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A~ SThACT

This thesis is a stud7 of the Omega navi;ation system as

currently implemented in the P—3C aircraft. The possibility

of using a microcomputer to solve the internal processing

functions is investigated. Data flow graphs were applied to

the velocity and navigation processing function in the Qm 9ga

system . These graphs assisted in the —I~~vel~ p~ient of the

PL/N cole which imp lements the function. The fou: PL/M

subroutines that were written can comp ute the velocity and

navigation equations in sufficient time and with sufficient

accuracy to encourage additional research into a

microco mputer implementation of the remaining inte:nal

functions of the Omega system .
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I. ~~~~~~~~~~~

This  thes is  ex a m i n e s  the  use of a m i c r o c o m p u t e r  to solv e

t h e  i nt e r n a l  p rocess ing  E u n c t i o n s  of t he  current P—3C Up date-

O mega  n av i g a t i o n  s y s t e m .  Tri e most imp o r t a n t  reason  f o r
s t u d y i n g  a n i c r o c o mp u t e r  f o r  t h e  Omega  n a v i g a t i on s y s t em  is

t h a t  d u r i n g  an excessive sys t em loal  in t h e  P-3C a i r c r a f t ,
t h e  Om e ;a s igna l  process ing  is p a r t i a l l y  in h i b i t e d .
Opera ting in t h i s  i n h i b i t e d  m ode  a p p e a r e d  u n n e c e s s ar y  in a

so pu i s ti c a t e d  s y s t em  such  as t h e  P - 3 C  i n c o r p or a t e s ,
especially with the existing technolog y of m i c r o p r o ces s o r s
and dist r i b u t e d  sys t ems  {R e f s .  1 , 2 , a nd 3 ] .  w i t h  a
m i c r o c o m p u t e r  ded ica ted  to Om e ga  n a v i g a t i o n  p r o c e s s i n g ,  t h i s

in h i b i te 3 mode of opera t ion  could be e l i m i n a t e d  a n - I  p o s i t f o n
up d a t i ng i n f o r m a t i o n  could be av a i l a D l e  c o n t i n u o u s l y.

The a n a l ysis of t he  e x i s t i n g  v e l o c i t y  and  ~~j v t ~ it i~~
p rocessing r o u t i n e  u t i l i z e s  the  c u r r e n t  e q u a t i o n s  in t n e

p ub l i shed  manua l on the  ?—3C U p d a t e  s y st e m  f u n c t i on a l
desc r i p t i o n  f o r  O m e g a .  The m a i n  tool f o r  the  a n a l y s is  is
t h e  dat a f l o w  g r a p h s  of the  ex i s t ing  e q u a t i o n s .  T h i s  g i v ’~s
e f f i c i ent  a n d  o p t i m a l  PL/M code.

Sect ion II of th is  thesis  p r e sen t s  f u n d a m e n t a l
i n f o r m a t i o n  app l i cab l e  to the  w o r l d w i d e  Omega  n a v i g a t i o n
sys t em a n d  t h e  A N / A R N — 9 9 ( V )  r e c e i v e r — c o n ver t e r .  S e c t i o n  I I I

i n t z o d u c e s  the v a r i o u s  i n t e r n a l  p rocess ing  f u n c t i o n s  of t h e
s y s t em  and prese nts a da ta  f l o w  g r a p n  d e p i c t i n g  the
p a r a m e t e r s  wh ich  a p p l y  to each of  the  f u n c t i o n s .  Sec t ion  11

p r e s e n t s  t h e  a n a l y s i s  of t h e  ve loc i ty  and r t a v i g a t i a n
process ing r o u t i n e  w i t h  app l i cab l e  dat a  f l o w  g r a p h s .
Section V g ives  t h e  conc lus ion  of  t h e  s t u d y .
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II.  T H E O R Y  OF O M E G A  SY 3~~E~ O P E R A T I O N

O M E G A  is a wo r l d w i d e , v e r y  low f r e q u e n c y  (Vi. F) , r a h o

n a v i g a t i o n  sys t em w h i c h  u t a l iz e s  the  r a . l iat r cn  f r o m  e ight
t r a n s m i t t i n g  s t a t i o n s  to  p r o v i d e -  g l o b a l  c o v e r a g e  to
ai r c r a f t , shi ps , la n d — v e h i c l e s , and s u b m a r i n e s  f o r  a c c u r a t e
a nd r e l i a b l e  p o s i t i o n i n g .  T a b l e  I l i s t s  t h e  p r e s e n t l y
a v a i l a b l e  t r a n s m i t t i n g  s t a t i o n s  dith ap p r o p r i a t e  let t e r
desi~~n a t o rs , coo r d i n a t e s , a nd d i r ec t ion  cosine  v a lu e s  [R e f .
1 4 ] .  The pos i t ion oi each t r a n sm i t t i n g  s t a t i o n  is sho ’.~n in
Figure 1.

A .  SISTEM PRINCIP ES

Each of t h e  e i g h t  t r a n s m i t t i n g  s t a t ion s  r a i iat e s
co n ti nu ous , sin u s o i d a l  w a v e  bu r s t s  at 1 0 . 2  ~:Hz , 13 .6 cE z ,
a nd 11.3 k H z .  These s i gna l s  ~re phase  locked and  t im e
sy n c h r o n i z e d  to U n i v e r s a l  Time such t h a t  all t h r ee  s ign a l s
sta r t  at  z e r o  v a l u e  w i t h  posit ive slope at 0000 h o u r s
Gree n w i c h  M e a n  T i m e  (G M T)  and  repeat  a t  t e n  second in t e r v a l s
[ R e f .  5] .  F igu re  2 depic t s a s t a n d a r d  t en  second i n t e r v a l
t r a n s m i s s i o n  p a t t e r n .

In  order  to u n d e r s t a n d  the  c o m p l e x i t y  of t he  Omega
n a v i g a t i o n  sys tem and  t h e  ope ra t ions  p e r f o r m e d  by t he
rece iver  and the  c o mp u t e r  s o f t w a r e  f u n c t i o n s , a sim p l i f i e d
v iew of t h e  sys t em s  o p e r a t i o n  is pr esen ted  f i r s t .  Assume
some a r b i t r a r y  t r a n sm i t t i n g  s t a t ion  is r a d i a t i n g  on one of
t h e  t h r e e  fr e q u en c i e s , and , at  some d i s tance  d , a receiver
is a c q u i r i n a  t h e  s i g n a l  fo r  f u t u r e  process ing .  The
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STAI ION

a n sm ~~t t s i  Si~~n -~i a p p ear s  as a s : i r .d ar  I s i nu so l i al  ~a v - ~ .

F -u at t -~n u a t i o n  of t h e  si gna l , a p e r ! -Cc t  ~av~~-f lh Ie
)t ~~O~1 j y  r s e  e a r t h  an - i  t h e -  i on o s p L~~re  fo r  t n e  s~~j n a i to

pr-rpa -~ate through , no i n t e r fe r i n g  ca rr i~~r or n o i se  si g n a l ,
a n I  t r e -  t r a n sm i s s i o n  t r a v e l in g  at t h e  sD e e - i or  1 i - n n , t n ?

r e c e i ve - I  signal would anpea : as a stnusoidal wav e but offset

a t  tn -C r e c e i ver  in t i r e  t ny i/c , t h e  t i oe  ne - ; -Cssa ry  for th e
s ij n a l  to travel distance -

~~ a t  tne volocity of l r ; n t  C .

- 

d / c 

t

F ( t )  =f ~~) t < 3  R ( t )  - r O  0~~t~~d/c
S I N  (ut )  t e D  SI~ I ~J ( t ~~i / C)  t > i / c

However , this ideal situation is r a r e l y  a c n i ev e i .  Th ~
p r o ~~a g a n .~d si gn a l  is a f f e c t ed  ~~ s e v e r a l  f a c t o r s  3esc:ic-e i

r n  a s-u a s e - ~ u~~r . t  Se Ct i O n . ) o — ~ to t h e  r e p e t~~t l v 3  n a t u r e  of

sinusoidal waves , the precise n i m c ~ -: of w a v e  i e ng t n s  mu s t  ot
c c m p u t e i ~ ~ e t4 e en  t h e  t r a n s m i t te r  ~ n d  t h e  r e c e iv er .  A l S o ,
t h e  ~o so l u t e  t i m e  t ot  t h e  t :ar~sm :t t - ~r m u s t be k n o w n .  r n e s e

variables are calculated in t h e  combinational filter.

Position fixing with the use of OM EGA si;na .s is

accomplished by two m etho ls. The first meth od utilires

~nase ~ i f t e r e n c e  in f o r m a t i o n  b e t w e e n  s t a t ion s  an d  t.-ie

r e s u l ta n t  n j p ~ r u o i i c  l in ~~o of p o s i t i c n .  T h e  second m e t n o d
uses c ir c u i - e r f in e s  of p o s i t i o n  o b t a i n e d  by  m e a s u r i n g  p h a s e
w i t h  r e spe c t  to a s t a ol e  t r e~~u~-~ncy st A n d a r 1 .  The  P — 3 ~ O me ga

- - 
~~~~.~~~~~~~ -— — - - ~



n a v i g a t i o n  sy s t e m  uses  ~h e  c i rcu l a r  i : n -~~ of ~Osit1On or

rho—rho metr cd to determ ine position fises.

0± p r i m a r y  i r n p o r t i r c e  in  i t i l i a rn ;  t n e -  o~ :(; A 1L? si gn a l s

to :  t h ~ :h o — r h o  m e t h o d  ar e  t h e  a b r l i t y  t o  detect and s e - i s - ar e

t h e  p h a s e  of a r e c e i v e d  si ;nal , a n d  t h e  ab i l i t y  no ~ r e -d l ct

t h e  p h a s e  of t h e  si g n a l .  I n  o rd e r  t o  d et ect  and  5 - ea s u r e  n h u

pr ia se  of a r e c e i ve d  si g n a l  u s i n 4  tn -a  r h o — m o m e n n o d , t s e

f i r s t  p r o c a s s  p e r ± or ~~ed in  t h e  O m e g a  n a v i gat i c : i  sy s t e m  is to

r e l a t e  t h e  r n t e r n a l  c lock  of rn -a  c o m p u t e r  w r t h  t r i e

t r a n sm i s s io n  nu :s t  p a t t e r n  o± n t e  st a t i o n s .  This

s v n cn r o n i z a t r c n  p roces s  is Iesc : iD-a d i n  n o t e  d e t a i l  in  a

su t s a g - a e n t  SeCt jOn. T h e  o v e r a l l  ~ f f - ~ct  a i l o~ s t n e  ; o s m u n e r

prcgrin to know w r i u t  s t a t i o n  a n d  :r e g u e I icy  :s o~~i n g
processed a t any internal system t i m e  t .  If al l  n h r e

fr uencies f r o m  a ll  e i g nt  stations could be received an any

p o i n t  on  t h e  e a r t h ’ s su r f a c e , t n e  te n secor i- i  :eca ~~t i un

p a t te r n  w c a i a  apo~~ar as in ~igure 3. For a sore r~ alistic

r e c e p t i o n  pa~~t er n , F i a u r e  ~ d e p i on s  n r ~~ t hr e e  c lcs sn

t :ansnrt te: stations to Ha ~a ii , - a n d  F i g u r  a 5 r e p r e s e n t s  t oe

sr- ;n-a l pattern an aircraft wouiI receive ar ~i awais .

O n c e  s yn c n r o n i ; a t s o n  is complet e-i , t h e  Om e g a  n a v r g a t i n

s y s t~~m c c m m e n c ~~s t o  p roc e s s  t h e  r e c e t v e - J  sr g n a ls t h : ou ; n

v arious scftw~~re ±ilt~~rs is orI-~r to n e~~su r e  t t C  o h a s e .  Tn-a

~ ~lt-~rs wnr ch process tne recei-ieu srgnal are c o mp o s e -  ~ or
t h r e e  ou r s:  f i l t e r s  (r ~~. one  f o r -aa cn  f : e g u e n c y )  a n d  2~
t : ack :n g  f i l t ers (i .e. one f o r  each of t he  t a r ee  f r e g i s o c i - a s
on each of t h e  e i g h t  s t a t L o n s ) . :he p r i m a r y  f u n c t i o n  of :~~e
b u r s t  f i l t e r s  is to c a l c u l a t e  t he  p h a s e  m e a s u r e m e n t  an d  the-

p n a s~ va r i an c e  f o r  each  fr e ~~uency  and s ta t i o n  r e c e i v e - I  by
t h ~ r e c e i v e r .  The t r a c k i n g  i’il te r , on r ecei v in g n rc  phase

n e a s i t e m e n t  and  v a r i a n c e  of t h e  phas e  m e a su r e i~en t  t ro~ t h e
bu r s t  f i l t e r , u t i l i z e s  these  va lue s  to ac~~u i r e  -~ ~aore
a c c u r a t e  e s t i m a t e  of phas e  a n d  p h a s F  v ar i a n c e  o v e r  s~~v -~r a i
t e n second t ime i n t e r v a l s .
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Th e  t : a c k in -~ f li t  ~r ~~a r f o r o s n~~c - 1 1 f f - a m e n~- u p d a t e s  in

t h e  n u r a n  f i l t e r  J t t - ~~. T h e  f i r s t  up d at  is a t i m e  u p d a t  ? .

T h i s  u p ~~a t~ - is : du lr e d  b e c a u s e  of ne d i s p l a c em e n t  of t ee

a ir c r a r t  r e c e I v e r  bet .~~ -n s u c ca s siv e  n e a s u re a i~~n t s  of  tne-
r e c e i v e d  s ij n a i .  I n - a  t i :a~ u p d a t e  r o -o ’”iure o ro j e c t s  n r c
l ast  e s t im a t e  of ~ n a s e -  t h r o u ; h  t i~ae so t r a t  ~ z reflects t e e

n e w  p u s i t I~~a of t s~ ~i r cr a f t . T h e - s e  p r O c e du r e s  ar  d e f i n e d

as r a t e -  a r - i i ng  an d  a re  dependent on velocity sources

. - : x t e r n u l  t o  t s c  O m e j a  s y s t e s.  In  e s t i m a t i ng  t h e -  c h a n ~~a ~~
p o s it i on , in  is p o s s i b l e  t o  e s t i m at e  w n a t  t n e  cr ~a n g  c

be t ot -i pd:t:cuid: . t dt l o n  an - f  f :e~~u e n c y .  Th is ~re a r c t a d

p n a s  cn a n y e  rs t h e - n  a t i - l e d  to toe  l a s t  e s t im at e  or n o

c re at e  a n e w  ph a s e  e s t i m a t e .

~~~P K ( t)  = ~T~~K ~t — 1) + ~ ~~~~~ ( n )  + ~ ~f~~R ( n — i )  ] ~ A n

w h e r e  A ~~~ ( t )  is t n - a  o na s e  r a t  a wr . ic a  r e p r e s e nt s  t oe-
a v e - r i c e  r a t e  of cr~a n g e  or p e a s e  a l o n g  tn- a a r c  c on n e c t i n g  a

~ t at ~~on a n u  t h e  a r :cr a ± t , a n - i  A~~ E~~R ( - — 1 )  is the  es:i~~a:e of

n n e  e r : o r  in t oe  p n a se  r a t ~ an  I is ca l cu i - a t -e -J i n

m e a s u r e m e n t  u p d a t e  s ect i on .  The  secor.a ~p Jate ro a

m e a s u r e m e n t  u~~I at e , a n d  is p e r f o r m e d  ev ~~ry  t im e  t h e  b u r s t

t u tor  s u p p l i e s  a m e a s u r e~~en t  of p h a se  a n d  phese  v~~:r a nco  to
t~.e t r a ck i ae  f i l t e r .  This  m e a s u r e m e n t  u p d a t e  p r ~~c~~u~~:e
c o m b i n e s  t h e -  r a t e  d ais  ~ pn a se e s t i m a t e  f r o m  rt i e t r  ic~~ie .~
± f it e r  w r t h  t h e  h u r s t  f i l t e r  p e a s e  m e a s u r e m e n t  t o  p r o l a c e  a

~ atter estimate of the phase based or tn~ f o l l o~~i n — ~
e~~Uat ion .

~J K  — ~T h K  ( t )  + [ A ~DR ( t )  + A ( t )  ] * ~J .425)

~ is d e f i n ed  to b~ t h e  an u l ar  d i f f e r e n c e  of p h a s~a.
f h ~ c oE i i nat i c n  of t h e  p h a s e  m e a s u r em e n t  t r  )~ t h e  b u r st
f~~ l t - ~ r a n ti t h e  c h ase  e s t im a t e  f r o m  tn -a trackin~ filter is a

w e i g h t e d  a v e r ag e , w n e re  t ee  c o e f f i c ien t s  a r e  c o m p u t - ~d ~s t n i

17
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t h e  p h a s e  v a r i a i ~ce f r o m  t h e  b u r s t  f i l t e r  (r  2 (
~J~K )  an  t e e -

p h a s e  v a r i a n c e  : r o m  t h e  t r a c k i n g  f i l t e r  (a- ~~ T h K )

~ TF~K ( t )  = ~ T 9 K  ( t — 1 )  + ~t R C T~’t N  ( o~ 
2~b T 9 K  S)

L 
( (tT ~~~J5 + a- 2~~Tt- ~r~) ~

w h e r e  S = S I N  ~ a n d  ~ = C O S  ~~~.

Once tee mea surement of phase nas m e - a n  cal c u l a t ed , i t is
s up p l i e d  to  r o e -  c o m b r n a t i n a l  f i l t e r  fo r  p r o c e s s i ng  a l o ne
w i : n  a -~~as~ e s t i m a t e  c i l a nr a r e d  i n  the  p r i ~~a a a n ~~ar .

p r € - I l c t  ir e  p : o c ed a : e .  W i t e  t o e  m e a s u r e d  phase  an  I z I t e

p r e i rc t e i  p h a s e  a va i i a .~~~ f o r  ~o s r t r o n  f~~n t n r i ,  t~~e l a m :

:e;~~ir a - o e n :  t o  s-c i sp l e n en t e l  f o r  u t i i a s a ti o n  of t n - a  m o — r h o

t e c r n r  ~u e -  or p o s i t i o n  :i xin - ;  is to sy n c h r o n i r e  t e e  r ece ii e :

o sc i ilat  ar ~:th  tn-e  r : a e s m i n n e r  o s c i l l a t o r .  T hi s  is

accoi p irsned rn toe sorisinational filter by c o e p u i n ;  t e~
t r m e -  l i t  r~~r e n c e  n e t w e e i .  t h e  : r a nst n it t in ~ s t at i on  p t ~as a a n d

t h e  r e ce ive r o s c i l l a t o r  p h a s e .

1. d r i n a l  ~o v e r a - i e-

The v :~ s i j n a l s  u t i l i z e- i b y  t h e -  Q~~E G A  sy s t ~~m ar e
-r ansm -e - a cve-r — x t r em -4~ l r n - ~ d i s ta n c e s  of t oe  ca r te ’ s
s u r f a c e , Des; h O e -  t i .~~j  a r - o  p r o ~~a g at e  I t n ; O u — a n a o a t u :~~l wa~1e

~u r ~~-- ~o:~~eu ry  t i e  s u rf a c e  of t h e  ~- a r t h  a n d  t ee  t o n c o o n e r e .

i u ~- to tn e  a d v a c t i g e o u s  p r o p e r t ie s  of  h i g h  p h a s e  st a r i l i t y

a n d  low a t t e n u a t i o n r a t - a s  oz V L ’  sig n als , no m o d u l a t i o n  )t

tr i ~ s i en a i s  is r-e~~u i r e . 1  ~‘r i o r  t t r a n s m i . s s i on .  B e c - a s s e  the-se

5ijn uls are unmodulated , only thetr ~ela tive position in art -f

~n Si-~C On ~ rim e in terval enables receivers to iIenti± v te’~
st a t i o n  f .— i n j  r e c c a i v e l .  D ±  p r i m a r y  r s p o r t a n c e  in u t i l i z i n g
the u~~~~;A V L F  s i g na l s  ar e  t ee  ;t~~i l i t y  t o  let ~act  a n d  m e a s u r e

tL ’ — p i a ~;a of  a r e ce i ve d  s:~~n a l , - t n - J  t h e  a b i l i t y  to p:~~i ict
t i_ c p h a s e  of t h e  s ign a l .  .~~ V e - t u l  t a c t ) I  s h a v e  a n  e f :  ;ct t in

__ _ ___ _______, .E_ _~~~_ ..~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - - - ~~~~~~~~~~~ - -. ,. .. ~~~~ - 
~~~~~~~~~ 
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t e e  p r o p  i ga t i on  of  J h F  s i g e ti : ;  - a n  I c o n s e qu e n t ly  t h e  a c i l i t y

of  an a i r b o r ne  O m e g a  s-j st e u  to  r e c e i v e  an d  process the

sign als tar accurate pourtionleg [~~-~ :. b ) .  Toes-a f a c t o r s

a r e  o.?sc:ir  so ~n t h e  se c tI o n  p .~r n a i n : n  j  to

pr e dict ion.

2. ~ec eive-r—C cnver:er

Toe A N / A R ~~—~~ r e c e i v e r  i - a s  J e v e l -o?e i  b y  n n e

~ lect r o n rc s  D iv i s i o n  of  toe ~ o rt s sop  C o r p o r a t l o n  IC

~iaut h rone , California. It -was designed ror operation wine

all ei gh t tr ansurtt in 
~ 

stat ions and to provi de a c-enninoo us

u -s’~at c  of a l rc ra : n  ~ D 5 1 t I 3 f l .  T e e  :ec-~:’/- a :— c o n v e : : e r

in s t a l l e d  in toe  P— 3C c o ns i st s  of Se-iC Z d i  ao f  a l a :  asse  m o l t  ~
as s h o w n  an F l - g a m e  6. l’he c a n t - a n n a , c omp o s ed  of t w o  loop

antennas ta x ed at rii h t  a ng l e s  to  e a c h  ot n e - :  a n d  m o u n t e d  - an

4~~~O angles to  toe  a~~: cr a f t  c en t - e r l i n e , is c o nt r o l l e d  r y  t o e -
burst filt er function in t h ca  comou t-a r through tn-a at,r nna

sw i t c h i n;  m a t r i x .  T o e  t h r e e  e e t e : o d y n —  r ec e i v e r s  h a v e  RF

a n d  IF s e c t i o n s  f o r  p r o c e ss in g  of nh -a  i n p u t  s i ; n a i s.  : n e

:-a~~u i r e m e n t s  f o r  f i l tc r in ~ t h e  r ec e lv e d  s l g n a l s  in  t e -~3e

sec t i ons  ar e  v e r y  s t r i n g e n t .  Th e f i i t e r~~n g i n  t o e

se c tion  r e mo v e s  t h e  R~ i m a g e - , i n c l u d i n g  a l l  :me~~u en c i e s  in
t h e  a r e a  of  t he  h a r . non i c s  of t o e  local oscillator . The

n a r r o w  b an a  f i l t e r i n g  in t h e  IF  s e c ti o n  p r o v :d a s  f o r  t e e

r -~ j .~c tion  or i n t e r fe r i n g  car r i e r s . In  a T h i r~~on , l ia r t er s

a r~ u sed f o r  co n-t r o l l i n g  t h e  d y n a m i c  s i j ea l  l e ve l s , an i a

b a n - fp a s s  f i l t e r  is used to  r em o v e  tee harmonics created by

the prc-vicus limiters. The resultant o u tp u t  of t h e  R F  t n l

IF  ftit~arin ; sect ions  leaves the fundam enta l fre-jeency as -a

s in u so i d .  Th i s  o u t p u t  is fed  i n t o  a s ine  a n d  cos in e

ccrreiat-or which utilizes a sguar-a reference sign a l to

p r o d u c e  an o u t p u t  of two  d i r ec t  c u r r e n t  s i g n a l s .  O n e  ic

s i g n a l  is  p r o p o r t i o n a l  to  t h e  s i n e  of t h e  b u r s t  p h a s e , a n d
t e e  O t h e t  dc s i g n a l  is p r o p o r t i o n a l  to t h e  cosine  or  t he

1) 
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b u r s t  p h i ~~e. T h - a se  dc  s i g n al s , w h i c h  r ep r e s en t  t h o  m e a s u r e d
p h a s c a  sh i t : , en t e r  t o e  an a l i g  to l i g i t a a  c o r . v e - r t - a r  a n d
t r a n s m a t z e i  t o  t h e -  c o m n u t e r  s e ct i o n  t n : o u ; n  t i e
rec eiver—convert er/compu ter inter fame b o x .  t oe  o:ecis~~on
f r e ~~u e n c y  y e n~— r a t o :  p:ov~~des r o n  t o - a  r~~z-ar nce si~~r;ais an - I

t es t  s ig n a l s  necessary i n  t o e  :ieasurin; of toe pnate

d i f f e r e n c e  -of t h e  r e c e i v e r  s~~~n h i  [P - a f s .  7 , 
~ 

j.
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I I I .  i N ~~E~~N~t L  1 -  CE.d~~L N ~, -~~~~C T I u ~L

r o - ~ O m e ; a  n a - l i g a t i o n  s y s t e m  ~ rt nh ~ ? — 3 C  a ir o r a s t  as

of fiv e na vi -~ation sansystens w’aich cornp rise toe uv!on~ cs
eavi -~azion svstes . Toe r en a  in ing s u b sy s t e m s , in tn-air

p r i o r i t y  of use , -are a prim ary inertial , a s e c o n d a r y
inertial , a Jop l -~: ra iar , ari d an air data coaiou~~er . Toe

se l e c t i o n  an - i  u~~a~~iz at ~~on of c a - r n  su b s y s te n  ie~~eo i e : t  )r .

t o e  c o n t ro l  of t n e  N a v i - ; a t o r / C o m m u r ~i-~~n or  a o l  o:i t n

availa baiit 1 of t h e  s uo s y s t em .  A b l -oc -~ d r a ; t a e  of  t e
n a v i g a t i o n  su r s y s te s s  iS s h o w n  in Fi g u r e  7 .

A .  J - ~EG~ 2R~~C E I 3 I N G

Th e in t - ~r n a l  p t o c e s s l n -J  f u n c t i o n s  ef t n - a  -3n-a j a

o1vi~~a tion system are soo n in F i g u r e  8 [~~e f .  4 ]. A -mor-e

d et a i le d  iescr ip t a o n  of t se  i n t e r n a l  :J t o c e ss i ng  i - a n - : t i u n s  is
pre sent eri in F i g u r e 9 s h o w i n g  t h e  p e r n i n -~n n  d a t a  t : a n s f e r : -~ I

t he -  functions .

1. I n it i a l i z a t i o n

I n i t i al i z a t i o n  of t h e  Om e g a  n a V i g a t i o n  sy s t em  b e g i n s
w i - t b th .e  In se r t i o n  of t h e  u a t e  a n d  t i m e  e n t ri e s  r ,  t o e

~I - ~v i ;~~-or/Co~~m u n i c d t o r  a n d  subse-~~u e n t  act :v a t i o n  of t i i C
in i t ia i  on tc~ co n dit i on  or m ar k - a i r c r a f t  p o s i t i o n .  Tn ~
d a t e  and  t i m e  e n t r i e s  a r e  u sel  w i t h i n  t h e  p r o p a - g a t i n

~ r~~d i c ti c n  m o d u l e  no c a l c r I a t e  a n  e s t i m a t e  or t h e  p n a s e

v a l ue  d e r i v e d  f r o m  cu r r e n t  - t i r c ra t t  p o s i t i o n  at t he  m o m e n t

22
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of m i t  r a l i z a t io n  . T h e s e  p h a s e  v a lu ~~;; a r~ as~~~ to

i oi c i al i z  1u~ t r a c~~in g  f r it e r s .  Th e  v a L i a n c — ~ ~ia  I i e- ~ ~i t n i n

t h . ~ comb i a a t i on a i  f r l t - a r  ar~a u lSO ir~r t i e l i zed a t  t o i s  t :s~ - ,
the  ~osition m atrix R , a t i i i z e~ in  tL -~ v e l o c i t y  a -u i

n a v i g a t r o r  p r c c - a s s i n - g  ~u n c t ~~on , is in~~t i a l~~z-e d b a s ed  ) f l

c u r r e n t  aircraft latitude and i mn o i t a d e .

2 .  ~o r d w a r e  T e n t  i
~
j

~ a : i wa : e  t e st in g  se~i i ns  i t a t a l y  a f t e r  t n ~e
t e r m ~~n~~t i o n  of t o e -  in l t i a l l za tr o n  f u n c t i o n , and  a l s o  a f t er
o~~ch : t s t ar t .  T h ~ m a i n  o b j - ? c t i v e  of  t h e  h a r d w a r e  t e - 5 t i n - r
m o d u l e  is to  I e t e r m i o - - ~ t h e  status of t o e  ;)me ;-a

r -~ce~~v er ,c c nv e r te : .  A d d i t i o n al l y ,  ha r i ~~a:e t e s tr o g p r ~~v i i e s

a m - a t . -ic ) or a s s u r i n g  proper  op e r a t r o n  of c i i  O m e g a

u i~~m n n . Th e  t e s t i n g  i n vo l v e s  a ser ie s  or  s un t e s t s wh ~~c~
v a l i d a t e s  t~~e operation of the ~: p u n / o u t p u t  i n t - ~:f ~~-r -a

n e t w e - e r. n n e  r e o e iv er / c on v  a s t o r  a n d  t o e  c o m p u n - t : .  Th e
s ab t ~~sts , w h i c h  a r e  de s cr i n - a d ~n g r o a n e r  - i e ta ~~i in i~et .  ~ ,

- a r e  a cc~~m u n i c a t r ~~o s un t - e st , a cone:~~n s-a s ta t u s  s ist-~~ t , an
O~~e ; c  o u t p u t  s o rt - u s a , ~r O m e g a  in~~ut s u b ? - e - s t , a D r a s e  an g l e
to  -di g i t a l  suo t~~st , a p h a s~ coun ’-ar su~~test , a n - I  a FF/ F
s a b t — ~s t .  A n  o s c i l l a t o r  a r i f t  s u b t - ~s: , ~ i . i ch  is c l as s i f i ed

~~s a h c r d w a r r -  n — ~st , is n o t  r. r u~~~ —~~~en t - - e in n  r i  s L n r l - ~
rre - ;aeric1 p toc-assir,o commences ~n n h  - u m D i n a n ~~- t ~al  f i l t -~r
: o ut i n - a .

3.  t c~~r o n i : a a i on

Jynchron ization of t h e  Omega  n a v i g a t i o n  sy s t ~z~m to
t n €  O m e g a  t r an sm i s si o n  p a t t e r n  is th- e m o st  cr i : is al  f u o s t i o n

eic .: r u t e d  ny  t i ’e r i a v i J a t i n s y s t em .  ~ y u l r u n i o  ~ i t s - ~ i±  -~i zh
t h e  t C f l  ne co i .a  an t e r v a l  t r a n s m i s s r o n  p a a t e :n , ~~~~~

navig at Ion r~~t :;rocesses t i i  c or r e ct  V L F  s~~~n a l  ou r st s  in

26
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s ub s . -~~u e - n t  r o n t r r i - - s .  S y o : . ~r o r . i z an i o n  is a c c om : ’l : s t i - 1  iy

i-e n ~t h t r a r i s m i : s i o n  t r :~ .e t n t C t V i~ s
t h e  v ~r i c us  f :- -e~~’i e ’u~-i e s  -i n~ i i f f - ~r~- n t r a 1  c o :r o r ~~~:

t-~cOnt gue. T h - i ~ f r r s t d s s - l mp t i o n  O d - ~~-~ !r n.h~ r o u t  10- - :s
t h a t  a ll  ci g .~~t s t a t i o n s  t s  i t  C 5 O  so n t i y l o  o~~e r -~ t : - n ar ’e

on  a ll  t o r e e  f : -~g ’ i e nc~~-s .  T o .  r o u n : n o , u t

a t  som .e r a n d o m  t i s *-~, acce :)ts  ft am tL~ r~~- : eiv-~r — c o n i e : t - ~: a

t e n  secon d  m n t - ~:v4l  of ~ u t 4  c omp o s e - i  of 1~) O S i O ~~ c o~~ 1j 4 )
cosine  v a l u e s  ove r  c o n t t gu o u s  10 3  m i l li se c o nd  i O t C  

On ~ a u n d r ~~a c or r ~~i - a t i c r .  c o e f t i c a - a r n s  ar- a  c a i c -  ~n~~ i i-u :  t O e
r : e gu e n c v  u n u e r  c c n n e~~r~~t r o n  a n u l I z i n y  t o - -- r 1 : : -r - - n : - ~

w e ~~ o sh o r t  s u m  -~ n~ l o n g  s u m  i n t e r v a l s  a n i  I r n ~
d i f : - ~r ’~nces  ov~r-r t o e  r g h a  c o u n t  m o r o n  a a n t ~~:n . ~‘ r -~ u :e 10
I c c i c t o  t h e  s no r t  su~i a n d  l o n g  su m  i:  erv-ai s o i er  a
s c an d  : o t~~~: v a l  ~ - a t t e r n , an  I tn- a h a rt s  r i  t h e  sn o r t  t n d
i c o g  s u m s .  The  cor : ’- i u t i on  c oe f fi c : -~nt  f o r m u l a  as
below.

8 1+30 2 I + J J  I~~J U ÷ 2  2 i~~J U + ~
~~ X ( K ) )  + ~~~~ i ( K ~

) 

- 
~~~~~~ X ( r K )~ + ~~~~

J 1  K = I + J L  - :~= I + J L  K = + J l— ~~~

( 1 1 , l o O )  J ’J — J L + l

J ToE  v a l i e s  X (~ ) a n d  Y ( K )  a r e  t h e  s~~o~ -~ r~o C OS O t -  v a i J s

r . p e c t i - J e i y  :ece~~ved f r o m  t o e  r e c e I ’ ;e :— c on v -~r t e r .  ~aco  of
t oe  c on i r d en c e  c oe f± i cr  ~n t s  can se c o no r - i c r e  to  b a
m e a s u r ~e m u n t  cf h o w  w e l l  t h e  r t ~ce iv~~d r e n  secood  b - i 5t
p a t t e r n  m a t c h e s  t h e  t r a n s m i t n~~d bu : - s t  p a t t e r n .  rh . -  h I g r i e r
thE coefficient value , the -great er confidence- is associan~~d

t o  t h e  index n u m h e r  I b e i ng  r o  s ta r t i no  ~~O i f l t  ~~ Th~:

t r a n s m i t t ei  b u r s t  p a t t e r n  w i t h i n  ± 50 m i l l i se c o n d s .  The
f o u r  la ri jest  c o n fl d ~~nce c o ef f i c i ~~nt s  4 5 - a  sa ve l  in d e s c e n d in g
o r der  of m a g n i t u d e , a lon g w i t h  t h e i r  r e s p tc t i v e  i n d e x  n u m b - e r
I .  T h i s  i n d e x  number is used in -det ~~r m i n i n g  t h - ~ s t a r t i n g

~Oiflt of toe ten second  b u r s t  p a t t e r s .  V u L j O U S  c o n i i~~ions
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t the t o u r  h i - gh O s t  c o n f a d e n c e  c o e r r i c i e nt - e  a n d
O~ 1~~~A r-. u : i e- : s  are t e s t ed  u n  sr i - e r t .  i ’e~~-~r m i n e  t h .~ success
: r h .~ ~a r 1 u :—  of t h e  s v n c h r o o i c a t a o ~ a t t e m p t .  I i  th ’~

c u :r e n t  c o n : r d en c e  1~~v e~ f - a i l s , t L — i  next sequential

St  ~ 1- e o c V  i~~ U t :  i r s  ~ i n - a  ~c iu r L - ~ t h - r  n e x t  t e n  s-ec- nd
l n t e :v a i  ci d a t i .  :;~ -~ s y n c L ~r n : s a n : o n  r o u t i n e  c o n t i n u e s  in
t h :s m c d o  u n t i l  a u o ;c~~ss f ~~j  o v n c h t n u z ~~t r o n  occurs  or u n t i l
t h e  ~i a vr g a t o r / C o o .  J n l c a t o L  ~~n n - ~~: v - --- o~~~:e.
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-4 . 2 u r _ .  t ~ i it  or

:h ~ o ;lt St  l i t e t r ou t r n e  c o m m - ~ n c e s u u u n  su c ce sa f  i .

C om p i e i of l  or  .~y n ch r o o i :a t i on .  T nr s  5 O U t 1 n - ~ c-_ i cu h i t :: t O e

:~4 s e  r s~i - a n t s  - a n d  t o e  v d r  r a n c e  or t n - ~ s-e p o e ; —

m~~a s u :-~ u~~nt s  r or  eaco  s t a tI o n  an - I  i L - - ~ j U e nC J  t e ca~~ie -~ 0 /  t a-~
O m - g ~ o a v : g a n i ln  s e t .  I t  also select.;  t h e  o p n i m i i .  o o t - ~n n a
ir.~~u t s  ~ n d  t~~~t d a t a  f o r  th e  O m e g a  r e c e i ve : , m a i n t a i n s

s y n c n r u : ~ r z a n I o n  w i n o  t i u~ t r a n sm i t t e d  b u r s t  : - a t n e :n , a o l

cc~~~ i t s  toe pnI s-a neasutem-ent a O O  :t:

n- s u r -~m - -~n t  ~~-~~se 1 ) 0  i- no  r e c e i ver  ; n a s - e  d i i  f er an c e  a n d  n e st

d a t a  i :om t h e  r e c e i v e: .  The ~e d U a t i o r 1 5 o r e :

= si- c TA :~r (X b J K f l _ 
~O K

[(Yb J K) J

‘7 2 3 K  r ~~r~( * (~~t~ — ~JK) 1 ÷ ~ ( 0 . 0 0 5 )  ~‘ ( i T T ) 32

L2 * AtJ  (~ J~ —

w o e s - c  ~~ :s a p h a s e  cn r :e cn i o n  ( -J ° or  1- 30 °)  - i j J ~~d to  t o e

: tc~~Iv ~~u r r i o a l  to a c c ou n t  f o r  e t r o r  r o  :ec-~ p n i u o , ~~~~~~~~~

t o e  p i ~as e  a f l -~ ie o f : s e t  f o :  i r e g ;~~ncy K c o m p u t e d  :n tn-c
suirrraticn c1~--as ur -~m - - ?n- , an- : ~ oJ r( an-i Yo ~f .-~ a :e bu :- ;t

m e a s u r e m e n t  su n s c o rr o ct e s  f o r  p r i a r i t o m  er r or .

a c c om p t i s a  t hese  c a ic u l a t~~on s , oaca  of t O e  e iin t
ou t st s  ~n i  a s s o cia t e d  s lo ts  ar~ d i v i d ed  i n t o  i nt ~~t V a i~ af
t i m e  as ~ h o w o  in ?:q i se  1 1.  Toe s t a r t  b u r s t  an d  eo  b u r s t
r n z e r v a l s  ar ~ ~ r i o - i s or t i m e  ~ h e re  t h e  s i n e  a n d  c o s i n e  ~at a
a re  n o t  u s e d .  f n es e  i n t e rv a i s  a re  c o n s i der e d  t : an s ier i t

p er i o d s  cr s u it i n g  p e r i o d s .  D u r r n g  t~.c- ~ u r s n  ~nrerval, no-a

s i n e  a n d  cos~~ne v t l u - e ~ :~~c e iv e u  ar e -  u s ed  in  t h e  c a l c u la t i on

of t he  p hase -  m e a s u r e m e n t  an d  v - a r i ~~n ce of t o e  ~ n~~se
measurem ent , jO t est  L O t  e r v A i , v a t i o u s  mea  su r E m e n t s

30
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ar ~ c3m çu ~~ :s t o  i mp r o v  :h --  accuracy of the ph-i  ;~~
-

m - too: cot , 4 f lj  t o :  t O e -  1 5 5 U 1 0 4  of ann- -i.na sci-ectron an I

t~~ o t  s c i  : t : s  o a n - ~~r. - i s.  ~ - - -- E - ) O c - ) -4 , p a ; ~-s -
~~~ ) t

10 1 - - t a u l  t 0 - ~ co~a p u ~~~~ t i o n s  s ov o l v ~- -I in  - : a l c u l - a t i i g

:-~€ p n - a ~~e i n I pods -c  l o t  iance f o r  ~- a c n  s t a t i on  a n d

:t - - 1 - ; e r ~c y  us .~d m y  t o~c f l i e - 4  a n a t  i - jd t i ) f l  s y s t em .
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5. ~~~~~~

Once  t he  bu r s t  f i l t e r  p roc e s s i n g  has a c q u i re l  a

p h a s e  m e a s u r em e n t  and  an e s t i m a t e  of toe  v a r i a n ce  of  the

p h a s e  m e a s u r e m e n t  f o r  a s p e c if i c  s t a t i o n  a n d  f t - ~q u e n c y ,

t hese  v a l u e s  a re  u s e — I  as in~~u t s  to o n l y  one of  t h e  24

t r a c k i n g  f i l t e r s .  Each f i l t e r  is s i m i l a r  in t h e  p r o c e s s i n g

of t h e  d at a , ~ut each is d i f f e r e n t  in i ts  c o m p u t a t i o n a l

c o n s t a n t s  f o r  the various frequencies and stations . A

simplified descrip tion of a tracking filter is t h a t  it  is

u t i l i z e d  tc  a c qu i r e  a b e t t e r  e s t im a t e  oE t h e  p n a s e

m e a su r e i n -ent  m y  a v - c r a g i n o  t h e  o u t p u t s  of t h e  b u r s t  i n t er

ove r success ive  t e n  second i n t e r v a l s .  T h e  t : a c K i n g  f i l t e r

routine , u s i ng  t h e  m e a s u r e d  r h a s e  ir c u  t h e  b ur s t  f i l te r  a n d

an upda ted estim ate of phase b a s e d  upon  p r e v i o u s

m e a s u r e m e n t s  and  d ea d  : - e rk on i n j  n n f o t m a t i o n , c om o in e :  t h e

m e a s u r e d  a n d  e s t im a t e d  p h a s e  a n i  u t i l i z e s  a we i~~h n e d  a v e r a g e

to c o m p u t e  a n e w  ~ hase  e s t im a t e  a n d  p h a s e  v a r i a n c e  e st i ma ~~~.

A l s o  c o m p u t e d  w i tn i n  the  t r a c k i n g  f i l ter  is t oe  v a r i a n c e  of

t he  e s t im a t e  of t h e  e r r o r  in t h e  p h a s e  r a te  of c h an ~~e i n c  to

aI r c r a f t  l i sp  la c e me n t  in t im e . O nce the s .~ th ree v a l i - e s a:~
c o m p u t e - I  f o r  a p a r t i c u l a r  s t a t i o n  an -I  f r ~~~u en c y ,  a t e at  is

m a d e  to l e t e r m i n e  the  a c c u r a c y  of t h e  p h a s - e  m e a s u ~~~m~~n t .  i f

t h e  v a r i a n c e  of t h e  phas e m e a s u r em e n t  is less t h a n  or e q U a l

to ( 0 . 0 6  ~ r a d i an s )  2~~ t he  p h a s e  measurement is considered

a c c u r a t e  e n o u g h  f o r  c o m p u -t a t i o n 5 w i t h i n  the  c o m o : n a t i ) o i i .
f i l t e r .  A f t e r  t h r e e  successive m e a s u r e m e n t s  and  s u c c e s s f u l
tests, a f l a g  is set in I i c at i n g  t h a t  t h e  d a t a  is v a l id  and

a v a i l a m l e , and  t h e  c om b i n a t i o n a l  f i i te r  reads  t o e  o u t p u t s

f r cm the  t r a c k i n g  f i l t e r .  Once  the  o u t p u t s  h a v e  m-e - en r e a d ,
tne count of successive m ea sure m ents is rese t  to  z e r o , t oe
v a r ian c e s  of  t n - a  p h a s e  m e a s u r em e n t s  a r e  set to t he

i n i t ia l i z a t io n  va lue s , and  t u e  d a t a  v a l i d  an d  a v a i i a b l 5  f I I J
is cle~.t re d .  If at any time in t h e  t r a c k i n g  f i l te r  t h e

-33
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v a r i a n c e  cf t h e  p h a s e  m e a s u r em e n t  exceeds  ( O . O o  iT r a d i a n s ) 2 ,
the  co u n t  of the  successive measurements is reset to zero ,

and  t h e  d a t a  v a l id  a n d  a v a i l a b le  f l a g  is c lea r e d .

6 .  C cm b i n a t ion a l  F i l t e r

The i n p u t  v a l u e s  to t h e  c o m b i n a t i o n a l  f i l t e r  f r o m

t h e  t r a c k i n g  f i l t e r  are the refined estimates of phase

measurement , ~TRK , phase variance , a 2~~T R K , and p h a s e  r a t e

variance , cr 2ci~E 2 R .  The inputs from the propagat ion

predicti on routine are the estimates of p h a s e , ~ P R 0P ,
i m p r o v e d  f o r  p r o p a g a t i o n  e f fec t s  a n d  p hase v a r i a n c e ,

~~ 2 t ~~~~~c~~~• Within the combinational f i l t e r  r o u t i n e , t h e s e

input values are statistically combined to provide the best

estimates of system position and velocity. The

combina ticnal filter routine provides for the conversion

from phase tc geodetic coordinates (latitude and longitude)

a n d  also d e t e r m i n e s t h e  p h a s e  a n -I  f r e q u e n c y  d i f f e r e n ce s

b e t w e e n  t h e  r e c e i v e r  o s c i l lat o r  a n d  the  t r a n sm i t t e d  O M E G A

s i g n a l .  Cnce  the Omega  r e c e i v e r  o sc i l l a to r  is c a l i b r a t e d,

the Omega navigation system opera tes when only t~ o

transmit ting stations are accessible. In addition , th~
combinational filter is used for lane determination through

the tech nique of multipl e state vectors.

a. Descri ption

The combinational filter is a Kalraan filter.

Reference 4 describes the Kalman filter techni~ ue to

filtering and prediction as a linear , recursive , m inimum

variance filter . R. G. Brown and L. L. Hagerman £ R e f .  9 ]

describe a Kalmari filter as simply a means of estimating the

various states of a random process from a set of -d iscrete

m e a s u r e m e n t s  h a v i n g  a k n o w n  l in e a r  c o n n e c t i o n  to these
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st~ites . It was further aotei in Ref. 10 , tnat a Kalman

filter operates only on the system errors and not on total

guantiti es such as positi n dOd v~ locitv . The ~asi-: concepts

nnvo lv~ d are those of state , state t:-ansntr on , measurement ,
and optim al wei -~ht ing [Ref . 11 ~~. The states -of the

combinational filter are differentials of system variables

[ic. error in position (S~ 2 ~oi &b3) , osc i l l a to r  s t a r t  t i m e

(t0) , rate of change in oscillator start time ( t0 ) , and

er ror  in  v e l o c i t y  (8VC2 and ~ VC 3 ) J .  The  f o l l o w i n g  ch a r t
d e s c r i b e s  t h e  e l em e n t s  of me  s t a t e  v e c to r  X [o x 1 ].

E L E M E N T S1~~ CL5 ~~ A N I N G
1 £~ 2 P o s i t i o n  e r r o r  a l o n g  tn e  —~~i d i r~~c t i cn  -of

t h e  s y s te m  p o s i t io n  m a t r i x  R .

2 Pos i t i on  er r or  a l o n g  t h e  — R 3  d i r e c ti o n  of
toe  s y s t em  p - oa it i o a  m a t r i x  R .

3 to T i m e  d i f f e r e n c e  b e t w e e n  t h e  t r a n s m i t t i ng

s t a t i on p h a s e  an d t h e  r e c e i v e r  o s c il l a t o r
phase .

4 to T i m e  r a t e  oi ch a n g e  of t 0
5 ~ VC2 E r r o r  in t h e  east  c o mp o n e n t  of v e l o c i t y

w h i c h  is e r ro r  a l o n g  the  ~2 d i re c t i o n  of

t h e  sy s t e m  pos i t i on  m a t r i x  H .
6 ~VC3 Error in the north component of velocity

w h i c h  is e r r o r  a l o n g  the  R3 d i r e ct i o n  of

the system po sition matrix H.

The state of the system is described by toe

solution of linear vector differential equations depicting

system error growth. The Kaluian filte r method linearly

combines the p r e v i o u s  e s t im a t e  of the state vector , X , w i t h
a measurement to approach a m inimu m variance estimation.

This m ini m um variance estimate is then time updated until

the following measurement. The measureme nt calculation is

explained by the f ollowing equations.
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Y = ~~~R K — ~ PR O P

w h e r e  Y is t h e  d i f f e r e n c e  b e t w e en  t h e  t r a c x i n g  f i l t e r  phase
m e a s u r e m e n t  an d  t h e  p r o p a g a t i o n  p r e d i c t i o n  c h a s e  e s t im a t ~ of
t h e  p h a s e  m e a s u r e m e n t .

Residual = I — M * X ( t — 1 )

w h er e  R e s i d u a l  (R E S )  is t h e  d i f f e r en c e  bet~~eeo t~ie

c a l c u l a te d  e r r o r  in  t h e  m e a s u r e m e n t , Y , a n d  the system

e s t im at e  of the  e r r o r , ~1~~X ( t — 1 )  . Th e  s t a t e  v e c t o r  X ( - t — 1 )  is

t n e  p r e v i o u s  e s t im a t e  of t h e  s t at e  v e c t o r , and  ~ ~ 1 x 6 j  is

th e  m e a s u r e m e n t  m a t r i x  d e s c r i b ed  be low .

E LE ~~E N r  E~~Q A T I O N S ? 1 E A N I N G

1 f M E R  * R2J*SIJ E~ER is t h e  e a r t hs  m e a n  e~~ua —

J 1  ton al radius = 2 0 9 2 5 7 4 1 . 4 7  f t

K * S I N ( ~~D) R2J  and  R3J  a r e  t h e  e l e m e n ts  of

t h e  R 2 a n d  R 3  v e ct o r s  of t h e

3 position matrix H.

2 E I E R  * R33*SIJ SIJ’s (1 A ,B,. . ,i-~ are th -~
J=1 elements of the sta t i on

K * S I N ( ~~D) d i r e c t i o n  cos ine  v a l u e s .

3 V L VL is t h e  a v e r a g e  p r o p a g a t i o n

velocity, and AK (K=1 ,2,3) is

the wave lengths of the

frequencies 1O.28~~11. 3 , 13.ok!l z

where ~D = ABCCOS(~~~~R1J*SIJ) and the remaining elements of

M are zero. New , min im u m  var ianc e, state vectors are

prcduced by using  the following equations.
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Xn ew = X o l d  + b * (R ~~S)

w h e r e  b [6 x 1]  is t h e  o~~t i n i l  weighting vector matri x .

Th i s  c pt im a l  w e i g h t i n g  v e c t o r , b , is e s t a b l is h ed

by m e a n s  of t im e  ~r o p a - ; at i o n  of s y s t e m  er r o r  g r o w t h  in

c o m b i n a t i o n  w i t h  i n f o r m a t i o n  c o n t a i n e d  w i t h i n  t h e

m e a s u r e m e n t .  The w e i g h t i n g  is a f u n c t i o n  of t he  c o v a r i a n ce

m a t r i x , P [6 x 6 ] ,  of t h e  d i f f e r e n c e  b e t w e e n  s y s t e m  e r r o r

s t a t e  vec to r , X , a n d  t h e  a v e r a g e  s t a t e  v e c t o r  X a v g .

P = E * [ (X — Xavg) * ( X  — X a v g ) T ]

w h e r e ~ is t h e  e x p e c t e d  v a l u e  of the difference between the

v a l u e  of th ~ d i f f e r e n c e  b e t w e e n  t x-i e v a l u e  f o r  the r e a l  state

vector X , if all conditions were known , and the ai-e :age

state vector , Xavg. The following chart describes the

elements cf the covariance matrix P.

E L~~1E N T SYN ~ OLS M E A N I ~~S

~1 1 a- ~~~2 The position variance for the positicra

er ror, ~~2, along t he  - P . 2  li rec t ion
P22 0 2~~ 3 The pos i t ion  v a r i a n c e  f o r  t h e  ~i o si ti c n

er ro r , 6~b3 , a l o n g  t h e  — R 3  d i r e c t i o n
p 33  a- 2t 0 The v a r i a n c e  of o s c i l l a t o r  phase  o f fse t

a- 2~~~ The v ar i a n c e  of osci ll a to r  d r i f t  r a t e
p55 a- 2~~~~~ The v a r i a n c e  of the  e r ro r  in t h e  e a s t

com ponen t  of velocity 6VC2

£ó6 ~~ 2~J~~3 The v a r i a n c e  of the  e r ro r  in t h e  n o r t h

c om p o n e n t  of v e l o c i t y  £V C3

All rema ining e lemen t s of the covaniance matrix are zero.

The combinational filter effectively comput es

optimal estimates of position and velocity along with the

rem ainin g elements of a state vector. The filter uses an
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o b s e r v a t ion  cf t h e  d i f fe r e n c e  b e t w e e n  t h e  p h a s e  of  t he

tracking f i l t e r  a n d  a value of the phase formulated on the

t i m e  u p d a t e d  p o s i t i o n  of t h e  c o m b i n at i o n a l  f i l te r .  B a s ed  on

t ais  m e a s u r e m e n t , t h e  c o m b i n a t i o n a l  filter derives estimates

of position errors , velocity errors , oscilla tor start time

a n d  o s c i l l a t c r  d r i f t .

Eecause  t h e  O m e g a  n a v i g a t i o n  s y s t e m  f u n c t i o n s

wi ts several dist inct velocity sensors (Ic. inertial ,

d op p l e r , or a ir  d a t a )  , a -different mode of operation exists

for the ccmtina tional filter for each sensor. Each met -~od

r e q u i r e s  t n e  f i l t e r  to e s t i m a t e, p r e d i c t , a n d  c o n t r o l  a

d i f f e r e n t  set of s y s t e m  e r r o r s .  E a c h  set  of s y s t em  er r o r s

c o n f o r m s  to t h e  dead rec k o n i ng  ve l o c i t y  s o u r c e  used f o r  t in e

up d a t i n g .

The c o m b i n a t ion of u n c e rt a i n t i e s  in p o s i t i on

e r r o r  u n d  r e c e i v e r  o s c i l l a t o r  s t a r t  t i m e  p r o du c e s  a

v a g u e n e s s  of the  n u m b e r  of w a v e  l e n g t h s  or l a n e s  b e t w e e n  t h e

transmitting station and the receiver. This ambiguity occurs

p r i m a r i l y  w h e n  t he  s y s t e m  is f i r s t  irr i t i al i z e d .  To f i n d  t h e

s o l u t i o n  to th i s  lane  a m b i g u i t y ,  s e v e r a l  e s t in -at e s  of t he

s t a t e  v e c t o r , X ( i )  ‘s, a re  c a l c u l a t e d  b y  t h e  f i l te r .  These

X(i) ‘s correspond to the different possible lanes or

integral ialues of phase measuremen t. As measurem ents are

a cqu ir ~ d , corresponding to the three fre-guencres , the

uncert ainity in oscillator start time , t 0,  is d i m i n i s h ed .

Licasurements from different stations t e n d  to m i n i m i z e  t he

position uncertain ity. ~-e general effect is a reduction in

t h e  n u m b e r  of s t a t e  vector  e s t i m a t e s , X(i) ‘5 , t h a t  can be

consi dered logical estimates of the most accurate state

vector until only one credible estimate remains. Th~
criterion for reasonableness is based on variance

considerations.
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m .  O p e r a t i o n

There  a r e  t h r e e  aistirict operatrons identified

w i t h  t h e  c o mb i n a t i o n a l  f i l t e r  r o u t i n e .

1) I n i t i a l i z a t i o n

2)  T i m e  u p d a t e

3) M e a s u r e m e n t  u p d a t e

The i n i t ia l i z a t i o n  o p e ra t i o n  assirg r .s t h ~ i z ~it i al

values of variance to the c~ variance matrix P, set3 tn~~

elem ents Cf the initial state vector to zero , and sets tae

s y s t em  -d r i v i n g  noises  as a function of the velocity Sour-re .

In t~~e t i m e  u p d a t e  o p e r a t i on , b o t h  t h e  s tat e

vector X , a n d  t h e  c o va r i a n c e  m a t r i x  P , ar e  ~-reii ct ed from

t h e  l a s t  u~’da te .  The f o l l o w i ng  .e~~u at ± o n s  a re  - i t i l i z e d  in

t h e  t i m e  u p d a t e  o p e r a t i o n .

Xnew = ~~n e w  * X o ld
Pnew = ~~n e w  * Pol.i * 

.~~~~~ T 
N r .ew

Tne  t r a ns i t i o n  m a t r i x  ~~~~6 x 6 ]  m a t n e m a t i c l l l y  ex? :esses  t h e
p r o p a g a t z c n  of e r r o r s  across  t h ~ t i m e  interval ~~~t s i n c e  the

last  u p dat e .  T h e  e l em e n t s  of t h e  t r a n s i t i o n  m a t r i x  ir e

sh c w n  in t h e  f o l l o w i ng  c h a r t .

1 0 0 0 ~~t 0

1~~~~+~~ 

~~~~~~~~~~

where ~~i (i=I,D, or A) signifies t . i~ i n v e r s e  c o r r e l a t i o n
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t i m e  of ~VC2 and ~ VC3 fo r  t u e  v e l o c i t y  s o u r c e  mo d e  u t i l i z e d .

The  t r an s i t i cn  n t r i x  ~ f u r n ishes t h e  p r o p ag a t i o n  of  t h e

p :€ d ict e  e l em e n t s  of the state vector X a n d  t h e  c o v ar i an c e

m a t r i x  P ac rcss  th e  t i m e  i n t e r v a l  ~~ ~~~. T h e  v a r i a n c e  e f f e c t s

across t h i s  t i m e  i n ter v a l  a re  p r o p a g a t e d  by t u e  a d - 3 i t i v c

d i a g o n a l  n c is e  m a t r i x  N [
~ 

x 6]. The following chart depicts

the elenents of the noise matrix N.

o C 0 0 0 0

0 0 0 0 0 0

o o 0 0 0 0

0 0 0 0 0 0

O 0 0 0 @~~~o
2
~~~~t 0

0 0 0 0

w h e r e  ~~i is tne i nv e r s e  c o r r e l a t i o n  t ine  d e s c r i b e d
previously, -and ~~ 2 j  is t h e  v a r i a n c e  of t h e  v e l o c i t y  e r r o r s

(6VC2 and ~ VC 3) an i is d e p e nd e n t  on v e l o c i t y  sourc e  u t i l i ze d

( i=I ,D , or A)

Curing the time Upd ate o p e r a t i o n , t h e  m u l t i p i e
state v~ ctoLs, X (i) ‘ s, w h i c h  e x i s t  u n t i l  t h e  c o r r e c t  l ane

h~~s been determined must also be time up dat ed. The time

upda te eguation for the  s t a t e  vec to r  X must oc sequenced

through all state vectors.

X (i) ne~ = knew * X (i) old for all i

The c o v a r i a n c e  m a t r i x  t i me  u pdate equation is computed once,

because  there is only one covariance -matrix regardless of

the number of s t a t e  v e c t or s .

After comple tion of the time update operation

a n d  p r i o r  to  t h e  m e a s u r e m e n t  u p d a t e  o p e r a t i o n , t h e
m e a s u r e m e r A t  r e s i d u a l , ( R E S )  , measurement matrix , M , and the

m e a s u r e m e n t  c o n f i d e n c e  s ca l a r , C , ar e  c a l c u l a t e d  f o r  each

t4O
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t r a c k i n g  f i l te r  i n p u t .  The  m e a s ur ~~w e n t  r e s i d u a l  an d
m e a s u r e m e n t  m a t r i A  calcu i - a t i o n s  w e r e  p r ev i o u s l y  e x p l a i n e d  in

t h e  s e c t i o n  d e s c r i b i n g  t h e  c o m b i na t i o n a l  f i l t e r . The
measurement confidence scalar , C, is a m e a s u r em en t of noise
c o m p u t ed by the follo~ iug equation.

C = a~ 2 P P R O P  + o 2 c~T R K

where c 2~~phOp and o 2~ TRK are the varianc e of

the propagaticn prediction phase estimate and the tracking

filter phas e mea surement.

The m e a s u r e m e n t upda te o p e r a t i o n  i n v o l v e s  t h e
generation of a linear , unbiased wei ghting vectcr b , and

computation cf a new , m inim u variance , state vector X by

the formula listed below.

~new = K o l d  + b * (RES)

To generate t~ e optimum weighting vector , b, three

expressions are required .

1) the predicted measurem ent v a r i an c e  — :~*P*M
T

2) the measurement confidence scalar — C

3) t h e  d i v e r g e n c e  c o n t r o l  f a c t o r  - E (epsilon)

The weighting vector is calculated from the following

equations.

Q = M*P*M~ + c

b = (p* M T + E M T ) / Q

where Q is defined to be -1 scala r quantity depicting the
jane variance , and E is a f a c t o r  to p r e v e n t  d i v e r g e n c e  of

the estimaticn process. Also updated in the me asurement

update process is the covariance mat rix based on the
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followin g fotmu .La.

Pnew = Paid — b * N * Pold + E * N

Tae retention of new state vectors is p r ’~u i c a t e d  on

testing ci the position elements in the state.- iec~ or , and

tri e variance values in the covariance m at rix.

7. Pr~~ a9at ion P r e d i c t i o n

In cr -~er to effectively resolve tri O aircraft

p o s i t i o n  ftcm t n e  p h a s e  i n f o r m a t r o n  received , the pr .ase

velocity of the wave along t h e  p r o p a g a t e d  p a t h  an ~ t o e

length of the path must be known. Several factors or

effects create imperfections in t~ e da ve gui de t h r o u g n  w u ich

the VLF signals propagate. Tue p r o p a g at i on  p r e d i c t io n

f u n c t i o n  e s t a b l i s h e s  t h e  b e s t  e s t i m a t e  of p h a s e  a n d  p h a s e

v a r i a n c e  t a~~i n y  i n t o  ac c o u n t  toe  f a c t o r s  l i s t e d  b~~ij w  which

e f f e c t  t h e  phase  velocity of the prop agated signals.

a. Diurnal Effects

The  p o s i t i o n a l  changes oi the sun over the ea r t h

a d j u s t  t h e  size a n d  the shape of the ionosphere. The ch a n g e

of the  w a v e  guIde  t h r o u g h  w h i c h  t h e  VL i’  signal s  pro~ agate

causes ~ change in the velocities of the phase signal ahich

results in a difference in phase angle received at the Omega

receiver location.

o. Ground Conductivity

-This factor takes into account the effect of

various men ium s over ~nich VLF signals tra vel. Water , which

is a n e a t perfec t con i uctor of YL? signals , does not greatly

af:ect th~ s i g r ~t i~~. L-tr .d , which i5 a less perfect conductor

of VLF si;nais , does affect tne signals to a greater extent.
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Conductivity patterns have been measured and are pr edictable

[Ref. 6].

c. Earth ’ s Magnetic Field

This factor affects both the attenuation rate

and the veiccity Of the signal. The phase shift on

refracticn of the VLF signal off of the ionosphere depends

on the interaction of the signal with the electrons , and

this depends on the orientation of the magnetic field with

respect to the direction of p r o p a g a t i o n  a n d  on the  m a g n i t u d e

of the field [Ref. 12].

-d . Latitude and Sp heroidal Effects

Ibis factor takes into account the nonst~herical

shape of the earth and the adjusted path of travel from the

transmitting staticn to the Omega receiver.

e. polar Cap Absorption (PCA)

VLF signals which pass over the Polar Cap

experience an abnormal rate of absorption during both day

and night. PCA produces large changes in V L F  s i g n a l  pa tt e r n s
which can last for several days.

f. Sudden Ionospheric Disturbance (SID)

Sclar flares emanating on the sun ’s surface

increase the ionization witr iin the atmosphere. These SID’s

cause large changes in the phase of VLF signals passing

through the area of activity.

Of the six factors which affect the propagation of

VLF signals , the first four are predictable and can be

compensa ted fo r  a l g o r i t h m i c a l l y ,  w h i l e  t h e  last t w c  are

unpredictabl e and can not be compensated for within an Omega

navigation system.

—~~~~~ - .  - 
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IV . VELOCIT ! AND NA V IGAT ION ~~~~~~~ I~ - ~ J~ -ZT~~~

The velocity and navi gation processin~ f u n c t i o r .  is

divided into two routines in the Omega navi gation sys~ -~ i.

The velocity processing routine , utilizing tne current

navigaticn al source (ie. inertial , doppler , or air data) ,

calculates the velocities along t~~e s~ stem axes frcm ~oe

availabl e scurce velocities. These svst~ m axes velocities ,

c o m b i n e d  w i t h  t h e  s t a t e  v e c t o r  cor r e c t i on s  f r o m  t h e

c om b i na t i c n a l  f i l t e r, are supplie d to the aav ig atior ~ r o u t i n e

in o r d e r  to u p d a t e  t h e  O m e g a  s y s t e m  p o s i t i o n  m a t r i x  an ~ th e

Om e g a  a i r c r a f t  l a t i t u d e  a n d  l o n g i t u d e  p o s i t i or . .

A. VELOCITY P ROC E SSI N G

in the velocit y processing routine , the aircraft curren t

true airspeed velocity (VTAS) and heading (ACHDG) , the

current wind direction (~ D) and velocity (V~ ) , a n d  t h e

dopplers current velocity components along heading (VDA) and

across headii~g (VDC) are utilized to compute the velocities

in the  N o r t h / S o u t h  and Eas t/Wes t  d i r e c t i o n s  f r o m  t h e

following equations.

VEN = VDA * CZ~S(ACHDG) 
— VDC * SIN(ACHDG)

VDE = VDC * COS(ACHDG) + VDA * SIN(ACMDG)

VAN = VTAS * COS (ACHDG) + ‘1W * COS (WD)

VAE = VTAS~ SIU (ACHDG ) + ‘1W * S I N ( W D )

where VDN anc VDE signify doppler velocities Nortn/Soutn and

East/West , and VAN and VAE signify air data velocities
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N o r t h / S o u t h  a n d  E a s t/ W e s t  r e sp~~c t i v e l y .  I n  c c n s t r  a c t i n g  the

d a tu  f l c w  s g r a p h  of tuese  ejuat ions , it was s~~ f—e v i-ient that

some variables could be calculated , ~toreu in oemory, and

retrieve f from memory wo en they were ieaul re I in later

c a l c u l a t i o ns .  F i g u r e  12 d e p i c t s  t h e  - d a t a  f l o w  - g r a p h  f o r  tr i e

North /South and East/West computations. Implementin g PL/~
code d ir e c t l y  f rca i  tu i s  d a t a  f l o w  - g r a p h  w a s  s t :a i u ut

for ward.

On com pletion oi the North/S outh and East/W~~~t

veloci ties computations , a t est is m a i~- in th e velocity

processing functicn to determine if ti ’ e n a J l g a t i o n  m o d e  h a s

chan ged since the last iteration or t oe  v e l o c i t y  f u n c t a o n .

If  an u p - g r a d e  of the navigation node has occur~ ei (ic.

d o p ple r  to i n e r t i a l, or a i r  da t a  t o  d o p n i e r  or i n e r t i a l ) ,

then the s u m m a t i o n s  ( D E L V C 2  and  J E L V C J )  of  t o e  corrections

to t h e  s y s te m  v e l o c i t y  c o m p o n e n t s  f r o m  t he  c o mb :n a t i on a l

fil ter ate set equal to zero , and new veloc ities alonc the

s y s t e m  a x e s  a r e  c a l c u l a t e -I . F i g u r e  i i  d e pi c t s  t r ~e

n a v i g a t i o n  m c d e  test a n d  a p p l i cab l e  e gu a t i o n s  f o r  co~~~u t i n g

t h e  s y s t em  a x e s  v e l o c i t i e s .

In o r d e r  to s ave  e x e c u t i o n  t i m e  in t h e  c a l c u l a t io n  of

t h e  f o r m u l a s  and  to  s i m p l i f y  t h e  PL/~ code , t h e  fu n c t i c n s

( V i E  * COS(SHDGA) + t i N  * SIN ( S H D G A ) )

(ViN * COS(SHDGA) — V IE * ~IN (SHDGA)

were calculated prior to the navigation m ode test. Figure 14

deçicts the data flow gra pn for these two functions. After

successful computation of the above functions and tne

n a v i g a t i o n  mode  test , the co r r ec t ed  v e l o c i t i e s  (VC2 and VC3 ) -

alcng the system axes are calcu].ated and the resultant

v a l u e s  used in the n a v i g a t i o n  r o u t i n e .
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I 1VDA * COS (ACHOG )

VDA

SI N (ACHDG)

• ~~~~~~~~~~ VDC * COS(ACHDG )

V DC

VDA * SIN (ACHDG)

- ~
___— -j~ 

~JV TAS * COS(ACHDG)

VTAS
+ 

VAN

~~~~~ 
* vw *

S I N  -

* 
VTAS * SIN(ACHDG )

VW 
_ _ _ _  

VAE
+

* V W * S I N ( W D )

FIGURE 12 - NORTh/SOUTH/EAST /WEST VELOC I TY DATA FLOW GRAPH
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I n  z~~ n a v i ~j a z i J r i  p r o ce s s i rj  r o u t ~~:e , t h e  Q n ~~;~ s,’ot e n

p o s i t i on  m a t r i x  H £ 3  X 3 ]  is i r . i t i i l rz e d, uie a n g u i ~~:

r o t a t i o n s  ( i ~~LT2 a n d  D L?3)  ac - ou t  r o e  syst ~~i axes ~:e

calculate I using t n e  c o r r e c ted  veloctti~ s s u p p l i e d  b - i  t h e

velcci  t:/ processin g routine ai . d t h e  s t at e  v ec t o r  c o rr e - :t ± on s

from the ocaininational filter , tne syst~-n position natz:x is

up dated , a n - i  a n e w  Om ega ai:crif~ ~atitude (JLtTA C) a n d

long itude (CL~~IAt ) are calo-u latel . T h e  flowc har t oi t oe

oavi;ation :outin~ is soown in F i c - i r e  15.

The iortializatio:~ of tno Onega -s - i s z en  p o s i t io n  r a t r ix

occurs lu r  i n ;  the i n i t i a l i z a t i o n  f un c t i o n  w h e n  the

Nav igatc r /~ omnun icator in s er t s  t h e  a~~r c : - a fz  in ir ia l  T h t t r u I e

( O L A T F I ) and l o n a it u  dc (OL~~ IN) . These v-~iues , wi~ n an

i ni t i a l  c o nd i t i on  t h a t  t n e  s y~~t~~m h e a d i n  ~ a n g i.~ ( S H D G A )  is

z e r o , a re  1r ~~u t  to t h e  e qu a t i o n s  l i s t e d  t~e l cw .

E k l l  = SIN(CLATIN)

H1 2 = CCS(CLATIN ) * CCd (~~LO~~I~~)

E~13 = CJS (’iLA-IIN ) * .31N (OLONIN )

i~21 = Cod (OL~ T I N )  * 3I~I (.5:iDG~ ) 0

~ 22  = —SIN (OLCNIN) * COS(SdD~~A) 
—

S : N ( O L A T I N )  * CO3 (OLCNI :~) * SI N (S~1i) G A )

= — S I N ( C L C N I i ~)

R23 = C~JS (OLON IN) * COS (SHDGA) —

SI~ (CLATIN) * S i:~ (OLONIN) * dIN (SHDGA)

= COS (CLCNIN )

H31 = COS (OLATIN) * C O S ( S H D G A )  C O o ( U L A T I N )

4 -~~
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E~3~ = iIN (OLuN IN ) * 3 i N ( d H D ; A )  —

dI~~(CLa4TIN) COS(OLJNIN) CJ.~ (SiiD GA)

= — s t N ( c ~ A TrN )  * ~ Od ( O L O N I N )

H = — L d d  ~o l C N I N )  SIN (~~ iOd ~t) 
—

S I N ( C L A T I N )  * i I : q O L J N I N )  Cod (i~~~ C A )

= — s :~ ( O L A T I N )  S I N ( U L 3 N I N )

These  n i n e  ey u a ti o n s  reoresent olne li:-cticn Cosine values .

I n e s e  v i lu e s  ~~~ r~~~ en t  t h~ o re -~- n t a t i o r .  of eaco  o~ t~~-~ t h r e e

system axes (i~1 , ~ 2 , an d  ~ i )  in t o e  -ea r t a ’ s fl:-:e-s C-OOr - i ~~f l a t e

fram e. In constructing toe d a t a  f l o w  g r a~~h f o r  t n e

i atializaticr~ e~~aazrcr~s, toe concept oi uini aiz ing

ex e c u t i o n  t i~ie c r e v a i l e d , a n d  as  v a r i a b i e s  w.~re c a i c u l a t - e l ,

t o c y  w e r e  stc :eu in  n e r n o r y  m l  :e n :a v o d  as t h e y  w~~:e

ro~~u : l  in  l a t e r  c a lc u l at  i o n s.  F i gu r e  16 ~o:~~:ey s  t~~e l a t a
flow gra p h icr to e in~~t~ ali:atr j n  o: t i i ~ posi tion .aat rix R.
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A

I NI T IAL I ZE
POS IT I O N  M ATR I X

R D O J  1 ,3

CALCULATE
ANGULAR ROT ATIONS

A02 ,~~ 03 
R( I ,J) ,R (2,J ) ,R(3 ,J )

CALCU LATE
NEX SYSTEM

HEAD ING ANGLE

SETC A LCU LAT E
602 , 603AJ~ R IJ+R 2J*~~~~~~ J~~~~~~

} 
TO ZERO

J

2 2  

_ _  _ _

CALCULAT E CALCULAT E
8 (A02)2 + (A 03) 2 NEW LA T I T U D E

AN D LONGITUDE
_______________ 

2 _______________ ______________

FIGURE 15 — NAV IGAT I ON PROCESSING FLOWCHART
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R I  I

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

R3 1

R 12

ZERO R 21
_____________________________________________________ — I )

.2E ±Lf~~ jIJ 
R2 3

P 1  R22
~~~R]

FIGURE 16 - I N I T I A L I Z A T IO N  OF POSITION MATRIX R
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A ft~~: ccmpl -~trng rn ’~ ar.rtiaii z~~~ion  ~n aso , ~oe

n i v i - 4 a t i o n  r u n c t i o n  c i l c u l — i t e s  t h e  a n g u l  ~r E o t ~.t 1 O f l 2  ( D 2 L T2

a n d  D E L I 3 )  a L o u t  ~oe sy s t e m  aL es  P 2  a n i  P 3 .  The :ol io ~~:ri q

e gu a t i o n s  a r e  u sed  en c a i c u i a tin o  toe  ao~~u l ar  :ot ~ . t i o n a .

D E L T L  = —~~1 + E EC * ( 2  ~ ~ 3 1 2  — R H2 )  ~ V~~d * )T~~~V —

2 
* EEC * H 1  * P 3 1  * V C 2  -* C N A  +

D E L r 3  = [ 1  + EE c * ( 2  ~~ 2 2 1 2  — P 1 1 2 ) ] ~ Vcl ~ Pp~~KI~~ i ÷

2 * L E C  ~ P 2 1  * 2 3 1  ~ V~ 3 ~~ J-r~ A v  —

E~~E R

~s in p r e v i ou s  e~~u a t i o n s , c o n v e r t in g  ~o i a t a  fic. g : e r~~s -- i s

acccmp iish’s d with the idea of nini.nizlr.—g ~~X -~ C i t  l o t

Fegur e 17 ic the data flo-d -~raph const ru ct-i a f:-o :n toe as

e~~u a t ion s .  O n c e  t h e  a n g u la r  r o t a t i o n s  ar e  c . a l c u i a t e - J , t o e

p o s i t e o n  m a t r i x  is u p a a : e . 1  based -on th— f o r m u l a

~~ Thew = P j o l d  + ~ ] * [ P  J o l d

w n e :~ [
~~] ~s t h e  r o t a t i o n  ‘ i p i a t - ~ m a t r i x  J C V C f l  h e l o w .

+ D E L T 3 2 )  D E L f l  - D E L T 2

- D E L T 3  - ( D E L T 3 )  D I L T 2  ~ D 2 L T 3

L E L T 2  ~E L r 2  * D E L 13  — (JiLi’2)

—

Si lif ic~~~icn of th- e puoltion r~a t r ix  upda te f - r m u i a  is

a c c o m p l i o n e d  u t i . i ez i n g  t n - i  f o l l o w i n I  e q - l u t i C n s .
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A ( j )  = P 1~ ÷ ~h :~b r 3  / 2 )  — T~3j * ( i ) P L T 2  / ~
)

= [ (CELT2) 2 + (~~E L 2 3 2 )  ] /2

2n Q posItIon 2~ i t i C X  U~~~~it ~ -~~j u~~ T Len . J  a r t  t h = n  ~ : i t t e t  in
:-)llo wenu :c ~rnat.

Fl j = R 1 j  — P l j -
~ + ~~ D E L~ 3 —

P21 = P 2 j  — E~ELT 3 * t’. H)

R3j = + 2 E L T  *

I m p i ~~m e n t a t i c r .  of toese ~~~ t e o n s  ro  ~~~~~ f 1 o~ ~: ~.r P  is
e a p i c t e d  in  ?egur~ 18.

O n C e  t~~C .~O S i t l O f l  oat :I L  ~ C s  u L d t - - a , t . u  li~~t

~~~~a t r o n s  t o  ca~~cu i a t e  i :-:- f or  u p d a t i n g n~~-~ sv o eo o - r a d ± n g

~ny ie an- a the aircraft n- eu latitu i-~ and L : - n : ~~:u i - ~ . The

e -j u a t : o n r  l i s t’~d b f l o w  u p - I c i t e  t O e S e  t h :~~e sy s i  - t I  v a : e o b  iS .

O F . D  ~~ = FC T.~ N ( P 2 1  / h 3 1)

U L A T A C  = AE CTAN ((P11 * COd (S~~D~~A ) )  / P 3 1 ]

O L O~~i~C = a R c - r A N  (P13 / P12 )

The -l~~t~ f l o w  g r a p h  p r e s e n t e d  in F : -;u r e  19 -iep ~:cts t ne

usoa te or these systew ~~ramete:s .
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From the data flow grtph s of toe velocity aisi n 3 v i g a - e o n

f u n c t i o n , f c u r  PL / M f l o a t i n g  p o e nt  s u b r o u t i n e s  w e r e  w r i t t e n .

T h e  s u b r o u t i n es  c o nsi s t  o~ an i n i t i a l i z a t i o n  ( I N I T I A L I ~~E.~R )

r o u t i n e  f o r  i ni t i a l i z in g  t h e  p o s i t i o n  m a t r i x  R , a velocity

processing (VELPPOC) routine for com~ utir. g the velocities

a i c ng  the  system axes , a navigation processing (NAVPROC)

routine f o r  c a l c u l a t i n g  t h e  a n g u l a r r o t a t i o n s  a b o u t  th e

system axes , and a ne-a position (NEWPOS ) routine for

updating the ~osition matrix R , aircraft system h e a d i n g

angle , an3 a i r c r a f t l a t i t u d e  a ni  long i t u d e .  E ased  on toe

ar it~imetic and/or trigonometric functions use d in the ~ata

flow graphs and an approximation of the ‘im e re~~u i r~~l to

e x e c u t e  e a ch  f u n c t i o n , a p r e l in i n a r y  e s t im a t e  of t o e  t i m e

r e-~uired to execute each s-i croutene w a s  a cqu i r ~~l. U t i l i z i n g

INTERP/8 0, which is the F ORTRAN IV software simulati on of

the I N T E L  a08 0  C P U  and  is available on tne I5~i 360/67 , the

a c t u al  e x e c u t i o n  t im e  of each  p r o g r a m  was  ac~ ui:e-l . -The
following chart shows the number of arithmetic functions

used in each subroutine , the estimated and actual execution

t im es ifl milliseconds of the subroutines , and t h e  storage
utilized for each subroutine.

ADD SU3  M U L T  D I V  COdSIN

( 1 . 0 — 1 . 2 )  (1.5-2.0) (55 .0-~ b .0) (35.0- ~ 0 .O)

INITIALIZE$E 0 0 4 0 2 0

VELPROC 6 6 12 0 3 0

N A V P R O C  3 3 11 0 0 0

NE~ POS 10 9 18 3 1 3

ESTIMATED AC TJAL STORAGE

TIME TIME (BYTES)

I N I T I A L I Z E $ i ~ 123.0 113.4 375

V E I P R O C  2 0 6 . 7  2 4 8 . 4  83 U

N A V P i ~OC 2 5 . 9  2 6 . 3  38 4

NE ~~PO S 2 2 7 . 7  2 8 7 . 8  842

- - -~~~~~~— - — - -  - - 
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F r o m  t h e  l a s t  t h re e  s u b r o u t i ne s , et  is :;#e- n that the total

execution t i m e  of  562 .5  m i l l ise c o n d s  is b e t a -~’io t wo an d

ont—ha if and thre e times as great as t oe  200 i i l l i s ec o n— 1

time interval currently imple nente l in the P—3C. Uow ev -~:,

because the Cmega navigation display for Om ega latit-j -~e and

longitud e is updat ed every secon-~, the m:c:ocompu~ er
s u b r o u t i n e s  a r e  c a p a b l e  of p r o v i d i n g  a n  u p d a t e  in s u f f  i c i e n t

t i m e  to be d i E p l a ye d  on t h e  O m e g a  t a b l e a u .

In  t h e  s i m u l a t e d  test  case us-e d to check  t he  v a l id i t y  of

t he  s u b ro u t i n e s , a n a v i g a t i o n  cyc l e  t i m e  (~~T N .’t V )  of  1 s- icond
was  u sed  in t h e  c o m p u t a t i on s .  T h i s  1 secon d t i m e  interval

allowed an aircraft travelin-~ a t  303 k n o t s  to h~ u p d a t e d  at

appr oxim ately every 506 feet. The velocity processing

r o u t i n e  w a s  able  to  c a l c u l a te  t h e  v e l o c i t i e s  a l o ng  t~ie
s y s t e m  a xe s , u s in g  t h e  PL/M f l o a t i ng  p o i n t  f u n c t i o n , to  f o u r
d ig i t  a c c u r a c y  ( i c . from 000.0 reet per second to  339.9 fe-it

per second) . These velocities encompass t h e  c o m p l e te  r a n ge

of the P— 3C airspeed caparilities.

The calculations performed en the rema ining suoroutine s

presented problems when using the P2/N floating point

functions. Eccause the functions utilize a 1c~ bit mantissa ,

the exponent values have to be within a ran~ e of 216 when

ad-ding or subtracting tao numbers. Because the difference

between the calculated angula r rotations about the system

axes and the direction cosine values in the positton matrix

is not within this range , several angular rotations

calculated cver time had to be added together before

updating of the position matrix P could be accomp lished.

This is the major difficulty with the subroutines

i~~ lemented witn the present PL/N floatin g point routines.
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V. CONCLUSION

B a s e d  on t he  s u b r o u t i ne s  i m p l e m e n t e d  fo r  toe velocity

a n d  n a v i~ aticn function , a microcomputer is capa~cle of
c a l c u l a t i n g  the  re~~uireL1 system parameters in sufficient

time an d w ith sufficient accuracy to provide reliable

position fixing information . Even with the ahicr-ocom~~uters

primary disadvantage of slower executio n t i m e , t h e  p o s i t i o n
fixing informa tio n could cc disp l a y ed a t o n e  second

intervals provided a iloatin~ point packa ge ~hi~~h oi er a t e d

with a mantissa of 24 bits could be acquired. Further

r e s e a r c h  of t h e  r e m a i n i n g  i n t e r n a l  f u n c t i o n s  a n d  t o e  overall

e f f e c t  t h a y  h a v e  on  the velocity and navi~ ation function is

en c o u r a g e i .  P a r t i c u l a r  a t t e n t i o n  s h o u l d  be foc~ise’3 cn t h e
state vector elements applied to tue ieiocity and navi gation

eguations , and their relevance to overall system operation

and update of position information.
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C~~C L A ~~E Z Z  A C C ~~~ E S S,  Z E  e YT E ;

T F ~~~ A B C ~~~ E V A R I A B L E S  ~ R E  GL OeA L
TO T~-E FLU~ T INC . PEINT SLBRc -U~ INE S
*1

E~~P C ~~: ~~ CCEOUR~~( I );

1*
PRCCE CL TO P <L3 V !9 ~ ~ RR ~~R 1 h3.~. G ES
FoLLC~~EC) eY T E R ~~I F ’~A T I T h  CF P Q 2 G R A M  ~ X E C U T 1 n N
*1

DEC LA E I 3 Y T E ;
C A L L  CPLF;

CC C A S E  I;

1*
~‘ESSD ~GE FGR UNOE~~~ L~~W

~~~~~L L  P P INT ( .‘ EX E C U T I C N  T ’~P~~ I r J 4 T E C  ~UE TO uNcEPFL:~~c ’  ) ;

1*
~~SSA GE FOR ~ V~~~FL:~

CA LL  PPINT(. ’EXECUT IIJN ~E~~A I ’ J a TE C DUE T .J CV E~~~LC~w c ’ I ;

/ ,.
~

~~E S S A C E  FOP E~~RO~ IN  L C c -—~ P~- L - M E N T
*1
C -AL L P I ~~T~~.’ARGUt~EN T ~~~ L C G ~ EC -~~T I V E  OP Z 2 ~ :~~’ ) ;
/~f r E S S A G E  ~JR E F R O R  IN D IV I S I O N
*1
C A L L  P Ri N T( . ~~~ A T T E~~~ PT E D  D I V I S I O N  B V  Z E R US ’ ) ;

Is
t~’ $ S ~.C-E F O P -  I N P U T  E~~ RO - ~ 

—

5/
C A L L  P R I N T ( .~~INPUT E R ~~ OR ~~ ’)

P~ E S S ~~ C• F F~~~ E X P ( X)  C v E R F L O 4
*1
C A L L  P P IN T ( . ’ O V ~~~R F LO W ,  4 R GU t ’~ E N T  FC~~ ~~ X P ( X )  I C C  B I G ~~~’ ) ;

E t ’ O ;

~~ E T U R N ;
END E F R C R ;

IS
F L C A T I i ’~C~ P C I N T  A C D  C O U T I N E
SI

A D D : P P C C F D U R E  ( X A , Y 4 , P A I ;
C E C L ~~~R E  X A  A C  C R E S S ,  X B A S E D  X A  B Y T E ,

V A ACCRESS , V B A S E D  VA BYTE,
PA ADOPE S S , P BA S E D  PA BYTE ,
(DI FF ,I ,SIGN,XEX ,Y EX ) BYTE,
(XX ,YY ) ACORESS;

C E C L A R E  P O S I T IV L I TERALLY ‘<r ’EG A T IV L ITE RALLY ‘=80H’;
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/ *
PPCCEEL ~~E TC LE FT JUSTP- Y MANT ISSA , CECREM E JT I~~G E X P C N E N T
$1

AC JL ST : PP~~C E u ~~E ;
C C  1 = 1  IC 1 6;

IF ( L L  aND 8 0 0 C i - ) = S O C O C  T r-I E~ PETUR N ;
ZZ = i i - L ( Z Z , l ) ;
P ( 2 )  = t i E  :~ F ( ~~) — 1 ) ;

I~’C I- ECK FO P UNDEP~~LC~’,SI

IF ( F ( 2 )  ~NC O 7 F~ - )  3 T~-~ N
C A L L  E P R C R ( C ) ;

END;

P ETU ~~NE~ C A C J L - S T ;

1*
ER I f ’C  E C T H ~ A N T  I S SA S  ~ NC EX P r T N E ~ JT IN ~~C R K I~~ G A R E - A

5~~L ( 9 C U ~~L E ( X ) , 8 )  C R X ( l ) ;
= 5i-L(uCU CLE(Y ),8 ) O~XE X X (2) A~NC )7~~-’;‘v E X  = V ( 2 )  ~~~

/*
C) - E C~~ M A N T I 3 S I~.S  T S E E  I~~ LE Q C

I~ ( X X  = OCOO ri ) THEN DC;
Z Z  =
F ( 2 )  = t IE :=
C-C TO R E T ;
Er ~ C ;

I~ ( ‘ v V  CC OO i- ) T i- EN DO ;
Z 2  = XX ;
P ( 2 )  = (ZE
C C  T O R E T ;
E?~D ;

‘S
C A L C L L A T E  D I F F E~~~E’4C E E E T ~~~EEN E X P O N E N T S  A Nd  C ) - E C K  S i c- N

:1 FF = XEX — V E X ;
I F  ( C  1F F  ~~ t~ U C € OH ) <)  0 T h E N

C I F F  = — 0 1FF ;
= (X(2) A t ~C 08O~- J XOR ( Y ( 2 )  t~~C 0 8 0 i - 1 ;

/ 5
CI-ECi~ IF O PERATION BEYOND S IGNI F ICA NCE
5/
IF (CIFF >= 1 6)  T H EN  C C ;

IF  ( X E X  > VEX ) THEN DO;
ZZ = xx ;
P H GH (ZZi ;
P( 1 ) LCW (ZZ ) ;
P(2) = (ZE : =  XEX);
E N D ;

ELSE DC;
ZZ = YY ;
P HIGH(ZZ ) ;
P U)  = LO W(ZZ )
P (2) = (ZE : =
END ;

R E T U R N ;
E r~C;
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I F X EX = V E X  ThEN O~~;

‘S
EXF C t \ E 1\TS ARE EQUAL
5/

IF XX > V Y THEN DC;

1*
C FERA ND 1 > OPERANC 2
5/

P(2) = (ZE :=j P  S I G N  F O S I T I V  T H E N
G C  IC E X I TL ;

C-C TC E X IT2;
E N D ;

I~ V Y > XX T H E N  D O ;
/ 5
CFE RAN C 2 > DPERA NC I
5/

P ( 2 )  ( Z E  : =
IF  S I G N  ~~~~S I T I ~~ T HE N

GC TO E X I T 1 ;
GO T C E X I T 3 ;

- 
E N D ;

/ —
O F E R A N D  1 = r)PEP,ANC 2
5/

IF SIGN P’J S ! T IV  T h EN DO;
P ( 2 )  = t i E  :=  X ( 2 ) ) ;
GO TO EX IT I ;
END;

/ 5
RESULTING ZEP-O FRCM EQUAL NUMBERS W ITH DIFFE R EN T SIGN

i i  = XX —

P = b I G H ( Z Z ) ;
PU)  = LOW (ZZ);
P ( 2 )  = (ZE := 0001- ) ;
R E T U R N ;
EI ’~C

I F  X E X  ) ‘ v E X  T I-EN D O ;

/ 5
EXPONENT CF 3PC R NO 1 > E XP O N E N T  CF C P E R A N D  2

P (2 ) = (ZE := X (2 ));
= ShR(V Y ,O!FF ) ;

IF SIGN PO S IT IV TI-EN
GO T C  E X I TI ;

C C TO E X I T 2 ;
E l~C ;

/ 5

E X F C P ~ ENT C F  O P ERA N D  2 > EX PONENT O F  C P E R A N D  1
5/

P( 2 1 = (Z~ :=
X X  = S I - R ( X X  0 1 F F ) ;
IF SIGN POS hIV T HEN

C - C TO EX J T 1 ;
E L S E

C - C 1) EX I T 3 ;
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‘S
A CD T~ C C P E P A N C S  w i T h  EQUA L S I G N
5/

E X I T 1 :
ii = X X  + ‘y V ;
IF (CAR RY) T HE N  D O ;

Z Z
Z E  = ZE + 1;

/ 5
A C J U S T  EXP LJ N~I N T  ~.NC CHECK ~f l? O V E R F L O W

I F  ( P ( 2 )  P~ ’ S I T ! V ) THEN D O ;
P( 2 )  = ti E : =  P ( 2 )  + I) ;
IF (P( ) AN D J8OH) <> 0 TH5N

CALL ER P~~ (1);END ;
E LS E D O ;

P( 2 )  = t iE  : =  P ( 2 )  + 1 ) ;
IF (~.AR ~~’ v ) T i- lEN

C -ALL EP ROP( I );
E N D ;

E N D ;
C-C TC k E T ;

/ 4
C C  C F E R A N C S  ~ ITH D IFFER EN T SIG N

5/

E X I T 2
i i  = XX —

C A L L  A C J L S T;
GC TC R E T ;

E X I T 2
ZZ = — X X ;
C A L L  A D J U S T ;

/ 4

~ S S i c - N  R E S U L T I N G  M A N T I S S A  V A L U E S
5/

~~ET
P = H I G H ( Z Z ) ;
P ( I )  = LOW (ZZ);
R E T L P  N;

EN C  A D C

/ 5
F L C A T I N C  P CI NT  S U B T F A C T  RO U T I N E
5/

S U E :  P P . C C E D U R E  ~ X A , V A , P A ) ;
D E C L A R E  X A  A D D R E S S ,  X B A S E D  X A  B Y T E ,

YA ADDRESS, V B ASED V A B YTE,
PA A C C P E S S ,  P B A S E D  P~~ BY T E ,
NEGY (3 )  EVIE ;

/ 5
CHANCE SIG N CF J P E RA NO  2 AND C A L L  A L  R O U T I N E
5/

N EC-V =
N E G Y ( 1 )  = ‘v (1)
N E G V ( 2 )  ‘ Y ( 2 )  XOR J831-i ;
CA L L  A D B ( X .6 ,.NE G Y , P A ) ;

ENC SUE ;
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F I C A T I N G  P O I N T  ~ftLT 1PLV ROUTINE INCLU DING
C P T I C N  FOP. HA CWA P M U L T I P L Y  JF t~~N T I S S L

DECL A RE (MC ~~S t O T , ~~D SOPT ICN ) BYTE INI T IAL (0);

M U L l :  P F O C E D U P E (X A ,Y A ,PA):
D E C L A R E  X A  A D D R E S S ,  X B A S E D  XA B Y TE ,

VA A D D R E SS, V EA SED V A  B Y T E ,
PA A C C R E S S ,  P B A S E D  PA B Y T E ,
I B Y T E ,  ( CR 1 ,  ~~P 2 )  A D D R E S S ;

/ 4
C~~EC P FCR ZE R O O P E R A N D
SI

IF ( X = 0 )  CR (Y = 3 )  T HEN 00;
/ 4

IF F C L NC ,  PETU R N Z E ° C  A S  RESULT
Sf

P ( C )  = COOb ;
P ( 1 )  =
P (2J = COO k- 4 ;
~ ETU R N ;
E N C ;

I -ARU~A R E CR SC~~~~~~ E ~A~-~T ! S S A
4/  -

CC C A S . E  M~~~~PTI -C r ! ;

/~C S E C — S C F T ’ ..~-Ak E MUL T IPLY

C C :
/ 4
E kING BOTH ~A N T IS SA~ I N O PERAN D FIELDS
5/

Z E  = SH ~~( X ( l )  1) ;
C F I  = S~-~L (C O UB L~~(X ),7);C P I  = CPI CR Z E ;
CP2 = S H L ( C O U E L E ( Y ) , 8 ) ;
C F2  = CR2 CR V U ) ;

/ 2
1I- E M U L T I P L I C A T I O N  CF THE ~ AN~~I S S S IS DO N E IN
b A PCWA R E— LI KE FA Sh ION B Y  SHIFTING COPYING 4~~CAC C ING CF CPER AND 1 FOP EVERY I F~~LND IN C PER—
ANC 2; A NC EY SHIFTING ONLY FOR EVERY ~i F O U N D
IN OPERA ND 2, STARTING ~ T TH TI-I E LEAST S I G N I F I —
CANT 1
5/

/ 5
I N I T I A L I Z E  ~C R KING FIEL D
5/

U = 3;
ZE = 0;

/ 5
S h i F T  O P E R A N D  2 B I T  BY B I T  THR CLG}- I CAR ~~V A F T E R
S h I F T I N G  OF A D D ED R E S U L T S  IN W O R K I N G  F I E L D  hAS
BEEN DONE
5/

-— 
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CC 1= -) T~ 15 BV I;
ZZ = SCR (ZZ,I):
CP2 = SCR(0P2, 1 );

ChECK IF 4 1 HA S  BEEN S H I F T E D  INTO T H E  C A ~~RY
5/

IF (CA. ~~R V )  TH E N  DO ;

I~IF YES, ADD OPE RA ND 1 T O THE CCN T ENTS CF TI- E
~OP-KING AR EA
5/

Li = ZZ + Cr 1;
END ;

E N D ;
IS
NCR ~!A L IZ E ,  IF NEEC ~~~SI

IF ( Z Z  < 8 O C O H )  T I-EN DCI ;
Zz = SHL (ZZ,1);

/~SET ADJUST MENT FC~ E X P O N EN T
SI

ZE = — 1 ;
E N D ;

Ff~C ;  / 5  C A S E  0 ~ /
/ 2
C A S E  1 — i - t R C W A P E  ~1 U L TI P L Y ,  SLOT 0
5/

C C ;
CLTPUT (C ) =
CLTPU T(1) = X;
CLTPUT (2 ) = Y ti );
CLTPUT ( 3) =
ZZ = SI-L(DCUBLE (INPUT(3) ),8) + DCLBLE (INPLT (2 ));
I~ (ZZ AND 8000H) 0 TI-EN 00;

I = S C L ( IN P U T ( 1 ) , 1) ;
ZZ = SCL (ZZ,1);
ZE = —1 ;
END;

E L S E
ZE = 0;

E~~C;  / 5  C A S E  1 5/

/ 2

C A S E  2 — I -A R C W A R E  ~- )U L T I PL Y ,  SLOT I
5/

CC
OLfPUT (C4H ) = X (I):
CUTPUT (OSH) = X;
C L T P U T ( C b H )  =
CLTPUT (07H ) = Y;
ZZ = SHL (DC IJBLE (INPUT (07H )),8) + C O UB L E ( IN P L T ( O 6H H ;
IF (U AND E000H ) = 0 THEN DO;

I = S C L (INPUT (C5 I- ),l );
ZZ = SCL (ZZ,1);
ZE = — 1 ;
E N D ;

ELSE
ZE = 0;

ENC; /5 CASE 2 5/

I
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/ 5
CA S E  3 — h A R C ~~~~RE M U L T I P L Y ,  S L OT  2
4/

C C ;
C L T P U T ( C 8 H ) =
CU T PU T (- J 9 H )  =
OLTPUT (CAH ) =
C U T P U T ( O B H )  =
ZL = S H L (D C U B L E (I N P U T U 3 H J ~~,~~

) 4 0 0 0 B L E ( I N P L T ( O A H ) ) ;
I F  (ZZ AND ~OOO H) = ~) TI-EN ~~~ ;

I = S C L (IN?UT (C~~b ),1);ZZ = SCL (ZZ,U;
ZE = — 1;
E N D ;

E L S E
ZE = 0;

E~~C ;  I~ CASE 3 ~/

I-s
C E A — I- t . RD~~A R E M U L T I~~LY , SLOT 3
5/

CLTPUT (OCH ) = X (1);
C L T P U T ( C O H )  = X ;
C L TP U T ( OEr -1 ) =
CLTPLT(3~~H) = Y ;
Z Z  = SHL(OOLBLEL!N PLT (OFH)) ,8) + L O : J B L E ( i N P L T ( O ~~I - ) ) ;
IF ( LZ  A ND 8000H) = a T I- EN on ;

I = S C L ( I N P U T ( J T ~I- ) , 1) ;
Li S C . L ( Z Z , 1 ) ;
ZE = —1 ;
END;

E L S E
ZE

E N D ;  /~~ C A S E  4 5/
EN D ;  I~ C A S E  I S T A T E M E N T  ~f

/ 4
E L M LP E X P C N E N T S  ~~iD A D J U S T M E N T
5/

2 ( 1 )  = (X(2) AND 7FH~ + (Y(2) ~N D 7 F i - )
P ( 2 )  = P (1) ÷ ZE — 6 4 ;

/ 5
C I-EC~

( FO R CJ E~~~LC~ A N D  JN C ERFL ~~~

IF (CA RRY ) THEN
C ALL ERRO~~(C);IF ( P ( 2 1  AN D J~~JH ) <> 3 THEN
C A L L E R F O R (1 ) ;

/ 4
SE T S IGN B I T
5/

P ( 2 )  = P(2) OR ( ( X ( 2 )  AND 080H)  X C R  ( Y ( 2 )  A NC C 8 C H J ) ;

/ 5

A S S I G N  M A N T I S S A V A L U E S
2/

P = HI I-~(ZZ);
PU )  = L W(ZZ );

RETU RN ;
E N D  ~ U L T ;
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/ 5

F L C A T I N G  P O I N T  C I V I [ ~E PUUT It’J E INCL - uD:Nc D I V IDE B’ r ~A P U~~A~~E
5/

D I V :  P~~C C E C U ~~E ( - ~ A , YA ,PA
D ECL ~~~ E X A  A O C R E S S ,  ~< B -A- S~~D XA BYTE,

V .A 4DCRESS , V BASED VA BYTE ,
PA A D D R E S S .  ~ B~~S E O  PA BYTE ,
( O P t ,  C R 2 ,  DI~~F )  A C O P E S S ,
I BY TE, C (33 BY TE;

/ 4
8~ -I ~~~G 80TH M A N T I S S A S  IN O P ER~~N C  F IE L D
4/

CP1 = S H L (C U B L E - ( X), 8 )  CR X( l) ;
C R 2  = SHL (C- U3LE (Y),8) CR Y (1);

/ 5
C h E C K  FOR ZERO IN O P E RA N D  1
4/

IF X = C TI - EN CC ;
/ 5  -

IF FCL ND R E T U R N  Z E R O  AS RESULT
5/

P ( C )  = CCOH;
P(1) = CCOb ;
P (2) -

P E TURN;
EN C ;

‘S
C I-EC~

( FOR ZER O IN O P ERAN D 2
4/

If  V = 0 TI-EN
C~~ L1 E R F C R ( 3 ) ;

I -s
) = SCFT~~A RE C IVIDE, 1—4 = HA R CW 4R E DIVIDE
5/

DC C A S E  M r J $ C P T I O N ;
/ 2
C A S E  J — SCFT.~A SE C I V I C S
2/

D C ;
/2

B E G I N  D I V I S I O N  BY S U B I PA C T I N G  B O T h  O P E R A N D S  R E S P .
Th E DIFFERENC E AN D SHIFTING/ADDING BITS TO THE RE—
SILTING MANTISSA FCR E ACH ROSS IELE SUBTR A CTION ‘~ITr-
POSITIvE RES ULT, AND SHIFTING O NLY AND A D D I N G  ONE
PLA CE TO OPERAND 1 IN CASE SU3TR CTION YIEL D E D  ~NEGATIVE RESULT
5/

CF 1 = SHR (C PL ,I);
C R 2 = SI-P(0P2,1);
i i  = 3;
ZE = 0;
I = 1;
CIF F = (P1 — 0P2 ;
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I F NOT CA P-c V T — i E - N 00;
IF C I C F  = 3 T I-~EN DO;

/ 5
RESLLT FOP N JM EER CIVICEC BY ITSEL~
5/

Z Z  = E000H;
~ C TO SETX;
E N D ;

GO T C  N O C A R RY ;
E N D ;

C F I  = SI-L (CP1 ,1) ;
Z E = — 1 ;

N EX TS T~ P:
01FF = CPI — 0P2;
IF CA RQ V TI-EN CD ;

O p t  = SHL (OPL,i );
GO TO ShIFT ;
E N D ;

/ 4
NC CA R RY: SET O PERA N D i T ]  Si - I FTE C IFFEREN CE ,
A C D  ONE T O 2 E S U L T I N G  M A N T I S S A
4/

N C C A F  R Y :
CPI = S i - L ( D I F F ,1) ;
i i  = ii + ~;

/ 5
51 -IFT M A N T I S S A  ON E P L A C E  T O T~~B L EFT
SI

S h I F T :
Z 2  = S I - L ( Z Z , l ) ;
I = I ÷ 1;

/ 4
R E P E A T  L NT I L  NOR ~~AL I Z E C
5/
IF  I < 16 T I-EN

GC TO NE~~T S T E P ;
/ 5
S E T  E X P O N E N T
5/

SE1 )C
Z E  = (X(2t AND O7FrI ) — ( Y ( 2 )  AND C7~ H) + ZE + 6 5 ;

/ 5
ChECK FOR OVEPFLOW A~~D UNOt RFL Q~
5/

IF (Z E  AND C7F H) < 0 THEN
CALL ER RCR (O );

IF (Z E  AND 380H)  <> 3 TI-EN
CALL E R R C R (1 ) ;

/ 5• SET SIGN BIT
2/

P(2) = ZE C~ 
( ( X ( 2 )  AN D 080b) XCR (Y(2) AND 080H));

/ 5
A S S I G N  R E S U L T I N G  M A N T I S S A  V A L I J E S
2/
P = bIGb( ZZ) ;
P ( 1 )  LtJ~J (ZZ);RE TURN;
E N D ;  /5 CASE ) 2/
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p 
/ 5
C A SE I — ~~A R D ~~~ RE l V I O E ,  SLOT 0
4/

C C ;
OLTPUT (30H ) =
C L T F U T ( E I H )  = Y ;
C L I P U T ( 3 3 H )  = -3 ;
O I N P U T ( 3 1 H) :
0 (1) = INPU”13)H);
E N D ;  /5  CASE 1 5/

/ 2
C A SE 2 — HA R ~~iAR E D I V I D E ,  SL O T
5/

C C ;
CLTPUT (34H ) =
C L T F U T ( 3 5H) = Y;
O U T P U T ( 3 7 H )  = a;
C = INPLT (35H );
C (I ) = NPIJT (34H);
E N D ;  / 4  C A S E  2 =/

/ 5
CASE 3 — I-~~- O~~A . E Q I V I D E ,  SL OT 2
5/

CC
CL T ,UT (33H) = Y (1):
OL~PUT ( ~~H) = Y;
C L T P U T ( 3 ~~H) = 0;
C = INPLT (3cH );
CU ) = INPUT (38H)
E~~C ;  /5  CASE 3 4/

SE -
~. 

— R I ~~-~~~E D V I E, SLOT 3
4/

O L T P U T ( 3 C H )  =
C L T P U T ( 3 0 H )  =
CLTPUT (3 FH) 3;
C = I NPL T (3 H ) ;
0 (1 ) = INP IJ T (30H)

• E N D ;  /5  C.~SF ~ 5/
E N D ;  / 5  CASE I S TAT EME IT 5/

/ 5
M L L T I PLY R E C I P R O C A L  CF V EY X TO G E T

~E S L LT FOR b~ RC WA R S CA SES
5,

I F  (Y(2) A N D  7F~~) < 2 THEN

/ 4
C~~ER FL CW PROTSCTICN
5/

C C ;
C ( 2 )  = (Y(2) AND BDH )  OR (7F H  — ( ‘Y ( 2 )  AND 7 F H ) i ;
C A L L  M U L T (X A ,.C,PA )
IF ((P(2) AND 7FH) + 2) > 7FH T I- EN
/ 4
C ~ E ~ F L C
5/

CALL E R R C R ( 1 ) ;
E L S E

P(2) = P(2) + 2 ;
EN C

7-_)
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E L S E
‘S
NC C V E P F L J W  P R O T E C T I C N  N E E D E D
5/

C C ;
C ( 2 )  = (V (2) A -ND 6 3H )  OR (8 1 H  — (V ( 2 )  A N D  7F1-H ;
C A L L  M ULT (X~~,.C,PA)
END;

~ETLJ~~r\
E N D  CI V ;

SCRT: PRO CEDURE (XA ,PA );
D E C L A R E  ~ A A D D R E S S ,  X B A S E D  X A B Y T E ,

PA A D D R E S S ,  P B A S E D  PA B Y T E ,
( C , C 1  ,C2 ,C 3 ,3 , 8 1 ,B2 , R ) BY T E ;

/ 5
A S~~LME T I -AT X A  IS  A P O S I T I V E  R E - ~L NU MB ER AND TI-S
I N I T I A L  A P P R C x I ~~AT IOr ’, FOR THE RIOT IS MANT *EXP/2
5/

B =
= X (I);
= X(2i — 64 ;

I~ (E2 A N  0801- ) = 0 THEN
82  = S~-~~(B2,I) + 6 4;

E L S E
C C ;
P 2  = — 32;

= SHR (32,1);
P 2 = 6 4  — 92 ;
EN D;

C C R =l TO 4;
C A LL DI v (X A ,.B,.C )
CA L L  AD O (.C,.3,.B);
8 (2)=8 (2)—1

EN:;

= 8 ;
~(1 )= 8 (1 ) ;
P (2)= 8(2);

• R E T U R N ;
END S çPl ;

D E C L A R E  ( I C ,T M P , T O M P i , TE M P 2 ,E N TR Y ,S N T R Y 1 , E~~TR Y 2 )  B Y T E ;

C C M P 4 R E :  FPO C EDU~~E (X A ,’Y A )  B Y T E ;
D E C L A R E  X A  A D D R E S S ,  X BA S E D  X~ B Y T E ,

V A  A DCPESS , V BA SED VA BYTE,
(CHEC KI, CHECK2 ) A DDRESS,
(XP ,VP ,XE,YE) BYTE;

/ 2

~CVE EXPONENTS INTO ~OR K !NG A REA
5/

)C E = X 1 2 )  AND 801-;
\ E = V (2 ) ANC 831- ;
IF ( X E  = YE) THEN D O ;

Is
E X PC N E N TS E Q U A L
5/

X P = X ( 2 )  AND 7F r-l ;
r R : Y ( 2 )  AN D 7FH;

~



/ 5
M O V E  ~ A N T I 5 S A S  I N T O  W C H K I N G  A R E A
5/

Cb E C K 1 = S h L ( C C U B L ~~ (X), 8) OR X ( 1 )
C I - E C K Z = S H L ( C O U B L E ( V ) ,8 )  OR Y ( L ) ;
IF (XE = 08Ch) THEN oO ;

IF (X P  < V P )  TI-EN
RE TURN 2;

IF ( X P  > V P )  T I - EN
R ETU IR N 0;

IF C I - ECK2  < CH ECK I  T HEr~RETU RN i;
IF C HECK2 > CHECKI THEN

RETU RN 2;
RETURN 1;
E N D ;

I~ (XP < VP ) T I - N
R E T U R N  0;

IF (X P > YP ) THEN
RETU RN 2;

IF CI- EC~~2 < C H E O K I  THEN
R ET URN 2 ;

IF C H E C ~~2 > C H E C K I THEN
R E T U R N  0 ;

RET URN 1;
END ;

IF ( X E  = 0) THEN
R ETU R N 2;

FETU PN 3;
ENC CO MPARE ;

CECL A PE (T,T1, T2,Z,Z i,Z2) BYTE;

FUN CTI ON : PRCCEDUPE ( I , XA ) ;
DECLARE I BYTE, X A ADDRESS, x BA SED XA EYTE;

/ 5
1= 0 A l A N  = A TAN GENT
1=1 IS NOT LSED P R E S E N T L Y
1=2 CCSSIN = COSINE ANC SINE
5/

/ 5
COS : PROCEDU RE (XA );
5/

DECLA R E TE MPCCS (195 ) BYTE IN IT IAL (
0cC I-,CCoI-,oC0H,oC cH ,ooE H,o3BH ,3o9I-,ooS I- ,o3CH ,ocoI - ,3CA~- ,O3cb,OC’ I- ,CC~~t- ,03OI-- ,)Fe1-,C51H,C3uh,396H ,3CAh ,JjEH,J4r-b ,)ECI-,-33EH,0C9I-,0OEH,O3~~I- ,0~~~I- ,C2F 1- ,C 3E 1- ,
O F 8 b , C 5 1 I - , C 3 E H , O 8 A I -,O3 9 h ,0 3 F H ,0 9 r ~ 1 , O C A I - , C j F H , 3 A 3 H , ) 5 BH ,3 3 F I - ,
OAF I- ,CECI- ,03Fh,
0 BCb , C 7D b ,0 3 Fb ,Q C S H ,O0~~F- ,O3FH ,3D5h,C ~~EH ,O~~-H , Q :2H ,C 2FH , Q3 Fb ,
OEEb ,30 I- ,33Fb ,
0F8I- , C 5 1 H,C3FH,Qd3H ,0Fl~~,o4oH,Q34H,O39H,o4oH,Oc0I-,o82H ,04Ob ,
096)- ,O CA ) - ,0401- ,
0 9 D b , 3 1 2 H , 3 4 3 l - I , J A 3 H , i 5 B H ,~~4 O H , 3 A 9 b , 3 A 3 I - , O 4 J H , 0 A F 1 - , O E C H , O 4 O I - ,
0861- ,03-4 b ,040b,
OBC b ,C7CI- ,040H,0C2H ,0C5h ,040H,0C9b,00EI- ,C4O H,)CFH,35bH ,343I- ,
0D5 1- ,CSE b ,C40I-,
00Bh,CE7 I-,040I-,QE2H,02FH,040H ,OE8H,0781-1 ,040H,QEEH,OCOH,043b ,

0 F B b , C ~~1I- , C 4 O h , C 8 C H , OCCH , O 4 l H ,083H ,OF1l- ,C4 1H , 0 8 7 I - , 0 L 5 H , 0 4 1 ) - ,
08A1- ,C391- , 0411- ,
3801- , 5Dh , 0-411-i ,090H , 382 1- 1, 04 IH, 393H, 346)- , 34tH,  O -~6b ,00A H , 04 II-,
0 5 9 1 - , O E E b , 0 4 1 I - ,
09D1- ,012h,041b,OAOH ,037H,041H,043)-i ,058H,C4IH, )A 61-l ,D7FH, 341h ,
CA dh - ,CA :1- ,04 I)— ,
OAC fr ,OCeI - ,04 1 I- ,OAF H,OECI— ,041H,033H, O 1Cb-- ,C41h ,086H,C34H ,041)- ,
089$- ,05 61- ,3411- ,
OBC 1-,C7DH,041H,O BFH,OAIH,C 41H,OC2h ,3C5I-,041H,005h,0E91-4,-341b ,
0C91- ,OCFI- ,0411-);

_ _ _ _ _ _ _ _   
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C E C L A ~~E V A L C O S  ( 1 5 5 )  BY T E  I N IT I A L (

O 8O$- ,COC - ,O41$-.0 F i ,flCC I- , O~.OH,0FPH ,OBU- ,C4OH,0~~~H ,C 4EH,C4OI- ,
3FEI- ,I~C4b ,)431- ,O F E $ - ,0 13 I- ,04 0 H , O FD H,034 H , 0 4 0H,O F C H , 33 8 1 - ,04 0H,OF Bb,314 1 - ,0 4 0 I- ,
OF 9 I - ,CC7 I- ,040I- , -)FBh ,054H ,J’ 3 $ - , Q H ,O F 3 A H ,3 4 0 b ,0 F4 I - ,Q I - A b,040H, - ] F3b ,014h ,04 C 1 - ,
OFIb,CGc1-,040H,
OEE~~,OC~~h,O4OF,J . Ci- ,J83b,3 431- ,3EAh,3JAb ,J43ri ,3E71 - ,~~~C ’-I ,34~ 1- ,
CE4I-’ , C A A H ,04C H , 

- -CC e l- ,o .01-’, OUSh , OBE )- , (J40H ,00 B I-, 094 1-, O4Oh, O118I~1 , 049H, 040)-
JD41- ,~~C8 b , 34 J b ,  

-OD1b ,C4 E1-- ,04OI- ,0C DH ,O9F H, O4OH ,O C 9 H , O D2 b ,0~.’3H,3C El- - ,0E5H, -J 4 C I - ,
0C1~ ,CD SI— ,C401-,
C B D H , J P C I - , 3 4 ) h - , O p c H , O o y b , 0 4 0 H , 0 B 5 1 - , 0 0 o , — ,040H , 0 E O f r , J E 7 H , 0 4 0 1 -,
JA B) -  , C EC I - , C4 O H,
0A 7h ,C37I-,34OI -,JA 2~’,J69I-,34-Jb,J9Cb,J 81b ,0 4 3 1 , 3 S , 1 ~~,~~’i~ h- ,
C531- ,C~ AH,C4 OH, 

-O8E1- ,O39l- ,O40)- ,388r-1 ,O- 7 I- , O’.O I-1 ,08~~F- ,C 9 E H , C 4 u H , O FC r ’ ,C6 1’-- ,03H- ,
- - -CE , ( 3 E b , O3 r b , D~- A H ,O~~O $ - ,03F H ,0Crb ,3d 3 b , 0 3F r i ,O L3 I- , Or ’ .l- ,O 3 F 1 - ,

0~~8f- , C4 ’ ,l- ,03- I- , - -3 A C M ,~~82I- ,)3FH ,O A C H , OA O I - , C 3 F H ,O94$- , Q A 5 1 - , ] 3 r - H , 3 8 8~- ,Q 4i- .C~~F l-- ,
0F8$- ,GC 8f - ,O 3E~-~,C E O I - , C 6 E b , O 3 I- ,)C7h ,JJ2 b ,J3E1- ,J A - l - ,3I~~- ,D3Eri , ~~~~~~~~~~~~~~~~~~ ?5I- ,
OF A$ - , C C L b ,C 3 D b ,  

-0C8b,LDEb, 03 I-,09öH,0O51-,03flh,uL9h ,U34H ,O~ Cri ,OCS~- ,C7- H ,C 3 B1 - - ,
330)- , O- ~C1- ,3O ) t-- )

DECLARE EIFFCCS (1 95) BYTE INITI A L

0C9h ,CC5 h,OBA )-,)96h,301b,)BCh,)PBh ,J 27b ,JBCH ,JAFb ,J83F ,3S fll— ,
CE 1fr, C~~~H,OBDI- , - -O8 9I-,QCCb,3BEb,QA2H,0A 8H ,08Eh,O3Bb ,O6~~h— ,05EH,0~~~-~,~~11H ,03tI-- ,
3ECI- ,~~c?b, -3BE1 -, -•C 82$- ,C7Eh- ,OBFh ,O8EH,098I-,OBFH,094H,09E1-- ,O- F’ -1 ,0A6 ~- ,C~ L I-I ,O BF~- ,
0B2 1- ,C611- ,OBFI- , 

— - - - -

0cBb ,¼iCEI - ,OB FI- ,

C cc I - , C D1) - ,cC-~Jl- ,
395 I- ,0F4$- ,OCOI- ,098H ,C O 0 I- ,O C O H , C 9 FH ,0 F4 h , 0 0 0H ,O A ’,$-- ,O C- H ,OC Oh ,
DAd ) -  , J S  II- ,JC )H ,
O AE 1- ,0 39b ,QCJH ,C B2 H, OC6 H ,000 H,087 H,037 b ,OCOH,J BB1- ,08C ’ - ,OCO I- ,
OB F1- -  ,0C41- ,OCO I- ,
J C 3 b , 3 C F H , O C 0 $ ~I ,aC 7H ,0D81 - , ,3 C Q h , Q C B F ~, O 6 9 ) - , 0 C O h , O C F $ - , O 7 7 ) . 4 ,O C0 ) - ,
0D3l- ,O1~~l- ,OC0t- , 

-0 D 6 1- ,0 S3b ,o C 3 I-,3Dsk ,J~~Fb ,J C 3 ) - ,)ODh- , J24b,JC3H, )EJe- , J 43 H ,) C  01-- ,
C E E 1 - , c 3 c H , o C a h - ,
0E64- , OUC h - ,OCOI-i , OF 8)- ,  JB C I- , QCQH ,  OEB H, 0 4 8) - ,  CC O1- -1, O EC)- -, OA FH , 0CC)-,
3EF1-- ,3F21-- ,3CDp -i , -0F2I-,01Ob,OC0H,0F4H,009H ,0COH,0F~~H,0DCI-,0C0I-j,OF7)-,089H,OCO h-i ,
ofc)- ,0]1C1- ,OCOI- ,
DFAI- ,3,Ch ,OCQh ,CF 8H,0A,~1-- ,0CO)-,O~ CI-,0PC )-,OCOH ,0FCh-,0A9H ,0C01-- ,OF E $ - ,C6EI- ,000)- , 

-C F F H ,C C C I- , J CJ I - ,J FFH, )821- .,JCJ I- ,3FF I- , ,011- ,O C J H ,J F F I - , C F9 H , J C O ) - ,
C C C H , O C C h ,O - 01- ) ;
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/ 5
A T A t ~i :  PRO CE C ’ JR E (XA );
5/

C E C L ~~R E  T E M P A T A N  (24?) ~ y T 5  IN T I A L (
ooo I-,ccçb ,oooH,oso H ,uoo H ,c39H,080I-,003I-,J3CH ,)CO H ,JJ3H ,33cb,
C8 C ) - ,C CC P- ,03[) 1-- , 

-3 A C ) - , C C C b , O 3 C r ,L I C C H , C O O 1-, C 3 D H ,0~~GH ,O OC 1- ,03D H, O8C H ,CCOH ,~~3E b ,
C9O1 - - , u 3 0~- , 3 3 E F ,
0ACh ,OCC I- ,C3EH, 0BCh ,OO0H , O~~EH ,OCO I- ,0OOb, O 3EH,OCCb, O0 Oh ,O3E 1-- ,
C E C $ - , 0 0 C I— ,03E1-
3F0)-,300)-,)32i-i,38]H ,33)1-,33F F- ,)88r ,J3J )- ,03F-i,090)-,000H,03Fb,
0981- ,C C C $ -  ,Q 3 F F - ,
o A c I - , c c c I - ,c 3 F 1-,oAe H , oo J I - , c3 F) - ,~~~c h - , O 0 c b ,j 3 F H ,) Ba H ,J~~) H , ) 3 p b ,
CCC I- ,CC U- ,C3FH. 

- -OC8I -,cC- ,C 3f-h ,~~~CH,O0OI-,03FH,OD8I-,O0CI-,03FH,3:Cb ,C~~3H ,O~~-b,JESI - ,000I- , 33F1- ,
CFC I- ,CCCb ,O3FH ,CFEH ,c30H ,O3FH,080h,300b,040H,084)-,000I—,040)-,
0881-- , CCC )-, 040)-,
Jec H,GJ;fr,34)H,Jc:t-~,J)),-,u4)H ,J94$- ,J 3JI- ,04OH,-Dc8I- ,OCO H,o4C)- ,
05C - ,CCC I- ,C40b ,OA Ob , 000 ) - ,040 H ,3A4-i ,000 I - ,040 H,0A3 )- ,000b ,)4 3 H, DA C I -  ,J 3 ) k , 34 3 1- ,
C BC h- ,CCC I- ,C4 0b ,
0 B41 - ,003 ) -,C40b ,C B8H. CO OI _ ,C4 0H ,O BC H ,00G H ,340 H ,300 I - ,000 H ,04 C b ,
0C41- ,000 ) -  ,343$- ,
C C 8 I - , C C C h , O 4 3 H , C C C H , C OQ ~~,O4 O H ,O D0b , 3 O O b , 0 4 0 H , -3C4I - , 0 0 O ) - , 0 4 O b ,
0C81- ,OCC)- ,040b,
J E J h , C J ~~F— , :J43t -1 , J E 8 H , 3 3 J H , ) 4 3 H , ) F ) h , ) ) )b , O 4 O H , O F 8 1 - ,OC 0 h ,O40 ) - ,
O8C I- , O C C h - ,O4 i~~, 

-O8 2h- ,C7 CH ,C4U- ,O d 4 H ,c ~~1s- ,C4 1H,O87 I- ,O52 h- ,3 4 1 H ,3 8 9 H ,O C 3 H ,J41I- ,
C 8 d h~ ,CA ~~b , 0 4 L l — ,
0 9 3 I - , C € T t - ,]4 1r~,C S 8 H ,0 6 9 ) - ,0~,1H,O9DH ,04 B- ,O41H, O A 2 H , C 2 D H , O 4 1 I - ,
0~ 71-- ,O~ r ) -  ,34 1I- ,
OA j I- ,Cr- L F- ,041H ,OBCH,OD Z1-,041b,0B5H,0B4I- ,041H,OBAb,0S6fr ,041$-,
O B F I - , C i e l - ,C 4 1 b ,  

- —JC4H ,C~~Ah ,041h ,j CSH, 33C H ,34 1H ,3 C z b , ) I~~1- , O4 1 H ,0 C~~) - , O F H ,O 4 1b ,
0D 7~- ,OE1I- , O 4j ) - , L D C H ,) C 3 h , O 4 IH ,Q E1b ,34 5F- ,C4 1H,O E~~-1 ,-] 87 H ,O4 1t- )

C E C L A ~~E V A L A A N (249 ) B Y T E  I N I T I ~~L (
fl)I- ,000 )- ,JUOH , 3F F H , ) F A I - ,J 3 A h , J F F b ,JEA h ,3 3 8 F - i , J BF )- ,OC Cb,O IC I - ,
C F F I - ,OA AI- ,03C 1- ,
O9~~)- ,OACI- ,03Db ,0E~~H ,O7Ob,0 3CH,OD F 1- ,0 1C I- , C 3 DH ,O FE )- ,~JA D H ,J ~~Cb ,
38F1 -- , C C~ -1-- ,03 :h, -O S E ) - , C E  i b , C 3 E 1- ,0A E H ,04 C b , C 3 E H , O B D I - , O C~~h,03tr1 ,3CC1- ,C35H,O3 ~~h- ,ODC I- ,-0~~~1- ,33 EH ,
O EBI- ,C Bt l - ,O3E t - l ,CF - A r l , 03B ) - ,O3EH ,C84r -1 ,O E E b , O 3 F H , 0 8 C I - , O S F k ,0 3 F ) - ,
0931- ,CC 1’- ,03F1- ,
3921- ,013}- ,-33Fh , 2-i,355I-- ,03FH ,JA 9b,J~~Eb, ]3FH, ~ecI - , o A 4 H , o 3 F I - ,
C87 )- ,C3C I- ,33 F I - , 

-O8E )-,0A8I-,O3F)-, O C E H,O92 I- ,O3 rb,COCh,O~~éI- ,03FH,CC3hl ,327H,33F b ,
3D 9l- ,C C~~I- ,03Fl- , 

—0EO )- ,06Ch - ,O3FH,O :~~H ,OF2H ,O 3FH ,OED1i ,063h ,O 3FH,OF3 )- ,CE FH,O3F )- ,
0FA )-,O~~~$-,33Fb ,080I-,CLC1-,C40I-,Cd 3H,O2BH,C40H,Q86H,O30)-,O4OH,089)-,Q~~Ah ,O4Oh-,08C1- ,O 1At- - ,0401- ,
08F$- ,000$- ,34 )h,J91H, JOB )-, )43H ,3g4)-, )AC)- , 343)-, 3571- ,073h , 040)-,
OSA I- , 02 Fl- , 0401-,
O9C)-,CE1)-,040h,C9FH ,089b,040H,042)-,0281-,C4OH,044H,)BCH ,)4J$- ,
0A7 $- ,C~~~b ,C4CH ,
0 A 9 ) - , C 0 7 b , 0 4 0 H ,OA C H,0 3 5 I - ,040H , OA E I - 1 , C A C h , 0 4 0 H , O B 1 ) - , Q I Q H ,0401-’ ,
0831-- ,C681-- ,0431--,
OB8 I- ,005I- ,C40H ,QBCH,O7BH,040)-,OCOH,0TEH,040H,0041-,OFFH ,040)-,
~~~ $- ,CC Fl- ,C401- ,
OCB )- ,C7A )-,043)-,JCC H,JDAH, )43H,)DJ)- ,J2E)- ,043H,)C2h,07oH,040b,
0061- ,CE1I- ,0401- ,
OCB I— ,C2 u1 - ,04 0f r ,00 FH , 04 4 I - ,04 0 H , 0E3 h ,0411 - , C 4 C H , 0 E 7 1 - , 3 1 3 H,34 3h ,
3EA 1- ,00 1)- ,0401-,
O EE I - ,C4 C h ’ ,0401-’ ,O F 1H,0B8)- ,040H,0 F51-1,004b ,C4 O H,0 F8 H ,0 3 2H ,040)- ,
O FR) - ,044 $-  ,04 ) 1- ,
OF E I - , 0 3 6 $ - , C 4 0 b , O B C H , 3 8 C H , 0 4 1 H , 0 8 1 H , O E O H , 0 4 1 r 1 , 0 8 3 ) - , 0 4 3 H, 0 4 1 ) - ,
0 84 ) - , C8t l - ,O41f - ,O 8 5H ,0C E h , O 4 1 H , O 3 7 H , O C 3 H , C 4 1 H , 0 8 8 H , C ~~F H , O 4 1 b )
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C F C L A ~~E C T F F A T A N  (
~~‘+9) BY ” E  I N I T I A L (

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CFE I- ,3301-- ,C401- ,
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~OFA I- ,07A1- ,34)i- ,
C F c I - , C 4 c b , C 4 c I - , c F 7~-l , r a H ,c4 O H , o F o b , O c ~~F , O 4 O H , 0 F ~~I - , o 1 7~~, 0 4 O I - ,
0 F3 1 - -  ,07  R I - ,  040h ,
O F I I - , O C J 1 - , 3 4 3 ) - , J F C - 1, O ) A H ,)4 0 H ,) E E F , ) 3 J 1 - , 3 4 3 H ,J E C I - , 4 1H ,0401- ,
C EA I- ,03 Fl- , 04C1- ,
Q E8 , O 2 C , C 4 3 I - , C E~~H,C09 I - , O4 O H , O~~L 1 - , O D ,C4 ~~-i , C E l - ~, C 5 5 H , J 4 ) h ,
JDFI- ,JA a I- ,C4CH, 

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~0D3 1-- ,024,-- , J431- , 
-0DCb ,CS~~b ,O-.-1I- ,OC~~-’,O13H ,04CH ,OCBH ,O841- ,O’+OH,OC8 I- ,OrL H ,O41I- ,

006$- ,05b1- ,0401--,
JC 3h - ,~~C’,1-- ,J4J ,JC 1H ,32Bb ,J4QH,33E1-,392h-,)4 h ,JBB I- ,JF AH ,O40$-,
CB d)- ,Ot 21-- ,040H,
ceo )- ,cçcI-,o~-,o)-,-334H ,33ah ,o4OH,0B1h -,oA8b,c4 oH ,cAF1-,ciBH ,34JI- ,
0AC1-- ,0-,~~h,C4CH,0AA ,OCC$-,O4)H,OA 7~-~,C 8Dh-,t4Cb, OA 5h ,Ol2H,C4O H,OA 2H ,09CH,34Ot- ,
CA 0l- ,02E1- ,34J)-- , 

- -CSC $- ,CCEb ,C40$-,CSPH,063H ,040-1 ,099H ,007I- ,040H,-1561- ,0B..h ,040I-,
O5.1 -- ,041r ,C 401-- , 

-J 8 E 1 - , O C~~I - , J4 J 1 - , J 8 A H ,)6 5 1- ,j 4 ) H , ) 8 6 $ - , J 2 5 b , J 4 J H , J ~~2h ,~~~5r- ~, O 4 O I - ,
eF~~~ , C c 2 l - ,03F ’-
0 F t I ~,O C 3 1 - , O 3 F b , O F ,O i 6 h , C 3 c t~1 , C E F I - , O 7 C ) -, C 3 F H , O E _ , C C 3 H , J 3 F 1 - ,
3 E 3 I - , J 1~~1— , C 3 F b
O D 7 ) - , O C C 1 -, O 3 F l - , 3 C F H , 3 O 7 1 -,33~~H , O C 8 b , 0 3 8 H , D 2 F H , O C C r ~ , 3 E E H , O 3 c b ,
089)- ,OF E l-
CP 3$-,C4Efr ,C3~~fr,C~ CH,OE 7I- ,33FH, Ô?-~,OCC t- ,O3FH ,CA Cb ,JF9~~,O 3FI-,
O98I- ,O~ ~)- ,03F1- ,

C82I-,o FeI - ,O3F~- ,c F:H ,ooAH ,o3EH ,~~F5H ,uA 5b ,03E-~,oEc I- ,o7o H ,O3E$- )

D E C L ~~~E ( E , ~~, C , I 1 , D i )  (3) A DD R E S S ,
(LLOK I, M AX I ) BYTE,
LOCK (3) PYlE INI T IA L (249,J ,ics),
MAX (3) BYTE IN1!T I~~L (2’t9,O,155),
E~-JT A AOC~~ESS, EN T 3~~S E D  E NT~ P Y T E ,
V A LA A~)~~~E 55 ,  VA L E A SE D  V A L A  B Y T E ,
C I F F~ 4DD~ E 3 S ,  D I F ~ B A S E D  D I~~F A BY T E ,
V -~L 1A A DC P5SS , VA L I BA SED VAL LA BYTE ,
OI FF IA A DDRESS, 1 F 1  BASED D I FF 1A BYTE;

/ 5
INPUT CONSISTS CF A BASED V .~R IAB L E , CLTPUT M I LL ~EI\ GLOB AL VA P IA3 LE S 1, TI, 12, AND Z, Z1, Z2
5/

E (C ) = .TEM PA TA ~J;
VU ) .VA LA TA N ;
C (O) = .DIFFA AN;
E ( 2 )  = . EM PCOS;
V (2 ) = .VALCC S;
C (2) = .DIFFCOS;

Ef~TA = E L i ) ;
vA LA = V(I );

= C (I);
V A L 1 A  = V iC!) ;
C I F F 1A = C1 (I )
ICCI ( i = LOCK(I);
M A X I = M A X L I ) ;
ENTRY =
ENT F~~1 = X (1 );
ENTRY2 =
IF (L CC KI = M A X I )  TI-EN

LICK! = 0;
IC=C Cr 4PAR E I .EN~~ V, ~N TA +LO GKIIF (IC = 1) T I- E N

GC TO X I T I ;
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/ 4
R E A D  U P W A R D S  IN THE TABLE
5/

I F (IC > I) TI—EN Dli ;
LP 1 : IF (LC- CKi = MA X I ) TI-EN

GO IC X IT 1 ;
LCC KI =L C KI+3;
I C=CC MR AR S ( ENTRY, E N’ A +LOO K I) ;
I F (ID = 1) THEN

C-C T O X ITI;
IF (ID > 1) T I- EN

GC IC LP I ;
LCC KI =LC C K I —3;
GO TO X I T 2 ;
E N D ;

/ 2
R EA D CC W ’ThARDS IN THE TABLE
5/

LP2: IF (LOC K! = -3) THEN
GE TO ‘~I T l;

LOC K 1= LOCK 1— 3 ;
IC =CC M PA RE C .ENT RY , ENTA 4L OK !
IF (ID = 1) THEN

CC TO XIII ;
I F (ID < 1) THEN

GO IC) LP2;
C-C TO X I T 2 ;

X I T 1 : T = VAL (LCCKI ) ;
TI = v’A L (L O C K I +l );
T2 = VA L(LOC KI+2 );
IF (I <> 1) THEN

GC IC R E T ;
Z = VA L 1 (L CO K I );
Zi = VALI (LCO K I+ I );
Z2 V A L I ( L C C K I4 - 2 ) ;
GO TO RET ;

XI T2: TEM P = EN T(LOOK I );
TEMPI = EN T(LOOKI+1 );
TEM P2 = ENT(LOOKI+2);

/ 9
C I-AN GE T E  SIGN OF TEMP
2/
TEM P2 = TEMP2 XOR 801-;

/ 2
TEMP = ENTRY — ENT(LOOK )

2/
C A L L  ADC (.TEM P,. ENTRY,.TE MP );

/ 5
(ENTRY — E N T ( L O - J K ) ) * D I F F ( L O O K )
5/
C A L L  M I JL T ( . T EMP ,D I F F A + L IJ O K I , . T ) ;
CA LL ACC (.T ,VA LA -s-LC CK I, .1);

/ 2
VA L (LCOK ) + ENTRY — ENT (LOOK ) ~ CI FF(LOOK )
5/
IF (I <) 1) THEN

GO IC R E T ;
CALL MULT (.TEMP,DI~ F1A+LOOK !, .Z);
CA LL A DD (.Z,VAL1A+LOOKI , .Z);

RET: LC C K L I ) = LCCK I ;
RETURN;

EN D F U N C T I C N ;
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C C S S I N :  P~ QCECUR E (XA, AC, AS );
D E C L A R E X A A D D R E S S ,  X B A S E D  X A B Y T E ,

AC A C ) D R E S S ,  S B A S E D  AC B Y T E ,
AS ADDR E S S ,  V B A S E ~) A S BYTE,(I,T H,Tl-1 ,TH2,Tf- N ,THN1 , Tl-4N2 J BYTE,
(MPI2,M PJ2 I , M71 22) BYTE I N I T I A L  (OC9H,CFI- ,OCI H);

C E C L~~R E CUT L A P E L ;
/ 9
T I- !~ R C UT ’ N~ CJ ~-~? ’ J TES BCT I-  1--E CO S INE A ND T H~ S I N E
FOR T I- E G I V E N  A NGLE X - \ IN R A D I A N S .  TI-E OUTPUT VA L U E S
A P E  S T C R E D IN T E  ~Lf l BA L  V A R  IABLES Z, Z1, A N D  Z2 FO R
CCS INE , AND 1, T i ,  AN D 12 FOP SIN E
5/

TI- =
T I— i =
TI- 2 = X(2 ) ;
CC 1= 1 TO 4;

TI-N = TI-;
T I- -N i = 11-1;
T h-N2 TH2 ;

/ 5
11-ETA = THETA — LP!/2)
4/
C A L L  A D D  (.Tb, .MPI2, .TI-) ;

/ 5
TI-N TI-ETA E AR AND TI- = THFT4 B A R  — (~~I/2)5/
IF (((ZE AND 80H) <> 0) CR (Ui = COOJ H ) ~ ‘O

(ZE = JJh)  ) i
GO TO liL T ;

E ND;
RETU RN;

CUT :
TI-2=ZE AN C 7FH;
C A L L  F U N C T I O N  (2,.THN);
TI- N I ;
11--NI = Ti;
T 1-’J2 = 12;

T I- N COS (T I-f )
5/
C A L L  FUN C T I O N  (2 , .IH) ;
TI - = I;
TI- i = Ti;
11-2 = 12;
/ 4
T I- S N  (TH) = C3S (~~I/2 

— TH)
5/

/ 4
A~’GLE IN ~ JAD RANT 1 OR 3
2 /
IF ((I = I) OR (I = 3)) TI-EN DO;

Z = (S :=
Li = (3 (1 ) := 1)-Nih
Z2 = (5 (21 := THN2);
I (~v := TH);
Ti = (Y(1) :=
12 = (Y (2 1 := 1H2);
IF (I = 3) THEN DC ;

Z2 = (S (2) := Z2 XOR 080)-);
12 = (Y(2) := 12 XU R 0801-);
R ETURN ;
E N D ;

R E T U R N ;
EN D;
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/ 2
AN GL E IN ~U’AD~- ANT 2 CR 4
9/
Z = (S :=  T H ) ;
Z1 = (S (1) :=  TI-I);
12 = (St2 ) :=  11-2 XO P O8CH);
T = (Y := T H N ) ;
T i  = (Y (1) : TI-Ni);
12 = (VU ) := THN2 J
I F  ( j  = 4) THEN D O ;

12 = (S(2) := 12 XC R 38)1-);
Z2 = (Y( ~~) := Z2 ~CR 0801-);
Ei~O ;

RETU RN;
END COSS IN;

Al AN : PRCC EOU RE (XA, A T);
DECLA RE XA A DC~~E S S ,  X BAS E D XA BYTE,

AT ADD RES S , TV BASED AT BYTE;

CALL FLNC T ICN (C, .X)
TV (0) = I;
T V ( 1 )  = Ti;
T~ (2) = 12;
R ETURN;

END A TA N ;

R E A L :  P R O C E D U R E  (A J , F L ) ;
C E C L ~~R E  AC A D O R E S S , X I  B A S E J  AD BYTE, Z (40) BYTE , F L B Y T E ;

E IC E C :  ? PO CE D U ~~E (AY, FL ) ;
ECL AR - S ÀY AD ORE SS , V BASED - AY BYTE,

~ L , F L A ~~, i , L,K, SH IFT ,R , LA S T i , J )  B Y T E ,
X (1 6) bYTE, ( A X , Y V )  A C O R E S S ;

/~e ic Ec CON VER T S T H E B I N A R Y  INT E F N~~L SEAL NUMBE R T O A
C EC IMA L NUM BE R , -~ iIC H CAN bE PRINTED BY THE M O N I T O R
2/

— FL IS A FLAG ~HIC H INDIC A TES THE NL1 -B E R TO ~ECCNV ERTED IS FL = 0 REAL
= 1 4CCRESS V A R I A B L E

FL 2 BYTE V A R I A B L E
5/

DC 1= 0 TO i s ;
X( I) = 3 ;
END ;

DC 1 = .) IC 35;
Z(I )=O;
END;

IF Y=O THEN
RETURN;

VV =S HL (COU8LE (Y) ,8) OR OCUBLE(Y ( 1));
IF (VU ) AN D 8JH )<>i THEN DO; —

F LAG= I;
K=Y (2) AN D 37F)-;
END;

E L S E  DC;
F L A G = ) ;
K=Y ( 2);
END;

L = K—64 ;

- 
-- 
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IF (K >= 64) THEN DO;
I=S 1-R(L,3 );
R = L — S H L (  1,3);
R= 8—R;
1= 1+8 ;
E N D ;

ELSE DC;
1=—I ;
I = SHR ( L, 3);
~=L—SH L (1, 3);1=7—I;
E N D ;

IF (I > 1) THEN DO;
X( I )= H IG H ( Y Y )  ;
X C  I — i  )=LCW (YY ) ;
VY = SHL ( DCU @LE ( X ( I—i ) ) , 8)
YY=S HR (YY,R)
IF (I > 2) TrI EN

X (I—2 ) = LO~~(YY);YY=S I-LCOCU B LE (X(I )),8) JR DO UB LE X ( : — 1 )
‘iY=ShR- (YY ,P)
X( I) =HIGI— (YYI
X (t— 1 )=LC W (YY )
END;

E L S E
X C I )  = SH c (X (I)

I F (1 >= 8) Th~~ N D O ;
L A S T  1 = 1;
R = Q ;
K=20 ;

REC YCLE : XX=S 1--L(DCU BLE(R) ,8) C--P X C I ) ;
YY=XX/ 1 0 ;
X ( ! ) = L C W ( Y Y )
R - =XX MOB 10;
IF ( I B) THEN DO;

Z(K)=P-’-’)’
K =1(4 1;
IF (X (8) = 0) THEN

GO T O F R A C T ;
IF ( X ( LA S T I ) = 0) THEN

LAS T I  = L A S T!  — 1;
R= D ;
I=LA sT I
GO TO RECYCLE;
E N D ;

1 = 1 — 1 ;
CC TO RECYCLE;
E N D ;

CEC LLRE LEAST ! BYTE;

Ff-~A CT: IF FL=C THEN DO;
L E A S T I= I— 2 ;
IF  L E A S T !  >= B THENPE F U R N ;
DO NO IC 19;

L = 0 ;
CO 1 ( = L E A S T I  TO 7 ;

VV =DOU B L E ( X ( K ) ) ~~l O + D O U E L E ( L ) ;
X (K )= L O W (YY )
L=HIGH (YY) ;
END ;

Z (19—I )=L+’O’
END ;

END ;
IF FLAG= i THEN

Z( 3 9) = CFFH;
RETUR N;

END EID EC;
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P R I N I N U M : P R O C E D U R E ;
DECL A RE (I K) BYTE ;
C E C L A R E  (DiGIT, ENTRY) LA BEL ;

/ 5
PRINTS ~ REA L NJtJ - -jBE~ IN THE FcJt~~ (—) X X X X X . X X X ~~X X X
W !T f -  L E A D I N G  Z E R C E S  ~L? P~~E S S E
2/

D C  1= 1 TO 5;
IF (I = 5) AND (Z (20) = C) THEN DO;

IF (Z(39) = JFPI- ) THEN
CALL PP IN T C H A R ( ’ — ’

ELSE
CALL P~~I NT C f - l A S ( ’  ‘ ) ; -

GO 13 ENTRY;
E N D ;

IF Z (25—I) <> 0 THEN DO ;
IF (Z(39 ) = .3cFI- ) THEN

CALL PR INTCH L R (’—’I ;
E LSE

C A L L  PRIN CHAP (’ ‘);
C TO DIGIT ;
E N D ;

CALL PRIN TCH A ~~(’ •);
E N D ;

CC TO E N T R Y ;
D I G  I T :

DC (=1 T O 5 ;
CALL PRINT C HAR (Z (25—K) );
E N D ;

ENT R Y :
C ALL PP I~-ITC I-AF (’ .’~~; 

-
DC K = I TO 7;

CALL PRINTCHAR (Z (20— K ));
E N D ;
RETURN;

E N D  P~~INTNU-i ;

C A LL E ICEC (.XI ,~~L);CALL F~~INTN(j~~;R E T U R N ;
E N D  P E A L ;

$
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/ 5
INITI A L I Z A T I O N  C~ C M E G ~ STATION CI REC TIEN COSINE VAL - J ES
W H ICH REPRESENTS A U N I T  V E C T O R  FRDM EA RTH’S C E N T E R  TO
TI-E STATICN IN G E OCE N T R IC COO RD INA T ES
5/

C E C L A P E  /~ ST A TION A 5/
SAL (3 ) BYTE I N I T I A L  (DEA f- , O5FH, 3401-), /~ C.51 551829 5/
SA2 (3) BYTE IN ITIAL (OCSH, O8FH, 03PI- ), /~ O.3c172 334 4/
SA 3 (3) BYTE INI T IAL (JEBH, 3771-, J3 0I --) , /~ 0.C5153733 5/

/* STATION B ~/SB- i (3) BYTE INI T I A L  (OFBH , 072H, 0401-), /~ C .58221041 ‘~/
SB2 (3) BYTE INITIAL (OFB)-, O2EH, C40I-), /~ C. SBII 7E1 7 ~/SB3 (3) BYTE INITIA L ()A9H , 3001-, 3BEI - ), /~ — C .1~~E88382 

9/

/~ S T A T I O N  C ~-/
SC1 (3) BYTE I N I T I A L  (OBYH, OC5H , 03 F 1 - )  , /~~ C .262832 81 9/
SC2 (3) BYTE I N I T I A L  DCC I--, 3E~~ -i, 3C 3b) , /~~ —0 .Eo25o8~~S 

9/
5C3 (3) BYTE INITI A L (0B4h , 007H, OBFH ), / - ~ — C . 35 1 6 2 108  ~ /

/5  S T A T ION 3
S 1  ( 3 )  BYT E IN IT IAL  ( O B 8 H ,  0801-, 0 4 0 1- ) ,  /~ C . ? 2 1 ’~ s2 22 5/
5 2  (3) BYTE INI T IA L (3C h, 3991- , )8~J ) - ) ,  / -~ — .1o~~3 g J 7 7  9/
303 (3) BYTE INI T IAL (OA FH, 066’i , JC OI - ), /~ —J. cE5i5 8 98 ~/

/9  S T A T I O N  5 5/
SE t  ( 3 )  BYT E I~J i T IAL (0 86 ) - .  032)- ,  O B F ) - - ) ,  / ‘~ — C . 2 5 5 B E2~~S ~ /3E2 (3) EYTE I N I T I A L  (O-B8h, O 3A H , 0401-), / - *  C . E 3 2 1-~8 7 5  9/
SE3 (3) BY TE IN I T I A L  (OC4 ~~, CABrI , 0431-), / -~ 0 .76d23587 ~ /

/ 5  STAT ION F ~‘/SF1 (3) BYTE INITIA L (3AEH , )23H, JCJ 1- ), / -~ —J .~~EC22941 ~ /SF2 (3) BYTE IN I T I A L  (0901-, 0781-, 03FH), /~ 0.20756230 2/
SF3 ( 3 )  B Y T E  INI T IAL (OAA H, 054H, OCO)-), / - ~ —C.~~653 5 2 C 7  5/

/ 2  S T A T ION ~SG I ( 3 )  S Y T E I Nj T I~~L ( O B C h , O ECH, 03E 1- ) ,  /~ 0 . 18 4 4 9 5 6 5 ~/
SG2 (3 ) E~YTE IN i T IA L (OEFI— , 0091-, 03F f- ), /5  C.%~~87 11~ *1
SG3 (3) PY lE I N T T IA L  (iD Ol - , 3671- , JC)I-) , /-~ — 3 .B t ~43657-0 ~ /

/ -.X STAT ION H ~/SI-i (3) BYTE INVIAL (3501-, 0021-, D40H1 , /~ O.56~ 47261 2/
SH 2 ( 3 )  BY T E IN IT IAL  (Deo1-, 0281-, 0001-1, /~ —C.E2~~CccB~ ~/51-3 (3) BYTE INI T IA L (3A3H, 3)71-, )~pJ f- ); /-~ o.~~3~~a363~ 5/

/ 4
V E L C C I T Y  A N D  N A V I G A T I O N  P R O C E S S I N G  D E F I N I T I J N E
5/

CEC L A P  S
/~ NA V IGA TION CYCLE — 1.3 SEC 4/

CTN A V (2) BYTE INITIAL (C8C1-, 0001-, 041!—),

/2 AN G ULAR RCTA T ICN S ABOUT TI-- S SYSTEM A X I S  5/
DELT2 (3) BYTE,
DELT 3 (3) BYTE,

/2 EAP ~THS ELL IPT IC ITY CONSTAN T — 0.3033525 ~/EEC (3) BYTE INITIAL (3C3b, JBCI- , 3381- ),

/ 5  3MEGA AI R CRAFT LATITUDE ANC LCNGITUDE 4/
C L 4 T A C ( 3 )  BY T E ,
C LCN.A C (3) BYTE,

.— ~~~~~~~~~ - ~~~~~~~~~~~~ -~~~ :_~~~~~
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/ 2
IN I T I A L  L O C A T I O N  M O N T E R E Y , C A L I F C R N I A
LATITUDE 3oDEG 35 NUN N — 0.638459618 R A D I A N ~SL C N G IT U D E L 2 I D E G 51 M IN w — 2 . 1 2 6 6 8 3 6 9 4  R A D I A N S
NOTE: INSERT N LAT. POSITIVE

IN S ER T  S LA T . N E G A T I V E
INS ERT E LONG. P O S i T i V E
INS ERT W LO NG. 360 L)2G — IN I T I A L  L O N G .

5/
CLAT IN (3) BYTE IN ITIA L (JA3H , 374)-, 34)1-),

/ 5
IN S ER T  3600EG — 12 1DEG 5 I M I N  W
INSER T 238DE~~ 09 M I N  — 4.156501614 R A D I A N S
9/

CLONIN (3 ) BYTE INITIAL (085H, 0021-, 0431-),

/5 EARTHS MEAN E~ UAT 3RIA L RADIUS — 2)925741.47 FT 4/
EME P (3) dYTE INITIAL (C9FH, 0A 6H, 059)-),

/2 WIND O IRE CT ICN 4/
WO (3) BYTE,

/5 A I R C R A FT H E A C I N G ~/A CE-CC (P2 ) BYTE,

/5  SY STEM H E A D I N G  A NGLE ~ /
SI- C O -A ( 3 )  B Y T E ,

/5  OLD A OCE, NE~ MODE, N A V I G A T I O N  MOC’E 2/
(O LCN - , ~ EWfr, N A V M C C E ) BYTE,

1* DVC3 = (VC 3 * DTNAV ) / EM ER 4/
CVC 3 ( P 3 ) BYTE,

/ 5  O V C 2  = (VC2 OTNSAV ) /EMER 5/

C V C 2  ( 3 )  B Y T E ,
/ 5  E L E M E N T S  X 5 AND X 6 OF S T A T E  VECTOR 5/

S I G V C 2  ( 3 )  BYT E IN I T IAL (0001-, 3001-, 04C1-’),
S I G ’~C3 (3) BYTE IN I T I 4 L  (000 1- ,  0001-, 04 0 ) - ) ,

/ 9  CC NVERS ICN FA CT O R RAJ IANS TO DEGREES 9/
R A D T C C E G  (3) BYTE INITIAL (08Eh, OFA H , 038H),

/2  TE MP. STORAGE AF TER CONVERSION RA D TO CEG ~/RES LLT (31 BYTE ,

VAN (3) BYTE, / 5  A I R C A T A  V E L O C I T Y  COMPON E NT N C RT I- * /
V A- F ( 3 )  B Y T E ,  /4 A I R D A T A  V E L C C I T Y  C O M P O N E N T  E A S T  ~/
V ’N (3) BYTE, / 5  D O P P L E R  V E L O C I T Y  C O M P O N E N T  N O P T H * /
V~~E (3 )  B YTE, /5 D G P2L E R  V E L C C I T Y  C O M P C N E N T  E A S T  4/
IIN ( 3  B YT E ,  / * INE~~T IAL  V F L O C I T Y  C O M P C N E N T  N O RT H */
v 1  (3) BYTE, /*INE~ TI4L VEL OCITY C~J1-~~JN EN T EAST 5/
112 (3) BYTE, /5  CORRECTED VELOCITY ALON G P2 AX IS */
~~~~~ (3) B Y T E ,  /2 CORRECTED VELCC ITY ALONG P3 A X IS * /
i~~~~ (3) BYTE, /9 DOPPLER VELOCITY ALONG 1-EA D ING 2/
d~~~ (3) 3~~TE, /9  DOPPLER V EL O C I T Y AC~~CSS 1-EACI NG 9/
d A S  ( 3 )  -~~TE , / 9  TRUE AIR SPEED VELOCITY 2/

( ?) ~ Y t E ,  1* W IND V E L O C I TY  2/

/~ ITE MS CF 3 BY 3 POSITION M A T R I X  4 /
( ~) 

-
~

- - ( )  -Y~~5,
I ~) ~~~~~
L ~) - ‘ E ,
(fl ~~~~~~~~~

- ~ ~~~~~~~
(‘I ~~~~~

I ~~~~~~~~~~

82
-a

- - A r



INITI .AL IZESR : PROCEDURE;
/2
INITIALIZATION OF POSITION MATRIX P
2/

/ 4
P11 = SIN(LA T ), R31 = COS(LAT )
5/
CALL COSSIN (.CLATIN, .R31, .R11);

/ 2
R22 = SIN (LONG) , R23 = C C S ( L O N G )
5/
CA LL CCSS IN (.CLON IN- , .R23 , .R22);

/ 5

P1 2 = COS(IAT) CCS (LCNG)
9/

C A L L  MULl ( . R 3 1 ,  . R2 3 ,  . R 1 2 ) ;
/ 5

R1 3 = COS(LAT) * SIN (LGNG )
4/
C A LL MULl 1.R31, .R22, .R13);

/ 4
P21 iNITIALIZE TO ZERO
4/
R 21 (C) = COOH ;
P21 (1) = 3331-;
P~~1 (2 ) = COOH ;

/5  -

CI-AN GE TI- S SIGN OF Ru
4/
P11 (2 ) = P11 (2) XOR 0831-;

/ 4

P 33 = —SIN( LAT ) SIN (LONC-)
5/
C A L L  MI JLT ( . R l 1 ,  . R2 2 ,  . R 3 3 ) ;
/ 4
P 2 2  = —S PJ(LA T) * C O S (L O N G )
4/
CALL MULl (.Ri1, .-R23, . R 3 2 ) ;
/ 4
C I- -A NC E THE SIGN OF RU AND P22
4/
P11 (2) = P11(2) XOR 080H ;
P22 (2) = R22 (2) XOR 080H;
R E T U R N ;

END I N I T I A L IZ E S P .;

NE~~PC 5 :  P ROCEDURE;
/9
UPDA TE THE PCSITION MATRIX R AND CALCUL ATE NEW
L A T I T U D E ,  L O N G I T U D E ,  A N C  S Y S T E M  H EADING ANGLE
5/

D E C L A R E  (A , A l ,  A 2,  A 3 ,  B, 81, 82 ,  83,  C l ,  C2 ,  C 3 )  ( 3 )  B Y T E ,
(SUM I, S UM2,  S U M 3 ,  OZSQ R , D3 S~~R - ) ( 3 )  BYT E ;

C A L L  M U L l  (.DELT2 , .R31 , .A) ;
C A L L  ‘4 LJLT ( . D E L T 3 , . R 2 1 ,  . 5 ) ;
C A L L  SUB C .8, .4, . C l )
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CALL MULl (.DELT2, .R32, .4);
CALL MULT (.DELT3 , .R22, .6);
C A L L  SUB ( .8 ,  .A, .C 2 )

C A L L  MULT ( .D E L T 2 ,  . R 3 3 , . A ) ;
CA L L  MOLT ( .DELT3 ,  .P23 ,  . 6) ;
CALL SUB (.8, .4, .C3);

C ALL A -C D (.Cl, .R11, .SUM1);
C A L L  A-CD (.C2 , .R12, .SUM2);
CALL ADD (.C3, .R13, .SUM3);

/2
S L B T R A C~~I N G  O N E  FROM THE EXPONENT VALUE W I L L
C A U S E  T H E M A N T I S S A  IC A P P E A R  TO BE C I V I D E D  BY 2
5/
Cl ( 2 )  = Cl (2) — 0011-;
C 2 ( 2 )  = 02 (2) — 33 1 1- ;
02 (2) = C 3  ( 2 )  — 0011-;

C A L L  A DD (.C1, .R11, .41);
C A LL A -CD (.C2, .R12, .A2);
CALL A - CC ( . C3,  .R13, .4 3 1 ;

C A L L  M U L l  (.DELT2, .CELT2, .D2 SQR);
CALL MO LT (.CELTE, .CELT3, .D3S~~R );CALL ADD (.D2.ScR, .D3SQR , .8.1;

B (2) = B ( 2 )  — 331 1 - ;
CALL MULl (.3, .R11, .81);
C A L L  MO LT ( .8 ,  .R.12, .82);
CA LL MOLT (.3, .R13, .331;

CALL SUB C .SUM1 , .51, .R11 );
CALL SUB (.SUM2, .62, .R12);
CALL SUB (.SUM3, .83, .R13 );

CA LL MULT (.41, .DELT3, .4);
CALL MULT (.41, .DELT2, .8);
CALL SUB (.R21, .4, .~~21);
CALL ADD (.P31, .6, .~~31);

CALL MOLT (.42, .DELT3, .4);
C A L L  MO LT ( .42 ,  .DELT2 ,  . 8) ;
C A L L  SUB ( . R 2 2 ,  .A , . R 2 2) ;
CALL ADD ( . R 3 2 ,  .8, . R32 ) ;

CALL MULl (.43, .DELT3, .4);
CALL MULl (.43, .DELT2, .B);
CALL SUB (.R23, .4, .R23);
CALL ADD ( . R3 3 ,  .8, .P33);

C A L L  C IV (.R21, .R31, .4);
CAL L  DIV (.R1 3, .R12 , .5);

C A L L  ATAN ( . A ,  .S H D G A ) ;
CALL  A lAN (.5, . O L O N A C ) ;

C A L L  C C S S I N  ( . S H D G 4 ,  .8, .4);

CALL MULl (.8, .R11, .4);
CALL CIV (.4, .R31, .8);
C ALL A -TAN (.8, .OLA TAC );
R ETU RN

END

VEL FPCC : P RO CEDU RE;
/ 2

CCM PUTE NORT I-, SCUT H, EAST , A-ND WEST VELOCITIES
AN D CCM PLTE V ELO CITIES AL ONG THE SYSTEM AXIS
2/

84
— -~~ —~~~- -~~~— — - - ~~~~ — - - — ~~~~-- - ~~~~~~~~~-- ~~~ — -

- ~~~~~~~~ - --- -—
~~~~~~~~~~ —~~~ -~~~-~~~~ 

_ J- - ~ J



DE CLA RE (A, A l, 42, 431 (3) BYTE,
(8, El, 82, 63) (3) BYTE,
CC , C u ,  C3, D , Cl ) (3) BYTE ,
(CELVC2, C E L V C 3 )  (3) BYTE,
(VELE , VELN ) (3) BYTE ;

/ 4
B = CCS (AIRCRA FT HE ADI N G ), A = S IN ( A I R CR A F T  H E A D I N G )
2/
CALL CCSSIN (.ACHDG, .8, .4);

/2
D = CCS (WIND DIRECT ICN) , C = S IN ( v ~IND D I R E C T I O N )
4/
CALL CCSSIN (.~~O, .D, .C);

/2

A - i  = SIN (ACIiDG ) * VOC
4/
CALL MOLT (.4, .VDC, .41);

/ 4

Eu = CCS (ACI-iOG ) * V D A
4/
C A L L  MULT ( . B ,  .VD~~, .3 1 ) ;

/ 9
= SIN (ACHDG) ~ V C A  -

4/
CALL MULl (.4, .VDA, .42);

/4
82 = CCS(AC1-DG ) * VOC
5/
CA LL MOLT (.8, .VDC, .82);

/ 2
V CN = C O S ( AC HD C - )  ~~ VDA — SIN (ACHDG) * VDC
2/
C A L L  SU B ( . 81 , .A1 ,  . V D N) ;
/ 2
V E E  = COSLACHDC -) * VCC * S I N ( A C H D G )  * VCA2 /
C A L L  A -CC (.82, .42, .VDE );

/ 4
e3 = CCS (ACHDG ) * VT .A S
5/
CALL MOLT (.8, .VTAS, .33);

/-~A ! = SIN (ACHOG ) * VTAS
2/
C A L L  MOLT ( .4 ,  . V T A S ,  .4 3 ) ;

/ 4
Cl  = C C S ( ~~C) * VW
2/
CALL MOLT (.0, .V4, .Dll ;

/ 5
Cl = SIN (WC) * VW
5/
CA LL MOLT (.C, .VW , .C1 );

/ 5

V AN = CCS(A CHDG) * V TA S + COS (WD) * V W
4/
C A L L  A DD ( . 83 ,  .01., .VAN);
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/ 4
‘IAE S I N (A C H D C - ) V IA S  + SI~J (W D ) * VW
2/

C A L L  A D D C.A 3, .C1, .VAE );

/ 5
8 = CCS (ShCGAI , A = SIN (SHCGA)
2/
C A L L  CCSS IN (.51 -OGA , .8, .4);

CC CASE N A V M ODE ;
/ 4  CA SE 3 — INERTI A L COMPONENTS 5/

CC ;
V E L N ( 0 )  = V IN (0);
V E L N ( 1 )  = V I N C i ) ;
VELN (2) = VIN (2);
VELE (0) = VIE (O );
VELE (L) = VIE (1);
V E L E ( 2 )  = VIE (2);
END ;

/ 4  C A S E  I. — D O P P L E R  C G M P U N E N T S  4/
CC ;
VELN (O) = VDN (C );
VELN(1) = VDN (l );
VELN (2 ) = VDN (2)- ;
VELE (0) = VDE (C );
VELE (1 ) = VDE (i );
V E L E ( 2 )  = VDE (2 );
E N D ;

/4 CA -SE 2 — AIR DATA COMPONENTS 4/
DO ;
VELN (3) =
VELN (l) = VA N CI );
VELN (2) = VAN (2 );
VELE C )) = VA E C O .I;
V E L E ( 1 )  = VA E (1);
V E L E ( 2 )  = V A E ( 2 ) ;
E N D ;

E N D ;
/ 2
81 = VELE * COS (S)-OGA )
4/
CALL MULl (.VELE, .3, .31 );

/ 4
A l  = VEL~ SI N (SHD GA )
5/
C A L L  MO LT ( . V E L N ,  •A , .A 1 ) ;

I-S
82 = VEL~ COS (S)-OGA)
5/

CALL MULT (.VELN, .B , .B2);

/ 5
42 = VELE * S!N (SI-CGA)
5/
CALL MULT (.VELE, .4, .A2);

/ 5
A3 = V E L E  ~ C O S ( S H D G A ) + VELN * SIN (SHDGA )
2/
C A L L  A D D  (.81, .41, .43);

/ 2
= VELN ~ COS (S)-IDGA) — V E L E  * S I N ( S H D G A )

5/

C A L L  SUB (.82, .42, .83);
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/2
C1-ECI ( IF UPGRA CE OP COWN GRA DE OF NA -V. M-JOE
5/

IF O LC M < N EW M TH EN
C C ;
CLE M =

/ 2

D E LTA VC2  = V C 2  — (V E L E * C O S ( S H - J C - A )  + VELN *SIN (SHDGA ))
*1
CALL  SUB ( . V C 2 ,  .4 3 ,  . D E L V C 2 ) ;
/ 2
DE L T A  V C 3 = VC3 — (V E L N ~~COS (SHDGA ) — V ELE~~SIN (SHDGA))
4/
C A L L  SUE (.VC3, .83, .DELVC3);
E N C ;

ELSE
r~ ..u~_ ~IF CLDM > NEWM THEN

D O ;
/ 4
SET CELI A VC2 AND CELIA VC3 IC ZERO
2/
D E LVC2 ( C ) ,  DEL V C3  (0) = 0001- ;
DELVC2 C l ), DELVC3 (1) = 3)31-;
DELVC2 (2), DELVC3 (2) = 0401- ;
E N D ;

C L D M
C A LL SUB (.CELVC2, .SIGVC2, .DELVC2);
C ELL SUB (.CELVC3 , .SIGVC 3, .DELVC3);END ;

/4
SET SIGMA VC2 AND SIGMA VC 3 TO ZE~~C4/
SIGV C2 (-3 ) , SIGVC3 (C) = 0001-;
S I G V C 2  ( 1 ) ,  S I C - V C 3  ( 1 )  = 0001-;
S I C - V C 2  ( 2 ) ,  S I C - V C 3  ( 2 )  = 340H;

CALL A DD ( . 4 3 ,  . D E L V C 2 ,  .V C 2 ) ;
CALL ADD ( . 83 , .O ELVC3 ,  . V C 3 ) ;
R ETURN;

END V E L P P C C ;

NA V PRCC : PROCEDURE;
/2
N A V I G A T I C N  P R O C E S S I N G  FOR POSIT ION C O M P U T A T I O N S
4/

D E C L A R E  I R 1 I S C R ,  P21S~ R ,  R3 l S Q P~, R 2 13 1)  (3) BYTE,
(CIFF1, DIFF2, W , X , Y, Z) (3) BYTE,
(TEMPI, TEMP2, TEMP fl (3) BYTE;

D E C L A R E  ZERO ( 3 )  BYTE IN ITIAL (OOCH , QCC H, 0401-),
CNE ( 3 )  BYTE I N I T I A L  ~~80H, 330 1- ,  34 1 1 - ) ;

/ 4

R 1 1 S ~~R R h  * P11
4/

C A L L  ML LT (.R11, .Rll , .R II SQ R ) ;

/ 4

~2 1 S C P  R2 1  * R21
2/

• 
- CALL MOLT (.fl21 , .R2 1 , .R21SQ ~J;

/2

~!1S R = R31. * R3 1
2/

C A L L  MO LT ( . R 3 1 ,  . R3 1 ,  .R3 l S ~1)-~ ) ;

- 
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/ 2
P2131 = R 21 * P31
2/
CALL MOLT (.R21, .R31, .R2131) ;

/4
AD D IN G ONE TO THE EXPONENT VALUE WILL CAUSE
THE MA N TISSA IC APPEAR TO BE MUL T IPLIED 8Y 2
2/
R 31SCP (2) = R31SQR (2) + OO1H;
P21SCP (2) R21S QR (2) + ))1H;
P 2 131 (2) = R213l (2) + 0011-;

/5
C IFF 1 = 2 * (P31 ‘~ P31) — Rh ~ P 1 1

C ALL SUB (.R 3ISQR , .RILSQR , .DIFFI);

/ 2
D I FF2  = 2 ~ (F21 % R21 ) — R h  * Ru
2/
C A L L  SUB ( .~~2 l S~~R, .R h j S ~~R, .D I F F 2 ) ;

/ 2
TEMP 1 = DI FF 1 ~ EEC
TEMP2 = OI FF2 * EEC
T EMP3 = P2 13 1 .  * EEC
4/

C A L L  MOLT (.DI~~F1, .EEC, .TE .iPl);
CALL MOLT (.CIFF2, .EEC, .TEMP2);
CALL MOLT (.R2131, .EEC, .TEMP3);

/ 2
= I + EEC~~(2~ R31 31. — R~~I~~~~11)

X = 1 EEC~~(2*R21*~~2 1 — R 11~ Ph 1 )
2/
CALL ADD (.TEMPI, .‘JNE, .W );
C A LL A -CD (.TEMPE , .ONE, .X);

/ 5
TEMPI = DVC3 * (l+ESC* (2~~R3 1~ R31 — R 1 1~~R 11))TEMF 2 = FJVC2 ‘~ (1+EEC* (25P214R21 — R - 1 1 4 R L L ) )
Y = DVC3 * (EEC ~~(2*R2l*R 3l))
Z = CVC2 (EEC* (2*R21*R31))
5/
CALL MOLT (.9, .DVC3, .TEMP1 );
CALL MULT (.X, .DVC2, .TEMP2);
C A L L  MOL T (.TEMP3 , .CVC3 , .Y);
C A L L  MULl (.TEMP3, .CVC2, .Z);

/ 2
C H A N C E  T HE S I G N  OF TEMP I
TEM F 1 = —CV C3 * (1+EEC* (2~~P3l* R31 

— R 1 l * R h l ) )
4/
TEM P 1 (2) = TEMP1 (2 ) X O R 38)1-;

/ 4
C E L T 2  = —CVC3 * (1+EEC* (2*P31*R31—R11*Rll) )

— CVC2 * (EEC*(2*R2 1~ R3 1))
4/

• CALL SUB (.TEMPI , .Z, .CELT2 );

/ 4
C E L T 3  = CVC2 * (1+EEC * (2*R21*R2 1—Rul *Rhh)) +

Cvc 3* CE E:* C 2 *R21*R31 ))
2/
CALL ADD (.TEMF2 , .Y, .DELT3);
PETU PN ;

E N D  N A V ~~P C C ;
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O M E G A :  P P C C E D U R E ;
D E C L A R E  ( I , J , K )  BYTE ,

(TMPCNE, TMPTWO ) (3) B Y T E ,
(SUMDELT2, SUMDELT3 ) (3) BYTE;

DECLARE P1 (3) BYTE INITIAL (OC9H, OO FH , 042H);

C A L L  I N I T I A L I Z E $ R ;
CC K 1 TO 63;

CC J = 1 10 4;
SUMCELT2 (O), SUMDELI3 (O ) = OCC H;
SUMDELT2 (1), SUMDELT3 (1) = 3031-;
SUMDELT2 (2), SUMDELT3 (2) = 04CH;
CO I = 1 TO 15;

CAL L  VELPR OC ; 
-

/ 5
CV C3 = (V C 3  ~ DTNAV )/EMER
CVC2 = ( V C 2  * DTNAV )/EMER
4/
CALL MULl ( . V C 3 ,  .DTNAV, .TMPCNE);
CALL CIV (.TMPONE, .EMER , .CVC 3);
C A L L M UL l (.VC2 , .CTNAV, .TM PTWO);
CALL DIV (.TMPTWO, .EMER, .CVC2);
C A L L M V P R O C ;
CALL ADD C .SUMDELI2, .DELT2, .SUMDELT2 );
C A LL ADD (.SUMDELT3, .OELT3, .SUMDELT3);
E N D ;

DELT2 (O) = SUMDELI2 (0);
OELT2 (l ) = SUMCELT2 (1 );
DELT2 (2) = SUMCELT2 (2);
CELT3 (0) = SUMDELT3 (0);
C E L T 3 ( 1 )  = SUMCELT3 (1);
DELT 3(2) = S U M D E L T 3 ( 2 ) ;
CALL N EW P O S ;
CALL PRINT C . ’ CYEGA L3N CI TUDE—R 8DIA NS~~’);CALL REAL (.OLCNAC , 0);
CALL CIV (.JLONAC , .RAOTOGEG, .RESULT );
CALL PRINT C. ’ O M E G A  LON c-IT U DE—DE GRE ES~~’);CALL RE AL (.RESULT, C);
END;

E N D ;
R E T U R N ;

END CM ECA ;

/~ INI1IA L CCN DITIONS — NO WINO SOLUTICN FLYING CUE EAST
AT 300 KNCT S FROM MONTEREY, CALI F . AIRPORT 4/

OLDM = C;
NEW” = 2;
N A V M C C E  2;

/5 w IND DIRECTIO N 000 DEC = O.000000RAD 5/
hD(3) = 0001-;
WC (1) = OCOH ;
WC (2 ) = COOM ;

/2 A IR CRAFT 1-EACING 090 DEG = 1.570786 RAD ~/ACHCC (C) = OC9H ;
A C 1-CC - (1 ) = OO F H ;
L C I - C G ( 2 )  = 0411-;

/5 S Y S T E M  H E A D I N G  ANGLE 000 DEG = 0.C00000 RA D 2/
S H C C - A ( C )  = 0001-;
S H O G A C I )  = 3 0 C M ;
S 1 - C C A - (2 )  = 0001- ;

VAN (C), VA E (0), VONCO) , VOE(O), V !N(0), VIE (0) = C O d - ;
VANC 1 ), VAE (i), VDN (1), V D E ( 1 ) ,  V I N C i ) ,  V I E ( 1 )  = CCCH ;
VAN (2 ), V AE (2), VDN (2 ), VOE(2 1 , VIN (2 ), V IE(2 ) = C CH ;
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— a1a ..__. -

V C 3 ( C ) ,  V C A ( C ) ,  VCC (0), V~d (0) = 0001-;
VC3 (h), VCA (1), VOCC I ), Vw (1) = 0001-;
V C 3 ( 2 1 ,  V C t - ( 2 ) , V D C ( 2 ) ,  V W ( 2 )  = 3)31-;

1*TRU E A I R  SPEED = 30) K N O T S
300 KNCTS = 506.3429575 FT/SEC
5/

V TA5 (C) = OFDI- ;
V T A S ( i )  = 02B)- ;
V T A S ( 2)  = 049 1- ;

/2
SET COR RECTED VELOCITY 333 KNOTS
300 KNOTS = 506.3429575 FT/SEC
5/

VC2 (C ) = OFDH ;
VC2 (1 ) = 028H ;
VC2 (2) 0491-;

/ 4  MAIN PROGRAM 4/
C A L L  O M EG A ;
H A L T ;
EC~
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