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High order second derivative methods
with Runge—Kutta stability for the
numerical solution of stiff ODEs

A. Abdi* and G. Hojjati

Abstract

We describe the construction of second derivative general linear methods
(SGLMs) of orders five and six. We will aim for methods which are A-stable
and have Runge—Kutta stability property. Some numerical results are given
to show the efficiency of the constructed methods in solving stiff initial value
problems.

Keywords: Ordinary differential equation; General linear methods; Runge—
Kutta stability; A-stability; Second derivative methods.

1 Introduction

In many fields such as control theory, chemical kinetics, biology and the
movement of stars in galaxies, dynamic behavior is modeled by systems of
ordinary differential equations (ODEs). We consider the autonomous ODEs
in the form

y’(gc) = f(y(m))7 MRS ['75075]’
y(zo) = Yo,

(1)

where f: R™ — R™ and m is the dimensionality of the system. We restrict
our attention to autonomous systems because non-autonomous systems can
be made autonomous by adding an extra equation to the system.

For system (1), let g := f,f. For problems in which g can be calcu-
lated along with f, at a moderate additional cost, second derivative meth-
ods become feasible. General linear methods (GLMs) [6,7,12] as a unifying
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2 A. Abdi and G. Hojjati

framework for the traditional methods, like Runge-Kutta methods, linear
multistep methods, predictor—corrector methods and hybrid methods, have
been extended to the second derivative general linear methods (SGLMs) by
Butcher and Hojjati [8]. These methods which are s-stage and r-value, for
the numerical solution of (1) are given by

Yl = h(A® L) F(Y!) + h2(A® L,)G(Y M) + (U @ L)y,

_ (2)
Y = h(B @ L) F(Y") + h3(B @ L, )G(Y!™) + (V @ L, )yl" Y,
where h is the stepsize, A, A € R®*%, U € R**", BB € R"™* and V €
R™" and notation ® is the Kronecker product. Here, Y™ = [Y;[n]]f:1 is an
approximation of stage order g to the vector y(z,—1+ch) = [y(xn_1+c;h)]i_;,
ie.

9 K
c; )
v =3 S ry O ) + ORI, i=12,s ()
k=0
F(y[n]) = [f(YZ.[”])]f:1 and G(Y[”]) = [g(Yi[”])}f:l where the vector ¢ =
[c1 ca -+ cs]T is the abscissa vector. Also the vectors y*—1 = [yl[nq]];:l
and yM = [yz[n]]gzl are the input and output vectors at the step number n,
respectively, which for a method of order p take the following forms
P
o= aakby® @an) O, i=L2. (@)
k=0
and »
o =3 auhfy B (@) ORI, =12 (5)
k=0

for some oy, € R associated with the method.

The main features of SGLMs including pre-consistency, consistency, zero-
stability and types of these methods have been discussed in [3]. It has been
shown in [4] that the SGLM (2) with the input vector (4) has order p and
stage order q = p iff

e = 2Ae% + 2% Ae” + Uw(z) + O(2F1), (6)
e*w(z) = zBe® + 2 Be® + Vw(z) + O(zP1). (7)
where
eCZ — |:e(/12 eCzZ e(/szi|T

and w(z) is a vector with elements given by

P
k- .
w;i(z) = E iz, 1=1,2,--- 7.
k=0
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In the special SGLMs with p = ¢ = r = s, U = I, and Ve = ¢, e =
[1,1,...,1]T € R*, an equivalent condition for order conditions has been
found in [5] as

B=DBy—AB| —ABy —VBs; — (B—-VA)B,+ VA,
where the (7, j) elements of By, By, Bs, Bs, and By are given respectively by

Jo “os@de g1+ e)  #lte) [ e@dr g(e)
ojlc;) ¢i(cj) ¢j(c;) dilc;) 7 diley)

Here,

S
¢i(x) = H (x —¢j), i=1,2,---,s.
=15

Construction of SGLMs which are also suitable for the numerical solution of
differential algebraic equations (DAEs) has been discussed in [10]. Some ob-
tained order barries for different types of SGLMs, found in [3,4,10], are useful
in construction of these methods. These barriers have been also confirmed
by means of order arrows by Abdi and Butcher [1,2]. Recently, efficiency of
these methods in solving stiff ODEs arising from chemical reactions has been
shown in [11].

In continuation of studying on SGLMs, in this paper we construct A—
stable methods of orders five and six with r = s = 3 and Runge-Kutta
stability property.

Next sections of this paper are organized as follows: In Sec. 2, we discuss
about stability behaviour of Runge-Kutta stable three-stage methods. Sec.
3 is devoted to construction of SGLMs of orders five and six with A-stability
property. Some numerical experiments are given in Sec. 4 to demonstrate
the efficiency of the constructed methods.

2 RKS three-stage methods

We first recall that the stability matrix for SGLMs can be obtained by ap-
plying the methods to the standard test problem of Dahlquist [9] v’ = (y,
where ( is a complex number, which it is
M(2) =V + (2B + 2*B) (I — 2A — 2°4) U,

where z = h({. Thus, we are interested in stable behavior of powers of M (z).
If M(z) has only a single non-zero eigenvalue, R(z), then the method is said
to possess Runge-Kutta stability (RKS) property. For RKS methods, the
stability behaviour is related to R(z). B

For the methods in which coefficient matrices A and A are lower triangular
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with the same elements A and p on the diagonal, respectively, R(z) takes the
form
N(z)

R(Z) = m, (8>

where deg(N) < 2s. For the methods of order five and six with three stages
that will be discussed in Sec. 3, the polynomial N defined in (8) satisfies

N(z) = (1 = Xz — pz?)3e® — C525 + O(27),
and
N(z) = (1 = Xz — pz?)3e® + O(27),
respectively, for an arbitrary Cj as the error constant of the method. For the

method of order six, the error constant is

1 1 1 1 1 1 1 3 1
= — — A= —pu+ -\ 7)Ao G | Y7L LS
Co = 5oa0 ~aa0" ot Mt (g TN (G e g
For these methods to be A-stable, using E-polynomial theorem [7], it is
necessary and sufficient that A > 0, u < 0, and so that the E(y) is non-
negative for y real where the E-polynomial is defined by

E(y) = |1 — My + uy?° — |N(iy) %,

where i is the imaginary unit. The boundary of the regions of A-stable choices
of (\, u) for the methods of order five (with different values of C5) and order
six are plotted in Figure 1 and Figure 2.

—0.2

—-0.4

—0.6
0 0.5 1 1.5 2
A
Figure 1: The boundary of the regions of A-stable choices of (\,pu) for s = 3, p = 5
corresponding to C = —1073, =5 x 1074, —10—4
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N \\\
I

AN

—0.6

0 0.5 1 1.5 2
A

Figure 2: The boundary of the region of A-stable choices of (\,u) for s =3, p=16

3 A-stable RKS methods of orders 5 and 6

Construction SGLMs of orders p = ¢ < 4 has been discussed in [3-5,10]. In
this section, we construct A-stable three-stage methods of orders five and
six with RKS property. Throughout the construction of these methods, we
will consider U = I, and V = ev” where v € R” and vTe = 1. The later
guarantees zero-stability of the methods [3].

3.1 Order 5 methods

Choosing ¢ = [0 3 1]7, (A, ) = (0.6,—0.1) from the intersection of the

regions in Figurel and solving the order conditions and the nonlinear RKS
conditions, the coefficients matrices of the method take the following forms
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[0.6000000000 0 0
A = ]0.4538633794 0.6000000000 0
| 0.8442059328 0.8999163314 0.6000000000

[ —0.1000000000 0 0
A= | —0.1450566118 —0.1000000000 0
—0.9847293116 —0.1278647721 —0.1000000000 |

0.3902646263 0.4639576064 0.2524239604 |
B = | —0.3312778090 1.1306242731 0.3534363496
5.0478598121 —4.1644469839 —0.5208888994 |

[ —0.2677332867 —0.3732899225 —0.0223237563 |
B = | —0.4095181371 —0.6362626571 —0.0357186615
0.5750983052  1.6053219094  0.0622616286 |

v= [1.2203054517 —0.3423946125 0.1220891608]T .

This method is A-stable with the error constant Cs ~ —3.50 x 10~

3.2 Order 6 methods

Choosing ¢ = [0 ¢; 1]7, ¢; as a free parameter, and solving the order condi-
tions and the nonlinear RKS conditions, we get ¢; = —1.4989329045 and the
coefficients matrices of the method take the following forms

[0.4007120047 0 0
A = | 0.5574459850 0.4007120047 0
| 0.7281456081 0.0121320319 0.4007120047

[ —0.0612701047 0 0
A= | -0.0145743957 —0.0612701047 0
0.3881180321 0.1117302066 —0.0612701047

1.1371686053 0.2249968367 0.0903218055
B = | —0.0512895056 0.1078326109 —0.6604347472
1.5642870990 0.3929237249 —0.2450012162

)
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—0.0425486219 0.0078897842 —0.0128566928
B= 0.1945434509 —0.0296649869 0.0449770864 | ,
0.3584398092  0.0701030286 —0.0116769898

v = [0.8572479903 0.2113738061 —0.0686217964 " .

The obtained value for (A, i) is the interior of the region of A—stable choices
presented in Figure 2. The error constant for this A-stable method is Cg =
2.56 x 1075,

4 Numerical verifications

In this section we present some numerical results by applying the constructed
methods of orders five and six in Sec. 3, in order to demonstrate the theo-
retical expectations. Computational experiments are carried out by applying
the methods to the following two stiff problems.

S1- The non-linear stiff test problem

{ v (z) = —1002y; (x) + 1000y3(x), y1(0)
ya(z) = y1(2) — y2(2) (1 + y2(2)), y2(0)

)

1
1.

The exact solution is y1(x) = exp(—2z) and yo(x) = exp(—=z) and
x € [0,1].

S2— The stiff initial value problem arose from a chemistry problem

yi () = —0.013ys — 1000y y2 — 2500y1y3, y1(0) =0,
yh(x) = —0.013y2 — 1000y y2, y2(0) =1,
y3(x) = —2500y1ys, y3(0) = 1.

The reference solution at z = 2 is

y1(2) = —0.3616933169289 x 1072,
y2(2) = 0.9815029948230,
y3(2) = 1.018493388244.

Numerical results for the Problem S1, reported in Table 1, illustrate accuracy
of the methods of order 5 and 6. These results are obtained with fixed
stepsizes h = 1/2% with several integer values for k. In this table, we have
listed norm of error ||e,(z)|| at the endpoint of integration x = 1. Also,
in this table, the rows p refer to the numerical estimates to the order of
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convergence, computed by the formula p = logy(|len(z)[|/llen/2(x)|]) where
en(z) and ey, jo(x) are errors corresponding to stepsizes h and h/2.

Table 1: The global error at the end of the interval of integration [0, 1] for

problem S1
h 22 2-3 2-4 2-5
Order 5 method | 2.25 x 107  5.61 x 1072  1.51 x 10710 434 x 10~ 12
p 5.33 5.22 5.12
Order 6 method | 6.92x 1078 294 x 10710 245 x 10712 5.03 x 1014
P 7.88 6.91 5.61

Numerical results for the Problem S2 are given in Table 2 with stepsize
h = 0.001. Comparing the obtained results by the methods with the refer-
ence solution shows the efficiency of the methods for solving stiff non-linear

problems.

Table 2: Numerical results for problem S2 solved by the methods of orders

five and six

T Y Order 5 method Order 6 method

Y1 —0.3616933169478728 x 1075 —0.3616933215630078 x 10~°
2y 0.9815029948594308 0.9815030036954803

y3 1.018493388207507 1.018493379371295

-12

15 2

gl

0.5

Figure 3: Variation of 2 + y; — yo — y3 versus x which y, y2 and y3 are the
numerical solutions obtained by the method of order 5
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10713

10

2417V, 7Y,

15 2

g

0 0.5

Figure 4: Variation of 2 4+ y; — y2 — y3 versus x which y;, y2 and y3 are the
numerical solutions obtained by the method of order 6

The differential equations in Problem S2 satisfy a linear conservation law

2+ 41(2) — y2(2) —ys(x) = 0, )

for all z. In Figure 3 and Figure 4, we have plotted the graph of 2+y; —y2—ys
versus . We observe that for both methods of orders five and six equation (9)
for the obtained numerical solutions holds approximately with high accuracy
which demonstrate the accuracy of the applied methods.

5 Conclusion

For methods of higher orders (p > 5) with p = ¢ = r = s, it is no longer pos-
sible to solve the nonlinear systems of equations for satisfying RKS property
by symbolic manipulation packages [5]. It seems that this difficulty does not
appear for methods with fewer stages. In this paper we constructed RKS
methods of orders p =5 and p = 6 with r = s = 3.
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The block LSMR algorithm for solving
linear systems with multiple
right-hand sides

F. Toutounian* and M. Mojarrab

Abstract

LSMR (Least Squares Minimal Residual) is an iterative method for the
solution of the linear system of equations and least-squares problems. This
paper presents a block version of the LSMR algorithm for solving linear sys-
tems with multiple right-hand sides. The new algorithm is based on the block
bidiagonalization and derived by minimizing the Frobenius norm of the resid-
ual matrix of normal equations. In addition, the convergence of the proposed
algorithm is discussed. In practice, it is also observed that the Frobenius
norm of the residual matrix decreases monotonically. Finally, numerical ex-
periments from real applications are employed to verify the effectiveness of
the presented method.

Keywords: LSMR method; Bidiagonalization; Block methods; Iterative
methods; Multiple right-hand sides.

1 Introduction

This paper is concerned with the solution of linear system of the form

AX =B, AeR"™" BeR"™® s<n. (1)
If A is large and sparse or sometimes not readily available, then iterative
solvers may become the only choice. These solvers are categorized to the
following three classes:
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The first class is the global methods. The term global is due to Saad [34]
and has been further expanded by Jbilou et al. [21] with the global FOM and
GMRES algorithms for matrix equations. These methods are based on the
use of a global projection process onto a matrix Krylov subspace. References
on this class include [2,7,8,12,13,13,21-23,25-27,32, 33].

The second class is the seed methods. The main idea of this kind of
methods is briefed below. We first select a single system as the seed system
and generate the corresponding Krylov subspace. Then we project all the
residuals of the other linear systems onto the same Krylov subspace to find
new approximate solutions as initial approximations. See [3,5,7,18,20,30,35]
for details.

The last class is the block methods which are more suitable for dense
systems with preconditioner. The first block solvers are the block conjugate
gradient (BI-CG) algorithm and the block biconjugate gradient (BI-BCG) al-
gorithm proposed in [28]. Variable BI-CG algorithms for symmetric positive
definite problems are implemented on parallel computers [19,29]. If the ma-
trix is symmetric, an adaptive block Lanczos algorithm and a block version of
Minres method are devised in [17]. For nonsymmetric problems, the BI-BCG
algorithm [6, 28], the block generalized minimal residual (BI-GMRES) algo-
rithm [1,1,4,7,9-11,36,37], the block quasi minimum residual (BI-QMR) al-
gorithm [14], the block BiCGStab (BI-BICGSTAB) algorithm [31], the block
Lanczos method [34] and the block least squares (BI-LSQR) algorithm [15]
have been developed.

In this paper, we present a block version of LSMR algorithm [4] for solving
the problem (1). Our algorithm is based on the block bidiagonalization [9].
We construct a simple recurrence formula for generating the sequences of ap-
proximations { X} such that the Frobenius norm of A7 Ry decreases mono-
tonically, where Ry = B — AX}.

Throughout this paper, we use the following notations. For two n X s
matrices X and Y, we define the following inner product: (X,Y) = tr(XTY),
where tr(Z) denoted the trace of the square matrix Z. The associated norm
is the Frobenius norm denoted by || - ||p. We will use the notation (-,-)o for
the usual inner product in R™ and the associated norm denoted by || - ||2.
Finally, 05 and I, will denote the zero and the identity matrices in R%*%.

The remainder of this paper is organized as follows. In Section 2, we give
a sketch of the LSMR method and its properties. In Section 3, we present
the block version of the LSMR algorithm. In Section 4, the convergence of
the presented algorithm is considered. In Section 5, some numerical experi-
ments on test matrices from the University of Florida Sparse Matrix Collec-
tion(Davis [7]) are presented to show the efficiency of the method. Finally,
we make some concluding remarks in Section 6.
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2 The LSMR algorithm

In this section, we present a brief of the LSMR algorithm [4], which is an
iterative method for solving real linear system of the form

Az = b,

where A is a matrix of order n and z,b € R™.

LSMR algorithm uses an algorithm of Golub and Kahan [10], which is
stated as procedure Bidiag 1 in [32] to reduce the augmented matrix [b A] to
the upper-diagonal form [31e; By|, where e; denotes the first column of the
identity matrix. The procedure Bidiag 1 can be described as follows.

Bidiag 1 (Starting vector b; reduction to lower bidiagonal form)
Brur =b, ayvy = Aluy,

Bir1uit1 = Av; — ouy, .
— 7 i=102,... 2)
Qi41Vi1 = A" i1 — Big1vi,

The scalars o; > 0 and 3; > 0 are chosen so that ||u;|ly, = |lvil|, = 1. With
the definitions

(€3]
B2 az
Uy = [uy,ug, ... ug], Vi=[vi,v9, ... ,0], Bp= ,
Br o
Bre+1
Lit1 = [Be owsiers1], Vigr = [Vi vrs1]
the recurrence relations (2) may be rewritten as
Uk+1(Bre1) = b,
AVy, = Up11 By,
ATUk+1 = VkBg + ak+1vk+1e£+1 = Vk+1Lg+1'
BT
ATAVk = ATUk_HBk = Vk+1L£_~_1Bk - Vk+1 kT Bka
Ok+1€k41
BB,
=V k .
i |:Oék+16k+1€£:|

This is equivalent to what would be generated by the symmetric Lanczos pro-
cess with matrix AT A and starting vector ATb. As we observe the procedure
Bidiagl will be stop if Av; — ayu; = 0 or ATu;yq — Biy1v; = 0, for some i.
In exact arithmetic, we have U;?+1Uk+1 =1 and VkTVk = I, where [ is the
identity matrix.
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Hence using procedure Bidiag 1 the LSMR method constructs an approxi-
mation solution of the form x; = Vjyi which solves the least-squares problem
miny, [|ATry|, where rj, = b — Azj. The main steps of the LSMR algorithm
can be summarized as follows.

Algorithm 1 LSMR algorithm

Set fruy = b, cnvy = ATuy, @1 =y, G = a1fr, po =1, P9 =1,0 =1,
50=0, hy =v1, hg =0, zg =0,
For k =1,2,..., until convergence Do:
Br+1Ur+1 = Avg — gy,
Q1 V1 = ATule = Br+1Vks
Pk = (a% + Bl%+1)§7
Cr = Qi /pr,
5k = Brt1/Pk,
Or+1 = SpQg41,
Qg1 = CLQk41,
O = Sk—1p%,

Pr = ((6k—1pk>2 + 9%4-1) )

Cr = Cr—1Pk/Pr

Sk = Ok41/Py

Ck = CiCry

Cht1 = —5kCp _

i = hie — Orpr/ (Pk—1Pp—1) ) -1,

zp = wp-1 + (Cu/ (PkPR)) Pk

Pit1 = vkt — (Ok+1/pr) Ik,

If [}y 1] is small enough then stop,
End Do.

[N

More details about the LSMR algorithm can be found in [4].

3 The block LSMR method

We first recall the block Bidiag 1 algorithm [9]. This algorithm is the basis
for our block LSMR method.

The block Bidiag 1 procedure constructs the sets of the n x s block vectors
Vi,Va,... and Uy, Us,... such that V;'V; = 05, UFU; = 05, for i # j, and
VZ«TVZ- = I, UiTUi = I,; and they form the orthonormal basis of Rnxks

Block Bidiag 1 (Starting matrix B; reduction to block lower bidiagonal
form)
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U\B, =B, V1A, =ATU,,

Uis1Biy1 = AV, — U; AT :

L = 1’ 2, ’k7 3
VinrAips = ATUiy ~ ViBLy, [ ®)
where U;,V; € R"*%; B;,; A; € R¥*®, and Uy By, V1 A1, Ui1Big1, Vig14in

are thin QR decompositions of the matrices B, ATUy, AV, —U; AT, ATU, 11 —
VZ-B;{H, respectively. With the definitions

A7

By AT
Uk = [Ul, UQ, ..

(I Uk]7vkE[V1, ‘/'27 cee Vk:])Tk::

Bp AT
By
the recurrence relations (3) may be rewritten as:
U1 E1B, = B,
AV = Upy1 Ty,
ATUi1 = Vi + Viep1 Ae B,
where FE; is the (k 4+ 1)s x s matrix which is zero except for the rows i to
i + s, which are the s X s identity matrix. We have also vak = Is and
7T J—
Uk+1Uk+1 = I(k+1)s, where Il

is the [ x [ identity matrix. We define

ka = [Tk Ek+1A£+1} s
then

T* ¥ 5 7T
A Ukt1=Vi1 Ly,

_ _ _ _ TT
ATAV, = ATU 1Ty = Vs Leo Te = V k T
k k+14Lk k+1ltpy14k k+1 Ak+1Eg+1 k

T
=Vin |:Ak+2:’b§ilTk:| - @
At iteration k we seek an approximate solution X}, of the form
Xy, = ViYa,
where Y}, is an ks x s matrix. Let By = A By, for all k. Since
ATR, = ATB — AT AX,,
=V1A1B, — ATAV Y3,
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we have
ATRy =ViBy — Vi T Ti Yy
A BL L T
_ _ TI'T,
=Vig1 (BB — | " o Vi), (6)
k+1Ey

where E}, is the ks x s matrix, which is zero except for kth s rows, which are
the s x s identity matrix.

In the block LSMR algorithm, we would like to choose Y}, € RF** which
minimizes the Frobenius norm of AT Ry. From (6), AT R), can be written as

E\B) — TI'T},Y:

ATRy = Vi —
—Bi1EL Y

; (7)

where E, is the matrix obtained {rom F; by deleting its last block row. But
since the columns of the matrix V1 are orthonormal, it follows that:

~ 2
E\ B, — TIT.Y, - _ 7
A Rel3 = ||| 75 L | = BB T T+ [ Bisa By Yl -
BB Yy »
(8)
We now define the linear operators xj and vy as follows.
For Y € RFsxs
xx(Y) =T T,Y,
and
B
Vr(Y) = Brs1 B Y.
Then the relation (8) can be expressed as
IAT Ryl = [Ixe(Ye) — E1Ball3 + [l (Vi) 13- (9)

Therefore, Y}, minimizes the Frobenius norm of the quantity AT Ry if and
only if it satisfies the following linear matrix equation

XF (e (Yi) — ExBy) + f (¥n (Vi) = 0s, (10)

where the linear operators Xf and w,z are the transpose of the operators
and 1)y, respectively. Therefore, (10) is also written as the following

~ S A —
(T To) (T ThYy — EvBa) + (B By (Brir Ey Vi) = 05 (11)

Hence, Y}, is given by R
Yy, = T, ' Fy,

where
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Ty = (T Ty)? + ExByy1 Bin By, Fr, =T TE1\By.

We define the matrix T, as follows:

A, By
_ 7T, By Ay
BB, - gk
By Ay
Bit1

where A; = A; AT + B;ﬂ_lBiH, fori=1,2,..., k. Therefore

~ J P P

Ty =TT, F,=[A41B1)"(B2B1)"05...04]",
and the approximate solution of the system (1) is given by

X = kal;le'

(13)

Suppose that using the QR decomposition [11], we obtain a unitary matrix

@}, such that

(@1 B, §3 B
s B3 64
. . R, . . .
Tk: = Q l: :| Rk - — —
Osxks Q2 B Ok
Qp—1 By
Qg |

)

where Ry, is upper triangular as shown and @;, 3;, 0; are the s x s matrices.

So,
= —=T= \_1
X =Vi(R, Ry) " Fy.

By setting

= = =1

P,=ViR, =[P P,... P,
and . .

Fro=R, Fe=[el 93 ...0f]",

we have

Py = (Vi — P20y, — Pr_1B),)a;, ",
Xp = Xp—1+ Prop.

From (15) the residual Ry, is given by
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Ry = Rg—1 — APy, (16)

where AP can be computed from the previous AP;’s and AV} by the simple
update 3 B
AP, = (AVk — APy _50), — APk_lﬁk)agl.

In addition, as [4], we show that the |Rg||r can be estimated by a simple
formula. By transforming T} to block upper-bidiagonal form using a QR

factorization: []f)k] = @kHTk with @k—H = ﬁk ... ]31, we have

R, =B — AX,
=U;B; — AV .Y,
=Upt1(E1 By — Ty Ys)

~

= Uk+1@£+1(@k+lE1Bl - {%k} Yi).

Since the columns of the matrices Q41 and ﬁk_H are orthonormal, we have

~

A R
IRullr = 1Qun sy~ | | vl (17)
With definitions
@kHElBl = [B}F ngl 51{ BkTH]Ta EkY = [7~'1T Nka1 7"kT]T7 (18)

the following Lemma shows that we can estimate ||Ry||r from just the last
two blocks of Q11 E1 B and the last block of RY.

Lemma 1. In (17) and (18), B; = 7; fori=1,2,... k— 1.

Proof. The proof is similar to that of Lemma 3.1 in [4] (see [28]). O

For the Frobenius norm of AT Ry, by using Theorem 1 (in section 4), we
can also obtain the following simple formula:

IAT Re||% = |A" Ry ||F = llellE,  with [|ATRo|lp = [[Billr = [lvoll -

Now we can summarize the above descriptions as the following algorithm.
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Algorithm 2 Algorithm (BI-LSMR )
Set XO = On><s7
Set ag = 0Oy, 5_1 = 0y, Bo = I, ¢g = 04, 3_1 = 0y, 30 = I,
Set P_1 = PO = Onxsa
Compute U; B; = B, V1 A; = ATU; (QR decomposition of B and ATU;),
Set El = AlBl,
Set Y—-1 = OS, $o = —El,
Set || AT Rollr = llol| 7,
For k =1,2,..., until convergence Do:
Wi = AVy, — U, AT,
Urt1Bri1 = Wi (QR decomposition of Wy),
Ap = ARAL + Bl | Brs1,
S = ATUysq — Vi BT, 4,
Vir1Ars1 = Sk (QR decomposition of Sy),
By = Akt}BkJm
By =dp—2By,
A = Ch—18k + di—14y,
Br = Ar—1Bk + bp—1 A4k,
O = bi_2By, -
Compute an unitary matrix Q(ay, bg, ¢k, dx) such that
il ) - 15
Cp di| [Bey1] [ 0]
o = —5;T(95¢@—2 + 55%—1)7
P, = (Vi, = Py—20y — P18,
Xk = Xp—1 + Puypy,
Ry = Ri_1 — APy,
JAT Rel[% = IIAT Re 113 — lonll3
If | AT Ry.||F is small enough then stop,
End Do.

The BI-LSMR algorithm will be break down at step k, if @y is singular.
This happens when the matrix {Bak ] is not full rank. So the BI-LSMR
E+1
algorithm will not break down at step k, if By is nonsingular. We will not
treat the problem of breakdown in this paper and we also assume that the
matrices Bj’s produced by the BI-LSMR algorithm are nonsingular.

We mention that, we can use the BI-LSMR algorithm for computing a
matrix solution X to the problem

minimize||AX — B|lp, A €R™" BeR™® s< min{m,n},

where m > n or m < n. In Section 5, we present the results of the BI-LSMR
algorithm for this kind of problems.
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4 The convergence of the BI-LSMR algorithm

In this section, we aim at studying the convergence behavior of the BI-LSMR,
method. We first give the following lemmas.

Lemma 2. Let P;,i = 1,2,...,k, be the n X s auxiliary matrices produced
by the BI-LSMR algorithm and Ry, be the residual matriz associated with the
approzimate solution Xy, of the matriz equation(1). Then, we have

(ATAP)T AT Ry, = 0,.

Proof. Using P, = VkEIZl and equation(4), we have

AT AP, = AT APE,

= ATAV,R,, E,
_ T, | ——1—
| g B | (19)

From (19), and (7), we have

E\B, — TTT,Yy

—=T—=-T — —T —T —
(ATAP)T(ATRy) = By Ry [T T (Bini )T | Vil Vi |2 7
BB Yy

—T——T ~ —  =T.p= =T
= Ey Ry, (T) To(E1 By = T}, TiYy) — (Bi1 By ) Bri1 By Vi)

= 0. (from (11))
We note that V41 is orthonormal, thus VZHVI@—H = I(kt1)s- O
Lemma 3. Let P;,i = 1,2,...,k, be the n X s auziliary matrices produced

by the BI-LSMR algorithm. Then we have the following property

PTATAAT AP, = I,.

Proof. Using (19), (12), (13) and (14), we have
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——1

(ATAP)T(ATAP)) = (Vi1 R, E)" (Vi

— =T
BiE;
TIT,

K3
S —

Bit1E;

771Ei

)

R;

B [ o) @0 || R,

—T I s —
= Ei [Iks Oksxs] |:O kk :| Ez
sxks
—E B =1,
O

Theorem 1. Let X, be the approzimate solution of (1), obtained from the
BI-LSMR algorithm. Then

IAT Ri|lp < [|AT Rl
where R, = B — AX},.
Proof. From(16), we have
ATRy, 1 = ATRy, + AT APy,

Using Lemma 2, since AT Ry, and AT AP, are orthogonal, we have

IAT Ri—1]|E = [IA" Rl + [ A" APegr| 7
Thus

IAT Ri|[5 = | AT Rye—1|I% — [ AT APeg |3
Using Lemma 3, we have

IATRe||% = AT Ri—1 |7 — Il
IAT Rillp < | AT Ry |-

O

Theorem 1 is helpful in showing that if ||k ||F is not very small in each
iteration of the BI-LSMR algorithm, then the BI-LSMR algorithm will be
stopped after a finite number of iterations. Otherwise, it is possible to occur
stagnation. In this case, we can apply a reliable preconditioner for the block
linear system of equations (1).
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5 Numerical examples

In this section, we consider the system AX = B, where A € R™*", B €
R™*s X € R™"*% and we present numerical results for several matrices taken
from the University of Florida Sparse Matrix Collection (Davis [7]). These
matrices with their properties are shown in Table 1. Our implementation is
done on MATLAB version 07 on a PC machine with 4 GB RAM. Moreover,
for the initial guess Xy = 0,,xs and B = rand(m, s), where the function rand
creates an m X s random matrix with the coefficients uniformly distributed
in [0, 1]. The stopping criteria is set to || AT Ry||r/||Rellr < 10710 x ||A| p.

Diagonal scaling was applied to the columns of [A, B] to give a scaled
problem AX = B, in which the columns of [A, B] have unit 2-norm. By
scaling, the number of iterations of BI-LSMR for convergence reduced satis-
factorily.

In Table 2, we give the ratio ¢(s)/t(1), for s = 5,10, 20, and 30, where ¢(s)
is the CPU time for BI-LSMR algorithm and #(1) is the CPU time obtained
when applying LSMR for one right-hand side linear system. Note that the
time obtained by LSMR for one right-hand side depends on which right-hand
was used. So, t(1) is the average of the times needed for the s right-hand
sides using LSMR. The results of Table 2 show that the BI-LSMR algorithm is
effective and less expensive than the LSMR algorithm, because the indicator
t(s)/t(1) is less than s.

To show that the Frobenius norm of residual matrix decreases monoton-
ically, we display the convergence history in Figure 1 for the systems corre-
sponding to the matrices of Table 2 and BI-LSMR algorithm. In this figure,
the vertical axis and horizontal axis are the logarithm in base 10 of the Frobe-
nius norm of residual matrix and the number of iterations to convergence,
respectively. We observe that for all matrices the Frobenius norm of residual
matrix decreases monotonically.

We display the convergence history of BI-LSMR and BI-LSQR in Figure
2 for the system corresponding to the matrix LPnetlib/Ip_pilot. Figure 3
(left and right) shows both solvers reducing ||AT Ry | r/|Rk||r and ||Ri| r
monotonically and similarly.
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Table 2: Effectiveness of BI-LSMR, algorithm measured #(s)/t(1)

Matrix\s 5 10 20 30
Hamm/add32 0.47 0.95 3.07 5.39
Simon/appu 1.24 1.89 3.21 5.13
HB/fs6801 0.27 0.38 0.97 1.19
HB/grellb 0.99 0.51 3.41 8.57
HB/gr-30-30 1.55 1.72 2.05 2.53
LPnetlib/lpadlittle 0.37 0.42 1.63 12.54
LPnetlib/lp_maros 2.92 3.75 6.79 12.36
LPnetlib/lp_pilot 2.40 4.95 15.90 22.92
LPnetlib/lp_sc205 0.70 1.30 2.11 4.70
Bai/pde2961 0.33 0.52 0.98 1.14
Bai/pde900 0.49 0.72 1.10 1.47
Bai/rdb32001 0.30 0.39 0.38 0.76
HB/sherman4 0.37 0.50 0.54 1.03
T [p
e 56801 . i = = =p pilot
et e
oo}
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Convergence history of the BI-LSMR algorithm with s=20
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Figure 2: BI-LSMR and BI-LSQR solving a linear system AX = B with s = 20: problem
LPnetlib/1p_pilot
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6 Conclusion

In this paper, we have presented a block version of LSMR algorithm for
solving linear systems with multiple right-hand sides. We derived a sim-
ple recurrence formula for generating the sequence of approximate solutions
{X}} such that the Frobenius norm of the quantity AT R, decreases mono-
tonically. In addition, we studied the convergence of the presented method.
Besides, we showed that in absence of the break down condition, the pre-
sented algorithm always converges. Numerical results have shown that the
new algorithm obtains the results which are effective and less expensive than
the LSMR algorithm applied to each right-hand side.
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A practical review of the Adomian
decomposition method: computer
implementation aspects

A. Molabahrami

Abstract

In this paper, a practical review of the Adomian decomposition method,
to extend the procedure to handle the strongly nonlinear problems under the
mixed conditions, is given and the convergence of the algorithm is proved.
For this respect, a new and simple way to generate the Adomian polynomials,
for a general nonlinear function, is proposed. The proposed procedure, pro-
vides an explicit formula to calculate the Adomian polynomials of a nonlinear
function. The efficiency of the approach will be shown by applying the pro-
cedure on several interesting integro-differential problems. The Mathematica
programs generating the Adomian polynomials and Adomian solutions based
on the procedures in this paper are designed.

Keywords: Adomian decomposition method; Adomian polynomials; Non-
linear integro-differential problems; Series solution; Strongly nonlinear prob-
lems; Explicit machine computation and programs.

1 Introduction

To construct series pattern solution for a problem with strong nonlinearity,
it is necessary to construct nonlinear terms of the governing equation in
the form of a series by using the components of the solution series. To the
end, one of the best and suitable way is to use the Adomian polynomials.
The so-called Adomian polynomials are used to deduce the recursive relation
during the implementation of the Adomian decomposition method (ADM)
while solving nonlinear problems. The main aim of the present paper is to
provide a simple and new method to handle a strongly nonlinear problem
by using ADM in the frame of a symbolic computer program so that by
giving linear operator, it generates: initial guess, integral inverse of the linear
operator, recursive relation and the terms of solution series automatically.
To achieve this purpose, we first propose an explicit formula to calculate the
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Adomian polynomials and the Adomian series of a general nonlinear function
and implement the proposed algorithms in Mathematica. In this respect, we
first outline the modifications of some definitions as already given in [8]. Let
u be a function of the parameter A, whose Maclaurin series is given by

+00
u(A) = Zun)\". (1)

This series is called the parametric series of u.  Let ¢ be a function of the
parameter A, the mth-order parametric derivative of ¢ is

1 0m¢

, (2)

A=0

where m > 0 is an integer. The mth-order Adomian polynomial of ¢ is

A (1) = Dy [p(u(N)], 3)

where m > 0 is an integer and A,,(¢(u)) = Ap (P(w); ug, Uty .oy Up)-

Remark 1. For the case 0 < A < 1, the parametric series (1) and parametric
derivative (2) reduce to homotopy series and homotopy derivative respectively
(8].

Several algorithms [3,5,12,13] for symbolic programming have since been
devised to efficiently generate the Adomian polynomials quickly to high or-
ders, for example, a convenient formula for the Adomian polynomials is the
rule of Rach, which reads (see Page 16 in [1] and Page 51 in [2])

n

An(f () =D fP(uo)Clk,n), n > 1, (4)

k=1

where the C(k,n) are the sums of all possible products of k components
ui, 2 =1,2,...,n — k + 1, whose subscripts sum to n, divided by the factorial
of the number of repeated subscripts. An equivalent expression of Equation
(4) is

n
uPs
An(f(u) = > fortrette) () [T =5, n> 1. (5)
p1+2p2t...tnpL=n s=1 Pse

In the present paper, we propose an explicit formula to calculate the
C(k,n) in (4) and we show that for rapid computer-generation of the Ado-
mian polynomials there is no need to use the (5).
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2 Adomian polynomials for a general function

In this section, we first outline two theorems as already given in [7,10]. Then
using them, we propose a new theorem which provides a new and simple
way to calculate the Adomian polynomials for a general smooth function.
Here, we mention them with a minor modification. For simplicity, we use the

following notation
m

~ i
Up,n = E u; A"
i=n

Theorem 1. For function f(u) = u*, the corresponding mth-order Adomian
polynomaal is given by

m 1 ro
k
A (u”) = E Um—ry § Ury—ry § Upg—rg - -+

’1"1:0 7’2:0 7‘3:0
Tk—3 Thk—2
E Ury_g5—rh_2 E Ury_g—rp_1Urk_1> (6)
Tk—2=0 rr—1=0

where m > 0 and k > 0 are positive integers.
Proof. Considering the definition (2), refer to [10]. O
Theorem 2. For parametric series (1), it holds
D [f (@(A)] = Do [f (n,0)]
where f is a smooth function.
Proof. Refer to [7]. O

Corollary 1. From Theorem 1, we find

+oo k +oo
Uk()\) = (Z Un)\n> = ’U/g + Z Am(uk))‘ma (7)
n=0 m=1
where the Adomian polynomials A, (u®) are given by (6) .

Remark 2. It is clear that A,,(u*) in Theorem 1 can easily be calculated
by a simple code by using a symbolic software such as Mathematica. For this
respect, the Code. 1, reported in Appendix, can be used in Mathematica.
For instance, by ADPforPowerLaw[4,6], the A4(u®) is calculated as follows

Ay (u®) = 15uut + 60uduiug + 15ugus + 30ujuius + 6uduy.

Corollary 2. From Theorem 2, for m > n, we find
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Dy, [(f(aoo,n)] =Dy, [f(am,n)] y

where [ is a smooth function.
Corollary 3. From Corollary 2 and Theorem 1, for m > k, we find

m—1 ry Tk—3 Th—2 k—2
~ k 2 : 2 : 2 :
]D)m |:(um,1) :| == tee urk,1 H uTj—T"j+17 (8)
7‘1:0 T2:0 Tk72:0 ’I‘k71:0 ]:0
roFT] Th_2FTk—3 Th—_1F£Tk_2

where ro = m.
Corollary 4. It is easy to see that

. 0, m <k,
D'rn |:(u7n,1)k:| - {ullc m=k. (9)

Corollary 5. Let kn > m+1 and n > 1, we find

D,, [(aoo,n)’“} —0.

Remark 3. A sample Mathematica program for D,, [(ﬁml)k] in (8) is

given by the Code. 2 reported in Appendix. An alternative way is to use
the Theorem 1 by taking ug = 0. To achieve this purpose, In Code 1, in the
last command, the Expand[Dy, ] is replaced by Expand[Dy, ]/ uo — 0.

The following theorem provides a suitable and simple way to construct a
recurrent relation for a general smooth function appeared within a structure
with nonlinear terms in the equations.

Theorem 3. Assume that f(u) has the Taylor expansion with respect to
ug, then

™ (k)
A (@) =3 T, @, (10)
k=1

Proof. Expanding f(u) in Taylor series with respect to ug, one has

2 9
£y = o) + 30 T () (1)

k=1

From the (11), we have

0 £() (y
Am [f (u)] =Dy, Z fT('O) (u()\) - Uo)k )

k=1

recalling the Corollaries 5 and 2, we find
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m (k) " m (k-) "
An (7 @) =Y 50, [0 - w)] =3 58D, [@n0)").
k=1 ’ k=1 ’

This ends the proof. O

Remark 4. The expansion (11) is rigorously guaranteed by the Cauchy-
Kovaleski theorem. In fact, by using this theorem the Taylor expansion
about the function ug(z) can be seen as an expansion in Banach space [4].

Remark 5. The expression D,, [(ﬁml)k] in (10) can easily be calculated by
(8) or Theorem 1 with taking ug = 0.

Corollary 5. From Theorem 3, we find

400

F(N) = fuo) + Y wmA™, (12)

m=1
where Wy, = Ap (f(uw)) can be calculated by (10).

Remark 6. To calculate A,,(f(u)), the Code. 3, which is given in the Ap-
pendix, can be used in Mathematica. Using the AdomianPolynomial[f[u], m],
form = 1,2, 3, 4, the corresponding Adomian polynomials are given as follows

A1 (f(u)) = urf'(uo),

As(f(u)) = uzf'(uo) + 3ui f” (uo),

Az(f(u)) = uzf’(uo) + urua f” (uo) + gui f” (uo),

Aa(f(u)) = uaf'(uo) + {5 (24u3 + 48urug) f” (uo) + Fuiua f” (uo) + gzutf@ (uo).

Also, the Code. 4, reported in Appendix, shows an alternative way to calcu-
late the Adomian polynomials by using the (3) and Corollary 2.

2.1 An improvement for the Rach’s rule

According to (4) and Theorem 3, we find

Clhn) =~y [(@00)'].

thus, the Rach’s rule gets its explicit presentation.
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3 A practical review of the Adomian decomposition
method

In this section, we propose a practical review of the ADM and implementation
it as an automatic program in the frame of a symbolic software such as
Mathematica.

Adomian decomposition method [1], was first proposed by Adomian in
1988 and was further developed and improved by Adomian [2,3]. To illustrate
the ADM for solving a general nonlinear problem, consider the following

nonlinear problem
N(u) = f,
{szm 13)

where N is a general nonlinear operator, B is a linear initial/boundary op-
erator, u is the unknown function that will be determined and f and g are
given functions. An especial case of (13), f = 0, was given in [9]. The ADM
consists in looking for the solution of Equation (13) in the series form

“+o0
=g+ Y u (14)
n=1

where wug is an initial guess and has the property
B(uo) = fo, (15)
and the other components of the solution series (14) have the property
B(un) =0,n > 1. (16)

Thus, from (15) and (16) the solution series given by (14), satisfies the condi-
tions of (13). For the nonlinear conditions, the ADM needs an improvement.

To construct series pattern solution, (14) by ADM, in the first step the
nonlinear operator N is decomposed as

N (u) = L(u) + N(u), (17)

where L is a linear operator and N = A — L. To continue in ADM, the
nonlinear operator N is decomposed as

“+oo
N(u)=>_ Ay, (18)

n=0

where A,, is the nth-order Adomian polynomial of N. Using (17), the Equa-
tion (13) becomes
L(u) + N(u) = f,
19
{5 1)
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by ignoring the condition B(u) = fo, the solution of Equation (19) satisfies
u=u,+ L '[f] = L[N (u)], (20)

where u, is the general solution of the linear equation L(u) = 0 and L™! is
the integral inverse of L. Now, by substituting (14) in (20) and considering
(18), we get

Ug = Ug,
{un — (1= X)L f] = L A, > 1. 21)
where
)0, n<,
Xn = 1, n>2.

Recalling the condition B(u) = fj, we have

{uo = B(uy) = 22)

Thus, the recurrent relation to find a series pattern solution of Equation (13)
by means of ADM is

uy = u*g‘,
L 2l 2 - 0], B =0 29)
let uParticular = L™ [—A,_1] + (1 — x») L7[f], then, for n > 1, we find

Uy = u:,
(24)
u, = uParticular + uParticularStar,

where uParticularStar =B (L™ [A,—1]) — (1 — x») (B(L™[f])). It is impor-
tant to notice that the definition of the integral inverse L=! in (23), depends
on the condition (16). L= in (24) can be defined such that the L[] gives
a particular solution of the equation L(u) = .

Remark 7. It should be emphasized that the main step of the ADM is
to choose a proper linear operator. According to (24), the linear operator
should be defined so that

1. The following problem has a solution

L(ug) =0,
{B(U(O)) = fo- (25)

According to the Equations (20) and (21), the problem (25) gives the
initial guess.
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2. The following equation has a solution

B (L™ [Ap—]) — (1= x(n)) B (L7'[f]) = B(uy), (26)

where n > 1. This equation helps to define the integral inverse of L.

3. The solution series, given by (14), is convergent. For this respect, some
conditions have been given in [11].

3.1 Decomposition series and convergence analysis

An important hypothesis in ADM is the composition of the nonlinear operator
N as shown in (18). There are some serious questions about (18) such as,
from where does the series Z;ﬁ% A, derive? Does it always converge? Is
its sum really N? What are the other series that we could use instead of

::6 A,? In order to answer these questions, and also, in order to explain
some other issues, Gabet proposed a theory which explains and justifies the
practical method [6]. In this subsection, we answer to the above mentioned
questions by using the results of the section 2.

To derive (18), from (12), under the assumptions of the Theorem 3, we
have

+o0
N(u(X) = N(ug) + Y AnA", (27)

where A, is the nth-order Adomian polynomial of N. Let the parametric

series (1) is convergent at A = 1 and s = ::B Up, then
“+o0
N(s)=Ag+ Y _ An. (28)
n=1

According to the (23), it is clear that if the solution series (14) is convergent
to s, then the decomposition series >/ °% A, converges to f — L(s). On
the other hand, according to the (23), the decomposition series Z:i% An
converges to N(s). Therefore, if the solution series given by ADM, of the
form (14) generated by (24), is convergent, then it must be an exact solution
of the considered nonlinear problem, denoted by (13). Bearing in mind the

above discussion, we can express the following theorem on the convergency
of the ADM.

Theorem 4. Assume that the ADM solution series given by (14) and
(24) is convergent, then, under the assumptions of the Theorem 3, it must be
an ezxact solution of the (13).
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4 Test examples

To show the efficiency of Theorem 4, described in the previous section,
some examples are presented. We consider the mth-order nonlinear integro-
differential equation with variable coefficients

m

B
Z fr(z)u™ (z) + )\/ K(z,t)F(u(t))dt = g(x), = € [a,b], (29)
r=0 a

where F(u(z)) is a function of u(z), K(x,t) is the kernel of the integro-
differential equation, X\ is a parameter, g(z) is the data function, f.(x) is
a function with respect to x, u(x) is the unknown function that will be
determined. For the Fredholm and Volterra kinds we take 8 = b and =z
respectively. We consider Equation (29) under the mixed conditions

—

m—

Z (arju(r)(a) + brj’u,(T)(b) + crju(r) (c)) =pu;, 7j=0,1,2,...,m—1, (30)

r=

where a,;, byj, ¢;; and p; are constants, and ¢, a < ¢ < b, is a constant. For
the linear case, it is assumed that F(u(z)) = u(x). The computations will
be performed using the program ADMforIDEs reported in the appendix.
The program ADMforIDEs has designed in a general manner so that, for
a given problem and its related linear operator, it calculates the integral
inverse of the linear operator, initial guess, recursive relation and the terms
of solution series automatically.

For Examples 1-4, we choose the linear operator as follows

2
Lule) = -u(a), (31)

therefore, from the (22) and (31), we find
uo(x) = . (32)

We emphasize that no attempt has been made here to obtain all solutions of
a given problem.

Example 1. Consider the following nonlinear problem

An exact solution is u(x) = x. Starting by (32), the recurrent relation (24)
gives
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up(z) =0, n>1,

therefore, using the ADM, the exact solution of Equation (33) is obtained as
follows

u(w) = uo(x) + Y un(z) = 2. (34)
n=1
Computations have been carried out by program ADMforIDEs. The list
of commands is as follows
conditions|u_] := {(u[z]/.x — %) + (D[u[z], z]/.x — 0) — %,
2% (ufa]/.x — 1) + (Dlula],al/.x — 1) — 2};
Lcoef ficients = {0,0,1};
Problemcoef ficients = {—1,z,1};
ADMforIDEs[Sin[u], z,z * t,0, 5, 1,2, 5]

Example 2. Consider the following nonlinear problem

u(x) + v/ (x) — u(z) + 2 [ te=*Ddt = x — pe="
(35)
u(3) + v (0) =3, 2u(3)+ /(1) =2.

The exact solution is u(x) = x. Using the recurrent relation (24) with initial
guess (32), we find
un(x) =0, n>1,

therefore, the ADM gives the exact solution of Equation (35) as follows

+oo
u(z) = up(z) + Z up () = . (36)

Computations have been carried out with the help of the program ADM-
forIDEs. The list of commands is as follows

conditions|u_] := {(u[z]/.x — %) + (D[u[z], z]/.x — 0) — %,

2% (ufz]/.x = §) + (Dlufa], 2] /.x — 1) — 2};

Leoef ficients = {0,0,1};

Problemcoef ficients = {—1,z,1};

ADMforIDEs[Exp[—u?],z — « * Exp[—x2],2 2 x t,0,,1,2, 5]

Example 3. Consider the following nonlinear problem

o (x) + xu'(z) —u(z) + (2m +2)z fol tu?™(t)dt = x,
(37)
u(z) +u'(0) = 3, 2u(z) +u'(1) =2,

where m is a positive integer. An exact solution is u(x) = z. Recalling the
recurrent relation (24) and initial guess (32), we obtain
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up(z) =0, n>1,

therefore, the ADM obtains the exact solution of Equation (37) as follows

+oo
u(z) = up(z) + Z up () = . (38)

To achieve the computations by program ADMforIDEs, the list of com-
mands is as follows

conditions|u_] := {(u[z]/.x — %) + (D[u[z], z]/.x — 0) — %,

2% (ule)/. — 1) + (Dlula], 2]/ — 1) — 2);

Leoef ficients = {0,0,1};

Problemcoef ficients = {—1,z,1};

$Assumptions = m > 0&&Element[m, Integers];

Refinel ADMforIDEs[u?™, z, (2m + 2) * x * t,0, 1, 1,2, 5]]

Example 4. Consider the following nonlinear problem
u"(z) + 2/ (z) — u(z) + 2ty fol t 2/ u(t)dt = x,

u(%) +u/(0) = %, 2u(%) + /(1) =2,

(39)

where m is a positive integer. An exact solution is u(x) = z. Putting to use
the recurrent relation (24) and initial guess (32), we get

un(x) =0, n>1,

therefore, the ADM leads to the exact solution of Equation (39) as follows

+oo
u(z) = ug(x) + Y un(z) = 2. (40)

For performing the computations with the help of the program ADM-
forIDEs, the list of commands is as follows

conditions|u_] := {(u[z]/.x — %) + (D[u[z], z]/.x — 0) — %,

2 * (ulz]/.x — %) + (Dlu[z], z]/.z — 1) — 2};

Leoef ficients = {0,0,1};

Problemcoef ficients = {—1,z,1};

$Assumptions = m > 0&&Element[m, Integers];

Refine[ADMforIDEs [ 2%/u, z, 2241 w35 1,0,1,1,2,5]]

Remark 8. In Examples 1-4, the first-order iteration gives the exact so-
lution.

Example 5. Consider the following problem



40 A. Molabahrami

(41)
u(0) =1,
we choose the linear operator as follows
d
L(u(x)) = —u(z) + u(x), (42)

dzx

therefore, from the (22) and (42), we find ug(x) = e~®. Putting to use the
recurrent relation (24) and obtained initial guess, we have

1
up () = 5(6 —1)%e” = 1)e ™ n>1,

therefore, the ADM leads to the exact solution of Equation (39) as follows
+oo 1
u(e) = ug(x) + Y un(x) = ge (" + 7T H 1 ve) . (43)
n=1

For performing the computations with the help of the program ADM-
forIDEs, the list of commands is as follows

conditions|u_] := {(u[z]/.x — 0) — 1};

Leoef ficients = {1,1};

Problemcoef ficients = {1,1};

ADMforIDEs [u, § (4 —1),1,0,1,-1,1,5]

Remark 9. The program ADMforIDEs, reported in the Appendix, mon-
itors some terms of the solution series, the number of the terms is given by
SolutionOrder. To generate the general term of the solution series (if pos-
sible) and the closed form of the solution series (if possible), the user must
be added the following commands to the end of the list of commands . It is
important to emphasis that the following commands must be used in Math-
ematica 7 or later.

ml =Input["By evaluating the obtained terms solution series, please input the index of
the term in which it is possible to generate the general term of the solution series?"];
SolutionTerms = Join[Table[u[m], {m, m1, SolutionOrder}|];

SolutionCoefficents = FindSequenceFunction[SolutionTerms, n;

Print ["uy, (z)=", TraditionalForm[SolutionCoefficents]] ;

FinalSolution = Sum[SolutionCoefficents, {n, m1, Infinity },GenerateConditions — True];
Soll = Simplify [S°% " u[n] + FinalSolution] ;

Print [”u(z): Z+°% un (z)=", TraditionalForm[SollH

n=
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5 Concluding remarks

By calculating the parametric derivative for a function of a more general type,
described in Theorem 3, the Adomian decomposition method becomes a pow-
erful analytic approach for obtaining convergent series solutions of strongly
nonlinear problems governing physical models in applied science and engi-
neering. Using the parametric derivative, some lemmas and theorems pro-
vided in ADM papers in the literature have been unified and modified here
via some new theorems and corollaries. Also, by means of the (24) the Ado-
mian decomposition method was extended to handel the nonlinear problems
with the mixed conditions.
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Appendix (Mathematica programs)

Code. 1(A sample Mathematica program for A,,(u*) given by (6))

ADPforPowerLaw[m_, k_] := Module[{}, D1 ; :=wu;;D; o := ué;
7 order
D2,j, = Z Uj—rUr; Di_,o'rder_ = Z uordev‘f'rDi—l,'r;

r=0 r=0
Print[" A”, " ("', uk,"" ) =", Expand[TraditionalForm[Dy, ,,,]]];

Code. 2(A sample Mathematica program for D,, [('&m,l)k] given by (8))

j—1
DnonUO[m_,k_] := Module[{}, D1;_ :=If[j > 0,u;,0];D; _0:=0;D2;_ := > uj_rur;
r=1
order—1
Di, sorder_ ‘= Z uo’rde'rf'rDifl,'r; Print["DZT,” (”7 a"fn,”,l” 7” ) :Nv

r=2
Expand[TraditionalForm[Dy, ,,,]]]];

Code. 3(A sample Mathematica program for A.,(f(u)) given by (10))

AdomianPolynomial[function_,m_] := Module[{}, D1 ;_ ,_:=1f[j > 0,z;,0];
j—1 order—1
Di,,O,:c, = O;DQ,j,,ac, = Z Tj—rr; Di,,order,,z, = Z xorder—rDi—l,r,:ﬁ

r=1 r=2
HDgprger_ = Iflm == 0, function/.u — uo,
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order

Z ((D[funCtionf {’lL, n}]/u - UO) /’I'L' * Dn,orde'r,u] );

n=

Print[” A" (", function,” ) =", Expand|TraditionalForm[H D,,]]]];

Code. 4(A sample Mathematica program for A,,(f(u)) by using the (3) &
Corollary 2)

AdomianPolynomiall|function_, m_] := Module[{}, glu_] := function;
Alml_]:= W(D[g[u]/u — Sum(uy, * p", {n,0,m1}], {p,m1}]/.p — 0);
Print["” A" )" (", function,” ) =", Expand|TraditionalForm[A[m]]]]];

ADMforIDEs(A sample Mathematica program of ADM for solving IDEs
given by (29))

ADMforIDEs|functionF_, functiong_, kernel_, a_, 8-, A_, ProblemOrder_, SolutionOrder_]
:= Module[{}, Fu.] := functionF; g[z_] := functiong; k[z_,t_] :== kernel;

(* — — — —Definition of the linear operator - - — — — — — — — — — — — — — — *)
L[f-] == Module[{}, Expand[z:fnglemorder (Lcoef ficients[[i + 1]] * D[f, {=,i}]D]];

(* — — — —Definition of the integral inverse of linear operator — — — — — — — *)
Linverse[f_] := Module[{Linv, u, solution}, Linv = DSolve[L[u[z]] == f, u[z], z];
solution = Linv|[[1, 1, 2]]/.C[.] — 0; Expand[solution]];

Linverse[p-Plus] := Map|Linverse, p|; Linverse[c- x f_] :== ¢ * Linverse[f]/; FreeQ|c, z];
(* — — — —Definition of the Adomian polynomials - - — - - — — — — — — — — *)
HDN horder_] := Module[{}, Dy,;_:= If[j > 0,u[j],0]; Ds_o := 0;

Dy :=1If[j >0, Zi;i ulj —r] xulr]]; Di_m_ = ;7;;1 ulm —7r]* D;_1 r;

DHy,_ function. := If[horder == 0, function/.u — u[0],

Expand[}_" | ((D[function,{u,n}]/.u — u[0]) /(n!) * Dn m)]]];

(* — — — —Definition of the initial guess - — - - — — - — — — — — — — — — — — *)
ugStar = DSolve[L[u[z]] == 0, conditions[u] == 0, u[x], z];

u[0] = First[u[z]/.ugStar];

(* — — — —Definition of theug - - - - - - - - — — - — — — — — — — — — — — — *)
ug = DSolve[L[u[z]] == 0, u[z], z];

ugl = First[u[z]/.ug];

(* — — — —Some needed commands - — — — — — — — — — — — — — — — — — — — *)
X[m.] :=1Ifm < 1,0,1]; C1 = Arrary[C, ProblemOrder|; w[z_] := ugl;
Which[ProblemOrder == 1, constants[u_] := First[conditions[u]]/._[-]— > 0,
ProblemOrder > 1, constants|u_] := conditions[u]/._[]— > 0];

f11 = constants[ul] — conditions[w];

(k————-Mainblock - — - — — - — — — — — — — — — — — — — — — — — — — — *)
For[m = 1,m < SolutionOrder,m + +, HDN[m — 1];

{Alm —1] = Zf:rgblemorder (Problemcoef ficients[[i + 1]] — Lcoef ficients[[i + 1]])

* D[u[m — 1], {z,i}] + X * Integrate[k[z, t] * (DHp,—1,pu))/-® = 1), {t, a, BY],
uParticular = Linverse[—A[m — 1] + (1 — X [m)]) * g[z]], wl[z] := uwParticular,

f12 = conditions[wl] — constants[ul], ug2 = Solve[{f11 == f12},C1],
uParticular Star = First[ugl//.ug2],
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u[m] = uParticular + uParticularStar,
Print["w”,m, ,” =", TraditionalForm[Collect[u[m], z]]] }];

References

1. Adomian, G. Nonlinear Stochastic Systems Theory and Applications to
Physics, Kluwer Academic, Dordrecht, 1989.

2. Adomian, G. Solving Frontier Problems of Physics: The Decomposition
Method, Kluwer Academic, Dordrecht, 1994.

3. Adomian, G. and Rach, R. On composite nonlinearities and the decompo-
sition method, J. Math. Anal. Appl. 113 (1986) 504-509.

4. Cherruault, Y., Adomian, G., Abbaoui, K. and Rach R. Further remarks
on convergence of decomposition method, International Journal of Bio-
Medical Computing 38 (1995) 89-93.

5. Duan, J., Rach, R., Baleanu, D. and Wazwaz, A. A review of the Ado-
mian decomposition method and its applications to fractional differential
equations, Commun. Frac. Calc. 3 (2) (2012) 73-99.

6. Gabet, L. The Theoretical Foundation of the Adomian Method, Computers
Math. Applic. 27 (1994) 41-52.

7. Ghorbani, A. Beyond Adomian polynomails: He polynomails, Chaos, Soli-
ton and Fractals 39 (2009) 1486-1492.

8. Liao, S. J. Notes on the homotopy analysis method: Some definitions and
theorems, Commun Nonlinear Sci Numer Simul 14 (2009) 983-997.

9. Molabahrami, A. Integral mean value method for solving a general
nonlinear Fredholm integro-differential equation under the mixed con-
ditions, Communications in Numerical Analysis 2013 (2013) 1-15.
http://dx.doi.org/10.5899,/2013/cna-00146.

10. Molabahrami, A. and Khani, F. The homotopy analysis method to solve
the Burgers-Huzley equation, Nonlinear Anal-Real 10 (2009) 589-600.

11. Ngarhasta, N., Some, B., Abbaoui, K. and Cherruault, Y. New numeri-
cal study of adomian method applied to a diffusion model, Kybernetes 31
(2002) 61-75.

12. Rach, R. A convenient computational form for the Adomian polynomials,
J. Math. Anal. Appl. 102 (1984) 415-419.

13. Rach, R. A new definition of the Adomian polynomials, Kybernetes 37
(2008) 910-955.






Iranian Journal of Numerical Analysis and Optimization
Vol. 5, No. 2, (2015), pp 45-58

An adaptive meshless method of line
based on radial basis functions

J. Biazar* and M. Hosami

Abstract

In this paper, an adaptive meshless method of line is applied to distribute
the nodes in the spatial domain. In many cases in meshless methods, it is
also necessary for the chosen nodes to have certain smoothness properties.
The set of nodes is also required to satisfy certain constraints. In this paper,
one of these constraints is investigated. The aim of this manuscript is the
implementation of an algorithm for selection of the nodes satisfying a given
constraint, in the meshless method of line. This algorithm is applied to some
illustrative examples to show the efficiency of the algorithm and its ability to
increase the accuracy.

Keywords: Adaptive Meshless Methods; Meshless Method of Line; Radial
Basis Functions.

1 Introduction

In the last decade, application of radial basis functions (RBF's) in the mesh-
less methods, for numerical solution of various types of partial differential
equations (PDEs) has been developed [9-11]. One of the main advantages
of this method is the mesh-free property. Meshless methods do not typically
need a mesh. They need some scattered nodes in the domain that can be
selected uniformly or randomly. This is one of the important properties of
the meshless methods. An alternative meshless method is an approach that
uses a mesh to obtain a good set of nodes based on the problem options (such
as the form of equation, initial or boundary conditions). These methods are
known as adaptive meshless methods. Early researchers have incorporated
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the adaptive methods in several schemes [1,28,29,34,36]. In this paper an
adaptive method known as Equidistribution [7,14] is introduced for selecting
a set of nodes under a specified criterion on the set. The criterion is that
in the set of nodes, the ratio of the largest distance to the smallest distance
must be smaller than a given parameter k. Kautsky and Nichols introduced
an algorithm to enforce this criterion in the Equidistribution algorithm [7].
In this research, this algorithm is applied in meshless method of line to im-
prove the accuracy of the method. This paper is presented as follows. In
Section 2, radial basis functions are introduced. In Section 3, an adaptive
method is described for selecting a set of nodes and an algorithm is intro-
duced based on the given criterion. Section 4, is devoted to presenting some
illustrative examples, and comparing the numerical results of uniform and
adaptive meshes.

2 Radial basis functions to approximate a function

In this section some essential points about radial basis functions (RBF's), are
introduced. For more details, interested readers are referred to [1,9-11,19,37].
Suppose that a real function u = u(z), = € R, should be approximated. An
approximation to u, by radial basis functions, will be defined as the following

N
w(@)= Y Aelllz—gzl) A eR.
j=1

Where z,z; € R?, and norm is the Euclidean norm, and ¢ is a RBF on R<.
An RBF is a real valued function which is only dependent on the distance r,
between z and a point z; € R4(r = ||z — ,||). Some of important RBFs are:

¢(r) = V1 + 2r? Multiquadrics (MQ),

©(r) = 1/(1 +&?r?) Inverse Quadratics (IQ),

©(r) = 1/3/1 + 2r2 Inverse Multiquadrics (IMQ),
o(r) = e Gaussian (GA),

where ¢ is called the shape parameter. NV distinct nodes x; are called central
nodes. In matrix notation, the approximated function w*(x) is denoted as
follows,

N
u (z) =Y Ajo(r;) = ®'(r) A, (1)
j=1
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where

(I)(r) = [90(’"1)7@(7“2% ""(p(TN)}t’ A= [)‘17)‘27 "'7)‘N]t7 @(rj) = W(”‘T - xjH)»

A, is the vector of coefficients, that will be determined. By considering
u*(x;) = u;, equation (1) can be presented as a system of equations AX = U,
where, U = [u1, ug, ..., un]’, and by considering ¢(r;;) = ¢(||x; — ;).

A= [(I)t(rl)» (I)t(/r?)a ey (I)t(rN)]tv

where ®'(r;) = [o(1:1),¢(ri2), ..., p(rin)]. By solving the system of equa-
tions A\ = U, the unknown vector A will be determined. There are several
factors affecting the RBF interpolation process, such as central nodes distri-
bution, shape parameter, etc. In this paper our focus is on the central nodes
distribution.

3 An adaptive meshless method

3.1 Meshless method of line

Method of line (MOL) is a general method for solving a PDE. In this method,
two sequential strategies will be followed: discretizing all directions except
one (usually the time direction for time-dependent PDEs) and integrating the
semi-discrete problem as a system of ODEs. By choosing RBF collocation
method (Kansa Method) [9,10] as integrator system, the method is called the
meshless method of line (MMOL). MMOL involves the following main steps:

1- Partitioning the spatial domain (In meshless method of line, this step is
reduced to choosing some center nodes x; in the spatial domain).

2- Discretizing of the problem in one direction (Usually, time direction in
time-dependent PDESs).

3- Approximating the solution u(z, ¢,) in each step of time by RBF-approximation
as follows

N
u(z, ty) = Z)\j o(r;) = ' (r)A Aj € R (2)

4- Substituting (2) in the governing equation and collocating z;. This leads
to a system of ordinary differential equation.

5- Solving the system of ODEs by suitable method, such as RK4 (In each
step of RK4, the solution of the problem in each time step is obtained).

This method is well-addressed in [4,15].
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3.2 Adaptive meshless method of line

In each step of RK4 in MMOL, the center nodes x; can be selected by an
adaptive mesh. Adaptivity is a well-known concept in mesh generation. The
purpose of the adaption is to change the center nodes, so that to achieve
greater accuracy. As an example, if the problem was approximating a func-
tion with a rapid change in some areas of its domain, concentrating the center
nodes in these areas could improve the accuracy of the approximation. There
are several adaptive algorithms for choosing central nodes in the domain. In
this research, methods based on Equidistribution are investigated.

Definition 1. (Equidistribution). Let M is a non-negative piecewise contin-

uous function on [a,b], and ¢ is a constant, such that n = (1/¢) f: M(z)dx
is an integer. The mesh

II: a=2x1,29,...., 0, = b,

is called equi-distributing (e.d.) on [a, b] with respect to M and c if
Xy
/ M(z)de=c, j=2..n,
Tj—1

and is called subequi-distributing (s.e.d.) on [a,b], with respect to M and c
if, for nc > f[f M,

/ M(x)de<c¢, j=2..n.
Ti—1

A suitable algorithm to produce an e.d. mesh is given in [7]. In the definition
1, the function M, often called a monitor, is dependent on the function u. A
well-known monitor function is arc-length monitor. The arc-length monitor
is defined as the following

M(z) =+/1+u2.

To find more details about the monitors and implementation of the algo-
rithm, interested readers are referred to [6,7,17].

In [31], Sarra introduced an adaptive algorithm which was developed to
RBF methods for interpolation problems and PDEs. He applied the method
for time dependent PDEs. The method is a combination of the meshless
Method of Line and an Equidistribution algorithm for producing a set of
center nodes, in each step. The algorithm is an e.d. one with arc-length
monitor. The method is summarized as follows:

In the adaptive algorithm, we start at time t° with uniform nodes. To advance
the PDE in time with the adaptive grid algorithm the method is implemented
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as follows. Assume that s7, j = 1..N, is approximate solution at time ¢"

at distinct nodes z7, j = 1..N. Then, the MMOL is used on these central
nodes to obtain approximations 5?“, j = 1..N, at time t"*!'. Next, by an
Equidistribution based algorithm, a new set of nodes is obtained based on
the properties of 371!, To obtain new central nodes, the points (z7, E?H) are
joined by straight lines and the length of the resulting polygon is computed
(Figure 1-a, 1-b). Then N equally spaced points on the polygon are found
which divide its total length into N equal parts (Figure 1-c). The new nodes
z?’“, j = 1..N, are found as the projection of these N equally spaced points
on the polygon to the z-axis (Figure 1-d). Finally, S?H is obtained by inter-
polating the values (z7, E?H). Applying this algorithm, distribute the nodes
on the spatial domain based on the approximated solution at each time step,
i.e. in step one, the nodes are distributed based on initial condition. If there
are regions of steep gradients, it is obvious that the algorithm concentrate the
nodes over these regions. In these regions, the nodes will be near together and
this fact leads to an ill-conditioned problem. Since condition number of RBF
matrix becomes very large or sometimes even close to singular. Thus, based
on the Equidistribution mesh without constraint, there is not any guarantee
to well-conditioning of the problem. Thus imposing some constraints can be
useful to overcome this deficiency. One of these constraints to control the

distribution of the nodes in the domain, is as follows

hmax

o <k, (3)
where h; = x; — z;_1. On the other hand, the introduced algorithm does not
work if the constraint be applied. To apply the Equidistribution algorithm
subject to this constraint, some modifications must be done. In addition
to the investigated constraint, there are some other constraints, such as a
constraint introduced by Kautsky and Nichols which is; the ratio of the length
of successive subintervals must be less than a parameter k. In this study we
investigate the constraint (3). In the following, an algorithm due to Kautsky
and Nichols [7] will be introduced to distribute a set of nodes for which the
constraint (3) is satisfied.

3.3 An algorithm for the adaptive nodes with constraint

Suppose that (z;,s;), j = 1,2,..,N are some data points. Our goal is to
gain a set of nodes based on the Equidistribution algorithm that satisfy the
constraint (3). Thus, an s.e.d. mesh is produced, with respect to M and c.

Theorem 1. IfII: {a = z1,29,...,2, = b} is an e.d. mesh on [a,b] with
respect to g and d, where
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Figure 1: Geometrical interpretation of the Equidistribution procedure

g(t) = max(M(t),p),

with
p = (1/k) max M(t),
tela,b]

and d = (1/¢) f;g(x) dzx (and n is equal to the smallest integer such that

ne > f; g), then Il is a s.e.d. on [a,b] with respect to M and ¢, and satisfies
in (3).

Proof. For proof and more details about the implementation of the algorithm,
see [7].

Figure 2, illustrates the effect of the constraint in the distributing of
nodes. The figure also shows the uniform adaptive nodes without constraint,
and adaptive nodes with constraint. It is obvious that the constraint omits
the huge concentration in a region.
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-+~ Equidistributed Nodes with constraint

Figure 2: The comparison of three types of distribution for a test function

4 Numerical experiments

In this section, the algorithm is implemented on two time-dependent partial
differential equations. The method is a combination of the algorithm which
is introduced in 3.1 and Equidistribution algorithm (introduced in 3.3), re-
garding the constraint (3). In fact, the e.d. algorithm is implemented in each
step of time in meshless method of line to produce adaptive central nodes
which satisfy the constraint (3).

Example 1. Consider the Burger equation

Up + Uy = UV Ugy, (4)
on the interval [-1,1]. The exact solution is w(z,t) = %ﬁijec,
where ¢ = —(z + 0.5 4+ 4.95t)/(20v), b = —(x + 0.5 + 0.75t)/(4v), and
¢ = —(xz +0.625)/(2v). The initial condition u(x,0) and the boundary con-
ditions u(—1,t), u(1,t) are specified. By choosing v = 0.0035, the equation
is solved by uniform and adaptive nodes. Meshless method of line combined
with adaptive algorithm is applied on equation (4). By choosing N center
nodes {z1, 3, ...,zy} in the domain [-1,1], at a constant time ¢, the solution
u(z,t) can be expressed in RBF-approximation as follows

N
u(e,t) = 3 A (ry) = ¥ (r)A )

Collocating (5) by {1, 22, ...,zn}, leads us to the following system of equa-
tion

AN = u, (6)

where u = [u(z1,t),u(z2,t),...,u(zy,t)]. By substituting A = A~ u into (5),
we have

u(z,t) = O (r)A  u = V(z)u(t), (7)
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Figure 3: Plots of the approximate solution and absolute error of equation (4) at t=0.5
using 50 uniform nodes (a), adaptive nodes without constraint (b), and adaptive nodes
with constraint (c)

where V(z) = ®!(z)A~! = [Vi(2),..., Vv (z)]. By substituting (7) into the
Burger equation (4), and collocating the center nodes x;, we obtain
dui
dt

+ u; (Vm(xl)u) =v (er(xz)u)v i = 132a"'aN'

This equation can be written as a system of ordinary differential equations

as du

where ® denote component by component multiplication of two vectors.
Equation (8), is rewritten as

o = Fu), )
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Figure 4: Plots of the approximate solution and absolute error of equation (4) at t=1
using 70 uniform nodes (a), and adaptive nodes with constraint (b)

where F(u) = —u ® (Vyp(z;)u) + v (Vaz(x;)u). The system of ordinary
differential equations (9) can be solved by RK4 method. In the nth step
of RK4, wu(z,t,) is approximated. As mentioned before, the center nodes
{z1,z2,...,xn} in each step can be selected adaptively. We solve the Burger
equation (4), by adaptive meshless method of line by three different distri-
bution of center nodes; uniformly distributed nodes, adaptive nodes without
constraints, and adaptive nodes with the constraint (3). Figure 3 shows the
approximate solution at t=0.5 with different center nodes. The approximate
solution by uniform nodes demonstrates that, it has the minimum accuracy in
the sharpest region of the solution. Furthermore Figure 3-b, and 3-c show the
same accuracy for two adaptive center nodes. It is important that without
constraint (3), the condition number of the RBF matrix may be very large
(close to singular) or singular, and RBF interpolation can’t work exactly.
Due to this fact, in this example at time 1, by 70 adaptive nodes without
constraint, the method is failed to obtain a solution (Table 1). The results of
using uniform nodes and adaptive nodes with constraint are shown in Figure
4. Table 1 illustrates the accuracy of the adaptive algorithm. It is known
that the value of the parameter k£ influence the concentration of the nodes.
Thus to illustrate the impact of the parameter k in distributing the adaptive
nodes, and in the accuracy of the results, the error norm by different values
of this parameter are investigated in Table 1.
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Table 1: The error norms of the approximate solution of Example 1
N Distribution of nodes k € Max error  RMS error  Figure
50  Uniform - 31 0.0335 0.0070 Figure 3-a
Adaptive without constraint 31 0.0054 0.0018 Figure 3-b

o =
o

Adaptive with constraint 2 31 0.0307 0.0064 -
3 31 0.0154 0.0036 -
6 31 0.0042 0.0018 Figure 3-c
0.5 70 Uniform - 31 0.0059 0.0013 -
Adaptive without constraint - 31 0.0027 0.0011 -
Adaptive with constraint 2 31 0.0023 9.65e-4 -
3 31 0.0019 8.81e-4 -
6 31 0.0022 0.0010 -
1 70  Uniform - 31 0.0650 0.0135 Figure 4-a
- 51 0.0942 0.0166 -
Adaptive without constraint - 31 NaN NaN -
- 51 NaN NaN -
Adaptive with constraint 3 31 0.3548 0.0509 -
3 51 0.0367 0.0055 Figure 4-b
6 31 0.0321 0.0067 -
6 51 0.0435 0.0087 -

Example 2. Consider the KdV equation
Up + EUUg + [ Uppe = 0, (10)
with € = 6, and g = 1. The initial condition is
u(z,0) = 2 sec h*(x).
The exact solution is
u(z,t) = 2 sec h?(x — 4t).

The computational domain is[—10,40]. The boundary conditions u(—10,¢)
and u(40,t) are determined. This problem is solved by the same method
as the example 1. Figure 5 shows the solution of the equation (10), with
uniform and adaptive center nodes. It is obvious that, by 110 center nodes,
at t=0.5, the approximate solutions using adaptive nodes have better accu-
racy. The RMS error and Max-error of the results (Table 2), shown that the
adaptive nodes with constraint result in better accuracy. If the number of
central nodes increased up to 150, the solutions by adaptive nodes have the
same accuracy. It is predictable, because when the number of nodes is large,
the e.d. algorithm leads to nearly uniform distribution of nodes and conse-
quently, the errors of approximate solutions are close. Table 2, demonstrate
the impact of N, k, and shape parameter ¢, in the accuracy of the results.
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Figure 5: Plots of the approximate solution and absolute error of equation (10) at t=0.5
using 110 uniform nodes (a), adaptive nodes without constraint (b), and adaptive nodes
with constraint (c)

Table 2: The error norms of the approximate solution of Example 2

t N Distribution of nodes k€ Max error  RMS error  Figure
0.5 110 Uniform - 0.8 0.1485 0.0389 Figure 5-a
Adaptive without constraint - 0.9 0.0460 0.0110 Figure 5-b
Adaptive with constraint 2 1.2 0.0295 0.0069 Figure 5-c
3 1.2 0.0295 0.0069 -
6 1.2 0.0295 0.0069 -
0.5 150 Uniform - 0.8 0.0205 0.0065 -
Adaptive without constraint - 0.8 0.0046 0.0014 -
Adaptive with constraint 2 0.8 0.0033 0.0010 -
3 0.8 0.0033 0.0010 -
6 0.8 0.0033 0.0010 -
1 150  Uniform - 0.8 0.0197 0.0094 -
- 1.1 0.0074 0.0034 -
Adaptive without constraint - 0.8 0.0045 0.0021 -
- 1.1 0.0054 0.0025 -
Adaptive with constraint 2 0.8 0.0033 0.0016 -
2 1.1 0.0030 0.0014 -
3 0.8 0.0033 0.0016 -
3 1.1 0.0030 0.0014 -
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5 Conclusion

In this paper, an Equidistribution algorithm has been applied to distribute
the central nodes in adaptive modes to RBF methods. To have some smooth-
ness properties, by the e.d. algorithm, the central nodes satisfying in a given
constraint are obtained. This method was applied to two nonlinear time-
dependent partial differential equations by MMOL. In numerical examples,
the results obtained by uniform nodes, and adaptive nodes with, and with-
out the constraint have been compared. The numerical results in Example
1, reveal that with adaptive nodes, a more accurate approximate solution
has been obtained. Our numerical experience shows that, in this example, to
achieve the accuracy as good as adaptive nodes, at least 150 uniform nodes
must be applied. Also in Example 2, with 110 uniform nodes, the obtained
results by adaptive nodes with constraint have better accuracy. With 150
center nodes a good accuracy has been obtained by three distributions. The
numerical results in the examples illustrate the efficiency of adaptive nodes
to solving some nonlinear PDEs with MMOL. The results show that apply-
ing the adaptive central nodes is more accurate in the problems with speed
gradient functions.

Acknowledgement The Authors are grateful to reviewers for their con-
structive and helpful comments, which helped to improve the paper.
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Application of modified simple
equation method to Burgers, Huxley
and Burgers-Huxley equations

Z. Ayati*, M. Moradi and M. Mirzazadeh

Abstract

In this paper, modified simple equation method has been applied to ob-
tain generalized solutions of Burgers, Huxley equations and combined forms
of these equations. The new exact solutions of these equations have been
obtained. It has been shown that the proposed method provides a very effec-
tive, and powerful mathematical tool for solving nonlinear partial differential
equations.

Keywords: Modified simple equation method; Burgers equation; Huxley
equation; Burger-Huxley equation.

1 Introduction

Mathematical modeling of many real phenomena leads to a non-linear par-
tial differential equations in various fields of sciences and engineering. Many
powerful methods have been presented for solving PDEs so far, such as
tanh-function method [19] and [28], sine-cosine method [29], Homotopy
Analysis method [17], Homotopy perturbation method [6], variational itera-
tion method [9] and [10], Adomian decomposition method [1], Exp-function
method [1], [11], [36] and [37], simplest equation method [7] and [4], and
many others. Most recently, a modification of simplest equation method
(MSE method) has been developed to obtain solutions of various nonlinear
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evolution equations [14], [15], [21], [31], [32], [33] and [34]. The present paper
is motivated by the desire to extend the MSE method to obtain generalized
solutions of Burgers, Huxley, and Burgers-Huxley. The procedure of this
method, by the help of Matlab, Maple or any mathematical package, is of
utter simplicity.

2 The MSE method

Consider a nonlinear partial equation in two independent variables, say x
and ¢ , in the form of

P(U,Uhux,Utt,sz, ) = 07 (1)

where u = u(z,t) an unknown function, P is a polynomial in u = u(x,t)
and its various partial derivatives, in which the highest order derivatives and
nonlinear terms are involved. This method consists of the following steps.

Step 1. Using the transformation
£ =+ wt, (2)

where w is constant, we can rewrite equation (1) as a following nonlinear
ODE:

Qu,u,u",...)=0. (3)

Where the superscripts denote the derivatives with respect to & .

Step 2. Suppose that the solution of equation (2) can be expressed as

follows
I SRR
U(f) - P l( F(f) ) . (4)

Where a; are constants to be determined later, with a,, # 0 and F(£) is an
unknown function to be determined later.

Step 3. The positive integer m can be determined by considering the homo-
geneous balance of the highest order derivatives and highest order nonlinear
appearing in equation (2).

Step 4. Calculating all necessary derivatives v/, u”,u"”, ... , and substituting

equation (3) into equation (2) yields a polynomial of % and its derivatives.

Equating the coefficients of same power of F~¢(£) to zero gives a system of
equations which can be used to solve for determining unknown constants, F'(§)
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and F’(£). By substituting obtained results into equation (3), solutions of
the equation (1) can be obtained.

3 Application of the MSE method

In this section, the modified simple equation method has been applied to
obtain generalized solutions of Burgers, Huxley, and Burgers-Huxley.

3.1 Application MSE method to Burgers equation

The Burgers equation is a nonlinear partial differential equation of second
order of the form
Up + Uy = VUgy. (5)

Where v is the viscosity coefficient [2], [22], [23] and [27]. Many problems
can be modeled by the Burgers equation. This equation is one of the very
few nonlinear partial differential equations which can be solved exactly for
the restricted set of initial function. The study of the general properties of
the equation has drawn considerable attention due to its place of application
in some fields such as gas dynamics, heat conduction, elastically, etc.
To apply MSE method on equation (4), lets introduce a variable & , defined
as

& =x— wt. (6)

So, equation (4) turns to the following system of ordinary different equation,
—wu’ +uu' = vu”. (7)

Where w is constant to be determined. Integrating (7) and considering the
integral constant to be zero, we obtain

1
—wu + iuQ = (8)

Suppose that the solution of ODE equation (8) can be expressed by a poly-

nomial in % as shown in (3). Balancing the terms u? and u’ in equation (8),

yields to m =1 . So we can write (3) as the following simple form

F(§)

F(f) + ag, a1 # 0. (9)

u(§) = a
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SO F// F/ 5
(). 1
I (10)
Substituting (9) and (10) into equation (8) and equating each coefficient of
F=i(&) , (i =0,1,2) to zero, we derive

u = as(

1
—wag + iag =0, (11)
(—w+ag)F' —vF" =0, (12)
1
(za? +vay)(F')? =0. (13)

2
By solving equations (11) and (13), the following results will be obtained

ap =0,2w,a; = —2v.

Case 1. when equation (12) turns to
wF' +vF" = 0.
So -
F' = Ae7 &, (14)

Where A is a arbitrary constant. Integrating (13) with respect &, F(£) will
be obtained as fallows
F= 7A1/ 6%5

+ B,

where B is a constant of integration. Now, the exact solution of equation
(4) has the form

—2uAe (z—wt)
_Sue#(x—wt) _’_B'

up(z,t) =

Case 2. when ag = 2w, equation (12) yields to

wF' —vF" =0.
So
F' = Aev*,
and 4
F="Yet¢ B
w

Now, the exact solution of equation (4) has the form
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2wy Aev (@=wt) B 2w?B
Aver@=wt) L wB  Aver@—wt) L B’

us(z,t) = 2w —

Note that all obtained solutions have been checked with maple 13 by
putting into the original equation and found correct.

3.2 Application MSE method to Huxley equation

Now we will bring to bear the MSE method to obtain exact solution to the
Huxley equation [3], [7], [8], [12], [13], [18], [25] and [26] in the following form

Ut = Uy + u(k —u)(u —1). (15)

The Huxley equation is an evolution equation that describes the nerve prop-
agation in biology from which molecular CB properties can be calculated.
It also gives a phenomenological description of the behaviour of the myosin
heads II. This equation has many fascinating phenomena such as bursting
oscillation [3], interspike [18], bifurcation, and chaos [35]. A generalized ex-
act solution can gain an insight into these phenomena. There is no universal
method for nonlinear equations. In this part, the exact solution will be ob-
tained by the MSE method.
By considering (6), equation (15) turns to the following ordinary differ-
ential equation,
wu' +u” +ulk —u)(u—1)=0. (16)

Balancing the terms u” and u?® in equation (16), yields to m =1 . So we
can rewrite (3) as the following simple form

F(§)
F(£)

Now by substituting 19) into equation (16) and equating each coefficient of
F~i(€) (i = 0,1,2,3) to zero, the following result will be obtained

u(é) = ay + ag,ay # 0. (17)

ag — (k+1)a3 + kag = 0, (18)

a1 F" 4+ wa  F” + (2(k 4 1)aga; — 3a2ay — kay)F' =0, (19)
—3a, F'F" + ((k + 1)a; — way — 3apa?)(F')* =0, (20)
(2a; — a3)(F")® = 0. (21)

Solving equations (15) and (22), we drive
ag = 0, 1, k,
a; = :t\/i
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Case 1. when ag = 0, equations (16) and (17) yield
F" + wF" — kF' =0, (22)

3F" +(w—k—1)F =0. (23)
By substituting equation (23) into (22), we obtain

3k
F/ll F// — O
+ (w+ P —] 1)
So
F' = Ae™ "% (24)

Where o = w + wflfq and A is a arbitrary constant. Therefore, we have

A
F'=-—=e 4B (25)
@
where A and B are arbitrary constants. By substituting (25) into equations
(22) and (23), we get

kE+1
w=—

3
+-Vk?—-6k+1,B=0.
4 4 +h

Thus, (25) can be rewritten as follows

F = -—Ze o, 26
o ° (26)

Integrating (26) with respect & , F(§) will be obtained as follows

A
F = 72670(€ + C,
«

where C' is a constant of integration. Substituting the value of F' and F’ into
equation (19), the following exact solution of equation (16) has been obtained

+v2Aae™ ¢

up(z,t) = Aot alC NPOTGE

Case 2. when ag = 1, equations (16) and (17) turns to
F" + wF" + (k- 1)F' =0, (27)

3F" 4+ ((w—k—1£3V2)F =0. (28)
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By substituting equation (8) into (27), we obtain

"4 (w _ 3(k — 1) )F// = 0.
w—k—1+£3V2
So
F' = Ae™¢, (29)
3(k—1)

where o = w — and A is a arbitrary constant. Therefore, we have

w—k—14+3v2
A

F'= "¢ 1B, (30)
[0

where A and B are arbitrary constants. By substituting (30) into equations
(27) and (28), we get

E+1 3 3
or
_ kAl

3 3
w +Z\/§ii\/k2—6k+6k\@+27+6\/§,3:0.

4

Thus, (30) can be rewritten as follows

j
a

et (31)
Integrating (31) with respect , will be obtained as follows
A
F= 726_(15 + C7
o

where C is a constant of integration. Substituting the value of F' and F’ into
equation (19), the following exact solution of equation (16) has been obtained

+v2A0e™ ¢

uae) =1 ey a20

Case 3. when ag = k, equations (16) and (17) turn to
F" +wF" + k(1 — k)F' =0,
3F" 4 (w—14k(—1£3V2))F' =0.

By using the same method applied in case 1, the following solution will
be obtained
+v2Ace™ ¢

ug(z,t) =k + A€+ o2’
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where
I 3k(1— k)
O w—14k(-1£3V2)
and
w7 k<‘i £3v2) | 2\/1 ~9k(—1+3v2) + k(—1+3v2)? — 8k + 8k

3.3 Application MSE method to Burgers-Huxley
equation

The analysis presented in this part is based on the generalized nonlinear
Burgers-Huxley equation,

Up = Ugg + wtty + ulk —u)(u — 1), (32)

which models the interaction between reaction mechanisms, convection ef-
fects and diffusion transports [20], and some special cases of the equation,
which usually appear in mathematical modelling of some real world phenom-
ena. It also gives a phenomenological description of the behaviour of the
myosin heads IT [30] and Fitzhugh-Nagoma equation, an important nonlin-
ear reaction-diffusion equation used in circuit theory, biology and population
genetics [5].

By considering (6), equation (32) turns to the following ordinary differ-
ential equation,

wu' +u” + v +u(k —u)(u—1) = 0. (33)

Balancing the terms u” and u?® in Eq. (33), yields to m = 1 . So we can
rewrite (3) as the following simple form
F/
u(§) = ai(5) + a0, a1 # 0. (34)

Now by substituting (34) into equation (33) and equating each coefficient of
F7(¢), (i=0,1,2,3) to zero, the following result will be obtained

ag — (k4 1)a2 + kag = 0, (35)

a1 F" 4 (way + apar)F" + (2(k + 1)aga; — 3aga; — ka1)F' =0,  (36)
(—=3a; + a?)F'F" + ((k + 1)a; — way — agay — 3apai)(F')* =0,  (37)
(2a1 — a? — a?)(F')3 = 0. (38)

Solving equation (35) and (38), we get
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ag = Oa 17 k7

ay = 1, —2.

Case 1. when ag = 0 and a; = 1 equations (36) and (37) yield
F" 4 wF" — kF' =0, (39)
2F" + (w—k —1)F' =0. (40)

By substituting equation (40) into (39), we obtain
2k

s F" =0.
+ (w + —— 1)
So
F" = Ae™¢ (41)
where o = w + wfill and A is a arbitrary constant. Therefore, we have

A
F' = _Ee—af + B, (42)

where A and B are arbitrary constants. By substituting (42) into equations
(39) and (40), we get
w==x(k-1),B=0,

So
a=-—1,—k.

Thus, (42) can be rewritten as follows

Fl=——e (43)

A
a
Integrating (43) with respect £ , F/(§) will be obtained as follows
A
F/ = 72670(6 + C,
a

where C' is a constant of integration. Substituting the value of F' and F’
into equation (34), the following exact solutions of equation (33) has been
obtained

Aezf(krfl)t
ul(x7t) = Aez_(k_l)t + 07
AK ekz+(k—1)t)
UQ(xv t) =

Aek(z+(k—1)t) + k2C :
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Case 2. when ag =0, and a1 = —2 equations (36) and (37) yield
F" 4 wF" — kF' =0, (44)
—5F" +(w—k—1)F" =0. (45)
By substituting equation (45) into (44), we obtain

5k)

7F//: .
w—k:—l) 0

Fv///+ (U}+

By using the same method applied in case 1, the following solution will be
obtained

2Aqe— ¢
Uil l) = Fe—og are
where
n 5k
a=w+ ————
w—Fk—1’
and

w = %(k—i—l)ig\/k?—uk—l—l.

Case 3. when ag =1 and a; = 1, equations (31) and (32) turn to
F"+(w+1)F"+(k-1)F =0, (46)
2F" + (w+3—k)F' = 0. (47)

By substituting equation (47) into (46), we obtain

2(k—-1)
F/// 1 e S FI/ — 0.
+(w+ w3 — k)
So
F" = Ae™ ¢,
where o = w+1— i(f:;j,)c and A is an arbitrary constant. Therefore, we have

A
F' = _ae—aé + B, (48)

where A and B are arbitrary constants.
By substituting (48) into equations (46) and (47), we get

w=—-1+k B=0.
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Thus, the following exact solutions of equation (33) has been obtained.

Aefor(lfk)t
o Ae—z+(1-k)t L O’

us(z,t) =1

A(l _ k)e—(l—k)(x—i-(l—i-k)t)
_ Aef(lflg)(z+(1+k)t) + (1 _ k)QC

ug(x,t) =1

Case 4. when ag = 1 and a; = —2, by using the same method applied
in case 1, the following solution will be obtained.

wrg(z,t) =1+ _ 24ae7t
[t Ae=%€ + o2C"
Where S0k 1)
- 1 AV
a=wt w—6—k’
and 13 + 3k 5}
w = ; (k+1)i§\/k2+30k+33.

Case 5. when ag = k and a1 = 1, equations (31) and (32) turn to
F"+(w+k)F' " +k(1-k)F =0, (49)

2F" + (w+ 3k — 1)F' = 0. (50)
By substituting equation (50) into (49), we obtain

2k(1 — k)

F/// k:_
(o w43k —1

)F" = 0.

So
F" = Aefo@’

2k(1—k)
w+3k—1

where « = w + k — and A is an arbitrary constant. Therefore, we

have 4
F'= "¢ 4B, (51)
(0%

where A and B are arbitrary constants. By substituting (51) into equations
(49) and (50), we get
w=-k+1,B=0.

Thus, the following exact solutions of equation (32) has been obtained

Akek@+(k—1)t)
- Ae—k@+(k—1)t) 4 20"

ug(z,t) =k
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Ak — 1)e= (=D (a+(+1)0)
Aef(kfl)(afk(k#»l)t) + (k _ 1)20

ul()({L‘7t) =k -

Case 6. when ag = k and a; = —2, by using the same method applied
in case 5, the following solution will be obtained.

2Aae~ ¢
vl ) =R e e
Where Sk(1— k)
L g7
and
w = 13;3k(k+ 1) + 2\/331:2 T30k + 1.

4 Conclusion

In this paper, modified simple equation method has been applied to obtain
the generalized solutions of some nonlinear partial differential equation. The
results show that modified simple equation method is a powerful tool for
obtaining the exact solutions of nonlinear differential equations. It may be
concluded that, the method can be easily extended to all kinds of nonlinear
equations. The advantage of this method over other methods is that in most
methods applied for the exact solution of partial differential equations such
as Exp-function method, % - expansion method, tanh-function method, and
so on, the solution is presented in terms of some pre-defined functions, but in
the MSE method, F(£) is not pre-defined or not a solution of any pre-defined
equation. Therefore, some new solutions might be found by this method.The
computations associated in this work were performed by Maple 13.
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On convergence and stability
conditions of homotopy perturbation
method for an inverse heat conduction
problem

Q. Jannati and A. Zakeri*

Abstract

In this paper, we investigate the application of the Homotopy Pertur-
bation Method (HPM) for solving a one-dimensional nonlinear inverse heat
conduction problem. In this problem the thermal conductivity term is a lin-
ear function with respect to unknown heat temperature in bounded interval.
Furthermore, the temperature histories are unknown at the end point of the
interval. This problem is ill-posed. So, using the finite difference scheme and
discretizing the time interval, the partial differential equation is reduced into
a System of Nonlinear Ordinary Differential Equations (SNODE’s). Then,
using HPM, the approximated solution of the obtained Ordinary Differen-
tial Equation (ODE) system is determined. In the sequel, the stability and
convergence conditions of the proposed method are investigated. Finally, an
upper bound of the error is provided.

Keywords: Homotopy perturbation method; Diffusion equation; Disceretiz-
ing method; Inverse problem.

1 Introduction

Inverse heat conduction problems are used to describe many important phe-
nomena in physics, chemistry, mechanics, etc. There has been a great amount
of investigation to solving inverse heat conduction problems in one and multi
dimensional spaces. Many effective methods have been provided. However,
lots of inverse heat transfer problems, which arise in natural phenomena,
such as radiational heat transfer, modelling of case hardening, gravimetry,

*Corresponding author

Received 26 October 2014; revised 8 February 2015; accepted 25 July 2015

Q. Jannati

Faculty of Mathematics, K. N. Toosi University of Technology, Tehran, Iran. e-mail:
jannati@dena.kntu.ac.ir

A. Zakeri
Faculty of Mathematics, K. N. Toosi University of Technology, Tehran, Iran. e-mail:
azakeri@kntu.ac.ir

75



76 Q. Jannati and A. Zakeri

and etc., have nonlinear forms and so they are not solvable with analytical
methods, but unfortunately, most of presented methods are useful just for
solving linear forms.

Usually these problems are ill-posed in the sense of Hadamard. There-
fore, the regularization method is a successive technique for solving ill-posed
problems and it may be applied to entire class of problems which arise from
physical observations.

Beck et al. have investigated an inverse problem in one-dimensional space
with two general procedures, function specification and regularization meth-
ods, and a method of combining these, trial function method, and have im-
plemented all of these methods in a sequential manner [3]. Lesnic et al.
in [15] and [19] have considered a special case of distributed (identification)
parameter problems in one-dimensional spaces. They have shown that for
a one-dimensional quasi-heterogeneous material with square-root harmonic
conductivity, a single measurement of the conductivity and the flux on the
boundary is sufficient to determine uniquely the unknown physical parame-
ters and the solution function. Alivanov considered the solution of inverse
problems by analytical approaches [2]. Qu and Dou [20], Lewandowski [18],
and Jia et al. [16], have studied the nonlinear diffusion equation and provided
some numerical techniques. Shidfar and Zakeri in [21] - [23] have investigated
the existence and uniqueness of a solution for a two-dimensional nonlinear
inverse diffusion problem. Also, Zakeri et al. have begun their research by
a Cauchy inverse problem and found a solution by HMP method [26] and
in continuation they have gone on by an inverse heat conduction problem
and solved it by the HPM again [27]. Also, they have applied an approach
which contained a difference method and the HPM together, and solved the
problem with a reliable accuracy [28].

In continuation of above researches our intend is investigation of suffi-
ciently condition for HPM for solving inverse heat conduction problems.

In next section, the HPM is introduced shortly and in Section 3, an ap-
proximated solution for the inverse heat conduction problem is obtained via
HPM . Then, the stability and convergence of the above mentioned method
are studied in Section 3 and Section 4, respectively . Some numerical results
are illustrated by some tables and figures in Section 6. Finally conclusions
and some suggestions for more research are given in last section.

2 Basic concepts of HPM

In this section we introduce the basic concepts of the HPM , according to [26],
in brief.
Consider the following nonlinear equation

A(u) — f(r) =0, req, (1)
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with the boundary conditions
B(u,0u/dn) =0, rel,

where A is a general differential operator, B is a boundary operator, f(r)
is a known analytic function and I" is the boundary of the domain €. The
operator A can be generally divided into two parts L and N, where they are
the linear and nonlinear parts of A, respectively. So, Eq. (1) converts into
the following form

L(u)+ N(u) — f(r) =0. (2)
In [10], He constructed a homotopy H : 2 x [0,1] — R which satisfies:

H(v,p) = (1 =p)[L(v) = L(vo)] + p[A(v) — f(r)] = 0, 3)

H(v,p) = L(v) — L(vo) 4+ pL(vo) + p[N (v) — f(r)] =0, (4)

where r € Q, and p € [0, 1] is called the homotopy parameter, and vy, is an
initial approximation for the solution of Eq. (1) which satisfies the boundary
conditions. Consequently

{ H(v,0) = L(v) = L(vo) = 0,
H(v,1) = A(v) — f(r) = 0.

Now, when p varies from 0 to 1, the homotopy H (v,p), changes from
L(v) — L(vg) to A(v) — f(r).

Applying the perturbation technique due to the fact that 0 < p <1 is
considered as a small parameter, we can assume that the solution of Eq. (3)
or Eq.(4) can be expressed as a series in the form

U:U0+pU1+p2U2+... .

When p — 1, Eq.(3) or Eq.(4) corresponds to Eq.(2) and so v becomes the
approximate solution of Eq. (2) i.e;

u=limv=vy+vy+vy+.... (5)
p—1

The series (7) is convergent for most cases and the rate of convergence de-
pends on A(v) [11,12].

In the next section, a nonlinear inverse heat conduction problem is consid-
ered. We discretize the time interval by means of backward finite difference
method and apply the HPM. Then, the approximate solution of the problem
is yield.
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3 Solution of nonlinear inverse heat conduction problem

by HPM

Let T > 0, and consider the nonlinear parabolic partial differential equation
uy — (D(uw)uy), = ®(z,t), (x,t) € Q= (0,1) x (0,T), (6)
with initial condition
u(z,0) = s(z), x€]0,1], (7)
and boundary conditions

U(O,t) = f(t)v te [OvT]v (8)
u(l,t) = h(t), tel0,T], 9)

where D(u) = a(t)u + b(t) > 0, and a, b, s and [ are known functions
such that, b(¢) is far from zero in [0, T].

If h is given, then the problem (6)-(9) is a direct problem which is
solvable by means of common numerical and approximation approaches for
solving PDEs, such as finite difference method [7], finite element method
[7], radial basis functions [4], homotopy perturbation method [13], Adomian
decomposition method [1] and so on.

Now, suppose that h is unknown. Then the problem (6)-(9) becomes an
inverse problem. Consequently, an overspecified condition, such as

Uz(07t) = g(t), te [07T]7 (1())

where g is a known function, is used.

For positive integer n, let At = % = %, ti=jAtjed,={1,2,...,n}
Put uo(z) = u(z,0) = s(z), a; = a(t;), b; = b(t;), ®,(z) = ®(z,t;), for
any j € J,, such that they are given fixed nodes. Similarly, we consider the
uj(x), as the approximated value of wu(z,t;), j € Jp.

Using the backward finite difference scheme for the term u; in the form

ut(m) = k( u?(x) - ’u’j—l(x) )7 J € Jn,

and substituting in Eq. (6), a system of second order ordinary differential
equations with respect to z is obtained. We have

d

k(uj(z) —uj—1(z)) — o

or

(alt g () 4 b(t) ey w)} = By(w), 1< 5 <,
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-1
= —d,;(x). 11
b(tj)q)J (,’L‘) ( )
For simplicity, define u(z) = (u1(x),ua(x),...,u,(2))?. Then we can

write Eq. (6) as follows
Au = Lyu— Nu=V(z,t),

where ¥(z,t) = (7;12;1()1),..., 75(’;25)1))? Moreover, L, and N are the linear

and nonlinear parts of the operator A, respectively, and are as follows:

d2
r — @a
d
Nu=— 25 (D(u,u)) + Mju+ m,
T
where )
0
i
_ b(t2) b(t
m = (b(tlf) S(I),O, . 70)Tn><1 Ml =k ’ ’ ’
0 W) B
— s a(t) a(ta) a(tn)
M2 - d’LG,g ( b(tl)’ b(t;)’ ) b(t") )7
and
Di(u(a), ¥(#)) = (us(@) o1 (1), uz(@) 2evs(@), .., un (@) 2 vn (@)

After twice integration of Eq. (6) with respect to x, and applying the condi-
tions (7)- (9), we obtain

u(x)—xg—f—/om/; Nu (z) dxdx:/ox /Or\IJ(x)dxdx,

where g=(g(t1), ..., g(ty) )", and £=( f(tr), ..., f(ta) )"
Now, using HPM and [8,26], we choose a convex homotopy such that

H (v(z),p) = v(z) — h(z) —p/oac /: Nv(z) dedx =0, (12)

and

where
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h(x) —xg—i—f—i—/ / ) dzdx,

and v(z) = (v(z,t1), ... v(z,t,) )" . Furthermore, Eq. (12) gives

v(z) = h(x) —l—p/om /01 Nv(z) dxdx. (13)

Combining Eq.s (11) and (16), we obtain the following results
v(z) =ag+f+ [ [ ¥(z) ded +

p/o /0 {M; (v(z) —us(z) ) — My . D(u(z),u(z))}dxdx, (14)

where us(z) = (s(z),u1(z),...,up—1(z))T. Thus, it is concluded that

vo(z) =h —a:g+f+/ / g)dedr = (vo(x, 1), ,vo(a, tn))” , (15)

and

/ / {M1 vo(z) — us(r)) — My % D(Vo(x),vo(x))} dud
(via,tr), — 5 vi(z,ta))" (16)

The above relations are obtained by equating the terms with identical powers
of p in Eq. (19). The approximate solution is

u(x) ~ vo(z) + vi(z) = v(x). (17)

4 Convergence and stability analysis

In this section, we use continuity of w(z,t) on the compact domain €,
and prove that v(z) ~ vo(z) + vi(z) depends continuously on the data.
Therefore, adding a perturbation term to a, b, f, g and ®, an upper bound
for errors of their solutions are found. In each case, we show that as the
perturbation term tends to zero, the solutions errors vanish.

Lemma 1. Let M(t fo |®(x,t)|dz > 0 is a bounded function such that
M(t) <M for any 0 <t<T, and vo(x) correspond to vo(x), where b(t)
is perturbed by 6b(t) in Equation (6). Then we have

|0b(t)]
[b(25)(b(t5) + 0b(t;))|

|60(I7tj)7v0('ratj)‘: OSJSH, S [071}7
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consequently, if |0b(t)] — 0, then |to(x,t) —vo(x,t)| — 0, for anyt =
tj’ j:]‘? o, N, and OSIS].

Proof. Using the Equation (15), we have

vo(z,tj) = f(t;) +xg(t x)dxdz. (18)
If b(t;) is perturbed by 0b(¢;), then

folat) = 1(6) +29(05) = 35 / / P)dedz.  (19)
Now from Equations (18) and (19), we obtain

R —6b(t
Uo(iatj) - UO(Ltj) = b(t])( + 6b / / x)dzdz,

consequently

| [0b(t)|
(z,t5)] < 16(t;)(b(t;) + 6b(t;))]

|vo(, t5) — o M, forany0<j<n,

and this completes the proof. O

Lemma 2. Let M(t) and M are as defined in lemma 1, and 0i(z,t;)
is the value of wvi(x,t;) for anyt =t;, j=1, --- , n, when b(t;) is
perturbed by b(t;) + db(t;) as in problem Equation (6), such that §b(ty) = 0.
If |6b(t;)| — 0, then |01(x,t;) —vi(a,t;)] =0, forany 0 <2 <1, and
1<j<n.

Proof. Similar to detailed proof presented for lemma 1, assume

0= [ [ i tet) — @)

_alty)  d N _
b(t,) (5 tvo(@, t5) —wo(@, t)}) hdzda.
Suppose that b(t;) is replaced by b(t;) + 0b(t;), for any j =1, --- , n.
Then we have
) i1
k
0= ] e
a( )

d d
= 5+ ob(ry) g (P00 1) g ol 1) D) }wdz,

or
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b1 (. t5) — va (2, 1) < k/ / {|“0 vo(w ), Jija () = ua (@)

19b(t;) \0 i
T i) <J>+6b<ta>>l}d !
Ja(t;)|[0b(2;)] M

[b(t;)(b(t;) + 6b(¢5))] ( [6(25)(b(t;) + 6b(¢;))]

x  max {|0g(x,t;)],|vo(x,t;)|}

mE[D 1,
n |”0($7tj)| +1f(t5)?] + \f(tj)g(tj)l)
2[b(t;)] ’

when C € R is an upper bound for |vg(x,t;) — u;—1(x)|. Therefore, for fixed
k, from lemma 1, it is derived,

s (1) — v 45)] — 0,

for 0<z<1, and 1<j<n. O

Remark 1. By an induction, it is shown that, when |6b(t;)] — 0, the
second term of the integral in the above inequality vanishes.

Theorem 1. Suppose that v(z,t;), vo(z,t;), vo(z,t;), vi(x,t;), 01(z,t;),
M, M(t), b(t;) and §b(t;), are the same as defined in lemmas 1 and 2. Then
v(z,tj) = vo(x,tj) + vi(x,t;) depends continuously on the data.

Proof. Obviously, by considering lemmas 1 and 2, the statement of Theorem
1 is proved. O

Theorem 2. Suppose that da(t;) is the perturbation term that perturbs a(t;)
to a(t;) + da(t;), and v, v1, Vo, U1, M, M(t), b(t;) and Sb(t;) satisfy
assumptions of Theorem 1. Then v(x,t;) depends continuously on the data.

Proof. The first part of v(z,t) is independent of a(t). Then, using Theorem
1, there is nothing to prove for vg(x,t;), 1 < j <n.Now we just prove that
v1(z,t;) depends continuously on the data. We have

R T[T, Dol ty) —a5-1(x)  alty) + da(ty) d
intanty) = [ [ e iy (0l oot D e,

then, it is concluded that

oo, 1;) —vol,t5)] |, lij—1(x) — i1 ()]
01 (, ;) — vy (2, 1) |<k/ /{ - +5b0( DF b)) + ob(ty)]

WG < >+5b<tj>>|}d””d$
|

|a(t;)18b(¢;)
[6(t5)(b(t5) + 0b(t5))]

M
[6(t;)(b(t5) + 0b(¢;))]

(
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x - max {loo(e, )] oo (e, 1)}

e, )]+ 14?4+ | F(t)o(t,)
e 2|b<3>| )

O

Similarly, it is shown that, the approximate solution v(x) in (17), depends
continuously on the data, when f(t), ¢g(¢) and ®(z,t) are perturbed by small
perturbation terms in their domains. So, we give the following theorem.

Theorem 3. Let f(t), g(t) and ®(x,t) be the same as defined in Equation
(6). 1f

@) — f(t) +5f(2),
g(t) — g(t) +dg(2),

O(z,t) — @(z,1) + 00 (x, 1),

and v — v + dv, then |dv(x,t)| — 0, when

max {[5f(t)] +[6g(t)] + |0®(x, )} — 0.

0<t<T

Furthermore, we have

i, 1) = v(,15)] < |6£(85)] +189(t5)] + W
|]€| 1 1 . )
N |b/ / {loo(@,t;) —vo(@, ;) + |@j—1 — uj—1|}dwd

, lalty) o
| ( )|| O(‘r t) O( ’tJ)"

Proof. We have

fola,ty) = 1(6) +87(4) + ag(t) + abo(ty) = g [ [ (@Gaity) + 0001,
J
and so
. 60(x,t;
o0, £5) — vl )] < 18 (5)] + 18g(t)| + L2 o)
2(b(t;)]

So, |0g(x,t) — vo(x,t)] — 0, when

r§a<x {6£(0)] + |0g(t)| + |6®(, )|} — 0.
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Similarly, putting

aee) = [ [ gt - ay@) - S o)

which via lemma 2 and Equation (20), simplifies to the form

Do (z, t]-))} drdz;

[01(z,t5) —vi (2, ;)] <

)‘/ / (oo, t5) — vo (@ t3)] + 51 — uj_1]} duda
J

b(t;
2'7‘5‘@ Lo (e. )~ (o)) (1)

Now, |01 (z,t) — vi(x,t)] — 0, whenever

max {[3£(8)] + [5g(0)] + 150(z, )]} — 0.

0<t<T

By adding the two sides of Equations (20) and (21), we obtain

0 16D (, ¢l
oe,t5) = vl )] < 37 ()] +109(t)] + a5
|b|k| \/ / {lo0(z,t5) — volz,t)| + |4j—1 — uj—1[}dzdz
;)]

2|b( )|| 0 ’t ) UO(x tj )|

Finally,|0(z, t) — v(z,t)] — 0, whenever

max {[0f(8)] +[0g(t)] +[0®(, t)|} — 0.

0<t<T

O

In the next section, a necessary condition for convergence of the approx-
imate solution, when the step size At, tends to zero is obtainsd.

5 Convergence conditions for the problem (6)-(9)

In this section, we apply the error term of finite difference method in the
relations (15), (16) and (17) and then convergence condition of the solution
will be investigated. So, first, we give the following theorem.

Theorem 4. Let |At b(t)] > 1 for any 0 < t < T. If |At] — 0, then
uj(z) — u(z,t), forany 0<j<n, 0<z <L

Proof. Using Taylor’s series expansion, we have
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vj(z) ~v(x,tj) + 0P,

where 6@ = Atau(gt’ej)7 and t; <0; <tji1.
So, from (18) we obtain

vola, 1) = f(t;) + gl / / 2)dwda,

or

voj = f(t;) + zg(t; x)dxdr 4 5P;.

Clearly, if d®; — 0, then vo; — wvo(x,t;)
Again, by (2 ) we have

v ty) = / / (UO z,t;) —uj—1(z)) — a(tj)(i{

b(t]') dx
thus
v__/x/zi{(v‘*(s@-)f(u- (@) — 69;_1)}
v o, Jo Hi) v
Wi, )(—{( 0j = 0®;) ——(vo; — 0%;)})dada
+ 69,
and

V15 = Ul xZ, t / / j 1)d£l?dl’

a(t;) W/z % sd. ,/ d
+ b(tj){ 5 ; vojdxé@de ; 0P; i gy — g dx}.

That means if ¢®; — 0, then vi; — v1(z,t;), and v; — v(z,t;)

O

6 Numerical results

In this section, we give a numerical example
Let

g, 1 _, nOuy T,

u(z,0) =2%, 0<z<I1,

d
vo(x, tj)%”o(% t;)})dzdx.

85
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u(0,t) = t, <t<1,
ug(0,6) =0, 0<t<I1. (22)
Obviously
(x,t)=—1t—09, at) =% e, b(t) = (t+5) et
The exact solution is u(z,t) = z2e’ +t. We obtain the approximate solution
by applying equations (15), (16) and (17), at « = 0.1,0.2, . . . , 1, where t =

0.25, 0.5, 0.75, 1, and we assume that At = 0.25. Consequently the solution
will be constructed in the form
2

vo, (@) = b, ty) = t; — = (=5t = 9)%,

T rx b z
vi, (@)= [y [ {%(voj (x) —u(z,tj—1)) — (tj%@% (vo, (z) L v, (m))} dxdz,

for j=1,2,3,4.

The exact solution, approximate solution and relative error for the above
problem are given in Tables 2 —5and 6 —9at t =1¢; = jAt, j=1,2,3,4.
To illustrate stability, according to Table 1, we enter some noise terms into
data functions in Eq. (22).

Figure 1: Approximate (---) and exact solution of u(z,t;) in t = 0.25 and ¢t = 0.5.



On convergence and stability conditions of homotopy perturbation ...
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Table 1: Perturbation terms in problem (22)

0.0

-) and exact solution of u(z,t;) in ¢ = 0.75 and t = 1.

87

E - 00
13 — 05

3 T 10t
1.0 15

05 04 o 20

aj

bj

fi

9j

@,

=W N -

-0.006486161986
0.01848017099

-0.005506853028

-0.006487155975

-0.001002685512

-0.0008600955762
0.002919491298
-0.001056710212

0.001219370604
-0.0002264198307
-0.0004964518833
-0.0004964988898

-0.001002685512

-0.0008600955762
0.002919491298
-0.001056710212

0.001219370604
-0.0002264198307
-0.0004964518833
-0.0004964988898

Table 2: Exact and approximate solution of u;(x) at t; = 0.25 with and without pertur-

bation terms in a and b

exact solution

approximate solution

relative error

perturbed solution

relative error

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

0.2628402542
0.3013610167
0.3655622875
0.4554440667
0.5710063542
0.7122491501
0.8791724543
1.071776267
1.290060588
1.534025417

0.2628483725
0.3013841491
0.3655793088
0.4553871491
0.5707422861
0.7115606556
0.8777395127
1.069157431
1.285674303
1.527131339

3.08 x 10~5
7.67 x 1070
4.65 x 1075
1.24 x 10~*
4.62 x 10—+
9.66 x 10~
1.62 x 103
2.44 x 10~3
3.40 x 1073
4.49 x 1073

0.2628562616
0.3014170267
0.3656582382
0.4555397988
0.5710055740
0.7119833904
0.8783850345
1.070106259
1.287026770
1.529010242

6.09 x 10—5
1.85 x 104
2.62 x 10~4
2.10 x 10~
1.36 x 10—6
3.37 x 10~4
8.95 x 10~4
1.55 x 103
2.35 x 1073
3.26 x 10—3
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Table 3: Exact and approximate solution of u;(x) at t; = 0.5 with and without pertur-

bation terms in a and b

exact solution

approximate solution

relative error

perturbed solution

relative error

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0.5164872127
0.5659488508
0.6483849144
0.7637954034
0.9121803178
1.093539658
1.307873423
1.555181613
1.835464230
2.148721271

0.5165050073
0.5660064728
0.6484638498
0.7638099282
0.9119513987
1.092769640
1.306121720
1.551841629
1.829741743
2.139614496

3.44 x 1075
1.01 x 10—*
1.21 x 10~%
1.90 x 102
2.50 x 10~
7.04 x 10~4
1.33 x 1073
1.09 x 103
3.11 x 10—3
4.23 x 1073

0.5164663253
0.5658439475
0.6480689075
0.7630349271
0.9105938906
1.090556514
1.302693219
1.546735182
1.822375591
2.129271087

4.04 x 1072
1.85 x 10~*
4.87 x 10~4
9.95 x 10—
1.73 x 1073
2.72 x 1073
3.96 x 1073
5.43 x 10~3
7.13 x 1073
9.05 x 10~3

Table 4: Exact and approximate solution of u;(x) at t; = 0.75 with and without pertur-

bation terms in a and b

exact solution

approximate solution

relative error

perturbed solution

relative error

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0.7711700002

0.8346800007

0.9405300015
1.088720003
1.279250004
1.512120006
1.787330008
2.104880011
2.464770014
2.867000017

0.7711983689

0.8347737522

0.9406671824
1.088781041
1.278980053
1.511092655
1.784912741
2.100201772
2.456691211
2.854085288

3.36 x 10~5
1.12 x 104
1.45 x 10~4
5.60 x 1075
2.11 x 10—*
6.79 x 10~4
1.35 x 1073
2.22 x 1073
3.27 x 1073
4.50 x 10~3

0.7712065247

0.8348115589

0.9407717933
1.089016095
1.279447063
1.511943216
1.786361766
2.102541999
2.460309231
2.859479316

4.73 x 107°
1.57 x 1074
2.57 x 10~4
2.71 x 10~
1.54 x 10~*
1.16 x 104
5.41 x 10~4
1.11 x 103
1.80 x 1073
2.62 x 1073




On convergence and stability conditions of homotopy perturbation ...

89

Table 5: Exact and approximate solution of u;(z) at t; = 1 with and without perturba-

tion terms in a and b

X

exact solution

approximate solution

relative error

perturbed solution

relative error

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1.027182818
1.108731273
1.244645364
1.434925092
1.679570457
1.978581458
2.331958096
2.739700370
3.201808281
3.718281828

1.027222369
1.108860738
1.244829262
1.434986046
1.679134916
1.977027872
2.328368191
2.732814161
3.189983398
3.699457703

3.85 x 1075
1.16 x 10~*
1.47 x 1074
2.42 x 10~°
2.59 x 10~4
7.85 x 10~4
1.53 x 10—3
2.51 x 10—3
3.69 x 10—3
5.06 x 10~3

1.027311557
1.109229081
1.245701389
1.436644053
1.681940678
1.981444677
2.334981455
2.742351004
3.203330804
3.717678990

1.25 x 10~4
4.48 x 10~ %
8.48 x 10~4
1.19 x 1073
1.41 x 103
1.44 x 103
1.29 x 1073
9.67 x 10~4
4.75 x 10~4
1.62 x 104

Table 6: Exact and approximate solution of u;(x) at t; = 0.25 with and without pertur-

bation terms in f, g and

exact solution

approximate solution

relative error

perturbed solution

relative error

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

0.2628402542
0.3013610167
0.3655622875
0.4554440667
0.5710063542
0.7122491501
0.8791724543
1.071776267
1.290060588
1.534025417

0.2628483725
0.3013841491
0.3655793088
0.4553871491
0.5707422861
0.7115606556
0.8777395127
1.069157431
1.285674303
1.527131339

3.08 x 10~5
7.67 x 1070
4.65 x 1075
1.24 x 10~*
4.62 x 10—+
9.66 x 10~
1.62 x 103
2.44 x 10~3
3.40 x 1073
4.49 x 1073

0.2630645568
0.3015988237
0.3657914404
0.4555956649
0.5709460580
0.7117584843
0.8779301112
1.069339409
1.285846152
1.527291415

8.53 x 10~
7.89 x 10~4
6.26 x 10~4
3.32 x 10~
1.05 x 10~*
6.88 x 10~
1.41 x 103
2.27 x 1073
3.26 x 1073
4.38 x 1073
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Table 7: Exact and approximate solution of u;(x) at t; = 0.5 with and without pertur-

bation terms in f, g and ¢

X exact solution  approximate solution relative error  perturbed solution relative error

2.08 x 10~3

0.1  0.5164872127 0.5165050073 3.44 x 10~5 0.5154115152
0.2  0.5659488508 0.5660064728 1.01 x 10—* 0.5648920604 1.86 x 1073
0.3  0.6483849144 0.6484638498 1.21 x 10~% 0.6473145948 1.65 x 1073
0.4  0.7637954034 0.7638099282 1.90 x 102 0.7626119527 1.54 x 103
0.5 0.9121803178 0.9119513987 2.50 x 10~ 0.9106908844 1.63 x 103
0.6 1.093539658 1.092769640 7.04 x 10~4 1.091432842 1.92 x 1073
0.7  1.307873423 1.306121720 1.33 x 1073 1.304694990 1.30 x 1073
0.8  1.555181613 1.551841629 1.09 x 103 1.550311436 3.13 x 10—3
0.9  1.835464230 1.829741743 3.11 x 10—3 1.828094690 4.01 x 1073
1 2.148721271 2.139614496 4.23 x 1073 2.137837344 5.06 x 1073

Table 8: Exact and approximate solution of u;(x) at t; = 0.75 with and without pertur-

bation terms in f, g and

exact solution

approximate solution

relative error

perturbed solution

relative error

0.1 0.7711700002 0.7711983689 3.36 x 1075 0.7736467637 3.21 x 1073
0.2 0.8346800007 0.8347737522 1.12 x 1074 0.8372983250 3.13x 1073
0.3 0.9405300015 0.9406671824 1.45 x 1074 0.9433190828 2.96 x 1073
0.4 1.088720003 1.088781041 5.60 x 1075 1.091611970 2.65 x 1073
0.5 1.279250004 1.278980053 2.11 x 10~ 1.282042479 2.18 x 1073
0.6 1.512120006 1.511092655 6.79 x 104 1.514440029 1.53 x 1073
0.7 1.787330008 1.784912741 1.35 x 1073 1.788599719 7.10 x 10~4
0.8 2.104880011 2.100201772 2.22 x 1073 2.104284426 2.82 x 1074
0.9 2.464770014 2.456691211 3.27 x 1073 2.461227246 1.43 x 1073
1 2.867000017 2.854085288 4.50 x 1073 2.859134249 2.74 x 1073
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Table 9: Exact and approximate solution of u;(z) at t; = 1 with and without perturba-

tion terms in f, g and ®

relative error

relative error

X exact solution  approximate solution perturbed solution

0.1  1.027182818 1.027222369 3.85 x 1075 1.025635295 1.50 x 1073
0.2  1.108731273 1.108860738 1.16 x 10~* 1.107171622 1.40 x 103
0.3  1.244645364 1.244829262 1.47 x 1074 1.242968576 1.34 x 1073
0.4 1.434925092 1.434986046 2.42 x 10~5 1.432882007 1.42 x 1073
0.5  1.679570457 1.679134916 2.59 x 10~4 1.676712572 1.70 x 103
0.6 1.978581458 1.977027872 7.85 x 10~4 1.974208173 2.21 x 1073
0.7  2.331958096 2.328368191 1.53 x 1073 2.325067038 2.95 x 1073
0.8  2.739700370 2.732814161 2.51 x 10—3 2.728941436 3.92 x 1073
0.9  3.201808281 3.189983398 3.69 x 10—3 3.185441974 5.11 x 1073
1 3.718281828 3.699457703 5.06 x 10~3 3.694142422 6.49 x 10~3

7 Conclusions

The HPM for the one-dimensional inverse problems has been presented. The
method described is mathematically simple and computationally effective.
As we see in Tables 2 — 9, small errors in the data make small errors in
the solution, so that, the solution depends continuously on the data. In
this paper, the noise terms that are shown in Table 1, are made randomized
and have standard normal distributions. Maple 16 packages have been used
to compute the solution before and after adding noise terms. Rapidity ,
accuracy and stability are advantages of this formulation.
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An adaptive nonmonotone trust region
method for unconstrained optimization
problems based on a simple
subproblem

Z. Saeidian and M.R. Peyghami*

Abstract

Using a simple quadratic model in the trust region subproblem, a new
adaptive nonmonotone trust region method is proposed for solving uncon-
strained optimization problems. In our method, based on a slight modifica-
tion of the proposed approach in (J. Optim. Theory Appl. 158(2):626-635,
2013), a new scalar approximation of the Hessian at the current point is
provided. Our new proposed method is equipped with a new adaptive rule
for updating the radius and an appropriate nonmonotone technique. Under
some suitable and standard assumptions, the local and global convergence
properties of the new algorithm as well as its convergence rate are investi-
gated. Finally, the practical performance of the new proposed algorithm is
verified on some test problems and compared with some existing algorithms
in the literature.

Keywords: Trust region methods; Adaptive radius; Nonmonotone tech-
nique; Scalar approximation of the Hessian; Global convergence.

1 Introduction

In this paper, we deal with the following unconstrained optimization problem:

min f(z) (1)

where f : R™ — R is a twice continuously differentiable function. Two popu-
lar classes of optimization techniques for solving (1) are line search and trust
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region methods; see, e.g., [9,17,18]. Line search methods refer to a procedure
in which one moves along a (descent) direction as long as a sufficient reduc-
tion in the objective is achieved. On the other hand, in the classical trust
region methods, a trial step is computed by minimizing a (quadratic) model
of the objective function at the current point over a region around this point.
Then, using the so-called trust region ratio, the trial step is accepted /rejected
and the new point as well as the radius is updated accordingly. It has been
shown that trust region methods have appropriate global and local conver-
gence properties. These methods have been widely studied in the literature;
see, e.g., [9,12,17,19,24,25].

Here, let us briefly describe one step of the classical trust region method.
Given xy, the trial step dj is computed by solving the following subproblem:

1
min g (d) = gf d + idTBkd st ||d|l < A, (2)

where g = Vf(x1,), By, is a n x n symmetric matrix which is V2 f(xy) or its
approximation, Ay > 0 is the so-called trust region radius, and ||.|| refers to
the Euclidean norm. Due to the so-called trust region ratio

f(zr) — fog +di)
qr(0) — qr(dy)

one decides whether the trial step is accepted or rejected; given p € (0, 1),
if 7, > p, then the trial step is accepted and the new point is introduced by
Tk4+1 = x + di. Otherwise, the trial step is rejected and the current point
remains unchanged for the next iteration. In both cases, the trust region
radius is updated appropriately.

In the monotone trust region methods, the sequence of the objective val-
ues is monotonically decreasing. This may cause slow convergence rate in
some problems. In order to overcome this disadvantage, the concept of non-
monotone strategies have been introduced in the framework of trust region
methods, see, e.g., [13,14]. A nonmonotone line search method was first
proposed by Chamberlain et al. in [8]. Grippo et al. in [13] introduced a
nonmonotone technique for Newton’s method and developed it for uncon-
strained optimization in [14]. Nevertheless many advantages of the Grippo’s
technique, it suffers from some drawbacks [2,3,27]. In order to overcome
these difficulties, recently, Ahookhosh and Amini in [2] and Ahookhosh et al.
in [3] proposed a new nonmonotone term as below:

3)

Ty =

Ry = exfoy + (1 — €x) fi, (4)

where fi = f(zx), €& € [€min, €max] C [0,1] and fy() is the Grippo’s non-
monotone term which is defined by

fek) Ogjﬁé%(k)fk j (5)
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where M (0) = 0 and, for k > 1, M (k) = min{k, M}, for given positive inte-
ger M. They employed (4) in the trust region ratio (3) and suggested non-
monotone trust region methods which are globally convergent. The reported
numerical results on test problems confirm the efficiency and robustness of
these methods in practice too.

The radius updating strategy is a crucial point in trust region methods
[1,21,28]. In the classical trust region methods, this parameter is simply
enlarged, shrunk or stayed unchanged based on the magnitude of ry. Sev-
eral strategies have been introduced in the literature for radius updating and
initial radius choosing; see e.g. [11,21-23,29]. Zhang et al. in [29] proposed
the radius update according to A, = ¢?||gx || By "|l, where ¢ € (0,1), p is
a nonnegative integer and Bj, = By + il is a positive definite matrix, for
some i € N. Although, Zhang’s method uses more information of the ob-
jective function for updating the radius, it requires an estimation of HB,; Ly,
which is costly. To reduce the computational cost of Zhang’s updating rule,
a simple adaptive rule was proposed by Shi and Wang in [23] according to

3 ~
AL = c”%, where ¢ € (0,1), By, is a positive definite matrix and p is a
i Brgk
nonnegative integer. Despite Zhang’s method that only updates the radius
based on the current point information, some updating rules based on the
information of the last two iterates have been introduced; see, e.g., [15,29,30].

Among them, Li [15] proposed an adaptive trust region method in which the

dy—
le=tl gy, where y1 = gx — gk

radius is updated according to Ay =
and dp_1 = X — Tp—1-

The advantages of nonmonotone and adaptive techniques have been simulta-
neously employed in the framework of trust region methods. Using the adap-
tive strategy proposed in [15], Sang et al. in [20] introduced a nonmonotone
adaptive trust region method based on a simple subproblem for large-scale
unconstrained optimization problems which makes full use of information in
the last two iterates. The idea of simple subproblem is originated from the
fact that solving the subproblem (2) is costly especially when By is a large-
scale and dense matrix. Therefore, the skills of the quasi-Newton method is
used for correcting By, by a real diagonal matrix ABy_; from By_1. Recently,
Zhou et al. in [30] constructed a simple subproblem according to the modifi-
cation of the secant condition of Wei in [26] and introduced a nonmonotone
adaptive trust region method based on the simple subproblem. Later, Biglari
and Solimanpur in [7] proposed another simple subproblem with some supe-
rior properties to that of [30] in which the approximation of the Hessian at
the current point x; is computed by

A(fr—1 — fr) + 391 dp—1 + giL_1di—1
dgfldk—l .

(6)

Y= y(2k) =

In this paper, we proposed a new nonmonotone adaptive trust region method
based on simple subproblem for unconstrained optimization problems. Our
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approach is equipped with the nonmonotone technique as proposed in [2,3],
and uses a slight modification of the secant condition in [7] for constructing
an approximation of the Hessian at the current point. Moreover, a modified
version of the adaptive strategy in [20] is employed in the framework of the
proposed algorithm. It is worth mentioning that the scalar approximation
of the Hessian based on modified secant condition in [6] has superior to the
standard Barzilai-Borwein method and its modifications. Under some stan-
dard assumptions, the global convergence property, as well as its superlinear
convergence rate, is established. Numerical results show the efficiency of the
proposed approach in practice comparing with some existing methods in the
literature.

The rest of the paper is organized as follows: In Section 2, we present the
structure of the new nonmonotone adaptive trust region method in details.
The global convergence property, as well as its rate of convergence, is estab-
lished in Section 3. Preliminary numerical results of applying the proposed
algorithm 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 adaptive nonmonotone trust region method
for solving unconstrained optimization problems. Our algorithm combines
the nonmonotone technique as proposed in [2] with an improved scalar ap-
proximation of the Hessian according to the modified secant equation as
proposed in [6].

Let us describe one step of our new algorithm here: For given xy, the trial step
dy, is computed by (approximately) solving the following simple subproblem:

. 1
min gx(d) = ngd—i— ngv(xk)d s.t.|ld]| < Ag, (7)

where 7, := y(x) is a scalar approximation of the Hessian matrix. Since
Ak, as defined by (6), may become negative in some iterations, we slightly
modify (6) and define v; as below:

C Afr1 = fr) + B+ np) gl de—1 + gf_ydi—a
a dg—ldkfl 7

(®)

Yk

where 7, is computed by:

9eTdn_1 ) if &k <0,

A(fr—fe—1)—398 d—1—g}_1dp—_1+6
N = .
0, Otherwise,
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where § is a small positive number. By this definition, it is obviously seen
that v, > 0. Now, using dj, the nonmonotone ratio is computed by:

_ Ry — f(zg +dy)
=T Predr ®)

Tk

where Ry is defined by (4) and Predy, = qi(0) — qx(dy). For given
uw € (0,1), the trial step is accepted whenever r, > p; otherwise it is
rejected. In both cases, the radius is adaptively updated according to

Ay = min{yk“;‘i—i“,Amax}, where Ap.x > 0 is a threshold value for the
radii and v is updated by:

OV, T < 1,
Vi1 = { Vk, 1 <1 < pa, (10)
min{o| vk, Vmax } TR > 2,

where 0 < 0pg < 1 < 01, 0 < p1 < pz <1 and vyax > 0 are given numbers.
By the way, the new point is given by zy+1 = xr + di as long as r, > p;
otherwise, we set zp11 = xy.

The procedure of the new proposed nonmonotone trust region algorithm is
outlined in Algorithm 1:

Algorithm 1: A new nonmonotone adaptive trust region algorithm

Input: 2o e R", 0 < pu<pu <pe <1,0<00<1<01,0 < é€nin < €max <
17 evgvManaX7Amax >07 0<91 <92 and 6 > 0.

Step 0: Set £k = 0, v := y(zo) = 1, go = g(xo), vo = 1 and Ay =
min {Voui’/—g”7 Amax}.

Step 1: If ||gx|| < e, Then Stop.

Step 2: Determine dy by solving (7) and compute 74 using (9).

Step 3: If r; < p, Then set Ap = oAk, and goto Step 2.

Step 4: Set xp11 = ) + d.

Step 5: Compute 11 using (8). If i1 < €, Then set v = 6;. If
Vi1 > T, Then set ypq1 = 0.

Step 6: Update ;41 using (10) and set Agyq = min{Vk+1%,AmaX}.
Set k =: k 4+ 1 and goto Step 1.
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Remark 1. Step 5 of Algorithm 1 implies that «; is a bounded positive
number for all k. More precisely, we have min{e, 61} < v < max {%, 02}.

Remark 2. The subproblem (7) can be easily solved by using the following
procedure [20]: Let wy = 25, If [Jwgl| < Ay, then we set the trial step as

di, = —wy. Otherwise, we choose a € (0, 1) so that ||aws|| = Ag. It can be
easily verified that o = m In this case, we set d = —awr = —mwk =
_Ag '

[FARLS

Remark 3. From Remark 2, one can easily see that, for all k, there ex-
ists a positive constant x so that ||dx| < kllgk|-

3 Convergence analysis

In this section, our aim is to analyze the local and global convergence prop-
erties of Algorithm 1. For this purpose, the following assumption is imposed
on the problem:

A1l. The set = {z € R"|f(z) < f(xo)} is a closed and bounded set and
f(x) is a twice continuously differentiable function over Q. Moreover,
V f(z) is a Lipschitz continuous function over 2.

Lemma 1. Assume that di is a solution of the problem (7). Then, one has:

1 .
Predy, := q;(0) — gi(dg) > §Hgk|| min {Ak, W} . (11)

Proof. We proceed the proof in the following two possible cases for dj:

Case I. | — %|| < Ay, and therefore, dj, = —g—’;: In this case one can easily
obtain the following relations:

2x(0) — qr.(dx) = qx(0) — qx (—gk>

T
o7 9 1 9k Ik
=9 \ — ) 35| —— Ve | ——
Yk 2 Vi Tk
2 2 2
k 1 gk k 1 . k
lad? Lol oel? 1 o
Yk 2 v 2k 2 Vi

Case II. || — ,’;—’;H > Ay, and therefore, dj, = —”?—:Hgk: In this case, we have:
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qx(0) — qx(dx) Qk(O)Qk< L3 )

- gk
gl

ot () =3 (o) o (7o)
- - - 1 Yk - 3 -7 Y9k k - 1 Yk
A Nl 2\ gl [N

1 1
Agllgell — §%Ai > Agllgrll — §Ak||9k||

1 L d ]
= A > = Ay, LKL
sAulaul > gl min { &, 121

where the first inequality is obtained from the fact that v, Ar < || gk|l-

Considering the above mentioned cases, the proof is completed. O

Lemma 2. Let di, be computed by the procedure as mentioned in Remark 2.
Then, for all k, one has:

|f(xn) = flzx + di) — Predy| < O(|lde[|®), (12)

where Predy, is defined by (11).

Proof. Using Taylor’s expansion and the fact that 4 is bounded due to Re-
mark 1, one can easily conclude the result. O

The following lemma states some appealing properties of the sequences
{fur)} and {Ri}, which are defined by (5) and (4), respectively. One can
find its proof in [2].

Lemma 3. Suppose that Assumption A1 holds and the sequence {xy} is
generated by Algorithm 1. Then, the following statements hold:

i) For all k, we have fr < R < for)-

ii) The sequence { fyry} is a decreasing and convergent sequence.
iii) limp oo fory = limg oo fr-

iv) limg_ oo R = limg oo fi-

Lemma 4. Let Assumption A1 hold and the sequence {xy} be generated by
Algorithm 1. Assume that there exists a constant ¢ € (0,1) so that ||gk|| > C,
for all k. Then, for any k, there exists a nonnegative integer p so that Tpqpi1
is a successful iteration point, i.e., Tpipy1 > U

Proof. Suppose that, on the contrary, there exists an iteration k so that, for
all nonnegative integer p, the point x4 p+1 is an unsuccessful iteration point,
ie.,

7"]@+p</,é, p:071a2a"" (13)

In this case, from Step 3 of Algorithm 1, we have
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Apiprr < of T A
This inequality together with the definition of Ay imply that:

lim Ak+p+1 =0. (14)

p—>00

Therefore, from Lemma 1, Remark 1 and (12), we have

F@rip) = f(@hip + disp) 1’ B ’f(:L‘k:+p> — f(@ksp + ditp) — Prediyp
Predyp Predrs,
O(lldn )
Y gktpll min{ Ay, nyiziﬂ}
< Ol Ak+p!1*)

L mi o
5¢ min {Ak+l’a max{ 1021 }

This implies that f<xk+p);fé§:j§+dk+p) — 1’ — 0, as p = oo. Thus, for

sufficiently large p, using Lemma 3, we have

f(@rap) = f(@ryp + dryp)
Predjyp

Ryqp — f(karp + dk+p)
Predjp

>

Tk+p = =1,
which contradicts 7,4, < p. This completes the proof of the lemma. O
Lemma 4 implies that the inner loop in Steps 2-3 of Algorithm 1 will be
terminated after finite number of iterations, and therefore, Algorithm 1 is
well-defined.

The following theorem provides the global convergence property of Algo-
rithm 1 under some suitable and standard assumptions.

Theorem 1. Suppose that Assumption A1 holds and {x} is the sequence
generated by Algorithm 1. Then, Algorithm 1 either stops at a stationary
point or

liminf ||gx|| = 0. (15)
k—oo

Proof. Suppose that Algorithm 1 does not stop at a stationary point. We
show that (15) holds for the infinite sequence {zy}. Assume that, on the
contrary, there exists a positive constant ¢ so that

lgkll > ¢ >0, VEk. (16)

Using Lemma 4, Algorithm 1 is well-defined and the inner loop in Steps 2—-3
is terminated after finite number of iterations. Therefore, we may assume
that 7, > pu. Now, from (9) and Lemma 1, we have
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1 : gl
Ry — fr41 = pPredy, > §NHng min {Ak; v
k

>

DN =

max{%,(%

u{min{Ak,C}} > 0. (17)

By taking limit from both sides of this inequality, as k¥ — oo, and using
Lemma 3, we conclude that

Ak = VkM — 0. (18)
Yk

Now, using Remark 1 and (16), (18) implies that
v — 0. (19)

Therefore, from (16) and Lemmas 1 and 2, we have

fae) — floe +di) 1| = f(x) — f(xr + di) — Predy
preds Predy,
0 (I4)?)
el min { Ay, 221}
2
< 0 (Ak) kif 07
L¢ min {Ak, {ca}}
which lmphes that
TR = Ry — f(or +dy) S flaw) = flz, +dp) . "

Predy, - Predy,

This shows that, for sufficiently large k, we have successful iterations. There-
fore, there exists a positive constant v* so that, for sufficiently large k,
v > v*. This contradicts (19). O

Under some extra assumptions on the problem and using the same proof line
of Theorem 3.7 in [30], one can construct the superlinear convergence rate of
the sequence {xy}, generated by Algorithm 1, to its limit point z*.

4 Numerical results

In this section, we focus on providing some computational results of applying
Algorithm 1, denoted by FATRA, along with the following algorithms on
some test problems in order to compare their performances:
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e NATRM: Algorithm 2.1 in [30];

e NATRA: Algorithm 2.1 in [30] in which the nonmonotone term in com-
puting the trust region ratio 7 is replaced by Ry, as given by (4);

e FATRM: Algorithm 1 in which the nonmonotone term in computing
the trust region ratio ry is replaced by fyx), as given by (5);

All the algorithms are implemented in MATLAB 7.10.0 (R2010a) environ-
ment on a PC with CPU 2.0 GHz and 4GB RAM memory and double pre-
cision format. The following parameters are considered in the relevant algo-
rithms:

p=0.1,p1 = 0.25, up = 0.75, €min = 107, €rpax = 10%, Aoy = 100, M = 10,

00 =cy=0.5,00 =1 =4, Vax = 01,9 = 0.25,e = = 10755 = 107F.

Moreover, in Step 5 of Algorithm 1, if 411 < €, then we set 7 = ¢; if
Yi+1 > %, then we set 0y = % The simple subproblem at each iteration
is solved by the procedure as mentioned in Remark 2. All the algorithms
are being stopped either |lgx| < 1075, or the number of iterations and/or
function evaluations exceeds 50000. In the latter case, we declare that the
algorithm is failed. The considered test problems are those in [30] as well as
some large-scale problems taken from [16] and [4]. We have also utilized the
advantages of the performance profile of Dolan and Moré in [10] to compare
the performances of considered algorithms.

Numerical results are given in Table 1. In this table, Prob stands for the
problem name, and n;, ny and fy,: denote the number of iterations, the
number of function evaluations and the optimum value of the objective func-
tion, respectively. It should be noted that the number of gradient evaluations
are almost the same as n;.

Figures 1 and 2 show the performance profiles of the results in Table 1
based on the number of iterations and function evaluations, respectively. At a
glance to Figure 1, we can find out that, in terms of n;, FATRA solves all the
considered test problems successfully, while the other algorithms have at least
one failure in their runs. Moreover, FATRA and FATRM algorithms solve
roughly 67% and 61% of the problems at the lowest value of n;, respectively.
This percentage for NATRM and NATRA algorithms are 49% and 47%,
respectively. Figure 2 is drawn based on ny of the results in Table 1. From
this figure, it is revealed that FATRA solves all the problems successfully
while FATRM has one failure in its run. Moreover, NATRM and NATRA
algorithms solve roughly 96% and 98% of the test problems successfully. On
the other hand, FATRA and FATRM algorithms solve about 58% and 60% of
test problems in the lowest value of ny while these percentages for NATRM
and NATRA algorithms are about 34% and 22%.

Besides the performance profiles of the considered algorithms based on n;
and ny, we have stored the average CPU time in 20 runs for each algorithms
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and drew the performance profile of the considered algorithms based on CPU
time in Figure 3. The result shows that FATRA works well in this regard
too. Based on the above mentioned arguments, one can easily realize that
FATRA is competitive with FATRM, NATRM and NATRA algorithms in
terms of n;, ny and CPU time. Moreover, the performance of FATRM is
very close to FATRA.



Z. Saeidian and M.R. Peyghami

106

£00+°£6'9/9/9 £00+°£6'9/9/9 £€00+0£6'9/9/9 €00+9£6°9/9/9 00001
£00+29%°€/9/9 £00+29%°€/9/9 £00+29%°€/9/9 £00+°9%°€/9/9 0009
200+°€6'9/9/9 200+2€6'9/9/9 200+°0£6°9/9/9 200+°£6'9/9/9 0001 [7] ¢ reuoserq
z20-°76'8/8/8 220-°76'8/8/8 810-296'9/21/6 L810-296'9/21/6 00001
250-209'1/6/8 750-209'1/6/8 810-987°¢/21/6 810-981°¢/21/6 000S
T50-916'8/8/8 T50-976'8/8/8 8T0-996'9/21/6 8T0-296°9/21/6 000T [¥] ¥ reuoSelq
600-°19°6/FE18¥/cL9ST parred 110-080°%/L3SET/0T6L polred 000T
T10-96£°¢/G9291/6L1L  0T10-961°€/¥6£65/S950T  010-°GT'9/SF6L/6L6%  600-°T€°9/TGLLT/LLSTT 00%
210-9L9°C/%T81/806 010-98%°¢/T081/0£6 010-950°2/966/999 010-98%°1/98C1/€£6 00T 7] (@rno)1gsooid
TT0-9¢1°6/09E¥/€66T PT0-0LY'¥/€1LG/LT9T $T0-08€°9/98T¥/01.LT €10-9L0°¢/SL9¥/T6TE  0000T
$10-066°G/1€€C/TH11 €10-9€€°3/509%/2LTT $T0-9G8°1/G681/6621T £€T0-960°2/982%/S6ST 000S
710-966°L/9¥01/€0¢ €10-9¢0°2/€L6/€67 710-9L2°6/268/L€9 £10-9€6°1/006/5S9 0001 [p] o13eIpend) peqiniied jsowyy
Eok\x:\.ﬁ: Eok\x:\.ﬁ: Eck\x:\ﬁ: Eck\x:\.?:
VHIVA WYLV A VYIVN WY ILVN u Qo4d
SI[NSOI [ROLIOWNU oY ], :T O[qel



107

910-92L'9/1%/9¢
LT0-966°L/0%/0%
GT0-988°1/8S/LV

910-268'1/6¢/6€
LT0-966°L/0%/0%
6T0-°TS'%/09/09

910-29¢°1/9¢/1¢€
GT0-9¢1°%/¥€/0¢8
910-0¢0°1/28/¢¢

910-09¢°1/9¢€/1¢€
ST0-0¢€1°2/%¢/0¢
910-060'1/28/¢¢

[v] (mrno)o1rraada

800-9€L°T/760¥€/€61ST parreq ¥10-98L°€/8VCST/8VTST 010-96%'%/6£19%/%9L0€ 000T

An adaptive nonmonotone trust region method for unconstrained ...

600-2€8°1/22c11/7667  600-°9¢°G/890%%/9580T 110-969°G/1L¥8/98¢S 600-29G°G/L0V61/2E0ET 00%
G10-0%2'¥/c8L1/688 0T0-°9%°¢/€212/1801 110-29%°G/T¥9T/L0OTT 110-9%6°¢/C161/3S¢eT 001 [¥] (ALND)DAENOXIA
£00+°08'%-/9/9 £00+°08'%-/9/9 £00+°08°%-/L/9 €00+908°%-/L/9  0000T
£00+20%'2-/9/9 £00+20%'2-/9/9 £00+20¥%'2-/L/9 £00+20%°2-/L/9 0009
£00+°08'%-/9/9 £00+°08'7-/9/9 £00+°08'%-/L/9 £00-+°08'7-/L/9 000T [¥] 8 reuoerq
£00+091°8-/L/L £00+°91°8-/L/L £00+°91°8-/6/8 €00+°91°8-/6/8 00001
£00+080F-/L/L £00+080F-/L/L £00+°807-/6/8 £00+°80'7-/6/8 0006
£00+°91°8-/L/L £00+°91°8-/L/L £00+°91°8-/6/8 £00+991°8-/6/8 000T [7] L reuolerq
@RO.\,\.\Q\,@Q @RO.\,\.\Q\,@Q @RO.\,\.\Q\,@Q ﬁ&o.\.\\:\:s
VY IV A WYLV A VY IVN WHILVN u qo4d
(penuryuoo) sjmsed [eollownu oY, :T S[qeL



Z. Saeidian and M.R. Peyghami

108

600-01£°6/8¢/3¢ 600-°1¢°6/8¢/9¢ 600-0G6°¢/L¢/€€ 600-9G6°G/L€/€€ 00001
600-96¢°¢/7€/8¢ 600-21¢°¢/%€/6T 800-2L0°'1/€2/3T 800-0L0°'1/€2/3% 000S
600-280°2/¥¢/6T 600-980°2/¥¢/6T 600-°16°/8%/ LT 600-°16°G/8%/L% 000T  [0€ ‘%] T reuoSeIpli], popueIxy
200+298°¢/9T/GT  T00+298°€/9T/ST  T00+°98°€/L1/FT  00+°98°'€/L1/%1T 000T
200+°€6'1/ST/¥1  ©00+9€6°1/ST/¥1  T00+9€6°T/LT/FT  T00+9€6°T/L1/%1T 00%
69'8¢ /91/9T G9'8¢/91/4T G988/ L1/¥F1 G9'8e/L1/¥1 00T [¥] 1OSd pepuexy
810-09L°G/¥1/¥1 810-09L°G/¥1/%1 810-99L°G/61/S1 810-09L°G/61/ST  0000T
9T0-988°¢/ST/ST 9T0-988°¢/ST/ST 8T0-988°¢/6T/ST 8T0-988°¢/61/ST 000S
$20-9C° 1/L1/ST  $20-922°1/L1/S1 810-09L°G/61/S1 810-09L'G/61/S1 000T (7] nejqewwIy popuexy
220-258'%/6/6 220-238'%/6/6 920-9%5°¢/S/¥ 920-9%<'¢/S/¥ 00001
L30°L6'1/%/¥ LT0-0L6'1/%/¥ L20-001°1/9/¥% L20-00T°1/8/% 000S
0/%/v 0/%/v 0/g/v 0/s/v 000T (7] INHOSNHAJ PPPUeIXy
on\x:\g on\&:\:\. Eogﬁ\&:\:\. \Eok\\ﬁ\@:
VYLV A WYLV A VYIVN WY LVN u qoud
(penuryuoo) sjmsed [eollownu oY, :T S[qeL



109

An adaptive nonmonotone trust region method for unconstrained ...

porred parred parred £10-90°L/6985F/15GTE 000T
€T0-967"L/9VL9T/STPIT €T0-967'1/cee81/9€¢8 PT0-9GL'8/PCITT/¥ETL  €10-090°6/FTEST/P090T 00S
€T0-959°6/191¢/98¢€T €T0-9GG'T/€14E/G8T11T $T0-986°G/7£0€/908T £T0-206°9/S9€T/856 00T [¥] cHA uerssoH g
palred porred 110-298°¢/2L99¢/T€91T polred 000T
110-°100°1/692€3/LE86  110-°LE'1/S16¥3/6¥PI1  ©10-°G8'6/96€91/3T€0T  T10-08%'1/LT1SG/%LOLT 00%
€10-926'7/9188/6VET €10-00L°€/6968/0L¥T €10-96%'G/8661/2rET €10-9G1°G/1928/8291 00T 7] ¥OHOLATA
$T0-092°1/L991/618 €T0-°1Z T/%6¥1/0T8 9T0-91L°2/L¥T/€9T €T0-99T%/%€2/%ST  0000T
$10-0L9°6/LLYT/GLL 910-9€€°G/L¥E1/8¢EL PT0-°1L 1/28%/0¥%¢ PT0-01L 1/28%/0¥%¢ 000S
€10-9%T'1/LLY1/6CL GT10-91L°¢/98%1/LTL ¥10-091°1/5€5/29¢ $10-091°1/9€5/29¢ 000T [¥] poop pepueixy
Z10-°1¥'1/86/1L Z10-°1¥'1/86/1L 810-960'%/651/¥8 810-260'%/651/¥8  0000T
€10-0LL'1/%9/1¢ €10-0LL'1/%9/1¢ g10-0.3°6/L21/28 210-0L5°¢/L51/T8 000%
9T0-26Z° 1/¥L/T1S 910262 1/¥L/T1S €T0-°01°6/921/18 £10-201°6/921/18 0001 [0€ ‘%] ISIOH PU® 93IYA\ POPUIIXH
@AO.\.\.\Q\:; @AO.\.\.\Q\:; @AO.\.\.\Q\:; «&o.\,\k:\.sﬁ\
VYLV A WYLV A VY IVN WY IVN u Qo4d
(penuryuoo) sjmsed [eollownu oY, :T S[qeL



Z. Saeidian and M.R. Peyghami

110

200+2L6'6/0€/6C 200+2L6'6/0€/6C 200+2L6'6/1€/6C 200+°L6'6/1€/6¢ 000T
T00+9L6'7/08/6C T00+9L6'7/08/6C T00+oL6'7/18/6C T00+oL6'1/1¢/68 009
12°.6/0€/6T 12°.6/0€/6T 12°.6/1€/6T 12°.6/1€/6T 001  [p] T reuoSerpLiy, pozijerousy)
F10-0L1°G/F6V8F/29eee  €10-929°¢/09S8Y/01vEe  £€10-0L3'C/8S9%€/09SVe  €T0-9L8°6/L0SVE/LESHT 000T
€10-062°L/06872/T1€0CT  €10-°01°¢/316¥/860C1  €10-°ST°6/€9581/3F651  €10-98L'6/TS81/LETET 009
€10-996'6/T89L/7.5¢ €10-20€°9/19LL/GL9¢ 710-9G%°G/1965/£59¢ €10-0TF'9/1525/998¢ 00T [7] sppoaquesoy poziferousy)
120-9%L°S/0T/0T 120-9%L°S/0T/0T $T0-°19°6/21/0T $T0-0T9°6/21/0T  0000T
130-26%'8/V1/¥1 120-96%'8/¥1/%1 G10-965°9/€T/11 GT0-99G°9/€T/TT 000S
810-0T€'¥/€1/21 810-0T€'¥/€1/21 610-09%'¢/%1/21 610-°9%°¢/¥1/21 000T [v] o1arend) pezijerousn)
v 0-/v/¥ v 0-/v/¥ ¥2'0-/31/S $2°0-/¢1/S 00001
v 0-/8/s v 0-/8/s ¥2'0-/21/¢ ¥2'0-/31/S 0009
¥2'0-/9/S ¥2'0-/9/5 ¥2'0-/11/S ¥2°0-/11/S 000T [7] €HA uwerssol [
wdof Jfu/ru wdof [fu/*u wdof [fu/ru rdof [Fu [ty
VY IV A WYLV A V4 IVN WY IVN u Qo4d
(penuryuoo) sjmsed [eollownu oY, :T S[qeL



111

An adaptive nonmonotone trust region method for unconstrained ...

£-989°6/095/08C  £7989'6°0/6%5/65C  £-989'6 /8¢¢/ 0T £-989°6/991/28 000T
$00°0/T51/L0T $00°0/T51/L0T ¥00°0/92S/062 ¥00°0/92V /2S¢ 00S
¥0-020°6/9%/c¥ ¥00-920°6 /6€/¢€  ¥0-9T0°6 /068/T9T  ¥00-920°6/95S/60€ 00T [o1] INEd
810-060'1/€5/L1 810-060'1/€3/L1 £10-969°1/8¢/81 £10-969'1/82/81 000T
120-°%¢°G/€a/ LT 120-9%¢°G/€a/ LT ¥20-05L'¢/€8/VT ¥20-05L'¢/€8/VC 00%
910-9€S'7/2z/61 910-965'%/52/61 £20°65°1/0€/2C £20-965'1/0€/2¢ 00T [¥] VIONON
LT0-9%0'%/88/8¢ LT0-950'%/88/8¢ 6T0-99¢£°2/S0T/8¢ 6T0-99£°2/G0T/8¢  0000T
$10-09¢°1/69/9% $T10-09¢°1/69/9% 120-28%°2/c8/6¥ 120-28%°¢/c8/6¥ 000¢
810-9¢8°¢/T01/¥9  810-0€8'¢/T01/¥9 810-968'C/%8/€S 810-968'¢/%8/€¢ 000T  [¥] aHMEVIT
G1-9%0°L/0T/01 G1-0g0°L/01/0T G10-200'6 /11/01 G10-200'6 /IT/0T 00001
$10-06L'1/01/01 $10-26L°1/01/01 ¥10-062°2/11/01 ¥10-062°2/11/01 000%
ST-216°¢/01/01 11-292°T /6/6 ST-20¢°%/11/0T T10-2%S°T /01/6 0001 [o1] A1
«&o.\.\&:\:s «&o.\,\k:\:s w&o%\xﬁ\.ﬂ: @AO.\.\.\Q.\:;
VYLV A WYLV A VY IVN WHILVN u Qo4d
(penuryuoo) sjmsed [eollownu oY, :T S[qeL



Z. Saeidian and M.R. Peyghami

112

0/2/c 0/2/a 0/¢/c 0/€/z  0000T
0/2/% 0/2/e 0/¢/c 0/€/¢ 0009
0/2/t 0/2/e 0/€/e 0/¢/¢ 000T [¥] o1avNd
G00-966'7-/€8VE/1C9T  S00-966'7-/9618/SVFPe  S00-266'1-/365T/68LT G00-966'7-/F09¢/L9%C 00001
G00-966'6-/TLI¥/688T  S00-966°6-/€99V/L¥1C  S00-966"6-/9%¥C/S6ST G00-966'6-/1£68/7£0T 0005
700-266'%7-/0L¥1/769 700-266"7-/¥611/9.S ¥00-966"7-/£TL/STS 7000667/ L85/ 15Y 000T [¥] 140 o1yeapend
110-0T9°T/80¥.L/L89T T10-9¢1°8/0S2€/68CT  T110-°T¢'5/98C11/98LS TT0-9L1°G/221€/L98T  0000T
110-92€°T/L90€/TSTT 110-986°T/85SE/LOVT 110-926°1/2€¥S/68LT T10-2L1°%/€00%/6TaT 000¢
110-009'1/1265/€011 110-989'1/8€T1/2TS 110-0€0°%/L6¥C/FTET 110-00Z°1/G€L/0LY 0001  [p] reuoBerp oryeipenb paqiniiog
€10-°6%'2/06L8/1L9T  €10-°0€'3/L¥68/9T81 €10-0¢¢'1/1628/211¢  FT0-9F1LE98Y ¥/L86C/L00T  0000T
€10-9%8'1/LL858/9%0T €10-0LL°1/6LET/8ETT €10-9€€°2/T85C/SLIT €10-90¥%'¢/928%/8T6T 0009
£€10-219°T/00T1/8€S £10-98%°%/0%0T/€TS £10-°¢¢°3/616/L£9 S10-2¢%°%/SSS/0TF 0001 [7] oryeapenty paqunyiog
@AO.\.\.\Q\N.Q ﬁ&o.\.\\:\:s @RQ.\_\\Q\N.Q u&o%.\.\:\@:
VYLV A WYLV A VY IVN WY IVN u Qo4d
(penuryuoo) sjmsed [eollownu oY, :T S[qeL



113

An adaptive nonmonotone trust region method for unconstrained ...

LT0-9T8'¥/€L6TY/C688T  €T0-968°C/96L8%/L£0TC  ¥I0-9€S T/€90TC/LTEET  €T10-96£°€/8801¢/12L0%  0000T
€10-00%'¢/SS512/TF16  €10-99%°€/0LE%T/8T60T  $T0-98¢°9/9G6LT/F9FIT  €10-26€°€/2LS0T/869¢T 000¢
$10-962°¥/S16¥/981¢ €10-21%'¢/G€85/L59C €10-92%°¢/088¢/015¢ €10-°0€°¢/9688/¥861 000T [¥] vIAId.L
60-206'%/0%¥¢/SH0T L00-9¢¥%°1/6L¥/08¢ 60-20L°G /0219/ 15ve 900-299°2/2£99%/0%98¢ 000T
600-988°G/8LTT/GLS 600-988°G/8LTT/GLS 600-0T6°C/F7LIET/TLYL 600-016'0/565/¥8¢ 00¢
60-9%8°T /€001/16¥ 800-9%L'6/69L/€LE 60-0T0°F / 0SOFT / ¥TLL 600-9%9°C /GLL/LTS 00T [91] XDNIS
91-965°¢/85/¥¥ 910-0GL°L /8S/¥%¥ 91-099°%/1G1/1L 910-966'G/STT/99  0000T
91-01¥'¢/8¢/c8 910-01¥'¢/8¢/2¢ L1-9€6°%/ SOT/L9 020-9¢L°¢/ 811/09 0009
¥1-060°2/601/89 $10-9G0°2/601/89 LT-081°G/001/%9 120-00¢°% / ¢g1/19 000T [o1] xASOY
0000T/L/L 0000T/L/L 00001/8/8 00001/8/8 00001
000G/L/L 000G/L/L 0005/8/8 0005/8/8 0008
00001/L/L 0000T/L/L 00001/8/8 00001/8/8 0001 [0€ ‘7] T uepdey
Eo&\xﬁ\.s: Eo&\xﬁ\.s: Eck\x:\.ﬁ: Eck\x:\.ﬁ:
VY IV WYLV A VY IVN WY IVN u Qo4d

S)[NSOI [edLIoWN oY T,

‘T OIqEL,



114 Z. Saeidian and M.R. Peyghami

- == NATRM
v NATRA
i -==:FATRM
i ——FATRA

02 L L L L
0 0.5 1 1.5 2 2.5 3 35 4

Figure 3: Performance profile of considered algorithms based on CPU time

5 Conclusion

In this paper, a new nonmonotone adaptive trust region method for solv-
ing unconstrained optimization problems based on a simple subproblem is
presented. The new proposed algorithm uses the advantage of the adaptive
trust region method, as proposed in [5], with the nonmonotone term, as sug-
gested in [2]. The global convergence property of the new proposed method
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is established under some standard assumptions. Numerical results on some
large-scale test problems confirm the efficiency and effectiveness of the new
proposed algorithm in comparison with some other existing algorithms in the
literature.
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