> d\ /

o e e
s | | » o B Amﬁﬂﬁk |

Lt

»«fJ;“ A
KALMAN FILTER TRACKING IN THE MULTITARGET CASE AND AN o\ ';‘A,‘iﬁﬂ‘ (\.
ASSOCIATED PRACTICAL SONOBUOY SELECTION PROCEDURE < Suﬁkw
¢ © ""Y‘_J }(@)Z
Thomas H. Kerr,.Senior Member, IEEE L Y AN
: Intermetrics, Inc.. - . .f;z”f;wﬂggfyﬁ¥ﬂ3
ABST . _;afee&
e ‘An- overv1ew perspect1Ve isp on’ the, varjious; alﬁerhat1Ve<§“ﬂQgpyg
'fjiapproaches to” multltarget trac'lhg hat ve emerged in the . last, 20;3x¥$jhﬁ
. years. ' The. salient™ characterlstlcs ceach . is. summarlzed .aSﬂﬁﬂéﬂw“‘ﬁ
‘benefits .and - drawbacks ‘are enumerated’ crOSS*comparlsons Care vuiwgﬁg
‘made. - Open questlons are 1nd1cated that‘r maln unanswered. - : Whlle»{{_ej e
. the or1g1nal multltarget 1nvest1qatlons were' maifly’ developed for.. .
”fradar appllcatlons,-ln Ballistic' M13511e~ Defense (BMD), .vthls'-~
.:investlgatlon,con51ders the  "matter from the v1ewp01nt of a passive
. sonobuoy application. ‘Along- these lines, an associated simple .-

- algebraic sonobuoy selection’ algorlthm is described that enhanceSjg“
- the' accuracy- of -target. location results while freduc1ng the" total
: ¢¢51gnal proce331ng burden by llmltlng the". number of sonobuoys to a
“z}select few that need be fully processed.,. _ Bon

Sl INTRODUCTION/OVERVIEW v "'. ;v.’,"_' | "‘ﬁf ’y°¢“'ﬁgwi7

D A brlef summary perspéctive is offefed in Sectlon 2 of. several 7fﬁ}‘ o
rexisting - theoretlcal ‘approaches  .that  have been developed for"tv@y.“ﬁy

. “handling.  the -more. operatlonally reallstlc multltarget Case’ . (as-:. Q,Qﬂx”
':"contrastedxtW1th de51gns that . can only. handle the 'case of. tracklng a“hywﬁé,

~ 'single. target),~and, in particular, the’ candidates. are’ narrowed- down&,.;“géy
_':to ‘the” approach ‘that appears to be best suited for sonobuoy tracklng*ﬂf«bq‘n
f'appllcatlons. . The present ‘task “is . .made. ‘somewhat  €asiér by, theaﬁ”‘,j s
- availability of the ‘open llterature IEEE: ;surveys-of Bar- Shalom [l]:*fﬂ35¢59
in .©1976, Reid [2] in 1979,  .and. Chang . and Tabazynskl L3 “in. 1984 r Yvﬁf”
. however, there 1is still th1s need. to  follow- up “and = cross- check  in W@C”

providing the: results “since each -previous survey. is 'now elther;
somewhat outdated, or ‘somewhat self- -serving, with  emphasis provided-
mainly in its own particular application area of primary concern
‘being pr1n01pally radar oriented for Ballistic Missile Defense

. (BMD). In contrast, .. submarine and sonobuoy tracking [45] are of .
prlmary 1nterest here. To this end, a high level technical summary
of the salient characteristics of each approach is provided in
Section 2 along with an indication of its advantages for the
sonobuoy tracking application as well as its disadvantages so that
inherent limitations are not overlooked.

This paper stems from an initial investigation that was partly
- funded by NADC Contract No. N62269-81-C-0923

srePubllcatlon of thls paper does not constltute approval by - the- Navy - .
- of flndlngs or concluSlons contained: hereln.,f It 15‘ dlssemlnatedwr;
F“only for the exchange a‘d stlmulation of 1deas' : : . w
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Based on perceived similarities between post-coherence function
target localization and principles of operation of hyperboclic LORAN
radio navigation systems, a novel approach is offered in Section 3
for selecting sonobuoys for participating in target localization
computations. @ This sonobuoy selectlon approach: simultaneously
of fers not only 1mprovement in -the. quality of ~the  target’
locallzatlon solutlonA by enforc1ng qood physical geometry but- also
of fers a reductlon in-o6verall computatlonal burden over. -what would .
otherwise: be present w1thout ik. . The ratlonale 'motxvatlnq the
‘ptechnlque is” also prov1ded.ﬁ A summary 1s prov1ded 1n Sectlon 4._;ﬂd

~T2 SUMMARIZING AND WEEDING OUT ALTERNATIVE APPROACHES FOR HANDLING

MULTITARGET TRACKING

Morefleld [4] rlqorously poses the multltarqet tracklnq problem
‘as a structured. multihypothesis: “Baye51an" test, which is’ performed
to determine 'whlch particular. comblnatlon of the many - feasible.
tracks is most llkely to represent. actual tarqets.n The approach of”’
" .[41, which may. be: ‘classified. under the- category_’of superVLSed

TT‘pattern recoqnltlon, embodleS""

1. Estlmatlng .the.numberp¢of‘aCtﬁal;,tracks:'(datag,clusteré)y'p_
present,~ e : LI S _ ST

2. Estlmatlnq the parameters of 1nd1v1dual trajectorles, T

The structural form of the underlylng state space‘ representatlon of
targets (descrlbed merely by Newton s Second Law . with drag
wiscous <~ effects: “included ;- When ‘warranted ins o the partlcular

‘appllcatlon) and. the“'assoclated quantiflcatlon of' process -and
' measurement noise. statlstlcs are . taken to. be known ‘as’ -a physxcally
realistic’ assumptlon made within" the methodoloqy prescrlbed in [4].
The problem is to. determlne which of the targets is . actually belnq
observed by the ‘sensor. (or .sensors) aseach ‘measurement  is obtalned.
This. problem is aqgrevated by the confu51on caused ‘by:

l1.. Possible ‘presence of closely space targets'(as‘ in ' convoys

or in close tralllng)

2. Possible periods’ of “‘poor viewinq~geometry§

3. Possible periods of high intensity  sensor noise or
background noise (as with thunder storms, schools of
whales, heavy commercial shipping lanes nearby):;

4. Possible signal fades due to uncertainties in the acoustic
transport medium;

5. Possibly inadequate sample rate at times due to gaps (as
from missing sensor data reports for whatever reason);
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6. Possible presence of false alarms or "phantom targets" as
likely to occur in practical detect-first-then-track
situations. :

'Underllned items in . the above llst are from {4].  The orlglnal list

is further augmented here ‘for completness and “¢larity, . and to;
”“empha81ze addltlonal aspects relevant to sonobuoy appllcatlons.'g

"sz'l A NOVEL ZERO ONE INTEGER PROGRAMMING FORMULATION

‘The dlscrete tlme‘ ver51on of the de0151on*d1rected mdltiple‘;{;»,
thpothes1s testing situation,’ .as deplcted in - [4],  -was. .furtheér =
_‘demonstrated there to exactly correspond to. the: mathematlcal ‘problem | .
‘of 'solving a partlcular zero-one (0-1) 1nteger -programming problem,'ff‘

E whlch 1nvolves m1n1m121ng a llnear cost functlon of the form.

4*ffSubjectgtoflinear;equalityﬁconstraintsdofﬁtneﬂform':fﬂ

(@) <, 1111 o e

" but where only vectors o w1th blnary component entrles being«eitherfff

,zeroes or ones are adm1s51ble as solutlons.

The cornerstone of the match up 1n [4] between the"underlyingf'

ixmultlhypothe51s testlng for the multltarget 4app11catlon - with the-;“f
. .solution -procedure . ~of "zero-one:- . integer:: programmlng Cinvolves i i
operating. ‘on the follow1ng probablllty den51ty functlon descrlblngj;t”;f;v

'iqthe entlre set of sensed measurementS'“'”

v =1 e el R T [
T Lo -

where
A . : ' ‘
Z = set of all measurements. collected and is partitioned to
.correspond to m tracks Al(i=1, ..., m), where m may vary
‘from one hypothesis T to another, S o

(and T is the symbol for products of these orobability density
functions as indexed over each A*J within T). Thus selecting (i.e.,
choosing) T to maximize the following density function:

max p(Z|T) = max T p(kJ]T)P(T) (2-4)
TeER TeF )Jex
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where

feasible set (of cardinality r),

)
J:> e

‘cthtant*.(l'e.} unlformly dlstr1buted in lleu 6F * he- other
.oa erorl 1nformatlon ‘being’ provxded on Wthh hypothe81s is.
“,more llkely to be c0rrect),<m ' e Lo L

P(T)

“can be demonstrated to be equ1valent (1n the more reallstlc caseﬁ[@l,~lx

‘iU;acknowledglng the 90331ble oCcurance of some false alarms) to. R

mex ?ln p(A IT) + n] 1n Y}} .f}fﬁffﬁ | (2 5>;j:,“‘

T eF PN JET
| wﬁfe're‘f,f o
hhj} number‘of measurementelln ttack XJ

'Wr>hﬂef

51ze of the survelllance area.3;f" -
_jpiﬁAIiy, via- the observatlons of [4], [5],, [6],_ the opt1mlzatlonf‘

'~'problem'ofth.,'2 1 1s recognlzed to be equ1valent to. o

'ceT_’]l : ‘ : - o . ST :

[,be deflnlng the scalar»fcj.welghtlhgsjoccurihg»in the<3coetdfdn¢tiohl;fd

‘:'of Eq.iz 1: to be.;.:”

-Lnjp<*.l?> moaglnY o T (257)

o c3
~with .

T = set of all binary vectors of 6; = [0l¢, v2¢, .., 6" 7|T
corresponding to the set of all subsets of F, .

and

)
e 8

a
AL
i

{1 if Adet (2-8)
0 otherwise

Therefore, in the above, the multihypothesis measurement
classification problem is revealed in Eg. 2-6 to be exactly the form
of a zero-one integer programming problem as depicted in Eq. 2-1 and

* It is. stated on -p, 618 of [1] “that, strlctly speaking,“_the"v
approach of’ Morefleld [4] isn actUally ‘not.- ‘totally” Baye51an T
because [4} only utlllzes a prlorl values of (T) constantﬂc“ o
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2-2, Thus Morefield [4] rigorously demonstrates that the
multitarget tracking problem may be reduced to a relatively
well-studied mathematical problem in discrete optimization.theory
classified. as 'the so-called "set partitioning -and set packing

. problems of 0-1 integer = programming"®. = From. further -structural @

considerations of what operatibns of the solution.  algorithms- are

- .more.- _efficiently . mechanized." parallel computatlons,:‘certaina:

-'inbeen worked out by Morefleld [7].3;¢,d»

- .practical aspects’ of. solut1on algorithm 1mplementatlon have already}ii

o , The above descrlbed multltarget tracklng problem,a after havlng-ﬂﬁ'
‘,‘fnow been reduced ‘tou ‘a zero—one 1nteger programming’ préblem; - can:be
. solved by any . ‘one of ‘several ‘alternative solutlon algorlthms that ~ "

- are - further generallzatlons of ~the’ Munkre's - as51gnment"'algor1thm'f'?f’
~ [8] (requiring at most (llN3+l2N2+3lN)/6 operatlons for: problems of . -

'dlmen51on N) rather: thahn an ‘exhaustive search of N' - poss1b111t1es,
‘or as the generallzed Hungarlan algorlthm (as put in 'perspectlve in

- [9]1 for- a proper apprec1atlon, as endorsed by MIT's Prof.:Munkre int L
"prlvate : communlcatlon) .. with spe01f1c o 1nteger . programmlnggfﬂjfop
b}spe01allzatlon having. been provided in [10]. “Comparisons were made - ..
~in . 1979 = between.alternative - solution. procedures ‘when ev1dence was '

fﬂamassed from computatlonal runoffs by Narula and- Klndorf in. [ll}vtod“
" ‘enable . recommendlng e1ther.w‘ T

'il "HZolnts generallzed }additiVemalgorithm”;(an‘the“fprimaryfa
o fcandldate), ’ R T T

“572.“9Balas addltlve algorlthm (as a close runner up),

'>'fasr the'»preferred mechanlsmsl for 1mplementat10n over four other{T‘:W'

iﬂ”well ~known - alqorlthms also used - ‘to solve . 0=1: :1nteger programmlng Eﬁ,
problems. -These two. algorithms " were. recommended over the other four "

folloW1ng relatlve con51deratlons 1n [ll] of" _;
L. -Accuracy in homlng 1n on the correct answer,
2. Speed of convergence,ﬁ

3. Efficiency 1in  mechanization as entailing the least
computational  burden, thus requiring the least CPU time.

Seeking better, more efficient algorithms for solving O0-1 integer
programs continues to be an active topic of research and has been
discussed at several recent meetings of the Operations Research
Society of America/The Institute of Management Science (ORSA/TIMS)

K Thls is the name used for thlS type of problem by mathemat1c1ansf

B and by many cognlzant engineers."#

ﬁoperatlons research practloners,k management sc1ence/econom1stsﬁﬁaﬁg7"
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2.2 A CONTROVERSY AND ITS RESOLUTION -

To demonstrate that a brooding ‘controvery is not being
overlooked here, an open literature objection to [4] and its
successful resolution are briefly summarized. Unfortunately, as

'W1th many .other page-constrained .open literature . discussions,. some .
“sllght ambiguity occurred. in . the original descrlptlon' prov1ded by
[4] in sketching the major. technologlcal steps of the approach. In

S scrutlnlzlng .and, reconstructlng the bridging. - materlal betwen the»,ﬁf'”
- steps offered in [4], an 1nd1ctment was subsequently made . by Bailey. SR
[5]. .that “the: ‘integer..programming formulatlon of . Morefleld [4] had o -

*toverlooked the fact that the vector: .¢ in the cost function. of Eqs 1

~.2-1 is actually (as - clalmed in ' [5]) a. functlon of- the: varlable U tof'*‘ S

. be minimized with respect "to‘and that:the resulting “cost’ functlon, R

fflnstead of belng llke Eq..2 l is actually of the form.,§;~ o
aey =.: ch@ R B <2 9)

*whlch (by not properly conformlng to the spec1f1c structure of belng:v'
- constant .vector c) 1S‘ no longer a- provably tractable 0=1 " 1nteger'3;<;

“programming: problem. S In time,; .. this charge’ from, Balley 1[5] ‘was .
. dismisged whHen the orlglnal problem formulatlon as offered [4],:[
. was-eventually vindicated: by Lehtomakl in: (6] through an’ 1ndependent*

’glnvesthatlon {funded. by the " Office’ of Naval’ Research). whlchfffr-;f'

adequately resolved those po1nts of dlscrepancy clalmed 1n {4]

. However, based ‘on’ prlor experlence [47], [48}, '_less serlous '
_weak ‘spot’ is percelved here to persist- in the methodologyidescribed
"in Morefield- regardlng “the statlstlcal computat1ons offered. in

.”evaluatlng false alarm probabllltes in [4] ‘based on the ‘whiteness ofgff

_‘the, associated-Kalman filter: reslduals._ ‘Such :are ‘antlclpated_herexd
to not really be totally whlte because. B SERTE

f\lQ»TThe state—space;‘equatlons underlylng thej-applioation°aref”””“

- not  strictly ° linear, espec1ally for »”the‘-antiCipatedj
.sonobuoy appllcatlon, L : B P AT - '

20 Even if they were close to llnear ‘or. had been successfully o

' linearized, the reduced-order dlmen31on of " theé practical

filter implementatlon is ‘usually much 1less than what

actually occurs “as the dimension of the theoretical model

so.. the resultlng residuals‘ are not totally white and
unbiased.* o Co ‘ ' -

However, it should be possible to derive and computationally
evaluate bounds (similar to [12], [13] {46], [49}]) for these
requisite probabilities now that these departures from the ideal
situation are honestly acknowledged, as clarified herein.

* A criticism has recently been levied 1in the first paragraphs of
Section 4 in [14] and in Section 2 of [15] relating to the
deleterious impact of an assumption of white noise residuals for
practical - reduced-order Kalman filter 1mplementatlons on  the

~ultimate performance of‘ several recent approaches ko failure. -

Agedetectlon 1n dynamlc systemstrggf
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2.3 FURTHER CROSS-COMPARISONS OF ALTERNATIVE APPROACHES

We could stop here on the subject of multitarget tracking since
we have presented the essence of the approach of Morefield [4] that

we feel consistutes the best .algorithm for handling . the. sonobuoy“ﬁ.

‘~applications. - However, lest  we. -be : faulted ~for. not. ‘selecting -

subsequent so-called improved'-algorithms ‘with more: ,"bells and o

‘“Whistles" ~(and greater ‘associated .computer burden) - than. [4],

prroceed ‘to show how this algorlthm stacks ‘up agalnst both prlor andhﬁﬁL:fv

Z_later approaches to’ multltarget tracklng.;pbru

“As 1dent1f1ed by Bar Shalom on . Py 621 Iij)“éﬁcé the mostffﬁ

f_ﬁhlikely set-of - tracks “has  been: selected by SOlVlng ‘the- 1nteger,gﬁ‘h
- programming. Problem- formulatlon of [4] described above, - the state

estimates and covariances : arée computed from -a: correspondlng “set of

"~ standard. Kalman-like fllters, ~and. 1t -is observed- here .that either

repeated 1nstant1at10ns of . the 'same- Kalman filter routlne,‘ or even‘7a,
‘better, only repeated -calls to ..thé Kalman’ filter subroutine. might ©

;suffice for —each. de51gnated target ‘being tracked: .However, being

‘711m1ted to only repeated calls’to a Kalman filter:- subroutlne w1thout.ve

.. .some - type of multitarget framework as...a ‘super’structure: - (such asdhf“V-;

i‘that” prov1ded in. - [41) probably is’ not completely satlsfactory for- « -

“sonobuoy - process1ng where multlple. targets ~usually  occur. 1nﬁﬁ

. 'practical. situations. To prevent -a growing computatlonal burdenQ“'
-~ such as that ‘warned of -at. the .end of-the Second paragraph on - p.’ 620
of [l]}*lt is “suggested ‘here that -a fixed limit can' be . enforced. on - o
" the number of ‘Kalman filters ‘enabled or;: equ1valently, Jimits. may be” - -
jnlmposed on the allowable number: -of 'subroutlne calls w1th1n a_g-

% ﬁde51gnated time epoch (correspondlng to. the total ‘number ‘of tracksT-7,

be..followed-up ~being.: feas1ble " handle w1thin‘ the 7.

‘”3hardware/software resources avallable) Another percelved drawback'jt'

Cine the " method of - [4],;: " s“ idéentified - by Bar-Shalom e (11, ds -0
asserted -to 'bé “that ~ the probablllty of detectlon “is routlnelyq”f”"
- assumed: to be unity. - HoWever, .. his flrst footnote ‘on: p.t 620 of . .-

S[11 it is further elaborated that a-non- unlty' detectlon probablllty‘

may be easily. accomodated. by merely allow1ng one ‘additional split:

~track option 4dt ‘each ‘measurement sampllng "Or measurement sensor .
" reporting. time. Thus. Bar-Shalom offers .4 nicée resolutlon to his own
objectlons to the approach of Morefield.

For . additional . perspectlve on . the ultimate utility of the.
insights offered by Bar—Shalom in [1], it is mentioned here that the
simple approach for handling the occurrance of missing data or gaps
in the measurements as offered by Jaffer and Gupta in [16] is
discussed and endorsed in [l]; however, the fundamental weaknesses
of [16] are apparently not recognized by Bar-Shalom in [l] despite
the severity of impact. The issues are clarified by Tugnait and
Haddad in [36}] as a fundamental survey and update on how to
rigorously handle the occurance of gaps in measured data within the
context of Kalman filtering. Such issues are of utmost importance
for almost autonomous real—-time processing without the benefit of
human intervention .and deciphering at intermediate stages .as is
anticipated to occur in handling  the measurement returns for

‘multiple sonobuoys. otherwise too much delay.-associated . w1th human_ L
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response time would be incurred. Also, human operator participation
should be for exception handling so that they are not swamped with
almost meaningless routine reviews of massive amounts of processed
data.

At ‘the other extreme is .how'to handle the case of: obtalnlnga w

.several- possibly. anomolous; returns in the vicinity of a s1ngle'
_ de51gnated target.u: The approach of Slttler (17} was developed
that . measurements ~of .- uncertain: origin--. could " be 'reasonablyl

“.1ncorporated into .. -an. eX1st1ng tracker (where [17] utlllzed thehfprvir

.'"“1mposed tracking - methodology in . vogue' prlor to. w1despread adoptlon./'*"J

"7fof :Kalman. fllter trackers), . . Sittler [17]. proceeded to Spllt the = .-
track (by - acknowledglng ‘the- p0331b111ty of "several - dlstlnct closelygy

;spaced targets) whenever more - than .one .return (detectlon) was
“received from ‘within a’ prescrlbed nelghborhood of “"the "predlcted”
measurement occurence. -The" approach -of Fraser -and Meier [18] - was'-
similar  to that . of,,Slttler‘[l7], ‘but utilized the 'now standard
* Kalman -~ filtering.  context for - tracking . in “.its - actlve‘ sonar
fappllcatlon., ~The fully:-. optlmal ~approach - f Slnger, -Sea, .. and
-Housewright [19] 1nvolved excessive spllttlng of tracks .. which.were.

_“extended all - the:way back in time -to the Ainitial measurement returns.’ fffh‘
- ‘recéived:at” algorlthm start up” and" subsequent reass1gnment and". .

recomblnlng of " the. totallty of measurement .results ' received since’

~. initialization. " This resolve of the" algorlthm to: start frcm scratchffr

could’ occur at’ any p01nt ‘ of uncertainty  in measurements received.

fr'Tov‘avoid;the-otherw1se horrendous. exponentlally unbounded increase . .°

"'in. computer burdén 'requ1red in -an 1mplementatlon of - this optlmal
':algorlthm,<'opt1mallty in performance is traded—off for flxed

1computer ~burden “by:- only fallow1ng the~.algor1thm o make Las o

" reassignmeént . ﬁg measurement ' assoc1at10ns over ‘the.. last few .

- measurements. recelved ~within . slldlng time" W1ndow' (of flxed,

7 reasonable’ ‘durationy. " Thus. reasonable performance can ~be obtalned;i;;A‘

?‘1n a: practlcal mechanlzatlon of thls type of varlant of [19]

. Accordlng to - Bar~ Shalom [ll,l’varlatlons “on- _the Qapproach,,n
subsequently pursued in Morefleld [4] ‘exist (e.g., [20]),. as do .
~.variations of -the approach of “Singer, Sea- and' "Housewright ~[19] -
(which -assumed ~ just one target and thée presence . of several

inconsistent measurement returns) as in Bar—Shalom and Tse [21]
(with one target, multiple returns observed) further. extensions in
Bar-Shalom ' [22] (with several'targets . and an arbltrary number of
returns), and -Alspach [23] (with fixed m-targets and exactly ‘m’
returns). ‘

According to Morefield [4] (p. 303), the approaches of [22] and
[23] avoid the combinatorial problem and merely form locally optimal
trajectory estimates using data from several benignly contiguous
tracks rather than tackling the more challenging problem, where the
measurement data must be partitioned into individual track
assignments when physical conditions (frequently) are severe enough
to warrant this more exhaustive approach (as utilized in [4] and
{21). The approach of [4] does. offer a reasonable compromise
between one,. extreme of - u51nq an excess1vely 51mpllst1c approach -

~(which ,av01ds ,o_4,1gnores the naturally -occurrrng “comh;nator;csgﬁjﬂ
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entirely) and the other extreme of computationally accounting for
all of the different ways n measurements can be partitioned into m
tracks, which is (p. 303 of [4], [24]):

- ( )( Sy i e (2510
dlfferent ways'-y

Reid - [2] handles the problem of tracklng several targets of}f};a"‘

%3:1nterest and s1multaneously'hand1es the. problem of approprlate track{tf*"'

g 1n1t1atlon.«‘ ‘Reid offers an overv1ew of - hls algorlthm deplcted here‘.,jﬂ_,

. as Figqure: ;l - where :most.of- the " proce531ng 1s tooccur in: . the four. ... ..

‘_subrcutlnes deplcted. L The CLUSTER ) subroutlnegi‘assoclatesf[_

- 'measurements ‘with prev1ous' CIUSters. CIE twO or more- prev1ously-
“independent . clusters. are ,iassoc1ated together‘f because of -
measurement,’ then the two clusters .are comb1ned into: ,a ’ super.
cluster". - A 'new - cluster’  is. formed ' for -any- measurement not

associated with a prlor cluster as. is’ standard practice in radar and .

" “ultrasonics process1ng., As an - ﬁlntegral part of the 1n1t1allzatlon'

A“;program, prev1ously known - (perhaps frlendly) targets form their own’

”-1nd1v1dual : clusters.-a ~-The HYPERGEN subroutlne forms o newﬁ.'"‘

‘data- assoclatlon hypotheses for the set: of measurements a58001ated»'

o with“each cluster. ‘Within the approach of . Reid:: [2], ‘the’ probablllty

'of each. such . -‘running hypothe51s being: .correct. isi . calculated on-line

-and. target estimates ‘are. -updated for'_each hypothe31s' of -each -’

"cluster; Based . n”'encounters of low. computed probablllty, . the.

subroutine . 'REDUCE visurlnvoked elther ellmlnate -an ‘unlikely:

hypothe51s'or to_merge hypotheses with similar . target estlmates.f"

Once- hypotheseS' have ‘been- 81mp11f1ed in this .- manner, ‘the "MASH

‘routine . is:-used to. .. purge Erom. further; statlstlcal con51deratlon“

*those measurements that . are no longer con31dered to. wbe " amblguous.g '

Onceé Ta- measurement achleves “this . status,: a prev1ously tentative
target is elevated to" the‘ .status of a conflrmed target. (simllar to-
“the concept ut111zed w1th1n Naval Tactlcal Data Systems (NTDS)).'

: ‘ As the bas1s for an at a- glance overv1ew c0mpar1son, Reid [2]:»

prov1des a ‘table’ 51m11ar to . what is~ deplcted here as- Table 17
however, the table " here is augmented “to - 1nclude explicit
consideration of the approach of Reid [2] itself as an additional
column on  the far right. Table 1 |is also: slightly altered. to
rectify the incorrect situation deplcted for Morefleld S algorlthm
[4] in [2] as a perhaps inadvertent set-up since Morefield's
approach [4] does offer a recursive filter implementation which
handles information on several targets despite what Reid had
indicated in his original table in [2] regarding these two issues.
Using clusters is one way of handling the problem but it is not the
only way to handle it as [4] demonstrates.

In Reid [2], it is remarked that the approach of Sittler [17]
was more than a decade ahead of its time in how it identifies and
“handles all the fundamental items of concern including a reasonble
handling of targets that cease to exist (i.e., track: termination,or ,
track: ‘extinction ‘in warfare appllcatlons) i Thls last - feature is ..

R
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identified as ‘being equivalent to.Aincluding the concept of a
"track's status being good" if data is still being received that
served to prevent the track from being dropped as being no longer

active. Unfortunately, the approach of [2] is acknowledged to not
.include this capability. This approach of [4] also involves less of
. a computational = butrden- . .than  [2], . having ' fewer probability .
.- calculations to update since it does not utilize -the addltlonal "a
... posteriori". probablllty calculatlons [19],;[2l],>[2], [3]1« . The. . -
~additional computatlonal -burden. of : : posterlorl probablllty-“*

'Qcalculatlons ‘beyond . the. relatlvely 51mple -expressions. for a prlorljv7”a -
‘calculations ‘providéd in the apprdach of - [4]:(as . already discussed) .,

'f_may not. .be absolutely necessary for - the fsonobuoy appllcatlon -and ?'

should: perhaps ‘be - dlspensed " withu Therefore, th approach of -

ipMorefleld [4]. - appears.. to. sufflcef‘as a. reasonable technlque‘ fOrﬂLfi

"handling- the multitarget: case for’ target tracklng applications. using

'gsonobuoys. Minor interface . engineering may - be required for: ult1mate5fd
"llmplementatlon and tallorlng to the sonobuoy appllcatlon. 4 L

'It is- recognlzed that at: 'least ‘one proposed approach (e g.,f

“:p?[25], as: discussed in "‘Section ‘I.1 of Appendlx I in .[26]) advocatesfiff
_.sonobuoy utlllzatlon 1nvolv1nq manlpulatlon ‘of,  ‘the . computatlons;_.i

corresponding. fo the- processing of, data received 31mu1taneously from - ..+ .

" an aggregate of' sensors.’ Along this line, it is. stated in Chang and ..
"Youens [27] that '[28] offers con51deratlons of ‘efficient. algorltthgA

T for proce581ng mu1t1ple sensor data (only after) completlon of.

‘:.41f,gThe sortlng out and 1dent1f1catlon of ‘a tlme sequence of‘?';

‘measurements ass001ated w1th the same target,

~.2, . The. sortlng out” of measurements from several dlfferentaf“p‘”
.5 ‘'sensors . and. llnklng “(or  cross- correlatlng) ,those that,,;.

'bfshould be. a55001ated w1th the same target°$¥“

'Accordlng to Chang and Youens {27], the objectlve of the above 1temf"2

-2 as.:the association of" measurements from several . different: sensors

-~ with the current target: (denoted in" [27] -as the "sensor to sensor

-measurement correlation " problem" (of [30])) is equivalent to-the,

~classical "assignment ‘problem" . solved by ‘the Munkre' s/Hunarlan,

- algorithm* (as already discussed above).  However, [27] asserts’on
p. 10 and p. 15 that . for handling more than  two sensors
~.simultaneously, the problem is an obvious ' reasonable generallzatlon‘
“of the "assignment problem" but with no solution ‘algorlthm yet
available ([3]), while an exhaustive seafch would be impractical by
requiring the enumeration of (n!)M-1 possibilities. This,
therefore, is an open research problem whose solution should have

* A suboptimal algorithm for accomplishing an "assignment" type
solution called the "row and column elimination" method 1is also
sketched out on pp. 9-1 of [27] and is stated to suffice when the
target density is "sufficiently low", but explicit quantification
is missing on what target ~densities are classified as being

“"sufficiently low™. = - L oo . L .
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~great utility - in allowing sonobuoy .returns for more than -just
‘pairwise - processing - in post-coherency = function - 'to  target
localization [37]. [The solution to this problem should also be of
interest in BMD and SDI.]

Other issues associated with acoustic tracking filters such as

coordinate. system selection and how to enhance system observablllty<m
4'enough for “successful. bearlngs—only filter tracking are - treated in .

. [31], -as-endorsed by, I3]-w1th only'the;r' radar experienCe even-
‘A'though the measurement noisé. :covarlance= matrlxt_;ls inherently-
“ singular . in the model deflned in » Eq. 13. of [31]and. is: ‘therefore

f‘fless acceptable for Kalman fllterlng. CA con51derat1on of the™ . ... ° .
" pecommended’ coordlnate system and observabxllty needed for sonar@qf;,V~"

‘7itrack1ng is prov1ded in [34]

In contradlstlnctlon to the prev1ously dlscussed algorlthmsf

rthat -use - a Kalman - filter, ‘it "is. informative to.  see ~how- pure'ﬁ'

- 'statistical tests w1thout modeled dynamlcs perform in vtracklng a-
- single. mov1ng target. - Monte- Carlo 51mulatlons are utlllzed in [35]

-. to compare performance = results .in tracklng a single' moving target
f~u51ng the follow1ng three alternatlve statlstlcal algorltth' '
ail; Nonparametrlc test based on the rank statlstlc,-

'_72:, Parametrlc test based on the llkellhOOd functlon,

l3;' Parametrlc test based on the sample average."

KfThe last.test was . recommended 1n [35] as hav1ng the best performance
~overall. - considering - its _-modest " computational. ' -burden..  for

f71mplementatlon.,»” However, ‘the - single .target - and “benign, testm{f o
‘environment of (35} make: it:less: 51gn1f1cant for sonobuoy processing .- -

”.7target tracklng than the other approaches already d1SCussed above.:;e:*A

‘ A lucrat1ve approach, hot 4yet addressed prlor to [38} for thed
sonobuoy capplication: '~ to our knowledge,_ is . the beneflt .of
,Wcoordlnatlng target - tracklng filters on .. separate cooperatlng

surveillance" platforms using different sonobuoy mixes for additional =

perspective as a decentralized approach to data fu51on for. enhanced

detection and estimation/tracking of enemy .targets. L Sonobuoy -

processing could parallel what is done for radar targets “in NTDS
[39], where separate platforms can utilize the Grid Lock mode to
~.cross-corroborate radar images from the’ dlfferlng perspectives of
" separate platforms and to use the friendlies appearing on the radar
screen as an anchor to sift out false alarms for a better assessment
of the correct number of unfriendlies present by appropriately
combining some of the separate blips into one when there is only one
hostile target present in that vicinity. The encouraging potential
of such an approach is indicated in [40}, [41], [58}. Especially
encouraging is the fact that decentralized implementations of Kalman
filters are already emerging for navigation applications (see
Section 4.2 of [15]1, [44].

:*‘Relatlvely .unknown ‘techniques for- gettlng around thlS 1mped1ment;

are-available . [32],_ 331 although undegirable-to . have. to usef:;@i‘u

‘ because of a somewhat 1ncreased computat;onal burden.:~x*=**
: T T : 13 Sl B
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Decentralized filter implementation should perhaps be
considered in deciding how to best integrate sonobuoy-based target
tracking systems into overall existing or emerging Navy command,
control, and communication structures to achieve improved
-performance while minimizing data processing requirements. It is -
~this final- problem that' is’ emphas1zed on,ip;'lOS'of [3] in 1984 as -
‘reQulrlng current attention.' S

3y SONOBUOY SELECTION TO ENHANCE POST COHERENCE TARGET LOCALIZATIONf e

Conceptually, the process of post coherence function target'

‘% .localization .is as’depicted in Figure 2. with the intersection of: two

(or. -more) hyperbolas (corresponding two dlstinct sensor pair

- fcorrelations providing constant’ dlfference in. delay time~of=-arrival . . .

(see p. 1500 of {37])>.‘ This process is analogous to the operation
of "a hyperbolic, LORAN-C radio = navigation: system (in the standard
hyperbolic’ mode. - rather than ‘in the rho- rho mode where there - would be‘»
}1ntersect1ng c1rcles) : L S :

Target is-likely at ane of
the- two intersection points.
. With prior know!edge could
- throw out wrong one ag -
- knawn to be too far afield. -

Ocean surface as -
_viewed from above

* Each hyperbola is curve of
“constant time-delay- of«arriva]“
between two sonabuoys

Intersecting a third hyperbole-
removes ambiguity in
target location.

684630-1

FIGURE 2:, Simplified Principles of Sonobuoy Target Localization
from Intersection of. Hyperbolas of Constant Delay-—
Time-of—Arrlval S : 4

*;1.4 3
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. ‘However, . like LORAN ([42],  143}1), .post—coherence - target
localization can - also suffer from the effects of bad geometry
corresponding to what may be incurred by a LORAN user 1in
encountering bad Geometric Dilution of Precision (GDOP) if he 1is in
an unfavorable location with respect “to the fixed LORAN transmitter

~sites 'within radio receptlon range.-- Moreover, unlike what is N
,151mpllst1cally depicted- in:.*"Figure 2, - the problem' is . not. strictly
planar for sonobuoy’ appllcatlons* because .of: (1). p0551ble" ray

- bending. 1n the rather nonllnear acoustlc medlum due to .the thermalj.:'

“gradient “and :(2) the - fact that - ~“when depth -is* properly.. con51dered,

“‘.the. curve :iof constant delay-time—of - -arrival’ is. actually - a sllghtly‘;‘

fcontorted/dlstorted hyperbollc surface.:- ‘Even . w1th theése manr;ful

AjvcomPlICatlons,‘ several hyperbollc surfaces may be. 1ntersected (byﬁf'"lf

'53¢1nte111gent- selectlon of . sonobuoy palrs to part1c1pate' 1n thef

"proce531ng) to yleld ar unlque solutlon.. i

: The least sens1t1v1ty to 'error 1n' f1na1 target locallzatlon
{solutlon is . obtalned when the hyperbolic lines or- surfaces 'intersect
at almost’ 90°‘ angles. - This favorable ‘“situation occurs - when ‘the

q]basellnes drawn . between the -locations of the sonobuoys. utlllzed'arevjf

'tapprox1mately orthogonal.i ‘Such considerations.. can be - ‘utilized as .

 »fthe theoretlcal basis of . a- proposed'"Executlve‘_Sonobuoy ‘Selection . . ..

;Algorlthm" to: automatlcally ‘sélect (as an. opetator. ald) the_subset_yfr

- of avaxlable sonobuoys “be’ used - in . the: .target.: locallzatlon:

" précess. - Such a subset selectlon would enhance the  GDOP -associated . .

fiwith‘calCUlatlng the solution -‘as the: target location yet . avoid “any
”gaddltlonal less productlve sonobuoy - pr006831ng (as: a. reasonable way.

.to: conserve scarce computatlonal resources for. thls application). '
. 'Please natice that the’ computations. to. be further "described below

‘”ﬂnthat constitute the: proposed Executlve Sonobuoy “Selection. Algorlthm:?:x-

o-are - all s1mple and may bej accompllshed from-“ai 81mp11f1ed planarc3$:rf
i yiewpoint in selectlng (i e., recommendlng to the' gperator)’ sonobuoy .

‘5fpartlclpatlon based " on most " nearly orthogonal basellnes~ {or - thosev“*l‘

“having the- largest angles but-"less than 90°-between baselines) where S
baselines are errected between avallable locatlons of . vcandldater”-

v"sonobuoys,»W

'The . mechanics: ‘. of checking"1to;jenforce~glarge"_anglesv-ofe

intersections "~ of . the Lines-of-Position  (LOP)- are. relatively -

straightforward. The '~ location  of transmitting sonobuoys can' be
established even in the presence of significant sea current drift
effects by perlodlc, overflights such as is done with the
conventlonal Sonobuoy Reference System (SRS) or through the proposed
use of disposable 1lightweight Global Positioning System (GPS)
receivers with radio locators for each buoy.

* The transmitting medium for LORAN is somewhat more well-behaved,
but still suffers from a somewhat heuristic treatment of

‘over-land,  over-water, .over-ice corrections and atmospheric
-_1nterference.,y = L " S . . : .
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_ Candidate sonobuoys should then be'used to. form candidéte
baselines by erecting straight lines between each two transmitting

sonobuoys. All candidate sonobuoys should be taken pairwise
"two—at-a-time" as selected from all possible candidate sonobuoys so
that all candidate baselines are formed. After all candidate

baselines are formed, the.. inner products of each pair .of baseline

directions divided by the magnitude of - the two  baselines. is’ the
~cosine . of ‘the angle between them. - These angles of 1ntersectlon L
‘should - be. ranked in magnltude for. ‘“the: selectlon that takes place. -

ff>jnext.:‘ ‘The . larger or closer this-intersection is ‘to. 90° the closerf‘fgﬂf,,
"~ the- 1ntersectlon “.of 7 the corresponding LOPs .-are’ -90° Tand- o

“Jconsequently the better the geometry ‘of. p051t10n locatlon will be.;d_p'”7“

Narrowing ' the field of candidates to-  the’ particular” LOPs - to be

.;fultlmately utlllzed should also be’ assoc1ated with® prox1m1ty ~to-any '
- available  ‘indications of observed’ target locatlons in" order to -
enhance- the. intensity. of target returns. -Thus the sonobuoy basellne‘”'

~quadruples. (i.e., two: intersecting baselines or equlvantly four. (or
perhaps: threevwhereA one sonobuoy could: be shared ) fsonobuoys per.

 two LOP-intersections) can be ranked on: the magnltude of 'the angle - .
. 'of -intersection as it decllnes from an -ideal of . 90° .as the basis- for e
”~'select1ng only the best sonobuoys for further partlclpatlon.;'.,‘ s

Employlng av procedure such ‘as descrlbed,above thus spec1f1es;'

* those sonobuoys‘ ‘that -~ will offer i more utility -in  localizing: the1’£~dl‘

"target and: ‘serves to . 1dent1fy higher priority ‘'sonobuoys ' to ;be
sincluded . for . subsequent LOFAR, DIFAR, etc. proce581ng.‘; This 1is.-

“especially - 1mportant in -any situation of scarce computatlonalfﬁ."'

'resourcesx(l €.y saturatlon in ~‘the number of ‘available sonobuoys'

versus, the .processing power’ avallable ‘to ~sort things out) so that“fg
less. fru1tful sonobuoys are ' weeded out. from - “further part1c1patlon=

.- .based merely upon’ thelr locatlon prlor to any 51gnal process;ngjofj
_*thelr outputs.‘f~‘f‘ : : L o _ : L T

' 4. SUMMARY

~ Several different approaches to  multitarget trackinga were
reviewed ' in Section 2. Salient characteristics -of each approach
- were presented as cross—comparisons were made between. benefits that
each had to offer. The review presented here was from the, perhaps,

. more myopic perspectlve of relevance to jUSt the particular scenario -

of sonobuoy processing. = Other approaches ‘to the problem: that are
not discussed here (such as [50] - [57], [59] - [64]) are currently
still evolving. This slightly «critical review 1is to serve as a
convenient roadmap and/or score card for others concerned with
sonar/sonobuoy target tracking in particular or multitarget tracking
in general. Surveys of this type are possibly somewhat tainted or
loaded when they also seek to have a particular approach which the
author pioneered be accepted or adopted as the wultimate refinement
in this area to date. The author of this survey has no personally
developed approach to multitarget tracking and therefore has no need
to "grind his own axe", but merely has experience in Kalman filter
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applications [14], [44]1, [45], [47] - 1[49], so this survey should be.
devoid of any ego related subjective bias sometimes encountered when
an author is trying to push his own approach in making comparisons
to other approaches.

- " In. Sectlon 3, a 51mple technlque was - descrlbed for enhancing
“-the geometry .of sonobuoy target 1ocallzatlon while. algo reducing the
Mva35001ated computatlonal burden. of sonobuoy proce851ng._ This novel

idea. 'arose due to'. the- strong s1m11ar1ty between: the geometry of

‘ :;?LORAN , rad10nav1gatlon p051tlon1ng -and. | sonobuoy ‘post- coherence_fﬁjf
“.;qfunctlon locallzatlon.v The lure ‘and’ potentlal beneflts of going-ito:

.ﬂ”decentrallzed proce531ng - ‘and. de0151on , maklng “and’. exploltlng‘fﬂrfg‘~
~.‘te¢hniques-.similar .to. Grid - Lock modlng 1n NTDS were also descrlbed_r S
'uﬁﬁhere for thlS sonobuoy appllcatlon.x : T : ' '
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