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Hankel-Norm Approximation of Large-Scale
Descriptor Systems

Peter Benner* Steffen W. R. Werner!

Abstract

The Hankel-norm approximation is a model reduction method which provides the best ap-
proximation in the Hankel semi-norm. In this paper the computation of the optimal Hankel-
norm approximation is generalized to the case of linear time-invariant continuous-time de-
scriptor systems. An efficient algorithm is developed by refining the generalized balanced
truncation square root method. For a wide practical usage, adaptations of the introduced al-
gorithm towards stable computations and sparse systems are made as well as an approach for
a projection-free algorithm. To show the approximation behavior of the introduced method,
numerical examples are presented.

Keywords: model order reduction, Hankel singular values, linear systems, differential-
algebraic equations

1 Introduction

Many different real-world applications, like chemical processes, electrical circuits and networks,
or computational fluid dynamics, naturally lead to models, described by systems of differential-
algebraic equations. Since experiments can be very costly, time-consuming, and expensive, these
models are used for simulations and the design of controllers. The modeling process often results
in linear time-invariant continuous-time descriptor systems of the form
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Ax(t) + Bu(t),

Cz(t) + Du(t), (1)
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with £, A € R"*" B € R™™, C € RP*" D € RP*™. Here, u(t) € R™ are the inputs of the
system, which influence the generalized states z:(t) € R™ to get the desired outputs y(¢) € RP.
Throughout this paper, it is assumed that the matrix pencil A\E — A is regular, i.e., there exists at
least one A € C such that det(AE — A) # 0. In this case, and with the initial condition Ez(0) = 0,
the input-output behavior of the system (1) in the frequency domain can be described via the
system’s transfer function

G(s)=C(sE—A)™'B+D. (2)

The quintuple (E, A, B, C, D), consisting of matrices from (1), defines a realization of (1) and its
transfer function (2). Usually, the numbers of inputs and outputs are very small in contrast to the
number of differential-algebraic equations and generalized states n, which quickly enlarges due to
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different reasons, e.g., the model shall provide a required accuracy. Because of that, the usage of
complete models often reaches the limits of computational resources like memory and computation
time. Since the acquired data for the model usually contain a huge amount of redundancies, it is
possible to approximate the original model by a new system with a much smaller order. The task
of model reduction is to construct a reduced-order descriptor system

Ei(t) = Ai(t) + Bu(t),

A o - 3)
§(t) = Ci(t) + Du(t),

of order r < n, such that the input-output behavior of the original system (1) is approximated.

Many model reduction techniques were originally developed for the standard system case, where
the descriptor term E is the identity matrix I,, (or at least nonsingular). But in recent years, quite a
few of these methods have been extended to the case of descriptor systems with singular £ matrices.
There are different approaches for the construction of (3), e.g., matrix equations can be used to
determine a measure for truncatable states [6], or the transfer function can be approximated by
rational interpolation [12]. A special technique of model reduction is the computation of the optimal
Hankel-norm approximation (HNA). This technique actually provides a best approximation in the
Hankel semi-norm. Based on the work of Adamjan, Arov, and Krein about the approximation
of Hankel matrices [1], an algorithm for the computation of the HNA for standard systems was
introduced by Glover in [11].

A generalization of the HNA to the descriptor system case was already mentioned by Cao, Saltik,
and Weiland in [10]. They are using the Weierstrass canonical form for an explicit construction
of reduced decoupled subsystems. The main problem of this method is the computation of the
Weierstrass canonical form which is numerically costly and unstable. Also additional conditions,
like C-controllability and C-observability of the system, have to be assumed.

In this paper, a new efficient algorithm for the computation of the generalized Hankel-norm
approximation (GHNA) will be proposed. Our main contributions are twofold:

1. We generalize the concept of all-pass transfer functions to descriptor systems (Theorem 1).

2. We derive new and reliable numerical implementations of the GHNA that also allow the ap-
plication of the Hankel-norm approximation method to large-scale problems with sparse coef-
ficient matrices as they arise, e.g., from systems with dynamics described by semi-discretized
unsteady partial differential equations.

Therefor, in Section 2 the mathematical background of linear descriptor systems is recalled. Then,
the HNA method for the standard system case is introduced in the first part of Section 3. After-
wards, the generalized balanced truncation is reviewed and used for the construction of the new
GHNA method. The numerical difficulties and adjustments are discussed in Section 4 for usable
implementations of the method. Two different implementations of the method are then tested on
numerical examples in Section 5. In Section 6, the conclusions of this paper can be found.

2 Mathematical Basics

For regular matrix pencils AE— A, the Weierstrass canonical form always exists: there are invertible
matrices W, T € C™*™ such that

I 0 J 0
— - ny _
wos-ar=aly -0 o
where J and N are both in Jordan canonical form, J is regular, and N is nilpotent with index v.
The numbers ny and n. are the dimensions of the deflating subspaces corresponding to the finite
and infinite eigenvalues of AE — A, respectively. Then, the spectral projectors onto the left and

right deflating subspaces corresponding to the finite eigenvalues of the matrix pencil Al — A can
be defined as

I, 0

0 0

PFW[ 0 0

}W—l and P, =T [I"f 0} T, (5)



with W and T from the Weierstrass canonical form (4).

Another necessary assumption is the c-stability of the matrix pencil AE — A, i.e., the matrix
pencil AE — A is regular and all finite eigenvalues of AE — A lie in the open left half-plane. In
this case, the proper controllability and observability Gramians are defined as the unique, positive
semidefinite solutions of the projected generalized continuous-time Lyapunov equations

EG, AT + AG,.ET + PLBBTP] =0, Gpo = P.GpoPT, (6)
E"GpoA+ ATGyE + PTCTCP, =0,  Gpo = P} Gpo P, (7)

with Py and P, the spectral projectors corresponding to the finite eigenvalues (5); see [18]. Fur-
thermore, the improper controllability and observability Gramians are given as the unique, positive
semidefinite solutions of the projected generalized discrete-time Lyapunov equations

AgicAT - EgicET - QZBBTQZ = 0; gic = QrgicQza (8)
ATgioA - ETgioE - QECTCQT = 0; gio = QggioQéa (9)

with Q¢ = I, — P, and @, = I, — P, the spectral projectors onto the left and right deflating
subspaces corresponding to the infinite eigenvalues of the matrix pencil AE — A; see [18].
Using the system Gramians, the set of Hankel singular values is defined in the following; see [14].

Definition 1. The square roots of the ny largest eigenvalues of gchTgpoE denoted by ¢ >
G2 > --- > g,, are the proper Hankel singular values of (1). The square roots of the n. largest
eigenvalues of G;. AT G;, A denoted by 6 > 6y > --- > 0., are the improper Hankel singular values
of (1).

In case of a non-singular descriptor term FE, the proper Hankel singular values are the classical
Hankel singular values of the system. Therefor, an equivalent energy interpretation of the proper
Hankel singular values exists which proposes the truncation of states corresponding to small proper
Hankel singular values, which are difficult to control and observe. Unfortunately, this does not hold
for the improper Hankel singular values since these correspond to the constraints of the system.
The truncation of non-zero improper Hankel singular values may result in physically meaningless
systems.

There exist diverse concepts of controllability and observability for descriptor systems. For this
paper, we restrict ourselves to the following definitions; see, e.g., [18].

Definition 2. System (1) is called:
1. R-controllable if
rank [/\E — A, B} =n forall A e C.

2. C-controllable if the system is R-controllable and
rank [E, B} =n.

3. R-observable if

AE—A

rank [ c

]n for all A € C.

4. C-observable if the system is R-observable and

rank [g] =n.

The relation between these controllability, observability notions and the system Gramians is
given in [19, Theorem 2.3]. Especially, all proper Hankel singular values are non-zero if and only
if the system is R-controllable and R-observable.

The mapping from past inputs u_ : (—o0,0] — R™ to future outputs y4 : (0,400] — RP is
described by the Hankel operator y; = Hu_. A generalization of this operator to the case of
descriptor systems can be found in [10]. The measure of the influence of past inputs on future
outputs in the Lo-norm leads to the definition of the Hankel semi-norm for descriptor systems.



Definition 3. The Hankel semi-norm of a system G is given by

HGHH _ sup ||y+H£2 , (10)
u_ €W (—00,0] l[u—|lz.

where WY~ (—o0, 0] denotes the Sobolev space of v — 1 times weakly differentiable functions w.r.t.
the Lo inner product on the interval (—oo,0] and |||z, the £o-norm.

In case of an invertible descriptor term E, the Hankel semi-norm (10) simplifies to

Gl = Gmax(G),

where ¢pax(G) is the largest Hankel singular value of the system G.

3 Generalized Hankel-Norm Approximation

3.1 Algorithm for Standard Systems

First, the algorithm for the standard system case, introduced by Glover in [11], is considered.
Therefor, a balanced minimal realization of the given standard system (I A, B,C, D) is as-

Mmin ?

sumed, where ny, is the McMillan degree of the system, i.e., the order of its minimal realization.
The computation is usually done by the balanced truncation square root method. Since the re-
sulting system is balanced and minimal, the system Gramians are equal and diagonal

gpc = gpo = diag(q, 2+ v+ s Simin )5

with 1, ..., Gn,, all non-zero Hankel singular values of the system. Next, the system is partitioned
by the order r such that

Gl e 26 > Ggl = oo = Gkt 1 > Sr4k42 = - -+ = Snpin

with k& > 1 being the multiplicity of the (r + 1)-st Hankel singular value. The Gramians are
reordered to separate the block with the (r + 1)-st Hankel singular value as

gpc = gpo = |: §r+11k:| ) (11)

with ¥ = diag(s1, ..., Sr Srtht2s -+ - s Sy, ). Accordingly to (11), the remaining system matrices
have to be permuted and partitioned

5 Apn Ap| s Bi| A
A= B = C=\C,, Cyl.
{Am A22:| ’ {BJ ’ [ 2

Then, the partitioned system is transformed by the following formulas

o
I

I Y AT + SAnY + 6.1 CTUBY),
B=T"YEB; - ¢.CTU),
é = Clg - §r+1UBf,

D= D+§r+1U,

(12)

with ' = $2-¢2 T,

Mmin

_rand U = (CT)TBy. Here, MT denotes the Moore-Penrose pseudo-inverse
of a matrix M. This system is constructed such that the error transfer function & = G — G is
scaled all-pass with G the transfer function of (12), i.e., it holds

E)ET (=5) =yl (13)
for all s € C that are not poles of £(s) or £7(—s). In this case, the approximation error satisfies

1€l =N€llze = 41 (14)



The transfer function G of (12) has exactly nmin — k — r unstable poles. As last step, an additive
decomposition of G is computed such that G = G}, + G, where G is the anti-stable part of order
Nmin — k — 7 and G}, is the stable part of order r. Since the Hankel semi-norm only depends on the
stable part of the system, the error (14) in the Hankel semi-norm does not change if the unstable
part is removed, such that

|G = Grllg = sr41- (15)

3.2 Computing a Balanced Realization for Descriptor Systems

As for the standard system case, for descriptor systems, a balanced conditionally minimal realiza-
tion is needed. The term “conditionally” minimal means that the order of the system is minimal
except of the reduction of the index-1 parts in E, see [17]. The computation is done using the
generalized balanced truncation square root method (GBT(SR)). The basic idea of this method is
the computation of a balanced realization and the truncation of unnecessary states.

Definition 4. A realization of a descriptor system (1) is called balanced if

gpc = gpo = |:§ 8:| and gic = gio = |:8 (g:|

hold, with the proper Hankel singular values ¥ = diag(si,...,s,,) and the improper Hankel sin-
gular values © = diag(61,...,0,.)-

The truncation of the states is made with respect to the computed Hankel singular values. The
proper Hankel singular values have the same meaning as the classical Hankel singular values in
the standard case, i.e., states corresponding to small proper Hankel singular values are difficult to
control and observe at the same time and can be omitted. In case of the improper Hankel singular
values, only zeros can be truncated since the truncation of non-zero improper Hankel singular
values results in physically meaningless approximations [14]. The number of non-zero improper
Hankel singular values is equal to the rank of the matrix G;. AT G;, A, which can in fact be bounded
by

rank(giCATgioA) < min(vm, vp, neo ), (16)

with v, index of the system, m, number of inputs, p, number of outputs, and ns,, dimension of
the deflating subspace corresponding to the infinite eigenvalues of AE — A. So for large n., and
usually small v, the descriptor system (1) can be reduced significantly by the truncation of zero
improper Hankel singular values.

One method to compute the balanced truncation of a descriptor system is the square root
method. Therefor, consider the skinny singular value decompositions

T b 0 VT
LTER, = [U1, U] {0 | |vir | (17)

LTAR; = U303V, (18)

with Gpe = RyRY, Gpo = Ly LT, Gie = RiRT, and G;, = L;LT. The matrices [U1, U], [Vi, V2],
Us and V5 have orthonormal columns and the diagonal matrices ¥;, Yo, and O3 contain the
non-zero proper and improper Hankel singular values, respectively. The partition of the proper
Hankel singular values is chosen such that ¥; contains all the desired Hankel singular values and
Y5 the undesired ones. By using the singular value decompositions in (17) and (18), the following
transformation matrices can be defined

We = [LpUlzl‘i, LiUQ,@gE} e R, (19)

19

T, = |:Rp‘/12;§7 Rng@;E} c Rnxé,

where ¢ = (¢ + {, is the sum of the number of desired proper Hankel singular values ¢; and the
non-zero improper Hankel singular values /.. The transformed realization

(E,A,B,C,D) = (WL ET, W AT,, W} B,CTy, D) (20)



is of order ¢ and balanced with the set of Hankel singular values contained in ¥; and ©3. The
resulting matrix pencil AE' — A is a resembling of the Weierstrass canonical form (4), such that

n Ief 0 s Af 0
bl 2] wa a0 o

hold, where Ay € R¢*%s is non-singular and E., € Rf><*f>~ is nilpotent with index v.

Due to the reason that only the zero improper Hankel singular values have been truncated, the
polynomial part of the system G has not changed. So it can be shown that the same error bound
as for the classical balanced truncation method holds. Let G be the transformed descriptor system
(20), then it holds

nf
IG =Gl <2 Y (@),
k:éf-‘rl

with ¢, (G) the k-th proper Hankel singular value of G.

3.3 Hankel-Norm Approximation of Descriptor Systems

As for the standard case, the GHNA method for descriptor systems is based on the construction of
an error system with all-pass transfer function (13). The following theorem provides an algebraic
characterization of descriptor systems with all-pass transfer functions.

Theorem 1. Let (E, A, B,C, D) be a realization of a descriptor system (1) with a regular matriz
pencil A\E — A, the same number of inputs and outputs, m = p, the system’s transfer function G(s)
and ¢ > 0 a real constant. Also, it is assumed that the descriptor system is R-controllable and
R-observable. Then G(s) is all-pass, i.e., G(s)GT (—s) = ¢%I,, holds, if and only if the following
conditions are satisfied:

1. There are symmetric matrices Gp. and Gp, with
gpc = PrgpcPrTa (22)
gpo = PZTgpoPZ- (23)

2. The matrices Gy and Gy, are the solutions of the projected generalized continuous-time Lya-
punov equations

EG,. AT + AG,.ET + P,BBT P} =0, (24)
ETG,,A+ ATG,,E+ PFCTCP,. = 0. (25)

8. The proper Hankel singular values satisfy

gchTgpoE = §2PT5 (26)
gpoEgchT = §2PZT- (27)

4. Let G(s) = Ggp(s)+ P(s) be decomposed into the strictly proper part G, and the polynomial
part P. Then it holds P(s) = Y. Mys* with
k=0

Mp=0 for k>1 (29)
5. Also, the following constraints hold

M{CP, + BTG, E =0, (30)
MyB* P} + CG,.ET = 0. (31)



Proof. The proof can be found in the Appendix. O

Theorem 1 can be used to derive more general construction formulas for all-pass error systems,
see [8] for generalized formulas for an invertible F matrix. Also, it shows that the improper part of
the system should not change. For the development of an algorithm, the structure of the reduced-
order model (21), obtained from the generalized balanced truncation, can be exploited. So, let the
matrices B and C' be partitioned accordingly to (21) as

. B N
B{B;] and C = [By, Bu.

Using this block partition, the system (E’ , /1, B, C‘, D) automatically decouples into its slow sub-
system

dp(t) = Apxy(t) + Bru(t),

yr(t) = Crap(t) (32)

and its fast subsystem

FooZoo(t) = Too(t) + Boou(t),
Yoo (t) = CooToo (t) + Du(t).

First, the fast subsystem (33) is considered. Since the GBT(SR) was used to compute the
system (33), there are no zero improper Hankel singular values anymore. As mentioned before
and considering Theorem 1, there is no meaningful further reduction concerning the improper
Hankel singular values without generating physically meaningless results, so the fast subsystem
stays unchanged.

Now, let us consider the slow subsystem (32). It is easy to see that (32) is in standard form.
Also beneficial properties, resulting from the applied balanced truncation method, still hold for
this subsystem which means it is stable and balanced.

Let the original system be decomposed as G = G, + P into its slow subsystem G, and its
fast subsystem P. By the truncation of only zero proper Hankel singular values, the system (32)
is a minimal realization of the original slow subsystem G,,. Now, the standard HNA method,
mentioned in the previous section, can be applied to (32). As result, an r-th order HNA is
computed

(33)

Ehih(t) = Ahxh(t) + Bhu(t),
yh(t) = Ch:L'h(t) =+ Dhu(t),

where Ej, results from avoiding disadvantageous scaling of the matrices A, and Byj. More general
transformation formulas for invertible E matrices have been developed in [8]. To get an opti-
mal HNA of the descriptor system (1), now the computed HNA (34) and the reduced-order fast
subsystem (33) are coupled

Eh 0 X . Ah 0 " Bh

A CO A ECRa A K] )

oo

g(t) = [Ch, Coo} i‘(t) + (Dh + D)u(t)

(34)

In the following theorem, the properties of the resulting GHNA are summarized.

Theorem 2. Let G be a c-stable descriptor system (1) with a regular matriz pencil. The £-th order
generalized Hankel-norm approzimation (35), with its transfer function G and ¢ = r + €, has the
following properties:

1. The realization ofé 1s conditionally minimal and c-stable.
2. The absolute error in the Hankel semi-norm is given by
IG = Gllu = s+1(G),

where ¢,41(G) is the (r + 1)-st proper Hankel singular value of G.



3. The absolute error in the Hoo-norm can be bounded by

nf

IG = Gllu., <2 ) (),
k=r+1

where s, (G) 1is the k-th proper Hankel singular values of G.

Proof. Let G = G, + P be the original system and G = Gy + P, the balanced, conditionally
minimal realization obtained by the GBT(SR) method. Here G5, G denote the slow subsystems
and P, P, the fast ones. The GHNA is constructed by

G=Gh+ Py, (36)

where Gy, is the r-th order HNA (34) of the standard system Gp.

First, consider part 1. The balanced realization G is conditionally minimal and c-stable. So by
construction (36), both of these properties are transferred to the GHNA.

Now consider the error formulas in 2. and 3. Therefor, let £ = G — G be the error system of the
GHNA. Then it holds

E=G-G
=Gy +P—-GrL— B
=Gyp+ P, — Gy — B,
= Gy — G,

since the balanced realization G is conditionally minimal and therefor, G, = G,, and B, = P.
Using the error bound of the standard method (15) one obtains

G — GHH = [|Go — Grlla = 6+1(Gb) = 6r41(G).

Using the same approach, the error in the Ho,-norm is given by

ny
IG = Gllse = Gy = Galln. <2 Y (@),
k=r+1

if the Hoo-norm error bound for the standard r-th order HNA from [2] is used. O

In Algorithm 1, the complete GHNA method is summarized.

4 Numerical Methods for GHNA

4.1 Approximate GHNA

The GHNA method can quickly become numerically unstable. This problem arises from the
transformation formulas (12) for the construction of a scaled all-pass error transfer function. It is
easy to see that the diagonal matrix I' = %2 — ¢? ' 11nmin—k can lead to large numerical errors for
small proper Hankel singular values in further computations. This happens if either the chosen
value ¢4 or the remaining proper Hankel singular values in ¥ are very small. One preventive
measure was the usage of the descriptor system structure (34) to avoid unnecessary scaling by T
In further considerations, only the case of too small remaining Hankel singular values is treated.
Small proper Hankel singular values can arise from numerical errors during the computation of
the minimal realization. Therefor, one approach to solve this problem is to compute a smaller
balanced truncation of the slow subsystem than the minimal realization such that too small proper
Hankel singular values are cut off. In this case, an additional error is made since the balanced
realization is only an approximation of the original system. To get a measure for the additional



Algorithm 1 Generalized Hankel-Norm Approximation (GHNA) Method

1:

10:

11:

Solve the continuous-time Lyapunov equations (6) and (7) for the Cholesky factorizations
Gpe = RyR} and G, = L, L.

Solve the discrete-time Lyapunov equations (8) and (9) for the Cholesky factorizations G;. =
R;R! and G;, = L; LY.

Compute the two skinny singular value decompositions

LIER, =U:SV{" and LT AR; = U,0Vy.
Compute the transformation matrices
W, = L,U,X"%, T,=R,i¥" %,
Wi = LU,072, T,=R;V,0"2.
Compute the minimal balanced realization of the slow subsystem
(Ie;,Af, By, Cy,0) = (W, ET,, W, AT, W] B,CT,,0).

Choose the proper Hankel singular value ¢4 .
Permute and partition the Gramians of the slow subsystem

gvpc = gvpo = diag(i:,ngrlIk);

and the corresponding system matrices

i [An A 5 _ | B s
A= B= C=|Cy, Cof.
{Am A22} ’ {BJ ’ (1 2]

Compute the all-pass transformation

2

I
M«

— 2 de

A+ 2ALY 46 CTUBY,
By — 4101 U,

=012 — 1 UBT,

N

S

T QO oy
I
M 4

- C’I‘-‘rlU)

with U = (CT)'Bs.
Compute the additive decomposition

G(s)=C(sE — A)B+ D = Gp(s) + F(s),

where F' is anti-stable and G}, stable with the realization (E}, Ap, Bh, Ch, Dy).
Compute the balanced realization of the fast subsystem

(Eoo, It s Boo, Coo, D) = (WIET;, W} AT;, W} B, CT;, D).

Couple the resulting subsystems

A DA Y L Eh 0 Ah 0 Bh
saseo=([ ][5 2] (3] o o)




error, let Gy, be the computed balanced truncation of order n; of the slow subsystem G,. Then it
has been shown in [11] that in the Hankel semi-norm it holds

ny
||Gsp - GbHH <2 Z §k(Gsp)a (37)
k=ny+1

with ny the order of the slow subsystem G,,. For the overall error, let G = G, + P be the
original descriptor system and G = Gy + P, the balanced realization with G}, of order ny. The
generalized Hankel-norm approximation is denoted by G = G+ P,, where the r-th order standard
Hankel-norm approximation G, was computed from the balanced realization Gj. Using (37) one
obtains

|G =Gl = IGsp + P —Gn — Py|lu
= HGSP_GhHH
= HGsz) -Gy + Gy — GhHH

< IGy = Gullm + 1Gsp — Gill 1 (38)
ny
< §T+1(Gb) + 2 Z gk(Gsp)-
k=ny+1

Since balancing the system does not change the Hankel singular values, the Hankel singular values
of Gy and G, are also the proper Hankel singular values of G. The resulting error can be bounded
by

nf

IG = Gllr <sa(G)+2 Y (G).
k=np+1

Concerning the Ho.-norm, the approach in (38) can be used to get

nf

IG = Glla. <2 > (@),

k=r+4+1

which is the same error bound as for the exact method.

This approximate version of the GHNA takes advantage of the use of the GBT(SR) method in
form of the adaptive choice of the order ny. It is possible to choose the order n;, with respect to
the proper Hankel singular value ¢4 such that

2 Z & (G) < ¢r41(G).

k=np+1

In this case, the resulting additional error becomes negligible small concerning the original Hankel
semi-norm error. But the corresponding matrix I' leads to a better conditioned problem. The
algorithmic adjustments in the implementation of the GHNA method are small, since only the
truncation of non-zero proper Hankel singular values has to be allowed in the generalized balanced
truncation method. In this case, the ¥o term in (17) with the undesired proper Hankel singular
values is not zero and only the matrices Uy, X1, and Vj are used for further computations.

Another advantage of the approximate algorithm can be found in the computation of the bal-
anced truncation. The GBT(SR) method needs to scale the transformation matrices (19) using
the inverse remaining Hankel singular values which is more accurate if the small proper Hankel
singular values are truncated. Also in the sense of computational costs, this approximate method
has advantages. The further steps of the algorithm, i.e., the all-pass transformation and additive
decomposition, are extremely costly for large matrices in terms of computational time and memory
usage. Therefor, it is advantageous to already have a small balanced realization for the further
computations.

10



4.2 Application to Sparse Systems

A frequently appearing case in practice is the model reduction of large-scale sparse descriptor
systems. In this case, the system matrices F and A from the descriptor system (1) are in a large-
scale sparse form, i.e., the dimension n is large, the matrices can be stored using O(n) memory
and the matrix-vector multiplication can be computed in O(n) effort. Often such matrices result
from the discretization of partial differential equations.

The transformation into a balanced realization does not preserve the sparsity of the system
matrices. Therefor, the GHNA method can only be adapted to sparse systems in the first two
steps. This concerns the computation of the solutions of the generalized projected Lyapunov
equations (6)—(9). It has been observed that the eigenvalues of the symmetric positive semidefinite
solutions of Lyapunov equations with low-rank right-hand sides generally decay rapidly. The same
result holds for the generalized projected Lyapunov equations [21]. Therefor, the system Gramians
can be approximated by low-rank Cholesky factorizations, e.g., Gp. ~ ZpCZ;: with Z,. € R*k
and k < n.

For the proper system Gramians, the computation is done by adapting existing low-rank meth-
ods, e.g., Krylov subspace methods or low-rank ADI methods. In this case, the right-hand side
has to be replaced by the projected form from the Lyapunov equations (6), (7). Additionally, it is
recommended to project the solution back into the corresponding subspace after some steps of the
methods due to a drift-off effect.

In contrast to this, for the improper system Gramians full-rank factorizations can be constructed
explicitly such that G;. = Z;.ZL and G;, = Z;,ZL, with

Zie = [Q:AT'B, AT'EQ,A7'B, ..., (AT'E)""'Q,A"'B],
Zio = [QTATTCT, A-TETQTA-TCT, ..., (A-TET)—1QIA-TCT];

see [21] for more details. Thereby, the size of the full-rank factorizations is bounded by the number
of inputs m or outputs p times the system’s index v. This corresponds to the overall bound of the
non-zero improper Hankel singular values (16).

Still for using these methods, the spectral projections Py, P., Q¢ and @, have to be computed.
But for many problems, these spectral projections can be applied by exploiting the special structure
of the problem; see [21] for some examples.

4.3 The Projection-Free Approach

In case of unstructured problems, there are no explicit construction formulas for the spectral
projectors Py, P, Q¢ and @, so they have to be explicitly computed for the use in the generalized
projected Lyapunov equations (6)—(9). But as for the GBT(SR) method, an alternative approach
to the use of spectral projectors can be given; see [19].

As already used in the GHNA algorithm, the GBT method can be interpreted as a decoupling
of the original system into the slow and fast subsystems and the individual reduction of both.
Therefor, consider the following generalized block triangular form. There are orthogonal matrices
U,V € R™" such that

_ Ef K, T _ Af Au T
E—V[O EOO]U and A—V[O AOOU,

where the matrix pencil AEy — Ay contains all the finite eigenvalues of AE — A and the matrix
pencil AE,, — Ay, has only infinite eigenvalues. For the computation of a block diagonalization of
the system, the coupled Sylvester equations
E;Y - ZE = —E,, (39)
ApY — ZAy = — Ay, (40)

have to be solved for Y and Z; see [5]. Using all of these matrices for the restricted system
equivalence transformation

I 0 I,, Y
M} _ nyg _ ny
dec =V [ZT Inw] » Taee=U [ 0 Inw]
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of the original descriptor system (1), one obtains
Ef 0
0 Fx

where the remaining matrices are constructed as

(t) = {%f A(lo] #(t) + [Boo] u(t), (41)

y(t) = [C;  Cs] &(t) + Du(t),

K-

VTB:[E:J, By = B, — ZBx,
(42)
Cy
CU = al Co = C;Y +C,.

Obviously, the realization in (41) decouples into the fast and slow subsystems of (1). Since the
spectral projectors of the subsystems are identity matrices, the corresponding Lyapunov equations
(6)—(9) simplify to

EfXpe A} + AsXp Ef + ByB} =0,
Ef XpoAgp + AL XpoEy + C{Cp =0,

for the slow subsystem and

AsXi AL — B X;.ET — BB =0,
AL XiyAs — ELX,0Es — CLCL =0,

for the fast subsystem. These Lyapunov equations can be computed without the spectral pro-
jections. The matrices X,. and X, correspond to the parts of the proper controllability and
observability Gramians, which contain the potentially non-zero proper Hankel singular values.
The same holds for X;., X;, and the improper system Gramians. For the rest of the algorithm,
only the transformations have to be restricted to the subsystems.

The projection-free approach is implemented in the version 3.0 of the MORLAB toolbox; see [7].
In this special implementation, the block diagonalization of the system is done by using a block
transformation approach based on the following generalization of Theorem 4.1 from [13].

Theorem 3. Let I' C C be a region in the complex plane which contains ny eigenvalues of the
matriz pencil \E — A. Let Q,Z € R™™™ be orthogonal matrices that transform the matriz pencil
AE — A into the upper block triangular form:

1 1 1 1
AB(Y — A AB() - Al
0 AES — ALY

)

QT(\E - A)Z = [gg] (AE — A) 21,25 =

with AAY, EDY € T and A(AY, ED) n AAS, EDY = 0. Similarly, let U,V € R"™™ be
orthogonal matrices that transform the matriz pencil A\E — A into the upper block triangular form:
2 2 2 2
ABYY — AT B - A
0 AESD) — A)

Ui
Uy

UT(AE — A)V = [ ] (AE — A) [V, VB] = ,

with A(AS) D) €T and A(AD, EDYn AAD EP) = 0. Then
X =[Us, Qi and Y =[Z, V]
are transformation matrices, such that XT(AE — A)Y has a block diagonal structure where the

upper block contains the ny eigenvalues lying inside I' and the lower block has the remaining n —nq
eigenvalues of \E — A outside of T".

Proof. The proof can be found in [22, Section 5.2]. O
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In contrast to the approach above, it is not necessary to compute the solution of the coupled
Sylvester equations and, due to the block orthogonal structure of the transformation matrices,
the right-hand sides are usually better conditioned than (42). In MORLAB, the right matrix
pencil disk function method is used to generate the block transformation matrices, see [22] for
more details on the implementation. Additionally, Theorem 3 can be used to compute the additive
decomposition in step 9 of Algorithm 1 by separating the eigenvalues with negative and positive
real-parts.

5 Numerical Examples

Two examples have been chosen to demonstrate the introduced GHNA method. All the compu-
tations were done on a machine with one Intel(R) Core(TM) i7-6700 CPU processor running at
3.40GHz and equipped with 8 GB total main memory. The computer is running on Ubuntu 16.04.4
LTS and uses MATLAB 9.1.0.441655 (R2016D).

5.1 Semi-Discretized Stokes Equation

First, the method is tested on a large-scale sparse example. The Stokes equation describes the
flow of fluids at very low velocities without convection and coincides with the linearization of the
Navier-Stokes equation around the zero-state. The spatial discretization of the Stokes equation by
the finite volume method leads to a descriptor system of the form

U, (t) = A vp (ﬁ)
0= Agvh (ﬁ)
y(t) = Cron(t) + Capn(t),
where v, and pp are the semi-discretized vectors of velocity and pressure, respectively, and the

matrices By, Ba, C1, Co are all vectors. For matrix pencils like in (43) the spectral projectors Py
and P, are given by explicit construction formulas

+ A12pi(t) + Bru(t),
+ Bgu(t), (43)

B T —1
P = [1(_)1 HA11A12(()A12A12) ] ,

h_ 1 0
" (AL AR) TTAL AGIT 0]

where IT = I,,, — A12(AL, A15) 71 AT, is the orthogonal projector onto the kernel of AL, along the
image of Ajo; see [20]. The generation of data is based on the test example 3.3 in [16]. The
Stokes equation was discretized on a uniform staggered grid of 80 x 80 points which leads to a
descriptor system of the size n = 19,039, where the matrix pencil AE — A has ny = 6,241 finite
and no, = 12,798 infinite eigenvalues. The data was generated to get a full-rank A; such that
the system (43) is of index 2.

For the computation, the implementation of the GHNA method was adjusted to the sparse
system case, as described in Section 4.2, and for the solution of the projected continuous-time
Lyapunov equations (6) and (7), the solvers from version 1.0.1 of the M-M.E.S.S. toolbox have
been used [15]. See the demo file bt_mor DAE2.m in [15] for the used parameter settings. With
these adjusted solvers, the two iterations for the low-rank factors quickly converged after 31 and
32 iteration steps as shown in Figure 1. An approximation of the non-zero proper Hankel singular
values has been computed and plotted in Figure 2 using the low-rank factorizations of the proper
system Gramians.

As mentioned before, it is numerically more stable using a balanced truncation of the slow
subsystem than the minimal realization. For this reason, a tolerance for the allowed proper Hankel
singular values was computed as log(n) - € and multiplied with the largest proper Hankel singular
value, with n the order of the system and e the machine epsilon. The resulting bound is also shown
in Figure 2 and the computed balanced realization is of order 21.

To compute a fourth order standard Hankel-norm approximation of the slow subsystem, the fifth
proper Hankel singular value ¢5 = 1.8370 - 1075 was chosen. The additive decomposition of the
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Figure 1: Convergence of the low-rank ADI iterations for the low-rank factorizations G,. = chZ{;’;
and Gpo = ZpoZ, (Stokes example).

e Proper Hankel singular values =—— Balanced realization

o[ T T T T T T .

107
®e
10770 c,, .
[ ]
LI
10710 1 °e, . B
LY °
10~ | °°, -
e00000OCGOS
10720 | | | | | |

0 5 10 15 20 25 30 35

Figure 2: Computed proper Hankel singular values and the tolerance for the balanced realization
(Stokes example).

transformed realization (12) was made by using the ml_adtf_dss routine from version 3.0 of the
MORLAB toolbox [7]. The projected generalized discrete-time Lyapunov equations (8) and (9)
were constructed as shown in Section 4.2. In contrast to the continuous-time case, every iteration
step was reprojected since the iteration converges after 2 steps at maximum. As result only one
non-zero improper Hankel singular value §; = 5.3046 - 1078 was computed. This implies that
the reduced-order system would be of index 1. In this case, the fast subsystem (33) is equivalent
to a feed-through term of the form —Cuy Bs = —1.875- 107!7. Since this value is negligible
small compared to the resulting feed-through term D = ¢ from the GHNA method, the state
corresponding to this improper Hankel singular value was truncated, too.

To sum up, the original semi-discretized Stokes equation is approximated by a GHNA of order
4 (r =4, {5 = 0). The error of the original and reduced-order transfer functions in the spectral
norm can be seen in Figure 3. Additionally, the corresponding H., error bound as well as a
reduced-order model of the same order computed by the GBT(SR) method are plotted to get an
impression of the approximation behavior. The shown error behavior of the GHNA is typical.
Since the reduced-order model is based on an all-pass error transfer function, the error behavior
becomes nearly all-pass if the influence of the anti-stable part is negligible small. Also, the error
of the GHNA approaches the chosen proper Hankel singular value g5, which is exactly the error of
the approximation in the Hankel semi-norm.

Further examples and tests of the sparse implementation of the GHNA method can be found in
[22].
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Figure 3: Absolute error of the GHNA and GBT(SR) transfer functions in the spectral norm with
the corresponding error bound (Stokes example).

5.2 A Damped Mass-Spring System

As a second example, a damped mass-spring system with a holonomic constraint is considered
here. The detailed construction of the system can be found in [14]. The vibrations of the resulting
system are described by a system of second-order equations

Mp(t) = Kp(t) + Dp(t) — GTA(t) + Buul(t),
0 = Gp(t), (44)
y(t) = Cpp(2),

where p(t) is the position vector, A(t) € R is the Lagrange multiplier, K, D € R9*9 are the
tridiagonal stiffness and damping matrices, M = diag(ma,...,m,) is the mass matrix and G =
[1, 0,...,0, —1] is the constraint matrix. The input matrix is given by B,, = e; and three positions

of masses are measured by Cj, = [61, es, egfl]T, where e; is the i-th column of I,.
For the application of the GHNA method, the system (44) has to be rewritten in first-order
form. Therefor, the velocity vector v(t) = p(t) is introduced and all states are collected in z(t) =

[p®)T,v(®)T, )\(t)}T, such that the system (44) can be rewritten in the form

I, 0 0 0 I, 0 0
0 M 0|it)=|K D -G'|z(t)+ |Bu| u),
0 0 0 G 0 0 0 (45)

w0 =[Cy 0 0]t

This linearization is an index-3 descriptor system. The number of masses was chosen as g = 1500,
which leads to n = 3001 states in the linearized system (45). For the computation of the GHNA,
the ml hna.dss method from version 3.0 of the MORLAB toolbox has been used [7]. In this
function, the projection-free approach from Section 4.3 is implemented as mentioned there. For
the computation of the additive decompositions, the right matrix pencil disk function is used
and the generalized Lyapunov equations are solved via the matrix sign function method; see, for
example, [3] and [4]. More details on handling descriptor systems with the MORLAB toolbox can
be found in [9]. The computed proper Hankel singular values and the used bound for the minimal
realization of the system can be seen in Figure 4.

The computed reduced-order model is of order 6 (r = 6, £, = 0). So also in this case, the
reduced-order model does not contain algebraic constraints anymore, which means the E matrix is
regular. The absolute error of the GHNA is plotted in Figure 5 with the corresponding Ho. error
bound and the error of the GBT(SR) reduced-order model for comparison.
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Figure 4: Computed proper Hankel singular values and the tolerance for the balanced realization
(mass-spring example).
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Figure 5: Absolute error of the GHNA and GBT(SR) transfer functions in the spectral norm with
the corresponding error bound (mass-spring example).

6 Conclusion

An algebraic characterization of descriptor systems with all-pass transfer function was proven and
based on this explanation, an efficient algorithm for the computation of the generalized Hankel-
norm approximation was developed by exploiting the generalized balanced truncation square root
method. To get a numerically more stable algorithm, an approximate version of the Hankel-
norm approximation was introduced. For an efficient practical usage, the introduced method
was considered for sparse large-scale systems as well as for unstructured dense systems. The
approximation behavior of the method was shown on large- and medium-scale examples.

In contrast to the approach of Cao, Saltik, and Weiland [10], the method, introduced in this
paper, has several numerical advantages. It has a more stable and efficient computational behavior,
due to the fact that the Weierstrass canonical form does not have to be computed. Also, the
introduced method can be applied to more general descriptor systems since C-controllability and
C-observability were not assumed.

Acknowledgment

This work was supported by the German Research Foundation (DFG) priority program 1897:
“Calm, Smooth and Smart — Novel Approaches for Influencing Vibrations by Means of Deliberately
Introduced Dissipation” and the German Research Foundation (DFG) research training group 2297
“MathCoRe”, Magdeburg.

16



References

[1]

V. M. Adamjan, D. Z. Arov, and M. G. Krein. Analytic properties of Schmidt pairs for
a Hankel operator and the generalized Schur-Takagi problem. Mathematics of the USSR-
Sbornik, 15(1):31-73, 1971.

A. C. Antoulas. Approzimation of Large-Scale Dynamical Systems, volume 6 of Adv. Des.
Control. STAM Publications, Philadelphia, PA, 2005.

Z. Bai, J. Demmel, and M. Gu. An inverse free parallel spectral divide and conquer algorithm
for nonsymmetric eigenproblems. J. Numer. Math., 76(3):279-308, 1997.

P. Benner and E. S. Quintana-Orti. Model reduction based on spectral projection methods. In
P. Benner, V. Mehrmann, and D. Sorensen, editors, Dimension Reduction of Large-Scale Sys-
tems, volume 45 of Lect. Notes Comput. Sci. Eng., pages 5-45, Berlin/Heidelberg, Germany,
2005. Springer.

P. Benner, E. S. Quintana-Orti, and G. Quintana-Orti. Parallel model reduction of large-
scale linear descriptor systems via balanced truncation. In M. Daydé, J. J. Dongarra,
V. Hernandez, and J. M. L. M. Palma, editors, High Performance Computing for Computa-
tional Science - VECPAR 2004, volume 3402 of Lecture Notes in Comput. Sci., pages 340-353,
Berlin/Heidelberg, Germany, 2005. Springer-Verlag.

P. Benner and T. Stykel. Model order reduction for differential-algebraic equations: A survey.
In Achim Ilchmann and Timo Reis, editors, Surveys in Differential-Algebraic Equations IV,
Differential-Algebraic Equations Forum, pages 107-160. Springer International Publishing,
Cham, March 2017.

P. Benner and S. W. R. Werner. MORLAB-3.0 — model order reduction laboratory, 2017. see
also: http://www.mpi-magdeburg.mpg.de/projects/morlab.

P. Benner and S. W. R. Werner. On the transformation formulas of the Hankel-norm approx-
imation. Proc. Appl. Math. Mech., 17(1):823-824, 2017.

P. Benner and S. W. R. Werner. Model reduction of descriptor systems with the MORLAB
toolbox. IFAC-PapersOnLine 9th Vienna International Conference on Mathematical Mod-
elling MATHMOD 2018, Vienna, Austria, 21-23 February 2018, 51(2):547-552, 2018.

X. Cao, M. B. Saltik, and S. Weiland. Hankel model reduction for descriptor systems. In 2015
54th IEEE Conference on Decision and Control (CDC), pages 4668-4673, December 2015.

K. Glover. All optimal Hankel-norm approximations of linear multivariable systems and their
L°-error norms. Internat. J. Control, 39(6):1115-1193, 1984.

S. Gugercin, T. Stykel, and S. Wyatt. Model reduction of descriptor systems by interpolatory
projection methods. SIAM J. Sci. Comput., 35(5):B1010-B1033, 2013.

B. Kagstrom and P. Van Dooren. A generalized state-space approach for the additive decom-
position of a transfer matrix. Numer. Lin. Alg. Appl., 1(2):165-181, 1992.

V. Mehrmann and T. Stykel. Balanced truncation model reduction for large-scale systems
in descriptor form. In P. Benner, V. Mehrmann, and D. C. Sorensen, editors, Dimension
Reduction of Large-Scale Systems, volume 45 of Lect. Notes Comput. Sci. Eng., pages 83-115.
Springer-Verlag, Berlin/Heidelberg, Germany, 2005.

J. Saak, M. Kohler, and P. Benner. M-M.E.S.S.-1.0.1 — the matrix equations sparse solvers
library, April 2016. see also: https://www.mpi-magdeburg.mpg.de/projects/mess.

M. Schmidt. Systematic discretization of input/output maps and other contributions to the
control of distributed parameter systems. Ph.D. Thesis, Technische Universitat Berlin, Berlin,
2007.

17


http://www.mpi-magdeburg.mpg.de/projects/morlab
https://www.mpi-magdeburg.mpg.de/projects/mess

[17] V. Sokolov. Contributions to the Minimal Realization Problem for Descriptor Systems. Dis-
sertation, Fakultat fiir Mathematik, TU Chemnitz, Chemnitz, January 2006.

[18] T. Stykel. Analysis and Numerical Solution of Generalized Lyapunov Equations. Dissertation,
TU Berlin, 2002.

[19] T. Stykel. Gramian-based model reduction for descriptor systems. Math. Control Signals
Systems, 16(4):297-319, 2004.

[20] T. Stykel. Balanced truncation model reduction for semidiscretized Stokes equation. Linear
Algebra Appl., 415(2-3):262-289, 2006.

[21] T. Stykel. Low-rank iterative methods for projected generalized Lyapunov equations. Electron.
Trans. Numer. Anal., 30:187-202, 2008.

[22] S. Werner. Hankel-norm approximation of descriptor systems. Master’s thesis, Otto-von-
Guericke-Universitat, Magdeburg, Germany, 2016.

Appendix

For the proof of Theorem 1, the following lemma is used.
Lemma 1. Fach all-pass transfer function G(s) € C™*™ is proper.

Proof. From the definition of all-pass transfer functions it follows that the product
G(5)GT (=s) = I,
has to be proper.

Improper Case:

First, let’s assume that G is an improper transfer function. The entries of G(s) are rational
polynomials with real coefficients. Since G is improper at least one entry of G must have a higher
numerator polynomial degree than the denominator. Also, one can observe that for GT(—s) the
entries of the matrix are only transposed and coefficients of odd polynomial order change their
signs. In the single-input single-output (SISO) case G(s) is given by

with deg(n) > deg(d). Let the numerator and denominator of the para-Hermitian function be
denoted by 7(s) and d(s). In this case, it is obvious that for the product it holds

2 - deg(n) = deg(nn) > deg(dd) = 2 - deg(d).

So the product is always improper.
In the multi-input multi-output (MIMO) case, it is assumed for simplicity that m = 2 and that
the denominator is equal for all entries and can be factored out such that

Gls) = 1 {”11(5) ”12(5)} and GT(—s) = 1 [7}11(5) ﬁzl(s)] _

no1 (S) 22 (S)
The resulting product is then

1 n11(s)n11(s) +nigfz  n11(s)n2r(s) + nizfae
G GT _ - - 11 " " " a )
(5)G" (=) [n21(5)n11(5) +noafiia n21(s)n21(s) + nazfian

d(s)d(s)

If only one of the product entries would have a higher polynomial degree than the denominator
the argumentation from the SISO case would follow. Therefor, we can assume w.l.o.g. that

deg(ni1) = deg(niz) = deg(d) +1 =g+ 1.
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We concentrate on the (1,1) entry of the matrix product. For the resulting polynomial degrees it
holds

deg(ni1n11) =29+ 2

deg(nianiz) =29+ 2

deg(ni1n11 + niania) < 29 + 2
deg(dd) = 29

To get a proper product transfer function, we need that the two highest coefficients in ny1n71 +
ni2M12 cancel out. If we now develop the polynomials with

g+1 g+1

k k

nll(S): g nies , n12(8) = g ni2,ks,
k=0 k=0
g+1 g+1

n11(s) = Zﬁu,ksk, ni2(s) = Zﬁu,ksk,
k=0 k=0

we get that for the first coefficients

N11,g4+1M11,941 = —N12,g41712,9+1
has to hold, with |n11,g+1| = |11,9+1] and |n12,g+1]| = |12,9+1]- Now, if g + 1 is even we get
_ 5 _ = — 2 _ =2
N11,g+1 = N11,g4+1, N12,g+1 = N12,g+1 Ni1,g41 = ~N12,941>
and if g 4+ 1 is odd
_ = _ 2 _ =2
N11,g+1 = —Nil,g+1, N12,g+1 = —N12,g+1; = N1y g1 = N2 gy1-

Both cases are a contradiction to the condition that the coefficients are real and non-zero. Therefor,
an all-pass transfer function cannot be improper.

Strictly Proper Case: Now, let’s assume that G is a strictly proper transfer function. Using the
same argumentation as in the improper case, we get that the product of a strictly proper transfer
function with its para-Hermitian is also strictly proper. o

Now, Theorem 1 can be proven.

Proof. At first, we can assume w.l.o.g. that ¢ = 1, since the system can be scaled to that case by
B = g_%B, C= g_%C and D =c¢~1D.

2 :>77 .

Assume the transfer function G(s) is all-pass. With the previous lemma it follows that G(s) has

to be proper. If we consider now the decomposition of the transfer function into its strictly proper
and polynomial part G(s) = Gsp(s) + P(s), the polynomial one must satisfy

P(s) = Z M,s®,
k=1

with M, = 0 for all kK > 1. In this case, it holds

lim G(s) = My,

§—00

and with the definition of all-pass transfer functions we get

MoMT = G(5)GT(=s) = I,,,.
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So the expressions (28) and (29) hold. Since the matrix pencil AE — A is assumed to be regular,
there are non-singular matrices @, Z € R™*"™ which transform the matrix pencil into the following
block diagonal structure

Ef 0] [A; 0
Q()\EA)Z/\{Of Ew][of Aoo]’

where AE'y — A contains all the finite eigenvalues of A — A and AE, — A contains only infinite
eigenvalues. These transformation matrices can be used on the complete system as a restricted
system equivalence transformation

(QEZ,QAZ,QB,CZ,D)
qof Em]’[of AOJ’[B:J’[Cf Coo},D).

This system decouples into its slow
Epiyp(t) = Ay (t) + Bru(t),
yr(t) = Crap(t),
and fast subsystem
Erioo(t) = AcoToo(t) + Boou(t),
Yoo (t) = Coooo (t) + Duf(t).
The slow subsystem corresponds to the strictly proper part of the transfer function and the fast
subsystem to the polynomial part. Then, the constant part of the transfer function is then given
by
My =D — Cxu A} Boo,
and the transfer function G(s) has another realization of the form

G(S) = Cf(SEf — Af)ile + My,

with invertible matrix Ey.
Now, we can use the definition of an all-pass transfer function, i.e., G(s)GT (—s) = I, to get the
relation G~!(s) = GT(—s), which can be written as

G™'(s) =My ' — My 'Cy(sEy — Ay + ByMg 'Cp) "By Mg
— G (-s)
= Mg + Bf (—sE} — A7)"'CT.
The equality M, = M{ was already proven above. From the R-controllability and R-observability
assumption together with the regularity of Ey, it follows that there exist invertible matrices ', W &

R™* "™ which transform the realization of the inverse transfer function into the realization of the
para-Hermitian one, with

Ef = WEST, (47)
~ AT =W(A; — ByMJ Cy)T, (48)
C} =WBsMy, (49)
B} = M{ CyT. (50)
Now, these expressions can be reformulated. From (49) we obtain
C} =WBsMy
= W~'CF = ByMy
— W 'C[M, =By
= Bf =MjCcywT.
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From (50) we get

B} = Mj CsT
= BfT™' = Mg Cy
<~ MoB?T_l = Cf
= Ci =T""BsM .

The equation (48) can be reformulated as

~ AT =W(Ay — ByM{ C)T
= -WATT ' = A; — ByM{ Cy
= Ap=-WATT™' + BfM{ Cy
= —A7 =TT AW — CTMyBY
=T"T(Ay — ByM{CH)WT,

And as last one, for (47) it holds

Ef = WET
= WI'E[T'=E
= Ef =T "E;wT.

Therefor, T and W~ as well as T~ and W7 satisfy the same set of equations, which means that
W =T-T. Using this, the expressions (47)—(50) are equivalent to

Ef =T TE;T, (51)
—AY =T"T(Ay — By M{ Cy)T, (52)
C; =T""ByM{, (53)
B} = Mg CyT. (54)

The expressions (51), (52) and (54) give the T as solution of the following system of matrix
equations

AfT+TT AT — ByB} =0,

EfT =T"E}.
By setting the symmetric matrix épc = —TE;T = —E;lTT the equation system can be rewritten
as
AsGpE] + EGpeAT + ByBT =0. (55)
Analogously, it follows
ATGpoEf + ET GpoAy + CTCy = 0. (56)

with the symmetric matrix G, = folEfl = fEf_TT*T.

For the matrices épc and épo, the following matrix product is considered
A T A —T\ T —1p—1 _
GpeEf GpoEy = (-TE;Ef (=T 'E;)E; =TT ™! = I, (57)
and also

GpoEfGpeEf = (—T'E;)Ef(-TE;")E}f =TT " =1,,. (58)
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Additionally, from (53) it follows

TTC} = BfMg
— MyB} — CsT =0 (59)
> MyB} + C;GpEf =0,

and from (54) we obtain
Mg Cy + B} GpoEy = 0. (60)

With the last step all conditions are satisfied on the realization with invertible matrix Ef. In
the next step, the original dimension of the system has to be rebuild by using the block diagonal
structure (46). This is done by applying appropriate spectral projectors of the deflating subspaces
corresponding to the finite eigenvalues of AE — A. In case of a system in the form (46), the left
and right spectral projectors are given by

PZ[Igf 8} and PT[Igf 8}

Since the matrices épc and épo are only determined by the system parts corresponding to the
finite eigenvalues, they have to be expended accordingly to the spectral projectors by

~ Gpe 0 ~ Gpo 0
Gpc—>[0 0} and Gpo—>{0 0].

Using this, the equation (55) is equivalent to

A i | R A o

and equation (56) to
Ay 017 [Gp O] [Ef O LB o TG 0] 4, ©
0 Ax| |0 0/[0 Ex] |0 Ex] [0 0/|0 Ax (62)

Also, the matrix product in (57) becomes

Goe O1[Ef 017 [Gpo O1[Ef 0] [l ©
0 0/|0 Ex] [0 0|0 BEx] [0 0]

as well as (58) with

Goo O] [E; 01[Gp 0][E; 01" [l ©
0 0/|0 Ex]|0 o]0 Eo ~|0 o]

The constraint (60) becomes

and (59) is equivalent to

wiies o [B] (6 OB 2]
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As last step in this part, the realization has to be back-transformed into the original one. By
multiplying (61) from the left with Q! and from the right with Q=7 we get

o [Ar 010G, 0] [E; 01" .-
Ql[of AOOH(f oHof EOJ Q'
B 0][Gpe 0][4; 077 -
o [§ 2] [V o] e
T
rareg][a] wre”

ol 2l el 2o

A 0 0 0 Ew
(B, 07 ..4.[G. O oA, 01"
o AR v i R P I

_ B.1TB* _
corraet [ | ] et e
= AGp.E" + EG,. A" + P,BBT P/
=0,

with the spectral projection

15 1 {dIn, O
PzZleeQZQl[Of O}Q,

and the symmetric matrix

_ Gpc 0 T
ngZ[O O]Z'

These are the conditions (22) and (24). Analogously, the conditions (23) and (25) can be shown by
multiplying (62) with Z=7 from the left and Z~! from the right. For the condition (22) it holds

v oy, 0 1, [Gpe O] op—r [In, O] 1
PTngPT_Z[O NEa AN A K R E

_ épc 0f 7

-2 o)z

:gpca

and for (23)

rrGur =" Ty ol (G daa [Ty e

_ Q7 [Gé,o 0} 0

0
= gpo-
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The condition (26) for the proper Hankel singular values is then

T
_r |E 0 _
ngETgPOE = Z |:G6)C 8:| ZTZ r |: Of E :| Q T

A P

- [G‘pc 0} {Ef 0 ]T [G‘po 0} [Ef 0 :|Z—1

0 O 0 F 0 0 0 FEso
I.., 0] ..,

- s
KK

and also the dual condition (27) can be shown this way. For the additional constraint (30) it holds

My CP, + B"GoE=M{ [C; Cx|Z7'Z {Igf 8} zt

B: 1" G Ol 1 [E; 07 .
# o) @[ dlee [T L7

= <M0T [Cr Cx) [Igf 8]

and for the dual one (31) it works the same. Hence, all conditions of the characterization are
fulfilled.

2 ¢’7:

Now, it is assumed that the conditions (22)—(31) hold. It has to be shown that the resulting
transfer function of the linear descriptor system is all-pass. Therefor, a reformulation of (24) is
considered

PBBTP}l' = —AG,.ET — EG,. AT
= —~AGy.ET — EG, AT + sEG,.ET — sEG,.ET
= (sE — A)Gpe ET + EG,o(—sET — AT)

The right-hand side of this expression shall be transformed into the form of a transfer function
and its para-Hermitian. It holds

(sE — A)~'PBBT Pl (—sET — AT)™!
= Gpe BT (—sET — AT)™! 4 (sE — A)"'EG,.
= OP,(sE — A)~'P,BBT P} (—sET — AT)"'pTCT
= CP.GpET (—sET — AT)'PTCT + OP,(sE — A EG,.PICT.

In those parts with the symmetric matrix G, there is an additional spectral projector. Using the
definition of P, and G,. from the previous direction one obtains

Prgpc =7 |:Inf 0:| Z71Z |:Gpc O:| ZT

0 0 0 0
_ épc 0 T
f o
:gpc-
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Hence, it holds
CP.(sE — A)"'P,BBT Pl (—sET — AT)"1pTCT
= C0GpET(—sET — ATY"'PTCT + CP.(sE — A)"'EG,.CT.
Now, the additional constraint (31) leads to
CP.(sE — A)"'P,BBT Pl (—sET — AT)~'pTCT
= —MyBT P} (—sET — AT)"'PTCT — CP,(sE — A)~'P,BM{
and, inserting the definition of the spectral projectors, we get on the left-hand side

CP.(sE — A)"'P,BBT Pl (—sET — AT)=1pTCT

_In 0_ -1 -1 -1 In 0
f f
Bk (sE— A)1Q [ . 0} QB

=CZ

% BTQT |: 7(l)f 8:| Q*T(isET _ AT)71Z7T |:I76f 8:| ZTCT
_In 07
| 0

(sQEZ — QAZ)™* {Igf 0} QB

=CZ |

o

BTQT |: gf 8:| (—SZTETQT ZTATQT —1 |:I f :| ZTCT

- ey [0 2]V 2] [
<or mlly [ &[T &) Ts I
= (Cp(sEf — Af) " 'By + 0+ (sEog — Aso) ™'+ 0)
x (Bf (=sEf — A})"'C} +0-(—sEL — AL)™'-0)
= Cy(sEf — Ay) 'ByB} (-sE} — A})7'C}.

For the right hand-side it holds

— MyBT Pl (—sET — AT)"'PTCT — CP.(sE — A)"'P,BM[
= —MBJ (—sE] — A})'C} — Cy(sEf — Af) "' By My .

Using the above expressions, the all-pass condition is satisfied

G(s)GT(~s) = (C(sE — A)"'B+ D)(BT (sET — AT)=*CT + D7)
= (Cy(sEf — Af) "' By + Mo) (B} (sEf — A})~'CT + M{)
= Cy(sEy — Ay)"'ByBf (sEf — A})™'CY
+ MoBJ (sEf — A7) "'CT + Cy(sEy — Ay) "By My + MM
= MM
=1,.
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