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Abstract

We discuss the solution of linear second order differential-algebraic equations with
variable coefficients. Since index reduction and order reduction for higher order higher
index differential-algebraic systems do not commute, appropriate index reduction methods
for higher order DAEs are required. We present an index reduction method based on
derivative arrays that allows to determine an equivalent second order system of lower
index in a numerical computable way. For such an equivalent second order system an
appropriate order reduction method allows to formulate a suitable first order DAE system
of low index that has the same solution components as the original second order system.
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1 Introduction
Linear second order differential-algebraic equations of the form
M)+ Ct)x + K(t)xr = f(t), tel, (1)

where M,C, K € C(I,C™*™) and f € C(I,C™) are sufficiently smooth on a compact interval
I C R with initial conditions

:L‘(to) =20 € (Cn, j}(to) =1x0 € C™ for tg €1, (2)

naturally arise in many technical applications as, e.g., in the simulation of electrical circuits
8, 9] or mechanical multibody systems [6, 14]. Here, C*(I,C™") denotes the set of k-times
continuously differentiable functions from the interval I to the vector space of complex m x n
matrices C"™".

For the numerical (as well as analytical) solution, second order systems of the form (1) are
usually transformed into first order systems by introducing new variables for the derivatives,
as is the common practice in the classical theory of ordinary differential equations. For
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DAEs, however, the classical order reduction approach has to be performed with great care,
since it may lead to a number of mathematical difficulties as has been discussed in several
publications, see [1, 5, 13, 15, 16]. Moreover, the numerical solution of DAEs usually requires
the reformulation of higher index DAEs as an equivalent system of lower index to be able to use
standard integration methods suited for DAEs, see e.g. [2, 10, 11]. Therefore, the numerical
solution of linear second order differential-algebraic systems of the form (1) typically requires
the reduction to a first order system on the one hand and an index reduction for higher index
systems on the other hand. But, for high order high index differential-algebraic systems the
order reduction and index reduction do not commute as can be seen in the following example.

Example 1. We consider the linear second order system

t 0 0 I 1 00 T 1 0 0 1 f
01 1| || +1]0 0 0] [g2f+ [0 1 0| |z2| = |fa]. (3)
0 t t .563 0 0 O 3'53 0 1+t 1 I3 f3

for t € [to, t1] with t9 > 0. System (3) has the unique solution components

[%‘2] _ [ fo=fs+tfa+2f2

3 fs—(A+t)fat fs—tfa—2f2]"

and z7 is the solution of the second order ordinary differential equation ¢, + 21 +x1 = f1 for
given initial values x1(t9) = 21,0 and #1(t9) = &1,0. Hence, the minimum requirement for the
existence of a continuous solution is that f; is continuous and fs and f3 are twice continuously
differentiable (corresponding to a strangeness index of p = 2). The classical order reduction
for the second order system (3) yields a first order system of the form

[t 0 0[00 0[] [1 0 0]1 0 07 [l T[A]

01 1/0 0 0] | 0 0 01]0 1 0] |w £

0 t {0 0 0| fosf | 0 0 00 142 1| |us| _ |fs @
00 0[L 00| | 1T 0 0]0 0 0]||x 0"
00 0/0 1 0] | 0 -1 01]0 0 0] |z 0

0 00[0O0 1] |és)] L0 0o —-1/0 0o o0]las] [O]

In comparison to the solution of (3), this system has the additional solution components
HE [ Y
vl fs—(t+ Do fot £ —tf —3f]

i.e., the third derivative of the inhomogeneity is required (system (4) is of strangeness index
£ = 3). On the other hand, system (3) is equivalent to the system

t 0 0] [# 1 0 0] [ 1 0 0] [= N
0 0 0| |@2|+]0 0 Of |g2|+ [0 1 0| |z2| = fo = fz+ (tf2)" ;
0 0 0] |is 0 0 0] |i3 0 0 1] [a3 fs—tfa— fa+ fs — (tf2)"

a decoupled system of two algebraic equations and one differential equation. Now, introducing
only v1 = &1 as new variable, we get the first order system

t 1 0 0] [0 0 1 0 0] [un fi

000 0 0fdrf |0 01 0f |z _ fo—fa+ (tf2)"

0 0 0 0] |22 0 00 1| |22 |fs—thh—fotfz—(tf)"|’
01 0 0] |is ~1 0 0 0] |3 0



which is also a decoupled system of algebraic and differential equations and no further smooth-
ness requirements are imposed.

Further examples are presented in [12] that show that the classical approach of introducing
the derivatives of the unknown vector-valued function x(¢) as new variables may lead to higher
smoothness requirements for the inhomogeneity f(¢) to ensure the existence of a solution that
can even cause the loss of solvability of the system. By introducing only some new variables,
however, this difficulty can be circumvented. An index reduction method and condensed
forms for linear high order differential-algebraic systems are introduced in [12], which allow an
identification of those higher order derivatives of variables that can be replaced to obtain a first
order system without changing the smoothness requirements. But, the computation of this
condensed form is not feasible for numerical solution methods as it involves the derivatives of
computed transformation matrices. However, since the standard way to obtain a strangeness-
free first order formulation by first introducing new variables for the derivatives to transform
the system into a first order system and then applying the usual index reduction procedures to
the first order system can fail due to a possible increase in the index, at first an index reduction
of the higher order system should be used followed by an appropriate order reduction to obtain
a suitable strangeness-free first order formulation. Recently, it has been shown in [15, 18] that
also the direct discretization of the second order system may yield better numerical results
and is able to prevent certain numerical difficulties as the failure of numerical methods, see
also [1, 2, 17].

In this paper we will present a new index reduction method for linear second order differential-
algebraic systems of the form (1) based on the derivatives of the coefficient matrices M (t),
C(t) and K(t) that allows the computation of an equivalent system of low index and in a
second step also the formulation of a corresponding trimmed first order formulation. At
first, we present the basic results of the analysis of linear second order differential-algebraic
equations similar as in [12], including condensed forms and characteristic invariants as well
as a strangeness-free formulation in Section 2. In Section 3, we introduce the derivative array
approach which enables us to transform the linear second order system (1) into an equivalent
strangeness-free second order system with the same solution set in a numerical computable
way. Further, in Section 4, we present a trimmed first order formulation for linear strangeness-
free second order systems. Throughout this paper, for ease of representation, we restrict to
linear second order systems since they are most frequently used in practical applications.
However, all presented ideas can also be extended to arbitrary linear k-th order systems and
to nonlinear systems, see also [19)].

2 Condensed Forms for Linear Second Order DAEs

In the following, we present the main results of the analysis of linear second order differential-
algebraic systems of the form (1) similar as in [12]. The condensed forms given in [12] are
used to derive the relationships between the global invariants of the triple of matrix-valued
functions (M, C, K) and the local invariants of the derivative array as presented in Section 3.
Since we use a slightly different stepwise index reduction procedure compared to [12] we state
again the main ideas of the condensed forms and of the index reduction here. First of all, to
derive condensed forms for triples (M (t), C(t), K(t)) of matrix-valued functions we need an
appropriate equivalence relation.



Definition 2. Two triples of matriz-valued functions (My,C1, K1) and (Ma,Ca, K2), with
M;,Ci, K; € C(I,C™*™), i = 1,2 are called globally equivalent if there exist pointwise non-
singular matriz-valued functions P € C(I,C™*™) and Q € C*(I,C™*") such that

My = PMQ, Cs=2PMQ+ PC:Q, K= PMOQ+ PCiQ+ PK1Q. (5)
For equivalent matriz triples we write (My,Cy, K1) ~ (Ma, Ca, K3).

Considering the action of the equivalence relation (5) locally at a fixed point £ € I, we take
into account that for given matrices P Q, Ry and Ry of appropriate size, using Hermite
interpolation, we can always find matrlx-valued functions P and @), such that at a given value
t =1t we have P(f) = P, Q(f) = Q, Q(f) = Ry and Q(f) = Ry. Therefore, we can define local
equivalence of matrix triples in the following way.

Definition 3. Two matriz triples (M1,C1, K1) and (Mg, Ca, Ko) with M;,C;, K; € C™*™,
i = 1,2, are called locally equivalent if there exist nonsingular matrices P € C™ ™ and
Q € C" and matrices Ry, Ry € C™"*™ such that

My = PMQ, Cy=2PM R+ PCiQ, Ky;=PMRy;+ PCiR,+ PK:Q. (6)
Again, we write (M, C1, K1) ~ (Ma, Cy, K9) if the context is clear.

It has be shown in [16] that the relations (5) and (6) are equivalence relations on the set
of tuples of matrix-valued functions, and on the set of tuples of matrices, respectively. For
a linear second order differential-algebraic system of the form (1) a condensed form under
local equivalence transformation (6) of the corresponding matrix triple (M (#), C(f), K ()) at
a fixed point # € T has also been derived in [13, 16] (see Appendix A.1). In this way, second
order differential-algebraic systems are locally characterized by their purely first and second
order differential parts of size dV) and d@, by their algebraic part of size a, by undetermined
and redundant parts of size v and v and by the strangeness parts of size s(MCK) g(MC)
sME) - and s(©K) due to the different possible couplings between the matrices M, C, and
K. The quantities s(MCK)  (MC) = (MK) = o(CK) = q(2) q1) 4 ¢ and u are called the local
characteristic values of the linear second order DAE (1). These local characteristic values
are invariant under the equivalence relation (6) and can be expressed in terms of ranks of
matrices and dimensions of column spaces.

Lemma 4. [13, 16] Let M,C, K € C™*"™ and let

Vi be a basis of kernel(M™),
Vo be a basis of kernel(M),
(MH) N kernel(C’H),
(

Vi be a basis of kernel(M) Nkernel(Vi£C).

V3 be a basis of kernel

Then, the quantities

r = rank(M) (rank of M)

a = rank(VH K'V}) (algebraic part)

s(MCK) — dim(range(M™) Nrange(C7V;) Nrange(K7V3))  (strangeness of M,C, K )
s(CK) = rank(V.HKV) —a (strangeness of C, K )



d(l) = rank(‘/lHC‘/é) — S(CK) (Zst—order dlﬁ part)

s(MO) = rank(V{ ) — sMCK) _ 4(CK) _ 4(1) (strangeness of M,C)
sME) — rank(VHK) — a — s(MOK) _ 4(CK) (strangeness of M, K)
d? =y — g(MCK) _ o(MC) _ o(MK) (2nd-order diff. part)
v=m —r—2sCK) _gl) _9s(MCK) _ (MC) _ o _ s(MK)  (yanishing equations)
u=mn—r—sCK _q) _g (undetermined part)

are invariant under the local equivalence relation (6).

For triples (M(t),C(t), K(t)) of matrix-valued functions we can compute the local condensed
form at any fixed value £ € I and determine the local characteristic quantities so that we
obtain functions

r,a, d(Q), d(l), S(MCK), S(CK), s(MC), s(MK),u, v: 11— Ng.

In the following, we assume that these functions are constant over the interval I, i.e.,

r(t) = a(t) =a, dY@)=dW, s(MCK)(t) = s(MCK),

(1) = 5(C10, M)y = {000) 0 "

t)=sME) " forall t el

o
From Lemma 4 it then follows that d(®)(t), u(t) and v(t) are also constant in I. We will call
(7) the regularity conditions for the triple (M (t), C(t), K(t)). Under this assumption a global
condensed form for triples of matrix-valued functions via the global equivalence transforma-
tions (5) has been derived in [13, 16] (see Appendix A.1). The associated differential-algebraic
system

M (t)a(t) + C(6)a(t) + K(1)a(t) = f(2), (8)

with coefficient matrices (M,C, K) in the global condensed form given in Lemma A.2 (see
Appendix A.1) is given by

Z1 + Ci33 + Cra24 + Cr7i7 + Cigis + Kiowo + Kiywy + Kigwe + Kisws = fi1, (a)

T + Cogiz + CogZy + Coriy + Cogig + Koowa + Koywy + Kogwe + Kogws = fo, )

Z3 + Cs33 + C3424 + Ca77 + Csss + K3owa + K3aws + K3ere + K3srs = f3, )

Ty + Cy33 + Cua2y + Carvr + Cysig + Kyowa + Kygwy + Kyere + Kygrs = fa, (d)

@5 + Ksowe + Ksazq + Ksew6 + Kssrs = fs, (e)

i¢ + Keawo + Keazs + Keers + Kosrs = fo, (f)

i1 + Krowe + Kryzg + Krewe + Krsrs = fr, (9)

Tg + Kgoxo + Kgaxy + Kgewe + Kssrs = fs, (h)

z7 = fo, (4)

5= fio,  (j)

r3 = fu, (k)

71 = fi2, (1)

0= fiz. (m)

If we differentiate the equations (g) — (1) once, we can eliminate the corresponding derivatives
&1, 43,45, 7,21, L2 in the equations (a) — (e) and (g) and get the system

—Kopig + (Cra — Kqa)ig — Krgig + (Cig — Krg)ds + (K1g — Kro)xo



+(K1a — Kra)wg + (K16 — Kro)ae + (Kis — Krs)zs = fi — fr — Cizfo — Cizfu,
—Kso@s + (Co4 — Ksa)ia — Kseig + (Cos — Kss)ids + (Koz — Kso)2o
+(Kas — Ksa)wg + (Kog — Kso)we + (Kas — Kss)zs = fo — Corfo — fs — Cas fu,
iy + Cagirg + Cagivg + Kaowo + Kaawa + Kags + Kagas = f3 — Carfo — Cazfin,
G4+ Cuatby + Cugiis + Kaows + Kaary + Kagre + Kaszs = fa — Carfo — Casfi1,
Kz + Ksaws + Ksgwg + Kssas = f5 — fio,
tg + KeaTa + Keaws + Keors + Kesrs = [,
Kraws + Kryzy + Krxe + Krszs = fr — fia,
@ + Ksawa + Ksazg + Ksere + Kssxs = fs,

z7 = fy,
r5 = fio,
r3 = fi1,
r1 = f12,
0= fis.

Thus, after one differentiation-and-elimination step we get an equivalent second order system

M= ()2 4+ C< (1) + K< (1) = f<17(1),

with (M<1>, C<1> K<!>; f<1>) being of the form
(0 0 0 0 0 0 0 0] [0 C 0o C o0 C 0 C
0 0 0 0 0 0 0 O 0 C o ¢ o C o0C
0 0 Iymrm 0 00 0 O 0 0 0 C 0 0 0o C
0 0 0 Ijop 0 0 0 O 0 0 0 C 0 0 0 C
0 0 0 0 00 0 O 0 0 0 0 O 0 0 0
0 0 0 0 0 0 0 O 0 0 0 0 0 I,y O O
0 0 0 0 0 0 0 0,10 0 0 0 O 0 0 0],
0 0 0 0 00 0 O 0 I,uey 0 0 O 0 0 0
0 0 0 0 00 0 O 0 0 0 0 O 0 0 0
0 0 0 0 00 0 O 0 0 0 0 O 0 0 0
0 0 0 0 0 0 0 O 0 0 0 0 O 0 0 O
0 0 0 0 0 0 0 O 0 0 0 0 O 0 0 O
00 0 0 0000 [0 0O 000 0O 0 0]
[0 K 0 K 0 K 0 K| |fi—fi—Cirfo—Cisfu ®)
0 K 0 K 0 K 0 K| |f:=Coufo—fs—Casfn
0 K 0 K 0 K 0 K f3 — 037](:9 — C33f:11
0 kK0 K 0 K 0 K Ja— Carfo — Cusfn
0 K 0 K 0 K 0 K fs — fio
0o K 0 K 0 K 0 K £
0 K 0 K 0 K 0 K|; s
0 K 0 K 0 K 0 K fs
0 0 0 0 0 0o I, O fo
0 0 0 0 IS(CK) 0 0 0 flO
0 0 IS(MK) 0 0 0 0 0 f11
IS(MCK) 0 0 0 0 0 0 0 f12
0 0 0o 0 0 0 0 0] s




Note that, for convenience of expression, in (9) and in the following, we drop the sub-
scripts of the elements of block matrices unless they are needed for clarification. The triple
(M<'> C<?> K<'>)in (9) can then again be transformed to the global condensed form and
the reduction step is repeated, i.e., again, the derivatives of certain equations are added to
other equations to eliminate the coupling between equations. Note, that the identity block of
size sMEK) in the matrix M is not eliminated in the first reduction step, as this would require
the second derivative of equation (k). This block is eliminated in the second reduction step by
differentiating equation (k) twice and eliminating i3 in equation (¢). Continuing this process,
we obtain a sequence of triples of matrix-valued functions (M <% (t), C<¥>(t), K<¥>(t)), i €
Np, with corresponding global characteristic values (r;, dgl), a;, SEMC),SZ(CK), SEMK), SZ(MCK), Uj,
v;), where (M<0>(t),C<%>(t), K<Y>(t)) = (M(t),C(t), K(t)). During this reduction proce-
dure the identity blocks of size SEMK are decomposed into two blocks of size s; and s;_1,
with sEMK) =8;+ s;i_1, and sg = s(()MK), in such a way that s;_; denotes the part of SEMK)
that can be eliminated in the (i + 1)-th reduction step, while s; denotes the part that cannot
be eliminated until reduction step 7 + 2. Here, we set s_1 = 0 and for the following we use
the convention that characteristic quantities with negative subscript are zero. The relations

i MCK MC
rank (M<"1>) =i =1 — sg ) SZ( ) Si 1,

(MCK)

%

rank (K<) > ;11 > a; + SECK) +s

guarantee that after a finite number of steps u, the strangeness s,(LMCK), s,(LMK), s,SCK) and

SLMC) corresponding to (M<H>(t), C<F>(t), K<M~(t)) vanish and the process becomes sta-
tionary. We call p the strangeness index or s-indez of the second order system of DAEs (1)
and we call the final equivalent second order system of DAEs strangeness-free.

Remark 5. Here, we differ slightly from the index reduction procedure described in [13, 16],
where the identity block of size sMX) is also completely eliminated in every reduction step.
Thus, for one reduction step one or two differentiations of equations are required, depending
on the occurrence of strangeness blocks. In this way, the index definition does not correspond
to the differentiability requirements for the right hand side. In our approach the right-hand
side is only differentiated once in each elimination step before the system is again transformed
to global condensed form such that the strangeness index corresponds to the differentiability
requirements for the right hand side, which is the case for all general index concepts.

Theorem 6. Consider the linear second order system (1), suppose that the regularity condi-
tions (7) hold, and let yu be the strangeness index of (1). If f € C*(I,C™), then system (1) is
equivalent (in the sense that there is a one-to-one correspondence between the solution sets)
to a strangeness-free system of second order differential-algebraic equations of the form

i1+ Cii(t)z1 + Cra(t)ia + K11 ()71 + Kio(t)da + K1a() 34 = fi(t), ( df?) )
o+ Ko1(t)#1 + Koa(t)ia + Kos ()4 = falt), ( df}) ) (10)
T3 = f3(t), (au)
0=fa(t), (vu)
where the inhomogeneity f := [f{{,,ff]H is determined by O, ... f® . In particular,
dE?), df}) and a, are the number of second order differential, first order differential, and



algebraic components of the unknown T = [@{I, . ,if]H, while u,, is the dimension of the

undetermined vector T4, and v, is the number of conditions in the last equation.

Proof. The proof is similar to the proof of [16, Theorem 2.12] with slight modifications con-
cerning the definition of the strangeness index and the counting of the differentiations. O

Using the strangeness-free form (10) we can analyze existence and uniqueness of solutions
and consistency of initial conditions for linear second order differential-algebraic systems (1),
see [13, 16]. Further, the strangeness-free form (10) allows the identification of those second
order derivatives of variables that can be replaced to obtain a first order system that is
strangeness-free without increasing the index.

Instead of actually performing the differentiation-and-elimination steps leading to (9) we can
apply all equivalence transformations directly to the triple (M (t), C(t), K(t)) and construct
a triple of matrix functions from which we can read off the whole sequence of characteristic

4 (MCK) (MC) _(MK) (CK)

values (r;, d;"’, a;, s; , 8, )8, ,8; ,ui,v;). This sequence of characteristic values

can be further characterized in terms of ranks of block matrices of the matrix triple.

Lemma 7. Let the functions M,C,K € C(I,C"™*™) be sufficiently smooth and let the
strangeness index p be well-defined. Further, let the process leading to Theorem 6 yield a
sequence (M<?>,C<?> K<) i € Ny, with (M<%>,C<%> K<) = (M,C,K) and char-

dY (MCK) (MC) (MK) (CK)

acteristic values (r;,d; ", a;, s; )8, )8, , 8, , Ui, v;) according to Lemma 4. The

triple (M <>, C<?> K<¥>) of matriz-valued functions is globally equivalent to the triple

(I wery 0 0 0 0000
0 Iae O 0 0 00 00
0 0 I,, 0 0 0000
0 0 0 I, 0 00 0 0
0 0 0 0 Im 000 0
0 0 0 0 0 0000
0 0 0 0 0 0000
0 0 0 0 0 000 0 >
0 0 0 0 0 0000
0 0 0 0 0 0000
0 0 0 0 0 0000
0 0 0 0 0 0000
0 0 0 0 0 0000
0 0 0 0 0 0000

L0 0 0 0 0 00 0 0



MK
where SE

define
C<z>
C<z>
K<-’> =
K<z>
as well as
o = )+ 5%,
ey = d(gl)

OO OO oo

o

ISEMCK)

o

OO OO oo

O O OO0 O O o o o o oo

O DO OO OO

o

IS(_Mc)

O“

OO O OO

K>
K5
K5
K>
K5
K~
K5~
K>
K9<21>

o O O O O

is separated into s;

O = [C<z>H Csi>H C<1>H]H

<i>H <i>H <i>H1H
02 - [C 029 Csy }

C<z>

SHONORG!
S EAEABABNES
VARVARVARY/

SO o oo oo O o o

O OO0 O O O O o o o o

C<1>
C<z>
K<"L>
K<l>

MO | (OR)

O O OO0 O O o o o o oo

+

1 and the last block columns have size u;.

o O o O O?‘OOOOOOOOO

Cy” CF” 0 0
C5i> C> 0 0
C5i> O3> 0 0
Ch”> CF> 0 0
C<z> C5<51> 0 0
0 0 I O
0 0 0 L
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
K1<5i> 0 K1<71>
K50 K
K5> 0 Kg”
K4<52> 0 K4<71>
K50 Ki”
K5~ 0 Kg”
K7<52> 0 K7<71>
K50 Kg”
K9<51> 0 K9<71>
0 0 0
0 Tew 0
0 0 0
0 0 0
0 0 0
0 0 0
MK
( ) = S; + Si—
<Z> ] _ 5 9
<Z>7 ] — 5 9

Ol<8i> Cl<gi>_
C2<8z'> C2<9i>
03<82> 03<91>
O4<81> C4<gz>
C<Z> C<’L>
0 0
0 0
0 0 ,
0 0
0 0
0 0
0 0
0 0
0 0
0 0 |
K1<9i> T s(_MCK)
K2<9z’> S(MC)
K3§;> Si—1
KE)Z> Si2
K<i> d( )
59 ZC’K
<i> 5(, )
Koy ‘)
K> di
79 MCK)
<1> s(.
K i
<i> S(MC)
Ky :
0 @i
0 S(‘CK)
0 Si—1
0 5
0 (MCK)
0 i Ui

K8<JZ> + K<Z>K9<)Z> + K<Z>K<Z>7 J = 27 57 77 97
K;77,> + Kg Z>K9<]Z> + _[(9<71>_[(<l>7 ] — 2’ 5’ 7’ 9’

)

)

ki+1 = rank ég,
50 ,  ejyr1 =rank ([C’l ég])

(MCK)

We



Then, let U and V' be nonsingular matriz-valued functions of size (SEMCK) + SZ(-MC) + si—1,
SZ(»MCK) + SEMC) + 8i—1) and (dZ@) + u;, dz(~2) + u;), respectively, such that

A I,., 0
e 02]1/_[ o 0].

Further, let U and V' be partitioned into U = [Ul U, Ug] and V = [Vl Vs VE;] such that

UIH 3 R Tei iy —kifs 0 0
UQH [Cl CQ] [Vl Va V3] = 0 IkiJrl 01,
U?{{ 0 0 0

and with a splitting of V3 into V3 = [Vgl Vgg] with V31 of size (dZ@) + u;, dl(?) —ei+1 + kit1)
and Vio of size (dl@) + wi,u; — kiy1) we can define

[Kl K2 K3 K4 K5 KG] =

K| K5 KSR vy 0 0 o
UH 0o Kog ™ | Kop ™ Ky~ | Ky 0 I, 0 0 (12)
3 K<z> K<z> K<z> K<Z> i
[ 0 I} 35 87 32 39 0 0 Loy 0 |’
K<z> K<z> K<z> K<z> s;
s ‘ S 2. 99 0 0 0 [Va V3]
Kg'~ | Kg7~ Kg'~ | Kgy
where the identity matriz on the left-hand side is of size SECK) + SEMCK). Further, we define
bo = ao, bi+1 = rank([KG] ),
CK
po = ag + 8[() ), pi+1 = rank ([K5 Kg),
CK MK
t0:a0+s(() )—Sé ), ti+1:rank([K4 K5 Kﬁ]),
CK
d():ao—i—s(() ), dit+1 :rank([Kg K, Ks Kﬁ]),
CK MK
ho = ag + sy ) + s hipn =rank ([Ky K Ky Ks K)),
MCK CK MK
C():ao—l—s((] )+s(() )+s(() ), ci+1:rank([K1 Ky, K3 K, Ks Kﬁ]),
wWo = Vo, Wit1 = Vit1 — V4,
_ B (CK)  (MCK)
qo = €o, Qi+1 = €i+1 + ¢ — S; - .
Then, we have
(MCK)  (MC)
Ti41 =Ty — 85 - S — Si—1,
MCK CK MK
civt = bt + s+ 50 + s — sy,
MC MCK
€i+1 = ki-‘rl + 55.1,_1 ) + Sz(‘—i—l )7
CK MCK CK MK MCK
ajt+1 :arl-sl(- )—I-SZ(- )+5i—1+bi+1 =co+- -+ Cit1 —SEH ) —SEH )—SEH ),
(MCK) _
Sit1 =ciy1 — hit1,
MC
SEH ) = et — ki1 — cip1 + hita,
Si41 = hiv1 — diya,
MK
55+1 = Si+1 t+ Si,
CK
SEH = i1 — biga,

10



(MOF) _ MO) _ (ME) d?) —€it1 + Kit1 — Siv1,

42 M) o)

i+1 Titl = S i+1 Sit1

£ ) 0 g 0
(MCK)  (MC)  (CK)

=qot -t i1 —C T TG T Sy T Sip T Sig
(MCK) , (CK) ., (MC)
Wit1 = 28; + s, +s; + Si—1 — €j41 — Cit1,
Uil = ug — by — <+ — bit1,

(MCK) | (CK) | (MC)

Vig1 = Vg + w1 + -+ wipr = 28; i i + Si—1 — €i41 — Ciy1 + V.

Proof. The proof of Lemma 7 is given in the Appendix A.2. O

3 Derivative Array Approach

The algebraic approach described in the previous section allows for the theoretical analysis of
linear second order DAEs (1), but it cannot be used for the development of numerical methods
as neither the inductive process of the reduction to the strangeness-free formulation (10) nor
the global condensed form are obtained in a way that is feasible for numerical methods.
Therefore, we look for other ways to compute the characteristic invariants of a given DAE
as well as a canonical form similar to (10) in a numerically stable procedure. The basic
idea due to Campbell [4] is to differentiate the differential-algebraic equation (1) a number of
times and put the original DAE and its derivatives into a large system. Then, purely local
invariants can be constructed via local equivalence transformations, which allow to determine
the global invariants including the strangeness index, wherever they are defined. Further, it
is also possible to derive a strangeness-free formulation using only local informations.

In the following, we consider matrix-valued functions M,C, K € C(I,C™") that are suffi-
ciently smooth and we assume that the strangeness index p is well-defined, i.e., the ranks are
constant in the considered interval and none of the invariant values changes its value during
the process. This can always be achieved by going to smaller intervals since there always exits
open intervals I; C I, 7 € N with UjeN I; =1, I,NI; = 0 for ¢ # j such that the constant
rank assumption holds for all ¢ € I;, 7 € N and the following construction can be applied
separately for each interval I;, see e.g. [11]. Differentiating the differential-algebraic equation
(1) and putting the original DAE and its derivatives up to a sufficiently high order into a
large system, we obtain the derivative array associated with the linear second order DAE (1)
of the form

M)z + L)z +Ni(t)z = gi(t), 1 € Ny, (13)
where My, £;, N}, z; and g; are defined by

C

@) iKY fori=0,...,1,j =0,
[Li)ij = { 0 otherwise, -
K® fori=0,...,l,5=0,
Nl = { 0 otherwise,
)i :==a®, i=0,...,1,
)i ==Y, i=0,....1

11



Here, we use the convention that (;) =0fori<0,7<0orj>i Forl=2 for example,
the extended system (13) is of the form

M 0 0 @ C 0 0] [ K 0 0] [z f
M+C M 0| @ C+EK 0 0 |&|+[K 0 0f [&|=]|f].
M+20+K 2M+C M| |=@ C+2K 0 0] |7 K 0 0] |& f

For every | € Ny and every t € I, we can now determine the local characteristic values of the
triple (M;(t), £;(t), N;(t)) by transforming it to the local condensed form given in Lemma
A.1. These local quantities at a fixed point £ € I are invariant under global equivalence
transformations of the original triple (M (t), C(t), K(t)) of matrix-valued functions. To prove
this, we use the following Lemmas.

Lemma 8. [11, Lemma 3.28] Let D = ABC' be the product of three sufficiently smooth matriz
valued functions of appropriate dimensions. Then

]
= Z Bk oli=i=k)

7=0 k=0

Lemma 9. For all integers i,j,k,l withi>0,1>5>0,1—j >k >0, we have

B -00) ),

(,i)(i;’“)(};é”) GO )G () )
(L))
G5 -Ch) ) 7 ) (i) () (7))

O GG,

Now, we can show that the local quantities of the triple (M;(#), £;(), N;(t)) are invariant
under global equivalence transformations of the original triple (M (t), C(t), K(t)).

Theorem 10. Consider two triples (M,C, K) and (M, C, f() of sufficiently smooth matrix-
valued functions that are globally equivalent via the transformation

M =PMQ, C=PCQ+2PMQ, K=PKQ+PCQ+ PMQ

according to Definition 2, with sufficiently smooth matriz-valued functions P and Q. Let
(M, L, N}) and (M, L, N;), | € Ny, be the corresponding inflated triples constructed as in
(14) and introduce the block matriz functions

, o i+2 H(i+1) P — | —
)i = (;)P(z—J)’ (W], = { 2 Q fori=0,...,0, =0, (15)

0 otherwise,

o (42 fop g — -
i+2 1— Q fOT’Z—O,...,l,]—O,
Ol = (. 2= { § im0

12



Then,

. . . O(t) 2¥i(t) %i(t)
[My(t), Li(t), Ni(t)] = T (8) M (t), Li(8), Ni()] | O ©y(t)  Wy(2) (16)
0 0 e

for every t € 1, and the corresponding matriz triples are locally equivalent.

Proof. First, we note that all matrix-valued functions ./\/ll,ﬁl,/\/l,./\;ll,fl,./(/},ﬂll\lll, O, and
Y}, are block lower triangular with the same block structure. Furthermore, N;, N;,.L;, £;, ¥,
and >; have nonzero blocks only in the first block column. Using Lemma 8 we obtain

i i—kp

M()_Z Z Z kl k‘l)M k‘g Q(Z ki1— k‘z)

k1=0k2=0
i i—kp

cO = Z Z (kll) (1251) [P(kl)c(kz)Q(i*k‘l*kz) + 2pk1) ppk2) Uit 1=hk1—ka) |

KO = Z Z (];1)(17651) [P(kl)K(kz)Q(i—kl—kz) + k) k) QUi —ki—k2)
_’_P(kl)M(kz)Q(iJerklfkg) )

Inserting the definitions, shifting and inverting the summations and applying Lemma 9 leads
to

[, M, 0 Z Z IL]i0, [Maiy 10 [©1]1s,5

li=jl2=j

—iz )P [AI ()00 () K] (10

l1=jla=j
i—j kitj A ‘
=3 S (PO [ (ot
k1=0 la=j
(] ()t
i—j i—j—k1
= (;) (zklj) (z ‘112161) (k?l)M(lm)Q(ifjfklf}Q)
k1=0 ky=0
i—j—1li—j—1—k;
+ (jj—l) Z (i_,fl—l) (i—j;;—kl) [P(kl)c(kZ)Q(ifjflfkilfkm) +2P(k1)M("?2>Q(ifﬂ'*krk2)}
k1=0 ko=0
i—j—2i—j—2—k;
+(j42) D (A {P(kl)K(kz)Q(ifj72fk17k2)

+P(k1)C(k2)Q(i—j—l—kl—lm)+P(k1)M(/€2)Q(i—j—k1—k2)}
= (;)M(iij) + (j}rl)c(iijil) + (j-:-z)K(FFQ) = [Ml]i,j~

13



In the same way we get

%

IL,L10]i0 + [2ILM¥)i0 = Z[Hl]z 1 L1 .0[©o0 + 2 Z Z L)y My 0o %10

ll 0 ll—Olz 0
- Z (i=1) { o) HIK(ll—l)} Q
ll 0
+2i Z (i—l1) ) Vi zz)+( )0(1171271)+( L )K(zﬁzrz) l2+2Q(12+1)
ll lo+2 2
11=0105=0
7 i— kl
Z Z z k1 [ (kl)C(kg)Q(i—kl—kz)+2P(k1)M(k2)Q(i+l—k1—k2)}
]i}l Okz 0
i—1 i—1—ky
. i—1\ (i—1—k k1 k i—1—kqy—k-
+i 3D 30 (T [PEK QUi
k1=0 ko=0

Pl k) li=k1=k2) +P(/€1)M(7€2)Q(i+1—k1—k2)}
= CW iK™ = [L];,
and

[Hl/\/l@l]i o+ [ILLY 0+ [HleEzL 0=

i
= Z L]0, Ny 0[O0 + Z i1, (L1 0[@ioo + ) Z L0 My 0, [z 0

11=0 11=0 11=0105=0
[
=Y ()Pt Q+Z Hpli=t {C Wy g 1)} oW
11=0 11=0
i Z Z () (i—11) [ zl)M<z1—zz>+( JChtas 1>+(12+2)K(11—12—2>} QUa+2)
ll Olg_o
i i—k;
Z Z M Zkfl [ (kl)(K(lm)Q(ifklka)_‘_C(kg)Q(iJrlfklfkg)_‘_M(kQ)Q(iJerklflm))
k1=0ko=0
= KO = [ili

O

As a consequence of Theorem 10 the local characteristic values (7, J(l), ag, §I(MCK), SZ(MK),

l
§I(CK), §Z(MC), @y, 97) of the inflated triple (M;(t), £;(f), Ni()) at a fixed point ¢ are well-defined

for equivalent triples of matrix-valued functions and for each [ € Ny. These quantities are
numerically computable via a number of numerical rank decisions. Next, we show how these
local quantities of the inflated triple (M;(£), £;(£), Ni(f)) are related to the global character-
istic values of the original triple (M, C, K) at the point #. For convenience of representation
we restrict ourselves in the following to the case that p < 2.

Theorem 11. Let the functions M,C, K € C(I,C™") be sufficiently smooth with well-defined

strangeness index p < 2 and global characteristic values (m,d(l) a;, S (MCK) (CK),SEMC),
(MK)

s; Ui, v;), @ € No.  Furthermore, let (My(t), Li(t), Ni(t)) be the correspondmg inflated

14



matriz triple at a fived t € T with local characteristic values (7, (il(l), ai, sl(MCK) él( ),§Z(MC),

§I(MK),111,171). Then, for 1 =0,1,2, we have

l l l
rank (M| =7 = (I+1)m Z Z ¢ — Z (I
1=0 1=0 1=0
l l
rank (M, L)) =1+ 1)m—Y ¢ — > v, (17)
=0 1=0

rank (M, L;, V] = (I + 1)m ZUZ,

using the definitions as in Lemma 7, and

(il(l) =k —p+ 0,

G = b= — s O MO
! !
MR =N e - = D (di — ),
i=0 i=1
§Z(CK) = bz 1— b +p17
MC) qu Zcz + Z d - t +pl kla (18)
!
(MK
i—1
!
U = th
i=0

l l

le:(l+1)uo+(l+1)ao+lk:0—Zki—Zbi,

=0 =0
Proof. The proof is given in the Appendix A.2. O

From the relations (18) we can determine recursive formulas for the global characteristic
values of the original matrix triple (M, C, K).

Corollary 12. Let the strangeness index p of the matriz triple (M,C, K) be well-defined
with p < 2 and let (fl,cil(l) aj, sl(MCK) Z(CK),§I(MC),§I(MK),1~LZ,17Z), I =0,...,u be the se-
quence of the local characteristic values of (My, L1, N;) for some t € 1. Then for the sequence
(s, dl(»l), a;, SEMCK), SECK), Z(MC), SEMK), u;, v;) of the global characteristic values of (M, C, K)

it holds that

co = dig + 3K 4 I0K) 4 gME)

MCK MCK (CK) ~(CK (MK) (MK
Ciy1 = (Qit1 — a;) + (8 ,(+1 )~ Z( N+ (55+1 ) — 35 N+ (5§+1 ) - Sz( ),
go = A o SMCH) 4 SOK) | SuC),
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g = (A — )+ G = M) 4 6T - S 4 O =51,

Vo =m — o — qo — To, (19)
Vit1 =M — Ciy1 — Qiv1 — (Fir1 — 7)),

SEMCK) + SECK) + 5; = ¢; — a;,

SEMCK) n SZ(MC) s =g — dgl) B gl(CK).

Proof. The relations follow directly from Theorem 11 and from the definitions in Theorem 7
since

Ai+1 — a; = b1 — by,
(CK) _ <(CK)

(MCK)  ~(MCK) | ~
5§+1 J M Siv1 — 8 7 =ciy1 —diy1 +tiv1 — biy1 + by,
(MK) (MK
Sz(+1 P s M) =y — b,
J(l) _J(l)_k, — ki 4+p; — s bii1 — b
i+1 i = Rit+1 i+ Pi — Pi+1 + 0it1 79
(MC)  ~(MC
SEH ) — 81(- V= i1 — cip1 + digt — tip1 + pis1 — pi + ki — kiga,

m — Cit1 — Git1 — (Fig1 — T3) = M — Cit1 — Git1 — M+ @ig1 + Cit1 + Vigp1 = Vig1,
+ SZ(MCK) n SZ(CK) n SZ(MK) MCK) n SZ(CK) +s,
(MCK)

%

~ (
C—Q; =C —C — 8i—-1 =8,

1) _ H(CK)

c
g —d =qi—ki—bi_1=5s + s M sy

O

The recursive formulas (19) enable the determination of the strangeness index p in a nu-
merically computable way by determining the local characteristic values of the inflated triple

(M, L1, ;) for each time t € 1. The obtained system in the i-th reduction step is strangeness

free if the sums SEMCK) + SEMC) + s;—1 and SZ(MCK) + SECK) + 84 Z(MCK) =

SECK) _ SEMK) _ SEMC)

vanish, since then s

= 0, as all summands are nonnegative integer values. Finally, for the
characteristic values of the strangeness-free system we get

n
a, = Zci = rank [M,, £,,, N,,] — rank [M,,, L,],

1=0

TR -
dy, :;%_;Ci (20)

= rank [M,, £,] — 7, + rank [M,,_1, L, 1] — rank [M,,_1, £,,—1,N,,—1],
Uy = TNJM — 1~)'u_1,

dg):m—au—d

1)

(1 _
W~ U

Next, we want to extract a strangeness-free triple (M O K ) from the inflated system with
characteristic values 7 = dff), d = dl(}), a = ay, & = uy, = v, and §MCK) — 5(CK) —

§IMEK) = 5(MC) — 0 using only local information from (M, (), £,,(t), Ny (1))

Theorem 13. Consider a linear second order differential-algebraic system (1) with well-
defined strangeness-index p < 2. Then the inflated triple (M, L., N,) associated with
(M, C, K) has the following properties:

16



1. For allt € T it holds that

pn—1
rank M, (t) = (p+ 1)m —a, — 0y — dg) - Z Cis
i=0

such that there exists a smooth matm’x function Z with orthonormal columns and size
(p+1)m,a,+ 0, + d )y > ' ¢i) satisfying

ZoM, =0.
2. For allt €1 it holds that

rank [M,(t), L,(t)] = (p+ 1)m — ay, — Ty,
rank (M, (t), L,(t), Nu(t)] = (p+ 1)m — 0,

such that without loss of genemlz’ty Z can be partitioned into Z = [Za, Zs, Z4], with Zo

of size ((u+1)m, d(1 +>1 ' ¢i), Zs of size ((u+1)m,a,) and Zy of size ((n+1)m,v,,)
such that

z8c, =0, z{L,=0, ZFN,=0.

3. For allt € T we have

rank (Z§ N, [I, 0 ... O]H) = ay,
pn—1
rank (Z3'L, [I, 0 ... O]H) = dLl) + Z Ciy

such that there exists a smooth matrix function T3 with orthonormal columns and size

(n,n—ay,), withn —a, = dg) + dLl) +uy, satisfying

ZEN, [I, 0 - 0" T3=0.
4. For allt € T we have
rank (Z3'L, [I, 0 ... O]HT;),) = d&l),
such that there exists a smooth matriz function Zy of size ( )+ ZZ o Cird ) with

orthonormal columns such that
rank (Z{'Z3' L, [I, 0 --- 0]

(1))

Furthermore, there exists a smooth matriz function Ty of size (n — a,,n — a, — dj,
with orthonormal columns, such that

20z, (L, o - 0" Ty =o.

17



5. For allt € 1 it holds that rank (MT3Ty) = dg). This implies the existence of a smooth
matriz function Zy with orthonormal columns and size (m, d,(?)) such that ZJM has
constant rank dff).

Proof. By assumption, the strangeness index is well-defined and the ranks of M, £, and

N, are constant in I with

rank [M,,, L,,N,,| = (p+ 1)m — v,
rank (M, L,] = (u+ 1)m — ay — Oy,

rank M, = (p+ 1)m —a“—v“—d ch,

due to Theorem 11 and Corollary 12 (see also the relations (20)). Thus there exists a
continuous matrix-valued function Z of size ((u + 1)m,a, + 0, + d + > ' ¢;), whose
columns form a basis of corange M,,, i.e., ZH M x = 0. Without loss of generahty the matrix
Z can be partitioned into Z = [ZQ,Z3,Z4] with Zy of size ((pv + 1)m, dy, O > ‘' ¢i), Zs of
size ((u + 1)m,a,) and Zy of size ((u + 1)m,,,), such that

ZiL,=0, Z{8L,=0, Z{IN, =0,

i.e., the columns of the matrices Z4 and Z3 form bases of corange (M, £,,N,]), and of
corange ([M,, L,]), respectively. First, we note that multiplication of (13) for [ = u by ZH
gives

Z5' Nz = 25" gy

The only nontrivial entries in A, are in the first block column belonging to the original
unknown z. Hence, we get purely algebraic equations for . Lemma 4 and (18) give that

rank (ZUN, [, 0 ... 0]") =, +3MCF) 4 509 4 gME) — ¢ (21)

)

thus, with Z3 we obtain the complete set of algebraic equations. Next, we must get df}
first order differential equations and dg) second order differential equations to complete these
algebraic equations to a strangeness-free differential-algebraic system. In a similar way mul-

tiplication of (13) with the matrix Z yields
Z8 Lot + Z8 Nz = Z3' g,

Again, the only non-zero entries of £, are in the first block column belonging to the first
order derivative . Lemma 4 and (18) give

rank (247 £,) = dP) + 3(C5) 4 gMO) 4 5(MCK) — qu —dD ch

So far we have shown the first three parts of Theorem 13. To show part 4 and 5 of the
Theorem we distinguish between systems of strangeness index p = 0,1 and 2. Let (M,C, K)
be a normal form of the triple (M, C, K) according to the global condensed form given in
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Lemma A.2. with corresponding inflated triples (./\;l#,flu,./\n). Due to Theorem 10, there
exist matrices II,©, ¥, and X such that

M, =TIM,0, L,=TL,0+20M,¥, N, =I1N,0 +IL,¥ +IIM,%,

according to (16). For p = 0 the triple (Mo, Lo, Np) is of the form

~—

I 0 00 c 0 C C K K 0 K
i

0 00O0/'l0 0 0 0]’|0 O I, O
0 00O |0 0O 0 O 0 0 0 0

Let IT and © be partitioned as II := [T, I, TIE | 1111 and © := [©1, ©2, O3, O4] according
0 (22). Then, setting

Zo=T, zz=1f,6 2z, =14,
yields

ZHEMy =0, ZPro=0, zHENy =0,
ZHEMo =0, ZHro=0, ZEMy=0,

as well as
rank (Z3TNj) = rank 0 0 I, 0]=ay,
rank (Z4Lo) = rank [0 Idl(}) 0 0} = d/(}).

Further, setting T3 = [0, O2, ©4] we get

rank (Z5 £yT3) = rank {0 Idﬁf) 0} = dl(}),

I 0
d
and with Z; = [,y and Ty = | 0 0 | we get ZH ZJ/ LoT3Ty = 0, and
s
0 I,

n

Id,(f)

rank (MT5T5) = rank 0 = dff).

o O o O

Finally, setting Z}! = Idg) 0 0 0] yields
rank (ZH M) = rank [Idff) 000 :dl(?).

In the case u = 1 the triple (M1, £y, N7) is in the form (33) given in the proof of Theorem
11. Let II and © be partitioned as

H

II .= [H{{,,H%] 5 @:: [@17---7918]7
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corresponding to the structure of block matrices in (33). Then, setting

NN 10 n N 1 E I 1 £ 1 £ 1 £ 8
[H32>H727H927H157H28]7
[H317H717H917H117" 7Hﬁ]7

[ H107H24""7Hg]7

where again II ; and II 5 denote the parts of II. that after one more block decomposition of
the matrices in (33) corresponds to the range and nullspace of block rows, respectively (see
also the proof of Theorem 11), we have

rank (Z??Nl) =co+c1 = ay,
rank (Z3'£1) = e1 + d[()l) + s[()MC) +co = dl(}) + ¢o.

Setting T3 = [©22,042, 052, 072,092, 010,2] wWe get
rank (7§11 [I, 0] T3) = d{V + s 4 ey = d),
and further choosing Z; such that ZoZ; = [T, TI4 11 T1£)] we have
rank (Z{1 251 £1) = d).
If we choose T3 such that T35 = [O5 2, ©19,2], then we have

Z0z8 e, (1, 0" 11y =0,

and

rank(MT3Ty) = dy) = d?).
Finally, there exists a smooth matrix function Zj of size (m, d,(f)) with orthonormal columns
such that

rank (ZT M) = dg).

For s-index 1 = 2 the triple (Ma, £, N>) is in the form (34) and IT and © are partitioned
into

H
II .= [H{{,,Hﬁ] 5 O := [@1,...,@28]
according to the block structure of (34). Then, by setting

[ 1_[107" H187H207H237H257H277'"7H§€7H4ﬁ]7

[H327H627H1027H1227H187H2037H2337H2537H§€7Hﬁ]7

Z3 - [H3 17H6 17H10 17H12 17H147 e 1_[1771_120 27H23 27H25 2]
[ HH7H117H137H2017H2317H2517H277'"7H30]7
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we have

rank (ZIN3) = ¢+ 1+ co = Qs

rank (Z§I£2) =e1+e+ dél) + SéMC) 4+ co+ by = dél) 4+cg+c— 81 = df}) +co + c1.

Further, setting T3 = [©22, 04,2, 052, 06 2, Og 2, 10,2, O11,2, O12,2] yields
ZEN, [1, 0 0]"T3=0
and we get
rank (Z3' Lo [I, 0 O]HT;;) = dgl).

In a similar way as before, choosing Z; such that Z»Z; = [T 14 TIH 11X 112 | T144] we have
rank (Z 75 £5) = dl(}),

and if we choose T5 such that T3Th = [O5 2, ©10,2] we have
2078y [, 0 0] 13Ty =0,

as well as

rank(MT5T3) = d{2).

Again, there exists a smooth matrix function Zy of size (m, df)) with orthonormal columns
such that

rank (ZH M) = dff).

O
From the results of Theorem 13 we can construct a triple of matrix-valued functions
My 6] [Ka
A 0 Cy| | Ko
M,C,K) = , s | A , 23
e gy = | o H R (23)
0 0 0

with entries

M =2z8Mm, ¢ =zlc, K, =ZzIK,

Co=2028c,[I, 0 - 0", Ky=2028N,[I, 0 - 0",
Rs=ZIN, [I, 0 - 0],

which has the same size as the original triple (M,C, K). We can show that this triple is
strangeness-free with the same characteristic values as the strangeness-free system (10).
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Theorem 14. Let the strangeness index p of (M, C, K) be well-defined with pn < 2 and global
characteristic values (r,-,dgl),ai,ngCK),sz(»Mc), Z(»MK),SECK),W,U,-), fori=0,...,u. Then,
the triple (M, C‘, K), constructed as in (25’)), hqs a well-defined strangeness index 1 = 0 and
the global characteristic values of (M (t),C(t), K(t)) are given by

(7, dV), 4, sMOK) gMO) fME) S(CF) ) = (dP),d), a,,0,0,0,0,v,)

uniformly for all t € 1.

Proof. In the following, we omit the argument ¢. By construction the columns of T3 defined
in Theorem 13 form a basis of kernel K3 and the columns of Ty form a basis of kernel (C’ng).
We consider the matrix T' = T37T5. Because Ml has full row rank we can split 7" without loss
of generality into T = [Tl/ Tﬂ in such a way that MlTl’ is nonsingular. Choosing T4 such
that K3T% is also nonsingular and T such that CoT} is nonsingular and K373 = 0 we get a
nonsingular matrix 7' = [T 74 T} Tj]. By multiplication with this matrix from the right
we get the following local equivalence

~

Myl TCh TK

A2 0] |G| |K2
(Mvch)_ 0 ’ 0 ’ K?)
L0 0 0
(M T] MLT, MT, MTY [CiT CiTy OhT OhT
0 0 0 0 CoT] CoTy CoTy CoT)
- 0 0 0 0 || o 0 0 0 |’
0 0 0 0 0 0 0 0

(K0T, KTy KTy KT
KoT) KoTy KoTh KT
K3T| K3T, KTy KiT)
0 0 0 0
[M\T, NLTy, MLT, MT)| [CiT] Ty CiT ChTj

N 0 0 0 0 0 CyTy 0 0
0 0 0 0[] o 0 0 0 |’
L0 0 0 0 0 0 0 0
(K\T, K\Ty KT, KT,

KoT] KoT) KoTy KoT)
0 0 K3Ti 0
L0 0 0 0
[MAT] 0 0 0] [x * % * * x K %
0 0 0 0] |0 CoTy 0 0 |[* » * x

- 0 00 O0[’l0 0 o0 o000 KT} 0
0 000 |0 0 00 [00 0 o0
'Id@ooo**** v o x %

N 0O 00 0 OIdhl)OO * * % %

0 00O0/'l0 0 0O |00 I, O
0 000 [0 0o 0o [00 0 O




From the last triple we obtain 7 = dg), d) = d,(}), a = ay, 5(
§(CK) — 0 and o = v, from Lemma 4. O

Thus, we have derived an index reduction method that allows us to extract a strangeness-free
triple from the original triple of matrix-valued functions and its derivatives. The matrix-
valued functions Zy, Z1, Z5 and Z3 as given in Theorem 13 can be determined via numerical
rank decisions, e.g., using a singular value decomposition or a rank revealing QR decompo-
sition, see e.g. [7]. Setting the inhomogeneities f; = Z f, fo = zHzHg,, f3 = ZHg, and
f4 = 0 accordingly (assuming that the system is solvable) we obtain a differential-algebraic
system

~

Mt)i+ C(t)i + K(t)z = f(t), (24)

from the inflated differential-algebraic equation (13). Setting fi = 0 in (24) can be seen as
a regularization, since an unsolvable problem is replaced by a solvable one. System (24) is
strangeness-free and has the same size and also the same solution set as the original system
(1) since only transformations from the left are involved. Concluding, we give an example to
illustrate the index reduction procedure.

Example 15. We consider again the linear second order system (3) of strangeness index

@ = 2 with characteristic values de) =1, d(l) =0, ay = 2, v, = 0 and u, = 0. The matrix

triple corresponding to the extended system (13) is given by
(Ma(t), La(t), Na(t)) =

[t 0 0(0 0 0|0 O O 1 0 0 1 0 0

0 1 110 0 0|0 0 O 0 0 0 0 1 0

0 t t|0 0 00 O O 0 0 0 0 1+4+¢ 1

2 0 0(t 0 0|0 O O 1 0 0 0 0 0

0 0 0(o 1 140 0 O01[,]O0 1 0 , 1 0 0 0

0 1 110 ¢ ¢{0 0 O 0 1+t 1 0 1 0

1 0 0(3 0 0|t 0 O 0 0 0 0 0 0

0 1 0({0 0 0|0 1 1 0 0 0 0 0 0
10 1+¢ 10 2 20 ¢ ¢t | | O 2 0 1 LO 0 0 ]

We have
rank [Ma(t), L2(t), N2(t)] = 9 = (n+ 1)m — vy,
rank [Ma(t), Lo(t)] =7 = (p 1)m — ay — Uy,
rank [Mo(t)] =6 = (u+ 1)m — d( ) —¢g—cy — ay — Oy,

independent of ¢t € I and we can choose

g _ [0 -1 00 =200 —t 1
570 =10 0 00 0 0]

Zy¥=0 -1 0 0 =t 1 0 0 0],
=01 0 07, T=1
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Then, we have

0 1 1
rank (Z3' Lo [I, 0 O]H) =rank ([0 1 1])=1= dﬁ) +co+ci,
rank (Z§1 Lo [I, 0 0] T3) = rank ([0]) = 0 = d(,

rank (ZH N (I, 0 O]H) = rank <[0 = O]) =2=uaqy,

i
rank(MT3T) = rank ([t 0 O]H> =1= dff).
Finally, choosing Z}T = [1 0 O] we get a strangeness-free system of the form
t 00 100 1 0 0 S
0 0 0|z+1]0 0 0|2+ |0 =1 O|lz=|—fo—2fc—tfo+ f3], (25)
0 00 0 00 0 11 —tfo+ f3

with the same solution as the original system (3).

Remark 16. The proof of Theorem 11, and consequently also of Corollary 12, Theorem 13
and Theorem 14, is given only for DAFEs of strangeness index u < 2 for ease of representation.
However, the results are also valid for systems of arbitrary high index. To prove the results
for linear second order systems (1) of arbitrary strangeness index p > 2 the construction of a
global canonical form analogous to the form given in [11, Theorem 3.21] is more convenient,
but until now it is not clear how a suitable condensed form can be constructed.

Remark 17. The derivative array approach presented in this section can also be extended to
arbitrary linear high order differential-algebraic systems. The inflated system corresponding
to (13) can be obtained in the same way by differentiating the original k-th order system
and ordering the derivatives of the coefficient matrices in such a way that only the leading
coefficient matriz has a lower triangular block structure and all other coefficient matrices of
the inflated system have entries only in the first block columns. Then, the results of Theorem
10 also hold for k-th order systems and a Hypothesis similar to Theorem 18 can be formulated
that allows an index reduction for linear k-th order systems by choosing suitable projections
in the same way as for linear second order systems. For the theoretical analysis of linear k-th
order differential-algebraic systems see also [13, 16]. Further, a corresponding Hypothesis for
nonlinear second order differential-algebraic systems has been formulated in [19].

4 Order Reduction for Linear Second Order DAEs

The numerical solution of higher order differential-algebraic systems either requires the direct
numerical solution of the higher order system by appropriate numerical methods, see e.g.
[15, 18], or a suitable transformation into a first order system that does not increase the
index. Since most of the numerical methods suited for the solution of DAEs are constructed
for first order systems and these methods are well-studied, in general a transformation into
a first order system is desired. Furthermore, for a robust solution the numerical methods
require differential-algebraic systems of low index, such that besides the order reduction also
an index reduction is required. In Example 1 we have seen that for higher order DAEs the
classical order reduction by introducing new variables v = & for the derivatives can lead to

24



an increase in the index of the DAE corresponding to higher smoothness requirements for
the inhomogeneity f(¢) that even can cause the loss of solvability of the system, see also
[13]. For k-th order linear DAEs it has been shown in [13] that if x is the strangeness index
of the tuple of matrix-valued functions associated with the k-th order DAE system, then
the maximal possible increase in the strangeness index fi of the first order system obtained
by the classical order reduction procedure is it < u + k — 1. In [13] it has been proposed
to use the strangeness-free condensed form (10) given in Theorem 6 for the identification
of those second order derivatives of variables that can be replaced to obtain a first order
system that is strangeness-free without increasing the index. By introducing the new variable
© = 4, for the strangeness-free system (10) we obtain a first order system in the variables
(Z1,Z2,%3,%4,0) that is also strangeness-free The drawback of this approach is that there is
no computational feasible method to compute the condensed form (10), except if the structure
can be used, since the derivatives of computed transformation matrices are used during the
transformations. Further, the strangeness-free system (10) does not have the same solution z
as the original second order system (1), but a transformed solution # = Q~'x. Nevertheless,
the results suggest that first index reduction and then order reduction should be used for a
proper treatment of second order systems.

In the following, we will use the index reduction based on derivative arrays derived in Section
3 to obtain a strangeness-free second order system (24), which can then be used to construct
a trimmed first order formulation in a numerical feasible way. We assume that we have locally
computed a strangeness-free second order system (24) with matrix triple of the form

M [Ch] [Ka

oA E 0| [C] |K2

M,C,K = 9 9 -
( ) 0 0 Ks
0 0 0

To find a suitable first order formulation, we first have to identify the second order differential
variables. As the matrices M 1, C’g and K. 3 have full row rank due to construction (see Theorem
13) there exists a pointwise unitary matrix-valued function @) € C(I, C"*"™) that is sufficiently
smooth, such that

M My 0 0 0
Cy Q=|Cx C 0 O0f, (26)
K3 K31 K3z Kzz3 0

where the matrix-valued functions My of size dg) X df), (99 of size df}) X d&l) and K33 of

size a,, X a, are pointwise nonsingular. With the corresponding basis transformation

r=Q% i=Qi+Q# i=Qi+20i+ 0z,
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we get the equivalent system

My 0 0 O 551 Ci1 Ci2 Ci3 Cus 9?1
0 0 0 0] |29 n Cy1 Cy 0 0 9
0 0 0 o |3 0 0 0 0| |ds
0 00 0] 5 0o 0 0 0] |
™ \\’—/ R — \v/
NQ i CQ+2NO i 27
K11 Ko Ki3 Kuia| |21 ]il
n Ky1 Kyz Kpz Koa| |Z2| _ | f2
K31 Kz Kzz 0 T3 fal’
0 0 0 0] & |f,
N AU v SN—~—
KQ+CQ+MQ I 7

where the second order differential variables #; are explicitly specified. By introducing the
new variable ¥ = 7 we can transform the system (27) into first order form

My Ci Cip Ciz Cu| [0 0 Ku Ko Kig Kuaf| [0 h
0 Co Cp 0 0| |21 0 Ko Ko Kiz Kol [T fo
0 0 0 0 0 Tol + 10 Kz Kz Kss 0 To| = f3| - (28)
0 0 0 0 0 T3 0 0 0 0 0 T3 f4
0 I 0 0 0 o -7 0 0 0 0 T4 0

Here, we have
o=[I 00 0jz=[I 0 0 0](Q7z+Q"s)=Q{z+ Qi =24(Qf2),
b= 4= (Qf'),

with Q1 = Q [I 00 O]H. Therefore, system (28) is equivalent to

Vg CQuatiq) {%(@{m} P[0, KawCQ ] [t m (29)
0 J 4(Qx) —I 0 Qix 0]’

with J = [I 00 0]. Now, introducing another variable v = Q% = %(Q{{x) - Q{I:B, the
first equation of (29) becomes

MQ1i + (C+ M(Q1Qf +20Q"))i + (K + M(Q:1Q7 +2QQ" + Q@™))z = f,

where we have used that QQY +QQ =0, as Q is unitary. Thus, we get a first order system
in the original variable x and in v of the form

e E L S E -

M(@1Qf +20Q") = C + M(Q:QF —2QQ™),
M(Q1Q +2QQ" + Q") = K + M(Q:Qf — QQ"),

with

C
K

C+
K+
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using that QQY + 20Q" + QO = 0. In addition, it holds that

QO —20Q" =QJ"IQ" 200" =Q | o T

0 0 0 O
.. .. .. .. 0 —-I 0 0/ -
QAT - QG =TI Q0" =q |, o O, o] 6"
0o 0 0 -—-I
such that we get
I 0 0 O Myp 0 00
5 A 02 0 O sm_~A | 0 00 0 sg_ A vranH
¢=c MQOOQIOQ_C 0 OOOQ_C MQE™,
0 0 0 21 0 000
00 00
- - 0 I 0 O ng_ 2
K=K=-MQl, o ; o|@ =K
00 0 I

Altogether, we have constructed a first order formulation in the original variable xz and v,
only using the coefficient matrices of the strangeness-free formulation (24) and the unitary
transformation matrix ). Due to construction this first order system is strangeness-free.

Theorem 18. Consider a strangeness-free linear second order differential-algebraic system
(24) with matriz-valued functions M,C, K € C(I,C™") and right-hand side f € C(I,C™).
Further, let Q € C*(I,C™™) be a unitary matriz-valued function that decomposes M,C,K as
in (26). Then, the trimmed first order formulation

1Q, C‘+MQQH} HEE K] HE H (30)

0 QI i —I 0] |z 0

is also strangeness-free, with Q1 = Q[I 0 0 0], and the characteristic values are given by
d, = 2dEL2) + d,(il), Ay, vy, and uy,.

Proof. The proof follows directly from the construction of the trimmed first order formulation
(30). Setting # = Qx and © = %(Qflaz) = v+ QHz, we obtain

(M C1p Cia Ciz Cu —.ﬁ— [0 K Ko Kiz Kul [6 1]
0 Cx Cxp 0 O 1 0 Ko Ki Kaz Ko |3 fo
0 0 0 0 0 To| + 0 K31 K32 K33 0 To| = f3 ,
0 0 0 0 0 @3 0 0 0 0 0 & f4
I 0 Id,(f) 0 0 0 ] _574_ g 0 0 0 0 ] 24 0
which is clearly strangeness-free, since M1, Cs and K33 are nonsingular. O
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Theorem 18 allows to construct a strangeness-free first order formulation directly from the
coefficients of the strangeness-free second order system (24). The trimmed first order for-
mulation (30) is of minimal possible size, has the same solution component z as the original
system (1), and no further smoothness requirements for the inhomogeneity are required.

Example 19. For the second order system (3) given in Example 1 we have computed an
equivalent strangeness-free formulation (25) using the derivative array approach. Following
Theorem 18 a trimmed first order formulation (with @ = I) for system (3) is given by

B 0ol1 0 07w i

T1 I 00 -1 O 1 _ —fo—2fs —tfo+ f3
Ta 00 1 1 T9 —tfo+ fs ’
T3 -1]/0 0 O 3 0

which is strangeness-free and has the same solution components x1, 2, and z3 as the original
system (3).

Remark 20. For strangeness-free linear k-th order system, the trimmed order reduction for-
malism can also be applied successively to the k-th order system to reduce the order by one
in each reduction step. In this process the derivative of order (k — 1) of the transformation
matriz Q, chosen similar as in (26), will occur. In the constant coefficient case structure
preserving staircase forms for matriz tuples are given in [3], that allow trimmed lineariza-
tions for arbitrary high order systems in the context of matriz polynomials. For the variable
coefficient case, however, it is not clear if such structure preserving staircase forms exist and
how trimmed first order formulations can be derived in this case.

5 Conclusions

In this paper we have discussed the solution of linear second order differential-algebraic equa-
tions with variable coefficients. Since index reduction and order reduction for higher order
higher index DAEs do not commute, appropriate index reduction methods for higher or-
der DAEs are required. We have presented a numerically computable way to determine
a strangeness-free normal form using the derivative array approach for linear second order
DAEs. For differential-algebraic systems with well-defined strangeness index p the complete
structural information on the global characteristic values of the triple (M (t),C(t), K(t))
can be obtained from the local information of an inflated triples and it is possible to de-
rive a strangeness-free differential-algebraic system using only local information. For this
strangeness-free second order system a trimmed first order formulation is derived that is
strangeness-free and has the same solution components as the original second order system.
Concluding, for an appropriate treatment of higher order differential-algebraic system the
index reduction should be carried out at first, either by transforming to the condensed form
(10) or by using the derivative arrays (13), followed possibly by a suitable order reduction to
obtain a strangeness-free first order system.
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A Appendix

A.1 Condensed Forms

Lemma A.1. [13, 16] Consider matrices M,C, K € C™*". Then the matriz triple (M, C, K)
is locally equivalent via equivalence transformation (6) to a matriz triple (M,C,K) of the
following local condensed form

Iexy 0 0 0 000 0
0 I o) 0 0O 0 0 00
0 0 Iomy 0 0000
0 0 0 I 000 0
0 0 0 0O 0 0 0O
0 0 0 0O 0 0 0O
0 0 0 0O 0 0 0O ,
0 0 0 0O 0 0 0O
0 0 0 0O 0 0 0O
0 0 0 0O 0 0 0O
0 0 0 0O 0 0 0O
0 0 0 0O 0 0 0O
0 0 0 0 000 0
[0 0o C C 0 0 C (]
0 0 Cc C 0 0o C C
0 0 c C 0 0o C C
0 0 Cc C 0 0o C C
0 0 0 C Iwxy O 0 0
0 0 0 O 0 I,y 0 O
Iguewy 0 0 0 0 0 0 of , (31)
0 Iwe 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 O 0 0 0 O
0 0 0 0 0 0 0 0
0 0 0 O 0 0 0 O
0 0o 00 0 0 0 0]
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- - $(MCK)
s(MC)
g(MK)
42
5(CK)
4
S(MCK)
s(MC)
a

5(CK)
s(MK)
$(MCK)

OO OO OO oo oo

~

v

O OO DO ODODO OO oo

0
IS(MCK)

0

(MCK) 4(MC) g(MK) ¢(CK) () g

COCoOORARARRRR
cCoz coococoococoocooo
CoOCoOSRRRRRRRR
COCoOORRRARARARR

coooffocoococoococoocoo
COOCORAAARNAANR

v

where the quantities s
and the last column in each matriz is of width u.

Lemma A.2. [13, 16] Let the matriz-valued functions M,C, K € C(I,C™*™) be sufficiently
smooth, and suppose that the regularity conditions (7) hold for the local characteristic values
of (M,C,K). Then, (M,C,K) is globally equivalent to a triple of matriz-valued functions
(M,C,K) of the condensed form

, a and v are nonnegative integers

_IS(MCK) 0
0 I (e

s

(an)
~
o O O

[=NeleleoNeoNoBoleoNoNeol ==

3

=
N

OO DO OO OO OO OO oo
DO DO DD DO OO OO oo

coocoocococococo00000N0 cooooocoocoocoocococo o

[N elaolBaleoNeoNeNeNoNeNel
OO OO OO oo oo
OO OO O oo oo

coccmco DO OOOO

»
3

coocoococoocoococo OO
CoocoococoococoocoOqQQ
~
DO o000 OO0 OO
<
cCoocoococoococoocoOOqQQ

oooooo§ coocoococo
2
cococor cocooc oo

OO O oo oo

w
—_



OO OO OO oo oo

0

0

[esRi e B en B e B e M e Mo e N )
O O OO oo oo

[en}
@)

IS(IVICK)

CoOCcCooRRARRRRRR
CoOCoOSRRRRRRRR
COCoOORRRARARARR

coooffocoococoococoocoo
COOCORAAARNAANR

$(MCK)
s(MC)
g(MK)
42
5(CK)
dM

S(MCK)

S(MO)

a

§(CK)
S(MEK)
S(MCE)

v

Here, all blocks are again functions on I and the last block columns have size u.

A.2 Proofs of Lemma 7 and Theorem 11

Proof of Lemma 7: From Lemma A.2 it follows that each triple (M <*>, C<*> K<?>) i € Ny

is globally equivalent to the form (11). The identity blocks of size s

MK)

are decomposed into

two identity blocks of size s; and s;_1, such that in one differentiation and elimination step the
block of size s;_1 can be eliminated. To prove the relations for the characteristic quantities we
first perform one differentiation and elimination step for system (11) and thus get the matrix

triple

OO OO OO OO0 OO O oo
o o O

o

DO DODDODDODO OO OO O

OO DD OO DODDODOODO OO0 OO
OO DD DO DDDODDODDODOD OO0 oo

o O oo

o
&

SO O O oo o

DO DODDDDODDO OO OO o o o
o o

DO DODDODDODDO OO OO OO oo o

OO OO OO OO OO O o oo o

[eciien i en B e B e Men Mo M e N el e

S OO OO ODODODODODOO OO O oo
DO DD DD DODDDDODIDODOO OO O OO
SO DODDODODODODODOO OO O OO
SO OO OO OO0 OO O oo
o O o oo

i
B
45,
C«S<57,>
0

SO oo OO0 oo o

T
=

OO OO0 OO OO O o oo o
OO OO OO O o

OO OO o O

OO DD OO OO OO o oo o

O
2
49,
C«5<gz>
0

DD DD OO O OO O




[ 0 Ky> 0 0 Kg” 0 Kg” 0 K5
0 K%i 0 0 Kgi 0 K%i 0 K{Ji
0 K3 0 0 Kg 0 K3~ 0 Ky
0 Kg> 0 0 Kg~ 0 Kig” 0 Kg”
0 K> 0 0 K3> 0 Ki” 0 Kg”
0 Kg> 00 0 Kg~ 0 Kg” 0 Kg”
0 K> 0 0 Kz~ 0 K& 0 Kg”
0 K> 0 0 K§~ 0 Kg” 0 Kg”
0 K> 0 0 Kg= 0 Koo 0 Kg~
0 0 0 0 0 0 0 I, 0
0 0 0 0 0 Ieo O 0 0
0 0 I,, O 0 0 0 0 0
0 0 0 I, 0 0 0 0 0

I oy 0 0 0 0 0 0 0 0

L0 0 0 0 0 0 0 0 0 |

In the following, we omit the subscript i. Permutation of the resulting triple of matrix-valued
functions yields

-Id(g) 0 0 0 0 0 0 0 O' C55 0 0 059 0 0 0 0 O
0 00 0|, 00 0 0 G 0 0 Ciw)0 0000
0 00 0lo 000 0 QIS 0 0 Q19 0 0 0 0 O
0 0o0o0lo o0 o0 0 Cas 0 0 Cx |0 0 0 0 O
0 o0 o0olo o000 0 Css 0 0 Cy |0 0 0 0 O
0 0 00lo0o 000 0 0 ]dgn 0 0 [0 O O 0 O
0 00 0,0 0 O O0 O 0 0 IS(_MC) 0[]0 0O 0 O O
0 0000 000O0O0|:| 0 0o 0 00000 0][>
0 00 0,0 0 O 0 O 0 0 0 0|0 0 0 0 O
0 0O 0 o0 O OO0 O 0 0 0 0 0 0 0 0 O
0 00 0,0 0 O 0 O 0 0 0 0|0 0 0 0 O
0 00 0,0 0 O 0 O 0 0 0 0|0 0 0 0 O
0 0O o0 o0 OO0 O0 O 0 0 0 0 0 0 0 0 O
0 00 0,0 0 O 0 O 0 0 0 0|0 0 0 0 O

L O 00 00 OO0 O O] 0 0 0 0|0 0 0 0 O

[ Kss Ksr Ks2 Kso| 0O 0 0 0 0 |

Kis Kiz Ko Kig| 0 0 0 0 0

Kos Koy Koo K| 0 0 0 0 0

K75 K77 Kr2 Kr9 | O 0 0 0 0

Kos Ko7 Ko2 Koo | 0 0 0 0 0

Kss Ks7 Kg2 Kgo | O 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 I, 0 0 0 0
o 0 0 0|0 L., 0 0 0
0 0 0 0 0 0 1o, 0 0
0 0 0 0|0 0 0 Ier 0
0o 0 0 0|0 0 0 I ver

The so obtained triple has to be transformed to global condensed form (32). We can restrict
ourselves to the upper left blocks and use global equivalence transformations to separate the
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Ksg
Ky
Kig
Kag
K3
Krg
Kgg
Keg
Kgg

Ko
Ky
K1z
Koo
Ko
K7o
Ky
Kgo
Kgo

Ks7
Ky7
K7
Koy
K37
K7
Ko7
Kgr
Kgr

Kss
Kys
Kis
Kos
K3s
Kzs
Kos
Kgs
Kgs

Csg
Cay
Cho

In the following, we only specify the blocks we are using in the

transformations for convenience. Thus, we consider the triple of matrix-valued functions

corresponding nullspaces.

—
KRGS
GG
KK
ST

Voo ooe

o
co oo 2o
@«

~

co o oo
~

VoS eoco

S oo O OO

S OO O oo

Iy

s
S
SRS
S

KKK_
RS
RS
RS

A H . .
' CH]™. Using equivalence transforma-

i c

19

C

[

S
S

EESES
RS

CRCRS)

) es. Rearanging the block rows

0

0

0
a?

and Cy

H
Cf]

~H
25

C.

015

[

with Cy

tions this triple is equivalent to the following triple

f L,

oo o oo o Il

i

. ~

S el

o oo o Zo a

S

Aol

~ +

a 3

coco zo o <8
~

Il

OOD o oo By

Il nhul

coco Loooo )

L 1 IT

—

- )

T 1 __

coolcoocoocjlooc o _
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and summarizing the last two block rows using the definition in (12) yields
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with rank K7 = r7, and sg = eg — r7. With the given definitions we then have that
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T2 = bit1, 16 = hit1 — diy1,

r3 = pi+1 — bit1, r7 = Cit1 — Nit1,
T4 = tiy1 — Pit1, er = ki1,
r5 = dit1 — tiy1, ez = €11 — ki1,
and thus we get
CK MCK
Ait+1 :ai—l—sg )—|—Sl(v )—l-Sl;l—l-’r’Q,
(MCK)
Sit1 =T,
(Mcy _ o
si+1 =S¢ = €2 — T,
MK
3£+1 ) =716 + S,
CK
5£+1 ) = s + 74+ T3,
2 2
deIZngdE)—QQ—Tﬁ,
1 1 MC
dz('+)1 :82+83—|—84:d2(~ )—I—sl(. )+el—r3—r4—r5,

Wit1 = Vit1 — Vi
MCK
= 24! )

7

CK MC
+S§ )—l-Sl(» )+SZ‘_1—61—62—7’2—T3—7’4—7’5—7’6—T7.

O

Proof of Theorem 11:

Due to Theorem 10 we may assume without loss of generality that the triple (M, C, K) is
already given in the global condensed form (32). Then, for fixed ¢ € I, we have to determine
the local characteristic quantities of (M;(£), £;(£), Ni(f)). In the following, we will omit the
argument ¢ and we use local equivalence transformations of the form (6) on the inflated triple.
For [ = 0 it is immediately clear that

fo :rank/\/lozm—qo—co—vo,

rank [Mo, Lo] = m — ap — s(()CK) — s(()MCK) - s[()MK) — Vg =m — co — Vg,

rank [Mo, Lo, No] = m — vp,

and the local characteristic values of (Mg, Lo, Npy) correspond to the global characteristic
values of (M, C, K). For [ =1 we have to consider the inflated triple

(Ml,ﬁl,/\ﬁ)—QMAﬁc ]\%[CfK 8}[? SD

with (M, C, K) in global condensed form (32). The identity blocks in the matrix M allow
to eliminate all other entries in the corresponding block rows of M by local equivalence
transformations. Further eliminations using the identity blocks of the global condensed form
and block decompositions yield the following matrix triple, where we only state the first block
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columns of £; and N since all other entries are zero
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e S e A R
e o R A R

&

TRERRR=R=RR|
TRRRQQAQQ
XRRRQQQAQ
XRRRQQQAQ
XRRRQQQAQ

L - - - . - Vo

(MCK) ~ _ (MC) - (MK) - (CK)

1 . (MCK)
with dimensions 51 = s , 82 =8 , 83 = 8 , 84 =8

~ (MC)

+80 _61,
S¢ = s(()MK) —e1 + ki, 1 = e1 — ki, dl = dél), and JQ = d(()z). Now, we can read off the
corresponding ranks as

71 =rank My = 2m — ¢y — 2v9 — ey — 28(()MCK) — s(()MC) — s(()CK) — s(()MK) — ag

=2m—cy—Cc1 —Vyg— V1 —€ey— €1 —a —S(MK)
= 0 — C1 0 1— € 1 0— Sp

=2m —cy—c1—vo—v1—eg— (e1+co— s(()CK) — s(()MCK))’

=2m —cy —c1 — vy — U1,

rank (M1, L1, N1] = 2m — 20y — 23(()MCK) — s(()CK) — s(()MC)

=2m — vy — V1.

+er+c

Let IT € C?2™*2™ and O, ¥, ¥ € C?*2" be block matrices, such that

(./\;11, Zl,/\Nfl) = (H./\/ll@, 11,0 + 2IIM ¥, HN1® + 111V + HM@)
is in the locally transformed form (33). Further, let IT and © be partitioned as
]H

II:= [H{{,,H% ) O = [@17"'7618]7
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corresponding to the row and column structure of the block matrices in (33). Then we have

LREE NS N 0 EI 1 £ 1 £ 1 £+ L VPR

M;[Bsg, 09,010,015, ...,018] =0,

i af nf o ni ni)fe, =o,

ot ok Ll T £4[040, O15, . .., O8] = 0.
This means that the columns of the matrix V; := [ 118 104 Ti& ... 10L& ... TIEL
form a basis of kernel(M¥), the columns of V5 := [Og, 09,019,015, ..,0:5] form a ba-
sis of kernel(Mj), the columns of V3 := [I& TI¥ 1 118 ... T TIHL] form a basis of

kernel(MH) N kernel(£), and the columns of Vj := [O19,015,...,015] form a basis of

kernel(M) Nkernel(Vj £1). Therefore, using Lemma 4 and with the definitions of Lemma 7
we have

a1 = rank(VANVy) = by,
g(lMCK) = dim(range(MI) Nrange(L7V1) Nrange(NFV3)) = ¢o + ¢1 — b — di + t1 — p1,
§§CK) = rank(VyTM1Va) — Gy = ao + p1 — by,

ng) = rank(V# L, V3) — §§CK) =ki+ao—p1—aop+b =k —p1+0b,

§§MC) = rank(V{7Ly) — §§MCK) — §§CK) - dgl) =q+q —co—c1+di—t+p— ki,

FME) = rank(VHNG) — ag — s8MOF) _ 590 — gy — 4,

By = 2m — 7y — 28\ _ (D) _ gg(MOK) _ (MO _ 5 sME) o+,
UL =2n—1m —§gCK) —ngl) — a1 =2ug+ag + ko — k1 — b1.
Finally, for [ = 2 we have to consider the inflated triple
M 0 0 C 00 K 00
(Ma, Lo, Ny) = M+C M 0O(,|C+K 0 0|,|K 0O

M+20+K 2M+C M| |C+2K 0 0| |K 0 0

Again, the identities in the diagonal blocks of My allow to eliminate all another entries in
the corresponding block rows of My without altering Lo or Ny. Further eliminations using
identity blocks in the global condensed form and block decompositions using local equivalence
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transformations yield the matrix triple (Ma, £, N3) of the form
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0
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0
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. . . ~ ~ MCK MC ~ MK
with dimensions é; = eg — ko, §7 = sé ) —|—sé ) _ el —es, S8 = sé ) _ e1+ k1 —ea + ko.

We can read off the corresponding ranks to be

7:2 = rank MQ =3m — qo — 260 - 31}0 - 358MCK) - 28(()]V[C) - S(()CK) - S(()]V[K) + kl

=3m—co—C1—C— U=V —V2—qo—q1— g2,
rank [./\;lg,,ég] =3m — ¢y — 3vg — 43(()MCK) — ZSEJMC) — ZS(SCK) — s(()MK) +e+ex+ ki + b1
=3m—cy—c1 —ca— vy — V1 — V2,
rank [Ma, L2, N3]

= 3m — 3vg — 4s{MCID _ 9g(MO) _ 9g(CH) _ ((ME)

So +ec1+bi+ki+cater+es
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=3m — vy — v1 — Vo.

Again, let II € C33m and O, 0,2 € C3*3" be the corresponding block matrices that
locally transform the inflated triple (Mag, L2, N2) to the form (34), i.e

(Mz, [‘,2,./\72) = (1:[./\/12@, ﬁﬁgé + QﬁMg\iJ, ﬁNzé + ﬁﬁz‘if + 1:1./\/122),
and II and © be partitioned as
~ H ~
.= [If,... ., 0], ©:=[01,...,0x],
corresponding to the row and column structure of the block matrices in (34). Then we have
(LU GRS 0 P 0 NN 0 €90 0 £ 0 00 690 1 £ 1 £ 1 A RV PO
M3[O11, ©12, O19, O20, O35, ..., O2s] = 0,

such that the columns of V4 := [T, .. TIE 114, ... TUL 108D Tél TiiE Tiit .. 1 T1H)] form
a basis of kernel(/\/lgl) and the columns of Vo := [0O11, ©12, O19, O20, O2s, ..., Ogg] form a basis
of kernel(My3). Further decompositions of rows and columns of Lo, where II. 2, © 2 denote
the parts of the rows and columns of I and é, respectively, that corresponds to null-rows or
null-columns after the decomposition, yield

[T, T, T4, b, I, .. H187H20 2 H23 2 H25 o, TI41, THR) T Lo = 0,
as well as
Vi £5]012.2, ©19, O20, O35, ..., O2g] = 0,
such that the columns of
Va = [I7, T T4, T4, 11, .. H18>H5{),27H£§,27Hg,%ngllaﬂﬁ]

form a basis of kernel(MZ) N kernel(£3), and the columns of the matrix Vj given by Vj :=
[©12,2, O19, O20, O2s, ..., O3] form a basis of kernel(Maz) N kernel(VlHﬁg). Therefore, we have

rank(V1H£2) =qo + q1 + qo,
rank(ViTNR) = co + 1 + 2,
and
ag = rank(VyT NoVy) = bo,
§§MCK) = dim(range(M3') N range(L5 V1) N range(NyT V3))
=ctat+e—bi—di+t —dy+it2—po,
= rank(VyT NoVa) — ag = by + pa — ba,

(CK) = ko + b1 — b1 — p2 + bo,
(MCK) (CK) dN(l)
— dy

~(CK)

d(l) = rank(V{# £oV3) —
ng ) = = rank(V{1Ly) —
—QO+<]1+(]2—60—61—62+d1—751+d2—t2—k’2+p27
S = rank(VTNG) — ag — 3585 — 505 = dy — 1 4 dy — 1,
Ty = 3m — iy — 257 — @l — 9g(MOK) _ fMO) _ G sME) — 4 4 vy + g,

Ug = 3n — Ty — (CK) ng)—dg:3UO+2a0+k0—k1—k‘2—b1—bQ.
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