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ABSTRACT OF PAPER

The problem of multi-target, multi-sensor Naval Ocean-Surveillance

Correlation (or data association) is treated fro a combiried probabilistic and

fuzzy set viewpoint. The basic figure of merit used in determining the accuracy

of a correlator-tracker is the posterior distribution of data partitionings.

This is shown to decompose into a product of conditional factors, one representing

geolocation goodness-of-fit, another false alarms, and another, target attribute

information which is often given originally in linguistic form. In modeling

the last factor here, an expert-queried rule-based system is first developed.

This is then translated into a conjunction of compound statements consisting

of probabilistic or fuzzy set components. These are all converted first to a

fuzzy set structure, with fuzzy logic employed, yielding a conclusion set.

Finally, using the author's previowv discovery linking fuzzy and random sets-

through a simple canonical mapping which induces a homomorphism between most

fuzzy and random set operations - the results are translated back into a prob-

abilistic framework, giving a probabilistic description of the attribute factor.



Outline of Proposed Paper

for Presentation at the 47th MORS

Ft. McNair, Wash., D.C.

July 7-9, 1981

This paper treats the problem of modeling multi-target, multi-sensor data
association or correlation. The overall problem of multi-target tracking and
correlation in Naval Ocean Surveillance continues to be a formidable challenge,
despite many intensive efforts by both private industry and Government. (See,
e.g., proceedings from the past several years' sessions of the IEEE Conference
on Decision and Control, the MIT/ONR Symposia on Distributed Information and
Decision Systems Motivated by Command-Control-Communication Problems, and the
Naval Research Laboratory's Naval Ocean-Surveillance Correlation Handbook and
Library.)

An important step in treating the correlation problem has been the
recognition that it can be considered formally a data partitioning problem
with unknown parameter Q being the truc partitioning or association of objects
into track sets or false alarms. (See the :orks of Sittler, Tse, Bar-Shalom,
Reid, Morefield, Goodman, Stein, Blackman, and others in various IEEE
publications.) In particular, the posterior distribution pr(QIY) conditioned
on data set Y - or some reasonable approximation of this quantity - is the key
measure in deriving and measuring the performance of correlator-tracker schemes.
pr(QIY) is shown to decompose into a product of goodness-of-fit factors, which
can vary somewhat in structure, depending if forms are sought which are either
recursive or nonrecursive with respect to the use of incoming new data relative
to previously treated data. In any case, the goodness-of-fit factors are
essentially: (1) geolocational - related to a weighted sum of squared Kalman
filter innovations or residuals; (2) false alarms - modeled often by a Poisson
dispersal population, a nfformly'diftribution, or a truncated Gaussian
distribution; and (3) attributes. Btcause of the often non-numerical or vague
linguistic descriptions involved in (3), modeling of these components can become
difficult. For example, intelligence information may indicate a target is in
the approximate area, or a sensor reading of a signal is deemed to be target-
like, and following an irregular zig-zag pattern with large deviations. Or,
perhaps an operator may state in his report that "we believe the target tracker
is now most likely in bearing line range a, but is also possibly in the bearing
line region b" The technique introduced here easily incorporates this vague-
linguistic information directly into pr(QIY). Furthermore, the procedure can be
extended to be, in effect, an alternative approach to the modeling of correlation.

First, a rule-based system is established. This consists of a collection
of modus ponens (or implicational forms 'if ( ), then ( )') rules which surveillance
operators usually use in concluding that new data associates, or not, with
previously established tracks, or with each other. In practice, the rules are
obtained only after querying a sufficient number of operators, but weeding-out
as many inconsistencies as possible. A typical rule for comparing two objects -
say a new data point and a previously established (and updated) track set - will
have the following form: "If attribute values A1 ,..,A n are obtained for object
one, and values B1 ,..,Bm, for object two, then it is possible that objects one
and two associate with the same platform." Another rule might be more negative:
"If attribute A' (say bearing measurement) holds for object one



and attribute value B' (say two dimensional position fix with associated
uncertainty region) holds for object two (previously established track) then
one and two correlate with moderate probability, only if A' intersects B' and
the measured range distance to the sensor source is still effective."

In addition to the rules, the system consists (depending on sampling time
and local sensor systems employed) of statements describing which attributes
are present and what their perceived values are. The component parts of both
the modus ponens rules and the attribute data may be describable most naturally
in either mathematical-probabilistic form or in linguistic (possible vague)
form, the latter employing typical hedges or emphasizers such as 'most',
'usually', 'often', probably', 'possibly', 'with high confidence', 'most likely',
etc. In the latter case, it is most convenient to use the techniques of fuzzy
set theory in the modeling.

In a series of previous papers (see especially NRL report 8415 and forth-
coming book "Recent Developments in Fuzzy Set Theory and Possibility Theory",
Peugamon Pf-4ess), the author has shown that an explicit connection exists
between the fuzzy set approach and that of the more well-known probabilistic-
statistical approach to the modeling of uncertainty. A relatively simple
mapping was derived (since then, an additional mapping has been discovered) which
connects fuzzy sets with random sets. As a consequence, every fuzzy set is shown
to be equivalent - through its membership function - to an entire class of
corresponding random sets - through theiroconmon one-point coverage function.
In addition, the mapping is shown to induce a homomorphism between all of the
major operations of fuzzy set theory and that of ordinary random(and non-random)
sets. In essence, this implies that modeling, where convenient, can be carried
out in a fuzzy setting, using all of the many established fuzzy techniques
available, and then reinterpreted in a rigorous manner in the usual probabilistic
setting.

In particular, applying the above results to logical reasoning yields the
following: The rule-based system modeling the attribute aspect of the correlation
problem is a conjunction of modus ponens statements and other statements
compounded from atoms of fuzzy sets or probabilistic statements (in the form of
random sets). Consequently, the entire system may be modeled in a fuzzy set
framework determining a single (but compound) fuzzy set statement cB(V)17, where
fuzzy set membership function B is computable from standard fuzzy set manipula-
tion techniques, with max-min operations predominating. V is an unknown parameter
vector representing in one component Q, and in other components, the measurement
dimensions yielding the various attribute values. T is the confidence set level.
Carrying out a projection operation, in turn, yields C(Q),.T, where fuzzy set C
is computed from B. The last expression is a fuzzy confidence set for the
possible values of Q. This confidence set is seen to be a uniformly most
accurate description of Q. That is,it can be shown (related to the previous
mentioned mapping connecting fuzzy and random sets) that this description of
possible Q's makes maximal use of the system's information. Finally, making
direct use of the canonical mapping, a probabilistic description is obtained for
Q: Pr(QcSj(C);Y) -, where Su(C) is a computable random set. The last expression
can then be either directly incorporated into the overall model for pr(QIY) or
used in izs own right for correlation.

At present, models are being established for the fuzzy set membership
functions involved. Numerical tables of correlation sensitivities to parameter
cnanges, onerator variability and confidence levels are planned.

2



LUJ

-

LUI
LU -

_l C.' C.%)
r,- (- -- >u a

= cm~ - -

C:)~ Z-' LUJ C:

LU I LU LUI=L = 0-~L

-4 --

LU C:3U

c:) LU::)- -::
(.) -14 L .

LU C/ )

C.) >- LUJ

LL. C'

LUJ



LU

LUJ

LU J

- It

I -J * cij

Ln -j I-J

-J cc ~ w ~ V

C-) LAJ 2-1 =
LULU - i

Cc cc C

C)~C~ LUJ c LU LL

(L LU J C L
P4 - Lk

ICC C ur
C) 2 LU I- J

L CDCC0C
LU ~ L LO-LUL

I- 0

C3 C

wt cc C-)

LU -

-4,



CDEFE 1TIk-; OF 7,E-; SCOT M-

I i() --a log pr(QirQ)Zi~.)

0() -2 loj r((-

IS PARI'IRTIIGNLG OFAL)J. UP? lu t

.. 0 y(j) ,UP TO t

T T' AQ~~7 C PQCK. ~tjTRC -F- p, ~ KIS~~A



STRjGiCTUH-U, OF TE SCOILE

it is Cc;i13IDSR XLY SDIIZ11 l IN T,!A N J

J, -2 log pr(Z,~

-2 log pr(Z0 ) U ) Q(j) -2 log. prj

GIZOLOCATIONr TARI !hT DAT ''

FAL&E AIA ~I TZRM

DIN.'Lz- OLOGkTT70 TAT~T" A7~2T2TT*



G E1EQ-0r:ATI ON PAMA TEZt

-2 10O , )r(Z (j) I Q(i)) 
Z

1u U.ha ,I such hat

z I )Y

\Z. 0i~,

L. ~-2 lo ; pr(Z.U (i) L.,

-- 2 lor pr(liaJ Z (-i



(z -J Z(i) 2  is tho ,r v. of' Ln yatic,1ln a,

2aia

x - la 1 Ia- al ±
i s t h pia csbiator of Xia gl'cm data Z

ia~ ia a

L; tht covar'iarco ar of' crror qP the optimral ct'
of_ crc X. g Z' . "'L)ad _-B~3)

I

azo~pu~of tlhzl cztadard Kalrarn f-Itocr f£o, a Li. -.

nl'I'1vQ to pcrcrciVcci tracz :;t i.



ith-e 9oiass-of-.fjt of tht geoocair
d-ati for track sot i up to t I under QWi (frnn -
"bionol dcpcnctencies boinS o!M~tcd for Simp21city)
,hl Lia 's the corresponding gocdxic-of-fi, at aLais scen to dccormosa as

Va~4 + y.

Si ia * log 2-,l + log dct(I)

ia ji&(a

is the innovations. for track cat i at tQ (based on QNi)

Inc r..put n,- the rmatrin'- inversa and thedt~n

- 1 1 ,as :clas. 3A Q) ,FCr t, ttsr cI.Cicc'-c
cc MUSt be talcm in cnfdrIgtho cases S. > m.

_nj E;- sepa-'atc1lj



D FAIS3 AIAIIM4 v"J?,'M

'Zak

Vnr P p c Q Ui) OLa + LLOa 'k olal Opal pr(ZkI

L oa-2k 5 CZC,a,kili Goa2c) lalk *Za'--q
h=l

(ls a , '-ak*27C + lo pd-tV ),1



0 ON-GEOIXDATIU TAM-22 ATTRIT 1TM TZX-

-2 los pr(YUi) o(i)) C Z U))

t,(j -2 loE (- I iic()) ~ i)~(~i

9; ,4! jh

G~3SAou," APOJATICON. N I) IN ASSUTTI C YI:ILD

A a>~UT A~hAGOUS ~C~,iD I-LR7124 GOAC

LT~ NRSUiIF FONY (IIJ ID.2io.



C>~ LL.

U-
o:

0 --

a- C,,LL

0< La..

LL- <

0L CC)

-u Laj

03- W CD U
C) * ..- -:La

CL 0



LLU

-,i

I tr-

CC

LL. C) -

o~C C), 0 I

Q- C C

IJ 0L - I
LU-~j C)

oL a. -

CL- CL..)

C)2

Or < LU

(.0 LU -0L CL 1- C0



C) LU

C) (i LUJ LL
oo 0L

LLLU

-L CL*

- C I-

CC-. V U

-. L)J Lto C-0

o LU

C- V) LUJ
C) C)>

o ~ a LtLE



em

Z LO

-LJ=

-- 0
W 0 WNEDCL

cU U
C w X X

- 00 o D
cnE CD..

I- =N
"E



0v
C0 cm

U- %#-)

U) C0- 0

> 0 m 3 mL-

N s, CO Cc
0) 0)c

E.E C, M C

0~ £ E > >)
im C)Cl) ±ow)

Wi Cc

wOC

0 *)

2... ...



%%O

.1 CL

N

U-Uo C
:3 0

0



8LAni& j Abl:

PAGE INTENTIONALLY 
LEFT BLANK

PER TELECON 
DR. GOODMAN

DC 11/5/91



z x

wL LL
w 00

< < x x

>. a x

0 cr'
cc I

N-- 0

CDu o.. rL.

LLL U)mLLxN . CLc LL li

ImLL 0-

4. z
F- z
wn - x

N
N<

U- 0 0
LL L



cccx
0

CL

N
0 , - a C

0>-n C - <

< z _ 0x LU

,, -0

a: < m 00U NU Eo -C TZC) ~= a:--

z



PAGE 1f NTFNTI)NA LILY LEFT BLA.K
P R TEL. CO.()N DR. G )ODMAN

DC 11 /5/Qt

PACI- (



0> o + +

a E:
b o Lm o '
. V >C 0

E ,. 0

m ,--0 >D c 0
- - ,. 0 <: 1. ,

%#V c 0 4--0 CU >
E L" E- > Q

0 C)- ac:

. U + U :.-
0-

0 M E0



I- x
0

S-C4

00

C)
0 0

E Z~0 C4

.c) 0

5-j

ix i-. 0

E CL CL ch I

0u I, itC)
x Ixm1

0,-. EXL



0a CI -L. 0. -

.C 
C

cc. 0
i- S -. 0

(n CA 0 C 0
> CL aC -0

-0 C > UC

cr - C 1. 0 Q

a, >

M 0 c- Eo
L

UL DC C oaa
U,~c 5, -,C , CE

E E ~ a CE = -O%- C

00 0o

c2



sCC C c)

0C 0

ca c
o! W )

C0 0C

Cu U) -

3: o

-Q1 0. U
CL. -6. 4) 6

0) caa - a)

00" C: a

0L w w0 0

0C3 01 4

c) a ) .CM

cn cu 0

CJ)U L .4 cuC
Cc=.0~- 0cu-

E .o ~ 00 u
cuO. cn ~ C 0

cn Cn 0 .
CD 0) LICZ ( L)-O

0X = -0" 0 m M c

lo0



U) E

0~0
LL.

C) E
z~C

CO) Cc

%*- C13 CO C

0 ~ C

U0 >UN
CC- wcu-

h~o N E

0 0 X oI

oN< 0 .-

0.

0 0 0Cf

0



C5

0

Cl

00

-0.0

S., cu~ M U
a)- CL C



C
00

%I- ao

.0 %.0~

0~ >zC .U) 4)
~ Ell=

.0 *.O M wo~~ < uC
9-,&

CiM

Co - ll
Q CD>e~,C

Q) 0
Z- I



m0

I-wU F- w

w-<Jcn Z
z4: cn

0 0-'O N0
(J) 0ON w N

z ~< zLL X5 L
0 -1 < 0LL -1<0L

0-

UU)

0 0 oNO

w =)

zz 0Cc(

mI LL -J

LL N 0- c U

0<cnO



N0
Nu.I

0 n

N LUu

NWw

z0~ toL

<N 00

0 N00

0 :3 0
oc/L CICJ

wU
0 0 N M

Z0 o
0 m c 5wo< i l LL.(1) C z,

LLz(: cz L0)
-j 0 ON 0

Lu (0) o 0
U) 0 LL



C

C4
0
cCL

0- CD- cn

0 0

owl% Cc %..- D

L- 0  cn

E LN II ii I cl) 0

0 m :3~D T D X3

Ch.OO c
~f CD c/)U)Cf<Cfl

00L



N

Nx

x

co

4)
LM CL ~

1... Tb- II

E CL

0.-
x co.z

(B4 GH (@ T x~~

cn



00

W)C

LU 0 
~ a

0 oC0

> o --

WCc cc EE
0 N co c0c*

cc >~
u)N *- I~a >a) 0.0.

LL * .Qf ~Ec E
0o Co mf 0)

L.. * 0 * 0 Cc d

Om 0 0 C

C C

0 0Z G
0 0



C/)

Cl

LI I
cc 44

a.lL 1
4

W <

.12

0

z 40
0 0.

00

o * 00 4\)
** e' 0 0

ccI

I cc

cc -

I /

z

dC. 2

LI

0o 0



E

0)0
00

00

C N~

NN

C CL Cl)

SN 03.

N CL__ L

m) 1 *L

CIo 0 .C 6
___ - N

C >

I- m 0

CLC

C MC C~ * 0
o 0 Q)

:3 C -

Z~ CL a)> (Dcnm

0 
=



E
L

00-
.- C.

o m >
CL0

U ch E o

cuc

£ 0 cc .

LI.M

.- %

CL. 0E

C~ ;-/).2c

60 . C)

CN E:C
0 0

o E wE
- C a) n Cc



DC

13

C o 1 --
C) cc (

C >C 0 o

1 0 0
.0 _ Cc

C L- s In C 4

o._ - 0)
,- c, _ c mm-. - 0 =

L./ 00 >~

0 0  (I C U

cEC W 0%.- L-

CC Cc > 0. cnC

w c n c.0
CE c >C c~

0 CO _ -- o

*C0 c U
c - C~c

• COCC
(D7F r W

*- 0u

0



- F-

. o. Ec >'

-' E a

0 - ."1".
6- CA,

.. ,-- 0 Cc

C/ 0 w.- C

E. 0, =, I-
. o O =0Ccc C"o

. "- .,0

U) 0 0

oJ- ) ca 0

IZI~ : . - - Cu
Z . :,- U c

0 r c Cc

~o EC0

E E 0 x

2c o o m •

I~ I



000C00

0 o
CD) C 0) Co C

>) ca Lo >oC c 0)
CO 0 0m

3: '*"> () 0 s0I 00 n-

0 uJ'. _ >0% "a w 0

o cc "o 0  .C

1.. r fl o C)
Co1) C CEC Co r

C)/)C CE ZY

2% E 0 0Cc>uCo cn o)*CM.u~ M VOCnuC
CL .0 a)CL 0

Cx CC 0~CC.
CL.. C) C) C) c 0 0u

o c0) 0 E.C )
a) = 0

LL0 cu C 06 C)



- r >

crI

C C-

+ ~

Cd ~~~ -e ~ '- c <

> > C --

Y-. <- %o
> ~ Fe>



C~4 0>

- C 4

0~0

CLC

V/ 0v
0C J

x >

cm ccj

C/) N )I

L. 0

~~ C Y - C N 1
C>> > *

~3V/,"'
0 0 CC-

o ~ ~Oe~ -~



V/

w 0

CD

0 a

CD4
0 E

ClD

V/ 0-% % 00

*- 0
%P- W.I

(440

~~c = <-~ C

U) cn c.c
0 ~J e4)

a 0C

CDU

O ~'0 CL0

CNO 00
> >~<C

U20
4)

0 0 0



CM~

C4 C~

co
x~ <

E V
0 

V
C4 >

Z. 0A\Y~
N U U- U_

LL ULULL

an ca 0

0

CLC

A\h

C 
.C

* 0



- -

)-J LAJ
L))

LLAJ

oL MJ (Lu

L LJ -L CL U

CI- LlJ C.
o u

z i- L&J
O LD LaJ =

-j. LL- cc>

C-) - La

LJJ

V) LL *

U- LLJ
CC LI.

CC~



Li.J L AJ S..

LLJ4-Z

0. U~== L

CAA

(4 -

LU ~j

-J J c

uLJ U-)

)- >- 0.J CC
.00 0- V) 3-L :-

CC C- LZ Ln LJ 00 1LU Je

a- J -j -m a-Jc

- ULUJ .J UJ C)I -4
co Z~e 0 (n

4
ZLiJ >--

9-

-A V- D
LU 9- J cc 99- 9

.4~~- a--'- I <AC ~c
=L CDC - U U LU L

-j CAJ LL ) V) Z
CL- C3 U- -j U LUJ uj LO

(.n-L < CC -< 9=

4- LULU -j =) - 1 -d
cc C) C3 ILU A vi 0nC M



Lii
-J

CC

C),

c"I LiiL. iI

Liil

-JL

Lii -. C
0A L



Lu LUJ CcI
a. LU LUJ LU

~LLo
C0 cn V) LU

Ln LU LUJ LU L -CL 0. z 03 I=5
= >- b- 0D L- 03cc5. -4 t -i

to

CLU

ull

C14) cm

5.-

a..

ca



LLi

- I-

L&.. ul

Lii

Lii

u(j

-

Li.JJ

L/M C-A

CCv-

-~ U z

C13 C)-

0 LL-



r-4

-

LU-

r-Jr

C/I

Co I-

cc w

aL LUJ

C0 w C)
w NC)



f-4

CfJ LUJ

(3J LU C
cr LUA

LA Q Lai LU LU

U. -l

LU - C) V)V L
7-1 C) ct ~ ) L

LUJ < L- C l LUJ

V) - 4L (3L - 0
-A LUJ CC LLU. 0 I

cm F3 - cc ~ * .

(/D w r I'-

~~-c LU L I -

I- C/) - 4 - LU

flE -M <1 0
LUJ LU LJ-< I

LUC C- LU L ) ~ Lw LUJ 0L (1 - -
LL C) V) LU

.L LLU < - C U- O.

... ..... L U.



LL.

I.-
u

r-

LLI-

- cc

V)~ - ' LJ
S 0

-c I-. (1

SI

U-1U ( C

c4 .- DL

Lu 0-

- LuJ

C= u - -<
Luj (A -r



- CD

Co

- C,,

w

-LJ

-AJ



I-~

Lii

:D.)

= iiI Lai
--A Cd LiiCd

LA- r-4

LJJ =

Lii LiJ

C-) - 0n - -
CD C- Li

-: (LL CCI CC
u 0i Lii

-cc LL. -030

CD 0L Li.J Ci C .-

=L 0- V) L&i 0 C
Li cc < : CC

CD LiJ CC j L

oL I- Lii 0 -

V) =L =P. cc C-C )

Cii 3: Lii C

C) -j Li A

0j CD -i

w w CC

Vd ) ZL

0) Li -D Cd 00
- i 0 - -

Lii -C00 CC 0D
Cd, L"



C LJ

L&.1

(..1
cc 0-

0-c-

LjJLL

4nJ L LJ

- LU

LLjJ

-A - (l i.

,A -L I-
-A LIJ cc

U.S -L 0.

0t -L LJ CL
U.. - U.:c



C.0

CD 0 L U.. Lii Lii

1-J X 0.. V)LA v m

I-- C -- rI- C) 0n Li.r

Li~- Lini i -

LL -cc0

o& ui J C.0 0 0

-Lii Lii aLIi0j - li 'J I--

(.0 L LW

-0- Lii LA-. .0
Lii 0 ) C0 LiiL

C ) r -0i C -J LL -o L -) C- Li I 0 L
Lii~~C Li L.i ii L

Pi 0) C), Li L0 i
0A V) -. Lii C- C0
w. i Lii Q Lii m.i 0-Li 0A CL Lii

a-i CD -A w- wi0.L i



LaI

I- -

cc LaJ

£m La 
5

CC I- U- V)
I.- 

cc:
a-. 0 c L&a P-

LaJ

LaLa La CD
I-- ccJ - L

P.- -A4 LaJ
U- -a L

LaJ La
La~~~L a>Z9- a -LL c~ LaJ -j

a-~ o~ a

9- - 0C 0 LL. Lad


