J. Austral. Math. Soc. (Series B) 22 (1981), 515—-538

STABILITY ANALYSIS OF RUNGE-KUTTA METHODS
APPLIED TO A BASIC VOLTERRA INTEGRAL EQUATION

CHRISTOPHER T. H. BAKER AND JOAN C. WILKINSON

(Received 10 July 1980)
(Revised 13 November 1980)

Abstract

Our purpose in this paper is to display the stability analysis of Runge—Kutta methods
applied to a Volterra integral equation of a simple form. As prerequisite we define, and
then develop the structure of, the class of Runge—Kutta methods considered. The test
equation is taken as the “basic” equation f(x) — A f§Ay) dv = g(x); the simple form of
this equation permits ready insight into features which are more obscure when consider-
ing (as elsewhere [1], [2), [6]) equations of a more complicated form. Due to the structure
of the methods and the nature of the test equation, the stability analysis reduces to the
study of recurrence relations of the form @, .,y = M®, + v, (k=0,1,2,...) which
are common in stability discussions in numerical analysis.

1. Numerical methods and stability

We consider methods applicable to the numerical solution of the Volterra
integral equation

) - f Koy fO) & = g(x), x>0, (L.1)

wherein the given functions K(x, y, v) and g(x) are continuous on suitable
regions; we assume Lipschitz continuity (in v) for the “kernel function” K. The
methods we consider are Runge—Kutta methods; they bear an affinity to quadra-
ture methods associated with a family of quadrature rules

[‘h¢(y)dy ~h'S w,e(kh) fori=1,2,...;h>0. (1.2)
0 k=0
We define w, = 0if k > .
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DEerFINITION 1.1. 4 quadrature method for (1.1) defined by the rules (1.2)
consists of determining values f(ih), i = 1,2, 3, ..., such that f(0) = f(0) = g(0)
and

f(ih) — h 2 wy K(ih, kh, f(kh)) = g(in), i=1,2,3,.... (13)
k=0

There is a conceptual difference (which it would be pedantic to insist upon)
between a method and its formulae, and we shall refer, for example, to the
Sformulae® (1.3) as a quadrature method defined by (1.2). By the same token we
shall later describe a method, applied to a test problem, as stable when the
resulting recurrence relations are stable.

1.1. Mixed and extended Runge—Kutta methods

In quadrature methods, we determine in “step-by-step” fashion the values
f(h), f(2h), f(3h),.... More general methods involve the selection of 8,
6,...,60,_, and 8, =1 and the calculation of blocks of related values f;
approximating f(x) at points

7, = ih + 0,h, r=0,1,...,p, (1.4)
successively for i = 0,1,2,..., withj=i(p + 1) + r + 1 and f;, = g(0). The
blocks of values define successive vectors

= x z T .
Pipy = [f;'(p+l)+l’f1(p+l)+2’ <o ’f(i+l)(p+l)] > i>0.

Amongst such methods are the Runge—Kutta methods of interest to us here2, To
avoid confusion when the points {7,} are not distinct, we write f; rather than
J(ih + @.h). Observe that r = (j — 1) mod(p + 1) in equation (1.4).

The principal purpose of the Runge—Kutta methods may be considered to be

the determination of approximations for f(h), f(2h), f(3h), . ... The required
approximations are found, since §, = 1, as
fGh) = fipsry i=0,1,2,.... (1.5)

The intermediate values j:( p++s S = 0mod(p + 1), may also be of interest [9].
The Runge-Kutta methods under discussion correspond to a choice of 8,
), ...,0,_,and a set of formulae

[Tody =h T Qua(n),  j=123,..., (1.6)
o} k>0

! We here assume the formulae will be solved exactly.

2 See also [5]. More general methods have been proposed by Beltyukov [4], [11], van der Houwen
[17]) and Weiss (see [4]).
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which, applied to discretize (1.1) with x = 7;, yield equations
F—-hY K, f)=8(1), Jj=123.... (1.7a)
k>0

We suppose that

Q=0 if[(k-1/(p+1D]>i=[G-1D/(p+ ], (1.7b)
where [z] denotes the integer part of z. The methods (1.7a, b) appear as natural
extensions of the quadrature methods. In Runge—Kutta methods the choice of

parameters {6;} {€2;,} is motivated by questions of order of accuracy, and we
offer the following definition.

DEFINITION 1.2. A method (1.7a, b) is a Runge—Kutta method if the values (1.5)
display superconvergence as h — 0, with ih fixed, for a suitably restricted set of
problems (1.1).

REMARK. If the values 7, j =0, 1,2,..., contain repetitions it is not, in
general possible to define a s1ng1e-valued function f on the mesh {7} with
Sz ) = f Therefore, the reader may wish to assume that 6y, 6,,...,40,_, are
dlstmct points in (0, 1) and we may then write f('r) f and

f'(r,)—hkgoﬂ,k K(7, 7 f(7) = g(7). (1.8)

We shall not concern ourselves here with questions of order of convergence
but shall refer to our methods, described in more detail below, as Runge—Kutta
methods. Our intention has been to motivate Runge—Kutta methods for (1.1).
Specific methods result from a choice of formulae (1.6), satisfying (1.7b), which
we shall here associate with formulae

f¢<y>dy~h2A,,¢(oh) t=01....p. (1.9)

s=0

The rules (1.9) correspond to a Runge—Kutta tableau

00 Am AO] et Aop
01 Ay Ay, e Alp
[0lA] = - : (1.10)
op—l Ap—lO Ap—ll p—Lp
gp =1 ApO Apl 74

DEFINITION 1.3. A Runge-Kutta array (1.10) occurring (normally with 4,, = 0
Jor r=20,1,...,p) in the numerical treatment of ordinary differential equations
will be called a conventional R-K array.
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We write T=ih+8hr=(G -1 mod(p + 1), and (whether or not 7; > ih)
T ih 7
[Pe) @ = ["o() v + [ "o(y) &. (1.11)
0 o ih
The rules (1.9) applied (a) in repeated form with ¢ = p (b) with ¢ = r yield

i-1 p P
f o(y) dy =~ thO 24 s¢(7k(p+1)+s+|) +hY A (Tipryrs+1),  (1.12)
s=0 s=0

7; being defined above.

DeFINITION 1.4. A Runge-Kutta method (1.7a,b) is called an extended
Runge—Kutta method if the formulae (1.6) and (1.12) coincide.

We may employ (1.2) to approximate [#¢(y) dy in (1.11) and obtain, in lieu of
(1.12), and setting wy = 0, the formulae

f Hy)dy=nh 2 Wy d(Tiprny) + R 2 A, H(Tipr1yrs+1)- (1.13)

s=0
DerFINITION 1.5. A Runge—Kutta method (1.7a, b) is called a mixed
quadrature-Runge—Kutta method if the formulae (1.6) and (1.13) coincide.

1.1.1. Another class of “mixed” methods (considered by Pouzet [21] and of
some interest in [9]) arises on identifying (1.6) with formulae

i—1

f ¢()’) dy>~h 2 2 ¢’(’Tk(p+1)+s+1) + h 2 Ars¢( (p+1)+s+l) (1 14)

k=0 s=0

We indicate what we shall call economized versions of the mixed quadrature-
Runge-Kutta methods, available when 8, = 0. In this case, since §, = 1, 7,41,
T(p+1+1 = ih and we have two approximations at the point i/h. Some ap-
parent saving of effort is achieved if we modify the methods of Definition 1.5 by
setting f(p 1+ f(p +1) = f(ik), rather than compute the new value f,(p PR
(In general this leads to a new method. Van der Houwen [17] has constructed
methods which generalize the economized methods and have interesting proper-
ties.) We observe that methods of Beltyukov type [4], [11] reduce to economized

methods when applied to the basic test equation which we considered here.

1.2. Stability

The study of stability of the solution of the integral equation (1.1) is the study
of the sensitivity of f(x) to perturbations in the problem (say in g(x)) in
particular as x — oo. For an introduction to this topic we refer to the review of
Tsalyuk [23]. The study of stability is not amenable to investigation unless
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restrictions are placed on the class of “admissible” perturbations and on (1.1).
When (1.1) is linear, progress in the stability analysis can be made by analyzing
the resolvent or differential resolvent [23]. For the basic test equation

OB fy) dy = g(x) (1.15)

a constant change & in g(x) results in a change &(x) = 8 exp(Ax) in f(x) (see
below) which (a) is bounded if and only if Re(A) < 0 and (b) decays to zero as
x — oo if and only if Re(d) < 0. The consequent classification of (1.15) is
embodied in the following definition.

DEerINITION 1.6. Equation (1.15) is stable if Re(A) < 0 and asymptotically
stable if Re(A) < 0.

The behaviour of &(x) in the preceding discussion follows from the equation
e(x) — Af5e(y) dv = 8, which yields

e(x) = Ae(x), e(0) = §, (1.16)
on differentiating. On the other hand, equations (1.7a) yield, when applied to
(1.15),

f—=M3 Qf =g (1.17)
k>0

and we seek the effect of perturbations in the values g; on the values jj Structure
in the weights &, permits us to mirror (via a differencing process) the derivation
of (1.16), in order to obtain a finite term recurrence relation from (1.17).

1.3. Stability of recurrence relations

A differencing procedure applied to (1.17) will yield, under conditions as-
sumed here, recurrence relations of the form
Qk"'l =M¢k +‘Yk’ k=0, l, 2,..., (1.18)
where
M = M(Ah), (1.19)
and @, = v is given. The components of the vectors ®, will be successive values
J;- The study of (1.18) is commonplace in numerical analysis but has interest in
its own right (Hahn [14, p. 47], Miller [20]).
A perturbation e in @, results in perturbations M*e in @, which certainly
decay if the spectral radius p(M) < 1, and are bounded if p(M) = 1 and also M
is? of class M. In each case, however, we may find that the norm |[Me|| of the

3 A matrix is of class M if and only if its cigenvalues of largest modulus are semi-simple (i.e. have
equal algebraic and geometric multiplicities).
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change in @, associated with e is larger than |le|| unless |[M|| < 1 in the
particular subordinate norm. (For any M, p(M) < ||[M]}.)

DEFINITION 1.7. (a) A recurrence (1.18) is block-stable in the specified norm || ||
if the subordinate norm of the amplification matrix M satisfies |M|| < 1 and the
stability is strict if ||[MJ] < 1. (b) A square matrix is strictly stable if p(M) < 1 and
is stable (Varga [24)) if and only if either (i) p(M) < 1 or (ii) p(M) = 1 and M is
of class M. A recurrence (1.18) is called (strictly) stable when its amplification
matrix is (strictly) stable.

REMARK. A rank-one matrix with non-zero spectral radius is of class M.
Recurrences frequently encountered have the form

Iéoxl(M)XnH—l = Ynev det[xoo\h)] =0,

which may reduce to a scalar recurrence. We obtain a relation (1.18) on writing
D, =[Xrs1: X -+ s Xns1-m] and

(1.20)

X5, X;'X, X;'X,,
I 0 0 0
Mok = 0 I (1.21)
L 0 0 1 0 |

DEFINITION 1.8. A recurrence (1.20) is (strictly) stable if and only if (1.21) is
(strictly) stable.

When p(M) = 1 in (1.21) it is necessary for stability to ensure that the largest
eigenvalues of (1.21) are semi-simple. We state the following result without
proof.

LeMMA 1.9. Let M(Ah) be given by (1.21); then an eigenvalue p is semi-simple if
and only if it is a semi-simple zero of the auxiliary polynomial

det{ s X,()\h)p”'"'} (1.22)

1=0
in the sense that exactly v linearly independent vectors § satisfy
(ST X,AM)p™""Y¢ = 0 where v is the multiplicity of p. as a zero of the auxiliary
polynomial. If (1.20) is a scalar recurrence, p is semi-simple if and only if it is
simple.
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Since stability of recurrence relations is related to the location of zeros of
det(M — pl) or (1.22) we recall the following definitions.

DEFINITION 1.10. 4 polynomial is said to be a von Neumann polynomial if its
zeros lie on the closed unit disk centred on the origin, and its zeros of modulus unity
are semi-simple®. A polynomial is Schur if it is a von Neumann polynomial with no
zeros of modulus unity.

The amplification matrix (1.19) depends upon Ah, where A is given in (1.15).

DEFINITION 1.11. The region of (strict) stability of a recurrence (1.18) or (1.20)
is the set of values Ah € C for which the recurrence is (strictly) stable. A region of
block-stability (respectively strict block-stability) in some norm || || is the set

{Ah € C| IM(AR)|| < 1} (respectively {Ah € C| [M(AR)|| < 1}).

We hope to model the properties in Definition 1.6 with corresponding proper-
ties of (1.18) or (1.20). This leads us to concepts such as A4-stability, which we
define in Section 3. (Strict) stability of (1.18) is analogous to (asymptotic)
stability of (1.15).

2, Quadrature methods revisited

Our objective is the analysis of Runge—Kutta methods, but to study mixed
quadrature-Runge—Kutta methods we require structured rules (1.2). We can
then exploit the connection between (1.15) and (1.16).

Suppose that

K(x,, f(y)) = F(», f(»)), g(x)=0 @1
so that (1.1) reduces to
f(x) = F(x, f(x)),  f(0) = g(0). (22)
A linear multistep method for (2.2) is defined by the parameters {a,, B8;} in the
formula
EO o f((n — Nh) = hEO BF((n = Dk, f((n — D)h)), (23)

and by suitable starting values. Associated with (2.3) are (see Lambert [18]) the
first and second auxiliary polynomials

m

(W)= 3 aum ()= 3 Bum, 24)

=0 =0

4 If the polynomial is expressed as a determinant (1.22), semi-simplicity will be interpreted in the
sense of the preceding lemma.
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The application of (2.3) is equivalent to applying the quadrature method to
(1.1) with (2.1), when certain conditions are satisfied.

DEFINITION 2.1. The rules (1.2) are called reducible to the linear multistep
method {«;, B} or, simply, (p*, 0*)-reducible, if for some ny > 0,

> @, -y, =0, r=0,1,...,n—m; (2.5a)
=0
> G, 11, = Biy1—y v=n—-m+ln—-m+2...,n+1, (25b)
1=0

when n > n,, and

(\ZE]

a =0 (2.5¢)

=0

Suppose (1.2) are (p*, o*)-reducible and consider (1.3) with (2.1). Noting that
w,; = 0if j > n we have

i « 2 ‘*’n+1—l,,F((” +1- I)h’f((” +1- l)h))
=0 ;>0 (2.6)

= > BF((n+ 1= Dh, f((n+ 1~ 1)h))
1=0
for n > ny and we can deduce (2.3) for n > ny + 1, given (2.1).
The Gregory rules [4], [7] reduce to Adams—Moulton multistep formulae;
other reducible rules can be generated from given p*, o*.

ExaMPLE 2.1. If wg = w, =1, w,=1L,j=12...,i—1,thenay=-a, =1,
Bo=B = %
A more general property of the weights (1.2) can be exploited. First observe

that the lower-triangular array of weights w,, can quite commonly be partitioned
into square submatrices of each of the same order, ¢, namely

Voo
(wy) =~ ' , 2.7
V/,o vl,l o vl,l
V/+|,0 V1+|,| e vl+l,l vl+l,l+l
such that for fixed matrices {A,, B,} we have (defining V, , = 0if j > /)
EoAan-Q-I—I,v =B, - (n > ng) (2.8a)
I=
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for some ny > 0,
A, =B, =0, v€{0,1,2,...,m}, (2.8b)
and

EO Ae=0 (2.8¢)

where ¢ = [1, 1,..., 1} € R Relations (2.8a, b, ¢) correspond to generaliza-
tions of (2.5a, b, ¢). We assume, with little loss, that ny = ng = 0.

DEFINITION 2.2. The rules (1.2) are called reducible to the m-step block-method
{A,, B,}g, or, simply, block-reducible, if (2.8a, b, c) hold.

A subset of the block-reducible rules (1.2) are those for which (2.7) assumes

the form
WI
. (29)
W W, W, o W, W, W, s W,
w Wo Wo te wo wo W, Tt wP—l W,

thatis, V, ; = Wp_,, . for j > 1, where W, , =0, W_ =W, for r > 0, and
Vo =W, [ > ny All the rules considered by Baker and Keech [7] are of the
latter form.

ExaMpLE 2.2, Let the weights (1.2) be defined by equation (1.14) of [7], that is

j=0 1 2 2s — 1 2s 2s + 1
- 1 4 2 4 1
“u; T 3 3 3 3 3
1 4 2 4 1yl 1
@25 41, 3 3 3 3 (3 2
Then P =1 and
1 4 2 4 LI
3 3 3 3 3
W= w= =
poal oTh2 e P MTls
3 3 3 3 6 2

The weights w, correspond to the use of the repeated Simpson’s rule, with the
trapezium rule.
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ExampLE 2.3. Let the weights have the structure (2.9) and define A, =1,
A =-1 A/ =0, I=23,...,P, m=P Then B,=W,, B, =W,_, —

W, . ...,B, =W, - W,
Quadrature rules which reduce to g-cyclic linear multistep methods in the
sense that
L a?' W~y = pf(};)—w M= {n(p) — nyj mod(q),
1=0
wherein of® =0 and B® =0for/ € {0, 1, ..., m(p)}, m = max(m(p)), can
be identified by the reader (to whom we leave the details) as block-reducible, on
writing
_ o -
aﬁl) aal)
Ao = )
at(lq——ll) at(ﬂ_*zl) .. aéq"l)_
i a® O
ay - oY
A = )
a2z .. ale?d |
and so on and likewise for By, B,, . . . ; see Stetter [22, p. 218].

ExampPLE 2.4, Consider the weights of Example 2.2. As shown, they can be
partitioned as (2.9) and therefore treated as in Example 2.3. Alternatively we
may define A, B, = 0if / > 1 and

O I A P

B, =

S e
N |
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or yet again

{1 o0 _[-1 0
A"‘[—l 1]’ A [o 0]’
3 0 1oa
BO= l la B|= 3 3

Each formulation corresponds to a recognisable 2-cyclic method.

Since the quadrature methods discussed here reduce to methods for (2.2)
when applied with (2.1), the stability of the methods applied to (1.15) can be
deduced from results in ordinary differential equations, by reference to
det[E7 (A, — MiB,} u™~']. We refer to Stetter {22].

3. Stability of Runge—Kutta methods

The earliest stability studies in the numerical treatment of (1.1) have been
concerned with (1.15), namely

S =Af ) dy = g(x). 3))

We shall derive criteria for the numerical stability of Runge—Kutta methods for
(3.1) and comment on the use of this test equation later. We can distinguish two
types of stability.

DEFINITION 3.1. A Runge—Kutta method (1.7a, b) displays full-step stability
(when applied to a given test equation) if and only if there exists a stable recurrence
between vectors whose components are the values f(in) = ﬁ( p+1) generated (for
i > ng). The method likewise displays internal stability if and only if there exists a
stable recurrence relation between vectors whose components are successive values
f;(p+,)+,+,, i=ngng+1,... ... ; r=0,1,...,p, involved non-trivially.

Strict-stability, and block-stability in a prescribed norm, are similarly defined.
Since we seek to model the properties of (3.1) we introduce a concept of

A-stability (here restricted to full-step values).

DEFINITION 3.2. A Runge—Kutta method (1.7a, b) is A-stable if it displays strict
Sfull-step stability whenever Re(Ah) < O.
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For the methods and test equation considered here, the criteria for full-step
and internal stability are broadly the same (though there are distinctions in strict
stability); this may not be so when considering other test equations.

We write ¢, = g(0)[1, 1, ..., 1]7 and

H b4 = T
¢i+] = [f;'(p+l)+l5f;‘(p+l)+2s L ’f(i+l)(p+l)] (3'2)

fori=0,1,2,..., where the values { f} are defined by a given Runge-Kutta
method (1.7a, b) applied with K(x, y, v) = Av, that is, where

f=M 3 Q= a(n). (3.3)
k>0
We shall require some additional notation and we write
€ =[1,0,...,0]", ¢=[0,0,...,0,1]", e=[11,...,1]", (34)

and

a, =[A4,, A4 4,1 (3-5)

PO “Tp> - - - > “pp
in terms of the elements of [@|A] in (1.10). We also introduce the matrices
A,=EA, E, =ee. (3.6)
Observe that €7¢,,, = f((i + 1)h).

3.1. Extended Runge—Kutta methods

The extended Runge—Kutta methods are described by Definition 1.4. With
the method thus defined in terms of (1.10), the equations (3.3) can be recast
using (3.2), and in view of (1.12), as

(I — ABA); 4y — MAp kgl P = Bis1 (3.7

Here, g,y = [8(Tipuey+1)s - - -5 8(Tgsaxp +1))]T. A recurrence of the form (1.18)
is sought. We apply E, of (3.6) to (3.7) and subtract the result from (3.7), to
obtain

. (I- MA)¢:’+I - Ep¢i =8iv1~ Epgi' (3~8)
Excluding the (at most p + 1) exceptional values of A for which (I — AhA) is
singular and for which the method fails, we deduce -

$ = NQAR); + v, 4y, ' (3.9)

where N(Ab) = (I — MA)'E, and »,,, = @ — MA)™'(g,,, — E,g,). The recur-
rence (3.9) is of the form (1.18) with amplification matrix

N(AR) = d(}\h)e: : (3.102)
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wherein
d(\h) = (I — MA) e (3.10b)

We shall employ (3.10a, b) later; observe that N(M) is of rank one, with
non-trivial eigenvalue ji(Ah) = epT d(Ah), that is

i) = ef(1 — MA) e (3.11)
Thus, p(N(M1)) = | i(Ah)|. Observe also that
INAR) o = ARl INAR)||, = [[dAR)]. (3.12)

Conditions for stability and block stability in || ||, and || ||, for (3.9) now follow.
Analysis of (3.9) is sufficient for internal stability, but apglying ePT to (3.9)
yields e7d,,, = €2 (I — MhA)'ee] ¢, + e]v,,, or, since e; ¢, = f(ih),
S+ 1)h) = GORS(R) + v, (3.13)
where v;,, = €]y, ,. Thus the condition for full-step stability is | i(Ak)| < 1. The
following theorem summarizes the results.

THEOREM 3.3. The extended Runge—Kutta method applied to (3.1) displays
internal and full-step stability if and only if | i(Ah)| < 1. For | = 1, oo it displays
block-stability in || ||, if and only if ||d(AR)||, < 1. For strict stability the inequali-
ties must be strict.

In addition we have the following result, using Definition 1.3.
THEOREM 3.4. Let (1.10) be a conventional R-K array. Then the region of
stability of (3.9) is the same as the region of stability for the corresponding

Runge—Kutta method applied to y'(x) = Ay(x), y(0) = y,.

PROOF. See Stetter [22, pp. 131, 174], and observe that el d(\1) is the “growth
function” of [22] under the given assumption.

COROLLARY 3.5. Use of an A-stable conventional R-K array yields an extended
method which displays A-stability.

The following example serves, inter alia, to show that requesting stability (of
(3.9)) in a prescribed norm may be too severe.

ExaMPLE 3.1. Consider the conventional R-K tableau

1471
212 ©
1} 1 O
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We find d\h) = [(1 — A7, (1 + 3Ah) (1 — AT and M) =
(1 + 3ARn)/(1 — 3AK) and have A-stability. Moreover, (3.9) is strictly block-sta-
ble in the uniform norm when Re(A4) < 0. In the norm [f ||, this feature is lost,
and Ak = 0 is not in the region of block-stability.

3.1.1. We consider the effect of applying the formulae (1.14) rather than
(1.12), and write

b,=[Be B,;,-..,B,]"
to find
(I = MA)p, ,y — Meb: 214’1 = Bi+v
j:
replacing (3.7). We deduce a relation of the form (3.9) with N(M4) replaced by
N,(An) = N(AR) + Mhd(MR)(b] — a),

a rank-one matrix whose non-trivial eigenvalue is

i (\R) = 1 + MibT(1 — MhA) e

For more detail, and an example, refer to [2]. Paul Wolkenfelt observed that a
relation similar to (3.13) (with i replaced by ji,) can also be found. Thus, the
condition for internal and full-step stability is that | 3, (M) < 1.

3.2. Mixed quadrature-Runge-Kutta methods with reducible rules

Amongst the methods of Definition 1.5 are those employing (p*, o*)-reducible
quadrature rules, satisfying (2.5a, b, ¢). The scalar equations for the method
applied to (3.1) can be re-written in the notation (3.2), (3.6), and in view of (1.13)
we obtain

A= MAY —M D 0 Ed =g, i=012.... (314)
k=0
Thus, when (I — AhA)™! exists,
ey — M D NG, = (I — MA)-lgi+l’
k=0

employing the matrix (3.10a). We deduce that

m

2 A, — AR 2 a 2 wn—l,kN(M)¢k = Yo+t
=0 k>0

=0
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where v,,, = =™ oa,(I — M1A) g, ., _,, whence, by virtue of (2.5a, b),

[go Py — MIEOBIN(M)(P"_I = Yn+1- (3.16)

The recurrence (3.16) is of the form (1.20) and we deduce the following lemma.

LEMMA 3.6. the mixed quadrature- Runge—Kutta method employing (p*, 6*)-re-
ducible quadrature displays internal stability if and only if

det] uo*( w1 = Mio*(w)NOW) ] (3.17)

is a von Neumann polynomial.

For the analysis of full-step stability we apply epT to (3.16) to produce, directly
on observing that eTN(\A) = i(Mr)el,

m

S, af((n+ 1= D) = M) 3 6, i(n = DR) = efyper. (18)

=0
Lemma 1.9 yields the following result for full-step stability.

THEOREM 3.7. The mixed quadrature- Runge—Kutta method of Lemma 3.6
exhibits full-step stability when applied to (3.1) if and only if
po*(p) — Mrji(Ar)o*( p) (3-19)
is a von Neumann polynomial. The stability is strict if (3.19) is Schur.

Theorem 3.7 prompts re-examination of (3.17), to relate it to (3.19) under
standard assumptions [22, pp. 188, 206].

THEOREM 3.8. Suppose p*( ), 6*( ) have no common factors, and p*( ) is a von
Neumann polynomial with p*(1) = 0. The method of Theorem 3.7 applied to (3.1)
exhibits internal stability if and only if it exhibits full-step stability.

REMARK. We are not in a position to replace “stability” by “strict stability” in
the above statement because p*( ) has roots of modulus unity.

PrOOF. The value p’ is a zero of (3.17) if and only if, for some { 7 0,
Mo*(WINARY = wo*(p)§.
If p*, o* have no common factor, either p” = 0 and N(AA){ = 0 or
NS = p*¢, (3-20)
where u* = p'p*(p')/{Mo*(p')}. For (3.20) to be satisfied, either u* =0,
whence p*(1) = 0, or p* = [i(M1) whence u’ must be a zero of (3.19). If ' is a
zero of (3.19) then { is necessarily a multiple of d(Ak) and p’ is semi-simple only

https://doi.org/10.1017/50334270000002848 Published online by Cambridge University Press


https://doi.org/10.1017/S0334270000002848

530 Christopher T. H. Baker and Joan C. Wilkinson (16]

if it is simple. (If p’ is a zero of p* then { is any vector in a p-dimensional
subspace of vectors annihilated by N(A#). We expect to find p*(p") = O for some
w with | p’| = 1 and if p’ is a zero of (3.19) then there exist linearly independent
vectors { corresponding to p.)

ExaMpLE 3.2. Consider the mixed Runge-Kutta method employing the re-
peated trapezium rule (Example 2.1) and the Runge—Kutta tableau in Example
3.1, which yields i(Ah) = (1 + 3M)/(1 — 3Ah). The polynomials p*(p), o*(p)
are determined by the coefficients given in Example 2.1 and the polynomial
(3.19) is p(p — 1) — AR + 3AR)Y(1 — 3AR)'(p + 1). The zeros of this poly-
nomial are p, = —3Ah, p, = (1 + 34)/(1 — 3Ah). The method exhibits full-step
stability if and only if Re(Ah) < 0 and [\h| < 2.

In view of the preceding example we may state the following theorem, which
is of some significance.

THEOREM 3.9. A mixed method based on an A-stable reducible quadrature rule
and an A-stable Runge—Kutta tableau need not exhibit full-step A-stability.

3.2.1. The previous theorem is disturbing when A-stability is a desirable
feature, since mixed quadrature-Runge—Kutta methods consume less effort than
their extended counterparts. However, the mixed methods can sometimes be
modified to obtain A-stability. We consider only the economized version of the
mixed method, applicable where 8, = 0. For this method we replace (3.14) by

x- )\hA)¢.'+1 — M D wyle — egeld, = eoez‘i’i + [l - eoeg-]gin’
k=0
where
A =1 —egel]A. (3.21)
In consequence

Bru = M1 S [N ) = Noh8) [, = oW, + Yiv,

where No(Mi) = [I — MAJ"eel, N, (k) = (I — MrA]"ee], and v,,,
(1 — MAT'[I — egeg g, - Thus,

lgo {d,+1_; — No(MD)$,,_,} — MlgoBI[N'(}\h) - NO(M)]¢n—/
“ (3.22)
= 2 &Ypasy-
1=0

https://doi.org/10.1017/50334270000002848 Published online by Cambridge University Press


https://doi.org/10.1017/S0334270000002848

(17] Stability of Runge—Kutta methods 531

If we consider full-step stability we take the inner product of e, and (3.22) to
obtain

m

2 a{f((n +1 = DAY = pARf(n = D)}

1=0

—Ahéoﬂ,{ Ba(MR) = po)) A((n — I)R)
= ﬁ alepT‘Yn—l«Hr
I=0

where, in the notation of (3.21) and (3.4)
po(Ak) = eT[1 — MhA] ey, p, (A1) = €T[I - MrA] e, (3.23)
We deduce the following result.

THEOREM 3.10. Suppose that in the economized mixed quadrature- Runge—Kutta
method the rules (1.2) are (p*, 0*)-reducible. Then the method applied to (3.1)
displays full-step stability if and only if

{1 = r)}p*(1) — M p (A1) — po(M)}o*( )

is a von Neumann polynomial, and the stability is strict if and only if it is Schur.

ExaMPLE 3.3. Consider the economized version of the method in Example 3.2.
The economized method is 4-stable.

Unfortunately, it is not always true that economized methods have increased
regions of stability.

3.3. Mixed quadrature-Runge—Kutta methods using block-reducible rules

Consider the methods of Definition 1.5 employing rules (1.2) which satisfy
(2.8a, b, ¢). (For convenience below, A,,, =B, ,, =B_ =0.) We require
some additional notation, and we set, for/=0,1,..., m+ 1,

B, =B, ,J* + BJ (329

where, in partitioned form,
J= [e,, OV S 0], (3.25a)
J = [0,0,...,0,¢], (3.25b)
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and g, g, . . ., g,_; are the successive columns of the identity matrix I, of order
q. (We continue to write I for the identity of order p + 1.) Recall the definition
of i(Ah) in (3.11).

The principal result of this section may now be stated.

THEOREM 3.11. The mixed quadrature- Runge—Kutta method employing rules
(1.2) saiisfying (2.8a, b, <) displays full-siep siabilily when applied io (3.1) if and
only if

m+1

det| 3 {A, — Mi(A)B,} pm=!*1
=0

is a von Neumann polynomial; the stability is strict if and only if the polynomial is
Schur.

We apply the theorem to an example later but now undertake a proof of the
theorem. We define matrices V,; by prescribing the columns Ve, =V, e

A~ ijer jvr+1
(r=0,1,...,9g—2)and Ve,_, =V, g in terms of (2.7) where V;; = 0 if
Jj >i. Thus

V=V, J+V,  J% (3.26)
We shall employ the notation for a Kronecker (direct) product between

matrices.

DEeFINITION 3.12. Let A, B, be square matrices of order m, n respectively. Then
the direct product A ® B is a matrix of order mn whose (r, s)th submatrix is A,.B,
where A, is the entry in the rth row, sth column, of A.

Weset,fork=0,1,2,...,

¥, = [¢Zq+l’ Pl -+ ¢(Tk+1)q]T, (3.27)

where ¢; is defined by (3.2). On reflection (see Example 3.4) we find that the
scalar equations defining the method applied to (3.1) can be rewritten as

[I, ® (I - MA) ¥, — M ﬁ [Vy ®FE, ¥, = v,(\n), (3.28)

j=0

where the components of y,(Ah) have the form g(r,) + Ao, fo Since
[A ® B][C ® D] = AC @ BD, multiplying (3.28) by I, ® (I — MA)™' yields
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¥, — M ﬁ [Viy ® NI | ¥, = T, (M), (3.29)
j=0

where [, (AR) = [I, ® (I — MA) 'y, (Ah).
By virtue of the relations (2.8a, b, ¢) we find

m+1

2 AI{In-f-l—l,j = ﬁn+l—j’ (330)
=0

where B, =0 if j & (0, 1,..., m + 1}. It follows that, if we multiply (3.29) by
A, ® I and sum over / we find

m+1 m+1

1§0 {(AI ®I) - Mﬁl ® N(}\h)}q'nﬂ—l = Eo (A,®DT,,,_,. (331

The auxiliary polynomial for this relation, which allows a study of internal
stability, is

m+1
det( > {A®1- Ahﬁ, ® N(Ah)} p"”“"). (3.32)
1=0

Multiplying (3.31) by I, ® E, yields, since E,NAh) = Gg(AME,, the relation

m+1 m+1

2 {(Al ® Ep) - >"hﬁ'(kh)(ﬁl ® Ep)}‘l’n+l—1 = 2 (AI ® Ep)rn+1—l'
1=0

=0
(3.33)

Let us now define ¢, = f((kq + Dh), f((kq +2Dh), ..., f((k + Dgh))”
where f((kq + r)h) is of course e[ g+, Then (3.33) is equivalent to

m+1 m+1 m+1
2 A, 1o — ARi(AR) [20 Biui1or = 120 AYni1-s (3.34)
=0 = =

for appropriate vectors y, derived from I',. The stability of (3.34) governs the
full-step stability of the method.

ExaMmpLE 3.4. Consider the mixed method based on the quadrature weights
discussed in Examples 2.2 and 2.4, and the Runge—Kutta tableau discussed in
Example 3.1. The tableau of coefficients £, in (1.7) assumes the form which we
partition as shown, the diagonal blocks of order two being the matrix A. The
dotted partitioning corresponds to partitioning for the vectors ¢, ¢,, b, . . .
with the conventions of (3.2) (f(0) being known), whilst the unbroken partition-
ing corresponds to determination of ¥,, ¥,, ¥, . . . defined by (3.27).
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{ {
1 | |
0 5 0, :
0 1 0], !
o= DR em— - __
1 1 |
502|—1—0 |
! 1 112 !
EOEIIO |
| |
1 4 | 1 ]
3| %30 %3 L)
1 4 1 :
_3703|03 10I
T2 S e o —— = - __
1 4 3 1,
3 0 3, 0 3 0 7 % 0
1 4 | 5 1 !
-/ 0o = 4+ 0 = 0 = {1 O
3 3 6 2
1 4 | 2 4 1 n
305:0303:03 %o:
1 4 2 4 1
- = =z - 1 0 = [
3 0 3 | 0 3 0 - ! 3 1 0I

The coefficients of the system of equations (3.29) are obtained as

1o | |
O Y o ___ o
1 | |
0 >d, 1 0 \
1 | |
—d, ' 0 1 I
0 272, |
4 T ] T
0 3d,llo 4|1 0 !
4 ] 1 |
e - — N - - —
4 | 5 1 !
0 34,0 2d|0 54,10
| |
4 5 1
0 —-d4,!'0 -=d 0 =d,'0 1
372, 62 272

and so on, and a direct approach via differencing allows a stability analysis. For
full-step stability the result may be obtained directly by substitution in the
determinantal expression given in Theorem 3.11. From Example 2.4 we know
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that we may take m = 1,

|-t 0 | 10
! 0 0]’ Ao [—1 1]’
14 3 0
B|= 3 31 Bo= 1 1 I
0 0 202
which yields
. o 1| . % % . |00
B, = 31, B = , By=]|1 .
1 = 0
0 0 0 ) 2

From Example 3.1 we know that i = fi\h) = (1 + 2h)/(1 — 3\h). By Theorem
3.11 we require

4 1 1
2 _ i ~ — -~ - -
® ,u.(l + 3>\h“) 3>\hp.p 3 AhjL
1.\, A T
—(1 + 27\hu)u B — 5 M

to be a von Neumann polynomial. Denoting its zeros by p,, u,, g3, ps we find
B= pp =0, py ~1Nhji, u, = 1 + 2\hj (and, indeed, we find p, = exp(2\h) +
O(h*), as might be expected), on substituting the value of . If u; = p, we must
check for semi-simplicity.

4. Extensions

Our analysis, based on the structure of the Runge-Kutta méthods, has
resulted in recurrence relations and stability polynomials which permit stability
results for the “basic™ test equation (3.1). We conclude by indicating extensions
to the analysis.

Our discussion has been related to the condition p(M) < 1 in recurrences of
the form (1.18), resulting in definitions of “absolute” stability. The remarks of
Stetter [22, Section 3.5.5] can be paralleled here, and one may seek regions in the
Ah-plane wherein p(M) < p’, p” < 1 for M = M(M1). Given the nature of the
vectors @, in (1.18) and the behaviour of the solution of the test equation it is
possible to define relative stability concepts (Baker [4]) which can also be
analyzed in terms of the eigenvalues of M = M(Ah).

The analysis presented here provides a necessary foundation on which to
develop a theory for more involved test equations. With regard to the practical
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conclusions which may be drawn from the present work, it is appropriate to
issue a caveat. We recall that Baker [4, p. 763] wrote as follows: “It is, of course,
the very simplicity of the (test) equation which makes it ideal for mathematical
analysis, and a study of this simple case does give some genuine insight .. ..
What we must guard against is an unquestioning acceptance that a method
which is suitable for this special equation is suitable for more complicated
equations.” It now seems to be generally accepted that suitability of a method
for the test equation (3.1) is a necessary (but not sufficient) requirement for an
all-purpose method.

The structure developed here is of some use in analyzing more general test
equations than (3.1) and we note the results in [1], [2] for test equations of the
form

x R
S = [ Z A x = 2YI0) b = 8. (1)

For such equations the concepts of stability and asymptotic stability depend on
R and are not covered by Definition 1.6. The appropriate definitions result in
generalizing the concept of A-stability (applicable to methods for equation (3.1))
to a concept of (4; R)-stability (see [2]), for R =1,2,3.... A-stable methods
need not be (4; R)-stable, for R > 1.

Other directions in which our analysis can be extended arise when we seek to
mimic properties other than those represented by Definition 1.6. Thus, for
example, we motivated the definitions of stability and asymptotic stability by
classifying the response of f(x) to constant perturbations in g(x). When consider-
ing the effect of more general perturbations it is natural to turn explicitly to the
properties of, in the linear case, the resolvent kernel, and (for the numerical
methods) the inverse of the infinite block-lower-triangular matrix of coefficients
in the formulae (1.7) defining the method. The differencing procedure, by which,
in the case of (3.1), the latter equations are reduced to the form (1.18), is in
effect an eliminaton process permitting such an approach.

Finally let us observe that separable kernels (for example) yield [6] a stability
analysis resulting in recurrence relations of the form

®,. =MD + 7y,

where strict stability requires [[,M, — 0. The local stability criterion p(M,) < 1,
for all k, is necessary but not sufficient, whilst the /ocal block-stability criterion
1Ml <1, for all k, is sufficient but not necessary. The analysis for (3.1),
wherein M, = M, provides some insight into which tests are meaningful in the
more general case, and the limitations of such tests. We may compare, for
example, regions of block-stability in differing norms for the special case, in
order to gain insight for the more general case.
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