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Abstract—The problem of the adaptive identification of dynamic nonstationary objects under uncertain con-
ditions, with respect to the drifting parameters, is considered. An adaptive algorithm for multiple identification
is proposed; this algorithm is constructed by using the exponentially weighted recursive least-squares method
with tunable coefficients for discounting obsolete information. A set of discounting coefficients is used when
estimating the parameters: some weight is assigned to each of these coefficients. The optimal algorithms for the
tuning of weights are synthesized. The proposed algorithm ensures the quality of identification that is higher
than that ensured by the common exponentially weighted recursive least-squares method or by the algorithm

for competitive identification [1].

INTRODUCTION

One of the most intensively developing fields of
control theory is the theory of adaptive systems which
develops and studies the methods for controlling
dynamic objects under the conditions where the num-
ber of parameters determining the behavior of these
objects is unknown.

The self-tuning systems are most widely applied in
the class of adaptive systems. The former includes the
loop of adaptive identification which refines, in real
time, the parameters of the tuned model of the object
with the help of this or that recursive procedure. The
functioning quality of an entire self-tuning control sys-
tem depends on the quality of solution of the identifica-
tion problem. The most widely applied among the iden-
tification algorithms are different modifications of the
recursive least-squares method and those of the method
of stochastic approximation (2, 3], which provide under
certain conditions for the convergence of the estimates
of the unknown constant parameters of the control
object to the true values of these parameters.

The problem becomes considerably more complex
if the parameters of the object change in time in an
unpredictable manner; in this case, the identification
algorithm should have both the filtering and tracking
properties, i.e., it should provide for the high accuracy
of the parameter estimation in conditions of the noise
action at the output of the object and to track the drift
of parameters. Here, the exponentially weighted recur-
sive least-squares method (EWRLSM) is widely
applied [2]. Moreover, the choice of the numerical
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value of the parameter regulating the process of forget-
ting the “obsolete” information in this algorithm is a
nontrivial problem for the real practical applications.

The main idea of this paper consists in the combined
use of several parameter values for discounting the
“obsolete” information to which certain weights are
assigned. Moreover, the estimator of parameters of the
object is presented in the form of a linear combination
of weight products and corresponding partial estima-
tors for given values of the discounting parameter. The
proposed algorithm has a number of essential distinc-
tions from the algorithm proposed in [1] in the aspect
of tuning weights and ensures a higher quality of iden-
tification.

1. STATEMENT OF THE PROBLEM

Consider a nonstationary dynamical stochastic
object described by the difference equation

y(k) = —ay(k)y(k - 1) -a,(k)y(k-2)~ ...
~a, (k)y(k-ng)+b(kyu(k-1) (1.1)
+by(kulk -2+ ...+ b,,b(k)u(k - n,) + w(k),

where parameters a,(k), ay(k), ..., a,, (k), by(k), by(k),
...y b, (k) change during unpredictably the course of

the process, u(k) and y(k) are the control and output
sequences, respectively, k =0, 1, 2, ..., is the current
discrete time, (k) is the disturbing random sequence
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with E{(k)} =0, E{w*(k)} = 6., < o, and E{-} is the
symbol of expectation.

Let us introduce into consideration the vector of
unknown nonstationary parameters 0(k) = (a,(k), a,(k),

ooy @ (K), by(k), by(k), ..., b,, (k)T and the vector of

the previous history of the process @(k) = (—y(k - 1),
—yk=2), ..., ~yk — ny), u(k — 1), uk - 2), ..., utk —
n,))". We can now rewrite (1.1) in the form

(k) = 8T (k)@(k) + w(k). (12)

Put the tuned model in correspondence to (1.2) in the
form

(k) = 8" (k- 1)ep(k), (1.3)

where (k- 1)=(a, (k- 1), a,(k-1), ..., a, (k= 1),

bi(k— 1), by(k~1), ..., ba, (k - 1)T is the vector of
unknown tuned parameters.
The EWRLSM is written in the form

Pk~ 1)@(k)e(k) ,
A+ @ (k)P(k - 1)@(k)
AT
e(k) = y(k)-8 (k- 1)o(k), (1.4)

_ P(k=1)9(k)9" (k) P(k - )
A+ (k)P(k-1)g(k)

B(k) = B(k-1)+

P(k) = %(P(k— 1

O0<Ai<l,

where A is the discounting parameter of the “obsolete”
information.

The principal problem encountered within the use of
(1.4) consists in choosing parameter A. It is clear that A
should be less than 1, in order that (1.4) should track the
nonstationarities. But, under uncertainty conditions
with respect to the drift of parameters, it is difficult to
choose beforehand the constant optimal value of A that
would realize the compromise between the filtering and
tracking properties of the algorithm on the whole inter-
val of estimation. This problem can be solved either by
using along with the estimation procedure different
procedures of controlling A [4-7] that provide addi-
tional sluggishness to the loop of identification, which
results in the impossibility of applying these proce-
dures in conditions of fast drift, or by the parallel use of
a set of different values of A.

2. COMPETITIVE IDENTIFICATION
ALGORITHM BY L. KOWALCZUK [1]

In [1], it is proposed to estimate the parameters of
model (1.3) being tuned with the use of J different val-
ues Ay, Ay, .., Ay, ..., A,. Under this procedure, we have
J models, and an algorithm for tuning the parameters of
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the models is respectively written in the form
P;(k-1)p(k)E (k)
A+ @ (k)P (k~ 1)o(k)

8,(k) = 8,k - 1)+

g,(k) = y(k) - 8] (k- 1)p(k),

2.1
T
Py < L ( Pk 1)~ PAE=DOWO WPk~ 1))
A A+ 0 (OP Kk~ Do)
0<A;s1, j=1,7
where
k +
P(k) = (i) T(')x!"']
bj [;‘P e 2

for detP;'(k) 0.
Algorithm (2.1) is obtained by means of minimizing
the following test:

k
DN HOY (2.3)
i=1

The degenerate case arises for A, =0 when test (2.3)
and matrix (2.2) take the form

I = €k),
. 0o (k 2.9
Pi(K) = (p(b)g"(k))" = 2R)® (&)
Nl
Substituting the value for P, from (2.4) into (2.1) we
obtain the following algorithm for tuning the parame-
ters:

Bi(k) = By(k— 1)+ PERIELK) 2.5)

lloGol*
this algorithm corresponds with the Kaczmarz algo-
rithm [8].

On the basis of estimators é,- k), j = 1,7 we esti-
mate the generalized estimator

J
(k) = Y (k)8 (k), (2.6)
j=1
where the coefficients (k) are computed according to
the following rule:

M1 -M12
(Z el (k- i)}
o, (k)

M) = =2 -
> o, (k)
i=t

7 ~-M12
Z(Z e (k- i)]

J=i\i=0

, (27)
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here M is the interval of smoothing.

The set of weights p(k) can be represented in the
form of the weight vector w(k) = (u,(k), py(k), ...,
HAK)T. It is seen from (2.7) that

p (WE =1, (2.8)

where E = (1, 1, ...1)T is the vector of dimension (J x
1) consisting of unities.

It is easy to see that 0 < (k) < 1. But it is fairly dif-
ficult to analytically estimate the accuracy of the model
based on (2.6) with the computation of p(k) according

to (2.7).

3. ADAPTIVE IDENTIFICATION ALGORITHM.
TUNING THE WEIGHT VECTOR

The following algorithm is proposed as an alterna-
tive to the heuristic algorithm (2.7) for computing the
weight vector.

Let us introduce into consideration the generalized
model [9], ie.,

5k = 1 (k) = pT ()6 (K)e(k),
where § (k) = (5, (k), 9, (k) ..., 9, ()T is the (J x 1)-

vector of outputs, @ (k) = (6: (k), 82 (k), ..., 8, (k) -
((n, + n,) x J) is the matrix of coefficients of models
$; (k).

The weight vector p(k) should be chosen in such a
way that the accuracy of generalized model (3.1) would
be optimal in some sense. Let us use the penalty func-
tion method for the synthesis of the procedures of tun-
ing the weight vector p(k).

Denote by Y(k) = (k- M + 1), y(k-M + 2), ...,
y(k))T the (M x 1)-vector of outputs of the object on the
interval of smoothing; Y(k) = (ytk-M + 1), y (k-
M+2), ..., y(k)" is the (M x J)-matrix of predictions
with respect to models from (k — M + 1)th to kth.

Then, by using the penalty function method with
regards to (2.8), we write the test of the following form:

I(m, p) = (Y(k) - Y(k)p) (Y (k) - Y(k)p)
+p (1-n"E),

from which we obtain the following expression for p:

3.1

kp) = (Y (Y (k) +pEED)”
X (Y (k)Y (k) + p’E).
The final estimator (k) is obtained for p — 0:

T
uk) = limp(p) = p*(k)+5(k)3-—“—§~m5, (3.2)
p—0 E'S(k)E
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pr(k) = (Y ()Y (k) Y ()Y (k)
= S(k)Y' (k)Y(k),

where p*(k) is the estimator obtained by using the
least-squares method and p is the penalty parameter.
A similar result can be obtained if one uses the

method of indefinite Lagrangian multipliers. Let us in-
troduce into consideration the estimation error

(k) = y(k)-§(k) = y(k)-p'y(k)
= W Ey(b)-p'y(k) = n (Ey(k)-§(k)) = p"E(k) .
and let us write the Lagrangian with respect to €(k) with
due regard for condition (2.8):
M-1
Lpn) = Y k=) +nu'E-1)

i=0

3.3)

M-1
= Y pe(k-ie (k-i)p+n(WE-1)  (3.4)
i=0

= W' R(p+n(p"E-1),
where 1 is the indefinite Lagrangian multiplier, R(k) is
the covariance matrix of estimation errors:
M-1 _ _
R() = Y e(k-i)e (k—i).

i=0

3.5)

Solving the Kuhn-Tucker system of equations
{VFL(u,n) = 2R(k)p +nE = 0,
oL(m,m)/on = W' E-1 = 0,

we obtain the expression for p(k):

o (3.6)
n(k) = -2E R (k)E.

Moreover, the Lagrangian (3.4) at the saddle point has

the value

{u(k) = R (K)E(E'R(K)E) ™,

L*(u,m) = (E'R(0E)". (3.7)

Proving the optimality of the obtained procedure for
the computation of the weight vector, let us consider
the pair of vectors X and Z. On the basis of the Kantor-
ovich-Bergstrem inequality [11] the following rela-
tions are valid:

X'2)" = (X"R™()R2)’
= (R"X) (R 0)2) <Ry x 3.8
x IR0 2ll* = (x"RU)X)(Z'R™ (k)2).

1999
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Further, let us bring into consideration the (J x 1)-
vector £; consisting of zeros, except for the jth position

which is a unit one, E; = (0, 0, ..., 1(j), ..., 0)T, and let
us rewrite (3.8) in the form

(E"E))’ < (E]R(K)E)(E'R™ (K)E). (3.9)

In(3.9), (ETE)* =1 and E, R(E, = R,(k) is the jth
diagonal entry of the covariance error matrix R(k); this
entry characterizes the accuracy of the prediction
according to the jth model.

Hence, the following inequality is valid:

1SR, (k)(E'R(K)E),
from where we finally obtain
M-1
Ry(k) = Y (ylk=i)~3,(k~i)
=0 (3.10)

M-1
= Y k- 2(ER'WE)" = LA ).
i=0

From (3.10) it follows that the generalized predic-
tion J (k) compares well in its accuracy with all predic-
tions according to the models $ ; (k).

In order to guarantee the control over the measure-

ments of the output of y(k) induced by the parametric
changes of the model of the object in real time, let us

make use of the fact that R(k) = R(k — 1) + & (k)& (k).
By using the well-known Sherman-Morrison lemma
on inversion of matrices of this type, procedure (3.6)
can be written in the following recursive form:

M -1
R k) = (Zé(k~i)?(k~i)}
i=0
Rk 1)- Rk -1 );:(k);sT(k)R“i(k -1
1+ (k)R (k- 1)e(k)

M—l~ - -1
R'(k) = (Z s(k-i)sr(k——i)}

i=0

(3.11)

. R ()etk- M)e (k- MR
- B R M - i )
1-€ (k- M)R™ (k)e(k - M)

k) = R(OEER" (0E)".

Similarly, making use of the fact that S(k) = Stk ~
1)+ y(b)y' (k), let us rewrite procedure (3.2), (3.3) in
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Fig. 1. Estimators of drifting parameters obtained according
to the method developed by L. Kowalczuk.

the recursive form:

[ .
S(k) = (Zi(k—-i)i”(k~i))

=0

~ =T
= S(k-1) - SE=DYER)Y ()SCk-1)
1+5 (k)S(k = 1)§(k)

M1 -1
S(k) = (2 ¥ (k- i)y (k- i)}

i=Q

(3.12)

o . )
= 5(k) + SRYKE-M)] (k= M)S(k)
1-¥ (k-M)S(k)y(k - M)

pu*k) = p*(k-1)

+S(k)(y(k) - 3" (k)p*(k - 1))y (k),

w(k) = p*(k) + S(k)(1 ~ETu*(k))(ETS(k)E)“l,
0y = J".

Moreover, the first three relations in procedures
(3.11) and (3.12) are the recursive least-squares method
on the sliding window [12].

It should be noted that (3.11) or (3.12) is used
Jointly with (2.1) and (2.6). To this end, the grid of val-
ues of the parameter of discounting the “obsolete”
information A, A,, ..., A;, ..., A, is assigned; the estima-

tors 8, (k) are computed according to (2.1) on the basis
of these values; after that the generalized estimator

é(k) is computed according to (2.6), where the vector

of weight parameters p(k) is present; this vector is
obtained from (3.11) or (3.12). When choosing the grid
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Fig. 2. Estimators of drifting parameters obtained with the
use of the algorithm proposed in the paper.

of values A}, Ay, ..., A ..., A, one should take into

account the constraints on the computational costs.

4. EXAMPLE

As an example, let us consider the problem of the
parametric identification of the nonstationary stochas-
tic object of the form

y(k) = ay(k)y(k—1) +ay(k)y(k - 2)
+ay(k)y(k - 3) + o(k) = 8" (k)o(k) + o(k)

with the use of the algorithms (2.1), (2.6), (2.7), and
(2.1), (2.6), (3.11). Moreover, it is assumed that o, =
0.1, the parameter a, = —0.15 is constant, and the other
parameters ay(k) = 0.7sin0.02k, as(k) = 1.2c0s0.04k
are changing according to the harmonic law. The fol-

. . . AT
lowing conditions are taken as the initial ones: 8 (0) =

(0.0.0); 07(0) = (»(2), ¥(1), ¥0)) = (1, 1, 1); J=3; A, =
r =05Mm=1;

101 1
PO)=1 1101 [ j=123
1 110
1011\
RO)=] 1101 |
1 110

The identification algorithm should track the drift of
the parameters of the object.

JOURNAL OF COMPUTER AND SYSTEMS SCIENCES INTERNATIONAL Vol 38

The results of the computation are presented in the
form of graphs in Figs. 1 and 2.

The maximal estimation error of parameters when
using both the algorithm (2.1), (2.6), (2.7) and the algo-
rithm (2.1), (2.6), (3.11) corresponds to the initial tun-
ing of the parameters. But the maximal deviation of
estimators of parameters from their true values at the
instants of changing the direction of the drift is larger
for the algorithm from [1] and makes up 8-10 per cent
of the range of change of parameters. Meanwhile, the
maximal deviation of parameters estimators obtained
with the use of the algorithm proposed in this paper is
no more than 6 per cent in the range of change of
parameter values.

Thus, for a given level of disturbances in the case of
the arbitrary drift of parameters, the algorithm for para-
metric identification proposed in this paper guarantees
more exact estimation than the algorithm from {1] sim-
ilar to it, which, in turn, operates better than the
EWRLSM in conditions of drift of parameters.
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