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1 Introduction

In the last twenty years, model reduction of large scale dynamical systems has be-
come very popular. The idea is to construct a “simple” lower order model that
approximates well the behavior of the “complex” larger dynamical model. A com-
plex system is essentially a mathematical model which describes a real world phys-
ical process. This mathematical model is often characterized by partial differential
equations (PDEs). Since improved accuracy (using e.g. a very fine discretization)
leads to large and sparse models of high complexity (see e.g. [11]), this may become
prohibitive for certain computations (control, optimization, ...). Therefore it is
essential to design models of reduced complexity.

Most ideas developed for linear systems are based on the dominant spaces of Grami-
ans [10] (energy functions for in- and outgoing signals), which are the solutions of
Lyapunov or Stein equations. A lot of work is still needed to efficiently compute
these solutions (or their dominant spaces) when the system matrices are large and
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sparse (see e.g.[4]).

In this paper we describe two novel approaches for iterative projection based on
low-rank approximations of Gramians and Hankel matrices. We derive bounds for
the approximation errors of these methods and illustrate their efficiency on a few
numerical examples. These results are presented for linear discrete-time systems,
but they extend to linear continuous-time systems as well (see e.g.[4]).

2 Time-varying systems
Linear discrete time-varying systems are described by systems of difference equa-
tions:

Th+1 = Apxp + Brug (1)
ye = Crag

with input u € R™, state z;, € RY and output y; € RP, and m,p << N. The
input sequence is assumed to be square-summable, i.e uy € [5* 1, and we assume that
{A}5e, {Br}&°, and {C)}§° are bounded? sequences of matrices with appropriate
dimensions.

Using the recurrence (1) over several time steps, one obtains the state at step k in
function of past inputs over the interval [k;, k) :

k—1
wp = (k, ki)ax, + Y ®(k, i+ 1)Bju,
where ®(k,k;) = Ag_1... Ay, is the discrete transition matrix over time period

[ki, k) [7]. We will assume the time-varying system to be asymptotically stable,
which means that

VE >k || ®(k, k)| <m-a® R withm > 0,0 <a < 1.

Under such conditions one can define the Gramians over intervals [k;, k) and [k, k]
as follows :

k—1 ky
Ge(k) =Y ®(k,i+ 1)B;B " (ki +1), Go(k) =>_ @ (i, k)C] Ci®(i, k).
i=k; i=k

(Notice that the asymptotic stability is needed when k; = —oo or ky = +00.)
These Gramians can also be obtained from the Stein recurrence formulas:

Ge(k +1) = ApG(k)AL 4+ BiBF and G,(k) = ALG,(k+1)Ax + CFCr,  (2)

with respective initial conditions G.(k;) =0, Go(ks+1) = 0. These formulas were
obtained using

(I)(]{il,k‘g) = (I)(k1,k2—|-1)Ak2 and @(lﬁ-ﬁ-l,k‘g) = Aqu)(kj,kg) where ki > ko.

o0
IThis is a Hilbert space with inner product {(x, y)lgniz xgyk
— 00
2 A sequence of matrices { M} is said to be bounded if there exists a constant M € R such that
Ml < M, Vk € Z.
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We point out that both recurrences (2) evolve differently with time. The first
equation goes “forward” in time, while the second goes “backward” in time.

3 Recursive low-rank Gramians approximations

When model reduction is to be used, the Gramians have often rapidly decaying
eigenvalues [2], which suggests to approximate the Gramians at each step by a low-
rank factorization. We show below how to obtain such approximations and at the
same time exploit the sparsity of the model {Ay, B, Ci} if there is. Although all
material below should be applied to both Gramians G.(k) and G,(k), we focus on
the controllability Gramian only.

It is easy to see that the solution of

Ge(k+1) = AGe(k)AL + By, Bf. (3)

is always symmetric positive semi-definite, so we can substitute it by a symmetric
factorization: G.(k) = C(k)C(k)”. The key idea of the low-rank method is to
approximate the factor of G.(k), C(k) by a rank n; approximation S.(k) at each
iteration (typically ny is constant). So the proposed algorithm is the following:

Algorithm 3.1 Let S.(0) € RY*" be an initialization satisfying :
C(O)C(O)T = Sc(O)Sc(O)T + EC(O)EC(O)T7 3

then the k" low-rank approximation S.(k) is obtained as follows :

S.(k) = L Ap-1Se(k—1) | By—y | =UZV]T
SR = SRVt 1i) (@)
E.(k) = S.(k)Ve(:,n+1:n+m)

where U, € RNVx(ntm) 53 ¢ Rlntm)x(ntm) gnq vy, EAR("'*‘m)X("“'m) are the Short
Singular Values Decomposition (SSVD) matrices of S.(k).

It is immediate that Pp = S.(k)S.(k)T is the best rank n approximation to
S.(k)S.(k)T. But we have to compare P, with Ge(k) = C(k)C(k)T.

For this, we define C(k) = [ Bj._1 | Ap_1Bj_o | | d(k,0)C(0) ],

and we have the following result 4 :

Theorem 1. [4] At each iteration, there exists an orthogonal matriz
Vi, € Rinvtkm)x(ntkm) gqtisfying :

Ck)Vi, = [ Sc(k) | Be(k) | Ax—1Ec(k—1) | ... | ®(k,0)E.(0) |
where E.(k) is the neglected part at iteration k (4).

3we can always choose, e.g. S¢(0)=0, which would imply E.(0)=C(0)

4See [4] for more details and proofs of all theorems of this section
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Let n, = Jmax |Ec(7)]|2. As we suppose that our system is asymptotically sta-

ble, we can bound the difference between Py, and G.(k) for all k, E.(k) = G.(k) — Pg,
in terms of the “noise” level 7, as follows :

Theorem 2. [/]
k 2,2

(k)2 < n2m? Za2i < 177(:_”227 with m > 0,0 < a < 1.
i=0

The time-invariant case

For linear time-invariant systems {A, B, C}, this difference £.(k) remains bounded
for large k.

Theorem 3. [}/ Let P be the solution of P = APAT + I then

el < Pl < 2 )

Remark 3.1.

« Our bounds are very similar to those obtained in [1] for the time-invariant case;
In (5), K(A)?/(1—p(A)?) is constant and it is very small when p(A) < 1 and k(A)
is reasonable;

« 1 can be taken equal to the maximum of ||E.(i)||2 for ki < i < oo, since we
can interpret theorems 2 and 3 as starting with step k; rather than 0. This is
particulary useful if after step k; the errors have converged to their minimal value,
i.e. the convergence threshold €,,. If E.(i) becomes very small, one can expect that
the algorithm has a fized point. This appears very clearly in the numerical tests [4].
Theoretical work on this point is in progress.

The periodic case

Using the connection between the periodic time-varying system and the time-
invariant system [8], and the fact that for a periodic system there exists a peri-
odic controllability Gramian [9], we can extend the previous result to a K-periodic
system, as follows :

Theorem 4. [}]Let P be the solution of P = APAT + Iy where

0 0 Ag
. Aq 0 0
A= . . . and P = diag(Ph...,’PK,l,’Po)
0 . . :
0 oo Aga 0
then R
(k)2 < n2lPlls < n2—— A ©)
P = T =T (K 0)2
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Remark 3.2. Using the connection between periodic system and time-invariant
system, and from the convergence we can conclude that we have also a periodicity
for the dominant subspaces defined by the S.(i), which implies that the reduced order
model will be also periodic.

4 Recursive low-rank Hankel approximation

In this section we present the second low-rank approach. The key idea of this
approach is to use the underlying recurrences defining the so-called time-varying
“Hankel maps”. These matrices have a similar structure to the Hankel matrix of
the time-invariant case. Let us consider a time window [k;, kf] = [k — 7,k + 7] of
width 27 and centered around k. If we restrict the inputs to be non-zero only in
the interval [k;, k) (i.e. the “past”), then the outputs in the interval [k, kf] (i.e.
the “future”) are given by the convolution with a finite dimensional “Hankel map”
H(k, k‘i, kf):

CxBr-1 CrAg-1Br—_2 oo Cp®(k, ki +1)By,

Cr11AkBr_1 Cri1ArAk_1Br_2 Cr+1®(k +1,k; + 1) By,
H(kvklka) = .. X

Cqui'(kf,k)Bk,1 Cqu)(kf,kfl)Bk,Q Ckf(P(k‘f,ki+l)Bki

This matrix has a factorization :

Cy
Cr+1 Ak
H(k, k;, ]ﬂf) = . [ Br_1 Ap_1Br_o ... ‘1)(]{,‘, k; + 1)Bki ]
Cqu)(kf,k) C(kki)
O(k,ky)

where O = O(k, ky) and Cy, = C(k, k;) are respectively the observability and the
reachability matrices at instant k related to the finite windows [k, ks] and [k;, k).
It also follows from the factorization that the submatrices of the factors satisfy the
following recurrences :

C; . .
Oj:|:0j+iAj:|’kSJ<kf Cj+1=[Bj AjCj],k¢§j<k.
These recurrences construct the controllability matrix forward from k; to k and the
observability matrix backward from kf to k. The idea of our Recursive Low-Rank
Hankel approximation method (RLRH) is now to compute these recurrences using
low-rank approximations at each time step, according to the following recursive
scheme :
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C(k, k;)
\d A
i Y i
v A
E? | |t |
R a—
H(k, ki, ky) O(k, ki)

Algorithm 4.1 Let the initializing matrices S.(k;), So(ks) € RV *" satisfy

C(ki, ki)CT (ki ki) = Se(ki)SE (ki) + Ee(ki) EX (),
O (ky, kp)O(ks,ky) = So(kf)Sy (kp) + Eo(kf)ES (ky),®

then the i'" (i = 1,...,7) low-rank approximations S.(k;+i) and S,(k;—1i) are
obtained as follows :

[Selkiti) | Belkit)] = [ Brotiot | AwosimSelhiti=1)] [V 0) | v ) |(7)

ST(kr=i) ] _ | UV 6) Chymi
[ ET(ky—i) ] - UZ2)T<i) [ ST(kf—i+1) A, ] (®)

where U,gl)(i) € R(P+m)xn and Vh(l)(i) € R™+m)x7 come from

Cr,—i
Sg(kf—i+1)Akf_i

} [Brorion | AkriaSe(kiti—1)] = Un()S(@)Va(i)T (9)
—_———

SVD

Remark 4.1. It follows from (7) and (8) that at each iteration i = 1,...,7 we

have
T(ho , ; 1
[ Z‘; ((Zj;—zi ] [ Selki +0) | Ee(ki +4) ] = { %" 50 } .

Now in order to make the link between the whole controllability and observability
matrices C(+,-), O(+,-) and their low-rank approximations S.(-) and S,(-), we have
the following theorem®:

Swe can e.g. choose Sc(k;) = 0 and So(ks) = 0, which would imply E.(k;) = C(k;, k;) and
Eo(ky) = O (ky, k)
6See [5] for more details and proofs of all theorems of this section



2003,
page

Theorem 5. [5] At each iteration, there exist orthogonal matrices
V; € Rivtim)x(ntim) g 17, € ROHP)X(n4ip) gatisfying :

C(k; +Z7k‘l)‘/z = [ Se(k; + 1) | E.(k; +1) | Aki+i_1ce(ki +i,k;) ]

O (ks — i, kp)Us = [ Solky —1) | Eolky — i) | AL, _;Oclky —i+ 1, k) |
where Ec(k; + 1) and E,(ky — i) are the neglected parts at iteration i (7) and

Ce(j, ki) = [ E.(j—-1) | | O(j — 1, ki) Ec(k;) ]

Oc(G kp)" = [ Eo(j) | --- | ®(ky, )T Eolky) .

As a consequence of this theorem and from remark (4.1), we have the following
result which give us an approximation of the original Hankel map H(k, k;, ky):

Theorem 6. [5] There exist orthogonal matrices Vi, € ROvHkm)x(nthkm) gpq
U € ROvHkp)x(ntkp) gych that :
U H(k, ks, kg ) Vi =
Sg(k)sc(k) 0 Sg(k)Akflce(k» kz)
0 ET (k) E. (k) ET (k) Ag1Co (k, k) . ()

Oc(k4+1,kf)ArSc(k) Oc(k+1,ks)AEc(k) Oc(k+1,kf)ArAr—_1Ce(k, k;)

This result will enable us to evaluate the quality of our approximations by
using the Hankel operator without having to pass by Gramians, which can be very
suitable in some cases.

The time-invariant case

Let us analyze the quality of our approximation for the time-invariant case. Suppose
that we have run the above procedure and that we have obtained two matrices S,
and S, of full rank n. Using those matrices we can approximate the Gramians of
the original model by S.ST and S,ST. The difference between the approximate
low-rank Gramians and the exact Gramians

gc(k) = gc(k) - Pka go(k) = go(k) - Qk
remains bounded for large k, as indicated in the following theorem.

Theorem 7. [5] Let P and Q be respectively the solutions of P = APAT + 1 and
Q=ATQA+1, then

A)?
< 2 < 2 K
ch(k)||2 = 77c||73||2 > 7e 1 — p(A)Q’

A)2
< 2 < 2 K (
and €Kl < 2@l < m s

where 1, = max IE:(K)||2 and n, = max |1 Eo(K)|2-



Theorem 8. [5] Using the first n columns U,gl) of Uy, and Vk(l) of Vi, we obtain a
rank n approximation of the Hankel map :

H(k) — ULV ST (k) - S(k)VT = & (k),

for which we have the error bound :

k(A K(A)2
168l < AL e ST Al moll A} +

V1-p(A)? (A2

Remark 4.2. In the time-invariant case all matrices A, B and C are constant.
As a consequence all Hankel maps of width T are equal as well and only the interval
width plays a role in the obtained decomposition. As a consequence one obtains an
approzimate rank factorization of a Hankel map with i block columns and rows at
each instant i. The bounds obtained in Theorem 7 and 8 are moreover independent
of k. As i grows larger one can expect that reasonable approrimations of n. and n,
are in fact given by the last terms, i.e. 1. = |E.(k)|2 and n, = ||E,(k)||2 which
will give much tighter bounds in these theorems.

5 RLRG versus RLRH

Now, let us compare between those two algorithms for model reduction of large
scale systems. First, investigating the amount of work involved by both algorithms
give:

e For both methods one needs to form products of the type 4;S.(j) and S (I+
1)A;. If we assume the matrices Ay to be sparse, then the amount of work
needed for this is ©(aNn) where « is the number of non-zero elements per
row or column of Ay, [6];

e For the RLRG method, we need to compute and apply at each step the trans-
formation U,, U,. This requires ©(N(n +m)?) flops and (N (n + p)?) flops,
respectively [6];

e For the RLRH method, the construction of the left hand side of (9) requires an
additional 2N (n +m)(n + p) flops and the application of the transformations
Uy, and Vj, requires O((p + n)(m + n)(2n 4+ p + m)) flops.

The two methods have thus a comparable complexity ©(N(n + m)(n + p))
when the matrices Ay are sparse. But as RLRH works on the Hankel map rather
than on the individual Gramians, it should suffer less from a bad balancing of the
original system. This is illustrated in the examples of the next section.

6 Numerical examples

In this section we apply our algorithms to three different dynamical systems: a CD
Player model, a Building model and an International Space Station model (see [3]
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for a brief description of these models). Contrary to the RLRH method, the RLRG,
as it works independently on both Gramians, has problems if the original model is
badly balanced. To avoid this, one can apply the RLRG algorithm for e.g. 2n
instead of only n and apply balanced truncation to reduce it further to degree n. It
can be seen from the following table that this operation works very well.

The table shows the order of the systems N, the number of inputs m and outputs p,
the order of reduced system n, the condition number of the balancing transformation
T, the spectral radius and condition number of the matrix A, the H, norms of the
original system and of the error systems. In the figure 1, the 0,,4.-plot of the full
order and the corresponding error systems are shown. It can be seen from the figure
and the table that we obtain, with the recursive low-rank Hankel approximation,
results which are close to those obtained using Balanced Truncation.

CD-player model | Building model ISS model
N|m=p[n 1202 [24 4811]10 270 [ 3] 32
cond(T) 40.7341 347.078 740178
p(4) 1 0.998886 0.999837
cond(A) 1.00705 5.8264 5.82405
[S]7e.. 2.3198e+006 0.0053 0.1159
1S = Sprln. 0.2040 6.0251e-004 2.3630e-004
[S = Srrrc(n 7o 6.2938 0.0055 0.5637
IS — Srrrcen 11 6.1916 7.0792¢-004 0.0010
1S = Srrrullr.. 6.1890 6.7317¢-004 0.0011

It is seen here that when the original system is well balanced RLRG(n) and
RLRH(n) give essentially the same result. The decomposition (4) is then close to
the “square root” of decomposition (9) and both approaches should be very close.
If the original system is poorly balanced (as e.g. the ISS model) we can see that
RLRH(n) becomes much better. This can be understood from the fact that the
poor balancing of the system model vanishes in the Hankel map and hence also in
the matrix decomposition in (9). We see in the example that RLRG(2n) followed
by BT manages to compensate this, but at a higher cost.

7 Conclusion

We describe two novel approaches for iterative projection using recursive low-rank
methods. The two algorithms can be used in model reduction of time-varying
large-scale dynamical systems. The second algorithm (RLRH) is more attractive as
the method yields better approximation for poorly balanced system, and no more
operations are needed to provide a good reduced model.
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LEGEND : full model, --- BT error system, --- RLRG(n) error system,
.-+ RLRG(2n) error system, - - RLRH error system.
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