Chapter 10
Computational Algorithms and Software

This chapter presents, in details, the main algorithms for descriptor systems, which
underlie the computational methods used in the synthesis procedures considered in
this book. The core computations in these algorithms involve several matrix decom-
positions and condensed forms, which are obtainable using orthogonal transforma-
tions and, therefore, are provably numerical stable. Important applications of the
condensed form are in developing numerically stable computational algorithms for
the solution of several generalized matrix equations (Lyapunov, Stein, Sylvester,
Riccati), which are frequently encountered in addressing the solution of synthesis
problems in the fields of control and fault detection. The use of condensed forms,
obtainable using orthogonal transformations (instead of using the potentially highly
sensitive Weierstrass, Kronecker, or Brunovsky canonical forms), is also instrumen-
tal in developing numerically reliable procedures for the solution of several basic
computational problems for descriptor systems as well as in some, rather specialized,
algorithms for proper descriptor systems. Although this chapter is primarily intended
for numerical experts having interests in control-related numerical techniques, it also
serves to highlight the complexity of the underlying computations, which are nec-
essary to address the synthesis problems of fault detection and isolation filters in a
numerically sound way. A collection of software tools implements the algorithms
presented in this chapter and can be employed to reproduce all computational results
presented in this book.

10.1 Matrix Decompositions and Condensed Forms

The condensed forms of matrices play an important role in solving many control-
related computational problems. A widely used computational paradigm in solving
many computational problems consists of three main steps: (1) transform the original
problem into a simpler one by reducing the problem data to condensed forms; (2)
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solve the transformed problem using specially devised methods for the respective
condensed forms; and (3) recover the solution of the original problem using back
transformation to the original form. In this section we present several basic matrix
decompositions, obtainable using orthogonal transformations, which involve several
condensed forms of matrices, pairs of matrices, or even triples of matrices.

The use of orthogonal transformations is a widely accepted approach to promote
numerical reliability of computations with finite precision. These transformations
are perfectly conditioned with respect to inversion and, therefore, have the very
desirable property that they do not amplify the existing uncertainties in the data.
This feature is very important, since uncertainties in problem data are ubiquitous,
representing inherent inaccuracies in data (e.g., truncation or discretization errors),
or roundoff errors occurred in previous computational steps, or both. When using
orthogonal transformations to transform problem data, it is often possible to bound
the roundoff errors resulted as an effect of performed transformations on the data
and even to show that the computed results are the exact solution of a problem with
slightly perturbed data. Numerical algorithms exhibiting such a property are called
(backward) numerically stable and underlie many algorithms for basic linear algebra
computations. The use of numerically stable algorithms guarantees that the computed
solution is accurate, provided the computational problem is well conditioned.

In what follows, we present several matrix decompositions involving particular
condensed forms, which can be obtained using exclusively orthogonal transforma-
tions. These decompositions are the basis for many numerically stable algorithms
employed by the synthesis procedures presented in this book. We will not address
detailed algorithms for the computation of these forms, because they are described
in details in several numerical linear algebra textbooks. However, we will indicate
the associated computational complexity, by giving an estimation of the number
of performed floating-point computations (flops) by a typical algorithm. For each
decomposition we mention several straightforward applications, which often repre-
sent the building blocks of more complex numerical algorithms.

10.1.1 Singular Value Decomposition

The singular value decomposition (SVD) is a fundamental matrix factorization,
which plays an important conceptual and computational role in linear algebra. The
computation of the SVD can be interpreted as the reduction of a given rectangu-
lar matrix to a “diagonal” form using pre- and post-multiplications with orthogonal
matrices. The main theoretical result regarding the SVD is the following theorem.

Theorem 10.1 For any matrix A € R™*", there exist orthogonal matrices U €
R™™ and V € R™" such that
A=UZVT,

where ¥ = diag(X,, 0) with X, = diag(oy,02,...,0,)and oy > 0y > --- > 0, > (.
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The value of r defines obviously the rank of A. If we partition U = [U 1 Uz] and
V= [V1 Vz] column-wise compatible with the row and column partitions of X,
respectively, then

. o0l[vel
A=lune] [ 0 o} [Vﬂ = UE (oD

which can be interpreted as a full rank factorization of A. We denote with o;(A),
i=1,...,p, the p := min(m, n) singular values of A, which are formed of the r
nonzero singular values o7y, ..., o, together with p — r zero singular values. The
largest singular value o (A) := o is equal to ||A]|», the 2-norm of matrix A. For a
square invertible matrix of order n, the 2-norm condition number with respect to
inversion can be computed as k»(A) := ||A|2]|A™" ||, = 01 /0,. The Moore—Penrose
pseudo-inverse of A can be computed as A” = V; £ 1UT . The minimum norm solu-
tion of the linear least-squares problem min,er» |Ax — b||5 is simply x = ATh =
iz tuls.

Remark 10.1 The SVD is considered the primary tool to reliably determine the rank
of a matrix. However, by applying any of the available numerically stable algorithms
to compute the SVD, there will be almost always p nonzero singular values because
of the incurred roundoff errors. If the original matrix A has the “mathematical rank”
equal to r, then we can expect that p — r of the numerically computed singular
values to be “small.” Thus, to determine the rank of A correctly, we need to choose
a tolerance ¢ > 0 and define the “numerical rank” of A as r if the r-th and r + 1-th
computed singular values satisfy

O > € > 0py - (10.2)

Such a rank decision can be seen “reliable” if the gap o, — o, is “large.” It is
important to note that the significance of the terms “small” and “large” is always in
direct relation with the actual magnitudes of the matrix elements. The choice of the
tolerance ¢ should be consistent with both the machine precision (i.e., ¢ > uo (A),
where u = 2752 &2 2.22 - 107!® is the unit roundoff for the IEEE double precision
floating-point representation), but also with the relative errors in the data (i.e., € >
1075 (A), where k is the number of correct decimal digits in the entries of A). We
call the rank r determined such as (10.2) holds the e-rank of A. U

A typical numerical algorithm for the computation of the full SVD (i.e., ¥, U and
V) requires, for m > n, about 4m?n 4 8mn> 4+ 9m> flops, but only 4mn> — 4n’/4
flops for rank determination (i.e., computation of only X'). For a properly imple-
mented SVD algorithm, it can be shown that the computed diagonal matrix ¥ is
exact for a slightly perturbed A, in the following sense:

U'A+E)V =7,
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where UTU = I,VTV = I, |E|» = O(u||A|)») and the computed U and V are almost
orthogonal satisfying || U — U”z = O(u) and || V— 7”2 = O(uw).

In the rest of this section we discuss some straightforward applications of the SVD.
We assume the SVD of A has the partitioned form in (10.1), where r represents the
e-rank for a given tolerance ¢ satisfying (10.2) (i.e., all singular values of A satisfying
0;(A) < ¢ are considered equal to zero). The partitioned SVD (10.1) can be used to
define orthogonal bases for the range and kernel of the matrix A as

R@A) =RWU), N@A) =RV,
as well as for its transpose A” as
RAT) =RV,  N@AT) =R(U).
The orthogonal projections on the respective subspaces can be computed as

Prw = U UL, Pywy=WVV),
Prury =V VIT, Pprary = U2U2T,
where Py denotes the orthogonal projection on a subspace X'

Several row and column compressions can be easily obtained in terms of the
elements of the SVD (10.1). Let 1. and IT, be permutation matrices defined as

0 Ir _ 0 Im—r
Il. = |:In—r 0j|, I, = [Ir 0 i| . (10.3)
Then ,
U'A= |: 0 , II,U' A= 2,-V1T ,

represent two widely used row compressions of A to full row rank matrices via
orthogonal transformations. Similarly,

AV =[U,%, 0], AVI.=[0U %]

are column compressions of A to full column rank matrices via orthogonal transfor-
mations.

10.1.2 QR Decomposition

The QR decomposition of a rectangular matrix in a product of an orthogonal matrix
and an upper triangular matrix has many applications, which are similar to those of
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the SVD. Since the associated computational burden for the determination of the
QR decomposition is significantly smaller than for the computation of the SVD, it
is almost always advantageous to employ the QR decomposition instead the SVD,
whenever this is possible. We cautiously remark that this gain of efficiency may some-
time involve a certain loss of reliability in problems involving rank determinations.
Fortunately, this may only occur for some rather “exotic” matrices and, therefore,
QR factorization-based techniques are generally preferred to SVD-based methods in
many control-oriented algorithms.
The main result on the QR decomposition is the following one.

Theorem 10.2 For any matrix A € R™*", there exists an orthogonal matrix Q €
R™™ and an upper triangular matrix R € R™*" such that

A=OR.
0

while if n > m then R = [R” R ] In both cases, Ry is a p X p upper triangular
matrix, with p = min(m, n).

R
Specifically, if m > n, then R has the form R = |: 1 :| with m — n trailing zero rows,

The QR decomposition (some authors prefer the term QR factorization) is the basic
tool to solve the linear least-squares problem min,cg» ||Ax — b||», in the case when A
is a full column rank matrix. The least-squares solution is simply x = [Rfl1 0] Qo7b.
Furthermore, if R;; is chosen with positive diagonal elements, then R, is the upper
triangular factor of the Cholesky factorization of ATA as ATA = Rl Ry,. Another
application in the case m > n is the computation of the SVD using bidiagonalization-
based methods. These techniques can exploit the upper triangular shape of Ry; to
improve the overall computational efficiency.

We have a similar result for the so-called RQ decomposition, which is mainly
relevant for the case m < n.

Theorem 10.3 For any matrix A € R"™*", with m < n, there exists an orthogonal
matrix Q € R™" and an upper triangular matrix R € R™*™ such that

A= [O R] 0.
If r = rank A < min(m, p), the rank information cannot be usually read out from
the resulting upper triangular factor R of the QR decomposition. An alternative rank-

revealing factorization can be used which allows the determination of rank. The QR
Jactorization with column pivoting has the form

_ | Rt Rz . R,
A_Q[O O}H_.Q[O}H, (10.4)

where Q is orthogonal, Rj; € R™" is upper triangular and invertible and I7 is a
permutation matrix. Obviously r = rank A. The role of the column permutations
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is to enforce the invertibility of the leading block R;;. The term column pivoting
indicates a specific column permutation strategy which tries to additionally enforce
that Ry, is well conditioned (with respect to inversion).

Remark 10.2 The rank determination using the QR factorization with column pivot-
ing can be performed during the computation of this factorization. The factorization
procedure iteratively constructs the upper triangular matrix R;; in the leading posi-
tion. After r = rank A iterations, we have the partial decomposition

5 RiuRn] »
A—Q[ORDPI

where we expect that R» has a suitably small norm. A typical termination criterion
might be R
[Rx2ll2 <&, (10.5)

where ¢ = ¢1||A||, for some small parameter £; depending on the machine roundoff
unit u and the relative errors in the elements of A. If the above condition is ful-
filled, then the matrix has “numerical rank” r (also called e-rank). Surprisingly, there
exist some artificially constructed examples (e.g., the Kahan matrices), for which
the nearly rank deficiency cannot be detected in this way. Nevertheless, in prac-
tice, the QR factorization with column pivoting is almost as reliable as the SVD in
determining matrix ranks. Therefore, it is widely used in many algorithms which
involve repeated rank determinations (see, for example, the staircase algorithms in
Sect. 10.3.1). Here, the repeated use of the full SVD would increase tremendously
the computational complexity, due to the need to explicitly compute the involved
orthogonal transformation matrices at each reduction step. (]

A typical numerical algorithm for the computation of the QR factorization with
column pivoting is based on the Householder QR factorization technique combined
with column permutations, and requires about 4mnr — 2r%(m + n) + 4r3/3 flops.
Therefore, this algorithm is much more efficient than the algorithms for the com-
putation of the SVD. Using the Householder reduction, the orthogonal transfor-
mation matrix Q is determined in a factored form Q = HH, - - - H,, where H; for
i=1,...,r, are elementary orthogonal Householder transformation matrices (also
known as Householder reflectors). Therefore, it is possible to avoid the explicit build-
ing of Q when computing products as Q7 B or CQ, where B and C are arbitrary matri-
ces of compatible dimensions. For the Householder QR algorithm without pivoting,
it can be shown that the computed R is exact for a nearby A in the sense

Q"(A+E) =R,
where Q7Q = I and ||E||, = O(u||Al|,). The computed Q is almost orthogonal in

the sense that | Q — Q| , = O(u). A similar statement is obviously valid for the QR
factorization with column pivoting.
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In the rest of this section we discuss some straightforward applications of the QR
decomposition, which parallel those of the SVD. We assume the QR decomposition
with column pivoting of A has the partitioned form in (10.4), where r represents the ¢-
rank for a given tolerance ¢ satisfying (10.5) (i.e., the trailing m — r rows of QT A are
considered equal to zero). Assume the orthogonal matrix Q in (10.4) is partitioned as
Q=01 Q;], where O; € R™ and O, € R™*"~"). We can determine orthogonal
bases for the range of matrix A and the kernel of the matrix A” (which is also its
orthogonal complement) as

RMA) =R@), NA)=RA" =R(Q).

The orthogonal projections on these subspaces can be computed as Pr ) = Q107
and Pprary = 02074, respectively. Obviously, orthogonal bases for R(A”) and A/ (A)
can be determined in terms of the QR decomposition with column pivoting of the
transposed matrix A7

The row and column compressions can be obtained similarly as for the SVD. Let
IT, be the permutation matrix defined in (10.3). The row compressions of A to full
row rank matrices, via orthogonal transformations, can be obtained in one of the

following forms:
T _ R]H T _ O
QA= [ o | I1,0°'A = RIT |

Column compressions can be computed from the row compressions of the trans-
posed matrix AT or, in the case of full row rank matrices, using directly the RQ
decomposition (see Theorem 10.3).

10.1.3 Real Schur Decomposition

The real Schur decomposition (RSD) of a square real matrix A is a basic matrix
decomposition which reveals the eigenvalues of A, by determining its real Schur form
(RSF) (an upper quasi-triangular form) using orthogonal similarity transformations.
The following theorem is the main theoretical result regarding the RSD.

Theorem 10.4 For any A € R"*" there exists an orthogonal Q € R™" such that
S = QT AQ is upper quasi-triangular of the form

S S12 - S
’ 0 Sxn -+ Su
S=0"A0 = N (10.6)
0 0 - Sy
where each S;; fori =1, ...,k is either a1l x 1 or a 2 x 2 matrix having complex

conjugate eigenvalues.
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From the RSF (10.6), the eigenvalues of A result simply as
k
A@A) = AGH) -
i=1

The RSF also plays an important role in solving various linear matrix equations
(Lyapunov, Stein, Sylvester), while the associated transformation matrix Q can be
used to compute orthogonal bases of invariant subspaces (see below), which are
useful in solving quadratic matrix Riccati equations.

An important property of the RSF is that the order of eigenvalues (and thus of
the associated diagonal blocks) is arbitrary. The reordering of diagonal blocks (thus
also of corresponding eigenvalues) can be simply done by interchanging two adjacent
diagonal blocks of the RSF. For the swapping of such two blocks orthogonal similarity
transformations can be used. Thus, any arbitrary reordering of blocks (and thus of the
corresponding eigenvalues) can be achieved in this way. An important application
of this fact is the computation of orthogonal bases for the invariant subspaces of A
corresponding to a particular eigenvalue or a particular set of eigenvalues.

Consider a disjunct partition of the complex planeas C = C, U C;, C, N C; =,
where C, and C,, denote the “good” and “bad” regions of C for the location of eigen-
values of A, respectively. The ordered RSF is frequently employed in computational
algorithms to exhibit a separation of eigenvalues into two sets, namely, all eigenvalues
located in C, gathered in the leading diagonal block of the RSF and all eigenvalues
located in C, gathered in the trailing diagonal block of the RSF. Overall we can
achieve the orthogonal reduction of A to an ordered RSF matrix S in the form

A, A
- [%]

where A(A,) C €, and A(4,) C Cy. If we partition Q as Q = [ Q1 Q5 | compatibly
with the structure of the above S, then we can write

AQI = QlAg .

It follows that
AR(Q1) C R(Q1)

and thus R(Q)) is an invariant subspace corresponding to the eigenvalues of A lying
in Cy,.

For the computation of the RSD the so-called Francis QR algorithm (or one of
its modern variants) is usually used. This algorithm requires about 251> flops if
both Q and S are computed. If the eigenvalue reordering is necessary, for example,
to move p eigenvalues in the leading diagonal block of the RSF, then additionally
at most 12n(n — p)p flops are necessary (e.g., 3n> flops if p = n/2). If only the
eigenvalues are desired, then 10n° flops are necessary. The roundoff properties of the
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QR algorithm are what one would expect of any orthogonal matrix technique. The
computed RSF § is orthogonally similar to a matrix near to A, that is,

0"A+E)Q =S5,

where Q”Q =1 and ||E||, = O(u||All»). The computed Q is almost orthogonal, in

the sense that ||1 - @Ténz = O(u). These relations are valid also in the case of
employing eigenvalue reordering.

If A is a symmetric real matrix, then all eigenvalues of A are real and the sym-
metric real Schur form S is the diagonal form formed from the (real) eigenvalues.
If additionally A is positive semi-definite, then all eigenvalues of A are non-negative
and we have the following simple formula for the square root of A:

Az = 0S207,

where S7 is the diagonal matrix formed from the square roots of the eigenvalues. We
can even compute the factor R of a Cholesky-like decomposition A = RTR as

R=S5:0".

Such a factor is sometimes (improperly) called the square root of A.

10.1.4 Generalized Real Schur Decomposition

The eigenvalue structure of a regular pencil A — LE is completely described by
the Weierstrass canonical form (see Lemma 9.8). However, the computation of this
canonical form involves the use of (potentially ill-conditioned) general invertible
transformations, and therefore numerical reliability cannot be guaranteed. Fortu-
nately, the computation of Weierstrass canonical form can be avoided in almost
all computations, and alternative “less”-condensed forms can be employed instead,
which can be computed by employing exclusively orthogonal similarity transforma-
tions. The generalized real Schur decomposition (GRSD) of a matrix pair (A, E)
reveals the eigenvalues of the regular pencil A — AE, by determining the generalized
real Schur form (GRSF) of the pair (A, E) (a quasi-triangular—triangular form) using
orthogonal similarity transformations on the pencil A — LE. The main theoretical
result regarding the GRSD is the following theorem.

Theorem 10.5 Let A — AE be an n x n regular pencil, with A and E real matrices.
Then, there exist orthogonal transformation matrices Q and Z such that

Sip - S Ty - T

S—AT:=Q"(A-AE)Z = e SO (10.7)
0 S kk O Tkk
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where each diagonal subpencil S;; — ATy, for i =1, ...k, is either of dimension
1 x 1 in the case of a finite real or infinite eigenvalue of the pencil A — LE or of
dimension 2 x 2, with T; upper triangular, in the case of a pair of finite complex
conjugate eigenvalues of A — AE.

The pair (S, T') in (10.7) is in a GRSF and the eigenvalues of A — AE (or the gener-
alized eigenvalues of the pair (A, E)) are given by

k
A —21E) = ASi — ATy
i=1

If E = I, then we can always choose Q = Z, T = I and S is the RSF of A.

Similar to the RSF, the order of eigenvalues (and thus of the associated pairs of
diagonal blocks) of the reduced pencil S — AT is arbitrary. The reordering of the
pairs of diagonal blocks (thus also of corresponding eigenvalues) can be done by
interchanging two adjacent pairs of diagonal blocks of the GRSF. For the swapping
of such two pairs of blocks orthogonal similarity transformations can be used. Thus,
any arbitrary reordering of pairs of blocks (and thus of the corresponding eigenvalues)
can be achieved in this way. An important application of this fact is the computation
of orthogonal bases for the deflating subspaces of the pencil A — AE corresponding
to a particular eigenvalue or a particular set of eigenvalues.

For the computation of the GRSD the so-called QZ algorithm is usually used.
This algorithm requires about 66n° flops if all matrices S, T, Q and Z are computed.
If the eigenvalue reordering is necessary, for example, to move p eigenvalues in the
leading diagonal blocks of the GRSF, then additionally at most 24n(n — p)p flops are
necessary (e.g., 6n° flops if p = n/2). If only the eigenvalues are desired, then 30n°
flops are necessary. The roundoff properties of the QZ algorithm are what one would
expect of any orthogonal matrix technique. The computed pair (S, T), in GRSF, is
orthogonally similar to a matrix pair near to (A, E) and satisfies

0'A+Fz=8 OQOE+GZ=T,

where QTQ =1,Z7Z =1, |F|l, = O||Al») and |G|, = O] E|)»). The com-
puted Q and Z are almost orthogonal, in the sense that |/ — @TQHZ = O(u) and
||I - ZTZH , = O(u). These relations are valid also in the case of employing eigen-
value reordering.

Consider a disjunct partition of the complex planeas C = C, U C;, C, N C}, = 0,
where C, and C;, denote the “good” and “bad” regions of C, respectively. We assume
that C,, and therefore also C;, are symmetric with respect to the real axis. Then, it
is possible to determine the orthogonal transformation matrices Q and Z such that

Ag — MEg Agp — ,\Eg,,} (10.8)

T _
Q (A_AE)Z_[ 0 Ap — LE,
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is in a GRSF, where A(A;, — AE,) C C, and A(A, — AE;) C Cp. Frequently used
eigenvalue splittings are the stable—unstable splitting (i.e., C, = C; and C;, =
C\ Cy) or the finite-infinite splitting (i.e., C, = C\ {oo} and C, = {o0}). More
complicated splittings are possible by combining two or more partitions (see below).

The eigenvalue splitting achieved in the ordered GRSF (10.8) is the main tool
for determining deflating subspaces corresponding to the eigenvalues of the pencil
A — AE.The subspaces X and ) form a deflating pair for the eigenvalues of A — AE if

dim X = dim )Y

d
an AXCY, EXCY,

where dim S denotes the dimension of the subspace S. If we partition Q and Z com-
patibly with the structure of the GRSF (10.8) as Q = [Q1 Qz] and, respectively,
Z = [21 7 ] then we can write

AZ = Q1Ag,  EZ) = O\E,.

It follows that dim R(Q;) = dim R(Z;) and
AR(Z)) CR(Q1, ER(Z) CRQ).

Thus, R(Q;) and R(Z;) form a pair of (left and right) deflating subspaces associ-
ated to the eigenvalues of A, — AE,. Deflating subspaces generalize the notion of
invariant subspaces. If E is invertible, then the (right) deflating subspace R(Z)) is
an invariant subspace of E~'A corresponding to the eigenvalues of E~'A lying in
C,. An important application of deflating subspaces is the solution of generalized
Riccati equations, which can be equivalently formulated as the problem of deter-
mining orthogonal bases of the right deflating subspace corresponding to the stable
eigenvalues of suitably defined regular pencils (see Sect. 10.2.2).

We describe now a special splitting of eigenvalues, which is instrumental for
the computation of the proper and stable coprime factorizations using the methods
described in Sect. 10.3.5. Assume C, is finite region of C, symmetric with respect
to the real axis and C, is its complement including also the point at infinity. The
eigenvalue splitting in question involves the reduction of A — AE to the form

B _ Axo * *
A—AE=Q0"A—AE)Z=| 0 A, —AE, =% : (10.9)
0 0  Ay—ArE,

where Ay, is an (n — r) x (n — r) invertible (upper triangular) matrix, with r =
rank E, A(A, — AE,) C C; and A(Ap — LE;) C Cp. The leading pair (Ao, 0) con-
tains all infinite eigenvalues of A — AE corresponding to first-order eigenvectors,
while the rest of infinite eigenvalues are included in A, — AE}.
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The Procedure GSORSF, presented in what follows, computes the specially
ordered GRSF in (10.9). The same procedure can be also used to obtain a reverse
ordering of the diagonal blocks of Q7 (A — AE)Z in (10.9). For this, we apply the
procedure to the transposed pencil AT — AET to obtain Q) and Z; such that Q7 (AT —
AET)Z, is in a form, as in the right side of (10.9). Let P be the permutation matrix

P=| . |. (10.10)

Then, with Q = Z,P and Z = Q; P we obtain Q7 (A — LE)Z in the form

Ap — AE), * *
0T(A—AE)Z = 0 A, —AE; x |. (10.11)
0 0 A

Procedure GSORSF: Specially ordered generalized real Schur form

Inputs : A — AE regular, C;and Cp such that C = C, UCy, C,NCy =9
Outputs: 0, Z, A — L\E = QT (A — AE)Z in (10.9)

1) Compute an orthogonal Z; such that EZ; = [0 E, ], with E, full column rank

r = rank E; compute the conformably partitioned AZ; = [A1 Ay ], with A;
having full column rank n — r.

2) Compute an orthogonal Q; such that QlTAl = |:A5° i|, with Ay, an
(n — r) x (n — r) invertible upper triangular matrix; compute the
conformably partitioned matrices

T _ A12 T o E12
Q1A2_|:A22 - Qb2 = Exn |-

3) Compute orthogonal O, and Z, such that

A, —AE, A,, — AE
A _ g g Agb gb
0, (A —AEn)Z = |: 0 Ay — AE, :|

is in a GRSF, where A(A, — AE;) C C, and A(A;, — AE},) C C;. Compute
ApQr = [Aoo,g Aoo,b] and E\,Q, = [Eoo,g Eoo,b] conformably partitioned
with Qg (Ayp — AED)Z. _

4) Set Q = Q) diag(l,—,, O»), Z = Z, diag(l,,—,, Z») and define A and E from
the pencil
B Aso Aso,g — AEoog Acop — AEco

—ME=| 0 A;—-)E, Agp — AE,,

0 0 A, — ME,

1
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10.1.5 Controllability and Observability Staircase Forms

Staircase forms represent a large family of block upper triangular condensed forms,
which arise from various algorithms which “compress” the numerical data available
in single matrices or matrix pairs. All forms already studied, such as the diagonal
form (originated from the SVD), upper triangular form (originated from the QR
decomposition), the RSF (originated from the Francis QR algorithm) or the GRSF
of a matrix pair (originated from the QZ algorithm), can be interpreted as particu-
lar staircase forms. For a general rectangular linear pencil, several Kronecker-like
staircase forms (see next section) are obtainable using strict pencil similarity transfor-
mations using orthogonal transformations. In this section, we discuss two particular
staircase forms, the controllability and observability staircase forms, which appear
as parts of this form. However, due to their special importance for the computation of
irreducible representation of descriptor systems, we dedicate a separate section for
the discussion of their properties and also give a numerically stable computational
procedure for their determination.
We have the following main result regarding the controllability staircase form.

Theorem 10.6 Consider the pair (A — AE, B), with A, E € R™" and B € R"™",
and assume the pencil A — AE is regular. Then, there exist orthogonal transformation
matrices Q and Z such that

o~ P B.|A, — AE *
- T T T _ c
[BIJA—AE]:=[Q"B|Q"AZ — \Q"EZ] = [ ol o CAC—AEC]’ (10.12)
is in a generalized controllability staircase form with
Ao A1 Ap oo Arkor Ak
0 |Azx1 Ax -+ Asj—1 Asx
[Bjac]=| O | O An - Asucr Ay | (10.13)
010 0 - Ak Ak
where A;;_y € R, with vog = m, are full row rank matrices for j=1,...,k,

and the resulting upper triangular matrix E. has a similar block partitioned form

Ei1Eip-- E1 Eng
0 Exp--- Erp1 Epg

E.=| : : - : : , (10.14)

0 0 - Eqi-1 Eix
0 0 -« 0  Ey
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where E; j € R">". The resulting block dimensions v;, j =0, 1, ..., k, satisfy
m=vy>v;>--->p>0.

The ne x (m + n.) pencil [ Bc|A, — AE. |, with n, = Z]]f:l vj, has full row rank
for any finite A € C, and therefore the pair (A, — AE,, B.) is finite controllable.
If n. < n, then the (n — n.) x (n — n.) regular pencil A; — AE; contains the finite
uncontrollable eigenvalues of A — AE (and also possibly some infinite ones).

If m = 1, then all subdiagonal blocks A; j_; of Ac are 1 x 1and A. is in a Hessen-
berg form. The pair (A., E.) with A, in Hessenberg form and E, upper triangular is in
a so-called generalized Hessenberg form (GHF). If m > 1, then A, is in a so-called
block Hessenberg form. If E = I, then we can choose Q = Z such that E=1I

Remark 10.3 1If we partition Q and Z compatibly with the structure of the stair-
case form (10.12) as Q = [ Q1 Q2 ] and, respectively, Z = [ Z; Z, |, then we can
write AZ; = Q1A, and EZ; = Q| E.. It follows that dimR(Q;) = dimR(Z;) and
AR(Z)) C R(Q1), ER(Z)) C R(Qy). Thus, R(Q;) and R(Z;) form a pair of (left
and right) deflating subspaces associated to the eigenvalues of A, — AE,.. Additionally
we have

R(B) CAR(Z)) + ER(Zy) (10.15)

and Cy := R(Z;) is a deflating subspace with least possible dimension satisfying
(10.15). We call Cy the finite controllability subspace of the pair (A — AE, B). The
pair (A — AE, B) is finite controllable if the dimension of Cs is n. (]

We also have the dual result to Theorem 10.6 for the observability staircase form.

Theorem 10.7 Consider the pair (A — AE, C), with A, E € R™" and C € RP*",
and assume the pencil A — AE is regular. Then, there exist orthogonal transformation
matrices Q and Z such that

A(; — )\E{, *

AaB1 [0'Az— 20"
M _|QAZ-AQEZ | 0 A, —AE, |.  (0.16)
c cZ 0 C

is in a generalized observability staircase form with

[ A A 0 An Ag
Ap_1e Ap—ro—1 -+ A1 At

A, 0 Apop1 -+ Apap Apa
0 0 - As o Arg

70 0 - 0 A
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where Aj_ j € RM-"W, with o = p, are full column rank matricesforj =1, ... ¢,
and the resulting upper triangular matrix E, has a similar block partitioned form

Eeoe Eqor -+ Ep Epy
0 Ep1o-1-Ee—12Ei_11
E, = : : SV : , (10.18)
0 0 .o E2,2 E2_y]
0 0 - 0 E,

with E; ; € R*>H. The resulting block dimensions uj, j =0, 1, ..., ¢, satisfy

D=0 > 1> e >0.

| Ay — AE
The (n, + p) X n, pencil [To}
for any finite A € C, and therefore the pair (A, — AE,, C,) is finite observable. If
n, < n, then the (n —n,) x (n — n,) regular pencil A; — AE; contains the finite

unobservable eigenvalues of A — LE (and also possibly some infinite ones).

,withn, = Zf:l wj, has full column rank

Remark 10.4 1If we partition Q and Z compatibly with the structure of the stair-
case form (10.16) as Q = [ Q1 Q2 ] and, respectively, Z = [ Z; Z, |, then we can
write AZ; = Q1A; and EZ; = QE;. It follows that dimR(Q;) = dimR(Z;) and
AR(Z)) C R(Q1), ER(Z)) C R(Qy). Thus, R(Q;) and R(Z;) form a pair of (left
and right) deflating subspaces associated to the eigenvalues of A; — AE;. Addi-
tionally, af :=R(Z) is a deflating subspace with the largest dimension satisfying
R(Z) € N(C). Wecall 5f the finite unobservable subspace of the pair (A — LE, C).
The pair (A — AE, C) is finite observable if the dimension of O is zero. U

The following procedure to compute the staircase form (10.12) can be seen as a
constructive proof of Theorem 10.6. In view of the main application of this procedure
(see Sect. 10.3.1), we included a matrix C € R”*" on which all transformations to
the right are also applied.
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Procedure GCSF: Generalized controllability staircase form

Inputs : (A — AE, B, C)

Outputs: 0, Z, (A—AE, B, C):=(Q"AZ—).Q"EZ,Q"B, CZ); v;,j =1, ..., ¢

1) Compute an orthogonal matrix Z such that EZ is upper triangular;

compute A <— AZ, E < EZ,C < CZ.
2) Setj=1,n.=0,v9=mAQ =A,EQ =E,BO =B, 0 =1,.
3) Compute orthogonal matrices W and U such that
WTBU-D -— [Aj,,_l ] Vi,

0 |p
Vi1

with A; ;_; full row rank and W” EV=D U upper triangular.
4) Compute and partition

; Aij Ajjrr v ; Ejj Ejj v
TAG-Dyr .— JHL Y TRG-Dyr .— b JH ;
WTAU-DY = [Bfo-g Al }p’ WTEU )U._[ o Bo ]p’

Vi 1% Vj 1Y
5) Fori=1,...,j — 1 compute and partition

AU = [Ajj Aijn]l, EjU:= [E; Ejj1]
Vj 1% Vj P
6) Q <« Q diag(l,,, W), Z < Z diag(l,,, U), C < C diag(l,,, U).
7) n. < n.+v;;if p = 0 then £ = j and Exit.
8) If v; > 0, thenj < j + 1 and go to Step 3); else, £ = j — 1, and Exit.

If the Procedure GCSF exits at Step 7), then the original pair (A — AE, B) is finite
controllable. However, if the Procedure GCSF exits at Step 8), then the original
pair (A — AE, B) is not finite controllable. In this case, the trailing p x p pencil
AGD _ AE®D —: Az — AE;, with p = n — n,, contains all uncontrollable finite
eigenvalues of A — AE.

The Procedure GCSF can be implemented such that at Step 1) it exploits any
particular shape in the lower triangle of E (e.g., E lower banded). In particular, if E is
upper triangular, then the resulting Z is simply Z = [ and no further computations are
performed at this step. The row compressions at Step 3) are usually performed using
rank-revealing QR factorizations with column pivoting (see Sect. 10.1.2). The reduc-
tions can be performed using sequences of Givens rotations (instead Householder
reflectors), which allow to simultaneously perform the column transformations accu-
mulated in U to maintain the upper triangular form of EV=" . This reduction technique
is described in detail in [125] and is similar to the reduction of a matrix pair to a
generalized Hessenberg form. Using this technique, the numerical complexity of
Procedure GCSF is O(n®) (for m, p <« n), provided all transformations are imme-
diately applied without accumulating explicitly W and U. Note that the usage of
the more robust rank determinations based on singular values decompositions would
increase the overall complexity to O(n*) due to the need to accumulate explicitly
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each W and U. Regarding the numerical properties of Procedure GCSEF, it is pos-
sible to show that the resulting system matrices A, E, B, C are exact for slightly
perturbed original data A, E, B, C, while Q and Z are nearly orthogonal matrices. It
follows that the Procedure GCSF is numerically stable.

To compute the observability staircase form of a pair (A — AE, C), the Proce-
dure GCSF can be applied to the dual pair (AT — AE”, CT) to obtain the trans-
formed pair (A7 — AE”, CT) in a controllability staircase form. Then, the pair
(PZP — PEP, 6P), where P is the permutation matrix (10.10), is in an observability
staircase form.

10.1.6 Kronecker-Like Forms

Consider the reduction of a general rectangular (or singular) pencil M — AN, with
M, N € R™" using strict similarity transformations of the form

M —AN =UM — AN)V,

where U and V are invertible matrices. From Lemma 9.9, recall that, using general
invertible transformations, we can determine the Kronecker-canonical form (9.44)
of the pencil M — AN, which basically characterizes the right and left singular struc-
ture and the eigenvalue structure of the pencil. The computation of the Kronecker-
canonical form may involve the use of ill-conditioned transformations and, therefore,
is potentially numerically unstable. Fortunately, alternative staircase forms, called
Kronecker-like forms, allow to obtain basically the same (or only a part of) structural
information on the pencil M — AN by employing exclusively orthogonal transfor-
mations (i.e., UTU =T and VIV =1).
The following result concerns with one of the main Kronecker-like forms.

Theorem 10.8 LetM € R™*"and N € R™ " be arbitrary real matrices. Then, there
exist orthogonal U € R™ " and V € R"™", such that

M, — AN, * *
UM —AN)V = 0 Mg — ANyeq * , (10.19)
0 0 M; — AN,

where

(1) The n, x (m, + n,) pencil M, — AN, has full row rank, n,, for all > € C and is
in a controllability staircase form

M, — AN, =B, A, — AE,] . (10.20)

with B, € R">™ A, E, € R"™*", and E, invertible.
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(2) The nyeg X Nyeq pencil My,q — AN, is regular and its eigenvalues are the eigen-
values of pencil M — AN. The pencil M,,; — AN,,, may be chosen in a GRSF,
with arbitrary-ordered diagonal blocks.

(3) The (p; + ny) x n; pencil M; — AN, has full column rank, n,, for all » € C and
is in a observability staircase form

N, = [Al _C,AEZ} , (10.21)

with C; € RP>*™, A, E; € R™"™™M, and E| invertible.

Letv;, i =1,..., k be the dimensions of the diagonal blocks of A, — AE, in the
controllability staircase form [B, A, — AE, ] and define vy = m,. These dimensions
completely determine the right Kronecker structure of M — AN as follows: there
are v;_; — v; blocks L;_j(A) of size (i — 1) xi,i=1,..., k. Analogously, let u;,
i =1,..., {bethedimensions of the diagonal blocks of A; — AE; in the observability
— AE;
G
mine the left Kronecker structure of M — AN as follows: there are wu;_; — u; blocks
LT (W) ofsizeix (i—1),i=1,...,L. Wehaven, = >+ viand m = >+, i,
and the normal rank of M — AN is n, + n,, + n;. The finite Smith zeros of M — AN
are the finite eigenvalues of the regular pencil M., — AN,,, and represent the finite
values of A for which M — AN drops its rank below its normal rank.

In Sect. 10.3 several applications of the Kronecker-like forms are presented, such
as the computation of minimal nullspace basis, system zeros, inner—outer factoriza-
tions and the solution of linear rational equations.

For the computation of the Kronecker-like form (10.19) the standard approach s to
achieve successive separations of the structural elements and eigenvalues of the pencil
M — AN. A typical basic pencil reduction procedure, as Procedure PREDUCE
presented in this section, uses two orthogonal transformation matrices Q and Z to
achieve the following separation:

. A . .
staircase form [ ! ] and define 1y = p;. These dimensions completely deter-

(10.22)

M—Aﬁ:zQ(M—AN)Zz[M”w_o’wwol * }

|My; — AN,

wherethe m, oo X 1, o pencil M, oo — AN,  has fullrow rank forall A € Cexcepting
possibly a finite set of infinite values of A, and the my; x n;; pencil My ; — ANy ; has
full column rank for all 2 € € excepting possibly a finite set of finite values of A.
Moreover, the pencil M — )N is in the following staircase form:
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My My — ANy - My — ANy * } v
0 M <o Mo — ANy g * } v
M—iN=| : P :
0 0 . M % Yo (10.23)
0 0 ak 0 Mg — ANpa | ) mp
—
23 w2 Mk nr
where M; ; € R">** are full row rank matrices fori = 1, ..., k,and N;_; ; € RV-1*Hi
are full column rank matrices fori = 2, ..., k. The dimensions v; and u; of the blocks
in (10.23) satisfy

and completely determine the right Kronecker structure and the eigenstructure at
infinity of the pencil M — AN as follows: there are u; —v; (i =1, ..., k) blocks
Li_1(}) of size (i — 1) x i and, with pisq := 0, there are v; — ;g (=1,...,k)
nilpotent Jordan blocks J;(0) of dimension i (see (9.43)) which correspond to the
infinite eigenvalues. The row and column dimensions of pencil M, oo — AN, « are

given by m, oo = Zle v and n, oo = Zf: | Wi, respectively.

Procedure PREDUCE: Pencil reduction to staircase form

Inputs : M — AN with M, N € R™*"
Outputs: Q, Z, M — AN = Q(M — AN)Z in the staircase form (10.23).

0) Compute orthogonal matrices Q and Z such that

~ BO A0 _ 0 EO
U LS e e

where E(O) € R*7 s upper triangular and invertible with /i = rank N, AN(O) € RIx7,
BO) e R with it = n — it, CO € RP*" with p = m — it, D € RP*™; set my 0o = 0,
nroo =0,i=0.

Step—i: while m > 0, do:

, P pd
1) Compute orthogonal matrices W and Y such that WDy = | —Ol —:—OZ -
where Dii) € R%*% is invertible and upper triangular. Obtain
BY 1B [A® — Ag®
" pP| ¢}’ = diag(lz, W) {
0'o0

BO|A® _ xg®7
G ol diag(Y, I5) .

cy
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Procedure PREDUCE: Pencil reduction to staircase form (continued)

(i)
By

2) Compress the rows of |:D(i)
1

E®
0 with orthogonal X such that

O | gl O | g
o BU[EO | | B |E) ,
p!”| o 0 |EY

with Bgi]) € R%i*%i and Eg) € R invertible and upper triangular. Obtain

BY 1 BY |A® —1£®

(ORNONNO] (@)
Bij 1By Al —AE)

IROING i : 10 0
0 _:ng AP < | = dingX. ;) | DY :Dz C1
Y U [ o)
0o'o cy 0,0 c

. . 7 o ~
3) Compress the rows of Bgz) with orthogonal U such that UB;'Z) = |:B(2)2 :|, with Bé’z) € RPi* =) full row rank,

and compute orthogonal V such that UEéi) V is upper triangular. Obtain

(@) ' (i) | 4 () (i)
BBy |Ar] —AEj *
[ Mt L.
12530) | 4 @) (i) 1
0By |4z — AEpy * _
| 0 140 _ g0 |
0 | 0 A31 IA32 — )LE32
R R et
ol o C(l) | C(I)
I 1 2

[ . . .
diag (I, Ul ) | 0 :Bgz) AP 2D | diagUz, V),

| S ON
olo]
with Egl) € RPi*Pi and Eélz) € R@=PD* =0} jnyertible and upper triangular.
4) Form Q) = diag (I, o Q) and Z) = diag (I, o Z) with

0 = diag (I,l., U, 1;,,,1_) diag (x, 1;,,11_) diag (I;, W), 7 = diag (¥, V),

and update M < QOMZD N «— 0ONZD 0 « 0V Q, 7 « 7z
Set viy1 = p; + Tj, iti+1 = m and define

() p(0) M _, g

Bi1By; AW el

Mipiip1 = |-—+—-|, Mif1it2 —ANig1,ip2 = |-—————-
o 'BY AD gD

1022 21 21

with M1 ;41 € RVi+1*Hit+] full row rank and Niy 1 ;42 € RVi+1Pi full column rank, and

B AGHD (D] A§ 1A e
pl+D 1 cl+1) B

5) Update my 0o < My 0o + Vit1, Mr,00 <= Nr,c0 + i1, it < it — pj, M <= pj, p <P —Tj.
6) i < i+ 1and go to Step-i
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At the end of Procedure PREDUCE we obtain the my; x n;; pencil

@ _ @
AT AE } (10.24)

My — ANy = |:"__CTJ“'

with mg; = i + p and ny; = 7, and with E® upper triangular and invertible. It fol-
lows that the pencil My ; — ANy ; has only finite and left structure. The number of
diagonal blocks M;; of M, o, — AN, o in the staircase form (10.23) is k =i — 1,
where i is the resulting final value of i at the exit of Procedure PREDUCE.

The Procedure PREDUCE performs exclusively orthogonal transformations on
the matrix pair (M, N). It is possible to show that the resulting pair (M, N) is exact
for a slightly perturbed original pair, while Q and Z are nearly orthogonal matrices.
It follows that the Procedure PREDUCE is numerically stable.

The computational complexity of Procedure PREDUCE mainly depends on the
details of the computations performed at Step 2) to obtain Eg) in an upper trian-

gular form and, at Step 3), to preserve the upper triangular form of UE, 'y and to

obtain Eél and Eéz invertible and upper triangular. If the transformation matrices
U and V are accumulated (e.g., by performing SVD-based row compressions), the
worst-case computational complexity of Procedure PREDUCE is O(n*) (assuming
n > m), which, for large values of n, is unacceptable. However, using the techniques
described in [95], these operations can be performed such that a worst-case compu-
tational complexity of O(n®) can be guaranteed. The main computational ingredi-
ents are specially tailored QR decompositions with column pivoting, which provide
almost the same reliability as the rank determinations based on the use of SVD. Using
specialized QR decompositions, it is possible to implement the row compressions
at Steps 2) and 3) such that the preservation of the upper triangular shape of E® is
simultaneously possible, without the need to explicitly accumulate the intervening
transformations. For the rest of necessary row and column compressions at Step 0)
and Step 1), the safer SVD-based computations can be still employed, without
increasing excessively the computational complexity.

A straightforward application of the Procedure PREDUCE is to perform the
infinite—finite separation of the eigenvalues of a regular pencil M — AN (i.e., without
right and left structures). Since M — AN has no right structure, M, »c — AN,  has
only infinite eigenvalues. Similarly, since M — AN has no left structure, My ; — ANy,
contains all finite eigenvalues of the pencil.

A complementary separation of the pencil M — AN can be achieved by applying
Procedure PREDUCE to the transposed pencil M7 — ANT and pertranspose the
resulted pencil. Recall that the pertranspose M? of a matrix M € R™*" is defined as
M?P := P,M"P,,, where P, denotes the k x k permutation matrix of the form (10.10).
The net effect of applying P, from left is to reverse the order of rows of a matrix,
while the application of P,, from right reverses the order of columns of the matrix.
If Q and Z are the orthogonal matrices used to reduce M T _ ANT, then overall we
obtain
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M, s — AN, *
T _ T — r.f r.f
P,Z" (M — AN)Q" P, [ 0 Mu — )LNoo,l] ,

where M, ; — AN, s contains the right and finite structure and M, ; — AN, ; contains
the infinite and left structure. Moreover, M, ; — AN is in a dual staircase form,
which is obtained by reversing the orders of the blocks in the staircase form (10.23).
Sometimes, it is more advantageous to apply Procedure PREDUCE to M¥ — AN”
instead of MT — ANT (e.g., already existing upper block structures are preserved by
pertransposition and thus can be further exploited).

For the computation of the complete Kronecker-like form (10.19) of the pen-
cil M — AN we can employ Procedure PREDUCE to perform the first separation
in (10.22). Then, by applying Procedure PREDUCE to the pertransposed pencil
MF . — ANF ., we obtain the separation of the right and infinite structures in the
form

M, — AN, *
01 (My, 00 = AN, )21 = [ o ANOQ] , (10.25)

where Q; and Z; are orthogonal matrices, the full row rank pencil M, — AN, is
in the form (10.20) and the regular pencil Mo, — ANy, With M, invertible and
N nilpotent, contains the infinite eigenvalues. Similarly, by applying Procedure
PREDUCE to the pertransposed pencil Mf'D 1= )»Nﬁ ;» we obtain the separation of the
finite and left structures in the form

My — ANy } (10.26)

O>(My; — ANp ) Zy = [ 0 M, — AN,

where O, and Z, are orthogonal matrices, the regular pencil My — AN; with Ny
invertible contains the finite eigenvalues and the full column rank pencil M; — AN,
is in an observability staircase form (10.21). Overall we achieved

M, — AN, * * *
. . 0 Ms—XINx * *
diag(Q1, 02)0(M — AN)Z diag(Zy, Zp) =
0 0 Mf_)\.Nf *
0 0 0 M;—AN;

from which the regular part M,,, — AN, in (10.19) can be immediately read out.
For this separation, it is possible to exploit the structure of the pencil My ; — ANy ;
in (10.24) which results when applying Procedure PREDUCE. Since in the per-
transposed pencil Mﬁ = )»Nf'? = [(€DF (ADYP — A(ED)P], the invertible matrix
(E™)P is already upper triangular, therefore when applying Procedure PREDUCE
to M;T | )LN; , the preliminary reduction at Step 0) is not necessary anymore. Alterna-
tively, the Procedure GCSF can be employed to obtain M; — AN, in an observability
staircase form (10.21). This computation is needed to be additionally performed, to
obtain M, — AN, in a controllability staircase form (10.20).

The above Kronecker-like form exhibits the main structural elements of an arbi-
trary pencil M — AN. However, in some applications, as the computation of rational
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left nullspace bases in Sect. 7.4, it is necessary only to know the left Kronecker struc-
ture. For this purpose, it is sufficient to apply Procedure PREDUCE twice, to obtain
the basic separation (10.22) and then the splitting of finite and left structures as in
(10.26) to obtain the required form

Mr,oo_)\Nr,oo * *
diag(l, 0»)Q(M — AN)Z diag(l, Z,) = 0 Mg—AN;
0 0 M;—AN;

On the other hand, when all structural details of the Kronecker-like form are neces-
sary, as for example, when solving linear rational equations in Sect.9.2.9, the sep-
aration of right and infinite structure of the pencil M, o, — AN,  iS necessary. An
alternative way to perform this separation is to employ a computational approach pro-
posed in [9] (see Algorithms 3.3.1 and 3.3.2). These algorithms exploit all structural
information in the staircase form (10.23) and perform the separation of right and infi-
nite structure by employing exclusively orthogonal transformations, however without
making any rank decisions. The resulting subpencils M, — AN, and M, — AN, are
in staircase forms and the dimensions of the resulting diagonal blocks automatically
reveal the right Kronecker indices and infinite eigenvalue structure.

10.2 Solution of Matrix Equations

There are several linear and quadratic matrix equations which play an important role
in control theory. In this section, we discuss the computational solutions of some of
the main equations and give the conditions for the existence of a solution.

10.2.1 Linear Matrix Equations

We discuss the computational solution of two main classes of liner matrix equations.
In the first class, we consider the generalized Sylvester equation (GSE) of the form

AXG +EXF +0Q =0, (10.27)

where A, E € R™", F, G € R™,Q € R™™, and the desired solutionis X € IR"*™.
The Eq.(10.27) has a unique solution if and only if the matrix pencils A — AE and
F — \G are regular and A(A — AE) (| A(F + AG) = @.

Two special cases of Eq. (10.27) are of particular interest in this book: the gener-
alized continuous-time Lyapunov equation (GCLE) of the form

AXE" + EXAT + 0 =0 (10.28)
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and the generalized discrete-time Lyapunov equation (GDLE) (also called general-
ized Stein equation)
AXAT —EXET + 0 =0, (10.29)

where Q, and hence also X, are symmetric. The solvability condition of Eq. (10.28)
requires that E is invertible and A; + A; # 0, for all A;, A; € A(A — AE). The solv-
ability condition of Eq. (10.29) requires that A;A; # 1, forall A;, 1; € A(A — AE).In
both cases, of special interest are (semi-)positive definite solutions in the case when
O has the form Q = BBT > 0 and A(A — AE) e C;. In this case, the solution X can
be directly obtained in a Cholesky-factored form X = SS”, with S upper triangular.

For the numerical solution of the above matrix equations the transformation
method (developed initially by Bartels and Stewart to solve the Sylvester equation
AX 4+ XB + C = 0) can be used. Let QO and Z; be orthogonal matrices such that the
pair (P, S) := (QITAZ I Q]TEZ]) is in a GRSF, and let O, and Z, be orthogonal matri-
ces such that the pair (T, R) := (QYFZ,, 01 GZ,) is in a GRSF. The matrices Q; and
Z1, and, O, and Z,, can be obtained by applying the QZ algorithm to the matrix pairs
(A, E) and (F, G), respectively. If we define ¥ = ZIT X0, and H = QITQZZ, then the
Eq. (10.27) can be rewritten as

PYR+SYT +H =0.

By exploiting the upper quasi-triangular—upper triangular structures of the pairs
(P,S) and (T, R), this equation can be solved by a special (back substitution)
technique to obtain the solution Y [47, 54]. Then, the solution of (10.27) is
computed as X = Z, YO} . The overall computational effort to solve Eq.(10.27) is
O@? 4+ m?) + O(n*m + nm?). With obvious simplifications, this approach can be
used to solve the GCLE (10.28) and the GDLE (10.29) as well. The overall compu-
tational effort to solve these equations is Om?).

The second class of linear equation is the generalized Sylvester system of equations
(GSSE)

AX+YF =C,

EX+YG =D, (10.30)
where A, E € R™", F, G € R™"™, C, D € R""™, and the desired solutionis X, Y €
R™"™. The Eq.(10.30) has a unique solution if and only if the matrix pencils A —
AE and F — AG are regular and A(A — AE) (| A(F — AG) = . A transformation
method (which is similar to that used for solving (10.27)) can be employed to reduce
(10.30) to a simpler form. Let O and Z; be orthogonal matrices such that the pair
(P,S) := (QTAZ,, QTEZ)) is in a GRSF, and let 0, and Z, be orthogonal matrices
such that the pair (R, T) := (Q} FZ,, 01 GZ,) is in a GRSF. The matrices Q; and
Z, and O, and Z, can be obtained by applying the QZ algorithms to the matrix
pairs (A, E) and (F, G), respectively. If we define X, = Z/ XZ,, Y, = 01 YQ,, C, =
Q7 CZ, and D, = QT DZ,, then the system (10.30) can be rewritten as
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PX, + YR = Cy,
SX, + Y, T = D,.

By exploiting the upper quasi-triangular—upper triangular structures of the pairs
(P, S) and (R, T), this system of equations can be efficiently solved using meth-
ods proposed in [68]. After solving the transformed system for X; and Y;, we obtain
the solution of (10.30) as X = Z,X,Z] and Y = Q,Y, 0} . The overall computational
effort to solve these equations is O(n® + m?) + O(n>m + nm?).

10.2.2 Generalized Algebraic Riccati Equations

In this section we address the numerical solution of a class of generalized Riccati
equations which appear in various algorithms as the computation of inner—outer
factorization (see Sect.10.3.6) or in spectral factorization problems discussed in
Sect.7.8. We consider a sextuple of matrices (A, E, B, Q, S, R), with the following
properties of component matrices: A € R™", E € R™*" invertible, B € R**", Q €
R™" symmetric positive semi-definite, R € R"™*"” symmetric and invertible, and S €
R™"™. We seek the symmetric positive semi-definite stabilizing solution X; € R™"
of the generalized continuous-time algebraic Riccati equation (GCARE)

ATXE + E"XA — (ETXB+ S)RT'B'XE+ST)+0=0
and the corresponding stabilizing state feedback gain Fy € R™*", given by
Fy,=—R'"B'X,E+5ST),

such that all generalized eigenvalues of the pair (A + BF;, E) have negative real
parts. Similarly, we seek the symmetric positive semi-definite stabilizing solution
X, € R™" of the generalized discrete-time algebraic Riccati equation (GDARE)

ATXA —E"XE — (ATXB+ S)(R+B"XB) '(B"XA+S")+0 =0
and the corresponding stabilizing state feedback gain Fy € R™*", given by
F,=—R+B"X,B)'(B"X,A + ST,

such that all generalized eigenvalues of the pair (A + BF,, E) have moduli less than
one. Since E is invertible, it is possible to reduce both the GCARE and GDARE to
standard Riccati equations, for which there exist standard solution methods. However,
to avoid possible accuracy losses due to the need to explicitly invert £, we will indicate
methods which directly tackle the above equations, without inverting E.
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A unified approach to determine the solutions of the GCARE and GDARE relies
on determining an orthogonal basis of the stable deflating subspace of a suitably
defined regular matrix pencil L — AP. For the solution of the GCARE we have

A O B E 0O
L=|-0-AT —§ |, P=|0ETO0|, (10.31)
sT BT R 000
while for the solution of the GDARE we have
A 0 B E 0 O
L=|-QET -5 |, P=]0 AT 0. (10.32)
ST 0 R 0—-BTO

Under fairly standard assumptions (e.g., the stabilizability of the pair (A — LE, B)
and detectability of the pair (A — AE, @ — SR™'ST)), the existence of the positive
semi-definite stabilizing solution X; is guaranteed. For computational purposes, the
main property of the regular pencil L — AP is the existence of an n dimensional
(right) deflating subspace corresponding to the stable eigenvalues of L — AP. If this
subspace is spanned by a (2n 4+ m) x n matrix Z;, then we have that LZ, = PZ| W,
where W is an n x n matrix such that A(W) € C,. If we partition Z; in accordance
with the block column structure of the pencil L — AP as

Zy
Z1=| 2o |, (10.33)
Z3

then the stabilizing positive definite solution X, of both the GCARE and GDARE,
and the corresponding stabilizing feedback F; can be computed as

X, = Zn(EZ1)™",  Fy=2737;".

To compute Z;, we can employ the QZ algorithm to determine an ordered GRSF of
the pair (L, P) in the from

(10.34)

UT(L — AP)Z = [Lll — APy Lip —U)lz]

0 Ly — APy

where U and Z are orthogonal transformation matrices, the n x n subpencil L; —
AP1; has only stable eigenvalues, i.e., A(L;; — APy;) C C,, and A(Ly; — APy) C
C\ €. Then, Z; is formed from the first n columns of the orthogonal matrix Z.
Using this approach, the overall computational effort for solving both the GCARE
and GDARE is O((n 4+ m)?).
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10.3 Algorithms for Descriptor Systems

In this section we present computational procedures for the solution of several basic
computational problems for descriptor systems. The theoretical aspects of these prob-
lems have been succinctly addressed in Sect.9.2, where several canonical forms
(e.g., Weierstrass, Kronecker) played an important conceptual role in their solutions.
However, these canonical forms are not suited to develop reliable numerical algo-
rithms, due to the need of using potentially ill-conditioned transformations for their
computation. We present reliable numerical algorithms, which rely on the alterna-
tive condensed forms discussed in Sect. 10.1. These forms can be computed using
exclusively orthogonal transformations. Therefore, these algorithms are intrinsically
numerically reliable and some of them are even numerically stable.

10.3.1 Minimal Realization

Consider a p x m rational matrix G(A) and let (A — AE, B, C, D) be an n-th order
descriptor system realization satisfying

G(A\) =CHE—-A"'B+D,

with A — AE an n x n regular pencil. If 0, Z € R"*" are invertible matrices, then
it is easy to check that two realizations (A — AE, B, C, D) and (A — AE, B, C, D),
whose matrices are related by a similarity transformation of the form

A—ME=QA—-AE)Z, B=QB, C=CZ,

have the same TFM G (}). Similarity transformations with Q and Z orthogonal matri-
ces can be used to obtain various staircase forms of the system matrices, which allow
to extract lower dimensional descriptor realizations of G (A), and finally to arrive to
a minimal order realization with the least possible order .

A minimal realization (A — AE, B, C, D) is characterized by the five conditions
(i)—(v) of Theorem 9.2. An irreducible realization fulfils only conditions (i)—(iv)
and is thus controllable and observable. In what follows, we describe a two-stage
approach which first constructs an irreducible realization of lower order by succes-
sively removing the uncontrollable and unobservable eigenvalues of A — AE, and in
a second stage removes the non-dynamics modes (i.e., the simple infinite eigenvalues
of A — AE).

The first reduction stage is accomplished in four steps, by employing repeat-
edly Procedure GCSF to successively remove the finite uncontrollable, infinite
uncontrollable, finite unobservable and infinite unobservable eigenvalues of A — AE.
At the first step of this reduction stage, we apply Procedure GCSF to the triple
(A — MLE, B, C) to obtain the orthogonal transformation matrices Q; and Z;, such
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that the equivalent descriptor realization of G (1) has the form

AL—2El «  |BL
0 A —arEo |. (10.35)
cl c |p

OT(A—AE)Z|0]B] _
CZ, | D |

The finite controllable descriptor system (AJ; — )»E’Cc, b{, C’: , D) has the same TFM
G (M) and its order n}; < n. By this step we can remove the n — nﬁ uncontrollable
eigenvalues of A’; — AE]; from the original descriptor system representation (A —
ME, B, C, D). Besides all finite uncontrollable eigenvalues, A(A"; — )\Eé) may also
contain some of infinite uncontrollable eigenvalues of A — LE.

At the second step of the reduction stage, we apply Procedure GCSF to the triple
(E{ — )LA‘Z, B’; CJ; ) (note that AfC and Ef are interchanged) to obtain the orthogonal
transformation matrices Q, and Z;, such that the equivalent descriptor realization of
G ()) has the form

0 AX—2AEX|0 |. (10.36)
C. c* |D

ol — Dzt | | AT e x o |Be
cz | D |

As before, the controllable descriptor system (A, — AE,, B, C., D) has the same
TFM G (A) and its order n, < n’: By this step we can remove the n’: — n, uncon-
trollable infinite eigenvalues of A2° — AEZ° (or equivalently the uncontrollable
zero eigenvalues of EZ° — AA2°) from the original descriptor system representation
(A—)\E,B, C,D).

At the third step, we apply Procedure GCSF to the dual triple (ET —AAT, CT,
BZ) to obtain the orthogonal transformation matrices Z3 and Q3 (note the changed
order), such that the equivalent descriptor realization of G (1) has the form

f of
Ay — ME * B/;b

= o A, —rEL|B, |, 1037
0 cl, |p

P30% (A, — ME.)Z3P3|P3 Q% B,
C.Z3P3 | D

where Pj is the permutation matrix (10.10) of appropriate size. The controllable
and finite observable descriptor system (Ajéo — )\Eg,,, Bﬁo, C]CC,,, D) has the same TFM
G (X)) and its order nf.o < n.. By this step we can remove the n, — nf-o unobservable
eigenvalues of A{a — )»E{(-} from the original descriptor system representation (A —
ME, B, C,D).

Finally, at the fourth step, we apply Procedure GCSF to the dual triple
(EL)T — A(AL)T, (C)T, (BL,)T) (note that A, and E/, are interchanged) to obtain
the orthogonal transformation matrices Z; and Q4, such that the equivalent descriptor
realization of G (1) has the form
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0 Aca - )‘Ew Bca
0 Co |D
(10.38)
where P, is a permutation matrix as in (10.10) of appropriate size. The irreducible
(i.e., controllable and observable) descriptor system (A, — AE¢, Beo, Ceo, D) hasthe
same TFM G (X) and its order n., < nzo. By this step we can remove the n);, — Nep
unobservable infinite eigenvalues of A2 — AES, from the original descriptor system
representation (A — AE, B, C, D).
With the overall transformation matrices defined as

’

[P4QZ (A, — \EL)ZuPy|P,QY B,

AR —AEX % |B
CloZsPy | b |

Q = Qi diag(Q», 1) diag(Q3P3, I) diag(l, Q4P4, ),
Z := 7y diag(Z,, I) diag(Z3Ps3, I) diag(l, Z4P4, 1),
we obtained the orthogonally similar system representation

(A—AE,B,C,D):= (Q"AZ — \Q"EZ,Q"B, CZ, D),

with
AZ& - )»Ef;-) * * * * BZ&
_ B 0 A% — AEZ * * * B
A—)E| B 0 Aco =My % x |Beo
z Iol™ 0 0 0 A®—AE® % |0
0 0 0 0o Al—aE]o0
0 0 Ceo c c |p

This form, obtained using exclusively orthogonal similarity transformations, repre-
sents a particular instance of a generalized Kalman decomposition of the descriptor
system matrices from which an irreducible realization (A., — AE¢,, Beo, Ceo, D) can
be readily extracted. There are various ways to improve the efficiency of computa-
tions. For example, if the original realization corresponds to a proper system, then
the second and fourth steps (i.e., removing of uncontrollable or unobservable infinite
eigenvalues) can be skipped. Similar simplifications are possible —for example, if
the original system description corresponds to a polynomial matrix, or if the original
system representation is known to be controllable or observable, or if A — AE has
no zero eigenvalues. In the latter case, only the second and fourth steps need to be
performed.

The whole computational approach is summarized in the following procedure,
which computes for a given triple (A — LE, B, C) an irreducible (i.e., controllable
and observable) triple (A, — AEco, Beo, Ceo).
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Procedure GIR: Generalized irreducible realization algorithm

Input : (A—AE,B,C)

Output: Irreducible (A., — AE¢y, Beo, Ceo)

1) Perform Procedure GCSF on the triple (A — AE, B, C) and extract the finite
controllable triple (A{. — AE{, Bf-, C{ ).

2) Perform Procedure GCSF on the triple (EJ: — AA‘Z, B’Z C{ ) and extract the
controllable triple (A, — AE., B., C¢).

3) With P an appropriate permutation matrix as in (10.10), perform Procedure
GCSF on the triple (PATP — APETP, PCT, BT P) and extract the
controllable and finite observable triple (A{a — AE’:G, Bég, C{o).

4) With P an appropriate permutation matrix as in (10.10), perform Procedure
GCSF on the triple (P(E/,)TP — AP(AL,)TP, P(Cl,)T, (BL,)TP) and
build the irreducible triple (Ac, — AEco, Beo, Ceo)-

At the end of Step 1), A’Z is in an upper block Hessenberg form and E{ is upper
triangular. The upper block Hessenberg shape of AL at Step 2) can be exploited by the
Procedure GCSF, to reduce the computational burden at the initial reduction of AJZ
to an upper triangular form. The resulting A, at Step 2) is therefore upper triangular,
while E. is upper block Hessenberg. At Step 3), the use of PE! P instead of E!
allows to preserve the upper block Hessenberg form of E, obtained at the previous
step. This is also the case at Step 4), where the upper block Hessenberg structure of
A]Z,, is preserved when using P(A];,)TP instead.

The computational effort for Procedure GIR is O (n*) form, p < n.Itis possible
to show that the computed irreducible descriptor system (A., — LE¢,, Bco, Ceo, D) is
exact for a slightly perturbed original system. Therefore, the Procedure GIR can be
considered numerically stable.

In the second stage, we have to remove the simple infinite eigenvalues of A., —
MLE,, from the resulting irreducible descriptor representation. For this purpose, we
isolate the simple infinite eigenvalues by employing two SVDs. First, we compute

the SVD of E_, such that
E; 0
UlTEcoVI = |: 61 0:| s

with U; and V) orthogonal matrices and E|; a (diagonal) invertible matrix of rank r.
Applying the same transformations to A we obtain
A Ap
Ur'A, v, = | 51512
: : |:A21 A221|

Now, we compute the SVD of A, such that

~ Ar» O
U2TA22V2=|: - :|,

00
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with U, and V, orthogonal matrices and A;; a (diagonal) invertible matrix of rank q.
With U = U, diag(l,, Uy) and V = V, diag(l,, V») we have the equivalent descriptor
realization

Ayl — AE Ap Az |By

U'B., | _ Ay Ax 0 B
D }— Ay 0 0 |Bs
i G G|D

UTA,,V — AUTE,,V
C.oV

At this step, we have the transformed state vector X(r) := V7 x(¢) partitioned into
three components
x1(7)
xX(0) = | x|,
x3(1)

which correspond to the column structure of UTAV. We can eliminate the second
component x;(¢) as
X2 (t) = —Ay Ay x, (1) — A3y Byut)

x1(7) j|
x3(2)
and the corresponding minimal realization (A — AE, B, C, D) of G(A), with the
matrices given by

and obtain a descriptor representation with the reduced state vector x(r) = [

-1 -1
A—)E = Ay —ApAy Ay — AEN A B = B, —ApAy B,
A31 0 ’ B3 ’

c=[c - CAR Ay, G]. D =D - CAyB,.

This final elimination step involves non-orthogonal matrix operations, which can lead
to unstable computations if the norm of the intervening matrices is too large or Ay, is
ill conditioned. Fortunately, in most computational algorithms for descriptor systems
presented in this book, the elimination of simple infinite eigenvalues is not necessary
and we can work with irreducible realizations instead minimal ones. Therefore, we
can almost always delay the computation of minimal realizations for the final results
of whole computational cycles.

10.3.2 Minimal Proper Rational Nullspace Bases

Let G(A) be a p x m rational matrix of normal rank r. A proper rational basis of the
left nullspace N7 (G())) (see Sect.9.1.3) is any (p — r) x p proper rational matrix
N;(A) of full row rank such that N;(A)G (1) = 0. Similarly, a proper rational basis of
the right nullspace N(G(A)) is an m x (m — r) proper rational matrix N,(A) of full
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column rank such that G(A)N,(A) = 0. Of special interest are the minimal proper
rational bases, which have the least McMillan degree. Assume G (1) has an n-th order
descriptor system realization (A — LE, B, C, D), with A — AE regular. In this section
we present a numerically reliable computational approach to determine a descriptor
system realization of a proper rational left nullspace basis N;(A) of G(A) and discuss
conditions for its minimality. The same approach can be used to determine N, (),
a proper rational right nullspace basis of G(1), by determining N7 (1) as a proper
rational left nullspace basis of GT (A).

The proposed computational approach relies on the fact that N;(1) is a left
nullspace basis of G() if and only if, for a suitable (p — r) x n rational matrix
M;(2),

Yi(A) = [M;(2) Ni(A) ] (10.39)

is a left nullspace basis of the system matrix

A—AE B} . (10.40)

Thus, to compute N;(1) we can first determine a left nullspace basis Y;(1) for S(1)
and then N;(A) simply results as

0
I

Ni(A) =Yi(Q) [
P

} . (10.41)

As it will be apparent below, the main appeal of this approach is that for the computa-
tion of Y;(A) we can employ powerful pencil manipulation techniques via orthogonal
similarity transformations.

Let U and V be orthogonal matrices such that the transformed pencil §(A) =
US(A)V is in the Kronecker-like staircase form (see Sect. 10.1.6)

~ A, — AE, A, — AE,,
SO = 0 A —AE, |, (10.42)
0 C

where the descriptor pair (A; — AE}, C)) is observable, E is invertible, and A, — AE,
has full row rank excepting possibly a finite set of values of A (i.e., the invariant zeros
of S(1)). As explained in Sect. 10.1.6, the reduction of S()) to the form (10.42) can
be obtained using (twice) the Procedure PREDUCE.

A left nullspace ?l(k) of S(A) in (10.42) can be chosen in the form

Y =[0] GOE—-A)~ |1 ]. (10.43)

Then, the left nullspace of S(1) is Y;(X) = Y’I(X)U and can be obtained easily after
partitioning suitably U as
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E,/ B,
U=| B B |,
D; D,

where the row partitioning corresponds to the column partitioning of Y;(1) in (10.43),
while the column partitioning corresponds to the row partitioning of S(A) in (10.40).

We obtain .
A; — AE;|B; B,
Y,(L) = — (10.44)
¢ |D D,

and the nullspace of G()) is
| A — AE|B;
Ni(») = |: ¢, 1D i| . (10.45)

To obtain this representation of the nullspace basis, we performed exclusively orthog-
onal transformations on the system matrices. We can prove that all computed matrices
are exact for a slightly perturbed original system matrix (10.40). It follows that this
method for the computation of the nullspace basis is numerically backward stable.

When using Procedure PREDUCE, as described in Sect. 10.1.6, to determine
the Kronecker-like form (10.42), we can assume that the resulting subpencil

A, —XE, | [AI—AE
[ c. }_[ c } (10.46)

which characterizes the left structure of S(1), has the pair (A, — AE,, C,) in an
observability staircase form as in (10.17) and (10.18). Let u;, i =1, ..., £ be the
dimensions of the diagonal blocks of A, in (10.17) (and also of E, in (10.18)), and
define po := p; and pe41 := 0 (which corresponds to a fictive full column rank diag-
onal block Ay ¢4 € R**#&1 in the leading position of A,). These dimensions com-
pletely determine the left Kronecker structure of S() as follows: there are u;—; — u;
blocks Lﬁl(k) ofsizei x (i—1),i=1,...,€+ 1 (see (9.45)). The row dimension
of N;(A) (i.e., the number of linearly independent basis vectors) is given by the
total number of L,{i (1) blocks (see Example 9.1), thus Zfill (i1 — i) = uo (.e.,
the row dimension of C;). Applying standard linear algebra results, it follows that
Wo:=p—r.

The following result shows that the resulting staircase form (10.46) provides the
complete structural information on any minimal polynomial basis (and also on any
simple proper basis constructed from it, see Sect.9.1.3).

Proposition 10.1 If the realization (A — AE, B, C, D) of G(A) is controllable and
if ui, i =1, ..., £ are the dimensions of the diagonal blocks of A, in (10.17) (and
also of E, in (10.18)), and o := p; and e+ = 0, then a minimal polynomial basis
of the left nullspace of G(A\) has degree n; = Zle Wi and is formed of wi—1 — Wi
polynomial vectors of degree i — 1, fori=1,...,0+ 1.
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Proof The controllability of the descriptor realization ensures that the left Kronecker
structure of G (1) and of S(A) are characterized by the same left Kronecker indices.
A minimal polynomial basis for the left nullspace of S(1) can be determined of the
form

Yym=[0|N® ]. (10.47)
S . . . A — AE,
where N;(}) is a minimal polynomial basis for the left nullspace of c .
!

To construct ﬁl (1), the basis vectors can be determined by exploiting the staircase
form of this pencil. It was shown in [8, Sect.4.6.4], in a dual context, that a minimal
polynomial basis can be computed by selecting p;—; — p; polynomial basis vectors
of degree i — 1, fori =1, ..., £ + 1. The degree of this polynomial basis is

S i — i — 1) = zg:fui_la -D- S i — 1)
= 22:1,“'1'1. - zizlﬂi(i -1
= Zi:ll"l’i s

which is equal to n;, the dimension of the square matrices A; and E;. |
A straightforward consequence of Proposition 10.1 is the following result.

Proposition 10.2 [f the realization (A — AE, B, C, D) of G () is controllable, then
the rational matrix N;(\) defined in (10.45) is a minimal proper rational basis of the
left nullspace of G()L).

Proof According to the definition of a minimal proper rational basis (see Sect.9.1.3),
its McMillan degree is given by the degree of a minimal polynomial basis (i.e., the sum
of the left minimal indices). By Proposition 10.1, the degree of a minimal polynomial
basis is n; := Zle Wi, which is thus equal to the dimension of the square matrices
A; and E;. Therefore, we only need to show that the realization (10.45) is irreducible
and N;(A) defined in (10.45) has no zeros.

The pair (A; — AE;, C)) is observable, by the construction of the Kronecker-like
form (10.42). To show that the pair (A; — AE;, B;) is controllable, observe that due
to the controllability of the pair (A — LE, B), the subpencil [A — AE B] of S(A) in
(10.40) has full row rank for all A € C, and thus the reduced pencil

y[A-*EBOT[V
c DL ||oO

0

= 0 A —AE; | By
1[7

:| Ar — AE, Ar,l - )"Er,l Br,]
0 C D,

has full row rank for all A € C as well. It follows that for all A € C
rank [Al — )‘El Bl] =n

and thus the pair (A; — AE;, By) is controllable.
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Since, we also have that

A —AE; B |
rank|: C Dl]_nl~|—p r

for all A € C, it follows that N;(A) has no finite or infinite zeros. Thus, D; has full
row rank p — r and the computed basis is column reduced at A = oo [122]. ]

In the case, when the realization of G(A) is not controllable, the realization of
N;(A) is not guaranteed to be controllable. The uncontrollable eigenvalues of A — AE
may turn partly up as eigenvalues of A, — AE, (i.e., invariant zeros) or of A; — AE;.
In the latter case, the resulting proper nullspace basis has not the least possible
McMillan degree. Interestingly, a minimal basis cannot be always obtained by simply
eliminating the uncontrollable part of the pair (A; — AE;, B;). The reason for this is
the lack of the maximal controllability property (see Proposition 10.3).

We can always determine a proper nullspace basis with arbitrarily assigned poles.
To show this, consider the transformation matrix

_ [100
U=|01K (10.48)
0017

and compute §(A) = ﬁg(k) as
A, —ME, A,;—AE,;

S = 0 A +KC —M\E | . (10.49)
0 C

We also compute

0 Br,l
UU|:Ii|= B; + KD,
r Dy,

and obtain the proper rational left nullspace basis with the alternative realization

(10.50)

~ A;+ KC; — ME;|B; + KD,
Nl()»)=|: 1 1 1By z:|.

C | D,

Since the descriptor pair (A; — LE;, C;) is completely observable, there exists an
output injection matrix K such that the pair (A; + KCj, E;) has arbitrary assigned
generalized eigenvalues. According to Proposition 10.2, the basis (10.50) is minimal
provided the realization (A — LE, B, C, D) of G(}) is controllable.

This construction shows that the placement of poles of the left nullspace basis
(10.50) can be simply achieved by additionally performing a particular similarity
transformation on the reduced pencil S(A). As a consequence, the output injection
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may move some of uncontrollable generalized eigenvalues of the pair (4;, E;) to
other locations and make them controllable. It follows that determining a minimal
nullspace basis from a non-minimal one may involve the determination of suitable
injection matrix, which makes a maximum number of eigenvalues uncontrollable.

Remark 10.5 The alternative proper left nullspace basis N;(%) can be interpreted as
the numerator factor of the left coprime factorization

N2 = M OONGY)

where M;()) has the descriptor system realization

~ A +KC — AE)| K
M,(A):[’ Cll ’II }
p—r

O

The following result shows that a minimal proper basis of the form (10.45) has the
nice property of being maximally controllable, that is, the alternative basis (10.50)
remains controllable for an arbitrary output injection matrix K, or equivalently, the
pair (A; + KC; — AE;, B; + KDy) is controllable for all K.

Proposition 10.3 [f the realization (A — AE, B, C, D) of G () is controllable, then
the realization of N;()) defined in (10.45) is maximally controllable.

Proof We have to show that for an arbitrary output injection matrix K, the pair (A; +
KC, — AE;, B, + KDy) is controllable. Let K be an arbitrary injection matrix and
construct the alternative proper left nullspace basis N;(A) with the realization given
in (10.50). Since according to Proposition 10.2, N;() is a minimal nullspace basis,
the alternative nullspace basis N/ (A), with the same McMillan degree, is a minimal
basis as well. Therefore, the pair (A; + KC; — LE;, B; + KD;) is controllable. |

Even if the resulting rational basis (10.45) has the least possible McMillan degree,
and thus is minimal, still, in general, this basis is not a simple basis. The properties
of simple proper minimal bases resemble, in many aspects, the properties of minimal
polynomial bases. For our purposes, the main use of simple proper nullspace bases
is in the nullspace-based synthesis methods of least-order fault detection filters. As it
will be shown below, it is possible to obtain a simple basis starting from a non-simple
one.

Consider the proper minimal left nullspace basis N; (1) of G (A), with the descriptor
realization given in (10.45), and we denote with ¢; ; and d; ; the i-th rows of matrices
C; and Dy, respectively. The approach to construct a simple minimal proper rational
left nullspace basis is based on the following result.

Proposition 10.4 For eachi =1, ...,p —r, let K; be an output injection matrix
such that
vi(A) := ¢ ;(AE; — A; — K;C)) ' (B + K;D) + dj; (10.51)
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has the least possible McMillan degree. Then, Ni(V) formed by stacking the p —r
rational row vectors v;(A) is a simple minimal proper rational left nullspace basis.

Proof According to Proposition 10.3, the realization (10.45) of N;(A) is maximally
controllable, i.e., the pair (A; + K;C; — AE;, B; + K;Dy) is controllable for arbitrary
K;. Therefore, the maximal order reduction of the McMillan degree of v;(1) can be
achieved by making the pair (A; 4+ K;C; — AE;, ¢;;) maximally unobservable via an
appropriate choice of K;. For eachi =1, ..., p — r, the achievable least McMillan
degree of v;(A) is the corresponding minimal index n;, representing, in a dual set-
ting, the dimension of the least-order controllability subspace of the standard pair
(E;TAT, E;"CT) containing span (E; Tczi). This result is the statement of Lemma
6 in [159]. It is easy to check that v;(A)G (X)) = 0, thus ITJZ()») is a left annihilator of
G ()). Furthermore, the set of vectors {vi(A), ..., vp—r(A) } is linearly independent
since the realization of N;(A) has the same full row rank matrix D; as that of N;(}).
It follows that N;(A) is a proper left nullspace basis of least dimension > | n;, with
each row v;(1) of McMillan degree n;. It follows that N, () is simple. |

Let assume that each rational vector v;(A) has a descriptor realization of the form

(10.52)

Then, the simple minimal proper rational basis N,(1), constructed by stacking all
vi(A), fori =1, ..., r, has the realization

N0y = A= 2B | By (10.53)
! N E‘[ Dl ’ ’

Ay — MEp By
A —AE; = ,  Bi= : ,
A/l,pfr - )\El,pfr Bl,p—r

with

Cl,1

C =

Clp—r

Remark 10.6 The poles of the simple minimal proper rational left nullspace basis
N;(A) can be arbitrarily placed by performing left coprime rational factorizations
using the realizations in (10.52) (see Remark 10.5)

vi(d) = m(W) 700, (10.54)
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where m; () are poly}r\lomials with arbitrary roots in C,. Therefore, the resulting alter-

native simple basis N;(1) := [9{ (1), ..., ¥]_,(»)]" can have arbitrarily assigned
poles. In particular, a special simple basis can be constructed such that each m; (1)
divides m; (1), if j < 1. O

Simple rational bases are direct correspondents of polynomial bases and, hence,
all operations on polynomial bases have analogous operations on simple rational
bases. An important operation (with applications in the synthesis of least-order fault
detection filters) is building linear combinations of basis vectors up to a certain
McMillan degree. For example, using the special simple basis in Remark 10.6, any
linear combination Zf;l h;v;(A) with constant coefficients A; of the basis vectors of
McMillan degree up to a certain value k has McMillan degree at most k.

Consider the proper left nullspace basis N;(A) constructed in (10.45). From the
details of the resulting staircase form (10.46) of the pair (A; — AE;, C)), recall that it
is possible to obtain the full column rank matrices A;_; ; € R*~"*/ in the form

Ri_1,;
A= |: 01’ :|

where R;_; ; is an upper triangular invertible matrix of order ;. The row dimension
i—1 — pi of the zero block of A;_;; gives the number of polynomial vectors of
degree i — 1 in a minimal polynomial basis [8, Sect.4.6] and thus, also the number
of vectors of McMillan degree i — 1 in a simple basis. It is straightforward to show
the following result.

Corollary 10.1 For a given minimal proper rational left nullspace basis N;()) in
the form (10.45), let i be a given index suchthat 1 <i <p —r,andlethbea (p — r)-
dimensional row vector having only the trailing i components nonzero. Then, a linear
combination of the simple proper rational basis vectors, with McMillan degree at
most n;, can be generated as

v(A) := hC;(AE; — A; — KC)) " (B, + KDy) + hD; , (10.55)

where K is an output injection matrix such that v(A) has the least possible McMillan
degree.

This result shows that the determination of a linear combination of vectors of a sim-
ple proper rational basis up to a given order n; is possible directly from a proper
rational basis determined in the form (10.45). The matrix K together with a mini-
mal realization of v(1) can be computed efficiently using minimal dynamic cover
techniques presented in Sect. 10.4.2. The same approach can be applied repeatedly
to determine the basis vectors v;(1), i =1, ...,p — r, of a simple basis using the
particular choices h = eiT, where ¢; is the i-th column of /,_,.
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10.3.3 Poles and Zeros Computation

The computation of poles of a rational matrix G (1), with an irreducible descriptor
system realization (A — LE, B, C, D), comes down to compute the eigenvalues of
the regular pole pencil A — AE. This can be achieved by computing the eigenval-
ues of A — AE from the GRSF of the pair (A, E). The finite poles are the nf, finite
eigenvalues of A — AE, while there are n,° = rank E — n}; infinite poles (recall that
the multiplicities of infinite eigenvalues are in excess with one with respect to the
multiplicities of infinite poles). The McMillan degree of G (1) results as

8(G() = n), +n® =rank E .

A straightforward application of the Kronecker-like form is the computation of
the system zeros. Let G(A) be a rational matrix, with an irreducible descriptor system
representation (A — AE, B, C, D). The system zeros are those values of A, where the
system pencil

SO = [A _CAE g} = M — N

drops its rank below its normal rank. Thus, the system zeros can be determined
from the eigenvalues of the regular pencil M., — AN, in the Kronecker-like form
(10.19) of the pencil M — AN. This can be achieved by computing the eigenvalues
of M,.q — AN,e, from the GRSF of the pair (M, Nyeg). If M,y — AN ., has n’j finite
eigenvalues, these are the nf finite transmission zeros of the system. Additionally,
there are nZ° = rank N, — nf infinite zeros (recall that the multiplicities of infi-
nite eigenvalues are in excess with one with respect to the multiplicities of infinite
ZEeros).

10.3.4 Additive Decompositions

Consider a disjunct partition of the complex plane C as C = C, U C;, where both
C, and C,, are symmetrically located with respect to the real axis, C,, has at least one
point on the real axis, and C, N C;, = @. Let G(A) be arational TFM with a descriptor
systemrealization (A — AE, B, C, D). We describe a state-space approach to compute
the additive decomposition

G(A) = Gyz(A) + Gp(), (10.56)

where G4 () has only poles in C,, while G, (X) has only poles in Cp.

The additive spectral decomposition (10.56) can be computed using a block
diagonalization technique of the pole pencil A — AE (9.68). The basic computa-
tion is to determine the two invertible matrices U and Z to bring the matrices of
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the transformed pair (UEZ, UAZ) in suitable block diagonal forms. The follow-
ing procedure computes the additive decomposition (10.56) using the descriptor
realization (A — AE, B, C, D) of G(A), by determining the descriptor realizations
(Ag — AEg, By, Cq, Dg) of Gg(X) and (Ap — AEy, By, Cp, Dp) of Gp(A).

Procedure GSDEC: Generalized additive spectral decomposition
Inputs : G(A) =(A—AE,B,C, D), C,
Outputs: Gg()x) = (Ag — )LEg, Bg, Cg, Dg), Gb()x) = (Ab — )»Eb, Bb, Cb, Db)

1) Using the QZ algorithm, compute orthogonal U; and V}, such that the
matrix pair (U}AV), U EV)) is in an ordered GRSF

=[5 vew=[5%].

such that A(A; — AE,) C C, and A(A, — AE,) C C\ C,.
2) Compute the left and right transformation matrices, U, and V, respectively,

of the form
1Y I1X
e=lor] v=[o7)

where X and Y satisfy the Sylvester system of equations

AgX + YA, = _Agb s
E,X +YE, = —Eg,.

3) Compute
Bg
s |=UUB. [C G ]=CViVa, Dy=D. D,=0,
b

where the row partitioning of U, U;B and column partitioning of CV;V, are
analogous to the row and column partitioning of U;AV/.

The resulting pencil U,U; (A — AE)V,V, at Step 2) is block diagonal. The exis-
tence of a unique solution (X, Y) of the Sylvester system to be solved at Step 2)
is guaranteed by A(A; — AE,) N A(Ay — LE,) = (. An efficient solution method,
which exploits the GRSFs of the pairs (A,, E;) and (A, Ep), has been proposed in
[68].
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10.3.5 Coprime Factorizations

Consider a p x m rational matrix G(A) having a descriptor system realization
(A —AE,B, C, D), for which we will not assume further properties (e.g., mini-
mality or irreducibility). Consider also a disjunct partition of the complex plane
as C=C,UC,, C,NC, =0, where C, and C, denote the “bad” and “good”
regions of C, respectively. In this section we present algorithms for the computation
of a right coprime factorization (RCF) of G(A) in the form G(L) = N(MWM~' (1),
where N(A) and M(A) are proper rational matrices with all poles in C, and are
mutually coprime (see Sect.9.1.6 for definitions). A special case relevant for many
applications is when C, = C; and C, = C\ C, and we additionally impose that
the denominator factor M(}) is inner. The algorithms to compute RCFs can be
equally employed to determine a left coprime factorization (LCF) of G (1) in the form
G(\) = M~"(A)N(L), where N(A) and M (}) are coprime proper rational matrices
with all poles in C,. We can determine the factors of a LCF factorization from those
of a RCF of GT (%) = NT () (M T(A))il. Therefore, we only discuss algorithms for
the computation of RCFs.

The presented algorithms compute RCFs with minimum-degree denominators,
by employing a recursive pole dislocation technique (see Sect.9.1.6), by which all
poles of G (A) situated in C,, are successively moved into C,, via recursive pole—zero
cancellations with elementary denominator factors. To cancel a real pole 8 € C;, of
G (1), we multiply G (1) from right with an elementary invertible proper factor M)
of McMillan degree one, which has 8 as a zero and y € C, as a pole. For a complex
pole, the corresponding M (1) would contain complex coefficients. Fortunately, we
can simultaneously cancel a pair of complex conjugate poles 8, 8 € C;, of G(1), by
post-multiplying G () with an elementary invertible proper factor M (1) of McMillan
degree two, having only real coefficients. This factor has g and f as zeros and
71, ¥2 € C, as poles (either two real poles or a pair of complex conjugate poles).
This pole—zero cancellation technique can be successively employed to dislocate all
np, poles of G(A). The resulting denominator factor can be represented in a product
form as B B _

M) =M (MM (2) - - - M (1), (10.57)

where each 1\7,-()») (i=1,...,k) is an invertible elementary proper factor with
McMillan degree equal to one or two. The computational procedure can be for-
malized as k successive applications of the updating formula

N | _ | NieiV) | 5 .
[Mi(k)]—[M”(M}MI(A), i=1,... .k, (10.58)

initialized with Ny(A) = G(A) and My(A) = I,,,. Then, N(A) = Ny (X)) and M(A) =
M, ()). By this approach, it is automatically achieved that the resulting M (1) has the
least achievable McMillan degree ny.
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We can derive state-space formulas for the efficient implementation of the updat-
ing operations in (10.58). Assume N;_;(A) and M;_; (i) have the descriptor realiza-
tions

Ayl — AE A — AE| By A_FEl B
Nioi(M) 0 Ay — AEpn| By ==
= = , 10.59
|:Mi—1 (9] Cn.1 Cv> |Dw gN gN ( )
Cu,i Cuy |Du M

where A(Ay — AEy») C Cp. We assume that Ayy — AEy is a 1 x 1 pencil in the
case when Ay, — AE); has a real or an infinite eigenvalue, or is a 2 x 2 pencil,
in the case when Ay — AEy, has a pair of complex conjugate eigenvalues. This
form automatically results if the pair (A, E) is in the specially ordered generalized
real Schur form (GRSF) determined using Procedure GSORSF in Sect. 10.1.4. If
B, = 0, then the eigenvalue(s) of Ay, — AE>; is (are) not controllable, and thus can
be removed to obtain realizations of N;_;(A) and M;_; (1) of reduced orders

|:Ni—1 (A) ] _
M;_1(A)

After suitable reordering of diagonal blocks of A;; — AE}; using orthogonal simi-
larity transformations (see Sect. 10.1.4), a new realization N;_;(A) and M;_;(A) can
be determined with the matrices again in the form (10.59). If B, # 0, then we have
two cases, which are separately discussed in what follows.

If the pencil Ay, — LE», has finite eigenvalues (i.e., Ey; is invertible), then the pair
(A2 — LEy, By) is (finite) controllable and there exists F, such that the eigenvalues
of Ay + ByF, — AEj; can be placed in arbitrary locations in C,. Assume that such
an F has been determined and define the elementary factor M;(\) = (An + BoFhr —
MEy, BbW, F,, W), where W is chosen to ensure the invertibility of M;(A). To
compute stable and proper RCFs, the choice W = [, is always possible. However,
alternative choices of W are necessary to ensure, for example, that M, ;(A) is inner. It is
easy to check that the updated factors N;(A) and M;()) in (10.58) have the realizations

(10.60)

Al — AEN Ap + BiF, — AEp | BIW

[Nim } _ [N,-_l(x) } W0 = 0 An+BF, —AEn|BW
M;0) |7 [ MoV Cw.1 Cno+DyFy |DyW
Cu 1 Cyupz+DuFy |DyW

If we denote F = [O F, ], then the above relations lead to the following updating
formulas:
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A < A+BF,
B < BW,

CN < CN+DNF
DN (—DNW
DM (—DMW

(10.61)

If the 1 x 1 pencil Ay — )»Ezg has an infinite eigenvalue (i.e., E»» = 0), then
we choose the elementary factor M;(A) = (y — A, By, F», W), where y is an arbi-
trary real eigenvalue in C,, W is a projection matrix chosen such B,W = 0 and

rank [ﬁé :| = m, and F, has been chosen such that B,F, = —Ay andrank[ F, W | =

m (the rank conditions guarantee the invertibility of M;(L)). Straightforward choices
of F> and W are, for example, F, = —B] (B,B}) 'Ap and W = I,, — B} (B,B])'B,.
By this choice of M;()A), we made the infinite eigenvalue in the realization of the
updated factors N;(A) and M;(A) simple, and after its elimination, we obtain the
realizations

Ay — AE A+ BiFy — AE | BiW
Ni) | | Niai(d) M) = 0 Y — A B
M) |7 [ M) | Cn.1 Cn2+DyF, |DyW
Cu,1 Cyy+DyF, |DyW
The above relations lead to the following updating formulas:
1 (A1 A +B1F2] ’
L 0 1
= [Ei En
E <« i 0 1 ],
B[],
3 (10.62)

Cy < [Cn.i Cna+ DyF2 ],
Cu « [Cy.1t Cuz + DuFa ],
Dy < DyW,
l~)M <~ DyW.

The updating techniques relying on the formulas (10.61) and (10.62) ensure that,
if the original pair (A, E) was in a GRSF, then the updated pair will have a similar
form, possibly with A—A\E having a 2 x 2 trailing block which corresponds to two
real generalized eigenvalues (to recover the GRSF, such a block can be further split
into two 1 x 1 blocks using an orthogonal similarity transformation). By reordering
the diagonal blocks in the GRSF of the updated pair (A, E), we can bring in the
trailing position new blocks whose generalized eigenvalues lie in C,. The described
eigenvalue dislocation process is repeated until all eigenvalues are moved into Cy,
using suitably chosen elementary denominators.
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The following procedure computes a proper and stable RCF of an arbitrary
rational TFM G (1) with respect to a given partition C = C, UC, as G(A) =
NA)M~ 1()») where the resultmg factors N() and M (k) have the realizations
N(A) = (A — AE,B,Cy,Dy) and M()A) = (A AE,B, Cy, D).

Procedure GRCF: Generalized stable right coprime factorization

Inputs : G(A) = (A — AE,B,C,D) withA, E € R"", B € R, C € R"*",
D € R7; Cg and Cp, such that C = C, U C,, C, N Cp, =0

Outputs: N(\) = A — AE B,Cy, DN) and M(A) = (A — AE, B, Cu» DM)
such that G(L) = N(AMM (), all finite eigenvalues of A — AE are in
C, and all infinite eigenvalues of A — AE are simple

1) Compute, using Procedure GSORSF, the orthogonal matrices Q and Z to
reduce the pair (A, E) to the special ordered GRSF

_ As * % B 0 % =
A=Q"AZ=| 0 A, % |, E:=Q"EZ=|0E, * |,
0 0 A 00 E,

where Ay, € R""*"=" ig invertible and upper triangular, with r = rank E,
A(A, — AE,) C G, with Az, E, € R"*" and A(A, — AE)) C C,, with
Ap, Ep € R”bX"b ComputeB = Q'B, Cy :=CZ,Cy = 0,Dy = D,Dy; = I,.
Setqg =n — np.
2) If g = n, Exit.
3) Let (A, Ex) be the last k x k diagonal blocks of the GRSF of (X, E)
(with k=1 or k=2) and let B, be the k x m matrix formed from the
last k rows of B. If IB2]] < € (a given tolerance), then remove the parts
correspondmg to the uncontrollable elgenvalues A(Ay — MEx):
A< A(l:n—k,1:n—k), E<—E(1 n—k,1:n-—k),
B<—B(1 n—k,1:m),Cy < Cn(l: p,l:n—k),
Cu < Cy(1: p,1:n—k);update n < n —k,q < g — k and go to Step 2).

4) If Ey # 0, determine F such that A(Ay + ByF2 — AEp) C C,.

Set F = [0 F,]and computeA <—A+BF CN <« CN—i—DNF CM <« CM—I—
DyF.

5) If Ey = 0, compute F, = —BJ (B,B}) 'Ay, and W = I,, — B] (B,B})"'B,.
Choose y € C, and updateA E B CN, DN, CM and DM using (10. 62)

6) Compute the orthogonal matrices Q and Z to move the last blocks of (A E) to
positions (¢ + 1, g + 1) by interchanging the diagonal blocks of the GRSF.
Compute A < QTAZ,E <« Q"EZ,B < Q"B, Cy < CyZ,Cy < CuZ.
Put ¢ < ¢ + k and go to Step 2).

This algorithm is completely general, being applicable regardless the original
descriptor reali;’atign is Cp-stabilizable or not, is infinite controllable or not. The
resulting pair (A, E) is in a special GRSF with n — r simple infinite eigenvalues
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in the leading n — r positions (no such block exists if E is invertible). A minimal
realization of the least McMillan degree denominator M (1) can be easily determined.
The resulting Cy has always the form

Cu =10 Cu2zl, (10.63)

where the number of columns of Z’M,z is equal to the number of controllable gen-
eralized eigenvalues of the pair (4, E) lying in C,. By partitioning accordingly the
resulting £, A and B

A A = | EnEnp =~ | By
R S A 1 R

then (Ayy; — AEy, By, (~,‘M,2, l~)M) is a minimal descriptor system realization of M ().
Notice however that the order of the minimal realization of M(A) can be higher
than the least possible McMillan degree if some eigenvalues of A — AE in C, are
controllable but not observable.

The Procedure GRCEF can be interpreted as an extension of the generalized pole
assignment algorithm of [127], which generalizes the pole assignment algorithm
of [123] for standard systems. The roundoff error analysis of this latter algorithm
[124] revealed that if each gain matrix F, computed at Step 4) or Step 5) satisfies
|F2l < «||All/|IB]l, with k having moderate values (say ¥ < 100), then the standard
pole assignment algorithm is numerically backward stable. This condition is also
applicable in our case, because it is independent of the presence of £. We note how-
ever that, unfortunately, this condition cannot be always fulfilled if large gains are
necessary to stabilize the system. This can arise either if the unstable poles are too
“far” from the stable region or if these poles are weekly controllable. Nevertheless,
the Procedure GRCF can be considered a reliable algorithm, since the above con-
dition can be checked at each computational step and therefore the potential loss of
numerical stability can be easily detected.

A similar recursive procedure can be developed to compute RCFs with inner
denominators. In this case, we use the partition of the complex plane with C, = C;
and C, = C\ C;. A necessary and sufficient condition for the existence of such a
factorization is that G (1) has no poles in d C, (the boundary of C;). In the continuous-
time case, this means that the pencil A — sE has no finite eigenvalues on the imaginary
axis and all infinite eigenvalues of A — sE are simple. In the discrete-time case,
A — zE has no eigenvalues on the unit circle centred in the origin. However, for the
sake of generality, G(z) can be improper, thus A — zE may have multiple infinite
eigenvalues.

For the computation of the RCF with inner denominators we use a similar recursive
pole dislocation technique as in the case of a general RCEF, using elementary inner
factors. The denominator factor results in the factored form (10.57), where each M; (1)
(i=1,...,k)is an elementary inner factor with McMillan degree equal to one or
two. These factors are used to reflect the unstable poles of G (1) to stable symmetric

b
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positions with respect to the imaginary axis, in the case of a continuous-time system,
or with respect to the unit circle in the origin, in the case of a discrete-time system.

In what follows, we give the formulas to determine the elementary inner factors to
be used in (10.57) and derive appropriate updating formulas of the factors. We assume
N;_1(}) and M;_; (1) have the descriptor realizations in (10.59) and B, # 0 (other-
wise the uncontrollable part Ay, — AE»; can be removed from the realization, see
(10.60)). In the case when Ay, — AE»; has finite eigenvalues (i.e., Ey; is invertible) we
choose the elementary inner factor as Mi(k) = (A + BoF> — AEx», BoW, F>, W).
The updating formulas for this case are the same as those employed in Procedure
GRCEF given in (10.61). For the computation of F, and W we have the following
results.

Lemma 10.1 Let (Ay — sEx, By) be a controllable continuous-time descriptor pair
with~E22 invertible and A(Ay — sE»;) C C,. Then the elementary denominator fac-
tor Mi(s) = (Axp + ByFy — sEx, BoW, Fr, W) is inner by choosing F, and W as

ApYE}, + Ey YA, — B,B] =0,
F, = —BJ(YE},)™', W =1,.

Lemma 10.2 Let (Ay, — zE»n, By) be a controllable discrete-time descriptor pair
with~E22 invertible and A(Ay — zE»;) C C,. Then the elementary denominator fac-
tor Mi(z) = (Ap + BoFy — zEy, BoW, Fy, W) is inner by choosing Fy and W as

A22YA52 - BszT = E22YE2Tz’
FZ = _BQT(YAgz)_I,
WT(I + By (E,,YEL) 'B,)W = 1.

If the 1 x 1 pencil Ay, — zE>; has an infinite eigenvalue (i.e., E»; = 0), then we
have the following result for the choice of the elementary inner factor.

Lemma 10.3 Let (Ay, — zEy, By) be an infinite controllable discrete-time descrip-
tor pair with Ey = 0, and Ay nonzero. Then the elementary denominator factor
M;(z) = (0 + zAx, By, Fp, W) is inner by choosing F, and W as

Fy = =B} (B,B}) Ay,
W =1- Bl (B,B})"'B,.

By this choice of M;(z), we made the infinite eigenvalue in the realization of the
updated factors N;(z) and M;(z) simple, and after its elimination, we obtain the
realizations

Ay —zEy A+ B1Fy — zE;p | BIW
[Ni(Z)] — |:Ni—1(Z) ] (o) = 0 ZA» B,
Mi(z) | (M) | Cn.1 Cno2+DyF, |DyW |’
Chr 1 Cu2+DuklFy |DyW

The above relations lead to the following updating formulas:
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’e A Az + BiF> = En Ep = BW
A (_[O 0 ], E<—[0_A22:|, B<_|:B2 :|,

QN < [Cni Cyo+DyF2 ], Cu < [Cm.a Cuo+DuFa],
Dy < DyW, Dy < DyW.

(10.65)

The following procedure computes a stable RCF with inner denominator of a ratio-

nal TFM G (i), without poles in dCy, as G(A) =N ()\)M:1 (1), where the result-

ing factors N(A) and M (A) have the realizations N(A) = (A — AE,B, Cy, l~)N) and

M) = (A — AE, B, Cy, Dy).

Procedure GRCFID: Generalized RCF with inner denominator

Inputs : G(A) = (A — AE,B,C,D) withA, E € R"™", B e R, C € R"*",
D € RP*™

Outputs: N(A) = (A — AE, B, Cy, Dy) and M(A) = (A — AE, B, Cy1, D)
such that G(A) NO)M~'()), M(}) is inner, all finite e1genvalues
of A — AE are in C, and all infinite eigenvalues of A — AE are simple

1) Compute using Procedure GSORSF, the orthogonal matrices Q and Z to
reduce the pair (A, E) to the special ordered GRSF

B Agp * % _ 0% x*
A=0"Az=| 0 A, x|, E:=0Q0"EZ=|0E, x |,
0 0 A, 00E,

where A, € R""7*"=" jg invertible and upper triangular, with r = rank E,
A(A; — AEy) C C; with Ay, Eg € R™™ and A(A, — AE,) C C, with

Ay, E, € R™*". Compute B:=Q"B,Cy:=CZ,Cy =0,Dy =D,

DM =1,.Setqg=n—n,.

2) If g = n, Exit.

3) Let (Ax, E») be the last k x k diagonal blocks of the GRSF of (A, E) (with
k =1 or k = 2) and let B, be the matrix formed from the last k rows of B.
If || B2 || < ¢ (a given tolerance), then remove the parts corresponding to the
uncontrollable eigenvalues A(Az — AEn)): A<« A(l n—k,1:n—k),

E <—E(1 n—k,1:n—k), B <—B(1 n—=k,1:m),
CN <—CN(1 p,1:n—k), CM <—CM(1 p,1:n—k);updaten < n—k,
q < q — k and go to Step 2).

4) If Ey # 0, compute F, and W according to Lemma 10.1 in the
continuous-time case or according to Lemma 10.2 in the discrete-time case.
Set F = [0 F,]and updateA B, CN, DN, CM and DM using (10.61).

5) If By, = 0, compute F, = —B} (B,B])™'A, » and W = I,, — BI(B,B})~'B,,
and updateg E E E’N, Dy, CM and DM usmg (10.65).

6) Compute the orthogonal matrices Q and Z to move the last blocks of (A E) to
positions (g + 1, ¢ + 1) by interchanging the diagonal blocks of the GRSF.
Compute A < QTAZ,E < QTEZ,B < Q"B, Cy < CyZ,Cy < CyZ.
Put ¢ < ¢ + k and go to Step 2).
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The resulting inner factor M (X) has least McMillan degree, only if all unstable
generalized eigenvalues of the pair (E, A) are observable. A minimal realization of
M (X)) canbe explicitly determined as (A, — AE2, B, C M2, DM) where the matrices
of the realization are defined in (10.64) and (10.63).

The numerical properties of Procedure GRCFID are similar to those of Proce-
dure GRCEF, as long as the matrix gains || F; || at Steps 4) and 5) are reasonably small.
However, this condition for numerical reliability may not always be fulfilled due to
the lack of freedom in assigning the poles. Recall that the unstable poles are reflected
in symmetrical position with respect to dC;, and this may occasionally require large
gains.

10.3.6 Inner—Outer Factorization

In the light of the needs of the synthesis algorithms presented in Chap. 5, we discuss
the computation of the inner—outer factorization of a particular p x m rational matrix
G (1), namely which is proper and has full column rank. Assume that G(X) has an
n-th order descriptor system realization

G(\) = [A_%’%} , (10.66)

with E an invertible n x n matrix. Consider the disjunct partition of the complex
plane as C = C, U C,. We discuss the computation of the inner—outer factorization
of G (1) either in the compact form

G =GiiM)G (M), (10.67)

or in the extended form

G =[G GiaW ] [G”O(’\)} Gi(v) [G ()‘)] , (10.68)

where G;(1) := [ G;,1(A) Gi2()) ] is a square inner TFM (i.e., with G;;(A) inner
too), and G, (1) is an invertible quasi-outer TFM, having all zeros in C;. The sta-
bility of G,(}) is ensured, provided G (1) is stable. The component G;»(A) is a
complementary inner factor (also called an “orthogonal” complement of G; (1))
(see Sect.9.1.8).

For the computation of inner—outer factorization of G (1), a special reduced form
of the system matrix will be instrumental.

Proposition 10.5 Let G(A) be a p x m proper rational matrix of full column rank
with a stabilizable realization given in (10.66). Then, there exist orthogonal matrices
U and Z such that

A; — AE; * %
[g ﬂ [A = zﬂ Z=|_ 0 Aw—iEg Bu |. = (1069
O Cul Dué
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where

(a) The regular pencil A; — AE; contains the zeros of G(A) in @s;
(b)  The descriptor system defined by

Aul — )\Euﬁ Buﬁ :| (10 70)

Gu) =
u@( ) [ Cu( Du[
is proper, with the ny x ny matrix E,, invertible, is stabilizable, has full column
rank and has only zeros in C,,.

Proof This proposition is a simplified version of a slight variation of Theorem 3.1 of
[97] combined with Theorem 2.2 in [94], where constructive proofs are also given to
determine the orthogonal matrices U and Z, as well as the condensed form (10.69),
using numerically stable computational algorithms. For convenience, we describe
the main computational steps of this reduction for the considered particular case. Let
us denote the initial system pencil as

So(h) = [—A —= lﬂ

and observe that Sy(X) has full column rank n 4+ m and furthermore [A — AE B ]has
full row rank for all > € C,,. The reduction algorithm has three computational steps,
which are presented in what follows.

(1) Compute orthogonal Z; such that
[c D]zi=[0 ¢ ],

with C;l) of full column rank and define

AD gD 4D p (D
Si) == SW)Z, = |: = 0 H—L co 12
Since E is invertible, it follows that [ E 1(11) E 1(? ] has full row rank n.

(2) Compute orthogonal U and Z, to reduce the pencil A(lll) —AE fll) to a Kronecker-
like form (see Sect. 10.1.6)

As—AE; * *
As—AE; *
Ul —2eN)z, = 0 Ay—AE, % ;=[ $ 0 T i }
0 0 AK_)\EK ul ul

where A(A; — AES) C @s, A(A, — AE,) C C,, and A;—AE, has full column
rank for all A € C. Define

Ag—AE;s * *
Sp (1) = diag(U, )S1 (1) diag(Zp, 1) = 0  Aug—*Eu Bug—AFue |.
0 0 cP
2
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It easy to show that [Auy—AEu Bu—MFy ] has full row rank for all » € C,
and also [ E,; F . ] has full row rank.
(3) Compute orthogonal Z3 such that

- = Eux O
ERdn =[]

with E,; invertible. Define

Ay — AE; * *
S3(A) = S2(A) diag(d, Z3) = 0 Ay —AE, By
0 CuK Duﬂ

The properties (a) and (b) follow immediately from the above properties of the
blocks of the reduced final form. The overall transformation matrix Z is defined as

Z = Z,diag(Z,, I) diag(1, Z3) .

Remark 10.7 This proposition extracts from the original system (10.66) a proper
system (10.70) which has a standard inner—outer factorization. It can be shown that
there exists an invertible G, (1) with zeros only in C, such that

GuMG(R)=GR).

It follows that G ¢ (A) and G (1) have the same inner factor. Assume G;() is a square
inner TFM such that
Go,l ()V) i|

Gu(h) = Gi() [ 5

is an extended standard inner—outer factorization, where G, | (A) has only zeros in
C;. Then with G, (1) := G, 1(A)G, (1) we immediately obtain an inner—quasi-outer
factorization of G (1) in the form (10.68). O

We discuss now the computation of the inner—outer factorization separately for
the continuous-time and discrete-times cases.

In the continuous-time case, we can further refine the reduced form (10.69) by
observing that D, is full column rank (otherwise G, (s) would have infinite zeros).
Therefore, we can compress D, to a full row rank matrix using an orthogonal trans-
formation matrix V, such that

viD,, = [l())f} i c,=vic, = [gﬁﬂ , (10.71)

where D, is invertible. With this, we have the following result from [97].
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Proposition 10.6 Let G(s) be ap x m proper full column rank rational matrix with a
stabilizable realization (10.66), let U and Z be orthogonal transformation matrices
such that (10.69) holds and let V be an orthogonal transformation matrix which
compresses D,y as in (10.71). Let X, be the positive definite stabilizing solution of
the generalized continuous-time Riccati equation (GCARE)

Al XE, +E} XA, — (E},XB,, + C},D,)
x (DL,D,) "' (Bl XE, +D!,C,) +ClC,=0 (10.72)
and let F; be the corresponding stabilizing feedback
F,=-R'B!'XE,+D.,C,),

with R := DZZDME > 0. Then, the factors of the inner—quasi-outer factorization
(10.68) are given by

B
Ay +B,F — SEul|BuZDZ X, 'E,/ C/,

Gi(s) =[Gii(s) Gia(s) | =V Ce,1 + DF; 1 0
Cer 0 I
and
A —sE|B
Go(s) = [ =~ ~i| P
C |D

where [E‘ l~)] =RV[0F,1]Z".
In the discrete-time case, we have the following result from [94].

Proposition 10.7 Let G(2) be a p x m proper full column rank rational matrix with
a stabilizable realization (10.66), and let U and Z be orthogonal transformation
matrices such that (10.69) holds. Let X be the stabilizing solution of the generalized
discrete-time Riccati equation (GDARE)

Al XA, — ELXE,, — (Al XB, + CL,D,,)
X (DD, + ByXB,) ™ (ByyXA, + Dy C ) + CyCpp = 0 (10.73)
and let Fg be the corresponding stabilizing feedback
Fy=—R™' By XA, +DyC,),

with R := DI,D , + Bl X .B,, > 0. Then, the factors of the inner—quasi-outer fac-

s ul

torization (10.67) are given by
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Aut + BuFy — 2E|BuR ™
Cut +DuFs  |DuR™?

Gii(@) = [

and

G _ A—zE|B
(}(Z)_ E‘ 5 9

where [E‘ 5] = RI/Z[O F; I]ZT.

Remark 10.8 The complementary inner factor G;»(z) can be computed in the form
[164]

Ape + BuFs — zE| Y
Gi,z(Z)Z[ Lt (| }

Cu[ + Duer |W

where Y and W satisfy
ALXY+CLW =0,
BI.X.Y +DI,Ww =0,
WIw +YTX,y =1.

==

To compute Y and W we can determine first an orthogonal nullspace basis |:

Az{lxs CuTK Z =0
BuX, Dy | LW

and then compute ¥ = YL 'and W = WL! whereLisa Cholesky factor satisfying

)

satisfying

WI'W +Y'X,Yy =L"L.

A numerically reliable way to compute the orthogonal nullspace is via the singular
value decomposition

ATXYC,,T 50 .
55 5] -1 [E v

where X' is an invertible k x k diagonal matrix and [ U, U2] and [ Vi Vz] are com-
patibly partitioned orthogonal matrices. Then we can set

-+

where V, is a matrix whose orthonormal columns span the right nullspace
basis. O
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10.3.7 Linear Rational Matrix Equations

Several synthesis algorithms presented in Chap. 5 (see Sect. 7.9) involve the solution
of linear rational equations of the form

GMX(A) =F), (10.74)

where G(}) and F()) are given p x m and p X g rational matrices, respectively,
and X () is the m x g rational matrix sought, which must have the least possible
McMillan degree. It is a well-known fact that the system (10.74) has a solution
provided the rank condition

rank G(A) = rank[ G(A) F(A) ] (10.75)

is fulfilled. We assume in what follows that this condition holds.
The general solution of (10.74) can be expressed as

X)) =Xo(A) + Xn (W)Y (1), (10.76)

where X (1) is any particular solution of (10.74), Xjy(A) is a rational matrix whose
columns form a basis for the right nullspace of G (1), and Y (1) is an arbitrary rational
matrix with compatible dimensions. In the case when both Xy(A) and Xy (X) are
proper, a possible approach to compute a solution X (A) of least McMillan degree is
to determine a suitable proper Y (A) to achieve this goal. A geometric control theoretic
method for this purpose has been developed in [88], based on computing minimum
dynamic covers. This method has been turned into an efficient and numerically
reliable state-space computational approach in [133], which can be used to determine
a least McMillan degree solution of (10.74) for this particular case.

Since Xy (A) can always be chosen proper (see Sect. 7.4), the main difficulty using
the above approach is the computation of an appropriate Y (1) in the case when there
is no proper solution of (10.74), and thus Xy (1) cannot be chosen proper. To overcome
this difficulty we can determine X ()) so that its polynomial part corresponds to a
minimal number of infinite poles. These infinite poles originate from the intrinsic
improper nature of any solution of (10.74) and are related to the common infinite zeros
of G(A) and F(1). In what follows, we show how to determine a special particular
solution X (A) with minimum number of infinite poles. Then, we determine a rational
basis Xy (1) for the right nullspace of G (1) which will serve to determine a solution
X()) of least McMillan degree. This goal is achieved by employing an approach
similar to that of [88] to determine a proper Y (1) to reduce the McMillan degree
of the proper part of Xy(A). This approach relies on the generalized minimum cover
algorithm of [136].

Computation of Xy(A)

Let assume that the rational matrices G (A) and F'(1) have descriptor realizations of
order n of the forms


http://dx.doi.org/10.1007/978-3-319-51559-5_5
http://dx.doi.org/10.1007/978-3-319-51559-5_7
http://dx.doi.org/10.1007/978-3-319-51559-5_7

352 10 Computational Algorithms and Software

G(L) = [#’%], F()) = [#’%ﬂ , (10.77)

where we only assume that the pencil A — AE is regular. Such realizations, which
share the pair (A — AE, C), automatically result from a minimal realization of the
compound TFM [ G) F(A) ]

Let Sg(A) and Sr(A) be the system matrix pencils associated to the realizations
of G(A) and F())

So(h) = [A _C’\E gﬂ L Sr() = [A _CAE gﬂ .

Using the straightforward relations

A—AE Bg | _ I, 0
[ 0 G(A):| - |:_C(A_AE)—1 Ipi|SG(?»),

A—AE Br I, 0
|: 0 F()»)] - [—C(A Y IP]SF()\),

it is easy to see that X (1) is a solution of G(A)X (X)) = F(}) if and only if

| Yu ) Yo (h)
Yo = |:Y21()») X(h) }

is a solution of
Sc(MY (L) = Sr(A). (10.78)

The existence of the solution of (10.78) is guaranteed by (10.75), which is equivalent
to
rank Sg (A) = rank[ Sg(A) SF(1) ]. (10.79)

It follows that, instead of solving the rational equation G(A)X(A) = F (L), we can
solve the polynomial equation (10.78) and take

XM =[0L,]Y®) [10] :

q

In fact, since we are only interested in the second block column Y;(A) of Y (X), we

need only to solve
A — ME Bg | Br
[ c DG] Yo(0) = [DF:| (10.80)

and compute X (1) as
X)) =[01,] ().
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The condition (10.79) for the existence of a solution becomes

A — AE Bg K A — AE Bg Br
C Dg C DgDr |-

(10.81)

rank [

To solve (10.80), we isolate a full rank part of S (A) by reducing it to a particular
Kronecker-like form. Let Q and Z be orthogonal matrices to reduce S () to the
Kronecker-like form

_ Br Ar - )“Er Ar,reg - )\Er,reg *
Sg(L):=0S¢MZ=|0 0 Aveg — MEreq * . (10.82)
0 0 0 A;— AE

where A, — AE,, is a regular subpencil, the pair (A, — AE,, B,) is controllable
with E, invertible and the subpencil A; — AE; has full column rank forall » € C. The
above reduction can be computed by employing numerically stable algorithms, as
those described in Sect. 10.1.6.

If Y, () is a solution of the reduced equation

Sa¥20 = 0 [ i ] , (10:83)

then Y»(A) = ZY, (1), and thus
X() =[01,]ZY,(0)

is a solution of the equation G (A)X (1) = F()). Partition

B,

_B d
Q|:_DF:| = | B>
r 2

B

in accordance with the row structure of Sg (A). Since A; — AE] has full cohimn rank,
it follows from (10.81) that B3 = O (otherwise no solution exists). Thus, Y, (1) has
the form -

Yi2(A)

222 A)
Y |’
0

Y1) =

where the partitioning of Y, (1) corresponds to the column 1 partitioning of Sc(1). To
determine a particular solution Xo (1), we can freely choose Y'1,(4) = 0 and determine
Y2 () and Y3,(A) by solving

722()‘-) _ )‘-Er - Ar )‘-Er,reg _Ar,reg - El
YBZ(X) N 0 )‘Ereg _Areg B2 '
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Let partition [0 I, ]Z in accordance with the column structure of Sg (1) as

[0 Im ]Z == [Dr Cr Creg C]] (1084)
and denote

T F— |:Ar —())\.Er Ar,reg - )LErﬁregi| i ]

8] 4.
Apeg — AEpeq = |:§2:| » C=1[C Crgl. (1085)

Then, a particular solution X,(A) of the equation G(1)X(A) = F (1) can be deter-
mined with the descriptor system realization

A—AE|B

Xo(A) = — . 10.86

0(A) |: c Oi| ( )

Some properties of X, (A) can be easily deduced from the computed Kronecker-like
form. The pair (C,A— AE)is always observable, but, in general, the pair (A— AE,B)
may be uncontrollable. The poles of Xy(A) are among the generalized eigenvalues
of the pair (A, E) and are partly freely assignable and partly fixed. The generalized
eigenvalues of the pair (A,, E,) are called the “spurious” poles, and they originate
from the column singularity of G (1). These poles are freely assignable by appropriate
choice of a (non-orthogonal) right transformation matrix [131]. The fixed poles are
the controllable eigenvalues of the pair (A, — AE,, Ez). If G(\) and F (1) have no
common poles and zeros then the pair (A, — AE,, Ez) is controllable. In this case
Xo (1) has the minimum possible poles at infinity.

According to the dual of Lemma 9.5, there exists a solution X, (1) without a pole
in y (finite or infinite) if the pole and zero structures of G(X) and [G(X) F(1)] at
y coincide. For practical computations, this implies that some or all of common
poles and zeros of G(X1) and [G(X) F(X1)] will cancel. This cancellation can be done
explicitly by removing the uncontrollable eigenvalues (finite and infinite) of the pair
(Areg - )"Eregs BZ) _

Removing the uncontrollable eigenvalues of the pair (A, — AE,g, B2) can be
done using the generalized controllability staircase form algorithm of Procedure
GCSF described in Sect. 10.1.5 (see also Sect. 10.3.1). By applying this algorithm,
two orthogonal matrices Q,., and Z,,, are determined such that all uncontrollable
finite eigenvalues are separated in the trailing part of the transformed regular pen-
Cil Qreg(Areg — AEreg)Zreg, While the corresponding rows of Qreg§2 are zero. The
uncontrollable part of the triple (K — \E, B, 6) can be thus eliminated by remov-
ing the appropriate trailing rows and columns from the matrices of the transformed
triple (Q(A — AE)Z, OB, CZ), where Q = diag(l, Q) and Z = diag(l, Z.,). The
same technique can be used to remove the uncontrollable infinite eigenvalues by
simply interchanging the roles of matrices A and E, thus working on the triple
(E — M, B, C). For the sake of simplicity we reuse the same notation (with bar)
by assuming that the pair (A — AE, B) is already controllable, thus the resulting
Xo(A) fulfils the requirement for a minimal number of poles at infinity.
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To compute the particular solution Xy(A) we employed exclusively orthogonal
similarity transformations to determine the matrices of a descriptor realization in
(10.86). Therefore, this computation is numerically stable, because we can easily
show that the computed system matrices in the presence of roundoff errors are exact
for an original problem with slightly perturbed data.

In view of the order reduction step described later, we need to enforce a block
diagonal descriptor matrix E in (10.85) (i.e., with E, ¢ = 0). This can be easily
achieved by performing an additional non-orthogonal column transformation using
the transformation matrix

Ve [1 —E,lE,,,eg} _

0 I

The transformed system AV — A_EV, B,CV,0), representing also Xy (A), has thus a
block diagonal descriptor matrix E'V. To simplify the presentation we will reuse the
notation with bar and assume in what follows that E, ,,, = 0 in (10.85).

Computation of Xy(\)

Using the same reduction of Sg (1) to Sc(V) as in (10.82), a _right nullspace basis
Xy (1) of G(A) can be computed from a right nullspace basis Yy (A) of Sg(A) as

Xv() =101,1ZYN () .
We can determine Y (1) in the form
1
(}\Er - Ar)_]Br

0
0

Ynv(h) =

With C, and D, defined in (10.84), we obtain a descriptor realization of Xy (1) as
A, — AE,|B,
Xy () i= [ c D,}

Obviously Xy (A) is proper and controllable. Furthermore, according to Proposi-
tion 10.2 applied to the dual realization of X 16()»), the realization of Xy (1) is observ-
able, provided the realization of G () in (10.77) is observable. Moreover, the poles of
Xy (1) are freely assignable by appropriately choosing the transformation matrices Q
and Z to reduce the system pencil S¢ (1). Note that, to obtain this nullspace basis, we
performed exclusively orthogonal transformations on the system matrices. We can
prove that all computed matrices are exact for a slightly perturbed original system.
It follows that the algorithm to compute the nullspace basis is numerically stable.
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Computation of a Least-Order Solution X ())

We can represent Xy (1) to have the same state, descriptor and output matrices as
Xo(X). Let these realizations of Xy(1) and Xy (1) be

Z _ )\'E E E Ar - )\Er Ar,reg El Br
[XO()‘-) XN()\)] = — — —r = 0 Areg — )\Ereg B, 0 ’
C |DD,
' C, Cwg |0 D,
(10.87)

where E, is invertible.

We consider first the case when X((A) is proper, that is, all eigenvalues of the
pencil A,,; — AE,, are finite and thus E is invertible. In this case, it was shown
in [88] that a solution with least McMillan degree can be determined as X (1) =
Xo(A) + Xy (M) Y (A) by choosing an appropriate proper Y (). This can be done by
determining a suitable feedback matrix F, and a feedforward matrix L, to cancel the
maximum number of unobservable and uncontrollable poles of

A+B,F, — AE|B+B,L,
X = | 5= o (10.88)
c D+

It can be shown that if we start with a minimal realization of [ G(A) F(A) ], then we
cannot produce any unobservable poles in X()) via state feedback. Therefore, we
only need to determine the matrices F, and L, to cancel the maximum number of
uncontrollable poles.

This problem has been solved in [88] by reformulating it as a minimal order
dynamic cover design problem. We denote A =E'A, B:=E~'B, and B, :=
E'B,,and also B = span B and B, = span B,. Consider the set

={V:B+AV C B, +V},

and le_t J_* denote the set of subspaces in J of least dimension. If V € J*, then a
pair (F,, L,) can be determined such that

(A+ B,F,)V +span (B+B,L,) C V.

Thus, determining a minimal dimension V is equivalent to a minimal order cover
design problem, and a conceptual geometric approach to solve it has been indicated
in [88]. The outcome of his method is, besides V), the pair (F,, L,) which achieves
a maximal order reduction by forcing pole—zero cancellations. This approach, in the
case of standard systems (i.e., E =), has been turned into a numerically reliable
procedure in [133] and extended to the descriptor case with invertible E in [136].
In this latter procedure, F, and L, are determined from a special controllability
staircase form of the pair (A — AE, [ B, B]) obtained using a numerically reliable
method relying on both orthogonal and non-orthogonal similarity transformations.
Details of this algorithm are given in Sect. 10.4.3.
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It is possible to refine this approach by exploiting the structure of matrices in
(10.87). Assuming F', = [ F, F,, ] is partitioned according to the structure of A, we
get from (10.88)

Ar + BrFr - )‘-Er Ar,reg + BrFreg El + Brzr
X(A) = 0 Areg - )‘«Ereg B
C,+D,F,  Cpg+D,Fpe |D+D,L,

gince the eigenvalues of A,,, — AE,,, are not controllable via B,, the state feedback
F, affects only the blocks A, — AE, and A, ... To make a maximum number of
eigenvalues of A, + B,F, — AE, uncontrollable we can alternatively solve a mini-

mum dynamic cover problem of lower dimension for the system
Ar - )\Er| [Ar,reg El ] Br]
Cr |[ Cr,reg B] Dr

[Xo., () Xy() ] = |:

by determining an appropriate state feedback matrix F, and a feedforward matrix
[ Freg L, ]. Besides lower size of the computational problem, the main advantage of
this approach is that it is applicable regardless A,., — AE,, has infinite eigenvalues
or not.

10.4 Special Algorithms

In this section we describe several algorithms, which are instrumental in addressing
least-order synthesis problems of fault detection and isolation filters and the solution
of the Nehari problem, which is encountered in solving least distance problems.

10.4.1 Special Controllability Staircase Form Algorithm

The computational methods of minimum dynamic covers, presented in Sects. 10.4.2
and 10.4.3, rely on a special controllability staircase form (see Sect. 10.1.5) involving
a controllable descriptor pair (A — AE, [ B| By ]), where A, E € R"*" with E invert-
ible, B; € R™"™, B, € R, The main difference to the reduction performed in
Procedure GCSF is in exploiting, at the j-th reduction step, the partitioned form of
the matrix BY™" .= [ BY;I) Bgfl) ], by compressing its rows in two steps. In the first
step, the rows of BYﬁl) are compressed, while in the second step, those columns of
the updated Bg D are compressed, which are linearly independent of the columns
of Bi"*l). All row compressions can be performed using orthogonal similarity trans-
formations.

The following procedure determines for a descriptor triple (A — AE, [ B; By 1, C),
two orthogonal transformation matrices Q and Z such that for the resulting triple
(QTAZ — AQTEZ,[Q"B, Q"B, 1, CZ), the pencil [ "B, Q"B, QTAZ — A\QTEZ ]
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is in a special controllability staircase form with QT EZ upper triangular.

Procedure GSCSF: Generalized special controllability staircase form

Input :(A—AE,[B; B,],0)

Outputs: 0, Z, (A—AE,[B; B,1,C):=(QTAZ—)QTEZ,[Q"B, QTB, 1, CZ),

(Vl,ja VZ,j)» ] = l, ey 14

1) Compute an orthogonal matrix Q such that Q7 E is upper triangular;
compute A < QTA,E < Q"E,B, < Q"B|,B, < Q"B,.SetZ =1,.

2) Setj=1,r=0,vi9=m,v20=my, AQ=A4,EQ=E B” =8, BY=8,.

3) Compute orthogonal matrices W and U such that

Agj_12j-3| Agj—12j—2 | V1

WT I:BY;D |Bg71) :I = 0 A2j,2j—2 Vi
0 0 P
Vi,j-1 V2,j—1

with As;_ 23 and Ay; »j—» full row rank matrices and WTEV=DU is
upper triangular.
4) Compute and partition

Agj—12j-1 Agjm12j Azji—12j41 | Vi

WTAV-DY = Agjoj—1 Az Agjoj vy j
BY BY AD | p
V1) V2 j P

Eyji12j-1 Ezj—12j Ezj—12j41 | Vi

WTE(jil)U = 0 E2j,2j E2j,2j+l vy, j
i 0 0 ED  |p
Vi, V2, o
5) Fori=1,...,2j — 2 compute and partition

Aigj U= [Aigj—1 Aig Aigjs1]
Vij V2 P

Eioi U:= [Ej-1 Eis Eii1]
Vij V2, P

6) Q < Q diag(l,, W), Z < Z diag(l,, U), C < C diag(l,, U).
T) r < r+v;+ v ;if p =0, then £ = j and Exit;
else, j <—j + 1 and go to Step 3).




10.4 Special Algorithms 359

At the end of this algorithm we have A—A\E = QT(A A\E)Z, B:=[0Q"B,
0'B, ], C:=CZEis upper triangular, and the pair (A B) is in the special staircase
form

(AL _1AiolA11 A+ Alaees Alae—s Arse-r Arae
0 AxplAriAx -+ Asppz Aprnen Az Adpg
0 0 |A31A3 - A3z Az Az Azpe
0

[§|Z]: 010 Aa--- Agoes Adae2 Az As2e | (10.89)
010 0 A i2e3A20-1202A20-1201A2e1,2
0 00 0 -+ 0 Az Az Ao |

where Azj 1,2—3 € R"7>V9 and Agjoi o € ]sz,xw, are full row rank matrices for
j=1,..., £ Theresulting upper triangular matrix E has a similar block partitioned

form
EiWEp -+ Eipe-1 Eipe

0 Ex - Eryp1  Expe

E= Do : : ) (10.90)
0 0 - Ex_120-1 Ezo—12¢
o 0 - 0 Erp e
The resulting block dimensions (vi; v2;), j =1, ..., £, satisfy
m =vio=vi1=--->v>0

and
My=1Vy0>Vy1>-->1>0

and represents the dimensions n; := Zfz (Vvijandny = Zle 1, j of two subspaces,
which underlie the computation of appropriate minimal dynamic covers in the next
sections.

When implementing Procedure GSCSF, the row compressions at Step 3) are
usually performed using rank-revealing QR factorizations with column pivoting.
This computation can be done in two steps, first by compressing the r rows of ng_l)
to a full row rank matrix As;j_; ;3 using an orthogonal matrix W, (i.e., as WIT Bg’_l)),
and then by compressing the trailing r — vy ; rows of wl Bg ~ (o a full row rank
matrix Ay; »j_» using a second orthogonal matrix W». The overall transformation W
at Step 3) results as W = W, diag(l,, ;,, W>). Both reductions can be performed using
sequences of Givens rotations, which allow to simultaneously perform the column
transformations accumulated in U to maintain the upper triangular form of EV=1,
This reduction technique is described in detail in [125]. Using this technique, the
numerical complexity of Procedure GSCSF is O(n*), provided all transformations
are immediately applied without accumulating explicitly W and U. The usage of
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the more robust rank determinations based on singular values decompositions would
increase the overall complexity to O(n*) due to the need to accumulate explicitly W
and U. Regarding the numerical properties of Procedure GSCSF, it is possible to
show that the resulting system matrices A, E, B, C are exact for slightly perturbed
original data A, E, B, C, while Q and Z are nearly orthogonal matrices. It follows that
the Procedure GSCSF is numerically stable. In the standard case we have E = I,
and therefore Q = Z and E=1I

Example 10.1 For £ =3, [E Z] and E have similarly block partitioned forms

A1 Ao |Ann A Az An Ars Age B E E
Aro |A21 Az Az Axs Ass Ass 6] Elz E]6
0 |A31 A3 A3z A3y Aszs Asg Fo 2o e
0 | 0 Asp Asz Ay Ass Ase | | 1 ¢ :
0|10 0 As3 Asqa Ass Ase
0 0 0 0 Ags Aes Ags

[Bla]=

O O --- Eg

[=NeNelNoNe]

10.4.2 Order Reduction Using Minimum Dynamic
Covers of Type 1

The computational problem which we address in this section is the following: given
a descriptor pair (A — AE, B) with A, E € R™*" and E invertible, B € R"*", and
B partitioned as B = [ B; B, ] with B; € R, B, € R™, determine the matrix
F € R™*" such that the pair (A + BoF — AE, By) is maximally uncontrollable (i.e.,
A + ByF — AE has maximal number of uncontrollable eigenvalues).

This computation is useful to determine least-order solutions of linear rational
equations using state feedback techniques. Consider the compatible linear rational
system of equations G (A)X (1) = F(A), where G(A) and F'(A) are given and X () is
sought. Assume X; (1) and X, (1) are two proper TFMs, which generate all solutions
of the rational system of equation G(A)X (1) = F(A) in the form

XA) =X1(M) +XR)Y (), (10.91)

where X;(A) is any particular solution satisfying G(A)X;(A) = F(X), Xo(A) is a
proper rational basis of the right nullspace of G(}) (i.e., G(A)X3(A) = 0),and Y (1) is
arbitrary, having appropriate dimensions. Assume X; (A) and X, (A) have the descrip-
tor system realizations

[Xi(b) Xo(0) ] = [#’%} , (10.92)

with the descriptor pair (A — AE, [ By B, ]) controllable and E invertible. Let F be a
state feedback gain and define the TFMs
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S _ [A+BF —AE|B, B,
(%100 %] .—[ T DJ (10.93)
It is straightforward to check that
Xi(0) =Xi() + XY (), () =X (W)Y (), (10.94)
where Y (1) and 17()0 have the descriptor system realizations
S..1_ [A+BoF —AE|By By
[YO) Y] _[ i 01 } (10.95)

Therefore, X; (A) and Xz(k) also generate all solutions, because X (A) is another
particular solution, while X, (1) is another right nullspace basis, because Y(A) is
invertible. If F is determined such that the pair (A + BoF — AE, By) is maximally
uncontrollable, then the resulting realization of X 1 (1) contains a maximum number of
uncontrollable eigenvalues which can be eliminated using minimal realization tech-
niques. Thus, Xi(0) represents another particular solution with a reduced McMillan
degree.

Remark 10.9 The above approach achieves the maximum order reduction for Xi(V)
provided the descriptor system realization (A — AE, By, C, D;) is maximally observ-
able,i.e.,thepair (A + BoF — AE, C + D, F) is observable for any F [88]. If this con-
dition is not fulfilled, then the least -order can be achieved after a preliminary order
reduction, where a maximum number of unobservable eigenvalues are eliminated
using a suitable choice of F. If E =1 and D, = 0, a numerically stable algorithm
proposed in [116] to compute the maximal (A, B;)-invariant subspace contained in
the kernel of C can be employed for this purpose. If E is a general invertible matrix,
then the same algorithm can be applied to the triple (E~'A, E~'B,, C), provided E is
not too ill conditioned. The case D, # 0 can be addressed using the extended system
technique suggested in [6, p. 240]. (]

An important application of the above order reduction technique is to determine
least-order combinations of a left nullspace basis vectors, which satisfy additional
fault detectability conditions (see Sect. 7.5). In this case, we deal with ahomogeneous
equation Q(A)G (1) = 0 and find a suitable fault detection filter Q(A) in the form

Q(A) = HN;(A) + Y(M)N,(2), (10.96)
where N;(}) is a proper rational left nullspace basis of G (1) and H is a constant matrix

(to be appropriately selected to fulfil the fault detectability condition). Assuming
N;(A) has the observable descriptor realization

A} — LE)|B
Nl(x)z[ e ’Dl]
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this leads to a dual problem to be solved in Sect. 7.5, which involves an observable
pair (A; — AE;, Cl) with invertible E; and with a C ; matrix partitioned as

~ HC,
G = [ « } .
In this case, a matrix K is sought such that the pair (A; + KC; — AE;, HC}) is maxi-
mally unobservable. For this purpose, the algorithm described in this section can be
applied to the controllable pair (A] — AE], [HC] C[ ) to determine a suitable “state
feedback” KT, which cancels the maximum number of uncontrollable eigenvalues.
We denote A = E~'A, B = E~'B;, B, = E"'B,, and also and B, = span B,
and B, = span B,. The problem to determine F which makes the pair (A + B,F —

MLE, B1) maximally uncontrollable is equivalent [162] to compute a subspace V of
least possible dimension satisfying

A+B,F)VCV, B, cCV. (10.97)

This subspace is the least-order (A, B,)-invariant subspace which contains B, [162].
The above condition can be equivalently rewritten as a condition defining )V as a Type
I minimum dynamic cover [40, 71]

AV CV+B, B cCV. (10.98)

In this section we describe a computational method for determining minimal
dynamic covers, which relies on the reduction of the descriptor system pair (A —
MLE, [B1, By]) to a particular condensed form, for which the solution of the problem
(i.e., the choice of appropriate F') is simple. This reduction is performed in two stages.
The first stage is the orthogonal reduction performed with the Procedure GSCSF
presented in Sect. 10.4.1. In the second stage, additional zero blocks are generated in
the reduced matrices using non-orthogonal transformations. With additional blocks
zeroed via a specially chosen state feedback F, the least-order (A, B,)-invariant
subspace containing B can be identified as the linear span of the leading columns
of the resulting right transformation matrix. In what follows we present in detail the
second reduction stage as well as the determination of F.

We assume that after performing the Procedure GSCSF, we obtained the orthog-
onal transformation matrices Q and Z, such that the transformed system triple

(A—AE,[B; B,1,C) := (Q"AZ — »Q"EZ,[0"B, 0"B, ], CZ) (10.99)

has the pair (X, E), with B = [El §2, ], in the staircase form (10.89) and the matrix E
El the block structured form (10.90). The dimensions of the first 2¢ diagonal blocks of
A and E are determined by the two sets of dimensions vy jand v jforj =1, ..., £,and
define the dimensions nj := Zj:‘ vij and np == Zle v j. Additionally, parti/\tion
the columns of the resulting C in accordance with the column structure of A in

(10.89) ~
C=[CICp- Cyy Coy] . (10.100)
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In the second reduction stage we use non-orthogonal upper triangular left and
right transformation matrices W and U, respectively, to annihilate the minimum
number of blocks in A and E which allows to solve the minimum cover problem.
Assume W and U have block structures identical to E. By exploiting the full rank
of submatrices Ay 2x—» We can introduce zero blocks in the block row 2k of A
by annihilating the blocks Ay o1, for j =k, k+ 1, ..., £. Similarly, by exploit-
ing the invertibility of E5;_;;—1, we can introduce zero blocks in the block Tow
2k — 2 of E by annihilating the blocks Ey_25j1, for j = k k+ 1 E of E. ThlS
computation is performed for k =¢,£—1,...,2. Let A= WAU E:= WEU,
[31 B2] = W[B1 Bg] = [B1 Bz] and C = CU be the system matrices resulted
after this (non-orthogonal) reduction. Define also the feedback matrix F € R™*"
partitioned column-wise compatibly with A

F=[F 0F; - 0Fy;_0],
where Fp;_; € R™*" are such that Ay oFj_1 + Az -1 =0forj=1,..., ¢ Wlth

this feedback we introduced ¢ zero blocks in the second block row of A + BZF
Finally, consider the permutation matrix defined by

5, 0|0 0[]0 017
0, 0|0 0
|0 o]0 0], O
P=1=7.10 oo o (10.101)
0 0 I,-~]0 0
L0 00 00 1,

If we define L = PWQ', V = ZUP" and F = FV~!, then overall we obtained
the reduced system (A AE [31 Bz] C [Dy D)) deﬁned with

§ 5 Aj — M:711|A12 — M
A—AE =LA+ BF —AE)V = )
0 Ay — 1Ey
o BulBr (10.102)
] =2 me] = | |
0 |B2x
= (C+DF)V =[G ]

where, by construction, the pairs (A” — AEll,Bll) and (Azz — AEZQ, Bzz) are in
controllable staircase form. Thus, by the above choice of F, we made n; of the n
eigenvalues of the pencil A + B>F — AE uncontrollable via B . It is straightforward
to show that the matrix V; formed from the the first n; columns of V satisfies
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AV, = ViE['Ay — BoFVy, By = ViE['By; .

Thus, according to (10.98), V := span V) is a dynamic cover of Type I of dimension
n;. It can be shown using the results of [71] that )V has minimum dimension.

To illustrate the computational procedure, we consider the reduced system in
Example 10.1. First, the following zero blocks are introduced: Ags, Ess, A4z, Ags,
E»3, E»s (in this order). The resulting A and E are

Al Ap Az Ay Ars Ages Eyn Enn E3 Ey Ers Egg
Azl Az Az Ay Ads Aog 0 Exn 0 Exy 0 Ex
i Az A3y A3z Azg Ass Az o 0 0 Ez3 Ezy Ess5 E3
0 Ap, 0 Ay 0 Ay | 0 0 0 Eyy 0 Eyg
0 0 As3 Asy Ass Ase 0 0 0 0 EssEsg
0 0 0 Ag 0 Ags 0 0 0 0 O Eg

Additional blocks are zeroed using the feedback F to obtain

Al A Az Ay Ars Ags
0 Ap 0 Ay 0 A
BT A3y Azp Azz Azg Ass Az
0 Ap 0 Ay 0 Ay
0 0 As3 Asy Ass Asg
0 0 0 Ags 0 Ag

Finally, after block permutations, we obtained the controllable staircase forms

oo 5 A _1|A1—AE Ai3—AE13 Ais—AE;s
[BulAn—2En]=]| © Azl Az—AEs3 Ass—AEss |,
0 0 As3  Ass—AEss

L 5 Az0|Az2 — AEyy Azq — AEps Ags — AEns
[322|A22—)»E22] =| 0 A Ay — AEyq Age — MEys
0 0 Aes Ao — MEgs

The above approach to compute a minimum dynamic cover of Type I is the
basis of Procedure GRMCOVERI, presented in what follows. This procedure
determines, for a pair of generators (X;(1), X2(A)) with the descriptor realizations
given in (10.92), explicit minimal realizations for )?1 (A) and Y (1) (see (10.93) and
(10.95)) in the form

~ AEy — Ay |Bi AEy — Ay B
X)) = N , Y(A) = N ,
C D, o 0
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where FPT =: [131 F, ], with F having n; columns.

Procedure GRMCOVER1: Order reduction using dynamic covers of Type I
Inputs : X;(A) = (A — AE,By,C,Dy) and X, (1) = (A — AE, B, C, D»)
Outputs: }?1()») = (All — )»E]], Blls él, Dl) and

Z()\.) = (A“ — )LE“, Ell’ ﬁl: O) such that

X1 (A) = X1(M) + X> (M) Y (A) has least McMillan degree.

1) Apply Procedure GSCSF to the system triple (A—AE, [B; B, ], C) to
determine the orthogonally similar system triple (Z — AE, [§1 §2 1, 6)
defined in (10.99) and (10.100), and the dimensions vy ; and v, ; for j =
1,...,4;setn; := Zle V1.

2) With A partitioned as in (10.89) and E partitioned as in (10.90), perform the
second stage of the special reduction for Type I covers:

Set W =1, U = I, and partition W and U in blocks analogous to E
in (10.90).
fork=4¢,0—-1,...,2
Comment. Annihilate blocks Ay oj—1, forj =k, k+1,...,£.
forj=Fk k+1,...,¢
Compute Up—2,2;—1 such that Ay o 2Uz—2,2j-1 + Aog2i-1 = 0.
Aigji1 < Aipj1 + Ao 2Us20j—1,i=1,2,...,2k.
Ei,2j—l <« Ei,2j—l + Eiyzk_zUQk_zyzj_], i=1,2,...,2k—2.
Cojm1 < Cyjm1 + Copr2Upk—2 91 -
Uigi-1 < Uigjo1 + Uigk—2Usknpj1, i = 1,2, ..., 2¢.
end

Comment. Annihilate blocks Eog_p0j—1, forj =k, k+1,..., L.
forj=kk+1,...,¢
Compute Wa_2 21 such that Wy 2 5; 1Esj_12j—1+Ex_22i-1=0.
Apjni < Apppi+ Woopj1Asji1;, i =2 —2,2j—1,...,2¢.
Epk—ni < Enjoi+ Waoj 1By i=2j,2j+1,...,2¢.
Wok—2,i < Wa—2i+ W22 1Waj—1,,i=1,2,...,2¢.
end
end
Denote A — AE := WAU — AWEU, [B, B, ]:= W[B, B, ], C := CU.
3) Compute F = [F1OF; --- 0Fy_; 0], where Fy;_; € R’"zx”fﬂ are such that
Ay oFyi_1 +Azpi1 =0forj=1,..., ¢
4) With P defined in (10.101), compute A — AE = P(A + BoF — AE)P,
B; = PB;,C = (C+ DyF)P" and F = FPT.
5) SetXi (%) = (Al:ny, 1ing) — AE(Liny, 1ing), Bi(1:ny, 2), CC, 1:iny), Dy)
and Y(A) = (A(L:ny, Lim) — AE(Ling, i), By(1:ny, ), F G, 1:ny), 0).
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As stated in Sect. 10.4.1, the reduction of system matrices to the special control-
lability form at Step 1) can be performed using exclusively orthogonal similarity
transformations. It can be shown that the computed condensed matrices Z E El, Ez
and C are exact for matrices which are nearby to the original matrices A, E, By, B,
and C respectively. Thus this part of the reduction is numerically backward stable.

The computations performed at Step 2), representing the second stage of the
special reduction and the computation of the feedback matrix F at Step 3) involve
the solution of many, generally overdetermined, linear equations. Therefore, these
steps are generally not numerically stable. In spite of this, the numerical reliability
of the overall computations can be guaranteed, as long as W and U, the block upper
triangular transformation matrices employed at Step 2), have no excessively large
condition numbers. The condition numbers can be approximated as k(L) & || W||%
and« (V) = ||U ||%. It follows that if these norms are relatively small (e.g., <10,000)
then practically there is no danger for a significant loss of accuracy due to performing
non-orthogonal reductions. On contrary, large values of these norms provide a clear
hint of potential accuracy losses. In practice, it suffices only to look at the largest
magnitudes of the generated elements of W and U at Step 2) to obtain equivalent
information. For the computation of F, condition numbers for solving the underlying
equations can be also easily estimated. However, a large norm of F is an indication
of possible accuracy losses. For Step 2) of the reduction, a simple operation count
is possible by assuming all blocks are 1 x 1, and this indicates a computational
complexity of O(n?). Thus, the overall computational complexity of Procedure
GRMCOVERTI is also O(n?).

10.4.3 Order Reduction Using Minimum Dynamic
Covers of Type 11

The computational problem which we address in this section is the following: given
the descriptor system pair (A — LE, B) withA, E € R™" and E invertible, B € R™*",
and B partitioned as B = [ B] B, ] with B} € R™™, B, € R", determine the
matrices F and G such that the pair (A + B,F — AE, B; + B,G) has maximal number
of uncontrollable eigenvalues.

This computation is useful to determine least-order solutions of linear rational
equations using state feedback and feedforward techniques. For the compatible lin-
ear rational system of equations G (A)X (1) = F(A), considered also in Sect. 10.4.2,
assume there exists a particular solution X (A) which is proper. Then, the general
solution can be expressed as in (10.91), where X, (1) is a proper rational basis of the
right nullspace of G(1). The proper TFMs X; (1) and X,(A) thus generate all solu-
tions of G(A)X(A) = F(X). Assume X; (1) and X, () have the controllable descriptor
realizations in (10.92) with invertible E. Let F be a state feedback gain and let G be
a feedforward gain. Then, the TFMs defined as

(10.103)

[X1(0) %00 ] = [A+BzF — )ME|Bi + B,G 32]

C + DyF |D1 + D,G D,
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generate also all solutions. It is straightforward to check that

X)) =X () +X2(0YR), Xa(h) =Xa(WYR), (10.104)

where Y (1) and ?()\) have the descriptor system realizations

(10.105)

[Yo) Y0 ] = [A+32F_AE|BI + B,G BZ} .

F | G 1

It follows that X, (A) is another particular solution, while )~(2(A) is another right
nullspace basis, because Y (%) is invertible. If the gains F and G are determined such
that the pair (A + BoF — AE, B| 4+ B,G) is maximally uncontrollable, then the result-
ing realizations of )?1 (A) and Y (A) contain a maximum number of uncontrollable
eigenvalues which can be eliminated using minimal realization techniques. Thus,
Xi(0) represents another particular solution with a reduced McMillan degree. An
important application of the above order reduction technique addressed in Sect.7.9
is to determine a least-order solution of the EMMP by solving a dual linear rational
equation G(A) = X(A)H (A) using the techniques presented in Sect. 10.3.7.

The problem to determine the matrices F’ and G, which make the descriptor system
pair (A + BoF — AE, B; + B>G) maximally uncontrollable, is essentially equivalent
[88] to compute a subspace V having least possible dimension and satisfying

(A+B,F)YV CV, span(B, +B,G)CV, (10.106)

v_vhere A :E’IA, B, = E"'By, and B, = E"'B,. If we denote B; = span B, and
B, = span B;, then the above condition can be equivalently rewritten also as a con-
dition defining a Type II minimum dynamic cover [40, 71] of the form

AVCV+B,, B cV+B,. (10.107)

The computation of the minimal dynamic covers of Type II can be done in two
stages using a similar technique as for the Type I covers presented in Sect. 10.4.2.
The first stage is identical to the reduction performed for covers of Type I and is
performed using Procedure GSCSF. Two orthogonal transformation matrices Q
and Z are determined, such that the transformed system triple

(A—AE,[B,B,1,C) := (OTAZ — AQ"EZ,[O"B, O"B,1,CZ)  (10.108)

has the pair (K, E), with B = [§2 El, ], in the staircase form (10.89) and the matrix E
in the block structured form (10.90). The dimensions of the first 2¢ diagonal blocks of
A and E are determined by the two sets of dimensions vy jand v jforj =1, ..., £,and
define the dimensions n; := Z/:le vy and np := Zf.zl V2 ;. Additionally, partiAtion
the columns of the resulting C in accordance with the column structure of A in
(10.89)

C=[C1 G- Coy O] (10.109)


http://dx.doi.org/10.1007/978-3-319-51559-5_7

368 10 Computational Algorithms and Software

In the second reduction stage we use non-orthogonal upper triangular left and
right transformation matrices W and U, respectively, to annihilate the minimum
number of blocks in A and E which allows to solve the minimum cover problem.
Assume W and U have block structures identical to E. By exploiting the invertibility
of the diagonal blocks Ey; ;, we can introduce zero blocks in the block row 2k — 1
of E by annihilating the blocks Es;_ 5, for j =k, k + 1, , L of E. Similarly, by
exploiting the full rank of submatrices Ag;_j 2x—3, We can 1ntr0duce zero blocks in
the block row 2k — 1ofA by anmhllatlng the blocks Aot 2> f¢ forj=k—1, k L.
LetA = WAU E = WEU [Bg Bi]:= W[Bz Bl 1= [Bz Bl ] andC CUbethe
system matrices resulted after this (non-orthogonal) reduction.

Choose the feeigforward matrix G € R™*™ suchthatA; _1G + A; o = 0 and the
feedback matrix F € R™*" partitioned column-wise compatibly with E as

=[0F; --- Foy »0F50],

where F; are such that Aj _1Fy; + A5 = Oforj = 1,.... £. With the permutation
matrix
r07,]0 O0--|0 07
0 00 I,,[---|]0 O
_ 0O 0|0 Of---]0 IUz,z
F= I,, 00 O]--]0 0 |~ (10.110)
0 0|, Of--]0 O
LO 0|0 O}, 0 ]

we define L = PWQ', V = ZUP" and F = FV~=!. Overall we obtain the reduced
system (A — AE, [ B, B ], C, [ D, D ]) defined with

.. Ay — AE; A — AE
A—AE::L(A+B2F—AE)V=|: 1 ulAiz ”}

0 |An -2k,

y 0 |B
[BzBl]ZZL[Bz|Bl+BZG]=|:E 12], (10.111)

=(C+DF)V = [C1|éz],
[D:[L

where, by construction, the pairs (A“ — AEH, l§‘12) and (Azz — AEZZ, I§21) are in
controllable staircase form. Thus, by the above choice of F' and G, we made n;
of eigenvalues of the pair (A + B,F — LE, By + B,G) uncontrollable. The first n,
columns V) of V, satisfy

| :=[D2|D1 + D2G ],

AV) = ViEj'Ay, — B,FVy, B,G = ViE'Bi, — By
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and thus, according to (10.107), span a Type II dynamic cover of dimension n, for
the pair (A, [B; Bz ). It can be shown using the results of [71] that the resulting Type
II dynamic cover ¥ has minimum dimension.

To illustrate the computational procedure, we consider the reduced system in
Example 10.1. First, the following zero blocks are introduced: Esq, Asa, Asg, E34,
E36, A3'2, A34, A36, Elz, E14 and E16 (111 this order). We obtain

A1 A1o|An A Az Ay Ags Agg
Az |A21 Axp Az Asg Az s Ass

0 [A33 0 Az 0 Aszs O
0| 0 Ap Asz Ags Ays Ags |’
010 0 A3 0 As5 O
L 0 0 0 0 Ag Aes Ags

[E\y 0 Ei3 0 Ejs 0
0 Ey Ex Exy Exs Exg
0 0 Esy; 0 Ess O
0 O 0 Eu Ess Ege
0
0

0
(BB |A]=| |
0
0

o)
Il

0 0 0 Ess O
0 0 0 0 Ee

Additional blocks are zeroed using the feedback F and feedforward gain G to obtain

A1 0 JA; 0 A3 0 A5 O
Az |A2 1 Ay Ax3 Ay Ads A

0 |A3; 0 A3 0 A3 O
0| 0 Agp Az Ass Ays Ass
010 0 As3 0 Ass O
010 0 0 Ag Ags Ags

(B, B + B:G[A + BoF | =

[N eNeBeNe)

Finally, after block permutations, we obtained the controllable staircase forms

Aro|Asp —AEs 0 Ap g — AEp 4 Ar g — AEy 6

[E] |IZ\1 — AE, =1 o0 Ay Aga —AE44 Agg — AEss |,
0 0 As 4 As6 — AEs s
oo y Ay _1|A11 —AE 1 A1 — AE13 A1 s — AET 5
[32|A2 —AE =] 0 Az A3z — M3 3 A3s — AE3s
0 As3 Ass — AEss

The above approach to compute a minimum dynamic cover of Type II is the
basis of Procedure GRMCOVER?2, presented in what follows. This procedure
determines, for a pair of generators (X;(%), X2()) with the descriptor realizations
given in (10.92), explicit mlnlmal reahzatlons for X1 (A) and Y(X) (see (10 103)
and (10 105)) in the form X1 ()\.) (A11 - )\E]l, Bl2, C], D]) and Y()\) (A]] -
AEll, Blz, Fl, G), where FPT = [F] Fz] with F1 having n, columns.
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Procedure GRMCOVER2: Order reduction using dynamic covers
of Type 11

Inputs :)51 ) = ({\ — AE,!?], g, DL) anud XoA)=A— ):E, B, g, Dzu) 5
Outputs: %1()») = (A1 — AE11,B12,C1,Dy) and Y(A) = (A1 — AE11, B12, F1, G) such that
X1(A) = X1 (X)) + X2 ()Y (A) has least McMillan degree.

1) Apply Procedure GSCSF to the system tiipleA (AA— AEA,[Bz B 1, C) to determine the
orthogonally similar system triple (A — LE, [ B2 B ], C) defined in (10.108) and
(10.109), and the dimensions vy ; and v ; forj = 1,..., ¢; setny := Zle V2.

2) With A partitioned as in (10.89) and E partitioned as in (10.90), perform the second stage
of the special reduction for Type II covers:

Set W = I,,, U = I, and partition W and U in blocks analogous to Ein (10.90).
fork=¢,0—1,...,1
Comment. Annihilate blocks Ep; 1 j, forj =k, k+1,...,¢.
forj=k,k+1,...,¢
Compute W1 2j such that Wy, 1 2;Ej 2 + Eak—1,2 = 0.
Azkfl,,' <~ A2k,1.,* + W2k71,2jA2j.is i= 2j -2, 2j —1,...,2¢.
Eop—1,i < Epk—1,i + Wak—12jE2ji, i = 27, 2j + 1,...,2¢L.
Wok—1,i < War—1,i + Wak12iWoj i =1,2,...,2€.

end
if K > 1 then
Comment. Annihilate blocks A1 2;, forj =k —1,k,..., L.
forj=k—1,k, ..., ¢
Compute U2k_3,2_,‘ such thatAZk_1,2k_3 Uzk_3,2_,‘ +A2k_1’2j =0.
Aipj < Aigj +Aiok—3Us-325,i=1,2,...,2k—1.
Einj < Eizj +Eiox3Uy 32,i=1,2,...,2k—3.
Coj <= Cyj + Cop—3Unp—325 .
Ul‘.zj <« U,'qzj + U; k-3 U2k73’2j, i=1,2,...,2¢.
end
end if

end
Denote A — AE = WAU — AWEU, [B, Bi] = W[B, B;],C = CU.
3) ComputelE =[0F --- Fap2 0 Fy 0], where F; are such that Ay 1 Fp; +
Arpj=0forj=1,...,¢ compute G such thatA; ;G + A =0.
4) With P in (10.110), compute A—AE=P(A+B,F —\E)PT, B; =P(B, +B>G),
C =(C+DyF)P", Dy =Dy + DyG and F = FPT. 5 }
5) SetXj(A) = (A(l :np, l:np) —AE(l:np, 1:np),Bi(1:n2,:), C(:, lznz),Dl)
and Y(A) = (A(1:m, 1:mp) — AE(L:ima, 1ima), By (1:ma, 0), F(:, 1:m2), G).

The numerical properties of Procedure GRMCOVER2 are the same as those of
Procedure GRMCOVERI1, which are discussed in Sect. 10.4.2.



10.4 Special Algorithms 371

10.4.4 Minimal Realization Using Balancing Techniques

The aim of the algorithm presented in this section is to determine minimal order
realizations of stable systems in a descriptor state-space form, by exploiting the
concept of balanced realization. For a balanced realization, the controllability and
observability properties are perfectly equilibrated. This is expressed by the fact that
the controllability and observability gramians are equal and diagonal. The eigenval-
ues of the gramian of a balanced system are called the Hankel singular values. The
largest singular value represents the Hankel norm of the corresponding TFM of the
system, while the smallest one can be interpreted as a measure of the nearness of
the system to a non-minimal one. Important applications of balanced realizations
are to ensure minimum sensitivity to roundoff errors of real-time filter models or
to perform model order reduction, by reducing large order models to lower order
approximations. The order reduction can be performed by simply truncating the sys-
tem state to a part corresponding to the “large” singular values, which significantly
exceed the rest of “small” singular values. In what follows we present a procedure
to compute minimal balanced realizations of stable descriptor systems. This proce-
dure is instrumental in solving the Nehari approximation problem (see Procedure
GNEHARI in Sect. 10.4.5).

For a stable state-space system (A — AE, B, C, D) with E invertible, the con-
trollability gramian P and observability gramian Q satisfy appropriate generalized
Lyapunov equations. In the continuous-time case P and Q satisfy

APET + EPAT + BBT =0,

ATQE+ETQA+CTC =0, (10.112)
while in the discrete-time case
T _ T T _
APA EPE' + BB 0, (10.113)

ATQA—ETQE+C'C =0.

Since for a stable system both gramians P and Q are positive semi-definite matri-
ces, in many applications it is advantageous to determine these matrices directly
in (Cholesky) factored forms as P = SS” and Q = R”R, where both S and R can
be chosen upper triangular matrices. Algorithms to compute directly these factors
have been proposed in [59] for standard systems (i.e., with E = I) and extended to
descriptor systems in [102]. The following minimal realization procedure proposed
in [113] extends to descriptor systems the algorithms proposed in [114] for standard
systems. This procedure determines for a stable system (A — AE, B, C, D) the mini-
mal balanced realization (A — AZ, E, C , D) and the corresponding balanced diagonal
gramian matrix X The nonzero Hankel singular values are the decreasingly ordered
diagonal elements of X and the largest Hankel singular value is |G (1) ||z, the Hankel
norm of the corresponding TFM G (1) = C(AE — A)~'B+D.
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Procedure GBALMR: Balanced minimal realization of stable systems
Input : (A - AE, B, C, D) such that A(A, E) C C;

Outputs: Minimal realization (A, B, C, D), ¥

1) Compute the upper triangular factors S and R such that P = SST and Q = R R satisfy
the appropriate Lyapunov equations (10.112) or (10.113), in accordance with the system
type, continuous- or discrete-time.

2) Compute the singular value decomposition

5 T
RES =[U; Uz][ﬁg][“%],
2

where £ > 0. _ ~
3) With the projection matrices Ty = ¥~ 1/2U lTR and T, = SV; £~ 1/2, compute the
matrices of the minimal realization (A, B, C, D) with

A=TAT,, B=TB, C=CT,.

Remark 10.10 The projection matrices satisfy T;ET, = I and for a minimal stan-
dard system (A, B, C,D) we have T; =T~ ! The reduction of a linear state-space
model to a balanced minimal realization may involve the usage of ill-conditioned
transformations (or projections) for systems which are nearly non-minimal or nearly
unstable. This is why, for the computation of minimal realizations, the so-called
balancing-free approaches, as proposed in [126] for standard systems and in [113]
for descriptor systems, are generally more accurate. In this case, we can avoid
any inversion using at Step 3) the projection matrices 7; = UIT R and T, =SV,
to obtain the descriptor minimal realization (Z —AE , E, C , D) with the invertible
E = T)ET,. O

10.4.5 Solution of Nehari Problems

In this section we consider the solution of the following optimal Nehari problem:
Given R()) such that R~(A) € Hyo, find a Y (L) € H, Which is the closest to R())
and satisfies

IR =Y (Mlloo = IIRT M)l - (10.114)

This computation is encountered in the solution of the AMMP formulated in

Sect.9.1.10. As shown in [51], to solve the Nehari problem (10.114), we can solve
instead for Y™ (1) the optimal zeroth-order Hankel-norm approximation problem

IR™(A) =Y Mllow = IIR" M)l - (10.115)

In what follows, we only give a solution procedure for the solution of (10.114) in the
continuous-time setting. The corresponding procedure for discrete-time systems is
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much more involved (see [58]) and therefore we prefer the approach based on employ-
ing a bilinear transformation as suggested in [51]. To solve the continuous-time
Nehari problem (10.114), we solve the optimal zeroth-order Hankel-norm approxi-
mation problem to determine Y (—s) such that

[R(=$) = Y(=8)lloo = IR7() = Y (oo = IR™ ()l - (10.116)

The following procedure is a straightforward adaptation of the general Hankel-
norm approximation procedure proposed in [51] and [108] for square R(A) with poles
only in C,. Assuming (A — AE, B, C, D) is a state-space realization of R(1) (not nec-
essarily minimal), this procedure computes the optimal stable Nehari approximation
Y(A) = (A —AE, B, C, D).

Procedure GNEHARI: Generalized optimal Nehari approximation
Input : R(\) = (A—AE,B,C,D)
Output: Y(1) = (A — AE, B, C, D) such that IR —YM) oo = IR (M) ||5-

1+s
—s°

1) For a discrete-time system employ the bilinear transformation z =
(E,A,B,C,D) <~ (E+A,A—-E, \/EB, \/EC(E +A)_1E, D—-C(E +A)_IB) .

2) Compute using the Procedure GBALMR the balanced minimal realization
(A B C D) of the system (—A —sE,—B,C,D) and the correspondlng
diagonal Gramian ) of the balanced system satisfying AS + TAT +
BB =0andA"Y + ZA+C'C = 0.

3) Partition Y in the form ¥ = diag(o1, fz), such that fg — o1l < 0and
partition A,Band C conformably with 3, as

~ [AnAn ~ [B ~_ 1A A
A=|5"="|, B=|5 |, C=|CG];
|:A21 Azz] [32} [GG]

compute an orthogonal U such that UBT = :61. o
4) Compute the descriptor system realization (A — AE, B, C, D) of Y (s) as

fzz—alzl

—(01A22 + Z‘21‘\22272 - 01C2 BT),
—(2232 +O'1C2 U),

szz + 01U32 ,

D — O']U

SO T
||

1

5) For a discrete-time system employ the bilinear transformation s = —:
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Remark 10.11 1f R() is not square, then the Procedure GNEHARI can be applied
to an augmented square R,(A) formed by adding a sufficient number of zero rows or
columns to R()\). From the resulting solution Y,(X) we obtain the solution Y (1) of
the original Nehari problem by removing the rows or columns corresponding to the
added zero rows or columns in R,(}). O

10.5 Numerical Software

Several basic requirements are desirable when implementing software tools for the
numerical algorithms discussed in this book. These requirements are

e employing exclusively numerically stable or numerically reliable algorithms;
ensuring high computational efficiency;

enforcing robustness against numerical exceptions (overflows, underflows) and
poorly scaled data;

ensuring ease-of-use, high portability and high reusability.

The above requirements have been used for the development of high-performance
linear algebra software libraries, such as BLAS, a collection of basic linear algebra
subroutines and LAPACK, a comprehensive linear algebra package based on BLAS.
These requirements have been also adopted to implement SLICOT, a subroutine
library for control theory, based primarily on BLAS and LAPACK. The general-
purpose library LAPACK contains over 1300 subroutines and covers most of the
basic linear algebra computations for solving systems of linear equations and eigen-
value problems. The specialized library SLICOT' contains over 500 subroutines and
covers the basic computational problems for the analysis and design of linear con-
trol systems. Among the covered problems we mention linear system analysis and
synthesis, filtering, identification, solution of matrix equations, model reduction and
system transformations. Of special interest for this book is the comprehensive col-
lection of routines for handling descriptor systems and for solving generalized linear
matrix equations, as well as the routines for computing Kronecker-like forms. The
subroutine libraries BLAS, LAPACK and SLICOT have been originally implemented
in the general-purpose language Fortran 77 and, therefore, provide a high level of
reusability, which allows their easy incorporation in user-friendly software envi-
ronments as—for example, MATLAB. In the case of MATLAB, selected LAPACK
routines underlie the linear algebra functionalities, while the incorporation of selected
SLICOT routines was possible via suitable gateways, as the provided mex-function
interface.

In what follows, we succinctly describe available software tools in the MATLAB
environment, which implement the numerically reliable algorithms discussed in this

I'The SLICOT software library is freely available from http://www.slicot.org/. The version 4.5 is
a free software distributed under the GNU General Public Licence (GPL), while the substantially
enriched Release 5.0 is free for academic and non-commercial use.
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Table 10.1 SLICOT-based mex-functions
Function Description

sl_gstra | Generalized system similarity transformations
sl _k1f Kronecker-like forms

sl_glme Generalized linear matrix equations

sl_gzero |Generalized system zeros and Kronecker structure

sl_gminr | Generalized minimal realization

sl_gsep Generalized additive decompositions

book. First, we have to mention that the basic computational needs to implement
the synthesis procedures presented in Chaps.5 and 6 are covered by the functions
of the DESCRIPTOR SYSTEMS Toolbox? for MATLAB. This toolbox is a proprietary
software, developed by the author in the period 1997-2006 at the German Aerospace
Center (DLR). The DESCRIPTOR SYSTEMS Toolbox underlies the implementation of
the FAULT DETECTION Toolbox, developed by the author between 2005-2011 at
DLR.}

To facilitate the implementation of the synthesis procedures described in this book,
a new collection of freely available m-functions, called the DESCRIPTOR SYSTEM
TooLs, has been implemented by the author. The basic numerical linear algebra
support for the implementation of this collection is provided by several LAPACK-
based core functions of MATLAB, such as svd, gr, schur, ordschur, gz,
ordqz, jointly with a set of mex-functions based on SLICOT subroutines. These
mex-functions are listed in Table 10.1 and implement numerically reliable algorithms
with special focus on descriptor system-related computations. These algorithms are
described in this chapter and also underlie the implementations of the m-functions,
which form the collection of DESCRIPTOR SYSTEM ToOOLS. The functions of this
collection, which are used in this book, are listed in Table 10.2.

The functions implemented in the collection DESCRIPTOR SYSTEM TOOLS use the
object-oriented approach provided by the CONTROL Toolbox of MATLAB to handle
LTT systems in descriptor system representation. Among the called computational
functions, we mention care and dare for solving generalized continuous-time and
discrete-time algebraic Riccati equations, respectively; norm for computing system
norms; minreal to enforce pole—zero cancellations in TFMs; as well as functions
for systems coupling, inversion, conjugation, etc.

Several of implemented high-level descriptor systems m-functions can be seen as
extensions of similar functions provided in the standard CONTROL SYSTEM Toolbox
of MATLAB. These are gpole, to compute system poles; gzero, to compute
system zeros; gir, to compute irreducible realizations; and gminreal, to compute
minimal realizations. The functionality of these functions is however richer than that
of their counterparts from the CONTROL SYSTEM Toolbox, such as pole, zero, or

2Software distributed by SYNOPTIO GmbH, http:/synmath.synoptio.de/en/.
3This proprietary software is not distributed outside of DLR.


http://dx.doi.org/10.1007/978-3-319-51559-5_5
http://dx.doi.org/10.1007/978-3-319-51559-5_6
http://synmath.synoptio.de/en/

376 10 Computational Algorithms and Software

Table 10.2 Functions of the DESCRIPTOR SYSTEM TOOLS collection used in this book
Function Description

gpole System poles and infinite pole structure

gzero System zeros and Kronecker structure of system pencil
gir Generalized irreducible realization

gss2ss Conversion to standard state-space representation

gminreal |Generalized minimal realization

gsorsf Specially ordered generalized real Schur form

gklf Generalized Kronecker-like form

glnull Minimal rational left nullspace basis

gsdec Generalized additive spectral decomposition

glcf Generalized left coprime factorization

grcf Generalized right coprime factorization

glcfid Generalized left coprime factorization with inner denominator
grcfid Generalized right coprime factorization with inner denominator
giofac Generalized inner—outer factorization

goifac Generalized co-outer—co-inner factorization

glsol Solution of the linear rational equation X ()G (L) = F(A)
grsol Solution of the linear rational equation G(A)X(A) = F(A)

glmcover1l | Left minimum dynamic cover of Type-1 based order reduction of proper systems

grmcoverl | Right minimum dynamic cover of Type-1 based order reduction of proper systems

glmcover2 | Left minimum dynamic cover of Type-2 based order reduction of proper systems

grmcover2 | Right minimum dynamic cover of Type-2 based order reduction of proper systems

gbalmr Balanced minimal realization of stable generalized systems

ghanorm | Hankel norm of a proper and stable generalized system

gnehari Generalized optimal Nehari approximation

glsfg Generalized left spectral factorization of )/21 -GG~ ()
glinfldp | Solution of the £ least distance problem min || F1(A) — X(A) F2(X) |leo
gsfstab Generalized state feedback stabilization

minreal. Forexample, gpole computes both the finite and infinite poles (counting
multiplicities), while pole only computes the finite poles. The function gzero
computes both the finite and infinite zeros (counting multiplicities) as well as the
Kronecker structural invariants of the system pencil, while zexro only computes the
finite zeros. Finally, the functions gir and gminreal are applicable to a descriptor
system model (A — AE, B, C, D) regardless E is singular or nonsingular. In contrast,
the function minreal can be used only for systems with invertible E (because of
the need to explicitly invert E).

Several functions implementing some of the analysis and synthesis procedures
presented in Chap. 5 are provided as examples of prototype implementations of ded-
icated FDI-related software. The three functions listed in Table 10.3 are part of a
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Table 10.3 Functions in the FDI TOOLS collection
Function Description

genspec Generation of achievable fault detection specifications

efdsyn Exact synthesis of fault detection filters

efdisyn Exact synthesis of fault detection and isolation filters

collection called FDI TOOLS (under development) and have been used in solving
the case-study examples addressed in Chap. 8.

The collections DESCRIPTOR SYSTEM TOOLS and FDI ToOOLS, together with the
m-files of the synthesis examples presented in the Chaps.5 and 6 of this book are
available from the web address below.*

10.6 Notes and References

Section 10.1. The numerical linear algebra aspects related to the SVD, QR decom-
position, the real Schur and generalized real Schur decompositions are covered in
several textbooks, of which we mention the works of Stewart [112] and of Golub
and Van Loan [55]. The latter work, which also contains an up to date list of further
references, served for the estimation of the computational efforts in terms of the
required number of flops for the basic decompositions considered in Sect. 10.1. The
book [60] is a modern reference for roundoff error analysis of floating-point com-
putations. The computation of the controllability and observability staircase forms
for standard and descriptor systems using orthogonal similarity transformations is
addressed in [116]. The detailed algorithm underlying Procedure GCSF has been
proposed by the author in [125]. Algorithms for the computation of Kronecker-like
forms of linear pencils, using SVD-based rank determinations, and SVD-based row
and column compressions, have been proposed in [25, 115]. Albeit numerically
reliable, these algorithms have a computational complexity O(n*), where n is the
minimum of row or column dimensions of the pencil. More efficient algorithms
of complexity O(n?) have been proposed in [9, 95, 128], which rely on using QR
decompositions with column pivoting for rank determinations, and row and column
compressions. The Procedure PREDUCE is based on the method proposed in [95].

Section 10.2. For a complete coverage of the topic of this section see [110]. The
algorithms for the solution of linear matrix equations can be seen as extensions
of the Bartels—Stewart method proposed for the solution of the Sylvester equation
AX + BX = Cin[5]. This algorithm employs the reduction of A and B to RSFs and is
considered a numerically reliable method. Further enhancements of this method and
extensions to generalized Sylvester equations have been proposed in [54], where one
of matrices (that with larger size) is reduced to a Hessenberg form, while the other

“https://sites.google.com/site/andreasvargacontact/home/book/matlab.
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is reduced to the RSF. Detailed algorithms for the solution of generalized Sylvester
matrix equation are described in [47]. Similar algorithms with obvious simplifications
can be employed to solve standard and generalized Lyapunov equations. An impor-
tant algorithm for the solution of Lyapunov equations having positive semi-definite
solutions has been proposed in [59], where the solution X > 0 is directly determined
in a Cholesky-factored form X = SS”. The extension of this algorithm to solve gener-
alized Lyapunov equations has been proposed in [102]. The first numerically reliable
algorithm to solve standard Riccati equations is the Schur method proposed in [74].
Enhancements of this method to cover discrete-time problems with singular state
matrix followed in [100] and to address nearly singular problems in [85, 117]. In
all these methods, however, the underlying Hamiltonian or symplectic structure of
intervening matrix pencils is not exploited. Therefore, a new direction in develop-
ing algorithms for solving GCAREs and GDAREs are the structure exploiting and
structure preserving methods to compute eigendecompositions of the Hamiltonian
and symplectic pencils (see the book [85] and the recent survey [11]).

Section 10.3. The reliable numerical computation of irreducible realizations of
descriptor systems has been considered in [116]. The orthogonal reduction-based
algorithm to compute generalized controllability staircase forms, which underlies
Procedure GIR, has been proposed in [125]. The algorithm to compute a ratio-
nal nullspace basis of a rational matrix has been proposed in [132] and is related
to the approach proposed in [8] to compute polynomial basis using pencil reduc-
tion techniques. For the computation of system zeros, an algorithm based on the
Kronecker-like form has been proposed in [86]. The approach for the computation
of the additive spectral decomposition employed in Procedure GSDEC has been
proposed in [67]. The iterative pole dislocation techniques underlying the Procedure
GRCF and Procedure GRCFID have been developed in the spirit of the approach
described in [118] (see also [129]). Alternative, non-iterative approaches to com-
pute coprime factorizations with inner denominators have been proposed in [94, 96].
The methods presented in Sect. 10.3.6 to compute inner—outer factorizations of full
column rank rational matrices are particular versions of the general methods for
continuous-time systems proposed in [97] and for discrete-time systems proposed
in [94]. The formulas for the complementary inner factors have been derived in
[164]. The numerically reliable computational approach for solving linear rational
equations, presented in Sect. 10.3.7, has been proposed in [134].

Section 10.4. The algorithm underlying Procedure GSCSF to compute the spe-
cial controllability staircase form, employed in the methods to determine minimum
dynamic covers, is a particular instance of the descriptor controllability staircase algo-
rithm of [125]. This algorithm and the computational methods of minimal dynamic
covers have been developed in [136]. The minimal realization procedure, based on
balancing techniques, has been proposed in [126] for standard systems. The exten-
sion of these techniques to descriptor systems has been proposed in [113] and is
the basis of Procedure GBALMR. The state-space method for the solution of the
Nehari problem for continuous-time systems has been developed in [51].

Section 10.5. BLAS is a set of specifications for standard vector and matrix oper-
ations, which form the core of implementing numerical algebra algorithms. Three
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levels of abstraction served to define the functionality of BLAS. Level-1 BLAS
basically covers operations with and on vectors [75] and served for the implemen-
tation of the widely used linear algebra package LINPACK [35]. Level 2 BLAS for
matrix—vector operations [34] and Level-3 BLAS for matrix—matrix operations [33]
formed the basic layer for implementing the high-performance linear algebra pack-
age LAPACK [3]. This package, originally written in Fortran 77, has been designed
to run efficiently on a wide range of high-performance machines using the BLAS,
which can be optimized for each computing environment. Moreover, the use of BLAS
makes the subroutines portable and efficient across a wide range of computers. The
technology for developing, testing and documenting LAPACK has been adopted by
the developers of SLICOT [12, 120]. The initial version of the DESCRIPTOR SYS-
TEMS Toolbox for MATLAB is described in [130] (see also [120]). The first version
of the FAULT DETECTION Toolbox is described in [138], while the last version of
this toolbox is described in [148].
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