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Abstract. Classical results about the local existence and uniqueness of
DAE solutions are based on the derivative array [2] or on a geometrical
approach [13]. Thus these results can’t be applied to equations with non-
smooth coeflicients. Also, sufficient conditions that guarantee solvability
are hard to check in general [6, 13]. In this paper a new approach to prov-
ing local existence and uniqueness of DAE solutions is presented. The
main tool is a decoupling procedure that makes it possible to split DAE
solutions into their characteristic parts. Thus it is possible to weaken
the smoothness requirements considerably. In order for the decoupling
procedure to work we require a certain structural condition to hold. In
contrast to results already known, this condition can be easily verified.

1 Introduction

When developing realistic models for a large variety of industrial applications
one is often confronted to deal with systems of differential algebraic equations
(DAEs) that have to be solved numerically. Thus questions of existence and
uniqueness of solutions are of key importance for the successful application of
numerical methods.

Most of the work on numerical analysis of DAEs has focused on the compu-
tation of a solution that is assumed to exist [2]. However, the solvability of
DAEs is, to some extend, still an open question. While the case of linear
time-varying DAEs is well understood [1, 9, 10], there are only partial results
for nonlinear equations. We will focus on quasilinear DAEs

A)(d(z(t), 1)) + b(z(t),t) = 0 (1)

with index 1 or 2 which are most relevant for applications'. In [13, Theo-
rem 24.1] results concerning existence and uniqueness were obtained using a
geometric approach. There it is assumed that the coefficients are in the class
C*°. The sufficient conditions given in [1, 2] and [6] use derivative arrays
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and index reduction techniques that lead to higher derivatives and smooth
coefficients have to be assumed. When simulating electrical circuits, but also
for many other applications, these smoothness requirements are genrally too
strong. For instance mappings such as

0 : 0<t<t,—e 1 |
ger () =% HBE4+L , ti—e<t<tite /
1 L tete<t .

with small € > 0 are often used to model an independent source that is
switched on at ¢t = ¢,. As g.;, is continuous but not continuously diffe-
rentiable, the example

ah + 23— w3(1+ x3) = gy, ()
) — 3= e (t) (2)
T — Ty = 0

and similar equations can’t be treated using the concepts mentioned above.
Also, a treatment on the subintervals [0,¢,) and [t., 00) is not feasible in gen-
eral, as the switching point ¢, may not be known in advance. Nevertheless,
there is a unique solution of the initial value problem (2), x(0) = zo. The
solution will be constructed in section 3.

The object of this paper is to widen the class of differential algebraic equations
for which existence and uniqueness of solutions can be proved. We focus on
low smoothness requirements in order to be able to include examples such
as (2). Thus we use the concept of the tractability index for our investigations
[9, 11]. In section 2 we impose a structural condition (%) on the DAE (1) that
makes it possible to generalise the decoupling procedure for linear DAEs [16]
to quasilinear ones. In section 3 this decoupling procedure is used to give
sufficient conditions that guarantee the existence of unique local solutions.

Recall that the geometric index is sometimes hard to check in practice [13].
Also the hypothesis from [6] is rather complicated to verify. Our approach has
the advantage that the sufficient conditions given here are easily accessible. In
particular the structural condition (x) is valid for all DAEs modelling electrical
circuits via the modified nodal analysis. Thus, apart from the smoothness
requirements, no additional effort is necessary to guarantee the local existence
and uniqueness of solutions.

2 Preliminaries

We consider quasilinear differential algebraic equations (DAEs)

At (d(x(t),t)) +b(z(t),t) =0 (1)

with continuous coefficients. Let D C IR™ be a domain and Z C IR an interval,
A(t) € LOR™,R™), d(x,t) € R", b(x,t) € R™ for (x,t) € DxZ. We assume



that continuous partial derivatives d/, and ¥, exist. Let the leading term of
(1) be properly stated [8], i.e

ker A(t) ® imd.,(z,t) = R" V (z,t) € DXI,

and there is a smooth projector function R € C'(Z, L(IR",IR")) such that
ker R(t) = ker A(t), im R(t) = imd,(x,t) and d(z,t) = R(t)d(z,t) for every
(x,t) € DxZ. In particular, im d/, does not depend on z.

A function = € C(Z,,IR™), Z,, C Z, is said to be a solution of (1) if z(t) € D,
t € I, d(x(-),") € CY(Z;,R™) and x satisfies the DAE pointwise for ¢ € Z,.
Unfortunately this notion does not lead to a linear function space. Thus we
consider DAEs of the form

A)(D®)x(t)) +b(z(t),t) =0 (3)
where solutions lie in the linear space
Cp(Z,R™):={z€ C(Z,R™) | Dze C'(Z,R")}.

Note that (1) can be transformed into (3) by considering the enlarged system

A (RMy(®)" + b(x(t). 1) = 0, (4a)
y(t) —d(z(t),t) = 0. (4b)
With:%:(f/),fl:({)‘),ﬁ:(O R) and b(i,t <y d(xt) is seen to

be of type (3). Indeed, in [8] it is shown that (1) and (4) are equivalent and
we restrict ourselves to DAEs of type (3).

When analysing DAEs with properly stated leading terms it is advantageous to
introduce a certain sequence of matrix functions and subspaces. This sequence
not only provides means for defining the tractability index but also allows a
refined analysis of (3). Here we summarise the results necessary for our later
investigations. Details can be found in [9, 11, 14].

Pointwise for t € Z, x € D we introduce

Go(t) = A(t)D(t),  Bl(x,t) = (x,t)

5)
No(t) = ker G(t), So(x,t) = {z € R™|B(z,t)z€im Gy(t) } (52)
and a projector function Qg € C(Z, L(IR™, ]Rm)) onto Ny. We define
Gi(a,t) = Golt) + Bz, )Qu(0), .
Ni(z,t) = ker Gy(z,t), Si(z,t) ={z€R™|B(z,t)z€imGy(x,t) }.

Let Q1 € C(DXI,L(]Rm,IRm)) be a projector function onto N7 and define
Py(t) =1—Qo(t), Pi(z,t) =1— Q1(x,t). Finally consider
C(a',2,t) = (DPD™) (x,t)z" + (DP.D™)'(x,1),
Buy(at,2,t) = Bla, )Po(t) — Ga () D~ (), 2, ) D), (50)
G2($1,$,t) = Gl(‘r’t) + B1($1,$,t)Q1($,t)



fort € Z, x € D and 2! € R™. D~ (t) is the generalised reflexive inverse of
D(t) defined by

DD D=D, D DD =D, D D=P,, DD =R

When defining C' we have to make sure that the partial derivatives of DP; D™
exist. Note that C(Z'(t), z(t),t) = % [(DP,D™)(z(t),t)] follows for arbitrary
functions z € C1(Z,IR™).

Definition 2.1 ([11]) Let (3) be a DAE with a properly stated leading term.

(i) The DAE is called regular with (tractability) index 1 on DXZ, if there
is a sequence (5) such that Gy and Gy have constant rank ro and ry,
respectively, for (z,t) € DXZ and ro < r1 = m.

(it) The DAE is called regular with (tractability) index 2 on DxZI, if there
is a sequence (5) such that

(a) Qo and Q1 are continuous but DP) D™ is continously differentiable,
(b) Ny C ker Q1 pointwise for (z,t) € DXZ,

(c) G; has constant rank r; for 0 <i <2, t€Z,z €D, z' € R™ and
ro <11 <72 =m.

This definition is a generalisation of the index notion given for linear DAEs
in [10]. In this case we have C'(t) = (DP1.D~)'(t).

For index-2 DAEs definition 2.1 implies that Ga(z!, x,t) remains nonsingular
on IR™XxDxT and we have

N1($,t) ) Sl($,t) =R™

In the following we will always choose Q1 to be the canonical projector onto
Ny along Sp. Due to Ny C S; the property (i) is always valid for the canonical
projector (1.

The space No(t) N So(z,t) is of vital importance for index-2 DAEs. Following
[16] we introduce a projector function T € C(DxZ, L(IR™,IR™)) such that

im T(x,t) = No(t) N So(l',t)

and define U(xz,t) = I — T(x,t). Due to im Py(t) N (No(t) N So(z,t)) we can
always assume that

QQT:T:TQO, P()U:P():UP().

It is well known that in order to prove existence of solutions, the DAE has
to satisfy certain structural conditions. In [6] the DAE is assumed to satisfy
a hypothesis based on the derivative array. In contrast to that, [12] requires
Q1G5! (b(x,t) — b(Poz,t)) = 0. Unfortunately the latter requirement is too



restrictive in the sense that there are DAEs arising from the modified nodal
analysis in circuit simulation that do not satisfy this condition [16]. Hence in
[3, 16] the generalised structural condition

No(t) N So(z,t) does not depend on x (%)

was introduced. The space Ny N Sy describes the so-called index-2 compo-
nents, i.e. the particular part of x that can be calculated only by performing
an inherent differentiation process. Since the circuit’s layout determines the
subspace Ny(t) N Sp(x,t), it is indeed independent of = and (*) holds for all
DAEs obtained from the modified nodal analysis (MNA) [4].

We will show that (x) is already sufficient for the local existence and unique-
ness of solutions. Thus in circuit simulation there is no need to check com-
plicated conditions that guarantee the existence of solutions. For DAEs from
other application backgrounds, (%) can be checked using linear algebra tools
in practice [7].

As we will always assume (x) to hold, we choose T to be independent of x.
Finally let us remark that condition (%) is the same for (1) and the enlarged
system (4) since the corresponding subspaces are related by

No(t) N So(@,t) = ( No(t) N So(z,t)) x {0}

More details are given in [8].

3 The decoupling procedure for index-2 DAEs

We assume that (3) is a regular DAE with a properly stated leading term that
has index 2 on DxZ and that (y°,2°,¢y) is a point in im D(tg) x D xZ such
that

(A1)  A(to)y® + b(2%,t9) = 0.

The initialisation (y°,2°,9) doesn’t need to be consistent, i.e. apriori we do
not require that there is a solution passing through z°. However, we will
use (y°,2°,t9) for the construction of a consistent initialisation (yo,o,%0)-
This process can be compared with the step-by-step construction of consistent
initial values in [3].

Let € C'(Z,IR™) be an arbitrary function satisfying

(A2)  Z(ty) = 2°, (z(t),t) eDxI  V tel.

Some of the matrix functions defined above depend not only on ¢ but also on
the arguments = and x!. We will evaluate these functions in Z, i.e. we consider
the functions

Ql(t) :Ql(j(t)vt)v 71(1;) :Pl(j(t)vt)a
Gi(t) = G1(xz(t),t), B(t) = B(z(t),t), (6)
Ga(t) = Go(Z'(t), z(t), 1)



defined for ¢ € Z. Remember that due to the index-2 condition, Ga(t) remains
nonsingular on Z. Also, recall from [5] the representation Q1 = Q1G5 LBPy,
as Q1 was chosen to be the canonical projector onto N along 5.

3.1 Splitting of DAE solutions

For the moment let us assume that there is a solution z.(-) € CL(Z,R™) of
(3) with

(",2° to) = (D) (t0) , .(t0) , to)- (7)

The results obtained when assuming the existence of a solution will lead the
way to constructing one in the more general setting. Observe that in this
section (and only in this section) z is a consistent initial value due to (7).

We define functions
ut) = D) Pi(t)i(t),  w(t)=TH)z(t),  2(t)=Z(t)z(t)  (8)

for t € Z, where Z(t) = Py(t)Q1(t) + U(t)Qo(t) is again a projector function.
Figure 1 shows how these functions are obtained from x, by successive splitting
and hence the solution x,(-) itself can be written as

2o (t) = D™ (t)ult) + 2(t) + w(t). 9)

We think of u(-), z(-) and w(-) as the dynamical, algebraic and differential part,
respectively. The motivation for defining these functions comes from the study
of linear index-2 equations where u(-) is determined by the inherent regular
ODE, z(-) is given by a purely algebraic equation but in order to determine
w(-) one has to carry out a differentiation of certain parts of the right-hand
side [16]. Since the solution z, belongs to C5(Z,IR™) we have z € CL(Z,IR™).
Additionally we consider v(t) = D(t)Q1(t)z.(t) = D(t)z(t), such that

(Dm*), = (Dplx* + Dle*), =u +.

We will now rewrite the DAE (3) in terms of the new variables introduced
above. Using the notation

fly,x,t) = A(t)y + b(z,t)

/x*\

Pox, QO-%'*
N VRN
D~ DPx, PyQ1 . UQox. TQoz«
' NS |
D u z w

Figure 1: The relation of u, z and w to x,.



(3) can be written as

0= f((Dm*)/(t),x*(t),t)
= F(u/(8) + 0/ (1), (D~u)(B)+2(t)+w(b), t) (10a)
= F(u <> <>,z<t>,u'<t> '(t), ), tel.

The function F' is defined by
Fu,w, 2,m,¢,t) = f(n+¢ D™ (Hu+Z()z+T(tw, t) (10b)

where u, w, z, n and ( are considered to be parameters. Z and T were
introduced for convenience when defining F. Because of (8) they do not
change (10a) at all but will be quite useful when calculating derivatives of F.

Lemma 3.1 Let (3) be a regular DAE with index 2 on DXZ. Assume that
(7) holds for a solution x, € C*(Z,IR™). Choose T = x, and define

uo = u(ty), wo=w(ty), 20=2(to), mo=1u'(to), Co="1"(to)

for the functions u, w and z from (8). If the structural condition (x) holds,
then locally around (ug,wo, 20, Mo, Co, to) equation (10) is equivalent to

2(t) = z(u(t),t), o'(t) =F(ul),w),t), w(t)=w(u(t),v(t)t) (11)

with continuous functions z,F and w being defined on neighbourhoods of (u, to),
(ug, wo, to) and (ug, Co,to), respectively.

To prove this result one splits the function F' from (10b) using an approach
similar to the one depicted in figure 1. Two applications of the implicit func-
tion theorem yield the mappings z and w. The function

Fu,w,t) = (DPLD7) (1) (u+v(u,t)) (12)

— (DPG3Y) (1) b( D™ (t)u + 2(u, t) + T(t)w, t)

can be written in terms of the original data. The mapping v(u,t)=D(t)z(u,t)
t

is given once z is known. The detailed proof of lemma 3.1 will be carried ou
in section 4.

3.2 Local existence and uniqueness of DAE solutions

From now on we drop the assumption that there is a solution of (3). However,
we assume that (y°,z% ¢y) € im D(tg) x DxZ and z € C*(Z,IR™) are given
such that (A1) and (A2) are valid. Using the matrix functions defined in (6)
we introduce

up = D(to)Pr(to)2°,  wo =T(to)z", 2= Z(to)a". (13)



Notice that 20 = D~ (to)up + 2o + wo. We will now study the equation
F(u,w,z,n,(,t) =0 (14)

without assuming that there is a solution of the original DAE. Observe that
the parameters 1 and ¢ replace the derivatives u’ and v’, respectively.

The results obtained in this section are based on the proof of lemma 3.1. Hence
the results will only be quoted here. Full proofs are given in section 4. The
first statement provides a function z similar to the one obtained in lemma 3.1.

Lemma 3.2 Let (3) be a reqular DAE with index 2 on DxZI. Assume that
(A1), (A2) and the structural condition (%) hold. Then the function

Z(t)Gy M) F(uyw, 2,n, ¢ t) + (I-Z(t))z = Fi(u, z,t)

is independent of w, n, ¢ and there is r, > 0 and a continuous function
z :B;, (ug, tp) — R™, z(ug, to) = 2o,

such that I (u,z(u,t),t) =0 for every (u,t) € By_(uo, to).

Using the function z from this lemma we introduce v(u,t) = D(t)z(u,t) and
define F(u, w,t) as in (12). Recall that we had u/(t) = f(u(t), w(t),t) in lemma
3.1. The function [ obtained here will have the same significance. Thus in (14)
we replace 1 by [ and z by z, respectively. The resulting equation is studied
in the next lemma.

Lemma 3.3 Let (3) be a reqular DAE with index 2 on DxZI. Assume that
(A1), (A2) and the structural condition (%) hold. Consider

Fg(u,w,c,t) = T(t)C_v’Q_l(t)F(u,w,z(u,t),ﬂ‘(u,w,t),(,t) + (I - T(t))w

where z is the mapping from lemma 3.2. Let (o = y° — F(ug,wo,to). Then
there is ry > 0 and a continuous function

w :B;,, (uo, Co, to) — R™, w(uo, Co, to) = wo,
such that Iy (u,w(u, ¢,t), C,t) =0 for every (u,(,t) € By, (ug, Co,to)-

The mappings z, v, [ and w introduced above allow the construction of a
solution. We need to consider the following system of differential algebraic
equations

z =z(u,t), v =v(u,t) = D(t)z(u,t),
v = F(u,w,t), w=w(u,v,t).

Inserting w into [, it turns out that we have to deal with the implicit DAE
u' = F(u,w(u, v’ 1), t) = f(u,v',t) (15a)
v = D(t)z(u,t) =: g(u,t). (15b)

first. Once u and v are known, we obtain the remaining components via
z=1z(u,t), w=w(u,v,t).



Lemma 3.4 Let (3) be a reqular DAE with index 2 on DXZ. Assume that
(A1), (A2) and the structural condition (x) hold. Let z, F and w be the func-
tions obtained from lemma 3.2 and 3.5.

(@) The implicit DAE (15) has (differentiation) index 1.

(ii) For every consistent initial condition (u(to),v(to)) = (uo,g(uo,t0)) there
is a unique solution of (15).

(i1) If ug € im D(to)Pi(tg), then u(t) € im D(t)Py(t) for every t where the
solution exists.

Proof: To see (i) it suffices to note that I — f! g is nonsingular in a
neighbourhood of (ug, {p,to) (see remark 4.2).

In order to prove (ii), differentiate (15b) and insert the result into (15a). This
vields v/ = f(u, g}, (u, t)u' + gj(u,t),t) = f(u,u’,t) and due to the index-1
condition we can solve for u’. Thus (15b) is equivalent to an ordinary differ-
ential equation v’ = F(u,t). Now solve the initial value problem v’ = F(u,t),
u(to) = ug to see that (u(t),g(u(t),t)) is the unique solution.

(i7i) can be proved similar to the case of linear DAEs [9]. Let (u,v) be a solu-
tion of (15) with u(to) € im D(to) Py (to). Multiplication of (15a) by I—D Py D~
yields

(I -DPD™)(t)u'(t) = —(I — DPLD™)'(t) (DPLD™)(t) u(t)

since DPyD~v(u,-) = 0. This means that @ = (I — DP; D~ )u satisfies the
linear ODE

@/ = (I - DP,D™)"a. (16)

Now u(tg) € im D(to)Py(to) implies @(to) = 0 and the solution of (16) is
identically zero, i.e. u(t) € im D(¢)Py(t) V t. O

Starting from lemma 3.4 it is now straight forward to construct a solution of
the original index-2 system (3). We collect the result in the following theorem.

Theorem 3.5 Let (3) be a regular index-2 DAE on DxZI with a properly
stated leading term. Let the structural condition (%) hold and additionally
require

(A1) 3 (y°,2°,t0) € im D(to) x DX T such that A(to)y® + b(x°,tg) = 0,
(A2) 3 7 € CHZ,IR™) such that T(tg) = 2° and (z(t),t) e DxI V teT,
(A3) the derivatives by, D' and %(Z@;lb) exist and are continuous.

Then there is a unique local solution of the initial value problem

A)(D@)x(t)) +b(x(t),t) =0,  D(to)P1(a’ to) (z(t) —a®) =0. (17)



Proof: Use lemma 3.2 to obtain the mappings z and v(u, t) = D(t)z(u,t).
Let w be the mapping defined in lemma 3.3. Then due to lemma 3.4 there is
a local solution of the implicit index-1 system

u' = F(u,w(u, 0, t),t), u(to) = ug := D(to)Py(2° tg)x?,

v = D(t)z(u,t), v(to) = g(uo, to)
existing for t € 7. = (tp — €,tp + €) NZ for some £ > 0. We define
z.(t) = D™ (t)u(t) + z(u(t), t) + w(u(t),v'(t),t). (18)

It remains to check that (18) is indeed a solution.

Due to up € im(DP;)(tg) and lemma 3.4 we have u(t) € im(DP;)(t) for
every t € Z.. Recall that R(t) = (DD7)(t) is the projector function related
to the properly stated leading term. Therefore u(t) € im R(t) and Dz, =
Ru+ DZz(u,-) + DTw(u,-) = u + v(u,-) is a C! mapping? due to (A3). In
particular we have DPyx, = u, Zx, = z(u,-), Tz« = w(u,v’,-). Thus we get

ZG;I [A(Dl'*)/ + b(x*, )] = Fl (u, Z(u7 -), ) — 0’
TGZ_1 [A(Dm‘*)/ + b(,Z'*7 )] = FZ (U,W(U,C, .)7 C’ ) — O7

PyPiGyt [A(Da,) + b(x., )] = D™ (W =F(u,w(u, v/, ),-) ) =0

(see remark 4.3). Since I = Z + T + PyP; we conclude that z, is indeed a
solution of (3). Due to D(to)Py(z" to)z«(to) = u(to) = uo = D(to) P1 (2% t)x°
this solution satisfies the initial value problem (17).

If there was another solution, say ., then we could decouple z, and Z, as
described in section 3.1. Therefore the corresponding D P; parts v and 4 solve
the same inherent index-1 system (15) and are therefore equal. Because of
lemma 3.1 z and 2 as well as w and w are also equal, respectively, and x, and
I coincide. O

The smoothness that is required in order to be able to construct the solution,
is given when the function v is differentiable with respect to t. The conditions
on D and ZG; 'y in theorem 3.5 guarantee this fact but they are unnecessary
strong in general.

The theorem is given for index-2 DAEs. Using @1 = 0 and P, = I it turns
out that the result contains index-1 equations as well. In this case v is zero
and no additional smoothness is required.

Example 3.6 We want to employ the decoupling procedure described above
for explicitely constructing a solution of the DAE

ah+ a3 —as(14as)=g- 4, (1)

10 217\ [#3—23(l+z3)—ge b, (1)
% —argen ) & (1] (0001[B]) | e | o
1 —x2=0 T1— T2

2The special construction of z ensures that the partial derivative v/, always exists. Since
ZG31b is smooth, ¢, (t) = z(u, t) is a C'-mapping for every fixed u. As D is a C'' mapping,
too, we have ¢, € Ch. Thus the partial derivative v; exists and is continuous.

10



This equation was already considered in the introduction. Recall that the
piecewise linear function

|

0 , 0<t<ty—c¢ 1 |
_ t—t« 1 | |
gs,t*(t)— 2¢ +35 te —e<t<tli+te ‘ / ‘
1 te +e<t 0 C

)

may represent an independent source that is switched on at ¢ =¢,. Let t, > 0
and 0 < & < ty.

. e ey e 7. . 0 0 5 11T 11T .
We will use the initialisation (y°,z" ty) = ([—Z IR 0) since

Ay® +b(20,tg) = 0. We start by calculating the matrix sequence

100 0 2zy —273—1 0 000
G :[010] B :[0 0o -1 } Ny =s an{[o]} :[000]
0 000]"’ 0 1 -1 0 ’ 0 p 11J)7 Qo 001

i=cpema [} 5] mman{[))
sy {[{][§} =5

As NogN Sy = Ny is independent of z, the structural condition (x) holds. Also,

due to Ny N'S; = {0} for z3 # 0 the index is 2. Calculating the canonical
1 2x3+1 —2x3—10
[ 1 -1 8] onto Ny along S7 we find that

projector Q1 = L L

2z3

GQ(ml,m,t) =

fmé 2x3+mé —1

1 |:2a:3(m2+x3)—m% —2x2x3+xé —2m3(2x3+1):|
2x3 —2x3 0

23

This matrix depends on , ¢ and the auxiliary variable 2'. Choosing Z(t) = x°

we find

_ -1 2 0 — 0 0 O 000 — 0O 0 O
Gt:[01—1}, :[—110},T:[000},Z:{—110].
2(t) 1-1 0 @ 1 10 001 0 0 0

Instead of the original DAE we turn to investigate (14) written in terms of the
new variables u, w, z, n, ( and t,

m+C1—w32 —wa+(uz—z1+22)2—ge 1, ()
F(U,, w, z,1, C7 t) = |: N2+C2—w3—ge,t. (t) :| =0.

—u2+z1—22+u;

The mapping F} (u,z,t) = [21, ug —u1 + 22, 23]7 = 0 defined in lemma 3.2
allows the determination of z = z(u,t) = [0, u; — u2, 0]7 and therefore we
get v(u,t) = D(t)z(u,t) = [0, u; —uz]’. Notice that v(u,t) is continuously
differentiable with respect to both arguments.

w32 +wz—u1?+ge 1. (t)
w3+ wz—u1?+ge . (t)
o (12) and Fy(u,w,(,t) = [wy, wy, ¢ — (o — wd +u?]T = 0 from lemma
3.3 fixes the w component w = w(u,(,t) = [0, 0, —+/¢1 — (2 +u?]T. Note
that ug = [1 1]7, wo = [0 0 — %]T and thus (o = y° — F(ug, wo, tg) = [0, %]T.
We needed to choose the negative sign for the root in order to guarantee
wo = w(uo, (o, to)-

Now we can define the mapping f(u,w,t) = { } according

11



Finally we arrive at the implicit index-1 DAE

u' = ﬂ\(u7w(uvvlv ')7 ) = H] [9871*"’”/1_”/2_\/”/1_”&"'“%] ’ u(to) =Up = H] )
v

= Dz(u,-) = [u19u2:| ; v(to) = 9]
[0

t arguments were omitted for better readability. Obviously v(¢) o] is
uniquely determined by the initial data and we have to consider the ordinary
differential equation u'(t) = [1] [ge.e. ®—u1(t) ], u(ty) = up. The unique solution

is given by

a(t) , 0<t<ti—ce
ur(t) = ua(t) = ¢ «ft) + B(t) , te—e<t<ti+e
ot) + B + (1), tate<t

where the functions «, 8 and ~ are defined by
a(t) :e—t’ B(t) — %+2_155 [t—t*—1+€t*_€_t] ’ ’y(t) _ 1_‘_% [et*—e—t_et*-‘re—t] .
Following (18) we find
1
2, (t) = D™ (t)u(t) + z(u(t), t) +w(ut),v'(t),t) = ui(t) [_%] :

Direct computation shows that x, is in-
deed a solution. Notice that there was no

X1 (0)=%5(1)
need for the initialisation to be consistent, 05 ]
ie. we have 20 # z,(t9) = [1,1,-1]7T. xl(t)
However, x, satisfies the initial condition or
D(to)Py(to) (z+(to) — mo) = 0 as stated in '
theorem 3.5.

The solution obtained for t, = 1 and e =

is plotted on the right.

-05 < B

D,J;I»—A
o
o
o
-
-
2
~
N
v
w

3.3 Some remarks about the decoupling procedure

In contrast to the case of linear DAEs [9, 10] we did not obtain an inherent
ordinary differential equation for the nonlinear DAE (3). In fact, we derived
the implicit DAE system (15) that governs the dynamical behaviour. Using
the concept of the differentiation index it turned out that (15) has index 1.

Of course, the transformation of higher index DAEs to equivalent ones having
index 1 is a well-known theme in the theory of differential algebraic equations.
But in contrast to classical approaches [1, 2, 6], we didn’t use the derivative
array at all. The concept of the tractability index made a more refined analysis
of index-2 DAEs possible leading to lower smoothness requirements. This is
of vital importance for applications.

Indeed, (15) can also be used to analyse numerical methods for index-2 DAEs.
The decoupling procedure introduced here is a theoretical device and there
won’t be any explicit decoupling when doing serious computations. However,
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one has to ensure that a given method, when applied to (3), behaves as if it
was integrating the index-1 system (15). This will guarantee that numerical
results behave as expected.

We remark that (15) is neither in Hessenberg form nor formulated with a
properly stated leading term. It is easily seen that reformulations that fit into
these classes of equations will have index 2 again. Thus one has to be careful
when reformulating the implicit system and it turns out to be advantageous
to consider (15) directly.

Finally observe that theorem 3.5 is indeed a generalisation of corresponding
statements for linear DAEs. If the DAE (3) was linear, A(Dz)’ + Bz = q,
then DP,G,'BZ = (DP,D~)' DQ; shows that (15) reduces to

v = Flu,w,t) = (DPlD_)I(t) U — (DPnglBD_)(t) U+ (DPnglq) (1),
o(t) = (DQ1G3g) ).

This is precisely the inherent regular ODE from [9].

But still, for nonlinear equations we can’t expect that there is a full decoupling
leading to an inherent ODE. This is clear as in [15] it was already observed that
errors in the algebraic component v may influence the dynamical component
u. The system (15) clearly reveals this interconnection.

4 Proofs of the results

In this section we prove lemma 3.1, 3.2 and 3.3. Unfortunately, the proofs
given here are rather technical. The structure of our approach is depicted in
figure 2. We rewrite the DAE (3) in terms of new variables and consider the
equation (14), F(u,w,z,n,¢,t) = 0. The derivatives u’ and v’ are replaced by
parameters 1 and (, respectively. Using the fact that I = Z 4+ PyP, 4+ T, this
equation is split into three parts that can be dealt with one after the other.

{ F(u,w,z,n,(,t) =0 }

\
/

~N \
="
\
' = f(u,v',t)
v=g(u,t

Figure 2: roadmap to the proofs
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0 The first part, F} (u, z,t) = 0, together with the implicit function theo-
rem yields the mapping z. Here the structural condition (x) is crucial.

O Inserting z = z(u,t) into the second part then provides an explicit rep-
resentation v’ = F(u, w,t).

00 Using the information about z and n = u/, the third part then reads
Fs(u,w,(,t) = 0 and another application of the implicit function theo-
rem yields w = w(u, (, ).

To derive the implicit DAE (15), we need to plug w back into [ keeping in
mind that ¢ was representing v'.

This procedure will now be carried out in detail. We start by giving a preli-
minary result.

Lemma 4.1 Let (3) be a regular DAE with a properly stated leading term that
has index 2 on DxZ. Let (A2) and (A1) hold. Then

Gy (DA®)D(t) = Pi(t)Po(t), G1(&, 1) Po(t) = (G2 P Ry) (1),

hold for every (§,t) € DXZ. Furthermore we have

(TG3) (t0) B(a®, to)T(to) =T (to), (ZG5")(to)B(a° to)Z(to) = Z(to)-
If, in addition, the structural condition (x) is valid, then
im B(&,0)T(¢) C im (Go P Ry)(t) Y (&,t) € DxT.

Proof: Since GoPLPy = AD = G4 (&, )Py for every &, the first two equa-
tions hold. The second two equations follow from

BT = BQoT = G1QoT = GoP\T,
ZG;IBZ = P(]QlG;lBP(]Ql + UQQG";lBP()Ql + ZG;IBQ()UQQ
=PQ1+UQo = Z,

respectively?. The argument ¢y was dropped for better readability. Notice
that for t # to we get Gy (t)Ga(z',€,t) # I in general and the second two
equations need not hold for t # tg.

Given (x), we have imT'(t) C So(§,t) since Ny(t) N Sp(z,t) is independent of
x. We find im B(&,t)T(t) C im Go(t) which proves the last assertion of the
lemma. g

Proof of lemma 3.1:  We assume that z, is a solution of (3), define the
functions u, w, z according to (8),

u(t) = DO)PL(t)z.(t),  w(t) =TH)as(t),  2(t) = Z(t)z.(t),  (8)

3Recall that leéléglgpo, BP():Bléﬁ—égplDi(DplDi)/Dél and BQ():GQplQ().
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and consider the mapping

0= /(D) (1), 2. (8),1) = F(u(t), w(t). 2(t).w/ (1) 0'(1).t),  (10a)

F(u,w, 2,m,¢,1) = f(n+¢ D™ (Out+Z(H)z+T(tw, ). (10D)
Using the identity I = PoPy +Z+T = D™ DP, + Z +T as motivation we split
(10b) into

Fl(u7 w, z,1, ga t) Z(t)égl(t)F(ua w, z,1n, Cv t) + (I - Z(t))zv

Fay(u,w,z,n,¢,t) T(t)@z_l(t)F(u,w,z,n,C,t) + (I — T(t))w,

Fs(u,w, z,n,¢,t) = D(t) Py (t)Gy L () F (u, w, 2,1, ¢, t).

Observe that (8) and (10a) imply

F(u(t), w(t), 2(t), v (t),0'(t),t) =0, i=1,2,3, (20)
for t € Z. We study these functions around (ug, wo, 20,70, (o, to) Where

ug = u(to), wo=wty), z0==2(t), m0="1'(tr), C{o="71"(to).
As in (9) we have 2° = D~ (¢¢)ug + 20 + wo.

O Lemma 4.1 shows that (dropping the ¢ argument)

F(u,w,z,n,(,-) = Z@;l b(D*u—i—Zz—i—Tw,-) + (I - Z)z

does not depend on 7 nor ¢. Due to the structural condition (x) F; is even
independent of w as

F{ y(u,w,2,n,¢,t) = (ZG3") (0)B(£(t), 6)T(t) =0 (21)

with £(t) = D™ (t)u + Z(t)z + T(t)w (see lemma 4.1). Now we may redefine
F using the proper argument list:

Fi(u,z,-) = ZG’Q_lF(u,O,z,O, 0,-) + (I—Z)z

_ _ _ 22
=ZGy'0(D u+Zz,) + (I-2)-=. @)
Keep in mind that due to (21)
Fl(u,z, ) = Z@;l b(D*u—f—Zz—i—wo ) ) + (I—Z)z (23)
is also valid. Using lemma 4.1 again, we calculate
F{ ,(uo, 20,t0) = Z(t0)G5 ' (to) B(2°, t0) Z(to) + (I-Z) = I. (24)

(20, i=1) and (24) allow the application of the implicit function theorem and
z(t) = z(u(t),t) is given as a function of u(¢) and t. The mapping z is defined
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locally around (ug, tp) and satisfies I3 (u,z(u, t), t) = 0 in a neighbourhood of
(UQ, to). Thus

z(u,t) = Z(t)z(u,t) (25)

is also valid since 0 = (I — Z(t))Fl u, z(u,t), t) = (I — Z(t))z(u, t).
Due to D(t)z(u,t) = D(t) Z z(u,t) = D(t)Q1(t)z(u,t) we arrive at
)

= D(t)z(u(t),t) =v(u(t),t)
with the function v(u,t) = D(t)z(u,t).
O Noting that (dropping ¢ arguments)

DP,Gy A(u+v) = DPLG5"ADD™ (u+v) = DPD™ (u +v)’
= — (DP.D7) (u+v)

it turns out that F3 provides an explicit representation of w/(-) in terms of u(+)
and w(-). In particular, (20, i=3) is equivalent to

u'(t) = B(u(t), w(t),t) (26a)
with
Fu,w,t) = (DPLD™) (t)(u+ v(u, 1)) (26b)
— (DPLG3 ) (1) b( D™ (t)u + 2(u, t) + T(tyw, t).
0 Combining F, with the results obtained so far we get
By (u(t),w(t),v'(t),t) =0 (27a)
where

J 28 (u,w,C,t) =I (u,w,z(u,t),ff(u,w,t),C,t)
= (TG A) (t) (F(u,w, t) + ¢) + (I = T(t))w (27b)
+ (TG ) b(D™ (tu+2(u, t) + T(tw, t)
is defined on a neighbourhood of (ug,wq, (p,%0). In ordgr to apply the im-

plicit function theorem once again, we need to show that F2,,w (uo, wolo, to) is
nonsingular. After calculating

ﬂ‘iu (uo, wo, to) = — (Dplégl) (t)B(acO, tQ)T(tQ)
we obtain from lemma 4.1

Fz/,w (o, wo, Co, to)
= (T@;lA) (to)l}\;ﬂ (UQ, wo, to)—i—[—T(to)—i— (T@;l) (tQ)B(Z’O, tQ)T(to)

= —(Tplpoplégl)(t)B(l‘o, to)T(tQ) + I—T(to) + T(to).
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This proves Féyw (uo, wo, to) = I, since TP, PyP, = 0. Thus the implicit func-
tion theorem shows that locally around (ug, wq, (o, to) (27a) is equivalent to

w(t) = w(u(t),v'(t),t)
with a continuous mapping w. Similar to (25) w(u,(,t) = T(t)w(u, ,t) holds.
The results of 0 -0 show that (10) implies (11) from lemma 3.1, i.e.

2(t) =z(u(t),t), '(t) =F(ut),wt),t), wt)=w(u),v'(t)t).

To finish the proof we note that these mappings imply (dropping ¢ arguments)

G;lF(u7 w, z, U/, Ula )

:Fl (ua Z(“? ')a )+F2 (u? w(“? U/a ')7 v,’ )+D— (ul—f(u, w(u, U,a ')? )) =0. 0
Proof of lemma 3.2:  Again we drop the assumption that there is a solu-
tion. We require that (A1), (A2) and (%) hold. Exactly as in (22) we define
the mapping F; = Fj(u, z,t) where u and z are considered to be parameters

chosen in a neighbourhood of (ug,29). Recall that ug, wpg, 2o are defined in

(13). We have
Fi(uo. 20,t0) = (2G5 ") (to) [Alto)y” + b(a", )| = 0

due to (23) and (A1). As in (24) we find FY(ug, 20,t0) = I and the implicit
function theorem provides the function z satisfying F} (u,z(u,t),t) =0in a
neighbourhood of (ug,%y). Notice that z satisfies (25). O

Proof of lemma 3.3: Having z at our disposal we introduce v(u,t) =
D(t)z(u,t) and consider the mapping F = F(u,w,t) defined in (26b). Now
the function Fy = Fg(u,w,g,t) can be defined as in (27b). Let (o = ¢° —
F(ug, wo, to) such that

FQ(UO, wo, CQ, to) = (Tégl)(to) [A(to)yo + b(.%'o, to)} = 0.

We already calculated Féyw (uo, wo, to) = I and therefore the implicit function
theorem yields the mapping w with 5 (u,w(u,(,t), C,t) = 0 in a neighbour-
hood of (ug, Co, to). Again w(u,(,t) = T(t)w(u,(,t) is satisfied. O

Remark 4.2 Asin lemma 3.4 the decoupling procedure discussed above leads
to the implicit DAE

u' = F(u,w(u,v',t),t) = f(u,v',t) (28a)
v = D(t)z(u,t) =: g(u,t). (28b)

It was remarked earlier that (28) has (differentiation) index 1. This follows
from the fact that M(u, (,t) =1 — fI,(u, ¢, t)g,, (u,t) with

M (uo, Co: t0) = I — (,w;¥,,) (uo, Cos to)
=1+ (DP1Gy'BT)(to)(TG5 " A) (to) (DQ1 D™ )(to) = I

remains nonsingular locally around (ug, (o, to). O
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Remark 4.3 In theorem 3.5 a solution x, was constructed by first solving
(28) and then defining () = D~ (t)u(t) + z(u(t), t) + w(u(t),v'(t),t) as in
(18). z, is indeed a solution since

2G5y [A(Dzy) + b(zy, )] = Fi (u,2(u, ), ") _

]30]51@271 [A(Dl“*)/ + b(z., )} = D_<u'—f(u,w(u, V'), )) =

Here we want to remark that in order to see (29a) recall that ZG5 'AD = 0and
ZG7'0(¢, ) = ZG5Pb(UE,-). The latter relation follows from the structural
condition (*) as was seen in (21). Also the property (25) is used. Similarly,
w(u,(,t) = T(t)w(u,(,t) and (27b) imply (29b). Finally, (29¢) follows from
(28a), v(t) = v(u(t),t) and the definition of [ in (26b).
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