.
$995%
s U i ita S 1
200900002028
PE242¢5xK2028
RS589 niversitat Stuttgart
RS
e
¢ *
RAARAS I N E—
ARIIA

| |
Cluster of Excellence

D. Wittwar® - A. Schmidt® - B. Haasdonk”

Reduced Basis Approximation for the Discrete-time
Parametric Algebraic Riccati Equation

Stuttgart, Februar 2017

¢ Institute for Applied Analysis and Numerical Simulation, University of Stuttgart,
Pfaffenwaldring 57, 70569 Stuttgart/ Germany
{dominik.wittwar,andreas.schmidt,bernard.haasdonk }@mathematik.uni-stuttgart.de
www.agh.ians.uni-stuttgart.de

Abstract In this work we study the application of the reduced basis (RB) approximation method for
parametric discrete-time algebraic Riccati equations (DARE). The DARE is very challenging to solve in
large dimensions and parametric problems for large-scale applications are therefore often infeasible. We
thus propose to apply the low-rank factor greedy (LRFG) algorithm to build a suitable low-dimensional
subspace for the model reduction approach. Furthermore, we perform a rigorous error estimation,
including an effectivity analysis and show how the RB-DARE procedure can be implemented efficiently.
Numerical examples for an application in feedback control prove the benefits, in particular excellent
speedups and reliability of the error estimators.

Keywords Reduced basis method, large-scale matrix equations, parametric discrete-time algebraic
Riccati equation

Stuttgart Research Centre for Simulation Technology (SRC SimTech)

SimTech — Cluster of Excellence
Pfaffenwaldring 5a
70569 Stuttgart

publications@simtech.uni-stuttgart.de
www.simtech.uni-stuttgart.de



REDUCED BASIS APPROXIMATION FOR THE DISCRETE-TIME
PARAMETRIC ALGEBRAIC RICCATI EQUATION

D. WITTWAR*, A. SCHMIDT*, AND B. HAASDONK*

Abstract. In this work we study the application of the reduced basis (RB) approximation
method for parametric discrete-time algebraic Riccati equations (DARE). The DARE is very chal-
lenging to solve in large dimensions and parametric problems for large-scale applications are therefore
often infeasible. We thus propose to apply the low-rank factor greedy (LRFG) algorithm to build
a suitable low-dimensional subspace for the model reduction approach. Furthermore, we perform a
rigorous error estimation, including an effectivity analysis and show how the RB-DARE procedure
can be implemented efficiently. Numerical examples for an application in feedback control prove the
benefits, in particular excellent speedups and reliability of the error estimators.

Key words. Reduced basis method, large-scale matrix equations, parametric discrete-time
algebraic Riccati equation

AMS subject classifications. 49N05, 34K35, 65G99

1. Introduction. In this paper we consider the application of the reduced basis
(RB) technique to the parametric discrete-time algebraic Riccati equation (DARE),
see [15, 16]. Such equations arise frequently in the context of discrete-time systems
theory. Popular examples comprise the optimal feedback control and state estimation
of linear and time-invariant systems, which are both standard tasks in systems theory,
cf. [1, 14]. Often those systems depend on one or several parameters and multiple
queries for different parameters are required, e.g. parameter studies, real-time param-
eter adaptions or statistical analysis. Furthermore, many realistic models are derived
from partial differential equations (PDEs), which yield large spatially discretized mod-
els. In such cases, and especially in the additional presence of parameters, the solution
of the above mentioned problems can be cumbersome, expensive and easily become
infeasible. RB methods have proven to be an efficient tool for rapidly solving parame-
ter dependent PDEs, cf. [4, 9, 11, 12]. Therefore, we are interested in developing a RB
technique for the DARE. In particular, we continue in the direction of RB methods
for parametric matrix-equations, see also [22, 21]. In contrast to the previous two
references, we cover a non polynomial, i.e., rational matrix-equation which requires
considerable modifications in the analysis.

This paper is structured as follows: We begin with a brief introduction to the
theoretical background of the DARE and the reduced model in Section 2. In the
subsequent sections we then address the offline/online computational strategy and
a-posteriori error analysis. The following numerical examples in Section 5 show the
speed-up that can be obtained when using the proposed scheme and illustrate the
performance of the error bounds. We conclude with some remarks and an outlook in
the final section.

*Institute for Applied Analysis and Numerical Simulation, University of Stuttgart, Germany
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2. The RB-DARE method.

2.1. Problem setting. In this article we consider the parametric discrete(-time)
algebraic Riccati equation:

(1)
E(n)" X () E(p) = A(p)" X (1) A(p) + C ()" Q1) C (1)

— A()TX () B(1) (R(1) + B X (1) B(1)) ™" B(w)" X () A(u).

The parameter dependent matrices A(u), E(u) € R™*™ B(u) € R**™ C(u) € RP*™,
Q) € RP*P and R(u) € R™*™ where E(u) is invertible, are given and the solution
matrix X (pu) € R™ "™ is sought. Furthermore, we assume that Q(y) and R(u) are
symmetric positive semi-definite and symmetric positive definite, respectively, which
ensures the invertibility of R(u). Additionally, we consider cases were m,p < n, i.e.,
the input and output dimension are small compared to the dimension of the system,
see also Remark 1. The parameter vector u stems from a bounded set P C R,
which is called the set of all admissible parameters. In the following we omit the
parameter dependency in the notation of the system matrices to provide a better
reading experience. However, all definitions and statements should be understood to
hold for all p € P.

Equation (1) is a nonlinear rational matrix-valued equation, and it can have
multiple solutions among which only one is typically of interest: We call a solution X €
R™ ™ a stabilizing solution of the DARE, when it is symmetric, positive semidefinite
and stabilizing in the sense that (EF, Ax) is stable, which means that all eigenvalues
A; of the generalized eigenvalue problem Axxz = AEx satisfy |\;| < 1. Here and in
the following, Ax € R™*" denotes the so-called closed loop matrix

2) Ax = A— BKx, with Kx == (R+ B"XB)~' BTXA4,

where Kx denotes the feedback-gain matrix, see also Remark 1. In general neither
the existence nor the uniqueness of solutions to (1) are guaranteed and additional
restrictions on the system matrices must be posed. One possible set of restrictions
is the stabilizability and detectability of the matrices E, A, B, Q'/2C, where Q'/? de-
notes a symmetric positive semi-definite square root of (). We call the tuple (E, A, B)
stabilizable, if there exists a matrix K € R™*" such that (F, A — BK) is stable.
Likewise, the tuple (E, A, Q'/2C) is called detectable, if the tuple (ET, AT, CTQ/?)
is stable. We summarize the results in the following proposition:

PROPOSITION 1 (Sufficient conditions for the existence of a unique stabilizing
solution). Let (E, A, B) be a stabilizable tuple of matrices and (E,A,QY2C) be a
detectable tuple of matrices. Then there exists a unique stabilizing solution X to the

DARE (1).
Proof. See for example [17]. 0

Although nonsymmetric solutions to (1) can exist, we are usually only interested in
the subset of symmetric solutions X € D,, C S,,, where S,, := {S € R"*" : § = ST}
denotes the set of symmetric nxn matrices and D,, := {S € S,, : R+BTSB is regular}
denotes the open subset of all viable matrices such that (1) and (2) are well defined.
We now define the residual of the DARE (1) R : D, — S,, by

(3) R(X)=ETXE—-A"XA-CTQC+ A"XB(R+B"XB) ' B'XA.

2



We can conclude, that X is a solution to the DARE iff R(X) = 0, a property which
is used to approximate solutions to the DARE by applying Newton based procedures
to R(X) in order to find its zeros, see for example [3, 17].

An interesting application of the DARE is the feedback stabilization of linear
and time-invariant discrete-time systems, what we will briefly recall in the following
remark.

REMARK 1. Consider the following linear quadratic (LQ) optimal control problem

. T .
(4) ue%g{gm) ];) Yk ka + Up Ruk
Expyy = Az + Bug, k>0
(5) s.t. — L0
g = xo c R™.

With the set £2(R™) we denote the set of all square-integrable sequences in R™ and we
abbreviate u = (ug, u1, ... ). Systems of the form (5) arise for example after spatial and
temporal discretization of linear PDEs. The control problem (4)—(5) is called linear
quadratic requlator (LQR) problem, and has many important applications, for example
in engineering problems. The solution to the problem can be calculated explicitly and
has the form uy, = ® (), with ®(x) = —Kxx and X € R™*™ is the unique stabilizing
solution to the DARE (1), c.f. [17]. Since the control input uy, is directly depending
on the state xy, this type of control is also called feedback control.

Finally, we want to comment on some notation used throughout this article: By ||-|| we
mean the Eucliden 2-norm for vectors and the induced norm for operators (matrices).

The Frobenius norm of a matrix X is denoted as || X||p = /37, ; X7, where Xj;

denotes the entry in the i-th row and the j-th column in the matrix X. By range(V)
we denote the linear space spanned by the columns of V. For two symmetric matrices
A, B € R"*"™ we write A = B if A — B is positive semi-definite and A = B if A— B is
positive definite. Furthermore, for N € N let Iy € RV*N denote the identity matrix
and B, (X) the open ball with radius v around X.

2.2. Reduced problem. In oder to derive a reduced problem, we make use of
a method based on projections which has already been succesfully applied to different
matrix equations. In [13, 20] a method for solving large scale Lyapunov equations is
presented, which is based on the projection on a Krylov subspace. The method we
present in the following is based on a Petrov-Galerkin projection, i.e., the residual
has to satisfy an orthogonality condition, which is an often used criterion in the RB
framework, see e.g. [9, 19]. Therefore, we consider a pair of matrices W,V € R™*¥ of
rectangular shape with N < n which are assumed to be biorthogonal, i.e. WV = Iy.
We approximate the solution to the DARE in the space of all matrices whose colums
are contained in range(W), i.e. the approximation X lives (due to symmetry) in the
space W:={S€S§,:85 = WSNWT where Sy € Sny}. In an analogous fashion we
define the space V. We now impose the aforementioned Petrov-Galerkin condition
on the residual R(X) with regard to the subspace V, i.e., R(X) is perpendicular to
V. Therefore, we endow the Hilbert space S,, with the trace inner product (S,T) :=
tr(ST) for S, T € S,,. Making use of the symmetry of R(X) and some properties of
the trace operator, the Petrov-Galerkin condition can be rewritten as

(6) VIR(X)V = 0.



Inserting the representation X := WXyWT as an element of W we arrive at

(7) ELXNEny = AAXNANn + CLQCON
— ANXNBy (R+ BEXyBy) ' BR Xy Ay.

Equation (7) constitutes a DARE where the system matrices are given as

Ay = WTAV e RNV, En :=WTEV e RVXN,
By := WTB e RV*x™ Cy :=CV e RP*N,

We denote (7) as the reduced DARE as it is low dimensional. Its unique stabilizing
solution X, if it does exist, can be calculated rapidly. Additionally, we denote X as
the reduced solution and X := WXnyW7 as the RB approximation of X. For given
Xn we can then compute a low rank factor Z of the approximation X, ie. X = ZZT,
by employing the eigenvalue decomposition of X = Uy SyU% and by setting

7= WUNSY? e RPNV,

This is done in order to avoid computing and storing the dense high dimensional
matrix X. The first property we want to show is inherent to most RB approximation
methods: the reproduction of solutions, i.e. X € W implies X = X.

PROPOSITION 2 (Reproduction of solution). Let W,V € R™*N be given. Let the
symmetric positive semidefinite matriz X € R™*"™ be the unique stabilizing solution to
the DARE (1) and assume range(X) C range(W). Furthermore, assume that for the
reduced system (7) the triplets (En, An, Bn) and (EN,AN,Ql/QC'N) are stabilizable
and detectable, respectively. Then it follows

X=WxywT =X,

where Xy denotes the stabilizing solution of the reduced DARE.

Proof. Since X is symmetric and range(X) C range(WW) holds by assumption,
there exists a unique symmetric positive semidefinite matrix G € R¥*Y | such that
X = WGWT. By making use of the fact, that X is a solution to the DARE (1) we
get

E"WGWTE = ATWGWT A+ CTQC
— ATWGWB (R+ B"WGWTB) " BTWGWT A.
Multiplying from left with V7 and V from right yields
ELGEN = AYGAy + CHQCN — AYGBy (R+ BYGBy) ™ BLGA.

Therefore, G is a symmetric positive semidefinite solution to the reduced DARE (7)
and we can conclude, due to the assumption of stabilizability and detectability of the
reduced matrices, that G is the unique stabilizing solution of the reduced DARE; i.e.
G = Xpn. It now follows, that X=WXyWT =wewT = X. O

2.3. Basis construction. It remains to show how a reduced basis for the DARE
can be constructed. The key ingredient, which on the one hand allows the rapid calcu-
lation of solutions of large-scale DARESs, and on the other hand opens the way towards
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an efficient approximation with an RB-scheme, is the so-called low-rank structure in
the solution matrices X (u) € R™. The low-rank property here means a rapid decay
in the eigenvalues of the symmetric matrix X (u). A theoretical foundation for this
observation can be found in [18, 24] where fast decaying bounds for the eigenvalues
of solutions of low rank Lyapunov equations are given. Since a solution X (u) of the
DARE (1) solves the discrete Lyapunov equation

(8) B(p)" X () E(p) — A% (0 X (1) Ax () = F(X ()" F(X (1)),

where F(X (u))T := [C(,u)TQ(/QL)l/2 K)T((M)R(u)lﬂ] € R"*(®+m) the rapid decay in
the eigenvalues carries over. For a derivation of Equation (8) we refer to the appendix.

This low-rank structure allows for an efficient representation of the solution X ()
by rectangular matrices Z(u) € R™** such that X(u) ~ Z(u)Z(p)* with only very
little error. All large-scale solvers for DARESs are based on this approximation, and in
many real-world scenarios, especially for PDE-constrained optimal control problems,
this is typically fulfilled. The low-rank structure can furthermore be employed to
construct a basis for the RB-approximation of the DARE. The following algorithm
was originally developed for the approximation of solutions to the algebraic Riccati
equation (ARE), the continuous-time counterpart to the DARE, see also [21]. The
pseudocode of the so-called low-rank factor greedy (LRFG) algorithm is given in
Algorithm 1.

Algorithm 1 Low-rank factor greedy algorithm for basis construction

Require: Orthonormal initial basis Wy, training set Pyrqin C P, tolerance egreedys
POD tolerance epop, error indicator A(W, u)

Set W =W,
while max AW, ) > egreedy do
HEPtrain

w*:=arg max AW, p)
HEPtrain
Compute the low rank factor Z(u*)
Compute Z| = (I, - WWT)Z(u*)
Compute Z =POD(Z,epop)
Set W := (W, Z)
end while
return W,V =W

The algorithm works in a typical greedy fashion: starting from an initial basis
Wo, it picks out the worst-approximated element by evaluating an error indicator over
a finite training set Pyain and chooses the parameter p* € Pyrain that maximizes the
error indicator A(W, ). The high-dimensional DARE is solved and the solution, or
better say parts of it, are added to the basis. This extension procedure is performed in
two steps: First, only the part which is perpendicular to the current basis is considered
in Z,. Then a subsequent reduction of the remaining part is performed by applying
a POD to Z, with a prescribed tolerance epop, see [21, 25| for details. The basis
can furthermore be orthogonalized with respect to the mass matrix F(u), where one
parameter 4 is chosen, such that W7 E(u)V = Iy, where N is the size of the reduced
basis. This can speed up the online calculation of the reduced DARE for certain
solvers, such as the builtin MATLAB standard solver.

5



REMARK 2. We note that Algorithm 1 is very similar to the POD-Greedy proce-
dure, which is used for the RB approximation of time-dependent problems. In fact, by
replacing the low rank factors Z(u*) with the matriz [x(t1),...,x(tny )], consisting of
full-dimensional solution snapshots at time instances t1,...,tn,, the algorithms are
identical. We refer to [12] for details about the POD-Greedy and to [10] for conver-
gence statements.

3. Offline-Online-decomposition. One of the central properties to allow for
an efficient offline-/online-decomposition is the fast computation of the parameter
dependent matrices. This can be achieved by assuming that all matrices can be
decomposed in a parameter separable fashion, i.e.there exist parameter dependent
coefficient functions and parameter independent components such that

Qa QE

Alp) = > 0% () Ag,, E(n) =Y OF(1)E,,,
ga=1 gg=1
QB Qc

B(p)= Y % (1)Bgs, C(u)= > 0 (1)Cq,
gs=1 qc=1

where a decomposition for R(u) and Q(u) is not required because of their small
sizes. In cases where the above form is not given or does not exist, techniques like
the empirical interpolation method can be applied to obtain approximations with a
parameter separable structure, see [2, 7]. This property is inherited by the matrices of
the reduced problem (7) which can then be assembled rapidly. For example, it holds

Qa
An(p) = WEA(m)V = w7 (Z oY (u)AqA> v

qga=1
Qa Qa
= > ORWW ALYV = > 0% (1) AN
qga=1 qga=1

Furthermore, parts of the residual norm and quantities neccessary for the a-posteriori
error bounds can be precalculated, as we will see in the next section. All computations
in the online step are now independent of the number of degrees of freedom (DOFs) n
and only depend on the dimension of the reduced system N, the number of inputs m,
the number of outputs p and the number of components in the parameter separable
decomposition Q 4, Qp, Qc,Qr. Therefore, these should be preferably small.

4. Error estimation. In this section we want to derive an error estimator for
the error e := || X — X||. We therefore apply a more general approximation theory,
see [6], which we extend to include an efficiency bound:

THEOREM 1. Let (Hy,| - ||g,) and (Ha,| - ||m,) be two Banach spaces. Further-
more, let L(Hy,Hs) and L(Ha, Hy) denote the space of all linear maps from Hy to
Hy and Hy to Hy respectively. Let F' : Hy — Hy be continuously differentiable and
v € Hy such that DF|, € L(Hy, Hs) is reqular. We set

e = 1F@)m, 7= IDF; o)

and
L(a):= sup |[[DF|, — DF||lL(m,,m,)-
zEBq (v)
6



If the validity criterion

(9) Bi=2yL(2ve) < 1

is met, then there exists a unique u € Bay.(v) which satisfies
(10) Fu)=0

and for which the following inequalities holds

e B 2y
) -l < 1255 < (525 + 52 W0F Ll ) e = ol

Proof. As mentionded above, a proof for the existence of a unique u which satisfies
(10) and for which the first inequality in (11) holds can be found in [6]. For the second
inequality in (11) we can apply the mean value theorem for Fréchet differentiable
operators to F' and get

(12)  e=[[F)lm = F(v) = Fwllg, < sup  |DFlallp, m.)llv — ullm,-

€ Bae ()

Since the validity criterion (9) is met, it holds L(2vye) = % From the definition of L
we can conclude

B
sup || DFell ooy, m) < L(2ve) + [[DF ol nia o) < 2 +IDF ol Loy, Hy) -

2E€Bay:(v)

If we substitute our new found bound in (12) and multiply both sides with 1—7T/27 we
get

e B 2y
< DF|, — . O
5= (505 + 510 bl ) ol

We now apply Theorem 1 to our reduced basis approximation X. At first, we need
to calculate the Fréchet differential of the residual R at X. Therefore, we make use
of the identity

(13) DRIx(S) = TROX +18)]iso

and the fact, that the resiudal can be written as a product and sum of Fréchet differ-
entiable operators

(14) R(X) = Ro(X) + R1(X) Ra(X)R1(X),
where

Ro(X):= ETXE - ATXA - CTQC,
R1(X) := BTXA,
Rs(X) := (R+B"XB) .

7



Since both Ry and R are affine linear their Fréchet differentials are given by

DRo|x(S) = ETSE — ATSA and DRy|x(S) = R1(S) = BT SA. The Fréchet differ-

ential of Ry can be computed by expanding R2(X + tS) in form of Neumann series:
Ro(X +15) = (R+ BT XB+tB"SB) ™

= (I + Ro(X)B7SB) ™ Ra(X)

(Z(—l)’“t’“ (&(X)BTSBV) Ra(X)
k=0
= Ro(X) — tR2(X)BTSBRo(X) + O(t?) (t — 0).
Applying the identity (13) results in DRa|x(S) = —R2(X)BTSBRy(X). Lastly, by
using (2) we can write the closed loop matrix as Ax = A — BR2(X)R1(X) which
leads to
DR|5(S) = DRo|x(S) + DR1|x(S)"R2(X)R1(X) + R1(X) Ro(X)DR1|x (S)
—R1(X)TR2(X)BTSBRy(X)R1(X)
=E"XE - AL X Ay.

In the following corollary we now apply Theorem 1 to the DARE to get a first error
bound:

COROLLARY 1 (Analytical error bound). Let X bea symmetric positive semidef-
inite approzimation to a solution of the DARE. Furthermore, assume that (E,Ag) is
stable and denote by L¢ := DR| the discrete Lyapunov operator

Li(8)=ETSE — (A4)TSA¢
Set v := L], & = |R(X)|| and define

(15) L(a) = sup [Ly —Lxl,
YeEBq(X)

where BQ(X) C R™ " denotes the closed ball with radius o around X . If the criterion

B :=2yL(29¢) < 1
is met and
(16) R+ BTXB » 2v¢B'B

holds, then there exists a unique X* € Bgvs(X) which solves the DARE and which
satisfies

_ e B 2y .
e - % s 255 < (525 + el ) Ixe - K
The additional condition (16) is necessary to guarantee that R is well defined on
Bao(X). To sce this let Y € Byyo(X), ie. ||V — X|| < 27e, then Y = X — 2vel,,.
With (16) we get R+ BTYB = R+ BTXB — 2v¢BTB = 0 and therefore Y € D,,.

Since the above corollary only ensures that our approximation is close to a so-
lution X™* of the DARE but not necessarily the stabilizing solution which we want
to approximate, the following proposition lays foundation to derive a criterion with
which we can verify whether X* is stabilizing:

8



PROPOSITION 3 (Stability criterion). If in addition to the assumptions of Corol-
lary 1 the following inequality holds

(17) [Ax- = Agll <\ A% 2+ 1/7 = [ A%,

then X™* is the unique symmetric positive semidefinite and stabilizing solution of the
DARE.

Proof. The proof we present here mimics the one given in [23] for the case F = I.
We therefore prove the following more general result from which (17) can be concluded:
Let A, E € R"*" such that (E, A) is stable and let £(S) = ETSE — ATSA. If AA
is a small perturbation in A for which

(18) [AA] < VIIAIP + 1/ = I A]

holds, where v = ||[£7||, then (E, A + AA) is stable.
We define

§ := min{||AA| : AA e C™*™, max N (E, A+ AA)| =1}
<jsn

Let AA* € C™*™ such that § = ||[AA*|| and w.lo.g. \; = arg [max N (E, A+ AAY)]|
i<n

and let v; denote an eigenvector of unit length to the eigenvalﬁe A1 of the adjoint
eigenvalue problem \; ETv; = (A + AA*)Tv;. Then W := vjv} satisfies

ETWE — (A+AA)YTW(A+AA*) = ETWE — M ETv; (M ETv)* =0
which is equivalent to
LW) = ATWAA* + (AANTWA + (AAY)TW(AAY).
Applying the inverse operator £~! and taking the norm leads to
1<y (2||A||6 + 62) .

Solving for ¢ results in /||A]|2 4+ 1/y — ||4|| < ¢ which gives us (18). Finally, by
setting A = A¢ and AA = Ax+ — A we can conclude (17). |

COROLLARY 2 (Computable error bound). Let the assumptions of Corollary 1
hold. Furthermore, assume upper bounds v < vy and € < en are available. It

follows: .
(a) If R+ BTXB = aBTB, then L(a) is bounded by Ly (), where Ly (c) is

given by
N —1
Ly(a)=a B(R+BTXB—aBTB) BT
T T % 75\ 2
~(2+a BT (R+ BTXB — aB"B) BH) lA¢’
(b) If
By :==2yNLn(2ynven) <1
and

R+ BTXB > 2ynen BT B,
9



then there ewists a unique X € Boyyey (X), which solves the DARE and for

which the following error and effectivity bound holds

B YNEN BN 2N
X - X[ < Ax = < n Co
IX - X < Ay l_mWQ(Q_ﬁN i

)1 - K.
(¢) If in addition to 2.

[Ag <A/ ALN? + 1/ = 1A%,

~ —1
an HB (R +BTXB - aNBTB) BT

where ay = 2ynen, then X is the unique symmetric positive semi-definite

stabilizing solution of the DARE.
Proof. For part (a) let X,Y € D,, and S € S,,. Then it holds

Ly(S)—Lx(S)=ALSAy — AL SAx
= (A} — A%) SAy — AXS (Ax — Ay)

and therefore

(19) 1Ly — Lx| < Ay — Ax[| (| Ay [l + [|Ax]]) -

Taking a closer look at how the individual closed-loop matrices relate to one another

and using the identity

Ry' — Ry' = Ry (Ry — Rx)RY' = Ry'BT(Y — X)BRY',
where we denote Ry := R+ BTY B, we obtain
Ax — Ay = A— BRY'B"XA— (A— BRy'B"Y A)
=B (Ry'B"Y —R{'B"X) A
=B (Ry'B"(Y - X)— (RY' - Ry") B"X) A
=B (Ry'B"(Y — X) — Ry'BT(Y — X)BRY'B"X) A
= BRy'B"(Y - X) (I, - BRY'B"X) A
= BR,'BT(Y — X)Ax.

We can now derive the following upper bounds for the matrix norms

-1
(200 |lAx - Ay| <|B(R+BYB) " By - X Ax],
—1
(21) lAvll < (1+ 1B (R+B7YB) " B||Y - x]) |l Ax]|

In the case of X = X it holds ||Y — X|| < «, which implies Y = X —a,, and therefore

_ N —1
(22) |B(R+B"YB)" BT| <|B(R+B"XB-aB"B) B"|.

Combining (19),(20), (21) and (22) we get the proposed upper bound L(a) < Ly(«).

For part (b) we note, that since

B = 2vL(2ve) < 2ynL(2ynen) = BN
10



the first inequality in Theorem 1 still holds.

Part (c) is a direct consequence of Proposition 3. In the proof of part one we have
already seen that the left hand side poses an upper bound to ||[Ay — A¢||. On the
other hand we can conclude from the alternative representation

1/v
VIAgIIP+1/y = Azl =
x VAP + 1/ + Al

that the right hand side is decreasing in both v and [|A || and therefore

VIA P+ 1/ 8 = [Axll < /1A 12+ 1/y = [[A]-

Thus, X is stabilizing by Proposition 3 if part three holds. O

1|| The efficient calculation of

4.1. About the inverse operator norm | L

the constant v = H[,;H or an upper bound 7 <~y is of utmost importance for the
calculation of the stability criterion and the error bound. Therefore, we will dedicate
this section to a more detailed analysis concerning this operator, including rigorous
and nonrigorous approximations to 7y allow the online-efficient calculation of the error
bound.

THEOREM 2. Let Ay, E € R™*"™ where E is reqular and (E,Ag) is stable. Let
Ly S, — S, denote the discrete Lyapunov operator, defined as L¢(S) := ETSE —
AL SAx for S € R ™. Then the following holds:
1. L is invertible and the inverse operator L’; 1S given vig

(23) LHS)=E"T (i(AfZET)kS(ElAX)k> E~L.

k=0

2. Let H € S,, be the unique solution to L (H) = I, then the operator norm
v = ||£;(1|| of the inverse operator is given by

_ -1 —
(24) =1L = 1L

Proof. For the first property we note, that since (F, A) is stable, there exists a
norm || - ||, such that ||[E~1A|, < 1 and the series (23) is absolutely convergent with
respect to || - ||x. One can now easily check, that the right hand side in (23) is the
inverse. For the second result, we refer to [8], where the proof is carried out for the
case ¥ = I,. The generalization towards systems with non-trivial mass matrices,
however, is straightforward. ]

Theorem 2 shows how the true norm of the inverse operator can be calculated ex-
plicitly: One has to solve a discrete Lyapunov equation ETHE — AEH Ag =1, and
calculate the norm of the solution ||H||. As this might be feasible for small systems
(say n < 500), it is not possible to solve this Lyapunov equation efficiently for large-
scale systems. This is due to the lack of any low-rank structure in the equation, which
renders efficient algorithms for solving large and sparse Lyapunov equations inefficient
or unapplicable. We thus have to find suitable approximations or efficient techniques
to obtain upper bounds v < vy. A very simple bound can be found by exploiting the
series-representation of the solutions to the Lyapunov equation:

11



COROLLARY 3 (Upper bound). Let the assumptions of Theorem 2 hold. If
|[E~tAg|| <1 then

o lEE
- [ET A

18 an upper bound to .

Proof. The proof is based on the representation of the solution H of L ¢ (H) = I,.
It holds

P2l

= [|H| < ||E~Y? E 1A %= "= 1
7= < BT IET Al =t 5=

k=0

The above bound in Corollary 3 can be very pessimistic, especially when the closed-
loop system EzFtl = A Xxk has a weak damping in the sense that the system norm

|[E~1Ag]| is close to 1.

4.1.1. Approximation by power iteration. If we again recall the identity
v = ||H||, where H solves the Lyapunov equation L¢(H) = I,, we see that we
are only interested in the largest eigenvalue of the symmetric matrix H = ﬁ;{l (I).
This opens a different way to approximate 7 efficiently, without solving the (very
expensive) Lyapunov equation: We can apply the power iteration method (PI), which
only relies on products of the form Hxz. The PI approximates the largest eigenvalue
and eigenvector by subsequent multiplications of a vector with H. Given an suitable
start vector xg € R™ with ||g|| = 1, we proceed in the following way:

‘%kJrl = H{Ek, )\k = i;‘gﬂxk, Tp41 = i’k/kaH, k= 1,2,....

It is known, that this algorithm converges to the dominant eigenvalue of the matrix
H, whenever the initial vector is not orthogonal to the eigenspace spanned by the
dominant eigenvector. Thus, the goal is to calculate the matrix-vector product Hx
efficiently. For that purpose, we make use of the series representation:

Hr=E"|Y (ALE"")ME Ak E e,
k=0

Each summand in the series can be calculate efficiently: First we define yo == E~ 'z,
and subsequently calculate yj, == (E_lAX)yk_l for k =1,2,.... Furthermore, we set
hy = (A§E’T)kyk and H, = E~! Zi’c:o h;. It then holds Hx = limj_,., H. We
truncate the series after ¢ terms, where ¢ is determined by the criterion ||hyl|/|| Hg|| <
tol, thus limiting the number of terms by neglecting terms with only low increment
in the result. Note that this is always possible, since the closed-loop system (E, Ay )
is stable. Note that the procedure can be implemented efficiently when using tech-
niques like LU-decomposition of E to avoid explicit inversion of E and by applying
parallelization techniques. Numerical examples of the performance of this procedure
are given in Section 5.

4.1.2. Approximation via projection. Another way to obtain estimates of -
is to once again apply a projection to the Lyapunov Equation

(25) Ly(H)=E"HE - ALHA; = I,
12



to get an approximation Hof H. Ttis very unlikely that any low-rank approximation
is able to accurately represent the full solution H, since (25) has no low-rank structure
that can be exploited. However, recalling Theorem 2 we can expect, that

Fe=HI = H] =1L =,

is a good approximation whenever the dominant eigenvalue of H is captured well
by the approximation H. We therefore assume, that H can be written as VH MV
where V € R"*M has orthonormal columns and H € Spr. This leads to the reduced
Lyapunov Equation

EﬂHME]y[ — Ag’MHMAX,M - IM»

where Ey; := VTEV and AX,M = VTAXV. As seen in Subsection 4.1.1, we can
employ the power iteration method to approximate the largest eigenvalue of H and
a corresponding eigenvector v A suitable basis V can now be constructed from
dominant eigenvectors {v(u;)}*, where a training set Pys := {i1,..., s} C P can
be chosen arbitrarily. This method is online eflicient, since the above computations
can be done during the offline phase. We present numerical studies for this procedure
in Section 5

4.2. Online efficient norm calculation. We now shift our focus to the online-

. —1
efficient calculation of the norms (| B (R +BTXB - aBTB) BT|l, |Ag| and € =

|R(X)]|, or upper bounds to these quantities.
First, we take a closer look at

R R —1
H(X):=B (R +BTXB - aBTB) BT

which is symmetric and therefore satisfies | H(X)|| = Anaz(H (X)). Since the spectral
radius of a product of matrices remains identical, when the order is reversed, i.e. it
holds

IHCON = Ao (F0) = Ao ( (R4 B7XB ~aBTB) " B75)

we can compute the norm ||H(X)| by determlmng the maximum eigenvalue of the
low dimensional matrix (R +BTXB - aBTB> BTB.

For A and R(X) instead of the spectral norm || - || we compute the Frobenius
norm || - ||, as proposed in [21], which states an upper bound for the Euclidean norm.
It holds for all A € R**"

(26) [Allz < [|A]lF < /rank(A)[|A]2.
If we apply (26) to the residual R(X) we get
N . - . -1 N
rank(R(X)) = rank (ETXE - <AT ~ATXB (R + BTXB) BT) XA - CTQC>

< rank(ETXE) + rank(Ag)A(A) + rank(CTQC)
<N+ N+p=2N +p.

13



Therefore the Frobenius norm overestimates the spectral norm by a factor at most
V2N +p. To make use of the parameter separability of the system matrices we
calculate ||R( X)||, via the identity |R(X)|% = tr(R(X)TR(X)) which results in
27)  IR(X)|%2 = tr(ETXEETXE) + tr(ATXAATX A) 4 tr(CTQCCTQC)
+tr(ATXBR XlBTXAATXBR XlBTXA)
+2tr(CTQCATX A) — 2tr(ET X ECTQC)
+ 2tr(ATXBR BT XAETXE)
—2tr(E" XEA"XA) - 2tr(A" XBR'B"R ' X AATX A)
©

— 2tr QCATXBR;BTXA),

where we used the abreviation R¢ = (R—I— BTXB). Substituting X = WXyWwT

and applying the identity tr(ST) = tr(T'S) we can restructure the matrices in each
term of (27) in such a way, that the argument of the trace operator can be written
as a product of low dimensional matrices most of which posses a parameter separable
decomposition. For example,

tr(ETXEETXE) = o (Xn\WTEETW Xy WTEETW),

where

WTE(uW)ET ()W = Z O ( W) WTE;ETW .
i,j=1 :,M"U

In a similar fashion the matrix Ry = R+ BTXB=R+ B%XNBN can be computed
fast and the following inversion is comparably cheap because Ry € R™*™ is low
dimensional. Overall, the complexity of the calculation of the Frobenius norm during
an online simulation only depends on the dimension N of the reduced system and the
number of terms in the parameter separable extension Q4,Qp,Qc,Qr. The norm
|A¢|| can be calculated in an analogous fashion.

5. Numerical Examples. We now investigate the proposed application of the
LRFG algorithm to the DARE. All examples were calculated on a computer with 4
dual-core Intel Core i7-6700 CPUs with 3.40Ghz each, 16 GB RAM and were imple-
mented in the MATLAB toolbox RBmatlab, where we used version 1.16.09. Wherever
possible, we made use of parallelization techniques built into MATLAB. The MAT-
LAB version used for all examples is R2015b. The full dimensional DAREs are solved
by using a Newton iteration, where the Lyapunov-equation in each iteration is solved
by using a code that was thankfully provided by Patrick Kiirschner, see also [5].

The model under consideration is an advection-diffusion equation on the unit
square € := [0, 1] with homogeneous Dirichlet boundary conditions on all edges and
distributed control input on the subdomain Qp := [0.6,0.8] x [0.4,0.6]2. The PDE for
this example is given by

Opw(t, &5 ) — paigAw(t, &5 1) + paavOzw(t, & 1) = Loz (§u(t), t>0,£€Q,

together with the boundary condition w(t, ; 1) = 0 on the boundary I' := 92 and zero
initial conditions w(0,+; ) = 0. The function 1, denotes the indicator function of
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Qp. We furthermore define a measurement output as s(t; u) = @ ch w(t,&; p)d€
for ¢ > 0 where the measurement domain is chosen as Q¢ = [0,0.1] x [0.2,0.8], see
Figure 1 for a picture of the setup. The control objective for this problem is to let the
output s(¢; 1) follow a prescribed reference trajectory r(t). We obtain a fully discrete
difference equation for this model after semidiscretization of the PDE by using finite
differences in space on an equidistant grid in both dimensions, where an upwind
scheme is used for the discretization of the advection term and the boundary values
are not included in the solution vector, followed by the application of an implicit
Euler scheme with timestep At for the temporal discretization. We end up with the
following discrete-time LTT system:

E(p)wps1(p) = zn(p) + AtBug, k=0,

o = 0.

The mass matrix stems from the implicit discretization and takes the form E(u) =
(I, — paig At Ay — paavAtAs), where the matrix A; describes the diffusive part and As
adds the advection part to the equation. The matrix B is the discretized counterpart
of the indicator function and the output is spatially discretized by using a rectangular
quadrature rule, which results in the linear equation for y(u).

In order to formulate the tracking-control task stated above, we employ a linear-
quadratic regulator technique with an additional integral-action for the tracking: We
first discretize the reference trajectory as ry := r(kAt) for & > 0. We then add an
additional artifical state Zj that sums up (integrates) the error between the desired
trajectory and the measurement output Zpi1 = Tk + At(yr — ). The augmented
system can then be written as

(C87 D) () = (i 1) G2+ (57w (&)
yr(p) = Cay,.

We introduce the cost functional

oo
J(X7 u; ﬂ) = Z Mtrackingji+1 + Olui,
k=0

which, when minimized, forces Z; to zero and hence results in the tracking Cxx — 7k
for k — oo whenever 7}, is constant in time. The parameter jisrqcking can be adjusted
to alter the tracking quality /speed: Larger values lead to a faster tracking but involve
higher control costs. To sum up, the problem consists of three parameters, and the
parameter domain is chosen as

H = (,udiffmuadva Mtracking)T cP = [005a 02] X [Oa 10} X [17 10]

The full discretization in the following examples results in a n = 1601 dimensional
system with one input m = 1 and one output p = 1. An example of the full state and
the controlled output yg (1) for two different parameters is provided in Figure 2(left).
The reference output trajectory in this case is a rectangular signal that changes sign
at t = 5 which both outputs nicely follow. From Figure 2(right) we can conclude that
the exact output y; and the approximated output for dimension N = 6 of the reduced
problem are basically indistinguishable.
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Fic. 1. Full 2D state plots for different parameter vectors (from left to right): u = (0.05,5,10)7,
(0.05,1,10)T, (0.2,0,10)T at t = 10.

® 1 e © 1 H

g 5}

= =

~ 07 . | ~ O |

= . =

& \ &

= N =

O _1 L | | \\MM\ | O _1 L | | | |
0 5 10 0 5 10

Time t Time ¢

Fic. 2. Reference trajectory and two (true) output plots for parameters p1 = (0.2,1,10)7, uo =
(0.2,1,10)T (left). Reference trajectory, output yi(p) (right) for u = (0.1,1,1)T and outputs for
increasing dimension N of the reduced problem.

As a first test we investigate the basis generation procedure for this example. For
this purpose, we discretize the parameter domain into 343 equidistant points as nodes
from a uniform grid in all three dimensions. We set the desired greedy tolerance to
EGreedy ‘= 10~ and run the basis generation Algorithm 1 with different POD tol-
erances. In Figure 3, a qualitative comparison is given in terms of the decay of the
error indicator. The marks in the plot indicate the points where full solutions are
calculated during the run of the greedy algorithm. The numerical results confirm the
expected behavior: The smallest basis is being constructed for epop = 0 with a size
of N = 43. Setting the POD tolerance to zero means that in each iteration only the
dominant mode is added to the basis, which naturally results in a very compressed ba-
sis, but requires the highest computational effort since many high dimensional DARE
solutions must be calculated: In this case 40, which means that 3 parameters got
revisited during the greedy iterations. Increasing the POD tolerance to epop > 0.99
leads to larger bases for this example, but allows a faster basis generation since fewer
full solutions are required. Clearly, there is a tradeoff between the desired basis size
and the number of full solutions that one can calculate offline. In all of the following
examples we choose the smallest basis, i.e. the N = 43 dimensional basis which was
constructed for epop = 0. We furthermore define another parameter set Pios for all
tests, consisting of 10 randomly chosen elements from P, distinct to the training set
Ptrain'

Next, we analyze the true error which is induced by the RB approximation and
the corresponding error estimation from Section 4. In Figure 3 we show the true
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Fia. 3. Error indicator decay for different inner tolerances e pop on the same training set (left).
True error, residual norm, validity criterion and error estimator (right) for all test parameters.

absolute error, the error estimator and the residual as well as the validity criterion.
Note that, although its calculation is really expensive, we choose the true value for
the constants v(u) in order to get rigorous results and validate the bounds. We will
later show that by using the approaches presented in this work, the constant can be
estimated much faster. Figure 3 reveals that the error estimator resamples the true
behavior of the error very accurately, although it is overestimated by a factor of ~ 102.
However, as Figure 2 (right) indicates, the outputs are indistinguishable which proves
the quality of the RB approximation for this application. In all cases, the validity
criterion is below 1, and thus all results are rigorous.

The crucial ingredient in the error estimation is clearly the constant v(u). Theo-
rem 2 shows that it can be calculated by solving a large-scale discrete Lyapunov equa-
tion, which clearly is infeasible online. We thus proposed two methods to overcome
this issue and to enable real-time simulations: The first method is an efficient imple-
mentation of the power iteration (PI) algorithm to approximate the largest eigenvalue
of the Lyapunov-solution H. We perform this procedure for all elements in the test
set. Table 1 shows the mean relative approximation error mean,cp,.., M
between the true value () and the Pl-approximation ~vpy(u) as well as the corre-
sponding calculation times for different tolerances ep;. We see that even in relativly
low dimensions, the direct calculation easily becomes infeasible. In really high di-
mensions, say n > 10.000 this is infeasible. However, we can use the power-iteration
algorithm to approximate () up to any desired tolerance in (offline-)reasonable time,
as the results in Table 1 indicate.

TABLE 1

Comparison of the calculation times for v when using the full-approach (Lyapunov-equation
solve) and the power-iteration method for different tolerances €py.

n=101 n=401 n=1601
t[s] Err t[s] Err t[s] Err
Full 0.02 - 0.58 - 65.29 -
epi=le-2  0.02 1.40e-02 0.06 2.52e-02 0.48 5.07e-02
epi=le-3  0.03 1.91e-03 0.13 2.72e-03 1.37  5.34e-03
epr=1le-4 0.06 1.86e-04 0.23  2.63e-04 3.02 5.71e-04
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As explained in Subsection 4.1.1, (u) can furthermore be approximated by pro-
jecting the Lyapunov-equation onto a suitable subspace, spanned by dominant eigen-
vectors of its solution. Those eigenvectors can be obtained “cheaply” by using the
power-iteration technique as before. Table 2 gives an overview of the results. With
moderate offline costs, very accurate approximations can be obtained online. Com-
pared to the huge costs that are required for one full calcualtion of ~v(u), this is a
tremendous improvement.

TABLE 2
Results for the projection-based calculation of v(u). The table shows the calculation times for
the offline step, average online calculation time and the mean, minimum and mazimum relative
error over the test set Piest for different offline training sizes.

8 27 64 125

Offline time || 130.7669 257.8988 463.0604 761.6805
Avg. Online time [s]  0.0114 0.0106 0.0100 0.0092

mean 0.0577 0.0028 0.0049 0.0014
min 0.0081 0.0001 0.0001 0.0000
max 0.1265 0.0064 0.0148 0.0053

Finally, we examine the calculation times of the overall procedure in Table 3.
One online simulation for this example takes only a fraction of a second, including the
calculation of the residual norm and the 2-norm of the closed-loop system. Altogether,
we reach speedup factors in the magnitude of several thousands. We note however
that the implementation of the large-scale DARE solver used in out experiments is
certainly not the most efficient implementation possible.

TABLE 3
Calculation times in seconds for one full-dimensional solution, the calculation of the reduced
solution, its residual norm and the closed-loop norm.

p Py RXlF (Al

mean 18.6486 0.0054 0.0005 0.0116
max 21.7083 0.0074 0.0008 0.0738
min  16.5895 0.0043 0.0004 0.0041

6. Conclusion. In this article we developed the RB-DARE framework for the
rapid approximation of solutions to the DARE. We showed how the whole reduction
procedure can be implemented efficiently, and how the resulting approximation can
be certified by a-posteriori error bounds. The bounds can be calculated quickly,
given rapid approximations of the relevant constants are available. The presented
application in the field of LQR control is only one example of many possible scenarios,
including for example discrete-time Hoo, Ha control or Kalman-filtering.
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Appendix A. Proof of equality (8). It is sufficient to show that the residual

R(X) has an alternative representation via

R(X)=ETXE - A XAx — F(X)TF(X),

where F(X)T := [CTQ1/2 K;Rl/z]. Therefore, let X € D,, and Rx := R+BTXB.
it holds, that

(28)

K¥BTXAx = KEBTX (A - BKy)
=K¥BTXA - KYBTXBKx
=KYB"XA- K} (R+B"XB-R)Kx
=K¥BT'XA- K% (Rx — R)Ry'BTX A
=KY¥BTXA-KYBTXA+ KYRKx
= KYRKx.
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From which we conclude
R(X)=X - ATXA+ ATXBKx - CTQC
=X - ATX(A-BKx)-CTQC - KY¥BTXAx + KEBT X Ax
=X - (AT - KEBTYXAx - CTQC - K¥BTX Ax
@ X _(4- BEx)TXAx — (CTQC + KT RKY)
=X -ALYXAx - F(X)TF(X).
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