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The solution of algebraic Riccati equations (AREs) is a fundamental computation in optimal control and other

domains. The available solvers lack the flexibility in choosing a solution technique, or specifying options and
parameters. The quality of a computed solution depends not only on the problem conditioning, but also on
the various decisions made by the solver designer. This paper proposes a flexible solver for continuous-time
ARE:s that allows the user to choose among several structured solution approaches, orthogonalization methods,
and balancing options and parameters. No selection ensures the best results for all problems. Therefore, it
is sometimes useful to try alternative pathways and find the best solution. The new solver has been used to
solve the examples from the SLICOT CAREX benchmark collection. The numerical results in extensive tests
illustrate the good performance of the proposed flexible solver.

1 INTRODUCTION

The solution of continuous-time and discrete-time al-
gebraic Riccati equations (CAREs and DARESs) is a
basic computation in control systems design, opti-
mal control and other domains. CAREs and DAREs
appear in many applications, such as, stabiliza-
tion and linear-quadratic regulator problems, Kalman
filtering, linear-quadratic Gaussian (LQG) optimal
control problems, computation of (sub)optimal H.
controllers, model reduction techniques based on
stochastic, positive or bounded real LQG balancing,
and factorization procedures for transfer functions.
Generalized CAREs and DAREs are given by the
following equations with unknown matrix X

0 + AUXE+EfXxA
— (EMXB+L)R'(BUXE +1") =0, (1)

0 + AYXA—-EMXE
(APXB+L)(B'XB+R) ' (BXA+1") =0,
()
where A, E,Q € C"™", B,L. € C"™", R € C"™", C is
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the complex plane, and the superscript H denotes the
complex conjugate. In the real case, H is replaced
by T, denoting the transposition operator. In appli-
cations, usually the stabilizing solution is required,
which can be used to stabilize the closed-loop sys-
tem matrix pencil. The assumptions made to ensure
that there is a unique stabilizing solution for each
equation above are that E is nonsingular, Q = QH R
R = R (with R nonsingular for (1)), and the Hamil-
tonian/symplectic pencil associated to (1)/(2) has no
eigenvalues on the imaginary axis/unit circle in C.
Sufficient conditions to guarantee the above assump-
tions are the stabilizability and detectability of the un-
derlying dynamical system, and the following positive
semidefiniteness property,
[ o5k ] > 0. 3)
A very important class of CARE/DARE solvers
makes use of stable invariant or deflating subspaces
of some structured matrices or pencils. A matrix pen-
cil AS — H, with A € C, is Hamiltonian if HIS? =
—SJHM  and it is symplectic if HIH? = SJSH, where

e 0 In T _ _ 71
J.—{_In o]’ S =—g=7"

and [, denotes the identity matrix of order n. If § =
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by, definitions for Hamiltonian and symplectic ma-
trices are obtained; for instance, H is Hamiltonian if
(H)" = HJ; S is skew-Hamiltonian if (SJ)? = —SJ.

If the standard conditions mentioned above are
satisfied, and in addition, for DARE, A and R are non-
singular, the stabilizing solution of a CARE/DARE
can be obtained using an orthogonal basis of the sta-
ble invariant subspace of the Hamiltonian/symplectic
matrix (4)/(5),

A—BR'LH —BR™'BH
H = |: _Q+LR—1LH LR—IBH_AH ) (4)
T —1pHA-Hp _gp—1gHA—H
H — A+BR~7B é (0] BRNP A )
—_A HQ A H ’

where A:==A—BR'I# Q:=0— LR IH.

The explicit need of matrix inversion in the
CARE/DARE solvers using (4)/(5) (for instance, of
matrix A, for symplectic DARE solvers) can ruin the
accuracy of the results, if the matrix to be inverted
is ill-conditioned. Better results can be obtained us-
ing stable deflating subspaces of extended matrix pen-
cils, with no inversion involved (see, e.g., (Bender
and Laub, 1987a; Bender and Laub, 1987b; Lancaster
and Rodman, 1995; Mehrmann, 1991; Sima, 1996;
Van Dooren, 1981)) for CAREs and DAREs:

A 0 B E 0 0
H=| 0 A" L |, s=| 0 —Ef 0 |, )
" B R | 0 0 0|
A 0 B E 0 0]
H=| Q0 -Ef L |,s=|0 —-AH 0 |,(D
" 0 R | 0 —B" 0|
respectively. The solvers available, e.g., in

MATLAB® Control System Toolbox (MathWorks®,
2015) and SLICOT (Benner et al., 1999; Benner et al.,
2010), are using the standard QZ algorithm for re-
ordering the eigenvalues, to determine the stable de-
flating subspaces. The special structure of the matrix
pencils involved is not exploited.

Recently, structure-exploiting techniques have
been investigated for solving Hamiltonian and skew-
Hamiltonian/Hamiltonian eigenproblems, see, e.g.,
(Benner et al., 2002; Benner et al., 2007), and the ref-
erences therein. These techniques can be employed
for CARE solvers. For solving DAREg, it is possible
to preprocess the pencils by an extended Cayley trans-
formation, which only involves matrix additions and
subtractions (Xu, 2006), to obtain equivalent skew-
Hamiltonian/Hamiltonian pencils. However, matrix
inversions are still needed for DARE:s.

This paper addresses the real continuous-time
AREs using structured eigensolvers. Important ingre-
dients are the reduction to condensed forms, such as
(generalized) symplectic URV decomposition (Ben-
ner et al., 1997; Benner et al., 1998), structured
Schur form (Benner et al., 2007; Benner et al.,
2016), and periodic Schur decomposition (Bojanczyk
et al., 1992; Sreedhar and Van Dooren, 1994; Granat
et al., 2007a; Granat et al., 2007b). A new, flex-
ible solver, scare, has been developed based on
SLICOT Library routines (Benner et al., 1999; Ben-
ner et al., 2010) and the associated MATLAB M-
and MEX-files. It uses the latest version of the pe-
riodic QZ solver discussed in (Sima, 2019; Sima and
Gabhinet, 2019; Sima and Gahinet, 2020), and of the
balancing techniques for Hamiltonian matrices and
skew-Hamiltonian/Hamiltonian matrix pencils (Ben-
ner, 2001; Sima, 2016; Sima and Benner, 2016). Sev-
eral approaches are implemented, and the solver can
select one automatically, or it can try to use a speci-
fied one. The new solver has been used to solve the
CARE examples from SLICOT CAREX benchmark
collection (Abels and Benner, 1999). The previous
results (Benner and Sima, 2003; Benner et al., 2016;
Sima, 2011) have been improved. Since no algo-
rithm or set of fixed options and parameters are guar-
anteed to obtain the best performance for all prob-
lems, scare has been invoked successively with all
approaches and several balancing options and related
parameters. The best results in terms of relative errors
and relative residuals have been found automatically
by calling MATLAB MEX-functions in a loop.

Besides the development of the new solver and of
some improvements of the invoked periodic QZ and
skew-Hamiltonian/Hamiltonian procedures, as well
as of the related balancing, our contributions include
the design and realization of the tools for exploring
the solver capabilities over the range of available op-
tions and parameter values. This enables to find im-
proved solutions in terms of relative errors (to known
or reference solutions) and relative residuals, and to
assess the solver performance and make extensive
comparisons with state-of-the-art MATLAB solvers.

2 STRUCTURED APPROACHES
FOR THE CARE SOLVER

The quality of a computed solution depends on the
conditioning of the equation or problem itself, but
also on the method used by the solver and on the avail-
able parameters and/or options. The scare solver
uses two main structured solution approaches: Hamil-
tonian approach and skew-Hamiltonian/Hamiltonian
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approach, but also a derived one, Hamiltonian pencil
approach.

The Hamiltonian approach can be applied if the
matrix E is identity, E = I,,, and the matrix R is well-
conditioned. This approach operates on the matrix,
obtained from (4),

A—BD'LT —BD'BT
H= = e~ ~, 8
—Q+LD'LT LD 'BT —AT |’ ®)

where B := BU s L:=LU , U and D are the factors of
a Schur decomposition of the matrix R, R = UDU T
with U orthogonal, and D diagonal. (If R is diag-
onal, then D = R and U = I,,,.) The Schur decom-
position also enables to reliably asses the numerical
conditioning of R, since its condition number is k :=
max(|D|)/min(|D|), where max(|D|) and min(|D|)
denote the maximum and minimum absolute value
of the diagonal elements of D; note that min(|D|)
is theoretically nonzero, since R is assumed nonsin-
gular. Usually, R is considered well-conditioned if
k<1 /81/ 2 where € is the relative machine accu-
racy. Note that the matrix H in (8) is Hamiltonian,
since Hyy = _HlTl’ Hy; = H]TZ, and Hy| = HZTI’ that
is, (HJ)" = HJ, where H;; € R™" denotes the (i, /)
block of H.

The requirement on the well-conditioning of R is
needed in order to avoid inaccurate computations of
the H;; blocks of H, i,j =1:2. (A MATLAB-style
notation for array indexing (MathWorks®, 2016) is
used.) In such a case, the Hamiltonian approach is
theoretically equivalent to a special case of the skew-
Hamiltonian/Hamiltonian approach, called Hamilto-
nian pencil approach, for convenience. The Hamilto-
nian pencil is defined by AS — H, where S = b, and
H is defined in (8). The matrix S is a special case
of a skew-Hamiltonian matrix, since Sy, = SlTl, S =
—SITZ, and Sp; = —Sle, that is, (S7)7 = —SJ. Note
that the numerical results obtained using the Hamilto-
nian matrix and Hamiltonian pencil approaches may
(slightly) differ.

The formula for H in (8) cannot be used if E is
not an identity matrix. In such a case, a more general
skew-Hamiltonian/Hamiltonian (pencil) approach is
used, with the matrices H and S defined starting
from (6). Since a skew-Hamiltonian/Hamiltonian
pencil must have an even size, k > 0 fictitious control
inputs are added so that m + k is even. The optimal
problem for B and R replaced by [B B] and block-
diag( R, R ), respectively, with B = 0 € R, and
R = I has the same solution as the original problem.
The most convenient values are k = 0, if m is even,
and k = 1, otherwise. The extended matrices H and S

80

are defined below (see, e.g., (Sima, 2010) for details)

A B 0 B
g | I R, BzTT Rz
-0 -L; -A —L, |’
i 7L{ —Ri1 73{ —Ri»
rE 0 O O
s=10 0 £ o ©
L0 0O 0 O

where B; e R"”P, L; c R™P R;; e RP*P i j=1:2,
with p = (m+k)/2 and

(B B =[5 B,

0 L L O L 0
LT Ry Ry |:=|L" R 0|.(0)
LY Ry Ry 0 0 R

It is easy to check that H is a Hamiltonian matrix
and S is a skew-Hamiltonian matrix. The matrix pen-
cil AS — H in (9) has the order 27, with 7 := n+ p.
Note that this extension will add 2p infinite eigen-
values; the solver has to be able to recognize and
remove these eigenvalues, since the original opti-
mization problem has 2n eigenvalues, and the sta-
ble deflating subspace should have n basis vectors.
Again, although the Hamiltonian pencil approach and
the skew-Hamiltonian/Hamiltonian approach theoret-
ically deliver the same solution if E = I,,, the solutions
computed numerically may differ.

The automatic selection of the approach is based
on several rules and the default values of the option
parameters sHHpen and Hpen. Each of these parame-
ters may be set to logical values of true or false, but
the default is false. If sHHpen is false, E = I, and
R is a diagonal matrix, or its condition number satis-
fiesk <1/ €!/2, the Hamiltonian approach is automat-
ically selected. If the first two conditions above hold,
but R is ill-conditioned (x > 1/ gl/ 2), then the solver
resets internally sHHpen to true, enforcing the skew-
Hamiltonian/Hamiltonian pencil approach. The other
parameters (balancing option, threshold value for bal-
ancing, if requested, orthogonalization method) also
have default values. However, as stated before, better
results can sometimes be obtained with parameter val-
ues different than their default counterparts. There-
fore, the solver allows to specify the desired values,
but overrides inappropriate selections. For instance,
if sHHpen and Hpen are both set to true (that would
normally imply the selection of the Hamiltonian pen-
cil approach), but E is not an identity matrix, then the
skew-Hamiltonian/Hamiltonian pencil approach is in-
voked by resetting Hpen to false. The possibility to
specify the approach and related options and parame-
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ters increases the solver flexibility and enables to per-
form extensive tests and comparisons.

The essential computations for the three structured
approaches discussed above are the same. The first
step is the initial reduction of a double size embed-
ded matrix (pencil) to the (generalized) symplectic
URYV decomposition using orthogonal symplectic ma-
trices and, then, to a (formal) matrix product in peri-
odic quasi-triangular form; in the pencil case, three
matrices (or five, if the initial S is J-semidefinite,
e.g., it is factored as S = JZ7J7Z) are upper trian-
gular, and another matrix is quasi-triangular, i.e., it
is block upper triangular with 1 x 1 and 2 x 2 diago-
nal blocks. Then, the periodic QZ algorithm is used
to reduce the matrix product to the periodic Schur
form, in which all 2 x 2 diagonal blocks correspond
to complex conjugate eigenvalues. Half of the fac-
tors are matrix inverses, which can be singular, but
the algorithm can deal with singularities. The next
step is to reorder the eigenvalues so that the stable
ones are moved to the leading positions of the ma-
trix product. The right transformations performed are
multiplied, and the first # columns of the result define
an orthogonal basis of the stable invariant or deflating
subspace of the matrix or matrix pencil, respectively.
If U is a basis matrix, and Uy = Uy, ., Us = Up g 1.4,
then the solution of the Riccati equation is given by
X=0U; !, where U, is theoretically guaranteed to
be nonsingular under the assumptions in Section 1.

3 STRUCTURED BALANCING
FOR THE CARE SOLVER

Quite often, the matrices H (and S, for the pencil case)
have large norms and elements with highly different
magnitude. An example will be discussed in Sec-
tion 4. Other even more highlighting examples are
given in (Sima, 2016). Such matrices or matrix pen-
cils imply potential numerical difficulties for comput-
ing the eigenvalues and the invariant or deflating sub-
spaces, with negative consequences on the reliability
and accuracy of the results, see, e.g., (Sima and Ben-
ner, 2015a). Balancing procedures can be used to im-
prove the numerical behavior.

Balancing is intended to reduce the norms of
the given matrices and reduce the condition num-
ber of the problem, but this may not always be
achieved. Ward (1981) proposed a balancing tech-
nique for general matrix pencils, which has been in-
corporated in state-of-the-art software packages, such
as LAPACK (Anderson et al., 1999). (This will be re-
ferred below as standard balancing.) The data matri-
ces are preprocessed by equivalence transformations,

in two optional stages: the first stage uses permu-
tations to find isolated eigenvalues (which are avail-
able by inspection, with no rounding errors), and the
second stage uses diagonal scaling transformations to
make the row and corresponding column 1-norms as
close as possible. For general matrices or matrix pen-
cils, the first stage reshapes them so that the leading
and/or trailing parts are upper triangular, if possible.
In such a case, the eigenvalues corresponding to these
parts are readily available and perfectly accurate.

Balancing may reduce the I-norm of the
scaled matrices, but this is not guaranteed.
Structure-preserving  balancing  techniques for
(skew-)Hamiltonian matrices and skew-Hamiltoni-
an/Hamiltonian matrix pencils have been developed
in (Benner, 2001) and (Sima, 2016), respectively.
These techniques first isolate, if possible, eigenvalues
in the elements 1 : ¢/ —1 and n+1:n4+/¢—1 on
the diagonals of H, or of S and H, respectively;
this means that the columns 1: /¢ — 1 are in an
upper triangular form, and the rows and columns
n+1:n+£¢—1 are in a lower triangular form.
Then, diagonal equivalence transformations to the
rows and columns ¢ : 7 and n+ ¢ : 2n are applied,
to make the rows and corresponding columns as
close in 1-norm as possible. Due to the structure,
it is enough to equilibrate the 1-norms of the rows
and columns ¢ : n of H (or S and H). But in order
to preserve the structure, all tranformations must be
symplectic for Hamiltonian matrices (Benner, 2001).
It is not always possible to keep the structure of H
(or of S and H) using only symplectic permutations,
P = block-diag(P, P), with PT P = I,,, but generalized
symplectic permutations, which may also have values
set to —1 instead of 1, may be required.

For skew-Hamiltonian/Hamiltonian pencils it is
not necessary that all scaling transformations be sym-
plectic (Sima, 2016). For convenience, assume that
¢ =0. Let L and R be the left and right trans-
formations applied to S and H for balancing. If
L =block-diag(Dy, D), with diagonal matrices D; €
R™7 j=1:2, then R = block-diag(D>,D;). The
structure of S and H is preserved under these transfor-
mations. For ¢ > 0, the first £ — 1 diagonal elements
of Dy and D, will be 1.

After solving an ARE using the skew-Hamilto-
nian/Hamiltonian approach applied to the balanced
pencil, AS — H, the solution of the original prob-
lem must be recovered using inverse balancing. Let

U= {ﬁlT UX']" be a basis of the stable right deflating

subspace of AS — H. When 71 = n, the stabilizing so-
lution of the balanced ARE is given by X = U>U, L
Since U is related to a basis, U, of the stable right de-

81



ICINCO 2021 - 18th International Conference on Informatics in Control, Automation and Robotics

flating subspace of the original pencil, AS — H, by the
transformation U = block-diag(D,',D;")U, it fol-
lows that

[ Ul Ul 1" :=U = block-diag(Ds,D)U.

Therefore, the stabilizing solution of the original ARE
can be computed as follows

X =UU; ' =D0,U; ' Dy (11)

Formula (11) allows to represent and use the solution
X in a factored form, which may be useful for numeri-
cal reasons. When 7 = n—+ p, with p > 0, only the first
nrows of Uy, Us, l~]1, 172, D1, and D, will be used.

The balancing procedure is improved for enabling
to get meaningful results when standard balancing
(possibly even a structured variant) fails, see (Sima,
2016) for some numerical examples. An enhance-
ment of the iterative LAPACK balancing procedure
is used for finding the scaling factors, optionally lim-
iting their range via an outer loop. Specifically, a
threshold value, T, can be set as an input argument. If
T > 0, the entries whose absolute values are smaller
than t™y, where My = max(||H(s,s)| 1, ||S(s,s)][1),
with s := £ :nUn+£: 2n, are not considered for com-
puting the scaling factors.

If © < 0 on entry, an outer loop over a sequence
of values 7; > 0 will select a set of scaling factors
which, if possible, will ensure the reduction of a de-
sired norm-related measure for the scaled matrices.

For T = —1, this measure is the minimum of

max([|Hi(s, s)[|1/11i(s,s) 11, 1Si (s, )11 /[[His,)11),

where H;(s,s) and S;(s,s) are the scaled submatrices
corresponding to the threshold 7;. This strategy tries
to balance H and S, but also to make their 1-norms
comparable.

For © = -2, the same measure is used, but if
max(||H(s,s)||1,[IS(s,s)||1) > ¢Mp and t > T, where
c and T are given constants (¢ possibly larger than
1), and ¢ is the maximum ratio of the scaling factors
found (the maximum of the condition numbers of D;
and D), then the scaling factors are set to 1; here,
the matrices with tilde accent are the solution of the
above norm ratio reduction problem. This approach
avoids to obtain scaled matrices with too large norms,
compared to the given ones, and also limits the range
of the scaling factors.

For T = —3, the measure used is the smallest prod-
uct of norms, min;(||H;(s,s)|1]/Si(s,s)]]1), over the
sequence of T; values tried, while for T = —4, the con-
dition numbers of the scaling transformations are ad-
ditionally supervised, and the scaling factors are set
to 1 if the “optimal” scaling has a condition number
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larger than T. This tends to reduce the 1-norms of
both matrices.

Finally, if T = — 10, the condition numbers of the
acceptable scaling matrices are bounded by 10~.

4 NUMERICAL RESULTS

The examples from the SLICOT CAREX benchmark
collection (Abels and Benner, 1999) have been used
to evaluate the performance of the implemented, flex-
ible solver, scare. All examples have been con-
sidered, with the parameters specified in (Abels and
Benner, 1999), except for Example 4.4, for which a
smaller size, namely N = 151, has been chosen, while
the default size in the cited reference is N = 211. (The
order of the system for this example is n = 2N —1.)

For the default size, Example 4.4 is difficult for
any Riccati solver. Besides its large order, the asso-
ciated Hamiltonian matrix has a norm of over 4 - 10!!
and the magnitude of its elements is between 3 - 10~24
and 3.4 - 10"'; the usual LAPACK-style scaling pro-
cedures even increase the norm and produce unusable
scaling factors and scaled matrices. Using a scaling
procedure similar to arescale in MATLAB R2015b,
the norm and the range of the element values have
been reduced by about six and eleven orders of mag-
nitude, respectively. But the computed solution may
still be inaccurate due to the occurrence of Hamilto-
nian eigenvalues near the stability boundary.

For convenience, the CAREX examples are num-
bered here from 1 to 34; they belong to four groups:
parameter-free problems of fixed size (examples 1—
6), parameter-dependent problems of fixed size (ex-
amples 7-24), scalable size problems without pa-
rameters (examples 25-28), and parameter-dependent
problems of scalable size (examples 29-34). Table II
in (Benner et al., 2016) lists the sizes and parameters
used for these 34 examples, together with the relative
residuals for the versions of the MATLAB function
care and skew-Hamiltonian/Hamiltonian solver then
available. This paper includes more and better results,
obtained using the new solver scare, that provides
higher flexibility and more options.

Two measures are used to assess the quality of
the computed solutions: the relative error and relative
residual. The relative error is defined by

[1X = X1/ max{1, [[X"[|}, (12)

where the 2-norm is used, X denotes the computed
solution, and X* is the exact solution, if known, and
the solution returned by the MATLAB function care,
otherwise. The exact solution is known for CAREX
examples 1.1, 1.2, 2.1.1-2, 2.3.1-3, 2.4.1-2, 2.5.1-2,
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2.6.1-2, 3.2.1-2, or, with renumbering, for examples
1,2,7,8,11: 19,27, and 28. (A notation like 2.1.1-
2 denotes the two examples 2.1, an easy one, and a
difficult one.) To allow a fair comparison, the relative
residual is defined as in care, namely,

1T =L+ 0l /(A + [Tl + T2l +1efl), (13)

where || - ||; refers to the 1-norm of the matrix -, and

T, = ATXE+ETXA,
T = (ETXB+LRYB'XE+LT). (14)

The experiments have been performed on an Intel
Core 17-3820QM portable computer (2.7 GHz, 16 GB
RAM, relative machine precision €y ~ 2.22 x 10~16),
using Windows 7 Professional (Service Pack 1) op-
erating system (64 bit), Intel Visual Fortran Com-
poser XE 2015 and MATLAB 6.0.267246 (R2015b).
The executables have been built using the MATLAB-
provided optimized LAPACK and BLAS subrou-
tines. Part of the tests have also been done with
MATLAB 9.9.0.1538559 (R2020b), Update 3. The
results obtained with this release are presented in the
figures having “(R2020b)” in their caption and title.

For each CAREX example, scare has been
called for each of the three approaches, if possi-
ble. (Example 2.2.2 has been solved using skew-
Hamiltonian/Hamiltonian approach, since the matrix
R has a large condition number, K ~ 4 - 10_8.) For
each pencil approach, three orthogonalization meth-
ods have been tried: QR factorization; QR factoriza-
tion with column pivoting; and singular value decom-
position (SVD). For each approach and method, the
following balancing options have been used: no bal-
ancing; row and column permutations; row and col-
umn scaling; row and column permutations and scal-
ing; balancing using an adaptation of the MATLAB
function arescale. For the pencil approaches, the
set of threshold values tried has been

1€ {-10°,—10%,-10,—4: 1: —1,10¢,10%¢, 10%¢}.

The best results for all the trials and each example
have been recorded and processed. The results are
summarized below, and are better than those reported
in previous works, e.g., (Sima, 2011; Sima and Ben-
ner, 2015b).

Figure 1 shows the relative errors for examples
with known solutions from the CAREX collection,
using MATLAB function care and scare solver,
with the best options. Except for the fourth exam-
ple in the figure (i.e., example 2.1.2, for which the
pair (A, B) is almost unstabilizable), scare obtained
smaller relative errors than care. For this exam-
ple, care solution has an exceptionally small error,
of the order of 1072°. This is not the case for the

Relative errors for CAREX with known solution

1010+

1015

Relative errors

1020 |

1025+

10—30 1 1
0 5 10 15
Example #
Figure 1: Relative errors for examples with known solu-
tions from the CAREX collection, using MATLAB function

care and scare solver, with the best options.

10g!elative errors for CAREX with known solution (R2020b)
T T
—scare
care
10° 1
2
<)
[
02: 10—10 L
5
[}
it
10—1 5
10—20 I 1
0 3] 10 15
Example #

Figure 2: Relative errors for examples with known solu-
tions from the CAREX collection, using MATLAB function
care and scare solver, with the best options (MATLAB
R2020b).

MATLAB R2020b Release (see Fig. 2), when the rel-
ative error exceeded 107>, (The other results with the
two releases are comparable.) Moreover, the relative
error of the scare solution for this numerically dif-
ficult example is quite good, namely 3.2751 - 10713,
which is only three orders of magnitude bigger than
the machine accuracy. On the other hand, scare
shows improvements of six, five, and two orders of
magnitude for one, two, and two examples, respec-
tively.

Figure 3 plots the relative errors obtained by
scare, taking the care solutions as reference when
the true solution is not known. All examples from the
CAREX collection are considered. Only five exam-
ples (19, 23, 29, 30, and 34) have relative errors larger
than 10~'°. Figure 4 presents similarly the results for
the MATLAB R2020b Release.

Figure 5 displays the relative residuals obtained
for scare and care for all examples. For three exam-
ples (8, 15, and 34, alias 2.1.2, 2.4.2, and 4.4), care
produced smaller relative residuals than scare, but
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Relative errors for CAREX

10—15

Relative errors
°, 3
3 &
T T T T
. . . .
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scare

1025 1 1 1 1
0 5 10 15 20 25 30 35

Example #

Figure 3: Relative errors for all examples from the CAREX
collection, using scare solver, with the best options; care
solution is used as reference when true solution is unknown.

Relative errors for CAREX examples (R2020b)

10°

10710

10-15

scare

Relative errors
3
&
T T
. . .

1020 . L
0 5 10 15 20 25 30 35

Example #
Figure 4: Relative errors for all examples from the CAREX
collection, using scare solver, with the best options; care
solution is used as a reference when the true solution is not
known (MATLAB R2020b).
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Figure 5: Relative residuals for examples from the CAREX
collection, using MATLAB function care and scare
solver, with the best options.

a big difference is only for example 2.1.2. See the
short discussion related to this example in the para-
graph presenting Fig. 1. On the other hand, scare
shows improvements of four, three, two, and one or-
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Figure 6: Relative residuals smaller than 1010 for exam-
ples from the CAREX collection, using MATLAB function
care and scare solver, with the best options.

Relative r for CAREX (MATLAB R2020b)
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Figure 7: Relative residuals for examples from the CAREX
collection, using MATLAB function care and scare

solver, with the best options (MATLAB R2020b).

ders of magnitude for one, one, five, and two exam-
ples, respectively. The differences between the two
solvers are better seen in Fig. 6, which shows the re-
sults for examples for which the residuals are smaller
than 10710,

Figure 7 plots the relative residuals for the
CAREX examples using MATLAB R2020b Re-
lease. The relative residuals are smaller for some
examples, but larger for other examples than for
MATLAB R2015b Release. Figure 8 shows the per-
formance for examples having the relative residu-
als for scare smaller than 10~'2.  Surprinsingly,
for more examples in Fig. 8, care obtained signifi-
cantly larger residuals than scare in comparison to
MATLAB R2015b (see Fig. 6). In particular, the rela-
tive residual for example 2.1.2 is over seven orders of
magnitude bigger for care than for scare.

Often, the minimum relative error for an exam-
ple is not obtained for the selection of options giving
the minimum residual. Figure 9 compares the best
relative errors for the CAREX examples with those
corresponding to the smallest relative residual. The
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Figure 8: Relative residuals smaller than 10712 (for scare)
for examples from the CAREX collection, using MATLAB
function care and scare solver, with the best options
(MATLAB R2020b).
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Figure 9: Comparison of the best relative errors for scare
solver with the relative errors corresponding to the selection
of options giving the smallest relative residuals for exam-
ples from the CAREX collection.
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Figure 10: Comparison of the best relative residuals for
scare solver with the relative residuals corresponding to
the selection of options giving the smallest relative errors
for examples from the CAREX collection.

differences are not large, except for the examples 15
and 17, alias 2.4.2 and 2.5.2. The difference exceeds
five orders of magnitude for Example 2.4.2. Simi-
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Figure 11: Relative errors for examples from the CAREX
collection with known solution using MATLAB function
care and scare solver with the best options, but without
balancing.
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Figure 12: Relative errors for examples from the CAREX
collection using scare solver with the best options, but
without balancing; care solution is used as a reference.

larly, Fig. 10 compares the best relative residuals with
those corresponding to the selection of options giv-
ing the smallest relative error. The largest differences
are for the examples 13, 30, 31, and 32 (2.3.3, 4.1.2,
4.2.1-2), with over four orders of magnitude for 13.

Figure 11 displays the relative errors for CAREX
examples with known solution using care and scare
with the best options, but without balancing. The er-
rors are usually comparable, but the differences ex-
ceed two and one order of magnitude for examples
2.1.2 and 2.3.2, respectively. Comparing these errors
with the smallest ones, obtained using balancing (see
Fig. 1), the advantage of balancing for badly scaled
or ill-conditioned examples is clear: the error is re-
duced by over 11, 6, 5, 5, 4, and 2 orders of magni-
tude for the examples 2.3.3, 2.1.2,2.3.2,2.4.2,2.5.2,
and 2.6.2, respectively. Similarly, Fig. 12 displays the
relative errors for all CAREX examples using scare
with the best options, but without balancing; care so-
lution is used as a reference. For the examples with
known solution, the comparison with the balancing
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Figure 13: Relative residuals for examples from the
CAREX collection using MATLAB function care and
scare solver with the best options, but without balancing.
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Figure 14: Relative errors for Example 4.4 from the
CAREX collection, with various values N, using scare
solver, with the best options; care solution is used as a ref-
erence.

case (see Fig. 3) is, clearly, as mentioned before; in
addition, almost 4 and over 7, 7, 4, and 1 orders of
magnitude reduction of errors (using care solution as
a reference) has been obtained with balancing for ex-
amples 1.6,2.7.2,2.9.1,2.2.1, and 4.1.2, respectively.

Figure 13 plots the relative residuals for all
CAREX examples using care and scare with the
best options, but without balancing. The function
care returns slightly smaller relative residuals for
four examples (7, 15, 24, and 28, alias 2.1.1, 2.4.2,
2.9.1, and 3.2.2). However, scare obtains signifi-
cantly better relative residuals than care for the ex-
amples 1.6, 2.2.1, 2.3.2-3, 2.7.2, 4.1.2, 4.2.1-2, and
4.3; the reduction of scare residuals for these ex-
amples is over 2, 2, 1, 6, 6, 1, 4, 3, and 1 orders
of magnitude, respectively. Comparing these errors
with the smallest ones, the advantage of balancing for
badly scaled or ill-conditioned examples is clear for
both care and scare (see Fig. 5, noting, however,
the difference of the y-axis ticks). The advantage is
more important for care. Balancing improves the rel-
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Figure 15: Relative errors for Example 4.4 from the
CAREX collection, with various values N, using scare
solver, with Hamiltonian approach and the best options;
care solution is used as a reference.

1o Relative errors to care solution for CAREX 4.4, size N (R2020b)
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Figure 16: Relative errors for Example 4.4 from the
CAREX collection, with various values N, using scare
solver, with Hamiltonian approach and the best options
(MATLAB R2020b); care solution is used as a reference.

ative residuals for scare with over 1, 8, 2, 2, 3, 2,
2, and 4 orders of magnitude for examples 1.6, 2.1.2,
2.2.1,2.3.2,2.3.3,2.6.2,2.7.2,and 2.9.1, respectively.
There are 14 examples for which the relative residuals
of scare with or without balancing coincide.

Next, several results for Example 4.4, with various
values of the size parameter N, defining the system or-
der as n = 2N — 1, are presented. The figures below
show the performance for values set as N =11:10:
151. The problem difficulty increases with increasing
N. For N € {111,121,131,151}, care gave a warn-
ing: “Solution may be inaccurate due to poor scaling
or eigenvalues near the stability boundary”. Since the
exact solution is unknown, care results are used as a
reference for obtaining the relative errors. Figure 14
shows the relative errors for Example 4.4, with values
N given above, using scare solver with the best op-
tions. The errors increase from about 10713 to 1078,
but the variation is not monotonic. Similarly, the rela-
tive errors for MATLAB R2020b vary from less than
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Figure 17: Relative errors for Example 4.4 from the
CAREX collection, with various values N, using scare
solver, with Hamiltonian pencil approach and the best op-
tions; care solution is used as a reference.
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Figure 18: Relative errors for Example 4.4 from the
CAREX collection, with various values N, using scare
solver, with skew-Hamiltonian/Hamiltonian approach and
the best options; care solution is used as a reference.
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Figure 19: Relative residuals for Example 4.4 from the
CAREX collection, with various values N, using MATLAB
function care and scare solver, with the best options.

10712 to over 107°.

Figure 15 compares the smallest relative errors
obtained by scare for each value N above, using
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Figure 20: Relative residuals for Example 4.4 from the
CAREX collection, with various values N, using scare
solver, with Hamiltonian approach and the best options.
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Figure 21: Relative residuals for Example 4.4 from the
CAREX collection, with various values N, using scare
solver, with Hamiltonian pencil approach and the best op-
tions.

Hamiltonian approach, with the best scare relative
errors for all approaches, options, and parameters.
For N € {21,31,41,111,121,131, 141}, Hamiltonian
approach gives the best results. Figure 16 shows sim-
ilarly the results for MATLAB R2020b.

Figure 17 displays the relative errors using scare
solver with the best options and with Hamiltonian
pencil approach; the latter never wins. Figure 18 plots
the relative errors using scare solver with the best
options and with skew-Hamiltonian/Hamiltonian ap-
proach. The errors coincide for N = 101. Note that
the two pencils approaches do not try the options “no
balancing” and “balancing using an adaptation of the
MATLAB function arescale” for this example.

Figure 19 displays the relative residuals using
MATLAB function care and scare solver, with the
best options; scare obtains (slightly) larger residuals
only for N € {121,141}, but gains more than one or-
der of magnitude improvements for N € {21,61,81}.

Figure 20 compares the smallest relative residu-
als obtained by scare using Hamiltonian approach,
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for CAREX 4.4, size N (R2020b)
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Figure 22: Relative residuals for Example 4.4 from the
CAREX collection, with various values N, using scare
solver, with Hamiltonian pencil approach and the best op-
tions (MATLAB R2020b).
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Figure 23: Relative residuals for Example 4.4 from the
CAREX collection, with various values N, using scare
solver, with skew-Hamiltonian/Hamiltonian approach and
the best options.

with the best results of scare for all approaches,
options, and parameters. The residuals coincide for
N e {51,61,81,131,141,151}.

Figure 21 compares the smallest relative resid-
uals obtained by scare using Hamiltonian pen-
cil approach, with the best results of scare for
all approaches, options, and parameters. For this
test, the Hamiltonian pencil approach has always
larger residuals than scare solver with the best
choices. However, the differences are of the order
of 10~ 13 for small sizes (N < 31). The results for
MATLAB R2020b are similar, see Fig. 22.

Figure 23 compares the smallest rela-
tive residuals obtained by scare using skew-
Hamiltonian/Hamiltonian  approach,  with the
best results of scare for all approaches, op-
tions, and parameters. The values coincide for
N € {21,31,41,71,101,111}, but are larger for the
skew-Hamiltonian/Hamiltonian approach for the
remaining values of N. Figure 24 shows similarly
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Figure 24: Relative residuals for Example 4.4 from the
CAREX collection, with various values N, using scare
solver, with skew-Hamiltonian/Hamiltonian approach and
the best options (MATLAB R2020b).

the results for MATLAB R2020b. The values
coincide for N = 21, but are larger for the skew-
Hamiltonian/Hamiltonian approach and the other
values of N.

S CONCLUSIONS

A new, flexible structured solver for continuous-
time algebraic Riccati equations has been pro-
posed and investigated. It can use in an au-
tomatic or specified mode a structured approach
(Hamiltonian matrix, Hamiltonian pencil, or skew-
Hamiltonian/Hamiltonian pencil), an orthogonaliza-
tion method (QR, QR with pivoting, or SVD), a bal-
ancing option and its threshold parameter. The solver
can be used in a loop over the approaches, methods,
options and parameters to obtain the solution with
minimum relative error (with respect to a known or
reference solution) and a possibly different solution
with minimum relative residual. It has been applied
for solving the examples from the SLICOT CAREX
benchmark collection. The numerical results illus-
trate its very good performance in comparison with
the state-of-the-art MATLAB solver.
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