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EXECUTI VELSUMVARY U
O
N
[

Thi st hesi sOdevel opsUandlassessesUalimet hodHandOwor ki ngOd
nodel Ot ol0det er m neldt heOcont ri buti onOof Ui ndi vi dual Osensor sO
(personsd ord platfornmsd thatO providel specificl target[
information)d tolO critical O i nformati ond gat heri ngdd andO t ol
commander [ deci si onmaki ng. OO Thi st hesi sCladdresseslcredit
apportionnment O(di vi di ngdandOassi gni ng) [t odspeci fi clsensor sl

forOsati sfyi ngand nf or mati onlr equi r enent O Baunman, [12001) . (100

AlUni t eddSt at esOAr myOwhi t eCpaper, Ot i t 1 ed* Concept sUf or [
t he(dObj ecti vedForce, "OstatesOthat OthedUniteddStatesAr my[
est abl i shedOTr ansf or mati onasi t sCf ocus. OOTr ansf or mat i oni sO
all process changi ngd thel Arnyd “.intold ald forceld thatO isO
strategi cal | yOr esponsi velJanddom nant Oat Oever yOpoi nt DonOt hed
spect runidof Oconflict”O(U. S. OAr nyOWhi t eClPaper, [02001) . O0OTheO
Arnycal | sCt hi sOf ut ur el or cellt he[lObj ect i velFor ce. [

Thel (Objectivel Forced anticipatesld near-perfect[
situational Oawareness: 00" ..0bjectivelForcedUnitsOw || Oseel
first.”0O(U. S OAnmydWitel Paper, 2001). 000 SeeingOfirstOd
i ncludesl *“.detecting,d identifying, 0 andd trackingd thel
i ndi vi dual O conponent s of O enenyJ uni ts” 0O (U. S. O Arnyd Whi t e[
Paper, [0 2001) . 0 OO Near - perfect U si tuati onal O awar enessl hel ps
commander sCOmakelcri ti cal Odeci si onsOusi ngUi nf or mat i onUbasedd
nor elJonlf act st hanassunpti ons, HandUal solr educest helri sk
i nvol vedl i nJ deci si onl maki ng. 0 0O Near-perfect situational O
awar enesslr equi reslJaccur at e, Or obust Ui nf or mat i onOsour ces( or O
sensors). 001 t Jal solrequi resdall” ..synt hesi zedconmonpi ct ur el
of Ot helbattl efield, Otheldcommonloperational Opicture”d(U. S. O
Arnyd Whitel Paper,d 2001).0 O Sensors, 0 andd thed conmon(
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operational 0 picturedd theyd create, 0 nmakeld upO criticalO
conmponent sof [t he[Obj ect i velFor ce. 0

Therefore, 0 thel Arnyd needsO net hodsO tol assess and[
conparell sensorsdinOternmsd of Dtheirdcontributiondtoldthel
common[ operational O picture. 0 O Thi s t hesi sO provi desl] onell
nmet hod[t oOacconpl i shOOsuchCanCeval uat i on. 00

The creditd apportionnmentd phenonenond of O fusingOd
informati onUfronil separate, 0distinctsensorstolcreatelal
commonlJoperational Opi cturedi nOdorder Ot oi nfornidaldeci si onld
maker, DandOt henOapporti onlcredi t Ot o0t hedsensor saccor di ngd
tot heir i ndi vidual Ocontri buti onsOt ot heldeci si on, i sOan0
ener gi ng, Oconpl exOar ealof Ui nt er est Odepi ct eddi nOt hedf i gur el

bel ow. OO0
credit

Deci si on/
Assess
0

Fi gurell. OO0 Mul ti pl ellSensor [Cr edi t DAppor ti onment Phenonenon. [0
(Af t er Bauman, [2001) O

Exam nati onld of O t hel credit apporti onnent O phenonenon(]

firstOrequireslknow edgelof it sprocess. OOThendi t Odermands
devel opi ngd aldwor ki ngd nodel ,JorOalgorithmO0OFinally,0it0O
requi resCiconsi der at i onlof [(dat alr equi r ement sCf or [t heOnodel . OO0

Allcl ear | yOdef i nedOunder st andi nglof Ot heli nt eract i onsat [
wor ki nOt helcredi t Dapporti onnent O phenonmenonlddoesInot Oyet [
exi st. O0OAsOalr esul t, Oalsi gni fi cant Opor ti onOof Ot hi sCr esear ch
effortd attenptsO tol comunicatell thel essencel of [ thel
apportioni ngcr edi t OphenonmenonUandi t sOl i nkt ol0dat alJf usi ond
and nformati onCquality. [
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Thell assessnent] ofd theld nmultipled sensord creditQ
apportionnment O nmet hodi ncl udesOconducti ngOfi veldexperi nment s(
wi t hOvari ouslsettingsOof Ot hreedfactors. OOThedf act or sCar el
t hell presencel or O absencel of 0 sensors, [0 and t hel settingsl
represent 0 t hel sensor [0 characteristics. O Each experi nent [
provi desOverificationdof OthelunderlyingOcal cul ati ons, 0as[
wel | 0 asO exanplel resultsO basedld onl estimtedd inputl
paraneters. OO TheOprimaryOdi nput O paranmet ersti ncl uded sensor [
characteristicsCandlt arget Cattri but elJpr esencelldat a. O

Met hodsOtolJi ndi vidual lyOallocatelcreditOtoOnultipleld
sensor s, Osuchlas[t heOmet hodUi nlt hi st hesi s, Omay[Jassi st OAr my [
deci si ond nmaker sl duri ngd Obj ecti vell Forcell devel opnent O and
i nt egration. 0J0Bei ngUabl e(Jt olcr edi t Osour ces( or Osensor s) Uf or [
t helbenefi t Ot heyOpr ovi delal | owsdeci si onOmaker sOal0means [t o]
conpar ell sensor s duri ngld devel opnent . O O I nOternsof Oforcell
i ntegration, Onet hodsOt olJcr edi t Osensor sfal so0al | owJdeci si on[d
maker sl waysl] told fi ndd thell bestd m xO of O sensorsd forO all

parti cul ar f orce. O
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. 0 1 NTRODUCTI ONL

A. 0 THESI SOPURPCSED

Thi st hesi sOdevel opsUandUassessesUallmet hodOandOwor ki ngOd
nodel Ot ol0det er mi nelJt heOcontri buti onOof Ui ndi vi dual Osensor s
(personsld ord platfornmsd thatd providel specificl target[
information)d tolO critical O i nformati onJ gat heri ngdd and t o[
commander O deci si onmaki ng. OO Thi st hesi sladdresseslcredit
apportionment (di vi di nghandassi gni ng) Ot ospeci fi clOsensor s
forOsati sfyi nglan nf or mati onlr equi r ement J( Baurman, [12001) . [0
B. 0 SI GNI FI CANCED

AlUni t eddSt at esOAr nyOwhi t eCpaper, Ot i t |1 edd* Concept sf or [
t heOCbj ect i vellFor ce, " Ost at est hat Ui n(Ot heOdocunent , OTheOAr ny [
Vi sion, OthedUni tedOSt at esOArnylest abl i sheddTr ansf or nmat i onld
asd itslO focus. O O Theld Arnyd Transformationl i sO0 all processl
changi ng thed Arnmyd “ ..intod allforceldthatdisOstrategicallyOd
responsi velJandOdom nant Oat Oever y[poi nt Dont heOspect r untof [
conflict”O(U. S. DA nyOWi tedPaper, J2001). OOTheOArnyOcal | sO
t hi sf ut ur ef or celdt helOObj ect i velFor ce. [

Met hodsO tolJi ndi vidual lyOallocatelcreditOtolnul tipleld
sensor s maydassi st DArmyOdeci si onOmaker sOduri ng Obj ecti vel
Forced developmentd andd integration.O [O Sevend forceld
characteristicslU gui ded Obj ectivell Forcell devel opmentd (U. S. O
Ar my [(Mhi t e[dPaper, [2001) : O

o Responsi vell

o Depl oyabl el

o Agi | el

o Versatil el

. Let hal O
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. Sur vi vabl e

. Sust ai nabl e

ThelAgi | elcharacteri sticlrepresent slpossi bl yOt hednost [
di rect Obenefi ci aryUof Osensor Ocr edi t Dappor ti onment Onet hods. O
Thel whi t el] paper [ defi nes Obj ecti vell Forcell Agi l ity asOthel
abilityDd tolO quicklyOd transition anongd variousl types of O
oper ati ons, UsuchOasUf rontdsuppor t Doper ati onsdt oOwar fi ghti ngd
anddbackagai nO(U. S. OAr mnydWhi t e(dPaper, 012001) . OOTheOpaper O
statesinformationd superioritylthroughl ald know edge- based[]
commonl] operational 0 picturel constitutesd thel essential [l
el enent Ot o enabl i nglAgi litydi nOOt hedObj ecti vedForcedd(U. S. [
Ar ny OWhi t edPaper, [02001) . OOAO conmonOoper at i onal Opi cture” i sO
ad“..synt hesi zed, OcomonOpi ct ur edof Ot heObattl efiel d..”O(U. S. O
Ar ny OWhi t edPaper, 02001) . OO Know edge- based” OmeansOaldconmon(]

operational 0 picturedd consistsl ofd “.near-realld tine.nO
informationd “.fronl al varietyd of 0 automated andd hunman(
sources..”d (U. S. O Arnyd Whi teld Paper, 0 2001). 0 O I nformati onld
superioritydthroughal comonl operati onal O pi ctureldenabl esl]

Agi lity, [becausell t Cexpedi t es[t helddeci si on-acti onlicycl e. (I

Sensor Ocr edi t Oapporti onnment Osuppor t sdallknow edge- based[
commonlJoperati nglpi cturedbydprovi di nghdalnmeansOt olJconpar el
andUassesst hed” ..vari et yof Jaut omat eddJandOhumanOsour ces..”
t hat Ocont ri but edJt o0t heOcomonUoper ati ngUpi ctured(U. S. OAr nyd
Wi t e[Paper, [(2001) . O

Bei ngld abl e toO credit 0 sources (ordsensors)dfordtheld
benefitUtheyUd provi del] al | owsO deci si onl maker s all mneans t o
conpar ell sensor sld duri ngld devel opnent . O O I nOternsl of Oforcell
i ntegration, Onet hodsOt oldcr edi t Osensor sllal solJal | owldeci si on[]
maker s ways tol findd thel bestO mi xO of O sensorsd forO al

parti cul ar f orce. O
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C. 0 BACKGROUNDL

The Unitedd StatesU Arnyd MIlitaryd Decisionld maki ngd
ProcessUconsi st sOof Ot heldf ol | owm nglst epsU( Fi el ddOvanual 0101-
5, 01997) : O

o Recei pt Oof (M ssi on[]

o M ssi onUAnal ysi s

o Cour selof UAct i on[ODevel oprent [0

o Cour selof OAct i onOAnal ysi s

o Cour selof UAct i onOConpar i son]

o Cour selof UAct i onUAppr oval O

J Order sProduct i on

. Rehear sal [0

. Execut i onCandOAssessnent 0

Thi s t hesi sO focusesld onl] Executi onl] and] Assessnent. [

Duri ngd Execut i on, O ald commander 0 usesO reportsd of O PriorityQd
Informati ond Requirenmentsd (PIR)—information aboutd thel
eneny” —+nlorder Ot odnakelexecut i onJdeci si onsO(Fi el ddOManual O
101-5, 01997) . OOTheOconmander Onust COnakeldeci si onsOw t hCJan[
i nconpl etelviewJof OtheObattlefield. JOThel comuander [ nust [
chooselPI RsUcar ef ul | yOi nOor der [0t olgai nCcri ti cal Ui nformati ond
neededt oOmake[t helbest [t i mel y[Cexecut i onldeci si on. [

TheOAr myOacknow edgescommander s nust O makedexecuti ond
deci sionsd withoutd all conpletel pictureld of 0 battlefieldd
reality. O O InOFi el dd Manual O 101-5, 00 t hed Arny enphasi zes[
commander sOnust 0“ makelcri ti cal Odeci si onsOusi ngi nf or mati ond
basednoredonOassunpti onst hanlf acts, ” DandOt heyOnust 0" bell
resol ut eldi n(Jaccept i nglri skdandObeOw | | i ngOt oOnmakeldeci si ons[]
basedl onl yO on i nformati ond i nmedi at el y(I avai | abl e” O (Fi el dOI
Manual (0101-5, (01997) . OO0
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However, Ot heOf uturedAr nydCbj ecti vedForcelanti ci pat esld
near-perfectd situational 0 awareness: [0 [0 “At0 thel tactical O
| evel , 0 ObjectiveldForceOUnitsOw Il Oseeldfirst, dunderstandd
first,DactOfirstdandOfini shOdecisivelyOasOtheldnmeanst ol
tacti cal Osuccess” J(U. S. DAr nyOWi t edPaper, J2001) . O0OOSeei ngdd
firstOincludesd".detecting, Oidentifying, Oanddtracki ngddthel
i ndi vi dual O conponent sJ of 0 enenyJ units” 0O (U. S. O Arnyd Wi t e
Paper, [0 2001) . [0 [0 Near - perfect O si tuati onal O awar enessl hel ps
conmmander sOmakelcri ti cal Odeci si onsOusi ngUi nf or mati onObasedd
nor elJonlf act st hanassunpt i ons, DandOal sodr educest helr i sk
i nvol vedlJ i nJ deci si ond maki ng. 0 0O Near-perfect situational [
awar enesslrequi reslJaccur at e, Or obust i nf or mat i onOsour ces( or O
sensors). 00l t Jal solr equi resdall” ..synt hesi zedconmonpi ct ur el
of 0 thel battlefield, 0 thel coormond operational O picture.” ]
Sensor sUandt helOcommonOoper at i onal Opi ct ur e(Jt heyOcr eat elJmake
upOcritical Oconmponent sdof Ot hedObj ecti veldForced(U. S. OAr ny[
Wi t e[lPaper, [2001) . 0O

Therefore, 0 thel Arnyd needsO net hodsO tol assess and[
conparell sensorsdindternmsd of Dtheirdcontributiondtoldtheld
comon] operational O picture. 0 O Thi s t hesi sO provi desl] onell
nmet hod[t odacconpl i shOsuchCanCeval uat i onCof [0t hesensor s. 0
D. 0 KNOALEDGE, DALGORI THVS, CANDLDATAL

A0 framework tol exam nell nodel sO andl simnulationsO
i mpl ement edObydt heOTr ai ni nghdandDoct ri nedComanddAnal ysi s
Cent er - Mont er ey[J( TRAC- Mont er ey) OandJt heUni t edSt at esUOAr ny
Materiel 0 Systensld Analysisl Activityld (AVMSAA) O exam nes[
“knowl edge” Jof Ot heldnodel edd phenonenon, O0“al gorithns” Dused, O
andd “data” Orequired. 00O The questionOtheydaskOis: O Owhat O
know edge, Oal gorithns, Dandldat allar el neededl]t o0 adequat el y[I

repr esent [t heCphenomenon?
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The creditd apportionnmentd phenonmenond ofO fusingd
i nformati onl fronilseparate, Odistinctlsensorsitollcreateldal
cl earer i nformati onOpi ct uredi nOor der Ot oOi nf or mJaldeci si ond
maker, OandOt henOapporti onOcredi t Ot o0t hedsensor sdaccor di ng
todt heir i ndi vidual Ocontri buti onsOt ot heldeci si on, i sOan

enmer gi ng, Oconpl exOar eallof i nt er est Odepi ct eddi nOt hedf i gur el

bel ow. 0
Sensor [2 Appor tion Sensor [2
credit

Deci si on/
Assess
O

Fi gure2. OO0 Mul ti pl elSensor [ICr edi t DAppor ti onment OPhenonenon. [0
( Af t er OBaurman, [2001) O

Exami nati ond of O t hel credit apportionnment 0 phenonmenon(d

firstOrequireslknow edgelof it sprocess. OOThendi t Odemands

devel opi ngd ald wor ki ngd nodel , JorOalgorithmO0OFinally, 0it0O

requi r esCiconsi der at i onlUof [(dat alr equi r enment sCf or [t heOnodel . [0
1. (Know edgel]

Veryd littlel publishedd informationd existsd about[]
mul ti pl eOdsensor Ocr edi t Oapporti onnment , Oandalcl ear | yOdef i ned
under st andi ng of O t he processes] at O workd i n(J thel credi t
appor ti onnment Ophenonenonlddoeslinot Ocurrent | yOexi st. OOAsOall
result,d ald significantO portionld of O thisO researchl effort[
attenptstold comuni cat el]t held essencel of [0t held apporti oni ngd
creditd phenonenonld andO itsO linkO tol datad fusiond andO
i nformati onlqual i t y[( bot h(di scussed[l at er [0 nCk hi sCsection). O

2. OOAI gori t hn]

Thi s thesi sl focuses onJ theld devel opnentd of 0 an[
appropri at efal gori t hnidt hat Of usesdet ect i oni nf or mat i onf r ontl
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i ndependent O sour cesOwhi | el consi deri ngdi nformati ondqualityd
i nOd order O tol makel all deci si on, 0 assessU t held deci si on, 0 and
apportioncredit. 0 O Thi sO conpl exd andld det ai | edd al gori t hmntl
f orme [t he[Cbasi sf or Oallconput er Osi mul at i on. OO0

Thr eeld nodel Odevel opnent Ost epsOnmakelupdt helal gorit hnil
devel opnent Opr ocess[f or [0t hi st hesi s: 00

o det er mi nelsensor Odet ecti onllcapabilities, O

o determ nel] informationd qualityd eachld sensor(
provi des, [

o fuseldet ecti onlcapabi | i ti esOandli nf or mat i onCval uel
fronmiul ti pl e(dsensors. [

a. Det er m nedSensor [Det ecti onCapabi l i ti esO

Thel first O nodel O devel opnent [0 st epl provi desl t hell
f oundat i onOof Ot helsensor Ocredi t Omet hod. O0OTheOcontri buti onl
of i ndi vi dual Osensor sCul ti mat el y[t r acesUOback [t ot hei r Obasi c
target 0 detectionl capabilities.d 0O I nJ order tolJ determ nel]
sensor Jtarget Odetecti onldcapabilities, Othelsensorrequiresl]
t helpr esencelprobabi | i ty[d(probabilityOaltarget Oi sOpresent) O
of 0 somel typeld of O target. O O I n addi tion, 00 sensord target
detecti onld capabilitiesO required sensor [ det ecti onl]
capabi liti esOof Ot arget Dat tri but esf(allsensor Oonl y[det ect sCOall
target ObyOdet ecti ngdi tsOattri butes.)OOAOt arget Oi nherent |y
possessesl] sonel measurabled attributesd (size,O shape, O
| ocation, Oactivity, Oetc.) Ut hat Odef i neli t DasOallt ar get . OOThi s
studyd investigatesl onlyd singlel targets,d andO singleld
det ecti onsObyJeachlsensor. [0 Det erm ni ngldsensor Jdet ecti onl
capabilities addressesl thell processl] of 0 conbiningd thel
presencellof Daltarget, Ot helOpresencelof Otarget Dattri butes, O
and[t hellsensor’ sfabi I i t y[t oldet ect [0t hoselattri butes. [

N
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O
b. ODet er m ne[lEachSensor’ s nf or mat i onQual i ty

TheOsecondOnodel COdevel opnent Ust epUdet er m nesdhow
muchOval uet hedsensor s’ Odet ecti onUi nf or mati onOhol dsOf or Dal
commander Obycal cul ati nganOi nformati onOqual i tyOval ueldfor O
eachUsensor . OKnow nglallsensor’ sOdet ecti onUcapabi | ityOfail sO
t odprovi delJenoughlbasi sOtoddet erm nelJitsOcontri butionOtol
sati sfyingOanOinformati onlrequirenent. OOTherefore, JitdisO
i npor t ant Ot oOknowdwhet her Ot hedet ecti onJi nf ormati onJhol dsl
anyl] val ueld told all commander. [ O Dr. 0O Walterd Perry, I RANDI
Corporation, Ostates, O“I nformati onOhasOval ueli fOit Oi nforns
t hed commander O and t her ebyd addst o0 hi s0 know edgel of Ot hel
conmbat O situation”O (Perry, 0 2000). 0 O HeO al sod statesO t hat O
i nformati onqual ityOconsi stsOof Oaccuracy, Otinmeliness, OandO
conpl et eness (Perry, 02000). OO H sO conponent O br eakdown of O
informationd qualityd intod accuracy,O tineliness,O andl
conpl eteness] fornsld theld basisO ofd thel secondld stepd
(determ ni ngi nformati ondqual i tydJeachOsensor Oprovi des) Oof [
t hellsensor [cr edi t Oapporti onnment Chet hod. 00

c. OFusell nf or mat i onlJ

The thirdO nodel O devel opnent 0 stepld fusesl thel
resul tsfrontlst epldonel(sensor Odet ecti ondcapabilities)Jand
steplt wol(sensor Oi nf ormat i onlqual i ty) Of or Oul ti pl edsensors. [
Fusi ngdinformationdinOthi sOmannerdfronid nul tipl el sensors
attenptsi told represent O all commander’ sJ t hought [0 process] of [
conbi ningdal | Oavail abl edlinformati ondtol createl allcl earer [
battl efi el dd commonl operational 0 pictureld whenl decidi ngO
whet her Cor Onot [0t oOexecut e(Jallcour selof Oact i on. OOAf t er Of usi ngl
t heli nf or mat i on, Dalcommander OmakesOaldeci si onlObasedOonOt hel

f used, Osensor - provi dedi nf or mat i on. OOTheli nf or mat i onlyi el ds[
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ei t her DalOcorrect Jor Oanli ncorrect Odeci si on. DOAOsensor Ot hat O
provi desli nf or mat i onl eadi nglt odalcor r ect Odeci si onr ecei ves[
creditOforditsOcontribution. OOConversely, OallsensorOthat O
provi desld i nformati ond | eadi ngld tod an0 i ncorrect deci si ond
recei vesnollcr edi t . OO( For [t hi st hesi s, Deachlsensor Opr ovi des
ei therJgoodUinformati ondorJpoordJinformation. D0OItOcannot
renegel] providingdinformation.) O O Thel correctnessl of Ot held
conmmander’ sdeci si onJbasedOonOt heOact ual Ot ar get st at eJand0O
sensor-provi dedd informationd providesld thel neasureld for[
conpar i nglper f or mancelof [var i ousOsensor [Cconbi nat i ons. [
3. 0Dat al

Consi der at i onOof Odat allr equi rement sC0di scover st hat Ot hel
credi t Dapporti onment Onodel Oi nOt hi sOt hesi sOdOdependsOheavi | yO
onldi nput Odat alJ( 590par anet er sOwhenOexper i nmenti ngOwi t h(t hr eed
sensors). 0 O Thed majorityd (480 parameters) 0 of O thel i nput O
par anmet er s i ncl udes sensor[d characteristics andd target[
attri butell presencel data. ] O Thel ot her O el evenld par anet er s{J
i ncluded] paranetersd for generatingld all targetd presencel
probabi | i t yOf r onJaluni f or middi st ri buti on, DandOpar amet er sCf or [
generatingUinitial Oi nformati onOqualityOval uesOfronidnormal O
andCexponenti al Odi stri buti ons. [

For Ot hi sOt hesi s, Ui t i sOsuf fi ci ent Ot hat Ot heli nput Odat ald
areld estimated. O O Therefore, O whil el t hi sO nodel OO doesO not O
providel realisticlO performancell of 0 eachl sensor, O it doesO
provi deli nsi ght Habout Ot helr el ati onshi psCbet weenUsensor s, HanO
oper ati onal Odeci si on, DandUappropri atellcredi t Ogi vent ot hed
sensors. JUAl so, Owhi | eldt hi sOnodel OusesCest i mat edUi nput Odat a, O
furtherd researchl] andd fieldd experinentationld mayd yi el dO
realisticlinputOdata. OOFor Ot hi st hesi s, Owelesti mat eddal | O
t heli nput Opar anet er s. OORegar dl essof Ot he“ goodness” Dof Ot hel
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i nput Odat a, Ot heOrrul ti pl edsensor Ocr edi t Oappor ti onment Omet hodO
i nOt hi sOt hesi sOprovi desOi nsi ght Oabout Oapporti oni ngdcredit O
t o0sensor sfbasedCon(l hei r Cper f or mance. [

E. 0 SCOPED

Thi st hesi sOf ocusesUont helddevel opnent Danddassessnent [
of Dallsensor Ocredi ti ngdsi nul ati onCOnodel . OOTheOnodel Ogi vesUO
credit Ot oleachOsensor [f or Ui t sUr ol eli nOassi sti nglalconmander O
makellcor r ect Um ssi onlexecut i onldeci si ons. [

Thi s0 studyld usesO i ndependent [0 sensorsl] i n(J orderd toll
sinplifydthel credit apportionnment. [ Il ndependent [0 sensor s
report Ui nf or mat i onlbasedOsol el yOon[it hei r DownlIdet ect i onsOand[]
i nherent 0 abilities.d O Commandersd thenl fusel t hell sensors’ [

i ndependent [ nf or mat i on[ nt oCdallconmonlCoper ati onal Opi cture. O

Al t houghOt hi sOt hesi sO0devel opsdalnet hodOt odapporti on
credi t Ot odsensors, Ui t Odoesnot Odevel opOanOopt i mal Osensor . OO
Addi tionally, OthisOthesi slddoesl not 0determ nelanl] opti mal [
datall fusiond nethod. O O Finally, O thisO thesisOlimtsO theld
definitiond of O informationl qualityd told threeld conponents: [
accuracy, Oti nel i ness, ODandOconpl et eness. OO0 Thelnext Ochapt er O
provi deslddefi ni ti onsOof Ot heli nf or mati onOconponent sOusedi n0
t hi st hesi s. (0
F. 0 GENERALCMVETHODOLOGYO

‘ Sensor Dz. Deci si on/
w cesess

Fi gur e[13. (0O Gener al Ovet hodol ogy. O( Af t er (Bauman, [12001) [
Thellf i gur edabovelli | | ustr at esCallgener al Onmet hodol ogy f or [

representingd thed nmultipled sensord creditl apportionnment[
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phenonenon. 0 0O Theld Activityl nodel representsl anld] activity[O
occurringli nOanOar ealof Oi nt erest . O0OVari ousdsensor sfdet ect [
or Odonot Odet ect Ot heOacti vity. OOTheOsensors’ [OreportsCarel
fusedl (Fusel I nfold node) O i nO order 0t o support [0 all deci si on[]
(Deci si on/ AssesslInode) Ot odexecut edaldm ssi onUor Ot olcont i nuel
nmoni t ori nglacti vi tydi nOt helar ealJof Ui nt er est . O0Assessnent Jof [
t heOexecuti onlJdeci si onlJ( Deci si on/ AssesslInode) [r eveal sDJhowd
val uabl el0t hellsensor s’ Ui nf or mat i onlt r ul yOwas. O0OEachsensor’ s
contributionl tol correctd m ssiond executionl provideslO thel
basi sUf or DeachOsensor Ot oOr ecei veOappropri at elJcr edi t Ui nOt he
ApportionldCreditnode. 00O Thel arcsd bet weend t he Apporti onl
Credi t OnodeandOt heOOFusell nf oOnoder epr esent Ol ear ni ngd(or O
experience)d of Ot held commander [0 af t er O eachl assessnent O and[]
r anki ngof Osensor s. O0OTheOconmander’ sOnext Odeci si onOw | | Obel
fl avoredld by hi sO previ ousd experienceld wi thld t hel sensors. [
Previ ousl yO successf ul [0 sensor sl bi asldt hed conmander [ t owar dlJ
favoringOtheirOresul ts. OOSi m | arly, Oprevi ousl ylunsuccessf ul [
sensorsl] biasl theld conmanderd awayd fromni favoringl theirQd
resul ts. OOFor Ot hi st hesi s, Ohowever, OweassunmedanOunbi ased

commander [f or Cal | Odeci si ons noll ear ni nglor Cexperi ence) . O
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|1 . OMODELLDEVELOPMVENTL

A. 00 OVERVI EW]

Conbat O nodel s andU si nmul ati onsO tradi tional | yOI devel opO
al gori t hmsOJandOcode[t hat Caccept abl yOr epr esent Ophysi cs- based
phenonmena. 0 0 Specifical l yO theseld al gorithnmsU cal cul ate, O or
det erm ne, Ol i neUof Usi ght, [det ecti onCpr obabi i ty, Osuccessful O
engagenment 0 probability, 0 ord attritiond rates.d O Thesel
phenonena, O critical 0 tod theld conduct of force-on-forcel
nodel i ng, Oar eOwel | Odocunent edd nChumnrer ousCaccept edChodel s. O

However, [0 recentd interestl in0 conbatld nodelingQd
devel opment Om rrorstthed Arnyd Transf or mati onl] addr essedd i nJ
t heOpr evi ousOchapt er . O0OneOof (Ot heOar easUof O nt er est [i sOdat all
f usi on—anl extrenel yO conpl exO phenonenon. O O AD human( bei ng
st andsCas[t he[best Cexanpl elof Cef f ect i velOdat alf usi on: OO0

HumansO natural | yOappl yOthi sOabilityOdt ol conbi neld
dat alJ( si ght, Osound, Oscent, [t ouch) Of r ondt heObody’ s
sensorsl] (eyes, Oears, dnose, Ofingers)dw thOpriorQd
know edgel t o] assessl t held wor | dJ0 andd t hed event s[I
occurringlabout Ot hem O0OBecauselt heOhumansenses[]
nmeasurell differentd physicald phenonenon] over[]
differentd spatialO volunesd wthO differentO
measur enent Ocharacteri stics, Ot hi sOprocessli sObot h(J
conpl exdl andld adapti ve. O OO Theld conver si ond of [ t he[d
data..intold al neaningful perceptiond of0d thel
envi ronment Orequi resdalll argednunber Oof Odi stinct
intelligencelprocessesl]anddall baseld of 0 know edgell
sufficientd to interpretd thel nmeani ngd of O thel
proper | yCconbi neddat alll WAl t z[Cand[LI i nas, [11990) . O

AsOnenti onedUearl i er, Ot heOAr ny’ sldesi reldt olddevel opOall
battl efi el ddcomonUoper ati onal Opi ct ur el eadst o[t helcur r ent [
interestdinOdatalfusi ondandOcreditdapportionnent. [0 Dat all
fusi onUr epr esent st heOpr ocessUr equi r eddJt oOachi eveOaldcomon

operational Opicture. O0ODatalfusi onJconbi nesdd” ..el enent st of O
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raw] dat all frondd di fferent d sources i ntod ald si ngl el] set 00 of O
nmeani ngf ul Oi nf or mat i onOt hat Oi sOof Cgr eat er Obenef i t Ot hanOt he
sumdof OitsOcontri buti ngdparts”O(Wal tzOandOLI i nas, 01990) . 0O
Thell bj ectivel Forcel commonl] operational OO picturel i sO thel
“.singleld setd ofJ neaningful O information.”O desiredd byO
mlitaryOcomuander st odexpedi telthelldeci sion-actionlcycl el
(Wal t zCand[LI i nas, [01990) . O

Fusi onOof Ui nf or mat i on, Jor Odat a, Of ronidmul ti pl edsensor s
directlyld | eadsd told all commonl operational O pi cture, 00 whil eld
mul ti pl edsensor Ocredi t Dapporti onnment Oprovi desalnet hodOt o0
knowdwhi chOsensor sOpr ovi deJbenefi ci al di nput Ot ot heldcomon[]
oper ati onal [Opi cture. 0
B. 0 GENERALCMODELO

Target Presence
Component [

Sensor Detection Capabilities

Sensor Information Quality } Component II
Fuse Information +——— A
> Decilsions < > Component 11
MOE ) 0

Fi gure4. 010 Cener al OCr edi t DAppor ti onnment Ovbdel O
TheOf i gureldabovedsumrari zest helcredi t Dapporti onnment [
nodel OforOthi sOthesis. OO0TheOfoll ow ngllistOdi splayslthel
subconponent sO of O t heJ general O credi t O apporti onnment 0 nodel O
shown[above. [
. Tar get [IPresencell
> gener at e[t ar get Cpr esencelpr obabi lity[O
» cal cul ateattri but elpresencelprobabilityd
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Sensor [Det ecti onOCapabi liti esl

» cal cul at e(Jprobabi li ty[dsensor [det ect sCattri but es
» cal cul at elJprobabi i ty[lsensor [det ect s(t ar get [
Sensor O nformati onOQual ity

def i ne0sensor [det ect i onUout conel

defi nellexpect ed¥r et ur n[ival uel

defi nel nf ormati onOqual i t yllconponent s[J

gener at e(lsensor [0 nf or mat i onUaccur acyl

gener at e(Isensor [0 nformati onlkti nmel i ness[]

cal cul at elIsensor [ nf or mat i onCconpl et eness

V V. V V V VYV V

calculatedtotal Oinformationdqualitylfordeachd
sensor [

Fusell nf or mat i on[d

» definellandd | | ustrateldeci si onltreel
Deci si ons

» gener at e(Jact ual [t ar get Ust at el]

» gener at e(lsensor [I*deci si on” Uof [t hell ar get [Ist at eld
» cal cul at eldcommander’ s(deci si onlJ

Measur elof [Ef f ecti veness[ MOE) [

» count O nunberOJ of O timesl] actual O target O state, O
sensor [*deci si on”, DandOcommander’ sCOdeci si onal | O
agr eel]

TheUf i gur ebel owpr ovi desCalnor elldet ai | eddl ookOat Ot hed

credi t Capporti onnent Onodel . O

N
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Fi gurel5. OO

INPUT

probOat tri but eCpresent
gi venlt ar get Cpresent/

gi ven[t ar get [hot Opr esent

INPUT

givenlattri but eCpresent/

probOsensor Odet ect sCt ar get

probOsensor Cdet ect sCat tri bute ’ INPUT

gi venOat tri but eChot Cpr esent

gi venOsensor Odet ect sCat tri but e/

prob target
present

gi venOsensor [hot Cdet ect Cat tri but e

probOat tri but eCpresent

probOsensor Odet ect sCattri bute

probOsensor Odet ect sCt ar get

],

INPUT INPUT A
initialO initialO initialO
| ocat i onCaccuracylval ue tinmelinessOval ue conpl et enessCval ue
f or DeachOsensor f or DeachOsensor f or DeachOsensor

total Dval ue

> f or DeachUsensor <
explret urnlval ues(¥ or
each(det ect i onCout cone
> deci sionlltree <
\ 4 ;
J actual [t arget Ostate R oo W . oo
,L (present Cor ot ) sensors’ [Fdeci si ons oper at i onal Odeci si on

count:

sensor/ deci si onCagr eeCANDdeci si on[orr ect

OUTPUT

Det ai | ed[ICr edi t UAppor ti onnment [vodel O

Thelf i guredbel owldi | | ustrat est hedt hr eelconponent st hat [

makelupt helnodel . O

N
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(INPUT)
L problattribut eCpr esent (INPUT)

gi venlt ar get Cpr esent / problsensor [det ect sCattribute
gi venOsensor Odet ect sCat tri but e/ }
€]

prob target gi venlt ar get [hot [pr esent givenCattributelpresent/
I present * gi venOat t ri but eChot Cpr esent
b b v gi venOsensor Chot Cdet ect Cat t ri but
probOat tri but eCpresent
probOsensor Odet ect sCat tri bute
probOsensor det ect sCt ar get

(INPUT)

probOsensor [det ect sCt ar get

f or DeachOsensor f or DeachOsensor f or DeachOsensor

(INPUT) (ANPUT) A
initialO initial O initialO
| ocat i onUaccur acylval ue timelinessCval ue conpl et enessCval ue

total Dval ue
f or DeachUsensor

v

explreturnlval ues(¥ or
each(det ect i onCout conme

A 4

A

II.

111 —

» deci si onlktree <
A 4 ;

J lsensors' [ deci si ons” J [ oper at i onal Odeci si onJ

J actual [t arget [state
'l (present Cor Chot )

v
count :
sensor/ deci si onCagr eeCANDdeci si on[cor r ect
(OUTPUT)

Figurel6. 000  CreditOApporti onnent Ovbdel OConponent sl
Conponent O | O consi st s of 00 sensor O andU target O i nput. [J

Component 01 Oi ncl udesOTar get OPresencellandl]Sensor [ODet ecti onld
Capabilitiesd fronil thel general O nodel O presentedd above. I
Simlarlyld Conponent I'l O consi stsl of O i nformati onld qual ity
i nput, Oandi t Oi ncl udesOSensor Ol nf or mat i onOQual i t yOf r ontdt hell
general Onodel . OO Conponent 0111 Oconsi stsdof Odeci si onsdandl
out put, Danddi t Oi ncl udesO Fusel |l nf or mat i on, [ Deci si ons, Oand[l
MOELT r onit helOgener al Chodel . O

H
0]
0]
0]
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C. 0 MODELOCOVPONENTO , OSENSOROI NPUTH

1 (NPUT)

probCattri but efpresent
prob target
present

(INPUT)

probCsensor Cdet ect sCat t ri but (NPUT)
gi venlattribut eCpresent/ probCsensor [det ect s[t ar get
i i gi venOsensor (Odet ect sCat t ri but e/
gi vensensor Chot [det ect Cattri but e

gi ven[t ar get Cpresent/

gi ven[t ar get [not Cpr esent

I

L»[prob[lattri but eCpr esent v
probOsensor Cdet ect sCat t ri but
probUsensor (det ect sCt ar get

v

v
II1. II. 1.
Figurel7. 00J  Model OConponent O, OSensor U nput O
[]
1. (0Tar get LPr esencel]
The[ Law(] of Total O Probability, O

Pr(B) =Pr(B| 4,)*Pr(4,)+---+Pr(B| 4,)*Pr(4,), Oestabl i shesOt hedbasi sO
of OModel OConponent Ol O( Devor e, 02000) . OOTheOout put sCof OModel O
Conponent [0l , Osensor [det ecti onOprobabi lities, OmakeOupOpart O

of [t hel nput OOf or OConponent st | CandOl 1. O
a. OTar get [Pr esencelProbabi l i ty[

Tol obtai nO sensor detectionl probabilities, O wel
beginOw thOthed probabilityJalOtargetd(threatOentity)disO
present, [J Pr(targetpresent). 1 [0 ItsO valued conmesl frond al
uniform(a = 0.0,b = 0.75) Odr aw. OOWelOkeepUt hoselpar anet er sCconst ant [
f or Ot hi sOt hesi s, Obut Oanylconbi nat i onOof Cpar anmet er sCbet ween(
a=0. 00andOb=1. OOar eOappr opri at eddf or Ot hi sOnodel . OOFor Oeachl
replicationd ald randont] drawl] generat esl] t hed probabilityO all
targetd isl presentld (availabled ford detection).d O Thel
probabilitydaldtarget i sl present dal soll becones i nput O for[
Model O Conponent O 110 forO determ ni ngld the actual [0 target
state. [

b. OJAt tri but ePresencelProbabilityD

Next 0 well cal cul ated theld probabilityd all targetOd
attri but el sOpr esent, OPr(attribute present), [usi nglt hed awlof [t ot al O

N 160
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probability. 00OAsOstateddpreviously, DJaldtargetdi nherently
possessesl] sonel measurabled attributesd (size,O shape, O
| ocation,Oactivity,Oetc.)OthatOdefined it asO aldtarget.
Therefore, OtheOprobabilitydanOattri buteldisOpresentdisOall
funct i onUof Owhet her Ut hellt ar get Ui sUOpr esent Uor Onot . OOHowever , O
presencellof Daldtarget Jattri but edddoesInot Oguar ant eelJt ar get [
presence. [

Pr(attribute present) = Pr(attribute present | target present) *
Pr(target present) +
Pr(attribute present | target NOT present) *
Pr(target NOT present)

For Ut hi sOnodel , Ot heOt woOcondi ti onal Oprobabi litiesO
i nOt heOprevi ousOequati onOar eUpri or OprobabilitiesOobtai nedd
fromtJaldr awf roniJallt ri angl elddi stri buti on. OOWeOest i mat edt he
triangled distribution sl paraneters] (Appendixd B).Od
Experimentati onld or [ historical O datall shoul dJ provi deJ nor el
realisticl values; however,[ thel trianglel distribution
provi deslr easonabl elval uesli nJt hed* ..absencellof Odat a..” [( LawCl
and[Kel t on, [2000) . O

Welcal cul at e[JPr(attribute NOT present) [si m | arl y:

Pr(attribute NOT present) = Pr(attribute NOT present | target present)
Pr(target present) +
Pr(attribute NOT present | target NOT present) *
Pr(target NOT present)

2. [0OSensor [Det ect i onCapabi l i ti esl
a. Pr obabi | i t y[ISensor [IDet ect sLIAt t r i but es[]

Next Owe[Jusell Pr(attribute present) Jand[] Pr(attribute NOT present) [
tol cal cul ated t hel probabi l ity ald sensor [0 detectsalltarget[
attri but e, O Pr(sensor detects attribute) . [JLJACIsensor i sCOanyOper sonOor O
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pl atfornidthat Oprovi desOspecificOtargetdinformation. OOThelO
probabi | i t yOJalOsensor Odet ect sOanOat t ri but edi sOalf uncti onCof O
whet herOJ thed attributeld isO presentd ord not.O [ However, [
det ecti onOof Oanlattri but elldoesInot C0guar ant eedJanOat t ri but ed
i sOactual | yOpresent. OOAsObef ore, OwelOuselt heldl awof Ot ot al [
probability: O

Pr(sensor detects attribute) = Pr(sensor detects attribute | attribute present) *
Pr(attribute present) +
Pr(sensor detects attribute | attribute NOT present) *
Pr(attribute NOT present)

Sensor Ospeci ficati onstobt ai neddf ronidexperi nment al [
dat all make upO thed conditional O probabilitiesd inO thed
equat i ons. 0

Welcal cul at edPr(sensor NOT detect attribute) Osi mi | ar | y: OO0

Pr(sensor NOT detect attribute) = Pr(sensor NOT detect attribute | attribute present) *
Pr(attribute present) +
Pr(sensor NOT detect attribute | attribute NOT present) *
Pr(attribute NOT present)

TheO probabilityd al sensord detectsO al targetO
attributel beconmesU inputl tol Mdel O Conponentd 110 forO
determningd initialdinformationld conpl eteness val ues forQ
eachUsensor. [

b. (0Pr obabi | i t y[ISensor [IDet ect s[iTar get [I

Thed sensorld targetld detectiond probabilitiesO
represent 0 ald sensor’ sl “deci si on” O about O whet her 0 all t ar get [
actual l yOexi sts. O0OTheOt arget OmayOor Omay[dnot Oact ual | yOlbe[
present, [0 sold all sensor’ s “deci sion” 0 mayd or O nmayd not [0 bel

correct. 00 nlor der [0t olddet er m neldt helOsensor [t ar get Odet ecti on
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probabi | iti es, OPr(sensor detects target), [JweJusel] Pr(sensor detects attribute) []
andd Pr(sensor NOT detect attribute) 1 fromid above. 0 [ Agai n0 sensor
speci fi cati onsOobt ai neddf r onidexperi nent al Odat aldmakeCOupdt hel
condi tional OprobabilitiesObel ow. O0OUsi ngldt hell awJof (Ot ot al O
probabi | ity: OO0
Pr(sensor detects target) = Pr(sensor detects target | sensor detects attribute)
Pr(sensor detects attribute) +

Pr(sensor detects target | sensor NOT detect attribute) *
Pr(sensor NOT detect attribute)

Thellsensor Odet ecti onldprobabilitiesdbeconeldi nput [
told Model 0 Conponent O 1110 for determ ni ngl eachd sensor’ s
“deci si on” Jabout [0t heOpr esencelof allt ar get , DandUas Ooneli nput [
for [t helddeci si onltree. O

O

H
H
0]
0
0
O
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D. U

Fi gure8. OO

MODEL LCOMPONENTLI |, O NFORVATI ONLIQUALT TYDI NPUTU

I.
|

(ANPUT) (INPUT)

initial O initial O initial O

ocati onlJaccur acylival ue ti nel i nesslival ue conpl et enesslival ue
f or Ceachlsensor L f or CeachlOsensor ) f or Dleachsensor
' A
t ot al Oval ue
> f or CeachlOsensor <

I1.

-

J

v

-

' A
expOr et urnCval uesf or
eachldet ecti onCout cone

J

O

v
1.

1. O00Sensor O nformat i onOQual ity

Conponent 0 110

takesd sensors’'O

Model OConponent Ol I, O nf or mati onOQual i t yO nput O

targetd attributesOd

detecti onld capabilitiesd andd randonl y[J gener at edd val ues] asU

i nput s, DandOpr oducesOexpect eddr et urnOval uesOf or Duseli nOal

deci si onUt r eeldi nOConponent Ul I | . OOTheOexpect edUr et ur nOval ueld

forO eachld sensord detectiond outconeld conmesd frond al

representationd of 0 informationld qualityld (definedd bel ow) [
cal cul atedi nOt hi s nodel O conponent . 0 0 Wel nowd defi ned t he
sensor [ det ecti onJ out conesJ andl] expect edd r et ur nlJ val ues i nJ

nmoreldetail . O

N

O
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a. 0O0Sensor (Det ect i onOQut coned

Fi rst, Owhat Ui sOa0sensor Odet ect i onOout cone?001 f Dal
speci ficOapplicationOof Othi sOnodel Oi ncl udesOtwodsensors, [
t hen anl] exanpl el] sensor O det ecti on out conel i sJ whenOd bot h{J
sensor sldet ect Dalparti cul ar Ot ar get, DandOt hei r Odet ecti onUi s
correct. UJO( For Ut hi sCresear ch, Jallsensor Odet ect i onOout conmeli sU
ei ther ' detect’ Oor O nodet ect’ . ) OOAnot her Oexanpl eli sOwhenOd
t heldf i rst Osensor Ocorrect | yldet ect sCalparti cul ar Ot ar get , Obut [
t hellsecondd sensor i ncorrect!| ylddoesOnot Odetectit. OO Twoll
sensorsdyieldd fourddifferentd sensor [ detectionl] out cones. [
ThelOnunber Oof Onut ual | yOexcl usi veldsensor [det ect i onJout conmes[]
i sOdet er m nedCby 2%, Owher e[k st heCnunber Dof Osensor s. 000

b. OExpect ed[Ret ur n[(Val uel

Second, Owhat Oi sOanOexpect edlret urnOval uef or Dall
sensor Udet ect i onOout come?J0AnOexpect edlr et ur nOval uelli nt hi sO
nodel i sOtheOval ueJ of i nformati onld provi dedd byl all sensor [
det ecti onUout core. 0

Ext endi ngOt helexanpl elJof Ot wosensor sUf r oniJabove, O
i f Obot hOsensor sCcorrect| yOdet ect Dalparti cul ar Ot ar get , 0t hen
t hat [0 sensor [ det ecti onl out conel] hasld t hel | argest I expect ed[]
returnlval ue. OOFor Ot hi sOnodel , Oi f Obot hCOsensor sCcorrect| y[l
det ect Oaldparti cul ar Ot ar get , Ot hent heOexpect edr et ur nCval uell
hasOall ar geldmagni t udelf or Oaldeci si ont olat t ackJt heJt ar get . [IJ
However , [t helsanelldet ect i onlout conel( bot hlsensor slicorrect |y
det ect [t heOsanelt ar get ) Uyi el dsJallzer olJexpect edlr et ur nCival uell
ford all deci sionldtold not O attackl (becauselif [ bothd sensor s(]
detect O thell sanell target, O theld expectedd returnd for[ not
st ri ki ngshoul dbelver yOl ow, Cor CevenOzer o, Of or [t hi sOnodel ) . 0O
Oneladdi ti onal Oexanpl e: OO f Donellsensor Ui ncorrect | yOdet ect s
alltargetd (targetd actual | yOI not O present ) O and t hed secondl
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sensor [ correctlyd doesld not detect ald target, O then thel
expecteddreturndval uell forOthat 00 sensor det ecti onld out coneld
consi stsld of 0 onl yO t hel i nformati on val uel for O t held secondO
sensor [t heldsensor Cwhi chlr eport edlcorrect|y). OO0

Ther ef or e, Owelcal cul at ellexpect edr et ur nOval uesas[
I i near 0 conbi nati onsd of O theld i nformati ond val uesl] of 00 each
sensor. O OAsOhi ghlighteddinOtheOl ast O exanpl elJ above, Ot hell
I i near 0 conbi nati ons dependl onl] t hell correctnessl] of [0 each
sensor’ s detectionOreport. 0O WO referdtol eachl sensor’ sl
i nformati onlval uellas[lt hel(lt ot al Ui nf or mati onOqual i t yOf or Ot hat [
sensor. OOAI | [t helOf ol | om nglpor ti onsof [t hi sOsect i onldi scuss(]
t heOcal cul ati onsUneededdt ol det erm nelJeachOsensor’ sOtotal O
informati onUqual ity. [

c. 0 nf ormat i onQual i t yOOConponent s

InOthi sOthesi sOwedassuneldt hat Ot hreeldconponent s
determ neldi nformati ondquality: OOaccuracy, Oti nel i ness, Dandd
conpl eteness] (Perry, 0 2000).0 O ThisO thesisd definesOd
i nformati onld qual ity conponentslinldtheld foll ow ngd nmanner : [
Accur acylenconpassesdhowcl osel ydJallsensor’ slreport Oof Danl
entity sl ocati ondconparesltoltheldactual Oentitydl ocati on.
Timel i ness indicatesd] whetherd a0 conmanderd receivesl
i nf or mat i onUear | yOenoughUor Ot ool at e[t o0act . OOConpl et eness
i ndi cat est helddegr eelJt oCwhi chOalOsensor Ocorrect | yOi denti fi esO
anUentity sOattri butes, Owhi ch, Oi nOturn, Ol eadsOt oOaccur at ed
entityl dentification. 0

Sensor J characteristics, [ operatord andld deci si on-
makerd training, O timed of O day, 0 andd any of O manyl ot her [
operational 0 conditionsd influenceld allld threell of thel
i nformati onOqual i tyOconponents. OOTheref ore, OweOat t enpt Ot o0
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groupd andl estimteld thosel operational O influencesd asO
descri bedl nt helf ol | ow nglsubsecti ons. [
d. OOSensor O nf or mat i onCAccur acyl

ToOrepresent Daldsensor’ saccuracydi nCJdet er m ni ngQd
| ocati on, OwelTfi rst Ogener at eJallnormal(x = 0,0 =1) [0f or DeachOsensor [
told representd ald m ssO distancell (radiald distancel that[
represent st hesensor’ sl ocati onUerror). OOl f Ot heOr esul ti ngO
randonidm ssldi st ancelli sOsnal | O(w t hi nOallgi venOr ange) , Ot henO
t hell ocati onUaccur acylval uelli sChi ghl( hi ghlOval uesUar elJgood) . [
Conversel y, Ui f [0t heOOm ssOdi st ancelli st ar geldt hent heldl ocati on[]
accuracyUval ueli sl ow. OOWOuseldalcondi tional Osetti ngdt ol
assi gndval uesOt o0 sensorsdw thOm ssOdi stancesdOw t hi nOset O
ranges. OOThelrangescorresponddt odst andar dCnor nmal Orandont]
vari abl es( si nceOweOusedt helst andar dCnor mal Odi stri bution). OO
TheObest Om ssOdi stancesOoccur Dwhend -04<z<04, Othednext O
best Doccur OwhenJ04<z<0.80or 0-0.8<z<—-0.4, DandOsoOon. O0OTheO
wor st 0 m ssO di stancesJ occurford z>1.60or00 z<-1.6. 0 O For O
exanpl e, Ui f Daldsensor’ sOgener at eddm ssOdi stancelli s0z=0.35, O
t hent heOsensor Or ecei vesOanOaccur acyval uelof 8. 0. DOAndi f O
all sensor’ sl0 generat edld mi ss di stancell i s z=1.7, 0t hen t hel
sensor dreceivesdandaccuracyldvaluedof 00.0. 0 OWOsetOtheld
accur acylval uesli nor der [0t o0di sti ngui shlbet weenallgoodOm ss
di st ancelJ( hi ghOval ue) BDandOalpoor Om ssdi st ancel{( | owlval ue) . [0

WelJ usel theld normal O di stribution forO theld m ssO
di st ancell becausel previ ousl] appl i cati ons havell shownOit i sO
appropriatell forl representingl |ocationd errord (Lawld andOd
Kel ton, 0 2000). 0 0O Wel usel all neand of 0 zer oJ andl] st andar d[J
devi ati onJof OoneldasOt hednormal Odi stribution’ sCparanetersl]
(Appendi xOB)OtolOillustrateldonelexanpl edsettingdof Othosel
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par anet er s. OOFor Ot hi sOt hesi s, OwelOhel dOt hoselOconst ant , Obut [
t heyCar ellvari abl e. 00
e. OSensor O nf or mat i onTi nel i ness

ToO representd tineliness,d wed generatel an0O
exponential(4A = 0.2) Of or DeachOsensor Ot odr epr esent Ot heOanount Oof O
timeld(reportOtinme) Jf rondsensor Cdet ect i onJt ot heOcommander’ s
recei pt Jof Ot heli nf or mat i on. OOI f Ot heOel apsedUti meli sOsmal |, O
thenOthedtinelinesslval uellisOhighd (highDislOgood), O andl
conversely. 0 O Liked sensorJ accuracyl above, 1 wel usel al
condi ti onal Osetti nglt olJassi gnlival ues(t oldsensor sCwi t hr eport [
times within setld ranges. [ O Thel rangesl correspondl tol]
r easonabl eCJexponenti al Ovari abl es. OOFor Ot hi st hesi sOt helbest [
reportOti mesdoccur Owhend x<1.0, Ot heOnext Obest Ooccur Owhen
1.0<x<5.0,0andOso0on. OOTheOworst Oreport Oti mesCoccur Of or O
x>25.0. OOFor Oexanpl e, Oi f Daldsensor’ sCgener at eddr eport Ot i med
isdx=0.9, 0thent heOsensor Ur ecei vesOallti nmel i nessOval uedof [
8. 0. OOANndOi f Dallsensor’ sCgenerat eddreport Oti nmeldi sOx=273, 0
t hent helOsensor Or ecei ves[allt i mel i nesslval uelof 0. 0. OOWeUset O
thetinelinessOval uestdi ndorder Otolddi stingui sh(lbetweenall
good[{ | owval ue) OandCaljpoor [ hi ghCival ue) Oreport [t i nme. OO0

Weuselt helexponent i al Odi stri buti onObasedOonOi t sO
applicabilityltoldrepresent Ot heldt i mellt odconpl et e(allt askJ( Lawd]
andCKel t on, J2000) . OOl nOt hi sOt hesi s, OweluseOalOconst ant Or at e
of 0 0.20 asO theld exponential distribution s paraneterQ
(Appendi xOOB)OtoOillustrateld onel exanpl el] settingldof Othat[
paraneter. 0 O Li kel sensor [0 accuracyU di scussedld above, U t hi s
par anet er [ slCal solvari abl e. O

f. O0Sensor O nf or mat i onConpl et eness(]

ToOrepresent [0 conpl et enessl (degreeldtodwhi chlt hel
sensor dcorrectlylOdetectsOal | Otarget Dattri butes), Oweli nput O
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eachd sensor’sl probabilityd of 0 detectingd eachld targetO
attri but edf ronmdConponent 001 . OONext, Oweldconpar elJallsensor’ s
attributell detectiond probabilityd told al drawd of0O al
uniform(a =0,b =1). OO f Ot heOr andonidnunber Oi sOl essOt hanCor Oequal O
t o0t helOdet ecti onOpr obabi | i ty, Ot hent hat Osensor [det ect edt held
attribute. OOHowever, Ot hat DdoesOnot OnmeanUt heOat tri but edi sO
actual lydd present.d O Therefore,d wel conpareld anotherd
uniform(a = 0,b =1) Odr awJt o0t heOpr obabi | i tyOt hat Ot heOat tri but el
isOpresentdindorderdtold determnedifdthed attributel isO
present. 0 0 If0OthedattributedisO present andlJ t hel sensor [
detectsOtheUattri bute, Ot helsensor Orecei vesposi tivelval ueld
forOcorrectlyOdetectingOtheOattri bute. 0O ThelsensorJal sol]
recei vesl] posi tiveld valueld for correct! yd not 0 detecti ngld an[d
attri buteOwhenOanOattri butedisOnot Opresent. OOThedsensor
recei vestnolval ueldf or Danyli ncorrect Dattri but elldet ecti ons. [J
Therefore,d all O incorrectd attributel detectionsl yiel dd nold
val uelJf or Dallsensor, Owhi | elJeachlcorrect Oattri but elldet ecti onl]
yi el dsOposi ti velval ueldf or Ot helsensor. OOFor Oexanpl e, Oi f Oall
sensor dcorrect!| yldet ect sOonelof Ot helt hreeOat t ri but esOof Jall
target, Ot henOt helval ueli t Orecei ves(val uedof (02. 0) Oi sl ess
t han ald sensorO that O correctlyl detectsOall O threedtargetl
attri butesO(val uellof 08.0). OOTheOsaneOval uesOappl yOt o0t he
sensor [i fOi t Ocorrect | y(does[not Cdet ect DanCat t ri but eCwhenOan
attributeldisOnotpresent. 00l nOotherdwords, 0theld sensor
recei veslval uedf or Obei ngdcorrect. OOSIi ncelt hi sOnodel Duses
threeJattributes, JalsensorreceivesOdifferentOlevel sOof O
val ue] basedJ on howld manyOattri butesOt hedsensorJcorrect!yl
det ect s or [lcorrect | y[not Odet ect s) . LI

O

O

N 250



g. OOTot al O nf or mat i onOQual i t y[OFor CEachOSensor [

Next, OO wel cal cul ateld theld total [0 val uel for eachl
sensor U byd sinplylO findingd thel sunid of J all O thed initial O
i nf or mati onlconponent [val ues: U

total value sensor, = location accuracy, + timeliness, + completeness, []

Theselt ot al Oval uesOf or DeachOsensor Oconbi nedw t h[J
respect dtoldtheld sensor [0 detectionldoutconmesl]tol beconeldthel
expect edlr et ur nval ues. OOFor Dexanpl e, Owi t h(Ot wolJsensor s, [t he[
det ecti onout conelJof Obot hOsensorscorrect| yddet ecti ngdt hel
targetd hasld anl0 expectedld returnd valuel equalld to:[
total value sensor, + total value sensor,. 1 O For [0 t hel] samel exanpl e, O t hel
det ecti onUout conelof Osensor ;0correct | yOdet ect i ngOt het ar get O
andd sensor i ncorrectl ylOnot Odetecti ngltheltargetJhasdanO
expect edd returnld val uell equal O to: OO
total value sensor, + (total value sensor, =0). O O Therefore, O thell out comel
whenO bot hlOsensor sl agreelJanddcorrectl ylOdetect Otheldtarget
recei vesdt heldl arger Dexpect edUr et urnOval ue. DOTheOexpect ed
returnl]val uesldbeconeldanOi nput OforOthelddecisiondtreeldinl]
Model CConponent O 1 1. [

E. 0 MODELOCOVPONENTI | I, ODECI SI ONSOANDOOUTPUTO

* 4" deci si onltree ]4' —1.
v v
I. —> ?;: ggler% %{)?Etnc?ts; at e] sensors’ [deci si ons} oper at i onal (deci si on]
v
count:
sensor/ deci si on(Jagr ee[JANDdeci si on[Icor r ect
(OUTPUT)

Figure®. 00d  Model OConponent Ol | |, ODeci si onsCandOQut put O
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The thirdd conponent 0 of O t he nodel O i ntegratesd t held
oper ational O deci siond (frond all decisiond tree), 0 sensors’ [
reports, Dandt heOact ual Ot arget Ost ate. OO0 TheOout put Oi sOt he
MCELCIf or Ot hi st hesi s: OOt heOpr oporti onOof Oti medt hedsensors’ [
reportslagreeldw t hOt heOcomuander’ slddeci si on, ODandOt heyOar e
bot hOcorrect O(‘ correct’ Onmeani nglt heyOagr eew t hOOt heOact ual O
target Ostate). OOFurt her Oexpl anat i onOof Ot heOout put DandOMOEL
occur st at er [0 nlt hi sOsecti on. OO

1. OFusel nf or mat i ond

ALl deci sionld treell perfornmsl datal fusionld of O nmulti pl el
sensors’ [0 detectionl] capabilitiesd andd i nformati ond quality[
val uesUi nCor der [0t or epr esent Daldconmander’ sOdeci si ongi venall
comonloper at i onal Opi ct ur e. OOTheOdat alJf usi onOpr ocessllyi el ds
aldconmonloper at i onal Opi ct ur edt hat Dalcomrander Cuses Ot oOmake
anl] operational O decisiondtodattackdorOnot. OO Thi sO nodel O
repr esent sfddat aldf usi onJandOdeci si onOmaki ngdwi t h(Jalldeci si on
treed( Marshal | OandA i ver, [11995) . [0

a. [Deci si onTr eed

TheOdeci sionOtreelrequi resttwoldset sdof Ui nputs:
detectionld probabilitiesd (fronil Mdel 0 Conponentl 1) andl
expectedd returnldval uest (fronil Model O Conponent O 11) . 0O Thel
foll owi ngld deci sionld treeld illustratesld howld thell detection[]
probabilitiesO(e.g. OPr(SlOdetects), OPr(S20detects), Oetc.) O
andJexpect eddr et urnlval uesld(e. g. OA OB, Oetc.) Oresul t Oi nOall
deci si on[t ollat t acklUor Onot . [
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S3 detects
Pr(S3 detects)

S3 not detect e
Sa Pr(S3 not detect)

83 detects 6 (S1 detects, S2 not detect, S3 detects) = C
Pr(S3 detects)

S3 = sensor 37
S2 = sensor 2
S1= sensor 1

(S1 detects, S2 detects, S3 detects) = A

(S1 detects, S2 detects, S3 not detect) =B

S2 not detect
Pr(S2 not detect)

§3 not detect 6 (S1 detects, S2 not detect, S3 not detect) = D
Pr(S3 not detect)

D = Attack ( SD

S3 detects

6 (S1 not detect, S2 detects, S3 detects) =E
Pr(S3 detects)

S2 detects
Pr(S2 detects)

S3 not detect
Pr(S3 not detect)

S1 not detect( 89
Pr(S1 not detect) 83 detects 6 (S1 not detect, S2 not detect, S3 detects) = G

Pr(S3 detects)
/{ D = operational decision |

(S1 not detect, S2 detects, S3 not detect) = F

S2 not detect
Pr(S2 not detect)

S3 not detect
Pr(S3 not detect)

(S1 not detect, S2 not detect, S3 not detect) = H
o]
S3 detects

6 (S1 detects, S2 detects, S3 detects) =1
Pr(S3 detects)

S3 not detect (S1 detects, S2 detects, S3 not detect) =J

S1 detects S@ Pr(S3 not detect)
Pr(S1 detects S3 detects 6 (S1 detects, S2 not detect, S3 detects) = K

Pr(S3 detects)

Pr(S2 not detect)
S3 not detect

Pr(S3 not detect)

(S1 detects, S2 not detect, S3 not detect) =L

D = No Attack ( SD

S3 detects

6 (S1 not detect, S2 detects, S3 detects) =M
Pr(S3 detects)

S2 detects

Pr(S2 detects

S3 not detect
S1 not detect/”_ Pr(S3 not detect)

(S1 not detect, S2 detects, S3 not detect) =N
©
Pr(S1 not detect) §3 detects 6 (S1 not detect, S2 not detect, S3 detects) = O

Pr(S3 detects)

S2 not detect
Pr(S2 not detect)

§3 not detect 6 (S1 not detect, S2 not detect, S3 not detect) = P
Pr(S3 not detect)

O
Fi gure[0. OOJ Deci si onIreel Aft er OMar shal | Candd i ver, [11995) 0
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First Owelcal cul ateJi nt er medi at eld expect eddr et ur n
val uesJABCand[ICD: 0

AB=FE [R(D = attack, S1 detects, S2 detects)] = A * Pr(S3 detects) + B * Pr(S3 not detect)
CD=E [R(D = attack, S1 detects, S2 not detect)] = C * Pr(§3 detects) + D * Pr(S3 not detect)

Next 0 wel cal cul ateJ i nt er nedi at el expectedUd returnl
val uesEFCandGH: O

EF = E[R(D = attack, S1not detect, S2 detects)] = E * Pr(S3 detects) + F * Pr(S3 not detect)
GH = E[R(D = attack, S1 not detect, S2 not detect)|= G * Pr(S3 detects) + H * Pr(S3 not detect)

Next [0 wel] cal cul at el subsequent O expectedl returndd
val ues DABCDand EFGH: [

ABCD = E[R(D = attack, S1detects)| = AB * Pr(S2 detects) + CD * Pr(S2 not detect)
EFGH = E[R(D = attack, S1not detect)|= EF * Pr(S2 detects) + GH * Pr(S2 not detect)

Fi nal |l yOwe cal cul atedt hedfinal OexpectedUreturnld
val ueJATTACK: [

ATTACK = E[R(D = attack)|= ABCD * Pr(S1detects) + EFGH * Pr(S1 not detect)

Sim | arOcal cul ati onsOyi el dOOf i nal Oexpect edr et ur nd
val ue(NOOATTACK: [

NO ATTACK = E[R(D = no attack)|= IJKL * Pr(S1 detects) + MNOP * Pr(S1 not detect)

Thell deci siond treel yi el dsl0 t hel expect edl ret urnld
val uesUf or [t heOdeci si onJt o0at t ackOor Cnot . OOI f Ot helexpect ed
returnlf or Oat t acki ngUi sOI ar ger Ut hant heOexpect edCr et ur nIf or O
not Dat t acki ng, Ot henOt helresul ti ngloper ati onal Odeci si onUi sU
told attack. O Alternately, 0 if0 thel expectedd returnld forQ
at t acki ngldi sl esst hanOor Oequal Ot o0t helexpect edOr et ur nJf or O
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not 0 attacki ng, Ot henldthel operational Odeci siondisOtolnot[
attack. (1J
2. [0Deci si ons]

I nOorder Ot oassesslIt helloper ati onal Odeci si ond(correct
orJincorrectdbasedd ondtarget [ presence), O wel conpar el t held
deci si onwi t hOOt heOact ual Ost at edJof Ot het ar get O (whet her Jor O
not Calt ar get [0 sCpresent) . 000

a. [JAct ual OTar get St at e[

Weldet erm nedt heOact ual Ostatelof Ot hedt arget OasO
fol I ows: O f Dalr andonildr awJof Oaluniform(a =0,b =1) i sl esst han(d
or Dequal [0t o[t heOpr obabi | i t yOallt ar get Ui sOpr esent O(i nput Of r ontd
Model OConponent O ), Ot hent helt ar get Ui sOpr esent . OO herwi se, [
t helt ar get Ui sOnot Opresent . OOI f Ot heOdeci si oni sOt oat t ack, O
andd thel target islO actuallyd present, 0 then all correct
oper at i onal Odeci si on[was[hade. [

b. 0Sensor [ Deci si on” [of [t heldTar get [ISt at el

Tol assessl] eachl sensor’ sl performance, O wel firstQ
cal cul at edeachlsensor’ s(0“deci si on” Oabout Oalt ar get —whet her [
t helsensor OsaysOalltarget i sOOpresent JorOnot. OO For Oeach
sensor, Owedconpar eJalr andontddr awJof Oald uniform(a = 0,b =1) Owi t h{J
t hell sensor’ s detectiond probabilityd (inputd fronil Mddel O
Conponent O1') . OO f Ot hedr andonidnunber Oi sOl essOt hanOor Oequal O
t ot helOdet ect i onOpr obabi lity, Ot henOt heCsensor 0“ deci des” 0i t [
det ect edJallt ar get . OOO her wi se, OOt helsensor [0“ deci des” Oi t Odi d
not (det ect Calt ar get . (0

c. OCommander’ s[0Oper at i onal Deci si on0

Ind orderd toll assessl thell operational [0 deci siond
(correct Uor Ui ncorrect Obasedlon[t ar get Upr esence) , Oweldconpar el
t helddeci si onOwi t h(Jt heOact ual Ost at elJof Ot helt ar get LI( whet her [

or Onot Dallt ar get Ui sUpr esent ) . OOFor Dexanpl e, Ui f Ot heOdeci si ond
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i st oOat t ack, Oandt het ar get Oi sOact ual | yOpr esent, Ot hent he
commander Omadeallcor r ect Coper at i onal Odeci si on. O
3. OOMeasur elof [Ef f ecti venessl
a. OOActual OTarget O0St at e, OSensor [“ Deci si on”, Oand[
Commander’ s[Deci si onCAl | CAgr eed

Qur Of ocusOforOthi sOthesi sisOal | Ot helli nstancesO
wher eJallsensor Dagr ees0Owi t hJt heOoper at i onal Odeci si on. OOThi s
focus assistsO inl theld effortd tolJ eval uatell howd sensor [
per formancel supportslt heloperational Odeci sion. OOAOsensor [
andd thel operational O decisionld agreeld whend thel sensor[
“decides” ] all target i sl present 0 andld t hell deci sionld i s tol
attack, 00 or J whenld t hell sensorJ “decides” ald targetJi sl not
pr esent Oandt helldeci si onld st olnot at t ack. O

I nO addi tiond toO thel i nstances] whereld ald sensor
agreeslwi t h(Jt heloper at i onal Odeci si on, OwelOwant [t oJknowIwhen[]
t heyagreellcorrect| yJandOwhent heyOagr eelJi ncorrect|y. OOl nO
ot her Owords, OwelJ conparelltheJactual Otarget Ostateld(targetd
presentd ord not) [ withd thel sensor 0 “deci si on” [0 about O t hell
target, ODandOwi t h(t heCoper at i onal Odeci si ondt ofat t ackOor Onot . [
Thi sl eads[t o0t helf ol | ow ngOnut ual | yOexcl usi velOout conmes[if or [
anyl t er at i onCof [t helnodel Cal gori t hm OO0

o Nurmber OCor r ect : OOneasur esUt heOpr oporti onOof Ot i med
t hedgi venOsensor sfsupport Ot helddeci si on, Dandt hel
sensor sCandldeci si on{ar e[correct O

o Nunber O I ncorrect: O O nmeasuresd t hel proportionl of O
ti medt helgi venlsensor sOsuppor t Ot helddeci si on, Oand
t hellsensor sCanddeci si onlar el ncorrect [

. Nunmber O Sensor O I ncorrect, O but O Deci si ond Correct: OO
measur est heOpr oporti onlof Ut i melJt helgi venUsensor s[J
arelal | O ncorrect, Obut [ helddeci si on scorrect O

o Nunber [0 Sensor [0 Correct, [0 but 0 Deci si onJ I ncorrect :
measur est heOpr oporti onCof Ot i medt hegi venOsensor sl
arellal | Ocorrect, tbut [t helOdeci si onld sl ncorrect.
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TheOfirstOof Ot hese, ONunber OCorrect, Oi sOt hed MOE[
forOthisOthesis.OOItOrepresentsdsensor dperformnceldw t h(l
respect 0t old theld commander’ sl deci si on. 0 O Theld MOE, O Nunber [
Correct,d conbinesdd thel ideasd of sensitivityld (“.thel
proportiondof OpositivedresultsOthat DJagreedw thOthedtruel
state”) andO specificityd (“.theld proportiond of  negativel
resultsOthat Dagreew thOtheOtrueOstate”)OtoOnmeasurelal | O
resul t st hat Dagreew t h{Jt heJt rueOst at elJ( Bi shop, OFi enberg, O
andd Hol I and, 00 1975).0 O (Thel term O results, O standsld forQ
i nstancesd wherel thell sensors] andl commander’ sl deci si on
agree.) UOH ghOMOEOval uesr epr esent [goodOper f or manceandOl ow]
val ueslr epr esent [poor Cper f or mance. [0

Thel fol l owi ng fi gurest represent 0 what 0 makesd up
eachUof Ot heOnmut ual | yOexcl usi velout conmesl i st eddabove. O0OThel
fourd figuresd bel owd conbinedd tod fornd all O theld nutual | yO
excl usi vedandJ exhausti veJout conesJfor Ot hel nodel Oi nOthisO
study. [

Thel fi gurel bel owl di spl ays al | O possi bl el nodel O
resul tsdwhereldt heJoperational Odeci si ondJandat 01 east [0 onel
sensor’ s“deci si on” i sOcorrect Of or Jalsi tuati onOw t h{t hreed
sensors. OOAgai n, ONunber OCor r ect Oneasur est helpr opor ti onOof O
ti med thel gi ven sensorsl] support O t he deci sion, 0 andd t held
sensors(] andd decisionld ared correct.d 0O Nunberd Correctl
enconpassesl] all O thel possibl el outconmesd shownl inl thel
foll ow nglfigure. [
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Actual State Decision Sensor 1 Sensor 2 Sensor3  Decision correct AND:

T T T F F only sensor 1 correct

F F F T T

T T F T F only sensor 2 correct

F F T E T

T T F F T only sensor 3 correct

F F T T F

T T T T F only sensors 1 & 2 correct
F F F F T

T T T F T only sensors 1 & 3 correct
F F F T F

T T F T T only sensors 2 & 3 correct
F F T F F

T T T T T sensors 1, 2, & 3 correct
F F F F F

Figurellll. OO0  Sensors/ Deci sionlCorrect [

TheO fi gurel bel owd di spl ays] al | O possi bl el nodel O
resul tsdwherelt helloperational Odeci si onJandOat [l east [0 onel]
sensor’ s*deci si on” i sUi ncorrect Of or Dalsi t uati onOwi t hUt hr eed
sensors. JOAgai n, ONunber Ol ncor rect Onmeasur esJt heOpr oporti onld
of Otinmedt heldgi venlOsensorsldsupport 0t helddeci sion, Obut Ot held
sensor sl] andl deci si onJ arel] i ncorrect. d O Nunber O | ncorrect [
enconpassesl all O theld possibleld outconesd shown ind thel

foll owi nglfigure. O

Actual State Decision Sensor 1 Sensor2 Sensor 3  Decision incorrect AND:

T F F T T only sensor 1 incorrect

F T T F F

T F T F T only sensor 2 incorrect

F T E T E

T F T T F only sensor 3 incorrect

F T F F T

T F F F T only sensors 1 & 2 incorrect
F T T T F

T F F T F only sensors 1 & 3 incorrect
F T T F T

T F T F F only sensors 2 & 3 incorrect
F T F T T

T F F F F sensors 1, 2, & 3 incorrect
F T T T T

Fi gurel2. OO0  Sensors/ Deci sionllncorrect
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ThelOnext Of i gur elddi spl aysOt helOonl yOpossi bl ednodel O
resul t Owhereldt he(operati onal Odeci si ondi sOcorrect DandOal | O
t heOsensor s’ [0 deci si ons” [ar eli ncorrect Of or Jalsi t uati onOwi t hJ
t hreeldsensors. [0 0Agai n, Ot held Nunber 0 Sensor I ncorrect, Obut O
Deci si onJ Correct Oout conmeld nmeasuresdt heOproportionOof Oti meld
t heldgi venlsensorsareOal | Ui ncorrect, Obut Ot heJdeci si ondi sO

correct. U

Actual State Decision Sensor 1 Sensor 2 Sensor 3 Decision correct AND:

T T F F F all sensors incorrect
F F T T T

Fi gure3. OJ  Sensorsll ncorrect/ Deci si on[dCorrectU

ThelOf ol | owi ngOfi gureddi spl aysOt heConl yOpossi bl e[
nodel Oresul t Owhereldt hedoperati onal Odeci sionldisOincorrect
andO all O theld sensors’ 0 “decisions”[0 ared correct ford al
situationOw thOthreedsensors. [00Agai n, Ot held Nunber 0 Sensor [
Correct, O butO Decisionld Incorrectd outconmeld nmeasuresl thel
proportionlof Ot i meldt heldgi venOsensor sCarelal | Ocorrect, Obut O
t he(deci si onld sl ncorrect. 0

Actual State Decision Sensor 1 Sensor2 Sensor3  Decision incorrect AND:

T F T T T all sensors correct
F T F F F

Fi gure4. OJJ  Sensors[Correct/ Decisionl ncorrectO
U
F. 0 SENSOROCREDI TOAPPORTI ONVENTO

Creditd apportionnmentd anongld multipleld sensorsd sl
extrenel yO conpl ex. 0 O Thel fol | owi ngld scenari o] attenptstol
provi deld anl] under st andi ngld of O t held conpl exi tyd i nvol ved i n[
nodel i nglicr edi t Capporti onment . [
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Assuned al m litaryd comuander [ facesl all deci si on: O Ot ol
attackd anO entityd ord not.Od O Thed commander[] receivesl
i nformati onOf ronidt hr eeldsensor s: [OOsensor OAOsayst helenti ty[O
i sOanOenenyOt acti cal Obal | i sticOm ssil edl auncher, Osensor OBO
cal I sOit DanOunknownl obj ect Oemanat i ngld heat, DandOsensor [J CO
saysli t’ sOalvehi cl elof Osomelki ndCwi t hCel ect r oni cem ssi ons. ]
Wi chOsensor Oshoul dOt heDJcommander Ot r ust Onor e?00Shoul dt he
commander [0 trustd al |l O equal | y?0 O What O ot herd i nformati onld
(experience, ] previousl reports, ] targetd priorityd list)O
besi dest hesellsensor Oreportsdoeslt heldcomuander [0 havelt o
hel pf or niJhi sOdeci si on?001 st heOconmander Ubi asedlt owar dJone[
t ypel of 0 sensor O basedd onlJ previ ousl] experience? O 1s0thel
commander [J( or Osensor Coper at or) Owel | [t r ai nedOor Oexper i enced?
How(Jcor rect i seachOof Ot hesensor s’ Or eport ?200Howdr el i abl e[
ared thel sensors?0 O Areld thel sensorsl actingl voidO of
information, Dordaredtheylpassi ngldt hei rOJi nformati onlJanmong
oneanot her 20 0Ar et heylOmannedJor Dunmannedldsensor s, or Jal
conbi nat i onof Ot heseli t ens?00What Ocri teri alldodt heldsensor s
usell olcl assi fylanOent i t yCasOanOeneny, ODunknown, Cor [f ri end?

Assunelt heconmander Odeci dest olJat t ackOt helent i t ydand[
thel attackd successfullyd elimnatesd and enenyl mssilel
I auncher. OOWi chOsensor Orecei vesOt heOnost Ocredi t Of or Ot he
successful Oatt ack?000r, OdoOanyOsensor sOr ecei veOanyOcr edi t 2?00
Howl] doesJt helJ conmander O credi t Ot held sensorsdi nd hi sOm nd, O
t her ebyd adj ustingd hi s experiencel basell andl i nfl uenci ngld
fut urelddeci si ons? 0

InO thisOthesi sO wel addressJ alJ handf ul O of O t hed many[
conpl exOrel ati onshi psd nmenti onedld above. O 0 For O exanpl e, O wel
assunelsensor sdolnot Oshar el nf or mati onOw t hOot her Osensor s, O
assunelInolbi ast owar dJalsensor Oby [t heldcomrander , Dassuneldnol]
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| ear ni ngd or O experi enceld byt held conmander, 00 andd assunel] no
ot her 0 nf or mat i onCavai | abl et o(ai d n(deci si onChaki ng. 000

After O determ ni ngld sensor O perfornmance, 0 wel apporti on[d
credi t Ot odsensor sCbasedOont hat Oper f or mance. OOFor Oexanpl e, O
allt hr ee- sensor Oconbi nat i onUof Ut ypeUOllsensor, [t ype20sensor, 0
andO typel 30 sensor O (annotateddasO* 123" OinOthelfol | owi ngd
figure)OprovidesOallcertai nlperformancell(approxi mat el yl18600
i n(t hel¥ i gur e[bel ow) . OO0

Sensor Performance
(Each sensor w/ a unique type)

0.9

8
S 0.8 t
E ;. 1
£ 0.7 1 1
S . E(performance)‘
o 0.6
8 05 {
< i (]
»n 04
1 2 3 12 13 23 123

Sensor Type Combinations

Fi gurel5. OO0  Sensor OCr edi t DAppor ti onnent CExanpl e

EachlOi ndi vi dual Osensor Orecei veslcredit ObaseddonOi tsO
i ndi vi dual Oper formance. OO nOt heOexanpl eCabove, Ot heOt ypeO1O
andd typel 20 sensorslreceivelthelOleastOcreditOforOdtheirQd
contri butiondtoOsensor Ot ypelOconbi nati ond* 123’ Oper f or mance, O
andOt hedt ypeld3Osensor Or ecei vest heOnost Ocredi t. OO nOot her O
wor ds, [t hesensor s ecei veldallr anki nglof [t ype[3, [t ypel12, Cand
typeld10i nOorder Of ronidbest Ot oOworst O(w thOtypesd20andd 10
nearlyldidentical).OOHowever, Oindthi sOparticul arJexanpl e, O
eachUof [0t heOsensor sdonot Ovar y[si gni fi cant | yOat Oa = 0.05, OasO
i ndi cat eddby Ot heJ95%]conf i denceli nt er val sshownOabove. OO n
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general , Osensor sOOw t h{l ar ger Oper f or mancedneansOandOsmal | er O

per f or mancellst andar dldevi at i onsr ecei velhor ellcr edi t. [0

Al brief O di scussi ondJ i s warrant edd about O what [J sensor O
“type” Omeans. OO nOt hi sOt hesi s, Dallsensor’ sCOspeci ficati onsO
definelitsOtype. O0OTypi cal OOgener al Osensor Ot ypesUi ncl udedal
person, J unmannedl aerial O vehicled (UAV), O or0 satellite.
However, [0 eachld person possessesl hi s or 0 her J own[] sensor [
speci fications, Osoldeachl personldal sold makesO uplJ all separ at eJ
typell of 0 sensor.d O Simlarly, O differentd UAVO typesUO or0
different satellitel typesU al | 00 possessl]their ownl] sensor [
speci fications; Ot herefore, Oeachldi fferent JUAVOor Osatel | iteld
al sold makes upl] all separatel typel of O sensor. 0 O Evend wi t h
i denti cal Osensor Ospeci fi cati onslbet weent woldsensor s, Ot hei r O
per f ormancellvari eslduellt ol andommess. [
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|11 . SI MULATI ONURESUL TSLANDUANALYSI SU

A. 0 CENERALCSI MULATI ONCI NFORMATI ONOJ

Thelsi nul ati oni n(t hi st hesi sOusesOupt ot hr eeJsensor s
of Ouplt ollt hr eelpossi bl elt ypes. OOEachOsi mul ati onlr epl i cati ond
yi el dsOalsi ngl eldbi nar yOval ueanongf our Onut ual | yOexcl usi vel
andUexhausti velal ternatives: [

o Thel actual O target [ state, [Joperational Odecision,
andJ sensors “decisions”J agreell (operational(
deci si on[Jandsensorslicorrect) . [

o Thell actual O target[] statell disagreesld with thel
operational 0 decisionld andl sensorsl “decisions”[
(oper ati onal [(deci si onCanddsensor sl ncorrect) . [

o TheOact ual 0t ar get st at eJandoper at i onal Odeci si on[d
agree, [ but thel sensorsl “deci sions” [ di sagrees[]
(operational 0 decisiond correct,d butl sensors(]
incorrect). O

o TheOact ual Ot arget Ostat eJanddsensor s“ deci si ons” [
agree, O but O t he operati onal [0 deci si ond di sagrees[]
(operational 0 decisionld incorrect, butl sensors(]
correct).

TheOfirstOal ternati veaboveOdmakesOupOtheOsi nmul ati ond
measurel] of 0 effectivenessd (MOE)O andl theld experinment’ sl
response: OOt heOproporti onUof Ocorrect Osensor Danddcomrander [
deci sionsl tol thed total O nunberd of O replications. O O ThisO
proportionldrepresentsisensordperformance. 0O AsO shown and
expl ai nedd i nOt hel previousU chapter, OthelJfoll owi nglfigureld
di splaysal | O possi bl elJ out conmesl] for 0t held MOEO (t hel fi gureld
shows[alt hr eedsensor Cexanpl e) . O
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Actual State Decision Sensor 1 Sensor 2 Sensor3  Decision correct AND:

T T T F F only sensor 1 correct

F F F T T

T T F T F only sensor 2 correct

F F T E T

T T F F T only sensor 3 correct

F F T T F

T T T T F only sensors 1 & 2 correct
F F F F T

T T T F T only sensors 1 & 3 correct
F F F T F

T T F T T only sensors 2 & 3 correct
F F T F F

T T T T T sensors 1, 2, & 3 correct
F F F F F

Fi gurel16. OO0  Sensors/ Deci si onCorrect [

Sim | arOfi guresUexi st O(figuresdl2, 013, DanddJ140i nOt heO
previ ouschapter) Ofordtheld ot herOthreeldnutual | ydexcl usi vel
alternativesllisteddabove. OOFor OeachOreplicati onlof OeachOd
r untof Ut heOsi nul at i on, Oexact | yOoneOof [t heOout comesf r onilt hed
f our Jout conmeJf i gur esoccur s. O0OGur Opri mar yi nt er est i nOt hi s
studyll i esUi n(t hoseUout coneslUshownJabove. O0TheOMOEOconsi st s
of Oonl y[Ot he(Ot ot al Onunber Oof Oout conmesOf r ontdt hedf i gur eabovell
t hat Doccur Odur i ngOeachsi mul ati onCrun. O

Oned rund ofO0 thed simulationd consistsO ofd 10000
replicationsd atl identicald initialO settingsd for each
replication. O0OEachOof Ot hed10000r epl i cati onsOvari esConl yOby[O
randommess. OO EachOrunOyi el dsOalcount Oout Oof 01000, Oor Oall
proportion, 0 ford eachO of 0 thel nutuallyO exclusivel andO
exhaustivelal ternativesUl i steddabove. OOTher ef or e, Ot helf our O
alternatives’ O countsl suni] told onel] ford eachU run. O O Thi sO
simul ati ond usedd 10000 replicationsdindorderdtolensurelal
confi denceli nterval Ow dt h(l esst han0. 1. OOAnOest i mat edf or O
t heOnunber Oof Orepl i cati onsOrequi reddf or JanOi nt er val Ow dt hO
of 0JO. 10yi el dedUalval ueof Jappr oxi mat el y[1384repl i cati ons.
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However , Osi nceldgener at i nglidat aldf r ondt heOsi rmul at i onOr equi r ed
[ittl edconputingdtime, Owellchosel110000r epl i cati ons( Devore, O
2000) . O

Thel si nul ati onld setti ngs enconpass(l al | O user - suppl i ed
i nput s such asl sensor O types, 0 sensor [0 speci fi cations, 0 and
probabi | i tyOdi stri buti onOparanet ers. O0OThelsensor Ut ypesOvar y
wi t hi nJ eachd experinment. O O Thel sensor [J speci fi cati ons andld
probabi | i tyddi stri buti onlparanet er sCr emai nlconst ant Of or Hal | O
experinments. 0 O Thel sensor U speci ficati onsU used appear 0 i n
Appendi x0 A.0 O Thed paranetersd for theld probability[
di stri buti onsCappear 0 nOAppendi x[B. 00
B. 0 EXPERI MENTALDESI GNOI

Al'l Ot heOexperi nmentsOconsi st Oof Ot hedt hreelsensorsdas
vari abl es. OOEachOsensor OhasOf our Opossi bl edt ypes: OOt ypedl, O
t ypeld2, Ot ypeld3, Dor ' nolsensor’ . OOTheOexperi nment’ sOr esponsel]

i slsensor Oper f or mancel{ def i nedCabove) . [

EachUof [0t heCexper i ment sdconduct sOallst and- al onell ook[Jat [J
allspecificlaspectdof Dthelrel ationshi p anongllthell sensor [
t ypesUandUt hei r Oper f or mance. OOTheOpur posellof Oconduct i nglt hel
experimentsinOthisOmnnerdisOtodall owdfornodel Ofacel
val i dati onOandOveri fi cati onlrat her Ot hanlt ryi nglit odet er m nell
whi chOi nput Ovari abl esOarednost Osigni ficant Ji nOt heOnodel . [0
Therefore, 0 in orderd tol conductO facell validationd andO
verification, O thisO thesisl assunesl thell i nput 0 val uesO i nO
Appendi xUALr epr esent [real i sti clval ues. [

Al'l Ot heOexperi ment sconsi st Jof OsevenUdr uns, Oni nedruns, O
or 0190 runs, Odependi ngdonOt helexperi ment Otypeld (di scussedl
laterdJinOthisOchapter). 00O Theld seven-runl experi nment slJ usell
sevenldi f f erent Osensor Ot ypeldconbi nati ons—enelrunlf or Deachd
conbi nat i on, Owhi | et he19- runOexperi ment Ouses1190di f f erent O
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sensor Ot ypel conbi nati ons. 00 Ref erencell Appendi x[O COt o vi ewd]
eachlexperi ment’ sCdesi gn. 00

I nOal | Ot heOexper i nent sOwelassuneal | Osensor si nvol vedOd
aredw t hi n(Jdet ecti onOrangelof Oaltarget Oi f Oi t Oi sOpresent . 0
Al so, OweDassunelnolmul ti pl et ar get sCoccur, DandOweOassuneall
sensor Oonl y[det ect sallsi ngl el ar get Conce. O

Each experinment’s0 responsel] representsld] sensor(]
per formance. OO H ghlOresponselrepresent sl goodl performance, [
and0l owr esponsellr epr esent sCpoor Oper f or mance. O0OThelr esponsel]
(or Osensor Oper f or mance) , Oreasur est heOpr opor ti onOof COcor rect [
sensor U andJ commander [0 deci si ons t ol t held t ot al O nunber O of O
event sl(anlevent i sOonelreplication). OOFor Oexanpl e, Oi f Dal
sensor Jandt heOcomrander Cagr eelJaldt ar get Ui sOpresent, DandUi f O
thell targetd reallyd islO present, 0 thenO theyd arel correct.
Conversel y, Ui f Ot heyOagr eelallt ar get Ui sOnot Opresent, Dandi f O
theltargetUreall yOOislOnotd present, Jthenldtheyd arel al solJ
correct. 0Ol f Ot heOnunber Ocorrect Ow t hi nOalr uni s0350, Ot henOd

theDsensorDperfornanceDforDthatDrunDis[kﬁ%%:0350.D[]TheD

aver agellval ueDof [ hat Ur un st henOn * p =1000:0.350 =350. OO
C. 0 EXPERI MENTUOA( ALLOSENSORSOFOSAMELTYPE) O

Thi sOexperi nment’ sOpur poselli st oldshowtlt hat Osensor sof O
identical O typeld providel equivalent,d butl notl identical
performance, 0 duell tod inherentld randomess.d 0O This[O
characteristicl nodelsld reality: 0 O twol identical 0 sensorsl
performisimlarly, Obut Onot Ui dentically, Oi nOOsepar at et est s
under Osi m | ar Oci rcunst ances. OOTher ef or e, Oresul t sOf rondt hi s
experi ment Osupport [f acellval i dat i onDof [t hi sOnodel . (00
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Si nul ati on(] Sensor [ Sensor O | Responsel] 95%1Cl [J 95%1Cl [
RunOd Conbi nati on Typel Mean( Lower 0| Upper O

10 Sensor 10 10 0.4680 | 0.4370] 0.4990

20 Sensor [2[] 1d 0.45200 | 0.4210] 0.4830O

30 Sensor B0 1d 0.4660 | 0.4350] 0.4970O

40 Sensor s 10&010 0.7060 | 0.6770] 0.7330O

50 Sensor s1K[BO 10&010 0.6880 | 0.6590] 0.7160

60 Sensor s[2&BO 10&M10 0.7080 | 0.6790] 0.7350

70 Sensor sU10&RO&BO 10&MO&M10 0.8180 | 0.7930| 0.8410

Tabl e(11. OO0 Experi ment DACSunmmar yOSt at i sti cs

Thi sOexperi ment Oconsi st sCof Daldm xOof Ot hr eelsensor sUof [
i denti cal Ot ypeOasldef i nedlbyeachlsensor’ slspeci fi cati ons. [
Appendi xOAOcont ai nst heOspeci fi cati onsf or Hal | Osensor [t ypes[
usedUf or [t hi st hesi s. OO

Thel figuresd andO tabl el abovell show] that different[
sensorsldof Oidentical Otypelyi el ddsi m | ardperfornmancell over [
10000 replications. d O I nOotherdwords, Oruns 1, 02, 0andd 30
illustrateldthat OthreeldifferentOsensorsof Oi denti cal Otypel
pr oducelr esponselneanst hat Car e[dnot Osi gni fi cant| yOdi ff erent O
atd0 ¢=0.05.0 0O Again, 00 thel responseld ford all O experinmentsO
represent slJ sensor O perfornmance—argell responsel val uesl ar el
bet ter. OOSi mul ati onOrunO10consi st sCof Oonl yOsensor O10set Oat [
t ypell, Orund200consi st sOof Oonl yOsensor [20al solset Oat [0t ypel1, O
andUrun030consi st sUof Oonl yOsensor 030set Dat Ot ypel1. OOThei r O
per f or mancelaf t er 010000r epl i cati onsOnmeasur edJ0. 468, [J0. 452, [
andJ0. 466, Orespectively. O0OTheselresul t sOsupport Ot heli deall
that Odi fferent Osensorslof Ui dentical Otypelproducedsi mlarQ
per f or mancelover [t heOl ongOr un. OOThelldi f f erencesUi nUr esponse
meansJandOconfi dencelli nt er val sJoccur OduelJt oOr andommessdi nJ
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t he(nodel . OOAgai n, OeachOrepl i cati onObegi nsCOw t h(Ji denti cal O

initial OsettingsOandOvari esOonl yOduelJt o0t hedr andommessOwe[

i nput O (Appendi cesl] A0 andO B). O O Thel resultsO fronil onel

replicati onddolnot Ocar ryOf orwar d0t o0t helnext Or epl i cati on.
TheOr esul t sOf r ontt hi sOexperi ment Osupport OcomonUsense: OOi f O

onelJ sensorJisOidentical Otolanot her, then bot h{J sensors’ [

per f or mancelshoul dCagr eellover Cmany[r epl i cati ons. 0

Thellf i gur esUandt abl e(Jal soOsupport Ot heli deallt hat [t hr eed
sensor sCprovi di ngi nf or mat i onJt oJallcommander Ol eadt olbet t er O
per f or mancelover Ot hell ongOrunOt hanOanyOof Ot heli ndi vi dual O
sensor sCwor ki nglal one. OO ndeed, 0t hi sCi st heOpr em selJof Odat all
fusion. O O For O exanpl e, 0 theld responsel] neanl of 0 t hell t hreel
sensor sldconbi nati onlJi sJ0. 818, Owhi | eJt hellr esponselneansof [
eachl individual O sensor areld 0.468, 0 0.452, 0 andO 0. 466, U
respectivel y. OOl nOaddi ti on, Ot he195%]1conf i denceli nt er val Oof [
t hr eeldsensor Lconbi nat i onOshowsOover Ot hell onglr un, [t heOwor st [
(1 owest) Oresponselli slbetterJt hanOt heObest Jof Danyof Ot held
i ndi vi dual Osensor sOal one. 001 nOot her Owor ds, Dat Oa = 0.050t hei r O
per formanceldi f ferslisignificantly. OO0
D. 0 EXPERI MENTOBL( EACHOISENSORCOFOUNI QUELCTYPE) O

Thi s experinent’ s purposel is toll conpareld thel
per formancell of Oeacht ypell of O sensor byl constrai ni ngld each
sensor [t oUonl yOonellt ype. OOThi sOexper i ment Oconsi st sUof [0t hr eed
sensor sJof Juni quelt ypes. OOEachOsensor Omai nt ai nsUi tsOt ypel
t hr oughout O t he experinent. 0 OO For O i nst ance, O sensor 0 20 i s
al ways[t ypelR2f or [t hi sCexperi ment. O

N
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Si nul ati on(] Sensor [ Sensor O | Responsel] 95%1Cl [J 95%1Cl [
RunOd Conbi nati on Typel Mean( Lower 0| Upper O
10 Sensor 10 10 0.4680 | 0.4370] 0.4990
20 Sensor (200 20 0. 4690 | 0.4380) 0.5000
30 Sensor B30 30 0.5110 | 0.4800 0.5420
40 Sensor s 10&120 0.7190 | 0.6900] 0. 7460
50 Sensor s1K[BO 10&030 0.7160 | 0.6870 0.7430
60 Sensor s[2&BO 20&1B0O 0.7600 | 0.7330 0.7850
70 Sensor sO10&M20&M30 10&MW &3 0. 8600 | 0.8370 0.8800

Tabl e[2. (OO Experi ment [BOSunmar y[OSt at i sti cs

I nOt hi sOexperiment, OrunOl0andOr unO020showtlt hat Dallt ypeJ10
sensord perfornmsld veryd simlarlyld (responsell nmeansl] not[
significantlyldifferentOat Do =0.05) 0Ot olalt yped2Osensor Heven(]
t houghOt hei r Ospeci fi cationsddi ffer: OOt ypedlOandO20nmeans Uof O
0. 4680 and0. 46900 andJ 95%1 confi denceli nterval sOof [ 0. 437, O
0. 499] Uand0[ 0. 438, [J0. 500] , Orespectivel y. OOAOt ypeld3Udsensor [J
appearsltolperfornilbetterdthanOei therJof Ot helot her Otwo: O
t ype30meanof 0. 5110and095%Iconf i dencelli nt er val Oof [ 0. 480, [
0.542]. 00 However, Oatd «=0.05, 0itsOmeand doesl] not O di ffer(
significantlylfromlsensor [t ypestlland2. O

Thelt abl edandf i guresdabovellconti nueddt o support Ot hel
ideall that O rmul tipl ed sensorsO providi ngd i nformati ond tod al
commander [l eadt olbet t er Oper f or mancelover [t hell ongOr unCt han
anyl of O t hel i ndi vi dual O sensor siJ wor ki nglJ al one. O O Run 70
illustratesOthat Osensordconbi nati ondof Otypedl1, 02, Dandd 30
out perfornmsdanyJof Ot heldot her Oconbi nati onsOwi t hOalOmeandof O
0. 860and195% conf i dencell nt er val Uof [J 0. 837, [10. 880] . [

O

N
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E. 0 EXPERI MENTCCH( SENSORCICOVBI NATI ONCIORDER) [

Thi sOexperi nment Daddr essest hellconcer nJof Owhet her Ot hel
or der Uof Osensor Oset ti ngslsi gni fi cantl yOaffect st helresul ts. O
By* order’ OweOneant hat OJalldsensor [t ypelconbi nat i onOof Ot ypel
1, 02, DandO3, OhasOaldi f f er ent Oor der Ot hanOalOconbi nat i onOof O
t ypel33, (11, Oand[2. OIThi sCexperi ment Oser ves [t wolpur poses. [

Fi rst, Ot heOexperi ment OconfirmsdJt helcorr ect nessUof Ut held
nodel * sOunder | yi nglcal cul ati ons. 0OSI ncellsensor s(11, [12, Dand30
areJal |l Otypedd10sensorsduringdruns1, 02, 0Jandd3, Ot heirO
i ndi vidual O performancesl shouldd bel simlard butd not[
i dentical,d asld randomess[] preventsll i denti cal O perfornmancell
fronili denti cal Osensors. OO nOot her Owor ds, Ot hei r di ndi vi dual O

per f or mancesar e(Jequi val ent . [

Second, 00 thel experinentd elimnatesd theld needd for[
unnecessarylexperinent Oruns. 0 0OSi nceldsensorsof Ot hedsane
t ypelyi el dlequi val ent Or esul t s, Oallsensor Ot ypelconbi nat i onUof [
typell, 02, DandO3, Of or Oexanpl e, Oyi el dsOalr esul t Oequi val ent O
told the resultd of 0 all typell 3,0 1,0 and 20 conbi nati on.
Therefore, 0 the ‘order’ 0 of O thel sensord typesO doesl not
significantlylaffecthelresultslof [t heCexperi nment . 00
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Si mul ati on[ Sensor O Sensor [ Responsel] 95%1Cl [0 95%1CI [
RunU Conbi nati onl] TypelO Mean( Lower O] Upper O
10 Sensor 1100 1ad 0.4680 | 0.4370) 0.4990
20 Sensor 200 10 0.4520 | 0.4210 0.4830
30 Sensor 1830 10 0.4660 | 0.4350 0.4970
40 Sensor 0100 20 0.5060 | 0.4750| 0.5370
50 Sensor (20 20 0.4920 | 0.4610| 0.5230
60 Sensor (B0 20 0. 4840 | 0.4530 0.5150
7d Sensor 10 30 0. 5150 | 0.4840| 0.5460
80 Sensor (20 30 0. 5220 | 0.4910| 0.5530
90 Sensor (30 30 0.5290 | 0.4980| 0.5600

Tabl e[13. OO0 Experi ment OCOSummar y[ISt at i sti csU

Thel figures aboveO illustrated thed resultsO frondt hel
t abl et hat Osensor sOof Ot heOsanmeldt ypelyi el ddresponselneans(]
t hat Oar enot Osi gni fi cant | yOdi fferent Oat Oa =0.05. OOl nOot her O
wor ds, Ot helr esul t sdar eldequi val ent Of or Osensor sOof Ot heOsanel
type. I
F. 0 EXPERI MENTODC( | MPROVEDISENSOR) [

I ntuitionlindi catesUanli nprovedOsensor Oper for nslbet t er O
t hant heOexi sti nglsensors. OOThi sOexperi ment Oconfirnmsdt hat O
intuition, 0 andd thereforel contributesd tol verifyingd thel
under | yi nglnodel . [0

By Ui npr ovi ngUt helli nput Osensor Uspeci fi cati onsUof Osensor [
10 (Appendi xO A0 displaysld thell sensor’sl inproved-typel
speci fications), 0andd by not O changi ngld t hell ot her J sensors’ [
speci fications, [t heldresul t sCbel owlveri f ylexpect ati on. O0OThey[
supportd intuition: 0 O sensord 10 andd sensor [0 conbi nati ons(]
i nvol vi ngd sensor [0 10 out perfornid t held ot her O si m | ar 0 sensor [
combi nationsd as shownO inO thed figuresd below. O O Al so,
00 500



conpari sondof Othelfiguresdbel owdw thOfiguresd 190 andd 200

abovel il lustratel sensor 1’ s performanceld changesl duel t oJ

i mprovedl specifications.d O That O supportsl intuitiond that

i mprovedlspecificati ons eadlt ol nprovedOper f or mance. O
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G O EXPERI MENTUEL( EACHISENSORLTYPELVARI ES) [

TheOpur poselof Ot hi sOexperi ment Ui st ol0ddenonst r at edJhowd]
t hell sensorOcreditdapportionnment O nmet hodd fronilthi sOthesisO
conpar esper f or mancelof Onul ti pl edsensor s(t hreelsensor sti n
t hi sOst udy) Oof Onul ti pl eldt ypes(t hr eedpossi bl elJt ypesUi nldt hi s
study). O O ThelO experinentl yieldsO thel resultsO of0d all
conbi nat i onslof [t hr eelIsensor sCof [0t hr ee[jpossi bl el ypes. [IJ

Thi s experinmentd representsd howld thisO creditO
apportionnent 0 net hod assi stsl deci sionld makers visualizell
possi bl eld performancell provi dedd by di fferent sensor [ typell
conbi nat i onsf or Oalparti cul ar Oset Oof Ui nput Oval ues. 001 nput O

val ueslneeded: [
o Sensor Ospeci fi cati onsO Appendi xUA) O
o Probabi | i t ydalk ar get O sCpr esent O Appendi x[B) O

o Probabi |l i tyOaOt arget Oattri but edi sOpresent Ogi venUal
target 0 sCpresent O Appendi x[B) O

o Sensor s’ Um ssldi st ancelldat alJ{ Appendi x[B) U

o Ti melr equi reddf or Osensor Ui nf or mat i onJt oOr eachUt he
comander [ Appendi x[B) [

ForOthisOthesisOwedestimteddal |l OthelinputOval uesld
above; O however, [0 historical O researchU orJfielddtestslO can
yieldOrealisticOinputdvaluesOforduselindfuturedcreditO
apporti onment Cexperi nments. [

Thi s experi ment O consi stsd of Ot hreed sensors, [0 each of O
t ypelll, 02, Oor 03. OOSIi ncelt helsensor Oconbi nat i onUor der OdoesU
not 0 af fect O t hed responsel] (asll expl ai ned previ ously), Ot hel
fol Il ow ngld conbi nati onsl] exhaust al | O possi bl el groupsd of O
sensor [t ypes. ]
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Si nul ati on(] Sensor [ Sensor O | Responsel] 95%1Cl [J 95%1Cl [
RunOd Conbi nati on Typel Mean( Lower 0| Upper O
10 Sensor 10 10 0.4680 | 0.4370] 0.4990
20 Sensor s 10&010 0.7340 | 0.7060) 0.7600
30 Sensor s ORI 10&M10&010 0. 8170 | 0.7920] 0. 8400
40 SensorsIIKMPO&BO 10&M10&20 0. 8440 | 0.8200] 0. 8650
50 SensorsIIKMPO&BO 10&M10&30 0. 8510 | 0.8280] 0.8720
60 Sensor sU10&RO&BO 10&RO&2H 0.8510 | 0.8280( 0.8720
70 Sensor sO10&M20&MB0 10&MW &3 0. 8660 | 0.8430] 0.8860
80 Sensor sO10&M20&M30 10&MB30&M3 0. 8700 | 0.8480] 0.8890
90 Sensor 0100 20 0.5370 | 0.5060/ 0.5680
100 Sensor s 20&Mn 0.7270 | 0.6990] 0.7540
110 Sensor s 20&M120 0.7650 | 0.7380] 0.7900
120 Sensor s 20&M1B0 0.7720 | 0.7450] 0.7970
130 Sensor sIIKPRIGIBH 200&R20&20 0.8470 | 0.8230] 0. 8680
1401 Sensor sU10&RO&MBO 20&MR0O&BH 0. 8770 | 0.8550( 0.8960
150 Sensor sO10&M20&M30 20&M30&M3 0. 8810 | 0.8590] 0.9000
160 Sensor 10 30 0.5260 | 0.4950] 0.5570
170 Sensor s 30&Mmn 0.7350 | 0.7070] 0.7610
180 Sensor s10&M20 30&30 0.7630 | 0.7360 0.7880
190 Sensor sIIKMPO&BO 30&B0&30 0.8830 | 0.8620] 0.9010

Tabl e(4. 11 Experi ment CEOSunmar y[OSt at i sti csl

Fr onidt hedf i gur esOandt abl eJabove, Oal | Oconbi nat i onsOof O
t hr eeldsensor s( except Of or Ot heconbi nat i onOof [t hr eeldsensor s
of [t ypeJ1) Oper f or mlbest , DandOyi el dOr esponselneans(It hat Car e[]
notd significantlyld differentd atld «=0.05.0 0O Also,O alll
conbi nat i onsOof Ot woldsensor slyi el dd0r esponseldneanst hat Jar e
not OsignificantlyOdifferentOatd a=0.05, JandOt heseOperfornd]
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bet t er Ot hanOeachOi ndi vi dual Osensor . OOTheseOr esul t sOsupport O
t helli dealt hat Orul ti pl edsensor Oconbi nati onsOprovi de(Jbetter
per formancel (or, Obetter Oassi st Oaldcommander Owi t hOOdeci si ond
maki ng) 0 t han any si ngl el nenber O of O t hed nul ti pl el sensor [
conbi nat i onUact i ngUal one. OOl nUot her Owor ds, Onul ti pl edsensor sO
provided all synergisticl effectl onO decisiond makingd
per f or mance. [

Theli ndi vi dual Osensor sUi nOt hi sOexper i ment Oper f or nidver y
simlarly. OOAt O a=0.050sensor Otypel 10 andld sensor Ot ypeld 30
provi delsi gni ficantlyUOsi m | ar Or esponseUnmeans. OOl nCJaddi ti on, O
sensor [t ypell20andOsensor [0t ype[d30doOnot Odi f f er Osi gni fi cant |y
at0d a=0.05.00Therefore, Ofordtheldparticul arOset Jof Oi nput O
paranet er s fronil Appendi cesl] ALl andd B, 0 al | O t hr ee sensor s[]
providell essentiallyd identicall performanced inO thisO
experinment. OOl nOt hi sOcaseldweldrankal | Ot hreedsensor st hell
sameld nk er msof Capporti oni nglicredi t. [0
H O MODELOVERI FI CATI ONCJANDCVALI DATI ONO

1. 0 Nerification

Thel Arnyl statesO thatO part of O thel “.verificationOd
process..establ i sheswhet her Ot held M&SO [ Model O &1 Si mul ati on] O
| ogi cOandOcodelcorrectl yOperfornithelintendeddfunctions”
(ArmyORegul ationd5-11, 01997). 00Sim I arly, OLawdandOKel t onl]
suggest Othedfol | owm ngOverificationdtechnique: 00“Rundthel
simul ati ond underd all varietyld of 0 settingsld of O theld i nput
par anet er s, LandOcheck[t oOseellt hat [t hellout put Ui sCr easonabl e” [
(Lawd andl Kel ton, [0 2000). 0 O Thi sO thesi sO i npl enent s t hat [
techni quell by varyingd sensord typesl anongd alld thel
experiments. OOAl t houghOal | Ot heOaboveOexperi ment al Oresul tsO

hel pt oOveri f y[t heCOunder | yi ngl ogi cOandOcode, OExper i nent s OCO
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andd DO especiallyd indicatell appropriatel underlyingQd
cal cul ati ons. 0O
2. [0val i dati onOd

TheO ArnyO definesU validationld asO “..theld process] of O
determ ningd thel extentd tol whichO the MSO [ Mdel O &O
Si mul ati on] Daccuratel yOrepresent st her eal Owor | dUf ronidt hel
perspectivelofJitsOintendedduse”d (Arnmyd Regul ati onJ5-11, O
1997) . OOAssum ngUt heli nput Oval uesOf or Ot heOnodel Or epresent [
realisticlval uesireasonabl yOOwel | , Ot helOnodel Oresul t sCagr eell
wi t h{J what 00 weld woul dJ expect O t ol fi nd. OO O However, O well havel
exam nedUonl yOalf ewdexanpl es. OTher ef ore, [wi t hi n(t helset Cof [
exanpl esd wel havel exam nedd inO thisOthesis,dthisOcreditOd
apportionnment Onodel Oadequat el yO“ ..t epr esent st heOr eal Owor | dO
f rontdt heOper specti velof Oi t sOi nt endedOuse” O( Ar mydRegul at i on[d
5-11,0 1997).0 O OO statedd anotherd way, 0 eachO of O thel
experi ment sfabovelyi el ddr esul t sI* ..consi st ent Owi t h(per cei vedO
syst emtdbehavi or ..” ( LawdandKel t on, 12000) . O0LawdandKel t on[]
defi nelX hi sCasf acellval i di ty. 00

Al t houghU truel validation, 0 whichO requiresd inJ part0
“..high-qual ity nformati onOandOdat allonOt helsystem " Ui sOnot O
realisticallylOfeasibleldat OthisOtime, OfurtherOresearchdf or
norel realisticlUnodel Oinput Oval uesl woul dO provi deJ all nor eI
confi dent Of acelval i dat i on( LawiJandOKel t on, 02000) . D0OLawandO
Kel tond al solJ state, 0 “Thel nostl definitiveld testd of 0 all
si mul ati onOnodel " sCval i di t yUi st oest abl i sht hat Ui t sCout put O
dat alJ] cl osel y[O resenbl el t hed out put 0 datall that 0 woul dd bel
expecteddfronidthelactual ..systeni O (LawJanddKel t on, J2000) .
Si ncell anJ actual O systeniltod apportiondcreditdtol multipl el
sensorsl] doesl] not0 exist, “.resultsl] validation” i sl notQ
f easi bl e(at [t hi st i med LawCandKel t on, [2000) . (000
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| V. OCONCLUSI ONS[

A. 0 PURPCSED

Recal | Ot hat Ot hi sOt hesi sCaddr essest helnul ti pl edsensor [
creditd apportionnment 0 phenonenond byO conceptualizingd itsO
processd (know edge),d developingd al workingd nodelO
(al gorithm, CandOconsi deri nglr equi r edld nput [dat al( dat a) . [

SincelveryUOlittl edpublisheddi nformati onUexi st sdabout [
mul ti pl el sensord creditd apportionmentd andd itsO i nherent
processes, DalsignificantOportiondof Othi sOresearchOeffort O
attenptstold comuni cat el]t hell essencell of [t held apporti oni ngd
credi td phenonmenond andld itsO linkd tol datal fusiond andl

i nformati onOquality. O

Thi s thesi s focusesd ond thed devel oprmentd of 0 an[
appropri at elJal gorit hnidt hat Of usesOdet ect i oni nf or mat i onf r o]
i ndependent O sour cesOwhi | elJconsi deri ngdi nformati ondqualityd
i nO order O tol makel all deci si on, 0 assessU t held deci si on, 0 and
apportionlcredit. 0 O Thi sO conpl exd andl] det ai | edd al gori t hiil
fornmst helbasi sOf or Daldconput er Osimul ati on. OO Threeld nodel O
devel opnent st epsOnakeOupOt heOal gori t hniddevel opnent Opr ocess
for [t hi st hesi s: 0

o det er mi nelsensor (det ecti onllcapabilities, O

o determnel informationd qualityd eachld sensor(
provi des, [

o fuseldet ecti onlcapabi | i ti esOandli nf or mat i onCval uel
froniul ti pl eCdsensors. [

Thel firstO nodel O devel opnent [0 st epld determ nesl] eachl
sensor’ sdet ecti onlJcapabilitiesObyOconbi ni ngdt hedpresencel
of Dallt arget, Ot helpresencesUof Otarget Dattri butes, Danddt hel
sensor’ sUabi litydtoOdet ect Ot hoseOattri butes. OOThi sOt hesi s
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acconpl i shes thisO stepd by usingd thed lawd ofd total O
probability. O

ThelsecondOnodel Odevel opnent Ost epOdet er m nesOhowdnmuch
val ue thel sensors’ [0 detection i nformati ond hol dsO forO al
conmmander Obycal cul ati nghanOi nformati onOqual i tyOval uelf or O
eachUsensor . OO nf or mat i onOqual i t yOcont ai nsUt hr eelJconponent s
inOthisOthesis:OOaccuracy, Otimeliness, 0 andd conpl et eness(
(Perry, [12000). O

The t hi rdOJ nodel O devel opnent O st epd f usesO t hed resul t sO
frontilst epsUoneandUt wolli nUor der [t oOpr ovi delli nf or mat i onJt oJall
commander [0 f or [ deci si onld maki ng. 0 0 Thed correct ness] of Ot hell
commander’ slJdeci si onJbasedJonJt helact ual Ot ar get (st at eJand
sensor-provi dedd informationd providesl thel neasureld for[
conpari nglper f or mancellof [lvar i oussensor [conbi nati ons. [

Consi derationlJof Orequireddi nput O dat all di scoversthat [
t hell credit 0 apportionnment O nodel O i nO thisO t hesi sJ depends(]
heavi | yOonUi nput Odat a. OOFor Ot hi sOt hesi s, Ot heli nput COdat ali sO
estimated. OOTheref ore, Owhi |l et hi sOnodel OdoesOnot Oprovi deld
realisticl performancel of [0 eachld sensor, [0 it doesO provi del
insightd aboutd theld relationshi psl] betweenll sensors, 0 thel
oper at i onal Odeci si on, DandOappropri at elcredi t Ogi venOt o0t hel

sensor sCbasedlon(l hei r Oper f or mance. 00

Thel exam nati onld of Ot hi sO met hodO i ncl udes conduct i ng
fivelexperinmentsOof Ovariouslsettingsof Ot hreelvari abl es. [
TheO vari abl esl] represent O t hell sensors, [J andO t hel settingsO
repr esent Ot heJt ypesUof Osensors. OOThelr esponselandlneasur e
of 0 effectivenessld for allO fivel experinentsO isl sensor
performance. 0 0O Weld definell sensor] performancell aslU thel
proporti onlof Ocorrect Usensor HandOconmander Odeci si onsUt o[t he[d
total OnunberJof OreplicationsOdefinesldsensorperformnce.
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Eachl experi nment O provi desO verificati ond of O thel underl yi ng
cal cul ati ons, OandOpr ovi desexanpl eCJout put Or esul t sC0basedon
i nput Opar aneters. [

B. 0 FUTUREOSTUDI ESOI

Al nmor eld conpr ehensi veldrepresentati ondof OtheOmul ti pl el
sensord creditd apportionnmentd nmethodd fronil thisO thesislO
requi resf ut urelr esear chl nOsever al Oar eas. 0

a. vor e[Det ai | edExper i nment al [Desi gnld

Thel researchd effortd inO thisO thesisO focusesd on0
devel opi ngalOconpl exOnodel Oof Dalconpl exdphenonenon. O OTheld
anal ysislO isl0 relativelyd straightforward inO thatO fivel
experi ment sar eldconduct edwi t hOver yOf ewlvar i abl esi nOor der O
t olJ denonstrat el face-val i dati ond of Ot held nodel i ng process. ]
Fut ur edr esear chOcoul dOi ncl udeOusi ngt hi sOnodel Of or Dalnor ed
conpr ehensi vell experinmentd w thd numerous variablesl (thel
nodel * sO i nput O paraneters)d andd exam nell whi chO areld nost [
significant. O

b. Wi ght i ngl nf or mat i onOQual i t y[diConponent s[]

Varyi ngd t hell wei ghtingld of 0 eachO i nformati ond qual ity
conmponent [0 (accuracy, O tinmeliness, 0 and conpl et eness) 0 mayO
r eveal OhowJeachOaf f ect sOdeci si onlcor r ect ness. OOFor Oexanpl e, O
i fOtinmelinessdrecei vesOt hell argest Owei ght Of or Oi npor t ance, O
t henOaccuracydandlOconpl et enessOmaylsuffer. OOResul t sOf ronil
di f f erent Owei ghti ngOmay Ol eadt oOal t er nat edJapporti onment Dof O
credit Ot hanOwhenOwelhol dCal | Dwei ght sCequal . OO0

c. OOper at i onal OFact or s

ArnyO prof essi onal slJ descri bel] operationsOinOterns of [
M ssi on, [OEneny, OTerrai n, OTr oops, DandOTi mnedJAvai | abl eJ( METT-
T) Ui nOor der Ut opl anOandexecut ellbet t er Doper ati onsJ( FM1101-
5, 01997) . OOl ncor por at i ngloper at i onsdat alli nt o0t heCOnodel ObyO
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nmeansOof OanOoper at i onal Of act or Dor DaOset Oof Of act or sOwoul d
represent 0 t hed operational O environnmentd that 0 t hedl sensors[]
operatell in. O O METT-TO provi desO all goodd br eakdown of O anO
operation; 0 therefore, 0 operational 0 factors representingld
VETT- TOmay Oyi el dOnor eOneani ngf ul Or esul t sOf or DAr nyOdeci si ond
makers. OO TheOcritical —andOdi fficult—portiondof Ot hisli deal
consi sts of O usingl realisticl operationsl datall ford thel
operational [f actors. [
d. 0O0Commander [Lear ni ngd

I ncorporatingldl earningl (ordexperience)dinlalfuturel
ver si onJof Ot helOnodel Ocoul dOprovi delJalbett er Or epresent ati ond
of 0 ald commander’ sl deci si ond maki ng. 0 O Thel present 00 nodel O
assumesalconmander OnakesOanOoper at i onal Odeci si onObaseddonO
sensor s’ Ocurrent Oreport eddi nformati on, DandOnot Oonlsensor s’ O
previ ousd performance. OO I nOreality, 0 al commander O makesO all
deci si onObasedOonOmanydf act or s, i ncl udi ngdexperi enceldw t h
sim | ar sensor sCandClt hei r Cpr evi ousOper f or mance. [0

e. 0CGener al i zeOCode[]

TheOnodel OandOsi mul ati onOf or Ot hi sOt hesi sCar et i edUJt o
threedorOfewerdsensorswi thOthreedordfewerdtypes, 0 onel
t arget, Oandt hr eelor [f ewer [t ar get Oat t ri but es. O0Lar ger - scal eld
sensor [ performancell conpari sonld requiresd thed abilityd told
accommodat el greaterJquantiti esl]of (sensors, 00sensorOtypes, [
targets, dandt arget Cattri butes. O

f . OOSpr eadsheet [Ver si onld

Al t houghUO thelI simul ationd inplenmentingd thisO thesis O
nodel Owasld codedd i ndJava, O al spreadsheet Oversi ondi sOal sold
possi bl e. O 0O A spreadsheet U ver si onJ may provi deJ anlJ easi er [J
envi ronment Jt o0anyoneldesi ri ngldt odexam ne, Ounder st and, Jor O
adjustd theld nodel’sO underlyingd relationshipsd andO
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cal cul ations. 0 O However, O all spreadsheet 0 versionld i s not

conduci velt olOscal i nglup. O

TheOJavalOsour celdcodelIf or Ot heOnodel DandOsi mul ati onOi nO
thisOthesisOisOavail abl el by cont acti ngd CPTO Mason Cr ow, [
Uni tedOStatesOM | it ary[OAcadeny, [ODepar t ment Cof OMat hemat i cal [
Sci ences, [Mést [Poi nt, CNewlYor k. [J
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APPENDI XUA. LSENSORLUSPEC! FI CATI ONSL

A. OSENSORCTYPELO
1. 0Det ectsCattri but edlbest: O

o probabi l ity sensor detectsd attributel 10 given[
attri but elllpresent (=[0. 950

o probabi l ity sensor detectsd attributel 10 given[
attribut ed1ONOTOpr esent =00. 100X f al selldet ecti on) U

2. 0Det ect sCattri but e(20poor | y: O

o probabil ity sensor] detectsl attributel 20 gi venld
attri but e[R20present [=[0. 45

probabilityd sensor[] detectsl attributel 20 gi ven[
attri but elRONOTCpr esent (=000. 2501 f al seldet ecti on) O

3. 0Detectslattri bute30satisfactorily: [

o probabi l ity sensor detectsd attributel 30 givenl
attri but elB0present (=[0. 750

probabi l ity sensor detectsd attributel 30 given[
attri but edBONOTpr esent [=000. 201X f al selddet ecti on)

4. [ Det ect st ar get [Igi venldet ecti onlof Cattri butes: [

o probabilityld sensord detectsltargetgivenld sensor [
detectslattri butesll, [2, Cand1B30=00. 950

o probabilityl sensor[d detectsltarget]gi venld sensor []
detectslattri but es(20andBlonl y[=[0. 750

o probabilityl sensord detectsltargetgi venld sensor [
detectslattri buteslandB3lonl y[=[0. 900

o probabi |l ity sensor [0 detectsl target O gi venll sensor [
detectslattri buteslCand[20onl y[=[0. 850

o probabi |l i tyl sensor [0 detectsldtarget O gi venll sensor [
detectslattri butesI3lonl y[=[0. 700

o probabi |l ity sensor [0 detect sl target O gi venll sensor [
detectslattri butes20onl y[=[0. 600

o probabi |l ity sensor [ detectsl]target ] gi venl] sensor [
detectslattri buteslUonl y[=[0. 800

o probabi |l ity sensor detectsl]targetJgi venl] sensor [
det ect sCnoCat tri but es(=0. 0250
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B. ISENSORLTYPELR2[]

N

1. ODet ectsfattri butellsatisfactorily: O

o probabi l ity sensor detectsd attributel 10 given[
attri butelUpresent (=[0. 600

probabi l ity sensor detectsd attributel 10 given[
attribut ed1IONOTOpr esent =00. 200X f al selldet ecti on) O

2. 0Det ectsCattri but e(2best: O

o probabil ity sensor] detectsO attributel 20 gi venld
attri but ef20pr esent (=[0. 900

probabil ity sensor detectsd attributel 200 givenl
attri but e(RONOTCpr esent [=000. 0501 f al seldet ecti on) O

3. Det ectsCattri but el3Cpoorly: O

o probabi l ity sensor detectsd attributel 30 givenl
attri but elB0present (=[0. 550

probabi l ity sensor detectsd attributel 30 givenl
attri but edBONOTpr esent [=000. 30 f al seldet ecti on) I

4. [ Det ect s[t ar get [igi venldet ecti onlof Cattri butes: O

o probabilityl sensor ] detectsltarget gi venld sensor [J
detectslattri butesll, [2, Cand130=00. 900

o probabilityld sensord detectsltargetgi venld sensor [
detectslattri butesROand13Conl y[=[0. 800

o probabi |l ity sensor [0 detectsltarget O gi venll sensor [

detectslattri buteslCandB3lonl y[=[0. 680

o probabi |l ity sensor [0 detect s target O gi venld sensor [
detectslattri butesdland[2Conl y[=[0. 870

o probabi |l ity sensor [0 detectsltarget O gi venll sensor [
detectslattri but est30onl y=[10. 600

o probabi |l ity sensor [ detectslJtargetJgi venl] sensor [
detectslattri but es20onl y=[10. 750

o probabi |l ity sensorJ detectsl]targetJgi venl] sensor [
detectslattri butesdlonl y[=[0. 650

o probabi |l ity sensor [ detectsl]target ] gi venl] sensor [
det ect snolattri but es[(=[0. 0250
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O

C. ISENSORLTYPELBO

N

1. (Det ect sCattri but edlpoor | y: [

o probabi l ity sensor detectsd attributel 10 given[
attri butelUpresent (=[0. 500

probabi l ity sensor detectsd attributel 10 given[
attribut ed1IONOTOpr esent =00. 300X f al selldet ecti on) O

2. 0Detectslattri bute@satisfactorily:

o probabil ity sensor] detectsl attributel 20 gi venld
attri but ef20pr esent (=[0. 650

probabilityd sensor[] detectsl attributel 20 gi ven[d
attri but e(RONOTCpr esent (=00. 1501 f al seldet ecti on) O

3. 0 Det ectslattri but e3best : O

o probabi l ity sensor detectsd attributel 30 given[
attri but elBpresent (=[0. 970

probabi l ity sensor detectsd attributel 30 givenl
attri but edBONOTpr esent [=000. 10 f al seldet ecti on)

4. [ Det ect s[t ar get [igi venldet ecti onlof Cattri butes: O

o probabilityl sensord detectsltargetgivenld sensor [
detectslattri butesll, [2, Cand1B30=00. 930

o probabilityld sensord detectsltargetgivenld sensor [
detectslattri but es(20andB3lonl y[=[0. 850

o probabi |l ity sensor [0 detect sl target O gi venll sensor [
detectslattri butesdland3lonl y[=[0. 800

o probabi |l ity sensor [0 detectsltarget O gi venld sensor [
detectslattri butesdland[2Conl y[=[0. 7000

o probabi |l ity sensor [0 detect sl target O gi venld sensor [
detectslattri butes30onl y=[10. 770

o probabi |l ity sensorJ detectsl]targetJgi venl] sensor [
detectslattri butes[20onl y[=[0. 650

o probabi |l ity sensor [ detectsl]target ] gi venl] sensor [
detectslattri buteslonl y[=[0. 60

o probabi |l ity sensor detectsl] target ] gi venl] sensor [
det ect sCnolat tri but es(=00. 0250

670



D. ISENSORO MPROVEDUTYPELD

N

1. ODet ectsCattri butejperfectly: O

o probabi l ity sensor detectsd attributel 10 given[
attributelUpresent (=1. 00

probabi l ity sensor detectsd attributel 10 given[
attribut ed1ONOTOpr esent U=00. OLJ( f al seldet ecti on) [

2. 0Det ectsCattri bute20perfectly: O

o probabil ity sensor] detectsO attributel 20 gi venld
attri but e[R0present (=01. 00

probabil ity sensor detectsd attributel 200 givenl
attri but elRONOTCpr esent [=000. 0 f al selldet ecti on) O

3. 0 Detectslattri butelBperfectly:

o probabi l ity sensor detectsd attributel 30 givenl
attri but elBpresent (1. 00

probabi l ity sensor detectsd attributel 30 givenl
attri but edBONOTpr esent [=00. 0 f al selldet ecti on) O

4. [ Det ect s[t ar get [igi venldet ecti onlof Cattri butes: O

o probabilityl sensor ] detectsltarget gi venld sensor [J
detectslattri buteslUl, (2, CandB=01. 00

o probabilityld sensord detectsltargetgi venld sensor [
detectslattri butesROandB3onl y[=[0. 660

o probabi |l ity sensor [0 detectsltarget O gi venll sensor [

detectslattri but esl0andB3lonl y[=[0. 660

o probabi |l ity sensor [0 detect s target O gi venld sensor [
detectslattri butesdland[2Conl y[=[0. 660

o probabi |l ity sensor [0 detectsltarget O gi venll sensor [
detectslattri but est30onl y=[10. 330

o probabi |l ity sensor [ detectslJtargetJgi venl] sensor [
detectslattri but es20onl y=10. 330

o probabi |l ity sensorJ detectsl]targetJgi venl] sensor [
detectslattri butesdlonl y[=[0. 330

o probabi |l ity sensor [ detectsl]target ] gi venl] sensor [
det ect stnolattri but es(=0. 00

680



APPENDI XUB. U NPUTLDI STRI BUTI ONLPARAMVETERSL

A. OOTARGETLPRESENCELIPROBABI LI TYD

o Probabi | i t y[t ar get Cpr esent O=0uni f orn( 0. 0, 0. 75) O
B. OOATTRI BUTELPRESENCEPROBABI LI TYUAE VENCOTARGETLPRESENCEL
1. 00Attri butell: O

o probabil ity attributed 10 present givenO target[
present =t ri angl e(0. 6, (1. 0, (0. 8) U

probabi lityOattri butedl0pr esent Ogi vendt ar get ONOTL
present (=t riangl e(0.1, 0.7, 0.5)01

2. 00Attri bute2: O

o probabilityl attributel 20 present givenl target[
present (=t riangl e(0. 6, [01. 0, 0. 9) O

probabilityOattri buted20present gi vendt ar get ONOTO
present (=t ri angl e(0. 0, [0. 4, [0.1) 01

3.00Attri buted3: O

o probabil ity attributel 30 present givenO target[
present =k riangl e(0. 6, [01. 0, (0. 75) O

o probabi lityOattri buted30present [Igi vendt ar get ONOTL
present (=t riangl e(0.0, 0.1, 00.0) 0O

C. OLOCATI ONLACCURACYD

o M ssdi st ancel=lnor mal (0. 0, 01. 0) O
D. OOTI MELI NESS[

. Ti med durationd ford sensordinfornmati ond tod reach
conmander [=Cexponenti al (rat e(=000. 2)

N 690



N N A A

|

N

THI SOPAGELI NTENTI ONALLYULEFTUBLANKD

700



APPENDI XLUC. LLEXPERI MENTALLIDESI GNS[

A. OEXPERI MENT DAL ALLOSENSORSHCOFCISAMVELTTYPE) U

O

Si mul ati onl] Sensor 0L Sensor [2[] Sensor (03[}

RunO Typel Typel Typel
10 10 NAC NAT
20 NAC 1d NAO
34 NAC NAO 1d
40 10 1d NAO
50 10 NAO 1d
60 NAC 10 10
70 10 10 10

Tabl e[5. OO0 Experi ment DAODesi gnU

B. DOEXPERI MENTOBL( EACHISENSORUOFUNI QUELITYPE) U

N

710

Si mul ati onl] Sensor 010 Sensor [12[] Sensor (03[

Run(d TypelU TypeO Typel
10 10 NAO NAO
20 NAC 20 NAO
30 NAC NAO 30
40 10 20 NAO
50 10 NAO 30
60 NAL 20 30
70 1d 20 30

Tabl el16. OO Experi ment OBDesi gnUJ



C. IEXPERI MENTCLY SENSOROCOVBI NATI ONCIORDER) [

O

D. JEXPERI MENTODL( | MPROVEDUSENSOR) [

N

Si mul ati onl] Sensor 0L Sensor [2[] Sensor [13[]
Run(d Typel TypelO Typel
10 10 NAO NAO
20 NAC 1d NAO
30 NAC NAO 1d
40 20 NAO NAO
50 NAL 20 NALI
60 NAL NAL 20
70 30 NAL NALI
84d NAC 30 NAC
90 NAC NAO 30
Tabl ed7. OO0 Experi nment OCCDesi gnld

720

Si mul ati on Sensor 010 Sensor (2] Sensor (130
Run( TypelU TypelO Typeld
10 10 NAO NAO
20 NAC 20 NAO
30 NAC NAL 30
4[] 1ad 20 NALI
50 10 NAO 30
60 NAC 20 30
70 10 20 34
Tabl e18. 1 Experi ment (DDesi gnl]



O

E. JEXPERI MENTDEL( EACHISENSORLTYPELVARI ES) [

N

730

Si mul at i onl] Sensor 010 Sensor [2[] Sensor [3[]
Run(d Typel TypeO Typeld
10 10 NAO NAO
20 10 1d NAO
30 10 1d 1d
40 10 1d 20
50 1d 1 30
60 1d 20 20
70 10 20 30
84 10 30 30
90 20 NAO NAO
100 20 1d NAO
110 20 20 NAO
120 20 30 NAL
130 20 20 20
1401 20 20 30
150 20 30 30
160 30 NAO NAO
170 30 1d NAO
180 30 30 NAO
190 30 30 30

Tabl e[®©. OO Experi ment CECDesi gnll
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10. O

N

| NI TI ALLDI STRI BUTI ONLLLI ST

Def enselTechni cal O nf or mati onCent er 0
Ft. OBel voi r, OVi rgi ni alld

O

Dudl ey[Knox [Li brary[

Naval [(Post gr aduat e[JSchool [

Mont er ey, OCal i f or ni alld

W

M chael OF. (Bauman

Headquart er s, DTRADOC[Anal ysi s[Cent er I
Fort CLeavenwort h, OKansasU

O

CDR, OPERSCOM]

TAPC- OPB- D[

Al exandri a, Vi r gi ni al

[

CDR, [IPERSCOM]

TAPC- OPB- BJ CMY FA49) [

Al exandri a, Vi r gi ni all

O

CDR, OPERSCOM]

TAPC- OPE- AL

Al exandri a, (Vi rgi ni all

[

Janmes[Eagl e]

Chai r man, [Depar t nent Cof (0Oper at i ons[OResear chd
Naval [(lPost gr aduat e[JSchool [

Mont er ey, [OCal i f or ni all

O

COLOGar y[Kr ahnO

Depar t ment Cof Ovat hemat i cal 0Sci encesU
Uni tedSt atesCM | i t ar yOAcadeny [

West (Poi nt, ONewlIYor k[

O

Di rector, [Bri gadelCvbdel s&OSi mul at i ons( VE) O
U. S. CAr ny OTRADOCAnal ysi sCCent er [
VEELDDI r ect or at e[ COVBATLIXXI ) O

Whi t eJSands, [INew Mexi colJ

O

LTCOEugenedPaul o]

Naval [(JPost gr aduat e[JSchool [

Mont er ey, OCal i f orni all

[

O
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11. O MAJ[Ser gi oOPosadas(]

12.

13.

N

O

U. S. CAr ny OTRADOCAnal ysi s[Cent er [J
VEELDDI r ect or at e[{ COVBATLIXXI ) O

Whi t e0Sands[M ssi | e[0Range, [OONewMexi coll
O

Pr of essor OSusanSanchez[]

Naval [(Post gr aduat e[JSchool [

Mont er ey, OCal i f or ni alJ

O

CPTUOMVasonICr o]

Depar t ment Cof Ovat hemat i cal 0Sci encesU
Uni tedSt atesCM | i t ar yOAcadeny [

West (Poi nt , ONewlIYor k[
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