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ABSTRACT

Distributed decision problems arise whenever two or more
sensors and their associated computers must work coopera-
tively to make a decision about a commonly observed event.
Typical examples are in target detection and classification.
The problem is usually characterized by a limited bandwidth
of the communication link between the sensors.

This thesis develops and evaluates an algorithm for
distributed decision and compares it to a non-distributed or
centralized form of the algorithm. Analysis of the algo-
rithm is carried out for some low-dimensional cases.
Computer simulations were carried out for higher dimensional
cases. The simulation work was done in Fortran under CMS on
an IBM 370/3033 computer.
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I. INTRODUCTION

A. GENERAL DISCUSSION

This thesis presents an algorithm for distributed
decision and compares its performance to that of a
centralized decision rule. A distributed decision rule is
characterized by the fact that a decision algorithm 1is
distributed between processors of two or more sensors.

For simulation and evaluation, some programs were
written in Fortran on an IBM 770/3033 computer. The work of
this thesis 1is <concerned with the analysis of the
distributed decision rule only. A related thesis by Capt.
Mark Schon [Ref. 1] is concerned with the implementation in
real time on a distributed microcomputer system.

The specific goals of this thesis are to

1 Develqg and analyze a specific distributed decision
algorithm.

2 Generate all necessary data, parameters and statistics
to simulate the decision algorithms.

3 Experimentally evaluate the capabilities and

performance of a distributed decision rule and compare
it with a centralized decision rule.

B. BACKGROUND
In this thesis statistical methods are used to develop
decision algorithms. Since we deal with many observations

which represent data collected by the sensors, vector

notation and matrix algebra 1is used extensively in these
algorithms. ]

The Gaussian distribution 1is used to characterize the ~f{ff
observations because this provides a decision rule that is R
relatively easy to analyze and develop intuition. It also f;_fa
provides a reasonable decision rule based on second moment :

statistics (mean and covariance) of the observation data.
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Bayes's rule is used to develop decision algorithms for “5;3
- binary decision (class 1 or class 2) and to develop the
! decision boundary concept. Mathematical manipulation of
Bayes's rule leads to specific decision algorithms which are

analyzed and evaluated in the computer simulation.

Since it 1is very difficult to wvisualize decision S
boundaries in high dimenhsional spaces, we have developed O
some computer programs to experimentally evaluate the jf;ﬂ
algorithms. The simulations show that in many cases the ?ff;i
- distributed decision algorithms are quite reliable and e

perform nearly as well as a centralized decision algorithm.

€. STRUCTURE OF THE THESIS
The remainder of this thesis is structured as follows.
; Chapter II addresses the overall processes of the decision
rule including probability laws for random vectors and Bayes
decision theory. The matrix algebra needed to describe this
is also developed. Decision rules are interpreted as
i providing boundaries and regions in a multidimensional space
that determine decisions made about the observed data.
Chapter III describes a distributed decision algorithm
and the form of its decision boundary. Detailed analysis
i and evaluation are given comparing it with the centralized
decision rule.

Chapter IV presents computer simulations to test the

distributed decision rules. To simulate data collected by
' sensors, an autoregressive time series model is introduced. -
Second moment statistics 1i.e. the mean, variance and
covariance of the given random vectors are computed by a
statistical estimation algorithm. These statistics are
further used to compute the algorithm parameters. Decision
algorithms are tested with the generated data and results

are given.

Chapter V summarizes the results of the thesis and
describes the capabilities and performance of the decision .

algorithms. Suggestions are also given for future research.

10
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IT. BASIC DECISION PROCESSES

A. CLASS DECISION

Class decision means a classification of objects

into

categories. The objects of interest may be radar targets,

electronic waveforms or signals, printed letters or
characters, states of a system, or any number of other
things that are desired to be classified.
Derive a
Object Classification
Samples Algorithm
I
I
I Modify
| r == Algorithm == 1
[ I !
v ¥ \
Classification N .
— > Teacher

Algorithm

Results of
Classification

Figure 2.1 Basic Class

In testing a class decision algorithm the
classes of objects are presumed already known.
procedure for a class decision is illustrated in

A portion of a known set of labeled objects is extracted and

11

Decision Procedure
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used to derive a classification algorithm. These objects

Lo s

R LA,

.

comprise the "training set".

L)

o
[0 ]

. r{l
LA i} Igz I_ l |
o Lo = . - .
. X £(32) 0.3
r_ o

(b)

-
X1
X3p (C)
™ Figure 2.2 (a) A Waveform to be Recognized

(b) Observation Vector
(c) Depiction of Observation Space

The remaining objects are then wused to test the
classification algorithm and these are collectively referred

to as the "test set". The performance of the algorithm can

be evaluated because the correct classes of the individual




objects in the test set are known. The result of
classification is supervised by a teacher who may dictate
suitable modifications to the algorithm.

A simple example of a class decision is presented to
illustrate its approach and to define some relevant
concepts. Fig. 2.2(a) illustrates 32-dimensional

observations of electronic waveforms. The vector x, is . .
called the observation vector and the multidimensional space 5
in which it resides is called the observation space. These
are depicted in Fig. 2.2(b) and (c).

Every problem in class decision has at least two things Sl
in common. First, an exact description of the various S
classes of objects cannot be obtained. Thus the class

decision is inherently a probabilistic topic. Secondly, the 3?f€
objects are represented by vectors in a multidimensional Yo
space. Thus the observation vectors of the objects to be B
classified are multidimensional random vectors which must be

described in a statistical sense, Similarly, the .
performance of the algorithm must also be measured in a .
statistical . sense. Thus an adequate Dbackground in :

probability and statistics is important for these problems.

B. THE GAUSSIAN DISTRIBUTION FOR RANDOM VECTORS
In engineering and many other areas, the Gaussian
distribution is frequently encountered. It describes

certain phenomena well with just two parameters, namely the
mean and the covariance of the random wvariables. The
Gaussian density function for one-dimensional random

variables is:

1 1 (z-m ) N
Pl — L el L AET M (2.1) =
P, ( ) \’,27”71 p 2 022 -

]
A
1

2y /.
"
',

.
.
%’
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Fig. 2.3 shows a one-dimensional density function px(x) with

its mean value my and variance axz.

Px(x)

.--__;...'-

- L. ata .
¥ 7 -

) - .

| Cn

v | o
| : T

@, -

Figure 2.3 One Dimensional Gaussian Density Function

In the two-dimensional case (i.e. two random variables)
the Gaussian density function is:

pylzy)= : exp L (z=m )
i 2ﬂazay\/i—pz 2(1-p%) o7
5 (2.2)
+2p(z_mz)(y_my) (y-:ny)
UIO'y o’y‘

14
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Fig. 2.4 shows a two-dimensional density function Py Y(x,y) e

its variances oxz and oyz o~

with its mean values m, and m

X Y
and the correlation coefficient p of both random variables

x and y [Ref. 2: p. 158]. -

Fx,()'x' ) -sﬁ-

Figure 2.4 Two-Dimensional Gaussian Density Function

The Gaussian density function for two sets of
multidimensional random variables x and y is expressed by =i

the combined vector z and its parameters as follows:

1
@fi)= v - exp "%wif'm)rKﬂki_ﬂ) (2.3)
(27) | K| ?
15




where . Al
P

. . . e
z= [i] ml) = m’:;] K - [K(}))TB((”))] i=1z  (2.4) R
5 m, Bzy Ky AT
Observation vectors 3 and y are N and M-dimensional
respectively. The mean vectofg m, and m, are also N and M
dimensional, and they represent the expectations of vectors -
i.e. my = E[(x)] and my = E[(y)]. The covariance matrices : i
[K,] and [Ky] are of size [N X N] and [M x M] respectively '3;;
and represent correlations among the components of x and y. ;-I
The matrix [Bxy] is of size [N x M] and represents cross t :
correlation between the components of the vectors x and y. S
- These matrices are also defined by expectations of vectors g
ie. Ky = E[(x-mp) (x-m)T],  ky = E[(z-my)(y-my)T], and A
Bry = E[(s-_n_lx)(z-my)T]- o
C. BAYES'S THEOREM
Bayes's theorem is used to convert prior probabilities {fl
into posterior probabilities. The form of this theorem that '
is useful to us is: -
pr(wli)_tp(ilw)l’r(“’) (2.5) S
p(z)

where (¢ represents an event such as "object belongs to
class 1". The term p.(w) is called the prior probability
of the event and the term p,.(wlx) is called the posterior

probability. More generally, let wjy, Wy e y wp be

n mutually exclusive classes exhausting the set of all e

16
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possible classes of the objects. Then the conditional
probability law gives this following equation:

_ p(z|w,
pr(wi'i)— P(

e lwi) g a (2.6)
z

) k)

where p(x) =<é% P(xlw;)P.(w;). If we consider the case
where observations consist of two vectors x and y and assume
that there are only two classes, class 1l(wj) and class
2(w9), the above equation becomes:

p_ﬁ,_g_lg;,(i’ﬂ_‘ wy )pr(wg )

, 1=1,2 (2.7)
pry(2,)

p(wilzw)=

If we make a «class decision based on the posterior
probabilities, that is

Wy

p,(wll_z_&)zpr(“’zli»if.) (2.8)

w2

then Eqs. 2.7 and 2.8 lead to the likelihood ratio test

pi(z.y) >1Pr(wz)
(z.y)= < =

=T i
palzy) pr(wy) (2.9)

2

where we have used the notation pi(g,x) to represent the

class conditional density p(f‘ilwi)- If the 1likelihood

17
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ratio 1(5,2) for specific observation vectors x and y is
greater than a threshold value T then class l(wl) is
chosen. On the other hand if the ratio is less than T class
2(wjy) is chosen.

D. DECISION BOUNDARY OF CENTRALIZED DECISION RULE

Although any decision rule for our problem is at least
two-dimensional, corresponding to observations x and y, it
is still instructive to look at the likelihood ratio for a
single variable X. The decision boundary of a
one-dimensional case is relatively simple as Fig. 2.5 shows.

R (x)

P (x)

>'<——_——;{‘
CHOOSE w, A oesE w, e CHooSE w, X
BOUNDARY POINTS

F.gure 2.5 Decision Boundary of One-Dimensional Case

The decision boundary is just given as a set of points on

the x axis.

18
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In the two-dimensional case the decision boundary is
more complicated. For Gaussian random vectors it could be a
straight line, ellipse, hyperbola, parabola or a

combination.

Figure 2.6 Decision Boundary of

Two-Dimensional Case (Hyperbola)

Fig. 2.6 shows an example, if observation variables x and y
are outside the curve 1lines 1i.e. in region 1(R1) the
decision is class 1, if inside i.e. in region 2(R;) the
decision is class 2.

When the dimension of the observations is more than two,
it is more difficult to visualize the decision boundary but

the concept is still useful. A centralized decision rule

uses the x and y vectors together directly in its algorithm.
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All equations wuse joint probability densities such as

P1(x,¥), pz(z:_,z) which determine the multidimensional
decision boundary.

. 20
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III. DISTRIBUTED DECISION RULE

A. BACKGROUND

The AEGIS weapons system simulation project, currently
being conducted at the Naval Postgraduate School, is
attempting to determine the feasibility of replacing the
larger and relatively expensive mainframe computer, the

AN/UYK-7, with a system of 16 or 32 bit VLSI computers [Ref.
3].

OBSERVATION OBSERVATION
VECTOR 1 , VECTOR ¥,

SENSOR LIMITED BANDWIDTH SENSOR

PROCESSOR COMMUNICATION PROCESSOR

Figure 3.1 Distributed Decision Scenario

As the capabilities and performance of microcomputers
continue to improve, it is becoming apparent that an
integrated multiprocessor system of less expensive, compact
microcomputers can manage many real-time applications that

have previously used mainframe computers. This set of

21

TN L. -

“C Wttt et R T i T S T Tt
St Sl Jon o dheniintin fien Seadiens i A " S,




microcomputers has been used to demonstrate our distributed
decision rule in a realistic environment[Ref. 1]. The
computers have been organized to simulate two sensors
observing the same object for purposes of detection and/or
classification.

As illustrated in Fig. 3.1, sensor A deals with the
observation vector X, only, while sensor B deals with the
observation vector Yo exclusively. A centralized decision
o and y, at once in a
single processor to determine its decision. In a

rule uses both observation vectors x

distributed decision procedure, each processor cannot use
both vectors together because of the 1limited bandwidth
communication. Nevertheless, by exchange of some minimum
essential information, each processor makes a decision which
is quite reliable. The concepts will be developed
mathematically in this chapter and tested experimentally in
the following chapter.

B. DEFINITION
In order to introduce the concepts of three decision
algorithms here each algorithm is presented mathematically.
These algorithms are:
1 Centralized Decision Algorithm (C.D.A)
2 Distributed Decision Algorithm A (D.D.A)
3 Distributed Decision Algorithm B (D.D.B)

1. Centralized Decision Algorithm
The concept of a likelihood ratio was introduced in 7]
Chapter 2 Section C. From the 1likelihood ratio the R
centralized decision rule is derived. The likelihood ratio j;{g

for Gaussian data is expressed (using Eq. 2.3 and Eq. 2.9) -ff?j

as follows: ) N
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1(2)=22) _
- pa(z)
| KO Pexp [~ 2 (2 - mM)TEOT(2 = m)
_1 *
K®| Zexplo Lz o mO\TE@Y, -, (3.1)
| l pl-5(2-m¥) (2 -m'*)
Wy
> Pr(w2) =T
< pr(wl)

where vector z, g(i), and matrix [K(i)] were introduced in
Eq. 2.4. Here the subscript 1 and 2 means class 1 and class
2 respectively in the two class case. Taking the natural
logarithm of both sides of Eq. 3.1 yields this following
centralized decision algorithm:

%hi_mvam%i—ﬂm)

B (3.2)
|
2
(e TEO o~ m) 41 LEDL > 7
- T K]]S
w2

Such a centralized decision procedure is shown in Fig. 3.2.

2. Sgsa;aﬁégn of ggngfgl?zg% Decision Algorithm into x,
and ¥, Ubservation Vector Components

Although Eq. 3.2 adequately represents the

centralized decision rule, we want to put it in a form
involving vectors Xx,, separately and certain partitions
of the matrices K(l), K(z), g(l), and m(z) for the two
classes. This will help us to develop the distributed
decision rules and enable us to more directly compare the
distributed rules to the centralized rule. Fig. 3.2 shows a
scenario using both observation vectors in a centralized
processor. To develop a distributed form of the decision

algorithm, we proceed as follows. Using a <conditional

probability law the joint probability P(E’l) is equivalent
to:
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CENTRALIZED PROCESSOR
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Figure 3.2 Centralized Decision Scenario

Taking the log base e of both sides leads to:

In p(z.y i=1,2 (3.4)
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Eq. 3.4 shows how the probability density can be distributed
into two parts, where one part is a function of x only and
F the other part is a function of Y given x. For the Gaussian
o case the probability density function of random vector x is:

E pi(z)= ll T
(2r) 2 | K0 2

(3.5)

r - mNT [U)T (2 - m (] ], P12

exp | - = |
2

The conditional probability density function of wvector y D,
given x[Ref. 2] is: '~_ff~_:’.::3

l
(2m) ?
(3.6)

&

—

N

N'»—-

'l» v"l

PP . N IS LS . LT
P . R I I
FURRAPOR: POUIAILIe,

l 3 1 - 1 -
exp |- = [y - mULT (KLU [y - m)] ] =12

where SNONEN
Y
R

K!’(-l)z = K@) _ Bz(yl)T[Kz(‘)]—le(!;)’ =12 (3.7) E -

{
y
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and

m,t),

=m0+ BYTKM Wz - m)], i=12  (3.8)

In Eqs. 3.7 and 3.8, [Kylx] and My x is easily
calculated using all parameters and both observation vectors
Yo and X, directly. Thus the conditional probability
density  function p(ylx) is determined without any
difficulties. Using the above expressions Eqs. 3.5 and 3.6,

Eq. 3.1 becomes:

pilzw) pz)r(ulz)
Pz )  paz)paylz)

L - ,
KV Pexp |- 5z - mWT KM 2 - m,0)

— L

J

L ] .9
KO e |- Ly - m 0T w0 g - my | 7
L

1
| K& Pexp |- = [z - m )T KO 2 - m,0)

—Y iz

-

1 -
| Kl Pew [~ 2y - m@IT KB )y -m ‘2’]

W)y

> pr(w2)
< pr(wl)

w2

Finally by taking the natural logarithm of both sides, Egq.
3.9 becomes:
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“i
AA(£0)+/\B(_V_0|_1’_0)ZlnT (3.10)
w3
where
1
Ma(zo) = 5 | lzo = )T KA [z - m, )
(3.11)
K|
—zg = m T KO (2 — (1) | K,
(2o = m, V)" K7 25— m,V] + In &0
1
Ao Wol zo) = 5 | lwo = my*h]T (K17 (go — my %]
(3.12)

“[_Z‘m(‘l)]T[K(l)]—lLl—m“)]«l—l le(2)z|
0 Tyi:z yiz (o B LT ﬂ|—KTl)—

yz|
Eq. 3.10 suggests a distributed form for the decision rule
which is described in the next section.

3. Distributed Decision Rule A

Fig. 3.1 shows that processor A uses vector x, only
and processor B uses vector y, only. In this distributed
decision rule the processor A which is to compute AA(EO)

has no problem because it observes vector X, directly and it
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has all the other parameters needed in Eq. 3.11. Processor
B, which is to compute AB(yolxo), has a problem however S
because it does not have direct access to x,. This other

oo
[
o s sl
vt
e e

tt, 8, A
et

observation vector appears in Eq. 3.8; thus Eq. 3.12 is

S

dependent on x_.

)
i Tty Yy
I,

.\ -
el et e K

“:"l' .l. .l.

If there exists a way to estimate the observation

vector X, using known parameters and sensor B's own

. T
S
-

observation vector y,, then the estimated x which we denote

by 31 can be used in Eq. 3.8 instead of x, itself. This ’
procedure is known as a generalized likelihood ratio test e
[Ref. 4]. 1In this case sensor B will have no problem in the e
computation since 1t is assumed that the other parameters 7
ylx are already known. ;ffi
processor B considers the SN

necessary to compute M| x and K

To obtain an estimate Xi»

following conditional density:

1 (s
p 2 [z

In particular processor B chooses x as the wvalue that ,#ﬁ;
maximizes pi(§]x). Because of its Gaussian form, Eq. 3.13 }gf“

is maximized when x = From the symmetry of Eqs. 3.6 LT

M|y
and 3.13 the following estimate is obtained(see Eq. 3.8). SRERS

4 =ml) =m0+ BE K [ge- m() L i=12 (3.14) T

28 KSR

......... .. . R L R, .
....... et st At A A At a2 2y 2aa




SRS E S AN AT S COEEL WS R SNNUNE ST A S e A O s i i gl

\-It“u'_‘\.\-.l'f'v‘"(_._."(_vr Lot ARt MR Ml i die i A T T T N T N T TR T T T

Now processor B can use x which is calculated by ::"':":j
known parameters m,, [B,,], [Ky], my, and its own
observation vector Yo in Eq. 3.10 to implement a distributed Tazla
decision algorithm. 1In this algorithm Eq. 3.10 is modified Eﬁ{
to the form: Eﬁ}f

Wy

. >
A (zo) + Ap(yo) L InT (3.15)

w2

where
A5 (yo) = A5 (ol &) (3.16) o3

and where AB(yolgi) is given by Eq. 3.12 with x, replaced g
by R of Eq. 3.14. Specifically §; will be used in the '
computation of m(l)y|x and gZ will be wused in the
computation of E(Z)ylx as these terms appear in Eq. 3.12.
The term AA(ﬁo) is exactly the same as in Eqs. 3.10 and )

3.11. s

Let us summarize the the results as follows. In

this distributed decision rule A A,(x,) is the same as was
shown in the centralized decision rule of Eq. 3.10. However
A'B(Zo) is different from AB(Zolfo) in the centralized
decision rule. Actually A'p(y,) is simplified notation
for the term AB(ZOIgi). Both Aj(x,) and  A'p(y,) are
single statistics which must be added together and compared
to the threshold value T to decide the class of the observed
object. These statistics AA(fo) and A'B(zo) are
displayed in Eq. 3.11 and 3.16.
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SENSOR A SENSOR B
Yo
f PROCESSOR A \ /i PROCESSOR B \ -
All Predetermined All Predetermined »
Parameters Parameters RN
m, m KO KE B, i=1.2 m ), m, (O, KK, BS), =12 -
Calculate Calculate :;.'_ﬂ::-'.;
Aa(z0) A (¥o) AR
Calculate Calculate - __:
Ay (20 As (5o | = B
and send and send o
; S - S ISR
Aa(zo) + Aplyo) L InT Ap (o) + Aa(zo) 2 InT J T
Class Class o
Decision Decision
Figure 3.3 Block Diagram of Distributed Decision KON

Algorithms (a) Type A(D.D.A) (b) Type B(D.D.B) -
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The single statistic A'p(y,) which is calculated
in processor B is transmitted to processor A through the
limited bandwidth communication link. Processor A will then
have both its own calculated statistic AA(go) and the
statistic A'B(ZO) received from processor B. Therefore it
can decide the class of observed object using Eq. 3.15. Eq.
3.15 is called distributed decision rule A because the class
decision is made 1in processor A. This algorithm is
illustrated in Fig. 3.3 (a).

& 4. Distributed Decision Rule B

i Distributed decision rule A was considered in the
. previous section. A symmetric form of this algorithm is
3 illustrated in Fig. 3.3(b). This algorithm uses a symmetric

form of the conditional probability law of Eq. 3.3.

pilzw)=p(y)p(zly), i=12 (3.17)

which leads to:

Inp(zy)=lnp(y)+inp(z|y). =12 (3.18)

By analogy and symmetry with the equations wused in
distributed decision algorithm A, the following algorithm is

derived ?{gf’

W

Ag(Wo) + Ag(2o) J InT (3.19)

-
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where

1 _
Ap(Wo) = 7 | [wo - m T KB [y - m, )
(3.20)
_ |jK(n|
= Lo~ m®IT K (o - m, ] + 10—
| K,
. 1
Aa(z9) = r) (2o - ﬂ,(lz)g,]T [Kz(z;)y]_l [z0 - ﬂ,(iz)g,]
(3.21)
K |
- - m O T K1) -1 - 1 __"!‘
2o =m0, 1T KU, o =m0 |+
Ty
where ley and My |y are computed from equations analogous to
Eqs. 3.7 and 3.8. Processor B calculates the single

statistic Ag(yo) using its own observation vector y,.
Processor A computes the single statistic A',(x,) using

the following estimate for the vector y:

4 =mM = mM e BOTKM T 2 - m0), i=12  (3.22)
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Thus A',(%x,) is a simplified notation for AA(gorii) and
is transmitted to processor B through the communication
link. Therefore processor B computes AB(ZO) locally and
receives A',(x,) from processor A. Then processor B makes
a decision about the class of the observed object using Eq.
3.19. This procedure represents distributed decision rule B
because the class decision is made by processor B.

C. COMPARISON WITH THE CENTRALIZED DECISION RULE

Three algorithms were introduced and explained in the
previous sections A and B. Table 1 shows the differences
among them very briefly. Notice that the two forms (Type A

and Type B) given for the centralized decision rule are

equivalent. In distributed decision algorithm A, processor
B uses the estimated value‘gi instead of the observed value
X, and sends the result A'p(y,) to processor A. ‘En

distributed decision algorithm B, processor A uses Yi

. instead of Yo and sends A'A(ﬁo) to B. These differences
are visualized simply in Table 2.

Use of the estimates gi in distributed decision

algorithm A, and 'ﬁi in distributed decision algorithm B

makes the results of these algorithms different from each

other and different from the centralized decision rule.

Further, the use of rules A and B together can result in an
ambiguous situation where the two decisions are different.

This can be resolved in a number of ways discussed later. R

from one another are the use of the estimate gi in

The key components which make the algorithms different ;'.t*
distributed decision algorithm A, and %; in distributed
decision algorithm B. If the estimated‘;ectors gi and gi
are close to the actual observation vectors X, and y,
respectively then the results of the distributed algorithms
A and B would be close to each other and close to the

centralized algorithm. Although we have not been able to

characterize theoretically the relative performance of these
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. algorithms we can show their results experimentally on a
number of different test cases. These results are given in
the next chapter.
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IV. SIMULATION

This chapter contains an evaluation and comparison of
distributed decision rules A and B, and the centralized
decision rule. The generation of random observation vectors
and the calculation of their resulting statistics are
discussed in sections A and B. 1In section C the results of
the decision algorithms are compared to the results obtained
from classification using a centralized algorithm.

A. RANDOM VECTOR GENERATION
The observation vectors x and y are generated by using a
linear difference equation with white noise excitation.

This difference equation can model, for example, the time

. CoT
. et
K - KR
e e
. ORI
M PEr RN 2 e

series of radar cross section values that result when the

- target is observed by the sensors over a relatively short
period of time. 1If W; and W, are independent white noise
processes this difference equation has the form:
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This generates a pair of time series for x and y that are
correlated and have zero mean. The measurements x and v

that represent the observations are then defined by:

AT

where m, and m, are the mean values of the observations.
The observation vectors x and y then represent n samples of
the time series. In this procedure it is assumed that [Ai]
and [Kw]l/2 are given in advance and that white noise W;(I)
and W5(I) have been previously generated and are available
in a white noise data file.

The difference equation is implemented by a program with
the title "GEN" [Appendix A]. If, for example, the
observation vectors x and y have 32 time points each and a
set of 128 independent vectors is needed then the program
GEN generates two data sets. Each is an array of size 128 X
32 whose rows represent individual vectors x and y- These
data are written to the disk with file names such as "X11",
"X12", "Y11", and "Y12" to be used later in the decision
test algorithm. In the file name X12 the first number 1"
represents test case one, and second number 2 stands for

class 2 data.

B. GENERATION OF STATISTICS OF RANDOM VECTORS

After the observation vectors in files X11, Y11, X12,
and Y12 are generated, the joint statistics of these vectors
are calculated. The statistics are used in the decision
algorithms.

Let the dimension of the vectors be N and M and the
number of vectors generated be L. Then mean, covariance,
and c¢ross covariance parameters are calculated using the

following equations:
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1 L
=< Xz (4.4)

Y k) (4.5)

" Y
——

1 L
K, =7 (2" -m ) (z2® - m )T (4-6)

1 & N
K, =37 Xy -m ) (g™ -m )T (4.7)
k=

'Y. o

: 1 L
. By =7 (M -m ) (g® - m )T (4.8)

Observe that two sets of each of the parameters in Eqs. 4.4

"
. . .
BRI I
PR o
Sl ,
PR S BT R

PY - 4.8 are required: one set for class 1 and one set for
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class 2. These calculations are performed by the program
"STAT" [Appendix B] and the parameters are written to output
files. From the file of vectors X1l the program STAT
generates gx(l), and [Kx(l)] ; from Y1l it produces @y(l)
and [K,(1)] ; and from both X1l and Y1l it calculates
[Bxy(l)]. These represent the statistical parameters of the
class 1 data. The files X12 and Y12 are used in a similar
manner to produce gx(z), [Kx(z)], Ey(z)’ [Ky(z)], and
[Bxy(z)]. These represent the statistical parameters of the
class 2 data.

C. CLASSIFICATION PROGRAM

When observation vectors and their statistics are
available, one can test the distributed <classification
algorithms and compare their results to the results of the
centralized algorithm. A program "DECAL" [Appendix C] was
written to implement these decision algorithms. This

program has three main parts consisting of distributed

decision rule A(denoted simply by "A"), distributed decision
rule B(denoted simply by "B"), and the centralized decision
rule(denoted simply by 'C"). In this program every
algorithm computes its own log likelihood ratio statistic to
be compared to the threshold wvalue. The statistics
corresponding to each pair of observation vectors for each
of the decision rules, A, B, and C are written to a disk
file and used to compute the correct decision rates.

A TFortran program "ANAL" [Appendix D] generates the
varying threshold values that are used with the data

generated by DECAL to decide upon the classes of the
observed objects. This organization of programs allows us
to generate classification results for many threshold values
without excessive computation. The threshold wvalues are
expressed in terms of the prior probabilities p,.(wj;) and
Pr(wy) which are chosen so that the condition of "Prlwy) +
Pr(wg) = 1.0" is satisfied.
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D. CLASSIFICATION EXPERIMENTS
If a correct analysis is performed, one can f£fit an

appropriate time series model to the sensor data to
represent the observations made on two distinct types of
targets such as those shown in Fig. 4.1.

Class 1 Class 2
F-15 C-5
Object Object

X1 Y12

SENSOR LIMITED BANDWIDTH SENSOR R

® COMMUNICATION ® RARGS

PROCESSOR PROCESSOR

Figure 4.1 Aircraft Type Detection
and Observation Vectors

For the analysis here we are more interested in

characterizing the distributed decision algorithm tfﬂ*
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performance for various second moment statistical properties
of the observation vectors, such as mean, variance, and
correlation. The cases chosen for analysis should no. be
interpreted to mean that we are attempting to model real
target data.

For our experiments, we generated data according to Eqs.
4.1 through 4.3 with the order of the difference
equation(p) equal to one. Four different cases were

considered; their parameters are given in Table 3.

TABLE 3
PARAMETERS IN DIFFERENCE EQUATIONS
TEST CLASS 1 CLASS 2
CASE NO  [A] k0% M (A [kJ%E M
a6 DG ) (6
FESGEE DG G
T DGR G
4 (s z) (1 2)(1)(.5 .1)(1 .1) (1)
3 5 2 1 1 .1 .4 .1 1 1

Each test case used data from two different classes. 1In all
but case 1 the filter «coefficients [A;] and/or the
covariance matrix [lel/z resulted in observation vectors x
and y that are correlated with each other. If the
observation vectors x and y are uncorrelated, the
conditional probability density function p(y|x) becomes the
same as the unconditional density function P(Z)' If this is
true for both classes, as in case 1, then the three decision

rules A, B, and C will be equivalent.

42




LT ..? .T ( .r:‘f:'\ryr_‘u;_- --q- -.‘-'- Jv \-\.'-..-:-‘. A :-_._1.-? S Ty ARCin" e mandan dan e N Rl A i v e T
-v’_~.‘_

‘. -

Several specific cases are represented here. 1In cases 1 e

and 3, the class 2 filter has negative A; parameters; this e

h.l'l

makes the time series change very rapidly up and down. \

Since the data of class 1 does not have this property, we ﬁﬁx
expect that the decision rules can discriminate between the .fx
two classes based on the correlation of the time series. In &iﬁ

[ S W]

test case 2, class 2 has non-zero mean while class 1 has
zero mean. Since the mean values are the only differences,
the classification can only be based on these differences in
the mean values. In test case 4 the mean values are also
non-zero but both the class 1 mean and the class 2 mean are
the same. In addition, the filter parameters for each class
and the noise covariances are very similar. This makes the

classification of the observations a relatively difficult

problem. -
TABLE 4
L IMENS TONAL 2% R\‘IAETCET -
TEST CASE CLASS A B C -
CASE #1 CLASS-1  85.9 85.9 85.2
CLASS-2 84.4 85.2 82.8 -~
CASE #2 CLASS-1 93.0 93.8 92.2
CLASS-2 85.2 85.9 89.1
CASE #3 CLASS-1 81.3 83.6 85.2
CLASS-2 85.9 86.7 85.9 -
CASE {4 CLASS-1 85.9 87.5 57.0 i
CLASS-2  19.5 17.2 60.2 8
‘ The results of classification for these test cases <s gﬁ
E shown 1in Tables 4 and 5. The results are based on a ;Ej
P threshold corresponding to equal prior probabilities. The :L'
|
o 43 =
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first test set was &-dimensional (i.e. x and y each i
. Al

consisted of four time samples) and consisted of 128 pairs ety
. . (

of observation vectors x and y. These results are given in N e

Table 4. Most of the results show probabilities of correct

classification in the range of about 85 to 90 percent. For

test case 4 the probability of correct classification oY
achieved by decision rules A and B is quite high for class 1
but very low for <class 2. However, if the classifier
threshold is adjusted by choosing different prior e
probabilities, the results are similar (but slightly worse) S
than the results for the centralized rule C. (The reader
may refer to Appendix E.)

TABLE 5 -
SRR BB s MR R
TEST CASE CLASS A B c
CASE #1 CLASS-1  100. 100. 100. MR
CLASS-2  100. 100. 100.
CASE #2 CLASS-1  100. 100. 100.
CLASS-2  100. 100. 100.
CASE #3 CLASS-1  100. 100. 100. o
CLASS-2  99.2 99.2 93.8 e
CASE #4 CLASS-1  100. 100. 88.3 e
CLASS-2  13.3 6.3 91.4

The second test set was 32-dimensional and again

consisted of 128 observation vectors x and y. The results ~v-

are given in Table 5. ©Note that in cases 1, 2, and 3 all if%

vectors were classified correctly. That shows that the i {,

classes are easily separated by any of the decision rules if ' bfii
)

32 time samples are used.
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In test case 4, the degraded performance is explained by
the parameters in Table 3. Here both classes have similar
correlation parameters, and both mean values are identical.
This case was designed to be the most difficult.

By varying the prior probabilities one can change the
threshold in the decision algorithms and therefore trade off
the probability of correct classification of one class for

incorrect classification of the other class. A graph of
these probabilities is known as an "operating
characteristic” for the decision rule. The results in

Tables 4 and 5 represent a single point on each of the
operating characteristics. Operating characteristics for
cases 1,2,3, and 4 of Table 4 and case 4 of Table 5 are
given in Figs. 4.2 through 4.5. The three different types
of lines in the graph represent the results of the three
different algorithms. These results are also given as
tables in the Appendices. The correct decision rate is
shown in the output data "GRAPH4" [Appendix E] for the
4-dimensional cases and '"GRAPH32" [Appendix F] for the
32-dimensional cases.

It 1is interesting to note that in most cases the
performance of the distributed decision rules compared
favorably to that of the centralized decision rule. It is
also interesing to note that the performance of decision
rules A and B was always close together although the data in
the test cases exhibited no symmetry in their defining
parameters.

AR

i SR A




T = AP A i A R A T A ol oiur e i oot AARC AR Jl 2 AL SRR N
NEL SN g AN RO Bk P B NN f A LTy

.

100

80 20

70

PR(W1 W1)
50 60

40

LEGEND
8 A
o B
& C

30

20

10

(=] T u T — T Y T

0 10 20 30 40 50 60 70 :11] a0 100
PR(W{[W2)
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V. CONCLUSIONS

The specific goals were all met in this thesis. The
distributed decision rules were introduced and compared to
the centralized decision rule. Since only one observation
vector (either x or y) is available in each processor, the
results of the distributed decision rule can not in general
be the same as those of a centralized decision rule. The
decision algorithms were explained mathematically and
compared to one another. The difference between the
algorithms arises from the fact that one sensor must
estimate the observation vector of the other sensor using
the locally measured observation vector and all available
parameters. Simulation experiments for a number of cases
with different statistical properties showed that when
multiple observations are involved, the two distributed
decision rules compare favorably to the centralized decision
rule. Even when the vectors have high dimensionality, only
a fixed limited amount of interprocessor communication is
required.

In the two distributed decision rules, if each processor
has a different class decision for the commonly observed
object, an ambiguous situation results. In this case, one
can either disregard that decision or use the following
method. By comparing each log likelihood ratio statistic to
the threshold value, one can select the decision which is
further from the threshold wvalue. This procedure 1is
intuitively reasonable because decisions made when the
statistic is close to the threshold value(observations in
the region near the decision boundary) are more likely to be
incorrect.

Further research may center on analytical

characterization of these distributed decision rules and

further analysis of the situation where the two rules A and

B do not agree. T
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| APPENDIX A

GEN FORTRAN 2
: c This program generates two sets of random observation h :
l c vectors i.e. X1l1 and Y11. R

35 2 Y XP433), 574350, %(32),

INTEGER H,I,J,K,L,M,N,P

REAL 8 AE

2),J=1,2),I=1,P
,}=1,2) ) )
1,N)

>

)

—~

Pt

A
"
E

SRR
Hr~ ~ 4 DD ~ A A

X§(1)+A(J,1,1)*XP(L)+A(J,1,2)*YP(L)
f{P(I)+A(J,2,1)*XP(L)+A(J,2,2)*YP(L)

SRS IR IS INE PRI 183

20 CON

"

CHHCE R XN HARRMH RS - -
A tm ™™ *ONTIurgrgn

Z~—2,

30 CON

Xil
Y(I
40 CONT

41 FORMAT
42 FORMAT

50 STOP
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APPENDIX B
STAT FORTRAN

C This program computes all the necessary
c parameters of the given sets of vectors
c i.e. X11 and Y11, or X12 and Y12.
c Matrix manipulation subroutines are
c from the IMSL library [Ref. 5].
REAL*8 MX (32 XP(32),YP(32),
+ §§233?£35£ %w § 33% (32)
+ KX(32,32] %63 323 XY (32,32)
+ XD(32.12 ; § 1
+ SKX(32,32).sK (32,32 ,SBXY(32,32)
c
INTEGER I,J,K,L,M,N,IER
c
L=128
=32
N=32
c
READ(2,% END=05} S XD(I1,J),J=1,N),I=1,L)
READ(3,* YD(I, ,J=1,M),I=1,L
c WRITE(S8, Xp(1,J),J=1,N),I=1,L
c WRITE(9," YD(I,J),J=1,M),I=1,L
[od
05 MXEI;=O.
MY(I)=0.
c
DO 20 I=1,N
10 J=1,L
MXEI;xMXEI;+XDEJ,Ig
MY(I)=MY(I)+YD(J,I
10 CONTINUE .
MXEI}=1./L?MXEI;
MY(I)=1./L*MY(I
20 CONTINUE
c
DO 23 I=1,N
DO 23 J=1,N
SKX(I,J)=0.
SKY % J)=0.
SBXY(1,3)=0.
23 CONTINUE
C
25 READ(4,* END=35) (X(I),I=1,N)
READ(9,*) (Y(I),I=1,M
c WRITE(6,* X(I),I=1,N
c WRITE(7.%) (Y(I),I=1.M
c
DO 27 1I=1,N
X I;=X$I;—MXEI;
Y(I)=Y(I)-MX(I
27 CONTINU
c
CALL VMULFP X,X,N,I,N,N,N ,N,IER
CALL VMULFP Y,Y,M,I,M,M, KY ‘M.IER
CALL VMULFP(X,Y,N,1,M,N,M BX? N IER)
53




CONTINUE

GO TO 25
CONTINUE
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APPENDIX C
DECAL FORTRAN
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Matrix manipulation subroutines are from

the IMSL library [Ref. 5].
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. -~ . ‘Ir

IA,IDGT,IER,CLASS
NCLI,NCL2 NCLAL,N

+
+

Lo wle T, R
Teveve e Yoy
WWNW

CLAz NCLAS1,NCLAS2

c ~ -~
c*““"““f“QEQQARATION FOR DIST_Ugwi****“"“
C Y s} kLY
REAL*8 BKXl 32,32),BKX2 32 ,
. KXY g%éj%g)éx 533 2)
+
+ KXYlB 32,332 KXY D 32,323
+ IKXY1(32.329).IKXY2(32.32
+ IBX1(32,32 ,inz 32,32),
+ BXI1(32.32).,BXI2(32,32),
+ BIX1(32,32),BIX2(32,32),
+ A3(32,32),A4(32,32),
[od
+ MIX1(32),MIX2(32), B3§3 3 34§323
+ BIPL(32).BIPZ(32), MBX1(32),MBX
+ BIMX(32),B2MX(32), MB1X(32),MB2X
+ MKY1(32) ,MKY2(32), IXB1(32).,IXB2
[od
REAL*8 DKXY1,DKXY2,MXM1, K MXM C3,C4,
+ SUM11.SUM12, sUM1 ,SUM14 SUM153,
+ RY,RPX, VA
C
INTEGER CLA
c
c Y e Y e e e e e e e e e T e Ve e e e Ve e e e e Yo e Yot
gl DECLARATION FOR CENTRALIZED. *
C Pt . n .. “ ‘ wWw
c
C
REAL*8 A5§3 32) 23
XMX1 me 3 BYT1E323,BYT2E32;
+ MBT1 32 "MBT2(32 KBT1(32).KBT2(32
+ MBK1(32) ,MBKZ2 (32
C
+ MTl,MTZ,RBY,CS,SUM24,SUM25,V
(o]
INTEGER CL,COUNT
[od
¢ INITIALIZATION!!!!
C
NCL1=0
NCL2=0
NCLA1=0
NCLA2=0
NCLAS1=0
NCLAS2=0
[od
L=0
M=32
N=32
IDGT=4
Cc
c PRW2=.
c %Rg%SG PRWl RW2)
C
c WRITé é? =?r
[of
cINPUT PARAMETERS!!!!!
C
READ 2,%)(MX1(1),I=1,N
c £ ;(M%{ X{(I) i=I,N)
READ{Z ; éli 121 M{
c E( %& yi{1),i=1.N
READ£2 (( 1(I,3),3=1,N),I=1 Ni
c &&{kxis D LI=10N) 11, N)
READ£2 ;(( éI %,J=i M1,1=1 M{
c E( %§§ ¥1iv J},j= M%,i= M)
READ(2,*){ (BXY1(I,J},J21,M},1:1,N)
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SUM

o
o
wn
o

1,N
M%fSUM2+B1(I)*X(I)

M1=SOM1+X(I)%*AL(I,J)*X(J)
SUM1+SUM2+C1)

g

(@
émmmH
~ECOC

50

Q
(@
4
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A
ry

RX=0.

wn

DO 60 I=1,M ,
SUM5=SUMS+B2 (I)*Y(I)
DO 60 J=1,M , ,
SUM&L=SUM&+Y (1)*A2(1,J)*Y(J)
60  CONTINUE
RPY=0.5% (SUM4+SUM5+C2)

c
c
VAL=RX+RPY
c
c
IF(VAL.GT.TI THEN
CLASS=
NCLAS1=NCLAS1+1
ELSE
CLASS=2
NCLAS2=NCLAS2+1
END IF
(o
c
c
C Ta oo ale ote ale als ale als ots ale ule ot
c Yedevededededede ek

c

c

c

Cc

c

100 CALL VMULFP EBXlY,BXYl,N,M,N,N,N,BKXl N,IER
CALL VMULFP (BX2Y,BXY2,N,M,N,N,N,BKX2,N,IER

c

c
CALL VMULFF EBXlY,BBlX,N,M,N,N,M,BXl,N,IER
CALL VMULFF (BX2Y,BB2X,N,M,N,N,M,BX2,N,IER

c

c
CALL VMULFF EBXI,MXI,N,N,l,N,N,BlMX,N,IER
CALL VMULFF (BX2,MX2,N,N,1,N,N,B2MX,N,IER

c

) 4
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KXYl

,KXY1D
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gIKXYl,BXl,N
IKXY2 ,BX2,N
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CALL VMULFF gIKX

CALL VMULFF

CALL VMULFF
CALL VMULFF

CALL LINV2F E
CALL LINV2F (KXY2

CALL VMULFF
CALL VMULFF
CALL DTERM
CALL DTERM

110 CONTINU
120 CONTINUE
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(B2

CALL VMULFM
CALL VMULFM

(MKY1(I)-MKY2(1))

ot

I

Y

I
SUM13+DLOG(DKY2/DKY1)

CALL VMULFF EBXII,BXI,
CALL VMULFF (BXIZ,BX2,
CALL VMULFF
CALL VMULFF
CALL VMULFM

CALL VMULFM
CALL VMULFF
CALL VMULFF
CALL VMULFF
CALL VMULFF

+M
=1
UM
Y1l
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Tnurmyn o
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130 CONTINUE
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(I)*X(I)

UM11+X(I)*A3(I,J)*X(J)

1,N
*(SUM11+SUM12+C3)

N
3=suM12+B3
11=8

J=

C3=MXM2-MXM1+DLOG (DKXY2/DKXYL1)

140 CONTINUE
DO 150

. K] Ll..u... .
N R . .

(I)*Y(I)

UML4+Y(I)*A4(I,J)*Y(J)

UM15+B4
M

i

NCLAl+1

RPX+RY
CLA=1
NCLAl

IF(VA.GT.T) THEN

VA

~
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1,
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MBT1
MBT2
T
T

9
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MB
MB

3
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EIKYXI
IKYX2
EMBKI

MBK2

K

CALL VMULFF
CALL VMULFF
CALL VMULFF
CALL VMULFF
CALL VMULFM
CALL VMULFM
CALL VMULFF
CALL VMULFF
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210 CONTINU
220 CON
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ST

...........................

DO 240_1=1

DO 24
A5 (1, J) IKYXZ(I J)-IKYX1(I,J)
240 CONTINUE
C5=MT2-MT1+DLOG (DKYX2/DKYX1)

C
[of
DO 260 I=1,M ,
50 gg32§§§UM25+35(1)xY(1)
SUM24=50UM24+Y (1)*AS5(I,J)*Y(J)
260 CONTINUE
RBY=0. 5% (SUM24+SUM25+C5)
(o]
C
V=RX+RBY
(o]
C
IF(V.GT.T) THEN
CL=1
NCL1=NCL1+1
ELSE
CL=
NCLZ=NCL2+1
END IF
[od
WRITE(7,%*) VAL,VA,V
(o]
c WRITE§7 298% V, T, CLASS,
c298 FORMAT (2X,£15.8,3X,F5.3, zx 317)
[od
GO TO 45
C
C
c299 RATEA1=100.*NCLAS1/L
c RATEA2=100.*NCLAS2/L
c RATEBI=100.*NCLAL/
c RATEB2=100.?NCLA2£L
c RATECI=100.%NCL17/
c RATEC2=100.*NCL2/L
C
[od
c WRITE(7,*) L,NCLAS1,NCLAl,NCL1
c WRITE(7,%) RATEAL,RATEBI,RATECI
c WRITE(7,%) L,NCLAS2 ,NCLA ,NCL2
c WRITE(7,%) RATEA2,RATEB2,RATEC2
299 STOP

3561} KBTI(I)+MBK1(I) (KBT2(I)+MBK2(I))




| APPENDIX D
. ANAL FORTRAN

This program counts the number of correct decisions
i c of three algorithms and calculates the correct
decision rates of them

REAL*8 T,PRW1,PRW2
RAT}E.A]. RATEA2 ,RATEB1,RATEB2 ,RATEC1,RATEC2,

+
i + VAL(128),VA(128),V(128)
(o]
INTEGER 1,J,L,
+ LASS CLA,CL,
N NCLAS1,NCLAI.NCL1,
. NCLAS2 ,NCLA2 .NCL2
[od
) ¢
) L=128
‘:. c
- <
DO 10 I=1,L.
READ (2,%) VAL(I),VA(I),V(I)
10 CONTINUE
- [o4
C
i PRW1=0.005
- 20 PRW2=1.-PRW1
C
T=DLOG (PRW2/PRW1)
C
NCLAS1=0
NCLAS2=0
; NCLA1=0
NCLA2=0
NCL1=0
NCL2=0
[od
(84
DO 30 I=1
, IF éVAﬁ IZ.GT.T) THEN
) LASS=
g NCLAS1=NCLAS1+1
ELSE
CLASS=2
NCLAS2=NCLAS2+1
END IF
C
. Cc
) IF (VA(I).GT.T) THEN
éLA=1)
- NCLAI=NCLAl+1
- ELSE
o CLA=2
5 NCLAZ=NCLA2+1
= ND IF
-~ C
’ ¢ IF (V(I).GT.T) THEN
: &4
o 64
4

- N
............................................

......................
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n

OO O 00 000000 DOODOOOD

NCL1=
ELSE
CL=2
NCL2=
D IF

CONTINUE

PRW1=PRW1+0.

IF (PRW1.GE.

GO TO 20

STOP
END

NCL1+1

NCL2+1

CLASS,CLA,CL
PRW1,PRW2,T,L
NCLAS1,NCLA1,NCL1
RATEA1l,RATEB1,RATEC1
NCLAS2 ,NCLA2 ,NCL2
RATEA2 ,RATEB2 ,RATEC2

005

1.0) GO TO 299
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APPENDIX E
GRAPH4 DATA

These data files show the correct decision rates

of 4 dimensional observation vectors. The first
data is ANALll which represents case 1 and class 1
results. The capital letters "A" and "B" represent
distributed decision rules A and B, and ''C" means
the centralized decision rule.

The varying prior probability Pr(wl) is given in

the first column.
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APPENDIX F
GRAPH32 DATA

PR

These data files show the correct decision rates

for 32 dimensional observation vectors. The first

data is ANALll which represents case 1 and class 1

: results. The capital letters "A" and "B" represent

. distributed decision rules A and B, and "C" means
the centralized decision rule.

. The varying prior probability Pr(wl) is given in

the first column.



ANALI11

correct

decision
rates (%)

NO. of
correct
decisions

B

A

Pr(wl)

............

[oleloaolaleloloolslolelelelelelslel
[olelolelolelolololololololololoolole]
OO0OOOOOOOOOOOOOOOO00
[olele/o/olelolololololelelololelolele]
[eleolelolololelololololololololole o)
L L Lo L D Lo L L Lo L L Lo L Lo Lo L L Fon)

OOOO0OOOOO0O0OOOO0O0000
[ololooolalololsololololololololelsl
[olelola/alalalalololalalalslalalslels]
[olelo/o/olelololololelololalelelelelel
[ololslaalolslslolslololslalelolslsle]
Lan b e Lo L Lo o L Lo L Lo o Lo L L L L o D |

[ololele/slolelololalooolaleloleleel
[elolole/olelolololo/olelololelolelele)
[olelo/s/alelolalalalslololaololalels]
[ele]ole/olololololoosolelolelslols]
QOO0 O0OOOOOOOOOOOOO000
Lo Lo Lo Lo Lo Lo Lo L Lo L Lo e Lo Lo Lo L Lo T |

000000000000 00 00 0O 0O 0O 0V 00 VAV OO YOO
[aV QN [aV{a [ VIaN [V {aN [aNIoN [aV[aN [V aN [aN[aN[QN [V ot ]
rr=trr= ==~ e e A e

00000000 00 00 00 00 0O 00 00 00 ©Q 0O 0O IO OO
[3VI9V [aVIQN [V N [N [N [NV TN IoN [NIQN [N [N TQN [V o]}
== = = e e e e e e et e e

000000000000 0000000000000
NN NSNS NN AN NN
=t~ A A A A -

[ololo/lo/o/slololelole/ololalelolslele)
NONONONONONONONONOWN
O rAritNNNMT T UNIUNIO\O NN 00 00NN

-------------------

OOOOOCOOOO0OCOOOOO000

.........

.............

ANALI12

correct

decision
rates (%)

NO. of
correct
decisions

.
v

B

A

Pr(wl)

[elelololelololelo/olelolololololololol
QOOCOOOOOCOOOOOCO0O0000
COOOOOOCOCOOOOOO0OO0OO00
[ele/olololololole/olslolole/e/slololol
QOO0 OCOOOOOCOOOO0OO0000
Lan o L Ly Lo Lo o L Lo Lo L Lo L Lo o L D T |

(olo/ololololololo/olololeloleloolelel
[ele/ololololelololslslololo/e/sls ol
COOOOCOCOOOOO0O0O0O0O0O0000O
[ole/olololslole/olololsleleolololels)
OOOOOCOOOOOO0OO0OO0O000
Lan b Lo Lo L Lo o Lo L C L Lo o L Lo T Lo L

[elelolelo/olololo]ololole/o/ololels vl
[elelolololololololelololololeolslolsl
OOOOOCOOOOCOOOOOOO00O
[elelelololololole/ololololoolslolelel
[eloe/alololololololelalolololololels]
== = = e e e e = = =

00 000000 0000 0300 00 00 03 00 0 00 00 0 0O CO O
[SVIQVIQNIaNTaN [aN [V [aN QN [QNIaNIoN [N QN [V [aN 9N [} ]
ol Lo L o Lo Lo o o L L L L L Lo L T Lo Lo

0000 0000 0000 0000 0000 60 00 00 OO O 0O OO
[SV[SVTQNTaN TN [QN oV [oN [oN [aN [aN [N [V [} [aN IQN [QN [QN [aX
Ll e L L L e L e L L L L Lo L L L |

[celoeleoloolegioaleoloolebloolooleeleoleeloolsoloole ols o}
AN NN NN
Ll e L LT L L Lo e L L Lo L Do Do L L B |

[olololelelo/ololelolole/o/olelole oo
NONOINONONONONONONOW
O r~=CJONMIMNT T WINNDAD N 000GV ON

COOCOOO0O0OOOO0O00O0OO00O00

. ¢
........

..........
..........

72




.........
.....
afe
.......
......
......

(ololelolalelololela/ololeole el el [olalolololalolololalelale/elole (wlele]

PO - Bt B A AR il e e T

OO0 OCO0OOOCOOOOOO00 e lalelelalelelelelolalelololelelalele]
. o lalalelalelelelelelelslolalslelolelels] COOOOOOOOOOOOOOOOOOO
m OO0 ODOOOO0OOOOOOO0 oo vlololeloelololele/alololelale o) S
. falalelelalele oleaolelolslolalolele] o lalalelalalslelelolslololelolalalela]
1 At A A A A A A A A A A At A A A e A A A e et e
B o
w“ T [ololelololelalelololale/olololelale o] e~ OO00000O0O0O0O0COOO00000 .
Q 0pe folalelelelelelelelalelelolelololelela) O 032 falalelalelelelelelolelolelelelolslelel -
2 mi(‘B felalalelelsleeoelelolololelolelele) mi( BOOOOOOOOOOOOOOOOOOO .
- NV ) +» « o & s & s s v 2 o = v s o 0 >0 NV N » ¢ ¢ o o o o = o o o s s o s o0 .
s HAH O [olalololelelelololalelolololelolole/s] HHO olalelooeloeoooloelolelolelnle) ;
QUL O9S9999SSS2°SS2222S gUL  ©O099S999°CSSSS222S :
m K b et A A e b el et — ye A e et i e
“ lolololelalelooloelolelaololnlelalels] lololsleloleloleloalolalololelalele ol ?
4 lole lolalelelelelelalelelololalalslals] tolelalalalele olalalelelolalalelalels] o
7 —~ < Palelalalelslele oole ooslalelelels] ~ AOOOOOOOOOOOOOOOOOOO -
. ~N [olalelololelololelalelolelololololelo) o~ [eloole olelolelolelolololololalalale] h
A lolalaleleoleeelaleeooslesals] lolele olelolalelelal “
I [ | A e ==l e = e e et e e 1 B o Lo L Lo Lo L Do L | o
™ .
# « < ~ .
p - - .
w 000000 0000000000 0000000000000 0000 00 00 00 00 0 00 00 00 00 00 00 00 0V O CO VY COLO O ....
> A U NOICINSNNNNSC A NSNS N < " DI NN IO NN NSNS o
4 /] =t = e A e e e e —drmd e e = A e et e et =
w. W wWwogo o
p oVo oVOo R
“._ U-A [eeloeleoleolrolseloolooloalooloolovlooleelonlooleotoels o) [ VI ] 00 00 00 00 60 G0 60 00 0 00 00 0O 00 00 0V CH OO 0O e
2 &ns MmN NANAINA N NN NN &ns NN NN IO NN OSSN S
= et ymed gl g el b b e e e e -4 el e A A A e 4= ' ...
P Z0ouU Zou 0
S Ix ] v L
v o] 00 00 6000 00 00 00 00 0D 0D 00 00 0000 00 0 O CO 0O o) 8888888888000000000 .
. <« NN NSNS SN AN NN R
b, b pmed et 4 =t b = b e e ot e = e A e — IR 4
T R
: 7~ P
- ~ 0000000000000 —HOOOOOOOOOOO0OOO0000O
3 k4 NONONIONONONONONONIOWN WSOSOSOSOSOSOSOSOSOS
In O AN RS T NILNMNO\O N OO0 CNCY {\0r =T T UIWNOO NN 000NN
il olole olelelvolslaleolalololelelsls [ Vele oo ololslelelalolelolelelelalala)

Ry ) -
c e KN W S S v .




»

b e N

P Sl A A sl Al Al A A " Sl Puion a2l

LA i Al i

o

FMCAMEN

AR A A

ANAL31

correct

decisi
rates(%?

NO. of
correct
decisions

B

A

Pr(wl)

jolelalole/ololololololo/alololololols)
[olo]olale/elolololo/ololololololelelel
OCOO0OOOOOOOOOOOOOOOO
[olelole/olelolelelolelelelololeolelel
[slelalealelolololalolalslalelololela]
Lan e Lo T Lo L L o L L L L P e L L L |

[olelolo/ololololelolelololo/elolelslsl
[olelele/slolsloloololololeolololsl el
[olalale/elelslolalolalalalolololslelel
elelolole/oolalololalolelolololelwlal
[eole/alole/s/alololslololololslolelols)
L e D Lo o o o Lo Lo L L L L U e L L L L |

[olealelolololololelolo/olooololels)
[ole/alele/olololololo/o/o/ololololols)
OCOO0OOO0OO0O0O0O0O0COO0O00O
[elole/o/ololololololololole/ololelo/e]
[olo]alelolalslololololalelolelolslale)
L o Lo Lo L Lo o E D L L L o P L L o Lo Lo

000000000000 0000 00 CO00 0 O YO 0O 0O OO
[V IAVIQV QN QN [V [Vl a N TQN [QX [aN [N TV [N o¥ [a¥ [oN [aN [aN ]
Ll L L Lo L o L Lo L L L o L Lo L e L Lo

[eeleolocleolooloolselesleolooleoleelostonlsoleolsoleolen)
NN AN AN AN NN AN
-t = A A A A A e

[eefeeloalsoloolooleolooloolevloolooloolenlrolocloolonls o)
[SVIaN [aVIQN [V TN [aN [aX [aN [QN [V [QN [aNTQN [N QN [aN [N [aF ]
A=A A A A A A A b

[eloololelelolololelole/alelolslolele)
NONONOINOINONONONONOWN
O r=r~ NN T NWNINO\O NN 00 00N O

OOO0O0O0O0O0O0O0O0O0O0O0OOO0000

correct

decision
rates (%)

ANALS32

NO. of
correct
decisions

B

B c

A

Pr(wl)

OOOOCOOOOOOOO0OCOO0000O
OO OO
OOOOCOOOOOMNMININININININIS

-------------------

OOOOOOOOOMMMMMMMMMM
OOOOOOOCOOO AN
==t e —

OOOOOOOOONANOOROCVNONON
OCOOOOOOOrrirdrdrdrir-drir-ir
OOOOOOOOONNANMNACONNNN
OOOOOOOOONNOCOOOO
OOOOOCOOOOMAO\CYONONONONCH
A=

QOOOQOOOONOONOOOCONGY
OOO0OO0OOOOArdrdrdrAr-drir4r—r
OOOCOOOCOONNANNNANNANNNANN
OCOOOOOOOOMOANT NN
QOOOOOOORAANNARARNC
A

0000000000000 OOOOO00O0000
[SV[QVIaN[aV QN IaNT QN Q8 [QN [aN [aN QN TaNTaN TN [QU TaN TaN [l
=t A A A A e e A A e e

000000COCO00 IO COMNINANINININININ NS
[QVIQVIQNIQV QN TaNToN [N TGN [QNIQN [QN [N QN [N [N [V [N [N}
Lol Lo Lo o L o L L o L Lo L Lo Lo o P Lo D

00000000 0QC00CO00CONNINININININININ NS
[SVIQVIaN[aV QN oV TN [QN TaN TaN [N [aN N IaN [oN [QN TaN Ta S [N
=t e = A e e e e e e e e e

[ole/olelololelololelolololele/w/olole]
NONONONONONOINONOCINOWN
O AN T T UINIO\O NN OO 00O

[elelolelolololelelelelalolelolololels]

...........

74

........
DA .




i Al ined ek s 20

it Sulh sl S0y

b P 4

o AT TR TR TR T ROTR SRTRCY

ha e

T

v

(R RS A A e

et
..-.
A

———yp
. :
ot
" LR
. o
P
P A
s

ANALGAGI1

i

correct
decisig
rates (%

of

NO.
correct
decisions

B

A

Pr(wl)

DTN OO MMV~ MNO OO CNON
O ONOCO P r410000\0O N NN
OONCOONOMNAINOT N NOOW NN
NI P IN00ORT \O 0O A= MUMINDINOVON
NN 000000 00 0O NN NN ONCNCY

NOWFN00 NN OOOO00O0O00O000
NOOPNMNMIMOOOO0O0O00000O0
NANODFITIFFTOOOOCOOO0O000
kel leoleelool. dlolaolalolelololelole)
VAN OOOOOOOCOOO

=ttt = -t

AINIOOVOVANNOOOOOOO0O000
LANNININN~—IO 0000 OCCO00
OO0V NNNOOOCOOOO00Q
OOI NSO OCOOOCOOCO000
ORI NOOO0OOOOOOO

=

AN NOND 0NN NOCNNT NN
DO O QO 4NN NN
=~ et A =

0O CHMMNT \DADADAD 0000 00 00 60 00 00 00 00 00 00
[@ T laV oV o8 (o} (o TaN TaN [V [V QN IV oV [aN [QN [aN [aN [aV
A== =t e e e e S e A e e e

ENO—IAINLAIN NS 00 00 00 00 00 00 00 0000 00
(@1 TV oV oV [oN [aV [N [N [N QN N 9N oV [aX [aN TaN TaN [N
rArtrr= A A A e A A A A e e

[olalelo/ole/ale/olalelolsale/ole/els]
INONONONONONONONCINOWN
O rAr-dtNNMNNGFNINO\O NN 000NN

(wle/o/olelelololo/ololalelolelslslsls)

ANALAG2

NO. of
correct
decisions

correct
decisio

rates(%?

A

Pr(wl)

MO N-FTNNHOMONMNOO—IMOONCy
NN ANMNMNO O NO O OMOIVINOD
AW OMMMNNOWT\OONNOIN\OOWT
OVNAO O INNT N NFO OV OO
[e)Ye2Ye Yo Yo Yo Ve 2¥e Y0 ¥ jYe X0 oTo oTa oTe oA ANV IV

MNOONFr1NOFTOOONIIFT—HOOO
WOUNONOORANINOWOTFTOOOO
AN OIS NTNNOKET NN O OO
NN ENNOD OO UIINANINOOOO
WNF NN

OO OUNO IO —INMONFTNHOO
QN hOMAINMOOMNOONTI'00O 0O
N HONTNNT AN OO
0 OGN0 NCNWOMNOWNMNMNNHO OO
NOFFOINN

MNINT NN O ONOT NNNO M=
AN NN N A=A O O ONO N
Lo Lo L L Lo L e o L L Lo L Lo Eo |

N OO O MO r4r—0000NN NN O OO
OV WN-TFMANCN—

NSOV NN AN OO O
OMNONF NN
—

[aole/e/elelolalolelolelele/o/lolololelol
tNONONONONONONOWNONOW
O r<4r NI T UNUMNOO P00 00 OO

OOOOOCOOOCOOOOOOOO00

75




-""-".“"".!"-'3- T N “‘—-:-v_r .y .!"_\--‘1'.V_~ LA ' At SO0 R4 -0 e Suty Nl Sat T s ae i A Ak Al A ASl AR S i

o

2Ot

o
~
-

Mt YA
AR )

Y LR ST

.....

LIST OF REFERENCES

1. Schon, M. Development of a Testbed for Multisensor

Dlstr1buted ‘Decision Algorithms, M.S, Thesis, Naval
{3§§§?Eaﬁafe chool, “HMonterey, Callfornla, December
2. Helstrom, C. W., Probability and Stochastic Processes
for Englneers, Macmillan Pu 5¥1SH1ng_C6ﬁpanyj “New YOrk
1982~
3. Klinefelter, S.G, Implementation of a Real-Time
‘S§§faiﬂ'“"“ r

Distributed’ Operatin FoT a Multiple Computer
System, M. SE“__TH“§ is,;, Nava] Postg?iaﬁgfﬁ ‘SE%GEI_
H%ﬁfE?ey, California, June 1982.

4, Van Trees, H Detection Estimation and Modulation
Theory, Part john Wiley & Sons, New York, 1968,
5. International Mathematical & Statistical_  Libraries,

Inc., IMSL Library, IMSL, Inc. , November 1984.




10.

11.

INITIAL DISTRIBUTION LIST

No.

Librarg, Code 0142
Naval ostéraduate_School
Monterey, California 93943-5100

Defense Technical Information Center
Cameron Station .
Alexandria, Virginia 22304-6145

Department Chairman, code 62 ) .
Dept. of Electrical and Computer Engineering
Naval Postéraduate.School

Monterey, California 93943-5100

Prof. Charles W. Therrien, Code 62 Ti .
Dept. of Electrical and Computer Engineering
Naval Postgraduate Schoo

Monterey, California 93943-5100

Prof. Uno R. Kodres, Code 52 Kr
Dept. of Computer Science
Naval Postgraduate School
Monterey, California 93943-5100

Prof. M. L. Cotton, Code 62 Cc

Dept., of Eiectrical and Computer Science
Naval Postgraduate School

Monterey, California 93943-5100

Prof. R. Panholzer, Code 62 Pz .
Dept. of Electrical and Computer Science
Naval Postgraduate School

Monterey, California 93943-5100

Maj. Sunﬁ-Chu Hahn

PO #17 aebanﬁ-dong
Donggakgu Seoul 151-01
Republic of Korea

Cagt. Mark A. Schon
1801 Artillery Ridge Road
Fredericksburg, Virginia 22401

Professor_P. Moose, Code 62 Me

Dept, of Electrical and Computer Engineering
Naval Postgraduate School

Monterey, California 93943-5100

Mr. D. Cowan
NWC China Lake, Code 31507
China Lake, California 93555

Dr. P. Krueger
Air 320H
Naval Air Systems g

Washingcon, D. C.

77

Copies

...........

AR TR
B e L
AR L

WA




T
[ - S LT

v ey
we PYITEYTEY aa e A AN AR
IO :- ':":’!-:\'}- PRI e RARIIPLSE. SRt

B

RO BTN

L




