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Networked multi-agent systems have become an integral part of many engi-
neering systems. Collaborative decision making in multi-agent systems poses many
challenges. In this thesis, we study the impact of information and its availability to
agents on collaborative decision making in multi-agent systems.

We consider the problem of detecting Markov and Gaussian models from ob-
served data using two observers. We consider two Markov chains and two observers.
Each observer observes a different function of the state of the true unknown Markov
chain. Given the observations, the aim is to find which of the two Markov chains has
generated the observations. We formulate block binary hypothesis testing problem
for each observer and show that the decision for each observer is a function of the
local likelihood ratio. We present a consensus scheme for the observers to agree on
their beliefs and the asymptotic convergence of the consensus decision to the true
hypothesis is proven. A similar problem framework is considered for the detection

of Gaussian models using two observers. Sequential hypothesis testing problem is



formulated for each observer and solved using local likelihood ratio. We present a
consensus scheme taking into account the random and asymmetric stopping time of
the observers. The notion of “value of information” is introduced to understand the
“usefulness” of the information exchanged to achieve consensus.

Next, we consider the binary hypothesis testing problem with two observers.
There are two possible states of nature. There are two observers which collect
observations that are statistically related to the true state of nature. The two
observers are assumed to be synchronous. Given the observations, the objective
of the observers is to collaboratively find the true state of nature. We consider
centralized and decentralized approaches to solve the problem. In each approach
there are two phases: (1) probability space construction: the true hypothesis is
known, observations are collected to build empirical joint distributions between
hypothesis and the observations; (2) given a new set of observations, hypothesis
testing problems are formulated for the observers to find their individual beliefs
about the true hypothesis. Consensus schemes for the observers to agree on their
beliefs about the true hypothesis are presented. The rate of decay of the probability
of error in the centralized approach and rate of decay of the probability of agreement
on the wrong belief in the decentralized approach are compared. Numerical results
comparing the centralized and decentralized approaches are presented.

All propositions from the set of events for an agent in a multi-agent sys-
tem might not be simultaneously verifiable. We study the concepts of event-state-
operation structure and relationship of incompatibility from literature and use them

as a tool to study the structure of the set of events. We present an example from



multi-agent hypothesis testing where the set of events do not form a boolean al-
gebra, but form an ortholattice. A possible construction of a 'noncommutative
probability space’, accounting for incompatible events (events which cannot be si-
multaneously verified) is discussed. As a possible decision-making problem in such
a probability space, we consider the binary hypothesis testing problem. We present
two approaches to this decision-making problem. In the first approach, we repre-
sent the available data as coming from measurements modeled via projection valued
measures (PVM) and retrieve the results of the underlying detection problem solved
using classical probability models. In the second approach, we represent the mea-
surements using positive operator valued measures (POVM). We prove that the
minimum probability of error achieved in the second approach is the same as in the
first approach.

Finally, we consider the binary hypothesis testing problem with learning of
empirical distributions. The true distributions of the observations under either hy-
pothesis are unknown. Empirical distributions are estimated from observations. A
sequence of detection problems is solved using the sequence of empirical distribu-
tions. The convergence of the information state and optimal detection cost under
empirical distributions to the information state and optimal detection cost under
the true distribution are shown. Numerical results on the convergence of optimal

detection cost are presented.
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Chapter 1: Introduction

Networked multi-agent systems are ubiquitous systems whose presence is
rapidly expanding in all aspects of life and work. Examples of such systems include
smart grids, a group of drones (or robots) collaboratively performing a task, net-
worked vehicles, etc. Some of these networked systems also involve humans, e.g.
networked vehicles (human-driven cars and autonomous cars) and the internet. The
topic of multi-agent systems has drawn wide interest from the research community.
Control and decision making in multi-agent systems has been studied from various
perspectives and with different objectives. [1] provides a survey on decentralized con-
trol, hierarchical control, and methods of analysis of large scale systems. [2] provides
a survey of multi-agent systems from a machine learning perspective. [3] provides
a survey of distributed and hierarchical control with emphasis on model predictive
control. [4] and [5] focus on networked control systems, distributed estimation and
optimization.

This thesis focuses on addressing some of the challenges in multi-agent decision
making. In the following sections, we provide a chapter-wise introduction to the

motivations, problems considered and main contributions.

e Chapter 2: The motivation for the problems considered in this chapter is



two-fold. (1)Hypothesis testing problems have been studied extensively in the
literature. Often the observations are assumed to be independent and identi-
cally distributed. We are interested in studying hypothesis testing problems
where the observations are correlated. (2) In multi-agent systems, agents ex-
change information to collaborate over the decision-making process. When the
agents exchange information, some questions that arise are (i) what informa-
tion to exchange; (ii) how much information to exchange (when information
exchange is costly); (iii) how useful is the information exchanged. Taking into
account both motivations, we consider the problem of identifying Markovian
and Gaussian models using two collaborating observers. Due to Markovian
and Gaussian models, the observations received by the observers are corre-

lated and the collaboration between observers leads to information exchange.

Chapter 3: Consider the scenario where an experiment is observed by a single
observer. The outcomes of the experiment (observations) are collected by the
observer. Based on the observations collected, the observer can find the dis-
tribution of the observations empirically and the Kolmogorov’s construction
of probability space is applicable. In another scenario, there are two observers
collecting different subsets of the observations. Each observer can find the dis-
tribution of their locally collected observations. To find the joint distribution
of the observations they collect, they would have to exchange information. If
the observers do not exchange information, then the joint distribution cannot

be constructed. Hence, when multiple observers (multiple agents) collaborate



in a decision-making problem it is important to understand (a) what informa-
tion they exchange and (b) how the probability space has been constructed.
In literature, most of the studies on multi-agent decision-making problems as-
sume that the joint distribution between observations collected by the agents
is known to the agents. Such an assumption implicitly implies that there was
a central agent (which could be one of the agents in the network itself) who
collected the observations from all the agents and found the joint distribution.
Hence a decision strategy which depends on knowing the joint distribution will
not be a truly decentralized strategy. With this motivation we consider the

binary hypothesis testing problem with two observers.

Chapter 4: The existence of a classical probability space for formulating and
solving decision-making problems imposes restrictions on the set of events, i.e.,
the set verifiable propositions. By assuming that we can construct a classical
probability space we assume that the set of events is a Boolean algebra. This
assumption implies that all subsets of events are simultaneously verifiable. In
multi-agent systems, agents collect observations and exchange information. In
asynchronous multi-agent systems, the agents might not have a common notion
of time. Propositions involving information from different agents might not
be simultaneously verifiable as the information might not be simultaneously
available, thus violating the structure of a Boolean algebra. Hence it might
be inappropriate for us to assume that a classical probability space can be

constructed for an agent. We hypothesize that the set of events for an agent



form an orthomodular ortholattice, a more general (than Boolean algebra)
algebraic structure. Our objective is to study multi-agent decision-making
problems. Our objective leads to study the algebraic structure of the set of
events and then “suitably” construct a probability space where the decision-

making problems can be formulated and solved.

Chapter 5: Most of the studies in stochastic control start with the assump-
tion that there exists a probability space, (€2, F,P), and that the stochastic
control problem can be formulated and solved in this probability space. This
probability space can be obtained either from data or from models. When
the probability space is built from models, the models used in formulating
the stochastic control problem dictate the probability measure. When the
probability space is built from data, empirical probability distributions are es-
timated from data and the probability measure is obtained from the empirical
distributions. The true probability distribution under which the observation
database is generated remains unknown. When we want to formulate and
solve stochastic optimal control problems, we would like to do so with respect
to the true measure under which the observations are generated. Since the
true measure is unknown the best that can be done is to formulate and solve

the problems with respect to the estimated empirical distributions.



1.1 Problems considered

o Chapter 2: The first problem we consider is the problem of detecting Marko-
vian and Gaussian Models from observed data. We consider two Markov
chains and two observers. Each observer observes a different function of the
state of the true Markov chain. The underlying Markov chain generating the
observations is the same for both the observers. Using these observations,
the observers aim to collaboratively find which of the two Markov chains has
generated the observations. Next, we consider the problem of detecting Gaus-
sian models from observed data. As possible generative models, we consider
two linear systems driven by white Gaussian noise with Gaussian initial condi-
tions. We consider two collaborating observers that observe different functions
of the state of the true Gaussian model. Given the observations, the objective
of the observers is to collaboratively find which of the two Gaussian models

has generated the observed data.

e Chapter 3: The problem we consider is the binary hypothesis testing problem
with two observers. There are two possible states of nature. There are two
observers which collect observations that are statistically related to the true
state of nature. The two observers are assumed to be synchronous. Given the
observations, the objective of the observers is to collaboratively find the true

state of nature.

o Chapter 4: The problem that we consider is the binary hypothesis testing



problem with three observers and a central coordinator. There are two possi-
ble states of nature, one of which is the true state of nature. There are three
observers collecting measurements (samples) that are statistically related to
the true state of nature. The joint distribution of the measurements collected
by the observers is unknown. Each observer knows the marginal distribu-
tion of the observations it alone collects. Each observer performs sequential
hypothesis testing and arrives at a binary decision. The binary decision is
then sent to a central coordinator. The objective of the central coordinator is
to find its own belief about the true state of nature by treating the decision
information that it receives as measurements. At the central coordinator a
suitable probability space is to be constructed for formulating and solving the

hypothesis testing problem.

Chapter 5: The fourth problem that we consider is the binary hypothesis
testing problem based on learning distributions. We consider a single ob-
server. The true distributions of the observations under either hypothesis are
unknown. Empirical distributions are estimated from samples. We consider
a sequence of detection problems formulated using the generated sequence
of empirical distributions. The objective is to solve the detection problems
and understand the asymptotic behavior of the optimal detection cost under

empirical distributions.



1.2 Main contributions

o Chapter 2: For the detection of Markovian models, we formulate the binary
hypothesis testing problem for each observer and prove that the decision for
each of the observers is a function of the local information state. Then we
present a consensus algorithm (for the observers to agree upon their beliefs)
and prove asymptotic convergence of the consensus decision (arrived at using
the algorithm) to the true hypothesis. The notion of “value of information”
is defined empirically to understand the “usefulness” of the information ex-
changed to achieve consensus. For a particular simulation setup, it was found
that the value of information was positive, i.e., the exchange of information
improved the performance of the two observer system and helped it outperform
the single observer system. For the detection of Gaussian models, we formu-
late sequential hypothesis testing problem for each observer and show that
the decision policies are functions of the local likelihood ratios. Taking into
account the random and asymmetric stopping times of the two observers, we
present a consensus algorithm with monotonically changing thresholds which
guarantees asymptotic convergence of the consensus decision (arrived at using
the algorithm) to the true hypothesis. For a particular simulation setup, the

value of information was found to be positive.

o Chapter 3: We consider different approaches to solving the problem with each

approach having two phases: (1) probability space construction: the true hy-



pothesis is known, samples are collected to build empirical joint distributions
between hypothesis and the observations; (2) given a new set of observations,
hypothesis testing problems are formulated for the observers to find their in-
dividual beliefs about the true hypothesis. Consensus algorithms for the ob-
servers to agree on their beliefs about the true hypothesis are developed. In
the first approach, the samples collected by both observers are sent to a cen-
tral coordinator. The empirical joint distribution of the hypothesis and the
observations from both observers is found using which the joint probability
space is built. Given new observations from both the observers, a hypothesis
testing problem is formulated and solved in the joint probability space to find
the belief about the true hypothesis. In the second approach, each observer
constructs its own probability space based on the joint distribution of the
true hypothesis and the observations collected by it. Given new observations,
each observer solves a hypothesis testing problem in its own probability space.
Thus, the decision policies of the observers are functions of their local infor-
mation state. A consensus algorithm is designed which involves the exchange
of their decision information. When an observer receives the decision from
the alternate observer it treated it as an exogenous random variable. The
convergence of the consensus algorithm is proven. In the third approach, an
aggregated probability space is constructed for each observer based on the em-
pirical joint distributions of the true hypothesis, the observations (collected by
the observer), and decisions of the alternate observer. Given a new set of obser-

vations, hypothesis testing problems are formulated for the observers (in their



respective probability spaces) to find their individual beliefs about the true
hypothesis based on locally collected observations. The consensus algorithm
designed in this approach involves the exchange of their individual decisions
and the ratio of their respective probability of miss detection to that of the
probability of false alarm. The convergence of the consensus algorithm is also
proven. The novelty of the second and third approaches in this solution is that
they are a completely decentralized approach to hypothesis testing. Given the
same fixed number of samples, n, n sufficiently large, for the centralized (first)
and decentralized (second) approaches, we prove that if the observations col-
lected by the observers are independent conditioned on the hypothesis, then
the minimum probability that the two observers agree and are wrong in the
decentralized approach is upper bounded by the minimum probability of error

achieved in the centralized approach.

Chapter 4: The set of events, i.e, the set of propositions that can be verified
by the central coordinator is enumerated. We show that the set along with
suitable relation of implication and unary operation of orthocomplmentation
is not a Boolean algebra. Hence the construction of a classical probability
space is ruled out. We construct an event-state structure (a generalization of
measure spaces) for the central coordinator along the lines of von -Neumann
Hilbert space model. We associate operations (a generalization of conditional
probability) with the event-state structure and construct a noncommutative

probability space for the central coordinator. We consider the binary hy-



pothesis testing problem in the non-commutative probability framework. We
present two approaches to the decision-making problem. In the first approach,
We represent the available data as coming from measurements modeled via
projection valued measures (PVM) and retrieve the results of the underlying
detection problem solved using classical probability models. In the second
approach, we represent the measurements using positive operator valued mea-
sures (POVM). We prove that the minimum probability of error achieved in

the second approach is the same as in the first approach.

Chapter 5: We show that the Radon-Nikodym derivative of the empirical dis-
tributions with respect to the true measure converges to 1 in measure. The
detection problems are solved using the likelihood ratios computed from the
empirical distributions. The convergence of the likelihood ratio and optimal
detection cost under empirical distributions to the likelihood ratio and optimal
detection cost under the true distribution are shown. We present simulation
results consistent with the results mentioned above. The methodology devel-
oped to prove convergence of the optimal detection cost can be extended to a

larger class of stochastic control problems.
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Chapter 2: Value of Information in Model Detection

2.1 Detection of Markov models

2.1.1 Introduction

Hidden Markov Models are models in which the state of the Markov chain
cannot be observed directly, instead only a function of the state can be observed.
These models are used in speech recognition, econometrics, computational biology
and computer vision and many other fields [6]. Hypothesis testing problems have
been well studied in literature, one of the standard assumptions being that the
observations are i.i.d. Hidden Markov models are instances of models in which ob-
servations have memory and hence are not i.i.d. [7] have formulated the problem of
quickest detection of transient signals using hidden Markov models. They develop a
procedure analogous to Page’s test for dependent observations which can be applied
to the detection of a change in hidden Markov modeled observations, i.e., a switch
from one HMM to another. [8] consider the problem where individual nodes in a
network receive noisy observations whose distributions depend on the hypotheses.
They analyze an update rule (for the belief of hypotheses),where each agent per-

forms a Bayesian update based on local observations and a linear consensus among

11



its neighbors. They prove that the belief of any agent in any incorrect hypotheses
converges to zero exponentially fast.

[9] address the problem where N sensors are observing an event and obtain noisy ob-
servations. The sensor network is modeled by a graph and the sensors are restricted
to exchange messages alone. They characterize conditions under which the N sen-
sors achieve consensus and derive conditions under which the consensus converges
to the centralized MAP estimate. [10], sequential problems in decentralized detec-
tion are considered. Peripheral sensors make noisy measurements of the hypothesis
and send a binary message to a fusion center. Two scenarios are considered. In
the first scenario, the fusion center waits for the binary message(i.e., the decisions)
from all the peripheral sensors and then starts collecting observations. In the sec-
ond scenario, the fusion center collects observations from the beginning and receives
binary messages from the peripheral sensors as time progresses. In either scenario,
the peripheral sensor and the fusion center need to solve a stopping time problem
and declare their decision. Parametric characterization of the optimal policies are
obtained and a sequential methodology for finding the optimal policies is presented.
In this chapter, we consider two Markov chains and two observers. Under the al-
ternate hypothesis, each observer observes a different function of the state of the
first Markov chain. Under the null hypothesis, each observer observes a different
function of the state of the second Markov chain. Thus each observer has its own se-
quence of observations. Given two sequences of observations(one for each observer),
the objective is to find if the sequences were generated under the null hypothesis or
under the alternate hypothesis.

12



An example of this scenario would be when there are 2 cameras observing an envi-
ronment /scene and have different perspectives / views of the scene. The elementary
events in sample space could be defined based on the environment. Consider the
problem where the environment has two states. The manner in which the scene or
the environment changes in each state with time is Markovian. The images (or the
observations in the present example) obtained by the cameras are functions of the
states of the environment. Given the images we would like to arrive at a consensus
on the state of environment.

For both observers , the hypothesis testing problem is formulated and solved as
partially observed stochastic control problem. Thus both observers make individual
decisions on the hypothesis. Then they communicate their decisions. If they have
arrived at the same decision, then they have arrived at a consensus on the hypothe-
sis though it could be wrong. If their decisions are different, then they collect more
observations and repeat the hypothesis testing problem. This algorithm is repeated
until consensus has been achieved. The convergence of this consensus algorithm has
been proven. Figure 2.1 depicts the proposed framework.

To understand as to what was gained by the use of 2 observers and the 1 bit com-
munications, the notion of value of information has been introduced. We define the
value of information and perform simulations to obtain the value of information for

particular setup.
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Figure 2.1: Proposed framework for Markov model detection using two observers

2.1.2 Problem formulation

2.1.2.1 System model

Let (€2, F,P) be a probability space. Two systems are considered whose dy-
namics are described as follows: State of system 1 is described by a finite-state,
homogeneous, discrete time Markov chain X}, k € N. The distribution of X is
assumed to be known. State of system 2 is also described by a finite-state, homoge-
neous, discrete time Markov chain X7, k € N and the distribution of X? is assumed
to be known. The state space of X} and X? is assumed to be have N, elements and

is identified by the set

SX = {61, ceey eNS},

where e; are unit vectors in R™ with unity as ith element and zeros elsewhere. Let
F} be the complete o algebra generated by {X{, ..., X} } and F? be the complete o
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algebra generated by {XZ, ..., X?}. The Markov property implies that:

P(Xpy1 =€) = P(Xpyy = ¢1X5), P(XEyy = ¢ Fp) = P(XEy, = ] X5).

The transition matrices for the Markov chains can be defined as:

agl‘i = P(X;H = ej|X,i = e;), Al = (agl‘i> € RN N,

a?i =P(X:,, = &|X; =e;), A® = (ai’) € RNVsx e,

Thus Markov property also implies,

E[X;H’}—ii] = E[XliH’Xlﬂ = AlXé, E[Xlz—i-ly}_lg] = E[Xlg-&-l’XI?] = AQXI?-

Define:

Wi = X — AXy, Wi = X3y, — APXR

So that

Xli+1 =A'X, + WI§+1a XI§+1 = A’X} + Wk2+1'

H (signifying the hypothesis) is a Bernoulli random variable such that

15



It is assumed that H, X} and X? are independent random variables. Let Fj =
o{H,X},..., X}, X3,..., X2} denote the complete o algebra generated by H, X|,

con X X2, .., XE Tt s also assumed that:

IE[X,%H]]-",C] = A'Xy, E[X/irl’]:k} = A’X}.

The state processes for these systems are not observed directly. Consider Observer

1, under H = 1, it observes a function c'(.,.) (with finite range ) of X}:

Yk1+1 = cl(Xli,v;H), k>0, (2.1)

where v} is a sequence of independent, identically distributed random variables. Tt

is assumed that {v{}x>1 are independent of H, X}, X2 {Wllis>1 and {W2}is1.

Similarly under H = 0, it observes a function ¢?(.,.)(with finite range) of X?:

Yk2+1 = 02(X]§,’U]%+1), k>0, (2.2)

where v} is a sequence of independent, identically distributed random variables. Tt
is assumed that {vi};>; are independent of H, X, X7, {Wl}ti>1, {WZ}ti>1 and
{vi}r>1. Let Gi denote the complete o algebra generated by H, X}, ..., X}, X2, ...,

X2 VL YL YE L Y2 Without loss of generality, we can assume that range of

c(.,.) and c*(.,.) consists of M; points and identify it with set of unit vectors

Sy = {f117 X f]%/h}a
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where fj1 are unit vectors in RM* with unity as jth element and zeros elsewhere.

(2.1) and (2.2) imply

P(Yp = fj1G) = P(Ye = fj1X30), PV = f71G) = (Vi = f71X0).

The state to output transition matrices are defined as:

le'z' = P(Yklﬂ = fj1|Xli =¢;), C' = (lez) € RMxNs

& =PV = fIIXE =), CF = (&) e RN

Thus,

E[n1+1|glﬂ - E[Yk1+1|Xl%] - CIX,i, E[Yk2+1|glﬂ - E[Yk2+1|X13] - OQXI?-

Define:

Vkl-s-l - Yk1+1 - Cleia Vk2+1 - Yk2+1 - C2Xl§'

Ylirl =C'X; + Vk1+17 Yk2+1 =C*X; + Vk2+1‘

Hence when H = 1, Observer 1 is a discrete Hidden Markov Model (HMM) (under

P ) and is defined by the state space equations:

Xli+1 = Alei + Wk}—&-lv
Vi =C' X 4+ Vil

17



and when H = 0, it is again a discrete HMM (under P )and is defined by the state

space equations:

X13+1 = A’X} + ch2+17

Yk2+1 =C*X; + Vk2+1~

Hence the observation equation for Observer 1, is given by:

Yirr = [(C'X + V) H + (CPX2 + V2 (1= H)J

where X}, X2 € Sx, A', A%, C', C? are matrices of transition probabilities. The

entries satisfy

Ns N
1 _ 2 _
E a; =1, E aj; =1,
Jj=1 Jj=1
My My
1 _ 2 _ 1 2
E Cji = 1, g ¢ = 1, Cji > 0, ¢ > 0.
j=1 j=1

Wl W2 and V}!, V;? are martingale increments satisfying

E[Wkl-i-llfli] = E[Vk1+1|glﬂ =0, E[WI§+1|~FI?] = E[Véﬂg;] =0.

Observer 2, under H = 1 observes a function d'(.,.) (with finite range ) of X}:

Zli—&—l = dl(Xliaullc—i-l)a k Z 07
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where u}, is a sequence of independent, identically distributed random variables. It
is assumed that {uj }x>1 are independent of H, X3, XZ, {W}l bis1, {W2tis1, {v} b1

and {vZ}r>1. Under H = 0, it observes a function d?(.,.)(with finite range) of X?:
Ziy = P(XE ujg), k>0,

where u? is a sequence of independent, identically distributed random variables. Tt is
assumed that {u?}x>1 are independent of H, Xg, X2, {W!his1, {W2tis1, {vi b1,
{v2}r>1 and {u} }x>1. The range of d'(.,.) and d?(.,.) is assumed to have M, points

in its range and the points are identified with set of unit vectors

SZ = {f127 ) f]%/IQ}a

where fj2 are unit vectors in RM2 with unity as jth element and zeros elsewhere.
Following the procedure which was used to derive the observation equation for Ob-
server 1 , it can be shown that the observation equation for the second observer 2

is given by:
Zjsr = [(D'X; + Ui ) H + (D*XE + Ui ) (1 = H)J
where D', D? are matrices of transition probabilities and the entries satisfy

Mo Mo
odiy=1,) d=1,dj; >0, d}>0.
j=1 j=1
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Notation:
1. (a,b) denotes inner product in Euclidean space. Hence {(a,b) = a”b.
2. Let a and b be real numbers. Then a A b = min(a,b).

3. ij’(l) = (ij, 1) so that Y,g = (Y,g’(l), s ij’(Ml))T. For each k € N, exactly one
component =1, the reminder being 0. Yk(l) = Ykl’(l)H + Y,f’(l)(l — H). Index
j corresponds to hypothesis and index | corresponds to the component. Thus

j=12andl=1,..., M. Z,Z’(l), Z,gl) are defined similarly.

‘7l ! s ] . .
4. 4N = EVEOIGY = YN d (XD en). Thus d,, = E[Y{,,|G] = CIX]

m=1 "lm
and cpyy = E[Yi|Gl] = C'XEH + C2X2(1 — H) = ¢}, H + ¢, (1 — H).

Define Cli)A = ckJ(r)H + zfl)(l — H). Again, index j corresponds to hypothesis

and index 1 corresponds to the component. Hence, j = 1,2 and [ = 1, ..., M.

dfcﬂ, dfcﬂ, dkﬂ, dj1 are defined similarly.

5. Let X be a random variable in the mentioned probability space. o(X) denotes

the smallest complete o algebra generated by the random variable X.

6. If H, and H, are 2 sub o algebras of F, then o(H; UH,) denotes the smallest

complete o algebra generated by the sets in H; and Ho.

2.1.2.2 Hypothesis testing problem

We consider the 2 observer problem given by:

Under H = 1 : X}, =A'X, + WL,
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Under H = 0 : Xp., =A’X;+ W2,
Observer O1 : Y1 = [(C'X; + Vi, )H + (CP°X;+ V) (1 — H)J,

Observer 02 : Zyy = [(D'X, + Ul )H + (D*X; 4+ Ul,)(1— H)| .

Let )i denote the complete o algebra generated by Yi,....Y, and Z; denote the
complete o algebra generated by Z1, ..., Z. In this chapter, we consider the block
testing problem with fixed number of samples, T. ¢t — 1 denotes the number of times
the block testing problem has been performed. Hence when the block testing prob-
lem is performed for the ¢th time, t1" number of observations have been collected.

For observer 1, the aim is to find D} € {0,1} which is Vyr measurable, such that

the following cost is minimized:

JH(Dy) =E[ClgH(1 — Dy) + Coy (1 — H)Dy],

where Cjyand Cj; are positive real numbers.
For observer 2, the aim is to find D? € {0,1} which is Z;7 measurable, such that

the following cost is minimized:

JH(Df) = E[CYyH(1 — Df) + Cgy (1 — H) D],

where C%jand C2, are positive real numbers.
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2.1.2.3 Consensus

Let the optimal decisions at ¢ for observer 1 and observer 2 be denoted by
D}*(w) and D?*(w) respectively.
while D/ # DP*
Repeat Binary Hypothesis testing by taking T more samples and finding Dtlfl and

2%
Dt+1'

2.1.3 Solution

2.1.3.1 Hypothesis testing problem

First we discuss the solution to the binary hypothesis testing problem. We
present the solution for Observer 1. An identical procedure can be used to find the

solution for Observer 2. Let 7}, (the information state) be defined as:

7 = Ep[H|V:].

The optimal decision D,* is given by:

Dtl’* =0 if C&l(l - 7TtlT> Z C(1107-‘-151'117

=1 otherwise.
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Also, 7} can be calculated recursively as follows:

1 Num(k)
= Num(k) + Den(k)

Num(k) = Zs qrx(er);

()
gri(er) = My Y ai(eg)a; [ J(ci) s
j=1 i=1
N (@)
q1(er) = My x pr X [Z H(Czlﬂyl (P(Xy = er))ay]
=1 i=1

Den(k) = ZS pr(er);

(@)
pryi(er) = My Zpk(ej)a?«j H(C?j)y’““
j=1 i=1
N, My o
pi(er) = My X po X [Z H(C?I)Y (P(X5 = er))az]
I=1 i=1

Proof:

From the tower law of conditional expectation, the cost function can be written as:

= E[E[C%OH(I - Dtl) + 051(1 - H)DtlnytT]

Since Dt1 is YV, measurable and 7rt1T = Ep[H|Y;r| , it follows that the cost function

can be written as

E[(Clomyr) x (1= Dy) + (Coy (1 = myp)) x D]
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From monotonicity of expectation, it follows that:

Dtl’* =0 if C&l(l - 7TtlT> Z C(1107-‘-251'117

=1 otherwise,

and the optimal cost is given by:

JHDy™)) = Ee([Co (1 = mip)] A [Clomyg]

For the derivation of the recursion equations for the filter we refer to Appendix A.

2.1.3.2 Convergence to consensus

Theorem 2.1.1. (7}, Vi)ren and (72, Zi)ken for are right-closable martingales.

Also,
lim7, =H P a.s, i=1,2, (2.3)
k—o0
lim E[r}] = py, i = 1,2, (2.4)
k—oo
lim J (Dy*) =0, i =1,2, (2.5)
%glg(] (D) =0,1=1,2. (2.6)

Proof. The proof is mentioned for Observer 1. The same proof can be extended

for Observer 2 as well. E[r} ,|Vi] = E[Ep[H|Vis1]| V] = Ep[H|Wi] = 7. Thus
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(74, Vi )ren is a martingale. Since 3, random variable 7}, = H such that
M = Blmo |Vl V k

it follows that (7}, Vi )ken, is a right-closable martingale. By Doob’s theorem ( [11])
for the convergence of right closable martinagles (2.3) follows. Since (7 , Vg ) is

a martingale, it follows that E[r}] = p1 Vk. Hence (2.4) follows. (2.3) implies that:
klim [Co, (1 —m)] A [Clomi] =0 P a.s
—00

Also note that |[Cl; (1 — 7})] A [Clomi]] < Cly+ Cy, Yw € Q, k. By the Lebesgue
dominated convergence theorem, (2.5) follows.

Cll_l 011_011_1_011
[031(1 — 7L A [Cll()wtlT] _ o1 ( Tr) + CloTir 2| o1 ( Ter) lo7ir|

_ C&l + 7Tt1T<0110 - 051) - |O§1 - Wz}T(O{h + C'110)|
2

Since (7}, Vi)ren is a martingale , it follows that ( C3; + 77 (Cly — Ca1), Vir ten

and ( C}; — 1} (Cly + Cky), Yir )ien are martingales. As ®(z) = |z| is convex, from

the conditional Jensen’s inequality, it follows that (|C — /7 (Cly + Cig)l, Vit )ien
1

is a submartingale. Hence([C};(1 — 7i7)] A [Clomir], Vir )ien is a supermartingale.

Hence
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Hence by the monotone convergence theorem, (2.6) follows. ]

The main result of the above theorem is that, the information state converges
to the true hypothesis. This result is used in proving the convergence of the con-

sensus algorithm which is done in the following theorem.

Theorem 2.1.2. Vw € Q, 3t(w) € N such that

DY (w) = D2’*)(w) = H(w) (2.7)

t(w) T T (w
Proof. Fix w € Q. From (2.3), it follows that V € > 0, 3 N'(¢,w) such that

1T (W) — Hw)| <e V k> Ni(ew), i=1,2.

i
COl

Suppose H(w) =1, thenlet e = 1——2——
pp (w) ] Ci & G

. Then, V k > max(N'(ef,w), N?(e},w)),

2
C(O 1

miw) > —2L i =1,2.
=g a,

max(N*(ej,w), N*(ef, w))

Thus V {(w) > [ T 1,

081
—— __ Then,V k> max(N'(e,w), N?(e2,w)),
Cio 061 e - a ( (62 ) (62 ))

Suppose H(w) = 0, then let €}, =
Cou

i (w < 1
W< ra,

=1,2.
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max(N(ed, w), NQ(E%W»W
T

Thus V {(w) > [

D}’*)(w) = D?’*)(w) = H(w)=0.

t(w t(w

This completes the proof of (2.7). Hence convergence is guaranteed. [

The above result states that, for every sample path, there is a index ¢ such
that the optimal decision of both the observers is the same and is equal to the true
hypothesis. Since the result is an asymptotic result, in practice it is possible that
the observers arrive at a consensus to the wrong hypothesis even before reaching

the index ¢.

2.1.4 Simulation results

We are also interested in understanding the “ value of information” associated
with the repeated 1 bit communication. So through simulations we would like to
understand whether through the 1 bit communications, the number of false alarms
and number of misses reduced. A heuristic way to calculate the value of information
for this specific problem would be as follows. Calculate the average reduction in
detection error as:

a = Number of simulations in which consensus occurs to correct hypothesis after
one iteration
£ = Number of simulations in which consensus occurs to wrong hypothesis while the

decision for either observers after the first iteration was equal to true hypothesis.
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~ = Total number of bits communicated in all the simulations

total = Total number of simulations

a—pf

Value of information = to%al _a-/

total

Probability of error is calculated as:

v = Number of simulations in which consensus occurs to wrong hypothesis.

Probability of error =

total

Average time to consensus is calculated as:

o0 = Sum of the time to consensus over all simulations.

°

Average time to consensus = |
total

The simulations were performed with two 3 state Markov chains. The transition
matrices for the two Markov chains were chosen as:

02 04 02 0.6 0.25 0.25

A'=103 035 06|>A4*=1015 05 0.35

0.5 025 0.2 025 0.25 04

Observer 1 was considered to have 2 outputs. The state to output transition matrices
were chosen as:
0.7 0.5 0.4 0.35 0.5 0.55

C' = ,C? =
0.3 05 0.6 0.65 0.5 0.45
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Observer 2 was considered to have 4 outputs. The state to output transition matrices

were chosen as:

0.25 0.1 0.35 0.5 0.1 0.15

0.15 0.15 0.5 0.2 05 0.05
D' = , D? =

0.2 05 005 0.15 0.1 0.50

0.4 025 0.1 0.15 0.3 0.3

The costs were assigned the values C}, = 8, Cj; =5, C%, =11, C3; = 9. T was set
50 samples. p; was set to 0.6. The number of simulations was varied from 10 to 10°.
The value of information, probability of error and average time to consensus were

calculated in each case and have been tabulated [table 2.1, table 2.2]. Convergence

Number of Simulations || Value of Information || Probability of Error
10 0.2181 0.2
100 0.2115 0.15
1000 0.2197 0.1650
10000 0.2212 0.1647
100000 0.2198 0.1684

Table 2.1: Value of information and probability of error for the considered simulation
setup

Number of Simulations || Average Time to Consensus
10 76
100 84
1000 85
10000 93
100000 93

Table 2.2: Average time to consensus for the considered simulation setup

of the information states of the two observers for two different sample paths have
been shown in figures 2.2 and 2.3. 10° simulations were performed with C}, = 0.9,
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Figure 2.2: The information state for Observer 2 converging to the true hypothesis.

Cl; =0.1,C% =0.1, C3 = 0.9. T and p; were not changed. It was observed that
value of information = 0.0949, probability of error = 0.0316 and average time to
consensus = 250. By choosing these values for the weights, Observer 1 is biased
towards alternate hypothesis while observer 2 is biased towards the null hypothesis.
Hence their decisions are not the same for a longer period of time. This increases
the communication cost. After collecting sufficiently large number of samples, the
information state for both the observers converge to the true hypothesis. Hence their
decisions become the same and equal to the true hypothesis with greater probability.
Hence there is significant reduction in probability of error but value of information
drops as communication cost is higher. This study motivates the following question:
Can C},, C3;, C%,, C2, and T be chosen optimally so that higher value of information

is achieved for a given probability of error ?

2.1.5 Conclusion

In this section of the chapter, the binary hypothesis testing problem with

observations generated by Markov chains and two communicating observers has
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Figure 2.3: The information state for Observer 1 converging to the true hypothesis.

been solved by formulating the problem as a partially observed stochastic control
problem. Convergence of the information state to the true hypothesis and optimal
cost to zero has been studied. The convergence of the consensus algorithm has
been proven. To understand the value of the 1 bit communication used to achieve
consensus, simulations were performed. It was observed there was a reduction in
miss and false detection. For the simulation setup considered, it was observed that
on an average, if the observers exchanged their decisions 3 times it led to reduction

in a miss or false detection.

2.2 Detection of Gaussian models

2.2.1 Introduction

Hypothesis testing and changepoint problems arise in various branches of engi-
neering including quality control, detection and tracking of targets in war scenarios,
detection of signals in seismology, econometrics , speech segmentation etc. Some
recent applications are structural health monitoring of bridges, wind turbines, air-

crafts, video scene analysis and sequential steganography, [12]. Sequential analysis
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is a principal tool in addressing these problems. A sequential method is character-
ized by a stopping rule and a decision rule. These methods have been extensively
studied in the literature when there is a single observer collecting all observations.
In this chapter we focus on a problem where there are multiple detectors collecting
observations and work collaboratively to identify the true hypothesis.

The authors in [13] consider the problem where two detectors making indepen-
dent observations need to decide which one of two hypotheses is true. The decision
of the two detectors are coupled through a common cost function. They prove that
the optimal decisions are characterized by thresholds which are coupled and whose
computation requires the solution of two coupled sets of dynamic programming
equations. In [14] an information theoretic approach is presented to the distributed
detection problem. They consider an entropy based cost function which maximizes
the information transferred from the input to the output. They derive optimal de-
cision and fusion rules with and without a fusion center. In [15], a decentralized
sequential detection problem is considered. In their formulation, they consider a set
of sensors making independent observations which need to decide as to which of the
two hypotheses is true. The decision errors by the sensors are penalized through
a common cost function. Each observation collected by the sensors as a team is
assigned a positive cost. Optimal sensor decision rules are characterized through
generalized sequential probability ratio tests (GSPRTS) and a technique for find-
ing optimal thresholds is presented. In [16], the problem of noisy Bayesian active
learning is addressed. They consider a hypothesis testing problem with observations

corrupted by independent noise. Their objective is to find the true hypothesis using
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as few observations as possible by choosing the observations in an adaptive and
strategic manner. They propose a sampling strategy which is based on collecting
observations which maximize the Extrinsic Jensen - Shannon divergence at each
step.

In this chapter, we consider two Gaussian models and two observers. Under
the alternate hypothesis, each observer observes a different function of the state
of the first Gaussian model. Under the null hypothesis , each observer observes a
different function of the state of the second Gaussian model. Thus each observer
has its own sequence of observations. Given two sequences of observations (one for
each observer), the objective is to find if the sequences were generated under the
alternate hypothesis or under the null hypothesis. For each observer we formulate
a sequential hypothesis testing problem which is solved using SPRT. We present a
detection -estimation separation lemma which is useful in finding the likelihood ratio
which is used in the SPRT. Based on the result of the SPRT, the observers could stop
taking observations and arrive at the decision at the same time or at different times.
We present a consensus algorithm which takes into account the various scenarios.
Only the decisions made by the observers are exchanged in arriving at consensus.
To understand the benefit of the 1 bit communication and the use of 2 observers, the
notion of value of information has been discussed. Value of information, probability
of error and average time to consensus have been calculated through Monte Carlo
simulations. It should be noted that the two key differences of this chapter from the
previous works mentioned here are: (i) each observer has its individual cost function

(ii) the observations are not i.i.d.
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2.2.2  Problem formulation

2.2.2.1 System model

Let (Q, F,IP) be a probability space. Two systems are considered whose dy-
namics are described as follows: Dynamics of the state of system 1 is described by

a linear Gaussian model as follows:

Xp o =AX, +B'W}, VEk>1,

where W} is white noise process with zero mean and covariance Ridgw. X is
assumed to be Gaussian random variable with zero mean and variance ;. The
dynamics of the state of system 2 is also described by a linear Gaussian model as
follows:

X =AXP+ B*WE, Vk>1,

where W7 is white noise process with zero mean and covariance Rodgp. XZ is
assumed to be Gaussian random variable with zero mean and variance 5. We
assume X} and X7 belong to R for all k. H (signifying the hypothesis) is a

Bernoulli random variable such that

34



Consider Observer 1. Under the alternate hypothesis, it observes a function of the

state of system 1 and is described as follows:

Yi=C'X} + V!, V>0,

where V! is white noise process with zero mean and covariance Q1. Under the
null hypothesis, it observes a function of the state of system 2 and is described as

follows

YE=C*XZ+ V2, VEk>0,

where V2 is white noise process with zero mean and covariance Q2dx,. Similarly,
Observer 2, under the alternate hypothesis, observes a function of the state of system

1 (different from the function observed by Observer 1) and is described as follows:

Zy=D'X, + U}, VEk >0,

where U} is white noise process with zero mean and covariance S;dyr. Under the
null hypothesis, it observes a function of the state of system 2 (different from the

function observed by Observer 1) which is described as:

7P =D*X}+ U YVEk>0,
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where U,f is white noise process with zero mean and covariance Sydr,. Thus, the

dynamics of the observations at Observer 1 can be compactly written as:

Y, = [(C'X, + VOH + (C°X; + V) (1 — H)),

and the dynamics of the observations at Observer 2 can be compactly written as:

Zr = [(D'X + UY)H + (D*X2 + U2 (1 — H)).

It is assumed that {W} }eso0, {W¢ =0, {Vi brzos {Vitez0, {UR ko 5 {Uf brz0, X,
Xg and H are independent. The dimension of Y} is assumed to be M;, while
the dimension of Z; is assumed to be M,. Let yj; denote the complete o alge-
bra generated by {Y,,...,Y3}. Let Z* denote the complete o algebra generated by
{Zpn, ... Zy}. A V¥ stopping time is a random time 7: Q — {n,n + 1,...,00} such
that {w € Q: 7(w) < k} € Y. The sigma algebra associated with a V¥ stopping
time 7 is defined as: F, = {A € Y>® : An{r <k} € YV k}. Let {8}, n >0}
denote the set of all possible J* stopping time 7 such that P(r < oo) = 1. Also,
let {S?2 , n > 0} denote the set of all possible Z* stopping time 7 such that

P(r < o0) = 1.
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2.2.2.2 Sequential hypothesis testing problem
We consider the 2 observer problem given by:
Under H = 1 : X}, =A'X} + B'W],
Under H = 0 : X7, , =A’X] + B*W¢,

Observer O1 : Y, =[(C'X}+VHH + (C*X2 +V3)(1— H),

Observer 02 : 7, =[(D'X} +ULH + (D*X}+U?)(1— H)].

We define the following collection of optimization problems for each observer. n
denotes the starting time for the optimization problem. The objective of Observer
1L is to find 7, € S, and D}, € {0,1} which is F,1 measurable such that following

cost is minimized:

J'(73, DY) = Ela*r} + H(1 - DY) + (1 - H)DY] (2.8)

where o' > 0. The objective of Observer 2 is to find 72 € S? and D?, € {0,1}
which is F2 measurable such that following cost is minimized:
J2 (77, D) = Ela’7; + H(1 — D%) + (1 — H) D%,

ny =72

where a2 > 0.
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2.2.2.3 Consensus

The optimal decisions (beliefs of the true hypothesis) by Observer 1 and Ob-
server 2 are obtained (as result of the previous optimization problem) at random
times. The objective is to design an algorithm so that the two observers arrive at

consensus about their beliefs by only exchanging their decisions.

2.2.3 Solution

In Appendix A we present some standard results which address stopping time
problems in a stochastic control framework. The main issue with the results is that
they are not numerically computable. Hence in the following section we discuss the

structure of the optimal strategy and use it to solve the problem numerically.

2.2.3.1 Sequential probability ratio test

The sequential probability ratio test (SPRT) is very well studied in the lit-
erature, [12] and [17], and is often used as a tool in sequential analysis. In the
following, we discuss the SPRT for observations which are not i.i.d. We use ideas
and techniques which are similar to the instance where the SPRT is derived for i.i.d
observations. Consider the optimization problem (2.2.2.2) for Observer 1 starting
at time 0. Define:

Wé = f(H =1|Yy = yo).
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It follows that,

f(o = wolH =1) X pr

1 _
0T (Yo = yol H = 1) x p1 + F(Yo = yo| H = 0) % po’
M= wll =1)= [ friw—Ca)fx()ds
S =l =0) = | frs(un — Ca)fxs(e)d

Minimizing the cost function (2.8) of the optimization problem starting at time 0 is
equivalent to minimizing:

O[H = 1) + (1 - w))P(DL = 1|H = 0)

1 p—
To

JH (75, Dig) = Ela'rg] + moP(D}
Define:
Vi(r) = inf E[a'r] +7 [}P(Di& —0|H = 1)} +

{rd € S} (w)>1 VYweN} {D, €{0,1}}
70

(1-7) [P(Di& —1|H = 0)} .

For every 74 € St and Di& € {0,1} , Ela!rl] + []P)(Dio1 =0|H = 1)} + (1 —
) IF’(D% = 1|H =0)| is affine function of 7. Hence V}(m) is continuous and
concave in m. The posterior cost incurred at time 0 is min((1 — 7)), (7})). Let
o(m) =1 —m and @o(r) = 7. Let i, = {0 < 7 < 1: Vi(r) = ¢o(m)} and
m ={0 <7< 1:Vim) = go(m)}. By concavity of Vi(r), it follows that if
7o < 7}, it is optimal to stop with D§ = 0. If my > 7}, it is optimal to stop with

D} = 1. Else the optimal strategy is to collect the next observation. At time k, let
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7l = F(H = 1{Yp = yn}2h). Define:

v f E + [IP’D1:0H:1]+
kH( ) {r§ € 8§75 (w)>k+11nvwe§2} {D1 €{0,1}} [a TO] T ( oy ‘ )

(1—7) [P(Di& —1|H = 0)] .

The posterior cost incurred at time k is o'k + min((1 — 7}), (7). Let nf = {0 <
T<1:Vi (r)=cd'k+l-7}and7f ={0 <7 <1:Vp,,(7)=a'k+n}. Bysame
arguments as before, if m; < 7%, it is optimal to stop with D} = 0. Else if 7, > 7%,
it is optimal to stop with D} = 1. Else the optimal strategy is to collect the next
observation. Hence threshold policies are optimal. We define the Likelihood Ratio

(LLR ) at time k (denoted by \}) as follows:

(Yk_ykﬂn l_yk 1,-..,Y0:y0|H:1)
(Yk_ykﬂn l_yk 1,.-.7Yb:y0|H: )
(
(

A=

Ykl = Ui, Y k 1= Yk—1, ---,Yol = yo)
Y;f = Ui, Y k 1= Yk—-1, ---,YE)Q = yo)

f
f
f
f

From the above definition and definition of 7}, it follows , that

1 pl)\llc
), =
Po +p1)\k
k
1 k 1 PoTy
=T > M e A >
k U k (= WU)
k
PoTy,
<t o<
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Hence, it suffices to compute the LLR and its associated thresholds. It remains to
find the thresholds. Instead of finding the optimal thresholds, we find one pair of
thresholds which is used at every k to achieve a desired level of performance. We
denote the lower threshold associated with LLR by A and the upper threshold by

B. To find the pair (A, B), we use Wald’s approzimation.

Lemma 2.2.1. Let 8; denote the desired probability of false alarm ([P’(Dié =1|H =
0)) and ~y4 denote the desired probability of miss detection (P(D!, = O|H = 1)) to
0

be achieved . Then the thresholds associated with LLR can be approximated as:

(2.9)

Proof. Following the proof for i.i.d observations in [17], suppose (7!, D) is the

T

sequential rule associated with thresholds (A,B). g = P(DL = 1|H = 0)) and

v =P(D}, = 0|H = 1). Let,

0

QL ={{yt=r e RMY>®:rt=n AL >B and A< A\ < B,i=0,...,n— 1},

7=l

= Hydsr e @Y™AL 2B and A< AL < B,i=0,...,m — 1} and = | ] QL,

n=0

Pl={{yY=r e RMY)>~: ' =np, AL <A and A<\ <B,i=0,...,n— 1},

1=

o= {Hutzr e RMH> N <A and A< M\ <B,i=0,..,7" —1} and = U Pl

n=0

Then,

B =P\ > B|H =0)
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=> | Y=y Y =yt Yo = yo)dy™!
—Ja.

<8 i g O =y Y,y = gt Yo = yo)dy™!
—B (1) =B< )
v =P <AH=1)
- i o fY =y Yot = Yo, Yo = y0)dy™™
= Af: g SO =y, Y = o, Y5 = go)dy™!

_A1-8). = A>T

From the above inequalities, we approximate (A, B) as in (2.9). This approximation

will be accurate if 7! is large on an average. O]

Further, if 85 = 74, then the actual probabilities of false alarm (/,) and miss detec-

tion (,) are bounded above:

Ba < Ba+O0(B1): Va < va+ O(]).

Thus, given desired probabilities of false alarm and miss detection, the thresholds

associated with LLR can be computed. The test can be defined as:

SPRT(A, B) :
/\}CZBﬁT&:kJ,D% =1,
A < \i < B = collect next observation,
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&SAéﬂ:hD%:,

2.2.3.2 Detection estimation separation lemma

To calculate the LLR, the joint distribution of the observations under either
hypothesis needs to be found. The calculation of the joint distribution can be
be simplified by invoking the following lemma. The general detection estimation

separation theorem was studied in [18].

Lemma 2.2.2. Consider Observer 1 with observations {Y,, = ym}m=k. Then,

T2 fra(y; — CM A2 ) fyg (o)
)\1 _ J j 0
k= = -
H?:If fr;% (yj — C2A25’/'?-1)fy02 (%)

where, fori=1,2, k> 1,

&y, = A'dy_y + K,
M= yx — C' AT,
Mi=A'P_ A" + B'RB",
. . L -1
Ki = Mici" [CZM,;CZT + Q,} :
Py = (I - K;,C")M;,
. . . . -1
[%6 = ZiOzT [CZZZ’C“T + Q{| X Yo,
%:EVQMT[G&CZ+QJ cis,,

fry, = N(0,C"MC™ + Q).
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Fyg = N(0,C'S0™" + Q).

Proof. Using the theory of Kalman filters, it follows that the observation equations

for Observer 1 under either hypothesis can be equivalently written as:

vl =ClA'X] | 4T,
H=1:

X} | =A'X} | +K.lL

H=0:
X2 = A2X2 4 KT,
where K§ follows the recursions mentioned in the statement of the lemma and T

are the innovation processes. Hence I'i is independent of the past observations

{v Z‘;’g_l. Using the definition of A},

)\1 H ( _yJ|Y1 J 17"'7}/01 :yO)fYol(y0>
k .
H ( = yJ|Y yj—lv '-"}/02 = yO)fYOQ(y(D

The numerator of the R.H.S can be further simplified as:

Eu

ClAlX;_l + T = g [{Vm = tm Iy )z (w0)

hk:
E

CT A 1Y, = ymdmzd ) (wo)-

||’:]

A similar simplification for the denominator can also be obtained. Since {I'}}x>o

are the innovation processes, the result of the lemma follows. O
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2.2.3.3 Consensus algorithm

Each observer arrives at its decision about the true hypothesis based on its own
observations at random times. We now present the algorithm used by the observers
to arrive at a consensus. We first mention the pseudo code for SPRT [Algorithm 1].

The consensus algorithm is described in detail in Algorithm 2. The summary of the

Algorithm 1: SPRT
1: function SPRT(\, A, B,n, T, D, k) > Where X - LLR, A,B are the

thresholds, n denotes number of decisions, 7 denotes stopping time, D denotes
current decision and k& denotes time
true < 0
if A > B then
n<—n+1, 7k

Storek, D=1
1
— B+ (B+1 -1
AC BT xv—1 (B+1)xv
true <+ 1
else if A < A then
n<—n+1, 7k

Storek, D=0
1

S
p N
/I\
=
T
=
+
=
X
X
|
—

—_
[\
~
<
I
®
T

consensus algorithm is as follows: The observers start taking observations at £ = 0
with the objective of achieving certain probability of error. At each time instant
they collect their observations and update their LLR. Using the updated likelihood
ratio they perform SPRT test. They could stop or continue collecting observations
depending on the result of the test. If both the observers stop at the same time, then
they exchange their decisions. If their decisions are the same, then they stop. If their
decisions are different then they repeat SPRT test starting from next time instant
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with updated thresholds. If Observer 1 (Observer 2) stops first, it communicates its
decision to Observer 2 (Observer 1). Observer 2 (Observer 1) continues with SPRT
(with updated thresholds). When Observer 2 (Observer 1) stops, it checks its own
decision with the decision obtained from Observer 1 (Observer 2). If the decisions
are the same, then consensus has been achieved, else Observer 1 (Observer 2) starts
performing SPRT again. When Observer 1 (Observer 2) starts performing SPRT
again, note that it has not collected observations from 75 + 1 to 73 (for Observer 2

it would be from 7¢ 4+ 1 to 74 ). Observer 1 updates its LLR as follows:

Iy, (?Jfg+1))\101

)\12 1 - T0+1
T4+ ’
0 fY%+1 (y‘rg—i—l)

_ fr,lc (yr — CTA )Ny

AL — N k> T2 2.
g fro(yw — C2A%33_) "

The filter updates are done as per Lemma 2.2.2. The Kalman filtering begins afresh,
i.e., for k > 72 + 2, the observations from 72 + 1 to k are considered while filtering.
The influence of the past information is considered in the LLR calculation. The
LLR is calculated as the product of the LLR at 75 and ratio of the joint distribution
of the observations from 78 + 1 to k under H = 1 to that under H = 0. Observer 1
(Observer 2) performs SPRT based on the LLR computed and updated thresholds.
When Observer 1 (Observer 2) stops it compares its decision to that of Observer 2
(Observer 1). If they are not equal then Observer 2 (Observer 1) starts SPRT at
+ 1). Hence, the observers alternatively collect observations

~ 1 2
time 7, + 1 (TT(}_H

and perform SPRT until consensus is achieved.
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Algorithm 2: Consensus Algorithm

procedure CONSENSUS
D}<——1, D]%<——2,true<—0
7l ¢ 00, 72 ¢ 00, count < 0
n<—0,m<0, pu<3,v2

State <1, 1<+ 0,

1:
2
3
4
) 1 )
5 Ae—— Blep—1, =12
6
7 while D} # D7 do

8

9

14—1+1,
: if State =1 then
10: Update A} |, \?
11: (D}, A", B, n, 1!, true] <~ SPRT()\;, A", B',n, D}, ")
12: (D3}, A%, B*,m, 7%, true] < SPRT(\;, A%, B*,m, D3,7°)
13: if 7' = 72 then
14: State < 1
15: else if 7' > 72 then
16: State <+ 2
17: else if 7' < 72 then
18: State < 3
19: else if State = 2 then
20: if count =0 then
21: Al ——— Bl puxv-—1
uxv—1
22: count < 1
23: Update \}
24: (D}, A B n, 1 true] <= SPRT(N\;, A", B',n, D}, ")
25: if true =1 then
26: State < 3
27: else if State = 3 then
28: if count =0 then
29: A2 ——— B2 puxv-—1
uxv—1
30: count < 1
31: Update \?
32: (D}, A, B*,m, 7%, true] < SPRT(\;, A%, B*,m, D7,7°)
33: if true =1 then
34: State < 2
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—D|Observer f—— D = N

——{>| Observer?

Figure 2.4: Consensus Algorithm

In algorithm 2, at the first iteration, if the observers stop at the same time,
then State = 1. At the first iteration, if Observer 2 stops before Observer 1, then
State = 2. Else if Observer 1 stops before Observer 2, then State = 3. After the
first iteration, if the State = 1, the State remains at 1 if the observers stop at the
same time in further iterations as well. The first time, Observer 2 (Observer 1) stops
before Observer 1 (Observer 2), the State changes from 1 to 2 (3). Once the State
is equal to 2 or 3 it oscillates between these two states until the algorithm stops. It
is also possible that the State remains at 1 until consensus is achieved.

In figure 2.4, a simple scenario is depicted where Observer 2 arrives at its de-
cision first and sends it to Observer 1. After Observer 1 has arrived at its decision,
it compares its own decision to that of Observer 2. Since they are not equal, it com-
municates its decision to Observer 2 and Observer 2 starts collecting observations
from the next time instant onwards. The algorithm is executed until consensus is
achieved. The thresholds are updated for each observer after every iteration. The
lower threshold is monotonically decreasing with every iteration while the upper
threshold is monotonically increasing. Thus, the consensus algorithm has been de-

signed in such way that at the nth iteration, i.e., after both observers have made
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2
l’l/ X VTL—I

where p and v are greater than 1. Hence as n tends to oo the probability of error

their final decisions n times, the probability of error is bounded above by

tends to zero.

2.2.4 Simulation results

As studied in first section of this chapter, an important objectives of this

4

section is also to understand the “ value of information” associated with the 1 bit
communication. So through simulations we would like to understand if the exchange
of the decision information has helped improve the performance of the 2 observer
system significantly. We measure performance by the number of erroneous decisions
about the true hypothesis. A heuristic way to calculate the value of information for
this specific problem would be to calculate the average reduction in detection error
as:

a = Number of simulations in which consensus occurs to correct hypothesis after
one iteration.

[ = Number of simulations in which consensus occurs to wrong hypothesis. while
the decision for either observers after the first iteration was equal to true hypothesis.

~ = Total number of bits communicated in all the simulations.

total = Total number of simulations.

a—pf

Value of information = tozfyal i 5.

total
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Probability of error is calculated as:

v = Number of simulations in which consensus occurs to wrong hypothesis.

v
total

Probability of error =

Average time to consensus is calculated as:

o0 = Sum of the time to consensus over all simulations.

QW'

Average time to consensus = |
total

The simulations were performed with two Gaussian models. The states for both
models were considered to be 3-dimensional. The parameters defining the systems
under either hypothesis were considered as follows:

—0.5 0 0 0.7 0 0

Al 0 —025 0. A=]0 —04 o0 |

0 0 0.6 0 0 0.35

B'=B?>=13 ¥ =%y, = R, = Ry = 3x1I3. Observer 1 was considered to have

3-dimensional observations. The other parameters which define the observer were

chosen as:
1 35 2 4 6
Cl=12 4 0|, C*=|1 3 0]:
70 0 8 0 0

()1 = @2 = I3. Observer 2 was considered to have 2-dimensional observations. The
other parameters which define the observer were chosen as:
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1 10 1 21
D! = D? —
1 01 01 3
S; =1L, Sy = 2x[,. The number of simulations was varied from 10 to 10*.

The value of information, probability of error and average time to consensus were

calculated in each case and have been tabulated [table 2.3] and [table 2.4].

Number of Simulations || Value of Information || probability of error
10 0.3333 0.00
100 0.3066 0.03
1000 0.2609 0.068
10000 0.2719 0.0616

Table 2.3: Value of information and probability of error for the considered simulation
setup

Number of Simulations || average time to consensus
10 10
100 13
1000 13
10000 12

Table 2.4: Average time to consensus for the considered simulation setup

2.2.5  Conclusion

In this section of the chapter, we considered two collaborating detectors per-
forming sequential hypothesis testing based on observations generated by Gaussian
models. The SPRT is used to solve the hypothesis testing problem. A consensus
algorithm with monotonically changing thresholds is presented. The convergence
of the algorithm is discussed. To understand the value of the 1 bit communication
used to achieve consensus, simulations were performed. It was observed that there
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was a reduction in erroneous detection. For the simulation setup considered, on an
average, 25% of the information exchange resulted in an improved performance; i.e.
the original decision of one or both of the observers was wrong while the consensus

decision was the true hypothesis.
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Chapter 3: Cooperative Binary Hypothesis Testing Using Two Ob-

servers

3.1 Introduction

Hypothesis testing problems arise in various aspects of science and engineering.
The standard version of the problem has been studied extensively in the literature.
The inherent assumption of the standard problem is that even if there are multi-
ple sensors collecting observations, the observations are transmitted to single fusion
center where the observations are used collectively to arrive at the belief of the true
hypothesis. When multiple sensors collect observations, there could be other detec-
tion schemes as well. One possible scheme is that, the sensors could send a summary
of their observations as finite valued messages to a fusion center where the final de-
cision is made. Such schemes are classified as “Decentralized Detection”. One of
the motivations for studying decentralized detection schemes is that, when there are
geographically dispersed sensors, such a scheme could lead to significant reduction
in communication cost without compromising much on the detection performance.

In [19], the binary hypothesis testing problem is considered. The formulation

considers two sensors and the joint distribution of the observations collected by the
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two sensors is known under either hypothesis. The objective is to find a decision pol-
icy for the sensors based on the observations collected at the sensor locally through
a coupled cost function. Under assumptions on the structure of the cost function
and independence of the observations conditioned on the hypothesis, it is shown
that likelihood ratio test is optimal with thresholds based on the decision rule of
the alternate sensor. Conditions under which threshold computations decouple are
also presented. In [20], the authors consider the problem of distributed estimation.
There are multiple agents receiving noisy observations which are functions of ran-
dom vector they want to estimate. Every time an agent receives an observation or
an estimate made by another agent, it updates its own estimate as well. In each
turn, the agents transmits their estimate to a random subset of agents. If each agent
in a communication ring knows that it is a member of the ring, then the estimates
of all the agents in the ring asymptotically agree. The common limit could depend
on the order in which the agents exchange information. In [21], the author consid-
ers the problem of distributed quickest detection with two detectors. The quickest
detection problem is described as follows. There are two possible states of nature,
one of which is the true state of nature. At a random time instant, the true state
of nature changes to other possible state and remains in the new state there after.
The objective of the detectors is to find the time of change as accurately as pos-
sible based on the measurments it alone receives. In [21], stopping time problems
were formulated for each detector with the decision policies being coupled through
a common cost function. It has been shown that for each detector the optimal

strategy is a threshold policy. The thresholds of the detectors are coupled and can
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be determined by the solutions of nonlinear algebraic equations. [22], distrubited
estimation of a random variable is considered. Two agents sequentially revise and
exchange estimates of the same random variable. The two agents might have differ-
ent models of the underlying probability structure. It has been shown that either
the two estimates will converge to the same value or the beliefs of the two agents
are inconsistent. In [23], the M-ary hypothesis testing problem is considered. A
set of sensors collect observations and transmit finite valued messages to the fusion
center. At the fusion center, a hypothesis testing problem is considered to arrive at
the final decision. For the sensors, to decide what messages they should transmit,
the Bayesian and Neyman-Pearson versions of the hypothesis testing problem are
considered. The messages transmitted by the sensors are coupled though a common
cost function. For both versions of the problem, it is shown that if the observa-
tions collected by different sensors conditioned on any hypothesis are independent,
then the sensors should decide their messages based on likelihood ratio test. The
results are extended to the cases when the sensor configuration is a tree and when
the number of sensors is large. In [24], the binary decentralized detection problem
over a wireless sensor network is considered. A network of wireless sensors collect
measurements and send a summary individually to a fusion center. Based on the
information received, the objective of the fusion center is to find the true state of
nature. The objective of the study was to find the structure of an optimal sensor
configuration with the formulation incorporating constraints on the capacity of the
wireless channel over which the sensors are transmitting. For the scenario of detect-

ing deterministic signals in additive Gaussian noise, it is shown that having a set of
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identical binary sensors is asymptotically optimal. Extensions to other observation
distributions are also presented.

We consider the binary hypothesis testing problem. There are two possible
states of nature. There are two observers, Observer 1 and Observer 2. Each observer
collects its individual set of observations. The observations collected by the observers
are statistically related to the true state of nature. After collecting their sets of
observations, the objective of the two observers is to find the true hypothesis and
to agree on their decision as well. The motivation of this chapter is to understand
decentralized detection problem from scratch.

Let us consider the construction of the probability space (Kolmogorov con-
struction) when there is single observer. Let E be an experiment that is performed
repeatedly. Let the outcomes of the experiment be O. The observer observes a
function of the outcome of the experiment, Y = f(O). Let the set of values that
can be observed by the observer be S, i.e., Y € S. Based on a model for the exper-
iment or the data it collects, the observer builds the distribution of its observation.
If S is a finite set, then the distribution will be of the form u(Y = y),y € S. If
S = R, then distribution is of the form pu(Y € U), where U is an open subset of
R. Such a distribution would be possible only if it is possible to assign measures
to all open subsets of R from the model. Given the set S, a semiring F of subsets
of S and a distribution g on F ( p is finitely additive and countably monotone),
by the Caratheodory - Hahn theorem, the Caratheodory measure i1 induced by u,
is an extension of p. Let M be the o algebra of sets which are measurable with

respect to pu* (the outer measure induced by ). The probability space constructed
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by the observer after observing the experiment is (S, M, f1). Suppose each trial of
the experiment is observed over time and multiple observations are collected, then
the observation space is S x T, where T" denotes the instances at which the observa-
tions are collected. If T is finite then the probability space construction can be done
by following the methodology above. If T is a countable or uncountable set, then
the distributions need to satisfy the Kolmogorov Consistency conditions. Further,
the measure obtained by extending the distributions is a measure on the o algebra
generated by the cylindrical subsets of S x T.

Now we consider the scenario where the experiment is observed by two ob-
servers, Observer 1 and Observer 2. Observer 1 observers a function of the out-
come of the experiment, Y = f(O), while Observer 2 observes a different function
Z = g(0) of the outcome of the experiment. Observer 1 (Observer 2) can find the
distribution of its observation Y (Z) form the data or the model. Neither observers
can find the joint distribution of Y, Z as Observer 1 and Observer 2 do not know
Z and Y respectively. Even if both of the observers share the same model for the
experiment, Observer 1 (Observer 2) cannot find the distribution of Z (Y') without
knowing the g (f) function. Hence, without sharing information, the observers can-
not build the joint distribution of the observations. If the joint distribution does not
exist, it is incorrect to state that Y and Z are observations of a common probability
space. To build the joint distribution, the observers could send their observations
or the functions f and ¢ to a central coordinator. If the observers do not exchange
information then they could build their individual probability spaces from their local

observations.
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In our work, we do not assume that the observations of the two observers
belong to the same probability space, as such an assumption implies the existence
of joint distribution of the observations and hence information exchange between the
observers. We emphasize on probability space construction from the data. Another
key motivation is to understand the information exchange between the observers to
perform collaborative detection.

We present four different approaches. In each approach there are two phases:
(a) probability space construction: the true hypothesis is known, observations are
collected to build empirical distributions between hypothesis and the observations;
(b) In the second phase, given a new set of observations, we formulate hypothesis
testing problems for the observers to find their individual beliefs about the true
hypothesis. We discuss consensus algorithms for the observers to agree on their
beliefs about the true hypothesis. In the first approach (standard) the observations
collected by both observers are sent to a central coordinator, the joint distribution
between the observations and hypothesis is built and hypothesis testing is done us-
ing the collective set of observations. It should be noted that the joint distribution
between the observations collected by the observers is found only for the purpose of
comparison between the centralized and decentralized detection schemes. It is not
available to observers for processing any information they receive. In the second
approach, each observer builds its own probability space using local observations.
Hypothesis testing problems are formulated for each observer in their respective
probability spaces. The observers solve the problems to arrive at their beliefs about

the true hypothesis. A consensus algorithm involving exchange of beliefs is pre-
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sented. In the third approach, the observers build aggregated probability spaces by
building joint distributions between their observations and the alternate observer’s
decisions. The decisions transmitted by the observers for probability space con-
struction are the decisions obtained in the second approach. Hypothesis testing
problems are formulated for each observer in their new probability spaces. The
original decision of the observers is a function of their observations alone. The
construction of the aggregated probability space enables an observer to update its
information state based on the accuracy of the alternate observer. Based on the
updated information state the observer updates its belief about the true hypoth-
esis. A modified consensus algorithm is presented where the observers exchange
their decision information twice; the first time they exchange their original beliefs
and the second time time their updated beliefs. In the fourth approach, we assume
that the observations collected by the observers are independent conditioned on the
hypothesis. In such a case the construction of the aggregated sample space can be
skipped. An observer receives the accuracy information (to update its information
state) from the alternate observer. Hence, the observers exchange real valued infor-
mation. In this approach also the observers solve the detection problem twice; once
with information state obtained from the observations alone and the second time
with the information state updated form the accuracy information. The consensus
algorithm involves exchange of (i) original decision (ii) accuracy information (iii)
updated decision.

The contributions of the chapter are: (i) probability space construction in dis-
tributed detection (ii) consensus algorithm involving exchange of binary information
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and its convergence in distributed detection. (iii) comparing the rate of decay of
probability of error in centralized and decentralized approach to detection (iv) con-
sensus algorithm incorporating alternate observer’s accuracy and its convergence in
distributed detection.

In the next section, we present the sample space construction and hypothesis
testing problems for the first two approaches. In section 3.3, we discuss the solution
for the first two approaches and the consensus algorithm for the second approach.
In section 3.4, we compare the rate of decay of probability of error achieved using
the two approaches. The third approach and fourth approaches are studied in detail
in section 3.5. Simulation results have been presented in the section 3.6. The
conclusions are presented in section 3.7. The proof of the main result of the chapter

has been discussed in B.

3.2 Problem formulation

In this section, we discuss the probability space construction and hypothesis

testing problems for the first two approaches.

3.2.1 Assumptions

1. Both the observers operate on the same time scale. Hence their actions are

synchronized.

2. The observations collected by Observer 1 are denoted by Y;, Y; € S; where S; is

a finite set of real numbers or real vectors of finite dimension. The observations
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collected by Observer 2 are denoted by Z;, Z; € Sy, where S; is a finite set of

real numbers or real vectors of finite dimension. Let M = |S;| x |Ss].

3. State of nature is the same for both observers. The two states of nature are

represented by 0 and 1.

The observers collect data strings which are obtained by concatenating the obser-

vations and the true hypothesis.

3.2.2 Centralized approach

In this approach both the observers send the data strings collected by them
to a central coordinator. The central coordinator generates new strings by concate-
nating the observations from Observer 1, observations from Observer 2 and the true
hypothesis. From the data strings, the empirical joint distributions are found. The
joint distribution when the true hypothesis is 0 is denoted by fo(y, z) and when
the true hypothesis is 1 is denoted by fi(y, z). We assume, 0 < Dgr(follf1) < oo,
where D1 (fol|f1) denotes the Kullback Leibler divergence between distributions fo
and f;. The prior distribution of the hypothesis is denoted by p;, for h = 0,1. Let
Q= {0,1} x S1 X S5. w € Q, is given by the triple (h,y,z),h € {0,1},y € S;
and z € Sy. Let F = 29 Since  is finite it suffices to define the measure for
each element in 2. Hence the measure, P is defined as follows: P(w) = pp, fi(y, 2).
The probability space constructed by the central coordinator is (2, F,P). Consider
the case when the central coordinator receives observations which are i.i.d. condi-

tioned on the hypothesis, {Y;, Z;}?;, n € N. In such a case, these observations are
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J; Q;
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Zi—D Observer 2 J (Q’“ "G’Z”‘f P”)

Figure 3.1: Schematic for centralized approach

studied as random variables in the product space. The product space is defined as
(R, F,, B,), where Q, = {0,1} x S} x S, F,, = 2% and P,,(w) = pn [Ty fu(%i, 2)-
The schematic for the centralized approach is shown in figure 3.1. Given an obser-
vation sequence {Y;, Z; = y;, z;}1,, the objective is to find D,, : ST x SF — {0, 1}

such that the following cost is minimized

Ep,[CioH(1 — D,,) + Co1(D,,)(1 — H)J,

where H denotes the hypothesis random variable. The joint probability space is ex-
tended as follows. A sample space consisting of sequences of the form (H, (Y1, Z7), (
Ys, Z5), (Y3, Z3),...) is considered. For n € N, Let B be a subset of ({0,1} x {S; x

{S5}}™). A cylindrical subset of ({0,1} x {S7 x {S2}}) is:

I,(B) = {w € {0,1} x {Sy x {S2}}* : w(1),....w(n + 1)) € B}.
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Let F* be the smallest o algebra generated by all cylindrical subsets of the sample

space. Since the sequence of product measures P, is consistent, i.e.,

Poi1(B xS xS;)=P,(B)YBex!,

by the Kolmogorov extension theorem, there exists a measure P* on ({0, 1} x {S7 x

S9}°°, F*), such that,

P*(I,(B)) = P,(B) ¥ B € 2{01hx{5ixS21"

3.2.3 Decentralized approach

In this approach each observer constructs its own probability space. From the
data strings collected locally, the observers find their respective empirical distribu-
tions. For Observer 1, the distribution of observations when the true hypothesis
is 0 is denoted by fl(y) and when the true hypothesis is 1 is denoted by f](y).
Similarly, Observer 2 finds f3(z) and f7(z). We assume that the prior distribution
of the hypothesis remains the same as in the previous approach. We assume, for

i=1,2,0 < Dgr(f|fi) < co. For consistency we impose:

> faly.2) = fialy), ¥y € S1,h =0, 1.

zE€So

D fuly.z) = fi(2),Vz € Sp,h =0, 1.

YyEST
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Figure 3.2: Schematic for decentralized approach

Based on these distributions, the probability space constructed by Observer 1 is
(QLFLPy). Q = {0,1} x S;, F! = 29" and Py (w) = pnfi(y). As in the previ-
ous approach, when Observer 1 receives observations which are i.i.d. conditioned
on the hypothesis, the observations are treated as random variables in the prod-
uct space (QL,FL PL). For Observer 2 the probability space is (Q2,F?,Py) =
(0,1} x S5, 2% prf2(2)), while the product space is denoted (Q2, F2, P?). Given the
observation sequences {Y; = y;}1_, and {Z; = z;}I", for Observer 1 and Observer 2
respectively, the objective is to find D? : S* — {0, 1} such that following cost is

minimized

Ep: [CioHi(1 — D) + Cpy (D)1 — Hy)l,

where H; denotes the hypothesis random variable for observers in their respective
probability spaces. Since the sequences of product measures ({P%},>;, 1 = 1,2) are
consistent, by the Kolmogorov extension theorem, for i = 1,2, there exists measures

P* on ({0,1} x {S;}*>,F}), where F; is the o algebra generated by cylindrical sets
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Estimate

Figure 3.3: Sufficient Statistic

in ({0,1} x {S;}*), such that,

P:(I:L(B)) = IP)Zn(B) VB¢ 2{071}X{5i}"’

where

I'(B) = {w e {0,1} x {Si}* 3 (w(1),...,w(n+ 1)) € B}.

Thus, the extended probability space at Observer ¢ is ({0,1} x {S;}*, FF, P7).
Consider the scenario where fi,(y,2) = f(y)f?(z), h = 0,1. Consider the
estimation problem, where H is estimated from {(Y1, Z1), ..., (Ys, Zn)}. Let T': ST x
Si— S x {0,1}" be the mapping T(Y1, Z1), ..., (Yo, Zyn) = Y1, D?), ..., (Y,,, D2. We
can consider another Bayesian estimation problem of estimating H from Y, D?), ...,

(Y,, D?). T is a sufficient statistic(figure 3.3) for original estimation problem if and

only if

[T, f7 (=) _ [, f3 (=)
Zz{lesd H?:l f12(zl) Zz{lesd H?:1 f12<zl)

,V Z? € 54,V Sy,

65



where S; is set of sequences in S? which leads to a decision sequence {D? =
di,...D? = d2}. The above condition is very stringent and might not be true
in most cases. Even though the T is not a sufficient statistic, our objective is to
design a consensus algorithm based on just the exchange of decision information.
The advantage of such a scheme is that, the exchange of information is restricted to

1 bit and the observers do not have do any other processing on their observations.

3.3  Solution

We now discuss the solution for the hypothesis testing problems formulated in

the previous sections and the consensus algorithm.

3.3.1 Centralized approach

The problem formulated in section 2.B is the standard Bayesian hypothesis
testing problem. The decision policy is a threshold policy and is function of the

likelihood ratio. The likelihood ratio is defined as, m, = [[._, % Then the

decision is given by

17 lfv T Z Tca
D, =

0, otherwise.

where T, = Coigl(ho'
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3.3.2 Decentralized approach

The information state for the observers is defines as ¢!, = Ep: [H|Z/],7 =
1,2, where Z! denotes the o algebra generated by Yi, ..., Y, and Z? denotes the o

algebra generated by 7y, ..., Z,. The decisions are memoryless functions of ¥ . More

precisely, they are threshold policies. Let m), = [, ﬁgzlg and 72 =[], ﬁg?;
0\J? 0\~

Hence, ¢!, = ]%. For 0 <t; <1, ¢! >t; & nt > Z;ﬁ—’;fi’m. Hence the decision

policy for Observer i can be stated as function of 7/, as:

1, if, ©t > T,

D;, =

0, otherwise.
For an observer, a variable is said to be exogenous random variable if it is not
measurable with respect to the probability space of that observer. When Observer
1 receives the decision of Observer 2 (and vice-versa), it treats that decision as an
exogenous random variable as no statistical information is available about the new
random variable. Based on this 1 bit information exchange we consider a simple

consensus algorithm: Let n =1,
1. Observer 1 collects Y,, while Observer 2 collects Z,,.

2. Based on Y, ..., Y,, D! is computed by Observer 1 while D? is computed by

Observer 2 based on 2y, ..., Z,.

3. If D!} = D? | stop. Else increment n by 1 and return to step 1.
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3.3.3 Convergence to consensus

{4, T! },>1 are martingales in ({0,1} x {S;}>,F#, P;). Hence by Doob’s the-

i

orem [11], it follows that

lim ¢, = H;, P} a.s.

n—o0

Hence there exist integers N(w') such that D! = H; V n > N(w'), w' € {0,1} x
{S;}*°. The result can be interpreted as follows: For observer i, for any sample path
(or any sequence of observations),w’, there exists a finite natural number N(w?)
such that the decision after collecting N (w') observations or more will be the true
hypothesis. Hence, after both observers collect max(N (w!), N(w?)) number of sam-
ples, both their decisions will be the true hypothesis. Hence convergence of the
consensus algorithm is guaranteed. Figure 3.2 depicts the scenario where consensus

occurs at stage n.

3.4 Comparison of error rates

In this section we study the rate at which probability of error decays as more

observations are collected. We compare the rates achieved using the two approaches.

68



3.4.1 Centralized approach

In this subsection we define probability of error and its optimal rate of decay

for the centralized approach. Let,

A, ={(;,Z), € S} x S} 5 D, =1},

ki = P (A, H = 0),&, = P, (AS|H = 1).

Then, probability of error 7, is

Tn = Pn(Dn 7é H) = Pokn +p1£n-

The optimal rate of decay of probability of error for the centralized approach is

defined as,

1
R = lim — —log, ( min fyn)

n—00 n AnCSTx ST
We define the following distributions which will help us characterize R,

(fh(yu Z))li‘rh (fl—h(ya Z))Th
2y (s 2) 7 (fron(y, 2))™

Q! (y,2) =

Then,

R; = max min [Dgr(Q)|fo), Dr(Qr11f1)] -

70,7120
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3.4.2 Decentralized Approach

To compare the rate of decay of the probability of error in the second approach
to that in the first approach, we consider that in the second approach there is a

hypothetical central coordinator where the joint distribution was built. Let,

B ={(Y;,Z), € S} x Sy > D! =1and D? = 1}. (3.3)
B2 ={(Y;, Z), € S} x Sy > D} =0and D? = 0}. (3.4)

fin =P, (B H =0),v, =P, (B}|H = 1).

For the probability space (€,,F,,P,), the algebra F,, contains all possible subsets
of the product space. Hence B! and B! are measurable sets. Note that, the decision
regions B! and B2 depend on thresholds 77 and T; respectively. Hence by changing
the thresholds different decision regions can be generated. Given a fixed number
of samples, n, to both the observers, let D! and D? denote their decisions. The

probability that the two observers agree on the wrong belief is, p,,

Pn = ]Pn(Dc 7& H) = Poln +p1Vna

where D, = D! = D2?. The rate of decay of probability of agreement on wrong

belief for the decentralized approach is defined as:

n—o0

1
R;= lim — - logy (pn) -
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The optimal rate of decay of probability of agreement on wrong belief for the de-

centralized approach is defined by optimizing over thresholds:

R; = lim — — log2 ( min pn> .

n—o BY,B2CS) xSy

Define, the following probability distributions: for h = 0, 1,

Enfuly, 2)(fo ()" (f3 (2 ))S(h
@)\h Uh(ya ) (fll(y))s(h ( ( ))5 7
th (yfo)g?h)))%( (<f))£<h)>ah ) (3.5)

where s(h) =1if h =1 and s(h) = —1 if h = 0. Then,

Ry = max  min [Dgz(QY, 41 /o) Drr(Qy, 0, 11/1)] - (3.6)

Ar20,05,>0,h=0,1

Further, if fo(y, z) = fo(¥)./5(2) and fi(y, 2) = fi(y)fi(2), then

Ry > R, (3.7)

For the proof of equations (3.1),(3.2),(3.5),(3.6) and the above result, (3.7), we refer

to the appendix.

3.4.3 Probability of error

First, we note that the number of samples collected by the two observers before
they stop is random. Let the random number of samples collected by the observers
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before they stop be 74. 74 is a stopping time of the filtration generated by the se-
quence, {Y,,, Z, }nen, and hence is random variable in the extended joint probability
space,({0,1} x {S1 x S}, F*,P*). Let D,, denote the decision at consensus. We
note that D, is also a random variable in the extended joint probability space.

Then the probability of error for the consensus scheme is:

P*(D., # H) =Y P*(D,, # H)N7g=n)

n=1

=Y P (({D} # D35 N (DL = D) N (D) # H))

=Y "P.(({D} # D} N (Dy = D) N (D) # H))
n=1
o0 0o 1

The first equality follows from the law of total probability. The second equal-
ity follows from the stopping rule of the consensus algorithm. Let B = {{h} x
(yi, z)7-, € {0,1} x S x S¥ > {d} # d&?}'=',d. = d> # h}. w such that
{D}(w) # D?(w)}!=}, D} (w) = D*(w) # H} are the set of sequences for which
{(H,(Y;, Z;)"_,)} € B which corresponds to cylindrical set with, B, B € {0,1} x
ST x S%. Hence the third equality follows. The usefulness of the approximate upper
bound for the probability of error depends on R;. By choosing different values for
the thresholds, 77 and T, different values of R4 can be obtained. Hence the upper
bound is function of the thresholds. Given the distributions under either hypothe-

ses and the thresholds for the observers, it is difficult to numerically compute the

probability of error (given by the first equality above) as it requires an exhaustive
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search over the observation space for high values of n. We estimate the probability
of error empirically using simulations and the results have been presented in section
3.6.

The result of equation (3.7) can be interpreted as follows: Given a fixed number
of samples n, the minimum probability of error achieved in the centralized approach
is approximately 2 "%, Given the same number of samples for the decentralized
approach, the minimum probability that the observers agree and are wrong is 27"%a.
Hence the above result implies that, for sufficiently large n, the minimum probability
of the observers agreeing and being wrong in the decentralized approach is upper
bounded by the minimum probability of error in the centralized approach. The result
can be understood heuristically as follows: The observation space after collecting
n observations is Y x Z™. In the centralized approach, the observation space is
divided into two regions, one where decision is 1 (A,) and the other is where the
decision is 0 (AS)(figure 3.4a). In the decentralized approach, the observation space
is divided into four regions (figure 3.4b): (1) Decision of Observer 1 is 1 and Decision
of Observer 2 is 1 (B}) (2) Decision of observer 1 is 0 and Decision of observer 2
is 0. (B2) (3) Decision of observer 1 is 0 and Decision of observer 2 is 1 (B2) (4)
Decision of Observer 1 is 1 and Decision of observer 2 is 0 (B2). The observers can
be wrong only in regions B! and B2 depending on the true hypothesis. Since the
measure of regions B! and B2 are likely going to be less than the measure of the
regions A, or AS the probability of the observers agreeing and being wrong in the
second approach is going to be likely less than the probability of error of the central

coordinator.
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(a) (b)

Figure 3.4: Observation space divided in to (a) two regions (b) four regions
Remark 1. The consensus algorithm presented in section 3.3.3 translates to con-
sidering sets of the form {(Y;, Z), € St x Sy > {D} # D?}-!, D} = D? = 1}
and {(Y;, Z;)*, € S x S» > {D} # D?}'-!' D! = D2 = 0} in section 3.4.2. It
15 essential that these sets can equivalently captured by a set of distributions in the
probability simplex in RISl for computation of the rates as done in section Ap-
pendix B. Since these sets cannot be equivalently captured by a set of distributions,
we consider a superset of the sets described in (3.3) and (3.4). Thus we are able to

only obtain an upper bound for the probability of error in section 3.4.35.

Remark 2. Since the two observers are operating on different probability spaces,
when Observer 1 (Observer 2) receives D> (D} ) information it treats it as an exoge-
nous random variable as D* (D} ) is not measurable with respect its own probability
space. Since it does not posses any statistical knowledge about the information it
receives, it cannot process it and just treats it as a “number”. in the next section
we discuss an approach where the observers build aggregated probability spaces by

empirically building the statistical knowledge.

Remark 3. There could be other possible schemes for decentralized detection. For
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example each observer could individually solve a stopping time problem. The times
at which they stop are a functions of the probability of error they want to achieve.
Hence the observers stop at random times and send their decision information when
they stop. The same consensus protocol could be used, i.e., the observers stop only
when they both arrive at the same decision. In this scheme the probability of error
of the decentralized scheme is upper bounded by the max of the probability of error

of the individual observers.

3.5 Alternative decentralized approach

In the previous section, the decision from the alternate observer was considered
as an exogenous random variable by the original observer. In this section we propose
a scheme where the observers build joint distributions between their own observa-
tions and the decision they receive from the alternate observer. The assumptions

mentioned in section 3.2.1 are retained.

3.5.1 Probability space construction

The probability space construction for Observer 1 is described as follows: Ob-
server 1 collects strings of finite length: [H,Y;, D% Y,, D3, ..., Y,,, D?], where Y,, € S;
and D? is the decision of Observer 2, after repeating the hypothesis testing problem
n times. This is done by Observer 1 for every n € N. Yi,....,Y,, are assumed to
be i.i.d. conditioned on the hypothesis and hence can be interpreted in the prod-

uct space described before (section 3.2.3). The decisions, D%, ..., D? are obtained
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by Observer 2 using the decision policy described in section 3.3.2. Since 7! are
controlled Markov chains, D! are correlated. From the data strings, Observer 1
finds the empirical joint distribution of {H,{Y;, D?}",} denoted as P;,. Hence,
Observer 1 builds a family of joint distributions, {P1,}.>1. We assume that the

family of distributions is consistent:

Prn1(B x Sy x {0,1}) = Py ,(B) ¥V B € 2{0x S0,

Let B belong to 2{01>{Sx{01H" * Then a cylindrical subset of ({0,1} x {S; x

{0,1}}°°) is:

INB) = {w € {0,1} x {S1 x {0,131 : (w(1), ..., w(n+1)) € B}

Let F; be the smallest ¢ algebra such that it contains all cylindrical sets, i.e., for

all n and all B. By the Kolmogorov extension theorem there exists a measure P; on

({0,1} x {S; x{0,1}}*, Fy) such that,

PUIA(B))) = Pra(B) ¥ B € 20450,

where, I'(B) is defined as above. Thus, two aggregated probability spaces are
constructed. For Observer 1, (Qy, Fy,P;) is constructed where Q; = {0,1} x {S; x
{0,1}}%°. For Observer 2, (Qq, F2,P,) is constructed where Qy = {0,1} x {Sy x
{0,1}}°. The sequence of measures {P; ,, }n>1 is function of the thresholds 77 and

T5. Thus, when the thresholds for the decentralized scheme in 3.3.2 change, the
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probability space constructed as above also changes.

3.5.2 Discussion

We consider the sample space constructed for observer 1. Let n be a natural
number. The observation space at sample n is ST x S&'. Two sequences {y;, z; }i="
n n

and {y;, z; }'=7 are said to be related,i.e., {y;, 2} =7 ~ {yi, zi} 20 if {z}Z7 and

{z:}=7 lead to the same decision sequence, {d?}"_,. The relation ' ~/ is:

i=n

o reflexive: {y;, z; 1= ~ {y;, 2 =7,
o symmetric: {y;, 2 }=t ~ {yi, 22t = {vi, 2120 ~ {u, z FET

o transitive: {y;, 2 }:=0 ~ {yi, Zi}=0, v, 242y ~ {yi, 212 = {yi, b2 ~
{yi, 2} i=1.

Hence ' ~' is a equivalence relation. Let E, = S} x S5/ ~ be the collection of

equivalent classes, i.e., collection of classes where each class contains all sequences
which are equivalent to each other. E, = {{0,1} x C,C € E,}, E, is the collection
of classes obtained by taking the Cartesian product of {0, 1} and classes in E,,. Let
Y1 be the o algebra generated by the classes in E,. X! is obtained by taking finite
unions of classes in E,. For Observer 2, a similar equivalence relation can be defined
and X2 can be found. Let E, be the set of all sequences of the forms (0, {y;, d2}=")
and (1, {y;, d?}i="). Since each class in E,, corresponds to a unique sequence from
En, there is an injection ¢, from F, on to E,. The mapping need not be surjective

as some decision sequences need not be observed. The measure on (FE,,X!) can be
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defined as,

From the consistency of P!, it follows that

Prns1(B xSy x Sy) =P1,(B)Y BeX!.

Let B belong to 1. Then a cylindrical subset of ({0,1} x {S; x Sy}*°) is:

I(B) = {w € {0,1} x {S1 x S}* : (w(1), ...,w(n+1)) € B}

Let GGy be the smallest ¢ algebra such that it contains all cylindrical sets, i.e., for

all n and all B. By the Kolmogorov extension theorem there exists a measure P; on

({0,1} x {S; x S2}*°,Gy) such that,
Pi(I,(B)) =P1.(B)V B € X,
where,

L(B) = {w € {0,1} x {S1 x $}* : (w(1),...,w(n+ 1)) € B}.

Let G5 be the smallest o algebra which contains all the cylindrical sets constructed

from {32}°°,. For Observer 2, the probability space constructed is ({0,1} x {S; X
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Sa}o°, G2,732), where P, is the measure obtained from Kolmogorov extension theo-
rem. Now let us consider the central coordinator (mentioned in section I1.B). We
recall that F* is the smallest o algebra which contains all the cylindrical sets con-
structed from {2{011xS1x551%0 and the extended probability space associated with
central coordinator is ({0, 1} x {S7 x Sy} F* P*).

First, we note that the sample space for the two observers and the central
coordinator are the same. The associated o algebra’s are different. If |Si| > 2 and
|Sy| > 2, then, for all n, ¥}, %2 ¢ {2{01x51x3 %0 Hence the set of all cylindrical
subsets for Observer 1 (and Observer 2) is a strict subset of the set of all cylindrical
subsets for the central coordinator, which implies that G; C G3 and Gy C Gj.

Suppose {yi, 2 }=7 ~ {yi, z: }'=1, then the cylindrical set,

Co = {w € {0, 1} x {81 x 82} (w(1), ... w(n + 1)) = (0, {i, 5 }i=0)}

belongs to G, but does not belong to Gy. Suppose X1 = {{y;, 5} 270} : {ys, 2 Y2 ~

{yi, z: }:=%. Then, the cylindrical set,

Cy={we {0,1} x {81 x $3}> : (w(1),...,w(n+1)) € {0} x X1} € G4

C, cannot be obtained from C, as set Xi\{vi, 2} =0 € 1. Hence Gy C G3. By
similar arguments we can prove that G5 C 3. Thus, in the approach mentioned in
section 3.5.1, probability measure is not assigned to every subset of the observation

space, but is assigned to those subsets which correspond to an observable outcome.
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The same concept has been emphasized in [25], i.e., models often require coarse
event sigma algebra. Through examples, it is shown that in certain experiments it

might not be possible to assign measure to Borel sigma algebra.

3.5.3 Decision scheme

Based on the new probability space constructed, the observers could find a
new pair of decisions. Given the observation sequences {Y; = y;, D? = d?}"_, and

{Z; = 2, D} = d}}", for Observer 1 and Observer 2 respectively, the objective is

to find OF : {S; x {0,1}}" — {0, 1} such that following cost is minimized
Ep,[CloHi(1 — O,) + Ciy (0;)(1 — H;)].
To solve the problem for Observer 1, we define a new set of filters as:

O‘% = E7’1[H1|}/1’D%]’ O‘}z = EP1[H1|{Y;"DZ‘2 ;‘1:1]'
ol = Pl(D% = dﬂyl =1y, Hy = 1)771(5/1 =y, H = 1)
' Zz‘:ogpl(D%:dﬂYl =y, H, = 1)
Pi(Yr =y, Hy = 1)

W
(1 =Bt + Bt

where,

g _ P(DE = Y =y Hy = 0)
T P(DE = B = g i = 1)
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1
The decision by Observer 1 after finding af is O = 1 if af > T3 = 01(}% else
01 10
O7 = 0. Oj is sent to Observer 2 which treats it as an exogenous random variable.
O? is found by Observer 2 and sent to Observer 1 which treats it as an exogenous

1
V) 7 Consider the case where

random variable. Suppose 37 = 1+, then af = T
1

D? =0and D} = 1. If 82 > 1, i.e., z > 0, then af < 9], ai could be less than the
threshold, which implies Of = 0. If O = 0 then consensus is achieved. If 37 < 1,
ie., * < 0, then a} > 7}, al remains greater than the threshold, which implies

Of = 1. Hence /37 could be interpreted as an estimate of the accuracy of Observer

2 by Observer 1.For any n,

D} = d; )2 Hy = 1)a,

n—1

041:

" ijo,l Pl(Yn = YUn, D?@ = d%‘{yz‘ = Yi,
D} = dz}io Hy = j)[Lmiog g + Limo(1 — ag_y))]

=1

and the decision policy is:

1, if, ol > T3,
O} = "

0, otherwise.

Using a similar procedure, {a2},>; can be defined and {O?},>; can be found by

Observer 2. The consensus algorithm can be modified as follows. Let n =1,
1. Observer 1 collects Y,, while Observer 2 collects Z,,.

2. Based on Y, 7! | D! is computed by Observer 1 while D? is computed by

Observer 2 based on Z,, 72_;.
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Figure 3.5: Schematic for decentralized approach with new probability space

3. If D} = D? | stop. Else O] is computed by Observer 1 using o} |, {Y;, D},

and O? is computed by Observer 2 using o _,,{Z;, D}}™,.
4. If O} = O, stop. Else increment n by 1 and return to step 1.

Figure 3.5 captures this approach. Even though the two observers do not share a
common probability space, to compare the probability error we consider the same

joint distribution as the centralized scenario. The probability of error is given by:

Pe,n = Z fO(y7 Z)+

{y™,2"3(a, 2T5 N a2 >Tu)}

Z fl(yaz)y

{y™,z"3(al<T3 N a2 <T4)}

where T = #&C& In this scenario, it is difficult to characterize the error rate.
In the previous section the method of types was used to find the error rate. The
sets used to characterize the error rate would now depend on the decision sequence
from the alternate observer. For a particular type, there could be multiple decision
sequences. Hence, the same approach cannot be extended. The convergence of the

above consensus algorithm follows from the convergence of the consensus algorithm
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mentioned in the previous section, 3.3.3. The advantage of this algorithm is that
it has faster rate of convergence due to step 4 of the consensus algorithm. The
drawback of the above mentioned scheme (i.e., the third approach) is the construc-
tion of the aggregated probability space. Finding the collection of distributions,
{Pin}tn>1,7 = 1,2, might be expensive. In such a scenario, an alternate approach
would be the following: The probability space construction can be done by finding
the joint distribution of the observations. Hence both observers will have the same
probability space. The hypothesis testing can be done in a decentralized manner.
The same approach can be used, if instead of empirically finding {P; , }n>1,7 = 1,2,

they are computed from the joint distribution.

3.5.4 Alternative decentralized approach with greater than 1 bit ex-
change

Suppose for Observer 1 the observations collected are independent of the de-

cisions received from Observer 2 conditioned on either hypothesis, i.e., for j =0, 1,

Pi{Yi = yi, D} = &2} |Hy = j) =
Pl({Yi = yi}?:l‘Hl = j)Pl({Dz'Q = d? ?zl‘Hl = j>

= LI B1(Yi = wil Hy = j)| Pi({D} = &7}i1| Hy = j).
=1
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Similarly for Observer 2, for j =0, 1,

Po({Z;i = 2, Dj = d; }i_y | Hy = j) =

H]Pz(Zi = Zi’H2 = j) 7)2({D1 = dl 1‘H2 - J)

A sufficient condition for the above is that under either hypothesis the observations
collected by Observer 1 and Observer 2 are independent. The ol computation can

be simplified as:

T, Pu(Yi =y Hy = 1))]
ol = Pl({D2 d2 i- 1|H1 = 1)]71
" E] Ol[Hz 1P1< _yZ’Hl—])]
PI({DQ d2 i Hi = j)p;
Pl( = yn|Hl = 1)731(D2 = d2|
B {D? = a2} Hy = 1)al
Yo Pi(Yy = ylH, _3)7?1(02 — 2|{D? =
A3 Hy = j)[Ljmaeg g + Li—o(1 — )]
Py (Y, = yu|H, = 1) 111 1
T Pi(Y = yulH = Dal_ i+
Py (Y =yl Hy = 0)(1 - a},_,)82

Hence, the main component needed for the computation is

Pu(D; = dy[{D} = d}}i), Hy = 0)

2
T PuD2 = {DF = @Y~ 1)

Since the distributions where found statistically, 32 can be approximated by

— n 1
E Egi ;lz:gz Zz{" " ? ;, which can be computed by Observer 2 from the product
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probability space created by it.

Py(D? = 1) = Z Z Py(Z1 = 21|Hy = j)p;

{7=0,1}{z1€82:12>T»}

PYD;=1,D3=1)= > >

{7=0,1}{z1 €S2:72>T5}

> Po(Z = m|Hy = j)Pa(Z1 = 1| Hy = j)p;

{z2 652:71'3 >To}

For any n, given {D? = d?}"_,,

PP =)= Y >

{7=0,1}{z 652:10@21(Tr%ZTz)+1d%:0(7T%<T2)}

2.

{m2€82:1 5 (M32T2)+12_o(n3<T2)}

n

Z HPQ(Zi:Zi‘HQZj) Dj

{zn€S2:1 2 (7E2>T2)+1 2 _ (72 <T2)} Li=1
n n

Using the above joint distributions, {2},>; can be computed. Similarly {3}},>1
can be computed by Observer 1. From the above discussion, we propose a modified
scheme for detection using two observers: Following the steps discussed in section
3.2.3, each observer constructs its own collection of product spaces,{(Q2¢, F., P! )},>;.

Then the following algorithm is executed: Let n =1,
1. Observer 1 collects Y,, while Observer 2 collects Z,,.

2. Based on Y,,, 7} |, !l is found by Observer 1. Using 7}, D! is found by

n—1 n

2 .

Observer 1. Based on Z,, 72_,, is found by Observer 2. Using 72, D?

’Vl
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Figure 3.6: Schematic for decentralized approach, > 1 bit exchange

found by Observer 2.

. The observers exchange their decisions. D! is treated as an exogenous random
variable by Observer 2 while D? is treated as an exogenous random variable by
Observer 1. If D! = D?, then stop. Else 3! is sent by Observer 1 to Observer

2 while 32 is sent by Observer 2 to Observer 1.

. Using Y,,, ] _; and 82, o}, is computed by Observer 1 while using Z,,, a2 _; and

! a2 is computed by Observer 2. Using o}, O} is computed by Observer 1

n’ n

while using a2, O? is computed by Observer 2.

. The observers exchange their new decisions. O} is treated as an exogenous
random variable by Observer 2 while O? is treated as an exogenous random
variable by Observer 1. If O} = O2? then stop. Else increment n by 1 and

return to step 1.

Figure 3.6 captures the above modified algorithm. The advantage of this scheme is

that the construction of the aggregated probability space is not needed. The scheme

can be executed even when conditions on the joint distribution of the observations
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and decisions from the alternate observer do not hold, though it might not be useful.

3.6  Simulation results

Simulations were performed to evaluate the performance of the algorithms.
The setting is described as follows. The cardinality of the sets of observations col-
lected by observer 1 and 2 are 3 and 4 respectively. The joint distribution of the
observations under either hypothesis is given in table 3.1. Note that under either

hypothesis, the observations received by the two observers are independent. The

foly,2) || Z=1||Z=2|Z=3| Z=4
Y=11] 002 0.05 0.07 0.06
Y =2 0.03 0.075 || 0.105 0.09
Y =3 0.05 0.125 || 0.175 0.15
fily,z) | Z=1|Z=2|Z=3|Z=4
Y =1 0.18 0.135 0.09 0.045
Y =2 0.1 0.075 0.05 0.025
Y=31] 012 0.09 0.06 0.03

Table 3.1: Joint distribution of observations under either hypothesis

prior distribution of the hypothesis was considered to be py = 0.4 and p; = 0.6.
Dxr(f1llfo) = 0.7986 and Dgr(fol|f1) = 0.7057. The empirical probability of error
achieved by using the centralized scheme as n increases has been plotted in figure
3.7 (Algo-1). The empirical probability of the observers agreeing on the wrong belief
conditioned on the observers agreeing in the decentralized scheme(3.3.2) has been
plotted in figure 3.7(Algo-2). In order to construct the aggregated sample space,
the joint distribution of the observations and decision was found by the frequentist

approach. 2 x 107 samples were used to construct the aggregated sample space.
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The empirical probability of error achieved by the centralized sequential hypothesis
testing scheme (using sequential probability ratio test), by the decentralized scheme
in section 3.3.2, by the decentralized scheme in section 3.5.3, by the decentralized
scheme in section 3.5.4 has been plotted against the expected stopping time in figure
3.8, Algo-1, Algo-2, Algo-3, and Algo-4 respectively. It is clear that the centralized
sequential scheme performs the best among the four schemes. 13 aggregated proba-
bility sample spaces ware constructed by varying 77 and T5,. The pairs of 77 and T,
which were considered are {(1,1),(2,3),(3,2),....(n, ), (,n),....(7,2), (3,7)}. By
varying Tsand T, and choosing the best pair of expected stopping time and prob-
ability of error, the graphs Algo-3 and Algo-4 were obtained in Figure 3.8. The
construction of the aggregated probability space (3.5.1) is helpful as for given ex-
pected stopping time the probability of error achieved by the second decentralized
scheme(3.5.3) is lower than the probability of error achieved by the first decentralized
scheme (3.3.2). As discussed in section 3.5.4, the performance of the decentralized
scheme with greater than 1 bit exchange (figure 3.8, Algo-4) is similar to that of
the decentralized scheme with the construction of the aggregated probability space
(figure 3.8, Algo-3) as observations received by the observers are independent condi-
tioned on the hypothesis. Thus there is a trade off between the following:(i) repeated
exchange of observations for finding the joint distribution and better performance
(than distributed schemes) in hypothesis testing problem:;(ii) exchange of real valued
information only during hypothesis testing and lower performance (than centralized
scheme) in hypothesis testing problem. Consider the scenario where both the ob-

servers know the joint distribution of the observations. When observer 1 needs
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Figure 3.7: Probability of error / conditional probability of agreement on wrong
belief vs number of samples

to compute «l, it needs to find the conditional probability of receiving Y, = y,
and D? = d? given its own past observations Yi,...,Y,_; and the past decisions
it receives from observer 2 D? ... D? . This computation can be carried out in
more than two ways. The first approach would be to search over the observation
space, Y™ x Z" for sequences which lead to observed observation and decision pairs
(Y1, D?),...,(Y,, D?)) and then use the joint distribution with the appropriate se-
quences to find the conditional probability. This is not an efficient approach as
computation time increases exponentially with increase in number of samples. An
alternate approach would be store the sequences found at stage n and then use them
to find the sequences at stage n + 1. In this approach the memory used for storage
increases exponentially. Hence even upon knowing the joint distribution of the ob-
servations, the computation of ) is intensive. For the fourth approach, Observer
i needs to compute 3% which requires the joint distribution of the Di, ..., D! and
H. Again, each observer needs to search over its observation space for finding the

observation sequences which lead to that particular decision sequence. Since this

approach is computationally intensive, the joint distribution of the decisions was

89



0.3
\ Algo-1
Algo-2
0.25 Algo-3 | |
) Algo-4
5 o0z} \\\
s © N
5 e e
= \\\t \___\
£ 0.15 N T
= By e
s \ T
= e g
o g4 e TR Breamn
T i
e = ~
0.05 = o 3
o
1 2 3 4 5 & T 8 9

Expected stopping time

Figure 3.8: Probability of error vs expected stopping time

estimated by the frequentist approach. For each observer, 2 x 27 = 256 decision
sequences are possible. From 2 x 107 samples, the joint distribution of the deci-
sion sequence and hypothesis is estimated. We considered another setup, where the
cardinality of the sets of observations collected by observers 1 and 2 are 2 and 3
respectively. The joint distribution of the observations under either hypothesis is
given in table 3.2. Under either hypothesis, the observations received by the two

observers are not independent. The prior distribution of the hypothesis was consid-

foly,2) (| Z=1|Z=2|Z=3 || fily,2) || Z=1|Z=2|Z=3
Y =1 0.1 0.15 0.2 Y =1 0.15 0.15 0.25
Y =2 0.15 0.2 0.2 Y =2 0.18 0.14 0.13

Table 3.2: Joint distribution of observations under either hypothesis

ered to be py = 0.4 and p; = 0.6. D (f1]|fo) = 0.0627 and D1 (fol|f1) = 0.0649.
The empirical probability of error achieved by using the centralized scheme as n
increases has been plotted in figure 3.9 (Algo-1). The empirical probability of the
observers agreeing on the wrong belief conditioned on the observers agreeing in the
decentralized scheme has been plotted in figure 3.9 (Algo-2). 2 x 107 samples were

used to construct the aggregated probability space, while the maximum number
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Figure 3.9: Probability of error / conditional probability of agreement on wrong
belief vs number of samples

of possible sequences is 2 x 27 x 37 = 559872. The empirical probability of error
achieved by the centralized sequential hypothesis testing scheme (using sequential
probability ratio test), by the decentralized scheme in section 3.3.2, by the decentral-
ized scheme in section 3.5.3, by the decentralized scheme in section 3.5.4 has been
plotted against the expected stopping time in figure 3.10, Algo-1, Algo-2, Algo-3,
and Algo-4 respectively. There is a significant difference between performance of the
centralized and the decentralized schemes. One possible reason is that the marginal
distributions are closer, i.e., Dgr(fi||f3) = 0.0290 and D (f2||f2) = 0.0244. The
performance of the first decentralized scheme ( 3.3.2) and the second decentralized
scheme are almost similar. Hence the construction of the aggregated probability

space is not helpful in this example.

3.7 Conclusion

In this chapter, we considered the problem of collaborative binary hypothesis

testing. We considered different approaches to solve the problem with emphasis on
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Figure 3.10: Probability of error vs expected stopping time

probability space construction and the information exchanged for the construction.
The first approach was the centralized scheme. In second approach, we presented a
decentralized scheme with exchange of decision information. It was shown that, if the
observation collected by Observer 1 was independent of the observation collected by
Observer 2 conditioned on either hypothesis then the rate of decay of the probability
of agreement on the wrong belief in decentralized scheme is lower bounded by rate of
decay of probability of error in the centralized scheme. The third approach included
construction of aggregated probability spaces and a decentralized detection scheme
similar to the second approach. However, the construction of the new probability
space could be costly. We presented an alternate scheme where the construction
of the bigger probability space could be avoided. Simulation results comparing the
different approaches were presented. For the simulation setup considered, it was
observed that the centralized sequential solution achieves lower probability of error

for the same stopping time than the decentralized sequential scheme.
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Chapter 4: Order Effects of Measurements in Multi-Agent Hypoth-

esis Testing

4.1 Introduction

As discussed in the previous chapter, the joint distribution of measurements
collected by agents in a multi-agent system might not be always available. When a
probability space is to be constructed for an agent in the multi-agent system, the
first step would be to enumerate the list of events / propositions that the agent can
verify. We recall that in Kolomogorov’s axioms for classical probability, it is assumed
the set of events ( assocciated with subsets of sets ) form a Boolean algebra, a very
specific algebraic structure. Before we construct a classical probability space for a
agent, we would first have to verify that the set of events indeed form a Boolean
algebra. Our hypothesis is that the algebraic structure of the set events need not
be a Boolean algebra, it can be an orthomodular ortholattice. We present an exam-
ple from multi-agent decision making supporting our hypothesis. This hypothesis
is motivated from the observation that for an agent there could exist propositions
which are not “simultaneously verifiable” by the agent. Such events exist in quan-

tum mechanical systems, which leads to the set of events forming an orthomodular
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ortholattice. The algebraic structure of the set of events in quantum mechanical
systems have been well investigated in literature. One of the earliest papers in this
direction, is [26]. More recently, in [27] the author argues that quantum logic is
a fragment of independent friendly logic. Noncommuting observables are assumed
to be mutually dependent variables. Independent friendly logic allows all possi-
ble patterns of dependence/ independence to be expressed among variables, which
is not possible in first order logic. Independent friendly logic violates the law of
excluded middle ( every proposition, either its positive or negative form is true).
This violation stems from the fact that truth value for propositions is assigned by
finding winning strategy for a player in a suitable game. In [27], the author argues
that one can a find a suitably analogy between quantum logic and an extension of
independent friendly logic.

In this chapter, we adopt the methodology developed in [28]. In the next
section, section 4.2, we present the methodology from [28] which we can used to
investigate the structure of the set of events. In section 4.3, we discuss a specific
example from multi-agent decision making supporting our hypothesis. In section
4.4, we discuss hypothesis testing problem in a non commutative probability space,

the probability space from von Neumann Hilbert space model.

4.2 Algebraic structure of the set of events

In the following section we introduce some definitions and identities from

propositional calculus that have been mentioned in the literature, for e.g., [26].
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We have mentioned them to keep this thesis self contained.

4.2.1 Introduction to propositional calculus

Let [E be an experiment. Let B be the set of experimentally verifiable propo-
sitions, i.e., propositions to which we can assign truth value based on the outcome
of the experiment E.

Ezample 4.1 [29]. Let the experiment E be ‘observing the environment (surround-
ings)’. Suppose the set of propositions is B ={it is raining, it is snowing, it is warm,
it is cold, the sun is shining, it is not raining, it is not snowing, it is not warm, it is
not cold, the sun is not shining}. By performing the experiment(i.e., by observing
the surroundings) one can assign truth value to each proposition, i.e., each propo-
sition is either true or false. On the domain of propositions, we are given the the

relation of implication(<) which satisfies the following properties:
e reflexive: for any proposition p; € B, p; < py,

e transitive: for propositions pq, ps and p3 belonging to B, if p; < py and py < ps,

then p; < ps.

In example 4.1, ‘it is warm ’< ‘it is not snowing’, ‘it is raining’ < ‘it is not shining’
and, ‘it is cold” < ‘it is snowing’( this implication need not be true always). We can
define the relation of cotestable on the set of propositions as follows: two propositions
are cotestable if and only if they can be assigned truth values simultaneously. This
relation is reflexive, symmetric but is not transitive. When we verify the relation
of implication between two propositions p; and p,, we are simultaneously assigning
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truth value to both the propositions, i.e., we are assuming that the propositions are
cotestable. If we impose the condition that the relation of implication between two
propositions can be verified only when the propositions are co-testable, we loose the
transitivity property of the relation of implication. The concept of simultaneous
testability was introduced in [29].

The domain B and the relation implication , L = (B, <) form a partially ordered
set(POSET). The transitivity property of the relation of implication is essential for
the construction of the partially ordered set. Hence we assume all propositions are
simultaneously verifiable. We assume that the domain B includes the identically
true proposition, denoted by 1, and the identically false proposition, denoted by 0.
Both L = (B, <) and L = (B = BU{0, 1}, <) are partially ordered sets. Using the

relation of implication, we can define operations on the set B.

Definition 4.2.1. Let L = (B, <) be a POSET. A proposition p € B is said to be
the conjunction (greatest lower bound or “meet”) of propositions p1 € B and py € B
if p < p1, p < po, and, for any other proposition q € B such that ¢ < p; and q < ps,

q < p. The conjunction of p1 and py is denoted by py A ps.

Definition 4.2.2. Let L = (B, <) be a POSET. A proposition p € B is said to be
the disjunction (least upper bound or “join”) of propositions py € B and py € B if
p1 < p, p2 < p, and, for any other proposition q € B such that py < q and py < q,

p < q. The disjunction of p1 and po is denoted by pi V po.

Definition 4.2.3. Let L = (B, <) be a POSET. A proposition p € B is said to be
logically equivalent to proposition q € B if p < q and q < p.
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In the example, the meet and join of the propositions are not included in B. We

obtain the set B, by taking the closure of the set B with respect to the conjunction

and disjunction operations. L = (B, <) is also a partially ordered set.

Definition 4.2.4. Let L = (B, <) be a POSET with with 1and 0. A mapping ' :
B — B is an orthocomplementation,(denoted by ') provided it satisfies the following

identities: for p,p1, and ps € B,

1 () =p,

2.pAp =0andpVyp =1,

8. p1 < pa implies py < pl.
If " : B — B is an orthocomplementation, the relation of orthogonality(L ) is defined
as p1 L py if and only if p; < ph.

The relation of orthogonality is not reflexive or transitive. From identity [3], it
follows that the relation is indeed symmetric. From the definitions of the conjunction
operator, disjunction operator and the identities, [1], [2], and [3], the following result

can be proven,

4. (prAp2) =PV py and (p1V pa)' = py A ph.
Definition 4.2.5. A partially ordered set . = (B, <) is said to be lattice if: for

every proposition p1 € B and ps € B, py A ps and py V py belong to B.

From the above definition it follows that neither L nor L are lattices but L is a
lattice. The distributive identity of propositional calculus can be stated as follows:

for p1,p2,ps € B,
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5. p1V (p2 Aps) = (p1 Vp2) A (p1Vps) and pr A (p2 V ps) = (p1 Ap2) V (p1 A ps).

A lattice which satisfies [2] and [5] is a Boolean algebra. In classical probability,
the probability space consists of a sample space, a sigma algebra of subsets of the
sample space and a probability measure on the sigma algebra. The sigma algebra
along with set inclusion as the relation of implication, union of sets as the disjunction
operation, and intersection of sets as conjunction operation is a Boolean algebra.
Hence in classical probability we are defining measures over a Boolean algebra. The

modular identity can be stated as follows:

6. If P1 S D3, then D1 V (pg /\pg) = (p1 \/]?2) /\pg

The finite dimensional subspaces of a Hilbert space, along with subspace inclusion as
the relation of implication, closed linear sum (instead of union of sets) as the disjunc-
tion operation, and set products (corresponding to intersection of sets)as conjunction
operation satisfy the modular identity, but do not satisfy the distributive identity.
Thus, if the propositions from the experiment along with implication relation sat-
isfy the modular identity, but not the distributive identity, they can be represented
by the finite dimensional subspaces of Hilbert space with the direct sum operation
corresponding to the disjunction operation and set product operation corresponding
to conjunction operation. In our study we consider the set of propositions as the
propositions which describe the outcomes of experiments on multi-agent systems.
They can be assigned truth values based on the outcome of the experiments. For
propositions which arise from experiments on multi-agent systems, the relation of
implication and unary operation of orthocomplementation are yet to be defined, but
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the properties and identities that they satisfy were discussed in the section.

4.2.2 Event state operation structure

4.2.2.1 Event-state structures

We are interested in studying the structure of the set experimentally verifiable
propositions. We associate operations with the propositions(events as defined below)
and measures on the set of propositions. From the properties of the operations and
measures we infer the algebraic structure of the set of propositions. We follow the

definitions mentioned in [28]:

Definition 4.2.6. An event state structure is a triple (£,S,P) where:

1. € is a set called the logic of the event state structure and an element of £ is

called an event,

2. S is a set and an element of S is called an state,

3. P is a function P : € xS — [0, 1] called the probability function and if E € £

and p € S then P(E, p) is the probability of occurrence of event E in state p,

4. if E €&, then the subsets S1(FE) and So(E) of S are defined by S1(E) = {p €
S:P(E,p) = 1}, So(E) = {p € S : P(E.p) = 0}, and if p € S:(E) (p € So(E))

then the event E is said to occur (not occur) with certainty in the state p,

5. axioms 1.1 to 1.7 are satisfied.

Axioms:
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I.1 If Ey, E5 belong to £ and S1(E;) = S;(E,) then Ey = Ej.

[.2 There exists an event 1 such that S;(1) = S.

1.3 If Ey, E5 belong to £ and Si(E;) C Si(Esy) then So(FE2) C So(Er).

[.4 If £ € € then there exists an event E’ such that S, (E) = So(E’) and So(EF) =

S\ (E').

L5 If Ey, E,, .... are a sequence of events such that S;(E;) C So(E£;) for i # j then
there exists a F such that (a) S;(E;) C S;(FE) for all i (b) if there exits F
such that S;(E;) C Sq(F) for all i, then S;(E) C S;(F), and (c) if p € S then

1.6 If p1, po € S such that P(E, p;) = P(F, pa) for every E € £ then p; = ps.

L7 p1,p2,... € S, t; € [0,1] and > ,¢; = 1 then exists an p € S such that

P(E,p) =), t:P(E,p;) for all E € &.

There are different interpretations that could be associated with the state, [30]. The
state could refer to the physical state of the system. The state could be interpreted
as a special(probabilistic) representation of information about the results of possible
measurements on an ensemble of identically prepared systems. The second inter-
pretation is appropriate given our context. An event may be identified with the
occurrence or non-occurrence of a particular phenomenon pertaining to the multi-
agent system. The event is associated with an observation procedure which interacts

with multi-agent system resulting in a yes or no corresponding to the occurrence or
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non-occurrence of the phenomenon. The interpretation of P(E, p) for £ € £ and
p € S is as follows: we consider an ensemble of the systems such that the state
is p. We determine the occurrence or non-occurrence of the event E by executing
the associated the observation procedure associated with E on each system in the
ensemble. If the ensemble is large enough then the frequency of occurrence of FE
is close to P(E, p). Axiom [I.1] states the condition for uniqueness of events. Ax-
iom [I.2] guarantees the existence of the certain event. Axiom [I.4] guarantees the
existence of the orthocomplement of any event. Axiom [I.3] ensures that the third
part of definition 4.2.4 is satisfied. Axiom [I.5] is equivalent to countable additivity
of measures. Axiom [L.6] states the condition for uniqueness of states. Axiom [I.7]

leads to o convexity of the probability function.

Definition 4.2.7. If (£,S,P) is an event state structure, then the relation of im-
plication, <, is defined as follows: for E1, Ey € £, By < FEy if and only if S;(F;) C

Sl(Eg).

The relation of implication is defined using the states and the probability function.
Thus Fj is said to imply Es if and only if the set of states for which F; occurs with
certainty is a subset of the set of states for which E5 occurs with certainty. Since the
subset relation(C) is reflexive and transitive, it follows that the implication relation
is also reflexive and transitive. The antisymmetry property of the subset (C) relation
and axiom [I.1] imply that the implication relation is also antisymmetric. Hence the

relation of implication (<) is partial ordering of &.

Definition 4.2.8. Let (€,S,P) be an event state structure. Then the unique event
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1 € & such that S1(1) = S and Se(1) = 0 is the certain event. If E € &, then
the unique event E' € € such that S1(E1) = So(E]) and So(E1) = S1(E}) is called
the complement(negation) of E. The unique event 0 € € such that S;(0) = () and

So(1) =S is the impossible event.

Axiom [I.2] implies the existence of the certain event and axiom [I.1] implies that the
certain event is unique. Further, the certain event is the greatest event corresponding
to <,as £ <1, for all E € £. Axiom [1.4] applied to the certain event yields the

unique event 0 such that S;(0) =0, Sp(0) =S and 0 < E for all £ € £.

Theorem 4.2.9. If (£,S,P) is an event state structure, then:

(€,<) is a POSET,

1 and O are the greatest and least elements of the POSET, (£, <),

e I/ — FE' is an orthocomplementation on (£, <),

if By, Ey € &, the following are equivalent: (a) By < FEy (b) S1(E1) C S1(FE»)

(¢) So(E2) € So(Eh),

if E1, Ey € &, the following are equivalent: (a) Ey 1L Ey (b) S1(E;) C So(E»)

(C) El < Eé;

if Ey € &, the following are equivalent; (a) By =0 (b) S1(E1) =0 (¢) So(E1) =

S.

For the proof of above theorem we refer to [28].
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Ezample 4.2 [28] We consider the classical probability model, the probability space
constructed based on Kolomogorov’s axioms. Let €2 be the sample space and F be
a sigma algebra of subsets of €2. The relation of implication is defined as follows:
E; < F, if and only if Fy C FE,, where the relation C is the set theoretic inclusion.
w: F — [0,1] is a probability measure if (a)u() = 0 and u(2) = 1 (b)if {E;}is1
is a sequence of pairwise orthogonal events, then p(U,E;) = > p(E;). Let S be a
collection of o convex, strongly order determining set of probability measures on F.
Let P(E, p) = p(E). Then (F,S,P) is an event-state structure. The sample space €2
corresponds to the certain event (thus verifying axiom 1.2) and the () corresponds to
the impossible event. Axiom [I.1] follows from the strong order determining property
of the set S. The orthocomplementation is given by £’ = E°¢, where ¢ demotes the
set theoretic complement, satisfies axiom [I.4]. Since F is a o algebra, the countable
union of events in F also belongs to F. This property of the o algebra along with
countable additivity of the measures imply that axiom [I.5] is also satisfied. Axiom
[1.7] follows from the ¢ convex property of the set S.

Ezample 4.3 [28] Let ‘H be a separable complex Hilbert space. Let B(H) denote the
set of bounded linear operators which map from H to H. Let T* denote the adjoint
of T € B(H). For T € B(H), let R(T) ={u € H : u=T(v) for some v € H} and
N(T)={veH:T(v) =0} Let Bf(H) denote the set of hermitian, positive semi-
definite bounded linear operators. For the following definitions and results we refer
to [31]. Let Bgo(H) denote the set of operators in B(H) which have finite rank. The
set of compact operators By(H) is closed subspace of B(H). The set Boo(H) is dense

in By(#H) with the operator norm. Let {e;};>; denote an orthonormal basis for H
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(since H is separable the orthonormal basis exists). For T' € B(#), the trace norm
is defined as ||T||1 = > ,(|T|(e;), €;), where |T'| = (T*T)z and (-,-) corresponds
to inner product on the Hilbert space H. The trace norm is independent of the
choice of orthonormal basis. The set of trace class operators is set of operators
in B(#H) which have finite trace norm, By (H) = {T € B(H) : ||T||1 < oo}. The
set of trace class operators is a subspace of B(H). The vector space B;(#) along
with the trace norm (|| - |]1) is a nonreflexive Banach Space. It can be shown that
T < [|T||1,T € By(H). Boo(H) is a dense subset of the Banach space B;(H)
with the trace norm. For 7' € By(H), there exits {7}, },>1 C Boo(H) such that
{IIT, = T|l.} — 0. Since ||T|| < ||T|]x, T € By(H), {||T, — T||} — 0. When a
sequence of compact operators converge to a bounded operator, that operator is
also compact. Thus T is compact. Hence By (H) C Bo(H), i.e., every trace class
operator is compact. Let the closed (in norm topology) convex cone of hermitian,
positive semidefinite trace class operators be denoted by 7.7 (H). Let S = {T €
TH(H) : ||T|| = 1}. Let P(H) denote the set of all orthogonal projections onto H,
PH)={T€eBH): ToT =T,T*=T}. Let P(E,p) for E € P(H) and p € S
be defined as P(E, p) = Tr[pE] = > .(p(E(ei)), ;). Then (P(H),S,P) is an event
state structure. The identity operator (/) corresponds to the certain event and null
operator(©y,) corresponds to the impossible event. I3, € B(H) but does not belong
to By (H). Axioms [I.1], [I.2] and [I.3] can be verified. The orthocomplementation
is given by E' = I;; — E which satisfies axiom [I.4]. Axioms [I.5] and [.6] can
be verified. Since S is convex and the trace operator is linear, axiom [I.7] is also
satisfied. Ey < Ej if and only if {p € S : Tr[pE] = 1} C {p € S: Tr[pEs] = 1}
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which is equivalent to stating that E;Fy = F;. With this definition for the relation
of implication, it can be shown that for Ey, Fy € P(H), Ey A E, is the projection
onto the subspace R(E;) N R(F2) and E; V Es is the projection on the subspace

R(Ey) & R(Ey).

4.2.2.2 Relation of compatability

Definition 4.2.10. The relation of compatibility (C) is defined on the set of events,
&, as follows: for Ei, By € £, E1CFEs if and only if there exists Fy, Fy, F3 € £ such

that (G)Fl 1 F2 (b)Fl 1 F3 and E1 = F1 V F3 and (C) FQ 1 F3 and EQ = F2 V F3.
The relation C on & satisfies following properties, [28]:
1. if El, E2 € & and E1 S E2 then E’1CE’2,

2. if El, E2 c & and E1CE2 then (a) El(/’Eé, (b) EQCEl (C) E1 VAN E2 and E1 V E2

exist in &,

3. if El, EQ, E3 < 5, E1CE2, EQCE3, ElcEg, and (E1 \/Eg)/\ (E2\/E3) exists then

(El A EQ)CEg and (E1 A E2) V E3 = (El V E3) VAN (E2 V Eg)

The relation C is determined by the following property, [28]: for Ey, By € £, E1CFEy

if and only if there is Boolean sublogic B C £ such that E;, Fy € B.

Theorem 4.2.11. Let (€,S,P) be an event state structure. If Ey, Ey € £ and there
exists an FE3 € € such that S1(E3) = S1(E1) NS1(Ey) then the conjunction of Ey, Fy

with respect to < exists and is equal to E3.

For the proof of above theorem we refer to [28].
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4.2.2.3 Operations

The concepts of conditional probability and conditional expectation are very
important in classical probability theory. They enhance the utility of the theory
and deepen the mathematical structure of the theory. They are extensively used
in estimation, detection, filtering and control. Conditional probability is defined as
a measure on a restricted sample space, with the ’observed event’ leading to the
restriction. Conditional expectation of a random variable given a o algebra is a ran-
dom variable which is measurable with respect to the o algebra and its expectation
is equal to the expectation of the original random variable over the sets of the o
algebra. Our goal is to obtain concepts analogous to conditional probability and
conditional expectation for general event-state structures. Conditional probability
can be viewed as map from a probability measure to a probability measure restricted
to the observed event. Since states in the event-state structure are “analogous” to
probability measures in classical probability, we first define maps from the set of

states to the set of states and its associated properties.
Definition 4.2.12. Let (£,S,P) be an event state structure.

1. Let O denote the set of all maps T : Dy — Ry with domain Dy C S and range

Ry CS. If T € O and p € S then T(p) denotes the image of p under T
2. For T\, Ty € O, Ty =Ty if and only if Dy, = Dy, and T1(p) = Ta(p) Vp € D, .
3. 0:Dg — Ry is defined by Dy = 0.

4. 1:Dy = Ry is defined by Dy =S and 1(p) = pVp €S.
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5. If T, Ty, € Q, then Ty o Ty : Dpyor, = Ryyor, is defined by Dyor, = {p € D, -

Ty(p) € Dy} and Ty o To(p) = Ti(T2(p)) Vp € Dryor, -

In order to predict the result when consecutive experiments are performed on a
system, it is essential to define the composition of maps. The state obtained up on
applying the composition of maps T} and T5 to a state p, denoted by (17 0 Ty(p)), is
the state obtained by applying the map 75 first to p and then applying 77 to T5(p).
We impose an axiomatic framework on the set of maps (O) resulting in “operations”

which can be associated with events from the experiment.

Definition 4.2.13. An event-state-operation structure is a 4-tuple (€,S,P, T) where
(&,S,P) is an event-state structure and T is mapping T : € — O(T : E — Tg) which

satisfies azioms [11.1] to [11.7].

If £ € &, then Tg is called the operation corresponding to event E. If £ € &£
and p € Dy, then Tg(p) is called the state conditioned on the event £ and state
p. If By € &, then P(Ey,Tg(p)) is the probability of E; conditioned on the event
E and state p. Let Or denote the subset of O defined by Oy = {T' € O : T =

Tg, 0Tg,...0oTg,; E1,Es, ..., E, € £}. An element of Or is called as operation.

II.1 If £ € &, then the domain Dy, of T coincides with the set Dy = {p € S :

P(E, p) # 0}.
12 If Ee€&, peDgand P(E,p) =1 then Tg(p) = p.

I1.3 If F € & and p € Dg, then P(E, Tg(p)) = 1.
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114 It By, Es, ..., E,, Fi,F5, ..., F, are subsets of £, and Ty, 0o T, 0...0Tg, =

Tg 0Tr 0...0Tp then T, 0T, ,0...0Ts =Tr 0T ,0...0Ts.
IL5 If T € O, then there exists a Er such that S1(Er) ={p€S:p¢ Dr}.
IL6 If By, By € €, B < Ey and p € D, then P(E, T, (p)) = pi.
1.7 If By, Ey € €, E1CE; and p € Dy, then P(Ey, Tr, (p)) = P(Ey A Ey, T, (p)).

Example 4.2 Operations for the classical probability space: The event state structure

is (F,S,P). For E € F, the operation is defined as follows:

n(ENF)
(Te(p)(F) = B

The domain of Tg is {u : u(E) # 0}, satisfying axiom [II.1]. Axioms [II.2], and [II.3]

w(EiNEaN..NE,NG) _ p(FinFaN..NF,NG)
w(EiNExN..NEy)  —  p(FiNFaN..NEy)

can be verified. For axiom [I1.4], it is given that

for all £ in domain and G € F. Since the N operation is commuting, it follows that

w(EpNEp_1N..NE1NG) _ p(FnNFp_1N..NF1NG) . . .
AR ATawey - Rl s oY e 2 for all p# in domain and G € F. For axiom

[1L5],let Ty = Tg, 0T, 0...Tg,. Domain of T is {p: w(E1NEyN...NE,) # 0}.
The states which do not belong to the domain are: {u: u(EyNEyN...NE,) = 0}.
Let F' = (E1NE>N...NE,), that is the set theoretic complement of F1NE,N...NE,.
F e Fas Fisaoalgebra. {u: pu(E1NExN...NE,) =0} ={p: uF) =1}
Hence there exists unique event satisfying axiom [II.5]. Axioms [I1.6] and [II.7] can
be verified.

Example 4.3 Operations for the von Neumann Hilbert space model: given an event
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E, the operation corresponding to event E' is defined as:

The domain of Ty is {p : Tr[pE] # 0}, satisfying axiom [II.1]. Axioms [II.2], and
[I1.3] can be verified. For the verification of axioms [II.4] and [II.5] we refer to
sections C.1.1 and C.1.2. Axioms [II.6] and [II.7] can be verified. We note that in
this von Neumann Hilbert space model, the orthocomplementation corresponds to
orthogonal complement of subspaces and not the set theoretic complement. This

concept has been discussed in [27].

Definition 4.2.14. Let (£,S,P,T)) be an event-state-operation structure. The map-
ping * : Opr — Or is defined as: if T € Qr, there exists Ey, Es, ..., E, such that

T:TE1 OTEQ“‘OTEn7 then T :TEn OTEn,1 ---OTEl-

Axiom [I1.4] ensures that even if there are two sequences of operations which result
in the same operation, i.e., for T' € Or, dE, Es, ..., E,, [, F,, ..., F, subsets of £
such that 7' =T, oTg,0... 0T, = Tp 0Tp, 0...0 Tk, , then the involution is

unique as I, o1y, _,0...0Tp, =Tr 0Tk _,0...0TF,.

Theorem 4.2.15. If (£,S,P,T)) be an event-state-operation structure, then Or is

a subsemigroup of @. Further,
1. T1:1 cdeO:O,

2. if B € &, then T o Ty = Tg, i.e., Tg is a projection and the range of Tp =
Sl(E)7
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3. *: Or — Or is the unique mapping such that

(a) * is an involution on the semigroup (O, o),
(b) (Tg)*=Tg for all E € &, and

(c) if By, Ey € €, then the following properties are equivalent: (i) E1 < Es,
(ZZ) Sl(El) g Sl(EQ): (”Z) SO(EQ) g SO(E1)7 (’L’U) TE1 OTE2 = TEU (U)

TE2 9] TE1 = TE1 .

For proof we refer to [28]. The theorem asserts that (Or,o0,*) is an involution

semigroup such that:

1. For each E € &, Tg is a projection, that is T belongs to the set P(Qr) =

(T€O:ToT=T"=T}.

2. E €& — Tg € P(Or) is order preserving map of (€, <) into (P(QOr), <) where

Tg <Tp means Ty o Tp = Ty for T, Tp € P(Or).

Definition 4.2.16. If (£,S,P,T)) is event state operation structure then the map-
ping ' : Op — P(Or) is defined as follows: for T € Or, T" = Tg, where Ep € £ is

the unique element of € such that S;(Er) ={p €S :p ¢ Dr}.

Axiom [IL.5] ensures the existence of an element as required by the above definition.
Uniqueness of the event follows from axiom [[.1]. Axioms [IL.4] and [IL.5] were
included to ensure that the involution and orthocomplementation operations can be
defined on the set of operations. These operations are needed in order to construct

a specific kind of semigroup, the Baer*-semigroup, on the set of operations. This
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additional structure helps us find equivalence between compatibility of events and

the commutativity of their corresponding operations.

* /

Definition 4.2.17. A Baer*-semigroup (S,0,* ") is an involution semigroup (.S, o,* )
with a zero 0 and a mapping’ : S — P(S) such that if T € S then{U € S : ToU =
0} ={U e S:U=T 0oV, for someV € S}. If (S,0,*)) is Baer*-semigroup, then

an element of P'(S) ={T € S : (T") =T} is called as closed projection.

*x /

Theorem 4.2.18. Let (S,0," ) be a Baer*-semigroup.
1. PI(S)={TeS: (T =T} ={T";T € S}.
2. If T € P'(S), then T" € P'(S).

3. (P'(S),<)) is an orthomodular lattice where < is the relation < on P(S)
restricted to P'(S) and ' is the restriction of ' : S — P(S) to P'(S). If

1,71 € P,<S), then Ty N1y = (Tll OTQ)I oTh.

4. If T,U € P'(S) then the following are equivalent: (i) there exists Ty, Uy, Vo €
P/(S) such that TQ 1 Uo, TO 1 ‘/0, UO 1L ‘/0, T = T(] \Y VE) and U = UO vV VE)(ZZ)

ToU=UoT. If ToU=UoT thenTNU=ToU.

For the proof of above theorem we refer to [32]. From the axioms associated with
operations, we conclude that (Or,o0,* ) is a Baer*-semigroup. Let P'(Qr) = {T €
Or : (T") = T}. From the above theorem it follows that, (P'(Qr),<,) is an
orthomodular ortholattice.

Commutative Baer*-semigroup for Fxample 4.2: Let O denote the set of all maps

from S to S. Let Op = {T € O : (T(p))(F) = UE0ELDE00 ' p B e F)

M(ElﬁEzﬂ...ﬁEn)
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Since the axioms associated with involution and orthocomplmentation are satisfied,
(Or,0,")) forms Baer*-semigroup. Since the set theoretic intersection operation
(N) is commutative(Ey N Ey = Ey N Ey, Ey, Ey € F) the composition operation is
commutative, i.e, T) o Ty = Ty 0 11, T}, Ty € Op. Thus (Or,0,* ) is a commutative
Baer*-semigroup.

Noncommutative Baer*-semigroup for Example 4.3: First we note (B(H),o) is a
semigroup. The usual operator adjoint, T — T* is an involution for (B(H), o).
Let Bo(H) ={T € B(H): T = PioPyo...P,,{P}"», C P(H)}. It is clear that
(Bo(H), 0,*) is an involutive semigroup. For T' € Bo(#H ), the orthocomplementation
of T is the projection corresponding to the unique event satisfying axiom [IL.5].
Hence (Bo(H),o,*,") is Baer*-semigroup. The semigroup is noncommutative as
the composition of projections (multiplication of projections) is noncommutative.
Let O denote the set of all maps from S to S. Let O = {T" € O : T(p) =

n . 1 .
T?EIH:":E;PH?ZfE]’El’ Es, ... E, € £}. Every V € Bo(H), corresponds to a unique

operation T" € Or and for every T' € Or, there exists unique V' such that T'(p) =

%Vp € Dy. Thus (Or,0,*)) is also a noncommutative Baer* semigroup.

P(Or) ={T:T(p) = 222 E € P(H)}. (P'(Or), <) is isomorphic to (P(H), <

TrpE]’ >

/) as indicated by the following theorem.

Theorem 4.2.19. If (£,S,P, T)) is event state operation structure then (O, o0,* )
is Baer*-Semigroup. The mapping E € € — Tg € P(Or) is an isomorphism of the

orthomodular orthoposet (£, <)) onto the orthomodular orthoposet (P'(Or),<,).
For proof we refer to [28].
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4.2.2.4 Compatibility and commutativity

Theorem 4.2.20. If (£,S,P,T)) is event state operation structure then (£,<,") is

an ortholattice; further more, if By, Ey € & then T, ap, = (Tp; 0 Tk,) o T,

Proof: Since (P'(Or), <, is an orthomodular ortholattice and T, and T, € P'(Or),
from theorem 4.2.18 it follows that Ts, ATg, = (T, 01Eg,) o Tk,. Since the mapping
E € & — Tg € P(Or) is an isomorphism of (£,<)) onto (P'(Or), <)), Tr i, =

Tg, NTg, and Ty, = Ty, . Hence the result follows.

Theorem 4.2.21. If (£,S,P,T)) is event state operation structure and Ey, Ey € £,

then the following are equivalent

1. E\CE,

2. T‘E1 o TE2 == TE2 o) ,_Z—'E1

[f E1CE2, then TE'1/\E2 = TE1 e} TE2~

Proof: Let us define a new relation on the ortholattice (P'(Qr), <) as TCU if
and only if 3 Ty, Uy, Vo € P'(Or) such that Ty L Uy, Ty L Vo, Ug L Vo, T =
Ty VvV Vy and U = Uy V Vp. From theorem 4.2.18, it follows that TCU if and only if
ToU =UoT. Since the mapping £ € £ — Tg € P(Or) is an isomorphism of
(€,<)) onto (P'(Or), <)), E\CE, if and only if Ty, CTg,. Hence E,CE, if and only
if Ty, 0Ty, = Tk, o Tk,. From theorem 4.2.18 it also follows that, if E1CE,, then
Ty, oTg, =Tk, o Tg,, which implies that Tg,rp, = Tg, N TE,.

Thus, we started of with a set of experimentally verifiable propositions whose el-
ements we refer to as events. We were interested in understanding the algebraic
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structure of the set of events and then suitably construct a “probability space” on
it. We associated states, measures, and operations with set the of events. The set
of events, implication relation on the set, and unary operation of orthocomplemen-
tation on the set was shown to be isomorphic to the set of closed operations with
implication relation and unary operation. Hence the algebraic structure of the set
of events is equivalent to the algebraic stucture of the closed set of operations. In
the following problem, we infer the algebraic structure of the set of events by finding

the algebraic structure of the set of operations.

4.3 Example: multi-agent decision making

4.3.1 Problem description

We consider the binary hypothesis testing problem with three observers and a
central coordinator. There are two possible states of nature. The observer collects
observations which are statistically related to the true state of nature. Following

are the assumptions:

1. The state of nature is the same for the three observers and the central coor-

dinator.

2. Each observer knows the marginal distribution of the observations it alone

collects.
3. The joint distribution of the observations is unknown.

4. There is no common notion of time for the observers. Each observer has a
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local notion of time; equivalently number of samples.

Each observer constructs its own classical probability space (as discussed in section
3.2.3). The observers then formulate a sequential hypothesis testing problem in their
respective probability spaces. The sequential hypothesis testing problem is solved
using SPRT. Let the decision of Observer ¢ be D;. The observers transmit their
decision to the central coordinator. The decisions are received by the central coor-
dinator. It is possible that the central coordinator receives decisions from multiple
observers simultaneously. We consider the scenario where the observer can collect
(measure) only one observation at a given instant. When multiple observations from
different observers arrive simultaneously, then observations are collected with fol-
lowing order of preference: Observer 2, followed by Observer 1 and then Observer
3. For e.g., if D; and D, arrive simultaneously that then the observer measures
D, first and then D;. If all the three observations arrive simultaneously then D is
collected first followed by D; and then D3. The objective of the central coordinator
is to find its belief about the true of nature by treating the decision information
that it receives as observations. The central coordinator has to construct a suit-
able probability space where the hypothesis testing problems can be formulated and
solved.

Under either state of nature, the set of atomic propositions that can be verified by
the central coordinator is B = { "Dy is equal to 17, ’D; is equal to 0°, "Dy is equal to
17, "Dy is equal to 0, "D3 is equal to 1’, *Ds is equal to 0°,0, 1 }. The propositions

do not include the time at which the decision was received. We will elaborate more
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on this statement at the end of this section. Let B denote the set of experimentally
verifiable events for the central coordinator. Clearly B C B. At this juncture, we
do not include the conjunction and the disjunction of the events in B in B. As
discussed in the following sections, if some of the events are compatible then their
conjunction and disjunction will be included as separate events in B5.

Hypothesis: We hypothesize that the set of events along with the set inclusion as
the relation of implication form a Boolean algebra and thus the states correspond to
classical probability measures.

From our hypothesis it follows that (B , <), where ‘<’ is the set inclusion is a Boolean
algebra. B includes events of the form Ey A Ey, E1AE,V Es, etc., and the distributive
identity is satisfied. Assuming that the hypothesis is true, the central coordinator
can construct an event state structure along the lines of example 4.2. The operation

corresponding to an event E € B ( as in example 4.2) is defined as

p(ENF)

Since we are hypothesizing that the set of events form a Boolean lattice, it is expected
that T o Tr(p) = Tr o Tg(p) for all E, F € B and for all states in the domain. The
marginal distributions for the observers have been listed in tables 4.1. We are
interested in verifying if the event E; ="D; is equal to 1’ and the event Fy="Ds is
equal to 17 are compatible. Verifying F;CFEs is equivalent to verifying T, 0 Tg,(p) =
Tg, o T, (p), for all states in the domain. Let F3 = ’Dj is equal to 1’.  The

probabilities in tables 4.2 and 4.3 have been estimated from 107 simulations using
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X||h=0|h=1

1 0.20 0.40 }1/ h()_Q()O h0251 Z || h= h =
2 0.10 0.20 5 17 0.40 030 1 0.25 0.35
3 0.15 0.10 3 17 030 0.20 2] 0.35 0.50
4 1 0.30 0.15 11010 095 3| 0.40 0.15
5 0.25 0.15 ' '

Table 4.1: Distribution of observations under either hypothesis for Observer 1, Ob-
server 2 and Observer 3

P(T(y o Tiy(p), (1) || Ej Es P(T(y o Tiy(p), (1) || Ej s
Ty 0 Ty (p)() || 05880 || 0.4120 ||| Ty o Twr (p)(-) || 0.6113 || 0.3887
() 105203 [ 0.4797 || Tg, o T (p)(-) | 0.6026 || 0.3974
() [ 05915 [[0.4085 ||[| Ty o Tw, (p)() || 06154 || 0.3846
() 105372 [ 04628 ||[[ Tg, o Tx,(p)(-) || 0.6095 || 0.3905

P(Ty o Tiy(p), () || By Es P(T) o Tiy(p). () || Ej By
Ty 0T (p)(-) || 0.1547 | 08453 ||| Ty 0 Twr (p)() || 0.1569 || 0.8431
Tpr 0 Ty (p)() || 0.1184 [ 0.8816 ||| T, 0 Ter (p)() || 0.1518 || 0.8482
Tp, 0 T (p)(-) || 0.1530 || 08470 ||| Ty 0 T, (p)() || 0.1595 || 0.8405
Tg, o Tr,(p)(-) || 0.1220 |[ 0.8780 |||[ Tw, o Tk, (p)() || 0.1560 || 0.8440

Table 4.3: Conditional probabilities when true hypothesis is one

the relative frequency. Tg, o Tg, (p) is the state conditioned on the event E; and
then the event Fy and the state p. P(Tg, o Tk, (p), E3) is approximated as follows.
Let a be the number of simulations in which D; = 1, followed by D, = 1, and
then D3 = 1. Let [ be the number of simulations in which D; = 1, followed by
D, =1, and then D3 = 0. Then P(Ts, o T, (p), E3) = ;55. From tables 4.2 and
4.3, we infer that under either state of nature, for some state p in the domain,
Tg, o T, (p) # Tk, o Tg,(p). Hence events F; and Es are not compatible. For the

same marginal distributions for the observers, it was observed that pairs F7, F5 and

E,, B3 were incompatible. The set of experimentally verifiable events B is equal to
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B. Our initial hypothesis that the set of events form a Boolean algebra is incorrect.
Instead, the set of events form an orthomodular ortholattice as discussed in the next

section.

4.3.2 Probability space construction

Let us consider the construction of von Neumann Hilbert space model for the
central co-ordinator. Let H = R% Let P(R?) denote the set of orthogonal pro-
jections onto H. Let S denote the set of symmetric, positive semidefinite matrices
whose trace is 1. Let E;, i = 1,2,3 € P(R?) denote the projections of rank one
corresponding to the events 'D;’ is equal to one. The projections do not commute,
EiE; # E;E;. Theset of events is & = {Ey, By, B3, Ipe—Ey, I2—Fy, Ige—F3,0, 1, }.
The probability function is defined as P(p, E') = Tr[pE]. The event-state structure
constructed for the central coordinator corresponds to (£,S,P). The definition of
the relation of implication is retained, i.e., Fy < Fj if and only if S1(E) C Si(Es).

It is clear that £ is a lattice as EA F = f,andEV F = [,E. F € £, E # F.

Let O denote the set of all mappings from S to S. The operation conditioned

EpE

TripE) 2 defined in example 4.3. Let Or be

on an event is defined as Tg =
the set of operations of the foom T' = Tp o Tp, 0 ... 0 Tp , F1, Fy, ..., F, € &.
For an operation 7' = T, o T, o ... 0 Tf,, the event corresponding to the ortho-
complementation is the projection on to nullspace of F,F,_1...F;. If for some

1, F;F;, 1 is such that F;,; = Ige — F;, then F,F, ... F; = ©. In such a case

the projection is Ig2. Else, R(F}) is not orthogonal to R(F3z). FyFy(h) # 6 for
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Figure 4.1: Schematic for the multi-agent system

h ¢ R(I — Fy). Suppose for F,Fy,—1...Fi(h) # 0 for h ¢ R(I — Fy) for some m,
2<m<n-—1. F,F,1...Fi(h) € R(F,). Since R(F},,) is not orthogonal to
R(Fni1), Fons1Fm ... Fi(h) # 6. Thus, F,F, ... Fi(h) # 6 for h ¢ R(I — F}).
F.F, 1...Fi(h) = 0 for h € R(I — F). Hence the projection is I — F;. The
other axioms associated with operations can be verified. The set of operations, the
composition of operations, involution, and orthocomplmentation, (Or,o,* ), form
a noncommutative Baer* semigroup. The set of closed projections, composition,
and orthocomplememtation, (P’'(Or),<,) is an orthomodular ortholattice. Since
(P'(Or), <)) is isomorphic to (£,<)), (£,<,) is an orthomodular ortholattice.
Figure 4.1 depicts the schematic and the probability spaces associated with the

agents.

4.3.3 Discussion

Suppose the three observers and the central coordinator have a common no-

tion of time and the joint distribution of the measurements collected by the three
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observers is known. We can then construct a common probability space for the
three agents and the central coordinator. Let 7; denote the stopping time of Ob-
server i. Ty, To, and 73 are random variables in the common probability space. Let
D; denote the decision of observer ¢ at stopping time 7;. Suppose the central coor-
dinator can collect multiple observations simultaneously, i.e., when 7 = 75 = 73(or
7, = 7;,1 # j) then the central coordinator can simultaneously collect Dy, Dy and
D; (or D; and Dj). In this scenario, when the joint distribution is known and
the central coordinator is able to simultaneously collect observations from different
observers, the concern of order effects does not arise. Different orders of measure-
ment correspond to specific events in the sigma algebra. When the true state of
nature is 1, P(Tg, 0 Tg,(p), E5) = P(D3 = 1|Dy = 1,Dy = 1,13 > 15 > 1, H = 1)
and P(Tg, o Tg,(p),E3) = P(D3 = 1|Dy = 1,D; = 1,73 > 14 > 7o, H = 1). Tt
is not necessary that P(D3 = 1|Dy = 1,D; = 1,73 > 7o > 7, H = 1) equals
P(D3=1|Dy=1,D1 = 1,73 > 1 > 75, H = 1). In the absence of the joint distribu-
tion, when the probabilities P(Tg, o Tg, (p), E3) and P(Tg, 0Tk, (p), E3) are estimated
from samples one could expect the “order effects” to occur. The information (or
knowledge) available to the central coordinator, its inability /ability to collect dif-
ferent observations simultaneously and the asynchrony in the observations plays an
important role in determining the presence or absence of order effects. In the pre-
vious chapter, we considered two synchronous observers with specific observation
and information exchange pattern. Each observer either collects an observation or
receives information from the other agent, but not both. Hence the issue of “si-

multaneous verifiability” does not arise and the order effect was not observed. The
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situation in which the joint distribution is not available but the central coordinator
is able to collect multiple observations simultaneously, it might be possible to con-
struct a classical probability space by considering events of the form ’time = k and
D; = 1’time = k and D, is unknown ’, etc. This case requires further investigation.
Our original goal was to study hypothesis testing problem at the central coordinator.
Given the noncommutative probability space, we now discuss how hypothesis testing

problems can be formulated and solved in such spaces.

4.4 Binary hypothesis testing problem

4.4.1 Problem formulation

We consider a single observer. The observation collected by the observer is
denoted by Y, Y € S, |S| = N where S is a finite set of real numbers or real
vectors of finite dimension. A fixed number of data strings consisting of observation
and true hypothesis are collected by the observer. From the data strings, empirical
distributions are found. Let pzh, 1 <4 < N be the distribution under hypothesis h.
The prior probabilities of hypotheses can be found from the data and are represented
by (; (for H = 1) and {y (for H = 0). In the quantum probability framework,
there are multiple ways in which measurements can be captured. Two of them
are: (a) Projection valued measures (PVM) (b) Positive operator valued measures
(POVM). In this section we discuss the formulation of the detection problem in
classical probability framework and von Neumann probability framework with both

representations for measurements.
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4.4.1.1 Classical probability

Let Q = {0,1} x S be the sample space. Let F = 2% be the associated algebra.
An element in the sample space can be represented by w = (h,y), where h € {0,1}
and y € S. The measure is P(w) = Chp;‘. The probability space is (€2, F,P). Given
a new observation, Y = y the detection problem is to find D such that the following

cost is minimized:

Es[H(1 — D)+ (1 — H)D],

i.e, the probability of error is minimized. H represents the hypothesis random

variable. Once the decision is found the optimal cost also needs to be found.

4.4.1.2 Projection valued measure

Projection Valued Measure(PVM): Let (X,3) be a measurable space. A pro-

jection valued measure is a mapping F' from ¥ on to P(H) such that,

(i) A, B € ¥ such that AN B =0, then F(AU B) = F(A) + F(B),

17— 00
For the detection problem, X = {1,2,..., N}, ¥ = 2%, The second condition implies
that the minimum dimension of the complex Hilbert space in consideration is V.

We let H = CV. The first objective is to find p, € T,H(CY), h=0,1and F : ¥ —
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P(CY), such that

TripnF(i)] = pl'h =0,1,1 <i < N, (4.1)

N
F(i)F(j) = Ocv ,1 <i,j < Nyi#jand Yy F(i) =1Ien, (4.2)

=1

where O¢n~ is zero operator and I~ is identity operator. Given the state and
the PVM, we consider the formulation of the detection problem mentioned in [33],
section 3.4. Let Cj; denote the cost incurred when the decision made is ¢ while the
true hypothesis is j. Since the objective is to minimize the probability of error, we
let Cip =1, Cyo = 0, Cp1 = 1 and C}; = 0. The decision policy, {a}}Y, and {a?} ¥,
denotes the probability of choosing D = 1 and D = 0 respectively when observation
i is received. Given observation i, the probability of choosing D = 1 (D is the
decision) and the true hypothesis being 0 is (¢Tr[poF(i)]o}. Hence, the probability
of choosing D = 1 and true hypothesis being 0 is Zf\il CoTr|poF(i)]a}. Similarly, the
probability of choosing D = 0 and true hypothesis being 1 is S°I | ¢, Tr[p1 F(i)]a?.

The probability of error is:

Po= > GTrlpoF(@)aj + 3 GTrlpF())a]

i=1

N N
=Tr Copo [Z allF(Z) + Clpl [Z O‘?F(Z)
=1 =1

We define the risk operators as:

Wi = Copo, Wo = Cipr
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and note that,

> alF(>i) > 0,h =01 [a/F(i)+ ol F(i) = Icx] .

i=1 =1

Instead of minimizing over the decision policies, we minimize over pairs of opera-
tors which are semi-definite and sum to identity. Hence, the detection problem is

formulated as follows

P1 :min TrWilly 4+ Woll)
11y,1p
5.t I, € BF(CY), L, € BF(CY),
Hl + HO - ]IcN

The solution of the above problem, IIj, IIj are the detection operators which are to

be realized using the PVM:

P2 : 3{%‘1 f\; and {a? iil
s.t aj >0, a) >0, a; +a) =1, 1<i<N,
and I = afF(i), I =) alF(i).

i=1 i=1

Suppose for two pairs of states, (p1,p0), (p1,00) and PVM F, (4.1) is satisfied,i.e.,

TripnF(i)] = TripnF (i) = pl',h =0,1,1 <i < N.
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If we consider the solution to P1 alone, the corresponding detection operators (117,
I1;), (IT%, II;) and the respective minimum costs achieved, P,, P, could be different.
However, if we consider solution to P1 such that P2 is feasible, i.e., the detection

operators are realizable, then,

Pe TFT[VI/&H?< + W()HS]

GTrlpoF (D)o + > GTr[p F (i)

1 =1

M-

(2

] =

N
GTrpoF (Do) + > GTr[puF (i)l > P..
=1

i=1

Similarly, P. > P,. Hence P, = P,. For a given PVM, the optimal cost does not

change with different states that achieve the empirical distribution.

4.4.1.3 Positive operator valued measure

Consider the scenario the observer collects two observations, Y = [Y7,Y3]. Let
Yi € Zy, |Z1| = m and Yy € Zy, |Zs| = m. Then Y] and Y, can be individually
represented as PVMs in Hilbert space of dimension 7, n = max{m,n2}. Let the
PVM corresponding to Y; and Y; be p and v respectively. Let the state be p.
Suppose Y] is measured first and value obtained is ¢ € Z;. Then the state after

measurement of Y; changes from p to ( [34]):
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After measuring Y7, Y5 is measured. The conditional probability of Y5 = j given

Y =1is,

Trip(@)pu(@)v(i)] _ Tripp()v(j)p)]
Tripp(i)] Tripp(i)]

Tripiv(j)] =

Thus the probability of obtaining Y7 = ¢ and then Y, = j is Trlpu(i)v(j)u(i)].
Further, the measurement corresponding to Y is, o1(i,7) = p(i)v(j)u(i),1 < i <
m,1 < j < ng. If Y] is measured after Y5, then the measurement corresponding
to Y is, 09(i,j) = v(@)p(j)v(i),1 <i < m,1 <75 <mn. If for any (i,7), p(i) and
v(j) do not commute, oy(i,j) and oy(7,j) are not projections. They are positive,
Hermitian and bounded. Hence o1, 05 are not PVMs, and belong to a larger class
of measurements, i.e., the POVMs.

Positive Operator Valued Measure (POVM): Let (X, ¥) be a measurable space. A
positive operator valued measure is a mapping M from ¥ on to Bf (H) such that,

if {X,}i>1 is partition of X, then
Z M(X;) =1 (Strong Operator Topology)

Further for A, B € ¥ such that ANB = (), if M(A)M(B) = ©y, then M is a PVM.
We consider the dimension of the Hilbert space to be k, k > 2. As in the previous

formulation, the first objective is to find states, p, € 7,7 (C*),h = 0,1 and POVM,
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M : 3 — B (C*) such that

N
TripnM(i)] = p},h=0,1,1 <i < Nand )  M(i) = Ig. (4.3)

=1

The probability of error calculation is analogous to the previous section. We define

the new risk operators as:

Wi = Copo, Wo = Cipr.

Given states and POVM, the detection problem with the same cost parameters as

P1, is formulated as:

P3 :min Tr[WATT, 4 Wolly]
11,1
s.t fh € Bj((ck), 1:[0 € Bj((ck%

ﬂl + ﬂo - ]Lck.

The decision policies {5} }¥, and {3}, are found by solving the following problem:

P4 : HBI Y, and {8},

s.t BE>0,8) >0, 8 +8 =1, 1<i<N,

and =Y BIM(i), Ty =Y BIM(i).
=1 =1
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Consider the problem:

P5 ~min  Tr[Will 4+ Wolly)
H1>H07{6i1}i1\;1

s.t 11, € BY (CF), 11, € B (CF),
I, + Iy = Tew,

Let the feasible set of detection operators for P3 be S; and for P5 be S;. Due
to additional constraints in P5, S; C S;. The detection operators obtained by
solving P3 may or may not be realizablei.e., P4 may not be feasible. In P5, the
optimization is only over detection operators which are realizable. If the solution
of P3 is such that P4 is feasible then it is the solution for P5 as well. It is also
possible that P3 is solved, P4 is not feasible and P5 is solved. The objective is
to understand the minimum probability of error which can achieved by detection
operators which are realizable. Hence, we consider the solution of P5 and compare
it with the minimum error achieved in PVM approach.

Let M be set of all POVMs on X. Let S € 7.H(C*) x T:H(C*) x M be the set
of, pairs of states and a POVM such that (4.3) is satisfied. Let S C S be the triples

for which the optimization problem P5 can be solved. For a triple (pg, 1, M) in S,

we define Q(po, p1, M) to be the optimal value achieved by solving P5.
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4.4.2 Solution

4.4.2.1 Classical probability

It suffices to minimize,

Es[H(1 — D)+ (1 — H)D|Y =y].

Ee[H|Y =y] = gjifgg =. D =1ifpl¢; > p)o else D = 0. Thus the cost paid when

min{p¢1,p¢0}

P1Gp000 The expected cost is:

the observation is y is

al min{p}¢;, p2¢o} N
751y My ) )
; { prC+ P } xP(Y =i) = 2; min{p; ¢, p}Co}-

4.4.2.2 Projection valued measure

Define,

ph = and F(i) = e;ell

Pl

where e; represents the canonical basis in CV. Clearly equations (4.1) and (4.2) are

satisfied.

Theorem 4.4.1 ( [33], [35]). There exists a solution to the problem

min 7'r[WoIly + Will4]
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over all two component POM’s, where Wy, Wy € B (CV). A necessary and sufficient

condition for 1IF to be optimal is that:

IEWo +1W, < Wi = 0,1 (4.5)

Furthermore, under any of above conditions the operator

O = Woll; + WAIL, = IIW, + 11,

18 self-adjoint and unique solution to the dual problem.

To solve P1, we invoke the above theorem. II7 and IIfj solve P1 and P2 can

be solved if they satisfy the following conditions:

WAILT + Wolly < Wh, WAILT + Woll§ < W,

I, 10, € BT(CN), I + 115 = Tew.

and are diagonal matrices. The realisability condition in P2 forces II] and IIj to be
diagonal matrices. Let I} = diag(n],...,ny) and II} = diag(1 — nj,...,1 —nk).
Then for optimality,

Copdn; + Cipr (1 —nf) < Gop?,
for1<i<N,

Copini + Gpl(1 —n}) < G}
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For both inequalities to hold, it follows that if (op{ > (;p}, then n} = 0. Else n} = 1.

%

The minimum cost achieved is,

N
P; =) min{¢op!, Gpi} < min{o, (i}
=1

Clearly ozg = nf , 1 <i< N,7=1,0. As in the classical probability scenario, we
obtain pure strategies, i.e , when measurement i is obtained , if (op{ > (;p} then
the decision is 0 with probability 1, else decision is 1 with probability 1.

Let pn,h = 0,1 be another pair of states and G : ¥ — P(CY), be another
PVM such that equations (4.1) and (4.2) are satisfied. Since each G(i) is a rank one

matrix,

Let T = [v1; 09, ...,u,). T is a n X n matrix with its columns composed by vectors

v;. Thus,
THT =TT" =1en, THG()T = F(i),1 <i<n
Since T is an isometry, pp, = THp, T € T,;7(CN),h = 0,1. Hence,

Tr(pnG(i)] = Trip, TTHGG)TT) = Tr[T? o, TTH G(i)T) = Tr[pnF (7).
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Hence the optimal cost does not change with different PVM and state representa-

tions. The proof can be extended, for state and PVM representations in C*, M > N.

4.4.2.3 Positive operator valued measure

To find the states and the POVM, a numerical method is proposed. If a
feasibility problem is formulated with the state and POVM as optimization variables,
the resulting problem is nonconvex. Hence we consider a finite set of states, § C
TH(CF), |S| < oo. For a pair of states, (po,p1) € S X S, po # p1, the following

feasibility solved:

P6 : min t
teR,{M (i)}, CCkxk

s.t TripnM (i) —pt=t,h=0,1,1<i< N

M(i) < —t,1<i <N,y M(i) = Ior = tlen.

i=1

If for a particular pair of states, pg, p1 the optimal value of the above feasibility prob-
lem, t* is less than or equal to zero, then the corresponding minimizers, {M (i)},
is the POV M. If for every pair of states, the optimal value of the feasibility problem
is greater than zero, then optimization problems need to be solved for a new set
of states. In appendix C, section C.2.1, we consider the problem where given a
POVM and a finite dimensional probability distribution, we need to check if there
exists a state such that the state and POVM combination achieves the probability

distribution. In appendix C, section C.2.2, we present sufficient conditions under
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which the problem can be solved.

Theorem 4.4.2. (Naimark’s dilation Theorem), [36]. Let M : ¥ — Bf(H) be
POVM. There exists a Hilbert Space K, a PVM P : ¥ — P(K) and an isometry

T :H — K such that

M(S)=T*P(S)T VSe¥,

where T™ is the adjoint of the operator T.

For completeness, we find the isometry 7' when X = {1,2,...,N}, ¥ = 2%,
and H = C*. For any vector € H, let z. be representation of the vector in the
standard canonical basis of H. Let L = @~ H. Let {e;}2%* be the canonical
basis of L. For vector v € L, there exist unique coefficients v;; such that v =
Zﬁvzl ij:l Vij€i—1)xN+j- Let v; = [va;vi0;. .., v] and v, = [vy, ..., un]. Let M =

diag(M(1),..., M(N)). Note that M = M. The inner product on L is defined as:

N
(v,u) = v Mu, = szHM(z)u,

=1

Let N = {v € L: (v,v) = 0}. We define K = @Y, H/N, the closure of the
quotient space. Thus 7' : H — K can be defined as: T'(v) = (v,...,v). In the

standard canonical basis, the matrix representation of 7" would be

Vi = Ick Ier ... Ik,
kx(Nxk)
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Let the matrix representation of 7™ in the canonical basis be U. From the adjoint
equation it follows that (Uy.)"z, = y"MVx,, V 2, € C¥ and ¥ y, € CV**. Hence

e

U=VHEM =

M, My, ... My 7UV:I(Ck'

kx (N xk)

Let P: Y — P(CV**) be defined as:

L J(Nxk)x(Nxk)

P(i) is a collection of N2, k x k matrices, where the ¢ diagonal matrix is the identity
matrix and the rest are zero matrices. Hence M (i) = UP(i)V. Let p, € T,F(CN*¥)

be equal to Vp,U for h =0, 1, then

ixk
Z eflﬁhei:p?ah:(Ll?j:1,2,...N.
i=(j—1)xk+1

Lemma 4.4.3. IfS # (), let,

Qi = min _Q(po, pr, M).
(Po,p1,M)ES
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Then,

Q=P (4.6)

e

Proof. For a triple (po, pr, M) € S, let (I, II¥) and

{ﬁil’*, ﬁzo*};j’ solve P5. Then,

T’I“[VAVlﬂi + WOﬂS] =
= Tr[Wi > BY M)+ Wo B M(i)]
=1 =1
=D GTrlpeM D)6 + GTr[p M(5))5"
i=1

= GTrlpoUPHVIBY* + QTr[pnUPE)V] 8
i=1

= GTrVpU P + GTr[VpUP(0)] 5"

=1

= GTrlpoP ()8 + GTrlp P03
i=1
= Z CopyBI* + Gl (1 — B7)
i=1
For any other pair of realizable detection operators (ﬂl, ﬂo), with decision policy

{8, B Y=,

n

Tr[WATT; + WoTTg) =~ Gp?B! + Gipl (1= BY).

=1
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Hence for any decision policy {3}, 82}=1,

Z QP+ Gpi(1 = 5;7) <

i=1

Z Copy B + Gupi (1= B;).
=1

Thus,

17 lfa Clpll Z gOP??
B =

0, otherwise.

N
Tr[WAll + Wollg) = Y~ min{¢op}, Gip}} = P
=1

Since the above result is true for every triple in S, [4.6] follows. Since every PVM is

a POVM, S is non empty for k > N. n

Given the PVM P, by Gleason’s theorem, [33] 3p, € 7.5 (C¥**) such that

Tr(pnP(i)] = pl. Suppose there exists pj, such that p, = Vp,U, then
pi = TrlpnP(i)) = Tr[VppUP(i)] = Tr[pn M (i)]

Hence theorem 2 gives a possible approach to solve P6. Note that p, = Vp,U =
on=Up,V,but p, =Up,V = Vp,U =VUp,VU. By the given construction of V'

and U, VUppVU # pp,. Hence pp, = Up,V is not a possible solution.
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4.4.3 Numerical results

Consider the scenario described in the beginning of section 4.4.1.3. We describe
a simple example of that scenario. Let 71 = 3 and 7, = 2. When Y5 is collected
after Y7, the distribution of the observations under hypothesis 0 and 1 is tabulated
in the second and third columns of table 4.4 respectively. When Y] is collected after
Y5, the distribution of the observations under hypothesis 0 and 1 is tabulated in
the fifth and sixth columns of table 4.4 respectively. The prior distribution of the
hypothesis is set to ((p = 0.4,(; = 0.6). The minimum probability of error when Y,
is measured after Y] is 0.35. The minimum probability of error when Y] is measured
after Y5 is 0.266. Hence in this example the optimal strategy is first measure Y5

and then measure Y;. We consider the problem described in section 4.3.1 and the

Vi, Y [h=0h=1] Yo,V ] [h=0 ] h=1
1,1 0.1 0.15 1,1 0.25 0.15
1,2 0.2 0.3 2,1 0.05 0.30
2,1 0.2 0.15 1,2 0.25 0.13
2,2 0.15 0.25 2,2 0.1 0.27
3,1 0.25 0.1 1,3 0.05 0.12
3,2 0.1 0.05 2,3 0.3 0.03

Table 4.4: Distribution of observations under either hypothesis

marginal distributions mentioned in table 4.1. The state p, the projections E;, Fs,
E3 which achieve the empirical distributions of the decisions, are not necessarily
unique. The set {p € S, E, By, F3 € P(R?) : Tr[pE;] = P(D; = 1),i = 1,2,3}
is not necessarily a singleton set. Given the ordered distributions, distribution of

Dy and then D,, distribution of D; and then Ds, etc., it might be possible to find
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p, B, E5, E3 uniquely. There are six different orders in which measurements can be
collected. Given unique E;, Es and E3, the POVM for each order measurement can
be found uniquely. This problem has not been addressed in this chapter. We directly
consider a POVM representation for each order of measurement. The hypothesis
testing problem for central coordinator is formulated as in section 4.4.1.3 and solved
as in 4.4.2.3. For each order the minimum probability of error that can be achieved
is mentioned in table 4.5. The sequence of measurements where D; is measured first,
followed by D;, and then Dy is denoted as D;, D;, Dy. The two orders in which Ds

is measured first, D3, D1, Dy and D3, Dy, D have higher probability of error.

Order of measurements || Probability of error
D5, Dy, D5 0.1740
Dy, Dy, Dy 0.1713
D3, Dy, Dy 0.1913
Dy, D3, Dy 0.1711
Ds, D3, Dy 0.1745
D3, Dy, D, 0.1918

Table 4.5: Minimum probability of error for different orders of measurements

4.5 Conclusion

To conclude, in the first section of this chapter we discussed a methodology
from literature which can be used to investigate the structure of the set of events.
In the second section, we considered a multi-agent hypothesis testing problem with
three observers and a central coordinator. The structure of the set of events for
central coordinator was studied. We showed that the set of events did not form
a Boolean algebra, instead form a ortholattice. In the third section we consid-
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ered the binary hypothesis testing problem with finite observation space. First,
the measurements were represented using PVM, and detection problem was formu-
lated to minimize the probability of error. The solution to the detection problem
was pure strategies and the expected cost with optimal strategies was the same as
the minimum probability of error that could be achieved using classical probability
models. In another approach, the measurements were represented using POVM and
the hypothesis testing problem was solved. This approach was used for the cen-
tral coordinator in the multi-agent hypothesis testing problem resulting in different

minimum probabilities of error for different orders of measurement.
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Chapter 5: Binary Hypothesis Testing with Learning of Empirical

Distributions

5.1 Introduction

In the standard binary hypothesis testing problem, the true distribution un-
der either hypothesis is assumed to be known. In many applications of hypothesis
testing, the true distribution under the hypotheses and the prior probabilities are
unknown. In such a scenario the empirical distributions are estimated from samples
(data). The expectation is that as the number of samples increases, the empirical
distributions “converge” to the true distribution. In chapters 3 and 4, the proposed
solutions involved estimating empirical distributions from samples. In this chap-
ter, the objective is to understand how the optimal detection cost (e.g., minimum
probability of error) behaves as the empirical distributions “converge” to the true
distribution. Due to uncertainty in the distributions, we treat this problem as a
robust detection problem.

Other notions of robustness can also be considered. In [37], the authors study
the problem of detecting a signal of known form in additive, nearly Gaussian noise.

The robust detection problem is formulated as a min-max problem. The solution
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to the min-max problem is obtained when the signal amplitude is known and the
nearly Gaussian noise is specified by a mixture model. They show that the solution
takes the form of a correlator-limiter detector. For a constant signal, the correlator-
limiter detector reduces to a limiter detector, which is shown to be robust in terms
of power and false alarm. In [38], the authors consider a Tukey-Huber contami-
nated noise model to obtain min-max detectors in the asymptotic case for known
signals in additive noise. According to their model, the noise density is defined by
f(z) = (1 —€)g(z) + eh(x) for a given €, g(x), and h(z). They find the most ro-
bust detector for additive contaminated noise with g(x) satisfying certain regularity
conditions. In [39], the problem of detecting signals in noise with asymmetric prob-
ability density functions is considered. The noise density model allows symmetric
contaminated nominal central part and an arbitrary tail behavior. For the detection
of known signals, the robust nonlinear-correlator (NC) detector is obtained based
on detector efficiency as the performance criterion. The robust M-detector structure
for constant-signal detection was also explicitly obtained. In [40], the problem of
designing robust systems for detecting constant signals in the presence of weakly
dependent noise with uncertain statistics is considered. A moving-average represen-
tation is used to model the dependence structure of the noise process. It is shown
that the robust detector for this dependent noise model is characterized by the least
favorable noise distribution which coincides with the distribution that is least favor-
able for the corresponding independent-noise case. In [41], the author considers the
problem of robust detection of a signal for the case of independent and identically
distributed observations. An asymptotic approach is considered with the exponen-
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tial rates of decrease of the error probabilities as the measure of performance. Under
this measure, a robust detection structure for the symmetric density case is derived.
The primary motivation for these works were [42] and [43].

There are different notions of distance that can be considered on the space of
probability measures on the observation space. For example, we can consider the L!
norm, the L? norm, the L> norm, etc. One can also consider metrics which do not
satisfy the triangle inequality like, Bregman Divergences (which encompasses Kull-
back- Liebler divergence), [44]. Assuming that the empirical distributions converge
to the true distribution in the chosen notion of distance,  d’, one can formulate the

following “robust” detection problem:

m[i)n Ep[C(H, D)]

d(P,Q) <,

where P is the true unknown measure, @) is the empirical distribution and C'(H, D)
denotes the detection cost. The distance between P and () can be made arbitrar-
ily small by taking more samples (due to “convergence”). To solve the detection
problem, we need to find the likelihood ratio (or information state) under the true
measure. The problem with the above formulation is that, knowing the distance
between the empirical and true distribution is not enough information to estimate
the likelihood ratio under the true measure.

In our formulation, the empirical distribution after collecting n samples is cal-

culated by finding the relative frequency of each set. We assume that the empirical
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distributions are absolutely continuous with respect to the true measure, which guar-
antees the existence of the associated Radon-Nikodym derivatives. This derivative
is helpful in expressing the information state under empirical distribution in terms
of the true measure. This technique is helpful in showing convergence of optimal
detection cost.

The main contributions of this chapter are: (i) convergence of the information
state and optimal detection cost under empirical distributions to the information
state and optimal detection cost under the true distribution, (ii) numerical study
with different distributions supporting (i). In the next section, 5.2, we discuss the
problem formulation. In section 5.3 we present the key results and their proofs.
In 5.4, we present the numerical results. Finally, the conclusions are presented in

section 5.5.

5.2 Problem formulation

5.2.1 Unknown distributions

Let (2, F,P) be a probability space. This probability space is unknown. Let
{H;, X;}:>1 be a sequence of independent and identically distributed random vari-
ables on the probability space. H; is binary valued and X; takes values in a finite set,
X. Extension to the case where X is a countable set can also be considered. The true
distribution of random variable X; conditioned on hypothesis H; is unknown and is
represented by p. The true prior probabilities of the hypothesis, H;, is represented

by p". Let M be the sigma algebra of all subsets of X for which u” is defined. Let M
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be the sigma algebra generated by the sets of the form £ = {{0,1} x Ey, £, € M}.
For aset F = {h}x Ey, u(FE) is defined as u(E) = p"u"(E,) and for E = {0,1} x E},
w(E) = p°uP(Ey)+p'p (Er). The probability space associated with a single random
vector H;, X; is (Q, M, p), where Q = ({0,1}) x X. The joint probability space of
{H;, X; iz is (Q,, M, p1,), where Q,, = {0,1}" x X". M, is the o algebra generated
by sets of the form F} X Ey x Fy X Ey... X F,, x E, where F; € {0,1} and E; € M
for 1 < i < n. p, is the product measure (from independence of the sequence),

fin(hy X By X hg X By .. hy, x E,) = [[.20 plipl ().

5.2.2 Learning distributions

Since the true distributions are unknown, we estimate them. Given a sequence
of independent and identically distributed random variables, {H;, X;};>1 on the
probability space (£, F,P) the empirical measure (at stage n) of an atom E of the

sigma algebra M is

= La, x;
v(E) = Y~ B = {h} x B,

=1

where 1 (+) is the indicator function.
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5.2.3 Detection problem

Given a new observation Y, the detection problem is to find decision D € {0, 1}

which is ¢(Y') measurable such that the following cost is minimized:
J = rr}ji)nEu[H(l — D)+ D(1—-H),

where H represents the hypothesis random variable and ¢(Y’) denotes the sigma
algebra generated by the random variable Y which is a sub o algebra of M. Since

the true measure is unknown, we instead solve the following optimization problem

Jn = minE,, [H(1 — D) + D(1 - H)].

The conditional expectation of the random variable H given o(Y') under measure

Vv, is a random variable Z,, such that, Z,, is o(Y') measurable, and

/Han :/anyn,VS eo(Y).
s s

The conditional expectation of the random variable H given o(Y') under measure p

is a random variable Z such that, Z is o(Y’) measurable and

/Hdu:/Zdu,VSEU(Y).
s s
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If Z was known then the optimal cost is,
J— /[z A (1= 2)]dp.
Q

5.2.4 Objectives

The first objective is to find the rate of convergence of v, to . The second
objective is to prove the convergence of the information state and optimal detection
cost under empirical distributions to the information state and optimal detection
cost under the true distributions, i.e., to prove that {Z,} converges to Z almost

everywhere on ) and to prove that {J,} — J.

5.2.5 Assumptions

1. It is assumed that for all n, v, is absolutely continuous with respect to u, i.e.,
v, << p. This assumption implies that sets which have true measure zero are
not observed, i.e., the realizations of X; do not belong to sets of true measure
zero. This assumption also implies the condition that that p({z}) # 0, the
measure pu of singleton sets is not zero. Hence p cannot be a measure on the
real line with a o algebra like the Borel o algebra. We restrict X be a finite /

countable set.

2. If X is a countable set, it is assumed that, u is tight, i.e., for every € > 0 there

exists S, € M such that u(Q ~ S.) <e.
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5.3  Solution

From the strong law of large numbers it follows that,

lim v, (E) = u(F), VE € M, P a.s

n—oo

Hence for “almost all” realizations of the sequence {H;, X;}i>1 the empirical mea-
sures converge strongly to the true measure on ({0,1} x R, M). When X is a finite
set, there are finite number of elements in M. The set wise convergence implies

uniform convergence, i.e.,

lim sup|v, (E) — u(E)| = 0.

n—oo @

When X is a countable set, we need further investigation to prove the uniform
convergence. From the almost sure convergence, it also follows that {1, (E)} — u(E)

in L' norm.

5.3.1 Azuma’s inequality / McDiarmid’s inequality

Let w(Xl,XQ, ey Xn) = Vn(E) |'¢($1,LE2, wey Ly, In)—lp(l‘l, T2, .., fi, SL’n)| <

%, 1 <i <n. By McDiarmid’s inequality [45] it follows that,

P(|lvn(E) — u(E)| > t) < 2¢72%.
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5.3.2 Large deviation bound

Let Y; = (g, x,)ee — Ep[L(a, x)ee] = Lia, x)ee — #(£). Then v,(E) — u(E) =
LS~ Y, For all i, Y; takes the value —u(E) with probability 1 — x(E) and the
value 1—p(E) with probability u(E). Let M () = E[exp®] = exp F) (1 —pu(E))+

exp?=#E)) 1 (E), for all 4. Define the conjugate function as:

o(l) = Sgp[Hl — log(M(0))].

From the theory of large deviations [46] we obtain the following bounds:

lim ~P(v,(E) - u(E) > 6) = —(6),

n—oomn,

lim lP(Vn(E) — uw(E) < =0) = ¢(=9).

n—oon

The above inequalities (also known as concentration inequalities [45]) provide upper
bounds on the true measure of the events of the form, |v,(E) — u(E)| > t. Since the
true measure is unknown these bounds are not useful. Nevertheless, they provide

an insight into the rate of convergence.

5.3.3 Convergence

From the first assumption (mentioned in 5.2.5), it follows that for all n, there

exists f,, [ Radon-Nikodym derivative of v, with respect to ] which is Ml measurable,
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non negative, such that

/ fadp = v, (E)V E € M.

By the Vitali- Hahn-Saks theorem [47], it follows that {v,} is uniformly absolutely

continuous with respect to u. Hence, for any € > 0, there exists § > 0 such that
w(E) <6 =v,(E) <e, Vn.

Thus, for any € > 0, there exists 6 > 0 such that

u(B) <= [ fudu= [ |fldu< e v
E E

that is, {fn}n>1 is uniformly integrable. Consider the L' norm of | f, — 1]:

/ (= i < suplin() — (B,

{weQ:(fn—1)>0}

/ (fn —dp < S%p|Vn(E) — u(E)|, Vn.

{we:(fn—1)<0}

J1, = 1l < 250pl(B) ~ w(B). ¥
Q

When X is finite, the R.H.S of the above inequality converges to 0 as n tends to
infinity. Hence {f,} converges to 1 in L' norm. This further implies that {f,}
converges to 1 in measure pu. The convergence of the {f,} in measure can be

alternatively shown as follows. {f,} converges in measure p to 1 if and only if
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for every subsequence { f,, } of {f.} has a further subsequence { f,, } that converges
p almost surely to 1 on Q. We prove the result by contradiction. Suppose {f,}
does not converge in measure x4 to 1. Then there exists a subsequence {f,, } whose
no subsequence converges to 1 p almost surely, i.e., {f,, } does not converge 1, u
almost surely. Thus, there exists a set A with measure, u(A), greater than zero

(u(A) = € > 0) and positive real number § > 0 such that
|fon (W) — 1] >0Vw e A, keN.

The sets {fn, >1+0} ={w e Q: fo, (W) >1+}and {f,, <1 -6} ={we:

fn, (W) > 1—0} are M measurable. There exits an infinite index set I; such that

WAN{f >1+0) 2 Vi€, o

,u(Aﬂ{fj<1—6})2§Vj€II.

Since M has finite number of sets, there exists an infinite index set I, such that

(N {AN{f; >1+6}}) =~ > § > 0. Thus for every k in Iy,

JEl2

/ (fr — Ddp > / sdp > .

ng{Am{fj>1+6}} jerwl2{Am{fj>1+6}}
Hence,
] — >
peim / (fr = Ddp > 07,
N {AN{f;>14+6}}
jelg
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which is a contradiction as,

lim / (fx — 1)du = 0.

k€lz,k—o00
N {AN{f;>1+6}}
jelg

Let lim Z,(w) = Z(w), Yw € €. Since {Z,},>1 is a sequence of o(Y) measurable
n—oo -

random variables, Z is o(Y) measurable as well. Further, {Z,f,} converges in

measure to Z and {H f,} converges in measure to H. Since |Z,| < 1V n, H < 1,

fn < mv n, Z,fn and H f,, are bounded above a integrable function, y almost
zeX

surely for all n. By the Dominated Convergence theorem [47], it follows that

lim [ Z,f.dp = / lim Z,, f,du = /Zd,u,‘v’S eo(Y), (5.1)
n—00 n—00
S S S
lim | Hf,du = /lim Hf,du = /Hd,u,VS eoa(Y). (5.2)
S S S

Thus, Z is a o(Y) measurable random variable such that

/Zd,u = /Hdu,VS ea(Y).
S

S

Thus Z = Z, p almost surely. The minimum detection cost with empirical distri-

bution, v, is

/[(1 — Zn) N Zn)dvy, = /[(1 — Zn) N Zy) frdps.
Q Q
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Since |[(1 — Z,) A Zy|fu] < |fal, the sequence {[(1 — Z,) A Z,]fn}n>1 is bounded
above a integrable function, p almost surely for all n. The sequence converges to
(1 —=2Z) A Z] in measure p. By the Dominated Convergence theorem [47], it follows

that

lim [ [(1—2Z,) A Z,)fodp =

n—oo Q

/ lim [(1— Z,) A Zal fudpt = /Q (1= Z) A Z)ds, (5.3)

Q n—o0

which is indeed J. When X is a countable set, we utilize the tightness of the measure
. From the uniform absolute continuity and tightness of p, it follows that the
sequence {vy, },>1 is tight. The tightness of  and uniform integrability of { f,,},>1
imply that {f,}n>1 is tight. Since |Z,| < 1V n, |H| < 1, the sequences {Z,, f,, }n>1
and {H f, },>1 are also uniformly integrable and tight. When X is a countable set,
if we are able to show that {f,} converges in measure p to 1 then by the Vitali
convergence theorem [47] (5.1) and (5.2) follow. Since |[(1 — Z,) A Z,]fn| < |[fal,
the sequence {[(1 — Z,) A Z,] fn}n>1 is uniformly integrable and tight. Again by the
Vitali convergence theorem (5.3) follows.

When X is a countable set, there are different approaches that we can consider to
show convergence of {f,} in measure. In the first approach, we attempt to prove
that {f,} — 1 in L*(Q, ) which implies {f,} converges in measure. From the

definition of the Radon-Nikodym derivative it follows that for all simple functions
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¢ on (Q, M),

i [ fuod = [ o
n—oo
Q Q
Since simple functions are dense in L>(Q, 1) and {f,},>1 is bounded in L*(Q, u) it
follows that

i [ fugdn = [ gd. ¥y € 20 )

n—oQ

Q Q

{fu} — 1in LY(Q, p). Tt is clear that {||f.|1} — 1. To show {f.,} — 1in L}(Q, p),
we can follow the procedure used to prove the Radon-Riesz theorem. This procedure
requires uniform converity of the L'(€, i) space which typically does not hold. If
{fn} converges in measure to 1, then a subsequence of {f,}, {f..}, converges p
almost surely to 1. Scheffé’s theorem [48] implies that ;}LIEOS%MV"’C (E)—u(E)| =0,

{vp,} converges uniformly to p over the same subsequence. {f,} — 1 in L*(Q, u)

and {f,} — 1 in measure imply that {f,} — 1 in L'(Q, ). Note that for any E,

a(B) = wlE)| = | [ (£ = Vil < [ 15, = 1/
E E
Hence, suplv, (E) ~ u(E)| < [ 1~ 1/d
E
Q
{fa} — 1in LY(Q, u) implies uniform convergence of {v,}. In the given scenario,

if we prove that {f,} converges in measure it implies {v,} converges uniformly.

Instead of proving {f,} — 1 in L'(, ), we might consider to prove the uniform
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convergence of {v,}.

Using the Arzela-Ascoli theorem: The objective is to find a metric p on X such that
the metric space (X, p) is compact and the functions {f,},>1 are equicontinuous
on this metric space. If such a metric space exists and we assume that the f, are
uniformly bounded then the Arzela-Ascoli theorem tell us that there is a subsequence
of {fn}n>1 that converges uniformly on X to 1. Using the uniform convergence and
a contradiction argument we can show that {f,} — 1 in L'(Q, u).

Using the Glivenko-Cantelli theorem: There are three steps to the proving the
theorem. Let us consider the estimation of p°. Let {Y,},>1 and {Z,},>1 be i.i.d

sequences drawn from the distribution p°. Let,

=n

Ly, 1z,
BIE and ,(E) = Y ~2E pe oF,
1 n i=1 n

an(E) =

7

n

The first step is symmetrization. Ve > 0, 3N, such that

€

2), Vn > N..

P(Slépmn(E) — ()| > ) < QP(S%pIOén(E) — Bu(E)| >

The above condition can be proven along the lines of the proof of symmetrization
lemma in chapter 2 of [49]. Let T,, = max(Y3,...,Y,, Z1,..., Z,) —min(Y7,...,Y,,
Zi,...,Zy,). For the next step, we impose the condition that P(7;, < n*) = 1 for
some k € N. When E = {z}, a singleton set, then |a,(F) — 5,(E)| can take at

most n + 1 different values. Suppose these n+ 1 values are achieved at x1, ...z, 1.
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i=T,

€ €

P(supla,(E) — B (E)| > =) <P max oan(E;) — Bn(E;)| > =

euplan(E) = Ba(B) > ) < B, o fanlB) = 5u(B)] > 3)
n+1

€
<nk ]P)Oénxi_nxi > —
< ;:1 (ln (i) = Bal@i)] > 3)

In the above, the first inequality uses the property that X is discrete and countable.

The third step is to use Hoeffding’s inequality. From the inequality, it follows that

2

P(sup|an(E) — p°(E)| > €) < n*(4n +4) exp s
E

Hence ]P(s%p]ozn(E) — p’(E)| > €) converges to zero as n tends to infinity. From
the Borel-Cantelli lemma, we infer almost sure convergence of s%p|an(E) — u(E)|
to zero which implies uniform convergence of {c,,} to u°. This approach needs to
be further investigated to show that {v,} converges uniformly to u. We use the
approach described for the case when X is finite to show uniform convergence of
{v,} implies convergence of {f,} in measure. Among the three approaches, the
third approach is most promising and requires further investigation.

One of the main assumptions in this work was that, the samples used to estimate
the empirical distributions were independent in the true measure, which is difficult
to verify. One can attempt to find weaker conditions under which we can estimate
empirical distributions and show the convergence to true distribution. One possible
approach would be to assume that the sequence of empirical distributions is tight.

By Prokhorov’s theorem [50] there exists a subsequence which coverges weakly to a
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measure on the observation space. We would have to show that the measure to which
the subsequence converges is indeed the true measure. In [51], the authors present
necessary and sufficient conditions for a uniform law of large numbers for stationary
ergodic sequences of random variables. We can investigate robust detection problems

with stochastic processes.

5.4 Simulation results

In this section we present a numerical study of the robust detection problem.
The setting is described as follows. The cardinality of the set of observations is
6. The true distribution of the observations under either hypothesis is given in

table 5.1.  The prior distribution of the hypothesis is considered to be py = 0.4

Joy) [H=0]H=1
Y=1 0.1 0.15
Y =2 0.2 0.15
Y =3 0.05 0.1
Y =4 0.15 0.3
Y =5 0.3 0.2
Y =6 0.2 0.1

Table 5.1: Distribution of observations under either hypothesis

and p; = 0.6. The number of stages till which the empirical distributions are
found is denoted by N. N was set to 10%. Simulations were performed with this
set up. Empirical distributions, v,, were obtained for every n < N. Point wise
convergence of the distributions was observed. Convergence of the distributions to

the true distribution in L' norm was observed. The L' norm of the error in empirical
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Figure 5.1: Convergence of distribution in L' norm
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Figure 5.2: Optimal detection cost vs number of samples

distributions from the true distribution has been plotted in figure 5.1. The optimal
detection cost under the true distribution is 0.38. The optimal detection cost under
the empirical distributions varied between 0.355 and 0.425 and has been plotted in
figure 5.2. For 1 < n < 150 it was observed that some of the entries of empirical
distributions were 0. These empirical distributions were skipped while plotting figure
5.2.  Simulations were repeated with a second setting. The setting is described as
follows: The cardinality of the set of observations is 10. The true distribution of the
observations under either hypothesis is given in Table 5.2. The prior distribution
of the hypothesis was considered to be py = 0.3 and p; = 0.7. N was set 10°. The

L' norm of the error in empirical distributions from the true distribution has been
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fly) |H=0] H=1
Y =1 0.1 0.08
Y =2 0.05 0.09
Y =3 0.15 0.1
Y =4 0.07 0.08
Y =5 0.08 0.12
Y =6 0.06 0.14
Y =7 0.12 0.09
Y =8 0.18 0.10
Y =9 0.06 0.18
Y =10 0.13 0.12

Table 5.2: Distribution of observations under either hypothesis

L1 norm of error

o 100 200 300 400 500 600 700 800
Number of samples

900 1000

Figure 5.3: Convergence of distribution in L' norm

plotted in figure 5.3. The optimal detection cost under the true distribution is 0.30.
The optimal detection cost under the empirical distributions varied between 0.2875
and 0.33 and has been plotted in figure 5.4. Since the cardinality of the observation
set is greater than the first setting, the number of samples taken to converge is
larger. In both cases the convergence of the L' norm of the error was found to be
approximately exponential, consistent with the concentration inequalities. It should
be noted that the empirical distributions and true distribution are not tight. Since
the { f,} sequence is bounded, the results mentioned in the previous section continue

to hold and the numerical results are consistent with the same.
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Figure 5.4: Optimal detection cost vs number of samples

5.5 Conclusion

In this chapter, we considered the problem of robust detection. The binary
hypothesis testing problem was considered. The true distribution under either hy-
pothesis was unknown. The empirical distributions were found from observations.
Convergence of the information state and optimal detection cost were proven. The

theoretical results were supported by numerical simulations.
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Chapter 6: Conclusions

In this thesis, we considered some problems in multi-agent decision making,
specifically multi-agent hypothesis testing. In chapter 2, we considered the detection
of models using two observers. In chapter 3, we considered the binary hypothesis
testing problem with two synchronous observers. In chapter 4, we considered the
binary hypothesis testing problem with three asynchronous observers and a central
coordinator. In chapter 5, we considered the binary hypothesis testing problem with
unknown true distributions and learning of empirical distributions. From chapter 2,
we infer that in some multi-agent decision-making problems collaboration (exchange
of information) among agents enhances the performance of the multi-agent system
compared to the performance of a single agent (from the multi-agent system) with
respect to the decision-making problem. From chapter 3, we conclude that informa-
tion exchange among agents plays a central role in probability space construction,
which is the key to formulating and solving stochastic decision-making problems.
From chapter 4, we infer that the absence of the joint distribution (information),
the inability of agents to simultaneously collect multiple observations (information),
and asynchrony among agents could potentially change the structure of the problem,

i.e., the formulation and solution to the decision-making problem. From chapter 5,
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we infer that as the number of observations (information) available to the observer
increases, the estimate of the empirical distribution and the optimal detection cost
improves. The commonality across the chapters is that the information available to
the agents, where the information could be observations (from nature or from other
agents) or the joint distribution of the observations, plays an important role in for-
mulation and solution of the multi-agent decision-making problems, thus justifying

the title to this thesis.
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Appendix A: Filter Equations and Stopping Time Problems

A.1 Derivation of recursions for filter

To prove the recursions mentioned for 7} mentioned in subsection 2.1.3.1, we

consider a change of measure. Define:

()
My -1 Y, k
M,
al:H< (i)) ,szlllaz

i=1 \ G

Recall that G} denotes the complete o algebra generated by H, X{, ..., X}, X2, ..

*9

X2 Y, . YL VR Y2 Thus,

M (2) My

Y, 1 1 i
Eslay41|Gy] = EP[Z Mkzl) 1G] = M. Z WP(Yk(Jr)l =11G;) =
i=1 M1CLhy %=1 Crya
My
1 1 .
— Z —_ c,(ﬂll = 1. Ep[T41|Gi) = Ep[Trani1]Gy) = ThEployi1]Gy] = T
M, i=1 Cl(;)ul

Hence (T'y, G} )ren is a martingale. We now define a new probability measure P on

(Q,U2,G}) by restricting the Radon- Nikodym derivative, dP/dP to the o algebra

dP
G} equal to T'y. Thus —

Bl = Iy = P(B) = [,T4dP VB € G.. The existence of

9
such a measure P follows from Kolmogorov’s Extension Theorem, [52].

1. Under, P, {Y;} , k € N, is a sequence of i.i.d random variables each having
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uniform distribution that assigns probability M% to each point f!, 1 <i < My,

1

in its range space. Thus IP)(Yk(jrl =1|Gl) = I
1

Ep[Lt1(Yit1, f1)|Gh]
Ep[Tr411G;]

P, = 11G4) = E[(Yir, £)IG}] =

_ LrEp|ags1 Ve, [D)GE]
IyEplagi1|G}]

= Eplags1 (Yir1, £)1G}]

o ) O
= Es[) J(r (Y1, f)1G] = ]E]P’Z Vi Vi |Gk
j=1 Mck+1 j=1 Mc k+1
1 1 1 i 1 _
= WEP[YIQJ%] = 0 X Cl(c}rl A ]P)<Yk(+)1 1)
My, 164 1

2. Under P, X} and X7 remain Markov chains with transition matrices A' and

A? respectively . First, we note the following:

Ep Wiy lo(Gy U o (Yiar))] = B[ Wiyl (Fe {op, bn =i {on b n 2]

= Ep[Wyy | Fi] =0

where the second equality holds by the independence assumption. Hence,

Ep[Xji1|0(Gh U o (Yig))] = Bp[A' X} + Wi4[0(GL Uo(Yi))] = A'X}

Ep[Tr1X,41]Gr]

Ep[Xinl Fi] = Es[Ex[ Xl G, BelXialGl] = = —ren
k

My (4)

Y,
— Ealoun XEa100) = BA(YS XL, I0F
Jj=1 Me Crt1
M ] |
=D — P, = 1GH)] % Bp[ X}, [0 (G U o (Vi)
=1 Mo,

= Ep[Xy41|Gi] = A'XG
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= Bp[Xp | Fi] = Ep[A' X | Fy] = ALX

Similarly it can be proven that: Ep[X7,|F7] = A*X}. Hence it also follows

that:
Es[Wyi11Gi] = Ep[ Xy — A'XG|G] = ATX, — ATX; =0

and Ep[W7, ]G] = 0.

3. EP[WleWkH] =0 and EP[WI§+1‘yk+1] =0

Ep[Tps 1 X} Gy Ua(Y
B XL lo(G U o)) = o e e O i)

_ U1 B[ Xy lo(Gp Ua (Vi)

|

= Ep[X}.1]0(Gh U (Yii1))]

= A'X}
= Ep[Wy 1|0 (Gr Uo(Yesa))] =0

= Ep[Wi 1| Vi] = Ea[Bp[Wiilo (G Uo(Yer)IVe] =0 (A1)

Similarly it can be shown that, Eg[W2, | Ve+1] = 0.

Given probability measure P on (€2, U, G}') such that 1 and 2 hold true and matrices

C" and C?, we construct a measure P as follows: Let ¢y = C' X H +C2X2(1— H)
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and ¢ ckJrl (Cpy1, [1) = cllﬂfl)H + czf:l)(l — H). Let

o O b dP
a =g Ti=1]a . —=
=1

Again, the existence of such a measure P follows from K. olmogorov’s Extension The-

orem ( [52]). With the above definitions, the following are satisfied

1. Eplap1]Gh] =1

My
_ @)
Eﬁ[ak+1|ga = Ep [H(MlckH)Y 1|gk]
=1
M, A z My )
= Mlzc,m v =1G1] = Z Seat) &) =1
=1
Thus (T, G} )ren is a martingale
2. Es[Yena|Gl] = C' X H + C?°X2(1 — H)
P(YAY) = 11G)) = Bs[(Yiya, £1)|GH]
_ Eﬁ[ka(_YkH, fH1G:]
EP[FkHWé]

_ Ep i1 (Vs £1)1G2]
Ep[ar11]G;]

My

= Bel([T(Mief) %) Vi, £91G]

j=1
= My x &), x Bs[(Yirn, FHIG] = &),

Hence the result follows
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If ' = C" and €2 = C? then it follows that P = P on (Q,U,G}). Thus by

letting C' = C" and C2 = C?, we obtain Ep[H|)}] =

Num(k) = Ep[FkH’yk]
Den(k) = Ep[Tr(1 — H)| V]
qi(er) = Eg[De H (X, €0) | V]

pr(er) = Es[Th(1 — H)(XE, e,) | V4]
It follows that,

Num() = BTy HID4) = BATuH S (0 )] = 3 s

r=1

Ns
Den(k) = Ep[Tw(1 — H)|Vi] = Ba[Ti(1 — H) Y (X7 e,)| W] = Zpk (e,)
r=1

Ep[Tx| Vi) = Ep[Tk[H + (1 — H)]|Vk] = Num(k) + Den(k)

Num(k)

1 _
=, = Ep[H| V)] = Num(k) + Den(k)

We now prove the recursion for gx(e;):

Ge+1(er) = Ep[Dopn H(X}, 1, €r)| V1]

My
_ (%)
= Es Dk H ([ (MO H + (10— H))Ysn ) (X, e0)| Vi
=1
My ()
= My x Es[TeH(] [ (e H) o) (X 00) | D]
=1
My (i)
= My x Bs[TeH ([ [(ep 1 H) #0)(A X e0) | V]
=1
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My

— 4 (@)
+ My x E}F[FkH(H(Cllc;(Ll)H)Y’““)(Wk1+p er) | Vit 1]

i=1
The second term in the summation equals:

My

— i (%)
s [T H ([ [ (col )50 ) (WL )| V]
=1
My

= Es[ D H([ [ (b HY W) Es (W, en) (G U 0(Yiern)][ V]

i=1

From (A.1), it follows that the above term is zero. Thus,

My
— i (1)
grri(er) = My x Es[Cp H (] [ (e H) o) (AT XL, )| V]
=1
= <t 1v1 v 1v1
= My x Bs[TeH([ JUC X4, £1) 55 (AT X, €0) [ Vi
=1
Al M 0)
= M; x [Z Ep[FkH<<Xi,6j>>ka+1]aij(H(c}j)Yk+l)
j=1 i=1

Since under P, o(c(H) U o (X}) U, is independent of o(Y11),

= My x [ZS: Es[[rH <<X,1,ej>)|yk]a1j(n<cgj)Yéﬁl]
= My [ aulep)al ([T )%

The initial condition , ¢;(e,),

q(e) = EP[O_CIH(<X117 er)) | V1]
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My

= B[] (M} H + 01— 1) H((XL e,) 1]

= My x Eﬂa[ﬁ<ci*<">H>Yl‘i)H<<X%, &)
= My x Ep[ﬁ( O H((AXG, e)0]
ZEP H e H((XG, eyal) )
. [Z E(ob)yf”leﬂ—»w«x(},ez>>ry1]ailJ

x [i ﬁ<cb>1’1(”EP[H<<X5,ezmam

the last equality is true since under P, o(o(H),o(X})) is independent of };. Since

Ep[ai|o(o(H),0(X]))] = 1, it follows that:

Es[H (X, e1))] = Eplar H((Xp, e1))]
= Ep[Bp[on H((XL, ) |o(0(H), o(X))]]
= Es[H((X}, &1))Eplaa|o(o(H), 0(X}))]]
= Ep[H({X, e1))]

= Ep[HIEp[(Xy, e1)] = 1 x (P(X; = e1))

Ns M
= qi(e,) = My x [>T [(eh)ip x (P(Xg = e)aly]

=1 =1

The recursion for pg, 1 and p; can found by the exact same procedure. This completes

the proof. [
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A.2  Stopping time problems in dynamic programming framework

A.2.1 Finite horizon stopping problem

In this section we discuss the result for finite and infinite horizon stopping

time problems using dynamic programming framework.

Theorem A.2.1. Consider Observer 1 [2.2.2.1] and the optimization problem start-
ing at time 0 [2.2.2.2]. The horizon is considered to be N. Let m (the filter) be

defined as:
™, = Ep[H|VE).
Let ¢ = {¢x }r>1. Define ¢y as
U = otk + [m] A [1 — 7).
Clearly 1y, is adapted to Y¥. Define the following:

MY ={r€S8S : k<T<N P as},
Vi = _inf Elpr], Wy = essinfE[yr|Vy]. (A.2)
TeMp

TeMy

W can be recursively defined as:

W]NVsza
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Wi = min{¢y, Es[Wy, | V5]}, k=N—1,..,1.

Then the optimal truncated stopping rule from the class MY is given by:

i =min{k <n < N : 1, = WV}

Therefore the optimal N truncated stopping rule 7 is given by:

™ =min{l <n < N :¢, = W}

Also the optimal decision D*(w) is given by:

D*(w) =0 if (L—mp)> 7,

=1 .Otherwise

and the optimal cost is given by:

For proof, we refer to [12].
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A.2.2 Infinite horizon stopping problem

Consider Observer 1 and the optimization problem starting at time 0. We

consider a new cost function:

Jl(T, D) = ]E]p

Z ¢+ CroH(W)(1 = D(w)) 4+ Co(1 — H(w))D(w)] ,

=1

Ji(1, D" (w, 7)) = Ep

Z ¢+ [Cor(1 — )] A [C’lom]] .

i=1

where Cg and Cy; are are non-negative real numbers and 0 < ¢ < 1. Our aim is to
find 7 € S such that J; (7, D*(w, 7)) is minimized. With the new cost function, 1y

is defined as:

k

Ye =Y ¢ +[Cor(1—m)] A[Cromy].

i=1

MY VY WY are defined as in (A.2). Define,

My=1{reS:7>k P as},

Vk = inf E[wT]a

TeM,

. k
Wi, = essinf Efyr|Jy].
Theorem A.2.2. (Refer [53] ) Let {Wy}i>1 satisfy the recursion:
Wy = min { ¥r, Ep[Wie| V5] },
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and stopping rule 7} be defined as,
2 =min {n>k: =Wy },k > 1,inf(¢) = .

If Ep[sup|i|] < oo and P(7f < 00), then 7} is the optimal stopping rule for (2) and
k>1

T is optimal in the class of non truncated stopping rules , Sy .

The above theorem cannot be used in practice as the recursions cannot be

solved explicitly. Note that the posterior costs W and optimal costs VI are de-

creasing in N. Similarly the stopping times 7{¥ are increasing in N. Therefore the

following limits exist P a.sV k > 1:
o0 : o0 . o0 : N

W = W, 7 = i, Vi = Jm Vi

By the monotone convergence theorem for conditional expectation,
Jim Ep (W18 = Eel Jim W, [94] = Ee[W5, | 4]
Hence W}° satisfies the recursion,
= = ming e, Es[WS, [V} Yk > 1. (A.3)

The corresponding stopping rule is

I =inf{n>k ¢y=W*V k > 1. (A.4)
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Note that:

WY >W, V N>k :sthWszWk = WP > W,,
—00

VN>V, V N>k i}&ingzV;@:szvk. (A.5)
—00

Theorem A.2.3. Let {WP}i>1 satisfy the recursion (A.3) and 75° be defined as

(A.4). Then
=Wy, =1, Ve =V V kE>1

Proof. This theorem characterizes the solution to the infinite horizon problem. From

(A.3), it follows that (W2°, Y¥)i>1 is a submartingale. First we note that,

1
Eefsup [v] ] < 1
E>1 —C

+ [[Cuo] + [Cot]] < o0. (A.6)
From (A.6), it follows that:

Eplthg] <oo ¥V k>1, Epltp,] <oo ¥V 7€ M.
By the Lebesgue dominated convergence theorem, it follows that

k—o0
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Hence using the optional sampling theorem, we can conclude that,
Ep| W | VET>WP PasV 1M, , k=1,23...
(A.3) implies that

W <, P oas, Vn>1
=>W>* <, P as, ¥V 17€M,;
=Ep[W°| V5] < Ep[tr V5] P as, ¥V 7€ My

WP <Ep[ |V P oas, VTEM, V¥V k>1.
By definition of essinf, it follows that,
W <Wg P oas, VEk>1.
From (A.5),

=W, Pas Vk>1

=>7"=17 Pas V Ek>1

MY € MY = VT <V Thus {VY ) ysy is a decreasing sequence and bounded

below by 0. By monotone convergence theorem , it follows that ,

Ve = lim VY = inf VJ,
N—o0 N>k
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Now we prove that ]%IikaN = V. From (A.5) it follows that, V} is a lower bound
for the set, {VY¥, N > k}. From the definition of Vi, it follows that, V € > 0,

4 7. € My such that,
Ve < E]p[@bfe] < Vi +e
If 3 N, such that:

7. < NPas =7 € MY =V < Ep[¢, |

:>Vk; < Vév < E]P’[ ¢T€ ] < Vk + ¢,

else V. n € N, P(r. >n ) > 0. Define,

T:

Tt 2x[[Cul + [Cull,

5=V +e—Ep[t,, ] >0.

Claim: 3 ns € N, such that P(r. > ns ) < The proof follows by

4 x YT

contradiction. Suppose the claim is not true. Then,

)
> i > .
P(r, >n)_4 T vV neN :>n11_>IIC}OP(TE >n)_4 T
By monotonicity of measure
= P(li >n) > = P(r. = o) > 0 > 0
oo T =Y T e ’



which is clearly a contradiction as P(7. = oo) = 0. Hence the claim follows. Define:

ns

=ns if T(w) > ns.

e MY = 1% € M.

€

Consider,
. 7o
|Ep[¢pr, ] — Ep[vm ]| < Epl|> =) &+
=1 =1
[Co1 (1 = )] A [Cromr] = [Cor(1 = m2s)] A [Crom,ns]|]
<Ep[[ D ¢ oo, +2x[[Cio] + [Corlllr5n,]
1=ng+1
<[ Y & +2x[[Col + [Corll]l X Ep[Lrosn,]
i=ngs+1
<[ > ¢ +2x[[Cil + [Cull] xP(re > ng)
i=ns+1
) 0
< = °
ST X T
Thus,
0
| Be[ ¢ ] — Ee[¢pms ]| < 7

=]

:>EP[ wTena ] < ]EP[ Yr, ] +

jEp[wT:la ] < Vk + €.
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Hence, it follows that

Thus V € >0, 9 n. € N such that,

=V, < VZE < Vi+e

Thus,

Ve = ]ivgkakN = V.

177



Appendix B: Rate of Decay of Probability of Agreement on Wrong

Belief

B.1 Centralized approach

Before we get to the proofs, we mention some standard results from the method
of types [54], [55]. Notation: (Y™, Z") = [(Y1,Z1), ..., (Yn, Zy)]. 1¢y is the indicator
function. For an observation sequence (Y™, Z" = y", 2"), the type associated with

it is:
Q ( Z) = ! En 1 — V( Z) €5 x8
yn,zn\Y, n 4 - (yi,2i)=(y,2) Y, 1 2.

With the above definition, when (Y1, Z1), ..., (Y,, Z,) are i.i.d. conditioned on the

hypothesis, for h =0, 1,

Pn(yn7 " =", Z”|H — h) — 9 (H(Qyn, z0)+Dk L (Qyn zn(lfn))
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— fl(yvz) — 3 fl(yvz)
Let Ty = (y,z?é%i{x@ log, ol and Ty, = (y’zglelg}%z log, o2 For threshold T" such

that T, < logyT < Ty the likelihood ratio test can be equivalently written as,

1
Drr(Qyn zn|| fo) — Drr(Qyn zn||f1) > - log, T

We present the proof for equation (3.2).

Proof. Let S denote the set of probability distributions on S; x S5. For vector
QeSS Q=[Q1),Q2),...,Q(5%] x|Sz2|)], the element Q(i) corresponds to the
joint probability of observing y; and z, where [ = “5—2'}, k=1i-— Llé—Q‘J X |Sy]. If
i— L@j X |Sg| = 0, then k = |S2|. Q(i) and Q(y, z) are used interchangeably. For

set S, let int(S) denote the interior of the set and S denote the closure set. Let,

filyr, 1) | fi(y1, 22)

og S1(yis11: 215:1)
folyr, 1) 2% folys, 22)

foyisis218,0) 1

V = |log, yo .., log,

For the given threshold 7', the objective is to find the rate of decay of probability of

error. The set of distributions for which the decision in the centralized case is 1 is

51 = Q€ 53 {Dye(Qlo) ~ Da(@llf) 2 logs T

Let ei(e,.), 1 <i < |S)| x |Sa| represent the canonical basis of RI*1*1%2l The set S,

can also be described as:
S1={Q e R —vTQ +10g, T < 0,
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Y Qy.2)=1,-eQ <0, 1<i<[S] xS}
Y,2

Since Ty, < log,T < Ty, int(Sy) # () and int(S§) # 0. Since S; and S§ are closed,

connected sets with nonempty interiors they are regular closed sets i.e., S; = int(S;)

and S§ = int(S§). Thus by By Sanov’s theorem [54], it follows that

) 1
lim — =logy(kn) = Drr(QY || fo),

n—oo n

lim — %logQ(ﬁn) = D r(QL [ f1),

n—oo

Q), = argmin Dicr(Q1fo), Qf, = argmin Dics (Q)]fo).
QESy Q€§

Since the optimization problems are convex, to solve them the Lagrangian can be

setup as follows:

Qy, )

Kn(Q(y, 2), Th, vn, en) = [Z Qy, 2)log, (fh(y )

)

s(hyr [Z Q.2 toe, (11277 - o, T

ZQ(y’Z) - 1] :

+ €p

[Z Uh(y7 Z>€Z,ZQ(y7 Z)

where s(h) = —1if h = 0 and s(h) = 1if h = 1. Setting Z2G&monn) — () for

(y,2) € S1 x Sa,

log, (Q(y, 2)

i
Q

1

e (fh




Hence the equation (3.1) follows. The dual functions for the above optimization

problems are:

I (Th, vn, en) = Kn(Q2 , 7, vn, €1),
and the dual optimization problems are:

*
Ay = max Jn(Th, vn, €n)
ThER, L ERISLIXIS2] o €R

st =7, <0, —evp <0, 1<0 < S| X [Sy

Since the interior of the sets S; and S{ are non empty, Slater’s condition holds and

hence strong duality holds. Suppose 77 is such that:

dar, [ZQTh Y,z 10g2< nly2 ) h) T X
[Z Q. (y, 2 fl y’ ” ‘ h)log, T. (B.1)

7

Then, since strong duality holds,

1 1
lim — —1 n) = A, lim — —1 n) = A7,
1 n 08y (Kn) 0 ngrolo n 0g, (& ) 1

n—oo

A} = Ju(15,,0,0)
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Thus, for the given threshold T, the rate of decay of probability of error is:

1 )
lim — = log,(7) = min | Dics(QY 1 o). Drce

n—oo

)]

"
1

By changing the threshold T (or equivalently 7y and 71) different decay rates can be
achieved. Thus the optimal rate of decay is achieved by searching over pairs (7, 71)

such that 79 > 0 and 73 > 0. Further if R} is achieved by the pair 7, 71,i.e.,

R; = min [Dg(QY, [[fo0), Drr(Q4 [1/1)]

then R} = Dg(QL,||fo) or R = Dk (QL||f1). The threshold which achieves
the optimal decay rate is found by evaluating the L.H.S of equation (B.1) at the

appropriate 7,(the one that achieves RY). O

B.2 Decentralized approach

In the decentralized scenario, the observation sequence (Y, Z" = y", 2") in-

duces a type on S7 and Ss:

n

Qyx(y) = L Z Ly=y = Z Qyn z0(y,2) Vy € S,

n

i=1 IS
1 n
Z) = ; Z 1Z¢=y = Z Qyn}zn(y, Z) Vze SQ.
i=1 YyEST
Let T} = maxlog LW 72 ax log A£G 71— min log 19 and
U™ yes, O2Rw) U T eg 22k TLT e 2 75

T? = m1Snlog2 1 Ez; Let Ty and Ty be such that T} < log, Ty < T} and T} <
zE
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log, Ty < T{. The individual likelihood ratio tests for the observers with thresholds

T, and T5 are:

1
D1 (Qyn|lf) — Dir(Qyallf1) = - log, T1,

1
Dk (Q%:|1f3) — Drr(Q% || f7) = —logy .

Now, we present the proof for equation (3.6).

Proof. Let,

v=[1,1,..,1] e Rl o =[1,1,...,1] € RI%XI%I

_ ft(21) ft(22) ff(%m)} 15|
= o o o )]

- f11(yl) f11(y2) ff(ylsl\) }
Vg = {log2 ) x v, log, ) X v,...,log, —f&(ywl\) X v

e RISxI%21 g — [w, u, ..., u] € RS2, 1@l =

| fll(y)u <15,

mzaX ’Q(”’a@ € Rwl‘XISQla Ml = [Z ) fl(y)
0

YyEST

For the given pair of thresholds 77,75, the objective is to find the rate of decay of
probability of false alarm and probability of miss detection. We first focus on the
rate of decay of probability of false alarm. The set of distributions for which the

decisions of both observers is 1 is

Drr(Qullfs) — Drr(Qullff) > log, Ty
Sl :Q689 )

Dgr(Qa|f5) — Drr(Q2[f7) > log, Tp

183



where Q; and Qs are types induced by Q on S; and S, respectively. The set S; can

also be described as:

Sy ={Q e REXI%: T 41og, Ty < 0,07Q =1,

—U5Q+10g2T2 S 07 _eiQ S 07 1 S i S |Sl| X |SQ|}

The first objective is to find threshold pairs 77, T5 for which S is non empty. Note

that,

maxo]Q = maxlog LY | maxoT@ = maxlog 1)
Qe ? y€S1 f()l(y> " Qes B 2€8, foz(z)’
1 2
mimj?TQ = minlog fll—(y) , min g = min log f12(z)
Qes vest  faly)  Qes €5 f2(2)

Since T? < log, Ty < TZ, and ¢(Q) = viQ is continuous, 3 @, € S such that
v3TQa = log, T5. For a feasible T5, we would like to find the set of feasible T} so that

that the set S is nonempty. Consider:

U(Ty) = max vlQ

QcRIS1Ix152]
st —vaQ+log, T, <0, v]Q =1,
—e;Q <0, 1 <1< 5] x |9

(1) :QGR%}&\SQIUTQ

st —viQ+log, T, <0, v]Q =1,

—eiQSO, 1§Z§|51’X‘SQ|
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Since the above optimization problems are linear programs for every T, the max-
imum and the minimum occur at one of the vertices of the convex polygon, S; =
SN{Q : —vI'Q —log, To < 0}. Let int(S) denote the interior of a set S. Let
@ be a boundary point of the set S. Let C(Q,S) = {h : 3¢ > 0 st Q + €h €
int(S)Ve € [0,€]}. Since the set S is convex, for any point @), in the interior of
the set and @ on its boundary, the vector @, — @ belongs to C(Q,S). For a given
Ty, Ty, if ®(T3) < log,Th < W(Ty) then the pair is feasible pair. If not, we choose
an alternative T} which satisfies the above inequalities. Further we choose T be
such that ®(Ty) < log, T} < logy T < W(T3). Since the function f(Q) = vIQ is
continuous, 3 @, € Sy such that f(Q,) = log,T. Hence ), € S is such that
vIQ, > log, Ty and vI'Q, > log, T>. Hence the set S; is nonempty. If Q, is an
interior point of S, then it is an interior point for S;. Suppose @, is a boundary
point of S, such that vI'Q, = log, Ty and Q,(i) > 0 for all i. There exists a di-
rection h such that vIh > 0 and for epsilon small enough, (Q, + €h) belongs to
interior of Sy. Suppose @, is a boundary point of Sy, such that @,(i) = 0 for some
i. The set C(Q,,S) N {h : vIh > 0} is nonempty. Indeed, if the set is empty
then C(Q,,S) C {h : vIh < 0} which implies that vl Q < log,To VQ € int(S),
which is a contradiction as log, Tp < T%. This can be proven by the following argu-
ment. Let Q. be such that v] Q. = T#. Note that Q. is boundary point of S. Let

2 _
e = Loloes By continuity of vl Q, there exits ¢ > 0 such that [|Q — Q.|| < ¢

1
implies [vi@Q — vI'Q.| < e. This implies for every @ such that [|Q — Q.||e < 0,
vIQ > T — € > log, Ty. Since Q. is a boundary point of S, there exists atleast

one interior point of S in the ball, ||Q — Q.||oc < J. Hence there exists an in-
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terior point, Qg such that viQg > log, Ty, which contradicts our conclusion that
vl Q < log, Ty VQ € int(S).
Thus, there exits @ an interior point of S, such that Qy(i) > 0V 4, v1 Q, > log, Tb,

[|Qa — Q| < € and

vy Qy =03 Qu + v3 Qp — V3 Qq

> logy T' — [|Qa — Qpl[ee x My

> log, T — € x M.
We choose € such that € < %. Then, v Qy > W > log, T7. Hence
@y is an interior point of S;. Thus, for the T, T, pair, there exists () € S such that
Q(i) > 0V i, vIQ > logyTy, vIQ > log,Ty. Hence the interior of the set S; is also
nonempty. Clearly, & is closed and convex. Since S; is connected, closed set with
nonempty interior it is a regular closed set (S; = int(Sy)).[Let X be a topological
space. A connected set in X is a set A C X which cannot be partitioned into
two nonempty subsets which are open in the relative topology induced on the set A.
Equivalently, it is a set which cannot be partitioned into two nonempty subsets such
that each subset has no points in common with the set closure of the other. Using
this definition and a contradiction argument we can show that a closed,connected

set with nonempty interior is a regular closed set.]

By Sanov’s theorem [54], it follows that,

) 1
lim — —logy(pn) = Drr(QY, 4, I1/0),

n—o0 n
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where,

9\0700 = arg min Dg . (Q|| fo)-
QES

To find Q/\O s the Lagrangian can be set up as follows:

L(Q; Ao, 00, Co, ) = [ZQ y, 2) log, (]C;i(( " ))) +
Ao :logg -y (Z Q(y,z)) log, (ﬁgi) n
. > (ZQ - )l% <%)' .

[ZC Y.z

,2) |+ o

ZQ(yaz) - 1] :

Setting W =0, for (y,2) € S1 x S,

f%(y)) B

~ olog (f&(y)

Hence the definition of QY , as in equation (3.5) follows. The dual function is

defined as:

G(Xo, 00, o, 00) = L(QY, 4, o> 00, Co, bo).-
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The dual optimization problem is defined as

*
d* = max G (Ao, 70, Co, 0o)
M €ER,00€R,(oERISHXIS2] gy eR

st — /\0 < O, —o0p < O,

—€Z'COSO, 1 SZS |Sl| X |S2|

Since the interior of the set S; is nonempty, Slater’s condition holds and hence

strong duality holds. Hence,

lim — — logz(,un) =d".

n—o0

Suppose A\ and o are such that:

: lmm ]

0<y

—

o0 [ZZ@AM Y.z 1og2( 08)” — —log, T\
Ao
oo ”Z Do 2)1o Q(Q}Z?Zf%) )>] )
S
a0 [;ZQQO’UO(y,z) log, (;gg;)” - “log, T (B.2)

By solving above equations, the optimizers \j and o; can be found as functions

188



of T7 and T, and the distribution which achieves the optimal rate for this pair of
thresholds is @08:06‘ To study the rate of decay of probability of miss detection we
consider the set of distributions for which the the decision of both observers is 0,

837

S;={Q € RIStxIS2] . UQTQ —log, T} < 0,1}1TQ =1,

’l)g@ — 10g2 T2 < O, —eiQ < O, 1< < ‘Sl| X |SQ|}

It is clear that S3 is closed, convex and has nonempty interior (as 77 < Ty and

O (Ty) < log, T1). Again by Sanov’s theorem,

|
lim — —logy(vy) = Dxr(Q), 4, [1f1),

n—00 n

where,

Q) », = argmin D (Q|| f1).
QeS

The optimization problem can be solved to show that @}\1701 satisfies equation (3.5)
for h = 1. The dual problem can be solved to find A} and . Thus for the given

thresholds (and hence decision policy), the error rate is

. 1 '
lim — - log, (pn) = min [DKL(Q())\S,US fo),]D)KL(Q}\LUI fl)] :

n—oo

since the exponential rate is determined by the worst exponent. By changing the
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thresholds (and hence Ay, o,, h = 0,1), different error rates can be obtained. Thus
the best error rate is obtained by taking maximum over A\, > 0 and 05, > 0, h =
0,1. Thus, equation (3.6) follows. Suppose the above maximum is achieved at
(Mo, 0), (A1,71). Then R} = Dy ( Rosollfo) or By = D (Q5 . [If1). Suppose
R =Dg L(ng’ao || fo). Then the thresholds which achieve the optimal rate of decay
can be found by evaluating the L.H.S of (B.2) at (g, 7). For the other case, the
thresholds can be found from equations analogous to (B.2) which arise from the
dual optimization problem obtained while finding the rate of decay of probability of
miss detection.

Suppose the observation collected by Observer 1 is independent of the observa-
tion collected by Observer 2 under either hypothesis, i.e., fo(y,2) = fa(y)fi(z),
f1(y, 2) = fi(y)f2(2). Let C; be a subset of the positive cone, C; = {(\g, 09, A1, 01)

€ R*: X\, 00, 1,01 >0, g = 00, \; = 01}. For such quadruplets,

Qg\lhﬁ'h = Qi—Lh
AR=0p=Tp
Thus,

* : 0 1
Ry = o X min [Dgz(QY, 5, 1/0), Prr(Qy, o, 1/1)]

> in [D 0 D !
i (/\hZO,or;fl,si(O,l)G(Cl min [ KL<@/\0,00||f0)7 KL(@)\l,Ulel)]
= max min [Dg,(Q, || fo), Dk (Qx || f1)] = R

The above result can be understood as follows: in the centralized case, the proba-
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(a) (b)

Figure B.1: Bifurcation of the probability simplex in the two approaches: (a) Cen-
tralized (b) Decentralized

bility simplex is divided into two regions by a hyperplane, while in the decentralized
case the simplex is divide into 4 regions by two hyperplanes. Hence, the minimum
of the Kullback - Liebler divergence between the decision regions(in the probability
simplex) and the observation distributions in the centralized scenario is likely to
be lower than in the decentralized case as the sets are “larger” in the centralized

scenario (figure B.1). O
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Appendix C: Verification of Axioms and Existence of state

C.1 Verification of axioms I1.4 and I1.5

C.1.1 Axiom I1.4

Let the domain of 7" = Ty, o T, 0...0Ty, = Tp 0T, 0... 0Tk be Dyp.
Let U=, Bi = B,Eyy... By, U =[[\_, Ei = B\E,...E,, V =[]._, F; and

V* =1l F. Thus Dy = {p € S: Tr{U*pU] # 0} = {p € S : Tr[V*pV] # 0}.

U*pU _  V*pV
r[U*pU] — Tr[V*pV

Tg,oTg,0...0Tg, = Tr oTk,0...0TF, is equivalent to = ] Vp € Drp.

We claim that Ja € C,a # 0 such that U = aV. We prove by contradiction.

Suppose our claim is not true. Then for every «, there exists hy € H,h; # 6 and

hy € H, hy # 0 such that U(hy) # oV (hy) and U*(hy) # aV*(he) where & denotes

(h7h‘2
[ha]

the complex conjugate of a. Let p(h) = >|];2 Vh € ‘H. Hence p is the orthogonal

projection on to the subspace spanned by hy. (p(h),h) > 0Vh € H and p = p*.
Trip] =>.(ple), ) = W > i(ha,e;)? = 1. Hence p € S.

Case 1: Suppose hy is such that hy € N(U*). Then hy ¢ N (aV*). hy € N(U*) im-
plies that Tr[U*pU] = 0. (aV(h), ha) = 0 Vh € H implies that hy L R(aV'). Since
[R(aV)]t = N(aV*), it follows that hy € N(aV*). Hence, hy ¢ N(aV*) implies

that Jhg € H such that (aV (hs), he) # 0. This further implies that Tr[V*pV] # 0.
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Hence the domains of the two operations Ty, 0Tg,0...0Tg, and Tk 0Tg0...0T,

are unequal which implies that the operations are unequal. Similarly, we can obtain
a contradiction if hy € N (aV*) and hy ¢ N (U*).

Case 2: Let U(h)) = aV(hy) + hs. p(U(hy)) = Elhahe o0 q p(aV(hy)) =

I

(aV (h1),ha)ho
llh2fl?

<U(h1)7 h2>
||hs|[?

U*(hy) and aV*(p(aV (hy))) = M@V*(f@)

U (p(U(h1))) = e

(U*(u),v) = (u,U(v))Vu,v € H. Letting u = U(hy),v = hy we get,

(U™ (U(h1)), ha) = (U(ha),U(ha))
= (U(h1), @V (1)) 4 (U(ha), hs)
= <O_éV*U<h1>, hl) + <OéV(h1) + hg, h3>

(U*(U(hy)) —aV*(U(h1)), h1) = (aV (hy), hs) + (h3, h3).

Suppose U(hy) # 0 and (aV (hy), h3)+ (hs, h3) # 0. Then U*(U(hy)) # aV*(U(hy)).
We let hy = U(hy). For this choice of hg, if hy € N(U*)(and hy ¢ N(aV*)) or
hy € N(aV*)(and hy ¢ N(U*)) then we already have a contradiction (by case 1).
We consider the scenario where hy ¢ N (U*) and hy ¢ N (aV*). Thus, p belongs to
the domain of both operations. U*(p(U(hy))) = U*(U(hy)) and aV*(p(aV (hy))) =
e Cen L av=(U (b)) U*(p(U(M))) = aV*(p(aV (b)) if and only if 38 # 1

such that U*(U(hy)) = BaV*(U(h)) and g = {5flipnl) - g — feb@uilonll

_ (mavuh))) _ 1 (UM U)) 1 2 _
B="wamr = =5 Toemr = Bf=5= =1 5#-las
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U*pU > 0,V*pV > 0. Hence U*(p(U(h1))) # aV*(p(aV'(h1))). The above proof
holds even if aV (hy) = 0.
Case 3: Suppose (aV'(hy),hs) + (hs,hs) = 0 (U(hy) = 6 also implies the same).

(aV*(u),v) = (u,aV(v))Vu,v € H. Letting u = aV (hy),v = hy we get,

(@V*(aV(h1))), h1) = (aV (h1),aV (h1))
= (aV(h1),U(h1)) — (aV (h1), hs)
= (U*(aV(h1)), h1) + (hs3, h3).

(@V*(aV(h))) = U™(aV(h1)), ) = (hs, hs) # 0.

Hence U*(aV'(hy)) # aV*(aV(hy))). Let ha = aV'(hy). For this choice of hy, if
he € N(U*)(and hy ¢ N(aV*)) or hy € N(aV*)(and hy ¢ N (U*)) then we already
have a contradiction (by case 1). We consider the scenario where hy ¢ N (U*)
and hy ¢ N(aV*). Thus, p belongs to the domain of both operations. Using the
definition of p, U*(p(U(hy))) = %U*(avml)) and aV*(p(aV(hy))) =

aV*(aV(hy)). U*(p(U(hy))) = aV*(p(aV(hy))) if and only if 35 # 1 such that

BU*(@V(In)) = aV*(aV(l)) and = et g — GueiCull s 3 —

(h1,U*(aV (h1)))
llaV (h1)]]2

(h1,6V*(aV (h1)))

%W <= |B)* = 1. Again, 8 # —1. For every a

— [ =

in C, 3p €S, UpU # |a|*V*pV. Thus, TT[{;‘:ZU] + T:[/\Z‘,jv]v if not for «y, such that

o[22 g*zg%, there should not exist p € Dy such that U*pU # |a;|*V*pV. This a

contradiction. Hence our claim is true. Since U = oV, U* = aV*. Hence for every

p €S, pU* = paV*. This implies that UpU* = |a|?*VpV* Vp € Dr, which further

UpUZ_ — _VoV" _\/y € Dp. The final equality is equivalent stating

implies that Tolip0] = Trlvpv ]
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that Tg, o Tg, ,0...Tp, =Tp, 0Tk, , o...Tk, thus verifying axiom [IT.4].

C.1.2 Axiom II.5

For T' € O, there exists Fy, Fa, ..., F,, such that T' =Tk, o Ty, 0 ... Tp, =

" Eipll, E: . : _ . n
Tﬂﬁ?:l Ef;l?m:n ok The domain of T is Dy = {p € S : Tr[[[, Eip[1—, Ei] # 0}.

The set of states which do not belong to the domain is {p € S : Tr[[[\, Eip 1., Fi]

—0}.

n 1 n 1
{pes:Tr][Ep]] E] =0} Wies: [[E~]]E =0}
=1 i=n =1 i=n

={peS: R[] E)cN(]]E)}

i=n =1

The equality @ follows from the observation that [, Eip Hllzn E; is a positive

semi-definite operator. Let () denote the orthogonal projection on to the null space

of [T, Ei, N(I[_, Ei), which is a closed subspace. N(][_, E;) = R(Q). Then,

(pes:RE[[E) SN[ E)} EireS:p(RU-Q) C RQ)}

1=n =1

YD ipes:(I-Qp(l-Q) =6}

={p:TrlpQ] = 1}

The equality, (Q, can be proven as follows. First we note that [R(Q)]* = R(I — Q).

The closure of the range of Hzl:n E; is the the closed subspace R(I — Q). For

all h € R([T_, Ei), p(h) € R(Q) implies that p(h) € R(Q) Vh € R([]._, Ei)-
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Thus, {p € S : p(R(I = Q)) C R(Q)} € {p € S: R(p[lie, B:) € NI, E}-
Let & be a closure point of R([, Ei), i.e., IH{ntns1 € R([I, Ei) st {hn} —
h,h ¢ R(II., E;). By continuity of p, {p(h,)} — p(h). Since R(Q) is closed,
p(h,) € R(Q) Vn implies that p(h) € R(Q). Hence, {p € S : R(p[l., E:) C
NI E)} C {peS: p(RU—-Q)) € R(Q)}. The equality, 2, can be proven
as follows. Suppose p is such that p(R(I — Q)) C R(Q). Then for every h € H,
p(I-Q)h € R(Q), which implies that (I —Q)p(I—Q)h = © as R(Q) is the null space
of I = Q. Hence, {p €S: p(R(I = Q)) CR(Q)} S{peS: (I -Q)p(I - Q) =O}.
Suppose p is such that (I — Q)p(I — Q) = ©. Then R(p(I — Q)) is subset of the
null space of I — @ which is R(Q). Thus, {p€S: (I —Q)p(I —Q) =0} C {p e
S:p((I—Q)H) C Q(H)}, proving that the two sets are indeed equal. Hence, there
exists Q € P(H) such that {p € S: Tr[[[\, EipIl, Ei] =0} = {p €S : Tr[pQ] =

1}, verifying axiom [II.5].

C.2 Existence of a State for a Given P.O.V.M

C.2.1 Problem considered

Let {pi}i<i<ny be a given probability distribution on a finite observation
space. Let X = {1,2,..., N}, ¥ = 2%, Let O be a POVM from X on to B (C*),
where B (CF) denotes the set of positive semidefinite Hermitian matrices on CF.

The objective is to find sufficient conditions on O, so that 3p, p € T.7(C*) such
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that:

TrlpO(i)] = pi', 1 <i < N,

where T'r[-] is the trace operator.

C.2.2 Solution

Let Mj be the vector space of k& x k complex matrices over the field of real
numbers. The dimension of M, is 2k2. Let Hj, be the subspace of hermitian matrices.
The dimension of Hyis k2. Let S} be the cone of positive semi-definite matrices. Sj,

is closed and convex. Let the vector space be endowed with following inner product:

(A, B) = Tr[A" B],

where Af denotes the conjugate transpose of the matrix A. Let {€mn}{1<mmn<k) be
a set of orthonormal basis vectors for the subspace Hy. For every matrix O € Sy,
there exits unique real numbers O,,, such that O = > (1<mon<k} Oupn€mn. The k?
dimensional vector obtained from the real numbers is represented by O. Let the
collection of all the vectors obtained from the matrices in S;, be represented by S.
S is a closed convex cone in R¥’. Hence, for each O(i), there exists unique real
numbers Op,y, (i) such that, O(i) = > 1 .., <py Omn(i)emn and the corresponding
vectors are represented by O;. P = [p1;ps,...,pn] is a N dimensional vector. Let

A =[0OF O ... 0O%. Let C = {Az,x € S;}. From [56], we note that Sy is
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self-dual cone. Hence the original problem can be recast as: Is P € C' or P ¢ C.

It should be noted that C' is a convex cone and is not necessarily closed. One of the
sufficient conditions for C' to be closed is mentioned in [57]. The condition is that
ri(S;) N R(AT) # 0. 1i(S) denotes the relative interior of a set S and is defined
as 1i(S) = {z € S : Je > 0, N(z) Nnaff(S) C S}, where aff(S) denotes the affine
hull of S. The affine hull of S, is Hy. The positive definite matrices belong to the
interior of Si. Also R(Af) = span(Oy, Os,...,Oy). Hence, if one elements of the
POVM is a positive definite matrix then the sufficient condition for the closedness
of the set C' is satisfied. The first condition imposed on the POVM is that atleast
one of elements is positive definite. With this condition, set C'is closed convex cone
and set {P} is closed, convex and compact. Hence if the two sets are disjoint, i.e,
Az € S, : Az = P, then by separating hyperplane theorem there exists a vector v

and real number o« > 0 such that:

vVIP <o andvle>aVeeC.

Since C'is cone it follows that,

vIP <0 andve>0VceC.

Hence, if there does not exist a vector v such that v7 Az > 0 Vo € S, and v P < 0,

then the state p exists.
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