
Z—A032 7~ 2 MCDONNELL DOUGLAS ELECTRONICS CO ST CHARLES MO F/6 11/7
— SYNCHRONIZATION STATION LOCATION STUDY. SUMMARY . (U)

JUL 7’s J M HOLT. F D WATSON DOT—FA7 3WA—3172
U N C L A S S I F I E D  FA A RD—74 120 NL

_U

_ _

_ 
_ _

tU 
_ _

DU
I 

_ _  _ _  

IU!
__  

!II t U r n ’nunS



A



Isport  N . . F A A - S D 14• 12 0

CQ

SYNCHRO NIZATION STATION LOCATION STUDY
SUMMARY

I. M. Holt F. 0. Watso n
•

z

i

JULY 1914

SUMMARY FINAL REPORT

OCTOBER 1972 THRU JULY 1914
~~~~~~~ ü~c 2 ~~~

Document is available to the public through the
Notiona l Technical Information Service, A

springfie ld, Virginia 22151.

Prepared tsr

U.S. DEPARTME NT OF TRANSPORTATION
FEDERAL AVIAT~ N ADM~IISTRATION

Systems Research & Development Service
Washington, D.C. 20590

~ ~~~~~ ~~~~~~~~ £~~‘~~a~



• a

NOTICE

This document is disseminated under the sponsorship of the Depart-
ment of Transportation in the interest of information exchange. The
United States Government assumes no liability for its contents or
use thereof.



- - -..- • - - —
~

-
~~~ —~~_-~ ,.

Techn ical k.port Docum entatio n Page

AA-R 4:l20 __
~• •_••f_ 

2 Goc e n,r ,’n ’ A c c e ~~i o n  No.  3. R.c .p~.nt Cata l og  No

• • 4rgon. zat,on Report No.

,‘O ~~4Mj
41oli~ ;. D./Natson

]• P., ~~ C1.. .,,n, ,,, t Name or~d Add r ess 11  wo, Unit No ( T R A I S )
052-24 1-026

McD onnell  l)ouglas Flectrom s.s Comp any 
________________________

2600 N. Thud Street j~~
— - ontrocl or i.,ron? No~

Sr. (:harlcs , Mo . 63301 / ~~.l DOT-FA73WA -3 172 J -‘ 
-

13 Type o) Report ani ~ e’ od Coaered

12 . Spo nsorr n g A gency Name and Add ress Summary l inal Report
• - Octobe r 1972 thr u May 1974Department 01 fransportat ion

Federal Asj atio rs Administration
Systems Research & Development Service 14. Sponsor,ng A ge’~cy Code
Was hington, D.C. 21)591 AR D-630

f l Terrrin ta’y NoteS . 
- 

~~

(
~~J’1~~~~ ~~~~~~~ ~~Abst rac t

technology for evaluating grou nd station sites on the batis of their effectiveness in disseminating time synchron izat ion has
been produced. Analyt ical studies have complemented the concept of computer modeling of the airspace populat ion. then
qua ntitatively assessing the effectiveness of v arious configurations and deployment of time disseminating equipments. A unique
featu re is the ability to evaluate the effectiveness of ground based master statio~~ with and without a i rc ra f t  to aircraft hierarchal
ti me synchronization relay. These techniques were applied in making trade-o ff evaluations of the overall synchronization
effective ness of various levels of airborne vs. ground-based hierarchal t ime relaying equipage. It is shown that the number of
ground-based master stations required to supply a deured level of synchronization coverage to all aircraft (hierarchal and non-
hierarcha l), increases rapidly as the num ber of hierar chal aircraft is dimin ished.

Trade-off studies were made of the master station site selection algorithms. It ~sa s shown that the priority algo rithm is very near
opti mum. l-lowever , choices of alternate sets of sites (such as air traffic hubs) cafl be used to obtain operational Or economic
advantages with only slight reductio n in overall effectiveness.

Analytic and computational processes were utilized to evaluate the effects of atypical operations: master station outage s, reduction
in hierarchal support due to airline outage and weather. In all cases, hierarchal interconnection provided a high degree of re-
dundancy and the overall system exhibited little loss in effectiveness under these abnormal conditions.

NTS B reco rd s of aircra ft collisions indicated that a high level of coverage could be supplied by five master stations complemrntcd
by large r aircarrier equipped with hierarchal equipment.

5Computat ional capabilities developed duri ng this stud y include the ability to model total CONUS aircraft population ac iv ity
as a three-d imensional time vaiiant and to model scheduled aircarrier operations. For a given day and time-of-day, the altit ude ,
latitude and longitude of each aircamer aircraft is computed. Then , air-to-air and air-t o-ground communication linkages are
determined. The effectiveness of all potential Sites for ground based equipments can be determined and quantitatively compared.
These computational and analytic capabilities are directly applicable to assessing the effectiveness and deployment of other ground-based
ATC equipments such as surveillance rada rs, VOR’s and TACAN and ATC service demand problems.~
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1. INTROL~JC

is th~ : u r imar~’ f in a l  report on s tud ies  developed under ~o r i Lr a :t

Lu . _ :A ( ~ _ 4 A _ 3 r 7 2 . The purpose of this contract nas been to determine sk t e in g

-H’~~ri - t and i:~~taiiation priority for deployment o~’ master statieris tri it

vi : -  Lr~~~is ion tlrr.~ service to NAS. The study was performed in tkir~ e

~~~tp~~i~~~ :ta, e:~; methodology development , cal ibrat ion , and t rade—off  anal—

~a. : been a major report af ter  each of these  phases . Methodology

~~r~~nt is documented in  reference [1], the calibration phase in re fe r—

-~r~~ 12], and trade—off and sensitivity analyses are reported in reference [3].

i t  i~; toe intent of this  susanary final report to concisely pre~-;et i t  meth—

i~~~, aoaiy ~~es and conclusions of the study from a logical point of view which

Lr.~o.rp rates the benefits of growth changes arid iterative work developed dur—

i o~r tne full course of the study. References [ii , [2] , and {3] present a

oi~torical development of the subject and contain detailed descriptions of

total program activities. As such , they should all be considered technical

appendices to this document .

1.1 Problem Formulation

A distinguishing feature of this study has been the inclusion, of air—to—

air relay of time synchronization , called hierarchal chaining, to enhance th e

effectiveness of master stations . This procedure was first proposed in con-

nection with the design of a time/frequency airborne Collision Avoidance Sys-
tem , reference [14]. Also, synchronized operation has been considered by others

in connection with air traffic control systems including navigation, comnluni-

cation, and surveillance. Synchronized aircraft could donate time practically

throughout CONUS for a variety of applications , in addition to ATC—related uses .

Several time dissemination methods are being considered for these applications ,

including LORAN , TV broadcast , satellites , and VLF . Hierarchal chaining as a

time dispensing mechanism had not previously received the thorough investigation

it deserves . 

-
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In t F ~~- t i m e  Ii - r i n g  ~~-t~~~rk ‘i-c; - r  ibed in  ref ’:~rence [ 1 4 ] ,  t ime  is  m ain—

‘ ti n e  ~i t tn :it;cur - LLy of ~~ cox i sat  ely ÷c .5 micros eeo~i1s , , ny man t er  : t at . io n;; -

~~~~~5c S a t ! -  ‘.-~rn • ;y nci; foo l  5~~ all e~~ui pod ai r’ r’a~t with in  -~p p r o x i t .at

- t l i  ‘ V t ~~ t. nt ~ m i  I r!~~ge . See Fi gure 11.

• ;. - f • are tw o  P a.; ;c cl~~;:;en of  aircraft e .Ju; pm :ot:;

( a )  lllOn L t r~at , r ec e i v e , re~ airt , ~~id relay time (i1ierarch al)

(~ ) fo ne t : a ~ ro t’  re ceive  t ime  from freurel s t a t i ons  or o~~. -r  air ~
c r aft  - ( . .~ d o — :  - :  t r el ;  al -

- • c~- -o ’. . toat r articiLate in t ime i-et ot ion and relay ore aut omatical ly -
•

0’ !• ‘r• - r j a : : 1 - r a r c~.~~ n y n t c - ; . .  By means of dat a encoded Ic the FF t r ans—

ion cf t -  u1;~n ’ot - , toe hierarchal  ~~~~ of car ;; available time source

in  c: •~;n - ‘a-on r - e I n ; ~ nyncorunized , the hierarchal  Iuiprnent assumes a rank

c r c  j -j v c l  [ever t r ,~tn tr ;at of tno time donor . in tri e a h n e n c e  of fur ther  syri —

roe  -: iz a t i on , the e lu i co - :o t  demotes in t I~ .e ;~icrarcroj at a rat e toot is in—

J e r . -~~y  ~r~~~~r~• i  cool to t o ;  timr~ ee~ inr accuracy of the par t icular  e~ u3rrnoot .

h u e  in the sys tem , the h ier ar cha l  equipments pass time to :

( a )  t o ur  r ;ier ar yn al e ~uiemer~ts of lesser rank (h igher  h ierarchy

n uri r o r )

( b )  i ioo—hiera rch al  equipments that only receive t i me .

lila.; t oe  hierarchy number  of any craft represents the sum of relay s and

ocuivalent demote intervals accumulated in the ent ire process of r ece iv ing

;hmoc~ ronizatjon from a source master station .

1-2 
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— MASTER STATI ON 258 7 - 2

FIGURE 1.1. AIR TO AIR SYN CHRONIZATION LINKED TO A MASTE R STATION

With this structuring of toe system , a study designed to generat e a is-—

: 1rr -~ nt plan for master stations must:

(a) ~ode1 in four dimensions and tor q’urihou t  C(ilUS, toe location, of hi-

erarchal aircraft wr;ich may establish communication chaining to

relay time out from a master station. -

(b) Create a similar model of the density and location of non—

hierarchal aircraft that would benefit from the sync hronization

provided either by a hierarchal aircraft or by a master station .

Cc ) 2odel the synchronization process among the hierarchal equi p—

ments.

Furthermore , implicit in the concern for placement end number of master

stations is the need to measure the degree to which a given orrangement

acojeves time dissemination goals . The desire is not only to deploy enough

1-3
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- c  s t a t I o n s  to  ao: . i~~v- .- t ; ’~~e goals , ‘ . :~ asso to r.o.’e too-: effic3 -nt y

~~~~~~~ so toa t t ;. -~ goail or - sa t is f i~’O r y a :. ‘;ar nir.1::.uj s r~~eser of ~tati-o~~

i—~ e ~~~~. “ s~ a ~~~~~~ ~~e ~~~or ~~~
-
~~‘

t oe  t o coo .,t l -r r.at -~r e of air t r ave l  or -i one n ee d  f~ r p r e i s e ti or s
of ‘ c a C t i  c Clo’ r. rla.ooin ~ future decl-symeots , toe leve . of detail whim . can

cc: reT-;: too in a traffic flow mooe is Ilnot . The most con —
on - •~~~te - : o u r o :  c: in f o r m a t i o n  consec r . ir ~~ t oO  location.  cf au- —

r : c t t  is s-Ir i l :;e  snce~ sles. This is fo r tuna t e sin ce  corr ect  t2 ixn:~ n~ has it

t:~a a i r l i r .~ o ir ;r a ft  are toe most li~~eiy candidated for cierar coat
-

- c t .  ~ie -n -r ~~0s-le3s , to .~ e r eo~~tn of this pregran’s ccmcluri’;cs have been

at Ic er.ho n c -~d tv  s n o wi ng  tr~at groun d stat i on e f f e c t i v en e s s  is -determined

n- os: : —~t t c r n r  of a i r -r r a f t  travel and does cot r e su ir e  great er en isior .

a :  ;‘ - - - - t it i c : .  cC : a e- i i f io  r~~raf t locat lo r .n -

. 1 le toe i r lsiari’ -cal r-~~ cru . ed for t ;.I: stull has seen to ercoide

il crc-JO - sr , ’;- r , n i zat ion  ace ~~ o’;e fo r  collision avoidanc e  sr:-o:e~; , se-non—

~ a l tern a te  teals- must also be cor ;i ldcre-:.  1- recise t ime  t oono i scos

no on cons ir i cr i l , e . g .  reference [6] , as a nasso :oi’ an air trJf . ; control

t o: ;. —ins igned to  :. r ov id~- :orsrr;uniiration , navigation anu ;-;ur’neil] on ce t O~- -cu go

s-ne in t - ;cr o t r l  not .  of a irborne and groun d based equi or::eni~. I c:-th--rroore , “Jr

t r a f f i c  cont rol  u ;  not t:;e only possible  application of preci Sc  t i m

i : - ;r e 3 .  Inc  r sjnserc of’ r~~n—: -r i ation demands for ur e c i s e  L u m e  ~r ’- a~o€ or :;c, e.g.

c f  c [1].  To i::er~- a.;e t i ;- ;  usefulness of tnis study , it ca.; necessary

show tr ot m ast er  station lie : Loyrnen t !-  san h e  derived wh i ch are si;: tan -eu 111

near -. r t im a l  w i to  r e s r s-c t  to  several di f f e ren t  n o s sin l e  uses of  t~ ~
- :y• 
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I .  , t m ~ -F :  !1 iS Seem ;  ii Ct I ~; -U ! -  Ii ;;re- ’ i ‘ma I f s  1:: i i!Ilmuni coOl on ny;; —

t o -  n i - c o r r a l  ty : e and ex en m e nt a l  -v .  i s n e e  no re-~t -r i ct : ’1 CU 050

F at r: . ~ ;t tOn -- r. n o - ro c t ln g  airborne s ys te m_ c  - ; ris-r to toe iil~’i l L / 5 i  : ; - : t

t
~

- r t O  in  m i  ~; r e: n t t -  , i t  ~a; t i lt  tr ot I et a i  led : : i m u i  t~~- nor: r:,~ got be r e l - ;  re- i

to  leO ;r s ;in c : I - ; t ;  a i rcr a f t  wer e  ;J n - ;hr er J  zeu an w h at  - r o i cr ;y t h y  n o n —

s~~:s- i. We’: - j v - - is- -en an 1: to ci; ow toot over a aroad ‘md ty; I cal range of

: 1  0, 1 or- tm .;ters ar~ i W i t h  / -  r , :;igr; proLano 11 t , , aurer’nl° ar~ :I woy : syn—

- r -c i l z - -1 vr. e r e v ; - r  a se i s c a c e  of Lierarrnoi aircraft is avai lable l e a d i n g

to a mano r • ;t o t i or ~ w r i e r c i r ,  :u c- :er;si ye momner:; -:f toe sequence are wit;iin

~~-I:  o l i t :— -; : —  ; i ’ r , ’, ari a sy n c ; :r c r i i z a t i or ; ran e.

1., J i ut io n  A l t er n a t i v e - :

In dea l ing  wit :: each of the following essential ingredients  necessary

to s-rc ce ss fu~ l master  station s i te ing :

( ‘i) t model of ;;ierarchal &id non—hierarchal  a i rcraf t  locations and

resultant };ierarrtai  chaining ,

(b) A f°sr~ction of aircraft and master station locations which measures

the effective-ne;;:; of time distribution and ,

( :)  An a lgor i thm for opt imizing this func t ion  with resuect to station

locations ; 
-

t ;;ere are a lt e rn at i ve- metnods  which nave been evaluated wits  rec sect to accu-

racy , t imeliness of appl icat ion , and conclusiveness .

In the  area of mode l ing ,  the alternatives relate to t h e  d iv is ion  between

math emat ica l  and numeri cal representat ion . For effect iveness  meas ure: , the

choices re j uire selecting from the various possible measures the one that

most adequately represents sys tem goals . Finally , the selection of a s it e i n g

algori  torn requi res a t rade—off  between the degree of optimality achieved and

the cost ot’ application.

1.5
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resort  -ao l I: , Or ’: technical a per~-U cno , references [ i i ,  [ t ] , cci [~~~~
} .  Th

- n::nafy is ’~ f-1 I s - i :-  :

J . Time Fr ocagat  ion dependn a~~ost solely on :;ierarchal air-c: ’ a f t  pai r:-

b e i n g  w It h i n  radio 11cc—of—sight  and sync range . W i t n I s  coo: n ,

the fol lowing factors h ave negl igible  e f fec t ;

C1oo1 duality , —

iorrimnmication probability ,

Resync accuracy , and

h untoer of hierarchy levels available .
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P .  to i:: non is c: ;. no’ - -so t;:at chaining effect iv”r;e.:s is mainly

‘i functi or. of hi’’ror :oal air -raft density . tearly all ~ i the b e - t i e —

fit of’ bi ’ r ’mr- -t ~y is u n t a m ed -s;, ’ - :  th e  heavier aircarrier Or it; e ; i : —

‘i:tl
~

r;t set of ai rcraf t  are hierarchy e lui :-t ed . Then, airn;:: t regar-: —

less of’ n p ” c i f i c a ircraft  locations ;

(1) line oropagot ion rote -n t i:ii is ~t)IJUt wide .

(2) Less than 15 i i r m ~ s ar~ needed if at least three mas-

t- -n s t a t ions  are in operation .

~~ ) - -: 1w; iwit  chaining opport;u;it ies are avOl ionIc at aIr :;

- V- :r ,’ craft .

(1~) Synchronization range of master stations has little effect .

I .  Sys tem e f f e c t i v e n e s s  is best de f ined as a t ime integral  ( average ) of

instantaneous e f f e c t i v e ne s s ;

(1) A m easure must be an additive set function on subsets

of three dimens i onal space .

(2) Various measures are a nroer-late to various :;y;:tem goals ;

Time propag at i on to aJ.rcraft ,

lime propagation to general users , and OAT coverage.

( 3 )  Above a hierarchy density threshold , initial effectiveness

Per master stations is very hig h ; below th i s  : lensit-s  b i e r —

archy r lu p l ort is small and thus eff€- ctivet;eri s I-er master

station is very low .

0 .  Master station s i t e in g  sh o u l d  maximize  sys tem e f f ec t iveness  fa r  t: .e

given number of stations ;

(1) Practical o p t im i z i n c  algorit : m :  do !;ut exis t .

( 2 )  Ab ove the dens i ty threshold overall e f fec t iveness  i -  v -ri’

i n sens i t ive to si t~’ s len t i- c r .

1-7
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‘ it - — t , ; : . : 1  ‘~~~~ ,‘ nitnm. ; or’- very -off: -~L iv ’-- si:t,nota; ”o~ ijy

:‘ --r 1 - ’- nitWcr-i , location I-ri F Y ,’ - ~o-: r’ - -J - : : ’ a t  i -or: .
( -ii ) Si t e:  are readi l y Ier ’,c’j .,c.ig’, or’- simultaneous in’ nearly

r s - v e n a l  “ffestiveno:: measures.

(5 )  :~~~s-’ log mc~:t r a rOts do cot limit achie so: no effectiveness.

(# ,) - - - ‘ , i~~, -j  i : :t r i :u t i ons f o r  n o n — h i e r ar c h a l  ai rcraft are not

n” :‘,:sar.- f r  :‘- ,e--:t:n: efficiero sItes .

E. i~~j t I ~~I 1-~’~~’’:r ~
‘t’tsf cn ~ite desirasility is;

( I )  0’:’tetr:i’.’:-l C;,’ toe nu~ :er and patterns of hierarc;,al air—
oraft t:,no are serviceable fro~ t l,e site.

(2) lIst sensitive to effectiveness measure.

( 3 )  ::~ t s en s i t i v e  to  data interval or data extent beyon d one
-ta’..

F. Effectiveness of I-la ster Stations with hierarchal support has the

properties ;

(1) The first station is e~ ormous1y effective .

(2) The next two or three dimininhingly so , but still hi~~’i.

(3 )  A f t er  t;:e first four or five , over jfl~i’ s-i aircraft hours

cav e :yr ;cn roniza t i on avai lable and hierarchal ;otest ial

is  essentially fully u t i l i z e d .

(~~~) W i th ou t  adequate hierarchal support effect i veness per

mast er  station is very low and seusitIvo to- -ictal i-cd

local ~- --c~-a lat ior ;  d is t r ibuti on .

G. Any reasonable combination of five master stations could have fur—

- :  nished synchronization to 1W~~ of the partici pants in the collisions
recorded by W’ItB dun t b ’  fe-ri n-b I )h I -~_ I9 ( I.

1.8 
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i i .  x~ec~au.;c 0- ,4 - J . in c- ,ver :i :-y a s ingle  communicating cloud of a i rc ra f t

t r i rou ghou t  t b :  c i  ‘S t r a f f i c  1; ur;; and because t }iI~ cloud cci: be

synchronizei it ‘~~~iy point of contact with a master s ta t ion , ‘oacn

master stat ion  provides a hi gh level  of backup  to all otner master

s t a t  i on:;

I .  V- other  f r o n t:  may caus e a subnormal a ircraf t  - l en c i ty  in sor e ;~ar t .

of C0 .JliS and an accompany ing density r ise in otr i er  part :: . t orrL’!iuI:l —

cation w i t h  a ;aster s ta t ion may be in te r rupted  in th is  cane -  but toe

net effect  w i f l  be less troublesome than a station outage .

J. The following course of’ action with respect to any possible future
rr:aster station siteing is recommended:

P lan: be made for five master stations . When these are do—

ployed , something near 9O~ of aircraft hours will have precise

time available providing only that the heavier airline aircraft

are hier a r n : ;y  e-~uipsed. Should additional synchronization ser-

vi ce be j udged des irable, master station siteing judgements

should he based on on—site rekl time evaluation of synchroni—

zation need.

P. While many sets of five stations can produce comparable performance-,

the two sets shown in Figure 1—2 have been identified as providing

the most u t i l i ty. The priority of installation is indicated alpha-
betically. While the upper grouping of Figure I—s exhibits somewhat

higher performance in terms of gross aircraft hours synchronized,
the lower grouping (the best selections from major hubs) has the ad-

vantage- of better service to aircarrier aircraft , 21i hour service to

high density traffic , available government sites ant service , and

less sensitivity to future changes in travel patterns .

1.9
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- HUB SITE S 25 3 1 - 7

FIGUR E 1.2. BEST SITEING AL TERNATIVES
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l.~ Organization of this Report

Solution methods and supporting mathematical analyses are presented in

Section 2 and Section 3 contains conclusions and siteing recommendations .

Appendix A provides a summary of the numerical and graph i c  results . For

the reader desiring additional information; references [1], [2] and [3] pro-

vide detailed reporting of activity throughout this study . Appendix B of

this report is a section by section cross reference to this material .

1.11/1.12
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2.  S0LU ’rIoN METHODS

As a result of Phase I studies , a detailed solution method was selected

which is a synthesis of mathematical and computer analysis. Section 2.1 be-

low describes the mathematical aspects of the method while Section 2.2 out—

lines the computer analysis. During the course of the study , and as an out—

rswth of investigations into the sensitivity of master station effectiveness

to the location and density of hierarchal aircraft, a second , less complete

b-at fully mathematical, method was achieved. A description o±~ this method is
included in Section 2.1.14.

2.1 Mathematical Analysis

Four especially important problems in the location of master synchroni-

zation stations are analyzed in this section .

(a) How can hierarchal chaining be modelled?

(b) What are adequate measures of master station effectiveness?

(c) What master station location algQrithms result in near

optimum placement? -

( a )  What precision in hierarchal aircraft positions is required?

We first identify that hierarchal chaining has a graph theoretical basis
in which the nodes c-f the graph represent the hierarchal equipped aircraft
and an edge of the graph is defined between two nodes whenever two air-

craft are within radio line—of—sight and synchronization range . At any

given instant in CONIJS the connected components of this graph (which we call

clouds of hierarchal aircraf~ ) describe completely the potential paths avail-
able for air—to—air relay of’ synchronization . If any one of the aircraft

(nodes) in a cloud (connected component ) has access to synchronization from

a master station , then every aircraft i-’ the cloud has th e poten t ia l  for

being synchronized.

2.1 
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4’- w ~b- ,’ , - nor  a r:r - , a i  ~~~ ‘yp ical.  r ’~~~” of ~-~ .b -  I cc. ro,rw’ -ter;; and

c 0!: 01 1’,ii r n - ! ar :1, ’ , , a. 0 r’~ i ’  i l i  a -l ou - I S -nV: c - i  r ;i a rrIr~ ;’.:r tat : s-ri or-

‘rn ! . : 5 I .-~ ~~~~~~~~~~~~ 
- -c ~~L!i 1i is ,. :nc n t o  he vali d w? er,e;- -I ’ :

(~~) Air ’ s  .rn’ C L  - - ‘KS nave an o- - - ’- ,rac; ‘nt- -ate-n than 1 r ant

in j j  ( 3 r ) .

( L  ) ~L ’ tb I -t y t ’ :i-:ri i e / i n g  a i r — t - .-—a i r  re l ay f sy n c h r s - r : i z a t :- ; o

re - n try .

( c -~ ;‘; - ~
- - -

~~~~
- i ’ ,- c I t e  v t i i - 1 , ‘i c e  s r , I c o r .:ej c at least 0.25

-n c ’ - - - ‘ - - n- i (. 3 ) .

I )  ~~;,‘ ‘  r ’ - -  tr - -:. 1.-as ’ 2U - - I - - - a ” - - b y -:v ’ :  I :  nvai  as- i — -

i ,~~~f’’I ‘ r - , ’ i !  any cys t’-r;, likely 0 0’’ 1 n t  all ic-i , all these param—

e-tc -r u-cu t li e- cu c ir ~ ; ; ~~ - ,t ; -~tt :  I ~--arit-e cu S s-ine- comuinat i e: of them would

be g:-e-a ’er ‘hat :  r r : e  rou :~~m ’urts l i st  c i .

oase-I e-n ‘ s in  r e - su i t , v~- : e tenr r : ine  the-  ‘l- ;-u is of air-;rar ’t. and tour; ,

ut:  id. ‘~i rn - c a r t are cyn-T’tir Ofli Se- i  through a e-orr r-uter rn- ale] of ~Le time posi—

tinntn n-I all airline aircraft described in Sectis-n 2.2.

We then turn to the pr oblem of placing master stations so tl .:t synchrn—

ni z ation can be srr- : -od maximally through COflU S . This r e q u i r e s  ha t r -;easur ;-e-
--f t h e  e f fec t iveness  s-f time d i s t r ibu t ion  be derived to reflect oh hi r ’I ’ n-rc- ri t.

poss ible uses of the time li s t r i bu t  ion system , and accorer any i r t . r, master  sta-

tion siteing algorithms be selected .

Finally , to be assured that the methods will be adequate , we need to
know wri ’it aircraft position accuracy is requi red to faithfully repres-col t::e

hierarchy communications cloud structure in O’ONI JS at any instant . To answer

this  question , we examine the overall structure of the hierarchal graph from

the point of view of stochastic graph theory . In this effort a mathematical
model based on the law of large nunbers is developed in order to transl-t’

2-2
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th e res ults s-f stochastic graph theory into properties approximating those
of real dis tr ibut ions of a ircraft . This investi gation shows that during the
rj-,rtions of the day when large nianbers of hierarchal aircraft are active ,
all hierarchal aircraft in CONUS will be in a single cloud almost regardless

of the ir individual positions . The less active portions of the day have

been examined by exercising subsequent computer simulation models with the

t,,-,erail result that , for the purpose of modelling time distribution , there

is no need to locate aircraft more accurately than to within 30 x 30 (n.m.)
2

cells. Throughout the more active portions of the day much less accuracy is

re~~sired .

The mathematical model derived to examine the dependence of cloud struc—

t~ n-e an a i r c r aft  location:. ;  r-ermits preliminary estimates to be made of the

n -amhe’r o f ’ master stations reqti re i arid their  e f fec t iveness .  Section 2.1 ends

c l t r r  tne se  res -adt c .

h . l .1  die-rarchal  T h a i n i n~’

i i ’ - : ’ t r  up- n ,imue -r a’., -a - s b a l  ru-alt is the  r u_c of’ the number of
- of ‘~i me- s i r .  ‘ r n  r , i : r - t t  ion fr -ro t b . -  ma o*, ’ -r ‘ i’. ion ani -: ~ui va1ent demote

1 nter’iain’ - in- :sm:k,  a ’- ’ ! ,‘ ti ] ‘c ’r’rr - r. -sc -- r ~ ::yr -hr n. j i,’tt - I cn s. - Since each

r” -~ ay c trlsste ;- ’ ~ tisS :~~- - m r  ~ !,I  a I - - c , .- ’ . ’  in ’. rval is -ief1~~e-d to be tb-at

±e-npti~ of t i c~- taring wri ich t o ’  i i r n r a : ’t ‘ n c lock ieve io j s an error equal to

too t s- :flerea in a n c - i - tv , e’acn cr a ft ’s h i- rar ciy ni~nber indicates the ac-

curacy time-- ovaL oniL - - 5 - - z r ’ i t rio c x -a l ’t .

Depending upon the error introduced in a time relay , and the total

error tolerable in the system application being considered , some upper limit ,

:1 , 0-i urreable hierarchy exists. Aircraft possessing hierarchy less tb-ar-: H

are deemed to be- ;atisfact orily synchronized. The maximum useable hierarchy

C- ~r ‘be ‘~i rbern~’ CAS Ic- fined in reference H I is forty .

r the hierarchal chain -i~ p i- ~t. -’ - I  in  Fi~~~re 2— i where 0 is the

master r: r ~-’tt i - - -n an d tr ’- ru les 1, 2, e’ r , represent aircraft such that each

2.3
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;:un-cessive pair arc within radio line—o f—sight and synchronization range .

We will take as a ms-bet a ry-otem implementation whien allows synchronization
- be- ‘ t t t ” m p t e - l  it r egu lar  irtt’rvali n as does , fo r exampl e, the system rI , —

l i n e ! in re ference [ L + j .  For a given successive aircraft  pair in Figure 2—1
L e-t. p he-- ‘tie -  probabili ty of achieving synchronizat ion in one attempt and let

v L-~ r.u_ .ber of attempts pe r m i t ted  in a demotion intervaL Then , q = (i—c)’~
is ‘ i c -  nr--bortb itity of not achieving syr:chror:ization in a demote interval ,

voile p = ( i—q ) is the probabi l i ty  of n c h i e vir :n  synchronization in a demote

.~ t’!~’IOi.

n33 - l FIGURE 2.1. A HIERARCHAL CHAIN

The prob abil i ty that it takes this pair precisely k demote intervals to

t:--anrr :’er synchronization is the probability of (k—l) failures followed by a

success , namely q~
c~~p• But if synchronization takes k demote intervals , then

the change in hierarchy , iii, across this link of the chain is precisely k.

Thus , the probabi l i ty  that ~h = k is ~~~~~~ This probability function is

illustrated in Figure 2—2.

Since the probability of some change in hierarchy is unity , we shoul d

and do have

- 

~~~q
k_ l

p = p / ( 1— q )  = 1. (2-L )

Moreover , the average hi erarchy ch ange between suc cessive aircraft  is:

kq~ 
l
p = 1/p = 1 + (q/p), (2-2)

-

‘ 
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an-,! One -  variance of toe change is:

= ~~~[k - (l/p)]
2 
q
k_l

p = q/p
2
. (2-~ )

Each link of the chain in Figure 2—1 has its own characteristi c proba—

bilitl,., of obtaining synchronization in a single demote interval and the

r.l - - carchy at the mth aircraft, h , is the sum of all m ~h’s in the chain.

;;y the central limit theorem we expect that since h is the sum of random

variables , it will be approximately normally distributed with mean Um~ 
equal

to Oh- - :r irri of the means,

= 
~~~~ 

(1/p a
) = m + 

~~~ 
(q

~~~/~~~~~~ ) (2_ 14 )

and variance , 
~m

2
’ equal to the sum of the variances,

k=l 
(~~~ /P~~

2
) (2—5)

The actual distribution is derived in reference [1], page 2— 12 , and tl~-

normal approximation is shown to be valid. The situation is very close to

that illustrated in Figure 2—3 for a 23 link chain where the p.’s have bees

selected at random from the interval [0.99 1~, 0.L~8].

We wish to be assured that , with high probability , h is no gi~eater
than the maximum useable hierarchy H. Using the normal approximation , we

know that when

+ Qo < H 
(2— p)

then h < H with at least probability P provided

- 1 Q 2
e
_t t2 dt p.

For example , when Q is 2.05, P is 0.98.

2.5 
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PROBABILITY
1.0 -

.8-

.6’

.4 -

.2 -

.0’ I
2 3 4 5

HIERARCHY INCREMENT
2581-U

FIGURE 2.2. DISTRIBUTION OF THE HIERARCHAL INCREMENT
INTRODUCED BY ONE LINK

PROBABILITY 
- -

.12- • • NOTE: SEE EQUATIONS

• 
(2.4) & (2.5)

.09 - • •

• •
.06 -

• •

• •.03 -
• •

• S

I I I I I I

22 24 26 28 30 32 34 36 38 40

HIERARCHY
2581-15

FIGURE 2.3. PROBABILITY DISTRIBUTION FOR THE HIERARCHY OF THE 23RD MEMBER
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‘: ‘ -r : equation (2—6) is satisfied by system chaining parameters , syricuro—
sa~ i - or: - f ’ all members c-f the chain up to the mth member is assured with

~r-~bability no less than P. Having selected a suitably high probability,

- - 1-aittion (~~ h) con therefore display those sets of possible chaining pararn—

ens wh i c h  provide satisfactory performance. The parameters involved in

‘ -~~._ u i - -n ( 2 — ( - )  are

(~~~) The error introduced by time relay
(b) The clock accuracy

( c )  The interval between synchronizat ion attempts

Togeth er  these define the number of synchronization -attempts per demote in—

(d) The minimum useable system accuracy which defines the maximum

useable hierarchy ,  H

(e) The quality of the con~nunications channel which determines the

probability p that a synchronization attempt is successful.

Tn referenc e [ii, page 2—15, it is shown that

~~

= 
~~~ 

2~~ )
L5’ i

l P 1j  
-

is the effective probability per link of achieving synchronization in one

demote interval for a chain that exhibits the individual probabilities p~~.

This parameter is used in conjunction with equation (2—5 ) to produce t-he sum-

marizing graph in Figure 2~ 14.

The curve gives the chain length for which we are 98% certain that all

chain members h&ve hierarchy less than ~40 as a function of the effective

probability per link .
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HIERARCHAL
CHAIN
LENGTH

H ___
_ _

1 5 -  

1/ 

_

‘1/

PROB ABILITY IS GREATER THAN 0.98

~~~~

Z 

BELOW THE CURVE THE

0 
0 0.2 

THAT HIERARCHY IS LESS THAN 40. 

1.0
EFFECTIVE PROBABILITY OF SYNCHRONIZATION IN ONE DEMOTE INTERVAL

258 1- 5

FIGURE 2.4. HIERARCHAL CHAIN LENGTH THAT HAS 98% CERTAINTY
OF ALL MEMBERS BEING SYNCHRONIZED
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I:: ‘‘ i_ h - I  u s  i-i n Avoi ia’: - s-o ys tent Flight Test and ~‘-v -du a t  ion ” , ~•t-tro in

~-~ai -i -otta  Corns -r a t i on , Apr i l  I~) 7 i , tests on a i r — t o — a i r  synchroniza t ion  s-re

r ep -s- -ted  for various ristances and altitudes. When t h e  e- :’: r~ - i- i  me rccal r e su lt s

are summar i z e - i  over all altitudes and ran~~~s to find Oh - - tro-L a b il it y  - f ’  s-b—

~a i nj o r  : - ‘cr:c’i :ron i zat ion in a - — s e c o n d  demote interval , one ntt~ii or: 0.73.

A 2 — so-nher chain with th i s  p robabi l i ty  f r  each l ink  is 98 :-erceat certain

to h-ive all members in ~ i e - r c - r c:y less than 140. This uo i nt is l l lu s tr -ar  ed

wi P the  * on the f i s -w -’:. A . — : .;er rc -nd  demote in t e r v a l  ‘ - i r r e s t -on-Is  to ~~~
crystal oscillator , clock.

The van - us exper - boosts , analyzed i rid lvi -ic-ally,, ‘-xh ib i t ed  a r-ar:ce .d

sy::.rhroooization nc r 6—secon-i demote interval probabilities f r om  0.99-I to

o~~8. These variations IfiOWe-I no t ar t icu lar  dependence on rc-n,~e .  It  acr e - i r s

that. signal—t ~—n :ise ratios were more than -acleauate at all ranges t e st s - i  so

trai t multinath interference and antenna pattern nulls Jormi r:ate synchroniza—

-.1-cr: or- -oh-abilit ies . Calculations based on equation (c—7) show that  a

:r,-ao:e-r coals , in: wtoici. the individual links exhibit this entire rara~c c-f

or-:.bal-iii t ie :  ir: equal p roport~~nni , is 98 percent sert ain to r ave alA its

in h i e r ar hy less than 140; this point is tab-cit-a • on Figure 2_ P .

linus we hove shown , on the basis of the bes t exper imental evidence
-ivai lsote , that  with hi gh probabili ty any chain of less than 20 I-icc :—

hers wil l  ~ rovi Ic synchrar~ization to an aircraft . Based on this rca-sit ,

the solut ion method utilized in the study assumes that an hierarchal air-

craft is synchronized if there exists a sequence of hierarchal craft leadinc

f r o m  a c-aster station to the aircraft in which each successive pair are with—

in ratio line—of—sight and synchronization range .

We hold t o i s  assumption to be conservative on a number of grounds.

(a) W ith a synchronization range of approximately 100 n.m ., as user! i t :

this evaluation , a chain of 20 links is on the average 1500 n . m .

long . Cut sequent analysis shows that three ground stati c-is -~‘ i t h i r

2-9

——  - -  -— ~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~ -- —~~~~~~~~~ —-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~- _________



!~!1~~~~~’ ~~~~~~~~~~~~~~~~~~~~ 
— - — — “__ ‘~f;~~~_ 

— -- - -
~~~~~~~~~~~ - _-- - -

ddCUd limi t the number of links required to fully utilize hierarchal
4 -ic-e aictnir-stion to less than fifteen .

( b )  The analys is  above assumes only a single chain leading to any

ri ven aircraft. ifl point of fact , multiple chaining opportunities
exist at nearly every craft. Each alternative chain increases the

probability of being synchronized.

(o) The numerical results quoted above assumes that all aircraft are

equi rna- d  w i t h  a l0~~ crystal clock . The state of the art in pro—

r iuci rn o precision time pieces is such that we would expect many ,

if n-i t rcc:t, aircraft to be better equipped.

2.1.2 Effectiveness heasures

In this study , we have taken the point of view that the distribution

of time throughout CONUS could be a service directed toward a number of pos-

sible objectives . As with any service , one needs some means of measuring

the degree to which the service meets its objectives .

In the systems we are consider ing,  the primary source of time is the

master station . However , the hierarchal a,ircraft serve to extend th e  service

into regions not directly covered by such stations . ‘cr~ —‘hat analog- s-as to
more familiar utilities , (e.g., electrical power , natural gas , water , etc.),

each h ie ra rchal ,  aircraft serves as a substation with its own part icular
region of infl -a’once . In this case, the region of influence is the subset of

- lilA airspace within r-a-lio line—of—sight and synchronisation range of each

syn cnn rs-rii zed aircraft .

The utility of bringing time into t h i s  region should be direct ly

relat-tole to system objectives . If the objective is to provide tic-c to  ai r—

cr-aft , the u t i l i ty  sc-c--uid be measured in terms of the number of a i rcraf t ,

~erhaps of a s p e c i f i c  tyne , w i t h i n the region . If the objective is to ob t ain

the broadest possible a va i l - i bi l i t y  of t ime , then the ut i l i ty  mi ght properly
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L ’  c-C’tO :r-r’~ is ‘ - - ‘ - i c r- th . - ’:e - f  tin: r~—~A - - n  or the iar : - .I s ’ar - fai -~-

ars -- .t i t no v — r n .  I f ’  i nc ’ :ner’;lc-~ is pro- ’zi -ic i for collision avoidance - c r c - . : - :
t~~~ 0I toe ~~ility rns --nr~ t’: ri~-.-ac ur -o-1 i t .  t er m s H’ t oo rate- s-f -~cc- i r r -cr ice  ‘f  n - - a r

is-i s so~ an-I/ r collisi- -n:c in the rcgl or i .

n c-we-/er, reg-at- -Lr--n:s t ie so-ec-ific objca-tive , we wish to i s - l i  r~ a

:hiact ion wr ii crn n - n r a ’,’-:: on a r e-gI ~cn (subset  of  CtD US a i rspace)  and c r c -  I i e s

a ninsiti- :- :- real n rob -r n--flee ting the degree of utility provided. That is ,

v-c wish c.. cc- f i n - :  a : ’-s nc-: ~ ion , ~ , which  operates s-ri subsets , ‘I , of tr ,ree -l i t r e s—

.- : a  :n.oce ( O r : — -  :‘-:r ’;i-oe r eg ion  of a given aircraft ) anl yields a n-nsitive

real r ovcb-rr a , i.e., ~ (V )  = .~~. 
-

d i n ce  nbc  reg ion  ‘I serviced by given hierarchal aircraft changes w ith

time “is ic-rs t,- .-t o’h-u-actenistics of the region wh i ch -de te rmin e  ~ (‘! ) , we nrc-st

l::tc-r’sret s- (V) as the instantaneous utility of croviding service t .0 . the

cs-s-i on  .. ~ a il e  instantaneous meas-ares of u t Il it y are of interest , we will

-L si r . :a.~s1y desire to integrate this f u n c t i o n  in -. t ime  to obtain a c-coo’s--c- -of

se mc-or~ utility provided.

A f u r t h e r , an -i -:er-y ue f’initi’,-s- , pr . nierty recuirel f  t he  f - n n c t i s . n c  p

can b--c a l s- :erned .  i f  we hare tw:. bier-arch-il aircraft which  p -rnvi de se rv ice

s-c two complet ely l i o j o i n t  reg ior t s , “
~~ 

onl 1 , toes the u t i l i t y  of or o v i d i n o

cc these tw-~ reg ions  t-~ c-b i: .ed nrc -st be toe  sum of the separate in- -li -z i dual

at i l ot t es .  Fxrre : :-ud  syrab - i l i c a l ~~,- , t h i s  m ean s :

(- : ) + (I ’ )

wh e n e v e r  th e  i n t e r s e c t i on

is the  emnty s e t .
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A rAn: -  ‘t i s -n ‘~‘h i-h as sun - i c - t e n  real tic -nb - ox -nc w i t h  n i s - t s  c-tn horn the s-L~ ve

-n r i s  -o~ I-nd c-ri ( “ 1  n ij t e i y )  ~d i i tj v e  set func t ion . it can be oh-own that

-~~ - ouch a f - 4 n . ’n I -a is applied to - a set derived by combining  ( in  t h e  sense

t~ set c-ni u - r i ) a r :urrb ’:r of o - v e - r — l . a j - p i n g  regions , the regions of overlap art-

cs- - a r t e - I  c- il/ -on ce in ’: the c e r - : r n r i n n i t i o -n i  of the numerical  func t iona l  value .

Wi th  t h i s  back~ r our i d , we can now perce ive the steps necessary to-

specify the utility of time distribution . One begins with a specific r,rrnber

and placement -of master stations . First , one must determine for each tine
instant which hierarchal aircraft are synchronized as the result c-f th i s

master station placement . The service regions for all synchronized stations ,

including hierarchal and master stations , must then be derived and c o m b i n e d .

Following this , the functional rule p is applied to the combined region to
obtain the numerical representation of instantaneous utility . Final].y, the
instantaneous utility must be integrated over time to find the time averaged

utility. This procedure is summarized in the following syrnbolo~~r :

T r

T Pl U~ V I dt ( p _ 5 )

[xcs ( t)  X J

where o(t) is the set of all stations synchronized at time ~~.

The computation described in (2—8) suffices for comparison s-i’ the

performance of alternative master station placement s , but does r i - c t  yield i n.-

formation as to what fraction of the total need is beirir fu’filled. To r°-

t’lect this aspect , we must compute the utility of provicinir oy n c b r n n i : : -~ L~ i

to all CONUS ~~ rspace and normalize the expression in (2—5) with rc’sr’vc t to

2-12
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this quantity. Thus, with a given set of ground s ta t ions  ~~~~ we assoc i a t e an

effectiveness number E(M) given by

p 
~ dt

EL M ’ — o LxcS(t) J

J0

when- c th - ’  set A is the total CONIJS airspace.

Five di fferent  definit ions of the set function p have been inves t i—

gated. Each of these emphasize a di f fe ren t  possible use for time d is t r ibut ion.

I. p ( V )  is the number of hierarchal aircraft  in V.

With this def in i t ion of p ,  the effectiveness is the f rac t ion  of
hierarchal aircraft hours that are synchronized.  This is a good measure of

u t i l i ty  for master station location purposes regardless of the speci f ic  ob-

jective of time dissemination . Since the basic time disseminating mechanism

is air—to— air rela~j  between hierarchal equipped craft , arid since nearly all

useful measures of effectiveness are enhanced by the broadest possible dis-
semination of time , a sequence of master stations well placed to uti lize

hierarchal chaining potential serves all likely system goals very well .

II .  p ( V )  is the CONUS surface area contained in V. -

With this p, effectiveness is the fraction of CONUS land area

which has synchronization service available. This measure is intended to be

indicat ive of ut i l i ty to non—aviat ion users of time .

III .  p ( V )  is the total number of a i rcraf t  in V.

In this case , effect iveness  is the fraction of total CONUS fly-

ing hours that have synchronizat ion available. Since this de f in i t i on  is felt

to be most representative of service to aviation , it has received primary em—

phasis.

2.13
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iv. ~(v) is toe ai rcrart  encounter rate in V.

Our use of th i s  d e f i n i t i o n  has been restricted to the assumption:

that the encounter rate in a given volume of airspace is proportional t o - the

square c-f the aircraft density and fur ther  that the constant of proport i on-

ality does not vary throughout CON1JS. It provides an approximate indi cator

of t ime distribution utility for collision safety purposes since effective—
ness by th is  de f in i t i on  is the f rac t ion  of aircraft  encounters durine which

t i m -c- s ynchron izat ion  is available .

v . p(V ) is the aircraft collision rate in V.

This definition , which gives effectiveness as the fraction of

collisions provided time synchronization coverage ,, is intended to be supple-

mentary to the measure of effectiveness described in IV above . In applica—

t ion , the collision rate has been determined from NTSB collision records

covering the period l961~._l9T l.

Effec t iveness  as defined by equation ( 2—9 ) depends on time through the

synchronized station set s ( t ) .  s( t )  in turn , is determined by the time pro—

files of all hierarchal aircraft . Taken as a whole , these time profiles and

hence s(t) exhibit strong periodicities. The strongest periodic component is

diurnal as fl ights build up during the day~, die out at night , and show char—

acteristic peaking at rush hours . The next strongest component is weekly ,

with minimum travel on weekends and build up through the week to accommodat e

the public ’ s travel habits . There is also an annual periodici ty to mat -— h

seasonal air travel patterns .

We can vi ew the funct ion s ( t )  as being made up of daily , w-°ekly , and

yearly components , all modulated by long term trends plus a noise component .

Noise enters in two ways . First , on a f ine  scale , devi ations from schedule

occur due to weather , flight path choices , delays , e t c . ,  and on a larger

scale , schedules are altered in response to economic forces . Second , since

we cannot represent the function s ( t)  exactly in our calculations , we w i l l

inevitably introduce some numerical noise.

2.14 
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Any hig h frequency components of noise will  U0 strongly attorruat~~I by

the integration process which has a half—power bandpass of only O 1 4~ 3(T {z.

Only d is turbances wh i ch persist longer than 2.26 T wil l  pas s without s ignif-

ican t attenuati-cr-~. If  T is on the order of day s , few natural disturbances

persist t h i s  loss-. If care is exercised with respect to numerical  noise ,

roe noise components will be effect ively averaged.

in light of tnese considerations , the logical choice for a represent—

ut i /e period is T equals one week . All daily and weekly variations will be

ac-u canted for and noise adequately attenuated.

One characteristic of master station effectiveness is not represented

in equation ( 2—9 ) as it now stands . Minimiz ing  the effects  of master s t a t ion

out ages should be a consideration in station dep loyment . Patterns of redun-

dancy may be possible which enhance the overall effectiveness of the master

s ta t ion  set . The best way to as sure that such possibilities are properly

exploited is to design the effectiveness measures to include the cont r ibu t ion

of redundancy to u t i l i ty .

While the effectiveness measure of equation ( 2 — 9 )  was constructed on

the implicit premise that all master stations are available at all times ,

actually the set M of master stations can be in various operational states .

Each operational state is described by the subset X of the stations in ~
which are “on the air ” . These subsets (states ) X of M range from none of

the stations available through all combinations of partial availability to

all master stations being simultaneously available . Each state provides a

certain level of service E ( X ) ,  described by equation ( 2 — 9 ) ,  and each possesses

a characteristic probability of occurrence , P(x). The mean ef fec t iveness,

~~(M) , of the set N is therefore given by

~~~
(M ) = E P ( x )  E( X )  (2 - 1 0 )

where Tr (M) is the power set of M (i.e., the set of all subsets of -I).
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Under the expected condition that all master s tat i on.: are - -f  like

ti l t id , and that s ta t ion  out ages will  be independent o-j nu:t s , a common proba—

bllit1i value can be used for each combination that has th c -  saroc- number of

otat ions available. E~~ ressing availability as a, and non—ava i l ab i l i t y  as

-- = i — u , equation (2—10), in this case , reduces to

= ~ ~~~~~~~~~ F~( x )  (o-!l)

wn e r e  the notation X means the number ci’ elements I t :  t b -n  set X (1 .~~~. ,

car rinal number s-f the set X). -

.-iuation (2—10), or as appropr iate , (2—li), used in -c - r: jw s-’i - r : ‘
~otL

equation ( 2—9 ) is the most general descri ption of master :0-it1 

ness ut i l ized in computational portions of this  study . i i - - w - - - i - : r , lt - p’ - r . i i n ~
on the specif i c application of the master s tat ions , various -u’~n r i - r ~~i s  w i l l  bt -

applied to operational and economic cons ide ra tions  such as , u s - . t t -  n- n - i t ’ - r

service to hi gh traffic areas , service to aircarrier aircraft , or u i : : ’ -n

of available government sits-s and service , and app lic-Wii ity lu r ing ‘-ar ,-

phases of introduction . Although such - pEnr at i ona l  and ec-nn~~r::i C fls-~ vat i onic

ha ve not been factored into the analytical evaluation of effect iv e o t .o . ‘L ’ - y

have been considered in making final judgements on site all.~-rnat tves .

2.1.3 Algorithms for Master Station Location

~ (M)  in equation ( 2— 10) is a function of the g-- ’nogranhin - -cOC rd i r1ntl,~’S

of the master station locations . The intent is that the stations be ] - .‘- ‘ni t ’ -d

so that their effectiveness is as great as possible. If t. Ii ~~is-c art- m :ctat ions

in N, each point in the 2m dimensional space of station coordiriatern yi-- 1~is

a particular value for ~ (M). This suggests the possibility ~cf esip1 -y irig

standard multidimensional optimization techniques to locate master stat ions.
These techniques invariably assume the function to be continuous , and most 

-- -~~~~~~
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require at least f i r s t  order deri vatives . Unfortunately , ~ (M)  is not even
continuous in the s ta t ion coordinate variables . Step d i s c o n t i n u i t io n  occur

when the last link between a master station and an aircraft cloud is 5ev -red .

Even i f  th i s  were not the case , investigations have shown t h at  th s- f’ i c n r n t i o r ~
E(~~) has many relative maxima , so that the result of conventional o p ti m iz i re-’

- r : r :iques is highly dependent on i n i t i a l  solution estimates.

The only method for verifying that a truly optimal station location

solution has been reached , is exhaustion of all possibilities. To do this ,

a mesh of possible station locations must be laid over CONUS fine enough th at

significant variations in effectiveness do not occur within a cell , and then
ECU) must be computed for every way that a stations can be placed in these

cells . If there are n cells , this requires (fl) comput ations of ~ ( u - ~) .  For

exnunple , if an average cell in CCOIUS covers 700nm 2 ( approxinat-:liy 3000 cells )

and the re  are to be 20 master  stations , then

/ n \ (3000\ 51
~ m ) 

= \. 20 / — 10

computat i ons of E(M)  would be required. -

To reduce the number of computations we have employed a priority al-

gorithm. First we solve the problem by exhaustion for only one master sta-

tion ; that is , we select the most effective single master station . Then we

remove all hierarchal aircraft that are synchronized by that station from

consideration, and repeat the process; that is , find the most effective

ground station that can be adjoined to the one already selected , and continue
this process unt i l  all m stations are located. The number of comput ations

of E ( M )  involved , is approximately n — (m/2). This would be 2 ,990 in the

above example , and while this is still not a comfortable number, it is wi th in

the realm of possibility.

a
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The- i- r i - -ri’o, - r~ tam may not alwayc- produce absolutely optimum

statiur : 1 :cations . Jitoati~ r:nc can be constructed , in wh ich some hierarchal
-d r -c ra f t  are r-’- -Jui -!:u:tly - - - szrrn J by nrc-re than one master station , where

rrn icnter stati- ,-r~ sites can be found which exhibit somewhat higher performanc e
than the priority selected sites . While such cases c-an be constructed ,

~- - -: - ~r~ n:c-~ I i] , page ~— o -1, we navi: never encountered such a case in an
a-ntunii, application .

015CC cc-r flp000t i s-ri t in e  fo r  the p r io r i t y  algori thm is a strong f u n c t i o n

-~-f tOte number n of possible station locati ons , the best opportunity for hold-

ing computation within reasonable bounds is to eliminate all possible loca-

tions which arc- not strong contenders before comput ation begins . The des i re—

abil ity of a station location depends upon the sizes and the intersection
patterns of a i rcraf t  clouds . As is well known , human capacity for pattern

recogni t ion greatly exceeds computer capabilities at the present time . This

suggests that an in teract ive  algori thm with the operator limiting the choices

to or omis ing  reg ions , while the computer furnishes the detailed cc-mputat i-o- r:s

-of the relative effectiveness of alternatives. At times we have employed

th is  procedure .

2.l.1-~ Sensitivity to Aircraft Location and Mathematical Solution Method

At any given moment , we can think of the hierarchal aircraft distrib-
uted across CONUS as nodes. A graph can be defined on these nodes by placing
an edge between every pair of aircraft which are within radio line—of—sight

and synchronization range . We call the connected components of this graph

clouds of aircraft . By virtue of the way the graph is defined , any two air-

craft  within the same cloud are assured that there exists a sequence of air—

craft leading from the one to the other in which successive pairs are within
radio l ine—of—si ght and synchronization range . Thus , according to the con-

clusion of Section 2.1.1, if any aircraft in the cloud has contact with a

master station , then all aircraft in the cloud are synchronized.
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by .- : rtu~- of tho part i cular s-our - t n  C i i i  - - - Is-1~tc - -: -t in - s-i

i-ave- I, -vc - r 002 [il-i , dl f f e ren t  graph s w i l l  be O : , ~ - : - - at 1 t no-:

so that arty of the graphs possible on r: r:u n~~ c -nre prosaiility

• -of uceurruesce -

Let p be the p r o b a b i l i t y  that two a i rcr a fr  so l en - t o - i  at r an - Or e:

l ist  o-f hierarchal a i rcraf t  active at a r i -t e n  to- ‘c no are w i t h i n  rairo

I i r o n — c - f — s i ght and synchroniza t ion  range . if ai r cr a f  wer e  L’:l foenJy -ci:;—

tfi~ s-t’: I -‘cc-v JI~h i  then to a close a r - t r o -x i m a t ,I, -on

to = nF 1/A = 0 jio~

is the s y n c hr o n i z a t i o n  range , and A is the area of 200UO . h oweve r ,

s etc r-ai-tc - s-f Cni:~uS , (e - c- . -5ii ne , s ou t h e r n  Texas , the Dakotas nrn -I Tonitannc )

nS’iVC nUCO lower lorcrnit ies thtm average . Since the e f fec t ive  area is some—

voat  l : w - - r * 15 all of 2O~iUEI , and there  are well known a i rcraf t  concen t rat ion :

points , wo- e x p en t  p to be his-her than 0.0125.

In: reference [dJ an argument based on the law of large numbers is

presented which shows that , when n is large , the number of edges ( q )  in the

hierarchal graph (i.e. the number of air—to—air communication links ) t o

given by:

q = n2p/2 , n large ( 2 — 1 2)

This result is based on a model which allo’.is an arbi trary d i s t r ibu t ion  -:0

aircraft over CONUS . The only requirement is the function which i- -scribes

the instantaneous density distribution must be integrable.

Figure 2—5 presents an analysis of the value of p exhibit - i  by s-ic-

carrier aircraft distributions at 68 points through the day and we’:t~ - up -r-

I nc-c-sod is a close approximation to ai rline act ivi ty, see F i f u r - -  -i- I , n--I i-

tive to its peak value for these same poi nts . The dashed line in Figure 2— 5
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is - 1t. t = 0.0125, tb - u r n  for t - :  tI. O r - in c-t ic:: c- Lu’:. Ac - 5~~ -x rn : -t , -d , O : • ~
on + -J~~t: f — n -  we l l  — - r-i ’/-- 1 - i  - r t  i - n .: C t r : -  i n11/ is c-urn:- - w r : j t . ii  -n ar

0.021 - E~’ :td to - rn -n nc -; ;; t _ ,c n, -~ 1 + ’ 0 fr- - i ght - 0 1 i  or - ° —-
ma t or - n I ~ -b r: . t~~ - - - : - r . - : - -nt rat i uc- - 0 a i r ; r n x f t  :~ 1on ~ f- - . ~~~ n b r ’s aj . .  is

r- , - 1 l e e~~-~ i n  a r i - o r (- it i-f. J.025) 1c r i n r  ‘s - i n; tj . o:~~ i t c - j t :V tO

7 o ’ -:; cOt’. .- - Lrr , n tim ~~, r-aff -c in: co t--r n :tJ ° 0 ‘1 - ni i . - n J  a~

0 t O O t  - i f :  fill i- t l ; . ’- 7-ci : ,~. - os -oil’- Os - -- We~~~t . - r 1’ ~
‘ s - - - r t - -d

is , n- i ; - -e’.n- -ir1 n+on , t- - : r - -  -‘ : t r a f t h - . c- r n  r e  t h i s  - -n~ u , 5 ; r : ’~-: t O n  

:t:- b- ;0 un: i s  co y c - n- : r t r - f ~ -d in only h -J O t oo - J r a J - - :  .0 i~~~:’ , o is

-e - o ~. Is- nc - i- : tr ot s-f Os - - a.. 1— ts -~ 

In: r-~:n- ron. -c- [5 ] ,  5. ~
- . W r i gnt has shown: that if n , t c-c - ::-c,nOten o f

s-i - et so les , is l-~ree , tnt-c - the probability , 5- , toat all aircraft are

-i str : r ”- ci - _ is

— t (s - - - )P 1 — n e  ‘ q c -

is Oh - , - ; -L-rcbe r- ~f edges in the  ~‘r r tpn.  Thus , :;b st it - i t in s -  Or-or . o r b s-—
- — t .  ) ,  we nave  the Os-it owing sxr-ression for  th e  or -obat i l ity  that at a

giv en  in st - an t  , all s-c-’. is-c n~ie ra rub-i1  ai r -c r a f t  are in a single cloud .

P = 1 — 8 —~ P ( -10 )

Sefore -d i scuss ing  the an c l i cot i on of t h i s  e~ uot~~on , I t  must  be ni -ct-t i

tb-at Wrigno ’s formula , (2—13), is base-I on the assumption that all or-trOt s

with q edcos s-n n unlabe led  nodes are c o - o l — t o r - O t o t - l e. We must -  anc c~n :t this

h ircothesi s , be cause , wi thout it , no sancarable result is avai l ab le .  For one

th ing ,  th is  assumption re~~oir e.c t h -~ t h e r e  be no ins -nb c cent err of -aircra~ t

act ivi ty , in the sense that tr e -r e  is no air  O r - s -v e t  0 -  tw~- - - ; .  Thor n .  h - b ce the

ai rlines prov ide point to po int servic~~, virt-cally art i t r a r i l y  th rc -c - s-t - ’- ’c~

co:~uS , we know that this is r1ct the- cs-se . There ric e , h - - we v er .  instances

wh icri approximate this cun-Jition . ~ c- will , -C It -~~ in ts-r , - : c -m; I - - c n s - 1 -~- f-o r

thi s possibility by select ing a value ‘ i f  p vO l sh is a - - - -roto r- mis , - tetwEL the

less active port ions-  of O0: i T i S  (<0.0125) ~nni t h e  air-croft -r - - t : ~ -r~ as a

whole (~o.o25).
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I:; ti h i  1. - 0 ‘n :  n r ~~babi1ily, as gi-z en equa t ion  ( 2 _ I L )

s-i’:. = 0.ul’j , tl nt ’- j1 I n i - : z a r O t~-ii ai r c r a f t  s-re in a single c- L ’i u a

-n - 0  i -  - tobi  r of ac-tive hierarch al air- ;r-- tf ,.. The fii1~s-- s-I-ton y

a s-L trn. ‘,::nu~ r:uIu with respect to tb,- effie icc -try of n leroncoa ’l cbs-it :—

in~ A - - o I - - i i t : g  to This grapo , who:. tnt - s-re thur. 150 h i e r a r c h a l  a ir c r aft  are

a r t  ve , - ‘ ,,t oc -LO r  e c-o mnr: a rcica t ion  linkin g of these c -r a ft  is very l i i - e ly .  As

tnt r~~~c- :ur c- c - - c - I t - a c - e S  :‘r - s  7~ -i , tO:’: .~tkeiihuod of ThIs c - -one i l t ±o f l  Os--los rac-J i ly

r t ~’L,r-: 2 — (  -ir amat icra l  ly i l l ust r a t e s  th is  pheno m en a .  The s i t u a t ion s  ill ~s—

tn- :t-,:- r a r , ’- w -of  ‘5-: 68 nnc’:.p ’Le t:o c-t S r e f c - r r - cd to in  c - - oc -r ieCOio n  wi ts

i -Ls -  — 5.

I f  W . c-i. ~se fir a r e f e r s -n c - :  tho case when :  all a i rcarrier  ai r -cr c -f t

er-n u t o r ono;: -,‘3 ,s- ’iu l bs./g ross  wei ght  are h i er a r ch a l  equipped , then the pc-uk

-ic-I-se in Fi~5-u ;-e 2—5 , r ep-cesen t ’~c 1330 a i r c r a f t . Thus , more than 750 aircraft

are a c t i v e  f n - ,;n -2 722 to 2135 Central Time , and during this nc-:rl-~--i we e:-:oect

v i r - t s c -~~~y - 1 1  of these aircraft to be in a single comm-snics-t i r:g cloud .

~~~~~ for exs-or1e , Figure 2- — c - , wh ich is another in o r~ series of sample

toultltS s.Cr:O ioned.

Since the ord ina t e in Figure 2— 5 is number  of n i er ar c o a l  a i rcr a f t  s-ni

the abscissa is measured in hours , integration un-icr the  i llu st ra tc i  curve

gives hierarchal aircraft hours. Therefore , we can obtain an estiroc-oc of

tne total fraction of hierarchal aircraft hours which would be synchronized

by a single ground s tat ion by de te rmin ing  the area under the  curve bc-C :en

0722 and 2135, and dividing it by the total area under the curve . The num-

ber so obtained I s 86% . O~uch more refined calculation based on computer n - -s-del-

in -s-f air t ra f f i c activity , described in Section 2.2 and A ’oi ’ -e di x A ( F i gure

A — 2 3 ) ,  yields 85% for this c - n i n e -  percentage . Presumably t O t  : irc-s-l-o station may

nrc - ic- ;; a few a i rcraf t  hours during the high density per~ ods , but it als o ~- icks

up a few in the off hours , and these e f f ec t s  are nearly compensat ing .  - •
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During the transitions to and from nighttime t raff i c , i.e., 0600 to 0722

and 2135 to 21400 hours , the large cloud gradually fragments into several minor

clouds centered on major hubs (e.g., chicago, Los Angeles , Seattle, New York).
On this basis , we expect that about 14 master stations could synchronize vir-
tually all hierarchal aircraft during these periods . Repeating the integration

for this new time period indicates that these stations would provide synchron i-

zation to 9)4% of the hierarchal aircraft hours . As before , more refined cal-

culations bared on computer modelling of air traffi c activity produce a very

$ similar number ; namely , 93% (see Appendix A , Figure A—23) .

Since we do not expect total aircraft distributions to be greatly differ-

ent from hierarchal aircraft distributions , these s ame two numbers , 86% for on e

station , and ))4~I for four stations should also approximately equal tire fraction

of total ai rcraf t  hours synchroni z ed ; more refined calculations produce 8)4% and

90% respectively (see Appendi x A , Figure A—25).
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If we assume that the large single cloud of hierarchal aircraft whiel:

pt- r -s - L c - t S  trim 0722 to 2135 hours provides synchronizati-e: service to 90% of

th e CON IJA Ic-n i area , wc- reach the conclusion that or’: t~ average 53% of

CONUS land area cc-ui-i receive synchronization from a single master station

ar-i l  6 ~~1 fr rr m It master statioric- - The more- r I  it t - - r i  n il r tn - tOOl c modelling numbers

fir these  is - - ut t i t i - -s are 5) 4 % and 6-(6, r- - : n-ect I vc- iy (see A prs --nd ix A , Figure A—214).

iiy r e p e at in c -  the above ca lcula t ions  f o r  l i ’~ r e nt  r i e r or cha l  air craft

~c-iuicpares th an the reference population ass:c-m’c-I (1330 r: ’-ak ai r - c r a f t ) ,  we

can ic--n-l ye a relationship between percentnioe of hier :rr; :: iI a i r c ra f t  and

roaster station effectiveness. Figure C ]— ) sho w;; tO-- result. The ordinate is

the percentage of hierarchal aircraft hours ti. -:’ c - t n :  0 - - -  . ‘ y ro ’n h r o r : i zed by a

single rns-is ter  station . The abscissa is the n - tnt nt or  i 1 ~ r -- irchal s-~~u ipped

aircraft relative tr the reference populatir ,r: . 22 ;ret: cr ,,rr :c-anison -points  have

been computed by the more re f ined meth od , ‘it. 100%, 82l ~ s-nd ‘1~ re i n:’ lye

eciuippac,e. 10 each case the der ive— i values In riot Ii 0 0 r  frnon: those given

in Figure 2—) by more than 1%. The reference population is well positioned.

H i g h er -  te rcen tages  of hierarchal aircraft invol~~- d i m i n i s h i n g  re turns . While

small percentage reduct ions can be tolerate;i , e.g. due tc an airlirne out of

service , lower percentages involve rapid fall—off in effectiveness.

All the results quoted in this sect ion have been derived with no
reference to specific aircraft locations . Throughout , comparisons have been

made both graphically and numerically , with results obtained by a methodolo~~r

that locates all aircraft to within + 15 n.m. No significant differences

can be discerned. Furthermore , It has not been necessary to refer to specifi c

master station locations except in broad regional terms . Whereas , the more

refined method selects the best station sites from 3300 alternatives . These

facts are compelling evidence that neither specific hierarchal aircraft posi-

tions nor master station sites have great influence on time dissemination

effectiveness. The ruling paramet er  is hierarchal aircraft density .
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2 .2  f im n :puLe -r  i r - -scesseS

l- x t - c - i v e  use ~1 -;n i gi tal computer -Ic-ta processing wc-5 empi - y o ; Y - i r o p I e —

no - -c -n . tOO analytical processes described in Section 2.1. ifl addition to the

a b i l i t y  0r process th e  large dat a base neede d to repr- :-ser:t t i -c  entire fONT S
air ‘ - -.In i - n , the o mplnoe r programr provide reference and summary data ti.c-t

th- ,n ’-;ser an “erview of the pro perties s-ri-i patterns ti.at lead to the re—

;- ;nitc - . T h u c - , tO- - user is :rrnvi-le ’I i n forma t ion  necessary for e f fec t i- i e m t  - n —

ac- n. Ion ; in ‘ - . ; i t  c- so - - ‘- t i - rn . and ~,ra-i - —off pro-ross. The programs are apj i i —

-os -Ole - to -s-st -n s tn : t  ion -on ly synchronizat ion , and functions such as TOPTAC or

n - ; n i ; t r  sar-r e il lance , tn-I ore -nt -c stations operatinR with any level of air—to—air

;nc -t n m w : i ’ :atic, n suopc rt .

Th c- maj--,-r c omputer tc-nnk ;-; were to:

(a) Ted-s-i , in f-our dimensions throughout CONUS , the patterns of hier~ r—

chal aircraft which may establish communication chaining to relay

time from a master st ation .

(b) Model the communication/ synchronization process among the aircraft

hie rarchal equi pment and ground—based master stations.

(c) Determine what portion of CONUS airspace receives synchronization

as a result of a given hierarchal and master station pattern .

(d) Apply worth rules to quanti ta t ively evaluate the utility of sup-

plying synchronization to each specific cell of airspace , at

specific times of the day and week . To compute some worth rules

a four—dimensional  model of the total aircraft  copulation , ins-ls-d—

ing non—hierarchal aircraft must be provided.

(e) Assess the effectiveness of competing potential s i t n s  ntrc - i  aptly

automatic or user interactive selection algorithms to se lec t  t Ot -

best sites .
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Ti -- c - -- F - v - wn-n -: c- Io- - -s - rnn p .  Ic -Onci by nOO ni ns - rf a :F-r~ (s uC rn ,;r n r ~~~lic- listed in

~~~~~~~ 
— i f l ~. Oat-li on s-V I I-c- : ~~- - ,-::~:r ,tr~o itOnut r u~ a to ‘ i -  n--x t t n - nj ’ s - j o - ;  in n

a- S - Cl i- ~s L t  iIr-n- -t -- 5;-~ Y- re le r- - ,-nce n~~c - t s -Ut 5.  ~~~r s-l} I-:n -
~cn~.i-oris , key Io-s-tur---n

and :s-r;r:,les ;:T n-u ’. t ,u t s rr , r- - ne - -n bc-I in the following sections .

2.2.1 2Jn --’:arr~er A i r c - c 1t Itineraries

This n.rn nn I~r nunn p e r fo rms  in - dc- ~-ii, :n e l s- c t i e n  an-i :- ; -n -r , m o  -f’ thY; O ff i c i a l

A i r l  i n n - ’ :  fu ~ te iat a se t  nA l ch - 
- on-rn c-or-i-I—wide n t-s-t i o n s .  L s - t i t - : - l e  , I c-no- i—

- - ouc ;n f c-h-: ar t u r e  an-i orrival air orts are ~~itten into the r e - -c r -- I I

each leg -
- I a fl i o h t , n~~:c all loos of each snec i f i c  f l i ght are cn~~~t~~~~~r t C~~

an-i  l inked to fern, a cor~J ;on n ; i t i ne ra ry  record .

2 . 2 . 2  h i e r a r c h a l  A i r - s - r a f t  Location Versus Tin e—of—Day ( T . 0 . D . )

To- - -lets-r::Ir:e the spa tia l  cs-item s of communicat ion as a tis-e vaniast ,

it is necessary to rr o- I~,nce a ont.-—for—one model c--f the flir-ht and grnon—i

- --cerat i s- is - s-f erich airs-raft m ono Lved in the Drocess of os -m o an-I/or dis;e-n’S r —

at ing t iroi’: sync-hroni z—iti s-n.  Basic c-or i s i - i er a ~ i ~‘ : r C  non -c  choice - I  l a te ra l

f l i g h t r  c-tO ; correct sr-s- i n ;e sr - eed , s-p ee -I  r educt ion  in . the  te rmin a l  nu-e ;t ; t ine  

s - a -  at n n - i o - i r ;  , o n t e r n -oe- -I s- ate and f i na l  airrc-r ’; s ; c - r I  a l t i t ;e n e c n n - —

f i l e s  as tney  L t f fp n ’ t I r s - — - .n I — n i g ht  e it-o f’f of T~ ’ r’,s-T-L-TSn nn - s - t , i n n n .

A l  tif - ole — With the vs-ri s-c i ons in aircraft perfornc-nc-e c-- fl I ef~°-- -ts If

ATC , it was decide-I to :n :n -u t  svc-rrige climb rate , descent rat- - - , c-nd cruise

s-it i t ;  s-co o for each type n I - ii n on - s - f t  , Figure 2—11 . Alt l c-uo}i n - s . - n :  so alt —

tudes are well above typ ic-aIm iine—of--sinlht c u t o f f s  ( e .g .  , air—oroun-~ r~3:no 1’

9h naut ical  miles r e qu i r es  an a i i rr a f t  altitude of only 8 ,5 01) Coot), it wns:;

decidn-d f- - i include a full modeling - n f  climbout , c r ui se , and descent ~°-r c ’s - I—

r I n u i t y  in modeling and possible fu ture  app l i ca t ions .  On short fl i rOr s W1 V-~~c-

there is i n s u f f i c i e n t  time to ich ie - j e cruise a l t i tude , t h e -  p r o f i l e  ~cc~s-

directly from clint-s-ut, t n’: descent . All the valut-s selec-te-l , ~ articu1-trIy

2-30

- .~~~~-- - - - .  ~~~~~~~~~ - .—---. - - - - - -  .— — - - -

— —
~
-- --- —- — ---- — —

~~~~~~ - ‘--‘-- — —



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  — —
~~ -n - ~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

S 1’J~. L U ,  ~~~~
I ~~~~ knI t . I_ n .

- - -  -- . . s-n . ~-,n- _

- -  - - . — . Lot . tO~~. s-nt-
I, to-:. ,oU . I-

I -~~ 
N OTE

— - - . - ,-, . it . n - - - 10s  ~t feetC - -n  — - k~~cn . i-j _- . _ - _ :0.
- - - - Ut . it VII). I O ~ of f eet pec ,rI~IIUte

Bn~. V-n.
it 

I N

Fa - -~ **

I 
, c-~-j ~~ -~e~ ~~~~

- - -

•1 - -
~t-- l.- ~~/:. :s-c- - .- 

-

A - 2O33-~ 9A

F IGURE 2.11. A IRCRAFT/ATC PERFORMAN CE VARIABLES

descent rate , were based on knowledge of normal ATC operations as well as

aircraft performance.

iJ:c-thor factor in the altitude and speed—along—route models is tine -on

th e  ~~oun d dc-s”ing tax i time or time at an intermediate s t e n o  c-f a nnl I l t  i—legged

flight. In our mt— del , the aircraft synchronization equipment becomes active

at gate time at the first airport of an itinerary : the time listed in t h e

GAG . Take—off occurs and climbout starts at gate time plus taxi tiThe ;

touchdown occurs at the next airport gate time minus taxi time . ~~~~~~ t i m e

is an input variable , which was set at 5 minutes . This choice was made on

the basis of average operating experience of the major aircarriers. Although

the taxi time selected is applied uniformly to all operations at all airports ,

it is considered representative of the general case. Where long t ax i  times

are experienced (e.g., JFK, ORD , or LAX), aircraft densities will be cc-cr ’ s—

ponding.ly high and the shorter taxi time in the model will have little eIf ns -t .

Lateral Flightpath — Using the latitude , longitudes of the der -ir ~~n r ’ f

arrival airports and takeoff/touchdown times , a linear interpolation of is-t i-

tude, longitude is used to approximate a great circle route for n o r t h/ s o u t h
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f l i gh t s  and s- le ster  eas t /wes t  f l i g h t s .  On the longer fl i gn:t::  there are

aIldltl c-sa l cons~ t~ i c - too ; t }-1e flight path bowing e f fec t s  of winds a lof t  v s .

f i i o l : t  n :; Yi c n t i ! n l s I t l : r s -  and the f ide l i ty  of modeling a great c i rc le  route .

On c-he basis c-f an airline practice of not applying least -s-oct ‘ n f l —

misc-f i r: s-ni Ills - n ;’: ‘ens than 900 miles , our computer progr ams make a s imila r

n n - - f - - T - ’ . t , qtj on - -n th~- basis c-f longitude . When separation between o r i n -~ t i /

0-nsf in - 0t is-r : aim s-m s is less  than 15
0 delta longitude , a linear in~~ rTv -lac - t c-n

is used f ir  b n c -t  no -Ii r e t , i - - n c . For f l i ghts of 15° delta lon gitude -or o-r1-s-~ c-n

t h e  l i t - -ar inte n-e s-lati nori is used on the east—bound f l ir ht s , this results in

a os- w i n g  to c-he south . For west—bound flights , a simple quadratic aT prnoxi~
natis-n c -f a r-o-eat circle r ou t e , reference [1] — Section 14.3.2 , was ni-lOusted

to pr oduce bowing to the north , Figure 2—12. On even longer intercontinental

flicri:ts , where the delta longitude is greater than 53
0

, the great circle alpo—

r i t h r n ~ is app lied to all f l i ghts . Specifically , this provides a good approxi—

-oat inrl of sub—polar f l ights  between CONIJS arid Europe or Asia.

tr~s-tpu t s  fr om this model were reviewed in relation to airway route struc-

tures . In general , the model produces aircraft paths that are represent ative

1 preferred routes or plausible airway—route selections for nominal weather

conditions . Deviations due to dog—legs in VOR/Tacan airways are small compared

to the variety of choices of airways and the scope of modeling the - entire CONUS

in a single overview .

Speed Along Route — Consideration was given to the effects of slower

speeds in the terminal areas . An unmodified linear interpolation of posi ti on ,

relative to takeoff/touchdown times , would represent the aircraft as spending

more than actual time enroute , providing more time dissemination capability tc-

these intermediate zones than a more accurate model. Thus, a terminal area
slow—up has been included. Applying a simple quadratic , adjusted to aircraft—

ATC performance characteristics , by aircraft type per Figure 2—11, the average
radial speed of a jet aircraft to and from the airport is modulated as shown

2.32

_ _ _ _ _ _ _ _ _  -_ _ _ _ _ _



_ _ _ _ _ _ _ _ _  — ---- — — 
_ _ _ _ _ _-

I

I.-

I-

Z ckt: Z <

O~~~~~~~ O~~~~~
~~- —

< LU
LU ~~

__j

In
LUz z z Inz -( -

~~i o~~
z

IN

z

LU
i_i In

‘U
-J
LU

2033.36

FIGURE 2.12. FLIGHT PATH MODELING

2.33



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 

—_ — - —‘-—----—---——

~~~~~~~~~~~~
= 

- — .- ‘q~~~~~~ 

~~~~~~~~~~~~~~

in c - t . -~- o x a m t n o c :  of n i in - -p 2—ll~. Addi tional d e ta i l ;  em ~~ L is--:-i i 0

I i ] )  Thct i - - n t .  2~ . t .  F - .

Thus v r ave t~1e ~- - tpn ~b i J i ty  to ‘Iotonrm i ri e the local. l os. - n  - - ac- 5 s-i m ’-a- r - l - cc-

a i rs-r a ft .  at. — -s-i -i selected time - n  f any SE- ’: n -n oted s-c-v . F1~’oro Il~~lt - is a ;;-a!o ,

r r i t . t ~ ut  f the m e - - s- m i  ~~ i tt e n  f o r  es-ut  air-craft. In rtn ;l ’ i it  i on. -_ - .100 .0.: - —

t l ; O n s- ts- s - U - r n s- C e n i l f l o -  n ;- o -mp nut e r  cr o gm nr:s , this I s- m apre l c-s ;;n, -~ t . i rs- 0 1n - n :me °— 15 .

- .2.3 ii ie n - c -m-:n1 r~l flmnsnunicati s-n Linkage c-nd ~flou-Is

in o r - s - e m  to conserve soc-cuter processing t Irs -n , c-hi - n - - , - - - n ,s-i :o cn--1 -

r an  -Os - ] s-iron-aft is simp l i fie d  n~s-I condensed i - ~ r e - I s -f l  r n i r : r  t in e  / e r  :11

nni Ci e 1:1 000nolats-on as unit  r ep u t a t i o n s  of geo or un -t ; i  c c-oils . Thi s-  5! n c - ns -’nt;  t h a t

a s - s~all atlc- ~a- -- , Ims-nolt s-de bin has cccii corrs-nan;icatios—n s--:I- ,: as a sI s-ole -s-s-sc—

o n u s - I s -r a t e r, at tL- - c en t e r  of the bin at an a l t i t ud e  en ’s-al t,o c - s - n-i t. I - he h i m b —

s -nc - i l i er c -r c e aJ  a i rc ra f t  in the b in .  In Phase I , m e fe nono-s - - : [ 1 ] ,  it  was t e S s — n —
- - 0 0 - - . . - -:c-r--i c-n thac -1.5 x 0.5 lac-rtns-oe, longitude bins c-r-~v s-’;c --I c - I - cs - e0e

c-i o , 1’et - , n. ff c-rde e  worthwhile savings in computer costs. 1s1;;o- no. l r it ~~t s - -ls-- .

i s - e r i c - s - - I c  t~irs - address nota t ion , a f i l e  is created for  sc-oh - -; os -n - i - - c -  t i n .  For

each bin , the number of hierarchal aircraft-  and the  alYt-s- ’i-- s- P c- n n
~~

s- n c - 5 t

a i r c r a f t  is r eco rded .  Then in a roll call , latiO ud- : bin t u r n - - n -  hy l- ’-r.~ it-jdc I
bin cs-ui’s-her , o -ons-us -rkic at ion checks  are made relat ive tc- all :tl1en- n, nc~~ s - r n i~~d t i n s .

Then c--ommueicat ion  exists it is noted in the r e - u -r d s  -s-f th e  r e sp e c t i v e

bins . mono , af ter  all bins have been tested , the  cle: n s- -definiti ons and ms - la—

d on s - t i n s  are determined.  The concuter program sequentially assirns a cloud

t i n s-cs-b r- c s-ro d tests for bins that  have e i th er direct or i rd i r ecr t commn u n i c a t i n o n

i i m s -~~age . The respect ive cloud number is wr i t t en  in the re-con- I - - f - -nr c-h t i n

are] a table is es t ab l i shed  to record the overall characteristics of cart clood .

For v isual iza t ion of these resul ts  a map out put , Fi gure 2—I C , is n’- ’ vided .
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]n Airspace :CIn J ‘F1 tal P O T n s - l  a c - i o n s - ‘-,~~~ telinc

A l r :nrn -rce above c - I - i n s - (1012111 h as been ‘nub- d i v ided  i tnt’, c - h r c - e— d i  c-em s i onal
cells t o t -  the purposes of -Is - t e- rr s - iri r 1g n ’s-rrc-j r11 — r a t I  t n  t c - t i ’ s - m s and r n r s -~j n s - c i r ;g

a i-s - -c-tnt I f l e d  total n~ r n n s - l  ci’ ion nc -de l  t ha t  I n ;  n--a-lily en l a n t a h I c -  to computer
m o d e l  ir s-c .

A l t i t u d e  st r a t a v e r t i ca l ly  T i v i - l e s -  the snore s- in the sane manner that CDflO J( 1

area has beers - subd iv id e - i  into is-c-ito-Ic longitude b i n s .  The cells that, a
— gr -o - s -ns - I—b ctses - i  uni t  c--c-n cors -f lIn if l iCat e wi th  are determined by the following

s imp le  range t e s t .

Bin to bi n s- c-irs-ta
i s - s - n .j- , Wi th in  L .0 . S .  Altitude

Zero #0 and up Zero and up
Less c-n an ’:  145 n.m. #1 and up 1K f t .  d up

Less tn-a n 714 n . m .  #2 and up 3K f t .  I~ up
Less than 98 n .m .  #3 arid up 8K f t .  or up

As shown in Fi gures 2— 17 and 2— 18 , th is  provides an approximation of o’ir~ ].

curvature line—of—sig ht cutoff. The communication of hierarchal aircraf’ is

monioleni in a similar manner.

Cell Popu lation — This modeling was developed during Phase II , and is

described in detail in reference [2], Appendix A. Simply , a two—dimensional

peak instantaneous l a tit u d e , longitude dis tr ibut ion of the total aircraft  
-

population is supplied as sri input to our program. For a specific time—of—day ,

the local respe ct ive bin peak value is modulated on the basis of a local a c t i—

vi ty ,  which is a function of local time . The resulting bin/area population is

then distributed vertically in accordance with F~~ aircraft  vs. altitude pro—

flies - , reference [2] Appendix A. Thus for each time snapshot there is a

modeled total aircraft  population for each cell of CONUS airspace .

2.38
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2 . 2 .  5 W n -  r t  or i’o n n n n s - ;  1 n i t  I n s - is-

n -ic -- h of c-h ’- cells of i i  r r ’ , n n a c e , described in t n n e  cnn --s-ceding se’-t ion , havi-

a uni ~u- ’ ws-’n rtt s- ”— nc -ue in terms of the  s ti l l  c-y of n :uoruiy I org n y n s - n o h i - -  s- rn I c-at I - - t .  to

il ia c- cell. As des-c;- ibed in -de ta i l  in fee t  ic- n 2.1.2 , fo ur w-s - t -’th mnnJ cc- fa r

oval s-;ac-ins-~ c-Is-is -s-i I lity have been uroEr ammed.  TI-i--se are

I I’hc- or uc-t-nn m -,f t i - - ro r r- o i .a l  nr~ rn -raft

II The airs-na-ne :nvms - - : l , r a n i  zed

III The c - -s - c - s - i  a ircraft  (is -iem a s- -c ls - al and o s -c -es -— hi e ra rcha l )

TV The enccs -un oer  ext -s-sore ; prop or t ional  to th e  square of th e  t otal

a i n c r aft  population densi ty .

based on selected c s - s - I s -  -c -nd population model , a wor th  tern , is c a l c ul at e d

for - -ach cell , f- s -n m each t ic -nc  snapshot , as shown in the example s - f  F’if ’n~J re

- -19 ( a ) .

‘ . 2 . c~ T r o t ‘--m 2o at ion  f it e  Eval s -a t i no n  and Selection

‘s- - c a c i v e n  t ime—snapshot , the potential e f f ec t i veness  n s - f  c- ~rn un d

- n ,e n n - c - - rn  s it  no is the sum -of the worth values of all cells wi thin  c ommunicat ion

r anfe , c -nd ore worth of any clouds of hierarchal a i r c r a f t  ~ hat arc wi th in

d i r - o c t  - ‘c -m o o r s - c o t  con  range of the site , Figure 2—l9b . As desc r ibe  i in ref-

er-e ns - c - ne El], Section 3, a potent ial  ~ ‘ound s ta t ion s i te  can acquire the tot al

worth f a cloud by b e i n g  w i t h i n  communication range and L .D . ( 1 - . ‘f any hier—

-or -dial aim s- ; ra ft member of the cloud .

The overall e f fec t iveness  of a site is t I - c  c-lit; n ’nf  the  s- f f ect i v e n e s s

subtotals  for all of the snans-hot,s in the dat a base. These totals are cie n -Uc- —

ulated for each site and recorded in the -vs-c-oute r pm ‘nr r ams  fn -r  ma cn c -disc  of the

current relative of f ’ oct ~ veness and -iutomai~I c c- ’- I n - n - t  n n ; i  of ~ n “best ” s 1 te ,
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2.19(o) CELL WORTH LIST 2.19(b) COMMUNICATION LIST
_____________________________________ 

SITE TO CLOUD

CELL LOCAT ION ALTITUDE STRATA SITE NO. IDENT NUMBER
LAT. LONG. 3 2 1 0 LAT. LONG. OF CLOUDS

11 82 71 54 39 8 8 85 3 0 0
11 83 143 108 79 17 8 86 3 0 0
11 84 143 108 79 17 8 87 1 3 0
11 85 359 271 199 43 8 88 1 3 0
11 86 359 271 199 43 8 89 1 3 0
11 87 575 436 319 69 9 51 0 0 0
11 88 575 436 319 69 9 52 0 0 0
11 89 143 108 79 17 9 53 0 0 0

R E S P E C T I V E
CELL WORTH

VALUE

2.19(c) CLOUD VALUE LIST

56637 2 0 3 34783 4 0 5 2076
6 1383 7 36380 8 54196 9 19756 10 10640

~~~~~ VALUE
C L O U D

NO.

2.19(d) POTENTIAL SITE VALUE LIST

SITE NO. P O T E N T I A L  WORTH
LAT. LONG.

8 85 34354
8 86 35429
8 87 92066
8 88 91905
8 89 91420
9 51 21468
9 52 30508
9 53 47810
9 54 62365
9 55 67384

2314. 3A
FIGURE 2.19. INTERMEDIATE COMPUTER OUTPUTS
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or no p resei~ n n c t e d  cho ice  of the user .  The map , as shown in Figure 2—20 , is

always n n - r m n d i z e d  to the “best ” site as 100 and tine al ternate si tes are

presented on the non—l inea r  scale shown ir s -  the figure . The total value

s-squired by the  selected s i t e , t ime snapshot worths  and clouds captured are

also output l i t -3t ed.

S 33 15 20 25 33 35 40 *5 53 55 40 45 70 75 43 ~5 83 35 100 030 110 115

44 - -- - — - -~~~~~ -~~~~~~ - — ---—----—----- - ---- ----- ----——- - -u-
51

3.0 0332342 111 001011l1l1 030300003300$40040430300504W33U000nQ 3-0
45 2 1 2 2 2 2 2 2 0 ? O l t t t t %  t t l l t t t l l t t S  10300 003300000)3305) 033407303 43
4$ 22222222222222122322 11111111110I100333311101101$430111111111131111030 48
41 222227422032 r?2R2?3?2 ? 2 l32 l1 2  1 2 2 2 1 1 1  1 2 1 1 1 1  2 1 2 1 2 2  2 l I l 1 3 l 2 ? ~ 2?2 3 2211  00  *7
44 ,227?r,Z2z2345Z22222Z2 1734222222at22U1tU ,,,,t2 l222??,~~P..4cl2 2t  I22 fl _

~~~~~~ - - - - - -_ 
~~~~~~~~~~~~~~~~~ 45 2222222??22??22’?3?2?’?222?’?2??22??322121222 3133393333i41777 78454433 322322110 0011 85

48 2222222222222222J 33332 222222222222213112332233354544445/ l$$158&77 65655434 1 0222 1 44
83 22222222r27 ~~32 J 3 3 ?37237 2 3 2 7 2 3 7 2 1 2 7 3 3 3 3 2 3 *4 8 5 6 6 5 b 5 7 7 ’ l 4 I $ $ $ ! 8 3 3 8 7 3 7 7  4 33  5 33 3 3 2 3 3  43
42 W 3222222122222123333323 22222332223 15)1333.556666771& 1434U81534U8,&a 55555 84544333453303322 42
‘1 3 3 3 3 3 3 3 3  5 ) ? 2 2 2 2 2 ? 3 7 3 3 3 3 3 2 ’) 3 3 7 3 2 3 2 3 3 3 3 3 3 4 3 3 3 8 5 4 6 6 6 4 / 5 6 3 0 1 4 *3 4 3 3 8 3 9 9 93 9 3  376767 7 7 7 4 4 7 6 7 7 4 5 5 8 4  41
_ta - , 1343 lmal122222222 31u313122 3331331444 44$415$4b,43411W*UUAU533,22w 13213331 — J1223U3231-44
33 9339333322?112212327 33133443444344334555 55545464677343$3433333349 999..33 .3999..•9  39
1l 33J44332220111112 134844484155555$5555515113474444715753%$4$SII$59 38
21 2 3 3 3 3 1 4 4 3 2 1 1  1 2 2 ? ? ? 3 * 4 8 4 4 5 5 5 5 4 6 4 & 5 5 5 4 6 4 8 4 7 7 6 1 7 7 7 4 4 7 7 3 1 3 3 3 1 3 9 9 3 4 8 3 3 9  37
16 3334444833213012-22334 4455$5554e6$466$3154777677777348&1&$lIII$$ 119939 34
33 3 4 4 4 3 3 3 3 2 2 2 3 3 4 5 5 5 5 5 3 5 5 5 5 5 4 6 8 4 b l 6 1 7 7 7 7 7 7 7 7 7 7 7 7 7 7 3 8 3 l I I 3 I 4 $ 8 8 9 9 9~~99 9 35
34 38 9~ -’5”-~~~~ 33 3-3-5545545444747777777717 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -34
33 3 8 4 0 5 6 5 6  5 5 3 3 4 4 5 0 5 3 5 8 3 5 5 5 5 4 1 4 6 6 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 1 7 7 1 8 8 1 1 1 8 $ 8 5 5  33
33 51 l66,86S555$44553554$55555$4$66417777 77J7J 7 7777J7777&3l8$ l8~~59~~939 32
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SQ 56lb4$64h15$5$54555$454 554444464477 7 7 777777 77777777 74181$ l$$31$3391999  9 53
3~ 666 64465b555S55559556444 ~~4 4 6 6 4 4 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 1 7 1 7 8 3 l I l $ 4 $ 9 9 9 9 3 , 9 5 3 9  23
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After a site is selected the effectiveness valuen for all thc- remaining
I

sites are adjusted . sites , w h i c h  are within corm-nunication r a r s -~~I- of cel ls  of

airspace or clouds of hierarchal  a i r c r a f t  acquir - ’d  by the last selected site ,

have their effectiveness value recomputed to reflect the downward change in

utility due to coverage provided by the preceding selection(s). Once again

the ma r- s - s - ar e rormalized and the automatic priority selection chooses the

“best” s i te , Figure 2—21. Where “best” is determined on the bann s of pro-

vid ing  the most new coverage.
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FIGURE 2-21. RELATIVE EFFECTIVENESS MAP
AFTER FIRST SI T E SELECTION
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2 . 2 .7  Program for Analysis of the Ef fec ts  of Master Station Outage

As shown in the dat a processi ng fl ow diagram , Figure 2—10/page 2-29, out-

put from the site selection program , “Ground Station Effectiveness”, is saved

for use in the Outage Analysis. This program evaluates the effects of all com-

binations of single and dual out ages of all th e master stations in the deployed
set . This in format ion  is computed for each time snapshot , suimcried for the total

data set and presented in a summary pr in tout , as show n in Fi gure 2—22 .

NOTEn ALL VALUES ARE PERCENTAGE
REDUCTION IN EFFECTIVENESS UNDER

CONCURR ENT STATED OUTAGE CONDITIONS

OUTAGE
B 2.54
C 1.83 4.36
D 0.69 2.63 1 .92
E 3.04 2.51 1.80 0.66

NONE 0.30 2.24 1 .53 0.39 0.27
A B C D E

INITIAL OUTAGE 2531-12

FiGURE 2.22. REDUCTION IN EFFECT IVENESS DUE TO STATION OUTAGE

With this data arid an assigned value of availahility for each master sta-

t ion the mean eff ectivenes s can be determined , in accordance with equation (2—il).

2.2.8 Synchronization Coverage Mapper Program

As a ~~aphic aid to th e user , this program determines by alt itude strat a
the areas of CONUS th at are synchronized. For each selected t ime sna~~hot and

deployment of master stations the computer performs a communication range and
l ine—of—sigh t check to all cells of airspace over CONTJS . The l ine—of—sight  test

2.44
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ch e n nk n -n i r t h  curvat ure cutoff  as a funct ion  of the altitude of the hierarchal

a i rcraf t . Output consists of a map showing the synchronizatiOn status of each

la t i tude longitude bin  and a summary , by al t i tude strata , based on percentage

of the CONUS surface.  Samples are shown in Figures 2—23 and 2— 2 1~, w i t h  and

wi thout hierarchal aircraft .
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Ct i o r l  1.3 C uInm2i r i~’ - : n 1  t o s :  ~~i i ~~s - i  fi -: - t r s - t .  t ’ : r s - i L n g S  Cs -~~ C 0 7 s - Oj  U ,5iOr 1~ of t oj ~
s tu d y and C s - s - c t i o r i  2 des -r o lieu th’~ m~-tr ~ods uo s-— -- i to arri - - at t 1s- C c - s ul t:

1 - -  sp eci f j o  uni t  - n I l  of thoS e m e t n s -u d s  W I l  i C!: S U l n I n o r t  e~s- r:s - f~ I s - U  ‘ s - s -~ ~~~~ /:(,OC

S ion ar~ t - s - s -  ex tens ive  fur irs - cLu ,- i -_ n irs - this suss-r.or ’ doe s -cne f l/. . A surv~- of

th ess -~ - i t sut s  has been pre~ -t r0d bL Os-d appears as s-~~-p ? - r s - d i x  A of t -s - is 1- -sort .

-
- i i--n t n I~~trj~ i hn o; b~ -s in c l u a c i in /s-5p ( f55 x A to i l l ust ra :  - - t n - s -  - -v i

s - i t s-o r t in  each osnn ’:usion . : : u Ws - / v ? ’ C , i ls - tn s- : -~~‘- r u -ut  — f ’  tr ’ - -I ~~ ’- / , s-s-xslars~—

1 u - i r rat ~ 10 s-_ S  1 s -~~i n ~ to a 5115 0515 . ~~iC  ~ - s - s - - I , -  r - I s - - , 
~~~

- s - s - ’ -J to s-’ s- s-~ to  i

rn7 -i er -~ ~ti s_sC , if necessary , utilize the cros s r ef - - r - - n n :  L- ’-t v - this Final

io- o~-rt  r s-ni references  [1].  [ 2 ]  as s -i  [3]  provi ded i~~ ; - : - ~~~i J 1-1 B to s - i l - —

• t I  Is - I’ ~’s- 1-e ~~ci:~~le t e  explanat ions

firs - t r s - i s  sost ion , the major ) r s - s - ’ ILuui Q f l s  and re co r r1 r s - - r s - l a t i o r s - s  of se study

all/I toe rational leading to them are r - r e s e nt e d  in some detai l .

s-~~~ ~-i - s-_ t er  ;1;t-~~~on Sites

The most s ip ~n i f i can t s o r s - c l u — I i o n  of t t i s  stu dy  is th a t , wi th ado: uate

hi ’:ra~-sis -~~i su r r - u r t , only a few master st a t ions  are needed to a t ta in  hi gh

lev el s  - -f s-over - -L o s - - and tb’-- 1-recise placement- ~f these stations is not c r i t i—

s a t .  Be are in the comfortasle position of being al le to mak e r e f i n e d  choices
3 ’ s - t~~~~~ en alt e -r r ia t : yes , all of w I : i ch  f u l fi l l  bas i c  sit- -h O cc s - i : remerits .

Co n s i d e r i n g  all the evidence developed during the  study we b e l i e v e  the

best ~ourse of action is t~ install  master stat i on in cr - l c -r a t :  Chicago ( O R D ) ,

Los Angeles ( L A X ) ,  Seattle (SEA ) , Dallas (DFW ) and New b r:: ( ‘Ph ) ‘O n o n i r r O n O —

ly ,  we recomm end that U. s - i . c e r t i f i e d  a i rcarr ier  a i rc ra f t  greater than for ty

thousand poun ds gross wei?’ht be o4 u i p i-ed w i th  hierarchal  capabili ty .

When these two steps h ave been t ake n , approximately ~~~ of t o t-i l  : ii rcraf t

hours wi l l  have synchronization available. i’is-e worst drop in cov’-ra~e due

to a u s- s - gt e s t a t s - n , s -  outage ( LAX ) or or a i r l i n e  out . of s--rv ~ c’e (‘JAb ) is li~~t ie

ms-/re tItan 2%.
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I-’ n O t t , - - - is. -Ii - o s- - - -

s- t i  r’ - or : - I’ - n - - ‘ - V s - - r s - t~’- -

2 . - ,- ,l - 1 1 ’  iSo it I O’ C”s_ 7 , us -

~~• •5~~ 
- ‘1 - s - - s - -  uS’ ..f.’ :- , - r IoU ‘:0111-s- i s-uris j s - s - s -, tI) 1 ~ ‘1 *

s- - I - s t - s - u  3 - -dC - s - S  ~~ s - t t - - I’ s-over-a - - - Ot ‘ OIl s - S Jt’C ’-S.3 173 st s-o ’ of

5 5 - . stat i -I. t o a : s-  ars-j u S h e r ’  ~-o~ 5jL-1€- uS -ieriis-g .

31e ~s- -~ St  a t ’~ra -s t i  .- :  s - u t  e r r s -  -i-; 0 - of :± t es - ;  t S .t 151 : li~~’ li St: ~~~(-C

i rs- 1 ’ t.~ ~s-:’-~ ~ — C. C’s-s -is ~~s-:t s-s r.le’.°s- _ 1 * ts - ,s - L i g l s --i~ ’ total. O I s - S :’ u S ’ . 0s-I-

C- -
-
- -s - O5~ - t :. - s - r s -  t h e  s- i - -t s-si .: - ns- d r.s-uS - r - ~ u i vaJ :s - s - s -t :; t:s-tior-. aol al cli :~ - - oU tas-;’-

3 -~~~~ eI’I d S i 3 5 •  I s - s - c s s - t : .  rs ted , rs-oCs - :v :r, to~ t t:s-e Cor eri:rj t s -’ oh t o - .

-~ s - I  - W 1 ~~’ , 1 - os - s - - C C  S i-  D. ::~s tus -tal s s - s - d  : C O f l O I h s - i c  COil s-i S SLf5t  l o i s- - i  5 ~n s- as;

l’r~ir t:u OL , _ : n i u r  s s -~-v i C e  to sigh t r a f f i c  ar -eu:

- - L’ .Sce ts- a ircar rie r  a i r c r a f t

1. i t i u - ~t t i s -~ r. of a-/aij aulo government site:- and servic e

i f  COVs -~I’O5s-: iu r i r s-g early phas es of i l s - t r o d u e t i o r s -, anu

5.  
- - r a i r s - en t  l S r i i f i C a r : C e  irs - a ir  t ravel  ;:attorra :

t o~~ r s- :t’fsets tocir :::s- s-~~ i sef iciency  irs - total a i r c r a f t  hour c s - - i - s- rob-i

-- .sies s- s -ave  s S u w r s-  t aut  after  four ground s tat tos - s - s  s- s - ave seers -  de—

Log - u , s-s - early all Irs -u Sir s -c  s i st r i b - u t i o r s -  Js-/ oten t ial  of hierarchal relay has

s - s - - s s -  itjj i zoo. For trs-e most ~art , succeeding sta t ions  prov id- :- s e r v i c e

tr s- i - _-~~ .~~ s- direct ~g:.~ s-~~ur.I ~-~t1us-s- -i s - s - I  single :uiera1-cs-s--u~ relay . Tbei:r s o s - s - t n —

to - - f - :~~t L1:: 5s-i 1 s - s - c f  station is nearly neg l ig i s-  le co s-s-s-p ar ea to t i s -a t

O~~ta i~~eit by t s - s -~~ f i r s t four  stat ions through s - s - i~~rs-ur s- :s-al chairs-jog.

- -ir s-ce :sa:t :’ station sesu-ctions s-it tr s-i s l e V s - -~~ mai nly serve the local

~~il-ation, their relative effectiveness is very  sens it ive to the local dir—

t fils -’Jt to-ri of a i r c ra f t . Alt :s-ou , -h small in absolute terms , t he o f f e : s - t i ven e s s

sam - s - - I ~e-r site sars- vary sy fa c t -u r s  cC three or more. Because we are nj s - :s- : i~

to infer Lnr~-’i:e future -1i ’tr-ihu tj ’ /rs- .: cf aircraft on t h e  local scale

-sir- - u , we feel : u r ’ t t s-e r  sits-sing ~uu -,s-s-s- srs-ts :rs-c ’u~ s be i s-us ed cii ~ s - s -~~ :itu , real-

time uv-u±uatiori of synchronization s - t s - ’ -w-, .  The Ci ~tr s - stat is- n r- sc-us-mended

s- s - b o y - - , has been selected as t h e  best sui teu for rnai s-s-tai i s - i n g  s - b s- os -  le v el s-u C

:rvjce -during periods of master ~~~ atiurs - or airl in iutug-~~. us-i nce 11
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, s - t s -  i ar m

tni r - t , I i d - :  t s -~ n:- s - -- s - s - - i  s- -S Is - . s- s - s - i s - i .

is- ~ - Cs -o s - s - tely , t::cs- liv-: s-s- s-s -jis-toi~ is- to’. ion : - a:. iC s -s- a : C -- -s a - -Ca:, - ‘us - l i t: as-

t-s - -.i~ s-:::s-:~~I, ~ l ’ s -s-’ I c s -  S ‘s-Idly s-s-lg:s - . S r s - d  p O s s I S _y  5 S- _ - j - ~~~ tc , 1- -, -l cs-f S’s- : ’/ s - s - c .

~ s - s - I l o -  WC s - 5 s -c s- : - cC~~~I : C: . - s - .s s--I taut a i s -’:urI’ i ’-r aix - cr - alt gre-at -r ts - . -L 

~S,i iS3d O~~’-iOU 5 b l i S S  a’ s- s - n t  l iC L s - ’ f s - 1 - s - 0 /  ‘ s - - S~~ : ; J - S , J s - s - s- j_j ~- -s - :-~~ r s - is - s - _ d :~~sSC

-s- c c Lt S  n- - s  : c~~o L s - s-y ~~~l~~ - C t ~ i , n l s -  of aifCs -~~ f t  w h i ch  ~~~~~ it ‘ : s - b ’ j as~~s - t  -f

5511 -h ’~~s-J1 :~~ Cs - s - l i L s - f ,  of - a i r ’b - ~~c : s- -~ ~~li ’ C J 5 I I . o:~~ s- I - l~’ alu -ul s- :t:’i is- tlcs -s- . - -
~ :c ’ r- r

iS is si :Tj~ to is-ce s-,ss-w s h y  aj t e i ’ s - s - s - st C cos: e - s tj o r s -  of al r- s-s-f~ ft  Cs-a’ s- Cc-s-tJS- rt C

alt:, Ir -~~i,~~rs f c r  thi.; m u r —~JC. 
is-lie 1-Cc s - s -s - - s - I s - O S i  i s - i s - i  i’ s- C n * I L  . 05 C~~ ’. L s- a i r —

i s-,C :u’-uSt Sc- :s-ierarcoo.: ::s-S I j e C . DeCO-us e ~f t r s - e  hig s- s- s-s ~I ii zatIc:: of

alrI i o-ri’~~, ~s~ r- - t - - n n ~ lf -Of Snose are acti ;- ir. C s -as - s-iC aurb ng s-s-toss f toe

i s - s-c airll:s - s- s-5I.hSlcfl in -lure: a ~5is- JSt eis-t sj Clais - s~~. :or I s : : t Io - s-c

C b s - _ .  T~~uy Cars - , s - C r ’  t O e s -r s - s -.~~ ’ u S 5 , SC - S S S I ,t - s  On to fcs - :-s- s - s - s -s-. I s - s - i s  J • f i . i I’~~

O5s-CC~ SOS ~ a L t o _ n u t  5 t h  h f  scant C s-rIst i s -_ rs - s.

~~i iCIs- C h at  a ir ~~ no si r ’ :i’~~f t  are the oust logical C ls - i - i O tO  s - r oil - so

:Joi’ar roal ss -~r v l  se , t s - s - e r - s -  s t i l l  r - sco i r s - s  toe  s-~~e1- uS. -Cf the -uS I 1 s - s - s -~~s-n e s- s - s - I  m-
I:s-e cc ~s-~~es-,d- lc’-i-~l of e:~~ir a g e  ~- ro -i dan -sr i O s - s - c  I s-s-il

of’ : i s - r -~~~ :s-s-al cr s-airil rs-g ; irs-Creasirs- .I toe icr-si I-sos not i c-l I s- s - I . s - :j f i cmaos - .

S uS’a- C;, l~~rf:n s- a s - u S C .  A f i i ’oeen J u S  - :ls-t - - os-S o- Id Ol of e-s tlI ;s-a~~e tiso can

ildi s-s-sur ly as~l the uonel’lts of s-b s-i s-ar cs -s-as c ha i n i n g  (a ~ os: s of aL out 2~~)
S,Ct t s-ii5 Cs-a: c 5 s - s -  iS I s - C c - I O U  ,;rs-urs- an sir-line 50cC cut of service .

We have nose our r, :c’ors -s-rs -s-cndation mainly on a t r a d e — s f :  02550- - s - I  I s - s -C 0500--

L-c t’ of groan -I stati-:rs-z re—s-sire-I to ob tain s a t i s f a c t o r y  cover’s-zg~ ant the

is-VC J_ s - C  hl:s-r~ r-s-i~ s-sl e ~u1s 5~~:s- * sy reviewing the va r ious  level  to~~t ha ,‘s te-~ s- i

anaLyze’s in Is.- - 
- 

sos-Os-se  of S o s - i s  stud ,- , and the ass--s-ac i a t e i  number s-sf master

~s-Iations rs-: ~uirc i 5-~ i’srrnisn great-c r than 9U~s-’ ai rcs ’ a f t  hour coverage , we

cars- ostlrr:s-jt-s - t:, .Siupe ’_ f  the  e q u i — p e r f or m an u c  :urvs- I L s - l d r c - — - 10

the nei ghborh-uo:1 of the resos-s-os-s-urs-ds-s-i level. These es t imates  i i s - c i i c a t e  s - il s - - s - l

3,3
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I s - s - s - f  s- i s to- c-s - s t  s-i’ a mas-it’-r . s - s -_ a t i o is -  is  Is -h Ir e  Cl i s - sO the cs- s - 5 5 5  I’ 150 s - s - i - —

ti’ s- s- h al i s -s- s- st a l la ti on s, r i _ s  r:- loot ion in equits-age should be con i t ems -- l a t s - id .  The

i i l s ’ r s-~~ ’s- :i ,aJ,  2055 s - s - s - - r - t l n e n t  to to i s  rcs -r s -u ide r at ion  is tas- cost i i u ’for’ent ia l

be t50-;ls - a ri5ci’ - s - t’Chs -~i s- ins - -S a noo—laers-o--chal installation , all other :hsracter

l Ct i c C  b e l : .g  ~us- ts-I1 . WhI l e we have s- s- u t i n v e s ts~~aoed  I s - s - i s  cost r a t i o  i r s -  any

h- s - s -s s-C s-e l that a crs -ws- -r .  station probab y w ill  cost more or.an 151) t imes
t~~~: i _ _ s t  ts s- fs - - r , - s - s - t _ a i  of ads: s-s-g ri e r a r o h a m  CSpOOis-lty to aircarr:er Sine —

fCc ~S 
-
~~ c1u I s- :s- cs -s -5. 2i,ss we are not motivated to reduce  the  h ie ra rcha l

L ags-i

i s-, as: e:cnt , toe reduotion coul d not be large . Fur a i5~ reiu.st ion to

~~c s-~.uSti flc U , a mas ter stal l-zn uo’alI hav o to cost itus th ar s-  aCo-~t ~
‘-2- rs -ie r—

rs -e~ s - i l  ‘iS i s -I s - CS . l-~cre th~~~ l5~ re - lu s tions  are nrct- ahlg s-s t t o l er s le ,

‘is-c : Cs - C s - s - c  large loss irs - service that  would occur oar ing or. a ir l i n e  cuta~ o.

3 .2  CraJe— ~~ff  ILLS

C s - s - s - io -j . a l t e ra t ions  or departures from the  recornmendat iors -r  is-s-ace in 3.1

be cuns - t ss-s-~n la ted , dat a are available wi th in  t h i s  document an-I r ofe rosses  [1] ,

[2], s-s-sd [3] w s- s - ic n permit fur ther  t rade— off : analyses . i a r ’ S s - e r m o r e , t oe

eff ects of clj auging Is-s-any of the fundamental parameters -Jo out-i p s iv e  of one

system can also be u i s cu r r s - e J .

If changes in relative costs motivat e fu r the r  investi~~a t iun  th e  C ur - ,’e

of Figure 3—1 can be used to evaluate the trade off  between s - s - t imbers  of s- s -s -u s—

t er stations and numbers of hierarch al s-qui pments.  Changes ir s - the losation

or pr ior i ty  of master station sites can usually be evaluated by c x-: s-i s-ilog

the sequential master station site desirability maps such ass- t i g u r o r  .?—20

and 2—21 . The b enef i ts  of increasing t an-  number of ground : t asions  are-

given in a large variety of circumstances og the effectIveness v s .  : s - u ’ s - s - r-c-r

of master station curves, e.g., Figure A— 23 t h r s - s -  js- s-~~1) - .
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Of aVaana-s-~~e ~~: - - ~ -sy s- s- Vs -i s-uS , s-n i s - . bu szs-, - s s i s - n s- . . s-is-: Os-s- - s - s - s--u : : , Ci’s pser s-s-s-,~ s- - f

y : . s a s ’uS. z a s i u z s -  a t5C: s - s-~ . C g  , etc.) sals-  lie eXOih- uSs-s-5s-1 t n s - 5 -s- - S5:. S O t -  s-s-S I: of e j i s -u t ion

s-s-i s-I S s - s - . i l t c ’ S  ::. Se~ tL:s- s-i of t ,is : -s-sur .s --r ,~~. :1-as s - — c - :- :

e f i ’e~~t i v C s e~~3 a:,: ns-s- :~~er ftatsss- : c-raIls-al Uity cars- be soan. - ,  
Cd  Cfl toe basis

os- e , ~~at Ln~~ ~2— s- l) uns - s-  i :,~s-~ asso :s- s-csed loss  nu~ rise.s - cC refer-:s-s-ce [~ }, cage

s - s e  c s - s - s -I i e s or i o c s  L’s- C ec t i on  2. 1.!, not  only I -er o s-Lo s r a d e — u f f s  Cots-c-sri
- s - a l  e~~s-s-Crage an eff-s : t i ve s - . e s - .s s - n O t  0 1 .0  os-s-lows sr . ange. s- in  the  dai sy

i’s-, s-s - f  -i s -  s-’-oarrior as-s-ti-ía-tv to be r-:s-lat e s-s t o  ~- f f e c t i v es - s -~~u~

If  ch aicgos-; s- :corc- ir a st ic  than  can be acctn rnns -od ated ny ors-ese roe s- . s- c - I r  need

to us- s --as-coined , th e computer analysis programs described ir s -  i l eu S ic u  2 . 2  very
likely us- s-lu s-revs-ide the capability to p crf ors - :s -  ass-li necessary t r ade—of f

St i L e’S .

3 . 3  I s - L C s - i S s -  l ily to ‘ither Problems

s-is-is study has produced the capability and dat a bas e rs-- s -s- s-L :’-sd to ~ o~ el

oh s’ t ital aircraft population n s -f the (lU!PJIC , quantatively assess toe m e r i t  of

all available sites for groun d based equipments , and determine the as-i rsoas-se

coverage su~n rfl. s - - c  by derived deployments of equipments . This can be dii-c s--t ly

applied to the s - s - r ob i em of assessment and management of the depis; ,  s - a - s - s - I  of ATC

surv-sil lance radars , comsiunication , navi gat i on s - ro d  control sys tems . Wit-h this

capability it is possible to evaluate the s-ff -ctiveness of’ present ‘ipj:lsca—

t ions , assess the advantages of re—deployment of ex i s t ing  s- - q u l  I s - 1 s -~ - l . ~~~ I L l s - n i

v ide cs-o s- Cud information with wh i ch to ~ iide the introductory deploy me nt of new

s- I U L I r s - i r l t s - s - , such as the Disc ret e  Address Beacon clvstem ( DABS) .
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Loca t i ng  s-s-s-a,s - tt r s tat io n s  for synchronizat ion pros- -s - do t oe  I s-us-s-c s i t e ing

i c-It t - :) rs - s -s- s-i s-- s- S s--sour in navigat ion systems , - : ‘ u ns-s u ur s-i c a t i o n  s-iy s-s t . - s-i s -:: and :u r v ’- i l —

C i r , s-’s-  ocr : I- 5 s-

• ft ‘w :s -s -s - tny sites should there be?

• -Is- -ore should t t s -ey  be?

• In what order should they be irs-stall --I?

• ,‘Tbtt n :uver ag e is supplied?

• Wh s-it is the resul t ing  e f fec t iveness?

• Cs-in - t J t - s r s - c a t s- sites be used?

These suestions as-si ly to evaluation of present applications , formulation of

iob ruve d deployments of existing equipments and the introduct ion of new
systems .

The techniques developed in this study provide the capability to address

these questions in terms of the percent of aircarrier f lying hours provided

coverage , the percent of aircraft encounters providing coverage , and total
airspace coverage . Further , coverage can aut omatically be compared to the

NTSB collision recordB to obtain a direct measure of collision prevention

utility. In conjunction with each of these measures , a siteing algorithm is

available which automatically selects sites for near optimum coverage per

site , and sequences deployment according to utility of the sites . The key

eleme’ts in provi d.ing this capability are :

A 7-dimensional (position , velocity , and time) aircarrier activity model

from the Official Airline Guide and, synthetic flight profiles .

The evaluation of service effectiveness as an additive set function .

A siteing algorithm which locates stations for near optimum effective-

ness.
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A ~s - -i i ’ s - s -. - r:s-Jonal total a i r- sa l t  activity model.

An s - s i n ’s-sr s-~ ft  e n : - js -s - s c s or  frs-s-qus-is-cy s- s-s-ode],

A lar s-:o variety of unique computer graph i cs w ich aie ’ an alysis arid in te r—

- s- ’-:s - t s -it i ors- . ‘

in a d d i t i o n  te- these znot~~r s-t i a l  applications, the aircarrier model could

I s - S  t h e  sets -r oe of s-irs -swor : to many questions concerning air l ine ups-rat i os-cs and
S ‘t t  

~~~
, . it can cs-~s-- used to study ths-i s u i t ab i l i t y  -os-f s - s -ross -nt  r oute  t r ans -t sr ’s- s

: s - s - s - - s - - : s - :  for si’s-a rs-ajI~ atlon routes an-I service :lercar. 1 p a t t e r n s  on ATC Sector s

n - - -I t e r m i n al  :cr’es-is .

s-us-s to the din -out appl icabi l i ty  of the systems analysis , c ans --uter nods-il—

l i i :  -r i - i  lat a pr s -sc ’n - s:s -i ng toot has become avai lab le during t h i s  study , it is-s

r -ss - sus -zc nc ded that these methods be utili:cs--:1 i ns - studies of ~:s-f ecui l ule s- s-t Ic-sb ’:—

s -rs - -r s- t s .  fo fs-ir~~~: we are aware , these cap-il l ilt  i-s . . are unique , and s - s - s - s-re not

y”t Se er s- ass-d ied ei td s - s - r for evaluation of s- n s r r s - - s - s -~ ATC s- — r :S r o ss- s- c e  or for plan—

is - i rs - s  f I t  s-r . i ns ta l la ti ons . We believe that  the i’M , it s - iv is - ig s - s - s - s -a le toe invest—

ment to generate these capabili t ies , wi l l  j udge tis- s -n - i r  -apt-li s- s-as- ion to other AfC

r s - r obl -s - s - s - s - s  to be u s - e f u l  and e f f i c i e n t  both u s -  terms of i n f o r m a t i o n  conten t , cost

e f fe ct i v e n e s s  and t imel iness .  -
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APPENDIX A

s - d 1 J~-ll-,h ICAL RESULTS

A.l  i r s - b r a  l i s - t i  n: s-

A s - s- s - n so ct i o n  s - - r - : v i s - i - : ;  toe reader an ove rv’is-s s -u s - i sum mary of t h e  cs -n j~ s-~~u te~

o ~s- -s - i s - - s -  whi ch si c - s - s - ar t  t :s- s - f i t s - c l i n g s , :‘cs- r s -c lusionss-, and analyses reported in th is

P - s- O s-k: OS

.s - d n utts -r ger s- -s rs -vk s-s-d graphics have P eer s -  used ex tens ive ly  t i s-rough eut  toe

j n j ,r t j  - r o ss - s - i t  s - s - s - s - s -nc ’r s s - s - ’il  output s in a fo rm that permits r’t~~i s -I asses-- s - s - s - c-n i t  e:~’

s-i. -s - is - ’ :s-u i.s-s- i ng art -I sattern .

Jince interpretations of this material are provided in C-ec-tions 1.0, 2.0,

a s - s - i  3. -
- of this  report , they are pres ented here wi th a mlninm~m of narrat ive

-s ‘ripti s:s- . Reader interpretat ion is encour aged. Det ai led data s-j~s-d ce- is -it s- Is—

s-:s- rs- tuii’y - cns - cIySis which  were developed and used in the process of Is- s- Od e s -i t s -it

th is  is - f orrs’iti -ors- is documented in references [1], [ 2] ,  and [3]. ns- p l s - s - -s - s - d i x  B

is a s - i s -r t aj led cross reference index between t,his report and iis - e silted r- s-- for—

Js - rs - s - ’u s - i .

A . 1 Hierarch al Communication

Carl : in the study it was recognized that scheduled aircarrier a i r c ra f t

sn’ s- vIle highly predictable geographic/time patterns of operations that  woul d

be advantageous for a i r—to—air hierarchal relay of time synchroniza t ion . Con-

versely , the i rregulari ty of the operat i on of mil i tary , s-as -cs- eP- -du l s-i a i r ca r ri s - -r

and larger general avi ation aircraft  reduces interest  in 1s - p c s - iIt s - lg sic theIr ’ is-

tts-s - s -  r e laying time ; however , th i s  does not imply that these aircraft will not s-c

mas-j or users of t ime as sup plied by master stations and scheduled ai rcarri- :-r  s - mi s- ’ -

craft .

A. 
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257 707 12 0 .8
Set C

B2F 21 ],, 2 2 5 .5

22) 720 ) 13 0.2  26 . 14
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Typical levels of CONIJS activ’ity for the larger aircraft, 140K lbs. and

up, of U . S . A .  airlines is shown in Figure A— l . These ac t iv ity  numbers are

based on time snapshots taken throughout all day s of the week , at regular in-

crements of the time-of—day . To evaluate ai r—to—air  hierarchy performance at

reduced levels of aircraft equ,ippage ; this set , referred to as the “A ” set ,

was sub-divI ded as show n in Fi gure A—2 to produce 33 and 66 percent reductions
in the number of active aircraft . The respective total number of U . S .  air—

carrier aircraft ( active and inactive) that would need to be hierarchy equipped

are : A ~ 2300 aircraft , B ~ 16140 aircraft , C ~ 860 aircraft .

Comparative patterns of’ the hierarchal aircraft-to-aircraft communication

linkage are presented in Figures A— 3 through A-6 , with the higher  levels of

equipping demonstrating the capability to provide synchroniza t ion  to large

areas of the CONUS . As a result of the changes in patterns of communication

synchronization service provi de d , the various equi pping levels exhibit signif-

icant differences in s e n s i t i v i t y  to choi5e of the s i te  for the  f i r s t  mas te r

station . Figures A— 7 th rough A— 10 report the results of tes t ing  the A , B, C ,

and Zero hierarchy levels , using worth Rule III ( total  aircraft  hours syr o s - I rno-

n i z ed ) .  The higher  equi pping A and B levels provide ext ensive communicat ion

coverage and exhibit a general i n sens i t iv i ty  to choice of f i r s - c s-. s i t e .  This

me ans that a site could be picked at random , or p icked to s a t i s fy  any opera-

tional preference , in the eastern th i rd  of CONIJS still provide w i t h i n  5% the

effectiveness offered by the “best ” si te.  As the equipp ing  is reduced and the

communi cat i on coverage is fragmented , the freedom of selection for the  f i r s t

“ C” site is reduced to very nearly that of zero hierarchy ’, ~n ast s-- r s tat ion only

synchronization.

Examination of the freedom of selection of the “best ” site after  deploy-

ment of a few master stations provides additional ins ight  to hierarchy process .

Fi gure A—li is based on “A” level equipping. After  deploy ment of only three

master stations the area of “best ” sites has been reduced to approximately

that provided ini t ially by Zero or “C ” level equipping . This is due to the

~
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f’ -ict th a t  the extensive i i i t ‘b~ekL r5’ I s -  - F u r s - - s - - i .  ‘1 s-I’ f~~ s- s-~~~~~~~ y n r o v i : i  by
the fi rs t t s - s - r e o  ta~~ionc has re Iu -n - -d s-~-~ - -  s-rf ~ I - - s - s - t i e r s -  to b e i n g  a local

rr s- - - s - - , with  only local ii i  s--crarcis-y -
: us- 1 -c r~

A.3 ‘ s-s- - - . - i t i V i ty  to Worth Hules

Cith  the i i—; ; it 1-s - of goals of Th~ f o - ~r’ s- r - t :  r~~s - -  , Cec’ ion 2 .2 .~~~~,
i s -~1-:st 1on arises s- iss- to t h e  rnas r i itu-j o  s - s - C  I ‘~~ r s - i se --s -tio n is-as ~s-s-on

s-he site selection . C~s-eci f ical ly  does the ‘s- s - -~ of - s- ; s - i r t i -~~i .A -es -r - rule : -r o d u s - s -  - a

i’ixasior -. of a o r - e c i f i c  set of goals , ~s - i s - i s - ’:s - cit mir t h - s - -  :‘ I - -~ J t s - i lity to accomo—

date oth er secondary object ives . Freedom of f i r s -;t sir. - se l ec t i o r s-  as a func—

t io n  of the worth rule b e t n s -s-; used , is presented in ~j~ i~ -- -~ A — s - I~ t s - s - ro-u~~s- A — l 5 .
All I- - r s-~s- s-ent common areas of choice and a gers-s-s-rai i n se n si t i v i ty to choice s- s-f

rule.

An additional evaluation of s i te  s e n s i t i v i t y  was malo relat ive to date

base s ize .  Figures A-16 and A— 17 compare the Rule III results obtai n s-s- A w it h

the o r ig inal 12 snapshot and the expanded 68 snapshot data bases ; ti . .s-re are

no s ign i f i cant di fferences . .

A. 14 E f f ec t s  of Ci te  Selections -

The ins ens i t iv ity  to site selection , i l lustrated in Section A .3 , means

that many sites will be numerically scored as being very close to equal by

the computer.  In applying the pri ority select ion algorithm , the  next si t e

is often selected by the computer on the basis of these very sligh t di f fer -

ences . This has produced large t ranslat ions in the choice of s~ te , s- Is - ic to

very small di fferences introduced by such fs-ict -cr: as aircraft  cors-ujation mo d-

eling or worth rule selection , without a s ign i f i can t  charlge in th e  e f f e c t i ve—

ness of the selection . However , as shown in Fi gures A— 18 thr-~us-~rs - d~ . ’ I , th e

overall patterns of sets of pr ior i ty  selected s i te .  can vary -~~isiderabIy

A .13
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Also s - s - - F i it ere s-r t is the s en si t i v i t y  of a l ternate  sets of sites , sues-, as

ai s’ traff i c hubs , I-i ~ur’: f-s- --2C . The question is: Is there any si~~’iifi cant

t h i’: - - re- ~s-c ; e in -rformai s- s-- e of these ensembles . Using the “A” ~-s - vs - s - l of bier—

arc~ial - s-qui ps -ur ic, these five sets of sites w s - s - r s -’ cross—evaluated on the basIs
t ’ the various worth rules; i”is- :urt’,’ A—23 through A—26 . There is no sign i f i ’-

O Tiu t s-I . ‘Cei’€’OCts- in performance , wh i c h  i nd ica t e s  a general insensi t iv i ty  to

the s-st s - f  si t es  s ’- i e s - ’t ed .  This provides lat i tude to consider and aces - s- irs -mn—

- - s - c ’undarj  r r Y s - t’cr srlees in si t e  selections .

‘bs- s- s- os - ex t ens ion  of’ this investigation , all Civi l Aviation mi d—air  col l i—

:i srs - s , January i I ~~~h through December 1971 as reported by the National Trans—

:- s - s - ’ t s - is - tion CaI ’ety Board were included in our analysis . The performance of

P u l - s -  III r - r ~ ority selected si tes was compared to that provided by stations

located at A i r  raffts-c hubs . Excepting crop dusters , formation flights , —

e t -s-s- . ,  each collision was used as an evaluation criterion for various numbers -
s-

of master stations : i.e., would the aircraft have received synchronization

f rom a master station or synchronized hierarchal aircraft at that time of

day , at tha t  a lt i tude, at that location . The results as obtained from maps

suph as Figure A-27 are :

Mid—Air Collision Coverage

Number of Priority 10 Hubs , then
Master Stations Sites Priority Sites

5 96% 96%
10 97% 97%
15 98% 98%
211 99% 98%

Once again system performance is insensitive to the site selection ,

t
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As a continuati on of the above review of mid-airs , the coverage Supplied

by : s - i s - ’ s-r  st : s-t~ ons only , without airborne hierarch al support , was I nvestigated .

1~~ -I e r s - iu y m s r s - t ’s of 100 master stations were evaluated. In the f i rs t  the

si tes w5re located using the priority algorithm . For the second deployment ,
— 

eighty mastt-r stations were located at the sites of ATC control towers with the

highest annual activity ; then the priority algor ithm was applied to select the

sites for twenty addit ional  master stations , Without hierarchy support the

coverage of the mid—airs was:

80 ~ Hubs plus
100 ~ Priority 20 € Priority

Sites Sites

29% 50% Covered

56% 36% Within  range but below
earth curvature line
of si ght cutoff

3% 5% Out of range

12% 9% Could not be evaluated
due to collision alti-
tude being unknown .

Note: Increasing range of master stat ion would not
increase coverage due to L .O . S .  cu to f f ,

Although this is a limited deployment , it does provide a point of compar i-

son of the groun d bas e only coverage and, air—to—air hierarchy supplemented

coverage . While not pursued in this study , the capability illustrated by these

two examples could be applied to other ATC functions . For example , by reset-

ting the coimnunication range, in the computer model , and adding more ground

stations the coverage provided by ATC surveillance or navigation facilities

coul d be evaluated.

A.24
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In addition to the bris i c - s - v s - I i ’ s - t i  on s- rn v i  1-r d :s-y t i e  v a r i - u s - ’nr t :s-  rules ,
s- ’ - i - s - i s- s - c s - - ,‘ s - s - t o o  he us-s-ed as-s a - ( s - i , riIi ’tV’ ’ f’ s-. ~‘Ur : of s-s-sri t . Thus-; , the ~--rf - s- rrr:t:s -r’- -

O~ t he  , ‘ r i i ss -~ s-ib Isi s - t ’ st-ttion :: ‘ s - f l I P s - s -  c ondit i ons  of s ta t ion  outages and w 
ii

~~
t ’ s - s - : s -- j s - i - s - - - .: c- - r - - -v s-t~ -s -~ t- - I .  -leather  Ii sts -s-rls -ar s-ce s -s-c - jnclu’i-s-d A s-sacs-: a

s-s i st e r ’  s ta r , on h e  h i p  neutralizes-I by il rtus- of 5,s - s -j t s-~~~r dj sr --irs - ; rig the  ~s- i or—

s-irs-hal ai r’ ’s-”:2. is , :jt - -s- - ro t , - - s-oJ vallent to an outac-:- -o-f t h - s -  m s - s - s - : ; - s - r  st at i ’or ~.

‘wev- - s-’ , LA i s - -  is w rs-; t nice because in :ir outage t :.e al r r r a s - ’~ To ls-Olat s-on is

i s - is - - - r t s - r s - s-d ; w i t s -  a we ’s-t Is -er  d i s t u rl - ance the  total  air :  -or s- os’s-i at ion Will be

i s p - s - ’ - -1 away f rom the r u t  rali zed s- -tat icr , wher - ti e’j -ar - s-s-c r- - i 1  k e iy  t o

“ “e l I-  syn s- : o ’er. s - Z L t  - i r s - .

T h i s - s - p  da t a , such as show n in Figures A—28 and A—29 the ss- ort 5 ’ s - r i r s -  - - f I’ - -s t~
of ws s- ith~-r and equi pment out age were assessed, The long t s - s-r o. s-i f ’s- s-to due to

e- qais-’m-~rit outages air ’s- computed on the basis of hardware avail ’u  ~~~~~ as-s- i

tO  so irt term ir s - t a .

Aider toe extreme condition that each master s ta t ion has a low — ova laL Th—

ity , - s- 9~~ )L b i
; tb -s mrs- an e f f e c t iveness losses due to outa ges -ir e :

ots - s -~ :IAs-inber Weighted Outage Losses
of Otations Priority Sites Hubs

5 o .o8 11% 0 .0 138%
6 0.087 . 0.0131
7 0.092 0 .050
8 0 .083 0 .05 1
9 °,08l 0 .0 14 14

10 0.083 0.038

[a]  A - i :t i i a b s - t i t y  is defined to be mean time between fai lure divi ded by the sun

of s-s-is-in t ime  between fa i lure and mean t ime to repai r . Thus th is  term is

the long term prob abil ity that any one master station wi l l  be funct ional .

[b ]  FAA contract DOT—FA I3WA— 3239 , required that th e  Coj l i s i o n  Avoidance

chronizat ion Station equi p s - mrs - i t  delivered under the c o n t ra st  p r ov ide  as

avai labi l i ty  of 0.9095.
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NOTE: ALL VAL UES A RE PERCENTAGE
REDUCTION IN EFFECTIVENESS UNDER

CONCUR RE NT STATED CONDIT IONS
OUTAG E

B 3.40
C 2.18 3.58
0 2.52 3.66 2.44
E 3.57 2.95 1.74 2.07
F 1.61 2.75 1.53 1.87 1.16
C 1.53 2.66 1.45 1.78 1.08 0.87
H 2.67 2.62 1.40 1.74 1.03 0.89 0.74
I 1.45 2.58 1.86 1.71 1.00 0.80 0.72 0.67
J 1.45 2.58 1.37 1.70 1.00 0.82 0.71 0.66 0.63

NON E 1.13 2.27 1.05 1.39 0.68 0.48 0.39 0.35 0.32 0.31
A B C D E F G H I J

INITIAL OUTAGE
(STATION)

- 
253 1-’:.

FIGURE A-28. EFFECTS OF OUTAGES OF PRIORITY STATION S

NOTE: ALL VALUES ARE PERCENTAGE
CONCURRENT REDUCTION IN EFFECTIVENESS UNDER
OUTAGE STATED CONDITIONS

B 0.54
C 1.81 1.79
0 0.67 0.65 1.52
E 0.79 0.53 1.80 0.66
F 0.49 0.45 1 .72 0.58 0.46
C 0.50 0.47 1.74 0.60 0.49 0.41
H 0.52 0.49 1.76 0.62 0.51 0.43 0.48
I 0.48 0.55 1.72 0.59 0.47 0.40 0.41 0.43
J 0.47 1.32 1.72 0.58 0.46 0.38 0.40 0.42 0.39

NONE 0.28 0.26 1.53 0.29 0.27 0.19 0.21 0.23 0.20 0.19
A B C 0 E F G H I J

INITIAL OUTAGE
(STATION )

253 1-14

FIGURE A.29. EFFECTS OF OUTAGES OF HUB STATIONS
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kith ough there are rela tiv :  di fferertce5 , the loss termz are negligible when
compared to the overal l effectiveness of over 90% for both sets . This indi-
cates a hi~~ degree of freedom from out age effects.

A . 5 Sensitivity to Aircraft Population Model

Having shown , in Section A .1~, that a wide variety of distributions of

t: aster stations can effectively serve the NAS population distribution model,
reference [21 , Appendix A , it is natural to inquire whether this property can

be e~ctended so that they also furnish synchronization efficiently to any fore—

3eeable distribution of aircraft. Since a master station configuration which

efficiently utilizes hierarchal chaining potential is nearly maximally effec—

tive for any time distribution purpose , one would expect that , so long as
hierarch al aircraft are distributed similarly (or more liberally), this same
set of master stations would be nearly maximally effective for furnishing pre-

cise time to any likely future distribution of aircraft .

For a test, four widely different distributions of the total aircraft

populations were synthesized. They are :

(1) distributed in direct proportion to hierarchal aircraft

(2 )  uniformly distributed in time and area over CONUS

(3) distributed in direct proportion to the NAS model

(~4) distributed in proportion to the square of the NAS model

The service available to these populations was then evaluated for various sets
of master stations ; i.e., those that were originally selected to best serve

hierarchal aircraft, worth Rule I , and the new sets selected to best serve the

new population. The results are sftown in Figure A—30. Although the geographic

patterns of the sets of sites varies considerably, there is no significant dif-

ference in effectiveness. Through thi s whole range of aircraft distributions ,

one set of eight master stations selected to synchronize hierarchal aircraft
p
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are nearly niaxima.lly effective. This demonstrates that master stations can be

selected which will efficiently serve the aircraft population whatever (within

reason) its distribution might turn out to be. The only requirement is that

hierarchal aircraft be distributed as liberally as in the OAG model we have

utilized.

A.6 Sensitivity to Hierarchal Equipping

An aircraft hierarchal unit at altitude pos sesses a si gn if icant  advantage ,
in area coverage , compared to a ground—based master station . However, to make

optimum use of this advantage requires support from some minimum number of

master stations . The objective of this portion of the study was to evaluate

the interaction of the performance of airborne units vs. master stations .

Art effectiveness trade—off at various levels of hierarchal equipping, Sec-

tion A .3, vs. number of master stations was performed on the basis of total

aircraft hours synchronized ; worth Rule III. The results, Figure A—31 and

A—32 exhibit the threshold effects of hierarchy density . Above this thresh-

old, at the A and B levels , initial effectiveness per master station is very

high . Below this threshold, levels C and Zero, hierarchy support is critical-

ly reduced and effectiveness per master st~.tion is very low. A continuation

of this threshold effect, in succeeding master stations as exhibited by the

difference in A or B vs. C or Zero performance is shown in Figure A—32. These

observations are complemented by the independent analytical studies reported

in Section 2.l.~~.

If aircarrier aircraft are utilized for air—to—air time relay the level
of hierarchal support could be significantly ch anged due to outage , such as a

strike. To test this possibility , “A” level system performance , wi th fi ve

master stations was evaluated under the conditions of a 15% reduction in hier—
archal aircraft. This was achieved by modeling an outage of United Air Lines.

Reduction in effectiveness was less than 3% in both the five priority sites

and the five air traffic Hub sites.

Ti
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APPENDIX B
DOCU?.IENTATION CROSS REF~~ENCE

For the reader desiring additional information the detailed results of

• Phases I, II and III , as reported in references [i i ,  [2] and [3], have been

indexed relative to this , the summary final, report .

Surrm-iary Final Phase I Phase II Phase III
(section) (section) (section) (section)

2. Solution Methods 2 & 3 2 2

2.1 Mathematical Analysis 2 2 ~. 2

2.1.1 Hierarchal Chaining 2.1 -—— 6

2.1.2 Effectiveness Measures 2.3 2.1 2

2 .1.3 Algorithms for Master Station 2.14 ——— 3.1
Location

2.1.14 Sensitivity to Aircraft Loca— 1.14 & 2.2 6 6
tion and Mathematical Solu-
tion Method

2.2 Computer Processes ~ & ~ .
‘ 2 & App . A App . A

2.2.1 Aircarrier Aircraft Itiner— 14.2
aries

2.2.2 Hierarchal Aircraft Location 14.3 ———
Versus Time-of-Day (T.O.D.)

2.2.3 Hierarchal Communication 14.14 2.2.3
Linkage and Clouds

2.2.14 Airspace and Total Popula— -—— 2.2.1,
tion Modeling App . A &

App . B

2.2.5 Worth Computation - ——- 2.2.1

2.2.6 Master Station Site Evalua— 14.5 & 14.6 ~‘.2.l
tion and Selection



—~~~~~~~~~~~~~~~~~~~~~~~~~—-~~~~~~~~~~~ —~~~~~~~

Summary Final Phase I Phase II Phase III
(sect ion ) (section ) (section ) (section)

2.2 7 Programs for Analysis of the -—- ——— 2.2 & App . A
Effects of Master Station
Out age

2.2.8 Synchronization Coverage ——— 2 .2 .2
Mapper Program

. Conclusions and Recommendations 6 8 7

3.1 Master Station Sites 5 3, 5 & 7 3 & 14

3.? Trade—Off Data 6.2 & 6.3 6 & 8.1.3 3, 5 & 6

3.3 Applicability to Other Problems 6.5  2.2 & 8.1.1 14

Appendix A — Numerical Results 5 3, 14 , 5 & 6 3, 14 , 5 & 6

A.l Introduction ———
A .2 Hierarchal Communication 5 6 5

A.3 Sensitivity to Worth Rules 5 3 & 5 3

A .14 Effects of Site Selections 5 3, 14, 5,  6 2 , 3 , & 14

A.5 Sensitivity to Aircraft Popu— — — —  5 — — —

lation Model

A.6 Sensitivity to Hierarchal —-.— 6 5 & ~
Equipping
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