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posed for solving resulting system of quasilinear equations from a finite difference
discretization. The convergence of the algorithm is discussed and the numerical
results show the efficiency of this algorithm.

Key Words: Nonlinear problems, lagging diffusivity, Newton method, Arith-
metic Mean method.

2010 AMS Classification: 656H10, 65N06, 656N22
C.R. Categories: G.1.5., G.1.8.

1 Introduction

We consider the problem of finding a solution of the system of nonlinear equa-
tions

F(u) =0,

where F': Q C R™ — R"™ is a continuously differentiable mapping.

We are interested in large scale systems for which the Jacobian of F' is not
available or is difficult to compute.

Particularly, we consider the solution of the system of quasilinear equations

F(u)=Au)u+G(u) —s=0, (1)

where A(u) is a real matrix of order n and G : 2 C R™ — R” is a continuously
differentiable mapping.



The systems of the form (1) appear in many problems of practical interest. For
example, in problems related with the study of reaction and diffusion processes
that can be described by nonlinear partial differential equations of elliptic type

(e-g., [1], [11], [14]).

2 Statement of the problem

We are concerned with the numerical solution of the steady state reaction dif-
fusion problem by the finite difference method.

In the rectangular domain R with boundary OR of the x,y plane, we consider
the reaction diffusion equation

—div(o(z,y, u)Vu(z,y)) + gz, y,u) = s(z,y),  (z,9) ER, (2)
supplemented by the Dirichlet boundary condition
u(z,y) =0,  (z,y) € OR. (3)

The functions o(x,y,u), g(x,y,u) and s(z,y) are assumed to satisfy the follow-
ing Smoothness Conditions for x and y in RUJR and u in a neighbourhood
of a solution of problem (2)—(3). We assume that this model problem has a
solution.

(i) The functions o(z,y,u) and g(x,y,u) are piecewise continuous in z and y
and continuous in u; the source term s(x,y) is piecewise continuous in z,

Y.

(ii) There exist two positive constants opmin and omax such that
0< Omin S U(-Tayau) S Omax»
uniformly in z, y and wu.

(iii) For fixed x and y, the function o(z,y, u) is locally Lipschitz continuous at
u (uniformly in  and y), with constant A > 0.

(iv) For fixed z and y, the function g(x,y,u) is uniformly monotone® at u (uni-
formly in  and y), with constant ¢ > 0 and is continuously differentiable
at u.

There exist various techniques for discretizing the problem (2)—(3). The use
of the truncated Taylor series to represent the derivative in (2) provides more
insight into the nature of the truncation error that arises when the continuous
model equation (2) is replaced by a discrete set of finite difference equations.
Using the Taylor series approach, equation (2) will be solved with the following
standard finite difference scheme.

1See, e.g., [16, p. 141].



If the domain R is a the unit square we superimpose on R a uniform grid of
points Rp,. More precisely, Ry, is defined in this manner. In the plane Oxy
we draw a system of straight lines parallel to the coordinate axes: x = x; and
y = y; with mesh spacings uniform in each coordinate direction. We denote the
intersection of these lines as mesh points or grid points. The coordinates of the
interior mesh points (z;,y;) of Rj, are given by x; = i Az and y; = j Ay with
i=1,..,Nyand j=1,....,N, and Ar =1/(N, + 1), Ay =1/(N, + 1).

For simplicity, we assume Az = Ay = h and consequently N, = N, = N.

At the mesh points of R, = Rp U dRp, the function u(x;,y;) is to be approx-
imated by a grid function wu;;. In order to approximate partial derivatives we
shall make use of various difference quotients of grid functions. The forward,
backward and centered difference quotients with respect to x and y of the grid
function {u;;} at the mesh point (z;,y;) are, respectively

Ui4-15 — Usj Ujj+1 — Usj
Agui; = — Ayui; = —

Ujj — Uj—1j Ujj — Ujj—1
Vaui; = 0 Vyui; = g

1 1
Opuij = 5 (Azttij + Vouig),  Oyuij = 5(Byuij + Vyug).

This convenient notation was introduced by Courant, Friedrichs and Lewy ([3]).
A particular important case is the centered second difference quotients which
can be written as

1

Soug; = ﬁ(ui—lj —2u;5 + uit15) = VaAguiy = AgVauig,
1
65”2’]’ = ﬁ(uij,1 — QUij + uijJrl) = VyAyu” = Ayvyu”

A centered finite difference approximation of (2) at the mesh point (x;,y;) may
be written as

1 Wit1i — Ui Wii — Ui 1
~ {UHU(UHU)HU}LU _ Uz‘j(uij)”hZIJ] _
1 Uij+1 — Uij Uij — Uij—1
7 {Uij+1(uij+1)]h] - Uz‘j(uij)]hj] +
+9ij(uij) = s(zi, y5), (4)

fori,j=1,...,N.
The Dirichlet boundary condition (3) produces the following conditions

uio = uin41 = 0, i=1,..,N,
ug; = un+15 = 0, j=1,...,N. (5)

The total number of difference equations is n = N x N.
Here we have denoted

op(uij) = o(x, ypuij),  Gip(wig) = g9z, ypuij).-



These difference equations may be written in a well known matrix form.

The above five point discretization formula which approximates the partial
derivatives transforms equation (2) and (3) into a system of nonlinear n alge-
braic equations as (1) where the vector u is the approximation of the restriction
of u(z,y) on Rp. For natural ordering by horizontal lines of the mesh points,
the irreducible n x n matrix A(u) can be partitioned in the form of a block
tridiagonal matrix of order n, where each square block on the diagonal of A(u)
is a diagonally dominant tridiagonal matrix of order N and each block on the
subdiagonal and on the superdiagonal of A(u) is a diagonal matrix of order N.
That is, we can express the matrix A(u) as

An(u) Alg(’u,)

A( ) Agl(’u,) A22(u) Agg(u)
An_on-1(u) An—inv-i(u) Annv—1(u)
Ann-1(u) Ann(u)

Using only one index for numbering the mesh points Py, k = 1,...,n, where
k= (j—1)N +1, the elements ay;(u) of the k—th row, k = 1, ..., n, of the matrix
A(u) are given by

1 1
apk-1(u) = =500 (uig),  aperr(w) = =500 (Uiry),
1 1
apk-n(u) = —ﬁ%‘(uij)a apryN(u) = _ﬁaij-i-l(uij-&-l)a
1
apr(u) = ﬁ@%‘ (wij) + oit1j(wiv1j) + oijp1(Uijr1)),
ag(u) = 0 forl £k — N,k —1,k,k+1,k+ N;l=1,...,n.

Now we can define the vector s € R" whose component si, k = 1,...,n is the
value of the source term s(z,y) at the mesh point Py of Rj. Analogously we
define the nonlinear mapping G(u) whose k-th component G (u) is a function
only of the coordinates of the mesh point Py of R;, and of the approximation of
u(z,y) at Py, k=1,...,n.

Thus, we can write the equations (4) and (5) in the matrix form (1)

F(u)=A(u)u+ G(u) —s=0.

This system of nonlinear equations is characterized by the following Properties
(see, e.g., [12]).

(I) The system (1) has at least one solution and all the solutions belong to a
well defined closed ball in R"”

Q=A{u | |ulln<p},

where p is independent of i and of ||s]|.



Here, ||ul|;, is the discrete l3(Ry,) norm of grid functions {u;;}:
N
lulln = Q2> hPluy ). (6)

i=1 j=1

(IT) At each mesh point (z;,y;) of Ry the backward difference quotients with
respect to = and to y of a grid function {u;;} belonging to Q are bounded.
The bound is independent of h, but depends on ||s||.

Tt is possible to prove the following propositions (see, e.g.,[12], pp. 37-43).

Proposition 1. No solution of the matrix equation (1) generated by the dis-
cretization of the model problem (2)—(3) can lie outside the ball 2, where

(I1G(O)[[n + lIsln)
(c+e)

b

with ¢ and ¢ positive constants independent of h for which

< A(w)u,u > éHuH,QL,

>
<Gu)-Gv),u—v> >

cllu — |[7,
for all w,v,w € Q.

Proposition 2. Let w be a solution of the system of 1-D finite difference
equation (1). Then

|ui - Ui—l| < 2¢o + @(UmaX||u||h)l/2
h - Omin ’

i=1,..,N+1,

where
co = [|G(u) + 8|

Definition 1. We say that the grid functions {u;;} defined on Rj, and vanishing
on ORy, i.e., the vectors {u} representing in the interior mesh points Ry, these
grid functions, satisfy Property S on € if they are uniformly bounded in
and have uniformly bounded backward difference quotients V,u;; and V,u;; at
each mesh point (z;,y;) of Rj.

3 Monotonicity of the mapping F
We begin with two useful lemmas which establish the discrete analogs of two

continuous Lo (R) inner products used frequently in the study of elliptic partial
differential equations.



Lemma 1. Let {u;;}, {vij}, {wi;} be three grid functions defined at the mesh
points (x;,y;) of Ry, 4,5 =0,..., N + 1. Then,

Uit1j — Uij Ujj — Ui—1j
h E < Tit1j wz+1j)T +Uij(wij)T vy =

e e
= Z 01 (Wi ) Vi Vavish + o1 (w ;) —2—2
=1

unN i — UN
*O'N+1j(wN+1j)%ija (7)

and

Uij4+1 — Uij Uij — Uij—1
hy <—0ij+1(wij+1)h2 +oi(wig) =5 v =

i=1

Uil — Uq0

h

=D 0 (wiy) Vyuis Vyvigh + i (wir) Vio —
1=1

UiN11 — UiN
*UiN+1(wiN+1)%vm~ (8)

Proof. We have

Uit15 — Uij Uij — Ui—1j
h E ( Oir1(Win1s) — g + i (Wig) = | vi =

U1 — Ui—1j
= Ulj(wlj) Ul] + ZU” wz] h — 0 Vij —

N—-1
Uit1) — Uij UN415 = UN;
= > o1 (wity) g — ON+1 (WN 1) W UNj
i=1

U1y — Ui—1j4
= o1j(wiy) ——— vlj + Z o4 ( wz; 5 —Vjj —

UN+1j — UNj
h

— Ui—1j
- ZU” w” ———— i1 — ont15(WNt15) UN;

h

ul] - — Ui—15 Vij — Vi—1j
:Ulj('lUl]) ’U1] —|—ZU” w” i 3 h—

UN+15 — uNj

—oN+15(WN+15) &

UNj,
then, we have the result (7). Similarly we obtain formula (8). i

Lemma 2. Let {u;;}, {vij}, {wi;} be three grid functions defined at the mesh
points (z;,y;) of Rp, i,j = 0,..., N + 1, which are zero at the boundary dR), of
Ry, i.e., satisfy the condition (5) on ORy,.



Then, we have the following expression for the discrete lo(Ry) inner product of
the vectors A(w)u and v:

N N
< A(w)u,v >= h? Z Z 0ij(wij) Viui; Viavi +
j=11i=1
N N
+3 onpai(wn i) unvng + Y oiv e (Win 1) uinvin, (9)
j=1 i=1

where Vju;; denotes the gradient of the grid function {u;;} at the mesh point
(xi,y;) (see formulae (10) and (11)).

Proof. Since the discrete lo(Ry,) inner product of two grid functions {u;;} and
{vi;} which are zero on the boundary 9R is defined by

N N
<u,v> = hQZZUijvij; (10)

i=1j=1
{h

N
Uij+1 — Uij Uij — Wij—1
h E ( Tij1(Wij41) =5 + 0ij(Wij) ——5—— ) vij

j=1

we have

Uit1j — WUij Uij — Wi—1j
(*Uz’+1j(wz'+1j)7h2 + i (wig) = ) vij

-
M=

< Alw)u,v > = n

1

<.
Il
-

_|_
>
M=

1

1

.
Il

1
—ON+15 (WN415)un;oNg | +

Tij w’Lj v Uzgvxvijh+ n

an

045 (wi;)Vyui; Vyvih +

HMz an
HMZ

{

We have used formulae (7) and (8) and the hypothesis that the grid functions
{u;;} and {v;;} are zero at the boundary OR, i.e., satisfy the condition (5) on
OR.

We define the gradient of the grid function {u;;} at (4, j) entry to be

1
hUzN+l(sz+1)uzNU1N .

Viuij = (Vauij, Vyuig), ,j=1,...,N. (11)
Thus, we can write

Vinuij - Vv = Ve Vavi + Vg Vyvi;.
Therefore, we obtain the result (9). i

Remark. While the grid function {u;;} is defined on the whole mesh region
Ry, the vector u € R" represents the grid function {u;;} defined only on the
interior mesh points Ry,.



Now we want to prove that under suitable conditions the mapping (1) is
uniformly monotone on the closed ball € (see, Property (I)).
Let {u;;} and {v;;} be two grid functions belonging to €, i.e., two solutions of
the nonlinear system (1). For the condition (5), they are represented by the
vectors u and v of n components.
As consequence of the identity

Alu)u — A(v)v = A(u)(u — v) + (A(u) — A(v))v, (12)
we have, by (1)
F(u) — F(v) = A(u)(u — v) + (A(u) — A(v))v + G(u) — G(v). (13)

Thus, from (13), the discrete l3(Rp) inner product

<F(u)—Fv),u—v> = <Au)(u—v),u—v>+
+ < (A(u) — A(w))v,u —v >+
+ <Gu)—Gv),u—v>. (14)

Using (9), we have

N N
<Au)(u—v),u—v> = h? Zzgij(uij)|vh(uij — i) ? +
j=11i=1
N
+ Y ona(unag)lung — vngl® +
j=1
N
+ZJiN+1(UiN+1)|UiN —uin . (15)
i=1

Assumption (iv) implies that, for all grid functions u and v belonging to €2,
there exists a positive constant ¢ such that
(91 (uiz) = 9ij (vi)) (uij — vij) = c(uij — vi)?, (16)

for all 4,7 =1,..., N (see [16, p. 141]). The constant ¢ is independent of h.
Thus, for the discrete lo(Ry) inner product (see definition (10))

N
< Gu)-Gw),u—v>= hzz

j=1i=1

N
(935 (uiz) = gij(vig)) (uig — vi),
and from (16), we have the inequality (see, definition (6))

<Gu)-G),u—v> > cllu—ol;. (17)



The next step is to find a bound for | < (A(u) — A(v))v,u — v > |. Using (9),
we have
N
| < (A(u) = A@)vu—v> =] (

j=11i=1

i (uiz) — 0i5(vig)) Vavij X

N N
X Va(uij = vi)h* + > (04 (uij) — 045(vig)) Vyvi; Vi (i — vij)h* +
=1 i=1

+

N
(on115(uny1j) — ont15(vN115))ons (ung — vNg) +

I
—

J

+ > (oinvt1(uin+1) — oin+1(Vin+1))Vin (Wi — Uin)- (18)

-

Il
-

?

Specifically, assumption (iii) says that, for given grid functions w and v be-
longing to €, there exists some w on the line between u and v and a positive
constant A(w;;) such that

i (wig) — 0ij(vig)] < Awij)|uiz — vigl, (19)

foralli,j=1,....,N + 1.
We define
A = sup Aw;); (20)

wi 5

here, A is independent of h and {w;;} € Q.
Property (IT) assures that there exists a constant 3 > 0 such that

[Vov| <8 and  |[Vyvi] < B, (21)

forall4,j =1,..., N +1 and all grid funcion {v;;} belonging to Q. 3 is indepen-
dent of h.

Now, we may apply the inequalities (19) and (21) and the definition (20) to
estimate the expression (18), then

N N
| < (A(w) — A@))v,u—v > [ <ABY D |uyy — vij| [V (ui — vi)|h? +

j=1i=1

N N
FABD Y iy — vigl [V (s — i) |0 +

j=11i=1
N

HAY fungay — onagl [on fung — ongl +
Jj=1
N

HAD  fuin 1 — vina] [vin| [uin — vin.
1=1



The last two terms are zero because the grid functions {u;;} and {v;;} belonging
to © are bounded and satisfy the boundary condition (5).

Using a well known technical trick involving the arithmetic mean and geometric
mean inequality of positive numbers (vVab < a/2 + b/2), we obtain

| < (A(u) — A))v,u —v > | < AﬂZZhQ (7@4] — vyl Va|Va(ui; — vij)|+

j=1i=1 Va
Uij — Uiy
L = vl J\/a ]|\/5|Vy(ui;‘ —vij)|)
N
A i — viil?
<y (7'1” “ol 4 ol —vij)ﬁ) +
j=1i=1

(22)
N N
Aﬂ Wi — Vij 2
255w (1=l oy - ).
j=1i=1
where « is as yet an undetermined positive number.
It now follows from (14) that

<F(u)—Fw),u—v> > <Au)(u—v),u—v>+
+<Gu)-Gw),u—v>—
—| < (A(u) — A(v))v,u—v > |, (23)

and from (15), (17) and (22) and assumption (ii), formula (23) becomes

N N
<F(u)-F(v),u—v> > ZZ Tmin(|Va (ui — vig)|* + |Vy (ui; —05)?) +

+Umm ZluN] _UN]| +Z|U1N_U7,N| )

Jj=1

2
Wi — Vij
+c|lu — 'U||i _Aﬁzzlf% _

j=1i=1

2a(|Va(uis — vij)|? + [Vy (uiy — viy)[?)

oz
=
¥l

Jj=11i=1
N N
= Umin(z|uNj_ij| +Z|uzN_U1N| )
j=1 =1
N N
ABa
+Zzh2(0min - 9 ) (|V1(U2] Uij)|2+
j=1i=1
AB
+ |Vy(uij—vij)\2)+(C—;)HU—UH§L- (24)
If we set
o — 2O—min
AB



the inequality (24) can be written

A

<F(u)—F(v),u—v> > (c—?ﬁ)Hu—vHi. (25)

When A2g2

c— b > 0,
2O’min
or A2g?

1 26
2Co'min b ( )

inequality (25) shows that the mapping F'(u) is uniformly monotone on €.
When inequality (25) holds, there exists only one solution u* of the system
F(u)=0in Q.

Indeed, suppose that @* is some other solution of F(u) = 0 in Q, 4" # u*.
Then, since the mapping F'(u) is uniformly monotone on  and (25) holds with
c— (A%3%)/(20min) > 0, we have

A2 2
0=<F(u")— F(u"),u"—a" >> (c— 5 b

min

)l @i >0

which is a contradiction. Hence u* is the only solution of F'(u) =0 in Q.

Inequality (26) says that the best chances for the applicability of the algorithm
to be defined in next section, are assured when the local Lipschitz constant of
o(x,y,u) is small and the constant ¢ (in condition (iv)) on the monotonicity of

g(x,y,u) is large.

4 Lagged diffusivity fixed point iteration

We will investigate the solvability of the system of nonlinear difference equations
(1) under the assumption that the computation of the Jacobian matrix of F'(u)
is not convenient.

For solving this system the easiest and may be the most common method is to
lag part of the nonlinear term in (1) (see [20]).

We will show that under weak restrictions (i)—(iv) imposed on the functions
o(z,y,u) and g(x,y,u) the problem (2)—(3) can be solved via a sequence of
systems of weakly nonlinear difference equations where only g but not o depends
on the approximate solution u of u(z,y).

That is, we will apply the so called lagged diffusivity fized point iteration proce-
dure.

Many numerical experiments have shown the following facts.

1. In the special case in which the diffusion term in (2) dominates the reaction
term, the lagged diffusivity procedure is an efficient and robust method,
even if only linearly convergent, for solving problems with a highly non-
linear differential operator —div(cVu). (For example, this may happen
for nonlinear diffusion models in image denoising [22]).

11



When this operator is discretized, the matrix A(w) has highly varying
coefficients and Newton’s method for solving the nonlinear system (1)
does not work satisfactorily, in the sense that its domain of convergence
is very small.

2. In the general case, it may be noted that the steeper the slope of ¢ (in
equation (2)) and the flatter that of o relative to that of g, the better are
the chances for the applicability of the lagged diffusivity procedure.

Specifically, let w(®) € Q be an initial approximation to the solution of u* of the
system (1). The mapping

Fo(u) = Auwu + G(u) — s =0,

represents the discretized weakly nonlinear difference system which can be solved
inezactly with a Newton iterative method. This solution u(!) produces a residual
Fo(uM)) with bound ||Fo(uM)|| < &;. Here || - || is the Euclidean norm.

Thus, uV) is a new approximation to u*. Now, u!) becomes the current iterate
to generate the new iterate u(?, and so on.

In general, if u(*) is an estimate of the solution w* of (1), we will determine a
new estimate of u* by solving the weakly nonlinear system

F,(u) = Au™)u+ G(u) —s = 0. (27)

An approximate solution of the weakly nonlinear system (27) is computed by a
Newton iterative method in such a way that its solution w1 will be accepted
if the residual F, (u(**1)) satisfies the condition

1F, (u )] < e, (28)

where €,41 is a given tolerance such that €,11 — 0 for v — oc.
If such suitable solution w11 is found, we say that the algorithm does not
break down.
The special form of the equations in (1) and the large dimension of the system
(1) suggest to use an iterative method for solving at each outer iteration v + 1
the system (27). (See, e.g., [16, §87.4, 10.3], [4], [5], [8]).
Now, it is important to note that the iterate w®*1 is the solution of a weakly
nonlinear reaction diffusion equation (whose diffusivity o depends on the previ-
ous iterate) with inhomogenous term —s — F, (u("*1).
We assume that all the iterates u(*), v = 0,1,..., belong to Q and satisfy
Property S in © (see Definition 1).
Since the bound of the backward difference quotients depends on the inhomo-
geneous term (see Proposition 2), we have that there exist two constants /5 and
/3’ such that

Vou| <B+eB and V)| < B+eB, (20)

v]

instead of (21), 4,5 =1,...., N + 1.

12



A result concerning with the convergence of the lagged diffusivity procedure is
the following theorem.

Theorem 1. Let be given the nonlinear system (1)
F(u)=A(uw)u+ G(u) — s =0,

arising from the discretization of the problem (2)—(3) subject to the Smoothness
Conditions (i)—(ii)—(iii)—(iv), and characterized by the Properties (I) and (II),
which define the closed ball €2 and the bound S (see formula (21)).

When condition (26) holds, there exists a unique solution u* € Q of F(u) = 0.
Suppose that {¢,} is a sequence of positive numbers such that £, — 0 for
v — o0.

Let u(®) € Q be arbitrary and let u(*+1) be the solution of F, (u) = 0 satisfying
the condition (28) with F',(u) as in (27).

If all the vectors {u(*)} belong to  and satisfy the Property S in  with the
bound (29) instead of (21), then the sequence {u(*)} converges to the unique
solution u* of F(u) = 0.

Proof. The unique solution u* in Q of (1) satisfies the equation

Au")u*+ G(u*) —s =0, (30)
and the iterate u(**1) satisfies the equation
AU 4 QD) = By () 4, (31)

where the Euclidean norm of F, (u(+1)) satisfies the inequality (28).
Subtracting (31) from (30) and taking into account of the identity (12), we can
write

A" + Gu) — A®)u ) — GuY) = —F, (u+D),
as
Afw)(u” —u® ) 4 (A") — A u Y + @) - Gl ) = —Fu ().
Thus, we have

<A (' —u Tt —w > 4 < (A@”) — AT wt — w4

+ <G - G ™M) u —u" ™ s=< —F, (") ut —uTY >

The estimates (15), (17) and (18) in the previous section can be used to yield

N N
< —F,(u” ™) u — ) 5> p? Z Zaij(ufj)\vh(ufj - u§;+1))|2 +
j=11i=1
N
+ 3 on (W) luig — ulTV P +
j=1

13



N
+ Z OiN+1 (uzN+1)|uzN - u(V+1)|

i=1
N
2 * v 1 N Va1
12303 g ) — o () [V (uly ) (= )] -
j=11i=1
N
v+1 *
_Z|O'N+1J(UN+1J) - UN+1](US\,+1])| \u( + )| i — uN;rl)|
j=1
N
*Z|01N+1(U1N+1)*02N+1( §N+1)||u YDty — uHY]
i=1

+c||u” — u(”+1)||i.

Inequalities (19) and (20) and Property (IT) and, hence, inequality (29), imply
(see formula (22))

N N
< —F, (@), u — u ) 5> 2 Zzoij(u;‘kj) (le(ufj NI

)

j=1i=1
N
v+1 v+1
19y s =l TP) 4 D owe (vl — iU+
j=1
N
+ 3 i (uiy)lufy — ul P
i=1
N N . (V) 2
(ﬁ—‘l_all 16 U - ‘ % v+1
Sy D o + o] Vo (uf; —ufy TP ) -
Jj=11i=1
(ﬂ‘i‘&/-{-lﬁ 2 al |uz z ‘ (v+1)y |2
Y)Y L= S el
j=1:i=1
+ellut —u VR (32)

where « is as yet an undetermined positive number.
Taking into account of assumption (ii), (32) becomes

eopflut —u" Y|, > < —F, () v —utY >

> h20min Y O (IVa(uly —ul ™) 4+ [V (uly — ul™)2) +
j=11i=1

N
T+ Omin Z |y — (u+1)|

“+O0min Z |U1N — U, y+1)|
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N N
(ﬁ""é—lﬂrlﬂ h2ZZ|u* u(l’)|2_

(07

<.
H
o
Il

A

2 ij iJ

N
R D) I (LA S

+ |V (ufy — a2 4 efut — w3
Hence

evatflu’ —u D,

>
(B+5v+1/é ZZ (u)
Uij —

N N
+(Umin _ w)hQ ZZ <|V$(u:‘] — u(y+1))|2—|—

2 t
j=1i=1
* v+1
+Vy(uf; — uz('jJr ))|2) .
Choosing
o 2Umin

A(B + 5u+1ﬁ) 7

we obtain

* v A2 /6 +€V B 2 * v v * v
u* — w02 - %HU —uM|? < THHU — ..

Suppose that {, } is a sequence of positive numbers such that e, — 0 for v — co
and that condition (26) holds.
Then (see [12]), we may assume that there exists an integer vy such that

Az(ﬁ + €V+16)2 <

<y <1, for all v > 1.
20minc

Moreover, since the grid function {ug;ﬂ)} belongs to €2, we may assume that
1 1
“Ju* —u Y|, < Z2p = a.
c ¢
Thus, we obtain the inequality
lu" —w VIR < Allu” —u®|f +as,0, v >,

and iteratively

I
= uC I <yt wl e D ey, =12
j=1
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Since g, — 0 it follows from the general Toeplitz lemma ([16, p. 399]) that
. * o (v))12 _
Jim et — w7 = 0.

Hence, the sequence {u(")} of approximate solutions converges to the solution
u* of the system (1). i

Let us now turn to the numerical solution of the weakly nonlinear system
(27) with a Newton iterative method.
For the solution of systems of nonlinear equations of the form (1) with a Newton
iterative method a common set of Standard Assumptions on F(u) is the
following.

e Equation (1) has a solution w* in an open domain K of R™.
For any vector u and u(*) belonging to K:

e A(u) is a block tridiagonal matrix of order n for any iterate u(®).

The diagonal blocks are square (although not necessarily all of the same
order) tridiagonal submatrices, and the off-diagonal blocks are diagonal
submatrices.

e The matrix A(u")) is irreducibly diagonally dominant ([21, pp. 18, 23])
and has positive diagonal entries and nonpositive off-diagonal entries for
all the mesh spacings sufficiently small and for all the iterates u®) € K.

e G(u) is a continuously differentiable diagonal mapping on &, i.e., the k—th
component Gy, of G is a function of only the k—th variable ug, k =1, ..., n;
furthermore G'(u) > 0 for all u € K.

Thus, A(u")) is an irreducible nonsingular M-matrix ([15, p. 108]) and F!(u) =
A(u)) + G’ (u) is also an irreducible M-matrix with F/(u)~' < A(u(®))~! for
all w and for all the iterates u) (see, e.g., [15, p. 109]).

A less restrictive assumption on G(u) may be considered (see, e.g., [6]).
However, with the assumption of —G(u) being diagonal, it is possible to express
the rate of change due to a reaction of many reaction diffusion processes in
realistic applications. (See e.g., [1], [2], [10], [11], [13], [14], [17], [18]).

As a specific example of a solver of (27), we consider the Newton—Arithmetic
Mean (AM) method and its simplified version developed in [6], [7], [8] and [9].
The Newton—AM method belongs to the general class of Newton—Iterative meth-
ods, as, for example, the well known Newton—-SOR method (see [16, §§7.4, 10.3]).
The Newton—-AM method incorporates at each stage of Newton’s method, the
Arithmetic Mean method as inner iterative solver for the linear Newton equation
([8]). When we apply this method to the weakly nonlinear system (27), we can
reduce it to a two—stage iterative method as that described in [6] and [9].

The above Standard Assumptions on F',(u) permit to analyse the convergence
of the Newton-AM method and of the simplified Newton-AM method ([8], [6],

[9))-
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In [8], [9], [6] and [7] we have discussed also the questions concerning with the
global convergence of the Newton—-AM method, using the line search strategy,
and the monotone convergence of the simplified Newton—AM method.

These methods are well suited for implementation on parallel computers and
are significantly efficient when the nonlinear differential operator in equation
(2) is general, i.e., it is composed of a diffusion term and an advection term (see
[8]). The advection term may be present in a reaction diffusion equation if the
reactions are taking place in a flowing fluid.

5 Numerical experiments

In this section we consider numerical experiments of the lagged diffusivity fixed
point iteration for the solution on a square domain [0, 1] x [0, 1] of the problem
(2)-(3).

Different functions for the nonlinearity factors o(a,u) and g(x,u) have been
considered.

We are concerned with some simple steady state problems (2)—(3) in which
reaction kinetics and diffusion are coupled.

This coupling gives rise to reaction diffusion equations which, in a one dimen-
sional scalar case, can look like

ou 0%u

g — U(U)@ + g(u) = 07

where u = u(x,t) is the concentration, —g(u) represents the kinetics and o (u)
is the diffusion coefficient, here taken to be concentration dependent.

(When g(u) = —ru(l —u/k), this equation is known as the Fisher—Kolmogoroff
equation [14, Vol. I, p. 400]).

More specifically, we will consider reaction diffusion problems concerning the
heat transfer caused by a chemical reaction (see, e.g., [17]) and the growth of
spatially distributed communities (see, e.g., [2]).

The aim of this numerical study is to make a computational verification of the
effectiveness of the lagged diffusivity procedure for solving nonlinear difference
systems of the type (1) in a extended domain of convergence.

The source function s(x) is chosen in order to satisfy a prespecified exact solu-
tion w* = {u*(x;,y;)} of the nonlinear system (1), 7,7 = 1,..., N. The solution
u*(x,y) is chosen equal to sin(mwz) sin(7y).

In the following we list the functions ¢ and g and how they are referred.

ol : o(u)=0.54 0.5y
02 : o(u) =0.02 + 0.5u%
03 : o(u) =1/(0.02+ 0.5u);

gl g(u) = 100",
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103u
2 = —;
92+ 9 = G0,
93 g(u) =5ulog(l+ u).

We observe that
for g1: ¢ >0, ¢’ > 0 and ¢g” > 0 for any value of u;
for g2: ¢ > 0 and ¢’ > 0 when u > 0;
for g3: ¢ >0, ¢ >0 and ¢’ > 0 when u > 0;

and then, the functions g1, g2 and ¢3 satisfy the Standard Assumptions on g
for u > 0.
The lagged diffusivity fixed point iteration has been implemented in a Fortran
code with machine precision 2.2 x 10716,
This method stops when

evt1 <&, (33)

with ¢ = 107%. An experiment has been carried out with different values of the
threshold e.
At each iteration of the lagged diffusivity fixed point method, the approximate
solution computed by the simplified Newton—AM method satisfies the stopping
rule

IF, @O )| < e,

with g1 = 0.1 || F(u(?))|| and
€ytr1 =0.5¢,, v=12,.. (34)

The starting vector of the lagged diffusivity fixed point iteration u(?) is the null
vector (u(®) = 0) or the vector whose all components are equal to 1 (u(®) = e).
In the tables, v* indicates the iteration of the lagged diffusivity fixed point
method for which condition (33) is satisfied. The number ktot is the sum of the
simplified Newton method’s iterations and it is included in brackets; j; indicates
the number of iterations of the Arithmetic Mean method for the solution of
the linear system that occurs at each iteration of the Newton method. This
number of iterations of the Arithmetic Mean method is chosen to be fixed at
each simplified Newton iteration. For the details of the Arithmetic Mean method
used here, see [19].

Here err denotes the computed relative error in l3(Rj,) norm,

err = |[u™) — u*||p,
and diff indicates the last difference of iterations in I3(Rp) norm,
diff = ||[u™) —u® V||,

While, with res and res0 we indicate the residual and the initial residual in the
Euclidean norm:

res = ||F(u®7)]], resO = || F(u®)].
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The term 4.81(—9) indicates 4.81 - 1077.

From the numerical experiments we can drawn the conclusions below.

e We observe that, since ¢,; decreases, for v increasing, as (34) and the
lagged diffusivity iteration method stops at the iteration v* when the
criterium for £, 11 in (33) is satisfied, we have

€1 < g,

1
Eyx41 = ZEp* o~ >

2 :ﬁé‘y*_l:“.:

where we set £ = 0.1||F(u(?)||. Then

v* > log, <€€1) .

In the experiments we obtain

v* = [log, (?)1

e We also observe that, generally, in the experiments the outer residual
[ F(u))| has the same order of ¢ and the error in the discrete I2(Rp,)
norm has order of he.

e When in equation (2) o(u) = 02 and g(u) = ¢3, the diffusion term and the
reaction term are small (Degenerate Equation). If the initial iterate w(®)
is zero (Table 1), we have a nonmonotone decreasing of {||F(u))|} that
produces a large number of iterations of the simplified Newton method;
e.g., we have ||[F(u(?)|| = 933.26 and ||[F(u")|| = 8514.10. The sugges-
tion is to change the initial vector; the same case with u(?) = e produces
better results (see Table 2) and a monotone decreasing of {||F(u))|}.

e When in equation (2) o(u) = ol or o(u) = 03 and g(u) = ¢3, the diffusion
term dominates the reaction term (Equation of Diffusion—type).

The matrix A(u) with o(u) = 03 (g(u) = ¢3) is more ill conditioned than
A(u) with o(u) = ol

When in equation (2) o(u) = ol or o(u) = 02 and g(u) = g2, the slope of
o(u) is quasi—flat and the slope of g(u) is steep.

When in equation (2) o(u) = o1 or o(u) = 02 and g(u) = g1, the slope of
o(u) is quasi—flat and the slope of g(u) is quasi-flat with ||G'(u)]| large.

When in equation (2) o(u) = 03 and g(u) = g1 or g(u) = g2, the diffusion
term is comparable to the reaction term.

The numerical results on these test problems (Tables 1 and 2) confirm the
statements 1. and 2. at the beginning of the previous section.
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e In the experiment in Table 4 the function ¢ is chosen dependent on u and
on z and y. The range of values of this function o is larger than that of
ol and a comparison with Tables 1 and 2 confirms that we could expect
a larger number of the simplified Newton iterations.

e The results in Tables 3 and 5 show, in some cases, the behaviour of the
Lagged Diffusivity procedure for different values of the threshold € and of
the number N of grid points per dimension. From Table 3, we see that
the choice £ = 10™* is appropriate.
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N = 256; £ = 107%; jj, = 20; u'®) = 0;
o(u) =ol
g(u) v (ktot) err res res0 diff
gl 24 (528) 4.81(-9) 1.07(-4) 954560  4.93(-9)
g2 25(1283) 1.13(-8) 1.06(-4) 20077.85  1.14(-8)
g3 22 (2135) 1.65(-8) 9.18(-5)  2234.890  1.66(-8)
o(u) =02
g(u)  v*(ktot) err res res0 diff
gl 23 (208) 7.62(9) 1.72(-4) 8102.34  7.28(-9)
g2 25(661) 1.38(-8) 8.64(-5) 18815.92  1.35(-8)
g3 20 (6606) 1.48(-6) 1.25(-2)  933.26  3.36(-6)

o(u) =03
g(u) v (ktot) err res res0 diff
gl 28 (1793) 8.32(-9) 3.05(-4) 233807.67 8.27(-9)
g2 28 (3077) 2.28(-8) 4.70(-4) 237686.05 2.27(-8)
g3 28(3987) 3.41(-8) 6.66(-4) 233112.89 3.41(-8)

Table 1: Results for different functions g(u) and o (u) with u(®) = 0.
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e=10"% j, = 20; u = 0;
o(u) =ol; g(u) = g1
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