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Performance Bounds for Adaptive Estimation

RICHARD M. HAWKES anp JOHN B. MOORE, MEMBER, IEEE

Abstract—The performance of adaptive state estimators for linear
dynamic systems is investigated. The adaptive state estimates are
formed under the assumption that the unknown system parameter be-
longs to a finite set and is thus readily implementable. It is shown that,
for the true parameter value in a prescribed region in the parameter
space, the corresponding a posteriori probability (or weighting coeffi-
cient in the adaptive estimator) converges exponentially in the vth
mean (v > 1) and almost surely to unity. The analysis is based on the
asymptotic per sample formula for the Kullback information function,
which is derived in this paper. The significance of the analysis for ap-
plications is also examined.
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I. INTRODUCTION

TTENTION IS centered in this paper on the performance
A analysis of a class of on-line near-optimal nonlinear esti-
mators. These are employed for state and parameter
estimation of discrete-time linear Gaussian dynamic signal
models with unknown structure and parameter values.

In order to apply linear quadratic Gaussian optimization
theory [1] in a given application, knowledge of the signal
model structure and its parameters is required. Frequently the
determination of the signal model is carried out off line, but it
is clearly preferable in some circumstances to use on-line
techniques if these can be devised. In fact, for signal models
with parameters belonging to a finite parameter set optimal
mean-square-error sense state estimators can be implemented
on line. In [2] such adaptive estimators are shown to be de-
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composable into two parts: a linear nonadaptive part, consist-
ing of a bank of Kalman filters, and a nonlinear part that in-
corporates the adaptive nature of the estimator. There exists a
large class of physical problems for which the above formula-
tion is suitable.

The purpose of this paper can be summarized under the fol-
lowing four points.

1) We survey several existing performance bounds for pa-
rameter estimation which are relevant to adaptive estimation.

2) For the class of nonlinear estimator under discussion
here, performance bounds are developed for the case when the
true parameter value turns out to lie outside the assumed
finite set. This work is also reported in [3]-[7]. Besides
being of some theoretical interest, the analysis of the adaptive
estimators yields valuable insights into the application of such
estimators operating under suboptimal conditions.

3) The question of the behavior and tightness of the bounds
is addressed, comparisons are made with earlier work, and the
computational requirements are discussed.

4) Several applications for the performance analysis of this
paper are also suggested.

The organization of the paper is as follows. In Section II,
early work on the performance analysis of parameter estima-
tors is surveyed and its relationship with the results of this
paper are discussed. Section III introduces the concept of
adaptive estimation. In Section IV, there is discussion of
performance bounds and techniques used to develop these.
The information function is introduced in Section V and de-
cision regions are defined in Section V1. Section VII contains
the main results of the paper. Computational aspects and
tightness of the bounds are addressed in Section VIII. Various
applications are considered in Section IX and Section X is the
concluding discussion.

II. EARLY WORK ON PERFORMANCE ANALYSIS
OF PARAMETER ESTIMATORS

Since there is a high computational burden to obtain per-
formance results for nonlinear estimators, it is desirable to de-
velop an analysis of such estimators by deriving performance
bounds. Such bounds can then be used to examine the con-
vergence properties of an estimator. This is the approach
taken in this paper. In this section, we survey the work of
others on the performance analysis of parameter estimators
relevant to the performance analysis of adaptive estimators.

Quite a lot of work has been done on the asymptotic proper-
ties of maximum likelihood estimators. An excellent discus-
sion of these properties, which summarizes the pioneering
work of Fisher, Wald, and others, can be found in {8]. Much
of the early work applies only to the case of independently
and identically distributed data. Clearly, where dynamic
models are of interest such analysis is inadequate. Recently
Caines and Rissanen [9] and also Astrom and Bohlin [10] have
investigated the asymptotic properties of maximum likelihood
estimators of the parameters of an autoregressive moving-
average process. However, due to the difficulties encountered
in implementing suitable practical algorithms [11], the signifi-
cance of the theoretical properties of maximum likelihood
estimators such as consistency and asymptotic efficiency for
practice is open to question.

The survey paper of Seidman [12] on the performance limi-
tations and error calculations for parameter estimation is also
worth mentioning here. Although a class of signal models dif-
ferent from the one considered in this paper is discussed in
[12], many properties of estimators carry over to different
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classes of signal models. In itself, [12] is a good comparative
study and it also provides a standard against which new bound-
ing techniques can be judged.

In [13], linear update model reference estimators are studied
for application to dynamic signal models with system func-
tions which are uniformly Lipschitz in the state and the con-
trol. Upper bounds on the mean-square error of such
estimators are obtained where the tightness of the bounds is
dependent upon the tightness of the cone bounds on the signal
model nonlinearities. Bound optimal filters can be designed
which become optimal linear filters as the cone bounds col-
lapse. In fact, the theory appears to be of use only in the case
of signal models which are almost linear.

Along different lines, probability-of-error bounds for large
classes of multihypotheses detection problems are given by
Lainiotis [15], [16] and Lainiotis and Park [14]. We also note
that Tse [17] is currently investigating bounds for identifica-
tion error.

Having discussed an assortment of estimation techniques and
associated performance analyses, which could conceivably be
used to estimate unknown parameters of linear dynamic signal
models, we turn our attention now to some work which forms
the starting point for the analysis of this paper.

In [18], the performance of Bayes’ conditional-mean pa-
rameter estimators is studied on a finite parameter set. Such
estimates exhibit a mean-square error that diminishes exponen-
tially (to zero) with the number of observations, the observa-
tions being assumed independently and identically distributed.
Two situations are discussed: the true parameter included in
the parameter set and the true parameter not included in the
parameter set. In the latter case, the existence of an informa-
tion function must be invoked to demonstrate the exponential
convergence rate (though the error in this case does not tend
to zero).

In this paper, analogous results to those in [ 18] are presented
for the case of linear dynamic stochastic signal models to
which the independently and identicaily distributed data as-
sumption of {18] does not apply. These new results are em-
ployed to analyze the performance of adaptive estimators.

Adaptive-estimator performance has also been investigated
by Lainiotis et al. [2], [19]. Specifically, Lainiotis [2] ob-
tained the exact expression for the mean-square error of
continuous adaptive state estimators in a partitioned realiza-
tion form that requires a minimum of additional computations
and is convenient for on-line implementation. This exact
error-covariance expression is the only exact and explicit one
obtained in adaptive estimation to date. Similarly, Lainiotis
and Sims [19] have obtained the analogous exact expression
for the state-error-covariance matrix of the discrete-data
adaptive estimator. However, evaluating these expressions is
tantamount to simulating the system under study. Also,
Magill [20} and Hilborn and Lainiotis [21a], [21b] discuss
sufficient conditions for the convergence of the adaptive
weighting coefficients. These various results do not overlap
with the results given herein.

The important features of the analysis of this paper are the
handling of nonindependently and identically distributed data,
drawing the distinction between the true parameter being
included and excluded in the finite parameter set, and demon-
strating the exponentially fast convergence rates.

II1. ApAPTIVE ESTIMATION

The concept of adaptive estimation has been considered by
many authors {41]. In particular, it has been considered by
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Fralick [42] for the case of the unsupervised estimation of
time-invariant parameters under the assumption of indepen-
dent measurements. Magill [20] extended these results to
dependent measurements generated by state-variable models.
However, unlike Fralick [42], Magill’s results were restricted
to the case of measurement certainty, scalar observations, and
discrete unknown parameters. Moreover, Magill’s results were
not in a recursive form. Subsequently, Lainiotis and Sims
[19], [21] extended Magill’s results to vector measurements
and arbitrary continuous or discrete parameters. More impor-
tantly they obtained the optimal adaptive estimator in a recur-
sive form and also derived the exact error-covariance expres-
sion. Further, Lainiotis [2a], [2b] and Lainiotis and Park
[2¢] extended the results of Fralick and Magill to the un-
supervised estimation of unknown arbitrary parameters for
dependent measurements given by state-variable models. The
more difficult corresponding continuous-data adaptive-estima-
tion problem was first considered by Lainiotis [2], [2d], [2e],
who essentially obtained the continuous equivalent of all of
the above results. It is finally noted that the work of Lo [22],
Cameron [23], as well as of Lainiotis and Park [43], and the
more general results of Hilborn and Lainiotis [21a] are also
related.

We now consider in turn, a signal model, an optimal adaptive-
estimation scheme, a finite-dimensional estimator, and a dis-
cussion on the adaptive-estimation performance.

A. Signal Model

Consider the scalar stationary Gaussian stochastic measure-

ment process y(k) with innovations representation (IR)
[24]-[27}

x(k+1)=¢ x(k) + L yw(k) (3.1)

y(k) = H4x(k) + w(k). (3.2)

Here, x(k) is the state n-vector with stochastic initial condition
x(0) ~ N[0, Z4]. The random input sequence w(k) ~
N[0,d41,d 4 > 0is assumed to be white and independent of
x(0). The system matrices ¢, L , H , and d_are functions of
the unknown parameter 4 taken to be a sample value of the
random vector a distributed on &, C R? with probability
density p,(4). We assume that pa(A) =0 in the complement
of |/, denoted by &,. The initial state covariance matrix X 4
is the solution of

T =042 04 +LadaLly (3.3)
which can be expressed as
Sa=3 ¢hladaly (04)" (3.4)

r=0

Denoting the sequence of measurements up to the kth dis-
crete time instant by the vector Y;L ={y(1),¥(2), -, y(k)],
the probability density of Y givena =4 is

p(Yy | Ay =N[0, Ty (k)] (3.5)

where the output covariance matrix of the system is Toeplitz,
viz,,

t4(0)

ty(1)
T4(k)=

t4(1)
14(0)

'tA(k_ 1)

Iy (k-2)
. (3.6)

tA(k_ 1D tA(k— 2) - tA(O)
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The entries of 74 (k) are given by

ta)= 20 > ug(PDugDdy Ss+i~j) (3.7
j=0 1=0
where
uA(0)=l
=H 0% 'Ly, s=1,2,°"
ua(s)=Hydy Ly 5 (3.8)

I, s=0
§8(s) =
0, otherwise.

The pulse transfer function of the system (3.1), (3.2) is
introduced:

Uy(z) = Z z7"u (0 (3.9)
r=0
=1+Hylzl-¢41 Ly, (3.10)

The spectral density of the observed stochastic process y(k) is
given by [28]

oo

fa@)= 3 ty(s)e™¥

§=-00

(3.11)

=Ug(e™) Uy (ef“)dy. (3.12)

We denote the least hpper bound and greatest lower bound of
f4()on [0,27] as M4 and m 4 , respectively.

Certain subsets of the vector space R¥ are considered in the
following definitions. '

Definition 3.1: ®; CRP is the set of all 4 € RP for which
the system (3.1), (3.2) is asymptotically stable and minimum
phase (i.e., the zeros and poles of Uy (z) lie within the unit
circle).

For 4 € Ry, t4 (k) is absolutely summable over k [29, ch. 4]
and, hence, f4() is bounded and Riemann-integrable in
[0, 27] [30]. Also, forA €8, my > 0.

Denoting Z$ =d 4 and Markov parameters Z5 = H 05 L4,
s=1,2,7-, we define aset Zy = {Z%,2Z4, -, 73"}, where
n is the signal-model dimension.

Definition 3.2: An identifiable parameter set (RiCRp has
the property that ZA1 =ZA2 if and only if A; = A, for all
A, A, €ER,.

The theorems in later sections require the assumption
A€, CR;,NR,

B. Optimal Adaptive Estimation

The optimal mean-square state estimate £y.qx of x(k + 1)
is given by [2], [31]

Lrertik = f9k+1|k,A p(41Yy)dA (3.13)

where
Skrrik,a =04 Siik-1,4 + Liia Viia (3.14)
10,4 =0 (3.15)
Vida =y(k) = HySkik-1,4 (3.16)
Lija =[Kpia +Ladaldiia (3.17)
dja =HaZik-1,aHy +dy (3.18)
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Kiia =04 Zxjk-1.4 Ha (3.19)
Zkotikd =104 - LigaHal Ty aldg ~ Liga Hyl'
+[]’A —I‘klA]dA [I‘A ‘I‘klA] (320)
Zig,4 =24 (3.21)
(Y| A) pa(d)
PA1Y,)= k12 e (3.22)
fp(YkiA)pa(A)dA
. K RE |k
p(Yela) =1 2m* [T dgia exp [‘ S V@AdﬁlA]»
§=1 “ s5=1
. (3.23)

Since the IR and Kalman filter are inverse systems, and by
virtue of our asymptotic stability and minimum phase assump-
tions, as k —> oo, Zk#—l\k‘A -0, LklA —)LA , and dk\A “’(IA .

Usually adaptive estimators in the form given above cannot
be readily implemented and we are led to consider suboptimal
estimators as in the next subsection.

C. Finite Dimensional Estimators

The adaptive state estimator designed under the assumption
of a finite parameter set is now described. The situation
where the true valuc of the parameter may not belong to this
finite set will be included in the performance analysis to
follow.

We introduce a finite set @= {4;,4,, '+, Ay} C R, and
assign a set of “‘a priori probabilities” p,, r=1,2, -+, N, for
the finite set on an ad hoc basis in proportion to the values
P4, r=1,2,--+,N. Without loss of generality, we im-
pose the restriction p,(4,) #0, 4, € §.

The adaptive state estimate on @ is defined as

N
o) —- A
etk = D X1k, a,P(Ar1 Vi)

(3.24)
r=1
where the a posteriori probabilities are
p(Yyl4p)p p(YilA4pp,(4)
(A Yy) = —— ot 3.2

N TN
Z p(Yk |Ar)pr Z p(Yk IAr)pa(Ar)
r=1 r=1

Notice that the normalizing constant for the assigned p, is not
required in calculating p(4;| Yy ). The quantities £y, Ik, 4, and
p(Yr|A,) can be calculated recursively via equations (3.14)-
(3.21) and (3.23) with 4 = 4,.

Thus the finite-dimensional adaptive estimator on (} con-
sists of a bank of N Kalman filters plus certain nonlinear
operations on the data processed by the Kalman filters.

D. Adaptive Estimator-Performance

In our performance analysis to follow, the convergence be-
havior of the finite set of a posteriori probabilities p(4,|Yy),
r=1,2,--- N, is examired. These are the weighting coeffi-
cients in the adaptive estimate given by (3.24) and their be-
havior determines the behavior of the adaptive estimator.

The main result to be presented here is that the weighting
coefficients will converge almost surely [32) to unity for the
coefficient corresponding to the signal model (defined in the
sequel) nearest the true signal model and to zero for the
others. Thus the adaptive state estimate converges to the state
estimate produced by the Kalman filter that best matches
the true signal model according to a criterion to be introduced.
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IV. PERFORMANCE BOUNDS

In this section, some useful bounding techniques are dis-
cussed and the reader is introduced to the problem of analyz-
ing the bounds so obtained in order to determine the con-
vergence properties of the adaptive-estimation algorithm. The
set &, is assumed, in this section, to be the finite set
{A,,45, -+, Ap} with @ priori probabilities p,(4,),
r=1,2,-++,N'. We further assume that @ = R, and N =N’
so that the finite dimensional estimator on ( of Section 111 is
optimal for this case. The analysis of this simpler case forms
a useful background for the more general theory to follow.

The key quantity which we seek to bound is the expectation

Eygq {p(4,1Y014;}, 4,, 4;€ Q. (4.1)

Before explaining the importance of this quantity, the ap-
parent paradox of taking the expectation of the probability of
one sample value of a random variable conditioned on another
sample value is resolved. Referring to Section I, the a pos-
teriori probabilities p(A,| Yy) are seen to be functions only of
the received data Y, and other deterministic quantities. Thus
the expectation is taken, given that the data comes from the
true model with parameter value A;.

The following lemma gives a condition for almost sure con-
vergence of a sequence of random variables X,,, to zero.

Lemma 4.1: 1f there exists an n such that for m >n
E{1Xu"} <p™ 0<p<T1andv>0,then {X,,} converges
almost surely to zero.

Proof: See [3]. The proof follows from the Markov in-
equality [32] and the Borel-Cantelli lemma {32]. The discus-
sion of [32, sec. 6, ch. 1] is helpful here and specifically
proposition 6.4 should be noted. Q.E.D.

The following inequality is easily verified for/ = 1:

Eya {Ip(A YO IAY < Eypia {p(4,1Y4)14,}. (4.2)

In light of Lemma 4.1 and inequality (4.2), the importance
of bounding the expectation of (4.1) should be obvious. To
make use of Lemima 4.1, however, the bound must display an
exponential convergence rate to zero.

It should also be noted that if the bound for the expectation
of (4.1) converges to zero then p(4,]Yy) also converges to
zero in vth mean (v > 1) [32] in view of (4.2).

The following lemma introduces a useful bound for the ex-
pectation of (4.1).

Lemma 4.2: For the a posteriori probabilities p(A4,]|Yy),
r=1,2,-++ N, of the finite dimensional estimator on @ of
Section III, r # j, the following bound applies:

EYkIa {p(Ar| Yk)lA]} < ['I'jc"l

Iy = 25 T (1 1TA,-(k)I‘/“ | T4, (k) + Tq (T (4.4)

(4.3)

Cri=pi* (4P (A)). (4.5)

Proof: See [3] and [5]. The bounding technique is analo-
gous to that used in [18]. Q.E.D.
Remark: In a temporary digression, observe that the proba-
bility-of-error bounds of [14] can be related to the bound of
Lemma 4.2. Consider the decision scheme for deciding which
is the true parameter value out of the set & by choosing that
member of (@ corresponding to the maximum a posteriori
probability. The probability of error (i.e., of making a decision
that the true parameter value is A, when in fact it is A,-) can be
bounded above, using the Markov inequality [32], by the
quantity Ifi C,j of Lemma 4.2 [3]. This bound is in agreement
with the work of Lainiotis [14].
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The exponential convergence rate required by Lemma 4.1 for
the bound of Lemma 4.2 remains to be established. To do
this the bound must be analyzed and two possible techniques
are available here.

The first method is reported in [3] and [S] and involves
taking an LDU factorization of the output covariance matrix
of the system TA,(k)- Bounds are obtained that require knowl-
edge of only a finite part of the system memory to be calcu-
lated. These so-called finite memory bounds are useful in
establishing that the bound of Lemma 4.2 displays an expo-
nential convergence rate to zero. The identifiability of &,
(definition 3.2) is necessary and sufficient for exponential
convergence.

A second method, which is used in later sections, is to invoke
some theorems relating to the asymptotic behavior of the
eigenvalue distribution of Toeplitz matrices [30], [33], [34].
The main result is now stated.

Lemma 4.3: (Grenander and Szego [33].) For the (k X k)
Toeplitz output covariance matrix T4 (k), 4 € K, of equation
(3.5) with eigenvalues 74, s=0,1,"--, k-1, and for any
function F(x) continuous on [m 4, M4 | where m 4 and M, are
the bounds on the output spectral density, as defined in
Section III,

lim k7!

k-1 27
S F(re,) = (2m7 f Flfg(w)l dw. (4.6)
koo §=0 0

Using several results which are given in [30] and follow
from Lemma 4.3, the required exponential convergence rate
can again be established.

The significance of Lemma 4.3 is that it allows a transfer be-
tween the time domain and the frequency domain to illumi-
nate the asymptotic behavior of the bound of Lemma 4.2.

In [3], the two approaches to analyzing the bound of
Lemma 4.2 are reconciled, but more work could be done on
this aspect.

In the remainder of the paper, we dispense with the some-
what restrictive assumption that &, be a finite set and investi-
gate the behavior of the finite-dimensional adaptive state esti-
mators of Section IIl in a more interesting environment.

V. THE INFORMATION FUNCTION

Consider the binary decision problem of choosing between
hypotheses H and /{, on the basis of data Y, where Hg: Yy is
from the statistical population with probability density
p(YrlAy), H, is defined likewise, and Ay, 4, € &,. The infor-
mation function Ji(4g, 4,) is conceived [35, ch. 1] as a
measure for the discrimination in favor of Hj against H, given
Y under H,.

Definition 5.1: The information function is defined for

p( Yk 'As)

Ag, A, € R, by
A} (5.1)
p(YilA,) s}

As we are concerned with zero-mean multivariate normal
populations, we have [35, ch. 9]

Ji(As, 4 = 5 {ln [ T4 () T4 (0]

+tr [Ty () TR - k) (5.2)

Ji(A5, 4) = Ey pla {ln

The asymptotic per sample information function }—(As, A,
for Ag, 4, € &, is defined by

J(Ag, A,) = lim k™' (44, 4,). (5.3)
Kk —> o0
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Theorem 5.1: The asymptotic per sample information func-
tion J(A4y, 4,) can be expressed as

2m
J(As, A,) =% {(271)" j In [£4,(w) f5h@)] dw
0
2m
+(2m™! j fAs(w)f'g‘r(w) dw - 1} (5.4)
0
or as the alternate expression

T(Ag, A =14 {m dg, - Indg +Qmi)" dy dg)

"iﬁUAs(z) Uit @) Uy, TH Uzl @Yz dz - 1} (5.5)

where ¢ denotes integration around the unit circle.

Proof: The proof is given in [3] and follows from the
asymptotic behavior of the eigenvalue distribution of Toeplitz
matrices as discussed in [30], [33], and [34]. Q.E.D.

This asymptotic per sample formula for Kullback’s informa-
tion measure does not appear to be in the literature. An
asymptotic expression is given in [36] but is much more com-
plicated than (5.4) and (5.5). The properties of the integral
in (5.5) are discussed at length in {11] and the efficient
machine calculation of such integrals is discussed in [28]. For
low-order cases, hand calculations are possible using Cauchy’s
residue theorem.

In {35, p. 26], Fisher’s information measure is related to
Kullback’s information measure. In [3], we relate the asymp-
totic per sample formulas (5.4), (5.5) to the asymptotic per
sample formula for Fisher’s information measure £, which is
discussed in recent literature concerning the frequency-domain
synthesis of optimal inputs for system identification [37].

The following lemma is related to [11, theorem 1] and [35,
theorem 3.1].

Lemma 5.1: For parameters 4y, A, € 8, C&K; N K, if
A; A, then J(4,,A,)> 0, and J(4,,4,) =0 if and only if
Ay = A, or, equivalently, ZAl = ZAz'

Proof: See [3].

Remarks:

1) An important point about the information function,
which is implied by the relationships in [35, p. 28], is that,
for sufficiently small AA,J(4,A+AA)=T(4+A44,4) =
%AA'FAAA. For &, C & N K, we have Fy > 0. For
Ay, Ay ERP (A4, - 4,))C(4, - A,), C> 0, enjoys the usual
metric properties of topology. Thus VJ(-, ) can be regarded
having the properties of a metric locally (but not globally).

2) Functions related to the information function, viz., the
divergence and Bhattacharyya distance, have been used in de-
tection, pattern recognition, and signal design as ‘“‘distance”
measures between probability distributions [38], [15]. This
type of function is discussed in [18] to investigate the con-
vergence of Bayes’ estimates for independently and identically
distributed samples and in [17] to develop bounds on identifi-
cation error.

V1. DECISION REGIONS IN THE PARAMETER SPACE &,

The following definition introduces an obviously desirable
restriction on the finite estimator set (.

Assumption (A1): WithA4,, A, €Q,J (45, 4,)> 0, forr #s.

With the aid of the information function, it is possible to de-
fine the member of @ nearest 4 for each 4 € §,;. Also de-
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cision regions R; can be defined as consisting of all points
A € @ such that A4; is the member of @ nearest to A for
i=1,2,-++,N.
. Definition 6.1: A;j € ( is nearest to A € &, if and only if
JA,47) <J(A,A4,),r=1,2,-+ N, r#j.

Definition 6.2: The decision region R;j C &, is the set of all
points 4 € &, for which 4; € { is nearest to 4.

Of course, the decision regions have boundaries, and it is
clear that the nearest 4; € “. to 4 € &, is not unique when 4
is on the boundary of more than one decision region.

VII. PERFORMANCE BounDps 11

In this section, the performance of finite dimensional adaptive
estimators are investigated for the case where the true parame-
ter lies outside the finite set @. The results in Section IV are a
special case of those in this section.

The following lemma is a necessary preliminary.

Lemma 7.1: For A € [0, 1] and either

b) A< -Mz' (Mg - m,;}] -

(7.1)

for all k where T is the (k X k) output covariance matrix of
(3.5) and m and M are the bounds on the output spectral
density as defined in Section III.

Proof: See [3]. The proof follows from the fact that the
eigenvalues of output covariance T4 lie between my, and
M, [30]. Q.E.D.

The subset of \ € [0, 1] for which T}} > 0 is denoted IT".

Lemma 7.2: For the a posteriori probabilities p(A,|Yy),
r=1,2,--+, N, of the finite dimensional estimator on ( of
Section III the following bound applies for A€l and 4 € R;,
r#j:

a) Mj} - mg;> 0 or

TH(k) = Ty = T4' - NIg}+ ATz > 0

Eypia {p(4,1YOIA} <EMK)Cy (7.2)
L) =1 Ty TV Ty VT, PRI TR (73)
) =pMAa)pdA)). (7.4)

Proof: See [3]. The bounding technique is analogous to
that used in [18]. Q.E.D.
Theorem 7.1: An asymptotic expression for the bound of
Lemma 7.2 as the number of data points increase is given by

— A )
I = Jim (70011

A m A
= exp [— —m! f In fy (W)ydw+— @m™!
2 0 r 2

2n 1
J In f4; (w) dw - 5 em! f
/] 0

2m

In f4 (W) dw

1 2r
3 (2m™! J In {f; (w)- kf,i,‘. (W) + Mg (@)} dw]-
]

d
(1.5

Proof: See [3]. The proof exploits the asymptotic be-
havior of the eigenvalue distribution of Toeplitz matrices as
discussed in [30], [33], and [34]. _ _ Q.E.D.

Theorem 7.2: For A € R, where J(4, 4,) > J(4, A}), r #],
and some nonzero A € H',T,,- < 1. Thus p(4,} Yy), r #j, con-
verges almost surely to zero.
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Proof: See [3]. The argument used to show that 1_,;‘< 1is
similar to one used in [18]. The fact that '17} < 1 implies, by
the definition of limit, that there exists a Q such that, for
allg > Q,

B@)< [p}19

where p;‘,- < 1. Using Lemma 4.1 gives the desired result.
Q.E.D.

Remarks

1) When the true parameter value A4 lies on a decision
boundary, the analysis techniques of this paper cannot com-
pletely resolve the convergence question. This question is dis-
cussed further in Section VIII. The ambiguity problem occurs
only on decision boundaries, which are a set of measure zero
in &;. On such boundaries more than one member of 4 can
be regarded as nearest the true parameter value in the sense of
definition 6.1. In this case, it can be shown that all other
a posteriori probabilities of @ converge almost surely to zero.

2) If a decision scheme such as that outlined in the remark
following Lemma 4.2 is considered for the case where A4 lies
outside (®, then probability-of-error bounds can be obtained
from Lemma 7.2 using the Markov inequality [{32].

3) Solving for the A that minimizes 7,),‘ subject to the con-
straints of Lemma 7.1 appears too difficult without the aid of
a computer.

4) It may be possible to weaken the conditions of Lemma 7.1
so the matrix T:‘,- is positive definite.

S) It can be seen that calculating integrals of the form

2m
1=(27r)"j In {fi(w)+f2(w)} dw
0

. d
= (2m)™! f;;ln (U (z™) Ur(z) dy + Uy (z7) Ua(2) ds) 72

(7.6)

is required to evaluate the asymptotic formulas for the bounds
of this paper. To evaluate I, the first step is to perform a
spectral factorization of U;(z™') U, (z) d; + U, zHU,(2) dy,
using standard techniques such as polynomial zero solving
algorithms [39], to yield

p(Z")p(Z)]

= (21
I=(2ni) fln [g 2 a@)

where p(z) and g(z) are monic polynomials with zeros inside
the unit circle. Then the integral can be evaluated as

dz

z

(7.7)

I=Ing. (7.8)

Alternatively, numerical methods could be used for the cal-
culation of such integrals [40].

VIII. COMPUTATIONAL ASPECTS AND TIGHTNESS
OF THE BOUNDS

Bounds are given in Section VII which have several uses in
parameter estimation and adaptive estimation for dynamic
systems. Methods of analyzing and calculating the bounds are
also discussed in Sections VII and IV. However, to carry out
2 complete analysis of the bounds for all possible true parame-
ter values A would, in most practical problems, be an enormous
task since integration of the bounds over the parameter space
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would be necessary in order to obtain a single performance
index. Fortunately, this colossal task is not really necessary.
Once several simple examples are studied, it is easier to ap-
preciate the fact that the behavior of the adaptive estimator
can be understood from knowledge of the Kullback informa-
tion measure and that design studies can be done using this in-
formation function. Working with the Kullback information
measure, given in Section V, is much simpler than working
with the bounds themselves.

Several examples have been worked in [3], [4], and [5] to
illustrate the tightness of the bounds and the role of the in-
formation measure. In {5], simulation results are given for an
example involving second-order dynamic models. The results
in [4] are for a different class of signal model and allow a
comparison of our techniques with earlier work summarized
in [12]. The simplicity of the model in [4] also facilitates
understanding of the theory. In [3], the asymptotic per
sample information measure is plotted for several simple dy-
namic linear models, one of which displays multiple minima in
the information measure. The information measure for the
pulse frequency modulation example considered in (4] also
has multiple minima.

The experimental work cited above suggests that the bounds
presented here are quite tight in cases of practical interest.

When the true parameter valve is on the boundary between
two decision regions, the finite dimensional estimator cannot
decide between the two members of the finite set concerned.
We stress that this ambiguity problem is a limitation of the
estimator itself and not of the bounds.

IX. APPLICATIONS

The implications of the preceding analysis results for applica-
tions are discussed under two subheadings.

A. Approximating High-Order Systems by Low-Order Systems

In order that construction of the adaptive state estimator of
Section III be feasible, it is necessary to assume that the un-
known parameter vector of the system considered comes from
a finite set of a priori values. Fortunately, many practical
problems may be represented or adequately approximated by
such a model. For example, in a control problem such as in
antiaircraft systems, it may be necessary to estimate certain
states of the target such as position and velocity from a data
record. In forming such estimates, the dynamic behavior of
the target could be taken into account. The finite set of
a priori parameter values could represent different targets per-
forming different maneuvers. There may be two approxima-
tions which have entered the model at this stage. The true
targets may be very high-order systems which have been ap-
proximated by low-order systems. Also, not all the known
targets may have been included in the finite set of possibilities
used to design the adaptive estimator. The advantage with the
analysis of this paper is that the nature and implications for
the learning system of such approximations can be precisely
investigated. In our analysis, it is assumed for convenience
that all signal models are of the same dimension n. However,
nonminimal representations are permissible and thus systems
of all orders up to n are effectively included. As discussed in
the previous section, it can be seen in light of the analysis of
this paper that for the purposes of investigating a particular
adaptive-estimator design the Kullback information measure,
defined in Section V, should be used. It is much easier to
work with than the bounds themselves, and yet it defines the
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various decision regions and gives a guide to the convergence
rate expected.

B. Two-Step Parameter Estimation

It is proposed in [3] that parameter estimation for a wide
range of stochastic signal models can be achieved using de-
cision methods in a first stage to yield an approximate estimate
and estimation techniques in a second stage to refine this esti-
mate. The decision method involves examining the finite set
of a posteriori probabilities, introduced in Section IIl, in order
to decide in which of several possible regions of the parameter
space the true parameter lies. In the second stage, estimation
techniques such as gradient search methods could be used.

One motivation for suggesting this two-step scheme is the
link between the ideas of the maximum likelihood (ML)
method for identification and the decision method suggested
above. In the ML approach [11], an estimate ;1\,,,, is obtained
by minimizing a certain function :\I{(Am,). In the limit, as the
number of data points increase, L/(;:im,), given ¢ = 4, converges
almost surely to our function J(4,,;, 4) under the given as-
sumptions of this paper [11]. As pointed out in {11], if the
likelihood function is to be maximized using an algorithm
based on gradients there is always the possibility that the
algorithm may converge to a local extremum. In [3], [6],
decision methods for parameter estimation that are aimed at
overcoming this difficulty are proposed. The details of the
two-step scheme are not given here. In a somewhat different
context, the two-step idea is investigated for pulse frequency
modulation systems in [3].

X. DiscUSSION

For discrete-time linear dynamic stochastic systems, an
adaptive state estimate can be calculated by an appropriately
weighted summation of conditional estimates, which are
formed by a bank of Kalman filters. The weighting coefficients
are determined by relatively simple nonlinear operations on
the observed data.

In this paper, the performance of such adaptive estimators is
studied to provide some insight into the design of these esti-
mators. The Kullback information measure is a useful tool for
such design considerations.

Areas which have not been covered in this paper are the case
of time-varying systems and the vector-measurements case. In
the time-varying case, the finite memory bounds of [3] and
[5] are useful. The extension to vector measurements is
straightforward.
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