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Estimation with Strategic Sensors
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Abstract—We introduce a model of estimation in the presence
of strategic, self-interested sensors. We employ a game-theoretic
setup to model the interaction between the sensors and the re-
ceiver. The cost function of the receiver is equal to the estimation
error variance while the cost function of the sensor contains
an extra term which is determined by its private information.
We start by the single sensor case in which the receiver has
access to a noisy but honest side information in addition to
the message transmitted by a strategic sensor. We study both
static and dynamic estimation problems. For both these problems,
we characterize a family of equilibria in which the sensor
and the receiver employ simple strategies. Interestingly, for the
dynamic estimation problem, we find an equilibrium for which
the strategic sensor uses a memory-less policy. We generalize the
static estimation setup to multiple sensors with synchronous com-
munication structure (i.e., all the sensors transmit their messages
simultaneously). We prove the maybe surprising fact that, for the
constructed equilibrium in affine strategies, the estimation quality
degrades as the number of sensors increases. However, if the
sensors are herding (i.e., copying each other policies), the quality
of the receiver’s estimation improves as the number of sensors
increases. Finally, we consider the asynchronous communication
structure (i.e., the sensors transmit their messages sequentially).

I. INTRODUCTION

Over the past few years, a number of new technologies and
concerns have made it necessary to consider problems related
to estimation with self-interested and/or strategically deceitful
Sensors.

One such technological concept is crowd- or participatory
sensing where participants are relied upon (and sometimes
actively recruited and incentivized) to sample and measure
their environment, or provide personal information to be
pooled and mined “for the greater common good”. Examples
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include Sensorly for generating wireless network coverage
maps [2] and Waze for traffic monitoring [3].

In this case, strategic misreporting may occur for privacy
reasons (if, e.g., a user is forced to report personal conditions
to a participatory sensing system to get medical coverage, but
does not trust the system enough to tell the truth), as a stealthy
attack on the system (e.g., a sensor might be hacked by a
strategic individual to manipulate the outcome to his/her own
favour), or because users expect direct benefits from untrue
reports (e.g., a retailer may wish to under-report local travel
times on adjacent roads so as to mislead a routing application
like Waze into diverting more traffic on a particular route, thus
increasing its exposure).

Another context where data received from sensors may be
strategically altered is when considering the cyber-security of
distributed and/or networked systems. An important class of
attacks for these systems is the so-called false data injection
attack, whereby a malicious agent intercepts the original
stream of measurements from sensors, and replaces it with
corrupt data.

While significant work has been devoted recently to charac-
terizing the effects of corrupt data flows on closed-loop stabil-
ity and devising identification procedures [4]-[10], relatively
little has been done in the way of specifically modeling the
attacker’s strategic intent and understanding how the resulting
system’s behavior differs from a mere failure mode.

In this paper, we introduce and study a simple model of
estimation in the presence of strategic, self-interested sensors.
Specifically, we employ a game-theoretic setup to model the
interaction between the sensor(s) and the receiver. The cost
function of the receiver is taken to be equal to the variance
of the estimation error of the state of nature while the cost
function of the sensor has an extra term which is captured
by its private information. As a starting point, we consider a
static estimation problem in which a single sensor transmits a
message about the state of nature in the presence of a (noisy
but honest) side channel to the receiver. For this case, we show
that there exists a family of simple equilibria (all resulting in
the same estimation error variance). At the captured equilibria,
the sensors never “flat-out lie” and the receiver hence always
benefits from listening to the transmitted message. We prove
that, for some equilibria, the sensor’s best response mapping
does not utilize the side-channel information in constructing
the message passed to the receiver (which, intuitively, makes
sense as the receiver can always extract that part of the
message since it also has access to the side-channel informa-
tion). Using these results, we solve the dynamic counterpart
of the proposed estimation problem. Interestingly, we prove
that from the set of constructed equilibria for at least one
equilibrium, the sensor employs a memory-less policy and,
hence, the receiver uses a Kalman filter for constructing the



state estimate.

Equipped with these results, we extend the static esti-
mation problem to multiple sensors with synchronous and
asynchronous communication structures. First, we study syn-
chronous communication structure, that is, the sensors transmit
their messages simultaneously. Here, we restrict ourselves to
the set of affine policies. Although the assumption of affine
policies for the sensors is rather restrictive, it provides valuable
insight because the provided analysis gives a lower-bound on
the influence of the sensors (on the quality of the estimation),
knowing that they find more degrees of freedom for con-
structing untruthful messages (and, hence, possibly creating
a larger deviation to their benefit) with extending their set of
available strategies to also cover nonlinear mappings. Further-
more, we investigate symmetric problems in which the private
information of the sensors are independently and identically
distributed random variables. We characterize an equilibrium
of the game in this setup for which the quality of the receiver’s
estimation degrades as the number of sensors increases, which
is a rather counter-intuitive result. We also investigate another
notion of equilibrium, namely, the herding equilibrium, which
supposes a lower degree of strategic behavior on the part of
the sensors, and yields a very different scaling behavior for the
estimation error. The herding scenario models an interesting
intermediate situation where each sensor is refined enough to
recognize that others may also be strategically misreporting
but, having limited “cognitive” means or ability to predict
the specific form of this behavior, assumes that they will just
mimic its own action. Interestingly, for this equilibrium, the
quality of the receiver’s estimation improves as the number
of sensors increases. Finally, we consider a multiple-sensor
game under asynchronous communication structure, that is,
the sensors transmit their messages sequentially. This is par-
ticularly useful if the sensors do not know the number of active
participants in the estimation scheme (but they can observe, at
least, the number of the sensor that have already contributed)
as the the policy of each sensor, at the equilibrium, is only a
function of the previous transmissions.

The kind of self-interested strategic information transmis-
sion problems investigated in this paper has been considered
before in the Economics literature, under the name of ‘cheap
talk theory’. While specific assumptions (about the various
priors’ distributions and functional forms of the utility func-
tions) vary, the basic framework for these problems (originally
introduced in [11]]) involves two decision makers, a sender and
a receiver, with different utility functions that both depend on
a random state of nature and on the receiver’s decision. The
sender’s utility also depends on a parameter that is known
solely to her and which is known in the literature as her
“private type”.

The sender can directly observe the state of nature and
decide which message (conditional on this observation) to
transmit to the receiver. The receiver uses the message to
modify his prior belief about the state of nature and, based
on the new belief, makes a decision which impacts both
utilities. The message itself does not directly enter either
utility, however, (it only matters to the extent that it modifies
the receiver’s belief distribution), which motivates the “cheap

talk” denomination.

A central question in the cheap talk literature is the
characterization of Nash equilibria, i.e., the determination of
stochastic kernels for the sender and receiver which are best
responses to each other. A fundamental result of [[11]] (for situ-
ations where the state of nature is one-dimensional, compactly
supported and uniformly distributed, and when the players’
utilities are quadratic), is that the sender’s strategy (mapping
observation to transmitted signal) must employ quantization
in every such equilibrium, with a computable upper-bound on
the number of quantization cells. This can be interpreted by
saying that strategic information transmission is parsimonious
yet inevitably introduces confusion (due the non-injectivity of
the sender’s mapping).

Similar conclusions about the qualitative structure of Nash
equilibria have since been derived in more general models
of cheap talk, such as multidimensional sources [12f, noisy
channels [13]], multiple senders [14]], and hierarchical commu-
nication networks [15].

The model and the problem we consider in this paper differ
from the traditional cheap talk framework detailed above in
several significant ways. This brings this framework closer
to typical assumptions made in the controls literature, and is
necessary to capture the motivating examples presented at the
beginning of this introduction. This also results in drastically
different insights, since we show that, in our framework, vari-
ous equilibria exist in which senders’ and receiver’s strategies
are affine. More precisely, the differences are:

(1) We assume that the state of nature is Gaussian with zero
mean, when most of the cheap talk literature consider it
to be compactly supported. This is particularly relevant
for the data-attack example, where the role of “state of
nature” is played by the state of a dynamical system
evolving under the action of some white process noise
and, hence, takes value on the whole real line.

(2) The private type of the sender(s) is a random variable in
our model, instead of a deterministic constant bounded
away from zero. This is needed to capture situations
where sensors do not know a priori by how much they
will want to lie. This might occur, again, in the context of
data attacks when the goal of the sensor is to manipulate
reports so that the state estimated by the receiver tracks
that of another legitimate-looking one (which is itself
a stochastic process). Moreover, when considering a
scenario with multiple sensors, the random generation of
the private information ensures that we model various,
often misaligned, incentives of a large pool of strategic
Sensors.

(3) Lastly but most importantly, we focus on Stackelberg
equilibria rather than Nash equilibria (see, e.g., [16] as
well as Section below for a rigorous definition of
the former and some comparisons between the two).
Although it has received relatively little attention in the
cheap talk literature, this notion of equilibrium is more
appropriate for the participatory sensing applications of
interest to us, since the goal of the platform (which acts
as the receiver) can legitimately be assumed to be known
to the sensors (which act as senders). For example, users



of Waze know that at least one goal of the system is
to obtain an accurate estimate of travel times along all
paths. It is thus justified to consider sensors as leaders,
who act with the benefit of knowing that the receiver tries
to minimize its estimation error, given their strategies.

The problem of signalling in cooperative environments has
attracted much attention dating back to the pioneering work of
Witsenhausen in [[17]. However, those studies do not assume
any conflict of interest between the decision makers and,
hence, the signalling enters the problem because of the trade-
off between a precise communication and a perfect control
using the same medium. Note that the communication is done
through taking an action with potentially adverse effect on
the control performance. This is evidently different from the
presented framework in which the decision makers have a clear
conflict of interest.

The rest of the paper is organized as follows. First, we
consider both static and dynamic estimation problems with a
single sensor in the presence of a noisy but honest side-channel
information in Section[[ll In Sections I, we discuss the static
multiple-sensor case under synchronous and asynchronous
communication structures. Finally, we conclude the paper and
present avenues for future research in Section

A. Notation

We shall let R, N, and Z denote the sets of real, natural,
and integer numbers, respectively. Moreover, we define Ny =
NU {0}. We use the notation [N] = {n € N|n < N}. Fur-
thermore, S% and S, denote the set of positive semi-definite
and positive definite matrices in R"*™. For any A € R"*",
we use the notations A > 0 and A > 0 to denote A € S}
and A € SV, respectively. For any two random variables
z and y, we use the notation Vi, = E{xy'}. Let [z
denote the 2-norm of vector x € R™ for any n € N. For any
matrix A € R"*", At is the Moore—Penrose pseudoinverse
of A. Through out the paper, we also use the game theoretic
convention = (z;,x_;) in which z; and z_; denote i-th
element of vector x and the rest of its elements, respectively.
Moreover, for time series, we define z[ky : ko] = (w[k])fikl
For any two arbitrary sets X and ), we define C(X,)) to be
the set of all Lebesgue-measurable mappings from X onto ).

II. SINGLE SENSOR WITH SIDE INFORMATION

In this section, we discuss static and dynamic state estima-
tion with a single strategic sensor in the presence of an honest
but noisy side-channel information.

A. Static Estimation

We consider the communication structure pictured in Fig-
ure [I] The receiver (denoted by R in Figure [I) wants to
estimate a random variable x € R"=. Throughout this sub-
section, we use the notation v(-) to denote this estimation
as a function of the information available to the receiver.
The sensor (denoted by S in Figure [I) transmits a signal
z € R™ (that may or may not contain some information
about x). We assume that the sensor has access to the exact

value of z. In addition to the message initiated by the sensor,
the receiver also has access to a side channel that provides
the measurement y € R™. The timing of the game is as
follows. First, the measurement y is revealed. Then, sensor
S announces z. Finally, the receiver R computes the optimal
estimate by minimizing E{||x — v(y, 2)||3} over T denoting
the set of all Lebesgue-measurable functions from R™v x R™=
to R™. Let § € R" be the private information of the
sensor (i.e., it is only available to the sensor S). The sensor
transmits a signal z € R™* which is fully determined by the
conditional distribution p(:|z,y,#). For the sake of brevity,
and with abuse of notation, we refer to this as a ‘“stochastic
mapping” z = y(x,y, 6) such that

P{v(x,y,0) € Z} = p(2 |z, y,0)d2, VZ C R"=.
z'eZ
Let the set of all such mappings be denoted by I' (which has
a one-to-one correspondence to the set of all the conditional
distributions that construct the sensor’s message). The goal of
the sensor is to minimize E{||(z + 0) — v(y,v(z,y,0))||3}.
Note that, currently, we assume that the sensor can access
the side-channel information y when constructing its message
to the receiver. However, we will observe later that this
assumption is not necessary, i.e., there exists at least one
equilibrium for which the sensor does not utilize its knowledge
of the side-channel information. Hence, the receiver is trying
to obtain the best estimate of = (in the LMS sense) using the
information available to him, while the sender, knowing that
this is the goal of the receiver, chooses his message so as to
mislead the receiver in estimating x + 6, where @ is a privately
known parameter. Note that, for instance, in the case of traffic
estimation, the private information of the sensor is her desire,
and its amount, for over-estimating or under-estimating the
state of traffic on various links. This is certainly a private
information as the other sensors and the estimator do not
have access to it. The intention to miss-report the state of the
traffic can be captured by that the sensor wants & = v(y, z),
constructed by the received based the received measurements,
to become equal to x + 6 and, therefore, the sensor aims at
minimizing the distance between these entities.

We need to define some useful notations before presenting
the definition of the equilibrium of the game. For any & €
C(T",Y) and any given v € I, &(~y) is a mapping in T. We use
the notation [#(7)](y, z) to distinguish between the arguments
of & and &(7).

DEFINITION 2.1: (EQUILIBRIUM): A pair (Z*,4*) €
C(T', ) x T constitutes an equilibrium if

#* € argmin E{||z — [2(v")](y, 7" (z,4.0)) |5}, (1a)
2€C(T',Y)
vt e argerrrlinE{ll(x +0) — [ (N, 7 (z,y,0))[3}. (1b)
vy

REMARK 2.1 (STACKELBERG VS. NASH): Note that the
equilibrium in Definition [2.1] is not a Nash equilibrium but
rather a Stackelberg equilibrium. This is because, in a Nash
equilibrium, the players fix their policies; however, in this
setup, the sensor explicitly calculates its best response as-
suming that the receiver is changing her estimation policy
accordingly.



Fig. 1. The communication structure between the strategic sensor S and the
side channel with the receiver R. We have used a dashed line to portray the
availability of the side-channel information to the sensor because, as proved in
the paper, there exists at least one equilibrium for which sensor does not use
the (realization of the) side-channel information in constructing its message.

Throughout the rest of this subsection, we make the follow-
ing assumption.

ASSUMPTION 2.1: The random variables z, y, 6 are jointly
distributed Gaussian random variables with zero mean and a
covariance matrix that satisfies

xT x T ngc VzG V:ry
ES| 6| |0 = | Vor Veg Vi, | €8Tt
Y Y Ve Vyo Vyy

Contrary to the cheap-talk game literature [11]], we assume
that the private information of the sensor is a random variable
which, as explained in the introduction, is relevant in situations
of interest to this work.

THEOREM 2.2: There exists an equilibrium in which the
receiver uses the Least Mean Square (LMS) estimator

-1
o _ Vg Vyz Yy
el =V v )32 | [Y]
while the sensor uses the policy
Y (z,y,0) = a] z+ a9 0+ agy +v. 3)

In the sender’s policy, we have
-1

aq Ver  Vae V:vy Vie
Q2 = ‘/QL ‘/:99 ‘/Gy ‘/Gz ) (4)
a3 VyT ‘/yQ ‘/yy Vyz

and v € R™= is a Gaussian random variable with zero mean
and covariance matrices

[ Vuw Vv9 Vvy ] = [ 0 00 } ; (Sa)
Ve 17 [ Vas
Voo =1— | Ve Q| Vo |, (5b)
Vyz Vyz
where
VZL’Z
Vo, | e ¥ =  argmin trace (fTI/V{) , (6a)
Vyz ge]R(QW'm+"y)><"z
st £1QE<I, (6b)
with
_=T - —I =
W=2 { ol (7a)
Ve V, v, v, TV
:ET rx z0 | Ty V—l Ty = 7b
© ({VM Vf’e][vé‘y]yy[vffy}) -

I 0 —ViV,,'
0 I —VQyVy;l

—_
=
—

= (70)
Furthermore, the sensor’s policy of the form k~*, for some x €
R\ {0}, along side the receiver’s policy &*, also constitutes an
equilibrium. All these equilibria result in the same estimation
error variance at the receiver.

Proof: When the sensor uses the strategy in (3, the
receiver’s best response is the LMS estimator [18 p.80].
We thus only need to show that, provided the receiver uses
[2*(v*)](-) in @), the sensor’s optimal policy is indeed linear,
and satisfies {@)—(7). Note that, once the receiver’s strategy is
fixed as above, the sensor’s cost can be written solely as a
function of V., V,,, and V4. Notice that V,, = E{zz '},
V., = E{2y"}, and V.9 = E{2607} are not mere constants
but they are functions of the policy of the sender v € T.
Indeed, we can write (8]), which is presented on top of the next
page. In the rest of the proof, without loss of generality, we
assume V,, —VZyVyz/lVyz = 1. Note that this is without loss of
generality because the optimization problem after scaling z is
feasible if and only if it is feasible before scaling z. Following
Item 1, Section 3.5.3 in [19, pp.29-30], gives

-1
Yy —
Vay

Substituting this identity into (), we can observe that

E{ll(z +6) - &[3} =

V,.
VZ z

-1 —1 —1
Vg T Vg ViV Vi

Vi Vie
VoV 1

Ve
VG z
Vi

= trace [ Vie Vo Vi ]W +c,

where W is defined in and ¢ = trace(Vy, + Vig +
Vow+ Voo — VggyVyZ1 Ve — ngVy;1 Vo — Vwa;lVye) does not
depend on the sensor’s strategy. Since the covariance matrix
of the vector of random variables [T 07 T 27]T is a positive
semi-definite matrix, it should satisfy

x x T Ve  Vao sz Vaz
0 0 ‘/Gz ‘/09 Vb V0z
E = Y > 0.
Yy Yy Vy:z: Vy0 Vyy Vyz B
z z Vtzw V;:Q ‘/zy sz
9)

Note that V.. = V.,V ,'V,. + 1 > 0. We use the Schur
complement to show that the condition in (9) is equivalent to

sz ’ sz VxG ny -
‘/92 Vb:p VBG ‘/:91/
Vyz Ve Vo Viyy
00 O Viz
-0 0 O Vo | 1.
00 V! |7

Now, using Item (2) in Section 3.5.3 in 19, p.30], we can
easily prove the identity in (T0), on top of the next page, in

which
_ | Vay
Vay

-

Vs
VO T

Vac@
Voo

ny

T\ —1
}Vy?[%y] ) .
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" Vyy Vi Vye
B+ 6) = 8" (22} = trace (Vi # Vi = [ Ve Vi ]| 22 5 | [ 1 | 4 Vit v
zy zz ZT
—1 —1
_ Viy  Viz Ve Viy Viz Ve
[ ‘/Oy V:Qz j||: sz ‘/zz :| |: ‘/Z.L [ me sz } ‘/zy sz Vz@ ' (8)
- [ | Vay |-
Vor Voo Voy | —| 0 0 0 |=|- oo e e et [Ov_l]
Ver Vo V] L0 0 V" L=V [ Vi Vi WV [ Vie Vi 1) 2% IV Vgt -
L ! L Y
i ! Vi _
S B
NVt Ve Vi VY Ve i 1] Ve
|y L Yye Tw0 [ Vyy L Yy Tyf Vo, | %
_ T —
[0 VeVt 1 [T 0 VeVt 10)
L0 T —V, V! 0 I —Vg,V,,}

Therefore, the sensor’s best response can be extracted from
solving the optimization problem in (6). Now, we just need
to show that there exists an affine policy for the sensor that
results in covariance matrices V., V.9, V,,. Let z = alT:c +
ag O+a4 y-+v where v € R"= is a Gaussian random variable.
In this case, we can compute

Va:z Vacm V;EQ me (€3] Vzv
Vo = Voo Voo VGy Q2 + Voo 3
Vi Ve Vyo Vi Qs Viyo

which results in (@) and (5a). Moreover, (3b) follows from
substituting @) and (3a) into V.. — V.,V 'V,. = 1. ]

REMARK 2.2: In (), the policy of the receiver is affine
in the realization of the messages y, z. However, overall, this
policy is not affine as V., V,., V., are all functions of the
random variable z’s distribution (but not its realization). The
dependency of the gains to these covariance matrices clearly
illustrates the dependency of £* € C(I', T) to y € T.

REMARK 2.3: Note that even when = and 6 are uncorre-
lated, the sender always sends “some amount of information
about z” rather than just sending 6. This is indeed true because
if z does not contain any information about the state of nature,
the receiver will simply discard it (if y is not correlated with
0 and if there is such a correlation, the receiver uses z to
cancel out the correlation). Hence, it is always in the receiver’s
best interest to listen to any sensor, be it strategic or not.
We formalize this observation for the special case of scalar
message later in Proposition

Note that the optimization problem in () is not a convex
optimization problem as the matrix W is an indefinite matrix.
Therefore, solving it numerically is, in general, a tedious task
and it would be of interest to find an explicit solution, at
least, under some conditions. One such case is discussed in
the following corollary, which considers the case where the
sensor’s message is scalar.

COROLLARY 2.3: Let n, = 1. There exists an equilibrium
in which the receiver uses the LMS estimator in (2) while the

sensor uses the policy in (3). In the sender’s policy, oy, aq, a3
are defined using @) and v € R"* is a Gaussian random
variable with zero mean and covariance matrices as in (),
where V., V.9, V., are determined by

V. —1 7t
i I 0 —V,V,!
‘/0 :|: zy vy :| J_1/27T,

and 7 denotes the normalized eigenvector (i.e. ||7|2 = 1) of
the smallest eigenvalue of

_ —1 /2 7[ 7]
e
with J defined as in (TI). Furthermore, the sensor’s policy of
the form x+*, for some x € R\ {0}, along side the receiver’s
policy Z*, also constitutes an equilibrium.
Proof: With the change of variable

:| J_1/2

V.

_ —1 Tz
. I 0 _szvyyl v |
0 I —Vp,V,, v

Yz

we can rewrite the optimization problem in (6) as

min 7' -
neRr2na -1 0 |7 (12)
st. n'Jnp<1.
Now, letting 77 = J/?7 results in
-1 I
T 7-1/2 —1/2
min J J )
aekine [ -1 0 } N GE)

st. 7'7<1.

Notice that the matrix E, which appears in the cost function
of (T3), has, at least, one negative eigenvalue. This is because
multiplying a matrix from both sides by a symmetric and
invertible matrix does not change the sign of its eigenvalues
(see Sylvester’s law of inertia [20, p.282]). Therefore, using



Lemma [A.T]in Appendix [A] we realize that the solution to the
optimization problem in (13)) is the normalized eigenvector
corresponding to the smallest eigenvalue of F. ]

Before moving on to the dynamic estimation problem, we
show that there exists at least one equilibrium for which the
sender’s best response does not depend on the side-channel
information. This is of special interest to us because, typically,
the side-channel information might be encrypted (and, hence,
not accessible to the sensor) or the sensor and the receiver
might not be co-located (and, hence, the sensor might not have
the opportunity to eavesdrop on this information). Intuitively,
such an equilibrium exists because the receiver can always
construct Z = z— Ky, for some K € R™=*"v such that Z and y
are uncorrelated, with the same amount of information content
because span(z,y) = span(Z,y). This result also provides
the opportunity to extend the framework to the case where
the side channel and the strategic sensor reveal their messages
simultaneously. Note that the following corollary holds for all
n, > 1.

COROLLARY 2.4: There exists an equilibrium in which ~*
is independent of y. More precisely, the receiver uses the LMS

estimator in (2) while the sensor uses the policy
v (z,y,0) :afaj—&—a;é?—&—v, (14)

where v € R™= is a Gaussian random variable with zero mean
and covariance matrices

[Vie Vo Viy ]=[0 0 0], (15a)
(8% T «
— T _ 1 =/ 1
Voo =1 { ay } = [ s }7 (15b)
in which
[ a } € X' = argmin trace (g’TW’g'), (16a)
Qa2 ECR2na X1z
st. ¢'=e <1, (16b)
with
T | I =T |
W =g [I 0 }_, (17a)
Vie V v, Vi 1"
= — TT z0 _ Ty V—l Ty . 17b
[ng VHG} {%y]yy{‘/@y] (176)

Furthermore, the sensor’s policy of the form x~*, for some x €
R\ {0}, along side the receiver’s policy £*, also constitutes an
equilibrium. All these equilibria result in the same estimation
error variance at the receiver.

Proof: Let us introduce the change of variable

wa Va:@ wa N
E=1| Voa Voo Voy | &
Ve Vo Vyy

Recalling the definition of = in (7c), we get
-1 -1
= = Vi — meVyy1 Vye Vao — VgcyVyy1 Ve 0|z
‘/Hw - Vv@yvyzl Vya: ‘/09 - Vv@yVyZ Vy@ 0
= E/ [ IQnm OanXny ] é

=E'¢,

15f

iy, Qg
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N
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Fig. 2. Gains aq, a2 and their ratio at the equilibrium as a function of .

where &' = [ Ipn,  O2n,xn, ]é As a result,
gre=¢"=¢
T | =1 =1 | T
ewe=¢Tz| Tp ) [2e—eTwe

Therefore, this change of variable transforms the optimization
problem in (6) to the one in (T6) and, as a result, we get

Va:a: V;CG ny 5/
Vie Voo Vi [0 }g’e;\f’ cx.
Vyz Vy0 Vyy s

Therefore, from @I), there exists an equilibrium for which

«a ’
Oé; :|: E :|7

as Ony XMy

where & € X’. For this equilibrium, clearly, az = 0. [ |

Signalling games, such as cheap-talk games, most often
admit a family of trivial equilibria, known as babbling equi-
libria [21]], in which (i) the transmitted signal of the sensor
is not correlated with the to-be-estimated random variable
and (ii) the receiver completely dismisses the transmitted
signal of the sensor. In what follows, we prove that the
equilibrium captured in Corollary 2.3] is not a babbling one,
i.e., the sensor does not “flat-out lie” and the receiver hence
benefits from listening to the transmitted message. Moreover,
at the recovered equilibrium, complete honesty is never in the
sensor’s benefit.

PROPOSITION 2.5: Let n, = 1. For the equilibria captured
in Corollary we have o # 0 and g # 0.

Proof: See Appendix [ |

Clearly, because o1 # 0, at the equilibrium, the sensor’s
message always carries some useful information. Moreover,
the message also partially reflects the private information of
the sensor because g # 0. Notice that this result holds
irrespective of the correlation between x and 6. Let us show
this with help of a small example.

EXAMPLE 1: Let us consider the simple setup in which
Vze = 1 and there is no side channel information available.
Further, assume that § = pa + n where n is an independent



Gaussian random variable with zero mean and V,,,, = 1.
This way, we can capture a variety of interesting cases.
Doing so, we get Voo = p and Vpp = p? + 1. Figure
illustrates coefficients «y, ae and their ratio, at the captured
equilibrium, as a function of the correlation between = and
0. Interestingly, even for negative correlations, the message
contains some useful information about x. For instance, even
when p = —1 which points to that the sensor and the receiver
have completely different objectives, the sensor’s message
contains significant information about the variable . The same
is true for the p = 0, pointing to the case where there is no
correlation between 6 and .

For the setup of this example, we can calculate the equilib-
rium explicitly as

1

[gj :\/(2u+ Vi + 12 +44+1)° +4
VBT

Further, we have

o Cu+1)2+4+1

(65 2

In this case, we have

d (al) B 2u+1

dp \ a2 Cu+1)2+4
Evidently, after the threshold p > —1/2, as we increase the
correlation, the sensor provides a more accurate measurement
of the to-be-estimated random variable x (because the ratio
a1/ becomes an increasing function of p).

Now, let us extend the presented formulation to dynamic
estimation problem.

B. Dynamic Estimation

Consider an estimation problem in which the sensor and the
receiver are following the communication structure in Figure 3]
The goal of the receiver is to estimate the state vector z[k] €
R™, which is evolving according to

where (wg[t])ien, is a sequence of i.i.d Gaussian random
variables with zero mean.The timing of the game is as follows.
At each time step k € Ny, first, an honest but noisy side
channel reveals the measurement

ylk] = Cyu[k]z[k] + Cyolk]O[K] + wy [K],

where (wy[t])ien, is a sequence of i.i.d Gaussian random
variables with zero mean. Then, the strategic sensor S trans-
mits its message z[k]. Let O[k] € R"™= denote the private
information of the sensor at time step £ € Ny. The message
that the sensor is transmitting at each time step can poten-
tially be a function of all the previous state measurements
and private signals according to the conditional distribution
p(-|«[0 : k], y[0 : k],0[0 : k]). Similar to Subsection in
order to greatly simplify the presentation, we denote this by a

E®) (y[0: k], 2[0: k])

Fig. 3.  The communication structure between the strategic sensor S and
the side channel with the receiver R for the dynamic case. Similarly, we have
used a dashed edge for connecting the side-channel information to the strategic
sensor to portray the fact that, for some equilibria, the sensor does not utilize
its knowledge of the side-channel information and, hence, this assumption is
not necessary in the framework.

stochastic mapping z[k] = v ([0 : k], y[0 : k],0[0 : k]) such
that

P{y®(2[0: k], y[0: k], 0[0: k]) € Z}
:/ p(='[2[0: K], y[0 : K], 00 : K))d=, VE C R™.
z'eZ

Let the set of all such mappings be denoted by I'*). After
that, the receiver calculates the best estimate of the state by
minimizing E{||z[k] — v®) (y[0 : k], 2[0 : k])||2} over YT*),
which is the set of all Lebesgue-measurable functions from
Hf:o R™ x Hf:o R"™= to R™=. Finally, the cost functions of
the receiver and the sensor for that time step are realized.
We assume that the private information of the sensor is also
evolving according to the linear update rule

O[k] = Ag[k]O[k — 1] + wplk],

where (wg[t])ten, is a sequence of i.i.d Gaussian random
variables with zero mean. We make the following standing
assumption.

ASSUMPTION 2.2: For each k£ € Ny, the random variables
wy k], welk], and wy[k] are jointly distributed Gaussian ran-
dom variables with zero mean and a covariance matrix that
satisfies

wylk] | [ walk] 17
E we[k‘] wg[k]
wy k] wy (k]
Veve [Fwa [*] 0 0 N
= 0 Vi [kJwe[K] 0 eSSy,
0 0 Va, [klw, (K]

With these definitions in hand, we are ready to define the
equilibrium.

DEFINITION 2.6: (EQUILIBRIUM): A tuple ((2(%)*),.cn,,
(YR en, ) € [Tren, C(THR) k) x [Tren, I'(®) constitutes
an equilibrium for the repeated game if for all & € No,
condition (I8), on top of the next page, holds with z[t] =
O (2[0: t],y[0 : t],0[0 : t]) for all t € N.

REMARK 2.4: Note that this definition implies that the
receiver and the sensor care about their immediate cost at
each time step and are, hence, myopic decision makers at
each time step. This definition differs from that of a subgame
perfect equilibrium (see [22]) in a dynamic game in which the
decision makers optimize their cost-to-go, e.g., a discounted
summation of their cost over the rest of the horizon. These
equilibria, referred to as myopic Nash equilibria or period-
by-period Nash equilibria, have been used in the economics



¥ e argmin  E{[lafk] - [* (*)](y[0: K, 2[0: K])|2}, (18a)
2k ec(I k) k)
1" € argmin (| («ft] + 0[K]) ~ 1" )] w0201k~ 1140 @l0: KLy{0 L0 KD} (18b)
vy el
literature to model various competitive scenarios [23[]. Our with
interest in this equilibrium concept is motivated by two main _
—raT | L I|_
factors: Wk] = E[k] 7 0 E[k],
(i) In estimation theory, the optimal least mean squares filter
for dynamic problems (i.e., Kalman filters) are designed QK] = E[lc]T< [ Vaiklak) - Valklolk) ]
so as to minimize the estimation error variance in each Vorrgeie) Vorx)og)

time step individually [18];

(ii) In cyber-security problems, a malicious agent might inject
false data so that the state estimated by the receiver tracks
that of another legitimate-looking one (while the agent
is pursuing its agenda through manipulating the actual
state of the system in an stealth manner) [6]. Hence, the
agent might wish to minimize the distance between the
estimate and the state of another system at each iteration
separately.

THEOREM 2.7: There exists at least one equilibrium in
which the receiver uses the LMS estimator

[ (YN ([0 k], 2[0: k) = [ Vapgeny Valklzik |

Vg Velrzik }1 { W[k] }
Vaklwle)  Valk)z(k) z[k] |’ (19)
where
vk = [ ylo]T ylkT 2[0]T Ak -7 ],

and the sensor uses the policy

A ([0 k], y[0: K], 0[0 < K])
= Ce[klz[k] + Coy [kJP[K] + Ceg[K]O[K] + v[k]. (20)

In the sensor’s policy, we have

[ C.ulk] Cuolk] Cuylk] ]
-1
Valk]= (k) Vatklalk)  Vairiok)  Valkluik)
= | Vokzlx) Votklelk)  Vorjok)  Volklwir) ;
Vi ik)z[k) Vymlzk] - Velklom)  Velklvlk)

and {v[t]}+en, is a sequence of i.i.d Gaussian random vari-
ables with zero mean and covariance matrices

[ Vowgow) Vowwer Voo ] =[0 0 0],
T
Velk)=[k] Velk]=[k)
Votelo] =1 — | Voirjzix) QK] | Vom=im | >
Vipirzr) Vipir2r)
where
Valkz(n) , .
Vokek) | € L gmin trace(¢ ' W[k]€)
Volklze | S5 :
s.t. QK< T,

]T>lam,

—Veyl JVJ[kwm ]

~Votrto (Vg iyl

[V[k]w ]V - {mewm
Vo) | YEVEL | Vopgem

o[ 0

Furthermore, the sensor’s policy of the form (ky*)*)ren,
for kK, € R\ {0},VYk € Ny, along side the receiver’s
policy (#(®)*),cn,, also constitutes an equilibrium. All these
equilibria result in the same estimation error variance at the
receiver.

Proof: The proof follows from applying the results of
Theorem [2.2]in each time step and treating all the accumulated
information at this time y[0], ..., y[k], 2[0], ..., z[k —1] as the
side-channel information. [ ]

The strategies of the receiver and the sensor in the portrayed
equilibria in Theorem [2.7] can potentially require an infinite
amount of memory because the size t[k] grows with k.
However, similar to the previous subsection, we would like
to find an equilibrium for which C[k] = 0 and, hence, the
sensor does require an infinite memory to keep track of all
the previously transmitted signals. This is discussed in the
following corollary.

COROLLARY 2.8: There exists at least one equilibrium in
which 4®)* is a memory-less function for all & € Ny. More
precisely, the receiver uses the LMS estimator in

[ ()] (y[0:k], 2[0:k]) = E{x[k] | y[0:K], 2[0:K]}, 21)

[1]

and the sensor uses the policy
A0 ([0 : k],y[0: K], 6[0 : k])
= Coy[k]x[k] 4 C.g[K]|O[E] + v[k],

where {v[t]}ien, iS a sequence of ii.d Gaussian random
variables with zero mean and covariance matrices

[ Volras) [0 0 0],

C..[k]" }
Cz0 [k‘] T )

Votsjoi) Varlow) | =

Vi) =1 = [ Caalk]  Ciolk] | E'[K] [
in which
€ argmin trace(¢  W'[k]¢)

E/ €R2nz X1z

st. ETEKE <,



with
W%LE%N[Zﬁ_J}EM,
=[] = { Vekgek]  Valkjoir] }
Voiriatk)  Vorwiomk)

T
_ { Valkju ]V—l { Vsl }
Votrrwir | VY| Vo
Furthermore, the sensor’s policy of the form (mkv(’f)*)keNO,
for kK, € R\ {0},Vk € Ny, along side the receiver’s
policy ((¥)*),cn,, also constitutes an equilibrium. All these
equilibria result in the same estimation error variance at the
receiver.
Proof: The proof follows from applying the results of
Corollary [2.4] at each time step. [ |
Now that we have showed that there is at least one equi-
librium in which the measurement z[k] is constructed using
an affine memory-less mapping, we can generate a recursive
filter for constructing the best estimate in (ZI). The following
remark is devoted to this construction.
REMARK 2.5: The receiver needs to implement a Kalman
filter (e.g., see [18]]) for the equilibrium in Corollary 2.8] To
do so, first, with slight abuse of notation, let us introduce

[ &[] } _ [ E{z[k]|y[0: k], z[0 - K]}

oK) E{0[k]|y[0: k], 2[0: K]} } ,Vk € No.

Hence, clearly, 2(*)*(y[0 : k], 2[0 : k]) = #[k]. Now, we may
also define the error covariance matrix

-
_ wlk] = 2[k] | [ «[k] - 2[k]
Pkl =E { [ — 0K] 0lk] — é[k] ,Vk € Np.
Transitioning from time step k—1 to time step k, the first stage

of the Kalman filter is the prediction phase, which results in
the estimate

[ #[k]

G ] {E{x[ Jy[0:

k :
E{O[K][y[0 b — 1], 2[0 < s — 1]
]

:{ Al

. x[k] — Z[K] z[k] — z[k]
Plk] =E{{ O[k] — O[K] } { O[] —9[“
:[&M 0]

0 Aplk

sz[k]wm[k

+
[ 0 Vg [kwo k] }

After receiving the measurement y[k], i.e., the information
shared by the side channel, we may update the estimate to

[ k] ] _ { E{x[k]|y[0: k], 2[0: k — 1]} }
(k] E{0[k]|y[0: k], z[0: k — 1]}

-[38) wmon-cn [ 3])

2((ys)ierny)

Fig. 4. The communication structure between the sensors (Si)ig[[ ~N] and
the receiver R.

K[k] = P[KIC,[K]T (Cy [KIPIKIC, (KT + Vi, i, 1)~

with Cy[k] = [ Cya[k] Cyplk] |. This update improves the
error covariance matrix according to

N x[k] — x[K] x
H“‘E{[ﬂmﬂm}{e
— (1 - KIKIC, ) PIE).

Finally, after receiving the measurement z[k], i.e., the infor-
mation transmitted by the strategic sensor, we may update the

estimate to
|+t (s - ez | g ]).

K[k] = P[k]C.[K] " (C.IK]P[KIC- K] + Vi (k. 1) ™

with C,[k] = [ C.ilk] C.olk] ] This update results in the
error covariance update rule

Plk] = (I = K[K]C.[k]) P[K].
Therefore, we have a recursive scheme for constructing the
estimates of the receiver. Moreover, calculating =’[k] is also

straightforward using the parameters of the introduced Kalman
filter as

Voikjolk] }
Volkjoir)

III. MULTIPLE SENSORS

We now consider static estimation with multiple strategic
sensors for both synchronous and asynchronous communica-
tion.



A. Static Estimation with Synchronous Independent Sensors

In this section, we assume that the sensors and the receiver
are connected to each other using the communication network
presented in Figure 4] For each ¢ € [IN], sensor \S; transmits
the message y; € R"v: to the receiver R. All these signals are
transmitted at exactly the same time through parallel secure
communication channels to the receiver (see Figure E]) Hence,
the sensors do not have access to each other messages and
cannot use this information for constructing their signals. Note
that the parameters of the policies of other sensors may be
available but the signal realization itself is off limit. Again, as
in the last section, each sensor S; has access to the exact value
of the state x € R™» (which the receiver wants to estimate)
and its private parameter 6; € R™». We also assume that x and
0;, i € [N], are jointly distributed Gaussian random variables
with zero mean.

Motivated by the results of the previous section, which
showed that there exists an equilibrium in which the sensor
uses an affine policy, we now restrict ourselves to affine sensor
policies in the multi-sensor case. More precisely, we assume
that sensor ¢’s policy ~; is of the form

yi = iz, 0;)
=ax+b 0; + v,

where a;, b; € R™=*™v: are deterministic values and v; € R™vi
is a zero mean Gaussian random variable. The set of all
such policies is denoted by I';. In these policies, without
loss of generality, we can assume that for any ¢ € [N],
v; is statistically independent of x and 6;. Note that two
Jjointly distributed Gaussian random variables are statistically
independent if and only if they are uncorrelated [24} p.108].
To show that this assumption is without loss of generality,
suppose that v; is not statistically independent of x and/or 6,
that is, Vi, # 0 and/or V,,,p, # 0. In such case, we can clearly
rewrite the output vector as

yi=d, z+b 6+,

where

a, =a; + ({ “//:vi:
vib;

Voo 1T Vae Vae 1707071
b’izbi+< viz vz Ve, H)

L VUZQZ i ‘/91.13 V99 L
and
- - - - 71 -
'U/- — v — Vvix Vza: V:I:Q.; x
v ! L VULQL 4 L ‘/61113 V9L9L ] L 91
For this new representation, it follows from simple algebraic
manipulations that V,/, = 0 and V,1p, = 0, i.e., that vl s

independent of x and 6; (again, since all these variables are
jointly distributed Gaussian random variables).

Each v; € T'; can be equivalently represented using the tuple
(@i, bi, Vy,v;) and, therefore, the set of feasible policies I'; is
isomorphic to the product space R"=*"v:i x R™»*"v; x Siyi.
Taking advantage of this bijection, we will sometimes abuse
notation and refer to this tuple directly as ~;.

Following the transmission of messages y = (y;);e[n7. the
receiver computes v(y) =E{z |y1,...,yn} s0 as to minimize
E{|lz — 2'||3} over the set of random variables ' measurable
with respect to y1,...,yn-

Similar to the problem formulation of the last section, the
ultimate goal of each sensor S;, i € [N], is to make sure
v(y) is a good estimate of x plus its private information 0;.
Therefore, the cost function that sensor 4, ¢ € [N], is trying
to minimize is

E{]l(z +6;) — v(vi(w, 0:), (7;(x, 0;))520)lI3}-

This naturally leads us to the following definition.

DEFINITION 3.1: (EQUILIBRIUM IN AFFINE STRATE-
GIES): Let T denote the set of all Lebesgue-measurable
functions from [[; .y R™ to R™=. A tuple (&7%(7])ie[n)
€ C(ILiggap I, ) % lj]lie[[]v]] T'; constitutes an equilibrium in
affine strategies if

#* € argmin E{||z — [#((7})jepvp)] (5 (2. 0;)) jernp) 13}
#€C(ITieqny DisT)

(22a)
i € argmin E{||(z + 0;) — [2" (s, (7]) )]

v €L
(vi(@, 0:), (v (. 0;))520)|13}, (22b)

for all ¢ € [NV].

REMARK 3.1: Note that the qualifier “in affine strategies”
in the definition above means that the equilibrium in question
is a best response only when the sensors’ strategy space is
the set of all affine policies I';. This analysis gives a lower-
bound on the influence of the sensors (on the quality of
the estimation) since they find more degrees of freedom for
constructing untruthful messages (and, hence, create a larger
error to their benefit) by extending their set of strategies to
also cover nonlinear mappings.

We are interested in situations where the sensors population
is large and homogeneous, at least as perceived by the receiver.
In this case, it is natural to model the private parameters 6;,
i € [N], as i.i.d random variables. Keeping in mind that we as-
sumed these are jointly distributed Gaussian random variables
with zero mean, their distribution is fully characterized by their
covariance matrices V9, = V for all ¢ € [N]. Furthermore,
let Voo, = Vi if @ = j and Vj,9, = Ups otherwise. In this
homogeneous context, the receiver should expect all sensors to
use the same policy, and the most compelling characterization
of the population’s behavior is thus provided by symmetric
equilibria. In the remainder of this subsection, we show that
such a symmetic equilibrium in affine strategies indeed exists.
To do so, we first need to prove the following lemma.

LEMMA 3.2: If 7, = (a,b,V,,) for all ¢ € [N], then
E{elys. ... yn} = E{al(ys + - +un)/N}.

Proof: See Appendix [ ]

We are now in a position to prove the main result of
this part regarding the existence of symmetric equilibria in
affine strategies. In order to derive explicit expressions, we
henceforth assume that dim(y;) = 1 for all 4 € [N], i.e., that
all sensors use scalar messages.



THEOREM 3.3: Assume that n,, = 1 for all ¢ € [N],
Ve = 0, and Upg = 0. There exists a symmetric equi-
librium in affine strategies in which the receiver follows

[#*((vi)ievp](y) = E{z|(y1 + -+ + yn)/N} and sensor
S;, i € [IN], employs the linear policy v* = (a*, b*, 0) where

[31}:¢1+uvinaa ]5

and £ = [ & & ]T is the normalized eigenvector (i.e.,

NV,,'2 0
0 V;L;l/Q

&|l2 = 1) corresponding to the smallest eigenvalue of the
P g g
matrix
0 —1/019/2 1 1/2
- aclac/ 2V319/2 _wa

Furthermore, the sensors’ policy of the form xv*, for some
k € R\{0}, along side the receiver’s policy Z*, also constitutes
a symmetric equilibrium in affine strategies.

Proof: Let §j = N1 Ef\il vi, @ = N1 Zf\il a;,
and o = N1 Zf;lvi. For the sake of the simplicity of
the presentation, in this proof, we write Z*(y) instead of
[2*((7i)iegny)](y). For calculating #*(y) = ngVg_glg, first,
we need to compute the following quantities

ng:]E{ng}
1 < '
_ _T T -
=Edz|a z+N§b7 0; +v
= Vg, (23)
and
Vig=E {75}
1Y 1Y k
_ _T Ty o= Ty |~
_E{ a x—&—ﬁiz:;bi 0;+vl|a x—l—N;bi 0;+v }

1 & L&
=0 Vol + ~ Y b} Vagh; + ] S Vo %
i=1 i=1

N2
We can also expand the cost of each agent as

E{||(z + 6:) — " (y)II3}
= trace(Vae + Voo — E{(z + 0;)2"(y) " }

—E{2"(y)(z +0,) "} + E{&* ()3 (») '}).  (25)

Now, notice that the identity in (26) holds. Substituting (26))
into (23) results in

E{||(x + 6;) — 2"(y)|13}
= trace(Vy.+Vae ) +trace (folVggbng?ng

— Vo Vi N7 Vo — Vg Vi Viga) - (27)

The receiver, without incurring any information loss, can scale
up or down the received measurements to make sure Vi = 1
(note that dim(g) = 1). Let us show that this assumption
is without loss of generality. To do so, notice that by fixing
strategies of sensors j # i, we can calculate the best response
of sensor 7 through solving

min  E{[|(z +6;) — Vag V5 913}

a;,04 PRI
Vi Vo,v;

because £*(y) = (Vo5/Vyg)7 (recall that dim(g) = 1). Notice
that ¢ is implicitly a function of (a;, b;, Vi, v, ). Now, let us de-
fine § = ij/\/Vyy. Bvidently, Vjy = 1 and Vo5 = Vag/\/Vig-
Therefore, £*(y) = V37 (following simple algebraic manip-
ulations). This indeed shows that we can calculate the best
response of sensor ¢ by solving

~min E{||(z +6;) - Vagdll3},
a;,bi, Vi, v,
s.t. Vgg = 1,

in which @, = a;/\/Vyz, bi = b;j/\/Vgg. and V,,,,

Viivi / Vg Therefore, these two optimization problems are
equivalent and, hence, the assumption that V5 = 1 is without
loss of generality. Now, by substituting (23) into (27), we get

E{||(z+6;) — *(y)[13}
= trace(V,, + Vag) + trace(— N~ Vyob; Vi
— VagN 710/ Vg — VagVia)
= trace(Vz, + Vi) + trace ( — N~ YWypbsa ' Vi
— VoGN] Vypy — Vipaa ' Vi)
= trace(Vz, + Vi) + trace ( — N7'a "V, Voob;
— N7 Voo Vipa — @' Viy Vipd)

i) e[%]

- % ‘/90 V"cr

= trace(Var + Vo) + [ i

where

0
G =
|: 7%‘/7"1“/99

Let 5 : [ j2i1'j = I'; denote the best response of player .
This mapping is defined as 5;(v—;) = (a¥, b}, V, ) where

1771 T V04

* 1 —xT — % 1 T
Viw =1- 73 > Vi, — @ V" — e > " b] Vaob;

i#i i#i
1
- ﬁbj—rv@gb:,
and af = Na* — ., a; with
bl L[ b
(a ,bi)Earg,irinn { a ] G{ i }, (28a)

1N
s.t. C_LTszﬁ + m Z b;r‘/ggbj

j=1

1
1= 55D Vo, (28b)
JFi

where the constraint (28b) is motivated by

N
1 1
me =1- aTV;z:ca - ﬁ § b;rVaeb] - m § V’ujvj >0,

j=1 i

which can be extracted through rearranging the terms in (24)
while setting V33 = 1. Note that V,,,, > 0 because the



1< T 1 &
E{(z+6,)2"(y)"} = ]E{x+9 ( Zaz) NZ

1 N
ity 2

_ 1 -
VyylVW} = (Vry + N‘/Of)bz) V' Via. (26)

variance of any random variable, by definition, must be non-
negative. Now, we can rewrite (28) as

-
min [bz] G{bi}, (29a)
a,bi a a
a 0 Vi a
1
<1-— Zb Vaob; — 53 > Vi, (29b)

J#i

If NLZ#: b Vagb; + %Z#i Vi,v, = 1, we know that
by = 0 and a* = 0 Thus, we focus on the case where

Nz 222 b Voobj + w2 222 Voo, < 1. With change of
variable

J#i

{ b } 1 b; ]
d )
\/1 - N2 Zy;ﬁz j Vggb N2 Z]#Z Vv

we can rewrite (29) as

/ T /
win o i ] a5 ]
1Tl LV 0 b

N? ’
« (4] (4]

where p = 1— N2 Z#l bl Voabj — N2 Z#Z v;v; - Following
Lemma in Appendix E], we know that the solution of this
problem is 1ndeed equal to

w1 [ Ve o
a’* = fa

0 —-1/2
where ¢ is the normalized eigenvector (i.e., [|€[l2 =
corresponding to the smallest eigenvalue of the matrix

NV,,'2 0 o NV,,'2 0
0 Vi/? 0 Vi
1/2y,1/2

_lew/Q ‘/919/2 _sz

This is indeed true because the above matrix always has at
least one negative eigenvalue because its trace is equal to
trace(—V,,) which is negative (otherwise, the sensor would
be better off by selecting a; = 0 and b; = 0). This solution
implies that 5;(v_;) = (a},b},0) where

1Y

by
{a; } \/1—219 Vagb; —
J#i

NV,,'2 0
0 NV

1
N2 Z Voso;

J#i
0
¢ {Z#i a; } '
Now, one can check that the v* = (a*,b*,0) with a* and b*

defined as in the statement of the theorem is a fixed point of
the best response mapping, that is, v* = 5;((7*) ), Vi. ®

1/2

Because for the presented equilibrium in Theorem &
is independent of N, the estimation quality in the receiver
degrades with increasing N. This is because a; and b; are,
respectively, decreasing and increasing functions of N, which
means that each sensor puts more emphasis on its private
information rather than the state of the system as N grows.
More precisely, we can show the following corollary.

COROLLARY 3.4: Assume that n,, = 1 for all ¢ €
[[Nﬂ, Ve = 0, and Upy = 0. Let (55*7(7*)1'6[[N]1) be the
equilibrium in affine strategies introduced in Theorem [3.3]
Then, E{llz — [#*((7")iepnp)l (7" (@, 6))icpnp)[3} is an
increasing function of N, specifically, limy_, oo E{||jz —
[ (()aernD]((V* (2, 62))ie )13} = trace(Va).

Proof: See Appendix [D} [ ]

Corollary states a rather counter-intuitive result as it
shows that, for the extracted affine equilibrium, the per-
formance of the receiver (i.e., the quality of the estimate)
degrades by summoning more sensors. This behavior can
become even worse by expanding the policies of the sensors
to also contain nonlinear mappings (see Remark [3.I). By
considering a slightly different model in the next section, we
show that this result crucially depends on each sensor’s belief
about the others’ strategic intention in equilibrium.

EXAMPLE 2: (TRAFFIC ESTIMATION): Consider an ex-
ample in which the receiver is interested in estimating the
travel time on a single road. Note that this setup can be
easily generalized to a neighborhood or a city by separately
estimating the traffic on each road. In addition, considering
the traffic flow conservation (i.e., the total inflow and outflow
traffic are equal to each other in each junction), we can
use the measurements from adjacent roads as side-channel
information. The travel time is a scalar variable denoting the
time that it takes to go from one end of the street to the
other end, which varies according to the congestion level.
At any given time of the day, using the historical data, we
have a fairly accurate measurement of the average travel time.
Therefore, the task at hand is to measure the innovation
(i.e., the travel time minus its average) which is denoted by
z. Although, in transportation literature, the travel times are
assumed to follow a log-normal distribution for highways and
urban areas, assuming a Gaussian distribution is also fairly
common [25]] (note that, with a Gaussian distribution, the
travel time may become negative with a nonzero probability,
however, this probability will be negligible if the variance is
small). The vehicles that drive along the road have an accurate
measurement of x by timing their trips. Now, imagine we have
distributed a mobile application for crowd-sourcing estimation
that asks the vehicles to register their message y;, i € [N],
and, in return, it provides the community of its user with
time-optimal trip planning. The application, as many of the
available traffic applications, does not reveal the messages of
the other vehicles (since it is rather useless for most users
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Fig. 5. Estimation error E{||z — 2(y)||3} as a function of the number of
sensors N for different sensing scenarios.

who simply wish to plan their trip). Clearly, in this example,
we have n, = 1 and n,, = 1 for all ¢ € [N]. Furthermore,
using an appropriate change of variable, we can always set
Ve = 1. Let us assume that Vo = 0, which implies that the
sensors preference does not depend on the actual state of the
traffic (i.e., they under- or over-state the traffic irrespective
of what is going on the road). Finally, let Vyp = 1. A key
assumption is that the number of the participants N needs
to be fixed in advance and, more restrictively, to be known
globally. In some cases, this quantity might be known a priori
as commercial crowd-sourcing applications tend to publicly
advertise the number of the consented participants; however,
a viable direction for future research could be to introduce
individual beliefs on the number of participants for each sensor
in order to avoid the dependency of the equilibrium to N.

Following Theorem [3.3] under the described circumstances,
we can calculate the sensors’ signal

_ 0.8506 - 0.5257TN ‘
v/0.7236 + 0.2763N V0.7236 + 0.2763N "
We also know that 2*(y) = E{z|(y1 + - - - + y~)/N}, which

allows us to calculate the estimation error as a function of the
number of sensors according to

Yi

0.2763N
0.7236 + 0.2763N

Clearly, as N grows, the quality of the estimation degrades.
Figure |5| illustrates the estimation error variance e;(N) as a
function of the number of sensors N with a blue solid curve.
As we can see, for large values of N, the crowd-sourcing
technique does not provide any insight in the travel time.

e1(N) =E{[la — 2" (y)l3} =

B. Static Estimation with Synchronous Herding Sensors

In this subsection, we consider “herding” equilibria in which
sensors imitate each other. The herding scenario models an
interesting intermediate situation where each sensor is refined
enough to recognize that others may also be strategically

misreporting but, having limited cognitive abilities, assumes
that they simply copy its own policy.
Note that, because of the symmetry assumptions, I'; = T';
for all 4, j € [N] and, hence, we use I' to denote these sets.
DEFINITION 3.5: (HERDING EQUILIBRIUM IN AFFINE
STRATEGIES): A pair (2*,v*) € C(I',T) x T' constitutes a
herding equilibrium in affine strategies if

#* € argmin E{||z — [2(v")]((v" (2, 0;)) e 13}, (30)
£eC(T,T)

e arg min E{||(x + 0:) — [z ()I((v(=, 0;)) e 3
(30b)

for all ¢ € [NV].

In this definition, all the sensors must deviate at the same
time whereas, in Definition [3.1] the sensors could deviate uni-
laterally. Therefore, a herding equilibrium does not constitute
an equilibrium in the sense of Definition since one of the
sensors might benefit from breaking away from the herd; i.e.,
by not employing the same strategy as the other sensors.

LEMMA 3.6: If v; = (a, b, V,,) for all € [N], then

E{ll(z +0;) — E{z|y}lI5} = E{ll(z + 0) — E{x|y}[I3}

+ trace (Voo — Upo)

where § = (01 + -+ + 0y)/N.
Proof: See Appendix [E] [ |

Lemma shows that when the sensors herd, we can
replace them with a single sensor with private information
(01 + -+ 4+ 6n)/N. Now, intuitively, because of the Law of
Large Numbers, one might expect that, as N grows, the agents’
contributions cancel each other and, eventually, the receiver
may have access to the perfect estimation. We show this in
the rest of the subsection.

THEOREM 3.7: Assume that n,, = 1 for all ¢ € [N],
Vze = 0, and Ugy = 0. There exists a herding equilibrium
in affine strategies in which the receiver follows [Z*(y)](y) =
E{x|(y1+---+yn)/N} and sensor S;, i € [N], employs the
linear policy v* = (a*,b*,0) where

|

{b*] VNV 0
a* |

0 Va2
and ( is the normalized eigenvector (i.e., ||C]l2 =
sponding to the smallest eigenvalue of the matrix

1) corre-

1/2y,1/2
~ e Vad Vit
_V:Ez

0
. ﬁ Vxl ac/ 2 Vvala/ 2
Furthermore, the sensors’ policy of the form xv*, for some
k € R\{0}, along side the receiver’s policy Z*, also constitutes
a herding equilibrium in affine strategies.

Proof: Following the result of Lemma [3.2] we know that
the receiver cannot improve its estimation error by following
different strategy. Following Lemma|3.6] all the sensors would
have the same cost which is equal to the cost function an
aggregate sensor with private information = (0 + --- +
On)/N (up to a constant term). Therefore, in this scenario,
we can replace all the sensors with a single sensor. Doing



so, we can use Theorem to calculate the equilibrium for
the case that the side channel information is ignored. In this
case, we can see that the best response of the sensor can be
extracted from optimization problem

A kAt

* * : Vfl}'z
v <y | 1

.
|2 Vot 0 } |2 ]
S,t, rz rxr _ rz <1.
IR EE
Again, using Lemma [AT] we can deduce that
|: Vz*z :| B 1:11/2 0 C
* - 1/2 )
Ve- 0 Vg

where ¢ is the normalized eigenvector (i.e., ||C||2 = 1) of the
smallest eigenvalue of

1/2 1/2

A I
o _V:mc _ﬁ 1142‘/919/2
- \/%%19/2 m1x/2 0 ’

where the second equality is a direct consequence of the fact
that V35 = N ~1Vjyy. Now, following the same argument as in
the proof of Theorem [2.2] we can extract the explicit solution
presented in the statement of the theorem. ]

REMARK 3.2: Note that the results of Theorem [3.7] holds
for general mappings and not the set of affine policies. This is
because, in the proof of this theorem, we refer to the results
of Theorem [2.2] which holds for more general policies.

COROLLARY 3.8: Assume that n,, = 1 for all ¢ €
[[Nﬂ, Vmg = O, Ugg = 0, V:m = T]II, and
Voo = mel. Let (Z*,(7")ieqny) be the herding equi-
librium in affine strategies introduced in Theorem
Then, E{flz — [*(v))((v*(.6))iepnpll3} s a de-
creasing function of N. Furthermore, limpy_, o E{|lz —
@ ()7 (2, 6))ie I3} = 0.

Proof: See Appendix [F] [ |

EXAMPLE 2: (TRAFFIC ESTIMATION, CONT’D): Follow-
ing Theorem we can calculate the sensors’ signal in the
herding equilibrium as

vy — V2 :Hx/ﬁ( N(N +4)—N)
YN-VNNTH+4 /N yNE 14 +4

Furthermore, we can calculate the estimation error in the
receiver as

0;

2

CN+4—/N(N+4)

In this case, it is evident that the quality of the estimation
improves as the number of sensors grows which demonstrates
why herding between strategic sensors is a virtue.

Now, let us consider a rival scenario in which the sensors
are not strategic, however, they have access to the noisy state
measurements. Therefore, they transmit yz’- = x + u; where
(ui)ien are i.i.d Gaussian random variables so that E{u;} =
0 and E{u?} = o for all i € [N]. We also assume that

GQ(N) =1

E{u;x} = 0 for all ¢ € [IN]. The estimation error is eg(N) =
/(o + N).

Figureillustrates the estimation error variances es (V) and
es(N) as a function of the number of sensors N to visually
compare the estimation error of different scenarios with each
other. Here, we have set 0 = 0.3820 so that all the schemes
have equal error at N = 1. Interestingly, we can note that

GQ(N) - 1

N—oc0 €3(N) O'.

Hence, if ¢ > 1, employing many strategic but accurate
sensors that herd is better than employing many honest but
NOisSy Sensors.

C. Static Estimation with Asynchronous Independent Sensors

In many crowd-sensing applications, the users enter their
data sequentially (and not simultaneously). This is the case,
firstly, because they do not coordinate their actions and,
secondly, because they are not measuring the state of nature
at the same time. This creates an interest for investigating
estimation in the presence of strategic sensor with asyn-
chronous communication structure, which is the topic of this
subsection. We still assume that the sensors and the receiver
are connected to each other using the communication network
presented in Figure [} however, the sensors transmit their
signals sequentially and the receiver computes an estimate
after each transmission. At time step ¢ € [N], only sensor
S; transmits the message y; € R™¥ to the receiver R. Note
that the definition of “time step”, in this subsection, is not
the same as in Subsection Here, the evolution of “time”
merely points out the order of the sensors and the underlying
estimation problem is still static. We assume that the sensors
have access to all the previously transmitted messages (and
may consider them as side-channel information), however, as
we will see later, at the equilibria, the sensor do not use this
information. Similar to the previous subsections, each sensor
S; has access to the exact measurement of the state z € R™=
and its own private parameter 6; € R"~.

At time step ¢ € [N], the receiver R computes the
optimal estimate by minimizing E{||z — v;((yx)i_,)||3} over
T; denoting the set of all Lebesgue-measurable functions from
[T—; R™ to R™. The goal of the sensor S;, i € [N], is
to minimize E{]|(z + 0) — v; ()i} (. ()2 0) I3}
over I';, which is the set of appropriate stochastic mappings
defined in the same fashion as in Subsections [[IZA] and [[I=Bl
Unlike the previous subsections, we do not restrict ourselves
to affine policies.

DEFINITION 3.9: (EQUILIBRIUM WITH ASYN-
CHRONOUS COMMUNICATION): A tuple  ((});engs
(7 )ietvy) € Tliepap €T3 Yi) x TLieqnp i constitutes
an equilibrium with asynchronous communication if for all
i € [N],

@7 € argmin E{llz — [2:(3)]((y)k=1) 13}, (31a)

T; GC(FHT,L)
1t € argminE{|(z + ) — 55 ()]

vi €l
(i) vi(e, (yi)i—1, 0)lI3},  (31b)



where v = v (x, (y5)F_Y, 0y) for all k € [N].

REMARK 3.3: Here, the sensor are myopic, i.e.,
the cost of each sensor is only a function of
(27 (v)] ()i 2hs i, (97)12h, 64)), which s the estimate
after its transmission and not the estimate at the end (after all
the transmissions). This is a particularly useful concept if the
sensors do not know the number of active participants in the
estimation scheme (but they can observe, at least, the number
of the sensor that have already contributed).

THEOREM 3.10: There exists an equilibrium in which, at
step ¢ € [N], the receiver uses the LMS estimator

(7 ()l (Wik=1) = By, i) (32)
while the sensor S;, ¢ € [N], uses the policy
=of x4 ag 0+ v (33)

In the sensor’s policy, v € R™¥: is a Gaussian random variable
with zero mean and covariance matrices

[Vva: V'UG Vvy]:[o 0 0 ]7
T
V;)'u:]_|:a1:| \Ili|:a1:|7
(6%} a9

€ argmin trace (f’T\Ili [ :§ _OI } \I/i§/> ;

ceR2ne XNy,

in which

o

st &1 <1,

Vel ]

.
\I}z:|: :| )
vi=1[yi" A

Furthermore, the sensor’s policy of the form (r;7;)icng, for
some ; € R\ {0}, Vi € [IN], along side the receiver’s policy
(%7 )ien]- also constitutes an equilibrium. All these equilibria
result in the same estimation error variance at the receiver.
Proof: The proof follows from utilizing Theorem [2.7]
sequentially and treating all accumulated information at this
time y7,...,y;_; as the side-channel information. ]

VIZL‘
Vo

Vw@

Vmp. 1 VIw.
% V %
Voo ] {

Vo, Y Vou,

IV. CONCLUSIONS AND FUTURE WORK

In this paper, we investigated static and dynamic estimation
with strategic self-interested sensors using a game theoretic
viewpoint. We first calculated an equilibrium for the single
sensor case in the presence of an honest but noisy side-channel
information for both static and dynamic estimation problems.
Interestingly, the sensor’s policy turned out to be memory-less
in the dynamic case for the characterized equilibrium. Then,
we extended the setup to study static estimation with multiple
sensors when (i) the sensors are strategic but restricted to
using affine policies and when (i7) they herd (i.e., they imitate
each others’ policies). We showed that when the sensors are
herding, the receiver can indeed estimate the state of the
system with a large number of sensors which does not seem

to be possible in the other case. Finally, we partly extended
the results to the case in which the sensors communicate
sequentially. An avenue for future research is to remove
the i.i.d. assumption from the underlying random variables.
Further future work can focus on using mechanism design
theory to appropriately incentivize the sensors to communicate
truthfully, which would allow us to better understand the price
of information in networked estimation.
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APPENDIX A

LEMMA A.1: For any n € N, let X € R"*" be a symmet-
ric matrix with at least one negative eigenvalue. Moreover, let
& € R” denote the normalized eigenvector corresponding to
the smallest eigenvalue of X. Then

£ cargmina ' Xz,
z€R™

st. z'z <1.

Proof: To prove this lemma, we first show that the
inequality constraint z "z < 1 can be replaced by the equality
constraint 'z = 1 without changing the optimal solution
(i.e., the constraint is active for all the optimal solutions).
Then, the rest of the proof automatically follows from the
Courant—Fischer—Weyl min-max principle [26, p. 58]. To prove
this, note that the optimization problem admits, at least, one
solution because the feasible set is a compact set (i.e., it
is closed and bounded subset of R™) and the cost function
is continuous. Pick any optimal solution z. We show that
ZTZ = 1. Assume that this not the case, thatis, 7'z = § < 1.
Let ¢ € R™ be the normalized eigenvector corresponding to
the negative eigenvalue in the statement of the lemma. Now,
we define & = (1/4/6)Z. By definition, "% = z'z/6 = 1.
Therefore, we get &' X7 = %fTXf < ' Xz, where the
strict inequality follows from that 6 < 1 and Z' Xz <
¢TX(¢ < 0. This is in contradiction with Z being an optimal
solution. ]

APPENDIX B
PROOF OF PROPOSITION 2.3

Notice that we can rewrite =’ as Q') where

Q[Qu Qu} Vot

mel/2‘/19

0 Qo 0 (Vag — Ve Vir Vig)'/?

with Vi = Ve — Vi Vi 'Wie, Vao = Vao — Vay V' Vo
and Vyy = Vyg — ngV V . Using Schur Complement on
=’ > 0, we can see that VTT > 0 and Vog — ViV, Vi > 0.
Now, by introducing the change of variable n = Q&’, we may
transform (I6) into

- -1
: T T
,ain 7 Q[_z 0 }Q d

st. n'np<l.

(34)

Following the same line of reasoning as in the proof of
Corollary 2.3] we can see that the solution of (34), denoted by
n*, is the normalized eigenvector corresponding to the smallest
eigenvalue of

o2 7

I 0
_ [ 00 - Q) — Q20 000y,
—Q2202]; 0 '

We show that, for this solution, oy # 0 by reductio ad
absurdum. To do so, assume that «v; = 0. Therefore,

* 0 _ Q12
r-ela -6 ]

Hence, there should exists A < 0 (by same argument as in the
proof of Corollary such that

*Qnﬂﬂ - Qnﬂng - QlQQlTl *Qnﬂng 2 s
—Qggﬂirl 0 QQQ

_ { *Vzlx/zvme - lez/z%e — 12V ] as = A { Q1p ] as.
—Q92 Va0 Qa2

Noting that Q95 > 0, we get

(=Vil?Vao = Vil*Voo — QaVig)az = Xdzaz,  (352)
—Vl-g()ég = )\042. (35b)
Substituting into while noting that V,/> > 0 gives

(—Vao — Vog)aa = 0,
or, equivalently,

Vogao = —Vypao = Aaa,

which is in contradiction with the fact that f/gg > 0. This
proves that oy # 0. The proof of that oy # 0 follows a
similar argument.

APPENDIX C
PROOF OF LEMMA [3.2]

Let us define the random variables § = (y1 +--- +yn)/N
and §; = y; — g for i € [N]. Moreover, let y = (y:)ic[ny- It
is evident that no piece of information is lost with this change
of variable because span((y;)iciny) = span((¥i)ie[ny) @

span(y). Therefore, we have &(y) = E{z|y1,...,yn} =
E{z|7,¥1,...,Un}, and as a result,
E{zly} =[ Voy Vig Vain |
1~ _
Vog  Vau Vain 7
« VQ.NJ Vf/'lﬂl V?JlﬂN hn (36)
Ving  Vinin Vinin UN

Now, we can easily show that
1N
Vg :E{(bTﬁiqui - NZ b70; + v, )

( ZbTa + ;) )T}

N
= bTvema + —bTVbeb + TbTUeeb

= ZbTVexa ;2 ZZbTE{Q 0, b

J=1k=1
N

+NV'UU_WZVM) =0,

j=1

and

N T
Vg, :E{:c(bTHH—vi Z (0705 +vy)) |

1 N
= web—NZVwebzo

j=1



Substituting these identities inside (36) results in
E{azly} = Vay 0 0 ]

Vg 0 s 0
0 V??l?]l

-1

Lo

V@l@N
0 VTJNZL

=VagViy ¥

=E{z|y}.

This concludes the proof.

VZ?NZ?N

APPENDIX D
PROOF OF COROLLARY [3.4]

First, note that

E{[lz—[2* (v )iepvp)) (V" (. 6:) Jiepnp) 13}
= E{|lz — E{2|g}[I3}
= trace(Vae — VayVyy 1Vggc)
= trace(Vm — Vma*a*TVm)
trace( 1/2£2£;Vz133/2)
L+ (N -1 &

Now, we prove that & # 0 using reductio ad absurdum. To
do so, assume that & = 0. Clearly, £ # 0 in that case (since
¢ is an eigenvector). We have

0

&2

—Vod Vil 6 }

— VzxQ2

= trace(Vzy) —

0 e T
- 1:11/2‘/019/2 Vi

which is valid (because £ is an eigenvector) only if
—V(,la/ 2 1/ 2{2 = 0. This leads to a contradiction since &y # 0.
Followmg the same line of reasoning, we can also prove that
&5 # 0. Now, notice that &1, &> do not depend on N (because
the matrix for which they serve as an eigenvector is not a
function of N). This concludes the proof.

APPENDIX E
PROOF OF LEMMA

First, notice that
E{||(2+6;) — E{x|y}[|5}
=trace(E{(0; +2)(0; + )" — (z + 0;)E{x|y}
—E{z|y}(0; + 2) " + E{z|y}E{z[y}"}). (37

Following Lemma [3.2] we know that the optimal estimate
E{z|y} is of the following form
E{zly} = Ky
=Ka'z+Kb' 0+ Kb,

for some appropriately selected constant K € R"=. Here, iy =
12;;&13/3’9— 12—1 j» and U = N 127 1Y+

Therefore, we can prove the identity in (38) in which the fourth
equality is direct consequence of

N -1
V99+ ~ Uyo

1 N N
= > Z E{6:0] }.
j=1t=1

Substituting (38) into (37) results in

E{||(z+6;) — E{z[y} |3}
= trace(E{(z + 0;)(z + 0;) " — (v + O)E{z|y} "
—E{zly} (e +0)" +E{zly}E{zly}})
=E{|/(z +0) - E{z|y}|3}
+ trace (E{(z + 6;)(z + 0;)"}
CE{w B+ 6)T))
“E{Jl(x +0) — E{alu}I2}
+ trace (Vo — Upg) (N — 1)/N,

—ZE{H 0]} =

where the last equality holds due to the fact that

N N
__ 1
E{0,60, } —E{00"} = Vg — e > E{6;6]}

j=1t=1

= Voo — 5 (NVig + (N? — N)Ups)

ﬁ
N_
= T(Vee — Uyg).

This concludes the proof.

APPENDIX F
PROOF OF COROLLARY[3.8]

Using Item (6) in Section 4.2.2 [19] p.50], we have

1
det >\1[ ‘/ml
VNn1zne ()\—’_nm)l
1
= det(A\]) det A+npg———— |1
() (( K Nmme/\> )
N%’Ie) ’

and, as a result, the smallest eigenvalue of the matrix is equal
to

—N —

n2 +4/(Nnene)

A=
2

For this eigenvalue, we have

1
)\1] \/mf
vV NNz ()\+’r]aj)

~
—_
L ——
TS

and, therefore,



N

N
E{(x+9i)]E{x|y}T}:E{x—l—9 z aK" + Z GTbK—r Z TbKT %Z x+6;) TKT}

N

j=1t=1

Ei(:wé) [Ka” 1:+KbT0+Kv]T}
E (I+§)E{x|y} I8

N

N N
E{ (x+60)2TaKT + % ZxoTbKT 12 D> 00 bET + % > (z+0) UJTKT}

Jj=1

(38)

On the other hand, we know that ¢;'¢; + ¢ (2 = 1, which
results in

G = =

NSV

_ Nfleng +N77977% 77% +4/(N77977w) +4CI
2]\/'179775’/, + 8

!

for any ¢’ € R"= such that ¢’ ¢’ = 1. Hence,

E{llz—[*(v*)]((v* (2, 6:))iepny) 13}
= E{||lz — E{z[g}3}
= trace(Vy, — Vnggz;lng)
= trace(Vy, — Vma*a*TVm)

= trace(Vzy) — ¢(IV) trace(Vxlx/QC’C’TV;f),

Nugnz + Nngnz /nz +4/(Nngn.) +4
2Nngn2 + 8
Evidently, ¢(NN) is an increasing function of N because
dg(N) 1
AN N2ng(n3 +4/(N1ame))3/2)
> 0.

Thus, E{Jlz — [&*(v))((7* (. 6))ieqny)[3} becomes a de-
creasing function of N. In addition, we have

i E{ffz — [ (V) (2,0:))ien) 13}
= (1, = Jim ¢(N)na)n, = 0.

S(N) =

This concludes the proof.
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