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THE QUASI-KRONECKER FORM FOR MATRIX PENCILS*

THOMAS BERGER' AND STEPHAN TRENN#

Abstract. We study singular matrix pencils and show that the so-called Wong sequences yield a
quasi-Kronecker form. This form decouples the matrix pencil into an underdetermined part, a regular
part, and an overdetermined part. This decoupling is sufficient to fully characterize the solution
behavior of the differential-algebraic equations associated with the matrix pencil. Furthermore, we
show that the minimal indices of the pencil can be determined with only the Wong sequences and
that the Kronecker canonical form is a simple corollary of our result; hence, in passing, we also
provide a new proof for the Kronecker canonical form. The results are illustrated with an example
given by a simple electrical circuit.
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1. Introduction. We study (singular) linear matrix pencils
sE— A e K™ "], where K is Q, R, or C,
and the associated differential algebraic equation (DAE)
(1.1) Ei = Ax+ f,

where f is some inhomogeneity. In the context of DAEs it is natural to call matrix
pencils sEq — Ay and sFEs— As equivalent and write sEq — Ay & sEy— Ag or (B, Ay) &
(B9, As), if there exist invertible matrices S and T such that

S(SEl - A2)T = SE2 — Ag.

In the literature this is also sometimes called strict or strong equivalence; see, e.g.,
[16, Chap. XII, section 1] and [21, Def. 2.1]. Based on this notion of equivalence it
is of interest to find the “simplest” matrix pencil within an equivalence class. This
problem was solved by Kronecker [19] (see also [16, 21]). Nevertheless, the analysis of
matrix pencils is still an active research area (see, e.g., the recent paper [18]), mainly
because of numerical issues, or to find ways to obtain the Kronecker canonical form
efficiently (see, e.g., [36, 37, 8, 12, 13, 38]).

Our main goal in this paper is to highlight the importance of the Wong sequences
[40] for the analysis of matrix pencils. The Wong sequences for the matrix pencil
sE — A are given by the following sequences of subspaces:

Vo = K", Vig1:= A"Y(EV;) CK",
Wy := {0}, Wig1 = E~1(AW;) C K"
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We will show (see Theorem 3.2 and Remark 3.3) that the Wong sequences are suffi-
cient to completely characterize the solution behavior of the DAE (1.1) including the
characterization of consistent initial values as well as constraints on the inhomogeneity
f.

The Wong sequences can be traced back to Dieudonné [14]; however, his focus is
only on the first of the two Wong sequences. Bernhard [10] and Armentano [3] used
the Wong sequences to carry out a geometric analysis of matrix pencils. In [27] the
first Wong sequence is introduced as a “fundamental geometric tool in the character-
ization of the subspace of consistent initial conditions” of a regular DAE. Both Wong
sequences are introduced in [26] where the authors obtain a quasi-Kronecker staircase
form; however, they did not consider both Wong sequences in combination so that
the important role of the spaces V* N W*, V* + W* EV* N AW*, EV* + AW* (see
Definition 2.1, Figure 2.1, and Theorem 2.3) is not highlighted. They also appear
in [1, 2, 20, 35]. In control theory modified versions of the Wong sequences (where
im B is added to EV; and AW;, resp.) have been studied extensively for not nec-
essarily regular DAEs (see, e.g., [1, 4, 5, 6, 15, 22, 24, 28, 29]) and they have been
found to be the appropriate tool to construct invariant subspaces, the reachability
space, and provide a Kalman decomposition, just to name a few features. However, it
seems that their relevance for a complete solution theory of DAEs (1.1) associated to
a singular matrix pencil has been overlooked. We therefore believe that our solvability
characterizations solely in terms of the Wong sequences are new.

The Wong sequences directly lead to a quasi-Kronecker triangular form (QKTF),
ie.,

SEP—AP * *
sE— A = 0 SER—AR * s
0 0 SEQ—AQ

where sERr — AR is a regular matrix pencil. sEp— Ap is the “underdetermined” pencil
and sEg — Ag is the “overdetermined” pencil (Theorem 2.3). With only a little more
effort (invoking solvability of generalized Sylvester equations) we can get rid of the
off-diagonal blocks and obtain a quasi-Kronecker form (QKF) (Theorem 2.6). From
the latter it is easy to obtain the Kronecker canonical form (KCF) (Corollary 2.8)
and hence another contribution of our work is a new proof for the KCF. We have to
admit that our proof does not reach the elegance of the proof of Gantmacher [16];
however, Gantmacher does not provide any geometrical insight. At the other end of
the spectrum, Armentano [3] uses the Wong sequences to obtain a result similar to ours
(the QKTF but with more structured diagonal block entries); however, his approach
is purely geometrical so that it is not directly possible to deduce the transformation
matrices which are necessary to obtain the QKTF or QKF. Our result overcomes
this disadvantage because it presents geometrical insights and, at the same time, is
constructive. Furthermore, our work is self-contained in the sense that only results
on regular matrix pencils are assumed to be well known.

Different from other authors, we do not primarily aim to decouple the regular
part of the matrix pencil, because (1) the decoupling into three parts which have
the solution properties “existence, but nonuniquess” (underdetermined part), “exis-
tence and uniqueness” (regular part), and “uniqueness, but possible nonexistence”
(overdetermined part) seems very natural, and (2) the regular part can be further
decoupled if necessary—again with the help of the Wong sequences as we showed in
[9]. Furthermore, we are also not aiming for a staircase form as is common in the
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numerical literature; here the matrix pencils sEp — Ap, sEr — Ag and sEg — Ag
have no further structure, which has the advantage that the transformation matrices
can be chosen to be simple (in any specified way).

Another advantage of our approach is that we respect the domain of the entries in
the matrix pencil, e.g., if our matrices are real-valued, then all transformations remain
real-valued. This is not true for results about the KCF, because, due to possible
complex eigenvalues and eigenvectors, even in the case of real-valued matrices it is
necessary to allow for complex transformations and complex canonical forms. This is
often undesirable, because if one starts with a real-valued matrix pencil, one would
like to get real-valued results. Therefore, we formulated our results in such a way
that they are valid for K = Q, K = R, and K = C. Especially for K = Q it was
also necessary to recheck known results, whether or not their proofs are also valid
in Q. We believe that the case K = Q is of special importance because this allows
the implementation of our approach in exact arithmetic which might be feasible if
the matrices are sparse and not too big. In fact, we believe that the construction of
the QK(T)F is also possible if the matrix pencil sE — A contains symbolic entries
as is common for the analysis of electrical circuits, where one might just add the
symbol R into the matrix instead of a specific value of the corresponding resistor.
However, we have not formalized this, but our running example will show that it
is no problem to keep symbolic entries in the matrix. This is a major difference of
our approach compared to those available in literature which often aim for unitary
transformation matrices (due to numerical stability) and are therefore not suitable
for symbolic calculations.

.

— Do Do

F1a. 1.1. An electrical circuit with sources and an open terminal used as the origin of the DAE
(1.2) (used as a running example).

As a running example we use a DAE arising from an electrical circuit as shown in
Figure 1.1. The electrical circuit has no practical purpose and is for academic analy-
sis only. We assume that all the quantities L, C, R, Rg, Rr are positive. To obtain the
DAE description, let the state variable be given by © = (p1,p—, Po, PT, 4L, ip, bm, iG, i F,
iRyi0,iv,ic,ir)| consisting of the node potentials and the currents through the
branches. The inhomogeneity is f = Bu with u = (I,V)T given by the sources
and the matrix B as below. The defining property of an ideal operational amplifier
in feedback configuration is given by

pr=p— and i =0=1q_.

Collecting all defining equations of the circuit we obtain 13 equations for 14 state
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variables, which can be written as a DAE as follows:

_ . - -1 0
ccC 9 e
14 Rp
1 R
1 I

(1 2) T = 09 1 x + <V)

{ R 0

1 RN
L J L 1 h 1

The coefficient matrices are not square, hence the corresponding matrix pencil sE— A
cannot be regular, and standard tools cannot be used to analyze this description of
the circuit.

The paper is organized as follows. In section 2 we present our main results, in
particular how the Wong sequences directly yield the QKTF (Theorem 2.3) and the
minimal indices associated with the pencil (Theorem 2.9). Afterward, we show how
the QKF can be used to fully characterize the solution behavior of the correspond-
ing DAE in section 3. The proofs of the main results are carried out in section 5.
Preliminary results are presented and proved in section 4.

We close the introduction with the nomenclature used in this paper.

N set of natural numbers with zero, N={0,1,2,...}

Q,R,C field of rational, real, and complex numbers, resp.

K either Q, R, or C

Gl,(K) the set of invertible n X n matrices over K

K][s] the ring of polynomials with coefficients in K

Kmxn the set of m X n matrices with entries in K

Torl, the identity matrix of size n x n for n € N

AT the (conjugate) transpose of the matrix A € K™*"

AS :={ Az € K™ | z € § }, the image of S C K" under A € K™*"
ATLS :={z€K" | Az € § }, the preimage of S C K™ under 4 € K™*"
ATTS =(AT)7!s

st = {I eK" ‘VSGS cx's=0 }7 the orthogonal complement of S CK"

rankc(AE — A)  the rank of (A\E — A) e C"™*", B, A € K™*", for X € C;
rankc(coE — A):=rankc F

c> the space of smooth (i.e., arbitrarily often differentiable) functions
Dpweoo the space of piecewise-smooth distributions as introduced in [33, 34]

2. Main results. As mentioned in the introduction, our approach is based on
the Wong sequences which have been introduced in [40] for the analysis of matrix
pencils. They can be calculated via a recursive subspace iteration. In a precursor [9]
of this paper we used them to determine the quasi-Weierstrafl form and it will turn
out that they are the appropriate tool to determine a QKF as well.

DEFINITION 2.1 (Wong sequences [40]). Consider a matriz pencil SE — A €
K™*"[s]. The Wong sequences corresponding to sE — A are given by

Vo := K", Viq1 = AN (BV;) CK",
Wo :={0}, Wiy :=E"'(AW;) CK".
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Let V* := N;eny Vi and W* := {J;cy Wi be the limits of the Wong sequences.
It is easy to see that the Wong sequences are nested, terminate, and satisfy

IENVFEN: VoIV 2+ DV =V =V = A" (EV*) Dker A
(2.1)

IENVFEN: WyCker E=W; S+ - C Wy =W =W =E"H(AW?)
as well as

(2.2) AV* CEV*  and  EW* C AW*.

For our example DAE (1.2), we obtain

R
Lﬁ =im =y*
1
1
1
A1
-1 1-1-
and
-1 - -1 -
1 1
1 1
1 1
1 1
. . %
Wi = im o , Wp=im 30 =W
1 1
1 1
1 1
1 1
1 1
L 14 L 14

We carried out the calculation with MATLAB and its Symbolic Tool Box and the
following short function for calculating the preimage:

LisTiNGg 1
MATLAB function for calculating a basis of the preimage A~1(im S) for some matrices A and S.

function V=getPreImage(A,S)
[m1,n1]l=s4ze(A); [m2,n2]=size(S);
if ml==m2
H=null([A,S]1);
V=colspace(H(1:n1,:));
else
error (’Both matrices must have same number of rows’);
end;

Before stating our main result we repeat the result concerning the Wong sequences
and regular matrix pencils.

THEOREM 2.2 (the regular case, see [9]). Consider a regular matriz pencil sE —
A e K™*"[s], i.e., m = n and det(sE — A) € K[s] \ {0}. Let V* and W* be the
limits of the corresponding Wong sequences. Choose any full rank matrices V. and W
such that imV = V* and imW = W*. Then T = [V,W] and S = [EV, AW]~! are
invertible and put the matrixz pencil sEE — A into quasi- Weierstraf§ form,

(SET,SAT) = (B ]OV] : B ?D :
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where J € K"7*™ n; € N, and N € K"NX"N nn =n—ny, is a nilpotent matriz. In
particular, when choosing Ty and T such that TJ_lJTJ and T&lNTN are in Jordan
canonical form, then S' = [EVT;, AWTN]™! and T' = [VT;, WTN| put the regular
matriz pencil sSE — A into Weierstraf§ canonical form.

Important consequences of Theorem 2.2 for the Wong sequences in the regular
case are

Vv nw* = {0}, EV*n AW* = {0},

Vv + W =K", EV* + AW* = K™
These properties do not hold anymore for a general matrix pencil sE— A; see Figure 2.1
for an illustration of the situation.

K” K™

v+ W EV* + AW*

nr IR

ngQ

mQ

Fic. 2.1. The relationship of the limits V* and W* of the Wong sequences of the matriz
pencil sE— A € K™*"[s] in the general case; the numbers np,nr,ng, mp,mg, mqg € N denote the
(difference of the) dimensions of the corresponding spaces.

We are now ready to present our first main result which states that the knowledge
of the spaces V* and W* is sufficient to obtain the QKTF, which already captures
most structural properties of the matrix pencil sE — A. With the help of the Wong
sequences Armentano [3] already obtained a similar result; however, his aim was to
obtain a triangular form where the diagonal blocks are in canonical form. Therefore,
his result is more general than ours, however, the price is a more complicated proof
and it is also not clear how to obtain the transformation matrices explicitly.

THEOREM 2.3 (quasi-Kronecker triangular form (QKTF)). Let sE—A € K™*"[s]
and consider the corresponding limits V* and W* of the Wong sequences as in Defi-
nition 2.1. Choose any full rank matrices P, € K<™ Py € K"™*™P Ry € K"*"R
Ry e K™*mR () € K" Qy € K™*™Q gsuch that

im P, = V"N W*, im P, = EV* N AW,
VEAW* @im Ry = V* + W*, EV* N AW* @ im R, = EV* + AW*,
(V* + W*) @ im Q; = K", (EV* + AW*) @1im Q, = K™.

Then Tisian = [P1, R1, Q1] € G, (K) and Sirian = [Pz, Ra, Q2] 7t € GL,,,(K) transform
sE — A in QKTEF:
Ep Epr Epq Ap Apr Apg

(23) (StrianETtrian;StrianATtrian): 0 ER ERQ 5 0 AR ARQ R
0 0 Eo 0 0 Ag
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where
(i) Ep,Ap € K™P*"P 'mp < np, are such that rankc(AEp — Ap) = mp for all
A € CU {0},
(ii) Eg,Ap € KMEX"R mp = ng, with sEr — Ag regular, i.e., det(sEr — Ag) #
0,
(i) Eg,Aqg € K™e*"? mg > ng, are such that rankc(AEg — Ag) = ng for all
A€ CU{oo}.

The proof is carried out in section 5.

Remark 2.4. The sizes of the blocks in (2.3) are uniquely given by the matrix
pencil sE — A because they depend only on the subspaces constructed by the Wong
sequences and not on the choice of bases thereof. It is also possible that mp = 0 (or
ng = 0) which means that there are matrices with no rows (or no columns). On the
other hand, if np =0, ng = 0, or mg = 0, then the P-blocks, R-blocks, or @-blocks
are not present at all. Furthermore, it is easily seen that if sE' — A fulfills (i), (ii), or
(iil) itself, then sE — A is already in QKTF with Tiyjan = P1 = I, Tirian = R1 = I, or
Tirian = Ql ZI, and Sirian = P§1 ZI, Strian =R§1 = I, or Strian = Q;l =1

Remark 2.5. From Lemma 4.4 we know that E(V* N W*) = EV* N AW* =
A(V* N W*); hence

EV* N AW* = E(V' N W*) + AV N W*).
Furthermore, due to (2.2),
EV* + AW* = E(V* + W*) + A(V* + W").

Hence the subspace pairs (V* N W*, EV* N AW*) and (V* + W*, EV* + AW*) are
reducing subspaces of the matrix pencil sE — A in the sense of [37] and are in fact
the minimal and maximal reducing subspaces.!
In our example (1.2) we have
VIOWs =V, VW =W

and, with K := BctRe

Rg
f1 -
1 1
1
1
1
EV*NAW* = EV* =im , EV*+AW* = AW* =im 1y
1
1
1
e 1
_—K —% 1 -Rr K Rp
Therefore, we can choose
- 1 . rofi 7
1 1
1 1
R 1
1 1
1 L
_ 1 _
[P1, R, Q1] = 1 , [P2, R2, Q2] = 1
1 1 1
1 1 1
1 1
1 0 1
11 1 il 2 -
Li13 L | |-K-RE1 Rr K Rp 1]

IWe thank the anonymous reviewer for making us aware of this relationship.
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With this choice we obtain the following QKTF for our example:

011 1007
rCR0O0 0 (-C 7
0000000000 L 638881&,8888
0000000000 01100 0 Rr000
0000000000 000000 0 ROO
0000000000 000100 0 000
B A) o~ 0000000000 000010 0000
(E,A) = 0000000000 ; 110000 0000
0000000000 000011 -1 000
aa8ggenes
0000000000 293398 8 ¢85
L Lkd | 0]

The QKTF is already useful for the analysis of the matrix pencil sE — A and the
associated DAE Ei = Az + f. However, a complete decoupling of the different parts,
i.e., a block triangular form, is more satisfying from a theoretical viewpoint and is
also a necessary step to obtaining the KCF as a corollary. In the next result we show
that we can transform any matrix pencil sE — A into a block triangular form, which
we call quasi-Kronecker form (QKF) because all the important features of the KCF
are captured. In fact, it turns out that the diagonal blocks of the QKTF (2.3) already
are the diagonal blocks of the QKF.

THEOREM 2.6 (QKF). Using the notation from Theorem 2.3 the following equa-
tions are solvable for matrices Fy, Fy,G1,Ga, H1, Ha of appropriate size:

0= Erq + ErF1 + 2 Ey,

2.4
(2.42) 0= Agrg + ArF1 + F5AQ,
(2.4D) 0= Epr + EpG1 + G2 ER,
' 0=Apr + ApG1 + G2AR,
(2.4¢) OZ(EPQ+EPRF1)+EPH1+H2EQ,

0= (Apg + AprFh) + ApHy + H2Ag,

and for any such matrices let
-1

I -Gy —Hy
S:= 10 I —F| Suian = [P, R2— P2G2,Qo— PoHy — RoF] ™!
0 0 I
and
I Gi H;
T:= Tiyian |0 I Fi| = [Pi,R1+PiG1,Q1+ PiH1 + R F1).
0 O I

Then S € G1,,,(K) and T € G1,(K) put s — A in QKF
Ep 0 0 Ap 0 0
(2.5) (SET,SAT) = 0 Er O0],[{0 Ar O ,
0 0 Eg 0 0 Ag
where the block diagonal entries are the same as for the QKTF (2.3). In particular,
the QKF (without the transformation matrices S and T') can be obtained with only the

Wong sequences (i.e., without solving (2.4)). Furthermore, the QKF (2.5) is unique
in the following sense:

(2.6) (B,A)=(E'A)
g (EPvAP) = (E}?aA/P)a (ERvAR) = (E;%,A/R), (EQﬂAQ) = (EleAIQ)v
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where Ep, Ay, B, Al B, Al are the corresponding blocks of the QKF of the matriz
pencil sE' — A’.

The proof is carried out in section 5. In order to actually find solutions of (2.4),
the following remark might be helpful.
Remark 2.7. Matrix equations of the form

0=M+PX +YQ,
0=R+SX+YT

for given matrices M, P, @, R, S, T of appropriate size can be written equivalently as
a standard linear system

e Fror] (i) =~ (i)

where ® denotes the Kronecker product of matrices and vec(H) denotes the vector-
ization of the matrix H obtained by stacking all columns of H over each other.

For our example (1.2) we already know the QKF, because, as mentioned in The-
orem 2.6, the diagonal blocks are the same as for the QKTF. However, we do not yet

know the final transformation matrices which yield the QKF. Therefore, we have to
find solutions of (2.4):

=)=

F=| | = G = i } Hl:H’

— - r 1 -1 -1 -1 1 1 17
1 RGK RGK K K RGK
Bl -Rp 1 EF 1 Ep El
R i RgK K K K K
1 Loy
1
1 1
T = 1 and S = by
1
1 = 1 1
1 Ly
1
11 1 1
111003 10] (K0 B Rp-K(-Rp 1

Finally, an analysis of the matrix pencils sEp — Ap and sEg — Ag in (2.5),
invoking Lemma 4.12 and Corollary 4.13, together with Theorem 2.2, now allows us
to obtain the KCF as a corollary.

COROLLARY 2.8. For every matriz pencil sE — A € K™*"[s] there exist trans-
formation matrices S € Gl (C) and T € Gl,(C) such that, for a,b,c,d € N and
ElyevesEayPlyeevsPbyOlyeevsOcyMiye-yNd €N, S(sE — A)T =

diag(Pe, (5), -+ Peo(8); Tpu (8), -+ Tpu (8), Ny (5) -+, No o (5), Qna (), -+ L (9)))
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where
0 1 1 0
P.(s) =s — e KXt g], € €N,
0 1 1 0
A1
To(s) = sl — T | ecr[s,peN,AEC,
S
A
0 1
Ny(s)=s —I1e€K™™[s],0 €N,
1
i 0
[0 1
1 0 (n+1)xn
Qy(s) =s - eK [s], n € N.
- Y
i 1 0

The numbers p;, 0;, €;, and n; in Corollary 2.8 are usually called (degrees of)
elementary divisors and minimal indices and play an important role in the analysis of
matrix pencils; see, e.g., [16, 23, 24, 25]. More precisely, p1, ..., py are the degrees of
the finite elementary divisors, o1, ..., 0. are the degrees of the infinite elementary di-
visors, €1, . . ., &4 are the columns minimal indices, and 71, ..., 74 are the row minimal
indices. The minimal indices completely determine (under the standing assumption
that 0 < e <--- <eggand 0 <y < -+ < 1q) the singular part of the KCF. The
following result shows that the minimal indices can actually be determined via the
Wong sequences. Another method for determining the minimal indices via the control
theoretic version of the Wong sequences can be found in [24, Prop. 2.2]; however, the
minimal indices there correspond to a feedback canonical form.

THEOREM 2.9 (minimal indices). Consider the Wong sequences (2.1) and the
notation of Corollary 2.8. Let I = V* N W*, 1//\71 = (EV;_1)*, i = 1,2,..., and
K = (AW")Ln (BV*)L. Then

a=dimW;NK), d=dimW;nKk),
and with, fori=0,1,2,...,
A; = dim(Wiso NK) = dimWiyy NK),  A; = dim(Wi2 N K) — dim(Wipy N K),
it holds that
E1=""=¢€a-ny =0, €a-n; 141 ="""=Eq-n, =1, 1=12,...,
and

771:"':77,1,30:07 nd73171+1:'”:nd,3.:7;7 7’:1727



346 THOMAS BERGER AND STEPHAN TRENN

Furthermore, the minimal indices are invariant under matriz pencil equivalence. In
particular, the KCF is unique.

The proof is carried out in section 5. This proof uses the KCF and, therefore, in
particular it uses Lemma 4.12 and Corollary 4.13, which provide an explicit method
to obtain the KCF for the full rank matrix pencils sEp — Ap and sEg — Ag in
the QKF (2.5). However, if one is only interested in the singular part of the KCF
(without the necessary transformation), the above result shows that knowledge of the
Wong sequences is already sufficient; there is no need to actually carry out the tedious
calculations of Lemma 4.12 and Corollary 4.13.

Note that A;_1 = A; or A;_1 = A, is possible for some ¢. In that case there
are no minimal indices of value i because the corresponding index range is empty.
Furthermore, once A; = 0 or A; = 0 for some index i or /i\, then A;4; = 0 and
ﬁg 5= 0 for all j > 0 and 3 > 0. In particular, there are no minimal indices with

values larger than ¢ and ?, respectively.

3. Application of the QK(T)F to DAE solution theory. In this section
we study the DAE (1.1)

Fi=Axz+ f

corresponding to the matrix pencil sE— A € R™*"[s]. Note that we restrict ourselves
here to the field K = R, because (1) the vast majority of DAEs arising from modeling
physical phenomena are not complex valued, (2) all the results for K = R carry over
to K = C without modification (the converse is not true in general), (3) the case
K = Q is rather artificial when considering solutions of the DAE (1.1), because then
we had to consider functions f: R — Q or even f: Q — Q.

We first have to decide in which (function) space we actually consider the DAE
(1.1). To avoid problems with differentiability, one suitable choice is the space of
smooth functions C*, i.e., we consider smooth inhomogeneities f € (C*>°)™ and
smooth z € (C*)". Unfortunately, this excludes the possibility of considering step
functions as inhomogeneities which occur rather frequently. It is well known that the
solutions of DAEs might involve derivatives of the inhomogeneities, hence jumps in the
inhomogeneity might lead to nonexistence of solutions due to a lack of differentiability.
However, this is not a “structural nonexistence” since every smooth approximation
of the jump could lead to well defined solutions. Therefore, one might extend the
solution space by considering distributions (or generalized functions) as formally in-
troduced by Schwartz [31]. The advantage of this larger solution space is that each
distribution is “smooth,” in particular the unit step function (Heaviside function) has
a derivative: the Dirac impulse. Unfortunately, the whole space of distributions is too
large; for example it is, in general, not possible to speak of an initial value, because
evaluation of a distribution at a specific time is not defined. To overcome this obstacle
we consider the smaller space of piecewise-smooth distributions Dpycoo as introduced
in [33, 34]. For piecewise-smooth distributions a left- and right-sided evaluation is
possible, i.e., for D € Dpyeo the values D(t—) € R and D(t+) € R are well defined
for all t € R.

Altogether, we will formulate all results for both solution spaces S = C* and § =
Dpweee, so that readers who feel uneasy about the distributional solution framework
can ignore it.

Before stating our main results concerning the solution theory of the DAE (1.1),
we need the following result about polynomial matrices. A (square) polynomial matrix
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U(s) € K" "[s] is called unimodular if and only if it is invertible within the ring
K"*™[g], i.e., there exists V(s) € K"*"[s] such that U(s)V(s) = I.

LEMMA 3.1 (existence of unimodular inverse). Consider a matriz pencil SE—A €
K™*"[s], m # n, such that rank A\E' — A = min{m,n} for all X € C. Then there exist
polynomial matrices M (s) € K**™[s] and K (s) € K» *™ [s], n/,m’ € N, such that, if
m < n, [M(s), K(s)] is unimodular and

(sE — A)[M(s), K(s)] = [Im; 0],

or, if m > n, [Alg((i))] is unimodular and

M(s) I,
{K(s)] (sE—A) = [0} )

The proof is carried out in section 4.4.

The following theorem gives a complete characterization of the solution behavior
of the DAE (1.1). Note that a discussion of the solution behavior of a DAE which is
already in KCF is rather straightforward (see, e.g., [39]); however, a characterization
based just on the QKF (2.5) without knowledge of a more detailed structure (e.g.,
some staircase form or even the KCF of sEp — Ap and sEg — Ag) seems new.

THEOREM 3.2 (complete characterization of solutions of the DAE). Let sE— A €
R™>"[s] and use the notation from Theorem 2.6. Consider the solution space S = C*
or § = Dpwe~ and let f € S™. According to Theorem 2.2, let Sgr,Tr € Gl,,(R) be
the matrices which transform sEr — Ag in quasi- Weierstraf§ form, i.e.,

SEP-—fh3 0 0 0

I00 I00 0 sl —J 0 0

G [psd]ser-arsho]=| 0T
0 0 0 SEQ——AQ

I
and let (f5, £, [ fg)T = [8 SER g] S f, where the splitting corresponds to the block
sizes in (3.1). According to Lemma 3.1 choose unimodular matrices [Mp(s), Kp(s)] €

R P x(mpt(ne=mre))[s] gnd [MQ(S)] € R(ret(me=ne))xma(s] such that
Kq(s)

Mqg(s I
(5B — Ar)1p(s). Kp(9] = [1.0] and [}20)] (5B — 40) = ]
Then there exist solutions of the DAE Eix = Ax + f if and only if

Kq(§)(fq) = 0.

. S I 00 T oT T T, 7 .
If this is the case, then an initial value 20 = T [8 ﬂz)R ?] (2% 29 2% ,a:% ) s
consistent at ty € R, i.e., there exists a solution of the initial value problem
(3.2) Ei=Az+ f, x(to—) =2°,

if and only if

ny—1
(33) |2g = (Mq(§)(fQ)) (to—)| and |afy = - < > Nk(%)'“(fzv)) (to—) |-
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If (3.3) holds, then any solution x =T [é TER ﬂ (ZI:PT,ZI:JT, a:NT,xQT)T of the initial
value problem (3.2) has the form

rp = MP(dt)(fP)'*'KP(di)( w?;)ﬂ
wy=el 702G el [ (e f5),
oy =— 34 1Nk< D (fx), ’
$Q:MQ(dt)(fQ)

where Uy, € S"PTMP s such that the initial condition at ty for xp is satisfied (which
is always possible due to Lemma 4.17), but apart from that, arbitrary.

The proof is carried out in section 5.

Note that the antiderivative operator fto : S —= S, f— F as used in Theorem 3.2
is uniquely defined by the two properties %F = f and F(tp—) = 0 (for § = C>
this is well known and for & = Dpyee this is shown in [34, Prop. 3]; see also [33,
Prop. 2.3.6)).

We want to use Theorem 3.2 to characterize the solutions of our example DAE
(1.2). We first observe that the regular part can be brought into quasi-Weierstraf} form
s0 — I by premultiplying with S = Agl. In particular, the J-part is nonexistent,
which means that the circuit contains no classical dynamics. We choose

0 1 0

Mo(s) 10
[Mp(s), Kp(s)]= | 0 0 1| and [ Q ] = ,
Sl o 1 Ko(s)| = °LKs 1
Furthermore, fp = g7, fo =0, fv = 1 [-1,=1,=K,0,0, =55, = 35,0, =55 751

fo =1[I,V]", Tr = I; hence the DAE (1.2) is solvable if and only if

0=Kqo($)(fo)=—-LKLI+V or, equivalently, |V =LK1,

i.e., the voltage source must be proportional to the change of current provided by the
current source. In that case, the initial value must fulfill

2(0—) = Tlx,*, %, —fn(0-) T, Mo(g) (fo)(0-)] T,

i.e., recalling that & = (D4, D, Doy PTs 0L, ips iy Gy s iRy 0y 1V, 50, 47) |, iR(0—), i0(0—),
iv(0—) are arbitrary, and p_(0—) = Y= p,(0-) = YO p,(0-) = V(0-),

pr(0-) = Rin(0-), in(0—) — I(0-), iy(0- ) = 0 5(0) = 0. g A
V(0

i = 2O ic(0-) = iv(0-) — in(0-) + POFL. in(0-) = in(0-) — in(0-) —
1y (0—) — RV(O_) . If these conditions are satisfied, then all solutions of the initial

TR
value proble%l cgrresponding to our example DAFE (1.2) are given by

v % —v T
x = Tluy, ug, Rothr +R +RCU1+U2, Ve K,VO 0, RF+RG’ yoymn R U eyl RF+RG’I] ,
-

=%, %, V,pr(w),1,0,0, RF+RG’ RFXRG ir(u1),i0(u2), iv (w1, u2),ic(u1),ir(ur)] ',

where u1,us € S are arbitrary, apart from the initial conditions

ur(0—) = ig(0—)— YO 4y (0-) = L (iV(O—) + o) (0 )) un(0—) = iy (0—)
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and
pr(ui) =V + Ruy, ir(ur) =ur + %, io(u2) = ug,
iv(ul,UQ) = Uy — RF+RG + CRuy, ic(ul) = C Ry, iT(ul) = —U] — % — CRu.

Remark 3.3. A similar statement as in Theorem 3.2 is also possible if we consider
only the QKTF (2.3), i.e., instead of (3.1) we consider

|:é SOR 8:| Strian(SE — A)Ttrian |:6 'JQR 8:|
00 I 00 I
SEP—AP SEPJ_APJ SEPN_APN SEPQ—APQ
o 0 sl —J 0 SEJQ — AJQ
o 0 0 sN —1 SENQ —ANQ
0 0 0 SEQ —AQ

The corresponding conditions for the @Q-part remain the same; in the condition for the
N-part the inhomogeneity fy is replaced by fny — (ENQ% —Ang)(z@), in the J-part
the inhomogeneity f; is replaced by f; — (EJQ% —Aj0)(zqg), and in the P-part the
inhomogeneity fp is replaced by fp — (EPJ% —Apj)(xy) — (EPN% —Apn)(zN) —
(Erqg; — Arq)(zq).

4. Useful lemmas. In this section we collect several lemmas which are needed

to prove the main results. Since we use results from different areas we group the
lemmas accordingly into subsections.

4.1. Standard results from linear algebra.

LEMMA 4.1 (orthogonal complements and (pre-)images). For any matriz M €
KP*4 we have

(i) for all subspaces S C KP it holds that (M~1S)*t = M T(S4);

(ii) for all subspaces S C K it holds that (MS)* = M~ T(S1).

Proof. Property (i) is shown, e.g., in [7, Property 3.1.3]. Property (ii) follows
from considering (i) for M T, S instead of M,S and then taking orthogonal comple-
ments. d

LEMMA 4.2 (rank of matrices). Let A, B € K™*™ with im B C im A. Then for
almost all c € K,

rank A = rank(4 + ¢B),
or, equivalently,
im A =im(A + ¢B).

In fact, rank A < rank(A + ¢B) can only hold for at most r = rank A many values of
c.
Proof. Consider the Smith form [32] of A4,

. 0
oav =[5 9
with invertible matrices U € K™*™ and V € K™*" and ¥, = diag(o1,09,...,0.),

o; € K\ {0}, r = rank A. Write

UBV — [311 312}

By1 Baa|’
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where By; € K™7". Since im B C im A, it follows that By; = 0 and Bss = 0. Hence,
we obtain the following implications:

rank(A 4+ ¢B) < rank A = rank[X, + ¢Bi1, ¢Bis] < rank[X,,0] = r
= rank(X, + ¢Bi1) <r = det(X, 4+ ¢B11) =0.

Since det(X, + ¢Bi1) is a polynomial in ¢ of degree at most r but not the zero poly-
nomial (since det(X,.) # 0), it can have at most r zeros. This proves the claim. O

LEMMA 4.3 (dimension formulae). Let S C K™ be any linear subspace of K™ and
M € K™*"™, Then

dim MS = dim S — dim(ker M N S).
Furthermore, for any two linear subspaces S,T of K™ we have
dim(§+7) =dimS +dim7 — dim(SNT).

Proof. See any textbook on linear algebra for the proof. d

4.2. The Wong sequences. The next lemma highlights an important property
of the intersection of the limits of the Wong sequences.

LEMMA 4.4 (property of V* N W*). Let sE — A € K™*"[s] and V*, W* be the
limits of the corresponding Wong sequences. Then

EWV* NW*) = EV*nAW* = A(V* N W*).

Proof. Clearly, invoking (2.2),

EV* NW*) C EV*NEW* C EV*NAW* and A(V*NW*) C AV*NAW* C EV*NAW?;

hence it remains to show the converse subspace relationship. To this end we choose
x € EV* N AW*, which implies the existence of v € V* and w € W* such that

Ev =2 = Aw;
hence
ve ETYAw) C ETHAW*) = W*, we AYEv} C ATYEV*) = V¥,

Therefore v,w € V*NW* and x = Ev € E(V*NW*) as well as ¢ = Aw € A(V*NW*),
which concludes the proof. O

For the proof of the main result we briefly consider the Wong sequences of the
(conjugate) transposed matrix pencil sET — AT; these are connected to the original
Wong sequences as follows.

LEMMA 4.5 (Wong sequences of the transposed matrix pencil). Consider a matriz
pencil sSE — A € K™*"[s] with corresponding limits of the Wong sequences V* and
W*. Denote with V* and W* the limits of the Wong sequences of the (conjugate)
transposed matriz pencil sET — AT. Then the following holds:

W* = (EV): and V* = (AW*)L.
Proof. We show that for all i € N,

(4.1) (EV)): =Wiy1 and (AW)*: =V,
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from which the claim follows. For ¢ = 0 this follows from
(EVo)*: = (imE): =ker ET = E-T(AT{0}) =W,
and
(AWo)*F = {0} - =R™ =),.
Now suppose that (4.1) holds for some i € N. Then

(EVii1)* = (EA—l(EM-))L
Lcm.:4.l(ii) E_T(A_l(EVi))l
E-T (AT(EV;)Y)

= E-T (ATW}i+1) = Wita,

Lem. 4.1(i)

and analogously it follows that (AWHl)J- = Ai+1; hence we have inductively shown
(4.1). a

4.3. Singular chains. In this subsection we introduce the notion of singular
chains for matrix pencils. This notion is inspired by the theory of linear relations
(see [30]), where they are a vital tool for analyzing the structure of linear relations.
They also play an important role in former works on the KCF; see, e.g., [16, Chap. XII]
and [3]. However, in these works only singular chains of minimal length are considered.
We use them here to determine the structure of the intersection V* NW* of the limits
of the Wong sequences.

DEFINITION 4.6 (singular chain). Let sE — A € K™*"[s]. For k € N the tuple
(zo,...,xx) € (K")k*1 is called a singular chain of the matrix pencil sE — A if and

only if
0= Axg, Fxog = Axq,..., Fxp_1 = Axy, Fxp =0

or, equivalently, the polynomial vector x(s) = x¢ + w15 + - - + x1.5* € K"[s] satisfies
(sE— A)x(s) =0.

Note that with every singular chain (xg, x1, ..., z)) also the tuple (0,...,0,xq, ...,
2k, 0,...,0) is a singular chain of sE — A. Furthermore, with every singular chain,
each scalar multiple is a singular chain and for two singular chains of the same length
the sum of both is a singular chain. A singular chain (zo,...,zy) is called linearly
independent if the vectors xg, ...,z are linearly independent.

LEMMA 4.7 (linear independency of singular chains). Let sE — A € K™*"[s].
For every nontrivial singular chain (zo,21,...,2k), kK € N, of sE — A there ex-
ists £ € N, £ < k, and a linearly independent singular chain (yo,y1,...,ye) with
span{xg, z1, ..., Tk} = span{yo, y1,---,Ye}-

Proof. This result is an extension of [30, Lem. 3.1]; hence our proof resembles
some ideas of the latter.

If (zo,21,...,2k) is already a linearly independent singular chain, then nothing
is to show, therefore, assume existence of a minimal ¢ € {0,1,...,k — 1} such that
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¢ . . .
Tpy1 = Zi:o a;x; for some a; € K, ¢ =0,...,¢. Consider the chains
(&%) (Oa 0) RS 0) 07 X0, L1y, «vvy Tly To41y ---y xk—l;xk)a
aq (0; 0) RS 0) Zo, L1y vy Ty Tp41y ooy Tk—1, Tk, 0)7
(6%} (Oa 0) <oy 0, L1y, wevy Tpy Tp41s -o-y Th—1y Tk, 07 0)7
ayp_1 (0, Ty L1y «vvy Lp—2,Tp—1y, Tpy Tp41y --- Tk, 0, ceey 0),
ag (o, ®1,...,Te—2,Te—1, Te, Tyg1, -.- Tk, 0, ..., 0, 0)
. . ¢
and denote its sum by (2o, 21, . - -, 2k+¢). Note that by construction z, = Zi:O ;T =
Z¢+1. Now consider the singular chain (vo, v1, .. ., Vgts+1) = (20, 21, .-, Tk, 0,...,0)—
(0,20, 21, - . -, 20+k), which has the property that ve41 = 41 — 2z¢ = 0. In particular
(vo,v1,...,v7) and (Vgyo,Vots, ..., Vkrer1) are both singular chains. Furthermore (we
abbreviate a; I with «;),
v T
0 -1 0 0 7 0
(%1 Re7) 1 0 0 X1
g - I 0 0
Vg Qg1 (673 9
= ~1 - e —Qu 1 )
Vk -ap -1 -y e mQug I Tk
Ukt 1 0 -ag -1 -y e -y I 0
0 - 0 -ap -a1 - - 1 4\
Uk+g+1 [e7s) [e5] a3 iy 0
hence span{vg,v1, ..., Vgre+1} = span{zg, x1,...,2x} = span{vg, v1,..., vk }. In par-
ticular
span{v41, Vkt2, - - -, Vker1} C span{vo,vi, ..., vx};

hence, by applying Lemma 4.2, there exists ¢ # 0 such that (note that ¢ < k)

(4.2) imfvg,v1,...,v5] = im([ve, v1, ..., Vk] + € [Vkt1, Vkt2, - - - Vkte41,0,...,0]).
Therefore, the singular chain

(Wo, W1y« vy Wi—1) = C (Veg2y -+« Uk, Vkt1, Vkt2s - - - » Vktot1) + (0, ..., 0,00, 01, ..., Up)

has the property

span{wg, w1, ..., Wg—1} = Span{vpyo,Ve43, ...,V }
+ span{cvg41 + Vo, CUkt2 + V1, . - ., COkgo41 + Ve }
-0,
= im([vg, v1, ..., Vk] + € [Vkt1, Vkt+2, - - -, Vkte41,0,...,0])
(4.2) .
=" imvg,v1,..., Uk
= spanf{vg,v1,...,V;} = span{zo, Z1,..., Tk}

Altogether, we have obtained a shorter singular chain which spans the same subspace
as the original singular chain. Repeating this procedure until one obtains a linearly
independent singular chain proves the claim. a
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COROLLARY 4.8 (basis of the singular chain manifold). Consider a matriz pencil
sE — A € K"™*"[s] and let the singular chain manifold be given by

K= {xER” ‘ Jk,ieN Ising. chain (xo,...,Tim1,T = Tj, Tit1,...,Tk) € (K”)]“rl },

i.e., KC is the set of all vectors x appearing somewhere in some singular chain of
sE — A. Then there exists a linearly independent singular chain (xo,x1,...,2%) of
sE — A such that

K = span{xoq, ...,z }.

Proof. First note that I is indeed a linear subspace of K™, since the scalar
multiple of every chain is also a chain and the sum of two chains (extending the
chains appropriately with zero vectors) is again a chain.

Let 4%, y', ..., y% be any basis of K. By the definition of C, for each i = 0,1,...,¢
there exist chains (y§, v}, ..., v}, ), which contain y*. Let (vo,v1,...,v;) with k = ko+
k1+ ...+ k. being the chain which results by concatenating the chains (y, yt, . . ., y}%)
Clearly, span{vo, . ..,v;} = K; hence, Lemma 4.7 yields the claim. d

The following result can, in substance, be found in [3]. However, the proof therein
is difficult to follow, involving quotient spaces and additional sequences of subspaces.
Our presentation is much more straightforward and simpler.

LEMMA 4.9 (singular chain manifold and the Wong sequences). Consider a
matriz pencil sE — A € K™*"[s] with the limits V* and W* of the Wong sequences.
Let the singular chain manifold IC be given as in Corollary 4.8; then

ViNnws =K.

Proof. Step 1. We show K C V* N W*.

Let (w0, ...,7x) be a singular chain. Clearly we have o € A~}(E{0}) = ker A C
V* and x, € E71(A{0}) = ker E C W*; hence, inductively we have, for i =
0,1,....k—Tland j=k k—1,...,1,

rip1 € AN (E{x;}) CATHEVY)=V* and 2;_1 € B (A{z;}) C ETH(AW*) =W
Therefore,
To,...,Tp € VI OW™

Step 2. We show V*NW* C K.
Let z € V* N W?*, in particular, x € W* = W,. for some [* € N. Hence there
exists ©1 € Wy« _1,22 € Wi _a, ..., 2= € Wy = {0}, such that, for x¢ := z,

Exy = Axy, FExy = Axs,..., Ex;« 1 = Axp», FExp- =0.

Furthermore, since, by Lemma 4.4, E(V*NW*) = A(V*NW*), thereexist _1,2_o, ...,
T_@+41) € VTN W such that

AQIO = Ex_l, Al‘_l = EQJ_Q, ey Ax,(l*,l) = Eﬂi_l*, Aﬂj_l* = Ex,(lurl).

Let Z_(j+41) := —2_(=41) € V' NW* C W*; then (with the same argument as above)
there exist Z_«, T_(+_1), ..., T—1 € W* such that

Ei—(l*-‘,—l) = Ajfl*, Ejfl* = Ai—(l*—l)a ey E!’Efg = Ajf]_, E(ifl = O,
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and thus, defining &, = z_; + 2, for i = 1,...,1" + 1, we have &_- 1) = 0 and
we get

OZEif(lurl) ZAZfJ_l*, Ei_l* :Ai‘,(l*,l), sy Ei_g ZAZfJ_l, Ei‘_l :Eﬂj_l ZAZIJ().
This shows that (Z_s+,2_<—1),...,&1,%0,Z1,...,21~) is a singular chain and x =
o € K. a

The last result in this section relates singular chains with the column rank of the
matrix pencil sFE — A.

LEMMA 4.10 (column rank deficit implies singular chains). Let sE — A €
Km*"[s]. If rankc(AE — A) < n for all A € CU {0}, then there exists a nontrivial
singular chain of sE — A.

Proof. Tt suffices to observe that Definition 4.6 coincides (modulo a reversed
indexing) with the notion of singular chains in [30] applied to the linear relation
E71A = {(x,y) € K® x K"|Ax = Ey}. Then the claim follows for K=C from [30,
Thm. 4.4]. The main idea of the proof there is to choose any m+1 different eigenvalues
and corresponding eigenvectors. This is also possible for K = R and K = Q; hence
the proof in [30] is also valid for K =R and K = Q. O

4.4. Polynomial matrices. In the following we will say that P(s) € K™*"[s]
can be extended to a unimodular matrix if and only if, in the case m < n, there exists
Q(s) € K»=™*"[s] such that [ggi;] is unimodular, in the case m > n, there exists
Q(s) € Km*™="[g] such that [P(s),Q(s)] is unimodular, and, in the case m = n,
P(s) itself is unimodular.

LEMMA 4.11 (unimodular extension). A matriz P(s) € K™*"[s] can be extended
to a unimodular matriz if and only if ranke P(\) = min{m,n} for all X € C.

Proof. Necessity is clear; hence it remains to show that under the full rank
assumption a unimodular extension is possible. Note that K[s] is a principal ideal
domain; hence we can consider the Smith normal form [32] of P(s) given by

P =) |74 v

where U(s), V(s) are unimodular matrices and 3(s) = diag(oi(s),...,o0.(s)), r € N,
with nonzero diagonal entries. Note that rankc P(A) = ranke X(\) for all A € C;
hence the full rank condition implies 7 = min{m,n} and o1(s),...,0.(s) are constant
(nonzero) polynomials. For m = n this already shows the claim. For m > n, i.e.,
P(s)=U(s) [E"O(S)] V(s), the sought unimodular extension is given by

peae=ve |7 | V]
and, for m < n,

{58] - {U(()S) ?] =) Yy, o

Proof of Lemma 3.1. Let Q(s) be any unimodular extension of sE — A according
to Lemma 4.11. If m < n, choose [M(s), K(s)] = [55@54]‘1, and if m > n, let

O] = [sE-AQ(s)™". O
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4.5. KCF for full rank pencils. In order to derive the KCF as a corollary
of the QKF and also for the proof of the solvability of (2.4), we need the following
lemma, which shows how to obtain the KCF for the special case of full rank pencils.

LEMMA 4.12 (KCF of full rank rectangular pencil, m < n case). Let sE — A €
K™*"[s] be such that m < n, and let | := n —m. Then rankc(AE — A) = m for
all A € CU {oo} if and only if there exist numbers e1,...,e; € N and matrices
S € Gl (K), T € G1,(K) such that

S(sE — A)T = diag(Px, (s), ..., Pe,(s)),

where Pe(s), € € N, is as in Corollary 2.8.

Proof. Sufficiency is clear; hence it remains to show necessity.

If m = 0 and n > 0, then nothing is to show since sFE — A is already in the
“diagonal form” with ey = e9 = --- = g; = 0. Hence assume m > 0 in the following.
The main idea is to reduce the problem to a smaller pencil sE' — A’ € K™ *™'[s] with
rankc(AE" — A") = m/ < n’ < n for all A € CU {oo}. Then we can inductively use
the transformation to the desired block diagonal structure for the smaller pencil to
obtain the block diagonal structure for the original pencil.

By assumption E does not have full column rank; hence there exists a column
operation T € Gl,(K) such that

ET, =

There are two cases now: Either the first column of AT) is zero or it is not. We
consider the two cases separately.

Case 1. The first column of AT, is zero.

Let ETy =: [0, E'] and ATy =: [0, A’]. Then, clearly, rankc(AE—A)=rankc(AE'—
A"y =m' :=m for all A € CU{oo}. Furthermore, with n’ := n — 1, it follows that
n' > m'. Seeking a contradiction, assume n’ = m/. Then the full rank matrix E’ is
square and hence invertible. Let A € C be any eigenvalue of the matrix E'"'A’. Thus
0 =det(\] — B/ ' A') = det(E') "L det(AE’ — A’), and hence rankc(AE' — A’) < m/,
a contradiction. Altogether, this shows that sE’ — A’ € K™ > [s] is a smaller pencil
which satisfies the assumption of the lemma; hence we can inductively use the result
of the lemma for sE’ — A’ with transformation matrices S’ and T7’. Let S := §’
and T :=T) [é :ﬁ)/ } ; then S(sE — A)T has the desired block diagonal structure which
coincides with the block structure of sE’ — A’ apart from one additional Py block.

Case 2. The first column of AT} is not zero.

Then there exists a row operation S; € Gl,,(K) such that

1 * * -+ x%

0 * * -+ %
S1(ATh) =

0 * % --- %

Since E has full row rank, the first row of S; ET; cannot be the zero row; hence,
there exists a second column operation Ty € Gl,(n) which does not change the first
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column such that
0Oo1 o0 --- 0
0 * * .-
(S1ETY)Ts =

Now let T5 € G1,(K) be a column operation which adds multiples of the first column
to the remaining columns such that

100 --- 0

0 * * .-+ %
(SlATlTQ)Tg =

0 * % -+ %

Since the first column of S1ETT5 is zero, the column operation T3 has no effect on
the matrix SlETlTQ. Let

|10... 0

0

0
SlETlTQTg, = . and SlATlTQTg, = . y

: E' : A

0 0

with sE' — A’ € K™ *"[s] and m’ := m—1, n’ := n—1, in particular m/ < n/. Seeking
a contradiction, assume ranke AE" — A’ < m/ for some A € CU {oo}. If A = oo, then
this implies that E’ does not have full row rank, which would also imply that E does
not have full row rank, which is not the case. Hence we may choose a vector v’ € c™
such that v'(AE’ — A’) = 0. Let v := [0,v]S;. Then a simple calculation reveals
v(AE — A) = [0,v'(A\E" — A)](T1T2T3) ! = 0, which contradicts full complex rank of
AE — A. As in the first case we can now inductively use the result of the lemma for the
smaller matrix pencil sE’ — A’ to obtain transformations S’ and 7" which put s’ — A’
in the desired block diagonal form. With § := [(1) g/] St and T := T T5T3 [é :,9,] we
obtain the same block diagonal structure for sE — A as for sE’ — A’ apart from the
first block, which is P., 4+ instead of P, . O

The following corollary follows directly from Lemma 4.12 by transposing the re-
spective matrices.

COROLLARY 4.13 (KCF of full rank rectangular pencils, m > n case). Let
sE— A € K™*"[s] be such that m > n, and let | := m —n. Then rankc(AE — A) =n
for all A € CU {oo} if and only if there exist numbers n1,...,m € N and matrices
S € Gl (K), T € G1,(K) such that

S(sE — A)T = diag(Qn, (5), - - -, Qni (),

where Q,(s), n € N, is as in Corollary 2.8.

4.6. Solvability of linear matrix equations. In generalization of the method
presented in [11, sect. 6] we reduce the problem of solvability of (2.4) to the problem
of solving a generalized Sylvester equation

(4.3) AXB-CXD=EF.



THE QUASI-KRONECKER FORM FOR MATRIX PENCILS 357

To this end the following lemma is crucial.
LEMMA 4.14. Let A,C € K™*" B,D € KP*4 E F € K™*? and consider the
system of matriz equations with “unknowns” Y € K"*9 and Z € K™*P,

0=E+ AY + ZD,

(4.4)
0=F+CY + ZB.

Suppose there exists A € K and M) € K?*P such that Mx(B — AD) = 1, in particular
p > q. Then, for any solution X € K"*P of the matriz equation

AXB—CXD = —E — (\E — F)M\D,

the matrices
Y = X(B - A\D),
Z =—(C—-MXA)X — (F — AE)M,

solve (4.4).
Proof. We calculate

E+AY +ZD = E+ AX(B - AD) — (C — AA)XD — (F — AE)M\D
= E—AXAD+\AXD — (F — AE)M\D — E — (\E — F)M\D
= 0’

F+CY+ZB= F+CX(B—AD)— (C - A)XB — (F — AE)M\B
= F+CXB—CXB— (F—AE)M\B — \(E + (\E — F)M,D)
= (F = AE) — (F — AE)M;B — A(AE — F)M,D
= (F = \E)(I, — M\(B — AD))
=0 O

The following result is well known and since it considers only a regular matrix
pencil we do not repeat its proof here. However, we need to introduce the notion of
spectrum of a regular pencil sE — A € K"*"[s]: this is the set of all A € CU{oo} such
that rankc(AE — A) < n.

LEMMA 4.15 (solvability of the generalized Sylvester equation: regular case [11,
17]). Let A,C € K™, B,D € KP*P, E € K"*P, and consider the generalized
Sylvester equation (4.3). Assume that (sB — D) and (sC — A) are both regular with
distinct spectra. Then (4.3) is solvable.

Finally, we can state and prove the result about the solvability of the generalized
sylvester equation which is needed to prove Theorem 2.6.

LEMMA 4.16 (solvability of the generalized Sylvester equation with special prop-
erties). Let A,C € K™*" m <n, B,D € KP*?, p > q, E € K™*9, and consider
the generalized Sylvester equation (4.3). Assume that (AB — D) has full rank for all
A € CU{oo} and that either (A\C' — A) has full rank for all A € CU {oo} or that
(sC — A) is reqular. Then (4.3) is solvable.

Proof. The proof follows that of [17, Thm. 2]. By Theorem 2.2 and Lemmas 4.12
and 4.13 we already know that we can put the pencils sC' — A and sB — D into KCF.
Therefore, choose invertible Si,77, .52, T5 such that sCy — Ay = S1(sC — A)T1 and
$By—Dgy = Sa(sB—D)T; are in KCF. Hence, with Xo = T7 ' X S and Ey = S; ET,
equation (4.3) is equivalent to

AQXOBO — C()X()DO = Fjy.
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Let sCy— Ag = diag(sCE — A}, ..., sCit — A(Y), n1 € N, and sBy — Dy = diag(sB{ —
D§,...,sBj? — Dg?), na € N, corresponding to the block structure of the KCF as in
Corollary 2.8, then (4.3) is furthermore equivalent to the set of equations

AXPB) —CiXPD)=EY, i=1,...,n1, j=1,...,n9,

where Xéj and Eéj are the corresponding subblocks of Xy and Ej, respectively. Note
that (using the notation of Corollary 2.8) by assumption each pencil sCi — Ab is a
P.(s), Tp(s), or N, (s) block, and all pencils sB) — D} are Q,(s) blocks. If sC§ — Al is
a P-(s) block, we consider a reduced equation by deleting the first column of sC§ — A¥,
which results in a regular J.(s) block with spectrum {0}, and by deleting the last
row of sBj — D, which results in a regular N, (s) block with spectrum {oo}. Hence,
we use Lemma 4.15 to obtain solvability of the reduced problem. Filling the reduced
solution for X’ by a zero row and a zero column results in a solution for the original
problem. If sCj — A} is a J,(s) block, we can apply the same trick (this time we
delete only the last row of ng - Dé) to arrive at the same conclusion, as sC§ — A}
has only finite spectrum. Finally, if sC§ — A is a N, (s) block with spectrum {co},
we have to reduce sB} — D} by deleting the first row, which results in a 7, (s) block
with spectrum {0}. This concludes the proof. O

4.7. Solutions of DAEs. In order to prove Theorem 3.2 we need the following
lemmas, which characterize the solutions of DAEs in the case of full rank pencils. As
in section 3 we restrict ourselves to the case K = R.

LEMMA 4.17 (full row rank pencils). Let sE — A € R™*"[s] such that m < n
and rankc(AE — A) = m for all A € CU {oc}. According to Lemma 3.1 choose
M(s) € R™™™[s] and K(s) € R™=")[s] such that (sE — A)[M(s), K(s)] = [I,0]
and [M(s), K (s)] is unimodular. Consider the DAE Ex = Ax + f and the associated
solution space S = C*® or 8 = Dpwee. Then, for all inhomogeneities f € S™, x € S"
is a solution if and only if there exists u € S™™™ such that

v =M(g)(f) + K(g)(w).

Furthermore, all initial value problems have a solution, i.e., for all z° € R", tg € R,
and all f € 8™ there exists a solution x € 8™ such that

z(to—) = 2°.

Proof. Step 1. We show that z = M () (f) + K(4)(u) solves E = Az + f for
any u € S
This is clear since

(B —A) (M(§H)() + K(§)w) =f+0=f.

Step 2. We show that any solution x of the DAE can be represented as above.
To this end let u := [0, I][M (L), K($)] 7'z € 8"~™, which is well defined due
to the unimodularity of [M(s), K (s)]. Then

4 dy-1
f = (A = (B~ A K |
’ dt/? dt
= [LOM(), K],
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and therefore it follows that
M(E)f + K($u=[M($), K($)]

Step 3. We show that every initial value is possible.

Write K(s) = Ko + Kis+ ...+ K,sP, p € N, and let K be the singular chain
manifold of sE — A as in Corollary 4.8.

Step 3a. We show im[Ky, K1,..., K] = K =R".

Remark 2.4 and Lemma 4.9 yield R” = V* N W* = K. From (sE — A)K(s) =0
it follows that

0= AKQ, EKO = AKl, .. .,EKp_l = AKP,EKP =

hence the ith column vectors of Ky, Ki,...,Kp, i = 1,...,n —m, form a singular
chain. This shows im[Ky, K7, ...,K,] C K.

For showing the converse inclusion, we first prove im Ky = ker A. From AK, =
()\E—A)K()\)|>\:0 = 0 it follows that im Ky C ker A. By unimodularity of [M(s), K (s)]
it follows that K(0) = Ky must have full rank, i.e., dimim Ky = n — m. Full rank
of (s — A) for all s € C also implies full rank of A; hence dimker A = n —m and
im Ky = ker A is shown.

Let (zo,21,...,21), | € N, be a singular chain. Then Axg =0, i.e., g € ker A =
im K. Proceeding inductively, assume zg,x1,...,2; € im[Kp, K1,..., K;] for some
i € N with 0 <4 < [. For notational convenience set K; = 0 for all j > p. From
A$i+1 = Eﬁl S im[EKo, EKl, cee ,EKZ'] = im[AKl, AKQ, ceey AKiJrl] it follows that
xiy1 € ker A+ im[Ky, Ko, ..., K;y1] = im[Ky, K1, ..., K;11]. This shows that each
singular chain is contained in im[Ky, K1, ..., K)].

Step 3b. We show existence of u € S"~™ such that z(to—) = 2°.

By Step 3a there exist ug, u1,...,u, € R"™™ such that

(4.5) Koug + Kiuy + -+ + Kpup, = 2° — M(E)(f)(to—).
Let

(t—to)?

u(t) = ug + (t — to)’u,l + 5

Then we have that v € § and

(4.5)

(4.6) K ()W) (to—) = Kouo + Kiuy + -+ + Kyu, =" 2% — M($)(f)(to—),

&~

which implies that the solution z = M (&) (f) + K(4)(u) satisfies

slto=) = M(H)(F)(to-) + K(§)w)lto—) 2" D

Remark 4.18. A careful analysis of the proof of Lemma 4.17 reveals that for the
solution formula the full rank of AE — A for A = oo is not necessary. The latter is
only necessary to show that all initial value problems have a solution.

LEMMA 4.19 (full column rank pencils). Let sE — A € R™*"™[s| such that m > n
and rankc(AE — A) = n for all A € CU {o0}. According to Lemma 3.1 choose
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M{(s) € R™™[s] and K (s) € R[] such that [}/ (%) |(sE— A) = [§] and [}{*]]

is unimodular. Then, for f € 8™, x € 8™ is a solution of Ex = Ax + f if and only if

r=MG)(f) and K(&)(F)=0.

Furthermore, every component or linear combination of f is restricted in some way;
more precisely K(s)F has no zero column for any invertible F' € R™*™,
Proof. The characterization of the solution follows from the equivalence

M

_ el
(BL - Az =f l K(%)f} .

=[4]

To show that K (s)F does not have any zero column, write K(s) = Ko+ Kis+---+
Kys®. Since (sET—AT)K(s)" = 0 it follows with the same arguments as in Step 3a of
Lemma 4.17 that im[K, , K| ,..., K] = R™. Hence, ker[K, , K/ ,..., K, ]T = {0},
which shows that the only v € R™ with K;v =0 for all i =1,...,k is v = 0. This
shows that K (s)F' does not have a zero column for any invertible F' € R™*™. O

Remark 4.20. Analogously, as pointed out in Remark 4.18, the condition that
AE — A must have full rank for A = oo is not needed to characterize the solution. It
is only needed to show that the inhomogeneity is “completely” restricted.

5. Proofs of the main results.

5.1. Proof of Theorem 2.3: The QKTF. We are now ready to prove our
main result about the QKTF. We proceed in several steps.

Step 1. We show the block-triangular form (2.3).

By the choice of P, R1,Q1 and P», Ro, Q)2 it follows immediately that Tiian and
Strian are invertible. Note that (2.3) is equivalent to the solvability (for given E, A,
and Pl, Rl, Ql, PQ, RQ, QQ) of

EP = PFEp, AP, = P,Ap,
ER) = PbEpr + RoFER, ARy = PyApgr + RoAR,
EQ1 = PEpg + RaErg + Q2Eqg, AQ1 = PaApg + RaArg + Q24¢.

The solvability of the latter is implied by the following subspace inclusions:

EWV*nW*) C EV*NAW*, AV*NW*) C EV* N AW*,
EWV*+W*) CEV*+ AW*, AV"+W*) C EV* + AW,
EK™ C K™, AK"™ C K™,
which clearly hold due to (2.2).
Step 2. We show (i).

Step 2a. Full row rank of Ep and Ap.
From Lemma 4.4 it follows that

imPng = 1mEP1 = imP2 and imP2Ap = 1mAP1 = imPg;

hence, invoking the full column rank of P, im Ep = K™F = im Ap, which implies
full row rank of Ep and Ap. In particular this shows full row rank of AEp — Ap for
A=0and A = cc.
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Step 2b. Full row rank of AEp — Ap for all A € C\ {0}.

Seeking a contradiction, assume existence of A € C\ {0} with rankc(AEp — Ap) <
mp. Then there exists v € C™ such that v (AEp — Ap) = 0. Full column rank of
Py € K™*™r implies existence of w € C™ such that w' P, = vT; hence

0=v'(AEp — Ap) =w' (A\PyEp — PyAp) =w' (AE — A)P,.

Invoking Lemma 4.9, there exists a linearly independent singular chain (x, z1, ..., xg)
such that

span{xo, z1,...,2;} =im Py = V* N W™,
In particular, x; € im P; for ¢ = 0,1,..., implies
Vie {0,1,...,k}: w  (AE — A)z; = 0.
Since Fxi = 0 it follows that w' Az = 0 and inductively it follows that
0=w' (AEzi—q — Axiq) = wT(/\Axi — Az, 1) = —w ' Az
and, therefore,
0=w AP, =w' P, Ap = v Ap.

This shows that Ap € K™?*"P does not have full row rank over C which implies also
a row rank defect over K. This is the sought contradiction because the full row rank
of Ap was already shown in Step 2a.

Step 3. We show (ii).

For notational convenience let K := V* N W*.

Step 3a. We show that mgr = ng.

Invoking

(5.1) kerENK =ker ENV*, kerANK =ker AN W*,
and Lemmas 4.3 and 4.4, the claim follows from

mpg = rank Ry
= dim(EV* + AW*) — dim(EV* N AW*)
= dim EV* 4+ dim AW™* — 2dim(EV* N AW*)
= dim V* — dim(ker E N V*) 4+ dim W* — dim(ker AN W*) — dim EK — dim AK
= dim V* — dim(ker E N V*) + dim W* — dim(ker AN W*) —dim K
+ dim(ker ENK) — dim K 4 dim(ker AN K)
dim V* + dim W* — 2dim K
= dim(V* + W*) — dim(V* N W")

=rank Ry = ng.

(

Step 3b. We show that det(sEr — Agr) # 0.
Seeking a contradiction, assume det(sEr — AR) is the zero polynomial. Then
AER — Agr has a column rank defect for all A € CU {co}; hence

VA e CU{oo}: rankc(AER — Ar) < ng.
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Now, Lemma 4.10 ensures existence of a nontrivial singular chain (yo,y1,...,yx) of
the matrix pencil sEr — Ag.
We show that there exists a singular chain (zo, 21, ..., %k, Tht1,...,2;) of sSE—A

such that z; = [Py, R1] () for i = 0,..., k. To this end denote some right inverse of
Ap (invoking full row rank of Ap as shown in Step 2a) with A}, and let

20 =—AbApryo, zit1 = AL(Epzi + Epryi — Apryit1), i=0,...,k,

where yi11 = 0. Then it follows that

. 2 Ap Apr Apqg| [z
Ax; = A[Py, Ry] <ZZ> = ATian | vi | =Sibn | 0 Ar Agro| | wi
Yi 0 0 0 Ag | \0
Apzi + ApRry;
= Sirian ARy
0

and, analogously,

Epz; + EpRy;
Ex; =S} ERry; ;

trian
0

hence Axg = 0 and Ex; = Ax;yq fori =0,..., k. Note that, if we set xx11 = P12g+i1,
then zp1 € V¥ N W* C W* and identically as showp in the first part of Step
2 of the proof of Lemma 4.9 there exist wpy2,...,7;, k > k such that Exp; =
Axpyo,...,EBr; | = Az, Ex; = 0 and, therefore, (zo,21,...,2;) is a singular chain
of sE — A. Lemma 4.9 implies that {zo,z1,...,2;} C im P;; hence z; = [Py, R1](5})
implies y; = 0 for all < € {0, ..., k}, which contradicts nontriviality of (yo,-..,¥k)-

Step 4. We show (iii).

We will consider the transposed matrix pencil sE" — AT with corresponding Wong
sequences and show that the block (Eg , Ag) will play the role of the block (Ep, Ap).

Therefore, denote the limits of the Wong sequences of sET — AT by V* and W*. Let
Q= ([0, 0, Ig][P1. R, Qi) ™) and Qo= ([0, 0, I[P, B2, Qo] ™) T
then
Q/Qi=1 and imQ; = (im[P, R;)* fori=1,2.

In fact, the latter follows from n —ng = np +ng and

Ly 0
QI[PlaRl] = [Oa 0, I"Q] 0 InR =0
0 0

for i = 1 and analogously for ¢ = 2. We will show in the following that
BTQ, = QlE—Qra ATQy = @114(5,
im @2 =V N 17\/\*, im @1 =E™V*n ATﬁ*;

then the arguments from Step 2 can be applied to sE—Qr — Ag and the claim is shown.
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Step 4a. We show ETQy = @1E5 and ATQ, = @11422.
Using (2.3) we obtain

AT AT Ep Err Erq 1 1 AT
Qe E=Qy [P, R2, Q2] 0 Er Pno [P1, Ry, Q1] =[0 0 EQ][P1, R1, Q1] =EQQ ;
—_— Q
=[00 I]
hence ETQ\Q = CA21E—Qr Analogous arguments show that ATQ\Q = @1145.
Step 4b. We show im @2 =V N W
By construction and Lemma 4.5,

im Qa = (im[Py, Ro))™ = (EV* + AW*): = (BV*): 0 (AW*): =V n ™.

Step 4c. We show im @1 =ETV* NATY",
Lemma 4.5 applied to (ET, AT) gives

(ETV)L =W and (ATWH)LE =V
or, equivalently,
ETV' =W*" and ATW* =Vt
Hence
imQ = (im[Py, Ri))t = (V' + W)t =yt nwt = ATW N BTV

This concludes the proof of our first main result. d

5.2. Proof of Theorem 2.6: The QKF. By the properties of the pencils
sEp—Ap, sEr— Ag and sEg — Ag there exist A € K and full rank matrices N¥', N,
ME, and Mf? such that (AEp—Ap)NY = I, AER—ARg)NE = I, ME(AEr—AR) =1,
and MZ(A\Eg — Ag) = I. Hence Lemma 4.14 shows that it suffices to consider
solvability of the following generalized Sylvester equations:

(5.2a) ErX1Aqg — ApX1Eq = —Erg — (\Erg — Arg)MZ Eq,
(5.2b) EpXsAp — ApXoEgr = —Epp — (AEpg — Apr)M{ERg,
EpX3Aqg — ApX3Eg = —(Epg + EprFl)
(5.2¢) — (MEpq + EprFy) — (Apg + AprF1)) MPEqg,

where F} is any solution of (2.4a), whose existence will follow from solvability of
(5.2a). Furthermore, the properties of sEp—Ap, sEg —Ag, and sEr — Apr imply that
Lemma 4.16 is applicable to (5.2) (where (5.2b) must be considered in the (conjugate)
transposed form) and ensures existence of solutions. Now, a simple calculation shows
that for any solution of (2.4) the second part of the statement of Theorem 2.6 holds.

Finally, to show uniqueness in the sense of (2.6) assume first that (E, A) =
(E',A"). Then there exist invertible matrices S’ and T” such that (E', A") = (S'ET’,
S'AT"). Tt is easily seen that the Wong sequences V!, W/, i € N, of the pencil sE' — A’
fulfill

(5.3) Vi=T""Vi, W =T"'W,, EV =S8EV, AW =S§AW,
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Hence, using the notation of Theorem 2.3, there exist invertible matrices Mp, Mg,
MQ, Np, NR, NQ such that

[P1/7 Ilanl] :Tlil[PlMPaRlMRanMQ]v [P2/7RI27Q/2] :SI[PQNPaRZNRvQQNQ];

in particular the block sizes of the corresponding QKFs coincide. Therefore,

Ep * * Ap  x *
s| 0 Er * — 0 Ag * = [PQ,RQ,QQ]_l(SE—A)[Pl,Rl,Ql]
0 0 Eg 0 0 Ao
[Np 0 0] Mp 0 071"
=10 Ng 0 |[P,R)Q55 (sE—AT'[P,Ry,Q5 | 0 Mr 0
|0 0 Ng] 0 0 Mg
[Np 0 0] Myt 0 0
= 0 Ng 0 [P2/7 IQ?Q/Q](SEI_A/)[Pllﬂ /27Q12] 0 Mlgl 0
|0 0 NgJ 0 0 My
NpE,Mp" * *
=s 0 NpERMg* x
0 0 NoEpMg*
NpA’PMljl * *
- 0 NRARMIgl *
0 0 NoAoMy,*

Hence the necessity part of (2.6) is shown. Sufficiency follows from the simple ob-
servation that equivalence of the QKFs implies equivalence of the original matrix
pencils. a

5.3. Proof of Theorem 2.9: The minimal indices. First consider two equiv-
alent matrix pencils sE — A and sE’ — A’ and the relationship of the corresponding
Wong sequences (5.3). From this it follows that the subspace dimension used for the
calculations of a, d, A; and ﬁi, 1=0,1,2,..., are invariant under equivalence trans-
formations. Hence it suffices to show the claim when the matrix pair is already in
KCF as in Corollary 2.8. In particular, uniqueness of the KCF then also follows from
this invariance.

Note that the Wong sequences of a matrix pencil in QKF (2.5) fulfill

I 0 0 I 0 0
Vi= 0| Ve [I|VEa [0l Ve, W= |0l W e |I|Wa (0| WE,
0 0 I 0 0 I

where VI, WF VE WE VZ-Q , WlQ , © € N, are the Wong sequences corresponding
to the matrix pencils sEp — Ap, sEr — Agr, and sEg — Ag. Furthermore, due to
Theorem 2.6 and the uniqueness result therein, it follows that

I 0 0
V'OW =im [0 0 O
0 0 0

Altogether it is, therefore, sufficient to show the claim for the singular block
sEp — Ap with its Wong sequences VI and W!. The result for the singular block
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sEq — Ag follows by considering the (conjugate) transpose and invoking Lemma 4.5.
Since KF := V" n WP = R™ we have W N K = WP, and the claim simplifies
again.

The remaining proof is quite simple but the notation is rather cumbersome.
Therefore we accompany the proof with an illustrative example:

0100 ]| — 1000 .
0010 0100
0001 0010

In this example a = 5, ¢ = €53 = 0, e3 = ¢4 = 1, and €5 = 3. Denote with
K1,K2,...,kq the position where a new P.(s) block begins in sEp — Ap; for the
example this is k1 = 1, ke = 2, k3 = 3, k4 = 5, k5 = 7. By definition

10
10

01
(54) SEP —Ap =S [ 25

P - . P
Wi =ker Ep = imleg,, €x,, .-, €x,] = Im W7,

where e, denotes the fth unit vector. This shows a = dim W{ = dim (W N K).
Let v;, i = 0,1,2,...,mp be the number of P.(s)-blocks of size i in sEp — Ap;
for our example (5.4) this means vy = 2,11 =2, =0, v3 =1, 4 =0, v5 =0. Then

P
APW1 = [Oa ey 07 €1, €u, € +1,C 435 - - )eV1+2(V271)) ey
—— ——
Yo vi 12
Cur+2up+ A (mp—1)vmp 141 s eu1+2u2+~~-+(mp—1)Vmp_1+mp(l/mp—1)]'
Vmp

For (5.4) this reads as
B
ApWi = [ 11 :

Denote with £, the smallest index such that 5, > 1, if it exists, 81 = a + 1 otherwise
(for our example, 8; = 3). It then follows that

WE = Ep~ 1 (ApWF)

WP o1
=W; @ 1m[enﬂ1+1, €rgyp1tls s €rt1]

= 1m[el€17 ) 6H31_1 ) e“ﬂl ) englJrla eng1+1761131+1+17 ceey eﬁaaenu+1]
= im Wy

For the example (5.4) this is
Wy =W @ imleq, e, es] = im[e1, €2, e3, €4, €3, eg, €7, es).
Since Ag = dimWY{ —dimW{ =a— (1 —1) and gy = -+ = €g,—1 = 0 we have
shown that 1 = -+ =¢€,-a, =0.
With f; being the smallest index such that eg, > i (or §; = a + 1 if it does not

exist) and with an analogue argument as above we inductively conclude that

P _ WP o P
Wit =W; @imlen, +ir€np, yitise s Crotils 1=2,3,....
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In the example we obtain 8o = 3 =5 and 54 = 5 = --- =6 and

WE = WF @ im[eg],
Wf :WéD@im[elo],
WE=wF, wf=wf ...

Hence A;—1 = dim W41 —dim W, = a—(8; — 1) and by induction A; = a— (541 —1).
By definition, €5, , = -+ = €g,—1 = i and, therefore, 4-a, , = -+ = €4_(a,—1) =
7. a

5.4. Proof of Theorem 3.2: Characterization of the solutions of asso-
ciated DAE. The claim is a simple consequence of Lemmas 4.17 and 4.19 together
with the well-known solution properties of a DAE corresponding to a regular DAE in
(quasi-) Weierstra$ form (see, e.g., [9]). O

6. Conclusions. We have studied singular matrix pencils sE — A and the as-
sociated DAE Ei = Ax + f. With the help of the Wong sequences we were able
to transform the matrix pencil into a quasi-Kronecker form (QKF). The QKF de-
couples the original matrix pencil into three parts: the underdetermined part, the
regular part, and the overdetermined part. These blocks correspond to different so-
lution behavior: existence but nonuniqueness (underdetermined part), existence and
uniqueness (regular part), and possible nonexistence but uniqueness (overdetermined
part). Furthermore, we have shown that the minimal indices of the pencil can be
determined with only the Wong sequences.

7. Acknowledgments. We thank the anonymous reviewers for very helpful
comments which helped us to improve this paper significantly. In particular, we
added Theorem 2.9 in response to a question of one reviewer about the relationship
between the Wong sequences and the minimal indices.
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