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Kalman Filter for Bilinear Systems with Application

Abdullah E. Al-Mazrooei

Abstract—In this paper, we present a new kind of the bilinear
systems in the form of state space model. The evolution of this
system depends on the product of state vector by its self. The well
known Lotak Volterra and Lorenz models are special cases of this
new model. We also present here a generalization of Kalman filter
which is suitable to work with the new bilinear model. An application
to real measurements is introduced to illustrate the efficiency of the
proposed algorithm.
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I. INTRODUCTION

ILINEAR systems are a very important class of
nonlinear systems. It appears in many applications in
science, engineering, economic and control system. It have
used recently in weather forecasting, atmospheric studies and
ocean studies [5],[6]. In recent years, the bilinear systems
captured the attention in the research and application. Because,
they are applicable in various aspects of real life. They also
provide more flexible approximations to nonlinear systems
than do linear systems. Moreover, bilinear systems have rich
geometric and algebraic structures that create a fruitful field
of research.
The bilinear systems were introduced in control theory in
1960’s. Yet, their nonlinearity is subject to the product between
the state vector and the input of the systems[6]. The kind of
these systems are easier to deal, because they are reduced
to linear systems according to use of a certain of Kronecker
product. In this paper, we present a new bilinear model, the
nonlinearity is subject to the product of the state of the system
by its self. This technique allows for this model to generalize
the Lotka-Volterra models and Lorenz models which they
have applications in science and weather prediction [3],[4].
This means that, this bilinear model applicable more widely.
Kalman filter is the optimal estimator that is used to estimate
the state in linear systems. It was introduced by Kalman in
1970 [2]. Since, the system is nonlinear, then the classical
Kalman filter is not suitable to be used, because it works
with linear systems only. Here, we have a nonlinear model
of a bilinear class, thus, Kalman filter does not work with
our model. Therefore, we need to develop Kalman filter to
work with the new bilinear model. The direct development of
the recursions for the nonlinear filters is very complicated if
not impossible altogether[1],[7],[8]. Instead, we develop our
recursions based on a linearization of the quadratic term that
uses the most current state estimate available.
The paper is organized as follows: In Section II, the new
bilinear model is presented. In Section III, we describe a new
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generalization of Kalman filter algorithm. In section IV, a new
application to real data is introduced to illustrate the efficiency
of the proposed algorithm.

II. THE NEW BILINEAR MODEL

In this section, we present a new sort of the bilinear
system. The nonlinearity of this model consists of bilinear
interaction between the states of the model themselves. While,
the nonlinearity of the earlier bilinear systems is interaction
between the state of the systems and the system input. The
well- known Lotka-Volterra models and Lorenz models are
considered to be special cases of the new bilinear model.
Here, considering a bilinear model in discrete state space form
Which is given as follows

Trpt1 = Az + B(xp @ ) + wi; (1)

yr = Cxp + vg; )

where;
. € R™ is the state vector,
yr € RP is the measurements vector,
while the matrices A € R"*", B € R “5™
are the parameters of the model.
The noise corruption signals wi € R™ and v, € RP are white,
uncorrelated and Gaussian with zero mean and covariances )
and R respectively. That is

and C € RP*n

wy, ~ N(0,Q)
v ~ N(0,R)
Also,
Blwgw) :{ (Cig,’fi(;r ll:éll
Boad)={ G i
and

E(wivl) = 0.

Here, =, ® xj represents the Kronecker product of the state
xy, with itself without repetition of the entries.

Note, for example, Lorenz model-69 with n = 3 can be
written in the form of our bilinear model with

A=—1I4
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Now by using Taylor polynomial expansion for the bilinear
term zp = T ® T at xo we get,

1
2k = 20 + Z/(l‘o)(xk - 1‘0) + 5%(171@, fo)(l‘k - CUO) 3)

where 2’ (x) is the w x n gradient of z (x) given by
z'(m) = [aTlJ]i,j,l:I,Q,...,m,

and H(zx,xq) is given by

(zx — 20)' Dy

(z — 20)T Do
H(Ik, 1‘0) =

(z) — 20)" Dy,

and, .D17 DQ,
of the entries of zx, and m =

, Dy, is the matrices of second derivatives
n

n+1

To illustrate,suppose n = 3. Then

2(x) = (a1, w122, T1 73, 75, T3, 73) ",

211 0 0
T2 X 0
/ _ x3 0 x1
d@=17 2, o0
0 I3 i)
0 0 2x3
and
[2 0 0] [0 1 0]
D1: 0 0 0 71)2: ]. 0 0 P
|0 0 0 | |0 0 0 |
[0 0 1] [0 0 0]
D3s=|0 0 0]|,Dy=]10 2 0],
| 1 0 0| | 0 0 0|
[0 0 0] [0 0 0]
Ds=]0 0 1|,Dg=]|0 0 O
| 01 0 [ 0 0 2|

ITI. A GENERALIZATION OF KALMAN FILTER

In this work, we have a nonlinear system, and thus using
the classical Kalman filter is not possible in this case since it
is appropriate only for linear systems. Thus, we will derive a
development of Kalman filter for the bilinear system (1) and
(2).

We will adopt the following notations:

2k = Tk Q Tk
xy, = E{ai{y}1} = Eil(z)
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Pl = Ei{(xy — at)(ay — )"}
"2t = E{zl{y})} = Ei(=0)
Pt = Ef(z — 2z — 2)7)

B = B{(w — ) (2 — 2)7),

where,

and, {y}! is the measurements sequence

{y}i ={y1, ., Ut}

Now to compute equation(3), we approximate the second
degree term H(zk,xo) by using the most current available
state estimation of x;. So we have two different cases.

o In the case of prediction, we take,

2 - :1;0)’

k—
(z — wo) =~ (7,
with zg = $1]§71 and xfl = 0. This means that,

2k A z,’j_l + z'(xi_l)(xk — xi_l)

1 _ _ _
+§’H(zz 2,:102 Yy - xf b,
o In the case of filtering, we take,

1

(z1 — mo) ~ (z) " — m9).

with xg = x’,ﬁ, this means that,
1
k k k k=1 _k k
2k & 2y, + 2 () (wp — xf) + 57{(% o) (Te — o),
Thus, these cases can be summarized in the following
linearization:

. . o o .
2, &z, + 2 (],) (xk — 23) + S L)) (e — @)

= 2] + V! (wx — 2], )
where,

. ; 1 . )
Vi =4(@}) + S H(@ 7). 5)

In the next theorem, we introduce a bilinear Kalman filter
algorithm.

Theorem. For the bilinear state-space model defined
by (1) and (2), we have

xf., = Az} + Bz} (6)
PF, = APFAT + APFBT + B(P})" AT + BPFBT + Q.
@)
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with,
fﬁﬁ = xﬁﬂ + Kit1[yr — Cxﬁﬂ] (3)
PEH = [I — K41 C1PE, ©)
P = PERIVERT (10)
Pl = (Ve (1)
where,
Kyy1 = PFCT[CPE, ,CT + R (12)
and,
VER =2 (2} + %H(zllz+l,x£ii)7 (13)
for k=0,...,t.
Proof. First, to derive the forecast steps which are given

by (5) and (6), we consider the case ¢ < k in the previous
notations. By applying the conditional expectation to (1):
«’U;'iﬂ = Ek(zp41)
= Ey(Azy + Bz + wy)
= AEy(xx) + BEy(21) + Ex(wg)
= Ax’,z + Bz]g.
To obtain the error recursion (6), we proceed as follows
Plerl = Ep{(wp41 — $£+1)($k+1 - xﬁﬂ)T}
= Ep{(Azy + B2y + wy, — Aaf — Bzf)
(Azy, + Bz +wy — Azt — B2f)T)
= Ep{[A(er — o) + B(zk — 2;) + wi]
[A(wr — @) + Blzy — z) +wi]"}
= Ex{[A(z), — o) + Bz — 2) + wy]
(e — a})TAT + (21 — 25)7BT +w]])
= Ep{A(zy — a)(xy, — 23)T AT + Az, — a7)
(21 = 21) " BT + B(z), — 2) (w, — a) T AT
+ Bz — 21) (21 — )" BT 4+ wpwi}
= APFAT + APFB™ + B(P})" A" + BPFB"
+ @,
Second, when ¢t = k, we derive the filtering steps. Let
Pk =Yk — Ex—1(yx)
=yr — Ex—1(Cxp — vp)
=y — Cay !
=Cuxp — Cx’;_l + v

= Oz, — 2f™ ) + vy,

for £k =1,...,t. Thus, we note that,
Ep1(pr)=p; ' =0 (14)
and
Ykt1 = Var(pri1)
= B{[C(z41 — 2sy) + 0x][Clarrn — 2p) +0a] "}
= CE{[wpt1 — 2 i][wrsr — 23] }OT + E(ugof))
=CPF,,CT +R.
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We also note that,

Er(pr19i ) = Ee((ks1 — vk )y ) =0,

which means that the innovations are independent of the past
measurements. On the other hand, the conditional covariance
between xy41 and pg41 is computed as follows

CoV(Ths1, prt1) = Cov(@har — Ty 1, CTpg1 — k1) + vk)
= E{[(wk1 — 2 41) — Br(wppr — 2341)]
= [C(xps1 — 2f ) + v — CEp(wpsr — 2 1))}
= PIf+1CT-

From theses results, we conclude that x,4; and pr4+1 have a
Gaussian joint distribution conditional on {y}¥. That is ,

Th+1 ky Ti i1 Py P, CT >
(o Yimb () (ke e
(15)

Now, since py4+1 and yy are independent,

2yt = Epr1(Tr41)

= Ep{xps1]prs1}
= Er(k+1) + Cov(Tpgt, prt1) Syt Prt1
= 2y + P CT[OPELCT + R
= $£+1 + Ki1[yre1 — Cxﬁﬂ]?

where,

Ky = PI§+10T[CPI§+1CT + er

is the Kalman gain.
To derive (8), we will use the information of (15), We get

P = Cov(wii1, prs1)
= CoV(@pt1) — CoV(Tpr1, Prt1)Spt1COV(Pri1, Thy1)
= Pifﬂ - PIQCHCT[OP/?HCT + R]_10PI§+1
=Pl — K1 CPF
= [I = Kg1C1PEy,

To derive (9), we have,

P>k k k
Pkill = E((vr41 — xkii)(zlwl - ZkI})T)
k k k
= B(((zr1 — a3 (@rs1 — 2 1) DIV
k177 k+11T
= PkL [Vk:1 ]
By using the same argument for deriving (10), we obtain,
szif = E((2r+1 — Z’;:E)(Zkﬂ - ZZH)T)
k k k k
= (Vk:_ll)E((karl - xkﬂ)(wkﬂ - xkﬁ)T) kall]T
— (Vk‘+1)Pk‘+l [Vk+1]T

k+1 k+1 L k41
_ k+1\ pk+1
- (Vk+1 )PkJrl
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IV. APPLICATION TO TEMPERATURES

In this section, we will show the efficiency of the
proposed algorithm by applying it to real measurements. These
measurements are the daily average temperature for Jeddah
city, which is located in western region of Saudi Arabia. Here,
we have true measurements for a period of five years. By
comparing the true measurements with the estimated values
from the proposed algorithm , we find that the algorithm gives
good results. The results are shown below in two figures. The
first figure is for a period of hundred days. The second figure
is for the whole period.

32 T T T T T T T

Real Data
—-—--Estimated Data

1 1 1 1
10 20 a0 40 a0 B0 70 a0 a0 100

18 L
]

Fig. 1 Real data vs. estimated data for 100 days
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Fig. 2 Real data vs. estimated data for 5 years

V. CONCLUSION

The paper has introduced a new bilinear state space model.
The bilinearity of this model depends on the product of the
state vector by itself. This model generalizes Lotka volterra
models and Lorenz models which have many applications in
real life. Since the linear Kalman filter does not work with
nonlinear systems, the paper has derived a new generalization
of Kalman filter which work with the new bilinear model.
The new algorithm depends on a linearization of the second
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order term by making use of the best available information
about the state of the system. A new application to real data
of temperatures are presented, which demonstrated that the
proposed algorithm gives good results.
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