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In this paper, the problem of full state approximation by model reduction is studied for
stochastic and bilinear systems. Our proposed approach relies on identifying the dominant
subspaces based on the reachability Gramian of a system. Once the desired subspace is
computed, the reduced order model is then obtained by a Galerkin projection. We prove
that, in the stochastic case, this approach either preserves mean square asymptotic stabil-
ity or leads to reduced models whose minimal realization is mean square asymptotically
stable. This stability preservation guarantees the existence of the reduced system reacha-
bility Gramian which is the basis for the full state error bounds that we derive. This error
bound depends on the neglected eigenvalues of the reachability Gramian and hence shows
that these values are a good indicator for the expected error in the dimension reduction
procedure. Subsequently, we establish the stability preservation result and the error bound
for a full state approximation to bilinear systems in a similar manner. These latter results
are based on a recently proved link between stochastic and bilinear systems. We conclude
the paper by numerical experiments using a benchmark problem. We compare this ap-
proach with balanced truncation and show that it performs well in reproducing the full
state of the system.

© 2021 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license
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1. Introduction

Galerkin approximation is an important methodology to obtain surrogate models for high fidelity systems. It relies on
the fact that, in many applications, the state of the system is well approximated in a lower-dimensional subspace. In other
words, for x(t) e R" with n > 1, there exist V e R™" such that x(t) ~ VX(t). The choice of the right basis V plays a crucial
role in the approximation quality. Several approaches to construct the dominant subspaces have been proposed for deter-
ministic linear systems, see, e.g., [6]. Among them, a commonly used approach is the proper orthogonal decomposition
(POD) [10,18], which identifies dominant subspaces empirically by extracting them from snapshot matrices. These empirical
methods have been successfully used in many applications. However, they are input-dependent in the setup of control sys-
tems, i.e., the quality of reduced order model (ROM) will depend on the choices of inputs used to generate the snapshots.
In the setup of stochastic systems considered in this paper, a POD approach would require the simulation of an enormous
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amount of samples being numerically costly in practice. Moreover, a deeper theoretical analysis of such empirical methods
is often not feasible.

Given stability in the original model, it is of interest to preserve this property in the reduced system. Galerkin methods
have been shown to preserve stability for deterministic linear dissipative systems, see, e.g., [29]. Additionally, the authors
in [22] propose a POD scheme combined with linear matrix inequalities to construct ROMs that are locally stable in a non-
linear deterministic setting. In general, Krylov based methods for deterministic linear [15] and bilinear systems [11] do not
guarantee stability in the ROM. However, in [23], the authors have proposed equivalent dissipative realizations to arbitrary
Galerkin projected linear systems that are stable. To the authors’ knowledge, stability preservation using Galerkin projections
has not been studied in the literature of stochastic systems.

In this work, we focus on model order reduction of linear stochastic and bilinear systems aiming for a full state ap-
proximation. Therefore, we study a Galerkin approach based on the dominant reachability subspaces, which leads to input-
independent projections, i.e., the corresponding ROMs are (pathwise) accurate for a large set of inputs. This approach relies
on the computation of the reachability Gramian of the underlying dynamical system. These Gramians are encoded by gen-
eralized Lyapunov equations and, hence, can be computed in a numerically efficient way in large-scale settings (see, e.g.,
the review papers [8,30] for low-rank methods). Once the Lyapunov equation is solved, the dominant subspaces are then
identified by the span of eigenvectors of the Gramian associated with the large eigenvalues. Hence, the ROM is obtained
by projecting the dynamical system onto the identified subspace. We show that this procedure either preserves the un-
derlying stability or at least ensures the existence of the reduced order Gramian, which is vital for the error analysis. As a
consequence, the minimal realization of the reduced model is stable. Subsequently, we propose error bounds for the approx-
imation, which show how the reduction error is related to the neglected eigenvalues of the Gramian. It is worth noticing
that this approach has already been successfully applied in the literature of deterministic linear time-invariant systems, e.g.,
in the context of structured systems [31], and port-Hamiltonian systems [21]. However, to the authors knowledge, the sta-
bility analysis and error bounds for stochastic and bilinear systems considered in this paper have not even been established
for deterministic linear systems so far.

It is worth mentioning that one way to address the problem of full state approximation is to use balanced truncation,
see [19] for deterministic linear systems and [1,3,7,24] for stochastic and bilinear systems. This method is generally suit-
able when one wants to approximate a quantity of interest y(t) = Cx(t), with C e RP*" and p « n. For this method, one
needs to compute the observability Gramian in addition to the reachability Gramian. Subsequently, a ROM is obtained by
Petrov-Galerkin projection based on these two Gramians. One advantage of balanced truncation is that it is, under some
mild conditions, stability preserving [4,20] and it guarantees error bounds [7,14,26]. However, whenever, p ~ n, it suffers
from the issue that the computation of the observability Gramian is not feasible in practice since low-rank methods are no
longer applicable in this context. This scenario is given if the full state shall be approximated, since C =1 in this case. For
the deterministic linear case, the authors in [9] propose a scheme enabling the computation of the Petrov-Galerkin projec-
tion without the explicit computation of the observability Gramian. The approach is numerically feasible but costly since
it relies on a quadrature scheme using the low-rank factors of the reachability Gramian pre-multiplied by shifted systems.
Additionally, those results are no longer applicable for stochastic and bilinear systems.

The paper is organized as follows. In Section 2, we present the main setup for linear stochastic systems with zero initial
states and the concept of mean square asymptotic stability along with some literature results. Then, in Section 3, we de-
scribed the proposed Galerkin projection based procedure using the reachability Gramian. Additionally, an interpretation of
the dominant subspaces is derived therein. Section 4 is dedicated to showing the properties of the ROM for zero initial data.
First, we prove that this procedure either constructs a reduced model which is mean square asymptotically stable or a ROM
which has a realization satisfying the desired stability property. It is worth noticing that modified versions of those results
are also valid for the class of deterministic bilinear systems, which we also establish in this paper. In Subsection 4.2, we
derive bounds for the approximation error and their relation to the neglected singular values of the reachability Gramian. In
Section 5, the presented results are extended to the case of stochastic systems with non-zero initial conditions. This exten-
sion relies on splitting the general system into two subsystems. One being uncontrolled including the initial data xy and the
other one being the previously studied control system with zero initial condition. In particular, the results of Section 4 are
transferred to the subsystem involving xo. In Section 6, similar results for the class of bilinear systems, including stabil-
ity preservation and error bounds, are derived. In Section 7, some numerical experiments are conducted to illustrate the
performance of the proposed approach and in order to compare it with balanced truncation.

2. Linear stochastic systems and mean square stability
2.1. Stochastic problem setup
We consider the following linear stochastic systems

q
dx(t) = [Ax(t) + Bu(t)]dt + ) " Nix(t)dW;(t), t>0, (1)

i=1
where we assume that A, N; e R™" and B € R™™ are constant matrices and its initial condition are assumed to be zero, i.e.,
x(0) = 0. Later, we generalize the results to the case where non-zero initial conditions are considered. The vectors x and u
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are called state and control input, respectively. Moreover, let W = (Wl, A Wq)T be an R9-valued standard Wiener process
for simplicity of the notation. The results can be extended to square integrable Lévy processes with mean zero and general
covariance matrix (see, e.g., [24]). All stochastic processes appearing in this paper, are defined on a filtered probability space
(Q, F, (Ft)t=0 ]P)1 In addition, W is (F;);so-adapted and its increments W (t + h) — W (t) are independent of 7; for t,h > 0.
Throughout this paper, we assume that u is an (F;);~¢-adapted control that is square integrable, meaning that

T
2
Julfy ==& [ u)Ids < oo

for all T > 0, where ||-]|, denotes the Euclidean norm. Moreover, ||| will denote the Frobenius norm, whereas ||-|| rep-
resents an arbitrary matrix/vector norm. The aim is to identify a low-dimensional subspace V of R" that approximates
the manifold of the state x. Choosing a matrix V € R™" of orthonormal basis vectors of V, an approximation of the form
VX(t) ~ x(t) can be constructed. Inserting this approximation into the original system (1), we enforce a Petrov-Galerkin
condition by multiplying the residual with VT leading to a ROM

q
dR(t) = [AR(t) + Bu(t)]dt + > NiR(t)dW;(t), t=0, (2)
i=1

where A=VTAV, B=VTB, N;= VTN,V and (t) € R", X(0) = 0, with r « n. Our main goal is to construct the matrix V, such
that, the approximation error is small for every input u considered.

2.2. Mean square asymptotic stability and generalized Lyapunov operators

We introduce the fundamental solution ® to (1). It is defined as the R™*"-valued solution to
t q t
dD(t,s):H-/ AdD(t,s)dr-i-Z/ Nd (T, s)dWi(t), t>s. 3)
N i=1 S

It is the operator that maps the initial condition xq to the solution of the homogeneous state equation, i.e., u = 0, with initial
time s > 0. We additionally define ®(t) := ®(t, 0). Moreover, notice that we have ®(t,s) = ®(t)d1(s).

Throughout this paper, we assume that the uncontrolled state Eq. (1) is mean square asymptotically stable, i.e,
I[<2||d>(t)||2 < e~ for some constant ¢ > 0. With A(-) denoting the spectrum of a matrix/operator, this is equivalent to

AMK) cC_, (4)

where K:=I1QA+AQI+ ZL] N; ® N; and - ® - is the Kronecker product of two matrices, see for instance [13,17]. Moreover,
the system is called mean square stable if A(K) c C_. Notice that A(K) = A(Ls + I1y), where the generalized Lyapunov
operator L4 + Iy is defined by X — £4(X) = AX +XAT and X — TIy(X) = Z?Zl N,—XNiT. In Section 3, we will introduce a
reduced system which does not necessarily preserve (4) but it is always mean square stable, i.e., K can additionally have
eigenvalues on the imaginary axis. Therefore, we need the following sufficient conditions for mean square stability.

Lemma 2.1. Given a matrix Y > 0, let us assume that there exists X > 0 such that
L4X) + X)) < Y.
Then, we have A(K) c C_.
Proof. An algebraic proof can be found in [4], Corollary 3.2. We refer to [24], Lemma 6.12 for a probabilistic approach. O

Let a (L4 + [y) := max{N () : u € A(L4 + ITy)} be the spectral abscissa of the operator £, + Iy, with 9i(-) being the
real part of a complex number. Since the stability of a stochastic system is related to the eigenvalues of £4 + Iy, we for-
mulate the following result.

Lemma 2.2. There exists V; > 0, V; # 0, such that £4(V7) + TNy (V1) = (L4 + TIN)V;.

Proof. A proof in a more general framework can be found in [13], Section 3.2. We also refer to [4], Theorem 3.1 and the
references therein. O

Finally, spectral properties of the Kronecker matrix involving both the reduced and the original model matrices are re-
quired.

Lemma 2.3. Given that the full model is mean square asymptotically stable, whereas the reduced system is just mean square
stable, i.e., we have

q q
A<I®A+A®I+ZN,-®N,-) c C_ and k(l@A—&—A@I—&—ZM@M) cC..
io1

i=1

1 (Ft)e=0 is right continuous and complete.
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Then, it holds that
-~ q A
MIeA+Ael+) Ni@N|ccC..
i=1

Proof. A probabilistic version can be found in [24], Lemma 6.12 and an algebraic approach is given in [4], Proposition 3.4. O

3. Dominant subspaces and reduced order model
3.1. Dominant subspaces of (1)
We identify the redundant information in the system by using the reachability Gramian
P=E /0 ~ ®(s)BBT D" (5)ds.

Notice that P exists due to the exponential decay of the fundamental solution ®. Practically, one can compute P by solving a
generalized Lyapunov equation. Using Lemma A.1 with s =0,A=A, B=B, N; = N; and t — oo, we obtain that the reachability
Gramian is a solution of the following generalized Lyapunov equation

q
AP+PAT + % NiPN] = —BB'. (5)
i=1

Let x(t, xg, u), t > 0, denote the solution of (1) with initial value xq and control u. Then, for z € R", we have
1
sup E|(x(t,0,u),2),| < (z'Pz)’ l[ullz (6)
te[0,T]

using the results in [25]. Let (py)i_1
variable can be written as

» be an orthonormal basis of R" consisting of eigenvectors of P. Then, the state

n

X(t, 0, u) = Z <X(tv Os u)v pk)Zpk'

k=1

Setting z = p,, in (6), we obtain

1
sup E[(x(t,0,u), pi)a| < A ull;z. )
tel0,T]
where A, is the corresponding eigenvalue. Consequently, we see that the direction pj, is completely irrelevant if A, = 0. On
the other hand, if A, is not zero but small, then a large component in the direction of p, requires a large amount of energy
by (7). Therefore, the eigenspaces of P belonging to the small eigenvalues can also be neglected.

A ROM can now be obtained by removing the unimportant subspaces from (1). This is done by first diagonalizing P. If P
is diagonal, we have that p, is the kth unit vector and the diagonal entries of P indicate the relevance of the respective unit
vector. A reduced system can then be easily derived by truncating the components of x associated to the small/zero entries
A of a Gramian of the form P = diag(Aq, ..., An).

3.2. Reduced order model by Galerkin projection

We introduce the eigenvalue decomposition of the reachability Gramian as follows
P =STAS,

Ay O

0 Ayl Y

the spectrum of P is ordered, i.e.,, A; >...> A, >0 so that A, contains the small eigenvalues. Let us do a state space
transformation using the matrix S. The transformed state variable then is x;, = Sx. Plugging this into (1), we find

dxy(t)  =[Apxy(t) + Bpu(t)ldt + 37 | Nipx, ()dWi(t), =0,

where S~1=S7 and A = |:

x(t) =S (0), ®
where the balanced matrices are given by
A A B N: N;
Ay :=SAST = |10 12 By i=SB=| |, Njy:=SNST = [ 12 9
b |:A21 A b B, Lb ' Nia1 Nix ©)
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We refer to (9) as the balanced realization of the linear stochastic system. The fundamental solution of the balanced real-
ization is ®, = S®ST which can be seen by multiplying (3) with S from the left and with ST from the right. Therefore, the
reachability Gramian of (8) is

P, :=E / @, (5)ByB] ] (s)ds = SPST = A. (10)
0

X1

We partition x, = , where x; and x, are associated to A; and A,, respectively. Now, exploiting the insights of
2

Section 3.1, x, barely contributes to the system dynamics. We obtain the reduced system by truncating the equation re-
lated to x, in (8). Furthermore, we set the remaining x, components equal to zero. This yields a reduced system (2) with
matrices

A=Ay =VTAV, B=B;=V'B, N;=N,y =V'NV, (11)

where V are the first r columns of ST = [V 52].

In large-scale settings, the reachability Gramian can be computed using low-rank methods (see [8,30]), i.e., we find a
matrix Zp € R™!, with | « n, such that P ~ ZpZ,I. Consequently, in this setup, the Galerkin projection can be identified using
the singular value decomposition of Zp.

4. Properties of the reduced system
4.1. Mean square stability and reduced order Gramian

In this section, we study stability preservation and the existence of the Gramian for the reduced system in (11). The next
result guarantees mean square stability.

Proposition 4.1. Suppose that A = diag(Ay, ..., Ar) > 0. Then, the reduced order system (2) with A = A;; and N; = N;j 11, intro-
duced in (9), is mean square stable, i.e.,

q
AI®An +An @I+ ) Niyp®Niy) cC.
i1

Proof. According to (10), the balanced reachability Gramian is the diagonal matrix A of eigenvalues of P. Using the partition
of the balanced matrices in (9), we therefore have

An Ap|[{Ar O n Ay O AL A; n Zq: Nin Ni2f[A1 O N;“ N,‘;m
An An|| 0 A 0 Ao][Anp Ap| &[N Niz || 0 Az2[|Niyy Ny,
_ B{B] BiB] .
B,B{  BB]
The left upper block of the above equation is
q q
AnAq + AlA;r] + ZNi.l]AlNi—,r]l = _BlBI — ZNi,lele'—,rlZ <0.

i=1 i=1
Since A > 0 by assumption, Lemma 2.1 yields the claim. O

Using Proposition 4.1 and Lemma 2.2, the reduced order system is asymptotically mean square stable if and only if 0 ¢
AI®A +An @1+ Z?:l N; 11 ® N; 11). With the following example it is shown that the zero eigenvalue can indeed occur.

Example 4.2. Llet N;=0, A= |:(1J _}8} and B = |: 100] Then, system (1) is already balanced since the reachability Gramian
is given by
o T 50 0
_ As TAA'S _
P_/O e“BB'e ds_[0 5].

Moreover, we have rank([B AB]) = 2 which means that the system is reachable or locally reachable if N; were non zero.
According to Section 3.2 the reduced matrices are A;; =0, By =0 and N;1; = 0. Consequently, the reduced system is not
asymptotically stable and the reachability of the system is also lost since the reduced system is uncontrolled.

Example 4.2 shows a difference to balanced truncation for stochastic systems, where mean square asymptotic stability
is preserved under relatively general conditions [4,5]. Mean square asymptotic stability ensures the existence of the reacha-
bility Gramian P := Efo° d(s)B; BICT)T(s)ds, where & represents the fundamental solution of the reduced system. However,
asymptotic stability is only a sufficient condition for P to exist. The next example illustrates such a scenario.

5
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1 -1
1 -1

| o241 e—2_1 e—2t
o(t)=e ‘= e,z{] e*2%+l and  P(f)B= e~ |
2 2

Clearly, @ does not decay exponential to zero but ®B does. Therefore, the reachability Gramian exist and is P =
[0.25 0.25

Example 4.3. Let N;=0, A= |:: ] and B= [}] Then, we have

. o -1 1
025 0.25], whereas the set of solutions to (5) is given by P+y[ 1 ]], yeR.

Example 4.3 emphasizes that it is important to distinguish between a Gramian (given by an integral representation) and a
solution of a Lyapunov equation. The next theorem proves that even if the reduced system is not mean square asymptotically
stable, the existence of the reduced order reachability Gramian can be guaranteed. This is one of the main results of the
paper which is also vital for later considerations, where we prove an error bound in which P is involved.

Theorem 4.4. Given the reduced system (2) with matrices A = Ay;, B = By, N; = Ny 1 defined in (9) and A, = diag(Aq, ..., Ar) >
0. Moreover, let & denote the fundamental solution to this reduced order system. Then, there is a constant ¢ > 0 such that
E|®(t)B; ||i < e~ Hence, the reachability Gramian P :=E [;° ®(s)B;B] ® (s)ds exists and satisfies

q
AnP+PAJ, + Y NinPN[}; = —B1B]. (12)

i=1
Proof. We set K :=1®Ay +An ®I+Z 1 Ni11 ® Njq; and consider the case that the reduced system is mean square
asymptotlcally stable, i.e., 0 ¢ A(K). According to Section 2.2 this is equivalent to ]E”d>(t) ”F e~ implying IEH(D(t)B1 ”F <
. Given this condition the infinite integral P exists. Moreover, using Lemma A.1 with A=A =A;;, B=B=B; and

Ni = N; = N; 1; and exploiting that the left hand side of (58) tends to zero if t — oo, we see that P solves (12).
Let us consider the case of 0 € A(K) = A(KT). If further B; = 0, the result of this theorem is true. Therefore, we addition-
ally assume that B; # 0. Then, by Lemma 2.2, there exists V > 0 such that

q
Ly (V) + Ty (V) =A[V + VAR + ) N, VN = 0. (13)
i=1
Moreover, according to the proof of Proposition 4.1, we have
q q
AnAr+ MAL + ) N ANy = =BiB] = Y " Ni1aAoN[, =1 —R. (14)
i=1 i=1
We observe that
—(RV)E = (La, (A1) + Ty, (A1), V)E = (Ay, Lgr (V) + Tys (V) =
Using the properties of the trace this yields

2 q 2 q
VB | + 3 [ VINAZ | = r(VIBBIVE) + 3 (Vi N; 12 AN,V H)
L F i=1 ‘
=R Vp=0
This implies that
VB, =0 and VN;;pA; =0. (15)

The case V > 0 is excluded since then it holds that B; = 0. Therefore, we consider the scenario in which V does not have
full rank. We then assume that V is an eigenvector with maximal rank, i.e., for any other eigenvector V > 0 corresponding
to the zero eigenvalue, we have rank(V) < rank(V).

Introducing the eigenvalue decomposition of V:

S Pt > B0 I A RS
V=[] [0 0} [VT] v,DVT, (16)
D > 0, we find a basis of the kernel by the columns of ¥, i.e., ker(V) = im(,). Inserting (16) into (15) yields

A~ A~ 1
V/Bi=0 and V/N;;pA; =0. (17)
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We use a state space transformation based on § = g ] involving the following matrices

A Ay A A N; N; RPN Py P
SA §' —: A]l A]Z . SN; ST —- in i12 . SA ST —- All 12
E [ 0 Ax o Nia1 Nip ! PL Py (18)

o VB 0 - 1 | VTN A 0
SBy = | Al 1]=[A } SNippAZ = 12 [ }
|:V2TB1 V, By b2 A N,JZA2 ViNizA;

where (17) was exploited. We multiply (14) with S from the left and with ST from the right and obtain

611 612 1?11 1?12 n 1?11 1?12 ’L}lTl fg] Ly 15’1,11 IS’LIZ Pn 1312 N,u Iy,-,Tm

Ay An||P P» PL Py ||Al, A =N N [[Ph Po N:Tu N’y (19)
0 O

“7lo R

with R = V;'B1B[V5 + Y0 VJ'N; 12 A2N], V5 > 0. Before we evaluate the blocks of (19), we show that
A12 = V1TA]1‘72 =0 and Ni,]Z = ‘71TN1'1]1‘72 =0. (20)
To do so, we show that the kernel of V is invariant under multiplication with A;; and N;11. Let z € ker(V). Then, we obtain

’ 2
2

~ 1
VzN; 2z

i=1 i=1 i=1

q q q
0=2z" (AIT]V +VAy + ZNi,TuVNiJl)Z = ZZTNI'T“VN,‘VHZ = Z
implying that \7Nmz = 0. Using this fact provides that

q
0= (AlT]V + VAL + ZN;HVN,-J])Z =VAnz.
i=1
Hence, we have Anker(V) N, nker(V) c ker(¥). Since the columns of V, span ker(V) and due to the invariance, there exist
suitable matrices A;; and N; 4 such that
AnVa =VAy and Ny Vs = %Ny, (21)
Exploiting that V.V, = 0 gives us (20). Moreover, we see that Ay, = \72TA“\72 = \7;\727\11 = Ay and similarly N; 5, = N; 17 using
that V'V, = I. Taking (20) into account, the left upper block of (19) is

Anby +1311An + Z? 1& 111311 ALT“ =0 (22)
& Py'AL, +AnP; +X0 Py NiJlP“N: nPy' =0.
The evaluation of the right upper block yields
P P |[NT,
AnPry + PuA], + PpAL, + 30, [ i1 O] S 2= 0
Py P N . (23)
X o hn B[R
s Aj = _<P111A11P12 + P PRAL, + Y [P N ][ T b [N?Z]D'
22 i,22
Finally, the right lower block is given by
T I T PN LI, o Py B[N .
An Py + APy + PLAY, + PAl, + Z [Ni,21 Ni,zz] |:131T1 P;j I:Nl 21i| —R. (24)
12

i=1

= Ni,Zl PHP11 N, 11 and insert (23) into (24) in order to obtain

We set f)22 = 1322 _P]ZPH P]Z' ﬂi,21

I P A s A _ . Py By |[NT
A22P22+P22A52—P1T2(A1T1Pu]+P111A11)P12+Z[Ni,21 Niz|| 50 5o || 05
i=1 P P szz

q . . JEDA

< o Pn o Py || —(PLP'N;i11)T p

+ N N 2 2 128 N —_R
; [ i,21 1.22] |:P1'5 P22i| [ 0

Using (22) for the above relation leads to

A 5 AT L NOTR & Pu P ][Ny 5
A22P22 + P22A22 + Z [Ni,21 N, 22] PT 1322 NT = —-R.
i=1 1,22
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We add and subtract Z;’:l N; 22P22N 5, resulting in

PPN & A & B R N N Pr 1312 N7, 5
APy + PpAL + ) NigaPNT, + Nio1 N |:A JB21 ) = R,
; b ;:[ ! ! ] P]-; P]ZP P]z Ni—,rZZ
P Py is positive semidefinite since it holds that

pL PLP 1P, | P

P, 12711 112
2

Py P y 5 5 AT H-1p 53 =3 b
b2 [131Tz PLP P, || 2 =y Puy +2y Pz +2 PPy Pz = | PRy + Py’ Pz - 0

where |:§ ] is an arbitrary vector of suitable dimension. Therefore, we have

AyyPo + PpAJ, + ZNI 2P2N; 5,

q Ni22PoaNlp, = — ﬁ*i[ﬁm N‘ZZ][EH p 1‘3121 p ”:@Ll}
: ! i, i, -
i=1 i—1 Ph  PLPy P Ni,TZZ

<0 (25)

- o1
Ilel CI By Lemma 2.1, this implies A(I ® Ay, + Ay ®
P, Py

I+ Y0 N2 ®N;) c C_. Let &, denote the fundamental solution of the system with matrices (A, N; ;). Moreover, we
set By := V' B;. Then, we can express

and Py, > 0 since it is the inverse of the right lower block of |:

2
5]
211lF

We partition $&(£)ST = [g“ Ei; 212 Eg] and find the associated equation by multiplying the one for ® with $ from the
2 2

left and ST from the right resulting in

by dp r o /t Ay 0 |[®q q312 / Nin by by
- X = + « ~ N N s+ - <2 |dWi(s). (27)
|:q>2] ¢‘22i| |:0 1] o |An Axn || P q’zz Z Nizt  Nin || P21 D]

Evaluating the right upper block and subsequently the right lower block of (27), we see that $;, = 0 and &,, = &,. There-
fore, (26) becomes

E| &8, | =E|| ST ®)S3B:|) =

I+ (26)

E| B[} = E| 208, - (28)
In addition, we obtain the following rank relation
ro:=rank([B; AuBi ... A'Bi])=rank([SB; (SAnST)SB; ... (SAnST)$B])
= rank([B, ApB, ... Ay'B])=rank([B, ApB, ... AL'B,). (29)

where r, is the number of rows/columns of Ay, If there is no zero eigenvalue of the Kronecker matrix associated to
(A22.N;j5,), then @, decays exponentially and the claim of this theorem follows by (28). If the projected system still has a
zero eigenvalue, then by Lemma 2.2, there is V5, > 0, V55 # 0, such that

q
A3, Voy + Vpphyy + Z NiTszZZNi,ZZ =0.

i=1
Now, one can further project down the reduced system with matrices (A,5, B, Ni,zz) by the same type of state space trans-
formation as in (18) based on the factor of the eigenvalue decomposition of Vy, instead of § and based on (25) instead
of (14). Notice that V5, cannot have full rank since else we have B, = V7B, = 0 which, together with (17), implies By = 0.
One proceeds with this procedure until a mean square asymptotically stable subsystem is achieved. Such a subsystem exists
since if one reaches a system of dimension ry, then it holds that r, = ry in (29). This local reachability condition combined
with (25) is equivalent to mean square asymptotic stability, see [13], Theorem 3.6.1. Since (28) is then also obtained with
the mean square asymptotically stable subsystem, the result follows which completes the proof. O

Remark 1. The only structure of the reduced system that was used in the proof of Theorem 4.4 is the existence of an
equation of the form (14). Therefore, this theorem can be extended to any reduced system for which there exists a matrix
X > 0 such that

q
AR ST+ S RAN < 8"
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The following implication of Theorem 4.4 shows the square mean asymptotic stability of the ROM (11) is preserved in
some extended way.

Corollary 4.5. Suppose that the reduced system (2) with matrices A = Ay, B=B; # 0 and N; = N; 11 defined in (9), and associ-
ated to the fundamental solution &, is not mean square asymptotically stable. !f we further have that A > 0, then there exists
Vo e R™, rq <, with V'V =1 leading to a projected system Ay =V A;1Vo, By =V By and Ny ; =V N; 11Vp, associated to the
mean square asymptotically stable fundamental solution ®,. Moreover, it holds that

d(t)By = VoD (t)Bo.

Proof. As in (26), we can write (t)B; = ST (S$(t)ST)SB; with the orthogonal matrix §T = [\71 \72]. Following the steps of
the proof of Theorem 4.4, we see that ®(t)B; = V,®,(t)B,, where B, = V,'B; and where &, is the fundamental solution for

the system with matrices VZTAHVZ and VZTN,-Jl\A/z. If &, is mean square asymptotically stable, we have that Vy = V5. Else, by
the proof of Theorem 4.4, the projection procedure can be repeated until an mean square asymptotically stable subsystem
is achieved. In this case, Vj is the product of matrices like V,. O

Corollary 4.5 shows that the obtained ROM always has a mean square asymptotically stable realization. In other words,
the procedure described in Section 3 produces a ROM that is either mean square asymptotically stable or that can be further
reduced to a mean square asymptotically stable system without an additional approximation error given that xo = 0.

The following corollary will be useful for interpreting error bounds for the approximation error in Section 4.2.

Corollary 4.6. Given the assumptions of Theorem 4.4, we have that
tr(P) < tr(Ay),
where P is the reachability Gramian of the reduced system with coefficients A = Ay;, B = B; and N, = Ni 11

Proof. As in the proof of Theorem 4.4, three cases need to be considered. Let us first assume that the reduced system is
mean square asymptotically stable, i.e., 0 ¢ A(K). Subtracting (12) from (14) we see that A; — P satisfies

q q
An(Ay = P)+ (A = P)AT + ) Nin (A1 = P)N[j; = = > " Nipp AN, =t —R,. (30)

i=1 i=1
Now, Eq. (30) is uniquely solvable. According to Section 3.1, this solution is represented by E /° & (s)Ry® T (s)ds > 0. There-
fore, we have that A; > P implying the claim of this corollary. Now, let us study the case of 0 € A(K). B; = 0 implies that

P = 0 leading to A; > P. It remains to consider the case of an unstable reduced system with B; # 0. We use the arguments
of the proof of Theorem 4.4 and assume w.l.o.g. that the projected reduced system with matrices (Ajy, By, N; ;) and funda-

mental solution &, is already mean square asymptotically stable. Else we could project down the reduced system further
and the same arguments apply as the ones we use below. Integrating both sides of (28) over [0, co) and using the definition
of the Frobenius norm, we obtain

tr(]E/OOC Cb(t)BlBIéﬂ(t)dt> = tr(]E/OOC @z(t)ézf‘;{é}(t)dt).

—p =h
Due to the mean square asymptotic stability, we know that B is the unique solution to
~ A A A q A A A A A
AP+ BAL, + 3 NipPNTy, = —B,B].
i=1

Comparing this equation with (25), we find that B, < Py, = Py, — PLP;' P, < Py We exploit (18) leading to tr(P) < tr(Py) <
tr(P) + tr(Py) = tr(SA1ST) = tr(A;). O

4.2. Error bounds

In this subsection, we derive error bounds for the model reduction procedure proposed in Section 3. We begin with an
error bound that is general in the sense that it only requires the existence of the Gramians P and P and does not exploit any
further structure of the reduced system. Once this general bound is established, an error estimate for the choice in (11) is
given allowing to identify the scenarios in which this ROM leads to a good approximation. The next result characterizes the
error in a full state approximation. Notice that we use similar techniques as in [7,28], where output errors were considered.
However, we state the following proposition under milder assumptions.

Proposition 4.7. Suppose that & denotes the fundamental solutions of (1), and ® denotes the fundamental solutions of (2) ob-
tained by Galerkin projection using V e R™" with VTV = I. Moreover, let x and X represent the solutions to both systems. If there

9
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is a constant ¢ > 0 such that IE||<1>(t)B||2, IE” é(t)é”z < e~ and if Xy = 0 and Xy = 0, we have

sup]E”x(t) —V&(t) ||2 < (tr(P) + tr(P) — 2tr(P2VT))% 2.
€[0,T

tel

where the matrices P :=E [;° ®(s)BBT®T (s)ds, P :=E [5° ®(s)BBT®7 (s)ds, P, := E [;° O (s)BBT 7 (s)ds satisfy

q

AP+ PAT + > "NiPN] = —BB", (31a)

i=1
A A A q A AA A A
AP +PAT + Y 'N,PNT = —BBT, (31b)

1
i=1
A q A A
APy + PzAT + I\J,le\lT = —BB". (31¢)
1

i=1

Proof. It can be shown that the solution of (1) is given by
t
x(6) = ®(O)xo +/ & (t. 5)Bu(s)ds.
0

see, e.g., [13]. Setting the initial states in (1) and (2) equal to zero and using the solution representations for both systems,
we obtain by the triangle inequality that

E|x© - Vi@, = IE/O |(®(&.5)B- v, )B)us)| ds

< JE/O |@(t.5)B vVt )B| llu(s)ll,ds.

We apply the inequality of Cauchy-Schwarz and obtain

1
t N . 2
E[x(©) - VR, < (IE/O |, s)B—VCD(t,s)B”ids) lullz-
The definition of the Frobenius norm and properties of the trace operator yield
E|®(t.5)B-Vd(t,5)B| = tr(E[®(t.5)BBTOT (¢, 5)])
+ tr(VE[D(t.s)BBT T (t.5)VT])
— 2tr(E[@(t.s)BBT® T (t.5)]VT).

Using Corollary A.2, ®(t,s) and ®(t,s) can be replaced by ®(t —s) and &(t —s) above. Writing the resulting trace expres-
sions by the Frobenius norm again, we obtain

‘ X NG
E||x(t) - VR(D)|, < (IE[O ||<b(ts)3vq>(ts)3||§ds> l[ull,z

1

t N R 2
_ (IE/O ||<I>(s)B—VCI>(s)B||ids) lull;

(5[ |owB-vawB]ds) ful.

The infinite integral above exists due to the exponential decay of ®B and ®B. Taking the supremum over [0, T], inserting
the definition of the Frobenius norm and exploiting that VTV = I, we obtain

sup E|x(t) — VX(t) ||2 < (tr(P) + tr(P) — 2tr(P2VT))% ullz-
te[0,T]

The infinite integrals P, P and P, satisfy (31) due to Lemma A.1 using the exponential decay of ®B and ®B. O

Remark 2. Under the assumptions of Proposition 4.7, the solutions of (31) are not necessarily unique as Example 4.3 shows.
Uniqueness can be ensured if we further have that ® and & decay exponentially in the mean square sense.

Based on the result in Proposition 4.7, we now find an error bound for the reduced system introduced in Section 3.2.
Output error bounds for balanced truncation in the same norm based on different choices of Gramians are proved in [7,27].

10
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The error analysis for the scheme in Section 3.2 is more challenging since less structure than in the case of balanced trun-
cation can be exploited which is a method where the reachability and observability Gramian are both diagonal and equal
(after a balancing transformation). Moreover, in contrast to balanced truncation, we need to discuss the case in which mean
square asymptotic stability is not preserved.

Theorem 4.8. Let x be the solution to the mean square asymptotically stable system (1) and X the solution to (2) with zero
initial states and with A = Ay;, B=B;, N; = N; 11 being submatrices of the balanced partition in (9). Let A = diag(A1, Ay) be the
matrix of ordered eigenvalues of the reachability Gramian P with A; = diag(Aq,...,Ar) > 0. Let ST = [V 52] denote the factor
of the associated eigenvalue decomposition of P. Then, it holds that

N 1
s[up]EHx(t) — VRO, = (trP— Ay) + tr(A W) lull s, (32)
tel0,T
where P is the reduced reachability Gramian and
N
Wo =1+2ALY> + Y NI, (2v| 2] ).
0 2 le: '12( |:Ni,22

The matrix Y = [Y;  Y;] is defined as the unique solution to

q
ALY + YAy + Y N[ YNy =—(SV)T =~ 0] (33)
i=1

If it moreover holds that 0 ¢ Al @Ay + A @I+ Zf’zl Ni11 ® Ni11), then O can be introduced as the positive semidefinite solu-
tion to

ALQ +QAn + Xq:NiTnQNi,n =-L (34)
i=1
Hence, the error bound becomes
[S[l(])p]E”X(t) VX(t) ||2 < (tr(AZW)) ||u||L2»
where the weight is

W =1+2ALY, + ZNI " <zy[xx ﬂ _ QNm),

i=1

Proof. Since the original model is asymptotically mean square stable and due to Theorem 4.4, the assumptions of
Proposition 4.7 are met such that we have

s[up E|x(t) - Vx(t)” (tr(P)—s—tr(ﬁ)—2tr(P2VT))%||u||L%.
t

Notice that P uniquely solves (31a). Since the ROM is mean square stable by Proposition 4.1 and due to Lemma 2.3 P, is
also the unique solution to (31c). However, there can still be infinitely many other solutions to (31b) besides P. Using the
balanced realization in (9), the error bound then becomes

sup & |x(t) — VR(t) ||2 < (tr(A) + tr(P) — 2tr(STXVT))% llullz (35)

te[0,T]

where A and X = SP, uniquely solve

q

AyA + AA] + Y NipAN], = —ByBy., (36)
i=1
q

ApX +XAf; + Y NipXN}; = —ByB;. (37)

i=1
By Lemma 2.3, there is a unique solution to (33) which we can use to rewrite tr(STXVT) = tr(YBbBI). Based on the partition
(9), we evaluate the first r columns of (36) and obtain

ascali] ff] el
l
A AA a N4
e (R 2 (B o+ [N ).

1
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Inserting this into tr(YBbBlT) yields

T 9 :
—tr(STXVT) =tr <Y|:[2"i|1\1 + [ﬁlﬁﬁ} +) (|: i|A N + [IIYJ:;E] AZNi,T12):|>
i=1 ’
—uf A y[An |+ Y+ZNT
= 1 Ay 1 i1
q
+tr| Ay| ALY, + ZN,-TQY ”2
i=1

The first r columns of (33) yield

—tr(STXVT) = —tr(A1) +tr<A2 |:A Y2+ZN QY[ ”ZH),

Inserting this into the bound in (35) leads to

22

tr(A) + tr(P) — 2tr(STXVT) = tr(P — A1) + tr (Az |:I +2ALY, +2 Z Nin¥ |:11:’]L12]:|> ’
122

i=1

which proves (32).

Now let us consider the case where 0 g A(I® Ajy + A1 @I+ ZL Ni11 ® Ni11), e, the reduced system is mean square
asymptotically stable by Proposition 4.1 and Lemma 2.2. Therefore, (34) has a unique positive semidefinite solution Q. Sub-
tracting the left upper r x r block of (36) from (31b), we find

All (P Al) + (P AI)A + ZNI 11 (P AI)NITH = ZNI 12A2N1 12
i=1 i=1

Hence, we have

i=1

q
tr(P— Aq) = —tf<|:A1T1Q+ QAn + ZNLTHQNL11:| (P- A1))

:—tf< |:A11(P A1)+ (P — ADAT, +ZN111(P A1) 1]1j|>

i=1

q
= —tr <A2 Z Ni—,r12QNl',12) s

i=1
which concludes the proof of this theorem. O

Theorem 4.8 is a vital since it shows the relation between the truncated eigenvalues contained in A, and the error of the
model reduction procedure. By Corollary 4.6, we know that tr(? — A;) < 0 and therefore (32) shows that the error between
x and VX is small if A, has small diagonal entries. Consequently, the reduced system is accurate if only the small eigenvalues
of P are neglected. Moreover, this tells us that the reduced order dimension r can be chosen based on the eigenvalues of
P since their order is a good indicator for the error. Certainly, the error bound representation in Proposition 4.7 is more
suitable for practical computations than the one in Theorem 4.8. This is because one only needs to solve for P and P,
satisfying (31b) and (31c) in addition to the Gramian P which is already computed within the model reduction procedure.

5. Full state approximation for general initial conditions

In different applications, it is required to apply MOR to stochastic systems with non-zero initial conditions, see, e.g.,
[2] for a MOR approach in the context of efficiently solving stochastic optimal control problems. So far, the case of x5 =0
has only been considered here. However, the above results can be transferred to a scenario of general initial states, since the
reduction of the control part with xq = 0, represented by (1), can be separated from the reduction of the subsystem involving
a the non-zero initial data. To illustrate this, let x(t, Xy, u) denote the solution to (1) with general xq = Xyvy. Here, we allow
investigating several initial states at the same time which are spanned by the columns of a matrix X,. The matrix/vector
multiplication Xgvy then expresses the respective linear combination of these columns. We can now see that x(t, xg, u) =

12
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xX(t) + Xx, (t), where x(t) = x(t,0,u) is the solution to (1) with x(0) =0 and xx, (t) = x(t, Xp, 0) is the homogeneous part of
the equation involving the initial state, i.e.,

q
Xy, (t) = Axy, (0)dt + ) " Nixy, (£)dW;(t). Xy, (0) = Xo = Xotp. t > 0. (38)
i=1
Consequently, a reduced order approximation can be found by x(t,Xo, u) ~ X(t, xg, u) := VR(t) + Vi, %, (t), where % is the
reduced state associated to x (see Section 3.2) and ﬁxo is a low dimensional approximation of xx,. How Vx;, and XXO are
constructed will be discussed in the following and relies on the same ideas used in the previous sections. A modification of
the Gramian and the error norm then allows to establish similar results as proved in Section 4.
Let us introduce the Gramian

Py i=E / ®(5)XoX] B (5)ds
0

for (38) which, by Section 3.1, satisfies

q
APy + P,AT + Y NiP NI = —XoX; . (39)
i=1
Given an orthonormal basis (py, k)r=1,..n Of eigenvectors of P, with associated eigenvalues (A, y)k=1,.n We have
T 2 T 2
/0 E| (%, (). Pyoie)2| dt = /0 E|(P(6)XoVo, Px,.k)2| dt
T
2
= [ B0, X7 @7 @ py 02 e (40)

<Pl /0 E[®(DXoX] @7 (0)]dt Py allvol2 = A kU0 2.

exploiting that xy, (t) = ®(t)xo and using the inequality of Cauchy-Schwarz. Inequality (40) shows that eigenspaces corre-
sponding to small A, , are less relevant in the system dynamics motivating the same type of ROM like in Section 3.2. Let
us introduce the eigenvalue decomposition of the Gramian

A
Py, = S;;Axosxos S)—; = [Vxn *], Ay, = |: Xo.1 A, 2:|
0

with Vi, € R™™0, Ay ;€ R ™ and with Ay € R"%)*(=To) peing the matrix of small eigenvalues of Py, Now, we
find a good approximation of xx, by Vx,Xx,, where x, is the ry,-dimensional solution to

q
Ry (£) = ARy, ()t + Y~ Ny iRy, (AW (1), R, (0) =Kovp, >0, (41)
i=1

where the ingredients of (41) are given by

Ay =AY = Vg AV Xo=Xo1=VeXo. Nei=N%Y =ViNVi. (42)
The reduced order matrices in (42) result from the transformed coefficients
A(xo) X N.(XO) foo)
Sx,ASy, = [ n : . SyuXo= ‘:1 . SoNiSy = i b2 . (43)

Now, we are able to conduct a stability and error analysis for (38). We start the preservation of stability as a consequence
of Theorem 4.4.

Theorem 5.1. Given the solution X, to the reduced system (41) with matrices AXO =A§’{°), Nxo,i = Ni(_’;‘;) and initial conditions

A . . 2
spanned by the columns of Xo = Xo.1. If A1 > 0, then there is a constant ¢ > 0 such that E|[&, (t) |, < e~

Proof. With the arguments of Section 3.2, it is known that the realization in (43) has the Gramian Ay, i.e.,

[ XoaXg, o+ _ A%‘O) * || Axgn n Ao A%‘O)T *
* * * * AXo.Z AXU.Z * *

(o) (o) )"
+31 N NS || Aven N . *
i=1 +* * AXO,Z
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The left upper block of this equation yields

q q
T T T
A A+ A A4S NG A 1N = o T, — DN A o
i=1 i=1

This is the same type of equation like in (14) allowing to conduct the proof with exactly the same arguments as in

Theorem 4.4. Therefore, we know that E||® ()Xo “12: < e, where & is the fundamental solution to the ROM. This im-
plies the result of this theorem. O

We can see that Theorem 5.1 ensures mean square asymptotic stability of the ROM at least for the initial conditions of
interest. This result is also essential for the existence of the reduced order Gramian needed for the error bound that follows
next. We now analyze the error between (38) and (41). Following the steps of the proof in Proposition 4.7, we have

T 2 T Y 2
[ Bl © = o 0t = [ (90X~ ) K0)ro ;e

;
2 A 12

< /0 E[|®(6)Xo — Vi, & ()0t [[vo])

< (tr(By) + tr(By) — 2tr(Py, 2Vie)) 1o 13, (44)

where Py, :=E [5° ®(5)X01X] ;&7 (s)ds and Py 5 :=E [5° ®(s)XoXg; D7 (s)ds. Based on Theorem 4.8, we can express (44) us-
ing the matrix of truncated eigenvalues Ay, » of P,. Consequently, there is a matrix Wy, such that

T
/0 E [ (6) — Vi (0] 2 = tr( A 2 ) 100115 (45)

This indicates that the truncated eigenvalues of P, determine the error in approximating xx, by Vy,Xx,. Therefore, the re-
duced dimension ry, is supposed to be chosen such that Ay , has small entries only. This then leads to a small error
according to (45).

6. Full state approximation for bilinear systems

Besides the above extension to arbitrary initial states in stochastic systems, a discussion of the proposed results for the
class of bilinear systems follows. We consider the Galerkin projection based model reduction scheme that was studied in
Section 3.2 for deterministic bilinear dynamical systems governed by

m
2(t) = Az(t) + Bu(t) + Y _ Niz(t)u;(t), t=>0. (46)
i=1
Roughly speaking, (46) is obtained by replacing the white noise processes % in (1) (g = m) by the ith component u; of the
control vector u € L%, which we assume henceforth to be deterministic. Transferring the results from the linear stochastic to
the deterministic bilinear case is not trivial, since from the theoretical point of view (46) and (1) are very different, since
white noise is not a function. However, due to the recently shown relation between stochastic and bilinear systems in [26],
we are able to establish the results of the previous sections for (46) in a similar manner. Let us assume that the matrix A is
Hurwitz, i.e., A(A) c C_. Writing the solution z = z(-, zy, B) to (46) dependent on the initial state z; and the input matrix B,
A(A) c C_ implies

lz(t,z0,0)|l, S e, ¢>0,

for all zy e R" if f3° ||u(s)||§ds < oo, i.e., the homogeneous equation is asymptotically stable with exponential decay, see [26].
IfN;foralli=1,..., m is sufficiently small, A being Hurwitz implies mean square asymptotic stability in the sense of (4).
This can be, e.g., seen by the sufficient condition for (4) in [13], Corollary 3.6.3, see also [32]. We can now control the
matrices N; by recalling (46) with y > 0 resulting in

2(t) = Az(t) + [%B][yu(t)] + 2[;Ni1z(t>[yui<r)1, (47)

i=1
compare also with [3,12], where this technique has also been used. If y is sufficiently large, (4) can be guaranteed for the
pair (A, %Ni) which provides the existence of a unique solution to

1 & 1

AP, + P,AT + — % "N;P,N] = ——BB'. (48)
e 14

According to Section 3.1, P, is the reachability Gramian of the stochastic system (1) with coefficients (A, %B, %N,-). Choosing

P, for y =1 as a reachability Gramian in the context of model reduction for bilinear systems was first proposed in [1] and,

14
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e.g., further investigated in [3]. By [26] we know that P, takes a similar role as in the stochastic case (compare with (7)),
i.e., it characterizes redundant information in (46) by

sup | (z(t.0.B). py 2| = . exp {0.572 [u 1, } v ulls. (49)
£€[0.T] T

where (p,, ;) is an orthonormal basis of eigenvector of P, with associated eigenvalues (2, ;) and 19 the vector of controls

entering the bilinear part of the equation, i.e.,
0, ifN;=0
u;, else.

y.k

wW=@dud .. ud)" with uf= { (50)
Therefore, the eigenspaces of P, corresponding to the zero eigenvalues are irrelevant for the system dynamics. Moreover,
assuming that the control energy is sufficiently small, (49) tells us that z(., 0, B) is small in the direction of p, ; if A,  is
small. Therefore, these eigenspaces can also be seen as less relevant in (46) and can hence be removed leading to ROMs.
A somehow different way of characterizing unimportant states in a bilinear equation was discussed in [3,16], where local
estimates for the reachability energy based on P,, y =1 have been shown.

Remark 3. So far, we observed some essential differences between stochastic and bilinear systems. System (46) only requires
A to be Hurwitz instead of (4). On the other hand, we consider a family of Gramians for the bilinear case depending on y
rather than a fixed Gramian. Although the characterization of irrelevant states are similar in both cases, the exponential in
(49) indicates that we need a certain smallness assumption on u® and y in order to make our arguments valid.

The above considerations motivate to conduct the same reduced order modeling procedure as explained in Section 3.2.
We introduce the eigenvalue decomposition of

| Ay 0

where A, ; > 0 contains the large and A, ; the small ordered eigenvalues of P,. Using the partition

A(V) A()/) B(V) N.(V) N-(V)
SyASy = [ b A SB=|oh | NSy = 10) 03 (51)
A2)1/ AZ}Z/ 32y Ni,};] Ni,12/2

the eigenvectors associated to small eigenvalues of P, are then truncated, resulting in the reduced model

m
2, (t) =AY 2, (1) + B u(t) + Y N2, (Oui(t), t=0. (52)
i=1

The properties of (52) can now be immediately transferred from the considerations in the stochastic case. By Proposition 4.1,
we have

1 < —
A(1®A§{>+A§1V>®1+PZN,.%)@N;{])) cC.. (53)
i=1

Example 4.2 shows that eigenvalues on the imaginary axis can occur in (53), but they can be excluded by Lemma 2.2 if 0 ¢
AIeAY LAY @1+ # > Né’l']) ®N7)). However, even though there is a zero eigenvalue, the existence of the reduced
order Gramian can be guaranteed using the arguments of Theorem 4.4.

In order to keep the discussion around the error bound for bilinear systems short, we do not discuss the scenario of a
zero eigenvalue (53) in detail. Therefore, let us exclude this case below. We can now transfer the result of Proposition 4.7 to
the bilinear case by the results of [26].

Proposition 6.1. Let z be the solution to (46) with A(A) c C_ and let Z, represent the solution to (52). Moreover, let y > 0 such
that

1 m
AMeArAalt 2 Y Ni@N)cC
i=1
and that the ROM coefficients satisfy

-l m
023 (1oAY + A 01+ 1 NG oN
i=1

Given zero initial states to both equations and V,, € R™" being the first r columns of the factor S; of the eigenvalue decomposition
of P, (unique solution to (48)), we have

s[ttj)g] |z(t) = Vv, 2, (t) “2 < (tr(Py) + tr(B,) — 2tr(Py,2VyT))% exp {0.5)/2 [u® ||; }y llullz,
tel0,
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where P, , and ﬁy are the unique solutions to

»T, 1 ¢ T 1 o™

AP, 5+ P, 2AY) + —ZZN,-P 2N = PBB]” ,
Np L panT p N 1 oo
AP, + P AT + 3 ZNz WhNY = PB1V By .

Proof. Given the assumptions Py, P, ; and ﬁy exist. The result is then a direct consequence of Corollary 4.3 in [26]. O

Theorem 6.2. Under the assumptions of Proposition 6.1, we have

ts{t(J)[; |z@t) = vy 2, )], = (tr(A,, zWy))% exp {0.5y2||u0 ||;}y||u||L%, (54)
€

where the weight is

)
W. _I+2A(V)TY _’_lZN(V)T Y. N1)1/2 —Q N
Y= 12 'v.2 Y2 i,12 VIND) Y Vi12
i=1 1,22

Above, Y, = [ij Yy,z] and Q,, are defined as the unique solutions to

T ) 28 )
AT Y, + Y, A) +V—ZN,’{1 YN =—[I 0],

i=1
MTH 5 ar) <y>T )
An QV + Q—VAll + 12 ZNI 11 Nz 1n - =-I

). ) .
where we set A"’ := S, AS), and N;}” := S, N;S,).
Proof. The result directly follows from the proof of Theorem 4.8 in which B and N; need to be replaced by %B and %Ni. O

As in the stochastic framework, we can conclude that truncating the small eigenvalues of P, leads to small diagonal
entries of A, , and hence to a small error in the dimension reduction according to Theorem 6.2 given that the exponential
in (54) is not too dominant. Therefore, the eigenvalues of P, can be used as a criterion to determine a suitable reduced
order dimension r.

Notice that the above results can be generalized to non-zero initial states, since a general system can be decomposed
into (46) with zero initial data and

m
Zgy (t) = Az, (1) + Y Nizgy (D)ui(t),  2(0) = 20 = Xovp. (55)
i=1
Now, establishing the MOR scheme for (55) the same way as for the stochastic setting in Section 5 provides the desired
extension.

7. Numerical experiments

In this section, we test the efficiency of the proposed method (see Sections 3.2 and 6), denoted here by 0S, in some
numerical examples. We compare the results with the ones obtained by applying the standard balanced truncation method
for a full state approximation, denoted here by BT (see, e.g., [3] for the bilinear and [7] for the stochastic case). All the
simulations are done on a CPU 2.6 GHz Intel® Core™i5, 8 GB 1600 MHz DDR3, MATLAB® 9.1.0.441655 (R2016b).

For this study, we consider a standard test example representing a 2D boundary controlled heat transfer system; see,
e.g., [3]. Its dynamics is governed by the heat equation subject to Dirichlet and Robin boundary conditions, i.e., the following
boundary value problem

o X = AX, in(0,1) x (0,1),
n-Vx=0.8u;x only,

X = Uy, onl',,

x=0, onI's3, Iy,

where I'; = {0} x (0,1), T, =(0,1) x {0}, 's ={1} x (0,1) and 'y = (0,1) x {1}. In this system, there are two source
terms, namely u; and u,, which are applied at the boundaries I'; and I';, respectively. A semi-discretization in space using
finite differences with k = 20 grid points results in a control system of dimension n = 400 of the form

X = Ax(t) + Nx(t)u; (t) + Buy (t). (56)

We refer to [3] for more details on the matrices in (56).
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Singular values decay

107! e
1076 N
<2
S
10-11 Y
10—16
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k

Fig. 1. Decay of singular values o;: the blue curve corresponds to eigP. The red curve corresponds to ./eigPQ. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Stochastic example: Error bounds and the max value of the
mean error for 0S and BT for the simulation presented in
Fig. 2 with zero initial condition.

Method Error bound max mean error
0s 5.46-103 3.56-10~4
BT 5.63-103 2.05-10*

Time domain simulation

1073

51074}

5

= 107°

§ ol —0S i

= 107" E —— BT E
10-7 | === Error bound 0S | |

Error bound BT

1078

0O 01 02 03 04 05 06 07 08 09 1
time (t)

Fig. 2. Stochastic simulation: pointwise mean error between the original model and the ROMs for the input u,(t) = u(t) = e~}tsin(10t) and zero initial
condition.

7.1. Stochastic example

7.1.1. Zero initial condition
First, we consider that the boundary I'; is a perturbed by noise, i.e., u; = dd—mt/ with W being a standard Wiener process.
Hence the resulting dynamical stochastic system is of the form

dx(t) = [Ax(t) + Buy(t)]dt + Nx(t)dW (t), t=>0.
Additionally, we first assume that x(0) = O before we study a non-zero initial state. In order to apply BT, we additionally
need to compute the observability Gramian Q, which satisfies the following Lyapunov equation
q
ATQ+QA+ > NIQN;=-I (57)
i=1
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Error bound as function of the reduced order

=g BT

)
2 10~
S
=
=

1072

0 5 10 15 20 25

reduced order r

Fig. 3. Decay input-independent part of error bound for 0S and BT computed for different orders r=1,..., 25.

Time domain simulation

_ —0S
104
—— BT
5
£ 1076
&)
g
~
£ 1078
=
10710
O 01 02 03 04 05 06 07 08 09 1
time (t)
Fig. 4. Stochastic simulation: pointwise mean error between the original model and the ROMs for the initial condition x(0) =0.1/[1 ... 1/]" and input

uz =0.

with ¢ =1 and N; = N. This method was studied in detail in [7]. However, solving (57) leads to much higher computational
cost especially due to the full-rank right hand side which does not allow the usage of low-rank solvers. Fig. 1 depicts the
decay of the eigenvalues/singular values of P as well as the decay of square root of the eigenvalues of PQ (Hankel singular
values). As shown in Theorem 4.8, the eigenvalues of P play an important role in the error bound for 0OS and provide an
intuition for the expected error. Similarly, the Hankel singular values are also associated the error bound for BT, see [7]. The
decay of both curves in Fig. 1 indicates that a small reduction error can already be achieved for small r.

For this example, we compute reduced systems of order r =25 for both OS and BT. As a next step, we compare the
quality of the reduced-order systems by simulating their responses for the input u, (t) = u(t) = e 3t sin(10t). To determine
the transient response, we apply a semi-implicit Euler-Maruyama scheme with step size h = 1/256 and simulate the original
system and the reduced-order models in the time interval [0,1]. Additionally, those simulations are done using 10> samples.
The mean error between the original and the reduced models are depicted in Fig. 2 as well as the error bounds from
Proposition 4.7. Table 1 presents the numerical values for the error bounds and max mean error for both methods. We
notice that both reduced models are able to follow the behavior of the original system. Furthermore, this figure shows
that the two methods, BT and 0S, provide very similar quality reduced models in terms of the magnitude of the error, an
observation we also made with other test examples. However, we note that BT is a numerically more expensive method,
since one needs to additionally solve for Q.

Additionally, for different reduced orders varying in the range r=1,..., 25, the input-independent part of the error
bound given in Proposition 4.7 is computed in Fig. 3, i.e., for each reduced order r we plot the value

£(r) = (tr(P) + tr(B(NV (1) V(r)) — 2tr(P2(r)V(r)T))%,
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Norm of Error between the original and rom
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Fig. 5. Bilinear simulation: pointwise error between the original model and the ROMs for the input u(t) = e~ ' sin(10t).

Table 2

Stochastic example: Error bounds and the L? error for 0S
and BT for the simulation presented in Fig. 4 with non-zero
initial condition.

Method Error bound L? error

0s 1.24.10° 5.50.107>

BT 1.25.107* 4.76 .10~
Table 3

Bilinear example: Error bounds and the L* error for 0S and
BT for the simulation presented in Fig. 5.

Method Error bound L*> error
0s 5.46-103 3.56-104
BT 5.63-103 2.05-104

where V(r) is the reduced basis of order r, and P(r), P,(r) are the solutions of (31b) and (31c). Notice that we added
V(r)TV(r) in the second summand of the error bound since V(r)TV(r) #1 for BT. As expected, the bound decays if the
reduced order is increased for both 0S and BT.

7.1.2. Non-zero initial condition
Now, we consider the same dynamical stochastic system presented in the previous section. Additionally, we assume that
the initial temperature constant in space, leading to the initial condition

x(0) = Xovo.

with Xg=|1 ... l]T and vg = 0.1. As shown in Section 5, the control subsystem with zero initial condition can be
decoupled from the initial condition subsystem (38). Hence, for the initial condition subsystem, we employ the reduction
scheme presented in that section. Firstly, we compute the Gramian Py, solving the Lyapunov Eq. (39). Based on this Gramian,
we are able to construct reduced order models for (38) via 0S. Once again we compare the proposed methodology with BT
using the Gramians Py, and Q. For the initial condition subsystem, the singular value curves for 0S and BT have a similar
behavior as in the case of a zero initial condition (Fig. 1). Therefore, they are omitted here. For this example, we com-
puted reduced models of order ry, = 20. We compare the quality of reduced models (41) by simulating 10° samples using
a semi-implicit Euler-Maruyama scheme with step size h = 1/256. In Fig. 4, we depict the pointwise mean error between
the original system (38) and reduced models of the form (41). Also, Table 2 presents the numerical values for the L2 error
bounds (from inequality (44)) and the L2 error for both methods. Once again, both reduced models are able to follow the
behavior of the original system. Furthermore, for this simulation, BT and 0S, provide very similar quality reduced models
regarding the magnitude of the error. However, BT is more numerically expensive due to the computation of Q.

7.2. Bilinear example

As our second numerical example, we consider the heat transfer system in (56) with u; = u; = u. For the bilinear exam-
ple, we assume that the initial condition is zero. As a consequence, this leads to a bilinear system having only one input. For
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Absolute error for different orders

Absolute error

time (t)

Fig. 6. Bilinear simulation: time domain pointwise error for different reduced orders using 0S.

this example, we need to solve the Lyapunov equation in (48). To this aim, we set ¥ = 1 leading to the same reachability
and observability Gramians as for the stochastic example. Hence, Fig. 1 also gives the decay of singular values for 0S and
BT. Similarly, Fig. 3 shows the decay of the input-independent part of the error bound from Proposition 6.1.

As in the previous example, we obtain reduced systems of order r = 25 by using 0S and BT and compare their quality

by simulating their responses for the input u(t) = e 3t sin(10t). To determine the transient response, we use the MATLAB®-
solver ode45 to simulate the original system and the reduced-order models in the time interval [0,10]. The results are
depicted in Fig. 5. Table 5 presents the numerical values for the error bounds and max error for both methods. Similar to
the stochastic example, we notice that the two methods, BT and 0S, provide very similar quality reduced models in terms
of the magnitude of the error. Once again, we note that BT is a computationally more expensive method, since one needs
the solution to the additional Lyapunov equation in (57). Finally, Fig. 6 shows the simulation of the error for reduced models
obtained by OS with different orders. As expected, the error decays once the order is increased.

Appendix A. Matrix differential equations and their solutions

Lemma A.1. Let ® be the fundamental solution of (1) defined in (3) and let §> ?e the one of system (2). Suppose that B and B
are matrices of suitable dimension. Then, the R™"-valued function IE[CD(t, S)BBT®T (¢, s)], t > s, satisfies

R t t . 9t N
X(t) =BBT+/ AX(r)dr+/ X(r)ATdt+Z[ NX(t)N/dz. (58)
N N i=1 S

Proof. The result is a direct consequence of [7], Proposition 4.4 or [28], Lemma 2.1. O
Corollary A.2. Given the assumptions in Lemma A.1, we find that

E[®(t.s)BB"®"(t.5)] = E[@(t —s)BB® " (t —5)]. t=s. (59)
Proof. Setting X (t) := E[@(t)BET@T(t)], by Lemma A.1 we find that

t—s t—s

q t-s
X(t—s)=BE + [ AX(t)dr+ [ X(0)ATdr + Z/ NX(0)N d.
0 0 o Jo
Setting v = T + s, by substitution, we see that
t t q t
X(t—s)=BBT +/ AX(v—s)dv+/ X(w—s)ATdv + Z/ NX (v —s)N]dv.
S S i—1 S

Consequently, both sides of (59) satisfy (58). Therefore, they are equal. O
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