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A generalization of the two-step Richtmyer [7] method is derived for the solution of
first-order systems of conservation laws. It is apalysed with respect to stability and
dissipation for the purpose of giving good solutions to shock problems. Applications
to smooth, discontinuous, and physical problems are described briefly. The extension
of the method to systems of equations in two space dimensions is achieved through
Strang’s formulation [19].

1. INTRODUCTION

In this paper we consider finite difference methods for the solution of systems
of conservation laws

u o
ot T =0 (1)

where f = f(u) and u = u(x, t) is a vector function (v, , u, ,..., 4,)T. We consider
the equation to be defined in (0 < x < a) X (0 < ¢ < T) and assume initial
conditions

u(x, 0) = uy(x) (1.2)

are given on 0 < x << a.
We further assume that 4(u) = df]du, the Jacobian of f with respect to u, has
positive eigenvalues, so that boundary conditions

u(0, 1) = uy(t) (1.3)
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are given. Under these assumptions (1.1) with the extra conditions (1.2) and (1.3)
is a well posed problem in the given region.
If the differentiation of f'is carried out in (1.1) we obtain

ou ou

For problems of the form (1.4) which have smooth solutions Strang [1] showed
that, as regards convergence of difference schemes, there was very little difference
between the nonlinear case (1.4) and the variable coefficient case in which 4
depends on x and ¢ but not on u. The case in which u(x, ¢) has discontinuities is
much more difficult to analyze. The best point of view from which this problem
can be attacked seems to be that given by Kreiss and Widlund [2] where they
consider the internal discontinuities as internal boundaries on which no informa-
tion is given. Hence they reduce the problem to one in which wrong or no boundary
data are given but is in all other respects a problem with a smooth solution. In [3]
Kreiss and Lundquist considered this problem for both the constant and variable
coefficient scalar cases and found that for a dissipative difference scheme the
influence of the wrong boundary data could be confined to a narrow band near the
boundary. In [4] Apelkrans treats the scalar variable coefficient problem with
discontinuous initial data for the situation when one uses a difference scheme
throughout incorporating no special treatment when a discontinuity is met and
shows that again errors introduced by the discontinuity can be confined to a narrow
band around the discontinuity provided the scheme is dissipative. However when
the case of a system of hyperbolic differential equations is considered Apelkrans [5]
gives some rather discouraging results proving that the effect of the discontinuity
is in fact spread out over a fairly large region. From his results it thus seems,
at least for systems, that it is probably best to do something special near a dis-
continuity like “shock-fitting,” in order to reduce the spread in the discontinuous
region. More recently in [6], for variable coefficient hyperbolic systems, Gustafsson
has shown that if a finite difference method of order m is used at internal points and
one of order m — 1 at the boundaries, then under certain assumptions the overall
accuracy of order m is maintained. Thus considering the discontinuity as an
internal boundary, the use of a second-order method throughout the region
means that at this boundary we only have a first order method. However
Gustafsson’s theory shows that under certain assumptions, the scheme may still
be second-order accurate away from the discontinuity.

In this paper we consider the use of Lax-Wendroff (LW) type methods for the
solution of systems of conservation laws (1.1). We describe a generalization of the
two-step Richtmyer [7] version of the Lax-Wendroff method in Section 2. The
dissipative properties both linear and nonlinear are discussed along with the
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stability of the generalized scheme in Section 3. Numerical experiments were
conducted using the subject methods. The relevant results are reported briefly in
Section 4. The extension of the one-dimensional scheme to systems of conservation
laws in two space dimensions is considered in Section 5. The paper is concluded
in Section 6.

2. GENERALIZED LW SCHEME

Second order schemes approximate, correct to second order, the Taylor series
expansion of! 4" = u(ih, (m + 1)K); that is

m aul K2 2um
W=+ K 5

+ O(K3). @.1)

Different ways of replacing the time derivatives by space derivatives using the
differential equations (1.1) give different schemes. In replacing the time derivatives
care must be taken not to introduce the Jacobian A(y) = Jf/du into (2.1) since
then inefficient algorithms like the original LW scheme will result.

In this section, a generalization of the two step Richtmyer scheme [7] is introduced
by using an intermediate approximation to u(ih, (m + 2a)K) as was done in [10].
We write (2.1) as

m+l __ . m l_ ou;™ Eﬁ ou\™

Wt = w4 K (1= o) S+ gy (v 20K 6‘—1‘) +0K) (22
—um+ K (1 - L) ou;m . £ dumTe - oK 53
- 4a) ot ot ‘ @3)

Using (1.1) in (2.3) then gives

mi1 m 1 af;m K 8fm—r2a s
oo = K (1 4a) ox  4a ox + O(K), (24)
with
Uyt = — 2aK 2 f + O(K?3), (2.5)

and where f;” means f(u™).
Replacement of the space derivatives by differences which do not destroy the
orders of accuracy of the first terms on the right hand sides of (2.4) and (2.5),

1 4 is the grid spacing, K the step size and p = K/h is the mesh ratio.
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and which give a scheme in which values at only (i, m), (i 4- 1, m) are involved,
results in the scheme

&’?H = e + 0t1) — 2ap(fie — fit0)s (2.6)

m m 1 m m 1 *m *m
Wy = Wy "g [(1 - @) (fi+1 _fi—l) + 2—a (fz+1r/12 - i—f/lz ], (2‘7)

where w;™ Is an approximation to ;™ and f; means f (w,™). In (2.6),(2.7), as in [10},
@™ is a first-order approximation to u(ih, (m -+ 2a)K); a = } gives the two-step
Richtmyer scheme; and @ = 1 gives the scheme introduced by Rubin and Burstein
in [9]. Applied to linear problems with constant coefficients (2.6), (2.7) reduces
to the LW method and hence has optimal linear stability (see [8], p. 304) as allowed
under the Courant-Friedrichs-Lewy condition [11], that is

plAl <1, (2.8)

where | A | is the maximum modulus eigenvalue of A. In [10], the difference opera-
tors were chosen in such a way that points other than (i, m), (i 4 1, m) were used
in the evaluation of w”*! so that a more restrictive (linear) stability condition than
(2.8) was obtained.

In their study of third-order methods, Burstein and Mirin [12] considered
equations which were constituent steps of a third-order method and which were
similar to Egs (2.6) and (2.7).

3. DISSIPATIVE PROPERTIES OF THE GENERALIZED SCHEME

In this section we look at the dissipative properties of (2.6) and (2.7), and as
a result try to indicate how one should choose the parameter a.

Performing the usual Fourier analysis on the linearized version of (2.6) and (2.7),
which reduces to the LW method, shows that (2.8) is sufficient as well as necessary
for stability [8, p. 84]. Also, (see [8, p. 109]) the scheme is, in the linearized case,
dissipative of order 4 provided

0<plAl <l (3.1)

Since the linearization of (2.6) and (2.7) eliminates a, we will turn to an analysis
of the truncation error terms to decide what effect a particular value of @ has on the
values given by the scheme. To examine the truncation error we must assume
that # and f have as many bounded derivatives as are involved in the expression
for the truncation error.
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Applying the operator of (2.6) at x = i# and denoting it by L,* we have

I of” 1., ou;” 2ap 38ﬁ .
L *u™ = u* — 2aK % 4 3 h E h + oY), (3.2)

where f;* means f (u;"). Thus since the coefficient of /® in (3.2) is smooth,

n n a n+2a a ’ 82 Zn 82 in
FLo*uiagg) — fL*uiq) = h f(ux ) + i fg; DAL g 622 — 2a°p* 31:2

where we have used (1.1) and where f/ou means the Jacobian of f. Hence, applying
the operator of (2.7) at x = ik and denoting it by L, , we have

LY KRB KRSy
d ox 2 otox 6 ox
Kh® @ §82fi" o )

Lmuin =

32a ox | ox2  ou ox2 |
aK3 a a2f;u afln ) 32uin} .
T3 ‘a?; T " o ey 00 ), (3.4)

where again (1.1) has been used.
Now using the fact that

82f: 2 (af au)

ox2 ou 0x
0 (ofy ou  of u
T ox (8u) T T o o oxt 3.5

and similarly for differentiation with respect to ¢, we have that

UK B KR % (af Gu
8x 2 atex 6 axd 32a ox 8u) ox\;

=5 bar () G, 0w 9

Ly = u" —

Thus
- n_ KW Ofr K 0 (0 (ofy ou)
wi — Lt = = s T g E%a— (2) %

aK? a (o (o Ko o
7 x| ot (ET) a:ﬁ T o T O BT
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If
Q()“—-aﬁ+6g:cj:+317aaig (‘gg) axt
Y o

then the scheme (2.6), (2.7) is third order accurate for solutions to
LU e
—r T ay = P0w. (3.9)

It is to be noted that truncation error is usually defined in terms of K and 4 as
h — 0 and thus the above is only meaningful if we consider some small fixed value
of h. However in the implementation of any finite difference method this is exactly
what is done.

Thus what we have established is that the solutions of the difference scheme
(2.6, 2.7) are closer approximations to the solutions of (3.9) than (1.1).

It is noted that the truncation error of the scheme (2.6), (2.7) applied to (1.1) is
in fact given by

—KR? || Qu)l| + O(KR). (3.10)
In the linear case, of course, Q() reduces to

1 o A2 o*u

and so the differential equation (3.9) reduces to one in which only odd ordered
derivatives appear and is hence a dispersive (nondissipative) system of differential
equations. The dissipation in the Lax-Wendroff method in this case comes from
the O(KH3) terms in the truncation error of (3.10). If we write the KO(h®) terms of L,
applied at x = ik as Q'u then from [8, p. 332], we have

Qu = —10/12(102142 - I) 6x4 : (.12)

In [13], Vreugdenhill has analysed the exact solutions of equations such as (3.9)
and (3.9) with Q'u added to its right hand side for the case of a scalar equation
with a step function as initial data. He found that the numerical solution obtained
from a second order method was closer to the solution of such equations, with Q"u
added than to the solution with only Qu.

It is extremely difficult to determine exactly what effect the nonlinear term in
(3.9) has on the solutions of (3.9). Consequently we must make an approximation.
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We have already discussed the case of taking df/ou = A, constant. This however
meant elimination of the parameter a.

Considering the form of (3.8), we go one stage further and consider a local
linearization of A by taking

of .
r ( 8u) B, constant;

of (3.13)
¥ ( 6u) C, constant.
Equation (3.13) means that we take
-51 =A+ Blx—x,)+C(t—1) (3.14)

au

locally around the point (x, , ¢,) where A is df/du evaluated at (x, , #,). The approx-
imation (3.14) is assumed to hold in a small area surrounding (x, , ¢,) just enough
to include all the points involved in the finite difference scheme. Thus in applying
the linearization (3.14) it is assumed that (x, ¢) is close to (x, , 7,) so that

x — x, = O(h), t —t, = O(K). (3.15)
Then Q(u) from (3.8) becomes
2 03 3 2 2 2
0) — “E_Q_Li__af_‘_lBa_u_ap 0*u

2 T 6ox® ' 3 ox2 2 " exeér” (3.16)
From (3.9) we have
o*u of 2 8 ]
or T aa = Mo 20
Pu of ou R
axor T ax (?u‘ ax) = h == Q(u)
&u af of Pu_ o,
ot T ox (ﬁ) to et —a;;Q(u). (3.17)
Neglecting terms of O(h) we obtain
a2u 8“ azu
o~ Bor e (3.18)

Substitution of (3.18) in (3.16) gives

_ . pdu 18 1 L@ ou
QW) = — ¢ 5 66x3+32aB C(B +A6x2)
PP 18 ap* u | ap u
¢ o aaanr(szaJr 2 A)a_JFTCB?x" (3.19)
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Now only the last two terms of (3.19) can be adjusted by the parameter a. Also
only the first of these can be dissipative. Let us write

41 ap® ., | P*u
D(a)u— %B+TCA —a?.

(3.20)
Thus D(a)u represents the only terms of Q(u) which are dissipative to our degree of
approximation and can be adjusted by use of the parameter . Unless the matrices
of (3.20) are of a specially simple form, it is still extremely difficult to tell how one
should choose a to give a dissipative term for (3.20). When # is a scalar it is of
course an easy problem to decide what effect a will have.

If (3.20) is to be a parabolic term in the sense of Petrowskii [see 14, p. 130] then
the eigenvalues of the matrix

L

ap®
1, B+ 5 C4 (3.21)

must be positive. Further the term (3.20) will have a stronger dissipative effect the
larger are the eigenvalues of (3.21).

To find the eigenvalues analytically of (3.21) is an impossible task except in very
simple cases. The scalar case is analysed in Section 4. The only possibility that one
has is to adjust a so that the matrix (3.21) is diagonally dominant, which will then
automatically ensure positive eigenvalues. One must also remember that the
truncation error of the scheme (2.6) and (2.7) applied to (1.1) depends on the
parameter a. Thus one must be careful not to choose values of @ which will intro-
duce large errors and hence nonlinear instabilities. A rough guide for this can come
from the fact that &7 is a first-order approximation to u}*2* of equation (1.1).

Hence overall a suitable criterion for choosing a is difficult to find. Some analysis
in this direction may be carried out for simple cases. This analysis along with
computational experiments will help to indicate how a should be chosen in more
difficult problems.

4. SOME NUMERICAL EXPERIMENTS IN THE ONE DIMENSIONAL CASE

EXPERIMENT 1.

The first problem to be considered was Eq. (1.1) with f = }u? and u(x, 0) = x,
which gives a problem with the smooth solution

u(x, 1) = x/(1 +1t). 4.1)

Exact boundary conditions were used on x = 0 and an extrapolation formula of
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the type used in Gourlay and Morris [15] was used for values on x = 1. The
solution of the problem was sought in the strip

O<x<)x(@=>0).

The local truncation error of the scheme (2.6) and (2.7) as given by (3.7) can be
explicitly written as the norm of E(x, ¢) where

Eyx, 1) — (1—1%)3 (@— 1) + KO®). 4.2)

It is obvious from (4.2) that to minimize the truncation error one should choose a
close to unity. It is impossible to consider the damping effect of terms involving
02u/9x? in the case of u given by (4.1), as we require to do when using our approx-
imation (3.13), as in this case 9%u/dx? itself is zero.

The results of solving (1.1) for the above mentioned initial and boundary values
are given in Table I for a series of values of a at a series of values of p. From the
table of errors it is easily seen that in fact a = 1 gives the greatest accuracy with
accuracy decreasing the greater the distance of the parameter g from 1. However,

TABLE I

Errors at the point x = 0.5, £ = 0.1, the errors being given after 100 and 300 time
steps as [(;001]. All the entries are multiplied by 10-2

a
\ 0.0125  0.125 0.25 0.5 1.0 2.0 4.0 8.0
P

1912 1633 1075 42 2272 6726 15604

0.3 * +ve +ve +ve —ve —ve —ve —ve
366 312 206 7 433 1282 2978

2676 2280 1489 92 3247 9533 22002

0.5 * +ve +-ve +ve —vpe —re —ve —pe
421 359 235 13 509 1497 3460

3161 2687 1741 148 3913 11384 261035

0.4 * +ve +ve +ve —ve —ve —ve —ve
454 386 250 20 559 1630 3746

3655 3096 1980 242 4655 13350 30248

1.0 * +rve +ve -+ve —ve —ve —ve —ve
487 413 265 31 618 1777 4040

Note that the sign of the errors changes as one passes across the value a = 1.
* denotes non-linear instability had occurred prior to this time.
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the stability analysis (linear independence of a) is confirmed by the results in that
the range of a for which stability is maintained is considerable.

Experiment 1 was also repeated for the smooth problems with

1+ 2xt — /1 + 4xt

u(x,t) = 72 {4.1b)
and
u(x, 0) = x%, (4.2b)
and also
u(x, 1) = i \gtz + 4x 4.1¢)
and
u(x, 0) = V/x. (4.2¢)

Both problems were run for ¢ = 0.0125, 0.125, 0.25, 0.5, 1.0, 2.0, 4.0, 8.0 at values
of p = 0.3, 0.5, 0.7, 1.0. Non linear instability occurred in both problems for
a = 0.0125. A best value of a was seen to exist between 0.125 and 0.25 for problem
(4.1b, 2b) and around 0.25 for problem (4.1c, 2¢). The best value was also dependent
to some extent on the value of p used in the computation.

EXPERIMENT 2.

In this experiment problem (1.1) was solved with f = }u2 but with discontinuous
initial data

0 <x <01,

x = 0.1. (4.3)

u(x,0) = |

The boundary datum
u0,1) =1 4.4)

was given on x = 0 and an extrapolation technique as in experiment 1 was used
on x = 1. The solution to the problem was sought on the strip (0 << x << 1) X (¢ > 0).
This problem gives a solution in which the initial discontinuity of (4.3) propogates
into the field of solution along the line x = 0.1 4+ 0.5¢. In this problem, the
difference scheme does not recognise the discontinuity on the line x = 0.1 4 0.5¢
but regards the solution as changing from 1 to 0 quickly as this line is crossed,
in other words, we can regard the problem as one in which the solution is contin-
uous but with a rapidly decreasing x derivative, at any given time, as the line
x = 0.1 4+ 0.5¢ is crossed. Hence in the region of interest, namely around the
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discontinuity du/ox is always negative and also du/ot is always positive. Hence in
this case for fixed x and 7, (3.21) reduces to

1 ou ap® ou

Hence it is obvious that the larger the value of a, the larger will be (4.5) at any
fixed x and . Thus for the greatest damping effect ¢ must be chosen as large as
possible.

The problem stated was solved for a series of values of a for a series of values
of p. The results were graphed and a typical example is shown in Fig. 1. The

T P=.25,1.0,4.0,8.0,14.0
P . 70000000 Ham . 01000000
M= 100 T . 70000000
14
o
FIGURE 1

behaviour as regards damping was exactly as predicted away from values of p near
the stability limit. Near the stability limit nonlinear instabilities disrupted the
solution except for a very few values of a. However values of p near the stability
limit with a reasonable value of a, a about 0.5 or 1, gave the best shock profiles.

EXPERIMENT 3.

The problem (1.1) was solved for the case of inviscid compressible flow of a gas
as in [9]. Exactly the same equations as in [9] were used. A shock wave was set off
along the x axis and its progress followed using the generalized LW scheme.

581/11/4-6
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The problem was carried out for a series of values of a at a series of values of p
from 0.5 times the CFL limit to the CFL limit itself. The shape of the shock front
as given by the density after various numbers of time steps were graphed for each
of the values of ¢ and p.

In all cases the computed shock front occurred at exactly the point it should
occur as calculated from the Rankine-Hugoniot conditions. It was also seen that
the best shock profiles were given by taking a value of p close to the CFL stability
limit along with a fairly large value of a. The value ¢ = 1 with p = 1.0 or 0.95 times
the CFL stability limit gave the best shock profiles. It was noted from the graphs
that above a = 1.0 there was virtually no more dissipation introduced into the
scheme as displayed in the shape of the shock profile. This was probably due to
the fact that one of the eigenvalues of the matrix (3.21) in this case, was zero and
the others must not have changed much with increasing a above 1.0.

EXPERIMENT 4.

In this experiment we used the problem of [9] in which two shock waves travelling
in opposite directions collided. The shocks used were those of [9]. Computations
were carried out for a series of values of @ and p and the configuration of the shock
shapes for the density after 400 time steps was graphed. Again as in experiment 3
the best shock profiles were obtained by taking p close to the stability limit and
choosing a fairly large value of a, around 1.0. Choosing values of a above 1.0
however gave virtually no improvement as regards damping of oscillations behind
the shock fronts.

5. THE EXTENSION OF (2.6), (2.7) To PROBLEMS IN TWO SPACE DIMENSIONS

In this section we consider how to extend the formulation (2.6) and (2.7) to
systems of conservation laws in two space dimensions viz

3f
- + - ?y— =0, (5.1)
where f and g are functions of u only. Extending the method in the fashion of
Gourlay and Morris [8] and Thommen [16] gives schemes which have restrictive
stability conditions. The scheme used by Burstein in [17] is typical and has the
stability (linearized) restrictions

plADLPIAB) < (5.2)

\/8

where | A(4)| and | A(B)| are the maximum modulus eigenvalues of the matrices 4
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and B respectively. Burstein points out however that this bound is rather a poor
one so that the method is probably stable for a larger range of p than is indicated
by (5.2).

Methods with good linearized stability properties were introduced by Strang
in [1] and [19]. In [1] he introduced the scheme

w™l = KL,L, + L,L,) o, (5.3)

which has optimal stability characteristics as allowed by the CFL condition
plMAL  plAB) <L (5.4

provided L, , L, are optimally stable operators in one space dimension. Its second-
order accuracy is guaranteed if L,, L, are second-order one-space-dimensional
operators. The method however was extremely inefficient in terms of function
evaluations when compared with the methods of Burstein [17], Thommen [16],
Gourlay and Morris [8]. Gourlay and Morris [19] showed how to implement the
method (5.3) in practice. A more efficient method was introduced by Strang in [19],
namely

o™t = Lx/ZLyLm/2wna (55)

where L., is L, applied with a time step 1K. Equation (5.5) is second-order
accurate and optimally stable provided L, and L, are such operators in one space
dimension. As it stands, however, (5.5) is still less efficient than the methods of
Burstein et al. Strang however suggested combining operators L, at the end of
a step and the beginning of the next as

Lac/2Lac/2 =L, + 0(h3) (56)

By the relation (5.6) the accuracy is maintained and also the stability remains
optimal. Also it is comparable in efficiency to any other method. Thus all its
advantages having been pointed out, it is natural that we should extend our
one-dimensional method in (2.6) and (2.7) to two space dimensions through the
method (5.5) combining operators through (5.6). Gourlay and Morris [20] showed
how (5.5) should be implemented in practice but had difficulty in using given
boundary data when combining operators as in (5.6). Recently McGuire and
Morris [21] indicated boundary techniques in which these difficulties could be
overcome and produced workable algorithms, using (5.5) with (5.6) incorporating
all given boundary data, for the case when L, and L, were two-step Richtmyer
operators in x-space and y-space respectively. The extension of the paper of
Gourlay and Morris [20] to cope with our new formulation in (2.6) and (2.7) is
straightforward enough as is the extension of the boundary techniques of [21].
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For reasons of space, we omit details of this procedure. For further details
see [21].

In the Strang scheme (5.5) the one dimensional operators L, and L, solve the
one-dimensional problems:

o Yw) _

7 + ox s (5'7)
ow | oglw)
wt e 0. (5.8)

Hence in considering the dissipation of the overall scheme we can consider the
dissipation of the one-dimensional operators applied to the one-dimensional
problems (5.7) and (5.8). Using approximations like (3.13) for each of the Egs. (5.7)
and (5.8) a criterion similar to (3.21) can be devised for choosing a in the two-
dimensional case. Namely, if we take

and
—gi— = B+ By(x — x,) + Byt — t,), (5.10)

around the point (x, , y, , ,) and where the matrices 4, 4, , 4, are evaluated at the
fixed value of y = y, as are B, B, , B, at x = x,, then the criterion for choosing
the parameter a to maximize the dissipation is to choose a so that the eigenvalue of

1 2
a4+ %AgA (5.11)
and
1 ap?
s B+ 5 BB (5.12)

are as large as possible. In the scalar case with f = g = }u?

o _ g 1,
ou ou 27
Then
1 1 ou, 1w,
A=zt A=3% h=3%
and
1 _16143 _laue
B“Eu‘“ B1—28x’ 32“2 at’




METHODS FOR SOLUTIONS OF SYSTEMS 545

so that (5.11) and (5.12) become

1 16u, ap*l eéu,

a2 x T 2 4% G.13)
and

1 1ou, , ap®l ou,

Taioy T2 4% (5.14)

A rough idea of how the dissipation in the scheme is determined by the parameter a
in the scalar case can thus be obtained by considering the sizes of the expressions
in (5.13) and (5.14). In cases where f and g are vectors it is almost impossible to
decide what effect a has on the amount of dissipation introduced into the method.
An indication for the value in that case can only be given by what happens theoret-
ically in the scalar case and from computational experiments performed on similar
systems. It is also noted at this point that from Gustafsson’s results, aithough the
situation here is not quite the same, using the first-order boundary technique of [21]
may in fact not destroy the second-order global accuracy of the method. It was also
suggested in [21] that due to the way in which data are introduced using the first-
order technique that this is the best technique to use.

Various numerical experiments were carried out on (5.1) using the scheme (5.5)
with (5.6) and using generalised LW operators for L, and L, . In all the problems
we chose f = }u? and g = $u2.

EXPERIMENT 1.

In this problem we chose initial and boundary values for (5.1) so as to obtain a
smooth solution. We took the smooth problem of [20] i.e. (5.1) with the smooth
solution

u(x, y, ) = {1 — V1 + (x + »0)/t}?, (5.15)

and we assumed that exact initial and lower x and y boundary conditions were given.
The problem was run for a series of values of a at a series of values of p using the
backward extrapolation boundary technique of [20] and the two boundary tech-
niques of [21]. The errors were computed with varying numbers of steps between
print outs.

From the results the stability problems of the Gourlay and Morris method of
introducing given boundary data began to show up in runs with g less than 0.0125.
The errors for the two boundary techniques of [22] were almost identical so that,
as noted already in [22], it seems that no loss of accuracy occurs in using the
first-order boundary technique of [21]. It was also evident that in this smooth



546 MCGUIRE AND MORRIS

problem there existed a value of a, somewhere around 0.125 which would give the
best results as regards errors.

EXPERIMENT 2.

In this experiment we used (5.1) with given discontinuous initial data. The data
was such that a discontinuity moved in the region of solution parallel to the y axis
or to the x axis. The problem was that used in [20]. Exact boundary data was
given on the lower x and y boundaries. Since the boundary techniques of [20]
limited the use that could be made of the relation (5.6) when using the scheme (5.5)
we ran the problems only with the boundary techniques of [21]. L, and L, were
taken as generalized LW operators and the problems were run for various values
of a with p = 1.0 and with different numbers of steps between print outs.

From the results it was seen that for very low values of 4 nonlinearities disrupt
the solution. For values just below a == 0.25 the shock front lagged about one half
to a mesh width behind the true shock front. For values of a, equal to 0.25 and
above, the shock front is at most one half a mesh width ahead of the true one.
Also the larger the value of a the less are the oscillations behind the discontinuity
as would be expected from (5.13) and (5.14) analysed in the same way as (4.5).
Also it was noted that there was very little difference between the values for different
numbers of steps between print outs. Further results indicated that in fact there
were smaller oscillations behind the shock front when the first-order boundary
technique was used than when the second-order technique was used. Thus as in [21]
the first-order technique, which is simpler to apply anyway, is to be recommended
for problems of the type used here.

6. CONCLUDING REMARKS

From the analysis in Section 3 and the results of experiments 1 in both sections 4
and 5 for the one- and two-space-dimensional problems respectively, it is seen that
for smooth problems a best value of a can be found in terms of small errors, simply
by analysing the truncation error of the method. Thus the best technique in solving
smooth problems thus appears to be the following. Choose as large a time step as
the stability (linearized) condition will allow and then choose that value of a which
minimizes the principal error terms in the truncation error. This argument pre-
supposes that an expression for the truncation error can be derived, and in fact the
situation can be much more difficult to analyse than we have considered here.

In the case of problems with discontinuities the analysis of Section 3 shows that
the scheme (2.6) and (2.7) solves the original system of differential equations with
other terms added, the most important of these being terms which are dissipative
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provided a certain criterion is satisfied. This criterion, that the eigenvalues of the
matrix in (3.21) are positive, is based on a certain linearization of the truncation
error terms and is difficult to use except in scalar cases or for very simple systems.
The larger are these eigenvalues, the more dissipative are the terms governed by
this matrix. In two space dimensions virtually the same analysis applies since
Strang’s scheme splits the two space dimensional problem into two one-dimensional
problems. Thus in this case the criterion for the system of differential equations
solved using Strang’s scheme, and (2.6) and (2.7), is based on the eigenvalues of
two matrices of the form (3.21), namely (5.13) and (5.14). For the scalar case of a
discontinuity passing through the region of computation the analysis gives an
indication of how, for a fixed value of p, @ should be chosen to give dissipation.
This analysis is borne out in the one space dimensional case by the numerical
experiments reported in Section 4. Also as was remarked there, the choice of a
value of p near the stability limit was more critical in giving a good shock profile
than was the choice of a. Also as remarked the shock profile did not improve much
for values of p near the stability limit for values of a above 1. For lower values of p
it required a larger value of a, about 8 in the case of p equal to one half its allowed
value, for a reasonable shock profile. Moreover since in pratice one wishes to
progress as quickly as possible in time it follows that in these scalar cases one
should choose a value of p fairly close to the stability limit then a value of a
around unity. In Section 5 a similar experiment was carried out in the two-space-
dimensional case with a value of p half the stability limit and from the results it
was seen that not much more smoothing was gained by taking a any larger than
about unity. Also in Section 5 it was deduced from the results of the experiments
that the first order technique of [21] should be used in preference to the more
complex second order boundary procedure as this gave better stability results in
the discontinuous problem and as good error results in the smooth problem.
When one came to the physical systems of the experiments in Section 4 the analysis
of Section 3 was almost impossible to apply, although since one of the eigenvalues of
the matrix (3.21) in these cases was zero, one could indicate that the effect of @ might
not be as marked as in the scalar case. In the experiments it was found that a value
of p chosen near the stability limit was more critical in giving good shock profiles
and that, in such cases, a value of @ above unity gave virtually no improvement in
the shock shape. Thus again the criterion for obtaining good shock shape seems
to be to choose p close to the stability limit and then to choose a about unity. It was
also to be noted that the shock position given by the schemes used in both the one-
and two-dimensional cases was, within at most one-half of a grid spacing, where
it ought to be as deduced from theoretical considerations.

Also, in [22], (in the case of the simple problem of Section 4, experiment 2)
the scheme (2.6) and (2.7) was compared with other methods for a series of values
of a, and was found to give as good shock profiles as any of the other methods
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considered, provided p was chosen near the stability limit and a chosen around
unity.

The extension of the scheme to higher dimensions is most easily achieved, as
in [20], using Strang’s formulations. For example we could use

1
W™ = LyjpLyplyLyp Ly p™

for three space dimensions and combine operators as in the two-space-dimensional
case. The computational formulation and incorporation of given boundary data
are easily deduced from the two-space-dimensional case.
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