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Abstract

We show that perturbations of polynomial matrices of full normal-rank can be analyzed via
the study of perturbations of companion form linearizations of such polynomial matrices.
It is proved that a full normal-rank polynomial matrix has the same structural elements as
its right (or left) linearization. Furthermore, the linearized pencil has a special structure
that can be taken into account when studying its stratification. This yields constraints
on the set of achievable eigenstructures. We explicitly show which these constraints are.
These results allow us to derive necessary and sufficient conditions for cover relations
between two orbits or bundles of the linearization of full normal-rank polynomial matrices.
The stratification rules are applied to and illustrated on two artificial polynomial matrices
and a half-car passive suspension system with four degrees of freedom.
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1. Introduction

Polynomial matrices play an important role in the study of dynamical systems described
by sets of differential-algebraic equations (DAEs) with constant coefficient matrices

P D(t) + ... 4+ Pz (t) + Poz(t) = f(t), t >0, (1)

where z(-) € C", f(-) € C™, P; € C™ ™, and z(V(t) is the i-th derivative of the vector
x(t). Taking the Laplace transform of a DAE system (1) and imposing zero initial
conditions, yields the algebraic equation

P(s)i(s) = f(s) with P(s):=Pys®+...+ Pis+ Py, seC,

* A preprint appears as Report UMINF 11.11. The scientific responsibility rests with the authors.
*Corresponding author
Email addresses: stefanj@cs.umu.se (Stefan Johansson), bokg@cs.umu.se (Bo Kagstrom),
paul.vandooren@uclouvain.be (Paul Van Dooren)

Preprint submitted to Elsevier December 23, 2012



where d is the degree of P(s), and Z(-) and f(-) are the Laplace transforms of z(t)
and f(t), respectively. Throughout the paper, we assume that the leading coefficient
matrix P, is nonzero so that the highest degree is indeed d (we say it has ezact degree
d). The importance of using polynomial models is widely recognized and can be found
in basic references such as [18, 30, 38, 40]. For example, polynomial matrices appear
when studying linearizations of mechanical systems [41], multibody dynamics [14], and
vibration analysis of buildings, machines, and vehicles [33].

When the polynomial matrix P(s) is square and regular (this is when det(P(s)) is
not identically zero) then the solutions of the set of differential equations (1) with zero
initial conditions mainly depend on the zeros of P(s) and their multiplicities. The fine
structure of this so-called zero structure is described in more detail by the elementary
divisors of P(s). But if P(s) is singular (this is when det(P(s)) is identically zero for any
s or when P(s) is non-square) then the solution set of (1) becomes more complex and
depends on the left and right nullspaces of P(s). These null spaces describe, respectively,
constraints one needs to impose on f(t) for (1) to have compatible solutions, and degrees
of freedom in the solution set of (1). It is therefore crucial to understand well the complete
eigenstructure of P(s) since this will determine the properties of the solution set of (1).

In general, the eigenstructure of P(s) is quite sensitive to perturbations in the matrix
coefficients P; and one wants therefore to accurately describe how that structure can
change when small variations are applied to the matrix coefficients. Such a study can
be performed by so called versal deformations of the eigenstructure of the Jordan and
Kronecker canonical forms as introduced in [1] for square matrices. One tool that
can be used to analyze the qualitative information of nearby systems is the theory of
stratification [12, 11, 15, 28]. A stratification reveals the closure hierarchy of orbits and
bundles of nearby canonical structures and gives important qualitative information about
the underlying dynamical system. It shows which canonical structures can be reached
by a small perturbation and the relation among these structures. A stratification can
be represented as a graph where each node represents an orbit or bundle of a canonical
structure and an edge corresponds to a covering relation. When two orbits (or bundles)
of canonical structures are nearest neighbors in the closure hierarchy they fulfil a cover
relation. Such cover relations can be expressed as combinatorial rules acting on integer
sequences representing a subset of the structural elements.

Closure and cover relations have been studied, e.g., in [1, 3, 5, 11, 12, 23, 36, 37|
for matrices and first order polynomial matrices (matrix pencils), in [15, 17, 20, 24]
for system pencils associated with state-space systems, and in [10, 24, 25] for system
pencils associated with descriptor and singular systems. In this paper, we extend these
results to the case of polynomial matrices by making use of companion form linearizations.
These linearizations are matrix pencils, but with the constraint that some elements of the
coefficient matrices are fixed to 0 or 1, which reduces the set of possible eigenstructures
that can be achieved.

Recently, problems related to stratification of polynomial matrices have been addressed
in [35] and [7]. In [35], it is shown that the map between the orbit space of a controllable
matrix pair (A, B) and a polynomial matrix P(s) is a homeomorphism under stated
assumptions. The orbits considered are the orbits of matrix pairs under system similarity
and the orbits of polynomial matrices under right equivalence. Moreover, necessary and
sufficient conditions for a polynomial matrix to be in the closure of another are derived.

The rest of the paper is organized as follows. In Section 2, we start by reviewing the
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different eigenstructure elements that a polynomial matrix can have and make the link
with the eigenstructure elements of matrix pencils. In Section 3, we describe standard
companion form linearizations of polynomial matrices that preserve these eigenstructure
elements. Sections 4 and 5 analyze in more detail the constraints on the eigenstructures
for the so-called scalar and matrix cases. In Section 6, we discuss the relations between the
polynomial and the system pencil representations. We continue in Section 7 to introduce
integer partitions and minimal coin moves that are used to represent the structure integer
partitions in Section 8 and which appear in the covering rules. Section 9 introduces the
generalized Sylvester space and we define concepts like orbits and bundles for polynomial
matrix linearizations and their codimensions expressed in terms of the structure integer
partitions. We also show that perturbations of a polynomial matrix can be analyzed via
the study of perturbations in its companion form linearization. In Section 10, the cover
relations for orbits and bundles of full normal-rank polynomial matrix linearizations are
derived. Finally, in Section 11 we illustrate and apply the stratification theory on a few
examples, including a passive suspension system model.

2. Structural elements of P(s)

The eigenstructure elements of a polynomial matrix require the definition of the Smith
normal form and of unimodular matrices (e.g., see [16]).

Definition 2.1. A square polynomial matrix M (s) is said to be unimodular if its deter-
minant is constant and nonzero.

Definition 2.2. Two polynomial matrices P(s) and P(s) of the same size are called

equivalent if N
P(s) = M(s)P(s)N(s),

for some unimodular matrices M (s) and N(s) of conforming sizes.

Notice that unimodular matrices have a polynomial inverse that is also unimodular
and that products of unimodular matrices are also unimodular, from which it follows that
they form a transformation group. Under this transformation group a unique canonical
form of an arbitrary polynomial matrix can be obtained.

Definition 2.3. [16] The Smith normal form of an arbitrary m x n polynomial matrix
P(s) is the quasi diagonal matrix obtained under unimodular transformations M;(s) and
M, (s) applied to the rows and columns of P(s):

[ e1(s) 0 . 0
0 ea(s) . : Orn—r
Mi(s)P()My(s) = | ' . er((’s) )
Omfr,r Omfr,nfr




where each e;(s) is monic and divides e;41(s) for j =1,...,7 — 1. The polynomials e;(s)
are unique and are called the invariant polynomials of P(s). We will call an invariant
polynomial trivial if e;(s) = 1, otherwise non-trivial (i.e., e;(s) is a polynomial of degree
>1).

A zero oo € C of P(s) is a zero of any e;(s) and its finite elementary divisors are the
factors (s — )" of each e;(s); their powers are non-decreasing:

hy <hy<---<h, <0. (3)

The index r is called the normal-rank of P(s) and it is equal to the rank of P(s) at any
value of s € C which is not a zero of P(s). Elementary divisors associated with non-trivial
invariant polynomial are also called non-trivial.

We say that an m X n polynomial matrix has full normal-rank if its normal-rank
r = min(m,n). Consequently, if » = m then n > m and if r = n then n < m.

Remark 2.1. In the rest of the paper, we use a permuted version of the Smith form
where the elementary divisors (3) are defined in reverse order:

hi>hy>--->h,. >0. 4)
This is important for compability with the theorems in earlier papers [12, 15].

For the zero s = oo, there are several different characterizations. We will use here the
definition based on the so-called reversed polynomial matrix.

Definition 2.4. For a polynomial matrix P(s) of degree d, the reversed polynomial
matrix revP(u) is

1
revP(p) := udP(;) = Py+ Pyap+...+ P, (5)
which is obtained from the substitution s = i in the polynomial matrix P(s).

Definition 2.5. The finite elementary divisors p" of the zero p = 0 of revP(u) are the
infinite elementary divisors 1/s"i of the polynomial matrix P(s).

Notice there exist other definitions of the infinite zero structure [30, 43] but one can
easily find relations between them [44].

A polynomial matrix P(s) that has normal-rank 7 smaller than m and/or n, has also
left and right null spaces that can be represented by polynomial bases as one can see from
(2). In order to define the null space structure, we need to define minimal polynomial
bases.

Definition 2.6. The n x r polynomial matrix N(s) with the highest column degrees
{dy,...,d.} is column reduced, if the highest degree coefficient matriz Ny, whose j-th
column is the coefficient of s% in the j-th column of N(s), also has full column rank. Its
normal-rank is therefore also equal to 7.



We recall here a lemma about column reduced matrices, that will be useful in the rest
of the paper. Proof can be found in, e.g., [30].

Lemma 2.7. Every n x r polynomial matriz N(s) of normal-rank r can be transformed
by a unimodular column transformation V (s) to a column reduced matriz N(s)V (s) with
non-increasing column degrees d;j,j =1,...,r. An additional constant and invertible row
transformation R will transform the highest degree coefficient matriz of RN (s)V (s) to

I,

M
Remark 2.2. The dual result obviously holds as well. Every r x m polynomial matrix
N(s) of normal-rank r can be transformed by a unimodular row transformation U(s)
to a row reduced matrix U(s)N(s) with non-increasing row degrees d;,j =1,...,7. An

additional constant and invertible column transformation C' will transform the highest
degree coefficient matrix of U(s)N(s)C to [ I, 0 |.

Definition 2.8. The n x r polynomial matrix N(s) is called a minimal basis for the
space spanned by its columns if N(s) has full column rank for all finite s € C and if it is
column reduced. The column degrees {dy,...,d,} of any minimal basis for a particular
space, are unique and are called the minimal indices of that space.

We are now ready to define the remaining eigenstructure elements of P(s).
Definition 2.9. Let P(s) be an m x n polynomial matrix of normal-rank » and let
N{ (5)P(s) =0, P(s)Ni(s) =0, (6)

where the m x (m — r) polynomial matrix Ny(s) and the n x (n — r) polynomial matrix
N, (s) are column reduced. The left and right null space structures of P(s) are then the
column degrees {ny,...,Nm—r} and {€1,...,€e,_r} of N¢(s) and N,(s), respectively.

The column degrees {n1,...,m,} and {e1,..., €, } are called the left (row) and right
(column) minimal indices, respectively, where lp = m —r and 1o = n — 7.

We point out here that if we apply the above definitions to a first order (or linear)
polynomial matrix P(s) we retrieve the definitions of the structural elements obtained
from the Kronecker canonical form (KCF) of a matriz pencil sH + G. Any general
mp X np matrix pencil sH 4 G can be transformed into KCF in terms of an equivalence
transformation with two nonsingular matrices U and V' [16]:

U(sH+G)V™!
=diag(Le,,-- s Le, s J(A1)s s J(Ng)s Nivyy oo o, Niy

s Herg o

T T (7)
Y Z S 4

g n?’

where J(A;) = diag(Jn, (Ni), ..., Jn, (X)), i =1,...,¢, and g; is the geometric multiplicity
of the finite eigenvalue \; and g, the geometric multiplicity of the infinite eigenvalue. The
matrix pencil sH + G has ¢ distinct finite eigenvalues and each eigenvalue \; coincides



with a zero of P(s) in Definition 2.3. The four types of canonical blocks are:

s—X\ -1 -1 s
Jhlc()‘i) = . . . 3 Nhk = ) . . )
: -1 : s
L 5= A i —1
- [ s i
s —1
-1
L, == , and L = ,
s -1 s
- -1

where

e Jp,.(N;)is a hg X hy Jordan block of a finite eigenvalue )\;, corresponding to a finite
elementary divisor of degree hy, namely (s — \;)"*,

e Ny, is a hy x hi Jordan block of the infinite eigenvalue, corresponding to an infinite
elementary divisor of degree hy, namely 1/s"*,

o L isan e x (e + 1) right singular block, corresponding to a right (column) null
vector of minimal degree ¢y, namely [1,s,...,s%*]7 and

. Lg;k is an (gx + 1) X ng left singular block, corresponding to a left (row) null vector

of minimal degree 7, namely [1,s, ..., s"].

Lo and LY blocks are of size 0 x 1 and 1 x 0, respectively, and each of them contributes
with a column (Lg) or row (L) of zeros in the KCF.

In Section 3, we present a linearization of the polynomial matrix in the form of a
matrix pencil and we show that most of the structural elements of P(s) are preserved as
the structural elements of the linear pencil.

3. Linearizations

The classical approach to analyze and determine the structural elements of (1) is to
study linearizations of polynomial matrices P(s), which result in a large linear matrix
pencil sH + G [2, 18]. A linearization is not unique, instead there exist several different,
e.g., see [4, 6, 8, 34]. Here we only consider the so called right and left linearizations
(also called second and first companion linearizations, respectively). We remark that the
generalized eigenvalues of the companion linearizations are potentially more ill-conditioned
compared to the eigenvalues of P(s). However, when the 2-norms of the coefficient matrices
of P(s) are all around one, they are almost equally conditioned [22].



The right linearization of an m X n polynomial matrix P(s), which is equivalent to
the so called second companion form, has the matrix pencil representation

I, 0 Py
SHT + Gr =S - : + *Im A Pl . (8)
Im L0 :
Fa Iy P

In this section, we derive the relations between the eigenstructure elements of P(s) of
normal-rank m and those of the matrix pencil sH, + G, of size dm x (m(d — 1) +n). To
do this we make use of the following lemma.

Lemma 3.1. [16] Two polynomial matrices P(s) and Q(s) are equivalent if and only if
they have the same invariant polynomials.

When left multiplying sH, + G, (8) with an appropriate unimodular matrix we obtain

I, sl, ... s*1I. 0 P(s)
(sH, +G) = | Tm X)) )
sl,, .0 :
1, —In Xd(s)
where the X;(s), for i = 2,...,d, are polynomial matrices as well. An additional

unimodular right transformation then gets rid of the matrices X;(s):

I, XQ(S) ) _ P(S)
0 I, Xd(s) |:_[m(d—1) :| .
) I,

Together with Lemma 3.1 we have now shown that sH, + G, and P(s) have the same
finite elementary divisors.

For the infinite elementary divisors, we need to compare the elementary divisors of the
eigenvalue = 0 of the reversed pencil H, + uG, with those of the reversed polynomial
revP(u) defined in (5). We now multiply H, + pG, on the left with an appropriate
unimodular matrix in the variable p:

I I Ya(p)
L, - :
s (Hy + pGr) = ’ ’ )
: Ly Ya(p)
pi L, o oply, I revP (1)

where now the matrices Y;(u) are polynomial matrices in p and can be eliminated by an



additional unimodular transformation applied to the right:

Im Ya() | [Im —Y(u)
' I S I S
I, E(M) 1, _YQ(U) I‘eVP(M)
revP(p) I,

showing that H, + uG, and revP(u) have the same elementary divisors. We have thus
derived the following theorem (see also [18]).

Theorem 3.2. The polynomial matriz P(s) and the linearized pencil sH, + G, defined
in (8), have the same finite and infinite elementary divisors.
In order to address the null space structure, we recall a lemma, proved in [44].

Y1
Y,
then Yy must also have full column rank.

Lemma 3.3. Let [ X1 X5 ] =0 and let X1 and { " } have full column rank,

Ys

We now use this lemma to prove the following theorem for the right null space
structures of P(s) and sH, + G,.

Theorem 3.4. Let N(s) be a minimal basis for the right null space of the pencil sH, + G,
and partition it as follows (where Na(s) has n rows):

sl Py

L : {%18 } 0, (10)
SInL Pd—2 2
—I, | sP;+ Py

Then Na(s) is a right minimal basis of P(s) with the same minimal indices as N(s).

Proof. We first apply the same left transformation as in (9) to (10), yielding

0 P(s)
—IL, - Xo(s) Ni(s) | _
O el w
_Im Xd(S)

Clearly, this implies that P(s)Nz(s) = 0 and applying Lemma 3.3 to this for any finite
value s, implies that Ny(s) has full column rank for any finite value of s.

Let us now partition the highest degree coefficient matrix N, in a similar fashion.
Then, equating the highest degree coefficients of the top m(d — 1) equations of (10) yields

I N
hl
=0
|: Nh2 ]

This implies that Nj; = 0 and Nps has full column rank. Therefore, Na(s) is a minimal
basis with the same minimal indices as N(s). O

Im
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Remark 3.1. The following example shows that one can not say the same for the left
minimal indices of P(s) and sH, + G,:

s 0]0 0

s 82 S 0 s |1 0
P(s)—[1 s}_[l] [1 5]7 sH, + G, = T o0 1 s
0 —-1|0 1

Indeed, the minimal left null spaces of P(s) and sH, + G, are respectively [ 1 —s ]
and [ 1 —s s —s2 } and their minimal index is different.

Thus we have proved that an m X n polynomial matrix P(s) of normal-rank m has
the same structural elements as the so-called right linearization sH, + G, (8).
For the left minimal indices we consider the [left linearization

I, 0 -I,

sHy+ Gy :=s + R (12)
I, 0 -I,
rl |p, P ... Py

for which the dual result holds. Notably, the matrix pencil sHy + G, is equivalent to the
so called first companion form.
We synthesize the results of this section in the following theorem.

Theorem 3.5. Let P(s) be an m x n polynomial matriz of normal-rank r, then

1. if r =m, P(s) has the same structural elements as sH, + G, defined in (8),

2. if r = n, P(s) has the same structural elements as sHy + G defined in (12),

3. for any r, P(s) has the same elementary divisors as sH, + G, and as sHy + Gy,
and

4. for any r, P(s) has the same right minimal indices as sH, + G, and the same left
mianimal indices as sHy + Gy.

4. Scalar case

In this section, we consider the case where m = 1 and we assume that the polynomial
matrix has exact degree d (nonzero leading coefficient P;). This of course implies that
the polynomial matrix has normal-rank 1 as well since it is nonzero. The Smith form of
such a polynomial matrix is quite special since it contains exactly one polynomial e(s),
which is the greatest common divisor of the scalar polynomials in P(s):

P(s):=[pi(s) ... pals)], e(s):=ged{pi(s),...,pn(s)}.

If k is the degree of e(s) then there are n — 2 right minimal indices equal to 0 and one
equal to d — k. The other structure elements are all the possible structures one can find in
a scalar polynomial of degree k. We synthesize the conclusions in the following theorem.



Theorem 4.1. A 1xn polynomial matriz P(s) of exact degree d has only one elementary
divisor (s — \;)" for each zero \;, n — 2 right minimal indices equal to zero, and one
right minimal index equal to €1 satisfying

Zh7+61:d

All structures satisfying these constraints are possible for such a polynomial matriz.

Corollary 4.2. A 1x 1 scalar polynomial p(s) of exact degree d has only one elementary
divisor (s — \)" for each zero \; satisfying

> hi=d.

All structures satisfying these constraints are possible for such a polynomial.

Clearly this is not reflected in the general form sH + G of the pencil sH, + G, but
it is a result of the fact that sH, + G, has fized elements equal to 0 and 1. This problem
is also related to the controllability of a generalized state-space system with n — 1 inputs.
For this, we relabel the polynomials as follows:

a(s) =pi(s), B(s):=[pa(s) ... pa(s)],

where we assume for simplicity that the highest degree coefficient of a(s) is nonzero and
that of B(s) is equal to zero. This can be achieved by a constant column transformation
of P(s) (which does not affect the conclusions), where the highest degree coeflicient of
a(s) is used as pivot to eliminate those of B(s). One can then consider the following
partitioning of the linearization of P(s):

s ao By
I:SE+A‘B]: 71 o a1 Bl ,
s : :
-1 sag+aq-1 | Ba—1
where By,...,Bg—1 are 1 x (n — 1) matrices. The controllability of this generalized

state-space pair is equivalent to the existence of a ged e(s) of the polynomials of P(s) =
[a(s) B(s)]. The dimension of the uncontrollable space is also equal to the degree of
e(s). Rather than analyzing this using the perturbations of [ sE— A ‘ B ] one can look
at perturbations for this row vector of polynomials to have a common divisor.

5. Matrix case

In this section, we derive similar conditions for full normal-rank polynomial matrices
as for the scalar case presented in Theorem 4.1 and Corollary 4.2. We will prove the
following results.
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Theorem 5.1. An m x m polynomial matriz P(s) of exact degree d and normal-rank m
@)
has m finite elementary divisors (s — /\i)hJ’ , 7=1,....m, for each zero \;, i1 =1,...,q,
(o0)
and m infinite elementary divisors 1/sh1‘ (some of these indices can be trivially zero)
satisfying
m m
(@) (00) _
33+ 3TH —am &
j=1

i=1 j=1 j=

All structures satisfying the constraints (13) are possible for such a polynomial matriz.

Theorem 5.2. An m X n polynomial matriz P(s) of exact degree d and normal-rank m
(@
has m finite elementary divisors (s—)\i)hi‘ ,j=1,...,m, foreach zero\;;i=1,...,q, m
(o0)
infinite elementary divisors l/shf , and n—m right minimal indices €;, j =1,...,n—m
(some of these indices can be trivially zero) satisfying

m

D) DIARS DTN (14)
3 ] 1 j=1

=1 j=1 j=
All structures satisfying the constraints (14) are possible for such a polynomial matriz.

Remark 5.1. The dual result for when P(s) has normal-rank n is obtained by inter-
changing m and n, and replacing the right minimal indices € with the left minimal indices
7 in the theorem above.

We thus need to show that all these structures may occur in an m x n polynomial
matrix P(s) of exact degree d. The fact that these constraints are necessary, is evident
since an m X n polynomial matrix of rank » = m can have only r non-trivial elementary
divisors for each zero. The fact that these constraints are sufficient, on the other hand,
requires a proof. Our proof is based on unimodular transformations, which leave the
finite elementary divisors unchanged, but may change the infinite elementary divisors. We
therefore make a change of variables, such that the polynomial matrix has no elementary
divisors at infinity. For this we need the following lemma.

Lemma 5.3. Let P(s) be an m x n polynomial matriz of exact degree d and full normal-
rank m which has no zero at s = w. Then putting s = i + w, the transformed polynomial
matriz

1
Py(p) == udP(; +w) = Py(1+ pw)* + Pa_yp(1+ pew) =D + . 4 Pop?

has the same right nullspace structure as P(s), no zero at infinity, and its finite elementary
divisors are given by

1 J (o0)
(,u—()) . j=1,....m, and g , j=1,...,m. (15)

)\i — W
Proof. The lemma follows directly from the correspondence with the Kronecker structure
of the linearized pencil sH + G. The linearization of the transformed polynomial matrix
11



P, (p) is given by (14 pw)H 4+ pG = u(wH + G) + H, which has the same right null space
structure as sH + G and the same elementary divisors except for the transformations
given in (15). O

Note that a full normal-rank polynomial matrix P(s) without zeros at infinity must
have a highest degree coefficient matrix P, which has full rank as well.

Proof of Theorem 5.1. As discussed above, following Lemma 5.3 we can transform
a polynomial matrix with full normal rank into one without elementary divisors at infinity
and still keep the right nullspace intact. Consequently, we can show that the result of
Theorem 5.1 holds by considering a polynomial matrix P(s) without infinite elementary
divisors.

Let P(s) be in Smith canonical form and hy; > -+ > h,, > 0 be the degrees of its
elementary divisors, then the highest degree coefficient matrix is the identity matrix I,,.
Moreover, since P(s) has no elementary divisors at infinity, the conditions of Theorem 5.1
implies that > | h; = dm. We now show that P(s) can be transformed using unimodular
transformations to one of degree d with highest degree coefficient matrix P, = I,,, with
degrees all equal to d (hence Py, = P;). This proves that there always is a polynomial
matrix of degree d that satisfies Theorem 5.1.

We construct such a polynomial matrix by recursively reducing the difference between
hy and h,,, while Zyil h; remains the same. At the end of this process all h; will be
equal to d. Assume for this that h; > d then we must have h,, < d, otherwise the
ordered sequence of h; could not sum up to dm. Moreover, throughout this process
P(s) is assumed to be in column reduced form. Consequently, in the transformation
U(s)P(s)V(s) = ﬁ(s) below we only show the elements of highest column degrees in P(s)
and P(s).

1 Shl —a b8h1—1
1 I = , (16)
1 as hom ] 1 pghi—1 ashm+1
where § = hy — h,, — 1, a,b # 0, and « is arbitrary. Clearly, this transformation yields a
new column reduced matrix but with the smallest column degree h,,, increased by one
and the largest column degree hy decreased by one. The reduction can be continued since
we can use Lemma 2.7 to put again the new matrix in normalized column reduced form.
Eventually we obtain an m x m polynomial matrix of degree d with prescribed elementary
divisors and P; = I,,. O

Proof of Theorem 5.2. In order to prove Theorem 5.2, we have to construct
an m X n polynomial matrix P(s) with given Smith form, but also with given right
minimal indices. Let N,(s) be a n x (n —m) column reduced polynomial matrix with
prescribed column indices €1, ..., €,_,. Following Lemma 2.7 we can assume without
loss of generality that the indices €; are non-increasing and that its highest column degree
In—m

0
matrix P,.(s) with a right minimal basis spanned by N,.(s), and such that P,(s) has the
highest row degree matrix [O Im] with non-increasing row degrees r1, ..., 7, satisfying

matrix is . In [30], it is then shown how to construct a row reduced polynomial

o= Z;:lm €¢;. The construction is based on the concepts of left and right coprime
12



factorizations in column and row reduced forms (see [30, pp.381-385]). Since P, (s) is row
reduced it has no non-trivial elementary divisors, but if we pre-multiply it with a diagonal
matrix Py(s) of (monic) finite elementary divisors with prescribed degrees hy, ..., hp,,
then P(s) := P¢(s)P,(s) satisfies P(s)N,(s) = 0 and it has the prescribed elementary
divisors as well. Moreover the row degrees are now d; = h; +€;,5 = 1,...,m and the
highest row degree matrix is still [0 I,,].

We now assume that we start with a matrix product P(s)N,(s) = 0 with the above
conditions on the highest degree coefficient matrices. The conditions of Theorem 5.2
imply that 77 d;y = >0, (ri + hi) = 32027 €5 + 3212, hy = dm. If all the coefficients
d; are not equal to d we update the matrices in the product recursively until they become
equal.

We need to update simultaneously the matrices P(s) and N, (s) while making sure
that: (i) NV,(s) remains a right minimal basis of P(s) with the same minimal indices; and
(i) P(s) has the same invariant polynomials. In the transformation U(s)P(s)V (s) = P(s)
displayed below, we assume that P(s) is in row reduced form and therefore only show the
elements of highest row degrees in P(s) and ﬁ(s):

—a 85 Sdl In—m ‘ 0
I 1

0 0 I
1 st 1 as

' (17)
hsdr—1 xghi—1
= 0 ,
asdmT1 |

where § = dy —d;;, — 1, a,b # 0, and z is arbitrary. Transformations are unimodular and
hence the elementary divisors of P(s) and P(s) are the same but the smallest row index
dm, increased by 1 and the largest row index d; decreased by 1. Meanwhile, the right
minimal indices did not change, because the corresponding right nullspace underwent the
transformation V~1(s)N,.(s) = N,(s). Below we only show the highest column degree

clements in N, (s) and N,(s):

5 s
Lo | 0 .
—as 1 gEn—m :

0 I - s

sl e rsén—m

Clearly, only row (n —m) + 1 of Nr(s) may contribute to the highest degree matrix, but
it will not affect the minimal indices. Again, we can continue the recursive updating
transformations until all powers d; = d, which completes the proof. O

For completeness, we include the following two corollaries for polynomial matrices
with a full rank highest degree coefficient matrix P;. The proofs are omitted since, as
shown in Lemma 5.3, a full normal-rank polynomial matrix can always be transformed to
a polynomial matrix with a full-rank coefficient P; via a change of variables.

13



Corollary 5.4. Let P(s) = Pys? + ...+ Pis+ Py be an m x m polynomial matriz of
exact degree d, normal-rank m, and det(Pg) # 0. Possible structural elements of P(s) are
those of Theorem 5.1 excluding the infinite elementary divisors.

Corollary 5.5. Let P(s) = Pys?+...+ Pys+ Py be an m x n polynomial matriz of evact
degree d, normal-rank m, and with Py of full row rank. Possible structural elements of
P(s) are those of Theorem 5.2 excluding the infinite elementary divisors.

6. Polynomial versus system pencil representation

The matrix pencils sH, + G, and sHy + G, corresponding to the right and left
linearizations of a full normal-rank m x n polynomial matrix P(s) = Pys?+...+ Pis+ P,
can be expressed as the system pencils

C
(18)
respectively. If the highest degree coefficient matrix Py has full row or column rank, the
system pencils in (18) can be transformed into

Sr(s) =sH, +G,=s[E 0]+[A B] and SL(s>sHe+stm+[‘ﬂ,

Sc(s) = s [Tum 0]+{E é} or SO(S)S{Idn]+ g:

4 , (19)

respectively, where Sc(s) has full row rank and So (s) has full column rank. The structural
elements of S¢(s) only depend on the matrix pair (A, B) and those of So (s) on (4, C).
The stratification rules for Sg(s) and Sy, (s) can be derived from the stratification rules
for general matrix pencils sH + G, and the rules for Sc(s) and Sp (s) from matrix pairs
(A, B) and (A, C), respectively. See Section 10.

Let us now consider systems that can be represented by a polynomial fraction
D(s)x(t) = N(s)u(t), where D(s) and N(s) are polynomial matrices with degree D(s) >
degree N(s). We illustrate how such a polynomial fraction can be expressed in the form
of a system pencil using three examples. The first example is of general form and the
remaining two are taken from applications.

Example 6.1. Consider the differential equation system

DdJ?(d) (t) + Dd—1$(d71)(t) +...+ Dllf(l)(t) + Dox(t) =

_ Ndflu(d_l)(t) — = Nlu(l) (t) _ NOU(t), (20)

where Dy, € C™*™ and N € C™*P. The system (20) can equivalently be expressed as

@ (@1 ;
[Dg 0] [u(d)gﬂ +[Dar Nai] Lﬁdl)gﬂ +...+[Do Nl [ugg] —0, (21)
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with the associated m x (m + p) polynomial matrix P(s) = [Dg 0] s®+...+ [Do Ny
of degree d. With P(s) of full normal-rank m the corresponding right linearization is

Im 0 0 DO NO
Im o0
Da |0 I Dg_1| Ng_1

which is a system pencil of the form Sg(s). Furthermore, if D, is nonsingular and
well-conditioned then the linearization can be transformed to a system pencil of the form
Sc(s) by multiplying all coefficient matrices of P(s) by D' from left. Similarly, the left
linearization of a polynomial matrix with full normal-rank n and det(Dg) # 0 corresponds
to the system pencil Sp (s). However, since the long-time goal is to apply and implement
the stratification theory in numerical algorithms for robust computation of structure
information, we in general recommend to keep to the matrix pencil representation rather
than transforming the system pencil (18) to the standard matrix pair form (19).

Example 6.2. Consider a controlled dynamical system which can be expressed by its
equation of motion in the form

Mi+ Ci+ Kz = Fu,

where M, C', and K are the mass, damping, and stiffness matrices, respectively, F is the
input (control) matrix, x is a vector of positive variables, and u is a vector of control
variables. Assuming that the mass matrix M is positive definite, the linearization of the
associated polynomial matrix can be expressed by the companion form

[sI—l—A‘B]:

b

sI MK M~—F
~I sI+M~C 0

where I is the identity matrix of conforming size. The (2, 3)-block is a zero matrix since
u does not appear in the equation of motion.

Example 6.3. Consider an LTI system represented by the state-space model
z(t) = Az(t) + Bu(t), (23)

where A € C"*" B € C"*™, z(t) is the state vector, and u(t) is the input vector.

The controllability of an LTI system only depends on the matrices A and B, hence
the matrix pair (A, B) is usually referred to as the controllability pair [15, 28]. The
system (23) has the corresponding controllability pencil S¢(s) = [sln + A B}. For the
definition of controllability see any standard textbook on control theory, e.g., [30, 40].

7. Coin moves and integer partitions

In the next section we use integer partitions to represent the structural elements of a
matrix or matrix pencil and coin moves to define the stratification rules. Here, we recall
the definitions by quoting excerpts from [12, 15].
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Figure 1: Minimum leftward and rightward coin moves illustrate that x = (2,2,1,1) is covered by
7=(3,1,1,1) and k = (2,2,1,1) covers v = (2,1,1,1,1).

An integer partition k = (K1, ke, ...) of an integer K is a monotonically non-
increasing sequence of integers (k1 > kg > -+ > 0) where k1 + k3 + -+ = K.
The union 7 = (71,72,...) of two integer partitions xk and v is defined as
7=k U v where 71 > 75 > ---. Furthermore, the conjugate partition of k is
defined as v = conj(k), where v; is equal to the number of integers in x that
are equal to or greater than ¢, for i =1,2,...

If v is an integer partition, not necessarily of the same integer K as k, and
Ki+ - +k; >4+ fori=1,2,..., then kK > v. When k > v and
k # v then k > v. If kK, v and 7 are integer partitions of the same integer
K and there does not exist any 7 such that x > 7 > v where k > v, then &
covers v.

An integer partition k = (k1,...,%n) can also be represented by n piles of
coins, where the first pile has k1 coins, the second k2 coins and so on. An
integer partition k covers v if v can be obtained from x by moving one coin
one column rightward or one row downward, and keep x monotonically non-
increasing. Or equivalently, an integer partition « is covered by 7 if 7 can be
obtained from s by moving one coin one column leftward or one row upward,
and keep x monotonically non-increasing. These two types of coin moves are
defined in [12] and called minimum rightward and minimum leftward coin
moves, respectively (see Figure 1).

8. Structure integer partitions

We can now represent the structural elements of matrix pencils defined in Section 2
as integer partitions (notation from [15]):

(i) The column minimal indices as € = (€1,...,€y,), Where €1 > €3 > -+ > €, >
€r 41 = -+ = €, = 0. From the conjugate partition (r1,...,7¢,0,...) of € we define the
integer partition R(sH + G) = (1) U (11, .. ,7¢,)-

(if) The row minimal indices as n = (M1, ..., M), where mg > ng > -+ >n;, > Ny41 =

.-+ =1, = 0. From the conjugate partition (I1,...,{,,,0,...) of  we define the integer
partition L(sH + G) = (lp) U (l1, - -,y )-

o tm

(iii) For each distinct finite eigenvalue A\;, i = 1,...,q, with the finite elementary
p 0 ; .
divisors on the form (s — )\i)h(l : oo (5= X)) 90 | where hy) > > hg? > 1, we introduce

the integer partition hy, = (hgi), N hg?) which is known as the Segre characteristic. The
conjugate partition 7y, (sH + G) = (41,72, ..) of hy, is the Weyr characteristic of A;.
(iv) For the infinite eigenvalue with the infinite elementary divisors on the form
h2

ph phe oo e with hy > - > hg.. > 1, we introduce the integer partition ho, =
16



(h1,...,hg.) which is known as the Segre characteristic for the infinite eigenvalue. The
conjugate partition N (sH + G) = (ni1,na,...) of hy is the Weyr characteristic of the
infinite eigenvalue.

The integer partitions above are referred to as structure integer partitions [15]. In
addition, the condensed notation R, £, J, and N is used for the integer partitions
corresponding to the right and left singular structures, and the Jordan structures of the
finite and infinite eigenvalues, respectively, when it is obvious from the context.

9. A geometric view of the polynomial matrix linearizations

Consider the (2d?*m? + 2dm(n — m))-dimensional space of dm x (m(d — 1) + n)
complex matrix pencils sH + G with Frobenius inner product (sH + G,sH + G) =

tr(GG* + HH*). Let us for now only consider matrix pencils with d = 1 (see also
[11, 12]). The orbit of a general m x n matrix pencil:

Op(sH+G)={U(sH+ GV : det(U) - det(V) # 0}, (24)

is the manifold of all equivalent matrix pencils, i.e., a manifold in the 2mn-dimensional
space. All matrix pencils in the same orbit have the same canonical form, with the
eigenstructure fixed. A bundle defines the union of all orbits with the same canonical
form but with the eigenvalues unspecified, Bp(sH + G) := U, Op(sH + G) [1].

The dimension of Op(sH 4+ G) is equal to the dimension of the tangent space to
Op(sH + G) at sH + G:

tan(sH + G) = {sTy + T = s(XH — HY) + (XG — GY)},

where X € C™*™ and Y € C"*". The orthogonal complement of the tangent space is the
normal space, nor(sH + G) = {sZy+Zg} where Zy H*+ZG* = 0and H*Zyg+G*Zg =
0. The dimension of the normal space is called the codimension of Op(sH + G), denoted
by cod(Op(sH + G)). The codimension of the corresponding bundle is one less for each
unspecified distinct eigenvalue. For example, a matrix pencil with & unspecified eigenvalues
and the rest with known specified eigenvalues has cod(Bp(sH + G)) = cod(Op(sH + G))—
k.

While a general matrix pencil of size dm x (m(d — 1) + n) belongs to the complete
pencil space, a linearization of a polynomial matrix of degree d > 1 only resides in a
affine subspace of the pencil space. An intuitive way to realize this is to consider, e.g.,
the right linearization sH, + G, in (8) of a polynomial matrix (dual arguments also hold
for the left linearization). The right linearization is a matrix pencil with several fixed
elements, where each fixed element decreases the degree of freedom by one. Following
[13, 32], the set of dm x (m(d — 1) + n) sH, + G, forms a (d + 1)mn-dimensional affine
subspace in the pencil space, which we call the generalized Sylvester space and denote
by gsyl(sH, + G,), see Figure 2. The manifold of pencils equivalent to sH, + G, (see
Lemma 9.2) and belonging to the generalized Sylvester space is the orbit defined as

Or(sH, + G,) = {sf[r + G, = U(sH, + GVt sH, + G, € gsyl(sH, + G,.),

(25)
det(U) - det(V) # 0}.
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esyl(sH, + G,)

tan(sH + G) at sH, + G,

Op(sH + G) = Op(sH, + G,)

Figure 2: Illustration of the matrix pencil space, in which we represent a particular right linearization
sHy + Gy as a point. The orbit Or(sH, + G») is the intersection between gsyl(sH, + Gr) and the orbit
OP(SHT + GT).

Equivalently, the orbit of sHy + Gy is defined as

Orp(sHy + Gy) = {SPNIZ + Gy = U(sHy + GVt sHy + Gy € gsyl(sHy + Gy),

(26)
det(U) - det(V) # 0}.

So, does a perturbation in the linearization correspond to a perturbation in the
polynomial matrix? This was proven for square polynomial matrices in [43, Section 4];
we treat the general case below. The theorem and the following lemma are stated for the
right linearization, but obviously they hold for the left linearization as well.

Theorem 9.1. Let sH, + G, be the right linearization (8) of the matriz polynomial
P(s), which is perturbed by an arbitrary pencil sSAH + AG with || [AH AG] || = O(e).
Assuming that || [Py ---  Pal || = O(1), then there exist matrices X (dm x dm) and Y
(m(d—1)4+nxm(d—1)+n) such that || X||,||Y]| = O(e), satisfying

(I+X)(H, +AH)=(H, + AH)I+Y) and

~ (27)
(I + X)(Gy + AG) = (G + AG)(I +Y),
where
I, 0 Py + APy
Hr+£H: 7GT+£G: ~Im h : )
I 0
Pa+ AP I Paoi + AP

Proof. We prove this by showing how to construct solution matrices X and Y of
(27). We solve (27) by imposing that X and Y satisfy the nonlinear system of equations
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in the unknown variables X, Y, AH , and AG:
(H, + AH)Y — X(H, + AH) = AH — AH,
(G, + AG)Y — X (G, + AG) = AG — AG.

Let (X,Y") be a solution of this system with O(e) norm (by continuity, such a solution
must exist since X, Y, AG and AH go to zero when AG and AH go to zero). Then
it follows from (28) that AH and AG must also have O(e) norm. If we now neglect all
O(€?) terms in (28), we obtain a linear system of equations

H,Y — XH, = AH — AH,

(28)

G,.Y — XG, = AG — AG,
which we can restrict to the blocks where the matrices AG and AH are zero:
H,Y — XH, = AH,
(30)

G.Y - XG, = AG.

In order to make the solution of this last system unique for X and 17, we choose X 11=0
and Yy = 0, for all j. For simplicity, we construct them for a polynomial matrix of degree
d = 3. The general case can be treated similarly. The linear system (30) then yields the
following system of equations:

Yii Yia Yis 0 Xy Xizhs [AH;; AH;s AH;
Yor Yoy Ya3| — |Xo1 Xoo XosPs| = |AHay AHy, AHsg|,
o o0 7 X31 X3o 7 |AHs; AHs, 7?7
0o 0 7 )212 )213 ? [AG;; AGy ?
):11 }:12 ‘? — XQQ X23 ‘? = AGQl AGQQ ‘? ,
Yor Yoo 7 X3 Xaz ? |AG3 AGsy 7

where “?” indicates a block that does not need to be considered in order to compute the
solutions X and Y. This is now a square system of equations in the block variables le

and YZj of conforming sizes, which can easily be solved in the following order:
(X2 Xis| = [AGH AG],

[?11 Yia ?13} = [AHy AHy, AHis)+ {O X1o )/(\'13P3] ,

(%o K| =[2G AGw]+ [V Voo

[

[

[1722 ?23 = [AHy; AHss] + [)A(zz Xzspg}’

{)?33} = [AGs,] + [?22} ; oy
[X31 Xso| = — [AH3z AHso],
{}A’gl =— [AGs] + {st} ;



This linear system of equations is clearly well conditioned (all singular values of the
corresponding linear map associated to (31) are O(1)); with the block ordering of the above
equations the system is upper triangular with diagonal blocks that are +1 of conforming
sizes. Since || [AH AG|||=0(e) and || [Py --- Py | = O(1) the solution matrices
of this approximate linear system (31) clearly satisfy ||)A(H7 ||}7|| = O(e). Subtracting (29)
from (28), yields the nonlinear system

H.(Y -Y)— (X - X)H, = X-AH — AH"Y,
G (Y -Y)— (X -X)G, = X-AG — AG-Y.

Since the (nonlinear) right hand side is O(€?) and the left hand side is a well conditioned
linear system, this implies that the norm of the solution (X — X, Y -Y)is O(€?). The
solution (X,Y) of the nonlinear equations (28) therefore is O(e?) close to the solution
(X,Y) of the linear system (29). It finally follows that || [APy -+ AP4]| = O(e),

since it is made of submatrices of AH and AG. This completes the proof. O

We remark that any other deformation can be obtained by an appropriate smooth
change of parameters and an equivalence transformation smoothly dependent of parameters
[1, 11]. We can now show that the orbit of the linearization is a manifold, as we have
indicated already.

Lemma 9.2. The orbit Or(sH, + G,) in (25) forms a manifold in the matriz pencil
space.

Proof. Consider two smooth manifolds of a given finite dimensional embedding
(Euclidean) space. Following [21], these two manifolds intersect transversally if at every
point of intersection their separate tangent spaces at the selected point together generate
the ambient space at that point. In our case we apply this fact to the generalized Sylvester
space (which is its own tangent space since it is an affine space) and to Op(sH, + G,.)
whose tangent space is described by the pair (H,.Y — X H,.,G,Y — XG,.). In the proof of
Theorem 9.1, we precisely showed that these two affine spaces are transversal since the
linearized system considered there has always a solution. Indeed, the linear equations (29)
in ()? , ?) imply that any pencil in the ambient space can be written as a combination of
a pencil in gsyl(sH, + G,) and a pencil in the tangent space of Op(sH, + G):

€ tan(sH+G) at sH,+G,. € gsyl(sH,+G,)

P — = Y 32
(H.+AH,G, + AG) =(H,Y - XH,,G,Y - XG,)+ (H, + AH,G, + AG). (32)

Consequently, Op(sH, + G,.) is also transversal to gsyl(sH,. + G,.) and the intersection
Or(sH, + G,) between Op(sH, + G,) and gsyl(sH, + G,) is a (sub-)manifold. See
Figure 2 for an illustration. O

The codimension of the Or(sH, + G,) is obtained directly from the transversality

theory. In general, the codimension of an intersection between two transversal manifolds
is equal to the sum of the codimensions of these two manifolds, e.g., see [21]. Hence, by
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first considering Or(sH, + G,) in the general matrix pencil space we have (following the
arguments in the proof of Lemma 9.2):

cod(Or(sHy + G,)) = cod(Op(sH, + G,)) + cod(gsyl(sH, + G,)).

Since the manifold Ogr(sH, + G,.) is indeed restricted to the generalized Sylvester space
it follows that cod(Ogr(sH, + G,)) = cod(Op(sH, + G,)). Moreover, the linearization
sH, + G, is a matrix pencil without any left minimal indices. Consequently, knowing
the eigenstructure elements of P(s) the codimension of Or(sH, + G,.) can be computed
using parts of the explicit expression derived in [9] for general matrix pencils, assuming
that no left minimal indices exist:

COd(OR(‘SH’f + GT)) = cRight + Cjor + CJor,Righta (33)
where
crigne = ) (ex =€ = 1), cyor = ZZ ]—1h(z+z DA and
€L >€] =1 j=1
CJor,Right = 70 Z Z pY) Z R
=1 j=1

Similarly, the codimension of Of,(sHy + G¢) can be computed using parts of the expression
for general matrix pencils, assuming that no right minimal indices exist:

cod(Op(sHy + Gy)) = CLeft + CJor + Cor,Lefts (34)

where

Cleft = Z (nk —m — 1)7 CJor,Left = lO Z Zh( D + Z h 3

Ne>M =1 j=1

and ¢y, is computed as in (33). Note that some of the terms in (33) and (34) can be
empty.

10. Stratifications

In this section, we begin by introducing the stratification theory of orbits and bundles,
and reviewing some known results. These results are then extended with stratification
theory for linearizations of full normal-rank polynomial matrices P(s).

The closure hierarchy of orbits (or bundles) is a stratification that we represent by a
connected graph [12, 15]. The nodes of the graph correspond to orbits (or bundles) of
specified canonical structures and the edges to their covering relations. The organization
of the graph is from bottom to top (or top to bottom) with nodes in decreasing (or
increasing) order of codimension; See figures 3 and 5.

Besides the orbit (or bundle) itself, the closure includes all orbits (or bundles) rep-
resented by the nodes which can be reached by a downward path in the graph. With
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a downward path we mean a path that starts out from a (specified) node and follows
downward edges until it terminates in another (specified) node further down in the graph.
Similarly, a path in the opposite direction is called an upward path.

We remark that by adding a small perturbation to a matrix pencil (e.g., corresponding
to a linearization of P(s)), it is always possible to make it more generic corresponding to
a node along an upward path from the orbit (or bundle). In general, it is not possible to
insist on a downward move by just adding a small perturbation of a given matrix pencil.
However, the cases when a structure below in the hierarchy actually is nearby is often
of particular interest, as it shows that a more degenerate structure can be found by a
small perturbation. In a practical application this could mean that a controllable system
is close to an uncontrollable one, which eventually could lead to a disaster.

By picking random matrix pencils of the same size, they will almost all have the same
canonical structure, corresponding to the most generic case with the lowest codimension
in the closure hierarchy. On the other side, the most degenerate case, or equivalently,
the least generic case has the highest codimension. These extreme cases are represented
by the topmost node (most generic) and the bottom node (least generic) in the closure
hierarchy graph. For example, general rectangular matrix pencils may have several generic
cases, but only one least generic case corresponding to a matrix pencil with only zero
entries.

Our approach to deal with the stratification of linearizations of polynomial matrices
extends on earlier work for general matrix pencils [12] and for controllability (and
observability) pairs [15]. The results in [12, 15] are stated in a set of rules expressed as
minimal coin moves within and between the structure integer partitions R, £, J, and N/
(as defined in Section 8).

For example, necessary and sufficient conditions for an orbit of two matrix pencils
sH + G and sH + G to be closest neighbours in a closure hierarchy are established in
[12]. In other words, conditions when Op(sH + G) covers Op(sH + G), where the orbit
is the manifold of strictly equivalent matrix pencils (24). The corresponding set of rules
for bundles of matrix pencils are also presented in [12].

In [15], the results for general matrix pencils are extended to necessary and sufficient
conditions for orbits and bundles of two controllability pairs (4, B) and (A, B) or two
observability pairs (4,C) and (A,C) to be closest neighbours in a closure hierarchy,
where the orbits considered are under feedback equivalence.

The structure elements of the most and least generic orbits are, e.g., considered in
[42, 9] for matrix pencils and [19, 15] for matrix pairs.

10.1. Stratification of polynomial matriz linearizations

Theorem 9.1 and Lemma 9.2 enable us to formulate the covering relations between
orbits and bundles of linearizations of m x n full normal-rank polynomial matrices P(s)
in terms of coin rules on the structure integer partitions of the linearizations. We show
that these relations can be derived from the covering relations for general matrix pencils.
By transforming the zero at infinity to a finite zero (as shown in Lemma 5.3), the results
in this section could as well be derived from the stratification theory for matrix pairs,
e.g., see [15]. However, since such a transformation can be arbitrarily ill-conditioned
it is in general recommended to keep the general form of the linearizations. See also
Remark 10.1.
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For consistency with earlier results in [12, 15] our new findings in Theorem 10.1
below and corollaries are stated using the same notation and similar formulations, see
also Sections 7 and 8. For example, throughout the following sections we use structure
integer partitions (R, £, and J) and the KCF notation introduced in (7) to represent the
eigenstructure elements (minimal indices and elementary divisors) of a polynomial matrix
and its linearization. Notably, in Theorem 10.1 the eigenvalue \; corresponding to the

structure integer partition J, belongs to C, i.e., \; € CU {oc}, and the restriction on
rules (1) and (2) fixate the number of right and left singular blocks.

Theorem 10.1. Let sH, + G, be the right linearization (8) of an m X n polynomial
matriz P(s) of exact degree d and normal-rank m, where m < n. Given the structure
integer partitions R and J», of sH, + G,., where \; € C, one of the following if-and-
only-if rules finds sH, + G, fulfilling orbit or bundle covering relations with sH, + G,

B. Br(sH, + Gr) covers BR(stT + ér)
Same as rule 1 on the left.
Same as rule 2 on the left, except it is only

A. Or(sHy + Gy) covers OR(sﬁr + é,«):
(1) Minimum rightward coin move in R. (1)
(2) If the rightmost column in R consists of one | (2)

coin only, move that coin to a new rightmost
column of some J, (which may be empty
initially).

allowed to start a new set J , corresponding
to a new eigenvalue (i.e., no appending to
non-empty sets).

(3) Minimum leftward coin move in any Jx, as | (3) Same as rule 3 on the left.
(4) Let any pair of eigenvalues coalesce, i.e.,

long as 9 does not exceed m.
9.5 take the union of their sets of coins.

Rules 1 and 2 are not allowed to do coin mowves
that affect ro (first column in R).

D. Br(sHy, + G;) is covered by BR(str + ér)
Same as rule 1 on the left.
Same as rule 2 on the left, except that J ,

C. Or(sHy, + Gy) is covered by (’)R(sﬁr + @T):
(1) Minimum leftward coin move in R, without | (1)

affecting ro. (2)
(2) If the rightmost column in some J x, consists must consist of one coin only.

of one coin only, move that coin to a new | (3) Same as rule 3 on the left.

rightmost column in R. (4) For any J»,, divide the set of coins into two

(3) Minimum rightward coin move in any J y, . new partitions so that their union is J y, .

The corresponding rules for O (sHy+ Gy) and By, (sHy + Gy) of the dual left lin-
earization sHy + Gy (12), associated with an m x n polynomial matriz of normal-rank n
(n < m), are obtained by exchanging R with L and m with n in the above rules.

Proof. The new restrictions in the cover rules, with respect to the rules for general
matrix pencils sH + G [12], follow directly from Theorem 5.2. The restrictions are: (i)
no LT blocks can exist; (ii) since there can at most be m finite and m infinite elementary
divisors, jy) in 75, for each \; € C can at most be m; (iii) o in R must be n — m, which
implies that the number of L blocks remains fixed and is n — m.

The covered-by rules follows directly by reversing the cover rules. (I

Remark 10.1. The rules in Theorem 10.1 and the covering rules for matrix pairs [15]
are similar. However, the orbits in the stratifications are different, and as we will see
in Theorem 10.4 their least generic (most degenerate) canonical structures are not the
same. We have chosen to include all four cases (A to D) in Theorem 10.1 to make it
self-contained.

We also remark that the set of A-rules in Theorem 10.1 is in line with the necessary
conditions for covering relations of matrix pencils with no left minimal indices [24].
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Now, the cover relations for square full normal-rank polynomial matrices follow from
Theorem 10.1 together with the restrictions of Theorem 5.1. Notably, these rules coincide
with the cover rules for regular matrix pencils [23, 12] with the exception that the number
of Jordan blocks is restricted by the normal-rank.

Corollary 10.2. Let sH, + G, be the right linearization of a square m X m polynomial

matriz P(s) of exact degree d and normal-rank m. Then the covering relations are given
by rule (3) of A and rules (3) and (4) of B in Theorem 10.1.

Remark 10.2. Obviously, when considering square polynomial matrices of full normal-
rank, the right and left linearizations are equivalent with the same structural elements
(same elementary divisors and no minimal indices, see Theorem 3.5).

In addition, the cover relations for m x n full normal-rank polynomial matrices with a
full rank highest degree coefficient matrix follow straightforwardly. The only restriction,
with respect to the cover rules in Theorem 10.1, is that there cannot exist infinite
eigenvalues since H, has full row rank (or Hy has full column rank).

Corollary 10.3. Let P(s) be an m x n polynomial matriz of exact degree d with the
highest degree coefficient matriz Py of full rank. If m < n and normal-rank of P(s) is m,
consider the right linearization sH, + G, of P(s), else if n < m and normal-rank of P(s)
is n, consider the left linearization sHy + Gy of P(s). Then it follows that the covering
relations are given by the stated rules in Theorem 10.1, where \; € C (no eigenvalues at
infinity can exist).

The canonical structure elements of the most and least generic orbits or bundles in
the stratification of a linearization of a full normal-rank polynomial matrix are given by
the following theorem.

Theorem 10.4. Let sH, + G, and sHy + Gy be the right and left linearizations, respec-
tively, of an m x n polynomial matriz P(s) of exact degree d and full normal-rank r,
where m # n.

If r = m, the most generic orbit (or bundle) of sH, + G, has the structure integer
partition R = (1o, ..., TayTat1) Whererg = -+ =74 =n—m, o1 = (dm) mod (n—m),
and o = [(dm)/(n —m)].

There exist p(d) least generic orbits of sH, + G, (all with the same codimension),
where the partition function p(d) is the number of possible partitions of the integer d.
All least generic orbits have R = (n —m), but different J», associated with at most
d distinct eigenvalues X\;, ¢ = 1,...,d. For each orbit construct Jy, as follows. Let
k= (ki,...,kq) = (m,...,m). Distribute the integer partition k across Jx,, 1 =1,...,d,
so that the union of the new Jx, is k. One or several Jx, can be empty.

The least generic bundle of sH, + G, has R = (n —m) and Jx = (j1,...,Jd) =
(m,...,m), i.e., m Jq blocks corresponding to a single eigenvalue of multiplicity m.

If r = n, the most and least generic orbits (or bundles) of sHy + Gy are obtained by
exchanging R with L and interchanging m and n in the above expressions.

Proof. Most generic orbit and bundle: Since each term in (33) (or (34)) coincides with

the corresponding part of the codimension count for matrix pencils with m < n (or m > n)

[42, 9], it follows that the most generic orbit and bundle have the same eigenstructure as
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the corresponding matrix pencil. If this would not be the case there would exist another
orbit of a polynomial matrix linearization with lower codimension, but in that case there
would also exist a matrix pencil with the same codimension (and vice versa).

Least generic orbit: Theorem 5.2 states that all structural elements add up to dm.
Moreover, the least generic orbit must have all right minimal indices equal to zero (i.e.,
only Lo blocks exist), thus they make no contribution to the sum (14). Consequently,
> hgo = dm, where we for simplicity here assume that any possible infinite elementary
divisor is included in the total. Since dm is an integer and we have at most m nonzero
elementary divisors for each eigenvalue, there can exist at most d eigenvalues. There
are two extreme cases: (i) only one eigenvalue A;, which means that there must exist
m Jordan blocks of size d x d with the corresponding eigenvalue A\; of multiplicity m
(Tr, = (m,...,m)); (ii) d distinct eigenvalues \;, i = 1,...,d, which means that there
must exist m Jordan blocks of size 1 x 1 for each \; (J, = (m)). Since the sum of all
elementary divisors ) hy) = dm, the number of (distinct) eigenvalues does not change the
codimension. Therefore, all possible partitions of k = (k1,...,kq) = (m,...,m) across
one or several J»,, ¢ =1,...,d, are possible.

Least generic bundle: Since each distinct (unspecified) eigenvalue decreases the
codimension, the least generic bundle has only one multiple eigenvalue corresponding to
J, = k (corresponding to case (i) for orbits). O

11. Sample stratification examples

In this section, we apply and illustrate the stratification theory on a few examples,
including two artificial polynomial matrices and a half-car passive suspension system with
four degrees of freedom.

We have implemented the stratification results presented in Section 10.1 in the software
tool StratiGraph [27, 26, 29], which makes it possible to compute, generate and visualize
the closure hierarchy graphs.

Before we move on we introduce a condensed notation for the KCF, used in StratiGraph
for representing the eigenstructure elements. A general block diagonal matrix A =
diag(A1, Aa, ..., Ap) with b blocks can be represented as a direct sum

b
AEAl@AQ@”'@AbE®Ak.
k=1

Now, the KCF (7) can compactly be expressed as U(sH + G)V ! =La LY @ J(\) @
@ J(A\g) @ N, where

To lo gi Joo
L=@PL,. L'=L], I =P (), and N=EPN,,.

k=1

Notice that blocks of the KCF in the direct sum notation above are, without loss of
generality, ordered so that the singular blocks (L and ILT) appear first.
In the following, we use this direct sum notation of the KCF to represent a linearization
of a polynomial matrix with the corresponding eigenstructure elements. Moreover, we
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0— 2Ly

1 Lyd Ly
3— LrLo i) ] (Lo L)
5—

6 — (2L& () © (1)) (2,8 J(w)

20,@ 2J3(1a)

L& Lo® Jy(pa)

9— L@ Lo Jy(pa) © J(1z) © Lfb Lo 2Jy(r) | | Ln® Lo Jo(pia) & Ji ()
= ( J J

m— Ly® Ly® 2J; (1) © () | | [ L18 Lo® To(1) © i (1) ]

12— | 2Ly® Ji(1a) © Jy(12) © | 209D J(tir) © Ty (k2) ® | 2L Ja(p) © Ta(ka) [2L0® J5(1) © Ji(12) ] [2Lo® Ju(i) ]
Ji(s) & Ji () Ji(ps)
14 — 31?169)2]1(#1) O J1(12)® | | 2Le® Ja(1) & 21 () ?]ﬁo%ﬁ(lﬁ) ® J1(k) D | | 2LoD J(ky) ® Ty (i)
1(H3, 1(H2,
16 — 2L 2J3 (k1) B 2 (pi2) 2Ly® 2J5(ps)

Figure 3: Orbit stratification of the right linearization sH, + G, of a full normal-rank 2 x 4 polynomial
matrix of degree 2 (m = 2, n =4, d = 2, r = m). Each node in the graph represents an orbit of
sH, + G, with the stated structural elements represented as KCF-blocks. The numbers on the left are
the codimensions of the orbits on each level. See also Table 1.

denote the orbit of a linearization, e.g., Or(sH, + G,), having the eigenstructure elements
corresponding to the KCF L & LT & J(A\;) @ -+ & J(\;) & N in the compact form

11.1. Two full normal-rank polynomial matrices

We start by considering a full normal-rank 2 x 4 polynomial matrix of degree d = 2. In
Figure 3 and Table 1, we illustrate some of the results presented in Section 10 applied to this
example. From Theorem 10.4 we obtain the most and least generic orbits: the most generic
Ogr(2Ls) has codimension 0; the two least generic orbits Or(2Lg ® 2J1 (1) B 2J1(112))
and Or(2Lg @ 2J2(p1)) have both codimension 16. By applying the set of A-rules
in Theorem 10.1 we obtain the complete orbit stratification of the right linearization
sH, + G, shown in Figure 3. Note that each edge between two nodes in the graph is the
result of applying one of these rules.

We choose to illustrate the orbit covering A-rules by starting at Or(2L2) with codi-
mension 0 and following the right-most downward path in Figure 3. To simplify we use
the notation Cod : #, introduced in Table 1, to denote a specific orbit. By applying the
rule A.(1) to orbit 0:1 we obtain the orbit 1:1. Once again rule A.(1) is used on 1:1 to get
3:2. From 3:2 we can recursively apply rule A.(2) four times obtaining 5:1, 7:2, 9:4, and
12:5. We remark that going from 3:2 to 5:1 a new set J for a new eigenvalue is created,
while the remaining edges in the subpath correspond to that the existing J is extended,
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Cod : # Blocks R .7,41 J;Lz Jua JH4
0:1 2Ly (2,2,2)
1:1 L3® Ly (2,2,1,1)
3:1 Lo® L1 ® Ji(p1) (2,2,1) (1)
32 2 L4®L0 (271717171)
5:1 L3®LO@J1(M1) (2717111) (1)
6:1 201 @ Ji(p1) & Ji(p2) (2,2) (1) 1)
6:2 2L1 & Ja(p1) (2,2) (1,1)
7:1  Lo®Lo®Ji(u1) ® J1(p2) (2,1,1) (1) 1)
7:2 Lo® Lo ® J2(p1) (2,1,1) (1,1)
8:1 2L1 ®2J1(p1) (2,2) (2)
9:1 L1 ®Lo®J1(1) @ J1(u2) © J1(u3) (2,1) (1) 1) 1)
9:2  Ly®Lo®2J1(p1) (2,1,1) (2)
9:3  Li®Lo® Ja(u1)® Ji(u2) (2,1) (1,1) (1)
9:4 L1 ®Lo® J3(p1) (2,1) (1,1,1)
11:1 L1 ® Lo ®2J1(p1) ® J1(p2) (2,1) (2 1)
11: 2 L1® Lo ® J2(p1) @ J1(p1) (2,1) 2,1
12: 1 2Lo®J1(p1)®J1(p2) D J1(13) D J1 (na)  (2) (1) (OO OO RN ¢
12: 2 2Lo @ Ja(p1) © J1(p2) © J1(u3) (2) (1,1) (1) 1)
12: 3 2L ® Ja(p1) @ Ja(pz) (2) (1,1) (1,1)
12: 4 2Lo @ Js(p1) © J1(u2) (2) (11,1 (1
12:5  2Lo @ Ja(u1) (2) (1,1,1,1)
14:1  2Lo®2J1(p1) & Ji(pa) @ Ji(us) (2) (2) 1 @
14:2  2Lo @ Ja(p1) ® 2J1 (uz2) (2) (1,1) (2)
14:3  2Lo&® Ja(p1) @ Ji(p1) @ Ju(u2) (2) 2,1 1)
14 : 4 2L0@J3(p1)@]l(u1) (2) (2,1,1)
16:1  2Lo®2J1(u1) @ 2J1(p2) (2) 2) (2)
16:2  2Lo ®2J2(p1) (2) (2,2)

Table 1: The table lists all orbits in the stratification of the right linearization of the full normal-rank
2 x 4 polynomial matrix of degree 2 shown in Figure 3. The first column Cod is the codimension of the
corresponding orbit and # is a sequence number identifying orbits with the same codimension (numbered
from left to right in Figure 3). The third column Blocks gives the structural elements of the orbit
represented in KCF block notation, and the remaining columns show the corresponding structure integer
partitions R and J.

creating a Jordan block of larger size (2, 3, and 4, respectively). Finally, the last two
edges (from 12:5 to 16:2 via 14:4) are obtained by applying rule A.(3).

We could as well have started at the least generic Or(2Lo @ 2J2(p1)) (16:2) and
applied the covered-by rules in Theorem 10.1 to generate the right-most (now) upward
path ending at orbit Or(2Ls) (0:1) in Figure 3.

Next we consider square m x m polynomial matrices P(s) of exact degree d and
with full normal-rank » = m, which we only illustrate here with an example where
m = d =r = 2. There are five most generic orbits where each of them are independent,
i.e., they belong to different closure hierarchy graphs. The five cases I-V are listed below
together with the corresponding least generic orbit and their codimension.

Case Cod Most generic orbit Cod Least generic orbit
I 4 Or(Ja(p)) 8 Or(2J2(p1))
I 4 Or(J3(p1) ® J1(p2)) 6 Or(J2(p1) ® J1(p1) @ J1(p2))
111 4 Or(J2(p1) @ J2(u2)) 8 Or(2J1(p1) ® 2J1(u2))
v 4 Op(J2(p1) @ J1(u2) ® J1(us)) 6 Or(2J1(u1) © J1(p2) @ J1(p3))
N 4 Or(Ji(p) @ Ji(p2) ® Ji(us) © J1(pa)) — —

We remark that case V above, indeed, is a stratification with only one node (four
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kg cf

Figure 4: Half-car passive suspension model.

distinct eigenvalues corresponding to finite zeros of P(s)). The stratification of the five
cases can be obtained from the closure hierarchy graph of a regular matrix pencil, with
the restriction that there can be at most m elementary divisors associated with each
eigenvalue.

11.2. Half-car suspension model

Finally, we apply the stratification theory to a mechanical system in the form of a
half-car suspension model with four degrees of freedom as shown in Figure 4, where k;
are stiffnesses, ¢; dampings, I; lengths, m; masses, and J, = mylsl, is the body moment
of inertia. The model represents one side of a car (front and rear suspension), where the
pitch ¢ and heave motion z; of the vehicle body and the vertical translation of the front
and rear axles (zy and z,, respectively) can be analyzed. Typical values for a passenger
sedan can be found in, e.g., [39].

The equations of motion of the half-car suspension model are:

mypZp = ki, (zp —qp) + k(2o — @ly — zf) + cp (26 — @ly — 25) +myg, (35)
mrér = ktr (Zr - q'r‘) + kr(zb + SOlr - Z’r‘) + Cr('éb + SOl'r' - Zr) + m.g, (36)
mpZy = ky(zp — 20 + plp) + k(2 — 2 + @l) +cp (2 — 2 + @ly) (37)

+ Cr(z}r — Zp — QDZT) + mypg,
Jpp = —kslp(z5 — 2+ 9lp) — cplp(2p — 2o+ @lp) + Rrle(2r — 20+ 0lr) - (38)
+ el (2r — 2 — QL)

Let the state vector be x = [zf Zr zb]T, and the input vector be u = [qf qr g] T,
where gy, gr are the road heights. Then the equations (35)—(37) can be represented in
matrix form by the second-order differential equation

Mi+Ci— Kz — Cpp — Kpp = Fu, (39)
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and (38) as

Jo@+ kpp + cpp — Cp i — K x =0, (40)
where
1 0 my
M = diag(my, m,, mp), F=10 1 m.|,
_O 0 my
Cf 0 —Cy -k‘tf — kf 0 k’f
C=10 Cr —c |, K= 0 ki, — ky k. ,
—cf —¢ cftcp L k’f k- —k’f — k,
T T
Cp = [—Cflf cply Cflf — Crlr] , K, = [—k‘flf kL, kflf + krlr] ,
cp =cpli +cl?, and kp = kg3 + kL2

Using the Laplace variable s, (39) and (40) can be expressed as

Ms*z + Csz — Kz — Cpsp — Ky = Fu, and (1)
Jps%p + kpsp + cpp — Cstac - KpTx =0,

respectively. Eliminating ¢ from (41) leads to the fourth-order differential equation
P4$(4) + P3£L'(3) + PQQT(Q) =+ Pl.’JS(l) + Pyx = QQU(Q) + Qlu(l) + C)()U7 (42)
where
Py =J,M, Py =k,M + J,C,
Py =k,C+c,M — J,K = C,CF,  Py=¢,C — kK - K,CJ — CpK],
Py=c,K—K,K!', Qy=J,F, Qi=kF, and Qy=c,F.

Using the technique outlined in Example 6.1 we obtain the right linearization of the
associated 3 x 6 polynomial fraction (42) as

sl3 Py Qo

—1I3  sl3 P, Q1
—1I3  sl3 Py Q2 |’

—13 8P4 + P3 0

(43)

If P, (in this case the diagonal matrix J,M) is well-conditioned one can apply the strat-
ification rules in Corollary 10.3. Otherwise, we keep to the formulation (43) and use
the rules in Theorem 10.1. The complete stratification of (43) has 6416 different orbits!
Here, we only show a subgraph in Figure 5 for illustration. The subgraph represents
all the controllable orbits (on the left) together with the closest uncontrollable orbits
with one uncontrollable mode (on the right) which can be reached by a perturbation of
the polynomial matrix coefficients. The most generic orbit with KCF 3L, corresponds
to the case when the three transformed inputs {u, us,us} in the linearization control
four states each, while the least generic controllable orbit (Or(L12 @ 2L¢) with codimen-
sion 22) corresponds to when u; controls all twelve states. One example taken from the
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0 3L

g Lo L@ L,
4 — 2L L, [Le®2L, 2L Ls® Jy (1)

5 LeD LD Ly

6 —— Ls® 2L Jy(141)

7 LBLoL;| [LeLaL, Ls® L L Jy (by)
9 LOLOL, Le® Ly® LD Ji (1a)

10— 21D Ly LD 2L, 2Ls® Li® Jy (1)
11— (ZoLo L) [Ls® Lo Ly Le® LD Li® Jy ()

o — Lr® 214D Jy (1)

13— Lo Lo L, (ZALOLo () | [Le® LD Le® Ji(1) |
15— (L@ LALO i) | (LD L Lo Ty(a)
16— LIU@N

47— Lg® Ls® Ly® Jy (1)
18 —— Lo® 2L;® Jy ()

o Cwoiol,

o — Ly1o® Ly Ly® Jy (1)

g

o4 Ly® 2Ly® J; (1)

Figure 5: Subgraph of the orbit stratification of the right linearization (43). The nodes in the left part
represent the orbits of controllable systems (only Ly blocks). The nodes in the right part represent the
orbits of uncontrollable systems with one uncontrollable mode (only L blocks and one Ji(u1) block).
The numbers (0-24) to the left show the codimensions of the different orbits in the subgraph.
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uncontrollable part of the graph is when the two suspensions do not have any damping
(¢f = ¢» = 0). Such a configuration belongs to Or(Ls ®2Ls & Ji(u1)) with codimension 6.
In practice, this means that a suspension system with low damping factor is likely to be
close to Og(Ls ® 2L3 ® J1(p1)).

Acknowledgments

We would like to acknowledge the fruitful discussions with Pierre-Antoine Absil,
Fernando De Téran, Froilan Dopico, Steve Mackey, and Volker Mehrmann. Finally, we
are grateful to the referees for their constructive comments.

This work presents research results supported by the Swedish Foundation for Strategic
Research under grant A3 02:128, UMIT Research Lab via an EU Mal 2 project, and the
Belgian Network DYSCO (Dynamical Systems, Control, and Optimization), funded by the
Interuniversity Attraction Poles Programme, initiated by the Belgian State, Science Policy
Office. In addition, support has been provided by eSSENCE, a strategic collaborative
e-Science programme funded by the Swedish Research Council.

References

[1] V.I. Arnold. On matrices depending on parameters. Russian Math. Surveys, 26:29-43, 1971.
[2] S. Barnett. Polynomial and Linear Control Systems. Marcel Dekker, New York, 1983.
[3] D. Boley. The algebraic structure of pencils and block Toeplitz matrices. Linear Algebra Appl.,
279:255-279, 1998.
[4] R. Byers, V. Mehrmann, and H. Xu. Trimmed linearizations for structured matrix polynomials.
Linear Algebra and its Applications, 429(10):2373-2400, 2008.
[5] I. De Hoyos. Points of continuity of the Kronecker canonical form. SIAM J. Matriz Anal. Appl.,
11(2):278-300, 1990.
[6] F. De Terdn, F.M. Dopico, and D.S. Mackey. Fiedler companion linearizations and the recovery of
minimal indices. SIAM J. Matriz Anal. Appl., 31(4):2181-2204, 2010.
[7] F. De Terdn, F.M. Dopico, and D.S. Mackey. Personal communication, 2011.
[8] F. De Terén, F.M. Dopico, and D.S. Mackey. Fiedler companion linearizations for rectangular matrix
polynomials. Linear Algebra Appl., 437(3):957-991, 2012.
[9] J. Demmel and A. Edelman. The dimension of matrices (matrix pencils) with given Jordan
(Kronecker) canonical forms. Linear Algebra Appl., 230:61-87, 1995.
[10] A. Diaz, M.I. Garcia-Planas, and S. Tarragona. Local perturbations of generalized systems under
feedback and derivative feedback. Comput. Math. Appl., 56(4):988-1000, 2008.
[11] A. Edelman, E. Elmroth, and B. Kagstrom. A geometric approach to perturbation theory of matrices
and matrix pencils. Part I: Versal deformations. SIAM J. Matriz Anal. Appl., 18(3):653-692, 1997.
[12] A. Edelman, E. Elmroth, and B. Kdgstrom. A geometric approach to perturbation theory of matrices
and matrix pencils. Part II: A stratification-enhanced staircase algorithm. SIAM J. Matriz Anal.
Appl., 20(3):667-669, 1999.
[13] A. Edelman and H. Murakami. Polynomial roots from companion matrix eigenvalues. Math. Comput.,
64(210):763-776, 1995.
[14] E. Eich-Soellner and C. Fiithrer. Numerical Methods in Multibody Dynamics. Lund University, Lund,
Sweden, 2002.
[15] E. Elmroth, S. Johansson, and B. Kagstrom. Stratification of controllability and observability pairs
— Theory and use in applications. SIAM J. Matriz Anal. Appl., 31(2):203-226, 2009.
[16] F. Gantmacher. The Theory of Matrices, Vol. I and II (transl.). Chelsea, New York, 1959.
[17] M.I. Garcia-Planas and M.D. Magret. Stratification of linear systems. Bifurcation diagrams for
families of linear systems. Linear Algebra Appl., 297:23-56, 1999.
[18] I. Gohberg, P. Lancaster, and L. Rodman. Matriz Polynomials. STAM Publications, 2009. ISBN
978-0-898716-81-8. Originally published: Academic Press, 1982.
[19] J.-M. Gracia and I. De Hoyos. Puntos de continuidad de formas canénicas de matrices. In the
Homage Book of Prof. Luis de Albuquerque of Coimbra. Coimbra, 1987.

31



20]
21]
(22]
23]
[24]
25]

(26]

27]
(28]
(29]
(30]
(31]

(32]

(33]
(34]
(35]

[36]
(37]

(38]
39]
[40]
41]
42]
[43]

[44]

J.-M. Gracia, I. De Hoyos, and I. Zaballa. Perturbation of linear control systems. Linear Algebra
Appl., 121:353-383, 1989.

V. Guillemin and A. Pollack. Differential Topology. AMS Chelsea Publishing Series. American
Mathematical Society, 2010.

N.J. Higham, D.S. Mackey, and F. Tisseur. The Conditioning of Linearizations of Matrix Polynomials.
SIAM J. Matriz Anal. Appl., 28(4):1005-1028, 2006.

D. Hinrichsen and J. O’Halloran. A complete characterization of orbit closures of controllable
singular systems under restricted system equivalence. SIAM J. Control Optim., 28(3):602-623, 1990.
D. Hinrichsen and J. O’Halloran. Orbit closures of singular matrix pencils. J. of Pure and Appl.
Alg., 81:117-137, 1992.

D. Hinrichsen and J. O’Halloran. Limits of generalized state space systems under proportional and
derivative feedback. Math. Control Signals Systems, 10:97-124, 1997.

P. Johansson. Software Tools for Matriz Canonical Computations and Web-based Software Library
Environments. PhD thesis, Department of Computing Science, Umea University, Sweden, November
2006.

P. Johansson. StratiGraph homepage. Department of Computing Science, Umea University, Sweden,
December 2012. http://www.cs.umu.se/english/research/groups/matrix-computations/stratigraph.
S. Johansson. Tools for Control System Design — Stratification of Matrixz Pairs and Periodic Riccati
Differential Equation Solvers. PhD thesis, Department of Computing Science, Umea University,
Sweden, February 2009.

B. Kagstrom, S. Johansson, and P. Johansson. StratiGraph Tool: Matrix Stratification in Control
Applications. In L. Biegler, S. L. Campbell, and V. Mehrmann, editors, Control and Optimization
with Differential-Algebraic Constraints, chapter 5. SIAM Publications, 2012. ISBN 978-1-611972-24-5.
T. Kailath. Linear Systems. Prentice Hall, New Jersey, 1980.

V.N. Kublanovskaya. Methods and algorithms of solving spectral problems for polynomial and
rational matrices. J. Math. Sci., 96(3):3085-3287, 2005.

D. Lemonnier and P. Van Dooren. Optimal scaling of block companion pencils. In Proc. Sizteenth
International Symposium on Mathematical Theory of Networks and Systems (MTNS2004), Leuven,
Belgium, 2004.

D.S. Mackey, N. Mackey, C. Mehl, and V. Mehrmann. Structured polynomials eigenvalue problems:
Good vibrations from good linearizations. SIAM J. Matriz Anal. Appl., 28(4):1029-1051, 2006.
D.S. Mackey, N. Mackey, C. Mehl, and V. Mehrmann. Vector spaces of linearizations for matrix
polynomials. SIAM J. Matriz Anal. Appl., 28(4):971-1004, 2006.

S. Marcaida and I. Zaballa. On a homeomorphism between orbit spaces of linear systems and matrix
polynomials. Linear Algebra Appl., 436(6):1664-1682, 2012.

D.D. Pervouchine. Hierarchy of closures of matrix pencils. Journal of Lie Theory, 14:443-479, 2004.
A. Pokrzywa. On perturbations and the equivalence orbit of a matrix pencil. Linear Algebra Appl.,
82:99-121, 1986.

J.W. Polderman and J.C. Willems. Introduction to Mathematical Systems Theory. A Behavioral
Approach, volume 25 of Texts in Appl. Math. Springer Verlag, Berlin, 1998.

R. Rajamani. Vehicle Dynamics and Control. Springer, New York, 2006.

H.H. Rosenbrock. State-space and Multivariable Theory. Wiley, New York, NY, 1970.

F. Tisseur and K. Meerbergen. The quadratic eigenvalue problem. SIAM Review, 43(2):235—286,
2001.

P. Van Dooren. The computation of Kronecker’s canonical form of a singular pencil. Linear Algebra
Appl., 27:103-141, 1979.

P. Van Dooren and P. Dewilde. The eigenstructure of a polynomial matrix: Computational aspects.
Linear Algebra Appl., 50:545-579, 1983.

G.C. Verghese, P. Van Dooren, and T. Kailath. Properties of the system matrix of a generalized
state-space system. Int. J. Control, 30(2):235-243, 1979.

32



