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A-stable and Stiffly-stable Formulas in Generalized Linear Multistep
Methods for Ordinary Differential Equations

KEN-ICHIRO MITSUDA™® and CHISATO SUZUKI'

In this paper, generalized linear multistep methods for ODEs whose predictor of off-grid
point is an implicit formula are proposed and stability properties are investigated for the
methods. Then, it is proved that there exists a family of A-stable methods of order 3 and,
furthermore, there exists a unique A-stable one-step method of order 4. Also, it is numerically
shown that there exist two families of stiffly stable methods, with orders 5 and 7, respectively.

1. Introduction

The order of accuracy of stable k-step linear
multistep methods (LMMSs) for solving the ini-
tial value problem of the ordinary differential
equation (ODE),

dy
%*f (xvy)a
y(ﬂfo) = Yo,

is at most k + 2, which is about the half of
the attainable order with the methods without
stability conditions.?)% .

In order to overcome the barrier, Gragg
& Stetter® and Butcher V2) proposed and
developed k-step generalized linear multistep
method (GLMM) in the form

k k
(I) Z aiyn+i+h Z ﬂifn—&-i“‘h'}/fn—i-s:oy
=0 =0

k ko
(II) Yn+s= X:OdzynJrz'f'h _X:O/BifnJriy
1= 1=
(1.1)

with ar= — 1, Bx#0, &r=0, Bkzo, where s is
a non-integer, h a step size of integration, y,
an approximation to y(x) at xz,=z¢ +nh, and
fo=f @n,yn). In fact, their methods possess
about 2k order and satisfy a zero-stability con-
dition. However, unfortunately these methods
never have not a property of A-stability but a
property of stiff-stability.

This paper is concerned with a modification
to the form of the GLMM formulas (1.1) such
that higher stability can be attained. In the for-
mulas (1.1), especially we are very much inter-
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ested in the case where oy, = —1, 8170, a#0,
and [p7#0. Under these assumptions, there-
fore the formula (II) is implicit with respect to
Yn+k together with the formula (I). This ap-
proach which assumes &;#0 and Bk#o is es-
sentially different from the methods that are
proposed and developed by Gragg & Stetter ®)
and Butcher 1):2).

In this paper, stability properties of GLMM
proposed above are mainly investigated: It is
proved that there exists a family of A-stable
one-step GLMMs with order 3 and, further-
more, there uniquely exists the A-stable one-
step GLMM of order 4. It is also shown that
there exists a family of stiffly stable two-step
GLMMs with order 5 and a family of stiffly sta-
ble three-step GLMMSs with order 7. In order
to verify stability of those methods, also some
problems with high stiffness ratio are numeri-
cally solved.

For simplification of discussions, the con-
struction of GLMM is accomplished for a scalar
ODE, since it is able to apply GLMM to a sys-
tem of ODEs without any modification. On the
other hand, stability analysis for GLMM will be
not only done for a scalar ODE, but for a sys-
tem of ODEs.

2. Generation of Coefficients and Or-
der of GLMM

In this section, we derive the coefficients of
GLMM (1.1) and investigate orders of those for-
mulas. For the formula (I) in (1.1), in particu-
lar, an optimization of the order is done.

2.1 Associated Difference Operator

Suppose that y is a sufficiently smooth func-
tion. Let y(@,+;) and ¥’ (©,4;) be values of y and
its derivative y’, respectively, at x=x,,1;.
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Recall that, for the given data {y(x,),...,

y(xn+k) } and {yl(xn)7 ceey y/(xn+k) }7 the Her-
mite interpolation polynomial for y is given as

ZTZ anr'L
+ Z si(2)y (Tnaq), (2.1)

ri(x) = {1-29;(Tnys) (@ —2nqs) } bi(2 ) )
si(z) = (r—2pyi)l 1(%)2,

k 1
gi(x) = 1; T—Tptp
gl( ) (x_xn_,_z)w/(l‘n-i-z) ’
k
w(x) = H(x—l“m—p)'
p=0

It is also well-known that its interpolation error
e(x):y(x)—H(x)2 is given by
_ w(z (2k+2)

where £ is an appropriate point belonging to
the minimum interval including {x, ., 41, s
Zn4k}. Hereafter we denote this interval by 1.

In order to derive a difference operator asso-
ciated with the formula (I) in GLMM, differ-
entiate e(z)=y(z)—H (x) with respect to x and
divide its derivative by 7.(z). Then we have

e (Tn+ts) _ Y (Tn+s) _ H'(zn+s)

Te(@nts) Tp(Tnts)  T(Tnts)
In addition, after differentiating the Hermite in-
terpolation polynomial H(x) given in (2.1) and
substituting it for the equation above, we have
k

e (Tpys) /

—— = hyy (Tngs)+ QGY(Tn+ti

T;g(anrs) ( + ZZ(:) ( + )
Jrizz:ﬁz (Tmid),  (23)

=0

where the coefficients «;, 3;, and v are defined
as, for i=0,...,k,

ai(S):—M’ Bi(s)=— 1 5;(Tn+s)

T (Tn+s) hri(Tnss)’
1 1
and y(s)=7—5—— (2.4)
h T (Tnts)

By using (2.3), the associated difference opera-
tor Ly, for the formula (I) can be defined as

Jan. 2004
k
Li(y;h) = hyy (@nss)+ > 0iy(@nsi)
=0
+h Z 61 xm+2)

=0

From this operator, a local truncation error of
the formula (I) is defined as

_ & (@nts) (2.5)

The other difference operator L,, associated
with the formula (II) can be immediately de-
rived from e(x)=y(z)—H(x). In fact, putting
T==xn4ts in the equation, we have

k

G (Tnys) Y(Tnii)
=0

_h Z 61 anrs

where the Coefﬁ(:lents ¢&; and ﬂi are defined as

G (8)=ri(@nys)s Bi(s)zsi(xn-i-s)/h' (2.7)
By using (2.6), the associated difference opera-
tor for the formula (II) can be defined as
k

f/n (y§ h) = y(xn+s)_ OA“(xn-i-S) y(xn-H)
=0

_h Z ﬁz anrs

Then the local truncation error of the formula
(IT) becomes

To(s)=e(Tnys). (2.8)

It should be noted that the coefficients de-
fined by (2.4) and (2.7) depend only on s, and
art given by

e(Tpys) = y(xn+3)_

Y (Tnti), (2.6)

anrz)

f

a;(s) =
Qi (s) =
i 7 (3) = 775,

A/
Tk
,)2

where
Pi(s) = {1 — 2g:(i) (s — i)} £ (0)?,
5;(s) = (s — i)fi(s)2,

- kos—p ko1

li(s) = - , Gi(s) = .

i (s) ,Eoz—p i (s) pgos_p
pFi p#i

The subject considered hereafter is restricted to
a family of GLMMs determined by coefficients



Vol. 45 No. 1

defined above. In Appendix A.1, each coeffi-
cient for k = 1,2, and 3 is shown for convenient.

2.2 Order of k-Step GLMM

The definition of order for formulas follows
Henrici®. To investigate orders of GLMM with
coefficients (2.4), we need an evaluation of the
local truncation error T,(s). The following
lemma is useful to evaluate the truncation error
of the formula (I).

Lemma 1 If yis a sufficiently smooth func-
tion, then there exists a point & €1 such that

6/(.%) _ 2;‘12(]:1*)/2()1") (2k+2)(£o)

w(z)? (2k+3)
T G
The proof of this lemma is easy ).
By Lemma 1, the local truncation error of the
formula (I) can be evaluated as follows.
T(s) =

1 20(Tns)W (Tnts) (2642)
Té(:vnﬂ){ (2k+2)! €o)

w($n+5)2 (2k+3)
T 2it3)! &g
In addition, putting x,;=x,+ih and .,y s=2,,
+sh, we get

B R2*+2 (20(8)'(5) (oprs
Tl =~ { Ghe V&)
+h% %y(%”)(él)} :
k
o(s) = [ (s = p).
p=0

This means that the order of the formula (I) is
at least 2k+1.

On the other hand, the local truncation error
of the formula (II) is

2 w(anrS)z (2k+2)
To(s) = oo™ tor 7
(5) = B )
from (2.2). By putting z,;=z,+ih and
Tpts=Tn+sh, then we get

. w(s)

Tn(s) — h2k+2 (2k+2) (50)

2k +2)1Y
Therefore the formula (IT) is of order 2k+1.

It should be noted that both formulas, (I) and
(IT), generally have same order 2k+1. However
it is sufficient to have the accuracy of order 2k

with respect to y,+s, because it is used in the
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Table 1 Point s that gives maximum order.
(k=1,...,7)

Optimum Point s’(fp

0 1
sOP_i

3
sgp:1+%z1.57735

5 _3+V5

op 2

. 204+4/150+10v/145

st= n ~/3.64443

5 _ 154+4/1054+24V7

Y T

2 )

1395442 - 75 - 24819975 cos =2
°op 21

T+4/2148 - 7% cos %7
7T _
2

Sop_

Here (96:tan71 548_¢75191) (97:tan71 3\/8§>

s ~2.6803

~4.66345

~25.67084

~6.68972

term hf(pts,Ynts) - Conversely if the order
of the formula (I) is just one higher than the
formula (II), then the accuracy of y,, 4k has or-
der 2k+2. The following theorem concerns with
the order of the formula (I).

Theorem 1 For each k, if there exists a
points sk, such that &(sk,)=0, then the for-
mula (I) of k-step GLMM at s=s has order
2k+2. Such order is said to be optimum. 1

The value of s’gp that gives the optimum order
for each k (1 <k <7) is shown in Table 1.

3. Zero-Stability Property

The zero-stability property of k-step GLMM
is determined on the basis of the associated
characteristic polynomial,

k
Tk (f) = Z ai§i7
=0

with k-th order linear difference equation ob-
tained by vanishing the step size h in the for-
mulas of (I) and (II). In fact, a GLMM is said
to be zero-stable if the modulus of any root of
7 (§) is less than or equal to 1 and the root
of modulus 1 is simple™. Since this (&) is
consisting of terms that not contain h in the
formulas, the zero-stability is independent of
the formula (IT). Therefore the zero-stability of
GLMM in this paper exactly agrees with the
Butcher’s zero-stability result ) which had been
shown in graph.
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Table 2 Range of s for GLMM to be zero-stable.
Interval IF  (k=1,...,4)

P

(57 o

IZ=0, )
I3=[3(3+V3), 5 (214+5v/21)]~(2.366, 3.136)
I2~(3.527, 4.000)

I2~(4.605, 4.755)

I8~(5.633, 5.717)

I7=(6.663, 6.693)

If there exists an interval of s in which the
method is zero-stable, then we call it zero-stable
interval and denote it by I¥. The following the-
orem guarantees the existence of zero-stable in-
terval for GLMMs of k=1 up to 3

Theorem 2 Let 1 < k<3. For each k, if s
belongs to the interval I¥ in Table 2, then the
k-step GLMM is zero-stable. ]

Unfortunately, any zero-stable interval for
the k-step GLMM of k exceed 3 is not ex-
actly obtained yet. Therefore the zero-stable
interval of s shown in Table 2 for GLMM with
k=4,...,7is approximately given.

It should be noted that Butcher) numer-
ically showed that the GLMMs for k=1 up
to 7 have such zero-stable intervals of s and
Suzuki®) also showed up to 8 for a slight modi-
fied GLMM. Under these zero-stable interval of
s, the following theorem is obtained.

Theorem 3 For each k (1<k<7), the k-
step GLMM with s:slgp is zero-stable, and of
order 2k+2. ]

4. Absolute stability Property

If the numerical solution obtained by ap-
plying GLMM with h>0 to the test problem
y'=Xy, (AeC, RA<0) with any initial value yq
tends to zero as n tends to oo, the method is
said to be absolute stable at Ah. The k-step
GLMM is absolute stable if and only if the mod-
ulus of any root of the associated characteristic
polynomial

(&5 2, 8) = p(€)
+/\h(a(£)+v( (£)+Aho(£>))

k .
=>> (ozﬁ- (Bi+vdy) Z+’Yﬁi2’2) 3
=0

is less than one, where z=MAh, ap=—1,
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k , k ,

pl€) = Y ailly o(€) = . Bicl,
ziO ziO A (41)

p(§) = ;)difia a(§) = ;}ﬁifi~

For given GLMM, we call an absolute sta-
bility region the set of Ah for which GLMM
is absolute stable, and if the absolute stability
region contains C~={zeC : Rz<0}, then the
GLMM is said to be A-stable.

In this section, we investigate the property of
absolute stability by analysing the characteris-
tic polynomial. The characteristic polynomial

for k=1 is given by
s+1 S
m(&zs) = (1- 5=z +32°)¢
_(1_ s—2z_ 5_122)7

3 6
and, for k=2,...,5, the coefficients of charac-

teristic polynomials are given in Appendix A.2.

4.1 A-Stable One-Step GLMMs with

Order 3 and with Order 4

By computing the root of the characteristic
polynomial 71 (&; 2, s) for the one-step GLMM,
the following theorem is proved.

Theorem 4 If s>1/2, then the one-step
GLMM with any s is A-stable. In this GLMM,
furthermore, the method with s>1/2 has order
3 and the method of s=1/2 has order 4. 1

Proof The root of m(; 2, s) with respect
to z is given by

£l s) = 1—2(s—=2)z— (s —1)z?

6
1= 2(s+1)z+ gs2?

and by setting t=s—1/2, the root can be rewrit-

ten as )
L 12-2(2t—3)2—(2t—1)2
=) Y

In order to prove that this GLMM is A-
stable for some ¢, it is sufficient to show that
&(z;t) satisfies |€(z;t)|<1 for any zeC'~. By the
Méobius transformation, (=(£—1)/(¢+1), from
& to ¢, we have

2(3z — t22)(12 — 4tz + 22)

¢= [12 — 4tz + 22|?
By this transformation, it is sufficient to show
that ¢ belongs to C'~ for any zeC'~. Let
t>0 and I'=(32—t2?)(12—4tz+22), then we can
show that RI'<0 (z€C™). In fact, the real part
of I becomes

RI = u(36 + (3 + 4t%)(u* + v?))
—t(24u® + (u* +v%)?),
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Table 3 Functions @k (s) specifying absolute stability interval.

(s)= 15(s—1)

2T 32 et
35(252—65+3

pa(5)=— )

(552—15s+1)(25—3)
105(3s%—1852+295—10)

pa(s)=

3554—-28053468552—5005+12

231(6s*—60s3+19552—2255+62)

p5(s)=

12655 —157554+686053—1207552+70245—60
1001(s®—155%4+8153—189524+1765—42)

we(s)=

7756 —138655+93805% —29400534-4178352—208745-+60
143(3055—6305°4-50755% —19600534-3679952 —294985+6378)

pr(s)=

28657-7007s5+678375%-3287905%4-82975953-10136635%+4549385—420

-
)

where z=u+iv (u,v€R) since I' can be devel-
oped as

I' =362 — 12t[z]* + 32|2|* — 12t2?
+4t22] 22 — t|2|*.

Consequently, we have that RI'<0 since u<0
and t>0 by assumption .
4.2 Absolute Stability Interval on Real
Axis and Stiffly-Stable GLMM

Let us introduce a new concept of stability.

Definition 1 For a method having an ab-
solute stability region Ry, if there exists an in-
terval Ix on the real axis such that I CRRA
and the closure of Iy contains the origin of the
complex plane C, then we call I a real absolute
stability interval. ]

In general, the real absolute stability in-
terval for GLMM depends on the parameter
s by which the coefficients are determined,
and the interval can be represented in form
I5=(pr(s),0) for k-step GLMM (2<k<y) if
wr(s) <0 for s € I¥, where each ¢ (s) is given
in Table 3.

Theorem 5 For the k-step GLMM, the fol-
lowing propositions are satisfied.

(i) For each k (2<k<y), there exists a subin-
terval (of I¥) consisting of s such that the k-step
GLMM has the real absolute stability interval
It

(ii) For each k (2<k<4), there exists a point
skeIk with which I¥ becomes the left-half infi-
nite interval (—oo,0). Hereafter, we call a crit-
ical point such s¥ (see Table 4). 1

Assertion 1 The two-step GLMM with s
is stiffly stable if the value of s is grater than
the critical point s2, and the GLMM is of order
5 (see Fig. 1-(b)). 1

Assertion 2 If the value of s€l? is grater

Table 4 Critical point of s in GLMM.
sk (k=2,...,4)

0
346

s2 = +T\/_ ~ 1.8165
15+/2

= DEV205 ) o318

N 10
14041/ 10850+701/13945

st = i 70+ ~ 3.9752

than the value of the critical point s2, then the
three-step GLMM with s is stiffly stable (see
Fig. 2-(b)). Here

= ((3+v/3)/2, (21+5v/21)/14).

It should be noted that this GLMM is of order
7. ]

4.3 Stability Property of GLMM for

System of ODEs

Applying GLMM to the system of ordinary
differential equations, y’'=Ay, where yc R? and
A is a dxd constant matrix whose each compo-
nent may be a complex number, we can obtain
the corresponding characteristic polynomial

me (€ hA) = det [p(E)] + {o(€)]
+YhA(P(E) + hAG(€))}],
where [ is the dxd identity matrix. By using
this polynomial, therefore, the following the-
orem concerning to stability property of the
method is obtained.

Theorem 6  Let )\1, ..., Ag be eigenvalues
of A and R\;<0 for i=1,...,d, then GLMM
(1.1) with an absolute stablhty region R4 is
absolutely stable for y’=Ay if and only if it
holds that hA\;eRp for i=1,...,d.

Proof Based on linear algebra, for the coef-
ficient matrix A, there exists a d x d nonsingular
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s <s.(~1.81) s> s, (~1.81)
10— — 15 —— .
10
5} .
5L
= = unstable
< O ~<
£ E
3
10l
B T 8 —5 = 5 0 15 20
Re 2h
(a) Non-Stiffly Stability Region (b) Stiffly Stability Region
Fig.1 Absolute stability region of two-step GLMM.
s <s.(~2.93) s>s.(~2.93)
4 : . . .
3l
T§=295
2} 50 +
1t
= = unstable
< 0 < 0 )
£ E /
AL )
2l 50 | B '
S e e N I N —
47 5 54 5 5 ] 0 10— 4060 80 100 120 140

Re 1 h
(a) Non-stiffly Stability Region

Re 1h
(b) Stiffly Stability Region

Fig.2 Absolute stability region of three-step GLMM.

matrix B such that

)\1 *
A=B'AB, A= .
0 A

where /A is an appropriate upper-triangular ma-
trix whose diagonal elements are the eigenval-
ues of A. By using this representation for A,
the characteristic polynomial can be rewritten
as

d

T (e
(P +6(€) (A >>><hAp>)
d
H (&5 hAp, 5)

Therefore, if £ is a root of n,ﬁd)(g; hA), then

P (& hA) =

+(o(©)+

k(&5 hAp, s)=0 for some p. This means that
|£]<1 since hA\,€Rp for every p (1<p<d). I

5. Numerical Example

The one-step GLMM of order 4 with s =
0.5 and two-step GLMM of order 5 with s=0.85
are applied to following problem

o\ 1A+ A-1 1”1

o ] T 2\ A=1 A+1 ys )7
Y1,0 B 100

y20 )\ 100 )°

The property of accuracy and stability for nu-
merical solution is verified. This equation is
make-up so that stiffness ratio just becomes A.
The exact solution is given as
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Table 5 Relative (Absolute) errors evaluated at z = 50.

Stiffness GLMM Stepsize h
Rate A k-Step / Order 1.00 0.50 0.10 0.05 0.01
1-Step/4-Order | 2.656e+00 | 4.370e-03 6.935e-06 4.337e-07 | 6.943e-10
50 (3.62e-20)
2-Step/5-Order | 2.567e-02 8.119e-04 2.557e-07 7.971e-09 | 2.183e-12
1-Step/4-Order | 2.920e+04 | 8.144e4+03 | 6.935e-06 4.337e-07 | 6.952¢-10
500 (2.98e-16) (1.11e-16)
2-Step/5-Order | 7.397e-01 8.122¢-04 2.557e-07 7.970e-09 | 3.342¢-12
1-Step/4-Order | 2.291e+05 | 2.584e+04 | 4.544e+01 | 4.336e-07 | 7.100e-10
5000 (3.12e-15) (3.52e-16) | (6.12e-19)
2-Step/5-Order | 3.270e-01 8.460e-04 2.558e-07 7.974e-09 | 3.363e-12
1-Step/4-Order | 1.057e+05 | 1.914e4+06 | 4.544e+01 | 4.336e-07 | 7.100e-10
50000 (1.44e-15) (2.61e-14) | (4.48e-14) | (7.43e-17)
2-Step/5-Order | 1.034e+00 | 1.134e-04 2.558e-07 8.028e¢-09 | 3.410e-12

ACM, Vol.11, pp.188-209 (1964).
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yi(z) ) _ (Y10 exp(—Az)—y2,0 exp(—z)
ya(x) )~ \ yr0exp(=Az)+yz2,0 exp(—z) ) °

The results of numerical experiment done under

the following conditions are shown in Table 5.

(i) Stepsize of Integration: 1, 0.5, 0.05, 0.01

(ii) Length of Integration: 50

(iii) Stiffness Ratio: 50, 500 5000, 50000

(iv) GLMM is solved by the Gauss elimination

method.

From this result, it seems that our method is

useful for very strong stiffness problems. It

should be noted that the classical Runge-Kutta

method is unstable for Ah > 2.8.

6. Concluding Remarks

In this paper, it is proved that there exists a
family of A-stable one-step GLMMs with order
3 and, furthermore, there uniquely exists the
A-stable one-step GLMM of order 4. It is also
shown that there exists a family of stiffly stable
two-step GLMMs with order 5 and a family of
stiffly stable three-step GLMMs with order 7.
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Appendix

A.1 Coefficients of k-Step GLMM
Coefficients of formula (I) for k=1 :

ag =1

a; =—1

fo = (35 —1)/(6s)

P = (35 —2)/(6s — 6)

v =1/(6s — 6s%)
Coefficients of formula (IT) for k=1 :
o= (s—1)%(2s+1)
a1 = s%(3 — 2s)
Bo = s(s —1)2
By =s2(s—1)



318 IPSJ Journal Jan. 2004

Coefficients of formula (I) for k=2 : Coefficients of formula (II) for k=3 :
ag = (155 — 23)/t Go=(1s+3s—1)2(s—22(s—32/108
a1 = 16/t

a1=5%(s—2)%(s—3)2/4
Qo = -1

Bo = (u+s—1)/(st) do=—5%(s—1)*(s—3)%/4
By = 4(u+1)/((s — 1)) da=s2(s—1)2(s—2)2(36—115)/108
Bo = u=s +1)/{(s ~ 2)0) Bo=s(s—1)2(s—2)2(s—3)?/36

v = —4/(s(s = 1)(s = 2)t) -
Here t=15s—7, u=5s>—10s+3. Br=s2(s—1)(s—2)2(s—3)%/4

Coefficients of formula (II) for k=2 :

ao=(s—1)%(s—2)?(3s+1)/4
a1 = s%(s—2)?

By=52(s—1)%(s—2)(s—3)%/4
B3=s2(5—1)2(s—2)?(s—3)/36

Go = 52(s — 1)%(7 — 35) /4 A.2 Characteristic Polynomial for k-
BOZS(S—1)2(8—2)2/4 Step GLMM
By = 8%(s — 1)(s — 2)? Let B
32252(3_1)2(3_2)/4 7Tk(’£§za5):;@§la

Coefficients of formula (I) for k=3 : where c;=ci+(3;+7d;) 247022
ap=(77s2—-3125+291)/t For k=2:
a1=27(7Ts—18)s/t co=—{(15s—=7)—(s+1)(3s — 2)z

—s(s—1)2%}/t
g =4{4+4(s— 1)z — s(s — 2)22}/t

co =4(155 —=23) — (s —3)(3s —4)z
Bo=3(7s3—30s%+335—6)/(st) ’ —{((s — 1)(5)— 2§z2}/t)( :

(
B1=27(75%—3152+385—12) /((
B2=27(Ts%—325%+415—12) /((

ap=—27(s—3)(7s—3)/t

a3:—1

)t) Here t=155—7.
)t) For k=3:
c3={(353—95%+65)2>

+(—115%41552+145—12) 2
vy = —108/(s(s—1)(s—2)(s—3)t) +(775%—1505448)} /t

s—1
s—2

B3=3(7s3—335%+425—12) /((s—3)t)

Here t=77s%—150s-+48. c2={(2753—-1085?+815)2>
+(—2752—54524+3515—162)z
+ (18952 6485+243)} /¢
c1={(27s%3—1355%+162s)22
+(275%—2975%+7025—324) 2
+(—18952+4865)} /t
co={(353—1852+335—18)2>
+(11s%—8452+1935—132)2
(=772 4+3125—201)} /1
Here t=—77s2+150s—48.
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For k=4:

c4={—318+11995—99852+22553
+(72—1145—5952+10253—255%) 2
—6(65—11524+653—5%)22} /t

c3=32{—96+3445—2545%+4553
+(48—1285+5652+115%—5s5%)z
—3(85—14524+7s3—5%)22} /t

c2=216{—12+325—8s>
+(24—765+485>—8s%)z
—(125—195248s3—5%)22} /¢

c1=32{96—4725+2865%—45s°
+(144—4325+29252—69s3+55%) 2
—(725—78524+27s%—3s%) 2%} /t

co={2010—40155+170252— 22553
+(1200—20905+12355%—2985%+255%) 2
+(144—3005+210s%-60s*+65%) 22} /t

Here t=318—11995+9985%2—225s3.

A-Stable and Stiffly-stable Formulas in GLMM for ODEs 319

For k=5:

c5={6864—29200 +310405*—1194553+1507s%
—(1440—-27125—5505%+23955%—1070s*
+1375%)2+30(245—50s%+3553
—10s*+s°)22} /t
c4=125{870-36135+365552—129553+143s*
—(360—10745+6835%+55%—83s+135% 2
+6(30s—6152+415%—11s1+5°)22} /t
c3=1000{240—9365+830s%—240s>+22s*
—2(120—4285+3635%—9553+3s1+55) 2
+3(405—7852+49s%—1251455)22} /t
co=1000{ —60+3645—53052+2005>—225s*
—2(180—7025+6385%—2155*+285%—55) 2
+3(605s—10752+59s3—13s%+5%)22} /t
c1=125{—1680+73125—56805%+15655°—143s%
—(1440—52565+45585%—159553+242s%
—135%)24+6(1205—15452+ 715> —145%
$9)22}/t
co = {—85614+1388255—7791552+18195s>
—1507s*—(32880—645385+461255>
—1524553+235551—137s%)2
—(3600—8220s+675052—2550s>
+45051—-30s°)22} /t

Here t=—6864-+292005—310405%+1194553—1507s%.
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