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Abstract

In this paper, a subspace method for the identification of bilinear systems is developed. A
two-block subspace method is developed in the deterministic system case and a three-block one
is set up for the combined deterministic-stochastic system. An extended non-steady state bi-
linear Kalman filter is also derived. The input signal to the system does not have to be white,
which is a major advantage over an existing subspace method for bilinear systems. Simulation
results also show that the new algorithm converges much more rapidly (with sample size) than
the existing method, and hence is more effective with small sample sizes. The faster conver-
gence is presumably due to the insensitivity of the algorithm to the sample-spectrum of the
input signal. These advantages are achieved by a different arrangement of the input-output
equations into ‘blocks’, and projections onto different spaces than the ones used in the existing
method. A further advantage of our algorithm is that the dimensions of the matrices involved

are significantly smaller, so that the computational complexity is lower.
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1 Introduction

Bilinear systems are attractive models for many dynamical processes, because they allow a sig-
nificantly larger class of behaviours than linear systems, yet retain a rich theory which is closely
related to the familiar theory of linear systems [14, 8]. They exhibit phenomena encountered in
many engineering systems, such as amplitude-dependent time constants. Many practical system
models are bilinear, and more general nonlinear systems can often be well approximated by bilinear
models [16].

Most studies of the identification problem of bilinear systems have assumed an input-output formu-
lation. Standard methods such as recursive least squares, extended least squares, recursive auxiliary
variable and recursive prediction error algorithms, have been applied to identifying bilinear systems.
Simulation studies have been undertaken [13], and some statistical results (strong consistency and

parameter estimate convergence rates) are also available [7].

In this paper, we consider the identification of MIMO bilinear systems in state-space form. There
are many advantages of using state-space models, particularly in the multivariable case [3]. In
recent years ‘subspace’ methods have been developed which have proved to be extremely effective
for the identification of linear systems [4, 17, 18, 20]. In [9, 10, 12] extension of such methods were
given for bilinear systems, but the algorithm presented there was effective only if the measured input
signal to the system being identified is white. To our knowledge this was the first extension of the
subspace approach to bilinear systems. In [11] another subspace algorithm for bilinear systems was
presented by the same authors, which apparently does not require a white input signal. However
this algorithm is known to give biased results, and it must therefore be questioned whether it can

really be considered to be an effective algorithm for the case of non-white inputs.

In this paper an alternative subspace algorithm for identifying bilinear systems is proposed. It
does not require the measured input to be white, and the matrices which need to be constructed
and operated upon are much smaller than those which appear in [11, 12]. Simulations show that
it works well when the input signal is not white; they also show that if the input signal is white,
then good results are obtained with much smaller sample sizes than are required for the algorithm
of [11, 12]. The theoretical and simulation results are shown in [1] and [2] for deterministic system

and combined deterministic-stochastic system respectively.

The paper is organised as follows. Section 2 introduces a considerable, but apparently unavoidable,
amount of notation. Section 3 develops new subspce system identification methodologies for bilinear
systems, which consists of a ‘two-block’ one for the deterministic bilinear system and a ‘three-block’
one for the combined deterministic-stochastic system. In the new algorithms, ‘two-block’ and ‘three-
block’ form of the data equations was established and some relations between the spaces spanned
by the rows of the data matrices which appear in these equations. Section 4, contains a extended
blinear Kalman filter which is established under the condition that the system input does not have

to be white noise sequence. Section 5 contains some examples which demonstrate that the algorithm



does indeed work with non-white input signals, and that it requires much smaller sample sizes to

obtain comparable results, than the algorithm presented in [9, 11], when the input s white.

All proofs are included in the appendix. Some references to earlier (non-subspace) work on identi-

fication of bilinear systems are also given.

2 Notations

The use of much specialised notation seems to be unavoidable in the current context. Mostly we

follow the notation used in [11], but we introduce all the notation here for completeness.

We use ® to denote the Kronecker product and ® the Khatri-Rao product of two matrices with
F € R and G € R**? defined in [15, 19]:
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+,@, Nand \ denote the sum, the direct sum, the intersection and set minus of two vector spaces,

-+ denotes the orthogonal complement of a subspace with respect to the predefined ambient space,

the Moore-Penrose inverse is written as -, and the transpose as -7 .

In this paper we consider combined deterministic-stochastic time-invariant bilinear system of the

form:

Tiy1 = Az + Nug ® ¢ + Bug +wy
yo = Cazp+ Dup+ vy (1)

where z; € R",y; € R, uy € R™, and N = [N} Ny ...N,;,] € R™™ N; ¢ RV (i =1,...,m).

The input wu; is assumed to be indepedent of the measurement noise v; and the process noise

wy. The covariance matrix of w; and v, is

T
S
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We assume that the sample size is N, namely that input-output data {u(t),y(t) : t =0,1,... ,N}
are available. For arbitrary ¢ we define
Xt = [I’t Lt41 --- lit+j71] S Ran

but for the special cases t = 0 and t = k we define, with some abuse of notation,

X, & [zox1..2j-1] € R

X; 2 [k Tpgr - Thyjo1] € RVY

s
I

»
[Tog Topt1 .- Topyj—1) € R



where k is the row block size. The suffices p, f and r are supposed to be mnemonic, representing

‘past’, ‘future’ and ‘remote future’ respectively.

We define Uy, Uy, Uy, Uy, Yy, Yy, Yy, Yy, Wi, Uy, Wy, Wy, Vi, Vi, Vi, Vy, similarly:

Uity - Uipj—1] € R™
ug Uy - Uj_l] € Rm><j
Uk Ut 1 - Ukyj—1] € R
Usj Ugk41 - Ut j—1] € R™
Yi Yit1l - Yirj—1] € R
Yo Y1 - Yj—1] € R
Yk Yht1 - Yrj—1) € R

[u;
[
[
[
[
[
[

2 [yok Yokt1 - Yoksj—1) € R
[w; Wis1 ... witj—1] € R™Y
[
[
[
[
[
[
[

Wp £ wo Wy . wj,l] S R
Wi £ [wp Wiyt ... wpyj—1] € R™
W, £ |wo Wopt1 - Woptj—1] € R
Vi 2 Vi Vi1 - 'U/L'Jrjfljl € Rlxj

V;o 2 Ug V1 - ’Ujfl] € RlXj

Vf £ Uk Vg4l - vk+j_1] € RlXj

Vi £ [vog V2kt1 - Vopj1] € R/

These matrices will later be used to construct larger matrices with a ‘generalised block-Hankel’
structure. In order to use all the available data in these, the number of columns j is such that
N = 3k + j — 1 for the three-block combined deterministic-stochastic case and N = 2k + j — 1 for

the two-block deterministic case.

For arbitrary q and ¢ > ¢ + 2, we define
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alq
Uz—l
Ui—1|q é UZ—Q‘q c Rei_qxj
Ui—1 ©Ui_g)q
Wilq £ W,
Wiy
Wiy, = Wi_a, c R
Ui—1 © Wi_g|q
Vag = Vg
Vi
Vic1lq 2 Vi_alg S
U’L’*l © ‘/;72|q
+ 2
Uqlq = Uy
U7,72‘q |
Uv+ 1| é U 1 c R((m+1)1_Q71) j
i—1lq i
Ul*l © Uz—Q\q
UQ(]'v :) ® Uq
Ug(2,1) © Ug(2: m,2)
Ug(m,:) © Uy(m, )
Ut |
Uv++ é 7/—2“] c R%(m_;'_l)z—q xj
i—1lg U,L',l o Ultaq
Y A +
Uz‘—uq = Uz‘—uq oY,
Ui—llq
wy o4 ++
Uiq\q = Uz;1|q
Y
Ui—llq

where Uy (i, :) and Ugy(i : m, :) denote the submatrix of Uy, which contains ¢th row and from the ith

row to the mth row of the matrix U, respectively, i = 1,2,...,m.

LUt

is newly introduced here.
i—1lg

Remark 1. The meaning of Uztl‘q is different from that in [9]

xXr 4 Xk,l‘OER(erl)k”Xj
xf 2 X2k71|k GR(m+1)kn><j

X" X3p—1)2k € R+ 0
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ur £ kal\O S Re+¥J
Ul & Uyqp € R
U' £ Us_qjo € R

YP £ Y g€ R%

Yop,—1, € R%*J

Y’ Vaj,—1jox € R%

WP 2 Wy e RO
Wor—1x € Rt
wr Wak—1)2k € R

VP & Vi € R%WXI

~
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VI& Vo € R
V' & Vi, € R
yte 2 U;j_uo e RIm+DF=1]xj
ygtf 2 U;%l'k c RI(m+DF=1]xj
ygtr A U:;fuzk c RIm+DF=1]xj
ytte A Ulj_j_l\o c R% (m+1)Fxj
yttf 2 U;gtuk c RE M+ %]
UFT & U e RECTD

Ury L UtPoY, e RUM+D =1]xj
Uiy 2 ytfo Yy € RUm+1*=1]xj
Ut A Utrey, e RUMADF~1]xj
Up
U+tp c RSkxJ
Upy

Up7u7y

(1>

U/
U+t+f e RfxxJ

UhHv

Uf:u’y

(1>

UT
gttr | e RIxXJ
uny
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where d; = E;Zl(m + 1P, ey = E;Zl(m +1)P"Im and fi, = e, + Z(m + D* +I[(m + 1)* — 1].
We denote by U, the space spanned by all the rows of the matrix U,. That is,

U, = span{a*U,, «oc R}



Up, Vp, Vi, UP, VP, UT VI UPHY UTY ete are defined similarly. Finally, UTP © X, UM © X
and U © X, can be defined as the space spanned by all the rows of the matrix UT?® X, U trox ¥
and UT" ® X, and so on.

3 New subspace identification algorithms

In this section, first some system description and analysis is given as a priminary knowledge for
the latter two subsections. Secondly, a ‘two-block’ algorithm for deterministic bilinear system is
presented. In the last subsection, a ‘three-block’ algorithms for combined deterministic-stochastic

bilinear system is proposed.

3.1 System description and analysis

Every bilinear system of the form (1) can be considered as the sum of two subsystems, one only
containing deterministic variables (index d) and the other containing all stochastic variables (index
s). The state and output of (1) are then simply the sum of states and the outputs of both subsystems

respectively:

r, = xd+x
d
v = Yty

where the two subsystems are decribed as follows respectively.

xfﬂ = Az + Nu; ® 2% + Bu,
yd = Caxl+ Duy (2)
and
i = Axi+ Nu @ xi +wy
yi = Cai+u (3)

with the state covariance matrix ubder the assumption that alll the relevant processes are second

order statistical stationary processes.

%* 2 Elri(zp)"]
G 2 Ela )]
A5 2 Elii)] (4)

The three lemmas are given in this subsection as the priminary knowledge for the future uses in
this section. For simplicity, some of the lemmas are given in the form of three block and they are

hold for two block form obviously.



Lemma 1 For F,G, H,J of compatible dimensions, F € R*¥*!, G ¢ R»*™, H € RP*!, J ¢ R*™:

(FGeHJ) = (FoH)(G®J) (5)
(FGoHJ) = (FoH)(G6J) (6)

Proof: see appendix.

Lemma 1 states some properties of bilinear algebra operator, which will be used in our paper

later.

Lemma 2 For any integer i > 1 and q

u+

++ gt
i+qlq OUNY; =Y,

i+qlq i+q|g+1 © Uq

Lemma 2 states the row space relationship between the U;q‘q ©OUy and U;Jg‘q, which will be used

in our paper later.

Lemma 3

Proof: see appendix.
Lemma 3 states that XP, X7 and X" can be represented as X, +UTP O Xp, X +Ut o Xy and
X, +UT" ® X, respectively.

Lemma 4 Let F € R™*"™, and F~ is a generlized inverse matriz of F. Let G be an arbitrary

generlized matriz of F', G can be represented as the following form:
G=F +H—-F FHFF~

where H € R™™ 4s an arbitrary matrix
Proof: see [19]

Lemma 5 From (1) we have, modulo a state coordinate transformation,

X, = C'(Y, - DU, -V, (10)
Xy = C'(Y; - DUf - Vy) (11)
X, = C'(Y,-DU, -V, (12)



Proof: see appendix.

Lemma 5 shows that A, Xy and &, are contained in the space of YV, +U, +V,,V; +Uy + Vy and
Y, + U, + V, respectively.

Remark 2 In the case of [ = n, the presentations of X,, X; and X, are unique if the system
is observable. If [ < n, this holds for any right inverse of C. Different choices of right inverse
correspond to different choices of state coordinates. Note that the spaces A, Xy and X, do not
depend on this choice from Lemma 5. We will assume that the Moore-Penrose pseudo-inverse of

C' is used.

3.2 Deterministic system identification

In this subsection, a so-called two-block subspace method for the identification of deterministic
bilinear systems is developed. In [9], an input-output equation relevant to the output, input and

state block data matrix is set up in the case of deterministic case as follows:

Lemma 6 (Input-Output Equation) The system (2) can be written in the following ‘input-

output equation’ form:

Y;f,”g kal]cOfl\O + HkUlffuo (13)
Xy = Zlelsfuo + AkUUlffl\o (14)
where
CAi1 0
Fi—l 0
T, 2 | o0 Tiy ... 0 € REX(mHD™m (5 1)
0 0 Ti1
F1 £ (C 0l><(m+1)n)
D caV, o ... 0
0 H; 1 0 0
H, 2 0 0 Hiy ... 0 e Ré>xe  (1>1)
0 0 0 H;,_ 4
H, = D,



where

AU 2 B ANY, NiaYL . Naol)
AV 2 B

A, & (AA;1 NiA NpnAi1),
Ao 2 Inxn

Proof: see [9].

The data equation and state equation linking the past and future data equation can be written in

the following way:

Theorem 1 (Input-Output Equation in Two Block Form) The system (2) can be written

i the following ‘two block’ form.:

Y?P = Cr X, + D, UP%Y (15)

Y/ = Cka + Dka’u’y (16)

X = AL X, + B,UP"Y 17
f p

Proof: see appendix.

From Theorem 1, we deduct that all the block data matrix have a linear relationship with the
state block matrix X, and X;. Also X is linear to X,,. This is achieved by putting all the bilinear
factors of the system into the newly created data matrices UP%Y and U/%¥. In such a way, the
bilinear system can be transfered into an similar to linear system representation and the restriction

that system input has to be white can be removed.

It is well known that the quality of a model obtained from an identification experiment depends
highly on the degree of excitation of the input signal. ‘Informative experiments’ for linear system
are standard, for example. For bilinear system, we need some alternative conditions including the

input, output and their Khatri-Rao product.

Theorem 2 If

YP
Upwy (18)
UHuy

s a full row rank matriz, then

Xf + uf7u7y — Xf @ uf7u7y
c (P +UPY) @ ufwy (19)

10



Proof: see appendix.

Theorem 2. states that the space X} are contained by VP + UP**¥, has empty intersection with
UlY. Therefore Y/ in equation (16) has a unique decomposition into C,. Xy and DU fuy - Conse-
quently, Dy can be determined by projecting both sides of equation (16) on to a suitable subspace.
Once D;, has been determined, it is possible to estimate state sequences X r and X r—1, and hence

estimate the system parameters.
The main procedures of the two-block subspace identification algorithm are given as follows:

1. Decompose Y/ into Cr Xy and D UT™Y using orthogonal projection: from (16) and (19) it
follows that

. Y7 = DIl UF%Y (20)
where Q = VP + UP™Y. Determine Dy, € R X (et 5 (mAD M HmA1) 1] fr.o0
T
Dy = (HQLYf ) (HQL va“vy) (21)

2. Obtain the SVD decomposition and partition, retaining singular values and selecting a model

order.

Yorap1 Yaro1e] = D [Us oy Usilyy

1 0

:;FEQTZ[H FQ}[ -

Since we expect

r2Qf =15,07 = ¢ [ X1 X (23)
from (15) and (16) (rank(X1) = n and rank(X3) = 0), form the estimates Cj = I‘IE}/Q and
(Xio1 X = Ei/ QQ?, retaining only significant singular values in X;. (Cj, is not needed later.)

3. Estimate the parameters A, B,C, D, N by solving

. Xi1
Mol AN By o (24)
Y, “lc o p k—1 k—1

Uk—1

in a least-squares sense.

3.3 Combined deterministic-stochastic system identification

In this section, a ‘three-block’ subspace method for the identification of stochastic bilinear systems

is developed. As shown in the previous section, a two-block configuration, splitting the data into

11



‘past’ (-P) and ‘future’ (-¥) blocks, is adequate to identify the parameters in the deterministic case.
However, when it comes to the combined deterministic-stochastic case, a two-block configuration
cannot determine the parameter matrices of a system since there exists some stochastical noises
effects. In the remaining part of this paper, we proposed a three-block configuration to estimate

system parameter matrices in stochastical environment.

Lemma 7 (Input-Output Equation) For the combined deterministic-stochastic system (1), we

have the following Input-Output Equation

Xe = OFXp—1j0 + A Uk—1j0 + A Wi10 (25)
Victo = L Xp—1j0 + LE Up—1jo + L Wi—1j0 + L} Vi10 (26)
where
AnX £ [ n 1 Afflv"' 7NmAanl]
AY 2 (A Ny,..., N
Ag £ [B AAn 1 Agflv '7NmArlz]71]
AV &2 B
AZV £ [anvAAn 1> AKL"' 7NmAK1]
AV 2 Ly
L oenX, o
Ly & £x 0
o0,
D CcAV 0
cy & 0 LY, 0
0 o LY,
[0 oAV, 0 ]
cy = 1o £, o
o o £,
[ Iy O 0 |
Ly = 0 Ly, 0
o o0 Ly,
with
E{( é [Cv lem] 9 'C? é Dv 'C? é 0l><n7 EY é Ile

Proof: see appendix.
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JFrom Lemma 7, the data equations and state equations linking the state sequences can be written

in the following three-block form.

Theorem 3 (Three Block Form Equation) The system (1) can be written in the following

‘three block’ form:

YP = OpX,+ TrUPY

+TEUTP OV, + LY WP + L} VP (27)

vi = O.X;+TrUfy
+TUN oV LWl v (28)

Y' = OpX, + TrU™Y
+TUT OV + LYW 4+ LV (29)
X; = FuXp+GrUP“Y 4 GUTP OV, + A WP (30)
X, = FXp+ Uty grutt o vy + AV w (31)

Proof: see appendix.

We make an assumption of ergodicity and stationarity of the variables. Then all the covariances
used in this paper can be estimated by replacing ensemble means by time means. Therefore, if an
infinite amount of data is available, the estimated value operator E is equivalent to the operator
E; which is defined as follows:

J

>

[
k=0

lI>

(-

E;

LS

J
[
k=0

and

jlggo E;[> o] =E[s|
k=0

The orthogonal projection operator II is defined as [9] as follows:
IIpA 2 E[ABTIE-'[BBT|B

Due to the presence of noise, a stronger condition than (18) is needed for experiments to be

informative in the combined deterministic-stochastic case.

Theorem 4 If

Pty
[y (32)

UT7u’y

13



1$ a full row rank matriz, then

s, C MY/ +ubfvy
HSXT + u"‘ﬂhy — HSXT @ u"‘ﬂhy
C <H8yf + Z/lfvu7y) @ u"‘ﬂhy

where S := YP + UPY + YUTUY 4 Y"%Y . Denote R = HgVT +UH%Y, then,

MpiTlg)" = T i UMY (33)

Proof: see appendix.

In this three-block algorithm, the projection space will be S := VP + UP%Y + YFwy 4 (%Y. Due
to the uncorrelated property of past, future and remote future noises, we can remove all the noise
effects by projecting on the subspace S and the ‘past’ block can be regarded as an auxiliary variable
block reminiscent of our instrumental variable. In such a way, the parameter matrix 7,* can be
determined. The following summarises the algorithm for the combined deterministic-stochastic

case,

1. Decompose Y into O X, and 7,*U"*¥ using orthgonal projection: from (33) of Theorem 4,
it follows that

T = (palsY") (s UMW) (34)

2. Obtain the SVD decompositon and partition, remaining singular values and selecting a model

order.

[MsYap_1s s, Yoppps1] — T [U;;ﬁl‘k U;l:\ulkﬂ

1 0
0 39

of

—.Ty0l = { Ty, Ty }
0

Since we expect
20 =115,07 = 0, [Xim1 X4

from (27-29) (rank(X1) = n and rank(Xy) = 0), form the estimates O, = F121/2 and (X1 Xi] =

Z}/ QQ{, retaining only significant singular values in X1. (Oj, is not needed later.)

3. Estimate the parameters A, B,C, D, N by solving

5 Xi
Xe | AN B G % (35)
vi. | lc o b k—1 k—1

Uk—1
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in a least-squares sense.

Remark 3 The make of retained singular values, n, will be the order of the estimated model.

In this paper, we do not discuss how 7 should be determined.

Remark 4 Other estimates could be obtained by using other right-inverses in steps 1 and 3, and
another factorisation in step 2. In [11] it is suggested that constrained least-squares could be used
in step 3, because of the known structure of the solution. Our initial simulation experience is that

this does not have much effect on the resulting estimates.

Remark 5 Our new algorithm has considerably lower computational complexity than the one
given in [11]. The major computational load is involved in finding the right-inverse in (34). The
matrix involved here has dimensions fi x j, where fi = ey + (m/2)(m + 1)F + I[(m + 1)¥ — 1].
For example, with k£ = 2, n = m =1 = 2, we have f; = 33. In [11], equation (9), the matrix
whose right-inverse has to be found has dimensions (dy + 2ex + exdy + ei) X 7. The row dimension
increases exponentially quickly with k. For example, with k = 2, n = m = [ = 2 this row dimension
is 152. Furthermore, since our algorithm seems to require much smaller values of j for comparable

performance, the column dimension is also much smaller for our algorithm in practice.

Estimate the covariance matrix by calculating

Ew _ Xk+1
€ Yk
X
A NB U, X
C 0 D ek
Uk
Q S B W o ywu
ST R o Svw P

4 Bilinear Kalman filter

In this section, we derive the equation of the bilinear Kalman filter of the system (1). The derivation
is done in a similaar way as done for the linear Kalman filter as well as in [10]. The difference
betweem the linear and bilinear Kalman filter is an addition term depending on the system matrix

N and unlike in [10], we have no assumption here that the system input u; is a white noise.

Theorem 5 (Bilinear kalman filter) 1. The non-steady state bilinear Kalman filter state esti-

15



mates of the system (1) can be found by solving the following recursive formulas:

.f}kJrl :A:%k+Nuk®:%k+Buk+Kk(yk—C’ﬁvk—Duk) (36)
where
Ky = Z N, P,CT — AP.CTY(Ag — CP,0T) 71 (37)
m m
P, = AP, AT + Z Z 1pgNp P 1 N[
p=1q=1
m
+Apk71(z MpNT Zﬂp Plc 1A
p=1
Z 1N, P, CT — AP,CT | (A§ — CP,CT)™?
T
Z 11N, P.CT — AP,CT (38)
where © = Euy = [p1,... ,fm| and p;; = Eugjus; under the assumption that input w; is a
stationary input.
Proof: see appendix.
Theorem 6 If the condition
m
A =A=) mNy) <1 (39)
i=1
then set EX = Exy,
m
EX =(I-A-> uN) "' Bu (40)

Proof: see appendix.

Theorem 7 The algebriac equation

P = APA" + AP()  wN])+ AEXu" B”
=1

ZM PAT+ZZMMNPN +ZNEXATBT
p=1g=1 i=1

m
+BuEXTAT + BY MEXTN! +Q (41)
=1

16



where A;. = Euguy ;. has a solution P > 0 if and only if

AT -ARA- (ZMiNi) ®A-A® (ZMiNi) - ZZquNp@Nq <l (42)
i=1 i=1 p=1 g=1

Proof: see appendix.

5 Examples

This section is organised as two subsections. The first section, the examples and comparisons with
the existing bilinear subspace algorithm are given in the deterministic system case by using ‘two-
block’ algorithm. In the last subsection, the examples and comparisons with the existing algorithm

are given in the case of combined deterministic-stochastic bilinear system.

5.1 Deterministic bilinear system case

In this subsection, two second-order bilinear systems introduced in [9, 12] are used to see how the

new algorithm works, and how it compares with existing algorithms.

Example 5.1.1 The system matrices are

1=(as V)= (1) =ty
b=z N1:<064> NQ:(O(.)?))

Table 1 shows the eigenvalues of the estimated A and IV in various cases. The row labelled ‘N4SID’
gives the results obtained in [9], with a white input and k = 3, j = 8191. ‘Case I’ is for a white
input, with uniform distribution in the interval [0,0.01] and k& = 2. ‘Case II’ is for a white input
with normal distribution N(0,0.1%2) and k = 6. ‘Case III is for a coloured input u with mean 0,
standard deviation 3.3e-05 and rq = Eugupiq = 0.5, ¢ =10,1,2,... and k = 2. ‘Case IV’ is for
a white input with exponential distribution with parameter A = 0.04 and k£ = 2. In all the cases
I-IV the number of columns is only j = 597, compared with j = 8191 for the N4SID case. It is
seen that the eigenvalues of the true and estimated matrices are very close to each other. Table 2

shows how the eigenvalues of the estimated A and N depend on j, in each case with k = 2.

Example 5.1.2 The system matrices are
05 0 0 1 10
A = 7B = 70 =
0 0.3 -1 0 0 2
10 06 O 02 0
D= , N1 = ,No =
0 1 0 04 0 0.5



A N
True +0.5¢ 0.4, 0.3
N4SID | —0.0027 £ 0.4975¢ | 0.4011, 0.3055
Case I 0.0000 £ 0.5001z | 0.3994, 0.2952
Case II | 0.0000 £ 0.4993: | 0.4019 0.3064
Case IIT | 0.0000 £ 0.5000 | 0.3953 0.3085
Case IV | 0.0006 £ 0.5011z | 0.3934, 0.3007

Table 1: Example 5.1.1: Results with different inputs and algorithms

A N

True +0.5¢ 04, 0.3
j=97 | 0.0000 £ 0.5003: | 0.4092, 0.2789
j=297 | 0.0000 % 0.5002¢ | 0.4043, 0.2914
j=597 | 0.0000 % 0.5001¢ | 0.3994,0.2952

Table 2: Example 5.1.1: Effect of sample size

Table 3 shows the results obtained in [12] with j = 4095 and k = 2, but with stochastic inputs, and
the results obtained by our ‘two-block’ algorithm with j = 597 and k£ = 2 in the deterministic case.
A fairer comparison is available in [1, 2]. In both cases the input signal was white, with a uniform

two-dimensional distribution.

True N4SID Two block

A ] 0.5, 0.3 | 0.5001, 0.2979 | 0.5000, 0.3000
Ni | 0.6, 0.4 | 0.5994, 0.4020 | 0.6000, 0.4000
N | 0.2,0.5 | 0.1914, 0.5016 | 0.2000, 0.5000

Table 3: Example 5.1.2: Results with different inputs and algorithms

5.2 Combined deterministic-stochastic case

In this section, two simple second order bilinear systems introduced in [9, 11] are given to see how

the new algorithm works and some comparison of the simulation results are also presented.
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Example 5.2.1 The system matrices are

0 05 1
A= B = ,C:(l 1),
05 0 1
0.4 0
D:27 le ) N2:

and the noise covariance matrices

016 0 0
Q= , R=0.09, S=
0 0.04 0

In [9], the input is a white noise series and k = 3,j = 8191. In both of the Table 4 and Table 5,
system input of case I is a uniform distribution with mean value equals zero and variance equals to

1. In the case II, we adjust the system noise as follows:

0.0016 0 0
Q= , R=0.0009, S =
0  0.0004 0

to increase the noise ratio between the input signal and system noise, the simulation results
are also given in the Table 4. It is shown that the greater the ratio, the better convergence
results will be achieved. For the case of III and IV we introduce a colored noise input sig-
nal to have a test, u is a colored noise series with the mean 0, standard deviation 1.1664 and
rq = Bupupyy = 0.57, ¢ =0,1,2,... and the system noise is taken as the same as the case I and

IT respectively, the simulation results are also shown in Table 4.

It is noticed that the parameter j = 595 is applied in all the simulation both in Table 4 and

Table 5, which is quite small compare to j = 8191 and we take k£ = 2 all in our simulations. The

A N
Original +0.5¢ 0.4, 0.3
N4SID | —0.0027 + 0.4975¢ 0.4011, 0.3055
Casel | —0.0076 4 0.4960: 0.3838, 0.2829
Case 11 0.0000 % 0.5000: 0.4005, 0.3030
Case III | 0.0044 £ 0.4847: 0.4048, 0.2688
Case IV | 0.0089 £ 0.4945¢ 0.3906, 0.3149

Table 4: Example 5.2.1: Results with different inputs, noise ratios and algorithms

simulation results with different sample number in the case of I and II is given in Table 5 to show

the relationship between the preciseness with the increase of the sample number.
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A N
Original +0.5¢ 0.4, 0.3
=95 (I) —0.0103 £ 0.4725¢ | 0.3872, 0.2791
j=95 (II) 0.0066 + 0.49561 0.3749, 0.2997

j=295 (I) 0.0323 £ 0.4789: 0.4267, 0.3030

j=295 (II) 0.0084 + 0.49651 0.3997, 0.3012

j=595 (I) 0.0076 + 0.49601 0.3838, 0.2829

j=5b95 (II) 0.0000 =+ 0.50007 0.4005, 0.3030

Table 5: Example 5.2.1: Effect of sample size

Example 5.2.2 The system matrices and the noise covariance matrices are
. 1 1
A = 05 0 B= 0 = 0
0 0.3 -1 0 0 2
10 0.6 0 02 0
D = aNl = 7N2 =
01 0 04 0 0.5
0.01 0 0.01 0
Q = , R=
0 0.01 0 0.01
0 0
S pu—
0 0

The input we selected here two-dimensional uniform distribution notation as case V and VI and
colored noise input u with Fu;u;+q = 0.9°I3 as case VII and case VIII with j = 595,k = 2. The
difference between case V and case VI, case VII and case VIII is that, the ordinary LS method is
used to solve (35) in case V, VII, while the constrained LS method is used in case VI and VIIL. It
should be pointed that in the N4SID simulation case (j = 4095,k = 2) and the comparison of the

simulation results are given in Table 6.

The identified model is validated by comparing the eigenvalues of A and N of the model and the
original system. It is shown that the eigenvalues of the system matrices of the model and the
original system are very close to each other. If the parameter j approches to infinite, they would
be identical. It is noticed that the parameter j ;From the Table 4 and Table 6, it is shown that the
algorithm presented here has a quicker convergence convergence rate and smaller sample number
requirement compared to the N4SID algorithm. As shown in [9, 11], the noise covariance matrix

in here is also not very accurate since the k-parameter here is too small.
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A Ny Ny
Original | 0.5, 0.3 ] 0.6, 04 | 0.2, 0.5
N4SID 0.5001 0.4020 0.1914
(j=4095) | 0.2979 0.5994 0.5016
case V 0.4998 0.5998 0.5000
(j=595) 0.3002 0.4000 0.2001
case VI 0.5004 0.5998 0.4999
(j=595) 0.2990 03997 0.1997
case VII | 0.4992 0.6028 0.5070
(j=595) 0.2968 0.4007 0.2019
case VIII | 0.4992 0.6035 0.5080
(j=595) 0.2973 0.3990 0.2027

Table 6: Example 5.2.2: Comparisons with different algorithms, LS and constrained LS

6 Conclusion

A new subspace algorithm for the identification of bilinear systems and bilinear Kalman filter have
been developed. Its main advantage is that the system input does not have to be white. It also has
lower computational complexity than the previously proposed algorithm, because the dimensions
of the matrices involved in it are much smaller. Its wider applicability has been demonstrated by
two examples, which also show that even when coloured inputs are available the new algorithm
converges to correct estimates relatively quickly. The presumed reason for this is that, since the
algorithm does not depend on whiteness of the input, it is insensitive to the large errors in the

sample spectrum which are inevitable with small sample sizes.
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8 Appendix

The proof of Lemma 1:
The proof of (5) is in [19].

Now we prove (6) in Lemma 1. From (5), the definition of Kronecker product and the Khatri-Rao

product, we can derive that

(FGoHJ) = [FGi & HJy,FGy® Hio,... ,FG © HJj
= (F®H)[G1®JI7G2®J277E®JZ]
- (FoH)(GoJ)

This proves the Lemma 1. =

The proof of Lemma 2:

We prove the Lemma 2 by induction.

(From the definition of Uq+ and U;+ we know that U

lq g glq © U, = Z/l;‘r;. First we prove that the

Lemma 2 holds for 7 = 1.

U, ©Uy
u;q‘q OU, = Uyr1 ©U,

and

u-‘r-i-
U+t = alq
1+qlq uqul ® u;[(;-
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We can derive that

u1+q\q

OUNUFT

1+4lq

(

ur

Upir Uy )
e+l © U

We suppose that the Lemma 2 holds for ¢ = n. Then for i =n + 1,

+ _
un+1+q|q © Z/Iq -
and
++
UN+1+q\q <
We can derive that
Jr
un+q+1\q ©Ug \U n+14qlq

This proves the Lemma 2. =

The proof of Lemma 3

We prove the Lemma 3 by induction.

ur

n+qlq

O Uy

Z/{n+q+1 © Z/{q

Untq+1 © un+q|q

n+qlq )

u++

UH+q+1 © U

-yt
o un+q+1\q+

First we prove the Lemma 3 holds for ¢ = 1:

X1jo

24

n+qlg

un+q+1 OU

oU,

Un+q\q+1 © Z/{

Z/{n+q+1 © Z/{q

n+qlqg+1
1 © Uq

O Uy



We suppose that the Lemma 3 holds for ¢ = n. Then, for ¢ =n + 1,

X, 10 = Xn|0

Xo
U+O ® Xo

n
Unt+1 © Xo
Un+10 Uy, © Xo

- +
Unijo © Xo

This proves the Lemma 3. =

The proof of Lemma 5:

From the notation given in the paper and system (1), we have the block form equation as fol-

lows:
Y, = CX,+DU,+V, (43)
Yf = CXf+DUf+Vf (44)

;From (43), we have CX, =Y, — DU, — V,. Therefore there exists a matrix C'~, which is a
generilized inverse matrix of C', such that X, = C~ (Y, — DU, —V,,). This states that X}, is definitly
contained in the row space spanned by ), + U, + V,. As we mentioned in remark 2, we can select
the Moore-Penrose pseudo-inverse of C' as C'~ here for instance, similarily for equations (44) and

(45), the Lemma 5 is then proved. =

The proof of Theorem 1: ;From Lemma 6., we know that
YP = T.XP+4 H,UP

_ X
=T P + HUP 46
(3 ) w

Let T} = [Ck, Fk’g] , where Cy, is the first n columns of the matrix I';, and f/m is the last [(m + 1)k — 1] n
columns of T'x. In suach a way, the equation (46) can be written as follows
YP = CpXp+Tk2U' 0 X, + HUP
= C.Xp + T 2U'P @ (C1(Y, — DU,) + H,U?
= GXp+ Tra@CHUPOY,) - (Trhe® CID)UP 0 U,) + HLUP (47)

It is noticed that the last three term of the equation (47) can be regarded as the linear combination
of the row vecters spanned by the row space of the matrix U™ © Y,,UP ®U, and UTP. We divide
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the item (U1P ® U,) into two parts i.e. (UTTP & [(UTP G U, \UTTP)] and according to Lemma 2,

we know that [(UTP © U, \UTTP)] = Z/l,jl C UP. From the above analysis, there exists a matrix Dy

such that DUP%Y = (Ty2 @ CH(UYP ©Y,) — (Tx2 ® CTD)(UTP) + HLUP, so the equation (15)
holds. (16) and (17) of Theorem 1 can be proved similarily. m

The proof of Theorem 2:

(From (14) and Lemma 5, we know that Xy C &, +UPY C YP +UPY
Since the condition (18) holds, Xy + US%Y C Xy @ USWY C (VP +UPSY) U/Y.

The proof of Lemma 7:

The proof is by induction.

For n =1, both (25) and (26) are true from the structure of the system, deinitions and notations.

We make an assumption that (25), (26) hold for n = k. Suppose that n = k + 1. Then

Xp1 = AXp+ NUp © Xy, + BU, + W,
= AL Xk 10+ A1 Uk1j0 + D12 Wi 1j0)
+NUk © (Dp 1 X110 + AF 1 Up—1j0 + O Wi _1j0) + BUy, + W,
= (AD Xp_1j0 + [NiA 1 N2 Ay, NIA ) Uk © X))
+(ALY \Uy_1j0 + BU + [NiAY_ 1, N2 APy, NAY | Ui © Ug_1)0)
+ (Wi + AN W0 + [NIAT_, No Ay, o, NIAY | U © Wii_1)0)
= Af Xijo + O Ukjo + A8 Wipo

so equation (25) holds for n = k + 1.

Y1
Yit10 = Yio
Uk+1© Yo
Yir1 = CXpy1 + DUpp1 + Vi

= C(AF Xpo + AR Ugjo + A Wijo) + DUji1 + Viyr
= COR Xgjo + CALUgjo + CAY Wijo + DUgy1 + Vi

Yijo = L3 Xijo + L Ugjo + L1 Wigo + LY Vipo

Uk41 © Yk|0 = U1 © (E?Xk‘o + ,CgUk‘O + ,C?/Wk‘o + ,CkVVk‘O)
= Up41 © ,CkXXk‘O 4+ U1 © 'Cl[g]UkM) 4+ Uk41 © EkWWk|0 4+ Uk41 © ,CkVVk‘O)

so equation (26) holds for n = k + 1. This proves Lemma 7. =
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The proof of Theorem 3:
JFrom equation (26) of Lemma 5, we know that
YP = LXXP 4 LYUP + LYV WP 4 L) VP

X
= L¥ b + LYUP + LY WP 4 Ly VP (48)
U—i-p ® Xp

Let £§ = {(’)k,ﬁgg}, where Oy is the first n columns of the matrix £§ and £§2 is the last

(m + 1)k — 1 columns of £;*. Then equation (48) can be written as:
VP = OpXp+ LpoU™ @ Xp+ LLUP + LYWP 4 LY VP
= OpX,+ L5U P © [CH(Y, = DU, = V)| + £ UP + £l W 4 £ v
= OpXp+ (L@ CHUP Y,) — (Lia @ CID) U @ Uy) + LL,CH U 0 V)
+LYUP + LY WP+ LY VP (49)

The sum of the second, third term and fifth term of the equation (49) is a linear combination of
row vectors in the span of the row spaces of the matrices UTP © V,,U™P © U, and UTP. According
to Lemma 2, (UTP ® U,) can be decomposed into two subspace i.e. UTTP & (L{,:Tl @Up> and
the latter subspace is contained in &P. From above analysis, there exists a matrix 7, such that
TEUP™Y = (L) @ CTHYUTP 0 Y,) — (L, ® CTD)(UTTP) + LYUP, and let Y = LY,CT, so the
equation (27) of Theorem 3 holds. Equations (28), (29, (30) and (31) of Theorem 3 can be proved

similarily. =

The proof of Theorem 4:

;From (31), (28) and Lemma 2, we have
MsX, C HMsX; +UMY C TIgY! +ubvy
and from (30) and (27), we get

Hgyf C HSXf + Uy c [IsX, + ury 4 ulwy
C Hsyp + Z/lp7u7y + Z/lfvu7y C yp + up7u7y + uf7u7y

SO

IIsX, + U ™Y =IIsX, oU""Y
C (Hsyf + uf7u7y) @ uT7u7y

Since
IIs X, CR
and from (29), we know that (34) holds due to the last three terms in (29) are orthogonal to S.
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The proof of Bilinear Kalman Filter
The aim of the Kalman filter is to find a matrix Kj such that the trace of the error covariance
matrix Py is minimized: ming, trP,. Let us first define the estimate state error Z), the error

covariance matrix P and the estimate covariance matrix Pj.

Let us now look for an expression of trP,. From the filter equation (36) and the state space

description we find that
Tkl = AZp + Nug ® I, — KpCZp — Kpvg + wy
tr P, then becomes :

tr(Pey1) = trE[Fp 17t
= trE[(zri1 — Ee1) (@1 — Eri1)")
= trE[(AZy + Nug ® T — KpCZy — Ko + wy)
(AZy, + Nuk ® iy — KOy — Kpvp + wk)T]

= tr{AP,AT + ADy( Zup — AP,CTKF +( Zup VP AT
p=1 p=1
+0O 0 AN, BNT) - Zup )P.CTKF — Ky,CP AT
p=1q=1

—K,CPy( Z 1y N,) + KyCP.CTKl + KyRK] — K ST — SKI + Q}
p=1

= tr{[Ky(R+CP,CT) - AP,CT — Zup )P,.CT — S)(R + CP,CT)!
[Ki(R+ CP.CT) - AR,CT - Zup )B.CT — ST}

m m m
‘HT{APkAT + APk(Z NpNT Z N, PkA + Z Z Ap,quPkNg)
p=1 p=1 q=1

+Q}

~tr{AP,CT(R+ CP,CT) ' CPAT + AR CT(R+ CHLCT)'CTR(D _ ppN,))
p=1

+AP,CT(R+CP,CT)1ST + Zp,p )P.CT(R+ CP,CT)'CPAT
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Zﬁ‘p )BCT(R+ CPCT) 'O B, Z,upNT
p=1

Z 11y Np) PeCT (R + CP,CT)1ST + S(R + CP.CT) 'O P AT

+S(R+ CP,CT)'CT By( Z NI + S(R+ CPB,CT)" 18T}
p=1

The last equation consists of two terms of which the second one is independent of K. Therefore

our criterion will be minimized when this first term becomes zero i.e.

K, = (AP,CT — Z“p VP,CT — S)(R+ CP,cT)!

Using the definitions of A$, G*, P, and the fact that P, = £5 — P, we finally find that

Ky, = (G* = (O ppNp) PO — AP,CT) (A — CP,0T) 7, (50)
p=1

m m
P, = AP, AT + (Z Z 1p.gNp P 1 N[

p=1q=1
m m
—|—APk,1(Z MPNE) + (Z #pNp) Pr1 AT
p*l p=1

Zﬂp )P.CT — AP,.CT)(Ay — CP.CT) !

(G* = O Ny PCT — APCT)T (51)
p=1
| |

The proof of Theorem 6.

Since both u; and wj are stationary process, we can make an assumption that zj is a second
order statistics stationary process as well. We take expection on both sides of the first equation of

(1) and from the condition (39), we have

m
=(I-A-> N
i=1
where EX = Ex;.

The proof of Theorem 7.
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(From equation (41), we have

m

T—A A= wN)@A—=A® () mN) =Y ) ApygN, ® Ny | vee(P)
i=1 =1

= p=1g=1

m m
= vec(AEXp" BT + Y NEXAT BT + BuEX"AT + BY AEXTN] +Q)
=1 =1

Since the condition (42) meets, we can complete the proof of theorem 7. m
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