Numerical methods for time dependent partial
differential equations

1 Introduction

There are many phenomena of interest in biological and life sciences that are
modelled by time dependent partial differential equations of the form
Jc .

§+u(x,t)-Vc:AAc—|—f(t7c) in D x (0,71, (1.1)

in D x (0,7], where D C R%d = 1,2 6 3) denotes the spatial domain
where the phenomena take place, (0,7") is a time interval and ¢(x,t) denotes
the dependent variable representing the magnitude that is modelled. Equa-
tion (1.1) is the mathematical expression of a conservation law satisfied for
c(x,t). To explain the meaning of terms of (1.1) we assume that d = 2.

0? o
AAc = A(E)_z + (‘3_2)’ A being the Laplace operator, is the diffusion
L Y
term; u(x,t) = (ui(z,t),us(x,t)) is a velocity field such that the term
% ¢ a@t)- Ve = L 4 u(@ )28 4 (a2 is the vari
— x,t) - Ve = — + uy(x,t)=— + ua(x,t)=—— represents the varia-
ot ’ ot g T g, TP

tion of ¢(x, t) following the trajectories described by u(z,t). This variation is

c
also known as the material derivative of ¢(z,t) and is denoted by —. Many

phenomena take place in a medium where there is no velocity field, so that
Dc  Oc . . .
u =0 and Dt = 5 Finally, the term f(t,c) is a function of ¢ represent-
ing internal interactions among the different components of the system, such
term is known as the reaction term.
We shall learn how to calculate an approximate solution of (1.1) by the
method of finite differences both in space and time in an step by step pro-

cedure. First, we consider that u = 0 and the function f does not have any
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dependence on c. These simplifying assumptions reduce (1.1) to a lineal diffu-
sion equation, which is the prototype equation for what the mathematicians
call linear parabolic problems. Then, we will assume u # 0, but still keeping
f as independent of c¢. Finally, we shall end up assuming that f = f(c).

2 Numerical methods for linear parabolic prob-
lems

We consider the model problem

g—j = AAc+ f(x,t) in D x (0,77,
¢(x.0) = co(x), % €D, (2.1)
¢ lap= g(x,t) for all t >0,

where f(x,1) is the forcing function, g(x,t) is the value of ¢ on the bound-
ary 0D and co(x) is the initial value. To avoid unnecessary complications
in the presentation of the numerical schemes, we shall assume in the sequel,
unless otherwise stated, that i) f(x,t) and g(x,t) are sufficiently smooth. i7)
D =DUJD = [a,b] x [c,d], a,b,c,d are real, this means that D is a rect-
angular region in the plane. iii) D is covered by a uniform rectangular grid
of grid spacing Az = Ay. iv) A constant time step At. v) Given positive
integers I, J and N, such that (I —1)x Az =|b—a |, (J—1)x Ay =| d—c|
and N x At = T, the region D is approximated by the computational do-
main Dy, = {(v;,y;) € D : 1 <i <1, and 1 < j < J}. Next, we intro-
duce some notation. If wu(z,y,t) is a function defined on D x [0,T], we
set u;; = u(x;, yj, t,). The derivatives are approximated by finite difference
operators. Let z denote either x or y, we have

forward difference operators AT, A} and backward difference operators
A7, Ap

+,m . N _amn —pM e oM oM
Ajui = uZH ul', ATul =} ui_ll,
n .__ n n N . n n—1L,
Aful =u! —ul, ATul =l —ul

central difference operators 6., d;

n .__ n n
dul = ui+% CHRY
1
n._ "2 n-3.
oul =, P —u; 7



Some times, instead of the central difference operator 4., it is used the
double interval central difference operator Ag.)

n .__ n n
Aguf == udyy —uf y,

. n+l n—1,
Agu = w" —u

second order central difference §2, &2

2, n ._ ,n n n
52Zui = U/Z‘T’ll —2u? + ui*lf
N. __ N n n—

By using Taylor series expansion and assuming u is sufficiently smooth
we can obtain the following approximations
N _ ou
Az U? and Az U? = (a_)ZZih + O(h)7
z

dul and Agulr = (%)z:ih + O(h?),

0z
S2ult = (@) —in + O(h?)
2% 9277t )
Analogous approximations hold for Afu?, A;ul?, d;ul, Agul and §2u?, respectively.
The approximate solution of (2.1) at (x;,y;,1,) is denoted by C}:. Some-
times, if there is no confusion, we shall write C" instead of CT7.

2.1 Euler explicit scheme (EBTCS)

The simplest numerical scheme we can use to compute the numerical solution
of (2.1) is the Euler explicit scheme, also known as backwards in time central
in space (BTCS), which is expressed by

C,le+1 :ij+(r$5§+ry5§)CZ+At g l<i<lI, 1<j<Jandn >0,
(2.2a)
with the boundary conditions:
a) on the left and right walls

for 1 <j < Jandn >0, Cf; = g(a,jAy,t,) and C7; = g(b, jAy, t,),
(2.2b)

b) on the lower un upper walls

for 1 <i<Ilandn >0, C =g(iAzx,c,t,) and C}; = g(iAx,d,t,),
(2.2¢)



and the initial condition

for all i and j, CY: = co(x4,y;) (2.2d)

ij
The parameters r, and r, are given by

AAt AAt
A2 v Ay?’

Ty = (2.3)
The scheme is explicit because there is only one unknown value C"*! at
the new time level.

2.1.1 Analysis of Euler explicit scheme

Our next concern is to study consistency, stability and convergence of
this scheme

Truncation error. Consistency

Let T(z,y,t) denote the pointwise truncation error at (r,y,t) € Dj, x
[0,7]. For the scheme EBTCS, T'(z,y,t) is calculated by substituting the
solution of ¢(x,t) in (2.2a). The result is

n+1 n 2 2
n_ CGii TG 0 O \ n

Assuming that ¢ is sufficiently smooth, we expand in a Taylor series
around (x;,y;,t,) the terms of this expression and get

Tn = (@ — AAc — F) (2727th”) +
At 0%c d*c (9 c

{_w Iuygﬂ? A (a a 4)} ‘(Ectn
where ¢, < < t,41 and (z; — Az, y; — Ay) < (¢,() < (:17i+Am,yj—|—ij.
Let || - ||oo denotes the maximum norm, and K;, K, and K3 be bounds in
2 4 4
such a norm for 0 c’ 8_ and 3_ for all ¢, then we have that
ot?’ 0xt oy*
At A
| T35 oo < 5 —K; + 15 (Ag;2K2 + Ay?K3) (2.5)

We recall the definition of consistency of a numerical method given in
the lectures of IVP.



Definitionl A method is consistent in the || - || —norm if
lim || 7" ||= 0 as At — 0 and (Az, Ay) — 0.
Moreover, the method is consistent of order (p,q) if
| T" ||= O(At + Az? + Ay?)

Then, by virtue of (2.5) we say that the scheme EBTCS is consistent in
the maximum norm with order (At) + O(Az?) + O(Ay?).

Stability.
Definition 2 A numerical method is said to be stable in the || - || —norm,
if there exist positive constants Aty, ho and K1 such that for all n >0

I C™ < Ko,

for 0 < At < Aty and 0 < Az, Ay < hg. The constant K1 may depends
on t, but is independent of n. Therefore, this definition says that the stabil-
ity is an intrinsic property of the method to keep the solution not growing
without bound. A simple but very practical method to study the stability
of the scheme (2.2a) makes use of the discrete Fourier transform assuming
the domain is infinite and that there are no forcing terms and boundary
conditions. This approach will give a necessary condition for stability of the
scheme applied to solve the initial boundary value problem (2.1). For details
see Thomas (1994). From a practitioner point of view, the way to apply the
method is as follows. Take one discrete Fourier mode and set

C;zq ~ )\nei(kprx+kquy)’ (26)

where k = (k;, k,) is a wave number. Substituting this expression into
(2.2a) and using Euler formula (e’ = cosa + isina) we obtain the amplifi-
cation factor

k. Lk
k) =1 — 4(r, sin® 7Ax + 7, sin? gAy) (2.7)
The method is stable -the solution will remain bounded- if

PYES? (2.8)



Then, from (2.7) it follows that (2.8) is satisfied if

1
Ty 1y < 7 (2.10)

(2.8) is known as the discrete von Neuman stability condition Note that
this condition is not sufficient because we have forgotten the boundary effects.
However, if the region D were infinite or periodic, then the above condition
would also be sufficient. Moreover, it is worth noticing that if the initial
boundary value problem is solvable by a finite Fourier series then (2.10) is
also a necessary and sufficient condition for stability of the EBTCS scheme
when is applied to solve (1.2).

Convergence

Definition 3 We recall that a numerical scheme approximating a contin-
uous initial boundary value problem is a convergent scheme at any t € [0,T]
in a gien || - || —norm, if for any sequence of partitions {Ax, Ay},

|| Cn+1 o Cn+1 ||l_> 0

as (n+ 1)At —t, 1 — oo and At — 0.
To study the convergence of the scheme (2.2) we set

el = CZ- — ij (2.11)

v

So that, substracting (2.2a) from (2.4) gives

e%“ = (1=2r, =21y )efs +ra(eiyy; +eiyy) Frylel g +ef ) AtT. (2.12)
Let E" = €} ||loo. If (1 = 2r, — 2r,) is positive, the coefficients on the
right hand side are all positive, so that

EN<E"4+ At T" |00
or equivalently
B < EY +nAt | T" || oo - (2.13)

If £° — 0 as At and (Az,Ay) — 0, then by virtue of (2.5) it follows
from (2.13) that E"™ — 0 as At and (Az, Ay) — 0 and hence EBTCS is
convergent.

Note that the important points of the proof are: a) (1 —2r, —2r,) >0,
which is the stability condition, and b) consistency. EBTCS scheme has the
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good property of being easy to implement in all types of computer architec-
tures, however if Az is small and the coefficient A takes moderate values,
the stability condition requires a very small value for At, so that one has to
take an enormous number of time steps to complete the calculations. This
sometimes makes the scheme inefficient. In such cases one may prefer im-
plicit schemes, which are unconditionally stable and do not have to satisfy
stability constraints that put conditions on the size of Az and At. Accuracy
is the only reason to determine the size of At and Az. The most common
implicit schemes used to compute the approximate solution of (2.1) are Euler
implicit, also known as IBTCS (implicit backward in time central in space)
and Crank-Nicolson (CN).

2.2 Euler implicit scheme (IBTCS)

For1 <1< 1,1 <j<Jandn >0, the expression of this scheme is
Ol — (1,02 +1,02)CiH = O+ ALFH (2.14)

and (2.2b)-(2.2d) for the boundary and initial conditions.
Following the method used for the analysis of the scheme EBTCS we can
prove very easily that for the scheme IBTCS

| T™ ||loo= O(At) + O(Az?) + O(Ay?) for all n > 0.

Furthermore, it is unconditionally stable and convergent. However, there
is another approach, known as the operator or matrix approach, to analyze
difference schemes, which is very convenient for the analysis of difference
schemes for initial boundary value problems. Assembling (2.14) in matrix-
vector form yields

Q0™ = C" 4 At(F™H 4 BT, (2.15a)

where O™ = [C7T . O K = (T —2)x (J—2), Q1isa K x K
matrix of the form

B —r, © -
| eyl B —ryl
Ql — n . - —TyI ;
- © -rl B



where [ is the (I —2) x (I — 2) unitary matrix, © is the null matrix and
Bis an (I —2) x (I — 2) tridiagonal matrix of the form

1+ 27, +2ry —r, 0 _
B_ —Ty 14+2r, +2r, —r, —
_ _ _ -7y )
— 0 —Ty 14+ 2r, +2r,

B" is the column vector which contains boundary condition values. )
is a symmetric positive definite matrix, so that (2.15a) can be written as

C"tt = QO™ + AtG" T (2.15b)

where G = Q(F"*! 4+ B") and Q = Q1.

2.2.1 Analysis of Euler implicit scheme

We analyze the scheme IBTCS written in operator form (2.15). Of course,
we proceed by studying consistency, stability and convergence; however,
now it is convenient to do so in terms of a general norm || - ||, rather than
the pointwise approach used above.

Truncation error. Consistency.
Let ¢ be the vector [c}, ..., c%]T, where ¢ denotes the value of the exact
solution at (z;,t,). Using(2.15b) we express the truncation error as

AtT™ = " — Qc* — AtG™. (2.16)

To calculate || T™ || one has to calculate each component 7" in a manner
similar to the computation of the pointwise truncation error, and then apply
the definition of the norm. By so doing, it is easy to see that

scheme (2.15b) is of order (1,2) in the norms || - ||2,| - |;and

Stability.

Another way (equivalent to Definition 2) to define stability of a numerical
method written in operator form is the following

Definition 4 A numerical scheme of the form

Cntl = QC™, n >0
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is stable with respect to a norm || - ||, if there exist Aty, ho and a positive
constant (3 such that

FCmh i< (14 pAL) | C™ |

for all (n+1)At =t, 0 < At < Aty, 0 < Az, Ay < ho.

Then, by virtue of (2.15b), with G" = 0, and the definition of the operator
norm || @ ||, i.e., || @ ||= sup ”ﬁ;ﬁ” for all a # 0, the scheme IBTCS is stable
if and only if

| Q< (1+ ALY (2.17)

The point here is how to obtain a useful estimate for || @ || in terms of
properties of the matrix () which are easy to calculate. From a first course
on numerical analysis, we know that for any matrix @, || @ [[2> 0(Q),
where 0(Q) = max{| \; |: \; are eigenvalues of @)} is known as spectral
radius of @, and || @ ||z is the [?. But, if @ is a Hermitian matrix, then
| @ ||2= o(Q). Hence, the stability of a symmetric scheme such as (2.15b) is
intimately linked to the spectrum of the matrix of the scheme. It is difficult
to obtain the eigenvalues of a matrix; however, we can bound them by virtue
of Gerschgoring circle theorem, which is stated next without proof.

Gerschgoring Circle Theorem. Let A = (a;j)kxx o K x K matriz
and for all 1 = 1,.., K, p; = Zf: | a;j |, with i # j. For each eigenvalue \
of Q there exists an i such that

| A —ai [< pi.
By virtue of this theorem, the eigenvalue \; of ) satisfy
1< N <1+4(ry+ry),

for all i = 1,2,..., K. Hence, the eigenvalue p; of Q = Q7" satisfy for
all 4.
- <<l
L+4(ry +1y) — Hi =
These inequalities guaranty that the scheme IBTCS is unconditionally
stable in the [?-norm according to (2.17).
Moreover, since (), is a symmetric positive definite diagonalizable matrix,
it can be shown by application of Gerschgoring circle theorem that the scheme
is also unconditionally stable in the maximum and [} norms.
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Convergence.

We study the convergence of the IBTCS scheme in the norm || - ||, which
stands for the {2, [} or the maximum norm. Recalling that e" := ¢* — C",
then by virtue of (2.15b) and (2.16) we obtain that

e <l @l e T +At | T (<[l e™ | +At | T ],

and by stability
e <l e | +ta (1T ] -

Since the scheme is consistent of order (1, 2), then it follows that as At —
0 and (Ax, Ay) — 0, || "™ || 0 for all n. So that, the scheme is convergent
in the norm || - |.

2.3 Crank-Nicolson scheme (CN)

For1<i<I,1<j<Jandn >0, the expression of this scheme is

nt1_ L n - W At
Oy =5 (radgtry0y) O = Ol 5 (radi47y0,) Clit - (F T 4 F), (2.17)

plus the boundary and initial terms (2.2b)-(2.2d)
In matrix form this scheme reads as

Q,C"" = PC™ + At(F" + B"), (2.18)

—n

where F' = J(FIM + F7), B" = $(BE' 4+ B), and Q@ and P are K x K
matrices. Some properties of them are:
i) Q1 =1+ B, P=1— B, where I is the K x K identity matrix and B
is a K x K symmetric positive definite matrix.
i1) The eigenvalues \; of B satisfy for all i =1,2, .., K,
0< N <rp+ry.
iii) Let y; be an eigenvalue of Q;'P. The for all 4,

1o,
W= T

(2.19)
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2.3.1 Analysis of Crank-Nicolson scheme

Our analysis of CN scheme is restricted, as in the previous schemes, to cal-
culate the truncation error and to study the stability and convergence.

Truncation error. Consistency.
From (2.19) it follows that

AtT" = Q" — P — At(F" + B"). (2.20)

To estimate each component 77" we essentially follow the method used in
the scheme IBTCS. We have that the truncation error of the Crank-Nicolson
scheme in the || - || — norm is O(A#?) + O(Az?) + O(Ay?). So that, CN
is, for almost the same computational work, more accurate than the scheme
IBTCS.

Stability.
To study the stability of CN in the || - ||-norm, we consider the scheme
being applied to a homogeneous problem. Then (2.18) becomes
Ccntl — Ql—lpcn‘
By virtue of (2.19) it follows that

I Qr'P <1, hence || C™|I<|| C™ || (2.21)
so that the CN scheme is unconditionally stable in the || - ||-norm.
Convergence.

We study the convergence of CN in the || - || —norm. Let ¢" = ¢* — C™,

then by virtue of (2.18) and (2.10) we have that
Q"™ — Pe = AtT™

Hence by using (2.21) we obtain that
et <l e [ +AL | T || .
Thus,
e II<IF e | +tn 1T ] -
Since the scheme is consistent of order (2,2), then as At — 0 and
(Az,Ay) — 0, || et ||— 0 for all n.
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2.4 Neuman boundary conditions

So far, we have studied the numerical schemes with Dirichlet boundary con-
ditions (prescribed data of the solution on the boundary); however, there
are many problems in which the normal derivative of the solution is the
prescribed datum on the boundary. Specifically,

0
a—; lap= g for all t.

There are various methods to impose this condition in a numerical differ-
ence scheme. We explain two of them, which are used very often, considering
a one dimensional problem. To this end, let 1 = a and x; = b be the end
points of the interval on which Neuman boundary condition are prescribed

_% |ac::c1: g(a7tn) and % |gc:acI: g(b, tn) for all tn'

Method 1 (First order method) In this method we discretize the first order
derivative of c as

dc" cp—cp

o o= =91

Ox ! ’
ox T Az — I

Method 2 (Second order method) In this method we add artificial points

to the domain such that we can discretize by central differences the first order

derivative. Thus, adding the points xg = a — Az and z7,1 = b+ Az, we
approximate the Neuman boundary condition as

oc" cr—-Cnr

Ox T 2%@ oI
LS cSlc) =
Ox T 2Ax I

2.5 Explicit versus Implicit schemes

We have studied standard explicit and implicit schemes to solve linear parabolic
problems. We next summarize some of the relevant properties of such schemes.
Ezplicit schemes
- They have to satisfy a stability condition that in many multidimensional
problems may be very restrictive. So that, At may be very small and conse-
quently a large number of time steps have to be taken to carry out a large
scale experiment.
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- They are easy to implement and good for parallel computers.

Implicit schemes

- The discretization parameters are chosen by accuracy reasons rather
than by stability constraints.

- The parameter At can be much larger than in explicit schemes regardless
the size of Ax.

- To find the numerical solution of implicit schemes one has to invert a
matrix. In one dimensional problems this may not cause any trouble, but
in multidimensional problems things can be more difficult. However, for
symmetric matrices, there are efficient iterative methods, such as the Con-
jugate Gradient Method with preconditioning and Multigrid Methods
that can significantly alleviate this task.

It is difficult to state categorically which kind of schemes is better. That
depends upon the problem to be solved, the computer used in the calcu-
lations, the programming abilities, the accuracy with which one wants to
calculate etc. Although, things are not clearly defined, one recommendation
is that for strongly stiff problems problems one must prefer implicit schemes
with time step control.

2.6 ADI schemes

These scheme were invented long time ago (in the mid fifties) when the
computers were slow and had a limited amount of memory, so that solving
multidimensional problems with implicit schemes, such as CN, was a difficult
task. The purpose of ADI (Alternative Direction Implicit) schemes was to
speed up the computations of implicit schemes without using too much mem-
ory. To achieve this goal, the idea is to break the multidimensional difference
scheme, such as (2.1), into a sequence of one dimensional schemes which can
be solved relatively fast (and using a small amount of memory) by inverting
a tridiagonal matriz. In order to apply this idea in an optimal way, the ge-
ometry of the domain D should be simple, for instance, a rectangle or square
in two dimensional problems or a hexaedra in three dimensions. Among
the various ADI schemes proposed by several authors, we shall consider the
Peaceman- Rachford scheme that can be formulated as follows.
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Forl<i<I,1<j<Jandn>0,let

Cn+1/2 _Cn ,
L G i A 2, mFL2 | A 2m n
) it = RO+ e+
Cerl Cn+1/2 (222)
.. i — Y A n+1/2 A nt1 n+1

plus the boundary and initial conditions.

2.6.1 Analysis of ADI schemes

Truncation error. Consistency.
To study the truncation error of ADI schemes we combine 7) and i) in
such way that (2.22) can be written as

(- 81— L) = L+ )1+ LE)Ch+AF" (2:23)

Hence
ATE = (1 — 62 —A%aggc;;;— (14 %02 + 262)c, 220
ik l x Y n+1 n 2.24a
—AtF + ZA—SLQA—ZP(C” — Ci]-).

By a Taylor expansion around (x;,y;,t, + %) it follows that for all n
| T" ||= O(A#?) + O(Az?) + O(Ay?) + O(AtAz?) + O(AyAy?). (2.24b)

Stability
We prove that the Peaceman-Rachford scheme is unconditionally stable
by using the discrete Fourier method Thus, we let

Cpr o= N"expi(lprAx + mqrAy)

in (2.23). The result that follows is

(1—2r, sinz(pﬂﬁw))(l — 2r, sinQ(qWZAy))

(1 + 27, sin?(Z727))(1 + 2r, sin®(T2Y))

Hence. | A |< 1 for any (p,q). So that the scheme is unconditionally
stable.



Convergence

We leave as an exercise the discussion of the convergence of the Peaceman-
Rachford scheme using the same approach as in the Crank Nicolson scheme.

To calculate the solution C"** of (2.22) we have to solve first (J—2) tridi-
agonal systems to obtain C"*'/2 according to i), and then (I — 2) tridiagonal
systems according to #i). Since the tridiagonal matrices of the systems are
diagonal dominant, then Gaussian elimination (Thomas algorithm) can
be implemented very efficiently.

3 'Transport-diffusion problems

We can make more general the model problem (1.1) by adding transport

terms, which show up when the diffusion mechanism takes place in an en-

vironment in which there is a flow field This type of problems appear quite

often in biological and environmental modelling. Our model problem is now
oc .

— 4+u-Ve=AAc+ f(x,t) in D x (0,7],

ot
c(x,0) = ¢o(x), z€D, (3.1)
¢ lap= g(z,t) for all t > 0,

where u(z,t) is a velocity vector. A first approach to find the numerical
solution of (3.1) may consist of using some of the schemes we have explained
for pure diffusion problems. This is a valid strategy whenever u-Vec is not the
dominant term in the equation, but if the term u - V¢ is much larger than.
AAc, then the schemes studied for parabolic problems can have troubles,
because the mathematical properties of the solution are quite different, since

0
the character of the solution of (3.1) is mostly determined by 8_§ +u- Ve

This bring us to discuss some basic ideas on linear hyperbolic problems.

3.1 Linear hyperbolic problems

Let us consider the 1-dimensional partial differential equation

Jc dc
E‘F”(I?ﬂa_x - 07 YRS R" te (O’T]

c(x,0) = co(x). prescribed

(3.2a)
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This is one of the simplest partial differential equations, although to ap-
proximate it numerically is not a trivial task at all. The analytical solution of
(3.2a) is easily obtained by observing that ¢ is constant along curves, called
the characteristics, which are solution of the IVP

dr ;
Pkt (3.2)
z(0) prescribed,
since the time derivative of ¢(x,t) along such curves
de(x,t)  Odc  dxdc
dt - E‘FE% —07 (3.2C)

implies that c¢(c,t) = constant. If u(z,t) is constant, then the solution
of (3.2b) is the family of parallel straight lines x — ut = constant, so that
c(x,t) = co(x — ut). On the contrary, if u(x,t) depends on z and ¢, the
solution of (3.2b) is the family of lines

¢
x — / u(z(7), 7)dT = constant,
0

and c(z,t) = co(x — fot w(z(7), 7)d7). Furthermore, in the nonlinear prob-
lem in which w is a function of ¢, i.e.,u = u(c), the characteristics are straight
lines because c is constant along each, although they are not parallel. In this
case too, c(z,t) = co(x — u(c)t) until the characteristics break down, that is,
they cross each other. The important role played by the characteristics in the
analytical solution of (3.2a) must be reproduced by the numerical methods
designed to approximate the solution, otherwise the method will not con-
verge. In this spirit, a necessary condition that a numerical method must
satisfy for convergence is the so called C'F'L condition, after the names of the
important mathematicians Courant Friedrichs and Lewy (1928), who formu-
lated such a condition in term of the concept of domain of dependence. To
understand this concept we consider the model problem (3.2a) with v > 0
constant. The domain of dependence of the point (z,t) is defined as
the set of all points in the plain (z,¢) that the solution of (3.2a) is depen-
dent upon. Since at (x;,t,) the solution is obtained by drawing through
this point the characteristic * — ut = constant back to where it meets
the line ¢ = 0; then the domain of influence of (z;,t,) is the segment of
x —ut = constant that joins the points (z(0),0) with (x;,t,).Analogously,
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we can define the domain of dependence for the numerical solution. To this
end, we compute the numerical solution of (3.2a) by the finite difference
explicit upwind scheme

CZ-"Jrl =C!'—=v(C!=Cy) (3.3a)
where A
U
v = N (3.3b)

The value of C""' depends on the values of CI* and CF ,, that is, the
value at the point (z;,t,.1) depends on the values at the points (x;_1,t,)
and (7,t,) and so on. As illustrated in the figure below, the value of CI'
depends on data give in a triangle with vertex (z;.¢,t,+1) for time levels
n+1 up to n —4, and ultimately, on data on data at the points on the initial
line (t =0) ;_p_1, Ti—p_2, ..., x;. This triangle is the numerical domain of
dependence of C]""'.

tn+1
tn+0
tn—l
tn—2
tn73
tn—4
Ti5 Tia Ti—3 Ti—2 Ti—1 Tit0

The CFL condition states that for a convergent finite difference scheme
the domain of dependence of the partial differential equation must lie within
the domain of dependence of the numerical solution. And this condition is
satisfied if v < 1. Note that if v > 1, the domain of dependence of the partial
differential equation is not contained in the domain of dependence of the
numerical solution and, therefore, the numerical solution will not converge
to the true solution. What we have just obtained is a necessary stability
condition for an explicit numerical scheme which is used to calculate the
solution of (3.2a). We must emphasize that CFL condition is not a sufficient
condition for the stability of a scheme.

Based on the properties of the characteristics, we present next a method
which can be used to calculate the numerical solution of (3.1) when the
transport terms are dominant.
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3.2 Modified method of characteristics (MMC)

We assume that the velocity u is not constant and denote by X(z, s;t) the
characteristics of the total derivative operator
Dc  Oc

Ze._ % VY
Dt "o T wVe

X (x, s;t) are the solution curves of

dt

{ X — (X (x,s;t)
X(z,s;s) = .

The MMC associates to each spatial grid point x, = (x;,y;) at time level
t,+1 a particle and ask by the position occupied by such a particle at time
level t,,. Suppose we know such a position, then we approximate the total
derivative of ¢;; at time ¢, as

Dc;; C%H — (X (%, Yy tnss tn))

Dt Je=tnsa At

The problem that appears in this approach is how to determine ¢ (X (2;, yj, tn+1; tn))
since X (x;,yj, tn+1;t,) is in general not a grid point. The discretization of
D
F; suggests the following scheme to approximate the solution of (3.1).

Forl<i<I,1<j<Jandn >0 do:
Stepl Calculate X(z;,y;, tnt1;t,) by solving

ax __ N
{ dat u(X(l'ia Ys, tn+17 t)’ th <t < thrl’ (34&)

X(xh Yj, tn+1; tn+1) = (‘riu y])

Step2 Compute C™(X (x;,y;, tnt1;tn)) by quadratic or higher degree La-
grange interpolation of C™ at the points X (z;,y;, thi1;tn)-
Step3 Let

CPY — (rp62 + 1y 0) Ot = C™(X (@4, Yj, tnati ta)) + ALFLT(3.4D)

Note that (3.4b) looks like the IBTCS scheme with initial condition
C™(X(xi, Yj, tny1;tn) instead of C™. A crucial point for the performance of
the MMC scheme is the solution of (3.4a). There are many methods that
can be applied, but for accuracy of second order in time, what is sufficient
with (1.29), any second order Runge-Kutta method is valid.
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Few remarks are now in order.

1) It can be proven that scheme (3.4a)-(3.4b) is unconditionally stable
with truncation error O(At) + O(Az?) + O(Ay?). The analysis that gives
such results is more difficult than the analysis of conventional schemes studied
before, and is beyond the scope of these lectures.

2) Although the asymptotic error of the schemes based on the MMC may
be of the same order as the error of conventional schemes, however the actual
error is smaller. We illustrate this assertion through several tough example
that we will show in class.

3.3 Crank-Nicolson scheme

This scheme will work well in transport-diffusion problems whenever the
convective term is moderate. If such a term takes large values, or is the
dominant term in the equation, CN schemes can still be used but the grid
must be refined.
For1 <i<I,1<j<Jandn >0, the expression of the scheme is
(1+ afi™ 25033 2 S0y — 41002 — 11, 02) Ot =
n+1 2 n+1 2 n n
(1 5 ¥ / 60$ 2 / 60?! + 2703353 + 2T95§)Cz] AQt (FZ]H_I + Fij)v
(3.5)

n+1/2 n+1/2) _ ( n+1/2 At n+1/2 At )

where (a;; ij 1ij  2Az0V2ij  2Ay

3.3.1 Analysis of Crank-Nicolson

We can apply the same methodology as in the previous section to calculate
the truncation error and study the stability of the scheme (3.5).
Truncation error. Consistency
The truncation error at (x;,y;,t,) is given by

Aﬂm—a+ﬂd”m%z LB 260y — Lrp62 — Ly 62) et

N 3.6a
~(1 -l “/26% g+1/250y+ 1102 + r,02)en — ALF. (3.62)

2

Performing a Taylor expansion around the point (z;,y;,t, + %) and
after a series of simple but tedious operations, we can obtain that if u(x,t)
is sufficiently smooth then

| T" ||= O(A#?*) + O(Az?) + O(Ay?). (3.6b)

19



Stability.

It can be proved by means of the operator (matrix) approach or the
L?—mnorm technique that the scheme (3.5) is in general unconditionally
stable.

Note that by assembling (3.5) we get the expression

Q,C" = PC™ + At(F" + B"), (1)

where )1 = [ + B and P = I — B. Here, [ is the K x K identity matrix
and B is now a K X K non symmetric matrix. It can be shown that there
exists Q7', so that (3.5) has a unique solution.

The solution of (3.5) can be obtained by iterative methods suitable for
non symmetric systems. A good choice for is the BICGSTAB method with
diagonal preconditioning. However, we must say that solving non symmetric
systems is always more expensive than solving symmetric ones, in particular,
when the convective terms are large. A good scheme to deal with such a case
is the modified method of characteristics
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4 Numerical Methods for Reaction-Diffusion
Models

We consider a further generalization of the diffusive model, which consists of
adding a non linear term of the form f(c) representing non linear interactions
rates. The model equation is then termed reaction-diffusion equation. Rather
than on a single reaction-diffusion equation, the practical interest lies on
reaction-diffusion systems of equations; however, in order to make clear our
point, we shall concentrate on numerical methods to solve reaction-diffusion
models that consist of a single equation. To extend such methods to systems
is not difficult. Our model problem is now
oc .
i AAc+ f(c) in D x (0,7,
¢(x,0) = co(x), x €D, (4.1)
2 |op= 0.
on

We assume the following;:

H1) There exists a region S = (a,b) C R where the non linear function
f(c) satisfies

H2) f € C?(S,R), f(0) = 0.

H3) f(e)n, <0,

where ng is the outward normal to S. Then, it is known that S is an
invariant region for ¢(x,t).

of

Oc

H5) As T — oo the solution ¢ approaches an equilibrium solution ¢(x)
which satisfies

H4) There exist a positive constant K such that < K.

Je
n lop=0.

H6) ¢ is asymptotically stable.
The non linear term f(c) introduces further difficulties in the procedure

{ AAT+ f(¢) =01in D,

to find the numerical solution of (31)- If is large, then fully implicit

C

0
methods are recommended; however, if —f takes low or moderate values,

Oc

as is the case in many biological and ecological problems, then explicit or
semi-implicit schemes may be a good choice. As a first approach to the
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numerical solution of (4.1), we shall consider explicit schemes only. There
are many explicit scheme which can be used to integrate (4.1); however, the
simplest one is the scheme EBTCS. This scheme has the trouble with the
fulfillment of a severe stability criterium, but, on the other hand , it has
a good asymptotic behavior. There are many people who use it in their
research.

4.1 EBTCS for Reaction-Diffusion Equations

The formulation of the scheme is

Crtt = CR A (rp02+ry00)CR+ALfl, 1 <i<I, 1<j<Jandn>0, (42)

ij)
where f7. = f(C). (33) has to be modified at the boundary nodes ac-
cording to the method chosen to impose Neuman boundary conditions.

4.1.1 Analysis

Truncation error: Consistency.
The expression for the truncation error is
n+1 n 2 2
cott — ol ) )
n _ Cij ij x y

At

Al Ay )cf] — fi; (4.3a)

Performing Taylor series expansion and assuming that ¢; and ¢, and
Cyyyy are bounded , we can see

| T |= O(At) + O(Az?) + O(Ay?). (4.3b)

Note that, the presence of the non linear term f(c) does not introduce
any difference as for the truncation error is concerned. The study of the
stability is more delicate.

Stability.
First we note that by virtue of H2
f(Cij) = %(Cz’j)q‘f

The, by writing (32) in matrix form yields
Cn—H — @CTL’
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— 0
where (Q = Q) + diag%, with Q = I + B, B being the matrix generated

by assembling r,0% + ryés. Since ) is symmetric, then the scheme is stable

if and only if || @ ||< 1. Let us consider, for instance, the max norm. Thus,
we have that

1 1
o< 1 +4AtA(— + — ) + K),
I Q ] 1+ 4MUA(5 5 + 55) + K)
where K is the constant of H4. Hence, if
2

(3.6)

the scheme is stable.
Convergence.
To study the convergence it is convenient to define for each r > 0 the ball

B, ={CeRM:|| C—-¢|<r}
Next, let ef; = ¢; — C7r. Then
et = el + (ra02 +ry0,)er; + At (f(c) — f(CF)) + AT,
Applying a Taylor expansion to the term f(c;) — f(C};) it follows that
{ e?jﬂ = e}y + (1207 + 1,00 )efs + At f'(Tiy)efs +
ALf"(miy)(ciy —€ij) + vier] + At

@5

where 0 < <1 and 7} is an intermediate point of (¢}, ¢y, C5).

Hence,
e I<I I+ AtB [l e" || +AtRE, || €™ || +At | T |, (3.7)
where || - || is now the [?-norm, K, is a bound for f” and I + AtB* =

Q+ diag(a—f(@j)). Taking into account that I + AtB* is a symmetric matrix
c

, so that || I + AtB* ||= p({ + AtB*), and applying Gershgoring lemma we
have the bound
| I+ AtB* ||< 1 — aAt,

where o > 0. Taking R sufficiently small (independent of the grid spac-
ing) it follows that

e lI< (1= AtB) || e || +At | T ||
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By applying Gronwall inequality yields that there is a positive bounded
constant K5 such that for all n

| "™ || < Ky(At + Ax? + Ay?). (3.8)
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