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Letter from the Editor in Chief

I would like to welcome you to the Iranian Journal of Numerical Analysis
and Optimization (IJNAO). This journal is published biannually and sup-
ported by the Faculty of Mathematical Sciences at the Ferdowsi University
of Mashhad. Faculty of Mathematical Sciences with three centers of excel-
lence and three research centers is well-known in mathematical communities
in Iran.

The main aim of the journal is to facilitate discussions and collabora-
tions between specialists in applied mathematics, especially in the fields of
numerical analysis and optimization, in the region and worldwide.

Our vision is that scholars from different applied mathematical research
disciplines, pool their insight, knowledge and efforts by communicating via
this international journal.

In order to assure high quality of the journal, each article is reviewed by
subject-qualified referees.

Our expectations for IJNAQO are as high as any well-known applied math-
ematical journal in the world. We trust that by publishing quality research
and creative work, the possibility of more collaborations between researchers
would be provided. We invite all applied mathematicians especially in the
fields of numerical analysis and optimization to join us by submitting their
original work to the Iranian Journal of Numerical Analysis and Optimization.

Unfortunately, I need to announce that Professor H. R. Tareghian (1956-
2018), the Editor in Charge of IJNAO, left us in January 2018. He was
professor in Applied Mathematics in the Faculty of Mathematical Sciences,
Ferdowsi University of Mashhad. Losing a friend is one of the most painful
experiences must endure in life. It is hard for me and editors of IJNAO to
accept that professor Tareghian , that we shared so many moments with him
and trusted with so many things, is no longer with us. We really missed him.

Mohammad Hadi Farahi
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A computational method for solving
weakly singular Fredholm integral
equation in reproducing kernel spaces

D. Hamedzadeh and E. Babolian*

Abstract

In the present paper, we propose a method to solve a class of weakly
singular Fredholm integral equations of the second kind in reproducing ker-
nel spaces. The Taylor series of the unknown function is used to remove
the singularity and bases of reproducing kernel spaces are used to solve this
equation. Efficiency of the proposed method is investigated through various
examples.

Keywords: Weakly singular kernel; Fredholm integral equations; Taylor se-
ries; Reproducing kernel space.

1 Introduction

The Fredholm integral equation with weakly singular kernel arises in differ-
ent problems of mathematical physics such as potential problem, variational
equilibrium, fracture mechanics, infrared radiation, and elastic contact prob-
lems [5,20,21). Although in [I1,08,17,22] authors obtained analytical solution
for integral equations with weakly singular kernel in special cases, but gen-
erally this is not an easy task. So the numerical analysis standpoint plays
major role for solving such equations.
In this paper, we consider Fredholm singular integral equation
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p(z)u(x) + A(z) /_1 Wdy = f(x), |z <land 0 <a <1, (1)

in which p(x) # 0 and A(z) # 0, for all x € [—1,1], and u, A, f, and k are
known smooth functions and w is the solution of equation (O) to be deter-
mined. We assume that problem has a unique smooth solution u. Several au-
thors considered the numerical solutions of Fredholm integral equations with

weakly singular kernel. In 2] Jiang and Cui considered integral equation of
S
they solved the problem in reproducing kernel space W [0, 1]. Chen and Zhou
considered second kind Fredholm integral equation with Hilbert type singu-
larity [8]. They used transform to remove singularity and solved problem
in W10, 2] using reproducing kernel method. In [?] Babolian and Arzhang
Hajikandi solved (M) with k(z,y) = 1. Du, Zhao, G., and Zhao, C. consid-
ered integro-differential equation with logarithmic kernel and Kalman ker-
nel with boundary values [I0]. They used smooth transform to remove
singularity, solving the converted equation with reproducing kernel method
in W3[0,1]. Chen and Cheng in [] used piecewise homotopy perturbation
method (PHPM), for solving integro-differential equation with weakly sin-
gular kernel. In [3] authors solved (M), using Taylor series of the unknown
function u to remove singularity, and then Taylor expansion of k together
with Legendre polynomials as bases to implement Galerkin method. The
Sinc-collocation method is studied by Maleknejad, Mollapourasl, and Os-
tadi, to solve nonlinear Fredholm integral equations with weakly singular
kernel [T5]. Beyrami, Lotfi, and Mahdiani solved Fredholm integral equa-
tion of the second kind with Cauchy kernel [6]; they removed singularity by
smooth transform and used reproducing kernel Hilbert space (RKHS) method
to solve problem in W3[0, 1]. Nili and Dastjerdi in [I8] solved weakly singular
Volterra—Hammerstein integral equation with operational Tau method. We
use Taylor series expansion of u(y), at point y = x, to remove singularity;
then by use of reproducing kernel space W™[—1, 1] we convert this equation
to a system of linear equations. We demonstrate the method with conver-
gence rate O(h™); so when we increase m and move from one reproducing
kernel space to other, the rate of convergence will increase.

first or third kind with weakly singular kernel of the form k(x,y) =

The rest of the paper is organized as follows. In section 2 we present
definitions and some useful properties of reproducing kernel spaces. In section
3 we remove singularity, by use of reproducing kernel space to implement our
method. Section 4 is devoted to error estimate and convergence analysis
of our method. Section 5 contains some numerical examples illustrating the
application of the proposed method. We end the paper with some conclusions.
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2 Preliminaries and notations

In this section we briefly review reproducing kernel properties of the Hilbert
space W™[a, b] and also fix notations used in this paper. The Hilbert function
space, W™]a,b], is defined as the linear function space

W™a,b] = {f|f, f*,..., fm Dare absolutely continuous, f™ € L?[a, b]},

which is equipped with the following inner product

(foaywm = fD(a)g" (a) + / £ (2)g"™ (z)da. (2)
1=0 a

The inner product (B) induces the following Hilbert norm

[fllwm =/ {f fHwm.

The following theorem presents an interesting property of the Hilbert space
W™ |a,b].

Theorem 1. 9] The Hilbert function space W™[a,b] is a reproducing ker-
nel space with the conjugate symmetric reproducing kernel R, (x,y), that is
given by

R (2,y) = Y00 ci(y)a'™!,  z <y,
Rm(.’IJ, y) =
rRy(z,y) = S0 dily)a' ™, x>y,

in which coefficients ¢;(y) and d;(y) are the solutions of the following system
of differential equations

m 0*™ R(z,
(_1) 6372(7” 2 :5(332—y),1
O R(ay) _ (_qym—i—19""""R(ay) _ 3
827(29_:7;_112(1)() ) .612”"*‘*1 b ( )
W,i,l’y:o, 2:0,1,..,m71,

where 6(x — y) is the Dirac delta function.

Remark 1. [d] According to system (B), by use of the Dirac delta function
properties, the equation

2m T
(1 EEEY) ey

is convert to
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FR IR, (z,y)

Ozt 5 i:0,1,...,2m72,

8?1V IR, (z,y)
—agm-1

2™ rRy(z,y)
— et

=yt

By solving the system (B) with boundary condition of (8) with Mathematica,
the coefficients ¢;(y) and d;(y) are computed.

In particular, each function f € W™]a, b] satisfies the following reproduc-
ing property

fy) =0 B y))wem Yy € a,b].

Theorem 2. [U]Let R(x,y) be a reproducing kernel of W™[a,b]; then

"I R(z,y)

iy € L?[a,b], i4+j=2m—1

with respect to x and y and

"M R(x,y)

ErEwa 0<i+7<2m—2,
0y

are absolutely continuous functions in [a,b], with respect to x and y; so we

have
O R(,Y) _om L
WEW [Cl,b], Z—|—j=m—1

Lemma 1. Let f be a smooth function of order m on [a,b]; then, for k =
1,2,...,m, we have f € W¥[a,b).

Proof. Let f be a smooth function of order m on [a,b]; thus &) for k =
0,1,...,m, are continuous functions on [a,b]. Therefore f*) € L2[a,b], for
k=1,2,...,m, beside the real constants M}, exist which we have

\f(k)(a:)| < M, Yz € [a, b];

trivially f®) for k = 0,1,...,m—1, are absolutely continuous functions, and
proof is complete. O



A computational method for solving weakly singular Fredholm ... 5

3 Removing the singularity and implementation of our
method

Throughout this section, we use the Taylor series to remove singularity of (I);
then by use of reproducing kernel space property, we construct our method.
With Taylor series of the unknown function u(y), at « € [a, b], we have

— X 2 " — k
u(y) = u(z) + (y — 2)u (z) + %u () + -+ @T)u(k) (@)
= oy ! !
g ) )

in which &, , is between = and y. Using (B), thus equation (0) converts to

k

W@ (z) [ .
u(fc)u(wHA(ﬂf)(Z ,( )/_1k(x,y)(y—x)"ady

. 1
=0

P att(g,,) 1oy
+/1(k+1)!k(x,y)(yx)k+ dy) = f(=),

and singularity is removed; now we are in position to define operator L :
wm[-1,1] - W™[-1,1],

k u(l) . 1 .
L(u()) = p(Jul.) +>\(.)<Z e / K-y
- v -
Loy (k4D
! /—1 mk(’ y)(y — ')k-H_ady).

By use of operator L, the equation () is convert to Lu(xz) = f(x). It is
easy to prove that, for 0 < o < 1, operator L is a bounded linear operator on
[—1,1] and that, for « = 1, L is a bounded linear operator on [—1 +€,1 — €]
for € > 0. Let {z,;}32; be a dense subset of interval [a, b], for i = 1,2,...; take
Yy = x4, in Ry (x,y), and define ¢;(.) = Rp,(.,x;). Moreover, assume that
¥; = L*p;, where L* is the adjoint operator of L.

Theorem 3.Let {x;}32, be a dense set in [—1,1]; then the functions ¢; €
Wm[-1,1], and {¢;}32, is complete in W™[—1,1].

Proof. By using the reproducing kernel properties of W™[—1, 1], we have
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Y==xi

Therefore, we get

2m—1
1 82 i—« .
= ) R) £ 20) 3 Ptml-»2) / K(wi, ) (s — 5)'°ds;

hence ¢; € W™[—1,1]. Let u € W™[—1,1], and i € N. Then we have

(u, i) wm = (u, L*pi)wm
— (Lot b
Lu(z;) = 0.

Since {z;}32, is dense in [—1,1], we have Lu = 0. By the uniqueness of the
solution of (M), we get u = 0. Hence, {t;}52, is complete in W™[-1,1]. O

As a consequence of Theorem 3, we can expand each function as the
following. Let {z;}$2; be dense in [—1,1], and let u be the solution of ().
Since u € W™[—1, 1], we get

¥) =Y an(z)
i=0

In what follows, we use u,, as approximate solution of equation (0) which is
defined by

n
U () = Zaiwi(x), z € [-1,1],
i=0
and by use of operator L, we get
n
Y ai Lipi(x) = f(a), (6)
i=0

and with inner product of equation (B), with ¢;, we have

> ai (L, phwm = (f, 00w
=0
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Thus by replacing ~ by =, the singular integral problem converts to the
linear system of equations Ba = F, in which the coefficient matrix B =
[b; ;] = [Li(z;)], and the right hand side vector is F' = [F};] = f(z;).

4 Error estimate and convergence analysis

In this section first the convergence of the method is investigated, and then
the error estimate of proposed method is studied.

Theorem 4.Let {z;}32, be dense in [—1,1], and let {1p;}32, be the orthonor-
mal basis of W™[—1, 1] produced by Gram-Schmidt process on {1;}2,. Then
Um.n, the approzimate solution of equation (M), and its derivatives are con-
vergent uniformly to w; that is, the exact solution of equation (W), and its
derivatives, respetively.

Proof. With the Gram process we have

Yi(w) = Z Birtr(z),

k=1

and hence we get
i

Z Z azﬁzkd]k )

=0 k=1

Therefore the approximate solution of equation () is
n %
U (1) =D Y aiBirthi(2),
i=0 k=1

and clearly we have limy, oo || — U n|lwm[=1,1) = 0. On the other hand, we
have

1
u(z) = (u(.), R Z uD(1)RY (1, z) —|—/ u™ (2)RI™ (2, z)dz.
-1
Differentiating j times with respect to x, we get
9 R” PRy (L) [ &R (2, z)
ul ) ( ) : (m) m_\%s
J ZuZ i +/_1um(z) 5 dz
DR (y, )

= (u(y),T>Wm.

Thus we have



8 D. Hamedzadeh and E. Babolian

i i R, (.,
0O (@) ~ 0 @) | = () — i), TRy
'Ry (., )
<l u = tm,n lwmi—1y]l om lwm=1,1] -

Since % € W™[—-1,1] and || % lwmi—1,1), is continuous with

respect to x, on [—1,1]. For some M > 0, we have

'R (., )
_ mi_1 < M
| e lwmi—1,1< M,
which completes the proof. O
Let {z;}"_; be a subset of [-1,1], and let -1 < 21 < 23 < -+ <

z, < 1. We define h; := x;41 —x;, j = 1,2,...,n — 1, and also put
h:= maxj<j<m—1 hj.

Theorem 5. [@]Let v € W™[—1,1] be a smooth solution, and let U, , be
the approximate solution of the equation (M). Then

[t =t nlloe < ch™,

where ¢ 1s a constant.

5 Numerical examples

We examine accuracy and convergence of the proposed method through four
examples, which indicate efficiency of the method. The errors were defined
as

Epmn=t—Unnlloo @ max | u(z;) — wmn(x;) | m=1,2,....
1<i<n

Example 1. [8] Consider the following integral equation

1 3
14+ zy + 2y°)uly
)+ [ i) gy fa),
-1 (y — )5
where f is chosen such that
u(z) = 2°, x € [-1,1],

is the exact solution. The numerical results are given in Table O. In Table O,
for fix n, by increasing m, the absolute errors converge to zero. In Figures [,
for m = 6,8, 10, when n = 8 the absolute errors of v and its derivatives are



A computational method for solving weakly singular Fredholm ...

Table 1: Values of Em,n, for Example 1.

m n=3~8 n =16 n =32

6 || 1.72675 x 10~ | 1.34164 x 10~! | 1.06141 x 10!
9.37476 x 107* | 3.09832 x 1074 | 2.91592 x 10~°

10 || 6.73973 x 1076 | 2.6006 x 107 | 3.41363 x 10~°

Table 2: Values of E, », for Example 2.

m n=3~8 n =16 n =32

4 || 2.21811 x 1072 | 2.89879 x 1072 | 7.6194 x 102

6 | 4.92002 x 107% | 7.14302 x 10~* | 1.95649 x 1073

8 || 2.02376 x 1075 | 1.07565 x 1075 | 2.91592 x 10~°

10 || 3.13506 x 1076 | 1.2141 x 10~7 | 2.02656 x 107

shown.

Example 2. Consider the following integral equation

1 pzt+y (
e*u(y)
u(x) + x+2/ —dy = f(x),
@+@+2) [ Ty = @
where f is chosen such that
u(z) = ze®, z € [-1,1],

is the exact solution. The numerical results are given in Table B. In Table B,
for fixed n, by increasing m, the absolute errors converge to zero. In Figures
B, for m = 6, 8,10, when n = 8 the approximate solutions and its derivatives
have high accuracies.

Example 3. [0,8,03,d]Consider the following integral equation
1
uly
O e )
o |lz—yl®
where f is chosen such that
u(z) ==, x € 10,1]

is the exact solution. For m = 4,6,8, when n = 8, the absolute errors of u
and its derivatives are shown in Figures B. In Table B, the numerical results
of proposed method are compared with [0, 8,T3]. where the Max Error is
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Table 3: The Max Error result of Example 3.

n n =16 n =232

Babolian’s method [B] 1.59 x 10716

proposed method for m = 10 5.29781 x 10711 | 4.75211 x 10~ 11
Lakestani’s method [I3] 1.27 x 1076 2.71 x 1078
Product integration method [ 1.5 x 107° 9.39 x 1077
Lagrangian interpolant [I] 2.12 x 107° 1.94 x 1076

Table 4: The Max Error result of u(.), Example 4.

n=2~8 n =16 n =32

OOOJFPS

3.17985 x 10~*
2.38288 x 10~
2.93877 x 1079

4.44036 x 10~*
2.63628 x 10~
7.58042 x 1077

4.24008 x 10~*
2.23585 x 106
3.42293 x 108

defined as Max Error = maxg<g<1 | 4(x) — tmn(2) | .

Example 4. [[3,19]Consider the following integral equation

Lt ey
i | Ty = f).

0o |z—yls

u(z) —

where f is chosen such that

U(I):zz(lizz)a T e [071]5

is the exact solution. For m = 4, 6,8, when n = 8, the absolute errors of u and
its derivatives are shown in Figures B. In Tables @, B, and B the numerical
results of proposed method are given. where the Max Error is defined as

Max Error = maxg<,<1 | u'?(z) — u%)n(x) .

Table 5: The Max Error result of (1) (.), Example 4.

n=3~8 n =16 n =32

OO@%S

2.10369 x 10t
8.89262 x 10~ 6
3.66355 x 10~7

7.59437 x 1073
2.43063 x 10~6
2.21809 x 1077

7.61556 x 102
1.37019 x 10~
1.20238 x 10~7
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Table 6: The Max Error result of u(?)(.), Example 4.

n==~8

n =16

n =32

4.6866 x 10~!
1.18157 x 10~3
1.3664 x 10~°

OOOJ»PS

3.45622 x 1071
1.25931 x 10~
2.79569 x 10~7

3.75916 x 1071
1.20977 x 10~3
1.67734 x 1075
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Figure 4: Example 4, m = 4(green line), m = 6(blue dotted), m = 8(red dash).
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6 Conclusion

Different problems have been solved by researchers using reproducing kernel
Hilbert spaces (RKHS). They assume the unknown solution belongs to spe-
cial fix W3 and use Gram-Schmidt process to implement RKHS method.
In this paper, we attempted to solve Fredholm integral equations of the sec-
ond kind with weakly singular kernel. We used the Taylor series to remove
the singularity. According to the problem, we investigated the problem in
reproducing kernel spaces W™[—1,1]. In the proposed method by use of re-
producing kernel space property, the problem was converted to a system of
linear equations. In the proposed method we do not use Gram process, we
use RKHS property and use W3"* for different m. Though we suppose the
unknown solution is smooth, but this is a very strong assumption, and it
is enough for the solution to be in W3" for some m. In this method for fix
m, when the number of bases n increases the coefficient matrix of the linear
system will be ill-conditioned; so we increase m and move from one reproduc-
ing kernel to other instead, to find approximate solution with high accuracy.
Several test examples were used to show the efficiency and applicability of
the method.
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A new dwindling nonmonotone filter
method without gradient information
for solving large-scale systems of
equations

F. Arzani and M.R. Peyghami*

Abstract

In this paper, we present a new derivative-free spectral residual method
for solving large-scale systems of equations. Our algorithm is equipped with
a dwindling multidimensional nonmonotone filter in which whose envelope
is dwindling as the step-length of line search is decreasing. The proposed
algorithm is also combined with a relaxed nonmonotone line search technique
which allows the algorithm to enjoy the nonmonotone property from scratch.
Under some standard assumptions, the global convergence property of the
proposed algorithm is established. Numerical results on some test problems
show the efficiency and effectiveness of the new algorithm in practice.

Keywords: Dwindling filter technique; Systems of equations; Nonmonotone
line search; Global convergence.

1 Introduction

In this paper, we deal with the following nonlinear systems of equations:
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F(z) =0, (1)

where F : R" — R™ is a continuously differentiable map. We assume that ()
is symmetric; that is, its Jacobian is a symmetric matrix. Associated with
(m), the norm function is defined by

F(@) = SIF@)

Several methods in the literature have been proposed for solving (), such
as Newton and quasi-Newton methods, Gauss—Newton method, Levenberg—
Marquardt method [20], trust-region methods, spectral gradient, and residual
methods [I0, 4] and conjugate gradient methods [9]. The main factor in
these methods is how the procedure deals with large-scale settings. The
spectral gradient and conjugate gradient methods are a class of methods
that can suitably cope with large-scale systems of equations. The spectral
gradient method was first introduced in [7] for unconstrained optimization
and has been successfully extended for solving large-scale nonlinear systems
of equations; see, for example, [25,29], and the references therein.

The so-called nonmonotone line search techniques for unconstrained op-
timization was introduced by Grippo, Lampariello, and Lucidi in [I7]. In
their approach, at the point zj, for a given positive integer M, the stepsize
A € (0,1] is chosen such that

< 4 T
flag + Mdg) < ogjggﬁ){(k,M} fzr—j) + YAV f(zx)" di,

where v € (0, 1) is a given scalar. An extension and adaption of this technique
in the framework of a globalization technique for the Barzilai-Browein (BB)
gradient method has been proposed in [I8]. It is well known that the Grippo’s
nonmonotone technique suffers from some drawbacks; some of them have
been listed in [0]. In order to overcome these difficulties, Ahookhosh, Amini,
and Peyghami in [2] introduced a nonmonotone term as follows:

Ry = erfoay + (1 — ex) frs (2)
where
fewy) = m Jr—js (3)

= ax
0<j<min{k,M}

fre = f(zr), and €; € [€min, €max) C [0,1]. The motivation behind this non-
monotone term is that the best convergence results are obtained by stronger
nonmonotone strategy whenever the iterates are far from the minimizer and
by weaker nonmonotone strategy whenever iterates are close enough to that,
see, for example, [B0]. Although, (B) enjoys the strong and weak nonmono-
tone properties; it does not allow the iterates to act as a nonmonotone iterate
in the first iterations. Ataee Tarzanagh, Saeidian, Peyghami, and Mesgarani
in [B] proposed a nonmonotone term by replacing Ry with (1 + ¢ )Ry in the
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trust region ratio, where v is determined by

1/) )k ika>0,
F~Yo if R, <0,

and {nx} is a positive sequence satisfying the following condition:

D e <n< oo (4)
k=1

This substitution causes an increase in the function value in the first itera-
tions.

Since the Jacobian of (W) might not available or requires a prohibitive
amount of storage, derivative-free methods have been widely developed for
solving large-scale nonlinear systems of equations. For the square systems,
La Cruz, Martinez, and Raydan in [24] proposed a derivative-free spectral
residual method, named as DF-SANE, based on a combination of the Li and
Fukushima’s line search [Z6] and the Grippo’s nonmonotone technique. In
their method, the step-length ay is determined by one and only one of the
following two conditions:

flee — andi) < folk) 4+ me — vau || F (i) |7,
flae + ondi) < folk) 4+ me — yow || F(zi) |7,

where dj, := o F'(x) and oy is the BB spectral coefficient, which is computed
by [1]
stk

Ok = )
y,{sk

where s = 241 — z and yr = F(ap41) — F(zk).

Several variants of DFSANE algorithm for the square systems have been
proposed and applied on some specific systems of equations; see, for example,
[21-23]. Cheng and Li in [IT] introduced another derivative-free spectral
residual method for the square systems, named as NDFSANE, in which the
nonmonotone term fy) is replaced by that of proposed in [30]. Later, the
performance of DFSANE algorithm for the square systems is improved in
SDFSANE algorithm [i0] by using an approximation of the steepest descent
direction.

Recently, La Cruz in [22] presented a residual spectral algorithm for solv-
ing monotone equations on the Hilbert space which is an extension of the
SANE and DFSANE algorithms for systems of equations. This algorithm
uses in a systematic way the residual d = F(xy) as a search direction, com-
bined with a suitable step-length and a nonmonotone line search globalization
strategy. The main objective of this algorithm is to guarantee the conver-
gence without any necessity to the differentiability of F'.
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The concept of filter for constrained optimization problems was first in-
troduced by Fletcher and Leyffer in [I5] in order to avoid the difficulty of
adjusting penalty parameter in penalty methods. Accepting/rejecting of a
trial step in the filter methods is inspired from the same idea in multiobjec-
tive optimization. Indeed, a trial point is accepted by the filter if it is not
dominated by any other points in the filter. In this situation, the filter is
updated by removing all the points that are dominated by the new point;
see, for example, [[5,06,27], and the references therein. The fixed envelope
of a multidimensional filter keeps an acceptable trial point far from iterates
in the filter. However, the trial point with a tiny step-length may get close
to the current iterate and be rejected by the filter due to its fixed envelope.
Due to this fact, Chen and Sun in [§] proposed a dwindling multidimensional
filter line search method for unconstrained optimization. Their idea is to
incorporate step-length in the framework of multidimensional filter, and let
the envelope of the filter become thin as the step-length approaches zero.
Recently, Arzani and Peyghami in [d] proposed a dwindling filter technique
for solving positive definite generalized eigenvalue problem.

Our aim in this paper is to introduce a new dwindling nonmonotone filter
DFSANE method for solving large-scale nonlinear systems of equations. Our
approach is a new version of DFSANE algorithm which is installed by a filter
technique. The concept of filter leads to save some points that are eliminated
by the DFSANE algorithm. The accumulated points in the filter helps the
algorithm to reach the optimal point as quickly as possible. Moreover, our
approach uses some relaxations in its structure and is equipped with the non-
monotone term as proposed in [B]. Besides, by using dwindling technique, we
have more flexibility for the acceptance of the trial step. Under some stan-
dard and suitable assumptions, the global convergence property of the new
proposed algorithm is constructed. Numerical results on some test problems
validate that the proposed algorithm is practically efficient and robust and
it has some priorities to that provided in [3T].

The rest of the paper is organized as follows. Section 2 is devoted to
describe the new algorithm in details. In Section 3, we establish the global
convergence property of the new proposed algorithm under some suitable
assumptions. Some preliminary numerical results of applying the new algo-
rithm on some test problems are given in Section 4. Finally, we end up the
paper by some concluding remarks in Section 5.

2 The new algorithm

In this section, we propose a new dwindling nonmonotone filter DFSANE
algorithm for solving large-scale nonlinear systems of equations. To do so,
we first recall the filter that is used in this paper and then describe the new
algorithm.
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Recently, Fatemi and Mahdavi-Amiri in [I3] introduced a new filter that
controls the size of the filter. In their proposed filter, a tentative point xj is
acceptable with respect to x; if there exists j € {1,...,n} such that

|9 (@) + 02 g (@) I < 1g; ()" + 01 g(@) ", ()

where g(z) = Vf(z), p1, and uy are positive constants and 6; and 6, satisfy
the following relation:

1
0<6 <0< —. 6
Therefore, a point xj, is accepted to the filter F if it is accepted with respect
to every x; with g(z;) € F. In the case of acceptance of zy, g(xx) is added
to the filter and any g(z;) € F with the following property is removed:

|9 (@)™ + b2 lg(@e)I™ < lg; ()" + 0u (@I Vie{l,...,n}.

In our dwindling filter, the parameters 6y and 65, satisfying (B), are consid-
ered as a function of the step-length. Since the step-length « in line search
techniques is normally less than or equal to one, in our setting, we use the
following parameters in the filter (B):

él = ¢(a)91 and ég = (b(a)eg,

where 6, and 6, satisfy (B) and ¢ : [0,1] — R™ is a monotonically increasing
continuous function with the following properties:

i 20
a—0t  «
¢(a)=0 ifandonlyif a=0 (7

such that (B) holds for 6; and 5.

Now, let us briefly describe one iteration of our new algorithm. Given zy,
if the stopping criteria do not hold, the trial step dp = —o F}) is computed
where oy is the so called spectral coefficient. Assuming o, = a_ = 1, the
trial point m:H =z, + a4dy and Ty = Tk— a_dy, are introduced and with
the priority of z; 1 are verified for acceptance to the filter. In case of rejecting
both trial points by the filter, these points with the same priority are checked
for acceptance by a nonmonotone line search conditions. If the trial points are
rejected by the filter and line search conditions, then a backtracking scheme
is done on a4 and a_ and the above mentioned procedure is repeated until
one of the trial points is accepted by the filter or nonmonotone line search
conditions.

The structure of the new proposed algorithm is outlined in Algorithm 1.
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Algorithm 1. : A new dwindling derivative free filter algorithm

Step 0. Given xg € R", integer M > 0,0 < v < 1,€e>0,0 < omin <
Omax < 00, 0 < 0] <0y < ﬁ, 0 < Tmin < Tmax < 1, and a monoton-

ically increasing continuous function ¢ satisfying (@); set Fo = @ and
k:=0.

Step 1. If ||F(xzk)|| <€, then stop.

Step 2. Choose the spectral coefficient oy such that |og| € [Omin, Omax], and
compute foy by using (B). Set dp = —opF'(2), oy =1 and a_ = 1.

Step 3. Compute x;:H = +aydy, T =T — a_dg, and Ry by (B).
If :c;rH is accepted by the filter, then set xp1q1 = xzﬂ and add xg11 to
the filter Fy. Update the filter to form Fixq1. Set k:=k+1, a = a,
and goto Step 1.
Else of x)_ , is accepted by the filter, then set 11 = x),, and add
Tp41 to the filter Fy,. Update the filter to form Firi1. Set k =k +1,
ar = a_, and goto Step 1.

Else if

flafy) < (L4 )Ry — yo ” f(a), (8)
then set Tpy1 = xzﬂ, k:=k+1, ap = oy, and goto Step 1.
Else if

Faiy) < (L+ o) Ry — ya® f(x), 9)

then set xp1 = a1, k:==k+1, ap = a_, and goto Step 1.

Step 4. Choose oy € [TminQ+4, Tmax@+] and a_ € [TminQ—, Tmax®—], and
goto Step 8.

Remark 1. Since ¢, > 0, R, > 0, and Ry, > f(x)), due to Lemma 2.2 in [7],
it is easily seen that after finite number of reductions of a; or a_ in Step 4
of Algorithm M, one of the conditions (8) and (8) is necessarily satisfied. This
shows that the proposed algorithm is well-defined.
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3 Convergence analysis

In this section, our goal is to analyze the global convergence property of
Algorithm 0. For this purpose, let

Pl = {k|xy € Fp},

and let
P2 = {k|x), satisfies (B) or (A)}.

It is easily seen that P1 N P2 = (). Before going further, we first consider
the following assumptions on the problem (I):

A1l. F is a continuously differentiable function map over R”™.

A2. For a given 7, as in (8), the level set L° = {z € R"|f(x) < e"f(x0)}
is closed and bounded.

A3. The sequence {xj}, generated by Algorithm M, is contained in a
bounded and closed set Q& C R™. Let {zx} be the sequence generated by
Algorithm 0. Then, Algorithm [ either stops at a certain iteration kg with
|F'(zk,)|| = 0, or generates an infinite sequence. In the latter case, it is
shown that there exists a subsequence of {2} which converges to a stationary
point of F. Therefore, from now on, we assume that |[P1U P2| = co. Two
possibilities are recognized for the cardinality of P1 and P2, |P1| = oo or
|P2| = oo.

3.1 Analysis of the case |P1| = oo

Consider the filter Fj, and its acceptance criterion, which is given by (B).
Due to Lemma 4 in [I3], the size of Fj, is finite. Although, Fj contains fi-
nite number of elements; it may happen that an infinite number of iteration
points is accepted by the filter. The following lemma states the behaviour of
the algorithm in this case.

Lemma 1. Let Assumptions A1-A3 hold, and let |P1| = co. Then,

lim [l = 0. (10)

Proof. The proof is similar to the proof of Lemma 5.4 in [[4] by setting
O(z) = F(z) and using the fact that based on the definition of ¢(a) and the

initial values of ay = a— = 1 in Step 2, the condition 0 < 6; < 0 < ﬁ
implies that 0 < él < ég < ﬁ O]
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From Lemma 1, for the case |P1| = oo, it is concluded that there exists
a limit point of subsequence {x }rcp1 which is a stationary point of f; that
is,

kaolol,rgclePl inf || Fy|| = 0. (11)

3.2 Analysis of the case |P2| = oo

First of all, without loss of generality, we may assume that |P2| = co and that
|P1] is finite, as for the case |P1| = oo (Il) holds. Under this assumption,
we show that there exists a limit point of subsequence {xy}rcpo satisfying
the first-order necessary condition; that is,

lim  inf||Fy|| = 0.
k—o0, ke P2

Since |P1| is finite and |P2| = oo, there exists a positive integer My such
that for every k > My, we have k € P2. Without loss of generality and in
order to establish simple analysis, in what follows, we assume that My = 0,
and therefore

P2=1{0,1,2,...}. (12)

To construct convergence property of Algorithm I in this case, we first state
some technical lemmas.

Lemma 2. Suppose that {xy}rep2 is generated by Algorithm 0. Then, we
have

k
ferr < ol TT (0 + ) — wi,
i=0

where wy = you2 f(z1).

Proof. The proof is similar to the proof of Lemma 3 in [H], and therefore we
omit it here. O

The following lemma shows that all the iteration points that are gener-
ated by Algorithm 0 are contained in the level set L°. Using Lemma, 2, its
proof is the same as the proof of Lemma 4 in [5] and Lemma 3.4 in [2R].

Lemma 3. For the sequence {xy}repa2, generated by Algorithm O, we have
{xk} C LY.

Remark 2. Let {xg}rep2 be generated by Algorithm @, and let |P2| = oo.
Then, due to the (I3), for a given positive integer M, one can rewrite P2 as
below:
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P2={LM+r|LeNU{0},0<r<M—1}.

Lemma 4. Assume that {xr}rep2 S an infinite sequence, generated by
Algorithm @ and that M is the constant as given by (@). Then, for every
k € P2, there exist a non-negative integer L and 0 < r < M — 1 such that
k=LM+r and

LM+r L
frrr = fomprnn <ol ] Q40) =D wew, L=0,1,2,...,
i=0 i=0
where wy(;) = min w; and wj s defined as in Lemma 2.

iM<j<(i+1)M—1
Proof. The proof is similar to the proof of Lemma 6 in [5]. O

Lemma 5. Suppose that Assumptions A1l and A2 hold and that {xy }rep2
1s the infinite sequence generated by Algorithm 0. Then, one has

115})10 wsi) = 0,

where wy(;) is defined as in Lemma 4.

Proof. Using Lemmas 3 and 4, for 1 <r < M and LM + r € I, we have

L LM+r—1
Zws(i) < |fol H (1 + i) = fomr <€ fol = foartr.
i=0 i=0

By taking limit from both side of this inequality, as L — oo, and using
Assumption A1, we conclude that > .2, wg(7) < 00, which implies that

Aim ws(i) =0. (13)
1—00
This completes the proof of the lemma. O

From now on, we define K = {s(:)|i = 1,2,...}. The following theorem
establishes the global convergence of Algorithm M.

Theorem 1. Let Assumptions A1-A3 hold, and let {x} be the sequence
generated by Algorithm Q. Then, for every limit point x* of {xk}rek, one
has

(J(@*)TF(a*), F(z*)) =0,

where {.,.) stands for the inner product of two vectors in R™.

Proof. From Lemma 5, we have

1. = 1' 1 2 F 1 2 - O
ke foo SR T ek i e kngsn(lklEl)Mfﬂa]H @)l

)
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which implies that
li AF =0 14
i af| P =0, (14)
using the fact that 0 < v < 1. Since x* is a limit point of {zy}k, there exists
an infinite index set K7 C K such that limge g, koo T = x*. Besides, ()
implies that
li AF 2 =0. 15
e il F ()l (15)
To proceed, we consider the following two possible cases:
Case 1: hmkEKl L 7é 0.
In this case, there exist an infinite sequence of indices Ko C K7 and a positive
constant ¢ such that o, > ¢ > 0 for all k € Ky. Therefore, (Id) implies that

. 2
Jim [|F(o)]* =0. (16)

Now, (IB) along with the continuity of F' imply F(x*) = 0.
Case2: hmkeKl ap = 0.
In this case, there exists kg € K; such that ap < 1, for all kg < k € K;.
Therefore, for infinitely many iterations, the line search is not immediately
successful and a4 and a_ should be updated at least once based on Step 4
of Algorithm M. Suppose that, in step k € Kj, ay and a_ are adapted my
times in the line search procedure in Steps 3—4. Let o[,cF and «a;, be the values
of o™ and o™, respectively, in the last unsuccessful line search process; that
is, inequalities (B) and (8) are violated. Now, form Step 4 of Algorithm O,
for all kg < k € Ky, we have

Qap > T

min*
This inequality together with limgegr, ap = 0 and the fact that 7y, < 1
imply that

lim m; = oo.
keKy

On the other hand, Step 4 of Algorithm 0 implies that az < rme=1 and

max

o) < tmk=1 Therefore, using the fact that Tnax < 1, we deduce that
k max ) g )

lim ag = lim o =0.
kEK1 kEK1 ®

Now, from the definition of aﬁ and o, for all & > kg, k € K1, we have
flax — aforF(zr) > (14 r) Re — y(eqd)* f(a), (17)
fxy + oy onF(g)) > (1+ ) Ry — () f (). (18)

Since ¢y, > 0 and Ry > 0, then (1 + ¢x)Rr > Ry > 0. Besides, from Lemma
2.2 in [?], one has Ry, > f(xy). Thus, (I7) implies that

flzr — aforF(zr)) — fze) > —y(af) f(an).
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From Lemma 3 and Assumptions A1-A2, {f(x)} is a bounded above se-
quence. Thus

fxy — ofonF(ay)) = flxr) > —v(af)?e f(xo),
which implies that
1P — aforF @) = 1F@x)* > —(ai)?e f(zo),
and therefore,

2 2
F xkfoﬁ'akF Tk — ka
|F(x o i+>>|| IP@OI | ot on ).
k

Now, by Mean Value theorem, there exists & € [0, 1] such that
oi(g(@r — Euaf F(xr)), —=F(z1))) = —€" f(zo)ya. (19)

Due to Algorithm [, two possible cases may happen for o, it might be
positive or negative for infinitely many indices. If o3, > 0 for infinitely many
indices k, then ([9) implies that

+ n L e
(g(zr — Spoy Fan)), Fxk))) < e f(xo)?k <ef(zo)—=.  (20)

Omin

Using an analogous approach, from (IX), we conclude that

(g(on + 6 o F@n)), Flan)) = —'flao) Sk > e f(ao) 225, (21)

min

for some &, € [0,1].
Now, as ajf — 0, a; — 0, and |0 F(z)|| is bounded, taking limit from both
sides in (B0) and (E0) leads to the following equality:

(J(@)TF(z*), F(z*)) = 0. (22)
For the case in which o, < 0, for infinitely many indices, proceeding in a
similar approach, we can deduce (E2) as well. O
The following corollary is an immediate consequence of Theorem 1.
Corollary 1. Assume that x* is a limit point of the sequence {xk}rex
generated by Algorithm 0 and that (J(x*)v,v) # 0 for all 0 #£ v € R™. Then,
F(z*) = 0.

Lemma 6. For k € N, let
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Ly == f(woeary) = fornrys

where L(kM) € {(k—=1)M +1,...,kM} and fy;) is defined as in (8). Then,
we have

Liy1 = f(zgrymy) < |1+ Z 7 + H n; | Lg.
i=kM i=kM

Proof. Using Step 3 of Algorithm 1, we have

J(@eare1) < (U4 Yrar) Riens < (1 + tnnr) L

f(@parve) = (14 Yrarg1)[er max{ Ly, f(zrars1) } + (1 —ep) f(@rar41)]
< (T + Yrars1) (1 + Yuar) Ly
= [1+vYrnr + VYrnrr + Vrnrrens 1) Lk,

and so on. Therefore, by an inductive argument,

EM+j EM+j
flremys) < |1+ Z i + H i | L.
i=kM i=kM

Since £(k+1) € {kM +1,...,(k+1)M}, then, we have

1+ > i+ [ 7711[%

i=kM i=kM

L1 = [(@irs1)0n) <

This completes the proof of the lemma. O
Let us define K as below:
Ky ={01),42),...}.
One can easily observe that
0j+1)<L(j)+2M -1, ji=12,.... (23)

The following theorem states that in case of existing a limit point for the
sequence generated by Algorithm [, all the limit points are the solutions of
the nonlinear system ().

Theorem 2. Let x* be a limit point of the sequence {xy}, generated by
Algorithm @, such that F(x*) = 0. Then, we have

lim F(zx) = 0.

k—o0
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Proof. Let K; be an infinite subset of N such that

lim xzp =2".
keKq, k—oo

This relation together with Assumption A1 imply that

li F =0. 24

e (k) (24)

Now, since zy4+1 = x £ aporpF(zk) and |agok| < Omax, for all k € N; using
(23), one can deduce that

keKlfIkl%o |2k+1 — 2i]| =0,

and therefore,

lim R
keKy, oo T

Proceeding by induction, one can easily show that for the fixed j € {0, 1, ...,
2M — 1}, we have

lim  xp; = 2%, 25
kEKy, koo T T (25)

Now, using (23), for a given k € K, there exists u(k) € {0,1,...,2M — 1}
such that k + u(k) € K. Since K is infinite, there exists i € {0,1,...,
2M — 1} such that, p(k) = i for infinitely many k € K;. Assume that

Ky = {k+ u(k)|k € K1 and u(k) = i}.
It is easily seen that Ky C K, and by (23)

lim  zp =2
k€EKo, k—o0 +

Thus

lim  F(zx) =0.
kK3, k—oo

Now, as Ky C K, there exists an infinite subsequence {x(;)};es such that

}_ien}xg(j) =" and }leHJl (o)) = %lg} L;=0. (26)
Let us write J = {j1,jo,j3,...}, where j; < jo < j3 < ---. Then, (EB)
implies that
lim L;, = 0. (27)
1—> 00

Now, from Lemma 6, we have

o0 o0
Ly< |14 > m+ [[ m|Li VYpeNp>j.
t=Mj; t=Mj;
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Thus,

supL, < |1+ Z e+ H ne| Lj,- (28)

P>Ji t=Mj; t=Mj;

On the other hand, from (@), we have

o0 o0
lim | > e+ I m| =0

t=Mj; t=Mj;
Therefore, using () and (E8), we conclude that

lim supL, =0,

10 p>j;

which in turn implies that

J]—00

Now, using the definition of L;, we have

. . 1
lim f(zx) = lim o [|F(zx)|” = 0.

k—o0

This completes the proof of the theorem. O

4 Numerical results

In this section, our aim is to investigate the practical performance of Algo-
rithm O, denoted by DF-DFSANE, along with the following algorithms on
some test problems:

e DFSANE: Algorithm 1 in [P4].

e NF-DFSANE: Algorithm @ in this paper in which the concept of filter
has been removed.

All the considered algorithms are implemented in MATLAB 7.10.0 (R2010a)
environment on a PC with CPU Intel 2.33 GHz Quad, 4GB RAM memory,
and double precision format. Test problems are mostly taken from [3, 9],
and the problem dimensions vary from 2 to 10000.

All the considered algorithms are being stopped whenever || F(zg) ||<
10~6. Moreover, we declare that an algorithm is failed whenever the number
of iterations and the number of function evaluations exceed 10000 and 50000,
respectively. We have also utilized the advantages of the performance profile
of Dolan and Moré [I2] in order to properly compare the considered algo-
rithms. The following parameters are considered in the relevant algorithms:
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—6 —6 6
e=10 s M1 = 0257”2 = 0-7570111ir1 =10 ; Omax = 1O+ )

1
M =2 =1 - min = 0.1, Tmax = 0.5, = ———, k>0
0,7 =107, Tin = 0.1 T = 05,0 = (s K20

Moreover, we utilized ¢(a) = a? in the dwindling technique. It is worth
mentioning that the parameters are chosen from a set of values in which rea-
sonably better results are achieved while performing an algorithm. Numerical
results are given in Table 1. In this table, Problem, n, n;, and ns represent
the problem name, the problem size, the number of iterations, and the num-
ber of function evaluations, respectively. Based on the results of Table 1, we
have plotted the performance profile of the considered algorithms in Figures
1 and 2 in terms of n; and ny, respectively.

At a glance to Figure 1, one can easily find out that DF-DFSANE al-
gorithm solves roughly 93% of the test problems successfully while this per-
centage for NF-DFSANE and DFSANE algorithms is below 90%. Moreover,
DF-DFSANE algorithm solves about 62% of problems at the lowest value of
n; while this percentage for the NF-DFSANE and DFSANE algorithms are
40% and 10%, respectively.

Figure 2 reveals that when the DF-DFSANE, NF-DFSANE, and DF-
SANE algorithms are applied on the test problems; the DF-DFSANE al-
gorithm solves roughly 49% of the test problems in the lowest value of ny
while this number for the NF-DFSANE and DFSANE algorithms are 38%
and 10%, respectively. Moreover, DF-DFSANE algorithm solves about 90%
of the test problems without any failure. It has to be noticed that in the
cases that DF-DFSANE is not the best algorithm; its performance index is
roughly close to the performance index of the best algorithm.

Figure 1: Performance profile of the considered algorithms in terms of n;.
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Figure 2: Performance profile of the considered algorithms in terms of n .

5 Conclusion

In this paper, a new dwindling nonmonotone filter DFSANE method for solv-
ing large-scale nonlinear systems of equations is proposed. In our approach,
a filter is set up on the so-called DFSANE algorithm which has been devel-
oped in [Z]. Indeed, the concept of filter helps us to save some appropriate
points that are eliminated by the DFSANE algorithm. Moreover, the accu-
mulated points in the filter cause the algorithm to reach the optimal point
as quickly as possible. The proposed approach also uses some relaxations in
its structure and is equipped with the nonmonotone term as proposed in [G].
Furthermore, we have more flexibility for the acceptance of the trial step by
using a dwindling technique. Under some standard assumptions, the global
convergence property is established. Numerical results on some test problems
confirm that our proposed algorithm is practically efficient, robust, and has
some priorities to that provided in [3T].
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Table 1: Test problems and numerical results.

DFSANE NF-DFSANE DF-DFSANE

Problem n ni/ng n;/ng n;/ng
Extended Beale [3] 1000 38/52 33746 29/39
Extended Beale [3] 5000 53/79 47/57 38/52
Extended Beale [3] 10000  62/90 48/72 38/64
Extended penalty [B] 1000 17/39 13/35 10/24
Extended penalty [B] 5000 21/49 17/45 21/47
Extended penalty [B] 10000 23/49 21/51 22/50
Extended Three Exponential [3] 1000 18/32 16/24 15/19
Extended Three Exponential [3] 5000 29/43 18/32 14/30
Extended Three Exponential [3] 10000 30/62 20/34 20/32
Generalized Tridiagonal-2 [3] 1000 58/68 58/72 58/72
Generalized Tridiagonal-2 [B] 5000 Failed 193/296 126/258
Generalized Tridiagonal-2 [3] 10000 Failed 789/3299 440/1083
Extended PSC1 Function [3] 1000 18,26 14/21 14/20
Extended PSC1 Function [B] 5000 22/42 18/26 17/23
Extended PSC1 Function [B] 10000 36/42 22/34 17/23
Extended Block Diagonal BD1 [g] 1000 17/23 17/23 15/23
Extended Block Diagonal BD1 [&] 5000 19/25 15/23 20/24
Extended Block Diagonal BD1 [8] 10000  99/131 114/213 105,285
DQDRTIC (CUTE) B 1000 64/116 52/74 50/70
DQDRTIC (CUTE) [3 5000  89/209 60/90 35/61
DQDRTIC (CUTE) [& 10000 126/301 44/66 33/47
LIARWHD function [3 1000 1/1 1/1 1/1
LIARWHD function [8 5000 18/90 18/90 16/74
LIARWHD function [3 10000  87/233 111/401 105/341
Extended DENSCHNF [g] 1000 1/1 1/1 1/1
Extended DENSCHNF [g] 5000 25/41 21/49 21/49
Extended DENSCHNF [g] 10000  52/76 25/41 22/40
Generalized Quartic [8 1000 17/23 10/12 10/10
Generalized Quartic [B 5000 20/28 10/12 2/4
Generalized Quartic [B 10000 50/98 21/29 12/16
Diagonal 8 [8] 1000 8/9 6/7 5/6
Diagonal 8 [3] 5000 20/37 16/17 7/9
Diagonal 8 [g] 10000  38/95 5/38 7/9
Full Hessian FH3 [g] 1000 4/24 4/24 4/22
Full Hessian FH3 [3] 5000 5/31 4/30 4/28
Full Hessian FH3 [B] 10000 Failed Failed Failed
SINCOS [g] 1000 18,26 14/21 11/16
SINCOS [g] 5000 27/33 18/26 17/23
SINCOS [3] 10000  36/42 30/36 17/23
HIMMELH (CUTE) [g] 1000 1/1 1/1 1/1
HIMMELH (CUTE) [g] 5000 14/18 14/18 8/10

HIMMELH (CUTE) (8] 10000 Failed Failed Failed
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Table 1: Test problems and numerical results (Continued).

DFSANE NF-DFSANE  DF-DFSANE

Problem n ni/ny ni/ny ng/ny
Power [3] 1000 75791 74790 54/62
Power [B] 5000 152/176 123/142 120/134
Power [3] 10000  224/345 210/311 129/135
FLETCHCR function (CUTE) [g] 1000 750/1404 712/1201 425/689
FLETCHCR function (CUTE) [3] 5000 Failed 1012/4865 994/4752
FLETCHCR function (CUTE) [B] 10000 Failed Failed Failed
Problem 2 [I9] 2 46/49 25/31 2/6
problem 4 [I9] 5 1/2 1/2 1/2
Problem 6 [Irg] 2 3/7 4/15 3/6
Problem 7 [1g] 5 268/271 62/74 33/42
Problem 8 [1rg] 10 15/18 19/25 14/16
Problem 26 [1< 5 149/157 21/21 21/21
Problem 27 [ 2 1/1 1/1 1/1
Problem 39 [r9 5 1383/2100 24/28 20/34
Problem 40 [19 5 Failed Failed Failed
Problem 42 [r9 2 1/1 1/1 1/1
Problem 46 [r9 5 Failed Failed Failed
Problem 47 [T9 10 324/841 260/642 222/423
Problem 48 [19 5 423/1108 112/504 53/71
Problem 53 [i9 5 1/1 1/1 1/1
Problem 56 [I9 10 22/24 3/5 3/3
Problem 61 [I9 10 394/5784 357/5650 357/5650
Problem 63 [T9 5 22/26 4766 21/38
Problem 77 [t9 10 149/219 51/126 17/24
Problem 78 [i9 2 Failed Failed Failed
Problem 79 [19 5 970/4130 952/4025 844/3441
Problem 81 [I9 5 Failed Failed Failed
Problem 81 [T9 10 Failed 843/4344 432/3456
problem 111 [19] 5 344/1815 310/1012 72/770
problem 111 [i9] 10 Failed 572/4567 424/3245
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WENO schemes for multidimensional
nonlinear degenerate parabolic PDEs

R. Abedian*

Abstract

In this paper, a scheme is presented for approximating solutions of non-
linear degenerate parabolic equations which may contain discontinuous solu-
tions. In the one-dimensional case, following the idea of the local discontinu-
ous Galerkin method, first the degenerate parabolic equation is considered as
a nonlinear system of first order equations, and then this system is solved us-
ing a fifth-order finite difference weighted essentially nonoscillatory (WENO)
method for conservation laws. This is the first time that the minmod-limiter
combined with weighted essentially nonoscillatory procedure has been applied
to the degenerate parabolic equations. Also, it is necessary to mention that
the new scheme has fifth-order accuracy in smooth regions and second-order
accuracy near singularities. The accuracy, robustness, and high-resolution
properties of the new scheme are demonstrated in a variety of multidimen-
sional problems.

Keywords: WENO schemes; Finite difference scheme; Multidimensional
nonlinear degenerate parabolic equation; Porous medium equation.

1 Introduction

This paper is concerned with multidimensional of nonlinear degenerate
parabolic equations of the form

ur = Ab(u) + S(x,t,u), x = (21,...,2q4) € Qand t >0, (1)

satisfying the initial condition
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u(X7 O) = uO(X)v X € Qv (2)

and suitable boundary conditions. The condition Dj(u) = b;(u) > 0,
j =1,...,d is needed to make the equation formally parabolic. Whenever
Dj(u) = 0, for some u € R, is said that the equation degenerates at that
u—level, since it ceases to be strictly parabolic. For b;(u) =™, m > 1, and
S(x,t,u) =0, the equation (M) is called porous medium equation(PME) [B6].
As is said in [B6], if the initial condition has compact support, then (0) and
(2) have at most one weak solution that has compact support in space (for
more detail, see Theorem 5.3 of [36]). The degenerate parabolic equations
appear often in applications, for example, spread of viscous fluids [I1], math-
ematical biology [[@], groundwater [B], heat transfer [I6], flow of an isentropic
gas through a porous medium [36], and other fields.

Methods for approximating solutions to (0) have attracted a lot of atten-
tion in recent years, for example, local discontinuous Galerkin finite element
method [BY], relaxation scheme [d], and kinetic scheme [d] have been pro-
posed to find its solution. Also, Liu, Shu, and Zhang [ZG] proposed two
different formulations of WENO schemes for solving nonlinear degenerate
parabolic equations. The first formulation approximates directly the second
derivative term by using a conservative flux difference, while the second for-
mulation is similar to the formulation of the local discontinuous Galerkin
(LDG) schemes [].

As we know, WENO schemes were introduced in the literature to approxi-
mate hyperbolic conservation laws. Also, WENO schemes are based upon the
essentially nonoscillatory (ENO) schemes [[7]. The first version of WENO
schemes was introduced in finite volume formulation for the one-dimensional
conservation laws in 1994 by Liu, Osher, and Chan [25]. In 1996, Jiang
and Shu observed that the ENO stencil selection is sensitive to the round-off
perturbation near zeros of the solution and its derivatives [Z1]. Then, they
improved the ENO reconstruction and proposed a general framework for de-
signing arbitrary order accurate finite difference WENO schemes, which are
more efficient for multidimensional calculations.

The degenerate parabolic equation (0) may have discontinuous solution,
possible existence of sharp fronts, and finite speed of propagation of wave
fronts [36]. The degenerate parabolic equations usually have features similar
to those of a hyperbolic conservation laws. Therefore for solving (W), it is rea~
sonable to generalize numerical methods for solving hyperbolic conservation
laws, such as the WENO schemes [76].

In this paper, a WENO finite difference scheme is proposed by following
the idea of the local discontinuous Galerkin method [[M]. First rewrite () in
one-dimensional case as a nonlinear system of first order equations

up = vy + S(x, t, u)
v =b(U)g,
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and then to solve the two first order equations using a fifth order finite differ-
ence WENO method for conservation laws. This approach has the advantage
of simplicity, and it is easier to generalize it to higher than second order
PDEs.

The structure of this paper is as follows: In section 2, we describe by
detailing the construction and implementation of the scheme, for nonlinear
degenerate parabolic equations. In section 3, the results of numerical exper-
iments conducted with the proposed scheme are given. Some remarks are
made in section 4.

2 Nonoscillatory reconstruction to the second derivative

In this section, a fifth-order WENO finite difference scheme for multidimen-
sional nonlinear degenerate parabolic equation is described. Using the di-
mension by dimension approach [32], the presented scheme in this paper for
multidimensional problems is implemented.

2.1 General framework

Consider the one-dimensional nonlinear degenerate parabolic equation

up = b(u)ge + S(z,t,u), (z,t) € Q2 x (0,00), (3)
u(z,0) = up(x),

satisfying suitable boundary conditions.

This section describe the formulation of a WENO finite difference scheme
by following the idea of the local discontinuous Galerkin method [i0]. First,
the equation (B) is considered as a nonlinear system of first order equations

U = vy + S(x, t,u) (4)
v =b(U)g, (5)

and then to solve the two first order equations, respectively, using the fifth or-
der finite difference WENO method for conservation laws [I]. This approach
has the advantage of simplicity, and it is easy to generalize it to higher than
second order PDEs. The effective stencil, which is a composition of two suc-
cessive WENO procedures, is also wider in comparison with the approach
that is said in [B]. To make the final effective stencil smaller, a right-biased
stencil for (@) followed by a left-biased stencil for (B) is used.
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2.2 The fifth order finite difference WENO method

Assuming that the cell averages @; are known at time ¢, van Leer [B5] proposed
a piecewise polynomial reconstruction u(z,t) = . R;j(z)x;(z) to solve 1-
dimension hyperbolic conservation laws, where x;(x) is the characteristic
function of the cell I; = [z;_1,2;,1]. Let U(x) be the primitive function of
u(z,t); that is, U(z) = [*__ u(&,t)d¢. To begin, an optimal polynomial is
selected, which is denoted by popt,;(z), to approximate u(z,t) on cell I; of
degree four on the five-cells central stencil S = {I;_o,...,Ij12}. In [B0,82],
this optimum polynomial is obtained. First, U(x) is interpolated at the
cell boundaries {xjfg, ey xj+%} by using Newton’s interpolation formula.
Afterwards, differentiating the new polynomial, we get

5 i-1 -1
Popt,j (%) ZZU[%737~-7%+¢73] Z H (x_%urzfg),
=1 m=01=0,l#m

where U[---] is a divided difference of the function U(x). High-order ENO
reconstructions decrease damping of the solution, but generate significant
oscillations when solving hyperbolic systems unless costly characteristic de-
compositions are used. For solving this problem, three supplementary poly-
nomials are defined, {p}(x),p](z),and p}(x)}, approximating u(z) with a
lower accuracy on I;. The three-cells stencils of ENO3 are obtained by either
choosing r cells to the left and s cells to the right of I;. Then, the three-cells
stencils of ENO3 can be explicitly determined.

ST =A{L_,....,Ij1s}, (r,s) =(0,2),(1,1), and (2,0).

Having obtained p,,¢(z) as above, p{™)+(z) is obtained from cell boundaries
of the stencil S”

P(T)’j(m) = Z U[xj—r—%7 e 73:]‘—7”—&-1’—%] (z— Ij—r+l—%)' (6)

In order to obtain a more efficient reconstruction, the ENO3 reconstruction is
modified. We interpolate equation (B) over an additional point lying within
the same stencil and the same number of selection steps as ENO3. The new
reconstruction starts by seeking a new high-order interpolating polynomial,

pl(z), such that equation (B) passes over the additional point z; € I;,

pi(x) = p" (z)+
3

3
Ulgj iy @_py 3, %5 Z (* =2 1), 7=0,1,2. (7)
m=01=0,l#m
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The divided difference U[xj_,.+%,xj], for r = 0,1, and 2 of (@), is given by
Ul regowi] = 5 [ [ u(©)dg — [0 u()de]
imrts

S S (3, Li@)x;(@)) de.
As it can be seen from the equation (8), a polynomial that retains infor-
mation within the cell I; is needed. The NT scheme [29] is based on the
first-order Lax—Friedrichs scheme [[3] and it involves the reconstruction of
piecewise-linear MUSCL-type interpolates from piecewise constant data and
uses nonlinear limiters to prevent oscillations

1

Lj(a:):ﬂj—i—(x—xj)gu;, z € 1. (9)

Integrating over (H), the divided differences in (B) are given by

1

5o (Uj = (r? =7 = 2)uj1+

U[l‘jir+%7$j] =

1
(7’2 —3r + 2)ﬂj+2 + 4u;>, r=20,1,2.
For the numerical derivative u}, the UNO limiter [I¥] is chosen which is given
by

u'»zMM(Aw + =MM(A%u;_1, A*u; ),

1
2

_ 1 _ _
AujJr% - §MM(A2’U,J, A2Uj+1)) ;

where A?4; = Aty 1 — Aty 1, and Aty = U549 — ;. Here, the MinMod

limiter (MM) is defined by

1
2

min,{z,} if x, >0,
MM(z1, z2,...) = maxy{z,} if z, <0,
0 otherwise.

2.3 Essentially nonoscillatory reconstruction

Spurious oscillations can appear in the numerical solution, if the big stencil
which defines popt ; (), contains a discontinuity or large gradients. To avoid
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such a problem a WENO procedure is designed that smoothly adapts the
stencil in the neighbourhood of the singularity.

The principle of CWENO (central WENO) procedure which is defined
in [§,P4] is extended, and an ENO interpolant is constructed as a convex
combination of polynomials that are based on different stencils; that is,

Rj(z) = wlpl(), w! >0, > w!=1,i€{0,1,2,¢}. (10

Here, R;(z) is the nonoscillatory reconstruction on I;. p(x) is a polynomial
which is defined on stencil S, also the polynomials pé(x),p{(z), and pjz(:zz)
are computed in (@). In order to simplify the notations, the upper index
j will be omitted; remembering that the weights and the four polynomials
change from cell to cell. Now, the polynomial p.(x) is computed such that
the convex combination (M), will be fifth-order accurate in smooth regions.
It must, therefore, satisfy the following equation:

Popt (2) = Copo(z)+C1ip1(x) +Copa(x) +Cepe(x), Zcz‘ =1i€e{0,1,2,¢c},

(1)
where constants C; represent linear or ideal weights for (). A straightfor-
ward calculation shows that any symmetric choice of constants C; in (II)
provides the desired accuracy. This property must be contrasted with clas-
sical upwind WENO schemes. Therefore, we make the choice Cy = Cy =
%, Ci = i, and C, = % Then, the polynomial p.(z) is obtained explicitly as
follows:

Pe(®) = [Popt(z) — Copo(x) — C1p1(z) — Capa(z)]/Ce Ve el (12)

In order to complete the reconstruction of R;(z), the ideal weights Cj, i €
{0,1,2, c}, are changed to nonlinear weights w;, with objective of maintaining
the fifth-order accuracy for smooth solutions and nonoscillatory performance
near discontinuities. In smooth regions for achieving the optimal interpo-
lation (I), the weights w; must smoothly converge to the ideal weights C;
as h approaches zero. Also, in regions where a discontinuity does exist, the
weights should effectively remove the contribution of stencils that contain the
discontinuity.

2.4 The nonoscillatory weights

In order to fully determine the scheme, it is required to specify the nonoscil-
latory weights,. Then, following [21,82], the nonlinear weights are written as

4,2
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(07 O .
g = = k 0,1,2,c}. 13
Wi Zkak, Qg (E—I—IS) Z 6{, ) 76} ( )
The constants C;, i € {0,1,2,¢}, in Eq. (I3 ) are chosen to be the same as
in the equation (I); that is, Co = Cy = §,C4 ,and C, =

The smoothness indicators, I1S;, are responsible for detecting large gradi-
ents or discontinuities and automatically switch to the stencil that generates
the least oscillatory reconstruction in such cases. The smoothness indicator
is defined as [Z1))

k

2
) d |
IS; = E IR /I (dxkpl(x)> dx, (S {0’17270}'
k J

The constant €, taken to prevent the denominator from vanishing, can range
from 107° to 10~7, [21]. As is said in [IZ2] and [I9], different values of € change
the order of convergence of the scheme and yield different sharpness near
discontinuities. In this paper, € = 107% is used. The smoothness indicators
of smooth and discontinuous stencils yield IS, = O(h?) and 1S, = O(1),
respectively. A direct computation based on equations (@) and (I2) yields:

1
IST :7(91—14] - 12’L_Lj+(1_7~) + 3’L_Lj+2(1_r) + (]. - 7')96’&;)2

8100
13 - ~
+ = 2700 (57U] 66Uj+(1_r) + 9Uj+2(1_7~) + (]. — T‘)48'Ll/;)2
781 B B _
+ 162000 (72Uj - 96u]'+(1_r) + 24Uj+2(1_;,«) + (1 - 7")48’[1,;-)27 r= 07 2,
9 _ _ 1\2 — — — 2
Sl :M(uj_l — Uj41 — 16uj) + E(uj_l — QUJ‘ +Uj+1)
449856 -~
W(“j—l — Ujp1 + 2U3)27
and
Is (23957 690709 34913 4051 20591 @
« =\37500 %+ T 126000 ! T 8400 Y T 126000 Y T 126000 "0~ i+2
. (1478263@ 23 68419 4051 o
126000 9+ 350 T 210001 T 126000 2/t
. (1432391] _Ta23. 34913 Vi,
8400 7 350 ‘7' 7" 8400 77
+(147826311 _ 690709 a, +(23957ﬂ4 i,
126000 7' 126000 ‘7% 7t T 31500 42
. (2464u, 649 2486 2486 649 !
1125~ 3752 T 375 WL T Tggp Wit T g tit2) Y
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2.5 The new scheme for nonlinear degenerate parabolic
PDEs

From equations (#) and (8), it is required to approximate b(u), and v;. The
final form of the left- and right-biased points are given by

U1 = D ie0,2,e) Wi X u™® (Tj41),

Jta
U;r_% = ic{01,2,c) Wi X vt (z;-1),
where
uj_f)%) D= po(mj_,_%) = (22u; + 9Uj11 — Uj42 + 8uj)/30,
uj‘f; t=pi(rp) = (@1 + 1505 + 20,41 + 8uj) /18,

uj‘f; s =palzyy1) = (=202 + 13,1 + 194, + 24u}) /30,

Uip1: :pc(xj-&-%)
= (301_Lj_2 — 205ﬂj_1 + 29].ij + 277’&]'4_1 — 331_1,j+2 — 176U;)/360,
v, 4 = po(l’j_%) = (19’1_1]‘ + 131—)]'—0—1 - 21_}j+2 - 24’03)/30,
ot = = (20;_1 + 150, + 041 — 8})/18
v *pl(xj—%) = (2051 + 1505 + 541 — 8v) /18,

’U—.‘F(Q) .= pg(l’j_;) = (71_)]'_2 + 917]'—1 + 22’L_)j — 8’0;)/30,

i—3 2
U;_,(C%) D= pc(xj_%)
= (=330j2 + 27701 + 2910; — 205011 + 30042 + 176v})/360.
Therefore,
S b(u;+%)fb(u;7%)
T i
du;(t) _ i+r -3 oy
= T 4 Sy, tug) = F(uy(6)),

and the semidiscrete scheme (I) is discretized in time by a third order TVD
RungeKutta method [33], which is given by
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—(1 i i
ug ) = ul + AtF(uf),

ntl _ 1-m , 2-(2) | 2 =(2)

3 Numerical results

This section gives some numerical examples to confirm the accuracy, robust-
ness, and high-resolution properties of the proposed method. Example 1 is
three-dimensional heat equation with a known exact solution and is used
for checking the accuracy and order of convergence [I5]. Example 2 is the
two-dimensional porous medium equation [26]. In Example 3, a nonlinear
problem is presented and suggested as test for multidimensional nonlinear
convection-diffusion problems [B,27]. Next, in Example 4, a scalar two-
dimensinal reaction-diffusion equation is considered [7]. Example 5 taken
from [20,23], is presented to cover the case strongly degenerate parabolic
equation. Finally, Example 6 is considered to solve a Turing model of bio-
logical pattern formation [@]. This example will demonstrate that the new
technique also handles systems of degenerate equations. The constant CFL
number ¢ = 0.3 is considered. Then, the time step is determined by

At

Also, in the following, CWENOS5 is used to denote the new proposed method
in the current paper.

max |b (u)

Example 1. For x = (z,y, 2), S(x,t,u) =0, and b;(u) =u, j =1,2,3, con-
sider the three-dimensional linear initial-value problem with periodic bound-
ary condition [I4],

Up = Ugg + Uyy + Uszy, X € Q= (—m,m)3, t >0,
u(z,y, z,0) = sin(x) sin(y) sin(z).

The closed analytical form solution for this problem is
u(z,y, z,t) = exp(—t) sin(z) sin(y) sin(z).

The error is computed in the discrete Lo, and L; norms and, respectively,
defined by

|[ul|oo = max j k |uijkl,

llulls = 22 5k | g | A
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Table 1: Errors for Example 1 at T=2

N L, error L. order Ljerror L;order CPU

10 0.192(-2) - 0.847(-3) N 08.97
20 0.601(-4) 5000  0.266(-4) 4.999  15.01
40 0.189(-5)  4.999  0.822(-6)  5.021  32.84
80 0.579(-7)  5.030  0.257(-7)  5.000  68.10
160 0.163(-8) 5151  0.804(-9)  5.000  142.90

Table 2: Errors and orders of convergence for Example 1 with different linear weights
at T=2. Top:Co = C1 = C2 = C. = i, Middle:Cy = Cy = Tlﬁ’ol — %,Cc — g’
Bottom:Cy = %701 =Cy = é7CC = %

N L, error L order L error L order CPU

10 0.115(-2) - 0.788(-3) - 09.12
20 0.400(-4) 4845  0.295(-4)  4.739  15.15
40 0.110(-5) 5184  0.910(-6)  5.018  33.01
80 0.347(-7)  4.986  0.290(-7) 4971  70.11
160 0.107(-8)  5.019  0.863(-9) 5.070  139.98
10 0.149(-2) - 0.102(-2) - 10.01
20 0.453(-4)  5.039  0.341(-4) 4902  14.93
40 0.190(-5) 4575  0.971(-6)  5.134  30.99
80 0.338(-7) 5812  0.281(-7) 5110  73.12
160 0.103(-8)  5.036  0.877(-9)  5.001  138.88
10 0.171(-2) - 0.145(-2) - 11.55
20 0.148(-3)  3.530  0.139(-3)  3.382  16.01
40 0.170(-4) 3122 0.182(-4) 2933  32.18
80 0.125(-5) 3765  0.201(-5)  3.178  69.87
160 0.873(-7)  3.839  0.156(-6)  3.687  140.11

In Table O, the respective errors and convergence rates by CWENQOb5 are
given. The results verify the fifth-order accuracy both in the L, and in the
L1 norms. The L; and L, errors and orders of convergence by CWENOb5
with different linear weights are reported in Table B. As is expected, any
symmetric choice of constants C; enables the fifth-order accuracy.

Example 2. Consider the porous medium equation (PME) as [26]
up = A(u™), m > 1, (16)

where v = u(x,t), x € Q C R% This equation describes various diffusion
processes, such as the flow of an isentropic gas through a porous medium
where u is the density of the gas required to be non-negative and «™ ! is the
pressure of the gas. The PME equation degenerates at points where u = 0,
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Table 3: FErrors and orders of convergence for Example 2 at T=2. Top to Bottom
respectively: m =2, m =4, m =6, and m = 8.

N L, error L. order L error L order CPU

50  0.012(-1) - 0.429(-1) - 10.62
100 0.010(-1)  0.263  0.172(-1)  1.318  19.88
200 0.006(-1)  0.737  0.036(-1) 2256  35.17
400 0.002(-1)  1.585  0.006(-1)  2.585  78.41
50 0.117(-1) - 0.248 - 13.51
100 0.083(-1) 0495  0.639(-1)  1.956  23.23
200 0.069(-1)  0.266  0.256(-1) 1319  37.11
400 0.054(-1)  0.353  0.092(-1) 1476  86.12
50 0.216(-1) - 0.353 - 16.55
100 0.232(-1)  -0.103 0.135 1.386  27.51
200 0.179(-1) 0374  0.725(-1)  0.896  41.68
400 0.134(-1) 0417  0.248(-1)  1.547  95.90
50 0.337(-1) - 0.583 - 23.55
100 0.248(-1)  0.442 0.201 1536 39.77
200 0.213(-1) 0219  0.752(-1) 1418  53.13
400 0.218(-1)  -0.033  0.368(-1)  1.031  115.55

resulting in the phenomenon of finite speed of propagation and sharp fronts.
The classical solutions to the PME may not exist in general, even if the initial
condition is smooth. The closed analytical form which is a weak solution for
PME, is obtained by Zel’dovich and Kompaneets [38] and Barenblatt []
in years 1950 and 1952, respectively. The solution of [5] has the following
explicit form

1
u(x,t) =t [(1—k|x|2t-25) ] : (17)
+
where a = (m_f)d+2, k= a(;;;)’ and vy = max(u,0). Now, we put d = 2;
therefore, Barenblatt solution has no derivative at the points of the circle
2?4y = dm__ta where o = . The CWENO5 scheme is used to solve

a(m—1) m
the PME (@8) for m = 2,4,6 and m = 8, where 2 = [-10,10]?>. The initial
condition is taken as the Barenblatt solution (I'7) at ¢ = 1, and the boundary

condition is chosen to be ©u = 0 on 0N for ¢t > 1.

Table B indicates the magnitude of errors obtained with CWENQObS scheme
for different mesh sizes. Figure 0 shows the results of CWENOSH scheme at the
Final time T' = 3 with the computational domain ) divided into 120 uniform
cells. The CWENOS5 scheme prevents the appearance of spurious solutions
close to the circles. The contour plots of absolute difference between approx-
imated solution and Barenblatt solution with m = 2,4 are shown in Figure 0
top right and bottom right, respectively. The CWENOb5 scheme is sufficiently
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Table 4: Errors and orders of convergence for Example 2 (m = 2) with different linear

weights at T=2. Top:Cop = C1 = Ca = Ce = §, Middle:Co = C2 = &,C1 = §,Cc =
Bottom:Cy = £,C1 = Co = %,Cc = 5.
N L, error Ly order Lq error Lq order CPU
50  0.012(-1) - 0.422(-1) - 10.89
100 0.009(-1) 0.415 0.165(-1) 1.354 20.85
200 0.005(-1) 0.848 0.037(-1) 2.156 34.37
400 0.002(-1) 1.322 0.007(-1) 2.402 80.51
50  0.014(-1) - 0.418(-1) - 11.11
100 0.008(-1) 0.807 0.167(-1) 1.324 22.20
200 0.006(-1) 0.415 0.039(-1) 2.098 33.01
400 0.003(-1) 1.000 0.009(-1) 2.116 81.52
50  0.222(-1) - 0.338 - 09.95
100 0.218(-1) 0.026 0.165 1.035 22.51
200 0.157(-1) 0.473 0.722(-1) 1.192 35.68
400 0.131(-1) 0.261 0.243(-1) 1.571 79.95

-10 —10

-10 —10

3
8

Figure 1: Example 2 (two-dimensional porous medium equation). Top left: PME with
m =2 and N = 120, Top right: 30 contour lines of |uparenblatt — u| with m = 2, Bottom

left: PME with m = 4 and N = 120,

with m = 4.

Bottom right: 30 contour lines of |uparenblatt — U
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Figure 2: Example 3 (two-dimensional Buckley-Leverett-type equation). Left: numerical
solution at T" = 0.5 with N = 40, Right: numerical solution at T' = 1.0 with N = 40.

accurate in the smooth regions, while on the nonsmooth regions absolute dif-
ference with analytical form solution of Barenblatt is of order 102 and 1072
for m = 2 and m = 4, respectively.

Example 3. This example solves the Buckley—Leverett-type problem [3,27]

ut + f(u)z + g(u)y = €(uga + uyy)

with € = 0.1, the flux function of the form

u2
u?2 + (1 —u)?’
fu) = g(u)(1 =51 —u)?).

The initial function for this example is

g(u) =

1, (. —0.25)> + (y — 0.25)* < 5,
u(z,y,0) = {0, otherwise.

This example includes gravitational effects in the x-direction. The numerical
results at 7' = 0.5 and 1.0 are shown in Figure B, with the computational
domain [—3,3]? divided into 40 x 40 uniform cells. The results compare well
with those reported in [3]. Table B gives the respective errors and convergence
rates by CWENOS. The numerical solutions compared with a “reference so-
lution”, obtained by WENOG6 [26] with N = 400.

Example 4. This example solves the following initial-boundary-value prob-
lem for a scalar reaction-diffusion equation [[@], where x = (z,y),

us = Ab(u) + S(x,t,u), (18)

u(x,0) = 0.5(1 + sin(1.1(z — cos(0.7y)))) cos(0.5(y — sin(1.3x))),
Vb(u)-n=0 on dQ x [0,T]. (19)
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Table 5: Errors and orders of convergence for Example 3 at T=0.5

N L, error L. order Ljerror L;order CPU

10 0.228(-3) - 0.716(-4) - 33.63
80 0.680(-5)  4.987  0.248(-5)  4.852  58.12
160 0.215(-6)  4.998  0.799(-7)  4.955  109.87
320 0.671(-8)  4.992  0.239(-8)  5.060  219.23

This problem may serve as a scalar prototype degenerate reaction-diffusion
model. Here, the zero-flux boundary condition ([[4) implies that the reaction-
diffusion domain is isolated from the external environment. For S(x,t,u) =
S(u), (IR) appears in [28] in an ecological setting, where u denotes the pop-
ulation density of a species, and S(u) is its dynamics, where it is assumed
that S(0) = 0 and S'(0) # 0. For example, S(u) = u(l — u) — u?/(1 + u?)
corresponds to the population dynamics of the spruce band-worm [2¥] and
models the growth of the population by a logistic expression and the rate of
mortality due to predation by other animals. Authors of 1] modified this
expression by a radial spatial factor, and used

U2
8(x,t,u) = 10(exp(=5r)u(l — u) + (exp(=5r) = 1)),

r=y/( =052+ (y— 057,

which means that the birth of individuals is concentrated near the centre
(0.5,0.5), and mortality increases with increasing distance from the centre.
Most standard spatial models of population dynamics simply assume that
b(u) = Du, where the constant diffusion coefficient D > 0 measures the
dispersal efficiency of the species under consideration. In this example, the
strongly degenerate diffusion coefficient [@,87] is used

b(u) 0, U < U,
| D(u— ue), otherwise,

where u, > 0 is an assumed critical value of u beyond which diffusion will take
place. Here, we set D =1 and u. = % The difficulty in the well-posedness
analysis of the problem (IR) lies in the boundary condition (I9) when b is
strongly degenerate. It is quite difficult to give a correct formulation of the
zero-flux boundary conditions. The computational domain [0, 1]? is divided
into 80 x 80 uniform cells. Figure B shows the numerical approximation at
different time levels. The results compare well with those reported in [7].

Example 5. In this example, we focus on strongly degenerate parabolic
problem. Consider the Burgers-like equation

up + (u?)e + (u)y = e(v(u)ug)o + e(v(u)uy)y.
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0.5
0.4
0.3
0.2

0.1

o

o 1 o 1

Figure 3: Example 4 (single-species reaction-diffusion model). From top left to bottom
right, it shows the numerical solution at times 7" = 0.0, 0.5, 1.0, 3.0.

Table 6: Errors and orders of convergence for example 5 at T=0.5

N L, error L. order Ljerror L;order CPU
40 0.223(-4) - 0.118(-4) - 30.73
80  0.715(-6) 4.963 0.362(-6) 5.000 53.98
160  0.214(-7) 5.059 0.112(-7) 5.014 100.11
320 0.599(-9) 5.162 0.334(-9) 5.054 213.23
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0.5

Figure 4: Example 5 (two-dimensional strongly degenerate parabolic problem). Top:
numerical solution at 7" = 0.5 with N = 80, Bottom: one-dimensional cut along the y
axis with different mesh sizes.

Here, € = 0.1 is considered and

sy = [0 Tl =025,
YT |ul>0.25.

In this example, zero boundary conditions are applied. The initial condition
is equal to —1 and 1 inside two circles of radius 0.4 centred at (0.5,0.5) and
(—0.5,—0.5), respectively, and is zero elsewhere inside the square [—1.5, 1.5]2.
The Ly and Ly errors of CWENQOS5 scheme are given in Table B for different
mesh sizes. The computational domain is divided into 80 x 80 uniform cells.
The numerical results obtained by CWENODb5 scheme are presented in Figure
@, which compare well with those reported in [23,26]. The “reference solution”
was obtained by WENOG6 [26] scheme with N = 400.

Example 6. Turing [84] wrote his paper “The chemical basis of morpho-
genesis” in which he suggested an new theory. He hypothesized that the
patterns, observed during embryonic development, occur in reaction to a spa-
tial prepattern in biochemicals, which he termed morphogens. Cells would
then answer to this prepattern by differentiating in a threshold-dependent
way. Thus, Turing hypothesized that the patterns, observed in nature, such
as pigmentation in animals, branching in trees, and skeletal structures are
reflections of inhomogeneities in underlying biochemical signalling.

The system he considered took the form

ou 9
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Figure 5: Example 6 (Turing’s model for biological pattern formation). Left: u after
1113 simulated time units, Right: v after 1113 simulated time units.

D,
0 D,
constant diffusion coefficients, and the nonlinear function f(u) is the reaction
kinetics. Turing analysed the special case of equation (B) when there are
two interacting morphogens, u = (u,v)”. They spread at rates D, and
D, respectively, and they also undergo reaction kinetics defined by f(u) =

(f(u,v),g(u,v))T. There are different forms of the reaction kinetics such as
Gierer—Meinhardt 4] model

Here, u is a vector of chemical condensations, D = ] is a matrix

u2

_ 2
m7 g(u,’U) = C4U~ — CyV

fu,v) =c¢1 —cou+cs

and the Schnakenberg [B1] model

flu,v) = c1 — cyu+csuv,  g(u,v) = ca — czu’v.

The parameters {c_1,c1,ca,c3} represent the deterministic rates of the re-
actions. Now, consider the Schnakenberg model on the unit square domain
Q = [0,1] x [0,1] with zero-flux boundary conditions. Let the parameter
values be determined by D, = 1, D, = 40, ¢; = 0.1, ¢o = 0.9,¢c_1 = 1,
and c3 = 1. The initial conditions are random perturbations about the ho-
mogeneous steady state. This system has a uniform positive steady state
(u®,v%), where u® = ¢; + cg and v° = ca/(c1 + c2)?. Figure B shows the for-
mation of spot patterns. In this figure, the concentration values of u and v
are illustrated which compare well with those reported in [27].

4 Conclusion

When applying the standard WENO idea, as Liu, Shu, and Zhang did in [286],
in some cases (odd numbers of nodes in small stencils) the linear weights
don’t exist, and when they do exist, at least one of them is negative. In
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this research, another strategy was used to circumvent these problems. This
strategy consists in applying the idea of the local discontinuous Galerkin
method. First, the degenerate parabolic equation was considered as a non-
linear system of first order equations, and then this system was solved us-
ing a fifth-order finite difference weighted essentially nonoscillatory (WENO)
method for conservation laws. The Symmetrical WENO procedure of [ for
solving this system was used. It was observed that this procedure generates a
fifth-order method in smooth regions and remains essentially nonoscillatory
near discontinuities. Numerical examples showed that the new scheme can
obtain fifth-order accuracy in smooth regions and prevent the appearance of
spurious solutions close to discontinuities.
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Abstract

In this paper we present a new and efficient method by combining pseudo
differential operators and Haar wavelet to solve the linear and nonlinear dif-
ferential equations. The present method performs extremely well in terms of
efficiency and simplicity.
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1 Introduction

In this paper we have offered a method based on Haar wavelet in combination
with pseudo differential operators to solve ODEs.

Recently, wavelet methods have proved useful as widely applied tools for
the computation of numerical approximations. Different types of wavelets
and approximating functions have been proposed for the numerical solution
of differential equations using various methods [2,8,9,5-20], such as Galerkin
and collocations methods, the filter bank methods [P0], and the Kalman fil-
ters. In [R], the Haar wavelet method was applied for solving the boundary
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and initial value differential equations. Lepik in [[%,14] applied Haar wavelet
to solve differential equations. Also, he used Haar wevelet for solving evolu-
tion and integral equations in [(,[3] and PDEs in [i0].

pseudo differential operators are considered as natural extensions of lin-
ear partial differential operators. The study of pseudo differential operators
grows out of research in 1960s on the singular integral operators. The pseudo
differential operator is the generalization of linear partial differential opera-
tor, with roots entwined deep in solving differential equations in the classic
and quantum mechanics [, G].

At first by applying Fourier inversion formula to the given differential
equation we obtain its associated pseudo differential equation. Then in the
obtained Pseudo differential operator we expand f (f is assumed to be the
solution of ODE) into Haar series, and we employ the collocation method
for the equation to get a numerical solution for ODE. By some numerical
examples the advantages of our tool in comparison with Haar wavelet method
are shown.

The paper is organized in 5 sections in the following way. In section 2
we recall some preliminaries. Some numerical solutions for some examples
of linear and nonlinear differential equations by using our new method are
presented in sections 3 and 4, respectively. Finally error analysis is given in
section 5.

2 Preliminaries

2.1 Wavelets

Haar wavelets are the simplest wavelets among various types of wavelets. The
Haar wavelet family on [0, 1] is defined as follows:

1 for x € [£1,&),

hi(z) =< —1 for x € [£2,&3],
0 elsewhere,
where .
k k+ 5 k+1
51:—’ 52: 27 53:77
m m m
and m = 2/, j = 0,1,...,J, indicate the level of the wavelet, and k =
0,1,...,m—1is the translation parameter. The index i is calculated accord-

ing to the formula i = m+k-+1. The maximal value of i is 2M where M = 27.
It is assumed that the value i = 1 corresponds to the scaling function of Haar
wavelet hy(z) =1 for all z € [0, 1].
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2.2 Fourier Transform and Pseudo Differential
Operators

One of the leading ideas in the theory of pseudo differential operators is to
reduce the study of properties of a linear differential operator

P=> co(z)0s, (1)

which is a polynomial in the derivatives 0, with constants ¢, depending on
x, to its symbol

pe.6) = 3 cale)(i6)",

which is a polynomial in the phase variable £ € R with constants depending
on the space variable x.

Fourier transform is the main tool in the theory of pseudo differential op-
erators. Let f be integrable function; the Fourier transform and the inverse
Fourier transform of f are defined as follows:

f@r:Mﬂ@w:/Qﬂﬂﬂmm

R

and

:27r

— 1 ir.£ f
5 ) = 5 [ e 2)
where x,£ € R. According to the inversion formula we have

FRN =FA=r 3)

Let P be the linear differential operator in (M) using the inversion formula,

Pf=Y (@ [ e fepe

2

= Yoty [0 Fierae

=L ity o) f (o).

27TR

Here p is considered as a symbol, and

(H%Dwﬁu%=/)é“M%Qﬂ8%

n
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defines the associated pseudo differential operator. For more details one can
refer to [].

2.3 Combination of Haar Wavelet and Pseudo
Differential Operators

Let f € L?[0,1]; then by (2) and (8), it can be approximated by
1 L a
f@) =5 [ e, (4)
™ — 00

since f € L? then f € L2, and for level J we can write

2M
&)= aphp(9)

where a), = fo &)d¢, p=1,...,2M. By replacing this value in (B) we
obtain
2M I
f@) =Y a, [ eyl )
p=1 0
With differentiation of (B) we have
2M 1 _ 2M 1 )
=3y [ iR @) =Dy [ (R
p=1 p=1 0

in other words
£ () Zap / (i€) eV h, (€)dE, for all neN. (6)

Now consider the linear differential equation Y1 _, A, (x)f™ (z), by replac-

ing the obtained value for f, f/,..., f) in this equation we obtain
n 2M
S Aa() @ () Zap / (2, €)e h, (€) de,
a=0

where p(z,£) = Y. Aa(2)(i€)*. This new form of pseudo differential op-
erators is our main tool in order to obtain numerical solution for linear and
nonlinear differential equations in the next sections.
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2.4 Solving Linear Differential Equations

Consider the differential equation of order n
Z Am(2)y™ (z) = f(x), (7)

where z € [0,1] and ™ 1(0) = ¢,,...,y(0) = co. The interval [0,1] is
divided into 2M subintervals with the length Az = ﬁ
According to the equality (B) we have

Y™ Zap [ e (®)

where a,, with p = 1,...,2M are unknown. Performing integration on (B)
from 0 to x, yields

2M

1 1
y" (@) =) ay /0 (i€)" Sy (€)dE — | (i)™ hy(€)de] +en (9)

p=1

continuing the integration of (H), we get

2M 1 1
V@) = Sl [ (ieyme € —am [ igymhyle)ag
p=1 0
—m—1 1
+ ZO —ay @ Tm(0) (10)
for m = 0,1,...,n — 1. Putting the values obtained for y(™), (=1 .y
and the collocation points
(I1-0.5)
=—" [=1,2,...,2M 11
Xy oM 5 ) 4y ) ’ ( )
in equation (@), the system below is obtained.
2M n
ap Y Sm(x) = f(x1)
p=1 m=0
n—1ln—v—1 1
+ @) (F(0) A, (1) (12)
v=0 a=0 ’

forl=1,...,2M, where
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&Aﬂ=Am@ﬁAUQWW%AQ%—x“”*A(%W%@M&

By calculating the coefficients a,, p = 1,...,2M, and replacing them in (10),
for m = 0, an approximation numerical solution is obtained. The matrix
form of the system (12) is

(3 W) = F,
m=0
where W,,, signifies 2M x 2M matrices as follows:
Wi (p, 1) = A (20)Sm(p, 1), m=0,1,...,n,
such that
Sm(p, 1) = S (ay),

1 .
Su(p,1) = /0 (€)™ by (€) e,

and F' and a are 2M —dimensional vectors
n—1ln—v—1 1
F) = fl)+30 D o)y ™ (0) Ay (),
v=0 a=0
a = (al,. .. ,CLQM).
Also, the matrix representation of (I), for m =0, is

y:aS0+T7

where the vector T is

() = a(xz)“y(“)(ox I=1,...,2M.
a=0

Remark. For calculating the integrals, for example,

1
/0 i)k ™h,(€)dE, k=0,1,...,n,

we can use of the points 7, = (;\/}), l=1,...,2M + 1. In other words,

Ts+1

1 . 2M )
AuWW%@=Z/ (i€) e hy (£) de.
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Since for £ € (75, Ts41) we have hy(§) = hy(xs); then

1 4 M a1 4
/O (zf)ke”l&hp(ﬁ) _ th(xs)/ (ig)kemz&dg.
s=1

-
Ts

3 The Numerical Solution of Linear Differential
Equations

In this section, some examples of linear differential equations are solved by
using the new method. To get the error estimates, problems with the known
exact solution y.,(z) are considered.

Example 1. Consider the differential equation
(x — 1)y (z) + (2% + 3)y(z) = 2* + T2% — 22 + 6, (13)
where y(0) = 0. This equation has the exact solution y.,(x) = 2 + 2.

Now, we seek solutions for the equation (I3) based on our hybrid method.
In this equation

WO(pal) = (.1712 + 3)80(]9,1),
Wl(pal) = (Il - 1)81(p7l)a
F(l) = o} + 72} — 22, + 6.

The obtained results and absolute errors, for some values of J = 2, are shown
in Table 1 and Figure 1, respectively.

Example 2. Consider the differential equation

(z = 1)y"(@) + (z + 1)y (2) + y(z) = (22° + 4z — 1)e”,
(14)

This equation has the exact solution y..(z) = xze®. In this equation
Wo(p,1) = So(p,1),
Wi(p,1) = (x1 +1)S1(p, 1),
Wa(p.1) = (z1 = 1)S2(p, 1),

F(l) = (22} + 4z — 1)e™ — (14 2x)).
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Table 1: Haar solution, Exact solution, The new method solution for equation (I3)
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(z/16) Haar solution Exact solution The new method solution
1 2.0087906524 2.0039062500 2.0039062497
3 2.04280445967 2.0351562500 2.0351562500
5 2.11078811462 2.0976562500 2.0976562499
7 2.21748292022 2.1914062500 2.1914062500
9 2.38353209120 2.3164062500 2.3164062499
11 2.79651329536 2.4726562500 2.4726562500
13 0.16626536933 2.6601562500 2.6601562496
15 4.80205593409 2.8789062500 2.8789062511

The obtained results and absolute errors, for some values of J, are shown in
Table 2 and Figure 2, respectively.

4 Nonlinear Differential Equations

In this section we adopt the new approach for nonlinear differential equations.
A numerical solution of nonlinear differential equations can be obtained by
using the new hybrid method. We consider a nonlinear form of differential
equations as

K(z,u(z), v (z),... +u™(2)) = f(z) (15)

such that = € [0,1] and =1 (0) = ¢,,, ..., u(0) = cp. K is nonlinear respect
to one of the functions u, «/, ... u™ and the function f is given. Replacing
x by x; in the equation (IH), for | =1,2,...,2M, gives

Kz, u(z), (@), .+ u™ (@) = f (),

where x1, 2, ..., and xops are the collocation points introduced in (I).
Now, by applying (8) and (8) for the functions u, v/, ..., u™, we get a system
with 2M equations for calculating the coefficients a,. In general, this system
is nonlinear, and we use the following approach to solve it.
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Table 2: Haar solution, Exact solution, The new method solution for equation (i)

(z/16) Haar solution Exact solution The new method solution
1 0.0668034 0.0665309 0.0665309
3 0.2271089 0.2261681 0.2261682
5 0.4290282 0.4271368 0.4271369
7 0.6809506 0.6776132 0.6776133
9 0.9929719 0.9872182 0.9872183
11 1.3777507 1.3672570 1.3672570
13 1.8556966 1.8309970 1.8309970
15 2.4355610 2.3939901 2.3939901

We assume that ([3) is previously solved for the level J — 1, where the
number of collocation points is M = 27. For the next level, the number
of collocation points is doubled (the value J is increased by one). The new

values for u(z),u/(x),...,u™ (z) and a, are estimated as
oM 1
WD) =3 alh [ e, ©)de (16)
p=1 0
and form=0,...,n—1

2M 1 ) 1
4w =3 o) | Goreiny@ds —ammt [ ey (epa

—m—1
1
CE e, o
a=0
where
al) — dl(,‘lfl) forp=1,..., M, (18)
P 0 forp=M+1,...,2M.

These estimates are corrected by Newton method; the application of which
forl=1,...,2M leads to the equation
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oK N N - (n
S (5B = =K, ) (@), @D @), @ D)) + f (), (19)
p=1 P
where
0K 0K du 0K o OK du™

da,  0uda, odda, T 9u da,

By solving (I9), Aa,, p=1,...,2M, are calculated and equations (IB), (C7),
and (IR) are corrected as follows:

ap =~ = &p + Aapv
2M 1
u™(z) = Z al(,‘]) / (i€)" ™ hy (€)dE, (20)
p=1 0
and
2M 1 ) 1
) = 3 [ ety ede ot [

We start the procedure by taking an initial solution of &go) =1and &go) =0.
These estimates are corrected by solving (I9) for J = 0.

Example 3. Consider the the differential equation
u(z) + 22u(z) (2)7 = 2%(1 + V2232), (21)

which has the exact solution u.,(z) = x2.

The obtained results for J = 2 are shown in Table 3 and Figures 3 and 4.

Example 4. Consider the the differential equation
zeosau'(x) + (z + 3)u(z) + 2u(z)? = z(1 + sinz) + 3sinz, u(0) = 0, (22)

which has the exact solution ue,(z) = sinz. The obtained results for J = 2
are shown in Table 4 and Figures 5 and 6.
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Figure 3: The comparison of the numerical solution and exact solution for example 3.
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Table 3: Exact solution and The new method solution for equation (E1)

(2/16) Exact solution The new method solution
1 0.00390 0.00390
3 0.03515 0.03515
) 0.09765 0.09765
7 0.19140 0.19140
9 0.31640 0.31640
11 0.47265 0.47266
13 0.66015 0.66016
15 0.87890 0.87890

5 Error analysis

In this section, the error analysis for the new method has been offered.

Lemma Let f € L?(R) be a continuous function defined in (0,1). Then
the error norm at Jth level satisfies the following inequalities

3K?
E;< ™93/
J > 16 )

where f(x) < K, for all x € (0,1) and K > 0, and M is a positive number
related to the Jth level resolution of the wavelet given by M = 27

Proof.

Byl = [u(e) —ws(@) =] S ap / 7D (€)de],

p=2M+1

where
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Table 4: Exact solution, The new method solution for equation (22)

(2/16) Exact solution The new method solution
1 0.0624593 0.0624592
3 0.1864032 0.1864033
) 0.3074385 0.3074385
7 0.4236762 0.4236762
9 0.5333026 0.5333026
11 0.6346070 0.6346070
13 0.7260086 0.7260086
15 0.8060811 0.8060811

HEJ||2:/O( > a,,/o e hy()dE)( > ap/o eivé h,,(€)d€)da

p=2M+1 p=2M+1

o0 o0 1 1 1
— a af eiz§ eiﬂ? T
S Y om /0 ( /0 o (€)d6) /0 €hy (€)de)d

p=2M+1k=2M+1

1 2M Tt

00 o] Topl 2M _
= > Y am [ (ke [ e [ etd)da,

p=2M+1 k=2M+1 0 =1 s s=1 s
Applying mean value theorem

Z Z achk/O A, (z)By(z)dz,

p=2M+1k=2M+1

where o

Ap(zx) = Z mhp(xs)(cos(xns) + isin(zas))
and o

By (z) = Z mhk(xk)(cos(xnk) —isin(zay))

k=1
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where 0, o, € [Tk, Tk+1]. Therefore

o'} 00 a5 12M 2M
D DD - / SO () hi(es)de
p=2M+1 k=2M+1 0 s=1s=1
< i |ap|2
< BV
p=2M+1

Now
1 B A 1 B A 1 B ~

ap = / 29/2h,(€) f(€)dE = / 29/2h,,(¢) Re( F(€))d + i / 29/2h,(€)Im(F(€))de.
0 0 0

By applying the mean value theorem for 31 € (£1,&2) and 2 € (€2,&3)
1 R . &2 R &3 R
| 2@ retienas = 22 [ retiopde - [ retfa

0 1 &2

= 22[(& — &) Re(f(B1)) — (& — &)Re(f(52))]

Applying the mean value theorem

1
/ 292, (§)Re(£(€))dé = 279271 () — Ba)(Ref (M),

0

where Ay € (1, 82) and also

/ 220y, () Im(f(£))de = 277271 (8 — Ba)(Imf (N2)),

0

where Ay € (83, 84), B3 € (§1,82), and By € (&2, &3).

Therefore
1
ay = /0 2972h,, (&) f(€)dg = 279271 ((B1 — Ba) Ref (M) +i(Bs — Ba)Imf(Xa)) .
This implies that
|ap|2 < K?973,
Therefore,

> 2 X K29-3j

s Y ey

i =2M+4+1 i =2M+1
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2J+1
g Z > 23J< 223J2J+1 1-2741)
J J+14=2i+1 J J+1
2 —2(J+1)
B> awek
] J+1 1_7
< 3K22—3J

O

It is obvious that the error bound is inversely proportional to the level
of resolution J of Haar wavelet. Hence, the accuracy in our new method
improves as we increase the level of resolution J.

Conclusions In this paper a new method for numerical solution of ordi-
nary differential equations based on pseudo differential operators and Haar
wavelets is proposed. Its applicability and efficiency are checked on some
problems. It is shown that with a small number of collocation points, more
accurate solutions in comparison with Haar wavelet method can be obtained.
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Constrained Bimatrix Games
with Fuzzy Goals and its Application
in Nuclear Negotiations

H. Bigdeli*, H. Hassanpour, and J. Tayyebi

Abstract

Solving constrained bimatrix games in the fuzzy environment is the aim
of this research. This class of two-person nonzero-sum games is considered
with finite strategies and fuzzy goals when some additional linear constraints
are imposed on the strategies. We consider constrained two-person nonzero-
sum games with single and multiple payoffs. It is shown that an equilibrium
solution of single-objective case can be characterized by solving a quadratic
programming problem with linear constraints. Some mathematical program-
ming problems are also introduced to obtain the equilibrium points in multi-
objective case with crisp and fuzzy constraints. Finally, a political application
of such games is presented which is about nuclear negotiations between two
countries.

Keywords: Multiobjective game; Constrained game; Fuzzy constrained
game; Nuclear negotiations.
1 Introduction

Many real-world problems can be modeled as game problems. When the game
theory is used to analysis some conflict problems in real situations, impreci-
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sion or fuzziness is inherent in human judgments. Two types of inaccuracies of
human judgments should be incorporated in the games; the players’ ambigu-
ous understanding of the payoffs and the fuzzy goals of the players for each of
the objectives. Fuzzy set theory is well known for its ability to model decision
making problems involving vagueness due to the lack of information and/or
imprecision of the available information on the problem set-up [P0, 24]. This
ability has been successfully exploited for modeling different problems in var-
ious disciplines. In the field of fuzzy games, a considerable number of studies
have been made (see, for example, [I,11,T3,077]). Two-person nonzero-sum fi-
nite games are a kind of noncooperative games [[9]. Two-person nonzero-sum
games are also referred to as bimatrix games because they can be expressed
by a pair of payoff matrices. These kind of games contain two-person zero-
sum games as a special case. In real-world decision making problems facing
humans today, people want to attain simultaneous goals; that is, they have
multiple objectives. Hence, it seems natural that the game theoretic ap-
proaches to conflict resolution require to handle multiple objectives simulta-
neously. Wierzbicki [23] defined equilibrium solutions of multiobjective game
based on order relations, using several preference cones and optimality cri-
teria such as Pareto optimality for multiobjective noncooperative n-person
games with nonlinear payoff functions. Corley [id] defined equilibrium so-
lutions for multiobjective two-person nonzero-sum games and developed a
method to compute them. Authors of [5] defined a proxy single-objective
game with payoffs corresponding to a scalarizing function with weighting co-
efficients in multiobjective two-person nonzero-sum games and discussed the
existence of equilibrium solutions for the original multiobjective two-person
nonzero-sum games through the existence of the equilibrium solutions for the
single objective proxy game. Fahem and Radjef [d] investigated the concept
of properly efficient equilibrium for a multicriteria noncooperative strate-
gic game. Nishizaki and Sakawa [I7] studied two-person nonzero-sum game
incorporating fuzzy goals in single and multiobjective environments. They
defined an equilibrium solution with respect to the degree of attainment of
the fuzzy goals in two-person nonzero-sum games and showed that an equi-
librium obtained from solving several mathematical programming problems.

In some real-life game problems, choice of strategies for players is con-
strained due to some practical reason why this should be; that is, not all
mixed strategies in a game are permitted for each player. These decision
problems give rise to constrained games. Constrained matrix games initially
were studied by Charnes [B] and then in a more general case by Kawaguchi
and Maruyama [I0]. Dresher [§] gave a real example of the constrained matrix
game. Li and Cheng [IT] presented a method based on the multiobjective
programming to solve constrained matrix games with fuzzy numbers. Li
and Hong [I3] proposed a method for solving constrained matrix games with
payoffs of triangular fuzzy numbers. They introduced the concepts of Alpha-
constrained matrix games for the constrained matrix games with payoffs of
triangular fuzzy numbers. Also, they [[2] proposed Alpha-cut based linear
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programming methodology for the constrained matrix games with payoffs of
trapezoidal fuzzy numbers.

The authors used multiobjective optimization in multiobjective zero-sum
fuzzy matrix games in other researches [3,d]. In this paper, we consider the
case of constrained bimatrix games with single and multiple payoffs in which
fuzzy goals are specified for the objectives by the players.

The remainder of the paper is organized as follows. In section B, some
preliminaries and necessary definitions about fuzzy sets and bimatrix games
are presented. In section B, constrained bimatrix games with fuzzy goals
are introduced. It is shown that the equilibrium solution of this class of
nonzero-sum games can be characterized by solving a quadratic programming
problem. Then, multiobjective constrained bimatrix games with fuzzy goals
is considered, and a mathematical programming problem to solve such games
is presented. Also, for the case that additional linear constraints are imposed
on the strategies are fuzzy constraints, a mathematical programming problem
is introduced to obtain the equilibrium point of such games. In section B, a
political application of multiobjective constrained bimatrix games with fuzzy
goals is presented in which nuclear negotiations between two countries have
been discussed. Finally, conclusion is made in section B.

2 Preliminaries

In this section, we provide some definitions and preliminaries of fuzzy sets
and bimatrix games according to [, 2]

Let X denote a universal set. A fuzzy subset A of X is defined by its
membership function gz : X — [0, 1] which assigns to each element z € X
a real number p ;(z) in the interval [0,1]. The value of p;(x) represents
the grade of membership of # in A. The fuzzy subset A is denoted by a

set of ordered pairs of elements  and their grades p;(x); that is, A =
{(z,pz(z))|lz € X}.

A fuzzy decision making problem is characterized by a set X of possi-
ble alternatives and a set of fuzzy goals G;, i = 1,...,p, as well as a set of
fuzzy constraints C;, j = 1,...,n, each of which is expressed by a fuzzy
set on X. For such a decision making problem, Bellman and Zadeh [Z]
proposed that a fuzzy decision is determined by an appropriate aggrega-
tion of the fuzzy sets G;, ¢ = 1,...,p, and Cj, j = 1,...,n. Realizing
that both the fuzzy goal and the fuzzy constraint are desired to be sat-
isfied simultaneously, they suggested the aggregation operator to be the
fuzzy intersection. Thus a fuzzy decision D could be defined as the fuzzy
set D = (GiN---NGp)N(CiN---NCy); that is, up(z) : X — [0,1]
given by pup(z) = min(ug, (). .., pa, (x), pc, (x), pue, (). Once the fuzzy
decision D is known, we can define z* € X to be an optimal decision if
pp(z*) = maxq pp(x).
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Let two players in a two-person bimatrix game be denoted by Players
I and II. In a two-person bimatrix game, each player has finite number of
strategies. The payoff function is determined by two matrices A, B € R™*™.
When Player I chooses his ith strategy and Player II his jth strategy, then
a;; and b;; are the payoffs of Players I and II, respectively. Thus, a bimatrix
game is determined by a pair of matrices (A,B). Rational behavior of players
is assumed; that is, each of them attempts to maximize his reward. Mixed
strategy is a probability vector over the set of pure strategies. So, bimatrix
game can be represented as BG : (X,Y, A, B), where

m
X={zeR™" > 2;,=1,2,>0 i=1,...,m}

i=1

and
n
Y ={yeR"| Zlyjzl,yj >0, j=1,...,n}
]:

are called the mixed strategy spaces for Players I and II, and A and B are
called the payoff matrices for Players I and II, respectively.

Definition 1. A pair (z*,y*) € X X Y is said to be an equilibrium so-
lution of the bimatrix game BG if

2T Ay* < o7 Ay* Ve e X
and

2T By < 2*T By* Yy €Y.

In other words, no player has a motivation to change his strategy.

The following theorem due to Nash guarantees the existence of an equi-
librium solution of the bimatrix game.

Theorem 1. [20]Every bimatriz game BG : (X,Y, A, B) has at least one
equilibrium solution.

A Nash equilibrium solution of the bimatrix game BG can be obtained by
solving an appropriate quadratic programming problem as discussed below.

Theorem 2. [I5]Let BG : (X,Y, A, B) be a given bimatriz game. The pair
(x*,y*) is an equilibrium solution of BG if and only if it is an optimal solu-
tion to the following quadratic programming problem:
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max 27 (A+ B)y—a—p

z,y,a,p
s.t. Ay —ae, <0, (1)
BTz — Be, <0,
rzeX,yey,

where a and B are scalars; ey, and e, are, respectively, m- and n-dimensional
column vectors whose elements are all ones. The optimal values of o and B
are the expected payoffs to Players I and II, respectively. Furthermore, the
optimal objective value of the problem (1) equals zero.

We will use Pareto optimality concept of multiobjective optimization in
solution concept of multiobjective two-person nonzero-sum games. Thus,
we review some of solutions concepts in multiobjective mathematical pro-
gramming. For convenience, let us introduce the following notation: for any
vectors z,z € RN

’

z:z/<:>zi:zi i=1,...,N;
z§z/<:>zi§z; i=1,...,N;
z<z/<:>zi<z; i=1,...,N;
2<7 <2< and z;«éz/.

A multiobjective mathematical programming problem can be written as

HllIlf(Z) = (fl(z)a . ,fl(Z))
s.t.
z€Z={zc€RV|g(z) £0, h(z) =0},

where g(2) = (g1(2),- -+, 9m,(2)), h(z) = (h1(2),...,hm,(2)), and 0 is zero
vector with the same dimension as the left hand side vectors.

There does not generally exist a solution minimizing all of the objectives si-
multaneously. Therefore, Pareto optimal (efficient) solutions are introduced
as follows.

Definition 2. [P7] z* € Z is said to be a Pareto optimal solution if there
does not exist another z € Z such that f(z) < f(z*).

As a slightly weaker solution concept than Pareto optimality, weak Pareto
optimal solutions are defined by replacing < with < in Definition 2.

3 Constrained bimatrix games with fuzzy goals

Nishizaki and Sakawa [I8] studied two-person nonzero-sum games incorpo-
rating fuzzy goals in multiobjective environment. They defined an equilib-
rium solution with respect to the degree of attainment of the fuzzy goals
and proved that an equilibrium solution can be obtained by solving several
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certain mathematical programming problems. Let us consider a case of BG
in which all mixed strategies z and y must be chosen from some sets X and
Y determined by some linear constraints. A constrained bimatrix game is
denoted by CBG : (X,Y, A, B) in which

X:{xGR"ﬂegle,Dmgc,xZO}, (2)
and
Y={yeR"|efy=1,FEy<d,y>0}, (3)

are called the mixed strategy spaces for Players I and II in the constrained
game, respectively. In the above sets ¢ € RP, d € R?, D € RP*™ and
E € R?*™, ¢,, and e, are m- and n-dimensional vectors of ones.

When Player I chooses a mixed strategy =z € X and Player II chooses a
mixed strategy y € YV, the values 27 Ay and 27 By are the expected payoffs
for Players I and II, respectively.

Definition 3. A pair (z*,y*) € X x Y is said to be an equilibrium so-
lution of the constrained bimatrix game C'BG if

2T Ay* < 2T Ay* vz e X,
2*T By < 2*T By* VyeY.

In this paper, we incorporate fuzzy goals for objectives and introduce
equilibrium solutions in terms of maximizing the degree of attainment for
fuzzy goals similar to the work of [I¥]. In the following, we define fuzzy goals
for Players I and II.

Definition 4. Let the expected payoffs of Player I be Dy = {27 Ay| z €
X,y e Y} A fuzzy goal for Player 1 is a fuzzy set Gy represented by an
increasing membership function p; : Dy — [0, 1].

Definition 5. Let the expected payoffs of Player IT be Dy = {27 By| = €
X,ye Y} A fuzzy goal for Player II is a fuzzy set Gy with an increasing
membership function us : Dy — [0, 1].

Note that p; (ug) assigns to each expected payoff 27 Ay € Dy (2T By €
Ds) a real number py(z7 Ay) (u2(x” By)) which denotes the degree of satis-
faction of Player I (Player II) from the payoff 7 Ay (27 By).

An equilibrium solution of a constrained bimatrix game with fuzzy goals
is defined with respect to the degree of attainment of the fuzzy goals.

Definition 6. (Equilibrium solution). A pair (z*,5*) € X x Y is said to be
an equilibrium solution of the constrained bimatrix game CBG : (X,Y, A, B)
with fuzzy goals if
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p(x T Ay*) > (2" Ay*)  Vr e X,
po(z*" By*) > pa(*"By) Wy eY.

The membership function p; (ue2) in the above definition can be inter-
preted as Player I's (Player II’s ) satisfaction function of payoff. Thus the
game with fuzzy goals can be reduced to an ordinary two-person constrained
nonzero-sum game whose payoff function is its satisfaction function. Let us
consider the fuzzy goal of Player I (Player IT) as “the expected payoff should

be substantially greater than or equal to @ (b)”. Here, we use linear mem-
bership functions for these fuzzy goals as follows (see Figure [ for p;):

0, e Ay <a,
paTAy) =4 1- =2 <o TAy<a, (4)
1, N zT Ay > a,
and
0, a' By <b,
pa(a”By) =4 1 -t Bu oy <aTBy <), (5)
1, - T By > b.

In (8) and (8), @ and b are the desirable values of expected payoffs for Players
I and II, respectively. Also, a and b are the least allowable values for their
expected payoffs. Thus @ — a (b— b) is the most allowable value for violation
from @ (b) for Player I (Player II). Notice that a, @, b, and b could be any
values with @ > a and b > b which is given by players. In the case that

they can not give these values; we can set ¢ = minmina;;, @ = maxmax a;;,
i i
b= minminb;;, and b = maxmaxb;;, in which a (b) gives the worst degree of
i i

satisfaction and a (b) gives the best degree of satisfaction for Player I (Player
10).
Letting

i_ A pH_ B ___a _ b .
A—E_Q,B—iz_g,cl— a—a’ and Cy = b—b

the membership functions (27 Ay) and pa(z? By) can be rewritten as

0, 2T Ay <a,
pr(xT Ay) = { ¢ + 2T Ay, a<azTAy<a,
1, zT Ay > a,

and
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0, By <b,
pa(a"By) =< o +2"By,  b<aBy<b,
1, xT By > b.
respectively.
3
“](x"‘l.'l')

L

0 g a xAy

Figure 1: A linear membership function for fuzzy goal of Player I.

The following theorem states that an equilibrium solution of CBG : (X' , Y, A, B )
is equal to the equilibrium solution of CBG : (X,Y, A, B). Moreover, it is
also an equilibrium solution with respect to the degree of attainment of the
fuzzy goals for CBG : (X, Y, A, B) with fuzzy goals.

Theorem 3.A pair of strategies (x*,y*) satisfies the conditions

T Ay* > 2T Ay* Vo e X
»TBy* >2TBy VyeY

if and only if (z*,y*) satisfies the following conditions

T Ay* > o7 Ay* Ve X
2*T By* > 2*T By VyeyY

furthermore, when the membership functions of the fuzzy goals are linear
functions, (x*,y*) satisfies the following conditions

pa (T Ay*) > (aT Ayr) Ve X
p2(z*" By*) > i (a*"By) Wy eV

Proof. The presented proof in [il] (Theorems 9.2.1 and 9.2.2) in the case of
unconstrained bimatrix games is also valid for our problem. O
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The following example shows that the converse of the second part of The-
orem 3 is not established.

Example 1. Set
X = ‘{.’L’|.’171 +.Z'2 = 17:1"17:1"2 Z 0}’ Y = {y|y1 +y2 = 17y17y2 Z O}a

1 0.75
A=B= [0.5 0.25]’
0, T Ay < 0.25,
(T Ay)y =<1 - %, 0.25 < 2T Ay < 0.5,
1, T Ay > 0.5,
and
0, T By < 0.25,
pa(z"By) = 1 - 052 By 095 < 2T By < 0.5,
1, 2T By > 0.5.

«_ (0.2 . (0.7
For 2* = (O.S) and y* = <O.3>’ we have

11 (x*TAy*) > 1 (xTAy*) Ve e X

and
42 (x*TBy*) > 1o (a:*TBy) Yy €Y.
Because
«T 4 % 1 0.75| |0.7| _ 0.7
™ Ay* = (0.2,0.8) [0.5 025! 103 =[0.6 0.35] 03 =0.525
and

1 (2T Ay*) = py (0.525) = 1

which imply that
1=y (x*TAy*) > (xTAy*) Vr e X.

Similarly, 1 = uq (x*TBy*) >y (I*TBy) VyeY.
On the other hand for z = (82), we have

T Ay = (0.4,0.6) { 1 0.75} {0.7 0.7

0.5 0.25 0.3] =[0.7 0.45] [03} =0.625

1 (27 Ay*) = p1 (0.625) = 1

We see that, z*7 Ay* = 0.525 < 2T Ay* = 0.625. Therefore (z*,y*) is not
an equilibrium point for bimatrix game (X,Y, A, B). Hence the converse of
Theorem 3 is not established.
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Now, we have the following theorem which provides a quadratic program-
ming problem to find an equilibrium solution of the CBG : (X,Y, A, B) with
fuzzy goals.

Theorem 4. (Equivalence theorem) Let (x*,y*, o™, f*,u*,v*) be an optimal
solution of the following quadratic programming problem:

max ﬂxT(A—l—E)y—cu—dv—a—ﬁ
y,u0,a,

s.t. Ay < cuen, + aepy,
BTz < dve,, + Ben,

DTz —¢ <0, (6)
ETy —d<0,

elx =1,

eny =1,

z,y,u,v > 0.

Then (z*,y*) is an equilibrium solution of the C BG : (X, Y, A, B) with fuzzy
goals.

Proof. First, we show that the optimal value of objective function is zero.
The constraints of the problem evidently imply that

xTAy—I—xTBy—cu—dv—a—ﬁSO.

Thus the objective optimal value of the problem (B) is nonpositive. Consider
the point (7,7, &, 3,1,v), where T = z* € X g=vy €Y,a=aTAy —
cu*,f = x*TBy* —dv*,u =u*, and v = v*. We first prove that it is feasible
to the problem (B). Assume that it is not feasible. Obviously, the solution
does not satisfy at least one of the two first constraints of the problem (B).
We assume that the first constraint does not hold. The proof of the other
case is similar. Thus,

Ay* > cuten, + afep,. (7)
Multiplying both sides of (@) z* € X, implies that
.’L'*TAy* > C’LL* + OZ* — .’L'*TAy*

which is incorrect.

On the other hand, it is clear that the objective value of (Z,7, &, 3, @, ?)
is zero. Thus it means that the optimal value of objective (B) is zero.
Now, let (z*,y*,a*, f*,u*,v*) be an optimal solution of the problem (B);
thus

T Ay* + 2T By* — cu* —dv* —a* — % = 0. (8)
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From the first and second constraints, for any x € X and y € Y, we have

acTAy* <cu*+a* )
and 2*T By < dv* + 5%,

which imply
T A * *T * * * *
- Ay* + 2 By < cu™ 4+ o™ + dv* + 5*.
Also, the equation (M) implies in particular that
I*TAy* < cut + af
and z*7 By* < dv* + B*.
On the other hand, from (8) we have
*T A % *sT D % _ * * * *
Ayt + 2™ By* = cu” + o + dv* 4 %
Thus

ac*TAy* =cu*+a*
and z*T By* = dv* + 8*.

Therefore, (H) implies that

2T Ay* > 2T Ay* Ve e X
and z*T By* > 2*T By VyeY

This proves that (z*,y*) is an equilibrium pair of CBG : (X,Y, A, B). But,
by Theorem 3, this means that (*,y") is an equilibrium solution of the
CBG : (X,Y, A, B) with fuzzy goals. O

Remark 1. When an optimal solution (z*,y*, a*, 8*,u*,v*) of (B) has
been obtained, (z*, y*) gives an equilibrium solution of the constrained bima-
trix game CBG : (X', Y, A, B) with fuzzy goals. The degree of attainment of
fuzzy goal Gy and Gy can then be determined by p (*7 Ay*) (or p (z*T Ay*))
and pia(@* By*) (or ia(a* By*)).

3.1 Multiobjective constrained bimatrix games with
fuzzy goals

Multiobjective two-person nonzero-sum games can be expressed as multiple
m X n matrices
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ai, ... ai, [ afy ... al,
Al=| @ - o |, A= C

aly . ab, | Laby ...al,

B bl Cbs, L bY
Bl: 7"'7BS: . . N )

bLy ... b ] b

where Player I has m pure strategies and r objectives and Player II has n
pure strategies and s objectives. When Player I chooses the pure strategy 4
and Player II chooses the pure strategy j, they respectively receive the payoff
vectors (a}j7 ..., aj;) and (bgj, ..+, b;). The mixed strategy spaces for Players
I and II are, respectively, given by (B) and (8).

When Player I chooses a constrained mixed strategy = € X and Player
IT chooses a constrained mixed strategy y € Y, the k-th payoff of Player 1
is fF(x,y) = 2T A%y and the [-th expected payoff of Player II is fi(z,y) =
T Bly. Assume that for each objective ff(x,y) = 2T AFy k = 1,...,r,
Player I has a fuzzy goal such as “the k-th objective value of the game
should be substantially more than or equal to some value a*”. This state-
ment can be quantified by eliciting a membership function. Assume that the
corresponding linear membership function is defined as follows:

0, al Aby < a¥,

~k T gk
pi(aTAfy)y = 1- 2524 gk <aT ARy < a,
1, T Aky > a*,

where a* is the least allowable value of the k-th payoff.

Similarly, assume that for each objective fi(x,y) = 2T Bly,l = 1,...,s,
Player II has a fuzzy goal such as “the l-th objective value of the game
should be substantially more than or equal to some value b'.” Then the
corresponding linear membership function is defined as follows:

0, 2T Bly <,
7l Tl —
po(a"Bly) = {1 -5 b <aTBly <V,
1, T Bly > b,
where b’ is the least allowable value of the I-th payoff.
Letting
~ k ~ 1 k bl
Ak = [lk'A,gkal = ElfblacllC = _[lk%gkvand cl2 = _@7

the membership functions p¥ (27 A*y) and pb (27 Bly) can be rewritten as
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0’ zTAky S Qka
pi(at Afy) = ¢ o 42T ARy, oF <aT ARy <ak,
17 l‘TAky > Ezk,
and
O’ xTBly < bl7
ph(z"Bly) = &y +2TBly, ¥ <aTBly <V,
Iy 2T Bty > bt

We consider the equilibrium solutions in terms of maximizing the degree of
attainment of fuzzy goals. We use the method of Bellman and Zadeh [2] to
aggregate the fuzzy goals.

The aggregated fuzzy goals of Players I and II are as follows, respectively:

pa(z,y) = ming—y,_, pf(zT Aky),
: 1T (10)
po(z,y) = ming—y s ps(x’ B'y).

Definition 7. A pair of strategies (z*,y*) is an equilibrium solution with
respect to the degree of attainment of the fuzzy goals aggregated by the
minimum component for the multiobjective CBG : (X YL A, B) with fuzzy
goals if for any other mixed strategies x € X and Yy € Y

M1($*,y*) > Ml(ﬂ?,y*)

and

M?(I*vy*) 2 ,U‘Q(x*7y)7

where 1 and pg are given by ().

Based on the above definition, an equilibrium solution is (z*, y*) in which,
x* and y* are the optimal solutions to the following two mathematical pro-
gramming problems:

maximize min{p} (27 A'y*), ..., ui (2T A"y*)}
s.t. ey =1,
DTy < c,
x>0,
and
maximize min{ui (27 Bly), ..., us(z*T B%y)}
s.t. ely=1,
ETy <d,
y > 0.

Remark 2. Similar to the proposed theorem for unconstrained bimatrix
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games in [[7] (Lemma 4.2.1), we can say that an equilibrium point is a pair
of strategies (z*,y*) in which z* and y* are the optimal solutions of the
following problems, respectively:

maximize minkzl,_”yr{c’f + xTAky*}
s.t. elx =1,

DTz <, (11)
0§c’f+folky* <1, k=1,...,n

x>0,

and

maximize min,—;_s{ch + z*TBly}

s.t. ely =1,
ETy <d, (12)
Ogclg—i-x*TBlyg 1, 1=1,...,s,
y=>0.

Since the constraints of the problems (Il) and (&) are separable, these
problems yield the following mathematical programming problem:

maximize(minkzl,__w{clf + xTAky*} + minl:L,__,s{cl2 + x*TBly})
S.t. DTy < c,

Ogc’f+folky*§1, k=1,...,r
0<ch+a*TBly <1, 1=1,...,s,
x>0,
y > 0.

)

Now, we can present the following theorem.

Theorem 5.Let (x*,y*, a*, 5%, AT, A5, u*,v*) be an optimal solution to the
following nonlinear programming problem

(NLP1):
max A\ + Ao —cu—dv—a—pf3
s.1.
Aky + cke,, < cuen, +ae,, for some ke {1,...,r}, (cl)
LT
(BY z + che, < dve, + Be, for some 1 € {1,...,s}, (c2)
ijilky—l—c’fZ)\l, k=1,...,r (¢3)
2By +ch >N, 1=1,...,s, (c4)

DTz <e, (c5)
ETy < d, (c6)
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ey =1, (c7)
ely =1, (c8)
0<ck4+aTAry <1, (c9)
0<ch+a2TBly<1, (c10)
0<A1,A2 <1, (c11)
z,y,u,v > 0. (c12)

Then (x*,y*) is an equilibrium solution with respect to the degree of attain-
ment of the aggregated fuzzy goal.

Proof. First, we show that the optimal value of objective is zero. Let
(z,y, a, B, \1, A2, u, v) be an arbitrary feasible solution of the problem (NLP1).
From the constraints (c1) and (c7), it is easy to verify that

2T APy 4+ b < cu+ o for somek € {1,...,7}.

Thus .
mkin {xTAky + c’f} <cu+a.

Similarly, from the constraints (¢2) and (c8) we have
rnlin {zTBly + b, } <dv+p.
From the constraints (¢3) and (c4),
mkin {szlky + c]f} > A,

and R
mlin {xTBly + 012} > Ao

Therefore, we have
)\1+>\276U7d1)70t75§0.

In other words, the objective function value of (NLP1) is less than or equal
to 0. We can verify that the solution (Z, 7, @, 3, A1, A2, @, ¥) in which

r=uz*¢€ X,

y=y ey,

& = ming {x*leky* + c’f} — cu*,
B = min; { 2*T Bly* + Cl2} — dv*,
A1 = ming {x*TAky* + c’f} ,

>~

o = min; {x*TBly* + cg} ,

=u*,and v = v*,

N
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is feasible to the problem (NLP1). Assume that it is not feasible. So the
solution does not satisfies at least one of the two constraints (c1) and (c2)
of the problem (NLP1). We assume that the constraint (c1) does not hold.
The proof of the other case is similar. Thus,

AFy* 4 Fem > cu*en, + aten,. (13)
Multiplying 2* € X both sides of (I3), we have
T Aky* 4 ek > cu* + o
Thus,
mkin {x*TAky* + c]f} > mkin {x*TAky* + c’f} .

Also, its objective function value is zero. It means that the optimal value of
objective of the nonlinear problem (NLP1) is zero.

Now, Let (x*,y*, a*, *, A}, A3, u*, v*) be an optimal solution to the pro-
gramming problem (NLP1). Thus

T+ —cu —dv" —a* — 3" =0. (14)

From the constraints (c1) and (c¢2), for each feasible solution (x, y, o, 8, A1, Aa, u, v),
we have

T Aky* +  <cut+o* for some k € {1,...,m},
T Bly + ¢, < dv* + B* for some 1 € {1,...,n}.

Thus,

ming {folky* + c’f} < cu* 4+ a*,

. (15)
min; {x*TBly + cll} < dv* + *.
Also, according to the constraints (c3) and (c4),
. «T Ak, * k *
mmk{x Afy* + ¢ }2/\,
1 1 (16)

miny {:c*TBly* + CZQ} > A5
Now, from (@) and (I@) it follows that
o+ B teut +dvt =M+ A5 < mkin{x*Tflky* + i+ mlin{z*TBly* + b}
Therefore,

mkin{x*Tflky* + k>~ mlin{a:*TBly* + b} +a + B+ cut +dv*. (17)



Constrained Bimatrix Games with Fuzzy Goals. .. 97
On the other hand, the first inequality of (IA) for = x* and (IC7) imply that
cu*+a* > mkin{x*Tflky* N mlin{a:*TBly* +cb o + 8% +cut +dv.
It follows that

mlin{x*TBly* +cb} > B* + dv*. (18)
Similarly,

mkin{x*TAky* + > +eut. (19)
Thus, from (IF), (I¥), and (¥), we have

ming {z*T Aly* + 1} = o* + cu*, (20)
min; {z*T Bly* + ¢4} = B* + dv*.

Consequently, (I3) and (E0) imply that
mkin{x*TAky* + i > mkin{folky* + ¢k}, Vr € X,

and
mlin{x*TB’ly* +ch} > mlin{x*TBly +d}  wyev.

Hence, z* and y* are, respectively, optimal solutions to the problems ()
and (IA). Therefore, by Remark 2 the pair (z*,y*) is an equilibrium solution
with respect to the degree of attainment of the fuzzy goals aggregated by the
minimum component for the multiobjective game. O

Using the techniques of solving nonlinear programming problems contain-
ing constraints such as (cl) and (c2), the nonlinear problem (NLP1) can be
solved by solving the following mixed binary nonlinear programming prob-
lem.

max A\ + g —cu—dv—a—pf
s.t.
Aly +cle,, < cuep + aey + M(1 - 61)em,

flry + clem < cuem + aepy + M(1 —6,)em,
(Bl)Tx + chen < dve, + Ben + M(1 = 6))en,

(B°
2T ARy b > )\, k=1,...,7,
2T Bly + ¢y > A, l=1,...,s,

)T:c + e, < dve, + Be, + M(1 — 6;)67”
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DTz <e,
ETy<d
elx =1,
eny =1,

2
0< A, A2 <1,
Z 5k7 _17
i=1

where M is an enough large number. This problem can be solved by branch
and bound methods of solving mixed zero-one nonlinear problems [I4], or by
using optimization softwares such as Lingo [25] and Gams [26].

3.2 Multiobjective constrained bimatrix games with
fuzzy goals and fuzzy constraints

Assume that the constraints imposed on mixed strategies are fuzzy con-
straints. In other words, the mixed strategy spaces for Players I and II
are, respectively, as follows:

X:{J;ERm’e%le,Dxéc,xZO},

?z{yéRﬂefyzLEgéd,yZO}.

The symbol “>” denotes a relaxed or fuzzy version of the ordinary in-
equality “>”. (We consider only fuzzy version of > in order to adopt to the
considered fuzzy goals. Note that a < constraint can be transformed to a
> one). More explicitly, these fuzzy inequalities mean that “for t =1,...,p
and 7 =1,...,q, the constraints D,z and E.y should be substantially more
than or equal to ¢; and d,, respectively ”.

For treating the fuzzy inequality D;z>c;, we use the following linear mem-
bership function

O7 l)t-r S Ct,
p(Dx) = 1— =L ¢, <Dz <, (21)

17 Dtm > Ct,
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where ¢; = ¢; and ¢; = ¢; — &, in which J; is a subjectively chosen constant
expressing the limit of the admissible violation of the inequality. Letting D; =

c}lz - and c/lt = fc,tc;_tq, the above membership function can be rewritten as
follows: B
0, Dtx S Ct,
pi(Dix) = ¢qp + Diz, ¢ < Dix < ¢, (22)
1, Dz > ¢.

Also, pa(FEry) can be defined similar to (1) and rewritten as

0, E.y S%a
p2(Ery) = o co, + Ery,  dy < Ery <d, (23)
L, Ery > d-,
where By = 7B ¢, = —d;dfdi, d; =d,, and d; = d, — 5.

According to these membership functions, we define an equilibrium solu-
tion with respect to the degree of attainment of the aggregated fuzzy goal as
follows.

Definition 8. A pair of strategies (z*,y*) is an equilibrium solution with
respect to the degree of attainment of the fuzzy goals aggregated by the min-
imum component for the multiobjective CBG : (X Y,A,B ) with fuzzy goals
if for any other mixed strategies z € X and y € Y

i {pf@ T AR YY), (D)} > min {pf(@T AMy), (D)}

t=1,....,p t=1,....p

and
min {pp (@ T BlY), pa(Bry*)} > min - {pp (2T Bly), pa(Ery) } -
r=1,...q r=1.q

According to the membership functions (22) and (E3), we can say that an
equilibrium point is a pair of strategies («*,y*) in which z* and y* are the
optimal solutions of the following problems, respectively.

mazimizemin{c! + 2T Aly*, ... ¢ + 2T A"y* ¢y, + D1, . .. ,cllp + Dy}
s.t. elx =1,
0<ck —|—$TAky*<1 k=1,...,m7, (24)
O<clt+Dtx<1 t=1,...,p,
x>0,

and
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mazimizemin{ck + z*T By, ... c5 + *T B%y, co, + Fry, . . ., C/2q + Ey}
s.t. ely =1,
0<ch+2TBly <1, 1=1,...,s, (25)
OSCIQT+ETy§1a TZl,"'aQ7
y > 0.

Note that the problems (24) and (E3) are similar to the problems presented
in [I7] for solving bimatrix games with fuzzy goals in which additional fuzzy
constraints imposed on the strategies becomes additional fuzzy goals. Thus
it is natural to extend the presented theorems in [[7]. The following theorem
expresses that an equilibrium point can be obtained by solving a mathemat-
ical programming problem.

Theorem 6. (Equivalence theorem). Let (z*,y*, a*, 8*, A1, \3) be an opti-
mal solution to the following nonlinear programming problem:

(NLP2):
max A1 + A2 —a—f
s.t.
AFy + chem, —aem <0 for some k € {1,...,r},
ﬁt+c1tem < aem for somet € {1,...,p},

{(BZ)TI+C§6n56n <0 for somel € {1,...,s},

ET+C;T€n < Ben for some T € {1,...,q},
zAky +ck > Ay, k=1,...,m
ﬁth—l-c/lt > A, t=1,...,p,
:vBlerleZ)\g, l=1,...,s,
~ T 7
E; y+027—2A27 T:17"'7q7
e%m:l,
efy=1,
0<ch+azAky, <1 k=1,...,m
0< ey, + Dz <1, t=1,...,p,
0<ch+aTBly<1, I=1,...,s,
0<ecy, +Ey<1, T=1,...,q
0<A1,A2 <1,

z,y > 0.

Then (x*,y*) is an equilibrium solution with respect to the degree of attain-
ment of the aggregated fuzzy goal.

Proof. The proof is similar to the proof of Theorem 5. O

Note that if the fuzzy constraints imposed on mixed strategies are not
considered, the problem (NLP2) is the same as the introduced problem by
Nishizaki and Sakawa [[7] to solve bimatrix game with fuzzy goals.

Similar to the problem with crisp constraints in subsection B, to solve
this problem, it is sufficient to solve the following mixed binary nonlinear
programming.
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max A\ + Ao —a—f
s.t.
Aty +cley < aep + M(1— 61)em,

Ary + e < aep + M(1 =6 )em,
Dy + C/Hem < aem+ M(1—=6p11)em,

151, —|—Tc/1pem < aep + M1 = bryplem,
(BYY z+ che, < Bey + M(1 = 6))en,

(Bs)Tx + csen < Ben, + M(1 — 6;)67“
Ei 4 cyien < Bep + M(1 =6, 4)en,

Eq :&—c;qen < Ben, + M(1 —5;+q)en,
2T Aky 4 b >N, k=1,...,n
DAtT:c—i-c/MZ)\l, t=1,...,p,
xTBly+0122)\2, l=1,...,s,
ETTy-I-CIQTZ)\Q, T=1,...,q,

T,
e, r =1,
T, _
eny_la

Ogc’f—i—xflkygL k=1,...,r,
0<c,+Dr<1, t=1,....p,
0<ch+aTBly<1, 1=1,...,s,
0<ecy, +Ey<1, 71=1,...,q

0< A, 0 <1,
r+p

S 6= 1,
k=1

s+q

252:1’

=1

0 =0orl, k=1,...7r+p,
(52:007“1, l=1,...5s+gq,
z,y,u,v > 0.

Again, the above problem can be solved by branch and bound methods of
solving mixed zero-one nonlinear problems [[4], or by using optimization
softwares such as Lingo [?5] and Gams [6].

In this section, We use multiobjective optimization to study multiob-
jective two-person constrained bimatrix games. Thus, we expect to consider
Pareto optimality concept for multiobjective two-person bimatrix games. Be-
fore defining weak Pareto optimal equilibrium solution, we recall the defini-
tion of the best reply strategies as follows by using the concept of Pareto
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optimality in multiobjective optimization.

Definition 9. [I7]. Let a payoff vector of Player I be denoted by p1(z,y) € R”
when Player I chooses a mixed strategy « € X, and let Player II chooses a
mixed strategy y € Y. Player I's preference cone is defined by

01:{z:(zl,.‘.,zr)GRT|zk20,k:1,...,r}.

Then, given Player II's strategy ¢, the set of payoffs for the weak Pareto best
reply strategies is defined by

p1(9) =A{p1(z,9) € 21(9)|z1(9) N (p1 (2, §) + intC) = @
for some strategy x € X of Player I}

where z1(§) is the set of attainable payoffs of Player I against the strategy
RS Y of Player II and intC; denotes the set of interior points of C;. Similarly,
let Player IT’s payoff vector be denoted by pa(z,y) € R, and let Player II's
preference cone be

C’gz{z:(zl,...,zs)eRs|zlZO,Z:L...,S}.

Then, given Player I's strategy & € X, the set of payoffs for weak Pareto best
reply strategies is defined by

pQ(.’,%) = {p2(£7y) € ZQ(IIA?)|ZQ(£%) n (pg(i,y) + thz) =J,

for some strategyy € Y of Player IT},

where 29(Z) is the set of attainable payoffs of Player II against the strategy
Z of Player 1.

Definition 10. [23]. Let the payoff vectors of Players I and II be p;(z,y) =
(p1(z,9),- .- pi(z,y)) and pa(z,y) = (pa(2,y). ..., p5(2,y)), respectively.
For any pair of strategies x € X and y € Y, let Player I's set of payoff
vectors for the weak Pareto best reply strategies and Player II's set of payoff
vectors for the weak Pareto best reply strategies be denoted by pi(y) and
pa(x), respectively. Then the set of the weak Pareto optimal equilibrium
solutions is defined by

WPE = {(z%,y")[pi (=", y") € p1(y"), p2(2",y") € pa(27)} .

Pareto optimal equilibrium solution can be defined by replacing intCh
and intCy with C1\{0} and C3\{0} in the above definitions, respectively.
Wierzbicki [Z3] explored in detail the relation between scalarizing functions
and Pareto optimal equilibrium solutions. If scalarizing function is a strictly
monotone function, then the obtained equilibrium point is Pareto optimal
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equilibrium solution, and if it is monotone function which is not always
strictly monotone, then obtained equilibrium point is weak Pareto optimal
equilibrium solution. Also, suppose a player assesses that a® or bl is suf-
ficiently small and assesses that a® or b is sufficiently large. We have the
following theorem.

Theorem 7An equilibrium solution with respect to the degree of attainment
of the fuzzy goals aggregated by a minimum component is a weak Pareto op-
timal equilibrium solution.

Proof. According to that the minimum component is not always strictly
monotone, the proof is completed. O

4 A political application: investigating nuclear
negotiations

The application of game theory and its importance to social science were
quickly recognized. Now, game theory is used extensively in analyzing psy-
chology, philosophy, sociology, politics, and economics. Most importantly,
game theory is used to analyze international relations, specifically in coun-
tries with conflicting goals and interests. Game theory provides a logical
analysis of situations of conflict and cooperation. A game is a situation in
which

1) There are at least two players. A player may be an individual, but it
may also be a more general entity like a company, a nation, or even a
biological species.

2) Each player has a number of possible strategies, courses of action which
he may choose to follow.

3) The strategies chosen by each player determine his outcome of the game.

4) Associated to each possible outcome of the game there is a collection
of numerical payoffs, one to each player. These payoffs represent the
value of the outcome to the different players.

Game theory can be divided into two categories: zero-sum games and
nonzgero-sum games. Zero-sum games are games in which one player wins
and the other loses. The two players do not cooperate, and their interests
are in total conflict. Each player chooses a certain set of strategies, and he
does not know the choices of the other player. Nonzero-sum games, on the
other hand, are games in which the interests of the players are not strictly
opposed. The success of one player does not come as a result of the failure
of the other player.



104 H. Bigdeli, H. Hassanpour, and J. Tayyebi

Because the interests of the players are not in total conflict and not strictly
coincident, a nonzero-sum game allows the players to both compete and co-
operate to achieve outcomes that are advantageous to both players. Nonzero-
sum games can be played without communication, with communication be-
fore the game, and with cooperation. In international relations, countries
compete and cooperate to maximize their national interests. These countries
also have diplomatic relations, and therefore, they communicate with one
another. Therefore, this study will focus on the nonzero-sum games in which
the players can communicate before the game strategic moves.

It is important to note that the data in this discussion are bogus totally
and is brainchild of the authors and have not specific explanation for what
happened in the world of today between two countries.

Let us explain the details of the problem. Country I is sanctioned by
Country II, and its allies due to nuclear activities. Now, Country I is not in a
good economic position. To fix the economic problem, Country I decides to
negotiate with Country II to lift nuclear sanctions and achieve the favorable
economic situation in the region. However, it is possible to Country I find
the weak political position among its allies and its people. It is possible to
improve the political situation in the other countries due to negotiation but
Country I is not optimistic to this improvement. Since Country I is interested
in a win-win game, so we formulate our problem as a win-win game. In this
negotiation it is assumed that after the establishment of results, the countries
act on their decisions. During the negotiations, Country I’s strategies are as
follows:

(1) Do not reduce the number of centrifuges (even increase their numbers)
and extend nuclear activities.

(2) Reduce of the number of centrifuges and limit the nuclear activities
under strict inspections.

(3) Suspend the nuclear activities.

Also, Country II’s strategies are as follows:
(1) Do not cancel any of sanctions.
(2) Cancel some natural or legal sanctions.
(3) Military attack.

Country II has stated that if Country I chooses the strategies (2) or (3),
then he may choose second strategy. Both countries do not trust each other
to do after agreement. So data should be chosen in such a way that the
distrust between two countries be considered. Here we assume that both
countries said that they would act after the agreement. Note that there are
opponents of this agreement in congress of Country II. Thus, it is expected
that after the agreement, by congressional pressure on the government some
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Country II

(50,30) | (80,5) | (45,10)
Country I| (20,70) | (20,50) | (30,15)
(10,60) | (10,30) | (15,5)

Political position

Country I1

(60,30) | (70,40) | (5,20)
Country I| (1,50) | (50,50) | (0,10)
(5,40) | (20,40) | (5,10)

Economic position

new sanctions are imposed against Country I way out of nuclear activities.
Country II choosing the first strategy in addition to sanctions, concerned to
military threats and create sedition in Country I. It is also possible, even
move with second strategy to military threats and create sedition in this
country. However, with Country II’s commitment, Country I predicts these
actions after the agreement. Although it is possible mathematical models of
these issues are complex in real world, our aim of this discussion is only to
show a part of applications of these games in the nuclear negotiations and
the method of determining the best strategy.

Suppose that Country I will incur cost as much as 55, 70, and 80 unites
if he chooses the strategies (1), (2), and (3), respectively. Country I does
not want to spend more than 75 unites; that is, the mixed strategies of the
country I must satisfy the constraint condition: 55x1 + 70x2 + 80xz3 < 75.

Country II will incur cost as much as 30, 60, and 90 unites, by choosing the
strategies (1), (2), and (3), respectively. However, Country II only provides
80 unites;that is, the mixed strategies of the country II must satisfy the
constraint condition: 30y; + 60y + 90ys < 80.

Assume that the payoff matrices of this game in view of political and
economic positions are given in Table 1. The numbers in these tables are
the payoffs for the countries. Country I’s payoffs are the first numbers, and
Country II's payoffs are second numbers.

We ask with players the amounts which are satisfied with them and the
limit of the admissible violation of the inequalities. Let fuzzy goals é% and
(:7% of the Country I for the two objectives be represented by the following
linear membership functions:

0, zT Aly < 20,

( T Aly) — 40—z Aly T g1
w1 (z y)=41- 1050 20 <zt Aly <40,
1, xT Aly > 40,
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and
0, xT A%y < 15,
2
pa(z" A%y) = ¢ 1 20edy 15 < 2T A2y < 50,
1, T A%y > 50,

Let fuzzy goals C;’% and é% of the Country II for the two objectives be repre-
sented by the following linear membership functions:

0, zT Bly < 30,
po(zTBly) = {1 - 2028y 10 < 2T By < 40,
1, =T Bly > 40,
and
0, T B2y < 35,
po(xt B*y) =< 1 — 4(gf§;y, 20 < 2T B?y < 40,
1, 2T B%y > 40.

By solving the mixed binary mathematical programming problem (NLP1),
the equilibrium point is obtained. Thus, equilibrium solutions are optimal
solutions to the following problem.

max Ay + Ay — 7hu — 80v —a — 3
s.t.

2.5y1 +4ys + 2.25y3 — Thu —a < 1+ Méy,

y1+y2 + 1.5ys — 7hu — a < 1+ Méy,

0.5y1 + 0.5y2 + 0.75y3 — T5u — a < 1+ Moy,

12/7y1 + 2y2 + 1/Tys — 7T5u — o < 3/7 + Mo,

1/35y1 + 10/7ys + Oys — 7T5u — a < 3/7 + Mo,

1/Tyr +4/Ty2 + 1/Tys — 75u — o < 3/7 + M6a,

3x1 + Txg + 623 — 80 — B < 3+ M0,

0.5¢1 + 5y + 3x3 — 80v — 8 < 34 M6y,

121 4 1.525 + 0.5z3 — 80v — 3 < 3 + M4,

621 + 1025 + 825 — 800 — < 7+ M6,

8x1 4 10y 4 823 — 80v — 8 < T+ M0y,

Axy 4 4o + 223 — 800 — B < T+ M6y,

4/7$1y1 + 1/35I2y1 + 1/7x3y1 + 2x1y2 + 10/73322/2 + 12/7$3y2
+1/721y3 + 0z2y3 + 1/Tx3ys — A1 > 3/7,

6x1y1 + 10z2y1 + 8x3y1 + 8w1y2 + 10222 + 8w3Y2
+4z1ys + 222y3 + 2w3ys — A2 > 7,

1.5x1y1 + 0.522y1 + 0.2523y1 + 4x1y2 + 0.522y2 + 0.523Y2
+0.521y3 + 1.5z2y3 + 0.2523y3 — Ay > 1,



Constrained Bimatrix Games with Fuzzy Goals. .. 107

3x1y1 + Txoy1 + 6x3y1 + 0.521y2 + Sxays + 3x3Y9
+1z1ys + 1.522y3 + 0.523y3 — Ao > 3,

55x1 + 70x9 + 80x3 < 75,

30y; + 60y + 90y3 < 80,

r1+ 22+ a3 =1,

y1+y2 +ys =1,

12/71‘1:(/1 + 1/35.%‘2:(]1 + 1/7333]/1 + 221y + 10/7.’172y2 + 4/7$3y2
+1/Tx1y3 + 0z2y3 + 1/Tw3ys — A1 > 3/7,

2.5x21y1 + 1laoyr + 0.523y1 + 421y2 + 0.522y2 + 0.523y2
+2.2521y3 + 1.522y3 + 0.523ys — A1 > 1,

3z1y1 + Tz2y1 + 623y1 + 0.521y2 + 5T2y2 + 3T3Y2
+1z1ys + 1.5x0ys 4+ 0.523y3 — A1 > 3,

6x1y1 + 10z2y1 + 8x3y1 + 8x1y2 + 10z2y2 + 823y
+Ax1ys + 222y3 + 223y — A1 > 7,

01+ =1,

6+ 6y =1,

51, 62 =0or 1,

61,05 =00r1,

I1,T2,T3 > 07

Y1, Y2, Y3 > 0,

u,v > 0.

This problem is solved by Lingo software. The obtained strategies are as
(x%, 25, 2%5) = (0.56,0.38,0.06) for Country I and (y7,v5,y5) = (0.69,0.31,0)
for Country II. This means that according to the conditions of the problem
the chance of success in negotiations between the two countries is that both
countries choose their first strategy.

5 Conclusion

In this paper, constrained bimatrix games with single and multiple payoffs are
studied, which incorporate fuzzy goals for objectives. Such fuzzy games has
not been considered in previous researches, based on the best knowledge of
the authors. A programming problem with linear constraints and a quadratic
objective function was presented to obtain the equilibrium solution of single
objective problem of such games. In multiobjective case, equilibrium points
was defined and the mathematical programming problems was introduced to
obtain the equilibrium points of this class of games with fuzzy goals and the
fuzzy /crisp constraints. We proposed two mixed binary nonlinear program-
ming problems to solve these mathematical programming problems. Weak
Pareto optimal equilibrium solution was defined and showed that obtained
equilibrium points of these problems are weak Pareto optimal equilibrium
solutions. A political application of these games was presented which inves-
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tigate nuclear negotiations between two countries. The equilibrium point of
this game was obtained by the proposed method. Solving constrained multi-
objective bimatrix games with fuzzy payoffs and fuzzy nonlinear goals needs
more researches, which can be our future work.
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Some efficient Nordsieck integration
methods for IVPs

N. Barghi Oskouie, A. Abdi* and G. Hojjati

Abstract

In this paper, in continuation of the construction of efficient numerical
methods for stiff IVPs, we construct type two Nordsieck second derivative
general linear methods with order p = s, where s is the number of internal
stages, and stage order ¢ = p. Implementation of the constructed methods
with fixed and variable stepsize is discussed which verifies their efficiency.

Keywords: Stiff differential equations; Nordsieck second derivative general
linear methods; A- and L-stability; Variable stepsize implementation.

1 Introduction

Second derivative general linear methods (SGLMs) for the numerical solu-
tion of autonomous ordinary differential equations (ODEs) with initial value
problem

(1)
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where f : R™ — R™ and m is the dimensionality of the system, have
been studied in recent years. These methods were introduced by Butcher
and Hojjati in [1] and investigated more in [2-8] by Abdi and Hojjati. In
the construction of SGLMs which are extension of general linear methods
(GLMs) [00, T3-0H,07]), there are a lot of free parameters which allow us
to construct high order methods with a small number of internal stages to
reduce computational cost [].

We recall that SGLMs are characterized by four integers, (p, ¢, r, s) where
p and q are, respectively, order and stage order of the method, r is the number
of input and output approximations, and s is the number of internal stages.
Let Y = [Yi[n]]f:1 be an approximation of stage order ¢ to the vector
y(x_1 +ch) = [y(z,_1 +c;h))i_,, and let the vectors f(YI) = [f(Yi[n])]f:l
and g(Y")) = [g(Y;-[n])]f:l denote the stage first and second derivative values,
where g(-) = f'(-)f(-), respectively. If r = p + 1, we can assume the input
and output vectors at the step number n, y®~ and y[™ are approximations
of order p to the Nordsieck vectors

Y(Tn-1) y(zn)
hy'(2n-1) hy'(wn)
) and ) ,
hPy®) (2, 1) hPy®) (2,)

respectively. In an SGLM used for the numerical solution of (I), these values
are related by

Y = h(A® L)Y+ h2(A @ 1,)g(YM) + (U @ L)y,
_ (2)
Yy = (B L) f(YM) + h2(B @ I,)g(Y!™) + (V @ L)y,

where n =1,2,..., N, Nh =T —x, h is the stepsize, and ® is the Kronecker
product of two matrices. Here A, A € R**¢ U € R**", B, B € R"** and
V € R™7". The coefficients matrix V' in the Nordsieck SGLM (B) has the
form

1|0T
V= —,
oV
v=1[v; va - v_1]7, V e RU=Dx(r=1)_ In this paper, the methods will

be restricted to the case where p = ¢ = r — 1 = s and the eigenvalues of 1%
are zeros. The latter condition ensures zero-stability of the method.

An SGLM in Nordsieck form has order p and stage order ¢ = p if and
only if [IT]
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U=C—-ACK — ACK?,
V = FE - BCK — BCK?,

where the matrices C' € RS*?+1) K ¢ Re+Dx(+D) apnd E e ReTDx(p+1)
are defined by
c c?

C
C:: ]. F 5 E s K:[O €1 €2 ep],

and
1 11'% ﬁ 1
01%...ﬁ
E:ZGXP(K): 00 1 s
. 1
Do
000 --- 1 |

with e; as the jth vector of canonical basis in RP*!, respectively.

The stability behavior of SGLMs is defined using the standard test prob-
lem of Dahlquist y' = &y, where £ is a complex number. If method (B) is
applied to this problem, then the stability matrix is

M(z) =V + (2B+2°B) (I — zA — zQZ)_lU,

where z = h& and the stability function of the method is defined as the
characteristic polynomial of M (z); that is,

p(w, z) = det (wl — M(2)).

If p(w,z) = w"~!(w — R(2)), the method is said to possess “Runge-Kutta
stability (RKS)”. GLMs and SGLMs with RKS property were studied by
Butcher and Jackiewicz in [d,02-14] and by Abdi and Hojjati in [2-17], re-
spectively.

For economical implementation, it is assumed that the matrices A and
A have a lower triangular form with the same diagonal entries A\ and p,
respectively. SGLMs are divided into four types, depending on the nature
of the differential system to be solved and the computer architecture that is
used to implement these methods. Types 1 and 2 are those with arbitrary
a;; and @;;, where A = p =0 and A > 0, 1 < 0, respectively. Such methods
are appropriate, respectively, for nonstiff and stiff differential systems in a
sequential computing environment. Requiring a;; = @;; = 0, cases A = u =0
and A > 0, u < 0 lead, respectively, to types 3 and 4 methods which can
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be useful, respectively, for nonstiff and stiff systems in a parallel computing
environment.

The construction and implementation of type 2 SGLMs with p = s + 1
were discussed in [@]. Also, the construction of parallel Nordsieck SGLMs
with p = s and their order barriers were studied in [6]. These order barriers
were obtained under the assumption of RKS property. In this paper, we are
going to construct type 2 Nordsieck SGLMs with p = s, which are efficient
methods for stiff systems. Also, efficiency of the constructed methods are
shown by their implementation in a variable stepsize environment.

Next sections of this paper are organized as follows: In section B, we con-
struct A- and L-stable SGLMs in the Nordsieck form with RKS property of
orders 2, 3, and 4. Considering Nordsieck SGLMs in the variable stepsize
mode, implementation issues including local error estimation, and stepsize
control are discussed in section B. Finally, in section B, some results of nu-
merical experiments on some stiff test systems are presented and compared
with those obtained by Nordsieck SGLMs of the same order.

2 Construction of type 2 methods

In this section, the construction of type 2 Nordsieck SGLMs of order p and
stage order ¢ = p with some desired stability properties is explained.

2.1 Methods withp=q=s=r—1=2

We construct methods with p = g = s = r — 1 = 2 and RKS property. We
look for methods which their stability function has the form [5]
1 +mz+ n9z? 4+ ng2®

R(z) (1—Xz—pz2)2 7’

where
3

1+ Z npz® = exp(2)(1 — Az — pz?)? — €23 + 0(2)
k=1
with C as the error constant of the method. For this method to be A-stable,
it is necessary and sufficient that A > 0, u < 0, and so that the E(y) is
non-negative for all real y, where the E-polynomial is defined by
B i

E(y) = |1 = Xiy + pg®|” — |1+ naiy — noy® — nsiy?

By choosing C = 10~*, a detailed calculation shows that
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E(y) =y*(Eo + Evy” + Eay*),

where
1247 4997
Ey= —C 4924 22— — =205 44
0= 5000 M T K= Z007 T A
924970009 . 19997 4997
Fi = ——7 7 A 49N T2 g2 0
L= 7900000000 + 15000 Kot Z500H
4
F4p® — 2072 — AN3 4 8 p? + 8NP — 34997 n
7500
EQ = 7#4
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4997
15000

Pairs of (A, ) with values in domain [0,2] x [—2,0] giving L-stability are

shown in Figure 0.

—0.25

-0.5

—0.75

0 0.5 1 1.5 2
A

Figure 1: L-stable choices of (), u) for p = s = 2 corresponding to C = 10~%.

We select a single example, characterized by \ = %, uw= f% and ¢ =

[+ 1]7. The coefficients of the method are

r 4 1 3 3
5 0—=5 01 -5 -3
_ 967 4[494 _ 1|y 4717 _ 253
o 18750 53375 5 18750 12500
Al AU | |7 967 4lamm 1 1 ATIT _ 253
B E % - 18750 53375 5 18750 12500
0 10 00 o 0
0 00 1{0 0 0
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2.2 Methods with p=q=s=r—1=3

We construct methods with p = ¢ = s = r — 1 = 3 and RKS property. We
look for methods which their stability function has the form [5]

1+ n12 + n9z? +ng2® + ngzt + ng2®

R(z) = (1 — Xz — pz2)3 ’

where

5
1+ anzk = exp(2)(1 — Az — pz?)® — C12* — Co2® + O(25).
k=1

Here C; is the error constant of the method and Cy is an arbitrary number.
The E-polynomial has the form

E(y) = y°(Eo + Ery® + Exy* + E5y°).

For these methods to be A-stable, it is necessary and sufficient that A > 0,
p < 0, and so that Ey + Eyx + Eox? + Ezx® + Eux* is non-negative for
all positive real numbers x, where Ey, F1, E5, Fs, and E4 are complicated
expressions in terms of A and p. By choosing C; = Co = 10™%, pairs of (A, u1)
with values in domain [0,2] x [-2,0] giving L-stability are shown in Figure
.

-0.1

-0.2

N

-0.3

0 0.5 A\ 1 1.5

Figure 2: L-stable choices of (\, i) for p = s = 3 corresponding to C; = C2 = 1074,
Here, we represent an example, characterized by

1 1 1 2
- c=[z = 1 .
3 3
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The coefficients of the method are

[0.5000000000000000 0 0
A — | 1.4279081052775164  0.5000000000000000 0 7
1.0000000000000000 —0.3168631901664915 0.5000000000000000
[ —0.0666666666666667 0 0
T | —0.3067166674763493 —0.0666666666666667 0 ’
—0.0602082721233515  0.0288951398441268 —0.0666666666666667
1.0000000000000000 —0.3168631901664915  0.5000000000000000
0 0 1
B= 0 0 0 '
84.1340111524194390 —15.9895442199910120 —37.9511333307057703
[ —0.0602082721233515  0.0288951398441268 —0.0666666666666667
B 0 0 0
B= 0 0 1 ’
0 —1.7866934603873189  20.0458159571414841

[ 1.0000000000000000 —0.1666666666666667 —0.0444444444444444 0.0006172839506173
1.0000000000000000 —1.2612414386108497 —0.2136971453939340 0.0056267104705261
1.0000000000000000 —0.1831368098335086 —0.0241114076097811—0.0010021824846360

[ 1.0000000000000000 —0.1831368098335086 —0.0241114076097811—0.0010021824846360 ]

0 0 0 0
0 0 0 0
0 —30.1933336017226565 2.3070365964725901 0

2.3 Methods with p=qgq=s=r—1=4

In this part, we construct methods of the Nordsieck SGLMs of type 2 with
p=q=s=r—1=4andc=[0 0 0 1]7. Setting some free parameters
in order to make calculation easier, RKS conditions make the coefficients
matrices of the method to take the following forms
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L 000[-5 0 0 01— £00]
$300[-1—-% 0 01-1 00
s1io0|-2 1 -4 oj1-2-200
=11 3|-3 1 -1 —55]1 0 £00
F1135|-7 1 -1 —55[1 0 300
0000/ 0 0 0 10 0 000
600-6/ 2 0 0 4]0 0 000
1200-12) 7 -1 0 60 0 000

For this method the only nonzero eigenvalue of M (z) is

2
_1+5+ 5
2

1-3+5

R(z)

consequently, by the Ehle conjecture [9], the method is A-stable. The error

constant of the method is C = =5.

3 Implementation of the methods in a variable stepsize
mode

In this section, we recall some implementation strategies given in [d], to apply
the constructed methods in variable stepsize environment.
A Nordsieck SGLM in the variable stepsize mode takes the form

v = h,(A® L) fY!") + h2(A @ L,)g(Y ™) + (UD(6,) @ L)y,

y" = hn(B@ L) f(YIM) + h2(B & Ln)g(Y!™) + (VD(6,) @ L )y,
(3)
where
D(5,) = diag(1,8,,62,...,62), 8, = hp/hn_1.

Due to the structure of the matrices V' and D(4,), the matrix V. D(d,,) has
one eigenvalue with magnitude one and a zero eigenvalue with multiplicity p,
for any value of §,.

To achieve a suitable choice of stepsize for the next step, we first need
to estimate the leading term in the local truncation error. To do this, we
approximate hPtly®+(z,); so that LTE(x,) = C,h?T1y®*+Y(z,) can be
calculated as an approximation to the local truncation error.

For the methods with p = s = 2 and abscissas ¢ = [% 1]7, we use the linear

combination of the form
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est(zy,) :=Cp (alhf(Yl) + ashf(Ya) + thg(Yl)),

with

a1 = —8, Qg = 8, ﬁ = —4.
For the methods with p = s = 3 and abscissas ¢ = |
linear combination of the form

12 T
3 35 1]°, we use the

est(2,) == C, (alhf(Yl) + ashf(Ya) + ashf(Ys) + ﬁth(Yl)),

with 243 81
a1 = 77 042:71627 OL3:?7
For the methods with p = s = 4 and abscissas ¢ = [0 0 0 1]7, we use the

linear combination of the form

B=27.

est(wn) == Cp (alhf(Yg) + aoh f(Ya) + Bih2g(Ya) + Bah2g(Ya) + wgw»

with
] = 72, Qg = 772, 61 = 48, ﬂg = 24, Y= 12.

To control the stepsize, we use the following strategy

est(wn) < Rtol - max{ |yl llgosa |} + Atol, (4)

where Atol and Rtol are given absolute and relative tolerances, respectively.
If the control (B) is not satisfied, the current step is repeated with a halved
stepsize. Otherwise, the current step is accepted and we carry out the next
step with the new stepsize defined as

thrl - 6n+1hna

where .
fac-tol ) sy }
llest(zn) (o '
Here, facmaxz and fac are safety factors built into a code to prevent the

step from increasing too rapidly and to avoid an excessive number of rejected
steps. We have chosen Atol = Rtol = tol, facmax = 2, and fac = 0.9.

Opt1 = min{facmaac, (

4 Numerical result

In this section we present the results of numerical experiments to show effi-
ciency of the constructed methods in section B for fixed and variable stepsize



120 N. Barghi Oskouie, A. Abdi and G. Hojjati

mode using the provided techniques in section B. We consider the following
test problems:

e Problem 1. The nonlinear stiff system of ODEs

{ y1(z) = —1002y; () + 1000y3 (2),

ya(@) = y1(x) — y2()(1 + y2(2)),

whose exact solution is [y1(z), y2(z)]T = [exp(—2z), exp(—z)]T and
2 € [0,2]. This problem is stiff with an approximate stiffness ratio of
103 near to z = 0.

e Problem 2. A system of differential equation, is called CUSP, resulting
from discretization of the diffusion terms by the method of line the
periodic boundary-value problem [I6], is as below

) 2
Y=l tay+b)+054,

2
%4 = b+0.07v + 054,
% — (1 —a2)b—a— 0.4y +0.0350 + 0 28,

where
U

v= ,
0.14+wu
This problem takes the form

u=(y—0.7)(y—1.3).

Ui = —e Hyd + aiyi + bi) + D(yic1 — 2yi + Yisa),

di:b¢—|—0.071/i—|—D(ai_1—2ai—|—ai+1), 1=1,2,..., N,

i)i = (1 — a?)bi —a; — 0.4y; + 0.035y; + D(bi_l —2b; + bi+1),
where

— Ui
T 0.1 —l—ui’

123 U; = (yz—07)(yl—13), D:JN2,

with periodic boundary condition

Yo = YN, ap := an, by := by,

YN+1 = Y1, an+1:=ai, byi1:=by.

We take 0 = ti7,€ = 107*, N = 32, and the initial values as
;(0)=0, a;(0)= —2cos(@) a;(0) = QSin(%) i=1,2 N
yZ - ) K3 - N b 1 - N b - b) PR | b)

with ¢,y = 1.1.
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e Problem 3. For the ODE case, the Ring modulator problem originates
from electrical circuit analysis is of the form [I¥]

Yy = C ' (ys — 0.5y10 + 0.5y11 + y14 — R~ '),
yy = C ™ yo — 0.5y12 + 0.5y13 + y15 — R~ 'y2),
ys=C5! (ym —q(Up1) + Q(UD4))
v = O (= v + a(Un2) — a(Un) ).
yh = C;t <y12 +q(Up1) — Q(UDZ%))
yg = C5 1( v13 — q(Up2) + Q(UD4))
v = C; (R, e + aUp1) + a(Up2) = a(Uns) — a(Uny)),
v = =L, 'y,
yh = —L; 'y,
Yio = Lz (0591 — y3 — Ryayno),
i1 = Ly (—0.5y1 + ya — Ryaynn),
Yio = Lz (0.5y2 — Y5 — Ryatna),
Yis = Lz (—0.5y2 + y6 — Ry3yns),
=L} ( y1 + Ui (t) — (R + Rgl)y14>7
yis = Ly; ( — (Re + Rgl)yls)
The auxiliary functions Up1,Ups, Ups, Upa, ¢, Uin1, and U;po are given
by
Up1 =ys — Y5 — Y7 — Uin2(t),
Up2 = —ya + Y6 — Y1 — Uin2(),
Ups = ya + Y5 + y7 + Uina (1),
Upa = —y3 — Yo + y7 + Uin2(?),

q(U) =~(e’V 1),
Uin1(t) = 0.5sin(20007t),
Uina (t) = 25in(200007t).

The values of the parameters are
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C=16x10"% Cy=2x10"" C,=10""2, L, =445,

Ly = 0.002, Lo =5x10"% Lg=5x10"%,
R = 25000, R, = 50, Ry =363, Ry =173,
Ry3 = 50, R; =50, R. = 600,

§ = 17.74933332, v = 40.67286402 x 102,

with the initial vector yo = (0,0,0,0,0,0,0,0,0,0,0,0,0,0,0)7 and ¢ €
0,1073].

4.1 Fixed stepsize experiments

We first present fixed stepsize numerical results in order to show accuracy
of constructed Nordsieck SGLMs and validate the order of these methods in
the integration of stiff differential systems. To do this, we have applied the
methods of order 2, 3, and 4 to the Problem 1. We have implemented the
methods with a fixed stepsize h = 1/2%, with several integer values of k. The
results of numerical experiments for type 2 Nordsieck SGLMs are shown in
the Tables M, B, and B. In these tables, we have listed the norm of error
llen(Z)|| at the endpoint of integration Z = 2 and numerical estimate to the
order of convergence, p, computed by the formula

_ log([lea(@)l/llen/2(@)[))
log(2) ’

where e, (Z) and ey, 5(T) are errors corresponding to stepsizes h and h/2 for
Nordsieck SGLMs. Also, to show that the constructed methods are com-
petitive with the efficient existing methods, we have reported the numerical
results of type 2 methods which have been constructed in [2].

Table 1: Numerical results for Nordsieck SGLMs of order p = g = 2.

Type 2 method of order 2 [2] Nordsieck SGLM of order 2

) en(T) D en(T) p
10 1.78 x 1071 1.35 x 10710

11 5.44 x 10712 1.71 3.31 x 10~ 11 1.88
12 143 x 10712 1.93 8.18 x 10712 1.94

13 2.64 x 10713 2.44 2.03 x 10712 1.98
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Table 2: Numerical results for Nordsieck SGLMs of order p = ¢ = 3.

Type 2 method of order 3 [7]

Nordsieck SGLM of order 3

’ en(T) p en(T) P
4 4.07x10°6 6.58 x 10~8

5 5.66x 1077 2.85 8.66 x 10~* 2.93
6 7.43x10°8 2.92 1.11 x 107° 2.96
7 9.50x 1079 2.96 1.40 x 1010 2.99

Table 3: Numerical results for Nordsieck SGLMs of order p = ¢ = 4.

Type 2 method of order 4 [7]

Nordsieck SGLM of order 4

Y@ » n(@) v
4 6.22x10°8 5.81 x 1079

5 4.21x107° 3.88 3.63 x 10710 4.00
6 2.74x10710 3.94 2.27 x 1011 4.00
7 1.75x 1071 3.97 1.42 x 10712 4.00

4.2 Variable stepsize experiments

123

We first investigate the potential for efficient implementation in a variable
stepsize environment by the reliability of the estimation error for Problem
1. The obtained results for the methods of order 2, 3, and 4 have plotted
in Figures B, B, and B, respectively. These figures confirm efficiency of the

used estimation for the local truncation error.

To compare, we also present

the results of numerical experiments of the L-stable Nordsieck SGLM given
in [5]. In the implementation of considered SGLMs, we apply the same in-
troduced implementation strategies, including the starting procedures, stage
predictors, local error estimation, and the changing stepsize. In our numerical
results, we use the following abbreviations:

ns:
nrs:
nfe:
nJe:
ge:
tol:

NSGLM2p:
NSGLM4p:

the number of steps

the number of rejected steps

the number of function evaluations
the number of Jacobian evaluations
the global error

given tolerance

type 2 Nordsieck SGLM of order p
type 4 Nordsieck SGLM of order p
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Figure 3: Local errors and local error estimates versus = of the method of order 2 for

problem 1 with hg = 102 and tol = 108,
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problem 1 with hg = 102 and tol = 108,
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Table 4: Numerical results for Problem 2 solved by NSGLM2p and NSGLM4p of orders
2,3, and 4 with hg = 1073.

tol Method ge ns nrs nfe nJe
1076 NSGLM?22 3.61 x 10~° 169 26 1644 1256
NSGLM42 2.02 x 1074 1313 11 6693 4047
107®  NSGLM22 1.07 x 1076 690 12 3718 2316
NSGLM42 8.84 x 1076 5997 14 24187 12167
107190 NSGLM?22 4.58 x 1078 3154 15 12847 6511
NSGLM42 3.99 x 1077 27572 14 110499 55323
107 NSGLM23 2.95 x 1075 178 36 2339 1700
NSGLM43 5.80 x 1075 426 17 3248 1922
10~®  NSGLM23 6.57 x 10~ 7 474 14 4047 2586
NSGLM43 1.28 x 10~ 1341 23 8308 4219
10719 NSGLM23 1.47 x 1078 1450 18 8998 4597
NSGLM43 5.59 x 1079 26879 646 165153 82581
10-6  NSGLM24 9.16 x 10~° 337 25 3308 1864
NSGLM44 9.66 x 10~° 313 14 3420 2116
108  NSGLM24 2.14 x 1076 2040 50 16864 8508
NSGLM44 2.19 x 106 787 14 6599 2399
10-10  NSGLM?24 3.77 x 1078 2696 141 22752 11408
NSGLM44 4.59 x 10~8 1700 18 13934 7066

Some numerical results for Problem 2 and 3 demonstrating the computational
cost of NSGLM2p are given in Tables @ and B and compared with those in
NSGLM4p for p = 2,3,4. Also, in Figures B and [, we compare the accepted
stepsizes of NSGLM23 with those in NSGLM24 and the accepted stepsizes of
NSGLM43 with those in NSGLM44 through integration for Problem 2 and
3, recpectively. The numerical results show that the proposed methods are
capable in solving stiff problems and competitive with the existing methods.

5 Conclusion

We constructed type 2 Nordsieck SGLMs of orders 2, 3, and 4 with RKS
property. Order 2 and 3 methods are L-stable and order 4 method is A-
stable. These methods have been equipped to the variable stepsize using
Nordsieck technique. The capability of the proposed methods in solving stiff
problems with long interval of integration and badly scaled solution have
been validated by some numerical experiments and comparisons.
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Table 5: Numerical results for Problem 3 solved by NSGLM2p and NSGLM4p of orders

2,3, and 4 with hg = 1076,

tol Method ge ns nrs nfe nJe
1076  NSGLM22 1.18 x 107° 3336 492 24233 16579
NSGLM42 8.95 x 1075 27540 475 139942 83914
1078  NSGLM22  594x 1077 14721 486 77469 47057
NSGLM42 3.94 x 1076 126749 427 508703 254353
1071 NSGLM22 2.05 x 1078 67411 469 271519 135761
NSGLM42 8.61 x 1078 272719 396 1092456 546228
107 NSGLM23 1.71 x 107° 2790 476 30994 21199
NSGLM43 1.68 x 107° 8243 499 61705 35482
10~8  NSGLM23 1.46 x 107 8729 705 76184 74885
NSGLM43 5.31 x 1077 14444 450 155761 77884
10719 NSGLM23 5.59 x 1079 26879 646 165153 82581
NSGLM43 1.61 x 1078 80230 414 483861 241932
107 NSGLM24 1.75 x 1073 4070 642 42363 23519
NSGLM44 2.11 x 1073 4563 591 51425 30813
108  NSGLM24 4.86 x 107° 13440 1198 117655 59107
NSGLM44 5.47 x 1075 10954 612 92614 46356
10710 NSGLM24 8.86 x 10~ 24087 5512 236786 118394
NSGLM44 1.35 x 107¢ 26896 602 219980 109992

10

10}

107

107

10

10°

—NSGLM23
- - -NSGLM43 in [3]

()

——NSGLM24
- - -NSGLM44 in [3]

Figure 6: Accepted stepsizes versus x for Problem 2 with hg = 1073 and tol = 10~:
(a) NSGLM23 and NSGLM43, (b) NSGLM24 and NSGLM44.
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5 -5
— NSGLM23
- - -NSGLM43in [3]

10
——NSGLM24

- - -NSGLM44 in [3]

(a)

Figure 7: Accepted stepsizes versus x for Problem 3 with hg = 1076 and tol = 10~:
(a) NSGLM23 and NSGLM43, (b) NSGLM24 and NSGLM44.
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with shortage in the fire department
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Abstract

Assigning available resources to fire stations is a main task of fire depart-
ment’s administrator in a city. The importance of this problem increases
when the number of available resources are inadequate. In this situation,
the goal is to assign the limited available resources to fire stations such that
the associated penalties of the shortages are minimized. Here, we first give
a mathematical approach to consider some penalties for the shortage. Next,
we give an integer program to minimize the sum of associated penalties. The
proposed model can be used in many other problems arisen from health ser-
vices, emergency management, and so on. We also propose a heuristic to
efficiently solve the problem in a reasonable time. Our proposed heuristic
has two phases. In the first phase, using a greedy approach, our proposed
heuristic constructs a proper feasible solution. Next, in the second phase, we
propose a local search to improve the quality of the solution constructed in
the first phase. To show the efficiency of our proposed heuristic, we com-
pare our proposed heuristic with CPLEX based on the running time and the
quality of obtained solutions on two groups of problems (real-word problems
and randomly generated problems). The numerical results show that on the
80% of benchmark problems, the obtained solution is the same as CPLEX’s
solutions. Also, the running time of our proposed algorithm is almost 10
times better than CPLEX’s running time, in average.

Keywords: Resource assignment problem; Fire stations; Shortage; Integer
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1 Introduction

There are many decision making problems for a fire department’s administra-
tor or even for a fire district’s administrator (see [6,9,T3]; also, [I,B,d,TT,12]).
One of these decision problems is to assign available resources (e.g., equip-
ments or fire engines etc.) to fire stations (see [[2], page 524, to find some
references). In the real world situations, it is possible that there are not
sufficient resources to satisfy all the requirements of each fire station. Thus,
some of fire stations may lack some resources to extinguish or to service
the fire accidents or events in their regions (other nearly problems in emer-
gency management are studied by researchers, e.g., [2,6,8]). To decrease
the influences of the shortage for a type of resource, some penalties are con-
sidered, based on its importance in each fire station. In a fire station, to
compute the importance of a required resource, we estimate the possibility
of the occurring of each event in the fire station’s region. Next, based on
the predefined impact of the events and the estimated possibility for arising
of the events, the corresponding penalties are considered. In addition, when
fire incidents occur or rescue services are needed, the responsible fire station
usually requests additional resources or even firefighters from its neighboring
fire stations (neighboring services). However, the aim of the problem is to
assign the available resources to fire stations such that the sum of the corre-
sponding penalties is minimized.

Here, we give an integer linear formulation to model the problem. We
also propose a heuristic to efficiently solve the problem. We finally compare
the performance of our algorithms with ILOG OPL(CPLEX solver)’s result
on some randomly generated test problem and some real world problems.

The remainder of the paper is organized as follows: In section B, we give
an integer program to model the problem. The proposed algorithm is pre-
sented in section B. In section B, we show the efficiency of our proposed
algorithm in comparison with ILOG OPL on some randomly generated test
problems and some real world problems. We conclude in section B.

2 Mathematical model

We here consider all resources are independent. It is obvious that when two or
more types of resources are dependent, one can consider them as a package.
Therefore, we can assume the shortage exists for a resource. It is obvious
that the model and related solution approach can be used as a procedure
within a successive approach for solving the problem with shortage in two
or more types of resources. As mentioned in section [, before providing the
integer program, we must give some necessary estimation or computation
to determine the corresponding penalty of the recourse’s shortage in a fire
station. Table 0 presents some parameters or given data of the problem.
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Table 1: Parameters or given data

T: the availability of the resource.

q: the number of events.

n: the number of fire stations.

fr: the required number of the resource to service the event k.

Dk the frequency of the event k in the region of station j.

prr;:  the possibility for occurring the event £ in the region of station j.
W the importance (weight) of the event k.

N(j): the set of the fire station j’s neighboring fire stations.

B;: the importance (weight) of the fire station j.

Note 1. In Table O, pr_, w_, and 3. are in [0, 1].

Note that py; is obtained previously. In the other words, we can consider
the frequency of the event k in region of the fire station j for example for
a period of ten years. But, pry; is given by managers, and it shows the
possibility of occurring the event k in the region of fire station j. To more
clarify, we give an example. Consider, a school is recently founded in the
region of the fire station j, and suppose there was not any school in this region.
Therefore, some events have rarely occurred there. But, the possibility of rare
occurring or never occurring events is now raised. Thus pry; and py; can be
completely different. When all the situations are the same, 3; imposes the
manager’s decision to assign the resource to the fire station j. As an example,
consider there are two fire stations with the same conditions, need a type of
equipment. Also, consider one of them is in the center of the city, and the
other is on the outskirts. Suppose that there is one equipment. In this
situation, it is usually preferred to assign this equipment to the fire station
that is in the center of the city. Therefore, the manager can consider the
higher weight to the fire station that is in the center of the city to impose
her/his preferences in the model.

To compute the associated penalty, we must do some necessary computa-
tions. We consider the relative frequency for the event £ in the region of the
fire station j as follows:

Ukj = npkj ’ (1)
> Pkj
j=1

Remark 1. Note that one can consider uy; introduced in () as an esti-
mation of the probability of occurring the event k in the region of the fire
station j.

Definition 1. Let
vg; = max{ug;, pri;}, (2)
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where pry; is given by the manager and wuy; is introduced in (0). Now, we
define vy;jwy as the impact of the event £ on the station j, for j =1,...,n
and k=1,...,q.

Note that we could not find any definition for vi; in the literature since
this model was proposed for a real problem that occurred in Mashhad. We
did not have no more information in this real-world situation. Therefore,
using experts in Fire Department of Mashhad, we proposed this formula. In
this formula, we consider historical data pr; and experts consideration pry;.
Thus, wyvy; shows how important the event k in the region of the station j.

Definition 2. We denote the possible events in the station j by @; de-
fined as follows:

Q; = {k|fx > 0,v1; > 0}. (3)
where vy is defined in (B) and fj is defined in Table M.
‘We now introduce the decision variables in Table B.

Table 2: Decision variables

x;:  shows the number of the resources that are assigned to station j.

y;jk: shows the shortage in the station j to service the event k.

hjr: shows the shortage in the station j to service the event £ with considering
the neighboring services.

d;i:  if station j can not service the event k, takes 1, otherwise takes 0.

2.1 The objective function

The objective of the problem is to minimize the sum of the associated penal-
ties. We here consider three penalties for servicing the event k£ in the station
j based on the lack of ability for providing responsible service, the number of
shortages and the number of shortages with considering neighboring services.
Therefore, we consider the following penalty for the station j:

Z (djr + Yjk + hjr) wrvk;, (4)
keQ;

where ); and vy; are defined in (B) and (B), respectively, d;x, y;k, and hjg
are defined in Table B, and wy, is defined in Table M. To explain (@), we give
two illustrative examples.

Illustrative Example 1. Consider there are five fire stations and only one
resource exists. Also, the structure of the neighboring fire stations is given
in Figure 0. Suppose that each of the stations 1, 3, 4, and 5 need one unit
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Figure 1: the graph of the neighborhoods in the illustrative Example 1.

of the resource and all situation are in the same. From Figure 0, the station
3 is the best candidate, because, the station 3 while servicing the occurred
events in its own region, can participate to service the occurred events in the
stations 4 and 5’s regions. One can easily obtain the same result by using
the sum of the penalties defined in (&) for each fire station.

Illustrative Example 2. Consider there are two fire stations and three
possible events. Also, each fire station is without a neighbor (i.e. N(1) =
N(2) = 0). The other data are given as follows (see tables I-2 and equations
(2) and (B)):

T 8a Ql = {273}7 QQ = {17273}7
F=046 92, w= %[0.2, 0.3, 0.7],

~ [0.20.90.7
Y= 1040902

Now, we give the motivation for considering di; in our proposed model. If
dy; is removed from (B), we have the following penalty for the station j:

Z (Yjk + hjk) wrvk;- (5)
keQ;

Since N(1) = N(2) =}, (8) can be considered as follows:
Z (Yjk) Wk Vk;- (6)

keQ;

Now, consider two feasible solutions, (a): x1 = x5 = 4, (b): 21 = 2 and
x2 = 6. For (a), we have

Y12 =2, y13 =0, y21 =0, y22 = 2, y23 =0,

2x09%x034+2x09x0.3
and based on (B), the sum of penalties is X X +2x % _

1.08 0.7
W For (b), we have

yi2=4, y13 =20, y21 =0, Y22 = 0, 323 =0,
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4%x09x03 1.08
x a =07 Thus, when

we do not consider dj; in the model, there is no difference between (a) and
(b). But, in (b), only the event 2 in the station 1 is not covered. Whereas
in (a), the event 2 in stations 1 and 2 is not covered. Now, if we consider ()
as the associated penalty, then (b) is preferred to (a).

and based on (B), the sum of penalties is

2.2 The model

Now, the proposed integer program is given as follows.

n
min z = Zﬁj Z (djk + Yk + hjk) wivg, (7)
j=1 keQ;
s.t.
j=1
yjszk—xj VjE{l,...,n}k‘EQj. (9)
hiw > fe—a;— Y a5 Yje{l,...,n}keQ; (10)
JEN())
djkgyjk VjE{l,...,n} kEQj. (11)

djkzyj—k, Vie{l,...,n} k€ Qj,where My = max fr. (12)
Mf k=1,...,q

yjk, hjr € NU{0},and dj; € {0,1} Vje{l,...,n} keQ;.
z; € NU {0} Vie{l,...,n}.

The constraint (8) shows that the number of assigned resources must be less
than or equal to 7. From Table B, y;; shows the shortage for servicing the
event k in the station j. Thus, if we assign x; unit of the resource to station
J, then yg; is max{0, fy — z;}. Based on constraints (8), if 2; > fj, then
the corresponding constraint is redundant. Since the objective function is
minimization, then y; takes zero. In the other case, if x; < fi, then the
corresponding constraint ensures that y; > f — z; > 0. Similar to above,
since the objective function is minimization, then yy; takes fy —x;. Therefore,
constraints (8) ensure that yy; is max{0, fy —x;}. Similar to constraints (8),
constraints () ensure that hjr = max{0, fx — z; — > 5cn(;) ¢j} Together
constraints () and (I2) guarantee, if yy; is zero, then dy; is zero and if
Ykj > 0, then dkj is 1.
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Algorithm 1 Greedy phase

Step 1 {Initialization} Let z* = (0,...,0)I ;, and let z* = z(z*).

Step 2 {Main loop}
For t =1 to T do:
- Let z, = +00.
For j =1 to n do:
- Let z =%, @; =a; + 1 and z = 2(Z).
- If Z < z,, then let z, = Z and j = j.
endfor
- Let x;—k = x%‘ +1, and let z* = z,. If z* = 0, then stop, the optimal
solution is x*.

endfor

Step 3 Return z* as an initial solution.

3 A heuristic algorithm

In this section, we propose a heuristic algorithm to solve the problem. Our
proposed algorithm has two phases. In the first phase, we propose a greedy
procedure to construct a feasible solution (the greedy phase). Then, in the
second phase, we apply a neighborhood search on the constructed solution
(the improvement phase).

3.1 Greedy phase

In this phase, we construct a feasible solution. At first, we let z; = -+ =
Zn = 0. Then, in each iteration, we compute the corresponding difference of
the objective function for each fire station, when the number of the assigned
resources in a fire station is increased one unit. Then, we select the station
Jj to increase x;, when the corresponding difference of the objective function
is the best.

To evaluate © = (z1,...,2,)7, let yx; = max{0, fr — z;}, and let hj, =
max{0, fu — x; = Y 5en(j) 5} Also, if yi; is zero, then let di; = 0 and
otherwise let dy; = 1. Now, the corresponding objective value of x can be
computed by (@). We denote the corresponding objective function value of =
by z(x). The greedy phase is given in Algorithm .
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Note 2. In Algorithm O, if we can find a solution z* with z(z*) = 0, then
we have found a solution without any penalty. Therefore, we terminate the
algorithm, and we do not use the phase 2.

3.2 Improvement phase

Here, we describe the neighborhood search procedure. We use a simple local
search to improve the quality of the solution constructed by Algorithm 0. We
first give some definitions.

Definition 3. We denote the maximum number of requirements in the
station j by b; and define it as follows:

b= ma(fid, J= Lo, (13

where @, is defined by (B).

It is evident that if x; > b;, then we do not have any shortage in the
station j.

Definition 4. Let

A = min{ fr — x|k € Q;, f > x;}, x; < by, (14)
07 Zj Z bj7

where @; is defined by (B8). A; is the minimum number of the resources that

if assigned to station j, an uncovered event (event that does not receive a

response service) will be covered.

To explain our proposed local search, we need to define a move in the
search space (see [I0]). For the station j with «; < b;, we define

M; = {jlz; > Aj,j #j}, (15)

where A; is defined by (I4). Note that, M; is the set of stations that their
current availability is more than the minimum requirement of the station j.
Now, for the station j with z; < b;, a feasible solution can be obtained from
the current feasible solution by x; = z;+A; and z; = 7; -4, where j € M;.
We denote this move by Mov(j,j,4;).

Note 3. When a move is done, an effective procedure to compute the dif-
ference of the objective function value, can decrease the computational time.
Consider x is a feasible solution and Z is the obtained feasible solution by
Mov(j,j,Aj). Also, consider z(x) and z(Z) are the objective function values
of z and Z, respectively. We now define
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Algorithm 2 Tocal search (the improvement phase).

Step 1 Let z* is the solution constructed by Algorithm [, and let z* = z(z*).
Step 2 Let S = {j|z} < b;}.
Step 3 For j =1,...,|5| do:

3-1 Compute A; by (I4).
3-2 For j € M;, defined by (I3), if A%5 A, <0, defined by (I8), then

Mov(j, j,Aj), update z* and z*, and goto Step 2.

Step 4 Return z* as an approximate solution.

AT A, = 2(z) — z(z), (16)

where z(.) is defined by (#). It is obvious that A% A, can be computed by

subtracting the sum of increased penalties of station j and its neighbors from
the sum of the decreased penalties of station j and its neighboring stations.
Therefore, the other stations don not play any role in the computation of
A;’; A.; thus in the implementation, the value of A;?j A, can be computed
W= =]
effectively. Also, One can use an approximation of AJZ.3 A, in the implemen-
PV R
tation (similar to [4]).
We now give our proposed local search (as the improvement phase) in
Algorithm B.

Proposition 1.0Our proposed heuristic gives a feasible solution.

Proof. In the greedy phase (Algorithm ), our proposed heuristic begins from
zero (x = 0), and then in each iteration of Step 2, only one unit is added to
one entry of z. Thus, the return solution is a non-negative integer vector.
The second phase starts by the feasible solution given by phase 1. In each
iteration of Step 3 in Algorithm B, each move Mov(j,j,A;) is done when
x; > Aj (see (I3)) and Aj; > 0 defined in (I4) is an integer number. Thus,
after each move the solution remains feasible. O

Note 4. There are some problems such that our proposed heuristic does not
give the optimal solution (e.g., MASH2 in table B). Also, we are not able
to prove that our proposed heuristic is an e-approximation algorithm [I0].
However, the numerical results show that our proposed heuristic gives very
good solution in an acceptable time for real-world problems (see Table B).
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4 Numerical experiments

To show the efficiency of our proposed algorithm, we compared the run-
ning time and the quality of the arrived solution of the proposed algorithm
with ILOG OPL 6.3 (CPLEX 12.1) on two groups of test problems. In the
first group, we used problems given by Fire Department of Masshad (MASH
problems in Table B). In the second group, we generated some test problems
randomly (RAND problems in Table B)". We implemented our algorithm in
Visual Studio C++ 2010. All implementations were done on a Notebook i5
2.5GHz with 4GB of RAM when only one core was used for our proposed
algorithm and all cores were used for OPL. All results are given in Table B.

Note 5. In some test problems, OPL terminated before convergence be-
cause the memory was not enough. In these situations, we reported the
truncated results of OPL.

In Table B, Gap is computed as follows:

Z—Z
Gap = ——,
z

where z is the objective value obtained from our algorithm and % is either the
objective value of the best integer solution found by OPL or the objective
value of the best node reported by OPL.

The mean of gaps of our proposed algorithm and the best integer solution
found by OPL is only 3.7e-4. Despite OPL used all cores to perform its
computations and the implementation of our algorithm used only one core,
the running time of our proposed algorithm is very less than OPL’s running
time. From table B, it is clear that, in 63% of problems, the given solution
is equal to the best integer found by CPLEX. In 17% of problems, the given
solution is better than CPLEX’s solution. In these problems, CPLEX was
terminated because the memory was not enough. In 20% of problems, the
given solution is worse than CPLEX’s solution. But in these problems the
maximum gap from feasible solution given by CPLEX is only 9.6e —3 and the
running time of our proposed algorithm was 20 times better than CPLEX’s
running time, approximately. In some problems, CPLEX is not able to find
the optimal solution. In these situations, the lower bound given by CPLEX
is suitable for comparing the result. From Table B, the maximum gap from
the lower bound is 1.2e — 2. Thus we can say that the maximum error of our
heuristic on problems is less than 2e — 2 when the running time is almost 10
times better than CPLEX’s running time. Therefore, from Table B, we can
conclude that our proposed algorithm is applicable for solving the medium
scale problems in a real time.

I For acquiring hold of the test problems, please contact the corresponding author (rghan-
bari@um.ac.ir) or download at http://profsite.um.ac.ir/~rghanbari/IJNAO.rar
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Table 3: Numerical Results
Our Algorithm OPL Gap

Problem n q Best Time (sec) Best(integer) Best(node) Time(sec) Integer  Node
MASH1 34 120 1883.5649 0.16 1883.5649 1883.5649 65.52 0 0
MASH2 34 120  3100.1002 1.03 3098.9425 3074.4241 1729.29 4e-4 8.4e-4
MASH3 34 120  1731.2355 0.67 1731.2355 1731.2355 267.40 0 0
MASH4 34 120  6538.2014 2.87 6536.7751 6509.6999 1012.93 2e-4 4.4e-4
MASHS5 34 120 591.8589 0.83 591.8589 591.8589 141.85 0 0
MASH6 34 120 1630.4577 0.05 1614.9958 1614.9958 5.10 9.6e-3 9.6e-3
MASHT 34 120 0 0.00 0 0 0.08 0 0
MASHS8 34 120  2164.0976 1.28 2164.0976 2147.2527 1285.28 0 7.8e-4
MASH9 34 120 530.2508 0.41 530.2508 530.2508 1.53 0 0
MASH10 34 120  1841.3675 2.87 1841.3675 1791.8676 873.59 0 2.76e-2
MASH11 34 120 222.7586 1.20 222.7586 222.7586 26.21 0 0
MASH12 34 120 7034.8948 3.62 7034.8948 6976.9721 689.24 0 8.3e-3
MASH13 34 120 929.6792 0.27 929.6792 929.6792 1.23 0 0
MASH14 34 120  1815.4193 1.57 1816.1045 1756.3611 1189.90 -4e-4 3.36e-2
RAND1 5 100 89.1726 0.00 89.1726 89.1726 0.03 0 0
RAND2 30 100  4766.9702 0.08 4766.9702 4766.9702 1.89 0 0
RAND3 60 100 9055.7206 11.79 9055.7206 9042.4482 698.93 0 1.5e-3
RAND4 100 100  7181.3464 87.25 7181.5357 7123.6819 895.88 -3e-4 8.1e-3
RANDS5 5 150  2492.4775 0.00 2492.4775 2492.4775 4.35 0 0
RANDG6 30 150  5116.5434 1.28 5118.1958 5075.0990 850.25 -le-4 8.2e-3
RAND7 60 150  3993.0682 16.35 3993.0682 3948.5215 784.03 0 1.1e-2
RANDS 100 150  9308.8906 66.46 9309.9365 9047.4370 45.04 -le-4 2.9e-2
RAND9 5 200 168.5741 0.00 168.5741 168.5741 0.11 0 0
RANDI10 30 200 933.2573 0.66 933.2573 933.2573 154.83 0 0
RANDI11 60 200 3437.8746 15.98 3439.9514 3389.9545 706.86 -6e-4 1.4e-2
RANDI12 100 200 3186.5378 131.57 3185.4674 3159.9767 762.33 3e-4 8.4e-3
RANDI13 5 250 22.2134 0.00 22.2134 22.2134 0.2 0 0
RAND14 30 250 93.9136 1.36 93.9136 93.9136 9.44 0 0
RAND15 60 250  1076.3503 12.33 1074.8568 1063.2535 890.00 14e-4 1.2e-2
RAND16 100 250 2707.3912 123.80 2706.2883 2667.7602 860.47 de-4 1.5e-2

t; truncated (Out of memory).

*: optimal.

5 Conclusions and further works

Assigning available resources to fire stations is a main task of fire depart-
ment’s administrator in a city. The importance of this problem increases
when the number of available resources are inadequate. In this situation, the
goal is to assign the limited available resources to fire stations such that the
associated penalties of the shortages are minimized. Here, we first gave a
mathematical approach to consider some penalties for the shortage. Next,
we gave an integer program to minimize the sum of associated penalties. The
proposed model can be used in many other problems arisen from health ser-
vices, emergency management, and so on. We also proposed a heuristic to
efficiently solve the problem in a reasonable time. Our proposed heuristic
had two phases. In the first phase, using a greedy approach, our proposed
heuristic constructed a proper feasible solution. Next, in the second phase,
we proposed a local search to improve the quality of the solution constructed
in the first phase. To show the efficiency of our proposed heuristic, we com-
pared our proposed heuristic with CPLEX based on the running time and
the quality of obtained solutions on two groups of problems (real-word prob-
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lems and randomly generated problems). The numerical results showed that
on the 80% of benchmark problems, the obtained solution was the same as
CPLEX’s solutions. Also, the running time of our proposed algorithm was
almost 10 times better than CPLEX’s running time, in average.

Finally, areas of further research within the framework of our proposed model
and heuristic include

1. The second phase of our heuristic was a local search; so we expect
that if we can propose a advanced search method such as tabu search
or variable neighborhood search and so on, then the quality of the
obtained solution will be increased.

2. In the proposed model, we assumed that some parameters were given
in a numerical form (e.g., px; and pry;). We guess that the reliability
of model is increased when the value of these parameters are given
by intervals or even by linguistic variable. It is evident that in this
situation, some advanced robust optimization method must be used to
solve the model.

3. The proposed model is suitable when we have the shortage in our exist-
ing resources, and this shortage is very far from the minimum required
resource to cover an event. When the level of shortage is not high or
there is not a shortage in each resource, we can give a model to cover
the events when they can be occurred in parallel.
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