2023 62nd IEEE Conference on Decision and Control (CDC)
December 13-15, 2023. Marina Bay Sands, Singapore

Signalling of Information via Coding in a Series Network of Unstable
Stochastic Dynamical Control Systems

Charalambos D. Charalambous, Christos Kourtellaris and Ioannis Tzortzis

Abstract— We address the asymptotic problem of signalling
information from one controller to another controller, in a
series network, consisting of control system 1 (CS-1) and control
system 2 (CS-2), as shown in Figure 1.1, first analyzed in [1]
for finite-horizon. Controller 2 of CS-2 has access to feedback
information from its output, while controller 1 of CS-1 does not
have access to feedback information from its output. Under
suitable detectability and stabilizability conditions of matrix
algebraic Riccati equations (AREs), it is shown that, if the
rate of generating information by CS-1 is below the asymptotic
control-coding (CC) capacity of CS-2, then we can synthesize,
i) a controller-encoder for CS-2 that simultaneously controls
the CS-2 and encodes the state of the CS-1, and operates at
the CC capacity of CS-2,

ii) a decoder for CS-2 that is optimal with respect to a mean-
square error (MSE) criterion, and

iii) a controller for CS-1, which acts on the decoder output,
and it is optimal with respect to the pay-off of CS-1.
Compared to [1], this paper includes bounds to MSE and Error
probability of communicating digital messages.

I. INTRODUCTION

Shannon’s coding capacity [2] is developed over the years
with emphasis on communication system applications [3],
[4]. It is demonstrated in [5] (see Theorem 4.1, Theorem
5.1) and [6], [7], that Shannon’s coding capacity admits a
natural generalization to decision models (DMs), such as,
stochastic control systems, while in [8]-[10] is extended to
unstable communication channels with memory. Further, in
[11] it is demonstrated that optimal randomized strategies can
be transformed into controller-encoders that simultaneously
control outputs, encode Gaussian messages, and signal the
messages to a decoder that reconstructs them with asymp-
totically arbitrary small MSE error.

The new paradigms of information signalling of control
strategies constructed in [5], [11], illustrate that stochastic
dynamical control systems with randomized control strate-
gies, are also candidates of communication channels, capable
of information transfer from their inputs to their outputs.
The operational definition is a variant of Shannon’s coding
rate, called control-coding (CC) rate, with the encoder
replaced by a controller-encoder [5], [11]. Consequently, a
generalization of Shannon’s direct coding theorem, states
the following [5] (Theorem 4.1, Theorem 5.1): “For any
CC rate of R bits/second below the control-coding (CC)
capacity (supremum of all rates R) of the DM, there exists
a controller-encoder which controls the output process and
encodes an information process, and a decoder or estimator,
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which operates asymptotically, with arbitrary small decoding
error probability.”

However, real-time signalling of information from the
input to the output of DMs, is still a challenging problem.
Real-time signalling is often addressed via joint source
channel coding (JSCC) design, using lossy compression of
the information process. The JSCC is discussed in [12],
using the nonanticipative rate distortion function (RDF). An
example of signalling messages generated by a digital binary
symmetric source over a binary symmetric channel with
memory is given in [13].

The main objective of this paper is to analyze the per
unit time limit of a series network of two unstable control
systems, each assigned one controller, as shown in Fig.l.1, to
signal information from one controller to another controller.
The current analysis is focused on asymptotic analysis, and
builds on the prior concepts and results of [1].

The Series Network of Control Systems of Figure 1.1. The
underlying hypotheses of the network are the following.

CS-2. The controller of CS-2 observes its output through
feedback, and

CS-1. the controller of CS-1 does not observe its output.
Applications of such network include,

Scenario 1: CS-1 is controllable but its state process {Xj :
i = 0,...,n} is not observable, possibly because CS-1
corresponds to the internal dynamics, and

Scenario 2: the state process {X; : ¢ = 0,...,n}, which
can be controlled or uncontrolled, is to be reproduced at the
output of a decoder for the purpose of relaying it to another
processor (not shown in the figure), etc.

To overcome the limitation of the controller of CS-1, the CC
Capacity of CS-2 is determined and the randomized control
strategy which achieves it, is found. Then the randomized
control strategy of CS-2 is transformed into an controller-
encoder, which simultaneously controls the output process
{Y;:i=0,...,n} of CS-2, and encodes the state process
{Xi:i=0,...,} of CS-1, and a decoder or estimator is
designed {X; : i = 0,...,}, with respect to a performance
objective, while the decoder output {X; : ¢ = 0,...,} is
made available to the controller of CS-1, to minimize the
pay-off of CS-1.

For Gaussian systems we show under suitable detectability
and stabilizability conditions that involve three matrix AREs,
that the following hold.

(a) If the CC Capacity of CS-2 is above the rate at which
the CS-1 generates its output {X; : ¢ = 0,...,}, then the
controlled process {X; : ¢ = 0,...,} can be encoded into
the control strategy of CS-2 and decoded with arbitrary small
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Fig. I.1.

asymptotic error probability. For this to hold, it it necessary
to allocate sufficient power to CS-2, which corresponds to the
ergodic minimum cost of controlling CS-2. Any additional
power is converted into information, which is signalled from
the input to the output of CS-2.

(b) Under the condition of (a), the optimal controller of CS-1
is determined with respect to its ergodic control performance,
and stability and optimality of the networked control system,
and signalling of information is achieved, with small error
probability, by proper control-coding-decoding.

Statements (a), (b) are one of the possible applications
of Shannon’s operational definition of capacity of noisy
channels, extended to unstable dynamical systems. However,
since this paper is a continuation of [1], then it is necessary
to recall several results from [1], before we can address the
per unit time infinite horizon problem.

II. NETWORKED CONTROL SYSTEM WITH SIGNALLING
Here, we introduce Fig. 1.1 and definitions of optimality.
A. Networked Control System

Consider Fig. I.1. The control process of CS-2 is A™
{4

controlled processes is Y™ 2 {Y; :

. . . A .
ci = 0,1,...,n} with values in A™ = xI' A, its
0,...,n}, with

. A . e A .
values in Y" = x7_,Y,;, with initial state S = Y_;, with

i =
values in S = Y_;. Similarly, the control process of CS-1 is
U 2 {U;:i=0,...,n}, with values in U™ = x7_,U,, its
£ {X;:i=0,...,n}, with values

controlled process is X"
in X 2 x7_ X,
CS-1. The conditional distribution of CS-1 is described by

PXi\Xifl’Uifl7A1"71’Y"7175 = PXi|X'i—17Ui—1 WYioa

E‘S’i(dxi|xi—laui—layi—l)7 ZZO,,TL (III)

For ¢ = 0, PX0|X,1,U,1,Y,5,1 = So(dxo)
The Control Strategies of CS-1 are measurable maps

A

U[Om_l]:{gilUiil X Yi71 XSF—)Ui, Uug = go(s), ey

wi=gi(w "yt 8), i =0,1,...,m— 2}. (I1.2)
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The Pay-off or Performance Criterion of CS-1 is

Jom(g®) 2 inf ES{EOJL(U"*,X”)}, (IL.3)
{gi};:()leu[o,nfl]
A n—1
bon(u"t ") = Z li(ui, ;) + on(xn) (IL4)
i=0

where £y (-, -) is a measurable function.

The controller of CS-1 does not have access to {X; : i =
0,...,n}, but instead has access to the controlled process
{Y;:i=0,...,n} and initial state S = s of CS-2.

CS-2. The conditional distribution of CS-2 is

Py, jyi-1,4i .5 xi,0i = Qi(dyilyi—1,a;:), i =0,...,n.(L5)

Definition 2.1: (Admissible controller-encoder-decoders)

(a) Controller-Encoder Strategies of CS-2. The controller-
encoder strategies which control the controlled process {Y; :
i =20,...,n} and encode the controlled process {X; : i =
0,...,n} are measurable maps defined by

S[O,n](n)é{ei:XiXAi*IXY'Lfl % SI—)A“

— i o i—1 ,i—1
ai_ei(m , @ Y

1
—— B, (y0(4" V") < s},
P R Yo,n( )) <k

,8), 1=0,...,n:

n n— JAN S
Yo (A", YY) = Z%‘(anyi—l)

=0

where Y, (-, ) 1 A" X Y"1+ (—o00, 00] is a measurable
function and k € [0, 0] is the total power.

(b) Decoder Strategies of CS-2. The decoder strategies which
reconstruct or estimate the process {X; : ¢ = 0,...,n} are
square integrable sequences defined by

Do = {di : Y xS+ X, 3 = di(y',5),i =0,...,n}.
The CC-Capacity [5], [11] of CS-2 is defined using the
randomized control strategies of Definition 2.2. These are
transformed into an controller-encoder, which encodes {X; :
t=0,...,n} and operates at the CC Capacity of CS-2.



Definition 2.2: Admissible randomized control strategies
of CS-2 belong to the constraint set

Pro,n) (k) = {Pi(daﬂai_l, Yyt s),i=0,...,n

E. (%,n(A",Y”—l)) < /{}. (IL.6)

n+1
The Pay-off of CS-2 is the maximization over Py (%),
An} to

. . . A
of the directed information from A™ = {A,,...,

yn 2 {Yo,...,Y,}, for fixed initial data S = s [14], [15],
dQi(-|Y;—1, 4;)
n n P )
I(A"—Y™|s) £ Ef {§ log (—dPP e S)(Y))}

where for eachz PP(dy ly'=t,s) =
from {Q

B. Information Structures of Randomized Control Strategies

= PYi‘Yi—IVS is generated
Pi(:]):1=0,1,...

’

By [5], the information CC Capacity of CS-2 is a Markov
Decision (MD) problem with randomized strategies:

A *
COJZ( ) = JAnA)Yn‘ (7T l‘i)
‘Y 1"4)
= E7 1 ———(Y;
sup {Zo < 7 (V1) (z))}
P[On( K)
= sup ZF(AZ.;mYZ-,l) (IL.7)
%[O,n](n) i=0

° A .
Plon) (k) = {m(daﬂyi,l) 1=0,...,n:

E”(Z% (40, i) <

where the output process {Yp,...,Y,} is Markov, with
corresponding transition probability distribution given by

— } C P () (1Y)

07 (dyilyi—1) = /A Qi(dyilyi—1,a;) ® mi(da;|yi—1)-

y [5] the CC Capacity of CC-2 (under conditions) is

Clw) 2 !

JAoo‘)Yoo‘s(ﬂ— k) = lim

. 1 JA’IL*)Y’IL'S(TF*’ KJ)

By [11], the cost-rate denoted by k¢, (C), is defined by

IN
I€07n(0) = )
mi(da;|y;—1),i=0,...

inf

,n:ﬁ 2o
E7{0.(4", 7" ) }.

BT {90,0(4". Y"1} = 0,0 0).

I™(A;;Y|Yi1)>C
(I1.9)

> inf
7i(da;|yi—1),i=0,...,n
We should note that g ,(C) — kon(0) is the cost of
signalling {X; : ¢ =0,...,n} to the output of CS-2.

Under certain conditions given in [5], C(k) is an upper
bound on the the supremum of all achievable CC rates, and
any CC rate below C(k) is achievable.

Algorithm for Synthesizing Strategies. The algorithm for
signalling of information to CS-1 is the following.
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(1) Compute the CC-Capacity C(k) of CS-2, and the

optimal randomized control strategy {7} (das|yi—1) : i
.,n} 6703[0,71] (k), which achieves it.

(2) Transform {r}(da;|ly;—1):% = 0,...,n} EP[O n (k)

1nto an controller-encoder, which controls {Y; : i

.,n}, encodes {X; : t = 0,...,n}, and reconstructs

{Xt t=20,...,n}, by a decoder to produce {X; : t =
;n}.
(3) Apply the estimated process {Xt t=20,...,n} to

the optimal controller of CS-1 that minimizes pay-off (IL.3).

C. Multi-Objective Optimality of Strategies

By [1], since no controller-encoder strategy can operate at
a higher information rate than Cj ,,(x), and no decoder strat-
egy can operate at an information rate higher than Cj ,,(x),
then we invoke the following definition of optimality.
Definition 2.3: A {controller-encoder, decoder, controller},
(€9, d%(-), §°()) € Eloum) () X Dy u) X Uig 1, is optimal,
if the following hold.
(i) For given g(-),d(-) the strategy e°(-,g(-),d(-)) €
Elo,n) (k) operates at Jn_,yn|s(7*, k), called information
lossless.
(i) For a given g(-) the decoder d°(-) € Dy, satisfies

AN o jo i E
=B {ZPi(Xz Xz')}
=0

< ‘/]:)7n(gad('ag)7eo('vg7d))v V(d7g) € D[OJ’L] X Z/{[O,n—l]
where p; @ X; x X; — [0,00), (x,7) — pi(z,T),i =
0,...,n is the error fidelity. The mean square error (MSE)
fidelity is defined by p;(z,7) 2 |z — Z[2,i =0,...,n.
(iii) The control strategy of the CS-1 ¢g°(-) € U 1]
satisfies

JOJL(gO(')a do('v go)v 60('7 go’ do))

é E_(S]“,eo,d" {fg)n(Un_l,X")}

< JO,n(g(')a do('vg)a eo(_’ 9, do))7Vg(') € U[O,n—l]~ (I1.10)

j\O,n(gv do('ag)a 60('7g7d0))

Next, we characterize the set of “information lossless
controller-encoder strategies” using [1].

Theorem 2.1: (Information structures of
lossless strategies) [1]. For a given g(-),d(-),
e®(-,9(),d(-)) € &p,n (k) be the optimal strategy for

information
let

n

sup Ez{ Z

IX"—>Y"\s(€*a ﬁ) é
€10, (k) i=0
jog (P Ui X ALY, )
Pe(-[yi-1,9)
Then the following hold.

(i) The optimal strategy in (II.11) occurs in the subset of
Markov strategies in {X; : ¢ = 0,...,n}, defined by

(Y}))} (IL11)

g[own] (k) £ {Mz‘in‘XYFlXS — Ay ai=pi(zs, Y )

5(%%(;1", Y”*l)) Sm} < Epon) (K)

1=0,...,n

)

n+1



and moreover, I X'rL*)yn‘s(e*, k) reduces to the expression

sup EX { Z

5[0 n) (k)
dP('|Yi—17,ui(X’i7Yl_17 S))
Pu([yi=1,85)

NN
Ixn syns(p0, k) =

log (

sup Y IH(X; Y|y s)

v))} a2

= (IL.13)
Elo,n)(R) i=0
PH(dy;ly"~',s) = /P(dyi|yi—1aﬂi(xiayi_la5))
PH(dx;|y'™!, s). (I1.14)

That is, Markov coding of Markov process is optimal.
(i1) An optimal information lossless controller-encoder strat-

egy {uf:i=0,...,n} e§[07n} (k) satisfies the identity,

Ixn_yns(1s 6) = Jan synps(T7, K). (IL.15)

III. SIGNALLING IN GAUSSIAN NETWORKS
Now, we apply the concepts to the following CS-1, CS-2.

CS-2. A Gaussian Linear Decision Model (GL-DM-2)
with quadratic cost function defined, for ¢ = 0,...,n:

Yi=CiaYia+Di A+ Vi, Yoi=y_1=s5,

Pvilvi—l ALY, = PV (d'Ui), V; ~ N(O,Kvi),

Yi(ai, yi—1) £ (ai, Riaq) + (yi—1, Qi—1yi—1) (III.18)
where (Cifl, Dl) € RPXP x RPX4, (Qifl, Rl) S
SE*P x S%79. The control system distribution is given by
Qi(dyilyi—1,a;) ~ N(Ci—1yi—1 + Dsa;, Ky;),i =0,...,n

CS-1. A GL-DM-1 with quadratic cost function described
recursive over the horizon i = 0,1,...,n:

(I1L.16)
(IIL.17)

Ximi=HY, +FX;,+ B;U; + G W;, Xg=x € R

(II1.19)
(i, ui) 2 (i, Rwg) + (2, Qi) on () = (T, M),
B; € R*™ (Qy, R;) € ST*! x STX™, M, € ST

where {W; ~ N(0,Kw,) : i 0,...,n — 1} are
R* —valued independent Gaussian processes, independent of
the Gaussian RV X, (i.e., Px, (dx) ~ N(O,KXO)). By
(IL.17), {W; : i =0,...,n— 1} is independent of {V; : i =

A. Information CC-Capacity: Hierarchical Optimality

Orthogonal Decomposition of Optimal Strategies.
By [11], the optimal randomized control strategy
{mf(da;|yi—1) : i = 0,...,n} is induced by the Gaussian

process A; = A?,

IYE,, Z0)=UI+ 29 =T,YE +29, U 2TVE
V¢ = (Cioa + DT )Y, + DiZf + Vi, YO =y

g_ 9
Al=e]

(i) Z7 independent of (A%~1 Y9i=1) i=0,...,n
(ii) Z9* independent of V?, for i =0,...,n
(i) {Z ~N(0,Kz,):i=0,...,n} indep. Gaussian.
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Hierarchical Decomposition and Separation Principle.
The optimal strategy {I'; =T'f : ¢ =0,...,n}, is given by

=" (yi—1) i=0,... (111.20)
—1
I = 7<DiTP(i+1)Di+Ri) DTP(i+1)C;_y  (IIL21)

g,*
u;

_
_Fiyifla , 1,

where I'y, = 0 and {P(i) : i =0,...,n} is a solution of the
matrix difference Riccati equation (DRE)

P(i) = CL P(i+ 1)Ci1 + Qi1

— G P(i+1)D; (D?P(z’ +1)D; + RZ-)
T
(CrPG+1)D) . P() = Quos.

The optimal randomized part of the strategy {K 7z, = Kz, :

-1

(I11.22)

1=0,... ,n} is the solution of the water-filling problem:
Jan sy (75, 6) = CY (K3, . .., ZC”
A
= sup ch (ki) (IIL23)
Kz,70,i=0,...,n, 320" o ki(Kz,)=r(n+1) i—0
D;Kz, DI + K
O (ry) 21 10g| 2Dl Kvil o amaa
’ 2 | Ky,
tr RnKzn>, 1=n
tr(P(i+1)[D; Kz, D] + Ky, |

(1>

+RZ—KZi), i=1,...,n—1
tr (P(l) [DoK 2, DT + Kv,] + ROKZU)

+(y, P(0)y), i = 0.

A

Note that K, = 0,Vi, implies #J,,(0) = Y0} tr (P(i +
1)KVL.) + (y, P(0)y), which is the LQG optimal cost.
Example 3.1: (Scalar DM) For case p = ¢ = 1, then

. 1 Ky \* A
Ky = {TR” - D—VQ} Az} 2 max{0,2} (111.26)
1 Ky *
Ky, = -2 (IL.27)
“ {2)\(P(z' +1)D? + Ri) D7 }

fori=n—1,n— ,0, where A = A, (k,y) > 0 chosen
to satisfy the average constralnt with equality given by

nzl{{;)\ (P(i—i— 1)];?)122+ Ri)KV }++P(i+1)Kw}
i=0 v
T {% - nggvn }+ +y2P(0) = k(n+1). (I11.28)

The information CC capacity is given by

1 D} '
Con(r) = 2 ; {log (2)\(]3(@' +1)D? + Ri>KV1,> )}
N %{ log (2)\RDKV )} ch (II1.29)



For k € (k¥(0),0), we obtain A\ from (II1.28). Clearly, in
general, for each i, CY(x}) > 0 provided &} € (Kmin,i, 00).

B. Signalling of Information via Coding: Controller-
Encoder-Decoder Strategies

In this section, we state a theorem from [1] that gives the
optimal strategies {controller-encoder, decoder, controller},
according to Definition 2.3. This theorem is needed to
address the infinite horizon version.

Theorem 3.1: (optimal quadruple of strategies
{controller-encoder, decoder, controller}) [1]. Consider
CS-1, ie., {X; : i = 0,1,...,n}, which is to be encoded
and transmitted over the CS-2 defined by (III.16)-(IIL.18).

(F;ﬂK}i) 1= 0,...,n} be the optimal strategy
given by (III.21), (III.23) with optimal distribution
{r#(da;|ly;i—1) :i=0,...,} and {(A},Y;"):i=0,...,n},
which achieves Jgn_,yn (7", K).

Define the filter estimates and conditional covariances by

_ s A ;
bR SR x|yl
JAN v v T wict
Yiji-1= Es{<Xi - Xi|i—1) (Xi - Xi\i—l) ’Y ’ },
A s s \7T ;
S 2 E{(X - Xm») (Xl- - Xm) ‘Y} i=0,...,n

Then the encoder strategy and corresponding controlled
process, which operates at Jn_,yn|s(79*, k), are given by

)?ih'fl 2 Es{Xi

A (X5, Y1) 2Tr Y 4O {Xi—)A(W,l} (I11.30)

CH K X Em 5 97 =0, (II1.31)
}/i*:(ci—1+Diri)Y;*_1+Di @:{Xi_)?ﬂifl}"’vi
(111.32)
for ¢ = 0,...,n. Moreover, the following hold.

(a) Filter Estimates. The innovations process defined by
{vr 2y —B{yy|yi1}i=o0,...,

n} satisfies

1/;‘ = Y;* - (Ci71+DiP;-k)YZ-*,1 =D Gr{Xi_Xiﬁ—l}"‘Vi»

Es{z/;" B }:ES{V;}:O»

Es{u;"(z/j)T’Y*’i’l} = DK, D] + Ky, = ES{VZ‘(VZ‘)T}

and the sequence of RVs, {1} : i = 0,...,n} is uncorre-
lated. The optimal filter estimates satisfy the recursions:
)A(i-u\i = H;Y + Fi)?i\i—l + Bigi (Y1)

+ W, v,  Xoi_1 = Given, (II1.33)

Sisi = S 1 Bl +Giw,GT = Sy 1 (D6 )T
.[DiKgiDiT +Kw}71<Di®;‘)Ei|i,lFiT, (I11.34)
Soj_1 = E{ (Xo — )?m_l) (Xo f )?O‘_l)T} (I11.35)

i = Bijic1 — Yajioa (Di(a?)Eiu—l (I11.36)
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where the filter gains are defined by

A J—
Vi1 = FiyWs)-1,

Ty 2 Zi‘i,l(Di@j)T[DiK}iDiT + Kvl} (IT1.37)

and the controlled process {Y;* : i =0,...,n} is given by

Yy = (Cm_1 +D¢F4)Y* Y, i=0,1,.... (IL38)

(b) Information Lossless Controller-Encoder Operating at
Janyn|s(7*, k). The controller-encoder {yu;(,-) : i =
0,...,} is information lossless, that is,

Loy ) = 3 {HO7)~H(V) }

=0

(c) The optimal decoder is )?W,i =0,...,n.
(d) The optimization problem of CS-1 is given by
n—1
JO.,n(g*) = inf Es{ (<U“ R1U1>
{gi(~):i=0,...,n—1}El/l[gwn,l] i=0
+ <)AQ|¢717C~2JAQ\F1>) + <Xn\n717Mn)?n\nfl>}
n—1 ~ _
+3 Tr (Qizm,l) +Tr (Mzn‘n,1> (I1L.40)
i=0
subject to the constraint
)Aﬁurw =H;Y;" + Fi)?iﬁ—l + Bigi(Y*')
+ W, v, Xoj_1 = Given, (IIL.41)
Y :<Cm-,1 + DJ;‘)Y;:l Fur, i=0,1,.... (IIL42)
Moreover, the optlmal strategy of CS-1 is linear in X 2
(Y 17Xz|1 1),i = 0,...,n, ie, U = gi(X;) =
K;X;,i =0,...,n, where K;,2 = 0,...,n is determined

from the solution of a control DRE.
Special Case. If H; = 0,7 = 0,...,n — 1 then the optimal
strategy g*(-) € Up,n—1) of CS-1 is given by

Ui* :gj()?z\zfl) = Ki)/(:i\ifla 1 :0,...,77,— 17
~ -1 ~
Ki &~ [Ri+ BIS(i+1)B;]  BI'S(i+ DFXi,

(111.43)

where S(-) satisfies the matrix DRE
S(i) = Qi +

-1 B
+BTS(t+ 1)31} BTS(i + 1)F,, S(n) = M, (IIL44)

FIS(i+1)F; — FF'S(i+1)B; | R;

and the optimal pay-off is given by

JO,n(g*vﬂl*a d*ay) = <)?0|—17 S(O)XO\—1>

n—1
+ Z Tr (Qizi\i—l)
=0
n—1

+Tr ann‘n,l) ZT?‘(

2

1)D,D, ) (I11.45)

Di = Wy, (Di, DY +Kv)x11m . (IL46)



Example 3.2: By Theorem 3.1, with p = ¢ = 1, then
Ei|i = FZ‘2_1672CZJ(K:)EZ‘_1‘7;_1 (11147)

—2CY (k¥) 2 _ ,—2CY (K
+e 2N Ky, Bojo = e 2080y

~

Special Case. Suppose X,;i1 F, X, + B;U;, Xy

N(0,0%,),i=0,...,n, that is, G; = 0. Then
Spn = [FoF1 .. Fp[? e 2252005 n=0,1,...
Moreover, the MSEs ¥,,,,,n = 0,1, ... satisfy:
If ZC;’(FU’Z‘)> Z log|F;|, Vn=0,...
i=0 i€{0,...,n—1}:|F;|>1

.....

then lim 3,, = 0. (IIL.48)

n—s

Remark 3.1: Condition (IT1.48) is fundamentally different
from past literature [16]-[19], because it holds for time-
varying systems and finite-time n.

C. Control-Coding Capacity of CS-2

We give conditions for C(x) to be the CC capacity of CS-
2. Define the open unit disc of the space of complex number
CbyD, 2 {c € C:e| <1}, and the spectrum of a matrix
A € R7*1 (the set of all its eigenvalues), by spec(A) C C.

Theorem 3.2: (CC Capacity of CS-2). Consider the time-
invariant (TI) version of CS-2, i.e., (IIL.16)-(II1.18) with
(Cifl, l)i7 Qifh Ri, K%) = (C, D, Q, R, Kv). Assume
i) The pair (C, D) is stabilizable,

ii) the pair (G, C) is detectable, Q@ = GTG, G € 7.

111) 7T7;(d111'|yi_1) = 7r°°(dai|yi_1),‘7i, i.e., TIL.

Then C(k) = lim,— o ﬁJAn_)yn|Y71 (m>* k), k €
(Kmin, 00) exists and is finite. Moreover, the following hold.
(a) The optimal strategy is 7°°*(-|-) ~ N(e>**(y), K3),
and the corresponding unique invariant distribution of {Y; :
i=0,1,...}is P™ () ~ N(0, Ky), where

oo

(y)=I*y, T*=—(D'PD+R)"'DTPC, (Il1.49)
P=CTPC+Q-CTPD(DTPD+R)"'DTPC, (II150)
Ky=(C+DT*)Ky (C+DT*) T+ DK DT + Ky, (IIL51)
spec(C+DT™) C D, (1I1.52)
A B (Vi) + Zi = A, + Z;, A/ =D"Y;_,, (IIL53)

i = €
Y; =CY;_14+ DA, + DZ;+V;, i=0,1,..., (IL54)

)

(b) C(k) is given by
sup

axXq {
KzeS+

Y tr(RKz) Aty (P [DKZDT n KV} )} (I11.55)

1
1

|IDKzDT + Ky|
2% T Ky

Olx) |Kv|

+ Ak

where Kz = K3, is the optimal value and A = A(k) > 0 is
the Lagrange multiplier found from the constraint

i (RKZ) +ir (P [DKZDT n KVD <k (IL56)
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(c) C(k) is the CC capacity of the TI-GL-DM.

Remark 3.2: (Comments on Theorem 3.2)

Theorem 3.2, (c) is derived using the ergodicity of the
directed information density and the optimal control cost.
It implies that we can also encode digital messages into the
randomized strategies of the CS-2, which may experience
long coding delays. Applications include coding of actuator
failures of CS-2. The technical problem of long coding
delays is removed by joint source channel coding of digital
sources over digital channels, as illustrated in [13].

D. Infinite Horizon Signalling of Information via Coding:
Controller-Encoder-Decoder Strategies

Now, we are ready to state all assumptions that allow us
to extend all statements of Theorem 3.1, to the per unit time
limit, and thus ensuring asymptotic stationarity.

Theorem 3.3: (Infinite horizon optimal quadruple of
strategies {controller-encoder, decoder, controller})

Consider the CS-1 and CS-2 of Theorem 3.1 with the
following conditions.
(1) CS-2 is TI and satisfies the conditions of Thm 3.2, i)-iii).
(2) CS-1 is the TI version of (II1.19) with H; = H = 0,7 =
0,...,n —1 (for simplicity).
(3) i) The pair (D, F) is detectable, ii) the pair (F,W)
is stabilizable, W = GKwGT, G € ST iii) the pair
(F, B) is stabilizable, iv) the pair (G, C) is detectable, where
Q= GTG, G e s,
(4) The control strategies of CS-1 are TL i.e., {g;()
g°():i=0,...,}
Then the following hold.

(a) The limits of Riccati difference equations of Theo-
A

rem 32 % £ limy, o D1, S 2 limy, oo Sy, S
lim,,_,~ S(n) exist, and satisfy algebraic Riccati equations.
(b) The controller-encoder strategy defined below is infor-
mation lossless with respect to the CC capacity C(k) of
Theorem 3.2.

*

i =

A = p>or (X, Y =T + O {Xi - )?i|i71}a

O =Ky % e »o,
Y} = (C + DI*)Y;} | + BUf + D @*{XZ- - )?i‘,-_l}w;-.

where Y*; ~ N(0, Ky). Specifically, Theorem 3.1, (a)-(c)
holds with appropriate changes, such as, the following.
(a) The controller-encoder p°*(-, ) satisfies

S0 R) = Jgee syeey, (T

lim 00%

IX"HY"lYfl(U K).

(b) lim,,— 00 %HJom(goov*,uoo’*,d“’*) exists, it is finite,
and the optimal strategy ¢°°*(-) is given by

UZ-OO7* _goo,*()’(\ﬂifl) = KOO)?inlv 1= 0, vy (11157)
~ -1 ~

K= 2 [R ¥ BTSB] BTSFXj;_, (IT1.58)

spec(F + BK*) C D,. (I11.59)



where S(-) satisfies the matrix Riccati algebraic equation

- N —1
S=0Q+FTSF - FTSBIR + BTSBJ‘ BTSF.
Proof: The derivation follows from Theorem 3.1 and

the assumptions of detectability and stabilizability. [ ]

Theorem 3.3 illustrates the optimal signalling of information
to stabilize CS-1, by encoding its unobserved state {X; : i =
0,...,} using the randomized strategies of the CS-2, while
ensuring optimality of control/communication objectives.

E. Digital Signalling of Information

Now, we discuss an application of CC capacity of CS-2,
for digital messages, using generalizations of Schalkwijk-
Kailath [20] coding scheme.

Problem 3.1: The objective is to reconstruct the state
process X" that satisfies the recursion X,;11 = F X;, Xg ~
N(0, ag(o),i =0,..., at the output of a scalar CS-2, using
digital coding and decoding.

The problem of signalling X™ via CS-2 is equivalent to

the problem of coding-decoding of the initial value X, while
operating at the CC capacity of CS-2.
Maximum Likelihood Error Probability. Consider a quan-
tized representation of the initial state X into equiprobable
messages X (") = z(® e M™) 2 {0,1,...,]\/[(”)},11 =
0,1,..., where X is an arbitrary RV, not necessarily Gaus-
sian, with values in R. By Example 3.2, and repeating [21],
we can show that the probability of Maximum Likelihood
(ML) decoding error at time n decreases doubly exponen-
tially in (n + 1), according to

<20(y/2exp {(n+ (=5 Conr) - 1)}
:QQ(\/fexp {(n +1) (C(n) - R) }) for large n

where C/() is the CC capacity of the CS-2, and M (")
exp{(n + 1)R} is the rate. However, by Example 3.2,

(IIL.60)

PML

n,error

2

if |F| > 1, then C(k) > log|F|, k € (Kmin,00).

Hence, we have demonstrated that signalling digital mes-
sages through CS-2 is feasible, and this can be extended to
the series network.

IV. CONCLUSIONS

An asymptotic hierarchical constructive procedure is de-
veloped to synthesize optimal controllers-encoders-decoders,
to signal information from the controller of one control sys-
tem to the controller of another control system, generalizing
earlier work on CC Capacity of stochastic systems.
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