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Implicit Runge—Kutta (IRK) methods are cherished for their stability properties
when solving Ordinary Differential Equations (ODEs). Unfortunately, computa-
tional complexities render them less competitive than implicit Linear Multistep
methods overall. Several modifications have surfaced to make IRKs more vi-
able. One such modification that arose almost two decades ago in an attempt to
make IRKs similar in complexity to implicit Linear Multistep methods is denoted
Mono-Implicit Runge-Kutta (MIRK) methods. In this paper, progress in this
area is surveyed via parallel MIRK methods for initial value ODE systems.

1. INTRODUCTION
The numerical solution of systems of initial value ordinary differential equa-
tions, i.e. initial value problems (IVPs), of the form,

y'(t) = f(y(t), y(to) = wo, (1)

where y € R™ and f : R — R™ has received considerable attention in the 20"
century. Classical accountings include BURRAGE [4], BUTCHER (7], HAIRER
and WANNER [15], and back to HENRICI [16]. When the IVP is stiff, implicit
Runge-Kutta (IRK) methods (see, for example [7] and references therein) are
commonly used to provide a numerical solution. For the nth step, using a
stepsize h, an s-stage IRK method has the form

Yn+1 = Yn + hz be(lfl)a (2)

i=1

with
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s
j=1

Note that each unknown, Y;, is defined implicitly in terms of itself and the
other unknowns. These schemes are normally given in terms of the compact
Butcher tableau

c A
bT

where ¢ = Ae, ¢ = (c1,¢2,...,¢5)T, b = (by,bs,...,bs)T and A is the s by s
matrix whose (4, j)th component is a; ;, and e is the s-dimensional vector of
1’s.

Newton’s method is usually employed to solve the system of s x m nonlinear
equations given in (3) in order to determine the intermediate values, Y;. As
pointed out by several authors (see, for example, REUSCH ET AL. [21]), this
is one of the undesirable features of implicit Runge-Kutta methods rendering
them less competitive than other methods, such as Backward Differentiation
Formulas (BDFs). More specifically, Newton’s method leads to an iteration
matrix (I,s — hA ® J), where J is an approximation to the Jacobian g—i.
Since the costs of the linear algebra associated with the solution of the re-
sulting linear systems generally dominate the overall cost of the computation,
many subclasses of IRK methods, such as diagonally implicit (DIRK) meth-
ods [1], singly implicit (SIRK) methods [5], mono—-implicit (MIRK) methods
[11], multi-implicit Runge-Kutta methods ( for example, see [2] where they are
also referred to as MIRK methods), and parallel diagonally—implicitly iterated
Runge-Kutta (PDIRK) methods ([17], [12]) have been developed to attempt to
reduce these costs, usually by decoupling this large system of s x m equations
into s systems each of dimension m.

In this paper we are concerned with the design of MIRK methods that
are inherently parallel in that the s systems of equations are apportioned to
s concurrent, processors, that is, parallelism across the method. The following
sections consider the evolution of this design beginning with the original MIRKs
discussed by CasH [8], and formally designated MIRKs by CASH and SINGHAL
[11].

2. SEQUENTIAL MIRK SCHEMES
When applied to (1) with integration stepsize h, MIRK methods have the form

Uni1=Yn+hY_bif(Y2), (4)

i=1

where
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i—1
Y= (1= 0i)yn +vithnsr +h Y _zijf(Yy), i=1,...,s. (5)
Jj=1

Thus the stages of a mono—implicit Runge-Kutta scheme are implicit only in
Yn+1- MIRK methods are usually represented by the modified tableau

c v ‘ X
NER
where v = (vi,v2,...,v5)%, ¢ = v + Xe, and X, the s by s matrix whose

(i,7)th component is z; ;, is strictly lower triangular. The MIRK scheme (4)—
(5) is equivalent to the IRK scheme (2)—(3) with A = X 4+ vb”.

The computational advantages associated with MIRK formulas, compared
with fully implicit Runge-Kutta formulas, were first pointed out in CASH [§].
Cash proposed the general class of formulas to be of form (4)—(5), with

vi = 1, 1<i<m, (6)
vy = 07 wi,jzoa T’+1S'L.SS, IS.]Sra

where r is an integer satisfying s — r < [$s] which, consequently, yields the
potential for A—stability. With this class of MIRKSs, the system of m nonlinear
equations implicitly defining y,,+1 is given by

F(yn-i-l) =Yn+1 — Yn — h Z bzf(Yz)a (7)
i=1

and the Newton iteration scheme for the solution of this system is

l l l l l l
eI DAy = PN, oD =Y+ Ay, 1=0,1,.... (8)

Note that the expression for J, F(yfgrl) involves the evaluation of g—i at several
points. For example, with s = 3 and r = 2, this particular brand of MIRK

formulas has form

3
Yntl = Yn+ h Z bzf(}/;) (9)
i=1
le = Yn+1
Yo = ypi1+haa f(Y7).
Y3 = yn.

The corresponding system of equations to be solved has form (8) where

TrL) = 1= hby Ty (yV)) = hboda(y{)L )T + oy Ji (9] (10)
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and

0
Ll = a—i@iﬁi»
0
Ll = a—§<y5511+hw2,1f<y5511>>.

While the linear system has only dimension m, the Jacobian matrix g—i must

be evaluated twice and the product Jg(yszrl)!]l (ng)rl) computed. These com-
putational aspects were considered in [9] where the coefficients of the MIRK
formula were chosen so that, for example, the Newton iteration matrix (10)
factorizes exactly as

Jp = (I = bohJo)(I — bihJy), (11)

from which it necessarily follows that by = —z5 ;. Even with this factorization,
CasH and SINGHAL [11] note that the amount of work required to solve the
system of equations is still twice that of linear multistep methods. The usual
modification of Newton’s method approximates the partial derivatives in .Jr at
the same point rendering it a polynomial in J = %. With this modification, a
particularly efficient second order MIRK arises as the Newton iteration matrix
(10) factorizes as a perfect square

Jp = (I = BhJ)?, (12)
where 8 =1 — %, and the remaining coefficients are given by [11]:
by — 1)2 Ly
b3 =1-283, 52:(3—2), by =1—bs—bs, z2; 23—13- (13)
3~ b3 by — 3

MIRKSs of orders up to and including six have been proposed by CasH ([8],
[9],[10]), and by VAN BOKHOVEN [3] where they were denoted implicit endpoint
quadrature formulas. Higher order formulas do not readily admit perfect power
factorizations of Jr and CASH and SINGHAL [11] followed the approach of
SkEEL and KONG [22] wherein Jr in a sense nearly factorizes as a power of a
single matrix to generate efficient higher order, L—stable MIRKs.

Applying MIRK schemes (4)—(5)—(6) to the scalar test equation § = Ay,
ReX < 0, we obtain y,+1 = R(q)yn, with rational stability function

N(q)

@=F 1=, (14)
where N (q) is a polynomial of degree s — r and D(q) is a polynomial of degree
r. For A-stability, using the concept of an E—polynomial developed by Ngrsett
[19] and defining

E(y*) = |D(iy)” — IN(iy)I?,
the corresponding methods will be A-stable if, and only if, D(¢) has no zeros in
the left—hand plane Re(q) < 0, and E(y?) > 0 for all positive real arguments.
N@RSETT and WOLFBRANDT [20] considered rational approximations to e?
with real poles of the form
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1+ aiq+ asq® + apg® .
(1-=51q)(1 = B2q) ... (1 = Bmaq) ~en (15)

and showed that, if m > n, the maximum obtainable order for A-stable methods
is n+ 1 and that the approximation of order n 4+ 1 with least absolute value of
the error constant occurs in the case of repeated poles, 8; = 8, 1 <i < m. For
example, with n = 1 and m = 2 in(15),

14+ aq V2
— 2 a=v2-1, g=1-21=, 16
T 2 (19
is the second order approximation to e? with smallest error constant
4—3v2
Cr = Tf ~ —0.0404, (17)

and coincides with the stability function of the second order MIRK (13) pos-
sessing a perfect square iteration matrix (12).

3. PARALLEL MIRK SCHEMES
MIRKs with perfect power Newton iteration matrices were built for sequential
computers. The potential for parallelism across the method was investigated
by Voss ([24], [25]) for a special brand of MIRKSs, denoted PaMIRK(r), of form
(4)-(5)-(6) with s = 2r — 1, that is, with r implicit stages and r — 1 explicit
stages.

With r implicit stages, the Newton iteration has the form

Jp(Yns1) =1 =Y b JiB; (18)
i=1
with -
i
Ji = Jilyns1) = Ty (nir + 0y wii f(Y5))
j=1
and -
Bi =TI+ hZI‘i’ijBj,
j=1
for1<i<r.

As in [10], factorizing (18) into the r linear factors

r—1

Tr(yni1) = [[(T = beibd, ) (19)

=0
requires that for 1 <j <r —1,

Z’i’j:—bj, t=3+1,...,m (20)
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This natural factorization still leaves free % (r 4 1) of the r? parameters occur-
ring in the MIRKS. Natural parallelism surfaces if the usual modified Newton
iteration scheme resulting from setting J; = J,1 <4 < ris used, and the inverse
of the iteration matrix in (19) is decomposed into a partial fraction expansion
of the form

Y(yni1) Zwl — bihJ)~ (21)

from which it follows that

brt
W = =, 1<i<r, (22)

T2 (6= b))

provided {b;}7_, are distinct.
The Butcher matrix for this brand of MIRKs has form

by by by ... by by byoo ... ... bs
0 by by ... by by byio b,
0 0 by ... by b byio b,
a0 00 by by byio b,

10 0 o0 0 0 0 0|’
0 0 0 0 Zyioril 0 0
0 0 0 0 Try2,041 Tr42,r42 0 0

L 0 0 0 0 Ts,r4+1 Tsr42 ce. Tss—1 0 J

and it is immediately apparent that the natural factorization (19)—(20) results
in the Butcher matrix having r real distinct eigenvalues, b;,2 = 1...r, and a
(r — 1)-fold eigenvalue at 0. In general, the potential for parallelism in IRK
methods arises when the Butcher matrix has real and distinct eigenvalues as
a similarity transformation can be applied to decouple the stages so that each
stage can be performed in parallel. In the case of PAMIRK(r) methods this
transformation is unnecessary since with the expansion (21), using Newton’s
method to resolve the r implicit stages involves the solution of r independent
real linear systems of the form

(I=bihd () 2yl = —Fl), 1<i<r,

on r processors. The resulting increment is
(l) O]
n+1 Z ws A yn+1

and, as depicted by SWEET [23], a highly recursive multiplicative algorithm is
converted into an additive parallel algorithm.
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For this brand of MIRKSs the stability function has form (14) where N(q)
is a polynomial of degree r — 1 and

D(g) = [[(1 - big)-

i=1

Consequently, the resulting methods will be strongly stable at infinity if b; #
0,1 < i <r. D(q) has no zeros in the left—-hand plane Re(q) < 0 if

b >0, 1<i<r (23)

With the constraints (20) and (23), the remaining parameters were deter-
mined so that the corresponding parallel Runge-Kutta schemes listed in [25]
were L—stable and possessed order r, r < 4. In particular, the second order
PaMIRK(2) method

h
Bt = U+ B0+ 41(1) + 5705) @1
le = Yn+1
h
Yoo = gyt — 3 f(N):
Y; = Yn,

was used to provide an efficient coarse grain time—stepping parallel algorithm
in the solution of linear, multidimensional second order time dependent PDEs
via the Method of Lines semidiscretization approach [26]. Its stability function

1+ 3¢
R(q) = 1 L2 1
(1-3901 - 79
possesses error constant Cs = —21—4 ~ (3, where C3 is the optimum error

constant given in (17).

Unfortunately, in common with DIRKSs, these MIRKs all possessed stage
order one which is of some concern since the phenomenon of order reduction
[14] can arise with the potential of causing these IRKs to behave as if their
order were only their stage order. While convenient, the natural factorization
(20) severely restricted the MIRK stage order due primarily to the presence
of explicit stages. Recently Voss and MUIR [27] investigated the full class
of MIRKs, denoted MIRK spq, indicating a MIRK scheme having s stages, of
order p, and having stage order g. Returning to the modified Newton iteration
scheme, J; = J, for this case, (10) has the form

Jr(Yns1) = I — (0T v)hJ — (BT X0)(RJ)? — ... — BT X Lo)(hJ])%,  (25)

and, again, parallelism across the method surfaces if (25) is expressible in the
form

S

Ty = [[ - Bk (40))), (26)

i=1
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where 3;,i = 1...s, are distinct. The Butcher matrix for the general MIRK
class (4)—(5) is given by

viby v1by ... Ubg
T21 + vaby 20y ... Ugbg

A=
To1 +Usb1 xgo +Ushy ... vebs

For general IRKs (2)—(3) the linear stability function can be written in the
form (see, for example, DEKKER and VERWER [13])
det[I — qA + qeb”
R(g) = 24 ]
det[I — qA]

(27)

More recently, Muir and Enright [18] give R(q) for MIRKs (4)—(5) in the form
_ 14" —gX) (e—v)

klg) = 1—qbT(I —gX) v (28)
Since X is strictly lower triangular,
(I—gX) ' =T+gX +*X*+ ... + ¢ X5
so that the denominator in (28) becomes
D(q) =1- (b"v)g— 0" Xv)® —... — (BT X*"Tw)g°. (29)

Clearly, D(hJ) = Jp in (25) and the goal is to find distinct 8;,i = 1...s, that
is, the eigenvalues of the Butcher matrix A, such that [;_, (1 — 8iq) = D(q).
Expanding and equating the coefficients of like powers of ¢ results in the system
of equations for (;:

Bi+ ...+ B8 =b"v,
Bi-Bo+Pi-Ba+ ...+ Bs—1 - fBs = —b" X, (30)
ﬂl 'ﬁs — (_l)sfleXsflv.

A MIRK scheme has order p if its local error is O(h?*1); for Runge-Kutta
schemes this is imposed by requiring the coefficients of the scheme to satisfy
a set of equations called order conditions (see [7]). A MIRK scheme has stage
order q if it has coefficients which satisfy the conditions,

Xck_1+%:%, k=1,...,q. (31)
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Order barriers for this class of MIRKs were established by BURRAGE ET AL.
[6] and are given in the next two theorems.

THEOREM 3.1. The mazimum order of an s—stage MIRK cannot exceed s + 1.
THEOREM 3.2. The mazimum stage order of an s—stage MIRK is min(s,3).

In [27], parallel MIRK methods through order 4 were derived possessing
stage order at most 3, the maximum possible. The derivation process employed
consisted of selecting or determining families of MIRK schemes, in terms of the
B; parameters, with a given number of stages, a given order, and a given stage
order. Subject to the restrictions that the 3;’s be real, distinct, and positive,
and that the MIRK scheme be A—stable, free parameters were chosen to yield
optimal schemes according to the following criteria: (a) minimize ||Tp+1]], the
norm of the vector of truncation error coefficients of order p+ 1 associated with
the MIRK scheme (see [7]), subject to the constraint that the ratio of ||Tp2]|
to ||Tp+1]| is not too large, (b) minimize ||w||, the norm of the vector of w;
coefficients arising in (21), and (c) minimize ||§||, the norm of the vector of 3;
coefficients.

For example, an L-stable MIRK222 is given by the following tableau along
with its stability function

1 1 0 0
4| 31| _1ea g 1+ §5q
15 | 2025 2025 , R(q)= Ty T (32)
| - 1-:50-5)
82 82

It has ||T3|| ~ 0.086, ||w|| ~ 1.3, ||8]| ~ 0.46, and ||T4|| ~ 0.11. The superior
performance of this and other MIRK spr methods on problems (for example,
see [12]) where DIRK schemes suffer order reduction appears in [27].

4. CONCLUSION

The design of parallel MIRKs was addressed, and on a machine with at least p
processors, the computational complexity of a pt"—order parallel MIRK method
is similar to that of an implicit Linear Multistep method as it effectively requires
only one implicit stage per step whose solution involves a linear function of the
Jacobian. Moreover, unlike DIRK methods which have stage order at most
one, higher order MIRK methods with stage order up to and including three
have been determined [27].
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