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STABILITY AND B-CONVERGENCE PROPERTIES
OF MULTISTEP RUNGE-KUTTA METHODS

SHOUFU LI

ABSTRACT. This paper continues earlier work by the same author concerning
the stability and B-convergence properties of multistep Runge-Kutta meth-
ods for the numerical solution of nonlinear stiff initial-value problems in a
Hilbert space. A series of sufficient conditions and necessary conditions for a
multistep Runge-Kutta method to be algebraically stable, diagonally stable,
B- or optimally B-convergent are established, by means of which six classes
of high order algebraically stable and B-convergent multistep Runge-Kutta
methods are constructed in a unified pattern. These methods include the
class constructed by Burrage in 1987 as special case, and most of them can
be regarded as extension of the Gauss, RadaulA, RadaullA and LobattolIIC
Runge-Kutta methods. We find that the classes of multistep Runge-Kutta
methods constructed in the present paper are superior in many respects to the
corresponding existing one-step Runge-Kutta schemes.

1. INTRODUCTION

During the past twenty years and more, considerable progress has taken place
in the stability and convergence theory for discretizations of nonlinear stiff initial
value problems. In 1975, Dahlquist [9] was among the first to introduce the concept
of one-sided Lipschitz continuity into the analysis of numerical methods for stiff
systems and the concept of G-stability for one-leg and linear multistep methods.
In the same year, Butcher [7] developed the theory of B-stability for Runge-Kutta
methods. To unify and extend these results, Burrage and Butcher [6] presented
the concept of monotonicity and established the algebraic stability criterion for
general linear methods in 1980. Using one-sided Lipschitz continuity and B-stability
theory as bases, Frank, Schneid and Ueberhuber [10, 11, 12] introduced the concept
of B-convergence in 1981, and established B-theory for Runge-Kutta methods in
1984. The author of the present paper (14, 15, 16, 17| developed B-theory for
general linear methods in 1988, also based on the one-sided Lipschitz continuity, and
established much more extensive B-theory for nonlinear general multivalue methods
for stiff problems in Banach spaces in 1990, based on the characteristic vectors of
the problems considered. Note that the characteristic vector is a new concept much
more general than that of one-sided Lipschitz constant (cf. [16, 17]); however, it is
beyond the scope of this paper and we shall not explain it in detail. B-theory based
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on one-sided Lipschitz continuity still suffers from considerable restrictions, since
it is only suitable for stiff problems satisfying a one-sided Lipschitz condition with
a one-sided Lipschitz constant not strongly positive. Since 1990, Auzinger, Frank
and Kirlinger have published a series of papers [1, 2, 3, 4] to this topic and have
given an important extension of B-convergence theory for Runge-Kutta methods.
It turns out that B-theory based on one-sided Lipschitz continuity is only a special
case of modern quantitative convergence theory (cf. [3]), such as B-theory based on
the characteristic vector mentioned above; however, it is still of great importance as
a guideline to select methods for the solution of many nonlinear or nonautonomous
stiff problems, such as stiff dissipative systems arising after initial/boundary value
problems in certain partial differential equations have been discretized in space.

Multistep Runge-Kutta methods are an important subclass of general linear
methods which includes many commonly used methods, such as linear multistep
methods, one-leg methods, Runge-Kutta methods, hybrid methods and multistep
collocation methods, and also many new classes of methods which are still not
investigated. It had been thought that the algebraic stability, as well as B-stability
and B-convergence, of general linear methods, especially of multistep Runge-Kutta
methods, was too difficult to study in a rigorous way because of the necessity of
finding a stability matrix which should be nonnegative definite. However, in 1987,
Burrage [5] constructed a class of high order multistep Runge-Kutta methods and
proved it to be algebraically stable. After that the present author [20, 21] studied
this class of methods further and proved that most of them are also B-convergent,
and some other classes of algebraically stable multistep Runge-Kutta methods of
high order were also constructed. In the present paper, we continue these works. In
Section 2, a series of sufficient and necessary conditions for a multistep Runge-Kutta
method to be algebraically stable, diagonally stable, B- or optimally B-convergent
are established, by means of which, six classes of high order multistep Runge-Kutta
methods are presented and proved to be all algebraically stable and B-convergent.
They include the aforementioned classes as special cases, and most of them can be
regarded as extension of the Gauss, RadaulA, RadaullA and LobattolIIC Runge-
Kutta methods. In Section 3, we give a general approach for the construction of
the six classes of multistep Runge-Kutta methods mentioned above, and a series of
examples and related results. We point out at the end of this paper that the classes
of multistep Runge-Kutta methods constructed here are superior in many respects
to the corresponding existing one-step Runge-Kutta schemes.

Consider the multistep Runge-Kutta method

(1.1) Y™ = hC1 F(tn, YM) + Cray™Y,
‘ Y™ = Oy F(tn, Y ™) + Cooy™ 1, &, = By™
for solving the initial value problem
y(0) = yo, Yo € X,

where X is a real or complex Hilbert space with the inner product (-,-) and the
corresponding norm || - ||, £ : [0,7] x X — X is a sufficiently smcoth mapping
satisfying a one-sided Lipschitz condition

Re(u_vaf(tau) —f(t,’U)> <v ” u—v ”27 U,V € X>t€ [07T]7
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and the problem (1.2) is assumed to have a unique solution y(¢) on the interval
[0,T). For the method (1.1) we assume that h > 0 is the fixed stepsize,

Y = (v, v, ™) e X2, g™ = 0, ™) e X7, gne X
are approximations to
Y(tn) = (y(tn + p1h),y(tn + p2h), - y(tn + psh)) € X°,
H(t,) := (y(tn + h),y(tn + 2h), - ,y(t, + Th)) € X, y(tn +7h) € X
respectively,
Ftn, Y ™) i= (f(tn + ik, YV, £ (tn + uah, Y3™), o, £t + sk, YiM)) € X0,

Ci1, Ci2, C31, Cy2 and [ are linear mappings corresponding to the real
matrices

(1 3) Cll [CII] c Rsxs 012 — [01_1]_2] e Rsxr, 021 — [707*] e Rr)(s,
. Cos = [0 I 1] e RxT, ﬁ [0’ ,O,l]ERlxr,

respectively (cf. [15]), where o = [a1, a2, , |7, v = 71,72, ¥s) % Im (M >
1) denotes the m x m identity matrix, t, = to + nh, to and p; (1 = 1,2, ..., ) are

real constants chosen appropriately. Furthermore, throughout this paper we always
assume that

T T
(1.4a) Zai:l’ Zcil]?=1,i=1,2,... 5
Jj=1 j=1
(1.4b) a1 >0, a;>0j=23,---,r;
(1.4c) Wi # p; whenever i # j,

where the relation (1.4a) is called the preconsistency condition. For simplicity, write
p = [p1,pe, )T, ¢ =[0,1,---,7 — 1]T, introduce the simplifying conditions
(cf. [5])

B(1): by :=iyTul —rt 4+ aT¢ =0, i=1,2,--,T;
C(r): ¢ := iCllp,i‘l—,u'+ClgC =0, i=1,2,--,7;
D(r): d;:=iC],diag(y)p'" — riy + diag(y)y* = 0 i=1,2,---,7;
E(1): e; :=iChdiag(y)u‘~! — ria + diag(a)(* = i=1,2,---,7,
and make the following notational conventions.
(1) For any vector ¢ = [z1,%2,--- ,zn]|T, z* = [z},25, - ,z4]T.
(2) For a real vector z = [z1,%2, -+ ,zn]T, z > 0 (resp. > 0) means that all the

elements x; > 0 (resp. > 0),:=1,2,...,N.

(3) For a real symmetric matrix M, M > 0 (resp. M > 0) means that M is
nonnegative definite (resp. positive definite).

(4) For 7 = 0 the simplifying conditions B(7),C(7), D(7) and E(7) do not, by
definition, impose any restriction on the method.

(5) We shall frequently make use of the following quantities in the remainder of
this paper:

G :=diag(a1, o1 + oz, -, 300, a5), Q= diag(v),

c =[C17023""Cs]’ D := [d17d2v"',ds]’
U =[’U,.1,’U,2,"' aus]lv V.= [’Ul,'UQ,"‘ 7vs]a
U; 1= sz Vi = itul_l’ i=132337"' )

em:=[L1,---, 1T €eR™ (m>1),
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. {[01,02,~-- ,cpl € R®*P for p >0,

p O E Rs)(l fOI‘ p=0’
Ao [cp+1:Cpy2, - ,Cs] € R*G=P) for 0<p<s,
p = OeRsxl fOI' p=s,

Dy, Ep, U, and V,, are defined in a similar way as Cj,, and ﬁp, U'p and I7p in a
similar way as 6',,.

For the convenience of the reader, we now recall some definitions and results
which have been presented in [15, 17, 20] and will be used later.

Definition 1.1. Let W denote a real symmetric, positive definite r x r matrix, B
a nonnegative diagonal s X s matrix. The method (1.1) is said to be algebraically
stable for the matrices W, B if the corresponding matrix
W — CLWCy, CLB - CLWCy, >0
BCi2 — CgIWCQQ CTIB + BCq1 — C%WCzl =

With Definition 1.1 we see that the method (1.1) is algebraically stable for the
matrices G, Q if G > 0,Q > 0 and the matrix

(1.5)
My, My,
M = >0,
[ Mz Moo ] -
where
(1.6) My =G — C,GCr, Mz = Mj, = CHQ — C1GCx,

May = CLQ + QCh11 — CHLGCy;.

Definition 1.2. The method (1.1) is said to be diagonally stable if there exists
an s x s diagonal matrix B > 0 such that C7; B+ BC;; > 0.

Definition 1.3. The method (1.1) is said to be B-stable if there exist a real number
4 > 0, a nonnegative bounded function ¢ : (0,6] — R, and a real symmetric,
positive definite 7 X 7 matrix W = [wy;], where §,¢ and W depend only on the
method, such that for any given problem (1.2) and any two parallel calculating
steps (tn—lay(n_l)) - (tn,Y(n),y(n),ﬁn) and (t‘n—l,z(n_l)) - (tn,Z(n)’z(’n),Cn)
we have

g™ =2 Jlw < (1+ hvg(hw)? ||y = 2070 |y, 0 <hv <,

where || . ||w denotes a norm on X" defined by

1U llw= (U, WU = (3 wijluiu))?, U= (ui,ug, - ,ur) € X7,
i,j=1

where each u; € X.
Definition 1.4. The method (1.1) is said to be optimally B-convergent of order
p if the approximation sequences {y(™} and {&,} (produced by the method (1.1)
applied to any given problem (1.2) with starting value y(?) satisfy

I € = y(tn +rh) || < Coltn) | ¥ = H(to) | +C1(ta)h?, 0 < h < hy,
and

Iy™ = H{ta) || < Colta) |y = H(to) | +Ci(ta)n?, 0 < h < ho,
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where the functions C;(t) and C;(t),i = 0,1, depend only on the method, the one-
sided Lipschitz constant v of the right-hand side function f(¢,y) and some bounds
M; for the true solution y(t):

diy(t
1 <, ey
the maximum stepsize hy depends only on v and the method. Here and later, the
norm || - || on XV (N > 1) is defined by

v )
||U||= (Z” U; ”2> VU=(U1,U2,...,UN)€XN.
=1

Furthermore, the method (1.1) is said to be B-convergent of order p if C;(t), Ci(t)
and hg are allowed to depend, in addition to the quantities mentioned above, on
bounds «;; for certain derivatives of the right-hand side f(t,y) (but not on kg 1):
O f(t,y)
I ot dyJ
It should be pointed out that in most early published papers, such as [10, 12,

14, 15], the starting perturbation y(®) — H(ty) was not considerd in the definition
of B-convergence.

”S Kij, te [O,T], yEX.

Definition 1.5. The method (1.1) is said to have generalized stage order p if p is
the largest nonnegative integer which possesses the following properties:
For any given initial value problem (1.2) and stepsize h € (0, ho], there exist
mappings Y" and H" (from some subinterval of [0, 7] into X ® and X" respectively),
YRt = (1), Y2 (1), Y5 (D) € X7,

Hh(t) = (H{l(t%Hg(t)a o ’Hvl}(t)) € XT,

such that
I H"(t) - H(t) | < doh?, || AM2) || < dihP*,

16"(t) | < dohP*t, || o™(t) || < dsh?,
where hy > 0 is only required to be so small that for A € (0, ko] all the time
nodes belong to the integration interval [0, T]; each d; (¢ = 0,1, 2,3) depends only
on the method and bounds M; for certain derivatives of the exact solution y(t);
AP (t),6"(t) and o"(t) are determined by the equations

YH(t) = hC11 F(t, Y(t)) + Cio H(t — h) + AR(¢),
H"(t) = hCy F(t, Y (t)) + Coo HM(t — h) + 6"(2),
y(t +rh) = BH(t) + o"(2).

Furthermore, if the quantities d; (¢ = 0, 1, 2, 3) are also allowed to depend on bounds
ki; for certain partial derivatives of the mapping f (but not on k1), then the
aforementioned integer p is known as generalized weak stage order of the method.
For the special case where H"(t) = H(t), the generalized stage order and generalized
weak stage order are simply called stage order and weak stage order, respectively.

Theorem 1.1. Suppose a multistep Runge-Kutta method of the form (1.1) is al-
gebraically stable and diagonally stable. Then this method is B-stable, and fur-
thermore, this method is optimally B-convergent (resp. B-convergent) of order p
provided that it has generalized stage order p (resp. generalized weak stage order

p)-
For the proof of Theorem 1.1 we refer to [15, 17].
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2. MAIN RESULTS AND THEIR PROOFS

Lemma 2.1. Let

en  s=[ 5 )] v=ln-0) 2= ()= 0+ dis)O)V.

Then B(s) and E(s) yield

(2.2a) VT MyV =UTM,U + 2,
T T 0 0
(2.2b) STMS =Y M11Y+[O Z],

where the matrices M, My and May are defined by (1.5) and (1.6).

Proof. From (1.3), (1.5), (1.6) and (2.1) we get
M, = diag(a) — aaT,

My = M}, = Cldiag(y) — an7,

(2.3) My = Cfdiag(vy) + diag(y)C11 — 7,
sTms= | M W
wT R
with

(2.4) {W = [wy,wa, - ,ws] = M2V,

R=[r1,ra, + ,7s] = VT Mp,V.

Because of B(s) and E(s), (2.4) and (2.3) lead to

w; = r'a — diag(a)¢t — a(r® — aT¢?)
= —(diag(e) — aa”)¢* = —M11 (%,

ri = VT [iCl diag(y)u' ™" + idiag(y)Cr1p' ™! — y(r* — o™ ()]
= V7(d; + diag(v)es — M{5¢Y),

and therefore

W = -MnU,
(2.5) _yT ; Tiry — T _ T

R =V"(D +diag(v)C — M{3U) =-U"W + Z=U"M,U + Z.
Thus the conclusion follows from (2.4), (2.5) and substitution of (2.5) into the last
equality of (2.3). O
Lemma 2.2. The (i, j)-elements of the matriz Z defined by (2.1) can be expressed
by

zij = (df + ] diag(y))ju? "
(2.6) = cf diag(y)jp? =" + c diag(v)ip* ™! + biy; — bjr* —el'¢I
=d gt +df it by + bl 4 el ¢ 4,5 =1,2,--- 8.

In particular,
2z = (df + c]diag(y))ip'~" = 2c] diag(v)ip'~" + bai — bir* — €] ¢*

27) =2dTip " — by + birt + eI, i=1,2,-- 5.
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Furthermore, if B(s) and E(s) hold, then

zi5 = c; diag(y)ju? " + ¢l diag(7)iut ™" + by

(28)
=d31.7/"’] 1+djruﬁ 1_bi+ja a.7=172a"' » Sy

(2.9) = 2cT diag(y)iu ™t + by = 2dTipt "t — by, i=1,2,---,8
Proof. Since
dTwz L= (jui~ I)leag(’Y)an —1 _ pin Tyt 4y Tyyiti=1
= (i’ ") T diag(y)(es + p* — C12C*) — 1 (bs +r* — ()
4 iy Tyiti-t
= (@47 ! - (jChdiag()p T)TC — ' 4 rial(
o+ (G ) diag(y)e — by

= biyj —r7b; + ¢ diag(v)ju’ ! — €] ¢,

we have

(2.10)
biy; = rib; — cl diag(7y)ju’~ 1+de,uz 1 +~'3TCz 4,7=1,2,3,---

Thus the conclusion follows directly from (2.1) and (2.10). |

Lemma 2.3. Let p, g be positive integers. Then the following implications hold:

( ) C(p) E(p) with pS § = Zij = bi+j7 7'7] = 1a2a"' » D

B(p), D(p), E(p) with p < s = 2z;j = —biyj, 4,5 = 1,2,--- ,p;
C(p),D(p) with p<s=>2;; =0 for i <p;

B(s),C(p), D(p), E(s) with p < s=>z; =0 for either i <p or j <p;
B(p),C(p), D(q), E(q) = B(p + q);
B(p+q),C(p), E(q), DTV, = 0 with p < s => D(q);

);
B(p + q), D(q), E(q), CTdiag(7)V, = 0 with ¢ < s and H v # 0= C(p);
B(p+4q),C(p), D(q), ETU, =0 with p<s and r <s + 1 = E(q).

Proof. All the results in Lemma 2.3, except the last one, can be derived directly
from (2.6) and (2.10). To prove the last statement, we note that the equality (2.10)
together with B(p + q), C(p), D(¢), ETU, = 0 and p < s leads to

UTe; =0, j=1,2,---,q,
the preconsistency condition (1.4a) together with B(q) leads to
re;=0,  j=12-,q
and therefore
(2.11) U,e]%e; =0, j=12--,q
Since r < s+ 1, rank([U,€,]) = r. Thus (2.11) implies that E(q) holds. O



1488 SHOUFU LI

Remark 1. The following results can be directly derived from the last three impli-
cations in Lemma 2.3:

B(s +9),C(s), B(g) = D(9);
(2.12) B(s+p),D(s), E(s) with [] v # 0= C(p);

i=1

B(s+q),C(s),D(q) with r <s+ 1= E(q).

Theorem 2.1. Suppose B(s) and E(s) hold. Then the method (1.1) is algebraically
stable for the matrices G, Q if and only ify > 0 and Z > 0. Here the sxs symmetric
matriz Z is defined by (2.1).

Proof. Since G > 0 is guaranteed by (1.4b), algebraic stability of the method (1.1)
is equivalent to v > 0 and M > 0 with M defined by (1.5) and (1.6), and we only
need to prove that M > 0 is equivalent to Z > 0. According to Lemma 2.1, B(s)
and E(s) yield the equality (2.2b). Since uy, 2, - - , s are distinct, the matrices V'
and S in (2.2a), (2.2b) are obviously nonsingular. Since E;=1 oj =1and a; >0,
j=1,2,---,r, it is easy to verify that M;; > 0. Thus, in view of (2.2b), Z > 0
leads to STMS > 0 and M > 0. For the converse, we assume that M > 0. For any
given ¢ € R®, write n = [(U¢)T,¢T)T; we thus have

ntSTMSn>0, Yn=0,
and therefore together with (2.2b)
€rz¢ > 0.

This means that Z > 0 and completes the proof of Theorem 2.1. O

Theorem 2.2. Suppose B(s), E(s) and C(p) with 1 < p < s hold. Then the
following statements are equivalent:
(a) the method (1.1) is algebraically stable for the matrices G, Q;

(b) D(p— 1) holds, Zp_y >0, > 0;
(¢c) B(2p — 1) holds, DIV, =0, Z,_; >0, v > 0.
Here and later, we define for 0 < j < s

Zj+1,5+1  Zj+1,5+2 oo+ Zjtls

- Z2j42.5 Zi40 i e Z5
(2.13) Z; J+2,5+1 2542542 j+2,8
2s,j+1 23,542 o Zs,s

Proof. Since B(s) and E(s) hold, according to Theorem 2.1 algebraic stability of
the method (1.1) (for G, Q) is equivalent to v > 0 and Z > 0 with the symmetric
matrix Z defined by (2.1). Thus for p = 1 the conclusion follows trivially, and
without loss of generality we can now assume that 2 < p < s, so that B(s) and
C(p) yield

(2.14) by =by=0, co=cp=---=¢,=0.
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In view of Lemma 2.3, B(s), E(s) and C(p) lead to

1489

(2.15)
[ b bs by bpt1 Z1p11 21,
bs ba bpr1 bpyz Zapil 22,
7 = bp bp+1 bop—2 bap—1  Zp—1,p41 Zp—1,s
b1 bpy2 bap-1 bap Zp,p+1 Zp,s
Zp+1,1  Zp+1,2 Zp+1,p—1  Zp+l,p Zp+1,p+1 Zp+1,s
L Zs,1 25,2 Zs,p—1 Zs,p Zs,p+1 Zs,s
and therefore, together with (2.14), Z > 0 is equivalent to
(2.16)
Zp—l > 0)
by b3 bp+1 Zipt1 21,8
b3 by bpio 22 p+1 22
DZ'—IV — r+ p+ »S =0.
by bp+1 bop-1 Zp-1p+1 Zp—1,s

This leads to the required conclusion, since it is easily seen that the statements (b),
(c) in Theorem 2.2 are equivalent to (2.16) together with y > 0, respectively. O

Theorem 2.3. Suppose B(s), E(s) and D(p) with 1 < p < s hold. Then the
following statements are equivalent:

(a) the method (1.1) is algebraically stable for the matrices G, Q;

(b) diag(y)Cp-1 =0, Zp_1 >0, ¥ > 0;

(c) B(2p — 1) holds, CF_,diag(7)V, = 0, Z,—1 > 0, v > 0.
Proof. In view of Theorem 2.1, the statement (a) is equivalent to Z > 0 and v > 0
because of B(s) and E(s). Thus for p = 1 the conclusion follows trivially, and
without loss of generality we can now assume that 2 < p < s, so that B(s) and
D(p) yield

(2.17) by =b=0, di=do=---=4d,=0.

By Lemma 2.3, B(s), E(s) and D(p) lead to

(2.18)

—b2 —bs —bp —Yp+1 21,p+1 21,s
—b3 —by —bpr1 —bpr2  22p41 22,

g1 “b b —byp—2  —byp-1 Zp-1p11 Zp-1,

- b
—bp+1 —bpy2 —byp-1 —byp Zppi Zp,s
Zp+1,1  Zp+1,2 Zp+lp—1  Zptlyp  Zp+lp+l Zp+1,s
L ?s,1 25,2 Zs,p—1 Zs,p Zs,p+1 Zs,s |
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and therefore, together with (2.17), Z > 0 is equivalent to

(2.19)
(Z,-1 >0,
Cy_diag(n)V
b2 bz ... —bp Zlptl .- Zls
_| b b o mbpe zapar e 22 —o.
\ =bp —bpy1 ... —boyp1 Zpoipr1 o Zp-1s

This leads to the required conclusion, since it is easily seen that the statements (b),
(c) in Theorem 2.3 are equivalent to (2.19) together with > 0, respectively. O

For algebraically stable methods satisfying the assumptions of Theorem 2.2,
we have by, = 2, > 0. Thus we can separate these methods into two classes,
depending on whether bo, > 0 or bgp, = 0. Similarly, algebraically stable methods
satisfying the assumptions of Theorem 2.3 can also be separated into two classes,
depending on whether by, < 0 or bz, = 0. For the methods satisfying bs, = 0 we
have the following results:

Theorem 2.4. Suppose B(s), E(s) and C(p) with 1 < p < s hold. Then the
following statements are equivalent:

(a) bap = 0, and the method (1.1) is algebraically stable for G, Q;

(b) D(p) holds, v > 0, and either p = s or 21, >0;

(c) B(2p) holds, Dg"% =0, v>0, and either p=s or Zp > 0.

Proof. Following a similar line as in the proof of Theorem 2.2, we find that in this
case the relation (2.15) also holds, and algebraic stability of the method (1.1) (for
G, Q) is equivalent to v > 0 and Z > 0. Therefore together with B(s) and C(p) it
follows that the statement (a) in Theorem 2.4 is equivalent to

( . b2 b3 e bp+1 21p+1 - 21,s
DZ;V — b3 b4 e bp+2 22,p+1 .- 22,8 _ 0,
(2.20) ’
bp+1 bp+2 e bzp Zpp+l -+ Zps
720,
| either p =s or Z, > 0.

This leads to the required conclusion, since it is easily seen that statements (b), (c)
in Theorem 2.4 are also equivalent to (2.20), respectively. O

Theorem 2.5. Suppose B(s), E(s) and D(p) with 1 < p < s hold. Then the
following statements are equivalent:
(a) bap = 0, and the method (1.1) is algebraically stable for G, Q;

b) diag(7)Cp = 0, v > 0, and either p=s or Z, > 0;
p p
¢) B(2p) holds, CFdiag(y)V, =0, v > 0, and either p=s or Z, > 0.
P p D

Proof. Following a similar line as in the proof of Theorem 2.3, we find that in this
case the relation (2.18) also holds, and algebraic stability of the method (1.1) (for
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G, Q) is equivalent to ¥ > 0 and Z > 0. Therefore together with B(s) and D(p) it
follows that statement (a) in Theorem 2.5 is equivalent to

(2.21)
(CTdiag(v)V
—b2 —b3 .o —Op+1 Zip+1 .- Z1,s
_ —b3 —b4 .. —0Op42 22p4+1 ... 22,8 -0
= - b
—bpr1 =bpra o by Zppir o Zps
720,
\either p=s or Z, >0.

This leads to the required conclusion, since it is easily seen that the statements (b),
(c) in Theorem 2.5 are also equivalent to (2.21), respectively. a
For the application of Theorems 2.1-2.5, we are now interested in investigating
the following special classes of multistep Runge-Kutta methods given by (1.1) and
(1.3) with coefficients satisfying (1.4a), (1.4b) and the following conditions:
Class 1:

(2.22) B(s), E(s), C(s) and D(s);
Class 2:

(2.23) B(s), E(s), C(s) and D(s— 1) with bgs > 0;
Class 3:

(2.24) B(s), E(s), D(s) and C(s — 1) with bes < 0;
Class 4:

(2.25) B(3)> E(5)> C(S - 1)a D(S - 1)> v 20, Zs,5 = 0, |cs||ds| #0;
Class 5: |
(2.26) R
B(S)a E(3)7 C(S - 1)7 D(S - 2)> 720,Z5-22>0, bas—2 7é 0;
Class 6:

(2.27) {B(S)> E(s), D(s — 1), diag(y)Cs—2 = 0,

>0, Zs5>0, bye_g #0.

Note that in view of Lemma 2.3 and Theorems 2.2-2.5, the condition (2.22) is
equivalent to either of the following:

(2.28a) B(2s), E(s) and C(s),
(2.28b) B(2s), E(s) and D(s),

and if r < s+ 1, also to

(2.28c) B(2s), C(s) and D(s),

the condition (2.23) is equivalent to

(2.29) B(2s — 1), E(s) and C(s) with bgs > 0,
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(2.24) to

(2.30) B(2s—1), E(s) and D(s) with bgs <0,

(2.25) to

(2.310) {B(max{2s —2,s}), E(s), C(s — 1), DT_,V,_y =0,
Y20, 255 >0, |cs|lds| # O,

and if v > 0, also to

(2 31b) B(max{2s -2, 3})7 E(S)a D(S - l)a Cg—ldiag(’)’)f}s—l =0,
. 'YZO> Zs,sZO, |cs”ds|7éoa

(2.26) to

(2.52) B(max{2s — 3,s}), E(s), C(s— 1), DT ,V,_, =0,
. Y > O) 23—2 > 0, b2s—2 75 07

and (2.27) to

(2 33) B(ma'x{zs - 37 5})? E(S), D(S - 1)7 Cg—Zdia‘g(’Y)‘?s—l = 07
' >0, Zs_g >0, bys_g # 0.

The methods of classes 1, 2, 3 and 4 can be regarded as extension of the Gauss,
RadaullA, RadaulA and LobattoIIIC Runge-Kutta methods, respectively, since for
the special case r = 1 it is easy to verify that E(s) is equivalent to B(s).

Note also that in view of Lemma 2.3 we have z; s = by, for class 2, and 25 s = —ba;
for class 3, and that For the classes 1-3, v > 0 is guaranteed by (1.4a), (1.4b) and
B(2s—1) (cf. [5]). Thus, specializing Theorems 2.1-2.5 to the cases of p = s, s — 1,
we obtain immediately

Theorem 2.6. The methods of classes 1-6 are all algebraically stable for the ma-
trices G, Q.

It should be pointed out that algebraic stability of the methods of class 1 has
also been presented by Burrage [5] and Li [21]; in [21] the results for classes 2 and
3 have also been obtained.

Theorem 2.7. Suppose the method (1.1) satisfying (1.4a), (1.4b) is algebraically
stable for the matrices G, Q, and satisfies B(s), E(s) with v > 0 and o having at
least m positive elements. Then this method is diagonally stable provided s < m.
Furthermore, if the additional condition ‘

0 0 5
(2.34) Z = [0 2;; ], Zp >0,
is also satisfied, then thii method is diagonally stable provided p < m, where 0 <
p < s, and where Z and Z, are defined by (2.1) and (2.13), respectively.

Proof. Since v > 0 and p1, o, -+ , s are distinct, for the diagonal stability of the
method (1.1) we only need to prove that

H, = nTVT(CF, diag(y) + diag(y)C11)Vn > 0

2.35
( ) V77=[771a7l2,"',7ls]T€Rsa 77750
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Let
R S el £0T =
(236) {Pn(x)—ngﬂJmJ ) E [51,62, vé.r] U777
6 =[yor,/0z, - o T, o =diag(8)¢.

In view of Lemma 2.1, B(s) and E(s) lead to (2.2a), (2.2b), and therefore together
with (2.3), (2.35) and (2.36)

(2.37) H’I] = (’YTVTI)Q + £TM11€ + nTZTI
= (rog(r) — aT€)? + €T M€ + 0" Zn.

Here
n"Zn >0
due to algebraic stability of the method (cf. Theorem 2.1). From (1.4a), (1.4b)
(2.3), (2.36) and application of Schwarz inequality we get
EMuE= 613l Iy - (67a)* >0,
which vanishes only for § and ¢ linearly dependent, or equivalently, for
(2.38) &; = constant, 1€Qy:={i: 1=1,2,---,r; a; #0}.

Hence, the three terms in the right hand side of (2.37) are all nonnegative, and
the only remaining work is to prove that for any given n # 0 there exists at least
one term which is positive in the right hand side of (2.37). Suppose on the contrary
that the three terms are all equal to zero for some 7 # 0. Then (2.38) and

rpg(r) = ¢
hold, and therefore together with (2.36) and (1.4b) we have
i—1)= 0, 1€ Qa 1 )
pp(r) = za £ =0.

Since o has at least m positive elements, (2.39) implies that the polynomial p,(x)
has at least m distinct real roots, and consequently, we have

(2‘40) m<s—1, ﬁm = ["Im+lv77m+2a ce ,ns]T # 0.
This contradicts the assumption that s < m, and shows that the method is diago-

nally stable for s < m. For the more restricted case where the additional assumption
(2.34) is also satisfied with p < m, combination of (2.34) and (2.40) leads to

UTZU = ﬁgzpﬁp > 0,
where 7, = [p+1,Mp+2,° - ,Ms) # 0 since p < m and 7, # 0. This contradicts

the assumption that the three terms in the right hand side of (2.37) are all equal
to zero, and shows that the method is diagonally stable for p < m. a

Applying Theorem 2.7 to the methods of classes 1-6, we immediately obtain

Theorem 2.8. Suppose a has at least m positive elements. Then

(a) a method of class 1 is diagonally stable provided m > s;

(b) a method of class 2 or 3 is diagonally stable provided m > s — 1;

(c) a method of class 4 is diagonally stable provided either m > s and vy > 0 or
m=s—1, z,,, >0 and vy > 0;

(d) a method of class 5 or 6 is diagonally stable provided either m > s andy > 0
ors—2<m<s, 23_2>0 and vy > 0.
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Remark 2. For the methods of classes 1-6 the (¢, j)-elements z;; of the matrix Z
can be computed by (2.8). However, using (2.2a), (2.3) and B(s) we can easily
deduce that

zij = (i~ 1)T (Cf diag(y) + diag(y)C11)jp’ ™
—[(r* = T ¢ (7 — T ¢T) + aT ¢ — T T ]
(2.41) = (ip' )T (C, diag(y) + diag(v)Cr1)jp’

- Y el — (k= 1) — (k- 1),
k=1

The formula (2.41) seems to be simpler than (2.8).
In the following theorem, we recall some results about stage order of the method
(1.1), which have been presented in [20].

Theorem 2.9. The method (1.1) satisfying (1.4a) has stage order at least T if
B(1) and C(7) hold, has weak stage order at least T+ 1 if B(r + 1) and C(7) hold,
and has generalized stage order at least T+1 if B(t+1), C(7) hold and there exists
a real number v such that c.1 = Ve,.

Let m denote the number of positive elements of &. Then a combination of
Theorems 1.1, 2.2-2.4 and 2.6-2.9 yields the following results.

Theorem 2.10. Suppose the method (1.1) satisfying (1.4a), (1.4b) satisfies B(s),
E(s), C(p) and one of the statements (a)-(c) in Theorem 2.2, 1 <p <'s, v > 0,
and eitherm > s orm>p—1 and Zp_l > 0. Then

(a) this method is B-stable and optimally B-convergent of order p;

(b) if s > 2, then this method is B-convergent of order p + 1;

(c) if s > 2, and there exists a real number v such that c,41 = Ves, then this
method is optimally B-convergent of order p+ 1.

Theorem 2.11. Suppose the method (1.1) satisfying (1.4a), (1.4b) satisfies B(s),
E(s), D(p) and one of the statements (a)-(c) in Theorem 2.3, 1 <p <s, v >0,
and either m>s orm>p—1 and 2,,_1 > 0. Then '
(a) this method is B-stable, optimally B-convergent of order p — 1 (forp > 1)
and B-convergent of order p;
(b) if in addition there exists a real number v such that ¢, = Ve, then this
method is optimally B-convergent of order p.

Theorem 2.12. Suppose the method (1.1) satisfying (1.4a), (1.4b) satisfies B(s),
E(s), C(p) and one of the statements (a)- (c) in Theorem 2.4, 1 <p <s,v>0,
and either m > s or min(m,s — 1) > p and Z > 0. Then

(a) this method is B-stable, optimally B- convergent of order p and B- convergent
of order p+1;

(b) if in addition there exists a real number v such that cpy1 = VE,, then this
method is optimally B-convergent of order p+ 1.

Theorem 2.13. For the methods of classes 1-6 we have the following results.

(a) A method of class 1 is B-stable, optimally B-convergent of order s and B-
convergent of order s+ 1, provided m > s.

(b) A method of class 2 is B-stable, optimally B-convergent of order s and B-
convergent of order min(s + 1,2s — 1), provided m > s — 1.
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(c) A method of class 8 is B-stable, optimally B-convergent of order s — 1 (for
s > 1) and B-convergent of order s, provided m > s — 1.

(d) A method of class 4 is B-stable, optimally B-convergent of order s — 1 (for
s > 1) and B-convergent of order s, provided that v > 0 and either m > s or
m=s—1 and z,s > 0.

(e) A method of class 5 with s > 3 is B-stable, optimally B-convergent of order
s—1 and B-convergent of order s, provided that v > 0 and either m > s or
s—2<m<sand Zs_o > 0.

(f) A method of class 6 with s > 3 is B-stable, optimally B-convergent of order
s — 2 and B-convergent of order s — 1, provided that v > 0 and either m > s or
s—2<m<s and25_2>0.

Furthermore, these methods have optimal B-convergence order one higher than
that mentioned above if, in addition, ¢; = Ve, for some real number v, wherel = s+1
for classes 1 and 2, | = s for classes 8, 4 and 5, 1 = s — 1 for class 6, s > 2 for
class 2 and s > 3 for classes 5 and 6.

Note that similar results for methods of class 1 have also been obtained in [20].

3. CONSTRUCTION OF B-CONVERGENT METHODS

Methods of class 1 have been constructed by Burrage [5]. In this section we
examine mainly the construction of methods of classes 2—6. These methods all
satisfy the simplifying conditions B(s) and E(s), which are equivalent to

(3.1) IV =R-aTU

and

(3.2) CLdiag(y)V = aR — diag(a)U
respectively, where R = [r,72,---  r®]. Let

p(@) =[] (@ — ).
k=1

Then it is readily shown that for any given integer ¢ € [0, s — 1], the simplifying
condition B(2s — ¢) holds if and only if, in addition to (3.1), the equation

T T j—1
(3.3) / zF1p(z)de = Zaj / *p(x)de, k=1,2,---,s—q,

is satisfied (cf.[5]). For ¢ = 0 equation (3.3) together with (1.4a), (1.4b) leads to

hi  hy ... hsn

ho h3 . hs+2
p(z) = det

he her1 ... has

1 T T



1496 SHOUFU LI

and, for 0 < ¢ < s, to

[ hy ha hsy1 ]
ho hs hsi2
hs q hs—q+1 h2s—q
(3.4) p(x) = det 1 i, ceep ,
1 i, C by,
1 i s,
I z z* |
where
1
(3.5) hl=l[ +Za] (r=1'=(G-1Y], 1=1,23,---
Note that, here and later, some constant factor of p(z) is ignored for simplicity.
Note also that for the case of ¢ > 0, the real numbers u;,, i, -, ps,, which
are q distinct roots of p(z), and ai,aq,- -, a, should be appropriately chosen in

advance so that the polynomial p(z) defined by (3.4) and (3.5) is of degree s and
has s distinct real roots.
For simplicity, we may write

(3.6) p(z) = p(x) [ (= - pa.n)-

Then (3.3) leads to

g1 g2 9s—q+1
g2 gs Gs—q+2
(3.7 plx)=det | ... ,
9s—q Y9s—q+1 -+ G2(s—q)
1 T - x5~9
where
(3.8)

m=1 m=1

T q r—1 r—1 q
a =/ zt! H(m—uim)dx+ aj/ z!t! H — W, )dx,
r—1 j=1 J—
1=1,2,3, .

The polynomial p(z) can also be determined by (3.6), (3.7) and (3.8), which seems
to be simpler than by (3.4) and (3.5).

To construct methods of classes 2-6, we thus first choose ay,as,- - ,a, appro-
priately to satisfy (1.4a), (1.4b), and p;,, s, -+ , i, Which are real and distinct,
where ¢ = 1 for classes 2 and 3, ¢ = 2 for class 4 and ¢ = 3 for classes 5 and
6. Then compute the roots pi, g2, - , 4s of the polynomial p(z) defined by either
(3.4) and (3.5) or (3.6), (3.7) and (3.8), and compute v from (3.1) and C, from
(3.2). Finally, the coefficient matrix C1; can be determined by other conditions
which the methods should satisfy.
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Ezample 1. For r =2 and s = 1, the methods of classes 1-4 are

(39) Y = hef(tn + ub,Y) + 22 4n + 1520n41,
Ynt2 = h(l + a) (tn + Uh Y) +ayn + (1 - a)yn+lv
where 0 < a <1, c> (14 3a)/[2(1 + a)], and
C_ilﬁf_Z)’ u—2—c=c+i+g for class 1,
c> Af3a oy 1+_a for class 2,

(3.10) Aita)
c> 2(1+a)’

6221&-32), u#2—c, uFc+ 172 for class 4.

It follows from Theorems 2.6, 2.8 and 2.13 that these methods are all algebraically
stable, diagonally stable, B-stable and B-convergent of order 1, and that the meth-
ods of class 2 are optimally B-convergent of order 1; the methods of class 1 are
optimally B-convergent of order 2 since for the methods of class 1 the condition
B(2) holds and we have ¢z = ve; provided choose v = c3. Note that for the special
case a = 1, (3.9) specialized to

(a)c=u=1, (b)c=u=2, ()c=2,u=0

leads to the one-stage Gauss, RadaullA and RadaulA Runge-Kutta methods with
stepsize 2h respectively. Note also that the simplifying condition C(1) does not
hold for the methods of classes 3 and 4.

u=2-c for class 3,

Ezample 2. Consider the methods of classes 2 and 3 with r = s = 2. Let
(3.11a) o =a, ay=1-aq,
(3.11b) - m=u, p)=7p)(z—u),

with 0 < a <1 and the real number u to be determined. Then it follows from (3.7)
and (3.8) that

~ 3+a 7+a 3+a
p)=qgz—g2, G1=-—F——(1+a)y, g2= - u,
2 3 2
and consequently we have
7 + a 3+a 3+a
(3.12) mo=u, pp=( 5w/ (5=~ (1+a)u).
To guarantee p(x) having degree 1 and p; # po it is necessary and sufficient that
(3.13) u # (3+a), (1+a)u2—(3+a)u+7+a7é0.
Thus 7 can be uniquely determined by (3.1), i.e
(3.14)
3+a -1 3+a
= 14+a - y = l+a - .
m=o— (A+a)pz —=—=), 7 g “1(( i = =)

Since B(2s—1) holds, we have v > 0, and C15 can be uniquely determined by (3.2),
i.e.

( 4a§#2_(13)1 ) 2((11—0))(2#2(53) 5
_ | 20+a)uz—(B+a ta)u2—(3+a
(3.15) Ci2 = da(uy—1) (1—a)(2u1-3)

2(0+a)p1—(3+a) 2(1+a)ui—(3+a)
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Finally, for methods of class 2 Cy; can be uniquely determined by C(2), i.e.
(3.16) Cn = ([, 1% — CU)V7,
and for class 3 by D(2), i.e.
(3.17) Cn = (YR — diag(y) [, #*))V ™" [diag()] "
Furthermore, it is easily seen from (3.1) that

(3.18)
bys = by =4(R—aTU)V"1u? — 16 + ap

23+ a)(1f + pap + p3) — A1 + a)prpo(p + p2) — 15— a

=: p(a, p).

In view of Theorems 2.6, 2.8 and 2.13 we can thus state the following proposi-
tions:

Proposition 3.1. For any given a € (0, 1] and u satisfying (3.13) and p(a,p) > 0,
there ezists a two-value two-stage multistep Runge-Kutta method of class 2 given by
(1.1), (1.3), (3.11a), (3.12), (3.14), (3.15) and (3.16), which is algebraically stable,
diagonally stable, B-stable, optimally B-convergent of order 2 and B-convergent
of order 3. For the special case a = 1 and u = 2, the corresponding method is
equivalent to the two-stage RadaullA Runge-Kutta method with stepsize 2h.

Proposition 3.2. For any given a € (0, 1] and u satisfying (3.13) and ¢(a, ) < 0,
there exists a two-value two-stage multistep Runge-Kutta method of class 3 given by
(1.1), (1.3), (3.11a), (3.12), (3.14), (3.15) and (3.17), which is algebraically stable,
diagonally stable, B-stable, optimally B-convergent of order 1 and B-convergent
of order 2. For the special case a = 1 and u = 0, the corresponding method is
equivalent to the two-stage RadaulA Runge-Kutta method with stepsize 2h.

Ezxample 3. Consider the methods of class 4 with r = s = 2. Let
(3.19) ar=a, ay=1-a, 0<a<l,

and let p;, pe be real numbers satisfying p; < pe. Then v and Cj2 can be deter-
mined by (3.14) and (3.15) respectively. To guarantee v > 0 it is necessary and
sufficient that

3+a 3+a
3.20 —_— —_.
(3.20) M<3ita 73019
The conditions C(1), 2d¥ = 0 and 23 > 0 are equivalent to

Cnéy = p~ Cra(, 2y Cnp =4y"p— 29",
8yTdiag(u)Crip = 164" — 16 +ag +¢, €>0,

and therefore, together with B(2),

(321) Cll = [6, O'E]V—l,
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where
i — e
B _ 2(14a)pr,—(3+a
(3.22) d=p-C2(= l B (1—a) (2p: -3) ] '
H2 — 3iia)u, — (3+a)

-1
| Mo 8 — 20 — 29" p?
€ dyipr dyape 16 — Tag + €

(323) 2p2(6+2a—277 p?)— 1 (9+7a+e)
2(1+a)p2—(3+a)

241 (64+2a—27T 2 —3(9+7a+e)
2(1+a)p1—(3+a)

with € > 0. In order that |cp||d2| # 0, we only need bs # 0, i.e.

(3.24) 3(npd +72m3) #7+a.
In view of Theorems 2.6, 2.8 and 2.13 we thus obtain the next proposition:

Proposition 3.3. For any given p, pz, € > 0 and a € (0,1] satisfying (3.20)
and (3.24) with v1 and v2 defined by (3.14), there exists a two-value two-stage
multistep Runge-Kutta method of class 4 given by (1.1), (1.3), (3.19), (3.14), (3.15),
(8.21), (3.22) and (3.23), which is algebraically stable, diagonally stable, B-stable,
optimally B-convergent of order 1 and B-convergent of order 2, provided that either
a <1 ore > 0. For the special case a = 1, py = 0, po = 2 and € = 16,
the corresponding method is equivalent to the two-stage LobattolIIC Runge-Kutta
method with stepsize 2h.

Ezample 4. Consider the construction of methods of class 5 with r =2 and s = 3.
Let

(3:25) a=lo,1-d",  p=|m,p,mul",
where
(3.26) 0<a<l, B < po < ps.
Using B(3), we get
1 2 32] " [1+4a
(3.27) y=v(a,p)=| 1 2p2 343 3+a
1 2us 3/.1% 7+a
We also assume that y(a, ) > 0, so that E(3) leads to
(3.28) Ciz = [diag(7)] 'V ~T (aR — diag(a)V)7,
where
(3.29) V= [620,3u%, R=[248], U= [‘; ) ?]

The elements of the matrix

7, = | 22 s
232 233
are
20 =by =4yTp® - 15—a,
293 = 232 = (2011 1) Tdiag(7y)3u? + 2yTdiag(u)C113u? — 21 — 11a,
233 = 67Tdiag(,u2)Cu3,u2 —49 — 15a.
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Thus the conditions C(2), 3d¥u2 =0, Z, > 0 and by # 0 lead to
(3.30) by=4yTpt-15-a>0
and
C11[83,2u] = [u — CraC, p? — C12C¥,
YTCn3u? = 64T — 34T ud,
6y diag(u?)C113u% = 49 + 15a + €1,
2yTdiag(u)C113u? = 21 + 11a — 3yTdiag(u? — C12¢?)u? £ Ve bs — €2,

where

(3.31) €1 >0, 0 <eq < e1by,

and therefore, together with B(3) and E(3),

(3.32) Cii = [p — Ci2€, p? = Cr2¢%, 8V,
where

M Y2 w17
(3.33) ¢=[0,1T, 6= 2vipn 2vepe 2vaus | 7

6vip? 6y2u3  6y3ul
with

14 + 2a — 3yl
n=| 21 +1la—3yTu* +8aT¢%2 - aT ¢S+ \Ve1bs — &3 | .
49 + 15a + ¢,

Thus, in view of Theorems 2.6, 2.8 and 2.13 we obtain

Proposition 3.4. For any given pi, p2, s, a,€1 and €3 satisfying (3.26), (3.30),
(3.31) and v(a,pn) > 0, there exists a two-value three-stage multistep Runge-Kutta
method of class 5 given by (1.1), (1.3), (3.25), (3.27), (3.28), (3.29), (3.32) and
(8.33), which is algebraically stable, diagonally stable, B-stable, optimally B-conver-

gent of order 2 and B-convergent of order 3, provided €1 > 0 and €5 > 0.

The methods of class 6 with r = 2 and s = 3 can be constructed similarly, but in
this case we have zp 2 = —by, and the coefficient matrix C11 should be determined

by the conditions D(2), 3cTdiag(y)u? =0, Z1 >0 and by # 0.

Ezample 5. To construct methods of class 4 with r = 2 and s = 3, we let

(3.34) a; = a, as=1-—a,
and

p(z) = p(x)(z — p1)(z — p2),
where
(3.35) 0<a<l, 1 < Ho.

In order to satisfy B(4), the relations (3.7) and (3.8) with s =3 and r =q =2

must hold, which lead to
ﬁ((l)) = 01T — g2,
91 = i (@ — m)(@ — p)da +a [ (@ — p) (@ — pa)de,
92 = [ o(@ — m) (@ — mw)dz + a fy 2(z — ) (= — p2)da,
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and consequently

(3.36)

Ji (e = )@ — pa)da + a fy @z — ) (@ ~ po)da

ps = ps(a, p1, p2) = Sz — 1) (@ — p2)dz + a fy (z — ) (& — po)dz

Here we assume that

(3.37) g #0,  psla,pr,p2) #p1,  psla, pr, pe) # po.

The only remaining task now is to calculate v, C12 and C41; but this is the same
as mentioned in example 4 except that in this case we have by = 0 and €5 = 0, and
require

(3.38) bs =57 ut —31—a#0
instead of (3.30). Thus, in view of Theorems 2.6, 2.8 and 2.13 we obtain

Proposition 3.5. For any given p1, pz2, a and €1 satisfying (3.35), (3.37), (3.38),
~Y(a, ) > 0 and €1 > 0, there exists a two-value three-stage multistep Runge-Kutta
method of class 4 given by (1.1), (1.3), (3.34), (3.36), (3.27), (3.28), (3.29), (3.32)
and (3.33) with 5 = 0, which is algebraically stable, diagonally stable, B-stable,
optimally B-convergent of order 2 and B-convergent of order 3, provided thate; > 0
and a < 1. For the special case a = 1, u; = 0, uo = 1 and g1 = 52, the corre-
sponding method is equwalent to the three-stage LobattolIIIC Runge-Kutta method
with stepsize 2h.

. The nonlinear stability and B-convergence theory for multistep Runge-Kutta
methods established in the present paper enrich the theoretical foundations of stiff
computation, and without doubt of importance. However, in practice, it is natural
to ask whether there exist multistep Runge-Kutta methods of classes 1-6 which
are superior in some respects to the well-known one-step Runge-Kutta schemes.
Fortunately, the answer is indeed positive, due to the following facts.

(1) Any one-step Gauss Runge-Kutta method has a stability function R(h) whose
value at infinity satisfies |R(co)| = 1. In contrast, the multistep Runge-Kutta
methods of class 1 allow the spectral radius of the stability matrix S(h) at infinity
to be smaller than 1: p(S(00)) < 1, which improves stability at infinity, and ensures
that the errors of the extremely stiff components are damped out quickly. For
example, for the 2-step 3-stage multistep Runge-Kutta method of class 1 with
coefficients

(o = [0.0254294608860966, 0.974570539113903] 7,

= [0.0292020628426463, 0.578611565044865, 0.417615832998585] 7,

= [0.388710707597604, 1.27430628101834, 1.82951690035238] T,

[ 0.337337979617462  —0.292009898095809  0.108941719003734

C11 = | 0.0488493196803534  0.289675767260957 —0.0331596021107289 | ,
| 0.0214005894331623  0.624526898213954 0.208808290132131

[ 0.765559092927782  0.234440907072218

Ci2 = | 0.0310592038122419 0.968940796187758 | ,

L | 0.0252188774268619 0.974781122573138
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it is readily checked that p(S(co)) ~ 0.34. Furthermore, Hairer and Wanner [13]
have also pointed out that there exists a 2-step 2-stage multistep Runge-Kutta
method of class 1 for which p(S(00)) = v/2 — 1 = 0.41421.

(2) The coefficient matrices of the one-step s-stage Gauss, RadaulA and Radau-
ITA Runge-Kutta methods all have complex eigenvalues for s > 1. In contrast, there
exist multistep Runge-Kutta methods of classes 1-6 whose coeflicient matrices only
possess distinct real eigenvalues; these are called multistep Runge-Kutta methods
with real eigenvalues in [18]. For example, the 2-stage multistep Runge-Kutta
method

1

}/1 = ﬁ[5yn—3 + 9yn—l + h(15f(tn - h,}/l) - 5f(tn + h>Y2))]7
1

Y2 = 5[_yn—3 + 3yn—1 + h(_f(tn - h, Yl) + 3f(tn + h,Yg))],
1

Yn = %[2%1—3 + 18yn—1 + h(21f(tn - h,Yl) + 3f(tn + h,yv2))]

constructed in [18] is of class 2 and has a coefficient matrix

oe[4 1]

whose eigenvalues A1 = %(9 + \/1_1) are two. distinct real numbers. this can
essentially improve the computational efficiency. In fact, for s-stage whole implicit
methods applied to m-dimensional stiff problems, nonlinear systems of dimension
sm arise. Applying a simplified Newton process leads to linear systems of the
same dimension. If we use Gaussian elimination to solve such a linear system, then
this would cost %s3m3 arithmetic operations for the LU-decomposition, which can
be very expensive for large sm. In order to reduce these costs, we usually bring
the Newton iteration matrix to block diagonal form by a Butcher transformation
(cf. [8]). For the aforementioned one-step Runge-Kutta methods, each complex
eigenvalue pair of the coefficient matrix corresponds with a block of size 2, for which
the LU-costs can only be reduced to §m3. However, for multistep Runge-Kutta
methods with real eigenvalues, all the blocks are of size 1, and for each such block
the LU-costs can be reduced to §m3. Therefore, if we use an appropriate number of
processors to compute a large-scale stiff problem in parallel by a multistep Runge-
Kutta method with real eigenvalues, then for each processor the computational cost
per step is almost the same as for the serial computation by a widely used BDF
method, whereas the stability and convergence properties are far better than that
of BDF'. On the other hand, it is easily seen from the above discussion that for large
scale parallel stiff computation the aforementioned one-step Runge-Kutta methods
are about 4 times more expensive than the corresponding multistep ' Runge-Kutta
methods with real eigenvalues. ‘

Recently, we have found a family of multistep Runge-Kutta methods with real
eigenvalues, such as 2-stage 3-step third-order methods of class 2, 2-stage 4-step
fourth-order methods of class 1, 3-stage 4-step fifth-order methods of class 2, 3-stage
8-step sixth-order methods of class 1 and 4-stage 7-step seventh-order methods of
class 2, which will be published in a separate paper [19]. Since these methods
-not only possess very good stability and convergence properties, but also can be
performed in parallel at high speed, it is expected that for large scale parallel stiff
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computations a code based on these methods will be superior in many respects to
the existing codes based on traditional methods.

Furthermore, although the s-stage Gauss and Radau type one-step Runge-Kutta
methods with s > 1 cannot be singly implicit, we have also found some 2-stage singly
implicit multistep Runge-Kutta methods of classes 1 and 2 which can improve the
efficiency for serial computation, and will also be published in [19].

(3) It is well known that the 1-step 3-stage LobattoIIIC Runge-Kutta method is
not diagonally stable (cf. [11]) and not B-convergent for problems with an optimal
one-sided Lipschitz constant v > 0 (cf. [22]). In contrast, there exist many three-
stage multistep Runge-Kutta methods of class 4, determined by Proposition 3.5 of
this paper which are all diagonally stable, B-stable and B-convergent of order 3.
This means that there do exist multistep Runge-Kutta methods, constructed in the
present paper, whose stability and convergence properties are all better than those
of the corresponding traditional Runge-Kutta methods.

REFERENCES

[1] W.Auzinger, R.Frank & G.Kirlinger, A note on convergence concepts for stiff problems, Com-
puting 44(1990), 197-208. MR 91h:65116

[2] W.Auzinger, R.Frank & G.Kirlinger, An extension of B-convergence for Runge-Kutta meth-
ods, Appl. Numer. Math. 9(1992), 91-109. MR 92k:65109

[3] W.Auzinger, R.Frank & G.Kirlinger, Modern convergence theory for stiff initial value prob-
lems, J. Comput. Appl. Math. 45(1993), 5-16. MR 93j:65124

[4] W.Auzinger, R.Frank & G .Kirlinger, Extending convergence theory for nonlinear stiff prob-
lems, part I, BIT 4(1996), 635-652. MR 97i:34019

[5] K.Burrage, High order algebraically stable multistep Runge-Kutta methods, SIAM J. Numer.
Anal. 24(1987), 106-115. MR 88f:65132

[6] K. Burrage, & J.C. Butcher, Nonlinear stability of a general class of differential equation
methods, BIT 20(1980), 185-203. MR 82b:65076

[7] J.C. Butcher, A stability property of implicit Runge-Kutta methods, BIT 15(1975), 358—-361.

[8] J.C.Butcher, On the implementation of implicit Runge-Kutta methods, BIT 16(1976), 237—
240. MR 58:8263

[9] G. Dahlquist, Error analysis for a class of methods for stiff nonlinear initial value problems,
Num. Anal. Dundee, 1975. Lect. Notes in Math. 506, Springer-Verlag, Berlin, 1976, 60-74.
MR 56:7203

[10] R.Frank, J.Schneid & C.W.Ueberhuber, The concept of B-convergence, SIAM. J. Numer.
Anal. 18(1981), 753-780. MR 82h:65054

[11] R.Frank, J.Schneid & C.W.Ueberhuber, Stability properties of implicit Runge-Kutta meth-
ods, SIAM J. Numer. Anal. 22(1985), 497-514. MR 86m:65076a

[12] R.Frank, J.Schneid & C.W.Ueberhuber, Order results for implicit Runge-Kutta methods
applied to stiff systems, SIAM J. Numer. Anal. 22(1985), 515-534. MR 86m:65076b

[13] E.Hairer & G.Wanner, Solving ordinary differential equations II, Springer-Verlag Berlin Hei-
delberg, 1991. MR 92a:65016

[14] Shoufu Li, B-convergence of general linear methods, Proc. BAIL-V International conference,
Shanghai, 1988, 203—208, Boole Press Conf. Ser. 12, 1988.

[15] Shoufu Li, Stability and B-convergence of general linear methods, Proc. 8rd International
Congress on Comput. Appl. Math., Belgium, 1988. J. Comput. Appl. Math. 28(1989), 281—
296.

[16] Shoufu Li, B-convergence of General Multivalue Methods Applied to Stiff Problems in Banach
Spaces, Proc. National Conf. on Comput. Math., Tianjin, 1990. SCIENCE IN CHINA (Series
A), Chinese Series: 1992, 5:476-485, English Series: 36(1993), 1:1-13.

[17] Shoufu Li, Theory of Computational Methods for Stiff Differential Equations, Science and
Technology Press, Hunan, China, 1997.

[18] Shoufu Lij, Multistep Runge-Kutta methods with real eigenvalues and its parallel implemen-
tation, Proc. 5-th CSIAM Conference, Qinghua University Publishing House, 1998.



1504 SHOUFU LI

[19] Shoufu Li, High order algebraically stable and B-convergent multistep Runge-Kutta methods
with real eigenvalues, To appear.

[20] Shoufu Li, B-convergence properties of multistep Runge-Kutta methods, Research Report,
International Conference on Sci. Comput., Hangzhou, 1991. Math. Comput. 62(1994), 565—
575.

[21] Shoufu Li, Algebraic stability of multistep Runge-Kutta methods, Acta Simulata Systematica
Sinica 5(1993), 51—56 (in Chinese). Also Syst. Engin. Electr., 6(1995), 3:76-82 (in English).

[22] J.Schneid, B-convergence of Lobatto IIIC formulas, Numer. Math. 51(1987), 229-235. MR
88f:65113

DEPARTMENT OF MATHEMATICS, XIANGTAN UNIVERSITY, XIANGTAN 411105, HUNAN PROVINCE,
PEOPLE’S REPUBLIC OF CHINA
E-mail address: 1isf@xtu.edu.cn



