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Separated design of encoder and controller for
networked linear quadratic optimal control

Maben Rabi, Chithrupa Ramesh, and Karl Henrik Johansson

ABSTRACT. For a networked control system, we consider the problem of encoder and con-
troller design. We study a discrete-time linear plant with a finite horizon performance cost,
comprising of a quadratic function of the states and controls, and an additive communica-
tion cost. We study separation in design of the encoder and controller, along with related
closed-loop properties such as the dual effect and certainty equivalence. We consider three
basic formats for encoder outputs: quantized samples, real-valued samples at event-triggered
times, and real-valued samples over additive noise channels. If the controller and encoder are
dynamic, then we show that the performance cost is minimized by a separated design: the
controls are updated at each time instant as per a certainty equivalence law, and the encoder
is chosen to minimize an aggregate quadratic distortion of the estimation error. This separa-
tion is shown to hold even though a dual effect is present in the closed-loop system. We also
show that this separated design need not be optimal when the controller or encoder are to be
chosen from within restricted classes.

1. Introduction

We consider discrete-time sequential decision problems for a control loop that has a com-
munication bottleneck between the sensor and the controller (Figure |1). The design problem
is to choose in concert an encoder and a controller. The encoder maps the sensor’s raw data
into a causal sequence of channel inputs. Depending on the channel model adopted in this
paper, the encoder performs either sequential quantization, sampling, or analog companding.
The controller maps channel outputs into a causal sequence of control inputs to the plant.
Such two-agent problems are generally hard because the information pattern is non-classical,
as the controller has less information than the sensor [5I]. This gives scope for the controller
to exploit any dual effect present in the loop, even when the plant is linear [14]. These two-
agent problems are at the simpler end of a range of design problems arising in networked
control systems [11), B}, 2], d]. Naturally, one seeks formulations of these design problems as
stochastic optimization problems whose solutions are tractable in some suitable sense.

The classical partially observed linear quadratic Gaussian (LQG) optimal control problem
is a one-agent decision problem [52]. Given a linear, Gauss-Markov plant, one is asked for
a causal controller, as a function of noisy linear measurements of the state, to minimize a
quadratic cost function of states and controls. This problem has a simple and explicit solution,
where the optimal controller ‘separates’ into two policies; one to generate a minimum mean-
squared error estimate of the state from the noisy measurements, and the other to control the
fully observed Gauss-Markov process corresponding to the estimate. A networked version of
this problem is the following two-agent LQG optimal control problem [10]. Given a linear
Gauss-Markov plant and a channel model, one is asked for an encoder and controller to
minimize a performance cost which is a sum of a communication cost and a quadratic cost
on states and controls. The communication cost is charged on decisions at the encoder,
which are chosen to satisfy constraints imposed by the channel model. No causal encoding

or control policies are, in general, excluded from consideration. As in the one-agent version,
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) FIGURE 1. Control over a rate-limited channel with perfect feedback
a certain ‘separated’ design is optimal, as has been suggested in various settings since the

sixties |27, 42}, 16, 5], 33, 45|, BT, 53], [35], 6, 34, 56|. Precisely, the following combination
is optimal: certainty equivalence controls with a minimum mean-squared estimator of the
state, and an encoder that minimizes a distortion for state estimation at the controller. The
distortion is the average of a sum of squared estimation errors with time-varying coefficients
depending on the coefficients of the performance cost. This separation is different from that
obtained in the classical LQG problem, but it is still due to a linear evolution of the state,
and the statistical independence of noises from all other current and past variables. As in the
classical one-agent version [43], [41], the random variables need not be Gaussian.

1.1. Previous works. In the long history of the two-agent networked LQG problem,
different channel models have been treated, leading to different types of encoders. We find in
these works that the encoder is either a quantizer, an analog time-dependent compander, or
an event-based sampler.

When a discrete alphabet channel is treated, the encoder is a time-dependent quantizer.
Quantized control has been explored since the sixties, and structural results for this problem
have seen spirited discussions over the years |27, 32, [16]. This problem was revisited by
Borkar et al. [10] in recent years, setting off a new wave of interest. Surveys can be found
in |35}, [18]. For an additive noise channel, the encoder is a time-dependent, possibly non-linear,
compander. The corresponding networked LQG problem has been studied in [5], and more
recently in [17, 19]. Analog channels with channel use restrictions lead to an encoder being
an event-triggered sampler [2]. The networked LQG problem for event-triggered sampling is
studied in [34].

The above papers suggested separated designs for the two-agent LQG problem with dy-
namic encoder and controller, and certainty equivalence controls. This is despite other re-
sults [13}, [15], confirming the dual effect in the two-agent networked control problem. Thus,
there can be an incentive to the controller to influence the estimation error, and yet the optimal
controller chooses to ignore this incentive. Furthermore, for the two-agent LQG problem with
event-triggered sampling, and with zero order hold control between samples, Rabi et al. [39]
showed through numerical computations that it is suboptimal to apply controls affine in the
minimum mean square error (MMSE) estimate. The optimal controls are nonlinear functions
of the received samples. Thus, the literature does not tell us when separation holds, and when
it does not, for the general class of two-agent problems.

1.2. Our contributions. We make three main contributions. Firstly, we show that for
the combination of a linear plant and nonlinear encoder, the dual effect is present. This con-
firms the results of Curry and others |13, [15], by establishing through a counter example
that there is a dual effect in the closed-loop system. In fact, each of the three models we
allow for the channel endow the loop with the dual effect. The dual role of the controller
lies in reducing the estimation error in the future, using the predicted statistics of the future
state and knowledge of the encoding policy. Due to this dual role, we show that, in gen-
eral, separated designs need not be optimal for linear plants with non-linear measurements,
even with independent and identically distributed (IID) Gaussian noise and quadratic costs.
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Examples [ and [6] show instances where the dual effect matters. Example [3 shows how the
dual effect in the two-agent networked L(Q) problem renders useless the techniques that work
for the classical, single-agent, partially observed LQ problem. These examples illustrate the
insufficiency of arguments offered in [27), 42, 16, [5, 33, 45, 31, 53} [35] 6, B4, 56] for the
optimality of separation and certainty equivalent controls.

Our second contribution is a proof for separation in one specific design problem. We prove
that for the dynamic encoder-controller design problem, it is optimal to apply separation
and certainty equivalence. A key instrument in our proof is the class of ‘controls-forgetting
encoders’ (introduced in section which we show to be optimal despite it being a strict
subset of the general class of state-based encoders. We also notice that the result holds under
a variety of schemes for charging communication costs. For example, it holds even when
the encoder is an analog compander with hard amplitude limits. Our proof does not require
the dual effect to be absent. Hence there is no contradiction with the fact separation and
certainty equivalence are not optimal for other design problems concerning the same plant-
sensor combination. Our work also provides a direct insight to explain separation or the lack
of it, in the form of a property of the optimal cost-to-go function (Example [4]in Section @
Furthermore, we show that when this property does not hold separation is no longer optimal.

Our third contribution points out some subtleties that arise when dynamic policies are
involved. We explicitly demonstrate that with dynamic encoders for LQ optimal control,
one cannot extend and apply a result of Bar-Shalom and Tse [7] which mandates absence of
dual effect for certainty equivalence to be optimal. The classical notion of a dual effect was
introduced for static measurement policies, and the dual role of the controls has been motivated
through the notion of a probing incentive [14]. We ask if the concept of probing applies
unchanged for dynamic measurement policies and point out some subtleties in answering this
question.

In recent years, there has been a resurgence of interest in problems related to dynamic
and decentralized decision making in stochastic control. Old problems and results have been
reexamined and reinterpreted to find new insights and develop new methods, such as the
common information approach [30} [36]. Others, such as [26], have sought to reinterpret
the proof techniques used in [4]. Following in the path of [50], many new counterexamples
have been identified that show optimality of nonlinear strategies for control problems under
non-classical information patterns [29, [57]. Similarly, drawing from the many works on two-
agent networked LQG problems [13|, [15], 10, 35, 18], we have sought to understand why a
structural simplification can be found in some dynamic decision problems, despite the non-
classical information pattern and the consequent presence of a dual effect.

1.3. Outline. The remainder of the paper is organized as follows. In Section[2] we present
a basic problem formulation, pertaining to encoder and controller design for data-rate limited
channels. In Section [3] we discuss the notion of a dual effect and certainty equivalence, and
present a counterexample to establish that there is a dual effect in the considered networked
control system. In Section [d, we present a proof for separation in the two-agent networked
LQG problem. In Section [, we extend our results to other channel models, including event-
triggered samples and additive noise channels. In Section [0}, we present a number of examples
to illustrate that in general, separation does not hold for constrained design problems, followed
by the conclusions in Section [7]

2. Problem formulation

In this section, we describe a version of the two-agent networked LQG problem, corre-
sponding to a rate-limited channel model. We consider an instantaneous, error-free, discrete-
alphabet channel and the logarithm of the size of the alphabet is the bit rate. A control system
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that uses such a channel to communicate between its sensor and controller is depicted in Fig-
ure [I} and comprises of four blocks. Each of these blocks, along with the performance cost,
are described below, followed by a description of the design problems under consideration.

2.1. Plant. The plant state process {x;} is scalar, and its evolution law is linear:
(1) Ti41 = ATt + Ut + Wy,

for 0 <t < T. Here {u;} is the controls process, and {w;} is the plant noise process, which is
a sequence of independent random variables with constant variance o2, and zero means. The
initial state xy has a distribution with mean 7, and variance o2. At any time ¢, the noise w is
independent of all state, control, channel input, and channel output data up to and including
time t. We assume that the state process is perfectly observed by the sensor.

2.2. Performance cost. The performance cost is a sum of the quadratic cost charged
on states and controls, and a communication cost charged on encoder decisions:

T T
(2) J=FE |2 +p) ai+q Y ui| +J%m
=1 =0

where p > 0 and ¢ > 0 are suitably chosen scalar weights for the squares of the states and
controls, respectively. The communication cost J™™ is an average quantity that depends on
the encoding and control policies, and the channel model adopted.

2.3. Channel model. The channel model refers to an input-output description of the
communication link from the sensor to the controller. We denote the channel input at time ¢
by ¢, the corresponding output by z:, and the encoding map generating ¢; by &. In Figure [T}
we consider an ideal, discrete alphabet channel that faithfully reproduces inputs, and thus,
1t = 2 Vt. The encoder’s job is to pick at every time ¢, the encoding map &; producing a
channel output letter from the pre-assigned finite alphabet z; € {1,...,N},V ¢, where the
non-negative integer N is the pre-assigned size of the channel alphabet. Since the alphabet
is fixed, we have a hard data-rate constraint at every time. Hence there is no explicit cost
attached to communication, so J°°™® = ( in this case. In Section , we consider other channel
models that permit the data-rate or energy needed for each transmission to be chosen causally
by the encoder.

2.4. Controller. The control signal u; is real valued and is to be computed by a causal
policy based on the sequence of channel outputs. The controller has perfect memory, and
thus remembers all of its past actions, and the causal sequence of channel outputs. Thus, in
general, at every time ¢ the controller’s map takes the form:

K o {t,{zi}é,{ui éﬁl} — Uy

2.5. Encoder. At all times, the encoder knows the entire set of control policies employed
by the controller and the statistical parameters of the plant. With this prestored knowledge,
the encoder works as a causal quantizer mapping the sequence of plant outputs. Thus, the
encoder’s map takes the form:

&« At Az, Lz} KO e

Notice that we do not allow the encoder to directly view the sequence of inputs to the plant.
This subtle point plays an important role in the examples we present in Section [7}
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2.6. Design problems. For a given information pattern, different design spaces may
arise due to engineering heuristics, hardware or software limitations, etc. Any such design
space is a subset of the set of all admissible encoder and controller pairs. We identify four
design problems, each associated with its own design space. For these design problems, an
adopted channel model can be either the one described in Section 2.3 or any of the models
from Section |bl First, we pose a single-agent design problem which has a classical information
pattern.

DESIGN PROBLEM 1 (Controller-only Design). For the linear plant , the adopted channel
model, and a given admissible set of encoding policies:

{52 (-5 {zdo {w 6_1)}Z ;

the controller-only design problem requires one to pick a causal sequence of control policies
{K:}E to minimize the performance cost (@

Next we pose a design problem where the design space is the largest possible non-randomized
set of admissible encoder-controller pairs. We consider every causally time-dependent encoder
and controller. In other words, for this type of design problem, regardless of the choices one
makes for channel and communication cost, at any time, the controller can update the control
signal using all of the channel outputs up till then.

DESIGN PROBLEM 2 (Dynamic Encoder-Controller Design). For the linear plant and
the adopted channel model, the dynamic encoder-controller design problem requires one to pick
causal sequences of encoding and control policies {E L, {K}L to minimize the performance

cost (9).

Next we pose a design problem where the controller and encoder must respect a restriction
on selecting the control signals or encoding maps. At every time, the control values must
be chosen from a restricted set U, such as the interval (—1,1) or the finite set {—1,0,1}.
Likewise, the encoding maps have to be chosen from within restricted sets. For example,
the encoding maps may be constrained to consist of two quantization cells (—oo, ), (0, c0),
where the encoder threshold 6 must be chosen from a restricted set O, say the interval (=5, 5).
Subject to these constraints, the controller and encoder policies are still to be dynamically
chosen.

DESIGN PROBLEM 3 (Constrained Encoder-Controller Design). For the linear plant ,
and the adopted channel model, the constrained encoder-controller design problem requires one
to pick causal sequences of encoding and control policies {E}L, {K;}E, subject to the constraints
represented by 0 € © and u, € U, to minimize the performance cost (@

Next we pose a design problem where the controller must respect not only the information
pattern in the dynamic encoder-controller design problem (Design problem , but must also
respect a restriction on updating controls. Basically, the control waveform is generated in a
piece-wise ‘open-loop’ way, while epochs and encoding maps are picked using dynamic policies.
Let €y, €1 > 1, be two random integers such that ey + ¢, = T+ 1. Then the two epochs are
{0,...,60 — 1} and {ep,...,T}. These epochs are chosen by the controller respecting the
inequalities: 1 <€y < T+ 1 and ¢ =T 4+ 1 — ¢y, and hence have to be adapted to all the data
available at the controller. Within an epoch, the controller must pick controls depending only
on data at the start of the epoch. Precisely, given the condition that t < ¢, and given the
initial observation zy, the controls u, must be a fixed function of (¢, zy) regardless of the data

{z1,.. ., 2}

DESIGN PROBLEM 4 (Hold-Waveform-Controller and Encoder Design). For the linear
plant , and the adopted channel model, the hold-waveform-controller and encoder design



6 M. RABI, C. RAMESH, AND K.H. JOHANSSON

Markov Plant Encoder and Channel
Tt Zt
‘Ilt (wta U, K/t)

Ut

Y

Y

LTt41 = P, (CL‘t,Ut,’wt)

Controller
K (25)

A

Zt

FIGURE 2. Setup for definitions in Section

problem is to pick a causal sequence of encoding polices {&E}L in concert with a causal se-
quence of policies for epochs and controls to minimize the performance cost (@) The controls
are restricted to depend on the controller’s data in the specific form:

K? zo> for0<t<e —1, and,

Uy = 1 eo—1 eo—1

Ki({z:}y Ao ) foreg <t <T.

A special case of a hold-waveform controller is that of zero order hold (ZOH) control where
an additional restriction forces the control waveform be held constant over each epoch.

For all four design problems presented above, we assume the existence of measurable
policies minimizing the associated costs. We avoid investigating the necessary technical qual-
ifications except to say that if need be, one may allow randomized polices, or even reject the
class of merely measurable policies in favour of the class of universally measurable policies [9].

3. Dual effect and certainty equivalence

We begin by presenting a definition of dual effect [I4] and certainty equivalence [25]. We
then present an example to establish that there is a dual effect of the controls in the networked
control system introduced in Section 2]

3.1. Dual effect. In a feedback control loop, the dual effect is an effect that the controller
may see in the rest of the loop. When it is present, the control laws affect not just the first
moment, but also second, third and higher central moments of the controller’s nonlinear filter
for the state. Below, we state this formally for a controlled Markov process with partial
observations available to the controller:

(3) iy = Py <xt7uta wt>7 2 =Wy (xt, U, /‘ft>,

where the sequences {x;} and {u;} are the real-valued plant state and control processes,
respectively, see Figure . The sequence {z;} is the observation process and the sequences
{wt} and {nt} are the plant noise and observation noise processes, respectively. Assume
that all the primitive random variables are defined on a suitable probability triple, [, F, P].

Now, consider two arbitrary admissible sets of control policies: {K(t, )}, {lz(t, )} Once

we pick one such set of control policies, they together with the measure P define the states,
observations and controls as random processes. The choice of policies fixes their statistics. We
can advertise this relationship by (1) specifying random variables, z; for example, in the form
7, (w; K), (2) specifying a filtration, for example, the one generated by the z-process as F~?
or (3) specifying an expected value of a functional, E [F}] for example, in the form

Epc |Fi(1 i (@i 0YG . (o (i KDY o (iKY )|

where w stands for any element of the sample space of the primitive random variables. To
minimize the notational burden, we advertise the dependence on the set of control policies
only as needed. We now define the dual effect by defining its absence.
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DEFINITION 1 (Dual effect). The networked control system in Figure[d is said to have no
dual effect of second-order if

(1) for any two sets IC,I% of admissible control policies, and
(2) for any two time instants t, s,

we have .E’C’Z = ]-"tIC’Z for every t, and that for any given event X € ]—}’C’Z,

Ep i {(xt(c«J;/C) —Epx [xt(w;fc)\{zi(wﬂc)};v"’ € X]>2

{zi(w; K)} w e X] =

~ - < s 2 ~
Ep & [(mt(w;lC) — Ep glae(w; K) |[{z:(w; K) } oy w € X}) ‘{zi(w;lC)}O,w € X} :
Thus, we require equality of the two sets of covariances of filtering/prediction/smoothing
errors, corresponding to any two choices of control strategies. In the definition above, by
choosing one set of control policies, say K as resulting in u; = 0, for all ¢, we obtain the
definition of Bar-Shalom and Tse [7].

3.2. Certainty equivalence. For the controlled Markov process , consider the general
cost

Jeeneral _ @ [L({;,;Z 1T_1 , {uz}gﬂ )

where L is a given non-negative cost function. Imagine that a muse could at time ¢ supply to
the controller the exact values of all primitive random variables by informing the controller
the exact element w of the sample space 2. With such complete and acausal information, the
controller could, in principle, solve the deterministic optimization problem

inf J, (o) = inf L () fo (@)} v (s (@)}

Let u} (w) be an optimal control law for this deterministic optimization problem. We now
state the definition of certainty equivalence from van der Water and Willems [46]:

DEFINITION 2. A certainty equivalence control law for the plant with the performance
cost has the form:

E [uf (@) [{z: (@)}, {ws (w)}o ']
Clearly, this law is causal. Notice also that its form is tied to the performance cost, and to
the statistics of the state and observation processes. It is possible for certainty equivalence
control laws to be nonlinear, and such laws can be optimal even when separated designs may
not be. For linear plants, they can sometimes be linear or affine, as indicated by the following
proposition from [46] adapted to our problem.

LEMMA 1 (Affine certainty equivalence laws for linear plants). For the plant , with
b, = axy + u; + wy, and the quadratic performance cost with JC°™™ =0, the following are
certainty equivalence laws:

o7 = 1% (B o (a3 k] B o {3 k)

LCE — Bit+1 a’qBit1
K

where the gains = h i = Biv1 + i1, Bi =D+ Th QT = 0, By = 1.

DEFINITION 3 (Certainty equivalence property). The certainty equivalence property holds
for a stochastic control problem if it is optimal to apply the certainty equivalence control law.

For the stochastic control problem described in Lemma [, with non-linear measurements
that do not result in a dual effect of the controls, Bar-Shalom and Tse [7] showed that the
certainty equivalence property holds.

We now consider a simple example, and show that there is a dual effect of the control
signal in the closed-loop system presented in Section [2]
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FIGURE 3. Plot of quantization distortion and performance cost for Example

EXAMPLE 1. For the plant , let a =1, xg = 2, and oy = 0. Let this information be
known to the encoder and the controller, which simply means that zy = xq. Let the variance
02 = 0.7%. For the objective function, let the horizon end at T =1, and let p = q = 0.01. Let
the channel alphabet be the discrete set {1,2,3}.

For the given threshold 8 = 1.6, let the encoder att =1 be:

1 ifxy € (-OO, —0) ,
(4) §i(z1) =492 ifxy€(—0,0),
3 Zfﬂ?l S (6,+OO)
The optimal control law at t = 1 is u; = —quLlfm, where T1p = E 21 |xo, ug, 21]. Using the

encoding policy & and the optimal control signal u,, the performance cost with J™™ =0 can
be written as a function of the control att = 0:

Ay
=T
A
ls ~N

2
E [(1‘1 - §m|1)2’ To, Uo, Zli|

a? a

J(ug) = o2 + qug + <p—|— qq+ 1> E [xf |x0,uo] + ]

In the above expression, I' is the quantization distortion, which is thus proportional to the

conditional variance of the controller’s minimum mean-squared estimation error of x1. Notice

that T is a function of ug, thus resulting in a dual effect of the control signal in the plant-

encoder-channel combination. Figure [ shows how the quantization distortion I' depends on

ug. The total cost J is also plotted and the optimal value v is shown to be different from the
certainty equivalent control uS®.

4. Dynamic encoder-controller design

In this section we solve the dynamic encoder-controller design problem (Design problem
which allows both controls and encoders to be dynamic. We work out the details for the
discrete alphabet channel with the fixed alphabet size N. We begin by examining a known
structural property of optimal encoders. This states that it is optimal for the encoder to apply
a quantizer on the state x;, with the shape of the quantizer depending only on past quantizer
outputs. Next, we present a structural property for encoders called controls-forgetting, which
leads to separation. Finally, we show that one optimal encoder for Design problem [2] does
indeed possess this property, which leads to separation and certainty equivalence for this
problem.
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4.1. Known structural properties of optimal encoders. Let us now formulate the
encoder’s Markov decision problem. Fix the control policies to be the arbitrary, but admissible
laws:

u = K] ({zz}g)
Then the optimization problem reduces to one of picking encoding policies. This is a single-
agent, sequential decision problem, and hence one with a classical information pattern. The
action space for this decision problem is the infinite dimensional function space of discrete-
valued encoders. At time ¢, the encoder takes as input: the current and previous states, all
previous outputs, and all previous encoding maps. For convenience, we can view this encoding
map as a function of only the current state but with the rest of the inputs considered as

parameters determining the form of this function. Thus, without loss of generality the encoder
can be described as the function

&(G):R—={1,...,N}
having x; as its argument with its shape determined by ({:L’Z G ) 6_1). Hence

the action space at times ¢ can be described as: {f (():R—={1,...,N}, Borel measurable}.

Identifying encoders as decisions to be picked is not enough, as the signal x; need not be
Markov. We utilize the following property.

LEMMA 2 (Striebel’s sufficient statistics). For every design problem we have set up, the
signals

t t—1
T, {Zz'}o» & () 0
form sufficient statistics for the encoding decision at time t.

PROOF. See Striebel [44]. O

Hence, at every time ¢, performance is not degraded by the encoder choosing to quantize
just z; instead of quantizing the entire waveform {zy, ..., x;}. Of course the shape of the quan-
tizer is allowed to vary with past encoder shapes, past encoder outputs, and on past control
inputs. But given the sufficient statistics, the encoder can forget the data: {xq,...,x;_1}.

Denote by D" the data at the controller just after it has read the channel output 2, and
just before it has generated the control value u,. Similarly denote by D" the data at the
controller just after it has generated the control value u;. Then

e = { {36, {6 O} sl ],
= { D = L {6 (Yo {uts o

Also let 7,y = E [xt |D§E“} .

The problem we consider has two decision makers that jointly minimize a given cost func-
tion. The information available to these decision makers is not the same, and neither is the
information available to each agent a subset of the information available to the agent down-
stream in the loop. Thus, the information pattern here is neither classical nor nested. We
apply the common information approachﬂ to our problem. This approach allows a designer
to treat a problem with multiple decision makers as a classical control problem with a single
decision maker that has access to partial state information. When applied to our setup, this
approach leads to the following structural result at the encoder. The encoding policy & (-)
is selected based on the information available to the controller at the previous time instant

IThis approach was first proposed by Witsenhausen, as a conjecture in [51], to deal with multiple decision
makers and non-classical information patterns in a general setting. This conjecture was shown to be true by
Varaiya and Walrand in [47] for a special case. Our terminology is derived from [36], where the conjecture
has been studied in detail.
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namely @Eff e At times t~, " respectively, the data D?ffl)_, D‘(:ff 1+ comprise the common

information in this problem. The encoding map & () is applied to the state z;, which is
private information available to the encoder. A similar approach has been used by others for
problems of quantized control [12], 49, 55].

4.2. Controls-forgetting encoders and separation. We now present a structural
property of encoders which ensures separation in design. Recall the plant and cost ,
and define the following control free part of the state:

o = o,
i
Ci—i—l = Tij41 — Zai_luj for ¢ Z 0.
j=0

At the encoder, the change of variables
(5) (e b UK O3 ) = (G dmdy 4K O

is causal and causally invertible. Hence the statistics <Ct, {2367 h {ICZ()}g> are also sufficient

statistics at the encoder. We now introduce the innovation encoding of Borkar and Mitter [10].

DEFINITION 4 (Innovation encoder [10]). An encoder with the inputs and outputs:

(G G HRON ) —
1s admussible and is called an ‘“ennovation’ encoder.

The networked control system in Figure [I] redrawn with an innovation encoder is shown in
Figure[d Note that with innovation encoding, the control free part of the state is not affected
by the control policies, but obeys the recursion

Cir1 = aly + wy.

For any sequence of causal encoders, one can find an equivalent sequence of innovation encoders
such that when these two sets operate on the same sequence of plant outputs, they produce
two sequences of channel inputs that are equal with probability one. Hence, if for a plant and
channel, the dual effect is present in a certain class of causal encoders, then the dual effect
is also present in the equivalent class of innovation encoders [15]. This is what the following
example illustrates:

EXAMPLE 2 (Dual effect in a loop with fixed innovation encoder). We use the same setup as
in Example 1 with the encoder replaced by an innovation encoder. For the given threshold 6 =
1.6, let the encoder at time t = 1 be the following innovation encoder:

1 Zf CLCl —+ ]C() (20) - (—OO, —8) ,

(6) M(G) =142 ifa+ Ko (z0) € (—0,6),
3 Zf aCl + ICO (20) € (9, +OO) .
The optimal control law at t = 1 is still uy = —#51\1, where Ty = E [ |20, up, 21]. For

the control ug, notice that and @ tell us that this innovation encoder ™ is equivalent
to the causal encoder & of Example [l For the same applied control policy Ko, and for the
same realizations of primitive random variables, we get & () (w)) = & (71 (w)). Hence, with
probability one the two nonlinear filters for the state given xg,z1 are the same. Thus for an

event X € F021) e have:
P [£U1 e X ‘I(J? Z1 = ifm (Cl)} =Pz, € X|rg, 21 =& (21)].
Hence the results in Figure[3 apply also to this example.
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Encoder
a
Zo,
Ut Tt Gt | . - . t—1 ‘ 2zt
> Plant . — &0 | - {Zi}f) l ) {5}“ ('>}0 A ()}OT 05)
B O—Il'
P, q

Equivalent encoder

Delay

Y

A

uy = Ky ({m}ﬂ)

Exact replica of controls 2t

A
A

ICt ({Zz'}f))

Controller

FI1GURE 4. The block diagram of Figure |1| with innovation encoding

The encoder (quantizer) in the loop causes the dual effect. Furthermore, the encoder’s
presence renders useless the techniques that worked in the case of the classical, single-agent,
partially observed L(Q) control problem. The next example illustrates this.

EXAMPLE 3. We examine a scalar system as it evolves from time step 0 to time step 1.
We have: xg ~ N (jg, 00),

x1:x0+u0+w0,

where wq is the process noise variable which is independent of xg, ug, and wy ~ N (0,0,). We
adopt the specific quantizing strategy given below (on the left in the form of a encoder for x;,
and on the right, in the equivalent, innovation form):

_ _17 Zf To < 07 mnn _ _17 Zf CO < 07
§O($O) a {+17 Zf xo > 0, 0 (€O> B {+1, ’Lf Co > 0,

_ _17 Zf 21 S 07 nn . _]-7 Zf Cl S —Up (20)7
Ei(y) = {+1, if >0, "(G) = {+1, if G > —uo (20).

Since the encoder at time 0 is binary, the general control law at time 0 has the form:
(z0) a, if zo=—1,
Uup(20) =
o 67 Zf <0 = +17

where o, 8 are arbitrary real numbers. The process Ty is fully observed at the controller. We
have Tojo = E [z0 |20], and as noted in [56], one can write:

(7) T = ZTojo + uo + W,

where the noise-like random variable wy is given by: wy = E[z) |20, 21] — E [z1 |20] . Then one
can treat the problem as the control of the fully observed process Ty, to minimize the given
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FIGURE 5. Plots for example .
cost, which can be rewritten as the following sum of two terms:
~9 ~9 ~ 2 2 ~ 2
®  I=E[ e () ] 4B [0 - 2.

Such a treatment actually works for the case of the classical, single-agent partially observed
L@ control problem. There two special things happen: (1) the random process {w;} is statisti-
cally independent of the control process {us} and of the ‘state’ process {Zy; }, and (2) because
the dual effect is absent, the second term on the RHS of@ does not vary with {u,}. Therefore,
by considering {Zy, } as the process to be controlled, we get a single-agent, fully observed LQ)
control problem.

In the two-agent problems considered in this paper, neither of the above-mentioned special
things may happen. For this specific example, we have calculated, and then plotted in Figure[J
how the second moments of wy and x1 — 11 vary with uy. The calculations are presented in

Appendiz [A] O

Next we define a class of encoders for which at prescribed times ¢, the statistics of wy,
Tyy1 — T4 are independent of the control u;.

DEFINITION 5 (Controls-forgetting encoder). Denote by pT‘T . () the conditional density

of ¢ qiven the data D?Oril), An admissible encoding strateqy is controls-forgetting from time T
iof it takes the form:

3 (:ru@‘?fnl) ). ft<r,
e (G Ay O 2T e ) itz

where (1) §t( Dcfnl) ) is any admissible policy for encoding at time t, (2) fort > 7+ 1 the

policies € (- p T\T O Y e (! ) are adapted to the data
32F1§+ = <p§-\7'71 () ) {Zi}iil ) {Ei ()}tT71> C E((:Enl fort > T,

and (3) for fized values of the data D(C:’lgﬂ the map €, (+) produces the same output regardless
of both the controls {u;}. and the control policies {K; ()};‘Fle

CF, T con
(o, ) -

Clearly such controls-forgetting encoders exist. For example, consider a set of encoders that

~ 2
quantize in sequence (11, ..., (r to minimize the estimation distortion 21 i1 [(Q — Cz‘\i) } ,
where (;; = E[(] D(Czi}] Let the non-negative function 1) () represent some notion of cost.

For example, 1 (z) := z2.
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LEMMA 3 (Distortions incurred by controls-forgetting encoders also forget controls). Fizx
the time t = T and the distortion measure 1. If the encoder is controls-forgetting from time T,
then for times 1 > 7+ 1, the distortions E [¢ (xz — Zfﬂi) ‘ ’Df?“} are statistically independent of
the partial set of controls {u;},__

PROOF. The unconditional statistics of {(;} are independent of the entire control wave-
form, no matter what the encoder is. For times ¢ > 741 and for sets X € F?, P [Ci € X| @g‘?n]

is independent of {ui}iT:T because the encoding maps §&; are controls-forgetting from time 7.
Since ¢; — (¢ = x4 — Ty, for all ¢, the lemma follows. O

DEFINITION 6 (Controls affine from time 7). A controller affine from time T takes the
following form:

(9) IC?‘W(@;?EH) = {“I : if i<,

ﬁ' . A~ . .
’LL? = kzxzh -+ di, Zf 1 Z T,

where the controls u! are generated by an admissible strategy {KCI(-)}L,, the controls u2® are
generated by an affine strategy {K ()}, with the gains {k;}% and offsets {d;}t computed
offtine, and T;; = E | z;] {yj}z.zo].

4.3. Preliminary lemmas. The main result ahead is Theorem [I that states that it is
optimal for Design problem [2| to apply a separated design and certainty equivalence controls.
In this subsection, we do some necessary ground work towards proving that result.

Once we are prescribed an admissible encoder, the controls {u; }f:l affect only the cost-to-
go: E [w% +J + Z]T:Z]E [p:z:? + quﬂ In the classical single agent LQ problem, the ‘prescribed
encoder’ is simply the linear observation process with prescribed signal-to-noise ratios. There,
this cost-to-go can be expressed as a quadratic function of {uj}]r:i, {xj};‘; and {Z;; }]Tm
But in our two agent LQ problem, because of the dual effect, the cost to go may have a
non-quadratic dependence on the controls {u]}]T:Z However we show that by restricting to
controls-forgetting encoders and affine controls, the cost-to-go does get a quadratic dependence
on controls. We use this reasoning and dynamic programming to show that for time ¢t = ¢

going backwards from 7" the following conclusions fall out:

e it is optimal at time ¢ = i to apply as control a linear function of 7y, and,
e it is optimal at time ¢ = i to apply an encoding map that is controls-forgetting from
time ¢ — 1.

LEMMA 4 (Optimal control at time ¢t = T"). The optimal control policy at timet =T is the
linear law: u}p = — T, and the optimum cost-to-go V' (D$e") = min,, E [27., | + qu? ‘@g?,n]
is the expected value of a quadratic in xp and T .

PROOF. At time T'~, one is given D", and is asked to pick uz to minimize the cost-to-go
Vr (ur; DY) = E [27., + qui |[DFR]
=0, +E [a® 27 + 2azrur + (1 + q) uf | DS,

2
a
93603] 1 - For )
| +{1+q) (UT 1+q$T|T)

2 a’
:O’w+—
14+¢

o2
E [qx% + (iUT - ilZ'T|T)
and this lets us prove the Lemma. O

LEMMA 5 (Optimal &; for separated, quadratic cost-to-go). Fiz the time t = i. Consider
the dynamic encoder-controller design problem (Design problem @), for the linear plant ,
and the performance cost @ Suppose that we apply an admissible controller K along with
an encoder &CFZ that is controls-forgetting from time i. Furthermore, suppose that the partial
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sets of policies:
e (), &7 00}
{Ki() K (), o Kr ()}

are chosen such that the following three properties hold:

(1) the cost-to-go at time i takes the separated form:

a:T+1 +pZ:1: —I—qZu

where, J& (u;, 1) = @ + a ol + B + gxf +TT + VT + Z/f{f‘i, and the term
Iy isa weighted sum of future distortions and depends only on the random sequence

{xj x]l] }] =i+1’

(2) the coefficients of the quadratic J°" may depend on the control policies {/63 ()}zT but
T
i+1’

(3) the term 'y depends on the encoding maps {fCFZ ()}zTH but not on the partial set

COl’l

[JCOH (s, 75)] Con] + E[ Lol Con] )

not on the partial set of encoding maps {éoF’ ()} and,

of control policies {le . }Z .

Then, it is optimal to apply an encoding map at time t = i that does not depend on the data:
(ui_l, {le ()}ZT ) It also follows that the shapes of the encoding maps {gjcpz ()}szi-l and their

performance do not depend on the control u;_1.

PROOF. The proof exploits three facts: Firstly the special form of Jf" (u;, z;) makes the
encoder’s performance cost at time ¢ a sum of a quadratic distortion between z; and Z;;, and a
term gathering distortions at later times. Secondly the minimum of the sum distortion depends
only on the intrinsic shape of the conditional density p;;—1 (-) and not on its mean. Thirdly,
these facts and the controls-forgetting nature of later encoding maps allows the encoder to
‘ignore’ the control u;_;. We now start by writing the cost-to-go as:

COH:|

]E[Jcon(uz,l'z)‘l'rl_;_ﬂ con] E[a+ag -{-ﬁxz—l—ﬂl‘ +V:Ez|l+Vl‘Z ili
+E[ z+1| con]’

:a+aaw+E[(ﬁ+ﬁ)xi+(ﬁ+§+§>x2 ;?2“]

~ (P4 7)E [ - 3% D) + B[Lun| DY,

:a+a0i+E[(B+?)xi+(ﬁ—l—ﬁ—I—B)xQ 52“]
(10) — 0+ P)E | (@~ 24)"| D] + E[Dia| DE).

Given the data @‘(’ff )+ the part of the cost above that depends on the encoding map &; (-) is

_(ﬁJFD)E[(SCi—@u)? Con:|+E[ | D).

Notice that the first term is the quantization variance of the quantizer &; (-). This reduction
of the encoder’s performance cost to a sum of current and future quantization distortions
is possible because the term J{" (u;, ;) has been assumed to be quadratic in z; and .
The reduced performance cost of the encoder is a function only of the quantizer & (-) and

the conditional density p;j;— (ZB ‘Dg?fl),) Indeed, given the data @?ffl), this cost is the
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following average:

T, (é}- () D™ ) = ;AIP’ [x €A ’Dg’fl)_,ui_l] : {E [ oo (Do)
con ~ 2
+ ZAP |:LU1 < A ‘Q(i_l)*yuifl} : {/\ ]E |:<LUZ — 'rz\z)
cells
where A = — (v + 7). The cost I'; does depend on both &; () and wu;, but for given data DEonl)*

and control u;_y, the minimum of I'; over all admissible quantizers ; (-) may possibly depend
on @E;’fl)_ but not on the control u;_;. To see this consider two arbitrary possible values u, u

DL € A] }

D N,xleA]}

for u; 1. Suppose that one is given the quantizer
1 ifze(—o0,d1),
2 ifx € ((51,(52),
§lx)=9. .
N ifz € (6y_1,+0),

meant for quantizing a random variable with the density p;;—1 (m ‘@C‘?“ Py Uie1 = u) Con-

sider the quantizer 5 constructed by taking each cell A = ((5 5) in &, and generating a new

cell A = (é —u4u, 0 —u+ u) and stipulating that the new quantizer 5 assigns to the cell A
the same channel input that the quantizer & assigns to A.

Because of the linear evolution: x; = ax;_1 +u;_1 +w;_1, and because the random variable
w;_1 is independent of the data D‘(:;’fl)Jr, we have the convolution relations:

0= i (52) o

c—u

and,
T

c—u

Y
x

P =i () @0
leading to the following symmetry w.r.t. translations:
(1) puict (2= | D, - wic =) = pyis (o = @D i =)
Then we get the following equalities for each pair of cells A, A

P [x €A ‘@C‘m = u} _P [a: €A ‘@f;fl),,ui_l - a} ,

(i—1)"

Liga (DCO Ujm = U, T; € A) =T <@C?f S Uj— = U, € Z>, and,

E[(%‘— )

Then the performance of any quantizer £ designed for u;_; = w can be matched by 5 for
u;_1 = u, and vice versa. Hence, we can conclude that for any u, u,

inf T <§(-);DE§E1)_,uZ~_1 - u> = inf T, (5( )i D iy = a)

Notice that this optimal encoder now become controls-forgetting from time 7 — 1. U

Dcon ullfuxleA} E[(wz— z|)

Dcon JUi—1 = U, xlEA}

As the optimal control u} is a linear function on Zpp, the encoder {7 begets a performance
cost that is quadratic in @7, Zpp. Then the above Lemma renders the optimal encoding map
&} to be controls-forgetting from time 7' — 1. This reduction also holds at earlier times.

LEMMA 6 (Encoder separation for affine controls). If the two conditions hold: (A) for any
admissible control strategy, an admissible encoder strateqy minimizing the performance cost (@)

exists, and (B) we apply as control strategy one affine from time 7: lC;nult’T (D;TI) (from
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defn. @, then the following two conclusions hold: (a) an encoder that is controls-forgetting
from time T minimizes the partial L(Q) cost:

B tp Y 4 +qzu

i=7+1

COH

and, (b) the shapes of the mmimizmg encoding maps from time T and their performance are

independent of the data: { ul o, {kE {di}f:T}.
PROOF. We prove by mathematical induction. For a given control strategy, define:

Wr =B [ade +pad+ gl | D2 L] Wi = inf W,

Dcon & }, W = inf W,.
1)+ 6 () &)

Induction hypothesis for time i. For some time t = i such that 7 < 1 < T, we have the

W E |:px + qu2‘ peon :| +E [VV;:-l( con)

(i—=1)*

following three assumptions: (1) for every j > i+1, the optimal value function W (D‘E}’fl)_>
takes the form:

2 — o 2 con n o * con con Y con
008+ + B [0 | D] + B, 35+ [Ty (Diny - )| D] + N [ (2 - 755)° [D527]
where the o, @, Bj,ﬁj, Xj are known non-negative real numbers for j > i+1, (2) for each such
7, the non-negative function f§+1 <®C°n> 1s assumed to be independent of the partial waveform

{uj, wjs1, ..., ur}, and (3) the optimal partial set of encoding maps {5 } i Bs @ set that is
contmls—forgettmg from time 1.

We will now show: if this hypothesis holds for time 4, then it holds for time ¢ — 1. Assuming
that the partial set of optimal encoding maps {fj* ()}ZTJr , are employed, we get:

mem 0]

ﬂg)flﬁ] + Q4100 + Qg1 + Bi E [l‘iﬂ

Wi =E [pa? + quf| D", .| + B [Wy, (D)

Bt [ | D5, | + B [T (D3, ) [ 9]
— i 4T + BE [¢2|D] + BE [ | D]

* con con Y - 2 con
+E [T (D )| D] + N [ (2 - 700)* 19527

pen, ]

(i+1)7

.Dcon1)+] + qE |:U12

where, the coefficients:
o = Qi1 + §¢+17 Q; = Qi1 + @de + qd? —i—Bini,
Bi=2 (q kid; + aBiJrldi + giﬂkidi) . Bi=pi+ GQ@'H + k?ﬁiﬂ + 261/%3241 +4q kggiﬂa
X =q Kk} + k?giﬂ + 2ak;Bi 1.

We have thus: W, = E [A quadratic in x;, 57\,-|Z-} + E[ Future distortions |. This and the fact
that the encoder is controls-forgetting from time ¢ = i meet the requirements of Lemma [f
Then we get the optimal encoding map & to be controls-forgetting from time ¢t = ¢ — 1, and

= mn [F, (05, )| 2] + X [ 70" 25

is independent of the partial set of controls {u; };‘.F:Z._l. From this it follows that the induction
hypothesis is also true for time ¢ — 1. O
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LEMMA 7 (Certainty equivalence controls for controls-forgetting encoders). Fiz the switch
time 7. If the encoder is preassigned to be one that is controls-forgetting from time 7, then the
partial L) cost

@COH

$T+1+p Z x; +q2u

i=7+1

is minimized by the following control laws with a linear form: For i > 1: u} = Kk} Ty);.

PROOF. Define the following cost-to-go at timet = T—1: Vp_; = E [WT (eT (+); Do ﬂ )

(r-1)*
Because of Lemma [4]
2

2 a~q
VT—l :Uw+ (p-l— q+1
Because the encoder is controls-forgetting from time 7, the last term, which is the distortion
due to the encoder &7, is independent of the partial set of controls {uz} Hence the only

part of Vr_; that depends on the control up_; is the quadratic

2

2 a~q [ ‘1Dcon :|
qu +(p+q_|_1) , UT—1
2

2 a~q
=qu + |p+

1 (p q+1

)E[ D ura | +E [ (or = Bryr)?| D]

i=7+1"

){2E[a:T‘®C0“ , U 1}+QG$T 1| T—1 Ur—1 + U, + 0, }

a<p+q+1)

aZq
IHPtoTt

Hence the best control law is: u}_; = — Tr_ 1/7—1, and the resulting value function:

a2 a”q
x 4q 2 ¢ q<p+q+l) 2 con
Y11= (”p*qﬂ)"w*m [ |2 v

i ME [(zT_l — Tp_17-1) ‘ DT, ] +E [(xT - /fT|T)2‘ D%OP} :

q+p + o q+1
Repeating this procedure backwards in time, we get for times ¢ > 7, the optimal control laws
~ . 2.3,
are: u; = —kj7;,;, where k' = a bivi g — p4 D901 g, Bre1 = 1. O

q+Bit+1’ q+Bit1

4.4. Main theorem. Lemma[f]implies that for a pre-assigned controller affine from time
zero, there exist optimal encoding maps that are controls-forgetting from time zero. Lemmal[7]
is complementary. It implies that for a pre-assigned encoder that is controls forgetting from
time zero, the optimal control laws have linear forms.

For Design problem [2] an optimal pair of strategies have a similar simplified structure.
It is optimal to apply a combination of controls-forgetting encoding and control laws linear
in Z;;. In general, this controls-forgetting encoder does not minimize the aggregate squared
estimation error. The goal accomplished by an optimal encoder is slightly different. It is to
minimize a sum of state estimation errors with the time-varying weights ;.

THEOREM 1 (Optimality of separation and certainty equivalence). For Design problem
with the discrete alphabet channel of constant alphabet size, the quadratic performance cost
1s manimazed by applying the linear control laws

in combination with the following encoder which is controls-forgetting from time 0:

(13) e (Gi{zity " e ()} ") = arginf T (6(') Hzde e () 6_1>7
e(+)
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232
a”Biny
q+Bi+1

. 2 .
where, k'zk = aqftg—tl“7 5% =P + (;_fg,jill ) /6T+1 = 17 and )\’L =

(), D52 |+ E [T (o L (e (0]

and where,

=3B (G- )’

€T () ; E07 O-gv {Zi g_l ) {ei () o )

I'r=E {(CT - ZTT)Z
I} = 1r(1)f Ly (e) .

Moreover, this control law is a certainty equivalence law.

PROOF. Starting with the result of Lemma [4 as a seed, repeatedly apply in sequence
Lemmas [6] [/} This proves optimality of the above combination. Lemma [I] implies that the
controls laws of are indeed certainty equivalence control laws as per van der Water and
Willems [46]. O

The optimal controller splits into a least square estimator computing Zy; and a time-
dependent gain. Computing 7, is intrinsically hard because quantization is a nonlinear
operation. If one ignores this computational burden, then, at least formally, the optimal
controller resembles that for the classical LQG optimal control problem.

Note that in general the sequence of weights {)\i}g depends on the parameters of the
performance cost including the control penalty coefficient ¢. In the two special cases:

(1) the coefficients ¢ =0, p =1, or
(2) the quantity p + a’q — ¢ > 0 and the following equality holds:

p+a2q—q+\/(p+a2q—Q)2+4pq=2,

it turns out that the weights §5; = 1Vi, and hence the weights \; = anQIVi. Thus in these
special cases, optimal encoders ‘ignore’ the parameters of the performance cost and simply
minimize the usual aggregate squared error in state estimation.

4.5. Extension to the multivariable case. Theorem [I] can be extended to situations
where the state, control, and noise signals are vectors, as well as where the objective func-
tion includes cross terms involving the state and control. We can also extend to the case
where the sensor has access only to partial and noisy observations of the state. To carry out
these extensions, we need no more than the standard arguments of LQG control. Below, we
mention only the key steps corresponding to the lemmas of Section 4.3} Consider a partially
observed, linear multivariable plant:

(14) .'L’t+1 = AfL't + But + Ewt, Y = Cl’t + D/Ut,
where the state z; € R", the control v, € R™, the output 3 € RP, the process noise w; € R,

and the measurement noise v; € R’2. Let the two noise sequences {w;}, {v;} be IID sequences
that are mutually independent of each other.

For any matrix M, let M’ denote its transpose. For all times, let Elw,w)] = ¥, and

E[vv)] = X,. Let the performance objective be defined as
T
P R €T;
(15) Jgeneral =K [x/T—i-l PT+1 xTJrl] + ZOE [(33; U;) |:R Q‘| (uz>:| ’
R/

where P and R Q are symmetric and positive semi-definite, and () is symmetric and
positive definite. It is easy to see that an extension of Lemma [ holds for the multivariable
case. Precisely, the optimal control law at the terminal decision time 7" is up = —Kr Zpr
where Kp = —(B'PryB+Q) (R + B'Ppy,A) and the optimal cost-to-go Vj: (Dgem) =

trace(EZwE’) +E [(ZL‘T — :/L'\T\T)/MTCL‘T — ZET\T) |‘D§9§} +E [ZL‘{T(P + A/PT_HA — MT)ZL‘T ‘@5911] N
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where the matrix My = K5(B'Pry1 B+ Q) K. Next, the following generalization of Lemma
can be proved.

LEMMA 8 (Multivariable version of Lemma. Assume the hypothesis of Lemma@ but for
the multivariable, partially observed plant , the objective function (15)), and the following
new definition of J":

~ ~ P R [z
Jicon:a+ /SC@'-F /xii+ x; x;Z oo L)
Then, it is optimal to apply an encoding map at time t = i that does not depend on the data:

(i1, {IZJ ()}ZT ). It also follows that the shapes of the encoding maps {ng’i ()}ZTH and their
performance do not depend on the control u;_q.

Proof Sketch: We can rewrite the part of the cost-to-go that depends on on the control u; .
Asin , it is possible to rewrite this in such a way that the only dependence on ;|; is through
a quadratic form of the estimation error x; — 7;;:

COH:|
it

+E [ (2~ Fas) (R+ R +Q) (5= Tp) + Tia| D"
The part of the RHS that depends on &; is:
E [Fi+1| D:ﬁn] + E |:($1 - /.Z‘\m)/ (ﬁ + El + @) (l’z - /x\z\z) ;;gn] .

The minimum of this quantity over different §; will be independent of u;_; if the density p;;_; is
symmetric w.r.t. translations in the control. If the matrix A is invertible, then p 4, .i-1 (x) =

N\ /

E[J&" + T4 52“]:a+1[-«:{<6+6> ; + <ﬁ+§—l—§'+@>xi

pi-t1ji—1 (A™'z). Let u,u be two possible values for u;_;. Then:

Pili—1 <$) = pAa:i|zé71 ( - BU) ® PEw () . and7

Pii1(2) = P anp (= BD) ® pia ()]

If the following three conditions hold: (1) the matrix A is invertible, (2) the conditional density
pi-1}i—1 is a ‘well-behaved’ function, for example, a function of bounded variation, and (3) the
noise random variables w;, v; have ‘well-behaved’ densities, then it is straightforward to deduce
the following symmetry w.r.t. translations:

D = az) .

Pili—1 (l' —u @E)fl)ﬂuifl = u) = Piji-1 (5’7 —u i—1)77

If the matrix A is not invertible, or if any of the relevant densities have Dirac-delta functions,
then too, this symmetry property holds. Proving that needs some slightly more delicate
arguments. The rest is similar to the proof of Lemma [f U

The remaining lemmas of Section [4.3|are straightforward to generalize to the multivariable
case. Moreover, our results clearly extend also to the case of deterministic, time-varying
coefficients of the plant dynamics and of the objective function.

5. Dynamic designs for other models of channels

Our results for Design problem [2] extend to other channel models. In this section, we
study a handful of channel models, all coming from within three broad classes of messaging a
sequence of real numbers. These are: (1) quantized messaging, (2) unquantized but irregular,
event-triggered sampling, and (3) unquantized messaging corrupted by additive channel noise.
For each of these channel models, we find that the dynamic LQ design problem gets a separated
optimal solution despite the existence of a dual effect in the corresponding networked control
systems. To obtain this design simplification, we also assume that at all times, the channel
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output is perfectly visible to the encoder. Thus in each one of our channel models, there will
be an ideal, delay-free feedback channel copying the actual inputs for the controller back to
the encoder.

Our results also clearly extend to the case where we allow deterministic, time-varying
coefficients for the plant equation, and for the quadratic performance costs. These results also
apply to the case where the quantizer word-lengths at different times are deterministic but
time-varying. In this section, we use the performance cost in , where the communication
cost JE°m™ takes a positive functional form depending on the channel model. To show these
extensions for all the other channel models we study, we only need to find the appropriate
versions of Lemma [5] Once this is done, all the steps in the proofs for Lemmas [6] - [7] and
Theorem (1| can be repeated with. For each of the channel models we consider, an encoder that
is controls-forgetting from time 0 will be optimal in combination with the certainty equivalence

control laws of .

5.1. Quantizer with its rate chosen real-time. We describe below Design problem [2]
for quantized control where the quantization rate is to be chosen real-time. The rate has an
expense attached, and there may be both a common upper bound on the sizes of individual
codewords and a separate upper bound on the average data rate over the entire horizon.

5.1.1. Communication cost. The channel is an error-free, discrete alphabet channel with
a variable sized alphabet. With each channel use, the size of the alphabet 7, as well as the
codeword v, € {1,2,...,m}, must be chosen causally by the encoder. Let ¢ (n) = log,n be a
measure of the data rates, and let the positive integer 77 denote an upper limit on the alphabet
size at any time. Then the communication cost incurred at time ¢ can be described thus:

i if n; <7,
o0 (1) = {fb(n) it <7
+00 it n; > 7.

Let the positive real number R < 77 denote an upper limit on the average data rate over the
entire horizon. We define the communication cost as follows:

. {m E[XLoem)| i Yloem) <R-(T+1),

(16) .
+00 if Y ow(m)>R-(T+1),

where m is a fixed non-negative scalar. It is easy to see that the signals x;, {¢; 8_1 Az }f)_l ,

t—1 : o . -
{&}, * are sufficient statistics for encoding decisions, where of course z, = (n;,14). We now
. versi '
resent a suitable version of Lemma [5

LEMMA 9 (Variable rate controls-forgetting encoder optimal for affine controls). Fiz timet =
1 and apply control laws affine from time i. Suppose that for all times 7 > 1 we have opti-
mal encoding policies £ (-) (rules for variable alphabet sizes n; as well as actual quantization
maps) such that their shapes and performances are independent of the partial control waveform
{ui, .. .,ur}. Then, for all times j > i—1 we get optimal encoding policies £ (-) such that their
shapes and performances are independent of the slightly longer waveform {w;_1,u;, ..., ur}.

PROOF. Consider the encoder choice at time ¢t = i. For any fixed alphabet size 7, let £ ()

be the encoder possessing the two properties: (1) its alphabet size equals 7, and (2) this encoder
T

j—i+1
variable alphabet sizes and quantization maps) achieves the lowjest possible values for the
performance costs. Where by performance cost of the encoder we mean those parts of the
performance cost that, once affine control policies are fixed, depend on the encoder.

For every fixed 1, we know that £7 (-) and the statistics of its outputs are independent
of the policy for control w;_;. Hence when this quantizer is used in combination with an
optimal set of later encoders, the quantization distortion at time ¢ = i, and the statistics of
channel outputs at all times j > ¢ become independent of the control value u;_;. Likewise the

in combination with optimal policies for the later encoders {8]*} (meaning policies for



SEPARATED DESIGN FOR NETWORKED LQ CONTROL 21

communication costs incurred at times 7 > ¢ become independent of the control value u;_ ;.
Since every admissible choice of n; leads to this property, the Lemma is proved. O

We now present the main result:

THEOREM 2 (Optimality of separation and certainty equivalence). For Design problem [d,
with the discrete alphabet channel of variable alphabet size, the performance cost (@) with
communication cost (L6|) is minimized by applying the linear control laws

* ¥
U, = kt‘rﬂt

in combination with the following encoder which is controls-forgetting from time O:
e (Gs{a 6717{62' (')}671) = argéi)nf I <e() i {2 871,{67; (+) t*1>,

* [ a?qB; aQB,L-Q

where, ki = aqfﬁil,ﬂi =p+ #1111,/87‘4»1 =1, and \; = q+,3:1 and where,

. +00, it Ygw(m) >R (T+1),

= ~ 2 — .
TG = Gon) e ) [er () Lo (03] otherwise,
~ 2

Fi=MNE [(Ct —Cye) +m- @ (n)

Iy = 1I(1§ Iy (e) .

@ (), D | + B[ ({216 () 36)]

Moreover, this control law is a certainty equivalence law.

PROOF. Starting with the result of Lemma [4] as a seed, repeatedly apply in sequence
Lemmas [0, [7} This proves optimality of the above combination. Lemma [I] implies that the
controls laws of are indeed certainty equivalence control laws as per van der Water and
Willems [46]. O

5.2. Event-triggered sampling. The second model provides instantaneous, error-free
transmission of any input real number. It is suitable only with systems working in real-time,
since it has infinite capacity in the Shannon sense. To make this channel model represent a
bottleneck, one must limit how often the channel can be used over prescribed time intervals.
This we do by charging a communication cost for transmissions. This channel model is suitable
for loops with event-triggered sampling. We now summarize parallel developments for event-
triggered messaging.

5.2.1. Communication cost. The channel is an ideal, delay-free continuous valued one with
no amplitude constraints. We will stipulate that the input to the channel is either a special
silence symbol or a real number. In either case, the output will be a faithful reproduction of
the input. Hence, the encoder for event-triggered sampling can be represented by the following
map from plant output to channel input

" | SILENCE if z; € S;,

where policies for the silence sets §; have to be measurable w.r.t. the filtration generated
by the data @?;?fl)Jr. Let 7; denote the random number of state samples transmitted up to

and including time ¢ = i. Then we can write 1, = Zﬁzo]l{wt¢gi}. Let the non-negative
number Ny < T'+ 1 denote an initial budget of samples. This initial budget is a hard limit,
and the total number of samples taken over the entire horizon can never exceed Ny. Then we
define the communication cost as follows:

(17> JCOmm — m-E [77T] if nr < N07
+00 if nr > No,
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where m is a fixed non-negative scalar. It is easy to see that the signals z;, {z; }6_1 A¢ 8_1 An; 8_1
are sufficient statistics for sampling decisions. Note also that the record of sample counts {'r]j}f)_l

can be causally deduced from the record of channel outputs {z; ffl

If we set Ny to be a finite number less than the horizon length 741 and set the multiplier m
to zero, then we get a design problem with a fixed budget Ny and no cost attached to any
number of samples within the budget. If instead we set the multiplier m to be some positive
number and set the bound Ny to be T+ 1, then we get a design problem with no budget
constraint but with a communication cost growing linearly with the number of samples taken
over the entire horizon. These two kinds of design problems and their hybrids will all be
simultaneously studied by examining the general case where m can be any nonnegative number,

and Ny any positive number.

LEMMA 10 (Controls-forgetting sampler optimal for affine controls). Fiz time t = i and
apply control laws affine from time 1. Suppose that for all times j > 1 the optimal silence

sets S; (-) and their performances are independent of the partial control waveform {u;, ..., ur}.
Then, for all times j > i — 1 the optimal silence sets S; (-) and their performances are inde-
pendent of the slightly longer waveform {w;—1,u;, ..., ur}.

PROOF. As with proving Lemmas 3, 4 we carry out two steps. First we show that because
the cost-to-go is quadratic, the quantizer’s objective at time ¢ is to minimize a sum I'; of
current and future estimation distortions. Second we show that the minimum of this sum
distortion is independent of the control u; ;. Thus the encoder becomes controls-forgetting
from time ¢ — 1. U

The main result for event-triggered sampling is presented below.

THEOREM 3 (Optimality of separation and certainty equivalence for event-triggered sam-
pling). For Design problem @ with the even-triggered messaging channel, the performance
cost (@ with communication cost 1s mintmazed by applying the linear control laws

x * 2
U, = _kt th|t

in combination with the following silence set which is controls-forgetting from time 0:

S (G =) AS () =arginf (S () 2 S O ).
S()

2932
« o Bita o a?gBi+1 _ S aB,
where, ki = s Gi=p+ v ,Pre1 =1, and \; = pr and where,

T +OO’ if nr > N07
— —~ 2 3 .
! E [(CT —Crir) +me () |Sr (), {28 () g 1} , otherwise,

S0, D | +E D (£ () 10)]

i=ME [(Ct — Et|t)2 +m - ()

I =il Tu(S).

Moreover, this control law s a certainty equivalence law.

PROOF. Starting with the result of Lemma [ as a seed, repeatedly apply in sequence
Lemmas [10] [/} This proves optimality of the above combination. Lemma [I] implies that the
controls laws of are indeed certainty equivalence control laws as per van der Water and
Willems [46]. O

5.3. Messaging over an noisy linear channel. This model is a generalization of the
classical additive white Gaussian noise (AWGN) channel, where we let the channel noise be
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coloured and non-Gaussian. This channel accepts real valued inputs ¢; and delivers outputs
z; with noise added. For 0 <¢ <T:

2t = U + X,

where the channel noise process {x;} is IID with mean zero and variance o < oo. At time t,
the noise x; is independent of the state, controls and process noises up to and including time
t. For this style of messaging, we describe a model that allows the encoder to choose the SNR
for each message. Naturally the model will also specify costs incurred for choosing message
SNRs.

5.3.1. Communication cost. Let the real-valued even function ¢(-) increase with increasing
magnitude of argument, and let ¢(0) = 0. An example is the function ¢(:) = *. Let ¢ denote
an upper limit on inputs to the channel. Then the communication cost incurred at a time ¢
can be described thus:

+oo if |u| > 7.

. {qsut) if Ju| <7,

Let P < ¢(7) denote an upper limit on the average power of channel inputs over the entire
horizon. We define the communication cost from time ¢ to the horizon end as follows:

18) r— {m E[Xe()] i Xoe) <P-(T+1)
+00 if Y o0 (y)>P-(T+1).

where m is a fixed non-negative scalar.
5.3.2. Sufficient statistics and scope for the dual effect. It is straightforward to see that

t—1 t—1 t—1
T, {Lj 0 7{5]' 0 {zj

are sufficient statistics at the encoder. As with quantized and event-triggered messaging, here

too there is scope for the dual effect since the encoding map may be nonlinear.

Clearly there is no dual effect introduced if the upper limit on inputs is removed, and the
encoder implements an affine encoder. But in general, there is scope for introducing the dual
effect. If the encoder implements the quadratic encoder:

drati
gua ratic — nx?’
then there is a second-order dual effect. Another example of an admissible encoder that
introduces the dual effect in the loop is one that implements the piecewise-constant encoder:

-7 ifz € (—o00,—0),
& =40 if x; € (—9, +0) ,
t ifxy € (40, —00),

where the threshold @ is fixed. In fact, this encoder has nearly the same input-output behaviour
as the encoders considered in examples[I]and 2] Using this parallel, one can setup an example
of a loop with an additive noise (AN) channel such that the dual effect is present. And,
when there is a finite, hard limit on amplitudes of channel inputs, then the dual effect is
present for any encoder other than the trivial ones of the form: & = constant. As with other
types of messaging, we can show that even though the dual effect is present, the dynamic
encoder-controller problem has a separated solution and certainty equivalence controls are
optimal.

LEMMA 11 (Controls-forgetting compander optimal for affine controls). Fix time t = i
and apply control laws affine from time v. Suppose that for all times j > i the optimal
encoding policies £5 () and their performances are independent of the partial control waveform
{ui,...;ur}. Then, for all times j > i — 1 the optimal encoding policies £ (-) and their
performances are independent of the slightly longer waveform {w;_1,u;, ..., ur}.
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PROOF. As with proving Lemmas 3,4 we carry out two steps. First we show that because
the cost-to-go is quadratic, the quantizer’s objective at time 7 is to minimize a sum I'; of current
and future estimation distortions. Second we show that the minimum of this sum distortion is
independent of the control u;_ ;. Thus the optimal encoder becomes controls-forgetting from
time 7 — 1. U

The main result for communication over a noisy linear channel is presented below.

THEOREM 4 (Optimality of separation and certainty equivalence for additive noise chan-
nel). For Design problem @ with the additive noise channel, the performance cost with
communication cost (L8|) is minimized by applying the linear control laws

* * 5
uf = —k; Ty

in combination with the followz’ng compander which is controls-forgetting from time 0:

i (G =) e () =arginf T ()5 (=00 (e O35,
e(+)

where, ki = aquil Bi=p+ ‘;fg’:ll Bryr =1, and \; = ZJF%“ and where,
o[ it Ygw(m)>P-(T+1),
_ S B .
! E [(CT—CTlT) +meo () ler (), {26 () bo 1}, otherwise,
~ 2
[y =N E[(Q—Cﬂt) +m - (ne) e (), D?fnl ] +E[ t+1 ({ZuQ()}g)] ’
Iy = 11(1)f Ty (e).

Moreover, this control law is a certainty equivalence law.

PROOF. Starting with the result of Lemma {4] as a seed, repeatedly apply in sequence
Lemmas [11} [/} This proves optimality of the above combination. Lemma [I] implies that the
controls laws of are indeed certainty equivalence control laws as per van der Water and
Willems [46]. O

We might also add that for all of the above channel models, the results for Design prob-
lem [2| can also be extended to the case of vector valued states with only partial, noisy linear
observations available at the sensor (encoder). Such a situation is no more complicated than
that one where the encoder observes the state perfectly. In the partially observed case, the
role of the ‘state’ falls on the estimate produced by the encoder’s Kalman filter.

6. Constrained encoder-controller design

We now use our understanding of the dynamic encoder-controller design problem (Design
problem [2)) to examine the constrained encoder-controller design problem (Design problem
and the hold-waveform-controller and encoder design problem (Design problem . In this
section, we show that, in general, separation in design of encoder and controller is not optimal
for these design problems. We do this by presenting a counterexample for each of these design
problems. Some of these counterexamples illustrate that the distortion term in the cost-to-go
lacks symmetry w.r.t. translations . Recall that this property was instrumental in ensuring
separation in the dynamic encoder-controller design problem (see proof of Lemma [5)).

Thus, we begin with Example [4, which illustrates, through explicit calculations, that sym-
metry w.r.t. translations does indeed occur in the dynamic encoder-controller design problem.
Next, we impose a set of constraints on the decision makers of the closed-loop system in Ex-
amples [Bf7, which have the effect of removing the symmetry w.r.t. translations. For these
cases, we show that separation in design is no longer optimal. In Example[9] we illustrate that
separation is not optimal when the control signals are held constant over random epochs.
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6.1. Symmetry w.r.t. translations leads to separation. We present a simple exam-
ple of a dynamic encoder-controller design problem; the encoder is specified in a parametric
form, but the choice of the parameters can be dynamic, with no restrictions on the set of
parameters. We show that the optimal controller uses the certainty equivalence law.

EXAMPLE 4. For the linear plant , with initial state xy given by a zero mean Gaussian
with variance o2, and process noise wy given by a zero mean Gaussian with finite variance
o2 let the horizon length be T = 2. Let the cost coefficients p and q remain unspecified. Let
the channel alphabet be the discrete set {1,2}. The controller receives a quantized version of

the state, denoted z and given by

{1 if o, < 0,
2 =

2 otherwise .

The quantizer thresholds 6g and 01 are to be chosen along with the control signals ug and uq,
to jointly minimize the two-step horizon control cost.

We use dynamic programming to find the optimal values for uy, 61 and ug, and éy, in the
specified order. From Lemmal[{], we know that uj is given by the certainty equivalence law as
—#/x\m, where the MMSE estimate of xy is given by Ty = E [xl} {zl}(ﬂ

Then, let us consider the cost-to-go at the previous time step,

2

(19) Vo =minE|a*(p+a*)ag + (q+p+ a*)ug + 2a(p + a*)aouo — q‘i ]
up,01

~2
L1

zo] + K,

where k = (1 + p + a®)a%. The above cost-to-go is to be minimized by selecting a suitable ug

and 6, simultaneously. To do this, we first need to find an expression for E [55%‘1|z0]. The

encoder outputs at times 0,1 tell us the quantization cells in which x¢ and x, lie. We use this
information to find an expression for the estimate T1, as shown in Appendix@ and rewrite
the cost-to-go as

function of ug
7\

Y

1)%“0

20
ug,01

. q q
Vo =minE |a®(p + a*)x) + (q+p+a2q+ 1)u3+2a(p+a2q+

(20) a2 Z;\f_l ,,92 (wj,lfu(), wj'fuo>
- — i 2L (1 +p+a)o?
q -+ 1 ]P)(.TQ € (97;_1, 91)) | w

~~

AT1:  function of ug and &

2

where 032 = o2 + a*02. The term 9(r,7) in the above equation is given by

= {_ B ((9 ¢ (Z_ - 9%) ~ 029(r)G (5_ - T{JC)
0;-1 09 a 0; 1 ac, 7
+a0sg G|r— —0i1— ) +029(r)G —r ,
O Ow Ow o1 Ow r—r

where 03 = 0202 /o2 and g(+) and G(-) are the probability distribution function and cumulative
distribution function, respectively, of the standard normal distribution. The quantization cells
for xg and z, are denoted by (0;_1,6;) and (wj_1,w;) corresponding to the encoder outputs
zo =1 and z; = j, respectively.

The quantization distortion term I'y in possesses symmetry w.r.t. translations, as
defined in . Thus, for any value of the control signal ug, the minimum value is given
by T5(E1), a term that depends only on the encoder. Then, the cost-to-go with respect to
the control signal uy comprises of only the terms in the first row in (@/ Hence, we obtain

(21)
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=
:% —05F \ Uy = —17 xo € (—O0,0) L]
A ' ug =0, zp € (—00,0)
é —06F Y up =1, g € (—00,0) ||
§ k ---ug = —1, xy € (0,00)
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FIGURE 6. This plot illustrates the symmetry w.r.t. translations of the quan-
tization distortion term I'y in (20)). Different values of ug result in the same
minimum value for I'; at different values of 47, thus resulting in separation and
certainty equivalence in Example

separation. Furthermore, the optimal control signal is given by the certainty equivalence law,

CE __ a(PJraQﬁ)A

Uy” = — o aLojo- Thus, the certainty equivalence property holds for this setup.
a+1

We illustrate symmetry w.r.t. translations in Figure[6] For the choice of parameters a = 1,
p=1and g = 1, we evaluate the quantization distortion term I'y from the above example and
show that the minimum that this function attains over the range of the quantizer threshold
01 is invariant for different values of ug. To evaluate the cost-to-go, we make an arbitrary
choice: 9y = 0, for the quantizer threshold at time k£ = 0, and we compute the estimates and
probabilities using this choice.

6.2. Optimal constrained encoder. We now impose a restriction on the choice of
encoder parameters. The one-bit quantizer that we consider in the previous example selects
two semi-infinite intervals as the quantizer cells, Ay = (—o0, d;] and Ay = (g, 00). We restrict
the choice of the quantizer threshold to a constraint set, such that §, € ©. In the following
example, we see that separation is lost for this constrained optimization problem.

EXAMPLE 5. Consider the same setup as in Ezample[]], with the restriction that the quan-
tizer threshold be chosen from the set © = (—1,1). The quantizer thresholds §y € © and
01 € © are to be chosen along with the control signals ug and uy, to jointly minimize the
two-step horizon control cost.

We follow the same procedure as before. The optimal control signal u; s given by the
certainty equivalence law as vt = uff. This gives us the same cost-to-go Vo from (@
Evaluating T'y for the parameters a =1, p=1 and q = 1, we plot it over a range of quantizer
thresholds 0, € ©, for three arbitrary choices of ug, in Figure[7]. By restricting the range of
quantizer thresholds to ©, we do not permit all the curves to reach their minima from Figure|[6,
In particular, the minima for ug = —1, when x¢ € (—00,0), and ug = 1, when xy € (0,00) are
higher than before. Thus, the minimum value of I'y obtained over the range of 61 now varies
depending on the choice of uy. Consequently, there is no longer a symmetry w.r.t. translations,
and separation cannot be achieved using the proof of Theorem [0 Furthermore, the optimal
control signal ul must be chosen along with 67 to optimize the entire cost-to-go including the
term I'y. Thus, ug does not just minimize a quadratic expression in this problem, and cannot
be chosen independently of the encoding policy. Hence, separation in design of the controller
and encoder is no longer optimal.
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up = —1, zg € (—0,0)
ug = 0, xo € (—OO.,O)
uo =1, zg € (—00,0)

“““ ug =1, zo € (0,00)
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________________________ —Ug = 07 xo € (OOO)

Unequal Minima /

L L
-0.2 0 0.2
Encoder Threshold §;

---up = —1, zo € (0,00)

Quantization Distortion I'y

-1 1 1 1

-0.4 0.4 0.6

FIGURE 7. This plot illustrates the lack of symmetry w.r.t. translations of I'q,
when the quantizer thresholds are restricted to be chosen from an interval, such
as in Example[] Different values of uy do not result in the same minimum value
for I'; over the range of §;, thus resulting in a lack of separation and certainty
equivalence.

6.3. Optimal constrained controller. We now remove the restriction on the encoder
parameters, and instead impose the following restriction on the controller: the controls are
required to have limited range. Specifically, the control values at ever time step must come
from a specified constraint set &. We present two versions of this constraint: in case 1, our
constrained control set U is discrete, and in case 2, the constrained control set is an interval

U= (umina uma:c)-

EXAMPLE 6. Consider the same setup as in Example[]], with the restriction that the control
signal be chosen from a discrete set U = {—1,0,1}. The quantizer thresholds 6y and 0, are to
be chosen along with the control signals ug € U and uy € U, to jointly minimize the two-step
horizon control cost.

The unconstrained minimizer for the cost-to-go at the terminal time is given by the cer-
tainty equivalent value uSf. The best we can do, given the constraint set U, is to choose the
control value from the discrete set U that results in the lowest cost-to-go. Using this principle,

we find the optimal control signal uj to be

~ q+1
-1 mp =5,
* g+1 =~ +1
n=30 G Z2Tp =50
~ g+1
T < =5

The optimality regions are identified by comparing min,, s Vi (uy) evaluated at each permissible
value of uy, and determining the switching points.

The cost-to-go Vi, obtained by averaging over the three different cost-to-go functions ob-
tained at time k =1, 1s given by

Vo =minE |a*(p + a®)zf + (¢ + p + a*)ud + 2a(p + a®)woug + (—2aZ11 + g + 1)]1{51‘12%}

ug,01

+ (2af1|1 +q+ 1)1{§1‘1§_%} ZQ] +(1+p+ a2)(712ﬂ .

We denote the terms in the above cost-to-go that directly depend on the choice of the
encoder threshold 6, as T, Using the expression for Ty and the posterior density for x
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0 T T T T . —— - - -

————— ug = —1, zg € (—00,0)
up =0, 29 € (—00,0) |7
——————— up =1, xg € (—00,0)
s / —up =0, 29 € (0,00) il
Unequal ---ug = —1, z9 € (0,00)

Minima ceug =1, 7o € (0,00)

-1.5f

Quantization Distortion FFC
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FIGURE 8. This plot illustrates the lack of symmetry w.r.t. translations for TRC,
when the controls are restricted to be chosen from a discrete set U, such as in
Example [6] Different values of ug do not result in the same minimum value for
'R over the range of §;, thus resulting in the lack of separation and certainty
equivalence.

20:|

((—2@56’\11 +q+ 1)]1{51‘12%11}

from Appendz'x@ we compute TTC as

=R [(—QGT’E\m ot Dls seny + Qa4 et Dl o gy

Y P (2o € (0;1,0:) , 21 € (-1, ;)
— P (zo € (0;i-1,0;))

7=1

—+ (2@I1|1 +q+ 1)]1{51|1<q2+al}) .

FEvaluating the above expression for parametersa =1, p =1 and g = 1, and some arbitrary
choice of quantizer threshold &, we plot TS over a range of quantizer thresholds 6y, for
different choices of uy from the set U, in Figure @ Notice that the minimum values of TT¢
obtained over the range of 01 vary depending on the choice of ug. In other words, there is
no symmetry w.r.t. translations. Consequently, a separation in design of the controller and
encoder is no longer optimal.

We now present a slight variation in the restriction on the controller, and reconfirm that
separation in design of controller and encoder is not optimal.

EXAMPLE 7. Consider the same setup as in Example[]], with the restriction that the control
signal be chosen from an interval U = (Umin, Umax). The quantizer thresholds dy and 61 are to
be chosen along with the control signals ug € U and u; € U, to jointly minimize the two-step
horizon control cost.

As in the solution to the previous example, note that the unconstrained minimizer for the
cost-to-go Vi is the certainty equivalent value u’®. The best we can do, given the constraint
setU, is to choose the control signal closest to the unconstrained value. This follows from the
convexity of the quadratic cost-to-go. Using this principle, we find the optimal control signal
uj to be

Umin ulcE S Umin
UlcE Umin S ulcE S Umax
Umax ulcE > Umax -
Evaluating the cost-to-go Vi using uj, and reusing quantities derived in Appendiz [B, we can
write up the cost-to-go Vi as before. More interesting to us are the terms in this expression
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FIGURE 9. This plot illustrates the lack of symmetry w.r.t. translations of I''\°,
when the controls are restricted to be chosen from an interval, such as in Exam-
ple . Different values of 1 do not result in the same minimum value for I''° over
the range of 97, thus resulting in lack of separation and certainty equivalence.

that directly depend on the choice of the quantizer threshold 01, as given by
2
a

F{C - E <2a§1‘1umln + (q + 1)ur2111n)]1{£1\12_%um1n} o q_’_—l/x\%ll]l{_%umaxg/w\l\lé_qfrlumin}

FEvaluating this expression for parameters a =1, p =1, ¢ = 1, Upin = —2 and Upax = 2,
and some arbitrary choice of quantizer threshold &, we plot T1¢ over a range of quantizer
thresholds &1, for different choices of ug from the set U, in Figure[9. Notice that the minimum
value of T obtained over the range of 5, varies depending on the choice of ug. Thus, there
18 no symmetry w.r.t. translations, and a separation in design is no longer optimal.

—|—<26L/I'\1‘1Umax + (q + 1)ul2nax>]l{5§1‘1§ ot

- Tumax}

In both the above examples, the constrained set U did not contain the certainty equivalent
values of the control signal u; for at least some values of d;. The resulting cost-to-go Vj
was altered, such that the symmetry w.r.t. translations was lost. Consequently, separation
no longer holds. The restriction removed the certainty equivalence property during time step
k = 1, but the resulting cost and the information pattern resulted in the lack of separation
itself at time step £ = 0. A similar problem setup has been explored in [8], where the control
gain is restricted to be chosen from two given values. The dual effect has been shown for this
problem setup as well.

6.4. Zero order hold and event-triggered sampling. We study numerically two cases
of control under event-triggered sampling. Basically these are problems with a sampling budget
of exactly one. For the controller, we must design a whole waveform to be applied up to the
time when the first sample is received. We are already given the control law to be applied
from this random sampling time to the end time. For the encoder, we must design an envelope
to generate exactly one sample between time t =1 and ¢t =T

We study two examples, and in both of them, the encoder is allowed to be dynamic. In
the first example, the control waveform up to the first sample time is pre-assigned, and it has
a particular linear dependence on the Kalman predictor. In the second example, the control
waveform up to the first sample time must be a zero order hold waveform.
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FIGURE 10. Event-triggered sampling with exactly one sample after time ¢t = 0

EXAMPLE 8 (Fixed linear control law up to an event-triggered sample). For the scalar
linear plant , let the coefficient a = 1, and let the initial state o = 2, and oo = 0, and let
this information be known to the encoder and the controller. This simply means that zg = xy.
This information is prestored at the controller. Let the variance o2 = 0.5%. Let the horizon
end T =4, and let p=1,q = 0.2. The control law s fixed to be:

krE [:ct |x0,{ui 671] , foro<t <1 -1,
kfElxg |vr, {u}7],  form <t <T,

t =

where the gains k; are the ones from the certainty equivalence law @, and T satisfies 1 <
7 < T and is the first and only sample time, which is chosen by encoder. Choose a policy
(sampling envelope) which comprises silence sets {Si,...,Sr} giving:

T = min{T, r§1>1{1{t cxy ¢ St}}.

Next we consider an example of a design problem with a zero order hold control. Here we
specialize to the case where the control’s hold epochs are forced to be exactly the inter-sample
intervals.

EXAMPLE 9 (zero order hold control up to an event-triggered sample). Consider the
same setup as in Example [§ but there are exactly two epochs; and they must be precisely
{0,1,...7 =1} and {r,..., T}, where T is the first and only sample time, and is chosen to
occur at or later than time t = 1. The control laws over the second epoch are fixed to have the
form: w, = kfE [z, |z, ], for 7 <t < T, where the gains ki are the ones from the certainty
equivalence law (12). Pick: (1) a control law for the first epoch having the zero-order hold
form:

uy = K° (w0), for0<t<7—1,

and (2) a sampling envelope which comprises silence sets {Si,...,Sr} for generating the
sample time:

T = min{T, Itn>1{1{t cx & St}}.
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FIGURE 11. Setup of Bar-Shalom and Tse

The optimal sampling envelope of the zero order hold control example (Example E[) is
shown in Figure [I0Ob] This is pictorial evidence that the dual effect is present in the loop.
This becomes clear from the reasoning below.

Supposing the dual effect were absent, then the encoder’s goal would have been to pick
the sample time 7 to minimize a weighted sum of squared estimation errors up to time 7 — 1.
The envelope optimal for that objective will be a sequence of silence set symmetric about the
means [ [xt |x0, {u; 8_1] . When the plant noise is Gaussian, Hajek and others |22}, 23], 28, [37]
predict that a symmetric sequence of silence is optimal. They also imply that a sequence of
silence sets that are not symmetric about the respective means E [:pt |x0, {u; 8_1] will lead to
suboptimal state estimation.

Since the optimal envelope computed numerically is clearly non-symmetric about the
means [E [mt ‘xo, {ui}g_l}, there must be a dual effect in the loop, which is exploited by this
optimal pair of sampler and zero order hold controller.

7. Conclusions

In this paper, we have seen through examples that the dual effect is present in the plant-
encoder-channel combination. Hence in general, it is suboptimal to apply a controls-free
encoder, or to apply an affine controller. It has long been known that for the design problem
with a static encoder, separation is not optimal, and that the optimal control laws are non-
linear [13]. Recent interest in the dynamic design problem was due to Borkar and Mitter [10]
who describe advantages obtained by applying controls-forgetting encoders. Many papers state
that the separated design is optimal for the dynamic design problem for the various channel
models we have treated. We have shown by dynamic programming that these statements are
indeed correct. This is an instance of the optimal decision policies ‘ignoring’ the presence of
the dual effect. But a separated design need not be optimal for other design problems. In
particular, for event-triggered sampling the dynamic design problem has a separated design,
but the zero order hold control design problem does not have a separated solution. This is
at least partly surprising because, separated design is optimal for the classical LQG partially
observed control with or without the zero order hold control restriction.

An interesting aspect of our results is that we have shown that separation and certainty
equivalence are optimal for Design problem 2, despite the dual effect being present in the
networked control system of Section 2] To understand this result, we now examine two imple-
mentations of the optimal encoder-controller pair for this design problem, and using these, we
draw out some subtle points concerning dual effect and optimality of separation and certainty
equivalence. Bar-Shalom and Tse [7] consider the loop shown in Figure . At the sensor,
instead of our dynamic encoder, they place a nonlinear map. This sensor map is time-varying
but memoryless and its exact functional form is given. For this setup, they have a result
stating the mutual exclusivity of the dual effect and optimality of certainty equivalence con-
trols. In their setting, if the linear ‘plant’ is such that the effect of controls is never felt at the
observation signal y;, then clearly there is no dual effect. This happens in the case where the
so-called ‘plant’ has a sub-system that produces the ‘plant’ output after explicitly removing
the effect of controls.
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FIGURE 12. Two interpretations of implementing an optimal encoder £*.

However, for our setup (Figure, the sensor has a dynamic encoder even after one performs
the equivalence transformation by subtracting out the effect of controls. The use of ‘innovation
coding’ leads to the closed loop shown in Figure [dl The crucial difference from the setup of
Bar-Shalom and Tse is that rather than being a memoryless nonlinear map, the encoder &, is a
dynamical system. Hence the Theorem of Bar-Shalom and Tse does not apply. But it springs
the following question: Does the plant-sensor combination in the closed loop of Figure [4] have
a dual effect if an encoder is used that is optimal for the dynamic design problem ? To answer
this question, one needs to interpret carefully what it means to implement an optimal encoder.
For different interpretations, one gets different answers. Assume that we are implementing
the feedback loop of Figure [1| with the optimal encoder and any admissible controller.

The first interpretation of what it means to implement an optimal encoder, is the follow-
ing: The encoder stores the actual set of control policies used by the controller, and uses
this to carry out the innovation encoding, and on the result applies the sequential quantizer

& (.; {21}6 A& () 8*1 Au = 0}6*1). This is equivalent to the block diagram of Figure
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No matter what the actual control policies are, the controls have no influence on the input
to the sequential quantizer & (-; {230 & Y {w = O}ffl). Clearly, because of exact
cancellation of controls, the encoder implemented is controls-forgetting, and there is no dual
effect in the loop of Figure [12a]

The second interpretation is the following: The encoder does not pay attention to the actual
control policy being used. Instead, it assumes that the controller is applying the certainty
equivalence laws . It subtracts out the effect of the these certainty equivalence control laws.
To the residue (;, it applies the sequential quantizer & (-; {zi}g A& () 6_1 Auw = 0}6_1).
Clearly this encoder is not controls-forgetting. But yet when used in combination with the
certainty equivalence laws of , it leads to minimum performance cost.

On the other hand, when this encoder is used in combination with a general admissible
control law, there is potential mismatch between the encoder’s assumption and the actual
controller behaviour. The effect of the controls is not absent in the input to the sequential
quantizer & (-3 {z:}0,{& ()} " {wi = 0}8_1). This situation is shown in Figure Clearly,
there is a dual effect in this loop.

This leads to an interesting consequence. If a pair of encoding and control strategies is
optimal, then the individual strategies that are components of the pair must be person-by-
person optimal. Since the combination of certainty equivalence controls and the corresponding
optimal encoder is optimal, it follows that the certainty equivalence controls must be optimal
for the single-agent control problem obtained by fixing the encoder to be the optimal one.
Since the second interpretation of implementing the optimal encoder is perfectly valid, it
turns out that certainty equivalence controls can be optimal even though the dual effect is
present in the loop. Thus we can conclude that the Theorem of Bar-Shalom and Tse cannot
generalize to the scenario where sensors implement dynamic encoders.
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Appendix A. Calculations for Example

In Example , we explicitly show the dependence of the second moments of wy and z; — ),

on the applied controls when using a quantizer in its predictive form. Below, we show how to
compute these terms. From the definition of w;, we have:

17)0 = E[J?l |Z(),Zl] —E [ZEl |Zo]

=K [I‘l ’20721] —E [.%0 ‘Zo] — Ug.

We can find an expression for the term E [zq |zo], as shown below.

0
1
Plz = —1] = / — e~ (0=m)*/23 4.
—oco V 0

“arer(n))
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where erf (z) £ \% IS e~ dt. We also have:

0 0
1
P [Zl = —1, 20 = —1] = / / 5o e—(T’—Mo)2/2U§ e—(s—r—u0)2/2aﬁ} d’f’dS,
—o0 J —c0 0Yw

]P[Zl = —1, 20 = —].]

]P[Zl = —1’20 = —1] =

P[ZO = —1]
We can now find an expression for the terms Z1; = E [z |20, 21] and E [27 |20 = —1, 21 = —1]
as
D1<_OO70)

22 E =1 = _1] =
( ) [xl |z0 » 21 ] P[Zl = —]_, 20 — —1]

0 (0
oo J oo 2TOGO

DQ( o0 0)
23)  Efal|zo=-1,2=-1]=
( ) [:Bl |ZO y 21 :| _1 70 = 1]
OO O / / (rin)Q/zo-g 67(57717’“0)2/2012“ drdsj
27TO'00'w
with similar expressions for the event zp = —1 AND z; = 4+1. We then can compute:

2
E[’E}%’ZO: —1] :]P)[Zl :—1’2’0: —1] X (E[.Tl ’Zl = —1, zZ0 — —1] —E[x0|20: —1] —Oé)
2
+ P2y = 41|20 = —1] x (E[w1|21:—|—1, 20:—1]—E[x0|20:—1]—a> ,
2
:Pkp:—ﬂ%:—ﬂx(Ehﬂa:—mzwz—ﬂ>

F Pl = +1]z = 1] x (Efry |21 = +1, 2 = 1D3—@+Epﬂ%:—uf.

The events corresponding to zg = +1, with z; = —1 and 2z; = 41 result in similar expressions.
Thus:

E[l?}%’ZOZ—Fl] :P[21:—1’20:+1] X

/N

2
Ehﬂm:—L%:+U—Euﬂ%:+U—@

+ Pz = +1]z0 = +1] X

RS

2
E[l’l |Zl = +1, 20 = —f-l] —E[$0|ZO = +].] —ﬂ) .

2
— Pl =4+1]20=+1] x (E[z1 |21 = +1, 2 = +1D

N

+]P)[21 —1’20 +1] X

RS

E [z |21 = —1, 20 = +1]> <5+E[$0|Zo +1]>2
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We also have:

Varfftr =K |:(.I'1 - §1‘1>2 |ZO = —1i|
2
=Plzy=—1|z=-1] x {]E (7)1 = =1, 2= —1] — (E [r1]21 = —1, 20 = —1]) }
2
+ Pz = +1]z0 = —1] x {E [ajf |21 =41, 2= —1] — (E (1 |21 = +1, 20 = —1]) } :

In F1gure E [uf |20 = —1] and Vary; are plotted against « to illustrate the presence of a
dual effect.

Next, we consider how to compute the conditional expectation above. Consider the
scalar linear system:

Typ1 =axg+u +wy, t€4{0,1,...},

where zg ~ N (p9,00), and the noise process w; is IID with distribution N (0,0,), and is
independent of current and past controls and states. Suppose that the control u, is causally
computed on the basis of a sequence of quantized outputs: z;. Consider the quantizer @ (+):

Qt(xt) = ?:, if x; € (92‘,1, 91) y

where the ;s are measurable with respect to the partial sequence zé_l. Under this setup, the
conditional expectation of the state at time 1 in (22]) can be expressed as

Tip = Ef21 |z € (0i-1,0;) , 21 € (wj—1, ;)]

where for notational clarity, we have denoted the quantization levels at time 0 with the letter 6,
and the levels at time 1 with 1. Computing Z';|; requires computation of the following double
integral from ([22)):

. . 2 2 s—u als—wu
1 w; 0; _%(;7_2TZ%+Z%+( — 0) +a r2 _or (02 0))
D; = se 0 0 ‘0 w i w dr ds.
2100w Jo,_, Jo,_,
Let o and fi be defined as follows:
1 a?

=2 2 a9

o o5 0%

— 2 o a(S — Uo)

s =0 <_2 + )
90 Ow

Denote by ¢(r) the standard Gaussian probability density e"*/2/y/2x, and by G(r), its CDF
fjoog(s)ds. Then, we can write:

2 .

5 i pw ou? o? (g et uo) N

D =—— ¢ % se 20 e~ 352 (T Hs) drds
V 27T000w wi—1 0i—1 2mo

= (auo + Uo) -P [LU(] € (91',1,09') x| € (wj,l,wj)]

wj—apg—ug

(24) +\/a2ag+afu-/\/j R 5g(3) {G(A- Bs) — G (A Bs)} ds.

A/ a ‘70+‘7w

where A= (6; — 19) /&, A = (0;_1 — 1) /7 and B = acy/0,,. The first term above can be calcu-
lated using established routines for calculating multivariable normal probabilities (MATLAB
command mvncdf). The second term can be explicitly calculated using the following indefinite
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integral found in Owen’s table of Normal integrals [38]:

/a:g(:v)G(A—Bm)dx:—\/%g<\/%) G(wm—\/%)

— G(A — Bx) g(z).

Finally, the conditional expectation in (23 requires evaluating an integral of the form:

w 0; 1 2 © H2 (s—u )2 2,2 a(s—ug)
T e e
s“e 0 0 0 w w w dr ds,
-1 /0,1
—apg—ug

/Vfﬁz”jo #9(3) {G(A-B3) ~G(A-B3)} ds
a202+gw

A
Dy =
2M000,

wj—apg—ug

+ 25 (u + app) /v “obth 5 g(3) {G(A— B3) - G(A— B3)} d3

Wji—1—akQ—UQ

A/ a2z7(2)+aw

wj—apg—ug

+ (u + ap) / w6t g (3) {G(A— B3) — G (A B3)} d3,

—1- ‘1“0 "0

where 6 £ \/a208 + 02. Let h(z) = zg(z) {G (A— Bz) — G (A — Bz)} . Then,
d[h(z)] = g(z) {G (A— Bx) — G(A— Bz)} du
—2%g(2) {G (A— Bz) — G (A— Bx)} da
— Bzxg(x {g(A Bz) — g(A— Bz)} du.

Hence, the first term of D5 is

—apg—ug

A~2/m #9(5) {G(A-B3)—G(A- B3} ds

0+”w

= UQ[h( )] + O-QIP) [:L‘O € (Qi—la‘gi) yT1 € (wj—lij)]

_~2B/’ij v g(x){g(A— Bx) — g(A — Bx)} du,

nj-1

where 7, = (g — apg — up)/+/a?og + o2. To calculate the last integral, we can use the result
found in Owen’s table of Normal integrals [38]:

/$g(:v) g(A— Bx) dx = 1+BQg<A/m> (93\/@—/13/@)

; (HATF)/ g (ANTTB?) G (+VTT B2 ABVIT ).

By using the above expressions in and (23), we can evaluate the terms E [ |z = —1]
and Vary; for different values of o, and plot its dependence in Figure .

Appendix B. Evaluating the cost-to-go V{, in Example

In Example [ to compute the cost-to-go Vj, we must be able to compute the term
E [fff'l‘z()} Using the expression for Zj; (see (22)) in Appendix , the desired quantity
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E [i?fll‘zo} can be written as

N
E [@\%H‘ZO] = Z]P (.171 < (w]'_l,w]') ‘ To € (Qi_l,éi)) . (E [.T1’ZO = l,Zl = ]])2
j=1

B 1 Y D,

- ]P)(l’o - (Qi_l,ﬁi)) ; ]P)(l’o € (Qi_l,ﬁi),xl c (wj_l,wj)) '

In the above expression, note that D; depends on the quantizer cell (w;_;,w;) and has been
evaluated in in Appendix . Also, the second term in has been denoted by ¥(r, 7)
in of Example . By setting pp = 0 as per Example {4 in the expression for D; above, the
cost-to-go to be minimized can be rewritten as in ([20]).
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