n _
q< 1010 xq.r,c.x,f
andr > 10710
Tgrea X FGg,) > 2.4946 x 10712
Table 8. Results for 50-dimensions Sine-square II function by QFFM.
k x,? X [ 8,ei,q,r1,¢C fq,r,c,xf
1 zeros(50,1) 1.6227 x 1073
1/232 249,105, 107101 ones(50,1)
2 ones(50,1) ones(50,1) 2.3380 x 10712
forany ¢ < 1010
ei,i=1,...,2n _
g < 1010 xq,r',(',xzf
andr > 10710
g e i &g =2.3380 x 10712

the assumption that the set of local minimal objective function values is finite. From the
numerical results, we see that the proposed techniques(here just the quasi-filled function
method is used) are very reliable and efficient.
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