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Abstract: This paper dwells on the stability analysis of extended exponential
general linear methods. Like the paper of Butcher [1], we are able to show using
the root locus method that the various methods constructed posses favorable
stability properties as they are zero stable as their parasitic roots lie in a unit
circle. It is also shown that for positive stepsizes, the error estimate holds
with a positive constant, independent of n and the stepsizes (h). Experimental
experience reveals that our scheme converges.
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1. Introduction

Even though the theory of numerical methods for time integration is well es-
tablished for a general class of problems, recently due to improvements in the
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efficient computation of the exponential function, exponential integrators for
problems
y'(t) = Ly(t)) + N(y(t)), 0<t<T, given y(0),

have emerged as a viable alternative. In the early fifties, the phenomenon of
stiffness was first discovered by Curtis and Hirschfelder [4]. The stiffiness effec-
tively yields explicit integrators useless, as the stability rather than the accuracy
governs how the integrator performs. It could be said that more integrators have
been developed to overcome the phenomenon of stiffiness, than any other prop-
erty that a differential equation may have. Butcher and Wright [2] provided a
novel approach to solving stiff problems. Integrators were constructed, which
solve exactly the linear part of the problem and then used a change of vari-
ables to cast the problem in a form, which a traditional explicit method can be
used to solve the transformed equation, the approximate solution is then back
transformed. These methods are commonly known as Integrating Factor (IF)
methods. Calvo and Palencia[3] constructed a class of methods known as the
RKMK methods. Enright and Muir [5] introduced the Generalized Integrat-
ing Factor (GIF) methods which were shown to exhibit large improvements in
accuracy over the IF, ETD and CF methods. It was concluded that the ETD
methods constructed though stable but could be improved on.

2. Mathematical Formulation

Here, we provide the convergence behaviour of the method

s q—1
Yni1 = €"yn + 1Y (WL)N (Vi) + 5> Vi(hL)N (yn—1), (1)
1=1 k=1
i—1 qg—1
Yoi = e Py + 0> AV (ML)N(Yog) + b Ui(hL) DN (y—)
j=1 k=1
i—1
+12 Y AD(RL)N'(Yog) + h2suml” Ui (hL) P N (y,_s), (2)

Jj=1

as an extension of General Linear Methods of Butcher and Wright [2] for the
problem

y'(t) = Ly(t)) + N(y(t)), 0<t<T, given y(0), 3)
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which have generated a lot of interest in recent years. We assume that the
nonlinear term is locally Lipchitz-continuous, i.e.

IN(V) = NW)[| < K(e)[[V = WIL V][ +[[W]] < e, (4)

also we employ the assumption that the starting values yo, y1, y2, - - -, y4—1 have
been computed using some starting procedure, we suppose that the method of
coefficients is sufficiently regular and satisfies

A (hL)|| + | Bi(AL)|| + UG (RD)|| + (Vi (RL)|| + || AL (AL)|

HIUP (L) < KR, 1<A<2 (5)

Theorem 1. The extended Exponential General linear method (1), when
applied to the initial value (3), satisfies the order conditions also, suppose that
f@(t) and suppose f\)(t) exists, then for stepsize h>0 sufficiently small the
estimate

q—1
1y(tn) = ynll < KD |ly(te) — vel |+ Kh®T sup [|f Q1)
=1 0<t<tn

+ KR sup [[fP@D) by <t <T
0<t<tn
holds with a constant k>0 independent of n and h.

Proof: We estimate e,, as follows:

n
lleall < llet™ =% [lleg_a]| + ] Y ettt ae
f=q

n—1 s
+hl] Y Y (et eI By(hL) [ Al

l=q—1 i=1
n—1q—1
| 0D lle BV (R[] Ak, (6)
l=q k=1

consequently using the Lipschitz property

n
t=q
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n—1 S q—1
+Kh Yy TS Bl + D llecsl])
=1 k=1

t=q—1

for the error of the internal stages (2), we have

7—1 q—1
i 1 1
1Eull < [l E([[eel| + 1 S AL (RD)| AN+ h S NUS (D) || ANe_|
j=1 k=1

qg—1
2 2
+h22||A< (WD)ANG; + 12 ST (WD) 25—k ll + 11Daill,

k=1
q—1
llewll < Klleel| + KR [lec kH+KZHD£J !+HZ (n=toquy),
k=1 j=1 l=q
q—1 q—1
1Bl < Klleell + KhY_[legjll + Kh Y [lee—ll + 1 Dell,
k=1 k=1
and therefore the estimate (6) follows:
n—1 s
llen|l < Klleg- 1H+Khzt —to)llllecl| + KR YD (tn —t)l|Daill
£=0 l=q i=1
n
1 eltnmtokqgy), (7)

l=q

The constant K >0 in particular depends on T, but is independent of A.

3. Evaluating the ¢, Function

The exponential integrators use the exponential and related functions; the most
common related functions used in exponential integrators are the so called 1,
function defined below. For integers ¢ > 0 we define ¢, as

/-1

1
_ (-z)z T
w(z)_/o e ! (8)

Yo(z) =€* (z=hL).



CONVERGENCE AND STABILITY ANALYSIS OF... 301

Consequently, the recurrence relation

Yz =+ (e, 2, £20 0

is valid. We are going to use the Pade approximant to evaluate the 1, function.
The general form of the (d, d)-Pade approximant of vy is

Ny(=)
Di(=)

Pu(z) = +0(2*), (10)

where the unique polynomials N, f andDﬁ are defined as

o N R eV
MO = e 2 i -
and
d
DY(=) 2d+€ Z 2d+€_2 =2 (11)
=0

When ¢ = 0, these reduce to the diagonal Pade approximations of the exponen-
tial function.

4. Stability Analysis

4.1. Stabilities of order two step two
and stage order one (221) Scheme

We recall order two step two and stage order one (221) Scheme

Yn+1 = €y, + hBi(RL)N (Yn1) + hBa(hL)N (Yy2) (12)
with Ynl = UYn
Yoo = @My + hAQ (WL)N (yn) + B2AD N (). (13)

The first characteristic polynomial is given by

Ynt1 =€y =0 (hL = 2).
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Dividing through by y,,, we get

Ynt1 € Yn —0,

Yn Yn

r—e” =0. (14)

The stability graph is shown below.

) D5 00 05 10 15 20

Figure 1: (EEGLM 221) The stability graph of order two step two
and stage order one (221) Scheme

The graph shoes that the method is zero stable since the first characteristic
polynomial lies in a unit circle.

4.2. Interval of stability of order two step two and
stage order one (221) Scheme

To determine the interval of stability of order two step two and stage order one
(221) Scheme, we write

Ynt1 = €"Pyn + hBU(hL) f (Ya1) + hB2(hL) f(Yn2),
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Ynl = Yn-
The internal stage two is defined through
Yio = ¢y, + hAY (RD) f(y) + h*AG) (RL) ' (yn)

using the root locus method
/

y' = qy(x)
Ynt1 = "y + 211 — Pa)yn + 2002(Vo)

Yoo = "y, + 245y + 22 A5y,
The above equation can be simplify as:

Yn2 ( hL + ZA( ) 4 22A21(2))yn
Inserting the above values of Y, into the numerical solution above we have

2
Y1 = €y + 2(01 — o)y + 200" + 24N + 2240 )y,

Simplifying the above equation yields

Uni1 = (€' + 2(1 — a) + 22 (e + 2AN + 2240 )y, (15)

M(z) = e* + 2By + zBoe” + z2A511)Bg + Z3A(221)BQ. (16)

Equation (16) is called the stability matrix:

A0 0 0
Det(\I — M(z)) = |Det -
etM — M(2)) [ ey ) (0 Sipal? 0)
0 0 0 0
0 z3b2a§11) 0 0 z2b2a§11) 0
—Zb1 — %Zbg - %]
—99)\ —99)\ 99 H o 99
= 5~ TN = 2heh - wg—ﬂﬁ-%2;> m03b@f—z%wl
2, 99A H —99A 2
_24526‘%1)51 T 1007 Zbya gl) T 100 4b% gl) (17)



304 U. Osisiogu, F.E.-O. Bazuaye

Using the Pade approximant giving in (11) and inserting into (17) where
appropriate, we have

49252792%  4930304480z% 99\ 99102\

100000000 100000000 50 50000

Solving for A\ gives

+ A2

= 1010z — V1 1
A1 = S50 (990000 + 9910102 V101/(98010000000
+ 196219980000z + 98210082002 + 49252797000 + z° + 493030448002%)),

= 000000 101 1 1
A2 = T500000 (990000 + 991010z + V10+/(98010000000
+ 1962199800002 + 982100820022 + 49252797000 + 2* + 4930304480021)).

The stability graph of order two step two and stage order one (221) Scheme
using MATHEMATICA is shown in Figure 2.

4.3. Stabilities of order three step two and
stage order two (322) Scheme

We recall order three step two and stage order two (322) Scheme given by
Yn+1 =" Yn+hB1(RL)N (Yn1) +hBa(hL)N (Vo) +hViN (1) (18)
with Y1 =y,
Yoo = ey, + hAS) (RL)N(y,)
+ U3 (RE)N (yn) + BEAG) N (y) + WOV N (y-1). (19)
Again the first characteristic polynomial is given by

Ynt1 =€y =0 (hL = 2).

Dividing through by v,
Ynt1 “Yn —0
Yn Yn ’

r—e* =0. (20)

The stability graph of order three step two and stage order two (322) Scheme
is shown in Figure 3.
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Figure 2: From the graph the interval of stability lies between -1.5
and 2.0.

4.4. Interval of stability of order three step two and stage order two
methods

To determine the interval of stability of order three step two and stage order
two (322) Scheme, we write

Yni1=€"Ly,+hBy(RL)N (Y1) +hBo(hL)N (Yy2)+hViN (1) (21)

with Y1 =y,
Yoo = ecghLyn + hAg) (hL)N(yn)

+hUSY (RL)N (yo—1) + h2AS) N (y) + RO U N (y,1). (22)
The stability matrix is

M(z) = e* + 2B + zBse” + Z2BQAg11) + Z3BQA§21)
+ 22 BoUY + 2D BoU) + =i, (23)
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Figure 3: (SEEGLM 322) The graph shows by MATHEMATICA
that order three step two and stage order two (322) Scheme is zero
stable as the first characteristics polynomial lies in a unit circle.

A0 0 0
Det(\I — M(z)) = |Det -
6( (Z)) [ € <0 )\) <0 Z3b2a221) 0>
0 0 0 0
0 BhUld o 0 22byal) 0
0 0
0 220U 0

0 0 99 99
_ <0 ZQbZUéi) O) — Zb1 — ZV1 — mZbQ ~ 100
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= —992 + A2 —2)\zb; — %Zbg — %z%ga%) — %nggagﬁ) — z3b2a§11)b1
99 99 99 99
— z4b2a§21)b1 — WZQ b%agll) — ﬁz4b§a§21) — ﬁz%gu%) — ﬁz:gbgug) — z4b2u§21)b1
a %Z‘%gug) — 2z v — zga%)bzm - 246‘%21)52111 - z3u§11)b2v1

- z4u(221)b2v1. (24)
Inserting the values of the coefficients we have

—410958692122  519907216550672%  149288158442792%

2500000000 25000000000 500000000000
99X 1634732\
-0 TR 2 (2
50~ soooo0 0 (%)

Solving equation (25) we have

A1 (3300000 + 54410z

~ 10000000
—v/21/(544500000 + 179820300z -+ 92808788342
+1155349370 4 16587573162%)),

A2 3300000 + 54410z 4 v/24/ (544500000 + 179820300z

= 10000000
+ 928087883422 + 1155349370 + 16587573162%)).

The graph is shown in Figure 4.

5. Numerical Experiments

We consider a negative exponential

y'=-y, y(0)=1
with theoretical solution given as
Yy — et
Our scheme is convergent. If we were to continue to reduce the steplength,
then the point ¢,, at which the numerical solution differs from the theoretical
by a given amount (fraction) would keep moving to the right. In the limit as
h — 0, as n — oo the numerical solution would converge to the theoretical
solution but for any fixed positive h, no matter how small, the absolute value
of the numerical solution tends to infinity as n tends to infinity.
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Figure 4: (SEEGLM) The stability graph for order three step two
and stage order two (322) Scheme using MATHEMATICA indicates
that the stability lies in (0.5 2.3).

6. Conclusion

This paper has investigated the stability analysis of Extended Exponential Gen-
eral Linear Methods. Our investigations reveal that our methods are zero stable
with parasitic roots lie on a unit disc. Our scheme is convergent. If we were
to continue to reduce the steplength, then the point ¢,, at which the numerical
solution differs from the theoretical by a given amount (fraction) would keep
moving to the right. In the limit as h — 0, as n — oo the numerical solution
would converge to the theoretical solution but for any fixed positive h, no mat-
ter how small, the absolute value of the numerical solution tends to infinity as
n tends to infinity.
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Number of iterations

h=0.01 (error)

h=0.02 (error)

h=0.03 (error)

1

2.27503 x10-08

8.357503 x10-07

7.451126 x10-06

4.50463 x10-08

1.6548666 x10-06

5.627241 x10-05

6.71561 x10-08

2.4585499 x10-06

3.421479 x10-05

8.91526 x10-08

3.2451526 x10-06

4.624177 x10-05

1.105016 x10-07

4.0155016 x10-06

4.723760 x10-05

1.305845 x10-07

4.7705845 x10-06

2.463071 x10-05

1.50907 x10-07

5.510907 x10-06

2.257107 x10-05

1.703874 x10-07

6.234387 x10-06

3.724172 x10-05

| 0| 2 | wi|ae| | 2o

1.902722 x10-07

7.085241 x10-06

3.864216 x10-05
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