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selecting a suitable transformation matrix, the asymptotic efficiency of the algorithm is proved in terms of
the Cramér-Rao lower bound. Finally, numerical simulations are presented to illustrate the main results
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1. Introduction

Wiener systems are often used to describe nonlinear systems
in practice. Such systems are typically comprised of two blocks:
a linear dynamic system followed by a nonlinear static function.
Practical Wiener systems are exemplified by distillation columns
(Zhu, 1999), pH control processes (Kalafatis, Arifin, Wang, &
Cluett, 1995), and biological systems (Hunter & Korenberg, 1986).
Theoretically, some nonlinear systems, which are not of a Wiener
structure, may be represented or approximated by a multivariate
Wiener model (Boyd & Chua, 1985). Consequently, its study carries
profound theoretical and practical significance.

Identification of Wiener systems has drawn great attention and
experienced substantial advancement. Fundamental progress has
been achieved in methodology development, identification algo-
rithms, essential convergence properties, and applications (Chen
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& Zhao, 2014; Giri & Bai, 2010; Greblicki, 1997; Hagenblad, Ljung,
& Wills, 2008; Wang & Ding, 2011; Wills, Schon, Ljung, & Nin-
ness, 2011; Zhu, 1999). Zhu (1999) extended an identification
method for multi-input single-output Wiener models and applied
it to identify two distillation columns. Hagenblad et al. (2008) em-
ployed the Maximum Likelihood (ML) method to identify Wiener
systems, and discussed efficient implementation issues for Wiener
systems under disturbances. Wang and Ding (2011) derived an
LS-type gradient-based iterative identification algorithm for
Wiener systems. Chen and Zhao (2014) used stochastic approxi-
mation algorithms with expanding truncation to identify Wiener
systems. Greblicki (1997) introduced a nonparametric approach to
Wiener system identification. Wills et al. (2011) developed a new
ML-based algorithm for identifying Hammerstein-Wiener models.
Giri and Bai (2010) summarized progress on identification meth-
ods of block-oriented nonlinear systems.

Along with the rapid advancement of sensor and communi-
cation technologies (Shen, Tan, Wang, Wang, & Lee, 2015; Xie &
Wang, 2014), system identification under binary-valued/quantized
observations has also drawn a lot of attention during the
past decade (Casini, Garulli, & Vicino, 2012; Godoy, Goodwin,
Agtiero, Marelli, & Wigren, 2011; Guo & Zhao, 2013; Wang, Yin,
Zhang, & Zhao, 2010; Wang, Zhang, & Yin, 2003; Wigren, 1998).
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Identification of Wiener systems under binary-valued/quantized
observations becomes naturally an interesting problem. Zhao,
Wang, Yin, and Zhang (2007) presented the first algorithm to this
problem. Under scaled full-rank periodic inputs and binary-valued
observations, Zhao et al. (2007) showed that the identification of
Wiener systems could be decomposed into a finite number of core
identification problems. The concept of joint identifiability of the
core problem was introduced to capture the essential conditions
under which a Wiener system could be identified with binary-
valued observations. A strongly convergent algorithm was con-
structed and proved to be asymptotically efficient for the core
identification problems, achieving asymptotic optimality in its
convergence rate. The idea and technique developed in Zhao et al.
(2007) has also been successfully applied to identification of Ham-
merstein systems with quantized observations (Zhao, Wang, Yin,
& Zhang, 2010).

However, commonly encountered inputs are not necessarily
periodic. Input signals often cannot be arbitrarily selected to
be periodic (Kang, Zhai, Liu, & Zhao, 2015; Ljung, 1987), and
in adaptive control the control input is adjusted in real time
and is usually non-periodic (Guo, 1993; He, Zhang, & Ge, 2014).
Under both quantized inputs and quantized output observations,
Guo, Wang, Yin, Zhao, and Zhang (2015) offered a constructive
method to identify finite impulse response (FIR) systems, in which
regressor sequences were classified into distinct pattern sets
according to their values. It was shown that input-output data
could be grouped, without losing any information, on the basis of
both quantized output observations and input regressor patterns
and used to derive an asymptotically efficient algorithm. This paper
extends this idea to identify Wiener systems under quantized
inputs and binary-valued output observations.

Different from the identification algorithms for linear systems
in Guo et al. (2015), identification of Wiener systems is more
complex, mainly because the internal variables between the linear
and nonlinear subsystems are unmeasured, making it hard to
identify the subsystems individually. In this paper, for identifiable
Wiener systems, a three-step identification algorithm is proposed.
The first step aims to estimate the output of the nonlinear
function by using empirical measures and organize its inputs
a finite number of possible values defined as the products of
basic persistent patterns and parameters of the linear dynamics.
Then the second step estimates the parameters of the nonlinear
function and its input values jointly. Finally, the third step
estimates the parameters of the linear dynamics. Under some
typical assumptions on system order, input persistent excitation,
and noise distribution functions, the algorithm is shown to be
strongly convergent and asymptotically efficient in terms of the
Cramér-Rao (CR) lower bound.

The rest of the paper is organized into the following sections.
Section 2 formulates the Wiener systems identification problem
with quantized inputs and binary-valued observations. System
identifiability under input and output quantization is discussed in
Section 3. A three-step identification algorithm is introduced in
Section 4 based on empirical measures, persistent patterns, rela-
tions between the linear and nonlinear subsystems. Section 5 es-
tablishes convergence properties of the algorithm, including strong
convergence, mean-square convergence rate, and asymptotic
efficiency. A numerical case study is presented in Section 6 to
demonstrate effectiveness of the algorithm and the convergence
properties. Finally, findings of the paper are summarized in Sec-
tion 7, together with remarks on some open issues.

2. Problem formulation

Consider a single-input-single-output discrete-time Wiener
system described by

Input Ue | Linear | Xk Static
dynamics nonlinearity

|
|
i
|
Sy :
|
|
|
|

p
Yk = H(xy, n) +di

where uy, X, and dy are the input, the intermediate variable, and the
system noise, respectively. H(-, n) : &y — R is a parameterized
static nonlinear function with domain £y C R and vector-valued
parameter 1 € £2, € R™. Both n and m are known. By defining the
regressor ¢ = [Uy, ..., Ux_ne1) and 6 = [ay, ..., a,]’, the linear
dynamics can be expressed compactly as x, = ¢,60. Here z’ denotes
the transpose of z € R'1*‘2 for a vector or matrix.

The system structure is shown in Fig. 1, in which the input v is
quantized and takes a finite number of possible values, 1, € U =
{1, ..., ur}. The output y; is measured by a binary sensor with a
finite threshold C € R, which can be represented by an indicator
function

s —I _ ]7 _Vk E C;
k= w=Cc = 10, otherwise.

(2)

Based on {uy} and {si}, this paper will first discuss the issue of iden-
tifiability, then design an algorithm to identify 8 and » for identi-
fiable systems, and finally establish key convergence properties of
the algorithm.

Assumption 2.1. Suppose that {d,} is a sequence of i.i.d. (indepen-
dent and identically distributed) random variables. The accumula-
tive distribution function F(-) of d; is invertible and the inverse
function denoted by F~'(.) is twice continuously differentiable.
The moment generating function of d; exists.

Remark 2.1. In this paper, the output quantizer is binary-valued
with the threshold C. For multi-threshold quantizers, the reader
is referred to Wang et al. (2010) in which a quasi-convex com-
bination technique was introduced to combine information from
different thresholds and to achieve asymptotic efficiency. For
more general quantizers, Wigren (1998) introduced a stochastic
gradient-based adaptive filtering algorithm. Its analysis method
with an associated differential equation may be useful for other
types of systems.

3. System identifiability

System identification addresses the fundamental issue: Un-
der what conditions, the parameters of a Wiener system can be
uniquely determined from its noise-free input-output observa-
tions? For identifiable systems, algorithms can then be developed
to estimate system parameters under noisy observations.

Suppose that u = {ug, k = 1,2,...} is an arbitrary input
sequence taking quantized values in U = {u1,..., i}. The
input u generates a regressor sequence {¢;} that takes values
in I = r" possible (row vector) patterns denoted by =
{m1, ..., m}. Pattern examples include 7; = [u1,..., K1, U1l
2 = [11, ..., 1, 2], ete.

For a given input sequence u and its corresponding regres-
sor sequence {¢;,,,..., ¢, )}, denote (N-dependent) N; =

N . .
Doy Iy j=mprd € L = {1,....1}. Thatis, {¢} . ..., ¢; ) con-
tains N; copies of the pattern ;.
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Assumption 3.1. The input sequence u is deterministic. There
exists 8; > 0 such that limy_,o, Nj/N = B;. If 8; > 0, then the
pattern 7; is said to be persistent in u. Without loss of generality,
suppose that for the input u under study, §; # Oforj € Ly =
{1,...,b}and Bj =0forje Ly ={lb+1,...,1}.

It will become clear that convergence properties depend only
on persistent patterns. As a result, the non-persistent patterns
Tig+1, - - - » T € Ly will not be used in designing algorithms.

Denote w; = um;0. Then, the input-output mapping of the
nonlinear function becomes

H(wy,n) = ay,
: (3)
H(wg,n) = oy,
where the output @ = [oq,...,&,] € RD can be derived
from observed data and are considered to be known in study of
identifiability.
Let
T
U=\, (4)
T

0

and assume that ¥ has full column rank (then [y > n), which
is a basic persistent excitation condition in identification of FIR
systems with quantized inputs and outputs (Guo et al., 2015).
Hence, one can always select n patterns from 74, . . ., 7, such that
their transposes constitute a basis of R". Without loss of generality,
let these n patterns be 4, ..., 7, which will be called the set of
basic persistent patterns.

Consequently, all other persistent patterns can be represented
bﬁ, the basis, 7} = Y i, y5.7/,j = n+ 1,..., lo, which implies
that

n
wj=Z)/j.iwi’ j=n+l,-~-510'
i=1

Substituting these into (3), we have

H(wh"'awns 77):&, (5)

with  H(wq, ..., ws, 1) = HO L, viiwis 0, - - .,
HQC L vig.iwis )]

Equality (5) contains [y equations and n + m unknowns. If the
solution to (5) exists and is unique, thenn and W £ [wy, ..., w,]
can be obtained. Furthermore, 6 can be derived from W since
W = w0 and ¥ is full rank with & 2 [z7, ..., 7,]’. In this sense,
the system (1) is identifiable. To ensure this identifiability in the
algorithm design, we give an assumption as follows.

Assumption 3.2. There exists a compact set & C R/ that contains
the true output @ € & such that forany £ = [&,...,§,] € &,
the equations

S Xn ) =§ (6)

have a unique solution [x1, ..., X;, 7] € R"™™™, denoted by o(&).
Moreover, o(£€) is bounded and continuous in &.

H(X1, ..

For a given full (row) rank matrix I” € R®™™xb_denote its
rangefrom &S as E0={¢:¢ =T&,6E e 8} CR™™, Let
G(X‘l,.. <5 Xn, 7))~ (7)

Then, for any ¢ € &°, there exist £ € = and £° € R such
thatt = '€ and & = I't¢ + (I — 't IM)E°, where * represents
the Moore-Penrose inverse and I is the identity matrix of suitable

.y Xn, ) = TH(Xq, ..

dimension. Under Assumption 3.2, H(o(£)) = £.Hence G(o(§)) =
I'H(p(§)) = I'é = ¢, which implies that

Gle'"¢+U—-T*r)E%) =¢.

Therefore, o(I" ¢ + (I — 't IM)&%) is a solution of the equation
G(x1,...,%1,n) = . We denote it as 7(¢) = [11(2),
.o, Tnam(2)], which means that 7;(¢) = x; fori = 1,...,nand
[Tnr1(0), ..., Taxm(¢)) = n. By Assumption 3.2, = I'a € 5°
and 7(¢) is bounded and continuous in Z°.

In fact, (7) defines a linear transformation on H(xq, ..., Xp, )
by the left multiplication of a full-rank matrix. This transformation
has no effect on the existence of solutions to Eq. (6). In the sub-
sequent algorithm design, I" will be used to improve convergence
properties of the algorithm in Section 5.

Remark 3.1. If specific parametric models are considered on the
nonlinear function, certain normalization is often needed to ensure
that the parameters are independent. For example, consider the
nonlinear model y, = by + bixx + bzx,z( with unknown
parameters [bg, by, b;]; and the linear dynamic system x;, =
ajuy_1. They result in the combined system y, = by + biajux_1 +
ba?u?_,, where there are only three independent parameters, but
four unknowns. Without normalization on the scaling factor, the
parameters cannot be uniquely determined from any input-output
sequence. As a remedy, one may impose b, = 1. In this paper, we
assume that such normalization has already been included in the
model parameterization.

4. Identification algorithm

Under Assumption 3.2, by (5) it is known that

(@) = [wy, ..., wy, 0] = [‘ﬂ =0. (8)

Since this mapping t(-) is known and continuous, one may
estimate « first, and then derive estimates for W and » via (8). With
this in mind, an identification algorithm is constructed as follows,
which is divided into three steps.

Identification Algorithm:

(1) (Estimate «). At N (after N 4+ n observations), forj € Lo, by (1)
the system outputs under 7; can be described by

y{{ = H(m;f, n) +d§< = H(wj, n) +d’)<

and the corresponding binary-valued observations are denoted
by s| = Iy <c)- Define

18
=Y N #o
s, = NJ; 9)
1
>
and let
o~ — . /
ay = [C—F_](S,l\,),...,C—F‘1(S£S)] ,

aNZFHs@N),

where Iz (z) is a projection from z to £ and can be any one in
(€& :||&§ —z|| = minyez ||[v—2z||} forz e R0, and || - || is a
vector norm.

(2) (Estimate ©). Under Assumption 3.2, an estimate of  denoted
by ¥y can be derived by

(10)

5N=r(&N). (11)
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By using component-wise extraction, an estimate of W de-
noted by Wy and an estimate of n denoted by 7y can be ex-
pressed as

Wy = [11@n), . .., (@], (12)
N = [t @), . ., Torm(@n)] - (13)

(3) (Estimate 0). Considering that WN =W+ey = w6 + ey with
the estimation error ey = Wy — W0, an estimate of 6 can be
constructed as

Oy = U Wy (14)

5. Convergence properties

This section establishes key convergence properties of the iden-
tification algorithm, including strong convergence, mean-square
convergence rate, and asymptotic efficiency.

5.1. Strong convergence

Theorem 5.1. Consider system (1) with binary-valued observations
2). If W given by (4) is full column rank, and Assumptions 2.1, 3.1,
and 3.2 hold, then 9y from (11) converges strongly to the true 19,

5,\,—)19 w.p.1 as N — oo.

Proof. By the strong law of large numbers and (9), we have

Sy — F (C —H(wj, m), w.p.1.as N — oo, which together with
Assumption 2.1 implies that

C—F ') — H(w;, n) wp.1. asN — 0o, j € Lo.

From (9) and (10), it follows thatay — a w.p.1as N — ooc. Since
7(¢) is continuous in = z?N = t(dy) — t(a) = ¥ by (8). This
completes the proof. O

Theorem 5.2. Under the conditions of Theorem 5.1,§N from(14)con-
verges strongly to the true 6,

/G\N—>9 w.p.1 as N — oo.

Proof. By virtue of Theorem 5.1, we have WN — W =v0,wp.l.
as N — oo, which together with (14) yields that

91\1 lW,\,—>lI/ ¥ =0,wplasN — oo. O

5.2. Asymptotic efficiency

For convenience, denote F¢(x) = dF(x)/dx, Foy(x) = F(C —
H(x, ), F&;(x) = F(C — H(x, ),

Fe (wi) (1 — Fey (w;
A=diag[¢ a1 () (1~ Fon p)} ’ (15)
FCH(wj) j=1,..., lo
a1 a7 a5 (¢) ]’
() = I;J;(f) = [;f;f), a;f;],and] = [tYa),.
td ()], also define
G 0H
B= 35" D= 35 (16)

where diag[zj]j=1,.., = diag[zy,...,z] is a diagonal matrix. Let
X (N; ) represent the covariance matrix of the estimation error
of ¥y, i.e.,

S(N;9) = E@y — )y — 0),

where E(-) is the expectation.

N=1,2,...,

Lemma 5.1. If H(xq,...,X,, n) is differentiable at ¢, then the
Cramér-Rao lower bound for estimating © based on observations of
{sk, 1 <k < N}is

P !/
. N( H( 1))2 3H(wj n) (aHg;l;j,n))

Fey (wj) (1 — Fey (w)))

-1

j=1

Proof. Let z;, be some possible sample value of si. Since {d} is
i.i.d, the likelihood function of s, ..., sy taking values z1, ..., zy
conditioned on ¥ is

Lz, .. zn; 1)

=Pr{sy =2z1,...,58n = zy; U}

N
= [ JIF(C = HCx, n)I*[1 = F(C — H(xi, n)]' ™

k=1
N

= [ TlFan 0111 — Fer (01 .
k=1

Replace the particular realizations z;, by their corresponding
random variables sy, and denote the resulting quantity by £ =
0(s1,...,sn;9). Set My, = {k : ¢, = 7,1 < k < N} and
X = Nlj ZkeM;-V sk. Itis apparent that E x; = Fcy (wj). Then, we have

!
= [T T tFeu w1 [1 = Feu(up)] ™
=1 keMj
1_[ Fer(wy) ] i [1— Fon(w )]N] N

which leads tolog £ = Z
FCH(wj)]} and

810g€ !
->{-

j=1

{Njxj 10g Fey (w)) + (N; — N; ;) log[ 1 —

NjxiF&y (wy) 9H (w;, 1)
FCH(U)]') 0

+

04~ o) e )
1 — Fen(wy) ov .

Consequently, it can be verified that
2 dH(wJ n) ( 9H(wj,n) !
H( W) =55 (T)

82 logl 2’:
392 . Fon(wj)(1 = Fey(wy))

and (17) follows. 0O

Remark 5.1. The assumption that the input u is deterministic sim-
plifies analysis. If the input u is stochastic, the regressor sequence
{&r} will be dependent, unless the system is just a gain. As a result,
{sk} becomes dependent even if {u;} is i.i.d. This makes it difficult
to derive the joint distribution of {s;} or obtain the CR lower bound
for estimating .

Theorem 5.3. Under the conditions of Theorem 5.1 and Lemma 5.1,
if 7(¢) is differentiable at o and D in (16) has full row rank, then the
estimate ¥y from (11) has the mean-square convergence rate

NX(N;®) — (I'D)'I'T?A2r’'(or’=' asN — oo,
where ¥ = diag[1/+/B1. . ... 1//Bi,] and A is given by (15).
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Proof. By the mean value theorem, from (8) and (11) there exist
@y, ..., day™ on the line segment @y and o such that

Oy — 9 =[c1@), ..., o @™ Gy — o). (18)
By Wang et al. (2010), it can be concluded that ,/N;(C —F " (§',;,) -

Hws ) 5 & (o Fer () (1—Fay ()
] ’

which implies that
(F&, ()2 ) P

_1,=1
C—F~'(Sy) = H(wi, n)
Ty : L W (0, 42)
1<l
C —F~'(Sy) — H(wyy, n)
as N — oo, where 7y = diag[+/Ny, ..., /Ny] and i) denotes
convergence in distribution. In the light of Assumption 3.1, we have
Tv/v/N — Y 'asN — co.By (10), one can get
VN @y —a) 5> N (0, TT2A’T) asN — oc. (19)

Note that &, — a w.p.1.as N — oo, by (7) and (18)~(19) it can
be seen that

NX(N; 9)
= [tf@), ... 1 @I TT*A T [t (@), ..., Tl ()]
=) I'T?A’T’], asN — oo. (20)

In view of (7), one can have B = DI"’. Since both D and I" have
full row ranks, Bis full rank. Noticing that G(t(¢)) = ¢ and t () =
¥, we have B] = JB = I by Theorem 12 in Magnus and Neudecker
(2007). Therefore, ] = (DI'’)~"'andJ' = (DI')~ Y = (I'D)7,
which together with (20) implies that

NX(N;®) = (I'D)'rr?A’r’'(or’)=' asN — oo,
asclaimed. O

Theorem 5.4. Under the conditions of Theorem 5.3, if one selects
r=r*=[Dr2a72p) ' pr2a-? 21)
then the estimate 5N from (11) is asymptotically efficient in the sense
that

NX(N;9) —NXx(N; ) - 0 asN — oo.

Proof. Since T, A > 0 and D is full row rank, DY 2A72D’ > 0.
Under the hypothesis, I'*D’' = (DY 2472D') "' DT 2A™2D =1
by (21). Consequently, we have
(F*D/)—l F*TZAZ(F*)/(D(F*),)_]
— F*TZAZ(F*)/
= (DY—2A72D)) " DY 2 AT2D (DY 2 A72D) 7Y
1

= (Dr—*A7?D) . (22)
By Lemma 5.1, it can be seen that
dH (w1, oH (wy,, o
NN 9) — Qim) - HWe )y 2
v v
—1
. [2H @1 m OH (wyy, m) 7’
o T v
= (DT’ZA’ZD’)71 asN — oo.

This and (22) prove the theorem by virtue of Theorem 5.3. O

25

Estimates of w

= = = True value of w

0.5 1

0 1000 2000 3000 4000 5000
N

Fig. 2. Convergence of WN from (12).
6. Simulation example

Consider a Wiener system, in which the linear dynamics is a
gain system and the output nonlinearity is an exponential function
H(x,n) = 2"+,

X = wd,
Y = H(Xk» 77) + dk = 2% +n+ dks

where the true values are 6 = 20, n = 30 and {d,} is a sequence
of i.i.d. normal random variables with zero mean and standard
deviation ¢ = 5. The output y, is measured by a sensor with
threshold C = 39, and hence i = Iy, <39;. The input uy is quantized
and takes values from U = {w1, 2, 3, na} = {0.1,0.2, 3, 5}
Since 6 € R, we have &> = U. Suppose that at step N, the input
sequence generates patterns with the following frequencies

Ny =N—N; —N3—N4, N; =[0.6(N— N3 — Ny)T,
N3 = min{110, [[logNT[}, N = [VNT,

where [z] denotes the smallest integer greater than or equaltoz €
R. As aresult, 81 = limy_.o N;/N = 0.4, 8, = 0.6, 5 = B4 = 0;
and ¢ = [], 2],, [wl, U)z]/ = [2, 4]/, a = [51,62], = [34, 46]/
by (3) and (4). Let 7r1 be the basic persistent pattern. Then 7, =
27'[1, wy = 2w1 and W = w1 = 2.

let I’ = Lyyand 8° = & = {[z1,20] € R* : 28 <
z1 < 40,40 < z, < 52}. It follows that« = «@ € Z. For any
& = [&1, &] € &, it can be derived that the following equations

H(X1 s 77) 51
H X N = =

(1. ) [H(le, n] =&
have a unique solution 7;(§) = x; = log,(*5%2=51) and
nE) =n = 251*1*«/12+4($2*51)
holds. -
Using (12) and (13) to compute Wy and 7y, the convergence
is shown by Figs. 2 and 3. Furthermore, Fig. 4 demonstrates the

convergence of Oy given by (14).
By H(x, n) = 2* + n, one can get

[3H(w1,77) 3H(wz,n)] |:4ln2 321n2]
b= : =1 1 |

, indicating that Assumption 3.2

av v
which illustrates that D is full rank. Since [y, = n + m =
2, " = (DY2A7D)"'DY2A7% = (D). With I' =

—1 1 . -~ .
r* = ﬁ [321n2 —4ln2]' Theorem 5.4 is true and hence ¥y is

asymptotically efficient, which is shown by Fig. 5.
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40

!

38

36 Estimates of E

= = = True value ofn

o4 . . . .
0 1000 2000 3000 4000 5000
N
Fig. 3. Convergence of 7jy from (13).
25

Estimates of 6

10 = = = True value of6 |
5 .|
0 . . . .
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Fig. 5. Asymptotic efficiency of 51\1 from (11): The red dash line is the Frobenius
norm of NX(N;¥) and the blue solid line comes from the average of 100
trajectories of the Frobenius norm of N(9y — ©#) (9y — ¢)'. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

7. Concluding remarks

This paper studies identification of Wiener systems under
quantized inputs and binary-valued output observations. After
establishing identifiability conditions, a three-step algorithm is
introduced to estimate unknown parameters. The algorithm is
shown to be strongly convergent and asymptotically efficient
in terms of the CR lower bound. The results of this paper
can be extended to more general cases of multi-threshold
quantized observations. The method can potentially be extended
to identify Hammerstein systems and other nonlinear systems
under quantized inputs and quantized observations.
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