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Attack Detection in Stochastic Interconnected Systems:
Centralized vs Decentralized Detectors
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Abstract—In this paper we consider a security problem for
stochastic interconnected systems, where the objective is to
detect attacks on the system dynamics from sparse measure-
ments. We consider two classes of detectors, namely centralized
and decentralized detectors, which differ primarily in their
knowledge of the system model. In particular, a decentralized
detector has a model of the dynamics of the isolated subsystems,
but is unaware of the interconnections between them. Instead,
a centralized detector has a model of the entire dynamical
system. We characterize the performance of the two detectors,
and show that, depending on the systems parameters and attack
strategy, each of the detectors can outperform the other. In
other words, it may be possible for a decentralized detector
to outperform a centralized detector, which, as we discuss, is
due to the considered hypothesis testing problem. Finally, we
illustrate our results through a set of numerical examples.

I. INTRODUCTION

Modern dynamical systems are increasingly becoming
more distributed, diverse, complex, and integrated with cy-
ber components. Typically, these systems are composed of
multiple subsystems, which are interconnected via physical
couplings among the states of the subsystems. An example
of such systems is the smart city, which comprises of power
grid, transportation system, and a water distribution network,
among other [1], [2], [3]. Although these subsystems are
interconnected, they are often operated independently. As a
result, they may have limited information about the overall
system dynamics. Further, the subsystem operators may not
be willing to share information with the other subsystems
due to security and privacy concerns, and it may be difficult
to directly measure the interconnection signals between the
subsystems. For these reasons, interconnected cyber-physical
systems may be more vulnerable targets to cyber/physical
attacks, which greatly degrade the performance [4].

During the last few years there have been many studies
on analyzing the effect of different types of attacks on
dynamical systems, and possible remedial strategies [5]. A
key component of these strategies is the assumption that a
detector responsible for making decisions about attacks has
complete knowledge of the overall system dynamics. Yet, due
to the limited information available to subsystems or their
unwillingness to share information, it is not always feasible
to test for attacks on the global system. One possible strategy
to tackle this situation is to allocate the detection tasks to
each subsystem independently. In this paper we develop such
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a local detection strategy, which enables each subsystem to
detect local attacks in the absence of information regarding
other subsystems. We consider a scenario in which the local
detectors cooperate to detect attacks on the interconnected
system, thereby resulting in a decentralized attack detection
strategy. We compare this decentralized strategy with a
centralized strategy, in which a central detector detect attacks
on the whole system based on the complete knowledge of
the overall system model.
Related Work: Since the past decade, researchers exten-
sively studied both the detection and the estimation of the
attacks in the stochastic systems, under the realm of cyber-
physical system (CPS) security. A few notable works in
this direction includes [6], [7], [8], [9]. For more interesting
results in the security of CPS, we refer the reader to [5].
We note that the most of the existing works on the
attack detection assumes a centralized detector. Although,
the decentralized detection strategies are well studied in the
realm of communications and signal processing communities
[10], [11], in the context of dynamical systems framework,
decentralized detectors have recently been proposed [12],
[13], [14]. In all these works, authors mainly studied the
distributed attack detection for the deterministic dynamical
systems using geometric control techniques. Hence, many of
the existing tools cannot be readily extended to the stochastic
systems and thus, in this paper, we take a step forward to
develop a decentralized detector for attack detection in the
stochastic systems along with a centralized detector.
Contributions: The main contributions of this work are as
follows. First, we present two classes of detectors, namely
centralized and decentralized detectors, to decide on the
presence of deterministic additive attacks against intercon-
nected systems driven by noise. Our detection schemes are
based on the decision theoretic framework that falls under
the category of simple vs composite statistical hypotheses
testing. We characterize the detection probability of the
detectors as a function of the system knowledge available to
a detector, i.e., system dynamics, noise statistics, and attack
parameters. Although, intuitively one may believe that a
centralized detector must perform better than a decentralized
detector, contrast to that belief, we show that there exist some
scenarios, depending on the system dynamics and attack
parameters, such that a decentralized detector can outperform
a centralized detector.
Paper Organization: The rest of the paper is organized as
follows. Section II contains the problem setup and some
preliminary notions. Section III presents our measurement
processing methods and sets up our hypothesis testing frame-
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work. The performance comparisons of the centralized and
decentralized detectors are detailed in Section I'V. In Section
V we provide numerical examples to support our theoretical
findings. Finally, in Section VI we conclude the paper.

II. PROBLEM SETUP AND PRELIMINARY NOTIONS

We consider the following discrete-time, linear, stochastic
interconnected system composed of N subsystems:

N
ik + 1) = Auay(k) + Y Aija; (k) +wi(k),

J#i M
where z; € R™ is the state of the ¢-th subsystem, and
w; ~ N(0,5;), v; ~ N(0,T;) are the process and
measurement noises. We assume that the noise vectors are
mutually independent, that is, w;(k) I v(k) (Vk € N), and
that w; Il w,, v; Il v; whenever ¢ # j. Let n = Zivzl n;
and, to simplify the notation, let B;u; = Zj\;l Ajjzj, where

B; = [Ail Aji1 AiN} and ,

T_71,T T T 71T n—n;
u, =[] - ozl =z, - 2] €R .

Aii

We allow for the presence of attackers that compromise
the dynamics of the subsystems, and we model such attacks
as exogenous unknown inputs. In particular, the system
dynamics of the i-th subsystem when subject to the attack
Bf e R™>*™i 4 € R™ become

zi(k +1) = Asi(k) + Biug(k) + Bffuf (k) + wi(k),
yi(k) = Ciwi (k) + vi(k).

In vector form, the dynamics of the interconnected system
(2) read as

2

x(k+1) = Az(k) + Bu* (k) + w(k) 3)
where z = [z] mMT, w=[w{ ... wL]T € R",
u® = [(uf)’ (u‘}V)T]T eER™, m= Zfil m;, and
All AIN B? R O
A== C Bt = :
ANl ANN 0 B}lv

We assume that a decentralized detector is composed of
N local detectors indexed by i € {1...N}, where each
i—th local detector knows the local matrices A;; for all j €
{1... N}, the statistics of w; and v;, and the measurements
yi(k) collected over discrete times in the interval [1,7].
Based on the local measurements, each ¢—th local detector
decides against the presence of attacks in the ¢—th subsystem.
The decision about the presence of attacks on the overall
system is made by the decentralized detector based on the
decisions reported by the local detectors.

Instead, a centralized detector knows the matrix A and
makes decision about attacks based on the measurements
{Ye1(k), -+ ,yen(k)} over the interval [1,T], where

From the equation (4) we notice that the local measurements
obtained by the centralized detector from the sensors of
the i—th subsystem sensor are dependent on the state (k)
rather than just z; (k). Hence, we assume that the centralized
detector has knowledge about the statistics of the noise
vectors w; and v; for all i € {1---N}.

The following procedures summarizes our detection mech-
anisms for detecting attacks on the interconnected system:

1. Centralized detection scheme:

(i) Collect measurements: For all i € {1--- N}, collect
the measurements using (4) over the interval [1,7T]:

Yo £ [y;rz(l) yl—z(2) y;rz(T)]T
Y; £ [Ych YCTQ YCTN ]T

(ii) Process measurements: Process the measurements
Y. — Y. to perform detection (see below).

(i) Artack decision: A suitable statistical test is conducted
on Y, to decide against attacks.

2. Decentralized detection scheme:

(i) Collect measurements: For every i € {1---N},
collect measurements (2) over the interval [1, 7]

Y2 [y (1) y(2) v; (T)]

(ii) Process_measurements:  Process the measurements
Y; — Y, to perform local detection using a suitable
statistical test (see below).

(iii) Attack decision: A decision is made based on pooling
the decisions from the local detectors.

T

Remark 1: (Similarity of measurements Y; and Y. ;) We
note that the local and centralized detectors possess the same
set of measurements, i.e., Y; = Y., forall ¢ € {1,--- , N}
(this is evident from (2) and (4)). But the way the detectors
process their measurements is different due to their different
information about the interconnected system dynamics. [

III. DETECTION FRAMEWORK

A. Processing of measurements

Define the following observability and forced response
matrices associated with the ¢, subsystem

O=| : [ FEY=| A
C; AL C,AT1B; CiB;
CiBY ... 0 Ci ... 0
FO= o o LR =
C;AL'B¢ ... C;BY C AT ...¢

Analogously, define O ;, }"éz), and }"&U) for the intercon-
nected system (3) with respect to the local measurements y. ;

(4). Then, Y. ; and Y; can be explicitly written as

Yeilk) = [0+ Ci---0] 2(k) +v; (k) (4) Y; = 0;2:(0) + FU; + FOU* + FO + Vi, )
~—_———
s, Yei = 0caa(0) + FU + FYOW +
4542

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on June 24,2021 at 15:38:23 UTC from IEEE Xplore. Restrictions apply.



where

U = [ui(0)7 u(T =177,
g = [ug(0)" u (T 17",
U = [us(0)7 u(T—1)7]",
W; = [wi(O)T w; (T —1)7 T7
W = [w(0)T w(T—1)T]", and
Vi = [0:(0)T (T —1)7]

The terms z;(0), U;, and U in (5) are unknown to ¢—th local
detector, while the terms z(0) and U® in (5) are unknown to
a centralized detector. As the goal of the detectors is to detect
if U* # 0, we let the detectors pre-process the measurements
to cancel the effect of the unknown parameters that do not
carry information about the attack vector. Let N and N/,

be a basis for the left null space of {(’) F “)} and OC,
respectively, and let

Vi 2 NTY; = N7 [FO0g + FOWi + V], and

(6)

Yoi & NIV, = NI, {fgj?Ua + FW 4 V} .

Notice that, in the absence of attacks, the measurements (6)
depend only on the system noise. Instead, in the presence of
attacks, such measurements also depend on the attack vector,
which may leave a statistical signature for the detectors1

Before presenting our testing procedures we express Yc i
and Y; in terms of Y. = [V, Y], YCTN] We
begin with the following proposition.

Proposition 3.1: Let

NE = {z T [Oi _7—'1,(“)} = OT}, and
NCLZ = {z : ZTOC,i = OT}.
Then, N}¥ € NE,.

Proof: Without loss of generality we can consider the
case when ¢ = 1. Consider the linear system defined in (2)

without the attack and noise inputs i.e., z(k + 1) = Ax(k),
and let z(k) = [z1(k)" El(k)T]T. Now, let
An By ]
/I
{Bl Aqr.
Then z(k 4+ 1) = Az(k) can be decomposed as,
.’L‘l(k + 1) = A11$1(l€) + Blfl(k), )
il(k' + 1) = Allfl(k) + lel(k).
Then by straightforward computation we have,
~ ~ T
Oe1x(0) = Or21(0) + F™ [7,(0)7 (T —1)T]

Consider an arbitrary vector z such that 2" [(’)1 ]-'1(“)} -

07 holds true, then from the above decomposition it can be
seen that z also satisfies the property that ZTOCJ =0T m

'If TmB¢) C Tm(B;), then NJF* = 0, for all i € {1,...,N}.
Thus for these type of attacks, the aforementroned measurement processing
technique cannot retain the attack signature to perform detection.

Proposition 3.1 is due to the fact that the ¢—th local de-
tector has more uncertainty about the system (3) knowledge
than a centralized detector. Since V' C N, we have
N; = P,N.;, forall i € {1,..., N}, for some full row rank
matrix F;. By invoking the fact that Y; = Y. ; (see Remark 1)

it now follows that Y; = (P;N.;)TY,,; and Y,; = N, Y, ;.
~ ~ T
Finally, let Y, = {YCTl, e ,YCTN} and notice that

Y; = (M;N;)TY, and Y. = N1, (8)

where N; = P,N.;, M] = [0 - I 0], I; is the
identity matrix, and N = blkdiag [N, N]y].
The above representation helps us to express the statistical
properties of Y; and Y. in the terms of Y.. Hence, for the
purpose of inference, analogous to (5), we express Y. as

Y. = 0.2(0) + FOU* + FWW +V, 9)
where,
—lor, - o N]T7
f<“> [(Fe (FO) N
[ ]:(“’) (f(w))lN]T, and
V= [Vr VN}

B. Statistical properties of the processed measurements

Let 5 and X be the mean vector and the covariance matrix
of Y., respectively. Then, from (9) we have

B = 0.x(0) + FDU* and
8= (FNUI @ENFMNT+ (I ®Te),
where, =. = blkdiag (51 EN) and Y, £

blkdiag (Tl T N). Moreover, Y, is normally dis-
tributed and so are Y; and Y.. Thus we have

B £ E[Y.] = N] B,

B; £ E[Yi] = (M;N;)" B, (10)
Y. 2 Cov[Y,] = NTEN,, and
% £ Cov]Y;] = (M;N;)TS(M;N;)

Observe that the vectors (; and (. depend on the attack
vector U?, while the covariance matrices YJ; and Y. are in-
dependent of the attack. This motivates us to use a detection
algorithm based on the mean vectors of the measurements.

C. Statistical hypothesis testing

We assume that a centralized detector and all the local
detectors employ the generalized likelihood ratio tests [15]
for deciding against attacks. Let Hj be the null hypothesis,
where the system is not affected by attacks, and let H; be the
alternative hypothesis. To decide which hypothesis is true,
each detector performs the following test:

y Ty -1y <&
TZ and A £ Y, ¥ YC Z T,
H() H(]

A 2YTSS 1y, 2 (11)

where 7; and 7, are suitable thresholds.
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Let P and PI be the false alarm probabilities of a
i—th local detector and a centralized detector, respectively,
then PF £ Prob [A. > 7.|Hy] and Prob [A; > 7;|Hy)]. Sim-
ilarly, we define the probabilities of detection, that is the
probability of deciding for H; when Hj is true, as PP £
Prob [AC Z TC|H1] and PZ-D £ Prob [Al Z Ti‘Hl].

The following result [16, Theorem 3.3.3] helps to compute
the detection and false alarm probabilities

(i) under Hy: for all i € {1...N}, A; ~ x*(p;), where

p; = rank(%;), and,
(i) under Hi: for all i € {1...N}, A; ~ x%(pis \i)s
where p; = rank(%;) and \; = ﬁiTEi_lBi/Q.
The parameters p; and \; are referred to as degrees of
freedom and non-centrality parameter, respectively. Analo-
gously, for the centralized detector’s test statistic we have
pe = rank(X.) and \. = BT S716,/2.

Remark 2: (System theoretic interpretation of detection
probability parameters) The following discussions are equiv-
alently valid in the case of the centralized detector as well.

(i) Degrees of freedom of p; : Intuitively, the degrees of
freedom p; measure the amount of information possessed
by a detector. The probability of detection is an increasing
function of the detectors information as captured by p;.
Formally, for fixed 7; and \;, we have hm P (Tiy piy Ni) =

1 [17]. Further, it should be observed that p; depends on the
rank of NZT in (6) through the matrix X;, and that the rank
of N is inversely proportional to the rank of the matrix B;
in (2). Thus, the more the detector knows about the system
dynamics, the smaller the rank of B;, the larger the rank of
Ni-r , the value of p; and, ultimately, the better the detection
performance of the decentralized detector.

(ii) Non-centrality parameter \; The non-centrality param-
eter \; measures the intensity of the signature of the at-
tack signal on the measurements. In fact, from (10) we

have 2)\; = BIX7'8; = (U“)TE (U“), where E- =
~ T ~
[(M-N»)T]-"@)} » [(M-N»)T]-"( ) Although the above

expression depends on U“, by expanding E we can see that
the result depends on U?. It also follows that PP increases

monotonically with );, and it tends to PiF as \; — 0. 0O

IV. CENTRALIZED AND DECENTRALIZED DETECTION OF
ATTACKS

In this section we aim to compare the performance of
decentralized and centralized detectors. We assume that the
decentralized detector decide on attacks if any of the local
detector detects an attack (see Section II). We now define
the false alarm and detection probabilities as

P £ Prob| at least one local detector decide H; | Hy],
PP £ Prob]| at least one local detector decide H,| H].

We state a lemma that relates above the probability mea-
sures with such quantities of the local detectors.

Lemma 4.1: (Decentralized detector false alarm and
detection probabilities) Let P! and P! be the false alarm
probabilities of the decentralized and ¢, local detector,

respectively. Let PP and PP be the detection probabilities
of the decentralized and ¢;;, local detector. Then,

N N
Pif=1-J[(1-PF) and PP =1-J[ (1 - PP).

Proof: Zfrlivially follows from the stzit_isltical indepen-
dence of Y;, for all 4 € {1,...,N}. [ |
The above lemma serves two purposes: (i) it allows us
to compute the decentralized detector false alarm probability
based on the local detector’s false alarm probabilities, and
(i1) it allows us to compare the detection probabilities of
centralized and decentralized detectors via the local de-
tector’s detection probabilities. In what follows, to have a
fair comparison between the detection probabilities of the
decentralized and centralized detectors, we let their false
alarm probabilities be equal, i.e., P! = PF We now state
a lemma that provides a relatlonshlp between a local and
centralized detector’s detection probability parameters.
Lemma 4.2: (Non-centrality and degrees of freedom:

centralized vs a local detector) For all i € {1---N} the
following inequalities hold:
@ pi <pe
(1) A <Ac
Proof: See the Appendix. [ ]

The Lemma 4.2 states that a centralized detector has more
information about the attack vector than the local detector,
and this fact is measured by the degrees of freedom and the
non-centrality parameter. We make the following assumption
for computing the detection probabilities of the decentralized
and the centralized detectors.

Al: The detectors collect sufficiently many measure-
ments, that is, T is sufficiently large.

In A1, because T is large, the detection probabilities
can be approximated using the standard normal distribution
with appropriate mean and variance [17]. Now we state
our first result, which provides conditions under which a
decentralized detector outperforms a centralized detector.

Theorem 4.3: (Sufficient conditions for PP > PP) Let
7; and 7. be the decision thresholds of a i—th local detector
and a centralized detector, respectively, and let

T\ et 2n

Under the assumption of Al, if 7 — (A + p;) <
i [Te — (Ae + pe)] for some i € {1,...,N}, then PP >
PD

Proof: Let the above relationship hold true for any
of the 4;, local detector. Under the assumption of Al, we
now approximate detection probabilities using the CDF of

z 2
\/% [ e t/%dt. Define p; =
2(p; + 2);). Then we have

_e (T
o}

standard normal, i.e., ®(z) =

i +p; and 02 &

A; —
PP 2 Prob l M T ]

Vi \F
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Similarly, for the centralized detector, define p. 2\ + Pe

and 02 £ /2(p. + 2).). Then,
PcDéProb[ \F“C > \F ] %1—@(7—6_56).
UC

From the hypothesis of the theorem and the monotonicity
property of standard normal CDF we now conclude that
Ti — e

T; — M4 Te — He
[} <o
VAR S ( o—?)_ ( )

which further implies that P” > PP. By the definition of

PP (see Lemma 4.1), for any i € {1,..., N} we have
N
1-pPP=]][(1-PP)<(1-PP). (12)
i=1

The inequality follows because for any i € {1,..., N}, 0 <
(1- PD ) < 1. Since, we already noticed that PD > PP,
by 1nv0k1ng the inequality (12) the result follows. [ ]

The condition in Theorem 4.3 guarantees better perfor-
mance of a decentralized detector over a centralized detector
in a subset of the region spanned by detection probability
parameters. Intuitively, by the way we defined the test (11),
if the test statistic and the decision threshold are far apart, i.e.,
Ae >> 7. (A\; >> 1), a centralized (local) detector easily
decides attacks and, else otherwise. As A; and A, are random
quantities, Theorem 4.5 places conditions on the expected
value of A;, where E [A;] = \; + p;, such that a i—th local
detector can easily detect attacks, and hence contributing to
better performance of the decentralized detector.

Lemma 4.4: (Upper bound on PdD ) Let 7, p;, and \; be
the detection probability parameters of a :—th local detector.
Also let, Sq ~ X*(Psum; Aum)> Where pam = S0, pi,
Asum = Zfil i, and Tpin = min 7. Then,

1<i<N

PP < Prob[Sy > Tmin] ,
Proof: See the Appendix. [ ]

The above lemma helps us in providing sufficient condi-
tions, under which a centralized detector over a decentralized
detector, similar to that of the conditions in Theorem 4.3.

Theorem 4.5: (Sufficient conditions for PP > PP) Let

Tmin = min 7; and 7. be the decision threshold of the
1<i<N

centralized detector, respectively. Define pgyym = Zf\il Di»

Asum = Zf\[:l i, and
Pe + 2Ac
Ye = )
psum + 2)\sum
Under the assumption of Al, if 7. — (A\: + p.) <

Ye [Tmin — (N\i + p;)] for all i € {1--- N}, then PP > PdD.
Proof: By invoking the upper bound on Pf obtained
in Lemma 4.4, the proof of the statement follows the similar
lines of the argument as in Theorem 4.3. Hence, omitted. W
Similar to the condition in Theorem 4.3, the sufficient
condition in Theorem 4.5 restricts the deviation of the

centralized detector’s decision threshold from the expected
value of A., where E[A.] = A.+ p.. It places conditions on
the magnitude of mean deviation of the centralized detector,
i.e., E[A.] — 7. with respect to the mean deviations of all
the local detectors, i.e., E[A;] — 7;. Since, the performance
of a decentralized detector is influenced by all of the local
detectors, for a centralized detector to perform better, it is
intuitive to expect restrictions on the region spanned by the
detection probability parameters of all the local detectors.

Remark 3: (Sub optimality of GLR test) It is interesting
to note that a decentralized detector can outperform the
centralized detector. For instance, consider the case A\; = A..
Then, from the properties of non-central chi square distribu-
tion it, follows that even with fewer measurements a 7—th
local detector can outperform the centralized detector, and
thus resulting in a superior performance of a decentralized
detector. We note that this kind of behavior is because of the
suboptimal nature of the GLR test [15] and the equal false
alarm probability constraint we imposed for the detection. [J

V. ILLUSTRATIVE EXAMPLE

We consider an interconnected system composed of 3
subsystems, with equal local dynamics, i.e., Aj; = Ay =
Ass, where A; € R4 and i € {1,2,3}. Instead, the
interconnection matrices are different, i.e., By # By # Bs,
where B; € R**8 and i € {1,2,3}. In particular,

1 1 0 1 1 0
10 1 1 0 0 1

Ay = 501 0 1 1 , Col(B;) € span ol |1 ,
0 0 1 1 1 1

where Col(-) denotes the columns of the matrix. The mea-
surement horizon is 7' = 10, and the false alarm probability
is P = 0.05 for all i € {1,2,3}. Let u¢, ug, and u$ be the
attacks on the subsystems 1, 2, and 3 respectively.

Case 1 (unequal attacks) Let u = [0,1,1,0]T. For all times
in the interval [1,7], let u§ = w and u§ = u$ = 0.1u.
Notice that the impact of attack signal on the subsystem 1
is higher than the others. In Fig.1, we illustrate this fact
through the mean value (proportional to attack intensity) test
statistics. Further, as shown in Fig. 1, this attack vector leads
to mean value of the test statistic that satisfies the conditions
in Theorem 4.3 and hence, it follows that PP > PD.

Case 2 (equal attacks) Let u§ = ug = u2 = [0,1,1,0]T, for
all times in the interval [1, 7. In Fig. 2, we showed only the
performance of local detector-1 vs as centralized detector,
as the local detector-1 has higher value of non-centrality
parameter than the other local detector. As illustrated in Fig.
3, we note that this choice of attack vector lead to lesser
mean deviation of centralized detector and thus Theorem 4.5
guarantees the inequality P? > PP .

VI. CONCLUSIONS

This paper studies the attack detection problem for the
interconnected stochastic systems. We developed centralized
and decentralized detection strategies for detecting attacks
and, characterize the detection performances based on their
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Fig. 1. The plot shows the densities of the test statistics of local detector-1
and a centralized detector, under the scenario of unequal attacks. The shaded
area depicts the detection probabilities of the detectors. Notice that the mean
deviation of local detector-1 (1 — 71 = 1.2, see green ticks on the density
of local detector-1) is less than the mean deviation of the centralized detector
(e — 7c = 4.8, see green ticks on the density of centralized detector).

I
=}
I3

— 1 =132 7 =133 (1-p = 1)
........ by =27.8; 7, =29 (r,-p,=1.2) |
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T
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Centralized detector

probability density function
e
(=]

0.02 - h
0.01 4
Bl my He /c
RAN/ N
0 50 100 150 200

test statistic
Fig. 2. The plot shows the densities of the test statistics of local detector-
1 and a centralized detector in the case of equal attacks. The shaded area
depicts the detection probabilities of the detectors. Notice that the mean
deviation of the centralized detector (. — 7. = 1, see green ticks on
the density of centralized detector) is less than the mean deviation of local
detector-1 (1 —71 = 1.2, see green ticks on the density of local detector-1).

knowledge of the interconnected system. We derived condi-
tions that guarantees better performance of a detector over
another and, our results shows that the system dynamics,
attack parameters, and the choice of statistical test influence
the performance of the detectors. Finally, we demonstrated
the trade-offs between the detection performance of the
detectors with the aid of numerical examples.
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APPENDIX

Proof of Lemma 4.2:

(i) The first inequality is rather trivial, as the degrees
of freedom, p; and p., are_ associaied with dinlensions of
processed measurements, Y; and Y., and as Y. includes
processed measurements from all subsystems it’s dimension
should be at the least equal to the dimension of Y;.

(i1) Without loss of generality we consider the case when

i = 1. From the section III-C and (10) we have,
—1

AL = 5T(M1N1) |:(M1N1)TEC(M1N1):| (Mlﬁl)-rﬂv

A =BTNXTINTB.

Let &, = gi gz and substitute M{" = [I; 0] in \;.

Then by simple algebraic manipulations it follows that
I -3y Y 0 I 0
_ QT 11 <12 11 T

A= BTN {0 I } [ or o} {—2{22111 I} Ne B
Instead, by Schur’s complement, we can express Egl as
w1 _ |1 —X ] (2 0 I 0

¢ 0 I 0 (Z/Z0)7 Y |-2LEd 1]
where X./31; = Yog — ZI2Zf11212 > (. By substituting
Y1 in A, the statement of the lemma follows. O
Proof of Lemma 4.4:

For all i € {1,...,N}, let V; = {A; >7;} and V £
{Sd £ ZZ\; A > Tmm} be the events associated with the

test statistics. Then, we can see that Ui\;l V; C V, which
implies that Prob {Uf\il VZ} < Prob [V]. Further, under the
hypothesis H;, we note that the term left to the inequality
is Pf . Moreover, from the properties of the chi squared
distribution [17], it follows that Sy ~ X2 (Psum, Asum)- O
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