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LQG Control With Minimum Directed
Information:; Semidefinite
Programming Approach

Takashi Tanaka

Abstract—We consider a discrete-time linear—quadratic—
Gaussian (LQG) control problem, in which Massey’s di-
rected information from the observed output of the plant to
the control input is minimized, while required control perfor-
mance is attainable. This problem arises in several different
contexts, including joint encoder and controller design for
data-rate minimization in networked control systems. We
show that the optimal control law is a linear—-Gaussian ran-
domized policy. We also identify the state-space realization
of the optimal policy, which can be synthesized by an ef-
ficient algorithm based on semidefinite programming. Our
structural result indicates that the filter—controller separa-
tion principle from the LQG control theory and the sensor—
filter separation principle from the zero-delay rate-distortion
theory for Gauss—Markov sources hold simultaneously in
the considered problem. A connection to the data-rate the-
orem for mean-square stability by Nair and Evans is also
established.

Index Terms—Communication networks, control over
communications, Kalman filtering, LMIs, stochastic optimal
control.

[. INTRODUCTION

HERE is a fundamental tradeoff between the best achiev-
T able control performance and the data rate at which plant
information is fed back to the controller. Studies of such a
tradeoff hinge upon analytical tools developed at the interface
between traditional feedback control theory and Shannon’s in-
formation theory. Although the interface field has been signifi-
cantly expanded by the surged research activities on networked
control systems (NCSs) over the last two decades [1]-[5], many
important questions concerning the rate-performance tradeoff
studies are yet to be answered.
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A central research topic in the NCS literature has been the sta-
bilizability of a linear dynamical system using a rate-constrained
feedback [6]-[9]. The critical data rate below which stability
cannot be attained by any feedback law has been extensively
studied in various NCS setups. As pointed out by Nair et al.
[10], many results including [6]-[9] share the same conclusion
that this critical data rate is characterized by an intrinsic property
of the open-loop system known as topological entropy, which is
determined by the unstable open-loop poles. This result holds
irrespective of different definitions of the “data rate” considered
in these papers. For instance, in [9], the data rate is defined as
the log-cardinality of channel alphabet, while, in [8], it is the
frequency of the use of the noiseless binary channel.

As a natural next step, the rate-performance tradeoffs are of
great interest from both theoretical and practical perspectives.
The tradeoff between linear—quadratic—Gaussian (LQG) perfor-
mance and the required data rate has attracted attention in the
literature [11]-[24]. Generalized interpretations of the classical
Bode’s integral also provide fundamental performance limita-
tions of closed-loop systems in the information-theoretic terms
[25]-[28]. However, the rate-performance tradeoff analysis in-
troduces additional challenges that were not present through
the lens of the stability analysis. First, it is largely unknown
whether different definitions of the data rate considered in the
literature listed above lead to different conclusions. This issue
is less visible in the stability analysis, since the critical data
rate for stability turns out to be invariant across several different
definitions of the data rate [6]-[9]. Second, for many opera-
tionally meaningful definitions of the data rate considered in the
literature, computation of the rate-performance tradeoff func-
tion involves intractable optimization problems (e.g., dynamic
programming [21] and iterative algorithm [18]), and tradeoff
achieving controller/encoder policies is difficult to obtain. This
is not only inconvenient in practice, but also makes theoretical
analyses difficult.

In this paper, we study the information-theoretic requirements
for LQG control using the notion of directed information [29]-
[31]. In particular, we define the rate-performance tradeoff func-
tion as the minimal directed information from the observed out-
put of the plant to the control input, optimized over the space of
causal decision policies that achieve the desired level of LQG
control performance. Among many possible definitions of the
“data rate” as mentioned earlier, we focus on directed informa-
tion for the following reasons.

First, directed information (or related quantity known as
transfer entropy) is a widely used causality measure in sci-
ence and engineering [32]-[34]. Applications include commu-
nication theory (e.g., the analysis of channels with feedback),

0018-9286 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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portfolio theory, neuroscience, social science, macroeconomics,
statistical mechanics, and potentially more. Since it is natural to
measure the “data rate” in NCSs by a causality measure from the
observation to action, directed information is a natural option.

Second, it is recently reported by Silva et al. [22]-[24] that
directed information has an important operational meaning in
a practical NCS setup. Starting from an LQG control problem
over a noiseless binary channel with prefix-free codewords, they
show that the directed information obtained by solving the afore-
mentioned optimization problem provides a tight lower bound
for the minimum data rate (defined operationally) required to
achieve the desired level of control performance.

A. Contributions of This Paper

The central question in this paper is the characterization of
the most “data-frugal” LQG controller that minimizes directed
information of interest among all decision policies achieving
a given LQG control performance. In this paper, we make the
following contributions.

1) In a general setting including multiple-input multiple-
output (MIMO), time-varying, and partially observable
plants, we identify the structure of an optimal decision
policy in a state-space model.

2) Based on the above structural result, we further develop
a tractable optimization-based framework to synthesize
the optimal decision policy.

3) Inthe stationary setting with MIMO plants, we show how
our proposed computational framework, as a special case,
recovers the existing data-rate theorem for mean-square
stability.

Concerning (i), we start with general time-varying, MIMO,
and fully observable plants. We emphasize that the optimal de-
cision policy in this context involves two important tasks: 1)
the sensing task, indicating which state information of the plant
should be dynamically measured with what precision; and 2) the
control task, synthesizing an appropriate control action given
available sensing information. To this end, we first show that
the optimal policy that minimizes directed information from
the state to the control sequences under the LQG control per-
formance constraint is linear. In this vein, we illustrate that the
optimal policy can be realized by a three-stage architecture com-
prising a linear sensor with additive Gaussian noise, a Kalman
filter, and a certainty equivalence controller (see Theorem 1). We
then show how this result can be extended to partially observed
plants (see Theorem 3).

Regarding (ii), we provide a semidefinite programming (SDP)
framework characterizing the optimal policy proposed in step
(i) (see Sections IV and VII). As a result, we obtain a compu-
tationally accessible form of the considered rate-performance
tradeoff functions.

Finally, as highlighted in (iii), we analyze the horizontal
asymptote of the considered rate-performance tradeoff func-
tion for MIMO time-invariant plants (see Theorem 2), which
coincides with the critical data rate identified by Nair and Evans
[9] (see Corollary 1).

B. Organization of This Paper

The rest of this paper is organized as follows. After some
notational remarks, the problem considered in this paper is

Plant
Xep1 = Aexe + Beue + wy

Xt Ut

Decision Policy
P(ue|xt, ut™b)

Fig. 1. LQG control of fully observable plant with minimum directed
information.

formally introduced in Section II, and its operational interpreta-
tion is provided in Section III. Main results are summarized in
Section IV, where connections to the existing results are also
explained in detail. Section V contains a simple numerical ex-
ample, and the derivation of the main results is presented in
Section VI. The results are extended to partially observable
plants in Section VII. We conclude in Section VIIIL.

C. Notational Remarks

Throughout this paper, random variables are denoted by lower
case bold symbols such as x. Calligraphic symbols such as X
are used to denote sets, and x € X is an element. We denote
by 2 a sequence x1, 9, ..., 2, and X' and X7 are understood
similarly. All random variables in this paper are Euclidean val-
ued and are measurable with respect to the usual topology. A
probability distribution of x is demoted by Px. A Gaussian dis-
tribution with mean p and covariance ¥ is denoted by N (u, 32).
The relative entropy of Q from P is a nonnegative quantity
defined by

[ log, SEELAP (z),

— ifP<Q
D(PllQ) 2 {+ )

otherwise

)

where P < Q means that P is absolutely continuous with re-

spect to Q, and gg(;% denotes the Radon—Nikodym deriva-

tive. The mutual information between x and y is defined by
I(x;y) £ D(Pyy|Px ® Py), where Pxy and Py @ Py are
joint and product probability measures, respectively. The en-
tropy of a discrete random variable x with the probability mass

function P (x;) is defined by H(x) £ — >, P(x;) log, P(x;).

[I. PROBLEM FORMULATION

Consider a linear time-varying stochastic plant

Xpp1 = Apxe + Boug +wy, t=1,...,T ()
where x; is an R" -valued state of the plant, and u, is the control
input. We assume that initial state x; ~ A/(0, P1|0), Py -0
and noise process wy ~ N(0,W;), Wy = 0,t =1,...,T, are
mutually independent.

The design objective is to synthesize a decision policy that
“consumes” the least amount of information among all poli-
cies achieving the required LQG control performance (see
Fig. 1). Specifically, let I be the space of decision policies,
i.e., the space of sequences of Borel measurable stochastic
kernels [35]

P(UT||xT) £ {P(ut‘xtvutil)}tzl .... T

A decision policy v € T is evaluated by two criteria:
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1) the LQG control cost

T
T ") &Y TE (kg +llwdz ) @
t=1

2) and directed information
T
I(x" —u” éZIX wu’ ! 3)
t=1

The right-hand sides (RHSs) of (2) and (3) are evaluated with
respect to the joint probability measure induced by the state-
space model (1) and a decision policy ~. In what follows, we
often write (2) and (3) as .J, and I, to indicate their dependence
on 7. The main problem studied in this paper is formulated as

Diy (D) = mi%l IL(x" —ul) (4a)
ve

st. J,(x"T1u’) <D (4b)

where D > 0 is the desired LQG control performance.

Directed information (3) can be interpreted as the information
flow from the state random variable x; to the control random
variable u,. The following equality called conservation of infor-
mation [36] shows a connection between directed information
and the standard mutual information:

I(XT;uT) = I(xT — uT) —|—I(u£’1 — XT).

Here, the sequence uJTr_1 = (0,u;,uy,...,ur_1) denotes an
index-shifted version of u” . Intuitively, this equality shows that
the standard mutual information can be written as a sum of two
directed information terms corresponding to feedback (through
decision policy) and feedforward (through plant) information
flows. Thus, (4) is interpreted as the minimum information that
must “flow” through the decision policy to achieve the LQG
control performance D.

We also consider time-invariant and infinite-horizon LQG
control problems. Consider a time-invariant plant

Xip1 = AXt + Bu; +w;, teN 5)

with wy ~ N(0, W), and assume Q; = Q and R; = R fort €
N. We also assume (A, B) is stabilizable, (A, @) is detectable,
and R > 0. Let I" be the space of Borel-measurable stochastic
kernels P (u>°||x>°). The problem of interest is

T

1

DI(D) £ min limsup I, (x" — u’) (62)
~ver Tooo 1

st.  limsup — JA( 1 u") <D. (6b)

T —o0

More general problem formulations with partially observable
plants will be discussed in Section VIIL.

IIl. OPERATIONAL MEANING

In this section, we revisit a networked LQG control prob-
lem considered in [22]-[24]. Here, we consider time-invariant
MIMO plants, while [22]-[24] focus on single-input single-
output plants. For simplicity, we consider fully observable plants
only. Consider a feedback control system in Fig. 2, where the
state information is encoded by the “sensor + encoder” block and
is transmitted to the controller over a noiseless binary channel.
Foreacht=1,...,T, let A; C {0,1,00,01,10,11,000,---}

Plant
Xt Xer1 = AeXe + Beug + we

U

a, € {0,1}"

Decoder + Controller
P(ug|at, ut™1)

Sensor + Encoder
P(a;|xt, at™1)

Fig. 2. LQG control over noiseless binary channel.

be a set of uniquely decodable variable-length codewords [37,
Ch. 5]. Assume that codewords are generated by a causal policy

D}izra,

The “decoder + controller” block interprets codewords and com-
putes control input according to a causal policy

P (u||a™) £ {P(Ut|at,Ut*l)}t:l,z,...-

The length of a codeword a; € A; is denoted by a ran-
dom variable ;. Let TV be the space of triplets {P(a||
), A%, P(u>]|a>)}. Introduce a quadratic control cost

P(a™||z) £ {P(as|2",a'~

T
T ) £ Y E ([xally + uel7)
t=1

with @ > 0 and R > 0. We are interested in a design 7' € T
that minimizes the data rate among those attaining control cost
smaller than D. Formally, the problem is formulated as

R(D) £ HEP/ hTmiup ZIE I) (7a)
! —+ 00

st limsup —J(xTH,uT) < D. (7b)
T —+o00

It is difficult to evaluate R(D) directly, since (7) is a highly
complex optimization problem. Nevertheless, Silva et al. [22]
observed that R(D) is closely related to DI(D) defined by (6).
The following result is due to [38]

DI(D) < R(D) < DI(D) + 71g7+1 VD >0. (8)

12
Here, r is an integer no greater than the state-space dimension
of the plant.! The following inequality plays an important role
to prove (8).

Lemma 1: Consider a control system (1) with a decision
policy 7/ € T". Then, we have an inequality

16— ") < 1" — aT ful )

where the RHS is Kramer’s notation [31] for causally condi-
tioned directed information 7/, I(x';a;|a’~!, u’'~").

Proof: See Appendix A.

Lemma 1 can be thought of as a generalization of the standard
data-processing inequality. It is different from the directed data-
processing inequality in [6, Lemma 4.8.1], since the source x;

is affected by feedback. See also [39] for relevant inequalities
involving directed information.

"More precisely,  is the rank of the optimal signal-to-noise ratio matrix
obtained by SDP, as will be clear in Section IV-B.
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X Plant u
Xegq = Aexe + Br ug + wy

one-step
delay

- [k,
: + W it + Xt : i
Virtual Sensor Kalman Filter Controller
Ve = Cexe +v¢ R = E(xe|ytut™) u; = KX
Fig. 3. Structure of the optimal control policy for problem (4). Matri-

ces Cy, V4, Ly, and K; are determined by the SDP-based algorithm in
Section V.

Now, the first inequality in (8) can be directly verified as

I(xT —ul) (9a)
T

< Zl(xf’;aﬂat_l,ut_l) (9b)
t=1
T

= > (H(afa' " u'™") — Ha[x',a" u'™")  (90)
t=1
T

< ZH(aﬂat_l,ut_l) (9d)
t=1
T

<Y H) (%)
t=1
T

< > E(b). (9f)

Lemma 1 is used in the first step. The last step follows from
the fact that the expected codeword length of uniquely decodable
codes is lower bounded by its entropy [37, Th. 5.3.1].

Proving the second inequality in (8) requires a key technique
proposed in [22] involving the construction of dithered uniform
quantizer [40]. Detailed discussion is available in [38].

IV. MAIN RESULT

In this section, we present the main results of this paper. For
the clarity of the presentation, this section is only devoted to a
setting with full state measurements and shows how the main
objective of control synthesis can be achieved by a three-step
procedure. We shall later discuss in Section VII in regard to an
extension to partial observable systems.

A. Time-Varying Plants

We show that the optimal solution to (4) can be realized by
the following three data-processing components, as shown in
Fig. 3.

1) A linear sensor mechanism
yi =Cixi +vi, vi ~N(0,Vp), Vi=0  (10)

where v;,t = 1,...,T are mutually independent.

2) The Kalman filter computing %; = E(x;|y’, u’"!).
3) The certainty equivalence controller u; = K;X;.

The role of the mechanism (10) is noteworthy. Recall that in
the current problem setting in Fig. 1, the state vector x; is directly
observable by the decision policy. The purpose of introducing
an artificial mechanism (10) is to reduce data “consumed” by
the decision policy, while desired control performance is still
attainable. Intuitively, the optimal mechanism (10) acquires just
enough information from the state vector x; for control purposes
and discards less important information. Since the importance
of information is a task-dependent notion, such a mechanism is
designed jointly with other components in 2 and 3. The mech-
anism (10) may not be a physical sensor mechanism, but rather
be a mere computational procedure. For this reason, we also call
(10) a “virtual sensor.” A virtual sensor can also be viewed as an
instantaneous lossy data compressor in the context of networked
LQG control [22], [38]. As shown in [38], the knowledge of the
optimal virtual sensor can be used to design a dithered uniform
quantizer with desired performance.

We also claim that data-processing components in 1-3 can
be synthesized by a tractable computational procedure based on
SDP summarized below. The procedure is sequential, starting
from the controller design, followed by the virtual sensor design
and the Kalman filter design.

1) Step 1 (Controller design): Determine feedback control
gains K, via the backward Riccati recursion:

St _ Qia
Qt + Prrv,

®, = A/ (S; — S;B;(B/ S;B; + R;) ' B/ S;) A,

ift="T

11a
ift=1,...,T—1 (11a)

(11b)
Kt = —(BfTSfo =+ Rt)ilBtTStAt (11C)
©; = K, (B S;B; + R)K;. (11d)

Positive semidefinite matrices ©; will be used in Step 2.
2) Step 2 (Virtual sensor design): Let { Py, I, }7_, be the
optimal solution to a max-det problem:

. 1 T -1
i3S dogda e a2
T
s.t. > Tr(©Pyy) + ¢ <D (12b)
t=1
I, = 0 (12¢)
Py 2 Py, Prip =1z (12d)
Piiips1 X APy Al + W, (12¢)
Py, —1I P Al
e e = 0. (12f)

A Py AtPt\tAtT + Wi

Constraint (12¢) is imposed forevery ¢t = 1,..., 7, while
(12e) and (12f) are forevery t = 1,...,T — 1. Constants
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c1 and ¢, are given by

T-1

1 1
cp = §logdet Pl‘g + 5 Z logdet Wt
t=1

T
Cy = TI'(Nlpl‘O) + ZTI‘(W,«Sf)

=1
Define signal-to-noise ratio matrices {SNR;}7_; by

SNR, 2P ! —p!

B, t=1,.T
Rf|tfl = Atflptfl\tflA;ll + Wt717 t= 27' .. 7T

and set 7, = rank(SNR;). Apply the singular value de-

composition to find C; € R™*" and V; € S’ such that
SNR, =C/V,"'Cy, t=1,...,T. (13)

Ifr, = 0, C; and V; are null (zero-dimensional) matrices.
3) Step 3 (Filter design): Determine the Kalman gains by

Ly = P CH (G Py G + V)7 (14
Construct a Kalman filter by

X =Xyp1 + Li(ye — CiXepe1) (15a)

X1 = AXe + Boug. (15b)

If r, =0, L; is a null matrix and (15a) becomes X; =
Xilt—1-

An optimization problem (12) plays a key role in the proposed
synthesis. Intuitively, (12) “schedules” the optimal sequence of
covariance matrices {Pt‘t}tT:l in such a way that there exists
a virtual sensor mechanism to realize it and the required data
rate is minimized. The virtual sensor and the Kalman filter are
designed later to realize the scheduled covariance.

Theorem 1: An optimal policy for the problem (4) exists if
and only if the max-det problem (12) is feasible, and the optimal
value of (4) coincides with the optimal value of (12). If the op-
timal value of (4) is finite, an optimal policy can be realized by
a virtual sensor, Kalman filter, and a certainty equivalence con-
troller, as shown in Fig. 3. Moreover, each of these components
can be constructed by an SDP-based algorithm summarized in
Steps 1-3.

Proof: See Section VI. |

Remark 1: 1f W, is singular for some ¢, we suggest to factor-
izeitas W, = F; Ft-r and use the following alternative max-det
problem instead of (12):

. 1 T 1
{Pr\rI-,nAlfl},T:l 2 Z7‘,:1 logdet A;~ +c1 (16a)
T
s.t. Zf:l Tr(6,Py;) +ca < D (16b)
Ay =0 (16¢)
Py = P, Prir = Ar (16d)

Pt 2 AP Al + RE] (16e)

I—A ol

' =0. (16
F, AP Al +FF]

“Gaussian Sequential Rate-Distortion Problem”
|

i 1
3¢ {semsor } yp—{ Fier - #, - Canvotir b
\ J
Y

“LQG Optimal Control Problem”

Fig. 4. Sensorfilter—controller separation principle: integration of the
sensor—filter and filter—controller separation principles.

Constraint (16c) is imposed for every t =1,...,T, while
(16e) and (16f) are for every ¢t =1,...,7 — 1. Constants c;
and ¢, are given by ¢; = 1 logdet Py + Zf;ll log | det A; |
and ¢; = Tr(N, Pyyy) + Y1, Tr(F,' S, F;). This formulation
requires that A;, ¢t =1,...,T — 1 are nonsingular matrices.
Derivation is omitted for brevity.

B. Time-Invariant Plants
For time-invariant and infinite-horizon problems (5) and (6),
it can be shown that there exists an optimal policy with the same
three-stage structure as in Fig. 4, in which all components are
time invariant. The optimal policy can be explicitly constructed
by the following numerical procedure:
1) Step 1 (Controller design): Find the unique stabilizing
solution to an algebraic Riccati equation

ATSA—-S—-A"SB(B'"SB+R) 'B'SA+Q =0

a7

and determine the optimal feedback control gain by K =

—(B"SB+ R)"'B"SA.Set® = K'(B"SB+ R)K.

2) Step 2 (Virtual sensor design): Choose P and II as the
solution to a max-det problem:

. 1 41
I}ID{IHII 3 logdet IT™" 4 3 log det W (18a)
s.t. Tr(OP) 4+ Tr(WS) <D (18b)
>0 (18c)
P=<APAT +W (18d)

P-1II PAT
= (18e)
AP APAT +W

Define P £ APAT +W,SNR £ P! — P! and set
r = rank(SNR). Choose a virtual sensor y; = Cx; +
vi, v ~N(0,V) with matrices C € R"™*" and V €
S, such that C'V~'C = SNR.

3) Step 3 (Filter design): Design a time-invariant Kalman
filter

X =Xyp1 + L(ze — CXyp1)
Xir1e = A% + Buy

with L = PCT(CPCT + V)"

Theorem 2: An optimal policy for (6) exists if and only if
a max-det problem (18) is feasible, and the optimal value of
(6) coincides with that of (18). Moreover, an optimal policy
can be realized by a virtual sensor, Kalman filter, and a cer-
tainty equivalence controller as shown in Fig. 4, all of which are
time invariant. Each of these components can be constructed by
Steps 1-3.
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Proof: See Appendix D. |

Theorem 2 shows a noteworthy fact that DI(D) defined by (6)
admits a single-letter characterization, i.e., it can be evaluated
by solving a finite-dimensional optimization problem (18).

C. Data-Rate Theorem for Mean-Square Stabilization

Theorem 2 shows that DI( D) defined by (6) admits a semidef-
inite representation (18). By analyzing the structure of the opti-
mization problem (18), one can obtain a closed-from expression
of the quantity limp_., -, DI(D). Notice that this quantity can
be interpreted as the minimum data rate (measured in directed
information) required for mean-square stabilization. The next
corollary shows a connection between our study in this paper
and the data-rate theorem by Nair and Evans [9].

Corollary 1: Denote by o (A) the set of eigenvalues %; of
A such that |A;| > 1 counted with multiplicity. Then

Llim DI(D) = > logl. (19)
ri€oy (A)
Proof: See Appendix E. |

Corollary 1 indicates that the minimal data rate for mean-
square stabilization does not depend on the noise property W.
This result is consistent with the observation in [9]. However,
as is clear from the semidefinite representation (18), minimal
data rate to achieve control performance .J; < D depends on W
when D is finite.

Corollary 1 has a further implication that there exists a quan-
tized LQG control scheme implementable over a noiseless bi-
nary channel such that data rate is arbitrarily close to (19) and
the closed-loop systems in stabilized in the mean-square sense.
See [41] for details.

Mean-square stabilizability of linear systems by quantized
feedback with Markovian packet losses is considered in [42],
where a necessary and sufficient condition in terms of the nom-
inal data rate and the packet dropping probability is obtained.
Although directed information is not used in [42], it would be
an interesting future work to compute limy . 7 1(X? — UT)
under the stabilization scheme proposed there and study how it
is compared to the RHS of (19).

D. Connections to the Existing Results

We first note that the “sensor—filter—controller” structure iden-
tified by Theorem 1 is not a simple consequence of the filter—
controller separation principle in the standard LQG control the-
ory [43]. Unlike the standard framework in which a sensor
mechanism (10) is given a priori, in (4), we design a sensor
mechanism jointly with other components. Intuitively, a sen-
sor mechanism in our context plays a role to reduce information
flow from y, to x;. The proposed sensor design algorithm has al-
ready appeared in [44]. In this paper, we strengthen the result by
showing that the designed linear sensor turns out to be optimal
among all nonlinear (Borel measurable) sensor mechanisms.

Information-theoretic fundamental limitations of feedback
control are derived in [25]-[28] via the “Bode-like” integrals.
However, the connection between [25]-[28] and our problem (4)
is not straightforward, and the structural result shown in Fig. 3
does not appear in [25]-[28]. Also, we note that our problem
formulation (4) is different from the networked LQG control
problem over Gaussian channels [12], [14], [45], where a model
of Gaussian channel is given a priori. In such problems, linearity
of the optimal policy is already reported [4, Chs. 10, 11].

It should be noted that problem (4) is closely related to
the sequential rate-distortion problem (also called zero-delay
or nonanticipative rate-distortion problem) [6], [46], [47]. In
the Gaussian sequential rate-distortion problem where the plant
(1) is an uncontrolled system (i.e., u; = 0), it can be shown
that the optimal policy can be realized by a two-stage “sensor—
filter” structure [46]. However, the same result is not known
for the case in which feedback controllers must be designed
simultaneously. Relevant papers toward this direction include
[471-[49], where Csiszar’s formulation of rate-distortion func-
tions [50] is extended to the nonanticipative regime. In par-
ticular, [49] considers nonanticipative rate-distortion problems
with feedback. In [51] and [52], LQG control problems with
information-theoretic costs similar to (4) are considered. How-
ever, the optimization problem considered in these papers is not
equivalent to (4), and the structural result shown in Fig. 4 does
not appear.

In a very recent paper [24, Lemma 3.1], it is independently
reported that the optimal policy for (4) can be realized by an
additive white Gaussian noise (AWGN) channel and linear fil-
ters. While this result is compatible to ours, it is noteworthy that
the proof technique there is different from ours and is based on
fundamental inequalities for directed information obtained in
[39]. In comparison to [24], we additionally prove that the opti-
mal control policy can be realized by a state-space model with
a three-stage structure (shown in Figs. 3 and 4), which appears
to be a new observation to the best of our knowledge.

The SDP-based algorithms to solve (4), (6), and (38) are
newly developed in this paper, using the techniques presented
in [46] and [44]. Due to the lack of analytical expression of the
optimal policy (especially for MIMO and time-varying plants),
the use of optimization-based algorithms seems critical. In [53],
an iterative water-filling algorithm is proposed for a highly rel-
evant problem. In this paper, the main algorithmic tool is SDP,
which allows us to generalize the results in [22]-[24] to MIMO
and time-varying settings.

V. EXAMPLE

In this section, we consider a simple numerical example
to demonstrate the SDP-based control design presented in
Section I'V-B. Consider a time-invariant plant (5) with randomly
generated matrices

012 0.63 —052 0.33
o026 —1s 1513
=177 —030 077 025]
016 020 —0.58 0.56
494 —0.10 1.29 0.35
555 207 031
W= 2.02 1.43
| sym. 3.10
" 0.66 —058 0.03 —0.20
5| 261 —091 087 —007
= 12064 —1.12 —019 0.61
093 058 —118 —1.21

and the optimization problem (6) with ) = I and R = I. By
solving (18) with various D, we obtain the rate-performance
tradeoff curve shown in Fig. 5 (top left). The vertical asymptote
D = Tr(WS) corresponds to the best achievable control per-
formance when unrestricted amount of information about the
state is available. This corresponds to the performance of the
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Fig. 5. (Top left) Data rate DI(D) [bits/step] required to achieve con-
trol performance D. (Bottom left) Rank of SNR(D), evaluated after
truncating singular values smaller than 0.1% of the maximum singular
value. (Right) Singular values of SNR(D) evaluated at D = 33, 40, and
80. Truncated singular values are shown in block bars. An SDP solver
SDPT3 [54] with YALMIP [55] interface is used.

state-feedback linear—quadratic regulator (LQR). The horizontal
asymptote > ; o, (4)log|A;| = 1.169 bits/sample is the mini-
mum data rate to achieve mean-square stability. Fig. 5 (bottom
left) shows the rank of SNR matrices as a function of D. Since
SNRis computed numerically by an SDP solver with some finite
numerical precision, rank(SNR) is obtained by truncating sin-
gular values smaller than 0.1% of the maximum singular value.
Fig. 5 (right) shows selected singular values at D = 33, 40,
and 80. Observe the phase transition (rank dropping) phenom-
ena. The optimal dimension of the sensor output changes as D
changes.

Specifically, the minimum data rate to achieve control perfor-
mance D = 33 is found to be 6.133 bits/sample. The optimal
sensor mechanism y; = Cx; + v, vy ~ N(0,V) to achieve
this performance is given by

—-0.864 0.258 —0.205 —0.382
C=1-0469 -0.329 0.662  0.483 |,
—0.130  0.332 —-0.502 0.780

V= 0 0.208 0

0 0

0.029 0 0 ]

1.435

If D = 40, the required data rate is 3.266 bits/sample, and the
optimal sensor is given by

O = —0.886 0.241 —0.170 —0.359 V= 0.208 0
~1—0.431 —0.350 0.647 0.523 |’ T 0 2413)

Similarly, the minimum data rate to achieve D = 80 is 1.602
bits/sample, and this is achieved by a sensor mechanism with

C =[-0.876 0.271 —0.169 —0.362], V = 1.775.
Fig. 6 shows the closed-loop responses of the state trajectories

simulated in each scenario.

VI. DERIVATION OF THE MAIN RESULT

This section is devoted to prove Theorem 1. We first define
subsets 'y, I'y, and T'y of the policy space I as follows.

Kalman estimate of X,

10 ‘
0
50 100 150 200 250
10 ‘ : : :
o WA B AT A
10 s s s s
50 100 150 200 250
10 ‘ : : :
0y
10 s s s s
0 50 100 150 200 250
Fig. 6. Closed-loop performances of the controllers designed for

D =33 (top), D = 40 (middle), and D = 80 (bottom). Trajectories of
the second component of the state vector and their Kalman estimates
are shown.

1) I'y: The space of policies with three-stage separation
structure explained in Section IV.

2) I'y: The space of linear sensors without memory followed
by linear deterministic feedback control. Namely, a policy

P(u”'||zT) in Ty can be expressed as a composition of
yi = Cixy + vy, vi ~N(0,V;) (20)

and u; = I;(y"), where C; € R"**" 1, is some nonneg-
ative integer, V; > 0, and [;(-) is a linear map.
3) I'y: The space of linear policies without state memory.
Namely, a policy P (u” ||#7) in T’y can be expressed as
w = Mx, + Nyu'™' + g, g ~N(0,G) (1)

with some matrices M;, N;, and G; = 0.

A. Proof Outline

To prove Theorem 1, we establish a chain of inequalities:

",eF%gng I (XT —u’) (22a)
T
2 'yeFi:IJlng ;IW (Xt;uflutil) (22b)
T
= WeF}an <D ; Ly (x5 ug[u' ™) (22¢)
T
- v’erlig{ <D ; L (x5 yely"™) (224d)
T
z o, ; Lk yely'™) (22¢)
= Wer(}nlf <D Ly (x" —u’). (22f)

Authorized licensed use limited to: TU Delft Library. Downloaded on January 13,2022 at 10:44:15 UTC from IEEE Xplore. Restrictions apply.



44 IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 63, NO. 1, JANUARY 2018

SinceI'y C T, clearly (22a) < (22f). Thus, showing the above
chain of inequalities proves that all quantities in (22) are equal.
This observation implies that the search for an optimal solution
to our main problem (4) can be restricted to the class I'y without
loss of performance. The first inequality (22b) is immediate from
the definition of directed information. We prove inequalities
(22¢)—(22f) in subsequent Sections VI-B-VI-E, respectively. It
will follow from the proof of inequality (22f) that an optimal
solution to (22e), if exists, is also an optimal solution to (22f).
In particular, this implies that an optimal solution to the original
problem (22a), if exists, can be found by solving a simplified
problem (22e). This observation establishes the sensor—filter—
controller separation principle depicted in Fig. 3.

Then, we focus on solving problem (22e) in Section VI-F. We
show that problem (22¢) can be reformulated as an optimiza-
tion problem in terms of SNR; = C,V,"'C;, which is further
converted to an SDP problem.

B. Proof of Inequality (22c¢)

We will show that for every vp = {P(u;|o',u' 1)}, €T
that attains a finite objective value in (22b), there exists yg =
{Q(us]2t, u! 1)}, € Ty such that Jp = Jg and

~

Xt Uy |ut’1)

> Iol

Ip(xt;ut\ut’l)

WM%
)

where subscripts of I and J indicate probability measures on
which these quantities are evaluated. Without loss of gener-
ality, we assume IP’(xTHmT) has zero mean. Otherwise, we

can consider an alternative policy 75 = {P(uq |2, u' ') }]-

t=1>
where
P(u |zt uf ™) 2 Py + Ep(uy)|z! + Ep(x'), u' !
+Ep(u'™))
which generates a zero-mean joint distribution ]ﬁ’(a:T“,uT).

We have I, = Ip in view of the translation invariance of mutual
information, and JP < Jp due to the fact that the cost function
is quadratic.

First, we consider a zero-mean jointly Gaussian probability
measure G (271, u”) having the same covariance matrix as
P(z"+1, ul).

Lemma 2: The following inequality holds whenever the left-
hand side is finite

T
ZI]P’ (x50 u' ZZ (xi;wfu' ™). (23)
t=1 t=1

Proof: See Appendix B. |
Next, we are going to construct a policy v = {Q (u|z’,
1}, €Ty using a jointly Gaussian measure G (71!,
uT). Let E;x; + Fyut~! be the least mean-square error esti-
mate of u; given (x;,u’ ') in G(27 !, u?), and let V; be the
resulting estimation error covariance matrix. Define a stochas-
tic kernel Q(uy|xs,u'™1) by Q(ug|ws,u' ™) = N(Eix; +

yu' 1 V;). By construction, Q (uy|x;, u’ 1) satisfies?

dG(z¢,u') = dQ(us|zs, u' " H)dAG (z,u' 1. (24)

Define Q (2?1, u) recursively by
dQ(a',u' ™) = dP (2 |ws 1, w1 )dQ(z' 1 7YY (25)
dQ(z",u') = dQ(uy|xs, u'~1)dQ(x!,u' 1) (26)

where P (x|z;—1,u;—1) is a stochastic kernel defined by (1).
The following identity holds between two Gaussian measures
G(xT+1 uT) and Q271 uT).
Lemma 3: G(xp,q1,u') = Q(apy1,u') Vi=1,...,T.
Proof: See Appendix C. ]
We are now ready to prove (22c¢). First, replacing a policy ~vyp
with a new policy g does not change the LQG control cost

Iy = /(nmnz,, T el ) AP (s, )

= [ (hceal + ) G ) @70
- / (e I3, + a3, ) AQ (s, )
=Ty 27b)

Equality (27a) holds since P and G have the same second-
order moments. Step (27b) follows from Lemma 3. Second,
replacing yp with g does not increase the information cost

T

ZIIP (xeswfu' ™) > Ig (ki u' ) (28a)
t=1
T

= Z (x50 [u' ™). (28b)

Inequality (28a) is due to Lemma 2. In (28b), Ig (xt; uy
u' 1) = Ig(x;;us[ul ) holds for every ¢ = 1,...,T because
of Lemma 3.

C. Proof of Inequality (22d)

Given a policy y2 € I's, we are going to construct a policy
v € I'y such that J,, = J,, and

=1, xesydy'™) 29)
T.Let~, € I'y be given by
+g, g ~N(0,G).

=Nyqw—g +
and y' are related by an

L, (x¢; uu’
foreveryt=1,...,
u = MtXt + .Z\[tl.lti1

£ Myx, + g . If we write N;u’~!
¢

Define y;
-+ + N; quy, it can be seen that u
invertible linear map

yi I 0 - 07 ruy
—Nox T (30)

: : . 0 :

yi —Ni 1 —Nppr 11 Lw

2Equation dIP(z, y)*dIF’(y\z)d]P’( ) is a short-hand notation for
]P)BX ><By fB By|x d]P( )VBX GBx,By EBy.
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foreveryt =1,...,7. Hence

I(xpufu ™) = I(x; 5 + Nu' 7y ™)
=I(x; 39" 31)

Let G; = E'V, E; be the (thin) singular value decomposition.
Since we assume (31) is bounded, we must have

Im(M;) C Im(G;) = Im(E,"). (32)

Otherwise, the component of u; in Im(G})* depends determin-

istically on x; and (31) is unbounded. Now, define y; £ By =
E,Mx; + Eigi, g ~ N(0,G;). Then, we have

= E/E,Mx, + B/ E;g, g ~N(0,G;)
=Mx;+8g =Y.

E)‘T Y

In the second line, we used the facts that EtT E,M; = M, and
E/! E;g; = g; under (32). Thus, we have y; = E;y; and y; =
E,'y,. Thisimplies that y, and y; contain statistically equivalent
information, and that

I(x;y:9"7") = I(Xt; yely'™h). (33)

Also, since u; depends linearly on y' by (30), there exists a

linear map [; such that
u = lt (yf ) .

Setting C; = E, M;, construct a policy 7, € I'; using y; =
Eyy; = Cix; + v with v, ~ N(0,V}) and a linear map (34).
Since joint distribution P (2”1, 4”') is the same under ; and
72, we have J, = J,,. From (31) and (33), we also have (29).

(34)

D. Proof of Inequality (22¢)

Notice that for every v € I'1, conditional mutual information
can be written in terms of P;; = Cov(x; — E(x[y’, u’™!)):

L(x;yely'™)
=L (x;y |yt u )

_ h(xt|yf l’utfl) _ h(thyt,util)

1
=3 logdet(At,lPt_l‘t_lAtT,l + W) — 3 log det P, ;.
(35)

Moreover, for every fixed sensor equation (20), covariance ma-
trices are determined by the Kalman filtering formula

Py = ((At—lpt—uf,—lAL +Wi—1) '+ SNR,) !

Hence, conditional mutual information (35) depends only on the
choice of {SNR, }Z_, and is independent of the choice of a linear
map ;. On the other hand, the LQG control cost .J,, depends on
the choice of /;. In particular, for every fixed linear sensor (20), it
follows from the standard filter—controller separation principle
in the LQG control theory that the optimal [; that minimizes
J,, is a composition of a Kalman filter %, = E(x;|y’,u’™!)
and a certainty equivalence controller u; = K;X;. This implies
that an optimal solution v can always be found in the class 'y,
establishing the inequality in (22e).

For a fixed linear sensor (20), an explicit form of the Kalman
filter and the certainty equivalence controller is given by Steps 1

and 3 in Section I'V. Derivation is standard and hence is omitted.
It is also possible to write .J, explicitly as

T
J, = Tr(Ny Pyjg) +Z (Te(WiS;) + Tr(©: Pyyy)) . (36)
t=1

Derivation of (36) is also straightforward and can be found in
[44, Lemma 1].

E. Proof of Inequality (22f)
For every fixed v € I'y, by Lemma 1, we have

L =)< LT =y [l

T
= ZI( 7Yt|yf 17ut_1)

-
Il
—

T
= ZI"/ (x5 yily'™)

-~
Il
—_

I
]~

I, (x¢; }’t|yt_1)+ L (Xt_1§}’t|xt7 yt_l)

“
Il
—

L(xeyely'™).

Il
M~

o
Il

1

The last equality holds since, by construction, y;
is conditionally independent of x'~! given x;.

=% + vy

F. SDP Formulation of Problem (22¢e)

Invoking (35) and (36) hold for every v € I'y, problem
(22e) can be written as an optimization problem in terms of
{P,;,SNR, }[_, as

mmZ( logdet(A; 1P 1) VAL W) — logdetHh)
1
+ 3 logdet Py — < log det Py

T
S.t. TI' N1P1|0 +Z Tr Wfo —i—Tr(@tPt“)) ~ D,
t=1

p-1

m = 1\0 ) +SNR,

ﬂt = (A1 Py 1\f—1A G +Wi)”
SNR, =0, t=1,...,T.

1+SNRt,t: 2,...,T

This problem can be reformulated as a max-det problem as
follows. First, variables {SNR,}7_, are eliminated from the
problem by replacing the last three constraints with equivalent
conditions

0=< P =2 Py
0=< Py XA Py Al + Wi, t=2,...,T.
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Plant
Xep1 = Agxy + Boug + wy
ye=Hexe + g¢
Yt Ut

Decision Policy
P(uclyt,ut™h)

Fig. 7. LQG control of partially observable plant with minimum directed
information.

Second, the following equalities can be used for t =1,...,
T — 1 to rewrite the objective function:

1 1
5 logdet(zﬁlthAl,T + W) — ilogdet Py

1

=3 log det (P, t“ + A WA + log detW;  (37a)
. 1 4 1

= 1r111f 3 log det II; - + 3 log det W, (37b)
st 0= < (P + A W, A
. 1 4 1

= inf —logdetll," 4 —logdet W; (37¢)
m, 2 2

Py — 11 P Af

ot. T, =0, | et = 0.

At Py AtPt\tAtT‘i‘Wt

In step (37a), we have used the matrix determinant theorem
[56, Th. 18.1.1]. An additional variable II; is introduced in step
(37b). The constraint is rewritten using the matrix inversion
lemma in (37¢).

These two techniques allow us to formulate the above problem
as a max-det problem (12). Thus, we have shown that Steps 1-3
in Section IV provide an optimal solution to problem (22d),
which is also an optimal solution to the original problem (22a).

VIl. EXTENSION TO PARTIALLY OBSERVABLE PLANTS

So far, our focus has been on a control system in Fig. 1 in
which the decision policy has an access to the state x; of the
plant. Often in practice, the state of the plant is only partially
observable through a given physical sensor mechanism. We now
consider an extension of the control synthesis to partially ob-
servable plants.

Consider a control system in Fig. 7, where a state-space
model (1) and a sensor model y; = H;x; + g; are given. We
assume that initial state x; ~ A/(0, Pyj), Pijp = 0 and noise
processes w; ~ N(0,W;), W, =0, g; ~N(0,G;), Gy =0,

t=1,...,T are mutually independent. We also assume that
H; has full row rank for ¢ = 1,..., 7. Consider the following
problem:
min I, (y" —u’) (38a)
yel

st. J,(x""u?) <D (38b)

where T is the space of policies v = P (u” ||y”"). Relevant op-
timization problems to (38) are considered in [22]-[24] in the
context of Section III. Based on the control synthesis devel-
oped so far for fully observable plants, it can be shown that the
optimal control policy can be realized by the architecture shown

in Fig. 8. Moreover, as in the fully observable cases, the optimal
control policy can be synthesized by an SDP-based algorithm.
Step 1 (Pre-Kalman filter design): Design a Kalman filter

(39a)
(39b)

Xy = Xy + Et(yt — HiXy-1)
Rii1p = A% + Boay, %1 =0
where the Kalman gains { L, }I4 ! are computed by
Ly =Py H (H,Py H +Gy)™"
pz\t = (I - [N/th)Pt\tfl
Py = A Al + W

Matrices V¥, =
used in Step 3.

Step 2 (Controller design): Determine feedback control gains
K, via the backward Riccati recursion:

Lov1(Hepa Py HY o+ Gen) Ly will be

Qta lft = T
St = . (40a)
Qi + Ny, ift=1,...,T—1
Ny = Al (S: — S$iB:M; "B/ 5,)A (40c)
Ky = —M;" B/ S 4 (40d)
0, = K, MK, . (40¢)

Positive semidefinite matrices ©; will be used in Step 3.
Step 3 (Virtual sensor design): Solve a max-det problem with
respect to { Py, I }{_ 1 :

T
. 1 -
min 3 E logdet I, ! + ¢

(41a)
t=1
T
ZTT(@th|t) + o S D (41b)
I, -~ 0 (41¢c)
Py 2 Pry, Prir =1lr (41d)
Py 3 AP Al + 0 (41e)
Py —1I P Al
1t ¢ it Tt @1f)
APy AP Ay + 9
Constraint (41c) is imposed for every ¢t = 1,...,T, while

(41e) and (41f) are for every t =1,...,
and co are given by

T — 1. Constants ¢;

T-1
1
logdet P+ - Zlog det U,

T
TI‘ N1P1|0 Z \IItSt

If W, is singular for some ¢, consider an alternative max-det

problem suggested in Remark 1. Set r; = rank(Pt‘ L PtTth ),
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U

Pre-Kalman Filter
X = E(xlytut™)

Fig. 8.
Appendix F.

where

Pt\tfl £ Atflptfl\tflA;rfl +VVYI‘,717 t= 27"'7T'

Choose matrices C; € R"**" and V; € S, so that

CtTVt_lct Pf} 1

By (“2)
fort =1,...,T.Incase of r; = 0, C; and V; are considered to
be null (zero dimensional) matrices.

Step 4 (Post-Kalman filter design): Design a Kalman filter

Xy = Xyp-1 + i/t(zt — CiXy)-1) (43a)
X1 = Aexi + By (43b)

where Kalman gains L, are computed by
Ly = Pyy1C) (CL Py O + V)™ (44)

If r, =0, L; is a null matrix and (43a) is simply replaced by
Xp = f(f,|t—1-

Theorem 3: An optimal policy for the problem (38) exists if
and only if the max-det problem (41) is feasible, and the optimal
value of (38) coincides with the optimal value of (41). If the
optimal value of (38) is finite, an optimal policy can be realized
by an interconnection of a pre-Kalman filter, a virtual sensor,
post-Kalman filter, and a certainty equivalence controller, as
shown in Fig. 8. Moreover, each of these components can
be constructed by an SDP-based algorithm summarized in
Steps 1-4 above.

Proof: See [57]

VIII.

In this paper, we considered an optimal control problem in
which directed information from the observed output of the
plant to the control input is minimized subject to the constraint
that the control policy achieves the desired LQG control perfor-
mance. When the state of the plant is directly observable, the
optimal control policy can be realized by a three-stage structure
comprised of a linear sensor with additive Gaussian noise, a
Kalman filter, and a certainty equivalence controller. An exten-
sion to partially observable plants was also discussed. In both
cases, the optimal policy is synthesized by an efficient numerical
algorithm based on SDP.

CONCLUSION

Virtual Sensor
zy = CeXp + vg

one-step
delay

Controller
ur = K¢

Post-Kalman Filter
% = E(Xe|z5ut™h)

Structure of optimal control policy for problem (38). Matrices L;, Cy, V;, L;, and K, are determined by the SDP-based algorithm in

APPENDIX A
DATA-PROCESSING INEQUALITY FOR DIRECTED INFORMATION

Lemma 1 is shown as follows. Notice that the following chain
of equalities hold forevery t = 1,...,T.

I(x";aa "t u' ™) — I(x';uu' ™)
= I(x"a,ula " u ) - I(x'uut ) (45a)
— I alu) — I(x'sal u ) (45)
= I(x";aljul) — I(x' "1 a Hu' )
— I(xga tx =t al ) (45c¢)
=I(x";a'jul) — I(x'Ha . (45d)

When ¢ = 1, the above identity is understood to mean I (x;;
a;) — I(xy;u;) = I(xy;a1|u; ), which clearly holds as x;—
a;—u; form a Markov chain. Equation (45a) holds be-
cause I(x';a;,wla’ "t u'™l) = I(x';a;]a’ "t u ) + I(x!
u;|a’, u’ 1) and the second term is zero since x'—(a’, u’~!)-u,
form a Markov chain. Equation (45b) is obtained by applying
the chain rule for mutual information in two different ways:

I(x';a, ut|ut’1)

=I(x"a u ) + I(xa,wal T ul )

= I(x";u[u'h) + I(x;al|uh).

The chain rule is applied again in step (45c). Finally, (45d)
follows as a' ! —(x!~! u’~!)—x; form a Markov chain.
Now, the desired inequality can be verified by computing the
RHS minus the left-hand side as
T

Z [I(xt'at|at’1,ut’l) — I(x'; ut|ut’1)]

t=1

T
Z x';a’|u’) I(xtfl;at’1|ut’l)}

~

(46a)
t=1
=I(x";a’ [u?) > 0. (46b)

In step (46a), the identity (45) is used. The telescoping sum
(46a) cancels all but the final term (46b).
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APPENDIX B
PROOF OF LEMMA 2

We use the following technical Lemmas 4—6. Proofs can be
found in [57].

Lemma 4: Let P be a zero-mean Borel probability measure
on R™ with covariance matrix . Suppose G is a zero-mean
Gaussian probability measure on R” with the same covariance
matrix X. Then, supp(P) C supp(G).

Lemma 5: Let P(z” ', u") be a joint probability measure
generated by a policy vp = {P (u;|x', u' ")}, and (1).

1) Foreach t = 1,..., T, P(z;y1|u') and P (x4 1|2, ul)
are nondegenerate Gaussian probability measures for ev-
ery z; and u'.

Moreover, if Ip(x;;uju’™) < +oo for all t=
1,...,T, then the following statements hold.
2) Foreveryt=1,...,T,

D, P(u') — a.e., and

dP t
Ip(x;wfu' ™) = /log (W) dP (z,u").

3) Foreveryt=1,...,T,

P(z|u') < P (2 |u'™

P(2|zig1,u') < Pau'™), Pz, u’) —ae..

Moreover, the following identity holds P (z;.1,u’) —
a.e.:

dP (z|u’)
dP (z;|ut-1)

dP (241 |u')
dP (¢ |2, ut)

dP (¢ |z e, ub)
dP (z¢|ut=1)

(47)

Lemma 6: Let P (271 u”) be a joint probability measure

generated by a policy vp = {P (u|z!,u'~1)}_; and (1), and

G(z"*',u") be a zero-mean jointly Gaussian probability mea-

sure having the same covariance as P (2”7 +! u”). For every
t=1,...,T, we have the following.

1) ut‘l—(xt7 u;)—x;1 form a Markov chain in G. More-

over, foreveryt = 1,...,T, we have

G(xzﬂ\xtaut) G(zpgr|ze,ur)

P(xt+1|33t>ut)

P(xt+1|xt> t)

all of which have a nondegenerate Gaussian distribution
./\[(Atfl't + Btut, Wt)

2) For each t=1,...,T, G(z|z;11,u') is a nonde-
generate Gaussian measure for every (a;y1,u’) €
supp(G (w41, u')).

If the left-hand side of (23) is finite, by Lemma 5, it can be
written as follows:

T
ZIP(xt;uAut’l)
t=1

T

dP (z]u') T
— 1 +1 T
/og (dP(xt|ut1) dP(z" " ut)
1
ﬁ dP (z|ut)
L P (a [ul

T
dP $t|$t+1,
0g<f1j[ dP (x [ut-1)

> dP(xT+1’uT)

ul) AP (zppq|ut)
AP (zy1q |2, ult

))d]P; ( T+1 T)

dP x1|x2,u1 2
log < dP(z) ) dP (27, u1) (482)
N / M dP(2u')  (48b)
= th\l‘t 1ul” 1)
d]P)(.TJTJrl‘UT) ) T+1 .. T
+ [ 1o dP (2" "), 48c
/ g(d]P’(xT+1|$T,UT) ( : e

The result of Lemma 5(c) is used in the third equality. In
the final step, the chain rule for the Radon—Nikodym deriva-
tives [58, Proposition 3.9] is used multiple times for telescoping
cancellations. We show that each term in (48a)—(48c) does not
increase by replacing the probability measure P with G. Here,
we only show the case for (48b), but a similar technique is also
applicable to (48a) and (48c)

dP (z¢|@ip1, ub) i1
I dP (' ot
/og (d]P’(xet 1,ul~1) CRNED

dG(x¢|wiy1,u ) t+1 t
/log (dG(xﬂxt Y dG(z u') (49a)
_ dP (2¢|@i41,u ) t+1 0t
= /log <dP(x1‘|xt ) dP (2", u')
dG(x¢|wiy1,u ) t+1 t
/log (d(G(actm ) dP(z u') (49b)

dP (z¢ |z, u') dG(2y|mp—q,u' ™) .
=1 AP (21 4t
/0 (dP(xtm—hutl) dG (z¢| 41, ul) (@, )

d]P}(l't|1't+1,’ut)> t+1 ‘
= lo — T 2 ) dP

[ (S api )

dP(xt“rf+l7 t) .

= log | ————— | dP dP :

/{/O (dG(xtxt+1an) (@ |zes1, 0)| dP (@1, 20)

= /D (P (2|21, u")||G (2|21, u')) AP (g1, u')

0.

(49¢)

Y

1G(
Due to Lemma 6, log M%

t+1

in (49a) is a quadratic

function of x'*! and u' everywhere on supp(G(z'*!,u')).
This is also the case everywhere on supp(IP’(:ct“7ut))
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since it follows from Lemma 4 that supp(P(z'*!, u')) C
supp(G (z'*1,u')). Since P and G have the same covariance,
dG(2'*1 u') can be replaced by dP(z'*! u') in (49b). In
(49c), the chain rule of the Radon-Nikodym derivatives is
used invoking that P (x;|z;—1,u' ™) = G(z¢|z;—1,u' ') from
Lemma 6(a).

APPENDIX C
PROOF OF LEMMA 3

Clearly G(z1) = Q(z1) holds. Following an induction argu-
ment, assume that the claim holds for ¢ = & — 1. Then

d@(xkﬁ»l ) uk)

= / dQ(ﬂjk,$k+17uk)
X

= / AP (w41 |wr, up,)dQ (wy, u) (50a)
X

=/ AP (241 [k, we ) AQ (up g, w ) dQ (g, u )
X
(50b)

:/ dP (zp 41 |2k, wp )AQ (ug |2y, w1 dG (), u" 1)
X,

(50c¢)

- / AP (2441 |5, 13 )G (., ) (50d)
X

= [ dG(zp,zper,ub) (50e)

X

= dG (241, u").

B, in front of each of the
k+1 Uk
above expressions are omitted for simplicity. Equations (50a)
and (50b) are due to (25) and (26), respectively. In (50c), the in-
duction assumption G (z,, u* ') = Q(xy, uF 1) is used. Iden-
tity (50d) follows from the definition (24). The result of Lemma
6(b) was used in (50e).

The integral signs “ [

APPENDIX D
PROOF OF THEOREM 2 (OUTLINE ONLY)

First, it can be shown that the three-stage separation princi-
ple continues to hold for the infinite horizon problem (6). The
same idea of proof as in Section VI is applicable; for every pol-
icy vp = {P(w]z",u'~1)},en, there exists a linear—Gaussian
policy 7o = {Q(w|z!, u' ") };en which is at least as good as
vp. Second, the optimal certainty equivalence controller gain
is time invariant. This is because, since (A, B) is stabilizable,
for every finite ¢, the solution S; of the Riccati recursion (11)
converges to the solution S of (17) as T' — oo [59, Th. 14.5.3].
Third, the optimal AWGN channel design problem becomes an
SDP over an infinite sequence { P;, II; };cn similar to (12), in
which “ZtT:1” is replaced by “limsupy ., + ZtT:l” and pa-
rameters A;, Wy, Sy, ©; are time invariant. It is shown in [60]
that the optimality of this SDP over { P;;, II; } < is attained by

a time-invariant sequence P, = P, 1I; = 11Vt € N, where P
and II are the optimal solution to (18).

APPENDIX E
PROOF OF COROLLARY 1

We write v* (A, W) £ limp_.. » R(D) to indicate its depen-
dence on A and WW. From (18), we have

V(A W) =
}Dnlg % log det T + % log det W
pP-1I PAT
st. II>0,P<APAT + W, =0
AP APAT +W

619}

Due to the strict feasibility, Slater’s constraint qualification [61]
guarantees that the duality gap is zero. Thus, we have an al-
ternative representation of v*(A, W) using the dual problem
of (51)

V(A W) =

sup %log det X1 — %Tr(XQQ +Y)W+ %log det W+ 5
XY
st. ATYA-Y+ X1+ X0 A+ ATXo + AT X0 A < 0,
X1 Xio
Y -0,X= = 0.
- {Xm X22:| -
(52)
The primal problem (51) can be also rewritten as
v (A, W)
i 1 T _ 1
B 1gf 5 logdet(APA' + W) — 5 logdet P 53)
st. PXAPAT+W,PeSt,
inf  —Lllogdet(I -V *CPCTV™7)
P.C\V
=< st. P1—(APAT +W) ' =CTVIC (54)

PesS",,Vest, CeRv™.

To see that (67) and (54) are equivalent, note that the feasible
set of P in (67) and (54) are the same. Also

1 1
3 logdet(APA" + W) — 3 log det P
1 . L1
=3 logdet(APA" + W)™ — 5 log det P
1 -1 Ty—1 1
:—ilogdet(P -C'Vv C’)—ilogdetP
1
= —5 logdet(l — prCTVlCPY)

1 1 1
= log det(I -V 2CPC'V 1)

The last step follows from Sylvester’s determinant theorem.

1) Case 1: When All Eigenvalues of A Satisfy |A;| > 1 We
first show that if all eigenvalues of A are outside the open
unit disc, then v*(A, W) =37, _ 4 log|A;|, where o(A) is
the set of all eigenvalues of A counted with multiplicity.
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To see that v*(A, W) < 37, ., (4 log[2;], note that the value
> s co(a) log|Ai| + € with arbitrarily small € >0 can be at-
tained by P = kI in (67) with sufficiently large & > 0. To
see that v"(A, W) =37, ., (4)log|2i|, note that the value
> s co(4) log[A;] is attained by the dual problem (52) with
X=[A —I"WA —1I]andY = 0.

2) Case 2: When All Eigenvalues of A Satisfy |A;| < 1 In this
case, we have v*(A, W) = 0. The fact that v*(A, W) >0 is
immediate from the expression (67). To see that v*(A, W) = 0,
consider P = P~* in (67) where P* > 0 is the unique solution
to the Lyapunov equation P* = AP*AT + W.

3) Case 3: General Case In what follows, we assume without
loss of generality that A has a structure (e.g., a Jordan form)

40
=7 a

where all eigenvalues of A; € R" "™ satisfy |A;| > 1 and all
eigenvalues of Ay € R™2*"2 satisfy |A;| < 1. We first recall the
following basic property of the algebraic Riccati equation.

Lemma 7: Suppose V > 0 and (A, C) is a detectable pair
and 0 < Wy < Ws. Then, we have P < Q where P and Q are
the unique positive-definite solutions to

APAT— P — APC'(CPC" + V) 'CPA" + W, =0
(55

AQAT —Q — AQCT(CQCT + V) LCQAT + W, = 0.
(56)

Proof: Consider Riccati recursions

P =APA" —ARCT(CPCT + V) 'CRAT+ W,
(57)

Qri1=AQAT — AQ,CT(CQ,CT + V) 'CQ AT+ Wy
(58)

with 150 = Qo > 0. Since [RHS of (57)) < (RHS of (58)] for
every t, we have IE’t = Qt for every t (see also [62, Lemma 2.33]
for the monotonicity of the Riccati recursion). Under the
detectability assumption, we have P, — P and Q; — Q as
t — +00 [59, Th. 14.5.3]. Thus, P < Q.

Using the above lemma, we obtain the following result.

Lemma 8: 0 < Wy < Wa, then v* (A, W7) < v*(A, Wha).

Proof: Due to the characterization (54) of v*(A,Ws),
there exist @ > 0,V = 0,C € R"*" such that v*(A4, Ws) =
—Llogdet(I —V-7CQCTV"7) and

Q' —(AQAT + W)t =CTVC. (59)

Setting Q 2 AQAT + Ws > 0, it is elementary to show that
(59) implies @ satisfies the algebraic Riccati equation (56).
Setting L £ AQCT(CQC™ + V)™, (56) implies a Lyapunov
inequality (A — LC)Q(A — LC)" — Q < 0, showing that A —
LC' is Schur stable. Hence, (A4, C) is a detectable pair. By
Lemma 7, a Riccati equation (55) admits a positive-definite
solution P < Q. Setting P 2 (P~! + CTV~1C)~1, P satisfies

Pl —(APAT + W)t =CTVC. (60)

Moreover, we have P < () since
0<Q'=Q'+Cc'viie<xp'+c'vic=pP"

Since P satisfies (60), we have thus constructed a feasible solu-
tion (P, C, V') that upper bounds v*(A, Wy). That is,

]. 1 1
v (A, W) = ) logdet(I — V™ 20QCTV™7)

Y

1 1 1
— log det(I -V 2CPC'V™7)

Z U*(A,Wl).

Next, we prove that v*(A, W) is both upper and lower
bounded by >~; ., (4,)log|Ai]. To establish an upper bound,
note that the following inequalities hold with a sufficiently large
0>0withW <01,:

v (A, W) <v*(A,0l,)

<v"(A1,01,,) + v (As,61,,) = Z log |A;].
ri€o(Ar)

Lemma 8 is used in the first step. To see the second inequality,
consider the primal representation (51) of v*(A,d1I,). If we
restrict decision variables to have block-diagonal structures

[P o C[moo
ee[va)omelin)

according to the partitioning n = n; + ns, then the original
primal problem (51) with (A, 01,, ) is decomposed into a problem
in terms of decision variables (P,II;) with data (A;,d1,,)
and a problem in terms of decision variables (P, II,) with
data (As, 61, ). Due to the additional structural restriction, the
sum of v*(Ay,d1I,,) and v*(As, d1,,,) cannot be smaller than
v*(A, d1,). Finally, by the arguments in Cases 1 and 2, we have
0 (A1, 010,) = X5 co(a,) log |2i| and v* (A2, 61, ) = 0.

To establish a lower bound, we show the following inequali-
ties using a sufficiently small € > O such that el < W:

V(A W) > v (A el,,)

> v (Aryely, ) + v (Agsely,) = Y logail.
rieo(Ay)

The first inequality is due to Lemma 8. To prove the second
inequality, consider the dual representation (52) of v*(A, el,,).
By restricting decision variables Xi1, Xj2, Xo1, X929, and Y
to have block-diagonal structures according to the partitioning
n = n; + ng, the original dual problem is decomposed into two
problems of the form (52) with (A1, €],,, ) and (A2, €I,,, ). Since
the additional constraints in the dual problem never increase the
optimal value, we have the second inequality. Discussions in
Cases 1 and 2 are again used in the last step.
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