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Abstract— We consider a multi-agent linear quadratic optimal
control problem. Due to communication constraints, the agents
are required to quantize their local state measurements before
communicating them to the rest of the team, thus resulting in
a decentralized information structure. The optimal controllers
are to be synthesized under this decentralized and quantized
information structure. The agents are given a set of quantizers
with varying quantization resolutions—higher resolution incurs
higher communication cost and vice versa. The team must
optimally select the quantizer to prioritize agents with ‘high-
quality’ information for optimizing the control performance
under communication constraints. We show that there exist a
sepatation between the optimal solution to the control problem
and the choice of the optimal quantizer. We show that the
optimal controllers are linear and the optimal selection of the
quantizers can be determined by solving a linear program.

I. INTRODUCTION

Networked control systems are widely used in various
applications, such as sensor networks, intelligent transporta-
tion systems, self-deriving vehicles, and robotics [1]. These
systems often employ quantization to reduce the communica-
tion bandwidth required to close the feedback loop from the
sensor to the controller [2]-[5]. For multi-agent systems with
multiple controllers and sensors, the need for quantization is
even more pronounced to judiciously utilize communication
resources. The quantization process aims to strike a balance
between control performance and communication constraints.
Higher resolution quantizers incur less quantization error,
leading to better control performance but at the expense of
larger communication bandwidth required to transmit their
output. Conversely, coarser quantizers require fewer bits to
be transmitted but result in degraded control performance.

While the trade-off between quantization bit-rate and
optimal control performance for single-agent systems has been
investigated [6]—[8], this trade-off for multi-agent systems is
not equally well understood. This knowledge gap primarily
stems from the fact that determining the optimal design for the
quantizer and the controller, even for a linear-quadratic single
agent, is a computationally intractable problem [5], [8]. For
multi-agent systems, the problem becomes significantly more
challenging due to the decentralized information structure
[91-[11].
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For a single agent, the primary challenge lies in the design
of the quantizers. While several works have been able to
characterize the optimal controller, the optimal quantizer
design problem remains to be unsolved. Recently, the works in
[12], [13] considered a different formulation where quantizers
are not designed but rather chosen from a given set. These
works, primarily focusing on the single agent case, aimed
to design the optimal controller and then select the optimal
quantizer to minimize a weighted cost function combining
control and communication costs.

In this paper, we adopt the framework of [12] and extend
it to the multi-agent case. Here, each agent must select
the optimal quantizer at each time instance to maintain a
balance between control performance and communication
constraints/costs. While the agents share quantized states
with the team, they retain the true state values to themselves,
thus resulting in a decentralized information structure.

The contribution and significance of this work lie in
deriving the optimal controller and the optimal selection
of the quantizers in decentralized settings. We show that the
optimal controller for each agent has two components: one
that depends on the common information communicated by
each agent to others, and another that solely depends on
the local information each agent processes. We show that
the optimal selection of the quantizers is time-varying for
finite-horizon problems, and it can be determined by solving
a linear program.

The rest of the paper is organized as follows: We formulate
the problem in Section II. We discuss the decentralized infor-
mation structure and the quantization scheme in Section III.
The optimal controller is derived in Section IV and the optimal
selection of the quantizers are obtained in Section V. Finally,
we conclude the work in Section VI.

A. Notations

Given a matrix A, A > 0 and A > 0 denote that A
is positive semi-definite and positive definite, respectively.
vec(vy,...,v,) denotes the column vector formed by ver-
tically stacking the vectors v;’s. Given any vector valued
process {y; }+>0 and any time instances ¢, ¢2 such that ¢; <
ta, Yi,:t, is a shorthand notation for vec(ye, , Ye, +1, - - - » Yt, )-

II. PROBLEM FORMULATION

Consider a system of n agents (see Fig. 1) evolving in
discrete time with linear dynamics. Let zi € R% denote
the state and u! € R% denote the control action of agent
1,1 € N :=1{1,2,...,n} at time ¢. The dynamics of each
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Fig. 1. The n agent model with all-to-all communication framework.

agent are given by
Tipr = A'zy + Blup + w, (1

where A’ and B? are matrices of compatible dimensions and
{wti}'tT:_O1 is a zero-mean i.i.d noise process with finite second
moment ¥!. We do not assume that w! is Gaussian. The
initial state z}) is a random vector with zero mean and finite
second moment Zi. For convenience of notation, we often
use w’ | to denote x}).

Assumption 1: For all i,5 € {1,2,...,n} and t,s €
{-1,0,...,T — 1}, we assume that w! and w! are inde-
pendent for i # j or t # s.

By concatenating the linear dynamics for all of the agents
we may write

i1 = Axy + Buy + wy, 2
where A = diag(A*,..., A"), B = diag(B*,..., B"), and
wy = vec(wt,...,wk). In (2), zy = vec(z},...,z}) and

U = Vec(u%, ..., u}) are the vectors representing the states
and controls of all the agents.

Each agent perfectly observes its own state. However,
due to communication constraints and limited power of
agents in transmitting information (as we will discuss in
detail in Section II-A), the agents must use quantizers when
transmitting information to the other agents to reduce the
communication bandwidth. We assume that a set of M
quantizers are provided to quantize the state value for each
agent.! The symbols of the m-th quantizer are denoted by
Q™ = {¢",...,q/m}. Associated with the m-th quantizer,
let P™ = {p",...,py%} denote a partition in R% such that
p}j* gets mapped to the symbol ¢} for each m € {1,...,¢™}.
Thus, the m-th quantizer provides a mapping/encoding §™ :
R — Q™ such that 6™ (z) = ¢}" if and only if = € p]".

A. System Performance

The control objective for these agents is to jointly minimize
the finite-horizon quadratic cost function

T-1
Jeonwo = E[aQar + Y (2] Que +ul Rur)|, @)
t=0

where Q = 0 and R >~ 0. Let Q% € R% *d= denote the ij-th
block element of () that couples the states of agents ¢ and j

I'The analysis remains the same when different agents have different sets
of quantizers.

via the term (2)TQ% 27, Similarly, we define R* to be the
ij-th block element of R.

Although the agents’ dynamics are decoupled (see (1)),
the objective function (3) couples the states and control
actions. Hence, the optimal control for each agent depends
on the global state x;, which necessitates each agent to
share their local state information x} with the other agents to
increase performance. In this work, we assume that agents
can broadcast their messages to the entire team (i.e., an all-
to-all communication architecture), to better coordinate and
lower the control cost of the whole team. However, the agents
must use quantizers to judiciously use the communication
resources (e.g., bandwidth). In other words, the agents must be
prioritized to use the communication resources based on how
their state information helps in reducing the global objective
function (3).

The (communication) cost of using the m-th quantizer is
A™ > 0. For instance, \™ = log,(¢") denotes the number
of bits required to transmit the quantized message from the
m-th quantizer. Let us define the new decision variable

gim _ 1, agent ¢ selects quantizer m at time ¢,
m—

. 4)
0, otherwise.

In general, the quantizer selection policy could be a random-

ized policy and, therefore, the outcomes 9%’” are random

variables. Hence, the expected communication cost for the

entire team at time ¢ can be expressed as

n

n M
Jeomme = Y BN =Y (BTN, )

i=1 m=1 i=1

where 0! = vec(6it,...,0:™) and A = vec(A\!,..., A\M).
The total communication cost for the entire horizon therefore
becomes
T—1
Tcomm =Y, Jcomm.t- 6)
t=0

For the communication constrained control problem, we will
consider the following three variations.
Per-time communication constraint:

min  Jeontrol (P1)

subject to Joomm,t < Ct, t=0,...,7—1,

for given time-varying communication budgets c;’s.
Cumulative communication constraint:

.min Jcontrol (P2)
subject to Jcomm < ¢,
for a given cumulative budget ¢ > 0.
Weighted cost formulation:

min  Jeontwol + @ Jcomm, (P3)

where o > 0 is a trade-off parameter between the commu-
nication and the control costs. The optimization problems
in (P1)-(P3) are carried out w.r.t the control variables (i.e.,
up 1) and the quantizer selection variables (i.e., 057% ;).



In this work, we assume that each agent may select only
one quantizer at any given time, which imposes the constraint

M .
doom=1, )
m=1

forallt=1,...,nand ¢t =0,...,7 — 1.

III. INFORMATION STRUCTURE AND QUANTIZATION
SCHEME

We denote the quantized measurement of agent ¢ at time
t as z}. If agent i uses the m-th quantizer to quantize x?,
then z{ = §™(x%). Using the quantizer selection variables
i™ defined in (4), we may also express z! as

M
=) 078" (xy),
m=1
which explicitly shows how the choice of the quantizer (i.e.,
0im) affects 2.

Remark 1: Instead of quantizing x{, one may quantize
any other signal, say ¢!, that depends on the entire history
.4, uh ,q at time t. In fact, often one quantizes &f = xj —
Z;;B(Ai)t_l_j B'uf;, which is known as predictive coding
[14, Definition 3.1]. In this work, we also do not quantize
xi, as will be explained later.

While each agent shares its quantized state with others, it
retains the true state locally and may use it for synthesizing
its control inputs. Therefore, our problem formulation has
a decentralized information structure. At time ¢, agent ¢
observes its own state and selects the quantizer 6! to broadcast
2! to all agents. Next, the agents use the broadcast information
to take optimal actions to solve (P1)-(P3). The information
available to agent ¢ prior to quantization and communication
at time ¢ is

Lo ={z}, ®

where ¢~ indicates that IZ, is the available information prior
to any decision taken (on control or quantizer selection) at
time ¢, and z; 2 vec(z},...,2]) is the vector created by con-
catenating all communicated signals and 6; = vec(6},...,0F)
is the concatenation of all quantizer choices. After the
quantized measurements are received by the agents, the

available information to agent ¢ is
Iti = {xéztvuéztflv N IZ* U {2, 0:}. ©

We may split the information I} into two parts: The infor-
mation available to all agents, i.e., the common information,
and the information available to each individual agent, i.e.,
the local information. We denote the common and local
information as I¢ and I}, respectively:

If = {Ho:tazo:t}7 (10)

i, i

I = {xh., ugi—1 }- (11)
Agent ¢’s controller is a measurable function of the

local information I}, whereas the quantizer selector is If_;
measurable. One may notice that the information set I} is

It_ - {I’O:t? UQ.t—1520:t—15 00:t—1}7

equivalent to the information set {w® 1., 1, ub.;_1,20:¢,00:¢ }»
which is expressed in terms of the primitive variables w?’s.
In this work, we restrict ourselves to the innovation quanti-
zation framework where each agent shares a quantized version
of w!_, instead of x| at time t. When z} is quantized and
shared, the optimal controller synthesis becomes an intractable
problem even for a single agent case. This issue becomes
significantly more complicated for the decentralized multi-
agent case considered in this work. A detailed discussion on
quantization of w! instead z¢ can be found in earlier literature
[2] and in our recent works [12], [13]. Therefore, from this
point onward, for all t =0,...,T — 1, we will consider

M
Z= )06 (wi ). (12)
m=1

Remark 2: Due to the restriction imposed by (12) (i.e.,
quantizing w;_; instead of z!) we may lose optimality. It
is noteworthy that there is no such loss of optimality if
we quantize ZZZO(Ai)t’Swi_l instead of w! , at time
t; see for instance [14, Lemma 3.1]. Quantizing/encoding
ZZZO(Ai)t_swéfl is known as predictive coding, where
the quantizer removes the contribution of the control before
quantization. A brief discussion on the trade-off between
computational tractability and optimality for considering (12)
instead of predictive coding can be found in [13]. Studying
our proposed multi-agent problem in the predictive coding
setup is a promising and challenging future direction.

Remark 3: If each agent has a partial and noisy state
measurement y; = C'xi+v!, one would need to quantize the
innovation signal &} = x} —E[x! | yi.,, ub.,_,], as mentioned
in [13]. One may verify that £ = w!_; when C} = I and
vé = 0, which is the case considered in this work. We refer
to our quantization scheme as innovation quantization since
we quantize the innovation signal.

Under the innovation quantization scheme (12), our objec-
tive is to find the optimal controller and quantizer selector
strategies for each agent to solve the optimization problems
in (P1)—(P3).

IV. OPTIMAL CONTROLLER

In standard linear-quadratic optimal control problems,
the solution typically consists of two components: a state
estimator and a feedback gain. The state estimator depends
on available information, while the feedback gain depends
on system matrices through Riccati equations. However, for
multi-agent systems, this is not always the case. [9], [15]
showed that the solution is not necessarily linear, and even
with linear strategies, certainty equivalent controllers might
not be optimal. In our paper, we show that the optimal
controller is indeed a certainty equivalent controller.

Given that we have both local and common information,
we define the estimators and the Riccati equations upfront for
subsequent uses. To that end, following [16], [17] we define
the following estimates based on the common information

= Elug|I7), & = Ela|If]. (13)



Additionally, we also define following error variables with

respect to the conditional expectations defined above
i’t =Tt — flAft, (143)
(14b)

ﬂt = Ut *’lALt.

Lemma 1: The state estimates and estimation errors evolve
as follows:

Typ1 = A2y + Bly + (15)
Tyy1 = ATy + By + by, (16)
where ’ZIJt = ]E[wt | Zt+179t+1] and
wh — Efw} | 2},08,]
Wy = : . (17)
wi' — Efwf [ 27,074,]]
Proof: The proof is presented in Appendix A. [ ]

We define a global Riccati equation whose solution (F;) is
used by all the agents in their controllers, and we also define
local Riccati equations (P}) for each agent, as follows.

P,=Q+ ATP1A— L{(R+ B"P,;1B)Ly,

Pr=Q,

Li=(R+B"P,,1B)"'B"P,, A,
and for each individual agent ¢, we define
Pl=Q"+ (Ai)TPtiﬂAi — (L) (R" + (BT P/, BY)Li,
Pr=Q", (19)
Lj = (R + (B') B}y, BY) (BT B, Al

(18)

The main result of this section is summarized in the
following theorem.
Theorem 1: The optimal controller for the ¢-th agent is

ul = —Liz, — LI, (20)
where L! is the i-th block-row of the matrix L; defined in
(18) and L! is defined in (19).
Furthermore, the optimal control cost under (20) is
T-1

Jeonwol = tr (PoSa) + > tr (Piy1 )
=0 1)

n T-1
+y > ElB)T6),
i=1 t=0
where ﬁi is a constant given in (29).
Proof: A proof sketch is presented in Appendix C. H
Using (14), one may express (20) in the form of u! =
—Lizi — Gi#y, where an expression for G can be obtained
from L! and L!. This demonstrates that the choice of
quantizers (i.e., 07 affects u! only through the term Z;.
Furthermore, it can be verified that when the cost is decoupled
(i.e., Q¥ = 0 and R¥ = 0), we have Gi = 0, as expected.
Theorem 1 not only reveals how the optimal controller is
affected by the quantization process, but also demonstrates
how the control performance (i.e., Jconwor) 18 influenced by the
choice of quantizers. This enables us to optimize the quantizer
selection policy further to minimize Jcontrol, @ discussion of

which will be provided in Section V. We conclude this section
with the following remarks.

Remark 4: The optimal controller for the ¢-th agent con-
sists of two parts: the — L4 part that depends on the common
information and the part —Li#, that depends on the local
information.

Remark 5: In the case of non-quantized communication,
the optimal control cost is tr (PyX,) + ZtT;()l tr (Pry12w),
and therefore, the adverse effects of the quantization
on the control performance is quantified by the term
S S E(BE)T6). A similar observation is also made
in [18], where the communication suffered from packet
dropouts and delays instead of quantization.

V. OPTIMAL QUANTIZER SELECTION

In this section, we derive the optimal quantizer selection
strategies for the agents. Let i (- | I{_) denote the quantizer
selection policy, which is assumed to be a randomized policy
without loss of any generality. In other words, we have
PO™ = 1| I_) = pi(m | Il-), for all m = 1,..., M.
For notational convenience, we define ™ to denote pi(m |
I'_). For pi(- | Il-) to be a valid randomized strategy,

we impose Z%Iﬂ pim™ = 1 for all t. Finally, we define

pre = (pg, -, pft) and g = (ugts . g,

Optimizing Jcongol in (21) is equivalent to optimizing the
last term only since the first two terms are constants. At
this point we consider each of the optimization problems
(P1)—(P3) separately and discuss their corresponding optimal
quantizer selections.

A. Per-time and Cumulative Communication Constraints

In this section we consider (P1) and (P2) and derive the
optimal quantizer selection strategies for these two cases.
Using (21) and the definition of p}, we may rewrite (P1) as

T—-1 n
min 30 3 ()78 @)
t=0 i=1
n )
. > W) < e, t=0,...,T—1,
subject to {7 1
_ _ i=1,...,n,
1Tpp =1, pp>0,
which is a linear programming (LP) problem in p. The
constraints 1Tui = 1 and pu¢ > 0 are to ensure that pi

is a valid probability distribution. Since the cost function can
be decoupled in ¢ and the constraints are already decoupled,
the optimal selection strategy at any given time ¢ can be
found by solving the following optimization

n

min Y (uf) "B (23)
i=1
. Z(M%)T)\Sct, t=0,...,T -1,
subject to 7

T ; 1=1,...,n.
py =1, py 20,
This results in a linear program and can be solved efficiently.
Remark 6: Although it may appear that the optimal selec-
tion of the quantizers at time ¢ is not concerned with the



system’s future performance, this is not the case. The j3i
variable encapsulates the effects of the selected quantizer at
time ¢ on the future performance.

In a similar fashion, the cumulative communication con-
strained problem (P2) is expressed as

T—1 n
min (1) By (24)
t=0 i=1
-1 n
_ E:E:MTA<C t=0,....,T—1,
subject to 4= — )
= 1=1,....,n

1Tui=lﬂ 1y =0,

which is also a linear program. However, unlike the previous
case, the optimal choice at time ¢ cannot be decoupled.
B. Weighted Cost Formulation

Following the same steps as in the previous section, the
weighted cost formulation yields

T—-1 n

ZZM

t=0 i=1

(B + aN), 25)
t=0,....,T—1,

i >0,
He = i=0,.....n

subject to 17! =1,
This problem is particularly interesting as the class of
deterministic policies (i.e., ui™ € {0,1}) always contains the
optimal policy. In particular, agent ¢’s optimal quantizer at
time ¢ is

m* = argmin,, {B™ + aA™}. (26)

It is noteworthy that (P3) can be though of a Lagrangian
relaxation of (P2). Therefore, one might be tempted to solve
(P2) via (P3). However, (P3) will always return a deterministic
selection policy (for every value of a) which is not necessarily
an optimal solution to (P2). In other words, one may not
be able to recover the solution of (P2) from (P3) by simply
varying «. A detailed discussion on this is beyond the scope
of this letter and will be addressed elsewhere.

We conclude the discussion on quantization selection by
the remark that the optimal selection strategy can be found by
solving a centralized linear program. This LP can be solved
offline, similar to the computation of the Riccati equations
that can be carried out offline as well. This significantly aids
the practical implementation of the framework, where one
does not need to carry out an online optimization at every
time instance.

VI. CONCLUSIONS

In this letter, we revisited a decentralized linear-quadratic
optimal control problem with communication constraints. We
derived the optimal controllers as well as the optimal choice
of quantizers for the agents. We analytically quantified the
degradation in control performance due to the communication
constraints. We demonstrated that the optimal controller can
be designed based on the solution of the matrix Riccati
equations, while the optimal quantizers can be determined by

solving a linear program. Furthermore, this linear program
can be further simplified depending on the nature of the
communication constraints.
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APPENDIX
A. Proof of Lemma 1
We start by
,’fio = E[$0 | Ié] = E[Z‘Q ‘ 20,90].

Next, we use (2) to derive the definition of z;,;. We have,

Trp1 = Bloen | I] = E[Azy + Bug + wy | 17, 2041, 0141

(a) [Al‘t + But | I } + E[UH | Zt+179t+1}



where (a) follows the fact that w; is independent of I and
(2¢,ut) are independent of z;41,6:11 which only depend on
wy. Finally,

Tyr1 = AZy + By + Wy,
where ©w; = E[w: | 2t41,0t41]- Then, the error process
evolves as

= A:Ut—l—But + wy —
— A%, + Biiy + 0,

‘%H*l ASAUt + B’ELt + ’lf)t

where w; = wy — Elwy | 2411, 0¢+1], which by Assumption 1
can be further simplified to

wtl - ]E[wtl | 215179151-&-1}

Wy = : . Q7)

wi' = Elwi | 27, 0741]

B. Some Useful Lemmas

Lemma 2 (Completion of Square): Given a linear dynam-
ics k441 = Axy + Bug + wy, with w; being independent from
(¢, ut), we may write

[xTQ:rT + Z x;ert + u, Rut} =
t=0

T—

Z (ue + L) Pt+1(ut + Lyxy)
t=0

T-1

+Ztr

t=0

(PtH]E[wtw;r])

where P; follows the Riccati equation (18).
Proof: The proof follows from [19]. |
Lemma 3 (Conditional Independence): For any fixed fea-
sible control strategy ¢ and quantization strategy §, the random
vectors 2™, u}™ are conditionally independent given the
common information I. That is, for the collection of events

E}", where E} is any measurable subset of R%=+du,

= HP((x6:t7ué:t) € E(ZJt|Itc)
i=1

Proof: Arbitrarily fix a control and quantization strate-

gies for all of the agents and define the following sigma

algebra:

]P)({xg:hu%):t € E(i):t}ZGN | Itc)

]:tc = U(zo:t; 00:1‘,)’

Fi = U($07wo;t,20:t790:t)-

It follows from the independence of {zf,wd.,}icn that
{F}}ien are conditionally independent given Fy. Next, we
show the result by induction. At time ¢ = 0, the above
statement is true because the initial conditions are independent.
Suppose this statement is true at time t. At time ¢ + 1 we

+tr (P()E[xoxg])

have

P({xézt+1vu6:t+1 € Eé:t+1}i€N | I71)
= P({$6:t+17u6:t+1 € Etl):t+1}i€N | If, {ZiltJrl? 92+1}i€N)
= P({xgzt+17u6:t+l € Eg.py1 tien | I,

{ Z Gifldm(wi), 9§+1}i€N)
= P({(gz (zé:ta wtv

xé:tv ug:t € Eé:t}iEN | I, { Z ele(Sm(wi)’ 9§+1}iEN)’

m=1

) gu(xétvl )) € EZ-&-l’

where G* and G" are functions given by the choice of the
control and quantization strategies. In the last equality, {z}_,
and u}., are independent of w! and conditionally independent
of If for ¢ # j by the induction assumption. Furthermore,
(zh.p,wi, If) € F} and hence is conditionally independent of
F¢. Hence, we can write

]P)({(‘Cx(xz)w wti7 Itc)7 ‘Cu(méztv sz)) S Eti-&-l

M
) m(i):fﬂ u?):t € Eé:t}iEN | Itc7 {Z Hleém(wi)v 9é+1}i€N)
m=1

4’30 tthv I), Eu(xé:ta I})) € Eti-&-l

Ile(e

M
’$6:t7 u?):t € Eé:t}iEN | Itc7 {Z eéTlém(wé)v 9i+1)
m=1
n
= HP(%:tHaUloth € Egpbien | Iiq)

i=1
|

Corollary 1: At any given t and for given matrices M,
and M,

E[fﬁMme%] =0, E[ﬂiMuﬂg] =0. for

i J.
for any matrices M, and M, with compatible dimensions.
Proof: The proof follows directly from Lemma (3). &

C. Proof of Theorem 1

We write Jeonwor Using the estimates in (13) and (14) as
follows:

JControl =E [‘%}—’Q‘%T + i.;Q‘%T
T—1
+ > (8] Qe + 2 Qi + 0 Ry + ﬂIRﬂt)]
t=0
= jControl + jControh
where

T—
Jeonwot = E[#7Qi7 + 3 (3] Qéy + 0] Ri)|

—

T 1
|
,_.o

jControl =E [i‘;QiT + (i';rQ-%t + aIRﬂt)} 3

t

Il
o



IQ@] =

[2X.QZ7) = 0. For instance, we have

and one can use the tower rule to show that E[
Elif Q] = E
Bl i = B (8 i | 1]

@R [a] RE[a | I7]

® 0

where (a) follows from the fact that 4, is If measurable and
(b) follows from (13) and (14). We further use Corollary 1
to show

JControl - ZE[ Q“ ;

+ Z (@)TQ"T; +
t=0

Next, we use the following lemma.
Lemma 4: For any given matrix M and M with proper
dimensions, we can show that

B{[sT ) M) =0
E[[(2)]  (@)T] 1) =0
Proof: The proof stems from the fact that, for any fixed
quantization and control strategies, &, Ui, 53} and ﬂi are

(a) "R |

functions of wg.;_1, while w; and w; are functions of wy.

Therefore, by Assumption 1, we can show that

E([z] 4] M) =E[[#] 4] ]]ME[,] =0,

where the last equality holds because
Eliy] = E[E[w¢|2141, 0141]] = E[w] = 0.
Similarly one can show that

E[[@)T (@)T] Mwi) =E[[(@)" (ai)"]]ME[w}] =0,

where the last equality holds because E[0{] = E[w! —w!] = 0.

|
Now, we can perform the completion of squares of Lemma 2
to both Jeontror and Jeenue. We get

T—1
Jeonwol = 1 (Po%3) + Y tr (Pry1 X))
t=0
n o T—-1
0 o (Biz) + 30t (Phash) |
i=1 t=0
T—1
+ E Z ut + Lt,fEt) Pt+1 (ut + tht)]
t=
n T 1
+ E Z Ut + Ltajt t+1(ut + tht)] )
i=1 t=0
where
S £ E[20(20)"] w2 E[d ()]
Y 2 ElE () "] = diag(X51,...,%50), &2 E[z)(E)
Yo, £ Elwy ()] = diag(Ebt, TR, B, & Elag(@)T],

and the matrices P, L;, P/ and L! are defined in (18)
and (19). It is worth noting that P; is the common estimate
error covariance and P} is the quantization error covariance
at each agent.

From the decomposition of Jeeneoe in above equation and
the fact that w; and w; are cogtrol free, one may conclude
that 4; = —L:%: and uy = —L}xy are the optimal choices.
Thus, combining the optimal choices for % and u:, we obtain

uj = —Ly#y — diag(Ly, ..., L))y,
and therefore the optimal input of agent ¢ is
- L;fi,
where L¢ is the i-th block-row of the matrix L;. This

completes the derivation of the optimal controller. Therefore
we have,

i _1ins
u; = — L2y

T-1
Jeonwol = tr (PoXz) + Z tr (Prr1Xy)
t=0
n ~ T-1
+ 30 [ (Bm) + > e (Pazh) |
i=1 t=0
Let us define P = dlag(PO,.. Py, P =
diag(P},..., P") in (a), and P, = P, — Py and denote P}

to be the i-th diagonal block of P;. Consequently, we may
write
T—1

o)+ Y tr(PaS)
t=0

+Z(tr Pisi) +Ztr Pi, o ))
=1

This expression helps to show expllcltly how the choice of
the quantizers affects Jeongor- To that end, recall that E}Ut =

JControl =tr (POE

]E[ﬁ’;(@i)T], wy = w; = E[w; | 2i41,0;14]. and 2, =
SM Gﬁrlém( w?). Therefore,
@f = wj = Y O Ew] | 57 (w})]
m=1

Z 017 (w Z o i,

where we have used the constraint that Zm:l gim =1 and
w;™ is the quantization error of quantizer m on the signal
w;. Consequently,

Si, = E [Z oim i () ]
[ [Z 912:’-11 ~1m zm,)T | 9t+1:|] é

wt | 07 ( wt

[ Z 92:@1 Fim

where

m

Z/ (w—E[w € p]"])(w — E[w € pg”])T]P’i(dw)

(28)




is the quantization error covariance that depends on the parti-
tions of P™ and the number of the quantization levels ¢,,, of
the m-th quantizer and the distribution of the source signal P?.
Notice that F* does not depend on time since the distribution
of w! does not change with time due to the i.i.d assumption.

Similarly, one may obtain ¥t = E [Zm 1 leFgm} where
F¢™ has the same expression as F'™, except P is replaced
with the distribution of xé. Finally, we obtain

T-1
']Control =tr (PO + Z tI' Pt+12 )
t=0
T-1 M
+ ZE{ Z Oy (PEEG™) + 30 o7yt ( t+1F’m)]
t=0 m=1
We define the constants
L (PE™) =0 (29)
tr (PZF“") , otherwise,
and the vector 8 = vec(B:L,. .., BiM), which yields
T-1 n T—1
Jeonrol = tr (Po¥z) + Y tr (PaXw) + Y > E[(8)76;].
t=0 i=1 t=0

This completes the proof.
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