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Abstract—In this study, we propose a new chaotic global
optimization method using the Lagrangian method to solve a
nonlinear constrained optimization problem. Firstly, we explain
the convergence behavior of the first order method regarding
convexity of the Lagrangian with respect to decision variables
in terms of linear stability theory. Further, we propose a new
optimization method in which the convergence behavior of the
first order method is improved by two techniques. One is
the introduction of a coupling structure. The second is the
introduction of objective function weighting. Then, we apply a
multipoint type chaotic optimization method so that global search
is implemented to find feasible global minima. We then confirm
the effectiveness of the proposed method through applications to
the coil spring design problem and benchmark problems used in
the special session on constrained real parameter optimization in
CEC2006.

Index Terms—Constrained Optimization, Global Optimiza-
tion, Lagrangian Method, Chaos, Gradient Dynamics, Coupled
Dynamics

I. INTRODUCTION

The development of the global optimization method, which
is able to obtain global minima without being trapped at local
minima, has been investigated extensively. In [1], we proposed
a multipoint type chaotic optimization method, which is called
the “Elite Coupling type Chaotic Optimization Method (EC-
COM)”, for unconstrained optimization problems. EC-COM
is an unconstrained global optimization method in which
multiple search points which implement global search driven
by a chaotic gradient dynamic model are synchronized to
their elite search points by using a coupling model. EC-COM
successfully achieves diversification and intensification, which
are reported to be important strategies for global optimiza-
tion in the Meta-heuristics research field. Its superior global
capability has been confirmed through applications to several
unconstrained multi-peaked optimization problems with 100
variables and 1000 variables. However, actual optimization
problems often have constraint conditions.

In this study, we propose a new chaotic global optimization
method using the Lagrangian method to solve a nonlinear
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constrained optimization problem:

min f(x) (1a)

st. g(x) <0 (1b)
h(z) =0 (1c)

where z! < x; <2, (1d)
where the vector of decision variables & = [z1,--- ,zn]T €

RY . The objective function f(z), the inequality constraint vec-
tor g(x) = [g1(x),--- ,gnm(x)]T, and the equality constraint
vector h(x) = [hi(x), - ,hg(x)]T are each twice contin-
uously differentiable. The gradient of the objective function
Vf(x) is a column vector,andn =1,--- ,N,m=1,--- , M,
and ¢ = 1,---,Q unless otherwise stated. Eq. (1d) is the
bounded search space. The feasible region which satisfies
Eq. (1b) and Eq. (1c) is located within the bounded search
space, and optimization methods perform within the space.
Generally, an equality constraint cannot be satisfied exactly
using computational optimization. Consequently, in this study,
a solution x is regarded as feasible if g¢,,(z) < 0 and
|hg(x)| — € < 0. Specifically, € is set to 0.0001.

The Lagrangian method is a standard constrained optimiza-
tion method [2]. In this method, a Lagrangian, which consists
of the objective function f(x) and constrained conditions
g(x) and h(x) in the original problem Eq. (1) is used as
an augmented objective function to solve the original problem
Eq. (1). It is known that an optimal solution of the original
problem is a saddle point of the Lagrangian. However, exis-
tence of a saddle point is not necessarily guaranteed for all
problems. It is known that a local saddle point exists if the
second order sufficiency condition [2] is satisfied, in other
words, convexity with respect to the decision variables x is
assumed adjacent to an optimal solution [3], [4]. For a number
of optimization methods that utilize gradient dynamics, such
as the “first order method” [2], which is a primitive gradient
based method used to explore a solution satisfying the first
order necessary condition, and chaotic optimization methods
that utilize the Lagrangian method [5]-[7], convexity of the
Lagrangian with respect to decision variables is a necessary
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assumption for their application or to guarantee convergence
of their search trajectories. In addition, these methods do not
have effective global search capability.

In this study, we explain the convergence behavior of
the first order method regarding convexity of the Lagrangian
with respect to decision variables in terms of linear stability
theory. Furthermore, we propose a new optimization method
in which the convergence behavior of the first order method
is improved by two techniques. One is the introduction of a
coupling structure. The other is the introduction of objective
function weighting proposed in [8], [9]. Then, we apply EC-
COM, which has been proposed in [1] so that global search is
implemented to find feasible global minima. We then confirm
the effectiveness of the proposed method through applications
to the coil spring design problem [10] and the benchmark
problems used in the special session on constrained real
parameter optimization in CEC2006 [11], [12].

II. LAGRANGIAN METHOD AND GRADIENT DYNAMICS
A. Lagrangian Method

The Lagrangian method is known as a classical method
for constrained optimization [2]. In the Lagrangian method,
a Lagrangian for the original problem Eq. (1) is considered,
and the original problem is solved using the Lagrangian as an

augmented objective function for Eq. (1). In this study, we use
an augmented Lagrangian [2], which is given by

Lz, A, ¢) =f(x)

l\D\»—A

i [ max{0, A, + gm(w)})2 — /\fn}

Q
+ Z%hq Z 2
q=1 q=1

where A € RM and ¢ € R? are Lagrangian multipliers. Let
us write X = [z, A, ¢] for simpler notation. We choose the
augmented Lagrangian because it provides better numerical
stability [8].

It is known that the following “first order necessary condi-
tion” and “saddle point theorem” hold regarding local minima
of the constrained optimization problem and Lagrangians [2].

l\D\H

Theorem 1 (First order necessary condition). Let x° be a
local minimum of Eq. (1). Then, there exists A\° € RM and
@° € R, and the following equations hold:

VoL(X°) =0, VAL(X°) =0, V4L(X°)=0, (3)
where Vo L(X), VAL(X), and V4L(X) are gradients of
L(X) wrt. @, A and ¢ respectively.

Theorem 2 (Saddle point theorem). Let us define x°, A°, ¢° to
be a saddle point of the Lagrangian of Eq. (2), if the following
inequalities hold:

L(xz®, A, ¢) < L(X?) < L(z, A%, ¢°). “4)
Then, if there exists X°, ¢° such that X° constitutes a saddle

point of the Lagrangian L(X), then x° is a local minimum of
the original problem given by Eq. (1).

B. First Order Method and Its Convergence Behavior

A saddle point that satisfies Eq. (4) is a solution of the
following saddle point problem:

min L(X), IE%»(L(X). Q)

Therefore, one natural way to find saddle points is to descend

in the o space and ascend in the A space and the ¢ space;
that is, we can consider the following gradient dynamics:

) v.rexw) (62)
%it) — VAL(X(2), %Et) _VGL(X(1).  (6b)

Then, let us consider the following discrete gradient dynamics,
generated by using Euler’s differentiation technique:

x(k+1) = z(k) — ATVLL(X (k) (7a)
Ak +1) = A(k) + ATVAL(X (k) (7b)
ok +1) = p(k) + ATV HL(X (k)), (7¢)

where AT > 0 is the sampling parameter which appears in
Euler’s differentiation procedure. Obviously, an equilibrium
point of the dynamics of Eq. (7) satisfies the first order
necessary condition (Theorem 1). Therefore, the optimization
method using the dynamics of Eq. (7) is called the “first order
method” [2]. Its convergence behavior has been studied using
a merit function under the assumption of positive definiteness
of the Hessian of L(X) w.rt.  in [2], [7]. In this study, we
explain its convergence behavior in terms of linear stability
theory.

Let us consider the orbital stability of an equilibrium point
X* (which satisfies the first order necessary condition). Let
the dynamics of Eq. (7) be expressed as

x(k+1) x(k) — Vo L(X(k))
Ak +1) | =v(X(k)=| Xk) + VAL(X(k)) | - (®)
B(k+1) b(k) + Vo L(X(k))
Then, the Jacobian of v(X) is given by
Dv(X) =1 — ATA(X) (9a)
where A(X) =
Vi L(X)  V3,L(X) i L(X)
*Vz L(X) V»\L( ) —VEaL(X) | . (9b)
LX) V3 L(X) =V, L(X)
V:chL(X)’ viwL(X)a VQmL(X)v Vi)\L(X), U 7v<2;b¢L(X)

are the Hessians of L(X) w.rt.  and @, A and @, ¢ and
x, ¢ and ¢, ---, and ¢ and ¢ respectively. For example,

V3,L(X) is given by
9?L(X) L(X)
OMOz1  OAyOx
Ve L(X) = L : : (10)
9?L(X) 9?L(X)
OMOzy  OAyOzn
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Let the eigenvalues of Dvy(X*) and A(X™*) be py(X*), -,
pN+m+Q(X™) and pf(X7), -+ pfy a4 q(X™) the corre-
sponding absolute values in descending order, and [ =
1,--- ,N + M + @ unless otherwise stated. According to
linear stability theory, if |;(X*)| < 1, then the trajectory of
the gradient dynamics of Eq. (7) converges to the equilibrium
point stably. It is required that pf (X*) > 0, that is, A(X™) is
a positive definite matrix so that the trajectory of the gradient
dynamics converges to the equilibrium point stably, because

u(X7) =1 ATuf(X7). (11)

We can derive the following theorem regarding positive defi-
niteness of A(X*).

Theorem 3. If V2_L(X*) is a positive definite matrix and
V3AL(X*) and V?WL(X*) are semi-negative definite matri-
ces, then A(X™) is a positive definite matrix.

Proof: Let a € RN, b € RM, and ¢ € R?. Suppose
V2,L(X*) is a positive definite matrix and V3, L(X*) and
that Vwa(X *) are semi-negative definite matrices. Then

a
(a™b"c") A(x*) [ b
C
=a"V2, L(X")a+a" Vi, L(X")b+a' Vi, L(X")c
—b"Vo\L(X )a— - —c"Vi,L(X )

=a" V2, L(X")a - b" V3, L(X*)b—c"V5,L(X*)e >0

]
Furthermore, V3, L(X*) is a semi-negative definite matrix,
because

if max{0,\; + g;(¢)} =0 ,then

0%L(X) o 0?L(X) _
o ouN
if max{0,\; + gi(x)} = \; + ¢gi(x) ,then
O*L(X) O*L(X)
=0, =0,
ON2 O\

(i:17"'7]\/ja ]:137]v[)

In addition, V?M,L(X *) is a semi-negative definite matrix,
because

PLX) _PLX)
g7 99,00
(izla"'va .]Zlan)

Therefore, we can easily obtain the following result.

Theorem 4. If V2_L(X*) is a positive definite matrix and
AT is sufficiently small', then the trajectory of the gradient
dynamics of Eq. (7) converges to the equilibrium point X*.

Positive definiteness of V2 L(X*) is guaranteed for gen-
eral convex quadratic programming problems [2]. However,

ISpecifically, AT is given as AT < , please see the article [1].

2
(X7
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positive definiteness of V2 L(X*) is not always guaranteed
for general nonlinear optimization problems. In this case,
it is expected that the trajectory will not converge to any
solution. This is a shortcoming of the optimization method
using gradient dynamics of Eq. (7).

I1I. THE PROPOSED METHOD

In this section, we propose a new constrained optimization
method in which the convergence property of the gradient
dynamics of Eq. (7) is improved by two techniques. One
is the introduction of a coupling structure. The other is the
introduction of an objective function weighting method. The
improved method does not have global search capability.
Therefore, we apply the multipoint type chaotic optimization
method (EC-COM) that was proposed in [1] so that global
search can be implemented to find feasible global minima.

A. Coupled Gradient Dynamics

Let us consider the following coupled gradient dynamics:

2k +1) = (1—c) {@(k) — ATV, L(X (k))}

+cx'9(k) (12a)
Ak +1) = X(k) + AT(1 — o) VAL(X (k)) (12b)
ok +1) = ¢(k) + AT(1 — ¢) Vo L(X (k)), (12¢)

where ¢ > 0 is a coupling coefficient. The coupling structure
of Eq. (12) is a stable coupling structure for a chaotic discrete
time system [13]. In this coupling dynamics, a search point
driven by the gradient dynamics of Eq. (7) is strongly advected
to a coupling target '9(k).

We discuss the dynamical characteristics of the coupled
gradient dynamics of Eq. (12). The coupled dynamics can be
rewritten as

(
— g @) (k) }

¢ (13a)
Ak +1) = A(k) + CATVAL(X (k) (13b)
Bk +1) = ¢(k) + CATV 4 L(X (k) (13¢)
where C =1 —c. (134d)

Let the equilibrium point of the dynamics of Eq. (13) be X*.
Then, the following equations hold at the equilibrium point:

V‘”L(X*) =0, (:I:* - mtg)
VL) o= @ )
VAL(X*) =0, V4L(X*) =0. (14b)

Obviously, the first order necessary condition (Theorem 1) is
satisfied in the former case in Eq. (14a). In the latter case, the
first order necessary condition is not satisfied. However, the
latter case occurs rarely, especially if ——
k. Therefore, we suppose that the former case holds from now
on. Let us consider the orbital stability of an equilibrium point
of the coupled gradient dynamics Eq. (13). Let the right-hand

is variable w.r.t.



side of the dynamics of Eq. (13) be written as «v2(X) as per the
discussion in section II-B. Then, the Jacobian of ~, is given

by

Do(X) =T — CATA5(X) (15a)
where As(x, ) = (15b)
V2, L(X)+ %I V2 L(X) V3, L(X)
-V2,L(X) —V3,L(X) —V%AL(X) -(15¢)
~VZ,L(X)  —V},L(X) -V

As described in section II-B, if A2(X™*) is a positive definite
matrix, then a trajectory of the gradient dynamics of Eq. (13)
converges to the equilibrium point stably. By Theorem 4, it

is necessary that V2 L(X*) + TLI be a positive definite

matrix. Clearly, if is set to an appropriately large

value, then V2 L(X*) + 71 becomes a positive definite
matrix. Hence, we expect tq;at the coupled gradient dynamics
of Eq. (13) stably converges to its equilibrium point, given
that the first order necessary condition (Theorem 1) is satisfied

when LT is made appropriately large.

B. Objective Function Weighting

Let us consider the following Lagrangian, in which the
objective function is weighted:

L'(X;w) =wf(x )
+ % {(max{(), A+ gm(@) 1) = A2
Q " 12
2 Gaha(®@) + 5D K@), (16)
q=1 q=1

where w > 0. The objective function weighting method
was proposed in [8], [9] in order to improve the speed of
convergence of the gradient dynamics. Let us consider the
positive definiteness of V4, L'(X;w) in order to consider
the convergence behavior of a gradient dynamics using the
Lagrangian with objective function weighting Eq. (16). Let us
define

i [(max{0, Am + g (2)})7 ~ 2]

m=1
Q 1 Q
+ D bghg(@) + 5D k@) (A7)
q=1

g=1
Then, Vo L'(X;w) is given by
Vel (X;w) = wV? f(z) + Vian(X). (18)
Let y € RV, then
Y Vi L' (X;w)y = wy" V2 f(@)y + y" Vien(X)y. (19)

Hence, if V2f(x*) is not a positive definite matrix at an
equilibrium point X*, then setting w to a small value (w < 1)
improves the positive definiteness of V2_L'(X;w), and the

l\.’)\H

convergence behavior of the gradient dynamics is improved.
Meanwhile, if the search trajectory does not converge stably
in spite of the positive definiteness of V2 f(x*), then w should
be set to a large value (w > 1) in order to eliminate a negative
effect arising from V2Z_n(X). When neither V2f(z) nor
V2_n(X) are positive definite matrices, we cannot expect the
objective function weighting method to be effective. However,
we have not encountered such a case in our experience, except
when the Hessian of the objective function cannot be defined.

C. Elite Coupling Type Chaotic Optimization Method

We apply the notion of EC-COM proposed in [1] to the
proposed method so that global search can be implemented to
find feasible global minima.

Let us consider the following multipoint type optimization
model in which P search points are driven by the gradient
dynamics of Eq. (7):

a”(k+1) = x”(k) — ATV L(X?(k)) (20a)
N(k+1) = AP(k) + ATVAL(X?(k)) (20b)
& (k+1) = ¢P(k) + ATV $L(X?(k)) (20c)

where p denotes the index of a search point, and p =
1,---, P unless otherwise stated. Search trajectories generated
by Eq. (20) are confined to the following bounded search
spaces which are set expediently?:

zh <an <al, N, <A <Ak, ¢ <oy < gy, (21)

and then, we expect that search trajectories will be destabilized
by setting the sampling parameter AT to a large value and
chaotic search trajectories by which global search can be im-
plemented will be generated as with the gradient dynamics for
unconstrained optimization. We use toroidalization of search
spaces [1] (see Eq. (23h)) in order to confine the search
trajectories to the bounded search spaces. Next, we introduce a
coupling structure to the multipoint type gradient dynamics of
Eq. (20). As for coupled targets at each search point, we use
the pbest and gbest defined by DOCHM [14]. In this method,
the pbest a7, (k) is defined by

if FP(k)# ( then
argmin {f (2 (x)) | 2" () € F?(k)}

_ zP (k)
wzb( ) it FP(k) =0 then (22)
argmin {®(xP(k))},
xP (k)
M 2 Q 2
where q)(w) = Z’rnil(max{07 Im (m)}) + Zq:l hq(x)ﬁ

FP(k) consists of the set of feasible solutions obtained up to
time k at the pth search point, and k = 1,--- | k. The gbest
x9(k) is the best of the pbest among all search points at time
k.

The proposed model, which is a multipoint type chaotic op-
timization model in order to solve the constrained optimization

2Note that the bounded search space for = in Eq. (21) is equal to the
bounded search space of Eq. (1d).
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problem, is given by

ZP(k+1) = C{xP(k)—AT(k)V.L (XP(k);w)}

+ ez (k) + cox® (k) (23a)
N(k+1) = AP(k) + CAT(k)VAL' (XP(k);w)  (23b)
&P (k +1) = ¢ (k) + CAT(E)V 4 L' (XP(k);w)  (23¢)
2P (k+1) = 7(Z (k+ 1), 2%, %) (23d)
Ao (ke +1) = 7(ND, (k + 1), X, A (23¢)
@bk +1) = 7(3h(k +1), ¢, 63) (230)
where
AT ax cOS> (ﬂ—k> (k < kmax — Z)
AT(H) = i 7
0.5 X AT ax cos> (?) (k> Emax — 5)
(23g)
] (a<g<b)
7(§,a,b) = < (§ — a)mod(b — a) + (g=0b) (23h)
(g—bmod(b—a)+b (§<a)
C =1- C1 — Co. (231)

In Eq. (23g), the sampling parameter AT is given as a time
varying coefficient using trigonometric functions. This aims at
implementation of repetition of local and global searches.

IV. NUMERICAL SIMULATIONS

In this section, we confirm the effectiveness of the proposed
method through applications to various benchmark problems.

A. Benchmark Problems

We use the coil spring design problem [10] and benchmark
problems used in the special session on constrained real
parameter optimization in CEC2006 [11], [12]. In Table I and
Table II, the former problem is labeled “coil” and the later
problems are labeled “gxx” (xx is a problem number). We do
not use g20 because it has no feasible solution.

B. Local Search

We implement local searches with Sequential Quadratic
Programming (SQP) to find local minima exactly when
AT(k) = 0 (this holds every T'/2 steps) and k = kpax. Each
local search starts from the gbest. The result of each local
search is “not” fed back into the search points. In this study,
we use the SQP function in Octave 3.0.3 [15] for the SQP
implementation. For gl0, line searches for « are not used.

C. Gradient Scaling

In some problems, since the range of search spaces or
the sensitivity of the gradient varies considerably among
different decision variable components, search trajectories
of the proposed method keep diverging, even if AT ap-
proaches zero. Consequently, in these cases, we use a mod-
ified method in which the relevant component of the gradi-
ent is scaled. In this study, 0.000001 is multiplied by the
relevant component of the gradient. This scaling procedure

is applied to OL'(X;w)/0z3 and OL' (X;w)/0xy in g05,
oL (X;w)/0xe in gl7, OL' (X;w)/0x;(i = 2,---,7) in g21,
OL (X;w)/0z;(i = 2,---,22) in g22, and L' (X;w)/dz9
in g23.

D. Brake Function

In the proposed method, we assume feasible global minima
(we hereinafter refer to feasible global minima as “optimal
solutions™) are located within the bounded search space. How-
ever, optimal solutions are on or adjacent to the boundary in
several problems. In these cases, we need to evaluate solutions
that are on or adjacent to the boundary, therefore, we cannot
obtain the optimal solution only using the toroidalization of
search spaces. Consequently, in these cases, we use a modified
method in which a brake function

(Ty — xl")(x,ul — Tn)

¥ — b
is multiplied by V,L'(X?(k);w) in Eq. (23a) in order to
evaluate such solutions. The brake function is applied to coil,
g01, g02, g04, gl0, gl4, gl6, g19, g21, and g23.

b(x,) = (24)

E. Parameter Settings

We tune the following parameters for each problem:

e x!, a2 : They are given preliminarily for each benchmark
problem.

o ALY @l % : A¥ and ¢ are set to suitable positive
values which are much larger than prospective Lagrangian
multipliers of local minima. A! = —X\* and ¢' = —¢".

o ATax : This is set to a large value with which global
searches are implemented.

o w : They are selected experimentally from 0.01, 1.0, or
10.0. Generally, w = 1.0 is suitable.

The other parameters are fixed for all problems. P =
20, kmax = 5000, T = 1000. Coupling coefficients are set to
0.01, if they are used.

F. Computational Cost

In order to compute the gradient, we use automatic differ-
entiation (AD) with the ADOL-C tapeless forward mode [16],
[17]. Automatic differentiation computes the target function
and its gradient simultaneously. Therefore, computational cost
is evaluated using the amount of AD calls. In SQP, line
searches are implemented only using objective function calls.
However, these function calls are counted as AD calls for
simplicity.

G. Results

We apply three different versions of the proposed method in
terms of the use of coupling and the use of objective function
weighting (see the “Method” in the following explanation).
The proposed method is performed 100 times, randomly re-
setting the initial points. The results are shown in Table I and
Table II. Each column in the results denotes

« PB : the name of the problem.
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TABLE 1
RESULTS OF NUMERICAL SIMULATIONS (1)

PB  |Method i)l/t) fol/:) Average Best AD Calls (S)(l:l:;ﬁ Parameters
Plain 100 | 100 | 00127216 | 0.0126652 5724
col |GB/PB/W | 100 100 | 0.0127166  0.0126652 5061 | 0.0126652 |AT,.=0.4, A*=5,w=1.0
PB/W 100 100 | 00127189 | 0.0126652 4811
Plain 100 | 100 -15.000 15000 13934
01 GBPB/W | 100 | 100 -15.000 15.000 | 25958 215,000 | AT = 0.4, A% =10, w=1.0
PB/W 100 | 100 -15.000 15000 | 15698
Plain 0] 100 046705 -0.73240| N/A AT —250.4"=5,w=1.0
202 |GBPB/W | 16 100 -0.77214  -0.80362 64695  -0.80362 .,
PB/W 1 100 2071032 -0.80354 13832 ATa=2:5,47=5,w=10.0
Plain 1] 100 0.15289 | -1.00048 | 10055 ATya=1.0, ¢ =10, w=1.0
€03 |GB/PB/W | 100 | 100 |  -1.00044  -1.00050 7737 -1.00050
ATy=1.0, ¢ “=10, w=0.01
PB/W 100 | 100 -1.00045 | -1.00050 | 8807
Plain 100 | 100 | -30665.54 | -30665.54 10014
g04 GBPB/W | 100 | 100  -30665.54  -30665.54 10014 -30665.54 AT,,=5.0,A"=1000,w=10
PB/W 100 | 100 | -30665.54 | -30665.54 10014
Plain 100 | 100 | 5126.4977 51264973 69142
€05 | GB/PB/W 3100 51304740 5126.4972 86913 | 5126.49805% AT, =035, A“=10, §“ =10, w=1.0
PB/W 67 100 | 51265449 51264973 72269
Plain 100 | 100 | -6961.8139 | -6961.8139 | 10031
206 |GB/PB/W | 100 | 100 | -6961.8139  -6961.8139 | 10422 | -6961.8139 |AT,,=0.001, 1 =2000, w=1.0
PB/W 100 | 100 | -6961.8139 | -6961.8139 10027
Plain 100 | 100 | 2430621 | 2430621 | 10045
¢07 |(GBPB/W | 100 | 100 | 2430621  24.30621 | 10044 | 2430621 |AT,,=0.005, " =5, w=1.0
PB/W 100 | 100 | 2430621 | 24.30621 10044
Plain 100 | 100 0.09576 | -0.09583 | 9217
208 GBPB/W | 100 | 100 -0.09577  -0.09583 9123 -0.09583 |AT,,=10.0, A“=10,w=1.0
PB/W 100 100 | -0.09577  -0.09583 9061
Plain 100 | 100 | 680.63006  680.63006 10071
€09 |GB/PB/W | 100 | 100 | 680.63006 680.63006 10069 | 680.63006 AT,.=0.001, A" =5, w=1.0
PB/W 100 | 100 | 680.63006 | 680.63006 10070
Plain 84| 84704924802 | 7049.24802 32045
gl0 |GB/PB/W | 99 | 100 | 7072.32215  7049.24802 18307 | 7049.24802 |AT,.=0.01, A*=1000, w=1.0
PB/W 94| 98| 7382.66361  7049.24802 21979
Plain 100 | 100 074995 0.74990 371
gll |GBPB/W | 100 | 100 |  0.74994  0.74990 466 0.74990 | AT = 0.5, ¢ “ =10, w=1.0
PB/W 100 | 100 074995 0.74990 377

o Method
“Plain” denotes the proposed method without any cou-
pling structure and the objective function weighting (¢; =
¢z = 0.0). “GB/PB/W” is the proposed method using
the coupling structure with the gbest and pbest and the
objective function weighting (¢; = co = 0.01). “PB/W”
is the proposed method using the coupling structure with
the pbest and the objective function weighting (c;
0.01, ¢ = 0.0).

¢ SR (Success Rate)
Let x° be the known optimal solution. A successful
solution & is a feasible solution satisfying f(&)— f(x°) <
0.0001. A trial is deemed successful if a successful
solution is obtained in the trial. “SR” is rate of successful
trials.
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FR (Feasible Rate) : rate of feasible trials. A trial is
deemed to be feasible, if at least one feasible solution
is found in the trial.

Average

Let * be the best solution among the feasible solutions
obtained in each trial. “Average” is the average of f(x*).
Best: the best value of f(x*) obtained as a result from
all trials.

AD Calls : average of AD calls needed in each trial for
finding a successful solution.

Optimal Solution : objective function value of the known
optimal solution. In g05, g13, gl4, gl7, g21, and g23,
described values are different from the values reported in
[11]. The proposed method tends to obtain more exact
solutions w.r.t. equality constraints. These are objective



TABLE 11
RESULTS OF NUMERICAL SIMULATIONS (2)

PB  Method (S();l:) :i);l:) Average Best AD Calls S(SIIE]I Parameters
Plain 100 | 100 -0.99993 -1.00000 979

gl2  |GB/PB/W 100 | 100 -0.99994 -0.99999 1108 -1.00000 |AT,,,,=20.0, A" =10, w=1.0
PB/W 100 100 -0.99994 -0.99999 845
Plain 100 | 100 0.05418 0.05398 60202

gl3  |GB/PB/W 11 49 0.35721 0.05419 82787 0.05410*|AT ,,,=0.01, 8 “=5,w=1.0
PB/W 100 | 100 0.05419 0.05400 63180
Plain 100 | 100  -47.76109 | -47.76109 10235

gl4  |GB/PB/W 100 | 100 -47.76108 | -47.76109 10230 | -47.76019% AT ,,,,=0.2, ¢ “ =50, w=1.0
PB/W 100 | 100 = -47.76109  -47.76109 10388
Plain 100 | 100 961.71507 961.71503 71854

gl5 |GB/PB/W 98 99 961.71506 | 961.71502 79634 | 961.71502 |AT = 0.005, ¢ “ =10, w=1.0
PB/W 100 100 961.71505 961.71502 74920
Plain 97 | 100 -1.90172 -1.90516 13490

gl6 |GB/PB/W 100 | 100 -1.90516 -1.90516 12082 -1.90516 AT, =1.0, A" =5, w=1.0
PB/W 100 100 -1.90516 -1.90516 13288
Plain 56 | 94 8878.79822 | 8853.53985 51814

gl7 |GB/PB/W 86 | 100  8860.79702 8853.53979 28884 | 8853.53981% AT =03, 4 “=5,w=1.0
PB/W 98 100 | 8854.28091 8853.53978 34835
Plain 100 | 100 -0.86603 -0.86603 23638

gl8 | GB/PB/W 100 | 100 -0.86603 -0.86603 21475 -0.86603 AT, =0.5, " =10, w=1.0
PB/W 100 | 100 -0.86603 -0.86603 20375
Plain 100 | 100 32.65559 32.65559 10051

g19  |GB/PB/W 100 | 100 32.65559 32.65559 10048 32.65559 | AT =0.001, 4" =5, w=1.0
PB/W 100 100 32.65559 32.65559 10052
Plain 75 98 193.82051 193.78336 36062

21 |GB/PB/W 91 100 = 193.78645  193.78215 35456 | 193.78692* AT ,,,=5.0,A"=100, ¢ “=1000, w=1.0
PB/W 75 98 193.78693 193.78308 37531
Plain 2 46| 370.05309 236.37033 100623

222 |GB/PB/W 0 36 561.75119 237.23443 | N/A 236.43098 |AT ;= 0.003, 1" =1000, ¢ “=1000, w=1.0
PB/W 0 46 1203.82862 236.60736 | N/A
Plain 98 | 98 -400.00015  -400.00048 16834

223 |GB/PB/W 100 | 100  -400.00013 | -400.00049 15187 | -400.00000* AT,,,=0.1, 4" =10000, ¢ “=10000, w= 1.0,
PB/W 98 | 98  -400.00013  -400.00049 14985
Plain 100 | 100 -5.50801 -5.50801 10011

224 |GB/PB/W 100 | 100 -5.50801 -5.50801 10011 -5.50801 |AT,,,=0.02, A" =10, w=1.0
PB/W 100 | 100 -5.50801 -5.50801 10011

function values of more exact solutions which are adjacent
to solutions reported in [11].
o Parameter : parameter settings.

The bold font in the results denotes that its evaluation is the
best among all methods.

As can be seen from Table I and Table II, optimal solutions
are obtained frequently by using the proposed method
except for g02 and g22. For g02 and g22, the proposed
method obtains optimal solutions in 100 trials (SR > 0).
Furthermore, for g22, the proposed method finds a new
solution superior to the optimal solution reported in [11].
The new solution is x° = (236.3703263131, 135.432887751,

200.4284109782,  6462.5506931403, 3000008.50528427,
4000000.5141733,  32999990.9805424,  130.0000850528,
170.0000901946, 299.9999149472, 399.9999948583,

330.0000901946, 184.5937961784, 249.4656629923,
127.6585381975,  269.9999098054, 160, 5.2983169413,
5.1357979367, 5.5984216249, 5.4380789168, 5.0751738152).

As for the introduction of the coupling structure, its effec-
tiveness is confirmed in solving g02, g10, g17, g21, and g23.
However, it is not effective for g05. In this problem, the opti-
mal solution is obtained without the introduction of coupling,
and the introduction of the coupling structure is redundant.
As for the introduction of objective function weighting, its
effectiveness is confirmed for g02 and g03. In particular, its
effectiveness is definitely apparent for g03.

V. CONCLUSION

In this study, we propose a new chaotic global optimization
method using the Lagrangian method to solve a nonlinear
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constrained optimization problem. In the proposed method, the
convergence behavior of the first order method is improved by
the introduction of a coupling structure and introduction of
the objective function weighting method. Then, we apply the
multipoint type chaotic optimization method which has been
proposed in [1] to the proposed coupled first order method
so that global search can be implemented to find feasible
global minima. As described in section IV, local searches
are utilized in the proposed method. Therefore, the proposed
method may be considered as one of the memetic algorithms
that utilize gradient based local searches as reported in [18]
or proposed in [19]. In these methods, local searches are
organically incorporated, and global search procedures exploit
results of local searches. Meanwhile, in the method proposed
here, local search is used to obtain exact solutions, and they
are independent from the main search procedure. Note that the
proposed method performs to some degree without the local
search procedure. Indeed, we can confirm that the proposed
method obtains optimal solutions or quite good approximately
optimal solutions without local search in most of the bench-
mark problems used in this study, such as coil, g01, g02, g03,
204 (in the case of w = 0.01), g05, g07, g08, g09, gl1, gl2,
gl13, gl4, gl5, gl6, g8, and g24.

We confirm that the proposed method frequently obtains
feasible global minima of the benchmark problems. The suc-
cess rate of the proposed method for the entire set of problems
is somewhat less than the winners of the special session on
constrained real parameter optimization in CEC2006 [19],
[20]. However, the proposed method is superior to the winners
in that at least one optimal solution is obtained in all trials
for all problems. In addition, the proposed method tends to
obtain more exact solutions. We consider that the proposed
method obtains a new solution for g22 due to this tendency.
As for computational cost, simple comparisons are difficult
since the proposed method mainly makes use of the gradient.
The winners also use a gradient-based local search method or
a gradient based operator. However, it is not clear how the
computational cost of determining the gradient is evaluated as
function calls in the winners. In the future, we will compare
the proposed method with other methods with respect to com-
putational cost. In addition, we will investigate applications of
other strategies for the discrete gradient chaos model proposed
in [21] to improve global search capability.

ACKNOWLEDGEMENT

This work was supported by a Grant-in-Aid for Scientific
Research (KAKENHI) for Young Scientists (B) (20700206)
from the Ministry of Education, Culture, Sports, Science and
Technology (MEXT) of Japan. We appreciate the anonymous
reviewers’ very useful comments that have enhanced the
quality of this paper.

REFERENCES
[1] T. Okamoto and E. Aiyoshi: “Global optimization using a synchroniza-

tion of multiple search points autonomously driven by a chaotic dynamic
model”, J. Global Optimiz., Vol.41, No.2, pp.219-244 (2008)

(2]
Bl

(4]

(3]

[6]

(7]

(8]

91

[10]
(11]

[12]

(13]

[14]

[15]

(16]

[17]

(18]

(19]

[20]

[21]

4016

D. G. Luenberger: “Linear and nonlinear programming second edition”,
Springer (2003)

X. L. Sun and D. Li, K. I. M. McKinnon: “On saddle points of augmented
lagrangians for constrained nonconvex optimization”, SIAM J. Optim.,
Vol.15, No.4, pp.1128-1146 (2005)

T. Li, Y. Wang, Z. Liang, and P. Pardalos: “Local saddle point and a
class of convexification methods for nonconvex optimization problems”,
J. Global Optimiz., Vol.38, No.3, pp.405-419 (2007)

F. Tian and L. Wang: “Chaotic simulated annealing with augmented
lagrange for solving combinatorial optimization problems”, Proc. of
IECON 2000, pp.2722-2725 (2000)

H. Niitsuma, S. Ishii, and M. Ito: “Chaotic optimization method com-
bined with coordinate transformation”, Electronics and Communications
in Japan (Part III: Fundamental Electronic Science), Vol.84, No.2,
pp.12-20 (2001)

X. Liand D. Chen: “Application of the transiently chaotic neural network
to nonlinear constraint optimization problems”, Proc. of Intelligent
Systems Design and Applications 2006, pp.90-94 (2006)

B. W. Wah, T. Wang, Y. Shang, and Z. Wu: “Improving the performance
of weighted lagrange-multiplier methods for nonlinear constrained opti-
mization”, Information Sciences, Vol.124, No.1-4, pp.241-272 (2000)
B. W. Wah, T. Wang: “Efficient and adaptive lagrange-multiplier meth-
ods for nonlinear continuous global optimization”, J. Global Optimiz.,
Vol.14, No.1, pp.1-25 (1999)

J. S. Arora: “Introduction to optimum design”, McGraw-Hill (1989)

J. J. Liang, T. P. Runarsson, M. Clerc, P. N. Suganthan, C. A. Coello
Coello, and K. Deb: “Problem definitions and evaluation criteria for the
CEC 2006 special session on constrained real-parameter optimization”,
Tech. Rep., Nanyang Technological University (2006)

P. N. Suganthan: “P. N. suganthan’s homepage”,

URL: http://www3.ntu.edu.sg/home/EPNSugan/, Accessed on 31 Mar.
2009.

A. Pikovsky, M. Rosenblum, J. Kurths, and R. C. Hilborn: “Synchro-
nization: A universal concept in nonlinear science”, Cambridge Univ. Pr.
(2002)

H. Lu and W. Chen: “Self-adaptive velocity particle swarm optimization
for solving constrained optimization problems”, J. Global Optimiz.,
Vol.41, No.3, pp.427-445 (2008-7)

W. J. Eaton: “GNU octave”, URL: http://www.octave.org/, Accessed on
31 Mar. 2009.

A. Griewank, D. Juedes, and J. Utke: “Algorithm 755; ADOL-C:
A package for the automatic differentiation of algorithms written in
C/C++”, ACM Trans. on Mathematical Software, Vol.22, No.2, pp.131-
167 (1996)

A. Walther and A. Griewank: “ADOL-C”, URL: http://www.math.tu-
dresden.de/~adol-c/, Accessed on 31 Mar. 2009.

B. Li, Y. Ong, M. Le, and C. Goh: “Memetic gradient search”, Proc.
of IEEE Congress on Eveolutionaly Computation 2008 (CEC2008),
pp.2894-2901 (2008)

J. J. Liang and P. N. Suganthan: “Dynamic multi-swarm particle
swarm optimizer with a novel constraint-handling mechanism”, Proc. of
IEEE Congress on Evolutionary Computation 2006 (CEC2006), pp.9-16
(2006)

T. Takahama and S. Sakai: “Constrained optimization by the e con-
strained differential evolution with gradient-based mutation and feasible
elites”, Proc. of IEEE Congress on Evolutionary Computation 2006
(CEC2006), pp.1-8 (2006)

T. Okamoto and E. Aiyoshi: “The improved draining method and its
application to proper benchmark problems”, Proc. of SICE-ICCAS 2006,
pp.2190-2195 (2006)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


