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Abstract

In this paper, optimal control of linear time-invariant (LTI) systems over unreliable communication links is studied. The motivation of the
problem comes from growing applications that demand remote control of objects over Internet-type or wireless networks where links are prone
to failure. Depending on the availability of acknowledgment (ACK) signals, two different types of networking protocols are considered. Under a
TCP structure, existence of ACK signals is assumed, unlike the UDP structure where no ACK packets are present. The objective here is to mean-
square (m.s.) stabilize the system while minimizing a quadratic performance criterion when the information flow between the controller and
the plant is disrupted due to link failures, or packet losses. Sufficient conditions for the existence of stabilizing optimal controllers are derived.
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1. Introduction

One of the fundamental questions in control system theory
and design is the effect controller-plant communication has
on the performance of the control system. In this paper, the
medium of communication between the several components of
a control system is generically called a communication network.
The network is jointly used by sensor, actuator, and controller
nodes. The term networked control system (NCS) is used to
describe the combined system of controllers, actuators, sensors,
and the communication network that connects them together
(Tipsuwan & Chow, 2003; Walsh, Hong, & Bushnell, 2002;
Zhang, Branicky, & Phillips, 2001).
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As illustrated in Fig. 1, in an NCS, several components of
the system may communicate over the common network that
connects them together. Thus, there may be communication tak-
ing place between the sensor and the controller nodes, among
the sensors themselves, and the controller and the actuator
nodes. The purpose of this communication is to improve the
performance of the control system. The performance may be
a measurable quantity defined in terms of a performance crite-
rion, as in the case of optimal control or estimation, or it may
be a qualitative measure described as a desired behavior.

The presence of a network brings in constraints in the de-
sign of the control system, as information between the various
decision makers must be exchanged according to the rules and
dynamics of the network. Our goal in this paper is to study
communication network constraints characterized by link fail-
ures, and design the control system so as to do its best given
these constraints. The basic model we introduce here focuses
on the unreliable nature of the links in both directions; see also
Fig. 2. Some of the most relevant papers sharing this theme are
Eisenbeis (2004), Hadjicostis and Touri (2002), Imer, Yiiksel,
and Bagar (2004), and Sadjadi (2003).

In a network, link failures cause the information flow be-
tween the controller and the plant to be disrupted, which
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Fig. 1. A prototype NCS.
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Fig. 2. An NCS with unreliable links.

results in control and/or measurement packets being lost. Pack-
ets may also be lost due to congestion. Link failures, on the
other hand, may occur due to the unreliable nature of the links,
such as in the case of wireless networks. Whatever the reason,
this disruption of communication has a deteriorating effect on
the NCS performance. Therefore, it is important to develop an
understanding of how much loss the control system can tolerate
before the system becomes unstable, or in the case of estima-
tion before the estimation error becomes unbounded. Also, if
the statistical description of the link failure process is given a
priori, a problem of interest is to determine the optimal control
and estimation policies under the link failure constraints.!
Note that, packet losses may occur both from the sensor to
the controller, and from the controller to the actuator. In the
first case, the measurement packets are lost and, therefore, the
controller has access to the state intermittently. In the latter
case, the control or actuation packets are lost, and this causes
the actuator to have access to the controls intermittently. One
has to define what happens if the actuator does not receive a
control packet at a given time. There are two potential actions
for the actuator in this case. First one is to apply “zero control”,
and the second one is to apply the “last available control”. The
latter action is equivalent to the zero-order hold (ZOH) action
in continuous time, whereas the former action can be justified
by observing that zero control would cost the least amount of
control energy among all possible control actions. In this paper,
we assume “zero control” action by the actuator in case the

! The estimation problem has been studied in Nahi (1969) and Sinopoli
et al. (2003). Thus, here we concentrate on the control problem.

controller-actuator fails (Hadjicostis & Touri, 2002; Imer et al.,
2004; Sadjadi, 2003).

In Section 2, we model the unreliable nature of the links by
a Bernoulli process, where links fail, or packets are lost, inde-
pendently. The type of communication protocol used for plant-
controller communication affects the information structure of
the problem. More specifically, it is important to distinguish be-
tween the case when the controller receives an acknowledgment
for each control packet it sends to the actuator, and not. In the
Internet, for example, since every packet in transmission control
protocol (TCP) is acknowledged (Jacobson, 1988), the struc-
ture of the controller in this case is different than the case when
the control packets are sent over a best-effort, or user datagram
protocol (UDP) type network (Postel, 1980). With this stochas-
tic structure, and under the induced information structures, the
goal is to determine a stabilizing optimal control policy with
the objective of minimizing a quadratic performance criterion.

The rest of the paper is organized as follows. We introduce
the TCP and UDP information structures and the corresponding
optimal control problems in Section 2, where we also review
some of the most relevant work. The finite and infinite-horizon
optimal controllers under TCP and UDP information structures
are derived in Sections 3 and 4, respectively. We present some
numerical simulation results in Section 5, and the paper ends
with the concluding remarks of Section 6, where we also discuss
some future research directions.

2. Problem formulation

Consider the NCS shown in Fig. 2, where the links connect-
ing the sensor to the controller, and the controller to the actuator
are prone to failure.

The plant is described by the discrete-time dynamics

Xkl = Axg + o Bup +wi, k=0,1,..., (D

where x; € R" is the state, u; € R™ is the control. We assume
that m <n. The disturbances, w; € R", are independent zero-
mean second-order random vectors, also independent of {oy},
and the initial state xo, which is a random vector with a given
probability distribution Py .

The stochastic process {a;} models the unreliable nature of
the link from the controller to the actuator. Basically, oy = 0
when this link fails, i.e., the control packet is lost, and o =1,
otherwise. Note that, this corresponds to the “zero control”
action by the actuator. We let {0} be an i.i.d Bernoulli process
with Ploy =0]=«, and Pl =1]=1—a:=a.

The link from the sensor to the controller is prone to failure
as well, but potentially with a different probability, 5. Thus, the
controller has access to the state intermittently

Yk = Prxk, k=0,1,.... 2)

Here the process {f} is an independent Bernoulli process with
parameter f,i.e., P[f;=0]=p, and P[f;,=1]=1—f := . We
assume that {oy} and {f;} are also independent of each other,
and both processes are also independent of the plant noise {wy},
and initial state xg.
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Note that in our formulation, when the controller—actuator
link fails the entire control vector is lost. Similarly, the failure
of the sensor—controller link causes the entire state vector to
be lost. This, although a realistic scenario in many cases, does
not capture the more general scenario in which packets are lost
with different probabilities on each sensor and actuator link.
This is a topic that will be addressed in the future.

Also, there is no measurement noise in this basic model.
The rationale for not including any measurement noise is the
assumption that the communication between the sensor and the
controller is taking place at the network layer, where the packets
sent are either received or lost. Alternatively, one can think of
the sensor and the controller connected through a binary erasure
channel with infinite capacity, i.e., no quantization or encoding
of the state (Tatikonda & Mitter, 2004).

Let I; denote the information available to the controller at
time k. It is important to distinguish between two scenarios.
In the first one, the controller at time k knows if the control
at time k — 1, ug_1, has been successfully transmitted or not.
In the second case, the controller does not know if any of
the previous controls has been successfully transmitted or not.
In other words, o1 is part of the information set I; of the
controller in the first case, whereas no o4 belongs to any of
the information sets of the controller in the second case. Over
a network, the first information structure can be justified if
there is a mechanism in which acknowledgment packets are
generated by the actuator to signal the successful receipt of
control packets. In the Internet, since every packet in TCP is
acknowledged, we call this information structure I,;FCP . If, on
the other hand, the controller and the actuator are linked through
a best-effort or UDP network, it is not possible for the controller
to know if any of its past controls have been applied by the
actuator or not. We denote the resulting information vector of
this controller by / ,?DP. We have

I]}IDP:(y()v'~'1yk;uo»-~'auk—l;ﬁ07~'-»ﬁk)5
k=1,2,...,
17P% = (30, By)- 3)

In TCP, IkTCP includes (o, ..., ox—1) as well, i.e.,

I];rcpz (I,PDP;oco,...,OCk—l)’ k=1,2,...,

TCP _ ;UDP
10 -_ 10 .

Note that f8;, is included in the information set of both con-
trollers, as the controller can identify f3;, unless x; =0 in which
case no control action is required. Also, in both cases we as-
sume that the controller has access to its past actions.
Consider the class of policies consisting of a sequence of
functions © = {ugy, f1, ..., dy_1}, Where N is the decision-
horizon, and each function y;, maps the information vector / kUDP
(or I,;FCP) into some control space Cg, i.e., uy = t (Ix). Such
policies are called admissible. We want to find an admissible

policy that minimizes the quadratic cost function

N—-1
Jr=E x;{,FxN + Z kaka + ocku;{rRuk 4)
k=0

subject to the system (1) and measurement (2) equations. We
assume that R >0, Q >0, F>0. Note that the control uy is
penalized only if it is applied to the plant by the actuator.

In what follows, we first solve this optimization problem in
finite-horizon, and obtain the structure of the optimal control
under both TCP and UDP information structures. Subsequently,
we establish explicit conditions, and easy-to-check tests for the
existence and stabilizability properties of the infinite-horizon
controllers. But first, we review the relevant literature.

2.1. Relevant work

In its present form, the optimal control problem with TCP
information structure resembles the optimal quadratic control
of a jump linear system. Suppose, in addition to / kT CP oy is also
known at time k. In this case, the problem can be studied in the
framework of jump-linear systems (Chizeck & Ji, 1988). So-
lution of the jump linear quadratic Gaussian (JLQG) problem
relies on the fact that the so-called form process is observable.
The form process is the underlying Markov process that takes
values in a finite set. With the inclusion of o into the informa-
tion state, the optimal controller can be obtained directly from
(Chizeck & Ji (1988)); also see Sengupta (2001). Here, how-
ever, we do not allow for any knowledge of oy at time k, even
in the TCP case.

Another way of looking at the problem is in the context
of uncertainty threshold principle (Athans, Ku, & Gershwin,
1977; Katayama, 1976; Koning, 1982; Ku & Athans, 1977). In
particular, if we assume perfect state measurements, i.e., f =0,
the linear system with the quadratic cost structure fits into the
framework of Koning (1982). When the controller has access to
the state intermittently, however, the solution of Koning (1982)
cannot be used.

A more recent attempt with a similar formulation is given in
Sadjadi (2003), where the information structure of the problem
is I,PDP. However, rather than obtaining the optimal solution,
the author proposes to separate the estimation and control to
simplify the solution. The sub-optimal solution is then obtained
with an intuitive construction of a controller and an estimator.

This work also relates to a recent work by Sinopoli et al.
(2003), in which estimation counterpart of the problem posed
here, i.e., optimal estimation of an LTI system with intermittent
observations, is discussed. The problem of optimal recursive
estimation with missing observations was first introduced by
Nahi (1969).

3. Optimal control over TCP networks
3.1. Finite horizon optimal control

Consider the plant dynamics (1) along with the measurement
equation (2). The objective is to minimize the quadratic cost
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(@) over m= {1y (I7P), ..., py_1 (IF)}. From the dynamic-
programming (DP) equation (Bertsekas, 1995), we obtain the
cost to go from stage N — 1

In_1 (N = E{x}_ Ky—1xn—1 |13}
+ Efey_ i Pyv—1en—1I35)

+ E{w%_lFu)N_l},

where e, := x; — X is the state estimation error, and the
estimator Xy is given by

f = E (x| ITCP).

The optimal policy for the last stage is

why_ | =—(R+BTFB) 'BTFAE{xy_1|IF),
where Ky_1 and Py_; are given by
Py_1=a3A"FB(R+ B"FB)"'BTFA,

Ky 1=ATFA+ Q- Py_;.

The DP for the next stage yields

In-2(Iy=) = min E{xy_ Kn-1xy-1

+auy_Ruy 2 +xy_,0xy_o

+en 1 Pv_ten—11I35)

+ E{wy o Kn-1wy—2}

+ E{wy_ Fwy_1}. (5)

Note that we can exclude the last term from the minimization
with respect to uy_», as there is no dual effect of the control
(Shalom & Tse, 1974), i.e., xx — E{x¢|ITF} is not a function
of the past control u;_; due to the acknowledgments in TCP.
Proceeding similarly, we obtain the optimal policy for every
stage

up = GrE{a I[P,
where the matrix Gy is given by
Gy =—(R+B'Ki,1B) " 'BTK; 1A

with the matrices K given recursively by the Riccati equation
(RE)

P =aA"K;4 1 B(R + B"K; 1 B) ' BTKj 1A, (6)
Ki=A"Ki1A— P+ Q ©)

with initial conditions Ky = F, Py =0. Since the separation of
estimation and control holds, the estimator part of the controller
can be designed separately, and in our case, since there is no
measurement noise, it takes the following form, where xo =
Ep, {xo} if Po = 0, otherwise Xp = xp

B =0,

. AXp—1 + o—1Buj_1,
Xk = _ 1
xkv ﬂk —_ .

3.2. Infinite horizon optimal control

Since noise is present, in order to achieve a finite cost as
the number of decision stages increases indefinitely, we change
the performance criterion to the infinite-horizon average cost
criterion given by

N—1

1

7 =Ilim sup — E Z kaka + ocku;(rRuk .
N—o0 N k=0

We first investigate the asymptotic properties of the matrix RE
(6)—(7), which by substituting for P, and reversing the time
index, can be written as

Kiy1=ATK A —3ATK B(R + BTK B)™!
x BTK A+ O

In Katayama (1976), a necessary and sufficient condition for
stability of this equation is given when B is invertible, which
we restate here for convenience.

Lemma 1. Let B be square and of full rank, and (A, 0'72) be
observable. Then, {K\} converges to a unique positive definite
steady-state solution K if and only if /aA is asymptotically
stable.

Requiring B to be invertible is rather restrictive, as it means
that the control is of the same dimension as the state, but it is
useful to have an explicit condition of stability in terms of o for
the special case when B is invertible. A weaker condition for
convergence, when B is not necessarily invertible, is derived in
Koning (1982), which we state in the next lemma.

Lemma 2. Let (A, Q'/?) be observable. Then, the RE K} con-
verges to a unique positive definite steady-state solution K if
and only if the following RE converges from the initial condi-
tion Ag =1

Agg1 = ATA A — 2 AT A B(BT A, B) ' BT AL A.

In the case when B is invertible, using Lemma 1, we con-
clude that the sequence {K}} generated by the RE (6)—(7) will
converge if and only if

. 1
max 14i (A)] < NG ®)
where 4; (A) is an eigenvalue of A. Thus, as the failure rate o be-
comes larger, the bound becomes tighter, reaching the stability
condition of A, when « = 1. When B is not invertible, a similar
statement can be made, however there is no explicit condition
that one can impose on the eigenvalues of A in the form of (8).

Next, we investigate the stability of the closed-loop system.
Using the TCP estimator from Section 3.1, we first write a
recursion for the state estimation error

B =0,
0, ﬁ],z =1. ©)

o — {Aekl + wi—1,
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As it turns out, the mean-square (m.s.) stability of the estimation
error is independent of that of the state, x, in this case. So, we
arrive at the following:

Theorem 3. Let (A, Q'/?) be observable. Suppose

1
P = ml_ax [2i (A)] < —

VB

and (o, A, B) are such that the RE, Ay, given in Lemma 2
converges from Ao = I, or in case B is invertible eigenvalues
of A are such that

< min L L
Pm \/&’ \/E .

Then:

(10)

(a) There exists K > 0 such that for every Ko >0, limy_, oo K=
K. Furthermore K is the unique solution of the algebraic
matrix equation

K=ATKA+Q—-aA"kB(R+B"kB)"'BTKA

within the class of positive semidefinite matrices.

(b) The corresponding closed-loop (C L) system is stable; that
is, the 2n-dimensional system [xj ex1T remains bounded
in the m.s. sense.

Proof. Part (a) follows from Lemma 1 (or Lemma 2 if B is not
invertible). For part (b), from (9), we see that E{] ex 12} remains
bounded if and only if the spectral radius of A is bounded by

1
pm<ﬁ.

Now, the closed-loop system evolves according to
Xk+1 = (A 4+ ax BG)xy — ax BGey + wy,

where G = —(R + BTKB)"'BTK A. Note that, the estima-
tion error covariance E {||e ||} is uniformly bounded. Thus, the
state, xx, will remain bounded, if and only if the linear system

Skr1 = (A + o BG)E, (1D

with the initial condition &y = xo, is stable in the m.s. sense.

By (10), and Lemma 1, the sequence generated by the RE
converges. Thus by the DP equation (or direct substitution) we
can verify the following useful equality:

K =3GTRG + 0ATKA + (A + BG)T
x K(A+ BG) + Q. (12)

We will now show that the system (11) is m.s. stable, which in
turn will imply that E {lIlxx1I?} is bounded. We have for all k,
by using (12)
E{&1 K& — G KEY = E{G (ATKA — K)&)

+ E{(a¢l(A+ BG)'K

x (A + BG)¢&}

= — E{&(Q + 3G RG)&).

Hence

E(& 1K)

k
= E(& K&l — Y E{E(Q +aGTRG)E).

i=0

Since the left-hand side of this equation is bounded below by
Zero

klim E{&(Q +3aG "RG)E ) =0.

Since R > 0, in view of the observability assumption, we must
have E{||&]|?} — 0. Therefore, we conclude that E{||xg||%} is
bounded as k — co. [J

4. Optimal control over UDP networks
4.1. Finite horizon optimal control

Consider the linear system dynamics (1)—(2) along with the
quadratic cost structure. Now, we want to find the optimal con-
troller under the UDP information structure, / ,?DP. It is easy
to see from the DP equation for the last stage that the optimal
control policy for the last stage is identical to that in the TCP
case:

In—1(UNPD) = E{xy_  Kn—1xn—11INPh)
+ Ele)_ Pn—1en—1]IN°%)

+ E{wy_ Fwy_1},
where Ky_1 and Py_1 are as given in Section 3.1, and
uhy_=—(R+BYFB) 'BTFAE(xy_1|I5y°").

The DP equation for period N — 2 is identical to (5) with Ig,c_l;

replaced by I}VJ]ES. However, this time we cannot claim that
the control does not have dual effect (Shalom & Tse, 1974).
In order to see the extent of past control uy_3’s effect on the
future state estimation error, we expand (5), and after some
algebra we arrive at the following equation:

In—2(INP5) = E(x ) _,ATKy_1Axy_o|INPF)
+ E{xy_,0xy 21§25}
+ BE{er ,ATPy_1Aen_o|INPh)

+ o min [M;FV723TKN_1 Buy_,
UN-—2

+ul (R + BB Py_1B)uy_s
+ 288 2 ATKn_1Buy_s]
+ E{wy_,Kn—1wy-2}

+ E{wy_Fwy_1}. (13)

Minimization in (13) yields, with X; = E {x| I/}JDP}:

why o= —(R+BY(Ky_1 +afPy_1)B)""
X BTKN_1A)2N_2.
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Substituting the control back, we obtain

IN-2(INP8) = E{xy o Kn-2xn-2|Iy25)
+ Ef{ey_oPy—1en—2lIND)
+ E{wy_,Ky_1wy_2)
+ E{wﬁ_leN_l}.

Proceeding similarly we obtain: u; = GyXx, where
G =—(R + B"(Kis1 + 9fPis1)B) " BT Kii1 A (14)
with Kj and Py given recursively by the coupled REs

Pr = aA Kt 1 B(R + BT (K41 + 0fPiy1) B) !
x BTKj 1A+ BAT Py A, (15)

Ki=ATKip1A— Po+ BAT P A+ Q (16)

with initial conditions Ky = F, Py =0.

Note that, although the control has a dual effect (Shalom &
Tse, 1974) under the UDP information structure, the optimal
estimator can still be designed separately

i =0. (17)

2 = AXj—1 + aBuj—1,
k= Xk ﬁkzls

where xg = Ep, {xo} if By = 0, otherwise Xog = xo.

4.2. Infinite horizon optimal control

We again replace the objective function with the infinite-
horizon average cost criterion given by

N—1

1

Jp=1lim sup — E Z ka Ox; + :xkuZRuk .
N—o0 N k=0

Let us start by investigating the asymptotic properties of the
coupled REs (15)—(16). First, we present a negative result,
which shows the necessity of the condition of Theorem 3.

Lemma 4. Let (A, Ql/z) be observable. Suppose

1
max |4; (A)| > min {—
1

1
)
Then, { P;} and {K} generated by (15)—(16) diverge as k— oo.
Proof. Reversing the time, from (15)-(16) we have
Per1 = BATPLA + (1 — ) AT(Ky — M)A,
Kip1 =0ATK A+ (1 —a)ATMA + O, (18)
where

My = Ky — Kk B(R + BT (K + afP)B) "' BTK}
>K; — KiB(R+ B'KyB)"'BTK} := M.

It is known that under the assumption of (A, Ql/ 2) observable,
M;. >0. Thus,

Kip1>0ATK A + Q. (19)

It follows from (19) that since (A, Q'/2) is observable, if JaA
is not asymptotically stable, {Kj} diverges as k — oo. Also,
since K — M >0,

Pis1=BAT PA

which indicates that unless \/EA is asymptotically stable, { Py}
will diverge. 0

Hence, we conclude that the condition (10) of Theorem 3 is
also necessary for the convergence of the REs (15)—(16).

In order to find a sufficient condition for asymptotic stability
of the RE (15)—(16), we proceed as in Koning (1982), where
it has been shown that the m.s. stabilizability of the system (1)
with a stationary control law of the form

ur = Gy,

where Xy, is the optimal estimator given by (17), is sufficient for
the convergence of the REs (15)—(16) from Ko=0, and Py=0.
Then, one can relate the m.s. stabilizability of the system (1) to
an auxiliary optimal control problem of minimizing a norm of
the terminal state, E{||lxx ||}, for a given N >n, where n is the
dimension of the state. Note that the solution of this problem
may not be unique, and it corresponds to the optimal controller
under the UDP information structure with Q=R =0, and F=1.
Thus, we arrive at the following result.

Lemma5. Ler (A, Ql/ 2) be observable. Then, the coupled REs
(15)—(16) converge if and only if the following coupled REs
converge from the initial condition Ay =1, I[Io =0

Ay = — aAT A B(BT(Ay + apIly) B) ' BT A, A
+ AT A, A, (20)

Mgy = 0A" A B(BT (Ak + «BIT) B) ' BT A A
+ BATIILA. (21)

Proof. The proof follows from Theorem 5 of Koning (1982),
and the preceding discussion. [

For a given pair of failure probabilities (o, ), Lemma 5 pro-
vides a test for checking the convergence of the REs (15)-(16)
from an arbitrary initial condition Ko = F >0. However, ana-
Iytical calculation of the stability region is not possible due to
the nonlinear nature of the REs (20)—(21). Nevertheless, as we
show next, in the case when B is invertible, it is possible to find
sufficient conditions for the convergence of these equations by
bounding the recursion of (A, I1;) from above by a linear re-
cursion. For this purpose, we first state a rather obvious, but
useful, result.

Lemma 6. Let the matrix recursions

Xip1 =T (X, Vi), Yip1 = To(Xk, Yi)
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are given, where X, Y are symmetric matrices of the same di-
mension. Suppose there exist monotonically increasing func-
tions L1(X,Y), Ly(X,Y) such that for all symmetric X,Y

(X, Y)SLi(X,Y),
DX, Y)<SLa(X, Y).

Then, starting with )_g():Xo, Yoz_Yo,_we have X < Xl" Y < Yi
for all k=0 where Xy+1 = L1 (Xg, Yi), Yi+1 = Lo(Xk, Yr).

Proof. The proof follows by induction. Say at time k, we have
X < Xp, Y <Yi. Then

Xir1 = Ti (Xk, Yi) <Ly (Xg, Yi) L1 (Xg, Yi) = Xiy1,
Yir1 = T1 (Xk, Ye) < Lo (Xg, Yi) <Lo(Xg, Yi) = Yiey 1. O

The next lemma shows how to bound the recursions of
(Ag, IIx) from above by linear recursions when B is n x n, and
invertible.

Lemma 7. Let B be invertible. Then, the sequence of matrices
(A, ITy) obtained from the linear recursions

Ay = 0AT AL A + 0aATIT A, (22)
i1 = aAT A A + BATITL A (23)
with the initial condition (Ag, ITy) = (I, 0) are such that

A <Ay, i <IIy forall k>0,

where (A, II) are generated by (20)—(21).

Proof. Using the property that B is invertible, the updates
(20)—(21) can be simplified to

Ay = ATAL A — AT Ay (Ay + apIT) "' A A,

i1 = PATITA + aAT A (A + afIT) ™' A A.

Note that, the update for I} can be written as

My = 32AT AP A2 (A + 0T ' 4% 4, A
+ BATIILA.

Next, we claim that for all k>0

A A+ apriy T A<

To see this, let LE = /1,1(/ 2, and rewrite the inequality as
LU(L L] + aBIT) 'L <.

The inequality follows from the fact that I >0, Vk >0.
The update for Ay can similarly be written as

A1 = — aAT[Ag — Ag(Ag + o)~ Al A
+aAT AL A.

Now, we claim that

A — A (A + oI~ Ay <ol

Let I'y = affl1x. Then the condition is equivalent to
Ak = Ax( M+ Ti) " A < Ty,

where Ay >0, and I'y >0. If I';y =0, the inequality holds with
equality. If I'y > 0, we use the matrix inversion lemma to rewrite
the inequality as

A+ = = A >0
thus completing the proof. [l

Remark 8. If A is scalar, the condition for convergence of the
linear recursions (22)—(23) is given by

ol 7)-

which can be expressed as

| 1/4
Al= <a2<2— a)ﬁ) : 4

(2 — o)A — (0 + P)AT +1>0. (25)

In general, the convergence of the REs (15)—(16) is not suf-
ficient for the optimal UDP controller to be stabilizing. How-
ever, under the observability assumption it can be shown that
the closed-loop system is m.s. stable.

Theorem 9. Ler (A, Q'/?) be observable. Suppose that the
REs (20)—(21) converge from the initial condition (1, 0). Then:

(a) There exist K >0, P >0 such that for every Ko>0 and
Py =0, we have

lim K=K, lim Py=P.

k— 00 k— 00

Furthermore K, P are the unique solutions of the alge-
braic matrix equations

P=aATKB(R+ BT (K +afP)B) 'BTKA
+ pATPA.

K=ATKA—P+BATPA+Q

within the class of positive semidefinite matrices.

(b) The corresponding closed-loop system is stable; that is,
the 2n-dimensional system [xj ey remains bounded in
the m.s. sense.

Proof. Part (a) of the proof follows from the preceding discus-
sion. For part (b), first note that for a given n x n matrix S, we
have
E{engk + ngTeka}

= E{x{ (S + SDxx — 2L (S + STRk | I}

= E{(ox — 20" (S + ST 0k — 20| Ik}

= Efeg (S + SDex}. (26)
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Now, write

E{xd  Kxip1 — x{Kxp + ef, | Pepy1 — ef Pex)
= —E{(x](Q 4+ aGTRG)x; + aef G"RGey), 27)

where we made use of (26), and the following equalities:

K =0ATKA+ a(A+ BG)'K (A + BG)
+aGT(R+ afBTPB)G + 0,

P=3ATKA — %A+ BG)TK(A+ BG) + pATPA
—aGY(R +ufBTPB)G

which can be verified by direct substitution.
Summing (27) over k yields

E{x{ Kxis1 + e Pexi)
= E{x) Kxo + ¢) Peo)
k
— Y E{(x](Q +aG"RG)x;}
i=0
k
+Y " Ele] (3G"RG)e;). (28)
i=0

Since, for Z >0, ﬁE{kaZxk}>E{eEZek}, from (28) we can
write

E{x{  Kxpp1 +ef Pexi)
< E{ngxo + egPeo}

k
— Y E(x] (Q +aBGTRG)x;).

i=0

Since the left-hand side of this inequality is bounded below by
zero, it follows that

klim E{x{ (0 +aBGTRG)x;} = 0.
— 00

Since R > 0, in view of the observability assumption, we must
have E{||xx||?}, and E{||ex||*} bounded unless « =1 or f = 1.
O

Before closing our account on this section, we illustrate the
range of link failure probabilities, (o, f3), for which the system
can be stabilized under the optimal TCP and UDP controllers.
In Fig. 3 we plot the stability region in the o—f plane for a
scalar plant with A =2, A =1.4, and A = 1.1. The solid lines
in Fig. 3 is the condition (25) of Remark 8, and the system
can be stabilized if the actual failure probabilities on the links
are between this curve, and the o and f axis. Note that this
curve represents only a sufficient condition for the optimal UDP
controller to be stabilizing. The dashed lines in Fig. 3 describe
the region of failure probabilities for which the TCP controller
can stabilize the same plant. This condition is both necessary
and sufficient for the optimal TCP controller to be stabilizing
as per Theorem 3.

Note that, as the plant becomes more open-loop unstable,
the stability region becomes smaller. This is an expected result,

Stability Regions for A=2, A=1.4, and A=1.1

0.9 | i

o

Fig. 3. Region of failure probabilities for which the optimal TCP (dashed)
and UDP (solid) controllers can stabilize a plant with A =2, 1.4, and 1.1.

because intuitively the more open-loop unstable a plant is, the
more frequently we need to observe and control it.

5. A numerical example

In this section, we present some numerical results we ob-
tained in Matlab to compare the performance of the optimal
controllers in the TCP and UDP cases as the link failure prob-
abilities, o and f, are varied. Consider the following open-loop
unstable scalar plant:

X1 = 2X) + oy + wg, (29)

where A =2, and B = 1. Let the noise process, {wy}, be zero-
mean with variance 02, = 1. The initial state is also zero-mean
with variance 0)2(0 =1

If we let Q = R =1, the RE in the TCP case is equivalent to

(1 —40)K> —4K —1=0
with the positive solution

24+ VAT (T =4
K — + + (1 —40)
1 —4u

assuming 1 — 40> 0, ie., o < %. In terms of o, the gain of the

infinite horizon TCP controller can be calculated as
2K 44244 (1 —40)

14K 3 —da+ VAT —d)

In the UDP case, the coupled REs are given by

(1 —4p)(1 — 4o — 4p + Tap) P?
— (1 —4p)(14 — 8o) P + 4(1 — ) =0,

G =

(1 —4pP -1 =K.

One can solve for (K, P) in the above equation, and substitute
it into the expression for the gain of the infinite horizon UDP
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Sample Path Behavior of x, under Optimal
TCP (dashed) and UDP (solid) Controllers
30 T T T T T

state, x,

50 100 150 200 250 300
time, k

Fig. 4. Typical sample path of the plant state, x, under optimal TCP and
UDP controllers.

controller to find the optimal stationary feedback control policy
in the UDP case.

Note that for the estimator to be stable, in the TCP case, we
need |A| < 1/\/3 which for A =2 implies that f§ < 4—1‘.

We next simulate the optimal control laws for both types
of protocols, as we vary o and 5. The UDP controller seems
to stabilize the plant only when approximately 0<<a <0.25
and 0< ff <0.25 — «, whereas the TCP controller has a larger
stability region in the o-f plane, as expected.

We fix the decision horizon, N, to N =100, and simulate the
linear system (29) under the TCP and UDP controllers. Fig. 4
shows the typical sample path behavior of the state, x;, under
the TCP (solid curve), and UDP (dashed curve) controllers.
In Fig. 4, the drop probabilities on the links are taken to be
(o, f) = (0.15, 0.10).

Finally, we compare the sample path average costs under
both controllers by averaging 300-stage average sample path
cost over 1000 sample paths of the plant process. This yields

JTCP ~ 1577,  JUPP ~ 25.44.

We clearly have JTep  juDP , since the TCP controller has
access to more information than the UDP controller, resulting
in a smaller average cost in the TCP case.

6. Conclusions and discussion on some extensions

In this paper, we introduced the problem of optimally con-
trolling a linear discrete-time plant when some of the measure-
ment and control packets are missing. We made the assumption
that the packet loss processes are simple independent Bernoulli
processes with control and measurement packets being lost
independent across time. In this setting, we showed that the
optimal control depends on the information structure of
the controller, which in turn depends on the characteristics

of the underlying network. Under a network structure that
supports acknowledgements, we have shown that the optimal
control law that minimizes a quadratic performance criterion is
linear, and can be obtained by dynamic programming. More-
over, the RE that describes the evolution of the controller gain
is a modified version of the standard RE with a scalar parame-
ter that accounts for the packet loss probability on the network
links. If the underlying network does not support acknowledg-
ment packets, we have seen that the optimal control remains
linear, if there is no noise in the observations. However, with
no acknowledgments, the REs that describe the evolution of
the controller gain become a coupled set of two matrix recur-
sions, and we derived conditions for the convergence of these
coupled REs.

There are several ways the results of this paper can be ex-
tended. We enumerate below some specific problems:

(1) One can investigate the case when the actuator applies the
“last available control”, as opposed to “zero control”, when
the control packet is lost. This extension requires extending
the state—space model of the system to

Xkp1 = Axg + o Bug + (1 — o) B¢ + wy,

Err = ol + (1 — o),

where ¢ is the state variable that keeps track of the last
applied control by the actuator. Defining a new state xj :=
[xk ék]T, we can write the above system in state—space
form as follows:

_ A
xk+] — [ nxn

Omxn

o B Lyxn
* [(1 - akﬂmxm] et [Om} ke

where I, «m, and 0,,x, denote the m x m identity matrix,
and m X n zero matrix, respectively. The optimal controller
in the TCP case can be derived following along the lines
of the derivations of Section 3.1. Since we have access to
ok—1, there is no dual-effect, hence the only difference be-
tween this case and the zero-control case of Section 3.1
is the randomness of the plant matrices (A (o), B(cx))
through oy. Therefore, the REs (6)—(7) describing the opti-
mal TCP controller will remain the same with the matrices
(A, B) replaced by their counterparts (A, B)

- A oB
A:[o (l—oc)l]’

= [(-xB
5=[0529).

(1 — o) Buxm %
o I scm

The UDP case is more involved due to the dual nature of
the control in this case. In this case, one has to follow along
the lines of the derivations of Section 4.1 by expanding
the future estimation error terms in the current cost-to-go
function. This expansion needs to take into account the
random nature of the plant matrices (A (o), B(o)).
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I—oy .

I-oyy

Fig. 5. Two-state Markov-chain model for packet drops.

(2) Another extension of this paper is to study the noisy mea-
surements case, where the measurement equation (2) is
replaced by

Vi = By (xx + vi)

where {vy} is a zero-mean i.i.d. Gaussian random process.
Note that only the sensor measurements are noisy, not the
packet drops. This problem can be easily solved under
the TCP information structure, and the state estimator
can be shown to be linear in the best estimate of the state
because of the acknowledgments in TCP. The UDP case
is more difficult due to the dual nature of the control.

(3) In general, the link failure process {0} can be correlated.
This correlation can be modeled as a two-state Markov
chain, where state HC corresponds to high congestion
(HC), and state LC corresponds to low congestion (LC),
as shown in Fig. 5. Now given the transition probabili-
ties, (arr, g H), between these states, the problem is to
determine the optimal controller under the TCP and UDP
information structures. In the TCP case, since at time k,
the controller has access to o;_1, the solution can be ob-
tained by a direct extension of the derivation of Section
3.1. If we do not have access to o’s, on the other hand,
the derivation is analogous to the one in Section 4.1. As
in the derivation of the optimal UDP controller for the un-
correlated case, one needs to expand the future estimation
error terms in the cost-to-go function of the current stage
to see their effect on the current cost. The quadratic nature
of the cost-to-go functions will be preserved, however the
coupled REs describing the evolution of the cost will be
more involved containing the probabilities (f, orr, dgp).
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