Two High-Order Correct Difference Analogues
for the Equation of Multidimensional Heat Flow

By Jim Douglas, Jr., and James E. Gunn

1. Introduction. Several high-order accuracy difference equations for the heat
equation in one space variable [1] have been proposed, but most do not extend to
several space variables with any ease, if at all. Two three-level difference equations
are discussed here, each of which is fourth-order correct in space and second in
time. One is stable and convergent in £, for as many as four space variables but is
limited essentially to the heat equation itself and in the four space variables case
to bounded r = At(Az)”% The other is stable and convergent in £, for three space
variables and is adapted to extension to more complicated differential equations.

Alternating direction techniques based on the two three-level formulas are
developed. These methods retain the accuracy of the original procedures and re-
quire much less arithmetic to complete a problem. Only the results will be given
here; their analyses will be presented in another paper [3] as examples of a general
approach to alternating direction methods.

2. The Difference Equations. It is desired to approximate the N-dimensional

equation of heat flow
) at =1 31‘,'2

with an implicit difference equation for which the local error is fourth order in the
space increment and second order in the time increment. It is known [1] that three
or more time levels must be used if the elliptic operator at the advanced time level
is to retain a (2N + 1)-point form (if N > 1). The solution of the (2N + 1)-point
elliptic equation is itself not simple; however, alternating direction methods may
be employed to treat three-level problems of this form without arithmetic complica-
tion.

Let R be the cube 0 < z; < 1, 7= 1,2, ---, N, and 4R its boundary. Let
M be a positive integer; we impose a square net of size h = M~ upon R. It is
easily verified that, if v € C°,

22) T G o o) — 2 0+ K

. ax,’ — 38z vn+l Un Un—1 ﬁ%} y

where v, = v(2;, --- o5, nK), K the time increment, and Ai,. is the centered,
divided second difference. Thus, if

N
Ay = ZA;”

=1

n — Vo h? 4 N
(23) T = 38+ v F 0a) — 35 2 37” + O(R* + K).
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72 JIM DOUGLAS, JR. AND JAMES E. GUNN

If we can find a second-order difference approximation to the second term on the
right in (2.3), we shall have produced a difference equation locally fourth-order
correct in space and second in time. Consider

(2.4) A = Z L 42 ZZ

=1 6 4 i=1 j>1 617.23 2

Thus, two approaches suggest themselves; we can replace the sum of the fourth
derivatives by either

N N
(2.5) ) IEALEEREEPS b SIS A v, + O(R® + K?)

1=1 axl =1 7>

= Ay, = Vet

or

3vn _ Ungt — Un—1) _ - 2 : , A
Ah<——-—2K ) 222A,.A,,v,.+0<h + K +K)

.=1 =1 j>1

We therefore consider two difference analogues to (2.1):

N N

(2.7) ""++K“”‘l = A4 (Unp1 + Un + Unp1) — }lbz (A¢ Un — 2 2 Z Az. Az, un>
=1 j>1

and

Up41 — Up—1 — 1Ah(<l—l>u l+u +(1+_1_ Un—1
2K 3 &) "t " 8r) "
(2.8) B X
s PP

=1 7>1

where

(2.9) r = Kk = constant.

The choice of constant r is optimum from the point of view of requiring asymp-
totically the least calculation for a given permissible error [5, Lemma 2], since the
error is fourth order in space and second in time. Equation (2.7) is the N-dimen-
sional analogue of equation (9.22) of [1].

As both (2.7) and (2.8) involve three time levels, it is necessary to specify
both o and u, to start the calculation. The natural choice for u, is obviously v, ;
the choice of u; will be discussed later.

The equation (2.8) may easily be extended to treat differential equations of
the form

(210) Av = a(z,y, --- xN,t) + bz, - zy, )0 + c(z1, -+ 25, 1),

since we need only to approximate the Laplacian of the right hand side [6].

3. Stability and Convergence for (2.7). We consider the difference equation
(2.7) on R and compare its solution % with a C® solution » of the boundary value
problem for (2.1) on R with

%o = v at the net points of R

(3.1) T .
Uy = Vp,n=0,1, --- E,atthenetpomtsof dR.
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EQUATION OF MULTIDIMENSIONAL HEAT FLOW 73
If ¢ = v — u, the error equation becomes

e,._+1_2_—____Ke,._1 = 3Au(ens1 + € + 1)

(3.2) h N N
(Azen 2 E Z Az. Az, en) + Q. )
12 =1 j>1
where Q, = 0(h' + K?*). Let us perform a Duhamel decomposition [1] on e, . Let
n—1
(3.3) e = D e + e,
m=0

*
where e,” and e,” = 0 on R,

a) en” =0, n £ m,
ém R
b) 2"._; = %A" ex‘l'l 12K2 e"l+1 + Q’" b =m + 17

(34) mo_m
c) %—1 = 3Au(enn + e + €n-1)
h2 N
<A.2e,."' 22,2 AL AL e >, n=m+1,
12 =1 >3

and e,”* satisfies (3.4c) with e* = 0, &, = ¢;, and m = 0. It is necessary to con-
sider e,” in a somewhat different fashion from the others; we shall see, however,
that the method of analysis is the same.

Let the grid £; norm be

(35) lwl = ("N,GZR lu )™,

and let the operator norm be the induced least upper bound norm.

TaEorEM 1. The difference equation (2.7) is unconditionally stable with respect
lo the £3 norm for N < 4 its solution converges to that of (2. 1) with an error || e, || =
O(k* + K®) for N < 4, provzded the solution of (2.1) is C° and w, is approzimated
to within an error that is o(r* + K%).

Proof.

LemMa 1.

[ €nsaill = O(K || Qu ) = O(K'K + K°)
Proof. From (3.4 b),

2
(3.6) (1 + 6h 23{{ Ah) émi1 = 2KQ,, .
Hence,
2 \—-1
(37) Il <2k Q- | (14 2 - 2 )

As A, is negative-definite, the indicated inversmn is legitimabe and

h2 -1
” (1 t B “")
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74 JIM DOUGLAS, JR. AND JAMES E. GUNN

Lemma 2. Consider a solution of (2.7) with zo = 0, 2z arbitrary, and z, = 0 on
R form = 0,1, 2, --- . The norm of z is a bounded multiple of || z1 || for all n, pro-
vided that N < 4; 1.e., (2.7) s stable.

Proof. Let p = (p1, -+, px), and set P = {p:p; = 1, --- , M — 1}. Then,
we may expand z, in a sine series:

N
(3.8) z = 2 05" ]I sin mpa; .
PP =1
Since
Aij sin mp; z; = (—%2 sin’ ”gjh) sin 7p; z; ,
(n+1) (n) N
pp . — P _ _1 in? TPl ( (r4 () | D
o0 31_1( ) (o 4 552 o+ 50)
(3.9) B (D gptm 4 e 21rph .
— | — b Y gin® 2E17 ,in
12( K2 22; sin sin’ 5 P )

Let sin® ("’; jh) = X,, . Then,

i (145 r 2 X+ &) o (Br E

(310 _ 16 8 < 1
TZZX,,X,,> "‘"’(ng){,,.-1+6_>=0.
=1 j>1 j=1 r
Hence,
(311) (”) = fipg-lp + Bpg'% )

where {1, and {,, are the roots of the quadratic equation

=+, +5)r+(Erx, -4

1
- grzz Xp.Xp,>§'+<8rZXp, - +é>=0-

i=1 j>1

(3.12)

If the roots of (3.12) are coincident,
(3.13) 5 = (Ap + Byn)it, .

Let us ignore the possibility of coincident roots for the moment; we shall see that
the analysis will include them as a special case. We note immediately from (3.12)
that

87‘ E ij +

81' Z ij +

(3.14) | $10 20 | = <]

1
6r
1
6+1
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all p, and that

- 16
f(1)=sr§XP; rZZXPcXPJ)

i=1 j>1
2 8 & 16r & <&
H=D) = g+ g 2 X+ 5 22 Xy X >0, allp,
(3.15) N N N
f'(l)=2+8rZX,,j—lng;;Xp,X,,,
i=1 j>1
1 16r &

8r &
f(=1) = =2 — 32 Xn—5 3 ;;X,,X,, <0, allp.
First, let us establish that the roots are not greater than one in magnitude. It is
clear that if the roots are complex, the modulus of each is the same and is less than
1; thus, we may limit our interest to real roots. In this case, f(1) and f'(1) must be
nonnegative in order that the roots lie in the unit circle. This places a restriction
on the number of space variables we can treat by this high-order correct equation
and still maintain unconditional stability. The X, range from approximately
k*/4 to very nearly one. Note that

N
(3.16) 16"2 X, X, s WD s g
=1 j>1 2 3 i=1

and that equality very nearly holds (i.e., to within 0(A*)) when the p; are all near

the upper part of their range. If f(1) is to be nonnegative for all p, then

16N —-1) <8,

3 2

or N < 4. This restriction also implies that f'(1) > 0.
From (3.11),

(3.17)

P;’O) =4, + Bp’

(3.18)
P;l) = A5, + Bzwﬁ, .
Consequently,
o
(3.19) Ap=—2— = —B,.

$1, — &
If (3.12) has coincident roots, the expression becomes

p®
(3.20) =0, B,

1p
Thus, for distinct roots,
(3.21) 2= 2 pP fl"—_— H sin 7p; x; .
peP g-l -_— g'gp J=1

Let 2* — 28z + v = 0 have distinct roots less than or equal to one in absolute
value with their product less than one in absolute value. That this implies that
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76 JIM DOUGLAS, JR. AND JAMES E. GUNN

| 8| < 1is clear. We shall show that, if z; , z, are the roots, then
< 2 .
1—1{8]

Let us assume that 8 > 0 and the roots are real. In this case the root with maxi-
mum absolute value is positive and lies between 8 and 1. We consider two ranges
for this root: 8 < 7; < (1 4+ B8) and (1 + B8) < 2, < 1. In the first range,

© X 2
< Zo: T < i—-—__—ﬁ .

If 3(1 + B8) < ;1 < 1, then 2, < 8 — 3(1 — B), since z; and 2, are symmetric
with respect to 8, and (z; — 2;) > 1 — B. This implies that

l:ml-l-lle” 2
1—=§ “1-8

Clearly, 8 < 0 will produce analogous results. Consider now the case of complex
roots with 8 > 0. Then, 2, = 8 + €, ¢ > 0. Again, consider two ranges for

2B <lz|=31+6) and 1+ <|m|<L

In the first case, the argument is essentially unaltered, and we conclude again that
(3.22) holds. If 1(1 + B8) < |z1| < 1, then |z, — z,| = 2¢ and

1+B

xl" —_ a:g"
T — T2

(3.22)

n—1

Z xn—k—l 2k

k=0

z" — "
X1 — X

(3.23)

" — "

(3.24)
Xy — 2o

(3.25) e+BZ|B+e|>——

Thus, 2¢ > 1 — 8 and (3.24) holds without change. If the roots are coincident
the pertinent quantity is | 8" | , which is also less than 2(1 — |g|)™ for all n.
For the quadratic (3. 12), the abscissa of the axis is

Z X, + 5+ ‘6’2 > X, X,

(3.26) B = W = ’>'
5 5 Xnt3 + 4
It is easy to see that
(3.27) %<B<6Tf4_::'_—f:_6, N=4
Thus,
(3.28) | 2. || < max (4, 3(64r + 77" +6))] ||

=364 + 7+ 6)|all = Cllal.

It is easily verified that a somewhat stronger inequality holds if the roots are coin-
cident; in any case, (3.28) is valid. This completes the proof of Lemma 2.
The above lemma implies that

(3.29) [e" || £ Cllemarll = 2Ck| Qnmll -
Also,
(3.30) le | S Cllell.
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Thus,
L= " § S > i‘
lenll = 20 Itea™ T+ Nea”y =1

(3.31)

IIA

C[szZ_:‘_) QI+ ||e1J:|
= O(h4 + K+ | e ”)

Therefore, if || e, || = 0(k* + K*), then [l e. || = O(h' + K*), and the theorem is
demonstrated.

If N £ 3 (i.e., if the problem arises from physics), then 8 is bounded away
from one if we assume merely that r is bounded away from zero. Then, the bound
C is independent of the choice of r;-however, as remarked earlier, constant r is
still the optimum choice.

In order to start the method with u, such that || e, | = 0(h* + K?), essentially
any of the standard difference equations is sufficient. In particular, the explicit
equation

(3.32) w = up + AtAyug
is adequate.
4. Stability and Convergence for (2.8). Most of the development for this dif-

ference equation closely parallels that for (2.7). The argument will be given in
outline. The error equation is

€nt1 — €n—1 _ 1 _ 1 1
SR “§A"((1 g') en+l+en+<l+8_1:>e”‘l)

th N 9 .
+€ZZAngzlen+Qn’

i=1 j>1q

(4.1)

where @, = 0(h* + K* 4+ h°K™"). It has the Duhamel decomposition

n—1

(4.2) en= 2, &" + et
m=0
a) e =0, n <m,
624.1 1 1 m
b) ~2f=§Ah l—g emy1 + Qm, n=m-+1
@y 1
€nt1 — €n—1 _ 1 I P m 1 m
9Bz drers (142) )

h2 N N

+6“EEA3;A:;%M, n=m-+1,
=1 >3

with the same boundary and initial conditions as before.

TuEOREM 2. The difference equation (2.8) is Lo-stable for N < 3 and convergent
with an error that is O(h' + K*), provided that the solution of (2.1) is C°, that u, is
estimated with error that is 0(k* 4+ K* + h°K™"), and that r is bounded below away
from zero.
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78 JIM DOUGLAS, JR. AND JAMES E. GUNN

Proof. Lemma, 1 carries over in the form
(44) | émsr || < max (2K, (4r)7K)|| @n || .
The characteristic equation corresponding to (3.12) is

&) = [1 +%'(1 - Sir) ngp,] ¢

(45) + [8—" i X, -y, X]

=1 7>

5o+ 2)Er]

It is easily verified that | {152 | < 1 and f(1), f(—1), f (1) are positive and f'(—1)
is negative for N = 3. Thus, the roots are less than one in absolute value; the
abscissa of the axis of the parabola (4.5) is

—8r Z X,, + 16r E Z‘, Xy Xo,
(4.6) B = =1 >4

6+16r<1 —8—>ZX,,

=1

If N < 3, 8 is bounded between —% and 4%, so we may proceed exactly as before
and find that, for » bounded away from zero,

n—1

47) lell =4 [II el + CK Z_)o | Qn ll] =0(r'+ K+ 1K) = 0(a* + K?).

5. Alternating Direction Techniques Associated with (2.7) and (2.8). The
authors in a forthcoming paper [3] discuss the application of alternating direction
methods to three-level difference equations; the technique may be summarized
briefly as follows. First, write the basic difference equation (in this case, either
(2.7) or (2.8)) in the form

(5.1) (I + A)unya + Bun + Cupy = 0.

Decompose A into a sum of simpler operators:
N
(5.2) A= ,El Ay;

N is frequently, but not necessarily, the dimensionality of the z-space. It is neces-
sary that the operator I + A ; be invertible. Then, the alternating direction systems
become

N
(53) (I + Al) wrg-)l + (E Aj + B) Wy + Cw,._l = O,

I+ 4;) wih — vl — A;w, =0, j=2---,N,

(N)
Wn+1 = Wn+1-
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If equation (2.7) for three space variables is rearranged in the form (5.1),

A= —% Ay + —1- I
2 3
(54) B_—2—KA,.—_I——ZZA,,A,,,
3 3 =1 j>1
2K 1
One choice for the decomposition of 4 is
_ _ 2K 1
A, = - Az, + & I,
_2K
(55) Az = 3 A,z )
Ay = — %{ AL .
It follows from the general results of [3] and a simple calculation for 8 that
(5.6) lw—v| =0+ K?

for r bounded away from zero. Note that the algebraic equations to be solved at
each time step become tridiagonal with the choice (5.5), and, consequently, much
less arithmetic is required to evaluate this solution than that of (2.7). As no reduc-
tion in the order of the accuracy occurs, the alternating direction analogue possesses
a large practical advantage.

For equatiop (2.8), again for the three space variable case,

A=—£{(1-——1—>Ah,

3 8
2
(57) B=_’—Ig KhZZAz. z)
3 =1 >4 4
2K 1
C = _:3—(1+8_T)Ah—l
Let

A, = _2£<1 _l)Ag.., i=1,23
8r

Again (5.6) follows for » = 87",
Both procedures are considered in more detail in [3].

6. Remarks. As was noted in Section 2, the difference equation (2.8) can be
modified to treat significantly more complex problems than the heat equation;

the general linear self-adjoint differential equation

(6.1) V() = g o0 + 1o+ m
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80 JIM DOUGLAS, JR. AND JAMES E. GUNN

can be brought into the form (2.9) by a well-known transformation. The technique
of treating problems of the type (2.10) is discussed in [6] for one space variable.
It is noteworthy that the method of analysis we have used here does not extend
either to variable coefficients or to regions more general than a rectangle, the latter
because of the noncommutativity of A2, and Aﬁ, on any but rectangular regions.
It is pointed out in [6] that the energy methods used there for problems with vari-
able coefficients on general regions apparently are not sufficiently refined to treat
the high-order correct schemes discussed here for more than one space variable.
The need for a better method of analysis is thus clearly indicated; an analytical
method capable of treating the high-order correct analogue of (2.7) would also
have important bearing on alternating direction methods [3, 4, 5] for problems of
the same type, since the residual terms are quite similar.
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