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information travels across an edge in the graph and suffers from one step communication delay. For saving
the storage space, the information delayed more than D step times is discarded. In addition, to model
the system in a more practical case, we assume that the observation for the subsystem output suffers
random missing. Under this new information pattern, the optimal output-feedback control problem is
non-convex, what is worse, the separation principle fails. This implies that the optimal control problem
with the information pattern introduced above is difficult to solve. In this paper, a new decentralized
control scheme is proposed. In particular, a new estimator structure and a new controller structure are
constructed, and the gains of the estimator and the controller are designed simultaneously. An optimality
condition with respect to the gains is established. Based on the optimality condition, an iterative algorithm
is exploited to design the gains numerically. It is shown that the exploited algorithm converges to Nash
optimum. Finally, the proposed theoretical results are illustrated by a physical system which is a heavy
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duty vehicles platoon.
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1. Introduction

Recently, much research attention has been paid to large-scale
systems in which subsystems exchange information through a
communication network, usually wireless. Such systems can be
found in engineering fields, such as smart grids (Aldeen, Saha, Alp-
can, &Evans, 2015), smart vehicle formations (Fax & Murray, 2004),
and sensor network (Sivakumar, Sadagopan, & Baskaran, 2016).
One feature of such systems is that the system performance is
severely affected by the imperfections of the communication net-
work (Heemels, Teel, Van de Wouw, & Nesic, 2010), such as packet
losses, network delay, and communication constraint. To under-
stand and counteract the effects of the communication network
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imperfections is becoming increasingly important. Especially, how
to counteract the effects induced by the network delay for large-
scale systems is a hot research topic.

Decentralized state-feedback linear quadratic Gaussian (LQG)
control for large-scale systems defined over a directed connected
graph with communication delay has been studied in Feyzmahda-
vian, Alam, and Gattami (2012), Lamperski and Doyle (2012), Lam-
perski and Lessard (2015), Matni and Doyle (2013). The authors
of Lamperski and Doyle (2012) and Lamperski and Lessard (2015)
designed an explicit optimal state-feedback LQG controller based
on the independence decomposition of the process noise history.
The varying communication delay case was investigated in Matni
and Doyle (2013). The result of Matni and Doyle (2013) is only
suitable for two-player systems. The design methods of Lamperski
and Doyle (2012), Lamperski and Lessard (2015) and Matni and
Doyle (2013) cannot be extended to the output-feedback case. The
reason is that the independence decomposition for the measure-
ments is not valid. In addition, the results of Lamperski and Doyle
(2012), Lamperski and Lessard (2015) and Matni and Doyle (2013)
were established under the assumption that the process noises
of different subsystems are independent of each other. Removing
this assumption, the explicit optimal state-feedback controller was
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found by the vectorization technique in Feyzmahdavian, Alam et
al. (2012). The result of Feyzmahdavian, Alam et al. (2012) was
extended to the output-feedback case in Feyzmahdavian, Gattami,
and Johansson (2012). However, the result of Feyzmahdavian, Gat-
tami et al. (2012) is only for the three-player systems with chain
structure, and is unlikely to be extended to the large-scale systems
composed of N subsystems. For large-scale systems composed of
N subsystems, decentralized output feedback control with delay
sharing pattern was investigated in Kurtaran and Sivan (1974)
and Nayyar, Mahajan, and Teneketzis (2011). The authors of Kur-
taran and Sivan (1974) designed an optimal output feedback LQG
controller under one step delay sharing pattern by dynamic pro-
gramming. Two structural results for multiple step delays sharing
pattern were established in Nayyar et al. (2011). In addition, the
decentralized output feedback controller with asymmetric one
step delay sharing pattern was designed in Nayyar, Kalathil, and
Jain. (2018). However, for the delay model defined over a di-
rected connected graph, the decentralized output feedback control
of large-scale systems composed of N subsystems is not fully
studied.

On the other hand, in Feyzmahdavian, Gattami et al. (2012),
Kurtaran and Sivan (1974) and Nayyar et al. (2018, 2011), it is
assumed that the observation for the subsystem output is always
valid. However, the observation may be affected by uncertain
factors in engineering practice, and thus may suffer from ran-
dom missing. For systems with random missing measurements
(uncertain observation), the linear filtering problems have been
studied, see (Ma & Sun, 2011; Moayedi, Foo, & Soh, 2010); however,
the decentralized controller design considering random missing
measurements is still an open problem. To design the optimal
decentralized controller under random missing measurement is
a challenge task, because the separation principle (Yoshikawa &
Kobayashi, 1978) may fail.

In this paper, we focus on the decentralized output feedback
LQG control for large-scale systems with communication delays
and random missing measurements. The large-scale system is
composed of N subsystems, and is defined over a directed con-
nected graph. The nodes in the graph represent the subsystems.
The measurement output in each subsystem contains valid mea-
surement or noise only (random missing measurements). The
edges in the graph represent the communication network. The
information travels across an edge with one step delay. Such a
delay model was introduced in Lamperski and Doyle (2012) and
Lamperski and Lessard (2015), and was applied to vehicle forma-
tions control in Feyzmahdavian, Alam et al. (2012). In this paper,
it is assumed that each subsystem maintains a buffer of length
D + 1 such that the information delayed more than D step times is
discarded. Under this setup, the corresponding optimal LQG con-
trol problem is non-convex. To solve this optimal control problem,
we propose a new decentralized control scheme. Firstly, a new
estimator structure and a new controller structure are constructed.
It is shown that the separation principle (Yoshikawa & Kobayashi,
1978) fails. Secondly, an optimality condition with respect to the
gains of the estimator and the controller is established. Thirdly,
we give an iterative algorithm to find the gains of the estimator
and the controller simultaneously, and we show that the algorithm
converges to Nash optimum. Lastly, we use a heavy duty vehi-
cles platoon to illustrate the theoretical results proposed in this
paper.

Notation. For adirected graph g = (V, £€),V = {1, ..., N}isthe
node set and £ C V x Vs the edge set; define N; = {j : (j, i) € &},
where (j, i) is an arrow from j to i. The sequence {xo, ..., X;} is
denoted by xq.;. Let tr(X) denote the trace of the square matrix X.
E(x) is the expectation of the random variable x, and E(x|y) is the
conditional expectation of x given y. Let AT denote the transpose
of the matrix A. The notations X > 0 and X > 0 mean that X

is a positive definite matrix and a positive semi-definite matrix,
respectively. The m x n zero matrix is denoted by 0,5, and the
n x n zero matrix is denoted by 0,. For a matrix A, (A)" denotes the
nth power of A, and (A); denotes the ith row, jth column element
of A. Pr(-) is the probability measure. For two sets X1, X,, define
X1\ X; &2 {x:xeX;andx ¢ Xp}.

2. Problem statement
Consider a large-scale system defined over a connected directed

graph G = (v, &) with v = {1, ..., N}, where the nodes represent
the subsystems. The ith subsystem is of the form

Xy = A+ Y AT+ B+ o, (1)
JeN;
yh =8 + vl (2)

For the ith subsystem, x' € R™ is the state; u' € R is the control
input; y' € R™ is the measurement output; ' € R™ is the process
noise; v' € R™ is the measurement noise. The matrices A?, B and
C' are of proper dimensions for all i, j € V; 8! is a random binary
variable, and satisfies

Pr(8i =1)=1, Pr(6i =0)=1-21,

where §; = 0 means that the measurement of the ith subsystem is
missing (the output contains noise only); §; = 1 implies that the
measurement of the ith subsystem is valid. It is assumed that § is

independent of 6{2 forany t; # t, ori #j.
Define the following matrices

_All . AlN
A=| : - |, Al=0for(ij) €€,
ANl . ANN
-
B= , C =diag{C',...,CN},
BN
8¢ = diag(8. Imys - - 8 Iy )-
Stacking x', u', »', v’ and y' into augmented vectors
! U )
x= cou=| |, y= ,
P N W
[ w! v!
w = , U=
o N

The large-scale system (1)-(2) can be written as

Xer1 =AX + Bur + oy, (3)
Ve =6:Cx¢ + v, (4)

where the initial state xq is a Gaussian variable with xq ~ N(X, @),
®¢ > 0. The noises w; and v; are the independent Gaussian
processes with w; ~ N (0, W;), W; > 0.and v; ~ N(0, V;), V; = 0,
respectively. Assume that xo, w;, and vy, are pairwise independent
for all t1, t,. In addition, the system parameters A, B, C, @q, W, and
V; are known to all subsystems.

The information pattern in this paper is described as follows.
The information travels across an edge in the graph and requires
one step time. Define 7;; as the length of the shortest path from
the ith subsystem to the jth subsystem, where 7;; = 0. Hence,
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7 step times are needed for the information to flow from the ith
subsystem to the jth subsystem. For example, consider the system
defined over the graph in Fig. 1, the information to flow between
the 1st subsystem and the 2nd subsystem needs one step time.
Three step times are needed for the information to go across from
the 3rd subsystem to the 1st subsystem, and so on. In addition,
for saving the storage space, the information delayed more than D
step times will be discarded. As a result, the measurement output
available to the ith subsystem is

El[ = {ylth:tfrij ] € 91'}’

where V; = {j € V : 7 < D}. Assume that D < max;jey 7. In
this paper, the control input of the ith subsystem is restricted to
the form

up = ¥/ (£}), (5)

where y; is a linear function.
Define the following cost function

T-1
J2EY Qe+ ufReus + X[ Qrxr ¢ (6)
t=0
where Q; > 0(t = 0,...,T)andR, = O(t = 0,...,T — 1)
are known to the subsystems. In this paper, we assume that T >
max;jeyTj > D, and T is finite. In general, the parameter T in (6) is
chosen to be the system running time. Our objective is to find the
control input of the form (5) to minimize the cost function (6).

Remark 1. The communication delay and dropped messages (the
information delayed more than D step times will be discarded) lead
to that the available measurement output to the ith subsystem
£l is incomplete information. Thus, the controller performance
that is evaluated by the cost function (6) is deteriorated by the
communication delay and dropped messages, because in theory,
the optimal value of the cost function gets larger by the controller
using less information. Note that 4 depends on D. If the choice
of D leads to that the information contained in £! is reduced
dramatically, then the optimal value of the cost function would
increase dramatically.

Remark 2. The assumption that the graph G is connected and di-
rected is without loss of generality. The reason is given as follows:

e If the graph G is unconnected and contains & connected sub-
graphs, the corresponding LQG problem can be decomposed
into & independent subproblems, and each subproblem is
defined over a connected subgraph. We focus on solving the
subproblems which are defined over connected graph.

e The undirected graph set is a subset of the directed graph set.

Remark 3. For alli,j € V,y, , , € £,_, buty, , , ¢ cL1lt
follows that £ 2 £}, for alli,j € V. According to Definition 3
in Ho and Chu (1972), the information pattern considered in this
paper is not partially nested. In addition, Theorem 2 in Ho and Chu
(1972) shows that the optimal control law under partially nested
information pattern is linear for the quadratic cost function. As a
result, the optimal control law yti for the cost function (6) may be
nonlinear. Nevertheless, for implementation simplicity, we focus
on designing the linear yti in this paper.

Remark 4. For the graphs satisfying {j : t; > D} # @ foranyi € V,
the set £} does not contain the information of the jth subsystem
for any j satisfies t; > D. This means that £l is not a sufficient
statistic for optimal decentralized decision-making. Hence, for the
cost function (6), the optimal current control law v\ depends on all
the controllaw att € {0, ..., T — 1}, thatis yé:P] fori,j € V. This

Fig. 1. A large-scale system defined over a directed graph with four nodes.

implies that the optimization problem (to minimize (6) subjecting
to (1), (2), (5)) is non-convex. Consequently, the techniques of
independence decomposition (Feyzmahdavian, Alam et al., 2012),
dynamic programming (Lamperski & Doyle, 2012), Behrman equa-
tion (Astrom, 2012) are not suitable in this paper.

3. Decentralized control scheme

A new decentralized control scheme is proposed in this section.
In Section 3.1, a new estimator structure and a new controller
structure are constructed. An optimality condition with respect to
the gains of the estimator and the controller are established in
Section 3.2. In Section 3.3, an algorithm is exploited to compute
the gains of the estimator and the controller numerically, and the
realization of the control scheme is presented.

3.1. Framework of the control scheme

In this subsection, the estimator structure and the controller
structure are constructed. In addition, for facilitating the gain ma-
trices design in the following subsection, we use the augmented
vector approach to rewrite the estimator and the controller in a
compact form.

To provide a tradeoff between the online computational burden
in the estimator and the controller, we choose a scalar M (0 <
M < D), and decompose the set £} into two parts: £} = £{' U £,
where ‘C,t1 = {ylt—D:t—M : ] € Vi}' £1[2 = {ylt—M+1:t—r,-j : J € vi}'
Vi = {j € Vi, 7j < M}.Then, £!! is used to estimate the subsystem
state x! in the ith estimator, and £ is used to generate the control
input directly.

The estimated subsystem state denoted by % is computed in
the ith subsystem, and is transmitted to the other subsystems via
the communication network. The information travelling across an
edge suffers from one step delay, and the information delayed by
more than D step times is discarded. It follows that the estimated
subsystem state available to the ith subsystem is

xi={®

t—D:t—jj j eV}

To obtain the estimated subsystem state X; based on the informa-
tion set £i! and X/, we propose the following local estimator

B = AR+ AR B
JeN;
D (7)

Ai Al i,ro ~
X=X + Z K (e—ty — CoXe—ty)s
to=M
Aj —i . . . . . it
where X, = X'; G is a matrix with proper dimensions; Kt' 0 =
i i i,to.J . . i,to.J .
[k KON, K e R*™. Moreover, K, = 0 if
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Sg) = 0, where SZ) is defined as follows

_ N .
AER™ n=Y"m,
i=1

(A)y = 1, (A #0;

0, (A)j=0;
Stlol StloN

= (A)°, 5} € B,

gN1 ... W

where A is the system matrix defined in Eq. (3).

Remark 5. Note that S; = On;xn; means that the information from
the jth subsystem cannot arrive to the ith subsystem within ¢, time
step. As a result, K% = 0, foranya € {j € V y’t_to

L’t or x’t,to =4 Xt}. This implies that the estimator (7) is designed
using the information in £{' U A} only. The information set £i' U x;
is induced by the new information pattern described in Section 2,
and is different from the information sets used to design estimator
in related literature, such as (Das & Moura, 2015; Khan & Moura,
2008). The information set £i' U X! has two features: (1) £i' U &}
contains the information of different times. (2) The information of
subsystem j for 7; > D, is not contained in £{' U A} at any time
(incomplete information). The information set with features (1)-
(2) complicate the estimator design.

To minimize the cost function (6) by the control input of the
form (5), we propose the following local controller based on ci2
and X}/, that is,

ul = N L)+ y2(x), (8)

where ;! and y,2 are linear functions.

Remark 6. £2 is not used to estimate the subsystem state. How-
ever, £ is used to design the local control input directly. To
minimize the cost function (6), L? is not discarded. The first term
of (8) can be viewed as a correction.

Remark 7. The local controller (8) involves the parameters M and
D. Under the constraints of the computing power of estimator and
controller, we should choose a larger D and a smaller M to achieve
better system performance. The reason is stated as follows. Firstly,
to analyse how the system performance varies with M, we take
M as a variable. Note that £I, £22, and X! depend on M, thus, are
denoted by £I}(M), £2(M), and x/(M), respectively. In theory, the
optimal controller using more information should achieve better
performance. Now, we want to show that £2(M — 1)U x{(M — 1)
contains more information than ﬁ’z( ) U X{(M). From the defini-
tion of £>(M), we have that £Z(M)\ LZ(M—1) = {y’HV,H cjew).
From (7), we have that Z[ e 1Kl Oy 2 pi(cM(M — 1)) is
a linear combination of the elements in X} (M — 1). It is easy to
see that {y|_ Mi1 o J € Wi} € £(M — 1). This implies that
{y’t_MH : j € Wi} can be replaced by x{(M — 1) without losing
optimality, because Kt"to, to € {M — 1,...,D} are to be chosen
through optimization procedure. On the other hand, according to
(7), one has that )Ac’t_qj(M) and )Ac't_rU(M — 1) are computed based on

Lf,fi,(M )and L’tl,qj(M — 1), respectively, where

J1 i T =
‘Ct '[U ) = {'yl[*'fij*Difftiij S V)},
i1 7 -
£Jt TU(M - 1) = {y’tfriij:tfrij—Mﬁ»l SVAS V]}

It follows that £;_ (M — )\ £ (M) = (¥, 4, :J € V) and
W M1 :j eV € Y (M)ULi(M)if tj+M—1 > D. Note that,
forj e v, % _ ,(M)eX( yand & _, (M — 1) € X/(M — 1). Based
on the above dlscussmn we can say that LM - 1)U XM —1)
contains more information than c'z(M ) U X( ). As a result, to
achieve better system performance, we should choose a smaller M.
Similarly, one has that £/(D+1) 2 £i}(D)and £2(D+1) = £2(D).
This implies that we should choose a larger D to achieve better
system performance. Also, the computational burden of estimator
and controller depends on M and D. Hence, the choice of M and D
should satisfy the constraints of the computing power of estimator
and controller.

In the following, we focus on designing K;°, y1, and y2 to
minimize (6), fori € V,tp € {(M,M +1,...,D}.
Define the following augmented vectors:
Xt Xt Ve
X = , Y= )

Xt—D Xt—D Yt-p

X[:

and denoten = Y1 \nj,m = Y .mj,and [ = Y ,I;. The system
dynamics and the estimator can be written as

Xey1 = IE‘X_t + But + @y,
Y[ = SICXI + D[,
and
{XH—l = é)zt + Bu[» . 9)
Xev1 =X+ 2:(Ye — CXe),
where
_ A 0 ~
A= mxn)l A=A O _
|:InD 0nD><ni| ) [ nxn(D l)] s
C = diag{C, ..., C}, C; = diag{C,, ..., G},
—— ————
D+1 D+1
Ut
_ [ B, ~ w; _ Ur—1
B = ) = , U = . )
t _Oanl] @t |:0an1] vt :
Ut-D
8 _
< K
& = , §2r = |:0 t ] )
nDxm(D+1)
L 8t-p
_Onlme KtLM o K[],D
kt = .
| Onysert K KNP
In addition, (8) can be rewritten as
Ut :Fth‘f‘Gr)A(t, (10)
where F; and G; are the gain matrices of the form
_Ft1,o o F[l,M—l Oty (D41
F=l N
LF o BN 0 mpemn)
—G1,0 ... G'P
t t
Gt = . . . ’
N,0 N.D
Ke e
F[isfo — [Fti,to,l Fti,to,N]’ Fti-IOsj e Rlixmj,

i.to itg.1 itg.N i,to.J lxn;
G =[G GO, G e R,



194 Y. Wang et al. / Automatica 98 (2018) 190-200

where forany ty € {0, 1,..., M — 1},ifsg, = O then F[i'to‘j =0;and
forany to € {0, 1,...,D},if S, = 0, then G;®) = 0. Furthermore,
the cost function (6) can be rewritten as

T-1

]AE{ZX:@Xt+UIRtU[+X;QTXT}7 (11)
t=0
N — Qt OnxnD

where Qt - [Oann Onpxnp |*

Now, our aim is to design F;, G; and §2; to minimize (11). Note
that F;, G; and £2; can be designed off-line by each subsystem,
because they depend only on the known system parameters and
the statistical properties of the noises.

3.2. Optimality condition

An optimality condition with respect to the gains of the estima-
tor and controller is found in this subsection.
Define e; = X; — X;. The control input can be written as

u; = (F:8.C + G)X; + F:8,Ce + F: . (12)
Then, )A(t and e; can be written as
{)A([_H = Etlf(t + E[ze[ + E?f}m

1 = AjXe + Ale + @ — 2.0y,
where

[ = A+ 2(8:C — C) + B(F&:C + Gp),
E[Z == Q[Stﬁ + BF[S{E,
3
t

Al = —2(8:C - C),
A? = A - QrS[E‘.

Note that (9) is an unbiased estimator if and only if E(e;) = O,
t €{0,...,T — 1}. From (13), we know that E(e;) = 0 if and only
ifE(Al)=0fort € {0,...,T — 1}. Let E(A;) = 0, we have,

63 = ZPI(St)Sté (]4)
B

Remark 8. In this paper, we design C; using (14). This design has
been proposed in Moayedi et al. (2010) (see Eq. (25) in Moayedi et
al., 2010).

Under the information pattern described in Section 2, the gain
matrix £2, must satisfy the sparsity constraint defined in (9). This
means th.alt £2: cannot be chosen to be Kalman filter gajn. Thus, one
has that X, # E(X; | Y;), which implies that E(e;X]) # 0. To
minimize the cost function (11), the controller and the estimator
are coupled via the term JE(etTQXt). In addition, it follows from (13)
that the estimation error dynamics depends on )2[, because A} # 0
(8:C — G, # 0)if A # 1. As a result, the separation principle
is not valid. We need to design the gain matrices F;, G; and £2;
simultaneously. Define Z, = I:On(gt-i—l) _g{] one has that

G = TNZt P, Fro=NLTs, $2 = Tale T3,

where J1 = [I[ leg] , T = I:Oéig]7 I = I:OL;;L—):I, T =
[ngl IQ]v o=n(D —j—ﬂ])'@A: m(D + 1).
Define X; = E {[Xt)ftT Xteg]

etX[T eteI

So:t } we have,

T T
S =0}z a1} + i,

where 1! = [%5 &0 g2 = [0 2] v, = g([*][= !
o= LAl a2l Tl -t T o |Loe | )
Then, the cost function (11) can be written as

T
J= ZE<()2‘ + e[)TQt(Xt +e)+ UIRrUr)

t=0
el wfg]) ol wli))

+ (s v ral[%]
t

~ |l

t=0

[ INT
+ 100, Fl|5)

x Rt<[FtS[C +G F3.Cl [Xf]

+ 100 F|5])]

Ut
Z Pr(8o.r-1 )f,

So:T—1

whereRy = 0,,] = ZLJU((%—FF{R[F[)Z}) +tr(ﬁfTR[ﬁtT[> }
Q, = [g %], Fo=[F8C+G F8ClandFe = [0 F;
for the above equation, the first equality is obtained by plugging
X = )A(t + e, into (11); the second equality is obtained by substi-
tuting (12) into the term u/ R u,; the third equality is derived using
the formula E(x"Ax) = tr(AE(xx")), and the conditional expectation
formula.

Now, the optimal F;, G; and £2; minimizing the cost function
(11) can be obtained by solving the following optimization prob-
lem.

min J= Z Pr(do.r—1),

So:T—1

subjectto  Xpyq = I} ST + 27012,

(15)
Fr = "Z: 73,
Gt = TWZt Ja,
2t = JaZy J3.

To solve problem (15), we define the following Hamiltonian
function based on the matrix minimum principle (Athans, 1967):

H =tr((g[ n ﬁ{Rtﬁt)zt) + tr(ﬁ{Rtﬁm)
+tr((m =, + I ) (16)

+ tr(ZeM]),

where ¥, € ]RZYI(DH)XM(DH); M, € R(1+n(D+1))><(n+m)(D+1)' and
satisfies (M;); = 0if (Z;); # 0.

An optimality condition with respect to Fo.r_1, Gor—1 and
£20.7_1 for problem (15) is presented as follows.

Theorem 1. Consider problem (15), the optimal Fo.r_1, Go.r—1 and
$20.7—1 satisfy the matrix equations (17)- (23) given in Box L.

Proof. Consider problem (15) and the Hamiltonian function (16),

the optimal ¥, is computed by ¥, = % that is,

W = (Q, + F{ReF o)+ (I W 1T,



Y. Wang et al. / Automatica 98 (2018) 190-200 195
gt’ t = T;
B, = 1 (Q, +F{ReF o) +(11)'Q, 1T, t=T-1; (17)
D OPHEQ, + FIRF )+ (T W dl), £ <T—2.
3t
5 =1 | o 1|0, 72 T\ _
> oe@)(|r, o, | T +lo, 1|7 + T2+ M) =0,
3t OQ IQ
Fe=nZ [J33f6 + 7 JgStC] 7
(18)
Fo =0z [0(Q+@>xg JB]’
G = NZ: Ja,
Fo = 1z 73,
2 = JuZ: T3,
where k =n(D + 1) + [, and
= = T- = T- = T T-
T} = Wo B I Wi + Wa S T W Ws + We ST Wy Ws + We Vi ITE Wi W, (19)
th = <[J3(§t6 + 7 j3(§[f‘] E}FI + [0(Q+é)xg J3] TfﬁI)Rfjlv (20)
J4+le J4+le \.73St6 O(Q+§)Xg] |:le 0 x:ci| |: T2 0o+5)x ]
Wi = ,WhH = &2 , W3 = e , Wy = QQQ’ 21
! |: —T4 —Ja :| 2 |:0(g+g)><g J38:C > [Ooxc Ops 7 [O+aixe  Oto+aixe 1)
—Ja OQXK \_7365 0( +0)x 0,x T4 +B;71 0( +0)x 0( +0)%x0
We = ,Ws = eto)xe [ gy, — | Joxk LW = | Jlete)xe ere)xe | 22
> |: Ja OQXK] ® [O(Q+é)xg Oto+a)x0 ’ OQXK —J4 s 0(9+é)><9 J3 (22)
B Ly, t<D
e =N Pr(sp)1 BT + 12, 2D (23)
St—p
Box 1.
In Hamiltonian function (16), we know R, > 0, X, > 0,7; > 0, and the matrices Wi, ..., Wy are defined in (21)-(22). Then, we

and ¥, > 0. According to the formula tr(AXBX") = vec"(X)(B' ®
A)vec(X), where vec(+) is the vectorization operator, ® is the Kro-
necker product, and the fact that B ® A > 0if BT > 0,A > 0,
one has that the Hamiltonian function (16) with respect to Z; is
convex. Thus, the optimal Z; exists, and is obtained by solving
ZSO;H Pr(60;r,1)% = 0. Now, we derive the partial derivatives

of # with respect to Z;, that is,

OM =2 tr( S F TRe(DF 1)) + 2te(T2F TR(BF 1))
+ 2t(Z 1N W (A1)
+ 2tV T2 W (DTT2))
+ 2tr((dZe)M]),

where

IF ¢ = 1dZ) [78C+ 7 T8C).

O ¢ = 710(Z) [Opro)xe T3]

AT} = wrd(diag(Zt, Z:))Wr + Wsd(diag(Ze, Z;))Wa
+ Wso(diag(Z;, Z;))We,

dIT? = Wyd(diag(Z:, Z,))Ws,

have
0 = tr(T[]a(diag(Zt, zt)))
+ tr(th(BZ[ )) + tr(MtT(BZ[)),
where
T} = W ST Wi Wr + Wi ST Wi
o+ We ST Wy Ws + We T IT Wy W,
2= ([#5C+7 BACIEI]
+ [O+arxe T3] TtﬁI)Rth
Note that

(diag(Z:, 2.)) = [(If
+

a
o
OQ
Io
As aresult, one has
I,
O = tr(([IQ+Q 0p:] T} [0 }

+ [OQ+£) Q+g |: ] + TZ + MT 32[))-

(Zt) [Ig+é OQ+§]
(

3(Z) [Og4s  Iora]-
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Thus, Zao Pr(8g.7—1) 22t 5z =0 gives that
I
> Pl'(fso:rq){[lgﬂ': Og+5] T, [0@]
do:T—1 ¢

0
+[0pss Iora] T [15} +T2 4+ M} =0,
In addition, one can compute

Z PI‘(SO:T—1 )Tt

So:T-1
= Z Pr(5;) {Wz( Pr(‘SO:t—D—l)Et)H[]T
30:t—D—1
X( Z Pr(5t+l:T—1)W[+1)Wl
Se41:T—1
T
—+ W4< Z Pr(SO:t—D—l)Et)Htl
30:t—D—1
><( Z Pr(8e41:7-1 l1’t+1)W3
St41:7—1
.
+ Ws( Z Pr(f;o:t—D—])Er)Htl
80:t—D—1
><( Z Pr(8¢ 171 '1’t+1)W5
Se1:7—1
.
+ We Y 112 ( Z Pr(8t+1:T—1)lpt+1)W7}
Se41m—1

= Z Pl‘(st)(szrHtl VW1 + Wa Ze 1} W
8t
+ We ZeIT} Wi Ws + W 1 IT7 lPf+1W7>
= P,
8t
and

Z Pr(8o.7-1)T¢

So:T-1

=Y PrGof [75C+ 7 75 C]

><( Z Pr((so:thq)Et)lEI

S0:t—D—1

+ [00+2)%0
= Z Pr(St)Tf,
8t

where ¥, 1, T}, T?, and %, are defined in (17), (19), (20), and (23),
respectively. Hence, 260-7_1 Pr(SOZTq)% = 0 gives (18). Thus, we
have proved that the optimal Zy.r_ satisfies the matrix equations
(17)-(23). The proof is completed. W

;73] TrﬁI}Rfjl

3.3. Iterative algorithm and the control scheme realization

An iterative algorithm is exploited to design the gain matrices
numerically in this subsection. In addition, the control scheme
realization is presented.

From the optimality condition (17)-(23), we can see that if
Zo.c—1 and Z,q.7—1 are given, then the optimal Z; can be obtained
by solving linear matrix equation (18), forany z € {0, ..., T — 1}.
This implies that we can obtain a Nash optimal Zy.r_; through
alternating iterative.

For ease of notation, we denote

S @0 Onan
2 = ,
0 |:0nD><n OnD
T—1

e=> I K0+ ”

t=0

i—1
-G

12 -2},

Then, the gain matrices Fo.r_1, Go.7—1 and £2¢.7_1 can be computed
by the following iterative algorithm off-line.

Algorithm 1.
1: Given Zp,and &Vt =1,---,T
2: Seti=0.
3:fort=0:T—1do
4:  obtain F?, ¢, 2% via solving the linear matrix equations

(18) by letting = = =, ¥y = ¥V,

5: LetF = K", G = G, 2, = 2", and update I\, according
to (23).

6: end for

7. if £ > ¢ (e is a small positive) then ‘

s:  Update ) by (17) recursively using F\%._,, Goy_,, 20 ..

9: Seti= i+ 1 and return to step 3.

10: else )

11:  Obtain the suboptimal gains: F = Y, Gf =

12: end if

60, 0; = 2ff

Remark 9. To solve the linear matrix equation (18) is the main
computational burden of Algorithm 1. Assume that the compu-
tational burden of solving linear matrix equation (18) is @. The
computational burden of the algorithm to compute estimator and
controller gains is iTe, here i is the number of iterations. The
computational burden of the algorithm increases as i increases, and
is a multiple of i.

Now we show that Algorithm 1 converges to a Nash optimal
solution to the optimization problem (15).

Theorem 2. Consider problem (15). The gain matrices F}, G, and 2}
returned by Algorithm 1 converge to Nash optimum, that is

J(Fgr_1: Gor_15 267-1) <J. (24)

holds when i — oo, wherej is given by (26) in Box IL

Proof. To analyse the iterative process of Algorithm 1, one has
that we obtain Z by letting &, = E[(), and ¥, = llft“HU,

where £ is computed based on Z{)_,, and lI/p'rll) is computed
i—1)

using Zt +1.7—1- Thus, we have that the matrix 7 computed in
Algorithm 1 satisfies

(1) i-1) (i-1)
17,2025, )

51(23" L2026 z?jl”). (25)

From (25), leti — oo, we have (24). The proof is completed. H
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j:j(Fg,cg,Qg,...,F;‘ WG, 2, F..G,, Q,,Fjﬂ,cm,:zjﬂ,...,F;‘,l,c’;fl,:z;*q). (26)
Box II.
- -
& w, 0 0 0 0 0 0 Av
_ - - Ad™?
1 1 1 0 0 0 0 0 ki O 0 0 0 ~2
0 & 06, w3 O 0 0 0 0k, 0 0 0 Av
o 0o 1 1 -1 0 0 0 0 o K 0 0 Ad?3
a0 0 0 & e w0 0| 5 x=| AT @
S : : : : ;
0O 0 0 0 On1 wy1 O 0 0 0 Ky, 0 ApN-1
0 0 0 0 O 1 1 -1 0 0 0 0 Ky AdN-IN
Lo 0 0 0 o0 & Oy AN

Box III.

After the gains of the estimator and the controller are designed
off-line, the local estimator and local controller can have the real-
ization:

B =AR, + > AR 4B,

JEN:
oi _ “—'01
X =i +§ ZK ylrro_ Xt_ty)s
to=M il
0 je‘lo
M—1 D
i_ i,to.J, J i,t0.Jof
w=Y D Ry + ) DGR,
il g . j i1 2 _ . j i2
where Tl = (i : yi, € &' TE = 1 v, € LP)

-Iltﬁ ={: ’A‘ltfto € A}

Remark 10. When D = 0, £! includes the measurements of the ith
subsystem only. In this case, u! is a fully decentralized controller.
When D = 1, £! includes the measurements of the ith subsystem
and its nelghbours This setup is usually used in multi-agent sys-
tems (Ji & Egerstedt, 2007). Note that, if we choose a bigger D, then
the system performance is better, however, the control scheme
design becomes more complex. The designer can make a tradeoff
between the system performance and the complexity of the control
scheme design through choosing a proper D.

4. Application to vehicle formations

In this section, we use a platoon of heavy duty vehicles (HDVs)
as an example to illustrate the effectiveness of the proposed theo-
retical results.

Consider a platoon of N HDV as depicted in Fig. 2. The dynamics
of a single HDV are given by Feyzmahdavian, Alam et al. (2012)

§=7
mv = Fengine - Fbruke - Fairdrag(f))
- Froll(a) - Fgravity(a)a
~2
= kyt — kpFprake — kqv

— kf, cosa — kg sina,

where v denotes the velocity, m is the mass, u is the net engine
torque. The coefficients for the engine, brake, air drag, road friction
and gravitation are denoted by k, ky, kq, k. and kg respectively.

Fig. 2. A platoon of heavy duty vehicle.

When we focus on maintaining a constant intermediate dis-
tance between the HDVs, using one step forward discretization, the
discrete time model for the HDV platoon is of the form given by
(3)-(4). According to Eq. (2) in Feyzmahdavian, Alam et al. (2012),
the matrices A, B, and the state vector x are given by (27) in Box III,
where AV = ¥ — 9, Ad—" = di=1 — d, which are the velocity
deviation, and the intermediate distance deviation, respectively. v
is the desired velocity; d is the desired intermediate distance; d'~ 1!
is the longitudinal relative distance between the (i — 1)th vehicle
and the ith vehicle.

The corresponding states for each subsystemarex! = A}, x. =
i—1,i
AdAa,- ] (i=2,...,T).Inaddition, from Eq. (8) in Feyzmahdavian,

Alam et al. (2012), the cost function is defined by

-1 N | ADTT Ay
J=2 0 | adt ] Q| agiti |+ R
=0 i=2 ~
A »
Ve A

+ (AR 4 7 ()

where
ﬂiAv 0 _nl_Au
i
Q = 0 i+ —tnf ,
__]TlAv _Tnir TZNir +7TiAU +7T1v
_n”1 0 i
1 i u'
Q = a0 R = i,
0 =n

where 74, 78

A A 7*" and 7*' are positive scalars.

We consider a platoon composed of N = 3 identical vehicles.
The mass of each vehicle is m = 40000 kg. It is expected that each
vehicle travels in the steady velocity v = 19.44 m/s (70 km/h) and
the desired relative distance d = tv, where we set 7 = 1 s. Let
the sampling time T; = 1 s. According to the parameters used in

Al Alam, Gattami, and Johansson (2011), we choose ®&; = 0.9999,
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Fig. 3. The iterative process of Algorithm 1.
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Fig. 4. The velocity of the HDV platoon.
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Fig. 5. The intermediate distance of the HDV platoon.

w; = 0.1476 in system matrix A. For control matrix B, k,, = k}lz =
ki, = ki, = 1.48,and k,, = 0. For the weight matrices Q and
R in the cost function, 77 = 7’ = 0.1, 7 = 0.02, 7! =
7 = 0.0001.In Egs. (3)and (4), C' = 1,C* = L, C* = [1 0];
the noises w; and v; are zero-mean Gaussian noises with identity
covariance matrices. Assume that the information delayed more
than D = 1 step times is discarded. Let M = 1, T = 100, and
A = 0.93. For simplicity, in this example, we assume 8;' = 8 forall
i,j € V. The gains of the estimator and the controller are computed
by Algorithm 1 off-line. To run Algorithm 1, we choose ¢ = 0.05,
and lI/t(O) =D, fort = 1,..., T.The iterative process is shown by
Fig. 3.

The estimator and the controller are designed successfully by
(7) and (8). The trajectories of the velocity deviation and the
intermediate distance deviation are shown in Figs. 4 and 5. All the
data betweent = 0 tot = 100 is simulated. The velocity and
intermediate distance are retained around the desired values all
the times except for t = 20 to 25. During t = 20 to 21, we
simulate that the platoon suffers from a serious disturbance from
external environment. That is, Pr(|w£| > 0) = 1fort = 20,21
and any i € V. We assume that the serious disturbance is due to
the road condition, sensor (network) temporary failure, and human
factors, and so on. Then the velocity and the intermediate distance
deviate from the desired values a lot. The HDV platoon regulates
the velocity and the intermediate distance to the neighbourhood
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The inputs
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Fig. 6. The inputs of the HDV platoon.

of the desired values within few times (from t = 22 tot = 25)
by our controller. In addition, the control input is presented by
Fig. 6. The values of the input are maintained around the origin all
the time except for t = 20, 21, ..., 25. The value of the input is
proportional to the input energy. From t = 20 to 25, it requires
more energy for the HDV to deal with the serious disturbance.
However, at other times, the HDV only needs less energy to deal
with the process noise.

Note that the spectral radius of the system matrix A is 1.36.
Hence, the HDV platoon system without control is unstable. How-
ever, the system is stable and is maintained at a desired state by the
proposed controller. This implies that the proposed control scheme
in this paper is effective.

5. Conclusion

In this paper, we focused on the decentralized output-feedback
LQG control for a large-scale system in presence of communication
delay and random missing measurement. The large-scale system
was defined over a directed connected graph. One step time was
required for the information to travel across an edge in the graph.
The information delayed more than D step times was discarded. In
addition, the observation for the subsystem output was uncertain.
To solve the optimal LQG problem under above setup, a new
control scheme was proposed. A new estimator structure and a
new controller structure were constructed. An optimality condi-
tion with respect to the gains of the estimator and the controller
was established, and an algorithm was given to compute the gains
numerically. Once the gain matrices were obtained, the estimator
and the controller of each subsystem could operate on-line based
on local available information only. Finally, our proposed methods
were applied to control a platoon of HDV. The HDV platoon could
be maintained at the desired state by the proposed control scheme.

References

Al Alam, A., Gattami, A., & Johansson, K. H. (2011). Suboptimal decentralized
controller design for chain structures: Applications to vehicle formations.
In Proceedings of IEEE conference on decision and control and european control
conference (pp. 6894-6900).

Aldeen, M., Saha, S., Alpcan, T., & Evans, R. (2015). New online voltage stability
margins and risk assessment for multi-bus smart power grids. International
Journal of Control, 88(7), 1338-1352.

Astrém, K. J. (2012). Introduction to stochastic control theory. Courier Corporation.

Athans, M. (1967). The matrix minimum principle. Information and Control, 11(5-6),
592-606.

Das, S., & Moura, J. M. (2015). Distributed kalman filtering with dynamic observa-
tions consensus. IEEE Transactions on Signal Processing, 63(17), 4458-4473.
Fax,]. A., & Murray, R. M. (2004). Information flow and cooperative control of vehicle

formations. IEEE Transactions on Automatic Control, 49(9), 1465-1476.

Feyzmahdavian, H. R., Alam, A., & Gattami, A. (2012). Optimal distributed con-
troller design with communication delays: Application to vehicle formations.
In Proceedings of IEEE conference on decision and control (pp. 2232-2237).

Feyzmahdavian, H. R, Gattami, A., & Johansson, M. (2012). Distributed output-
feedback LQG control with delayed information sharing. In IFAC workshop on
distributed estimation and control of networked systems, Vol. 3 (pp. 192-197).

Heemels, W. M. H,, Teel, A. R., Van de Wouw, N., & Nesic, D. (2010). Networked con-
trol systems with communication constraints: Tradeoffs between transmission
intervals, delays and performance. IEEE Transactions on Automatic Control, 55(8),
1781-1796.

Ho, Y. C.,, & Chu, K.-H. (1972). Team decision theory and information structures in
optimal control problems-Part I. [EEE Transactions on Automatic Control, 17(1),
15-22.

Ji, M., & Egerstedt, M. (2007). Distributed coordination control of multiagent sys-
tems while preserving connectedness. IEEE Transactions on Robotics, 23(4),
693-703.

Khan, U. A.,, & Moura, J. M. (2008). Distributing the kalman filter for large-scale
systems. IEEE Transactions on Signal Processing, 56(10), 4919-4935.

Kurtaran, B. Z., & Sivan, R. (1974). Linear-quadratic-gaussian control with onestep-
delay sharing pattern. IEEE Transactions on Automatic Control, 19(5), 571-574.

Lamperski, A., & Doyle, J. C. (2012). Dynamic programming solutions for decentral-
ized state-feedback LQG problems with communication delays. In Proceedings
of american control conference (pp. 6322-6327).

Lamperski, A., & Lessard, L. (2015). Optimal decentralized state-feedback control
with sparsity and delays. Automatica, 58, 143-151.

Ma, J., & Sun, S. (2011). Optimal linear estimators for systems with random sensor
delays, multiple packet dropouts and uncertain observations. IEEE Transactions
on Signal Processing, 59(11), 5181-5192.

Matni, N., & Doyle, ]. C. (2013). Optimal distributed LQG state feedback with varying
communication delay. In Proceedings of IEEE conference on decision and control
(pp. 5890-5896).

Moayedi, M., Foo, Y. K., & Soh, Y. C. (2010). Adaptive kalman filtering in networked
systems with random sensor delays, multiple packet dropouts and missing
measurements. [EEE Transactions on Signal Processing, 58(3), 1577-1588.

Nayyar, N., Kalathil, D., & Jain., R. (2018). Optimal decentralized control with
asymmetric onestep delayed information sharing. IEEE Transactions on Control
of Network Systems, 5(1), 653-663.

Nayyar, A., Mahajan, A., & Teneketzis, D. (2011). Optimal control strategies in
delayed sharing information structures. IEEE Transactions on Automatic Control,
56(7), 1606-1620.

Sivakumar, M., Sadagopan, C., & Baskaran, M. (2016). Wireless sensor network to
cyber physical systems: Addressing mobility challenges for energy efficient data
aggregation using dynamic nodes. Sensor Letters, 14(8), 852-857.

Yoshikawa, T., & Kobayashi, H. (1978). Separation of estimation and control for
decentralized stochastic control systems. Automatica, 14(6), 623-628.

Yan Wang received the B.E. degree in Automation from
the Department of Automation, University of Science and
Technology of China (USTC) in 2014. He is currently a Ph.D.
candidate in the Department of Automation, USTC. His
research interests include optimal decentralized control of
large-scale system and distributed Kalman filtering.



http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb1
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb2
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb3
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb3
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb3
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb3
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb3
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb3
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb3
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb3
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb3
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb4
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb4
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb4
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb4
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb4
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb4
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb4
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb4
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb4
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb4
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb4
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb4
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb4
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb5
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb5
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb5
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb5
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb5
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb5
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb5
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb5
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb5
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb5
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb5
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb5
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb5
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb6
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb6
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb6
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb6
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb6
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb6
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb6
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb6
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb6
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb6
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb6
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb6
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb6
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb7
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb8
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb9
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb10
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb11
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb12
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb12
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb12
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb12
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb12
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb12
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb12
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb12
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb12
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb12
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb12
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb12
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb12
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb13
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb13
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb13
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb13
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb13
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb13
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb13
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb13
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb13
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb13
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb13
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb13
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb13
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb14
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb15
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb15
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb15
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb15
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb15
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb15
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb15
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb15
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb15
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb15
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb15
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb15
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb15
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb16
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb17
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb18
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb19
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb20
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb21
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb22
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb22
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb22
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb22
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb22
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb22
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb22
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb22
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb22
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb22
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb22
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb22
http://refhub.elsevier.com/S0005-1098(18)30448-5/sb22

200 Y. Wang et al. / Automatica 98 (2018) 190-200

Junlin Xiong received the B.Eng. degree in Mineral Pro-
cessing Engineering and M.Sc. degree in Mathematics from
Northeastern University, Shenyang, China, in 2000 and
2003, respectively, and the Ph.D. degree in Mechanical
Engineering from the University of Hong Kong, Hong Kong,
in 2007. From 2007 to 2010, he was a Research Associate
with the University of New South Wales, Australian De-
fence Force Academy, NSW, Australia. In 2010, he joined
the University of Science and Technology of China, Hefei,
= China, where he is currently a Professor with the De-
partment of Automation. His current research interests
include negative imaginary systems, large-scale systems, and networked control
systems. Dr. Xiong is currently an Associate Editor for the IET Control Theory and
Application.

Daniel W.C. Ho received the B.S., M.S., and Ph.D. degrees
in Mathematics from the University of Salford, Greater
Manchester, UK., in 1980, 1982, and 1986, respectively.
From 1985 to 1988, he was a Research Fellow with the
Industrial Control Unit, University of Strathclyde, Glasgow,
U.K.In 1989, He joined City University of Hong Kong, Hong
Kong. He is currently a Chair Professor in Applied Math-
ematics with the Department of Mathematics, and the
Assistant Dean (Teaching Innovations) with the College
of Science and Engineering. His current research interests
include control and estimation theory, complex dynamical
distributed networks, multi-agent networks, and stochastic systems. He has over
200 publications in scientific journals. Prof. Ho is a Fellow of the IEEE. He was hon-
oured to be the Chang Jiang Chair Professor awarded by the Ministry of Education,
China, in 2012. He has been on the editorial board of a number of journals including
IEEE Transactions on Neural Networks and Learning Systems, IET Control Theory
and its Applications, Journal of the Franklin Institute and Asian Journal of Control.
He is named as ISI Highly Cited Researchers (2014-2017) in Engineering by Clarivate
Analytics.



	Decentralized control scheme for large-scale systems defined over a graph in presence of communication delays and random missing measurements
	Introduction
	Problem statement
	Decentralized control scheme
	Framework of the control scheme
	Optimality condition
	Iterative algorithm and the control scheme realization

	Application to vehicle formations
	Conclusion
	References


