ON THE NUMERICAL SOLUTION OF HEAT
CONDUCTION PROBLEMS IN TWO AND
THREE SPACE VARIABLES

BY
JIM DOUGLAS, JR., AND H. H. RACHFORD, ]JR.

1. Introduction. Many practical heat conduction questions lead to prob-
lems not conveniently solvable by classical methods, such as separation of
variables techniques or the use of Green'’s functions. As a result, quite a num-
ber of procedures for obtaining approximate solutions have been proposed.
It is the objective of this paper to introduce a new finite difference method
applicable directly to unsteady-state (parabolic) problems in either two or
three space variables and indirectly as an iteration technique to steady-state
(elliptic) problems using the time step as a parameter.

The procedure to be discussed is an implicit method that, for the purpose
of calculation, can be factored into a multi-stage process to step ahead one
time increment in such a manner that the solution of the linear equations
arising in each stage is very easy. The difference system in the parabolic
case will be shown to be stable; consequently, under sufficient hypotheses
on the initial and boundary conditions, the solution of the difference equation
converges in the mean to that of the heat flow equation. For the elliptic prob-
lems, convergence of the iteration will be demonstrated for several types of
parameter sequences, and efficient choices of the sequence will be discussed.

Other implicit difference systems have been discussed previously [2; 7],
along with their relation to explicit equations. The alternating-direction
implicit method described in [2; 7] is perhaps the most similar to the present
scheme. In the two space variable case, the alternating-direction method is
probably slightly superior to the procedure to be treated; however, it is not
known whether it may be extended to more than two dimensions.

PART I. UNSTEADY-STATE PROBLEMS

2. Differential and difference systems. We shall treat the first boundary
value problem for the heat flow equation in a finite cylinder: (x, y)&ED,
0=<t¢=<T, in the two space variable case; (x, y, 2) €D, 0=t=<T, in the three-
dimensional case. The set D will be assumed to be closed and connected, to
have a nonvoid interior, and to have a sufficiently regular boundary in a
sense defined below. The following typical notation will be convenient:
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f(iAx’ jAy! kAz» "At) = fi'ikm
(2.1) 2 2
Arfiiin = (firr,ikn — 2fiikn + ficr,ikm)/(A%) .
The subscript & will be suppressed if z is not considered.

It will be convenient to discuss the two-dimensional case first. The
boundary value problem then is:

()62u+62u ou ( RO<(<T
a' . — = b ’ = t = ’
dx?  9y* 9t ’ ) €

(b) u(x, y,0) = f(x, y), (%, y) € R,

(€ u(x, 3,0 =gy (x)eES0=t=T,
where R is nonvoid, open, and connected, .S is its boundary, and D=R\US.
Let D*=DX [0, T]; i.e., the set of all (x, v, t) such that (x, y)&€D and
0=<t=T. We shall consider the following finite difference analogue of (2.2):

(2.2)

*
Wi, jn — Wi, in
(a) Aiw:i.nu + A:w.-,,-.,. )i L
At
((idx, jAy) € R, 0 < ndt £ T)
*
Wi, jntl — Wi, in
(2.3) (b) A:'wi.i.ﬂ+l = A:w;,;,,. + — At =
(©) Wi 0 = %i,5,0 ((iAx, jAy) € RY),

) Whintt = Wiimir = %iian (07, j0y) €S0 < nAt S T).
R! is the set of lattice points ({Ax, jAy) in R and S' is the set of (3Ax, jAy) not
in R such that at least one of the points ((z+ 1)Ax, jAy), (Ax, (j+1)Ay), or
(3 £ 1)Ax, (j£1)Ay) is in R. The value u;,;,,, is to be taken as the value of
g(x, v, nAt) at the nearest point on .S to the point of S*. It might seem plausible
to use the intermediate solution wj;,, for the solution at (n+1)At; however,
this is easily seen to be unstable [2]. Consequently, some “correcting” process
must be attached, and we shall see that (2.3b) is adequate. No physical
significance should be attached to w},,,,; it should be considered only as a
first estimate.

For the purpose of computation, equation (2.3) is well adapted; as the
linear equations give rise to a Jacobi matrix, simple direct methods for the
solution of linear equations of this type exist. In fact, Gaussian elimination
works very well [1]. However, in the theoretical analysis to follow a different
form is preferable. Eliminating w};,, from (2.3a) by means of (2.3b),

Wi, int1 — Wi, in

2 2
" + AALA (Wi, jnk1 — Wign)

2 2
(2.4) AW, i+ T AyWi,jng1 =

((iax, jAy) € R, 0 £ nAt £ T).
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Equation (2.4) is quite similar to the backwards difference equation [2] in
that only a term of small magnitude is added. It may also be noted from
(2.4) that, while (2.3) appears unsymmetric in x and y, it actually is sym-
metric.

The corresponding difference equation for the three-dimensional prob-
lem, involving two intermediate solutions, is

*
(a) Azz'w:‘.i,k,n+l + A:wiikn + A:wiikn = wi,i,kmzt— Didkn )
ok *
(b) A:wr,:,k,n-‘-l _ A:wijkn + Wi, i kntl — Wi, j,kntl
At
((iAx, jAy, kAz) € RY, 0 < nAt < T),
(2.5) *k
(c) Aiwi,j,k.n-f-l = A:‘wijkn + Divirkots = Wikt ’
At

(d) wiik0 = %iiko0 ((iAx, jAy, kAz) € RY),

* %k 1
(€) Wi,jknt1 = Wi jknt1 = Wi, jkmtl = Wi, jkint1

((#Ax, jAy, kAz) € SY).

Again eliminating the intermediate values,

2 2 2
Azwi ikt + ByWi, i ki1 + DBaWi,j kg1

Wi, i, kntl — Wi 5 kn 2 2 2 2 2 2
(2'6) = d At . + At(AzAu + AyA: + A:Az) (wc’,i,k,n+1 - wg’jkn)

2 2 2 2
— (A1) AAA (Wi j kb1 — Wijkn)
((iAx, jAy, kAz) € RY, 0 < nAl < T).

We may now turn to the analysis of the truncation error arising from the
use of (2.3) or (2.5). First, a discussion of (2.3) will be given for R a rectangle,
which will be taken as a square for arithmetical convenience; then R will be
allowed to become more general. The three-dimensional case follows; con-
cluding this part will be a treatment of variable time steps for g=0 on S.
The proofs will be carried out in greater detail in the two-dimensional case
in order to simplify some of the arithmetical details, even though the three-
dimensional problem is more interesting.

3. Error analysis for R a square. Let R be the region 0<x <1, 0<y<1,
and let

1
3.1 Ax:A = —
(3.1) Y=
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It is our object to establish the convergence of wy;. to u(x, ¥, £) by use of the.
results of [3], which are based on the concept of a stability analysis. Stability
analyses were first described in [9], although the problem of convergence was
not treated at length. Essentially, the method consists of combining a time-
wise superposition principle with the separation of variables technique to
determine the growth of the elementary truncation errors caused by replacing
derivatives by differences introduced at each grid point. As the points of §’
fall in S, the truncation error vanishes on the boundary; consequently, the
stability analysis is performed on the system:

Vi,jm+1 — VUi

2 2 VvIm 2 2
Avi gt + A ingr = + AA A (05, 5,m41 — Viyiin)

At
(3.2) (1:7].=1v"'1N—1):
v;,4,0 arbitrary G,j=1,--+-,N—1),
Vi,jin =0 (3,7 =0o0r N).
The eigenfunctions of (3.2) are of the form
(3.3) Vijn = pnp Sin wpx; sin vqy;, p,¢=1,---, N —1,

where x;=1Ax, y;=jAy. It is readily seen that

Prt1
3.4 i 1 + AZsin? (rp/2N) sin? (xq/2N)
1 + A(sin? (xp/2N) + sin? (wq/2N)) + A?sin? (wqg/2N) sin? (xg/2N)
where
3.5) 4Ar AM

A= = .
(Ax)?  (Ay)*
Therefore, for any At>0, 0 =<p,41/p»<1, and by definition (2.3) is stable.
THEOREM 1. For R a square, the difference equation (2.3) is stable.

To complete the convergence argument for this case, it is only necessary
to establish the magnitude of the elementary truncation errors. Assume
that f(x, ¥) and g(x, v, t) are of such a nature that %.szz, Uyyyy, %, AN Usayy
exist and are bounded in D*. Then it is well known [2] that

Ui, il — Uijn

N = 0((A%)" + A2).

2 2
(3.6) At imit + Dythisingr —

Moreover,
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(37) AtAiA,z,(ui_,-,n.,.l - “iin) = O(At)

Consequently,

Ui, jnt1 — Uijn 2 2
— AtA A (%i,jint1 — ijn)

= 0((a%)? + Al).

2 2
Az“i, 7, n + A Ui, j,n -
(3.8) Pkl T L Al

Hence, in the notation of [3], the elementary truncation error j, is
(3.9) him = O((A%)* + (Ax)?A0).
Thus, by Theorem 1 of 3],

(Ax)*
(3.10) “%un - wiin” =0 <— + (Ax)’)
At
uniformly in %, where
1 N—1 1/2
(3.11) “uifn - wiin“ = {N 1 i.7'2=1 | wim — wiz‘nlz} .

Moreover, by Theorem 2 of [3], if wy;, is extended by trilinear interpolation
to all of D*, '

(3.12) {j;)‘|u(x, Y, t)! — w(x, ¥, t)[de}”2= O<

THEOREM 2. If, for a square region, the initial and boundary values of
(2.2) are such that the solution of (2.2) possesSes Uzzzz, Uzzyys Uyyyy, ANA Ust aS
bounded derivatives in D*, then the solution of (2.3) converges in the mean to
that of (2.2) with errors given by (3.10) or (3.12) as Ax and At decrease to zero
with (Ax)4=o0(Al).

(Ax)*
At

+(an) + <At>2).

This completes the discussion of the rectangular region.

4. Generalization. We shall extend the above results to nonrectangular
regions in two steps. First, we shall consider domains such that for some
sequence with {Ax,,} with Ax, =Ay,—0 as a— = the corresponding S/ is con-
tained in S for each a. Then, more complex boundaries will be treated.

In the first case the stability of the following difference system must be
determined:

Vi,jont1 — Ui

2 2 in 2 2
Avi i1+ ByUi, g1 = Y + AtAA (Vi jint1 — Bijn)

(4.1) .
((ia%, jAy) € R),

Vil = ((iAzx, jAy, € §)).
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Corresponding to (3.3), the eigenfunctions may be assumed to be of the
form:

(4'2) vi,i,n = pn¢ii~

Then, if

(4.3) Pn+1 _—
Pn

1
Al + Agbi; — ——— (dis+ (A)'A2A:) =0 ((iAw, jAy) E RY),

(4.4) ult
¢i;i=0 ((iAx, jAy) €5).
For stability, it is necessary that | u| =<1. In particular, if
-1
(4.5) p=t—2,
pAL

it is sufficient to show that » 0.

To facilitate the use of a number of theorems in [6], matrix notation will
be introduced. Let 4 be a matrix corresponding to the operator A2+A2 and B
one corresponding to AA2. Then,

(4.6) A¢ — v(1 4 (AN2B)¢ = 0.
Consequently,
4.7 ) = (4¢, ¢) ,
(¢, ¢) + (A0)*(Bo, ¢)
where
1
(4.8) @ ¥) =— 2 i

N s, iapEr
N being the number of points in R’. The demonstration can be completed by
showing that (4¢, ¢) <0 and (B¢, ¢) >0 for any vector ¢ #=0.
"LEMMA 1. The matrices A and B are symmelric.

Proof. The symmetry of A(=H) is demonstrated in [6, p. 204]. That of
B follows from the fact that B=(K—6H)/(Ax)2(Ay)? in Milne’s notation
and the symmetry of K and H [6, p. 212].

LEMMA 2. For rectangular regions, (A¢, &) <0 and (Bo, ¢)>0 for all
¢ =0.

Proof. For rectangular regions, the eigenfunctions for 4 and B can be
taken as ¢,,=sin wpx/a sin 7qy/b, p=1, - - -, N—1 (NAx=a), ¢=1, - - -,
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M —1 (MAx=b), where a and b are lengths of the sides of the rectangle. The
corresponding eigenvalues A\, and N2 of 4 and B (A¢pe+Mp,=0, Bo,,

+Neppq=0) are
4 A A
A= l:sin2 il + sin? ﬂ;bx],

(Ax)? 2a
(4.9)
16 TpAx wqAx
Ag = — sin? sin
(Ax)* 2a

The lemma follows immediately from the expansion of ¢ in terms of {¢,,}.

THEOREM 3. Let D be a domain such that there exists Ax >0 such that S’ is
contained in S. Then, difference equation (2.3) is stable for this choice of Ax.

Proof. Let D** be the least rectangular lattice of mesh widths Ax con-
taining the points of R’ and S’. Then, the least N corresponding to 4 applied
to D** is positive and the greatest of B on D** is negative. By [6, Theorem
3, p. 164], we may remove the points of D** exterior to R’\US’ one by one
without altering this property. Thus, » <0 for any eigenvalue of (4.6).

THEOREM 4. The conclusions of Theorem 2 hold for a region D such that
there exists a sequence {Ax.,}, Ax,—0, for which S; CS and the remaining
hypotheses of Theorem 2 hold.

We are now ready to study the case when S’ does not lie in S. A number
of assumptions will be required in the argument below. Let the solution
u(x, 9, t) of (2.2) be continuable as a solution of #,,+#,, =%, into a domain
EX [0, T], where RUS is contained in the interior of E, with bounded first
derivatives in EX [0, T]. Further, let {Ax,} be a null sequence and let S/
be the lattice boundary corresponding to Ax,. Let S, be an analytic closed
arc passing through the points of S/ and remaining within a distance 2Ax, of
S, and denote by R, the open set interior to S,. We may assume that R,
contains R. Let gi(x, ¥, £) be an analytic function on S, X [0, T] interpolating
the values #; ;.41 defined in §1. Complete the definition of the initial function
fa(%, ¥) in the region between .S and .S, so that the solution @ (x, y, t) of the
problem:

@ 9@ Ju@
a2 ayr ot
u@(x, y,0) = fu(x, ¥), (%, 3) € R,,
u@(x, y, 1) = ga(2, 3, 1), (%, 9) €S, 0<t=T,

exists. Moreover, let f,(x, y) vary by O(Ax,) at most from f(§, 1), where (£, 1)
is the nearest point on S to (x, y), in the band between S and S,. Assume that
the S, fa(x, ), and gu(x, v, t) can be and are chosen such that %@ can be

’ (,9) ER, 05t =T,
(4.10)

IA
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continued to EX [0, T'] with uniformly bounded first derivatives.
LEMMA 3. For (x,y, ) ERX|[0, T], u(x, y, t) —u®(x, y, £) =0(Ax,).

Proof. From the construction of f.(x, y) and g.(x, ¥, t) and the continua-
tion assumption on u(x, ¥y, #) and «@(x, vy, t), it follows that u(x, y, ?)
—u@(x, y, t) =0(Ax,) on the base and boundary of R,X [0, T']. Application
of the maximum principle for parabolic equations (i.e., the solution in the
interior of the region is not greater than the maximum of the initial and
boundary data) completes the proof.

LEMMA 4. For each (p, q, r), there exists a constant M >0 such that, for a
sufficiently large,

grtatry(a)
<M, (%79t ERXI[0T]

dxPdy0t"

Proof. For a sufficiently large, the distance between the boundary of E
and S, is greater than some positive constant. The lemma then follows easily
from the Green's function quadrature representation of @,

Lesya 5. [[ 4@ (x, 3, £) =@ (x, 3, ]| Lacry = O((Axa)/Ata+ (Axa) 2+ (Axa)).
Proof. This follows from Lemma 4 and Theorem 4.
THEOREM 3. |]u(x, Y, t) —w@(x, v, t)||L,(R) =0((Ax,)*/Ata+Axa+ (Ala)?).

Proof. ”u(x’ Y, t) _w(a)(x» Y t)” Ly(R) é”“‘_u(u)” Lz(R)+||u(a) —w(a)“ Ly(R)
=l — 0@ zymy + 2@ —w®|| Ly,

5. Three-dimensional regions. Consider first the unit cube 0<x<1,
0<y<1, 0<z<1, and let Ax=Ay=Az=1/N. Then, the error equation be-
comes:

Vi,j,kontl — Vijkn
At
2 2 2 2 2 2
+ AHAA, + AA, + AL (Vi n1 — Vijkn)

2 2 2 .
(A:c + Ay + Az)vi,i.k.n+1 =

-0 - (At)Az:cA:A:(vi,i.k,n+l — Vijkn)
(4,4, k=1,---,N—1),
Vijko arbitrary G(G,5,k=1,---,N—1),
v, ki1 = 0 (4,7, k=0 or N).
Assuming
(5.2) Vijkn = pn SiN wpx sin wqy sin wrz (p,qr=1,---, N—=1)

then
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ol [14-X%(sin? (7 p/2N) sin? (wq/2N) +sin? (wq/2N) sin? (w7 /2N ) +sin? (xr/2N) sin?(xp/ 2N )
P {Nsin? (np/2N) sin? (nq/2N) sin? (ar/2N) | [14-A(sin? (mg/2N)+sin*(rp/2N)
+sin? (w7/2N))+N2(sin? (rp/2N) sin? (rq/2N)+sin?(rg/2N)sin?(zr/2N)
+sin? (ar/2N) sin? (rp/2N) 4N sin? (wp/2N) sin? (wrq/2N)sin? (xr/2N) ]

(5.3

Thus, (2.5) is stable for any positive time step for a cubic region. It is easy
to show that the operators AZAZ4+AZAZ+AZAZ and AJANAZ are symmetric;
consequently, stability holds in general.

THEOREM 6. Difference equation (2.5) is stable.

The obvious analogues of Theorems 2, 4, and 5 can be demonstrated
exactly as before and will be omitted.

6. Variable time steps. The boundary conditions for many practical heat
flow problems lead to solutions which approach a steady-state condition at
late time. As the derivatives of the solution usually decay exponentially with
time, it seems reasonable that the time step can be increased. Let f;,;,» denote
fGAx, jAy, t,), where t,=0, t,= Zx-o Ati. The truncation error equation for
the two-dimensional case can be written as follows:

2 2 €i,j,n+1 — Eijn 2 2
Az + Ayei it — ’# — AtuA A (€, jnt1 — €ijn)
6.1) 1 (6‘u n a‘u)( 2) + 92u Al
. = x —— — n
12\axt 9yt o

— AUt it — thijn) Dl
Assume that, for some 6 >0,
o'u  d'n A% —btn
(6.2) 57 6_3’4’ :,”—2’ A Av(“t im+1 — %igm) = O(e )
Then, in the terminology of [3],
(6.3) [ 2] = O(((A2)* + (ax)%At)e%).

Moreover, it is readily seen by the methods of [4] that

n—1
el = 0 Z I ).
k=0

(6.4) |

Let the time step grow linearly with the time [4]:

Aty
(Ax)

(6.5) = a + Bt,.
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It is easy to see that

(6.6) fy = % [(1 + Ba))» — 1]
and
(6.7) At, = a(Ax)2(1 + B(Ax)%)™

From [4] and by a similar computation,

3 Atyettn = 0(1),

n=0

(6.8) -

Z e~ = O((A%x)72).
Consequently,
(6.9) llecinl| = O((A%)2).

THEOREM 7. If (6.2) is valid, then the solution of (2.3) with time steps given
by (5.5) converges in the mean to that of (2.2) with the error being O((Ax)?).

Obviously, the analogous theorem in the three-dimensional case is valid.
This completes the discussion of the unsteady-state problems.

PaArT II. STEADY-STATE PROBLEMS
7. Iteration method. The Dirichlet problem for Poisson’s equation

u
7.1 Pl 3 f(=, 3), (%, y) € R,
u(x, y) = g(x, y), (%, 3) €S,
or
%u  9*u O
(7.2) %-{- 5;2“}'3;;:]'(“7: ¥, %), (%, 3, 2) € R,
uw(x, 3, 2) = g(x, 9, 2), (%, 3,2) €S,

will be studied. As for the heat flow equation, the differential equation will be
replaced by a finite difference equation. However, there will be a fundamental
difference in outlook between the two types of problems. In the unsteady-
state case, the principal question was that of convergence of the solution of a
proposed difference equation to that of the differential equation. For the
steady-state problem with boundary data liable to arise from physical prob-
lems, well known difference formulae exist for its numerical solution giving
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any desired accuracy; however, the difference equation to be treated leads to
a large system of linear equations to be solved. Thus, the major problem in
this case is the actual evaluation of the numerical solution, having chosen
the net size in advance.

Let us discuss first the two-dimensional case. The following difference
analogue of (7.1) will be studied:

Aiw;,- + Ai'wii = fiiy (iAx’ ]Ay) S R”

7.3
(7-3) Wij = Uij, (iax, jAy) € S'.

Numerous proofs (a bibliography is given in [6]) have been given showing
that u;; converges to the solution #(x, ¥) under quite general boundary
conditions. It is assumed that here f(x, y) and g(x, y) are sufficiently well
behaved and Ax is fixed small enough so that w,; approximates u(x, y) to the
required accuracy.

The solution of the linear equations (7.3) may be accomplished by either
some direct method or an iterative procedure. Experience has shown that
direct methods such as elimination are quite lengthy, whereas several itera-
tive methods have proved capable of reducing the total calculation by large
factor. Many of these procedures are easily seen to be closely related to
methods for solving the unsteady-state problem [5]. It is the object of this
chapter to adapt difference equation (2.3) to the iterative solution of (7.3),
and similarly for (2.5) for the three-dimensional problem.

Let w{ be an arbitrary mesh function agreeing with #(x, y) on the
boundary of the region. Then, let, for >0,

(n+1/2) (n)
2 (n+1/2) 2 (n) Wi - w

Azwi; + Ay, = —— 4 g (1Ax, jAy) € R,
Qn
w("+1) w(”+1/2)
n 2 (n 7] - %)
(7.4) Ay = A 4 Y T, (iax, jAy) € R,
an
w:;‘) = Uij, (iAx) jAy) E S,9

where the parameter sequence {a,} will be chosen later.

The equations in this form are, as in the parabolic case, suitable for the
numerical calculation but not amenable to the mathematical analysis. Ob-
viously, the intermediate values w{*"® can be eliminated with the resulting
equation being

w(ﬂ+1) w(")
2 (n41) 2 (n+l) ij - Wij 2 2 (nt+l) (n)
A,w;; + A,,w.'j = '|" a,,A,A,(wi,- - 'wii) + fii»
an
(7.5)

(iax, jAy) € R/,
Wi; = Usjy (iAx, jAy) E S'.
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It will again be convenient to treat the case of a rectangular domain first
and then generalize to more complex regions. The three-dimensional problem
follows.

8. Convergence of the iteration for rectangular domain. Let

o) )
(81) Vi; = Wij — Wij .
Then, the residual error v’ after n iterations satisfies the difference equation

(n+1) (n)

2 (n41) 2 (n+1) Vi T Vi 2.2, (n41) (n)
ALvij + A t; = ‘17“ + .40, (vi; %5 ),
(8.2) " o
(iAx, jAy) € R/,
v; =0, (iAx, jAy) € 5.
Let
(8.3) A 2a
' " (awe
and

14 )\i sin’ wp/2N sin’ wq/2N

8.4 An) = :
(8-4) prolhn) 1 + Au(sin? 7p/2N + sin? mq/2N) + A2 sin? /2N sin? rg/2N

As 9P can be expanded in a double Fourier series,

(8.5) vg) = Z c:,';) sin wpx sin wqy.
P,g=1
From (3.4)
(8.6) (”“) E cf,':,)p,,q()\ ) sin wpx sin wgqy.
P, g=1
Hence,
m = ofH/ . .
(8.7) vi; = 2, Cpg | 11 ppe(Ar) ) sin wpx sin wgy.
P.g=1 k=0

Restrict the sequence {a,} to be made up of numbers which are positive
or purely imaginary and which, moreover, satisfy

(8.8) 0< My < |a.| <M:< o, nz0,

for some arbitrary constants M; and M. It is apparent from (8.4) that there
exists €>0 such that

(8.9) lppedn)| <1—¢ 1Z2p9g=N—-1,220.



1956] HEAT CONDUCTION PROBLEMS 433

Therefore,

N—1 n—1 1/2
(8.10) Hvi,-)ll={ > |cL°J|2II|pM<m|2} < (1— 9o

Pp.g=1 k=0
The following theorem has been proved:

THEOREM 8. If {a,.} is any sequence consisting only of positive and pure
tmaginary numbers which are bounded in modulus away from zero and infinity,

then wiy as defined by (7.4) converges to the solution wi; of (7.3).

Convergence has been proved for a rather wide class of sequences {a,.}.
However, the rate of convergence is not independent of the choice of these
iteration constants; the next three sections of this chapter will be devoted to
determining efficient choices for planar domains of this sequence to minimize
the total calculation effort to reduce the residual to a preassigned level of
smallness.

9. Real sequences, square domain. The simplest approach is to set up a
finite sequence of constants each reducing one particular term in the expan-
sion (8.5) of the residual as much as possible, and then repeat this sequence
until the error is damped out. Consider the function

14 2%
T AE+ ) + N
where £ =sin? 7p/2N and n=sin? w¢/2N are held fixed. Then,
o _ £+
a1+ ME+ ) + X2

Hence, the minimum value of p occurs when

9.1) p = p(\)

(9.2) (A\%n — 1).

1
(9.3) A= ,
(&n)1/2
and this value is
1

9.4 "= ,
©-4 e T T+ o) 2

Moreover, it is easy to see that
1

(95) max pmin = —
Em 2

and that whenever £ =7 the value one-half is assumed by p.:..
Thus, if
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Apo(Ax)? 1
4 4N? sin 7p/2N sin 7q/2N

(9'6) Apq = qu=11"'yN_lyP§qy

and the iteration proceeds through these N(N—1)/2 steps with constants
{ayq}, then the modulus of each coefficient in the error is reduced to a value
not larger than one half of its initial value. The one half is too conservative,
as this takes into account the effect of only one iteration on each term. Con-
sider an iteration using an iteration parameter corresponding to a principal
diagonal term as it affects an off-diagonal term having one index equal to that
of the diagonal index. Let

1
©-7 Mor = Gt (a2
Then,
9.8) pre(App) = 1/2.
Hence, if only the N —1 iterations corresponding to A, Asg, * * * , Av—1,n—1

are taken, the magnitude of each error component is at least halved. Further
grouping of terms can also lead to a reduction in work. The following lemma
is helpful.

LEMMA 6. If N is a positive number,

(9~9) PnO‘)z = Ppp()‘)quO‘)-
Proof. Let
- sin 2.
(9.10) £, = sin o
Then,
» 142X BhHN Bk
P70 T e 1+ N
2. 2 2 4 2 2
(9.11) T4+ N+ E) + NE, 2 2
= T pagy SR T
= PpoPag g.ed.

An immediate corollary of this lemma is the following: if there exists a
sequence {)\k}f‘ of real numbers such that, for each p, there corresponds at
least one k such that p,,(A\x) £1/2+¢, then after the M iterations correspond-
ing to {\:} each error component will have been reduced by a factor of
1/2+e€ at least, as
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M M M
(9.12) IIMWV§Hmmogu@o§W%Hﬁ

k=1 ko1

As a consequence of this result, the study will be limited to obtaining se-
quences such as these. Let

(9.13) Ae = 1/mz, k=12..-, M,
and
(9.14) z = Ep/nk.
Then,
14 22

9.15 Ak) = .
( ) Pmo( k) 1+ 2

If ppp(Me) S1/2+¢, then it is easy to see that

—_ 1/2 1/2
(9.16) 14 2¢ — (8¢ <5 14 2¢ + (8e¢) .
1 — 2 1 — 2

If the 5 are chosen so that
14 2¢ + (8¢)l/2 14 2¢ — (8¢)!/2

9.17 ,
©-10 1—2 1—2
and

(9.18) m =&,

M ; ly -1 < lv

then for each p there is either one or two values of 2, 1 Sk=< M, such that
Poo(Me) £1/24€. Solving (9.17) and (9.18) for 7y,

14 2¢+ (86)”')”_1

9.19 ={— , k=1,---, M.

(9.19) = (Ceom) & "
The number M may be found as below:

1+ 2¢ — (8112

M — 2) log LF 2T B g sine

0.20) 1+ 2¢+ (812 2N
' 14 2¢+ (8¢)1/2

< (M-1)lopg—m——MM8M8M .
( ) log 14 2¢ — (8¢)1/2
Thus, for large N,

2 log (2N /)

M~ .
log ((1 + 2¢ + (8¢)'/%)/(1 + 2¢ — (8¢)'/%)

9.21)
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It will be informative to compute the total amount of computation neces-
sary to complete the solution to a desired degree of error reduction and then
to determine the optimum choice of e.

Using the Gaussian elimination method to solve the equations of (7.4), it
takes 20(IN —1)2 calculations to complete one iteration. Thus, to reduce the
error components to 1/2+e€ of their original magnitudes,

14+ 2¢ + (8¢)1/2
14+ 2¢ — (8¢)1/2

calculations are required. If it is desired that the reduction be exp (—Q), then
the total work will be

N
(9.22) A0(N — 1)? log — / log
™

1+ 2¢ + (8¢)l/2
1 4+ 2¢ — (8¢)t/?

W is minimized as a function of € for € about 0.18, and this minimum work
is about

2N
(9.23) W = — 40Q(N — 1)? log——/log (1/2 + ¢) log

2N
(9.24) Wiin = 370(N — 1)2 log — -
™

This is superior to the “modified Liebmann” method (over-relaxation)
[5; 8], which is O(N3), but slightly inferior to the alternating-direction im-
plicit method [7], which is of the same order as this procedure with a smaller
constant than 37.

10. Imaginary sequences, square domain. A sequence of purely imaginary
numbers can be determined such that an exact solution of (7.3) is obtained
after a finite number of iterations. Let

1

10.1 Apg = y pbg=1,---,N—1
(10.1) "= Gn (ep/2N) sin (nq/2m) 179

Then,

(10.2) qu()‘pq) = pap(Npo) = 0,

and, consequently, after iterating with the (N —1)N/2 different values of
Mg all error components will have been eliminated. Note, however, that this
requires O(N*) calculations, which is considerably more than that necessary
to obtain a good approximation to the solution by iteration using a real
sequence or, as to be shown below, an imaginary sequence.

Lemma 6 fails to hold for other than real \; the following lemma will
replace it and can be demonstrated simply.

LEMMA 7. If (1+¢€)~!<sin? (wp/2N) sin? (rg/2N)/sin* (rk/2N) <(1—¢€)7,
then Ippq()\kk)| <e



1956] HEAT CONDUCTION PROBLEMS 437

This lemma again allows us to choose a sequence of iteration parameters
corresponding to diagonal elements. Again the number of iterations in one
cycle is O(log N). The minimum work can be computed to be about

2N
(10.3) Win = 1020(N — 1)2 log — -
™

As this is inferior to the result with real sequences, imaginary sequences pro-
vide only another essentially impractical direct method of solving exactly
the Laplace difference equation.

11. General region for two-dimensional problem. As we are treating only
the solution of the linear equations, the assignment of the boundary values
for the difference equation plays no role in our discussion. Also, only real
parameter sequences will be considered.

Let the region be contained in a rectangle of side lengths MAx and N,Ax,
Ny = N,. Then, one admissible choice for the parameter sequence is that
sequence developed for iterating on the square of side length NAx. By the
inclusion theorem [6, Theorem 3, p. 164] on eigenvalues used in the proof of
Theorem 3, it is obvious that the coefficient of each eigenvector in the general
case is reduced as before. Consequently,

2N
(11.1) Wain < 37Q(Ny — 1)(Nz — 1) log — -
m
In fact, if s is the number of interior points in the lattice,
2N
(11.2) Wnin < 370s log — -
s
While undoubtedly the parameter sequence chosen above is not the most
efficient, it may not be worth the effort in a practical problem to obtain a
better one.

12. Three-dimensional problem. The iterative analogue of (2.5) is the
following:

) w®
2 (n+1/3) 2 (n) 2 (n) 1,4,k - Wi, ik
Azwi e + Aywi i+ Awi iy = ———————— + fijk,
n
(TP _ e
2 (n+2/3) 2 (n) i,7.k - Wi,k . .
Allw".f.k = Avwi.i.k + (tAxv ]Axt kAx) E R,v
an
(12.1) (n+1) (n+2/3)
2 2 (n) Wi,jk — Wik
A wi e = Aswi 5%+ )
an

(n+1/8) (n+2/3) n+1) L.
Wik = Wik = Wik = Wik (iAx, jAz, kAx) € S'.
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As in the two-dimensional problem, it is sufficient to discuss the case of a
unit cubic region only. Let

M tEtE)
(1 M) (1 + M1+ A8

It is easy to see that for p=¢g=r
(12.3) 1;1;2 prop(N) = p(1/2¢,) = 5/9.

(12.2) prar(N) =1

It is again possible to group the eigenfunctions so as to reduce the number of
iterations necessary. Consider N, =1/2&* and let a=§&,/&6%, b=§,/&F* and
c=&/&*. Then p,,(\) becomes

1 a+ b+ ¢
2 (14 a/2)(1 4+ 5/2)(1 + ¢/2)

Let (a, b, ¢) satisfy any of the following relations:

(12.4) fla, b,¢) =1—

() asa<B 0=bsp O0=c=8
(12.5) (b) 0Sas<ph asb=B 0<c¢=<B,
(¢) 0=5a=8, 0=b =58 a=<c¢=8,

where 0 <a <1, 8>1. Then the maximum of f(a, b, ¢) in this range is either
f(e, 0, 0) or f(B, B, B). For greatest efficiency these values should be the same;
in this case

_ 248
(12.6) *Te+pr—128
f(ar 0' 0) = f(Br ﬂy B) =1- 126(2 + B)_s'

If a cycle of iterations is made using the sequence {\:} corresponding to

(12.7) £ = (a/B)* = [24{2 +B)* — 128}-1]", k=0,---, M,

where £}_,>sin? w/2N, £ <sin? 7/2N, then each (&, £,, &) satisfies (12.5)
for at least one iteration in the cycle. Thus, the magnitude of the coefficient
of each eigenfunction is reduced by a factor of f(B, 8, B) at least.

To determine the work required to reduce the error by exp (—Q), it is
necessary to obtain the number of calculations per iteration, the number of
iterations in a cycle, and the number of cycles used. If the method of [1] is
used again, 31(N —1)? operations are required per iteration. The number of
iterations per cycle is about

2N 248 —128
2 log—/log——T—:
™
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and the number of cycles is about
Q/ — log (1 — 128(2 + B)7%).
Thus, the total number W of calculations is

(2+8)*—128

2N
(12.8) W = 12Q(N — 1)310g—/ — log (1 — 128(2 + B)7?) log
T 24

W is minimized as a function of 3 for 8 around four. For this choice of (3,
2N
(12.9) Waia = 1270(N — 1)% log — -
™
The application of the method to general regions is exactly as for the two-

dimensional case. Again letting R be contained in a cube of length NiAx on a
side and letting s be the number of interior lattice points,

M

(12.10) Win = 127Qs log 2 .
™

As the best possible order of W is O(V?®), this method is quite satisfactory
on this point. The successive over-relaxation method [8] requires O(N*) cal-
culations and is, consequently, not as efficient for large N. Undoubtedly,
there exist yet undiscovered procedures that can improve on the coefficient
127.
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