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DISTRIBUTED ORDER ESTIMATION OF ARX MODEL UNDER
COOPERATIVE EXCITATION CONDITION*
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Abstract. In this paper, we consider the distributed estimation problem of a linear stochastic
system described by an autoregressive model with exogenous inputs when both the system orders
and parameters are unknown. We design distributed algorithms to estimate the unknown orders and
parameters by combining the proposed local information criterion with the distributed least squares
method. The simultaneous estimation for both the system orders and parameters brings challenges
for the theoretical analysis. Some analysis techniques, such as double array martingale limit the-
ory, stochastic Lyapunov functions, and martingale convergence theorems are employed. For the
case where the upper bounds of the true orders are available, we introduce a cooperative excitation
condition, under which the strong consistency of the estimation for the orders and parameters is
established. Moreover, for the case where the upper bounds of true orders are unknown, a similar
distributed algorithm is proposed to estimate both the orders and parameters, and the correspond-
ing convergence analysis for the proposed algorithm is provided. We remark that our results are
obtained without relying on the independency or stationarity assumptions of regression vectors, and
the cooperative excitation conditions can show that all sensors can cooperate to fulfill the estimation
task even though any individual sensor cannot.
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1. Introduction. Statistical models are widely used in almost every field of
engineering and science, and how to choose or identify an appropriate statistical model
to fit observations is an important issue. The order estimation of statistical models is
one of the key steps to construct the models. The investigation of the order estimation
has many applications in engineering systems, such as radar [1], power systems [2],
real seismic traces [3], and physiological systems [4].

In order to estimate the order of statistical models, some criterions are proposed
including Akaike information criterion [5], BIC (Bayesian information criterion) [6],
CIC [7] ( the first “C” emphasizes that the criterion is designed for feedback control
systems), and their variants [8]. Based on these information criteria, considerable
progress has been made on the order estimation in time series analysis and adaptive
estimation and control (e.g., [9], [10], [11], [12], [13]). Some theoretical results are also
obtained for the order estimation problem. For example, Hannan and Kavalieris in
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[14] introduced an algorithm to estimate the model orders and system parameters, and
the convergence of the algorithm was obtained with a stationary input sequence. Chen
and Guo in [8] introduced a modification of the BIC criterion to estimate the order
of the multidimensional autoregressive model with exogenous inputs (ARX) system,
where the true orders are assumed to belong to a known finite set. Furthermore,
the relevant results for the estimation of the system orders were generalized in [15]
to the case where the upper bounds of the true orders are unknown. After that,
some development for the order estimation problem are provided (e.g., [16], [17], [18],
[19]). Recently, the genetic algorithm [20] and neural networks [21] were developed for
model order estimation problem with good performance. However, the effectiveness
of the proposed algorithms in [20] and [21] was verified by some simulation examples
without rigorous theoretical analysis.

Over the past decade, with the development of communication technology and
computer science, wireless sensor networks have attracted increasing attention from
researchers due primarily to their practical applications in engineering systems, such
as intelligent transportation and machine health monitoring [22]. We know that in a
sensor network, each sensor can only measure partial information of the system due
to its limited sensing capacity. In order to estimate the unknown states and system
parameters by using data from sensor networks, centralized and distributed methods
are two common schemes, where the latter is gaining increasing popularity because
of scalability, privacy, and robustness against node and link failures. In distributed
algorithms, each sensor only needs to communicate with its neighboring sensors in
a certain domain. Some strategies including incremental strategies [23], consensus
strategies [24], diffusion strategies [25], and combinations of them [26] are proposed
to construct the distributed algorithms. Based on these strategies, the performance
analysis of the distributed estimation algorithms are investigated, for example, the
consensus-based least mean squares (LMS) (e.g., [27], [28]), the diffusion stochastic
gradient descent algorithm [29], the diffusion Kalman filter (e.g., [30], [31]), the diffu-
sion least squares (LS) (e.g., [32], [33], [34]), the diffusion forgetting factor recursive
[35]. Most of the corresponding theoretical results are established by requiring the
independency, stationarity, or Gaussian assumptions for the regression vectors due to
the mathematical difficulty in analyzing the product of random matrices. However,
these requirements are hard to satisfy since the regression signals may be correlated
due to the multi path effect or feedback. In order to avoid using the independency and
stationarity conditions of the regressors, some attempts are made for some distrib-
uted estimation algorithms. For the time-invariant unknown parameter, Xie, Zhang,
and Guo studied the diffusion LS algorithm and established the convergence result
in [36]. For time-varying unknown parameters, they investigated the consensus-based
and diffusion LMS algorithm, and proposed the corresponding cooperative informa-
tion condition to guarantee the stability of the algorithm (e.g., [24], [37] ). For the
diffusion Kalman filter algorithm, we introduced the collective random observability
condition and provided the stability analysis of the distributed Kalman filter algo-
rithm in [31]. We see that the analysis of all these results is established with known
system orders. How to construct and analyze the distributed algorithms when the
system orders are unknown brings challenges for us.

In this paper, we investigate the distributed estimation problem of linear stochas-
tic systems described by an ARX model with unknown system orders and parameters.
The estimates for the orders of each sensor are obtained by minimizing the proposed
local information criterion (LIC), and the estimates for unknown system parameters
are derived by the distributed LS method where the system orders are replaced by the

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/02/22 to 124.16.148.9 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

DISTRIBUTED ORDER ESTIMATION OF ARX MODEL 1521

estimates of orders. The challenges in the theoretical analysis focus on the cumulative
effect caused by the system noises and the coupled relationship between the estimates
of system orders and parameters. We introduce some mathematical tools including
the double array martingale limit theory, martingale convergence theorems, and the
stochastic Lyapunov functions to study the convergence of the proposed distributed
algorithms. The main contributions of this paper are summarized as follows.

e For the case where the true orders have known upper bounds, we design
a distributed algorithm to simultaneously estimate both the system orders
and parameters by minimizing the proposed LIC and using the distributed
LS method. A cooperative excitation condition is introduced to reflect the
joint effect of multiple sensors: the estimation task can still be completed by
the cooperation of the sensor networks even if any individual sensor cannot.
Under the cooperative excitation condition, the strong consistency of the
estimates for both system orders and parameters is established.

e For the case where the upper bounds of true orders are unknown, a sim-
ilar distributed algorithm is proposed where the growth rate for the upper
bounds of the system orders is characterized by a nondecreasing positive func-
tion. We employ the double array martingale limit theory to deal with the
difficulty arising in analyzing the cumulative effect of the system noises. The
convergence analysis for system orders and parameters can also be provided.

e The theoretical results obtained in this paper do not require the assumptions
of the independency and stationarity of the regression signals as used in al-
most all theoretical analysis of the distributed algorithms, which makes it
possible to have applications to the stochastic feedback systems.

The rest of this paper is organized as follows. We introduce some preliminaries
including graph theory and the observation model in section 2. In section 3, we estab-
lish the convergence results when the upper bounds of the true orders are available.
The case where the upper bounds of the true orders are unknown is investigated in
section 4. A simulation example is given in section 5 to illustrate our theoretical
results. We present the conclusion of the paper in section 6.

2. Problem formulation.

2.1. Some preliminaries. In this paper, we use A € R"™*™ to denote an m X n-
dimensional real matrix. For a matrix A, we use Apax(:) and Apin(+) to denote the
largest and smallest eigenvalues of the matrix. ||A| denotes the Euclidean norm, i.e.,
| All = (Amaz(AAT))Z, where the notation T’ denotes the transpose operator. We use
det(-) to denote the determinant of the corresponding matrix. For a symmetric matrix
A, if all eigenvalues of A are positive (or nonnegative), then it is a positive definite
(semipositive) matrix. Suppose that A € R"*"and B € R"™*™ are two symmetric
matrices, and C' is an n x m-dimensional matrix. Then by the Rayleigh quotient of
the symmetric matrix, we can easily obtain the following inequality:

A C
(21) /\Inin (CT B) S >\min(A)-

The matrix inversion formula is used in our analysis, and we list it here.

LEMMA 2.1 ([38]). For any matrices A, B, C, and D with suitable dimensions,
the following formula,

(A+BDC)'=A"1'-A"'B(D'+CcA'B)"'CcA!,

holds, provided that the relevant matrices are invertible.
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If all elements of a matrix A = {a;;} € R™*™ are nonnegative, then it is a
nonnegative matrix, and furthermore if Z?zl a;; = 1 holds for all i € {1,--- ,n},
then it is called a stochastic matrix.

Let {Aj} be a matrix sequence and {b;} be a positive scalar sequence. Then by
A}, = O(b) we mean that there exists a constant C' > 0 such that || Ax|| < Cby Vk > 0,
and by A = o(by) we mean that limg_, ||A||/brx = 0.

In this paper, our purpose is to design distributed algorithms to estimate both
system orders and parameters in a distributed way and establish the corresponding
convergence results. We use an undirected graph G = (V,€) to describe the rela-
tionship between sensors, where V is the set of sensors and £ is the edge set. The
adjacency matrix A = {a;;} € R™*" is introduced to reflect the weight of the corre-
sponding edge. The elements of A satisfy a;; > 0 if (¢,7) € £ and a;; = 0 otherwise.
The set of neighbors of the sensor i is denoted as N; = {j € V|(i,j) € £}, and we
assume that sensor i belongs to NV;. A path of length ¢ is a sequence of £ 4 1 sensors
such that the subsequent senors are connected. The graph G is called connected if
for any two sensors ¢ and j, there is a path connecting them. The diameter Dg of
the graph G is defined as the maximum shortest length of the path between any two
sensors. For simplicity of analysis, the convergence of the estimates in this paper is
considered under the condition that the weighted adjacency matrix A is symmetric
and stochastic. Thus, it is obvious that A is doubly stochastic.

2.2. Observation model. We consider a network composed of n sensors. At
each time instant ¢ (¢ = 0,1,2,...), the input signal u;; € R and the output signal
yti € R of sensor ¢ € {1,...,n} are assumed to obey the following linear stochastic
ARX model,

(2'2) Ytt+1,i = blyt»i +-t bpoyt-i-l—po,i T C1Ug + T CgoUt1—go,0 T Wi,
Yt =0, u; =0, for t <0,

where {w; ;} is a noise process, po, go are unknown true orders (b,, # 0, ¢y, # 0), and
bi,...,bpy, C1,...,Cq, are unknown parameters.
Denote the unknown parameter vector 6(p,q) and the corresponding regression

vector ¢ ;(p, q) as

(23) 0(p7Q) = [bly"'abp7clv"'7cq]Ta
(2.4) ti(Py @) = [Ytyis - s Yt1—p,is Utsis - - - ,Ut+1fq,i}T

If p > po, then b; = 0 for pg < j < p, and if ¢ > qp, then ¢, =0 for gg <m < q. The
regression model (2.2) can be rewritten as

(2.5) Yer1,i =07 (p,@)pr.i(p,q) + w1 (for p>py and g > qo)
(2.6) = GT(PO, 40)Pt,i(Pos q0) + Wiy1,i-

The purpose of this paper is to design the distributed algorithm for each sensor
by using the local information from its neighbors to estimate both the system orders
Po,qo and the parameter vector 0(pg,qo) . We know that for the case where the
system orders pg, qo are known, the distributed LS algorithm is one of the most basic
algorithms to estimate the unknown parameters, and it has wide applications because
of its fast convergence rate, e.g., in the area of cloud technologies (e.g., [39]). The
details of the distributed LS algorithm can be found in the following Algorithm 2.1
(see [36]).
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Algorithm 2.1 Distributed LS algorithm.

For any given ¢ € {1,...,n} and given system order (p,q), begin with an initial
estimate 6y ;(p, ¢), and an initial positive definite matrix Py ;(p,q). The distributed
LS algorithm is recursively defined at time instant ¢t > 0 as follows.

1: Adaptation.

0:11.:(p, q) = 04,i(p, q) + di.i(p. ) Pri(p, ) pt,i(p, @)
(2.7) (Y1 — L0, 0)00i(p,9)),
(28)  P1i(p.q) = Pri(p,q) — dei(p, ) Pri(p, )1, (0, )14 (0 @) Pri(p, ),
(29)  duilp.g) =1+ 1P, ) Prilp. @) pri(p.a)) "

2: Diffusion.

(2.10) t+1 i Z a” t+1j (p, )
JEN;
(2.11) 0:111,i(p,a)= Pit1,i(p,q Z ai; P15 (P, 00141, (p, q)-
JEN;

In this section, for given (p, q), the estimation error between the true parameter
and the estimate obtained by Algorithm 2.1 is denoted as 6, ;(p, q),

atl”

(2.12) 0.,i(p,a) = [b1 — by, - by — b

i
p 3 C1 — ClgyevesCqg— C

)

where {b} ,}#_, and {c},}]_, are denoted as the estimates of the corresponding com-
ponents of 8, ;(p, q) obtained by Algorithm 2.1.

We have the following result on the estimation error 8, ;(p, ¢), which will be helpful
for the subsequent theoretical analysis.

LEMMA 2.2. Forp > po and q > qo, the following equation holds:

(213) P @)0us1i(p) = Y aii P (0, 0)00 i (0,0) = Y aijepr (0, @)wis -
JEN; JEN;

Proof. For simplicity of expression, we use d: ;, ¢4, P i, PtJr])i, ét+1,i7 0, ,, and

0,11, to denote d; i (p,q), @+,i(p,q), Pri(p,q), Pit1,:(p,q), Or41,:(p,q), 04,:(p, q), and
0.+1,i(p,q). By (2.9), we have

(2.14) dii =1—dpip] i Priii-
Combining this with (2.7) and (2.8), we have

(2.15)

Oi1:=(I— dt,iPt,iSOmLPtj:i)Ht,i +di i PPl
=(I—- dt,iR:,i@t,z‘QOz:i)at,z‘ + P, (1 — dt,i‘Pzi-Pt,iCPt,i)yt+l,i
= (P, — dt,iPu%PmSDtT,iPt,i)P{il@t,i + (P — dt7iPt,i‘10t,i‘sziRt7i)Sot,iyt+17i
= 13t+1,z‘P,;7;19t,i + Pt+1,i¢Pt,z‘yt+1,i~
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Hence we have
Pl 6= P00+ 0rilii
t+1,07t+1 ti Yt T Pile+1,-

Substituting this equation into (2.11) yields

(2.16) P ibini= > ai(P' 00+ @rjyigg)
JEN;

By (2.8) and Lemma 2.1, we have
(2.17) Ptjrl i = Pt,_il + ‘Pt,iSOtT,i-
Hence by (2.10), (2.16), and (2.17), we have

Pt:rll,iat-‘rl i Pt+1 10 Pt+1 10t+1 i
=D aiiPi ;0 = ) aij(P 60 + oujyie)

JEN; JEN;
T -1 T
= Z ai; (P + 01 )0 — Z aij(Py; 015 + p1,jp1,;0 + Prjwe1,5)
JEN; JEN;
= Z aithTj et,j — Z Qi Pt jWeH1,5,
JEN; JEN;
which completes the proof of the lemma. 0

For the case where the system orders pg, gy are known, Xie, Zhang, and Guo in
[36] proved that the distributed LS algorithm can converge to the true parameters
almost surely (a.s.) under a cooperative excitation condition. However, when the
system orders pg,qo are unknown, the estimation for both the system orders and
the parameters makes the design and analysis of the distributed algorithms quite
complicated. We will deal with such a problem in the following two sections.

3. Case I: The upper bounds of true orders are known. In this section, we
will first design the distributed algorithm to estimate both the system orders (pg, qo)
and the parameter vector 0(pg,qo) for the case where the system orders have known
upper bounds, i.e.,

(po,q0) € M 2 {(p,q),0<p <p*,0<q<q*},

where p* and ¢* are known upper bounds of the system orders.
For convenience of analysis, we introduce some notations and assumptions,

dt(p’ q) = diag{dt,l(p7 q)a ceey dt,n(pa q)}7
(ﬁt(p7 Q) = dia’g{sot,l(pa Q)7 seey (Pt,n(pa Q)}v
W, = [wt 15 ~~~wt,n]T7

I:)t(pv q) = diag{-Pt,l(pa q)a ceey -l:)t,n(pv q)}a
Pt(p7 Q) diag{IDt,l(p7Q)a"'a-F,t,n(pv Q)}a
G')t(pa Q) = COZ{Bt,l(pa Q)a ceey et,n(p7 (I)}7

where col(-,--- ,-) denotes a vector stacked by the specified vectors, and diag(-,--- ,-)
denotes a block matrix formed in a diagonal manner of the corresponding vectors or
matrices.
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In order to propose and further analyze the distributed algorithm used to estimate
both the system order and the parameters, we introduce some assumptions on the
network topology, and the observation noise and the regression vectors.

Assumption 3.1. The communication graph G is connected.

Remark 3.1. Forl > 1, we denote A' £ [a (l)] with A being the weighted adjacency

matrix of the graph G, i.e., agé) is the (i,7)th element of the matrix A'. Under

Assumption 3.1, we can easily obtain that A’ is a positive matrix for [ > Dg by the

()>0f0ranyzand

theory of the product of stochastic matrices, which means that a
j-

Assumption 3.2. For any i € {1,...,n}, the noise sequence {wy ;, %} is a martin-
gale difference sequence, where .%; is a sequence of nondecreasing o-algebras generated
by {Yk.i, Uk, k <t,9=1,2,,...,n}, and there exists a constant 5 > 2 such that

sup E[|wiy1,4|%| %] < ocas.,
>0

where E[-|-] denotes the conditional expectation operator.

Assumption 3.3. (cooperative excitation condition I). There exists a sequence {a;}
of positive real numbers satisfying a; RS and
— 00

log Tt(p*7 q*) a *
(3.1) ” P 0, YT () 1o 0 for (p,q) e M* as.,
where M* = {(po,q¢*), (0", 90)}, 1(p.@) =  Idmax{Py '(p@)} +

S Yo l@n.i(p, q)[1?, and
n t—Dgy1

)‘frilqn = mln ZP()j p’ +Z Z Sokjp’ 90k](p7)
Jj=1 k=0

Remark 3.2. We give an explanation for the choice of {a;} in Assumption 3.3
for two typical cases: (I) If the regression vectors ¢y ;(p*,¢*) are bounded for any
1 € {1,...,n}, and satisfy the ergodicity property, i.e., there exists a matrix H; such
that %22:1 wk’i(p*,q*)w;{’i(p*,q*) = H,; with Y7 | H; being positive definite
(see, e.g., [40]), then a; can be taken as a; = t?, 0 < p < 1. (II) If there exist three
positive constants si, so, and s3 (they may depend on the sample w) such that

n t

>
i=1 k=0
MDA (1) > so(logt) 53 for (p,q) € M* as.,

+luil®) = Ot") as.,

<.

then Assumption 3.3 can be also satisfied by taking a; = (logt) loglog t.

Remark 3.3. For the case where there is only one sensor (n = 1), Guo, Chen,
and Zhang in [7] investigated the strong consistency of the order estimate under the
following conditions,

log(3"_o llk1 (0%, ¢)II* + 1)

ag t—o0
&

)‘min(z}izo on,l(pa Q)‘Pg,l(p? Q) + 'VI) o0

0 as.,
(3.2)

0 for (p,q) € M* as.,
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where v is a positive constant, and {a;,t > 1} is a sequence of positive numbers.
Assumption 3.3 can be considered as an extension of (3.2) to the case of multiple
Sensors.

Remark 3.4. Cooperative excitation condition I (i.e., Assumption 3.3) can reflect
the joint effect of multiple sensors to some extent: all sensors may cooperatively
estimate the unknown orders and parameters under Assumption 3.3 (see Theorems
3.4 and 3.5), even though any individual sensor cannot fulfill the estimation task since
the single sensor may lack adequate excitation to satisfy the condition (3.2). We give
a simulation example to illustrate this point in section 5

In the following, we propose an algorithm to estimate the system orders py and
o in a distributed way. For this propose, we introduce an LIC Ly ;(p, ¢) for the sensor
i at the time instant ¢ > 0,

(3.3) Lii(p,q) = 01,i(p, 4, 04,i(p,q)) + (p+ @)ay,

where 0¢;(p,q,8(p,q)) = 0, and oy ;(p, ¢, B(p, q)) is recursively defined for ¢ > 0 as
follows:

(34)01.i(p, ¢, B(p,0) = Y _ aij(01-1,;(p. 0. B, 0) + lwe; — BT (0, ) pr-1.5(p, )]?).

JEN;

With o0 ;(p, ¢, B(p,q)) = 0, (3.4) is equivalent to the following equation:

-
|

n 1

(3.5) o1:(p, . B(p,0) = > al ™ sy — BT (0, )pr s (0, @)
0

>
Il

Jj=1

When the upper bounds of orders are known, the distributed algorithm to estimate
the system orders and parameters is put forward by minimizing LIC (i.e., L ;(p, q))
and using Algorithm 2.1. Tt is clear that in (3.3), the first term is used to minimize
the error between the observation signals and the prediction, while the penalty term
“(p + ¢q)ay” is introduced to avoid overfitting. The details of the algorithm can be
found in Algorithm 3.1.

Algorithm 3.1.

For any given ¢ € {1,...,n}, the distributed estimation of the system orders and
parameters can be obtained at the time instant ¢t > 1 as follows.

Step 1: For any (p,q) € M, based on {¢k ;(p, q),yk+17j}f€;11, j € N;, the estimate
0. .(p, q) can be obtained by using Algorithm 2.1.

Step 2: (order estimation) With the estimates {6 ;(p, q)}(p,q)c s Obtained by Step
1, the estimates (p, ¢:,;) of system orders are given by minimizing L, ;(p, q), i.e.,

(36) (pt,ia Qt,i) = arg min(p,q)eMLt,i (pa q)

Step 3: (parameter estimation) The estimate 0, ;(py.i, gi,;) for the unknown param-
eter O(po,qo) can be obtained by using Algorithm 2.1, where the orders (p,q) are
replaced by the estimates (p;;,¢:,;) obtained in Step 2.

Repeating the above steps, we obtain the order estimates p;;,q:; and parameter
estimates 6, ;(pr,qi;) for t >0and i =1,2,...,n.

In fact, the estimates of unknown parameters for each pair (p, ¢) in Step 1 of the
above Algorithm 3.1 are obtained by minimizing the first term of L, ;(p,q) in (3.3),
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which makes the estimates of orders not allowed to be smaller than the true orders.
Moreover, the penalty term (i.e., (p + ¢)a;) makes the estimates of orders no greater
than the true orders. According to these intuitive explanations, we can obtain the
convergence results of the estimates of orders by properly choosing a;.

Remark 3.5. In Algorithm 3.1, if the estimates (p;;,q:;) for the system order
(po, qo) are obtained by the following step,

(3.7) Pt = arg min1§pgp*Lt,i(p7 q"), qii=arg min1gng*Lt,i(p*a q)

then the sequence (py;,q:;) can also converge to the true order (po,qo) by a similar
argument as that used in the following Theorem 3.4. At each time instant ¢, we need
to run p* x ¢* instances to find the minimum of the function L, ;(p, ¢) in (3.6), while
in (3.7) we just need to run at most p* + ¢* instances.

In the following, we will analyze the convergence of the estimation for system
orders and parameters obtained in Algorithm 3.1. To this end, we first introduce
some preliminary lemmas.

LEMMA 3.1 ([36]). In Algorithm 2.1, for any fized p,q, and t > 1, we have
det(P (p,q)) — det(P; ' (p,q))
det(P (p,q))

LEMMA 3.2 ([36]). Under Assumptions 3.1 and 3.2, we have for p > py and
q > q0;

<1

Amax{de(p, ) @] (0, 9)Pi(p, )@+ (p.q)} <

> 050, 0) P (p.0)01.i(p, q) = Olog r4(p, q)),
i=1

where r¢(p, q) is defined in Assumption 3.3.

How to deal with the effect of the noises is a crucial step for the convergence
analysis of Algorithm 3.1, and the following lemma provides an upper bound for the
cumulative summation of the noises.

LEMMA 3.3. Under Assumptions 3.1 and 3.2, we have for any fized p, q,

StT+1,i(p7 Q)Pt+1,i(p7 Q)St+1,i(p, q) = O(logr¢(p, q)),

where Si11,4(p, q) = 2?21 ZZ:O al(';+17k)90k,j (P, Q) Wk41,5, and al(;ﬂfk) 1s the ith row,

jth column entry of the weight matriz A+1F.

Proof. For the convenience of expression, we use S;;, Py, ®1, and dj to denote

St.i(p,q), Pe(p,q), ®r(p,q), and di(p, q).
Set Sop =0 and S; = col{S; 1, ..., St n}. Then we have

k
Sky1 = ZMH*I@IWM = (Si+ PrWiy1).
=0
By (2.8) and Lemma 4.2 in [36], we have
S Pe1 Sk = (S + WL @0 A Py (S + @1 Wi y1)
< (8¢ + WL, @) Piy1(Sk + 2, Wipa)
= (SF + Wl ®])(P; — P, ®1,d,®] Py)(Sk + ®1Wii1)
= SI P.Sy +2W,[ @[PSy + W @] P,® W1 — S| P, ®,d,,®] P.,S),
(3.8) — 28/ P, ®,d @[ P, Wiy1 — W 8 P, ®,d, @] P&, Wiy,
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Moreover, by the definition of dj and (2.14), we have
(3.9) d,®] P.®), = I — dy.
By (2.8) and (3.9), we derive that

P, ®, = P,®, — P,®,d,®] P,®,
(3.10) = P.®;, — P.®,(I —dy) = P,®,d;.

Substituting (3.9) into (3.8), we have by (3.10)

St Pyei1Ski1 < S PySk + 25! Po®,d Wiy — S Po®1,d @] Py Sk
+ Wi L P®)d Wiy
= SFP.S), + 28! Pp 18 W1 — Sil Py y1®4d; '@ P11 Sh,
+ WL @] P.®,d Wi
< SFP.Sk + 28} Ppy 18 Wiy — S P 1 ®,®] Py i1 Sh
+ Wi L P ®ydj Wi 1.

By the summation of both sides of the above inequality, we have

t

ST PiyaSeir + > |ISF Pegr ®i)?
k=0

t t
(3.11) <2 SIP ®Wir + Y WL 8 Pedid Wiy
k=0 k=0

Next, we estimate the two terms on the right-hand side of (3.11) separately. By
Assumption 3.2 and the martingale estimation theorem (see, e.g., [41]), we can get
the following inequality:

t t
(3.12) > S P Wi =0(1) + 0 (Z S,{Pk+1@k||2> .
k=0 k=0
Then by the proof of Lemma 4.4 in [36], we obtain

t t
(3.13) > W [ Po®rdiWi1 = > W dv®] Pe® Wiy = O(logry).
k=0 k=0

Substituting (3.12) and (3.13) into (3.11) yields
S} 1 Piy1Sie = O(logry),

which completes the proof of the lemma. 0

Remark 3.6. If Assumption 3.2 is relaxed to the following weaker noise condition

(3.14) sup Ef|lwiy14]*| %] < 00 as.,
>0

then under Assumption 3.1 similar results as those of Lemmas 3.2 and 3.3 can also
be obtained, save that the term “logr:(p,q)” in Lemmas 3.2 and 3.3 is replaced by
“logr(p, q) (loglogri(p,q))” (for some 7 > 1).”
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Remark 3.7. For the directed communication graph case, if the graph is strongly
connected and balanced (i.e., both the inflow and outflow of each sensor are equal
to 1), we can obtain a similar result as that of the above lemma by just replacing
“o Py " with “o/T Py 1977 in (3.8).

Now, we present the main results concerning the convergence of the order esti-
mates obtained by Algorithm 3.1.

THEOREM 3.4. Under Assumptions 3.1-3.3, the order estimate sequence
(Pt qei) given by (3.6) converges to the true order (po,qo) a.s., i.e.,

Ptir Gti) —— P (po,q0) a.s. for ie€{l,...,n}.

Proof. For i € {1,...,n}, we need to show that the sequence (p;;,¢,;) has only
one limit point (po, go). Let (p,q;) € M be a limit point of (p;, g 4), i.e., there is a
subsequence {tj} such that

(3.15) (Posis Guici) ——— (P 40)-
—00

In order to prove (pi,qt.) == (po, qo), we just need to show the impossibility of
— 00

the following two situations:

(i) p; > po, ¢; > qo, and p + g; > po + qo;

(i) p; < po or ¢j < qo.

Noting that both py, ; and ¢, ; are integers, by (3.15) we have (py, i, G, i) =
(p, q}) for sufficiently large k. We first show that the situation (i) will not happen by
reduction to absurdity.

Suppose that (i) holds. By (2.5) and (3.5), we see that oy, ;(p}, q}, 6, .:(P}, )
can be calculated by the following equation:

Utk,i(p;a qza atk,i(p'/i? qz))

n tp—1
tr—1
=35l Py — 08 (0 d)epr (0} 0}
j=1 1=0
tr
_n (tkl)gT A, o 12
= Z (64, (D3> 45) e, (D3 €5) + Wit ]
j=1 1=0
n tp—1 "
0L wa) | D2 al Ve (wh d)el (0l ) | 01, (). 4))
j=1 1=0
n tp—1 n tp—1
1) 1)
(3.16) + 207,05 ) [ D D" alr Veor; (0 awigry | +30 3 alrud .
j=1 1=0 j=1 1=0

By Lemmas 3.2 and 3.3, we have the following relationship:

n _
—1
tk q pzﬂqz Z Z k )Sol] pzqu)wl+1,]

j=1 1=0

(3.17) = O(log(r+, (pi, 4;))) = O(log(r,, (p*, q)))-

tr—1

n

tr—l

tk i pz’qz Z CL( h )Sol] pzqu)wl+1 N H
j=1 1=0

1
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By (2.10) and (2.17), we have for any p and ¢

n tp—1
(318) P i)=Y al Veuip 0ol (p.q) + Za () Py 1 (p, q)-
j=1 1=0 j=1

By this equation and Lemma 3.2, we can easily obtain that

n
tr—1 ~
0! (i) Z a1 (p. Q) ol (0 4) Bt i () )
j=1 1=0

(3.19) = O(logry, (P} 4;)) = O(log(rs, (", ¢")))-

Substituting (3.17) and (3.19) into (3.16), we see that there exists a positive constant
C1 satisfying

n tp—1

(320) Utk, (pzv qzv Otk i pz?Qz Z Z a(tk l)wl-i,-l j Z Cl 1Og(rtk (p q ))
7j=1 1=0

Now, we will consider oy, ;(po, 90, 01,,.i(Po; ¢o)). By Lemma 2.2, we have for p > pg
and q > qo,

(3.21) = 5] 'Py 1 (0,)60,(p,4) — Py (0, )0r,.i(p, ).

In a similar way to that used in (3.16), we obtain

n tp—1

tk l 2
Oti (p07q030tk, p07QO § E a wl+1d
j=1 1=0

n tp—1

~ 1 ~
= OtTk,i(Po, %) Z Z az(;k )‘Pl,j(pOa QO)‘plT:j(meO) 6+,..i(Po, 90)
j=11=0

n tp—1

t
+ 20tk i(Po, 90) Z Z a( o 801,3 (o, qo)wi+1,
j=1 1=0

Combining this with (3.18) and (3.21) yieldsCombining this with

(3.22)
n tp—1
tr—l1
Oty i (pOaQO79tk % p07q0 Z Z a( " ) l+1,j
j=1 1=0

=6/ ,(po. q0) P, L (po, 10)04,..i(Po, q0)
n

0! .(po. q0) Z 1 (00, 0) | 64,.:(po, 90)

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/02/22 to 124.16.148.9 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

DISTRIBUTED ORDER ESTIMATION OF ARX MODEL 1531

+ 207 . (po. q0) Za( ) Py (90, 40)80,5 (P, 40) — Py (10, 20)8t,.i (po, q0)

n

< =67, i(po, q0) Za,(;k)Pofjl(PO,QO) 0.,.:(po, q)
=1

n

+ 267, ,(po, q0) Za( k)P p07q0)90j(p07QO)

Za“k)aoj (o, @0) Py} (po, 40)80,;(po, a0) | = O(1),

where the last inequality is obtained by
(3.23) 20T Ay < T Ax +yT Ay for A>0.
From (3.20) and (3.22), we have

0t,i(Di @iy 01y, i (D5 41)) — 044,i (PO, 90, Oy i (PO, q0)) > —Ch logre, (p*,q*) — Co,

where Cs is a positive constant. Note that (p, 4, gt ,:) = argmin, gear Ly, +(p, q). By
Assumption 3.3, we have

0> Ly, i(Ptyis Gtri) — Lty ,i(po, q0) = Le,. (05 @) — L. ,i(Pos o)
= 01,.i (P} 44> O1,,.i (P> 47)) — 014, (P05 G0, Ot i (P05 q0)) + (D5 + ¢; — Po — qo)ax,
> —Cylogry, (", q") — Ca + (V) + ¢ — po — qo)ar,
—a, (—01 log 74, (p*, 4*)

ay

4‘(1724'(11/‘—290—610))—C'2—>ooas/f—>c>o7

k

which leads to the contradiction. Thus, situation (i) will not happen.

In the following, we will show the impossibility of situation (ii) by reduction to
absurdity. Suppose that (ii) holds, i.e., p; < po or ¢} < go. In order to analyze
the properties of the estimate error, we introduce the following (s; + v;)-dimensional
vector with s; = max{pog, p;}, vi = max{qo,q}},

, . , -
Btk,i(si’ Ui) = [bll,t;y B bii,tkﬁcll,tk) s aC:;,ht,J
If pj < po, then bl, 2 0 for p; < m < po; and if ¢/ < qo, then ot £ 0 for
g <m<qo.
Denote Otk,i(si,vi) = O(Si,vi) — th,i(si, 1}1'). It is clear that

(324) ||§tk,i(3i7'0i)||2 > min{|bl)0|27 |CQO|2} 2 ag > 0.
Then by (2.6), we have

O—tk,i(p;; qga Otk,i(p;a qé))

n tp—1

te—1
=33 al 0107 (po, q0) 1.5 (Po, q0) — OF, (Pl 6) 1 (Pl 4]) + wisa 51
=1 1=0
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Hence combining this equation and the definition gtw;(si, v;), we obtain

E : 2 : (tk—=1), 2
Oty (pzaqwetk, pz’qz a; wl+1,j
j=1 1=0
nT -1 n n
—Gtkl(sz,vz)ng,i(smi)@tk,i(si,vi)— i (80> Vi) E a i (5i,03) | 64 i(si,v5)
n tp—1
+ 20 (tk l)
tr,i shvz a Sal,j SZ7U1)wl+1,j
j=1 1=0

(3.25) = 93; z(sl,vl)f-’t;}i(si,vi)gtk,i(si,vi) — My + Ms.
By (3.18) and Remark 3.1, we have for any p and ¢

(326) /\nlirl(Pt;}i(p7 Q)) Z aHlin/\mm(tk)

where amin = min; jey a( 9) 5 0. Hence, by (3.26) and Lemma 3.2, we have for p > pg
and q > qo,

(327) > sl =0 ().

min

When p < po (as does the case ¢; < qo), we can use (3.27) in the first p; components
of 8y, ;(si,v;). Then by (2.1) and Assumption 3.3, we obtain |0y, ;(s:,v:)|| = O(1),
hence we have

(3.28) M < Amax Za“)P (si,00) | 1160, (50, v:) |2 = O(1).
J=1

In the following, we will analyze M. Similarly to the analysis of (3.17), by
Lemma 3.3, we have
BT

1
th 1(3177)1)ng3 (si5v4)
1

01?;: 1(51a v7)‘Ptk % (517 vl)

t

k—
z : tk 1)

(%2J} J sz; vz)wl+1 J H
=

n
tk i 81,1)1 E

1

a;

j=1 0

2 (ru, (s, Ui))}

( N}

Therefore, by (3.25)—(3.29), we see that there exist two positive constants Cs and Cy
such that

1
i (815 00) Py % (56, 03)

of

(3.29)= O {’

M| < |07,

-log

i I
-log? (ry, (p*, ¢%))

n tp—1

tr—l
O-tk Z(pquvatk 1(pz7qz Z Z CI,( b )wl+1 N

j=1 1=0
2 ’ét];: z(SZ’UZ)Pt;li(Sia vi)etk 1,( Siy )
(3.30) — 46

1
(s, 0) Py 2 (si,03) | - log (11, (p*, 07))-
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By Assumption 3.3, (3.24), and (3.26), we have

1
Hetk i SszZ)Ptk 2 (i, 00)

| 1og? (re, (", 0")) = 08, (s, v P} (51, 00) 1 i(s1,01)):

Furthermore, by (3.24) and (3.26), we have

'I’Ltkl

tk l)
Ot,i (puqzvetk, pz’qz E E Qy; wl-i-l,]
j=1 1=0

= Amin@o X0 (te) (1 4+ 0(1)) — C3

min

> Amin 0 mln{)\zli?l’[? ( ) )\ﬁnfo(tk)}

- 2

(3.31) —Cs,

where (2.1) is used in the last inequality.
By (3.3), (3.22), (3.31), and Assumption 3.3, for large k and some positive con-
stant C5, we have the following inequality for i € {1,2,--- ,n},

0> L, i(Pty.is Gtyi) — Ltyi(Po, @0) = Lty i (05, 4;) — L, (o, q0)
= atk,i(pé, qi, Otk,i(P;, q{)) — Oy, i(po,CJo, Otk,i(po, QO)) + (P; + q§ —Po — lZo)atk.

Aminco In{ NP2 (£1,), AP0 ()}

> mm2 b — C5 + (p; + ¢; — Po — qo)ax,
- im0 min{ARGT (1), A (1)} (1 N 2(p; + ¢ — Po — qo)ax, ) o
- 2 Amin@o N{ AP%I (£1), AP0 (1))
> Amin mln{)\”"l»‘jL (te), )\fmf“ (te)} Cs = oo,
which leads to a contradiction. The proof of the theorem is complete. 0

Remark 3.8. Under Assumption 3.1 and the weaker noise condition (3.14), by
Remark 3.6, we can verify that the result of Theorem 3.4 still holds by taking the
sequence {a;} in Assumption 3.3 to satisfy the following conditions,

log r¢(p*, ¢*)(log log 7+ (p*, ¢*))™ 0

ar e N e

Qg

0 as.,

where (p,q) € M*.

Note that both the estimates (p; i, q:,;) and the true orders (po,qo) are integers;
from Theorem 3.4, we see that there exists a large enough 7" such that p;; = py and
qti = qo for ¢ > T . Thus, from (3.27) and Assumption 3.3, we have the following
consistent estimation of the parameter vector 0(pg, qo)-

THEOREM 3.5. Under the conditions of Theorem 3.4 for any i € {1,--- ,n}, we
have

0:,i(pt,irqt,i) —— 0(po,qo0) a.s.,
t—o00

where Oy ;(pt.i,qe,;) is obtained by Algorithm 3.1.

4. Case II: The upper bounds of true orders are unknown. In this section,
we consider a general case where the upper bounds of the system orders are unknown.
We first give some assumptions on the system signals and the noise.
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Assumption 4.1. For i € {1,--- ,n}, the noise sequence {w, ;, %} is a martingale
difference sequence satisfying

sup Ef|wi1,i*[F] < 00, |lweill = O(ni(t)) aus.,
+>0

where Z; is defined in Assumption 3.2 and 7;(¢) is a positive, deterministic, nonde-
creasing function satisfying

Slipm(et“)/m(et) < 0.

The term “||lwg ]| = O(n;(t))” in Assumption 4.1 describes the growth rate of the
noise, which means the double array martingale estimation theory (Lemma 4.1) can
be used to deal with the cumulative effect of the noise. It can be easily verified that
the commonly used bounded or white Gaussian noises can satisfy this assumption.

In order to simplify the analysis of the estimation error, we need to introduce
an assumption on the input and output signals which implies that the system is not
explosive. This assumption is commonly used in the stability analysis of the closed-
loop feedback control systems for a single sensor case (see, e.g., [7, 8, 15]).

Assumption 4.2. There exists a positive constant b such that the input and output
signals satisfy

n t—1

(4.1) DD (ywall® + llurll?) = O(t") aus.

i=1 k=0

Similarly to Assumption 3.3 in section 3, we introduce the following cooperative
excitation condition which can be considered as an extension of the excitation con-
dition used in [15] for a single sensor to the distributed order estimation algorithm
when the upper bounds of true orders are unknown. This condition can also reflect
the joint effect of multiple sensors as illustrated in Remark 3.4.

Assumption 4.3. (cooperative excitation condition IT). A sequence {a;} of positive
real numbers can be found such that a; t—) oo and
— 00

hilogt t) log log t]2 a
(4.2) ¢logt + [777( ) log log t] 0, Oat 0.
a; t—00 AV (t) t—oo

min

hold a.s., where

n n t—Dg
Muin(t) = Amin 4 Y Py} (moymo) + > >~ @l ()"
j=1 i=1 k=0

with 7(t) £ (Y0 n?(t))3, 0 = [Wris > YtmotLiisUtis - Ut—mo 4 1,i ] 5 Mo =
max{po, qo}, and the regression lag h; is chosen as h; = O((logt)*)(e > 1), and
logt = o(hy).

We will now construct the algorithm to estimate both the system orders and
parameters in a distributed way when the upper bounds of orders are unknown. For
estimating the unknown orders (pg, qo), we introduce the following LIC L; ;(p, q) for
the sensor 1,

(4.3) Lii(p,q) = 04,i(p, 4,04,4(p, 9)) + (p + q)as,
where oy ;(p, ¢, B(p, ¢)) is recursively defined in (3.4).
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By minimizing the LIC (4.3) and using Algorithm 2.1, we obtain the following
distributed algorithm.

Algorithm 4.1.
For any given sensor ¢ € {1,...,n}, the distributed algorithm for the estimation of
the system orders and the parameters is defined at the time instant ¢t > 1 as follows.

Step 1: For any 0 < s < [logt], based on {y, ;(,8), Yk+1,j} ey, J € Ni, the estimate
0..:(s, s) can obtained by using Algorithm 2.1, where the orders (p, ¢) are replaced by
(s,8) (0 < s <[logt]).

Step 2: (order estimation) With the estimates {6 (s, s)} obtained by Step 1,

take 7 ; by minimizing Lii(s,s) for 0 < s < [log t];
take p;; by minimizing Ly ;(p, ;) for 0 < p < 1y ;
take g;; by minimizing Ly ; (P4, q) for 0 < q < 1 ;.

Step 3: (parameter estimation) The estimate 0, ;(py.i, Gi;) for the unknown param-
eter vector O(pyp, qo) is obtained by using Algorithm 2.1, where the orders (p, q) are
replaced by the estimates (P ;, §:,;) obtained by Step 2.

Output: Pii, Gri and Oy ;i (Py,is Ge,i)-

log t]

Remark 4.1. In Step 2 of the above Algorithm 4.1, we first estimate the maximum
value my of true orders whose upper bound is characterized by the function log¢. Then
the true orders pg, o are obtained by searching among at most 2, ; points at each
time instant ¢.

In the following, we will provide the consistency analysis of Algorithm 4.1 when
the upper bounds of orders are unknown, in which a crucial step is to prove that for any
i, My; — Mo as t — co. Then by the order estimation procedure in Algorithm 4.1, the
convergence of the estimates for the system orders and parameters can be obtained
by a similar analysis as those in section 3. To this end, we need to introduce the
following double array martingale estimation lemma to deal with the noise effect in

S pet fr(m)wpg H

LEMMA 4.1 ([15]). Let {vs, %} be an s'-dimensional martingale difference se-
quence satisfying ||vi| = o(p(t)) a.s., sup, E(||vi11]|?|-#:) < oo a.s., where the prop-
erties of p(t) are described as the same as n;(t) in Assumption 4.1. Assume that
fe(m),t,m = 1,2, ..., is an Fi-measurable, v’ x s'-dimensional random matriz satis-
fying || fr(m)]| < C < 0o as. for all t, m, and some deterministic constant C. Then
for hy = O([logt]*) (a > 1), the following property holds as t — 0o:

the form of maxj<m<p,

J

> fulm)ves

max max
1<m<hy 1<5<t

= (lgnathfk |I2> +o(p(t) loglogt) as.

In order to simplify the expression of the following lemmas and theorems, we
write (1) for (1,1) in 0, ;,¢;; and P,; when p = ¢ = .

LEMMA 4.2. Let Vi(I) = OT ()P (1)O(1). Then under Assumptions 3.1 and
4.14.3, we have

max Vi 1(1) = O(hslogt) 4 o(n*(t)loglogt),

mo<I<hy

where hy and n(t) are defined in Assumption 4.3.
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Proof. By the proof of Lemma 4.4 in [36], we have for [ > myq

(1.4) Vit (1) = 0(1) + 57 WL di ()BT (1) Py () B () Wi 1.
k=0

y (3.18) and Lemma 3.1, we have

t

1%%)}(1 Amax{dk( ) (l)Pk'(l)(I’k(l)}
k=0

<11<1}%<“[10gdet( t+1(l)) log det(P; *(1))]

(45) = 0f max (1108 (AmucPy D+ el )b = ot 1oe)

7=1 k=0

where Assumption 4.2 is used in the last equation. By Assumptions 4.1, 3.1 and 4.1,
we have

05, 2 Amax {dr, () % (D Pi() @k (D} (Wit | = B(|Wiia|*| )

t

= 0(772(t) loglogt) + O (121};” Amax{d (1 )@{(Z)Pk(l){%(l)}) .
k=0

Hence by (4.5) and Assumption 4.1, we have

t
g kz_o Wi di (D@} (D) Pe(D)@x () Wiia

< max > Amax{di ()@ (1) P(l) @£ ()} Wi |
=0

1<I<h,

t

< max Amax {dr, () % (D Pi()@x (D} (Wit | = B(|Wieia|*| )

t

35, 30 Al (OB O PO @) Wi 170

(4.6) = o(n*(t)log log t) + O(hylogt).
Substituting (4.6) into (4.4) yields the result of the lemma. |

Compared with [15], we need to deal with the cooperative effect of cumulative
noises of multiple sensors which is shown by the following lemma. This lemma can
be derived by following the proof line of Lemma 3.3, and we omit it here.

LEMMA 4.3. Under Assumptions 3.1 and 4.1-4.3, for any i € {1,...,n}, we have

max {StZ DP,;(1)Sii())} = O(hylogt) + o({n(t) loglogt}?),

1<i<h:

where Sy (1) = (Z; 1Zk o 2; k)gok,j(l)warl,j), and hy and n(t) are defined in
Assumption 4.3.
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The following theorem will establish the convergence of the estimates My ;, Pt s, Gr.s
and 0y ;(Pr.q, r,i) given by Algorithm 4.1 to the true values.

THEOREM 4.4. Under Assumptions 3.1 and 4.1-4.3, we have for any i €

{1,...,n},

(4.7) Mt —> mg a.s.,
(48) (pt Zaqt l) (pO,QO) a.8.,
(4.9) 0t,i(pt,i7Qt,i) m 0(po,qo) a.s.

Proof. We first show that lim sup,_, . m,(t) < mg a.s. For p > po, ¢ > qo, set
0(p,q) = b1, bp,cry..scq)”,
0::(p.q) = 0(p,q) — 01i(p, q),

where b, = 0,p > po, ¢g = 0,¢ > qo, 0:,:(p, q) is obtained by Algorithm 2.1.
Then by (3.5), for I > mg, we have

n t—1
Ot l(lalvetz l l Z at k 0?1 ‘Plfj(l)—i_wk‘i‘l;j]z
j=1k=0
n t—1
X ~
=050 [ Y- af Y eni ek, (0) | 01
j=1k=0
n t—1 n t—1
+ 20 Z a (&= k)cplw Dwgg1,; | + Z a(t k)wk_H g
j=1k=0 j=1k=0
n t—1 ( )
t—k
(4.10) Eh+1L+ Z @ Wit e
j=1k=0
In the following, we estimate Iy, I> separately.
On the one hand, by (3.18) (3.21) and (3.23), we have
L+ I = 6L,(1) Za“)P )| 6.
+2075(1) | Yl Py} (060,(1) = Py (18:.4(1)
j=1

(4.11) < OO B+ (68, (0P (0805 )
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Hence by (4.10) and (4.11), we have for I > my,

n t—

1
(4.12) 044(1,1,0,:(1,1)) ol R < —8L P16 + O(1).
j=1k=0

On the other hand, by Lemma 4.3, we have

= O{Hga(l)Pt? (l)H ~{o([n(t) loglogt]*) + O(hy log t)}i} :

Then for [ > mg and sufficiently large ¢, by (3.18), (4.10), and Assumption 4.3 , we
have for some positive constant Cg,

t—1

1 n oz
P2 E E a ‘P/w JWk+1,5

j=1k=0

|| < 2||07, ()P, (1)

n t—1
ori(l,1,0:,:(1,1)) — Z aE;—k)w%+17j
j=1k=0
DU
201?1(1)13,511([)91‘,1([)
- o { [T 0PLH O - folinty oz logt?) + hiloge} )

Hence by (4.3) and Lemma 4.2, we have for sufficiently large t,

max  {Ly;(mo,mo) — Ly i(1,1)}

mo<Il<logt
n t—1
- (t—k), 2
- mog}z)l(ogt {O—t’i(mmmo’ et’i(mo’mo)) o “ Zaij Wk+1,5
J=1k=0
n t—1
k
— 01i(l,1,014(1,1) "’ZZ“S ) k+1,] (l—mo)at}
7j=1k=0
,l
< max {Ha (1) H{o #) log log ] )+O(htlogt)}%}+0(1)—2at
mo<l<logt

= o([n(t) loglogt]?) + O(h;logt) + O(1) — 2a; < 0.
By the above equation, we have

Lt,i(m07 mO) < mog}g}ogtLt’i(l’ l)7

We now show that liminf; ,., M ; > mg holds a.s. For any [ < myg, let us write
0, (1) given by Algorithm 2.1 in its component form:

which implies that limsup,_, ., M ; < mo.

et,i(l) = [bi,tv ] bg,ta Ci,t? B acf,t]T € Rm'

In order to avoid confusion, for any | < mg, we denote the following mg-dimensional
vector,

0;.i(mg) = [bit, ceey bino,t,ci“ o 7Cino¢]T € R2™o,
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where b, = 0, ¢}, = 0 for mg > j > I.
For any [ < mg, we have
Yrt1 — 01 (D () = yrr1,; — 0L (mo) g, (mo)
= Yr+1,; — 07 (mo)pr,;(mo) + [07 (mo) — 07, (mo)]er,; (mo)
= Wit1,5 + 07, (mo)@r.,;(mo),
where 0y ;(mg) = 0(mg) — 0;,;(mg) € R2™.
Hence by (3.5), we have for any [ < my

t—1

ori(l 100 (1,1) =3 als ™ (wip j + 67, (mo)epr.(mo))*.
j=1k=0

Thus, we have for any | < myg

O'tﬂ'(l 0“ l l i

j=1k=0

o~

1
(t—k)
a wk_HJ

t—

mo) (%

1
afi ™ . (mo) i ; (mo) | 61,i(mo)
0

j=1k=
n t—1
(4.13) + 20t i mo Z CL cp;w (mo)wk41 g S J1+ Jo.
J=1 k=0

In the following, we estimate Jq, Jo. For I < myg, by the definition of §tﬂ»(m0), we
have

(4.14) 16¢,:(mo)|? > min{|by, %, cg,|*} = ao > 0.
Then by (3.18), we have
(4.15) 07 .(mo) P! (1m0)04,i(m0) > amin Mg, () 0.

Moreover, by (2.1), Assumption 4.3, and Lemma 4.2, we have

Za t)P mo gm(mo)

> maX Za 0 ||§t,i(m0)H2 = O(l)
Then for [ < myg, by (3.18), we obtain for some positive constant Cv,

J1 = ét]:z(mO)-Rt Zl (mo)ot Z(mo Z a(t)P ’ITLQ gm(mo)

(4.16) > 07 (mo) P! (mo)Byi(mo) — C-.
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(417) <0 {Hézxmo)Pt;%(mo)H {ol[n(t) loglog #?) + O(hylog 1)} }.

Then by (4.15)—(4.17) and Assumption 4.3, we have for large ¢

By Lemma 4.3, we have

n t—1
1

2 g E a” ‘Pkg mo)wkﬂ,] H

j=1k=0

| o] < 2|67 (mo) P, * (mo)

1

t z(mO)P (mo)H

A{ol[n(t) loglog %) + Ol log )} } - C7
> aminao N ()1 +0o(1)) as.,

T T2 = 01 (mo) P! (mo)Bui(mo) — Cs{||8

where Cg is a positive constant.
Hence by (4.13), we have for any [ < my,

n t—1
(4.18)  04.4(1,1,0:4(1,1)) > amino A, (1) (1 + 0(1)) + Z al(;*k)wiﬂ’j.
j=1k=0
For I = mg, by (4.12) and Lemma 4.2, we have
at,i(mo, mo, Bt,i(mo, mo))
n t—1
< =01, (mo) P, (o)1 i(mo) + 3D ag M witi j +0(1)
j=1k=0
t—1

(419) < O(helogt) +o([n(t) loglogt?) + 3 > al™w?,, ; +0(1).

For any I < mg, by (4.18)—(4.19) and Assumption 4.3, we have

Ly i(1,1) — Ly.i(mo, mo)
=0,(1,1,0.:(1,1)) — or:(mo, Mo, O i (Mo, mo)) + 2(1 — mo)ay
> Amino A, (1) (14 0(1)) — Co((hs logt) + o([n(t) loglog t]*)) + Cio — Chyas
= Amin A, () (g + 0(1)) > 0 as t — oo,

where Cy, C1g, C'11 are positive constants. Hence we have

Ly i(mg, mg) < Kr?ilylno Ly i(1,0),

which implies that liminf;_, . 7 ; > mg a.s. Thus the first assertion (4.7) has been
proved.
By My t—> myg, the proof of (4.8) can be carried out by a similar argument as
bde el

that used in section 3.

Note that both the estimates (p;;,d:,;) and the true orders (pg,qo) are integers,
from (4.8); we see that there exists a large enough T such that p,; = po and ¢, ; = qo
for t > T. By the proof of Lemma 4.2, we have

Vi(po, qo) = O(helogt) + 0(772(15) loglogt).
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Therefore,
O(hslogt) + o(n?(t)loglogt
||0t,i(p07QO) —‘9(]90,110)”2 = (b ) 0 (7 ) )~
)\min (t)
The convergence of the parameters can be obtained by Assumption 4.3. This com-
pletes the proof of the theorem. O

Remark 4.2. From Theorem 4.4 (also Theorems 3.4 and 3.5), we see that the
convergence of the estimates for both the system orders and parameters are derived
without using the independency or stationarity assumptions on the regression vectors,
which makes it possible to apply our distributed algorithms to practical feedback
control systems.

Remark 4.3. We note that in the area of stochastic adaptive control and opti-
mization (see e.g., [42, 43]), the dither signals are often introduced into the controller
design to deal with the fundamental conflict between parameter estimation and con-
trol performance, i.e., the adaptive controller can be taken as the form wu; ; = u?’i+vt7,; ,
where u?z is the desired controller and vy ; is the dither signal to enhance the excita-
tion condition in the controller. By following similar analyses as those used in [42] and
[43], we can show that cooperative excitation conditions I and II can be satisfied when
the controllers are designed according to the above manner, and thus the convergence
of the distributed algorithms can be obtained.

5. A simulation example. In this section, we provide an example to demon-
strate the theoretical results obtained in this paper. For convenience, we just consider
the first case where the true orders have known upper bounds, and the results for the
case where the upper bounds of the true orders are unknown are almost the same.

Example 5.1. Consider a network composed of n = 6 sensors whose dynamics
obey the following dynamic model

(5.1) Yt+1,i = 9T<Pt,z‘ + Wiy,

where both the system order py and the parameter 8 € RP° are unknown. The noise
sequence {w;;,t > 1,4 = 1,...,6} in (5.1) is independent and identically distrib-
uted with w;; ~ N(0,0.1) (Gaussian distribution with zero mean and variance 0.1).
Assume that an upper bound p* = 5 for the unknown order is available. Let the
regression vectors ¢ ; € RP (1 <p <p* i=1,...,6, t > 1) be generated by the
following state space model,

Ty = A1 + Bigg,

5.2
( ) Pt,i :Ciwt,ia

)

where x;; € RP? is the state of the above system with x¢; = [1,..., 1]T, the matrices
——

P
A;, B;, and C; (i = 1,2,...,6) are chosen according to the following way such that
the excitation condition for any individual sensor cannot be satisfied,

A; = diag{1.15,...,1.15},
—— ——
P
B, = €e; € Rp7
C; = col{0,...,0,€;,0,...,0} € RP*P,
jth
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where j = mod(¢,p) and e; (j = 1,...,m) is the jth column of the identity matrix I,

(1 <p < p*), and the noise sequence {e;;,t > 1,i=1,...,n} in (5.2) is independent

and identically distributed with &, ; ~ N(0,0.2). All sensors will estimate the system

order py = 4 and parameter 8 = [1,0.5,3, —1.8]7. The initial estimate is taken as

0o =[2,...,2]" fori =1,2,...,n. We use the Metropolis rule in [44] to construct
——

P
the weights in the network topology, i.e.,

1—2@1']' if l:Z,

(5.3) ay = j#i
1/(max{n;,n;}) if 1€ N;\{i},

where n; is the degree of the node 1.

It can be verified that for each sensor i (i = 1,...,6), the regression signals ¢y ;
(generated by (5.2)) have no adequate excitation to estimate the unknown order and
parameter, but they can cooperate to satisfy cooperative excitation condition I (i.e.,
Assumption 3.3) by taking a; = t* with o > 1. We repeat the simulation 100 times
with the same initial states.

Figures 1 and 2 show the simulation results for the estimation of the unknown
system order and parameter generated by Algorithm 3.1 and the non-cooperative

Order estimates of all sensors by Algorithm 3.1 Or%er estimates of all sensors by non-cooperative algorithm in [7]
sensor 1
sensor 2
sensor 3
4 4r T
sensor 4
sensor 5 J’
sensor 6
3 sensor 1 1 3
sensor 2
sensor 3
20 sensor 4 J 2 L
| sensor 5
| sensor 6
10— 1

time time

F1G. 1. The order estimate sequences {pt,i}?g% of all sensors by Algorithm 3.1 and noncooper-
ative algorithm in [7].

Estimation errors of all sensors by Algorithm 3.1 Estimation errors of all sensors by non-cooperative algorithm
14 T T - 20 T T T
12 = sensor 1 18 g
sensor 2
sensor 3 16
_ 1o sensor 4 -
S sensor 5 (= _—
3 8 F At
o8 ‘ sensor 6 212 WA W f==|
) S
T bS] 10 sensor 1
g 6 g sensor 2
&0 8 s sensor 3 J
4 sensor 4
6 sensor 5 i
oL sensor 6 =
4
0 — 2
0 50 100 150 200 0 50 100 150 200
time time

F1G. 2. The parameter estimation errors of Algorithm 3.1 and noncooperative algorithm in [7].
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estimation algorithm, respectively. From Figure 1, we can see that the order estimates
{Pt,z}?ﬂ% (i =1,...,6) generated by Algorithm 3.1 can converge to the true order,
while the estimates obtained form the noncooperative estimation algorithm cannot.
Moreover, from Figure 2, it is clear that the estimation error of unknown parameters
16:.:(p*)||*> obtained by Algorithm 3.1 converges to zero as ¢ increases, while the
estimation error obtained by the noncooperative estimation algorithm cannot converge
to zero. Therefore, the estimation task can be fulfilled through exchanging information
between sensors even though any individual sensor cannot.

6. Conclusion. In this paper, we proposed distributed algorithms to simulta-
neously estimate both the unknown system orders and parameters by minimizing the
LIC and using the distributed LS algorithm. For the case where the upper bounds of
true orders are known, we show that the estimates of the parameters and the orders
can converge to the true values under the cooperative excitation condition introduced
in this paper. We note that the convergence results are obtained without using the
independency and stationarity assumptions of regression vectors as is commonly used
in most existing literature. Moreover, for the case where the upper bounds of true
orders are unknown, we constructed a similar distributed algorithm to estimate both
the parameters and the orders by introducing a time-varying regression lag, and ob-
tained the strong consistency of the distributed algorithm. The cooperative excitation
condition can reveal the joint effect of multiple sensors. Many interesting problems
deserve to be further investigated, for example, the distributed order estimation prob-
lem of the autoregressive moving average model with exogenous inputs, the recursive
distributed algorithm for the order estimation problem.
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