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:'ro1.1 ;.: '1,.' ;:Ilnll!lrl/'~' rlll,d ""I"lrt '1/'1 :11,11'11.,;\ ,It'V'·I''I,,·,j Wltl"r ':'III'.rll"', 

I ";-1",\ (~-II'" - ~! '(;', ." ." 1'14rIJlI;~" ,)1' t.l, i:J r:tJllt. r/4"t ,,1'1\ t"'''r1 .. ' I lh!t.'~rml II" " j I.,·j lip, 

",'il"r!'I'Inol 11 ••:t.,dj'll:lI', Ilrl t)r1ty for '1':1'\1),'(/111'111. 'Ir tll'wI,"r Ill/Allo/ ..; t,,,,t 
1'/"''11J,' J,r,·,'I;.JIIlII tIm.' :l"rvl"" t'J Ill,:;' ·n.,: '1t.1I11;,' .... '~: ,,"rl"/rm,!rl III tI,r",' 

,,/. ,'l'll,pl/II' ::tlll~'I;lt 1Ii.. '.IIIJ<!r.JI')I:'y '111·,,'J'JIJIlI"nt.. '1/dll,r"tt'III, IIn,1 tl'I1UfJ-/jrr 'HI'4l

,i ;....;., ';~,'·r.· h'I;: 1.1./'In 'I 11I11,l'tr rl1lJllrt /4ft.l:r ",u:1I (Jf' tll'nl" l'IIlil16G, MI!t.tlll,jtJJtJII'y 

I""':; ijor.j·:llt. la ,I'/I'WIl""tI1tl III rl'f',"'1/lt:(' 11). t.lI .. I'lilllirl,l"l'lll ph/ill'! II. r"r.r
,.-Il<.:·! l ~' J. '.l/l'! tr!.l'1,,-o::r /All'! IH'Oul t1 vI ty llnUolyllllll horu ruporh<l In rerIJrc/I':u (.~ J. 

It. j:1 ',il" 11I1,,'J/,/. (Jf' t.t11;) ,IUmr1l14ry I'1n/41 rt'l)(jrt t(, cl)lIdlllrly l,r'.o::r·"1,, m',t.,,

I" •.:. '1/lIIlY:h':: ',wl <:lm'11u:l1ollll "r thu lltudy frtim Ii 101l,11JI101 point 01' vi",......hiC!l 

1•• CUl'lJIJrUtfJU th"l bonof1t1l of grovth ChCUlgolS ",w1 1t~rtlt 1Vtt 'ilJrk dc.:v': lop~tl rlur

111~ tori'} full clJuroo of thu .tuely. /(cferOnCttlS (11, [::!1, 11./1'1 [3j pr"D(;lnt IJ. 

lIbturIcu.l devulol,lT1¢nt ot' .thu aubJucti und conttJ.1n d6tU.llClti rlfJ1CrIpt1ona vf 

tCJtll1 pro£l'lllli tl.ct1vlt1lJJ. AD ouch, thoy ohould dl b" oOlllJ1dtlrfld tuctm1cuJ. 

appenJIcc8 tl' th!:l docwnent. 

1.1 fro~lcm Y0rmulntlnn 

A diot1ngull'111ing feq,turtl of thl0 otudy htuJ L~@n thlt lnClluulon. or 111r-to

IIir rell1y or t1mn Dynchronizutlon. cll.lled hlC1rltrohul chdnlng, to cnhwlC., the 

ef1'uct1vc:nftUD of mo.~t"r ntat1onn, '1'1'116 proCb<JUl'" .... /\Ii f1r~t proposed 1n con

naction Hlth tho dODlgn or a t1~/froquoncy airborn" Collin1on Avoldll.ncu Oyn

top-m. r(1t'efcmc" [41. Allio.llynchrrJnizod operfltJon hftrl htlfln c:onnlderedby ottl(~rs 

..	 in connflct1ol1 .... ith f,11' trurrle control nY5tt:m.1 Inclut1tn~ nl.1viglltion. "ommunl

cl.1tlon. Md ourvel11rllH:n. nynchronhed aircl"llrt cOIl1.d (\/mfl.tN time prllctlen,lly 

throughout C(JNU:J. for Ii v1lrI",ty of lJ.ppl1co.t1ontj, In ndt1H1(J11 to ATe-relatud II.'}cn, 

~~vcrul tlma dlnoQminntlon mbthodn o.rn being n0n~l~~rdd ror throe Ilpplle~tlonu. 

Includ1.ng LORAN. '1"1 l.lronI1c/&tlt _ lJll.toll1 ton. f1l1d vr,~·. 1l1!:trfl.rchnl chuinl nv, n.a 1\ 

tim,) dlopcnflln~ In<JCh!1/11/lffi h/L<1 not proviouuly rtlc"lvtlt1 thfl thorOU/:T)l Inveutlgf,tion 

1t deo erVf'Ll , 

,
FAA VvJH T 
" eChnical C 
1"1/,,,1/',,1/',,1/,1/,1/1/,1/IIl:nrer 

Library 
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'·d::* .. l '_ I ·u. ,·J.I'.~·'jr·l'·J ',f ~"I'i r'.x,!vl.' "11 .!. ,I, f'l: "r";~"lt'JtiIJ;~, ~', ell :f"t..lt_'·r :;t~"":'Jti::' 

:'i· ... :·· :1.'.f; J:" :r. ',' .. :Ofi .:'j!:f'rlrl"d.~f' Jl1~ "llj!I'IJ""J f,lr'·"'ll'f. w;'t,iri ·ll.!,r t 'A:r',:lt··l'J 

" 1 ~1!tl~t~i_~IJ.i t!L1J" r'il'''~'·' '~'.'.' fi~'.4r·· 1-1. 

:·:l,.li':r".'llt~; tha.t, 1".l.rt.[<:II,'~t,,, 111 tlm'~ r"',"'I',I"t, lu.'1 r,.. j,1oJ Ul'" aUl.("",!~l.lr"ull 

'Jr,!I,r•."! ill '1 :lier,~rr:!,!U ~:;r,:t."l:.. :'.;1 m"lAll:: I'" <1'11.', ":I,·",!,',I 1:, \'t••.' i~F I.r'UI:; 

:: 1:~~~ i '):l~ (,t' til" ''"'lulpn' 'Ill. .. , tl •• ~ til "rr,rdIU! "'£JI', 1,1' "'~I:tl '!v,1I l,&.lJl/.' 1.1 Ill" ,.I,.!r':,." 

L: r.:; 'oWn, Ilr'(JIl belt'f!, :~:/lldlr'Jrd l,t"J, tb/' td"/"Ll":tl,&1 1."I'All'lt:"lIt I,:;~um'.":1 II rlUI~ 

lJlII.' L:v'.'l !o..,c,r ti!a,:l t~jll~ ',I' \,II'! t.11f1'1 .junLlr. In 1.'1" '1IJ;I·ttl<;',' 01' furll,I,'J' :!:{I,
chrrmizl.l.,;1'1l't thL.' L.'lu1i,::;·'I,t J"r:,I,t,fO,: III tlr.,.~ 1,\'I/"Lr':IJY ,~t '& rr.l.'-'· t."I&t 1:1 111

v'1r,:.~l:l f'rvl,ortlonl.l.l trJ th" tlm.:t',!,'/,IIII: 'll~(·V.I·'Il':I (01' t.il" l,'&rt.lt'ulur (qlJl!'ITI~:n'" 

(u)	 (l1,.tll.~r hiera.rcfllu '~'~lllpm.ml,rl Qf' l<:o:;'Jr rUfI~ (111v)I':'r hlc:rfU'cr,y 

number) • 

(b)	 llon-hiera.rchal 1:(~ult>rnt'Jntl.l \'hut 0nly r'II~.,lvtl tlll,'I, 

Thus the hic:r..rchy nuroDl:r of uny ~'rl.1rt rC[,rCIClN.ta tt,,, JJurn or rp.lu,yB und 

cquivllh.nt demote intcrvo.ll:' UCCUl11ulllt,('U in tht' 'Hlt,lr'l rJr"')I~<:n:'l of receiving 

DYll(:hroniu1tion from '\ lJOurCI! m~t,'r utlLtivll. 

1·2
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.- AIR TO AIR SYNCH~ONIZATION LINKED TO A MAlTER nATION 

rlfjlJIJl j n rour dlmen:J 10ne Clnd tlirciuehout CONUrJ, ttl.; 10cat1on of hi

I'!fl],fatml Cl.lrcro.rt "'h1ch muy IJntlJ.bl1oh communicat1on chaining to 

r t 'lA,y ~.lm(; out from 0. lI\Ilotor nhUon. 

(lil	 Crtt'lt1j '.I. :J 1mllur model or ttl/) dono 1ty I.md locution of non

hl~rlJ,r(!"&l a.lrcro.ft thu,t would tlcnefit from ttl~ f1yncl!ronization 

~irl)vld.fld C!1t!lI~r by 0. hic:rt1rch(ll n.ircrnft or 1i'J " rnauter utat10n. 

(0 ) HntJ'11 thu uynchron1znt10n pr()ctJoo f.tJI\onp; till} hl."rlJ.rchal f:quip

mHntrs. 

V'l.lrttl9rm(Jr~, impl1c1 t 1n the conCljrn for plac'Jffit'lnt (trill number of manter 

,.j I,lil. 1f If!I' t~ t.hn nljfld to me(Ulur~ til" r1<1v,r(}o to "'iI lell a 17,1 V'JIl u.rro.ngement 

Itlllll f!ViJrJ Um~ t11IHH!mlwlt 10n goula. '1'11<:1 l1t:O ire i u not only to de ploy enough 

't/IUI "11111 t:Lrur:turlnp; of th<: 0YlJtt:m, IJ. otudy dealgnt;!(l 1,0 generate a de

I,h/III"/I\. "l'!I' ror m'in\'c.:r otut1ono n,UJtl 

'.3 
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"IJ': '."1 tr.Il ~t"r.:r.'1:;t,~,.: 1,llt';f" '.If Ii~f ',r ll'I'l} f~r,1 ';he rjr:~1 f'lf l.fh..11ct1'~r,c
i 
1 

.. '.r/~r:'l ') rl'.... !r: 1,1r.1tlnlr,~ f",1I,Uf'l t1'Jt'!~/:t:rj'Jnt;j I 1,1,1: 1'}'(,:,). ':if 'l.,1;1~11 'Jh1t:1l ':If.n1 
i 
J	 to.~ Il r:nl''1.t."l;t r'.'1 r~::I:rjt~rJ in 1./0 tr(lrrlfJ :'10·... mt:J~'11 III 11mit.~'.L ';""/ rr.')!lt ':IJr.

r:r'1!'t L: IAlrl1/1'] lJchedul":,J, 1t11:: J.Cl f'Jrtullll.tl) t1ncQ C'.lrr·.!.t ';hllli',ll'f; hu 1t 

j	 1..), •••. 1.l.1r11 rill dNraft tI.r l1 ';l,~' m</tlt l1k«;lj' " ..n11ti/,l,t~:S t0T i.1ere.r.;:tJlIl e,.u1r.

:a'::r,t, :/o:vllrti.I.·1'~'::llt tn'1 ~:',fhr""tt, t:Jt th10 Jir")ilCrfiJn'~ can,:lu.e1c:'':l ~,!i'I'" !J(1,m 

~..r':lJ.t 1y 'mh'l(l':tld by nil"',,, 1n~ 1.1.41" "r~'m1 lltat 101. "rrl~ct1'lenelJZ if; l'it'!T:r.1rI411 
by ti,': ,.~r,,:;:: J.l1ott':rotl (,f ",lr'lrllrt t.rl1.vlJl 'Ln" I1vl;li\ r,ot re1ulr~ gr4ilj,t I.r~ciglotl 

j.- ill '.1,': /"'I,r1j::llnttitloll or q"",1 rl ': lliffJrl./ot't 10.;:r1',1';(.I.:. 

j 
'tIi,j Jo '-flU l,rinlur"'J I~')'d "f'I;;Grll,I.t1 r"r tt.l= ::tu!1J ha.s li~tl/l V~ l,r1/vjdIJ 

uircrlJ,l't, ;::rnt:tITrml z'~t tur, tl/j"'jWAto (IJf t;r..1HH 1'lll r.YIJldlJ./I'.:t: pl.lrr,·';'::{oj t IltlCClrl 

liar; '.1!)(1 tAlt t lrlll4to f~ol.l.lfJ IlIy;:l, ',dlll; II" (,'f.Jllaj,'d1lr"'j, h'Clr:!5·., tlm(,f 1,'!':ill,j'1'J':'~

I h'1VC hl"m cl)n:sl<1er,!d, (I,fl., r l1flirunr:lJ (~1, M Ii lllAa1a for 'An d)' tr'lrr1c 'vJntrol 

t syGtmn d'~ollJ,fllld to provl,j'l 1!')IMllm1.IJI.4lil,m, II1wlW1tlon IJ.nd :lurv"lJ.J'JlICC t!lrflll17)'
I 

J	 one In t,IJp,rl.4tcd ;lCt or 141rlll)rrll1 fUlll p'fowHllJfl.tl 1ld fl'lulpm'!nt. VUI'f,Ii"fM',"", ,dr 

tra.ffie nootrol 10 not ttlt? only /)t)t~tjlt)ltl tlWl.It)li,tJIJfl of pr·:c:l:; •• t,lr'J.' f"l ·l.rl!'ltJ'.:lI.
' 

Increll.l;inv- lll.lInlJ~T::l of II'JII~I·r.VIILtl Oil 1l1J!Q'J.nr.1r: rOf I,r'JcllJl! t.lmt: '41'" IA!IJlt'/lrl 'II~, I •• r,. 

ref':r':nr.'! ('r). To Inr.t l 'IIJjt1 t.tl" w;"rutnro ,." l){' 1"ld n Ijtu'J,y. ll~ ''''\01 ""':f.':\,:IU'J f.'l 

:Jhow ttH~t ffIIl.:Jt,<:r Gtl.Lti'JrI 1)"/IIII:trfll~/d.a "'J.;j b'J r!',rlvt,rj which nr',' :llrri\ill.lIJI"'li~:.1;t 

ncur olJttml.ll ",it.1I r(~lIp'jcd; \,1/ IHJY"rnl Il1rt'Jf'lnt, /Jo(l:Jll,ll? u:.\~:~ 01' it. .. ::.y:,t,"Iii, 

I 

J '
 



f
 

t
 
!
 

I

I ; 

•j 
i 

\ .. 
I 

..,J;iiC\llf&WlD4l&J:3~.iftMlCI·'UlJ)IlSllSl~laa.lillJ 

H",.lly, tli"I'" lI'm /"!l'll 1I"t1.~ l'lll.}!:;;,'·'! IJI,:Il/::I:; 

1."Ir.;~ 'Ir ttl'! hil'rILr.'I.',1 t:lI,I: IUI<J ~'1.I'i,'rlrn/:nt.ld l:vid(:ncI~ 

.,1' IL'- nlUIl\. thrcl:" !I;I,"rll,,:t1 nil, ,.1 rlJ(Jrll': :Jj'::t.':lIll>. 1'1'101' 

9I1lS__••IIII11 ra_s 

(,,. "')IMlUIlI(:/,I,II/I' ::,1:

J:: r",;triclI11.' 1,1, 1,\0//, 

t.0 tI,,; Ulltd;I1:L' (',I:', 

l'l,rl.h III Ud~ rel""'I,, It .... ,,1;\ r'~Jt t.h~1. '!t.·t,dl.:<J ::1mulll t,lrJIl m1r:tll b'l re:'I,lIr','1 

l.tJ lI,d,lIrrnlll" ',ihl"'l ,dr(:ru.ft ....t'r'.: ::yn'Jhrl')nl~t;<J I,UVJ whl..t tde:rru'dly ttl':y Vl/l 

:11'.1.: ",j. '~,: haY,: t/:I"1 I,ll l,~ to tltlUW thu.t. ove!r u. bronr! ttnd t:llJl crd rll,llp'U ot' 

':tl'\~"I'"J: I·~rrun"t.:rll IUI,J witli Y';ry ill,..)1 prIJI,I.LLtlllty. ;,oJrer/d't. IJ.rl~ f~l""'.lYa llyn

"lIr'J"lh'H! wtlf'IWY"" IJ 11(;'IUI:IH:C: uf 1.1 .;rnrchll.l IJ.1rcraft III uvo.l1Ilbl.: \t:l,dlnp, 

L,) 11. mt,,;t,.'r ~tati(JII ....II'~r':ln .:U(:r:I.'OIJivft rnf:lllbt:rn of tt.e nerluenc..: nrc. wltrain 

rwlh l1"I:-of'-:.:lp)lt WI'J l.lyncll,.,mL:ll.l.lon rl1!lIl,c. 

'I1.. 
1n (h:dlng wI ttl olloch of th<l follo.... ing ODlIcntio.l Ingrt:d1cnta ncceu..... 

l.v ~LlC';.JlISfu.ll mo.ut(Jf lI';,utll)n uitcIng: 

~ '4) I, IQOrhd rJr tl! '-:r'.lrcrHt.1 UllIJ n()n-lliC::TIU'chul aircraft local. i ona 11nl1 

re3uJ,t'~lIt hl':rl.1rc:llul elI/lIning. 

(ti) A func.:tlc,1I or J41rcrllrt lind rna:Jtf:r Ilt3.tion loco.tirJn:l ....hic:1 mt:flJ:urfj~ 

the Cfr'.. lltlv~ne:la of tlml' dlotrlb"ll.lon nnd. 

(c)	 An IJ.h;urlthlD for opt1ml1.1nR thIn function .... ith rcnpoct to ~tf.1tIc.n 

location. , 

th"rlJ ",r~ nlt~:rr".ll'l': IIII"tllo'ln which have been ~vnlua.tcd .... ith r'~op.,ct to 11"CU

rlJ.e'l. tillllJl1neoa or tlppl1cation, lIJ'Id conclunlvcnesll • 

!Il t,h'! o.rl!J.1. "r murlt:l1n~. t.hc ult~rnnt1vl..'n rl!lute to tll" divldon \!(,twIH:ll 

r,i1t. t,tWlrllJt i ':ll.l WId '1l.lJllll r1 cll1 rl! (,r"ocnt(l.tion. For cffe ct 1V('I'ICllS mcun urerl. tlH1 

c.:li(jlr~,:;; re'luirf! llr:lectlnp. from tho vnrioU3 pOlJ8ibl'! mcnourl:s th~ Clna thut 

tf/ll t ,.vl'J,!uut.cly r"i,rlHl"'ntn nyr; tern gO/t.ilJ. Fi n(J11:1, the no lect ion of l\ :llt"l n~ 

'"1f·~f,l'1thm rcqulr,'r: " trllr.Jr:-orr L>tof,wccn the d(,~ree of optimality r.LcliloVI!tl Iwa 

thu caul. of Il.ppll~RtIQn. 

p,

1 



'!'w() lIo1ut.i\ln lIif't1I.."I~l w'_'r .. !,Ilri:il'.·'! dUl'i/lg t.lI" "CJllr::" ,,1' qll' J,r",:"/Uh, 'I',,· 
ifill I " iltrl.'1Un t:I'!'urt I:: lL llj'nlllnllla III' ml~t.lll'rnIAt.I(:I1! 1.111'1 (")llll,u\, .. r '\lilll;!ilLI .... ldd, 

III ll<:eurllt." lind rll:ll In dct:dl. II fully ml.Ltll',m,,'.leld ;;'illltl')11 WI.,l ,,11-1'/ "'..........
 

Ilchll:V'HI ....1I1ch rl"luLI'"d litt.l., 11'MIlio/PAl '!frorl Imll IJrrJ'lIll"'11 qf'II" IllilluIH\
 

wll t cll ~rt1l~ I fa f:Vl1 ry ,'(:11 P'I(: t wi 1.11 I.lll):~c I'rn<Ju(!I:d by \, II" 111'1 ,',. l"'II,~UI.Y III'" t,/Il)J.
 

lIo....t·Vl'r, till' mutll.;'/nllt.!cl..Ll uulut.l'.llI (:oflt(lln:: 'IUq;:lllHltllol., IUltlll:lIl't,lfl/l!~ IlrllJ uoml'
 

I1Jl!lt'u'cntly ~rOD!l olrnlll1 flco.tlonu , '1'lIcrcfurl! It. lucko the Jl'"lrl\UIl~lvt>rlr~lI§
 

/Lnl1 till! ""('ILItll 0" Clc1t.lIJ.l prl::ll:111. III 1.11 ... IJ.I)r': I'!v,,)rou;: /1\111/1 :!t.r'JI4Rt ,,"/'(Irl..
 

Ihwf!VI:r, It provid"l\ vnluul'll' l'rOllil "II'!I:kinj~ lI.n.,) vt:rlrle'Al.hll \oI1 1 11!t1 '.'),111 COli


n ,1<:1111" t.lJ ut.Ullj· rl'lllll t.il.
 
"-'7~-'; 

'111( fullowln", 10 14 :.own/nru")' or the :jnuIIH~n U/ltl CIJlI':1U..:1'HIII ,I"rlvff,j In 

the: courOI: I)f tilt-' IIt.Ud;(. In t.ll'~ Irlturc:.ot I)f lJrt:v1t..j', flU '11.1,1/111/,1. 1:1 1I11l,1!! Iii 

t.1I ..' overvh'\oI p;lvf'n br;1ow to clef/ltdn I~uo.llrylnp' I:IJ/ldltlrJfl:: 1/1 ludl'fl/'111 (jut/Ill, 

Infornlnt.lon of thio type 13. to l,f) fOWld In th'J rum'.LlIl1rl'~ ;"Hlt.II)Wl (1/' ""In 

report I1nd In th" ttlchnlcnl uIIS!Qof11ccs, refcrutlctl:3 [1), I;·: J, ~l/IU r j I. '''11' 

nwnmnry III !.113 follrNIl: 

A.	 '1'tme !JrOpf1P,llt.ion dcptlOutl o.lJnoat l3ol~1,y on hlllrrlrchnl III fi"'"n 11/4l ru
 

buing within radio lintl-of-night IlOd oyne rnngc, Wit.hln T'11~;;IJIi,
 

the fo110'011n/1, fnetor:} hflvc negligiblu crrcet i
 

Clock llUu.li ty,
 

Communicu.tion probll.h11 ty,
 

Hooync nccuracy, <.111<1
 

Numbnr of hierllrchy lovels I1vallublc,
 

-




.(1__ .. 

_. 

"'

.... 

~. Un thin b~,ln '.I'! lIuVI~ :;110'01/1 t.lllit c-llldning eft"c(:t!vI'ne:;;\ 1:1 ml11nly 

a funct 1on 01' hie rlJJ"c1ar11 W. rl.'rl\l't. dunu 1t.y , H':urly ull of th.! b'·/I~'· 

fit of hl,!rurdly 10 obtldllC'd '.1110:-11 tll~ hCBvler IUrcurri':r or lUI ""Iul

valent oct or Illrcrnl't IU") 1I1I?rn.rc:hy Cl'lU11'f!c:d, Th'~nt Illnlo~t r(.'I~(\rli· 

le:1:J of np~clr1c tl.lrcrllrt loclltlonu; 

( 1) 

U.. ) 

(j) 

(h) 

'r1I1l1.' propug1lt Ion P(Jt,'lIlt 1/11 1[) cmlU~ wI tlc , 

1/'011 thlln 15 ) Inkll fir" n,,'!dcd I f at It:u::t three mon

tl'r utilt 10no 'l.rt! -Ill oporo.t 1on, 

HI~.tIUI'JWlt dl •.L!.nln,! uJllJortwlltlca Ilre llvrUlable lIt IIllnOot 

6Yt!f'"/ cruft.. 

:':Yfll.:hronIzlltlon r,mv.o or muter stationo has little ~rrtlct.. 

C. Syst.em ~l'f('ctlvt!rlOjjll iu bellt d'1flMd lIS 

in:ltl1lltlltleou:J (~fr.,ctl venlillO l 

n t/.m~ integral (averogl'l) of 

, 
I 

(1) 

(2) 

(3) 

A mCluuro mll.t be lU1 o.tldlt1vc oet function on subso 60,J 

of threo dlm~n~lon~l upnco, 

VUiOWl mOllou,."n Art} o.Vftroprlllte to varioJS system goda l 

1'ime propI~I\t1on to nl ~craft, 

'l'imt! prol>o.gntion t<J genorBl wers, I1I'ld CM3 coverngo. 

Abov(J u hierllrclly dttno1ty thre:3hold, 1nitial efrectlYf1nl~@ll 

p~r mll."ltC'r otut!c!fln 111 V(Jry h1~h; bel()\( this denolt.y hlcr

l11'chy r.upport 1:.1 tlmnll rmd thu:J effoctiveness per mtWil1r 

otl\t1on 10 very low. 

.' . 

D. l~astcr otntlon oltell1g ohould mulm1ze oystem effectivene9l3 

g1 Yen numbor or ot&Uona ~ 

for t.1lt' 

(1) 

(2) 

PracticBl optlmi~lnK Al~orlthms do not exist. 

Above the dt!nulty thr~nhold overall effectivene:J8 

Inaonnitivo to "1t.~ oolection. 

in vnr';l 

" 



(~)	 :~ub-()ptlmr,l ILlp:orlthm:1 are very ,·fft.ocUve lJ:rnultanl~uusJ.,y 

for lot't1tlon. location prInrlty !.U1d relccatI(J:I. 

(4)	 31teJ arc read.11y l.1t:rIveli ....hich lire dmu:hCleoUJly rje~rlJ' \ 
optirr:1l1 f"r pt'verl11 l'ffecti venell= rr:ea.:;urer:. !,

1 

(5)	 Sitt'1ng .,cmstraints do r.ot l1mit acr.~evable ... rr~ct1ver.e8l. 

(G)	 Dctat Iud diotributionn for nem-hierarchal t.1 reraft are not 

neeeOII1l"J for s~lccting efficient s· tes. 

E.	 Initilf.l. !·I83ler :':tution sIte deslrabI11.ty ill; 

(l)	 Detenn~ n(ld hy the nUlllbe I' and I-at t~rns of hie rarc~lal al r 

cr&ft tt..,t !l.re aervl celU> Ie from tbe s1 te. 

(2)	 llot !H'!n:lItIv~ to effect1veness m~as'Jre. 

(3)	 llot aeneit1v~ to data interval or data extent beyond one 

day. 

F.	 EffectIveness or Malter Statlons wIth hlerarchLl support has the 

propertIes; 

The fIrst Itat10n 1s enormuu»ly ~frectlve•. 
The next t'.lO or thr':" dlmtnl:;hll1/1,lJ' roo. but still h1~. 

After tll~ f1rat four or ri v.~. llv'"r '.I'll. ,.. f Ilircra!'t hours 

have oynchrolll;tl.4UOll uvui 111i>1"! niH! Iih~I·I.:-ch:\l pot"nt 11\1 

i~ c:Jolmtllllly fully uti 1l~,,1. 

(4)	 WIthout IL(l']{lUt1t(: hi':rnrdlll.l. l\UIJI" rt cff"l'tiV'!lll!lll; ('fOr 

mo.:;tcr :Jtlltion in very 10.... lUlU :1'~II:l1tiv<: to dotnll~'d 

locll.ll'0pw.ution dinlrllJutlnll. 

G.	 Any rea.'lonnb1c combll1Cltion of fiv" mn.:.;t<:r ot.~tlons could huve fur

nished cynchronlzntlon to 96% of th~ particIpants in thr. colllaions 

recordec by N'l"JB durin", ',he period 1964-1971. 



II,	 ,1",;'111,:', (~I);llJ:: L: ,'(lvl:r",1 L'J 'L dlll"I,' "I~am'.lJdl:at.I/l1I, "IIM'I ',I' :41 f<:l"'1' I, 

• II flllJl~lIC/lJt t.h.' :d ,~h	 t rll:'rl I: h,.urn 'LIl·1 1"'I"I\I:I~' t.ld Ii I'J'III'J 1;1411 II',' 

..	 ;1;lfH~h runl z·."J :It :Ili:/ poi /I t IJ!' ",Ill tILl'\. 'II II." I, mPL;: t.,,/' II' '.1.\110, "'"'11
 

I~, ..:t·'r ;:t'lt!OII provide:) t1 ldf~!l I·..'v', \ fir ~,f.. 'r.ul' 1,1/ 'd I fjl,tl"f 111'1;:1,""
 

,I' I, t, 1',Il;: •
 

''''''I,tlll:r l'ront:1 nil&;( CflU:;'~ '1 ,;Ullllorml11 Iy ri·rllf'\. '1'.'Il.lIt/ I fI ;IIJn,'} "'lrt:, 

'I" 1'll;IlI~' ',"II '&11 "CI~ompIU1'jI/lI; '1o:1I.llty rille: III Otll'l/' "'11".,1, \;tml/TIl,ud

",t.lUIi .... itll II :::r..:t·:r :ltt1t.lon Mlij' t", 11Itl!rr\JI.t.~"J III t.llli: f:rj/.#" !Jut. 1.,1,.· 

II"'. ,·rr,,(·t wi U h.: 1e:1:; trouUlr;.:oml! t.llIll " ::1./11.111/1 'i'I~II~t'1 • 

.!,	 't,,·- r("ll()wjn~ ~our:;t .. of f,u:tlolJ wlth rt,tlq"I(~" t,o f1JtY IHIfIl'!lJl t • r,.,tur't 

"Ill/Itl.!r ::tlltllJn .:ltelnp, 1;; r'!I."Jl!lInnllIJ<otJ: -
l'lo.w: lit'! muJI: fur flvl.' m'LOltl':'r :Ii"t.lclflll, ''''h'''1 I,b";:\} 11"'~ (in

1'1oy,.. u, 'IOf'\.:tbing IIClU" ()!)~ 01' r,lrl~r"rt. llour;: .... 111 IlIlVt' prlJd.:,~ 

til/ll' lwrJolll1iJ1c pruvllilng only t.tll't. t.II'~ ht'/wl·,,' 'llrllll': 'dr..:r!ll't 

",..~	 hl{'rrU"l:ily t"lul"",·cl, :~ht)ul(1 fLd,!1tlt>f1111 :ly",tllrllld:'.!It.l f )/, lll'r 

vlcl~ lJI~ JuJ~cd d,,·alr.LLlr'. "ll1lll.llr at'lt-lIJ!1 ul"tilll~ .llA,1r,r,mt'/lt,il 

:11IOul'J tJ(' bWh,d on O/l-.\1t.f~ rf',~J Ullin QVtUUu,t1ull (Jr I)Yflchr'ml

Zllt lOll raepu. 

~,	 \oI1.11e ma.r.y ;;cta vf l'lve :Jtut1\JlI:l ~U.1l \lru,lu~~ compllrAbh 1',:rffJrmlJ,mll', 

t.hlJ t.WO lH!ta uhown In Figure 1-:: liLW" UIH',11 iJI~f1tl !'I.,1J Ili$ I'rtJvldlrli) 

t.lw mOllt ut.ilily. The priority 01' Innttt.llll.t1oll Itl 11ll.1lcliteu r1.l-~llll

L\;It.iclllly. Whlle the upper ~roupin~ of l~lgur(! l-~' t1xll 11>1t.0 C1umC'....h/lt 

hl~li~r pl:rformD.llcl: 1n tema of groUC'li.l1'Crtlrt liourll f:I'jllchronl,wd. 

\ohtl lo....er grouping (the be:.!t 1l01ectlolUi from l/l~Jo" hulo~) hD.1l tile LLU

V&U1t.llg.,. or better service to uircnrril1r fltrCrll.l't. A hoW' uervl':c t.o 

h 1,,11 dCI;81ty traffic, llvall11111~ .tovornlnCI/lt tti tf'U IUlli "l1rvlcc t fJ,lId 

lolla D~1l61tivlty to	 fut.ur~ cho.nt1,eo in irllvul pQt.tt'rfl~.-
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1.4 Or8'Lllizl1t1on or thtn Il"port 

•	 Uolution methodlJ lUll! oupporting mathematical analyses are presented in
 

Section 2 and auction 3 contains conclusions and si teing recoImlendations.
 

Appendix A provideD l' DWI.,UU"y of the numerical and graphic results. For 

tIlt! reader deoiring additional information; references [1] t [2] and [3] pro

vido detailed reporting or activity throughot this study. Appendix B of ! 
this report io & aoetion by nection crOBS reference to this material. j 

I 
J 

J 
1.-	 I 

• 



~. 

An Ii NlllIJlt. or 11h'UHl I Ituc1ice t a dotl1llot1 "olution methQd VIiO ftf.llocted 

vh1ch tll a. l:Iynth~Hltll or IMtholno.t1cal and computer annlynia. noetion 2.1 be

low dollorlboo ttl!) IMthomo.ticll1 lUIpects or tho method ..,hila Ooction 2.2 out

l~noll tho oomputftr ~ulygiDI During the courae or the otudYt and a.U An out

~rowth or irlv@utl~Atlona into tho sensitivity ot maoter otation ~rroctlv~ne'D 

to th~ lOQI.\t1tJn Md dC101I1 ty f'Jt hierarchal Aircraft t a leoQnc1. 10l1li complete 

but tully mAth~mAtloAlt method wa. achieved. A description ot thl. method i. 

1ncludoQ in Ottctlon 2.1.4. 

_.	 
" 

Four ol~olAlly tmport~t problems in tho location ot mAltor ftynohroni

zut10fl etll.t.iona or. MlI.lyzod in thh section. 

(",) 110'01 Ofln hhmLrchAl chAining be modelled?
 

(~) ~\At oro ldoQuato meAluree or ma.tor otation erreotivon'D~'
 

(0)	 Wh&t mf1l1tor atation location algQrithm. rellult in nOAr 

optimtun pllloomont? 

(d)	 ~ll.\t pr~o1111on in hiorarchal aircrAft poeltionc io rOQulred1 

W~ firat l/llH.Ufy thlj,t h1oro.rchal chdninR hll8 It. grtiph th~orf'tictLl bl1sh 

in "'hi oh till' no(1tt/J of tho grll,ph ropreflCnt thlt hlorarchl\l tlquJ pp"d fi1 rcrl\Ct 

lUlU lUI t!llgl:! or t.lla ~ro.Ilh 1., definod. between t. ....o nodea ....honove):' two fill' 

crll.rt M't! .... 1t.hln r~djQ l1ml-ol'-nlght ll.nd. nync.lllrorllzation frtnll,\'l. At uny 

glvoll tnilt./Ult tn G')NUfl tho connected compononto of th1lJ gl'll);1h (wllj(~h '016 cn.ll 

clDud~ ar ht~r~roh~l Alrcr~rt) daocr1bn complotoly the potontinl p~Lh" fivn11

able) for nlr-Lo;.,i,tr rdny or lIynchronizBtlun. If My ona of tho ulrcnrt 

(no~\llg) 1n Ii. olow1 (connocted component) hM 110COll8 to uynchronhll.ti on from 

II. m~tltt'r ~tl1tiont !,lUlf\ C!v"ry ~trcra!'t 1n tho cloud. hf..a thll potonttH.l for 

baln~ "ynohrunl~~d.-



.-


Wt.' shlJ'J thlLI,. nV":r 1\ \Jr'114,1 1111.1 !.Yllle/ll r1uIW' "f l.rnl.ll't11 Jlhrumeter!\ fUI,1 

III ttl til t')1 "rob'L1d I i t.y. ,41 r.'rILl'I, III " dowJ cl;rvl •.'(·,J by 14 mIlJ:l.pr ~:I,f4ti()fl '4r" 

;~J'II'·lir(lfllzf"J. '1',11\ ':')lIdUld'.11I I;J oil/Am to lit.:' vtdlcJ 1I11l:nev':r: 

(u)	 Ai rl)(lfliC doeku hllY/! Wl t4('cl~ra<:y ~re/4t~r tl.ll1l 1 purl
 
-H (. )
in lON • 

(0)	 Till! pr f)LI,b..ll1.y tiC tlch1r.·vlfll~ 111r-to-alr reIllY or llynchronizl.llion 

lu III I'Junl u.4 I~r lry. 

(c)	 Tlill ILI·(.·'~r'j,':y III th Illlidl 1.111\11 1:~ rcltly~d III lIt leur-t 0.?5 

1ll1crc)(H!CfJnr! ( ~,,). 

(11)	 TIl'.'r'/l uri: /\t J,:/j,:l1. ,!') blt"'IJ.rr:hy leveln uV/lUubh" 

- It it: folt. t.hu\, III lilly :JyutlHn l1kdy t.o be IrllJtal1(:rJ. /Ill tbl:ne f''lrr4lO

"t.:ru would 110 within \.lIt.' lltl\t.<,rj l'Illlp'I1 UIld Dvm/! coml>lnuti'ln or t.hem would 

kilt gl'lmter t,h'L!l tllo mlllllOlullll 118tl1'1. 

BtC1Cd vII t.lliu ronult. ye dtltcnnlnl1 the cl<luuli of 1£1 rf:rnl'l, and thlJlJ. 

wll 1eh ILl reruf't tlJ't1 uynchron1?f!d throup,h a computp.r mouel 01' t.tl" t1 me ~Ioa 1

t,1(JlII.I 01' all o.lrHrlo o.1rcrnCt dOl.leribt'rj 1n, 3cctioo ;!.:? 

We th/HI turn to the problem or plueing master lltatioflD flO tint Gynehrn

1l17.ution eM be uprend maxilllally thrCJu~h CONUS, 'I'hia reqlllr~c thnt. r.l1!~nllrl·C 

01' the effect1vvnClHI of tlmo dlot.r1bullon be uerived to rer1\lc,;t tht' 111 r'f,~r(:nt. 

rouoible UIUtU of the time rl1strlbut1on ayatem. nnd necompltllyll1/\ Ill/lster ot.,..\

t1un s1t~iog u.l~or1 thmu bo IJclt:et"rl, 

nonlly. tC) be (Ulourv(l thut th(1 m~t.hods wi 11 be udequl\tl' ...w ne'er! trJ 

1'.I1oY IIhf.l,t ((1 rc rlLrt pos i tion 14ceur/:Lcy 1IS requi red t.o t'1~i thfuJly rl:precenl. t.he 

hierrirchy cO'11lMmlcuttonu ClOtHl atructur(: in CONU3 Ij,t My IlInto.nt, To llIloyer 

ttl Ie ques trOll. wo (:xwnl nc the ovcrull ;j tructurc of the h icrnrchu.l p;rnph from 

tho puint or vi,~.... (If otochn:Jtic ~ro.Iih theory, In thiu effort. a mnthemntlcnl 

modt.'l baond 1m t.ho lu.... of lurp;r: IlUlllb,'rn in developed 1n order to tro.nlllat'· 

2.2 



the; r~lJultn of stochastic graph theory into properties approximating thotte 

or rQnl distributions or bircraft. ThiD investigation shows that during th~ 

portions or the day when large number. of hierarchal aircrart are aetive, 

all hl.r~rehal aircrart 1n CONUS vill be 1n & single cloud almost regardlel' 

or thf!'ir individual positions. The le.. aetive portions of the day have 

beun ~x~ined by exercising Dubsequent computer simulation models vith the 

ov~rall relult that, for the purpose of modelling time distribution, ther~ 

Is no noed to loeate airer~rt more aceurately than to vithin 30 x 30 (n.m.)2 

ce11". Throughout the more acUvo portionl 1)1' the day much less aee',,\raey il 

requircl1. 

'rtilJ mathell!'.\tical mCldel derived to eXlwine the dependenee of cloud atrue

tw·..• ';n lAircraft 10cut.1\)nu pormi ts prel1minary estimates to be made of thQ 

nwnttlT v!' nl!.lster station:) r(!qulred Vld th"ir effectiveness. Section 2 •.1 tIn'lll 

,,1 tli tli'IIH: results. 

','ho hierarchy nUltl\,('r at. each "ircr,,,rt ill the sum of tht: numLer 01' 

rt.:ll.\l;l of' time ::yn('hronI1.lltion from the 1IlIW\<.'r st'ltiC'n and e'luivalent dOlllnt,. 

Iritt/rvluu Ilccum'.1latcl1 Ily lillmcmber.: \)lItw'mn synchronization:!. Since '~"ch 

l'cl",y clJnt.ributc:l a timIng t:rror and _ d./mote interval is defrncd to bp. til'lt 

l~Il"t.h or tIct.' during which t.he aircrll1't. 'IS clock developJ an errQr cqual ttl 

thlit ~Ilrrt;rt:u in fA rcl\iY, ~l4ch craft'll hierarchy number indicl4\.p.c the 11":

cur'lc;J <.If ticl: I1vlI.iluLh· (~lioard the crl1ft.. 

!J~1,1nlllng upon the Qrror introducf'd In a time relay. and t.he- total 

error tolorable in the uyctem hppllcl4tion ~ln~ considered. 30~e upper Iln!t. 

H, t.o W1co.ble hierarchy ~x1Dtll. Aircraft ptJlIBeasing hiervchy less thruJ II 

are etllomnd to be· satisfaetorily uynchronh"d, The maximum useable hierf1!'·,.'hy 

for t.he ~lrborne CAS uefincd In reference [4J is forty. 

ConQider the hierarchlll ehain d"pieVd in Fi~\u'c 2-1 where 0 is th,. 

maut"r ntation and the nodna I, 2. ~tc., ropresent aircT3ft such that each -



1l1l111'"IHJIVtt IJlllr 'L1'U vlthlfl rlLll10 1inc-(lr"olght. U1ltl tlynchronlz'..4t.lon runge. 

Wt/ vl11 tlUlU IlII '\ mrJuel u nyutem lmplQ/IINltt\tlon which allove uynchron11.ution 

t,l, I", Illl.'IInI,I.,,·1 'II. r'lgtllllr Inlerva)o /l" d,,'~n, f'or ~tXlllnpltl, t.he uyotem de

l'll1ud III rtlrr!r~'I1I'" (4). f'vr 11 p:iVfln llUCC/lUtI!VI;' 141rcnrt pair 1n Figure 2-1 

•	 II;!, (I 1"1 t,lI" J,,'r,III,bll1ty or I.1chtov1np, uynl'llron1z'lt1011 in or:/) ILtttlmpt and let 

II I,I,' w.l1l1tJetr or "t.templll V"Mnlltf:11 In A donlOtiCJn inttlrvlI.l. Thon, q • (l_p)v 

ltl t.tI" pr',lJ'lllll1ly or no!. 11t;ld'JvirW nynchronlzl.1tlon In a d/:motf) interval, 

Willi" I' • (1-~) 1= t.IIC probl,t,\ill1ly (Jf /l,c.:hievin~ Dyn l:hronhlltion 1n a demote 

Il1 t .t.tr /Ill , 

"--

-
Iv) I I	 r1'URE 2·1. AHIeRARCHAL CHAIN 

Tilt' prrllll\\JIllt;.t t.hul it tWt('1 thlll po.ir prucllll'ly k dllmote Intt:rva1:J to 

tl'!1r,~f't1r ayMhrM,h,ntion 1:1 !.h', probo.bl11t.f.or (k-l) 1'"t1ure" rollowed by a 

o1yt:'J""Ut, IIIUl\CI 1)' l-l p. hut. t r "ynchroni zll.t1on tt.Y.on k c1omoto inttJrvtlls, then 

tli" ,~lif\/Ia" III hloro.rchy, I.h, I\crn:.1 thlo link of' thn chain 10 preeieely k. 

1'lIIJIl, loli.., JIl'(i\i 'ltl 111 ty thllt lih • It 11 Clk..1p. Thll pro\)l1bl11 ty function 13 

UlyAl.rll"qll in Figure 2-2. 

::tnctl Uit probllbllity of lome chf\nv.~ in hll'lrarchy III unity, Wtl IJhou1d 

tlwl t1(/ llllVII 

...
E Ilk-1p • p/( 1-q) - 1. 
k-1 

H(lt'"l")v~r, t.t.4! I\v!'lrage h1t'rltrchy ch'Ln~t.' lJ"t ....""n lIu(:~~lIftlve ulrl:rl1ft 1n: 

... 
t:h.	 1: kqk-lp • IIp - 1 + (/lIp), (2-~ ) 

k"l 

-




-


and the variance of the change 18: 

O~h a t [k - (l/P)]2l-lp • q/p2. (~-'i) 
k-l 

Each link of the chain 1n Figure 2-1 has its own charactcrlatto prob~• 
• 

bility. Pi' of obtaining oynchrclnization 1n a s~lgle demote intorvrJ.l Md thtl 

hierarchy at the mth aircrl'lrt, h , is the Dum of all m !:Ih's 1n th" dlliln. 
rn 

By the central limit theorom wo expect that since h is the sum or rMldom m 
variables. it will be npproximntely normally distributed with mOM 11m, oquAl 

to the sum or the means. 

(~.4) 

2and variance. 0m • equal to the sum of the variances. 

-- (2-5) 

The actual distribution 1a dorived in reference [l]. pngl'l 2-12. o.nd tlw 

normal approximation 18 nhown to be valid. The situation is very alODO to 

that illustrated 1n Figure 2-3 for a 23 lin~ chain where the Pi'l h~vo boon 
selected at random from tho interVal [0.994. '0.48]. 

We wish to be aB."lrod thnt. vi th high probabllity. h is 'no Pi"ll.ter 
m 

than the ma.xim\.im useabl 'I ~lorar(;hy ". Uoing the normal approxim",Uon. Wft 

'know that when 

\l + Qo (}{m m-

then hm ( H wIth at leaot probnbility P provided 

.. t2v*jQ / 2 dt e- P• 

,.. 
For example. when Q i6 2.05, P io 0.98. 
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When t1llY4110n (:?-I)) III IHit.1uf1f~d by system chaining purMlct.Clru, llyrtcllrr~

nlzatiun Clr ,uI membcra 'Ir ttl\" chllin up to the mth ~mber 10 llJS.ur"d vith 

probability fl{l lf3dB t.hnn 1'. I/t,ving selected a Buitably high pToblibll1ty, 

p.quation (~)-(,) I:'I1n ther"r(Jro (ll1play those sets of possible chllin1nv, P'Uratn

eters \/hlch f/rovlde GatilJructory performance. The par8llleteru invr)lv~d in 

e~uut10n (~-~) nrc 

(n)	 Th~ ~rror introduc~d by time relay 

(b)	 ThQ clock accur~cy 

(c) 'l'hcr int.erval L.,tvrU1n lJynchroni zation attempts 

Together thou define th" numb"r or ~ynchron1zation -attempts per dflmote in

terval, v. 

('1)	 Thf1 minimum lJAublo tly.tem accuracy \lhich defines the maxllllur.l 

WlfflloblCl nienrchy, H 

(e)	 TIiCt Qua.l1 ty or t.ho cOlTlllunications channel vhich det"nnlnu the 

rrt,)babllity p thAt a .ynchronization attempt is 8ucce.. f'1~1. 

(~-7 ) 

is the err'll.:t1ve provl1bl 11 ty per link or achieving synchroniza.tion in one 

demot~ Int~rvl\l for a l'tI"ln that. exhibits the individual prolilabll1t1"G Pi' 

This pl1r'1oIIlfltor 1a uacd In conJunl:tion with equa.t.lon (2-5) to produce th~ own

marlzins cr-ph in F1iurt ~.4. 

Tho curve givoa t.ht chain ),1'ngth tor which we EU'e 98% cltrtain that all 

chain memb~r. have hierarchy leal than 40 as ~ runction o~ th~ err~ctlve 

probab1l1t)' por 11nk. 

,-,
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, III "C"llhl()11 Av()idruwo flyllt.(1lft night T~lIt 1\1111 ~'·/I.11ullt.1('ln". Mlirt.Jn 

Mn.ridttl\ COl'porntlon, April l\l'rO, ttlntl on air-to·Air nynchronhlltion (\r~ 

1'IlpOr~'I' !'or VI\\'10ULI dhtMCl'lD 11l1l! nltitul\C\O. Wh"," tho t'Xpt'rtmllnt,ul ra!.'ults 

lU'e IlUllllnl\rhol1 ov~r all ",Hitu\l~u IUHl rt\ngol to f1 nd tht! probn\lllt 1.1 or ob

tnifling flYllchronho.tlon 1n ,,(j"""(lOIU1 dnmot~ tnt~rvnl, OM obtf\lnll 0.73. 

A ~3-lI\l'OIb(lr ohltill with thiu Jll'nbhhl11ty for ('Ilch Hill'. In 98 }.erct.lllt cftrtD.ln 

to ht\yu ,,\1 m~llIbt1ra in htt!r'lrC1lty It"ll tht\ll hOt 'rhh lJOtnt 16 l11lUltl't1.ttHl 

wnll tll(t • ml Ul('l flguro. A (~-tl(l\'ofldd~mot" Inl.(H'Vl\l flt',)rrcapOIlIIIl t.o 10-8 , 

~ryotGl o~dl111l1.or, cluck. 

--.. 

'J'1It' vt\rloutj {!XJlnl'lm~'f1\D, ",'Al)'i',or! lnt11vldul\lJ,y. ~xhib1ti:'rt !l "Mp-to of 

tl)'nch,'onb'Lt.IIlf\ pcr G-occond \t~llI~)t" intervlLl pro\lublHtloa frfJm 0.99h to 

L>.46. 'l'lIt'lSO vhor!,\f,hmu nliowtH! no pnrtlculnr d"p('IHttslw" on rMl/1,t1. It o.ppeo.ro 

thnt 11lgtlI\1-tcl-no1I1o ro.tiou 'tItll't' nlorft thfin ntloqHl\i~ III 0.11 nM!H~ t.flutod so 

thut Inult.lpnt.h tnt.nrferenco 6lH\ IUlt,tmnU po.ttnrn nuUII d.cmlnnto Il)'ochronlzo.

ticn probu.b1l.1,t.ba. Cll.lculll.tionll bllQCld on t'H1Ull.t1ofl (:1-7) ah'lW th"t II 25

mOlnbor chain, in ....hich tho indtvldunl UnK. oxh1\.dt 'hill entiro fMp,O of 

probll.\>111t1oL1 1n c~ul'l proportion, 10 98 percont cl'fhln to IIAVO 11.11 its 

mombero 1n hl~rfirchy leoD th,m hOi t.hin point 111 lrl.\>elf'!d • on t'1ll:uro 2-4 •
• 

Thua w" hu.vl3 f1hown, on tho \lMl0 of tho bellt ~)(pulmontlll (lvldNICO 

o.vollublo , thllt. with hll;h 11roll"h111ty IU1Y chl\ln (,Ir lE!u than ~O IIllinl

hera will llrovlt1o oynchronhkt..lon to tul ll1Nraft. Illllted on tliin l'nllult, 

tho llolut.1on ll,,,tllod utili ~,Ol' In t.ho atuc1y l\tldUl1ltl~ that Qll hlerILrchl\l 0.11'

crllt't It1 uylll'hrolllt.ed 1r t,htH'tl flxlotn 11 8CQI10nl'jlJ or hlC!ro.l'chnl. CI'll.rt leading 

from 11 nlfiotor !lintlon to th~ ,dNro.ft in which I'JI\~h "UCC~88iv~ l"l\lr !\rtl with

In l'ltt110 l1M-clr-oigllt nnd oYIIl~hl'oniut1on fItIij1,(t. 

Wo hold. thtn IilHlwnption to \"" con(}erVtlt1v~ on " number or groumta. 

I . 

(u) With Ii llynchronhl\t!oll rn.ngo of I1Plll'<lxt\ll!lt.P.ly 100 n.IU., M \lOI~d In 

thin t?vlIluntlon, IL oh~ln or :?O 11111\0 til ~m t.he avcm\~" l~,O() l1,m, 

long. :Jubaequenli ll.nl\lygltl sho'tlo thnt. t.lirl:!l! ground utl\tlol1D within 

./.' 



CONtr.1 lim! t tho numbtlr ot l1nks required to fully utilize hierarchal 

tlm~ dlutributlon to l@OD than fifteen. 

(b)	 The an~lY81s above oaOumftD only a single chain leading to any 

givon atrcraft. In point or tact, multiple chaining opportunitiel 

exl.t at nearly overt craft. Each alternative chain increalol the 

probnbili ty ot boing l!yn~hron1zed. 

(c)	 The numerical rooul tD quot"d above asaumee that all aircraft are 

eQulp~d vith a 10.0 cry.tAl clock. The atate of the art in pro

ducing precinion tim. pioeul ia Buch that ve vould expect many, 

it not most, ~ircratt to b. better equipped. 

'. 
2.1. 2 Effect! veness Melllll1rCIl 

In thh study, vo have tlLkon tho point ot view that the dh'~r1bution 

or time throughout CONUS could bo A lorvice directed toward a number ot poe

sible objectivo.. As with any Itrvieo, one needs lome means ot meaouring 

the degree to which the servic. mootl ita objective•• 

In the Iystema we art oonlldorlng, the primary Bource or time 11 the 
, 

master station. !IO'olevl'lr, thn hiol·"rchl\l a.ircrart eerve to extend thlt aerviee 

into regions not diroctly covurnd by ouch stations. Somewhat analogouo to 

more fnmiliBr utilities, (n'~l I ~l@otrical power, natural gas, vator, etc.), 

onch hierarch'll IU rcrnft eerv.,ll M Ii nubBtat10n "'ith its own pnrticulftr 

region of 1Ilnl.lcllc~. In thil1 I!MU, t.ho region of influence is tht' IlUb8Clt ot 
corru::> ri.iropnc" w1thln rl11l1o ltofl-or-alp,ht and synchroniza.tion ranE;~ or eltch 

uynch ron1tcd 111 rc ru.ft. , 

'nle ut.Ility of udn~11l11. t1mt! into this region should be dirlH~tly 

relatable to uY.lltem ouJl'ctIVt'". Ir til" objective 1s to provide time to Ilir· 

craft, ttw utili ty should 1.," Int1/u1 urf!lt 1n terms of the number of 11.1 rrrlll't I 

perhnps of 1\ u1Jcclfic tYill', wlthl.tl t.he region, If thp. o~Jectivl! 10 to ~)utt1in.- the broadest p0:101ule Il.v.ul'thll1t.y or time, then the utility might I'rOpt'l'ly 



be meaoured in terms or either the volume of the r~gi on or the land ti\.lr f'lce 

area it covcr9. If time service is provided for ~ollininn avoldMce JlurpOtl~B. 

then the utility 9houll.l bc measured in terms of the rate or I)CCUrrenc~ (If w'nr 

misses and/or col1ioionu in the region. 

However, regardleo8 .f the opecific objective, we wish to defin~ n 

function which operateu on a region (subset of CONUS lI.irllpnce) and produces 

a positive real number reflecting the degree of utility provided. Thll.t Jo, 

we wish tL define II. function, v, which opernteo on subsets, V, of threc dimen

sional bpnce (the servicc region of II. given aircraft) and yiclds lI. p09Itive 

real number a, i.e., lJ(V) • a.-
Since the region V Bcrviced by given hierarchal II.Ircrnft changes with 

time as does the cha.racterillticB or the regIon which detcnnir,e v(V), we must 

interpret lJ(V) as the Inotwltaneous utility of providing 8ervice to tho 

region V. While instantaneouB mensures of utility are of interest, we will 

ultimately desire to integrate this functIon in time to obtain a measurc or 

the mean utility provided. 

A further, and very definitive, proporty re~uired of the function lJ 

can be discerned. If we have two hierarcho.l nircro.ft which provide ~crvlcc 

to two completely dloJoint regions, V and V , then the utility of providinr,x y 
tiMe to these two rc~l()n:1 combint'd must be the sum of the flepnrate in r\ivltJual 

utilities. Expressljd nylllboHco.lly, this meMO: 

v(V U V )- L; (V ) + u ('.' )
x y x y 

wt..enever the intersection 

vl' Vy i 0 the empty Uttt. 



A rur;~tIon ....hl('h 1l0IJOr'!'ltt'U l'ti/41 IIwnlJ(~ru willi ll"t.n ILlI'I h'li; thl! ~lI(Jv" 

"r(;p~rty I!l ~f111cd IUl (finItely) II,t,llt.lvf' n~t flllwlll,n. It ('M be.' nho\ln til"., 

\Ilion ~uch tl !'unctIon I!l lippl1CI1 t,ll '1 tlt't II~rl Vfl<! Ilf l,lllrnbinirl"" (In ttl" at,II11f.!
• 

"f :let union) /4 number of over-l'll'ldll~ r~Rl\)lla, til" rnfClolln r,r overlup Ilr" 

countcu only once in thp. det(Jnnlllllt.lflll fJf the raum~rlu"l fUlI,·t.l,mr,l valu", 

With this backgroul'l<l, \If! ':11.0 flOV pc:rccivo t,lI, lIt.l'}l:l Mc.'enBlLrY tl') 

IJpodfy the utility of time dllltrlb\Jt.ton. Onr' bt!li\lnn \llUI .. np.,c1rlc nl&ml,~r 

Wld placement of mo.ster stationB. rl rat, one mUlit I1ltttnnlM for each ttl'l' 

Inahnt \lhlch hierarchal aircraft al'~ l;l)'nchronlltod "" thlt r"flult or th1ta 

malter station placement. The IIerv",o rf'glonB fQr 11.11 D)'nchruni zed Ilt"UonD, 

including hierarchal and master It"tlonll, must t.hiltn bo c1erlv"'J Md coml tned. 

Follo\ling th1l, the functiona.l rule! II 111 appliod to th" combinod regton to.-. 
obtain the numerical representat.1cm or inltMtfoLMoua ut 111 ty. Fi nally, tho 

iM'tantaneOUB utility must be Int"&l'l\t.oll over timo to find tho time !\vor"l~ec1 

uti 11ty. This procedure 11 oummo.r 1r.l!'11 1n the fo Do..,1 nl$ IYIllb0101';)' : 

1 iT II [ U. V] IHT .d3( t) x 
o 

whore G(t) iB the !let of 11.11 otll.tlollit It)'nchronhf\11 "to time) t. 

The computution desc"ibod In (;'-0) Ilufflct11t for compllrinon or t.ho 

~rformance of alternative lTIlllJter lit."t.\lln plllcflm'ill\'ll, but (1r>f'1l not yiel!! In

formation 8.!3 to \lhut f'r'lctlon of U,n lotl\l n~e(l Iii 11~111~ fulfilled. To r"· 
I'loct this o.spP.ct. \Ie mUlt comput." I hCl utility or "r{)v1(l1n~ nync-hronbr,UI'll 

to flU CONUS rU r~pl1ce I\1ld normrL11t.~ 1.11", l"xpl'etlslon In (:-!-5) \11 th r(!op"ct 1.0 

-




till" qUllntity. Thus, with a given 017\ fir fl;rl.)und ut.ntlcJrlIl M, 1010 nS50ciate an 

c:t't'tlct,iveneflB number r~(M) given by 

{u ~~('d 0' 
E(M) • 

\lUddt,I 
T 

a 

whcr~ the set A is th~ total corms airl~~Qtl 

Five different dl::rin~,t1ons or U,.' nt runct,1on '" han been investi 

g.~ud. Each or these emphal1te a dirt'ufmt polllible Ult for Ume distribution. 

1. lI(V) b ·'.he number or hienrnhll1 aircrart In V.- --------.. 
With this definition of IJ, t.ht Mfectivene.. 11 the fraction of 

hierarchal aircrart hour. that are .ynchronized. Thll 11 " ROod measure of 

utility for master .tation locution purrO~.M r~gardlen. of the apecific ob

Jective of time disoeminntion. Since tho bAstc time dlD.omln~tin~ mechanism 

1. ~ir-t~air relay betveen hierarchal ~~ulpped craft, wnd alnee nearly all 

Ulorul measures of effeetive~ess sre @nh~nn@d by the br~~d~at possible dis-
I 

eemino.tion of time, a sequen<:e of Mat.1' IItaUlIne \If!ll phcorJ to utilize 

hierarchal chaining potential Berves ",11 Uk,ly syetom v,oAla very vell. 

II. 1I(V) is the CONUS Gurfllcn br~A t'ontalneu In V. ... --
With thlJ 11, erfectivene•• I" the fraction or comJS land area 

which hillS synchronhnt1on service IlvalhlJl(l. This mOllow'" 1, lntend~d to be 

indlcative of utility to non-aviation \lIi!ISrll of tim". 

III. ~(V) is th~ total number or ~trcrart 1n •• 

In this cue, effectiventlJU 1•. the fro.ctlCln or total CONUS 'ly

ing hours that hav~ synchronizntlon llv"lhblo. Since thh rt"rinitll·n in f'!!lt 

to bl} most repr.esentntive of service to nvl_tion, it lib. rocotv"d pritr.'\ry ~m

phCl.llh • 

-
.
• 



IV. II(V) is the aircraft fmcounter rate in V. 

Our use of thin definition has been ro~tricted to the Qssumption 

that the encountf!r rate in a given volume of airspace ie proportional to the 
! .. 

squllre ot the aircraft density and further that the constant of proportion

a.l.i ty docs not vary throughout CONUS. It provides an approximate indicator 

of time distribution utility for collision safety purposes since etf~ctiv~

nC50 by this definition io the fraction of aircratt encounters durln~ which 

tim~ oynchroniz~tion is available. 

V. II(V) is the aircrurt collision rate in V. 

Thi:l definition, which gives effectivenoOB 118 the fraction of 

colliuion3 provided time synchronization coverage •. iD intended to be supple

ment~ry to the me~sure of effectiveness described in IV above. In applica

tion, the collision rate has been deter.nined from NTSB collision records- covering the period 1964-1971. 

Effectiveness as defined by equation (2-9) depends on time through the 

synchronized station set S(t). S(t) in turn, is dot~rmined by the time pro

files of a.l.l hierarchal aircraft. Taken as a whole, these time protiles and 

hence ~(t) exhibit strong periodicities. The strongest periodic component is. 
diurnal as flights build up during the d~,odie out at night, and Ihow char

acteristic peakir.g at rush hours. The next strongnt cOll1ponent 11 weekly, 

with minimum travel on weekonds and buiJ1 up through the week to ~ccommodate 

the public's travel habits. There is also an annual ppriodicity tQ mateh 

seasonal air travel patterns. 

.

We can view the function S(t) as being made up of dally, wfl(:!kly, und 

yparly components, all modulated by long term trends plus a noiso component. 

Noise enters in two ways. First, on a fine scale, devi~tions from schedule 

occur due to w&ather, flight path choices, delays, etc., and on a lnrger 

scale, sched~~es are altered in response to economic forcce. S, cond, since 

we cnnno~ represent the runction s(t) exactly in our calculations, w~ will 

inevitably introdu~e some numerical noise • 

" ,. 



Any high frequency componentli of noiso v111 b*, ol.ronv,ly aUcnuat",! by 

the integrlltlon proceus vhich has a half-pover bMdplllHl or (m1)" 0 .443/T liz. 

Only dieturbllncea ....hich persist longer than 2.26 T wUl PUll without IS 1Rnlf

lcant attnnuAt1on. If T ill on the order of day., r".... nlit.urlll dht'!rbll.nl~1!lI" 
p"rslet thll long. If care is exercised ....ith ralroct to num@rlcal noiae, 

the nol.. component I ....111 be effectivoly averaSltd. 

In l1Sht of theoo considerationll, the 10e10d cholco tor a reprount

utive ~rlod 10 T oquals one ....eek. All daily nnd vookly v~rlAtlonll ....111 be 

accountod for ond noillo adequately attenuated. 

'. 
On~ charlcteristlc of master statlon ertectlvanel' iu not reprolrnted 

In equation (2-9) all it no.... stands. Minimizing the ottoot,1 ot master IhUon 

outage. Ihould be a consideration in station deploymont. P~tt~rn8 or rft~un

dancy lIIIiY bo pOllible which enhance the overall orroct1vonolHl or the ml1lhr 

ltation 001.. The beat ....ay to assure that such ponibllitln tu'O 'l'operly 

exploited il to delign the e~tectivcnesll measurol to lnoludo the contribution 

rt redundanoy to utility. 

WhU, tho effectiveness measure ot eetuation (~-9) Villi constructed on 

the t~pllcit promile that all master stationll aro ,val1ablo At all timel, 

actually the Bot M of master stations can be in vArloul opor~tlon&l ~t~toll. 

Each oper~tional atllto i8 described by the suboet Xor tho ntAt10ns 1n M 

vhi-::h lLX'O "on the! IL1r". These subsets (states) X or M rla,ll/Ce:t rrom nooo ot 
the stationa available through all combinations or p~tlAl Av~ilnbility to 

all master IItlltionll being I31mu).taneously avallablo. EACh ~htft provideD a 

cutuin lovnl or ocrvice E(X), described by eQ.uD.tlon (:'~-9), lUll! each pOOlleOL'ltllJ 

a charactorhUc probability of occurrence, p(X). 'rhu n\lH'll (:!tfcctivonen, 

E(M), of th. Jet M 1s therefore given by 

I(M). E p(X) E(X) (2-10) 
Xt'IT(M) 

....here 'IT(M) la the poyer set or M (i.e., the set or ~l\ Dubatta or M). 

....
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Under the expcL't(~d clmdltion that ,ul IlII.Lster :ltati'JOII '~ro "f like 

kinll, nnd that utation out,'Lgeu 'Jl11 be independent event:.:, IA ('OllVllon prob,,,

bUity vulue CM bl..· U:;~d for each combination thnt ha:l the 1I1&11'\(t number of 

otationo 'lvnllo.ble. Exprt.'lllling availability as Q, tLl'ld rwn-IAvtd1l1bility ,,,::; 

Ii • ]-(1, equation (2-10), in this case, reduces to 

ROO. 1: '"X rP-X E(:O (?-11 ) 
XCII (!1) 

v!lrre the notrJ,tion X 11\1:110118 the number (;f elements in the t1Ht X (1.('., the 

ClJ.rc.llnal number of the oat X). 

.- EqUl1tic.1I'I (2-10), Qr 1\:\ upproprlnte, (2-11), used in C'onJunctlon 'Jith 

equ,;.~I,.,,, (2-9) is the mo5t r,:eneral deocription of master lltILt.!on crfectlvc

nCBa util1:r.od in compul.ationo.1 portions of thill study. 1I0VtlVor, depending 

on the opecific npplicatl~~ of the master stations, varioull ffmphnaisvill be 

nppllcd to opflrutional lind oconomic considerations such lW, IUllntcrruptcd 

service to hi~h trtLfflc ILret'.8, service to aircarricr aircrnrt., utilization 

of I1va.lllAblc government "i t"o and service, and apI-licabilitr fluring early. 
phuut~u of introduction. Although such operational ana. econumic motivations 

)Iavc not beon fo.ctored into the analytical evaluation of ofr"ctiveness, they 

huve been conuidered in making final Judgements on site altcrnattves. 

~.l.• 3 Alp,orithms for Mantel' Station Location 

E(M) in equation (2-10) is a function of the geographic coordinates 

0f the mnater station locations. The intent is that the Btntlons be located 

80 that their effectiveneol is as great as possible. If thClro are m sttltions 

in M, each point il'l the :?Io dimensional space of station coorll1nllt.es yields 

a particular value for E(M). This suggests the possibility (If employing 

standard multidimensional optimization techniques to locato mnnter stations. 

These techn1q,uea invariablr I18sume the function to be continuous, and most 



_. 

require at least	 fi rst order d~r1vl&t.1vea. Unrortunatd:l. F.(M) is not f!v"n 

continuous in tht> 3tat ion coordlnllte vlU'iBbl~s. Step 11scontinui tie:! (,cc'.Jr 

when the last link betveen a mast~r 3t.ation and an aircr~rt clou1 io ft('v~red. 

..	 t:Ven if this vere not the case. Investigations hllve sh(,vn thllt ·.h.. runr.t1t')o 

F.(M) has III8J'1Y relative maxill'.li, arJ that the result or conv~nti'-JOal optimizing 

techniques is highly de~ndent orl Initl111 liolutiofl f:StillllltcS. 

The only lII(·thod for verU'ylng that B truly optil:lal station lQ('lItll)n 

solution has been f'('liched. is exhl&uation of all possibil1tie:;. To '.1r; thl~. 

8 lIlCsh of possible staticn locat1on, IllUst be laid over CO:IIJ: fin~ ':c,oup;ll tn'lt 

signi~icant varillt.10ns in effectivf:nen do not occur vi thin a c~ll. ru'11 ttum 

r(r.1) c:ust. be computed for every v4Y t.hat m stations can be placf'd In theae 

cells. If there arc: n cells. thh requires (:) computlitions or ~ (10 ••'or 

cXfUllple, if an avcrfU7,C cell in 1:1):It)~j covers 700n::P (approxil:l:t.t."ly 31JljlJ ('t'llJ) -
Bud there are tv	 be 20 master :::tl1tloo,. thcn 

n ) (300
1
)) _	 51 

( 1:1 ., 20 -	 10 

computations of E(M) vould be required. 

To reduce the number or c~mputations ve have employed a priority nl

gorithm. First ve solve the problem by exhaustion ror only one IlIUter sta

tion. that is, ve select the moot erreetive single master station. Then ve 

remove all hierarchal aircraft that are synchronized by that atation fro~ 

eonsideration, and repeat the proce'l; that is, find the most effective 

ground station that. can be adjoined to ~he one alreadY nele~~ed. and cont.inue 

this process until all m station. are l~eated. The number of cooputations 

of E(M) involved. iu approximately n - (m/2). Thiu vould be 2,990 in the 

above example, and while this il Itill not a comfortable r.uober, it i. vithin 

the realm or possibility. 

-
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','lIC priori t)' "l~r)ri thm ''lillY f10t I1hlllY" produce nbco 1utely optimum 

~t.ut.lfJO lucutlons. ;,j1l.uat.ionll can be cOflctru~ted. in Which aome hierarchal 

'lLr':rr,rt Ilre ,..~dw""l\lltly eovert:11 by more thlln one master station. where 

1!\t'~lll:I' .tntlor. Jlte:s •• ...0 b\.. fOWld which f!xhlbit somewtmt hi~her ~r(ormlUlcfJ 

tllIlIl t ht,' pri ori ty Ut~ lClcted c ilea • While .uch cascs r:lU1 be construct.ed.• 
r" r.· ..ufl<:(.· (1). pl.lge 'J-4'{. we hf4Ve n" vcr ullcoUJltc:rcd uuch '" case in tall 

~~~u~l ~ppllc~tion. 

;~ln~t: cOr.'+'Iit'lthn tl~ ({Jr th., priority algorithm 1& a stron~ ruflt:'tion 

'I' t I," ~1'Ar..t:.t-r 1I of VJo.::sible st"ti<Jn locl&tluno. Ule best opportWll ty ror hold

Lnl, '~'J::",u·.u.t ~.n vithln ~!.1Sonllbltf bOWldl 11 to eliminate all possible lOCll

tl"n:l whl r~l. '1r,,: r.ot atroog contelldl'1rs b"rort' computation begins. 'I'hc dcsir('

~t,l: \',,/ of tl st!t.tiofl hcation depends upon the shes talld the inters~ction 

f.'lt','Hnl v!' tLil"crart dou(is. Au is well knovn. human ~IlPllCity for pattern 

l'tH'·,~nl ... lon p':rc&'1,ly (>xceeds cOlllfJuter capabilities lit the present time. Th1a -
:Iu"'J:~llttl tr.'.\t b:n inter_ctive algorithm vlth the operator limiting the chf)ic~, 

t~ ...r~i8ing regionl. vhile tho computer rurnilhea the dotalled cCMputntlonu 

(,1' ~ljtl rdative o:rr.ctiveneu or .uternativltl. At timeD we have employed 

tt.~. proce1ure. 

2.1.4 S.nI1~ivity t~ Aircrd't Location and to'.athelllat1('1L1 .Solut1c,n "!ethod 

At an1 gIven mor~ent. \Ie can think of the hI~rarch~l aircraft distrlb

uttoj acroll CO:lUS 8JI nodes. A uaph can be defined on these nodes by placing 

an '~C. betveen every pair of aircraft which are vithin radio line-of-sight 

~1 Iynchronization range. ~e call th~ connected components of this graph 

cloudl or aircraft. By virtue or the vay the graph io defined, any two air

craft vithln the sam. cloud are ....ured that there exi'to a s~quence of air

craft i.ading tr~m the one to the oth~r in which succelaive pairs are within 

radio line-of-sight and syn,.hronhation range. Thus. according to the con

elu.lon of Section 2.1.1. if any aircrart in the cloud h.., contact vith B 

maat.r Itation. then all aircraft in the cloud are synchronized. 



-

By virt.ut: cl' ttl" IJllrticular geometrical plitt/!rns developed In uir 

t.ruv!:l fiver corltl:;. rUrrorent graphn will be developed at different timeo, 
(~) . 

~o that. any of t.llt: :J C! graphs pO:JB1ble on n nodes have :lome probtLb1l1 ty 

of occurrence. 

Let p be t.h~ probability that tvo aircraft selected at random fr0m 

r.he liot of hierr~rclld ",ircrart active at a given moment. are within rrL,Ho 

11M-of-sight rmd oynchrnnlzation range. If aircrart vere unironnlj' .lie

tritut.c'J over (;0:/1;;; U,on to ll. clOBC approximation 

,., 
p • nR'/A • O.01~5 

vll-::rt: R Is the aylH:hr'tml zation range, and A is th~ area of CONUS. Hovcver, 

SCJmo pnrto ')1' CO:IUO, (e.g. lo1aine. Bouthern Texas, the Dakotas nnd f.1ontrlTln) 

h!1VC Mlcll lover dOflljlt1':lJ thBll ll.verllge. SInce the effective arerJ. ia Dome

vlll1t lover than all '.If ':0!lUS. 8lId there are vell knCJvn aircra.rt concentrr.Lt1on 

p<.>ln 1.u, 'ole eltpel:t p to be hi{!her than 0.0125. 

In referenc~ l j) M argument bued on the lav of large numhers is 

prellf!nted vhich uhmlll that, \Ihen n is large, thf: numtJer of edges (q) In thf~. 
hierarchal graph (t.fI. thc nUlllbcr of air-to-air communication linko) in 

given by: 

This rcoult is bnd~d on a model \Ihich allovs ~~ arbitrary dietribution of 

aircraft over CONU:1, The only requirement is the function vhich describes 

. the inatnntaneouD d~nAlty distribution must be Integrable~ 

Figure 2-5 ~rtl'lmts an analysio of the value of p exhibl ted by uir

carrIor aircraft dllltrlbutions at 66 points through the day und IoII·ek. riupl~r

impooed is a clone I1llproximatlon to airline activity. see Figure A-I, rl'l,, 

tl ve to i t3 peak Vlt,] Uf] for these so.me points. The dashed line in Fj gure ~!-'j 

.
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i·' 11t. p. O.012~, tl lallform dL:t.ributioll v'lJue. A~ WI~ exp'~<:t(·d, th(~ -/r1-IIII' 

of p thr(>u~out til,' '.·11-traveled portionu of the day is l#o~wllr.1t higber rt,I,rllJl 

f).O;'!. Eu.rIy morrdl'l: tr"rflc consists !noatly of freif7,hter:: fly1r'/l: Leh~'~fl 

major cl ty pai r:.. n.,.! <:ollc,~ntration of u1 rcraft along Uw::.! mll,I'Jr 0.1 r\of1V:: ilJ 

refl(·ct(·<.1 in 0. hi."II'·r II (ru,o\1t O.O~5) during this titre. ljep';1nnlnl7, at aU'Jut 

1 (J I.; lock Eastern '1'1 mn, t ruffi c in the e&.:ltern half of the \Jnl t.:d :Jt ates 

1\1ickl;r attain:; itll full 'J,.t,Yl1ght value while tr.e we~tern hllif of the IJnlt,·(j 

~;tflt(':l 1:1, by cQmr".1rl'ltJII, t,o,re of tr'l.ffic. nurin~ thir. period, Ilint:e thi! 

aircr'lt't c.11:;trilJutl'lII 111 concentra.ted in only half Ul(~ Un1tt~d ::tt.1t.!S, Jl 1:1 

about. dt/lliJle tillit or 1.11" r.rld-do.t value. 

In ~'eference I r; J, f:. I~. Wright hall shown that if n, the number of 

airr:r!ift node:>, is hrll,U, then the probllbllit~', P, thl1t all aircrart are in 

Ii sinp,le cloud is 

-2q/n
P • 1 - ne 

wh~re q Is the nUmt~r 0f ~dges in the gruph. Thus, sub3titutin~ from equa

tion (2-12), we (jave tilt' following expre!3Bion for ti1t! probabil1 ty that at Il 

given instant, ~l uctlvc hierarchal aircraft are in a single cloud. 

npP • 1 - ne- . 

Before diacuoaing the application of this equation, it must be not~d 

that Wrigh~'s formuln, (2-13), is based on the assumption that all graphs 

wi th q edges on n unlabell'ld nodes are equi-pnbable. We dluat accept \'1.:· 

hypothesis, because, without it, no comparable result ill availllble. For on~ 

thing, this assumptirJn requi res that there be no insulllr centers of airerlif't 

activity, 1n the serlso thlJ.t there is no air travel between them. 3in.:e th.. 

airlines provide point to point service, virtually arbitrarily thrcu~hout 

CONUS, we know.that this ~D not the case, There are, however, instances 

which approxil!late thll condition. We 10'1.11, at least in po.rt, compensate r"r 

this possibility by oolecting a value of p ....hich is a compromise between tilt! 

les3 active portiono or CONUS «0.0125) and the aircraft populntion as a 

whole (=0.025), 

.
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.'igure 2-6 is a plot e,l' the probability, e.s given by equation (2-14) 

with p a 0.015, that all h16rurchal aircraft are in a single cloud fi,S a 

fWletion of the number of fictive hierarcnal aircraft. The figure clearly 

shows a sharp threshold w1th respect to the efficiency of hierarchal chain

ing. According to this graph t vncn more than 750 hierarchal aircra.ft are
• 

~tiVCt complete communication linking of these craft is very likely. As 

the nwnber dt:creases from f(~O t the likelihood of this condition fades rapidly. 

Figure 2-1 J.ramo.tically 111uotrates this phenomena. The situ~"'1r,ns illus

trated are two of the 68 ne.urlplc points referred to in connection wi th 

·Figure ?-,. 
If we chose for a reference the case when all aircarrier aircraft 

greater than 40,000 lba./grooo weight are hierarr~al equipped. then the pe:~ 

value in Figure 2-5. reprooants 1330 airc~aft. Thus, more than 750 aircraft 

are uctive from 0·722 to 2135 Central Time, and during this period we expect 

virtually all of these aircraft to be in a single communicating cloud. 

(Sec, for example. Figuro 2-6, which is another in the series ot nwnple 

points mentioned.) 

Since the ordinate in F1~~re 2-5 ii ~umber of hierarchal aircreft and 

the abscissa 1s mea.sured in hours, integrr:t.~"on under the illustrated curve 

giyeo ·hierarchal aircraft hours. Therefore, we ,~an obtain an ectimate of 

the total fraction or hietArchal aircraft hours which would be synchronized 

by a single ground station by determining the area under the curve between 

0722 and 2135. and divldins it by the total area under the curve. The num

ber 00 obtair,ed is 80%. Much rrore refined calculation based on computer inodel~:·,~ 

ing of air tra.ffic act! vi ty, described in Section 2.2 and Appendix A (Fig'ire 

A-23) , yield:; 85% for th1u oome percentage. Presumably the aingle station mt:2.Y 

miL;O ,~ few aircraft houro during the high densIty periods, but it also pick~: 

up n few in the off houro, ond these effects are nearly compensl1tlne. 
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FICURE 2.8. 

During the trnnoiUono to and from nighttime traffic. i.e •• 0600 to 0722 

and 2135 to 2400 houro. the 1nrge cloud gradually fragments into several minor 

cloud.'l ceutered on mrJJor huuo (e.~ •• Chicago. Les Angeles. Seattle. New Yor'k). 

On this basis. 'We cxped th!1t ubout 4 mMter stations could zynchronh() vi r 

tually all hierarchal aircrnft durlnp: these periods. Repelltin~ the i ntt'~rllt.ion 

for this ne.... time period indicates tho.t these stations ....ould provide nynchroni

zotlon to 94% of the hiornrcho.l nircro.ft hours. As before. more ref! IH~11 r.nl 

culntloTis b3Zed on comput.er modelling of nir traffic activity prouuce 1\ Vr'l'y 

zi miln.r number; namely. 93% (ace Appcndi x A. Figure A-23). 

Since 'We do not expect total nircrnft distributions to be greatly 111 rrer

ent from hierarchal nlrcl'fl1't distributions.' thesp. same t'Wo numbern. er;% for one 

atation. and 94% for fv'lr ntu.tiona should o.lso approximately equal the frlld.lon.- of toto.l aircrnft hourn nynchroni zed; more refined calculatio!lS producl! /31,% and 

90% rcop~ctively (ace Appendix A. Figure A-25). 



11' ve I.llIBume	 that the large llilll1,lc cloud or htonrchlll aircraft vhich 

•	 ~roiut:3 fr(lm 0122 to 2135 hours provides nynchrt>nt MUon Ilervice to 90% of 

the CONU:J l/lnd area, ve reach the concluaioll ttmt 011 th~ average 53% of 

t'ONU:.l !Iuld u.l"eu could receive synchr()ni~Bt1on rrlllR ~ IIlngle IMster ntl~t1on 

Iwl ~e% from 4 munt.er statlono. 'I'h'! morl' rf!fln'1d "I r trl1ffic modellln~ numberu 

tor the::c qUIVltltl,-,s are 54% and 6'(%, rC:~lpt!ctlv.'l'y (111'° Apptmdix A, Jo'i~ure A-24). 

lly rcpeuti ng the above calculllt.i OilS for ell tl·~rtlnt. hie rarchal al rcrart. 

t'qulppages tht~J the reference population o.suumCHl (1310 peak aircrllt't), \10 

ClUJ derive '1 relllt.ionship betveen perc~ntlLge of hll"l'l~rchl1l aircraft IUld 

lMuter sto.tllJrl cffectiveness. Figure ~-9 ahovt'l th(1 rl'nult. The Ol'Hnntc io 

thl: percentue:c of hierarchal aircrutt hourn that. l:tLll bet nynchroni~ed by a 

nlngle mdater lltlltion. The abselonll. ill t.he parc('lIl Qt hierarchal equipped 

11ircrllft rclo.tl ve to the reference pl)pullltion. 'MJrtlll comparison 'p~ints have 

been computotl by the more rel'ined method, nt .100%, tl'i% und 67% relat1v~ 

cquippage. In cllch case the derived vnll.ws do not. IUtror from those given 

in Figure ~-9 by IOOre than 1%. The reference popull,tlon 1" Yell positioned. 

lIigher percentages of hierarchal uircraft involvCl IHm1111I1hln~ returns. While 

Dmall percentage reductions can be toll!rated, t!.g. ituo to an airHn., out of 

lervice, lovt~r percentages involve rnp1d full-oft in ~frectiveness. 

All thc results quoted in thi3 f1ectlon hnv" \II1Cm derived vith no 

refercnce to opecific aircraft locat-.ionB. Throu/l,llolll, compo.risons have been 

/llI1de both graph! cally and numericlLlly, vith r<1oult,r1 obtt&ined by a methodology 

that locates all aircr'l.rt. to vithin :!:. 15 n.m. No ntp,n1flcnnt differencc13 

clLn be d13cerllcd. Furthermore,.~t hna not belm I\IH~tlnlll\ry to refer to npeel fi c 

manter station 10cativns except in brond re~ionul l~rmn. Whereas, the more 

refined method aelects the best stnt1C'n ailell from :nOo rLltcrno.t.ives. These 

fncto /\TO compelling evidence thnt neither opec1fle hloro.rchul aircraft posi

t tono r.or master atation sites havl! p;rt'nt Influttlw" 011 Unl~ dissemination 

- effect i venellS. The ruling parameter 13 hiernr('hnl ",1 rcrnft d~nsity. 
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:' ••' CompUltlr ProC'esscs 

• 
• 

~xt~nuive US~ ()f digit~l computer rlata proces3ing wun umployed to imple

m~nt the nnalytic~l proces~es described in Section 2.1. In addition to the 

ubllity to process the large data bllse needed to repreB~•. w tht' entire CUNUS 

air tr·~fric. the computer programs provide referenct! and DWM\&r)' data that 

d '/~ the user fln overviev of the properties arid pnttt!rna thnt lend to the re

Aulin. Thus. the user is provided information necessary for ~rf~ctive inter

,~·tJon b the :lite nelect10n and trade-off process. The:! progrllJllu arc appli

cllblc to master station only synchronization, and runctiona lluch as '10TfrAC or 

TIldar curveillance. and ma!lter stations operntlnp: vi th 'Uly level of nir-to-o.ir 

cCimmulllr:atlon support • 

..
'I'll~ r.laJor computer t'1nka were to: 

(r\l !~odel, in four diMensions throup:hout COrNS, thu J1litterns of hierar

chal aircraft which may establish communication ehnining to relay 

time from a master station. 

(b j r~odel the communication! synchroni ~at1on proceas lI1nonp, the lI.lrcraft 

h~erarchal equipment and ground-based master ntations. 

(c) Determine what portion of CONUS airspacf! receive" .ynchronizatlon 

us a result or a r,iven hierarchal and master Rtation pattern. 

(d) Apply 'Worth rules to qUllIltitntively evaluatt' thtl utility of sup

plying synchronization to each specific c~ll or ulropnce. at 

opecific timea of the day and 'Wcek. To comput~ nomc 'Worth rules 

a rour-dimensiontll model of the total aircrl~ft population, includ

Ing non-hierarchal aircraft must be provided. 

-. 

Assess the effect i veness of competinp; potl~nti al nl tes nnd apply 

automatic or user interactive selection alRorithma to select the 

best sites. 
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'l11l.·llC tu:>k:; ....ere ..ccompllgb.:d by rnelms or a :>eries of j.-rlJ~rlJllIl.i listt;d in 

Figure :">-10. r;tll'h prav l' l'_!:l w~ct.::; :H1.ry Input dat a to the next prop;ram ill 

1~.hUtl()n I J direct us·:r rt'fer~nr:l~ l)utputs. Overall functl'm:>. key t'cntur,.s 

lLI"lU ~· •.mples of output:! nT!.' Je:lcrlbe(] in the followinfl; ~ecti()m;. 

~.:.'.l Alrcarrier Airr-r'lft ltinerar!('!l 

Thi:3 pro~!IJII perforl,:; initio.l nelection wid sortin,.,. (Jf thc Ot'ficin} 

fllrHI1': Gui.o1e data set ....hil:h covers ....orld-vide operat1oll~. Ltititude. l()n~i

,,·..IUt.. of the departure 'U'ld arrival airports 'lre written into the record of 

.:~ch leg of a f1i~ht, and all legs of each specific flight fl.re coll~r:te1 

Olld linked to form a COMllIUn itinerary record. 

2.2,~) Hierarch'll Aircro.rt Location Vp.rsus Tir.le-of-Dtiy (T.0.D,)-
To deten~ine the flJ.lntib.l patterns of communication ali n time variant, 

1t. ill rlcce:;sary to prOl!ucc a one-for-one model of the flir,ht und ~ound 

C'pcrntl,)ns of each o.ircr,.\rt involved in the process of usinr. Ilfld/or diDAf~min

atlng time synchronization. Basic c(.Jnsiderat,ions 'Were choice of 1&.terJ4l 

fll~htrath. correct crulr.e speed. speed reduction in the terminal ar~tlt time 

',I' t.1l .. 1tly at or~p,in. intermediate and final airports; nnd altitude pr(l

flIeD ~;; they affect lin~-'Jf-sight cIltofr of RF eommunlcl1t.1on. 

Al t. i tude - With Uw Vllr! at! ons in ni rcraft perforrr.al1(,(, lln,l effct't:; .)1' 

A'rr. it vus decided to input nveraf',e climb rate, d~scent rllt.l~. nnd crul:H~ 

I1Hltuu(: for e(lch type (If llircraft. Fip:ure 2-11. Althoup:h m(,~t ('rui"t' IIltl

tunCl) ',ire veIl above typ!t'al 1ine-of-Rlp;ht cutoffs (e.p:., nlr-p:rounJ r(Ul/-'l! or 

?R nliutlco.l miles requireo 1m aircraft nltitude uf only 8.')f)r) f('cd, It WILO 

del:idl'd to include a full modelin~ of climbnt1t•• cruiGc. nnd dc-rleent for C'nll

tinuity in modeling and I'0l:!lihle future npplicationG. On ohort fli~!ltn ....tl'·rr: 

there: i~ insufficient tim!! to /lchievt1 eriline lllt.1tllJ.e. th,· prllrilc /,:0(,£1 

f1irl:~tl:r from climbout. t.o '!e::;c<.>nt. All the vILlu('!J seler:te<l. flllrticullLrly 

,
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FIGURE 2·11. AIRCRAFT/ATC PERfORMANCE VARIABLES 

descent rate, were based on knowledge of norrr.al ATe operations as well as 

ui rcraft performance. 

Anoth~r factor in the altitude and speed-~lon~-route mo1els is time on 

the ground during taxi time or time at an interm~diate stop of a multi-leF~ed 

flight. In our model, the aircrart synchronIzation equipment becomes active 

at gate time at the first airport of an itinerury: the time listed in the 

OAG. Take-off occurs and climbout starts at ~ate time plus taxi time, 

touchdown occurs at the next airport gate titno minull taxi time. TRxi time 

is an input variable. which was set at 5 minuteD. ~is choic~ was made 0n 

the basis of average operating experience of tho major aircarriers. fIlthou>7,h 

the taxl time selected is applied uniformly trJ 1\11 operations lit all Ilirnorts, 

it is considered representative of the general CBse. Wherelonp, taxi times 

are experience1 (e.g., JFK. ORD, or LAX), air<:rut't. densities vill be Cl)rr~s

pondingly high anft the shorte~ taxi time in the model will have little e~fect. 

Lateral Fl1ghtpath - Using the latitudp., longitudes of the dCPflr1.u:-e/ 

arrival airports and takeoff/touchdown times. ~ linp.ar interpolation of lati 

tude, longitude is used to approximate a ~eat circle route for north/Douth 

2·31 
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fll~ht:J and I1horter eaBt/west fl ights. On the lonF.er f1 ip'htll there are two 

additional con3iJ~rationB' the fli~ht path bowing effects of winds aloft v~. 

fl1~ht. ,~ost optimlzntion and the fidelity of modelln~ Ii p,reat circle routt!. 

On the bal1l:l of an airline practice of not applyinp; leallt cost opti 

mlzntlon on flights l~.s than 900 mdles, our computer pro~raml make a similar 

d~tQrmlnRtion on the basis of lon~itude. When separation betw"~n ori~in/ 

destinl.ition !liTl/orts 1s ~ess than 15° delta longitude, a linear interpolation 
ois us~d for both r,lrectlons. For flights of 15 delta lonp:itude or ~eater 

the- linear intorpolation is used on the east-bound fl1p;hts, thh re!>ults in 

n b"... lnll: to the south. For ...est-bound flights, a s~mple quadratic approxi

motion of u p,r~llt circle route, reference (1) - Section 4.3.~, vas adjusted 

to prr)'iuce bo... ing to the north, Figure 2-12. On even lonp;er intercontinentlll.- flip:hts, ...here the cl.:1ta longitude is greater tho.n 53o , the lI:1'('at circle 1).11"0

rlthm i~ Ilpplie1 to all flights. Specifically, this provides a good approxi

!!latioll of sub-polur flightB bet...een CONUS lU'ld Europe or Asia. 

Outputs rrom thi!! fOOdel ...ere revie...ed in relation to a11....ay route struc

tures. In general, ·the model produces aircraft paths that aro representatl ve . 
of preferred routes or plausible airvay-rout~ selections for nominal ...eather 

conditions. Devlfttions 1ue to dog-l"gs in VOR/Tacan airvays Bre small compared 

to the variety of choico1 of airways and the scope of modelins the·entire com,s 
in a single overview. 

3peed AlonF. ~oute - Consideration "'as given to the effectB of slover 

speeds in the terminal areas. An unmodified linear interpolation of position, 

relative to takeoff/touchdown times, ...ould represent the a1rcr~rt as spend1np. 

fOOre tho.n actual time enroute, providin~ more time dissemir.ati on cnpability to 

these Interm~di~te zoncs than a more accurate model. Thus, a terminal area 

slow-up has been included. Applyinp; n simple quadratic, adJuDt.c·d to aircnft 

ATC performMcc characteristics, by A.ir~raft type per Fi,~re ~-l1, the avernll:e 

radial speed of a Jet nircraft to &.J from the airport is mo~ulated as shown 

-
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111 lilt! uxwnple of Figure 2-1]. Additional details ar,! J,rovid~d ill n:1":rt:llce 

[IJ. U~ction 4.3.3. 

ThUB ve h~ve the capability to determine the lo~atlon of e~ch ILlrcar~ier 
• 

ILl rl:rl\l't 11t any selected time of any selected day. Fiy,ure 2-14 111 11 ISQllIple 

prir,UJut f)f the record vritten for each aircraft. In o.ddition to beJnp; sup

,",lied to lluc:c~cdinp; computer programs, this is mappe1 IlZ shown In rlp-ure 2-15. 

2.2.3 1I1crnrch1.l.1 Communication Linkage and Clouds 

In order to conserve computer processing time, the populnt 11m wld,:l of 

hicro.rchnl aircraft is simplified and condensed by redefining ttl'! {,vern,n dis

crete 1:1 population as unit populations of geographic cells. rhlo mnlms that 

a tHIlb.~':' 1at! tudl:. longitude bin has been communication-modeled ao 'J IIlngle com

munictltor, at the center of the bin at WI altitude equal to that or the high

er.t hil.lrarchal aircraft in the bin. In Phase I, reference [1), it, \oIW, demon-
o o·str'1t,]!\ that 0.5 x 0.5 latitude, longitude bins provided adeqult.tt· J',~rlOlu-

tion, yet afforded worthwhile savings in computer costs. Usin~ IL lntltude, 

longitude bi~ address notation, a file is created for each occuplcu bin. For. 
each bin, the number of hierarchal aircraft· and the altitude of tho hip,hcst 

aircraft Is recorded. Then in a roll call, latitude bin number by lon~itude 

bin number, communication checks are made relative to all other oceup1t:d bins. 

When communication exists it is noted in the records of the r'()np~ctive 

bins. Then, after all bins have been tested, the cloud ,1c-finit ionu und relll 

tlonoh1p9 are determined. The computer program sequentill.1ly nSSil~lItl a cloud 

nWTIbl."r u.nd tests for bins tha.t have either direct or indirect cOllllnunir:utlon 

linkllgn. The respective cloud tlWTIber is written in the record of I'ltch bin 

and u. tr1ble is established to record the overall characteristics or cru:h cloud. 

For vi fluru.ization of these results a map output. Figure 2-16. is prcw!c]cd. 

-
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2.2. 1• All'llpncl' o.nd Total Population Mo(lt'llnp, 

AirnpBcn nbove the CONUS has been nubdlvid~d into three-dimensional 

cello for the purposes of determinin~ conununlco.tion patterns and producing 

a quo.ntiflod total population model th~t Sn reo.dily adaptable to computer 

IlPde11 IIp;. 

Altitudo Btrnt/\ vertically divides the cpuco in the same manner that CONUS 

areo. haa boen Dubdivided into latitude lonRitudc bins. The cells that a 

ground-bnsod unit can communicate with fir~ dotermined by the following 

simple rnne.~ toat. 

, 
.1,\ 

IHn to Bin 
RMge 

Zero 

Lon than 45 n.m. 

---, LoBI than 74 n.m. 

Lou thM 98 n.m. 

Strutl\
 
Within I,.n.n.
 

/10 and up
 

III and up
 

/12 and up
 

13 and up
 

Altitude 

Zero and up 

lK ft. f" up 

3K ft. &0 up 

8K ft. & up 

AD shown in Figures 2-17 o.nd 2-18. thin provides an approximation of earth 

curvature line-of-sight cut orr. The communico.tion of hierarchal aircraft is 

IlPde1eu 1n II. similar magner. 

Co11 Populo.tion - Thin modeling wno dave loped during Phase II. and is 

deacr1b~d 1n dotail in refernnce [2]. App~n~lx A. Simply. a two-dimensional 

peak in12tNltnnoous 1atitud~, longitude d1ntr1but10n of the total aircraft 

population io supplied as on 1nputto our progrnm. For a specific time-of-day, 

tho 10cn! l"()lJpnctive bin penk value is mOt\ulo.ted on the basis of a local acti 

vity, which io 0. function of local time. ~'lQ resulting bin/area population is 

then d10trlbutcd vertically 1n accordance with FAA .aircraft vs. altitude pro

fileo, referonce [2] Appendix A. Thus rOI' onch time snapshot there is a 

modeled total nircraft populntion for «'neh cell of CONUS airspace. 
\ ., 
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Each of t.1I" ('e11:1 of 1l1rnpl\ce, described in th~ prp.cedill~ III1l'Uon. hl1ve 

a unique vort.lI vl~luc In t.ormn of the utility of uupplyinlT, synchrn fllut.lon to 

that c~ll. Ao daccribeJ In detntl In Section ~.l.2. four vorth r\ll~n for 

evaluating thin utility hBV~ been programmed. Theoe nre: 

I Th~ nlUTIOl'!r of hl('rtlrcha1 aircrr,rt 

II Th~ ulrnp~ca oynchr0ni~ed 

III ~'hl" totnl o.1rcro.rt (hierarchal and non-hlerarchlll) 

IV 'l'hu cncountaT oxpooure. proportional \0 the squllro of t.ht total 

alrcraft popul~tlon denuity • -.
Bused on "ulocted rule rmd population model. 0. vorth term Id CAl~ulated 

for each ~ell. for each tlmv snnpohot, as shovn in the example of rl~ro 

2-19 (a). 

2.2.6 Ml1st('r l'ltl\tlon nit/) F.vnluutlon nod Selection 

For II R!von t!me-snap,'hot. the potential effect!veness nf 1\ I':roWld 

station s1 to 10 tho tlUJU of th'" vorth values of all cnlls vi thin el'mmWl!cat!on 

range, and tho worth of My clouds of hierarchal aIrcraft that nrd vlthin 

direct comrnunlr.llt.1on rMp:n of the site, Fi~re 2-190. As oescrl b~ll In ref

erence [1], r.~ction 3. a p0tential ground station situ can acquir@ the total 

vorth of a cloud by oelnH vithln communication rno~e and L.O.n. (lr Itny hil'lr

archal aircrnrt member of thu cloud. 

The overall effect! venUOG of 0. site is the GUllI of the crr..,ct, I V(?nt'RIl 

suototo.lo for All of tho nnapohots in the data base. These tot~l" firft nccUlll

ulated for ol\oh lIHt: Mel recorded in the computer pro~rMls for mllJ111i,,~ or the 

current rell\Uve errectiventln6 nnd automatic selection of thc "\>t>l\l," IItle. 

J 

J 



2.19(1.) COMMUNICATION LIST2.19(0) CELL WORTH LIST 
SITE TO CLOUD 

CELL LOCATION 

LAT. LONG. 3 

ALTITUDE STRATA 

2 I 0 

SITE NO. 

LAT. LONG. 

IDENT NUMBER 
OF CLOUDS 

11 
11 
11 
11 
11 
11 
11 
11 

82 
83 
84 
85 
86 
87 
8& 
89 

71 
143 
143 
359 
359 
575 
575 
143 

54 
108 
108 
271 
2:'1 
436 
436 
108 

39 
79 
79 

199 
199 
319 
319 

79 

8 
17 
17 
43 
43 
69 
69 
17 

8 
8 
8 
8 
8 
9 
9 
9 

85 
86 
87 
88 
89 
51 
52 
53 

3 
3 
1 
1 
1 
0 
0 
0 

0 
0 
3 
3 
3 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

RESPECTIVE J 
CELL WORTH 

VALUE 

2·19(c) CLOUD VAlU! "!~T 

1 
6 

56637 
1383 

2 
7 

0 
36380 

3 
8 

34783 
54196 

4 
9 

o 
19756 

5 
10 

2076 
10640 

\ '-VALUE 
LCLOUD 

HO. 

2.19(11) POTENTIAL SITE VALUE liST 

SITE NO. POTENTIAL WORTH 
LAT. 

8 
8 
8 
8 
8 
9 
9 
9 
9 
9 

LONG. 
85 
86 
87 
88 
89 
51 
52 
53 
54 
55 

34354 
35429 
92066 
91905 
91420 
21468 
30508 
47810 
62365 
67384 

FIGURE 2·19. INTERMeDIATE COMPUTER OUTPUTS 
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or a preuelect.ed choice of t.he user. The mllJ!, 1111 nhovn In ~·lp:urp. 2-::'0, is 

alvays normalized to the "bent." site all 100 aml the alternate nites arc 

present.ed on t.h~ non-linear ncnle shovn in the flp:ure. The total value 

acquired by th~ selected site, time snapnhot worthn and cloudo captured are 

also output. listed. 
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Artftr	 A alto 18 o~lected the effectivencoo values for all the r(~mn.ining
•sites arl1 llltJuuted. Oitcs. which are within communIcation rllnge of cello of 

airspnclt or clt'Ulln of hierarchal aircraft acquirp.d lJy the laot Delected oite. 

havo Uwl r nrrcct1 venC90 value recomputed to reflect the dovnvard chl\nge in 

utilit.y 111111 t.o c()vor'~c provided by the precedinp; neled1on(n). Onc/! again 

'-he 1l\ll(l11 IUIt l\ormnll7.el1 and the automa.tic pr1 or1 ty nelect1on choooen the 

"best"	 plttl, Figure 2-21. Where "best" is determined on the banh or pro

viding	 llll~ "IO~1. MV coverage. 
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2.2.7 Program for Anulynl0 of the Effects of Master Station Outage 

As shown in the datu processing now diagram, Figure 2-10/page 2-29, out

put from the site oclcction progr!Ull, "Ground Station Effectiveness", is saved 

for use in the Outage Analyoio. '!bis program evaluates the effects of all C':lm

binations of single and dual outages of all the master stations in the deploYed 

set. '!bie information is computed for each time snapshot, summed for the total 

data set and pre3~nted in a summary print~ut, os shown in Figure 2-22. 

Non. ALL VALUES AU P'UCENTAGE 
UOUCTIOM IN E,nCTlVENUS UNOU 

CONCURRENT STAno OUTAGE CONDITIONS 

OUTAGE 
B 2.S4 
C 1.83 4.36 - D 0.69 2.63 1.92 
E 3.04 2.51 1.80 0.66 

2.:t4 1.53 0.39 0.27NONE L.::0~.3:;.;:;0 __-===.:...._~=-=-_~:..:::-:~_-==:.;. 
A B C D E 

2SJl·12
INITIAL OUTAGE 

FIGURE 2·22. REDUCTION IN EFFECTIVENEU DUE TO STATION OUTAGE 

Witl: this data and an assigned value of availability for each master sta

tion the mean effectiveness can be determined, in accordance with equation (2-11) • 

• 
2.2.8 Synchronization Coverage Mapper Program 

As a graphic aid to the user, this program determines by altitude strata 

the areas of CONUS that are oynchronized. For each selected time snBIShot and. 

deploYment of moster Btationo the computer performs a cOIIIDun1cation range and 

line-of-sight check to 0.11 cella of airspace over CONUS. '!he l1ne-of-aight test 

.



-

checks eart' .:urvature cutoff all " function of the altitude of the hierarchal 

aircraft.. wtput consists of " I1lllfl ohowing tho 3ynchronizat1bn statun of each 

latitude longitude bin and 11 OUll1llI\ry, by altitude st.rata, based on percentage 

of the CONUS surfac~, SampleD b.rt! ahown in Figures 2··23 and 2-24, vith and 

vithout hierarchal aircraft, 

.-' 

• 
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3. CONCLUSIONS AND HECOMMENDATIOt!fj 

Section 1.3 summariz~d the ei~ificant findings and conclusions of thin 

study and Section 2 described the mothods used to arriv( at these results. 

The specific outputs of these methodo which support each finding and conclu

sion are too extensive for inclueion in this summary document. A survey of 

these outputs has been pr~pared and ~ppears as Appendix A of this report. 

Sufficient detail has been included in Appendix A to illustrate the evidence 

supporting each conclusion. However. in the interest of brevity. explana

tory narrative is held to a minimum. The reader is encouraged to review this 

mllterial and. if necessary. utilizl' the cross reference between this Final 

Summary Report and references [1]. [2] and [3] prov~~ed as Appendix B to ob

tain more complete explanations • 

. In this section. the major conclusions and recommendations of the study 

and the rational leading to them are presented in some detail.-
3.1 Master Station Sites 

The most significant conclusion of this study is that. with adequate 

hierarchal support. only .
few maater stations 

levels of coverage and the precice placementt of these stations is not criti 

cal. We are in the comfortable poaition of being able to make refined ~hoices 

between alternatives. all of which fulfill basic siteing r~quirements. 

Considering all the evidence doveloped during the study we believe the 

best course ot action is to install manter station in order at: Chicago (ORO), 

Los Angeles (LAX). Seattle (SEA), Dallas (DFW) and New York (JFK). Concurrent

11. we recommend that U.S. certified aircarrier aircraft greater than forty 

thousand pounds gross weight be equipped with hierarchal capability. 

When these ~wo steps have been taken. approximately 90% of total aircraft 

hours will have synchronization av~ilable. The worst drop in coverage due 

to a single station outage (LAX) or an airline out of service (UAL) is little 

more than 2%. 

a are needed to attain high 

,
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'i'lle vrdcr cdected produces better covera/?c at each succe:::I1vt: :;ta~e of 

i111pJ.\,·l!lcntl.lliulI th!1.n uny other lJos3ible ordering. 

'l'lu:l most attractive alternative set of :;ites tllO.t hllovlt lJen.n identified 

1:, :Jlio.... n in Fi~ure 1-2. This uct achieves 1.6% higher totlLl l.lircraft hvur 

cl)v~rut:c thun the set of Hubs and has equivalent station 14ml l.lirline out~e 

clluru<.:lcr i ut.i~!;. The a.uthors feel. ho.... ever. tbat the sup(:r lor i ty of the 

!IIJ(;; ·... ith respect to o!,erat ional and economic considerll.tivlI:J l;uch as t 

1. Uninterrupted 24-hour service to high ttaffic ar~uu 

2. Superior service to aircarrier aircraft 

3. Utilization of available government sites and service 

4. (iuperior coverage during early phases of introl1uctluli. and ,- 5. Permanent significance in air travel pattern:;
 

!:lore than offsets t:1eir 5mall deficiency in total aircraft hour coverage.
 

Our studies have sho.... n that after four growld stat:ons htwe teen de. 
!,loyed. nearly all the t fme dis tribut ion JlOtent ial of hiero.rchlll relay h'i5 

been utilized. For the most part. succeeding stations provide service 

thrc,uoh direct sync hron i zation and single hierarchal relay. '!'heir contri 

bution to effectiveness per station is nearly negligible compQred to that 

obtained by the first four stations through hierarchal chalning. 

Since master station selections at this level mainly ucrvc the local 

fJOpulation. their relative effectiveness is very sensitive t.o the local dis

tribution of aircraft. Although small in absolute terms. the effectivene~5 

gained per site can vary by factors of three or more. Bec~uoo ve arc unable 

to infer precise future distributions of aircraft on the local scale re

quired. we feel further siteing judgments should be based on on-site. real

time evaluation of synchronization needs. The fifth station recommended 

'above. has been selected as the best sui ted for maintaining high levels of 

service durir~ periods of master station or airline outages. Since four 

3·2 



r·r.;rtun~t .... l:1. tr;t: flv·.! ma:;ter ~tLt.tion~ w:!icn Wf: fl:el we: Cr-J,U Ju=tifllJ.~.ly 

rt:~v:r.:n~nd. i!r(-V~-.l'.-· ~ vt..:ry hi,;h, t1nd IJo;;zibly afl~(lu(.4l..... , It.·vel or ~t..:rvicl:. 

-'ulle we t1aVt: rc'-.:()mm~nd~d thut u.ircb.rri~r uircrta.ft greater tlJUll forty 

t.:.vu~u.u~ poundn ..;ro:;~ ... ciitll tJe t.it.:ru.rciiy equipped, ··qu&l performance could 

lit: ol>t&.incd from ~ny ~oll"'ction of b.ircraft whicll exilibit "equivulent or 

~'-lrt:ri..)r r.u..n~(.:r.-.; vf ~irLvrne aircrEift find COUUS wlJe distrib~tion. Howev(Jr, 

it, i ..' diffi-.:u.J.t to :;t:t: hoWl iJ.ny &.lternat.f.: colle~tion of aircraft can compct(~ 

.. lth :!iriinl.·rs f<.;r tlii~ (.JurlJ05e. The recocm~ndfJ.tl?n rt:ql4ire~ th~t 2300 u,lr

: il.·.: !j,ir'~rCj,1"t 't.c nlerarchu..l ~quil-)fe'1. Beca.use vf th~ high utIli z&.tion of 

&.irliGers. more tbau h!11f or these lire u.cti Vf.: in CONU~ during rno3t of the 

du.y. 7r~e ul1·1inc tlisslon insures a consistently widE: distribution acr05a 

,:",:.U~. 'rhey ~ant for the most Jjart, be counted on to repeat this ~erfor

::!.U~~~ iaily witbout si~n1 f icant variations. 

livt:n lbEi'- o.lrlin~ aircraft are the most logica.l choict: to providE: 

r.lt.'ru.r·';J,ul s<:rvle;'':, tht:re otill remains the question of the optimum equi}Jagc. 
~~·,·~l. 1'ne recommended It:v~l of equipage p~ov:i des nearly the full potential 

..)f :.ierarcbal chf.Llnin~; increa.sing the level does not yield significant re

turns in ~crformanc(;. A fifteen percent lower level of equipo.gt: also can 

J:orovlJc nearly all the benefits of hierarchal chaining (a loss of about 2%), 

but thismargln I;; needed when an airline goes out of service. 

We have based our recommendation mainly on a trade-off between the num

ber of ground stations required to obtain sctisfactory covernge and the 

level of hierarchal equipage. By ~eviewlng the various levels that have been 

analy7.ed in the.course of this study, and the associuted number .of master 

stations required to furnish greater than 90% aircraft hour coverage, we 

can estimate ~he slope .of the equi-performance curve, Figure 3-1, in 

the neighborhood of the recommended level. These estimates indicate that 

,. 
~ I 
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uo long Il.S the C:ll"t (ll' 0. maatcr DtU.tlOll is more than tho cost of l~O hiN'· 

urcho.l installut.1Ql\tl, no reduction in ~\'luipage should b~ contemplutl!d, 'nlO 

hicrurchal cost l'Cll't.lutmt to th1a cond1l\eration is the coot differentiAl 

Lutwcen a hiernl'~~hd Md 0. non-hiel'IlNhl\l installation, all other chl\l'l4,ot.ftr

hUeo being equll.l., While \Ie hs.vo not investigated thia cost ratio 1n All)' 

dotnil. we feel "'lilt l\ groWld atatiol1 probably will cOllt more than 150 t1mOl 

t.h'J cost diffel'ol1tlu.l of adding hiorlU"ohal eapability to a1rcarrior tim". 
1'1'cqueney equipIn('lut, 'l'hus we nre not mot i vated to r~duce the hlerlu'cht\l 

ptu'ccntage. 

In any eVent, the reduction could not be large. For a 15% roduct1en to 

Uti Justified. II. mfU~hr station would hAve to cost l~ss than about 70 hhr

Iu·cho.l installllt.tOUll, Nore thftJl 15% reductions are probably not tol~l·t\blQ, 

duo to the largo lQU in Bel'vic~ tha.t would occur during an alrl1M l,)ut~~C!. 

3.2 Trade-Off J)~~ 

Ghould altol'"tiQl\Q or doparturoo from the reconuucndo.tions made 1n 3.1 

\)13 contemplated. I1lih l\rn o.vallo.blo wl thin this doeUlllont and refer(\n~'H~ (1). 

[21. a.nd [3] whioll llt!rmlt further trl\d,,-off.analyses, Ful'thermol'o. the
 

ufrecta of cho.nglnlt IlIlUl,Y of tho funl1l\ll\lmtlll i>arametoro deBeri ptiVCI of th~
 

oyotem can also bQ ~luccrncd,
 

If changell in \'t>ll1tive COtlto nlotivt\te further invrat.1gation th~ ~\Irv", 

of Figure 3-1 ellli bt? uord to ~Val\ll\tt'l t.llt! trade off b<.'t.wcen numbero or I\lI.U~

t.el' stationr. o.nd 1\\.llllh{'l'o of h1orIU'l~hl\1. ~lluipnents. Cht11I~CS in tilt! 101.'1)."10n 

or priority of Ulf\f>t"l' tlt.o.tion tlitt'6 CtUl uoually be evu.lunt,cd by eXllInlnlllt' 

tht'! sequential 1I1t\lIt\'I' lIto.Uon ilito l\~n irnullity maps Ilud. as Figurc'" ;'-~\) 

o.nl1 2-21. The ut'l\oflll\ of incl'elLalng tht) number of gl'l.>und stlltiontJ Ill'to 

given in a large; vlwl"ty of ch·cumflt.t1.l\ct'u by the eft'cdlvl.'ness V3, lllUl\\ll.1l' 

of master station l~lU'VCl'l. e,g .. F:l~urc 1\-:'3 thru A-2(), 



l'rospt:cti ve changes in synchronizatioll llul't1.meters (as for example; nwn

b~r of available hierarchy levels, minimum useable accuracy, frequency of 

nyllchroniution attempts, etc.) can be eXW1lined through the use of equation 

(2.6) 48 described in Section 2 of thio document. Trade-offs between 

effect!vencGs and master station availability can be conducted on the basis 

or eQuation (2-11) and the associated losa m~trlces of reference [3], page 

3-15. 

Tho model described in Section 2.1.4 not only permits trade-offs between 

hierarchal equipage and effp.ctiveness but aloo allows changes in the daily 

pattern of aircarrier activity to be related to eft:ect i veness. 

If changes more drastic than can be accommodated 'oy these methods need ,- to bo ~xam1ned, the computer analysis progrwma described in Section 2.2 very 

likoly could provide the capability to perror~ Qny necessary trade-off 

otudloD. 

3.3 Applicability to Other Problems 

Th1B study has produce<l the capability o.nd data base required to model . 
the totnl aircraft population of the CONU1, 'quo.ntatively as:5ess the mer! t of 

all o.vA1lnble sites for ground based equlpmcnts, and determine the airspace 

coverage 8upplied by derived deployments of cquipments. This can be directly 

appl1ttd to the problem of assessment and IQtU'lagcment of the deployment of ATe 

survuillnnce radars, communication, navig~tion I~d control systems. With this 

capnbUity it is possible to evaluate the t.!frccti veness of present applica

tiono, 400ess the advantages of re-deployment of existing Poquipments and pro

vi.de unt'rul information with which to guidt! tho introductory deployment of nev 

equlpmonto, such as the Discrete Addrc90 B~Qcon System (DABS). 

,
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Locating muster nt"tlons for synchronization prencntc the ~ame 91 tcing 

qucstions that occur 1n nl\vig'1tion systems. communication nyntcms and ourvdl

lance systems. 

• Hoy many 81to~ phould there be? 

• Where should th~y beT 

• In Yhat order ohould they be installed? 

• What coveragn hi Duppl1ed? 

• What is the ~pu)tlng effectiveness? 

• Can altern~tu ulto8 be use" 

These questions apply to evaluation of present appli'~at1onllt formulation of 

improved deploymentll or Qxisting equipments and the introduction ot ney 

systems.-
The technique. dovoloped in 'this study provide the oapability to addre.. 

these questions 1n torms ot the percent ot aircarrier tlying hours provided 

coverase t the percont ot a.1. rcratt encoWltera providing coverase t and total 

airspace coverasfll. Further t coverase can automatically bo compared to the 
\ 

HTSB collidion recor40 to obtain a direct measure ot collision prevention 

utility. In conjunotion with each ot these measures t a .1teing algorithm 11 

available wich automaUoally selects sites tor near optimum coveraso per 

site, and sequence. d.plqyment according to utility ot tho sites. Tho key 

elements in providins thll capability are: 

A 7-dimensionAl (p0l1tion. velocity, and time) airc~rrier activity model 

fran the Orf!cieu Airline Guide and synthetic flight profiles. 

The evaluation ot 'tlrv1ce effect!veness as an add1 t1 VI! set function. 

A 81teing algorithm which locates stations for near optimum effective

nes8. 



A 4-dimension~1 t.ot.1ll ulrcrlLrt nctivity model. 

An aircraft encount~r rr~qucncy model. 

A large variety or unique computer graphics which aid analysis and inter

I,r",tut.!on. 

In udl.1ltlon to thl1lHl potontial applications, the aircarrler model could 

\It! tho ucurce of W1tl"'orn to mtuly questions concerning airline operations and 

:lll.r~ty. It. can b~ l.Ulud to lItudy the Buitabilit~' of present route structures, 

ilcedll f(·r area navigl\tlol\ route8 and service demand patterns on ATe sectors 

and termlnnl areas. 

Duo to t.he direct I\ppllcabll1ty of the systems analysis, compnter model

ling lUlU uuta. proceotlil\j.( thnt hOJJ become available during this study, it is 

recommended that thao" method/) btl utilized in studies of ATe equipment deploy

ments. Go f!Lr as we elr!.' l\\lu.ro, theBe capabilities are unique, and have not 

yet becn l1ilPl1ed ei tilt} r for e ialulltion of current ATe performance or for plan

ning future installatlollll. Wu believe that the ~·M. having made the invest

ment to goneratetheoo Cl\pILbll1tles, will 1udge their application to other ATe 
problems to be useful ~ld urflclont both in t~rmB of information content. cost 

effect1 veness and tilOOl1nl'nI. 

3-8 



APPENDIX A 

NUMERI CAL RJo~ULTS 

A.l Introduction 

'i1lis section provides the reader un overview and oummary of the computer 

(JIltP\,Lt..... ~i ch support the findings. conclusions. and lLllal.yses reported in this 

dUCWlltlnt. 

~omputer generated graphics have beon uoed extcnoively throughout the 

8tU~ to present numerical outputs in ~ form that perudts rapid assessment of 

t.h"h· rooaning fL'ld pattern. 

::;!nce interpretations of this matarial are provided in Sections 1.0, 2.0, 

and 3.0 of this report, they are presented here with a minimum of narrative 

dl'lli~rlption. Reader interpretation io lmcouraged. D~ta11ed data and comple

ml!ntl1ry Malysis ....hich were developed u.nd used in th6 proccus of prod'.lcing 

thla information is documented in references [1]. [2]. and [3]. Appendix B 

to ~ detailed cross reference index b~twoen \pis report and the cited refer

onculS. 

A.:? Hierarchal Communication 

Eu.rly in the !Jtudy it was recognized that scheduled aircarrier aircraft 

prnvide highly predictable geographic/tlm~ patternB of operations that ....ould 

be ll<1vontageous for air-to-air hierarchal relay of time synchronization. Con

verlSoly, the irregularity of the operation of military, un,cheduled aircarricr 

and larger general aviatior. aircraft r<,duces intereot III depl:nJjng 0n theil' s:.ipp:.>l1:. 

fu)' rclo.ving time; however, this does not imply that thelle aircrnft ....ill nClt be

mll,lor users of time as supplied by mll.Bt~r otations nnd uch~duled aircarrier air

crAft • 
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Approximate 
Gross Wt. 

(1000 Ibs.) 

Aircraft 
Type 
Code 

NW'lIucr 
of 

Aircraft 

Percent 
of 

Total 
Cumulative 
Percentn£(> 

750 747 41 3.2 3.2 
555 Dl0 33 2.3 5.5 
430 LlO 7 0.5 6.0 
335 D8S 110 2.8 8.7 
335 D8F 61 4.6 13.4 
135 DC8 19 1.3 14.7 
329 B3F 38 2.6 17.3 
329 B7F 6G 5".9 23.2 

-
257 

234 

229 

188 

175 

165 

701 Set C 

iJ120 
880 Set B 

~121 

12 

21 

13 

31 

211 

290 

O.es 
1.4 

0.9 

2.1 

14.5 

20.0 

24.0 

25.5 

26.4 

28.5 

43.0 

63.0 
121 LE 3 0.2 63.2 
114 

110 
731 
D9S 

106 

119 
. 1.3 

12.3 

10.5 

82.9 
98 DC9 11 4.9 81.7 
85 BAC 20 1.4 89:1 
58 C5 11 5.3 94.4 
55 'is 17 1.2 95.6 
49 C4 1 0.1 ?~.7 

46 c6 14 1.0 'lfJ.r. 
44 

42 
12 

FH Set A 
(Gee 'I'ext.) njM4 

~ 

;'0 

l~ 

J3 

1
11.,;;· •• 

l.h 
!.O 

0. 11 

(). I 

')'1. (! 

'I'l. (\ 

'1'1. I' 
10'),0 

nil." 

- fIGUR! A-2. ACTIVI! AIRCARIiIU AIRCRAft IV TVP. 
6 P.M. COT. '(lIDAY 11 AUGUST 1972 
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Typical levels ct CONUS act! vi ty tor the larger ai rcran.. 40K Ibs. and 

uP. ot U.S.A. airlines is shown in Figure A-l. nlese activity numbers ar~ 

based on time snapshots taken t.hroughout all day. of the veek.. at regular in

crementa ot the time-ot-day. To evaluate air-to-air hierarchy performance at 

reduced levela of aircraft equippage, this set, referred to as the "A" set. 

vas sub-di vi'~ed as shown in Figure A-2 to produce 33 and 66 percent reductions 

in the number of active aircraft. The respective total n~ber of U.S. air

carrier aircraft (active and inactive) that vould need to be hierarchy equipped 

are: A == 2300 aircraft. B == 1640 aircraft. C _ 860 aircraft. 

Comparative patterns of the hierarchal aircraft-to-aircratt communication 

linkage are presented in Figures A-3 through A-6, vi th the higher levels ot 

equipping demonstrating the capabUity to provide synchronization to large 

areas of the CONUS. As s result or the changes in patterns of communication 

synchronization service provided, the various equipping levels exhibit signif

icant difforences in sensitivity to choice of the site for the first master 

station. Figures A-7 through A-lO report the results of testing the A. B. C. 

and Zero hierarchy levels. using vorth Rule III (total aircratt hourn synchro

nized). The higher equipping A and B levels provide extensive communication 

coverage and exhibit a general insensitivity to choice ot first site. This 

means that a site could be picked at random. or picked to satisfy any opera

tional preference. in the eastern third ot CONUS still provide vithin 5% the 

effectivenelS8 offered by the "beot" site. Ao the equipping is reduced and the 

communication coverf~e is fragmented. the freedom of sele~tion for the tir~t 

"c" site is reduced to very nearly that of zero hierarchy: master station only 

synchronization. 

Exam1nl1tion of the freedom of selection of the ''best'' site after deploy

ment of a fev master stations provideo additional insignt to hierarchy process. 

Figure A-ll is based on "A" level equipping. After deployment of only three 

IlI&8ter ntations the area of ''best'' sites has been reduced to approximately 

thtt.+' provided in! ti all.v by Zero or "C" level equipping. This is due to the 

.""'-' , 

---------------------------------------_.
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fact that the extensIve interlocking hierarchal coverag.- alrcady provided by 

the first three stations has reduced th~ next site selection to being a local 

procc6D. with only local hierarchy support • 

• 
A.1 nensitivity to Worth Rules 

With the diversity of goals of tho tourvorth rulcs. Section 2.2.5. the 

qu~ J ~ion arises as to the magnitude of the effect the rule selection has upon 

th; oite selection. Specifically doeD the use of a particular rule produce a 

fixation of a specific set of goals. vh1ch el1minateu flexibility to accomo

date other secondary objectives. F~edom of first site selection as a func

tion or the vorth rule being used, is presented in FigureD A-l2 through A-l5. 

All present common areas of choice and a ~neral insensitivity to choice of 
,-.. 

rule. 

An additional evaluation of site oenoitivi ty vas made relative to data 

baoo ahe. Figures A-l6 and A-l7 comparo the Rule III rCDults obtained vi th 

the original 12 snapshot and the expand~d 68 snapshot data bases t there are 

no aignU'icant differences. 

A.4 Effects of Site Selections 

The insensitivity to site selection. illustrated in Section A.3. means 

that many sites will be numerically Dcored as being very close to equal by 

the computer. In applying the priority u~lection algorithm, the next site 

is often selected by the computer on the basis of these very slight differ

ences. This has produced large tranolations in the choice of site, due to 

very omall differences introduced by lIuch factors as aircrn~t population IOOd

cling or vorth rule selection, without (\ Qi~nificant change in the effective

neS8 of the selection. Hovever, 88 Dhovn in Figures A-lS through A-21. the 

ove'rnll pa.tterns of aets or priority lIC lected si tea can vary conslderably. 
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Also of interest is the sensitivity of 8lt.rnate sets of sites, such as 

air traffic hubs, Figure A-22. The question la: Is there any significant 

difference in performance of these ensembles. Using the "A" level of hier

archal equipping, these five sets of sites we~ cross-evaluated on the basis 

of the various worth rules; Figures A-23 throUilt A-26. There is no signifi

cant difference in performance, which indicates a general insensitivity to 

"	 the set of sites selected. This provides latitude to consider and accommo

date secondary preferences in site selections. 

. -:..:. '" .;-•... 
As an extension of this investigation, all Civil Aviation mid-air colli

sions, January 1964 thr~\16h December 1971 as nport~ by the National Trans

portation Safety BoB.!'d were included in our antIlrsis. The performance of 

Rule III priority selected sites \las compared 10 that provided by stations 

located at Air Traffic Hubs. Excepting crop d.ters, formation flights, 

etc., each collision \las used as an evaluation er1ter!on for various numbers 

of master stations: 1.e., \lould the aircraft lane received synchronization. -
from a master station or synchronized hierarchal: aircraft at that time of 

day, at that altitude, at that location. The ~aults as obtained from maps 

such as Figure A-27 are: • 

Mid-Air Collision Cov~~ 

Number of Priority 10 Hubs, then 
Master Stations Sites Priort'ty Sites 

5 96% 96% 

10 97% 97% 
15 98% 98% 

2Q. 99% 98% 

Once again system performance is insensitive to the site selection • 

.\ 
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As a continuation ot the above review ot mid-drs. the coverage S\11 plied 

by master stations only. vi.thout airborne hierarchal support. was inveetigated. 

'lVo deplO1JDents ot 100 master statione were evaluated. In the first the 

lites w~re located using the priority algorithm. For the second deployment. 

eighty master stations were located at the sites ot ATC control towers with the 

highest annual activltyt then the priority algorithm w&2 applied to .elect the 

Bites tor twenty additional master stations. Without hierarchy support the 

covertige ot the mid-airs was: 

\ 

I 
\ 

:J 

/ \ 
\ 

'. 

.."'.

')'. 

100 @Priority 
Sitea 

29%
 

56%
 

3%& 

12% 

80 @ Hubs plus 
20 @ Priori ty 

Sites 

50%
 

36%
 

5%& 

9% 

Covered 

Within range but below 
earth curvature line 
ot s1~t cutott 

Out ot range 

Could not be evaluated 
iue to collision alti 
tude being unknown. 

~: & Increasing range ot master station would not
 
increase ~over8£e dUel to L.O.S. cutott.
 

Although this is a limited deployment. it does provide a point ot compari

sonot the ground base only t:'over~e and air-to-air hierarchy supplemented 

coverage. While not pursued in this study. the capability illustrated by the.,e 

two examples could be applied to other ATC tunctions. For example. by reset

ting the cOllllll\lnicat ion range. in tb ~ computer model. and adding more ground 

stations the coverage p:-ovided by A'i.~ surveillance or navigation tacilities 

could be evaluated. 
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In addition to the basic evaluation provided by the various worth rult:8, 

redundancy can be used as a secondary figure of merit. 'lhus, the performance 

of ~he ensembles of station~ under conditions of station outageB and weather 

d.13turbances were evaluated. Weather disturbances lU'e included because a 

master station being neutral1~"l by virtue of weathe,' dispersing t.he hier

archal aircraft is, at worst, equivalent to an outage or the master station. 

However, this is worst case because in an outage the aircraft population is 

unperturbed; with a weather disturbance the total airborn~ population will be 

dispersf:d 8JtIa::t from the neutralized station. where they are more likely to 

receive synchronization. 

Using data, such 88 shawn in Figur~s A-28 and A-29 the short term effects 

ct weather and equipment outage were asses:Jed. 'lhe long term effects due to 

equi pment outages are computed on the basia of hardware availabi II ty [a) and 

the S/:ort term data. 

Under thy jxtreme condition that each master station has a 10'01 availabil 

ity, a =0.99 b ; the mean effectiveness losses due to outages are: 

Total Number Weighted Outag~ Losses 
of Stations Priority Sites Hubs 

5 0.084%	 0.048% 
,6 0.081	 0.041 
1 0.092	 0.050 
8 0.083	 0.0'>1 
9 0.061	 0.044 

10 0.063	 0.O's8 

[a] 
Availability is defined to be mean time between failure dividecl by the sum: 

or mean time between failure and me-an time to repair. 'lhus this term is 

the long term prob!\bilit;r that an:t0ne master station wi11 be functional. 

[b]	 'FAA contract POT-FA13WA-3239, required that the Collision Avoidance Syn


chronization Station equipment delivered under the contract provide Wi
 

availability of ,).9995.
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HOTE:	 ALL VALUES ARE PERCENT AGE 
REDUCTION IN EfFECTIVENESS UNDER

CONCURRENT STATED COHDITIONS 
OUTAGE 

B 3..c) 

C 2.18 3.58 
D 2.S2 3.66 2••• 
E 3.57 2.95 1.7. 2.07 
F 1.61 2.75 I.S3 1.17 1.16 
G 1.53 2.66 1.45 1.78 1.08 0.87 
H 2.61 2.02 1.40 1.7. 1.03 0.89 0.74 
I 1••5 2.58 1.16 1.71 1.00 0.80 0.72 0.67 
J 1.45 2.51 1.37 1.70 1.00 0.82 0.71 0.66 0.63 

NONE 1.13 2.27 1.05 1.39 0.68 0••8 0.39 0.]5 0.32 0.31 
A B C 0 E F G H I J 

IMITIAL OUT AGE 
(STATION) 

2531.13 

FIGURE 1.-28. EFFECTS OF OUTAGES OF PRIORITY STATIONS 

NOTE: ALL VALUES ARE PERCENTAGE 
CONCUR·RENT REDUCTION IN EFFECTIVENESS UNOER 
OUTACE ,STATEC CONDITIONS
 

8 O.~
 

C 1.11 1.79
 
0 0.67 0.65 1.52
 
E 0.79 0.53 1.80 0.66
 
F 0.•9 0.45 1.72 0.51 0."
 
G 0.50 0.47 1.7. 0.60 0.•" 0.•1
 
H 0.52 0••9 1.76 0.62 0.51 0.43 0.4
 
I 0.4 0.55 1.72 0.59 0••7 0.40 0.4' 0.43 
J 0.0 1.32 1.72 0 ..51 0.46 0.3' 0.40 0.•2 0.39 

MOME 0.28 0.26 1.53 0.29 0.27 0.19 0.21 0.23 0.. 20 0.19 

A 8 C 0 E F G H I J 

INITIAL OUT AGE 
CST ATION) 

2531.1' 

FIGUREA.29. EFFECTS OF OUTAGES OF HUB STATIONS 
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Althoup;h there are relative l.l1rf<.:rence~. the losn te~ are flcgllglblc 'Jhen 

compured to the overall efr(~ct1venenn of over ?O% for both nets. 'IlUs i ndi, . ca.tes a hi~ degree of freedom from outu.ge effects. 

A.5 Sensitivity to Aircrtlft Population Model 

Having shown. in ~ection A.4. that a 'Jide variety of distributions of 

master stations C3n effectively Serve the NAS population distribution model. 

rrference [21. Appendix A. it is natural to inquire 'Jhether this property can 

be extended so that they also furnish synchronization efficiently to any fore

seeable distribution of aircratt. Since a master station configuration \lhich 

efficiently uti lizes hierarchal chaining potential is nearly maximally effec

t1 ve for any time distribution purpose. one 'Jould expect that. so long as 

hierarchal aircraft are distributed similarly (or more liberally). this same 

set of master stations 'Jould be nearly maximally effective for furnishing pre

cise time to My likely future distribution of aircraft. 

For a test. four 'Jidely different distributions of the total aircraft 

populations 'Jere synthesized. They are: 

(1) distributed in direct proportion to hierarchal aircraft 

(2) uniformly distributed in time and area ov~r CONUS 

(3) distributed in direct proportion to the HAS model 

(4) distributed in proportion to the square of the HAS model 

The service available to these pClpulations 'Jas then evaluated for various sets 

of master stations; i.e •• those that 'Jere originally selected to best serve 

hierarchal aix-craft. worth Rule !. and the new sets selected to best serve the 

new population. '!be results are shOlln in Figure 1>.-30. Although the geographic 

patterns of the sets of sites varies considerably. there is no significantdif

ference in effectiveness. Through this whole range of aircraft distributions. 

one &et of eight master stations elected to synchronize hierarchal aircraft 

..27 
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are nearly maximally effective. ':his demonntrate:; triut n.l~ter 3tution:; l°a.n b~ 

selected whlcn will efficiently serve tbe aircraft !J()pulation wbat~v~r (witnin 

r-eason) its distribution might turn out to L~. 'l'he only requir~r.lent i~ that 

hierarchal aircraft be distributed as liberally as in the jA~ model ve have 

utilized. 

A.6 Sensitivity to Hierarchal Equipping 

An aircraft hierarchal unit at altitude possesses a nignificant R.dvantuge. 

in area coverage, compared to a ground-based master sta.tion. Howevt:r, to mrJ.ke 

optilll1J'Q use of this advantage ~quires support from nome minimum number of 

master stations. ~ae objective of this portion of·the stuQy ~as to evaluate 

the interaction of the performance of airborne units vs. mastE'r sta.tions. 

An etfecti veness trade-ofr at various levels or hierarchal equipping, Zec

tioD A.3, VE. number of master stations was performed on the basis or total 

aircrart hours s~nchronized; worth Rule III. '!be rezults. Figure A~31 and 

A-32 exhibi t tile threshold effects of hierarchy densi ty. Above this thresh

old, at the A and B levels, initial effectiveness per master station Is verJ 

high. Below this threshold, levels C and ~ero. hierarchy support 10 critical

ly reduced and effectiveness per master station is very low. A continurltion 

or this threshold ertect, in succeeding master stations as exhibited by the 

di fference in A or B w. C 'Jr Zero performance io shown in Figure A-32. 'Il1est! 

observations are complement"d by the independent analytical studies reported 

in Seetion 2.1.4. 

It air·carrier aircraft are utilized tor alr-to-air time relay th~ level 

ot hierarchal support could be significantly changed due to outage, such as a 

strike. To test this possibill ty. "A" level system perfonnance, wi th fi ve 

master stations.was evaluated under the conditions of a 15% reduction in hier

archal. aircraft. '!his was achieved by modeling an outage of United Air Lines. 

Reduction in effectiveness vas less than 3% in both the five priority sites 

and the f'i. ve air traffic Hub si tes. 
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For tt.~ ~nr1"~r ,.k-~iri:lI~ a.dditional informLltion tnt.' detailed re::ult.s of 

Fhase:; I. II Illld II!. ~ re~orted in referent:e3 Ill. !;» and [3]. hay'! be(:n 

in~cxeJ r-~lati.,.~ to thi::;. the .'ur.l!!Iary fin8l. report. 
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2. Solution :.1ethor1s 

2.1 I-Iathemati cal Analysis 

2.1.1	 iiier!1rchal Chaining 

2.1.2	 Effectivene::s r.feasures 

2.1. 3	 Algorithms for!.f~ter Station.-, Location 

2.1.4	 Sensitivity to Aircraft Loca
tion and l-tathemat ical Solu
tion !.fethod 

2.2 Computer Processes 
" 

2.2.1	 Aircarrier Aircraft Itiner
aries 

2.2.2	 Hierarchal Aircraft Location 
Versus Time-or-Day (T.O.D. ) 

2.2.3	 Hierarchal Communication 
Linkage and Clouds 

2.2.4	 Airspace and Total Popula
tion Modeling 

. 
2.2.5	 Worth Computation 

2.2.6	 Master Station Site Evalua
tion and Selection 
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