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ABSTRACT

Fusing heterogeneous data from multiple modalities for inference problems has been an at-
tractive and important topic in recent years. There are several challenges in multi-modal fusion,
such as data heterogeneity and data correlation. In this dissertation, we investigate inference
problems with heterogeneous modalities by taking into account nonlinear cross-modal depen-
dence. We apply copula based methodology to characterize this dependence.

In distributed detection, the goal often is to minimize the probability of detection error at
the fusion center (FC) based on a fixed number of observations collected by the sensors. We
design optimal detection algorithms at the FC using a regular vine copula based fusion rule.
Regular vine copula is an extremely flexible and powerful graphical model used to characterize
complex dependence among multiple modalities. The proposed approaches are theoretically
justified and are computationally efficient for sensor networks with a large number of sensors.

With heterogeneous streaming data, the fusion methods applied for processing data streams
should be fast enough to keep up with the high arrival rates of incoming data, and meanwhile
provide solutions for inference problems (detection, classification, or estimation) with high ac-
curacy. We propose a novel parallel platform, C-Storm (Copula-based Storm), by marrying
copula-based dependence modeling for highly accurate inference and a highly-regarded par-
allel computing platform Storm for fast stream data processing. The efficacy of C-Storm is
demonstrated.

In this thesis, we consider not only decision level fusion but also fusion with heterogeneous
high-level features. We investigate a supervised classification problem by fusing dependent
high-level features extracted from multiple deep neural network (DNN) classifiers. We employ
regular vine copula to fuse these high-level features. The efficacy of the combination of model-

based method and deep learning is demonstrated.



Besides fixed-sample-size (FSS) based inference problems, we study a distributed sequen-
tial detection problem with random-sample-size. The aim of the distributed sequential detec-
tion problem in a non-Bayesian framework is to minimize the average detection time while
satisfying the pre-specified constraints on probabilities of false alarm and miss detection. We
design local memory-less truncated sequential tests and propose a copula based sequential test
at the FC. We show that by suitably designing the local thresholds and the truncation window,
the local probabilities of false alarm and miss detection of the proposed local decision rules
satisfy the pre-specified error probabilities. Also, we show the asymptotic optimality and time
efficiency of the proposed distributed sequential scheme.

In large scale sensors networks, we consider a collaborative distributed estimation prob-
lem with statistically dependent sensor observations, where there is no FC. To achieve greater
sensor transmission and estimation efficiencies, we propose a two-step cluster-based collabo-
rative distributed estimation scheme. In the first step, sensors form dependence driven clusters
such that sensors in the same cluster are dependent while sensors from different clusters are
independent, and perform copula-based maximum a posteriori probability (MAP) estimation
via intra-cluster collaboration. In the second step, the estimates generated in the first step
are shared via inter-cluster collaboration to reach an average consensus. The efficacy of the

proposed scheme is justified.
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CHAPTER 1

INTRODUCTION

The problem of inference by fusing data from multiple modalities has a wide variety of ap-
plications, such as activity monitoring, autonomous robotics and military/security surveil-
lance. Typically, a large number of spatially distributed sensors are deployed in a network
and these sensors operate collaboratively to solve an inference problem, such as detection,
estimation and classification. Fusing observations of multiple sensors can improve decision
making and provide global information of a certain phenomenon. However, sensors used for
observing the same phenomenon are usually of different modalities, namely, they are incom-
mensurate/heterogeneous. Sensors are said to be heterogeneous if their respective observation
models cannot be described by the same statistical distribution. Moreover, sensor observations
are often dependent due to a variety of reasons such as sensing of the same phenomenon. The
nature of this dependence can be quite complex and nonlinear, especially in cases where the
signal may propagate through a non-homogeneous medium. Inference in such multi-sensor
systems is the major topic of this thesis.

In networks with limited communication resources, local observations are usually com-
pressed at the sensors according to certain local rules, and only the compressed information

is transmitted to the FC. In such distributed networks, the challenge is to achieve high perfor-



mance in terms of accuracy efficiency and time efficiency while satisfying energy and band-
width constraints. The existence of nonlinear cross-modal dependence and heterogeneity of
sensors in the network make the design of local inference rules and the fusion rule at the FC
highly complex. In terms of accuracy, we study the design of local and fusion rules in this
thesis, where we take the underlying spatial dependence into consideration to improve infer-
ence performance. In terms of time efficiency, we consider a distributed sequential network,
and design sequential tests at the local sensors and a copula based sequential test at the FC. A
parallel platform for fusing heterogenous streaming data is also investigated to accelerate infer-
ence response. Moreover, in a fully distributed network with no FC, intra-cluster collaboration
and inter-cluster collaboration are studied to exploit the underlying dependence among sensors
so that inference performance is improved to the largest extent under limited communication

budget.

1.1 Background

Copula theory, which forms the basis of a lot of work in this thesis, is presented in this section.
Copulas provide a flexible and powerful approach for modeling underlying dependence among
continuous random variables. A multivariate copula, specified independently from marginals,
is a multivariate distribution with uniform marginal distributions. The unique correspondence
between a multivariate copula and any multivariate distribution is stated in Sklar’s theorem [75]
which is a fundamental theorem of copula theory. Standard well defined multivariate copulas
may lack the ability to model high dimensional nonlinear dependencies due to factors such
as limited number of parameters to characterize the dependence. Based on this, regular vine
copula based methodology has been developed for more flexible modeling of dependencies in
larger dimensions. In the following, we first give the theoretical background of copula theory

and present some well defined multivariate copulas, and then introduce the regular vine copula.



1.1.1 Copula Theory

Theorem 1.1 (Sklar’s Theorem). The joint distribution function F' of random variables x, . . ., x4

with continuous marginal distribution functions Fi, . .., F,; can be cast as

F(ZEl,ZL’Q, ce ,ZEd) = C(Fl(xl), FQ(IQ), ceey Fd(xd>|¢)7 (11)

where C'is a unique d-dimensional copula with dependence parameter ¢. Conversely, given a
copula C' and univariate Cumulative Distribution Functions (CDFs) I, . .., F,, F in Equation
(1.1) is a valid multivariate CDF with marginals F}, . . . , F,;. Note that ¢ is used to characterize
the amount of dependence among the d random variables. In general, ¢ may be a scalar, a

vector or a matrix.

For absolutely continuous distributions F' and Fi, ..., Fy, the joint Probability Density
Function (PDF) of random variables z1, . . . , x4 can be obtained by differentiating both sides of

Equation (1.1):

d
flan,. .. xq) = (H fm(xm)>c(F1(x1),...,Fd(xd)]qb), (1.2)
m=1
where fi,..., fq are the marginal densities and c is referred to as the density of multivariate
copula C' that is given by
04 C (uy,. .., uqe))

= — 1.3
(ul¢) ouy,...,0ug (1.3)

where u,, = F,,(x,,) and u = [uq, ..., ug|.
Thus, given specified univariate marginal distributions F}, . .., F;; and the copula model C,

the joint distribution function ' can be constructed by

F(Ffl(ul),FQ_l(Ug), . .,Fd_l(ud)) = C(Ul,U,Q, Ce ,Ud|¢), (14)



where u,, = Fy,(x,,) and F, '(u,,) are the inverse distribution functions of the marginals,
m=1,2,...,d.

Note that C'(-|¢) is a valid CDF and c(+|¢) is a valid PDF for uniformly distributed random
variables u,,, m = 1,2,...,d. Since different copula functions may model different types of
dependence, selection of copula functions to characterize joint statistics of random variables is
a key problem. Various families of multivariate copula functions are described in [75]. A brief

summary of some popularly used copula functions is provided next.

1.1.2 Summary of Some Multivariate Copula Functions
Elliptical copulas

The Gaussian and the Student-¢ copula functions belong to the family of elliptical copulas.
They are derived from multivariate Gaussian and Student-¢ distributions, respectively. They
both specify dependence using the correlation matrix and are given as follows.

The multivariate Gaussian copula, derived from a d-dimensional multivariate Gaussian dis-

tribution, is defined as

CY|T) = ox(d (uy), ..., 07 (ug)), (1.5)

where X is the correlation matrix, ® is the univariate normal CDF and ®s, denotes the multi-
variate normal CDF.
Similarly, the Student-¢ copula is derived from a d-dimensional multivariate Student-¢ dis-

tribution, which is given by

Ct(u|2,y) :tu,E(t;l(ul)v'-'at;1<ud))7 (16)

where 7, 5 denotes the multivariate Student-¢ distribution with correlation matrix X and de-



grees of freedom v (v > 3), and ¢, is the univariate Student-¢ distribution with degrees of
freedom v. It is common to set ¥ = 3 to incorporate heavy tail dependence. As v — oo, the

Student-t copula approaches the Gaussian copula function.

Archimedean copulas

Archimedean copulas are defined as follows,

C(ulg) = vt (Z \I/(um)> : (1.7)

where we refer to W(+) as the generator function and ¢ as the parameter of the copula. Some

Archimedean copula functions are indicated in Table 1.1 [41].

Table 1.1: Archimedean copula functions.

Copula Generator Function ¥ Copulas in the Parametric Form
Clayton 3 (u?—1) (Zizl u ¢ — 1)_01> , ¢ €[—1,00)\{0}
Frank —log % —é log (1 + H’d":tiz)f{p_{;}(ﬁf{"}_”) ,» € R\{0}
Gumbel —Inu? exp {— <an:1(— In um)¢’> é} , ¢ €[l,00)
Independent —Inwu an:1 U,

1.1.3 Copulas and Measures of Dependence

An attractive feature of copulas is that nonparametric rank-based measures of dependence, such
as Kendall’s 7, can be expressed as expectations over the copula distribution. For independent
pairs of random variables (X1, Y]) and (X5, Y5) having the same distribution as (X, Y"), con-
cordance is defined as the condition that (X; — X5)(Y; —Y2) > 0 and discordance is defined as

the condition that (X; — X5)(Y; — Ys) < 0. Kendall’s 7 is defined to be the difference between



the probabilities of concordance and discordance:
7 P[(X; = Xp)(Yi = Y2) > 0] = P[(X1 = Xo)(¥1 = ¥2) < 0],

Nelsen has proved the relationship in Equation (1.8) for a copula, C'(-|¢), and random variables

X ~ fx(l’), Y ~ fy(y) [75], i.e.,
@) =4 [ CU@ B @M@ B @9 -1 a8

This relationship allows 7 to be expressed in terms of the dependence parameter of the
copula, C' (X for the elliptical copulas and ¢ for the Archimedean copulas in Table 1.1). For

the case of elliptical copulas, parametrized by the matrix ¥ = [p;;],

pij = sin (W;ij> , (1.9)

where 7;; is the Kendall’s 7 evaluated for the pair (U;, U;) = (FXx, (), Fix;(-)). The sample
estimate of Kendall’s 7, for N observations, can be calculated as the ratio of the difference in
the number of concordant pairs, ¢, and discordant pairs, d., to the total number of pairs of

observations, i.e.,
Ceor — dcor o Ceor — dcor

CCOI‘ + dcor B (];7)

(1.10)

7=

Typically, ¢ is unknown a priori and needs to be estimated, e.g., using Maximum Like-
lihood Estimation (MLE) [41]. On the other hand, Equation (1.8) and Equation (1.10) imply

that Kendall’s 7 can be used for calculating computationally efficient estimates of ¢.

1.1.4 Regular Vine Copula

Regular vine (R-Vine) copulas, introduced by Bedford and Cooke in [11, 12], are extremely

flexible in modeling high dimensional multivariate dependence, where a set of bivariate cop-



ulas are used to construct the multivariate copula. A regular vine copula is a tree-structured
graphical model that consists of a regular vine and a set of bivariate copulas. We first present

the definition of the regular vine in the following. A regular vine is defined as follows.

Definition 1.1 (R-Vine). V = (T3,...,T,_1) is a regular vine on d elements if the following

conditions are satisfied.
1. T is a tree with nodes Ny = {1, ...,d} and a set of d — 1 edges denoted as E.
2. Fori=2,...,d— 1, T; is a tree with nodes N; = F;_, and edge set E;.

3. Fori=2,...,d—1and {a,b} € E; witha = {a1,a2} and b = {b, s},

(@anb) =1

(proximity condition) holds, where | - | denotes the cardinality of a set.

A d-dimensional vine consists of d(d—1)/2 edges in total. The proximity condition implies
that two edges in tree 7} are connected in tree 7}, if the two edges share a common node in
tree T;.

R-Vine copula is obtained by specifying bivariate copulas, the so-called pair-copula, on
each of the edges. Before introducing R-Vine copula, some sets associated with its edges need
to be defined. The complete union U, of an edge ¢ = {a,b} € FE;,a,b € N; is defined as
U= {m € Ny|3e; € E;,j = 1,2,...,i — 1,suchthatm € e; € ...e;_1 € e}. The
conditioning set of the edge e = {a, b} is D, = U, N U, and the conditioned sets of the edge

e ={a,b}are €., = U,\D, and €., = U\ D,. A regular vine copula is defined as follows.
Definition 1.2 (R-Vine Copula). (F,V, B) is called a R-Vine copula if
1. F=[F,F,... FjT" €l0,1]¢is a vector with uniform marginals.

2. Vs a d-dimensional regular vine.

3. B={C¢..c.,p.l€€Esi=1,2,...,d— 1} is a set of bivariate copulas.
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Fig. 1.1: An example R-Vine for five variables.

The joint density of a random vector X = |21, s, ..., z4]7 is given by
d d—1
fL---,d(X) = H fm(mm) H H XC@e,aaqe,b‘De<F€e,a|De (xge,a |XDe)7 FQ:e,b‘De (xce,b XDe))7
m=1 i=1e€FE;
(1.11)

where e = {a, b}, xp, = {z;|j € D.}, f is the marginal PDF of variable x,,, m = 1,...,d.
The conditional distribution Fg, ,|p, (e, ,|Xp.) can be obtained recursively tree by tree by the

following equation [51].

9Ce, 0, CanyIDa (Feuu, D0 (Tewn, 1XDy) s Feguy Do (Teaa, |XD,))

OF¢, ., 1D, (Te, 4, [XD,)

Fe, .p.(Te, . |XD,.) = (112

where e = {a,b} € E;, a = {a1,as} and b = {by, bo} are the edges that connect €, , and €,
given the conditioning variables D.. Similarly, we can obtain F,_,|p, (¢, ,|XD,)-

As an example, a 5S-dimensional R-Vine copula is shown in Fig. 1.1. The R-Vine has four
trees 7; and the tree 7; has nodes N; = 6 — ¢ and edges F; = 5 — ¢, where ¢ = 1,2, 3,4.
Each edge is associated with a bivariate copula density c and its corresponding parameters ¢
used to model dependence between two variables. Moreover, at each edge e = {a,b} € E;,

the term &, , and €., are separated by a comma and given to the left of the *

" sign, while



D, appears on the right. In the first tree 77, the dependences of the four pairs of variables
(1,2),(2,3),(2,4), (3,5) are modeled using four bivariate copulas, ¢ 2(-; @, 5), c23(-; Pa3),
Co.4(+; @,4) and c35(+; @3 5). In the second tree T5, three conditional dependencies are modeled.
The pair (1, 3|2) using bivariate copula density c; 3p2(+; ¢173‘2) characterizes the dependence
between the first and third variables given the second variable. Also, the pair (3, 4|2) using
bivariate copula density c3 42(-; @3 42) characterizes the dependence between the third and
fourth variables given the second variable. Similarly, we can obtain the bivariate copula density
for the pair (2, 5/3). In the third tree 73, the dependence of the first and fourth variables given
the second and third variables is modeled using bivariate copula density c; 423(-; @ 4|23). Also,
we can obtain the bivariate copula density for the pair (1,5|23). In the fourth tree 7}, the
bivariate copula density cysj123(+; @4 5103) captures the dependence between the fourth and
fifth variables given the first, second and third variables.

For the 5-dimensional case, using Equation (1.11), the joint PDF of z = [z, 2, 23, 24, 23]

can be expressed as

[ (21,22, 23, 24, 25) = [H f(Zl)] cc12 (F(21), F(22); ¢10)
=1

oz (F(22), F(23); 9a3) - 2 (F(22), F(24); 4)
ce35 (F(22), F(23); 35)

-c13 (F(21]22), F(z3]22); @13p2)

- cgap2 (F(23]22), F(2a]22); 3 410)

*C25(3 (F(22’23)7 F(z5]z3); ¢2,5|3)

(1.13)

* C1,4/23 (F(Z1|Z223)> F(24|2223); ¢1,4\23)
* C1,523 (F(21|2223)7 F(Z5’2’223); ¢1,5\23)

* C4,5/123 (F(Z4|212223), F(Z5’212223)3 ¢4,5|123) .
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1.1.5 Array Representation of Regular Vine

Generally, it is quite expensive to store the nested set of trees and also not convenient to de-

scribe inference algorithms. In [72], a lower triangular array was proposed to store a R-Vine.

Definition 1.3 (R-Vine Array). A lower triangular array M = (my ;)i j=12,..4 is called a R-

Vine array iffori=1,... d—1andforallk =1+1,...,d—1, thereisajini+1,...,d—1
with (Mg, {Mpi14, - -, mai}t) € Bar(j) or € Ba(5), where By(j) == {(m;,, D)k = j +
1,...,d} with D = {my;,...,mq;} and By(j) := {(m;, D)|k = j +1,...,d} with

D = {mjyj} U {mka e ,de}.

For the R-Vine copula example in Fig. 1.1, the R-Vine matrix M* is given as

where the first column represents the dependence of four pairs of variables, (5, 4|123), (5, 1|23),
(5,2]3) and (5, 3). Going through all columns, we can see that the matrix M* codes all infor-
mation needed to represent the R-vine copula in Fig. 1.1.

An R-Vine array has the following two properties:
° {mm‘, .. ,mdﬂ'} C {mjd', . ,md’i} for 1 S j <1 S d,
o m; & {Mmit1it1,. .., magpffori=1,...,d—1,

where the first property states that every column in the left contains all the entries that a col-
umn in the right contains, and the second property guarantees that there is a new entry on the

diagonal in every column.
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Given an R-Vine array M = (m; ;)i j=1,..4> the R-Vine copula based modeling of the joint

77777

PDF [27] is

d 1
fl,...,d = | | fj | | Crmge oM kI ey (ka,k|mi+1,k ----- M,k Fmi,k\mi+1,k ----- mm,k) .

(1.14)

For notational simplicity, we have removed the arguments of all the functions in Equation

(1.14).

1.2 Literature Review

Multimodal signal processing enables fusion of information from several sources in order to
form a unified picture and produce a global decision/estimation. There are mainly three fusion
strategies: data-level fusion, feature-level fusion and decision-level fusion. Signal process-
ing for inference problems with distributed sensors has been studied extensively. Centralized
inference (also known as data-level fusion), where raw observations are available at the pro-
cessing unit or FC, have been well studied in standard textbooks [13, 59, 101]. Distributed
inference, on the other hand, relies on the topology of a network that can either transmit a com-
pressed/processed version of the raw data to the FC (can be feature-level fusion or decision-
level fusion) or arrive at a consensus solution by locally sharing compressed/processed infor-
mation (e.g., see [55,56,67,78,105, 117] and references cited therein).

This section reviews some recent progress that has been made in the field of multimodal
signal processing, and focuses on developments where data dependence plays a significant role
in the design of fusion rules for inference problems. The aim of this discussion is to motivate

our current research.
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1.2.1 Linear Dependence: Covariance Matrix

Covariance matrix, or equivalently correlation matrix, models linear dependence among jointly
normal random variables or variables that possess a finite second moment. In networks with
multiple sensors/sources, it is used extensively to model dependency information across the
sensors/sources, especially where it is reasonable to assume linearity of the medium of sig-
nal propagation. In MIMO systems, the dependence among multiple antennas/channels was
modeled in [52,63,71]. In [4], linear dependence among multiple datasets was characterized
for joint blind source separation. Canonical correlation analysis (CCA) has also been used to
perform feature-level information fusion for recognition problems [29, 35, 39].

Optimal schemes for distributed detection and estimation with dependent observations have
also been a topic of significant interest. In the case of distributed detection, it has been shown
in [105] that the optimal sensor decision rule is the likelihood-ratio-based binary quantizer,
and the optimal fusion statistic at the FC is a weighted sum of sensor decisions under the as-
sumption of conditional independence. These sensor decision rules and fusion statistic are no
longer optimal when correlation is taken into account. Examples of the consequent loss in
performance were presented in [1]. Moreover, it has been shown in [102] that the distributed
detection problem with dependent observations is NP-complete and cannot be solved using
a polynomial time algorithm. Therefore, the design of optimal local decision rules may not
be possible due to computational intractability resulting from the dependence among sensor
observations. One way to get past the computational intractability is to assume some prior in-
formation about the joint statistics, e.g., in [28,57], fusion rules for correlated binary decisions
were studied by considering known correlation coefficients and known correlated sensing noise
PDFs, respectively. Another way is to constrain local detectors to be binary quantizers and de-
sign optimal fusion rules at the FC, e.g., in [18, 109], optimal fusion rules were proposed with
correlated Gaussian noise. Also, in [58], noisy correlated sensing channels were studied for

multi-bit decision based distributed detection and a likelihood ratio test was used to generate



13

the global decision at the FC.

The distributed estimation problem by modeling dependent observations has been studied
in [32,61,66]. In [61], a distributed estimation scheme was studied with multivariate Gaussian
correlated sensor observations and the covariance was assumed to be known at the FC. In [32],
the estimation of a random scalar parameter in a power constrained wireless sensor network
was studied with generally correlated sensor observations that can accommodate nonlinear
measurement models and spatially correlated observation noise. The goal was to design opti-
mal power allocation strategy. In [66], the problem of sensor selection for parameter estimation
was considered with spatially correlated Gaussian measurement noise and the aim was to seek
optimal sensor activations by formulating an optimization problem which minimizes estimation
error subject to energy constraints. Besides these formulations, designing estimation schemes
in the presence of dependent data often gives rise to intractable problem formulations. In such
situations, applying well-known strategies derived from conditional independence assumption
may turn out to be fairly suboptimal. One way to address this issue is to allow inter-sensor
communication/collaboration instead of modeling this dependence [16, 20, 31, 55, 56, 67, 87].
In [31, 56, 67], collaborative distributed estimation problems with a fusion center were con-
sidered, where collaboration was restricted to be a linear operation. Collaborative distributed
estimation problems without a FC were studied in [16, 20, 55, 87], where different distributed
collaboration strategies were proposed, such as diffusion-based, consensus-based and gossip-

based algorithms.

1.2.2 Nonlinear Dependence: Nonparametric Approach

Multimodal signal processing using nonparametric approaches has attracted significant atten-
tion in applications where it is infeasible to model the complex nonlinear dependencies that
may exist among sensor observations/features. These methods, in essence, estimate or learn

the joint distribution across sensor observations/features directly from the data.
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Information theoretic approaches make it possible to characterize arbitrary nonlinear de-
pendence compared to methods using covariance matrix. In [15], mutual information and joint
entropy based methodologies were proposed to model the underlying dependence between au-
dio and video data. In [14,40,85], mutual information based methods were proposed for image
fusion. Graphical models such as Bayesian networks generalize hidden Markov models and
have also been successfully used for multimodal fusion (see e.g. [23,53,81,96]).

Machine learning and deep learning techniques have had breakthroughs in a wide range of
multimodal applications: from audio-visual speech recognition to image captioning [7, 8, 38,
86]. The advantage of machine learning and deep learning based methodologies is that they
can extract significant amount of information from sensor data with no need of modeling the
joint distribution of the data. There are plenty of networks including shallow networks, such
as Support Vector Machines (SVMs), Random Forests and Decision Trees, and deep networks,
such as deep forward neural networks and convolutional neural networks. Compared to the
shallow networks, the deep networks can learn high-level features directly from raw data (or

lightly processed data) and provide joint representations for multimodal data.

1.2.3 Nonlinear Dependence: Copula-based Approach

Recall from Section 1.1 that copulas are parametric functions that can model nonlinear depen-
dence among multiple random variables. The copula based dependence modeling approach
is attractive and powerful because it can characterize potentially any nonlinear spatial depen-
dence among sensor observations and allow different marginal distributions. Moreover, while
nonparametric approaches have shown their superiority in characterizing the joint distribution
among multimodal data, they also suffer from issues, such as scalability problems stemming
from the curse of dimensionality (information theoretic/graphical model based approaches)
and the availability of enough training data (deep learning based approaches). Recently, con-

siderable progress has been made in the study of copulas and their applications in statistics.
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The usage of copulas is widespread in the fields of econometrics and finance [19] and they are
beginning to be used in the signal and image processing context [24,42,48,70,93].
Multivariate copula based approaches have shown their superiority in improving the per-
formance of inference problems [43, 45,50, 94,95]. In [50], a general framework of copula
based detection has been investigated. The performance loss due to copula misspecification
was quantified. The efficacy of the proposed copula based detection scheme was demonstrated
using a NIST multibiometric dataset. In [95], the problem of distributed detection has been
studied, where a copula based optimum fusion rule was derived for a Neyman-Pearson detector.
In [45], the utility of non-stationary dependence modeling with copulas has been considered
for detecting the presence of a phenomenon being observed jointly by heterogeneous sensors.
In [94], a copula-based estimation scheme has been proposed for the localization of a radiation
source, and the overall estimation performance was shown to be improved by taking the under-
lying dependence among sensor observations into account. In [43], the fusion of social media
and sensor data has been addressed using the copula-based dependence modeling approach.
However, the class of known multivariate copulas required for the fusion of observations
from more than two sensors is limited. Gaussian copulas perform poorly on data with heavy
tails. Student-t copulas allow for symmetric tail dependence, but they have only a single pa-
rameter to capture tail dependence among all the variables. While standard Archimedean mul-
tivariate copulas can characterize asymmetric tail dependence, they are quite limited as they
are characterized by only a single parameter. This shows that there is a growing need for more
flexible copulas especially for modeling high-dimensional dependence structures. Vine copu-
las, tree-structured graphical models, are more flexible and powerful compared to multivariate

copulas, where a set of bivariate copulas are used to construct the multivariate copula [2,11,12].
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1.3 Main Contributions and Organization

The main contributions of the research results presented in this dissertation to the signal pro-
cessing and information fusion literature, are as follows:

In Chapter 2, we propose a regular vine copula based methodology for the fusion of sta-
tistically dependent decisions. Regular vine copula can express a multivariate copula by using
a cascade of bivariate copulas, the so-called pair copulas. Assuming that local detectors are
single threshold binary quantizers and taking complex dependence among sensor decisions
into account, we design an optimal fusion rule using a regular vine copula under the Neyman-
Pearson framework. In order to reduce the computational complexity resulting from the com-
plex dependence, we propose an efficient and computationally light regular vine copula based
optimal fusion algorithm. Numerical experiments are conducted to demonstrate the effective-
ness of our approach.

Nowadays, we are inundated by a large amount of streaming data that are generated con-
tinuously with high arrival rates from sources such as sensors and social media. The methods
applied for processing data streams should be fast enough to keep up with the high arrival rate
of incoming data, and at the same time provide solutions for inference problems (detection,
classification, or estimation) with high accuracies. In Chapter 3, we design a novel parallel
platform, C-Storm (Copula-based Storm), for the computationally complex problem of fusion
of heterogeneous data streams for inference. C-Storm is designed by marrying copula-based
dependence modeling for highly accurate inference and a highly-regarded parallel computing
platform Storm for fast stream data processing. C-Storm has the following desirable features:
1) C-Storm offers fast inference responses. 2) C-Storm provides high inference accuracies. 3)
C-Storm is a general-purpose inference platform that can support data fusion applications. 4)
C-Storm is easy to use and its users do not need to have deep knowledge of Storm or copula
theory.

In Chapter 4, we study the problem of multi-sensor based human activity recognition via
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the fusion of multiple deep neural network classifiers. We take the cross-modal dependence
into account by employing regular vine copulas to characterize complex dependence among
multiple modalities. More specifically, multiple deep neural networks are used to extract high-
level features from multiple sensing modalities, with each deep neural network processing
the data collected from a single sensor. The extracted high-level features are then combined
using a regular vine copula model. Numerical experiments are conducted to demonstrate the
effectiveness of our approach.

In Chapter 5, we consider the problem of distributed sequential detection using wireless
sensor networks in the presence of imperfect communication channels between the sensors
and the fusion center. Sensor observations are assumed to be spatially dependent. Moreover,
the channel noise can be dependent and non-Gaussian. We propose a copula based distributed
sequential detection scheme that takes the spatial dependence into account. More specifically,
each local sensor runs a memory-less truncated sequential test repeatedly and sends its binary
decisions to the fusion center synchronously. The fusion center fuses the received messages
using a copula-based sequential test. To this end, we first propose a centralized copula based se-
quential test and show its asymptotic optimality and time efficiency. We then show the asymp-
totic optimality and time efficiency of the proposed distributed scheme. We also show that
by suitably designing the local thresholds and the truncation window, the local probabilities of
false alarm and miss detection of the proposed memory-less truncated local sequential tests sat-
isfy the pre-specified error probabilities. Numerical experiments are conducted to demonstrate
the effectiveness of our approach.

In Chapter 6, we consider the problem of collaborative distributed estimation in a large
scale sensor network with statistically dependent sensor observations. In the collaborative
setup, the aim is to maximize the overall estimation performance by modeling the underlying
statistical dependence and efficiently utilizing the deployed sensors. To achieve greater sen-

sor transmission and estimation efficiency, we propose a two-step cluster-based collaborative
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distributed estimation scheme, where in the first step, sensors form dependence driven clusters
such that sensors in the same cluster are dependent, while sensors from different clusters are
independent, and perform copula-based maximum a posteriori probability (MAP) estimation
via intra-cluster collaboration. In the second step, the estimates generated in the first step are
shared via inter-cluster collaboration to reach an average consensus. A merge based A -medoid
dependence driven clustering algorithm is proposed. Moreover, we further propose a cluster-
based sensor selection scheme using mutual information prior to the estimation. The aim is to
select sensors with maximum relevance and minimum redundancy regarding the parameter of
interest under certain pre-specified energy constraint. Also, the proposed cluster-based sensor
selection scheme is shown to be equivalent to the global/non-cluster based selection scheme
with high probability, which at the same time is computationally more efficient. Numerical
simulations are conducted to demonstrate the effectiveness of our approach.

Finally, in Chapter 7, we summarize the findings and results of this dissertation. Several

directions and ideas for future research are also presented.
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CHAPTER 2

DISTRIBUTED DETECTION BASED ON

REGULAR VINE COPULAS

2.1 Motivation

Fusion of data from heterogeneous sensors/sources has been shown to improve the performance
of inference tasks. In many practical cases, these sensor observations are dependent due to
a variety of reasons such as sensing of the same phenomenon and dependent transmission
channels. Ignoring this dependence may degrade inference performance.

In this chapter, we consider the problem of distributed detection with dependent sensor ob-
servations under the Neyman-Pearson framework. We assume that local detectors are single
threshold binary quantizers, and the aim is to derive an optimal fusion rule at the FC by taking
the dependent decisions into consideration. We propose a novel and powerful fusion method-
ology for the fusion of dependent decisions, R-Vine copula based fusion, for more flexible
modeling of complex dependency especially for larger number of sensors. In order to reduce
the computational complexity resulting from the complex dependence, we further propose an

efficient and computationally light regular vine copula based optimal fusion algorithm.
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2.2 Problem Formulation

Consider a distributed detection problem, where a random phenomenon is monitored by L
sensors. A binary hypothesis testing problem is studied, where H; denotes the presence of
the random phenomenon and H, denotes the absence of the phenomenon. The sensors make
a set of observations at time instant n, z,, = (214, 220, - -, ZLa), 7 = 1,2,..., N. We assume
that the sensor observations are dependent across sensors. Moreover, we further assume that
the sensor observations are continuous random variables that are conditionally independent
and identically distributed (i.i.d.) over time. Let f(z,|H1) and f(z;,|Hy) be the PDFs of the
observation at the /th sensor and nth time instant under /H; and H, hypotheses, respectively. No
knowledge about the joint distribution of the sensor observations is available a priori. Instead
of transmitting noisy raw observations, local binary sensor decisions u;, are sent to the FC by

using a binary quantizer which is defined as

0 —00 < 2y < Ty
Upp = ; (2.1)

1 < 2, < 00

where 7; is the quantizer threshold at the /th sensor. At the FC, local binary decisions are
combined to obtain a global decision.

Under the Neyman-Pearson criterion, the design problem for the parallel distributed detec-
tion system consists of deriving individual sensor thresholds 7; to form sensor decisions and
the optimal fusion rule that fuses local sensor decisions to obtain the global decision. The sen-
sor thresholds 73,/ = 1,2, ..., L are obtained by maximizing the local probability of detection
subject to a constraint on the local probability of false alarm. Note that these sensor thresh-
olds are not necessarily optimal in the global sense. The design of the optimal fusion rule for

multiple sensors is discussed next.
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Since sensor decisions are independent over time, the optimal test statistic [104] is given as

o Hi:]:l P(ulna U2py - - - auLn’Hl)

A(U) - )
Hflvzl P(uln, U2py -+« - ,'LLLn’Ho)

2.2)

where P (1, Uap, - - ., ur,|Hy) is the joint probability mass function (PMF) of the sensor deci-
sions at the nth time instant under kth hypothesis, £k = 0, 1. We define S = {uy,ugy, - . . up,|upm, €
{0,1},1 = 1,2,..., L} as the set of all permutations that specify L-sensor decisions at time
instant n. There are a total of 2 permutations for L sensors. For a three-sensor problem,

S = {{000}, {001}, {010}, {011}, {100}, {101}, {110}, {111}}. Let

P(uyp, uap, . .., up,|Hy) = Ps, and
2.3)

P(uyn, uap, - ., upn|Ho) = Qs,
where s € S. P and (Qs,s € S are required while computing the test statistic at the FC.
For a three-sensor problem, the set of probabilities Fyog, FPoo1, Fo1os - - -» P111 and Qooo, Qoo1s
Qo105 - --» Q111 that characterize the joint PMFs of sensor decisions w1, us, and us, under
hypotheses H; and H, respectively, are needed. By integrating the joint PDFs of the sensor
observations under both hypotheses, these probabilities can be obtained with the quantizer

threshold 7;, [ = 1,2, 3. For example,

T1 T2 T3
Pooo = / / / f(#1, 22, 23| Hy)dz1d2od 23,
z1=—00 J z9=—00 J z3=—00

T1 z9=-+00 T3
Poo = / / / f(z1, 22, 23| H1)dz1dzod 23,
z1=—00 J T 23=—00

where for the simplification of notation, we omit the time index n in the example.

2.4)

However, due to existing complex and nonlinear dependence, the joint PDFs of sensor
observations under both hypotheses are not known. Before determining the joint PMFs of
sensor decisions, we first need to obtain the joint PDFs of sensor observations given only the

knowledge of marginal PDFs of the sensor observations and the marginal PMFs of sensor
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decisions. Typically in many applications, we do not have any prior information related to the
phenomenon of interest. Therefore, we may also need to determine the marginals of sensor
observations.

The dependence across sensors can be quite complicated and nonlinear. Simple dependence
modeling through methods such as the use of multivariate normal model, is very limited and in-
adequate to characterize complex dependence among multiple sensors. Assuming conditional
independence among multiple sensors may result in substantial performance degradation. To
design the optimal fusion rule, we propose a copula based fusion methodology to characterize
the existing dependence and determine the joint PDFs of sensor observations. Due to the lim-
itations of the class of standard multivariate copulas and complex dependence that generally
exists among multiple sensors, more flexible dependence modeling approaches are needed to
obtain the joint PDFs of sensor measurements. R-Vine copula based dependence modeling
provides us a solution. It can express a multivariate copula using a cascade of bivariate copulas
embedded in a tree structure that is shown to be more flexible and powerful to model the com-
plex dependence. Note that learning of the joint distribution requires raw sensor observations.
It can be done offline. Here, we assume that the joint statistics of the sensors does not change
over time. After measurement collection, raw measurements are sent to the FC. The FC uses
these analog measurements to learn the joint statistics of the sensors. After that, only binary
decisions are sent to the FC.

Taking the above considerations into account, in the following, we develop a novel and
powerful R-Vine copula based fusion methodology for distributed detection. We will propose
the optimal test statistic for the parallel distributed detection system and derive its asymptotic
statistic when the number of observations is large. Furthermore, at the end, via simulations,
we will show its power and flexibility to capture complex dependence and improve detection

performance.
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2.3 R-Vine Copula Based Fusion of Multiple Statistically

Dependent Decisions

2.3.1 Optimal Test Statistic

The optimal test statistic for L sensors is characterized in Equation (2.2). The joint PMF of

U, L =1,2,..., L,attime n,n = 1,2,..., N under H; and H,, respectively, is given as:

P(Uln, Uony - - - 7uLn|H1) = | |P81_[lL:1xln’
ses (25)
L
P(uln;UQn, . 7uLn|HO) = | |Q£[l:1xln’

SES

where s; indicates the /th element of s, and z;, = w;, if s; = 1, otherwise, x;, = 1 — w;,, for
s € S. For example, please see Equation (2.7) and Equation (2.8), which are special cases of
Equation (2.5) for L = 3.

Substituting Equation (2.5) in Equation (2.2) and taking log on both sides, the log test

statistic is given by

N N
logA(u) = Z AUIZ ut + Z A2 Z w4+ (2.6)

{iin}el n=1 {i1nian}€ls n=1
N N
Z AutZut—i—...+ Z AULZUL
{i1n,iz2n,...ign}ely n=1 {i1n,ign,....irn}el;, n=1

where I = {In|u, € {0,1},1=1,2,...,L,n=1,2,...,N}, I; is a subset of I and the car-

dinality of the set I; is 4, namely, | I;| = i. Moreover, u* = {u;,nUiyn - - - Uipn}> t € [1,2,..., L]

(-1t

_nt
o<t Pie ol v

Hogkgt o X . . ..
5+ which is determined by the joint

Hogkgt Q%:)t Hogkgz Io,
PMFs of sensor decisions, see Appendix A for details. Also, please see Equation (2.9) as an

and its weight is given as A, = log

example for L = 3.
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The optimal test statistic for the three-sensor case
Considering the three-sensor case, the joint PMF of uy,,, us, and ug, at any time instant, 1 <

n < N, under H; and H is given as follows, respectively,

P(ul’m Uon, U3n|H1) -

Po(éo_uln)(l_u2n)(1_u3n )Po(él_uln)(1_u2n)u3npo(::ll0_u1n)u2n(1_u3n)

2.7)
Péil_uln)UQnufinPfolé’b(1_u2n)(1_u3n)Piu(f)lin(1_u2n)U3n
Plulléﬂun(1—u3n)P1u11InU2nu3n
and
P(Uln,UQn7U3n|HO) -
1—uin)(1—u2pn)(1—us3n 1—u1n)(1—u2pn)usn~(1—u1n )u2n (1—usn
Qéool)( 2n)( 3)@(()011)( 2)3Q8101)2( 3n)
(2.8)

(1 _uln)u2nu3nQu1n(1_u2n)(1_u3n )Quln(l_UQn)UBn
011 100 101

UinU2n 1—U‘n) nU2nU3n
Hye Ty e,
For simplification of notation, we use A; to A to denote the coefficients of u’, t = 1,2, 3.

Substituting Equation (2.7) and Equation (2.8) into Equation (2.2) and taking log on both sides,

we get
logA;(u) =
N N N N
I STIRT SRS SRR ST
n=1 n=1 n=1 n=1

N N N
As E UrnUs, + Ag E UgnUsy, + A7 E U1pU2nUn,

n=1 n=1 n=1



26

where Ouon P Qo P
A, = log Qo000 A, — log Qo0tbio.
! gPooleoo ’ gpoooQom
- QoooPoor o PoooQ100Q010 110
Az =log——7, Ay =log )
PoooQoo1 Qo000 Pro0 Po10Q110
P00 Q100Q001 Pro1 . PoooQo10GQoo1 FPo11
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Qo000 P00 Poo1 Q101 Q000010 P01 Q011
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7= .
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When sensor decisions among L sensors are conditionally independent, only the term

> An fozl u! in Equation (2.6) is left and the optimal fusion rule reduces to the Chair-
%;Z;iﬁey fusion rule statistic (i.e., weighted sum of sensor decisions [17]). For dependent
sensor decisions, the optimal fusion rule depends on both the weighted sum of sensor deci-
sions and the weighted sum of the cross products of sensor decisions. The cross products of
the sensor decisions are due to dependence among multiple sensors. The joint PMFs of sensor
decisions, namely P, and (), s € S, determine the weights of the optimal test statistic, and can
be obtained by solving L integrals on the joint PDFs of the corresponding sensor observations
(see the example in Equation (2.4)). In the following subsection, we will propose an R-Vine
copula based approach to model existing complex dependence and construct the joint PDFs of
sensor observations. After obtaining the joint PMFs and given sensor decisions, the optimal
fusion rule is given by
logA(u) % v, (2.10)
Ho

where + is the threshold for the test at the FC.

To characterize the fusion performance at the FC using the system probabilities of detection

and false alarm, we consider the asymptotic distribution of the optimal fusion rule statistic

under H, and H;.

Theorem 2.1. The optimal fusion test statistic logA(u) is asymptotically (when N is large)

Gaussian.

Proof: See Appendix B. ]
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The first and second order statistics of logA(u) under both hypotheses are given in Ap-
pendix B. Let the first and second order statistics of logA(u) be denoted by 1 and o2 under
Hy and 1 and 0% under H,. These can be easily derived using the joint PMFs of sensor deci-
sions. The system probability of detection (Fp) and system probability of false alarm (Pr) are

then given by

PD—@(”_’”“), @2.11)

szQ(”_’“’), (2.12)

where () is the complementary CDF of the Gaussian distribution. Under the Neyman-

Pearson framework and by constraining Pr = «, 7y can be obtained by

v =00Q " (Pr) + po- (2.13)

Note that the local sensors compress their raw measurements into binary decisions (see
Equation (2.1)) prior to their transmission to the FC and the corresponding sensor thresholds
are assumed to be 75,1 = 1,2,..., L. Let 7 be the vector of sensor thresholds. Constraining

Pr = «, Pp can be written as

Po(r) = O (UoQ_l(PF) + po(7) — m(T)) 7

2.14
o1 (7) (2.14)

where 7T is chosen to maximize Pp at a particular value of Pp.

It should be noted that the computational complexity for obtaining the joint PMFs is very
high since we need to perform multi-dimensional integration at each time instant. In what
follows, we first propose the R-Vine copula based methodology to characterize the joint PDFs
of sensor observations and then develop an efficient optimal fusion algorithm based on the

R-Vine copula model.
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2.3.2 R-Vine Copula Based Dependence Modeling

According to Sklar’s theorem (Section 1.1.1), the joint PDF of sensor observations can be
separated into its marginals and the dependence structure that is fully characterized by the
copula density (see Equation (1.2)). As indicated earlier, the R-Vine copula model (Section
1.1.4) is more flexible to decompose the joint PDF into its marginals and a cascade of bivariate
copula densities. In the following, we will use the R-Vine copula to model the dependence
structure and obtain the joint PDF of sensor observations.

In our parallel distributed detection sensor network, L sensors make a set of observations
Z, = |Zin,...,2Ln) at time instant n. Recall that we assume the sensor observations to be
conditionally i.i.d. over time. Therefore, it is sufficient to consider the joint PDF of z,,. For
notational convenience, we omit the index n in this subsection and let z = [z1, ..., 21| be the
L-dimensional observation vector with its marginal CDFs, F = [F}(z;),..., F(z1)]. The R-

Vine copula (F, V, B) (see Definition 1.2) of z is specified by its marginal CDFs F', R-Vine V =

(T1,...,T—1) and a set of bivariate copulas B = {Ce, , ¢.,p. | € € Ej,i = 1,2,..., L — 1}
with a set of parameters ¢.

From Equation (1.11), the joint PDF of z is given as

Fav.B.¢) =[] 160 [] T % .15

=1 1=1 ecE;

ZDe);¢)7

cce,a7¢e,b|De (FQ:e,a‘De (Zee,a |ZDe )’ FQte,b'-De (ch,b

where e = {a, b}, zp, = {zj|7 € D.}, f(z) is the marginal PDF of the observation of sensor

Li=1,...,L.
Given a set of IV observed data zy, . . ., zy, the joint PDF of the observations is given as
N
flz1,. . zn) =[] f(zaV. B, $). (2.16)

n=1
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2.3.3 Model Selection and Estimation

The fitting of an R-Vine copula model to given data requires the selection of the R-Vine tree
structure V), the choice of copula families for the bivariate copula set B and the estimation of
their corresponding parameters ¢. Since the bivariate copula families and their corresponding
parameters both depend on the R-Vine tree structure, the identification of trees accurately is
key to the R-Vine copula model. It has been shown that the number of possible R-Vines for
n variables increases very rapidly and is given by (3) x (n — 2)! x 2("2") [73]. 1t is not
computationally feasible to find the best model by fitting all possible R-Vine constructions.
Suboptimal R-Vine copula selection strategies have been investigated in the literature. In [27],
a sequential method to select an R-Vine model based on Kendall’s tau was proposed, where
a maximum spanning tree algorithm was used. Moreover, the feasibility and efficiency of
this method was demonstrated. The sequential method starts with the selection of the first
tree 77 and continues tree by tree up to the last tree 77, ;. The trees are selected in a way
that the chosen bivariate copula models the strongest pair-wise dependencies present which
are characterized by Kendall’s tau. There are other possible choices to measure the pair-wise
dependencies besides Kendall’s tau, for example, the Akaike Information Criterion (AIC) [3]
of each bivariate copula proposed in [21] and the p-value of a copula goodness of fit test and
variants proposed in [22].

In this chapter, we adopt the sequential method proposed in [27] to construct the R-Vine
copula model. Also, we use Kendall’s tau as the measure of dependencies and select the span-
ning tree that maximizes the sum of the absolute values of empirical Kendall’s tau. Kendall’s
tau can be expressed as an expectation over a bivariate copula distribution as shown in [75],
and typically, the log likelihood of a bivariate copula increases with increasing absolute values
of Kendall’s tau. Moreover, the advantage of using Kendall’s tau is that one does not need to
select and estimate the bivariate copulas prior to the tree selection step. We summarize the

sequential method based on Kendall’s tau for obtaining the joint PDF of sensor observations in
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Algorithm 2.1.

Besides the selection of the R-Vine tree structure, we need to define a copula family for
each pair of sensors and select the copula that best characterizes the pair-wise dependencies.
Consider a library of copulas, C = {¢,, : m = 1,..., M} and assume that we have a set
of NV observations z,...,zy. Based on Equation (2.15), to obtain the joint PDF of sensor
observations, we need to specify the marginal PDFs, marginal CDFs including conditional
marginal CDFs of individual local sensor observations as well as the bivariate dependence
structure. If we do not have any prior knowledge of the phenomenon of interest, the marginal
PDFs f(z,) for sensor [,1 = 1,2,..., L at time instant n,n = 1,2,..., N can be estimated
non-parametrically using Kernel density estimators [108], and the marginal CDFs F'(z,) can
be determined by the Empirical Probability Integral Transforms (EPIT) [45]. Note that the
conditional marginal CDFs need to be obtained recursively using Equation (1.12). Before

selecting the best bivariate copula, the copula parameter set ¢ is obtained using MLE, which

is given by
R N
¢ = arg mnglog (F(ziyn), F(zipn)|9), (2.17)
n=1
where (l1,1s),11,ls € [1,2,..., L] is a connected pair in R-Vine tree ) and for simplification

of notation, we omit the conditioned elements for conditional marginal CDFs.
To decide on the best copula, we consider three widely used model selection criteria: AIC,

Bayesian Information Criterion (BIC) [88], and MLE,

N
AIC = = “log ¢(F(21,n), F(21,)|) + 24,

n=1
N
BIC = — Y _log c(F(#1,n), F(#10)| @) + g log(N), (2.18)
. R
MLE — Z log c(F (zi,n), F(215n) | ),
n=1

where ¢. is the number of parameters in the copula model and /N is the number of observations.
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2.4 Efficient R-Vine Copula Based Fusion with Statisti-
cal Dependent Decisions

As observed in the optimal test statistic in Equation (2.5), the set of joint PMFs P, and ), s €
S are required to be obtained at each time instant. To tackle the computational complexity
resulting from multi-dimensional integration, we propose an efficient R-Vine copula based
fusion approach of dependent decisions.

Let the local sensor probability of detection and local sensor probability of false alarm be

represented by p; and ¢; for sensor [,[ = 1,2, ..., L. Therefore, p; and ¢; are given as
+oo
p= f(z|Hy)dz,
oo (2.19)
¢ = f(z|Ho)dz,

Tl

where 7; is the quantization threshold for sensor [. The local optimal sensor thresholds under
the Neyman-Pearson criterion are obtained by solving the following problem:
maximize py,
Tl

(2.20)
subjectto ¢, < [,

where (3, is the constraint on the local probability of false alarm for sensor [, p; and ¢; are given
in Equation (2.19).
Consider the set of joint PMFs under hypothesis H;, namely P,, s € S. Let fll ={uwug ... up. .. uplu =
0} and fif denote the complement of fll for [ = 1,2,..., L. Note that the union of the sets
Ay, Ay, ..., AL is S. For the three-sensor case, we have A; = {{011},{010}, {001}, {000} },
Ay = {{101}, {100}, {001}, {000} } and A5 = {{110}, {100}, {010}, {000} }. For any s € S,
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the PMF under hypothesis [ is given as

L
P, = P(( By, (2.21)

=1

where B; = fll if s; = 0, otherwise, B; = fllc. P; can be obtained using copula functions. For

example, Pjq; 1s given as

Piyy = P(AS 0 Ay N AS) (2.22)
= P(Ay—AyNAs— A NAy+ A NnAyN Ay)
=1—py— Co3(1 —p2,1 —p3) — Cra(1 = p1,1 — pa)

+ C’123(1 — D1, 1 — P2, 1 _p3)7

where (5, Cy3 and (93 are copula functions.

Consider the three-sensor case, the joint PMFs under /; is given as

P(uy = 0,us = 0,u3 = 0) = Cla3 (2.23)
P(u; = 0,uy = 0,u3 = 1) = Cip — Cio3

P(uy = 0,up = L,uz = 0) = C13 — C123

Puy =0,us =lLug=1)=1—p; — Ci1a — C13+ Cla3

P(u; = 1,us = 0,u3 = 0) = Co3 — Co3

P(uy = 1,us =0,ug =1) =1 —py — C1g — Co3 + Clo3

P(uy =1,up =1,u3 =0) =1 —p3 — Cog — C13+ Cia3

where we omit the marginal CDFs of C, namely 1 —p;, [ = 1,2,..., L. Similarly, PMFs under
H, are obtained with p; replaced by ¢;, [ = 1,2,..., L.

Define C as the set that specifies all the copula functions involved in the PMFs of sensor
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Algorithm 2.1 Sequential method to obtain the joint PDF of sensor observations.

Inputs: Marginal PDFs of local sensor observations f(z;|H;) for sensori,i = 1,2,...,m,m €
[1,2,...,L],data (z1n,- - -, Zmn),n = 1,2, ..., N and a predefined copula library C.
Output: Joint PDF of sensor observations.

1. Get marginal CDFs of local sensor observations F;, ¢ = 1,2,...,m.
2. Calculate the weight w; ; for all possible pairs of sensors {7, j}, 1 <1i < j < m.
3. Select the maximum spanning tree that maximizes the sum of absolute empirical weights,
1.e.,
T, = max > |wite).j(e)|
e={i(e),j(e)} in spanning tree
4. For each edge e € Fj, select a copula Cik(e), i) and estimate the corresponding parame-
ter(s) dice).jce)
5. Obtain Fi(e) li(e) (Zi(e) ‘Zj(e)) and F}‘(e)\i(e)(zj(e) ‘Zi(e)) using Equation (1.12).

6. Fors=2,... m—1do

(a) Calculate the weight wje) ) pe) for all conditional variable pairs
{i(e), j(e)|D(e)} that can be part of T.

(b) Among these edges, select the maximum spanning tree, 1.e.,

T, = max Z |wite),j(e)1D(e)-

e={i(e),j(e)|D(e)} in spanning tree

(c) For each edge e € Ej, select a best conditional copula C 1D () and estimate
the corresponding parameters ;) ;¢ p(e)-

(d) Obtain Fie)jje)un(e) (Zi(e)|Zj(e) ZD(e)) and Fie)jice)unie) (Zj(e)|Zice): ZD(e) ) using
Equation (1.12).

7. end For
8. Obtain the R-Vine copula density c.

9. Obtain the joint PDF of sensor observations using Equation (2.15).
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decisions. We further define the index set of C as G which is the union of all the nonempty
subsets with at least two elements of set {1,2,..., L} in sorted order and the cardinality of
set G is |G| = Ng = 34, (£). For the three-sensor case, we have the copula function set
C = {C12, C13, a3, Ca3} and its index set G = {{1,2}, {1,3},{2,3},{1,2,3}}.

As we can see, knowing C, we can obtain all combinations of the joint PMFs. Any arbi-
trary copula density function of C' € C can be obtained through Algorithm 2.1. By integrating
the copula density function, we can obtain the copula function C' € C. The computation is
significantly reduced using the copula function set C to obtain the joint PMFs since we only
need to perform multi-dimensional integration once for each copula function C' € C. To further
reduce computational complexity, we start with L-dimensional R-Vine copula model selection
by applying Algorithm 2.1 and then use the obtained optimal tree structure with its R-Vine
matrix M* (see Definition 1.3), R-Vine copula family matrix F* and the corresponding pa-
rameter matrix P* to directly get the copula density functions that need to be estimated in
C. For the rest of the copula functions to be estimated, we again start with selecting an ap-
propriate R-Vine copula model with largest dimension and use its optimal tree structure to
obtain lower dimensional copula functions that have not been estimated. We proceed with this
procedure till we obtain all the copula functions in the set C. For the R-Vine copula exam-
ple in Fig. 1.1, from its R-Vine matrix M* (see Section 1.1.5) with its optimal R-Vine copula
family matrix and the corresponding parameter matrix, we can directly obtain the density of

C35, C24, C12, C23, C123, C1234, C12345-

The proposed efficient optimal fusion rule is summarized in Algorithm 2.2.

2.5 Simulation Results

In this section, we demonstrate the efficacy of our proposed R-Vine copula based fusion
methodology for the problem of distributed detection through numerical examples. We assume

that there are two hypotheses, where H; denotes the presence of a signal s and H indicates
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Algorithm 2.2 Efficient optimal fusion rule.

Inputs: Marginal PDFs of local sensor observations f(z;|H),l =1,2,..., L.
Output: Log optimal detection statistics.

1.

Obtain optimal local quantizer threshold 7;,! = 1,2,..., L for all sensors by solving
problem in Equation (2.20).

. Calculate local sensor probability of detection p; and probability of false alarm g; for all

sensors, [ = 1,2,..., L.

. Obtain optimal R-Vine structure of L sensors using algorithm 2.1 and its R-Vine matrix

M* and the corresponding R-Vine copula family matrix F* and parameter matrix P*.

Fori=1,2,...,L—1,
(a) Let G4 = 0.
(b) Obtain OMEMZ . and CM%MZ‘H ...z . directly from the obtained R-Vine copula

family matrix F* and parameter matrix P*.
© G =Gy U {{M;; My} M, My M)

1,09 2,29

.Forg=1,2,...,Ng — 1,

(a) if G(g) # a,Va € Gj.
(b) Apply algorithm 2.1 and obtain Cy).

Calculate the PMFs of sensor decisions under hypotheses /1, and H), respectively, using
Equation (2.21).

Solve the detection testing problem in Equation (2.6).
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the absence of s. In the distributed sensor network we consider in this chapter, we assume that
three sensors sense and acquire raw measurements of the signal s via a linear sensing model,
and then quantize the detected signal into a single-bit local decision. After compression, the

decisions are transmitted to the FC. The signals received at the sensors can be modeled as:

Hy: 2z = hinSin + wip, 1=1,2,3;n=1,...,N (2.24)

Hy : zip = Wiy, 1=1,2,3;n=1,...,N

where z;,, h;, and w;, denote the received signal, the fading channel gain and the measurement
noise at sensor ¢ and time instant n. Moreover, s;,, is the target signal received by the ith sensor
at nth time instant. The intensity of the signal s is assumed to be a constant. We assume that
the channel gain h;, is chosen randomly and independently from Rayleigh () distribution with
parameter £ over time. However, h;, can be spatially dependent. The measurement noise w,, is
drawn from zero-mean Gaussian distribution with standard deviation o,, (7,1 = 1, 02 = 0.9
and 0,3 = 0.8) and is assumed to be temporally independent conditioned on either hypothesis
but can be spatially dependent. Furthermore, we assume that the measurement noise, the fading
gains, and the target signal are mutually independent. Also, we assume that we do not have any
prior knowledge of the marginals and dependence structure. Unless specified otherwise, the
number of sensor observations is assumed to be N = 100, the local probability of false alarm
is constrained by ¢; < 0.1,/ = 1, 2, 3 and AIC is used for optimal bivariate copula selection.
To demonstrate the superiority of R-Vine copula, we apply different multivariate copulas

and seven different R-Vine copulas given by

1. Mixed R-Vine: R-Vine with pair-copula terms chosen individually from 15 bivariate

copula types (Gauss, Student-t, Gumbel, Clayton, Frank and Joe etc.).

2. all Gaussian R-Vine: R-Vine with each pair-copula term chosen as bivariate Gaussian

copula.
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3. all Student ¢t R-Vine: R-Vine with each pair-copula term chosen as bivariate Student ¢

copula.

4. all Gumbel R-Vine: R-Vine with each pair-copula term chosen as bivariate Gumbel cop-

ula.

5. all Clayton R-Vine: R-Vine with each pair-copula term chosen as bivariate Clayton cop-

ula.
6. all Frank R-Vine: R-Vine with each pair-copula term chosen as bivariate Frank copula.

7. all Joe R-Vine: R-Vine with each pair-copula term chosen as bivariate Joe copula.

MLE AIC BIC p-value
R-Vine mixed 6300.72 | -12595.44 | -12575.88 | 0.92
R-Vine all Gaussian | 4572.36 | -9138.72 | -9119.16 0.48
R-Vine all Student¢ | 4868.76 | -9725.52 | -9686.42 0.38
R-Vine all Gumbel 5799.94 | -11593.87 | -11574.32 | 0.57
R-Vine all Clayton 6161.90 | -12317.8 | -12298.25 | 0.82
R-Vine all Frank 4553.14 | -9100.29 | -9080.74 0.57
R-Vine all Joe 6130.61 | -12255.22 | -12235.67 | 0.74

Multi-Clayton copula 0.0005
Multi-Gaussian copula 0.0005
Multi-Frank copula 0.0005

Table 2.1: The performance of R-Vine classes and standard multivariate copulas.

Performing a parametric bootstrap with repetition rate B = 1000 and sample size N =
5000, the goodness-of-fit test results are shown in Table 2.1, where the global MLE, AIC and
BIC values are obtained by adding all the bivariate copula information scores calculated using
Equation (2.18). As we can see, the p-value confirms that the R-Vine mixed model (the optimal
fusion methodology) can not be rejected at a 5% significance level, i.e., that the R-Vine mixed
model fits the data quite well. The R-Vine models with a single type of bivariate copulas have
a smaller significance than the R-Vine mixed model. The standard multivariate copulas, e.g.,

multivariate Clayton, Gaussian and Frank copulas, are rejected at a 5% significance level. This
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indicates that the standard multivariate copulas are quite limited in their ability to characterize
complex dependence.

To exhibit the performance improvement by applying R-Vine copula based fusion of de-
pendent sensor decisions, we also evaluate the detection performance obtained by using the
Chair-Varshney fusion rule that assumes independence of sensor decisions. Here, the R-Vine
copula based fusion rule is obtained by choosing from 40 bivariate copula types. We use re-
ceiver operating characteristics (ROCs) to characterize the detection performance. For clarity,

we summarize the empirically studied cases as follows.

e Case 1: We assume that the fading channel gains are spatially dependent. The measure-
ment noises and the target signals received at the local sensors are assumed to be spatially

and temporally independent.

e Case 2: We assume that the target signals received at the local sensors are spatially de-
pendent but are assumed to be temporally independent conditioned on either hypothesis.
The measurement noises are assumed to be spatially and temporally independent. To

characterize the performance of this case, we further assume that the channels are ideal.

e Case 3: We assume that the measurement noises are spatially dependent. The target sig-
nals received at the local sensors are assumed to be spatially and temporally independent

and the channels are ideal .

In Fig. 2.1, we present the ROCs comparing the two fusion rules: the Chair-Varshney fusion
rule and the proposed R-Vine copula based fusion rule for case 1 with different fading param-
eters, . The intensity of the signal at the local sensors is assumed to be s; = 4,7 = 1,2,3. As
we can see, the detection performance of the R-Vine copula based fusion rule is significantly
better than that of the Chair-Varshney fusion rule. Moreover, with stronger fading (£ = 0.9),

we can see that the detection performance is degraded compared to the fading with parameter

£=1.
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Fig. 2.1: ROCs comparing the Chair-Varshney fusion rule and the R-Vine copula based fusion
rule with dependent fading channels.

1 T —5— ©—6r T
0.8} E
c
ie)
S 0.6 ]
g
7}
°
=
]
t 04r i
o
o
S
g ———&6——— R-Vine copula fusion rule
= 0.2} ——— Chair-Varshney fusion rule i
3 0.
©
Q
2
o
1

0 0.2 0.4 0.6 0.8 1
Probability of false alarm

Fig. 2.2: ROCs comparing the Chair-Varshney fusion rule and the R-Vine copula based fusion
rule with dependent signals.

In Fig.2.2 and Fig. 2.3, we give the ROCs comparing the Chair-Varshney fusion rule and
the proposed R-Vine copula based fusion rule for Case 2 under different dependence structures.
The intensity of the signal received at the local sensors is assumed to be s; = 2.4,7 = 1,2, 3.
Fig.2.2 shows the detection performance under a strong dependence structure and Fig.2.3

gives the detection performance under a weaker dependence structure. As we can see, for both
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Fig. 2.3: ROCs comparing the Chair-Varshney fusion rule and the R-Vine copula based fusion
rule with dependent signals for weaker dependence.
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Fig. 2.4: ROCs comparing the Chair-Varshney fusion rule and the R-Vine copula based fusion
rule with dependent signals for ¢; < 0.05.

scenarios, the detection performance of the R-Vine copula based fusion rule is significantly
better than that of the Chair-Varshney fusion rule. We further show the ROCs with the local
probability of false alarm constrained by ¢; < 0.05,1 = 1,2,3 in Fig.2.4. We can see that
it is very difficult to detect the presence of the target signal for both the fusion rules as we

have more tight false alarm constraints. By increasing the intensity of the signal to be s; =
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Fig. 2.5: ROCs for R-Vine copula based fusion rule with dependent signals for three model
selection criteria.

3,1 = 1,2, 3, namely with high signal to noise ratio (SNR) in terms of stronger signal power
(denoted by SNR-S) or decreasing the standard deviation of the measurement noise to be o,,; =
0.7,7 = 1,2, 3, namely with high SNR in terms of weaker measurement noise power (denoted
by SNR-M), we can see that the detection performance is much better compared to weaker
signal intensity or stronger measurement noise cases.

In Fig. 2.5, we show the ROCs comparing the different model selection criteria discussed in
Section 2.3.3, namely, AIC, BIC and MLE for the proposed R-Vine copula based fusion rule.
As we observe, all the three criteria perform very well. The AIC criterion performs slightly
better than the BIC and MLE criteria.

In Fig. 2.6, we present the ROCs comparing the Chair-Varshney fusion rule and the pro-
posed R-Vine copula based fusion rule for Case 3. As expected, the detection performance of

the R-Vine copula based fusion rule is much superior to that of the Chair-Varshney fusion rule.
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Fig. 2.6: ROCs comparing the Chair-Varshney fusion rule and the R-Vine copula based fusion
rule with dependent measurement noise.

2.6 Summary

In this chapter, we studied the problem of distributed detection with dependent sensor deci-
sions. We proposed a novel and powerful methodology to fuse dependent decisions obtained by
binary quantization of statistically dependent sensor observations under the Neyman-Pearson
framework. To derive the optimal fusion rule, we used the R-Vine copula model to characterize
the complex dependence among multiple sensors. The proposed R-Vine copula based fusion
methodology was employed to overcome the limitation of the existing standard multivariate
copulas, and since this methodology is extremely flexible to model complex dependence struc-
tures. The optimal log likelihood test statistics at the FC involves multi-dimensional integration
at each time, leading to very high computational complexity. We proposed an efficient R-Vine
copula based optimal fusion algorithm. Numerical results have illustrated the efficiency of our

approach.
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CHAPTER 3

COPULA BASED DISTRIBUTED PARALLEL

COMPUTING PLATFORM

3.1 Motivation

Fusion and inference from heterogeneous data streams have to deal with the challenge of
achieving efficiency both in terms of accuracy and processing time. In terms of inference
accuracy, the underlying dependence of observations needs to be taken into account. Also, in
terms of inference processing time, the learning process from data streams often leads to long
response time, especially when more accurate and complex dependence modeling approaches
(such as copula theory) are used. There is a severe lack of approaches that can provide fast and
accurate solutions to inference problems based on fusion of heterogenous streaming data due
to the fact that it is quite challenging.

To overcome this challenge, we propose a novel parallel platform, C-Storm (Copula-based
Storm), for heterogeneous stream data fusion based on Storm (see Section 3.2 for details of
Storm) and the copula-based dependence modeling approach. The novel marriage of copula

theory and Storm’s parallel architecture addresses the lack of approaches for efficiently tak-
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ing both inference accuracy and processing time into consideration for heterogeneous data
stream fusion. C-Storm has the following desirable features: 1) C-Storm offers fast inference
responses. 2) C-Storm provides high inference accuracies. 3) C-Storm is a general-purpose
inference platform that can support data fusion applications. 4) C-Storm is easy to use and its

users do not need to know deep knowledge of Storm or copula theory.
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‘ Worker i E s, Worker
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Supervisor
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Fig. 3.1: The architecture of Storm.

3.2 Storm

Apache Storm [91] is a reliable and efficient computing platform for distributed/parallel stream
data processing. The architecture of Storm is illustrated in Fig.3.1. Storm uses two levels
of abstractions, logical and physical, to express parallelism. In the physical layer (usually a
cluster), there is a master node (known as Nimbus) and multiple worker nodes. The master
node works as a central control unit to manage data processing that is actually done on worker

nodes (i.e., physical or virtual machines). Each worker node runs a daemon called superviser
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that listens to all the work assigned to it, on which workers process data tuples. In the logical
layer, a directed graph known as topology is used to model an application, which includes two
kinds of components: spouts and bolts. A spout is the source of a data stream, where data
usually from external sources are read and emitted into the topology in the form of tuples.
A bolt consumes tuples from any spout(s) or other bolt(s) and processes them based on user-
defined functions. A bolt may emit new tuples and transmit them to the other bolts. The links
in the topology graph indicate how tuples are routed. A spout or bolt can be executed as many
tasks in parallel at runtime on one or multiple workers, which can be hosted by one or multiple
worker nodes. A user can specify parallelism by configuring the number of workers for each

component on a topology.

3.3 Design of C-Storm

In this section, we present the architecture and design details of C-Storm.

3.3.1 Architecture of C-Storm

As mentioned above, we develop C-Storm based on copula theory and Storm to embrace their
power of dependance modeling and parallel data processing. The fusion rule for multi-sensor
data requires complete knowledge of the form and structure of the joint distribution of sen-
sor observations. The dependence structure of heterogeneous sources can be quite complex
and nonlinear. Therefore, given arbitrary marginal distributions, their joint distribution cannot
be simply written as the product of the marginals distributions. A major advantage of using
copula-based dependence modeling approach (besides high inference accuracy for data with
complex dependence) on Storm is that it allows separation of learning marginals (PDFs and
CDFs) and learning the dependence structure (copula), i.e., they can be learned in parallel.

Suppose that a phenomenon or a target is continuously monitored by sensors 57, So, . .., Sr.
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Observations of sensor S; are denoted by z; = [z, 22, - - - , le]T (l=1,2,...,L). By fusing
observations from all the sensors, we aim to achieve an inference (detection, classification, or
estimation) goal. Using copula theory, a multivariate joint PDF is modeled as the product of
marginal PDFs and the copula density (see Equation (1.2)).

Typically in many applications, we do not have any prior information related to the phe-
nomenon of interest. Before designing the fusion rule, we need to determine the joint distri-
bution of multivariate sensor observations, namely the marginal PDFs and the optimal copula
density function. To obtain the optimal copula density function, we need to first have the
knowledge of marginal CDFs (see Sklar’s theorem in Section 1.1.1).

C-Storm enables the estimation of marginals (PDFs and CDFs) in a parallel way. Upon
obtaining the estimated marginal CDFs, the best copula is selected in the following way: by
estimating the copula parameters in parallel for each copula function in the library C = {¢,, :
m = 1,..., M} and obtaining the likelihoods for each copula function, the best copula is
selected to be the copula with maximum likelihood. Using the joint PDF we learn, fusion rules

can be designed according to the problems we are interested in.

Best Copula
Selection

Marginal CDF ;| Copula Parameters

Estimati
stimation Estimation Bolt
Bolt

C—,
O
’ Cr—¢u

9 Marginal PDF il

Estimation Fusion Bolt
Bolt

C-Storm

Fig. 3.2: The architecture of C-Storm.

The architecture for C-Storm is shown in Fig. 3.2, which can be considered as a combina-
tion of the original Storm and an additional software layer that runs as a Storm topology and
implements the copula-based dependance modeling approach. C-Storm consists of a spout and

5 bolts as shown in the figure, whose functions are explained in the following:
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e Spout: It keeps reading observations from the L sensors and emits tuples to marginal

(PDF and CDF) estimation bolts.

e Marginal PDF Estimation bolt: Based on sensor observations, it provides a nonparamet-

ric and smoothed estimation of true density.

e Marginal CDF Estimation bolt: Based on sensor observations, it provides marginal CDFs

needed to estimate the optimal copula (see Equation (1.1)).

e Copula Parameter Estimation bolt: Based on the marginal CDFs, it provides parameters

of all the copula functions in the copula library.

e Best Copula Selection bolt: Based on all the copula functions and their parameters,
it selects the best dependence structure to characterize the joint distributions of sensor

observations.

e Fusion bolt: Based on the joint distributions of sensor observations, it uses a fusion rule
(specified by the user), such as a log likelihood ratio test (for a detection problem), for

inference according to the inference goal.
Our design has the following benefits:

e Fast Inference Responses: C-Storm offers fast inference responses since it leverages
Storm’s power of parallelism for fusing heterogeneous data streams by learning required

marginals and dependence structure and performing fusion in parallel.

e High Inference Accuracies: C-Storm provides high inference accuracies since it uses the
copula-based dependence modeling approach that can significantly improve inference

accuracy compared to the commonly used independence modeling method.

e General-Purpose Inference Platform: C-Storm is a general-purpose inference platform
that can support various data fusion applications since users can specify different fusion

rules based on their application needs.
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e Easy to Use: C-Storm is easy to use since a user only needs to provide data and specify

the fusion rule without knowing the details of Storm or copula theory.

We explain the copula-based dependence modeling approach in some detail and summarize

workflow of the proposed approach in the next subsection.

3.3.2 Copula-based Dependence Modeling

First, we explain how to estimate marginal PDFs and CDFs. The joint PDF of z;,, [ =

1,2,..., L is given by

L

f(z1,...,21) = ﬂ (Hf(zln))c(uln, C U] @), (3.1)

=1

where f(z;,) is the marginal PDF, u, is the marginal CDF for sensor [ at time instant n (I =
1,2,....,L,n=1,2,...,N), and ¢ is the parameter of copula c.

Without any prior knowledge of the phenomenon of interest, the marginal PDFs f;(-) for
sensor [ (I = 1,2,..., L) can be estimated non-parametrically, and the marginal CDFs u; =
[win, wa, - .., un] (0= 1,2,..., L) can be determined by the EPIT in [45]. The estimate of

uniform random variables u;, is obtained by using EPIT:

1 N+1

F() =5 D Loty (3.2)
n=1

Uy = F(21), (3.3)

where 1, is the indicator function.

Kernel density estimators [108] provide a smoothed estimate of true density by choosing
the optimal bandwidth so that an accurate estimate is achieved. Leave-one-out cross-validation
method is applied to choose the kernel bandwidth. For a kernel K, the optimal bandwidth A*

is obtained by minimizing the cross-validation estimator of risk J. The risk estimator can be
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easily acquired using the approximation in [108, p. 136]:

=T ()
+%K< )+o(]\1[2),

where K*(z) = K@ (z) — 2K (z) and K®(2) = [ K(z — y) K (y)dy.

(3.4)

Next, we discuss the estimation of copula parameters and the selection of the best copula.
Before selecting the optimal copula, the copula parameter set ¢ is obtained using MLE, which
is given by

N
(,Ab—argmgx;bgc(ﬂm,...,fLLn|q’>), (3.5)
where 1, 1s the empirical estimate of u,,.

The best copula ¢* (maximum likelihood) is selected from a predefined library of copulas,

C={cm:m=1,...,M}. Itis given as

N
¢ = arg maxz log e (Uin, - - - ,ﬁLn|qA§m). (3.6)

cm€C

In summary, C-Storm works as follows: first, the spout keeps reading observations from
multiple sources and emits the corresponding tuples to the marginals estimation bolts, which
estimate marginal CDFs and PDFs using Equation (3.3) and the kernel density estimators re-
spectively. Second, the copula parameter estimation bolt estimates parameters of all the copula
functions in the library C based on estimated marginal CDFs using Equation (3.5). Third, the
best copula selection bolt outputs the optimal copula and its parameters based on all the copula
functions and their parameters using Equation (3.6). In the last step, the fusion bolt uses the
estimated marginal PDFs, the best copula and its parameters to achieve the given inference

goal.
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3.4 Simulation Results

For validation and performance evaluation, we implemented C-Storm based on Apache Storm
1.0.2 [91]. We conducted extensive experiments on a Storm cluster of 6 Ubuntu 14.04 VMs,

each of which is equipped with a 2-core virtual CPU running at 2.30GHz and 2GB of RAM.

3.4.1 Fusion Application and Experimental Setup

In our experiments, we considered a detection problem, where a random phenomenon is mon-
itored continuously by L sensors. A binary hypothesis testing problem is studied, where H,
denotes the absence of the phenomenon (null hypothesis) and H; denotes the presence of the
random phenomenon (alternative hypothesis). The /th sensor (I = 1,2, ..., L) makes a set of
N observations, z; = [z1, 252, - - ., 21 N]T. We assume that sensor observations are continuous
random variables and i.i.d. over time. The collective raw observations, z = [z1, 2z, ..., Zg],
are transmitted to C-Storm. By estimating the joint distributions of z, C-Storm determines
whether a phenomenon is present or not. Since sensor observations are independent over time,

the likelihood ratio test statistic is given as

Hﬁ:jzl fl(zlna Zomy - vy ZLn’Hl)
Hg:1 fO(Zlna Zomy e ey ZLn’HO>’

where f; and f; denote the joint PDFs under alternative and null hypotheses, respectively.

A(z) = (37)

Using the copula-based dependence modeling approach and taking log on both sides of
Equation (3.7), the log test statistic can be expressed in terms of the optimal copula densities,

¢} and cjj, respectively under 1, and H, as

fo Zzn

N L
log A(z Z Z log
n= 1]\[[ 1 (38)

ci(a,, ..., ﬂln\qAb*)
+ZlOg C1 1 Ln|P1
0

(ulrw . ULn“ﬁo)




51

where fk(zln) is the estimated marginal PDF, 4, = F'(z;,| Hy) denotes the estimated CDF, for
A~k
sensor [ at time instant n and ¢, is the parameter of the optimal copula c;, under hypothesis

Hj, (k = 0,1). The optimal fusion rule is given by

H
log A(z) = n, (3.9)

Hy

where 7) is the threshold for the test.

With unknown marginals and dependence structure, the test statistic is given by Equation
(3.8), where the marginal CDFs 4, marginal PDFs fk(zln) and optimal copulas ¢; (k = 0,1,
l=1,2,....L,n =1,2,...,N) need to be learned from the measurements zq, zo, ..., Zy,
within a short time. Since sensor observations arrive continuously at a high rate, the learning
process should be fast enough so that incoming data can be processed in a timely manner.

For training, the spout and the bolts work as described in Section 3.3, i.e., C-Storm com-
putes the marginal PDFs, the optimal copulas and its parameters under hypotheses H; and H,
for hypothesis testing. After training, hypothesis testing starts. For hypothesis testing, we im-
plemented a fusion bolt, which performs the fusion rule given by Equation (3.9) based on the
training results.

We tested the detection topology with 6 worker nodes, each of which hosts only one worker.
Our experimental results are presented for a 2-sensor case (L = 2). Note that the copula-based
dependence modeling approach described above can be easily extended to the general case
where L > 2 since one can construct a multivariate copula using bivariate components [92].
The input data were generated with normal and beta distributed marginals and Student ¢ copula
dependence [75]. Note that we did not include Student ¢ copula in the copula library of the

proposed approach for fair comparison.
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Fig. 3.3: C-Storm versus sequential baseline in terms of average total processing time.

3.4.2 Experimental Results and Analysis

To show the superiority of C-Storm, we compared it with a sequential baseline (labeled as "Se-
quential") using the same dependence modeling approach. For fair comparison, we implement
and run the baseline on Storm using one worker. To reduce the effect of randomness, every
number presented in the following figures is an average over 5 Monte Carlo runs. Fig.3.3
shows the average total processing times achieved by C-Storm with W € {2,3,4, 5,6} work-
ers and the sequential baseline respectively for different training data sizes. From the results,
we can see that C-Storm significantly accelerates data fusion and reduces processing time. For
example, when the number of training data samples is 5000 and 4 workers are used, C-Storm
achieves an average total processing time of 379s, while the average processing time given by
the sequential baseline is 955.3s. C-Storm offers an average of 2.6x speedup for the case with
4 workers. When the number of workers becomes 6 and the number of training samples is
5000, C-Storm reduces the average total processing time from 955.3s (sequential) to 207.1s,
which represents a speedup of 4.6x. On an average, C-Storm offers a 4.7x speedup with 6
workers. As expected, more workers, i.e., higher degree of parallelism, leads to more speedup

and less processing time. The speedup when using 2 workers is not as impressive as that when
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using more (3 — 6) workers. This is because before workers start to work, Storm needs some
time to distribute tasks to each worker and such overhead counteracts the expected speedup. In
addition, it can also be seen that the average total processing time increases with the number
of training data samples. In the fusion bolt described above, the marginal probability densi-
ties under both hypotheses are obtained first on testing data based on the estimated marginal
PDFs, and the copula densities under both hypotheses are obtained on testing data. Then, the
test statistic starts to work. Fig. 3.4 shows the average total processing time of C-Storm with
different number of workers used for obtaining the marginal probability densities on the testing
data in the fusion bolt. As we can see, within 300s, C-Storm can process 5000 training data
samples using 4 workers and 7000 training data samples using 6 workers. On an average, by

using 6 workers, C-Storm can process 40% more data samples than using 4 workers.
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Fig. 3.4: Average total processing times of C-Storm with different number of workers used
for obtaining the marginal probability densities in the fusion bolt.

Fig. 3.5 shows the average total processing time of C-Storm with different number of work-
ers used for performing the test given by Equation (3.8) in the fusion bolt. Here, we can make
similar observations that more workers can process more data samples. The results from these

two experiments are consistent with those in the first experiment, which again validate our

claim that higher degree parallelism leads to less processing time for stream data fusion.
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Fig. 3.6: ROCs for the detection problem.

As mentioned above, we are concerned about both processing time and detection accuracy
for data fusion applications. Fig. 3.6 presents the detection accuracy using the Receiver Operat-
ing Characteristics (ROC) for copula-based dependence modeling and independence modeling
with different training data sizes. We can observe that copula-based dependence modeling sig-
nificantly improves detection accuracy compared to the independence modeling approach that

assumes that sensor observations are independent.
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3.5 Summary

In this chapter, we presented the design and evaluation of C-Storm, which is a novel parallel
platform that is built based on Apache Storm and uses the copula-based dependence modeling
approach for the fusion of heterogeneous data streams. C-Storm offers fast inference responses
and high inference accuracies. Moreover, it is a general and easy-to-use platform that can
support various data fusion applications. Its users do not need to know the details of Storm
or copula theory. We demonstrated the superiority of C-Storm via a detection application.
Experimental results have shown that C-Storm achieves 4.7x speedup over a sequential baseline

on average, and higher degree of parallelism leads to better performance.
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CHAPTER 4

DISTRIBUTED CLASSIFICATION WITH

DEPENDENT FEATURES

4.1 Motivation

Human activity recognition (HAR) is quite important as it can be used for health care, personal
fitness, and border surveillance, etc. [49,110,111]. The task of HAR is to detect and recognize
human actions from the data provided by multiple sensors. HAR is naturally a classification
task. Combining multiple sensing modalities can boost the classification performance. How-
ever, since each sensor carries a unique physical trait, sensor heterogeneity or incommensu-
rability is the first critical challenge for multi-modal fusion. Also, multiple sensor modalities
tend to be dependent due to non-linear cross-modal interactions.

Most of the current multi-classifier fusion solutions for HAR rely on shallow classifiers,
such as Support Vector Machines (SVMs), Random Forests and Decision Trees, which employ
handcrafted statistical features extracted from each modality. The typical strategy for the fu-
sion of these features is to combine the outputs obtained from multiple classifiers, where each

classifier only takes the features of one modality [9,37,64,79,89,116]. Note that designing and
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selecting robust features heavily relies on human experience and is time consuming. Also, only
shallow features, such as mean, variance and amplitude, can be learned according to human
expertise, which can be insufficient for more complex activities [114].

Very recently, multimodal deep learning methodologies for HAR have attracted some at-
tention [74, 84]. Compared to the shallow classifiers, deep classifiers can learn many more
high-level features directly from raw data (or lightly processed data) and avoid the need for
the design of handcrafted features. Three fusion strategies can be applied to deep neural net-
works, based on the level where the fusion is performed: intermediate fusion with higher-level
representations, referred to as high-level features, late fusion with decisions or late fusion with
probability scores. In [74, 84], intermediate fusion strategies using Deep Neural Networks
(DNNs) and Convolutional Neural Networks (CNNs) were studied, where a fully connected
fusion layer was used to combine multiple DNNs or CNNs. As mentioned earlier, the data
from multiple sensing modalities are non-linearly dependent. The fully connected fusion layer
can learn this dependence in some manner. However, understanding and analyzing this non-
linear dependence using the fully connected layer or another deep neural network is still an
open question.

In this chapter, we leverage the DNNs and the R-Vine copula based dependence modeling
for sensor-based recognition of human actions. More specifically, we use multiple DNNs to
extract high-level features from multiple sensing modalities, where each DNN only processes
the data from a single sensor. Thus, the data compatibility issues among multiple modalities
can be avoided [62,76]. Different from the fusion strategy (using a fully connected fusion layer)
in [74,84], we propose a probabilistic fusion methodology, R-Vine copula based fusion rule,
that combines the extracted high-level features and characterizes the cross-modal dependence.
Moreover, our proposed model is designed to improve the classification performance compared
to the neural network based fusion method and adds interpretability in the sense that it explicitly

explains the dependence structure of the extracted features from different modalities.
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4.2 Problem Formulation

Consider a supervised classification problem with G classes. Let 2 = {wy,ws,...,wg} be
the set of class labels. L sensors make a set of observations regarding the object/event at time
instant 1, {X1,,,Xon, .., X0, Yn}, where n = 1,2, ... and x;, € R%*% 4! @ € NN =
[1,2,...] is the observation of sensor [ at time n. y, € € is the class label. We assume that
the sensor observations are continuous random variables that are conditionally i.i.d. over time.
L independent pre-trained DNN classifiers are used to extract high-level features from each
sensing modality. A typical DNN is shown in Fig.4.1. Compared to the traditional artificial
neural networks, DNN is more capable of learning informative features from large amounts of
data. We use h!, € R'™" r; € N to represent the nth high-level feature vector extracted from
sensor [. These high-level features are then combined using the R-Vine copula based fusion

rule. We show the classification system studied here in Fig. 4.2.

Input Hidden layers ~ Output

Sensor Data Inference

Fig. 4.1: A typical Deep Neural Network structure [84].

High-level Features h'!
Sensorl — . DNN
High-level Features h! . I
Sensor [ DNN R-Vine Copula Classification
Based Fusion Decision
High-level Features h*
Sensor L — DNN

Fig. 4.2: R-Vine copula based multi-modal DNN.
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Remark 4.1. Note that for the sensor-based HAR, we use the feed-forward DNNs shown in
Fig. 4.1 to extract high-level features instead of CNNs. There are two main reasons. The first
one is that compared to DNNs, CNNs are computationally more intensive. The second one is
that the high-level features extracted from CNNs are generally high dimensional. Also, among
these high dimensional features, a large number of features are irrelevant and redundant. Fus-

ing all the features based on R-Vine copula models is computationally inefficient.

Our aim is to determine the class label by combining the extracted high-level features.
Assume that we have a training set with a total of NV feature vectors and the joint feature vector
is

h, = [h} h? ... hi] e RIx(rtratedtrn) p — [N], .1

where [N] = [1,2,..., N]. In the following, for notational simplicity, we omit the superscripts
of the feature vectors in Equation (4.1) and let h,, = [hy,,, hop, - . ., hip|, K = ri+ro+.. .47y

Using Bayes’ theorem, the posterior probability of class w; given the joint high-level feature
vectors is given as:

P(w;|h) = w

where h = [hy, ... hy|, f(h|w;) is the joint likelihood function and P(w;) is the prior prob-

o f(h|w)P(w;), 4.2)

ability for class w;. If the class prior probabilities are not known, it is commonly assumed
that the classes are equally likely. The class label wy is determined by choosing the label with
highest posterior probability, which is given by

wo = arg max P(w;|h). 4.3)

w; €Q

Since f(h) is a constant for all the classes, the main problem is how to model and maximize
f(h|w;) under unknown multivariate dependence. In the following section, we will use R-Vine

copulas to model the joint likelihood function.
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4.3 R-Vine Copula Based Fusion of Multiple Deep Neu-
ral Networks

In this section, we present the R-Vine copula based fusion rule. Our goal now is to find the
joint PDFs of feature vectors h under each class. According to Sklar’s theorem (Section 1.1.1),
the joint PDF can be separated into its marginals and the dependence structure that is fully

characterized by the copula (see Equation (1.2)). Therefore, we have

K

F(h|w;) = ﬂ (H fk(hkn\wl-))ci (Fi(hn)\@), (4.4)

k=1

where fi(hpn|w;), k =1, ..., K are the marginal PDFs and F*(h,,) = [F}(h1,), ..., Fi(hxn)]
denotes all the marginal CDFs at time instant n under class w;, w; € ). Moreover, ¢; is the
copula density function for class w; and ¢; is the corresponding parameter set.

Since we have no knowledge of the joint distributions of the extracted high-level features,
the marginal PDFs, marginal CDFs, copula density functions and their corresponding parame-
ters need to be estimated using the training dataset. The estimation of the marginal distributions
and optimal copula density functions for all the classes is similar. Therefore, the class index ¢
is omitted in the rest of the chapter.

The marginal PDFs can be estimated non-parametrically using kernel density estimators
[108] that provide a smoothed estimate of true density by choosing the optimal bandwidth so
that an accurate estimate is achieved. Further, the marginal CDFs can be determined by the

EPIT. The estimate of Fj(-) is given as

N
. 1
Fi() =5 D Theusty 4.5)
n=1

where 11, is the indicator function.

Next, we discuss how to construct and find the optimal multivariate copula c* using R-Vine
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copula models, which was introduced by Bedford and Cooke in [11,12].

4.3.1 R-Vine copula Models

Using the R-Vine copula model and Sklar’s theorem, the joint PDF of the feature vector h =

[hy, ..., hy]is given by

N K K-1
f(hfw) =TT T felhunlws) TT TT x (4.6)
n=1k=1 m=1e€E,

Ceen CoplDe (Fe.oD. (e, onlhp,), Fe, . (e, ynNDon); @),

where e = {a,b} and hp_,, = {hj,|j € D.}, fi(-|w;) is the marginal PDF for kth feature,

k=1,... K.

4.3.2 Estimation of Optimal R-Vine copula

The estimation of optimal R-Vine copula model for the joint feature vector h requires the se-
lection of the R-Vine tree structure V), the choice of copula families for the bivariate copula set
B and the estimation of their corresponding parameters ¢. To select the optimal R-Vine tree
structure, we adopt the sequential maximum spanning tree algorithm in [27]. This sequential
method is based on Kendall’s 7. The sequential method starts with the selection of the first tree
Ty and continues tree by tree up to the last tree T 1. The trees are selected in a way that the
chosen bivariate copula models the strongest pair-wise dependencies present which are char-
acterized by Kendall’s 7. After the optimal R-Vine tree structure is selected, we need to define
a bivariate copula family and estimate the optimal bivariate copulas that best characterizes the
pair-wise dependencies.

Consider a library of copula, C = {¢,, : m = 1,2,..., M }. Before estimating the optimal
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bivariate copula, the copula parameter set ¢ is first obtained using MLE, which is given by

N
@zarg mgleog C(Fkl (hk’ln)a sz(hk2n)|¢)7 (47)
n=1

where (ki, ko), k1, ko € [1,2,..., K] is a connected pair in the selected R-Vine tree ) and for

simplification of notation, we omit the conditioning elements for conditional marginal CDFs.

Note that the conditional marginal CDFs can be obtained recursively using Equation (1.12).
The best copula ¢* is selected from the copula library C using the Akaike Information

Criterion (AIC) [3] as the criterion, which is given as

N

AIC,, = = "log o (Fy, (hiyn), Fiy (ikyn)|by) + 20(K), (4.8)

n=1

where ¢(K) is the number of parameters in the mth copula model. Also, the conditioning
elements for conditional marginal CDFs are omitted.
The best copula c* is

c" = arg miré AIC,,. 4.9)

cm €

4.4 Simulation Results

In this section, we demonstrate the efficacy of our proposed R-Vine copula based methodology
for the fusion of multiple DNNs. To show the superiority of our proposed fusion scheme, we
also compare our result with the classification performance obtained by using the following

schemes:

e Single modality without fusion: Feed the raw data into a DNN classifier.

e Data-level fusion: Concatenate all the raw data from different modalities into one input

vector and feed it into a DNN classifier.
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e Fully connected layer fusion: Concatenate the extracted features into one feature vector

and use a fully connected fusion layer to achieve a final classification decision.

4.4.1 Datasets

We select two publicly available datasets that contain multi-modality sensor readings for the
recognition of human activities.

STISEN Heterogeneity Activity Recognition Dataset, collected by Stisen et al. [90], con-
tains the sensor readings from two modalities: smartphone and smart watch. Each modality is
equipped with two motion sensors, accelerometer and gyroscope. There are 6 classes (‘Sit’,
‘Stand’, ‘Walk’, ‘Stairsup’, ‘Stairsdown’, ‘Bike’) to be classified. We focus on the fusion of
phone and watch modalities. Each of the two motion sensors produces a three-dimensional
data vector, making each data sample contain 6 attributes in total. We select the data captured
by Samsung Galaxy S3 mini phone and Samsung Galaxy Gear watch, where the data samples
were sampled at a rate of 100 Hz. 9000 samples from each modality are used to train and
test DNN models for feature selection, and another 9000 samples are used to train and test the
R-Vine copula based fusion methodology.

ANGUITA Human Activity Recognition Using Smartphone Dataset, collected by An-
guita et al. [5], contains accelerometer and gyroscope three-dimensional sensor data. It was
collected from 30 volunteers who performed six different activities (‘Walking’, ‘Walking-
upstairs’, ‘Walking-downstairs’, ‘Siting’, ‘Standing’, ‘Laying’). We focus on the fusion of
accelerometer and gyroscope modalities. These sensor data were sampled at a rate of 50 Hz,
and were separated into windows of 128 values. Each window has 50% overlap with the previ-

ous window. The 128-real value vector in each window stands for one sample for each activity.
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4.4.2 Classification Accuracy

We use [ score as the classification performance metric, which is given by

2 precision,, x recall,,
f=1q - : 4.10
L Zw: precision,, + recall,, (4.10)

where precision = % and recall = TP:CF%. Here, TP, FP and FN denote true positive,
false positive and false negative, respectively. F} score is robust to unbalanced distributions of

data samples across classes.

Model F score
Watch-DNN 71.4%
Phone-DNN 70.2%

Fully-connected layer fusion | 78.0%
Data-level fusion 79.3%
R-Vine copula fusion 88.6%

Table 4.1: STISEN: F} scores for Watch-DNN, Phone-DNN, Fully-connected layer fusion,
Data-level fusion, R-Vine copula fusion.

Model F} score
Accelerometer-DNN 87.8%
Gyroscope-DNN 72.9%
Fully-connected layer fusion | 91.9%
Data-level fusion 88.3%
R-Vine copula fusion 92.8%

Table 4.2: ANGUITA: F; scores for Accelerometer-DNN, Gyroscope-DNN, Fully-connected
layer fusion, Data-level fusion, R-Vine copula fusion.

Table 4.1 and Table 4.2 show the F} scores comparing the five classification schemes: two
single modality based DNN classifiers and three multi-modal fusion based DNN classifiers
for the STISEN and ANGUITA datasets, respectively. As we can see, fusion based schemes
perform better than single modality based schemes. Also, our proposed R-Vine copula based
fusion methodology performs better than using the data-level fusion scheme and fully con-

nected fusion layer scheme. Our proposed methodology achieves an overall 88.6% and 92.8%
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F7y scores for the STISEN and ANGUITA datasets, respectively. Moreover, we can see that
for phone and watch modalities, the R-Vine copula based fusion scheme achieves higher per-
formance improvement compared to accelerometer and gyroscope modalities. This is because
of the fact that the accelerometer and gyroscope are less dependent while the phone and watch
are highly dependent.

It should be noted that the training of R-Vine copula models requires less number of training
samples compared to the training of a fully connected fusion layer or another DNN used for
fusion. In Table 4.1 and Table 4.2, the performance of our R-Vine copula scheme is obtained
by using a total of N = 1200 feature samples. However, the fully connected fusion layer based
scheme requires a total of NV = 6000 feature samples.

In Fig. 4.3, we show the first level dependence structure (first tree of the R-Vine copula
model; see Fig. 1.1 as an example) of the extracted features using our proposed R-Vine cop-
ula based fusion method for activity ‘Walking-upstairs’ in ANGUITA dataset. Here, features
h;, hy, hj, h, are from the accelerometer while the features hs, hg, h; are from the gyroscope.
As we can see that, features hz and hg are highly dependent and the two modalities accelerom-
eter and gyroscope are dependent mainly via these two features. Using the knowledge of
intra-modal and cross-modal feature dependencies, we can trace back and find where these
dependent features originated from, which would yield the reduction of training data needed in
DNNSs. Furthermore, we are able to understand the correlation among the raw data from dif-
ferent modalities. The R-Vine copula based fusion method adds interpretability of the model
which explicitly provides the dependence structure for features from different modalities, com-

pared to the neural network based fusion which is totally a ‘black-box’ model.

Fig. 4.3: First level dependence structure for activity ‘Walking-upstairs’.



Sit Stand | Walk | Stairsup | Stairsdown | Bike | Recall

Sit 498 0 0 0 2 0 99.6%
Stand 0 454 0 0 46 0 90.8%
Walk 0 0 402 43 17 38 80.4%
Stairsup 0 0 24 408 50 0 81.6%
Stairsdown 0 0 39 53 408 0 81.6%
Bike 0 0 8 4 2 486 | 97.2%
Precision | 100.0% | 100.0% | 85.0% | 80.3% 77.7% 89.7% | 88.6%

Table 4.3: STISEN: Confusion matrix for R-Vine copula based fusion.

W WU WD Si St L Recall

Walking 276 0 17 3 0 0 93.2%
Walking-upstairs 6 259 0 3 0 95.6%.
Waking-downstairs 8 0 211 0 1 0 95.9%
Sitting 3 6 1 248 33 0 85.2%
Standing 3 3 2 26 298 0 87.4%
Laying 2 0 0 0 6 329 97.63%
Precision 92.6% | 96.6% | 91.3% | 88.6% | 87.4% | 100.0% | 92.8%
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Table 4.4: ANGUITA: Confusion matrix for R-Vine copula based fusion.

Table 4.3 and Table 4.4 show the confusion matrices using the R-Vine copula based fusion
scheme for the STISEN and ANGUITA datasets, respectively. As we observe, the fusion
of phone and watch modalities achieves perfect classification for static activities (‘Sit’ and
‘Stand’). Also, the fusion of the accelerometer and gyroscope from the smartphone achieves

significantly accurate classification for moving activities (e.g., ‘Walking’, ‘Laying’).

4.5 Summary

In this chapter, an R-Vine copula based feature fusion approach was presented to perform
activity recognition using multi-modal sensor observations. The features of each modality were
extracted via a DNN and afterwards, an R-Vine copula model was constructed to capture the
dependencies of intra-modal and cross-modal features. The procedures of model construction

involve selecting the optimal R-Vine tree structure, obtaining the copula parameter set ¢, and
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choosing the best copula c*. Experiments on two human activity datasets demonstrated the
efficiency of our proposed method compared to neural network based data/feature fusion, in
terms of high prediction accuracy, less number of training samples required and dependence

interpretability.
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CHAPTER 5

DISTRIBUTED SEQUENTIAL DETECTION

WITH DEPENDENT OBSERVATIONS

5.1 Motivation

Distributed detection problems in sensor networks with fixed-sample-size (FSS) have been
studied extensively [17,28, 33, 54,57, 58, 100, 105, 109], where the goal often is to minimize
the probability of detection error at the FC based on a fixed number of observations collected
by the sensors. For distributed detection problems in sensor networks, the challenge is to
achieve high performance in terms of accuracy efficiency and time efficiency while satisfy-
ing energy and bandwidth constraints. In terms of detection performance, one critical issue
for distributed detection problems in sensor networks is that the observations at the spatially
distributed sensors may be highly dependent. Also, in terms of the detection time, sequential
(random-sample-size) methods have shown their ability to improve time efficiency compared
to FSS methods.

Wald’s sequential probability ratio test (SPRT) [107] has been shown to be the optimal se-

quential test that arrives at a decision as soon as possible for binary hypothesis testing problems
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by ignoring overshoots. However, the average detection time for SPRT can be larger than that
of FSS tests under the same error probabilities for some cases [10,97]. A truncated SPRT was
proposed in [98], where the truncation time was chosen based on the corresponding FSS test
and the average detection time always stayed below that of the FSS test at the expense of a
small increase in error probabilities.

The problem of distributed sequential detection based on SPRT has attracted a lot of atten-
tion [34,47,65,69,77,106]. In [34,77,106], likelihood-ratio-based quantizers were employed
at the local sensors and a generalized SPRT (GSPRT) was used at the FC based on the quan-
tized messages sent by the local sensors. In [47,69], local tests and the test at the FC were both
chosen to be GSPRT. In [65], a distributed sequential binary hypothesis testing scheme was
proposed, where a GSPRT was performed at the FC and a level-triggered sampling scheme was
proposed at the local sensors. However, in the aforementioned literature [34,47,65,69,77,106],
observations at the sensors were assumed to be independent and their spatial dependence was
not considered.

In this chapter, we consider a distributed sequential detection problem with spatially de-
pendent sensor observations. We assume that the channels from the sensors to the FC are
corrupted by additive noise, including possibly non-Gaussian noise. We propose a distributed
copula-based sequential scheme, where sequential tests are conducted at both the local sen-
sors and the FC. More specifically, we perform a R-Vine copula based SPRT at the FC and

memory-less grouped-data truncated SPRTs at the local sensors.

5.2 Problem Formulation

Consider a sequential binary hypothesis testing problem for the sensor network shown in
Fig.5.1. The two hypotheses, denoted by H; and H, are associated with the random phe-
nomenon of interest that is monitored continuously by L sensors. Here, H; denotes the pres-

ence of the phenomenon and H denotes the absence of the phenomenon. Suppose that the
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Fig. 5.1: Parallel distributed detection system.

I™" sensor acquires the observation 2,1 = 1,2, ..., L at each time instant i = {1,2, ...}, and
forwards its raw or compressed version of the data over a noisy channel to the FC that runs a
sequential test and produces a global decision based on the received messages from the sen-
sors. At the FC, the sequential procedure has three possible outcomes: it may either 1) accept
Hy and stop the test, or 2) accept [{; and stop the test or 3) make no decision and acquire a
new observation. The FC repeats this process until a decision is reached, in which case the
test stops. Let 7" denote the stopping time. The goal is to minimize the expected stopping
time E;[T] under hypothesis & = 0,1 given that Pr < «, Py; < 3, where P is the global
probability of false alarm with constraint o € (0, 1/2) and Py, is the global probability of miss

detection with constraint 5 € (0,1/2). We first make the following assumptions.

e Sensor observations z;,l = 1,2,...,L,i = 1,2,... are continuous random variables

and i.i.d. over time.

e The PDFs of sensor observations zj;,l = 1,2,..., L, namely the marginal PDFs, are

known under both hypotheses and given by gi;(2;), k = 0, 1.
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e The channel links between the sensors and the FC are corrupted by additive noise wy;, [ =
1,2,...,L and j is the receiving time instant at the FC. Also, w;;,{ = 1,2,..., L are

assumed to be i.i.d. over time and independent of the messages sent by the local sensors.

e The signal received at the FC corresponding to sensor [ at time j, after being corrupted

by the imperfect channel, is denoted by ;;.

e The marginal PDFs f;,(y;;) and CDFs F(y,;) with k = 0,1 under both hypotheses are

assumed to be known.

e The received observations v, ..., yr; at the FC and time instant j are assumed to be
spatially dependent, namely, fi(y;) # [Ty fea(yi;), k = 0,1, where fi.(-) and f(-)
denote the joint PDF and marginal PDF for sensor [, conditioned on Hj, respectively.
y; = [Y1j, - - ., yr;] is the observation vector for all the sensors at time instant j. We use
the copula density function ¢ (-|¢,) to characterize the underlying dependence under
hypothesis Hy, k = 0,1 (see Equation (1.2)), which is typically not available a priori.
Note that this dependence may result from the dependent messages sent by the local

sensors, the dependent additive noise or both.

Remark 5.1. In some applications, we may not have any prior information related to the
phenomenon of interest, namely, the marginal PDFs and marginal CDFs may not be known.
However, the marginal PDFs can be estimated non-parametrically using kernel density esti-
mators [108] that provide a smoothed estimate of the true PDF by choosing the optimal band-
width so that an accurate estimate is obtained. Moreover, the marginal CDF F}(-) for sensor
I,l =1,..., L under hypothesis k,k = 0,1 can be obtained by using Empirical Probability

Integral Transforms in [45].

Before we proceed, we recall the definition of Kullback-Leibler (KL) divergence between
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two PDFs f(z) and g(x), denoted by D(f(z)||g(x)), given as

DU @lgte)) = [ o (%) dr.

Moreover, for any PDFs f(z) and g(x), D (f(x)||g(z)) > 0 with equality if and only if

f(z) = g(x). Throughout this chapter, we assume that

A, There exists at least one sensor [, for which D (fo;(-)||f1.,(-)) and D (f1,(-)|| fou(-)) are

finite and positive. Moreover,

0 < D (co(-[gpo)ller(-[¢p1)) < o0,

0 < D (cr(-[p1)lleol-[p)) < oo

Remark 5.2. Note that the condition A, guarantees that the two hypotheses are distinguish-
able, i.e., fi(-) is not equal to fo(-) almost everywhere, where fi(-) denotes the joint PDF

under hypothesis Hy, k = 0, 1.

In the following sections, we start by designing a centralized copula-based SPRT; then pro-
pose a distributed copula-based SPRT with memory-less grouped-data SPRT tests performed

at the local sensors.

Remark 5.3. In this work, we ignore the overshoot effects while designing the sequential

SPRTs in the following sections.

5.3 Centralized Copula-based Sequential Probability Ra-

tio Test

In this section, we consider the centralized sequential test. In this case, corrupted raw obser-

vations y; = z;; +wy,l = 1,2,...,L,i = 1,2, ... are received at the FC sequentially. The
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FC performs a copula-based SPRT to obtain the final decision. More specifically, we solve the

following binary hypothesis testing problem at the FC:

HO Yi~ Cen(YZ) 1= 1727"'7
5.1
H1 Yy~ cen(yz) 1,27...,

where y; = [y14,-..,yLi|, [ and f§* denote the joint PDFs for the centralized case under
alternative and null hypotheses, respectively. We take the existing dependence into account
and design a copula-based SPRT at the FC.

Using Sklar’s theorem, i.e., Theorem 1.1 in Section 1.1.1, the joint PDFs in Equation (5.1)

for v = 1,2,...,n can be expressed in terms of the marginal distributions and the copula

cen cen

densities, ¢{*" and ¢, respectively, under [, and H, as

n L
cen HH cen ylz « Cgen(FO cen<yl)’¢cen), (52)
=1 1=1

n L
cen Hchen ylz > Cien(Fl,cen< )|d)cen)7
=1

=1

where f£"(y;;) are the marginal PDFs and F*<*"(y;) = [FF (1), ..., FP"(yL:)] are the
marginal CDFs for all the sensors at time instant ¢ under hypothesis k£, k = 0,1. Moreover,
¢o" and @™ are the parameters of copula ¢ and ¢{*", respectively.

For known ¢ (-|¢pg™) and ¢ (-|pT™"), the centralized copula-based SPRT at the FC fol-

lows the following procedure: forn = 1,2, ...,

.

A (y) > A, decide Hi,

A" (y) < —B, decide H,, (5.3)

—B < A™*"(y) < A, take another observation,
\

where A and — B are the upper and lower thresholds, respectively, which are predetermined
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constants such that Pr < « and Py, < (3. Also, A™*"(y) is given as

n L
ncen i ()
A" (y>:ZZIOg 16;111( )
i=1 =1 0, \Yui (5.4)
n Ccen<F1,cen (Yz> |¢(1:en)
+) log— e,
Z G (EO y, )| B5™)

In general, for given « and (3, exact analytical expressions of the optimal thresholds A and
— B are intractable. One may use the approximated thresholds obtained from Wald’s SPRT

[107], which are given by

1—
A=~ log B, —B =~ log b
Q

. (5.5)

where if , 5 € (0, %) we have —B < A.

Let N be the stopping time for the centralized scheme. Since the messages received at the
FC are i.i.d., we have P(N < oo|Hy) = 1,k = 0,1 under condition A; [99, Lemma3.1.1].
The goal for the above centralized copula-based SPRT is to minimize the average stopping
time Ex[NV], k = 0,1 such that Pr < «, Py < (. In Theorem 5.1, we show the asymptotic
optimality of the centralized copula-based SPRT as A, B — oco. Note that in this work, we
assume that when the test stops, we have A"*"(y) = A or A"*"(y) = —B by ignoring the
overshoots. Therefore, we use ~ while evaluating Pr, P); and the expected stopping time

Eg, [N],k = 0,1 in Theorems 5.1 and 5.3.

Theorem 5.1. For the centralized copula-based SPRT in Equation (5.3), as A — oo and
B — o0, we have Pp =~ e~ and Py; ~ e~ B. Moreover, the average stopping times under the

two hypotheses admit the following asymptotic expressions:

B A

0 1
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as A, B — oo, and where

Dy = ZD STONATO) + D (" Closm Il (o)
Dien Z D cen cen(.)) ( cen( ’¢¢en)HCcen< ’¢cen)) )

Proof: See Appendix C. |

Remark 5.4. The asymptotic performance obtained in Equation (5.6) shows that the average
detection time depends on the KL distance provided by each sensor as well as the KL distance
due to the spatial dependence among L sensors. By including the spatial dependence in our

analysis, we can reduce the detection time on an average.

cen

Typically, the copula density function ¢ (-|¢;™") and its corresponding parameter set ¢},
under hypothesis Hi, k& = 0,1 are not known and need to be estimated. Using maximum
likelihood estimates in place of the true copula density functions and the true parameters, the
centralized copula-based SPRT in Equation (5.3) becomes a generalized copula-based SPRT.
In the following, we present the estimation of the best copula model.

Since the FC has no knowledge of the dependence structure of the received messages, we
assume that the FC waits for Ny messages before starting the copula-based SPRT. Note that NV,
can determined by the goodness-of-fit tests for copula models [36]. Hence, the copula density
functions and their corresponding parameters can be estimated. The estimation of optimal
copula density functions under the two hypotheses is similar. Therefore, the hypothesis index
k will be omitted for now to simplify notations. Also, the superscript “cen" for the centralized
sequential test is omitted for now. Note that the marginal CDFs at each time instant 7 are needed
to evaluate the copula log likelihood ratios as shown in Equation (5.4).

We apply R-Vine copula to estimate the multivariate copula function ¢ (-|¢y") under hy-

pothesis Hy, k = 0,1. The estimation of R-Vine copula model requires the determination of
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the R-Vine tree structure, the choice of bivariate copulas and the estimation of their correspond-
ing parameters. To select the optimal R-Vine tree structure, we adopt the sequential maximum
spanning tree algorithm in [27]. This sequential method is based on Kendall’s 7. The sample
estimate of Kendall’s 7, for /Vy observations, can be calculated using Equation (1.10).

The estimation of the R-Vine copula model is presented in Algorithm 2.1 with m = L and
data sequence (vyi,...,yr;),J = 1,2,..., Ny. The main computational complexity of this
algorithm is from the fit of the bivariate copulas. For a d-dimensional system, the number of
bivariate copulas needed to fit in the tree is d(d—1) /2. Therefore, the computational complexity
is O(d?). In the following, we describe the sequential estimation in detail. The sequential
method starts with the selection of the first tree 7} and continues tree by tree up to the last tree
T7, 1. The trees are selected in a way that the chosen bivariate copula models the strongest
pair-wise dependencies present which are characterized by Kendall’s 7.

After the R-Vine tree structure is obtained, we need to define a bivariate copula set and
estimate the optimal bivariate copulas that best characterize the pair-wise dependencies. Con-
sider a library of copulas, C = {c,, : m = 1,..., M}. Before estimating the optimal bivariate

copula, the copula parameter set ¢ is first obtained using MLE as

No

(% =arg mj}X Z log c <Fll (ylli)> Flz (lei) |¢) ) (57)
=1

where (11, 15), 11,1y € [L] is a connected pair in the selected R-Vine trees and for simplification
of notation, we omit the conditioning elements for conditional marginal CDFs. Note that the
conditional marginal CDFs can be obtained recursively using Equation (1.12).

Once the copula parameter set is obtained, the best copula c* is selected from the copula

library C using the Akaike Information Criterion (AIC) [3] as the criterion, given as

No
AICm = - Z lOg Cm <E1 (yhi)a Ez (ylzi) |¢m> + QQ(m)a (58)

=1
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where ¢(m) is the number of parameters in the mth copula model. Also, the conditioning
elements for conditional marginal CDFs are omitted.
The best copula c* is

¢* = arg min AIC,, (5.9)

cm€C

Now, we have the optimal copula density functions ™ (-|¢; ) and ™ (|, ) un-

der the alternative and null hypotheses, respectively. The log-likelihood ratio test statistics

A™*"(y) in Equation (5.4) now becomes

CBH

Amcen Z Z Cen yll

i=1 =1 (510)

cen, *)

CCH*Flcen 1
+Z < (vo)lé ]

cen,x

¢y (FO<n(y,)|

Note that the centralized copula-based SPRT incurs substantial data transmission overhead
between the sensors and the FC. In the following section, we proceed to develop the distributed

copula-based SPRT.

5.4 Distributed Copula-based Sequential Probability Ra-

tio Test

In this section, we propose a distributed copula-based SPRT, where the FC receives noise
corrupted binary messages instead of the raw measurements. In particular, the local sensors
perform truncated SPRT tests and send binary decisions to the FC. In the following, we first

present the local sensor detection rule and then obtain the FC fusion rule.
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5.4.1 Local Sensor Detection Rule

To design the local sensor detection rule, we need to determine the communication protocol
and binary messages to be sent to the FC at each sensor. Here, we propose a memory-less
grouped-data sequential test to be carried out at each sensor. Consider the following sequential
procedure: at each stage, each sensor sequentially acquires at most W, observations over the
observation window, makes a binary decision by performing a local SPRT, and transmits the
decision to the FC. After transmission, each sensor moves to the next stage of the test, refreshes
its memory and runs another SPRT based on newly arriving measurements. Therefore, the FC
receives i.i.d. messages over time. Note that there are two cases for the local SPRTs: Case 1)
sensors make the decision before or at the time that they take the W{" measurement, Case 2)
sensors do not make any decision after taking the W(!" measurement. In Case 1), we let the
sensors go to sleep mode after each transmission. After the FC receives the messages from all
the sensors, it sends a wakeup signal to the local sensors, and sensors wake up and start the
next stage of the test. In Case 2), since a decision has not been made, we truncate the test after
taking the W" measurement. The group size W) is also referred to as the truncation window
at all the sensors [60]. Thus, all the local sensors transmit their decisions at t;,l = 1,..., L,
where t! is the stopping time for sensor [ and ' < W, Vi. Let ty = max{t!,... tI'} be
the maximum stopping time among all the sensors. The next stage of the proposed local tests
started at t,,x, the time that the FC sends the wakeup signal.

The memory-less grouped-data local SPRT is defined as follows. At stage ¢, sensors
perform the local SPRTs based on (i — 1), + 1" to iW,™ measurements. The local log-
likelihood ratio test statistics A, ;(W),l = 1,..., L, are given as follows. For (i — 1)/, + 1 <
W <iWy,

w

Wy = Y log 211 211). (5.11)

i T goala)
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The binary messages U}) are given as:

(

for (i — YWy +1 < W < i,

Loif (W) > a,
Ui =0, if (W) < —b,

oo,if —b < \;(W) <a, (5.12)
for W =iWy and U} = o0,

= L if N;(W) >y,

0, if /\l,z(W> <y,

where a;, —b; and v; are the thresholds with —b; < v; < q;. By moving the thresholds a;
and —b; away from each other, we can decrease P and P! with an increased average
stopping time. There is a tradeoff between the choice of the thresholds and the truncation
time. Therefore, our goal here is to design the thresholds jointly so that the local probability
of false alarm P> and the local probability of miss detection P} stay below pre-specified
constraints on error probabilities. In the following, we first design the thresholds a; and —b;
based on the untruncated SPRT, and then design the threshold 14 and the truncation window
W)y using the corresponding FSS test so that in the worst case, the number of samples at local
detectors is equal that of the FSS test.

Now, we design the thresholds a; and —b; based on the untruncated SPRT, where the con-
straints of the probabilities of false alarm and miss detection are & and 3, respectively. Let
Qi(x) = P(\i(W) < x|Hy). We require that Qq(a;) = 1 — /Ay, and Q1 (—by) = B/Ay,
where A, ,, A1, > 1 are the scale parameters. Note that we may not have closed forms of Q)4 ()
and Qo(-). By choosing appropriate scale parameters A; , and A, similar to the thresholds
of centralized copula-based sequential test in Equation (5.5), we can obtain the approximated

thresholds as

B/Al,b

1—G/A
1 _d/Al,a.

—b ~1
d/ALa ) I 0og

(5.13)

a; ~ log
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Before we design the threshold v; and the truncation window W), we first present the cor-
responding FSS test for sensor [,/ = 1, ..., L, which has the same constraints of error proba-
bilities as the untruncated SPRT.

1, if AFSS > PSS,

UFss = ’ (5.14)
0, if )\f’;ss < yf"ss

where )\{;SS = Z;Z@S_Sl) Npsgtl log% and Npgg is the number of observations needed
for the FSS test. /9 is the threshold. Also, Npgs and v are designed so that the local
probabilities of false alarm and miss detection stay below levels & /A, 1, and B /A v, where

Ay ra, Ay > 1 are the scale parameters to be designed.

Remark 5.5. The scale parameters A, ., Ny, N 7o and A1y are introduced to adjust the
levels of the local probability of false alarm and the local probability of miss detection so that

Plecal qnd Ploce! are upper bounded by certain pre-specified error probabilities.
In the following Theorem, we show that by setting W, equal to Npss and v; equal to v/,

we can obtain the upper bounds of Pl and Plocd,

Theorem 5.2. The upper bounds of Pi° and P are given as:

1 1
Pt < ( + ) a, (5.15)
F Al,a Al,Ta
Pl < (L - ) B (5.16)
M Al b Al,Tb . .
Proof: See Appendix D. |

Remark 5.6. According to Theorem 5.2, P and P! can be determined by choosing ap-
propriate Ay 4, Ay, Ao and Ay ry,. Since P(UL = ocolHy) < 1,k =0,1,(i — )Wy +1 <
W < Wy, we have E[tl} < Wy. Compared to the FSS test, the local sensors need fewer

observations on average.



81

5.4.2 Derivation of the Fusion Rule

We omit the index W from the binary decision U, IZV and assume that the FC receives Uy,, ..., Uy;
sequentially from all the sensors. After receiving the noise corrupted local sensor decisions
Yin = U + wyy,l = 1,..., L, where n is the receiving time, the FC combines all received
local sensor messages based on copula theory. Therefore, the FC performs the following global

copula-based SPRT,

(

A"(y) > A, decide Hy,
A"(y) < -B, decide Hy, (5.17)

—B < A"(y) < A, take another observation,

\

where A and — B are the upper and lower thresholds, respectively, which are determined by
the global probability of false alarm « and global probability of miss detection 5. Also, A™(y)
is given as
SN S (W) yi)lo1)
A(y) :ZZ : —i—ZlOg L (5.18)
% o) S vl
where F*(y;) = [Ff (1)), ..., FF(yr;)], N, is the number of messages received by the FC at
time n and cx(+|¢,) is the copula density function with its corresponding parameter ¢, under

hypothesis k£, k = 0, 1. Let T, denote the stopping time at the FC.

Remark 5.7. Note that the marginal PDF's of y,; under H, and H are given as

Sralyy) = (1= Py fo (L4 wy) + Py fo(wyy),

Joa(yiy) = (1 = P fo(wyy) + PR fo(1 +wy;),

where f¥(.) is the marginal PDF of the channel noise from local sensors to the FC under
Hy k = 0,1. Also, by assuming the \j;(W), (i — )Wy + 1 < W < iW, to be Gaussian

distributed, the P and P! can be computed analytically [112]. Without the Gaussian
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assumption, the P'% and P can be obtained empirically.

Assuming that the condition A; is satisfied, the asymptotic performance of the distributed

copula-based SPRT is given by the following Theorem.

Theorem 5.3. In the asymptotic regime where A, B — 0o, we have

Ppre ™ Py~e®, (5.19)

and in the worst case, the minimum average stopping times of the distributed copula-based

SPRT in Equation (5.17) under the two hypotheses have the following asymptotic performance:

B x W,
En[T] ~ — ¢ (5.20)
0
and
A x W,
En, [T)] » — ° (5.21)
1

where Dy = 52,2, D (foa()l] f1a())+D (col-|o)ller (1)) and Dy = 371, D (fra()l[foa(-)+
D (c1(-[pi)llco(-o))-

Proof: See Appendix E. ]

Remark 5.8. Compared to the distributed SPRT that ignores the underlying dependence, our
proposed distributed copula-based SPRT is more efficient on an average in terms of the detec-
tion time. Moreover, since the FC may not have any knowledge of the underlying dependence,
the copula density function ci, and its corresponding parameter @, need to be estimated first.
Similar to the centralized copula-based SPRT, the FC can estimate the unknown dependence
using the R-Vine copula based methods using a methodology similar to the centralized copula-

based SPRT.

Since quantization cannot increase the value of KL divergence [103], we have Dy /W, <

D" under hypothesis &,k = 0,1. The performance of the distributed copula-based SPRT
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degrades compared to the centralized copula-based SPRT. Moreover, the performance also
depends on the local thresholds a;, —b; and v, for [ = 1,2, ..., L. These thresholds need to be
chosen such that D, and D; are maximized. However, in general, it is not feasible to find the

optimal local thresholds due to the existing complex dependence and the channel noise.

5.5 Simulation Results

In this section, we demonstrate the efficacy of our proposed copula-based SPRTs through nu-
merical examples. We assume that there are two hypotheses, where H; denotes the presence
of a signal s and H indicates the absence of s. Also, s is assumed to be a deterministic signal.

We model the signals received at the sensors as:

Hy oz = s+ vy, I=1,...Li=12..., (5.22)

H()ZZH:UM, lzl,,L,z:1,2,,

where v;; denotes the measurement noise at sensor [ and time instant ;. We assume that v;; fol-
lows a zero-mean Gaussian distribution with standard deviation ..l = 1,... L. The received
signal z;; 1s assumed to be temporally independent conditioned on either hypothesis but can be
spatially dependent.

The FC receives vy, = x5, + wi,, Where n is the receiving time instant at the FC and z;,

[*" sensor. For distributed detection, we have x;,, = Up,,. Similarly,

is the message sent by the
1, = 21y, for centralized detection. Moreover, wy, is the channel noise from the sensors to the
FC and drawn from a zero-mean Gaussian distribution with standard deviation o', 1 =1, ... L.
Moreover, the channel noise is assumed to be temporally independent conditioned on either
hypothesis but can be spatially dependent. Also, the channel noise and the signals at the local

sensors are assumed to be mutually independent.

Unless specified otherwise, we assume that afu = /3 and af) = 1. We use Ny = 100
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observations to estimate the R-Vine copulas. For each sensor, the local probability of false
alarm and miss detection constraints are & = 0.01 and 3 = 0.01, respectively. Also, the scale
parameters are set as A;, = Ay = Ay = Ay, = 1forl = 1,2,..., L. Hence, the upper
bounds of local probability false alarm and miss detection for each sensor are P! < 24
and P < 20, respectively. Moreover, the global probability of false alarm and global miss
detection constraints for all the sensors are a = 0.01 and 5 = 0.01, respectively. Without loss
of generality, the spatial dependence of sensor observations is generated using multivariate
Gaussian copula except for Table 5.3. To exhibit the performance improvement by applying
our proposed copula-based SPRTs, we also evaluate the performance of product-based SPRT
that ignores dependence of sensor observations. For clarity, we summarize the empirically

studied cases as follows.

e Case 1: We assume that the spatial dependence is resulting from target signals. The

channel noises are assumed to be spatially and temporally independent.

e Case 2: We assume that spatial dependence is resulting from both the target signals and

the channel noises.

Remark 5.9. Without loss of generality, if the spatial dependence is resulting from target sig-
nals, we assume that under H,, the observations zy;, . .., zr; are dependent while under H,

they are independent.

Before we proceed to the results, we note that the expected stopping time E[7] in the fol-
lowing is defined as the average expected stopping time under hypothesis H; and H,, namely,
E[T] = 3(Ex, [T] + Eg,[T]). Also, E[T] is measured using a system-wide clock that is em-
ployed both at the local sensors and the FC.

In Table 5.1 and Table 5.2, we present the average Pr and P, values as a function of o and
B, respectively, where we compare the centralized product-based scheme and the centralized

copula-based scheme for Case 1 with L = 3 for different signal-to-noise ratios (SNRs). The
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SNR = -6 dB SNR = -9dB
Centralized product | Centralized copula | Centralized product | Centralized copula
based SPRT based SPRT based SPRT based SPRT
B Pr Py Pr Py Pr Py Pr Py
04 |0.0059 | 0.4812 | 0.0065 0.0433 0.0083 | 0.5693 | 0.0061 | 0.0408
0.3 0.0078 | 0.4341 0.0052 0.0321 0.0089 | 0.5106 | 0.0052 | 0.0299
0.2 |0.0075| 0.3786 | 0.0039 0.0186 0.0080 | 0.4366 | 0.0046 | 0.0205
0.1 0.0056 | 0.2849 | 0.0036 0.0101 0.0079 | 0.3362 | 0.0039 | 0.0099
0.01 | 0.0061 0.1245 | 0.0030 0.0010 0.0077 | 0.1416 | 0.0037 | 8.8000e-4
0.001 | 0.0060 | 0.0548 | 0.0032 | 1.1500e-04 | 0.0076 | 0.0617 | 0.0037 | 8.4000e-5
0.0001 | 0.0061 0.0240 | 0.0033 | 1.300e-05 | 0.0077 | 0.0270 | 0.0037 | 7.000e-6

Table 5.1: Known copula: Estimated Pr and P); with a =

sequential scheme and Case 1.

0.01, L = 3 for centralized

SNR = —6 dB SNR = -9 dB
Centralized product Centralized copula Centralized product | Centralized copula
based SPRT based SPRT based SPRT based SPRT
« P Py P Py P Py Pr Py

0.4 0.2400 0.0903 | 0.1358 0.0013 0.3105 | 0.0842 | 0.1493 0.0016

0.3 0.1803 0.0918 | 0.1093 0.0018 0.2337 | 0.0914 | 0.1207 0.0010

0.2 0.1178 0.0968 | 0.0702 6.000e-4 0.1568 | 0.1027 | 0.0825 0.0011

0.1 0.0573 0.1019 | 0.0366 0.0010 0.0771 | 0.1151 | 0.0368 0.0012
0.01 0.0061 0.1245 | 0.0030 0.0010 0.0077 | 0.1416 | 0.0037 | 8.8000e-4
0.001 | 5.5100e-04 | 0.1352 | 3.1100e-4 | 9.7100e-04 | 8.2200e-4 | 0.1563 | 3.6900e-4 | 8.3000e-3
0.0001 | 4.7000e-5 | 0.1400 | 2.3000e-5 | 9.800e-04 | 7.400e-5 | 0.1617 | 3.3000e-5 | 9.8500e-4

Table 5.2: Known copula: Estimated Pr and P,; with § = 0.01, L = 3 for centralized
sequential scheme and Case 1.

signal spatial dependence is assumed to be known. Since the underlying dependence is result-

ing from target signals, it implies that the sensor observations are independent under H. As we

can see, the average P, values obtained for the centralized copula-based SPRT satisfy the con-

straint § while those for the centralized product-based SPRT do not. The average P values are

below « for both the centralized copula-based SPRT and the centralized product-based SPRT.

This is because, sensor observations are independent under H,. Also, in Fig. 5.2 and Fig. 5.3,

we show the corresponding average expected stopping time E[T"] varying o and [, respec-

tively. As we observe, on average, the centralized copula-based SPRT makes decisions faster
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Fig. 5.2: Average expected stopping time Fig. 5.3: Average expected stopping time
as a function of « for centralized sequential as a function of (3 for centralized sequential
scheme. scheme.

than the centralized product-based SPRT. Moreover, for lower SNRs, the centralized product-
based SPRT requires more time to complete the detection while the centralized copula-based

SPRT is less sensitive to low SNRs, i.e., does not change much for different values of SNR.

Dependence generated using | Dependence generated using

Gaussian copula R-Vine copula
No | L=3 L=5 L=3 L=5
40 | 0.938 0.999 0.923 0.994
50 | 0.953 0.998 0.918 0.992
60 | 0.926 0.999 0.907 0.991
70 | 0.939 0.999 0.907 0.968
80 | 0.939 0.998 0.938 0.980
90 | 0.945 0.999 0.915 0.956
100 | 0.941 0.998 0.919 0.965
120 | 0.937 0.996 0.923 0.957
150 | 0.938 0.994 0.928 0.933
200 | 0.934 0.998 0.915 0.926

Table 5.3: Average p values for the estimation of underlying dependence using R-Vine copula
model with different number of sensors.

Typically, we have no knowledge of the dependence information, especially for the dis-

tributed detection scheme. If the signals at the local sensors are dependent, then after local
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Dependence generated using R-Vine copula

Ny | Clayton copula Gaussian copula
40 0.037 0.143

50 0.016 0.026

60 0.020 0.019

70 0.022 0.029

80 0.001 0.030

90 0.002 0.015

100 0.002 0.049

120 0.000 0.003

150 0.000 0.002
200 0.000 0.001

Table 5.4: Average p values for the estimation of underlying dependence using different multi-
variate copula models with L = 3.
quantization this dependence structure may change. Therefore, we need to estimate the de-
pendence structure, namely, the R-Vine copula. In Table 5.3, we present the average p values
corresponding to the estimation of the underlying dependence using R-Vine copula models
with different Nys and number of sensors. We generated two types of dependence: linear de-
pendence using multivariate Gaussian copula and non-linear dependence using R-Vine copula.
Similar results can be obtained for the dependence generated by other multivariate copulas or
even more complex dependence. As we can see, the R-Vine copula model performs very well
and can not be rejected a 5% significance level. Note that the number of samples Ny needed
also depends on the complexity of the underlying dependence as well as the number of sensors.
To show that the R-Vine copula model is more capable of characterizing complex depen-
dence compared to multivariate copula models, in Table 5.4, we show average p values for the
estimation of the underlying dependence using Gaussian copula and Clayton copula models
for L = 3. Here, the underlying dependence is generated using the R-Vine copula model. As
we can see, for most of the cases, the Gaussian and Clayton copula models are rejected at a 5%

significance level except when Ny = 40, i. e., the p value is larger than .05 for the Gaussian
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copula for Ny = 40. However, the R-Vine copula model in Table 5.3 cannot be rejected at a

5% significance level, i. e., the p values are always greater than 0.05.

Remark 5.10. Note that the p value is defined as the probability of the null hypothesis being
true. In this case, we assume that the copula model C' is unknown but belongs to a class
Co = {Cs : ® € R™}. We define the null hypothesis as Hy : C' € Cy and the alternative
hypothesis as H; : C ¢ Co, where C' is an estimate of C. More specifically, the hypothesis H,
means C represents the distribution of C' quite well. If the p value is in [0,0.05], the evidence

is strong that one should reject the null hypothesis.

In Fig. 5.4, we show the truncation window W) as a function of & and 5 with L = 3. We
can see that as & and B decrease, the W increases. Also, for lower SNR, more detection time

is needed to achieve the same probabilities of error.

220

200+ SNR = -6dB
180l —+—— SNR =-9dB

0

160 F
140 !
120
100

80

60}

Truncation Window W

40

20F

Fig. 5.4: Truncation window W}, as a function of & and BN, where & = .

In Table 5.5 and Table 5.6, we present the average Pr, P, values and the average expected
stopping time E[T| with unknown copulas by comparing the product-based SPRTs and the
copula-based SPRTs (including the centralized and the distributed schemes) for the both cases

with L = 3 under SNR = —6 dB and SNR = —9 dB, respectively. As we can see, for Case 1
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Case 1 Case 2
Pr Py | E[T] Pr | Pu | E[]
-
Centralized product | ) o0 1 1954 | 12518 | 0.0246 | 0.1254 | 12.317
based SPRT
Centralized copula
0.0063 | 0.0038 | 2.625 |0.0093 | 0.0012 | 2.847
based SPRT
Distributed product
ISHHDULEC Product 1 0048 | 0.0051 | 165.908 | 0.0215 | 0.1179 | 151.004
based SPRT
Distributed copul
ISHHIDULed COPUIA 1 0053 | 0.0050 | 166.793 | 0.0072 | 0.0036 | 43.432
based SPRT
Table 5.5: Unknown copula: Estimated Pr, Py and E[T| with & = 5 = 0.01 and SNR = —6
dB.
Case 1 Case 2
P Py | E[T] P | Py | E[]
Centralized product
CRIralzed Product | 4 0074 | 0.1427 | 44.802 | 0.0303 | 0.1421 | 43.937
based SPRT
Centralized copula
0.0045 | 0.0007 | 2.645 | 0.0070 | 0.0010 | 3.100
based SPRT
o
istributed product | o o< 0 0051 | 625.244 | 0.0215 | 0.1200 | 569.273
based SPRT
Distributed copul
ISHIBUEEE COPUIA 1 3 5054 | 0.0050 | 624.869 | 0.0093 | 0.0045 | 152.713
based SPRT

Table 5.6: Unknown copula: Estimated Pr, Py and E[T| with o = 5 = 0.01 and SNR = —9
dB.

and Case 2, the average Pr and P, values satisfy the specified o and [ values, respectively, for
the copula-based SPRTs, while for the product-based SPRTs, the average Pr and P, values
do not satisfy the Pr and P,; constraints, except for the distributed product-based SPRT of
Case 1. This is because, by setting the scale parameters as A;, = Ay = Ajpg = Ay =
1,1 = 1,...,L, the Pis and PI%s for all the sensors are upper bounded by 2& and 28,

respectively. The underlying dependence or uncertainty resulting from the signals at the local

sensors is decreased, and the signals received at the FC are near-independent. Compared to
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the product-based SPRTSs, our proposed copula-based SPRTs significantly improve the average
expected stopping time, except for the distributed product-based SPRT of Case 1. This is also
due to the near-independence (after local processing) among the received observations at the
FC. Also, compared to the centralized cases, the distributed case requires more time to make
a global decision. It seems that the expected average detection time of the distributed copula-
based SPRT is much larger than that of the centralized copula-based SPRT. This is because we

evaluate the performance at extremely low SNRs.

Case 2 Pr Py E[T]
T
Centralized product 0.0067 | 0.0524 | 1.490
based SPRT
Centralized copula 0.0054 | 0.0090 | 1.302
based SPRT
Distributed product
ISHIDHEEE PIOCUEE | 0.0218 | 0.1184 | 14.843
based SPRT
Distributed 1
1stributed copula 0.0051 | 0.0100 | 4.020
based SPRT

Table 5.7: Unknown copula: Estimated Pr, Py and E[T] with « = 5 = 0.01 and SNR = 0
dB for Case 2.

To justify the efficiency of the distributed copula-based SPRT, in Table 5.7, we present the
average P, Py and E[T'] for Case 2 at SNR = 0 dB. As we can see, the E[T’] for the proposed
distributed copula-based SPRT is quite comparable to the centralized copula-based SPRT and

much faster than the distributed product-based SPRT.

5.6 Summary

In this chapter, we proposed a copula-based sequential scheme for the problem of distributed
detection with imperfect communication channels from the sensors to the fusion center, where
the sensor observations are assumed to be spatially dependent. This dependence may result

from the dependent sensor signals, dependent channel noises or both. We used the regular
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vine copula model to represent the underlying dependence. We first proposed a centralized
copula-based SPRT, and showed its asymptotic optimality and time efficiency. We then pro-
posed a distributed copula-based sequential scheme, where the memory-less truncated SPRT's
were performed at the local sensors and the copula-based SPRT was conducted at the FC. We
have shown that by suitably designing the local thresholds and the truncation window, the local
probability of false alarm and the local probability of miss detection of the proposed memory-
less truncated local sequential tests are upper bounded by the pre-specified error probabilities.
Moreover, we have shown the asymptotic optimality and time efficiency of the distributed
copula-based SPRT. Via simulations, we have shown that our proposed copula-based SPRTs
can efficiently capture the unknown dependence, and outperform the product-based SPRTs

which ignore the underlying dependence.
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CHAPTER 6

DISTRIBUTED ESTIMATION IN LARGE
SCALE WIRELESS SENSOR NETWORKS
VIA A TWO-STEP CLUSTER-BASED

APPROACH

6.1 Motivation

In large scale sensor networks, sensors observations are often assumed to be independent for
analytical tractability. However, observations are often dependent in practical scenarios. Dis-
tributed estimation problems with independent sensor observations have been studied exten-
sively (see e.g. [16,20,30,31,55,56,67,68,87]). However, the distributed estimation problem
with dependent sensor observations has not received much attention. The underlying depen-
dence can be both good and bad [44,46, 115]. On the one hand, dependent sensors provide
different viewpoints and aspects regarding the target parameter to be estimated. However, on

the other hand, they may collect redundant observations. Therefore, spatial dependence needs
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to be exploited properly to enhance the overall estimation efficiency. In [44,46], the concepts
of diversity gain and redundancy loss were introduced to characterize the influence of spatial
dependence among sensor observations on estimation performance.

In this chapter, to achieve greater sensor transmission and estimation efficiencies, we pro-
pose a two-step cluster-based collaborative distributed estimation scheme. In the first step, sen-
sors form dependence driven clusters such that the observations of sensors in the same cluster
are dependent while the observations of sensors from different clusters are independent, and
perform copula-based maximum a posteriori probability (MAP) estimation via intra-cluster
collaboration. In the second step, the estimates generated in the first step are shared via inter-
cluster collaboration to reach an average consensus. A merge based K-medoid dependence
driven clustering algorithm is proposed. We further propose a cluster-based sensor selection
scheme using mutual information prior to estimation. The aim is to select sensors with max-
imum relevance and minimum redundancy regarding the parameter of interest under certain

pre-specified energy constraints.

6.2 Problem Formulation

Consider a phenomenon being observed by L sensors. Each sensor’s observation is z; =
0 + w;, Vvl = 1,..., L, where 6 is the random parameter to be estimated corresponding to
the phenomenon of interest and wj is the observation noise which is spatially and temporally
independent of . We assume that the prior distribution of ¢ is given as f(6). Also, we assume
that the observation noise can be dependent across some sensors. Moreover, we further assume
that the sensor observations are continuous random variables that are conditionally indepen-
dent and identically distributed (i.i.d.) over time. Let f;(-|¢) be the PDF of the observations at
the [th sensor conditioned on #. Note that the marginal conditional sensor PDFs can be distinct
from each other. Throughout the chapter, we assume that given 6, the marginal distribution

fi(-10),1 =1, ..., L is known.
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Fig. 6.1: Two-step cluster-based collaborative distributed estimation system, where the orange
dash lines represent the inter-cluster communication links and the black dash lines denote the
intra-cluster communication links.

In a non-collaborative setting, each sensor senses the phenomenon of interest and estimates
the random parameter 6 solely based on its own observations. In this work, we consider a two-
step cluster-based collaborative scheme shown in Fig. 6.1, where in the first step, sensors form
dependence driven clusters and extract information relevant for estimation by collaborating
with other sensors in the same cluster. In the second step, local information obtained by each
cluster in the first step is shared among clusters to yield a global estimate. The participating

sensors are required to adhere to the following rules:

1. Sensors first form clusters, where each sensor is allowed to join only one cluster. The
sensors that are most “similar”, i.e., most statistically dependent, tend to stay in the same

cluster.

2. Once the clusters are formed, a sensor can request observations from all the other sen-
sors that are in the same cluster to perform estimation; it is also required to transmit its

observations to the other collaborating sensors in the cluster based on their request.

3. A cluster can request the estimate of the parameter or observations from all the other

clusters; it is also required to transmit its estimate of the parameter or observations to the
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other collaborating clusters based on their request.

We denote the set of all the sensors in the network as S, where the corresponding sensor
observation set is zs = [z1, .. .,2z5)] € RV¥IS|/|S| = L, where | - | denotes the cardinality of
a set and N is the number of observations for each sensor. Suppose there are K independent
non-overlapping sensor clusters and denote the kth cluster by Gy, k € [K], where for ease of
notation, [K] denotes {1,2,..., K}. Thus, S =G, U--- U Gk.

In the estimation problem, Fisher Information (FI) is often used to characterize the amount

of information that data carry about the parameter. It is given as

6.1

FI(0) = —E, [w} ,

06?

where fx represents the joint PDF of the data sequence vector x. For the entire sensor set S,

the FI it can achieve is given as

(6.2)

2 .
FI(S) = —E,, | b0l

where f, is the joint distribution of zs.

Proposition 6.1. F'I(S) can be decomposed into cluster-based Fisher Information and prior

Fisher Information.
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Proof:

0*og (1 filzl6) x cs(F(z10); @) x ()

FI(S) = —E T :
2 .

les

YN FIL+ FI,-E
les

K
=> FL+) FI(Gy) + FI,

leS k=1

=> (Z FI, + F[c(gk)> + FI,

k=1 leGy,

06?

dlog 11—, c, (F(zg, |0); ¢k)]

where F'],, is the Fisher information with respect to the prior distribution on 6, () is obtained

by using the assumption that sensor clusters are independent of each other. Also, we define

log ¢ Z .
FI,(G) as —E [8 log ck(;“e(2 gk|9),¢k)]'

Therefore, F'1(S) can be decomposed into cluster-based Fisher Information and prior Fisher

Information. |

Remark 6.1. Based on Proposition 6.1, if the sensors in the network can be perfectly clustered
into independent non-overlapping clusters, we can process each cluster independently and then

combine each cluster’s information to obtain the global estimate.

In the first step, an intuitive solution would be that each cluster learns its dependence struc-
ture, and shares the estimated conditional joint PDFs with all the other clusters in the second

step. Then, the estimation problem becomes

N K
0 = arg max > (log f(zg, :16)) + log f(9), (6.3)

i=1 k=1

where zg, ; is the observation set for cluster G, at time instant ¢ and f(zg, |0) is the conditional
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joint PDF of the sensor observations (which is not known a priori) in cluster Gy, k € [K]. f(0)

is the prior distribution of 6.

Remark 6.2. The estimation methodology given in Equation (6.3) is referred to as cluster-
based MAP scheme. Note that the conditional joint PDF f(zg, |0) in Equation (6.3) can be
estimated using copula based methods that take dependent observations into consideration
(see Equation (1.2)). The cluster-based MAP scheme using copula incorporated approach is

optimal.

However, transmitting the estimated conditional joint PDFs and the raw observations among
clusters can be expensive. Therefore, we propose to share estimates obtained by each cluster
until a consensus is achieved.

In the following section, we present the details of our two-step cluster-based distributed
estimation scheme, including the clustering of the sensors, the intra-cluster collaborative esti-

mation approach using copula based methods and the inter-cluster collaboration strategy.

6.3 Two-Step Dependence Driven Collaborative Distributed
Estimation

In this section, we present our two-step cluster-based collaborative distributed estimation scheme.
In the first step, sensors form clusters based on their similarity/dissimilarity with the other sen-
sors. We propose a merge based K -medoid dependence driven clustering algorithm. After the
clusters are formed, each sensor then estimates 6 using copula based MAP via intra-cluster col-
laboration. In the second step, the estimated 6s are shared among clusters to yield a consensus.
Here, we assume that the sensors and the sensor clusters communicate via error-free, orthogo-
nal channels. Before we proceed, we first make some assumptions and define the dissimilarity

measures.
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6.3.1 Assumptions and Dissimilarity Measure Definitions

We define the inter-cluster dissimilarity between G, and Gy as well as the intra-cluster dissim-

ilarity of Gy, respectively as

d(gka gk’) - inf d<8i7 Sj)7

5;€G1,8;€G

d(Gr) = sup d(s;,s;),

5:,8;€G

where d(+, -) is a dissimilarity metric between two variables/data sequences, e.g., the rank based
dissimilarity measure defined later in Equation (6.4). Here, d(Gy,, Gi/) represents the dissimi-

larity between cluster G, and G;.. We further define

dy = min d(Gr, i),

kK =1,....K k£k!

dL: _max d(gk>

We make the following assumptions:
Al dL < dH,

A2 P (d(Zk Zk/) S do) < 61,d0 € (dL,dH),

PR

Az P (d(Zk Zk> > do) < 627610 € (dL,dH),

1779

Ay P (d(zF,2%) > d(2F, 2h)) < e,

1779

where z¥, 2" € zg, and 2", 2% € zg,. ¢ > 0,i = 1,2,3 are small constants and N is the
number of observations.

Assumption A, implies that the probability that the dissimilarity between sensor obser-
vations obtained from two different clusters is smaller than dj is small. Also, assumption

Aj guarantees that the probability that the dissimilarity between sensor observations obtained
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from the same cluster is greater than dj, is small. Assumption A, states that given two sensor
observation sequences generated from the same cluster and a third observation sequence gen-
erated from another cluster, the probability that the first sequence is closer to the third sequence
is small. Due to the use of measure noisy data, the assumptions A; to A, imply that sensors
that are from the same cluster are dependent, while the ones that are from different clusters are
nearly independent.

The dissimilarity between two sensors can be characterized using different dependence
measures, such as the Pearson’s correlation coefficient , a rank based correlation measure
(Spearman’s p and Kendall’s 7) and the copula based measure. Note that the Pearson’s cor-
relation coefficient that characterizes linear relationship is inadequate to capture nonlinear de-
pendence among the involved sensors. Also, the copula based measure is not a symmetric
dependence measure. In the following, we propose a dissimilarity metric based on rank based
correlation.

Let k € [—1,1] be a rank based measure (Spearman’s p or Kendall’s 7). We introduce a
dissimilarity function d(x, y) between the random variables X and Y, where x = [z, ..., 2y]
and y = [y1,...,yn] are the i.i.d. data sequences corresponding to the variables X and Y/,

respectively, given as

d<X7 Y) =V 1- H(X,y)Q, (64)

where N is the number of samples for variables X and Y and k(x,y) is Spearman’s p or
Kendall’s 7 between sequences x and y. Note that if x(x,y) = 1 or x(x,y) = —1, we have

d(x,y) =0.

6.3.2 Dependence Driven Clustering Process

We propose a dependence driven clustering scheme. Let d(z;,z;) denote the dissimilarity
between the ith and jth sensors, where 4, j € [L]. Therefore, d(z;,z;) is small when sensor

¢ and sensor j are strongly dependent and is large when sensor ¢ and sensor j are weakly
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dependent.

The goal of the clustering process is to cluster the sensors in the network based on the
underlying dependence among sensors. The number of clusters K is unknown. Therefore, we
need to estimate it. Here, we apply a merge based K -medoid clustering scheme [6,44,46,113]
to perform the clustering and find K. The merging criterion is that if the dissimilarity/distance
of any two clusters is greater than dy, € (d,dp), these two clusters should be separated,;
otherwise, they merge together.

In the following, we present the initialization of the cluster centers and clusters. Before,
we initialize the clusters, the centers need to be initialized first. We denote the cluster centers
as fy, ..., iy and the cluster center set as p. We first arbitrarily choose z;,¢ € [L] as v, and

p = {p,}. Then, for max (min d (z;, uk)) > dy,, we do

zi€zs\p \ HLEH

[t = arg max (min d (z;, uk)) : (6.5)
z,€zs\ 1 HEER
p=pUp

After we obtain the cluster centers, the clusters, which are originally defined as empty sets,

are initialized as: for: =1,2,..., L

p; = argmind (zi, p,j) , (6.6)

M€

gj < gj U {Zz}

The proposed dependence driven clustering scheme is shown in Algorithm 6.1.

6.3.3 Copula Based MAP

After the clusters are formed, each sensor performs estimation by collaborating with the sen-

sors in the same cluster. We assume a fully connected network for intra-cluster collaboration.
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Algorithm 6.1 Dependence Driven Clustering.

Input: Sensor observations {z1,...,2.} and threshold dy,.
Output: Clusters {G;, < ,.

1. Initialize clusters {gk}{;l
2. while not converge do
3. Center update:

4. fork=1to K do
W, < arg min Z d(z;,zy)

2€0k  4,eG,

5. end for

6. Merge step:

7. forky, ky€[1,2,... K] and ki # ky do

8. if d(py,, py,) < dyy, then

9. if Zzlegkl d(py,,2z1) < Zzle% d(py,, 21)
10. then Gk, < Gk, U {Gr, } and delete p;, and Gy,
11. else Gk, < Gk, U{Gr,} and delete p,, and Gy,
12. end if

13. K+ K —1

14. end if

15. end for
16. Cluster update:

17. forl=1to Ldo

18. if z, € G and d (z, ;) < d (2, py) then

Gr < G, U{z} and Gy < G \ {2z}

19. end if
20. end for
21. end while

22. Return {G,}X |
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In each cluster, each sensor estimates # using MAP based on its own observations and observa-
tions from all the other collaborating sensors in the same cluster. Note that for a fully connected
network, all the sensors in the cluster have the same set of observations available to them.
We denote the corresponding sensor observations for cluster Gy as zg, = {z},25,.. ., z‘kgk|}.

Therefore, the estimate 6, at each sensor for the kth cluster is given by

0), = arg maleog G ,z‘kgk‘i|0) x f(9)), (6.7)

where NN is the number of observations and f(z1;, 23, . . ., 2fg, ;; 0) is the joint PDF of all the
sensors in cluster G, k € [K] at time instant i,7 € [N].
We use the copula based approach to characterize the underlying dependence in each cluster

and according to Equation (1.2), f), can be obtained by

N |Gkl

0), = arg maxz Zlog fi(2F]0) + Zlog cr(F(z¥0); ) (6.8)

=1 [=1

+log f(0),

where F(z}|0) = [F(21;]0), F(25,10), ..., F(z[g,;10)] is the set of marginal CDFs, and ¢ (-; ¢by,)
is the multivariate copula density function and ¢,, is the corresponding parameter set for cluster
k. ke [K].

Typically, the multivariate dependence cx(-; ¢;,) in Equation (6.8) is unknown a priori and
needs to be estimated. Since the learning of the copula models is similar for all the clusters, in
the following, we omit the cluster index £ for simplification of notation.

To estimate the multivariate copula c(+; ¢»), we first define a library of copula models, C =
{¢; : 7 =1,...,M} [75]. The optimal copula model is then determined by the Akaike
Information Criterion (AIC) [3] in Equation (6.12), namely, the best copula is the copula model

with minimum AIC value. Before evaluating the AIC values for each copula model, we need
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to estimate the marginal CDFs and the associated copula parameter(s) ¢;,7 = 1,..., M. The

marginal CDFs can be estimated using EPIT [45]:

. 1
Fi(w) = & > I(z; <), (6.9)

where I is the indicator function and /N is the number of observations for estimation. The

copula parameter(s) ¢, can then be estimated using MLE, which is given by

N
b; = argr%?meg ¢i(Fiiy .., Fls,,, jil;)- (6.10)

i=1

With the estimated parameter(s), the best copula c* is given as
¢" = arg min AIC;. (6.11)
Cj eC
The AIC value is given as

N
AIC; = = logci(Fin, - - Fls,,, jnly) + a(ci), (6.12)

n=1

where ¢(c;) is the number of parameters in the ith copula model.

6.3.4 Cluster Based Consensus Scheme

After all the clusters obtain their initial estimates, these estimates are shared via linear inter-
cluster collaboration to reach a consensus. We employ the average consensus algorithm [80].
Assume that the collaboration among clusters is represented by a fixed topology matrix A
with binary entries, namely, A;; € {0,1},4,j € [K]. Here, A;; = 1 means that there is a

communication link from the ith cluster to the jth cluster; otherwise, A;; = 0. At iteration
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n + 1, each cluster G;, i € [K] updates its estimate 0, (n + 1) as follows [80]:

g, (n+1) =g, (0) = 8> Ay (9g,(n) — 0, (n)) (6.13)

jENgi

where 0 < 8 < 1/A, A is the maximum degree of the network and Ng, is the neighborhood
cluster set of G;.

It has been shown in [80, Theorem 2] that if the graph is strongly connected and balanced,

299,00 o sumptotically.

0 K

Theorem 6.1. The standard deviation of the parameter estimate obtained by the average con-

sensus scheme is upper bounded by the average standard deviation of all the clusters’ esti-

el -
\/var(0) < 174 Z var(0y) (6.14)

k=1

mates, i.e.,

where k,k € [K| denotes the cluster index and var(-) represent the variance of a random

variable.
Proof: See Appendix F. |

Remark 6.3. The average consensus based inter-cluster collaboration helps in mitigating the

effect of estimation bias resulting from the individual cluster estimates.

Since the sensor network is large, the number of sensors in each cluster is also potentially
large. As mentioned in Section 6.1, some sensors may provide redundant information. Allow-
ing all the sensors in the cluster to exchange their information may result in a large transmission
cost. Therefore, selecting sensors with maximum information and minimum redundancy is cru-
cial. In the following section, we propose a mutual information based sensor selection scheme,

and only the selected sensors need to exchange their information within a cluster.

Remark 6.4. In practice, to extend the network lifetime, one may design sleep scheduling

schemes for sensors which provide redundant data [25, 26]. Also, to balance battery usage
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for inter-cluster communication, one may rotate sensors that are responsible for inter-cluster

collaboration in a small region near the edge of the cluster.

6.4 Sensor Selection Based Two-Step Dependence Driven
Collaborative Distributed Estimation

In this section, we present the details of the sensor selection scheme for our two-step collab-
orative estimation scheme. For each cluster Gy, k € [K], prior to estimation via intra-cluster
collaboration, a mutual information based methodology is employed to select sensors with
maximum information and minimum redundancy.

Before we proceed, we recall that the mutual information of two random variables x and v,

denoted by I(x;y), is given as

= | e antoe [ L&Y 4
1) = [ fGetog (505 o, 6.15

where f(z,y) is the joint PDF of variables x and y. f(z) and f(y) are the marginal PDFs.
The optimal sensor selection strategy is often based on maximal relevance and minimal
redundancy with respect to the target parameter 6 on the entire sensor set [83], and this strategy
is referred as maximal-relevancy-minimal-redundancy (mRMR) in [83]. Suppose that we aim
to select m sensors from the set of all the sensors in the network & with the corresponding
observation set zs = {21, ...,2s}. In terms of mutual information, the mRMR solution is

obtained by solving the following problem

[Sim

max %Zl(zi;e)— 1|2 > I(ziz)| (6.16)

Zi,ZjEZs)y,

where s,,, is the set of the selected sensors with cardinality |s,,,| = m and zs,, = {z1,...,2,}
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is the sensor observation set of s,,,, where z5, € zs.
Note that the computational complexity of the mRMR problem is O(|S|™). A more effi-
cient first-order incremental search method was proposed to find the near-optimal solutions of

problem in Equation (6.16) in [83]. It is given as:

e 1(z;0) — ﬁ > Izz)| (6.17)
where s,,,_; is the selected sensor set with m — 1 sensors, and zs \ zs,, _, denotes that we exclude
the sensor observations from the sensors in set s,,,_; from zgs.

The computational complexity of the incremental search method in Equation (6.17) is
O(m * |S]). To further reduce the computational complexity, in the following, we propose a
cluster-based incremental search methodology, where the sensor selection is performed cluster-
by-cluster independently.

Note that S = {G1 UG, ... UGk}, where G;NG; = 0,4, 5 € [K]. Instead of searching over
the entire sensor set, we select m, sensors from cluster Gy, k € [K]. Note that 31 my, = m.

For each cluster Gy, suppose that we already have s,,, _1, the sensor set with m — 1 sensors.

The incremental selection scheme solves the following problem:

1
— > I(ziz)| (6.18)

ziezsmk_l

max I(z;;0) —
ZiEZQk\ZSmk—I my

where zg, \ zs,, , denotes that we exclude the sensor observations in set s,,, 1 from zg, .

Remark 6.5. The selection scheme given in Equation (6.17) is referred to as the global sensor
selection scheme. Also, the selection scheme given in Equation (6.18) is referred to as the

cluster-based sensor selection scheme.

Theorem 6.2. Using a suitably designed threshold d,;, that makes inter-cluster sensors nearly

independent, the cluster-based sensor selection method is equivalent to the global sensor se-
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lection method with probability at least 1 — €, where € is a small constant.

Proof: See Appendix G. |

A natural question is how to determine the optimal number of sensors m, for cluster G, k €
[K]. In an energy constrained network with battery-limited sensors, each sensor’s energy is
finite and a communication cost is incurred when it transmits observations to collaborating
sensors. Therefore, the number of sensors that can be selected in each cluster is limited due
to finite energy budgets. Let r be the average number of requests initiated by each sensor in
the network per unit time interval. Then, for the selected sensors in cluster G, the number of
requests that have to be responded to within a unit time interval is r(my — 1). Moreover, we
assume that the energy cost for a single transmission is £;. The average energy consumption
per unit time interval for each selected sensor in cluster Gy, is E[s] = r(my — 1)Ey, s € sy,
which increases as the size of the selected sensor set s,,,, increases. Let the energy consumption
of cluster Gy be the average energy consumption per sensor in s,,, , denoted by E|s,,, |. Thus,
in terms of energy efficiency, a smaller sensor set is preferred. In order to guarantee adequate

sensors lifetimes, we enforce the energy consumption constraint as follows:
Elsm,) = r(mi — 1) By < i, k € [K], (6.19)

where ay, > 0 is the pre-specified constraint for cluster k. Therefore, the energy constrained
selection scheme for each cluster G, k € [K] is stated as
1 1
max — > I(zi0) - — > I(zizy), (6.20)

Smy, €0k mi mk
ziezsmk zi,z]Ezsmk

subject to  E[s;,, | < ag.

The problem in Equation (6.20) can be solved using the incremental search method in

Equation (6.18) while satisfying the energy constraint.
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6.5 Simulation Results

In this section, we demonstrate the efficacy of our proposed two-step cluster-based collabora-
tive distributed estimation methodologies through numerical examples. We consider a wireless
sensor network with . = 13 sensors deployed in a [0, 1.5] x [0, 1.5] square area of interest.
Let (xo, o) be the target location coordinates and 6 be the intensity of the target signal to be
estimated. We assume a Gaussian prior N (6,, ag) on 6. Sensor [,] = 1,...,L is located at

(z1, ;). The received measurements at the /th sensor are modeled as

zli:9+wh,i:1,...,N, (621)

where wy; is the measurement noise which is assumed to be Gaussian distributed with mean 0
and variance o7 and N is the number of observations. Here, we assume that the variance of the

measurement noise at each sensor is inversely scaled by the distance between the sensor and
a3

V/ (@1—20)2+(y1—v0)?

characterizing signal to noise ratio (SNR) at different sensors. We define our SNR as

the signal source, i.e., 012 = . Note that 03 is introduced here for the ease of

(6.22)

We assume that the measurement noise w;; and 6 are independent of each other. Moreover,
we assume that the measurement noises are i.i.d. across time and can be spatially dependent
at some sensors. Without loss of generality, we assume that we have three clusters and the
underlying spatial dependence among sensors is generated cluster by cluster using multivariate
Clayton copula functions. The pair-wise sensor dissimilarities are estimated based on Kendall’s
7. We set 7/, = 1. Therefore, according to Equation (6.19), the maximum number of sensors
that can be selected in cluster k, k € [K] is my = . Also, without loss of generality, we
assume that oy = a9 = ..., ag. Therefore, m; = my = ..., mg. The total number of sensors

that are selected is 7 = Y ¢, 7.
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We use average mean squared error (MSE) to characterize the estimation performance.

For the clustering process, we use the average clustering accuracy to measure the clustering

Number of correctly clustered sensors
Total number of sensors - All the results

performance. The clustering accuracy is defined as
are obtained using 500 Monte Carlo trials.

To exhibit the performance improvement by applying our proposed two-step cluster-based
collaborative distributed estimation methodologies, we also evaluate the corresponding esti-
mation performance under independence assumption that ignores dependence among sensor
observations. Moreover, we compare our proposed estimation methodologies with the cluster-
based MAP method given in Equation (6.3), where the copula-based approach as well as the
product-based approach (under independence assumption) can be used to model the conditional

joint PDFs. For clarity, we summarize the eight empirically studied cases as follows.

e Cluster-based consensus with sensor selection using copula based method as well as

under independence assumption

e Cluster-based consensus without sensor selection using copula based method as well as

under independence assumption

e Cluster-based MAP with sensor selection using copula based method as well as under

independence assumption

e Cluster-based MAP without sensor selection using copula based method as well as under

independence assumption

In Fig. 6.2, we present the average clustering accuracy as a function of the threshold dy, at
SNR = 2.0 dB and N = 70. We can see that the choice of d;;, has a significant impact on the
performance of Algorithm 6.1. The optimal value of d;;, depends on the given data, namely, d;,
and dy. Moreover, as we can see, a larger dy, results in a better clustering performance.

In Fig. 6.3, we present the the average clustering accuracy as a function of the number of

observations /N with d;;, = 0.83 at SNR = 2.0 dB. As we can see, by choosing appropriate d;,
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Fig. 6.3: Average clustering accuracy as a function of number of observations N with dy, =
0.83.

and NV, we can achieve perfect clustering performance. In the following, our estimation results
are obtained with d;;, = 0.83 and N = 70 unless otherwise specified.

In Fig. 6.4 and Fig. 6.5, we present the average MSE as a function of SNR and the number
of observations N, respectively, and compare the performance of schemes without sensor se-

lection. The schemes that are evaluated are: Cluster-based consensus without sensor selection
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Fig. 6.5: Average MSE as a function of the number of observations /N without sensor selection.

using copula based scheme, Cluster-based MAP without sensor selection using copula based
scheme, Cluster-based consensus without sensor selection under independence assumption and
Cluster-based MAP without sensor selection under independence assumption. We can see that
as N as well as SNR increases, the average MSE decreases. Also, the schemes using copula
based estimation methodologies perform significantly better than the schemes that assume in-
dependence among sensor observations. Moreover, as we can see, for the independent cases,

the cluster-based consensus scheme performs pretty close to the cluster-based MAP scheme
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while for the copula cases, the cluster-based consensus scheme performs close to the corre-
sponding cluster-based MAP scheme at the SNR values greater than 0 dB in Fig. 6.4 and the
number of observations larger than 50 in Fig. 6.5. Note that with extremely low SNR values or
very small number of observations, the estimation performance difference between the copula
incorporated cluster-based consensus scheme and the copula incorporated cluster-based MAP
scheme is large. This is because for the cluster-based consensus scheme, the estimate obtained
from each cluster is relatively poor for extremely low SNR values or with very small number
of observations while for the cluster-based MAP scheme, it models the conditional joint PDF

and captures more information.

0.45
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Fig. 6.6: Average MSE as a function of SNR with cluster-based sensor selection and m;, = 3.

In Fig. 6.6 and Fig. 6.7, we present the average MSE as a function of SNR and the number
of observations NV, respectively, by comparing schemes with cluster-based sensor selection.
The schemes that are evaluated are: Cluster-based consensus with m; = 3 using copula based
scheme, Cluster-based MAP with m;, = 3 using copula based scheme, Cluster-based consen-
sus with mj;, = 3 under independence assumption and Cluster-based MAP with m; = 3 under
independence assumption. As we can see, the schemes using copula based estimation method-

ologies perform significantly better than the schemes assuming independence among sensor
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Fig. 6.7: Average MSE as a function of the number of observations N with cluster-based
sensor selection and m,; = 3.

observations. Note that with sensor selection, the cluster-based consensus scheme using cop-
ula incorporated estimation methodology performs better than the corresponding cluster-based
MAP scheme. This is because our proposed sensor selection scheme aims to select sensors with
maximum relevance and minimum redundancy (namely, most independent sensors) regarding
the parameter of interest. With most independent selected sensors, part of the dependence in-
formation for each cluster is lost. For the cluster-based MAP scheme, the product approach
is used to combine the conditional joint PDFs corresponding to each cluster whereas for the
cluster-based consensus scheme, consensus is used and the estimates obtained from each clus-
ter are linearly combined where the linear dependence is imposed inherently resulting in better
performance.

In Fig. 6.8 and Fig. 6.9, we present the average MSE as a function of SNR and the num-
ber of observations NV, respectively, for copula incorporated schemes with cluster-based sensor
selection and the copula incorporated schemes without sensor selection. The schemes that are
evaluated are: Cluster-based consensus without sensor selection using copula based scheme,

Cluster-based MAP without sensor selection using copula based scheme, Cluster-based con-
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Fig. 6.9: Average MSE as a function of the number of observations /N for different schemes
without sensor selection.

sensus with m; = 2 using copula based scheme and Cluster-based consensus with m; = 3
using copula based scheme. As we can see that, selecting m; = 3 sensors in each cluster
results in better estimation performance compared to selecting m;, = 2 sensors in each cluster.
Moreover, in Fig. 6.8, our proposed cluster-based consensus approach by selecting m; = 3
sensors in each cluster performs very close to the corresponding scheme without sensor se-

lection for SNR from 1 dB to 4 dB. Also, we have similar performance in Fig. 6.9 when the
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number of observations is larger than or equal to 60. For the SNR value smaller than 1 dB and
the number of observations smaller than 60, the performance difference between the cluster-
based consensus scheme by selecting m; = 3 sensors and the cluster-based consensus scheme
without sensor selection is large. This is due to the fact that with low SNR values or small
number of observations, the estimate obtained from each cluster is relatively poor. However,
for the corresponding scheme without sensor selection, it includes more sensors and contains
more information.
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Fig. 6.10: Average MSE as a function of SNR for the cluster-based sensor selection scheme
and the global sensor selection scheme.

In Fig. 6.10 and Fig. 6.11, we present the average MSE as a function of SNR and the number
of observations NV, respectively, for the cluster-based sensor selection scheme and the global
sensor selection scheme (see Equation (6.17)). We evaluate the following schemes: Cluster-
based consensus scheme using global sensor selection with m = 9 and copula based approach,
Cluster-based consensus scheme using cluster-based selection scheme with m; = 3 and cop-
ula based approach, Cluster-based consensus scheme using global sensor selection with m = 9
under independence assumption and Cluster-based consensus scheme using cluster-based se-
lection scheme with m; = 3 under independence assumption. Note that for fair comparison

of the cluster-based sensor selection scheme and the global sensor selection scheme, we set
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Fig. 6.11: Average MSE as a function of the number of observations /V for the cluster-based
sensor selection scheme and the global sensor selection scheme.

m = 9 as the total number of sensors that are selected since m; = 3 sensors are selected from
each cluster and the estimated number of clusters is & = 3. As we can see, the cluster-based

sensor selection scheme and global sensor selection scheme perform equally well.

6.6 Summary

In this chapter, a two-step cluster-based collaborative distributed estimation scheme was pre-
sented, where in the first step, sensors first form dependence driven clusters, and then perform
copula-based MAP estimation via intra-cluster collaboration; in the second step, the estimates
generated in the first step are shared via inter-cluster collaboration until an average consensus is
reached. We proposed a merge based /-medoid dependence driven clustering algorithm. We
further proposed a cluster-based sensor selection incorporated collaborative distributed estima-
tion scheme. More specifically, prior to estimation, each cluster employs a mutual information
based sensor selection scheme and selects sensors with maximum relevance and minimum
redundancy with respect to the target parameter. Also, the proposed cluster-based sensor selec-

tion scheme was shown to be equivalent to the global/non-cluster based selection scheme with
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high probability, and was computationally more efficient. Numerical results demonstrated the
efficiency of our proposed methods compared to the estimation schemes under independence

assumption.
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CHAPTER 7

SUMMARY AND FUTURE DIRECTIONS

7.1 Summary

In this thesis, we investigated several inference problems with heterogeneous sources whose
observations are statistically dependent. Both centralized and distributed inference problems
were considered. By characterizing the statistical dependence among multimodal data, we pro-
posed several methodologies that take such dependence into account to improve the inference
performance. Also, we addressed the computational complexity issue resulting from modeling
the underlying statistical dependence.

The problem of distributed detection with dependent sensor decisions was studied. We
proposed a novel and powerful methodology to fuse dependent decisions obtained by binary
quantization of statistically dependent sensor observations under the Neyman-Pearson frame-
work. To derive the optimal fusion rule, we used the R-Vine copula model to characterize
the complex dependence among multiple sensors. The proposed R-Vine copula based fusion
methodology was employed to overcome the limitation of the existing standard multivariate
copulas, and since this methodology is extremely flexible to model complex dependence struc-

tures. The optimal log likelihood test statistics at the FC involves multi-dimensional integration
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at each time, leading to very high computational complexity. We proposed an efficient R-Vine
copula based optimal fusion algorithm. Numerical results have illustrated the efficiency of our
approach.

To tackle inference accuracy and response time issues for fusion of heterogeneous stream
data, we proposed C-Storm, which is a novel parallel platform that is built based on Apache
Storm and uses the copula-based dependence modeling approach for fusion of heterogeneous
data streams. C-Storm offers fast inference responses and high inference accuracies. Moreover,
it is a general and easy-to-use platform that can support various data fusion applications. Its
users do not need to know details of Storm or copula theory. We demonstrated the superiority
of C-Storm via a detection application. Experimental results have shown that C-Storm achieves
4.7x speedup over a sequential baseline on average, and higher degree of parallelism leads to
better performance.

The problem of distributed classification for activity recognition with dependent high-level
features was investigated. An R-Vine copula based feature fusion approach was presented
to perform activity recognition using multi-modal sensor observations. The features of each
modality were extracted via a DNN and afterwards, an R-Vine copula model was constructed
to capture the dependencies of intra-modal and cross-modal features. The procedures of model
construction involve selecting the optimal R-Vine tree structure, obtaining the copula parameter
set, and choosing the best copula. Experiments on two human activity datasets demonstrated
the efficiency of our proposed method compared to neural network based data/feature fusion,
in terms of high prediction accuracy, less number of training samples required and dependence
interpretability.

A distributed sequential detection problem was considered in a sensor network with spa-
tially dependent observations. In this work, we proposed a copula-based sequential scheme
for the problem of distributed detection with imperfect communication channels from the sen-

sors to the fusion center. The underlying spatial dependence may result from the dependent
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sensor signals, dependent channel noises or both. We used the regular vine copula model to
represent the underlying dependence. We first proposed a centralized copula-based SPRT, and
showed its asymptotic optimality and time efficiency. We then proposed a distributed copula-
based sequential scheme, where the memory-less truncated SPRTs were performed at the local
sensors and the copula-based SPRT was conducted at the FC. We have shown that by suit-
ably designing the local thresholds and the truncation window, the local probability of false
alarm and the local probability of miss detection of the proposed memoryless truncated local
sequential tests are upper bounded by the pre-specified error probabilities. Moreover, we have
shown the asymptotic optimality and time efficiency of the distributed copula-based SPRT. Via
simulations, we have shown that our proposed copula-based SPRTs can efficiently capture the
unknown dependence, and outperform the product-based SPRTs which ignore the underlying
dependence.

Finally, we investigated a two-step cluster-based collaborative distributed estimation prob-
lem in a large scale wireless sensor network with dependent observations. In the first step,
sensors first form dependence driven non-overlapping clusters, and then estimate the target
parameter using copula based MAP via intra-cluster collaboration. In the second step, the
estimates generated in the first step were shared via inter-cluster collaboration until an aver-
age consensus is reached. We proposed a merge based K'-medoid dependence driven clustering
algorithm. Moreover, we further proposed a cluster-based sensor selection incorporated collab-
orative distributed estimation scheme. More specifically, prior to the estimation, each cluster
performs a mutual information based selection scheme by selecting sensors with maximum
relevance and minimum redundancy with respect to the target parameter. Also, the proposed
cluster-based sensor selection scheme is shown to be equivalent to the global/non-cluster based
selection scheme with high probability, which at the same time is computationally more effi-
cient. Numerical results demonstrated the efficiency of our proposed methods compared to

independence assumed estimation schemes.
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7.2 Future Directions

Some promising directions for future work are listed in the following:

1. In Chapter 2, we have proposed the regular vine copula model for the fusion of binary
local decisions with two underlying hypotheses. It is optimal in terms of the fusion
scheme at the FC. At the local sensors, suboptimal binary thresholding detectors are
used. Although it may not be feasible to design optimal local decision rules, as a future
work, one can investigate multi-bit quantizers at the local sensors to further improve
the detection performance. Also, it is of interest to study multiple hypotheses testing
problem under dependent observations. Copula selection approaches for the specific

task of multiple hypotheses testing is worth pursuing as a future work.

2. In Chapter 3, we have designed a parallel computing platform based on multivariate cop-
ula dependence modeling approach. Typically, multivariate copula functions are limited
to two sensor case. It is of great necessity to design parallel processing inference plat-
form using regular vine copula based approach which is more powerful in characterizing

high dimensional dependence structures.

3. In Chapter 4, we designed the feature-level fusion rule using regular vine copula based
approach for multi-sensor data. For more complex data, such as video or audio data,
the extracted features using deep networks are of potentially very high dimension. The
regular vine copula may not be capable of characterizing very high dimensional data.
Note that these extracted high-dimensional features are not necessarily all dependent in
practice. Motivated by this, sparsity constrained regular vine copula can be pursued as
a future work to extend the capability of regular vine copula based approach. Also, this

idea can be applied to the large scale distributed estimation problem in Chapter 6.

4. In Chapter 5, we proposed a synchronized copula based distributed sequential test. The

FC needs to wait until all sensor decisions are received before performing the sequential
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test which can be time consuming. As a future work, one can investigate asynchronized

local sequential tests to further improve the detection time.



APPENDICES

A A, in Log Test Statictics (2.6)

First, we define [ = {In|u, = 1,1 = 1,2,...,L,n = 1,2,..., N} as the index set with
decisions 1. Note that ] U I¢ = I. Moreover, let [ ; be the subset of I and the cardinality of
the set fj is j. We further define fjt = {i1n,isn,...,iyn,0 <t < j} as the subset of I~j where

fjt . If ¢t is a even number, fjt = I]t, otherwise, fjt =T j‘?t. Under hypothesis H;, let

t =

T o(iinsizn,....imn) denote the PMFs that only the decisions of (i1m,i9n, ..., iyn)th sensors are 1’s

and that of the rest of sensors are 0’s. Note ¢ = 0 implies that no sensor makes a decision 1 and

P;  is used to denote all 0 sensor decisions. Similarly, let Q; ;. ,i,n,...i,n) denote the PMFs

under H,.
_ 1\t
, _ n Mosnse Ple ' Tosher 55"
In the following, we illustrate the process of obtaining A,: = log ( 1>t =
[To<k<: Ie, IIogkgtTﬂt
WhCI‘C Pftk — H ~ Pftk(i1n7i2n7...,ikn) and thk = H 5 Qltk(ilnyian-"vikn).

{i1n,igan,...ixn}ElL {i1n,ian,...ixn}ElL

First, fort = 1, we have k = 0, 1. A1 is givenas Ay = logM 1 <i; < L which

110 I11(ign)

satisfies the A+ witht = 1.

.. P; Pj Q7. Qf
Fort =2, wehave k = 0,1,2. A, is given as A2 = log -2 QI”(”" am o i ten) 1 <
Igq ¥ Iaa (i nsign) 121(11ﬂJ 121(12n)

11,19 < L which satisfies A, with t = 2.

Qje Qje

P"o p"o
Fort = 3,wehave k = 0,1,2,3. Ay isgivenas A, = logp ‘OP SQQ{MQ{% 1 <liq, 9,13 <
1§y =181 <183

L, where for the numerator, Qze = Qf,.» Qe = Qi (iimian) Qi (i1misn) @sa(ianion)s Pl =

P; P; P; S(ivnsianisn)- We can verify that Ays satisfies Ay with
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i1, 19,13, 14 < L which satisfies A, with ¢t = 4.

Fort =5,6,..., L, Ay can be easily verified. ]

B Proof of Theorem 2.1

Note that Equation (2.6) can be written as

logA(u) = > U, (8.1)

-----

L
Z{iln,izn,...,iLn}GIL AuLu :

Due to the assumption of temporal independence of sensor decisions, U, forall1 <n < N
are i.i.d. random variables. Hence, by applying the central limit theorem (CLT) [82], logA(u)
is asymptotically Gaussian.

Note that u;,,l = 1,2, ..., L are Bernoulli distributed under both hypotheses and can take
a value of either 0 or 1 with certain probabilities. For the simplification of notation, we omit
the time index n here. For sensor decisions s € S, we define F = {ji, j2,...,Ja,1 < d < L}
as the index set when the sensor decisions of s are 1. Under H; hypothesis, the random
variable Uy = Z{jml}cE Ayt + Z{jmpij}cE Agpe + ...+ Z{jml,jmz,...,jmd,l}cE Ay +
> Uimy iy }CE Aya with probability Py for 1 < d < L, otherwise, U = 0 for d = 0. Sim-
ilarly, we can obtain the values of U under H, hypothesis. Since we can obtain the joint PMF
of sensor decisions by integrating the joint PDF of their observations under both hypotheses,
we now can evaluate the mean and variance of the Gaussian distributed fusion statistic under

either hypothesis. The mean and variance of the fusion rule statistic under both hypotheses are
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given as follows

&
I
=

g
o

©

C Proof of Theorem 5.1

For notational simplicity, we remove the superscript “cen" in the proof. Before deriving the
expected stopping time, we first present Wald’s Identity [99] which is given by the following

Proposition.

Proposition 8.1 (Wald’s Identity). Let Y7, Y5, ... be independent and identically distributed
random variables with mean yi. Let K be any integer-valued random variable such that E[K| <
oo and K = k is an event determined by Y1,Ys,...,Y, and independent of Y;,© > k. Then
E[}i, Yi] = nE[K].

Let /(i) denote the log-likelihood ratio at time instant ¢, which is given as
8.2)

where fi(y;),k = 0,1 are the joint distributions of observations [yi;, ..., yr;] under the two

hypotheses. Moreover, the log-likelihood ratio test statistic A" (y) is given as

Ny = 30 H0), 83
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where n = 1,2, ... and we assume that A°(y) = 0.
Firstly, we show that as A — oo and B — oo, Pp ~ e 4 and Py; ~ e B. Under Hy

hypothesis, based on Equation (8.2) and Equation (8.3), we consider

Eg, [eAnH(Y)|eA1(Y), o e/\"(y)]

_E, [Memw‘ewy)w',emy)] |
’ f0<Yn+1

. ,eA"(y)} ’

where (a) is obtained since y1, ys, . . . are independent, we have

S0 )| [ A oo
e 60 =8 | 305 [ i = oy

Therefore, the ¢*"™) forms a martingale under H, hypothesis. When the test stops, we

have

AM(y)=A or AV(y)=-B. (8.5)

According to Wald’s likelihood ratio identity [99, Theorem 2.3.3], we have
B, [ ™) = 1. (8.6)
Combining Equation (8.5) and Equation (8.6), we have

1=Ey, " O]~ Ppe? + (1 — Pp)e". (8.7)
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Therefore, we have

(8.8)
Similarly, we can show that e =" () forms a martingale under H; hypothesis and obtain

—A
py~ L (8.9)

oA _ B

As A,B — oo, the Pr and P); in Equation (8.8) and Equation (8.9), respectively, are

reduced to

Prae . Py e (8.10)

Secondly, we derive the asymptotic expected stopping time E, [N]| under hypothesis Hy, k =

0, 1. Under hypothesis Hj, by Wald’s Identity,

Er, [AY (y)] (8.11)

N L

Ful al
> 2004 3w 20100

=1 [=1

—EHO *EHO

f1z ylz) C1(‘|¢1)
Zl foz (Y1) o gCO('lﬁbo)] ’

where (b) is obtained based on the fact that copula-based dependence measure is independent
of the marginal distributions.

Moreover, we have

En, [AY(y)] = Pp+ A+ (1 — Pp) x (—B), (8.12)
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where (c) is obtained by using Equation (8.10).
By combining Equation (8.11) and Equation (8.12), we obtain Ey, [N] in Equation (5.6).

Similarly, we can get E, [IV]. |

D Proof of Theorem 5.2

Before we proceed, we define the CDF of A ;(iWW;) under hypothesis Hy, k = 0,1 as Qk(x) =
P()\M(ZWO) < CE‘Hk)
We first derive the upper bound of Pl = P(U;; = 1|Hy). Here, we define V as P(y; <
MNi(iWo) < ag, —by < \a(W) < ap, (i — )Wy +1 < W < iW,). Therefore, PR is given by
iWo

PRt < Y P(UY = 11Hy) + V,

W=(i—1)Wo+1

<1— Qola) +V, (8.13)
(@) @& ~
< Aoza +1_Q0(Vl)a

where (a) is obtained by using the upper bound derived in Appendix [98, A.4].

If we set W, equal to Nrgs and v, equal to vrgg, we have 1 — Qo(v;) = ﬁ, and the

inequality in Equation (8.13) can be written as

1 1
plocal A. 8.14
F < (Al,a + Al,Ta) “ ( )

Then, we derive the upper bound of Pl = P(U; = 0|H;). Similarly, we define U =
P(—bl < )\l,i(iWO) <y, —bl < )\m(W) < ay, (’L — 1)Wo +1< WL ZW0|H1) P]l\zcal can be
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written as

iWo
Pyt < N PUY = 0[H) + U,
W=(i—1)Wo+1

B
<-—+u, 8.15
Ay (8.15)

ORI
<A—M+Q1(Vz)7

where (b) is obtained by using the upper bound derived in Appendix [98, A.3]. By setting W

equal to Npggs and v; equal to vrgg, we can show that P! < (ﬁ + AllTb> B . |

E Proof of Theorem 5.3

Noting that T}, = Ny, * min{E[ty..], Wy} and by invoking Wald’s Identity, we have
Ei[T,] = Ex[A™7] % min{E[tmax], Wo (8.16)
L
f1a() ci(c|ey)
/ Ex {log ’ + Ey, |log )
lz:; Jou(+) co(-|¢po)

Similar to the proof of Theorem 5.1, we have Pr ~ ¢~ and Py, ~ e ?. As B — oo, we

have
A min{E[tn.], Wo}
— D 7

E,[T)] (8.17)

where D, = Zszl D(fl,l(‘)HfO,l(‘)) + D(Cl("¢1>”CO<'|¢0))-

Since Etn.x] < W, in the worse case, we obtain Equation (5.21). Similarly, under hypoth-

esis Hy, we can obtain Equation (5.20). |
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F Proof of Theorem 6.1

where (b) is obtained using cov (9k, ék) / \/ var <ék> var (ék> < 1. Thus, we obtain that

e (1) = 103 o (o)

G Proof of Theorem 6.2

Suppose that we already have the set s which consists of selected sensors using the global
incremental sensor selection scheme in (6.17). We can trace back these selected sensors in the
set s to clusters. Without loss of generality, we assume that the sensors in the set s belong to
clusters Gy, ...,G;, 1 < K, and we decompose the set s into sq,...,s; with s,.,r = 1,....,1
denoting the subset of sensors that belongs to cluster G,..

Assume that we have a candidate data sequence z; € Zs \ zs, wWhere zg is the set of data

sequences obtained from all the sensors in the network. Therefore, the global incremental
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selection problem becomes:

mex 1(zj;6) - 1 ZI (75:24). (8.18)

2;€25 \Zs nen
t s

Note that there are two cases for the assignment of the sequence z; . The first case is that
z; belongs to one of the clusters in set [G1, . .., G;]. The second case is that z; belongs to one
of the clusters in set [Gi1 1, .. ., Gk]-

For the first case, without loss of generality, we assume that z; belongs to cluster G;. Also,
we further suppose that set s; € s contains the selected sensors from cluster G;, j < 4. Thus,

the problem in Equation (8.18) can be further decomposed into the following problem:

max I( z ;0) I(z3; z;) (8.19)
z~ GZgJ\Zs |Zt€ZZS gt
1
sl Z I(z;:2,).
’S|zt€z5\zsv

For the second case, the problem in Equation (8.18) becomes

max E I(z3;2) (8.20)
z5 eur ’ J
i=it1 g; 2¢€2s

Note that for the problems in Equation (8.19) and Equation (8.20), we have z; and z; that are
generated from different clusters. Using Assumption As, we have P (d(z;, z) > dth) >1—e¢,
where d;,, d;, < dy, < dp is the threshold we used to cluster sensors. If the dissimilarity of
two data sequences is greater than d;;, we put these sequences into two into different clusters;
Otherwise, we put them into the same cluster. ¢ > 0 is a small allowed tolerance. Furthermore,
we assume that /(z;3;2;) is a non-increasing function of the dissimilarity d(z;,z;). Based on
Assumption A,, we have

P(I(z:2:) <) > 1—¢, (8:21)
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where ( is the obtained mutual information with dissimilarity d;,. Note that the empirical
mutual information / (z;; z;) also depends on the number of data samples that are available.
In this proof, we assume that we have enough data samples to estimate the empirical mutual
information accurately.

Note that the closed form expression for ¢ is difficult to obtain due to the complicated
relationship between the mutual information and rank-based dependence measure. The mutual
information and the rank-based dependence measure (Spearman’s p or Kendall’s 7) can be
connected using the copula based dependence measure. For random variables = and y, the

connection between mutual information and copula-based dependence measure is given as

I(x;y) = / c(u,v)log e(u, v)d,d,, (8.22)
[0,1]2

where c is the copula density function between variables x and y. Also, v = F(z) and v =
F(y), where F'(-) is the CDF.
The connections between the rank-based dependence measures (Kendall’s 7 and Spear-

man’s p) and the copula-based dependence measure are given as

T(x,y) = 4/[ | C(u,v)dC(u,v) — 1,
0,1]2

plx,y) = 12//C(u,v)dudv - 3.

The computation of ¢ can be carried our using numerical differentiation and integration.

However, if x and y follow Gaussian distributions and are linearly dependent, we have
1 2
[(z;y) = —5 log(1 —r7), (8.23)

where r = corr(z, y) is the Pearson correlation coefficient. If we define our dissimilarity as

d(-,-) = V1 —12, we have r3, = 1 — d?, given dy,. Therefore, ( = —log dy),. As we can see
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that, ( is a decreasing function of d;y,.

In the following, our goal is to show that for the first case P (%I > I(z52) > C) <

Z¢ st\zs.

nie, where 1 < n; < L, and for the second case, P ( 3 > I(z],zt) > C) < ngqe, where

ZtCZs

1 <ny < L.

We first prove for the first case.

<P

Z I(Zj;zt)>é )

Zt ezs\zsj

1
|5\ sy

<P< max [(z;; zt)>C),

Z¢ EZS\ZS

< Z zt >C)

Zt EZS\ZS

< [s\'sjle,

where 1 < |s \ s;| < L.

Therefore, we have P ﬁ > I(z;; z;) > C) < nyi€, where 1 < ny < L. Similarly, we

Z4 Ezs\zS )

can show that P ( 3 > I(z5;2:) > C) < nge, where 1 < ny < L.

ZtECZs

By suitably designing d;j,, we can make ( sufficiently small. Therefore, with probability at

least 1 — ¢, the term | | Y. I(z;;2:) and the term | | > I(z;;2;) are upper bounded by (.
ZtEZs\Zs ZCZs
> 1 (z;; z;), the problem in Equation (8.19)

Zt EZS\ZSj

For the first case, by ignoring the term é

reduces to

1
max [(z;;0) — — 1(z:;2 (8.24)
;€7 \zs ( J ) ‘s‘z;ezzs. ( J t>

Since -

5] is a scale parameter, which will not affect the solution of the problem in Equation
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(8.24), the above optimization problem can be further written as

max Iz :0) | |Z z],zt (8.25)
8j

Z-~ EZg \zS e
S

which is equivalent to the cluster-based incremental search problem in Equation (6.18).

For the second case, by ignoring the term | | > 1(z3;2), the problem in Equation (8.20)

ZtCZs

reduces to cluster-based incremental search problem in Equation (6.18) while selecting the first

sensor in the cluster.

Remark 8.1. Since we don’t consider weakly dependent sensors (nearly independent sensors)

within a cluster in this work, for the first case in Equation (8.19), the term Z I(z5;2;) is
z i€2zs
significantly larger than the term \?1\ > (z;; z;). The extreme scenario is that the term
ztezs\zs
‘ > I(z3;z;) is a small number due to a large scale parameter |s|. For this scenario, the
S|z F€Z J

a’ommant term would be I(z3;6)) which can be covered by the second case in Equation (8.20).

Therefore, by designing d,, with at least probability 1 — e, the global incremental search

method in Equation (6.17) reduces to cluster-based incremental search. |
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