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Abstract—In this paper, we study the state estimation and
optimal control (i.e., linear quadratic Gaussian (LQG) control)
problems for networked control systems in which control inputs,
observations, and packet acknowledgments are randomly lost.
The packet acknowledgment is a signal that is sent from the
actuator to inform the estimator whether the actuator has
successfully received the control packets or not. For such sys-
tems, we obtain the optimal estimator, which is consisted of
exponentially increasing terms. For the solvability of the optimal
LQG problem, we come to a conclusion that even when the
optimal LQG control exists, it is impossible and unnecessary to
be obtained as its calculation is not only technically difficult but
also computationally prohibitive. This issue motivates us to design
a sub-optimal LQG controller for the underlying systems. We
first develop a sub-optimal estimator by using the estimator gain
in each term of the optimal estimator. Then we derive the sub-
optimal LQG controller and establish the conditions for stability
of the closed-loop systems. Examples are given to illustrate the
effectiveness and advantages of the proposed design scheme.

Index Terms—networked control systems, optimal estimation
and control, LQG, packet loss, Quasi-TCP-like system

I. INTRODUCTION

Recently, increasing attention has been paid on the systems
with their components (e.g., sensors, controllers, and actuators)
connected via network, namely networked control systems
(NCSs)[1]. The insertion of network brings numerous benifits,
such as reduced system wiring, lower cost in maintenance,
increased system agility, ease of information sharing, etc.
However, it also causes some network-induced constraints,
e.g., channel congestion, transmission delay, signal degrada-
tion, which may result in packet losses in data transmission
[2, 3]. To deal with this challenging issue, a number of
techniques have been developed, such as the H, filter [4-
8], the robust control [9-12], the predictive control [13, 14],
and the fuzzy model-based approach [15, 16].

For NCSs with packet losses, two transport protocols are
commonly deployed, i.e., the user datagram protocol (UDP)
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and transmission control protocol (TCP). NCSs with different
protocol lead to distinct results in estimation and control [17].
The key difference between these two protocols lies in the
existence of acknowledgment mechanism. In NCS with TCP
protocol, there are acknowledgments (ACKs) sent from the
actuator to inform the estimator whether the actuator has
successfully received the control packets or not. Such system
is usually called as the TCP-like system. The NCS with UDP
protocol, that is, in which there is no ACK available for the
estimator, is called as the UDP-like system. For the UDP-like
system, the implementation of transport protocol is simplified
and the additional energy consumption for the ACK signal
transmission is avoided. However, the lack of ACKs not only
makes difficult the analysis of the UDP-like system, but also
degrades the performances of estimation and control [18, 19].
For the TCP-like system, the ACK mechanism facilitates
theoretical analysis, but it is reported that for NCSs over
unreliable network, subject to network jitter and transmission
delay, it is impossible to send the ACK in time (without delay
and loss) to implement the TCP scheme [20-24]. Therefore,
the NCS with ACK randomly lost turns out to be a reasonable
and practical model for many applications, and such system
is called as the Quasi-TCP-like system [23, 24]. In this paper,
we are concerned with the optimal and sub-optimal solutions
to the estimation and linear quadratic Gaussian (LQG) control
problems for the Quasi-TCP-like systems.

For the TCP-like system, its optimal estimator has been
early known as the time-varying Kalman filter, and its stability
depends on a critical value for the observation packet loss
rate [25]. The critical value together with its upper and lower
bounds has been further studied in [26, 27]. For the LQG
problem, it has been pointed out in [17, 28] that “the separation
principle holds, and the optimal LQG controller is a linear
function of the estimated state.” Thereafter, the LQG problem
for the TCP-like systems has been extensively studied for
various cases [29-31]. While, these results generally do not
hold for the Quasi-TCP- or UDP-like systems.

For the UDP-like system, the optimal estimator and its
stability were studied in our recent work [18] for a special
case: the UDP-like system without observation packet loss.
The structure of the optimal estimator is complex and its com-
putation is time-consuming. Possibly due to the complexity of
the optimal estimator, to our best knowledge, the optimal LQG
problem is rarely studied. Instead of the optimal estimator, the
linear minimum mean square error (LMMSE) estimator was
used in studying the LQG problem (the LMMSE-estimator-
based LQG problem). While it is still difficult to solve this
problem except for some special cases [17]. Another sub-



optimal linear LQG controllers were designed in [19, 21, 22].
However, in [21, 22] the finite horizon LQG problem is not
studied, and the estimates used are the time-update prediction
not the measurement-update estimation, which degrades the
estimation and control performances. The controller propsed
in [19] can stabilize the closed-loop system, only when the
system is scalar and there is no observation packet loss.

For the Quasi-TCP-like system, an efficient sub-optimal
estimator was developed in [32] but the optimal one is little
studied. Thus, the LMMSE estimator was again used to
study the LQG problem in [30], and the authors came to
a conclusion that “in general, the separation principle does
not hold, and the computation of the LQG controller requires
solving a nonlinear optimization problem, and the resulting
controller is a nonlinear function in the estimated state. If the
observation equation is noise free and the matrix C is square
and invertible, then the optimal control is a linear function
of the estimates.” The main reason is that when the system
state is estimated by the measurement-update estimator, like
the LMMSE estimator, the estimation error covariance (ECC)
will be a nonlinear function of the control uj, making it
difficult to solve the LQG problem. Although the time-update
predictor not the measurement-update estimator was used in
[24] to avoid such difficulty, the resulting structure of the ECC
is still complicated. Thus, the author had to introduce some
approaximations in the derivation to obtain a sub-optimal LQG
controller.

As far as we know, the optimal estimator for the Quasi-
TCP-like system has not yet been obtained. Therefore, what
is the structure of it? Whether does there exist a solution
to the optimal LQG problem, and is the solution solvable?
We also wonder that whether or not there is a sub-optimal
measurement-update estimator, based on which the LQG prob-
lem can be solved and the resulting LQG controller can be
presented in the traditional and familar way like the classic
LQG controller. These questions, to our best knowledge,
remain unsolved. Hence, motivated by these issues, we study
the optimal as well as sub-optimal solutions to the estimation
and LQG problems for the Quasi-TCP-like system. Our main
results and contributions are summarized as follows:

e Optimal estimator: We derive the optimal estimator for
the Quasi-TCP-like system, and show that its ECC can
be decoupled into two parts: one is the EEC for the TCP-
like system and the other is a summation consisting of
exponentially increasing terms.

o Solvability of the optimal LQG problem: Up to now, it
is little known about the solution to the optimal LQG
problem. We make a conclusion on its solvability that
in general, even when the optimal LQG control exists,
it is impossible and unnecessary to obtain the optimal
solutions for both the estimation and LQG control, as
their calculations are not only technically difficult but also
computationally prohibitive. We show that the difficulties
in solving the optimal LQG problem differ from the well
known ones to obtain the LMMSE-estimator-based LQG
control.

e Sub-optimal LQG controller: Although the optimal esti-
mator cannot be used in practice, in its complex structure
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Fig. 1. The Quasi-TCP-like systems.

we find a component and then use it to design the desired
sub-optimal estimator. Based on it, the LQG controller
is obtained, which can be presented in the form similar
to the classic LQG controller. Finally, conditions for the
stability of the closed-loop systems are given.

The rest of the paper is organized as follows: In Section II,
the system setup and problems are formulated. In Section III,
the optimal estimator and the LQG problems are studied. Sub-
optimal estimator and LQG controller are developed in Section
IV. In Section V, numerical examples are given to illustrate the
effectiveness of the proposed design methods. The conclusions
are presented in Section VI.

Notations:

o N(u, P) denotes the Gaussian pdf of the random vari-
able z with mean yp and covariance P.
o z ~ N, (u, P) means that the pdf of the random variable
z is Ny(p, P).
o IP(-) denotes probability measure.
e p(-) and p(-]-) denote the pdf and the conditional pdf,
respectively.
» E[-] denotes probability expectation.
e (+) denotes the transpose of a matrix or a vector.
o tr(-) denotes the trace of matrix.
o Let M be a matrix. (-), denotes the quadratic form of
(M) ( )2 with the identity matrix I means (-)(-)".
o AM(M), Apr: M(M) denotes the spectral radius of M, and
A
=

Mar £ A(M).

II. SYSTEM SETUP AND PROBLEM FORMULATION

A. System setup

Consider the following discrete-time Quasi-TCP-like linear
system:

Tpr1 = Az + v Buy, + wg (1a)
B Cxp 4+ vg, for Y =1

where z, € R”, uxy, € R, and y; € RP are system state,
control input, and observation, respectively. ¢ denotes empty
set. wy and vy are zero mean Gaussian noises with covariances
@ > 0 and R > 0, respectively. vg, Vg, and 7 (see, Fig. 1)
are i.i.d. Bernoulli random sequences with P(v, = 1) = v,
P(vy = 1) =+, and P(7;, = 1) = 7. They describe the packet



losses in the controller-to-actuator (C/A) channel, the sensor-
to-estimator (S/E) channel, and the ACK channel, respectively.
That is,
e 7 = 1 stands for that the observation y; has been
successfully received by estimator, otherwise v, = 0.
1 indicates that the control input uj; has been
successfully delivered to the actuator, otherwise vy = 0.
e Tt = 1 means that the ACK signal, i.e., the value
of v, has been successfully delivered to the estimator;
Otherwise, 7, = 0 and v, is unavailable for the estimator.
For the system described in (1), some standard assumptions
are made as follows.
Assumption 1: The pair (A, Q'/?) is controllable, and the
pair (A, C) is observable. The initial state zo ~ N, (Zo, Po),
and xg, wg, Vg, Vk, Vi, and 75 are mutually independent.

o UV =

B. Problems formulation

Define the information set Z;, = {y* v* 7%} with Gy £ ¢
(empty set), where y* £ {yp,---,u1}, v* £ {m,--- ),
and 7% £ {71, ,7p}. In this paper, we study the following
four problems.

Problem 1: (Optimal estimation) Determine the optimal
state estimation, denoted by 2, in the minimum mean square
error (MMSE) sense. That is, to find &, minimizing E [||xk —
x| Tk HQ}

The optimal LQG problem is formulated as follows. Given
a integer N, let {W;} and {A;} for 1 < k < N be positive
definite matrices. Define the cost functions as follows:

/ N-1
E[.Z‘NWN:Z:N + Zk:o ZC?CWka
’ _
+ vl Aug|TN—1, Zo, Po]

IN(TN—1,T0, Po) =

where 7mn_1 = {ug,...,un—1} is a sequence of the control
inputs, and uy is a function of Zy, i.e., up = fx(Zg).
Assumption 2: The pair (A, B) is stabilizable, and the pair
(A, W'/2) is detectable.
Problem 2: (Optimal LQG control) Determine the optimal
control sequence, denoted by 73,_;, that minimizes the cost
function Jy, i.e.,

Jn = JIn(TN_1, %0, Po) = glvlinl IN(TN—1,T0, Po).

As we will see later, based on the optimal estimator, it
is difficult, sometimes impossible, to solve the optimal LQG
problem. Thus, we consider the following sub-optimal LQG
problem.

Problem 3: (Sub-optimal LQG control) Whether does there
exist a sub-optimal linear estimator, based on which the LQG
controller can be obtained?

An important property for a contrller is that whether or not
it can stablize the closed-loop system. Since the Quasi-TCP-
like system is a stochastic system, the stability is considered
in the mean sense as follows:

Definition 1: The closed-loop system is said to be mean
square stable, if both E[|zx]?] and E[|#]?] are bounded.

Problem 4: (Mean square stability) Determine the condition
under which the closed-loop system is mean square stable.

The answers to Problems 1 — 4 are presented in Theorems
1 — 4, respectively.

III. THE OPTIMAL ESTIMATOR AND SOLVABILITY OF THE
OPTIMAL LQG CONTROLLER

A. Optimal estimator

It is well known in [33] that the desired optimal estimation
I is given by ]E[xk|Ik]. Thus, we first derive the pdf of
z) in Lemma 3, and then compute the optimal estimation in
Theorem 1. Let T £ 1'k|Ik 1] denote the state prediction,
and let P, and P, denote the prediction and estimation error
covariances, respectively.

It is shown later that the pdf of x; is a Gaussian mixture.
Two uesful results on Gaussian and Gaussian mixture pdfs are
formulated in the following two lemmas.

Lemma 1: [34, pp. 44] Given two independent random vari-
ables X ~ Nx(m,P)and Z ~Nz(0,W).LetY =CX+Z
where C' is a constant matrix. Then

Py =CPC' +W (2a)
p(Y) = Ny (Cm,CPC' + W) (2b)
p(X|Y) = N (m+ K(y — Cm), (I - KO)P)  (20)

where K = PC'(CPC’ + W)~1
of Y.

Lemma 2: [33, pp. 213] Consider the following discrete-
time linear system:

, and Py is the covariance

xp = Axp_1 + Br_1up—1 + Wk—1
yr = Cxg + vg
where the By is a time-varying deterministic parameter. wy, ~

N(0,Q) and vy ~ N (0, R) are mutually independent. Then
the following facts hold.

. N
() If plan—1) = >is; o
time-update pdf

[Z] Ny l(mk s My_1), then the

plag) = SN b, () ary), 3)

where @L] = ag] L mgj}

My, = AM_1 A" + Q.
(ii) If p(zy) takes the form as in (3), then the measurement-

= Amg_l + Bk71uk,1, and

update pdf
palye) = T ol No (m)) M), @)
where mg] = mEj] + Ki(ye — Cmg:]), K’“, =

Mkc (chC/ +R)", My = (I — KxC) My, ol =
o/, gl = (CmL”,PY) PY = CMC’' + R,

and c= Z]:l I:C] (bk :

Denote 2, = E[.’L’k|yk] and P, = E[({Ek — jk)%‘yk] If

p(xzk|yr) takes the form as in (4), then

(ii1)
iy =S ofmi Po= B o (my! — )7
1) Probability density function of xp: Denote by nj the

number of the lost ACK signals during time 0 to k& — 1.
Lemma 3: Let N, = 2™, For 1 <17 < Ny,

plawlTio1) = SN GEING, (M), My,)
plar|Ti) = SN oI, () My),

(5a)
(5b)



Algorithm 1 Prediction-update step:

Mk :AMkflA/'f-Q. (6)

o If 7,_1 =1, then N, = N;_1 and
my) = Am) |+ 1By, 1<i <Ny (Ta)
aL}—aL] 11 <i < Ny (7b)

o If 7,_1 =0, then N =2 % Ni_; and

m}j]:{

Am,j L1<i< Ny,

Am Nk U4 Bug 1, Ny 1 +1<i < Ny
(8a)
[d] ;
(3 9 1 S S N —
al = { Ty P (8b)
vy, ] , N1 +1<17< Ng.
where 7 2 1 — v.
Algorithm 2 Measurement-update step:
For 1 <17 < Ng,
my) =y + 1K (g, — Cinky) ©)
where
Ky, = M.C' (CMC' + R) ™ (10a)
M = My, — v K,C M, (10b)
and
[4] Tk
i) _ . ) ~[i]
R [y i B (I
(Zév_’u o]

where ¢! 2 N, (Cml) PY) and PY £ CM,.C’ + R,

where {dg], ag]}, {mg], mg]}, and {M},, M},} are computed
by Algorithms 1 and 2 with o}
Po.
Proof: We prove this lemma by mathematical induction.
Step 1: Consider the case k=1. Then 21 = AxgtgBugtwp.

e If 79 = 1, then the value of v is known and n; = 0. From
(2b) in Lemma 1, it follows that p(x1) = N, (Z1, P1),
where z; = A%y and P, = APyA’ + Q. By computing
(6) and (7) with k = 1, we can obtain 07[11], m[ll], and M.
Substituting them into (5a) yields p(x1) = N, (Z1, Py).
Thus, (5a), (6), and (7) hold for £k =1 and 75 = 1.

o If 79 = 0, then the value of v is unknown. Then n; =1
and N; = 2. By the total probability law, we have

= p(z1|{ro = 0})p({ro = 0})
+p(x1|{ro = 1})p({ro = 1})

In p(z1|{ro = 0}), vy takes the value 0 and is a determin-
istic quantity. By (2b), p(z1|{ro = 0}) = N, (Ao, M)

1 _
=1, my = To, and My =

p($1)
(12)

where M; = APy A’ + Q. Similarly, by using (2b) again,
ﬂ:cl\{l/o = 1}) = N, (AZo + Bug, My). If we set
041] =7, 07[1 =v,m; = AZy, and m[f] = AZo+ Buy,

then (12) can be rewritten as

p(xl):@[ll]'/\[wl (m[11]7 Ml)+6é[12]'/\[11 (m[lz]a 1)-

It is easy to verify that p(x1) computed by (5a), (6), and
(8) with k =1 is equal to (13). Hence, (5a), (6), and (8)
hold for £k = 1 and 79 = 0.
Consequently, (5a), (6), (7), and (8) hold for k = 1.
Step 2: In Step 1, we have proved that (5a) holds at k =1,
that is,

13)

plx) = SN @ ING, (m)), ).

o If v1 = 0, there is no observation y; and thus p(z1|Z;) =

(14)

p(xz1). Let p(x1]Z;) take the form
N .
plar|T) = iy o Ny (i, M) 19)
It is evident that o) = &l m!” =l and My = N1y,

since p(z1|Z1) = p(x1). Hence, (5b), (9), (10), and (11)
hold at £k =1 and v; = 0.

o If 14 1, with the observation y;, p(x1]/Z1) can be
derectly obtained from p(z;) in (14) by using Lemma
2 (ii). We still let p(z1|y1) take the form as in (15).
It is easy to check that p(x1|Z;) and the parameters
{oz[1 ,m[f],Ml}, obtained from p(z;) in (14) by using
Lemma 2 (ii), are completely indentical to those com-
puted by (5b), (9)-(11) at k =1 and v; = 1.

From Steps 1 and 2, it follows that (5)-(11) hold at k£ = 1.
Suppose that (5)-(11) hold for 1,...,n. We check the case
k =n+1 as follows.

Step 3: For k =n+1, 241 = Az, + v Buy, + wy,.

e If 7, = 1, then the value of v,, is known and n,;; =
M. D(Tn+1]|Zy) can be obtained from p(x,,|Z,,) by using
Lemma 2 (i). It is easy to verify that the p(z,y1|Z,)
obtained is equal to the p(x,+1|Z,) computed by (5a),
(6), and (7) with kK = n+ 1. Thus, (5a), (6), and (7) hold
atk=n+1and 7, = 1.

e If 7, = 0, then the value of v, is unknown to the
estimator, n,+1 = Ny, + 1, and N1 = 2N,,. By using
the total probability law,

P(@nt1|Zn) = p(Tns1|Tn, {vn = 0})p({vn = 0})
+ p(@nt1|Zn, {vn = 1})p({vn = 1}). (16)
By applying Lemma 2 (i) to p(zn41|Zn, {vn = 0}) and
p(Tn+1|Zn, {vn = 1}), we have
P(Tnt1|Zn, {vn = 0})
= 22% MNJ:”H( n+1’M’fL+1)

where mL]H = Aml!

1 <4 <20y

(17)
and M, ., = AM, A" + Q, for

(mn+1|Ina {Vn = 1})
- 22 | [l]NInJA( n+17Mn+1)

where mﬂrl — Aml 4+ Bu,, for 1 < i < 2%,

(18)

By substituting (17) and (18) into  (16),
p(@p41|Zn) can be rewritten as: p(zny1lZn) =
2Mn+4+1 _ _ |2
> i1 £L+1an+1( £1]+1aMn+1) where  {m;,,



@g]ﬂ, M, 1} are equal to (6) and (8) with k = n + 1,
which means that (5a), (6), and (8) hold for k = n + 1
and 7, = 0.

Step 4: By using Lemma 2 (ii) and following the same line
of argument in Step 2, it is easy to verify that (5b), (9), (10),
and (11) hold at £k = n + 1. For the save of space, the proof
is not presented here.

From Steps 3 and 4, it follows that (5)-(11) hold at k£ =
n + 1, which completes the proof. [ |

2) Optimal estimator for the Quasi-TCP-like system:

Theorem 1 (Optimal estimator): The optimal estimator
for the Quasi-TCP-like system is the following:

B =2 ;;’1mg;1 (19a)

Py = My + 37 of (m}! — )3 (19b)
where aE], mL], and M), can be computed by Algorithms 1
and 2.

Proof: Since p(xk|Zy) in (5a) is a Gaussian mixture, (19)

can be readily obtained by applying Lemma 2 (iii) to (5a). ®

Remark 1: The impacts of the random loss of ACK are
formulated as follows:

e It is known in [17] that Mj in (10), in fact, is the
estimation error covariances for the TCP-like system.
Hence, the summation part in (19b) can be viewed as
the degradation of estimation performance caused by the
random losses of ACK signals.

o From Algorithms 1 and 2, it follows that the number of
the terms in the Gaussian mixture pdfs (5) doubles at
the time when the ACK signal is lost. As time passes,
the number of the terms will exponentially increases.
Consequently, the computation of Z; and Pj requires
exponentially increasing time, and eventually exhausts
computer’s memory. Thus, in general, the optimal esti-
mation cannot be used in practice.

B. Solvability of the Optimal LQG problem

For the UDP- or Quasi-TCP-like system, it is only known
that it is difficult to obtain the LMMSE-estimator-based LQG
control [17, 23], whereas it is little known about the optimal
solution. In this section, by an example we reveal the diffi-
culties in solving the optimal LQG problem, and then make a
conclusion on its solvability in Theorem 2.

We define the optimal value function V (xy) as follows and
use the cost-to-go dynamic programming approach to derive
the optimal control.

VN(.’bN) = E[.’E;VWNLEN|IN] (20&)
Vi(zx) = min E[z), Wiz
Uy
+ viup Agug + Vg1 (2g41) | Ze)- (20b)

Example 1: Consider a simple scalar system [17] with A =
B=C=1,Wx =W, =1, A, =0, R = 1. We further
assume that there is no system noise (i.e., wy = 0 and @ = 0)
and no observation packet losses (i.e., yx = 1). Without loss
of generality, we suppose that 7ny_1 =0 and 7y_2 = 1.

1) Calculations of Vi (zn), VN—1(zn—1), and Vy_o(zn_2):
VN(xN) = E[xlj\,WNJUN|IN] = E[JL‘?HIN}

Vn_oi(zno1) = J?VIEII ]E[:v?v_l + Vn(zn)|ZNn-1]

= 5nin E[l’?\]_l + (SUN,1 -+ I/N,17.LN,1)2‘IN,1]
N-—-1

= 1£nin E[22%_|Zy_1] 4+ vud | + 2vun_18Nn_1.
N-—-1

By solving OVy_1(xn_1)/Oun—_1 = 0, the optimal con-

trol is obtained as ul,_; = —Zn_1. VN-1(zn-1) =
E[2x§v—1|IN—1] - Vﬁv—l = E[(2 - V)x?V—l‘IN—l} +
I/PNfl.

By virtue of 7x_2 = 1, vxy_2 is known to the estimator
and controller.

Vn_a(zn—2) = 51;1}12 Elz%_5 + Vv 1(zn_1)|Tn_2]

= min Efz% o + (2 —v)(2n_2 + vn_oun_2)?
UN—2

+vPN_1|In—2]

= min E[(3 — v)a% _5|Tn_2] + 2un_2(2 — V) iN_sun_o
UN_2

+ vn_2(2 = v)ui_, + VE[Py_1|Tn_2]. 1)

To obtain Vy_s, we proceed to compute Py_; and
E[PNflll-N,Q].
2) Computation of Py _1: Not¢ that v, = 1? Tn_1 = 0.

From (8b), we have all | = oll | Let ¢ 2
Z?;f_l a[;[]fz %71. From (9), we have for 1 < i < 2%,
i 1 i
0‘5\; 1= 5\%—1“&\;—2 (22a)
mlil = Ay iml] 4Ty, (22b)

where 1" 4 £ UN_oKRn_oBun_2+ Kn_1Yyn—1.
From (19a) and (22a),
invoa =20 ol mll = AN e L4 T4, (23)
where z},_, = 1Zz”]1v ' K; 10‘%] 2m5§ 2-
By (19b), (22a) and (23), we have
Pyo1=My_1+ Y0, oy y(my_y— iy )?
=My_1+An_1Tp,

where T £ 52270 L6l ol il ) —an )2,

2"N -1 i i i N
I'p= 31 1¢N 1¢ H 2((m5\;_2)2 _ng\;—szfz
+ (- 2)2)

* 'N—1 7 7 7
(e o)? + 20 Lo ol (mlY_,)?

Z"N 1 i [
- 21¢N 1045\/] ng\} 2T N2

IN -1 i
= _(mN—2) +Z2 1 N 104% z(mgv] 2%

3) Computation of E[Py_1|Zn_2]:
Since yr = Czy, + vk, p(yx|Zr—1) can be obtained from
p(xk|Zx—1) by applying Lemma 2 (i) to (5a). That is,

Pyl Ti1) = S5 iNyk(ka ,PY)al!
= E?:i ¢k ag].



Then we have p(yn—2|Zy—2) = ¢ due to o?g@_l = aEﬁ_Q,
Note that Ty o = {ynv—2,...,%1,7TN—2,.-,70}. From

(11) and (19b), it is clear that Py_; contains yx_1. Thus

E[Pn_1|Zn—2] = ffooo Pn_ip(yn—1|Zn—2)dyn—1
= [Z (Tc+Tp)dyn—1,

where
2"N-1 |4 i i
(> im1 0‘5\;—2¢E\f]—1m5\;—2)2
2"N-1 i i
> a[N]d EV]A

Tp=cMy_1+An_1 Y0 ON_jal_y(ml_,)%

Po = —clzly_5)* =

Since ¢ is a Gaussian mixture function and ¢5:/]_1 is
a Gaussian function, there is a analytic expression for
Jooo Todyn—1.

4) Three difficulties are presented as follows:

o The Gaussian function qzﬁkkl occurs in both the numer-
ator and denominator of I'c. From the knowledge of
calculus, it is clear that there is no analytic expression
for ffooo I'cdyn_1, even when ny_; = 1. Moreover,
with the random losses of ACK signals, the number
of ¢Kf]—1 will exponentially increase, which further
confirms the fact that there is no analytic expression
for [ Tedyn—1 and E[Py_1|In_»] either.

o Note that the desired optimal u}j_; minimizing
VN—2(N — 2) in (21) is in fact a function not a
deterministic quantity. Without analytic expression for
E[Pn—-1|Zn—_2], the nonlinear optimization cannot be
further performed to obtain the optimal control uj;_;
in V(N —2); ‘

e The number of the Gaussian functions qbgi,]_l in I'¢c
will exponentially increase, making its computation
time-consuming. Meanwhile, in solving the LQG prob-
lem, the optimal estimation Zj is required, and its
computation also is time-consuming.

For this simplified system, these three difficulties are enough
to prevent the optimal LQG problem from being solved. W

Theorem 2 (Solvability of the optimal LQG problem):
For the general Quasi-TCP-like system, it is impossible to
solve the optimal LQG problem.

Proof: 1t is clear that for the general Quasi-TCP-like
system, these three difficulties mentioned above still exist.
Both the calculation of ffooo I'cdyn_1 and the aforemen-
tioned nonlinear optimization are technically difficult. More
importantly, due to the random losses of ACK, the time for
the computation will tend to infinity, and computer’s memory
will be eventually exhausted. Therefore, we claim that it is
impossible to solve the optimal LQG problem. [ |

Remark 2: The conclusion in Theorem 2 is also applicable
to the UDP-like system, since the ACK in the UDP-like system
is completely lost.

IV. SUB-OPTIMAL LQG CONTROL

The conclusion in Theorem 2 motivates us to develop a
sub-optimal but efficient solution to the estimation and LQG
problems for the Quasi-TCP-like system. In the following, we
first develop a sub-optimal linear estimator, and then based

on it we derive the LQG controller. Finally, we establish the
conditions for the mean square stability of the closed-loop
system.

A. Sub-optimal Linear Estimator

The structure of the optimal estimator is complex, but the
K} in (10a) can be recursively calculated. By this K}, we
design a sub-optimal linear estimator as in Algorithm 3.

In Algorithm 3, the symbols Zj and zj are recycled to
denote the predicted and estimated system states for this sub-
optimal estimator, respectively. Then P;, and P}, are recycled
to denote the corresponding prediction and estimation error
covariances, respectively. Define a function

gy, M)=AMA'—yAMC(CMC'+R)"'"CM A +Q. (24)

Algorithm 3 Sub-optimal Linear Estimator

Initial condition: &g = Zg My = P,
Prediction step: (LMMSE predictor)

Tht1 = Az + (Tkuk + ?kV)Buk (25)
where 7, =1 — 7.
Estimation step:
Zrt1 = Tht1 + Ver1 Kpr1 (W41 — CTp41) (26)
where
_ _ -1
Kiy1 = My1C' (CMy41C' + R) 27
M1 = g(Vet1, My) (28)

Remark 3: In Algorithm 3, we use the LMMSE preditor to
obtain the predicted system state. For the estimation step, the
estimator gain K, in (27) is in fact the K}, in (10a) computed
by the M;,, which occurs in each term of the Gaussian mixture
pdf (5a). The way to design this K} is inspired by [35]. In
[35], by constructing auxiliary system states, a sub-optimal
estimator was developed for the UDP-like without observation
packet loss. The resulting estimator gain is identical to the one
computed by the M, in each term of the Gaussian mixture
pdf. The benefit of this design method is that the K is not a
nonlinear function of uy, and thus the nonlinear optimization
problem is circumvented.

Remark 4: Technically speaking, the estimation perfor-
mance of the sub-optimal estimator in Algorithm 3 is inferior
to that of the LMMSE estimator, but in the backgound of the
LQG problem they are quite close, which will be shown and
explained later in Section V.

Lemma 4: The prediction and estimation error covariances
can be calculated as follows:

Py = APLA + Q + Tov Bugu), B’ (29)
Pioi1 = (I — 41 Kk+1C) Pry1 (I — 41 K1 C)’
+ Vi1 K1 RK} 1. 30)
Proof: From (1a) and (25), we have
Tyl — Thyl = A(azk — Lﬁk) + ’T'k(l/k — V)B'Ltk + wg. (31)



If 7, = 1, then 7, = 0. By applying (2a) to (31), we obtain the
covariance of 21 — Tpy1, i.€., Poy1 = APLA +Q. If 7, =
0, then 7, = 1 and v is an unknown random quantity. By
using (2a) again, we have Py = AP, A’ +Q+ vvBuyu},B'.
Therefore, (29) holds for 7, = 1 and 0.

From (1a) and (26), we have

Tht1 — Tkt
= Trt1 — Tip1 — Vet 1 K11 (Copgr + Vg1 — CTpp1)
= (I =1 Kp1C) (Tpt1 — Tht1) =Y+ 1 K101 (32)
The value of ;11 is known for the estimator. By applying

(2a) to (32) and noting that ’yi 11 = Vk+1, it is easy to verify
that (30) holds. The proof is completed. [ |

B. LQG control
To derive the finite horizon LQG controller, we first calcu-
late E[tr(H Pj1)|Z)] in Lemma 5. Such quantity is required
in Lemma 6 to derive the optimal value function Vj,(zy).
Define K, £ I — K,,C.
Lemma 5: Given a matrix H, let T £ VK HK g1 +7H.
Then
Eltr(HPyy1)|Zi]) = tr(ATAP,) + tr(TQ)
+ 7ovtr(up B'T Buy) 4+ ytr(Kjy  HK 1 R).
Proof: By substituting (29) into (30) and then taking
mathematical expectation to Py, we have
E[P}C+1‘Ik] = ’ka+1(APkA/ + Q + %DVBU]CU,?CB/) ;€+1
+’YK;€+1RK]/€_‘_1 + ’_}/(APkA/ +Q+ TﬁuBukuﬁcB’).
By using the property that E[tr(A)] = tr(E[A]) and
tr(BAPA) = tr(ABAP),
E[tr(HPk—i-l)'Ik] = tI‘(HE[P;H_ﬂIk])
= tr(A/('YK;€+1HKk+1 + ’_)/H)Apk)
+ tr((VKjy 1 HKi 1 + YH)Q)
+ ?Dutr(u%B'(’yKﬁHlHKkJrl + fVH)Buk)
+ 'ytr(K;CHHKkHR)
= tr(A/TAPk) + tr(TQ) + ?Dytr(u;B/TBuk)
+tr(Kj HK 1 R).
The proof is completed. ]
In the following, we use the cost-to-go dynamic program-
ming approach to obtain the Vj(zy).

Lemma 6: Based on the sub-optimal estimator in Algorithm
3, Vi(zx) defined in (20) can be calculated as follows:

Vk(ﬂck) = E[I%kak‘zk] + tI‘(HkPk) + A
where K}, is computed by (27) and (28), and
L= — (Mg + B'(Zs1 + 70T)11)B) ' B' Z 11 A

(33)

(34a)

Tit1 = VK1 Hiop1Keg1 + YHpa (34b)
Zy = A Zp 1 A+ Wy, —vA' Z 1 B(Ag+

B'(Zyy1 + 70T 1)B) ' B Zj1 1 A (34c)

Hy=ATor A4+ Wi+ A'Zj1 A— 7y, (34d)

A = Ak+1 + tI‘(T]H_lQ) + tI‘(Z;.H_lQ)

+ tr (K1 Hi1 K1) R)

with Zy =Wy, Hy =0, and Ay = 0.
Proof: We prove this lemma by mathematical induction.

It is evident that (33) holds at time N. Suppose that (33) holds
for N,---  k+ 1. Now we check Vj(zy).

Vk(xk)
= r%inE[x;Ckak + VkuzAkuk =+ Vk+1(l‘k+1>|zk]

(34e)

= mlHE[l‘;C(Wk + A/Zk+1A)[L'k + w,;+1Zk+1wk+1
U
+ Z/ku%(/\k + B/Zk+1B)uk + 2yku;€B’Zk+1Axk
+ tr(Hgs1Prg1) + AkH\Ik]
= %tnE[m;“(Wk + A/ZkJrlA)l‘klIk} + tl"(A/Tk+1APk)
+ {Ak+1 +tr(Zp+1Q) + tr(Tk11Q)
+ (K Hyr1 K1 R) }
+ virTu), B' Ty 41 Bug
+ I/’LL;C(A]C + B’Zk_HB)uk + ZVUQB,Z]C_HA:%]C,

(35)

where @ is obtained by using Lemma 5. Then we solve
OVi (1) /Ouy, = 0 and get the uj, which minimizes Vi (zy) as
follows

U = 7(Ak + B/(Zk+1 + 7_'I7Tk.+1)B)71B/Zk+1A5Ek.
The quantities in {-} of (35) are equal to the Ay in (34e).
Substituting this uy back into (35) yields

Vk(xk)
= E[l‘;c(Wk + A/Zk+1A).%‘k|Ik} + A + tr(AlTk+1APk)

— Vi A" Zy 1 B(Ag + B'(Zgy1 + 70T)11)B) "' B' Zy 1 Adey,

(i) E[x;kaHIk] + Ag + tr(A/Tk+1APk)

+ tr((Wk + A/Z]H_lA - Zk)Pk)
(:b) E[x;kaHIk] + Ay + tr(Hi Pr),

where @ is obtained by using (34c) and the existing result
([17], Lemma 4.1) that E[z) Szi] = &).S%k + tr(SPy). The

equality @ is obtained by using (34d). Hence, (33) holds for
the time k. The proof is completed. [ ]

Based on Lemma 6, the results on the LQG control problem
are formulated in the following theorem.

Theorem 3 (LQG control): For the Quasi-TCP-like system,
based on the sub-optimal estimator in Algorithm 3,

o the finite horizon LQG controller is up = L2, and the

corresponding cost function

JN = l‘{)Zoxo + tr((Zg + Ho)Po)
+ 0 (T + Z1)Q + (K} HLK)R),

where Ly, Zi, T}, Hy are computed by (34), and z and
K, are computed by Algorithm 3.
o There is no solution to the infinite horizon LQG problem.

(36)

Proof: From the dynamic programming approach, it
follows that the control sequence uy = Ly obtained in



Lemma 6 is the desired optimal control that minimizes the
cost function Jy, and Jy = Vy(x). From (33) and (34), it is
easy to obtain Jy as in (36).

Similar to the TCP-like system, the estimator gain Kj
is a random quantity, making %Jk and Lj; unconvergent.
Therefore, there is no solution to the infinite horizon LQG
problem. The proof is completed. [ |

Remark 5: (Separation principle) From Algorithm 3, it is
known that the estimator gain K, is independent of the design
of the LQG controller. However, the LQG controller depends
on K}, and the estimation error covariance Py depends on the
control inputs. Consequently, the separation principle does not
hold for the Quasi-TCP-like system.

C. Stability of the closed-loop systems

In the sequel, we show that under some conditions the
controller uy, = Ly can stabilize the closed-loop Quasi-
TCP-like system, where Ly, is computed by (34).

To study the stability of the closed-loop systems, we let
W, =W,AL,=A, and G, £ H;,+ 7. Note that S = g(l, S)
is the standard algebraic Riccati equation, where g(-) defined
in (24). It is well known that under Assumption 1, there is
an unique positive definite solution S, for So = g(1, Sx).
For the convenience of formulation, we define some symbols.
Denote the maximum sigular value of K by Ak, where K =
I — S,,C'(CSC" + R)~IC. Define n £ v(A\g)? + 7 and
p = TU.

Three condtions are given as follows: Condtion 1: B is
square and invertible; Condtion 2: C'is full column rank; and
Condtion 3: Py > S.

Theorem 4 (Stability of the closed-loop systems): Con-
sider the system in (1) with the LQG controller u; = L2y
where Ly is computed by (34).

(i) If Z; and Gy are bounded, then the system is mean

square stable.
(i) If Conditions 1, 2, and 3 are satified, then a sufficient
condition for the boundedness of Z;, and Gy, is

)\124(17+V—277V) < (m+v—nv).

Proof of part (i): Let K = (I — 1 K,C). We start
with calculating x; and ey. By substituting uy, = Ly, into (1)
and using ex = x — Tk,

Tr1 = Axy + v Buy, + wg

= (A+vgBLp1)xy — vk BLit1ex + wg. (37)
By combining (31) and (32), we have
€kl = Tpa1l — Thi1
= Kry1(Aeg + Te(vp — v)BLg11)Zp + wi)
= Vet+1 K+ 10k+1
= Tk (Vg — V)Kpy1BLg 12k
+ Kit1(A = 7 (v — v) BLit1 ) ek
+ Kip1wr — Vi1 Ky 1041 (38)
The homogenous parts of (37) and (38) are the following:

ZTp41 = (A+ v BLyt1)xy — vk BLgtqex (39

ekt1 = Te(Vk + V)Kpp1BLi 124,
+ Krp1(A = 7 (v + v)BLgy1)er.  (40)

Since E[|wi|?] = tr(Q) and E[|vgs1]?] = tr(R) in (37)
and (38) are bounded, it was pointed out in [28] that if the
homogenous parts of (37) and (38) are asymptotically stable,
then the system equations (37) and (38) are mean square
stable.

To study the asympotic stability of (39) and (40), we follow
the similar line of augument developed in [28], which requires
the calculation of z} Zyxy + e}, Hyer. However, it would
be tedious to compute this quantity directly via (39) and
(40), which can be seen in [28]. Actually, majorities of the
derivations for computing this quantity have been performed
in calculating Vi (xy) in Lemma 6. Therefore, in the following
we employ the results on Vj(zy) to compute this quantity.

Denote the optimal control by uj,. From (20), we have

Vie(zr) = Eloy Way + vi(ug) Aug + Viepr (2r41) | Zh )

According to the definition of the mean square stability, it
is the E[|zx[?] not the E[|x]?|Zx] that is considered. Thus,
taking mathematical expectation with respect to Z, yields

]E[Vk+1 ($k+1) —Vi (:ck)] = —]E[.I}%ka +V(UZ)/Au;;]. 41

From (33) and by noting that Ele} Hyex] = tr(HyPy), we
obtain

E[Vi(zr)] = E[z}, Zrxr + € Hrer] + E[AR].  (42)

Then

B[}y Zrs1Zht1+ €1 Hirr€hq1 — (2 Zrwp +e) Hyey)]
= E[Vit1(Trt1) — A1 — (Vi(zk) — Ar)]
= — Elz),Way, + v(up) Aug] + (tr(Th1Q)

+ tr(Zk+1Q) + tr((K]IC+1Hk+1Kk;+1)R))

where the last equality is obtained by (41) and (34e).

In Lemma 6, x; and e are determined by (37) and (38).
While what we consider is their homogenous parts, i.e., (41)
and (42), in which there is no noise, which is equivalent to
letting @ = R = 0 in V(). Therefore, for the homogenous
parts (41) and (42), by letting QQ = R =0 in (43),

(43)

B[z} 1 Zrs12rq1 + €)1 Hey1en 01 — (T, 21 + € Hyey)]
= —E[z,Wxi, + vi(u)) Auj).

Summing up this equality for k =0 to n — 1 yields
Elz!, Znxn + €, Hyen — (2 Zozo + ey Hoeo)]
= — Zz;é Elz, Way, + v(uf) Auj].

Due to E[z),Z,x, + e}, H,e,] > 0, we have E[z)Zpxo +
ey Hoeo] > Y1~ Elz),Wak +v(uf)' Auf]. By the hypothesis
that {Z; and Gj} are bounded, we have Z > Z; and
G > Gy = Zy+ Hy > Hy. Then E[z)Zxo + e)hGeg] >
S B, Wk +v(u}) Au]. The boundedness of the series

v—o E[zj W] implies limy_,oo E[z},Wx;] = 0. Due to
W > 0, E[z}xr] = E[|ax]?] — 0. Since E[z|Waxy] =
Wiy, + Ele), Weg], we have limy_, o E[2), W] = 0, ie.,
E[|Z|*] — 0, which implies the asympotic stability of (39)



and (40). Hence, (37) and (38) are mean square stable. The
proof of part (i) is completed.
After introducing some preliminaries and lemmas as fol-
lows, we continue the proof of part (ii). ]
To study the boundedness of Z; and Gy, we reverse the
time index in (34) and then rewrite (34) as follows:

Ly = — (A B'(Zy + 70T)B) ' B'Z), A (44a)
Zpi1 = Ox(Zy, Zy, + 70Ty) (44b)
Gry1 = A (VK H Ky + yHy + Zp) A+ W (44c)
Apy1 = D +t0(TQ + (KL He K )R+ Z,Q)  (44d)

with Zy = W and Hy = 0, where
Ox(Z,Y)E AZA+W —vA'ZB(A+ B'YB) 'B'ZA.
Define two operators as follows:

®,(Z,G,p) & Ox(Z,(1 - p)Z + pG)
=AZA+W —vA'ZB(A
+B'((1-p)Z +pG)B)"'B'ZA
Oc(Z,G,n) 2 (1—n)A'GA+nA'ZA+W.

Lemma 7: Some results on g(1,X), ®x, Pz, and P are
formulated as follows ([17, pp. 182] and [36, Theorems 10.6
and 10.7)):

(i) ¢9(1,X), &x, 7, and P are monotonically increas-
ing functions. Namely, if Z7 > Z5 and Y7 > Y5,
then g(l,Zl) Z g(l,Zg), (I)X(Zl,Yl) Z ‘I)X(Z27Y2),
Q5 (Z1,Y1,p) = ©z(Z2,Ya,p), and O (Z1,Y1,1n) >
@G(ZQ, Y27 T])

(i1) If Condition 1 is satisfied, then a necessary and suf-
ficient condition for the convergences of Zji; =
(I)Z(Zk,Gk-,p) and Gk+1 = ‘bg(zk,Gk,’I]) is )\?4(77 +
v—2nv) < (n+v—nv).

(iii) If Sy > S, then Sy > S > S.

Lemma 8: Let X >0 and Y > 0, and C is a matrix with
compatible dimension. Then

(i) ([37], Theorem 7.7.3 and Corollary 7.7.4)

The following three inequalities are equivalent:
AYX H<leX>YeYyt>Xxh

(1) ([38], pp. 213) The matrix inverse lemma:

XC'(CXC'+Y) t=(x"t+Ccvyto)y- 'yt
In the sequel, we assume that Conditions 1, 2, and 3 are
satified.

Lemma 9: Let My = Py > So. The following facts hold.

(i) Let Sky1 = g(1,Sy) with Sy = My = Py. Then S, <
S < M.

(i) F(My) = K| HyK}, is monotonically decreasing, and
thus K%HkKk < (/\]K)sz‘

Proof:

(i) We prove this lemma by mathematical induction. For k£ =
0, this lemma holds. Suppose that it holds for 0,.. ., n.
We check the case k = n+1 as follws. By the hypothesis
that S,, < M, and Lemma 7 (i), S,41 = g(1,5,) <
g(1,M,) < g(Yns1, M,) = M, 1. Consequently, we
have S;, < M. From Lemma 7 (iii), it follows that
Seo < S), < Mj,. The proof is completed.

(ii) Define h(S) £ (S~ + C'RIC)"1C'R1C, f(S) =

I — h(S), and F(S) £ f(S)Hf(S). By Lemma 8
(ii), we have h(M}) = K;C. Thus, f(M;) = Ki and
F(My) = K} Hy K.
Suppose that S; > S;. By Lemma 8 (ii), we have
St < Syt and thus S;'+C'RTIC < Sy +C'R7IC.
Let Y = C'R7!C, and Y ! exists by virtue of the
assumption that C' is full column rank. By using Lemma
8 (ii) again, we have

(S7P+Y) > (St )T
WS+ Y)Yy (ST 4 Y)) < 1

= AR(S)h(S1) 1) < 1 ¥ h(S1) > h(Sy)
9 £(51) < £(S2) DA (S)F(S2)7Y) < 1,

where the inequalities on the right-hand side of (:a>), (:b>),

and (:d>) are obtained by using Lemma 8 (i), and (:C>) is
obtained by noting that f(S1) < f(S2) due to f(S) =
I—h(S).

To compare f(S1) Hyf(S1) with f(S2) Hyf(S2), we
consider the following inequalities.

A((F(S2)£(52)7Y He(F(S0)£(52) ), )
< M((FS0F(82) 7 )M (Hef (52)(£(52) )
= (Mrss2)) <1

From Lemma 8 @), it follows that
(F(S0)F(S2) ) Hef (S)(F(S2) < Hi, which
means that f(S1)' Hif(S1) < [f(S2) Hpf(S2), ie.,
F(S1) < F(S2). From the result in part (i), we have
KL Hy Ky, = F(My) < F(Sy) = K H K < (Ag)2Hj,.
The proof is completed. |
Lemma 10: Define Zy,1 = ®7(Zy,Gr,p) and Grpi1 =
(PG(Zkka»n) with Zo = Z07Gk = (. Then

Zy > 2y, Gy, > Gy, (45)

Proof: From (44c) and by using Lemma 9, we have

Gk+1 = 14/(’)/]K;€I{]€}K]C + ’_)/Hk =+ Zk)A + W
< (YOR)? +Y)AHA+AZR A+ W
=nA'GLA+ (1 —n)A' ZLA+W

= &c(Zk, G, p). (46)

From (34b), Zy+ 70Ty < Tv(YAZ+7) (Hk+Zk— Zy) + Zk, =
pGr + (1 — p)Zi. By Lemma 7 (i),

Zk+1 = (I)X(Zk,’i_'DTk)
< Ox(Zy, (1 = p)Zy + pGr) = ©z(Zk, Gk, p). (47)

We prove this lemma by mathematical induction. It is clear
that (45) holds for £ = 0. Suppose that it holds for 0, ..., n.
We check the case £ = n + 1 as follows. From (46) (47)
and Lemma 7 (i), we have G411 < P@g(Z,,Gn,p) <
(I)G(Zm(;mp) = Gn+1’ and Zp41 < @z(Zn, G, p)

<
®,(Zn,Gn,p) = Zny1. The proof is completed. [ |



Proof of part (ii) of Theorem 4: From Lemma 7 (ii),
it follows that if Condition 1 is satisfied and the inequality
A4 (n+ v —2nv) < (n+v —nv) holds, then Z; and G, are
convergent and thus are bounded. By lemma 10, Z; and Gy,
are bounded as well. ]

V. NUMERICAL EXAMPLES

In this section, by examples, we evaluate the performance
of the proposed LQG controller and verify the main results
we obtained.

A. Stability of the closed-loop system:

In the following, we present two examples to verify the
mean square stability of the closed-loop system.

Example 2: Consider the unstable MIMO system in [17]
with following parameters:

1.001  0.005 0 0 0.001
A_ | 0350 1001 —0135 0 | .| 0540
~|-0.001 0 1.001  0.005| © 7 | —0.002
—0.375 —0.001 0.590 1.001 ~1.066
C = [é g ? 8} R = diag(0.001,0.001), Q = q¢’
where ¢ = [0.003,1,—0.005, —2.150]', W = diag(1,0,0,0),
A=2.

Since Condistions 1 and 2 are not satisfied for this MIMO
system, the boundedness of Zj, and GG, cannot be theoratically
determined via Theorem 4 (ii). Thus, we check their bounded-
ness by simulation. By runnig the simulation 1000 times with
randomly generated {~x, vy, 7}, we found that Z) and Gy,
are always bounded. One of these running results is shown
in Fig. 2. From Theorem 4 (i), it follows that the closed-loop
system is mean square stable, as shown in Fig. 2.

, x10°
— — —trace(Z)
15f
trace(Gy)
1k
] R
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Fig. 2. The boundedness of Z; and Gy, and the mean square stability of
the MIMO system.

Example 3: Consider the scalar unstable system used in
[19, 21] with the parameters: A = 1.1, B=C =1, Q =
R=W=A=1Lty=v =71 =028. It is easy to
check that for this system, Condistions 1 and 2 are satisfied,

and the inequality A% (n + v — 2nv) < (n+ v — nv) holds.
It follows from Theorem 4 (ii) that Z; and (G} are bounded,
which guarantees the mean square stability of the closed-loop
system. These results are illustrated in Fig. 3.
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Fig. 3. The boundedness of Zj, and G}, and the mean square stability of
the scalar system.

B. Performance of the sub-optimal estimator and controller

Example 4: To compare the estimation performance of the
sub-optimal estimator we proposed with that of the LMMSE
estimator, we consider the quantity Ap = Py — PkL, where
PF denotes the estimation error covariance of the LMMSE
estimator. For the scalar system above, Ap is shown in Fig.4.
If the control inputs are deterministic and are independent
of the estimates, like the cases ur = 10 or 20, then the
larger the magnitude of control inputs is, the more apparant
the difference between their estimation performances becomes.
However, it is in the background of the LQG control problem
that we propose this sub-optimal estimator. Once the control
inputs are determined by the LQG controller we design, the
performances between these two estimators are closer, as
shown in Fig. 4. The main reason is that when the system is
stabilized by the LQG controller, the system states are usually
near zero and then the magnitude of the feedback control is
small. From (29), it is known that P, is closer to the prediction
error covariance of the LMMSE estimator [23]. Thus, P is
closer to PkL.

Example 5: For the LQG problem, Ji /k is usually adopted
to evaluate the long term performance. For the scalar (i.e.,
SISO) and MIMO systems presented in Examples 1 and 2,
the Ji/k is not convergent, which is shown in Fig. 5. When
the ACK packet arrival rate 7 is close to 1, the performance
of the proposed LQG controller approches that of the optimal
LQG controller for the TCP-like system (that is, the ‘“Real
TCP-like” case in Fig. 5).

VI. CONCLUSIONS

In this paper, for the general Quasi-TCP-like systems we
have proposed the optimal estimator and given a conclusion
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Fig. 4. The difference of the performances between the sub-optimal estimator
we proposed and that of the LMMSE estimator.
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Fig. 5. The average cost function Jy /k.

on the solvability of the optimal LQG controller. Also a sub-
optimal LQG controller is designed. Examples are given to
demonstrate the potential and effectiveness of the proposed
LQG controller.
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