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Abstract

We study the regularization problem for linear differential-algebraic systems. As an improvement of former results we show that any
system can be regularized by a combination of state-space and input-space transformations, behavioral equivalence transformation
and a reorganization of variables. The additional state feedback which is needed in earlier publications is shown to be superfluous.
We provide an algorithmic procedure for the construction of the regularization and discuss computational aspects.
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1. Introduction

We study linear descriptor systems given by differential-
algebraic equations (DAESs) of the form

4 Ex(t) = Ax(r) + Bu(r) (M

where E,A € R>", B € R™™. The set of systems (1) is de-
noted by X; , ,, and we write [E,A,B| € ¥; , ,,. DAE systems of
the form (1) naturally occur when modeling dynamical systems
subject to algebraic constraints; for a further motivation we re-
fer to [3, 7, 11, 12, 14] and the references therein. The system
[E,A,B] is called regular, if the matrix pencil sE — A is regular,
that is, / = n and det(sE — A) € R]s]\ {0}.

The functions x : R — R" and u : R — R™ are usually called
state and input of the system, resp. However, in the general
case u might be constrained and some of the state variables can
play the role of an input. In the present paper we will take
the viewpoint of the behavioral approach due to Willems [15],
see also [16, 17]. Within this framework, the variables of the
system do not have the interpretation of states and inputs un-
til an analysis of the system reveals the free variables. These
free variables should then be interpreted as inputs, since “they
can be viewed as unexplained by the model and imposed on
the system by the environment” [13]. This approach obeys the
physical meaning of the system variables and it may turn out
that in the original model the choice of states and inputs was
inappropriate.

The behavior of the DAE system (1) is introduced as the
following set of solutions of (1):

Bipag = {(x,u) € Ao (R;:R" xR") | Ex € 7% (R;R'),
(x,u) satisfies (1) for almost all t € R },
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where %! and &7% denote the space of locally (Lebesgue) in-
tegrable and absolutely continuous functions, resp. DAE con-
trol systems based on the above behavior have been studied in
detail e.g. in [3].

In the present paper we study the regularization of DAE sys-
tems, which relies on a procedure developed in [8]. In [8] it is
shown that, given any DAE system [E,A, B] € ¥; , ,», by a com-
bination of behavioral equivalence transformation, proportional
state feedback and reorganization of variables (due to a possibly
inappropriate initial choice of states and inputs) a new system
[Ereg,Aregs Breg| can be obtained where sEreg — Areg is regular
and has index at most one. In the linear case, explicit transfor-
mations and a characterization of the regularized system have
been obtained in [6]. In the present paper, we improve the re-
sults of [8, 6] by showing that an application of state feedback
is not necessary. Furthermore, we derive a numerically stable
algorithm of cubic complexity which establishes the regulariza-
tion of the system.

The paper is organized as follows: In Section 2 we intro-
duce some preliminary concepts and notation and give a pre-
cise problem formulation. The regularization algorithm, which
is the main result of the paper, is presented in Section 3 and
proved to be feasible for any given system. Numerical reliabil-
ity and the computational speed of the regularization algorithm
is discussed in Section 4.

2. Preliminaries and problem formulation

In the present paper we use the following notation: R and
C denote the field of real and complex numbers, resp.; R[s]
is the ring of polynomials with coefficients in R; R"*"™ is the
set of n X m matrices with entries in a ring R; &, denotes the
set of orthogonal real n X n matrices. A polynomial matrix
U (s) € R[s]"" is called unimodular, if it is invertible over Rs]
or, equivalently, if detU (s) is a nonzero constant.

The rank of a matrix M € K", where K=R or K =C, is
denoted by rkM. If M € R"™ with tkM = r, then, using QR

June 10, 2015



factorization with pivoting [10], there exists T € &, such that

T,
e [i]

where X, € R™"™ with rkX, = r, see also [1]. We will call T a
row compression of the matrix M. Similarly, we call S € 0, a
column compression, if

A

MS = [x,,0],
where £, € R™" with ik$, = r.
The index v € Ny of a regular matrix pencil sE — A €

R[s]™" is defined via its (quasi-)WeierstraB form [4, 11, 12]:
if for some invertible S, T € R"*"

sl,—J 0 .

S(sE—A)T—{ 0 N1, |’ N nilpotent,
then v — 0, ifr=n,
VT min{keNg [Nk =0}, ifr<n

The index is independent of the choice of S, 7.

Finally, we recall the concept of behavioral equivalence
which has been introduced for general behaviors in [13].
Roughly speaking, two systems are behaviorally equivalent, if
their behaviors coincide.

Definition 2.1. Two systems [E;,A;,Bj] € X, , i = 1,2, are
called behaviorally equivalent, if

%[El A1,B1] Q%W(R,Rn X Rm) = %[EZ-,AZ:BZ] ﬁ‘ﬁ“’(R;Rn X ]Rm),

where 6> denotes the space of infinitely times differentiable
functions; we write

[E1,A1,B1] ~5 [E»,A2,Bs].

In order to obtain a behaviorally equivalent system, it is al-
lowed that some of the equations in (1) are differentiated (and
hence we require smooth solutions). This leads to a trans-
formation of the form U(%)(%E —A)x(t) — U(%)Bu(z‘) =0
with some U (s) € R[s]"*’. Furthermore, since the behaviors
must coincide (on ¢™*) the transformation U (s) must be re-
versible, i.e., U(s) must be unimodular. As shown in [13,
Thms. 2.5.4 & 3.6.2] this is exactly the set of transformations
that characterizes behavioral equivalence; this is summarized in
the following lemma.

Lemma 2.2. Let [Ej,A;,Bj] € Lipm i = 1,2 Then
[E1,A1,B1] ~u [E2,A2,By)] if, and only if, there exists a uni-
modular U (s) € R[s]"™! such that

[SEy —Ay,—B1| =U(s)[sE; — Az, —B3].
In the present paper we consider the following regulariza-
tion problem.

Problem 2.3. For a given system [E,A,B] € ¥, ,, find a uni-
modular matrix U (s) € R[s]"*/, orthogonal state space and in-
put space transformations 7' € 0,, V € 0, and a permutation

matrix P € 0, such that

T 0 0 0
E—A,—B P=U ,
s ][0 V] (s) LEreg—Areg —Breg

where $Ere — Areg € R[s]"*" is regular and has index at most
one.

()]

Each kind of the transformations in Problem 2.3 have an
interpretation in terms of their physical meaning:

(i) T and V represent coordinate changes in state space and
input space respectively,

(ii) U(s) represents an equivalence transformation which
does not change the behavior of the system,

(iii) P represents a permutation of state and input variables.
Here, we seek a permutation of free state variables with
constraint input variables, so that in the resulting system
the free variables are exactly the input variables. This
may be viewed as a reinterpretation of certain states as
inputs and vice versa.

At first glance it may be surprising that (2) in Problem 2.3
does not read

T O 0 0
V(S)[SE_A7_B} |:0 V:| P= |:5Ereg_Areg _Breg ) (3)

where V(s) € R[s]"*! is unimodular. The reason is that U (s)
in (2) may be easier to compute than V (s) in (3). In fact, we
show in Section 3 that U(s) has degree 1, i.e., it is a matrix
pencil, and it is obtained with cubic complexity. On the other
hand, the inverse V(s) = U(s)~' may have higher degree and
can only be obtained with quartic complexity in general, see
Section 4.

3. Regularization algorithm

In this section we provide a step by step procedure for the
derivation of the regularization of a descriptor system as in (2).
Initialization. Let [E,A,B] € X, , ,, be given.
Step 1. Compute a row compression S; € &; such that
S1B = [ 192] , where B; has full row rank r. Consider
Si[SE—A,—B] = {jg_ﬁ; _%2],

where sE| — A € R[s](l”)x",sEg — Ay e R[s]™".

Step 2. Compute orthogonal S, € 0;_,, T, € 0, that take
sE| — A, into staircase form

S2(sE1 — AT

sEp — Ay 0 0 0
_ * SEo — Ao 0 0
o * * SE;—Ay 0 ’
* * * sEe —Ag

where



(i) En,Anq € R ™ [, > ny, are such that tk(AEp —Ap) =
ny and 1k Ey = ny;

(i) Ew,Aw € R™*"=_A_ is invertible and AZ!E., is nilpo-
tent;

(iii) Ef,Ay € R and Ey is invertible;

(iv) Ee,Ae € Rle7e [, < g, are such that tk(AEe —Ag) = ¢
and rkE; = [.

This form can be computed by a numerically stable algorithm,
see [9, 1].

Step 3.
[sEn -Ay 0

* SEo—Aco

Compute an embedding of the pencil
},i.e., [g} € RUn+ne)x(In=nn) guch that

o Kl SEn _An 0
Ui(s) = |:K2 * SEe. — A

is unimodular; we call Uj (s) the embedding of the given pencil.
A numerically stable algorithm for the solution of this embed-
ding problem using the staircase form is given in [2].

Step 4. Compute column compressions 73 € 0, V3 € 0y,
such that

:| c R[S]<ln+"°°)><(lﬂ+”°°)

E:T3 =[21,0], ByV3=[%,0],

where ¥, € RleXle and ¥, € R"™ are invertible. Consider

Line 0 0
SE—A| -B] [7(;2 10} 0" 1 0
" 0 0 W
_gT S, 0] [Ui(s) 0
Yo 0 lgyn.
0 0 0 0 0 0
~hpine 0 0 0 0 0
X SE31—A31 SEf—Af 0 0 00
sEq —Aqr x sE1—Ag3 —Ay 00
XES] 7A51 * * SE547A54 722 0
[sE—A| B
Step 5. Define the unimodular matrix
Iln —ny 0 0O 0 O
0 I,,,7 e 0O 0 O
Us(s) == 0 —sEsi+As I, 0 0] ¢€ R[S]IXI.
0 —sEq1+Ay 0 I, O
0 —sEs1 +Asg 0 0 I

Step 6. Compute a singular value decomposition of Esy4 €
R*(e=le) je. Sy€ O, Ty € Oy,.—1, such that
_|Z 0
S4Es4Ty = [0 0] )

where X3 € R7*7 is invertible. Compute, using QR factorization
(without pivoting), a column operation V4 € &, such that

SaXo V4 = {221 0 } ;

* XYoo

where Xy € R7*9, %y, € R(—=4)%(r=4) are invertible. Then

1n+lg—ng 00 0 1 0
A oA N ;0 0 _ I—r
SE-A|-Bl| o Gy o |=Ua) { 0 ST}
0 0 0 Iy, 4
0 0 0 0 0
—~hpine O 0 0 oo 00
0 sEf,Af 0 0 0 0 0 0
X 0 w sEi-Agy —Ay —Ags| 0 0 0
2Ny 000
0 * * s):3tA54 7A~55 « —%50
0 * * —Aes  —Ags
_[sE-A | -B]

Step 7. Define the permutation matrix

Inn Freotnptlg+q 0 0 0 0
0 0 0L, 4, O
pP— 0 0 I ng—lg—q 0 c R(n+m)><(n+m).
0 Ir—4 0 0 0
0 0 0 0 In—r
Then
sE—A| B P—
0 0 0 0 0
0 0 0
71,,71 +hoo 0 0 0 0 0 0 0
0 sEp—Ay 0 0 0 0 0 0
0 * SZI 7A43 7A‘44 0 0 7A,_45 0
0 * * SZ37A~54 0 I 7A.55 0
0 * * —Ags Il * —Aes 0
_. | Qg=nn)xa | Oty —ng)xm
SEreg - Areg _Breg

where it should be noted that the system on the right hand side
has other dimensions of state space and input space than the
system on the left hand side.

Theorem 3.1. Let [E,A,B] € X, ,, and let [Ereg,Areg,Breg] €
Yham be the result of the regularization algorithm. Then
SEreg — Areg € R[s]"*" is regular and has index at most one.

Proof. Denote

—1, nn +nco 0 0 0 0
0 sE f —A f 0 0 0
SEreg - Areg = SEx—Agy sT1—Agz  —Awm 0

0
0 sEsy—Asy sEs3—As3 sE3—Asy 0
0 sEqp—Aer sEe3—Ae3 —Ags —Ix

and observe that

det (SEreg _Areg) = (— 1 )"" Fheotr—q det(ZQQ) det(sEf —Af)
s¥ —Ag3 —Aus
)

sEs3 —As3
which is a nonzero polynomial since [ 1§5 ‘3 203] is invertible. This
shows regularity of sErey — Areg. To show that the index does not
exceed one, we use that by [5, Eq. (3.4)] the index of sEes —
Areg 1s at most one if, and only if,

imApeg CimEes + Areg Ker Ereg.



It is a simple calculation that

Inn +neo 0
ker Ereg = im 0 0
0 I,
and hence
im Ereg + Areg Ker Eeg
0 Lpin. 0 l
=im | Iy 144 | +im 0 0| =R
* 0 X
This shows that sEeq — Areg has index at most one. O

Note that the outcome of the regularization algorithm in par-
ticular improves [6, Thm. 5.1], because here we show that the
additional state feedback used in [6] is not necessary. In other
words, we may always choose F = 0 in [6, Thm. 5.1].

4. Computational aspects

In this section we discuss the numerical reliability and the
computational speed of the regularization algorithm presented
in Section 3.

The computations in Steps 1 and 4-7 are certainly numer-
ically stable, since they are based on the singular value de-
composition and QR factorization (with pivoting) or they are
mere definitions using the data at hand. The staircase form in
Step 2 can also be computed by a numerically stable algorithm,
see [9, 1]. For the computation of the unimodular embedding
U, (s) in Step 3, we propose to use the numerically stable algo-
rithm developed in [2].

We analyze the computational complexity for each step of
the regularization algorithm separately:

Step 1. The computation of the row compression relies on a QR
factorization with pivoting [10], which has a computa-
tional cost of O(m(I*> +m?)) flops in the worst case ac-
cording to [1]. Here, “flop” means floating point opera-
tion, which is a scalar addition or multiplication.

Step 2. By [1] the computation of the staircase form is possible
with a cost of O({%n) flops.

Step 3. According to [2] the computation of the embedding,
which also uses the staircase form, has a computational
cost of O(I(1% +n?) +I*n) flops.

Step 4. The computation of the column compressions again use
QR factorization with pivoting and requires O(n(1% +n?))
and O(m(1> +m?)) flops in the worst case, resp.

Step 5. Us(s) is obtained at no cost.

Step 6. The singular value decomposition has a cost of O(n(I% +
n?)) flops in the worst case according to [10], and the QR
factorization of the invertible matrix S4X, has a cost of
O(m*) flops.

Step 7. P is obtained at no cost.

Summarizing, the computational cost of the regularization
algorithm for a given system [E,A,B] € X; , , is

0(12(l+n+m)+n2(l+n)+m3),

and hence the algorithm is cubic in the dimensions of the sys-
tem.

Remark 4.1. If a relation of the form (3) is sought for the solu-
tion of the regularization problem, then U (s) as in (2) computed
by the regularization algorithm needs to be inverted. First recall
that U (s) = sU; + U, € R[s]"*! is a matrix pencil. For the inver-
sion of this pencil an algorithm is proposed in [2]. Again, the
staircase form is used for the computation of V(s) = U(s)~!,
however the inversion of a triangular matrix is required as well.
This cannot be avoided in general, see also the discussion in [2].
Hence, the algorithm is numerically stable up to the feasibility
of this inversion problem.

Concerning computational complexity, the computation of V ()
needs O(gl°) flops, where g = degV (s). As discussed in [2] it
is important to keep the degree ¢ as small as possible. How-
ever, even if ¢ is chosen minimal, in the worst case it may be
as large as I — 1 and hence the computation of V(s) has quar-
tic complexity in general. Note that ¢ is also the index of the
pencil sU; + U,, which is regular and equivalent to a pencil of
the form sN — I for some nilpotent matrix N. This index is also
revealed by the application of the staircase form.

5. Conclusion

In the present paper we have presented a numerically stable
algorithm for the computation of the regularization of a linear
descriptor system by a combination of behavioral equivalence
transformation, orthogonal state-space and input-space trans-
formation and a permutation of variables. The latter is nec-
essary since the initial choice of variables may not have been
appropriate within the framework of the behavioral approach.
A consequence of our algorithm is that the application of ad-
ditional state feedback used in earlier publications [8, 6] is not
necessary. We show that the regularization algorithm requires
O(p?) operations, where p is the largest dimension of the de-
scriptor system.
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