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Abstract—Input design is of essential importance in system iden-
tification for providing sufficient probing capabilities to guarantee
convergence of parameter estimates to their true values. This pa-
per presents conditions on input signals that characterize their
probing richness for strongly consistent parameter estimation of
linear systems with binary-valued output observations. Necessary
and sufficient conditions on periodic signals are derived for suffi-
cient richness. These conditions are further studied under different
system configurations including open-loop and feedback systems,
and different scenarios of noises including actuator noise, input
measurement noise, and output measurement noise. In addition to
system parameter estimation, essential properties of identifiabil-
ity and input conditions are also derived when sensor thresholds
or noise distribution functions are unknown. The findings of this
paper provide a foundation to study identification of systems that
either use binary-valued or quantized sensors or involve commu-
nication channels, which mandate quantization of signals.

Index Terms—Binary-valued observation, distribution function,
identification, input design, parameter estimation, sensor thresh-
old, sufficient excitation.

1. INTRODUCTION

NPUT DESIGN is of essential importance in system identi-
fication for providing sufficient probing capabilities to guar-
antee convergence of parameter estimates to their true values,
namely, consistent estimation. Input conditions for consistent
estimation depend on sensor characteristics, system configura-
tions, noise locations and distributions, and identification algo-
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rithms. In traditional identification problems with linear sen-
sors, such conditions are collectively called persistent excita-
tion conditions. Several typical forms of persistent excitation
conditions are now standard [4], [23]. This paper studies con-
ditions and design of input signals that characterize their prob-
ing richness for consistent parameter estimation of linear sys-
tems with binary-valued output observations. We introduce suf-
ficiently rich conditions to distinguish them from traditional per-
sistent excitation conditions. These conditions are then studied
with different system configurations including open-loop and
feedback systems, and different scenarios of noises including
actuator noise, input measurement noise, and output measure-
ment noise. In addition to system parameter estimation, essential
properties of identifiability and richness conditions are also de-
rived when sensor thresholds or noise distribution functions are
unknown.

System identification of plants with binary-valued observa-
tions is of importance in understanding modeling capability
for systems with limited sensor information, establishing re-
lationships between communication resource limitations and
identification complexity, and studying sensor networks. There
are practical systems in which binary-valued sensors are much
cheaper than regular sensors, or are the only ones available [34].
Our motivation here is more toward the new paradigm of sensor
networks, networked systems and control, e-health systems for
remote monitoring, diagnosis, etc. When a signal must be sent
over a communication network, the signal must be quantized. A
quantized output measurement can be represented by a cascade
of binary-valued sensors. In other words, pursuing identifica-
tion of systems that involve communication channels will need,
as a foundation, identification and complexity analysis of the
identification problem with binary-valued sensors.

A linear plant combined with a binary-valued or quantized
sensor is a structure of Wiener systems, in which the switching
sensor represents the memoryless nonlinearity. However,
the output of such a sensor takes only a finite number of
values, and hence is inherently not invertible anywhere.
In this sense, it contains far less information about the
system output than the traditional piecewise continuously
invertible nonlinearities such as piecewise-linear functions
with nonzero slopes. Consequently, the problems studied
in this paper require methodologies that depart from most
existing methods for identifying Wiener systems. Previous
identification methodologies used for Wiener structures include
these that deal with piecewise continuous nonlinearities such
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as iterative algorithms [16], [18], correlation techniques [3],
least-squares estimation and singular value decomposition
methods [1], [21], etc. The stochastic recursive algorithms [5],
[15] can deal with switching nonlinearities with different meth-
ods and input design. Furthermore, the algorithms developed in
[28] and [29] address Wiener/Hammerstein systems with piece-
wise linear functions with jumps and dead zones. Our method
involves a two-step algorithm that consists of empirical mea-
sures followed by nonlinear mappings using distribution infor-
mation. The algorithms are uniquely designed for binary-valued
or quantized output observations with output disturbances. It
has been shown that the algorithms are asymptotically efficient,
and hence are asymptotically optimal in terms of convergence
speed [31]. Furthermore, the algorithms have been extended to
identification of Wiener systems with binary-valued observa-
tions [37], which compounds system nonlinearity with sensor
nonlinearity. This paper is focused on identification of linear
systems.

Our work along this direction was first reported in [34], where
a framework was introduced so that the identification of linear
systems with binary-valued output observations can be rigor-
ously pursued either in a stochastic setting or in a deterministic
worst-case scenario. Extensions to rational systems, unknown
noise distribution functions, quantized observations, and com-
munication resource allocations have been recently reported
in [32], [33].

This paper presents conditions on input ensembles that pro-
vide sufficiently rich probing power for convergence of parame-
ter estimates. Certain results of this paper are extensions of that
of [30], [32], and [34]. In particular, the basic sufficient con-
dition of periodic inputs for identifying finite-impulse response
(FIR) system was given in [34] and extended to rational systems
in [32]. This paper broadens the sufficient richness definition to
include also necessity, namely conditions under which the input
is not sufficiently rich. The concept of joint identifiability when
the noise distribution is unknown was introduced in [32] with-
out detailed analysis on input design or comprehensive recursive
algorithms. This paper completes input design, sufficient rich-
ness analysis, and general recursive algorithms for this problem.
Closed-loop identification problems were studied in [30] under
regular sensors. This paper is for binary-valued sensors and
covers more scenarios of system configurations and disturbance
types. It is shown that sufficient richness of inputs depends es-
sentially on system configurations, disturbance locations, and
prior information on parameters.

Classical control theory of Bode and Nyquist characterizes
systems by using periodic input signals (frequency responses).
They are relatively easy to apply, and there are many special de-
vices for obtaining system frequency responses [23], [26], [27].
This paper is focused on periodic inputs as probing inputs for
the following technical reasons. 1) Periodic inputs are uniformly
bounded. In contrast, typical stochastic identification methods
use Gaussian-distributed signals that are unbounded and more
difficult to apply in practical systems. Truncation of unbounded
signals due to input saturation may cause bias in system iden-
tification. 2) As shown in this paper, essential features for a
periodic signal to be rich for identification are certain rank con-
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ditions, rather than the magnitudes of the signals. As a result,
one may use small probing inputs for identification with the ben-
efit of contained perturbation to system operations. 3) Periods
and ranks of periodic signals are shift invariant. As such, they
are natural choices for achieving “persistent identification” for
time-varying systems [30], [35]. 4) Periods and ranks of periodic
signals are invariant after passing through a linear time invari-
ant system (with some mild coprime conditions). Consequently,
an externally applied periodic signal can be easily designed for
identification of a plant in a closed-loop setting [30]. 5) As
shown in this paper, under periodic inputs identification of a
system with multiple parameters under quantized sensors can
often be reduced to a number of much simplified identification
problems for gains. 6) Under periodic inputs, our algorithms
have been shown to be asymptotically optimal [31]. This has
not been established for other probing inputs.

This paper is organized as follows. Section II begins with
a problem formulation for system identification with binary-
valued output observations and introduces the basic definition
of sufficient richness conditions under this framework. The
main results are first presented in Section III for the scenario
in which the sensor threshold and noise distribution function
are known. Characterizations of Toeplitz matrices and their
frequency-domain features are used to establish most results.
Under such input signals, causal and recursive algorithms are
derived. A key property on invariance of periodicity and rank
when a signal passes through stable systems is established in
Section IV. By applying this property, sufficient richness condi-
tions are extended to different system configurations including
open-loop and feedback systems.

Section V deals with the problem of input noises. Since input
disturbances enter the unknown plant to affect the plant out-
put, impact of input noise is technically more challenging than
output noises. It is shown that the basic method of empirical
measures can still be applied to derive convergent estimates af-
ter distributions are modified to reflect impacts from both input
and output noises.

The situation when the sensor threshold is unknown is in-
vestigated in Section VI. In this situation, the threshold itself
becomes part of unknown parameters to be identified, leading
to an augmented parameter vector of dimensionn + 1. Although
identification algorithms are different in this case from those for
plants with n + 1 parameters, we show that sufficient richness
conditions are similar. Identification problems with unknown
noise distribution functions are more complicated and are inves-
tigated in Section VII. In identification algorithms that are based
on empirical measures, as is the case in binary-valued identifica-
tion problems, distribution functions must be jointly identified
with plant parameters by using certain interpolation equations.
A concept of joint identifiability is introduced to characterize
the fundamental requirement in such problems. Sufficient rich-
ness conditions for this problem and recursive algorithms are
developed.

Two illustrative examples are presented in Section VIII to
demonstrate input design, identification algorithms, and con-
vergence results of the methodologies discussed in this paper.
Finally, Section IX provides extensions and further remarks.
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Traditional system identification using linear sensors is a rel-
atively mature research area that bears a vast body of literature.
There are numerous textbooks and monographs on the sub-
ject in a stochastic or worst-case framework such as [20], [23],
and [25]. Many significant results have been obtained for iden-
tification and adaptive control involving random disturbances
in the past decades [4], [6], [14], [19], [20], [23]. The utility of
set-valued observations carries a flavor that is related to many
branches of signal processing problems. Gradient algorithms for
an adaptive filtering using quantized data were studied in [36].
One class of adaptive filtering problems that has recently drawn
considerable attention uses “hard limiters” to reduce the compu-
tational complexity. The idea, sometimes referred to as binary
reinforcement [12], employs the sign operator in the error and/or
the regressor, leading to a variety of sign-error, sign-regressor,
and sign-sign algorithms. Some recent work in this direction
can be found in [7], [9], and [10].

II. PROBLEM FORMULATION

Consider a system'
n—1
yk:Zaiuk,i—i—dk? k=1,...
i=0
where {dy. } is a sequence of disturbances. The order n of the
system is known.

Remark 1: When one uses the FIR models, implicitly the
system is assumed to be stable. The FIR model is also suitable
for approximating exponentially stable systems that can be rep-
resented by infinite impulse response (IIR) models or rational
models. However, for unstable or marginally stable systems, FIR
or IIR models are no longer suitable. There are fundamental is-
sues of model structure selection in this case. 1) Is it reasonable
to use a low-order autoregressive (AR), autoregressive model
with exogenous inputs (ARX), or an autoregressive and moving
average (ARMA) model to represent a practical system? 2) What
are the implications of such an approximation on subsequent
control design? These issues were raised [11] and discussed in
detail in [24]. It was shown in [24] that certain classes of unstable
or marginally stable systems defy low-order AR model approxi-
mations, and general two-operator coprime factorization models
are needed if feedback stabilization of the system is required. In
other words, the ubiquitously implied parsimony principle (that
a black-box system with input—output data can be represented
by low-order models that explain data) for system modeling
may not be valid in some systems. For these systems, one must
search for high fidelity models of high orders to achieve stabi-
lizability by a feedback. Discussions on extension of our results
to coprime rational models are contained in Section IX.

The system output y is measured by a binary-valued sen-
sor with threshold C'. The sensor output is represented by the
indicator function

1, ify, <C

se = Sloe) = I{yk <0y~ {O otherwise M

"Implicitly, uy, starts at k = 2 — n. Since this is not essential for our devel-
opment, it will not be stated explicitly in what follows.

Define § = [ag, ..., a, 1] . Then, the system input—output re-
lationship becomes

yp = op 0+ dy 2)

where ¢ = [ug, U _1,...,ur_nr1]’ . Further, by using the
vector notation, for j = 1,2,...,Y; = [y_1)n+1:-- - Yjn]" €
R", q)l = [¢(j71)n+1» s ¢jn]T € R, Dj = [d(jfl)nJrl’
condipT €RY S = [SG-1)nt1s -+ sin]T € R", the system
output can be rewritten in a block form as

Y, = (I)j9+Dj, Sj = S(Y}) (3)

Note that {®;} is a sequence of n x n Toeplitz matrices ob-
tained from the input ». Under a selected input sequence u =
{...,u1,ug,...}, the output s; is measured for k =1,..., N.
Estimates of 6 will be derived from the input—output observa-
tions on u; and s;. Denote 0y as an estimate of 6 on the basis
of N observations on sj,.

Assumption Al : The noise {dy, } is a sequence of independent
indentically distributed (i.i.d.) random variables with Ed; = 0
and 02 = E|d; |* < co. Its distribution function F'(-) is contin-
uously differentiable with a bounded density f(-) and a contin-
uous inverse F'~1(+).

Remark 2: The i.i.d. assumption on the disturbance can be
relaxed to appropriate mixing conditions, compromising only
simplicity and clarity of the identification algorithms. Our ap-
proach relies on estimating a scalar 6 from the estimates of the
probability p = F(C' — fuy) by inverting the distribution func-
tion. Consequently, invertibility of F'~! is required around the
point C' — Auy, not necessarily everywhere. This occurs when
the noise is uniformly distributed whose density functions will
have only a finite support. Continuity of f(-) is necessary for
establishing convergence properties.

In this paper, we derive conditions on the inputs under which
we can construct a sequence of consistent estimates of 6 in the
sense of convergence with probability 1 (w.p.1.). To proceed,
we introduce the concepts of sufficient richness and information
sufficiency.

Definition 1: 1) An input sequence u = {uy } is sufficiently
rich, if under u, one can construct an estimator 6y of 6 from
observations on {s;,k < N} such that y — 6 w.p.1 as N —
00. 2) An input sequence u = {uy, } is information insufficient,
if under w, there exist two distinct parameter vectors #' and
62 such that the corresponding output sample paths sz (6 ) and
sk (62) are identical for all k.

Remark 3: Note that this definition is information theoretic.
Sufficient richness ensures that the input can provide sufficient
probing capability for strong convergence under binary-valued
observations. It does not mandate a specific algorithm. On the
other hand, if a sequence is information insufficient, then one
cannot distinguish #' and 6? from observing s, regardless of
what algorithms are used. Apparently, if « is information in-
sufficient, it is not sufficiently rich. However, an information
sufficient input may not be sufficiently rich that requires strong
convergence.
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III. BASIC RICHNESS CONDITIONS UNDER OUTPUT
DISTURBANCES

We first establish some essential properties of periodic sig-
nals, which will play an important role in subsequent develop-
ment.

A. Toeplitz Matrices

Recall that an n x n Toeplitz matrix [13] is any matrix with
constant values along each (top-left to lower-right) diagonal.
That is, a Toeplitz matrix has the form

Un, e (%) U1
T — Un+1 T T V2
Van—1 Un+1  Un

It is clear that a Toeplitz matrix is completely determined by
its entries in the first row and the first column {v1, ..., v2,-1},
which is referred to as the symbol of the Toeplitz matrix.

Consider the system (3) and the infinite Toeplitz matrix > =
[T, ®L .. .]7, which will be called the Toeplitz matrix of input
u.

Lemma 1: If the Toeplitz matrix & of an input w is not full
rank, then w is information insufficient.

Proof: If ®> is not full rank, then there exists ¢ # 0 such
that ®>°¢ = 0. Let ¢, be the true parameter and 0y = 01 + ( #
91. Then, SJ(HI) = S(Y}(el)) = S((I)]Ql + D]> = S((I)JHQ +
D;) = S;(6:),j =1,2,..., which implies that u is information
insufficient. O

B. Circulant Toeplitz Matrices and Periodic Signals

T is said to be a circulant matrix if its symbol satisfies
Vp = Vg, for k=n+1,...,2n —1; see [8]. Or in terms
of the matrix entries 7'(i, j) of T at the ith row and jth col-
umn, 7'(i,1) = T(1,n —i+2) for i =2,...,n. A circulant
matrix [22] is completely determined by its entries in the first
TOW [Uy,, . .., 1], so we denote it by T([v,, . .., v1]). Moreover,
T is said to be a generalized circulant matrix [22] if vy = qui—p,
fork=n+1,...,2n — 1, where ¢ > 0, which is denoted by
T(q, [vn,---,01]).

Definition 2: An n-periodic signal generated from its one-
period values v = (vq,...,v,) is said to be full rank if the
circulant matrix T([v,, ..., v1]) is full rank.

An important property of circulant matrices is the following
frequency-domain criterion.

Lemma 2: If T = T(q,[vn,...,v1]) is a generalized cir-
culant matrix, then the eigenvalues of T are {qvyi,k =
1,...,n}, and the determinant of T is det(T) = [[}_; g,
where ~y;, is the discrete Fourier transform (DFT) of vjq’j /n,
J=1 . n =200 vig Mk Wy = 21tk /n, k=
1,...,n. Hence, T is full rank if and only if v, # 0, k =
1,...,n.

Proof: Let P = [2 In()*l } , whose characteristic polyno-
mial is A" — ¢ and eigenvalues are ¢'/"e™* k=1,...,n.

Then, T can be represented by T = Z;}Zl v P
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For P and k=1, ...,n, if x; is the corresponding
eigenvector of ¢'/"e'“r, then Txj = Y v Py, =
> v (g €™+ )"z, = pypxy. Therefore, ¢y, is an eigen-
value of T, and the expression for det(T) is confirmed. By
hypothesis, ¢ > 0. Hence, T is full rank if and only if 7, # 0,
k=1,...,n. O

For the special case when ¢ = 1, we have the following prop-
erty.

Corollary 1: An n-periodic signal generated from v =
(v1,...,vy) is full rank if and only if its DFT 7, = V(w;) =
Z?Zl v;je "I is nonzero at wy = 27k/n, k=1,...,n.

Recall that I' = {~1,...,v, } = Flv] is the frequency sam-
ple of the n-periodic signal v, where F[-] is the DFT. Hence,
Definition 2 may be equivalently stated as “an n-periodic signal
v is said to be full rank if its frequency samples do not con-
tain 0.” In other words, the signal contains n nonzero frequency
components.

C. Basic Sufficient Richness Conditions

We use the following notation for element-wise vector func-
tions. For the distribution function F'(-) and a vector x =

[Ih e ;'Tn]T S Rn’ we define

F(z) = [F(z1),...,F(z,)]" €R" and

G(z) = [F Y (x1),..., F  z,)]" eR"™. 4)
Similarly, for & = [ay,...,a,]" and ¢ = [¢y,...,¢,]|T in R",

use Lo <oy = [Lja,<ci}s -+ 5 Ljan < }]T.Weuse I, and 0, € R
to denote column vectors with all components being 1 and 0,
respectively. For a given threshold C', C,, = CI,, € R". Let

| &
v = N;Sj and Xy = G(&v). &)

The sufficiency of the following theorem was first proved in [34]
although the term “sufficiently rich” was not used. The necessity,
however, is new.

Theorem 1: Under Assumption A1, suppose u is n-periodic.
Then, u is sufficiently rich if and only if u is full rank.

Proof: When u is n-periodic, we have & = 5 = .- - :
in (3), where @ is the circulant matrix with symbol u.

Sufficiency: By hypothesis, w is full rank. Hence, ® is in-
vertible. An estimate of @ is defined as Oy = ®71(C,, — Xy).
We will show that 5 — 6 w.p.1. We claim that limy &y =
F(C,, — ®0) w.p.1. To verify this, note that by the well-known
strong law of large numbers, as N — o0, {y — F(C,, — ®0) =
* ZN:1[I{D_, <c, o) — F(C, — ®0)] — 0, w.p.l. Hence,
év — F(C,, — ®0) w.p.l. Now, by the continuity of F(-)
and F~1(-), convergence of £y implies that Xy = G(£y) —
G(F(C, — 90)) = C,, — O w.p.1.Itfollows thatas N — oo,
Oy = ®1(C, — Xn) — 0 w.p.1. This proves that u is suffi-
ciently rich.

Necessity: If @ is not full rank, then ®* = [®7 &7 . T is
also not full rank. By Lemma 1, u is information insufficient,
which implies that u is not sufficiently rich. |

=
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Fig. 1. Typical system configurations. (a) Filtering configuration. (b) Feed-
back configuration.

IV. SUFFICIENT RICHNESS CONDITIONS IN FILTERING,
REGULATION, AND TRACKING PROBLEMS

Consider some typical system configurations illustrated in
Fig. 1. Filtering configuration is an open-loop system, where
M is linear, time invariant, and stable, but may be unknown.
The feedback configuration is a general structure of 2-degree-
of-freedom controllers, where K and F' are linear time invariant,
may be unstable, but are stabilizing for the closed-loop system.
The mapping from r to w is the stable system M = K/(1 +
PKF). When K = 1, it is a regulator structure, and when F' =
1, it is a servo-mechanism or tracking structure. Note that system
components M, K, and F' are usually designed for achieving
other goals and cannot be tuned for identification experiment
design.

In these configurations, the input v to the plant P can be
measured, but cannot be directly selected. Only the external
input r can be designed. By Theorem 1, a sufficient condition
for u to provide sufficient richness is that u is n-periodic and
full rank. Here, we would like to establish relationships between
periodicity and rank properties of the external signal r and those
of u.

A. Invariance of Input Periodicity and Rank in Open and
Closed-Loop Configurations

Let H be a linear time invariant and stable system with im-
pulse response {hy }. Suppose that w = Hr, or in the time do-
main

up = Z hire—g. (6)
=0

Suppose that the discrete-time Fourier transform (DTFT) of H
is H(e™) =Y"72 e L.

Theo:em 2: Suppose that r is n-periodic and full rank. Then,
u is also n-periodic and full rank if and only if H(e™) #
0, forw = wy = 22’“,/{ =1,.

Proof: Since r is n- perlodlc and full rank, by Corollary 1,
the frequency samples of r are Ry = Y ;. re il £0, k =
1,...,n. Since r is n-periodic, it is easy to verify from (6) that
u is also n-periodic. Furthermore, the frequency samples U}, of

u are related to Ry, by
S e

n
_ E ulefzwkl _

=1 =1 t=0
= the”“” Z?‘z

—iwy, (I—t)

= H(ewk )Rk.

-

Fig. 2. Tracking configuration.

Here, the cyclic property of the DFT is applied: R; =
S memerl =37 ek (70 By Corollary 1, w is full
rank if and only if Uj, 7£ 0,k =1,...,n. However, by hypoth-
esis, R, # 0,k =1,...,n. As aresult, U # 0 if and only if
H(e™v ) #0,k=1,. O

Example 1: The necessny of the condition of Theorem 2 can
be verified by examining the following second-order system
Uy = T + Tp—1. When r is a 2-periodic signal and full rank, uy,
is a constant, and hence is not rank 2. This is due to the fact that
H(e™) =1+ ¢ and forw = w; = 27/2 = 7, H(e™1) = 0.

Remark 4: Theorem 2 claims that, for any system H that does
not have annihilating zeros at n points e“*, w; = 2;’“ k=
1,...,n, on the unit circle, sufficient richness capability of the
signal r, established by Theorem 1, is always preserved after
passing through H. In particular, for the feedback configuration
in Fig. 1, we have the following result that indicates that input
richness properties are invariant under a feedback mapping.

Assumption A2: Consider the feedback configuration
Fig. 1(b). Assume that, for w; = 22’“,]4: =1,...,n, K(e¥)
does not have zeros at wy,; and P(e’) and F (e’ ) do not have
singularities (such as poles) at wy.

Corollary 2: Under Assumption A2, M = K/(1+ PKF)
does not have annihilating zeros at wy, = %, k=1,...,n.As
a result, if 7 is n-periodic and full rank, so is .

Proof: From M (e*) = 1+P(ewf)(1((€(:2' IECOL it is clear that
the zeros of M are either the zeros of K or the singularities
(such as poles) of P or F. By Assumption A2, K (e“*) # 0,
and wy, is not a singularity point of P(e) or F(¢'). Hence,
M (e™r) # 0,k = 1,...,n.Now by Theorem 2, u is n-periodic
and full rank whenever r is n-periodic and full rank. a

B. Periodically Perturbed Input Signals

Consider the tracking configuration in Fig. 2. When the de-
sired output is ry, usually r = ry is the set point. However, a con-
stant 7y # 0 is 1-periodic. It is only good for identification of a
gain system (namely, n = 1). To enhance the probing capability,
one may add a small dither wy, to r(, leading to r, = wy + 9.
Since up = Mr, = Mwy, + Mry = v, + e, where vy is an
n-periodic signal and e; = M, becomes a constant y af-
ter a short transient. We need to establish rank conditions
on uy.

Generally, consider an input signal u: u; = v + ey, which
is a perturbation from v. Suppose that vy is n-periodic and full
rank. We would like to establish conditions under which wuy, is
also n-periodic and full rank.

Assumption A3: Both v and e are n-periodic.

Under Assumption A3, the Toeplitz matrices for v, e, and
u, denoted by ®,, ., and ®,, respectively, are circulant
matrices. Let their corresponding frequency samples be



872

' =Ful ={~,k=1,...,n}, I =Fl] ={}, k=
1,...,n}, T =Fleg={y,k=1,...,n}.

Theorem 3: Under Assumption A3, u is full rank if and only
ify, +v #0,k=1,...,n

Proof: This follows immediately from the fact ;! = v; + 74,
and that ®,, is full rank if and only if its frequency samples do
not contain 0. O

We now consider the special case when e, = pu,
which is a typical case in tracking problems, as shown
before.

Corollary 3: Suppose v is n-periodic and full rank, and
ex = . Then, wy, is n-periodic. Let n = &+ Y7 ;. u is full
rank if and only if p # —n.

Proof: Since vy, is full rank, by Corollary 1, we have v} #
0,k=1,...,n. Inparticular, vy, = 2?21 v; = nn. Moreover,
the frequency samples of e, = p are 7¢ =0,k =1,...,n —
1, and vy = nu. Consequently, by Theorem 3, w;, is full rank
if and only if 7 + ~% # 0. That is, nn + nu # 0, or u # —n,
as claimed. a

Corollary 3 may be verified directly by matrix manipulations.
Toeplitz matrices ®,,, ®,, and ®. for u, v, and e, respectively,
are

(I)u = (I)u + ‘be
nn +ny 0 e 0
v+ @ Up — U1 Vg — U1
Up-1+ B Up—2 —Un-1 Un — Un-1

by adding the second through nth rows to the first row, followed
by subtracting the first column from the second to nth columns.
The last matrix is full rank since 1 4+ p # 0, and the lower-right
(n —1) x (n — 1) submatrix, which is obtained by elementary
operations from ®,,, is full rank.

V. SUFFICIENT RICHNESS CONDITIONS UNDER INPUT NOISES

Under the system configurations in Fig. 1, u = M is gener-
ated from r by a possibly unknown system M. In the previous
sections, u is assumed to be accurately measured. When w is fur-
ther corrupted by noise, it can no longer be exactly measured.
Furthermore, the actual values of u cannot be directly derived
from r since M is unknown. Sufficient richness conditions and
identification algorithms under this scenario will be explored in
this section.

We will consider the following two cases of input noises
shown in Fig. 3.

1) Input measurement noise: When w is measured by a
regular sensor, the measured values are related to u by
wy = U + €., where €, is the measurement noise.

2) Actuator noise: In this case, the actual input to the plant
is up = v + eg, where vy = Mr and e;, is the actuator
noise.

As a result, the measured input is wy, = v, + e + €, and

the identification of the plant must be performed from wy, and

Sk :S(yk)-
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Fig. 3. Input noise configuration.

Assumption A4: {v} is n-periodic and full rank. {ej}
and {e} are sequences of i.i.d. random variables with zero
mean and finite variances such that {e;} and {e;} are
independent.

Denote the n x n Toeplitz matrices for w and v by

Wip, Win -1 Win—n+1
v Win+1 Win Win —n+2
L=
LWin4n-1 Win4+n-2 Win
[ vn Un—-1 O |
P = U1 Un T V2
LUn—1 Un-2 -+ Uy

Although ®}” is not circulant and varies with [, the limit of their
averages is a full rank circulant matrix.

Lemma 3: Under Assumption A4, S | &1 /N — &' w.p.1
as N — oo.

Proof: This follows directly from the strong law of large
numbers, applied to each element of the matrices. i

A. Measurement Noise

We consider first the case of measurement noise only. In other
words, e, = 0, for all k. Hence, u = vy, wp = uj + €, and
d" = Y .= ®. Due to the measurement noise, the actual u;, is
unknown. As a result, ® is unknown and cannot be used directly
in identification algorithms. However, by Lemma 3, it can be
estimated asymptotically by averaging. The following algorithm
utilizes this idea to estimate 6.

Recall that if ® is known, a consistent estimate of 0 is
Oy = ®71(C, — G(&x)), where &y =1/N Y | S;. This
estimator is not causal since it employs the unknown & in com-
puting 6 . In other words, one needs the future information on
the sequence {wy } in computing 0y . The following algorithm
replaces the future information ® by a sample average.

Recall that &y was defined in (5), and let &y =
+ SO, ®. When @ is nonsingular, define 6y = ®!(C,, —
G (&y))-This estimator can be recursively defined as follows.

1) Initial conditions: & = 57, ®; = @Y is generated from

initial data on w, 6; = 0.

2) Recursion: Suppose that at N, £y, P, and 0 have been

obtained. Then, at N + 1, we update

1 1
Ene1 =&v — N+1§N+ N+15N+1
q) _(I) 1 (I) + 1 (I)w
Neb =N N1 VT N VA
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0 _ <I>R[1H (C,, — G(En+1)), if Pynyq is nonsingular
N1 = . o
On, if @y, is singular.

Theorem 4: Under Assumption A4, y — 6 w.p.l as N —
Q0.

Proof: Since the true input to the plant is u, &y — & =
F(C, — ®0) w.p.1. Then, Oy — 0 = &' (G(&) — G(én)) +
(@3 — @71)(C, — G(&)). By the strong law of large numbers,
the convergence 0y — 6 — 0 follows from & — &, &y — &
w.p.1, continuity of F'~!, and the invertibility of ®. O

B. Actuator Noise

Unlike the measurement noise ¢, that affects measured input
values but does not enter the plant, actuator noise e, affects the
output of the plant y;. Now, consider the case u; = v + e,
and w; = uy. To understand the impact of ej,, we express the
regressor in (2) by ¢} or ¢j, depending on which signal is
used in the regressor. Under Assumption A4, v is n-periodic
and full rank, but u is not periodic. However, by Lemma 3,
£33V 84— @ wplas N — oo.

Since wuy =vp +e;, we have yp = (V)10 +d, =
(BT 0+ (¢5)1 0+ dp = (¢2)T0 + 2. Observe that
the equivalent noise z, is  z, = ()T 0+ d; =
aoer + -+ ap_1€p—ns+1 +di. Under Assumption A4,

although {z; } may not be independent, it is strictly stationary.
Recall that {z; } is strictly stationary if for any positive integer
v, points t1,...,t, € Z; and l € Z, the joint distribution of
{2t,,...,2:, } is the same as that of {z;, 1,...,2, 4} (e,
its finite dimensional distributions are translation invariant; see
[17, p. 443]). Denote the distribution function by F.(x;6).
A moment of reflection reveals that the sequence is (n — 1)-
dependent. A precise definition of (n — 1)-dependence can be
found in [2, p. 167, Example 1]. Since an (n — 1)-dependent
sequence belongs to the class of ¢-mixing signals, whose
remote past and distant future are asymptotically independent,
the sequence is strongly ergodic [17, p. 488]. That is, a strong
law of large numbers still holds.

Following (5), define &y = 1/N 32| S;. Let Oy be the
solution to

fN =F, (Cn - (1)9\[ ; GN) (N
For any 1J, define the Jacobian matrix J () = IE. (Co—2VD) A
condition for invertibility of the function in (7) is that J(6y ) is
full rank. In this case, by denoting the inverse of { = F, (C,, —
DY; ) as ¥ = H(E), the estimate 6y in (7) may be symbolically
written as Oy = H(&y).

Proposition 1: If H(-) exists and is continuous, then 0y — 6
w.p.1.

Proof: By the strong law of large numbers, &y — & =
F.(C, — ®6;0) w.p.l. Since H(-) exists and is continuous,
Oy = H(én) — H(E) = 0 wp.1. O
For a given ¥, denote the inverse of F’, (z; ) (with respect to x)
by

G.(z;9) = F. ' (x;9). (8)

Computationally, it is observed that, for a given &, the implicit
function = F,(C,, — ®v; J) of ¥ may be expressed as a fixed-
point equation ¥ = &1 (C,, — G, (&;9)).

Next, a special case will be considered when {e, } and {d}. }
are both normal random variables. Suppose that {e; } is a se-
quence of i.i.d. normal random variables with zero mean and
variance o2, and {d;} is a sequence of i.i.d. normal ran-
dom variables with zero mean and variance 03. Then, z =
aoep + -+ ay_1€x—n+1 +di is also normally distributed,
has zero mean and variance o2 (0) = (a} + - +a2_|)o? +
o2 = o20]]2 + 0.

Let Fy(x) be the normal distribution function of zero mean
and variance one. Then, F.(x;9) = Fy(xz/0,(9)). It follows
that F,(C,, — ®9;9) = F( (C,, — ®¥/0.(¥)), and the Jaco-
bian matrix is

dF.(C, — ®9;9)

J(9) = 79
1 dF o299t c2C, 097
— =0 \p(r — Ze e
o, dx (In o? )+ o?

where x = C,, — ®9/0,(9). Since (d/dx)Fy = diag(f.(C —
¢19), ..., f.(C — ¢L¥)) is full rank, where f, is the density
function of F,, the Jacobian matrix J(¢) is full rank if and only
if ®(1, — 02997 Jo?) + 02 C, 97T /o2 is full rank.

In the following derivations, the norms of matrices and vec-
tors are: for matrix A € R"*" and vector x € R", ||A] =

Amax (AT A), where Ay ax(¢) is the largest eigenvalue of the
matrix; and ||z >or 1 |xi]?. It is obvious that for a vector
9, |99 || = 9T 9.

Remark 5: Tt is easily verified that if A is an n dimension
matrix with ||A|| < 1, then I, + A is invertible, where I,, de-
notes the n x n identity matrix. Moreover, suppose A is an n
dimension invertible matrix. If | B|| < ||A7Y||"!, then A + Bis
invertible.

Theorem 5: If

203
Coey/n(a]|0]? + o7)

then Oy = H(én) — 6 wap.1.

Proof: Noting that ||o2067/(c2||) = ||02667/ (26" 6+03) |
=02070/(c2070 + 02) <1, by Remark 5, I, — 200"/
o? is full rank. Since ||o2C 07 Jo?|| <
aZ|CullllOl/ (2070 + oF) < oZCyVn|0]l/(20c0all0]) =
0.C\n/(204), we have ||oc2C,0" /o?(I, — 200"/
02) | = |lo2Cab" /02 2y (02007 /o2 )" || < [l 7"
By Remark 5, ® + ¢2C,,0" /o2 (I, — USQGT/UE)_lis invert-
ible. Then, ® (I, — 206" /o?) + 02C,,0" /o? is invertible.
So, J(6) is invertible. Hence, Proposition 1 confirms that
Oy — 0 Wpl O

Remark 6: Condition (9) can be used to design input sig-
nals. Indeed, suppose that the prior information on the un-
known parameters is that ||f|| < 3. By using 3% in place of
||6]|?, one can design an input such that ® satisfies (9). Conse-
quently, consistency of the estimates will be guaranteed for any

0 e {9: |9 <G}

I~ <

€))
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Fig. 4. Relative errors of parameter estimates.

Example 2: Suppose the true system is y; = 0.9 wu; +
1.1uy 1 + dy.. Hence, the true parameters are § = [0.9,1.1]7
and ||0||? = 1.93. Assume that the prior information on € is that
160]|> < 2. The output measurement noise dj, is i.i.d., normally
distributed with zero mean and variance o7 = 4. The input sig-
nal u; = vy, + e, where vy, is two-periodic with its one-period
values p; = 3, pe = 15, and e, is an i.i.d. normally distributed
noise of zero mean and variance o2 = 1. By direct calcula-
tion, |[®~!|| = 0.083. For C = 20, and the prior information
16]|> < 2, the right-hand side of (9) is 0.094. Hence, the input
satisfies condition (9). In fact under this input, (9) is satisfied
forall @ € {9 : ||9||*> < 2}.

An identification algorithm is devised for this example. At
each step IV, &y is calculated from (5). Then the estimate 6y
is derived by solving (7). The inverse function of normal dis-
tribution is calculated by the Matlab function norminv. The
simulation illustrates the convergence of parameter estimates.
The relative estimation error |6y — 6]|/]|0]| is used to evalu-
ate accuracy and convergence of the estimates. Fig. 4 shows
parameter convergence of this algorithm.

VI. SUFFICIENT RICHNESS: UNKNOWN THRESHOLD C

The main relationship in computing estimates is the n limiting
equations of empirical measures £ = F(C,, — ®6). When C'is
unknown, this relationship is not sufficient to determine § and C,
since it has n equations but n 4+ 1 unknowns. We introduce the
following modified algorithm to estimate C' and 6 collectively.

We will use the configuration of Fig. 3 to carry out our dis-
cussions: The input is subject to measurement noise (no input
actuator noise), and the output has measurement noise, namely
Up = Vg, W = U + €, and yp = gka,H + dj., where dj, satis-
fies Assumption Al. Other cases can be similarly derived and
will not be detailed here.

A. Sufficient Richness Conditions

Assumption AS: Suppose that {vy} is (n + 1)-periodic and
full rank, and that {¢ } is an i.i.d. and zero mean sequence.

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 53, NO. 4, MAY 2008

From y; = ¢l 0+dy,k=1,2,..., define Y Y1)

(n+1)+1 -~ - 7yj(71,+1)]T € R("hLl),(I)j = [¢(]—1)(n+1)+17 SERE)

Ginan))T € RO D= [d 1) ni1ys1s- - - djgnsn))T €
R+ G = [sG-nmrn+1s-- Simen]” §R("H)- Then,
Y; = ®;0 + D, forj =1,2,.... Note that {®; } is a sequence
of (n 1) X m matrices, generated from u. Due to measurement

noise, the actual u is unknown and only wy, can be used in
algorithms. Define &y = 4 Zé\le Sj, ¥y =+ ZN CI)“’
where

Wi(n+1) Wi(n+1)-1 Wi(n+1)—n+1
&)w _ | Witn+1)+1 Wi(n+1) Wi(n41)—n-+2
;=
Witn+1)+n  Win+1)+n-1 Wi(n+1)+1

Under Assumption A5, \Tﬂj(, — T w.p.1, where

Un+1 Un c..e U2
U — U1 Ung1 - U3
Un Un—1 Lo. U1
Define Uy = [L, 1, —\TI}Q] and ¥ = [I,,1, —¥]. Note that ¥

isan (n + 1) x (n + 1) matrix.

Lemma 4: 1) Under Assumption A5, U is full rank. 2)
Conversely, if v is (n + 1)-periodic but not full rank, and
8= Z”H v; # 0, then W is not full rank.

Proof: 1) \TJ is the first n columns of the (n+ 1) x (n +
1) circulant matrix T = T([vy41,...,v1]). Since {v;,j =
1,...,n+ 1} isfull rank, T'is full rank and 8 = 327" v; # 0.
Adding the first n columns to the last column, transferring the
last column to be the first one, and dividing the first column by
(3, result in

[ Un+1 Un o U2 6

U1 Un+1 o Us B

T~ .
L Un Un -1 )| 6
_ﬁ Un+1 Un cer U2
v (Y (Y -
~ ﬂ 1 n+1 3 ~ . (10)

—ﬂ Un Un -1 e U1

This implies that U is full rank.

2) Conversely, if vy, is not full rank, T is not full rank. Since
0= Zn+11 v; # 0, (10) is valid. It follows that U is not full
rank. O

By Lemma 4, under Assumption A5, ¥ is invertible. De-
fine an augmented parameter vector © = [C,07]7. Let Oy =
(TN) L G(Ex ), where G(z) = F~!(z) is defined in (4).

Theorem 6: 1) Under Assumptions Al and AS, Oy — ©
w.p.1 as N — oo. This implies that v = {v; } is sufficiently
rich. 2) Conversely, if vy is (n + 1)-periodic but not full rank,
and 3 = Z"H vj # 0, then vy, is not sufficiently rich.
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Proof: ] Recall that Uy = [1,,;1, —¥%]. Under Assump-
tion A5, Uy ~ — ¥ w.p.1. Under Assumption Al, by the strong
law of large numbers, {y — & = F(\I/@) w.p.l as N — oo.
This implies, by continuity of F'~1(-), (SN) — WO w.p.1 as
N — 0. Asaresult, by Lemma4, Oy = (Uy ) 'G(Ey) — ©
w.p.l as N — oo.

2) Under the hypothesis, by Lemma 4, ¥ is not full
rank. Hence, there exists § # 0 such that W§ = 0. Sup-
pose C; and @, are true parameters, and [Cy,01]" =
[Cy,07]" 4 6. Then, y;.(61) = ¢f 01 + di. < Cy iff yp.(62) =
@1 05 +dj, < Cy  Vk. It follows that the output sequences sat-
isfy 5 (C1,61) = s;(Cy, 63). In other words, vy, is information
insufficient, which implies that vj, is not sufficiently rich. O

B. Recursive Algorithms

A causal and recursive algorithm for computing © can be
constructed as follows.

1) Initial conditions: 51 Sl, \Ifl = <I>§”, and ©; = 0.

2) Recursion: Suppose that at IV, 5 N \Iﬂ{’,, and Oy =
[Cn,0%]" have been obtained. Then, at N + 1, we update

Envi1 =&n — Ni—l&v + N:—l

1

N +1

SN 11

f\b}+1:q’%—N+1 7“\b/+ 711\’f+1

]

@;[+1 - [Iln+la
o { Oy, if Uy, is singular
N+1 — —w _ ~
T @) TG ),

The following theorem claims convergence of © 7, whose proof
is similar to that of Theorem 4 and is omitted.

Theorem 7: Under Assumptions Al and AS, Oy — © w.p.1
as N — oo.

otherwise.

VII. SUFFICIENT RICHNESS: UNKNOWN DISTRIBUTION
FUNCTION

The identification algorithms and sufficient richness condi-
tions derived so far rely on the knowledge of the distribution
function F'(-) or its inverse. However, in most applications, the
noise distributions are not known, or only limited information is
available. On the other hand, input—output data from the system
contain information about the noise distribution. Hence, F'(-)
can be potentially estimated, together with system parameter
6. In this section, we will derive sufficient richness conditions
under which 6 and F can be jointly identified. This problem and
the concept of joint identifiability were first introduced in [32],
together with the basic sufficient conditions for identifiability, a
recursive algorithm, and its convergence. The input design and
its sufficient richness presented in this section are new.

A. Parametrization of F'

To estimate the distribution function F'(z), one needs interpo-
lation equations in the form of §; = F'(x;), fori =1,2,..., L.
When F'(-) is not parameterized, estimation on F' can become

sufficiently accurate only if the data points {z; } are sufficiently
dense, rendering an estimation problem of high complexity.
Here, we adopt a parametrization approach for F'(-).

Suppose that F'(z) is parameterized by a vector « of di-
mension m. To emphasize this parametrization, F' will be
written as F(x;«). For example, for normal distributions,
a = [u,0%)T. Given a set of L points XL = [zt ... 25T
suppose that interpolation values of the distribution at these
points are p! = F(z!;a), [ =1,..., L. Define F(X';a) =
[F(z;a),...,F(xt;a)]" and PL = [p',...,p*]". Hence,
the interpolation relationship for the given data pair (X, PL)
can be written as P = F(X’;a).

Assumption A6: The function F'(z; ) has continuous partial
derivatives with respect to both variables = and a.

Definition 3: F(z;«) is said to be jointly identifiable if for
any set of m + 1 nonzero distinct points p = [p1, ..., pms1]’,
F(C,, 11 — pa; @) is invertible as a function of a (a scalar) and
o.

>

Jointly identifiable functions guarantee that there is a unique
solution a and « to the equation £ = F(C,, 1 — pa; ). Joint
identifiability is an essential property. Otherwise, the parame-
terized distribution function F'(x; o) and € may not be uniquely
determined from interpolation equations, which are the founda-
tion of system identification with binary-valued observations.
The following example highlights the main reasons for this
property.

Example 3: Let Fyy (x) be the distribution function of the stan-
dard normal random variable (with zero mean and variance 1).
Then, a normal random variable with mean p, variance o2, and
distribution function F'(x), can be expressed as F'(z; [u, o]) =
Fy (x — p/o). Suppose that the system is y; = auy + di,
k=1,2,..., namely, a gain system with unknown param-
eter a. Then, F(C — auy,[p,0]) = Fo(C —au, —p)/o =
Fy(cy — couy), where ¢; = (C'— p)/o and ¢y = a/o. Since
this is a two-parameter function, one cannot identify three pa-
rameters a, i, and o uniquely, regardless of how many interpo-
lation points wy, are used.

The main issue here is that, although the class of distribu-
tion functions is uniquely parameterized by [u, o], when they
are combined with unknown parameters of the system, the pa-
rameter set (6, «) is not identifiable from input—output rela-
tionships, motivating the notion of joint identifiability. A rem-
edy of this situation will require acquisition of partial infor-
mation on the distribution function to reduce the dimension
of its parameter vector. For example, if p is known as py,
then the class of distribution functions F(z;0) = F (=)
can be shown to be jointly identifiable. Indeed, take any
uy # ug. Let & = Fy(c — au; — po)/o, i = 1,2. Then, z; =

(&) = (¢ — au; — o) /o, i = 1,2, which have a unique so-
lution since uy # us. Similarly, if 0 = o is known, F(x; u) =
Fy(x — p) /oy is jointly identifiable.

B. Sufficient Richness Conditions

For notational simplicity, we shall use the basic configuration
Y = qﬁ{ 0 + dj, for developing algorithms, where u;, is periodic
and has no input disturbance. Other cases can be readily derived
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from the same principles of these algorithms. Suppose that the
threshold C' is known. First, we derive a special class of inputs
u that will provide sufficient probing capability to identify both
0 and «.

Definition 4: A 2n(m + 1)-periodic signal u is called
a scaled full rank signal if its one-period values are
(v, 0, P10, P1U, . . ., PV, P V), Where v = (v1,...,v,) is full
rank, i.e.,0 ¢ Flv],and p; #0and p; # 1,5 =1,...,m, and
pi # pj, i # j. LetU denote the class of such signals.

Let £ be defined as in (5), with the dimension changed from
n to 2n(m + 1). By the strong law of large numbers

én — € =F(Copmi1) — P0;a) wp.lasN — oo (1)

for some 2n(m 4 1) x n matrix ®. Partition ® into 2(m + 1)
submatrices of dimensionn x n, ® = [®7, &1, .., i)
If uw € U, it can be directly verified that @, is the n X n circulant
matrix of symbol v, ®; = T([v,, - -+, v1]), and the odd-indexed
block matrices are expressed as ®3 = p;Py,..., Do =
pm ®1. The even-indexed block matrices, which will not be
used in the proof, are ®y; = pl,lT(pfil y[ony ... v1]),where
l=1,...,m+1land py = pp+1 = 1.

Under this input, the limit £ in (11) for the system y; =
ngkT_G + dg, sy = S(yi) contains the following equations by ex-
tracting the odd-indexed blocks £**! =F(C, — p;®10;«)
for j = 1,...,m. We now show that these equations are suffi-
cient to determine # and « uniquely.

Theorem §8: Suppose that uw € U, and F(x;«) satis-
fies Assumption A6 and is jointly identifiable. Then, ¢ =

F(Conim+1) — 69; «) has a unique solution 6* and .

Proof: Consider the first block ®, 6 of ®0. Since v is full rank,
®; is a full rank matrix. It follows that, for any 6, ®,0 # 0,,.
Without loss of generality, suppose that the vth element 6 of ;¢
is nonzero. By construction of ®, we can extract the following
m + 1 nonzero elements from ®6: the (2nl + v)th element,
[=0,...,m,is p/é. Extracting these rows from the equation
£ =F(Cyp(m41) — P0; ) leads to a set of m + 1 equations
that will be denoted by

60 = F(Cerl - P57 Oé) (12)

where p=[1,p1,...,pm]". Since § # 0 and II has distinct
elements, C,, 1) — pd has distinct elements. By hypothesis,
F(z; ) is jointly identifiable. It follows that (12) has a unique
solution 6* and a*. Now, using the alreadl obtained a*, let the
first n equations of § = F(Cy,, (1) — ®0; ) be denoted by
& =F(C, — ®16;a*). By Assumption A6, G(x;a*) exists.
Asaresult, 0" = &1 (C,, — G(¢';a*)) is the unique solution.
This completes the proof. O

C. Exponentially Scaled Signals

A particular choice of the scaling factors p; is p; = ¢/, j =
1,...,m for some g # 0 and ¢ # 1. In this case, the period of
input u can be shortened to n(m + 1) under a slightly different
condition.

Definition 5: An n(m + 1)-periodic signal u is called an
exponentially scaled full rank signal if its one-period values are
(v,qu,...,q™v),whereq # 0and ¢ # 1,and v = (v, ..., v,)

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 53, NO. 4, MAY 2008

satisfies that ® = T'(q, [vp, - - -, v1]) is full rank. We use U, to
denote this class of input signals.

Let £y be defined as in (5), with dimension changed
from n to n(m +1). By the strong law of large numbers,
Ev = E=F(Cymq1) — 50;04) w.p.1, as N — oo, for some
(n(m + 1)) x n Toeplitz matrix ®. Partition ® into (m + 1)
submatrices of dimension n x n, ® = [®7, &1 ... ol 7.
If u € U,, then it can be directly verified that ; = ® is the
n x n generalized circulant matrix defined in Definition 5 and
O =¢"'®,,1=2,...,m+ 1. We have the following result,
whose proof is similar to that of Theorem 8 and is omitted.

Theorem 9: Suppose that u € U, , and F satisfies Assumption
A6 and is jointly identifiable. Then, { = F(C,,(,, 1) — ®0; )
has a unique solution 6* and o*.

D. Recursive Algorithms

A recursive algorithm for computing estimates of ¢ and «
can be constructed as follows. For notational simplicity, the
dimensions of the matrices, which will become clear from con-
text, are suppressed. Recall that, for any fixed «, G(+; «v) is the
inverse of F'(-; ). For a fixed ¥ and a fixed &, starting from
o, we wish to construct estimates of a by solving a nonlinear
least-squares problem min,, (¢ — F(C — ®9;a))? (¢ — F(C —
®1; «v)). Nevertheless, we do not really have a fixed constant .
Rather it is a sequence of empirical measures. Thus, the problem
is not purely deterministic, but involves random processes.

In what follows, we outline a recursive algorithm with multi-
ple levels of updates. There are several estimates involved. First,
we still use the empirical measures since the binary data are the
only measurements available. Second, we construct a stochastic
algorithm for recursively estimating «. Third, we carry out an
inversion to obtain an estimate of . Taking into consideration
the frequencies of updates, it appears to be more productive that
we do not perform the inversion at every iteration. This is the
rationale for using a two-level procedure.

To begin, for a sequence {7y} (real numbers, or vectors, or
matrices with appropriate dimensions), denote 7T£N = MYN+k-
The procedure consists of inner and outer iterations. In the inner
iteration, we update the estimates of the empirical measures as
well as that of «; in the outer loop, we update 6y that is kept
as a constant during the inner iteration. For the inner iterations,
we also solve an optimization of the form min, K (9, a) =
EEN —F(C - ®9;0)T (&N —F(C - ®9;a)),k < N.

Note that the expectation is not available. Instead we use its
noise-corrupted observed values (9/9a)K (6,9, , a).2

The construction of the estimates are recursive. Suppose that
( ,ﬁN,HiN,aiN ) has been constructed. Then, the recursion is
defined by the following algorithm

(N _ ¢IN _ 1 N | 1 GIN

FELTSE CUN 4k + 178 TUN 4R+ 17D
COK(EIN GIN o IN
oV = oY 4 By (& 7305 Xk ),

k<N

k<N

2For simplicity, we assume that the partial derivatives can be observed. Oth-
erwise, we can use the finite difference to approximate the gradient.
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0N, =0, k<N-1

9?\71\;1 = ($T§)715T(C71(7r1+1) - L%VN)

(N _ (N, (N

Ty = G( N QN ) (13)

In the algorithm above, {0} } is a sequence of step-sizes satis-
fying B, > 0, B, — Oas k — oo, and ), B = 0.

As demonstrated in the previous sections, a sufficient condi-
tion for the sequence of empirical measures to converge is the
ergodicity. Thus, we simply assume that {{; }, the sequence of
empirical measures is stationary and ergodic. Suppose also that
for each ¢, the function K (&, o) has a unique minimizer o. Then,
using the ordinary differential equation (ODE) methods [20], we
can show that aiN — a w.p.1 as N — oo. The results in the
previous section reveal that {ﬁN also converges. Finally, similar
to the previous sections, the inversion leads to HiN — G w.p.las
desired.

VII. ILLUSTRATIVE EXAMPLES

In this section, we will use two examples to demonstrate the
algorithms developed in this paper. Example 4 illustrates the
case when the switching threshold is unknown. It shows that
when the input is n + 1 full rank, both the threshold C' and
system parameters 6 can be estimated simultaneously. Example
5 covers the scenario of unknown noise distributions. The input
design and joint identification algorithms are shown to lead to
consistent estimates.

Example 4: Suppose that the threshold C is unknown and
the input has measure noise. Consider a third-order sys-
tem: yp = ¢£0+dk, where the output is measured by a
binary-valued sensor with unknown threshold C. Suppose
that the true parameters are C' = 28 and 6 = [2.1,2.7,3.6]7,
{dr} is a sequence of ii.d. normal variables with mean
zero and variance o3 = 4. The noise-free input v is four-
periodic with one period values (3.1,4.3,2.3,3.5), which is
full rank. The actual input is uy = vy + &j, where {e;.} is a
sequence of i.i.d. normal variables with mean zero and variance
o2 =1.

For n = 3, define 57, = [y4(-711)+1’ ooyt ERY, E)j =
[¢4(]‘—~1)+17 ceey ¢4j]T € R*3, Dj = [dyg-1)515 -+ d4j]~T €
R4, S]v~: [S4G-1)+15-- .,54]-]T € R*. It follows that Y; =

&)Jﬂ + Dj, for j =1,2,... Since {l~),} is a sequence of i.i.d
normal variable vectors, we have £y = - Z}Vzl S; — F(T0).
Since v is full rank, ¥ is invertible. If ¥ is known, by the con-
tinuity of F and G, an estimate of 6 can be constructed as
(¥)"'G(£x) — © w.p.1. Due to the input measure noise, ¥ is
not measured directly. What we can use is \f/fv Theorem 6 con-
firms that O = (¥ )L G(Ey) will be a consistent estimate
of ©. . N - -
Set initial conditions as & = S = [1,1,1,1]7, ¥; = &,
and ©; = 0. We construct a causal and recursive algorithm as
in Section VI-B. The relative estimation error ||©y — O]|/||©]]
is used to evaluate accuracy and convergence of the estimates.
Fig. 5 shows that Oy converges to the true parameters © =

[C 07T

Relative error of ®
o o ° o o ° o o
n w > 0 o ~ © ©

o

1
150 200 250

N

Fig. 5. Recursive algorithm to estimate the parameters when C' is unknown.

Example 5: When the noise distribution function is unknown,
joint identification is used to estimate jointly the system param-
eters and noise distribution function. Consider a gain system
(n = 1): y, = auy, + dj, where the true value a = 2, and {dy, }
is a sequence of i.i.d. normal variables. The sensor has threshold
C = 12. Let Fy(x) be the normal distribution function of zero
mean and variance 1, and G, () be the inverse of Fj(x). Then
the distribution function of dj, is F'(x; [, 0]) = Fo((x — ) /o).

Let u = 3 be given, and the true value of variance 0 = 3. By
Example 3, if 1t is known, F'(x; [i, o]) is jointly identifiable. Let
v=4.For k =1,2,..., the scaled input is defined as us;,_1 =
v; ugp = qu, where ¢ = 1.05. It is easy to verify that u is an
exponentially scaled full rank signal (Definition 5). Set U =
[4,4.2]" and §n = [% 20 521, % Doiey S2)” -

Then, &y — € wp.l. and Go(En) — [(C — p)ly — aU]/o.
Since F'(z, «) is jointly identifiable, we obtain the estimates of a
ando: [ay,on]T = [U, Go(Ex)]1[8, 8] . Fig. 6illustrates that
the estimated values of the system parameter and distribution
function parameter converge to the actual ones.

IX. FURTHER REMARKS
A. Extensions

Rational models: We now summarize some results from [32]
that show input conditions ensuring strong convergence of pa-
rameter estimates for rational systems. Consider the follow-
ing system y, = G(q)uy, + di, where G(q) is a stable ratio-

B(g) _ big+-+b,q"
lfA(Q) - 1*(‘11 q+-+tay qn) :
The parameters 6 = [ay, ..., a,,b1,...,b,]" need to be iden-
tified. Suppose that uy is 2n-periodic and the observation
length N = 2nL for some positive integer L. Then the noise-
free system output x;, = G(q)uy is also 2n-periodic, after a
short transient period. Hence, for some unknown real num-

nal transfer function of ¢, G(q) =

bers ¢j,j=1,...,2n, x; =c¢;, j=1,...,2n, Tjto, = Tj,
for any positive integer 1. Then, for a given j € {1,...,2n},
Yj42un = ¢ +djtom, 1 =0,1,...,L — 1. Here, we need to

identify c;.
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Next, we establish a mapping from [c1,...,¢0,] toO
0=1[a,...,an,b1,...,b,]7. Recall that z = G(q)uy =

b1g+--+b,q" ; ; — AT
T=(argt-ta,g) W OF In a regression form x, = ¢.0, k

1,...,N, where ¢} = [z}_1,..
0 =[ai,...,an,b1,...,b,]". For any starting time ko, define
¢ = [¢kn 1t ¢ko+2n71}T and X = [xko PR axko+2n71]T
Then, X = ®0. Apparently, if ® is invertible, § = &1 X de-
fines a mapping from [cy, . . ., ¢y, ] to 6. Consequently, the iden-
tification of 6 is reduced to that of [cy,...,c2,]. Moreover,
identifying the rational transfer function can now be reduced
to identifying the set of gains. In the following theorem, State-
ments i) and ii) are in [32, Th. 2], and Statement iii) is in [32,
Th. 3]. Statement iv) is new, whose proof is omitted since it is
similar to that of Theorem 1.

Theorem 10: Suppose that the pair D(q) =1 — A(gq) and
B(q) are coprime polynomials, i.e., they do not have common
roots. If uy, is 2n-periodic and full rank, then

i) ® is invertible for all k;

ii) ||®7!||s is independent of kg, where || - ||, is the largest
singular value;

3y T—n, Uk—1, - - 7uk7n], and
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iii) wy is sufficiently rich for identifying 6,
iv) If uy is 2n periodic but not full rank, then it is not suffi-
ciently rich for identifying 6.

Correlated noises: Up until now, we have assumed the noise
{d}. } to be uncorrelated. This condition can be much weakened.
In fact, the i.i.d. condition is mainly for convenience and no-
tational simplicity. Under this condition, we have highlighted
the main issues in the input design for binary-valued output ob-
servations without undue technical complication. To illustrate,
let us suppose that there is a sequence {¥;} of i.i.d. normal
random variables with mean zero and variance o2 such that
dp = Zf: o ¢i¥%—i, amoving average process. Then, it is easily
seen that d}. is still a normal random variable with mean zero
and variance Y 7_ c?0?. If e}, has a common distribution func-
tion F'(-), then dj, has a distribution function F'(z:/+/>_!_ ¢?).
That is, only the scale is changed. All previous discussions still
carry over.

The moving average processes present a scenario of finitely
correlated noise. Next, in lieu of the finite correlated noise,
if dj, is a ¢-mixing sequence, which assumes the remote past
and distant future being asymptotically independent, then as
pointed out in Section V-B, it is well-known that the sequence
is strongly ergodic (see [17, p. 488]). Thus the limit of the
empirical measures as well as the centered and scaled sequence
of errors leading to the Brownian bridge limit still hold [2].
As a result, we can push the envelop to include such infinitely
corrected noises for the input designs with binary-valued output.

B. Concluding Remarks

Conditions and input signal designs for system identification
using binary-valued observations are developed for different
system configurations (open- and closed-loop systems), scenar-
ios of noises (input measurement noise, input actuator noise, and
output noise), structural uncertainties (unknown sensor thresh-
old), and noise distributional uncertainty (unknown distribution
functions). The concept of sufficient richness conditions is intro-
duced to capture the essential requirements on input signals for
consistent estimation in these circumstances. There are many
potential extensions of the results in this paper. For example,
when system models contain unmodeled dynamics, sufficient
richness conditions will become more involved. These issues
will be reported elsewhere.
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