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Ill tllc A S A S  ]’rogralll ~)f[ice ‘1’cc]I]I:Lw I.]lr(lsl+ C)[I Al]t~)][lirt(>(l h’~)(litl Analys is ,  .11’1,
lIM cIIcK(’11  tc) atldrt,ss ii ],rol,lc]ll of lll:tjor  aIjIJlicatio]]al sig]lificallce to tll{’ 11S Ar]l]y,  i.(.,
(;ritical 1{(’10C/itiil)ll’ ‘1’arget (C I{’1’) idclltificalic)rl atl(l  gmloc:ilioll. ‘1’]11S <Iata fllsio]t  I,rolk
lrr,, Conlwccs  two issilm flltl{latllcllta] t<) 111(~ <I(,vt,lc)]lll]t’llt c)f l{(cc~li]l:tiss:lfic(,  Sill\’[’illilllC(>

aIId ‘Ihct ical AsscsstII~,IIt (1{.S’l’A) tCCl II IOlr)g  Ly: [,tlalllill}(  real -till]c cal)al~il]ty  for itl-sitl) lJf<)-

ccssitlg of t:ict ical  illfclligetlct’ d a t a ,  and (lcvclc)]~illg!  a l)ara(li}~tllatic  fra]]lcwork afiit>~ial)lt,
f o r  itlll~l(]ll(llttitic)tl  011 C()]lll)ll  t.:lli C)lliil ])latfc)lllls  ratlgitlg  fro]ll s~tri,t~ill;i]lc(  sal(>llit(,h  t{)

1 Ilgg(xliwd  w’ol, kst at iotls, }}]lal)lillg col)ct])tlial  ali(l  co]]ll~~lt;ttic)li:il  fo[lll:il]sltls ar( cllv(l-
ol)(d, that syt]rrgistica]ly cxl)]oit li]l]itc(l sf. tlsor  sigl]titlgs  of  t,]Ie]IIy fil Cllltl(’$ / (>(llli]~tll(’rlt
all(l associated Iogist  ics s[II)I)ly t rain, t (irrai]i  feat Iirm, Order of t.lic l{at [ l{ (01!) kIIowIl((lp,ts,
a]I(l ~v(~atll(’r itn[)acl 011 (I p)rorl kIIOWII  ttlol~ility  cllaract(’risl, ics of a forc( vtit Ity, t () I)]((lict
j)](wlice CIIVCIOI)CS for (;1{’1’s

* ‘] ’]l]s WOIk is  sl]l)l)ortml  l~y tll(, (1S Ar]lly  A S A S  l’l[)~~r:~l]l Oflic(’ ‘1’(’(’lll~:ls(’ l’log!,lillll 011 “(’ollCllll(’llt

I’r[)cwsi]]g  A]l])liciltic)tls  for ,Ioillt ‘I’act ical  IJllsiotl l’rol)l(’l[ls”, (:olltIa (’t NAs7-!)l  N, ‘1’asli O[(lt’1 1{1:-’2:+2
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I. lN2’1i.(JIllJC; ~’JON

‘1’lIC [Jrirllary ol)jectivc of tflis data fllsio])  task is I{) (levtloI)  aIL Autot]]atttl  Nodal  Analysis  ( A N A )  sys-
t(r]], (Lllill)lillg Co])ct’])tllal  and ccJ]liI,llta[ic)ll:\l  arlalyst,s it! tllc ill(>:L of lr,telligetlcc l’[c[>aratiotl  Of tll(’ I~:ittl(’fi(’1{1
(11)11), ‘1’tlt Illai]l  foclls is lflc  itlvrs[igatioll of scv(ra] at)alyl ical  i~rol]leriis  Ielattxl to (i) force  st rltctllrc cliarac-
tv]iz:itiot],  (ii) StOCliiiStiC  Ii Iod(’lll Ig for tactical i]lt(,lllg(,llct,  (Iafa alialysis; aII(l, (iii) l)tcdictilig  a]l(l ~’ali(latillg
]]rcsctlce e]lvelo})(~s of IIig]l  Val IIe / IIig]l  l’ri(]l  ity, fix(’(1 allcl Illol)ilr  r(l(]catal)le t a r g e t s  (lIVrl’s/ll l’’l’s).  A s

IIigllligllled ill l’igllr( 1 , witlliil  tllc 11’11 IIlfvrc]lcc  l,a(l(l(’r,  0111  Systt,lll  i s  dt’sigllml  t o  C(jllt’lii((> 110(1(+  to Iltlits

aII(l units to sitri~itiolls. S}~mific ally, w(, foclls  otl ll\’’1’s/lll’’s’s t  Ilat c:~rltiot I)c gt,oloc:it  e(l I)y t tle (Iircct  cx-
]Jloitatioll  o f  alIy sitlglc, iLutorIIatd itltelligctlc<, (Iatit  collt, ct ioil :iSS(,  t, SIICI1 as lillag,cry IIltcllig(llce (lh41N’I’),

o r  Sigl]als IIltclligmlce (S IGIN’J’),  or I)P dcterltlillt’(1  frotli  alI i n i t i a l  WI c)f eIIel IIy force  Clelllc]lts  sigl]titigs.
‘1’llis I)rol)le][i  is t~xtm>niely cllallcllgillg  dlle to tyl)ical skewt Icss i]] tlkc det)sity c)f iIltclligc[lce cc)llcction  a s se t s ,

and/or Ilostilc \\’e:itl](:r/fc)li agt:/trrrziill colidil io~ls ill tflc t I]c:it er of ititr>rwt l{a[)idly  cllatlgi]lg  I)attfeficld colI-

ditiolls, carl]ollf]age cc)llIllcrII]e&sllr(’s, and i]lllovat  ivc t act ical  st ratcg.v  l)y tlIf’ elIcl IIy corllrIlaIlderl cal  I otIly
fllrtllcr exaccrl)ate (~1{’1’  acquisitio]l OIIly  ill 111( sitl]l)lfwt case, otlc  ]liLS  to (lea] w i t h  sitllat,iolls wllert,  k]tow]i,
I)llt  CiLIIIOllfla~(’(1 <;]{”1’S  arC soll~llt, (’~])liCltly. hl(lI’C Oft(’lll o])(> faces i[la(lulllatc kiiotvlr<lgc  al~out, Cl{,rl’  cla.sscs

(e.g., “1’1;1,S,  h41;I,S)  a,,d (IR’I’ ]]unll)ers actr,ally ~)r(wl,t  i!, tll, tllr;ittr o f  i]lttrest. ‘1’lieir ])rcsl,tlce  Illust tflcr)
1)[s itlfcrrd fro]ll Iirl)ittd siglltill~:s  of e]I(]IIy  (>(l\liI)llltl]ts/Ll]llts  alI(l a s s o c i a t e d  faciliti(,s, Our  ]Ilet I;o(lology
(,]ltails synergistic exl)loitatio]l c)f~;]c)ll]i(l-l):isecl, iili-l){)[tl(, aII(l sl~iic(~l)(Jrll(~  lhf IhT’I’/,S1(;  lN’l’ ass(>ts, for itlferi]lg
tlic I)rfw,l[cc  o f ,  dc:tectitlg a]l(l (liscrilllill:ititl~ (~1{’1’s ‘1’0 t  Ilis f’fll’Cl 0111 al)[~lOilCll illt to(lllc(w la(lically Il(!\v

],:ita(ligtlls i]] s]llart illlelligmlcc  d a t a  a)lalysis. l)rovisiorl  o f  sllcl I a ca])al)ility, [)ot.vtlt ially,  :illows  for ]llajor

lc(lllctior]s  ill collcctio]i  ]li:tll:Lg[’lll(>tlt overllcad  aII(l illtcllig(llc(. iWS(>t ttL\klllg CYC](%

‘1’llcrw  arc Lllrec I)ritllary ttcllllic:il I)rol)lelt]s  ill (Itv(,lo[)illg  iiccllr{ltf’ (~1{’1’ /!(wlocatioI1 ]]r~dictio]l  stratf -
girs:

0 A!(IC11171[ 1{(]) 1”[s[ 711(112011$’: givc]l  tllf, sl)iit ial, StiitlSti(al  atI(l (Ioctrillal itlt(rltl:itlc,llsllil]s alllollg diflir(:], t

tllilitary c([ui])lllc]lt  clltili(,s, d(,trrtl]i]lf’  lllatl]t~l]latira 1 lf’l,lt>SI’llt iltlCJllS t h a t  Ciill  caj,tllro  tll(’ Ill)(l(rlyiilg:

r(>lat iollal illvari:illct~s. I+kolll a CC~lll[)Il  t;ltl(lllill Ii[,ls[)(,ctivf, It IS f’ss(’lltlal tllilt tli(’sf,  illt(’lli}:t’llc(~ (I:ita

r(,])r(sl’l]t;ltic~lls  I)(’ illllllllt](’  to S]):iti(lt(’li ll)[)liil  (Illc(’llallltits lll,j(’(t~’(1  I)y Itltclllgt]lc(, collection iLW’tS, as

w(, I1 a.< cal)trll(, tll(, t(,ltll)oral (Iyllaillics o f  fc)l(( ~tlll(l{ll( (~ollltloll”

o  l“ol’(’t .W1’u(’t?ll’t Cll(ll”(ld(  1 1 2 ( 1 1 1 0 1 1  (Fs(:)  0 1 Iv’(llp(d ,\’l//)/( )/1])  1(1/f  1(/( !If?jic(llton: givctl  aII arl)itcaly
s(~t of coll(>ctmi sigllf  i]igs  (of  force st ]rllct Ilre clt’]]]t’]lts) cllalact.cl i7t~(l I)y t li(ir Iocatiolls  ;LII(I sig]l:il  Ilr(w
o f  associate(l e(lui])rllelit, col]]])lltc  all o](lvril)g  0[ a l l  I)lallsil)lc  ciill(li(l:lt~ (Ioctri]lal tt, t[l])lat(>s/rJ’ [)l’;s,

alo]lgwii]l t lIe dcltlelltal correlatio]]s to t 11(, warl)t’(1 “sollrct~”, sllcl I t.lliit tllf, Collrct(,f] (Iat:t ]Iiaxitllally
s a t i s f y  c.ollst, rai]it,s  and c.o~ldit. io]ls iln}~ose(l I)y l~rt,(ltfil]((l  l[lod(,ls  of Illililary (Icl)loyllirt]t.

o  J’07c( l,ocafi07/  }Jt(ffiffion (l ’ l ,  } ’ ) :  IIdvit}g i<lt’l]~]fit(l, w i t h  il 1( ’ilSOIliil)l(”  (It’gl(’(’  of collfi[lrllce, a ])lalwil)l(
SCIICIIIC o f  ]ni]itary !nalleuver  for  tflc (I(,t(,ct(,(l 111111  01 folc(,  stlilct(lr(,, I)t((lict liktly local iotls o f  fc)r(t
strlict,llrc clcllle]lts ]iot  sigllte(l, it’., Ilot Itlclll(l[’(1  III  tllt~ itl])llt solllc(, slll)tt~tll[]l:kt,(,. Il]rt II CIIIIO N,, df~t (~r-

)I]i]lt’ Ilearl)y frwsil)lt,  :ircas of lllo~’1’tl]([)l f(JI a l l  (lt,l]](’llts  [If tll[, I’c)I((I stl~lctll[f, l~stll[lat( tll( g(wlocaticlll
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Figure 1. Intelligence Preparation of the Battlefield
(IPB) Inference ladder.
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Itlanifold  of colwlitrlcllt CRT1’s ill cxmjullctioh w i t h  tlic sitllatiol)al sctllalllics, i]lclllding tcrrait!, foli;l~t,
and variatio]ls ill elIerIly  stratrgy.

“1’]1(: out])llt,  o f  all a:lk)lllatd situat.iotl assfwslll{llt sysfc~lll tllal a(ldresst,s tllc al)c)vc s])f’cific l)rol)lt~llls,

would  Im idelllifid llV’J’s/lll”lk aII(l Illcir prcdickd gdocatio]l lmnifold.  Cl{rl’ l)rwwllce  call  Ilim] cilll(>r I)(I
rwditlattd i)y t.a.skillg  (](X]i CZLtC(] lhfl N’I’/Sl C;l N’l’ il]tc]iige]lct: a-w’ts,  or dirccl]y  I)rovidcd  1 0  all illtrrdictiotl
f{L<klll~ systtull. Alterllatr>ly, it could  Iw ftd to tactical IIlc)l)ility  analysis and itltcllig(’llcf trackill~l  sys~(~[is,  for
colltillll(!d  111 OllltOr’111~~.  ]’rior tc) t]iis J1’1, cfk)rt, t ILcrv was IIo IIlell Io(loiogy that coll]d  sat isfact orily a(ldrtw al]
lIIC aljow,  l~rol~lrl[ls,  or  carry  0111  t’vtll sit]i])l(’r cc]llll)llt:itic]lls  ill IIard  real tilll(’.  Ilel Ic(’, ill rw[~otlsr tc) CVCIIVIIIK

(J. S. Al-thy Ilteds driv(ll I)y tllc clll(rgil]g  “tIVW wot 1(1 oldvr)’, we IIavc fcltlllalinxl  a  ])owrtf[ll  Ilew t act ical
illt,e]]ig(~]lcf, Illode]illg atl(l al]alysis ]Jaladigtll, (list cc)llll)illf’s ad\wtlces ill sf!vcra I Ill:itlltlll;itic;il discil)lirlfs  1{)
a.s.ses.s all(l deal wit II I)ot. tl cc)l]\r(,lll lC)lli Ll alI(l tIovrl t ac tical t lire;  its l~o.scd I}y I) road Cla. ww of ])otclit  i:il (~11(,1111(’s.

11. N41’;”1’11 [) I)[)IJC)GY OVEIWIEW

No(lal  A~lalysis  i s  ]Ic)t a  ],(,w I)rc,l,lel[l  fc)r tlic a]]]]y.  It ]las  I)wll  st Il(licxl fol c)ver tlirtw  (I(cad(>s [ 1  ,2,3],
atld ]IILQ I)(>cII a Iiry tllrllst ill a lllltlil)t~r of l) AI{I’A I)lograllls  (c. g.,  AI)ILII+X [4]), 1~’1’Is  (~’.  g,., ‘I’AC; hTI(; ’l’, n<; S)
atl(l  otllcr 1)01) efk)rts [5]. ‘1’lle I)lllli c)f ttlwc I)rograllls nil V(> tlieir 111{’ll[c)clc)lc)gic:ll I)asis  III discil)litles sllcl)

a s  al-t ificial illt.t,lligetlc(,  [ e.~:. , llll(~-l)aS(’(l systctl]s ], (;r:i])li-’I’llt> c)ry, Nr(lral Net\vorlis,  S t a t i s t  ica] Ik>clsioll

‘1’llrory, Si)l)lllat((l At)tlcalirlg, I’u77s l o g i c , all(] ])yllallll C ])l’C)~r al Illlllll~.

Nodal atlalysis i s  I)riillai-ily  a sl):ltic)-tollll~(]r:ll  I):lttt’rll  lllat~lliru$  1)1”01)1~’111 ]1(’tlc(, IIardcc)(le(l  A l  I ~iles
callllc)t  reso]w t]l(’ Collll)itl:ltc)ri:t]  cxl)]osioll  c)f l)]allsii)lc a]tt’rl)ativ{’s  frolll illcoill~)]t’tc  dat:t. A  COIIll)(L(’t (ly -

IIal]]ical  r(:l)rt,s(’lltiitic)l]  of tilr_ti(’al sit uat iollal St[Lt(%  is w(vL1 ial 1 0  A N A .  ]Iut t yl)ical Al dat a struct III(W,

Sllc’11 i~< fratllvs, c)r s(’]l]a)lti~  ]It?t.s ca]l)lot  (Wit]l t])t’ (>~~(tj)tiorl  o f  scrl])k) a(]r’(lllat(’]y  aCC’Ollllt fOl ()]] VtLlldl)l(S

SUC]I  fLS t,erraill, rank attrit, ion and tactical crilica]ity t]lrx>s]lolds,  Alsc), for)llal A l  (t]]at illc]lt(](% i[l(lllctivo,
(Ie{lllc{ivel rvi(lelltial aII(l lLcl]ltllc)llcJtc~tiic rezwlli]lg) lacks IIl(>tllcj(lological tools to :i(l(lrws t  II(, (, VOIIII i(~ll (If
t a c t i c a l  sitrlalic)ll  I)att(,rlls (Irivetl I)y lli(l(lell  lc)gic, Illldf,r  l)artl<l]]y  avail  al)lc  itlforll)atioll.

ltl a si[llilarvt’ill, rcl)r(s(rltELtic]lL of (Ioctrillal  kllowlfxlgc  with li{’llr{)tllorl)llic  strllctllr(s is I)ot(lltially l)lt)l,-
lclrlat ic. l’irst Iy, doctlrillal tefnl)lates ar(> rq)r~>s~lltr’(1  011 difhr(’llt spatial s~al~’s (~)g, ,fratlgill~:  Iotll  l~w lllilll

1  S(llliLl~ IIlile  tc~ over 1 0 0 0  s(ll)art lniles), alId  Catlllot I)(>vlcwt’(1 :Ls st all(lardlzc(l grl(l-l):~sf’(1  l)llagt,  l)al l~,llis
Srcol](lly, IIvllral  t)(’tivorks  catl  (Jl]cc)(ic tile itl)])act  s i t  Ilat ic)llal ])aratllrtcrs ((’g,, tf’llal]l, \v(at  11(’1 Colll(’xt$)

c)]lly a l)lio!i, it>., t(>rraill  fcatllrm I)NOIII(J l~art o f  tll(’ (>tlcc)(le(l  t(ltll~lat(,. l’wt t’xl)(li(~llc(’ w i t h  ‘1’A(:NI;’1’  [:)],
t h a t  s~lflcr(’d frottl silllilar liillitatiotls, II:LS slIc)lvlI that th is  s(’v(’wly constrains syst~>lll  (l~>i)loYlll(>llt III (Ilfl’trtllt
tllcat(’rs c]f il)tcrt’st I’llrtll(,llllc)ri,,  Ilellral IIetwolks callllot cllrltlltly I(arll, ill rrasorlal)l(>  tifl]t, lllVall:\ll(’(S

rllll)mldd ill Iargc S])iItiitl (Iatal)asm  o f  lligll-(li]ll(’l]sic)llal It>tlll)lat(’s. ‘1’lI(J  k(,y Iitllit at, ion of tIt,llt al Ilct works Is

]Iow(wer tll(ir illal)ilily to (Ical with t]igll (I(gr(,(s c)f illforlt)atioll illcc~lll])l(,t[,tl(,ss. l’or accllrately rtcoglli71[lg  a

sollrc(, (Ioctri]lal tt,lll])lat.c, licllral Ilf:tworks,  itlli)l(,ttl(’tlt.(:(1  [1S [LSSOCl; ltl V(’/ll(’t.(’r C)-[LSSOCl  F1t ivc ]11(’lllori(,s,  r((lllil(

a s  i]l]~lit a lal-gr  fraction c)f tile ])atterll (Iy])ical]y o v e r  80 l){>rcvllt). SIIC.11  a reqllite[llrlit callllot l){’  SiLt isliml

itl Illilitary real i ty . 1!1 gct]r-ra],  olily  20 t o  40 ])crcrtlt c~f tll( forcr stlllctllrr ele]nrlits rllay  I)( sig~llt((l al](!
avail al)lc  for ill])llt  (c) tllc force strllct~ltc  cllar:ictt’li7.:ttic~ll  systelll. l’rv~’io~ls (x[~crl(’llc( itl(lical  (’s tliat irl  SIICII

C&W’S  tll(> })101)](’1[1  Of Slllart]~ aSSl~lll Ii}\ (l{’fall]t S (1. (’., “1’olct,  (leltl(,[lt siglltitlgs  [LS Ililtld] corl(lit  ions’” ) Is Ildl(l(>l

tllitll tll( l)rilllary forct strllctlirc trl]ll~latt’  cllilr;tct~liz:ttiotl  ]~roljl(tll.
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‘] ’]1<’ overall  sysl.f’111  M’cllltWtllM’ Is Sllllllllarizl’tl  Ill l“I}:IIM’ ~. A  IIYI)IICI r’olIII)Iitat  l(~llal a]jl)lc)actl  ]I:LS I)t)rti
adol)t.  cd} f  IIal co]lll~illw  el{:tllrl[ts  fro]]) Varlolls  Illal  ]iel[lal  i(’iil (Iiscll)lill(+  sllcll  a.< g,r:il)ll/llyJ)(’lgriLl)lL  t lImry,

Ilrllral ftet works aII(l gwltlc(lric ])rol)al)ility tfl(oly.

111. EX’J’1{.AC:2’INC;  I) OC:rJ’IIINA1,  l’Eh41’l,A’I’k;  lNVA1{l AN’I’S

A  key cotillmll(’]lt of tflc  A N A  syst.P1t  I is (Ilc S(}](T1 lC)Il Of  al)]) roI)112itfh llla~]llllf,  r(>l)l{>S(>l  lt{lti C)ll S (II;L1

Cilll (“t Ic(I(l(’ 111{’  illv:iriall cm+ Cllaritctrlizitlg  variolls scll(:lll(w of Illarl(,uv(,r f o r  diff’f,trtlt  forcv  st rllcl  Ilr(s III
])itrti Clllilr, r(’l)r(’s(’llt;ltic]tls  tire sollgllt tflal Call tllli(]llrly arid  cor Iil):Lctly cal]tllrc ttl( irlvariallc(s (IIII)(I(I(I(vI

ill (’acli f o r c e  slrliclllrc te]]l])latr,. II) tfie  se(lllel, w(. trt.at em-l] scllcti]r of !llallcilv(,]  (t,. g., :if. (.ack,  (If>ft,lls(,
I)urstlit,  \\’itll(lrilWal, (,k,) corres])oll(litl~ to :i f o r c e  strlictllr(’ (t’. g,,, Mo!orizt(l  l{ifft’ l)ivisi(~ll [Ml{])])  m a

lllli(i~lr (Ioctrillal telll])l:it,r:. ‘1’11(, s t r a t e g y  wc IIaw, CIIOS(TII  for etlcodillg  (loctrilla I t(~llil)latw+ (,llt ails trallsfollllitlg

III(’ t(ll]])lat(> to a  (lo~l]aill, irl wllicll  tflc  ull(lrrlyi]lg  lllorIjllolclgical  :alld to])ological r(lati(lllstlil)s Ijctwwll  tflf’

(Iifl”i,rt’llt  force elell]rl]ts call  easily l~c exlracted.

3 .1 . C~()]llI)llti]lg  M{)ll}ll[>lc)gic.{11 l]~varjal]t,s

\Vr  I)(,gil] I)v r(,callirlg  a  Illl]lll)(,r  c)f I)asic  d(fi]]itiotls. A(lditiollal (It(iiils  CaII l),, f’ollt Icl ill stall(lar(l frxts

(,11 (Iiscl(,t(, llliltll(S1llat]CS  [(j].

l\(llllol]) l/l\ hi. (liv(,ll  a  [)ZLlr  o f  [(>tlll}lat(s I’1 aII(l I\J, atl isc)lllor[)llistll  I S  a 011(,-IC}-OIIC r;ial~lj]ll~  @ flc~l(l
t II(, (,ltlll~llts  of 7’1 onto !Il{, vt’rticw of  1~, SIICII  t  Iiat q+ })r(w,rlf(w  a(l,jac(,  tIcy aII(l Ilot)-: i(l,j:lc(,liry  of tll(’ forc(,
1> (~lll($llts

(:/1(11 (l(t(l!.\ilf hf(/ir71: AIi Al * ( N  -  1 )  II]atrix X SIICII  that t.flc (1(,111+,11( x,,,, ].s III( strit)g  collciit.f~lliltioll” (If

corrwl)oll(lilig  (’1(’ [1)( ’111S 7“i,,,  all(l  ~:,,, .

(:11(11  (lrt(lr$fl(’ V((i(ll’: Ail N  vt’ctor  x  SI]CII  t h a t  !11(>  (,1(’]ll(tlt J, r(l~l(s(’l)ts ii Io\\I of tllf (~liiilacttristic
illatrix X.

l;lll!  11(’rttlc)rt’,  ollr Inetllodology’  cxI~loits  two well k]lowl] tflwrtllls ill vxt rct]lal g[al)ll  t Il(wry:

‘1’A((~7( 7JJ f: If C; is all N -  verkx 1-cali7atioIi  of a (list allcc lnat rix, 1 ) ,  tlle[l G is IItii[l(i(
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‘] ’(s[lll)lah’ (’)lCO(l]]l~ lllto ~11 a]~(!l)r<tl(’  r(l)r’~%(’fll{lt 1o11 ill)])l{)l)li;lf  (, f o r  aIIk)III:il( ’cl II(~dal a]lalysis ca]l ttl(lt l~t
c a r r i e d  otlt, ill Ilie  followitlg  Illallrlcr:

[1] (~]l(lo S(> ;111 a(]~FIC.Cll  C.y r’ll VdOl) rW]lll S, to coliver[  (Ioctritial alLd IVarljcd  l(>tli])lal(>s into (Iir[>cte(l graI~l)s
IJal,t,] a l l  t,dg(’s I)y ttlc I;llclidcall  (Iistatlcr I),twtttl Ill(ir icrll]irlai v{r[icw (forcf slrllct,llr{,  (,l(,lllclit s).

IIW l’lc)y<l’ s/l Jjikstra’s A1l-1’airs  Sl]or(est I’attl Algc)ritlll]t [ 6 ]  to collll)llt(~  tllc distallcc Iilatrix ‘1),
corr~’sIJoltdillg  to t lIe gral)tl-t IIeorelic sllo[  LIWI I)at II l)(,t.lve(,tl ovt’ry l)ait  of l’ert i c e s ;

(l(,terlllili~  tll(, adjact’tlcy that,  rix, ‘A;

Using  dist  atlcc a]id  adjacency that ric(s, COIII1)III[’ tll(l r o w  all(l  coltl]liil cllaraclrristic IIlatlicm ‘1{

a]i(l ‘C; of tllc graI)ll;

(kJtiIIJosc  Illr corrt!sl)c)lldillg  rows of ‘Il.  aIi(l ‘ C ;  10 (I(terlllirlc III(’ cltaract(’ristic I[latlix ‘X

[ 3 ]  Si][,ilarly col,)~,utc  ‘]}/ , “L’ a]ld  ‘)X f o r  illl)lll “warl,etl” slll,te],],,latr “7’,

III :Itl(litic,]l  10 collll~actly  ca}~t\lring  tllr sl]at  ial )ll:~llif(~sl:tlic~lls o f  IIlilitary Ilit>lalclly, ttldt ill($ ill(lcl)(>[i(lcllt

o f  lIIC tllcalrr of (Ic,l)loytne]lt,, tile Row-( k)llll[ltl (1{(;) cllaractr,rlst,ic  llliltlix r(])l(w(’tLt a t  ion 1s al t [act lvt’ fc, t-
atlalyxilig  111(,  tellll~olal (>volllt,ioll of  force  strllclrlr(>s, SIICII ;L< altritiot) iilll)act atl(l  r(,gro{ll)itlg,s.  I t  call  1)(.

(Ise(l f o r  tt,lescol)itlg itlto s(ll)str\lr-tllres \vitllill a forct> strllct,tlrfs, at variolis  I(>v(,ls of r~,solllt ion Also,  ftotll
fit] illll~l(>lli(>tlt:itic)tl statldl)c]ilit, tllr Illatrix forl]l o f  rt’l)rcsetltillg sI~ati:il  olgalllzatloll Is IIlgllly  ii(l\’il Iltii/\(C)llh

fol slllm(lllellt (1(>1’tlc)l~!ll(llt c)f l~arall(’1 algoritlltl)s.

l]) (,r(l(.r to rmolw sl~atia]  llllcertaillti~w, ollr Illctllodology  cxl)loits Ieslllts frotli stocll:Lstlc  illt(~ral g(wtlI-
(,tly  [7] aII(l g(wtll(’tric I~rol Jaljility tllwry [S]. ‘I’ollolog, ica I (g(wlll(lric)  lIi(:tsIII(w al, c(~llstrllctf(l I(, laI~i,lly

i(l(>lltify all(l cal~t {Ire illvaliauc(’s Illl(lrrlyilig  folcc cI(LIII(*III olgil]li7:lt  iotl witllill  a fi]rct, stlllctlll (’, ill lJiiltl(’ -

Illar t  II(J fl(’xil~ility itl s})atial  I)lacclllcllt  (doctrilia]ly  ;Lllowk’d, IIlill-lllax sl~atiiil  elasticl[y Ijrtw(’t,li  tw(] folct’
t~lcIIIvtI[s), Ill ])articlllar, w e  seek  a 7/ifasu7(  for  (INII f o r c e  stlrllct\lr~’  lelllIJlate, t Ilat is illv:iliallt tr) sl~at i:kl
})laccllierlt  of elolnclits  during warl~illg  tr;lltsfc)rlll{ltic]lis. l,et < (It>llot( [IIC sot  o f  all IJossil)l(  warl~illg  tlall+

forlltatiolls. l;or  Ille  FSC l~rol)lelll, it i s  sllflicit,llt t o  Iilllit olltselvcs to rllt~a.sllr(,s lvlllcll  CaII l)c t,xl)rt,sstxl  IJV
lllllltil~lf’ irltegrals of tile fortn

?rl(v) = I f ( v )  (Iv
.V
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]~igure 3. Chwrlapping Disk Scparatjor]



.

SUCII a r(.l)r(s(~iltatic)rial  Illliqllcliess f a c i l i t a t e s  tllr ral)id (Irci!llatioti o f  lflr scarcll sl)acc. It is  illll]lc-

ll]rlltrd I)y illstallliatillg a  filkr collst.rlictd using tll(:zLsllrc-tll(:c~r{’tic argu]llellts. ‘J’lle tratlsfc)rlll  iltic)ll  utlder
cc)llsi(l(~r:it,ic)ll  Il:is its tllrmretical  I]aws ill tlIc  J’dllII I)Isi77L?ltjo7J 7’/Ico7y [8] f o r  IJoitlt  }Jrc)cesses ill l’;ltclidcali
sl)ac(,s,  as WI(,II as ill a ]ICW t,rcat,rllcllt  of l]IC l)robl(,lll  of }~rol)ai)ilis(ic  (Iescril)tioll o f “ty Ilical clelnrllts” gcl I-

(,lat.r,(l I)y gcmlllctrical ])roccsses. ‘1’1[{’ latkr ctLII I)v rtdllc((l to  calc[llatiotl o f  itltelisities o f  ]W7TII  p70rfssf.s.
l{t’call tllilt a  I)oitlt I}roc.css ilL a  I)ro(llict sl)acc ]’; X h’ 1S a  CO]](’CtlOll  O f  1;111(10111  K’(’a]lZatlOllS Ill t]l~lt. S]) ZLC(’,

r(~l~lcs(,tlt,(~(l  a s {(ci,.f, )l I [i C ~;,.ft C I“}.

‘1’11(  1’(1/711 dtsf7ih7(flf~7~, II of a  Itralls]atioll (7;,  ) Itlv:lriallt, fillitc illt(’[lsity,  I)oillt l)rwc(sss ill N“ i s  d(fill(,(l
t o  I)(, tll(, cotl(litiollal  dlstril]lltiotl of tllc ])roccss. ‘J’llc illll)ortallcr o f  tll{’ l’allll (Iistril)lltiorl is root(>(l  irl tltr
f a c t  t h a t  it lJtc)\’i(l(s a cc,l[l~~lct( I]rol)al)ilistic (I{scril)liotl of a g,twltlctlical l~roc(,ss

‘1’11(’ l)altll (Iistril)tltiotl  calI I)c exl)rcssd ill tt~rllls  of  a  Iml)esgll( factolizatioli o f  tll( forth

J:I, N” , A ],N X ]] (3.2.2)

wller~, A  all(l 11 colllI)letely al]d  lllli(l~lely  d(:trrll]ill(, tlic sourct, distril~lltioti  }’ o f  t,llc t,rat)slat,  ioli illvarialjt
I,oillt  I)r(,cess.  A l s o ,  F,’PN* de]lc)fes tltc f i r s t  Illolilrrlt lll(,a.s~lrcof  III(, l,oit}t ]~rocess a]t(l I,n is a l)rol,iil~ility

Illc:isllrc.

‘1’11(1s,  w(’t](,td  todctcrlni]leA and II wllic]l  call  tllli(lli(>ly {~llcc)(lc tll(fc)l-c~st rllct.llrf ’ t(lll})late. ‘1’llis is acllirve<l
l)ys(,lvIIiI:at, :\l~~)rc)])li:it(  >s(`tc,f t(lll:itic)l  lsillvc)l\,illgl'  :kllll IJistril)llt ic)tlsc)f  stocllzlstic l~c)iilt I~loc(wws ill N“.

Qlliilitaliv(’ly,  a I)alllk (Iistril)lltiot, Cal,  I)e etlvisiotltd :L~ (If.sclil)ir,g  tli( IJackil,g l,roccss c) f llc~ll-itit(rs(clill~;

Il(xil]l( “ljalls’), wllicll  othmwis(!  d o  not  illteracl. ‘J’IIv “tellll~latt’  tl-:illsfc)rlll:ttio[l  illgorit]llll”  tli(’11 (1(’lloks a

I,ror(,(lllr(> Wll(,]-(,l)y c)t]e attrtlll~ts tc) ]~lac(, a  I)all ill tl]c al~StlilCt s])acc Illl(let collsi(l(r:itic)ll, Sllcll t h a t  I1lacillg

of a  rI(, w I)all (Io(w Ilot, (’ffcct otllcr l~alls. ‘1’llc l~roc(’ss i s  gral)]lically  df’])icte(l  itl I’ig[lrr 3 .

IIlor(lcr  to(lrterlllitleA atld  11, \\cll:~v(il  Il}~lflll{lit.(  >(ltllt,fclll c~\\'illg:ilgc )ritlltll (lll(:Ls(lr(-tll  f'c)r~tic filter):

[2] ‘Il,r c{llla( ion II:. @*J’ is solvd, wllerc 11 (I,)lot  (s t Ilf 1;, - ii]\’tlliiillt,:lIl{l (-) rt’[lrw’[its tll((listril)lltiotl
of kIIOW II I)oil]t  ])roccss. 'l'llca l)c)vt'(  (lLl:Ltic)llftl  t:iilssc~l \illg~t(l i]lvtrs, l~l(~l,l(t,,.

A  Illlllll){r  of alLalytical sit[ll)lificatic)llsztr(>  illvofi~xl torllal~lc tllc coll]])lltatioll  of A  it]l(l 11 ill r(al-till]t

3 .3 . l’rc)l):ll)ilistic Cordrrtiml A]golitl~]ll
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Figure 4(a). Elliptical Error Probability EE1’.

Figure 4(b). CollapsiIlg Azimuth InforIl~atioI1.  (1’rojecti},e  georiletry
technique to desire density distriblltior~  functiorl  for
interclenlentat distarlcc
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Figure 5. “corridor” of Spatial Stochasticity  for force elements with pairwrise
infraction, (Find measure for sets of geometric objects (manifold)
with the property of being invariant undergroup of transformations)
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Figure 6. Pseudocode for subgraph isomorphism  algorithm

.———. ._ ___  .—._ —..-.
pla te  Par t i t ion ing  A lgor i thm I

I ‘--1Correlate using distance and ~fi~~$~
adjacency constraints .$.,, +, +/’;:;$’:&<f.. ,



‘1’11(  trallsl’(,rml  o f  a IIy]]crgral]ll i s  (l(fitle(l to I)(> a  set 1’ c b ’ ,  SIICII  tllJLt

7’ r-) 7; +

‘1’lIe ]Ilitlillllllll t r a n s v e r s a l  i s  (l(LfiIied I)y s(1 q’ f) l;.

to IJ( t 11( I]li]litlllltll  Illltlll)cr  of IIod(’s ill a trallswrsal
1 ,  to r(>l)rosellt tllr Illitlillllllll trallsvtisal of If.

() for all i

‘1’lIc fnlwsuf7sd/  nuTJLlJf7, T(n) = Mitlll’1, i s  (1( ’filird

of I I .  ltl ollr IIlo(l(’1, ass]ltnc tllc lvarl~c(l illl~lli t(,)[ll)latr,

IJsillg  a  gr:t])li-tll(’clr(tic algoritllti) l~ro])os(d I)y CJlllati, ly(llgar a]l(l IIarllell [9], wc corrll)~ltt’ tflv first

l]lilli]]llllll l[ililSV(’1’SaI  over  al] tellll)latcs it] Ille  (latalJ:Lw’ and tllell co]lvolve  i t  \vitlt  tllr itlljilt.  ll:tlotirlg tflv
t  lallSV(’lSal of a ]1~1)(’r~laJ))l  1)~ ‘If(.), t]l(’ fOllO\Vlll~  Stt’j)S al{’ llllj)l(’lll(,llt{>(l.

‘Jial]sv(:rsal C;ollll)lltatioll Algolitllnl

[1]: lhl(]lllill( hfl,,  N =- { }1,,  }/,, ,IIL}, wl,(re 11~, }f~, }1~ dcrlot( lIy]I(lg:IfilIIIs ol,taitl(,(]  I)y

I)allitiot]illg t lit,  f(,lcf sII(I(IIIIIw iritc~  a  f(,i(’st c)f gral)lls

[2] S,lcc(sslv,ly (I{t(ll,,l],t tl, followilig f:il]lilics:

N, = {//, ) yit,l(litig ‘1’1  {If, ) = ( {(I} \(l c 11, )

i+.? : N, U {1/2} yiil(lillg ‘1’r N2 = Nfill (’1’1  N] V ‘Jr { llz })

N:] = NI (J {1/,,} yit’l(lillg  ‘1’r tl:~ =  Mill (rl’r N? V  ‘I’r{ II:+}), e t c .

‘1’11(,  al)ov(” Stt’l)s S])(IW Ilow “1’r N,+ I i s  c,l~tairle(l frolll ‘Jr Ni I f  hiill N IIas L IIl(llll,ms, tllc~i III(’ al)ov,
algoritlllll collstt(lcts ‘lir N = ‘Ii Nk ill k ste~)s ‘lllis algoritlllll call 1)( v(,ry vtlici(,l\t.ly  ex)~rtws(x{  ill
t{,] ills  o f  llcJolLaII 01)(11 ;it ions  Ilsillg  a t Ia]isf[)I-]l]iit i[)li sllggoste(l  I)y hfagllollt Not, also tliat tctlll~lat(v+ w i t h
a  trarlsv(’rsal IIllllll)cr  1{’ss ttlatl ~(l) arc illllllt’(liitt  t’ly r(:it’cte{l :Ls l)rol):il)lr soilrct’s  o f  }vatl)(xl illl~llt  1 .

\f’c II(JWI ad(lIiws tlit’ issllr of l)c)itlt sl)rta(l c(~tlflict coltlljlltat iotl for  rmlli  rrfit)t’llltllt. ollr al~lJ1oaclI for  lill~i<l
t’liillill:ltiotl  o f  (Ioctrillal tt’llll)lattw  fcotll fllrtll(,r cc)llsi(l~’r<~tioll, i s  ]);LS(’(1  oli a  srvvrc viola tio]l of a(ljzrc(t]cy

atl(] forc(” el(tll(’]lt tyl)c cotlstlaillt,s. I t  i]lvolves  ctlll]llorzlt,itlg  tll(’ lIlltIIl~CI- of ty])(’ cotiflicts ovf’r aII cxl)atl(lill~g
a(ljac(,IIcy  (l{~r(lol)(, Si)(,cifically,  wc ])l-OC(,I(I as  fo l lows:
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‘1’llr oll(f)ul frc)ll~ l’ass 2, illcludcs tl[c idclllifi(’r  of llle fore{> slructrtlc ttlat Illaxir[mlly  rmrrlaics with tll<’
sotlrcv  l,cIIIIIlak prcsellt,cd as ill~)llt  10 ttlc  sysklnl  a s  W(’11 ,as 1 lie “rrsolvcd” cxI~licit  corrclat iolis  I)et,wccll t,ll(.

forcr el(’ltltrlts ill IIJC two tr]ill)lalcs.

(Jilr II,,xt  (Il)jectiv(> is to ~~redicl  likt’ly loca t ions  of  folct structlll(, (,l[,lllrtlts ]]ot illcllltl({l  ill tlLf> sigllti[l~

(i.,., II! tllc \varl)c(l  itll)ilt s~ll)l(,tlil~l:it(>) fro]ll  1 Ilc 11(’ar(wt corrclat(d “sollrce)’  ktlll)lai r , :iII(l  dctt~llllillc llc:irt)y

fea.~11)1(  arias of Illovrtnrllts  for all elcIIIt’tIls  oft II<’ forcr strilctrlrt’s. ‘1’lIe ll]ttllo(lology etltails  ttlc i(l(’]itific;ltio]l
of glol)ally co]lsislel(t , sit[ll)lc local kitl~)latf. dist.ortiotk  s t ra tegies  cotlst  railld Ily a willtlow  of focal a(tclit.ioll
((’g., a “(b]llro] h~ca.sllrt’” ). Sl)ecifically, grolocatiotl l)rc(lictiol]  illvc)lvvs 111(’ follo\viltg  kry  stcl)s:

[ i ]  a(la[)tive  gellcratic)*l  of focal atttl[tiol, wil,dow, co],sistrllt will,  tCIIl])litt(S se,r)al,tics;

[ i i ]  al,stractioll of a virtllal tra]lsfc,rl]latic,l) witl)i,l tllc focal attt*)tiorl wi*ldo\v, usitlg  a t,t,clltii(l(t(, t h a t

collil)illes algel)riiic I~rc~jectivc gmllletry witt]  a  ~lellral llul work  Illo(lel;

[Iii] sfl,silivity a[lalysis for I,redictioll  rcfilIeIIIf’111  ;

III I lit> smll]el  of t h i s  seciioll , wc f i rs t  d iscuss  ollr cc)tlll~lll,atic)lial  s t ra tegy for  IIlc(lictillg,  ‘Ldro))l)ed” forc(~
strllctllrt~ (Il(>lll(,llt,s,  i.{,, , elt~l)lrllts  llon]illally  l]rcscllt ill tflc  idetltifid tt:llll)late, I,llt not i]icllld(xl  ill tll(,

siglltitlgs rcl)orts. ‘1’]1(’11,  W(’  ~(ld[(’SS tfl(’ kSLl[’S Of llllt’(’rtalllt~  IlrOI)~l~atlOll ZLll(l lllt P~latlOll  O f  O])olatl O1l:il
collstlaillts

5.1. (:101) <11 I)istol’tiolls”

SIIIII,](,  ]IOIII()~\(,tI(cJIIs tr;itlsfortl~:itic~ll  IIlatric(w  art, WC>I1 ki]o\v JI ill tll(, Iittratlll(, for cutlll)lltillg  tll(, itlil)act

of l’; ll(’lltl(,: ill tliill SI’olllliitlC)ll  S, (>.~ , rotaliol~,  tlal~slatioli, scaling, ali(l  t’<lll\l)l llilll(lll S tli{,l(,c)t, ill t\Y(J :{11(1

tllrft’ (lIIII(IjSI(JtIS. llsillg Illc  correlatml warl)e{l  a]l(l (Ioctrillal forcr str(lctrirt,s, ivr call rca(lily (l(,t(~rltllti(,

til(> l)al:Llll(~t(>lS of ~ II(s (jl St C1rt.l  C)ll t.l~llSfC)r]ll~tlC)ll  ]l)~lfrlX. ]“lllt] l(!llllol(>, (li Stiill C{, C[)IISIIiilllt  S ;111(1 tll(> Ilo(l; il
{Illcerlaillty cflvt’loljcs  ill III(> doctrinal  tcllll~lfitt’  catl  Iw lmd to gt~llcratt’ ‘Ll)rtx(,llcv” t,llvrlc)l~t’s for t tiv drol)l)cd

forct s! rllct  IIrw (;lol)a] force  st rllcturc war])i]lg  is lllililllJ’  rclcvat!t to st ratt’gic  I)at t ]rfi(l(l  at)alysis.

.5.2. I,(jcal l)istc)rtic]lls

A k(,y ZLSSlllll})tlOll  tnadc IIr?re is tlLat a war~]ul  tt>lli~llate satisfies solIIe  “col~tillllity)’ coi{(litiolls  il~ terl[ls of

]{lCal (1{’follll;lt  1011S. ‘] ’] It’ llllw[lrl)ill~ ])101)](!111  (’[1]1 t]ll’]1 1)(> S~iLtC{l  tL$ f[)l]OJVS.  (~lV(’11 f ]1(> COOl(]lll~lh’S O f  Sl~]ltf’(1

folce tl(lllelits, aII(l I II( coor(litlatt,s  o f  tllc colr(sl)c)tl(litlg (Ioct Iitlal (,l(,til(’llts, (I{,tel)l]ill(’ III(J t~lt,lll(,llts of ali

aflill(’ vill~l:il  tr;ltlsfoltlliltioll” A ,  SIICII that

(:,.21)



\vllcre  Qd  a))d Q, drmotc the 3  x  M lilatricm c)f lIOIIIOgeIImIS  planar mordirlatw of A4 dochillal aIId
cc~rr(sl)otl(lillg  sigllt,rxl force  Clcrllcllt.s reslm-t ivcly. ‘J’11~ z~f[ille traltsft,rll~~ttic)tl,  A  K assllt[led to Iw o f  tllc
forln,

(;: ‘:3

(5.2.2)

III otllrr  words,

Slll(’t> (Ilf[’(l(>llt  :ll’(>;L<  Of  t]l~ t(’lllj)l~t(~ art: iLWllIll(’(1 fC) 11(’ 111]1);1(’[.(’(]  (Ilf[(’1(’]ltly,  ~ W’lll(]o!$’ of tiftt>llf 101 I  IS IIf>(d(d

tc) Iilliit tlic sca]i  sl~ace.  A ll~il\ili\illn  of three lmillts is re(lllire(l to l)rmlict a ~nissillg  force elrtllrllt, witliir[ t,llt,
wirldow  of  attetltioli. Itliti:illy  krIow II l)airs, qd  iill(l yr arc WS{Y1  to Icarti  t IIe tr:Lllsforr{l;itic)ll  ]Ilatrix, A ,  yvlierr

(5,2.4)

\ve r-a II write
A = Q]] (5,25)

Ollr currelll illll)l(’tll[’llt:itic)ll, rxlllo its artificial 11(, III:L I Iletwmrks,  to ]earll t.llr  virt. ila[ trarlsfc)l-lllzttic,ll  A .  ‘1’li,
“learll(d’) trftllsfc>rlll:itiol)  lllatrix is tl]cll  al))~lie~l to l~rtdict  coor(litlatts of  drolJIJrd vl(,llletlts,

S1)[cifically,  t  lie Ileltral t~ct \vork rmlttires a s  it~l~lit,s tlir \varlwd s\\l~telll},late,  t  lit. “llmrvst” doct  litl;ll
~(>l[l])liit (>, aIId, f o r c e  strllcttlrr correlatic)lls olltl)llt I)y illr isolllorI~llisln  algoritlllll. I t  I,rovidrs iLs olltj)llt

tlIe ]>arallletcrs of tile (Iistort ion t r:tllsfc)rtll:ttic)ll  Illiltl ix . ‘1’IIc I(>llliiirl(lm o f  (lrol~[~ml clelllellts earl tll(>lj I,(,
l,r(clictt,(l I]sj]lg t]l( I(,]atiolls}]i])

Qj, Z- A Q,! (!).2 ;’)

5.3, [Jl]c(!ltai]lty 1’roIJagatioll

‘1’11(1  stt]silivity of cacl I cle~l)cllt of tllc colIIJJllte(l  t ritlisf(,rll];ltic]lt  Ill:it rjx  A wi t  II r{sl~(,ct to tile 7//- tll sig}ltf,l
form clellleIlt cc)c)rdillattw  , Zc, r,,, y,,,,,  , cali  t’:Lsily l)t calclllat.r,(l  v i a ,

(1A,,, dA, ,,
-/ I![h:,,,, ‘ -t 1,’,J

d.rj, ,,,,
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Ass[llllil]g cqllal ljrol)rcl~ilitics  for  cacl]  siglltcd forcr clrllltttf (e(lllal  irrll)ortarlcr  \vt>rgllt  irig),  t,tlc ovcral] IIrlccr.
taility irl tfIc  CillC[ll~t(’(1  valiles c)f tf~e trallsfc)rlt]:ttic)rl  Itlat  rix, A \vit]l  rcsl)tct to I)](, Ilrlcrrtairlt.y of tf]c sigllt,c,(l

values is givrrl I)y

(5.33)

(5.3.4)

,..
Wll(’]1 w’{’ (1s(’  a[ dltlc)llal Illlc’ (’l

C’()]IIJ)]{>X follllll]t L$ :ll]S ().

(53. !5:)

(53.6)

5 . 4 .  O;)(lrati(]llal C(]llstraillts a]lcl l’r(:clict{!cl  Mallif(,ltl Ilt,fill(,lll(:llt

lirc rlclw focus orl rcfirlillg 111{’  Ilrmlictic)ll  rllallifol(l I)y illtegratitlg 0])(’latiC)rliil c(,r)straillts. It a{ldrcssts tll{,
isslle of o\,{~rlal>l~illg  all(l  }Jossil)ly conflicting  (Iistol  Iioll-fiiclc)ls, g(,rlt,rat{~tl  I)y llif, (liff’t~rolll l)mccssil)g will(lcJ\\,s,
Olrr al)l~roac]l  i s  (lcriwd fror]l  idms l~ase(l CIII Marzllrllc,)s “lrlt(’rval  Irltcgratic]ll  Algc~ritllrll”  l)roljcm,tl  fc)r
rll{[ltiscl~sc>t f{wic)ll using llierarcllial distril)llted s{llsor  ll(l\vorks [1 1] illl(l illll~mvt(l  I)y l’ri~~zid et a l  [ 1 2 , 1 3 ] .
Itl s~lrlllilary,  tllo rllet IJc)flc>lc)gy  (lltails  trarlsforltlil]~ ari Ill]c(rtaill rtal-\allltcl c(lrlstlalrlt, tc~ a Ilrlifc]rlll itlt(,r\,:l]

[a, h]. ‘1’1,< eve*-la~,l)illg irltcrvals arr tll(,i cor~}l,i],ttl, allfl l~r(~l~agate{l  tu 01)1 alli a  1,,s1 t,stilllatr of tllr trllc~

Val(lel alc)rlg lIIC l)ierarctly of corwtraillls. lrl alll)lyillp,  t h i s  rtlolllo(l, tilt colIst Ian It (t. g,.,  ttrrait) ff,:itlrrt:,
\v(,:itllcr  L>atterl], e tc .  ) is a.ssulned  to I)(’ dislrll~llt~,{l lll~lf’<)[llily ovf, r t 1~(’ ilitt,l  val

let tll(’ forcv  elelnrllt gmlocat,iorl rllariifc~ld,  fI’Af, ()( s~ll~joct  to S’ alwt liLct cotwt raillts ((lc~ct rillal, w(atller,
k:rraill, etc. ) , ~~ col]straillt,s  of critical irlte]est, ar]{l 1, I)r tllc I]ilttll)(’r o f  forc(, f’l(,rll(,rits ill tllc wirldc)w o f
att (,rltic)rl t]lat wcrr LIsd ill l)rmlictirlg III(I ill it ial lrlallifol(l, sllcli  that IJ =. {s, , s’,, , s,,}. I>c! t  llr’ zil,s(ract
illtcrval es[illlak of i$j, f o r  1  ~ j ~ ti, I)(J (Iellotml  I)y Ij = [,11, b)] \f’ltl, t,r,cll,c,irlts  (lj arid  61. ‘1’1),>
cotlst,ral[lt sattsfactrorl lllc’t,ll O{l 1S I)as( ’(1 orl :111  :Ilg,{’l)r iI c)f llt)il\’l Sl(l(’ fllllct  lolls  l,(~t illtt,r\,:L sl’, 11 ,12,,1,, tlavc
tllr cllar-actvristic flrrlctiorls ,yl, ~z, ,  ,xfL r{sw~tlv~l.v  ‘1’11~’ cllala(’t~rlsti~ fllll~tloll$ IJ of tll~ j- l]) ~~]rlstraillt
iSj is  (I(,fill(, (i aS:

{

V.l <(1,\ J [J] : :’ v ,/’ > (1
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i.(., II j’1[ (1( ’I IcIt(w 111(, SIll:Lll C’St r(’al Illlllll)(sl (t SIICII  t]l[lt J(3’) < (1 v  J. fllso, w, (Irfill(’ tllc COIIW[)IS  o f
slll)l)c)rl  iill(l ov(,rlal)  of J a s :

St,])]) { f } = {T I j(z) + 0}

r,

0(2) = >-aj[d’]

jz.1

‘J’l]c IIlaxil]lllll] ]lullll)cr  o f  illterscctillg itltelvals, or r(:gioll  c)f Illaxi]llal  CO II St IaIIIl salisfial~ility  ill wllicll

ally  p,t’cjcoor(lili;lt(’”  Siiti Sfl(JS G(I,  7Jf) E fi i s  tllell givcll  Ily (Ilt’ illtegt, r II,!* O{{.  ‘1’11(’ lat, t,cr t,xl~rcssioli, ill
~.

(, IfSCt (’olll[)(lt(,  S tll(> Il,\i C)l/-Cll({ll (>. I{t!Call  illat ~111 7/- (’11(111(, (1(>11 C)to,S ii gloll[l [If irlt(,lva  ,\1  Il:ivillg  a cofllllloll

AIs(I, 111( l(lll(J\villg  rxwults lIold,
l: fllj ~ ~,(l) x)(~”)

XL)], [2’] = 1- f~ (] - ,~1 [J]

,=1

io]] )  ]1, CO II I:LIIIS  IJoillts Ivllicll (10 I101

SII])I) {,$’($)} : U}=l /,,

wll(r(,  f,, = [~i,, ~~,] wit]]  Pi < ~~i+ I ~ 1 <Z’ < ~ - 1 .  A], (v:IIIIat  io~i O f  tl]( /i’s i s  l)erforl[,d 10 at,t act,
a  lvt,i~~llt (0 t}il Cll o f  flIclll  and tllell choose tjllosc l,~s witli Il)axil]lllll]  }v(,igllt to  l)c tllr iliterval cotltaillillg tll(
corlect I)llysica]  value. WC t,llelt again mnld  tllcsc I.js  o f  IIlaxillllltli  w,rlg]lt ill tlic slllalltwt I)c)ssil)lc interval
aII(l t akc it t o I)c tlm out ~)ut estirllat.  c.. ‘J’l I\ Is, for tlie c)~~rrat,iolid  cc)l~st railit,s illt egratioll l~rc)l)lelll, I,is dmlot  c
iI w(,i~;tltillg flllir-tioll, sucl]  t,llat, eac.fl 1,: corrt!s[~oll(ls  tc) tllr Iik(,lillcmd  of cotltaitlillg  tilt’ c o r r e c t  gcolocatiot)

Also,  Ict ~f,, (r) Iw tllr cllarateristic ftltlctic,tl  c~f I ,i.  ‘J’]lcll \\’c r-all (Iefili(, t II($ “l)ol)lllari!y’)  flllict  ion c)f t IIc jl”
c(]llstrailll iiS ,,

f’) ‘ X 11.\k i,ll  ‘ 1
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,=]

‘1’llc IIol]lilarit,y  fllllctioli  yirlds tll{> (71 -  J)[ll-o[-)llort cli(lll(’  let r =  tIlax  {?: [ I < i  < 1}, 711 =  tllill  {i [
7’I ~ 7’}, [111(1  AI ~ lllilX {i I 1“1 : J ’ ) .  ‘I’]l (’11 t,]lt, ‘Lllarrowrst’) gmlocatiotl, i.r. , ilit(,glatc(l  ollti)(lt  (’stilliat(’

I)y

s’(r) : q’j(

i[lg collstraillls, tile 71 – J ovf,r al)l)itlg itlt(’rvak alt, giv(,t,

-  X[rL-j,rU) IIXJLJII  l’j[””])

wliert:  ~[,,_f,WJ is tfl(’ c h a r a c t e r i s t i c  fllllctioll  of tlic i[lttrval [II - j, m). Notr t h a t

X[rI-/,CII) Illj”ll XJ[2”I  = Xj[f”l

S(), if alIcl olIly  i f ,  /j lI:Ls  It - J - 1 i]ltcrsrctill~ itlt(rva s1.,  tlI(’ estil]]att’(1  illttrval cotlt:~illill~  SII1)II,S(.J) is gil,etl
I)y

1~1
[

Mill{ L![,  s(x)=  1 } ,  Max{21, s(Y)=  1] 1
and l;, yi(’lds  III(’ gcolocal io]] tllatlifol(l for cac]l  (Irolll)ml  t’1(’lllt>llt.  l“or :i (1(’tail(~(l  alla] ysis  t IIt, rt~adt,t IS r(,fflr(xl
t{) [12,13] ali(l refer{,llc(,s  tllclcill.

VI. Collclllsiolls”

‘1’1](’  allk)lllatrd l]()(lal aliaiysis systclll Ilres(lltt’(1  itl this ltl)ot( i s  l)artlclilarly attlacllv( f[]r tactlc:~~
itlt(’llig(’lict’  atlalys is, Its (’rlal~litlg C(Jllll)llt  illiC)ll<ll f(’atllles call I,t’sllttltll[lriz((l  a s  follows:

() 1?1(/(])1 lt(l(llt 0/ f/iJ({7t?1( ,so2t7c(.  our Itlt.tllo{lology  IS Illlifoill]ly al)])lical)l(,  lo Iiatli, li[isslall, N I((~I(T;LII,

l\la?illall(J[ ~;]llll(’S(’ (lOCtrl]liLl t.~lll])]dt(%;

o (Uap~/1/ilit:~  spccf7w71L. ” ‘I’l Ir systclll call  Iialldlr (Iistolliolis o f  arl)iirary ty[)f’ atl(l tlla~tlitll(l{>,
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o  ,ScalclJtlity..  111(> tnd,lidology  CaII  wsily  1)(’ (~xlrtl{lf’tl tc) illclll(le  sitllatic)llal l):Lra!l~(,tm-s  SIICII  a s  Iactica]
criticality factors, sl)atial constraints (e. g., tcrritill) /111(1  d(jctlillal Collstriiillts  (e. g., rxl)licit  llierarcllim);

o (,’()?lt~)t[f([ti()~lu~  rflicar  y.. ollr  kllc]ll[larli tests II:IV<* y](>l(ld  a r[’sl~c)tlsc Illllc to }f’ltfllll a lllillutt~  ori a .S(JN/4
,,

m[liivalt,llt  (40  M11’S) l)rocessor, fc,r Ill) t o  100 force stlllcl(lrc tclll~,lates kvitfi 10-100  force slrllrtrlrr

el(vli(~l)ts I)er tcllll)lale.

III sutlllllilry, for tlie A S A S  I’rogratfl Ollicc ‘1’wllllw thrus t  otl Alltotllatfxl Nodal Arta]ysis, .11’1,  l}as c.llosetl
to ad(lrcss a  l)rol~lelll  o f  JIlajor ;ll~l)lic:itic)tl:~l sigllificatlcc  to  III(J IIS Arll]y, i.(,., (~ritical l{elc)calal)lc “J’argct
((1{’1)  i<le!,t ificatimi a],d gmloczLtiol] ‘1’l~is ~)l-ollltlll c(,al[sces ttvo  iss(les fllll(l:llll(’llt:ll  to tilt’ (I(!V(’IOI)IIK!II1

$Iirvcilla[tce a]id  ‘I’act, ical  Assessllictlt (l/ S’l’A) ttc}It Iology: ellal)litlg real- till~r  ca[)al)ilityof  ]{(~cc)llll:iiss~illce, ~

f o r  ill-situ  l)rocessil)g of  tactical illtcllig~llct (latiL, arI(l (It>veloi)illg a I)aradiglnatic  fratncwork alllt’l~al~le f o r
itlll~lt~lll(,lll:ttic~ll o]) cor[ll)lltatiollal IJlatforllls rallgitig  frotil sllrvt’illarlcc’  satellites to ruggmlizul  works  tatiol Ls.
IIhlal)litlg  r-o[lc(l)tual a]ld  corl]~)iltzitic)ll{tl forlllalisllls :ilt (1(’v(’lol)[xl,  tlliit  sy]lcrgisticatly cx])loit li]nikd sclisc)r
siglltitlgs  of a.wociate{l  facilit,  irs/c(llli I~lllt~l)t,  ali(l  logis t ics  slll~l~ly  trail], t{>rraill fcatllrrs, Ordrr of t.fl(. ]Iat, t,]e

(011)  kIIowldgf’,  atI(l wcatllcr illll)ar-t  011 ~~ p7 ION kIlowII Iliol)ilit  y cllaractt’ristics of a force t>]ltity, to j)rdict
l)r(w~l~c(~ (sIlvt~lcJ~les fc~r CII~l’s,

AC~ItN()\VI,  };l)C;EMF;N1’S

‘1’11]s  rmrar’c)i  WZLS carri(xl olit at, tllr (;ellt.~>l fot  Sl)iL~~>  hlicrc,(’]t,ctrc)lllcs  ‘l’klltlology, ,Jrt I’rol)llkioll
l,al,ora(ory, (;alifor]lia IIlst itlite of ‘1’tclIIIoloKy.  SIIIJl,OI t k)! t II(I ivork catli(’  frotli [IS Ar]lly A S A S  l’rograrll
of lice, tl~roligll  all agrt’ell)cllt  witli t!]{ Natlotlal A{rollallt.ics atl(l S})act, Acllliitlisfr[Lt,ic]l). Jfrc ackrlcnvldgc
frllitflll t(,cllllical discussic)rls  w’itll  It. k’l~t,]lliill, N Asl)([l, N, IIlyallt, 1{ S(~rll{,allol 1) II IOWII,  1, l’rasa(l,
all(l ,S. S. lyrt]gar. Sl]ecia]  t,llatlks  go t o  ‘1’.  l(rritzl~er~, A .  \\’t’isl)il~ a;~~l A hlaccalla’s for  tllcir colltril)l~tiol]
t(~lvar(l’s systeli] l)rot(]tyl)illg and vali(latioll (>flol I

I{(!f(Jll!ll(:(!s

[4] A,lvii]l~(tl  lkcisio], ~ystc~],s, “A(Iv:LIIc(YI  I)igititl  lia(tar lll]ag~ry l;x[~]oitatio]l Systtr[~  (A I) I{IIX) l’rc}-
gratl] l’]a]l”, Octol)rr 198(i.
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[6] A!Io, A.V , J.}IJ. llol~croft,, arl<l J.])., (Jll II IaII, “l):LI:L Stlltctlltts aII(l  Algoritllllls:, A{l(lisc)ll-}1’tsl{y 1’111)-
lisllillg,  (h., l{ca[li]~g,  h4A, 1983

[7] Satlta]o, 1,. A., l’lll[rc)(lllcticJ1l to IIltegral (;wllittry”, 11(}1111:11111  (;l;(litclls, l’iiliS,  1!)FJ9

[8] A]lil,iirtztlllli{i]l, 1{. V, ‘(lpactorizatiotl (~illClllllS atld (~mtll{tric  l’rol)al~ility’) , (~attll~ri<lg( (Jtlivtrsity l)r{ws,
(:;tllll)ridge,  hfA,  19{)0.

[ 9 ]  (Jllliiti, S,, S . S .  lye]igar, a,itl J. IIal,rm,, “’1’llt  1’cI)IJIc (;rllltcllillg  hlodt’1 f o r  Ixmd  IIalal]cillg it] OJIIllIII-
f ati Oll;ll  hS(’lllhh>S”, 7’/1[ Co?rtput(’r  10?[7’!1(1(,  33(3),  204-213, 19{10.

[ 1 ( J ]  Sclltlli(ll,  1).(;, al,(l  ])rllffcl, 1,1;., ‘ ( A  Iasl IIack tracliltlg  Algoritll]tl t o  ‘1’MI  I)ir<rtml  (;rill)lls for Is(,-
l])or]~l]isl~l Ilsil]g l~istalic(’  hlatriccs” , ,JAC’M, 23(3), 1!)76, 43:3-44L

[11] h’!:Lrzllilo, K “lllil)lelll{llt  illg I“tilllt-’l’c)lc’r:ttlt $k’llsor”, ‘1’1{8!)-997,  Ikl)t. (btlll~llt  Sci,  (k,rtlf,ll [Jtiiversity,
h!ay 1!)8!).

[ 1 2 ]  I’r’awl,  1,. a,,d SS lymgar, ‘ ( A  (Jel!erd ~~c)ll)l)llt:ttiollal  I>ralllrwork  for l)istril}~ltecl  St!lsit\g  tui(l l’aill(,
‘1’olrrm]t S(’lisor llltegratiort’), t o  a])l~car it IIlt’1 Jollrtlal of  I(oljot,ics  Rm,arcli, 1!)93,

[ 1 3 ]  I’rasa(l, 1,. (t :11, “1’(ll,ctioiial CIlialact  rri~falioli  of S,.llsor  IIlt egralioll  iII l)ist  I  ii)llt ml Srt,sor Nt,tivor!is”,
i t  11:1;1; Shl(~, St,l)t.  1991.
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