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The numerical solution of
linear time-varying DAEs
with index 2 by IRK methods
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ABSTRACT. Differential-algebraic equations (DAEs) with a higher index can be
approximated by implicit Runge-Kutta methods (IRK). Until now,,a number
of initial value problems have been approximated by Runge-Kutta methods,
but all these problems have a special semi-explicit or Hessenberg form. In the
present paper we consider IRK methods applied to general linear time-varying
(nonautonomous) DAEs tractable with index 2.

For some stiffly accurate IRK formulas we show that the order of accuracy in
the differential component is the same nonstiff order, if the DAE has constant
nullspace. We prove that IRK methods cannot be feasible or become exponen-
tially unstable when applied to linear DAEs with variable nullspace. In order to
overcome these difficulties we propose a new approach for this case. Feasibility,
weak instability and convergence are proved. Order results are given in terms
of the Butcher identities.
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1. Introduction

In this paper we consider linear differential algebraic equations (DAEs) of the

form
A(t)z'(t) + B(t)z(t) = q(t). (1.1 a)

We assume that the coefficients A, B in (1.1 a) are continuous matrix functions
A,B : [to,T] — L(R™) and the matrix A(¢) has a smooth nullspace N(t)
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for t € [to,T], i.e., there are continuously differentiable projection functions
Q, P : [to, T] — L(R™) so that Q(t) is a projection onto the nullspace N(t)
and P(t) = I — Q(t). Note that a smooth nullspace N(t) has always constant
dimension on [tg,T] and A(t) has constant rank. Such equations arise in a
variety of applications,-e.g., electrical network theory, dynamical systems sub-
jects to constraints, optimal control of lumped-parameter systems and reduced
equations in singulary perturbed systems.

In the present paper, we are interested in index 2 equations (more precisely,
DAEs being tractable with index 2). Besides the BDF implicit Runge-Kutta
methods are popular for approximating initial value problems in DAEs. Since
higher index DAEs are known to be ill-posed, some kind of instability should
be expected. Nevertheless, some IRK methods are reported to be adequate for
some special types of higher index equations. Especially, the so-called Hessen-
berg systems are well investigated ([1], [4], [9]). We will generalize these results
to the general linear DAE (1.1 a). In order to overcome the inherent difficulties
when the nullspace of A varies we introduce a new approach for IRK methods
using the projection ). Doing so we can show that these methods share all
properties which have IRK methods when applied to Hessenberg systems even
for general DAEs (1.1 a).

Following the idea of MARZ [10] we use the matrix functions

G, = A+ BQ,
A1 = Gl = APIQ,
Gy, = A1+ BPQl,
as well as the subspaces

N(t) = ker(A()),

S(t) := {ze€eR™ : B(t)z €im(A(t))},

Ni(t) := ker(Ai(t)),

S1(t) = {z €R™ : B(t)P(t)z € im(A;(t))}.

Here, t € [to,T] and @Q,(t) denotes a projection onto Ni(t); further P;(t) :=
I[—Q1(t). The subspaces N, S, N1 and S are called the canonical the subspaces
of the DAE (1.1 a) (see Lemma A.1).

Definition 1.1 (MARZ [11]) The DAE (1.1 a) is called transferable if G;(t)
is nonsingular for every t € [to,T). The DAE (1.1 a) is called tractable with
index 2 if G1(t) is singular, but G»(t) is nonsingular for every t € [to, T).

Note that G(t) is nonsingular iff so is A;(¢). Transferable DAEs are well
understood and suitably modified numerical ODE methods work well for them.
We refer to [1], [3] for this case. Nontransferable DAEs are essentially more
complex. Tractability with index 2 characterizes an important class of non-
transferable DAEs. Maybe the most important qualitative difference between
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transferable and nontransferable DAEs is that the first class of problems re-
main well-posed in the HADAMARD sense, whereas initial and boundary value
nontransferable problems are ill-posed in the sense of TiIKHONoV. This fact
has to be taken into account for the numerical treatment.

The formulation of appropriate initial conditions for index 2 tractable DAEs
depends on the DAE itself. The index 2 tractable DAE (1.1) subject to the
condition

P(to)P1(to)z(to) = b (1.1b)

represent an initial value problem (IVP) with consistent initial values.

According to the originally conceived method for the numerical solution of
ordinary differential equations (KuTTa, 1901), an IRK method can be realized
for the DAE (1.1 a) in the following way: from an approximation z,_; of
the solution of the IVP (1.1) at ¢,_;, these one-step methods construct an
approximation z, at t, = t,_, + h via the formulas

znzzn_1+h2ij]{, (1.2 a)
Jj=1

where X/ is defined by
A(tnj)X; + B(tnj)X; = q(tnj) (1.2 b)

with t,; :=1,_1 4+ c;h and internal stages X; given by

Xj=zn1+hY apX{, i=1,2,...,s. (1.2 ¢)

=1
Here aji, b;, c; are the coefficients determined by the method, and s is
the number of stages. Usually, the matrix A = (aji);,;-, and the vectors
b= (by,bs,... b)), c=(c1,cq,...,cs)T are combined in the so-called Butcher

Diagram [2] or Runge-Kutta scheme

c | A

bT

The paper is organized as follows. In Section 2 we give conditions which
ensure the feasibility of IRK methods. These conditions depend not only on
the method, but essentially on the behaviour of the nullspace N(t). This is
similar to what is known for the BDF [13]. In Section 3 we consider the case of
a constant nullspace N(t) = N. We show the weak instability and give order
results in terms of the Butcher identities. In Section 4 we show that similar
results are not true if the nullspace is variable. Therefore, for this case, we
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introduce a new approximation which makes use of the projection Q. In Sec-
tion 5 we show that these new approximations have the same properties as the
original IRK methods in the constant nullspace case. Section 6 contains some
numerical examples.

Assumption: [In the following, @Q1(1) denotes the canonical projection onto
Ni(t) along S,(t) and for any matriz function M(t) is
Dy = diag (M(tn1), ... , M(tns)).

Moreover, we assume that all matrix functions and projections are sufficiently
smooth.

2. Existence and uniqueness of the Runge-Kutta solution

First we study the existence and uniqueness of a Runge-Kutta solution, i.e.,
we try to answer the question: when does the system (1.2 b) have a unique
solution X; (or X]’) forj=1,2,...,s7

Suppose that the Runge-Kutta matrix A is nonsingular. Then, the IRK
method (1.2) is equivalent to

Tp = PpTn—_1 + ZZbﬁj,X,, (2.1 a.)

j=11=1

Altnj) Y @1(X1 = Tno1) + hB(tn;)X; = h(tnj), §=1,2,...,s, (2.1b)
=1

where A™! = (@;1)$,-, and p:=1— 3 3" b;a;; ([6], [8]).

i=lj=1
We now consider the IRK method defined by (2.1). Let us introduce some
notation.

Dy = diag(A(tn1),... ,A(tns)), Dp = diag(B(tn1),--.,A(tns)),
Dq = diag(q(tn1), ... ,q(tns)), 1, = (1,...,1)T € R",
X =x7,x7I,...,X0)T er™,
Now, system (2.1 b) can be written in the following form
[Da(A™" ® Im) + hDp]X = hDgl, + Da(A™'1, @ zn_1). (2.2)

The IRK method (2.1) is feasible if the matrix M := D4(A~'® I,,) + hDp
is nonsingular. Unfortunately, simple examples show that M is not always so.
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Example 2.1. Consider

0 0 0 t et 0
At)=| t e* 0|, Bit)=| 0 0 8 :
0 0 ¢t 0 0 t+1

The related DAE is transferable with index 2 for ¢ € (0, 00) and

0 —e7'/t 0
Q=] 0 1 0
0 0 0

is a projector onto N(t) = ker (A(t)). A generic 1-stage IRK method yields

ht he~t 0
M=A(i)a'@I3)+hB(t)=| a” 't ale! 3h .
0 0 a~'t+ht+h
Obviously, this matrix is singular for all ¢,h € (0,00) and all a € R\ {0}. O

The following theorem provides a necessary and sufficient condition for the
existence of M~1. We present here a detailed proof which makes frequent use
of the statements of Lemma A.2. For a more detailed proof we refer the reader

to [7], [8].

Theorem 2.1 Suppose that the IVP (1.1) is tractable with index 2 and
moreover, that A and I, — EDgq, p' are nonsingular for all t € [to, T], where
Q1(t) denotes the canonical projection onto Ny(t) along Sy(t). Then the system
(2.2) is uniquely solvable for sufficiently small h. Here

E:=In, +[(COA™)® In], C = (cj1)} =1 € L(R*), cji = ¢j — 1, and
CoA = (¢j1@;1); 1=1 € L(R*) is the Hadamard produc: of matrices.

Proof. First we decouple (2.2) in the PP;—, PQ;— and Q-components, using the
projection matrices defined in Section 1, and Lemma A.2. Finally, we calculate

ML
System (2.2) is equivalent to

[DAP(-A_I ® Im) =+ hDAQ + DBQP(.A_l ® Im) + hDBQ + hDBp]Y
= thl, + DA(.A_IIS ®@ xn—l)-

Using Gy, A1 and G; (see Section 1) we can write this equation as:

[(Da, + DPq,)(Dp,p(A™" ® I;)+hDp,q+hDq,)+hDapiq + hDgpp,| X
=hDgl, + Da(A™'1, @ Tp_1).
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Since (1.1) is tractable with index 2, there exists G5! = (A1 + BPQ;)™!.
Hence, after multiplying the latter equation by G’;l we obtain:

[Dp,p(A™'® In) +hDp, PP’Q+hDP1Q+hDQl+hDG;‘AP’Q+hDG;‘BPPI]Y
= hDG;Iq]l, + DG;-lA(.A_-l ® Im)(]l, ® xn—l)-
. ; 1 1
We multiply the latter equation by Dpp,, EDQP‘ and ZDQ‘ and use Lemma
A.2 together with the following identities:

Dq,@ =0, Dq, =Dg,g-1gp» Dppp=Dpp,, Dppqg=0,
Dqr,q = Do, Dqrp=—-Dqq,, Dqg,g:1a=0,

Note that most of these relations are evident. For a detailed proof we refer the
reader to [8]. See also Lemma A.1.

Thus, we obtain the system
(A '®I,) + hDpp g-1p + Rpp,)Dpp, X
+ Rpp,Dpg, X + (hDpp,p' + Rpp,) Do X (2.3 a)
= hDPPIG;’ql’ + Dpp, (A7 ® L)) (1, @ 2p—1),
D, X = Dg,:1q1s, (2.3 b)

— 1, . _ -
Dop,c;ippp X — (A '® In) D@, X + (Ims — Dqq,p')DoX

1 B 1 -
= DQPIG;lql, = EDQQI(A 1'® L)1 ® zp—1) + FRQQ'X’ (2.3 ¢)

where
Rpp, = h[((COA™") ® In)D(pp,y + O(h)],
%RQQlY = (C®A™Y)® ) Dgq,y + O(R)X
= (€0 A™Y) ® Im) D(',+0q;) ((DpP, + Dpq, + Do + O(h)) X.

Inserting (2.3 a) and (2.3 b) into the last equation and using the relations
Q'Q1PP, =0 and Q,Q = 0 we obtain

1 - — —
+Rea. X =V + (C® A7) ® In) Dgqo X + O(h|IX])), (2.4)
where
V=((CoA™)® In)Dqq; [A(A® In)Dpp, g-141s

+ (A® Im)Dpp, (A7 ® I,)(1, ® zn—1))
+ (€A™ ®Im)Dqq,ypg,651qls -
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We insert (2.4) into (2.3 c¢). The equation obtained together with (2.3 a-b) can
be written

[ DMYI [ O(h) O(h) —hS+O(h?) } [ Dpp, X }
F DQIY =J+ 0 0 0 DPQIY , (2.5)

DX o o(h)  O(h) DoX
where
i Ims 0 0
£ 0 e 0
| Doric;i —E(A_l ® Im)Dg D
( B(A® Im)Dpp g=1g1s + (A® In)Dpp, (A7 @ I )(1s ® Tn-1)
J = ] Dg,c51q1s ;
\ Dop,g;1qls = 7D@@i (A7 © In)(Ls @ 2n—1) +V

S=[(A®In)+(ACOA)® In]|D(pp,yq-
Note that in (2.5) the identity QQ|Q = QQ1QQ = QQ1P’Q has been used.

The matrix F is nonsingular iff D is nonsingular and in this case we can
compute F~!:

Ims O O
£ 0 Jom 0

- 1
~D™'Dgp,-1p ED“(A‘I ® In)Dg D!

Hence, from (2.5) we have

Dpp, X Imé 0 0
Dpo,X |=| 0 Dp 0
DoX 0 0 Iy,
O(h) O(h) O(h) Dpp, X
+ l: 0 0 0 ] [ DPQ17 ] .
O(h) O(h) O(h) DoX (2.6)

Using Banach’s lemma we can solve system (2.6) for sufficiently small k. Then

we use the identity X = Dppl-)? + Dpg, X + DQ_/\-’- to construct the unique
solution of (2.2). O

Fig

Remarks
o If the nullspace N(t) of A(t) is constant, the IRK method is always
feasible, for h sufficiently small, because in this case P’ = 0, i.e., The-
orem 2.1 ensures the feasibility of IRK methods applied to DAEs with
index 2 and constant nullspace. This makes this theorem very valuable
because many important classes of DAEs have constant nullspace, e.g.,
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systems in Hessenberg or semi-explicit form. Note that for all these
general DAEs, A(t) has the form

an={4 1)

so that P = A and trivially P’ = 0.

e It is clear that before we try to solve numerically a DAE with index
2 we must check the nullspace N(t). If N(t) is variable, we have little
hope that the method remain convergent (see next Section). In this
case we advise to approximate the DAE using additional strategies:
e.g., regularization methods [5], or the modified method proposed in
Section 5.

e For 1-stage IRK methods it holds that I, — EDgq,p' = I;m — QQ1 P,
because in this case C = 0. Hence, to verify the solvability of the
system (2.2) it is sufficient to check the nonsingularity of the matrix
Im — Q@1 P’. In example 2.1,

1 e/t 0
I3i-QQP =1 0 0 0
0 0 1

1s always singular.

e In [11] it has been proved that BDF methods for the numerical solution
of (1.1) are feasible if the matrix I, — Q@ P’ is nonsingular and h is
sufficiently small. For IRK methods with s-stages, s > 2, the feasibility
of the method depends on the method and the IVP.

e Summarizing, the statements of Theorem 2.1 present an important tool
for practical numerical applications as well as for investigations about
stability and convergence.

Example 2.2. Let

A(t):(? ;) B(t):<(1) 1’fn>

with 7 € R. The related DAE is transferable with index 2

Q(t):(g _{’t), AM:(? 1£nt>

g ={ ' FOEW Y,

It is known that the backward Euler method is not feasible if n = 1 (see [11]).
If we instead apply the 2-stage Lobatto IIIC-formula [2] to this DAE, we have

and
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L[ 11 [0 -1
ao=(a1) ()

1 0 -1 0
0 1 0 -1
e -1 0 1 0
0 -1 0 1
1 —Uztm 0 letnz
1 0 1479 O -7
Ins =EDqauP = | o 1240 1 —pltns
0 - 0 1+4n
This latter matrix is singular iff 5 = —%. Moreover,
h hntaq 0 0
M= 1 77tnl 2 h(l + 77) 1 ntnl
- 0 0 h h.T[tnz
-1 —Ntn2 1 ntpa+h(1+47)

and M is singular iff n = —%. a
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Now we will study the stability and convergence of the IRK method (1.2).
To that end we consider two cases: constant nullspace and variable nullspace.

3. Stability and convergence for the
constant nullspace case

JRK methods become unstable when they are applied to DAEs with index
9. This fact is well-known in the simple case of linear DAEs with constant
coefficients and constant stepsize. We refer to [1], [8] for this case. For linear
DAEs with variable coefficients but constant nullspace N(t) some terms of the
system (2.3) are lost, because P’ = 0. Solving this system with respect to
Dpplj(_, DPQIY and DQ—X_, we obtain

DPP,Y

= h((A® In) + O(h) Dpp =141 — h [(A(c@A—l) @ In) Dpp

B

O(h)] DPQIG;lqn-‘ + (DPP1 + O(h))DP(]lx @ xn—-l)a

=D 1,

PQ.G;'q

+

-+

(3.1a)
(3.1b)

1, _
[E(A ' ® Im)Dqq, + Dap, + ((€© A™') @ I,) Daq; Pa,

1
O()] Dgz1g1s + (A7 @ In)Darp = Dapazimpr, (3:10)

((C® A1) ® Im) Daq: (Dpp, — Ims) + O(h)] Dp(1, ® 2n1).
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Clearly, the nontrivial term 1/h(A~'®Im)Dgp,p in (3.1 ) grows unboundedly
if h tends to zero, i.e., the method remains unstable. Nevertheless we can prove
convergence. To make this fact more transparent, we show that in the constant
nullspace case the instability is weak and it refers only to the @Q-component.
To that purpose we consider, in addition to the vectors z,, obtained from the
formulas (2.1), the &, resulting from the perturbed systems

Ty = pTp-1+ Z Zbﬁ,-,f(, + héﬂ,,.'.l, (3.2 a)
j=11=1
1 ~. o - ~ ,
EA(t”j)Eaﬂ(XI — Zpo1) + B(tnj)Xj = q(tnj) +6nj; 3=1,2,...,s.
=1 (32 b)

Assume ||6;;]| < é foralli =0,1,...,n,j= 1,2,...,s+ 1.
Analogously to (2.2), we can write the system (3.2 b) in the following form

MX = hDgys,)1s + Da(A™'1, @ 20-1),

where X = (X;P,ng, . ,X;F)T.
According to theorem 2.1, M is nonsingular for sufficiently small h, i.e., the
system (3.2 b) is uniquely solvable.

Let us introduce some new notations:

Azy = & — zx, APz := P(Zk — zr), APPixy = PPl(tk)(ik - k),
APQizr := PQi(tk)(Zk — k), AQzr = Q(Zk — Tk),

APP]X]' = P~P1(tnj)(Xj - Xj), APQIX]' = PQl(tnj)(Xj — Xj),
AQX; = Q(X; — X;) € R™,

AX =X-XeR™ fork=n—1,nj=12,...,s.

For the difference AX we obtain (see 3.1):

Dpp, AX=h((A® I;n) + O(h)) Dpp =15, 1 = h [(A(c ©A™") ® I,) Dpp;

+0(h)] Dpg.=ts,1s + (Dpp, + O(h) Dp(1, ® Aznor), (3.3 2)
Dp@,AX=Dpq,g=1s, 14, (3.3 b)

- 1, _
DoAX = [E(A '® Im)Dqq, + Dap, + ((C®A™") ® I;m) Doq; pq,
1, _
+O(h)| Dg15, 1, + [Z(A '@ I;)Dar,p — Dop,g=18pp, (3:3¢)

+((C©A™Y) ® In) Dgqr (Dpp, — Ims) + O(h)] Dp(1, ® Azn_y).
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Using Taylor’s expansion about t,_;, and equating like powers of h, it is easy
to see that the differences AX;, j =1,2,...,s, satisfy:

|APPX;|| < |APPizn_1|| + hC(||APzn_1|| + 6), (3.4 a)

IAPQ:1X;|| < C§, (3.4 b)
5

18QX;| < = (IAPQizn-1[l + Al APza-1[| +6), (34¢)

with C a constant.

These estimates reflect the influence of pertubations on the solutions of
(2.1 b). To prove the main results of this seccion we will need the following
lemma. For the proof we refer to [4], [8].

Lemma 3.1. Suppose that the two sequences of positive numbers (yn), (2n)
satisfy

Yn < Yn-1+ hC(Yn-1 + 2n-1 + D1),

D
2y < |P|Zn—1 + hC(yn—l +2p-1 + Tz)

Then we have, for hn < Cy,

Yn < C1(yo + hyo + hzo + D1 + D3), if|p| <1,
2, < Cy(hyo + (lp|" + h)20 + hDy + D), if|p| <1,

D ’
ZnSC1<hy0+(1+h)Zo+hD1+Tz), lflplzl

Here C, Cy, C1, D1, D, are positive constants.

Theorem 3.1 Suppose the assumptions of Theorem 2.1 are satisfied and fur-
thermore, P’ = 0. If the coefficients of the IRK method (2.1) satisfy the relation
lp| = pTA~11, — 1| < 1, then the IRK method (2.1) applied to the DAE (1.1)
is weakly unstable. This weak instability refers to the Q-component of the
numerical solution. The P-component is stable.

Proof. Subtracting (2.1a) from (3.2 a), we obtain
Az, = pAzn_1+ (BTA™ ® I)AX + hbn st (3.5)

Multiplying this equation by PP, P(t,) = PPi(tn), PQ1P(t,) = PQ1(tn) and
Q and using Taylor’s expansion about t,_; on the right-hand side of the so
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obtained equations, we have
APPz, =pAPPyz,_1 + hp(PPl'(t,._l)O(h))AP:c,,_l
+ (bT A" @ In) Dpp, AX + h((bT A" @ I;m) Dypp;
+ O(h)) DpAX + hPPy(tn)bn 541, (3.6 a)

APlen :pAPlen—l + hp(PQ/](tn-l) + O(h))API‘n_l
+ (bT.A_l ® [m)DleAY
+ h((6TA™1 @ In) Dypqr + O(h)) DpAX
+ hPQl(tn)én,s+ly (36 b)
AQz, =pAQz,_1 + (BTA™ @ I,)DAX + hQbp 441,
(3.6 ¢c)
where YN (t,;) = (1 — ¢j)N(tn;) for any matrix function N.

Inserting (3.3 a) and (3.3 b) into (3.6 a) and (3.6 b) and using Taylor’s
expansion about t,,_; on the right-hand side of the so obtained equations, we
get

IAPP 2| < ||pAPPiza—y + (BT A7 ® I;m)(1, @ APPizn_1)|
+hC{V([|APza-1|| +6)
= (1= bTA™ ) APPizy_y + VT AT L, APPiz, ||
+hC{V(||APza1 | + 6)
= |APP 1| + hRC(||APzn_y]| + 6). (3.7 a)
HAPQiza|| < 1o |APQ1zn-1] + [|[(BT A7 @ Im) Dpg, 615, Ls|
+hC{ (| A P2 —1|| + 6)

)
<|p||APQ1Zn-1]| + hC(n)(”AP:pn_IH + .}:),
(3.7 b)

where C(™) and Cg") are constants.

Applying lemma 3.1 to the recursions (3.7 a-b) with || AP Pyzx||, [|APQ1zk]|,
0, max}_, C®) instead of yi, zx, Dj, C, respectively, k =n—1,n,j = 1,2, we
obtain:
If |p| <1, then

If |p| < 1, then
|APQ1za|| < C1 (RUAPPizo|| + (1o |" + W)||APQ1zo|| +6). (3.8 D)
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If |[p| =1, then
)
18PQuznll < €1 (WIAPPrzoll +(1+ WISPQuzill+ £ ). (35

With Zo — 2o := 60,441, We arrive at
|APz,|| < [[APPiza|| + |APQ1zn|| < C6, (3.9) -

where C is constant and |p| < 1.

Now we consider the Q-component. Inserting (3.3 ¢) into (3.6 ¢) and us-
ing Taylor’s expansion about t,_; on the right-hand side of the so obtained
equation, we have

1AQzA| < || [|AQ2A- g+ & (IIAPan 1l + Bl APzn_1|} + 6).

Inserting (3.9) into this equation, we get

C
18Qzall < [P NIAQz- | + =78

G = @

n 2 1

<lpl" [|AQ=o|| + T 6 E el' < ;5 (3.10)
=0

with C constant. I.e., the IRK method is weak unstable on the Q-component.
a

Remarks

e If |[p| = 1, then the P-component is also unstable because in this case
we can only obtain an estimate of the form

C
Furthermore, for the @Q-component we obtain the estimate

1AQz.]| < 12Qoll + 5 (hllAPPla:oll +[|APQzol| + )

e A very important class of IRK methods, the superconvergent sym-
metric methods, may exhibit severe order reduction when applied to
DAEs with index 2. For example, the so-called Gauss-Legendre meth-
ods, which have order 2s for nonstiff ODEs, exhibit very bad results in
numerical experiments. These methods yield p = (—1)°.
Now we study the convergence properties of the IRK method (2.1). We de-
rive necessary and sufficient conditions for the local error of an IRK method
when applied to the DAE (1.1). Then we study error propagation and derive
estimates for the global error. Before we can state the main result of this
subsection, we need some definitions.
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Definition 3.1.
e The local error d,, of the method (2.1) is given by

s s
dp = pzta_r) + Y _ b D @G Xi — a(tn).
j=1 =1
Here X; is obtained from (2.1 b) with z,_1 = z(tn-1).
e The j-th internal local truncation error 6](-") at t, of an s-stage IRK
method (2.1) is given by

6§") = z(th-1) + hzajlzl(tnl) — z(tnj), (3.11 a)
=1

57, = o(tn-1) +h Y b (tn) — (tn). (3.11 b)
=1

o The algebraic conditions B(p) and C(q) (Butcher identities) of an s-
stage IRK method are given by
B(p) : ;bicf_l = %, fork=1,2,... ,p,
s c'k
C(g) jzla,] ;‘ 1 - 7’, fork=1,2,... ,q and all 1.
e The internal stage order Ky of an s-stage IRK method is given by
Kr = max{k : B(k) and C(k)}.
The numerical solution by the IRK method (2.1) satisfies (3.2 b) where 6,;,
J=1,2,...,s, represent errors in the solution of the system (2.1 b). The true
solution z(t) of (1.1) satisfies

z(tn) = pz(tn-1) + Zzbﬁjl(z(tm) + 6,(")) 65'_;,1 (3.12 a)
Ji=1ll=1

s

%A(t,,j)Zaj,(z(t,,,) — 2(tn1) + 6) + Bltn;)2(tn) = altn;). (312 b)
=1

where 6](."), Jj=1,2,... s+ 1, are the internal local truncation errors at t,,.
Subtracting (3.12) from (3.2), we obtain
en = pen—1+ (TA™1 ® I,)(E — ™) + 67, (3.13 a)

A(tn, }:a,,E,+B(t,,,)E = A(th)Eaﬂ(é ™ teny), j=1,2,.
1=1 (3 13 b)
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where
er =z —z(ty), k=n—-1,n, Ej ::Xj—:c(t,,]) gi=152;. s, E=

(BT, Ef,... . ET)T €R™, §) = (&), ()T ,... . (67)7)" e R™,
en-1=(el_,,e LTI el )T € R™ and 5,,:(63:1,(5,71’2,..., m)T R™*,

According to theorem 2.1, for sufficiently small h, and P’ = 0 the system
(3.13 b) is uniquely solvable and the solution E satisfies (see 3.1)

Dpp,E =(Dpp, + O(h)) Dp (60 + &n-1) + O(hl8nl]), (3.14 a)
_:DPQIG;”S"’ (3.14 b)

&

Dpq,
— 1
DQE = E(A—l ® Im)DQPlP + ((C ® .A_l) ® Im)DQQ’l(DPPl - Ims)

“(n _ 1 _
— Dopia;ierp, t O(h)] Dp (8™ +&n_1) + O<E||6n||).
(3.14 ¢)

Multiplying (3.13 a) by PPi(t,), PQi(t,) and Q and using Taylor’s expansion
about t,,_; on the right-hand side of the equations, we obtain
PPien =pPPien_1 + hp(PP{(ta-1) + O(h)) Pen—1
(bTA™' ® I,,)Dpp, (E — 6™))
+h [((bTA-l ® In) Dy pp; + O(h))| Dp(E - ™)
+ PPy(tn)8), (3.15 a)
PQien =pPQien—1 + hp(PQ}(ta-1) + O(h)) Pen_1
+ (A7 ® 1) Dpq,E + h[ (b7 A7 @ In) Dy pq; + o(h)| DrE
— PQi(tn)[(BT A ® [,)6( — 617, (3.15 b)
Qen =pQen—1 + (BTA' @ In) Do(E — 6™) + Q6L (3.15 ¢)

where PPyey := PPi(tx)er, PQiex := PQi(tr)ex, k = n—1,n. Inserting
(3.14) into (3.15) we thus arrive at

PPien = PPien_y + O(h(|Pen-ill+ 167l + [16al) + PPi(t) 6.3
(3.16 a)

PQien =pPQien—1 +O(hl[Pen_1| + AIIE™|| + [15.1])
- PQl(tn) [(bTA—l ® Im)s(n) - 65'-:-)1]’ (3'16 b)
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1,
Qen =pQen_1 + (VTA ' @ 1) [E(A '® Im)Dgp,p — Dqp,c; 8PP,
+((C®A™)® In) Doq,(Dpp, = Im) + O(h)] Dp(8™ + &,_1)
_ ” 1,-
— (BTA' @ I,)5™ + Q™) + O(Ellén”). (3.16 ¢)

The local error of the IRK method (2.1) is given by (3.16) for z,_; = z(tn-1),

e, en_1 =0.

Theorem 3.2. Let the assumptions of Theorem 2.1 be satisfied and further-
more assume that, P’ = 0. Suppose the IRK method satisfies the Butcher
identities B(p) and C(q) for p > q > 1 and the numerical errors in the solution
of the system (2.1 b) are é,; = O(h?T®). Then the local error satisfies:

(a) Pd, = O(h?t!), Qd, = O(h?), ifa = 1.
(b) PPi(tn)d, = O(h?*?%), forp>q+1 and o = 1.
(¢) PQi(tn)d, = O(h?*?), if @ = 2 and the coefficients of the IRK method

satisfy
bTA 11t =1
where ¢! = (I*! oIt cat)T,
(d) Pd, = O(h*?), ifa = 2, BTA-ct+1 = 1and p > g + 1.
() Qd, = O(h?t!), if a = 2 and the coefficients of the IRK method satisfy
T A 29t =g 4 1.

Proof.
(a) It follows directly from (3.16) with e,y = 0, 6(*) = O(h?+?), 651)1 =
O(ht*1), 6, = O(h?*!) and Pe,, = PPie, + PQ1éep.

(b) It follows from (3.16 a) with e,_; = 0, 6(®) = O(h?t"), 6, = O(h9*!)
and 551)1 = O(h?*?%) (because B(q + 1)).

(c) Inserting e,_1 = 0, 8(") = O(h?*!) and 6, = O(h?*?) into (3.16 b), we
obtain

PQi(tn)dn = = PQi(ta) [T A1 @ [)8™ — 60| + O(h7+).  (3.17)

For ¢ < p, the following relations

: 1
6(n) = patl [(.Acq ® 20D (t,_1)) — — 1(c‘1+1 ® l‘(”l)(tn_l))]

+ O(h*?) (3.18 a)

and

B = A (”ch - 1)“"‘“”(%-1) +O(hT2).  (318b)
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hold. This yields

(BTA™ @ I,,)6™ — () =
R (BT A © I,,) [(Ac") @z (t,_,) —

| (cq+1 ® 1'("+1)(tn—1))]

— patl <chq - M—Ll) 9D (t, 1) + O(hIt2)

hatl
(1= bT A~ et (¢, 1) + O(RIT?).

g+1

Inserting this equation in (3.17) and using 67 A=1¢?*! = 1 we obtain
PQi(tn)dn = O(hT?).

(d) Follows directly from (b) and (c).

(e) Inserting (3.18 a) into (3.16 c) and using 6(") = O(h?+!), 6.(«,41-)1 =

O(h+1), 6, = O(h?7?) and e,_, = 0 we obtain
1
Qdn = h'QP, P(t,)((bT A7 — —ﬁbTA-%q“) @ 29 V(t,_1)) + O(hTH).
q
Inserting the identity 87,4~ 2¢9*! = ¢+ 1 into this equation and using B(q) and
C(q) we arrive at
Qd, = O(h?*") . O

Theorem 3.2 gives conditions on the coefficients of an IRK method so that
it attains a given order for the local error when applied to the DAE (1.1) with
constant nullspace. The conditions 4T A=1cd*! = 1 and bTA-2c1*! = ¢ 4+ 1
have been studied in [1] when IRK methods are applied to linear constant
coefficient systems of index 1 and 2. Furthermore, in [1] BRENNAN, CAMPBELL
and PETZoLD derive conditions for the local error of an IRK method applied
to linear constant coefficient systems of arbitrary index k.

Now we use the recursions (3.16) to derive estimates for the global error.

Theorem 3.3. Let the assumptions of theorem 2.1 be satisfied and furthermore
assume that P’ = 0. Suppose the IRK method satisfies |p| < 1. For ¢ > 1,
let eg = O(h?**) be the errors in the initial conditions and é;; = O(h?*®) the
numerical errors in the solution of the system (2.1 b) at the i-th integration
step. Then the global error e, satisfies:

e ||Pe,|| < ChY, if B(q), C(q) and o = 0,
o ||Pe,|| < Ch?*1, if B(¢+ 1), C(g) and a = 1,
¢ ||Qeni| < Ch?, if B(q), C(q) and o = 1,

|Qen|| < ChIFL if B(g+1), C(q), T A~ 1ett! = 1, BT A~ 2604 = g+ 1
and a = 2.
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Proof.  From (3.16 a-b) we immediatly obtain the estimates

|PPren|l < ||PPren—i]| + RC™(||[PPien—i| + [[PQien-1]|+ D1),  (3.19 a)
1PQueall < 1o 11PQuen-ill+hC™ (1P Pren—s|+11PQuen-1]l+52) (319 b)

with C'™) constants and

O(h?), if a =0, B(g) and C(q),
= {Ogh"l‘)t ?fa=1,gf(;rjrl)azld C(q), (3.20 a)

O(h?*1), ifa =1, B(q) and C(g), (3.20 b)
O(ht*?), if a = 2, bT A=1ct*! =1, B(q) and C(q).

O(h?), if « =0, B(g) and C(q),
. {

Applying Lemma 3.1 to the recursions (3.19) we obtain
|IPPien|| < Ci(||PPieo|| + h||PPieo|| + h||PQieo|| + D1 + Ds), (3.21 a)
1PQieall < Cy (WP Preoll+ (Io]" + W)IPQieoll + kD1 +Dy). (321 b)
Now, the estimates for Pe,, follow from (3.20), (3.21) and the inequality
IPenll < [|PPieq]| + [|PQ1en]|-

In order to prove the first estimate for Qe,,, we consider (3.16 c) and (3.21 b).
This last inequality together with (3.20) yield

PQie, = O(h'*Y), if B(g), C(¢) and a = 1.

Inserting this last equation together with Pe, = O(h?), 6, = O(h?t1), 6(") =
O(h?*1) and 6{7) = O(h9*!) into (3.16 c), we obtain

Qen = pQen_1 + O(R7).

The first estimate for Qe, follows directly from this recursion. In order to
prove the second estimate for Qe,, we insert (3.20) with o = 2, B(¢+1), C(q)
and b7 A~ 1c?*! = 1 into (3.21 b). This implies

PQien = O(RI*2).

Inserting this equation together with Pe, = O(h?*1), 6, = O(ht?), 5&1)1 —
O(h%*?) and 6 = O(h?*!) into (3.16 ¢) we obtain

1 =
Qen = pQen—1 + Z(bT-A—2 ® Im)DQPleS(n) + O(h‘H-l).

Using the identity b7 4=2¢9t! = ¢ + 1 we thus arrive at
Qen = pen—1+ O(hq+l)-

The second estimate for Qe,, follows directly from this recursion. O



NUMERICAL SOLUTION OF LINEAR TIME-VARYING DAES - 61

For many important methods such as the Gauss-Legendre method, |p| = 1.
This means that the statements of theorem 3.3 are not valid for this class of
IRK. The following theorem shows how strong the order reduction is when IRK
methods with |p| = 1 are applied to linear DAEs with index 2 and constant

nullspace.

Theorem 3.4. Assume that the hypothesis of Theorem 2.1 are satisfied.
Suppose that the IRK method satisfies |p| = 1, and further assume that, for
q > 1, eg = O(h?*P) is the error in the initial condition and §;; = O(h?*?) is
the numerical error in the solution of the system (2.1 b) at the ith integration
step. Then the global error e, satisfies:
L ”Pe"” S Chq’ ”Qe”” S Chq_z: Ifa = ly ﬁ = 07
B(g) and C(q) for q > 2,
o ||Pe,|| < ChIFL ||Qen|| < Ch?7 Y ifa =2, =1,
B(g+1), C(q) and bT A 1c?*! =1,
o |Peall < ChT*1, ||Qe, || < Ch1Y, ifa =2, A= 1,
B(g+1),C(q) and p = —1.

Proof. The first and the second estimate for Pe,, and Qe, follow directly from
the theorem assumptions and by application of lemma 3.1 to the recursions
(3.20) with |p| = 1. In order to prove the last estimates, we consider equation
(3.16b), or equivalently,

PQl(tn)en = P(Im + hPQ;(tn—l))PQl(tn—l)en—l + A, + B, (322)

with
Ay = hpPQ PPy (tn-1)en—1 + O(h?||Pen_1]|)

—h [((bTA-1 ® In)Dypgr + O(h))] (Dpp, + O(h)) Dp(6™ +&,_4)

— h[((57 A7 © In) Dy pq; + O(R))| Dp8™ + PQu(ta)63) + O(hlIbl),
Bn L= - Z Z bjaijQlél(”).

j=1i=1
From the theorem assumptions we have 4,, = O(hq+2). Furthermore, recursion
(3.22) together with p = —1 yield
PQi(tn)en = (=1)"To PQ:(to)eo + » _(—1)" "I A + »_(=1)" "I B;.
i=1 i=1

where II; := H(I"‘ + hPQ\(t,—j)) for i=0,1,...,n, we, II; = O(1).

j=1
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Expanding the last term on the right-hand side of this equation in a Taylor
series, grouping the respective terms in the so obtained sums two at a time,
and then bounding the resulting sums, we obtain

PQie, = O(hTH).

Note that we bonus in this process a power of h, because the alternating signs
in the first terms of the Taylor sums allow these to be cancelled. This is possible

because p = —1.
For the PP;-component (3.21 a), B(¢+ 1), C(q), «a = =1 and |p| = 1
imply PPie, = O(h?*1).
The last estimates for PQ1e, and PPje, together with ||Pe,|| < ||PPienll+
[|PQien|| yield
[|Pen]| < ChI*+!.

The estimate for Qe,, then follows directly from (3.16 ¢). O

Lobatto IITA methods

For these methods the coefficient matrix A is singular, because in this case A
is expressible in the form
0 0
A= ( a A )

with a = (as1,a31,... ,a,1)7 € R*~1, A€ L(R*"!), A nonsingular.

The best kuown of such methods is the implicit trapezoidal method. To
implement this method for the DAE (1.1) we assume that initial values for the
derivates of all the variables are given. So we set in the first step X{, .= z}
and at the end of each step we set Xy, = X;,_; ;. Because X; = z,_1, ve need
to solve (2.1 b) only for X = (X7, XT,... , XT)T € R™(*-1) in the following
system

[Da(A™" ® Im) + hDp)X =hDgl,_1 + DA(A™" ® In) (Lot ® Zn—1)
+hDA(A™ @ In)(a ® X}).

Here and throughout this subsection we define, for a matrix N(t) € L(T""),
Dy := diag (N(tn2), N(tn3), ... , N(tns)) € L(R™(-1),

According to Theorem 2.1 this system is uniquely solvable. The main ciffer-
ence to {RK methods with nonsingular A is that now the internal stages X,
j=1,2,...,s, also depend on the Q-component of z,,_;. This fact mak=s the
study of stability and converger.ce of this class of IRK methods more compli-
cated. By means of the special DAEs (1.1) with constant matrix A we study
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here the stability and convergence properties of the method. For this case
instead of (3.7), we have the estimates

|APPizn|| < ||APPiznl
+hC™ (|APPyzn_1|| + h||AQzn 1| + ), (3.23 a)
lAPQizn|| < 6, (3:23 b)

and for the Q-component,
h|AQz.|| < Al|AQzn -1l

)
+hC™ (||APPl Znor || + Bl AQza_1|| + E)' )
(3.23 ¢)

Applying lemma 3.1 to the recursions (3.23 a) and (3.23 c) we obtain
1)
|APPz,|| < C8, hl|AQz,|| < C”;

These estimates together with (3.23 b) show that Lobatto IIIA methods, ap-
plied to the DAE (1.1) with P’ = 0, are weak unstable on the Q-component,
but stable on the P-component.

For the global error ¢, instead of (3.16), we have

|PPienll < |PPren—ill+hC™ (||[PPren-i]l + hilQen-all + D1),  (3.24 a)

IPQiea]| < C§, (3.24 b)
D
MiQeall < HlIQen-ill+hC™ (IPPiennill + hliQen ]l + 72) (3.24 c)
with
p. - [O®) ifs=2andé= O(h?),
= O(h**'), if s >3 and 6 = O(h*t!),
D, = O(h?), if s =2 and 6§ = O(h?),
2 = O(h**'), if s > 2 and 6§ = O(h**!).

Applying Lemma 3.1 to the recursions (3.24 a) and (3.24 c¢) we obtain
Ch?, if s=2and § = O(h?),
Ch*+!', if s >3 and § = O(h*+!),
lQenll < CR*™' if 6 = O(h*t!).

IA

1P Preall

When 6 = O(h*t?) and s > 2 is a even number, we can write (3.24 c) in the
form

Qen = "'(Im + O(h))Qen + A, + B,

with [|An]| = O(h*+1) and B, = — ¥ @1QQ1(tn-1)6™.
1=2



64 EBROUL IZQUIERDO

In this case we obtain (in a manner analogous to the proof of the last state-
ment of theorem 3.4) the following estimate for Qep:

[|Qen|| < Ch®.

IRK(DAEs) and superconvergence.

For nonlinear DAEs with index 2 in Hessenberg Form, KvERN® [9] has shown
that the order of accuracy for some stiffly accurate formulas in the differential
component is the same nonstiff order of accuracy. In particular, the Radau
ITA and Lobatto IIIC methods retain their nonstiff order of accuracy in the
differential component. The analysis makes use of the theory of Butcher series
and rooted trees and exploits the Hessenberg structure of the DAE. The same
order results based on a similar analysis are given in [4] for the same class
of DAEs. These early results make clear that, for any special IRK methods,
Theorem 3.2 does not give an optimal estimate for the local error of the P-
component. These specially well suited IRK methods for the numerical solution
of DAEs are those IRKs for which ¢, = 1 and b; = a,j, j = 1,2,...,s
Following GRIEPENTROG and MARZ [3], we name this class of IRK methods
the IRK(DAEs). Note that p = 0 for IRK(DAEs).

In this subsection we want to give an idea of how one can investigate this
interesting property of IRK(DAEs) when they are applied to the index 2 DAE
(1.1). For this purpose we suppose that the Runge-Kutta matrix 4 is nonsin-
gular and the matrices A, B, P, Q as well as the exact solution z(t) of (1.1) are
sufficiently differentiable. Since the relation e, = z, —z(t,) = X, —z(t,) = E.
is valid for IRK(DAEs), we only have to consider the equations (3.13 b) to
study the local error. Furthermore, (3.14 b) implies that the PQ;-component
is approximated exactly by IRK(DAEs). Hence, to find the conditions for
the superconvergence of the P-component we only need to consider the PP;-
component. Multiplying (3.15 b) by DPPlc;‘ and using the relation P’ = 0

and Taylor series, we obtain

(Ims + N)Dpp,E = (A® In)Dpp, (A" ® I,,)6(™). (3.25)
Here
LN |
=(A®Iy) [E% A‘l@C’)@Im)DPP‘u)+O(h’°+1)+hDPPIG;1B]
=O0(h), . (3.26)

C':=COCO®...0C, and C is as in Theorem 2.1.
e e

1-times
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The equation

k
(Ims 3 N)-—l = Z(_I)INI + (_1)k+1(1m.s + N)-—lNk-H

1=0

together with (I;ns + N)~! = I;ns + O(h) implies

k
(Ims + N)™' = 3 (=1)'N' + O(h*).
1=0
Multiplying (3.25) by (Ims + N)~! and using the last equation we arrive at

k
Dpp,E = [Z(—l)’N’(A ® Im)Dpp, (A7 ® In) + O(R*+1)[ 8. (3.27)
1=0

Using Taylor’s expansion about t,, on the right-hand side of (3.27) we can obtain
conditions on the coefficients of the IRK(DAEs) so that an order of accuracy
O(h®1+T) for r > 2 is attained in the PPj-component. For the special case
r=3 weset k=11in (3.26) and (3.27). In this case

DppE = [Dppl +h(A® I)((C©A™") ® In) Dppi(Ims — Dpp,)
—h(A® Im)DPP,G;’B + O(hz)] 5.
The Taylor expansion about ¢, yields
Dpp,E = [Dpp, +h[diag(S(t)] (AC© A™) @ )
— h[diag (T(tn))] (A ® L) + O(h? )] HOB

where S = PP, — PP,PP, and T = PP,G;'B.

So, the IRK(DAE) applied to the index 2 DAE (1.1) in the P-component has
local order O(h?*?) when it satisfies the conditions B(p), C(g) with p > ¢ +2,
BT(CO A ® [,,]6(™ = O(h9*?) and (bT @ I,,)6() = O(h1+2).

These conditions are equivalent to B(p), C(q) with p > ¢ + 2 and

bT(CG)A‘l)(.Acq -7 i lcq+1) =0.

These conditions are fulfilled for the 3-stage Lobatto IIIC and Radau ITA meth-
ods, i.e., for these methods we have local order O(h®) and O(h®) respectively.
This imgjies that these methods retain the nonstiff order of accuracy in the
P-component (superconvergence).

In an analogous manner we can use (3.27) to deduce conditions for a higher
order of accuracy. However, we can see that the calculations for these conditions
become very tedious.
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Remarks

e For the differential component of DAEs with index 2, Theorems 3.1,
3.2, 3.3 and 3.4 summarize analogous results on stability and conver-
gence of IRK methods as when these are applied to the classical nonstiff
ODEs.

e It is well-known that IRK methods applied to DAEs with index 2
remain unstable. Theorem 3.1 shows that only in the nullspace com-
ponent the stability property gets lost, and that the instability of the
Q-component is only weak.

e The results of Theorems 3.1, 3.2, 3.3 and 3.4 are also achieved in [4],
but in [4] only systems in Hessenberg form are considered; i.e., we
generalize the results of [4] to the class of linear time-varying DAEs
with index 2.

4. Stability and convergence for the
variable nullspace case

When the IRK (2.1) is feasible, we can arrive to equation (2.6). Solving it with
respect to Dpp, X, Dpg, X and DgX, we obtain

Dpp, X = (Ims + O(h)) [M(A ® Im)Dpp, =115 + Dpp, (L, ® Tn-1)]

+O0([|Dg1]l) + O([Dg@, (15 @ 2n-1)ll) + O(hllzn-1l]), 1a)

i (4.1b)

Dpg, X = DPQG;‘q

DX = (D' + O(h)) [%(A“ & L) Dgig, il
+ Dopigyiqle + (€O A™) ® In) Digq,ypq,a;q s
+ O(hl|Dpp, - 1qell) %(A“ ® In)Dag, (1, ® 2n_1)
~{(COA™) @ In) D(q,y (1, ® zn_1)
= Dope;epp,(1s @ 2n_1)

+ (€O A™) ® In) Daqypp, (Is @ 2n-1) + O(hljzn])))]. o
4.1¢c

System (4.1) is essentially different from (3.1), because now the internal stages
X;, j = 1,2,... s, also depend on the @-component of the approximation
Zp—1. That means that the instability of the Q-component can work out to
instability on the P-component, and that the weak instability can be amplified
to exponential instability. For example, applying the implicit Euler method to
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the CAE of the example 2.2 we obtain the recursions

2 = )~ tnzl?,
" . 1 1 1
2 = 1_-;;]-1:51—)1 +m(q'('2)_ﬁ(q£‘1)_q5'_)l))’ nE L

Evidently, the last recursion has an exponentially unstable behaviour when
n<-—1/2.

This simple example shows that, in general, IRK methods are not suitable
for the numerical solution of DAEs with index 2 and variable nullspace. Nev-
ertheless, when we restri. ourselves to linear DAEs with index 2 and variable
nullspace, we can show that, for these special cases, the instability is weak and
the method remains convergent. To confirm this fact, let us restrict ourselves
to IRK(DAEs), so we avoid the iecursion (2.1 a) to calculate z,,. Furthermore,
we put § = 0 in (2.5), so we obtain for the difference Dpp, AX, instead of a
relation of the form (4.1 a), the equation

Dpp, AX =(In + O(R)[A(A ® 1) Dpp, =15, 1 + Dpp, (1, ® Azn_1) +
(A® In)Rpp, (L ® Oraci)] + O(h]|Ds, 1, ) + O(K| Dz ).

Taylor’s expansion about ¢,_1 on the right-hand side of this equation yields

Dpp, AX = (I;ns + O(h)) [A(A® In)Dpp,g-15, 1+ (1 ® APPy(tn-1)Tn-1)
+h((E - 8)diag (PP (ta-1)) + O(h)) (1, ® Azn-1)
+h((A((COA™") @ Iy)diag (PPy) (ta-1)) + O(h)) (1, ® Az,_y)]

+ O(A||Ds, |)-
Here D, = diag(cy,c2,...,¢5) € L(P*).

This equation and the identities

ACoA™ Y = AD,A" ' =D, ¢, =1, by = Bags Xp = Ei K= g
imply that

APPyz, =APPyzy_y + hbT DA 11, (PP)) (tho1)D2n_y
+ O(h||APPy241|) + O(h?||Azp-1]))

+ h(Im + O(h)) Za,j PP1G3 ' (tnj)bn; -

j=1

We aim at finding recursions for Aj’Pjz,, and hAQz,, so that we can apply
lemma 3.1 on these recursions. This means that the Q-component of the second
term on the right-hand side of the latter equation must vanish. The condition
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for this is 47 D. A1 1,(PP;)'Q(t) = 0. When this condition is fulfilled, we
obtain

|APPiz,|| < [|APPizas|| + hC (|APPizn_y || + h|AQzn_1]| + 6),
(4.2 a)

|APQ1z,|| < C6. (4.2 b)

For the difference DQAY we obtain using Taylor’s expansion about ¢,,_1,

5
WAQe| < rabllAQen-ll + hC® (AP PLznsl + B AQz0-i] + ).
h7 43 )

Here,

s s
= || 303 i1 Q@Y Q(tn)|| s € LR™),

i=1j=1

and
D! = (dy)i =1 € LR®™).

Theorem 4.1. Let the assumptions of Theorem 2.1 be satisfied and suppose
that the IVP (1.1) satisfies the conditions (PP,)'Q(t) = 0 and r; < 1, i =
1,2,... ,n. Then, the IRK(DAE) applied to this IVP is weakly unstable in the
Q-component but stable in the P-component. Furthermore, if e = O(h?t?)
are the errors in the initial conditions for ¢ > 1 and &;; = O(h?*®) are the
numerical errors in the solution of the system (2.1 b) at the i-th integration
step, then the global error e, satisfies the following estimates:

e ||Pe,|| < ChY, if B(q), C(q) and a = 0.

o ||Pen|| < Ch¥*, if B(g+1),C(q) and a = 1.

o ||Qen|| < Ch?, if B(q),C(q),a=1andr; <1.

o ||Qen|| < Ch?=!, ifB(q),C(g),a=1landr=1,i=1,2,... ,n,

Proof.  Condition (PP;)'Q(t) = 0 implies S = 0. Applying lemma 3.1 to the
recursions (4.2 a) and (4.2 c¢) we obtain the stability statement. In order to
prove the convergence statement we consider (3.13 b). Under the assumptions
of the theorem and using the techniques of section 3 we arrive at

|IPPien|| < ||PPren—ill + hCU (IPPien_y ||+ hl|Qen]| + D),

" D
IQenll < ruhl@en-sll+ ™ (1P Pn-sll+ HlQen-il| + 52 ),

7, { O(h?), if a =0, B(g)and C(q),

O(h?*Y), if a =1, B(¢g+ 1) and C(q),

B O(h?), if a =0, B(q)and C(g),
D, = { O(h‘“‘l)i if =1, Ig(q) and g'(‘1)-
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Applying once again the lemma 3.1 to these recursions we obtain the conver-
gence statements. O

Example 4.1. We consider once again the DAE of Example 2.2. In this case
PP; = 0, so that the first condition in Theorem 4.1 is fulfilled. Applying the
implicit Euler method to this DAE we have

2
'D=12—QQ1P'(t):((1) 1_?_;)

For n # —1

_ 1 1+n n*t
| P
D = < 0 1 .

exists. Hence,

(@D (@@= @ae = (o 7 ),

il (6 ™5 )| e
1+17

Although we prove in Theorem 4.1 that the IRK(DAEs) applied to any linear
DAEs with index 2 and variable nullspace provides the same stabilty and con-
vergence results as in the case of constant nullspace, the assumptions of this
theorem restricts strongly the general DAE (1.1) with index 2. To overcome
these drawbacks we will try to look at the IRK methods for the DAE (1.1) in
a new way. The new method appears to be promising for the solution of the
DAE (1.1) with index 2 and variable nullspace.

Tn =

5. A modified IRK method to the numerical solution
of DAEs with index 2 and variable nullspace

The greatest difficulty in the numerical integration of the DAE (1.1) with vari-
able nullspace by IRK methods lies in the fact that the P-component, which
is stable, also depends on the Q-component of the numerical approximation
Zn—1. For this reason we now first split the DAE in the two components Pz
and Qz and in each one we apply the IRK method (1.2) separately. For this
aim we consider the DAE (1.1) with nonconstant nullspace N(t). Under the
assumption that (1.1) is transferable with index 2 we can decouple it in the

following way:

[A(t) + (B(t) — AQ)P' (1)) Q)] [P()(P(®)2(1)) + Q(t)=(t)]
+ B(t)P(t)z(t) = q(t).
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Obviously, this equation is equivalent to (1.1). Now we set y(t) := P(¢)z(t) and
z(t) := Q(t)z(t), so the DAE (1.1) can be written as
A)y'(t) + B(t)y(t) + A1(t)z(t) = q(2). (5.1a)

The new variables y and z satisfy the identities P(t)y(t) = y(t) and Q(t)z(t) =
2(t). We rewrite these equations as y(t) — P(t)y(t) + z(t) — Q(t)z(t) = 0 or,
equivalently,

Q(t)y(t) + P(t)z(t) = 0. (5.1 b)

Formulation of the method.

To solve the IVP (1.1) we compute the approximations y,; and z,; of the solu-
tion in ¢,,; in the way described below and then we construct the approximation
znj of z(t,;) via the formula

Tpj = Ynjt+2zn;, J=12,...,s.

Note, that the exact solution of (1.1) satisfies z(t) = y(t) + 2(¢).

Numerical approach to the y-component.

We set in the first step yo := P(tg)zg, and in the n-th integration step we
construct the approximation y, = yno via the formulas

Yn = PYn-1+ Z Z bja;;Y; (5.2)

j=1li=1

where Y is defined by

s s
A(tnj) > @jYi+ hB(tn;)Yj + hA1(tnj)Zj = hq(tnj) + A(tni) D @jiyn-1,
1=1 1=1 (5.3 a)

Q(tnj)Y}' + P(tnj)Zj =0. (53 b)

In the n-th integration step we set y,; =Y, for j = 1,2,... |s.

Numerical approach to the z-component.

If the system (5.3) is uniquely solvable with respect to (Y, Z;) (we prove this
statement below), we obtain a numerical solution for the z-component at t,;
directly from the internal stages Z;, i.e., we can take Z; as the approximation
of z(tn;) in the n-th integration step. Furthermore, it is possible to obtain an
approximation for the z-component at t;, 7 = 1,2,...,n, via the formula

s s
Zn = pzp-1 + Ezbjajlzl-

j=11=1
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We renounce here to consider the latter approximation, because the calculation
of (Y}, Z;j) from (5.3) does not depend on the approximation z,_1.

Existence and uniqueness of the Runge-Kutta solution.

Using the notation of Section 2, system (5.3) becomes equivalent to

[DA(A—I ® Im) + hDB]?‘f" hDAIZ = thls + DA(-A_lls ® yn—l)a
(5.4 a)

DQY + DpZ = 0. (5.4 b)
Here, Y = (Y1 ,Y7,... , Y and Z = (27,27 ,... , TT)T.
Together with (5.4) we consider the perturbed system
[Da(A™' ® In) + hDp]Y + hDa, Z = hD(gy5,) 1, + Da(A™ 1, ® jn_1),
(5.5 a)
DqY + DpZ =0, (5.5 b)

where

Vo= (V. 90, VO, G = (B0 2T, 2337, @ = (67,,67,,... 6T)T,

and we suppose that the pertubations satisfy |I*,;]| < 6 and ||6;;]| < é for all
i=1,2,...,n, 7=1,2,...,s.

Obviously, (5.4) is equivalent to (5.5) if § = 0.
Theorem 5.1. Suppose that the IVP (1.1) is tractable with index 2 and that
the Runge-Kutta matrix A is nonsingular. Then systems (5.4) and (5.5) are

uniquely solvable with respect to(Y,Z) and (}7, Z), respectively, for sufficiently
small h.

Proof. Using the techniques of Section 2 and under the consideration of (5.5 b)

we decouple the system (5.5 a) into the PP;-; ;- and Q-components. This
yields:

[Dpp (A7 ® Im) + hDpp g-15pp,]Y =

hDPPlG;I(q+6,.)15 =+ DPP; (A_lls ® gn—l) - hD(PP1+PP1P’)6) (56 a)

Dq,Y = Dg,g-(g4su)Ls (5.6 b)

[~ Dga.(A™! ® Inm) + hDQP,G;’BPPl]?+ hDoZ = (56 c)

hDgp,G=(q45m) 1 = D@@i (A7 1 ® Un-1) — hDg(p,-q;)®. (5.6 d)
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Inserting (5.6 b) into (5.6 a) and using Taylor’s expansion, we obtain

[(A_l @ Im) + ]DPPx = hDPPG Y(q+6n )Il
= RPPI PQ1G: (q+6m) Ls + DPP (AT L, @ Gn—1) + O(h[[B])).
Here Rpp, is as in (2.3 c).

The matrix on the left-hand side of this equation is invertible if A is suffi-
ciently small. Thus, we can write

Dpp,Y = [(A® In) + O(h)] [hDpp, =1 (g+sm)Ls = RPP Dpg, -1 (gesn Ls
+ Dpp, (A7, ® §n-1) + O(h||O]])]. (5.7)
Using the equation Y DpY + Dq@ DpplY + DleY + DQ@ together

with (5.6 b) and (5.7), we obtain } Y. As for Z, it follows directly from (5.6 c)
and the identity DpZ = 7~ DQZ Dp©. O

Stability and convergence.

In addition to the vector y, obtained from (5.2) we consider
s s .
Un = PYn—1 + Zzbjajlyl + hén s41 -
j=11=1
Subtracting this equation from (5.2) we obtain
Ay = pAyn—1 + (BTA @ I))AY + hép 41 . (5.8)
Here Ayr = 9k — yx, k =n—1,n and AY := Y -Y.

Subtracting (5.4) from (5.5) and using the same techniques of the feasibility
proof on the equation obtained in this way, we arrive at

Dpp,AY =h((A® I;,) + O(h)) Dpp,g;s,1s
— h[(A(C® A™") ® Im)D(pp,y + O(h) ]DPQ Gyi6,Ls
+ (Dpp, + O(h)) (1, ® Ayn_1) + O(R|[O])), (5.9 a)
DPQlA}—; = PQ]G;l6n 1, y (59 b)
= 1
AZ = [E(A“ ® Im)Dqq, + Dop, + (C® A™Y) ® Im) D(qq,y Pq,
1, _
+ O(h)] Dg-15, 1, + [E(A '® I;m)Dgp, p — Dop,; 8PP,
+ (€O A™)® In) Diqq,y(Dpp, = Ins) + O(h)| (1, © Aya_y)
+o([lel)). (5.9 c)
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Now we can use (5.8) and (5.9) to prove the stability and convergence state-
ments. We will also need the following lemma. For its proof we refer the reader

to [8].
Lemma 5.1. Suppose that the sequences of positive numbers (y), (2n) and
(wn) satisfy

Yn S Yn-1+hC(yn—1 + 2n—1 + Wn1 + Dy),

D
zn < 1P len-1 +AC(n-1 + Za-1 + Wao1 + 55),

D
wa < lolun-1 +hC (o1 + ynot +wno1 + =2).

Then we have, for hn < ¢y,

Yn < Cy(yo + hzo + hwo + Dy + Dy + D3), if [p| <1,
Zn < Cl(hyo-f-(lpln + h)zo + hwg +hDy + Dy + hD3), If |p| <1,

wy < Cl(hyo + hzo + (|p|n + h)wo + hDy + hDy + Ds), if |pl < 1.

Furthermore,
. 2 D, ,
zn < C) hy0+20+hwg+hD1+T+D3 , if | =1,

D, :
wngC’l(hyo+hzg+hw0+hD1+D2+—h£), if |p|:].

Theorem 5.2. Let the assumption of the Theorem 5.1 be satisfied. If the
coefficients of the IRK method satisfy |p| < 1, then the method (5.2), (5.3)
is weakly unstable. This weak instability refers to the z-component of the
numerical solution. The y-component is stable.

Proof. Multiplying (5.8) by PPy(tn), PQi(t,) and Q(t,), and using Taylor’s
expansion about ¢,_; on the right-hand side of the equations so obtained, we
conclude that

APPyy, =pAPPyn_1 + hp((PP1) (tn-1) + O(h)) Dyn-1
+ (TA™' @ I,)Dpp, AY + h((6T A7 @ I,) Dy(pp,y + O(h)) AY
+hPP1(tn)§n,,+1 , (510 a)

APQ1yn =pAPQ1yn—1+ hp((PQ1) (ta-1) + O(h)) Ayn-1
+ (TA ® In)Dpo, AY + h((bTA™' ® Im) Dy(pq,y + O(h)) AY
+ hPPl(tn)én,a-Q-l ) (510 b)
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AQyn =pAQYn-1 + hp(Q'(tn-1) + O(h)) Ayn_1
+ (bTA™' @ I,,) DO + h((bT A~ @ I,,) Dyqr + O(h)) AY
+ hQ(tn)bn s+1 - (5.10 c)

Here APPiyr = PPi(tx)(x — w), APQiyr = PQ1(tx)(Ux — yx) and

AQuk = Q(te)(Ur — yk), k =n —1,n.
Inserting (5.9 a), (5.9 b) into (5.10) and using the equation

AY = Dppl A?-{— DPQ1A7+ DQ@,
we obtain the recursions:

IAPPiyn|l < IAPPyu_i|l+hC™ (|| Ayn_i]| + ), (5.1 a)

A

)
18PQuull < I 18PQunil|+ ™ (IBun-ill +7 ), (511b)

)
18Qunll < 1118Qun-1ll+ A0 (IBsnoill 7). G110)
Applying Lemma 5.1 to the recursions (5.11) and using the relation
1Ayl < |APPiyn|| + |APQ1ynll + |AQun||, we obtain
[|1Ayn|| < C6. (5.12)

Now equation (5.9 c) implies
182,11 < S (1APQivn—1 || + AllAwa-1ll +9).

Inserting (5.12) into this relation, we obtain in the n-th integration step

1Az; ||<9 i=12...,s. O

To study the convergence we set e¥) = Yn — Y(tn), E}y) =Y; —y(tn;) and
E(” Z; — 2(tp;). Then e¥) satifies the recursion

e®) = pel)) + (BTA™ @ L) (B - §™) 4 507, (5.13)
Under the assumptions of Theorem 5.1, the differences E](y) and EJ(Z) satisfy
Dpp, B = (Dpp, + O(W) (@Y, +5™)) + O[5 ]| + WG}, (5.14 )
B (5.14 b)

DPQ G 1671!
- [ (A™'® I,,)Dpg, p = Dop,c; 8PP,
+

(C®A™)® In) Dgq,y(Dpp, = Ime) + O(h)| (¥, + 6™)

Dpq,
)

. -
O (5 11éll+ II®all), (5.14 ¢)
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where

—=(¥) b
EY =((E®)T (EY)T,... (BT,
—(2) z T
EY =((BP) (EOY,... (BT,

bn =(61,,61,,. .. ,6T.),
6, =(8%,,6%,,... ,6T)7,
Eﬁzy—?l ;:(62{)1 ® 1y),
e®)) =yn-1 — Y(tn-1),

6(") and 551)1 are as in (3.13 a), (6p;,0n;) are the numerical errors in the solution

of the system (5.4) at the n-th integration step, and (5](.") is the j-th internal
truncation error of the IRK method.

Theorem 5.3. Let the assumptions of Theorem 5.1 be satisfied and suppose
that egy) = O(h?*P) is the error in the internal condition for ¢ > 1, and
b; = O(h?**) is the numerical error in the solution of the system (5.4) at the
i-th integration step. Then the global error e,, satisfies:

o [l < Ch3, if B(q), C(g), a = =0 and |p| < 1.

e < ChI+Y, if B(q+1), C(g), a = f =1 and |p| < 1.

IES|| < Chs, if B(g), C(g), @ = =1 and |p| < 1.

IES| < Chet, if B(g+1), C(g), bT A et*! = 1, 6T A=2c4%1 = 41,
a=3=2and |p| < 1.

o [lefll < Cht, |E|| < Che=Y, ifa = 1, f = 0, B(q), C(q) and
lol = 1.
o ¥l < Chat!, B < Che, ifa = 2, B = 1, B(g + 1), C(q),

VTA-'et* = 1and |p|=1, j=1,2,...,s.

Proof.  Multiplying (5.13) by PPy(t,), PQ:(t,) and Q(t,), inserting (5.15)
into the obtained equations, and using the Taylor expansion, we obtain the
recursions

PP < |[PPrel || +hC™ (||, + Dy), (5.15 a)
- D
IPQUERI| < 1plIIPQuel, ||+ hC™ (Jlef2, + ), (515 )

n D,
QeI < Lol IQuef,l + hC™ (e, + =2), (5.15 c)

A
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where
D, — O(h?), if e =0, B(q) and C(q),
= O(h?*'), ifa=1, B(¢+1)and C(g),

O(h?), ifa =0, B(q) and C(g),

Dy = O(h*t1), ifa =1, B(q) and C(q),
O(h?*?), ifa =2, bTA-1ct*! = 1, B(q) and C(q),
O(h%), ifa =0, B(g) and C(q),

Dy = O(h™*"), ifa =1, B(qg) and C(g),
O(h1*?), ifa =2, T A" 1ctt! = 1, B(q) and C(q).

Applying Lemma 5.1 to the recursions (5.15), we obtain the assertions of the
theorem for the y-component. The assertions for the z-component follow from

(5.14 ¢) and the estimates for Y. O

Remarks

e If [p| < 1, then Theorem 5.3 shows that the modified IRK method (5.2),
(5.3), applied to the DAE (1.1) with variable nullspace, is convergent
with the same order of the IRK (1.2) applied to the DAE (1.1) with
constant nullspace.

e For the case |p| = 1 we bonus by the modified IRK method (5.2),
(5.3) a power of h in the z-component with respect to the statements
of theorem 3.4. This fact is not surprising because we have used for
the approximation of the z-component the collocation equation (5.3 a)
instead of the recursion

Zn = p2n_1+ Zijale"

j=11=1

e The conditions |p| = 1 and 6T A~ 1¢9*! = 1 are not usually fulfilled for
important methods (for example the Gauss-Legendre method). Thus
for these methods we must count with a loss of order of convergence.
However we can prove, analogously to the proof of Theorem 3.4, that
lef”]] < Ch*! and ||E{|| < Ch, if & = 2, B =1, B(g + 1), C(q)
and p = —1.

e The main difficulty concerning the practical implementation of the
modified method is the calculation of the projection P(t). Nevertheless,
for special DAEs, we can calculate this projection matrix by means of
the Gauss eliminaton method applied to the matrix A(t).

e Summarizing the modified IRK method appears to be promising for the
numerical approximation of DAEs with index 2 and variable nullspace.
The calculation of the projection P(t) for the general DAE with index
2 is an open problem that deserves further research.
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6. Numerical experiments

Finally, we present the results of some numerical experiments which are in
agreement with the convergence statements predicted in this paper. The IRK
method (2.1) and the modified IRK method (5.2), (5.3) have been implemented.
In the experiments to determine the global error, we solve the problems with a
sequence of fixed stepsize over the interval [0, 1]. Rates of convergence for each
method were estimated by comparing the global errors at ¢t = 1.

Example 6.1.
The first test problem has constant nullspace. The problem is given by

et (2z5(t) + 25(t)) + 2e 7 (costzy(t) + z2(t) + (3cost —t — %)Ig(t))
=4+ e 'sint(2e " cost — 1)+ e *cost(6cost — 2t — 1),
B(t) (2} (t) + 3z5(t)) — B(t)(2e aa(t) — (6t + e~ *)zs(t)) + (t* + 1)z3(t)
=B(t)[(2¢7" + 6t) cost — (3 + e~*)sint — 2] + cost(t* + 1),
B(t)(z1(t) + 3z3(t)) = B(t) (e *sint + 3cost),

with 3(t) = sint + 2.
For this problem, the matriz @ given by

0 6 0
Q=10 1 o
0 -2 0

is a projection onto N(t). With initial values given by zo = (0,1,1), this
problem has the solution

z; = e 'sint,
X9 = et ’
r3 = cost.

This problem has been solved using eight different stepsizes, h € H,
H:={heR : h=27for j=3,4,5,...,10}.

Table 6.1 shows the results of the experiments.

Example 6.2.

We solve the DAE in example 2.2, with the following right-hand side

1(t) = e '(sint + ntcost),
g2(t) = e *(cost—sint) — nte™*(cost +sint) + (1 + n)e”" cost.
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This problem has the solution
z1(t) = e 'sint,
zo(t) = e 'cost.
The problem has been solved for several values of 7 between 0 and —100, by the

modified IRK method. The method has been implemented for all the stepsizes
h € H. Table 6.2 shows the results for n = —1.

Example 6.3.
For all continuos differentiable functions B(t) and for t € [0, 00) the following
DAE is tractable with index 2.

e~tah(t) + B(t)(z4(t) + za(t)) + B'(t)za(t) = (1—e ")sint+ cost,
2z1(t) + (cost + 2t + 2)z3(t) = 2e' +e *(cost+2t+2),
2z (t) + (cost + 2t + 2)z4(t) = 2e' —e F(cost+ 2t +2).
For this DAE
00 _c_o2s1 —t-1
Q=100 2B
00 1
is a projection onto N(t), and for 3(t) = e’sint, this problem has the solution
z,(t) = €,
zo9(t) = cost,
z3(t) = et

This problem has been solved by the modified IRK method, which has been
implemented for all the stepsizes h € H. Table 6.3 shows the results of the

experiments.

Methods used in the experiments

1. (MP) midpoint rule or 1-stage Gauss-Legendre formula

2. (BE) backward Euler method

3. (2R2) 2-stage Radau IIA

4.  (2L3) 2-stage Lobatto IIIC

5. (2R1) 2-stage Radau IA

6. (C) 2-stage A-stable SDIRK (Crouzeix)

7. (A) 2-stage S-stable SDIRK formula (Alexander) with
a=1- %\/i

8. (2GL) 2-stage Gauss-Legendre formula

9. (3R2) 3-stage Radau IIA

10. (2L3) 3-stage Lobatto IIIC
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List of symbols
_ _ _1+V3
ey =i <!

p stability condition

Kg nonstiff order

Kr internal stage order

Ka order of constant coefficient index 1 systems

EFK order predicted by theorems 3.3, 3.4 and 5.3

NK order of the observed global error

GF global error for the largest stepsize hpax = 272

GF global error for the smallest stepsize hpi, = 271°

Pz P-component

Qz @-component

Pe P-component of the global error

Qe Q@Q-component of the global error

nram EK NK GF GF
Method | P | Bd | B0 | Bl PR T 1P, [ Qz | Pe Qe Pe Qe
1. MP -1 2 1 1 2 0 2 0 6.4E-2 | 1.7E-0 | 2.5E-07 | 1.7E-00
2. BB 0 1 1 00 1 1 1 1 1.1E-1 | 2.6E-4 | 2.4E-04 | 7.3E-04
3. 2R2 0 3 2 0 3 2 3 2 3.4E-4 | 3.8E-3 | 2.6E-12 | 1.6E-08
4. 2L3 0 2 1 00 2 1 2 1 3.0E-2 | 3.0E-1 | 1.2E-07 | 7.3E-04
5. 2R1 0 3 1 1 2 1 2 1 4.1E-2 | 5.3E-1 | 1.7E-07 | 1.5E-03
6. C 9 3 1 1 2 1 2 1 3.5E-2 | 2.4E-1 | 1.5E-07 | 7.0E-04
7. A 0 2 1 00 2 1 2 1 7.8E-4 | 2.2E-1 | 3.4E-09 | 5.2E-04
8. 2GL 1 4 2 2 2 0 2 0 3.4E-3 | 2.5E-1 | 1.3E-08 | 2.5E-01
9. 3R2 0 5 3 [><] 5 3 5 3 4.1E-3 | 2.1E-2 | 1.7E-16 | 3.2E-10
w.2u3 | 0| 4 | 2 o | 4| 2 | 4| 2 |52E2|4.3E-1 | 25E13 | 3.3E-05
Table 6.1
. EK NK GF GF

Method | p | Kg | K1 | Kaj o, [P0, Pe Qe Pe Qe
1. MR -1 2 1 1 2 1 2 2t | 6.5E-04 | 2.4E-3 | 2.3E-09 | 9.9E-9
2. BB 0 1 1 00 1 1 1 1 2.5E-21 | 1.9E-2 | 6.6E-24 | 3.8E-5
aar2 | 0| 3 | 2 o | 3| 2 [0*]| 2 |10E20 | 25E3 | 2.0E-20 | 1.3E-8
4. 2L3 0 2 1 00 2 1 0* 1 6.8E-21 | 1.9E-2 | 6.8E-21 | 3.8E-5
s.or1 | 0| 3 | 1 1 2 | 1] 2] 1 |81E-04 | 1.3E-2 | 3.1E-09 | 2.6E-5
6. C J 3 1 1 2 1 2 1 4.2E-04 | 1.1E-2 | 1.6E-09 | 2.2E-5
7. A 0 2 1 00 2 1 0* 1 6.8E-21 | 1.4E-2 | 1.4E-20 | 2.7E-5
8. 2GL 1 4 2 2 2 1 2 1 14E-04 | 3.7E-3 | 5.2E-10 | 7.4E-6

* In this case, the expected order of convergence is not attained. This is easy to explain by
observing the global error, which lies outside the computer precision limit.

t The order of convergence is better than expected.

Table 6.2
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N EK NK GF GF

Method | p | Kg | K1 | Kan P10, [P 0. Be Qe e Qe

tmp |1 2 | 1| 1 [ 2| 1] 2|2 [59E3][ 31E2 | 2.3E-08 | 1.6E-7
e [ O 1 |1 | oo [ 1| 1| 1] 1 [12E1[19E+0 |23E-04|4.0E-3
soara [0 3 | 2| oo | 3| 2| 3| 2 [26E5]| 54E-2 | 1.9E13 | 2.1E-7
sas [0 2 [ 1 | co | 2|1 |21 [19E3|19E40|7.1E-09 |4.0E-3
soama (O 3 | 1| 1 | 21| 2] 1 [75E3|11E+0 | 3.0E-08 | 2.6E-3
6. C 9 3 1 1 2 1 2 1 3.9E-3 | 7.7E-1 | 1.5E-08 | 2.3E-3
ma |0l 2 [ 1| o | 2|1]|2]1[21E4|13E+0|87E-10|238E3
so2L [ 1] 4| 2| 2 [ 2] 1| 2] 1 |13E3] 35E1 |50E-09 | 76E-4

* The midpoint rule gives the same order in both components.

Table 6.3

Appendix. Basic linear algebra lemma
and the commutation lemma

A basic connection between the spaces appearing at the tractability index and
the choice of the corresponding projectors is given by the following Lemma,
which may be directly obtained from Theorem A.13. and Lemma A.14 in [3].

Lemma A.1 Let A4,B,Q € L(R™) be given, 62 = g, im (Q)_: ker(4), i.e.,
let @ be a projector onto ker(A). Let S := {z € R™ : Bz € im(A)}. Then the
following conditions are equivalent:

(1) The matrix G = A + BQ is nonsingular.
(1) R™ =5 & ker(A).
(ii7) S nNker(A) ={0}.
If G is nonsingular, then
Q,=QG 'B

holds for the canonical projetor Q, (canonical means @, projects R™ onto
ker(A) along S).
Proof.
(i) = (ii) The space R™ can be described as S + ker(4), because

z2=(I-Q 1F)z+Q_G__1-§z =:z1 + 29 (*)

holds for any z € R™. . .
Now, z; obviously lies in ker(A4), because @, is a projector onto ker(A). For

z1 we obtain

Bz = (I - BQG 1)Ez =4G 'Bz €im (4),
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re., 21 € S. _ _
_ It remains to show that S Nker(4) = {0}. For that purpose, let z €
S Nker(A). Then z = Qz holds and there exists a z € R™ such that

A:=Bx=BQz andso G Az=0G 'BQz.
Le., (I - Q)z = Qz; so0, 0 = Qz = z.
(#7) = (471) This follows trivially from the definition.

(#17) = (i) Let £ € R™ be chosen such that Gz = 0, i.e., such that BQz =
—Az. Then Qz € S. On the other hand, Qz lies in ker(A). Thus, z € ker(Q)
holds because of the assumption. That means Az = 0; hence ¢ € im Q).
Therefore z = 0 must hold, and G is nonsingular.

Because of the uniqueness of partition (*), the latter assertion follows im-
mediately.

Lemma A.2 (Commutation Lemma) Let N : [to,7] — L(R™) be a
continuously differentiable matrix function. Then

D]\[(.A_1 ® Im) = (-A_l ® Im)DN + RN,

where Ry = h[(C ® A_l) ® I,]Dnt + O(hz), C = (cjl);',l-_-l € L(R*) with
cjt = c¢; —c; the ¢j, j = 1,2,...,s, being the coefficients of the IRK method
andCoO A = (¢j1@j1); 1=y € L(R*) being the Hadamard product of matrices.

Proof. DN(A™'® 1) = (EjIN(tnj)); i ¥ Taylor’s expansion leads to
aﬂN(th’) = E]-,N(t,,,) + haﬂ(c,- — C()N’(tnl) + O(hz)
Thus, we obtain
DN(A™' ® Im) = (@1N (thj);
= (ajIN(tnl));J:l + h(aﬂcﬂNl(tnl));,l=1 + O(hz)
=(A"'®In)DN + h[(CO A™Y) @ In| Dnv + O(h?). O
If N is a constant matrix, then
-DN(-A_1 ® Im) = (A—l ® Im)DN
trivially holds.
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