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The a u t h o r s  wish to acknoul tdge t h e  i n v a l u a b l e  s u p p o r t  o f  s e v e r a l  
pereone whose h e l p  was ins t rumenta l  i n  t h e  c m p l e t i o n  o f  t h i s  c o n t r a c t .  
Dr. A1 Bradt ,  s e r v i n g  as Program Manager, e f f i c i e n t l y  s o l v e d  t h e  many 
a d m i n i s t r a t i v e  problems t h a t  a r o s e  d u r i n g  t h e  course  of t h e  c o n t r a c t .  
Joanne Spofford d i d  h e r  u s u l  e x c e l l e n t  job of typ ing  t h e  voluminous 
documents. b c b r a h  Baror Waf, r e s p o n s i b l e  f o r  a l l  t h e  g r a p h i c s  work 
luvolved w i t h  the p r o d u c t i w  of the f lowchar t s  and mathemat ical  a n a l y s e s .  
A u t i l i t y  c a n p u t e r  program developed by JI-, Schne lker  a i d e d  g r e a t l y  i n  
the prvgrlm cuawers ioa  fran CDC s i n g l e  p r e c i s i o n  t o  IBn double  p r e c i s f o n .  
A11 of their uork was g r e a t l y  apprec ia ted .  



PRECEDING PAGE B m  NOT 

STEAP I1 i n  a re r ie r  of t h r n  coaputer program dweloped by the 
Xnrtio-llrtlmtta brpora t fon  for tha arthematleal a w l y r f r  of the arvfgatfaa 
and 8ofbace of  luaar and interplanetary t r i f u t o r i e r .  SrUP i s  an acrongm 
for Space b f a c t o r y  Error Amlfrir  Progrtns. The f l r r t  aeries of programs 
under th i r  lu -8 developed udcr caatract UAS 1-8745 for h a s l e y  Research 
Center .ad uar dacmncated in bm rolrmer (STUP User 'r hntul, STUP A m l y t i ~ 8 1  
-1) u EUA Coatract b p o r t  6.6018. Under contract E U  5-11795 the m P  
r e r l w  uu exteeuimly modified d expanded for  Coddard Space Plight Center. 
'Lhir mcactd generation metier of p m g m  i r  mfe r r td  to a r  S m P  11. . 

6ZEAP IX i r  caaposed of thrm iudepedent )rat related progruns: N-L, 
w, a d  SmvL. A l l  three prqrorns require the integration of nobody 
trmfectories for both interplanetary a d  luaar drrioa.8. The vir tual  -6 
technique tr the rchag wed for this  p r p m  in a11 three programs. 

The f fmt  program named MWlUL i r  mrporuible for the genorat+ion of 
-body rroolirml t ra jector ies  (eitber lunar o r  interplanetary) performing a 
mmber of deterministic guidance events. These eventn include i n i t f a l  or 
injectiau targetfag, mfdcourue rctargeti=, a d  o rb i t  insertion. A variety 
of target parrrrcters a re  available for the targeting eventa. The actual 
targeting i r  done i t e r r t fve ly  ei ther  by a modified Hcutcm-Baphson algorithm 
O& by a steepest descent-can jugate gradient rchcw. P l  mar ani  nanplarur 
r t ra tegies  am available for the orb i t  i n u r t f o a  compltatioa. A 1 1  maneuver8 
m y  be axtcotd either by a r i rp le  impolsia  d l  or  by a pulsing eequmce 
d e l .  , 

BBIUII, the second program of SfEAP IX, is  ured to  conduct l in&r error 
a n a l p i s  rtudier along specific targeted t rafector ies .  The targeted trajectory 
nay barever be al tered durirrg f l h b t  by retargeting events (computed e i ther  
by l i n e a r  o r  ~ o n l i n c a r  guidance) a d  by an orb i t  insertion event. Knowledge 
and control cuvarhncer are  propagated alopg the tmjectory through a s e r i u  
of areabursaanto a d  guidance ctttata in a t o t r l l y  integrated fashion. The 
Loarltdge c w r r h u c e  b processed thrqugh meusurementa using & optimal 
hlamn-Schmidt f i l t e r  with arbi t rary rolve-for/consider augmentation. 
Bxecution e m r r  a t  guidance evantr may be modeled e i ther  by an knpulrive 
rppruxfmation o r  by a pulring rcqr#ace d e l .  The r e r u l t i q  ttaouledge rod 
control co9.rl.acer ump bm aru lgud by tho program a t  variour event8 to  
determine r b t i r t i u l  data including p robb i  l l r t i c  midc~uree correction rfziag 
and affectivarrass, p rohbi l$ ty  of impact, and bfared aimpoint r e q u i r a n t a .  

. 'Lbe third a d  f i r u l  program in the STEAP IX re r ie r  i r  the rimulation 
program SMUL. SMm. i r  resporuible for the t e s t f q  of the uuthamatical 
d c l r  ured fa tha euvigation and guidance procesr. An "actual" dynamic 

. model i r  urcd t6 propagate an wacbaln  trajectory. E o i v  tnearuremeatr fran 
. th i r  "actual" trajectory are  then rent to the est-tion algorithm. &re 

the actual ~ e u u r a a a t ,  the r t a t f r t i c r  a r roch tad  v i th  that. mmruremant, 
and an "b8rurudn dyauniul  model a n  blaaded mether to  generate the f i l t e r  
mrtimate of tha trajectory r ta te .  Thir prworr i r  r epu ted  continually 
th- Lb u a u n t  rcbedulo. A t  goidanem went r  corroctiocrr are camputed 



/1 
b r e d  oa the er t imate  of the ca r r en t  s t a t e .  These co r r ac t ions  a r e  then <d 
corrupted by e x c a t i o n  e r ro r6  and added t o  the "actualn t r a j e c t o r y .  The 
r t a t i r t i c a  and augmentatioa of the f i l t e r ,  the mismatches i n  the "actualu 
a d  "rrmmedm dyumics ,  and the esacut ion  e r r o r s  and mcasurcment b iases  .. 
may then k v a r t d  t o  d e t e m i r n  tbe e f f e e t a  of them pa r rau tc r r  aa the 
a t ~ i g p t f o a  and guidance pmcerr .  

Thm documantation f o r  ST?UP It c o a a i s t s  of  t h ree  volumes: the Analyt ic ,  
m r r a a a r ' r  and User'r Manrul8. hctr of thaee docwnentr i s  self-contained.  

The Analyt ic  Manual coarimtn o f  tvo major d iv is ions .  The f i r s t  s ec t ion  
provides un i f i ed  treatment of the  mathematical a n a l y s i s  of the STEAP XI 
pros-. The geacra l  problem desc r ip t ion ,  ionnulat ion,  and so lu t ion  a t e  
6iven  i n  a t a r o r i a l  manner. 'Ibc second s e c t i o n  of  t h i s  r e p o r t  suppl ies  the 
de t .114  acu lya i s  of  those subrout ines  of  SZEU LI Qal iag  v i t h  technica l  
tub. 

X&e m r a a m e r ' s  )lamu1 provides the reader  v i t h  the information he 
~ h a d s  t o  e f f e c t i v e l y  modify the programs. Both the  o v e r a l l  s t r u c t u r e  of the  
program as wel l  a s  the caaputa t ions l  flow a d  a n a l y s i s  of t he  ind iv idua l  
rPbrout iacs  is descr ibed i n  this mnual. 

: 3he U s a r ' s  Hanual c a n t a i m  the t d o r m a t i o a  necessary t o  opera te  the 
'prmrtms. ibe input  a d  output q u a n t i t i e s  of the programs are descr ibed 
iP d e t r i l .  &ample c a m s  a n  a l s o  g iven  a d  discussed.  
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'Ilhir Rogr.(rlr k n w l  i n  i n t a d  t o  a p p l y  tha d a r  with 
m f f i c i a n t  i n f o r u t i o n  about the  STUP 11 progr8.u t o  aolb le  him t o  
e f f i c i e u t l y  modify t h m  Both the  overa l l  r t r u c t u r r  of tha progrrPr 
a d  the ccmpitat iaaal  flow of th i n d i d d u a l  mubroutimr a r e  &reribad 
i n  thtr --I. 

Thir w c t i o n  drmcrikr the  content8 of the Rogr-r' r M m u l .  
P o l l w i a g  thim d i w r i o n  the a o a s a c h t u r e  ured ttroughar, the  repor t  
18 preunted. 

The t h i r d  sec t ion  of thir cmnrl d e r c r i k n  the  four h n i c  cap- 
$anent# of STEAP 11: t he  n-body t r a j ec to ry  p r o p q a t i o n  pckaga ,  the 
n a i d  t r a j ec to ry  gaacrator  #(ZQICLL, the e r r o r  a m l y s i r  program eRBbll, 
a d  the r i m l a t i a n  p r o g r u  SIIWL. Ple  gemral potpofs .ad u p a b i l i t y  
of srch of the progrm i r  b r i e f l y  - r i d .  

Qaptar 4 of t h i r  v o q m  exmmimtn the  STEAP I1 programs f r m  a 
s o r e  de ta i l ed  visupoint. The operat ional  r t r p t t o r e  of each of the 

. main corpoaants in dercribed a t  the r u b r o u t i ~ ~  level.  The indivfdual  
subroutines a r e  defined a d  crime-refereaced according t o  the  three  
rain p r o g r g .  of aTECLP XI. 

C b p t e r  5 cont r inr  the de f in l t ionr  of the  variable. a p p a a r i q  
i n  c a p r m  block8 throogbart the  prOgrmm. The t n ~ i a b l e s  a r e  f i r s t  
l i r t e d  rccmding t o  the  c o a ~ o n  block8 t o  which they belong. The pro- 
grass requir ing each of t h e n  c m  block8 a r e  a l r o  noted. F o l l d n g  
t h i r  a l l  the caaron variabler  a r e  l i r t e d  i n  a lphrbct ic .1  order w i t h  
t h e i r  c ~ l ~ n  b l o c h  referenced. Tabler d e t a i l i n g  the  dafinitionm of 
l u g e ,  frequently r e f e r a d  c- urrays a r e  a l m  provided. 

Chapter 6 c a p r i s e r  the bulk of t h i r  vol-. Each of the mab- 
r o u t i m r  i r  d-nted i n  detail i n  a l p h . h t i c . 1  order. The purpom 
of the mbrocttine i r  ropplied. Subrtmtirrar supported or  required 
by the  m b r m t i w  am l i r t e d .  A r g ~ n s n t r  a d  i n t e r v a l  v u i a b l s r  of 
tha  mbroutiua u a  definud a d  u u g s  of - v a r l a b l u  is  noted. 
The rth.ortiu1 u r a l y r i r  upon *ich the  rubroutiol  i r  bared i n  then 
d i m m e d  i n  fu l l .  FJmlly  a f l a  cbrt of the c m t a t i o r m l  f h  of 
t h m  d o u t i m  i r  p r d ,  
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The Space Tra jec tory  Error  Analyr i s  Programs (STEAP) conals t  of 
four  subprogram cr opera t iona l  modes. The f i r s t  mode, used a s  a  
subrout ine by eack 0: tho o the r  t h r e e  programs, i s  the  t r a j e c t o r y  mode 
VXP by which an  n-bod: . . ra jec tory  (lunar or  i n t e rp l ane ta ry )  i s  propa- 
gated by the v i r t u a l  m e 8  technique. The second mode i s  the  nominal 
t r a j e c t o r y  genera tor  o r  t a r g e t e r  (N0MNA.L) by whfch a lunar  or  i n t e r -  
p lane tary  t r a j e c t o r y  meeting spec i f i ed  conditions i s  determined. Tl1e 
t h i r d  mode i B  t he  e r r o r  a n a l y s i s  program ERRAN i n  which the  navlgatfon 

, and guidance c h a r a c t e r i s t i c s  of a nominal t r a j e c t o r y  a r e  analyzed by 
l i n e a r l y  propagating knowledge and con t ro l  covariances along the 
t r a j e c t o r y .  F i n a l l y  t he  s i m l a t i o n  d e  S I N L  t e s t s  t he  mathematical 
models used i n  t he  navigat ion and guidance processes  by model iw t h e  
t r ack ing  and co r rec t ion  of an  "actual"  t r a j e c t o r y .  I n  t h i s  chapter  
a general  d e s c r i p t i o n  of each of t he re  modes w i l l  be provided. 

3.1 The V i r t u a l  W s s  Ropaga to r  VMP 

The d y d c  modal used by S T p '  I s  euppl ie -  by the  t r a j e c t o r y  
propagation package. The only e x t e r n a l  forces  a \  t i n 8  upon the space- 
c r a f t  a r e  assumed t o  be the g r a v i t a t i o n a l  forces  of t he  c e l e s t i a l  
bodies  considered i n  t he  in t eg ra t ion .  Both the  spacec ra f t  and the 
g r a v i t a t i o n a l  bodies  a r e  asswed t o  be poin t  massecl so  ne i the r  space- 
c r a f t  a t t i t u d e  nor p l ane t  a s p h e r i c i t i e s  a r e  considereJ ,  

The c e l e e t i a l  bodies  t o  be i n  the  i n t e g r a t i o n  a r e  spec i f ied  by 
the user  and may inc lude  the sun, any of t he  nine p l ~ n e t s ,  and the 
e a r t h ' s  moon. The motion of the  p l ane t s  about the sun and the  moon 
about the  e a r t h  a r e  modeled by uaing mean e c l i p t i c  elements of date .  
If t h e  user  dee i r ee ,  each of the  p lana te  can be s e t  i n  a  f ixed  e l l i p s e  
referenced t o  some epoch f o r  speedier  cmpu ta t ion .  

The coordinate  system used i n  the  i n t e g r a t i o n  i s  a l s o  spec i f ied  
by the user.  The opt ions  a v a i l a b l e  a r e  e i t h e r  h e l i o c e n t r i c  e c l i p t i c  
or ba rycen t r i c  e c l i p t i c  ( d a a l l y  f o r  lunar  t r a j e c t o r i e s ) .  

The a c t u a l  scheme used i n  the propagation of the t r a j e c t o r y  !: 
t he  v i r t u a l  mass o r  g a r i c e n t r i c  technique (see re ference  15) .  Kc 

a a c t u a l  i n t e g r a t i o n  i s  performed by t h e  t r a j e c t o r y  mode; che key i d e a  
of t h e  v i r t u a l  marre technique i s  t o  h L l d  up an  n-body t r a j e c t o r y  by 
us ing  a sequence of conic  soc t ione  around a moving e f f e c t i v e  force 
c e n t e r  ca l l ed  t h e  v i r t u a l  mass. A t  each ins tan taneous  moment along 
the t r a j e c t o r y ,  the  combined e f f e c t s  of a11 the  g r a v i t a t i o n a l  bodies 
can be viewed as r e s u l t i n g  from a f i c t i t i o u s  body of unique magritude 
a d  p o s i t i o n  which f a  c u l l a d  the virtual mar. The computational pro- 



c d a n  tbaa a.8- t h a t  over a -11 tbe interval  the nmtfoa of the 
mdt u e  k rrprmmrrted by r  two-body conic n e t i o n  arc rrktiwm 

. 
to thir r l r a u l  -8. The oarpletc trajectory i s  thru gemrated by 

-8 of an11 rro pieced together f a  rteps while updating the 
p.Ltiaa a d  rgnitude of the ef fectfve force center. 'Lh6 opb ad-- 

of tba -1 -8 t tchnl~ue  im that the m r i u r  
Satagratlon of the dl fbmt lr l  equatioar f s  avoided. 

hother 8igdfic.nt bbre of the r i r tnn l  p ~ s r  technique i s  i t s  
n'lc(b1lfty. By e a g  a drple -ter called the "aeauacy l e v e r  
re- to the true -1y lncracut of u c b  rtep, t ra jector ies  rang- 
Lq f r a  rcqoura of m l a t l ~ a l y  fat e o d c  section arcs cornquadfag  
to 8 rppnnLrth m h t i o n  t o  tbtme rtprrirlag a large 4 c r  of 
&re8 to bl.@y accurate aoLpticm rsry'be -rated. ' 

i a  r u p u ~ i b l e  far the guaerrtLoa of r  uunlnal t r ~ j e c t o r y  
fur adthrr Itmu or iateuplmmi!tary niesfans. The ~ t h o d  of propa&a- 
Lim ln e i ther  c u u  i 8  the d-I maas ~ b d y  fntegrator. The tra- 
jestory q k p r ~ # a ~ e d  t)rraugb r  series of deterministic maneuvers 

9 o W q  I d r i a l  ok lnfcctioa tnrgeting, subseuuent retargetlag, and 
f fml ly  orbi t  lasertion. A r r r fe ty  of target p a r a t e r s  a re  available 
fmr tim taqet l r rg events. bth qlaaar and aoapLanar strategies  a re  
mttd LP the orbi t  f s e r t i o r r  ma-r. 

\ 

Xf UA i n i t l a 1  s t a t e  f a t  the problem fa em, t h l s  may b =  read 
b to start the tr8jectory. Orhervlme E l X S L  generates f t e  own zero  
iturba. lo interpbuetary d a a f o m  th i s  fmrol~es  solving a e  W e r t  
tia of fl-t equation far the marslees planet trajectory that coriects 

&+ired M t i a l  .ad f i~r l  pasitlops FP the ppecfffed the interval. 
eptloru ur mmfhbk ln dLscrfbirrg these refereace points: 

-get PLarret 
S p c l f  f ed Point 
Tuget Planet 
SpbeUied pofnt 

X f  tbo Mti.1 point i s  rafererud t o  the lunch planet, a launch profile 
U m l t a d  to w r 8 t e  a n n l i r t l c  ae t  of i n j e c t i m  codf t fon  consis- 
tenS w l t h  the halioccatric trajectory. 

. . 
I Far lanw trajectories a s l i @ t l y  different procedure  1 s  used. 

Z b  rqa i red  data for the lumr zero f ta ra te  includes specification of 
tba doired redPjor .d. with vet t o  the moon, radius a d  tlm of 

- .  

8 -- 



- - A tuetlag n y  ba p m c e r d  m t e l y  after obt~ining 
r DUO f u n t o  r a m  or U my pofrtt alomg the naira1 trrjaetmy. 
A t  a t m g a t i w  ewmnZ tha cnrrent valacltp i r  refined to yield a tra- 
).ctoxl, urL.firLPe purPstar camhl iarr .  'Ihs p0961ble Urge& 
ga-. - 8  

'Lha t a q a t i n g  a t h o d  to be used is  .pacified by the rrscr, Either A 

rodif id Bsvtan-B.#man algorithr or r mtaepemt deuceat/cmjagata grad- 
L.nt tec&fque may ba o d .  

Orbit h r t i u a  events ara a l so  avaflable i n  BWkUL. A t  A speci- 
fied tim the spacecraft mtate re la t ive  to the target body is comprrttd, 
'Lbh remlting conic trajectory relative t o  the tuget body is then 

with the desired orb i t  t o  determim the optimal t i g  t o  
tbs insertion a d  the required eormction. A t  the proper tLm the 
d a f t y  currecticm lm then -1- Tho r t ra teg las  are permitted 
Lo tha orbit Lnrartioa unputatioa: 

Caplamar - Zhe &aired 6edmafor a d s ,  eccentricity, and 
parfapsi8 mt 9 f .  cop- a r b i t  dre apedfied.  

.- 

lbqL.Pat - The dsrirtd p l a m  of the post-iosettion r t a 9  61 
. - qestf ied a loq  vfth xxdual valuer of dm orbtt  

.trrratl. 

'ICh tugeted correction, o rb i t  %umrtfon cotrection, or ur arter- 
a l l y  +rrpplled wrractioo -y be uecuted  i f  derirrd. T m  d e l e  are 
tftiLble for tbil Lmghs!ntation; . .impla LBpolsiwt rdditiop or a - copk 4 - b  pPlsa d l . .  

'h# p r o g r a  will lutegrata a d  record the pertodically-correcttyA 
-1 anLil i m r m ~ ~ t f o a  timt a p e c i f i d  by tha -. . 

Ttm mar umlfdr program RRBM i m  a pref l ight  d s s i o n  unLysia 
tool wud gr-ly to pmpqate m c s  m c e a  a l o q  rslected 



Z b  guidance event i e the aoet uatplu eveat .ad yields much 
u 8 f P l  information for prefl i#~t  dmrion u u l y 8 i a .  Savsral type8 of 

events are d v a l l d b h  in EUU?. At a midcourae 8uldance 
8venZ the uscr can ch-8 fram three d d c m r s e  guidance policiee. 
'Lba d d u m r b e  guidance event can alra be conatrained t o  sa:isfy 
plaastmy quaraatiae reqdrem~nts. A t  an o r b i t a l  inser t ion guidance 
8v8nt the w e r  can chomm f r an  tvo Lpwrt ion policies.  Options a r e  

sva i l ab le  fo r  chaargfng target eonditionn i n  mid-flight and r e -  
the t r a jec to ry  using rmulLmsar techniquas, or for  simply 

-1- m a t e r aa l l y - rupp l i ed  o r  pracamputed a t  acme a rb l t r a c /  
trajectory time. Tvo thrus t  modelm ua available: impulse and i - p u l s e  
d u e .  Execution error s t a t i s t i c s  a r e  generated u s i u  an e r ro r  =adel  
d e f b d  by a proportfanali ty e r ro r ,  a resolut ion e r ro r ,  and t v u  pcint- 

-la errors.  A t  a mfdcourse guidance event i n  ERRAN we also 
-e a s t a t i e t i c a l  LUT a d  the target condit iun covariance matrix 
baCh bfore a d  a f t e r  the mfdcarrse correctioa.  

T h e  s iuula t ion p v a m  SRQL is  the moat c q l e x  program i n  t h e  
STEAP s e t  of programs. I n  SllPIL the va l i d i t y  of the mvigat lon and 
@dance proceee i s  elcrtrfued by simrlatirrg an ac tua l  mission. Space-  
adt s t a t e  estimates are generated i n  SI#JL, a s  w e l l  as covariance 
m c e s .  I he  r ~ w r l t e  given by the e r ro r  analys is  program ERRAY De- 
oae r s a n i n g f u l  only when SIMJL share t h a t  the estiwated spacecraft 
trajectory comergee, v i t h i n  r c a n d L e  bounds specif ied by the co- 
-ace matrlx, t o  the e i m l a t e d  actual t ra jec tory .  

All a t a t e  t r an s i t i on  u m t r i x ,  parrmatar ungumntation, and measure- 
lsut opt fa.^ described i n  eect ioa  3.3 are a l s o  avai lable  i n  SIWLIL. 
A8 La EBBIUI, the ccmptat iooal  procedure i n  SIMJL i s  divided i n to  basic 
cycle cmxputatfom and cvfat  cwputatiana. The SIWL basic cycle 1s 
co~ecrPed vfth the generation o f - s t a t e  est imates and an Bctual t ra-  
factory, together vith all quan t i t i e s  generated i n  the EREW:; baafc 
-18. Efgenvectar and predic t ion eve- i n  SRWL involve a l l  c m -  
p a t a t f a  perfonmed i n  the comespad ing  EBBAU events. In addit ion,  
the Sfnn predic t ion event propasatas a t a t e  estlmatea folvard t o  t h e  
t l m  to a i c h  ue are predict- 

A l l  op t ima  avai lable  i n  the ERRAN guidance eveat .  (ace section 
3.3) are a b o  available i n ' t he  SIXJL guidance event. The t rea tnent  
of the midcauree guidance event, h m v e r ,  i s  d i f f e r en t  i n  several 
raapacte. F i r s t ,  s ince  an e a t b a t d  spacecraft  e t a t e  i s  gerteratad 
in 8XXJL, a n  actval midcourse &I can ba computed, ra ther  than  a 
mt r t fa t i ca l  &Y a s  in EBRAbl. Alro, r l l  Uacar midcourse AV's computed 

-irr SIlllh can be reco~prrted ue iq i~  nonlinear techniques. Final ly ,  since 
rrr actual t r a jec tu ry  L. generated'ln SXMJL, rckral target e r ro r s  after 
t b  m i d c m e  torrectlaa are also c-tad. 



fntaplumtary or bum h a  actorlea. ilhrea main quantltativs r e e u ~ t r  . 
, a n  a+.tl.bla frsa -a t ) k ~ ~ l e d m  emmrl4ncar8 ubich provide 
a urrtlra of h w  -11 the  rct-1 t ra jec to ry  i s  knwn a f t e r  each measure- 
r r b  i r  proasr8ed; @) control  covuiaocer, uhich &en propagated 
fjrvud to ,'la Umt p&& a marurs of h w  well the  n c d n a l  t a r g e t  
cordftioar vi11 b. u t f r f i r d  by the ac tua l  t sa jec to ry ;  md (c) atat isti- 
C d  ddC-88 w8, 

fitate t r u m i t f a ~  r h i c s s  are required t o  propagate covariance 
r rhicsr  over an a r b i t r a r y  interval of t a .  Three mthoda a r e  ava i l -  
rblm for cumputins th4 6 x 6 p o s i t f w p e l a i t y  s t a t e  t r a m i t i o n  matrix. 
iba f f r r t  two mtthode, which u s  analyticalnzethods,  u e  ana ly t i ca l  
patdrad conic and a n m l y t i u l  virtual m a ,  The t h i r d  rrrethod uses 
m u 1  di f fe raadr rg  t o  c-te the  state t r a m i t i o n  matrix. To 
inereuse the  acctlrw of the  analytical techniques attar long time 
fntarval8 a r t a t e  t r u r s i t i o n  matrix cascading option i r  a l s o  available. 
I h r p n t e d  parsmatar rtate t rans i t f aa  matrices a n  aluaye ccsmputed 
adng rrrrocrical t i i f f u e l r i n g .  

w r a m n t r  arm pr#essed i n  a n  optimal recurr ive  coneLder f i l t e r .  
Up to 23 d-c a d  .rauurement par-tars may bt solved-for or  con- 
ridend. The dyaarnLc p r s m e t e r s  include biobes i n  .e grav i t a t iona l  
conntanta of the Sun .ad t h e  tasgst p b a e t  .ad biases  i n  the 6 o r b i t a l  
e b t s  of the target planet. Measurament b i ~ e s  iof1u.de biases Ln 
tha b c ~ t i o w  of the 3 earth-based t racking s t a t i o o s ,  and biases La  
dl peasurerneots. A d l a b l e  meamarearent types are range, r ange- ra~e ,  
r tar -p lanet  angles, lad apparent planet  diameter oreaeuremncs. M e  isure- 
reut aoise for each a r r u r e m e n t  type i s  aastrmed t o  be constant. 

Xke c a n p u t a t i d  procedure i n  gaRblO is divided i n t o  basic cycle 
-*tat10118 and ewunt c o ~ p u t a t i o n r .  Basic cycle c q m t a t l o n e  arc 
roPoarPed vith the propagation of covarlancr.a foruard t o  a mtssur~ment 
tfm! ad proceseiag thc Peasurement. Events refer t o  a Get of s ~ c i a l i z e d  
w . t a t i o a ,  rmt df-ly coactrued wfth mearurement proceeeing, \h i& 
ern bs scheduled to occur at a r b i t r u y  t-s along the t ra jec tory .  

r)u thnc  eve- mai1dl.a i n  eaBAH a r e . e i ~ e n v e c t o r  events, pre- 
diction avant@, and g d d a ~ ~ e  e ~ n t m .  A t  ut s i g e m c t r n  event the posi- 
t l o a  Ird vsloci ty  putltions of the knowledge covariance matr ix a r e  
6 L . g m m k d  t o  r e d  seamtrLc  i d o m t i o n  about the sirs &ad or iea ta-  
ti= of tlm p i t i o n  a d  veloci ty  m w t i o n  upcar ta ln t ier .  Associated 
h y p 8 n l l i p r o i d r  arm r lw c q t a d .  At a predicticaa e w n t  the moot 
r eamt  crrarimce utrk $8 propagamd f o m t d  t o  a- c r i t i c a l  t r a -  
jacw t h  to d e M m  predfcted ~ ivLg~ t ioa  uncar*Ant ies  i n  the 

of -r 



A qwri-linear filtering evant, not defined i n  E W ,  is also 
avaflrbla i n  8lWL. A t  8 quasi-linear filtaring event the moat 
recent awdnal trajectory is updated by using the most recent state 
wtlasata. This permlts more accurate computation of state transition 
a d  &serp.tfoa matrices W c h  in turn helps prevent the eccutreaoe 
of btwugaooa of the state eatimate. 



'Lhs rPbrartlnar rUng up the SLgbP pmgrama u e  l inted according 
t o  catmgory i n  Tablm 4.1 f o l l d n g .  ma progrrP1 a n  divided in to  thma 
general clsscrtr: tha m b r m t i m r  Palting up the vi r tua l  laass propaga- 
t i on  pa- u d  by the t h t ~  hamic p r - m ,  the add i t l oad  8ubrar t ipu  
mqufmd by IF(1CPUL a d  then the bMitimaL EPbrnrtimr uaed ln EZMX 
lab SI?UL. Xn Table 4.2 tha mbrrcrrttim8 are 1iate.d .gain by category 
pith a brief r-, of their m. =or Table 4.2 urr be tuad t o  
track d m  the mabroutlne la Wch a mpeciflc tamk l a  ps r for rd .  The 
i n d i d d u d  r ubraotlma a m  than Arrn+aa,rd in 'sW1 ln a.4habmtica.l 
order fn Chapter 6. 

9 -?-% 

ma exaetrtive p r o g r a  f a r  the virtnal uans n-body trajectory 
prap.gatm l a  Posd VMP, 'pie reader ahaald m a t i g a t e  the detailed 

'$/ ; u n l y s i e  and f l w  chart of VXP in the 1 d l V l d n d  ItLbraotSim d m - -  
ti- ln Oupter 6, 'Lha m e n  of the mbratt1m.n of VKP ~a given 

-. ln the f i r a t  p u t  of Table 4,2. me mabraatisma us c ~ n l s n t l y  
-.-. 1 divided i n t o  f o ~ r  w a l  chums:  

l3-W Subrmtimm d to w t a  the porltloru a d  
ml0ciHU8 of thB kavi-tiOLAl bod14 a t  
different tiaa, the trafsctory 

P r o p a g a t k  Subrmtinaa u d  i n  thc di rec t  c q t n t i o n  o f ,  
the t ra jectory of tha r p s ~ a c r a f t  m a g  u h r  
the iaflnance of a11 the grdmtiaral  bodiea 

IppotfQtprt hbrarrt iasr p r o c s r a w  e i ther  the lrsptt  or 
aptpat f r m  dl8 virtual m a  t r a ~ t o r y  prop8gatloo 

'Iba call ing hierarchy of t&e plrttul -8 program8 l a  &van i n  Figurt.  
4 A l l  mbrattiasr r i t f r in  a given block u e  a t  an i d s n t i c d  -1 
relative t o  tha call- h i a rucby  onlama thay &re enel& by 
paraatbnm. S u b r a o t ~  irithin prmthrur a~ called by the pra- 
d i n g  robnmtim. Oth-e ca l l a  to  mbroutitmr are 'adi- by -. . T t w  all robraotima w ~ t - t b  block. comected direct ly  to 
vm are d m  dLnctly * w. 



The f i r s t  of the  three independent program of STeAP i s  the 
d m 1  h a j e c t o r y  targeter NCHNAL. The main program contro l l ing  
the p r o c u r r i a  of the program goes under the  same name. Reference 
i r  made t o  the complete doctrmentatfon of NOHNAL i n  Chapter 6. The 
mbroutfna hierarchy of NCMl4L Le prwlded i n  Figure 4.2. BLOCK DATA 
I d s  the planetary coastante ueed by many of the subraut iwe;  it is  
tharefom avai lable  t o  a l l  mbrcutinee of NOEiAL. PRELIM reads the  
inpit data  and ca lb  ZERIT for  the computation of a zero i t e r a t e  i f  
ancesraty. ZEBIT t n  turn c a l l s  H E L I O  or KMA for  the actual  computa- 
t i o n  bf the  in terp lanatary  o r  lunar zero i t e r a t e  reepectively. 
I IMUL c a l l s  TKJTRX for  the propagation of the  naminal t r a j ec to ry  
bahrasn @dance msrreapere. TRJTKY of couree c a l l s  the VKP package 
d e ~ r i b e d  i n  Figure 4.1. N(3WNAL calle CIDANS for  the ac tual  procaea- 
in8  of any ppidauce eveat. CIDANS c a l l s  VUP t o  i n i t i a l i z e  a r rays  
f o r  the other epants. I f  a ta rget ing  e w n t  requirea a zero i t e r a t e  
a q m t a t i a n  ZKRIT i s  ccllled. Subrat t ine TARGET control8 the target- 
.us events; IWSEaS contro ls  the ineer t ion  decision computations. 
I- calla E X a W  for  the execution of e i t h e r  type emnt. 

4-4 ERRAX a d  SIlfUL Hierarchy 

'Iha c a l l i n g  hierarchy of the eubrcutines ueed i n  ERRATl and S W L  
in rhm i n  Figurer 4.3 and 4.4, reepectively, The eFmLtar s t rucvrre  
of BBBbR and SIlUJL i s  Ppparent from there two figures. A 1 1  eubrart ines 
can ba claasffied under ona or -re of the follavil3g categories: 
hppt, m t p u t ,  h n ~ i c  cycle QBasumment processing), or epents. 

The ca l l ing  hierarchy of the rmbruutines i r  indicated by the 
level of the subroutine i n  f igures  4.3 snd 4.4. A given aubroutlne 
c a l l a  a l l  thoae arbroutines which are d i r e c t l y  c o m c t e d  t o  the 
scrbrootirra a d  are l txa ted  on the next lower laval.  For the  purpose8 
of clarity, the  l a r e a t  l eve l  subrar t lao  on a given branch i 8  enclosed 
Ln pstenthems. B U E K  DAIA Le sham connected t o  the  main hierarchy 
rith a dashed llne t o  i d i c a t e  that the conetantr r t o d  in BLOCg DATA 
us aoaikble t o  dl arbrartirms. 

The co~pleta dommnta t ion  of a11 rubroutine8 ured in EUAN 
8d B I m L  La in Ql&mlx 5 of thin docmnant. 
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Table 4 .l STZAP U Gubrouti~er 

, XI. )IIQMLU S u b r w t i w s  

I .  EBBAEl and SMUL Sobrootiaom 
I 

C. hvigation 
1. taw 
2. SCHED 
3. lBbKn 
4. TBAKS 
5.  TARPBt 
6. Bum 
7. KtWO 
8. WENOS 
9.  BIAS 
10. Elm 
-11. DYNO 
12. pYNOS 
13. GBA 
14. JACOB1 
15. lirrtlrqs 
16. BfCLBY 

C. Targeting D. Insertion 
1. TARGET 1. U S E S  
2. TABOPT 2. COPrPiS 
3 .  T A W  3.  NONINS 
4. DESEKT X. Pulsing Arc 
5. drrw 1. PBEPUL 

2. PllLSEX 
3. PEBHZL 
4. (UTC(]H) 

D. Event 
1. SEfEVN 
2. DETEVS 
3 .  PBED 
4. msm 
5. QUASI 
6. GUUX 
7. CUum 
8. WID 
9. CUIS 
10. V A m  
11. vmm 
12. PA= 
13. BUM 
14. # ) X C M  
15. Oc<nP 
16. N W ?  
17. 
J8. 
19. KXUK3 

I. InputIOutput 
1. DATA 
2.  MTA1 
3 .  MTAS 
4. DATA18 
5 .  COHUBT 
6 .  TUNS 
7. COBBEL 
8. SMPB 
9 .  SUB1 

10. TI- 
11. PBINT3 
12. m 3  
13. PBMT4 
14. PPbllS4 
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Couvert Cartesian s-te t o  canic e l m e a t s  
Convert conic elements to  h r t e s i u r  rtata 
Campote impact plane pnr-term 

Convert J.D. t o  c a l e d a r  date o r  v ice  versa 
Se t  g rav i t a t l ana l  body ephemeris conmtante 
Caapute o r b i t a l  elaneat4 of g rav i t a t i aua l  

body a t  given t i m e  
Cunpute i n e r t i a l  s t a t e  of g m v i t a t i o a a l  body 

a t  given time 
Convert s t a t e  of bodies t o  barycentric coordinates 
Canplte transformation matrix frrm e c l i p t i c  

t o  equatorial  coordinates 
Compute ro ta t ion  matrix 

Executive r u u t i w  for vir t r rs l  -8s t r a j ec to ry  
propaga ti= 

Determfae f i u a l  posi t ion a d  magnitude of Vn 
on current  s t e p  

2anpute the epacecraft f i n a l  positSon on current  
s t ep  

Determine VM data f o r  curreae s t ep  

Canpute and : , , rrd  navigation parameter datE 
Convert input data i n to  VXP canpatible form 
h i n t  output of VX t r a j ec to ry  
Space paper fo r  output purpo6es 
Becord headings for  each nev page in Vn printout  - 

Control nmiiaal  t r a j ec to ry  generation w i n  
prog-) 

Perform prelimiuary work f o r  l!XNNAL 
Propagate vlrtuul mass t r a j ec to ry  t o  nut event 
cont ro l  computation of t r a j ec to ry  correct ion 
Control execution of t r a j ec to ry  corrsctiorr 

Control canputation of zero i t e r a t e  
Caapute he l iocen t r i c  phase of in te rp lans tmy 

zero i t e r a t e  
Gxcpute launch phase of interplanetary ~ e r o  

i t e r a t e  
Iambert t h a  of f l i g h t  equation eolver 
h t t i n  genera lhed  function eolver 
k t r s  ? lunar eero i t e r a t e  generation 
Ueaerate patched conic lunrr  t r a j ec to ry  
Control patched conic ta rgat ing  
Generate luaar mu1 ti-ctmfc trr jec Cory 



5 .  WAm 
D. h e r t i o n  

1. IIPSEBS 
2. COPazS 
3. immis 

B. Ptllsiag Arc 
1. PBEHTL 
2. mnss 
3. PEBBa 
4. ( B A n a N )  

Control a r l t i - c o n i c  t a rge t ing  
Ropaga ta  conic trajectory 

c o n t r o l  *body Uqjrntiag 
S e t  up t a r g e t  parameter a m p  
h p u t e  WtorrEtrphsoa t ~ q t t i u g  mh-F. 
C u q - ~ t e  s t eepea t  &scent-coajugntb grrdle~t  

correc t ions  
Canpute s e t r i x  inverse 

Control o r b i t  i n s e r t i o n  canputatioao 
Canpl t t  coplanar o r b i t  i n se r t i on  
Gxapute rronplanar orb1 t l a s e r t i o n  

Perform p r e l h i n a r y  work f o r  mu l t ip l e  pulse8 
Execute pulsing a r c  
Propagate perturbed he l iocen t r i c  collic 
Propagate c m i c  t r a j e c t o r y  

III. BiWd a d  SMUL S o b r o u t i w r  
A. ~ t l v t  

1. EBBAN Control e r r o r  ana lys i s  prcgram (Main program) 
2. SMUt Control elmulation program (Hain program) 

B. m c  -1 
1. a Control generat ion of t r a j e c t o r y  data f o r  ERBAN 
2. mRS Cotltrol generat ion of t r a j e c t o r y  dam f o r  SIXlX 
3. PSM Control canputat ioo of s t a t e  t r a n s i t i o n  matr ix 

(sm) 
4. W p u t e  unaugcrented p a r t i t o i n  of S M  by numerical 

d i f fe renc ing  
5. PlXD Compute SM p a r t i t i o n  a e e a i a t e d  with ephemeris 

b iases  
6.  HUKD Gmnpute ST)I p a r t i t i o n  aseoc ia ted  with g r a v i t a t i o n a l  

cons tan ts  
7. Xnl Compute unaugmented p a r t i t i o n  of S M  by patched 

conic technique 
E CaEJC2 Canpote uuaugmented p a r t i t i o n  of S'M by v i r t u a l  

mass technique 
9. CASCAD Caapute unnugrwnted p a r t i t i o n  of S M  by cascaded 

L r b y  matrixante  
C. 5 v i g a t i m  

1. lUV)( Propagate covariance matr ices  between measurenents 
and bsbrean events 

2. Smm S e l e c t  n u t  measurement tin- faan meaeureaent 
schedule 

3. lBblPI Compute observat ion matr ices  
4. X I U 6  Ccm~~ute obrai~atioa matr ices  and a c t u a l  mareura- 

ments 
5. TAEPRI. Canpate tamat plane t  pos i t ion  p a r t i a l s  
6. STAPU k p u t e  mtatioa l a c a t i o n  pos i t ion  a d  v e l o c i t y  

p a r t i a l s  
7. ZfzEO b p u t e  ssmxmd msawlre~~ent  noise covariance 

matrir 



3. PREI, 
4. PBBSM 
3 .  QUASI 
6 .  Cum 
7. CUISm 
8. GUID 
9. GUIS 

10. VAE4DA 
11, VAESM 
12. PA= 
13. BUM 
14. P U I C a  
U. QCMP 
16. NtNl . . I l  
17. Rn#lll 

XX BobrmLism -ria.. (Cont'd) I 

i 
Canpute aeeumed and a c t u a l  maeurcmant  ~ o j ~ a  

3 * .  1 
i 

covar iance  m a t r i c e e  
C w p u t e  a c t u ~ l  meeeuremant b i a e  
Generate  randam nrrmb~rr 

i 
Canpute dynamic n o i s e  covar iance  marrb 

I 
! 

Canpute dynamic n o i s e  c w a r l a r r c e  matrix and I 
a c t u a l  dy m i c  n o i e e  

C w p u t e  Creenvich h o u r  a n g l e  
Canpute e igenva lues  and e i g e n v t c t o r s  of  a u a a t r i x  
C m p u t e  h y p e r e l l i p a o l d e  
Cont ro l  compuUtion of  e igeova luee  , e igsavr . c to ra ,  

and h y p e r e l l i p e o i d e  

Perform computations common t o  most e v e n t s  i n  
ERRAN 

P e r f ~ > r m  ccmp. ta t ion6 c m o n  t o  most e v e n t s  i n  
S MUL 

Ferform p r e d i c t i o n  e v e n t  i n  EBBAN 
Perform p r e d i c t i o n  e v e n t  i n  SIKUL 
Perform quasi - ! Inear  f i l t e r i n g  even t  i n  SZIUL 
Perform guidance even t  i n  EREAN 
Perform guidance event i h  SIHUL 
Canpute guidance and v a r i a t i o n  m a t r i c e s  i n  ELAN 
Canpute guidance and v a r i a t i o n  m a t r i c e s  i n  SMUL 
Compute 3VBP v a r i a t i o n  m a t r i x  i n  EREAN 
Ccanpute 3VBP v a r i a t i o n  m a t r i x  i n  SIUUL 
C m p u t e  p a r t i a l s  of B-T, B*R w r t  s t a t e  
Per  form b iased  airnpcj n t  guidance 
Compute p r o b a b i l i t y  of impact 
C m p u t e  e x e c u t i o n  e r r o r  covar iance  m a t r i x  
Cont ro l  execu t ion  o f  n o n l i n e a r  guidance e v e n t s  
R o p a g a t e  covar iance  m a t r i x  a c r o s s  a s e r i e s  of 

p u l s e s  
Cont ro l  e x e c u t i o n  o f  p u l s i n g  a r c  i n  E M  
C o n t r o l  e x e c u t i o n  of  p u l s i n g  a r c  i n  SIMUL 

Perform prel l rn inary  computations and read  data 
i n  F.RMN 

Con t 1 nua t ion  of  DATA 
Perform pre l iminary  cumputations and read data 

i n  SIXUL 
Cont inua t ion  of DATAS 
Conver t  JPL i n j e c t i o n  c o n d i t i o n e  t o  k r t e t i a n  

cmponen t e  
Compute c o o r d i n a t e  t r aae fo rmat ions  
Canpute and p r i n t  c o r r e r a t i o n  matrix p a r t i t i o n s  

and s t a n d a r d  deviations 
P r i n t  S??l p a r t i t l o n f i  
C w p u t e  p o e i t i o n  and v e l o c i t y  magnitudes 
R i n t  t i t l e s  
P r i n t  basic c y c l e  data i n  EBBAN 
P r i n t  EBEAN ernmnary 
F r l n t  b a e i c  cyc le  d a t a  i n  SMUL 
P r i n t  SIINL Bumaary 



* r 
9. COWNOY VARIABLE OEFIWIT IONS 

THC WLIC OF THE VARSABLES V S E O  I N  THE STEAP PROGRAMS ARE C"".V3Y 
VARIABLES. THESE VARIABLES ARE DEFINED I N  DET A I L  I N  T H I S  CHAPTER. 
THE FIRST SECt lOH L I S T S  THE COMMON BLOCKS I N  ALPHIOETICAL ORDER. 
tne PROGFUHS (NOHNAL, ERRAN, s x n u L )  USING EACH connoN  B L O L ~ (  A!.; 
HOTEO. THE VARIABLES O F  EACH COMMON BLOCK ARE DEFINED I N  THE ORDER 
TWIT THEY APPEAR IY THE connon BLOCK. 

THE SECOND SECTION L I S T S  ALPHABETXCAItY ALL VARIABLES APPEARING 
ANTYHEE I N  COMMON. THE COMMON BLOCK TO WHICH THE VARIASLE BELONGS 
I S  REFEUEWCED. THE DEFIWITXON W THE VARIABLE IS THEN GIVEN. 

THE THIRD SECTION SUPPLIES THE DEFIN IT IONS OF SEVERAL LARGE 
FREQUENTLY REFERENCED ARRAYS. THE ELEMENT APPEARING I N  EACH GOHPON- 

bi EWT W EACH ARRAY I S  NOTED. 



S.1 C0- VARIABLES BI BLOCUS 

I N  T H I S  SECTXOW COWON 6 L O C K S  APPEARIN6 I N  S E W  ARE L I S T E D  I N  
ALPHABETXCIIL ORDERI VARIhBLES WITHIN THESE B L O C U  ARE L ISTED AND 
OEFINED IN rnE ORER THEY APPEAR x u  THE PROGRAM. 

\ 
--------o-----------------P--"------- 

/ B A I M  I MOO€ ERRAN* SXMUL 
-* wvHI~-- IHnI I - IUIU-U). . . - . - - - - - -UI I - -UI I - -~-~ 

ATRANS (6) CLOSEST APPROACH STATE 

TNOHC (7) WOHXNAL CLOSEST APPROACH TARGET STATE,INCLe TIME 

TNONBC3) MOHX NAL 8-PLANE TARGET ST ATE 

P H I 2  (393) INVERSE OF VhRIATION MATRIX PORTIT ION 

V I N F  HYPERBOLX C EXCESS VELOCITY 

PRO81 ALLOWABLE PROBABILITY O f  fHPACT 

ADAt396)  VARIATION MATRIX 

T 3(10)  & R U T  OF GUIDANCE EVENT TIMES 

IBAG NOT -0 

I PQ NOT USED 

I G U I D 4 S V  10) ARRAY OF GUIDANCE EVENT CODES 

C U I O ~ E  EVENT COUNTER 



PMASS (11) GRAVXTATIONAL CONSTANTS OF PLANETS I N  
AoU.**S/DAY**2 

a 

CONSTANTS USED TO CALCULATE THE ORBITAL 
ELEMENTS O f  THE F I R S T  F I V E  PLANETS 
(SEE LARGE ACHlAY OEFfNITfONS I N  SECTION 5-31 

CONSTANTS USED T O  CALCULATE THE ORBITAL 
ELEMENTS OF THE LAST FOUR PLANETS 
(SEE LARGE ARRAY D E F I N I T I O N S  I N  SECTION 5.31 

ENN< 15) THE CWSTANTS USED T O  CALCULATE THE ORBITAL 
ELEMENTS OF THE MOON 
(SEE LARGE ASSAY D E F I N I T I O N S  I N  SECTION 5.31 

SMJR(I8) CONST4NTS USED TO CALCULATE THE SERX-MAJOR 
AXES OF THE PLCINETS 

RADXUS(1I) THE: RADIUS OF A G IVEN PLANET I N  A m U a  

RWASS t U) THE RELATIVE CRAVlTATfONAL CONSTANT OF h 
STATED PLANET Y I T H  RESPECT TO THE SUM 

ELUNt  <a) CONTAINS THE ORBITAL ELEMENTS OF THE PLANETS 
(SEE LARGE A W A Y  DEFINITIONS xn SECTION 5.31 

SPwERE411) THE SPHERES Of INFLUEME OF THE P l A N E I S  I N  
P-U. 

THE POSIT ION AND VELOCITY OF A PLANET I N  
IWERTIAL E C L I P T I C  COORDINATES 

NOCll )  AN ARQAY OF PLANET CODES BEING USED TO 
CEYERATE THE V l R T U I L  MASS T RAJECTOUY 



q - 0' 

~ ~ u ~ ~ ~ ~ ~ ~ o Y O ~ O ~ ~ H ~ ~ ~ ~ H ~ ~ ~ ~ ~ ~ ~ O ~ ~ ~ ~ ~ ~ U . . ~ ~ ~  

/CWTRIC/ MODE1 NONNAL , ERRAN, S f  NUL 
- - O - - - ~ H U - - - - W - . ) - ~ U - ~ - - - - H I O H I - - - U I I -  

REFERENCE COORDINATE SYSTEM CODE 
=0 H E L I  OCENTRIC COOROX NATES 
=l BARYCENTRIC COORDIHATES 

X W ~ I A L  NOH- FUNCTIONAL I M ERROR AHALYSI s NODE 

V ' ib,?) AN ARRAY YHICH STORES PERTINENT VECTORS USED 4 I N  TKE CALCUL4TION O f  THE V l R l U A L  MASS 
I< 2 .  TRAJECTORY (SEE LARGE ARRAY OEFNS I N  SECT 5.3)  

?. -- .-' Ii. ;I F ( 4 4 ~ 4 )  CONTAINS THE PDSITXONS AH0 VELOCITIES O f  THE, 
PLANETS AT A S P E C I F I E D  T I M E  PLUS THE POSITIONS 

# *  8 AND VELOCXTIES OF THE SPACECRAFT RELATIVE TO 

&ti+ THE PLANETS (SEE LARGE ARRAY M F N S  X N  SECT 5.31 
I 
- ri: 

1( i ; P I  THE VALUE OF THE HATHEHATICrbL CONSTANT PI 

$ 
Y 

RAD THE NUHBER OF DEGREES PER R A D I A N  
F 

I TRAT I N  INTERNAL CODE USED TO DETERMINE HOW M A N Y  

i fTER&TfONS HAVE SEEN ACCOHPLISMED I N  THE 
VIRTUAL' MASS PROCEGURE 

A COOE WHICH S P E C I F I E S  WHETHER PRINT-OUT IS 
TO OCCUR h F E R  T H I S  T I H E  INCREMENT 

, IWCMWT Wt lBER OF INCRENENTS USED 

INCPR SPECIF IES  AFTER HOW MANY T I M E  INCREMENTS 
I I i 

PRINT-OUT I S  TO OCCUR 

IWC 

XPR 

DETERWINE YHETHEU THE ABOVE OPTION I S  T O  BE 
USED 

A COD€ WHICH DETERHINES I F  PRINT-OUT I S  T O  
OCCUR AFTER A SPECIFIED NUMBER OF DAYS 



N800Y X NUMBER OF BODIES CONSIDERED I N  VIRTUAL HASS 
TRAJECTORY 

NWOY BASED ON ABOVE VALUE--EQUAL TO C*NBODYX-3 

IPRf (4) SPECfF I  ES PRINT OPTIONS ( I N  STEAP TRAJECTORY 
T H I S  OPTION I S  O H I T T E O ~  WHEN PRINT-OUT OCCURS 
ALL SECTIONS 4SE AUTONATICALLY PRINTED) 

PROBLEH NUMBER (NOHNAL ONLY) 

PAGE NUMBER (NOMNAL ONLY) 

LINCT L I N E  COUNT (NOMNAL ONLY 

LI)(PGE LIMES PER PAGE (NOHNAL ONLY) 

ROTATTON RATE OF EARTH 

OBLIQUITY OF EARTH 

SAL(5)  ALTITUOES OF STAT IONS 

SLAT ( 3 )  LATITUDES OF ST ATXONS 

SLON(3) LONGXTUOES OF STATIONS 

DNCN ( 3) CONSTA#TS ?RON WHICH DYNAMIC YOXSE I S  COMPUTED 

MNCW (12) MEASUREMENT NO1 SE CONSTANTS 

NST 



US7 (31  OIRECTION COSINE ARRAYS OF THREE REFERENCE STARS 

VST C 3) OXRECTION COSINE ARRAYS OF 1 W E  REFERENCE STARS 

Y ST C 3) OXRECTXON COSINE ARRAYS OF THREE REFERENCE STARS 

FOP 

FOV 

Off-DIAGONAL ANNIH ILAT ION VALUE FOR POSITION 
EXCENVALUES 

OFF-DXAGOMAL ANNIHILATION V A l E  FOR VELOCITY 
EXGENVALUES 

OELAXS TARGET PLANET SEMI-MAJOR AXIS FACTOR USED I N  
NUMERICAL D I fFERENCI  NG 

DELECC TARGET PLANET ECCENTRICITY FACTOR USED I N  
NUMERICAL DIFFERENCING 

OELICL TARGET PLANET I N C L I N A T I O N  FACTOR USED I N  
WUWERICAL 01 FFERENCXiciG 

DELNOO ' ThRCET PLANET LONGITUDE OF TI€ ASCENDING NODE 
t FACTOR USED I N  NUMERICAL 01 FFERENCI N6 

TARGET PLANET ARGUMENT OF PERIAPSIS FACTOR 
USED I N  NUMERICAL OIFfERENCINC 

TIRGET PLANET MEAN ANOMALY FACTOR USE0 I N  
NUMERICAL OIFFEREMCINC 

OELHUS SUN 6RAVf TAT IONAL CONST ANT FACTOR USE0 I N  
NUMEUXCAL DIFFERENCXNC 

DUNUP T4RGEf PLANET GRAVITATIONAL CONSTANT 
FACTOR USED I N  NUMERfCAL DIFFERENCING 



ZERO THE WUHBER ZERO ( 0 )  TO NINE S f 6 N I F I C A N T  F IGURES 

O W  THE NUMBER ONE ( i l  TO N I N E  S I G N 1  F f  CANT FIGURES 

THREE 

POUR 

F IVE  

THE NUMBER THREE ( 3 )  TO N I N E  S I G N I F I C A N T  FIGURES 

THE NUNSER FWR (b) TO N I N E  S I G N I F I C A N T  FIGURES 

THE NUNBER F I V E  ( 5 )  T O  NINE S I G N I F I C A N T  FIGURES 

E I G H T  THE NUH8ER EIGHI ,) TO N I N E  S I G N I F I C A N T  FIGURES 

TEN THE NlMBER TEN ( 1 0 )  TO N I N E  S I G N I F I C A N T  FIGURES 

N I N E T Y  THE NUHBER NINETY (90)  TO NXM€ S I G N I F I C P N T  
F I G U E S  

HALF THE NUMBER ONE-HALF <1 /2 )  TO N I N E  S I G N I F I C A N T  
FIGURES 



- m w r - W W I ~ H o o - r r r r r ~ r r r r r r r u o r r r r r u m r l ~ r o r r r o r o o - o - r -  

/OPWM / MODE1 ERWIN* S f  MUL 
- ~ - H I I ) - ~ ~ ~ ~ - - ~ ' - - - U I - . . a U I H * - ) H H - r I r I I o I - - o a . . ~ -  

THE NUMBER ZERO ( 0 )  T O  N I N E  S IGNIF ICANT FIGURES 

THE NUHBER ONE (1) TO NINE S I G N I F I C A N T  FICURES 

THE NUMBER TYO ( 2 )  TO NINE S IGNIF ICANT FIGURES 

THE NUMBER O M - H A L F  (112)  TO MINE S I 6 N I F I C A N T  
f I CURES 

THREE THE NUMBER THREE ( 3 )  TO NINE S I I ~ N I F I C A N T  FIGURES 

EM1 THE NUMBER 1.E-1 TO N f  NE S I G N I F I C A N T  FIGURES 

EM2 THE NUMBER 1.E-2 TO N I N E  S I G N I F I C A N T  FIGURES 

E )13 THE NUMBER t e E - 3  TO N I N E  S I G N I F I C A N T  FIGURES 

EMrC THE M B E R  1.E-4 YO N I N E  S I G N I F I C A N T  FIGURES 

THE NUMBER 1.E-5 TO N I N E  S I G N I F I C A N T  FIGURES 

THE NUMBER 1.E-6 TO N I N E  S I G N I F I C A N T  FIGURES 

THE NUMBER 1.E-7 TO N I N E  S I G N I F I C A N T  FIGURES 

EN8 THE N W B E R  1.E-8 TO N I N E  S IGNIF ICANT FIGURES 

THE NUMBER i e E - 9  TO N I N E  S I G N I F I C A N T  FIGURES 

THE #UMBER 1.E-50 Y O  N I N E  S16NfF1CANT FIGURES 

TYWf THE MATHEMATICAL CONSTANT 2 e e P 1  

EN13 THE NUMBER i e E - i 3  TO N I N E  S I G N I F I C A N T  FIGURES 



TEV(SO1 T IMES OF EVENTS 

SIGRES VARIANCE OF RESOLUTION ERROR 

SICPRO VARIANCE OF PROPORTI ONALI  T Y ERROR 

S I C A L P  VARIANCE OF ERROR I N  POINTING ANGLE 1 

SICBET VARIANCE OF E2RDR I N  POINTING ANGLE 2 

ORBIT f NSERTI3N VARIABLES. NOW-FUNSTIOY AL I N  
E X I S T I N G  PROGRAM 

ORBIT I NSERTION VARIABLES. NON-FUNCTIONAL I N  
E X I S T I N G  PROGRAM 

ORBT ' INSERTION VARIABLES. NON-FUNCT XONAL I N  
E X I S T I N G  PROGRAM 

ORBIT INSERTION VARIABLES. NON-FUHCTIONA; I N  
E X I S T I N G  PROGRAM 

ANOOEt ORB1 T 1,NSERTION VARIABLES. NO+FUNCT IONAL I N  
E X I S T I N G  PROGRAM ' 

ORBIT INSERTION VARIABLES. NON-FUNCTIONAL I N  
E X I S T I N G  PROGRAM 

ORBIT INSERTION VARIABLES. NO+FUNCTIOHAL I N  
E X I S T I N G  PROCRAM 

DV8t3 )  ORBIT INSERTION VARIABLE. NOI)-FUNCf I ONAL I N  
E X I S T I N G  PROGSAN 

NEV HUHBEfi OF EVENTS 

IEVNT (SO) CODES OF EVENTS 

IHW~ HYPERELLIPSOID CODE USE0 TO OfTERl4INE IF 
Um i 9  Um3, OR BOTH 



I E I G  

SCOTS (201 

N PE 

NGE 

I P a  

COOE USED TO DECIDE I F  BOTH POSITION AN9 
VELOCITY EIGENVECTORS ARE REQUESTED 

CODES YHICH M T E R M I N E  WHICH GUIDANCE POLXCXES 
ARE BEING USED 

NUMBER OF PREDICTION EVENTS HAVING :CCURRED 

NUHBER OF GUIDANCE EVENTS HAVING OCCURRE3 

COOE WHICH DETERMINES I F  FIXED-TIME-OF- 
ARRIVAL GUIDANCE EVENT HAS OCCURED 

CODE WHICH DETERWINES I F  EITHCR TWO-VASI ABLE 
OR THREE-VARIABLE B-PLANE GUIDANCE POLICY 
HAS OCCURREO 

ARRAY OF CODES WHICH DETERMINE WHICH 
EXECUTION P O L I C I E S  hRL TO BE GSED I N  GUIDANCE 
EVENTS 

TOTAL NUMBER OF EIGENVECTOR EVENTS 

TOTAL NUH8ER or bb,JANCE EVENTS 

TOTAL NUHBER OF - C O K O W  EVENTS 

QUASI -L INEAR FXLTERING EVENTS HAVf NG OCCURRED 

TOTAL N W B E R  OF QUASI-LINEAR F I L T E R I N G  EVENTS 

TOTAL NilMBER OF ADAPTIVE F I L T E R I N G  EVENTS. NON- 
FUNCTIONAL I N  E X 1  ST ING PROGRAM 

ADAPTIVE F I L T E R I N G   EVEN;^ HAVING JCCURLLO* NON- 
FUNCf IONAL I N  EXXSTING PROtRAn 

ARRAY OF ADAPTXVE F I L T E R I N G  EVEN? CODES* N ~ N -  
FUNCTIONAL I N  E X 1  ST X N 6  PROCRAM 

ORBIT  I YSERTION VAF.IABLESe NOH-FUNC TXONAL I N  
EXISTI~~C m w n  



dSBIT fNS€QTION V A R I A B L E S .  M U G '  AONAL I N  
EXISTSUC PROGRAM 

ORBIT I WSERt I O N  VSRILCkES. W O B b F U I C T X O I A L  1 Y 
EXXSTIY~ m m u n  

/Em I NODZ EREUMp Sf- 

XXINC6,  STATE VECTOR TRANSFERRED TO EXCUT OR EXCUTS 

OEWX (3) VELOCITT CORSETIOM TO BE ~CQOL~ED AS AN IRWLSE 
SERIES 

4K(6,6) EFFECTIVE EXECUTXOW C O V A R I A N C E  M A T R I X  

owr~cra  ARRAY OF EXECUTLON ERRDQ VIRIWCES 



POSfTfOHNELUCITT CONTRW COVARIANCE 

CONTROL CWERELAI IO~ BETWEEN WS~TION0VELOCITY 
STATE AN0 SOLVE-FOR P&RAHETERS 

CO)ITRa CORRELATION BETWEEN POSITION/YELOC1~1 
STATE AaD DYNAMIC CONSIDER PARAMETERS 

CONTROL CORRELATION BETMEM POSIT1 ONIVELOCITT 
STATE AND MEASUREMENT CONSIDEQ PAUANElEUS 

CONTROL CORRELATION BEIWEEN SOLVE-FOR 
PARAPETERS AWD OTNAMIC CONSIDER PAPA9ETERS 

TRAJECTORY TIHE AT HOST REC€HT WIOANCE EVENT 

TARGET K)CWXNATfOH COWVERTED FROH INPUT FORNlT  TO 
V U U E  BEtwlEEW 0 A H D  180 DECREES AND SAffSFYING 
AmQCLCH ASYWTOTE C O M S T ~ f N T  



/LUNART/ NODE NONNAL 
- - Y I I I I I H H ~ U ~ I - - U I I I . . - U ~ - ~ - - C C - - - U - - - - - - - - - - - - -  

OTA4tS) TARGET VALUES 3F SHA, 8.T. AN0 8.R I N  LUNAR TA* 
CILTING 

PCOWCS) PEUTICRBhfIOMS K N  CONY ROLS (ALPHA~OELTP~THETA) 

TTQL (3)  ALLOWABLE TOLES&NCES XN SHA, &T, 6.3 

BCONt3) M A X I W  STEP S I Z E S  OF COWTROLS 

R I t 6 )  GEOCENTRIC STATE OF S/C AT LUNAR SO1 

umqr 6 1  GEOCENTRIC STATE OF CEMTER OF MOON A T  TS: IN 
EQtJAI ORISL CMjQOZNA?ES 

US1 (61  SELENOCENTRIC STATE OF S/C AT LUNAR SOX 

Umt63 GEOCENTRIC STPTE OF CENTER OF MOON I N  ECL IPT IC  
COORDINATES a r  TSX . 

D E U I  )r DECLINATION Ot APPUOACH ASYRPTOTE U I T H  RESPECT 
T O  LUNAR EQUATOR 

OTAUtS) DESIUED VALUES OF SHA, RCA, AND I N C  

TCA JmDm Of VIHE AT LUNAR CLOSEST APPROACH (OESIRED) 

UCA RADIUS OF CLOSEST APPROACH TO NOON (DESIRED) 

SM4 SEMI-MAJOR AXIS OF LUNAR HYPERBOLA (DESIRED) 

C A I  DESIUED CLOSEST AWROACH EQUATORIAL IUCLINATION 

W E  RADIUS OF EA2TH P I R U N G  ORBIT 

T S I  eRWiCTED J.D. AT SO1 INTERSECTION 

ErW CRAVI :hT IONAL CONSTANT O F  EARTH (KHS/SEC2) 



TSPW RADIUS OF LUNAR SOX tKM) 

TRAMSFORM4TION MATRIX FROM EARTH-EQUATORXAL TO EQLQ 4S,S# 
LUNAR EQUATORIhL COOROI NATES 

FLAG SPECIFYING STAGE OF TARCETtNG 
a t  XM snr TARGETING 
m 0  I M  SRA, IMCs RCA TARGETING 

HCWE (&OOO) ARRAY OF KEASUREHENT CODES 

NCNTR YI)I(B€R OF NEASUR EWfS HAVING OCCURRED 

ACC ACCUUACY FIGURE USED XN VIRTUAL HASS PROGRAN 

FACP POSIT ION FACTOR USED f N NUMERICAL OIFFERENCX NG 

F ACV VELOCXT Y FACTOR USED I N  MUWRICAL DIFFERENCING 

DYNANXC NOISE FLAG 

STATZ VECTOR COO€ WHICH DETERMINES I N  YHICH 
COORUINATE srsrm THE VECTOR IS W A D  IW 

ITR MODE R A G  

I H N F  REASUREHEMT MXSE F L A G  

ISP2 SFMERE OF INFLUENCE F L A 6  



FIWAL TARWTEO NONINAL STATE E C T O R  

. - 
51 (61 INITf AL T ARCET ED HOHI NAL ST ATE VECTOR 

T EVN rrm OF CUPRENT EVENT 

I C W E  EVENT CODE 

N AFC MOW-FUIICTXONAL AOAPTI VE F ILTER CODE 

NR WNBER OF ROUS I M  TYE OBSERVATXCW MATRXX 



~ ~ H O W O U I I C H I I O O ~ Y ~ ~ ~ ~ O O O H ~ ~ ~ H ~ I ~ ~ O H ~ ~ O  

IOVERL 8 NODE ERRAN, StWCEL 
- - - - U ~ U I I - ~ - O ~ I - ~ Y - - . . - - - ~ - - I . . H - -  

T IHE INTERVAL BETWEEN ORBITAL IWSERTION DECISION 
AND EXECUTION 

R f  (6 )  STATE VECTOR AT EVENT T IME 

TEYW EVENT T I N E  

p I - - - - - - - - - - - I - - - o - - -  -o-------.-- 

/OVERX / NODE ERRAN* Sf RUL 
-----'------.-I---- u----u-WI-II 

NONLINEAR GUIDANCE CODE 

GUIDANCE EVENT COUNTER 

STATE VECTOR TRANSFERRED TO N W L I N  

UF (6) FINAL TARGETED STATE VECTOR 

1 6 P  HIDCOURSE 6UIDI)ICCE POLICY CODE 



A ( 2 ~ 3 1  FTA f HPACT PLANE TRANSFORHAT I ON MATRIX 

I 
XHUS(2l  NOMINAL IMPACT PLANE TARGET STATE 

EXEC ( 3  ,S) EXECUTION ERR9R COVdRf ANCE MATRIX 

' ,  CR CAPTURE RADIUS OF TARGET PLANET 

P O I  PROBABILITY OF IHPACT 

XLAJl(2,2) PROJECTION OF T4RGET CONDITION COVARIANCE MATRIX 
- ' I  I N T O  THE I M P I C T  PLdNE 
il 

fi ."4i XLAMI (2.2) INVERSE OF XLAY(2,2) 

DVRB(3) VELOCITY CORRECTION REQUIRED TO REMOVE AIMPOINT 

. ' 't: B I A S  
I " t. &. : O V U P ( 3 )  UPI)ATE VELOCITY CORRECTION 

PSTAR NOMIN4L PROBABILITY DENSITY FUNCl f  OH EVALUATED A T  
TARGET PLANET CENTER 

COHHANDEO VELOCITY CORRECT I O N  TRANSFERREO T 0 
B X A I  H 

OELV (3,101 ARRAY OF EXTERNALLY-SUPPLIED VELOCITY CHANGES 

XICP MIDCOURSE GUIDC4NCE POLICY COOE 

IOENS 

BIASED AIMPOINT GUIDANCE EVENT FLAG 
= 0 AIMPOINT NOT B I A S E O  
= 1 AZNPOINT BIASEO 

PROBABILITY DENSXTY FUNCTION CODE. NONrF UNCTIONAL 



- - - - 0 - ~ - 0 - 0 - * ~ - 0 m - ~ ~ ~ 0 - - - 0 0 - ~ 0 0 m ~ m - - 0 0 - -  

l e R T  I MODE NONNAL 
~ I I I I ~ I - I I m - m - - m . H I U I D I H I n - H - H I U I - - U I I U - - - o ~ - - - H -  

MONTH(12) N4NES OF MONTHS 

PLANET 4 1 1 ,  U 4 M S  O f  G R A V I T A T I O N A L  8OOIES 

PLANET (11) NAMS OF PLANETS 



P U L ~  AG THRUST MAGNITUDE OF PULSING ENGINE 

PULHAS NOMINIL MASS OF SPACECRAFT DURING PULSING ARC 

OUR . DURATION OF SINGLE PULSE 

T I H E  INTERVAL (04YS)  BETWEEN SUCCESSIVE PULSES 

VELOCITY INCREMEWT ADDED ON TYPX CAL PULSE 

DVF(3)  VELOCITY INCREMENT AODEO ON F I N A L  PULSE 

911 LT TOTAL T I N E  INTERVAL OF PULSING ARC 

RK (2 1 3 )  POSIT ION VECTORS OF LAUNCH AND TARGET PLANETS 
AT IMPULSIVE TIME (MIDPOfNT CF PULSING ARC) 

V K ( 2 , 3 )  VELOCITY VECTORS OF LAUNCH AND TARGET PLANETS 
A T  I n P u L s x v E  TIME (nxDPoxnT OF PULSING ARC) 

FS ( 2  9 5 )  F-SERIES COEFFICIENTS OF LAUNCH AN0 TARGET 5ODXES 

GS(2,b) 6-SERIES COEFFICIENTS OF LaUNCH AN0 TARGET 8OOIES 

GRAVITATIONAL CONSThNTS OF SUN, LAUNCH, AND TAR- 
GET BODI ES 



XBDT ORIGINAL VALUE OF 8.1 I N  NOHLInEAR GUIDANCE 

XBW ORIGINAL VALUE OF 8.R I N  NONLINEAR GUIDANCE 

XDSI  ORIGINAL VALUE OF T S I  f)l NONLINEAR GUIDANCE 

XRSI  ( 3 )  ORIGINAL VALUE OF RSI I N  NONLINEAR GUIDANCE 

X V S I  4 3) ORIGINAL VALUE OF V S I  I N  WOWINEAR GUIDANCE 

XRC(6) ORIGINAL VALUE OF RC I N  NONLINEAR GUIDAHCE 

XDC ORIGINAL V A L E  OF DC XN NONLINEAR GUIOAMCE 

OAB 

DEB 

B I A S  XH CRAVITAfXONAL CONSTANT OF SUN 

B I A S  I N  GRAVITATIONAL CONSTANT OF TARGET 
PLANET 

B I A S  I N  SEMI-MAJOR AXXS OF TARGET PLANET 

B I A S  I N  ECCENTRICITY OF TARGET PLANET 

D I  B B I A S  XN INCLXNATIOW OF TARGET PLANET 

B I A S  I N  LONGITUDE OF ASCENDING NODE 

B I A S  I N  ARGUMENT OF P E R I A P S I S  

OHAB B I A S  XN MEAN ANOMALY 



UNMAC (393) 

SL8t 9) 

AVARH (121 

ARES ( 2 0 )  

APRO ( 2 0 )  

AALP(20) 

ABET(201 

I AMNF 

UNHODELLEO ACCELERATION 

B IASES I N  STATION LOCATXON CO!;STANTS 

VARIANCE OF ACTUAL HEASUREtlENT NOISE 

ACTUAL RESOLUTION ESROR 

BCTUAL PROPORTIONALITY ERROR 

4CTUAL ERROR I N  P O I N T I N G  ANGLE 1 

ACTUAL ERROR I N  P O I N T I N G  ANGLE 2 

ACTUAL MEASUREMENT NOISE FLAG 



XNXTIAL STATE VECTOR OF HOST RECENT NOHXNAL 
TRAJECTORY 

FINAL STATE VECTOR OF nosf RECENT NOHZNAL , 
T RAJECTORY 

ADEVX ( 6 )  ACTUAL DEVIATION I N  THE STATE VECTOR 

AOEVXS (2S) ACTUAL OEVXATXON I N  SOLVE-FOR PARAHETERS 

EDEVX ( 6) ESTI t lA tED  DEVIATION I N  THE STATE VECTOR 

EDEVXS(2b) ESTIMATED DEVIATION I N  SOLVE-FOR PARAHETERS 

W ( 6 )  ACTUAL DYNAMIC NOISE 

2 1  16) I N I T I A L  ACTUAL STATE VECTOR 

F I N A L  ACTUAL STATE VECTOR AFTER ADDING EFFECT OF 
UNMOOELED ACCELERATION 

ANOIS(C1 ACTUAl. WHITE NOISE 

RES(4) R E S I  W A L  

EY ( 4 )  EST1 N 4 f  ED HEASUREHENT 

:I A Y  ( 4 )  ACTUAL MEASUREMENT 

! :  AR(4.Q) ACTUAL MEASUREHENT NOISE 
i 
i 
i I ADEVXB(6) ACTUAL DEVXATIDN IN STATE VECTOR AT BEGINNING 
& 
t. OF TRAJECTORY 
: 1 

k: . > ,-: ADEVSB(ZC1 ACTUAL DEVIATION I N  SOLVE-FOR PARAMETERS AT 
i 

;., BEGIl4NING OF TRAJECTORY 
; I  
: : AYHEY (4.1 ACTUAL HEASUREHENT N I  NUS ESTIHAT ED MEASUREtlENT 
! ' 
. * EDEVXM(b) . ESTIRATEO DEVIATION I N  THE STATE VECTOR 
i 

f ! (FOR AOAPTXVE F ILTERING)  

. EDEVSN(24) EST f MATED DEVXATION I N  SOLVE-FOR PARAHET ERS 
(FOR AOAPT I VE F I L T E R 1  NG) 



N B i t  11) 4RRAY OF PLANET CODES XN ACTUAL TRAJECTtRY 

ACCURACY USE0 I N  ACTUAL TDAJECTORY 

NUNBER OF BOOIES IN ACTUAL T R ~ J E C T O R Y  

CXSV (24, IS) 

POSXTION/VELO~XTY COVARIANCE 

CORRELATION SETYEEN POSITION/VELOCXlY STATE 
AND SOLVE-FOR P4RAllETERS 

CORRELATION BETWEEN POSIT ION/VELOCfTY STATE 
AND DYNAMIC CONSIDER PARAMETERS 

CORRELATION BETWEEN POSXTION/VELOCITY STATE 
AND MEASUREMENT CONSIDER PARAMETERS 

SOLVE-FOR PARAMETER COVARIANCE 

CORRELATION BETWEEN SOLVE-FOR PARAMETERS 
AND DYNAHIC CONSIDER PARARTERS 

CORRELATION BETWEEN SOLVE-FOR PARAMETERS 
AND NEASUREMENT CONSIDER PARAMETERS 

3YNANXC COWSIOER PARAMETER COVARtANCE MATRIX 



V O ( l S p i 9 )  MEASUREMENT COWSfOER PARAMETER COVARX AHCE 
MATRXX 

WPTE IF rnE EFTIRE COVARIANCE MATRIX HERE ASSEWLED =Ron THE 
GIVEN PARtX T IOHS THE RESULTANT HAT R I A  iOUL.0 BE P(53 ,53 )  
WITH THE SY MMEf R i C  STRUCT USE- 

P ( b . 6 )  C X X S ( b , Z Q ) ,  CXU(6,B) CXV(6,15)  
~ O ~ ~ H I O H ~ ~ I ~ I I I I I ~  ~ ~ 0 ~ 0 ~ 9 ~ u I . ~ ~ 0 0 0 ~ ~ ~ ~ - 9 ~ ~ ~ ~ 9  

PS(ZC,2C) CXSU(2(,,8) CXSV ( 2 C s  15 )  
P(53.53). ---~----.------0-~00-------9- 

U O ( 8 9 8 )  CUV( 8,15! 
o ~ - H I I I I I I I - - - - o - - o  

V 0 ( 1 3 , 1 5 )  
-9--o---o--- 

P H I t 6 9 6 )  POSITfON/VELOCITY STATE TRANSITSON MATRIX 

T X X S ( 6 r 2 4 )  STATE TRANSITION MATRIX PARTIRON ASSOCIATED WITH 
SOLVE-FOR PARAllETERS 

TXU(6od)  STATE TRANSIT ION NATRIX  PARTXTfON ASSOCIATE0 WITH 
DYNAMIC CONSIDER PARAMETERS 

Q ( 6 . 6 )  DYNAHI C NO1 SE COVARX ANCE MATRIX 

R(4.C) HEASUREHLNf NOISE CSVARIAHCE MATRIX 

AX469 C) KALMAH C A I M  COWSTAMf FOR POSITION/VELOCITY 
ST ATE 

S ( 2 b ~ b l  KALMAN G A I N  CONSTANT FOR SdLVE-FOR 
PARA HETERS 

OBSERVATION M A T R I X  RELATING OBSERVABLES T O  
POSITION/VELOCXTY STATE 

AH (4 , 24) 00SERVATtON HATRXX RELATING OBSERVABLfS 
TO SOLVE-FOR PARAHETER STATE 

G(b,81 OSSERVAT I O N  H4T R I X  RELATING OBSERVABLES 
. T O  DYNAHIC CoNSIOER P A R A H n E R  STATE 



OBSERVATION NATRfX  RELATING OBSERVABLES 
TO HE4SUREHEWf CONSIDER PARAHETLR ST ATE 

CORRELATI3H RErKEEU POSITION/VELOCITY STATE 
AND SOLVE-FOR PARAMETERS AT I N I T I A L  T! %E 

CORREL4TION BETMEN POSXTIONIVELOCITY STATE 
AND DYNAHXC CONSIOER PnRARETEQS 4 T  XMrT IAL  
T INE 

CORPEL3f L O N  BETYEEN POSITXONIVEtOCf l  1 STATE 
AND HEASUSEtlEYT COHSXOER PARYETERE 4T 
I N I T I A L  T I H E  

SOLVE-FOR PARhHETEQ C O V A R I A N C E  A t  I H I T I A L  
TIME 

CORRELATION BETWEEN SOL VE-FOR PARAMETERS 
AND OYNANfC WNSIDER PARACTERS PT 
XNLTIAL T I N E  

CORRELATION BETYEEN SOLVE-FOR PARAHETERS 
AND MEASUREHEHT CONSIDER PARMETERS AT 
INITIAL rrnE 

PDSXTION/VELOZITY C O V M t I  ANCE MATRIX 
PRIOR TO PROCESSING A MEASUREMENT 

CORRELATION BETWEEN POSITICN/VELOCITY 
STATE AN0 SOLVE-FOR PARAMETERS PRIOR TO 
PROCESSING 4 MELSUREHEHT 

CORRElATIOH BETYEEN POSIT l3NIVELOCITY STCTE 
AND DYNAMIC CONSIDER PAR4)L 'ERS PRIOR TO 
PROCESSING A MEASURENENT 

CORRELATION RETHEEN POSITXON/\XLOCXTf STATE 
AND HEASUREHEYT COUSIDER PARAMETERS PRIOR 
TO PROCESSING YEASUREMEN1 

SOLVE-FOR PARqETER COVARIANCE HATRIX 
PRIOR TO PROCESSING A HEASUROENT 



' ,  3. - 

'I' ----~- 
3 - L-- 

I (24, el CORRELATXON BETYEEN SOLVE-FOR PARAMETERS 
dr(D DYMAHIC CONSIDER PARAIETEUS PRIOR TO 
PROCLSStNC A HEASUREnEWT 

CXSVP(2b 193 CORRELAT I OM BET KEEN SOLVE-FOR PARAMETERS AN0 
MEASWUEMENT CONS1 DER PARAWETEZtS PUIOR TO 
YROCESSXNC A UEASUQENENT 

X I ( 6 I  I N I T I A L  VEHICLE STATE VECTOR OF ORIGINAL NOMINAL 

XFt6)  F INAL  VEHICLE STATE VECTOR OF ORIGINAL YONINAL 

X 0 (6) 8E6tNNXNC W I G S  :JAL NOHI NAL VEHICLE STATE VECTOR. 

NOIN2 OZIENSION OF DYNAMIC CONSIDER STATE 

N01H3 O f H E n S I O N  OF HEASUREHENT CONSlOER PARAHETER STATE 

IALCCINCZbl INPUT AUWENTPTXON VECTOR OF onE*S AND ZEROLS 

f A U f ( 2 b )  AUGMENTATION VECTOR 

1 AltGDC(8) OYNAMXC CONSIOER AUGHENTATXON E C T O R  



AC 15 9 iQ) ACCURICV L E V Q S  (UP TO 5 )  USE0 IN EACH CUtDAN# 
EVENT 

tARt69l.O) OESIREU VALUES OF TARGET PARAWETERS CUP TO 6 
AVAILABLE) FOR Eacn CUXDAPICE EVENT 

OAUX (3)  DESIRED AUXXLTARY PARAHETER VALUES OF ITERATE 

4AUX (3) ACTUIL  AUXILXAUt VALUES OF ITERATE 

OT AR( 3) OESfRED TARbET VALUES O F  ITERATE 

ATARC31 ACTUAL TARGET VALUES OF ITERATE: 

TOLi6,lO) ALLOYABLE TOLERAHCES OF T A S E T  PARAMETERS FOR 
EACH GUIDANCE EVENT 

T OLR(6) NOT -0 I N  CURRENT TARGET VERSION 

CTQL(6) TOLERANCES FOR CURRENT EVENT 

F 4 C t 3 )  SCALZW6 F4CTORS USED 'IN BAD STEP CHECK 

THPR OAYS BETWEEW PRINTOUTS OF NOMIMAL TRh.lECTOR': 

PCRV1IO) PERTURBATION S I Z E  FOR VELOCITY COMPONENTS I N  
CONSTRUCTING SEHSXT I V l T T  NATRXCES I N  TARGETING 
EVENTS 

OINTG( t0 )  NOT U S E D  I N  CURRENT TARGET VERSION 

E L V  (3,101 E X 1  ERNALLY SUPPL.:ED VELOCITY CORRECTION OR 
VELOCITY IWCREHENT conputrn BY INSERTION DECISION 



WRREWf Sf ATE VECTOR AT X-TM EVENT 

3UL fAN  OAT€ AT INJECT ION 

J U L I A I I  DATE ASSOCIATED WITH RIM A R R A Y  

J L K I A N  DATES OF EVENT T INES 

NUNOER OF OAYS INTEbRATION I S  TO COMTINUE I F  
no OTHER STOPPING CONDITION OCCURS 

W V I T A T f  OWAL COMSTONT O F  TARG€T PLANET 

SPACECRAFT POSIT ION AT EN0 OF INTEGRATXON 

CORRECTIONS TO BE ADDED TO E l O C I T Y  C O f l ? O w E N T S  
FOR P E X T  ITEPAT I OW 

MAXIMUM ALLOWABLE CHANCE I N  ANY K L O C I T Y  
COMPONENT FOR EACH EVENT 

TRAJECTORY INTEGRATION ACCURACY 

TRANSFCRMATION FROH E C L I P T I C  TO EQUATORIAL 
SYSTRl  FOR TARGET PLANE 

REOUCTION FACTORS FOR TARGET PLANET SPHERE 
OF INfLUENCE FOR EACH EVEWf 



-o-- I I I I I I - . l - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - . - - - - I - . - - - - - - . - -H- 

/ T  A R I M T f  !!OgEr h!OYNf.L, € ? R A X ,  SXKUL t 
- - I - - I u n ~ - - m U - - - - w W - - - - - . . * - C I - - w - - - - - I - ~ ~ - - ~ I o H I o I W I  

NOGYO TOTAL N U K B E R  OF G U I D A N C E  EVENTS 

K T X ~  ( 10) EPOCH T G  K H I C H  GUIDAHCE EVENT TIMES ARE REFER- 
EXCED 
= O  E\!TPT >!Or ??OCESSED 
=I I!!LTIAL TIYE 
= 2  SOX f l F ! E  
=3 CA TZt?  
= b  CkLEX9LP 31PE 

T Y P E  OF OUZ32:CT EVE>!T F O R  EACH EVENT 
=-I TE?l!IF!ATI!)'! F'. Is',. 
=I T n R G E T P : ' r ,  E;iCP!r 
= 2  RETARGET'X' i  z I*C+ ,  - T 

= 3  0X91T TKSE?TrC'. EVENT 

COUPUTE/EX5Ci iTE t'O';.LS FOP EACH G U I D A N C E  EVENT 
=1 CC!;DUTE V C L O G :  T Y  CG'7RECTIC)N ONLY 
= 2  ExESYTE VE, CSZTV C332ECTT3W ONLY 
= 3  COYP'JTE Sk!O IUVZ2:ATELY EXECUTE C O R R E C T I O N  
=4 COHPUYE e x  E X E C U T E  CORRECTIGN L A T E R  

E X E C U T I Q X  YOD5L.S FOR E A C H  GUIDANCE EVENT 
=I rnPuLs:v: 
= 2  PULSING LSC 

NU913EX OF TLSSET PAqAXETERS I N  EACH TARGETING 
EVENT 

CODES OF TAk'SZT PA!?LUETE2S (UP TO 6 )  FOR E A C H  
TARGETING EVENT OR C?R8IY INSERTION OPTIQN FOR 
EACH I S S E R I I C Y  EVENO 

KEY D E F I N I S G  0 Z S I R E D  TARGET PARAHETERS FOR 
CURRENT E V E N T  

T~RGETI?:S H A T ~ I X  COMPUTATION CODE FOR E A C H  TAR- 
GET1 NG EVEN' 
=I C3MP'JYE TAQCETTNG H A T R I X  ONLY AT FIRST LEVEL 
=2 COMPUTE T A R G E T I N G  H A T R I X  A T  EACH STEP 



LEVELS 
1 

LEV 

840 STEP FLAGS FOR EACH TARGETING EVENT 
ti NEVER USE BAD STEP CHECK 
0 2  USE BAD STEP CHECK A T  FINAL LEVEL ONLY 
a3 USE BAD STEP CHECK AT ALL L t J E L S  

THE NUMEER OF TOTAL I T E R A T I O N S  ALLOWED AT THE 
F I R S T  AND LAST LEVELS OF TARGETING EVENTS FOR 
EACH GUIDANCE EVENT 

THE NUNBER OF BAD STEPS ALLOWED DURING ANY TPR- 
GETXNG EVENT 

WNSER OF ACCUR4CY LEVELS FOR CURRENT EVENT 

CURRENT LEVEL I N  CURRENT TARGETING EVERT 

ALLOWABLE NUMBER OF ITERATIONS FOR CURRENT EVENT 

H A X I N W  NUfl8ER OF BAD ITERATICNS FOR CURRENT 
EVENT 

BAO STEP CHECK I N D I C A T O R  FCR CURREHT EVENT 

HATRIX  COHPUTATION CODE FOR CURRENT TARGETING 
EVENT (SEE DEFN OF HAT) 

STAGE OF I N I T I A L  TARGETING \ 

0 0  NO TARGETING STARTED 
=1 F I R S T  PHASE STARTED AND HAYE TARGETING MATRIX 
0 2  SECOND PHASE STARTED AND HAVE t i A T 9 I X  

PHASE COUNTER FOR CURRENT TARGETING EVENT 

NUMBER O F  TARGETING PHASES FOR CURRENT EVENT 

FLAG TO CONTROL CONSTRUCTION OF TARGETING H A T R I X  
= O  DO NOT COnPUTE TARGE,ING HATRIX 
=I COnPUTE TARGETING MATRIX ON CURRENT I T E R A T I O N  

BAD STEP FLAG FOR CURRENT ACCURACY LEVEL 
=l  00 NOT CHECK FOR BAD STEP 
=Z CHECK FOR BAD STEP 



NOPAR 

K Y  I T  

IPRE 

NCPR 

I F I N T  (10) 

KCYD (12) 

YSSCA 

KUR 

KAXTARtS)  

LVLS (10 )  

STOPPING CONDfTION I N D I C A T O R  I N  SUBROUTINE 
T ARC ET 
n 1  STOP O N  T I H E  
u2 STOP AT SPHERE OF INFLUENCE 
= 3  STOP AT CLOSEST APPROACH 

NUtl8ER OF TARGET PARAMETERS FOR CURRENT EVENT 

TERHXHATION FLAG 
= O  CONTINUE TJN 
=1 TESHIMATE RUN 

CASE F L A G  
= O  F I R S T  CASE 
=I STACKED CnSE 

NUMBER OF I N T E G P A T I O N  INCREHEHTS BETWEEY PRINT-  
OUTS OF NOHINAL TRAJECTORY 

NOT USE0 I N  T H I S  T R A J E C T O R Y  VERSIOH 

I N D I C E S  OF EVENTS TO BE PROCESSE3 

FLAG 1 P T C A T I Y S  STLSE OF NOHINAL TRAJECTORY 
31 SOX .;;: YET INTERSECTED 
= 2  SO1 I H T E R S E S T E D  BUT NO CLOSEST APPR3ACH 
= 3  CLOSEST 1PPROACt4 ALREADY ENCOUNTERED 

I N D E X  O F  CURQENT EVENT 

K E Y  D E F I N I N G  kUXIL1ARY P4RAHETERS FOR CURRENT 
EVENT 

HUHBER OF ACCIIXACY LEVELS T O  aE USED ON EACH TAR- 
GETING EVENT 

OUTER TARGETING FL AG 
= O  NORMAL T A R G E T I N G  
=1 OUTER TARGETING 
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IT4RVIQ.l MODE ERRAN, SIHUL 
- ~ ~ ~ - ~ ~ U I I I I H I I I ~ - - - - - - - - - . . o - - - U I I - U I I I I I I I - . L H I L I I W  

XTAR( b,lQ) DESIRED TARGET VALUES 

XTOL (6 ,101  TOLERANCES ON TARGET PARAMETERS 

XAC(SI1O) ACCURACY LEVELS EMPLOYED I N  TARGETING 

XPERV ( I 0 1  VELOCITY PERTURBATION USED TO COMPUTE T A R G E T I N G  
MATRIX 

XFAC(10 )  SPHERE OF INFLUENCE FACTORS 

XDELV(3, lO)  NONLINEAR VELOCITY CORRECTION 

T C T J ( I 0 )  DESIRED TARGET TIMES REFERENCED T O  INITIAL 
TRAJECTORY TIME 

LKTAR(6 , lO)  ARRAY DEFINING TARGET PARAHETERS 

L K T P ( i 0 )  &URAY OF TARGET PLANETS 

L U L P ( I 0 )  ARRAY OF LAUNCH PLANETS 

LWPARCIO) NUMBER OF TARGET PhRANETERS DESIRED 

LLVLS ( 1 0 )  NUHSER OF INTEGRATION ACCURACY LEVLES USED 



-- .LII-III-I-)..----HII.I-----------.-------I-..---------..--UI 

1 / M O D E 8  ERRAN, SIHUL 
-OIIIIU-UI.I-----HI---H-I------------------------..--w------ 

OATEJ JULIAH D A T E  OF INITIAL TRAJECTORY T r n E  
(REFERENCED TO 1950)  

TRfHl f H I T I A L  TRAJECTORY TI HE 

FNTM F I N A L  TRAJECTORY 1 I ! lE 

UNIVT UNIVERSAL T IME 

TRTMB TRAJECTORY T I Y E  A T  S E G I N N I N G  OF TRAJECTORY 

---.-. .cII---------------------o---------------------------"--------- 

I T t l H 2  / MOOEt S I H U L  
- H I I - ~ - . - - U I I I - - I - - - - - - - - - - - ~ - - - - o - - - I - - - U - - - - - - - - - - . . . - - - - - -  

E I G E N V E C T  OR EVENT TIMES 

PREDICTION E V E N T  STARTING TIMES 

CONIC COHPUTATION EVENT T IMES 

QUASI-LINEAR EVENT T I M E S  

NOT USED 

NOT U S E D  



-------.--..----------------------------------------------- 
f T R A J C O f  HOD€: ERRAM, S I H U L  -..-----.-.------.--------.---------------------------~--~ 

HAXIHUH TIHE XNCREHENT F O R  U H I C H  I S T H C  I S  
V A L 1 0  

ACCURACY USED I N  NUHERICAL DIFFERENCING I F  
NOACC I N D I C A T E S  

STATE T R A N S I T I D N  ZNTEGRATION INTERVAL WHEN 
THE SUN I S  CENTRAL BODY AH0 I S T H l = l  

O f  PL AN STATE T R A N S I T I O N  INTEGRATION INTERVAL WHEN 
TARGET PLANET I S  CENTRAL eODY AND I S T f l l = I  

NTM: NOMINAL TRAJECTORY COO€ 

I S T H C  STATE T R A N S I T I O N  MATRIX CODE 

I S T ~ ~  ALTERNATE STATE T R A N S I T I O N  MATRIX CODE 

NOACC NUHERICAL D IFFERENCING ACCURACY CODE 

-.------.----------------------------------------------.-.-- 
/ T R J  / HOOEt ERRAN, S I H U L  

-.L----------III-..------H-H--------.--------------.------~- 

R C A I  (6 )  STATE AT CLOSEST APPQCACH ON ORIGINAL  N3HINAL  

RCA2 ( 6 )  STATE AT CLOSEST APPROACH ON YOST RECENT 
NOHI NAL 

RCA3 ( 6 )  STATE AT CLOSEST APPROACH OH ACTUAL TRAJECTORY 

R S O I  1 (3) P O S I T I O N  AT SPHERE OF INFLUENCE OH O R I G I N A L  
HOHINAL 

RSO12 (3) POSITION A T  SPHERE OF INFLUENCE ON ~ O S T  RECENT 
NOHINAL 

RS013 (3)  P O S I T I O N  AT SPHERE OF INFLUENCE OH ACTUAL 
TRAJECTORY 



T C A i  

TCAL 

VELdCfTY AT SPHERE OF INFLUENCE ON O R I G I N A L  
NOMINAL 

VELOCXTY AT SPHERE OF INFLUENCE ON HOST RECENT 
NOMINAL 

VELOCITY 4 1  SPHERE OF INFLUENCE OH ACTUAL 
TRAJECTORY 

T I M E  A T  CLOSEST APPROASH OF ORIGINAL  N 3 H I N A L  

TIME 4T CLOSEST APPROACH OF HOST RECENT 
NOMINAL 

T I M E  AT SPHERE OF INFLUENCE OF O R X G I N 4 i  
NOMINAL 

TIME AT SPHERE OF INFLUENCE O F  MOST RECENT 
NOMINAL 

T I M E  A T  SPHERE OF INFLUENCE OF ACTUAL 
TRAJECTORY 

6 ON O R I G I N A L  N 3 H I N A L  

B ON HOST R E C E N T  NOMINAL 

8 ON ACTUAL TRAJECTORY 

8 DOT T ON O R I G I N A L  NOMINAL 

8 DOT T ON MOST RECENT NOMINAL 

8 DOT T ON A C T U A L  TRAJECTORY 

B DOT R ON O R I G I N A L  NOMINAL 

8 DOT- S ON HOST RECENT NOMINAL 

8 ROT R ON ACTUAL TRAJECTORY 

SPHERE OF INFLUENCE CODE FOR O R I G I N A L  NOMINAL 

SPHERE OF INFLUENCE CODE FOR MOST RECENT 
NOHI  N U  



I C A I  

SPHERE OF INFLUENCE COO€ FOR ACTUAL TRAJECTORY 
b 

CLOSEST APPROACH CODE FOR ORIGINAL NOMINAL 

CLOSEST APPROACH COOE FOR HOST RECENT NOMINAL 

CLOSES? APPROACH COOE FOR ACTVAL TRAJECTORY 

UIH-I~o-~~--~~..(Ioo~.).-~~~.oo---I-o-~-~..~-----~--~..~.o--*.-----~~...* 

I T  M T R I X I  MODE t NOMNAL ERRAN, SIHUL 
~ ~ ~ ~ o U I I U I I ~ I I I . I I ~ . ) ~ ~ ~ . . ~ ~ ~ ~ ~ ~ ~ o ~ . . ~ o ~ o o ~ ~ ~ W . . ~ o . ~ ~ ~ . ~ ~ - o . ~ ~ ~ ~ ~ ~  

C H I  ( 3 ~ 3 )  S E N S I T I V I T Y  HATRIX (TRANSFERRED FOR OUTPUT) 
b 



ALNGTH LENGTH U N I T S  PER A.U. 

TH T I M E  U N I T S  PER DAY 

OELT P PRINT XNCREHENTS ( I N  DAYS1 

DC J U L I A N  OATE,EPOCH 1 9 0 0 r A T  CiOSEST APPB9AZH 

R S I (  3 1 P O S I T I O N  AT SPHERE OF INFLUENCE 

V S I ( 3 )  VELOCITY AT SPHERE OF INFLUENCE 

D S I  JULXAH DATE, EPOCH 1 9 0 0 ,  :T SbWERE. Cr 
I N F L E N C E  

RVS( 6 )  P O S I T I O N  OF VEHICLE R E L A T I V E  TO VIRTUAL MASS 

vnu GRAVITATIONAL CONSTANT OF VIRTUAL HASS 

0 B AT SPHERE OF INFLUENCE 

BOT B DOT T 

BDR t3 DOT R 

OELTH I'ICRENENT I N  TRUE ANOMALY USED 

T I N I N T  TOTAL T I H E  USED 

RE (61 P O S I T I O N  AND VELOCITY OF EARTH 

RTP(6 )  POSIT ION ANC VELOCITY OF TARGET PLANET 

CAINC 

RCA 

I N C L I N A T I O N  AT CLOSEST APPROACH 

MAGNITUDE OF CLOSEST APPROACH P O S I T I O N  VECTOR 

T ACA TRAJECTORY SEHINAJOR A X I S  WITH RESPECT T 9  TARGET 
BODY AT CLOSEST APPROACH TO TARGET BODY 



SSS(  31 

NLP 

H e 0 0  

N B  (11) 

NTP 

INPR 

XPROB 

I S  PH 

I C L  

OXRECTXON COSINE VECTOR OF SPACECRAFT SPIN A X I S  
\ 

CODE OF LAUNCH PLANET 

NUNSEQ OF 8OOIES USED IN VIRTUAL MASS PROGRAM 

CODES Of  PLANETS 

CODE OF TARGET PLANET 

P R I N T  XNCREl4ENTS (IN INCREHENTS) 

PROBLEM NUMBER 

SPHERE OF INFLUENCE ,ODE 
S O  SPHERE OF INFLUENCE HOT INTE?SES:E3 
01 SPHERE OF INFL'JENCE ALREhDY EYCObNTERED 

TOTAL INCREHENTS USED 

CLOSEST APPROACA C O D E  
= O  C' OSEST APPROACH HOT ENCOVNTERED 
= l  CLOSEST APPRuACH ALRECGY EMCC'JNTERED 

P R I N T  CODE 
t O  OUTPUT I N I T I A L  AND F I N A L  DATA 
=l 00 NOT OUTPUT I N I T I I L  AND F I N A L  D A T A  

CLOSEST AQPR04SH T E R M I N A T I O N  CODE 
= O  0 0  HOT STOP AT CLOSEST APPROACY 
1 STOP A T  CCOSEST APPROACH 



XSL< 24) SOLVE-FOR PARAHETEU LABELS 

XUt8) O Y N I M I C  CONSIDER PARAMETER LABELS 

' X V ( 1 5 )  HEASlJaENENT CONSIDER PARAMETER LABELS 

X' AB(63 VEHICLE P O S I T I O N /  VELOCITY VECTOR COMPOhEYT NAHES 

x ~ n c  241 AUGUREMT~TION PARAHETER LABELS 

K W W T  C O ~ E L A T I O W  HATRIX PRINT WOE t 

-------------I-------- ------------ 
/ZERDAT/ UODEt NOHMAL ---- --------------------------- 

ZDAT (61 ZERO ITERATE VECTOR 

RP PARKING ORBIT RADIUS 

F I  I N J E C T I O N  TRUE 4MOHALY 

PSI1 A S L E  O F  F I R S ?  BURN a 

PSI2 ANGLE O F  SECONO BURN 

tHELS 

P H I L S  

T I  

T F  

T I N E  INTERVAL OF F I R S T  BURN 

T IME INTERVAL OF SECOND BUUN 

LONGITUDE OF LAUNCh S I T E  

L A T I T W E  OF LAUNCH S I T E  

NOT USED 

r'.'T USED 

THEDOT h 5 f A T f O N  R&TE OF LAUNCH PLANET 

RPRAT PARUING ORBIT IHVERSE RATE 



ZERO ITERATION FLAG 
= O  I N I T I A L  STATE READ XW 
1 PLANET-TO-PLANET 
52 PthNET-TO-POX HT 
a 3  POINT-TO-PL ANET 
~4 POINT-TO-POINT 
=I0 LUNAR T A R G E T I N G  

PARKING ORBIT INDICATOR 
'-1 SHORT C O 2 S T  
=l LONG COAST 

TYPE OF HISSION FOR TARGETING 
= O  INTERPLANETARY MISSION 
=I LUNAR nxssxoN 

1 RAP 

HAGNITUDE OF HYPERBOLIC EXCESS V E L O C I T Y  A T  TLRGET 
BODY ( V M P  VECTOR) 

DECLIHAVIOH CG VHP 

RIGHT ASCENSION O F  VHP 



I 

5.2 COrVlQW VARIABLES I N  ALPHABEt ICA l  ORDER 

IN THIS SECTION ALL VARIABLES APPEARING I N  COHHON A'.': L I S T E D  
AN0 DEFINED I N  ALPHABETXCAL ORDER. THE SECOND F I E L D  SERVES 
TO IOENTXFY THE BLOCK f N  YHfCH THE VARIABLE APPEARS. 

4 ( 2 9  3)  PBLK FTA INPPCT PLANE TRANSFOZlHOTXON HATRXX 

AALP (20) SXHCNT ACTUAL ERROR I N  POINTING ANGLE 1 

AAUX is) T9REAL ACTUAL PUXXLIARY VALUES OF ITERATE 

ABET (20 )  SIHCWt ACTUAL ERROR I N  POINTING ANGLE 2 

AC(S910) TAREAl  ACCURICV LEVELStUP TO 5) USED IN EACH 
GUIDANCE EVENT 

nxsc ACCURACY FIGURE usm IN VIRTU~L MASS PRO- 
GRAh 

A CC1 SI NZ ACCURACY USED I N  ACTUAL TRPJECT3RY 

ACCNO TZAJCD ACCUROCY USED I N  ~ ~ C A L  DIFFERENCING I F  
NOACC INDICATES 

A C O  TAREAL TY.LJEClORY INTEGRATION ACCUF.ACY 

ADA(3r61 WIN VARIATION MATRIX 

ADEVSB<LC) SI n l  ACTUAL DEVIATION IN SWVE-FOR PARAMTERS 
AT TRAJECTORY BEGINNING 

AOEVX (6) SI N l  ACTUAL DEVIATION I N  THE STATE VECTOR 

AOEVXB (6) SI n i  ACTUAL DEVIATION IN STATE VECTOR A T  BEGIN- 
NING OF TRAJECTORY 

ADNXS CZC) SI ni ACTUAL OEVIATTON IN S ~ V E - F O R  PARAHETERS 

AX%? EVENT ORBIT INSERT1 ON VAUIABLES. MOM-FUNCTIONAL :H 
Id EXIST ING PROGRIN 

AK(6r C) . STN KALMAN G A I N  COWSTANT FOR P O S I T I O N f V U O C I T Y  
ST ATE 



AWOIS (6) 

APROCZO) 

ARCG, 4) 

ARES ( LO) 
4TARt3) 

ATRCLNSC6) 

AVARH 4 1.2) 

A Y  (4) 

AYHEV (41 

0 

BCUN (3) 

00R 

BDT 

Of A(1Z)  

vn 

srn 

IHPTAR 

Sf H i  

SI NCNT 

S X H l  

SXHCNT 

TAREAL 

sl I n  

SIMGNT 

sx n i  

s1 H i  

vn 

LUNART 

vn 

vn 

KX SC 

OBSERVAT I O M  # R T R Z X  RELATING OBSEFtVABLES 
T O  MEASUREMENT COtJSIDEQ PARAMETER STATE 

LENGTH U N I T S  PER A.U. 

08SERVATION M A T Z f X  RELPTING OBSERVABLES 
T O  SOLVE-FOR PARCHETER STATE 

ORBIT I M S E R T E C N  VARIABLES- NOH-FUNCTIONAL I N  
1 N E X I S T I N G  PROGRLK 

TARGET XNCLXtdATIOb! CONVESTED =SOH INPUT 
FOQHAT TO VALUE B E T ; E E S  Cl AND 1 8 0  DEGREES 
AND S L T I S F Y X N G  APPROACH ASYMPTOTE 
CONSTRaLNT 

ACTUAL dtiLTE N O I S E  

ACTUAL PROPORTIONALITY  ERQOR 

ACTUAL HEASUSEEENT N 5 I S E  

ACTUAL RESOLUTISN E?<3R 

ACTULL TARGET VALUES O F  11-ER2TE 

CLOSEST APPROACH STATE 

VARIAKCE OF ACTUAL YEkSUREHENT N O I S E  

ACTUAL HEASU!? - V T  

9 AT SPHERE OF IRFL'JEkCE 

NAXIMUY STEP S I Z E S  OF CO#T?OLS 

B DOT 2 

0 DOT r 

HEASUREHENT B I A S E S  



B S I l  

8s I2 

as13 

BOTSI1  

BDfSX2 

80TSX3 

B O R S I l  

BORSIE 

BDRS13 

C A I  

CAINC 

CHIC3p3)  

CNP14H (303 

CNC80) 

CR 

CTOL ( 6 )  

CXSUC26p8) 

C X W G  CZIp8)  

TR 3 

TRJ 

TR J 

TR J 

T R J  

TRJ 

TZ J 

TRJ 

TRJ 

LUNAR1 

PBLK 

TAFCEAL 

ST tl 

B ON ORIGINAL NOMINAL 

6 ON MOST RECENT NOMINAL 

6 ON ACTUAL TRAJECTORY 

0 DOT T ON O a I C f N A L  NOMINAL 

0 DOT 1 ON MOST RECENT NOMINAL 

B DOT T OY ACTUAL TRAJECTORY 

B M)T R ON ORIGINAL NOHINAL 

B 0 0 1  R ON HOST RECENT NOMINAL 

6 OOT R ON ACTUAL TRAJECTORY 

OESIREO CLOSEST APPROACH EQUbTORXAL 
INCL INAT ION 

I N C L I H A T I 3 H  AT CLOSEST APPROACH 

S E N S I T I V I T Y  MATRIXCTRANSFERRED FOR OUTPUT) 

COMPONENT NAME 

CONSTANTS USED TO CALCULATE THE ORBIT4L 
ELEMENTS OF T H E  F I R S T  F I V E  PLANETS 
(SEE LARGE ARRAY DEFNS TN SECTION 5-33 

CAPTURE RADIUS OF TARGET PLANET 

TOLERANCES FOR CURRENT EVENT 

CORRELATION BETWEEN SOLVE-FOQ PARAHETERS 
AND DYNAMIC CONSIDER PARAHETER3 

CORRELATION BETWEEN SOLVE-FOR PARAMETERS 
AND DYNAMIC CONSIDER PARAMETERS AT 
I N I T I A L  T IUE 

CONTROL CORRELATION BETWEEN SOLVE-FOR 
PARAMETERS AND DYNAMIC CONSIDER PARAUETERS 

CORRELATION BETW'EN SOLVE-FOR PARAMETERS 
AND OYYAHIC CONSIDER PARAHE lL iS  PRIOR TO 
PROCESSIMG A HEASUREHEYT 



cxsv ( 24, 1s) ST n 

C X S V B ( ~ Q , I S ~  srn 

CXSVP(Z~ , IS )  s r n  

CORRELATION BETWEEN SOLVE-FOR PARAHETERS 
ARD HEASUREHENT CONSIOER P A R I H E f  ERS 

CORRELATION BETWEEN SOLVE-FOR PARAHETERS 
AND ttEASUREHENT CONSIDER PARIHETERS AT 
INITIAl. T I M E  

CONTSOL CORRELATIOtd EETWEEM SOLVE-FOR 
PA!?AnETERS AND MEASUREHENT CONSIDER PARA- 
METERS 

CO?SEL lT?ON E E V H E E N  S M V E - F O R  PARAMETERS 
AND MEASURERENT CONSICER PARAHETERS P R I O R  
TO PROSESSXNG A HEASUREKENT 

C O R R E L A T I O N  BETWEEN P Q S I T I 3 W V E L O C I T Y  
STATE AND DYNAMIC CONSIQES PAqAMETERS 

CORRELATION BETWEEN P O S I T I O N / V E L O C I T Y  
S T h T Z  AND D Y N A M I C  CONSIDER PAqAHETEXS A T  
INITIAL T I H E  

CONTROL CO2RELATION BETWEEN P O S I T I O h /  
V E L O C I T Y  S T A T E  AND 3YNAflIC CONSIDE3  
PAR?. M E T E R S  

CORRELATION BETWEEN POSITIOH/VELOCXTY 
S T A T E  AND DYNAMIC  CGNSIOER P13AYETERS 
P R I O R  T 9  PROCESSING & HEnSUREnENT 

CORRELATION BETUEEN ? O S I T I O N / V E L C C I T Y  
STATE AHD MEASUREMENT CONSIDER 3ARAnETERS 

CORRELATION BET WEEN POSIT  IOH/VELCCXTY 
STATE AND n E A S U R E E N T  COKSIOE3  "ARNETERS 
AT I N I T I A L  T I H E  

C O N T R O L  CORRELATION RETHEEN P O S I T I O N /  
VELOCITY STdTE AND UEASUREHEHT CONSIDER 
PARAHETERS 

CORRELATION BETWEEN P O S I T  IDN/VELOCXTY 
STATE AND MEASUREKEYT CONSIOER PARAHETERS 
PRIOR TO PROCESSING A HEASUREMENT 



CXXS (6 ,241 

CXXSB(6,2C) 

CORRELATION BETWEEN POSITION/VELOCITY 
SPATE AND SOLVE-FOR PARAMETERS 

CORRELATIGN RETWEEN P 2 S I T I O N / V E L O C I T Y  
STATE AND SOLVE-FOR PARAMETEZS AT I N I T I A L  
T I H E  

CONTROL CORRELATION BETWEEN POSIT  I O N /  
VELOCIT V STATE AND SOLVE-F OR PARAHETERS 

CORRKLAT I O N  BETWEEN POSIT ION/VELOCITY 
STATE AND SOLVE-FOR PARAMETERS PRIOR T O  
PROCESSING A MEASUREMENT 

01  

DAB 

0 ATEJ 

T AREAL 

SXHCNT 

T I  rlE 

J U L I A N  DATE ASSOCIATED WITH S I N  ARRAY 

B I A S  I N  SEMI-MAJOR AXXS OF TARGET PLANET 

JULXAN 3ATE OF I N I T I A L  TRAJECTORY T I H E  
(REFERENCED TO 1950) 

DAUX C 3) TAREAL D E S I R E 0  A U X I L I A R Y  PARAHETER VALUES OF 
ITERATE 

DC 

DEB 

D E C L I N  

w 

SI nCNT 

LUNART 

J U L I A N  DATEtEPOCH 1390,AT CLOSEST APPROACH 

B I A S  I N  ECCENTRICITY OF TARGET PLANET 

D E C L I N A T I O N  OF APPROACH ASYHPTOTE Y I T H  
RESPECT TO LUNAR EQUATOR 

DELAXS TARGET PLANET SEHI-MAJOR A X X S  FACTOR USED 
I N  NUHERICAL DIFFERENCING 

TARGET PLANET ECCENTPICITY FACTOR USED I N  
-NUHERICAL DIFFERENCING 

TARGET PLANET INCIIHAT1,N FACTOR USE3 I N  
NUMERICAL DIFFERENCING 

'TARGET PLANET MEAN ANOMALY FACTOR USED I N  
NUMERICAL DIFFERENCING 

TARGET PLANET GRAVITATIONAL C O N S T A N T  
FACTOR USED I N  NUUERXCAL OXFFERENCING 

OELUUS SUN GRAVITATIONAL CONSTANT FACTOR USED I N  
NUMERICAL DIFFERENCING 



OELNOO 

DELPX (31 

TARGET PLANET L3NGITUSE OF THE ASCENDING 
NODE FACT03  USED P?4 NUYERICAL DIFFERENCING . 
VELOCITY CORRECTION T O  BE nooELEo AS AN 
IMPULSE SERIES 

NUMBER OF DAYS INTEGRATION I S  TO CONTINUE 
I F  NO OTHER STOPPING CONOITLON OCCURS 

OELT A V  (3)  CORRECTIONS TO BE ADDED TO VELOCITY 
COMPONENTS FOR NEXT I T E R A T I O N  

OELTH 

DELT n 

DELTP 

DELVC3,IO) 

INCREFIENT IN TRUE ANOMALY USED v r( 

TI nE 

v H 

TAREAL 

T I M E  XNCREHENT 

P R I N T  XNCREHENTS ( I N  DAYS) 

EXTERNALLY S U P P L I E D  VELOCITY COQRECTION 
OR VELOCITY INCSEHENT COHPUBEO BY 
I N S E R T I O N  

OELV (3,101 ARRAY OF EXTERNALLY-SbPPLIED VELOCITY 
CHANGES 

TARGET PLANET ARGUIENT OF P E R I A P S I S  FACTOR 
USED I N  NUgERXCAL DIFFERENCING 

DG(10) 

0 1 0  

Of NTG t 1 0 )  

0 I PX 

D M ~ B  

DMUPB 

TAREAL 

S I  HCNT 

TAREAL 

EX E 

SIHCNT 

Sf HCNT 

J U L I A N  DATES OF EVENT T IMES 

B I A S  I N  XNCLIN4TXON O F  TARCET PLANET 

NOT USED I N  CURRENT TARGET VERSION 

J U L I A N  DATE TRANSFERZED TO EXCUT OR EXCUTS 

B I A S  I N  HEAN ANOMALY 

B I A S  I N  GRAVITATIONAL CONSTANT OF TARGET 
PLANET 

DHUSB 

DN(=n<3) 

B I A S  I N  GRAVITATIONAL CONSTAET OF SUN 

CONSTANTS FROM UHIGH DYNAHIC NOISE I S  
COMPUTE3 

DNOB 

OPA 

S f  HCNT 

LOUT 

B I A S  I N  LONGITUDE OF ASCENDING NODE 

DECLINATION OF VHP 



DSI J U L I A N  DATE, EPOCH 1900, AT SPHERE OF 
INFLUENCE 

TAREAL 

TAREAL 

LUNART 

J U L I A N  DATES OF TARGET T IMES 

DESIRE0  TARGET VALUES OF I T E R A T E  

TARGET VALUES OF SM&,B.T, AND 0.R I N  
LUNAR T A R G E T I N G  

PULS T I M E  INTERVAL (DAYS) BETWEEN SUCCESSIVE 
PULSES 

T I H E  INTERVAL BETMEEN ORBITAL I N S E R T I O N  
D E C I S I O N  AN0 EXECLTXON 

HAXXflUt! T I H E  INCREHENT FOR WHICH I S T H C  I S  
V A L I D  

STATE T R A N S I T I O N  INTEGRATION INTERVAL WHEN 
T A R G E T  PLANET IS CENTRAL 9 0 3 ~  A N D  x s r n i z i  

T R A J C D  S l A T E  T R A N S I T I O N  INTEGRATION INTERVAL UHEH 
THE SUN I S  CENTRAL B O W  AND I S T H l = I  

EX€ 

PLlLS 

EVENT 

ARRAY OF EXECUTION ERROR VARIANCES 

DURATION OF S I N G L E  PULSE 

ORBIT I N S E R T I O N  VARIABLE, NOU-FUNCTIOt!AL 
I N  E X I S T I N G  PROGRAM 

DVF(  3 )  

D V I ( 3 )  

DVHAX (10) 

PULS 

PdLS 

TAREAL 

V E L 5 C I T Y  XNCREHENT AODED ON F I N A L  PULSE 

VELOCITY INCREMENT ADDED ON T Y P I C A L  PULSE 

HAXXHUY ALLOWABLE CHANGE I N  ANY VELOCITY 
COHPONENI  FOR EACH EVENT 

PBLK .COMHANDED VELOCITY  C O R E C T I O N  TRANSFERRED 
T O  B I A I H  

PBLK VELOCITY CORRECTlON REQUIRED T O  REHOVE 
A I H P O I N T  B I A S  



OVUP ( 3 )  

OW0 

ECC7 

PBLK 

SI MCNT 

EVENT 

UPDATE V E L O C I T Y  CORRECTION 

B I A S  IV A R G U M E N T  OF P E R I A P S I S  

O R S I T  I N S E R T I O N  V A R I A B L E S e  NOM-FUNCTIONAL X N 
I N  E X I S T I N G  PROGRAM 

E S T I E A T E O  D E V I A T I O N  I N  SOLVE-FOR 
PARAMETERS ( F O R  ACCPTIVE F I L T E R I N G )  

G S T I N A T E 9  D E V I A T I O N  I N  THE STATE VECTOR EDEVX I61 

EDEVXH(6) E S T I M A T E D  D E V I A T I O N  I N  THE STATE VECT3R 
(FOR 49APTIVE F I L T E R I N G )  

EDEVXS ( Z I )  E S T I P C i E 3  D E V I A T I O N  I N  SOLVE-FOR 
PARAMET €35 

THE NUMSER EIGHT ( E l  T 3  N I N E  S l S N X F I C E r t T  
F I G U R E S .  T A R G E T I X L  H30E O N L Y  

C O N T A I q S  T H E  O R B I T A L  ELEMENTS OF T d E  
PLANETS 
;SEE LARGE A R R A Y  DEFNS I N  SECTION 5.3)  

V A R I A T I Q M  H L T S I X  R E L A T I N S  P O S I T I O N  
/ V E L O C I T Y  D E V I A T I O N S  TO 9.T A N D  B . R  
D E V I A T I O N S  

TEE NUMBER 1 . E - I  TO N I N E  S I G N I F I C A N T  
F I G U R E S  

T H E  N U Y S E R  1.E-2 TO NINE S I G N I F I C A N T  
F I G U R E S  

THE N U Y B E R  1.E-3 TO NIGE S I G N I F I C A N T  
F I G U R E S  

T H E  NUXEER 1 . E - 4  TO NINE S I G N I F I C A N T  
F I G U R E S  

THE NLI?I.:'dER 1 e E - 5  TO NXHE SIG..:FP,SANT 
F I G U R E S  

THE NUYSER 1.E-6 TO N i N E  S L G N I F I C A N T  
F I G U R E S  



DPNUM T H E  NUYBER l a € - 7  TO K L K E  S I G N I F I C A N T  
F IGURES 

DPNUH T H E  NUMBER 1.E-8 TO HL5E S I G N I F I C A N T  
F I C U R E S  

DPNUH T H E  N W S E R  i . E - 9  TO NZNE S I S N I F Z C A N T  
F I G U R E S  

T H E  NUYBER 1 - E - 1 3  T O  hikE S I G N I F I C A N T  
F IGURES 

O P N U H  T H E  NUYBER 1.E-50 TC N x h E  S I G K L F I C A N T  
F I G U R E S  

THE C 3 X S T A h T S  USE0 T S  C L L C U L A T E  T h E  O R B I T -  
AL E L E ~ E I x T S  OF T H E  MOON 

Enu 

EPS 

LU N ART 

COHST 

TAREAL 

G R A V I T A T I O N A L  CQtuSTAKT OF E A R T d ( K % L / S E C 2 )  

OBLIQUITY OF E L R T H  

TRANSFaRYATIOP4  F R O M  t C L l P T I S  TO E Q U A T O R I A L  
S Y S T E M  F O R  TARGET PLCKE 

LUNART TRANSFORHATION M A T R I X  FROM E L S T Y -  
E Q U A T O R I A L  TO LUNAR E Q g A T O R I A L  ? 3 0 R D I N T E S  

run€ 

PBLK 

$1 n i  

co ti 

EVENT N A M E  

E X E C U T I O N  EXROR C O V L R I L K C E  H A T 3 I X  

EST I H A T E O  HEASUREHEr4T 

C O N T A I N S  THE P O S I T I O N S  i!d3 J E L 3 C I T I E S  SF 
THE P L A N E T S  kY A SPECIFLES T I Y E  P L U S  T A E  
P O S I T I O N S  AND V E L O C I T I E S  jC T H E  S P A C E -  
CRAFT R E L A T I V E  TO THE PLkVETS 

FAC(3) 

FACP 

TAREAL 

f'f SC 

S C A L I N G  FACTORS IJSED I N  3;: T T E P  C t i E S K  

P O S I T I O N  FACTOR USED I M  M u * E R I S A L  DIFFER-  
E N C I N G  

F ACV V E L O C I T Y  F A C T O R  USED I N  NUHERXCAL D I F F E R -  
E N C I N G  

ZE RDAT INJECTION T R d f  ANOMALY 



0 ' 

THE NUYBER F I V E  ( 5 )  T O  N I N E  S f G H X F I C A H T  
FIGURES. TARGET: NG HOD€ ONLY 

F I V E  

F NT M 

FOP 

F I N A L  TRAJECTORY T I K E  

OFF-DI4GONAL A R N I H I L A T i 3 N  VALUE FOR 
P O S I T I O N  EIGENVALUZS 

THE NU'IBER F3UZ ( 4 )  TO N I N E  S I G N I F I C A N T  
F I G U R E S .  TARGETING H03E ONLY 

OPNUH FOUR 

OFF-DIAGONAL A R N I H I L A T I O N  VALUE FOR 
VELOCITY EIGENVALUES 

F-SERIES C O E F F I C I E N T S  OF LAUNCH AND TARGET 
BODIES  

OBSERVATfON MATRIX  RELAYING OBSERVABLES 
TO OYNAMIC CONSIDER PARAMETER S T A T E  

OVERZ 

PULS 

GUIDANCE MATRIX  
I 

G R A V I T I 3 N A L  CONSTANTS OF SUN, LAUNCH, AND 
TARGET BODIES  

PULS G-SERIES C O E F F I E I E N T S  3F LAURCH AN3 TARGET 
B O D I E S  

OBSERVL. ( I O N  HhTRIX RELATING OBSERVABLES T O  
POSIT;?A/VELOCITY STATE 

HALF THE N W B E R  ONE-HALF ( L i 2 )  T O  MINE S I G N I F -  
I C A N T  F IGURES 

EVENT O R B I T  I N S E R T I O N  VARIABLES. HON-FUNCTIONAL IN 
E X I S T I N G  PROGRAM 

NOH-FUNCTIONAL I N  PRESENT E R 3 O R  A N A L Y S I S  
PROGRAY 

SI MCNT 

ST VEC 

ACTUAL MEASUREMENT NOISE FLAG 

I N P U T  AUGflENTATION VECTOR OF ONESS A N D  
ZERO-S 

\ 

I AUG ( 2 b )  

I A U G O C  (8) 

ST VEC 

ST VEC 

AUGMENTATION VECTOR 

DYNAHIC CONSIDER AUGHENTATIOH VECTOR 



I A U G M C  (15) 

I BAD 

I B A D S  (101 

I B A G  

I B A R Y  

1 BAST 

IBIAS 

I CLZ 

ICODE 

ICOO2 

STVEC 

TARINT  

TARINT  

B A I H  

CY T R I C  

TARINT  

PBLK 

TRJ  

T R J  

T R J  

EVENT 

EVENT 

VM 

vn 

OVER1 

nIsc 

WEBSUREMENT CONSIDER AUGKEHTATION VECTOK 

B A D  STEP FLAG F9R CURREYT ACCURACY LE'VEL 
x i ,  DO NOT C H E C d  FCR EkD STEP 
= 2 ,  CHECK FOR BAD STEP 

BAD STEP FLAGS FOR EACH TARGETING EVENT 
= I  NEVER USE BAD STEP CdEQUE 
= 2  USE BAD STEP CHECK AT FINAL L E V E L  ONLY 
= 3  USE BAD STEP CHECK AT A L L  LEVELS 

NOT USED 

REFERENCE COORDINA\ SYSTEH COOE 
I 

BAD STEP CHECK INDICATOR FnR CURRENT EVENT 

5IASE3 A I H P O I N T  GUIDANCE EVENT F L A G  - 0 A I H P O I N T  NOT BEhSF3 
=l AIHPOXNT B I A S E D  

CLCSEST APPROACH CODE FCR O R I G f  NAL NOMINAL 

C L O S E S T  APPROACH CODE FOR HOST RECENT 
N O t i I N 4 L  

CLOSEST APPROACH CODE FOR ACTUAL 
TRAJECTORY 

ARRAY OF CODES WHICH DETERMINE WHICH 
EXECUTION P O L I C I E S  ARE TO 8 E  USED I N  
GUIDANCE EVENTS 

CGDES HHICH OETERHINE WHICH GUIDANCE 
P O L I C I E S  ARE B E I N G  USED 

CLOSEST APPROACH COOE 
= O  CLOSEST APPROACH N 3 T  ENCOUNTERED 
= I  CLOSLST APPROACn ENCOUNT ERE0 

CLOSEST APPROACH T E R h I N A T I O H  CODE 
= O  DO NOT STOP AT CLOSEST APPROACH 
31 STOP AT CLOSEST APPROACn 

HEASUREHENT CODE 

COO€ TO DETERHINE WHICH COORDINATE SYSTEM 
THE I N I T I A L  STATE VECTOR I S  I N P U T  



I C O O R D  

IOENS 

I D N F  

IE IG 

I E m E n  

I E V N T t 5 0 )  

I F I H T  (iO) 

XGP 

I G U I D ( 5 , I O I  

I H Y P i  

I I 

I I G P  

I I W L  

IUNF 

I NC 

XNCttNT 

INCHT 

INCPR 

I N I T I A L  

I N P R  

1 NPX 

CNT SIC 

POLK 

HXSC 

EVENT 

v n 

EW ENT 

T A R I N T  

OVERZ 

ea I n  

,;EHT 

BAIPl 

PdLY 

EVENT 

HISC 

con 

con 

vn 

G3 t! 

CNTRIC 

v lif 

EX E 

NOM-FUNCTIOkAL I N  ERROR ANALYSIS tlGDE 

PROBAB1L:T Y D E N S I T Y  F U N C T I O N  C035. HON- 
F UNCT.ONAL 

DYNAMIC NO?SE F L A G  

C O D E  U S E D  TO D E C I D E  I F  BOTH P O S I T J O N  AH0 
VELOCITY E1Gf . .VECTORS ARE REQUESTED 

CODES OF EVENTS 

NOT USEO I N  THfS TRAJECTORY VERSION 

ARRAY OF GUIDANCE EVENT CCOES 

H Y P E R E L L I P S 3 I D  CODE USED TO D E T E 2 H I H E  I F  
K t 1 ,  K = 3 9  OR BOTH 

GUIDANCE EVENT COUKTER 

MX3COUQSE G U I D A N C E  FOLICY CODE 

CODE WHICH GETERMINES I F  E I T H E Q  T M O  
- V A R I B L E  OR THREE-VARIABLE I-PLANE 
G U I D A C E  P O L I C Y  HAS O C t U R R i 3  

HEASUREHENT N O I S E  FLAG 

P E T E k Y l K E  UHETHER THE ABO'JE OPT13N I S  T O  
3E USE9 

HUHBER OF TNCREYENTS USEO 

TOTAL 1HCRE;ICNTS USED 

- S P E C I F Z E S  AFTER HObi M A N Y  T I U E  IHCREHiNTS 
PR1NT;OUT I S  TO OCCUR 

NON-FUNCTIONAL I N  EC:tr)A J Y A L Y S I S  MOOE 

P R I N T  INCREMENTS ( X r i  ikdUEt !ENTS)  

I M P '  ' i E R I E S  CODE 
I 



O R B I T  INSE2TXON V A R I A B L E .  NON-FUNCT IOGAL 
I N  L X I S T I N C  PROGRbHS 

EVENT 

CO n 

TARINT 

EVENT 

PAGE NlltlBER 

PSASE COUNTER FOR CURRENT TARGETING €LENT 

COOE U H I C H  OETERHINES I F  F I X E D - T I H E - O F -  
ARRIVAL GUIDANCE E K k T  HAS OCGUREC 

NOT USE0 

I P R  A COOE H H I C H  DETERMINES IF PRINT-OUT IS TO 
nCCUR Z F T E R  A SPECIFIED NUHYZR OF DAYS 

P R I N T  C C 3 E  
= O  O U T P U T  : Y I P I L L  A K D  F I N A L  DATA 
=I 3 0  R@T OUTPbT DL11 

SPECIFIES P R I N T  OPTIONS (NOT APPLICABLE 
TO STE4P TRAJECTORY1 rn 

SPHERE OF IEFLUENCE CODE FOR O R I G I N k L  
NONINkL 

T R J  

T R J  SPHERE OF INFLUENCE C O W  FOZ ACTUAL 
TRAJECTORY 

SPHERE OF INFLUENCE FLAG 

SPHERE OF INFLUENCE COOE 
= O  SPHERE OF INFLUENCE NOT XNTE?SECTED 
=1 SPr4ERE O F  INFLUENCE I K T E i t S E S T E D  

STAGE O F I N I T I A L  TARGETING 
= O  NO T A R G E T I N G  S T A R T E D  
=1 FIRS? P AS€ STARTED -HAVE TAYG 

M A T R I X  d 
=2 SECUb!D PHASE STARTED - AiWE TkRG 

N A T q I X  





KPRINT 

KSICA 

con 

TARINT 

itx XL 

TARINT 

TARINT 

T d R I N T  

TARINT 

PROBLEH NUMBER (~40tlHAL O#Lt 1 

COHPUTEIEXECUT E H03ES FOR E A C H  N E N T  
=1 COHPUTE VELOCITY CORRECTION ONLY 
=2 EXECUTE VELOCITY CORRECTION ONLY 
= 3  COHPUTE AN3 IHHEDIATELY EXECUTE CORRECTIONS 
=G COHPUTE BUT EXECUTE CORRECTION LATER 

2-1, SHORT COAST- =+:B LONG-COAST 

A CODE WHICH S P E C I F I E S  WKETHES PRINT-OUT 
IS TO OCCUR AFTER THIS IIHE INCREMNT 

CORRELATION MATRIX PRINT CODE 

STOPPING CDNOLTION INDICATOR I N  SUBROUTINE 
TRJTRY = I r  STOP ON TIME 

=2r STOP AT SPHESE-OF-IYFLYFNCE 
=3 ,  STOP AT CLOSEST A F m 3 4 b H  

CODES O F  TARGET PARAYETERS (UP T O  6 )  FOR 
EACH TARGETING EVENT OR OSaTT I N S E R T I O N  
OPTION FOR EACH INSERTION EVENT 

EPOCH T3 h H I C H  GUXDPNCE EVENT TIMES 
ARE REFERENCED 
-U EVENT N a T  P2BCESSED 
=I INITIAL T I H E  
= 2  SOX T I H E  
= 3  ca rInE 
=k  CALENDAR DATE 

TYPE OF GUIDANCE EVENT FOR EACH EVENT 
=-1 TERMINATION EVENT 
=I TARGETING EVEKT 
=2  RETkSGETING E'JENT 
= 3  OR6:T I N S E R T I O N  EVENT 
COHPUTE/EXECUTE n o o E s  FOR E A C H  
SUIOANCE EVENT 
= I  COMPUTE VELOCITY CORRECTION ONLY 
= 2  EXEC'JTE VELOCITY CORRECTTON ONLY 
= 3  CQHPUTE AND I t l I IEDXATELY EXECUTE 
CORRECTION 
-4 COMPUTE B3T EXECUTE CORRECTION LATER 



Kurt T A U N T  FLAG I9iDICATXtdC UHICH EVENT IS THE CURRENT 
EVENT 

TARINT TERMINATION INDICATOR ~ 0 )  CONTINUE RUN 
mi, TERKIHATE RUN 

LEV T A R I N l  CURRENT LEVEL I N  CURRENT TAQGETING EVENT 

LEVELS TARIWT NUHBER OF ACCURACY LEVELS FOR CURRENT 
EVENT 

L IWT COH LINE COUNT (NOHML 3NLY) 

L I W G E  CO M L I N E S  PER PAGL CNOENAL O N L Y )  

LKLP ( 10)  TARVAR ARRAY OF LAU 4CH PLAtiETS 

1 
L K T A R ( 6 r l U )  TARVlR ARRAY OEFINING TARGET PAKAHETEkS .;li LKTP < 10) TIRVAR ARRAY OF TARGET PLANETS . . --: 

.. . LLVLS (10) TIRVAR NUMBER O F  I N T E G R A T I O N  C C C U R A C Y  LEVELS USE3 
$3- ;i 
h 3  

LNPAR<IO) TARVAR NUnBEQ O F  TAPGET PAKAMETERS DESIRED - - S 
J 
u LTARC 
i 

ZERDAT = 0 ,  INTERPLANETARY TARGETING. = I r  LUNAR 
TARGETING 

TaRXNT NUHBER OF ACCURACY LEVELS T O  BE USED ON 
€A% HARGETIXG EVEHT 

1 
HAT(IOB TARIN-I TARGETIKC M A T R I X  COHPLITATION CODE FOR 

EACH TARGETING EVENT 
=I COWUTE TARGETING MPTRIX O N L Y  AT 
F IRST  LEVEL 
- 2  C G W U T E  T A k G E T I k G  3ATRXX iT EGCt i  STEP i 

1 
7 
'I 

MATX TIRKNT HATRXX COt4PUTATION CODE FOR CURRENT 

I TPRGETING EVENT (SEE DEFH OF M A T )  4 
HAXB<lO) TARINT -THE NLWQER OF BAD STEPS ALLOWEL? DURING 

I 

j, 
ANY TARGETING EVENT 

1 
;i 
- 1  MAXBAD T4RINT HAXXHUH NUHBER OF BAD ITERATIONS FOR 
' i 11 CURRENT EVENT 
1.1 
$ HCNfR WEAS NUMBER OF HEASUREHENTS HAVING OSCURREO \ HCOOE (1000)  ME AS ARRAY OF HEASUW-HENI CODE'- 
{ 

-4 
:Q 8 do 

ii - 
1 

9 



HNCW ( 12) CONST 

MNNAME1129 3) N4HE 

MONTH i121 PRT 

NAE EVENT 

NAF6 (20)  EVENT 

N AFC O V E U  

MB(II) vn 

NB1(  11) SI Plz 

Neon V H 

WRODl 

NBODY 

NBODYI 

sr nz 

con 

c9 n 

NCPR TARINT 

NDACC TR AJCD 

NOIbl1 STYEC 

NOIH2 ST VEC 

NOIH3 ST VEC 

NEV EVENT 

EVENT 

EVENT 

EXECUTIOY! MODELS FOR EPCH GUIDANCE EVEtiT 
=I IMPULSIVE 
= Z  PULSING ARC 

HEASUPEHEgT N O I S E  CONSTANTS 

NAMES 3F MONTHS 

ADAPTIVE F I L T E R I N G  EVESTS HAVING OCCLJRRED. 

PRRLY OF A 3 C P T I V E  FILTEqICG EVENT CODES- 
HON-FUNCTIONAL I N  EXISTING P R O G U M  

ADAPTIVE F I L T E P  FLAG 

CRRAY OF PLANET COCES ? G  4CTU-L TRAJECTGkI 

h U r 9 E 9  9F BODIES USED 1F.i 'JIRTUAL MASS 
PROGRCH 

NUHBEU OF 9091ES I N  ACTUEL TRAJECTORY 

NUMBER OF S O D I E S  CONSIDERED It4 VIRTUAL 
MASS TRAJECTORY 

NUNBER SF INTEG?ATXON INCREHENTS BETWEEN 
PRINT-OgTS OF NOHINAL TRLJECTOSY 

NUMERICAL OIFFERENCING ACCURACY CODE 

0 I K E X S I O t 2  OF SOLVE-FOR PLRLUETER STATE 

OIYENSION OF DYNAHIC CONSIDER STATE 

! I I H F N S I O N  OF HEASUREHENT C O N S I D E R  
PASPHETFS STATE 

NUKBER OF EVENT; 

TOTAL NUHBER OF EXGENVELTJR LYENTS 

TOTAL NUHBER OF PREDICTION E V E N T S  



EVENT 

EVENT 

EVENT 

TOTAL NYrlBER OF GUIDANCE EVENTS NEv3 

NEVG 

NEW5 

TOTAL NUHBER OF -COMCOH- EVENTS 

TOTAL NUMBER OF QUASI-LINEAR F ILTERING 
EVENTS 

EVENT TOTAL NUHBER OF ADAPTIVE F ILTERIUG EVENTS. 
NON-FUNCTIONAL I N  EXISTING PROGRAM 

EU ENT ORBIT INSERTION VARIABLES. NON-FUNCTIONAL IN 
I N  EX IST ING PROGRAH 

ORBIT INSERTION VARIABLE- NOt:-FUNCTIONAL 
I N  EXISTING PROGRAMS 

ORBIT INSERTION VARIABLES. HON-FUNCTIONAL I N  
I N  EXISTING PROGRAM 

EVENT 

EVENT ORBIT INSERTION VARIABLES. YON-FUNCTIONAL I N  
I N  EXISTING PROGRAH 

EVENT O R B I T  INSERTION VCFUABLES. NOH-FUNCTIONAL I N  
I N  EXISTING PROGRAM 

NUMBER OF GUIDANCE EVENTS H A V I N G  OCCURRED 

NINETY THE NUMBER NINETY (90) TO NINE SIGHJFICANT 
FIGURESw TARGETING MODE ONLY 

N I T S  TARINT ALLOYABLE NUMBER OF IYERATLONS FOR CURRENT 
EVEYT 

HLP 

NHN 

N O ( 1 1 )  

CC3E OF LAUNCH PLANET 

TOTAL NUHBER OF NEASUREMENTS 

AN ARRdY O F  PLANET CODES BEING USED T9  
GENERQTE THE VIRTUAL H3SS TRAJECTORY 

I 

TOTAL NUHBER OF GiJIDANCE EVENTS NOGVO 

NOIT (10) THE S4UllBER OF TOTAL ITERRTIONS ALLOWED AT 
THE F IRST AND LAST LEVELS OF TARGETING 
EVENTS FCK EACH LUIDANCE EVENT 

TARINT NUMBER 3F TARGET PARAMETERS FOR CURRENT 
EVENT 



NOW AS NUNPES OF TARGETING PHASES FOR CURRENT 
EVENT 

OUTER T i Z C E T I b ! G  FLAG 
= O  NORMAL T A Z C E T I S G  
=I OUTER TARGETING 

EVENT NUECER 3 F  P\? iZD ICT ION EVENTS H A V I N G  
O C S U R E O  

N U P E E R  OF PULSES IN PULSING ARC NPUL 

NQE 

PULS 

EVENT i2.UASX-LI >!EAR f I LTERIb !G  EVENTS H A V I N G  
OCCfJUPL3 

OW E R l  

CO NST 

TRAJCD 

v n 

CONST 

WNUH 

NUHBEP OF R O X S  IS THE 23SERVATION M A T R I X  

NST 

NJHINAL TXAJECTORY C O D E  

N T P  

OrlEGA 

CO3E 3F f ASGET PLANET 

EARTH-S QOTATION RATE 

; . i l  \?lMBrR ONE (1) TO N I N Z  S I G M I F I C C N T  
I= i i iURES b 

LUHART 

ST H 

ST H 

PES'I<ED VALUES OF SMA,RCA, AND I N C  

EVENT O R B I T  INSERTION VARIABLES. HON-FUNCTIONAL I N  
E X I S T I N G  PROGRkH 

LUNART T?ERI URBATIONS I M  CONTROLS (ALPH4,DELTA.  
THETA) a 

EVENT O R B I T  I N S E R T I O N  VARIABLES-  NON-FUNCTIONAL I N  
E X I S T I N G  PROGRAM 

PERV (IC) PERTURElATIOKS S I Z E  FOR V E L O C I T Y  COHPONENTS 
I d  C O N S l 2 U C T I N G  S E N S I T I V I T  'f M A T R I C E S  I N  
TARGETIHG EVENTS 

POSITIOM/VELOCITY CONTROL COVAQSANCE 



, . P H I  (3 .3)  

P H I  (6.61 

PHI2 (3.31 

P H I  L S  

PLANET <It) 
I 

PHASS < 11) 

1 
P O I  

PSTAR 

PULH AG 

PULHAS 

TAREAL 

ST n 

8 A I H  

ZEROAT 

CO M 

PUT 

BLK 

PBLK 

ST W 

B A I  ti 

ST n 

ST 

GJ I 

ZE RD AT 

ZEROAT 

ST n 

PBLK 

WLS 

PULS 

PULS 

TARGETING M A T R I X .  REQ-D ONLY I F  ISTART=I ,L  

POSXTXON/VELOCITY STATE TRANSITION MATRIX . 
INVERSE OF VARIATION n a T u x  PARTITION 

LATITUDE OF LAUNCH S I T E  

THE VALUE O f  THE HATHEt4AfICAL CONSTANT P I  

NAMES OF PLANETS 

GRAVITATIONAL CONSTANTS OF PLANETS I N  
A-U.e*3/OAY*+2 

PROBABILITY OF IMPACT 

P O S I T I O N / V E L ~ C I P Y  23'JARXANCE H A T R I X  
PRIOR T 3  P!2OCESSIKG A MEASUREMENT 

ALLOWASLE P2OBABIL ITY OF XHPACT 

SOLVE-FOR PARAMETER COVARIANCE 

SOLVE-FOR PARAHETER COVARIANCE A T  I N I T I A L  
T I H E  

S O L E - F O R  PARAMETER CONTROL COVARIANCE 

AHGLE OF F I R S T  BURN 

ANGLE OF SECOND BURN 

SOLVE-FOR PARAHETER COVBRIAHCE MATRIX 
PRIOR TO PpOCESSXNG A HEhSURf HEHT 

NOMINhL PROBABILITY DENSITY FIINCTION 
EVALUATCD AT TARGET PLANET C E N T E R  

THRUST NAGHXTUOE OF PULSING ENGXEN 

NOHXNAL EASS O F  SPACECRAFT DUR1C:b PULSING 
ARC 

T O T A L  TxnE INTERVAL OF PULSING ARC 



RAP 

RAD 

I RADIUS (111 

1 RC(b) 
I 

i: 
RCA 

, - 1; 
1 

RCA 

, . 1 R C A I  ( 6 )  
4 ' 4  

RI ( 6 )  

R I  ( 6 )  

R i l  

ST n 

EX€ 

ST n 

ZOUT 

con 

BL K 

v n  

vn 

LUNART 

TRJ  

TRJ 

TRJ  

vn 

5XMt 

OVER 

OVERZ 

OVER 

OVER2 - 
O'J E R i  

OV ERR 

LLlNART 

O V E U  

O Y  NAMIC NOISE COVARIANCE MATRIX 

EFFECTIVE EXECUTION Et3ROR COVARIANCE 
M A T R I X  

PtASUREHENT NOISE COVARIANCE M A T R I X  

RIGHT ASCENSION OF VH3 

THE NUMBER OF DEGREES PER RADIAN 

THE RADIUS O F  A G I V E N  PLANET I N  A.U. 

STATE AT CLOSEST APPROLCH 

MAGNITUDE OF CLOSEST APPS;GCd P 3 S I T I O N  
VECTOR 

RADIUS OF CLOSEST APPROACH TO MOON 
(DESIRED) 

STATE AT CLOSEST APPROACr ON O R I G I N A L  
NOMINAL 

STATE AT CLOSEST APPROACH ON HOST RECENT 
NOMINAL 

STATE AT CLOSEST APPR04CH ON A C T U A L  
TRAJECTORY 

P O S I T I O N  A!!D VELOCITY OF EARTH 

RESIDUAL 

F I N A L  TARGETED NOMINAL STATE VECTOR 

F I N A L  TARGETED STATE VECTOR 

F I N A L  MOST RECENT NOHXNAL STATE VECTOR 

F I N A L  HOST RECENT NOMINAL STATE VECTOR 

I N I T I A L  TARGETEO NOMINAL STATE VECTOR 

STATE VECTOR AT EVENT TIME 

GEOCENTRIC STATE OF S/C AT LUNAR SOX 

I N I T I A L  MOST RECENT NOHiNAL S L A T E  VECTOR 



T AREAL CURRENT STATE VECTOR AT I - T H  EVENT 

P O S I T I O H  VECTORS OF LAUNCH AN0 TARGET 
PLANETS AT XHPULSIVE T I M E ( H I D P 0 I N T  OF 
PULSING ARC) 

PULS 

THE R E L A T I V E  GRb'l I fA' ;?CNAL CONSTANT OF A 
STATED PLANET H I T H  QkSPECT TO THE SIJN 

LU  WART GEOCENTRIC S T A i Z  CC ZEhfER OF MOON I N  
E C L I  P T I G  COORDINfiTES A T  TSX 

LUNART GEOCENTRIC STATE OF CENTER OF MOON AT 
T S I  I N  EQUATORIAL COORDINATES 

ZEROAT 

LUNART 

ZERDAT 

TAREAL 

PARKING ORBIT  RADIUS 

;r R E  

RPRAT 

R A D I U S  OF EARTH PARKING O R B I T  

PARKING 9 R B I T  INVEFtSE RATE 

SPACECRAFT P O S I T I O N  AT END OF IHTEGRkTION,  
USED I N  BROKEN PLANE T A S G E T I N G  

Vi-l 

LUNART 

T R J  

P O S I T I O N  AT SPHERE OF INFLUENCE 

SELENOCENTRIC STATE OF S I C  AT LUNAR SOX 

P O S I T I O N  A T  SPHERE OF INFLUESCE ON 
ORIGINAL NOMINAL 

TRJ POSITION A T  SPHERE OF INFLUENCE ON n o s T  
RECENT YOHINAL 

T R J  POSITTON AT SPiiERE O F  INFLUENCE ON ACTUAL 
TRAJECT3RY 

P O S I T I O N  AkD VELOCITY OF TARGET PLANET 

POSITX3N OF VEHICLE RELATIUE  70 V I R T U A L  
-H ASS 

KALKAN G A I N  CONSTANT FOR SOLVE-FOR 
PARAMETERS 

COHST 

EVENT 

ALTITUDE? OF STATIONS 

VARIANCE OF ERROR I N  POINT ING ANGLE i 



VARIANCE O F  ERROR I N  P O I N T I N G  ANGLE 2 EVENT 

ZEROAT 

EVENT 

EVENT 

CONST 

S I  WCNT 

CONST 

LUNART 

S I C B E T  

SfCMAL 

SIGPRO 

S IGRES 

SLAT(3) 

S L B ( 9 )  

SLON(3) 

SHA 

MOHXNAL LAUNCH A Z I M U T H  

VARIANCE OF PROPORTIONALITY ERROR 

V A R I A N C E  O F  RESOLUTION ERROR 

L A T I T U i l E S  OF S T A T I O N S  

B I A S E S  I N  S T A T I O N  LOCATION CONSTANTS 

LONGITUDES OF S T A T I O N S  

SIMI-HAJOR A X I S  OF LUNAR HYPERBOLA 
(DESIRED) 

CONSTANTS USEO TO CALCULATE THE SEHI-MAJOR 
AXES OF THE PLANETS 

THE SPHERES 3F INFLUENCE OF THE PLANETS I N  
A. Uo 

SPHERE <Ill 

P,ED'JCTION FACTORS FOR TARGET PLANET SPHERE 
OF INFLUENCE FOR EACH EVENT 

D I R E C T I O N  COSXKES VECTOR O F  SPACECRAFT 
S P I N  A X I S  

CONSTANTS USEO TO CALCULATE THE O R B I T A L  
ELEMENTS OF THE L A S T  F3UR PLAAETS 
(SEE LARGE ARRAY DEFNS I N  S E C T I O N  5 .3 )  

TRAJECTORY TIHE I N  DAYS 

EIGENVECTOR EVENT T I H E S  

P R E D I C T I O N  ,JENT STARTING T I H E S  

ARRAY 3F GUZOANCE EVENT TIHES 

C G N I C  COKPUTATION EVENT T I H E S  

QUASI-!  I H E A R  EVENT T I M E S  



1 6 ( 2 O )  T H Y 2  NOT USED 

THY 2 NOT USED T ?  

T A C A  V M TRAJECTORY SEMINAJOR A X I S  W I T H  RESPECT 
T O  TARGET BODY AT CLOSEST APPROACH TO 
TARGET BODY 

TAR( 69 1 0 )  T A K E L C  DESIRED VALUES OF TARGET PARAMETERS (UP  
TO 6 A V A I L A B L E )  FOR EACY GUIDANCE EVENT 

T AU7 EVEHf O R B I T  I N S E R T I O N  VAQLABLES. NON-FUNCTIONAL I N  
I N  E X I S T I N G  PROGRAh 

TCA J.0. OF T I H E  AT LUNAR CLOSEST APPROACH 
( D E S I R E D )  

T I H E  AT CLOSEST APPROACH OF O R I G I A A L  
Nc j J INAL  

TR J 

T R J  

T I M E  AT CLOSEST APPROACH OF HOST RECENT 
NOMINAL 

T I M E  AT CLOSEST APPROACH OF ACTUAL 
TRAJECTORY 

TEN THE NUHBER TEN (10) T O  N I N E  S I G H I F I C I N T  
FIGURES. TARGETING NODE ONLY 

EVENT 

OV E R l  

OVERR 

ZE ROAT 

GU I 

TIMES OF E V E N T S  

T I M E  OF CURRENT EVENT 

TEVN EVENT T IWE 

NOT USED 

TRAJECTORY i : Y r  Q T  HOST RECENT G U X D A N r E  
EVENT 

TARVAG DESIRED TARGET PIHES REFERENCE3 T O  I N I T I A L  
TPAJECTORY T I M E  

* THEDOT 

1 HELS 

ROTATION RATE OF LAUNCH PLANET 

L O N G I T U D E  OF LAUNCH S I T E  



2- THREE OPNUH 

T I  ZERDAT 

:, TZWG (10 )  TAREAL 
, I 

T I N  

T I N J  

TH 

T'HN(105,O) 

YHPR(3) 

T ~ H 6 ( 3 ,  

T MONC ( 7 )  

TClU 

rnu 

T O C C ~ S ~ O )  

ZERDAT 

z E m a T  

V #  

T AREAL 

TAREAL 

B A I H  

vn 

HE AS 

B A X H  

B A I H  

BA IH  

TARE AL 

LiJNbRT 

T 4 E A L  

T AREAL 

TAREAL 

TAREAL 

THE NUMBER THREE ( 3 )  TO NINE S IGNIF ICANT 
FIGURES 

NOT USEO 

T I M E S  OC EACH CUXOAHCE EVENT RLZERENCED 
TO E P 3 C H - I N I T I A L  TIHE,  S u I  TIRE, 
OR CA T I M E  

T I H E  OF F I R S T  9URH 

T I H E  OF SECOND BURN 

TOTAL T I H E  USED 

INTEXNLL CLOCK T x n E  A T  START  CF COMPUTER 
RUN 

J U L I A N  DATE AT INJECT,JN 

INJECTION T I M E  

T f K E  U N I T S  PER D A Y  

OIUES OF MEASUREnENTP : 

n o s 7  RECENT TARGET S T A T E  

NOHIHAL B-PLANE TARGET STATE 

NOMINAL CLOSEST APPROACH TARGET STATE 

CnAVITATIOMAL CONSTANT OF TARGET PLANET 

GRAVITATIONAL CONSTANT OF PIOW (KH3/SEC2) 

4LLOWABtE TOLERANCES CF TAR;ET PARAYETERS 
FOR EkCH GUIDANCE EVENT 

T R C U E C T ~ R Y  T x n E  (DAIS )  REF. T O  INJECTION 

TULEWAMCES OF TARGET PAR~NETER: FOR EACH 
TAR6ETIHC EVENT 

NOT USEO I N  CURRENT TARGET VERSIOl4 



< 

A .* 
T PT2 120) EVENT 

TRTH TAREAL 

T R T ~ ~  :I HE 

TRTHB T i  HE 

T S I  LUNAKT 
I 

t S 3 I i  T R J  
I 

: 1 
i 
$ .  

T S O i 2  T Y J  

e . - 3  TS013 TRJ 
h 
t: 

TSPH 

I T T I H i  
kJ*.- L , J! 
&',i ;.' 

I . . .  , 
mi' 

p-:,. j 

LUNART 

S I  HCNT 

I TTOL (31 i U  HART 

I 

I T W O  P N b e  

~ x u ( 6 , a )  srn 

T  XXS 66 p2b) ST n 

uo(a ,8 )  ST n 

U N I V T  TI H€ 

- 

ARRAY GF T I M E S  T O  WHICH A P R E D I C T I O N  I S  M A O E  

3 SAJEGTORY T I H E  ON MOHXNAL TRAJECTORY 

INXTIt'. fRAJECTORY T I H E  

TRAJECTORY T I M E  AT BEGINNIN; OF TRAJECTORY 

PROJECTED J.0. AT SO1 I N E R T S E L T I p , i  

T I M E  AT SPHERE SF LNFLUCNCE OF O R I G I N A L  
NOMINAL 

T I H E  A T  SPHERE OF ISFLUEKCE OF n o s  RECENT 
NOHINAL 

T I N E  AT SPHta\, dF INFLUENCE OF ACTUAL 
TRAJECTOR! 

R A Q I U S  OF LUNAR S O 1  ( K H )  

F I R S T  1 IHt USED FOR UNMOilELLEfJ 
ACCELERATION 

SECOND T I M E  USED FOR UNHODELLED 
ACCELERATION 

ALLOWABLE TOLERANCES I t 1  S H A , e . T p B . R  

T H E  MI IYBER T H O  ( 2 )  TLJ h r N E  S I G d I F I C A N T  
FIGURES 

THE HATHEHATICAL CONSTANT 2 .  *PI 

S T h T E  TRANSIT  I O N  MPTRIZ ? A R I I I ' I O N  
ASSOCIbTED k t l H  DYNAMIC Z d N S I D E R  PARAMETERS 

STATE T R A N S I T I T N  HATF.IX P A R T I T I n H  
ZSSOCIr lTED #* ' I  t4 SOLVE-FOR PARAHETE'?S 

.DYNAHIC  C O N S I O E R  PARAMETER COVARIAhGE 
M A T R I X  

UNIVERSAL T S K t  

JNt!ODELLED A S ~ C L E ~ P I L O N  

Dir.Ll:TION COSINES OF 3 REFERENCE STARS 



AN ARRAY WHICH STORES PERTINANT VECTORS 
USED I N  THE CALCULATION OF THE VIRTUAL . 
nnss TRAJECTORY 
(SEE LARGE A R R A Y  DEFNS IN SECTION 5.3) 

MEASUREHENT CONSIDER PARANETER COVARIANCE 
M A T R I X  

MAGNITUDE OF HYPERBOLIC EXCESS VELOCITY 
AT TARGET BODY ( V H P  VECTOR) 

V I N F  

V K ( 2 9 3 )  

6 A I H  

R J L S  

HYPERBOLIC EXCESS VOLOCITY 

VELOCITY VECTORS OF LAUNCH AH0 TARGET 
PLANETS AT IHPULS IVE  TIME (HIOPOINT O F  
PULSTNG ARC) 

V M  

w 

TRJ 

GR4VITATIONAL CONSTANT OF VIRTUAL M A S S  

VELOCITY A T  SPHERE O F  INFLUENCE 

VELOCITY AT SPHERE OF INFLUENCE ON 
ORIGINAL NOHINAL 

VSOIL (31 TSJ VELGCITY AT SPHERE O F  INFLGENCE ON MOST 
RECENT NOMINAL 

VELOCITY AT SPHERE OF INFLUENCE ON ACTUAL 
TRAJECTORY 

CDNSlZ 

SI n i  

CONS~Z  

TARVAR 

ST VEC 

DIRECTION COSINES OF 3 REFERENCE STARS 

ACTUAL DYNAMIC NOISE 

DIRECTION COSINES O F  3 REFERENCE STARS 

ACCURCCY LEVELS EHPLOYED I N  T ARGETINC 

BEGINNING ORIGINAL NOMINAL VEHICLE STATE 
VECTOR 

?! BDT 

X BDR 

XDC 

SAVVAL 

S A V V A L  

SAVVAL 

TARVAR 

ORIGINAL VALUE OF 6 - 1  IN H-L GUIDANCE 

ORIGINAL VrLUE OF 9 - R  I N  *L GUIDANCE 

ORIGINAL VALUE OF DC I N  N-L G U I D A N C C  

XDELV (3,101 NONLINEAR VELOCITY CORRECTION 



SAVVAL 

TARVAR 

STVEC 

ORIGINAL VALUE OF T S I  I N  N-L GUIDANCE 

HAXIHUn ALLOUABLE VELOCITY CORRECTION 

F I N A L  VEHICLE STATE VECTOR OF O R I C I N I L  
WOHXNAL 

F I N A L  STATE VECTOR OF HOST RECENT NOMINAL 
TR4JECTORY 

XFAC ( I 0 1  

XG(6) 

1 4  RVAR 

W I  

SPHERE OF INFLUENCE FACTORS 

STATE VECTOR AT T I C  OF LAST GUIDANCE 
EVENT 

STVEC I N I T I A L  VEHICLE STATE VECTOR OF ORIGINAL 
N OM1 NAL 

I N I T I A L  STATE VECTOR O F  MOST RECENT 
NOMINAl 

OVERX 

XX X L  

PBLK 

STATE V E C f  OR TRANSFERRED TO NONLIN 

VEHICLE POSITION/VELOCITY VECTOR 
COYPONENT NAHES 
PROJECTION OF TARGET CONDITION COVARIANCE 
MATRIX INTO THE IMPACT PLANE 

PBLK 

XX XL 

0 l K  

NOMINAL IMPACT PLANE TARGET ST4TE 

AUGUMENTATION PARAMETER LABELS 

THE POSI~ION AND V n o c x T Y  OF A PLANET IN 
HELXOCENTQIC E C L I P T I C  COOROf NATES 

XPERV (101 TARVAR 

ORIGINAL VALUE OF RC I N  N-L GUIDANCE X R C ( 6 1  

XRSI (3) 

SAVVAL 

SAVVAL ORIGINAL VALUE OF RSI I N  P)-L GUIDANCE 



X S L ( 2 b I  XXXL SOLVE-FOR PARCHETER LABELS 

XTAR(6, IO) TARVAR DESIRED TARGET VALUES a 

XTOL (6,101 TCIRVAR TOLERANCES ON TARGET PARAMETERS 

XU (6)  XX XL D Y N A M I C  C O N S I D E R  PARAMETER LABELS 

X V ( 1 5 )  XX XL MEASUREMENT CONSIDER PARAHETER LABELS 

X V S I  ( 3 )  SAVVAL ORiGINAL VALUE OF V S I  I N  N- ,  GUIDANCE 

X X I N ( 6 )  EX€ STATE VECTOR TRANSFERRED 10 EXCUT OR 
E XCUTS 

~ ( 1 7 )  SI n t ACTUAL S T A T E  VECTOR 

ZOAT < 6 )  ZERDAT Z E R O  ITERATE VECTOR 
IF IZEPO=O ZDATt1-6) = I N I T I A L  STATE 

= 2 , 3 , b ,  ZDAT(1 -3 )=  I N I T I A L  
POSITION 

ZDAT (G-617 F I N A L  POSITIOtJ \ I 

2 ERO OPNUH THE NUMBER ZERO ( 0 )  TO N I N E  S I G N I F I C A N T  
F IGURES 

z x ( i 7 )  SI n i  INITIAL ACTUAL S T A T E  VECTOR 

zF(6) SIHL F I N A L  ACTUAL STATE VECTOR AFTER ADDING THE i 
EFFECT OF UNHODELED ACCELERATION 

i 

; 
i 



5.3 Large h o p  Def io i t ione  

I n  t h l r  r a c t i o n  l a r g e  array8 appearing i n  CW-m tiill be displayed. 
The artaye depic ted  are f raquent ly  referenced in t r a j e c t o r y  propagation 
uubrcmtines  in^^; hence the  prograumer s tudying euch eubrout ines  w i l l  
f i nd  the folLrwiag t a b l e s  ar t remaly useful .  

Tablae 5.1 t o  5.5 daecribe a r r ays  containing p lane ta ry  ephemeris con- 
e taa te .  Tha valuee a c t u a l l y  e tored i n  theee  a r r ays  a y  b e  found i n  t h e  
documentation f o r  BLOCK U X A .  Tables 5.6 thraugh 5.8 conta in  var iab le8  used 
i n  the virtual m e  propagation procedure. Macueeions of these va r l ab l se  
may be f d  Fn VMP, EPlEM, W, and similar r c u t m .  

Constant 
.c. 

F Q o e M a w E  a a 0 1 

Mercury 
Verme 
Ear th  
Harn 
J u p i t e r  
Saturn 
U ranus 
Nep- 
P l u t o  
k h n  

Tabh 5.1 EUXC Brray  -- Gmic Elamaste Table 5.2 S F !  b a y  

Mercury 1 2 3  4 5 6 7 8 9 10  11 12 13 14 15 16 17 18  19 20 
Vamr s 21 22 23 24 25 26 27 28 39 30 31 32 33 34 35 36 37 38 39 40 
Earth 41 42 43 44 45 46 47 48 49 50 51  52 53 M 55 56 57 58 59 60 
Mar8 61 62 6 3  64 65 66 67 68 69 70 71 72 73 7 4  75 76 77 78 79 80 

T a b b  5.3 CN Array -- Inner Planet Constante 

J u p i t e r  1 2 3 4 5 6 7 8 9 1 0  
Saturn 11 12 13 14 15 16  17  18 19 20 
Ura~nr , 2 l  22 23 24 25 26 27 28 29 30 
h p t u n s  31 32 33 34 35 36 37 Y 39 40 
P h t o  41 42 43 44 45 46 47 48 09 50 

Tabla 5.4 ST Array -- Cuter Plane t  Constants 



ccmataot 0 1 2 3 0 1 2  j Lo \ L2 Lj I . . a  

Xfmn 1 2  3 4 5 6 7 8 9 1 0  1 1 1 2 1 3 1 4 l . 5  

Table 5.5 EMJ h a y  -- LLax con8tant. 

F- A m y  

Subscript i i ~ d i c a t e s  component i n  
i - th  body referenced t o  iner t ia l  
courdinate system 

Subscript s i  indicates component 
i s  spacecraft referenced to 1-th 
MY 

TEG(1) cos E TBC(5) C O B  1 IEU;(9) C O B  o TBG (13) C O B  (W + f )  
TRG(2).  r ia  B TBC(6) rin i TE(C(10) r i n o  TBC(14)  ria(^+ f )  
m(3) cos f m(7) coo Q r a ~ ( l 1 )  con o 
TBC (4) r i n  f TBC(8) r T B C ( L 2 ) o i a o  



Tabla 5.8 iV-Array -- Virtual  Mass Propagation Variabfse 
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This  chap te r  c o n t a i n s  tha i n d i v t d u a l  d o c w n t a t l o n  f o r  a l l  the  eub- 
,rautlnas Fn the STEAP 11 s a r i e s .  The zo l lou ing  i n f o r r a t i o n  la given f o r  
each u u b r c r u t h .  

1. Purpose: The t a sb  performed by t h e  subroc t ine .  

2. &1lhg Sequence: Tne etateneat by wbich the  s c b r o u t i n e  i s  c a l l e d .  

3. Brgumente: 'Pie A r V n E u  i n  t he  u i l l i n g  sequence, t h e i r  d a f i n i t l o n ,  
snd i d e n t i f i c a t i o n  i ia i n p u t ,  output, o r  both. 

4. Subroutlnea Supporiea: A 1Fot of t i u b x o u t i ~ ~ a  c a l l i n g  the a,&- 
r o u t i n e  being documntec. 

5. Subrout ines  Required: A list 3L ~ u b r x f l r ~ e s  c d l l e d  by the dub- 
r w t i n e e  being docamentea. 

6. Local  Symbols: Tne intcr-ziil ban-cownj varFables used i n  tho 
mbrout in r :  and 'hei r  d e f i n i t i o m .  

7. Common C4mputed/t'sed: A l i e t  of variables app=ar ing la  c o w n  
b locks  ~41lch are both computed clsed (see Chapt-r 3 f o r  
d e f i n l t f o n e ) .  

8. Cornson C s q u t e d :  A l i s t  of cosmon m r i a b l a a  *ich are aet in the 
pro,;.am, 

9: C m n  Uaad: h list of c o m n  vtirrtlbles only used by t h e  sub- 
rou t ine .  

13, Analysis :  The d e t a i l e d  r c a ~ h e t u t i c a l  a n a l y s i s  on which  the sub- 
rmtlne i s  b a ~ d  (if applFcable) .  

11. Plowchart:  A f l a r e h a r t  of the o p e r a t i o n  of the program (if re- 
quired) .  

The r e a d e r  i s  r e f e r r e d  t o  Chapter 4 ior a n  index  of a l l  s u b r o u t i o e a  
of S T W  I1 (Tables 4.1 and 4.2) and f o r  the calling h i e r a r c h i ~ a  of the b a s i c  
subprogram o- STEAP LI Qigures.3.1 t o  G . 4 ) .  



wmoser BATCON xs 4 conzc PUOPAGATOR USING THE BATTIN UNIVERSAL 
VARIABLE FORHUlAT I OM. 

CALLING SEQUeNCEI CALL BATCOU(CM,RV ,VV PDT pDV,SV) 

ARGUKENTS8 CH I CRAVXTATIONIL CONST ANT 

SV(3) I I N I T I A L  P O S I T I O N  VECTOR 

V V ( 3 1  X XNIT IAL  VELOCITY VECTOR 

Df  I TIME INTERVAL OF PROPAGATION 
b 

O V C 3 )  0 F INAL  POSITION VECTOR 

S V t 3 )  0 F INAL  VELOCITY VECTOR 

SUGRWtf#ES REQUIRED8 NONE 

LOCAL SYWOLS8 ALP BATTIN ALPHA VARIABLE 
I 

. , A s  sQRT OF ALP 

CONT f NTECWEOIATE VkRIABLE 

COW MORHALIZEO T I  HE 

o a  x w R R E c T I o N  t o  CuRREsilT VALUE OF x 1 '1 
E RAISED TO I H E  ASQ*X POWER 

F SERIES FGR VELOCITY EVALUATLO AT EPOCH 

F SERIES FOR POSITION EVALUATED AT EPOCH 

SQRT OF GRAVITIONAL CONSTANT 

G S E R I E S  FOR VELOCITY EVALUTED A T  EPOCH 

G-SERfES COEFFPCIEHT FOR POSITION 

KEPLER-LIKE EQUATION XTERAT I ON COUNTER ! 
~ I N E  FOR C O N P O N E ~ T S  OF INITIAL POSITION 

HACNITUDE OF I N I T I A L  P O S I T  I O N  ' 

SQUARE OF RO 

I 



ITERATE VALUE OF RADIUS 

INTERHEDIATE VARX ABLE 

e A T T I N  TRANSCENDENTAL FUNCTION 

B A T T I N  TRANSCENDENTAL FUNCTION 

B A T T I N  TRANSCENDENTAL FUdCTION 

8 A T T I N  TRANSCEMOENTAL FUNCTION 

NAHE FOR COMPONENTS OF I N I T I A L  VELOCITY 

SQUARE OF INITIAL SPEED 

B A T T I H  I T E R A T I O N  VARIABLE 



BATCON i n  a coaic propagator using the Eattln universal variable f o m -  
lation.  A total derlration is  too involved t o  be given here; rather 
the results of ~ a t t i d ' e  work will ba given hare. 

Let tho Mtid 8t.b of a point mu%- d r r  the influence of B 
gravltatiannl force 1 be given by ro, vo. It i~ required t o  determine 

A a the s ta te  r ,  v at a time T unlta l a ter .  It is u w f u l  to introduce the 

Battinan approach i e  to  intrduce a new indepande~t variable x ( t )  in place 
of tFme by the relation 

t 

Thio parametrization greatly simplifies the c&c propagatIan problem. For 
auppoee that the value of x correspoadlng t o  t m T in given by X ,  1.e. x(T) = X .  
Tben the flnal s t a t e  is given by 



and vhere 

a > O  u,tx) . . 710 UJX) a C O B  a X - coeh v-% X < 0 
J<...>?,G y -- a < o  v z  (5) 

The problem is t h u  reduced to the determiantion of X. X 1, z z e r a t e d  
ituratively by the recursive f o m l l a e  

where 

To atart the 'proceas the initial gueea is 3et to 

-8 The program ae t s  X 5 x vk en the correction Ax is l e s s  t k a  10 . 
n 

It ten&mtea i f  the number o I  i t e r a t i o m  exceed8 10. 

bttln, R . H . ,  Astronautical Guidance, HcGrau-Hil l  %ok Co., 
New York, 1964. 

Battin, R. E. and Fraeer ,  D . C . ,  Space Guidance ari :Bvlgaxlon, A L U  
Profcrssioaal Stuey SorLes, 1970. 



BBTCOX Plwchart 

Compute i n i t i a l  g u e s s  x x 

<Txp) STCP 1 
\ I 

I I I 
Cmpute  c o r r e c t i o n  Ax t o  x 

1 



SUOROUTINE BIAXH 

PURPOSEt TO PERFORH B I A S C O  A I t ; ? S T N T  GUIDANCE. 

CALLIKG SEQUENCE1 C A L L  BXRIHIRI, T E V K )  

ARGUMENTS R I  L I .  S P A C E C X R F T  S T k T Z  A T  T I E E  OF DLASED 
AZHPOXNT G I I P D A N C E  EVENT 

T EVM I T X K E  GF B I A S E D  A I M P O I N T  GUIDLNLE SbENT 

SUBROUTIRES SUPPORTEDt GU1S;H GUZDK 

SUBROUTINES REQUlKEDi  M n T S N  7 3 . C C Z  PSIH C C C H P  

L O C A L  SYNBOLS A o A i  L i R I d Y E O K  E Z T R I X  AT T I H E  T ( J + i )  

30  RXLHi  H L i F  PA!?TZTLBN OF i D A 1  H R T R I X  

C l  A COEFFXEIENT Ib! THE ~ E S E S S A R Y  C O N D I T I O N  

C2 A COEFFXEEENY I X  T H E  R E C E S S A R Y  C O N D I T I O N  

C3 L SOZFFIEIENT IN T H E  R Z C E S S A R Y  C O S C l I T I O N  

CG A C O E F F I E I E N T  I K  THE N E C C S S L R V  C O N D I T X O N  

C5 A C O E F F I E I E N T  I N  T H E  hEGESSARY C O H O I T I O N  

C SQUARE R O O T  CF CSQ 

DELHU AIHPOIMT O I A S  I M  I K ? k C ? '  PLANE 

D E T  D E Y E 9 K I N A E T  OF PAOdZSTED T A R G E T  C O N D I T I O N  
C O U A R I A N C E  K A T R I X  

O V B I A S  BIAS V E L O C I T Y  C O R R E C T I C H  

0 VT T  T O T A L  V E L O C I T Y  C O R R E C T I S K  if ETAS IS 
REHOVED 

om T O V ~ L  VELOCITY  C O K R E C T I O ~  IF ~ I A S  IS 
APPLIED 

DVUPP UPDaTE V E L C C I T r  I T E R A T E  

01 ? P , R T I A L  D E R I V t  Y T Y E  USE13 I N  hEWTON 
I T E R A T I O N  TEC:.liiQUE 



EE 

X KNT 

I S  

I T R N  

N D I M l S  

3 D I H Z S  

P X I I  

P H I 1  

P S I J l  

.'SI J 

QUOT 

RF 

SAVET 

sun1 

sun 

TWOE 

VC A 

PlRTIAL 3 E R I V A T I V E  USED I N  NEYTON 
11 ERATION TECHNIQUE 

P A R T I A L  DERIVATIVE USED I N  NEYTOH 
ITERATION TECHNIQUE 

P A Z Y I E L  OERIVATIVE USEL I N  NEYTOH 
ITERATSQld TECHNIQUE 

MATRIX D E F I N I N G  FUNCTION TO BE H ~ N ~ H I Z E O  

COUNTER ON NEUTON ITERATICN LSOP 

INDEX O F  NEXT GUIDANCE EVEYT 

COUNTER ON OUTER ITERATION L 3 C P  

STORAGE FOR norni 

STORAGE FOR N D I # 2  

INVERSE O F  S T A T E  TRANSITION HATRIX 

GUIDANCE YATRIX PSI AT T < 3 + 1 )  

G U I D A N C E  MATRIX % I  AT EVENT T IHE T i J )  

INTERHE01 ATE VARXABLE 

DUKHY VECTOR 

STORAGE FOR TRTHi  

INTERHEOX LTE VARIABLE 

CONSTANT DEFIWZHG CONSTRAIt4T ELLIPSE 

SPACECRAfT CLOSEST APPROACH VELOCITY 
RELATIVE TO TARGET PLANET 

IWTERnEDIATE VARIABLE 

HOST RECENT IWACT PLANE t ,xnPoaT 

AII IPOINT ITERATE 

AIHBOINT I T  ZRATE 

STORAGE FOL HG$T RECENT AZMPOINT I P Z K A T C  



KN1 PIEGATIVE OF CONSTRAINT E C U C T I G ? I  EVALUATED 
AT MOST RECENT AX#BOI ! iT  I T E R A T E  

X NZ REGAT f VE OF KZCESS>.!?Y C O ~ I D I T I O N  EVALUATED 
AT KOST RECENT A I P : P O I K T  ITERATE 

A I E P O I R T  LYCREKZtdT FOR HGST RECENT 
XTERLTION 

ALMPOLHT 1P:CRZYZNT FOR HOST RECENT 
I T E R C T I O N  

COMHON COHPUTED/USED t P. C ?  D V N  
EVZC :BIAS IXtP 
T 3 P R  T R Y H I  XHUS 

A!lb A L ' ' G ~ H  A T R A N S  GUHHYQ E E 3  
T r\la LOENS - - t . d  Z G C I D  I1 ISTMC 

IT T! N T P  O R E  PHI Pnnss 
P O I  PRO31 RLOIUS T I ! i J  T Y  
TNOEB T K O E C  T'LO 7 3 VINF 
X L A K I  X L A K  Z E R O  



BUM Aaalycir 

Subroutine BUM performs biased aimpoint guidance camputatione. I f  
planetary quarant ine cons t ra in t6  a r e  i n  e f f e c t  at i n j e c t i o n  o r  a t  a 
midcouree cor rec t ion ,  and i f  the ncrmfnal aimpoint does not  s a t i s f y  these 
cone t r a in t e ,  rubrout ine BUM will ccnnpute a biased almpaint and the 
required b i r r  ve loc l ty  correction ouch that tha comtroiata a r e  mat la  f ied 
and a m  perforumwe functiorral i a  minimFzed. 

Aimpoint biaeing la performed i n  the impact plane and a s  such permits 
only two degrees of freed- i n  the se l ec t ion  of the biased aimpoiat. The 
genera l  aimpoint i n  the impact plane w i l l  be denoted by the 2-dimensional 
vec tor  p,, where the j - subscr ip t  i nd ica t e s  that the biased aimpoint 

A 

guidance event i s  occurring at t h e  t , .  Three midcourse guidance po?rcies 
J 

a r e  ava i l ab l e  i n  STZbP, and i t  will be necessary t o  r e l a t e  t o  the 
J 

s p e c i f i c  aimpoint f o r  each of these three  po l i c i e s .  These r e l a t i o w h i p s  
a r e  summrked  belw: 

(a) Tuo-variable &plane (2VBP) : 

(c) Pixed- t lme-of-arr ival  (ETA) : 

.L 

h e r e  rCA i s  the nanina? c l s s e s t  approach pos i t i on  of t h e  s p c e c r ~ i t  

r e l a t i v e  t o  the t a i g e t  p lane t .  Coordinate cronsf  arm t i o n  X pra  jcc ts 
the 3 - d F r c a n ~ i 0 ~ 1  vec tor  fu ( r e f e r r ed  co e i i i p t i c  coordinztes)  h r o  

an equivalent FTA impact plane v h i c h  i s  deii:-icd t o  be the plane  
* containing r and perpendicaiar t o  t \ e  spacecraf t  c l o s e s t  approach 
Cb 

a 
v e l o c i t y  vU r e l a t i v e  t o  the t a r g e t  planer .  I f  the ecliprlc 

coordi tu tes  of and t a r e  denoted by r r 
CA XI y a r z  and v 

x ' 
v v , respec t ive ly ,  then the traneformation A i s  giveu by 

Y '  



S ~ ~ l c r c r a f t  e t a t e  v a r i a t i o ~  a t  t .  a r e  r e l a t e d  t o  a m p o i n t  v a r i a t i o n s  J 
( t a r g e t  c o n d i t i o n  v a r i a t i o n s )  b y  t h e  v a r i a t i o n  mat r2 r  qi ,  which 1s aluays 

J 

a v a i l a b l e  p r i o r  t o  c a l l i n g  BWLY. Thus, t h e  s t a t i s t i c a l  state d l s p e r s i o a s  
abou t  the nuninal f o l l w i n g  t h e  b u i d a n c e  c o r r e c t i o n  a t  t, ard r e p r e s e n t e d  

+ - 
by the c o n t r o l  covar iance  P C i  , can be r e l a t e d  t o  t h e  c i s p e r s l o n s  about 

-? 
the nonina l  a i m w i n t  represented by W accordin;  t o  the cq . i a t io r  

3 

7- Tae c o n t r o l  covar iance  PC, is  com?uted f ro=  

- 
where Pk, i s  t h e  'rcnwledgi- i ova - i snse  ?r:or t o  the guiGancc: ever.t and 
#.J J 

Q, 
i s  the  execu t ion  e r r o r  covar iance .  

T r a n s f o m t i o n s  employed i n  equa t ions  {l) througk (3) x n  a l s c  be erp:oycd 
to p r o j e c t  w,+ i n t o  the inpacr  ? : e c e .  Z e  resl;:tlr.g pro:es t ion i s  denoted 

+ 
by the  c o v s z L n c e  A , and i s  obtained frrn U ascordlng t o  the io:Lov:n; 

j j 
e q u a t i o n s  : 

A - w  + 
(a) 2VW : , . J  



Y l t h  covazlancc A, ava i l ab l e ,  i t  is aov poasible t o  c a p u t e  the kCt POI p r o b a b i l l ~ y  of fm . Aseu.Ping the p robab i l i t y  dens i ty  f c ~ ~ c t i o n  
& r o o c k t a d  viZh 

f 
i e  gauoeian and nea r ly  conotnnt over the target 

Planet capture area permit6 ua to canpute -1 using the equation 

where B 1 8  the t a r g e t  p l ana t  capture  radiua and p represrnrs  the 
C 

gtwisian daaeity funct ion evaluated a t  the t a r g e t  plane: coater and i s  
given by 

2 

The nanlnal  impact plane almpoint i s  denoted by . Subroutrue B L A B  
c a l l s  subroutine P@ICfB to perform the ccxnptat ions involved i n  equacionj 
(7) through (1 1). 

'Capture radius . R i s  simply che physical radius  R of t n e  t a r g i t  
C P 

pls-.et i f  the FTA guidance pol icy i s  employed, while- f o r  the n o  5 - p l a ~ i e  
;... l i c i e s  the capture  radius i s  given by 

u h - r e  p i s  the t a r g e t  planet  ~ ; r a v i t a t i o a a l  coastant and V, is t h e  
P 

' iyperbolic excess veloc i ty .  

I f  t 5 e  probabi l i ty  of impact PPI does not exceed the permissible :a?ac: 
probab i l i t y  PI , and i f  the nominal aimpoint has not  been prev:ousLy 

biased,  we slmply r e t u r n  t o  ~ u b r o u t i ~  GUIEH (or CLTXSIX). Ii c?.e naz i t -21  - 
aimpoint has been p r e v i w e l y  b iesed ,  a ve loc i ty  cor rec t ion  il.i'R3: reqzire: 

J 

tc remove that b i a s  i s  5amp.tted p r i o r  t o  returning.  But i f  P Q X  exce2ds A 

PI, an  aitapoint b i a s  &jl and t!e aeeociared b i a s  v e l o c i t y  co r r ec t ion  AV- 
f =, 

m a t  be computed. Before descr ibing the detai ls  of t h ~  biasing t e c h n ~ q ~ e  
i t  i s  nrcesaary t o  d e f i m  t h e  r e l a t i o m h i p  between OV, anc bp i o r  
Unea r  midcaurse guidance policies. a 

Liuear impaleive guideace p L i c r e s  have form 



where r ie t h e  gu idance  a n t r i x  and d 2  16 rhc  s p x o c r n f t  s t a t e  
1 

d e v i a t i o n  from t h e  t a r g e t e d  n m i n n ?  trojecrory. (;?-.L'Lc gu idance  p c l i c ? e s  
aro d i s c u s a e d  i n  more d r w i l  i n  t h e  ~ t u b r o u c i n e  Gt'ZS ~ n d l y ~ i s  s e c t i o n . )  
Such guidance p o l i c i e s  c a n  be r e a d i L y  g e n e r a l i ~ e c  t o  a c c o u n t  f o r  changes 
i n  the target c o n d i t i o n s  from t h e i r  ncunirtal v a l u e s .  Tnis gecer6 l i zed  
verelon of e q u a t i c n  (13)  has  form 

where 0, can also be r e f e r r e d  t c  as  a guidance matrik. For tk purposes 
J 

of the  BUM analyeis, we aha!: assucr r h i r  6 Li l  q i i i c i c n  (1-) is 

a lways  an  a i m p o i n t  change i n  t h e  I 2 , l i r L ~  p l a n e .  " i u j ,  9 ,  will t e  a 3x2 

g u i d a a c e  m a t r i x .  Tine d e r i v a t i o n  of t ! ~ e  ' i r - 2 .  ! b  qu: t ~ '  6 h 1 1 a r  t o  
1 

t h e  d e r i v a t  ior. of the r, t n a t r l x  and wi?? n o t  ?JC ;~ri-a~:.:ca  err. I! we 

p a r t i t i o n  the previously d ~ s c u s s e d  v a r l a t l o n  ~ a t r i x  1 a s  f c i l o v s :  
i 

t h e n  the @ m a t r i c e s  for  the K ? . X ~ C  ~ ~ C C C L T ~ C  ~ U L L ~ C C ~  2 0 i ~ c i r -  L ~ c  

J 
given by che £0110-ring e q u a t i o n s :  

T ". 
(a) 2VBP : 

2 

- 1 
(b) 3VB? : 5 = q9 [: 0: 

J - 
j o  : !  

-1 T 
( c )  FUh : 0 - 0  A 

4 3 
J L 

I f  a n  a h p o i n t  b:as were  :o be removed ac  tlme t ,  he requirec v e l o c : t y  
correction would he given  by f 

If an a i m p o i n t  bias verc t o  be impar ted  a t  t b e  t ,  , tne bibs v e L c c i t y  
correction would be g i v e n  by ., 



'If a n  a tmpoiut  bias  had been p rev ious ly  Fmparted, and i f  a new 

a impoia t  b i a s  b d 2 )  i a  u, be impar ted,  then h e  total b i a s  ve10clr.y 
A 

c o r r e c t i o n  would be g iven  by 

The genera l  s t a tement  of the biasied a b p o f n t  guidance 2roblem i s  as f o l l o u s :  
Find an aimpoint ln the impact p lane v h i c h  s a t i s i i e s  the impact 

p r o b a b i l i t y  c o n e u a i a t  

and minimires a performance functional having f o r n  

a t  .-.I 

where C1 i s  the  n a i a a l  a lmpoint  and A i s  a cm?itact 6 p e t r a c  m a t r i x  - that  w i l l  be d e f i n e d  subsequent ly ,  

The s o l u t i o n  of t h i s  p rob lea  i s  d e t a i l e d  In the .section cn h i s s e d  a k ? o i c t  
guidance i n  the a n a l y t i c a l  manual .  &.:y rhd ; e S u l t s  ~ i l ?  be p r e s e n t e d  he re .  
The assumption of c o n s t a n t  p r o S a b i l i t y  d e n s i t y  over  the  target planer 
capture a r e 6  permits  us t o  r e v r i t e  c o n s t r a i n t  equatlon (22) as 

where 

Xle i n e q u a l i t y  has k e n  rep laced  by an e q u a l i t y  s i n c e  tk.e 6o:ution i a a  br 
c h m  t o  l i e  on the c m s t r a i n t  boundary, which, fra: 1napect:or of e q u t i a z  
(24) i e  a n  e l l i p s e  c e n t e r e d  a t  the t a r g e t  p lane t .  

rJ 
I f  t i s  the t h e  of t h e  f i a a l  midcourse c o r r e c t i o n ,  m a t r i x  X wr;l ' ~ i  

5 
chosen as a  2x2 i d e n t i t y  mat r ix .  The minimizat ion of J is t hen  oqulv;~i-zt 
to ~ i n i ~ i z a t i ~ n  of t h e  miss  d i s r a n c e  I - c* I . If t is c o c  the 

# 1 f 
f i c a l  r c idcmrse  c o r r e c t i o n  the, X will be-def ined as  f o l l w s :  



U t e  d a m t a r  chr rlmpolnc guidance mat r ix  f o r  t he  next m~dcourre  
J+l 

cor rec t ion  occurr iag a t  tFPle t f-t 1 
. I n  t h i s  caee the minimization of J 

a 

l a  equivalent  to the minimization of I A V ~ ~ ~  I i .e . ,  the velocicy 

required t o  remove b ias  dii, a t  t h e  E , + ~  w i l l  by minimized. The 

canputation of I# i e  baaed on the  v a r i a t i o n  mat r ix  7 
Pl 

*I. j u s t  a s  a, 
wae based on . However. can be canputed wre e f f i c i e n t l y  by 

j 
u i n g  the r e l a t i oneh ip  

- 1 

where 0 is the e t a t e  t r a n s i t i o n  matr ix over 
P l D j  

If w e  def ine  

then the neceeeary condi t ion  f o r  a rninlnnxn i e  given by 

Thue, our problem i e  reduced to f i nd iag  pl and B2 vhich satisfy 

equa t ione ( 2 4 ) .  and (28). Since the a n a l y t i c a l  eolu t i on  of theee equations 
p rwed  i n t r a c t a b l e ,  a r tandard Nevton i t e r a t i o n  technique i s  aaployed i n  
BUM which quickly c m e r g e r  t o  eolu t i a s  f o r  

fil 
and p 2  . l'he i t e r a t i o n  

procesr is  s t e r t e d  with an i n i t F a l  gueee d e f i m d  a s  t h e  i n t e r s e c t i o n  of the 
extended P* vector  and the c o a s t t a i n t  boundary defined by equation (24). 
Tbie i n i t i a l  goes, i r  given by 



t : 
I:' 

w b r e  c i a  def ined by equat ion (25). 

In add i t i on  t o  the  previouely d e e c r i k d  i t e r a t i o n  proceee, 8ubrcut l1- .c  
BIAM a l e 0  employe an ou t e r  i t e r a t i o n  loop vhich accounts fo r  t h c  d t p c n -  
dence of (equation (6))  on 

f 
, . The execut ion e r r o r  cuvar;aoce 4 ,  

a 
i s  a f u w i o n  of the t o t a l  v e l o c i t y  co r r e  ..ion a t  t 

j ' but thc t o t* l  

v e l o c i t y  co r r ec t i on ,  i n  p a r t i c u l a r  A ? ~  , depend. on (c, . T h i s  c o u > l r n g  
t 

Is reaolved by recomputing 8 st  the  ;od of t he  previou6ly dehcribid 
1 

' b i a s i q  technique and r epea t i ag  the bineirtg cyc le  u n t i l  the exror  f u n c t s o ; ~  

i e  s a t i s f i e d .  Thie ou t e r  i t e r a t i o n  proceee i s  no t  performed, h o x e v e r ,  i f  .. 
t - injection time since a t  1nJec t ion  equat ion (6) 1, replaced by the 

equat ion 

and 4, i e  a l r a y a  zero. 

Reference: Mitche l l ,  R. .T., and Wong, S. K . t  Prelimiuary F l igh r  P a t h  
Arv lyr i s  Orbi t  Dete:m?uation and Xaneuver St ra t egy  H a r i n e r  
Hare 1959. Pro jec t  Docwent 138, Jet Propuls ion L a b r a t o r y ,  
1968. 



Bum P ~ W  Chart 

I I n i t i a l i z e  i t e r a t i o n  c o u n t e r  ITRE a d  
d e f i n e  guidance  p o l i c y  code XXGP. i 

Y E S  
I I G P S  I ?  

Compute ETA t r a n s f o r m a t i o n  Compute nominal & p l a n e  a i s -  
p o i n t  zr and most  r e c e n t  i 

1 B-plane a i m p o i n t  . I 
Compute n a n i n a l  FTA a i rnpoin t  z* 
and moet r e c e n t  FTA a i rnpoin t  c .  
I I Compute e f f e c t i v e  c a p t u r e  r a d i u s  1 

( t h e  p h y s i c a l  r a d i u s  of p l a n e t .  I I 

4 Rc f o r  B-plane gu idance  p o l i c i e s .  

Ccunplte 9 m a t r i x  and  

S e t  c a p t u r e  r a d i u s  Rc e q u a l  t o  

Has a b i a e  been  p r e v i o u e l y  

I 

Urite out b i a s  bz e= 
h p t e  v e l o e i ? y  c o r r e c t i o n  r e q u i r e d  
t o  remove b i a s  4JBB 



t JI 
Call Q W P  to ccmput~ e x e c u t i p  
error cwarianse 3 - 8, ( A V ~ ~ ) .  1 

P 
I 

, 

I Write out and Q 
RB 

lmu1ation ++> error, mia176i8 

Call PQIICQ)I tz canpute and 
vrite out A and WI for 

f 
1 the nmio.1 a h p o i n t .  

I 
I 

YES 
v 

I P@I L PI 1 
NO 

1 

Set  > B U S  - 0 + 
S 

W i l l  a ve loc i ty  bias 
be actually imparted? 

YES 



I 
J 

midcourre correction? 1 
Set  A = 1. 9 PSP, to compute the s t a t e  

transition mtrix 6 ( c ~ + ~ ,  

Call  EATIN to  compute 

dlc~,,~, t 1 ). 

! 
\ 

Cmpute v a r i a t i o n  matrix q j+l. 

Cmpute $j+l ma t r l x  for the 

appropriate guidance p o l i c y .  i 

C m p u t e  coaetante defining the 
e l l i p t f c a l  conscreiat boundar; 
aseoclated w i t h  A . 



V r i b  aut the equation of the 
a l l i p t i c a l  canntraint bouudary. I 

a 

f n i t l ~ l i e e  levton i terat ion  counter XNT. 
i 

1 

Compute conatante def hing neceaeary 
condition for a minimum. I 

\L 
Use Nwtm i tera t ion  technique t o  

I determine the i -th i t era te  b$i. I 
J( I Write out ti and bpi. 1 

increment IK)rr. I 
\1 

I Write: Beuton'r wthod did not 
coaverge i n  BXARi. 1 



1 I 
Writs out final iteration p . 

and write out.  I 
1 

a 

I Store i n  the XH array. I 

Set  - 1  1 av, -nyu, +AT b,a8 

jl 
I call QCW to compute 1 

I and write out.  

1 
i 

+ 
j ~ 1 1  WICW t o  compute A,  1 
1 and P01 for aimpoint zi+'.' 1 

\Ir 
Update i terat ion  counter ITRN. 





sumo.utr~~ errs 

PWPOSSI COMPUTL THE ACTUAL WASUREHEMT BIAS IN THE S X H U l 4 t I W  
OR06RUI 

RETURN THE ACTUAL KEASUREHENT BIAS TO BE USEO IH THE 
SIMULATION NODE. 

UCUWWT r BVAL o THE ACTUAL BIAS TO BE USEO IN TM 
NUSUR€HENT 

HCODE 1 NEISUIENENT T Y P E  COOE 

SUBROUTIWES SUPPORTED8 SIHULL 

c m o y  USE08 e t r  



u&era Lk is tha i d e a l  amreamat ,  vbich would be made i n  the absence 

of isstnauntatiaa errors, \ ie the actual -t b i ~  and UiL 

rsprss4nb tIm actual -t Ida&.  

for the appmprlete ~ n t  type. The caast.nt blmas for all meaburs- 
rant dsricea are stomd in the rector BIA. S P b m a t h ~  BIAS eelscts the 
apyruprrrte 8lemmta f- this -tar to caastnact tb4 e c w  ummmment 
biy. 



for 3 star-planet aagle  
measuramnta. event e 

CQpute the b i a s  for 
a rcragrrate meaetue -  
meat fran the appro- 
ptl.te at.tion. 1 Compute the  b ias  vt  c tor 

for a range and rarGe- 
rate rneasurernent frm 
the appropriate s ta t ion .  

1 l r t e  'a h a  1 . i b w t e  th; bias tor 1 
the approplate  etar- .a apparent planet 
planet angle  rumre- dionater meastuanent. 



P m M 8  TO LOIO C@NSfAMtf mT0 CO)IHOM L m t f W S  UfEO ZY V4RICt:S 
o t n a  *ruts a THE mown. 

SUBPOUTIMES SUPPOUtLD HALF 1Ik SUIROUtXWfS USE THE COYST4MtS 
STORED er rnrs sueawrza 

C M ~  cw ELMW m E V N ~  
RADIUS RLD RHAS SMJR SPHERE 
F MWNAME P f  PLANET P H I S  
ST 



8ubrorrtina B U M T  i r  ramponriblo f o r  r r t t i q  up conetamu u8ed ln 
cmputirrg epbdlrrir data for the g r a v i t a t i q  Miu. 

'Lha array8 r a t  up by UXMT a d  t h e i r  deflnitioae are u fo l loue :  

Paf i n i t i o n  
Cowten t s  def in ing  mean el-nts fo r  inner  p l aee t e  
Conetante def in ing  mean elements f o r  ou t e r  p l ane t s  
Conatants def in ing  s d - m a j o r  axes f o r  p l s ae t e  and 

tmon 
Coastante def in ing  lunar  elements 
Grav i t a t i ona l  conatants  of sun, p lane ta ,  and rxxm 
b e e  of bodies r e l a t i v e  to sun 
Surface r a d i i  of  sun, plane ts ,  and moon 
Sphere of inf luence r a d i i  of sun, p l a u e t s ,  and moon 
W s  of  mwthr~  f o r  cxltput purposes 
h e  of p l ane t s  for output purposes 

Ihe definitions of the CN, ST, M R .  and DfN a r r ays  a r e  provided i n  
T ~ b l e e  2 through 5 an the  f o l l w i n g  page. The a c t u a l  conatants  s t o r ed  
In those a r r a y s  are the ephaaar i s  data l i s t e d  on the next  pages f o l l a r i q .  

Zbe coosturts s to red  i n  the other arrays are given L A W .  

MP W S S  ( A ~ ~ / d a y ~ )  r!rWs* BADIUS (AU) 

Sun 
Xercurp 
Venue 
Earth 
wars 
J u p i t e r  
Saturn 
Urarms 
Reptuna 
Plu to  
nnloa 

* Truncated £ran program va lues  



A m y  Plfinitiam 

-rl, 
Ventrs 
Earth 
Mars 
Jupiter 
hturn 
ur8mu 
h p h r r u  
Pluto 
moa 

Tkbh 1. A r m y  -- Coaic Elacatn Table 2. aLTB Array 

G=l=7 1 2 3 4 5 6 7 8 9 10 11 12 13 14 l5 16 17 18 19 20 
Veuur 21 22 23 24 25 26 27 28 29 3Q 31 32 33 34 35 36 37 38 39 60 
Bar th 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57- 58 59 60 
L(ur 61 62 6 3  64 65 66 67 69 70 A 72 73 74 75 76 77 78 79 80 

Jupi k r  1 2 3 4 5 6 7 8 9 10 
h t r r r n  1 12 13 14 U 16 17 18 19 20 
Urrmpr 21 22 25 24 25 26 27 28 29 30 
8ephnu  31 32 33 34 35 36 37 38 39 40 
noto  41 42 63 44 45 a 47 48 49 U) 

Tabla 4. 81 Army -- Outar Planet  CoDIturtr 

cmutaut g . Q i Q 2 Q 3 G o G l $ $ L g  4 4 5 1 8 6 

l!Saoa 1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5  

Tabla 5. IPQ Array - Xu- Coartu&a 



i a - 0.3870986 A.U. - 57,909,370 Im 
I Mean Elanante of veuum 
i : 

- 1.0000[#)3 A.U. - 149,590,530 km 
&an 11aumt.m of h r r  

1 - 0.0322944089 - 1.170097245 s log5 Z * 2.201054ll.2 x loo7 9 



m 1.52369U A.9. 227,941,963 Lm 

than Sl-ta of Jupiter 

4 - 5.202003 A.U. - 770,331,92!i km 

e - 0.0558980 - O.WO34705 1 

Y - 3.0626210430 + 5.837120844 x lo4 d 

a - 9.538843 A.U. - 1,426,996,160 km 



a (X.057053 + 0.001210166 T) A.U. (4,4%,490,000 + 181039 

N 

0 - 334.329556' + O.lllW803d - 0.010325 12 - 0.000012 9 
L - 270.434164' + 13.1763965268d - 0.001133 3 + 0.000W19 I) 

a = .002%954448 A.U. 

e - 0 . 0 ~ 9 0 & 9  



lot. 1: The abmr  e lemnt r  a r e  referred Lb tfU m u n  equIPDI a04 e c l i p t i c  
of 4.- =apt for Pluto.  

fbta 2: The rlrnrrntr for  p l u t o  a r e  o r c i l b l i n g  valuar for; rpoch 1W 
Brptader 23.0 1.1. - J.D. 2437200.5 

Iota 3; The time in ternal  fran the epoch i r  dewted by T when mrrrured 
i n  Ju1i.n centuriar of 36,525 epham6rir dayr, by D - 3.6525 T 
vhsn marwed  in  uni  t r  of 10,000 ephemeris dayr , a d  by d - 
10,000D - 36,525 T whsn wauured i n  ephamerir b y r .  T imr  are 
murured v l t b  rarpsct  t o  the Cpoch 1900 h u u y  0.5 B.Z. - J.D. 
2415020.0. 

bta 4$ Anguhr rrLaticm are srprerrad in radium for planeta and degrees 
for P000. 

Ptferaucest (1) Space beearch Conic Program, h e a  UI, J.P.L. ,  Map 1969 
(Plenetary constantr) 

(2) The American Bphemerir and Bautical A l m a ~ c  - 1965, U.S. 
Guvermmant Printing Office, Yarhingtua, p. 493 W r  
constante) 



;r 
- 

I 

1 
If, 1 

PURPOSEI TRANSPORN C A R T ~ S ~ A N  cooso r~ r tes  t o  CONIC r renen~s 1 

C U I N G  SEQUENCE8 OALL CAREL(6N,R,Vnt?P,A,E~H,XI,XN,TAnPP,QQlww~ 1 i 
ARWHENTn 6M I GRAVITATIONAL CONSTANT O f  tt4E CENTQU BOOY 

RC3) t POSITIUH VECTOR RELATIVE TO CENTRAL 800Y 

V t S )  I VELOCITY VECTOR RELATIVE TO CENTRAL BOOY 

TFP o TIME OF PLIGHT FROM PERIAPSIS ow T ~ E  conrc 

E 0 ECCEMTRXCXTY OF THE CONIC 

. W  0 AQGUMEW OF PERZAPSIS OF THE CONIC I , 

X I  0 XNCLINATIOM OF THE CONIC TO THE REFEUENCE 
FRAME 

TA 0 IYSTANtAWEOUS TRUE ANQNkLY OF THE CONIC 1 
W ( 3 )  0 UNXT VECTOR TOWARD P€RIAPSIS ON CONIC 1 
4443)  0 UNIT VECTOR NORNAL TO PP I N  ORBITAL PLANE I 
WW(3) 0 W I T  VECTOR WORMAL TO ORBITAL PLANE 

SUBROUTINES S U P ~ R T E D ~  TAROPT L u n c o n  HULTAR EXCUTE COPXNS 
NONINS CPROP VHP W I S I N  NONLXN 
PU1SEX GUIOM 

SUBUOUTIWES REQUIREOI nom lj 
LOCAL SVRBOCS8 AUXF ECCENTRIC ANOMALY CHYPERBOLIC CASE) 4 

. c o s e ~  COSINE OF tnE ECCLWRIC AWONALI (EUZPTIC 
CASE) 

C I A  COSINE O f  THE TRUE AMOHALT 

D t V  IwtERH'EDXhT€ VARIABLE I N  CUCULATIOM OF 
ECCENTRIC AWOWALY 



E A 

P 

RAD 

90 

RM 

SINEA 

SINHF 

STA 

T rnc 

ECCENTRIC ANOMALY (ELLIPTIC CASE) 

SEMI-LATUS RECTUM OF THE CONIC 

OEGUEES TO RAOXANS CONVERSION CONSTANT 
u 

trnc OERIVATIVE OF RADIUS 

MAGNITUDE OF CARTES1 AN POSITXOM VECTOR 

S I N E  O f  THE ECCENTRIC ANOHALY CELLXPTIC 
CASE) 

HYPERBDLIC S I N E  OF AUXF 

S I N E  OF THE TRUE ANOMALY 

IMT€RnEOIAfE VARXABLE USED TO WLCULATE 
SINHF 

MAGNlTUOE OF THE CARTESIAN VELOCITY VECTOR 

1 NTfRNEOIATE VECTOR USED TO CUCULAT E 
PP, QQ VECTORS 



CAREL converts the a r t e s i a n  a t a t e  (por i t ion  and ve loc i ty )  of a marr le rs  
point referenced to a g r a v l t a t i o a a l  body to t he  equivalent  conic ~ luwmt8  
about thAt body* 

d 4 

kt the car tee ian  s t a t e  be deaotud r ,  v and l e t  the g r a v i t a t i ~ l  con- 
s t a n t  of the c e n t r a l  body be fi  . . 

The aclguhr Mrnentum c m s t m t  c i o  

c - I f r t J  
A 

The unit a o m t ~ l  W to the o r b i t a l  plane Le 

The semilatua rectum p i e  

Thue 8 > 0 €or e l l i p t i c a l  motion, a < 0 f o r  hpperbolic motion. The 
e c c e a t r i c i t y  e is 

Thue e < 1 f o r  e l l i p t i c a l  motion, e > 1 for hyperbal ic  motiao. The 
i nc l ina t ion  of the o r b i t  i i e  computed from 

coo i - G e (6) 

The 1oagitude.of tba w e t n d i t q  node O in &efl& by 



'Lbs ttPr . a o u l y  f a t  the givea ,Ute i8 caatprtai ftor 

COaf 0 -  . r 
ria f - A 

b- 

The conic t h  iroo! perlapeie t i e  complted fran different forpulae 
&pertdirt8 u p  the rign of the s&i-rrra jor axie .  For a > 0 (e l l ip t ica l  
-ti4 

Cm e + C O B  i s ~ n  E - 41 - e 2  r i n  f 
1 + e cos f l + e c o e f  

(13) 

For a < 0 (hyperbolic motion) the t h e  frcm perlapets i s  

P 

&forrers: Battia, R. El., Aetamautical Guidance, HcCreu-Fiill Book Co., 
.8eu vork, 1964. 



w a s m  t o  c o ~ m n e  tnr STATE t R a w r t r o n  MATRIX omtmrn6 STATE 
P E R ~ W A T ~ O N S  OVER ~1 A ~ ~ T R I R I  T r n t  rntmvu 61 crs- 
CADZBS OANBV nrtruzrms o\nn SEGMEMTS OF THE Y ~ E U V U  
USING EITHER P4tCHED COMIC OR VIRTUAL MASS TUO 8001 
FoRlwla.  

C U L I *  SQQUEnCE8 CALL C I E C I D t R I  ,STHAT) \ 

SLWRWT1)IES SUPPORT€ q n  P S I  H 

LOCAL SVflBOLS8 b U f A t  TIME XNTERVIL USED I N  4 SIWGLE ITERATE 

DELT TIME INTERVAL OF CURRENT P~PAGATIO)~ 

,- 01 I l X T I U  T I R E  OF ITERATE 

10s 

I W 3  

P a  

.- 
PSI 

PfP 

RAV 

FLAG IMOICAT 1 6  H E L I  OCENTRIC OR 
QCaNnOCEMTRxC m4S€ 

FLAG USE0 AS TRAJECTORY IWTE6RATfON 
SPHERE O F  INFCUEWCE STOPPXNC CODE 

CUNULATlVE STAT€ TRANSIT I O N  M A t R I  X OVER 
INTERVAL TO, TK) 

C U W L l T I V E  STIT€ TRAUSITION M A T R I X  OVER 
tMtERVAL 4 TO, T K * l )  

STATE OF TLRGET RELATIVE TO SUERTIAL 
COOROIWATE AT rrm TK 

STATE OF SPACEaAFT R U A T I V E  TO D ~ I W A U T  
W0J FOR HATRIUNT 

STATE TRANSI t I0 ) l  HATRIX OVER INTERVIL 
tTU.TK+l) 



SPACECRAFT STATE R U A t I V t  TO YTQtUIL MASS 
rv f K  

' t  

XNtE&NEOf ATE VARIABLE 

W~RTUAL nrss nwrruoc  rr ru 

VZRTUAL nrss MmrtuoE A t  ru+i 

ICL 

ACC A OAtEJ OELTH DTPLAH 
orsun xstni  N ~ P  PNASS RTP 
RWS TH T R t H i  W U  V 



U 6 C U  rpprexluur tha r t r k  clnarltlos utih d 
DO 

daf ia lry  r u m  
p r t u r b a t i -  over an a r b i m r y  i n t e r n 1  [to, tf] by resuraively 

-+uting ~ U L .  t-itio. u t r i e e m  oser i n t e r n l a  [to, tl] . [to. t2] . . . . 
The recursive formula fot tba W l  i t e r a l i o n  M oa the b t h  i t e r a t i o n  
i r  givar by 

where JI q Bk i e  the  o t ~ t a  t m a s i t i o n  w a t r i x  f o r  the W l - s t  iate-1 
r 

The t i m e  1 . ~ ~ 1  A h l  - kl - ti i k  determined by the ponition vector  

< of the spacecraft  r e l a t i v e  t o  the t a l g e t  planet  a l a q  the n m i n a l  n-body 

t r a j ec to ry  a t  the t i m e  $ . rtKa i f  denotee the radius of the rphere 

of i n f l w a c s  of the t a rge t  p k u e t  the tium in te rva l  i s  & f a  by 

I dt- if rk > RbOl and the n - M y  aaniual 

t r a j ec to ry  prop.gattd aver At,,- doe~i 

mt l n t e r r e c t  the SOX. 

Atsox i f  rL >kI and the *body naai-1 

t r a j ec to ry  interscctm the 601 a f  tar the 
t i m e  in-1 Atsox a r e  Atsox A t  . 

Bun 

where Atplanet (Itd ~ t n r o  a r e  inpot  parauntme. Por the l a e t  i a t a rva l  

2 p a r t l a l  stmp may be required 60 that A t n  = tf - t 
n-1 c' 

=trh aay be carpted by either of two d e b .  In the patch 
* H l # k  . 

conic modal the p m i t i m  ve loc i ty  v s c r o n  4. ii; of the apaeccnfe  

r e l a t i v e  t o  th. d t m h m t  body (the e m  Lf b k l  - A t  or AtWI. the 
Iull 

u * l e t  p h t  if - Atpwt ) a t  me ur i a  wd m b f i w  a 



conic vith n a m c t  t o  the doniourt  MY sad ths h m b y  rtr-t war tbr i 

carpotd rrlative to the virtual arrr  and the gmvitatiwul cmrtant urad 
18 tm of the - ~ e ~ i  a t  tb. . m b b 9  mtriunt 

%he t.cpnip. tlrmer u n t i l  tb. rtrte truuitiar matrix war the 
i. &t8rriwd* 



SUfROUT tME tENT€Q 

PURPOSEI t o  CONVERT THE POSITTON rno v E r o c n r  VECTORS OF THE 
GRAVIIITING BOOXCS fQOW REFERENCE BODY E C L I P T I C  TO 
BARYCENTCUC ECLIPTIC A M )  STORE THEN I N  THE F ARRAY. 

C A U I N 6  SEQUEHCEt CALL CENTER 

SUBROUTfbJES W P O R T E D I  EPHEH 

I LOCAL SYNBOLS 0dRVC POSITION AND VELOCXTY OF CENTER OF HASS 
RELATIVE TO EARTH. (AU, AUIDAY) 

i. 
I 
k F ARRAY O F  PL43ET EPHEMERIS DATA I N  AU, 
f AUtDAY UNITS, DATA INDICATED B t  THE 
il 2 ,y 

FOLLOYING INDICES 
6.1-293 VELOCITY O F  1-TH PLANET RELATIVE 

TO THE SUN ( INPUT)  AND RELATIVE: 
TO THE BARYCEUTER (OUTPUT) 

- 2 b.I-3rJ POSITION OF I-TH PLANET R E L I f f V E  
TO THE SUN (INPUT 1 AND RELATIVE 

. -1 TO THE BARYCEYTER (OUTPUT) 
keI)I-2.J VELOCITY OF NOON RELATIVE TO 

EARTH !INPUT) AND RELATIVE TO 
BARYCENTER OUTPUT 

4'1-3.3 POSITION OF NOON RELATIVE TO 
1 EARTH t INPUT) AND RELATXUL TO 
I BARY CENT CR (OUTPUT I 
I 
1 GEW POSITION AND VELOCITY W BODIES RELATIVE 

10 THE EARTH. CAUt AU/DAY) 

I Nb INDEX USE0 TO EXTRACT EARTH EPHEHERXS DATA 
RELATIVE TO SUN FROM F-ARRAY 

I X  IHOEX OF 13-TH GRAVITAT IONAL BODY 

SUH SUH OF GRAVITATIONAL CONSTANTS 
(AU@'S/bAY*.2) 

SUN POSffIOW A N 0  V E L O C I n  OP SUH R U A T I V E  TO 
2 EARTH (4Up AU/OAY) 

COWON COtiPUTEDAJSED8 F I N f l A L  V r 
c~wnon usmr W ~ Y I  NO P M ~ S S  ZERO 



k t  tha 8mta mator of porttion and vrloolty of tha 8raPiUtiq  bedla8 
(s~clttl- tho usen) in heliaeatric ecliptic c d o r d i ~ t a r  be denoted 
p$,? a t  8- refarerice time. ht the h d a u  of the mrth ba 4. Than 

h t  tha porttic+ a d  veloci ty  of the - relat ive  t o  tha e u t h  be 

PefLrrs the radiu vector to the center of mass (in earth ec l ipt ic  coordin- 
4-1 by 

It. velocity M k t i v s  to the earth map then be far& by differentiaticm. 

The ceurdlP.tU of a l l  gravitrt iq bodies reLative to tha canter of mase 
m y  then k carputed 



ARWNEYT8 O U T  1 TIME INCREMENT OVER YHICH THE STATE 
TRAUSITION IIATRIX IS BEING wneUtEo 

6111 I GRAVITATIONAL CO)ESTANt OF 6WERUIN6 BOW 

R I POSITION OF THE VEHICLE RELATIVE TO THE 
WVERWfU6 BOD1 

v I v n o c n v  OF THE Y~HIUE RELATIVE TO THE 
GOVERNING 8001 

LOCAL STMeOLS8 . A  SEtII-HAJOR AXIS 

A i  I NT ERRED1 ATE VARIABLE 

A2 INTERNEOIATE VARIABLE 

A3 fNTERJlEDIATE VARIABLE 

A ~2 X N f E ~ O I A t  E VARIABLE 

C 1  HAGNITUDE OF RXV 

CSE COSIe  OF ECCEMTRIC AUOHAlY 

C t  A C O S I E  CF TRUE ANOMLY 

DOYO I N T E W D I  ATE VARIABLE 

DXO IHTERnEOIATE VARIABLE 



F a 1  

PHI 

C 

N 

OPEC 

ORB 

P 

P I  

PSI OP 

PV 

Q 

UD 

RH 

URD 

RTHO 

fit 

13 

SUE 

SnF 

S t A  

STh2 

T I M 1  

. TIN2 

vn 

Y V  

XO 

YO 

1NtfS)IEDIATE VECTOR 

IWTERHEDX ATE VARIABLE 

I N T E R M 0 1  ATE VARIABLE 

I W t E ~ E D t 4 T E  VECTOR 

IHTERIlEOIAfE VARIABLE 

SEHI-LATUS RECTUM 

H 4 T H M A l f  CAL CONSlaNT , 

IWTESWEDIATE STATE TRANSIT ION n r T a r  x 

I N T E W E O I  ATE VECTOR 

IWTERHEOIATE VECTOR 

R 0 0 1  V OIVIOED 8 Y  HAGNITUD€ OF U 

R DOT V 

IMtERflEDIdTE VARIABLE 

INTERNED1 ATE VARIABLE 

SINE OF ECCENTRIC ANOMALY 

SINE OF F 

SINE OF TUUE AFeDHALV 

XNTERMEDI ATE f IME 

IUTERnEDfATE T I n E  

MACNXTUPE OF Y 

IMTEWEOI  ATE VARIABLE 
, 

SMTEUJEOS A T  € YlRXABLE 



a 8  HAL? OYQ THREE TUOPX 
TMO ZERO 



i ,  . ! 
-2 i r  n r p a w i b l a  for tbs  computation of a r h t e  t r ami t ion  m t r h  
a h t  c d c  trajectory w i a g  the Danby mattisant analytic fonaula. 

f .  
1 

brnby h r  rham (rer Reference 2) that  the a ta te  transit ion matrix (or 
matrixant) hu r prr t icclhr ly  rlmple form if writ ten i n  tha orb i ta l  p h ~  
c o o r b l ~ u  ryrten. Tbe mute  t t aas i t ion  matrix @ &fined by 

d l f  - @ ( t i  l to)  dxo (1) 

ubera dxf, dxo refer t o  p r t u r t a t i o n s  abcmt a conic trajectory a t  t h a  

tf, to r u p c t i v e l y  may be vr i t t en  l a  the orb i ta l  plarrs ryrtem 

&re x ,~ ,k , f , i , f  are evaluated a t  the time t 
h i r  the angular mmeattxn canetant 
7 i r  the tima interval fran t to  soms epoch (perlapsis) 

a d  A dF.8 ( ./PI a/ph, fib, a/fi 8 a / , b ,  l /h )  (5) 

Ttxua to me the h n b y  fo&~lat lon one -t determine the transformation 
frcm the reference frame t~ the 9rb i ta l  p l a ~  coordiaatee, c a ~ p u t e  the 
valrua of the gruntit iee X ~ Y  a d  b and T a t  the times to, t 

f 
a d  t h u  use .the abcnte equatlolle . 
kt th. initial s a t e  of the conic be denoted Fb B, the grav ta t ioaal  
force p , aud the t h e  i n  e m a l  At. Then the uni t  vectors 4 in the d i n  the direction of the angular momantun vector, 

by thr f 0 l l w i ~  conic aquatioas 



tor f - - i h  ein  f - - 
ar C1e 

a - cor f L - bin f % 
r 

= s i n  t f + c o a  t~ 

The trawfolruticm mrtrix frcm the o r i g i m l  i', 3 syetem to the orbital 
p t l u  a p t e m  P ly  then be V r i t t ~ l l  

kt the ~ T W  m l y  a t  the pertinent time (to or t f )  be denoted f . 
Then th. qtrurtftiar require4 in (3) are vritlsn 

wing caapclt.d thr a t x u  tramitton pp.trh ,d e~rrampondiq to tb. 
orbital p1.m myrtem by quaticma (2), (3). (4). it ta ur u y  ~ u k  to 
convert it  to tb wmd rofrrmce myaL4DI 



Ilrforaacaat kttia, EL, X, ,  Astronautical Guidrace, WcOr8u-EU11 Book Co., 
tkr Y-k, 1964. 

b a b y ,  J.X.A., U t r i u a t  02 hplrrlan )Loti=,  A L M  J . ,  vol .  3 ,  
ao. 4, A p r i l ,  1965. 



and f f  @epler  
equation) far 
e l l ipre .  

I and f i  w e p i e r  I 
equation) for 
t yperbola. 

1 



C U L I S  SEWEYCLB C A L L  COYVRT IR, P)(X , ~ n A , V E L ~ 6 A n M , S S 6 H A , X , Y  92, 
VX~VT,VZ)  

-18 C A W  1 PITH W L E  

X 0 X COMPONENT OF POSITION I Y  6EOCENTRXC 
€ W I T  m A L  COORDINATES 

Z 0 Z COHPONENT OF POSITION I N  6EOCWTRIC 
EQUSTORIAL COORDIN4TES 

V Y  0 Y CUHPONEHt OF VELOCITY XU 6EOCENTRIC 
EWXTORIAL COORDINAtES 

vz  o z COWPO~EMT OF VELOCITY IN GEOCEUTRIC 
EQUITOSUAL COORDINATES 

LOCAL SYWBPLS8 Bi 

M T A  DATAS 

~ N T E R E D X  AT E VARIABLE 

IWTER)(fOfAfE VARIABLE 

XUTEtcmDIAfE WARL&ME 

#ISIRE OF PATH ANGLE 

COSXtlE O f  OEClINATXOW 

COSfM OF R I 6 Y T  ASCEWSIOW 
7 

.$ 
$6 SINE OF PATH UCCLE 





Ceacentric equatorial pos i t ion  and ve loc i ty  empbnentr are related to 880- 
centt ic  r ldiur,  decl ination,  right arcenaim, ve loc i ty  mu, f l i g h t  
patb angla, a d  ariaarth through the follaring aquatiow: 

x - r cor 6 eoi O 

i - v (rin T coe f$ coe 8 - con I. s i n  o s i n  0 - c o a t  
cor u s i n  f$ coo 8) 

9 = v (gin T COB 4 s i n  8 + cos T sin cr coe 8 - cos 7 
c w  o e in  ~5 s i n  8) 

'Lhe dt f in i t i oar  of pertinent quant i t ies  am apparent in  the f o l l a r l q  
figure. 



QIIECPWD TO D L T ~ I W E  tnc r ~ ~ ~ ~ s r v t  coRRrc r row rno TIHE RCQUZR~O 
t o  r m m ~  Faom rr rp9RoAcn n m s e a u  rmo A CORAMAU 
a t m c u  ORBIT. 

CILLIWC SEa4JEW8 CALL CQP1~1W,R,V,M,OE,OCLY,T U,cQV,IEX) 

ARWUMTS8 5 M  I 6 U A V  I TAT I U A L  C m S T  ANT 

RCb) I POSITIOtl VECTOR A t  DECISIOM 

V 43) I VELOCITV V E C T a  AT OECISION 

DL f O t S I r n  SE)lIMAJQU AXIS 

T EX 0 T I *  FROH DECISION TO EXECUTION (SECONDS) 

I E X  0 EXEWTIOW COoE 
-0 EVENT I S  E%EWtAmE 
-1 WO U E C U T A U  SOLUTIOl FOUND 

LOCU SVtl8aS8 AA COEFFICIENT DEf Ill1 WC TAN6EWt I A L  SOLUTION 
F a  4 

A2 CAWIDATE SOLUTION COQ SEflIWJOR A X I S  

88 C06FFICIE lT OEf#gIC TAW6EUTIAL S@ '"IOU 
FOR 4 

0 T A S B l t I A L  S O L W I  OM COWSTANT 
t 

CC COEFC.'fCIElT OWIN1 (lb TAWGEMTIAl SOLUTf OW 
FOCI A 



COP- B 

COE 

COStH 

COSY 

C 

o u v n  

D I S C  

DISK 

DRA 

DKP 

om 

1 ANCENtIAL SOLUIX ON CONSTANT 

HACMITUOE OF FINAL CORWkCT XON 

DfSCRXHf N4NT OF S O L U T X C N  FOR THETA 

DISCWINXNAPIT OF T A W b E W T I A l  SOLUTIW 
FOR A 

OESl RFD APOAPSXS R A D f  US 

MAtWIYUDE OF V E L O C I T Y  C O R R E G T l W  FOR 
CAYI!TOA)E SOLUTION 

TANGS!ITLAL SOLUTION CONSTANT 

H Y P E f U O l l .  C E C C E N T R L G I  T Y  

SChLhR EQSOR ASSOCIATE0 Y I T H  IWPOSSIBLE 
SOCUTXOH 

ERR S C ~ L A R  LRRORS OF CANDIDATE SOLUTXMIS 

ER RaCIlUS UM ELLIPSE A T  XNSEKTSON 

ETA TRUE AMbXALY ON ELCIP5k  A 1  I N S E R T I O N  

E C C E N T R I C I T Y  Of ELLIPSE 

HYPERSOL 1 C  P E R I A P S I S  R A D I V S  

RADIUS OE HYPEROOLA A T  INSERTION 

fVP€ OF SOLUTIm 
29 nPi3fTS TNTF!SEC7  
a: RUST H O D I F Y  O R 0 1 1  T O  3 8 T A 1 N  S O L U T I O N  

I S O L  I H O E X  OF SOLUTION 



RP 

SCn 

S I W  

STA 

SY6N 

S 

TFPE 

TFPH 

TH A 

TIMDX 

txno 

THE MAT HEM AT ICAL CONST ANT P I  

UNIT  VECTOR TOMARD PERtAPSIS 

U L I P T I C A L  SEMXLATUS RECTO!! 

UNIT VECTOR I N  ORBIT PLANE NORMAL TO PP 

OE6UEE TO RAOI AN TRANSFORRATION 

APOAPSIS RADIUS 

RADIUS TO DECISION STATE 

W S f T I O n  ON HYPERBOLA BEFORE INSERT I O N  

NA6NITUDE OF RADIUS OW HYPERBOLA BEFORE 
INSERTION 

PfSIAPSIS RAQTUS 

PARAHETER I N  TAUCENTIAL SOLUTf 

S f  N l  MI 

TRUE ANOMALY ON HYPERBOLA AT OECISION 

POSITIVE OR NEGATIVE SIGN I N  QUIOUAIIC 

fNT EUHEDI AT E VARIABLE 

T X W  F R M  PERTAPSIS ON ELLIPSE 

HYOLRBOLXC TIME FROM PERIAPSSS AT INSEqf  

TRUE AUOMALI OF INSERTION OM HYPERBOLA 

rrm FROM o ~ c x s t o n  TO EXEC.UTION 

T IHE F R U  PERfAPSIS AT DECISION 



V o  SPLEU i i  f ) E C I S l O N  

VEtlC sPEtr1 ClN CLLIPSE AFTER T Y S E R T I W  

V t  V C L O C X I Y  V E C T O R  ON E L L I P S E  AFIER INSERTION 

VH , ,c  , f . 8 . :  1 - . . ' ,  . !: [Or\ nl4 Hj'PEXBt OA BEFORE 
* . . ' I  



WP'LHB determiaar tlu impulrive cor rac t ion  and t h  requi r rd  t o  i n r e r t  
from an approach hyperbola i n t o  a coplanar e l l i p t i c a l  A o r b i t .  The approach 
hyperbala i r  rpec i f ied  by a p lane tocent r ic  s-ta r ,  v a t  a dec i r ion  time 

td. Thm dealred e l l i p t i u l  o r b i t  i r  p r e e c r i k d  by input  parametere a ,  e ,  

&d h e r e  a and l a r e  the remi-major u l r  and e c c e n t r i c i t y  of the 

de r i r ed  e l l i p r e  a d  AL3 i r  the a w l e  ( m u e u r d  counter clockwire) f ran  

the  hyperbolic per iapeia  t o  the p a r h p a i s  of the de r i r ed  o r b i t .  The 
r i m a t i o n  18 i l l t m t r a t e d  i n  Figure 1. 

Pigtrre 1. Approach H m r b o l a  and Derired Orbi t  

A -4 The p2anetocmtr ic  e c l i p t i c  r u t e  r ,  v a t  the time of dec is ion  td i e  

f i r s t  couverted t o  Kep1eri.n element0 (aRD e8, i n ,  QBI tu) v ia  r u b  

rout ine  CARXL where %d i r  t h e  time from pa r l aps i s  (mga t ive  on the approach 

ray). The angle f, k t r e e n  the hyperbolic per lapa is  and the approach 
A 

arymptotr S i r  caapated fran 

1 
C O I  f, - 

e 

Thus the a q l e  o between tha hyperbolic p u i ~ p s i a  a d  the des i red  e l l i p t i c a l  
per lapa i r  i r  g ivsa  by 

The hyperbola and e l l i p r e  may therefore  k &scribed in the  PP p h n a  by 
r t a h r d  conic forc~ula ,  r m i f  f u l l y  , 



A 
where 0 i r  muwred counter-clockwise from P and p H'PB a r e  the semi- 

l a w  rectum of the hyperbola and e l l i p r a  respec t ive ly .  Obviouely i f  an - *, TH*) a q l e  of ! . n t e r ~ u t i o n  8* i r  k n a m ,  the r t . t a e  on both conic8 ( r 

and (?'. ?,*I way be c-ted f r o .  conic formulae and the d e a i r d  h p u G  

r i v e  c o r r u t i o a  ir  given by 

Likevire  the t L w  from per iaps is  to the in t4reac t ion  poin t  t* may be 
ccnputed u i a g  hyperbolic f0mfu18 and therefore  the t i m e  frca decis ion  to 
execution i r  given by 

T h e  the coplanar l n r e r t i o a  problem reduces t o  the  determination of the 
o p t h l  angle  0' f o r  the  i m p l s l v e  mrneuver. 

Rwr (3) tha orrluar of 6 f o r  which r - r a r e  given by n E 

cor 8 - - n t  t &  
3 + z2 

v t u r e  

I f  the d i r c r h i ~ n t  D& 0 there  a r e  a t  moat two r e a l  non-extraneous 
r o l u t i o ~ r  ,Q2 such t h a t  rE(0)  - rH (8). Rote t h a t  the  angle 8 may 

not  l i e  i n  the region i-i& the approach a d  departure asymptotes. I f  
t he re  a r a  txo r o l u t i o r u ,  both 4 v  '6 a r a  c a q u t e d  by (4) and the m i a h  
Av txanafer  la ralocted. 



I f  D < O ,  t h e  app l ied  
t h e r e  i r  no lmpulrive 
d e s i r e d  el-ntr 9 

h y p r b o l a  and t h e  d e s i r e d  o r b i t  do n o t  i n t e r s e c t  and 
t r a n s f e r  between t h e  k o  con ics .  'In much s caAe the 
and eE a r e  modified to determine the ' 'beat" uage~l-  

tt.1 r o l u t i a n  p a r s i b l a .  Three d i f f e r e n t  d i f i u t i m  a r e  t e s t e d :  

( 1  Vary ra whi le  ho ld ing  r a t  the  den i red  v a l u e .  
P  

(2)  Vary rp whi le  holding r, a t  t h e  d e s i r e d  value.  

(3) Vary 5 v h i l e  ho ld ing  % a t  the d e e i r e d  va lue .  

The t h r e e  modi f i ca t ion  s c h m r  a r e  i l l u s t r a t e d  i n  F igure  2 where t h e  c r f g 1 ~ 1  
n o n i n t a r r e c t i q  o r b i t  Is s h w n  by the broken l i n t s .  

a. Modify r b. Modify r c .  X ~ i ~ f y  a 
8 P 

Figure  2 .  Candidate O r b i t  W i f  i c a t i o n s  

It i s  d e r i r e d  t o  modify the  "a" and t h e  "em of t h e  d e r i r e d  o r b i t  t 3  a r h i e v e  
t h e  t . q e n t l . 1  c o a f i g u r a t i o n s .  From (6) i t  i e  obvious t h ~ t  a necrtsary 
c o a d i t i o n  f o r  a t a q e n t l a l  ro lutLon i r  g iven  by W .  Usiq i  (7)  D may be 
w r i t t e n  

v h e r e  It i s  o b r e n e d  the  approach hyperbola i s  f ixed  and i t  i s  do~'r?t!  n o t  
t o  v a t y  t h e  w of the denired e l l i p s e  s o  that subsequent a p r i d o i  r2c.ations 
a r e  avoidad.  



Uaw i f  D i s  met equa l  t o  0, r h e l d  a t  i t s  d e s i r e d  v a l u e ,  and t h e  r e s u l t i a g  
P 

q u a d r a t i c  eolved f o r  h a n ,  the  s o l u t i o n  w i l l  correepond t o  t h e  t a n g e n t i a l  
r o l u t i o n v h i c h  holds  r c o n s t r n t .  I f  a,LO o r  imaginary,  the s o l u t i o n  

P 
i r  d i s regarded .  Iba G i f i e d  e c c e n t r i c i t y  i s  of course  de f ined  by 

Modi f i ca t ion  Option 2:  Bewrit ing (8a) i n  terms o f  a and r l e a d s  t o  a 

For c a n p u t a t i o u a l  purposes the  e i m i l a r i t y  between (9) and (11) may be 
e x p l o i t e d .  Again s t c t i n g  D - 0 and ho ld ing  r, a t  i t 8  d e s i r e d  v a l u e ,  

t h e  v a l u e  of  "an may be determined which s p e c i f i e s  t h e  t a n g e n t l a 1  eo' lut ion 
h o l d i a g  ra const*nt.  . Having determined a r e a i i s t i c  v a l u e  of "a", the 

corresponding e c c e n t r i c i t y  i s  g iven  by 

a R a w r i t i n ~  (&) i n  terms of a and e l e a d s  to x 

S e t t i n g  D - 0 and s o l v i r q  f o r  "an w h i l e  h o l d i w  a t  i t s  d e l i r e d  v a l u e  

then d e f i n e s  the o p t i o n  3 e o l u t i m .  



I \ 
-. ' i 'o d e  t~ .?nine thm "bee tH modif led  o r b i t  from t h e  t h r e e  cand ida te  o p t i o n s  

o r u t h e r  s r b l t r a r y  schema i s  ueed.  A scalar e r r o r  i s  a s r i g n e d  t o  each 
u$-:sl. .ci~rrdiclg t o  a weight ing f a c t o r  and the d i f f e r e n c e  between the  
deciref: and aohievod v a l w r  of  the p a r k p a i r  an4 r p e a p r i r  r a d i i !  

::,: . t?,% ca lar  f a c t o r  W i  i s  e e t  t o  1,2,3 r e s p e c t i v e l y  f o r  the t h r e e  

. .  . ~ I I A ~  the p r e f e r r e d  strategy i s  t h e  one which r e q u i r e s  a c o r r e c t i o n  
'!I..) i t  L ~ ~ s p ~ l r  whi le  the l u s t  d e s i r e d  scheme r e q u i r e s  rubsequent  c o r r e c t i o n s  

. , !apeis and e p o a p s i s .  

, . . u i n e d  o r b i t a l  elements t ha t  n e c e s s a r i l y  l e a d  t o  a t a n g e n t h l  

. ,:. (a) m y  now be used to c a p u t e  tha angle of i n t e r s e c t i o n  0 . 



COPDts Plau Chart rn 
v 

6 e t  l u n i m l  valueo of f l a g r ;  U X - I O P T r O ,  NSOIS-1 

1 
3 ? 

Compute element8 o f  hyperbola a t  time o f  d e c i s i o n  
(CABEL) and record. 

I 
i 

&>a@ DISC-? 

Prepare f o r  tangential  s o l u t i o n  modfficatione by 
s e t t i n g  IOPT - 1 ,  NSOLS 3 ,  and compute conatants 
B , C , D  for  tangential  so!utione (eqn 8 ) .  

b 

= 1 =3,4 
r 

k' r I 
m 

Modify r s o l u t i o n .  ~ ( o d i f y  ra s o l u t i o n ?  
P 

S e t  8 - r a ,  i - - 1  Set  e - r  i m + l  
b P ' 

I 1 
Modify "a1' ~ o l u t i o n .  Canpute 
c o e f f i c i e n t s  AP., B B ,  CC of 

J 
Canpute discriminant D I S K  of quadratic 
oz f in ing  "a" of tangential  s o l u t i o n .  

A 



Determine tvo candidate 
rolutlonr a l ,  ap . 

I 

3 
Determine e correeponding to al 

T &2eG+7 e > l  IsoL 

Compute X,Y,Z ,  f;XSc 
for tangential 

@7yl Solve quadra~ic for cos 8.  r@ 

< 1 

Y 
Determine pr inc ip le  
of 8: 0 <@ <r. 

15 9 



Deternine radius at intersactian oa 
hyperbola rh and ellipme re . 
i A 

J 

Campute atate Tn, Vn and time 
1 

on hyperbola and atate on. - - I e l l i p a c  re ,  ve at intersection. 1 
1 

I 
k q m t e  insertion velocity and tw E l  



WUOU~XME c o m a  
1 

' PUWSZI C ~ V E R T  covmxan# n a ~ ~ x x  P a w t x t x o n s  t o  c o R a a A T X o n  
NATRXX PARTXTXONS AUO STAIOIRD DEVIATIONS A)tD U T E  
rnrm our 

CULIS SEQUENCE8 CALL CORR~(PP,CXXSP~PSP,CXUP,UO,CXW,VO,CXSWI 
CXSVP) 

W W T ~  PP f P O S I T ~ O N ~  VELOCITY COVARIANCE HATUIX 

CYXSP X CORRELATION BETUEEN SOLVE-FOR PARANETERS 
4WO POSIT I OY/VELOCITT  STATE 

PSP X SOLVE-fOR PARAMETER COVARIANCE NATRIX 

CXUP X CORRELATION BETS€::  POSI TfON/VELOCITY STATE 
AN0 OYNAHIC ConSXOER PARAHETERS 

UO f DYNAHIC CONSIDER PARAMETER COVARIANCE 
HATRI X 

.. CXVP I CORRELATION BETUEEN POSI1IOWVELOCITY STATE 
4 D  MEASUREHERT CONSIOER PARAHFTERS 

V O  I NEASUUEMENT CONSIDER PARbnETER COVARIANCE 
UATRIX 

CXSUP X CORRELATION BETHEEN SOLVE-FOR PAUAMETERS 
AUO DY?4AHIC CONSZOER PARAMETERS 

CXSVP I CORRELATION BETwEEN SOLVE-FOR PARAMETEUS 
AN0 MEASUREMENT CONSIDER PAqANET€RS 

SUmOUTIIIES SUPPORT ED 8 P R I  NTI SETEVS 6 U f  SIM PRESIH PRNT S4 
PRINTS SETEVW WXDH PRED PUNTS3 

LOCAL SY)~CU#S~ WM PWVERSE OF SQUARE ROOT OF Of AGOHA1 
E L E ~ , ~ N T S  IN DYNAMIC AND NEASURENENT 
CONSIDER COVARIANCE PARTIT IONS 

IUD CQUWTER INDICATING TOTAL  N U ~ ~ E R  OF 
AU6NUlTED STATE VARXABLES 

' I  1 
. ROY SlTERnEDXlTE C9XPUTATION AND OUTPUT VECTOR . I .. . I 

1 

* i A w INVERSE OF T ~ E  SQUARE ROOT OF O X A W A L  i 
I , c E L M E M S  I N  W M C L E  AND SOLVE-FOR i 

COVARIANCE PART1 T I  ONS 

ZZ SPlYMRD DEVXATfON 

- M O W  USCO8 -. . KPRINT NO IN^ worn2 mxn3 ONE 
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"If . t  
- 7- 

PORP-8 TO RE40 INPUT OBTA, TRANSLATE T H I S  OAT A INTO PROP€? 
INTERNAL V4LUESs A S S 1  6N VAL= TO UNSPECIFIED tUnELfSf 
VARIABLES, SET NECESSARY I N I T I A L  VALUES, C O W U T E  
DIllENSIOtIS OF STATE TRI) ISIT I a r  OBSERVAT.~ON, AN3 
W~ARIANCE NATdXX PARTITIONS, ORDER HEASURMENT a#D N€#T 
SCMEOULESI AM0 PRIWf O U t  f Y I T I A L  COYOXTIOMS I M  THE ERRIW 
PROGUIM. 

C A L L I n f  SEQUEliCE8 CALL DATA 

mwmtu 1mUE 

SU8UOUffMES REWltRED8 GONVRT EPHEN 6HA a 8  P€CEQ 
TIM TRANS XYZRV 

UIH tHTEWEDIATE VALUABLE 

A SEHIHAJOR AXIS  

MI n i  INTEIWEOSATE STOR . ARRAY 

OW f NTERJEDI ATE STQC1A6E ARRAY 

0 ATE ARRAY CONTAINI f f i  F I N A L  JUL IAN OATE 

EARTH CALENOAR OAT E AT WHICH EARTHS ORBITIL  
aa ro r rs  WILL BE C ~ C L A A T E O  

E ECCENTRIC I T Y  

F # n  DATE Of F I N A L  TINE 

6 M N A  PATH W L E  

6R GR3VITATtbnAL WSTANf  O f  CENTRAL 0OOV 

SCWT COUNTER 

IDAY CILE#)rR OA'I Of F f  M U  T 1M.E 



I H R  CAlEMDAR HOUR OF F I N A L  T l H E  

ININ CALEIQIAR NIWUTES OF FINAL TIN€ 

x no C A L E ~ A R  NONTH OF FINAL TIHE 

JUPITER CALENDAR OATE AT WHICH ORBITAL ELUlEWTS OF 
JUPITER WILL B€ CALCULATED 

LOAV CALENDAR DAY Of I H I T I A L  T I H E  

LMIN C A L E ~ A R  MINUTES OF INITIAL TIWE 

LMO CALENDAR MONTH OF IWITIAL TINE 

LYR CALENDAR YEAR OF I N I T I A L  T I M E  

n u s  C A L E ~ A R  DATE AT WHICH ORBITAL ELEHENTS OF 
HARS WILL BE CALCULATED 

IERCURY CALENDAR DATE AT WHiCH ORBITAL ELEMENTS O F  
HEPCURY WILL BE CALCULATED 

noon CALEKOAR O A T  E AT WHICH ORBITAL ELEMENTS ~f 
EARTHS MOON WILL BE CALCULATED 

NENT NUMBER OF ENTRIES I N  HEASUREHENT SCHEDULE 

MEPTUWE CALENDAR OATE AT WHICH ORBITAL ELEMEMiS, OF 
NEPTUIE WILL BE CALCULAT€D 

P H I T  OECLIWATION 

PLUTO CALENDAR OAT€ AT WHICH ORBITAL E L U E N T S  OF 
PLUTO WILL  BE CALUCLATEO 

PRD I t L I T I A L  SENI-LATUS RECTUH OF SPACECRAFT ; 
a 

m81t 1 

RtrS 6 E O C M f U I  C RADIUS OF VEHLCLE 

RD IIAbNITUOE OF POSZTIOW VECTOR 1 
SATURM CALENDAR OAT€ AT WHTCH OR8ZTAL LLEHEMTS OF 

SATURU WILL 8E CALCULATED 

S EC 1WTER)CeOIATE: CALEHOAR EECOWOS 



THETA 

URANUS 

VfL 

VENUS 

TRUE AHOHAlY OF XNSTAWTANEWS POSXTXON AND 
VELOCXT Y 

R I  W T  ASCENSION 

CALEND4R DATE AT YHXCH ORBITAL ELEMENTS OF 
UUANUS Y f  L L  BE CALCULATED 

INJECTION VELOCITY RELATIVE T O  EARTH 

CALENDAR D A T E  AT Y H I C H  ORBfT A 1  ELEnENTS OF 
VENUS WILL B E  CAlCULAfEO 

INTERNED1 ATE VELOCITY CONVERSION FACTOR 

ACCND 
CXU 
o n x a  
OELT P 
En i 
EH8 
F N f  H 
XCOQ3 
I E I G  
ZNPR 
XSTHC 
NO acc 
N E V I 1  
WE VS 
NHN 
PS 
S I G B e t  
SSS 
TYO 
VO 

8ORSII 
BDTSf3 
CXSUG 
cxm, 
EN13 
HALF 
I cA2 

ACC 
c x v  
OELHA 
OELW 
EUt 
EPS 
FOP 
I C D T 3  
I€, rIEM 
I O P T 7  
I S T N I  
N D I H i  
N E V I  
NEV6 
NO 
P 
S I 6 P R O  
TEV 
T 
WST 

B r R S I 2  
B S f i  
CXSVB 
CXVC 
El42 
I AUCOC 
XCA3 

ALNGTH 
CXXS 
DELHUP 
DTHAX 
EMS 
EP50 
FOV 
ICOORD 
XEVNT 
I P R I N T  
KPRINT 
NOIM2 
NEV2 
NEV7 
NST 
RAO 
SICRES 
THN 
U S 1  
X I  

BDRSI3. 
8SX2 
CXSVG 
CXXSB 
EM3 
XAUGMC 
XCL2 

cxsu 
OELAXS 
OELMUS 
OTPLAN 
ill6 
FACP 
XAUCXN 
ICOOR 
I H Y P I  
I P R T  
UNCN 
HDXM3 
NEV3 
NEV9 
NTHC 
SAL 
SL AT 
TH 
UO 
x P 

b 

0 0 1  $11 
0Sf 3 
CXUB 
cx XSG 
EM9 
IAUG 
Icl 

CXSV 
DELECC 
OELNOO 
OTSUN 
En? 
FACV 
IBARY 
IONF , 
XHNF 
I S P 2  
NO00 
N E V I 0  
NEVb 
NEV 
ONE 
SIGALP 
SLON 
TRTH1 
VST 
ZERO 

BDT Sf 2 
CXSUB 
CXUG 
o w n  
EH 
I C A I  
IfPOL 



MU-D 

XW CnT 
S S O I t  
MAE 
woe 
P S G  
RSOXZ 
1 6  
t S O I 2  
YSOIS 

X NXtAL 
XSPH 
N B O O ~ ~  
OttE6A 
RCAI  
RSOI  3 
THREE 
TSOIS 
XB 

IPOL 
ItR 
N E V I  
PB 
RC A2 
T C A i  
TXHINT 
t n w x  
XF 

f S O I i  
nC NT R 
NGE 
Q6 
RCAJ 
T C A 2  
TRT M B  
VSOXI 
XG 

ISOX 2 
ncooE 
N P E  
PSB 
RSOf i 
T CA3 
T S O I l  
VSOf 2 
x s l  

AINC7 AMODE7 DATEJ DNCN ECC7 
annt EVNN F 6 H P? 
SPROB NNNAHE ne NLP NTP 
PERP7 P I  PLANET PHASS P7 
TAU? TPTZ XL AB xnn 



w o s g a  T O  ~ e 4 0  INPUT OA'LA, TRANSLATE T n f s  D A T A  INTO PROPER 
INTERMAL VALUES, ASSIGN VALUES TO UNSPECIFIED Nd!!€LIST 
VARI AWES, SET NECESSARY I N I T I A L  VALUES, COHWTE 
OIHENSIONS OF STATE TRANSXT IONr OBSERVAT ION, AN0 
COVARX 4NCE MATRIX PARTITIONS, OROER NEASURMENT AND EVENT 
SCHEDULES, AND PRINT OUT I N I T I A L  CONDfTf ONS f #  IUE S f  H W  
PROGRAM. 

CALLING SEQUEWCE8 CALL OATAS 

SUBUMXNES SUPPORTED 8 MAX N 

SLCBROUTINES REQUIRED8 COWVRT OAT A1S ELCAR EPWEH ORB 
PECEQ TXHE TRANS 

LOCAL SYHBOLS A 1  I N I T I A L  XNCLINAT I ON OF SPACECRAFT ORBIT 

AMODE I N I T I A L  LONGXTUOE OF ASCENDING NOOE OF 
SPACSRAFT ORBIT 

A fri1TIA.l S E H I - W R  AXIS  OF SPACECRAF 1 
ORBIT 

DATE ARRAY CONTAXNtWb F I N A L  JULXAN DATE 

Dm1 PLANETO-CENTR,C E C L I P T I C  SPACECRAFT STATE 

DUH COOUDfNATE TRAWSFORNATION f%ON PLANETO- 
CENTRIC EQUATORIAL TO PLAYETO-GENTRIC 
ECLIPTIC COORDINATES 

0 JULIA)(  DATE AT LAUNCH 

EAUTH CALENDAR DATE AT WHICH OUBfTAL ELEHENTS Of 
EARTH u r L L  BE CALCULATED 

E 

FNOT 

CANNA 

Gn 

SDAY 

1HR 

X M f N  

I n a  

I N I T I M  ECCENTRXCITY OF SPACECRAFT ORBIT 

FINAL JULIAN DATE 

I N J E M f O M  PATH AN6LE 

GRAVITATIONAL CONSTANT Of TAR= PLANET 

DAY OF FX N I L  C W U T A T I O N  

HOUR OP f I R A L  COnPUTATlON 

MINUTE OF FIUAL COHPUT4TION 

MONTH OF F I  M I L  CONPUT AT I UN 



I Y U  YEAR OF F I N A L  CO)(PUTATION \ 

J U P ~ T L R  CALENDAR DATE AT unrcn ORBITAL C L E ~ N T S  OT 
JUPITER WILL 8E CALCULATED 

LO A Y  LAUNCH DAY 

LHR LAUNCH HOUR 

L I R  LAUNCH YEAR 8 

NARS CALENOIR 04TE AT WHICH ORBITAL EUNEnfS OF 
MARS W f  L L  BE CALClJLAT ED 

HERCURY CALENDAR DATE AT WHICH ORBITAL €LEICENTS Of 
HERCURY WILL 8E CALCULATED 

noon CALENDAR DATE AT WHICH ORBITAL ELEMENTS w 
HOW WILL BE CUCULATED 

NENT WNBR OF ENTRIES I N  l4EASUREnEYT SCHEDULE 

NEPTUNE CALEWAR DATE AT WHICH ORBITAL ELEMETHS OF 
NEPTUNE WILL BE CALCULATED 

OK€ I N I T I A L  ARCUNENT OF PERIAPSIS W SPACE- 
CRAFT ORBIT 

W I T  IHJECT ION DEUfWAT ION 

R U T  0 CALEMDAR DATE AT WHICH ORBITAL E L W N T S  OF 
PLUTO M I L L  BE CALCULATED 

PRD I N I T I A L  SEMI -LAWS RECTUN OF SPAC€CRMt 
ORB1 T 

RDS EARTItCENTEREO INJECTION R A 3 f W  

UD ounnr VARXABLE 

SATURN CALENDAR D A T E  &T WHICH ORBIT& e iUlErrs w 
SATURN WILL 8E CALCULATtD 

SECI  SECONO OF F INAL  COMPUTATION 

SECL LAUNCH SECONO 

SEC S E ~ W D  OF CALEMDAR OATE AT u n ~ c n  m x ~ l r b  



S t G t l A  I N J E C T I O N  A21 HUTH 

1 A I N I T I A L  SPACECRAFT TRUE ANOMALY 

THETA I N J E C T I O N  RIGHT ASCENSION 

URANUS CALEKOAR DATE AT WHICH ORBITAL ELEMENTS OF 
URANUS WILL O E  CALCULATEC 

VEL I N J E C T I O N  VELOCITY R E L A T I V E  TO EARTH 

VENUS CALENDAR O A T  E f.T KHICH O R 3 I T A L  ELEHENTS OF 
VENUS M I L L  BE CALCULATED I 

VUHIT VELOCITY CONVEPSIO?4 FACTOR 

&ALP 
A O E Y X  
cxsu 
O A R  
OELMA 
OE L H 
OW08 
E n  i 
EM4 
F KTW 
XBARY 
I€ I G  
IOPT? 
x s ~ n i  
HB1 
N E V I 0  
NEVh 
KO 
P 
S I  G PRO 
SSS 
Two 
VST 
ZERO 

A 9 E T  
ALMGTH 
CXSV 
DEB 
DELMUP 
918 
OTMAX 
EM4 
EPS 
FOP 
I C D T 3  
IEPHEN 
I P R I N T  
K P R I H T  
NOACC 
N E V I 1  
NEV5 
HST 
RAO 
S I C R E S  
T n 
T  
V O  

A X H D  
APRO 
CXU 
D E L A X S  
DELHUS 
D N A 8  
DTPLAH 
EM5 
EP50 
F O V  
I C O O R O  
I H Y P l  
IPRT 
M N C N  
N D I H i  
NEW1 
MEV6 
NTMC 
S A L  
SLAT 
T R I M 1  
U?ltlAC 
U S 1  

ACC1 
ARES 
c x v  
9ELECC 
DELNOD 
CMUPB 
~ T S U N  
E M 6  
S A CP 
I A U N F  
XCOOR 
IMNF 
I S  P 2  
N 8 0 0 1  
H D I M 2  
HEV2 
NEV7 
ONE 
S I G A L P  
SLB 
TTIM 
U S 1  
X I  

ACC 
BI A 
CXXS 
OEt I C L  
o n T P  
DIIUSB 
DUB 
~ n ?  
F ACV 
IAUGXN 
I D N F  
I N P R  
xstnc 
#BOD 
NOIN3  
NEV3 
NEV9 
PS 
SIGBET 
SLOP' 
TTIn2  
UO 
XP 

AOEVXS B O R S I 1  BDRsX2 8DRSX3 B O T S I l  
BUTS12 'BDTSXS B S I l  8s I 3  BSX 3 
OELTM ~ n 1 3  FW, EM 3 t 3 9  
HALF XAUGOC I ~ U G M C  IAUG :GAL 
I C A Z  I C A 3  ICSw; S C L 2  I CI, 
TNCHT XN:TAL xsori XSOIZ X S O I ~  
IS PH I T R  NBOOYI  NEV8 a C A 1  

t 



RC A2 
T C A i  
TIIIXNT 
T Y  OPX 
XSL 

RCAS 
T C A 2  
TRTHB 
V S O I i  
XU 

ANODE7 
ELIINT 
NB 
PLANET 
T 1 
T 6  

AVARH 
F 
NLP 
PHASS 
T 2  
T 7  

AS012 
TEV 
TSOX t 
VS013  
2 1  

IIATEJ 
HP7 
NTP 
P 7 
T 3 
KWH 

RSOIS 
THREE ; j 
T S O f t  
Y X i  : 1 

1 ! 

DUCN 
IPROB 
PERP7 
T AU7 
T4  



CALLING SEQUENCE8 CALL DATAl(NENT) 

ARGUIENTI NEWT X NUMBER OF CAROS I N  THE HEASUREnEHT SCHEDULE 

SU8RWTIWES SUPPORT ED8 DATA 

SUmWTf NES REQUfREDl GHA 

LOCAL SlHBOLS8 AMIW INTER3lEOf bTE VARIABLE 

A P I NTERMEDX AT E T I N E  ARRAY 

IWT COUNTER ON HEASUREMENT SCHEDULE CARDS 

I R O Y  I NTEWEOI AT E ROU I NOE k 

HE AS H E A S W l t E N T  CODES 

NOUT DIllEKSf ON OF AVtUHENT ED COVARIANCE H c  f R I X  

SCHEO ARRAY OF T I H E S  IN HEASUREENT SCHEDULE 

~ ~ O U  COWMEWUSED8 IEVNT NEV NH t! SL AT SLON 
TEV TMH Ti T Z  73 
'I4 T 5  1 6  1 7  T 

CXSU 
OATEJ 
EVNM 
IONF 
HNCN 
NE V i  
WEV6 
P 
UO 

CXSU6 
CXVB 
EPS 
NAE 
PB 
XB 

C X S V  
ONCN 
FACP 
I G U f  0 
MHNAnE 
NEVZ 
NEV7 
RAD 
V B  

CXSVB 
C X V G  
I I P O L  
NGE 
PC 
XF 

CXU 
En7 
FACV 
XHYPi  
NOXMi 
NEV3 
NST 
SAL 
X I  

CXSVG 
CXXSB 
f POL 
NPE 
PSB 
X G 

CX v 
EM 8 
FHTN 
I RNF 
NOIHZ 
NE Vb 
ONE 
TPTZ 
ZERO 

CXUB 
CrxSG 
HCHT R 
NQE 
PS6 

CXXS 
EP5 0 
ICOQ3 
X S T b l C  
NDXM3 
NEV5 
PS 
T R T H l  



PURPOSU~ T O  UOWXNUI rna rwrtrrLrzrtrw PRocess oescRxeao UNOUR . - - OAT AS. 

C A L L I ~  SEQUENCE: CALL OATAIS(NENT) . - 
ARWHENT: MEMT 1 WMBER OF CARDS I N  THE UEASURE!lOIT SCHEDULE 

SUBROUTINES SUPPORTED1 OATAS 

SUBROUT X WES REQUIRED8 GHA 

LOCAL SYMBOLS: AHIN 1 NTERtEOLATE VARIABLE 

AP INTERMEDIATE TIME ARRAY 

ICNT COUNTER ON MEASUREMENT SCHEDULE C W D S  

I ROW INTERMED1 AT E ROW INOEX 

hEAS NEASUREHENT CODES 

NOUT DIIEHSXON OF AU6UllENTEO Cb9ARIANCE M A T R I X  

PAaAh ARRAY OF AU6HEHTED BIASES 

SCHEC ARRAY OF T IMES I N  MEASUREMENT SCHEDULE 

AOEVXS 
SL 8 
72 
1 7  

ADEVSB 
CXSVC 
CVLSB 
EF. "J 
N'A E 
PB 
XB 

ACCi  
cxsv 
DATEJ 
Off US8 
En8 
F N TM 
XONF 
HNNANE 
Y D I I l 3  

I E V N T  
SLON 
1 3  
T 

AOEVXB 
C XU8 
C X X S C  
XIP9L 
N6E 
PG 
X f  

A O E V X  
CXU 
DEB 
OHCN 
E P 5 0  
IAWNF 
I HYPI  
NBOD1 
N E V i  

NEV 
TEV 
T C  

CXSUB 
C X U G  
EDEVXS 
IPOL 
NPE 
PSB 
X 6  

AVARY 
c x v  
018 
ON08 
EVNN 
IAUGIN 
INNF 
N B l  
UE v2 

CY S u b  
c x  ve 
EDEVX 
tC N l R  
NQE 
PS G 
X f  i 

B I A  
cx X S  
OHAB 
DUB 
FACP 
fCOQ3 
I STnC 
N D I n l  
NEV3 

SLAT 
T i  
T 6  

CXSU 
0 AB 
OnuPB 
En7 
F A C V  
ICDT 3 
HNCN 
NDIM2 
MEv4 



NEVS HEVO N l  V? AS T ONE 
PLANET PS P RAD S AL 
TPTZ t w n i  TTIHL 'rt.rna u ~ n r c  
UO V 0 XDUH XI ZERO 



TO COMPUTE A C O R ~ C T I O I  TO AM IN ITXAL YELOCZTY BY THE 
STEEPST DESCENT a CONJUGATE mtAoxEnt t E c n n s a w s  ~cnz 
WSE 8 Y  TARGET. 

CILLXS S € W I I # ~  CALL O E S E H ( E E ~ C , ~ T ~ ~ E U B ~ ~ P ~ P P )  

AU6UIDlfSB ERC 1 SCALAR ERROR O f  CURRENT ITERATE 

r(RET I STEEPEST OESE NT RECT I F I C A 1  ION WHBER 

CUP I / O  PREVIOUS CRADIEl9l  HA6NXTUDE (IKPUT) 
CURRENT CRADIEMT HAWXTUDE (OUTSUT) 

PP(3, XI0 P Q E V I W S  CRADIEWT (INPUT) 
a(l€RENl GRAOIENl (OUTPUT, 

L O W  S Y N W l S 4  4 C I  WRREKT ACCURACY LEVEL 

M R  ABSUlUtE ERRORS O F  TARGET PARASTERS 

AUXM VALUES ff AUXILIARY PARAHETERS O F  CURRENT 
XTERATE 

E V I  b E V l  AT f ON OF WOnf NALLY-PREDICTED AUXXLIAUY 
PARMETERS FROH CURUENT I T E R l T E  VALUES 

wnn wmrr VARIABLES 

. . em SCALM ERROR Of NO4IYAlLI-e(lEDXCTED STEP 

H.8 WONXNMLY PRCDXCTEO STEP NACWZTUDf 



PC 

PERR 

PR 

QC 

RSF 

CORRECTIOW MAGNITUDE AFTER CQmI::AtrtT!j 

FLAG SET TO i P T OlERANWS ACGEPTLBLE 
On PERTuReED TRnJECT ORV 

SO1 STOPPING C ~ I T 1 O ) l  FLA6 
=O 0 0  NOT STOP AT sot 
=l STOP AT SO1 

DIRECTIOM O F  CORRECTION 

PERTURBED ERRORS 

UNIT VECTOR I N  DIRECT IOU OF W I W T  

F I  NAL STATE OF INTEGRATION 

DELTAV I S P H  RXN TEN 

I C L 2  I CL IMCrlT SRF 

AAUX A C  ATAR CTOt OAUX 
OELTAT OTAR OVMAX D l  F AC 
IPHIS ISTOP KUR LEV LVLS 
CIOPAR PERU t R T U  TYO ZERO 



Dm812 e a n p - * ~ r  a correction t o  an iaitL.1 ve loc i ty  by the #tMp.rt 
descent ar canjugate g rad ien t  techniquer f o r  uee by TARXI. 

'Lhe technique used i s  determined by the value of 1IFMOD. DESXNT takes n 
r t e p r  i n  the  c a a j q a t e  g rad ien t  d i r e c t i o a e  before r u t i f y i n g  by making a 
r teepar t descant r t e p  when n = HETl2OD - 1 . Thus i f  XISTBOD - 1, a l l  
r t 8 p s  u e  tlrrrn i n  the  s t eepea t  &scent  d i r ec t ion .  

a A 
bt the cu r ren t  iterate i n i t i a l  s t a t e  be denoted r ,  v . kt th s c a l a r  
e r rox  of the a u x i l i a r y  parameters correepmdiug t o  th in  r t a t e  be deooted 
ht the p u t u r b t i c m  s i z e  f o r  the s e n s i t i v i t i e s  k dv . 
The cu r ren t  g rad ien t  Zc is computed by numerical d l f fe renc iag .  For the 

k-th cusporrant of the correapoading ccxnpooent of ve loc i ty  is p e r t u r k s d  
C 

w 

A 4 
The i n i t i a l  s t a t e  ( r,  vp ) i s  then propagrted to  the f i n a l  .topping 

A 
c o n d i t l o ~ .  kt the a u x i l i a r y  pararoeten of t h a t  trajectory be denoted Q . 

P 
The rrror as roc i a t ed  wi th  the parfarbed statt is  then 

-L -r* 
where V represents  tha veight ing  f a c t o r s  and a a r e  the desired target 
coeditio~r. Zlm It-th canpownt  of the  cu r r en t  g rad ien t  i s  then 

T3m corractod g rad ieb t  i r  given by 

a 

PC - 2 e  teapea t dascent  6 t ep  
C 

l g c l L  A d - -  
2 P +8,  

coajugate  g rad ien t  P tep ( 4 )  
P 

v h e n  the u u h c r i p t  c  n f e r s  to a current p a m t e r ,  p r e f e r s  t o  a 
prsvicu8-s t e p  parccrratar. 



r 
The unit  vec tor  i n  tba d i r e c t i o n  of the next  s t e p  i e  then given by 

4 

Ihe di rec t loxu1 de r iva t ive  of  the s c a l a r  e r r o r  i n  the the d i r ec t ion  qc 
i a 

- 
The nominal s t e p  r i t e  h is canputed f r a n  a l i n e a r  a p p r o x b a t i o n  to n u l l  
the e r r o r  

The i n i t i a l  s t a t e  corrected by t h i s  ncxnfnal co r rec t ion  i s  then propagated 
t o  the fi-1 stopping condit ions and the r e s u l t i n g  e r r o r  c m q ~ t e d .  
Ibe three ccmditioas 

tray mm appl ied  t o  the  formula of a parabola j - e - a(x - h*12 to  
p d i c t  the optimal s t e p  r l z e  h* y i e l d i n s  the mfairmrm e r r o r  c 

h* -. dr; - 
2 ( d h +  c - r  ) 

I h e  correcticm f o r  the cu r r en t  i s  then given by 

%farenee: Hyers, C. E., " R o p e r t i e s  of t he  Conjugate Gradient and Davidon , 
Xethodr", AAS Paper 68-081. Presented a t  1968 AbSIAIM As- 
dynamics ~ p e c h l i r t  Confereace, Jackson, Wyoming. 



7 

6 e t  K C W  - 0 ,  s e t  up aAcuracy 
l eve l ,  per turht ion  b v ,  and - 
rave aaaiml auxil iary valuer 0 . 

C * 

bared on ISTOP f l a g .  

h l l  YlIP t o  integrate tra- 
jsrtory to  stopping conditione. 

< Did trajectory h i s e  SOX 
and ISrOP j 1 

e tore trajectory target parameters 
and auxi l iary  parametere 

d, 
Do target  parabetere 
eat ie fy  tolerances? 

I 

Compute error of cumponeat € 
.-a d 1 ' Y - ( a , a  ) 1 k 

and ccmp of grad - q - a 



Doas IT = 1 or 
IT - 0 (mad It88t)t 

-L 

Compute direct ion of correctioq 
QC,  

[ Compute d i r x t i o n a l  derivative DD 1 
L d 

DD = grad c .  Q 

Integrate nominally corrected s t a t e  
WLP) and c a l l  TAROFT to  compute 
auxi l iary valuee to  generate nanfnal  
error F . , 

Compute optimal step s i z e  
by parabolic f i t .  

I * 
I canputti correction A; - h* < . I 
Update paramatere for  next iterate 

IT = XT + 1 
4 d 

Pp = PC 



P U R P O ~ I  C ~ P U T E  DYN~NIC NOIS COVAUI~~WCE nrtarx xn rnE WOR 
ANALYSIS PROGRAH 

1 hRWnENT8 I C O E  1 ZERO XU ERRoR ANALVSIS NODE 

! SlJ6RWTIMES SUPPOUTEO8 ERRINN SETEVN WIOH PREO 



8ubroutin.a ovaluatu tho n0b.o a w r r i u r c e  mrtrix Q ovor 
th. tir lnt8mal At . - 5. The lum Q i. ads6umd t o  ha.. 

foto 

Q 41.8 ( f K ~ A ~ ~ ~  1 ~ & t ~ ~  1 +t4* x+t2* n p t 2 ,  %at2 
t r; 

2  I rh.n d p s d e  Miu c o l u t m t .  5,  K2. and K have unib of )r. /a= 
3 



SUBROUTINE DYNOS 

PURPOSEI C ~ P U T E  o r n d n x c  NOISE COVARIAMCE MATRIX rwo THE ACTUAL 
DYNAMIC NOISE CUWOOELEO ACCELERAISON) I N  THE SIMULATZOt4 
PUOGRAU 

CALLX NG SEQUENCE1 CALL OYnOS(XCODE) 

A R 6 U M U l T 8  I C W  1 INTERNAL CODE TO DETERMINE I F  THE DYNAMIC 
NOISE MATRIX I S  COHPUTED OR I F  THE ACTUAL 
OYWAMIC NOISE I S  CALCULATED 

u 
n 

SUBUOUIIWES SUPPORTEOl S IHULL SETEVS 6UISXH PRESXH 

LOCAL SYMBOLS8 OT IWTERNhL TSHE XwCREHENT 
11 

02 SQUARE O F  (DELTM*TH) 

I C  INTERNAL COO€ ON 01 CALCULATION 

T l  
4 CURRENT T I H E  * 

-7 1 T 2  CURRENT T I H E  + DELTA TXHE 
r 

: 1 E 

' s  COHHON COrCOllT EWUSED I W 

I : C O W 3 N  CONPUT ED8 
3 

Q 

C O M W  USED8 OELTM ONCN HALF I ONF TM 
T R t n l  T T I H l  T T I H Z  UNHAC ZERO 

1 



Bubroutlno p e r f o m  two Twutions. It'. f i r a t  f u n o t i o a  i r  
i d e n t i c a l  t o  that of subrout ine D-, namely, t o  e v a l c ~ t e  t h e  dyasnic 
~ i 8 0  CW-e !Batfix Q Oler the ti- h i t e ~ d  & t . - t)I. 
The e a c a a d  funct ion of mrbrar t ine D m  Is t o  c w u t e  the  a c t u a l  

A 
d y n d c  noise uk+=, which n p r e e b n t s  the  lntegxatad e f f e c t  of 

uamodelled a c c e l e m t i a n a  act* on the  spacecraf t  over the  time 
i n t e r v a l  At. Actual. dynumic noiae d is used eleewhem i n  the  
pro- t o  c m p u t e  the  a c t u a l  s t a t e  dsvf:tiona of  tP.8 s p a c a n f t  
frora t he  most recent  n u & d  t r a j ac to ry .  

A A 

I f  we def ine  w ~ + ~  - [ %+I* @ v  I when 
k+ l  

A 4 

O-. * O v  denote t he  contr lLut ion8 of unmodelled 
' k+l  k+l 

acce l e ra t ions  t o  spacec ra f t  pos i t i on  and v e l o c i t y ,  respec t ive ly ,  and 
i f  we u a m e  conetant  d e l l e d  acce l e ra t ion  s, then 

The program pererits the e n t i r e  t r a j e c t o r y  t o  be divided i n t o  th ree  
arbitrary coneecutive i n t e r v a l 5  wet each of uhicn a d i f f e r e n t  con- 
s t a n t  unmodelled a c c e l e r a t i m  (a can be spec i f ied .  These i n t e r v a l s  a r e  
repre8ented by ( t o ,  t l ) .  ( t l ,  t Z ) ,  and ( t 2 ,  t i ) ,  when  to is the  

initial t r a j e c t o r y  time and tf i.8 t h e  tirral t r a j e c t o r y  time. If  tk 

and \+l occur In d i f f e r a n t  I n t e r v a l s ,  then the  a b w e  a q u a t i a s  maat 

tm e v d u a ~  piece-wise over (\, 1 



w 
[ ~ocapute dynamic noise] 

V covariance matrix Q . 
[ ~ n i t i a l i z e  8 to zero] . . 

1 

YES ( t k + l Z t l  ? 4 5 0  'j 

C m p u t e  ac tua l  dynamic 
noiee 3 a t  the end of 



YE8 

Ym 

r + 

I - 3 (3rd interval) 

A t  ' = k + l  tk 
IC - 1 

1 

I = 3 (3rd l n t e ~ a l  
1 

At - %+I - t2 
L I C - 5  

L 

- 1 (let interval) *a, 0 



PURPOSE1 TO CONTROL THE COHPUTAT :ON OF EICENVALUES, EXCENVECTORS, 
ANO n r P a e L L r p s o r o s e  

CALL ING SEQUENCE) C I ILL  €1 6HY(VEIG,FOX,HARG9X FHT)  

ARWHENf8 V E I C  I NATRIX TO 8E DIAGONALIZED 

FOX I P I P A L  OFF-DIAGONAL A N N I H I  L A T I O N  VALUE 

HARG X HATRIX  FOR WHICH THE HYPERELL IPSOID I S  TO 
Be c o n P u r E o  

I F H T  1 FORHAT FLAG 
-1, P R I N T  P O S I T I O N  EXGEYVALUE T I T L E  
n2, P R I N T  VELOCITY E IGEhVALUE T I T L E  
~ 3 ,  P R I N T  EIGENVALUE T I T L E  

SU.3UOUTINES SUPPORT € 0 8  SETEVS G U I S I H  GUISS PRESIM GUIDM 

SUBROUT I H E S  REQUIRED: HYELS J A C O E I  

LOCAL SYHBOLS 1 

c m w  usm: 

ECVCT 

EGVL 

OUT 

EICEWVECTOR HATRIX  

EI6ENVALUE MATRIX 

SOUAitE ROOTS OF EIGENVALUES 



Call JAWS1 t o  compute 
eigenvalue6 ~ q d  e i g e ~ v e c t o r ~  
of the input w t r i x .  

I 
1 
! 

t h e i r  uq3ard  r o o t e ,  and 

---I--- 

I Call HYEIS t o  compute and I 
/ w r i t e  out the 1  u h y p e r e l l i p s o i d  i 1 

aesoc ia ted  v i t h  the i n ~ s t  I 
I /  - I 

Y E S  
7 

i 

out  the 3d hyperellipseoid 
o s e w i a t e d  w i t h  the input 

1 matrix.  
. 7- i 



-8 TRAMSFORHATtOM OF COISfC ELBRENTS TO CARTESZAN 
COORDINATES 

-1s cn I GRAVSTATIOWL COSTAMT OF CENTRAL 6001 

A I $€HIMAJOR A X I S  

X I  I IWCLI NATION f M  R€CER€UE SYSTEM 

XN 
P 

I LOWGITUOE OF A=WOIMC H O E  

aifo TA f TRUE W)(CLLY 
1 

U ( 3 )  0 QOSITIOU VECTOR I N  UEFEREWCE. STSTEM 

WI 0 VELOCITY NA6NfTIIDE 

T FP 0 T IRE  FROH OERI-S 

SU&RUJTIYES SUOPORTEDI OATIS VNP NOWLIN COPINS MO~INS 
OAT A M L 1 0  I U L T A I  CPRW 

SrigSOufI NES REQUIRED 8 HONE 

LOCAL smmxs: WXF ECCENTRIC A W O W Y  (~YEUBOLIC CASE) 

AV A HEAM ANOHALT (ELLIPTIC CISJ) 

CK VELOCXtY FACTOR USED TO CALCULATE F INAL 
VELOCITY YECTOO 



€A 

P 

R I D -  

SIMEA 

SXmF 

SI  

m 

ST 

sw 

COSXME OF SUP OF ARGUMEMT QF PERIAPSXS Am 
TRUE W O I I U Y /  COSINE OF ARWUXT Of 
PEQf mL.5 

THE SJN I m * E ~ C ~ < T A / R A O ) ~  USfO AS A 
DIVISOR I W  SUBfLQUOlT EQUAtIOwS TO 
C U C U A T E  TFP 

SIllE OF TRUE AIFOIULT 

EICIE- OF THE SUN DF ARWIlEWT OF PERXAPSIS 
M D  TRUE W O W Y /  SXHE oF A R M W T  Of 
PfqIAPsIs 



ELCAR t n w f o r w  the rturdard conic  elemontm of a mahleco  po in t  referenced 
' 

t o  a g r a v i t a t i a a a l  body to c r r t e 8 i a n  poritloa and welac i ty  c ~ ~ t a  wi th  
r e spec t  to that body. 

lat the g r a v i t a t i o r v l  c m a t a n t  of the body be denoted r and the given 
c d c  el-nta (a, I , ,  Q f 1. me nemilatun rectum p l a  

I h n  thrl m8gn.ltde of the rad iua  vector is g iven  by 

r =  
P 

1 + e  coe f  

'the u n i t  -tor la the di rec t icm of the poei t ion  vec tor  i s  

U - COB ( Y + f )  = in  Q + COS i sill ( W + f )  COS J )  
Y 

(3) 

u - a i n  ( o +  f )  s i n  I  
x 

A 

The pos i t i on  vec tor  r is the re fo re  

-. 
The v e l o c i t y  vec to r  v i s  given by 

- a i n  f ( c o s u  cos Q -toe i s i n  Q s i n  w ) 1 
v  - ,/$- [(e 7 coa £)(-.in s i n  o +cob i co. Q ccm w ) 

Y - 
- a iu  f (cos o s i n  Q*os i cos Q s i n  u )  

- 1 
s - Jf  [(I? + = o r  f )  s i n  i cor  o - s i n  f bin i 8i.w 

x I ( 5 )  

The conic  t lme from per lapa le  t 18 canputed £ran d i f f e r e n t  formulae 
depending up- the rtgn of the a&-ma jor a r i a .  For a > 0 (el l  i p t i c a l  
rpotian) 



C08 g e + COB f r in  B - 4 : - e 2  a i a f  
L + e c w  f l + e c o o f  

(6) 

a 

For a < 0 (hyperbolic motion) the t l m  from periapla t 



SUBROUTS ME EPHEH 

P W O S E 8  10 C O N P U T E  THE CAQTESIAU STATE O F  M S ~ ~ E O  BOOIES AT 
SPECfFfEO T INES ACCmOXNG TO TWO OPTIONS8 
t i )  E C L I P T I C  COOROXNATES OF ONE 6OOY RELATIVE TO I T S  

S E R E N E  BOOY (SUN FOR PLANETSv EARTH FOR MOON) 
(2)  E C L I P T I C  COORD~NATES OF ALL GRAVI TATXONAL BOOIES 

RELATXYE TO THE I N E R T I A L  COCROf#ATE SYSTEH (EITHER 
ICL IOCENTRIC OR BARYCENTRIC). 

CALLING SEQUENCE8 CALL E P H € ~ ~ I C ~ D ~ W )  

ARCUHEWTI 0 I J U L I A N  DATE OF REFERENCE TIME (QEFERENCEO 
1950) 

I C  I. FLAG SET EQUAL TO 1 FOR OPTION 1 AND TO 0 
FOR OPTION 2 

E 
n -q I WUBER OF 'GRAVITATIOWAL BODIES TO BE 

COMPUTED 
f 

. i SUeOUTXbES ~ F O R T F O ~  H E L I O  LAUNCH LUNTAR WULCON flULTAR 
EXCUTE TRAPAR VHP DATAS PCTM 

PW: PRIWTb P S I M  TRAKS G U I S I M  GUISS 
PqNTSb DATA P R I N T 3  TRAKM G U I O H  
GUID 

SUmOUTINES REQUIRED8 CENTER 

L O U L  S Y W L S 8  A SEHI-NAJOR A X I S  OF L U N l R  CONIC 

00 ONE TEN-THOUSAWDTH TIMES THE INPUT 
ARGUMENT O FOR COwPllTATIONS I N  F N l v  FN2 

E ECCENTRICITY OF LUNAR CONIC 

€CAR ECCENTRIC ANOHALY  US^ TO SOLVE KEPLES 
EQUATION 

ECC ECCENTRICITY USED TO SOLVE KEPLER EQUATION 

En MEAN ANOMALY OF LUNAR CONIC 

E2 E SQUARED 

FCTR VELOCITY D I V I O E O  BY RADIUS 

FN1 STATEH€NT FUNCTION DEFINING A T H I R D  ORDEk 
POLYNOMINAL. USED I N  COMPUTATION OF NEAN 
ANOHALY OF INNER PLANETS AND OF H O O N  



STATEHENT FUNCTION DEFINING A F IRST OROER 
POLYNWINAL. USE0 I N  MEAN ANOMALY COMPUTA- 
T IONS OF THE OUTER PLANETS 

:NOEX FOR LOGIC CONTROL 

IWCREIENT COUNTER IN SOLUTION O F  KEPtER 
EQUATION 

INDEX, ROW OF F O F  LUNAR COORDINATES 

INDEX* R3Y OF F OF COORDINATES OF THE 
I - T H  PLANET 

INTERMEDIATE VARIABLE USED TO NORMALIZE 
CONIC ANGLES 

INTERNAL CODE WHICH DETERMXNES I F  
C30Rf~TNATES O F  EARTH ARE BEING CALCULATED 
I d  O R E S  TO COMPUTE THOSE OF UOON 

INTERNAL CODE HHXCH DETERHINES I F  
COORDINATES OF EARTH HAYE EEEN COMPUTED 
PRIOR TO COMPUTING THOSE O THE MOON 

INDEX USED I N  CALCULATION OF HEAN ANOMALY 

SEMI-ChTUS RECTUM 

THO TIMES THE BATHEHATICAL CONSTANT P I  

HELIOCENTRIC RADIUS O F  PLhHET 

ARRAY O F  TRIGONOMETRIC FUNCTIONS OF 
SPECIF IED ANGLES 

VEL VELOCITY OC PLANET 

X-COMP3NENT O F  r Y'ERMEDIATE VECTOR, M 

Y*COHPOHENT O F  INTERVEDIATE VECTOR, W 

2-COMPONENT OF INTERtlEDIATE VECTOR, W 

CN E R N  IBARY N 8 0 0 Y I  NO 
ONE PUASS S t  TWOPI TWO 
ZERO 



a 

f i r r t  h u r s l l a r r  the current value f o r  the mun a-ly of  the 
pe r t i nan t  body. T%e mean anomaly U i s  caaputed £ran 

n - % + n1t + %t2 + %t3 f o r  inner  planet8 

n - U +nit f o r  ou t e r  pla.aete 
0 

n - + , + \ t + 3 t 2 *  3 t f o r  tbe m u  

Lepler ' s  equat ion M = E - s i n  E i e  then solved i t e r a t i v e l y  t o  determine 
-he eccen t r i c  anaaely E . The oubeequcnt canputa t foas  a r e  baoic conic 

o anipula t iand  : 

r - a(1 - e coe B) 

s i n  Y - G 2  s t u ( r i n  L) 

The c a r t e e h a  pos i t i on  and v e l o c i t y  r e l a t i v e  t o  the re fe rence  M y  a r e  t h e n  

r - r COB(@+ f )  cosQ - r e L r r ( ~ +  f )  s i n Q  cos i 
x 

r = r c o e ( ~ +  2) a l n C  .+ r e in (O+  f) c o s Y  cos i 
Y 

r - r s i n ( @ +  f )  e i n  1 
E 

A A A A 
where u = ( r i a  i s i n  Q ) i - (# in  i coe Q ) j + (cos i) k 



Wen option 1 i e  uetd, the reference body for a l l  the planets l a  the s u  
while the reference body for  the moon i b  the earth. 

a 

Yben option 2 i r  ured w i t h  heliocentric fae t t ia l  eoordiwtaa, the carteaim 
s t a t e  of the earth 10 added to the cnrteelan otate  of  the moon to  convert 
the s ta te  of the moon to hel iocentr ic  coordinate8 before rtoring that 
ata te  i n  the Y-array. 

Uhen option 2 i s  ured w i t h  barycentrfc i n e r t i a l  coordinates, subroutine 
CEWlZR ie cal led  to  convert a l l  tlcmonta t o  barycentric coordinater before 
mtoriag i n  tha F-array. 



PUltPOSEI TO CONTROL THE COMWfATXOW&L F L O Y  THROUGH THE BASIC 
CYCLE (UEASUREMENT PROCESSING) AND ALL EVENTS IN THE 
ERROR ANALYSIS HOD€. 

SUBROUTINES SUPPORT ED8 ERRON 

SUBROU~IWES UEQUIREO~ SCHEO NT n PSXH O Y W O  TLAKM 
HEM0 HA VH P R X N T ~  SETEVN GUXOH 

LOCAL SYMBOLS~ A Y  ounnr VARIABLE 

1 CODE EVENT CODE 

?PRN UEASUREWNT COUNTER FOR PRINTXHC 

HHCODE HEASUREMENT CODE 

=VENT EVENT COUNTER 

WR NUMBER OF ROYS I N  THE OBSLRVATXON M A T R I X  

TRTH2 T I H E  OF THE HEkSUREMENT 

COrVION COHWT EWUSED t XCOOE MCNT R R I  TEVN TRTHl 
XF X 1 8 

FNTll XEVNT IPRXNT XSTMC NEV 
NH N NR n ~ n c  RF TEV 



Bubroutina ERRAN c o n t r o l 8  the  compuut ion~ l  flow through tha  bar ic  c y c l a  
( ~ ~ s a s u r s m e n t  process ing)  and a l l  e v e n t s  i n  the e r r o r  s n a l y s i r  mode. 

In the  b a r i c  c y c l e  t h e  f i r s t  t a s k  of W X  - i s  t o  c o n t r o l  the g e n e r a t i o n  
of the  t a r g e t e d  nominal spacecraft a t a t e  a t  time \+l , g i v e n  the  

& 

. Then, c a l l i n g  PSM, Dm@, TBAKX, and m0, s t a t e  \ a t  time 
9 

s u c c e s r i v e l y ,  EBBAN c o n t r o l o  the  c m p u t a t i o n  of a l l  m a t r i x  informat ion 
r e q u i r e d  by rubraut ine .UAW i n  o r d e r  t o  compute the  c o v o r i a ~ c e  mat r ix  
p a r t i t i o n 8  a t  tim4 t + i u m t d i a t e l y  fo l lowing t h e  measurement. 

k+ 1 

A t  a n  even t  EBBbN elmply c a l l s  t h e  propcr  e v e n t  subroutine o r  over lay  where 
a l l  r e q u i r e d  c a n p i t a t i o n s  a r e  performad. 



I n i t i a l i z e  even t  coun te r  WENT 
and p r i n t  coun te r  IPRX. 

- 
D e f i n e s t a t e  5 a t t i m r  t 1 

k '  I 

Call SCHED t o  o b t a i n  t h e  t ime 
o f  t h e  measurement and the  ! 

I 
1 measurement code.  I 

I Define time i n t e r v a l  At - t 
k + l  k 

$ 
YES 

Does an even t  occur be fo re  t ? 
k+ 1 

NO I 

I Cell h a 3  t o  compute s t a t e  'i? . 1 
k+ 1 ! 

4' 
I Increment measurement coun te r  MChTR. ! 

C a l l  PSM t o  compute s t a t e  
t r a n s i t i o n  m a t r i x  p a r t i t i o n s  over  

1 Call DYN9 t o  compute Q 
k+l ,k 

i 

I 

C a l l  TBAIOI t o  canpute  the o b  
a 'ervat ion m a t r i x  p a r t i t i o n n  a t  t 1 

k+18 ; 



Call XEN0 t o  cmpute  - 7 1  
JI I Cal l  HAVX t o  c m p u t e  covariance 1 

matrix part i t ion;  a t  t + 

k+l I 
JI 

Increment pr int  c a n t e r  XPBN. 

I 
G 

I s  i t  time t o  pr int?  
N 0 

1 1 

\L 
& s e t  time and s t a t e  i n  prepar- 
a t i o n  f o r  next  ' . a s i c  :yc le .  

i 4 

9 

it YES 
t 
k+l > t f  

? RETUBN 

NO 1 

J, $ 

\I) 
NO 

Kave a l l  measurements been processed? 

. YES 

C a l l  PRINT3 t o  w r i t e  out  a l l  
bas ic  c y c l e  data .  

L 

A- N 0 
ve all events  been performed? 

1 1 

8 

$ 
RETURN 

YES 
t - t l  
W1 f 

NO 

Q A 

- / & f i n e  l u t e  Z+l I 



Define tFms interval  A t  - t - t - 
. and e t a t e  5 f k+1 . 

Clll PSM to  compute s ta te  transit ion 
matrix partit ions over 

C a l l  DYN9 to  compute Q 
f , k+l 

metrix partit ions u t  



Define event code IQDE 
a d  avant t h  t . 

J 

\L 
$ 

Cal l  SETEVN t o  compute informstion 
common t o  most types o f  events .  

+ 

Increment event counter.  - 7 & 
:'j 

- 1  ICgDE u 7 I 

1 2 5 6 

\b 
4 

V 

3 

Write: Adaptive f i l t e r i n g  
event not  a v a i l a b i e  v i t h  
error a n a l y s i s .  

I 

\I 

4 

I 

t u' 1 
Cal l  C@PiC$% 
event over lay .  

1 

' 7 
* 
C 

* 
Cal l  predict ion 
event  over Lay. 

* 
1 

b 

V 

L 

1 
Write: Quasi- l inear  
f i l t e r i n g  event not  
a v a i l a b l e  v i t h  error 
a n a l y s i s .  

4 L 

v 3 > \r' If 



LOCAL STIWWSI W N X  TOTAL WJHBER OF DATA CASES 

I W  DATA CASE COUNTER 



SUmOUTIME ESTHT 

PURPOSE8 TO UPDATE THE FXNAL VALUES OF THE PmEDING CONPUTATSON 
INTERVAL YHICH SERVE AS I N I T I A L  VALUES FOR THE NEY STEP# 
TO [3ETERHINE THE M S I R E D  S I Z E  OF THE NEXT TINE 1NCE.EKENT 
ON THE BCLSIS O F  TRUE 6NONALY OR REQESTED PRINTTIHE,  
AN0 TO ESTIMATE THE FXNAL PQSXTIW A N 0  RAGNITUDE O F  THE 
VIRTUAL NASS. i 

CALLING SEQUENCE8 C A L L  ESTRT <DlrDELTN,TRTM) 1 

ARWMEMTS Dl I J U L X A W  DLTE, EPOCH 19ll0, OF THE INIT:& 
TRAJECTORY T I H E  

OUrM It T I N E  INTERVAL OVER Y H X C H  THE TRAJECTORY' 
WILL BE PROPAGATED COAYSI 

TRT n I INITIAL TRAJECTORY TIHE (DAIS) REFERENCED 
TO INJECTION 

h .  

SUBUOUTINES SUPPORTED8 VHP 

SUEROUTINES REQUIRE08 MOUE 



The Ipi tUl  values o f  the s t a t e  varfablee are f i r s t  set equal t o  the 
value8 a t  t b  end of the previous i n t e r v a l .  The ncuainal tinra internal  
to k wad during 'he current s t ep  i e  camputed frcm 

vhere t, ie the coastant  input true -1y increment r e b t i v e  t o  the 

virtual L s s  trajec tory .  

The t b  interva l  to the f i a a l  t i m e  t o r  t o  the next time printout  t 
f P 

is canputed and the current t i m e  i n t e r v a l  A t  is adjusted i f  necessary. 

P i m l l y  the v i r t u a l  uass final p o s i t i o n  and magnitude are  ent iaated  by 
the expansioes 



BSaCT PLar Chart 

\). 
I Update s t a t e  variables1 
I for aext  s t ep .  I 

v Is printout to occur 
YES 

Fire t  in terva l?  a f t e r  this increrne~t? 
I 1 1 

Calculate nominal 
value of 

J, YES 

Eatimate f iml UAagniwdo P 
v~ 

and p o s i t i o n  Fv of virtual mass. 
E 



PURPOSE8 TO COMPUTE THE UATRXX REQUZREO TO DEFINE TRANSFORnhTXONS 
FROH ONE COQROINATE SYSTEM TO ANOTHER, 

C A U X M G  SEQUENCEt CALL EULIIX (ALP,NN,8ET ,NH,CAn,LL,PI : 

ARWNEUT t ~ L P  x FIRST ROT ATXON ANGLE (RADIANS) 

M X F I R S T  A X I S  OF ROTATION 

BET X SECOND ROTATION ANGLE (RADIANS) 

nn I SECOND &XIS O F  ROTATION 

G I N  1 THIRD ROTATIOW ANGLE (RADIANS) 

L L I THIRD AXIS OF ROTATION 

P ( 3 9 3 )  0 TRANSFORHATION MATRIX 

1 SUBROUTINES SUPWRTEOt PECEQ 

d SU6ROUTI NES REQUIRED t N O % €  
ir y LOCAL SYHBOLSt 9 IXTEREEDIATE ROTATION MATRIX i 
I ALPHA TEMPORARY LOCATION FOR ~ A C H  OF THE 
I ROTATXOM ANGLES8 ALP, BET, AND GAH 

D INTERMEDIATE PRODUCT MATRIX 

F TQANSFORHATXON MATRIX FOR ANGLE ALP 

P 
T 
i 

G TRANSFORHATION MATRIX FOR ANGLE BET 

H TRANSFORnATIOH M A T R I X  FCR ANGLE C A M  

3( COUNTER SHOWI%S N333ER OF COORDINATE AXES 
FOR YHICH CALCULATIONS REMAIN 

1 NAXIS TEMPORARY LOCAT I O N  FOR EACH OF THE AXES 
OF ROTAT IOU8 NN, MM, AND L L  

OWE ZERO COICHON USED, , 

1 

20 6 -- . . 



EXCUT-A 

SUBRoUTt#€ EXCUT 
9 

* PURPOSE CONTROL EXECUTXON OF A VELOCITY CORRECTION MODELED AS AN 
ImPULSE SERIES IN THE ERROR AiiALYSIS PROGRAM 

l C A t l f N G  SEQtJEWCEl CALL EXCUT 

SU3R0LITXWES SUPPORTEO l GUIDW 



PttLtPOSE: TO CONTROL THE ACTUAL EXECUTION OF THE VeLOCITY 
INCREHEMT DELTAV 

C A U I N G  SEQUWCEI CALL EXCUTE 

SUBROUTIWES REQUIRED8 PREPUL PULSEX CAREL PECEQ 

LOCAL SYM80tSS A SEHIMAJOR A X I S  OF OOHINANT 8 0 0 1  CONIC 

~ v n  BAGNITUDE OF VELOCITY I N C R ~ E W T  

E ECCEWTRICITY OF DOHXNANT BODY CONIC 

INDEX COO€ OF BODY BEING TESTED FOR DOHIMANT 
BODY 

~PUI I N M X  OR C3DE OF DOHIYAHT BODY 

ISUN sun VALUE OF xm 

J X  INDEX OF S/C-RU-TO-BODY ROY OF F-ARRAY 

NODEL EXECUTION HOOEL ( ~ s I ~ P U L S I V E ,  2 a P W S E  ARC) 

PP UNIT VECTOR TO P€,R IAPSIS  I N  ORBITAL PLWE 

QQ UNIT VECTOR NORMAL TO PP I N  ORBXTAL PLANE 

RSI POSITION VECTOR OF S I C  RELATIVE TO 
DOHINANT 80pY AT EXECUTION T.IHE 

RT8 RADIUS NAGNITUDE T O  BODY BEING TESTED FOR 
OOHXblANT BOOI 

T A TRUE: U l O H A L Y  ON OOHINAYT BODY CONIC 

TPP TI= FRON PERIWSIS O W  o a n r n ~ w f  ~ O D Y  COMIC 

YH UMIT NORMAL TO ORBITAL PLANE 

Y AR6U)CENf O f  PERTAPSIS OF DOMINWT BODY 



COWnON CO#FUTEOIUSED8 U E L T  AV D l  R I N  TRTM 

X U U  CRAVITIONAL CONSTANT OF DOHIMANT BODY 

XN LONGITUOE OF ASCENDING NODE OF DOMINANT 
80 rn 

C O N I C  

X I  I N C L I N A T I O N  OF DO4XNANT B O D Y  CONIC 

ALMGTH DELV F KUR Ht, 
NBOO NB PHASS PULT SPHERE 
Tt l  TWO V 



EXCUIIP, Analys i s  

EXCUTE i s  the  execu t ive  s y b r o u t i n e  c o n t r o l  l i n g  the  a c t u a l  execu t ion  of 
t h e  v e l o c i t y  i n c r a e n t  Av.  The 63 is  c m p u t e d  by TABCET o r  INSEES or  
read i n  by the u e e r .  

Before execu t ing  the  c o r r e c t i o n  EXCUTE computes p e r i p h e r a l  informat ion 
o f  i n t e r e s t  t o  t h e  u s e r .  It f i r s t  de termines  t h e  dominant body a c t i n g  
on t h e  s p a c e c r a f t .  I f  the  s p a c e c r a f t  i s  i n  t h e  moon's SO1 ( v i t h  r e s p e c t  
t o  the  e ~ r t h ) ,  t h e  moon i s  the  dominant body. I f  no t  i n  the  moon's SO1 
b u t  i n  any o f  the  p l a n e t s '  SO1 ( v i t h  r e s p e c t  t o  t h e  sun) t h a t  p l a n e t  i s  
the  dominant body. Otherv i se  t h e  sun i s  t h e  daminant body. 

Having determined the  dominant body EXCLTE c m p u t e s  t h e  s t t i t e  of the  space- 
c r a f t  r e l a t i v e  t o  t h a t  body. It then computes t h e  con ic  el em en^ o f  the 
t r a j e c t o r y  both before  and a f t e r  an  impulsive a d d i t i o n  of the  Av i n  
e c l i p t i c  c o o r d i n a t e s .  

I f  the  dominant body i s  n o t  the  sun,  i t  makes the same computations i n  
e q u a t o r i a l  c o o r d i n a t e s .  

.EXCUTE then  o p e r a t e s  on the  c u r r e n t  v a l u e  MODEL of t h e  a r r a y  XDL. I f  
MODEL = I ,  zhe impuls ive  model o f  execu t ion  i s  comanded.  The ht; i s  
t h e r e f o r e  added t o  the  c u r r e n t  i n e r t i a l  e c l i p t i c  v e l o c i t y  b e f o r e  r e t u r n i n g  
t o  GIDANS. 

I f  MODEL = 2, t h e  pu l s ing  a r c  modeJ of e x e c u t i c n  i s  r equ i red .  PREPL!! is  
c a l l e d  t o  p e r i o m  t h e  p re l iminary  vork needed f o r  the  pu l s ing  a rc .  ELSEX 
then a c t u a l l y  propagates  tk.e t r a ; ec to ry  t h r ~ u g h  t h e  s e r i e s  o f  p u l s e s .  At 
the  completion of  the  a r c  EXCUTE updates  t h e  t ime and i n e r t i a l  e c l i p t i c  
s t a t e  ( b t h  p o s i t i o n  and v e l o c i t y )  of  the  n m i n a l  t r a j e c t o r y  t o  t h e  s t a t e  
determined by WiEX. 



El(CUTE Plow Chart  

ENTER 

of dminant  body (DB). 

t o  DB and p o f  D B .  

Compute e z l r p t r c  con rc  of 
S/C vrt D B  before and 

I 
~ - 

I C m p u t e  e q u a t o r i a l  c o n i c  of  i 
S I C  w r t  D B  b e f o r e  and  a f t e r  j 
impulsive c o r r e c  t icr . .  1 

I 1 
Call P=P';L f o r  p r e l i a i n a r y  1 
work for p u l s e s .  I 

C a l l  PULSEX for  a c t u a l  
e x e c u t i o n  by pulse  model .  

Update time a n d  e ; a t e  t o  1 values a t  end o f  arc .  



PURPOSE CONTROL EXECUTSOH OF A VELOCITY CORRECTION HODELED AS AN 
IHPULSE SERIES IN THE SIMULATION PROGRAM 

CALLING SEQUENCE: CALL EXCUTS 

SU8ROUTI HES SUPPORTED: GUS S I N  

LOCAL S Y H ~ O L S  RH EFFZCTIVE ~ P I C E C R A F T  STATE AFTER A 
VELOCITY CORRECTION IIOOELED AS AN IMPULSE 
SERIES 

COWON COWUTEDIUSED1 XXXN 

COWON COMPUTED 8 PK 

COWnOW USED8 DELPX, DIPX, TH, I N P X  



Eft(;UTS Plow Chart 

E!; TRY Q 

YES 7 
CA LL 
PLugv 

b A 



, 
PURPOSE: T O  SOLVE TdE T I H E  OF FLP.6Ht EQUATION ( l&M8ERT-S THEOREM) 

US1 NG BATTIN-S UKI YERSAL EOUAT I O N  FORHULATION. 

CALLING SEQUENCE1 CALL FLITE~Ri~R2,THETA9G~sTF949E,K) d 
ARGURENTSB Rh 1 I N I T I A L  R A D I U S  

R 2  I F I N A L  RADIUS 

1 HETA I CENTRAL ANGLE 
! 

6 M  I G3AVITIOHAC COHSTAHT 

T F  I TXME OF F L I G H T  

A 0 SEMIHAJOR A X I S  

E 0 ECCENTRICITY 

I( 0 ERROT; CODE 
PO NO ERROR 
=l ERROR 

SUBROUTINES SUPPORTEDt 

SuewutxuEs REQUIRED 8 

L Q c A l  SYHBOLSl AHISS 

B16NO 

81 

CHECI( 

cx 

CY 

C 

ROOT 

SLOP 

HELf  O 

NONE 

ERROR I N  ITERATE 

COt4STAMT = E+25 

CONSTANT = S 312 

ERROR IH ITERATE 

UATTXN C-FUHCIlOH OF Y 

WORn LENGTH 

II4TEI?N''DIAT E VIEUABLE 

VALUE OF OERIbTXVE OF 1 ( X )  

BATTSN S-FUNCTION OF X 



BATTIE S-FIY:.;T:C>: 97 Y 

S f  H l P E X I H E Y  E R  

= I N 1  LYHEOX A T  E Vf-RIABLE (=1 -C /S I )  

FLIGHT TXKE GOR2ESPONCISG T O  ITERATE X 

KORNALIZED YPPE OF F L I G H T  

FLAG SET TO 1 IF X LESS THAN PI 2,-1 ELSE 

INTERHEOX ATE V R R I  ABLE 

FLAG SET T O  1 FOX TYPE 11-1 FOR TYPE I1 

S T A R I I M G  VALUE FOR X 

VARIABLE INTROOUCE9 Y G  REPLACE A 

I N T E R H E D I A T E  VWIABLE AS F U N C T I O N  OF X 



U T E -  1 

FLX'LB ro lver  the tfme of f l a h t  equation (Lambert'e theorem) ur ing 8.ttFn'm 
univeroal equation formulation. S t a t ed  func t iona l ly  I.ambert1s theorern 
etatee that the t i m e  of f l i g h t  tf i s  a fuac t ioa  

m l e l y  of the sum rl + r  01 the  d i s t ances  of the i n i t l a l  and f i n a l  po in ts  
2 

of the t r a j e c t o r y  fram the certral body, t he  length c of the chord joining 
these points ,  a d  the length c ( f  the oembajox a x i s  a of the t r a j ec to ry .  
Usually the time of f l i g h t  is kncwn and it is des i red  to solve f o r  the s m i -  
m j o r  axis. The standard formulation iavolves d i f f e r e n t  equations f o r  the 
e l l i p t i c ,  parabol ic ,  a d  hyperbol ic  cases ,  all of  which then itrra= a 
to determine the so lu t ion .  

I n  Bat t fn 'e  approach the seminajor a x i s  a is replaced by a new variable x . 
By fur ther  Lntroducing tuo new t ransceudental  funct ions S(x) and C(x), 
the  special cases  of the f l i g h t -  tlee equat ion are crmbiMd i n t o  one single, 
b e t t e r  behaved formula. Ihe fuact ioos S(x) and C(x) are defined by 

S(x) = 
6- slu G 

C ( x )  - Z - cos 6 
3 x 

x 

= slnh - 6 - cosh fi - 1 x < O  - x 



where T - fi cf . Ihe c h o i c e  of the upper or Lwer s ign  f a  

made accordfag t o  whether  the t r a n s f e r  angle 0 is less o r  g r e a t e r  than 
180° r e s p e c t i v e l y .  

The d e v e l o p w a t  of e q u a t i o n s  (4) i s  too long and complex t o  be g iven  here. 
It uay be sbtained fran the f i r s t  r e f e r e n c e  l i s t e d  bel&. Ihe f o l l w i q  
steps o f  that r e f e r e n c e  are noted:  

1 t h e  two bcxiy problem s n  pp. 15,;6 
(2) the %is v i v a n  e q u a t i o n  and K e p l e r ' s  equa t ion  on pp. 50,51 
3 a r t ' .  theorem proved f r -  K e p l e r n s  e q u a t i o n  on p. 71 
(4) t h e  b a s i c  flight-tlm~ foxmula and detailed -1ysfs oa ?p. 72-78 
0)  'Lh4 universal forrrruLatiosl oa pp- 80.81. 

h a t a d  of the  g u a r i o n s  (GI tht authors o f  r e f e n c e  2 ( l i s t e d  belcar) 
detemiaed Y a6 a fuactiaa of x as 

Theretore a sLnfle v a r i a b l e  i t e r a t i o n  is p o s s i b l e .  bleuton's uaethod Fa used 
to solve (4a) givaa 1 a d  Q as 



As 1 2 - y ~ ( ~ ) l - O ,  1 . Therefore i f  1 2 - y ~ ( y ) !  < 1 0 ' ~  k i~ a e t  
to  1. Also T'(x) breaks d a m  a s  x- - tO . =erefor= th* a - , p r o r t u t i o a  
is  used: 

The s t a r t i n g  value f o r  x i s  given by x = x - A x ( T , Q )  where 1 

To insure  t h a t  the rou t ine  w i l l  not f a i l  f o r  l a rge  o r  small  values  of T  
c e r t a i n  r e s t r i c t i o n s  oa T are b u i l t  into the program. The n m i n a l  va lue  
nf T is forced t o  be no l a r g e r  than 950,000 and no s 3 a l l e r  than 1 0 ' ~ .  
T h i s  forces  the  correspoading limits f o r  x of -623.0473 5 x ,< 39.14553. 

F i n a l l y  convergence is achieved when 1 T(xn) - T 1 < T 
1 O m  

Raving solved f o r  semimajor a x i s  a  , the  semilatus rectum p is given by 

Then the e c c e n t r i c i t y  e  i s  given by 

References: 

(1) Bat t in ,  R. H . ,  Astrwomical  Guidance, HcCraw H i l l  Bc& Co., Inc. ,  
Neu.York, 1964. 

(2) k s h ,  H. F., and Travis ,  C . ,  FLIGHT: a Subroutine t? Solve the  
P l i g h t  Time Problem, JPL Space Programs Sumary 37-53, Pol. 11. 
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FUSE P l w  Chart 

L 
Enforce  restrictions on T I 

\P 
Compute zero iterate x 1 

7 

Carrpute C? and T ( x )  T(x) - T 
T ' (4 i 

4 ! 

1 .  .r I T ( r )  - T 1 .  - Compute T'jd 
5 

LO 

Enforce r e s t r i c t i o n  on x f 



SUBROUTINE CHA 
! 

PURPOSE: TO COMPUTE THE GREENYICH HCUR ANGLE AND THE ~ I V E R S A L  
T I N E  ( I N  D A Y S )  YHIW I S  USE9 I N  THE T2ACKING HODULE Y O  
ORIENT THE TRACYfNG ST A T I O N S  ON A SPERICAL R O T A T I N G  
EARTH. 

k CALLING SEQUENCES CALL CHA 

a 

ARGUMENTS 8 NONE 
i 

. SUBROUT f MES SUPPORTEO S OAT A l S  DATA1 

! LOCAL SIM8OLSS D NUWER OF DAYS I N  T S T U  
E 
Z EQMEC EhRTH ROTATION RATE 
1 

GH GREENYICH HOUR ANGLE 

I D  IHTERNEDIATE VARIABLE 

REFJD JULXAH DATE OF JAN. 0 ,  1 9 5 0  

TFRAC FRACTION O F  DAY I N  TSTAR 

TSTAR JULXAN DATE, EPOCH JAN. 0,  1950, OF 
I N I T I A L  TRAJECTORY T IME 

COmMJ COHPUTEDt UNIVT 



CKA- 1 

Subroutine CXA coreputeo the  Graeawich hour 
d y g L e  

i n  degrees and day8 a t  
sane epoch r+ referenced t o  1950 Jai:uary 1 0 . Epoch T* i s  computed from 

lur J.D. + 24l5020.0 - 3.3. 0 REP 

J.D. - J u l i a n  da$t gt h c h  t h e  to referenced t o  1900 
O Janrurg  0 12. 

J.D.= - Reference J u l l a n  d a t e  2433282.5 ' 

d h  - 1950 ;muary ldoh referenced to January 0 l2 of 
t h e  gear 4713 3 .C .  

aad 
d h  d h  2415020.0 = 1900 January 0 l.2 referenced t o  January 0 12 

of t h e  year 4713 B.C. 

The I+ i a  the J u l i r n  date at launch t l m e  to refarencad t o  1950 January 4 I .  

Ihe Greenwich hour angle correapondlng t o  Tt Is given by ' - - -  - 

CELA(P) - 100.0755426 + 0.985647Xbd + 2.90L5 r 10'13 d2 + ~ t  

where 0 f GHA(T*) < 360: 

and d - integar par t  of T*, t = f r a c t i o n n l  p a r t  of W ,  

and ld - Ear th 'e  r o t a t i o n  r a t e  FB degrees/day. 

G HA The Greenwich hour angle ln days is given by 7. 



dagrew/day and reference Julian 

Computa F and the integer and 
fractional parte  of T*. I 
Compute the Greenwich hour angle 
GH at t h e  F. , 

- 3  

YES i NO 
G X L O ?  

GH = GH + 360. 
L A 

1 i I 



SUBROUTINE 61 OANS 

PURPOSE8 EXECUTIVE ROCITXNE FOR S O W U T A T I O N  OF REQUIRED GUIOANCE 
EVEHT 

CALLING SEQUENCE1 CALL GIDANS 

SUBROUTSHES S U P ~ O S T E O ~  nonnAL NONLXN 

SUBROUTINES REQUIRED t EXCUTE ZERIT TARGET I N ~ E R S  T I H E  
VHP 

LOCAL SYMBOLS8 O T I H E  DELTA TIME (DAYS) BETEEN O R 8 I T  I N S E R T I O N  
COHPUTATTON AND EXECUTION 

I ZER VECTOR O F  COOES USED FOR RETARGETING 
IZER(KUR)=O, 0 0  N O T  REconPurE ZERO ITERATE 

$0, RECOMPUTE ZERO i T E R A T E  

I INDEX 

KTYPE VALUE OF KTYP(KUR) I N D I C A T I N G  TYPE OF 
E V E N  

=1, ORIGINAL f ARGETING 
2 2 9  RETARGETING 
=39 ORBIT INSERTION 

MODEL DOES NOT APPEAR I N  CURRENT VERSION SEE 
EXECUTE 

COWON COMPUTED/USEDS KMXQ KWIT 11% 

COKHOH COMPUTE08 DELV U T I H  ZDAT 

CORMOH WE08 DELTAV KTYP K U R  t4DL RIM 



CIDANS l a  an e x e c u t i v e  routine ree?o:siSle for p r o c e 8 t l ; q ~  guidance 
1 

maneuver from t h e  computation of the  v e l o c i r y  increment Av t o  the  J 

execu t ion  of tha t  cor rec t i a r ; .  i 

Before e n t r y  t o  GU3AYS, TRJTXY has  computed t h e  index of the  c u r r e n t  
e v e n t  (KUR) and h a s  i n t e g r a t e d  the  nominal t r a j e c t o r y  t o  the  time of t!!e 
even t .  G l U N S  nov e v a l u a t e s  the  KL'R canponent of two i n t e g e r  a r r a y s  KTYP 
and KMXQ. The v a l u e s  o f  these  f l a g s  determines  t h e  o p e r a t i o n  of GIDAVS. 
The f l a g  KTYP s p e c i f i e s  the  type of  guidance even t  t o  be ? e r f d m e d  whi le  
KXXQ p r e s c r i b u s  the  c m p u t e / e x e c u t e  mode t o  be used accord ing  TO 

d 

KIYP - -1 Tenninat ron even t  = Compute Av on ly  1 ? 
1 T a r g e t i n g  event  2 Execute on ly  
2 Re ta rge t ing  even t  3 Cmpute  and execute  bZ ! 

3 O r b i t  I n s e r t i o n  L Compute bu t  execu te  fi l a t e r  

GlDANS f i r s t  checks f o r  a  t e rmina t ion  even t .  1: the  c u r r e p t  index p r e s c r i b e s  
such a n  e v e n t ,  t h e  f l a g  WIT i s  s e t  t o  1 and a r e t u r n  i s  made t o  the  -in 
program KCHNBL. 

In p r e p a r a t i o n  f o r  a normal guidance e v e n t ,  G X D M  c a l l s  wP v i t h  t h e  
c u r r e n t  s p a c e c r a f t  h e l i o c e n t r i c  s t a t e  and a  time increment of ze ro  t o  
r e s t o r e  t h e  F and V a r r a y s  providing t h e  c u r r e n t  geometry of s w c e -  
c r a f t  and p l a n e t s .  I f   he c u r r e n t  e v e n t  i s  a n  execute-only  node, the  
t r a n s f e r  i s  made t o  the  e x e c u t i o c  s e c t i o n  of GIDAHS f g r  t h e  a d d i t i o n  of  
t h e  p r e - s e t  v e l o c i t y  increment.  

Otherwise GIDANS i n t e r r o g a t e s  KTYP f o r  the type  o f  maneuver t o  be c m p u t e d .  
For  a  t a r g e t i n g  event ,  s u b r o u t i n e  TARGET i s  c a l l e d  d i r e c t l y  f o r  the  compu- 
t a t i o n  of  t h e  62 necessa ry  t o  s a t i s f y  i n p u t  t a r g e t  c o n d i t i o n s .  A f t e r  
c a l l i n g  TABGET t h e  F and V a r r a y s  a r e  r e s t o r e d  a s  i n d i c a t e d  above. 

A r e t a r g e t i n g  e v e n t  is  de f ined  a s  a  t a r g e t i n g  even t  v h i c h  r e q u i r e s  t h e  
computation o f  a new z e r o  i t e r a t e .  Thus a r e t a r g e t i n g  even t  i s  a n  even t  
i n  vh ich  t h e  c u r r e n t  nominal s t a t e  when i n t e g r a t e d  forward would miss  the  
target .  c o n d i t i o n s  badl-9. Such an even t  wauld be the  broken-plane c o r r e c t i o n .  
For  t h i s  even t  TEUTRY s t o r e s  t ! !e  c u r r e n t  p o s i t i o n  (and p o s s i b l y  the  t a r g e t  
p o s i t i o n )  i n  the ZDAT a r r a y .  I t  then c a l l s  ZEIUT f o r  the  computation of 
t h e  maes less -p lane t s  i n i t i a l  v e l o c i t y  c o n s i s t e n t  v i t h  t h e  t a r g e t  conditions. 
It then  o p e r a t e s  i d e n t i c a l l y  t o  the t a r g e t i n g  even t .  

The remainiag guidance maneuver i s  the  i n s e r t i o n  event- G E X Y S  c a l l s  
LNSERS f o r  tiie computation of the  v e l o c i t y  increment Av and the  t h e  
i n t e r v a l  A t  b a f o r e  i t  i s  t o  be executed.  

Subrou t ines  TAEET and INSERS s i g n a l  t r o u b l e  t o  G U N S  v i a  the  f l a g  K'JIT. 
I f  p r o b l e m  a r e  e n c w n t e r e d  dur ing  t h e i r  o p e r a t i o n  such a s  nonconvergecce 
i n  TARGET or  no i n s e r t i o n s  poss:b:e i n  INSEBS KUIT is set t a  a I. Other- 
w i s e  KWIT = 0. Upon r e t u r n  t o  N@l!!L, i f  EXIT = 1 the  c u r r e n t  c a s e  v i l l  be 
terminated w h i l e  KUIT - 0 w i l l  a l low t h e  c u r r e n t  case t o  con t inue .  



X f  the  c u r r e n t  even t  i s  a compute-oniy mode, TRTTRY now s e t s  &'IT = 0 (so 
tha t  the program w i l l  con t inuc  r e g a r d l e s s  o f  v h e t h e r  the c o r r e c t i o n  com- 
putatlono were succeaaful o r  n o t )  and r e t u r n s  t o  SWk!L. However i f  t h e  
c u r r e n t  even t  f a i l e d  WIT 1) tind w a s  tc be executed &vXQ + 1) C .&XS 
cons ide ra  t h i s  a  f a t a l  e r r o r  f o r  the  c u r r e n t  c a s e  end returns v i t !  KUIT - 1. 

If t h e  compute/execute mode is com?ute-execute l a t e r  WIr;Q - 4) a s  i s  the 
i n s e r t i o n  e v e n t ,  CIDAttS n w  s e t s  u p  f o r  t h e  sucFeqiept execute-only  event .  
The hi; camputed i s  s t o r e d  i n  t h e  DELV a r r a y ,  t h e  time of the execut ion i s  
computed 

( tex \ + At ) and s t o r e d  i n  the TIXC a r r a y ,  and the KMXQ f l a g  

i s  s e t  t o  a  2 (execute-only) .  The r e t u r n  is  then ma67 t o  S@'ML. 

For an  even t  t o  be executed a t  the  c u r r e n t  time WYQ = 2,3) Gll%!! now 
c a l l s  EXCUTE f o r  the completion of t h a t  task. 

It should be noted that f o r  sil  e v e n t s  t h a r  are  completed a t  t h i s  time she 
KUR component of  the KTM array are s e t  equal t o  0 so t h a t  t hey  a r e  no 
longer  cons ide red  i n  determining t h e  n e x t  event i n  TiUTRY. Only  i n  the 
case of KMXQ - 4 is  the K T M  f l a g  non-zero upon e x i t  £ram G W .  



. 
S e t  up geometric arrays P , V  for  current s t a t e  

I Restore F,V array.  j 
1 

i 

(*>LO KW IT- 7 

Call TARGET 
Restore F , V  array 

Store A v , t  
IC-2 
KTD- 1 I 

Flag  D e f i n i t i o n s  

S e t  up ZMT array .  1 
Call Z E 1 I T .  

KTYP -1 Teminat ion  e v m t  
= l Targeting event 
a 2 k t a r g e t i n g  event  
'a 3 Orbi: insertion 

d 

I 

C a l l  LXSERS 

-. 
KXXQ = 1 Cmpute hv o n l y  

= 2 Execute bv  only 
= 3 Compute and execute 

4 Com?ute but execute  
Later 

2 

b i 
Call TARGET. i 

pIT. - 0 Continue case  
= 1 Problem, terminate case 

v 
KTm # 0 Guidance event  to be 

~ r o c e s s e d  
= 0 Event already processed.  



PURPOSE COMPUTE C U I  DANCE MATRIX, VARIATION MATRIX, AND TARGET 
C3t4DXTIOH COVARIANCE UAT?IX AT A HIDCOURSE GUIOAtiCE 
EVENT I N  THE ERROR ANALYSIS PROGRAH 

CALLIMG SEQUENCE) C 4LL GUI  0 

SUBROUTINES REQUIRE01 EPHEH HYELS JACOB1 HATIN NTU 
ORB PARTL  PSI^ STHPR VARADA 

LOCAL S Y M ~ O L S  A TWO-VARIABLE 8-WANE GUIDANCE SUB-UATRIX A 

BB TWO-VARIABLE 8-PLANE GUIOANCE SUB-MATRIX B 

BDRS B DOT R 

VALUE OF 8 DOT R RETURNED FROM PARTL (NOT 
USED) 

b OOT T 

VALUE OF 8 DOT T RETURNED mon PARTL (HOT 
USED) 

MAGNITUDE OF B VECTOR 

VALUE OF B RETURNEO FROM PARTL (POT USED) 

D 

D UH 1 

EGVCT 

EGVL 

XNTERHEDX ATE JULX AN OATE 

ARRAY OF EXGENVECTORS 

ARRAY OF EIGENVECTORS 

ARRAY OF EXGENVALUES 

I CS 

I C L S  

I # c n T s  

INTER~EDXATE STORAGE FOR I C L 2  

INTERMEDIATE STORAGE FOR I N C W V  

I P R  INTERHEOIATE STORAGE FOR I P R I N T  
a 

I S P  fNfERNEDIATE STORAGE FOR XSP2 

PBR PARTIAL OF B DOT R WITH RESPECT TO STATE 
VECTOR 

P BT PARTIAL OF 8 007 T Y ITH  RESPECT T O  STATE 



VECTOR 

INTERHEDXATE APWIY 

INTER#EDX ATE A2RAY 

NOMINAL SPACECRAFT STATE AT GUIDANCE EVENT 

TARGET CONDIT ION CORRELATION MATRIX 

I N E R T I A L  SPACECRAFT STATE A T  SPHERE OF 
INFLUEMSE 

TARGET COHDITXCN STAN9ARD DEVIAT IONS 

TRAJECTORY T I  HE AT CLOSEST APPROACH 

T RAJLCTORY T IRE AT LPHERE OF INFLUENCE 

I N E R T I A L  SPECECXAFT STATE AT CLOSEST 
APPROACH 

SPACECRAF i ' '1 A' 'ON R E L A T I V E  TU f ARGET 
PLANET AT SPHERE 9 F  INFLUEYCE 

SPACEC,iAFT VELOCITY RE1.ATZ'lE TO TARGET 
PLANET A T  SPHERE OF INFLUENCE 

I C L Z  I P R I N T  I S P H  f S P 2  NO 
XP 

ALNGTH  OR BDT e DATEJ 
DC DSI FNTM F O V  F 
IBARY I CL I H Y P ~  I S T ~ C  HBOO 
NB NTMC HTP ONE P H I  
P RC R S I  TH V S f  
ZERO 



Subrcyutfne C U D  i e  used i n  the e r r o r  aaalyeie d e  to campute the srtma 
quan t i t i e s  which subroutine CJW computes i n  the s lxu la t ion  mode. Sub 
rout ine  CUID d i f f e r s  f r m  GULS in  t h a t  instead of ca? l l ag  NMS and .BSM 
ae Qee C U E ,  subroutine CUW c a l l s  WI and VAEADA. In addi t ion ,  he  
s u b  t r ans i t i on  and va r i a t i on  matricee ccrmputed i n  C U D  a r e  rcfcreaced to 
the targeted m i n a l  elnce the most recent naninal is not defiaed f o r  the  
e r r o r  analyeis  mode. These d i f fe rences  e n t a i l  only minor log ic  d i f fe rences  
fa the f l a r  c h a r t  f o r  C U D ,  and for this reason no GUID f l w  c h a r t  i e  pre- 
-tad. Sea subroutine C U B  ana lye i s  a d  f l a v  c h a r t  f o r  f u r t h e r  details. 



SJsQWINE 6UXDH 

-0SE W T R O L  EXECUTXOW Of A C U I O W E  EVENT U3 THE ERROR 
AWALYSIS P i t o w n  

U U I W  SEQtlENCEt C A U  WfON 

SUBROUTINES R E Q U I W ~  coma DYNO 6 ~ x 0  H Y ~ S  JACOU 
HAY# PSLH S T W R  

AHAX ZSTEREE3ZATE V&?XABLE USfO TO FINO HAXIWLM 
EIGEKVALUE OF V E L O C I T Y  CORRECTXOY 
C S V A C a S S E  X I T R I X  <S HATRIX) 

c x s u i  srowCsE FOR cxsu KNC)ULEDCE COVW~WEE 

C X S V i  S I O R 4 G E  FOR CXSV r W O Y t E 3 G E  COVAUXANCE 

C X U 1  STORAGE FOR CXU UNOMlE3CE COVARIAKE 

CXVl STORAGE FOR CXV UNOKLEDGE C0VCLRIA)CCE 

U X S 1  ST3BAGE F O R  CXXS Y W O Y L ~  COVAUXUCCE 

0un1 INTER~EO: ATE VARIABLE 

w VECTOR sun OF UPDATE AW s ~ n t x s r r ~ ~ ~  
VELOCITY CCRRECTXONS 

€ G E T  ARRAY OF EICENV€CT ORS 

EGVL .C.c.." 
- f i m -  r 3F EZ6EWVALUES 

EXEC EXECUTION ERR= C O V A R ~ A N C E  HATISIX 

EXV U P E C T E O  VALUE OF VELOCXTT COEIRECTION 

6 A  GUIDANCE UAT R1 X 

CAP IN7ER)EOI 4TE ARRAY EQUAL JO 6 A  T ZtlES P 

I C O N  IRTERNAl CORTROL FLAG 

ICODEZ INTERNAL CONTROL FLAG 



EXECUTION ERROR CODE 

TE-RV STORAGE FOR XSPH 

XNOEX OF R A X X W  EIGENVALUE OF S 

SPACECRAFT VELOCITY RELATIVE TO TARGET 
PLANET IN PLIUnO-CENTRIC EQUATORTAL 
COQLUIINATES 

STOElAGE FOR PS (CWOYLEDGE COVARXANCE 

Y O H X W  TRAJECTORY STATE AT GUIDANCE EVENT 

I(b6UXTWE OF STATISTICAL DELTA* 

STANDARD DEVIATION Qf t4AGNITUE OF 
S T ~ T I S T I C A L  OLLTA-V 

IwTERnEOIATE VECTOR 

TRACE OF S M A T R I X  

INl€RI IEDIATE VARIABLE 

t 

CXSUG CXSU CXSVG CXSV CXU6 
CXU CXVG CXV CXXSC CXXS 
ISPn NGE P 6  PSC 0s 
P TC XG 

m r n  T R T N ~  XI 

FOP F O V  ICW3 ICDt3 I U 6  
I H Y P 1  ISTNC HOIMi NOIH2 NDIH3 
ONE Q SICALP SIGBET SI6PUQ 
SIGRES ?YO UO VB X F  
ZERO 

b 



Subrmtfp. (XIDH i l the exacrttfw guidance subroctine i n  tha error analyah 
program. In rddition to  coctrolllng the ca=putational f lav for a l l  typaa 
of gpidnnce eveme, al&a parfonns many of the required guidance 
caqumtioae itnelf. 

Before caaef&rtw each type of guidance event, the treatrrent of a getnaral 
gdAmer evuat d l 1  ba die.aaseed. Iat t ,  the tFme a t  the guida1~~8 

1 
mnt ~ r _ m e ,  -&fore ang guidance event,can be executed the t a r g e t a d  
-1 I- k u n w w e  -aoee P; ; .  od control covariance P; 

J ' -f f 
-t a l l  be available, &are ( )- indicates values immediately before 
the event. 'Ihe f i r s t  tvo quantities a- 2 available prior to eutering 
QTDH. ibumex, Q3Illn coatrole the prc -garton of the control covarianca 
war the interval ( t  t 1, &ere t dezotes the time of the prewLcaia 

J-1' f 1 
gnidnnm erne. 

me psrt 8tep i n  the treatment of a general bwldaace even= f a  c c m d  
w i t h  the comptation of the ccmamdd veloclty correction and the execution 
errar covariance. In the error analysts program a non-stetistical valocity 
crmactlon i s  capsted w b e ~ w r  the Pominal target cundl=foae are changed; 
othervfm, d y  a otat iet ical  velocfty carrection can be c4~puteC. The 

A 

c a m a d d  -1odty carxvrcHon AFT, i r ,  then uaad to caqute  the execution 
k J 

errur covPtlru ma- Q,. A aummry of the exacutLon error model arrd 
J 

m p a t i ~ s ,  turd t o  v r s  ;i can be found In the sdrolltina 
ma1yrf.a 8ectl.c~~. f 

The b r t  rtep i s  conamzed vLth the updating of raqulxed quantities p r i o r  
t o  r a m  t o  the basic cycle, & assumption underlying the modeled 
guidance procaer ts that the targeted nominal 1s alvaye updated by the 
ccmadad paLOdtp correction, Iz t!e error a?ralyel~ ~op;rm only the 
noa-nUtf.atical c m n p p ~ n t  i s  used to  perform the 6-ate c#ace and i s  

A 

ddirabed by tha variable AVcp . Thrrs, the targated m x d n ~ L  stata  
4 
1 

m t a l y  for- the guidance event l a  given by 



i f  &xi w i v e  thnmt d l  l a  asermrad. If 'Iha thrart fn u a 
aerier of -, then m effectiva arscutlon error cnrarLaaca Qaef la 

c4Uqmud unl the ' r ~ ~ ~ l e d g a  cOParLaDm3 is  updated U8l.q the e q u p t i ~  

I h i s  equatfon is a direct  consequence of the assumption thaS the targeted 
-1 m t a t b  L8 haps  updated a t  a guidance evens. 

A .eaqmta mlf option i s  a v r i ~ a b l e  i n  ~ T I D ~  in dim a11 of the ( )+ 
qttaaLLtia8 M' l l  s d l l  ha ea~puted and printed,  BhMvar, tha state and ail 

are then re&t to thelr fonmx ( )- v a h  prior to retumbg 
to tha barric CycLa. 

Each rpsd fFc  tppe of guldanca event involvao the c ~ u t a t l o n  of othar 
quaoti'cfas zot diecussed rbaw. These viU be -ad in the fo lhdng  
bfoassalorr o f  spaclflc pidance events. 

1, Udccuae and B W  -Lpt Qiidaare 

Lioeat lnidcmrm guidmm p c l l c i e s  hama form 

A A 

vhare tho subscript I lndlcatsa that  this i a  the wloc i ty  -tion 
raqulred to d l  mt devFatiana fram the m a p i d  target etate.  l h i o  
notatlun i r  required t o  differentiate between this type of mlocity 
~ ~ ~ 9 0 d ~ L o c f t ~ ~ ~ o n s r a q d r i a d t o s e h i e r n a n d ~ t a r g a t  



SpbraatSm GIRBf ca l la  GOID to  ccunpute tha guidance matr ix ,  and tha 
J ' 

ufgat  MBdition eo~atiance in=kdiately prior to  the guidrnca avant, 
U , .Dd than uaam r t o  a q n x t e  the velodty maan S 

J f J ' 
a c h  i r  d e f b d  an 

and Lo given by the eguation 

- I h i b  equation aasurrres that an o p t u  eatbation algorithm ia mplayetd i n  
the navigation process, since the derivation of thin equatiw requires the 
orthogonality of the astimare and the estimation error, 

A 

In the error  d p F e  program AVN ie new available a i m  no -thaten 
A f A 

dX are aver gtmerated, M y  the eneemble statieticr, of bX are avaif9bI.e- 
-t f A 

v h i ~  maana only a stati~tiurl or aifectlve WMMQ correction .E CAV 
4 
J 

can be caqmted, In the STUP artor d y s b  program t h i o  affective walodtg 
carrectiaa la aecamreb to ha-a Corrr 

Ihs magnituda o l a  given t b  X o f ~ P a r m g  spprmhatioa 
* J  



and 5, X2, A3 axe the eigenvalues of S The direction of the affective 
J*  

4arocitp wrrect ion Is a s d  t o  coincide with the  aFgar.vector correspond- 
ing t o  the - a igemlue  of S,. Thfm eigemector ia  danotad by a,. ba 

J 

model a - s  tba direction soincidea w i t h  the vector (5, A;, ~ 2 .  
If planetary qrtaraative conetraints mnet ba aatiefied a t  a ml&auee correction, 
CXlTDM cal la  BLBM to  campate the maw aimpint p, a d  the (non-statistical) 

J 
blp.  vel.oetty cmect icm bB . caz iput~~l -  i n  BLIM are b a d  on llmarr 

J 
dance  theory. However, an option i e  available in ail4 t o  recqute  

but not p , using IlosrlinmLr tschniquee. T h i e  op t im i s  r& 
f 

if ; biased aimpint  guidance event occur8 a t  t ,  injection ti=. It 
J 

ehrald .Lao be noted that is se t  t o  zero i f  L = injection tbe rince 
J f 

it l o  a s h  that  the injection covarLarrce does not change for -11 
changes in fnjactlon pelocity. 

+ 
After the updated control cwar ia~cs  PC hae bean campted, the target 

+ J 
coditfon cowuhnca r r r a u l x  P ,  follarLpg the guidance correction fa  am- 

J 
ptrtad uaing the equation 

wbr. variation naatrir 9 baa baan pravimdy mquted i n  eubroutirra C U D .  
It 

I n  the error analysle (snd s h l a t f o n )  program a re-targeting eve= 
1. defirmd t o  b. the caxptatian of r velocity corrsstian ~6~ required t o  

achleva a ntw se t  of target coxUtioo8 using ~onLinaar techniques. S i n c e  
the original targatad nmlual v l l l  ba used as  the zaro-th i t e r a t e  i n  the 
re-targeting proceaa,  the nev target codi t fops  must be close euough t o  the 
or%g5.m1 rwdnal target coqdltton t o  enstars a ccmrgent proces8. 



It rhmld ba noted that after a re-targeting ew3v.t the nar target co&- 
tiow are henceforth trerraA aa the nnmin.1 target condLtL~~s, 

3. Orbital imartlon 

Aa orbftal insertion event fa divided into a decieion avept and u . At a dacislon avent tho orbital inaertian veloci ty 
and the t h e  interval A t  separating deciefon and arscuthn 

u a  -tad baaed on the targeted na5fn~l  state a t  t The relevant 
J 

equatfaas a m  be found Ln the eubrmtina CPPINS analysis section far eo- 
planar orbital  insartion; i n  N P I H S ,  for non-plaw orbital insertim. 
Befare returning to  the basic cycle, CXiIDM schedules the o r b i t a l  insertion 
axacrrtfon effnt to  occur at t +At and ra-ordare the necasearp event 

J 
urey. accordingly, 

A t  an orbital i n s s t t o n  axacntion e y t  the targeted nad.nal atate la up- 
&tad r r s i q  the previouely cmputed A!? 

PI' 
In addition, the planato-centric 

equatorial ctmqmmats of A? and the n c d r d  spacecraft artes ian  and 
la1 

orbital e k n t  otata fo1l&fng the inmxtlon manwvar are canputad. 

4, Ext8sm$ly-mpplied velocity correct ion 

At thir type of guidance event the targeted nornFnal sta te  i s  rimply 
updated wing the extenslly-eupplied -Locity correction 

Because of the -laxity of the WID41 flow chart, a simplified flm chart 
deplctfng the main elemote of the (;Om structure pracedee the caq le te  
(;LTDRI f low chare. 
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Define guidance event index X I .  

1 
Store impulsi\'e A V  execution e r r o r  
var iances i n  the D M Q  ar ray .  

Save XSPH and s e t  ICgDE2 

Store  all knovledge covariacce mat r ix  
p a r t i t i o n e  i n  the Pl, CXXSl, CILU1, 
CXV1, PSI, CXSU1, and CXSVl a r r ays .  
S tore  all con t ro l  covariance mat r ix  
p a r t i t i o n e  i n  the P ,  CXXS, CXU, CXV, 
PS, CXSU, and CXSV ar rays .  

!b 7 

C a l l  PSP. and SMPR - 3 canpute and 
m i t e  c u t  the s t a t e  t r a t u i t i o n  matrix 
p a r t i t i o n 8  over the i n t e r v a l  

Call DYEp t o  coPpute the dynamic noise  
covariance matr ix.  Write out.  

i 
1 . . 

vazlance matrlx p a r t i t i o m  w e r  



C a l l  C 0 W L  t o  campute and w r i t e  o u t  
c o n t r o l  c o r r e l a t i o n  m a t r i x  p a r t i t i o n s  
and e taadard  deviationrr .  

1) 

S e t  IC9DE2 - 2. 

< 

r v 
S t o r e  p u i t i o n  p a r t i t i o n  oE the  
a r r a y  i n  t h e  2 and WIG a r r a y s .  7 

I 

1 
the  e lgenva lues ,  e igenvec to r s  and 
h y p e r e l l i p s o i d  of t h e  p o s i t i o n  par- 
t i t i o n  of  the  P a r r a y .  

a r r a y  i n  the 2 and VZIG a r r a y e .  

Call EIGHY t o  ccrmpute and w r i t e  o u t  
the e i g e w a l u e e ,  e i g e n v e c t o r s ,  and 
hypereE.1ipsoid of  the  . r .e loci ty  par- 
t i t i o n  of the  P a r r a y .  

C 

I 



1 Define guidance pol icy code IG? ! 

and execution error code IQP. 

and certa in  quantit ies  required 
for biased aimpoint guidance. 

4' 
1 Bartore state vector ,  1 

t h e ,  aad knwledge 
covariance matrFx par- 
t i t i o n s  to  their t ,  

- 
I 

Compute ve loc i ty  correction cc- I I s e t  " E ~ A V ~  11' / 
variance matrix S Write out 1 ' to  zero. 
co:relation matrix and standard 
devlat iozs .  Compute and write  out 
eigeavalues and eigenvectors.  

b 

1 
YBS A 

I- 
\ IGP - 2 7  

1 a0 



I 
E : 
i 

- 

I 
[wri te  o u t .  I 

I 
el l ipsoid.  

T 
4 

\L 
YES 

ICUID(3,II) = 01 1 
1 store "E [A?~,  ] 'I in DVH array / 
for use in  subroutine BIAP, .  1 I \  - 

Call BUM to perform biased aim- 
point guidance event. Return 
aimpoint' b 9 e  valocity 

1' * - .  

correction AVupj, and execution 
Y 

error covarhnce matrf.x Q,. 



4 
YES 

IGUID(3,XI) = 17 

NO 

\ S e t  XX - 1 and J X -  11.1 I Set X I N  to r tat t  at t 
J -  I 

3 
Write: Biae velociry correction w i l l  
be recomputed u s i n g  nonlinear guidance. 

2 2vBP 

b p t e  Juliaa date corresponding 
'o and s e t  XG9 - 1. 

Y 
Define target variables 
XTAR, LXZBB, LWAFt, 
and rCT3 for nonlinear 

1 .  ZVBP guidance. 
Canpte positioa and 
velocity of target 
planet at the epecified 
t h .  

1 
* 

Define target variables 
XTAR, XXTAR, U P k B ,  
and TGT3 for nonlinear . 
3VBP guidance. 

1 
J 

Def in8 target varlableo 
X T U ,  IgrBB, LWAR, 
aad TCT3 for nonlinear 



kk r t 
Call N@NLL,! to canpute 
~bonlituar bi- ve lwtty  
correction. Beturn XIELV.  

i 

"f failed, U n a r z  eldurce 
brnput~ magnitude. 

and its msgaitude. 

bpt l t e  qj us- 

Set IRET = 2. 

and etandard deviations 
asao=ciated xith 3 



41 
182.3 ICULD ( 5 ,  XI) m? C 

(Ls velocity correction UID(1,11)-4 or S? 
to bc treated a: :,?) 0#)) 

< I(XiXD(4,IX) = ? 
mat kFnd of thruot 
la  to be employed?) / 

3 I ( f in i te  tarn) I I (single impulse) 

Write; Finite but i 

Store PI array in  PSAVE array. 
Update &nowledge covariance by 
adding Q to the velocity par- 

1 
t i t i o n  of the P1 array. L , I 

Call C@UEL to write out control 
and knowledge correlation matrix 
partit iom and standard deviations 

I 
I 

- -- ha- 



YES 
u;uxD(l,II) , 4? 1 

1 

;+ 
YES I 

[*I 

4 r 
Compute target  condftion covariance 
matrlx U + follcmiry the guidance .! 
correction. Write out the associated 
correlat ion matrlx and standard 
deviat ions.  

Campute and write out e igemalues ,  
eigemrectors, and hyperellipsoid 
as60ciated with u ,+. 

ICUU)(S ,XI) = ? 4 
(Is ve loc i ty  correction to  be executed?) 

1 

imrrdiately fol louing the guidance 
correction. 

Store PSAVE array 
i n  the P1 array so 
that the PI array r--l 

I ledge covariance 
just before the 
guidance e\ ent . -e Update s ta te  vector* ,  times, and control 1 

and knovledge covariance marrix p a r t i t i o ~  I 
i n  preparation for next cyc le .  Restore 
Ism. 

+ 

I 
1 



Q 
NO / ICUID(~,II~ _C 3 or \ YES 

A 

I C W  array. J A I D ~ L P  ar ray .  w r i t e  art A V ~  
f I 

I sad i t s  magnitude. 

1 
1 

1 Ccnnpute and u r i  t e  out  n d n a l  1 Define J u l i a n  date a t  o r b i t a l  
insertion a d  s e t  ICQ - 2. ( sp l cec ra f t  s t a t e  r e l a t i v e  t o  the i 

t a r g e t  planet  i rmediately follcwing f 
o r b i t a l  i n se r t i on .  , h 

I 
1 

v 
C a l l  PECEQ t o  compute the t rans-  
forne t ion  from plane to-cent r ic  1 

I e c l i p t i c  t o  p lane to-cent r ic  
I 
i 

1 equa to r i a l  coordinates .  I 

I 

Coplpute and v r i t e  ou t  planeto- 
1 c e c t r i c  equator ia l  coordinates  of 
I 
I 
1 

s t a t e .  
1 J 

Compute t a r g e t  p lace t  s r a v i t a t i o r s l  
constant .  Cal l  CAREL t o  cmpu te  t5e 
~ r b i t a l  elements of the  spacecraf t  



+ 
S e t  IX - 2 and JX 11. I 
Set XI;bl to state a t  t a 
Define X X U R  array for 
orbital iasertion. 

Cali N$NX..IN to compute 
orbital ineertion AV and 
t h e .  Beturn XDELV and 

Set figUP to XDWV and i 
I 

YES 
1 

? 
k' i I 

Write: Orbits? 
IGUID(5,11! + 2 7 insertion fai led.  I 

YES 

'cC=pu- Cd, v 1 

Define orbital insertion execution bCwj. Set 
event. Write out t ime a t  vhich 

f a E T - 3 .  ; event v i l i  be executed. 

v 
Re-order eveat arrays as required 
by previous definit ion of orbital 
insertion eveat. 

A 

248 - -- ? 

I-- - 



Set IX - 1 and JX = 11. 
Set X I N  to state a t  t . 

Call NWXN to perform 
rt- targetlag event (target 
variables are def ined i n  

Update naninal target conditions 1 
in  TNPnB and ?H@C arsays. 
Write out, 

NO 

YES 

'II 

I&iD(S,II) = 2 ? 

Write : Re- targeting 
fa i led.  

i 

1 I 



l s e t  XXIN t o  s t a t e  a t  t,. I 

I Defi le  J u l l a n  da te  a t  t , .  1 

( s e t  IKPX = 2 and s t o r e  impulse 1 
I s e r i e s  execution e r r o r  var iances i n  

the DUMMYQ ar ray .  

JI 
[ c a l l  XCUT t o  compute the e f f e c t i v e  1 
1 execution e r r o r  covariance matr ix 1 
corresponding t o  the impulse s e r i e s .  I 
Return QK. 

i 

Restore s ing le  impulse executton 
e r r o r  var iances inro t h e  D L P W  a r r ay .  .- I 

jl 
I s t o r e  P1 a r r a y  i n  the PSAVE ar ray .  1 
Update k n ~ l e d g e  covariance by adding 
e f f e c t i v e  Q, t o  the P1 ar ray .  I 



;k*&:;- 
' . ,  r . .  ~ 2 ,  

& PURPOSE COHPUTE GUIDANCE MATRIX, VARIATION RATRIX, AND TARGET 

F CONDITION COVARIANCE MATRIX AT A MIOCOURSE. CUZOANCE 

1: EVENT XU THE S f n U A T I O N  PROGRAH 

i2 
E' 
)f 

SUBROUT f NEE SUPPORT ED 8 GUX Sf N 

d 
E WBROUII$S REQUIRED8 EPHEM HYELS JACOB1 HATIN NTHS 
k ORB PARTL P S I N  STKPR VCLRSICI 

TYO-VARI ABLE 0-PLANE GUIOANCE SUB-HATRXX A 

i 88 
I TWO-VARIABLE B-PLONE WXDANCE SUB-MATRIX 8 

WR1 VALUE OF B 001 R RETURNED FRON PARTL (NOT 
USED) 

0 D T i  VaLUE O F  0 DOT T RETURNEO FROH PARTL (NOT 
USED) 

81 MAGNITUDE O f  6 VECTOR RETURNED FROH PARTL 
(NOT USED) 

OUNi ARRAY O F  EIGENVECTORS 

DUN I N T E W D X A T E  ARRAY 

ECVCT ARRAY OF EICENVECTORS 

E CVL ARRAY OF EIGEWVALUES 

I U S  INTERnEDIATE STORAGE FOR XU. 

I CS fMTEW(EO1ATE STORAGE FOR I CL2 

XPR INTERHEDIATE STORAGE FOR I P U X  WT 

ZSPS INTERHEDIATE STORAGE FOR fSP2 

PARTIAL OF B DOT R u x T n  RESPECT TO STATE 
P6U VECTQR 

PBf PARTIAL OF B DOT I YXTU RESPECT TO STATE 
VECT OCl 

Q)(X 1 INTERHEDIATE AURA1 

PHI 2 INTEFUEOX ATE ARRAY 

FHf3 I MT EZWEDI ATE A J U t A I  



RON 

RTPS 

SQP 

TCA 

T S I  

VMCA 

nosf RECENT NOMINAL SPACECRAFT STATE AT 
G U I W C E  EVLT 1 

TARCETEO M O M 1  NAL SPACECRAFT STATE AT 
GUIOANCE EVENT 

SPACECRAFT DISTANCE FROM TARGET PLANET AT 
CLOSEST APPROACH 

SPACECRAFT DISTENCE FROM TARGET PLANET AT 
SPHERE OF f NFLUENCE 

f ARGET CONDXTiON CORRELATXON MAT RXX 

I N E R T I A L  SPACECRAFT STATE AT SPHERE O F t  
XNFLUWCE 

T AR6ET CON01 T ION STANOARO DEVIATIONS 

TRAJECTORY T I N E  AT CLOSEST APPROACH 

TRAJECTORY T INE AT SPHERE OF 1NFLUE.JCE 

MA6NITUDE OF VELOCITY OF VEHICLE RELATIVE 
TO TARGET PLANET A T  CLOSEST APQROACH 

MAGNITUDE OF VELOCITY OF VEHICLE REL4TXVE 
TO TARGET PLANET AT SPHE'RE OF INFLUENCE 

SPACECRAFT VELOCITY RELATIVE TO TARGET 
PLAUET A T  SPHERE OF INFLUENCE 

ALWCTH BDR BDT B DATE J 
OC DSI FNTM FOV F 
I B A R Y  IHYPi XSOIi IST f fC  NBOO 
NB NGE NQE NT nC NTP 
ONE PHI: P RC RS I 
TH VSI ZERO 



CULS Ana lys i s  

1 . 1  
Bubroutim GUXS la c u l l e d  a t  a  midcourse guidance e v e n t  st t i n  the 3 

f j T . 1  

s imula t ion  mode t o  compute t h r e e  p r i w r y  q u a n t i t i e s  f o r  the  s e l e c t e d  mid- 
course  guidance p o l i c y .  These t h r e e  q u a n t i t i e s  a r e  t h e  v a r i a t i o n  m a t r i x  

"j' 
the  t a r g e t  c o n d i t i o n  covar iance  m a t r i x  p r i o r  t o  t h e  v e l o c i t y  c o r r e c t i o n  

W- and the guidance rrratrix r . Tkree midcourse guidance p o l i c i e s  a r e  
1 ' J 

a v a i l a b l e :  f ixed-  t i m e - o f - a r r i v a l  (FTA) , two-var iab le  B-plane ( ~ v B P ) ,  and 
t h r e e - v a r i a b l e  &plane  (3VB.F'). A l l  a r e  l l n e a r  impulsive guidance p o l i c i e s  
baviag form 

where at 1 6  the c-nded v e l o c i t y  c o r r e c t i o n ,  acd 6 i  1s the e s t i m a t e  i 
J 

of t h e  s p a c e c r a f t  p o s i t i o n / v e l o c i t y  d e v i a t i o n  f r m  the  &Ggeted a m i n a l .  
The r e l e v a n t  e q u a t i o n s  f o r  each guidance p o l i c y  v i l l  be summarized below. 

The v a r i a t i o n  m a t r i x  q ,  f o r  FTA guidance r e l a t e s  devi i i t lons  i n  s p a c e c r a f t  I 
.I 

t o  p o s i t i o n  d e v i a t i o n s  a t  t ime of  c l o s e s t  approach tCAD and 

is given  by 1 

where [g1 i g2] is the  upper h r l f  of t h e  r r a t e  t r a n s i t i o n  m a t r i x  @(tCdDtJ).  

The guidauce m a t r i x  f o r  PTb guidance i s  g iven  by 

The v a r i a t i o n  mat r ix  f o r  3VBP guidance r e l a t e s  d e v i a t i o n s  i n  s p a c e c r a f t  
s t a t e  a t  t t o  d e v i a t i o n s  i n  B*T, B - R ,  and t S I ,  v i i e r t  

1 t~ I 
i s  the t i n e  

a t  which the  sphere  o f  i n f l u e n c e  i s  p i e r c e d .  Unl ike  the v a r i a t i o n  m a t r i x  
f o r  PTA guidance,  which c a r  be computed a n a l y t i c a l l y  or by numerical  d i f f e r -  
enc ing ,  t h e  3VBP v a r i a t i o n  ,ma t ; ix must alvays be ccrmputed us ing numerical  
d i f f e r e n c i n g  s i n c e  no good a n a l y t i c a l  formulas a r e  a v a i l a b l e  which r e l a t e  
d e v i a t i o n s  i n  e p p c e c r a f t  s t a t e  a t  t to  & v i a t i o n s  i n  t 

SI - I f  the 
J 

v a r i a t i o n  m a t r i x  i s  w r i t t e o  as 

then  rhe g u i d a d f t  rwtr ix  f o r  3VBP guidance 1s g i v e n  by 



. - 1 
The v a r i a t i o n  m a t r i x  f o r  2VEP guidance r e l a t e s  d e v i a t i o n s  i n  spacec laa f t  
e t a t e  a t  t t o  d e v i a t i o a e  i n  5.T and 8 . R  and i d  g iven  by 

1 

where H i s  a n  a n a l y t i c a l l y  computed m a t r i x  r e l a t i n g  B*T and B * R  
d e v l a t i o n a  t o  s p a c e c r a f t  a u t e  d e v i a t i o n s  a t  tsI , and 9 ( t S I , t f )  l a  the  

r -I 

a u t e  t r a n s i t i o n  m t r i x  over  ~ t :  , t s l )  . I f  i s  w r i t t e n  ar 
1 

then  thc, guidance m a t r i x  f o r  2VBP guidance i s  given by 

T - 1  1 T T - 1  r 4 - [-B (BB ) * , -B (BB ) B ]  

A l l  e t a t e  t r a n s i t i o n  m a t r i c e s  and ,  hence,  a l l  v a r i a t i o n  m a i r i c e s  used by 
t h e  above t h r e e  guidance p o l i c i e s  a r e  r e fe renced  t o  the  most r e c e n t  mi-1 
'tra f ec t o r y  f o r  improved numerical  accuracy. 

Once the v a r i a t i o n  m a t r i x  7 i s  a v a i l a b l e  f o r  a n y  of the  above guidance 
f 

p o l i c i e e ,  t h e  t a r g e t  c o n d i t i o n  covar iance  m a t r i x  can be ccaputed us ing  

where P i s  the c o n t r o l  covar iance  m a t r i x  immediately p r i o r  t o  t h e  
J 

guidance even t .  



i G U S  P l a r  Chart 

v 
C a l l  N P l S  t o  i n t e g r a t e  t a r g e t e d  
m t m l  t o  f l u 1  t i n e  t, a n d  t o  r . 
d e f i n e  c l o a e e t  approa h c o n d i t i o n s  

--z, 
I 

C a l l  P A B n  t o  canpute  p a r t l o l s  
1 

W r i t e :  S0I n o t  encountered on tar- 
o f  B*T and B O B  with r e s p e c t  g e t e d  ncminal .  Returning t o  has i c  
t o  s t a t e  a t  t . Canpute c y c l e .  
M m a t r i x .  SI i 

- 
I Compute t ime t and p o s i t i o n  I 

CA 
and v e l o c i t y  magnitudes a t  
c l o s e s t  approach.  

Wr i t e  o u t  c l o s e s t  approach con- 
d i t i o n s  f o r  t a r g e t e d  n o m i u l .  
Wr i t e  o u t  X m a t r i x .  

D r i i n e  v a r i a b l e s  ATBANS, V W ,  
and l X P 8  r e q u i r e d  f o r  b i a s e d  



r e c e n t  n m i n a l  t o  f i n a l  time 

and t o  d e f i n e  c l o s e s t  a p p r c ~ c h  
c o n d i t i o n s .  I 

T 

Wri te :  SQI n o t  encou.~cered on 
most r e c e n t  n m i n a l .  &turn-  & 
lug t o  b a s i c  c y c l e .  i r 

p o s i t i o n  and v e l c c f t y  canpon- 
e n t s  of t a r g e t  p l a n e t  a t  
c l o s e s t  approdch on most r e c e n t  
nominal .  

L 

1 
J 

i t i o n  and v e i n c i t y  cmponen t s  of 
s p a c e c r a f t  a t  c l o s e s t  approach 
on most r e c e n t  nominal. 

i 
I 

1 
Write o u t  c l o s e s t  approach cond i t ions  
on most r e c e n t  nominal. 

4 

1 C a l l  P S D  t o  compute s t a t e  t r a n s i t i o n  j 
m a t r i x  b . r t i t i o n s  o \ e r  [t t 1 ' CA, 

I 

on most r e c e n t  nominal. C a l l  SmPR 
t o  w r i t e  o u t  these  p a r t i t i o n s ,  S e t  
Ism = 1 I 

4 J 

Compute v a r i a t i o n  m a t r i x  7) for 
FUI guidance p o l i c y .  r-- f 



I Yrite out vari.ttiun matrtx 
f 

and write out a6 ;oc i a ted  correlat ion 

caatrir and standard 1eviat.ons. 

p1 JAt\CBBI and W L i  to  c a p u t e  eiaenvaluer, 
eigenvectors, and hywrel l ipeoid  of 
Urite  out .  

/ C a l l  XATU to  invert the b e c a r  h i - f  rf rhe 1 
I variation aratrix q .  . I 1 . 

J 
/ YES 

infect ion  time? 

1 

Set  r- 0 .  I 
Yrite out guidance u. . - ir  
for FTA guidance pol icy. 

1 

( for NBP giiicialice pol icy.  1 . 



YES Has SO1 been previously . encountered on targeted 
aorainal? 

encountered on targeted - 1 ~ 1 .  
& p l a n e  guidance p o l i c i e s  un- 
d e f M .  Beturning to bas ic  
c r c  le . I 

I C a l l  MI(S to integrate targeted 
naaiaal to final time t and tn 

f I 
I define sphere o f  influeace cow 

ditions.  I 
YES / Was S41 encountered 

I 
an targeted ruzmiaal. Return- 

1 

0 1 1  P A X L  to  cmpute partials of B-T 1 
and 8-8  with respect to s u t e  a t  t I 
Canpute W matrix. SI- j 

J. 
Gmprce t h e  %I and poritlcm and vel- ] 

1 
I I ocity magnitudes a t  sphere of iaf h e n c e .  I 

I 

Write out S0X conditions for targeted 
naninal. Urite out H r~atrix .  

Dexinu variables MPR and V I N F  required 



L 
i n t r y r a t e  most 

r e c e n t  nornil1 11 t o  f i n a l  time I I equal t o  t a r g e t e d  nan- 
l i n e  S o 1  cund1t:on.. / 1 1-1 a t  t f .  

p o s r t i o n  and v e l o c i t y  c o c w n e n t s  
oi t a r g e t  p l a n e t  a t  S 0 I  on most 1 r e c e n t  n m i n a l .  

Wri te :  SPI n o t  encountered 
on w s t  recent n m i a a l .  
Beturning t o  b a s i c  cyc le .  

Cmpute  i n e r t i a l  e c l i p t i c  p o s i t i o n  I 
and v e l o c i t y  caaponents of space- 
c r a f t  a t  S@X on m c s t  r e c e n t  nominal. I 

U r i t e  a t  S@I  c t x x l i t i ~ n s  on m08t 

r e c e n t  n a n i n a l .  

YES 

C a l l  VA&SM t o  compute v a r i a t i o n  matrix t 
'7j 

f o r  3VEP guidance p o l i c y .  



JJ - b 

Call PSM to compute s t a t e  ttaneifion 
matrix partit ions over 

['j' 'sr] 
most recent nominal. Call  S M P B  to 
write  out these part i t ions .  Set ISPH - 1. 

r&ll P A B I L - ~ ~  compute part ia l s  of 5.1 I 
l and B - R  with respect t o  m o s t  recent 

nominal s t a t e  a t  t . Urite  out these 
par t ia l s .  

I 
1 

1 Compute variat ion matrix 77 for 2VEP 

I j 
guidance pal icy.  Write out .  

r e la t ion  matrix and stanEard deviat ions.  

7 

' Call .XAC@BI and KYEIS to  campute eigen- 
9 

values,  eigenvectore, and hyperellipsoid 
of U - J Yrlte  wt.  

I 

I 
b 

NO 4 
= inject ion  time? 

YES 

1 
I 2VBP guidance policy end v ~ i t e  out.] 
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Subrmt i a s  QJISM i s  the I xecutlve guidance aubrar t iaa  la the a h -  
l a t l o a  progrum. I n  addi t ion  t c  con t ro l l ing  the  canputat ional  flow f o r  
a l l  t y p o  of guidance events ,  (GISLH a l e o  p e r f o m  many of the required 
gnidulce ~ a m p u t a t i ~  i t o a l f .  

Before coar ider lag  each t y p e  of &dance event ,  the  treatment of 
general guidanrn event v i l l   be^ i iacusasd. Let t be the tinm a t  vhich 

1 
tbe guidaaca event occurr. &:ore any guidance evenLCan ba executed the 
targeted d u a l  s t a t e  X , ,  moat recent  &nal a t a t e  XI, astfmated o t a t a  - 

2- J J 
d a d a t i o n  6X, from met recant  nominal, a c t ~ a l  s t a t e  devia t ion  h q  frorc 

J 1 

moat race* mmlaal ,  kuouledge covariance P- , and c o ~ t r o l  covarianca P- 
K,  C 1 

must 611 be a v a i l a b b ,  where ( ) i nd i ca t e s  L l u e s  1-diacaly before th; 
avant. Only the con t ro l  covariance i s  not  e.vaila5le p r i o r  t o  d n t e r i a  
&IsIH. 'Lha propagation of the controL covariance avar the i n t e r v a l  

t 1, where t denote8 rhe t h e  of the  previous guidance event,  [tj-r, j 1-1 
Fs parformed v l t h i n  GUISIK 

The next step i n  the t r e a t s n t  of a general  guidance e w n t  i s  con- 
cerned with the  c a q m t a t i o n  of che c d e d  veloc i ty  cor rec t ion ,  execution 
a r r o r  covariance, ac tua l  execution e r r o r ,  and ac tua l  ve loc i ty  correct ion.  
lo the s-Lation program a n m - s t a t i s t i c a l  c d e d  v e l o c i  co r t ec t ion  
can always be ccmpted.  This cxmandad ve loc i ty  cor rec t ion  @i , i s  urad 

k J 
t o  cqnpDte the execution e r r o r  :ovariaace matrix Q and the a c t u a l  axacu- 

ti- e r r o r  bAV,. A summary of the execution a r r o r  d l  and the equatiann 

need t o  caaput i  and &V c a n  be found i n  the  8ubrtautiu.e Q C W  a n a l y s l r  
1 J 

aaction. 'Lha actual veloc i ty  c o r r e c t i w  l a  them c ~ t d  us ing  the  equat ion 

The Laat  tap i s  concerned vlth the updating of required q u a n t i t l e r  
p r t o r  t o  re turn ing  t o  the b a s i c  cycle. An aseumption underlying the  
pso el& gutdance procasa Fa t h a t  the t a rge ted  nomine1 i e  alwaye updated 
by the c-ded ve loc i ty  correct ion.  I n  the aFEPILation p rog rm the  
upd.te velocity correc t ion  ~3~ i e  a ~ v r p .  i d a n t i c a l  u, the dad 

4 
A 1 

w l o c i t y  co: rection AV,. This i 6  i n  con t r aa t  t o  the e r r o r  op.1yoir  program 



maat ramat d targeted ncdnal etatee ~ a t e l y  foLrourLng tha gubhmca . 
.a u. updated W* the CqUaUOOs 

Iha actual crad asthatetd st- deviatfoae from the tmat raceat ~p 

&- bp 
r * 

The praviars 4 aquatiom asstrrma an bpuleive  tbhtet model. If, 
ipstasd, the thruet i e  &led as an f m p l n e  o e n e r , . t h e n  an effectfvm 
ea- atate getf a d  an affective actxal .tarn M ecmpted. 

'Lha eguatfolu treed to c-te these effectioa s t a t 4 8  are mnmnarilad in  
the rrrbro~tthn FUISX analyeie section. The previoua update eqpatiazu 
are then replaced by tha follcwing aquafioas 

A ;+- x 
j eft 

n e  bwledgp Is upbrtsd us* the wp&tion 



i f  an i s p l 8 l v a  th rua t  mads1 i e  aeeumad. If the t h r u r t  l o  &led a s  a 
ast ie .  of lmpulrsa,  than an  a f f e c t i v e  -artion e r r o r  e-rianu Toft 18 .- 

co~lputad ond the knowledge covariance i r  updated using the eqrutiorr 

In e i t h e r  cam t he  cootzol  covariance i s  updated sLPrply by r o t t i n g  

Ibis e p t i o n  i s  a d i r a c t  comequence of the  aesunption that the mrga tad  
n a a h a l  i s  always updated a t  a guidance event. 

+ A " c q t e  only" option ie aval lab la  i n  WISM i n  which a l l  of the 
( ) quan t i t l eo  vill s t i l l  ba c i q u t e d  and p t in ted .  Bawevar, s t a t e s ,  
de- r ia t iom,  and cwar i ancas  a r e  then reset t o  t h e i r  former ( )- valuae 
p r io r  t o  returning t o  tba &uic cycle. 

Xach spec i f i c  type of guidance avant i n w l v e s  the computation of 
other  quan t i t i e s  not discussed above. These w i l l  be covared i n  tba 
f o l l o u i n ~ ~  discussion of opac i f ic  guidance events. 

1. Mdcmrse and biaclad aimpaint guidance. I 
W r  rrrfdcouree guidance policiarr have form 

vhere tne subscr ip t  S ind ica tes  t ha t  t h i s  i s  tlle ve loc i ty  cor rec t ion  
required to  nul l  out deviat ions from the ncminal t a rge t  s t a t e .  This 
notat ion i s  required to d i f f e r e n t i a t e  between t h i s  type of ve loc i ty  
cor rec t ion  and ve loc i ty  cor rec t ions  required to a ~ l - ~ i c v e  a n  a l t e r e d  
target s t a t e .  Linear midcolrrse guidance po l i c i e s  a r e  discussed i n  
more detail i n  the subroutine C U B  analys is  sect ion.  

k b r c u t i e e  C;ZIISM calls QIIS t o  c q t e  the guidance matrix,  r , ard 
1 

the  target condit ion covarlonce irrrr~sdiatrly p r io r  t o  the guidance o w a t ,  
W' and then user to  ca~pute the valoeity co .pc t ioa  c w r r i i n c o  S *ich . 

A D  J ' 
18 &finad r r  



and i r  given by t h e  equation 

Thfa aquation aalnmres that  an optlmal estimation algc?lthm 1- antployad 
i n  the aavigatton proces8, s lnca  t?e darFvation of t h i s  equation requlreo 
the orthogonal i ty  of the est lmate and the es t imat ion  error. 

A 

Since s t a t e  est imates  dX, are generated i n  the a h l a t i o n  program; 
A J 

an actual 3VN can always be caqsuted. This  l a  i n  can t r ae t  t o  the error 
1 

analye is  program &ere only a statistical or e f f e c t i v e  AV can be canpted. N 
f 

The p s r f a c t  velocity correc t lon  AV,, d e f i t e d  as t he  va loc i ty  co r r ec t ion  
1 

required t o  n u l l  out actual devtat iona from the n d n a l  target s t a t e ,  is 
a l s o  cartputed for  zaidcourse g u ~ d s n c e  events.  Assuming llnaar guidance 
theory, the  pe r f ec t  velocity correctlon i s  given by 

where 6 5  i s  the a c t c a l  deviatFor. frm the t a rge ted  nominal. An opt ion 
f h 

I s  also availabLe i n  a'ISL! for re-computicg AVy uaing nonlinear  techniques. 
- 4 

J 

B m v a r ,  it vhould be noted t h a t  t h e  nonlinear two-variable B-plane guidance 
p o l i u ,  un l ike  the corresponding linear pol icy ,  cone+raiae the z-compxent 
of AVx t o  be zero. 

1 

If  planetary quarant ice c m r t r a i n t s  m e t  be s a t i s f i e d  a t  a mldcoursa 
corractLou, SJiSXK cal ls  B L U I  t o  compute the  nar aimpoint p and the 

A 1 
biar. velocFty corractLon.;lV . All c ~ ~ - a t F o n s  i n  B W ,  a r e  basad oa 

4 
i 

l l n a a r  guidance thtsry.  'tiwevet, an opi lon l a  available i n  Cr7fSM t o  re- 
compute the tot*: veloc i ty  c m e c t i o n  A V ~  + +gN , bilt not . u e i ~  m- 

4 t 1 
A 

l l neaz  techniquee. Thfs option i s  racolrmendeii if a b ~ a s e d  a i n y a i n ~ g u L & n c a  
avant o c m e  a t  t Fnjec t loa  t 4 a .  It ahouli  also be noted that Q i. 

f J 
sat t o  zero Lf t = I n j e c t i o n  tios e ince  i t  i e  aecurced -he lnjec~iorr 

1 



cmrfance doe8 not  change f o r  -11 change6 i n  i n j e c t i o n  v e l o c i t y .  

+ 
A f t a r  the updated c o n t r o l  covar iance  PC b r  bean camputad, t h a  

4 + J 

t a r g e t  c o n d i t i o n  covar iance  uatrlx U f o l l a o i a g  t h e  guiQnce c o r r e c t i o n  
J 

is  corngutad u l n g  the e q u a t i o n  

where v a r i a t i o n  matrix ? hae h e n  p r e v i o u ~ l y  c a m p t a d  i n  s u b r o u t i n e  
1 

CUIS. 

I n  t h e  s imula t ion  (and e r r o r  a n a l y s i s )  program a  r e - t a r g e t i n ]  event  
is  def ined t o  be the conpu ta t ion  of a  v e l o c i t y  c o r r e c t i o l ~  8 RT r e q u ~ r e d  

. t o  achieve a new s e t  of t a r g e t  c o z d i t i o n s  us ing non l inea r  techniques.  

S ince  t h e  s t a t e  e s t i m a t e  ?;+ 62;  is  used P I  tile r - ro- th  iterate i n  
d 

the  re-  t a r g e t i n g  process ,  the  .leu t a r g e t  c o n d i t i o n s  nus  t be c l o s c  enough 
t o  the  o r i g i n a l  nuninal  t a r g e t  c o n d i t i o n s  t o  ensure  ,L convergent process .  

P 

Xt ahould be noted t h a t  a f t e r  a r e - t a r g e t i n g  e v e n t  the nan t a r g e t  
c a d l . t i o n e  are henceforth treated as the ncxdnal t a r g e t  cond i t ions .  

3. O r b i t a l  i n s e r t i o n .  

An o r b i t a l  i n s e r t i o n  event  is d iv ided  i n t o  a l ec l s ;on  event  and an execuLion 
event.  A t  a d e c i s i o n  even t  t i e  o r b i t a l  i n s e r t i o n  d e l o c i t y  c o r r e c t i o r ,  OV 

0 I 
and the  time i n t e r v a l  A t  6 p a r a t i n g  d e c i s i o n  and execu t ion  a r e  computed 

h 

based on the  s t a t e  e s t i m a t e  ;- + 63- The r e l e v a n t  equat;ons can be 
f 1 

found i n  the  subrou t ine  CPPXKS a n a l y s i s  s e c t i o n  f o r  c p p ' . a r ~ r  o r b l t a l  
i n e e r t i o n ;  i n  NPPLU, f o r  non-planar o r b i t a l  i n s e r t i o n .  Before r e t u r n i n g  
t o  the  b a s i c  c y c l e ,  CUISIM schedules t h e  o r b i t a l  i n s e r t i o n  execu t ion  even t  
t o  occur  a t  t, + At and re -o rders  t h e  necessa ry  event  a r r a y 6  accordingly .  

At a n  o r b i t a l  innertion execu t ion  even t  t h e  previcwslp  computed 
$ 1. wed t o  update t h e  t a r g e t o d  n m i o . 1  a ~ a t e .  In a d d i t i o n ,  the 
pl A 

p l a n e t o - c a n t r i c  aquatob. ia l  campnen tn  of AV and the a c t u a l  s p a a c t a f t  
91 

c a r t e e l m  Bnd o r b i t a l  elama~~f etafes foll&ing t h e  i a s e r t i o o  m n e u v c r  a r e  
c o s ~ p u a *  



4. Ex-tarnally -euppLitad velocity correction. 
- - 

u- A' 

A t  this type of guldancc event the s t a t e  estimate X,  + X ,  is simply 
J 

updated u l n g  the extertul ly-supplied velocity correction 'AO, . 
Beamsa of the canplexity of the afISLM flow chart, a o l u q l l f i d  

flow chart depicting the d n  elernaPts of the C;UISM otnrcturs p r e W r  
thr caaspleta CUISM flaw chart. 







S t o r e  W p r l r i v a  pV .;eeurion e r r o r  
v a r  iancee i n  t h e  D'22iYQ a r r a y .  

9 
Define guidance even t  index 11. 

I 

4' 
Y r i t e ~ ~ t a c t u a l  d y n a m i c n o i s e a n d  1 

1 the  es t ima ted  and actual d e v i a t i o n s  
fram the m o s t  r e c e n t  n a m i ~ l  a t  t 

1 
3 

Score  a l l  knowledge covar iance  m a t r i x  
p a r t i t i o n s  i n  t h e  P I ,  CXXSl ,  C X U l ,  
CXV?, PSI,  ( J t S U l ,  and CS'vl a r r a y s .  
Store a l l  c o n t r o i  covar iance  m a t r i x  
p a r t i t i o n s  i n  t h e  P ,  C X E i ,  m, m, 
PS, CXSU, and 

1 

C a l l  PSM and Sl lVR t o  compute dad 
w r i t e  ou t  the  a t a t e  t r a n s i t i o n  a a t r i x  

I p a r t i t i a s  over  &e inrerval 
! I 

noise  co. a r l a n c e  m a t r l x .  Wri te  o u t .  

1- ) .  4 to c , m L t e  the  control CP I I variar e m a t r i x  p a r t i r i m  over 
f 'I I 



JJ 
C 

a 

Call CQBBEL to canpute and vrite 
out control correlation matrix 
partitions and standard deviations. 

b- 

PP array for use in subroutine 

Call.EICHY to comkute 2nd vrite out 
the eigenvalcee , eigenvec tors, and 
hyperellipeoid of the p s l t ~ o n  
partition of the P array. 

Store velocity partition of the P 

Call EICEIY to compute and vtite out 
the eigemralue~ , eigettvec tors, and 
h, +erellipsoid of the velocity par- 
titian of the P array. 



Write out cmple ta  description 
or guidance event. 

I Define guidance pol icy code ICP. I 

J J J  

and cer ta ln  quant i t i e ,  required 1 
for biased aimpoint guidance. 

C 
I 

Bea tore s ta te  vector, 
YES 

tine, and knowledge co- 
- 

v6riance um t r ix  par- 4 t i t i oar  ta their h 

Capute  ve loc i ty  correction cwar- ,  
iance matrix S , .  Urite  out cor- 

J I relat;on matrix and standard dtv- ( 
I i a t i oas .  b p c t e  and vrite cut , 

e igeuvalues and efgenvec tor s . 1 
1 

YES 
XCP = 2 ? 

NO . 
Cmpute and v r i t e  out hyperellipsold of S 

J ' 
t 



1 Cmpute and m i t e  out ( L C C ~ Q ~  a ~ d  estimated I 
poet  tion/velocity deviations £ran the 
targeted ncanical . 

I Canpuce and wri :e out ~ h e  e= i iC~Z  and 1 
perfect velocity correcti~ns to null o u t  
errors f r m  most recent target conditicae. 
k p u t e  end vrite out the error in the 
velocity correction due to uvigation 
uncertainty. 

i 
I 

d 

I Stare OSar, in ~ L T  array for -ee in I 
I 

v 
i \ 

1 
r j ~ a c p l t e  5 3 u s i q  1 L. 

Call SUM to perform biased 6 i ~ p o : n t  Set  Q to  zero. 1 A . S e t  X R n .  - 1. 
guidance event. Return aimpoint p l 1  j 1 .. I 

1 '  1 

bF.8 ve loc i ty  correc tim I- 

execution error covariance matrix 

L 
I 

1 



- ~ 

Set  IX - 1 and .JX - U. 
S e t  X 3 i  to  ctltlmated s ta te  a t  t . 

f 

YES 
ICUIb(3,II) - ? ? 

Write: Capmended ve loc i ty  correction will 
k recrmputed using nonlinear guidance. 

- 

2 2vBP I 

h p u t e  posit ion and ve loc i ty  guidance. guidance. 
o f  taqget planet a t  the * 
spec i f ied  time. 

i 

I 

No 

IXTCLB, W A R ,  aad XX3 for 
nonlinear FTA guidance. 



Call t i @ N l J N  to compute 
nonlinear camanded velocity 
correction. Returu DELV.  

<--"-*NO, YES 

,j 

I Set A ~ U P .  to XJ)ELV. Compute Yrite: Nonlinear 
guidance fai led.  

megnitude. Write out AVUp Linear guidance 

v i l l  be employed. 
I 

t - injection time? 

1 NO 

S e t  IW - 2 . I 

and standard deviations assoc- 
iated with a,. 

i 

C j. 
k p u t e  and vrite out eigen- 
values, eigenvectors, and 
hyperellipsoid associated w i t h  

, %- 



$ 

1a2a3 ICI ID(5,XX) - ? 
(Xa vela c i ty  correction to IGUXD(l.11) - 4 or 5f 

be tre. ted a t  t ?) 1 
f 

YHS 240 

@hat kind of thrust model 
i s  to be employed?) (impulse 

series)  

3 1 ( f in i te  burn) f 
Write : Fin1 te 

in PSAV? array. NUpdate 
tiance by adding Q ta 

:rrition of the Pl array. - 

< 

out control and 
knwivdge  correlation ~ t r i x  partitions 
and standard daviatioas jut after the 
guidance correction. 



/ *O", 

& 
to  cwpute the actual 

I -tion error d AV,. Complte 1 
J I the actual ve loc i ty  correction I 1 A -  write  out ~ . A V  and A V  . . 1 f J 1 

sat bAv and 

YES 
IGUID(l,II! + 4 or 5 f 1 

NO 

Canpute and write out planeto-centric 
equatorial components of 

v r --  
1 ]MU to the a c t u a l  s t a ~ z  1 
-- ts S e t  DELPX to  A V  . . 

3 
Compute Julfaa date  a t  t 

LYn - 1 . 

C a l l  =CUTS to  compute the 
effective actual etnte .  Beturn . Set  XACT to  XXXN. 



I 

Compute t a rge t  condi t ion covlr iance 
matrix Y + f o l l a r i a g  the guidance f 
correc t ion .  Write out t h e  assoc ia ted  
co r r e l a t ion  ~ a t r i x  and standard 
devia t ions .  

j 
ICUXP(l,X1) + 4 o r  5 ? NO 

? 

YES 
1 ; 
1 - 

# * v 3 

XCUxD(1,II)) 4 ? 
I 

A 

NO 
i 

v 
NN- 3 

J 
I 
1 

PO 
xGUU)(l,xI) - 2 7 i 

Canpute and wr i t e  out eigeovalues,  
e igenvectors ,  and hypere l l ipso id  
assoc ia ted  u i  t h  U ,+. 

m 

NN - 2 

\b I Compute and wr i t e  out  a c t u a l  t a rge t  1 

I 
I ! 
1 

1 e r r o r  due t o  navigation uncer ta in ty ,  I 

t 

( a c t u a l  t a r g e t  e r r o r  due to execution [ I e r r o r ,  and- t o t a l  tar8.t e r ro r .  1 
1 

L 
IWID(5,XI) - ? 

w 

(1s v e l o c i t y  cor rec t ion  t o  executed? (ma01 
1 4 

Store  PSAVE ar ray  i n  the P1 
a r r ay  -0 t h a t  the P1 a r r ay  
contains the knowledge co- 

r r iance  juet  before the 
, ~ i d a n c e  event. 

7 
d 



I Update moat  r ecen t  ncxlrinal 1 I U p b t  . moz t recent namfnal, - I 
I targeted noQiars1, and estimated j I t a rge ted  acxninal, and estimated I 

and a c t u a l  e t a t e  devia t ions  f o r  and hctuai s t a t e  deviat ion8 f o r  
a AV pplied a s  an  impulae ser iee .  

A 

1 Write o u t  most recent  ncnninal, targeted 7 
naninal ,  and eetimated and ac&l  s t a t e  
deviat ions.  L 

I 
1 

Update e t a t e  vec to r s ,  t imes, and cont ro l  
and knovledge covariance matr ix p a r t i t i o n s  
i n  preparat ion f o r  next cycle.  S e t  
I q z a ' W - 0 .  

J, I S e t  hGDP4 to  the p r c a p a c i f i e d ]  
J I DBLV array. . Yr i ra  out ~ 8 ~ .  I I and it. magnitude. - - J  

1 

( S e t  1 ~ 8 7 -  2 . i 



* 
NO 

I 
IGUID(~,~X) f 1 ? YES 

1 

I I t o  t a rge t  ;>lanet immediately fo l l au i rq  I 

J. 7 

an o r b i t a l  i n se r t i on  employing a n  tcnpilse 
a e r i e s  th rue t  model. 

1 

Compute ac tua l  spacecraf t  
s t a t e  r e l a t i v e  t o  t a rge t  
planet  immediately f o l l w i n g  
o r b i t a l  inser t ion .  

t * 
Write out  a c t u a l  ripacecraft s t a t e  r e l a t i v e  
t o  t a r g e t  p lane t  Fnnnediate !y f oilowing 
o r b i t e l  i n se r t i on  i n  e c l i p t i c  coordinates.  

I . 

YES 

J 
' ~ a a ~ t e  and v r i t e  out above spacecraf t  

. 
r e l a t i v e  s t a t e  i n  planeto-centr lc  equator ia l  
coordiaeteo. 
i d 

I 1 Compute ac tua l  spacecraf t  s t a t e  r e l a t i v e  1 

4 
r - 
Compute t a rge t  planet  g rav i t a t i ona l  constant .  
C e l l  CbaEL t o  compute the o r b i t a t  elements 
of the spacecraf t  o r b i t .  Write ou t  elements. 

b 



*:'A I . ,  i l  5 
I 
I .  

Iset IX = 2 and JXl - 11. ,.I Set  X Z  t o  e a t h t e d  a t a t e  at. t 

- -  ~ 

- r D C ~  in+ LXUP array f i r  c r b l t x l  in.ertion.1 

inbert ion AV dnd t h e .  Return 
XDELV and TCT3. 

rn 

S e t  A V u p ,  t o  B)EW and 

S e t  LBET - 3. 
Define o r b i t a l  l n s e r t f o n  
execut ion zvenc. W ,  . a  
out time a t  which ev-nt 
w i l l  be executed.  

e 

Write: Orbital  

3 
Re-order eveut  arrays a8 

t 

' 
required by previous 
d e f i n i t i o n  of o r b i t a l  
i n s e r t i o n  event.  

C 

1 



I S e t  f X m  I and J X -  I f .  
S e t  XIN to castimated e t i l t e  a t  t , .  I 
C a l l  NWLXN to perform i 

event ( t a r g e t  v a r i a b l e s  
i n  a a m s l i e t ) .  Return IU r-- e- t a r g e  t i n 3  

a r e  d e f i n e d  
- j 

I 

YES 
t [ xcux~(s.xr) - 2 f i  W r i t e :  Re- t & ~ , d t f n g  L 1 

Update nominal target cond'tions 
i n  M B  and TWQHC arl aye. 

I w r i t e  out. 
I 



be t  t o  est imate e u t e  1 .t t,. s e t  DELPX t o  A$* . 
1 

h f i n e  J u l i a n  da te  a t  t 

s e r i e s  execution e r r o r  var- 
iances i n  the  D W Q  array.  

e f f e c t i v e  execution error CCP 

variance matr ix and the 
e f f e c t i v e  estimated s t a t e  
c o r r e s p o d i n g  t o  the lmpdlse 

Restore s L n ~ l u  lmpulee execution 
e r r o r  variaucee i n t o  the  D m  
array.  

1 
J 

I 

I j. 
Store P1 clrray i n  the PGAYE 1 
array. Up&te knowledge co- 
variance by adding e f f e c t i v e  

I 
t o  the ' array.  

S e t  ZC.T  to XXXlJ. s 



P W O S E S  T O  COMPUTE T M  ZERO ITERATE XMJECTtW STATE FOEI 
IWT ERPLAMETARY TARCETIWt 3 

1; 

CALLLHC SEQUEMCEt CALL HELIO 7 
2 

3 
SUBROUTINES SUPPORTED8 ZERIT 

SUBROUTINES RE~UIUEDI u w c n  FLITE ELCAR EWEH ORB 
PfCEQ TINE 

LOCAL SYNROLS8 AHEL $€HI-MJOU AXIS OF TM ~LIOCENTPXC COW 

j 
> 

ARW 4RCUMENT OF PERIAPSIS OF THE M U I O ~ M T R I C  
conxc rw u u r r ~ ~ s  

4 

ASCnO LONGITUDE OF THE ASEMDING WOW OF TUE 
d 
f 

HELfOCfNTUIC CONIC I N  SIDIANS 

4TP S E M I - W O R  RXXS OF TARGET PLANETOCENTRIC 
CONIC ; 

AZQ AZlNUTH AT DF ON THE M t 1 M ; E N T U C  COMIC 
I N  M W E S  

4 2 1  AZIHUTN 4 1  OX OM THE MLIOCENTRIC COMIC 
I M DE6uEES 

COSF 

SQUARE OF THE 8 M C f O R  HASNITUW O F  THE 
TAUGET PLAWTOCENTRIC CONIC 

OESXREO 8.R NACMITUM: AT DF OF TME TARGET 
PLIwETOCENTRIC CONIC 

DESIRED B.1 MAGNITUDE 4 1  DF OF THE TARGET 
PLANETOCENTRZC , C E M E R  

C O H S f E  O f  ASCW 

fNT€WEOIATE VAUABLE FQR A Z I 9 4 U  EQU4TfON 

COSXWE O f  FS 

COSINE OF T A I  

COSSI COSINE OF PSI r' a 
COSTHL COSINE OF THETbI  
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OHCA 

O I n c  

OLAP 

OLAI  

OLOP 

O L O I  

o=u 

I W L I N A T I O N  OF THE HELIOCZMTRIC COMIC 

LATITUOE AT OF O F  HELIOC€NTRfC CONIC 
\ 

L A l I f U O E  A T  0 1  OF HELIOCENTRIC CONIC 

LONt f tUOE A t  6: Of %LfOCEh.RIC CONIC 

LONGITUDE A T  01 OF HELIOCENTRIC CONIC 

AR6UMENT OF PERIAPSIS OF THE HELIOCENTRIC 
CONIC I N  DECREES 

O R C A  

ORF 

PERIAPSIS RADIUS OF HELIOCENTRIC C O N I C  

HAGNITUDE OF HELIOCEWTRXC POSITION A T  DF 
I N  OUTPUT UNITS 

HACNITUOE OF HELIOCENTQIC POSITION AT 01 
I N  OUTPUT UNITS 

OSMA SEtlI-N&JOR AXIS OF THE HELIOCENTRIC CONIC 
IN ourpur UNITS 

TRUE ANOMALY AT OF OF MLIOCEMTRIC CONIC 
I N  OEGREES 

TRUE LNOHALY &T O f  OF n E L I O C E ~ T R I C  CONIC 
I N  CECREES 

OVF MAGNITUDE OF HELIOCENTRIC VELOCITY AT OF 
I N  Uf LOHETERS 

O V P F  

0 VP I 

. PHEL 

P L I n C  

VELOCITY Of TARGET PLANET 4 1  OF 

VELOCITY OF TARGET P t 4 I E T  AT 01 

I N C L I  NAT 1- C f W  RADIANS) O F  HELIOCENTRIC 
CONIC 

C E N t R k  4NWE I X W  R4OXAUS) OF HELIOCEWTUXC 
CONIC 

SERE-IATUS RECTUH UF TARGET PLIHETOCENTRXC 
COWlC AT Or, U S 0  TO C U M A T E  O S I C A  



TAF 

T A X  

T A N F  

NA6WItUOE O F  RT VECTOR 

nnxorxnrarc P o s r r r o n  VECTOR OF THC F I W  
CONIC CORRESPONDING TO OTAF 

MAGNITUDE OF THE RZ VECTOR 

HELIOCENTRIC POSITIOW VECTOR OF THE FINAL 
conrc coFwEsPomrm TO orAr 

INTERUAL SIGN VARIA~LE usm ro OEFXME THE 
TRANSFER PLANE OR1 ENTAT I OW 

S I M  OF ASCND 

HYP€R&OLfC SINE O F  THE AUXfLfARY VARIABLE 
F USED T O  C A L C U A t E  OSfCA 

SINE OF P S I  

SECONDS I N  CALENDEU DATE IDAT 

SECONDS I N  CALENOER OAT€ LOAT 

OTAF I N  R&DfA#S 

T&NCiEr(f OF THE AUXILIARY V A R f  ABLE F USED 
-TO CALCULATE DSICA 

IMTERXEDIhTE VARIABLE &ED TO CALCULATE 
CRCA 

INTERnEDXATE VARIA&LE USED TO C A l C U L A v  
AZIUUTHS AND PATH A W E S  , 

IWTERJEDtlTE ANWE VS€O TO OEFIWE AR6P 

SPIER€-OF-fWFtCFEnC;E O f  T W I X T  PLANET ZW 
K1LO)cnEPS 



V f  VELOCITY Of THE TARGET PLANET 4 1  OF 

vnrt INTEQHEOI~TE VECTOR USED TO DEFINE r r r ,  
AZF 

VHP MYP€RBOLIC EXCESS VELOCITY OF 1% t 4 S C E t  
PLANETOCENTRIC CONIC A T  O F  

V H M  MAGNITUOE OF THE VHP VECTOR USE0 TO 
CILCU~AT~ OSKCA 

V I  VELOCITY OF LAUNCH PLAMT AT Of 

VTM MAGNITUDE OF VT VECTOR 

VT HELIOCENTRIC VELOCITY VECTOR OF THE FINAL 
conxc COR~E~PON-DING t o  OTAF 

v zn ~AGNITUDE OF THE vz VECTOR 

VZ HELIOCENTRIC VELOCITY VECTOR OF THE FINAL 
CONIC CORRESP0)ZDINC TO OTAI  

Y H4T UMIT.VECTOR NORMAL TO THE T R I W E R  PLANE 

Y HAG IIACNf TUDE Of  THE WON-UNIT f ZED W A T  VECTOR 

XF POSITION OF THE TARGET PLANET AT OF 

X I  POSITION OF THE LAUnCU PLANET 4 1  01 

COMMON COHPUTED8 DPA NO RAP R I N  T I Y  

CO#)1ON USED( ALWGTH OG OT IZERO UT4R 
RUR NL P NTP ONE P I  
PHASS R4O SPHERE TAR T M  
TWO XP Z OAT ZERO 



EtafO caolgotoa thr ran ,  iurata i n i t i a l  rut;. for  intmrpksatary m J r o t o r i u .  $ .. Ihe initial and f i n a l  s t a t e r  a r e  detenafned e i t h a r  by an arbl txary  perition 
vector o r  by tha locat ion of a spact f led  planat  a t  a , e u r l b e d  W c c c o a  # 
to 

xzIsE0 - 1 ph l l a t  t o  planet 
2 planet  to  a r b i t r a r y  f i n a l  point 

1 
3 a r b i m r y  in i tL .1  point to  planet 
4 a r b i t r a r y  i n i t l a l  polnt to  f i n a l  point I 

m e  final t h  uaed in l o u t i n g  a planet  u u u t  correrpaad to the c lo reo t  
apprmch (CA) to the planet.  'Iberefore if the t a rge t  t h e  l a  r e ~ d  i n  as 
a sphere of influence ( S O 0  the, a modification 1s required. rtrr h e l i e  
c a & c  coaic 1. canplted (ae b r c r l b e d  belar) us- tik t tim to s x 
datermiru the fi-1 posi t ion.  The approach aeynptote Y? corresponding 

HP 
to t h t  trajectory is  ueed w i t h  the desired r to canptta' the t h e  fram 1 
SOX to CA. Xf r i e  a o t  a t a r g e t  var iable  then tha t a rge t  valuer of B-T 

CA 
'and B-P a n  used to  e a t b a t e  the r 

CA 

'Ihro the approximate approach hyperbola is glven by 

and th h y p t b o l i c  tlma to go f r m  601 to CA LIB given by 

where 



Ib. f i n a l  tlw it i  then given by ti - tsl * . 

The i n i t i a l  and f i n a l  p o s i t i o a r  ? and $ of the h e l i o c e n t r i c  conic  
i f 

are e i t h e r  inpu t  o r  canpltd frmn the p o r i t i o a r  o f  p lane to  determined by 
OILB and m. The uni t  rto-1 to the h e l i o c e n t r i c  o r b i t  p lans  is  

/ 
COP i - Y 

t 

The atscendirrg node of the plane is  g iven  by 

c e n t r a l  a n g l e  of t r a n e f e r  i c i  d e f i n e d  by 

9 P 
cos O - 

The semi-major a x i s  r and e c c e n t r i c i t y  e of the h e l i o c e n t r i c  conic  a r e  
c m p l t d  frou h b r t ' r  theorem in eubrou t ina  F'UIZ. The tw a ~ 0 ~ 1 y  f i  
a t  tba i n i t i . 1  and f i-1 pofnta a r e  computed ham 

co. f i  CO. Y - - 
P - tA 

cor fi  - 
r 
i rln * 



A A 
r * U  
i cor (w + f ) - - 

i r 

Therefore the i n l t i r l  o r  fi-1 state8 (3, Ti ) or (?  - ) may nm bm 
f '  vf 

cmput.d by tUAR. f a t  ( ?, t ) denote either ota te  and l e t  ( P', d ) 
P 

denota the a ta te  of the relevant p b n e t .  The departure (or approach) 
asymptote is then given by 

tb. l a t ih rdr  and lorai tude of th poeition vector a r e  

V- coe I' - r v  

The azimuth of the relevant s t a t e  is  

I f  the hiti.1 # U t e  i r  referenced to a planet ,  mubroutine IALMCH i r  called 
to colxvert the departure arymptote and launch prof i l e  in to  an in ject ion 
radius, velocity,  a d  the .  Othe~wiae the i n i t i a l  .Ute i r  returnad r e  tha 
iolti.1 r u t .  on the h e l h c e a t r i c  a c .  

&frnnre: Bpce hrurcb  Conic Proqram, P b e e  XXX, Hay 1, 1969, J e t  
t r o p u l r h  kbora to ry ,  Paas4aaa, CaLifcmF.. 



WUO Plw Chart 

-1,3 - 2 , 4  

v 
4 A 

V 
i 1 

((X ,V ) - a t a t e  o f  T P a t  tf -. 
(ORB , E r n )  I 'r - ZDLLT(4) ,ZDAT(5)  , Z M T ( 6 )  

d 
C + 

CcrrPpuce hel iocentric  plan elerneat6 
Orbital plane normal 6 
Central angle of tranefer 9 
Orbital plant inclination i 

i 

4 - -  - 

Compute h ~ l i o c s n t r i c  ami-ajar axle  and 
eccentr ic i ty  from trorbert'r theorem (PLITX) r 



I Compute hel iocentric  conic angleo [ 

Compute cqproach asymptote 

* 
I s  t -t 0~6J YES 

I go fro. SOI to CA - AtSIUL I 
from nominal approach conic  

1 

Set DP - BF + AtgIa  1 na ; 1 / 



I Caapute i n i t i a l  s t a t e  on h e l i o c e n t r i c  
conic  (ELCAR) and assoc ia ted  data .  

a t  launch p lanet .  P 
Compute launch p r o f i l e  t o  deter- 
mine i n j e c t i o n  s tare  (IAUNCIi). 



PURPOSet TO COHPUTE AND PRXPT THE TWO-OIMENSI ONAL OR THREE- 
OIHENS~OHAL HYPeRELLfPSOIO OF A SPECXPXED MATRIX, 

CALLING SEQUENCE: CALL HYELS(KSpPpN) 

ARCUnWT I r(S 1 SIGMA LEVEL OF THE HYPERtLLXPSOIO 

M I OIHENSIOM L I M I T S  OF THE SQUARE MATRIX P 

SUBRWTIUES SUPPORTED: EXGHY Guxsxn 6UISS SETEVW GUXOM 
GUX 0 PRED 

LOCAL SYMBOLS: ICZ SQUARE OF s t G n n  LEVEL 

P I  INVERSE OF NATRXX P 

P f  2 TWICE THE VALUE OF ( i n 2 1  ELEHEP' PI 

P13 TWICE THE VALUE OF ( i p 3 )  ELEnLn7 O f  P I  

P23 TWICE THE VILUE OF (2.3) ELEHEWT OF P I  

V TEWORARY S T O R & €  VECTOR FOR ARSAY P 

C M O N  USED8 TWO 



Subroutism XYELS caorpltar and wr i t e r  mt h y p e r e l ~ o l d r a r r o c f ~ t e d  with 
A 2 or 3 d imemiom1 covra.: .race n u t r h  P. 

I f  P i r  afaumed t o  ba tha covariance umtrix of an  n-dinrsnnioorl randan 
va r i ab le  x having a  g r ru r i an  d i r t r i b u t i o n  with m a n  se ro ,  than the pro- 
b a b i l i t y  d s ru i ty  Purrtiorr i r  given by 

. ehowe t h a t  the surface of coaotant probabi l i ty  denr i ty  p i e  an  * d u n -  
e i o a a l  e l l i p s o i d ,  where m i r  t h e  rank of P. The c o a r t r a t  k cra be Awn 
t o  corrarpord t o  the rigma l e v e l  of the elLipeoid. 

Pot n 1 3, the .bore r q w t i o o  hu form 

2 u2+by2+u + d x y + c u + i y ~ = k  
2  

and the a are the  el.n.nt8 of Po'. 
1 l 

Subroutiua gYEU ura r  t h i r  equation t o  caapute a  > d i r r r e r u i o ~ l  hypere l l ip -  
so id ,  rad r a t s  the ~ ~ p r o b r i a t e  c o a a t ~ o t r  t o  mro t o  caPpute a Z-dlmaarlo~.l 
hypera1Uproid. 

Baferencer H. Sorearon. ''&ban P i l t u i a g " ,  Advanas i n  Control Spatoma, 
V O ~ .  3, C, 1, h A h )  @d,), b U  Y Q T ~ I  k d d ~  kr888, 1%6, 
pa a9, 



SUBFlOUTIWf I NPAcT 

PWOSLO TO COwPUlC THE ACTUU IMPACT P L A M  PARANETERS 8 0 1  AN0 
em COQRESPONO~NG TO ANY POINT ON AN xncom~wc HyEReoLA.  
I T  HAS THE OPTION TO CONVERT TARGET VALUES OF INCLXN- 
ATXON XXN AND RAOXUS OF CLOSEST RCA INTO EQUIVALENT 
TARGET VALUES OF OBT AND OW!. 

CALLING SEQUEMCEa CALL X HPACT(RvVvGNXrTv60TvBDReXI  M*RCAmOBT~D8U9 
TCA. ROPT) 

A u w n E u t s  R (31 I POSITION VECTOR TO CENTRAL BOOY AT EPOCH 

V431 X VELOCITY VECTOR TO CENTRAL 8OOY AT EPOCH 

T t3,3) I TRANSFORHATION HATRXX FROH REFERENCE TO H 

xncLxMatron svsrm 

8 0 1  0 VALUE OF ACTUhL 8.1 EVAlUATEO AT EPOCH 

BOR 0 VALUE OF ACTUAL 8oR EVALUATED AT EPOCH 

XXN I OESXRED INCLINATION (DEC) <OPTIONAL) 

RC A X OESIREO RADIUS OF CLOSEST APPROAW (OPTION) 

DBT 0 T A R N 1  VILUE OF 8.T BASED ON XXN, RCA 

D6R 0 TARGET VALUE OF BmR BASED ON XXN, RCA 

T CA 0 T f t E  FROM E R I A P S I  S MI CONIC 

UOPT I TARGET VALUE COMPUTATION FLAG 
=O 0 0  NOT COWPUT€ TARGET VALUES 
m i  COWUTE TARGET VALUES OF 8.1 9 BoR 

(NUST READ XN OPTIONAL INPUT) 

SUBROUTXNES SUPPORTED8 TAROPT LUWCON LUKlAR MULfAR VMP 

SUBROUTINES REQUIRED1 HOME 

LOCAL SYWLSI AB INTERMEOfAtE VARIABLE FOR CUCULATXON OF 
RVpSVpTV SYSTEM 

A I M  TARMT INCLINATION I M  RAOJANS. AFTER 
WORMALLZATf ON 

AWG OUTPUT VnRIhBLE WHEN DECLIUATION 
\ CONSTRAINT I S  VIOLATED 



AUXF 

A 

BRAG 

BV 

8 

COECL 

COELW 

CT4 

cw 

c 1  

ECCENTPI C 4NOHALt (HYRRSOLIC CASE) 

SEMI-MAJOR A X I S  OF S-V COMIC 

MAGNITUDE OF D E S I R m  9 VECTOR 

ACTUAL/OESIRED 9 VECTOR 

HAGNITUDE OF ACTUAL 9 VECTOR 

COSINE OF OECL 

COSINE OF DELM 

COSINE OF TA 

COSINE OF H 

MACNITUDE OF VECTOR NORMAL TO ORBITAL 
PLANE I N  XWERTXAL SYSTEM 

D O  

OECL 

DESIREO NACNITUDE OF DESIRED 8 VECTOR 

DECLINATION OF 4PPRDACH ASYMPTOTE I N  
I n c L i ~ a r r o n  srsrEn 

LONGITUOE OF 4SCENDINC NODE I N  IWCLINATION 
SYSTEll 

ECCENTQICXTY OF THE R-V CONIC 

INCLXN\T  I O N  S f  CN I N D X  CATOR. 
s t 9  1Nm:LINATION I S  POSIT IVE 
=-Ir  I N C L I N A T I O N  I S  NEGATIVE 

INOXC4TOR FOR DfRECTfOY O F  MOTION OF THE 
TRAJECTORY 
~ 1 ,  HOTION I S  POSTGRADE 
=-1,HOTION I S  e T  R O G R I E  

MATHEn4YICAL CONSTANT 3 .1b1592653589793  

I N T  ERKEOIATE VECTOR USED T 0 CALCULATE 
OESIREO 0 VECTOR 

SEMI-LATUS RECTUM 

XNTERKEDIITE VECTOR USED TO CILCULATE 
ACTUAL 8 VECTOR 

R A O  OECR€ES TO S4DII#S CONVERSION COWStANT 



TINE OERIVATIVE Oc RM 

MACWI~UOE w rnE ~ ~ I T I O M  V E C T ~  Q 

DOT PROOUCT OF R AND V VECTORS 

VECTOR USEO T O  CALQILATE ACTUM AND 
OESIREO 8 a o t  R 

SOECL 

SOELY 

SIWwr 

STA 

SV 

S I N E  OF DECL 

SINE OF OELU 

HYP€RBQLIC S INE OF AUXF 

SINE w T4 

VECTOR USEO TO C O ~ T W C t  RV. T V VECTORS. 
PARILLEL T O  TnE APPROAC~ ASYMPTOTE 

VARIABLE USEO TO DnERmNE S1C;LIS O f  081, 
OBR 

XNTERHEDXATE VARIABLE FOR CAlCULATfON OF 
AUXF 

TRUE ANOllALY FOR CALCILLATION OF AUXF 

XNTERKEOIATE A W E  FOR CUCULATXOW OF Y 

VECTOR USED TO CALCULATE ACaUAL AND 
OESXRfD B DOT T 

VELOCITY AT I N F I N I T Y  

~RACNITUOE OF VECTOR NORMAL TO ORBITAL 
Q L A ~  IN IFICLIWATIOW srsrm 

VECTOR NORMAL TO O R 8 I T U  PLANE XM 
I WCLINATIOM hW0 IN£RT X U  SYSTEMS 

APPROACH ASYHPTOTE I N  IWCLIUATXOY SYSTEM 

com9u USE?. 





3 
two a m  p o r ~ r a d e .  l o r  men type of motion the% u e  hro drrtioct planam 

t 
I 

that an. taa rrrsa i a c l i ~ t i o a  and inclads tue 8 vector. Them u a  
i dirtlagoimrud by tae diractioa of mtron uaan tne appro*ca a.1.lptota ia 
t' c r o r d ,  i , e . ,  vnrtner tho motion i r  frcm nortn to mtn ( n o r t ~ r n  a m )  

ar tra raum to aorta (umtnecra apprarca). b t  0 4  90°. T h u ~  
I w t b q  tM m e t  i n c l i ~ t l o s l .  to the f o i l ~ ~ ~  volueo &tmm th. 

mlutory W C ~  uiil bt rpacifitd: 

P i g u e  2. Porribla Trajectoriem vltb Srma IaclirraUoa 

1 

Thr drtri1.d capput~tioar for the baric pst of the program ua ~ t r a l g b t -  
forrud. U l c i a g  tru r-d conic abbrevirtioru, 

i 
r 

a 
-a 

18W a 
180- a 

b 

4 

Trajectory 
* 

porigr.de vith aortntrn approach 
posigrade n t h  uruthern approrca 
retrograde w i t h  northern approrch 
retrograde vith southern approach 

A 



eo, f - P-f 
8 r 

A A h 
Q - L sin f + z coa f r 

A b f i  
E L -  S x T  (15) 

Tha canprt.tiona for trra aptickxu? part progrt~ which ccmwrt. 
the i U3d to into an oquivaloat proceed u fo l lwr .  Tho 

8ppro.cn arp~ptote i r  firat cc#r~mrtrd into t u g a t  planet equatar l~ l  
. . 

coordiarika d its r l g b t  rsc.ruioa rrrd drclb.Um -t.d 



'Lhr -la A0 kmeen trie ueend ing  node o f  me trajectory and ta;. 
eight rvmriarr of the approach arpnptot. l a  h 5 p i e r r  rule 

sin 8 - - ds 
t m i  

iha noalrl to ttu o r b i t s l  plane (in t u g a t  plaaet eqrutarld coordirutsa) 
i. 

h 
A 

(u) 

'Lbi. ir m to tm e c l i p t i c  COOtdiP.te . y . ta  



F b ~ l l p  tee hyparbollc t h e  frm (F, q3) to p.rl.w*m i r  c c m w  f- 
un conic formula 

bfemnce: Itixnar, Y. ,  A Mathod of Parcribhg Mi88 Dim tancan for Lmar 
and Interpluut.ry Trajectorian, &llimtic Mirdi1.a 
6p.u ~schDo10gy -1 I f X ,  EarspM A.u, Ibr Yo&, 1961. 



P W O S E 8  TO CONVtST THE INPUT INfORMkTXON FOR THE VIRTUAL MASS 
PROGRAM INTO VARIABLES COMPATIBLE WITH THE =Sf W T M  
VIRTUAL Hiss  s u e s o u r x n E s  

C A U I N 6  SEQUENCE) CALL INPUT Z(RS,NTP,XPQINT) 

AWHEbITS RS(:6B I I NERTIPL STATE OF S/C AT I M I T  I A L  T XME 

N I P  f COO€ OF TARGET 9OOY 

I P R I N T  I XNIT IAL  INfORMATION PRINT FLAG 
P O  PRINT I N I T I A L  OATA 
'1 30 NOT PRINT I N I T I A L  OATA 

SUBROUTINES SUPPORTED8 VNP 

SUBROUTI NES REQUIREDI T IME SPACE 

LOCAL SYMBOLS: o INTERMEDIATE VARIABLE FOR PRINTOUT 
PURPOES 

IOAY D A Y  OF CILENDAR DATE OF F INAL  TRAJECTORY 
TINE 

I H R  HOUR Of CALENDAR DATE W F I N A L  TRAJECTORY 
TIME 

IHSN MINUTE OF CILENOAR DATE OF FI N M  
TRAJECT3RY T IME 

I no MONTH OF CALENDAR DATE OF FINAL TRAJECTORY 
TxnE 

IMERR NOT USED 

IP CODE OF I - T H  PLANET FOR STORAGE OF PMASS 
ARRAY 

I Y R  YEAR OF CALENOAR DATE Of F I N A L  TRAJ€CTORY 
rxnc 

LOAY DAY OF CALENDAR DATE Of I N I T I A L  T IltE 

LHR HOUR OF CALENOAR OAT€ OF I N I T I 4 L  T I M E  



I 0 -  

L I R  YEAR O f  CALENDhR DATE OF I N I T I A L  T IME 
! i ; S E C r  SECOWD OF CALENOAR DATE Of Ff N I L  T XHE 

SECL 

re X N T E W E D t A T E  VARXAWE FOR CALCULATION OF 
COHPUttNC IMTERVAL 

F XNC IPR I T R A T  UOUNT 
NBOOY 

MBODYX NO PMASS ZERO 



PURPOSel TO COWTROL THE PROESSZNG Of A# ORBITAL INSERTIOM EVENT* 

CALL1 6 SEQIXNCEl CALL IRSERS(DTXRE) 

4RWWNT8 D T I e  0 T I M E  INTERVAL FROM OECXSIOW TO EXECUTXQM 
(DAYS) 

LOCAL W~BOCS: o r  OESXRED SEHI NAJOR AXIS 

DE DESIRED ECCENTRICXTY 

. . DI: DESIRED X N C L I ~ ~ ~ ~ O N  

ON OESXRED LON6IT W E  O f  ASC~NDXMC NODE 

DWTP DESIRED AR6UHENT OF PERIAPSIS S H t n  OR 
DESIRED AR6lJHEW OF PERXAPSIS 

XEX UNEXECUT ABLE EVENT CODE 
1 0  , € W T  I S  E¶ECUTABLE 
=i no EXECUTABLE smut~ow FOUND 

. ., fopf INSERTION STRATEGY OPTION 
-1 COPLANAR INSERTION 
82 NWPLANE2 XNSERfION 

a. -. , 
RSP SP4CECRAFT POSITION I N  ECLIP+TIC COQROS 

RSQ SPACECRAFT PQSITION I W  EQUATORXAL C O W S  

TEX TIHE IUTERVIL TO. EXECUTI~N (SECONDS) 

VS? SPACECRW,~ VELOCITY XN ECUPI xc CMOS 

VSQ SPACECRAf.T VELOCflV I W  EQUATORIAL COOUS 

: C W C W  ~ . U I U ) I 1 I S C D t  QELTAV 
.? 

, '  wmorr c m ~ o r  OELV KTIW UWIT 

ALNGTH 01 Q l t n x ~  #TAR 
UUR MWD M 8  MTP PNASS 



TAR 



INSgBS cont ro ls  the proceesing of an o r b i t a l  i n s e r t i o n  rv rn t .  The rub- 
rout ine  WPIN8 and NONINS perform the  a c t u a l  c ~ t a t l o e s  f o r  t h e  co- 
planar  d uon-planar opt ioru reepactivalw. 

IN8EBS f i r s t  recordr t ha  s p e c i f i c  p.r*meter . .IU f u r  the cu r ran t  o r b i t  
i w a r t i o n  event. 

I t  then q u t e e  the  cur ren t  s t a t e  (;, f) oi ,,, rpacec r l f t  i n  t u g a t -  
p l m a t  cantered e c l i p t i c  coordinatacl. Subroutine PECW i a  c ~ l l e d  t o  
oomputr the  transformation u n t r i x  from a c l i p t i c  t o  e q u t a r h l  
coordinates.  The p lana t  centered r n o r h l  e 0 o r d h t u  u e  them 

Tbl, r t n t e  i e  then e n t  t o  COPINS o r  NONINS f o r  the  computation of the 
i u a r r t i o n  r e l o c i t y &  d the  time i n t e r v a l  t b e h a m  the  cur ran t  tima 
md the t h e  a t  vhichqtha i u a e r t i o n  should take p l ~ c e  ( b u d  on c d c  
propamt ion  about the  t a r g e t  body). The cor rec t io& i s  then cw- 
v s r t d  to e c l i p t i c  coo rd imta r  q 

I f  the  avant is a campute-only mode, the r e t u r n  is made t o  OIDANS. 

I f  th avant i e  t o  be axecutad the  f l a g  I= ( r a t  by COPIRS 01 NONIRS 
t o  ind ica t e  succrs r  o r  f a i l u r e )  i s  then b t r r r o g a t u d .  It :EX - 1, 
ao aaurp tab l r  i n r a r t f o n  event w a a  found .ad r o  the  u u c v t i v a  f l a g  
KWlT i r  re: t o  1 before to turn ing .  I f  1SX 0 an rccaptab la  i n r a r t i o n  
v u  b t a r m f a s d  utd so  i t  i r  s a t  up. 



\L 
Store current ineertion parmeterr 1 

1 
3 

f 

Compute ec l ip t ic  eLatJ of rprcacrdt 
vrt  target planet r ,  v, compute @ 

ECEQ' 
and com~utz planetcentric equtorl .1 

rqp vq L I 



! 

y 
I' 

/7; 
.r ' 

smtwrtre JACOB: 
k 

PUW-I TRIWSFORHATXON OF A REAL SVMMETRIC MATc(1X TO OIAGONAL 
PORN BY A S U C C E S S I ~  OF PLANE R O T A T ~ O N S  TO r r n x n I L A r E  
THE OFF-D~ACON~U E L E n E w s  AND SUBSEQUENT COWTAT ION 
OF THE EICENVALUES hND EIGENYECTORS OF THAT NATUIX 

1 
mUf# SEQlEMCE8 CALL J A C O B I 1 ~ ~ Y 2 ~ V ~ N ~ F O D ~  

I W k N T 8  4 I NATRIX TO BE OI4WNALXZEO (MILL BE 
DESTROYED) 

Y 2  0 VECTOR OF EX GENVALUES (LEN61H N )  

I4 I DlMENSfON OF SQUARE MATRIX A 

F 00 I FIWM OFF-DXACOWL ANWtMILATI  ON VMUE 

LOCAL SYCCBOLSI A I I P  INTERMED1 ATE VARIABLE 

A f P f P  INTER?EDIATE VARIABLE-A(1PXP) 

A 1  PJP 

AJPJP 

CS 

OEL 

X E D 0  

KR 

K R P I  

nni 

RU) 

SM 

XNTERnEDIATE VARIABLE-A(JP3P) 

INTERHEOX ATE VARIABLE 

DIFFERENCE IN &LEHEMTS OF A 

COUNTER 

D r n E n S x o n  OF A 

IWTEH1IEDIATE VARIABLE 

IN INTERHEOXATE VARIABLE 

T i  LARGEST OFF-0IU;ONAl &€RENT 

V I fP  I N T E U E D I  ATE VIRTABLE 



ONE THO ZERO 



Jacubi  method m u b j e c t ~  A r e a l ,  r y m m t r i c  l s t r i r  A to a 84-• o f  
t r a r u f o m t i m r  Lz .64  o c ~  a r o t e t i o c ~  m t r i x :  

where a l l  o t h e r  eletwtate of t h e  r o t a t i o n  = m i x  e r e  i d e n t i c a l  wi th  tha 
u n i t  matr ix .  A f t e r  n ~ l t i p 1 i c n t i o n . s  A i r  transformed i n t o :  

; If QK is chosen a t  each s t e p  t o  make a pair of  o f f - d i . 8 c m ~ 1  e l a n t e  
. > 

zero ,  then A '  w i l l  approach d iagona l  form w i t h  the e igenva lues  on the 
d i r g o a e l .  The colrsmas s f  0 0 ... 0 c o r r a a p m d  to the elgeovrctore o f  A. 

1 2  P 
:-- f 

-4 I h e  a n g l e  o f  r o t a t i o n  O is chosen i n  t h e  following way. I f  t h e  
four  e r r t r i e s  o f  0 a r e  i n  (i ,  i) , ( i ,  f )  , (j ,i) and (j ,  j) then the c o r r e r -  

-1 rij ~ i n g  element8 of o1 A o1 a r c  

t 

bif - bj i  - ( a f f  - a i l )  s i n  B cor  9 + a (co.9 - isin20) i J  
2 b . .  - e s i n  9 - 2. s i n  Q coa (I + a .  tor$ 

J J  i i  1 J J 3 
! 
1 I f  P 18 c h m s n  .o that t a n  29 - 2. . / ( a i i  - aj ,  

i J 
) then 

f 

c r . b 
b - b .  - 0  

i J  11 

1 Eech m u l t i p l i c a t i o n  c r e a t e s  a new pair of  z e r o s  bu t  w i l l  i n t roduce  a rrrw- 
L 1 

r e q u i r e d  diagonal  form. 

r . Eeference: Scheid ,  Francer :  Theory and Problem6 of  kmeriul t;- Ana lys i r ,  & C r a r H i l l  &mk G n p o y ,  lac., Plv Pork, 

t 1966. 



Set  i n i t i a l  V raatrir  t o  unlty. 
S e t  Y2(1)  - A ( 1 )  

s A a 1x1 m e t r i x ?  c 
NO 

S e t  11 = A U ( A ( 2 ) ) .  Scan upper 
o f f - d i a g o n a l  e lcmeutb  of m a t r i x  A  
hy r a u s  to f i n d  g r e a t e s t  e l e m e n t  i n  
a b a o l u t e  v a l u e .  S e t  I 1  equal to 
t h i s  e l e m e n t .  

I set  LP~O - O. scan upper o f f -  I 
( d i a g o n a l  e l e m e n t 6  o f  m a t r i x  A  hy rows I 

u n t i l  a - ~ a l u e  g r e a t e r  than 1 1  16 

Compute rotatio~r angle 9.  
Set IREDO - 1 

7- 
A 

d i a g o n a l i r e  m a t r i x  A .  

Place d i a g o n a l  frm 



PURPOSE1 TO COWDUTE THE INJECTION TIMF. POSITION, AN0 V E L O C I I ,  
F P O M  t Y E  DEPARTURE Af tqPTOTE AM0 THE LAUNCH W O f f L E  

ARWUENT t OX J U L I A N  DATE AT IMJECTfON COUTWt )  
1 

R Z  POSItION VECTOR AT I N J E C T I O N  COUTPUTN 

V Z  VELOCITY VECTUQ AT IWft'fOW (OUTPUT) 

i SU6ROUTINES R f Q U I R E O I  €PHEW ORQ PECEQ 
P 

* 
i LOCALS SYMBOLS1 ANGLE INTERMEDIATE ANGLE USE0 TO DEFIHE TL 

k A 21  PLANfTOCENTQIC AZUKUTH AT I N J E C T I O M  (OEC) 

OH AT U N I T  VECTOR YORHAL TO EHAT AND YHAT USED 
TO D E F I K E  THE P-Q ELEREMTS OF THE 
OEPARTURE YYPERROLA 

SHAG HAGYITUDE OF THE qOW-UNITIZED V E c T m  

COSFL COSINE OF F L  

YOSFS COSINE OF F S  

COSGAH COSINE OF GAqHAI  

COSPHI  COSINE OF F I  

COSWL CONSINE 'If YL 

C 3  VXS V I V P  ENERGY ON THE DEPARTURE 
HYWRBOLA 

OD INTERMEDIATE VAQXASLE USED 10 WLCCCLATE 
CRf ENWXCH HO'JQ 4NCLE 

DLA PLANETOCENTRIC EQUATOQI AL D E C L I Y 4 T I O M  OF 
T HE DEPARTURE ASYHPTOTE 

1 

EQEC TRPNSFOQM4TI ON MBTRIX FROH E C L I P T  I C  TO 
LAUNCH PLANET EQUAtORfU 

F L  TRUE AHOnALY OF LAUNCH SIT€ POSITIOM 
VECTOR 



TRUE A N O U L I  OF DEPARTlfZ1E ASYPPTOtL 

CLKGHT PATH ANGLE AT I W C t X O M  

CWEUUICH HOUR AUCLE 

INTERMEDIATE VARIABLE U5ED TO m f t  
6UEEWNXCH HOUR ANWE 

MINUTE OF LAUNCH 

UNIT V E C T O R  POXNTfWG TOYARD PESIAPSXS OF 
THE biVWSBOL4 

LATfTUDE O F  INJECTION 

P S I 6  THE i%LE FROM LAUNCH TO I W C T f O W  

aI4 &T U N I T  VECTOR NORMAL TO PH4T POINTI NC I# THE 
OfRECTfOW OF ROTION 

R A 1  RIGHT ASCENSION AT I M C T I O M  

RAL R I  CWT ASCENSION OF EPARTUUE ASYMPTOTE 

REFJD JULXAN OITE  FOR 1950 

R Z W  H A G N I T M E  OF THE SPACEWhFf P C S f f f O Y  A t  
INJECT I OW 

SECI SECOWO OF INJECT1 ON 

SECL SECOND OF L ~ W C H  



U N I  T SPACECRAFT VELOCITY VECTOR I M  
EQUATOQXAL svsrEn A T  ~ ~ E C T ~ O M  

S I N E  OF F L  S I M f L  

S I W S  

SINCAM 

S I N P H I  

S I N S I G  

Sf NWL 

SLS 

S I N E  OF SICMU. 

S I N E  OF UL 

SIHX-LATUS RECTUM OF THE M P A R l U R E  
HYPERBOLA 

T I H E  BETUEEN LAUNCH AND INJECTIOM I N  
SECONDS 

TC 

TEST 

LENGTH OF PARUXNG ORBIT COAST I N  SECONDS 

IHTERUEOIATE VARIABLE TO TEST FOR 
VIOLATION OF AZIMUTH CONSTRAINT 

T FRAC INTERMEDIATE VARIABLE USE0 TO CILCULATE . 
GREENWICH HOUR ANGLE 

LONGITUDE AT I N J E C T I O N  

I H T E R E D I A T E  V A R I A I K E  USEO TO C I L C W A I E  
CLOCK TIMES OF LAUNCH AND INJECTIUN 

I N J E C T I O N  T IME I N  DAYS REFEREKED TO 
!4IDHIGHT OF THE LAUNCH DAY 

TI: 

LAUNCH TIME IN DAYS REFERENCED TO nxonrcnt 
OF THE LAUNCH DAY 

' INTERnEOIATE VARIABLE USEO TO CALCULATE 
CLOCK TIMES OF LAUNCH AYD I N J r C T I O N  

THN 

T STAR INTERMEDIATE VARIABLE USED TO C o n P u t E  
GREENMI CH HOUR ANGLE 

t 

CONSTANT VALUE* EQUAL TO 2C. 

MAGNITUDE OF V Z ,  THE INPUT VECTOR OF THE 
DEPARTURE ASYHPT O f  E 

VHL 

M A G N I T U O f  OF SPACECRAFT VELOCITY AT 
I N J E C T I O N  



WHAT U N t T  VECTOR NORMAL TO THE LAUNCH PLANE I N  , 
EauarmrnL srstEn 

WL R I G H T  PSCENSION OF THE LIUNCH S I T E  

WNA6 UASNfTUOE OF THE NON-UNXTILED YHAT VECTOR 

X T I M  XNTERnEDXATE VARIABLE USED TO COHPUTE 
CLOCK T I H E S  O f  L A W H  lrND INJECTION 

COMMON CONPUTEO/USEDt SXCHAL 

ALNCTH OPA FX FOUR KOAST 
NINETY NLP ONE P H I L S  PMASS 
P S I 1  P S I 2  R I D  RAP RPRAT 
RP THEDOT THELS T I M 1  T I M 2  
TH T Y O  VHQN XP ZERO 



L A W  h l y r i r  

Urn caapr toa  thr infect ion  time, pooition and ve loc i ty  ham thr 
-4 

departure ve loc i ty  vgg (ccaprted i n  IIH30) .ad the &un& profile pap 

-term input by the ueer. 

a 
v i r  than normalitad and convetfad fnta e c l i p t i c  d b t a r  to yield i!m h 

A 
Anxi lbry  infonaation aesociated v i t h  S i s  than canputed. The energy 
Cj, the &clination OS a d  the right a a c e ~ i a n  B6 of eb. d e p r t u m  

u g m p t o t r ,  and the eccantricfty of the depuhua byperbola u m  given by 

s i n  as - S 
C 

vbre r i r  the deafred parking orbi t  radius and r 18 thr grav iurt io~a l  
P 

c o a t a n t  of the Launch plrnet .  
n 

Tho un i t  T 1 W t o  the L.uach p b e  in aquatorla1 eoordiuatra i 8  than  
cwprkb .  l r  &fined by 



rbm OL i a  th4 hunch mite latitude, =L i r  tha hunch uimuth,  

and k - +1 or -1 for the 1- or rhort coast  tiw modela reapactively.  
tb, meud equatian dafFP.8 an Impliei t  coartraint  on CL 

COB 
2 

2 
8 - 2 1 ;  

+a 

coo (0 
L 

U s i n  aL s i n  Z + i' cos L: 
X L L 

-8 eL - 2 
Y - 1  

z 

Y s i n e L  s i n  ZL - Wx COB ZL 
s i n e  - 

L u2 - 1 
t 

and tha unit vector tOWrd the Launch pobition i s  then 

\ - (COS eL COB % , C O ~  eL sin e, , s i n  eL) ( 6 )  

A A 
The complarrntary un i t  vectors  P ,  Q defining the orientat ion o f  the 
hyperbl. within the launch plane are aar introduced. h t  

A A f i  
B - S x Y  (7) 

1 A The t rue  a - 1 ~  o f  the ddprture aepnptots i s  cos f - - - Then P and 
A r e 
Q a n  given 8s 

A A A 
P - S c o a  f + B e i n f a  

a 
A A A 
Q 6 a in  f * B COO f 

B 8 

The trim a-ly of the hunch d te f z  may aa be given 



w h e n  
ff 

l a  tha &sired true anwuly  e t  inject ion  n r d  i n  ar input. 

d e n  a d  y2 a n  the a-lea of the f i r a t  and aeemd burp. and 

k4 
i a  tha limeroe of the parking orb i t  coast  rate, a11 of rhich a n  

rud i n  a0 input. 

Ih t h  between hunch end inject ion  i s  therefore 

rhare tl and t2 are the input tima durations o f  the f i r a t  a d  second 

burae. 

'Zh. unit vector to inject ion i s  

A A 
R = P coe f +Q s i n  f 
I I I; 

Ihe radius q n i t u &  t o  inject ion  i r  

Ihe inject ion  speed i s  

T b  path angle a t  ia fact ioa  i s  



The i n j u t i a a  r ight  arcmaion ia  

The inject ioa  longitude i r  

where 8 i e  the longitude of the launch r i b  and w i m  tha rotation rata 
L 

of the launch p l u u t ,  both baing r e d  in as  input. 

Zlm inject ion  u h u t h  ia  

6 - co. ( f  - f )  mfn *I 
C O 1  2 L B 

I r i a  ( fa  - fI)  coe Ox 

The Lwnch t i w  on th. day of launch i r  

h where C U  io the Craeuwich hour angle a t  0 UT of the hunch date 

Thr infect loo  radiur vector i r  aar eolopuUd ftan 

The injact ioa tipU ii 



where T i s  the Ju1L.n date of the hunch calendar data. 
0 

'Iha injection poaition and velocity are now rotated i n t o  the eclfptfo 
plan.. The porition aad velocity of thr hunch planet a t  the t h  TI are 

computed and  added to tha injection rtata to get tha hrliocratric infectioa 
rtate. 

bfereace: Space b e e a r c h  Conic Rogrm, h e r  I I I ,  Xay 1, 1469, Jet 
Proplaion kboratory, Paudaru, California. 



I A 

Convert departure arymptote V to Hz A 

Correct nan i - I  launch azimuth i f  needed. 

n I Cunpure no-1 to launch plane YI . 

( h p u t e  time fro. launch to injection. 1 

Compute inject ion r a t e  I g,pr.1tOp1 an. t.j 

- ~~ -- - 

Compute hunch and inject ion time. 

1 
I bmplt. 8t.t. of L.P.  a t  infact ion t h  1 



SUBROUTINE LUWA t 

I 
m,wasur TO QOWTROL tnr carr~artxow ot tna zaao r t a m  rm LW I 

TARWTtUG 

UUfHI; SEQUEUCEI GAIL L U M  
f , 

SUBROUTINES REQUIRED1 LUNTAR I U L T  AR 

cO~nOw GOHPUTEDI BCON C A I  IBARY ICOOQO PCOU 
RC A RPE SWA TCA TSPH 
TTOL 

ALNGTH OT FOUR ItUR NT P 
ONE RP SPHFAC TEN ZDAT 



WIlCL i r  the controlling eubroutine for lunar tero iterate targeting. It 
f irrt  rerver an interface role i n  which i t  in i t ia lher  ecinmtaatr and 
rename8 variables for the other lunar targetiag routines. I t  then calla 
W B Z U  for the targeting of the lunar patched conic. When that i s  can- 
plated it  calla KULTAR for the targeting of the mltl coaic trajectory. 
It tb4n returw coatrol to PBELIX. 

Initialize and 

Call L m T A R  e 



-8 t o  COMPUTE rne r c r u u  VALUES a~ THE TARGET P ~ A ~ E R S  
<A9 BOT, BDR) FOR A LUNAR PATCMED CONIC TRAJECTORI 
DETERMINED BY COKTRDL VALUES Of U P H A ,  DELt.1, A m  T m A .  

-1s SEwYCE8 CALL L U ~ ~ W C I L P H A ~ ~ ~ L T A I ~ T M E T A I ~ A H ~ B O ~ ~ B D E ~ ~  
Sf Cf lAL~ ITR8  

+ 

OELTAf I D E L f U T  I O N  OF L S I  POINT (RAD) 

TIETAX 1 R X W T  ASCENSION OF LSX P U N T  CEUD) 

AH 0 S E M X W O R  & X I S  OF LUYIR COYIC 

BDT 0 t W A C T  PARAmTEU OF LUNAR CONIC 

- . p  
r 
! SIG~AL XJO MonnuL Lhuwcn AZSMUTM oa THAT UEWXRED w. : 

XTR 0 OUTPUT ITEqATtQM CWYIEEI  -. 
I 

/ SUBROUTXNES SUPPORTED 8 LUWTAU 

A W T  TEWORARY LOCATION FOR AH 

CC WGULAR NOHENTUM OF THE EARTH ENTERED 
TRANSFER conxc 

CECC ECCEKTSXC~TY a~ THE EARTH CENTERU) 
TRANSFER CONXC 

COSDEC COSXE OF O E C l f U  

COSPS INT€RilEDf ATE VhRIABLE TO TEST FOR 
VXQL4TIY OF S I W L  COCLSTAXUT 

CP S E H I - L l W S  RECTUH OF EARTH CENTERED 
TRANSFER COWXC 



C T COSINE OF THETA1 

I 

P H I L  

QOS 

S IGH 

SINDEC 

SIMPS 

E L T A I  XN OECRUS 

ECCENTRICITY O f  LUNAU CONIC 

INDEX 

WHMY VARIABLE FOR CALL TO-CAREL 

RADIANS T O  OEfREES CONVERSION FACTOR 

RADIUS OF P E R I W S I S  OF LUNAR 

UNIT YECTBR POINTING FROM THE EARTH TO THE 
PC)fHT O f f I N E O  BY O U T A X ,  T t t E T U  

SIGHAL I N  DECREES 

SINE OF DECLIN 

INTERHEDI&TE VARIABLE USED TO E S T  FOR 
VIQLATION O F  S W A L  CO)lTUAIYt 

TAM TRUL ANONALI OF THE LUNAR CONIC 
CORRESPOUDX15 TO THE R S I  VECTaEL 



d w .  
1 FLP TIME OF ~ ~ t 6 n t  FROM PERXWS~S ~ ~ U S E S O Q Y D I  

fNC TO THE R S I  VECTOR 

THETA THETAX t w  oe- 

YHAT UNZT VECTOR ~ R H A L  t o  T H E  EART~-PUSE 

Y W G  ANGULAR MOREWTUN CONSTANT 

XHAT S A ~ E  AS $HAT V E C ~ O R  

X I I I  XNCLXH4TXOW OF THE CONIC 

X U  LOnbXTUDE OF T n f  ASCENOfM6 WOO€ Of THE 
LUNAR CONIC 

YHAT C R ~ S  moouct QF THE u r i ~ t  ANL ~ A T  ~ C T O Q S  

EMU EQLQ UOAST NfMETY ONE 
FHRS RMQ RPE SXWA ?WJ 
TSPn TYO ZERO 



Zha point of %ntarroct ion of the lkrth-cantarad conic with the luau 
r p b r n  of inf lurnte (L81) f a  deterrained by the  q l u  and 6 .  
& h t i v a  to the roooa i n  &rth-equatorial caordlnater t ~ t  point  L. 

coed toe 8 

TI - cot16 sin 9 1 
whare ELgf i r  the r a d i u  of the LSI. Relative to tha earth that p L n t  i r  

where cM i e  the radius  vector to the center of tne -n at tne time of 
IS1 intarsaction tSI in earth equatorial coordiaatea.  

rtr- are at mcmt twc, planes  vh ich  contain and m t i e f p  tnc launch 
Q 

latitude 0 and azimuth L conatlaiota. Let Q denote the unit  low1 
to e i ther  of w e e  plan-. Nor l e t  e, €iL, BL denote the unit vector. 

l c tq i tude ,  and l a t i t u d e  of the launch e i t e .  Construct a local horizon 
c a o ~ U ~ ~ t e  qwtatn at the hunch s i t e  as indicated i n  P i w r t  1. 



In the 1-1 h o r h n  a y r b ,  the poritlon and veloci ty  u a  vary siazply 
npnuzrt+d 

II 

vherr Z i r  the launch ath5ut.h and 4 16 the declhtion v r t  the 1-1 
horFuwu1.  Thus 

The truufonration matrix converting a vetctor ln tba local horizon system 
to the equatorial system ie 

T - - s i n  eL r -sin 0 coe QL L 

I OL 
- s i n  0 cos Q,, L 

Since 9 1. a unit normal it  w ~ t  sa t i s fy  both 9-0 - 1 and O*P- 0 
9 

when g - 3 . S d v i n s  for the oro remaining canpanen& of 0, 
R 

9 

To e l ia inate  the ambiguity of alga in (7) the short-coast p k n e  correspondiq 
to the nagatire eign i s  ud. Xote that (7) a100 lmposes a coastr.int on 
um hunch uirPUtb 

a 



Now cboore 9 - 9 x ? t o  complete a r i gh t  hand syetc .  6. 0, %. Then 
the pori t ion a t  LSZ re la t ive  t o  t h e  earth i e  (q, 0, 0). Ncw l e t  a 

A 

dettmdne the perigee point i a  the o rb i t a l  plane (O - 0) meamred 
sount.rc1oekvl.e fran the -e .xi.. Then the perigee point i n  (-r, so.., 

-r .in. , 0) r&an i a  the parking o rb i t  r a d i u  (input). Zhirefora 
P 

th. trw rnknnlp o4 ths earth cantered conic a t  the IS1 i r  given by 

and r a ( - )  maybe  
SI P 

rolved riaarltaneounly f o r  the eemi-najor a x i s  a a d  eccentr ic i ty  a 
of the unique ear th  centered conic 

RI - r 
e - P 
8 r - 5 cos f 

P SI 

'Lhu the veloci ty  of the earth centered conic a t  tha IS1 in i n  the 
(2. 8.8) 6y .m 

T r u r ~ f e r r g  to  the earth equatorial  coordinate 'syatrm 



l a  i f  6, v;) are tha p i t i o n  and velocity of tha DDOD a t  t 
81 

Earth-cantarad coordilutm a d  ($, era the pai:ion and velocity of 
the ,paamoraft a t  than t a m  ata t .  of  the r p c o c n f t  vith n a p a c t  ~o 
tbs mot# a t  %I is i n  earth equatorial c o o r d h t c u  

Uaiag the traasformrtion matrix 0 ww & £ M a g  tramforrmtioru fran 
ur th  equatorial to lunar equatorial the e t a t e  in the W aystem Is 

The i m p c t  plane paramatars B*T and B - 8 ,  and the incl ination - may nar be canprted by ca l l ing  eubroutiuea ACTB and CaBEL. 4 



PURPOSE8 TO GENERATE A PATCHED CONIC TUAJECTORY fOU LUNAR .! 
nrssxo~s consxstc;n~ wrtn t met PAR~METERS AT THE now 
OF (ACA, RCA, ICA, TCA) AMO LAUNCH ~ ~ c u n e t e ~ s  tmr~,  ! 

T M T A L ,  SICHAL). 

C A L L I S  SEQUeMCEl CALL LUNT AR 

-WIN= REQUXUEDl LUNCW EPHEH IMPACT MTIN ORB 
PECEQ 

LOCAL S t M W S 8  AA SEHI-MAJOR AXIS OF THE LUNAR COWXC FOR THE 
n o n 1 w  TRAJECTORY 

I 

ALNGTH SIRE AS AU 

A&PHAI REFINED ANGLE (RAOX ANSI OEFXWSWC POSITION 
OF PERIGEE ON THE TRANSFER CONIC 
(NOHINALLY SET TO F I V E  DECREES) 

&ex PERTURBEO VALUE OF ALPHAI USED T O  SOLVE 
FOR RCA, fCA9  & A  

AUOAY CONVERTS Kll/SEC T 0 AUIDAY 

AUS SANE AS AU 

AU CONVERTS RXLONETERS (KR) TQ ASTROWMI CAL 
UNITS (AU) 

W R  0 QOT R FOR THE WOflSYAL TRUECTORY 

801 8 0 0 1  T F O R  THE NOMINAL TRAJECTORY 

81 NC OBTAINABLE I?dCLINATION USED TO CALCULATE 
QESIRED B DOT T, 8 DOT R 

DElX PERTURBED VALUE OF DELTA1 USED TO SOLVE 
F O R  RCA, ICA,  ACA 

DELTA1 REFZHED ANGLE (RADIANS) D E F t N I S  DECLfM- 
ATION OF THE L S I  POINT (WONINALLY SET TO 
D E L I  AO) 

DELTA0 OECLINATI ON OF THE NOONS POSITION AT T I M  
T S I  

D E L I  TSKE FROM TSX TO T CA IN SECONDS 

O U  REFINING VALUES FOR ALPHAX, DELTA1 9 TMETAI 



omon r N t ~ m E o r r x  VARIABLE USED TO LIMIT THE 
OEL VALUES FOR EACH XTERATSON 

i 
I 
7 

ECC DESIRED ECCEWTRXCITY OF r n E  L w a  CONIC : 

E#Q TRANSFORNATION MATRIX FROM E C L I P T I C  TO 
EARTH EQUAT OR1 AL 

ECLQ T R A W S F O R ~ A T ~ O N  MATRIX ~ a o n  ECLXPTIC T O  
LUNAR EQUATORf AL 

ERR VECTOR OF DIFFERENCES BETWEEN E S X U E O  AN0 
MONXNU VALUES OF 6 DOT Tp 8 DOT Rp ACA 

XTAR LOGfC CONTR0LLf)SG XNOSCATOR 
-1 IMPROVE ACA ONLY 
82 IMPROVE RCAI ICAI A W  

I TER ITERATION COUNTER FOR NOMINAL fRAJECTORfES 

I T  ITEUATXOW COUNTER FOR PERTURBED TUAJECT- 
O R E S  

x 
4 

X NDE X' 

J INDEX 

K INDEX 

P A 1  DUWllY V4RXABlE  FOR CALL TO LUWCON WHEN 
I T  4usl 

PARP ounnr v u x r e t ~  FOR CALL TO LUWCON Y ~ E N  
I T A R = i  

PART A X NTERWEDX ATE VARX ABLE USED TO R E F M E  ACA 
WHEN I T A R = 1  

b 

PARTY ' XMf fWEDX ATE VARI  ABLE USED TO C O W T E  OELT 

PART X IWTER!tEDI ATE VAUIA8LE USED TO CONWTL OELT 1 .  
PART7 XMTERnEDI ATE YARIhBLE USED TO W H P U f E  o a f  I 
P I R T Z  INTERMEDIATE V Ik fABLE USE0 TO W W T E  D U T  4 a 
PHI #ATRIX R E L A T I N 6  PERTURBAT I O N S  I N  U P H A I ,  

D~~LTAI, AN'D t n n r r  TO cnrwws IN e DOT T, 
8 DOT R, AWD ACA 



P S I  

PTAR 

R A0 

RMAC 

SIGHAL 

THETAS 

T ARG El1MC MATRIX RELATI  PERTURBATl;O#S 
IN e OOT T, e OOT Q, ANO A C A  TO cnruces 
XN ALWAf, OELTAI*  AND THETA1 

PERTURBED BALUES OF AA, BbTe BOR, USED 7 8  
CALCULATE P H I  

CONVERTS DEGREES TO RADIANS 

HAGNITUOE OF THE RHO VECTOR 

LAUNCH AZIMUTH SET SN LUNCW (WONINALLY 
90 OEGREES) 

NOMINAL VALUES OF AA, 8DT AN0 BDR USED TO 
CALCULATE P H I  t 

PERTURBED VALUES OF T HETAI  USED TO SOLVE 
FOR RCA, ICA ,  A N 0  ACA 

REFINE3 ANGLE CRADXANSI OEFININ[; RIGHT 
ASCENSION OF THE L S I  POINT ( N O U N I L L Y  SET 
TO THETA01 

RIGHT ASCENSION OF THE MOONS POSITSON AT 
T I H E  1s t  

CONSTANT VALUE OF SECONDS PER D A Y  
b 

TSICA DUUNY ARGUMENT FOR CALL TO IHPACT 

1 COWnOW COHPUtEO/USED t O f  AR E QL Q I T  AG 
I j 

RR Q R S I  
TllU T S f  

C O W H ~  COHPUTED~ E M U  NO RME 

COlOlOW USED8 8CON DECLlN F IVE ONE OT AR 
PC ON PNASS RCA SHA TCA 
TSPH TTOL TWO XP ZERO 

. / 
. - 

- .  ~ - - - -  - - - 



WblTU g e m r a t e r  a patched conic t r a j e c t o r y  a r r i v i n g  a t  c l o r e r t  a:4+porch t 

t o  6b. )ban a t  a rpec i f i ed  tims tCA and meeting prercr ibed a m s t  I .  

valuer  a t  t n ~ t  point  a s  well  a8 standard launch quan t i t i e r .  The t a r g e t  
parmetarr a r e  

t Julian date  of required elomat approach (a) 
CA referenced 1900 

r~ % d i u  of CA 

Inc l ina t ion  ( r e l a t i v e  t o  lunar equator) a t  CA 1 

'CA Semi-major a x i s  a t  CA 

The launch parameters ! 

IL Launch e i t e  l a t i t u d e  

e~ Iauach s i t e  longi tude 

E* 
&L 

Launch azimuth (nominally s e t  t o  90') 

r 
P 

Parking o r b i t  radiue 

The e c c e n t r i c i t y  of the won-centered hyperbola may be computed 

vhere a < 0. The hyperbolic time A t  t o  go from R (radius of lunar  
CA s x 

rphere of inf luence (LSI)) t o  ye r i aps i s  aay be canputed from 

vhere p x  i s  the lunar grav r+a t iona l  c o l u a t .  The tint a t  which the 

probe r b l d  i n t e r s e c t  the U I  is then 
0 > 

t t - A t  
6 3 Ch 

,c i n c l i n ~ t l o n  mrut % spec i f i ed  according to the f-t described i n  
XKPACL. l o r  0 ( i < W  the inc l ina t ione  3 p n e c r i b a  porigrade o r b i t 8  
while  180' 3 define retrograde o r b i t s .  The pos i t i ve  eigna denote appzoacaee 
frcm the nortt, the negative o i g n s  ciasfgoate eouth8rn appr0ache6. 

3 38 - 



J 
Tho por i t ion  and ve loc i ty  VHE of the moon a t  tgx r e l a t i v e  t o  the  

r a r t h  ia aar th  e c l i p t i c  (EC) coordihatee a r e  canputed by c a l l i n g  OBB and 
X m ,  Iraesfoxnntion mat r i -as  0 ECEQ and * 4w daf ining t rane f ormatione 

hoar Pe to EQ (eareh equa to r i a l )  and EQ t o  I4 (lunar equator ia l )  r a e p w t i v a l y  ' 
a r e  than computed by PECtQ. The p e l t i o n  and velocicy of the aroaa I n  tar 
Eg ryr tan  .to 

! Cal l  the point  of i n t a r eec t ion  of the  vec tor  SQ with tne tS1 the bulloeye 

point .  Then i n  moon-centered Earth-equatorla1 coordinates  the vector  t o  
the  bul l reye poin t  i e  given by 

'F ro .  thf.8 vec tor  one can ca l cu la t e  a  s e t  of  angular coordinatee ( d o ,  0 ) 
0 

of the bulleeye p o i l t .  Any o ther  r J l n t  on m e  LSI 18  determined b y - g i u k  
general coordinntea ( d . 0)  = ( do + A d ,  e0 + 40). 

4 

qcw l e t  such a e a t  of coordinatqs by given, They determind a vector  B 
4 

I 
from ea r th  to the IS1 ( i n  the w - s y s t e m ) .  2sie vector  RI along v i t h  the 

launch parametar8 BL,  BL,  EL then determines tne plane of the E a r t h - I S 1  

t r ans fe r  (nee LUXOH).  H o v  Let Q be measured coun-er-clockwioa i n  tb t  
plane from 3. Ibe  parameter a s p c i f i e o  U I ~  l oca t ion  of t h e  perigee 

4 point  of the t r ans fe r  conic ,  t h u s  the vector  t o  perigee i e  f ixed a s  r 
U where the perigee mgn i tud r  r 1. f ixed a* input.  The vector. r and 

P P 
then detarmiue a unique conic for  tne Earth-LSI phase (sea LUNCCX). 

I 

' 
I 

1 
kt m e  m u t e  a t  the  LSI on t h a t  c o n i c  ( r e l a t i v e  t o  Earth-equatori l l  c ~ r d l n -  
a t e l )  ba d m t e d  by 4. TI. T%t e t a t e  r e l a t i v e  t o  the p ~ o o  may than be t 

[ c a ~ p u k d  r r  

t - T - -x 
I 1 w 

(6) 

B 
Y 

i .  

i _ . . 



Figure 1. h r  Patched W c  'Lar$etirrg 

T h u  t b  el-ntr r e l a t i v e  t o  tm moon MY br camputed from rtand.rd conic 
f-la. The three ang1.s ( 6 ,  8, a) fopn a -t of iadtptndrnl:  cont ro ls  
t o  be v a r i d  to  m e t  the three coae t r a in to  (rWB kB %). 'Lha control.  

a r e  dapicted i n  P i g u n  -1. 

LtlllZU or- tbr a t a n d u d  blavton-Baphaon algorithm t o  r e f i n e  the cont ro le  t o  
m e e t  tCU constzalut.. Thio t a rbe t lug  18 done i n  bro a t rge r .  In the f i r a t  
8-8 the contzol r  6 and 8 a r e  held f i d  a t  the b n l l r t y e  point  ( d oB @d 
v b i l e  a i. v u i a d  until tm eani-major a r i ~  w e t  a i n  met. lbem ca 
rli  wee c a n t r o l r  u e  varied t o  a a t i r f y  the three t a r g e t  ccm8t rah ta .  The 
p r a l i m w  -8- of a i s  e s r a n t i a l  to tbe m c e s r  of th. procedure. 

CA 
h e  th4 in initial w e t -  is caupleted, the amai major u i r  of future 



- 
i t e n t i o ~  i n  the  second s t age  w i l l  no t  vary aruch from the t a r g e t  va lue  
8 a' t o r  mch i t e r a t e s  the  excess hyperbolic v e l o c i t y  a t  the m o m  will be 

genera l ly  conetaut.  This permits tne e u b s t l t u t i o n  of t he  a u x i l i a r y  imprct 
p l a ~  parroutarm 8.1 and B*R fo r  the less l i n e a r  parameter8 of r and . 

CI 
( ~ a  MEBCT). I n  LUZJZU the impact plane parameters a r e  referenced to 

t he  aystam. 

The procedure may a m  be described i n  d e t a i l .  Suppose t n a t  i n  the f i r s t  
a t 4 0  of targeting the cu r r en t  value of a is OK. Using the cont ro l8  

(aKD do. 92 the r e s u l t i n g  eeni-major ax l a  is found to be A (LUXOH). P: 
A permbed value f o r  me f i r s t  cont ro l  i s  then used (a +ha, do, Qo) K 
prdncisg  A perturbed value of semi-msJor axis (k + 4.). I h e  (W1)at  

va lue  of  a is  then given by the standard numerical d i f fe renc ing  approxlmatfcm 

. I h e  recoad otage of the  t a rge t ing  of the luna r  patched conic use8 the  
vector analogue of  the  above procedure. The cu r r en t  i t e r a t e  (a x~ d,, ax 
is input t o  LUKCW t o  ob ta in  t he  cu r r en t  t a r g e t  va lues  (a 8-T B-R ). 

K' K' K 
ma target valuee B-T and B*R a r e  determined frcxn subrout ine IXPACT 
and thr-error. of the kth  i t e r a t e  a r e  c a n p u t d  (e c e ) Lf a l l  

a' BT' BB 
W e e  errors a r e  wi th in  to le rances ,  the procedure l a  terminated. Other- 
vise ttae a e n a i t i v i t y  matr ix  0 is  cmputed  by numericrl  d i f fe renc ing  ae 
in tbr f i r s t  stage 

The imeuu 'of 0 18 tha t a rge t ing  uatrix. The Hl itarate is defined 
tok 



'Ihir pmcdsua l a  reprated unti l  coavarg- l a  acaiwmi. 
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F'RSRU nAXW 

n E 8  TO CONTROL THE SXHUATXOU O V w L b V  SCHEHE 

SmOUtX wfs SUPPORT €0  8 EmF. 

S U B R m x m  EIEQ1IIEDI MIAs s m a  PRxTs4 

LO= SYWBULSI I R U N 1  TOTAL fEUHBfR OF OATA CASES 

fRICW DATA CASE COUNTER 



SUBROUTINE NAtrw 

P m # 8  TO COWPUtE T H E  fNV€RSE O F  A 9 A T R f X .  

C A U I W C  SEQUEMCEI C A L L  ~ATIWCA,R,N) 

RCMrNI 0 R E S L a T N T  INVERSE O F  HATRXX A 

S U ~ O U T X  MS S~EPOORTED I HYELS NAVH e r ~ r n  POXCOM cuxss 
TAUWAX CUID LUNTAR HULTAR 

SUeROUTINES REQIJXREOI NONE 

I . f . LOCIL SllrBOLSB A L  A<LL) + S CIMTERMEDfATE VACIABLE) 

A L B A R  XNTERSDIATE VARIABLE 

8 INTERNEDIATE VECTW. 

OETR IWTERMEDIATE VECTOR 

I G INTERNEOXATE VECTOR 

I X  INTERCsEDIATE VECTOR 

t4f X I  INTERHEDIATE VARIABLE 

HXXJ INTERMEBIATE VARIABLE 

N X X L  XNTf R E D I A T E  VARIABLE 

S INTERIEDIATE VARIABLE 

X INTERnEDIATE VARIABLE 

XWF INTERnEDIATE VARIABLE 

EN7 EN9 O M  ZERO 



PCFRPOSQ~ C~NPUTE ASSUMED REASUREMEHT noxsf COVARXAMCE NATRXX ZM 
THE ERROR A N M Y S I S  PROGRAM 

CILLIWC SEQUENCE8 CALL H E N O [ l l ~ C O D E I I C O D E )  

ARCUIFEWT 8 !CODE f INTERN41 CODE USE0 TO DISf tN6UrSH BZfM€EM 
THE T YO ALTERNATIVES LIST ED ABOVE 

SUBROUT1 MES S UPPOUTED8 ERR ANN 

COWOM COWf ED8 R 

COWOW USED# rnnc nncn 



The l iaeuit+d obsematioa aqwtiaa slaplop3 by the ruvlgatioa mmaa 
is given 

where b y k  i 8  the m e ~ u r s a n t  deriatian fro. the noariml m e u a u a s a n t ,  q A 

is the a q p m t e d  o b a e n s t i o .  matrix, dr** ia the aqpentrd s t ~ t e  

d . r i a t i m  fro. the  nominal nugmented s t a t e ,  as& \ is the aatnmmd 

me turretion o t  subrout~ne 4 is t o  c-te the mwmrammt noise  
covariance m t r i x  % which d e s r i b c s  the statistics of qk. The constant 

variancee for the measurement noises associated w i t h  all available 
maasurement derices  art stored in the vector XUCN. Subroutine WE)i41 
eelecte the appropriate elements from t h i s  rector  to construct tbe 
w-t ~ O ~ S Q  cwariance -ti* %. 



l¶lSBO Plw Cbrt 

I 

Only coruunt  noire l a  measurepgent 
a v a i h b l e  a t  prerent. ' noise constant? 

> 
1 1 

Canprta the mtxlx for / :~z:l.r-~~l~ -; / , = W E  e-.cn: I 

for a range-rate mas- for a range and range- 
urement frao the rate meaeurement from 
approprlate s ta t ion .  the appropriate atat ion.  

L 
I 

& 

4 a 

10 
1 BRUM 

I 

for the appropriate for an apparent p l a ~ t  
e u r - p l u m  a q l e  m a s -  diameter measurcamt. 



W(LPOSL8 C ~ P U T E  ASSUMED AND ACTUAL PEASURE~EMT norsf covmrurc~ 
MATRICES I N  THE S I W L A T I O N  PROGRAM 

A R W e M T 8  ICODE 1 I M t E R N A L  CODE USfD TO OXSTXWUlSd W Y E E D I .  
THE THO ALTERNATIVES LISTEO A8QVE 

COmOU USED: AVARH IAHNF IMMF UNW ZERO 



The l i n d t d  oboarvatiaa o q u t i o a  eaployed by t h e  uvlgatiaa p r o o w  i r  
git- kf 

w h e n  byk is the  murunmen t  devia t ion  fro. t he  nominal memwement, 

i a  t b e  augmented o b a e n a t i o n  wtrir, dZA is the  augmented s t a t e  d . r i a t i on  

troll the  aoairvl a-ted a t a t e ,  and \ is the  anmmed -t noiss.  

a  
The actual -t Yk is given by 

d e n  gk i a  t he  i d e a l  raeasurement, which would be nrade i n  t h e  absence of 

instrumentat ion e r r o r s ,  bk is the a c t u a l  acegurement b i a s ,  and V k  

r e p r o e a n b  the  a c t u a l  meaeureawtnt noise. 

Subroutine WTr#ZS performs two functicmn. It 's f i r s t  funct ion,  which is 
i d e n t i c a l  t o  t h a t  of uubrou tbe  M m ,  is  t o  cmpu tc  the  r u a e u m e n t  noise 
c w a r i a a c e  vtrir \ which deecribes the  a t a t ! . s t i c s  of noise Tik. The 

; c a m t a n t  var iances  f o r  the  assumed m e a e w o n t  noise- a s soc i r t ed  wi th  a l l  
ava i l ab l e  meanursmcnt devices  a r e  s to red  i n  the  vec tor  IQSCN. Subroutine 
)IESIP3S select6 the  appropr ia te  elements fm this r e c t o r  t o  c o ~ s t r u c t  t h e  
maamumeat noise  cevariance matrix 

, 31. t 

The second funct ion of WI=NOS is t o  compute t h e  meamaramsnt noisa covariance 
mat- + which descr ibes  t he  s t a t i s t i c s  of t he  a c t u a l  noise Wk. The 

caastaat r r r i a n c e a  f o r  the  a c t u a l  m e a s u m t  no i se s  w o c i a t e d  v i t h  all 
ava i l ab l e  measurement devices  a r e  s to red  in the  vec tor  AVARII. Subroutine 
AV- e e l e c b  t h e  a p p r o m a t e  elements from tbfs vec tor  to  ccmatruct the 
meamlwmmt mi60 c w v i e p c e  r ~ a t r l x  ,+ 



MR43 flav chart 
for de ta i l e .  

<4-9') I YES 

Set  $ to Che 1 

9 10,11,12,13 

Canplte the q matrix 
1 
1 , 2 , 3 , 4 , 5 , 6 , 7 , 8  

for 3 atnr-planet 
angle measurements. N 0 

XHWDE even? 

the R+ oratrix Compute the R+ m t r i x  
for a range-rate meas- 
urement from the 
appropriate s ta t ion .  

for a range and range- 
rate  mt.surament fran 
the appropriate sta- 

I C a p l t e  the matrix I 1 kaputr  the igt lvtrir / 
for the appropriate 
star- planet angle 
meaauremeat . 

for an apparent pLanet 
diameter measurement. 



W O W 8  TO PR09AGATL A SOT OF CARTlSStAN COORDINATES MOHG A 
LUHAR WLTI-COMIC TRAJECTORY OVER A SPECIFIED 
IWT ERVALo 

OhLLIM6 SEQUOMCEI CALL H U L C ~ ( S E f , T L I , T F , D T , S n F )  

W I # W f S 8  $ € I 4 6 1  f I N 1  T X M  SPACECRAFT 6EOCENTRIC STATE 

TLX f I N I T I A L  XMJECTIOM T IHE ( J O  EPpCH 1950) 

f f  I T I #  INTERVAL OF PROPAGLfION 

01  1 STEP S IZE  USED I N  HULTfCONIC PROPAGATION 

SHFt6)  0 F INAL SPACECRAFT SUEUOCENTRIC STATE 

SUBRWTINES REQUfU€Ol CPROP EPHER O R B  

LOCAL SYHfflS 8 AlN6TH CONVERT S K I  LOMETERS T O  ASTROdOHICAL UNITS 

A PERTURBING ACCELERATION VECTOR OF THE MOW 
OVER THE ITERATION INTERVAL 

COSF COSIME O f  TRUE ANOMALY ON SELOHOCENTRIC 
COYIC A T '  END OF ITERATION INTERVAL 

OF F INAL  T INE  USE0 I N  ITERATXON INTERVAL 

O f  I N I T I A L  T I N E  USE0 I N  ITERATION INTERVAL 

EHH MAWITUOE OF FSRST THREE ELEHEWS OF EM 

EM CEWTRIC ECLIPTIC STATE OF noon 

ZM)W STOPPING C o n ~ I t I o n  IWDICATQR 
= O  PROPA641 ION CONTIWES 
8 1  STOPPING CONOLTION REACHED 

X INDEX , 

TIM JULTAM DATE OF F INAL  TIME OH WE ITERATION 
I NtERllAL 

TN COWVOITS SECONDS TO DAYS 
, 

Y SF ACECRAFT VL~OCITY VECTOR WITH RESPECT TO 
EARTH AWIOR MOM BEFORE rno  AFTER LUW 
IPERTVR8ATIONS AT 01 AM0 O f  



XH NAGNSTUDE OF THE X VECTOU 

X GEOCENTRIC POSITXOW OF SPACECRAFT A T  01 
AND GEOCENT R l C  P O S I T I O N  OF M O O N  AT DF 

Y GEOCENTRIC VELOCITY OF SPACECRAFT A t  01 
AND ~ O C E N T R I C  VELOCITY OF noon AT DF 

2 SPACECP . ' T  POSxT ION VECTOR WfTH RESPECT TO 
EARTH , ' /OR MOON AT 0 1  AND OF 6EFORE AND 
AFTER LUNAR PERTURBATIONS 

XP ZERO 



r h e r e  qZ, T , Vm a r e  the pcmition vector8 of the a p c r e r a f  e- to-earth,  
the  rpacocra ! t-to-noon, and the moon-to-c~rtl  ret pac t iv r ly  and /l x v  Pl!l 
a r e  thr grav i t a t i ona l  coa r t an t r  of the earti' and moon re rpec t ive ly .  

The m l t i - c o n i c  app roxha t ion  of t i e  so lu t ion  t o  (1) proceed8 a r  f o l l w r .  
t , be the ~ e o e e n t r i r  .U te  a t  8ane t h e  5. This . U t e  

i r  propagated by conic formulae t o  obtain~n,estlmtutp of the geocentr ic  
.U te  a t  time - t, + At given by rg,k+l, v g,Hl . 
To account for the third, t e r n  per turba t ions ,  the s t a t e  of the meon r ~ l a t i v e  
to th earth a t  tho hro t k a p o i n t a  ~ I I  cmputcd,  denoted by CbBk, Vmmk) 

J 

a'"d %,k+lD vm,t+l . 'Ihe average va lue  of t h i s  accebt ra t foa  i r  then 

datamlrud from 

A 
A - -, 

2 
1:2) 
I 

Ib. correct8d geocentr ic  r v t e  18 then given by* 

The r f f t c t  of thr d i r e c t  IUMS per turba t ionr  i r  then added. Th rtata 
of thr r p a c r r a f t  reL. t fve to the moon i r  f i r s t  ccmrpltab 



thin rtate in then ?rpngatad l inearly backwards in  tlm avct the W 
Lnterrrl At to 0 b t . b  

t h l m  a t a t e  l r  nar propqattd f o ~ r d  1 . a  s c l y e n t r i c  conic to obtxln 
final n u t .  re lat ire  to tb. mwa ( %,W1. \kBlrr: 1. Th. geocent~ ic  

rtatr of thr mpacuraft a t  tinu \+I afa..*r ccmsidaring a11 trxme of (1) 
ir  tbm 81- by 

ThA- caspletcs one cycle of h m u l t i - c d c  propagation. 

The mlt i -conic  propagation proceed6 unt i l  an input final time is reached 
or until the s e l e n o c e n ~ l c  c d c  pa~rem *.%rough pericynthioa. 

Refuure:  Byrner, D. V .  and hoper,  H .  L,, )tulti-Conlc: A i a e t  and 
Accurate Xethd of Computing 6pace F l i g h t  Trajectorier, 
MSIAIM Astrdynamlcr Conference, Ssnm Barbara, Cal., 1970, 
A I M  Paper K)-1062. 



W W O S S 8  TO CALCULATE THE TR4HfLUNAR XUJECTIOH COWDXTXONS FROn 
TAR6ETED PATCHED-COMIC COWOITfONS AND CALLS YnP TO 
OEUFORN TnE MOMIML T R A J E C f a V  NEEDED BY I t U U T o  

CUlIIC S L ~ I C E 8  CALL N-ulTrn 

LOCAL S-S~ AE SEHI-HAJOR AXIS O F  THE EARTH-EQIPTIC, 
ThQ6EfEO PATCHED-CWIC TRAJECTaY 

ATARM # O U I W M  VALUES OF THE TARGET VARIA8LES 

ATAR DESIRED VALUES O f  THE TAR6ET V M f A 8 l E S  

ATOL TOLEUAWES OF TARGET VARIABLES 

mCOU H A X I W H  STEPS MLOYEO IN ITERATIVE 
CORRECTION OF CONTROL V U I A 8 L E S  

W ZERO tRUE AMUNAlY USED TO DEFICQ P E R t E E  
OF THE TARGETED PATCHED-CONIC T U ~ C T O Q V  

BSTEP HULTI-COMIC S T W  S I Z E  CtiWRS) 

MI SEWSIT1 YXTY MATRIX RELAT I N6 PERT URBATf ONS 
I N  CONTROL VARXA8LES TO WAU6ES f M  TAR6ET 
VARI lrsLES 

DELP VALUE USED TO mRTUR8 T L I  FOR CONSTRUCTXOW 
OF C H I  

o a r  XNTECRATZ ON TI* T O  BE USED, TIHE 
ACTUALLY USED, IN THE nuLT I -COn fc  
PROPSAT I O N  

DCLW VALUE USED TO m T U R B  VELOCITY CWONENTS 
OF 'AT FOR C0W:;TRUCTXON OF C H I  

DV CORRECTION ACTUMLY ADDED TO I 

VARIABLES i >I 

EWQ? TRAltSFORI14TION MA? R f  X f ROH EARTH E C L t P f I C  
9 

TO LUNAR EQUATORIAL 

ECCEQ T RAN~OCWAT ION M T R f X  FROM EARTH ECLf P t I C  

, 

35 5 



nr t  

I OAT E 

I ST 

I T  

I 

JERTM 

JClOON 

J 

I C  

N I T S  

NOEX 

PERRN 

PCCENTRXCITV OF THE E4RTHmECLfPT ICI 
TAR6ETEO PATCHED-CONIC TRAJ€CTORY 

fTERATE ERRORS I N  T A R E 1  COWOIl IO!tS 

fHTERWEDS4T E VAUtABLE USED TO M E W  FOR 
r r A X 1 ~  STEP 

INTEU?EDIATE VAUIABLE USED TO COMPUTE 
W f A .  PHIB,  PHIC 

HYPERBOLIC T I R E  TO LUNAR P E R I - I S  ( M I S  

CALENDAR DATE W f W E C T I O N  

INDICATOR FOR COWTROL VARIABLE 
QfRTIJRBATION 

ITERATIOMS COUNTER 

IWOEX OF EARTH XM F-ARRAY 

INOEX OF H00N I N  F-ARRAY 

nrxImm nuweER OF XTEAATIONS ULOWEO 

SAME AS JERTM 

, M A X I M  PERTURBAT I O N  OF CONTROL W A R 1  ABLE$ 
FOR ~ S T R U C T I Q ~ ~  OF cnr . 

TRAWSFOUM4fI OH H A f R f X  FROH RTY TO LC 
STSTEM AT T L I  

fRANSFORnATSOM RATUXX FROM R t U  TO EC 
SYST QC AT P€EnURSED TLX 

PUWUCT OF pnro rwo r a r w w o s E  CF PHXA 

W M I  V A R I A B U  FOR C A U  TO CAR& 



tAR6ET HATRI  X (INVERSE OF GMl) REL4tIlOC 
P E R T W A T I O N S  XN TARGET 'VAKIAbLES TO 
CHAMbES I Y  CONTROL VIRIABLES 

WRTURBEO TAR= VALUES 

OU)(WI VARIABLE FOR CALL TO C A R U  

fl1WIRlJH ALLOYABLE IMJECTION TIME 
OXFFfRENCE IN UTH AN0 U+2 ITERATIONS TO 
AVO1 0 REPETITIOW-TRAP CORRECTIQl 

IN.ECTIOM STATE I W  EARTH EQUATORIAL SYSfOl 
AT T L I  

ROTATE3 t N J E C l I O n  STATE FOR T I =  
OIFFERENT x u  

INJECTION STATE USED I N  PERT-0 M J L I f -  
C O U C  PROPI6ITIOUS 

F INAL  STATE IN '.UWAR ECLIPT IC  STSTEM 04 
rnE WLTX-conxc 

SEC 

STEP 

s n f  

SECOIIDS O F  C I L E b A R  OATE OF T L I  

W L T I - C O N I C  ST- S I Z E  tSECQWOS) 

TRUE 4NOMALY W EARTH-ECLIPTIC TARCGED 
PATCHED-CON1 C TRAJECT om 

wnny V ~ I A ~ L E  FOR c r L L  TO I~PICT 

TFP T I E  OF F L 1 6 J l l  FUOH P E R I M E  OF T t E  
f '.'TI+-ECL I PTIC, TARGET ED P A T C m ~ I C  
X 4 J a ; T o R Y  



IMSECTIOW J U L I U  OAT€ 

OUHMY VAUXABLE FOR CALL TO ELCAU 

W M Y  VARIABLE FOR CALL TO ELCAR 

HACWITUDE OF T I E  SCH WELOCITY VECTOR 

ARCUHENT Of PERIAPSXS Of THE 
EARTWECL I PTIC, TARGET €0 P A T C r n - C m I C  
TRAJECTORY 

WmY 4RWHEMT FOR C A U  TO CAREL 

I N C L I N A T I  OM GF THE € A R M - E U I P I I C ~  
TAR6€TED PATCHED-CONIC TRAJECTORY 

LO#CfTUDE OF AS#NDXWG NODE OF THE 
EARTH-ECLIPTICI T ARMTEO P A T C W - C O I I I C  
TR WECT ORY 

NO R i  

ICWRD RfN TIN 

ancrn crx  E NU F HALF 
XUR NBOD NO ONE RCC 

TAR TCA TEN T W  
TH f SI THO ZERO 



frt thr urth equator ia l  a t a t e  of the probe a t  tim IS1 a8 camputed fra 
A 2 

the prtched conic ta rge t ing  be denoted ru, vIS. Subroutine CAER i a  

called to carpute the  conic elcmcnts and c m i c  the  f r a n  pcrigee A t  
b d  tha gecxentr ic  c d c .  The t h e  of i n j e c t i o n  i r  then cmputed  
a8 

The pe8it lam and ve loc i ty  of the probe a t  
tTLf i e  given by the s t a t e  

along the  corric at perigee ( t rue  anoaully of zero) and determined by 
a 

ILUI to be -$", vm. If em i s  the tranmformakion matrix frcnn 

the  CC (earth e c l i p t i c )  t o  the W (ear th  equator ia l )  sys ten ,  then the 
ptcbad c-ic i n j ec t ion  s t a t e  i n  EC coordinates  i e  

Since the u r t h  i s  revolving about the E-PI barycenter i n  time, the EC 
i n j e c t i o n  o t a t e  must be ro t a t ed  i f  an e a r l i e r  o r  Later i n j e c t i o n  time i s  
to be wed. The neceserry r o t a t i o n  matrix may be e a s i l y  computed through 
the  introduct ion of the B-T-U coordinate system. Ipt the o t a t e  of the 
earth a t  ume time \ i n  BC' (bar:tcentric e c l i p t i c )  coordinates be 

a A 
b L C d  \, . h t ~ ~ t  t\t? &-%P 8y8tB) at t h t  p o i n t  a8 

A A A  
The txnnrforrmtioa matrix from the \-\-Vk system t o  the e c l i p t i c  e y s t c r ~  

to thr e c l i p t i c  eystcm i s  then given by 

A t  a tkrv , the e t a t e  of the e a r t h  i n  BC coordinates i s  given by 

e c l i p t i c  cootdinater  i r  given by @k+l i n  accordance with (4 ) .  I n j ec t ion  



s t a t e r  a t  time8 t, a d  w i l l  be ca l l ed  nequivalent* i f  they a r e  

i den t i ca l  when cxpre~med i n  t h e  pe r t i nen t  Ct-G t3ytitm. Therefore i f '  
( rk, tk ) i e  the i n j e c t i o n  a t a t e  i n  EC coordinates  a t  tip. \, the 

w h e n  &a r o t a t i o n  mr t r fx  # i e  defined by 

The targetictg algorithm used by WULTAR may n w  be described. L t  the 
i n j w t i m  s t a t e  i n  BC coordinates  on the  b t h  i t e r a t i o n  be denoted 
, . Tk . This s t a t e  is  propagated forvard uslng the  multf-conic 

propagator t o  determine a f i n a l  e t r t e  TH, ;)( t o  the m w r  i n  e c l i p t i c  

coo rd imtes .  MPACX l a  then ca l l ed  t o  cunplte the Be\, B-\ and 
* tp ,k a c t u a l l y  achieved on the t r a j e c t o r y  and the  t a r g e t  values of B =Tk, B 0 %  

required t o  u t i s f y  the iCA and rU c c m t r a i n t s .  The semi-mrjor axis 

5 of tha k-th i t e r a t e  i r  corrputed frm t he  conic formula 

E m r r  i n  the four - w e t  condit ions 

12  thr error In  each p r a t e r  i s  l e e r  tbaa the  a l l a b l e  to le rance ,  the 
procerr  r topr .  



If c o m e q e n c e  ha8 n o t p e n ~ c h i e ~ e d  a  Newton-Raphaon i t e r a t i o n  1 8  entered.  
The four cont ro ls  a m  , vk , vk , and 2. For the ve loc i ty  camponentr 

vkx y z a 

a perturbation Ao i r  added  t o  the pe r t i nen t  component while the reat of 
the in j ec t ion  r t n t e  i s  held constant  before propagating with the multi-conic. 
For the tlma p r t u r b a t i o n ,  the r o t a t i o n  matr ix Ud corresponding t o  the 
perturbed tlme t + A t  ( 6 )  is  f i r s t  ccnnputed. The i n j ec t ion  s t a t e  used 

k 
i n  the perturbed propagation f o r  time is  t h t n  [ \  + At. % Tk, % T ~ ]  
A s e a r i t i o i t y  matr ix i e  canputed using the  r e s u l t s  of the mmer ica l  

- 

d i f f e r e r s c a :  
7 7 

i 
1 

> 

I - 

C 

I. 
2 
t 

i 
f a  
r,: 

k 

- -- 

vherc i n  the term 9 d% 8 the change i n  the a t a r g e t  pnrameter 
AB 

prcxiucd by the  v a r i a t i o n  of the f l  con t ro l  ccxnponent and AS i s  the 
change i n  the f l  c o a t r o l  cmponcnt.  The kt1 i t e r a t e  cont ro la  a r e  then 
giveu by 

F 7 

The k41 i n j ec t ion  s t a t e  i s  than computed by f i r s t  deterrninicrg the i n j e c t i o n  
r-te a f t e r  r o t a t i o n  due t o  the change i n  i n j e c t i o n  tirPrs and then adding 
thr i n j e c t i o n  ve loc i ty  cor rec t ion6  

The i t e n t i o n  praceae i s  r e p u t e d  u n t i l  t o l e r ab le  e r r o r r  .re wt. The ccm- 
verged h j e c t i o n  s t a t e  i s  than in tagra ted  l n  the v i r t u a l  mmsr t r a j ec to ry .  



W O S E 8  T O  COMPUTE THE AUGMENTED PORTION OF THE STATE TRAHSfTxOM ' 
MATRIX W E N  THE GRAVITATIONAL CONSTANT OF THE SUU OR O f  
THE TARGET PLANET HIS BEEN aUGMENTED TO THE BASIC STATE 
VECTOR. 

CALLING SEQUE NCE8 CALL NUN0 ( R f  ,RF,POSSI 

A R U J ~ W T ~  RF I POSITION & a  V ~ O C I T Y  OF THE VEHICLE A T  T= 
END OF THE T I R E  INTERVAL 

It1 f POSITIOH AND VELOCITY OF THE VEHICLE AT THE 
B E G I N N I S  OF T H E  T I C E  INTERVAL 

1 

POSS x DISTANCE OF THE VEHICLE FROH t n E  TAUGET 
PLANET AT THE I N I T I A L  T I N E  

?WROUTXNES REQUX RED1 NTH 

L W L  SYNBQLS8 I C  COUMTER FOR VARIABLES AUWENTEO TO STATE 
V E C T m  

I P R  TEHPORaRY S T O R M  FOR I P R I N T  

RP€R ALTERED P O S I T I O n  AND VELOCITY W ' K H f C L E  
AT FtW4L T I H E  

SAVE TEMPOR4RY STORAGE LOCATION FOR GRAVf T A- 
TIONAL COWSTANTS OF SUN AND TARGET PLANET 

COWON CGHPUT ED/US€Dl I P R I  )(T PWASS 

COH?4ON C O W T  ED8 TXU TXXS 

CONROW USED t A L S T t I  OELHUP OELMUS IAUGOC IAU61H 
I MUG NTHC WTP SPHERE TN 



m e  twulinear o q w t i o n r  of osotion of t h e  s p a c e c r a f t  can be w r i t t e n  oynbo l -  
1-119 88 

vhere  ? i r  t h e  r p a c e c r a f t  p o a i t i o n / v e l o c i t y  s t a t e  and i s  a  v e c t o r  
compored of the g r a v i u t i o n a l  conetent8  of t h e  gun and t h e  t a r g e t  p lane t .  

Suppore we v i r h  t o  u r e  numerical  d i f f e r e n c i n g  t o  compute thoae columns of 
8 and a s r o c i a t e d  wi th  g r a v i t a t i o n a l  c o n s t a n t  b i a s e s  included i n  t h e  '= 8 a 

au-ted r a t e  v e c t o r  m e r  t h e  time i n t e r n a l  [hKel, $1 . k t  P, ( \ ,s-~) 
r e p r a r e a t  t h e  column a s s o c i a t e d  w i t h  t h e  j- t h  g;avt ta t ional  cone t a u t  b b s .  

3 

Ye 8rrume we have a v a i l a b l e  t h e  ncxnfnal s t a t e s  x and *(\), vhich ,  

~f ccourre, w e t e 2 b t a i n e d  by numerical ly  so lv ing  equat ion (1) us ing  nominal 
/l . To o b t a i n  0 ,  (4, we i n c r e w n t  the j- t h  g r a v i t a t i o n a l  c o n s t a n t  

b i a r  by the p e r t i n e n t  m m n r i u l  d i f f e r e n c i n g  f a c t o r  and numerical ly  
1 

l n t g n t e  equa t ion  (1) over  t h e  i n t e r v a l  51 t o  o b u l n  t h e  M 
-L 

mpacecraft  r a t e  x ( ), where the  j - s u b s c r i p t  on t h e  s p a c e c r a f t  s t a t e  
3 % 

i d f c * t e r  that i t  u;r ob ta ined  by incrementing t h e  j - th  g r a v i t a t i o n a l  
c o n r t j n t  bt.8.  Then 



I i t s  original  value. I 

1 Call NTM to  cumpute the etate  
a t  \ result ing fran the I incrementation of  p a t  

8 

Reset p to   it^ original  

value . 

Cornput8 the appropr! ate  column 1 
o f @  uringequation ( 2 ) .  

=8 

Compute the approprir te  column 
of Qxu using equation ( 2 ) .  



- 
a f t  wi th in  s i x  times 

the target planet  sphere of 

&YEG 

I Increment p a f t e r  saving 
P 

I i t 8  o r i g i n a l  value. i 

Call HI)I t o  compute the s t a t e  
a t  \ rescl l t ing frun the 

incrementation of C( a t  t 
P 

Beset p t o  i t s  o r i g i n a l  
P 

value . 

I ~ o p p l ~  *e appropriate column I 
of O ur ing equa lon ( 2 ) .  

I I 
k p u t e  the approprtate column 
of 8 using eq lut ion  ( 2 ) .  

XU 



SUBROUTINE NAVM 

PURPOSE4 TO PROPAbATE COVARIANCE MATRIX PARTITIONS P, CXXS. CXU, 
CXV, PS, CXSU, CXSV FROM THE TIPtE OF THE LAST WASURE- 
nEnT 3u EVENT T O  THE PRESENT T t n E  USING A CONSIDER RE- 
CURSIVE ALGORITHH. 

CALLING SEQUENCE8 CALL H A V M  (NReI  CODE) 

ARW4EHTI I C O O E  I fldTERNAL CODE WHICH DEfE"M1NES I F  A 
!tEASUUEHENT I S  BEING PROLESSEO 

NR I W H E R  OF ROWS I N  THE 08SERVATION MATRIX 

SUBROUTINES SUPPURTEO~ SIHULL S E T E V S  cuIsrn eRrsln ERRANN 
SETEVN GUIDH. PRED 

SUBROUTINES REQUIRED8 MATIN 

LOCAL SYMSOLS A J  MEASlREt4EHT RESIDUAL COVARIANCE HATRIX AM0 
I T S  INVERSE 

ARW INTERnEOI AT E ARRAY 

DUM INTERHE01 ATE VECTOR 

PSAVE INTERMEDIATE ARRAY 

SUM XNTEIUlEOIATE VARIABLE 

SW XWTERMEDIATE ARRAY 

COHHOW COWUTED/USEDI AK CXSUP CXSU CXSVP CXSV 
CXUP cxu cxva r rxv  , CXXSP 
CXXS PP PSP PS 2 
s \ 

A L AH C ti NDX M l  
NOIHZ NOIH~ ONE P H I  Q 
R T XU TXXS UO V 0 
ZERO 



The auqarnted deviat ion 8 t a t e  vector i 8  drfimd a8 

por i t ion  and v e l o c i t y  s t h t e  (diheaeion 6) 

1 ro lve - for  parameter a t a t e  ( d t e n r l o n  n ) 
I 1 

d - dynamic consider parameter s t a t e  ( d h e n r i o n  

A 

9) 
v - measurement consider parameter s t a t e  (dimension n ) 3 

The l i n e a r i t a d  e q u t i o n r  of motion have form 

v h e n  d p m i c  no ire  
A < . h a #  been added to the a o l u t i o ~ i  o: kl. Thi. 

r o l u t i o n  can be v r i t t a n  i n  augmented form 

A 
vhara the augmented 8 t . k  t r a n r i t i o n  matrix 4) (k d , k )  18 dof ined a0 



1 . j?' .\* 

Henceforth e b t e  trannlt lon matrix p a r t i t i o n s  w i l l  be u r i t t e n  without 
i n t e r v a l  of time, which will alvapr 'a amrumad to 

The wmurament dev ia t ion  vec tor  p CdLmeneion a) i r  re ia ted  t o  the 
a- td  d e v i a t i m  ; a t e  vec tor  t t . r (~?gh  the equation 

vbare the ~ n t c d  observation u n t r i x  i s  defined an 

A 
The a u m t e d  s t a t c  covariance matrix 

Pk 
urr be wri t ten  i n  terrru, of  

i t n  part i t ions  a8 



P r e d i c t i o n  and f i l t e r i n g  equat tono f o r  t h e  p a r t i t i o n s  appear ing r n  the  
p r t v i o u r  equa t ion  w i l l  be v r l t t e n  belw. g q u a t i o n ~  need not  be w r i t t e n  
f o r  the coneider  parameter c m a r i a n c e o  U and V r i n c e  t h e r e  do no t  

0 0 

change vith time. Also ,  CUV w i l l  k met t o  + e r o  k c a w e  of the  amsumption 

that no c r o r a - c o r r e l a t i o n  e x i r t s  between dynamic and measurement connider 
p a r m t e r r .  I n  t h e  equatiolls  b e l w  Q and R r e p r e r e n t  the c o v a r i m c e r  
o f  t h e  d m - c  and mcaruraaent n o i r e s ,  r e r p e c t i v e l y ,  def ined p r e v i w r l y .  
A mimr s u p e r u r i p t  on covar iance  partitions i n d i c a t e 8  t h e  covar iance  
p a r t i t i o a  Fmnediately p r i o r  t o  proceas ing a meaeurement; a p l u r  ruper- 
mcr ip t ,  Lnemcdietely a f t e r  proceseing a m e a m u r ~ n t .  If lC@E i n d i c a t e s  
t h a t  a rncuurcrrvnt is  not  t o  be proceored,  the  f i l t e r i w  e q u t i o n r  a r e  
bypaared. To improve n u u r i c a t  - accuracy and avoid  n o u - p o r i t i v e  d e f i n i t e  
covariance ~ t r i c e m ,  P-, pa, P a P+ J, a d  e r e  a l r a y a  r y m a e t r ~ e d  

6 * 
a f t e r  their eamprtat ion.  



I h e  h l u m n  gain matricer for both poeition/velocity r a t e  and solve-for 
parcmwterr are given by 

The cmrianccl partitions -diately a f t e r  procareing a Paunrrement are 
given by 



tfm: h, Gentry; Palce, Ralph; and Jiopper, Fred: Interplanetary 
T~ajectorp Error Analpals, "olurm X - ~ l y t i u l  Mamal. 
n[3p-67.441, Martin Marietta Corporation, Ikuvtr, Colorado, 
w r  1%7 (Campletad under Contract EAS8-21120). 



I Compute covariance matrix partitiara ( 1 a t  $+I u . 1 ~  prediction equatiom: I 

Io  a measurement 
to  b e  processed? 

I Update covar Lance matrix 
par t i t i om a t  Ll by 
equating than to  the prw 
viously canputcd covar- 
iance raatrix part i t ion .  

I Compute measurement residual ] 
covariance matrix J and 
symmetrize. W1 
Compute Kalman gain matrices 

k + l '  

Update covariance matrix + partit ions a t  using f i l -  

tering equations. 
S p e t r i t e  P+ and @ . 

k+l 5 1  



PURPOSE8 TO COMPUTE THE UNAU6HENTED PoRTION Of THE STATE TRANS- 
t T f  OM HATRIX USING THE NUNERICAL 01 FFEREWCE TECHNIQUE. 

ChLLfM6 SEQUENCEI CALL NDTH(RfrRF) 

ARCUnWY8 RF I YOSXTION AND VELOCXTY OF THE V W U E  AT THE 
END OF THE: T x n E  INTERVAL 

RI I POSITfON AND VELOCITY OF THE VEHICLE AT THE 
8E61WEUN6 OF THE T I R E  INTERVAL 

4 1 R R ~ T I M E S  REQUIRED8 NTH 

LOCAL S Y N a S 8  F1 TEHPORARY ST ORAGE FOR FACP 

F2 TEHPORARY STORAGE FOR FACU 

X P R  INTERMEDIATE STORAGE FSR IPRIWT 

SAVE TEHPORARY ST ORAGE FOR ACC 

T ALTERED POSITXOW AND VELOCITY O f  VEHICLE 
AT XUITSAL T I M E  

CONMOlJ COHPUTEDAJSED8 ACC FACP F A C V  f PRI NT 



The nunlinarr q u a t i o n e  o f  -tim of t h e  s p n c e c r a f t  cra be vri-a symkml- 
li-11~ 8 B  

v h e r e  2 is t h e  s p a c e c r a f t  p o r i t i o n / v c l o c i t y  e t a t e .  

Guppore v e  wi rh  to use  n u s t r i c a l  d i f f e r e n c i n g  t o  c m p u t c  the a t a t e  t r a n -  
e l t i o n  m t r f x  #(\, Let  s(\. r e p r e a e n t  the j-th column - 
o f  ?(\. Ye a13sume we have a v a i l a b l e  the nominal s t a t e s  x 

and c* (E- 1) 
(11. To o b t a i n  (5. +I- we increment the j - t h  element of 

d J 
x (5 - by the  u m r i u l  d i f f e r e n c i n g  f a c t o r  Ax and numer ica l ly  i n t e g r a t e  

C 1 
e q u a t i o n  (1) over  the t i m e  i n t e r v a l  I s - ~ ,  \ I to o b t a i n  the new apace- 

d 
- a 

J c r a f t  a t a t e  x , ( tk) .  I h e  j - 8 u b a c r i p t  i n d i c a t e s  x ( t  ) mr obta ined  by 
-. * 

i a c r e a t i n g  t h e  j-th element of x (5- l ) .  Then 
j k 



YE6 
S e t  4) - X. 

1 

- 
accuracy. I 

I A 
Cal l  NTH t o  compute the 
s t a t e  a t  the end of the I t h  interva l  C2- 1JiI .  

A' 
S e t  column index BI 17- I 

I Gave nominal va lues  of  

I numerical d i f  ferencing f a c t o r s .  
1 

d i f f e r e n c i n g  f a c t o r s  by 10 
i f  At < l o .  Divide fac tors  
by 10 i f  At > 100. 

Incr-nt the li-;h e l m e n t O f t h e I  I atate  a t  \- 1 by the appropriate I 
numerical dl f fcrenc ing  f a c t o r .  

I J 
I Cal l  WlM t o  camp-e the I 

s t a t e  a t  . \ 



I Comprte the N-th column of 
4 ueing equation (2) . 

I n c r m n t  column 
index N .  

Reeet saved value. u 



PUWOSEI  PRINTS APPROPRX ATE H E A O I Y G  AT THE TOP OF EACH P46E MHEM . 
P R I W T W T  OF TRAJECTORV I H F O R ~ A T I O N  IS DESIRED 

CALLING SEQUENCE OALL HEUPGE 

SUBROUTINES SUPPORTED INPUT2 PRINT S F L C E  

SUBROUTINES REQtnREDt NONE 

4 COWON COMPUTED t LXNCT 



PURPOSEI TO CONTROL THE ENTIRE GENESATION OF A N O H I N I L  TRAJECTORY 
CROU INJCCTIOW TARGETING THROUGH UIOCWQSE CORRECTIONS 
AND ORBIT INSERTION. 

CALL1 NG SEQUENCE8 NONE ( M A I N  PROGRAM) 

SUBROUTINES SUPPORTED 1 NONE (MAIN PROGRAM) 

SUBROUTINES REQUIRED: GIOAWS PRELIM TRJTRY 

comon c o n ~ u r r o  8 I PRE 



WMWA', i s  t h e  execu t ive  program c o n t r o l l i n g  the  e n t i r e  g e n e r a t i o n  of  a 
naa lna l  trrjrcfory tram 1nJoct ion targatin8 t h rough  sidcwtrr a o r n o t i o a r  
and o r b i t  i n s e r t i o n .  

N U M L  begins by c a l l i a g  PRELIM f f ~ r  the  p re l iminary  work i n c l u d i n g  
i n i t i a l i z a t i o n  of v a r j a b l e s ,  reading of  t h e  i n p u t  d a t a ,  and computation 
of z e r o  i t e r a t e  va lues  of i n i t i a l  t ime,  p o s i t i o n ,  and v e l o c i t y  i f  r e q u i r e d .  

KKNAL then c a l l s  m y .  TEUTRY f i r s t  de termines  the  time o f  t h e  n e x t  
guidance even t .  It than i n t e g r a t e s  and r e c o r d s  the  nominal t r a j e c t o r y  t o  
that t i m e .  then r e t u r n s  c o n t r o l  t o  H(MRAL. 

NCWAL next  c a l l a  GLDANS.  GIDANS.processes the  computation and execu t ion  
of  t h e  c u r r e n t  guidance e v e n t .  NCBML then r e e n t e r s  i t s  b a s i c  c y c l e  by 
c a l l i n g  TR.KRY t o  propagate the c o r r e c t e d  t r a j e c t o r y  t o  i t s  n e x t  guidance 
e v e n t .  

Two f l a g s  a r e  ~ s e d  by YCHNA7.. The f l a g  IPRE i e  i n i t i a l i z e d  a t  z e r o  i n  
NMNAL. During the  process ing of the  f i r s t  data case  PBELM s e t 8  i t  t o  
u n i t y .  PBELM ueee IPBE t o   lete ermine whether :o p r e s e t  c o n s t a n t s  t o  
. i n t e r n a l l y  e t o r e d  va lues  o r  ' e a v e  them a t  t h e i r  previous  va lues  be fo re  
read ing  the nex t  data case .  

The second f l a g  KYIT determines  whether t h e  c u r r e n t  c a s e  should be cont inued 
or  texmiaated according t o  t h e  f l a g  v a l u e  z e r o  o r  u n i t y  r e s p e c t i v t l :  Ter- 
mina t ion  i e  i n d i c a t e d  vhen a  f a t a l  e r r o r  occurs  dur ing  t r a j e c t o r y  propagat ion 
or guidance e v e n t  c a n p u t a t i o n  o r  when t h e  d e s i r e d  end t h e  i e  reached.  



ICWAL Plw Chart 

I Call PRELIM I 



SUBROUTINE NONIMS 

PUUPOSE8 TO OETERMINE TPE TXUE AND CORRECTXSN L,. [OR FOR AH 
INSERTXON f R O K  a N  APPROf.Cn HYPERBOLI f HTO A SPECIFXED 
PLAUE bR0 AS NEAR AS P O S S I  BLE TO A PRESCRIBED CLOSE3 
w r t e  

GALLING SEQUENCE8 CALL N O N t N S ( G ~ ~ X ~ Z , O A ~ O E ~ O W T P p O I ~ D W ~ T R E X ~ V E L p  
!EX)  

ARGUM~T t 6~ f GRAVITATIONAL COHSTidT 

X 4 3 )  I POSITION VECTOR A T  3 E C I S I O N  

2 ( 3 )  f VELOCITY VECTOR -' ' CIECISION 

0 A I DESIRED SEI4fKLJOR A X I S  

OWTP I OESIREO ARCUHENT OF PRRSAPSI S 

OMTP I OESXREO AR6UHENT OF P E R I A P S I S  

D i  I OESIREO INCLXNAT I ON 

DM I DESIRED LONGITUGF OF bSCEN3f NG NODE 

VEL(S) 0 INSE3TION VELOCITY v'ECf OR 

I E X  0 EXECUl fON COO€ 
8 0  EXECUTABLE SOLUTI  OM D t f C R H I N W  
m i  NO EXECUTAg l2  SOLUTION F4Ua 

SUBROUIIMES SUPPORTED, INSERS 

SU8kOWfllES REQUIRE08 CAWCL ELCAR 

LOCAL S Y U ~ O I S I  AH YYPERSOLIC SE~IHAJOR AXIS 

A HG TRUE ANONALY OF HYPEYBOLfC ASYWTOTE 

CEW COSINE OF DN 
t 1 



W I  

CMn 

CTAE 

CTASY 

CNTXE 

CYtXH 

OELV 

DRA 

DRP 

OTA 

ovn 

DV 

En 

EURHAX 

C O S I ~  OF nx 
c o s t a  OF nu 

COSIME OF € 1 4  

COSIltE OF TASY 

COSINE OF YTXE a 

COSINE OF NTXM 

Y fLOCI tY  CORRECT1 OMS OF W n O f  DATE SOLUTIOW 

OESI RED APOAPSIS RADIUS 

OESIRU) PERIAPSXS RADIUS 

oumr VARIABLE FOR OUTPUT 

HAGNIT UDES OF CIWOf OAT€ CORRECTIOWS 

NAWITUDES OF CANDIDATE C O R R E C T I ~  

HYP€RBalI  C ECCOCTRICITY 

SCALAR ERROR ASSXGNED TO InPOSSfSLE 
SOLUTION 

4RRAY OF SCALAR ERRORS OF SOLUTIONS 

TRUE ANOHALIES AT INTERSECT1 ON POINTS M1 
ELLIPSE 

ECC€WfRfCXTi OF NODXFIED ELLIPSE 

HYPERBOLIC P f R f 4 P S I S  RADIUS 

TRUE M O I l M I E S  AT IWtERSECTIOl  POINTS OU 
HVP€I?B0LA 

CANDIDATE HIPLRBOLfC TRUE U O ) I I U Y  AT 
fWT EUSECT I O N  



WSOLS 

# T i  

N T 2  

PH 

P I  

PP 

QQ 

urn 

UA 

RHYP 

M A C  

R I I  

RP 

RX 

R i  

R 

S EX 

SEM 

S W Z  

S H I  

sm 

FLAG XNDX CATIHG HHETHER ANCLE BETYEEn MODE 
AH0 INTERSECTXQN I S  GREATER OEl LESS THAN 
180 

NUKBER OF SOLUT f ONS 

INDEX OF F I R S T  SOLUTION 

INDEX O F  L A S T  SOLUTION 

HYPERBOLIC SENILATUS RECTUH 

THE H A T H E M A T I C L  CONSTANT P I  

U N I T  VECTOR 1 OWARD PERIAPSXS 

U N I T  E C T O R  I N  M B I T A L  PLANE NORIlAL TO PP 

DEGREE 7 0  R A D I A N  FACTOR 

APOAPSf S RAOIUS 

HYPERBOLIC CAROIDATE R I D 1 1  TO XNTERSECTIOW 

RAOIUS 1 3  INTERSECTION POIMT 

RAOIUS AT D E C I S I O N  

P E R I A P S I S  RADIUS 

RADIUS VECTOR TO HYPERBOLA A t  INTERSECTIaW 

RAOIUS VECTOR TO E L L I P S E  AT I N t f R S E C T I O N  

SXNE OF 01  

T A€ ILRRAY O f  E L L I P T I C  TRUE A M O M L I E S  

T AST TRUE ANOMALY OF ASYNPTQTE 

TAKE tRU€ U Q O n l l Y  AT XNTERSECtfW POINT OM 



MY 

Y 

XINT 

YINT 

2 1  Nf  

TRUE ANON4LY AT ENTERSECTION POfNT OH ' 
MVPERBOLA 

TRUE AMONALY 

TINE FROM PERIAPSIS AT DECISION 

TIME P E R I W S I S  AT E X E W T I W  OW HI-- 
BOLA 

ARRAY OF CANDIDATE r r n E s  FROM txcIston TO 
EXECUTION 

YELOCXTY VECTOR OH HYPEReOLA AT EXECUTION 

UCUWEWT OF PERIAPSIS ON ELLIPSE 

U C U E N T  OF PERIAPSIS ON HYPERBOLA 

hN6LE BETWEEN ASCENDING NODE &MI INTER- 
SECTION POINT ON ELLIPSE 

ANGLE BETWEEN ASCENDfNG NODE I)CD INTER- 
SECTIOH P O I N T  ON HYPERBOLA 

W I T  NORNAL TO ORBITAL PLANE 

ARWKEMT OF PERIAPSIS 

X COneONEWT OF I N 1  ERSECT ION POINT 

Y COMPONENT O f  IRTERSECTION POINT 

2 COWWENT OF INTERSECTIOW POfNT 



IORXS daterminer the t h e  and cor rec t ion  vec tor  f o r  en impulrive ineer t ion  
' 

frcm an a p p m e h  hyperbola i n t o  4 spec i f i ed  plane and a r  near r e  p a r r i b l a  
to a p r e r c r i h d  cloeed o r b i t .  The approach A hyperbola A i s  epcc i f ied  by 
g i v i w  the p lane tocent r ic  equdtor ia l  s t a t e  r ,  v a t  the time of dec is ion  

td. The f i n a l  o r b i t  i s  defined by giving i t 8  desired o r b i t a l  e l a n t s  - 
( , W~ QE) again i n  p lane tocent r ic  equa to r i a l  cmrdi lratea.  

8ubrar t ine  CABXL l a  f i r r t  c a l l ed  to  convert  the hyperbolic r t a t e  a t  dec i r ion  
4 r ,  f into Lp1er i . n  conic elements (\, %, itl, %, PHI where $d 
i r  the tLoa from p e r h p s i s  a t  decis ion (negative on the approach ray).  

The point8 of i n t e r sec t ion  of the approach o r b i t a l  plane and the des i red  
o r b i t a l  plane a r e  then determined. The elements defkning the tvo planes 
a r e  therefore  given by i H ,  rH and 4, QE . Let A denote the u n i t  - n 
vector  taa the ascending node of an o r b i t  and B deaote the in-plane 
nurm81 to $ i n  the d i r ec t ion  of motion. Then 

A A A A  
Emce the rroxmal to the o r b i t a l  plane C i s  given by C - A x B o r  

The d i r e c t i o n  of the l i n  of i n t e r eec t ion  of the tro planes i e  therefore  
htarpinsdb t - % r &  o r  

f - (COB g e i n  COB QE - s i n  $ COB t eo8LB. 

coa 5 s i n  5 e i n Q E  - sin $ coe 5 e i n Q H l  

e i n  $ s i n  $ (comS& 8inQ1 - e i a d X  c o d , ) )  (4) 

men thr u n i t  vec tor  alodg the l i n e  of i n t e rmec t im  w r d  the northern 
M r p b r e  18 giveu by 

Zbrefate the trw anaaaly & a l o q  the hyp6rbol.a a t  the nor them in t a r -  

weti- p o i n t  i r  given by 



The t r u e  tmap.1~ an the hyperbola a t  the southern poin t  i e  therefore  
f  + 180 . Rote t h a t  t h e n  e x i s t s  a region of t m e  anamalies lying k- 
&en th4 i n c c d r q  and outgofag asymptotee f o r  vhich the hyperbola i e  no t  
deftnod. Similar  eqtutionm def ine  the true anamrly o n ' t h e  e l l i p r e  a t  the 
two p o i n u  of in t e r sec t ion .  Note t h a t  t h i s  implies th t  the  modified 
e l l i p s e  will have the same u a s  the  des i r ed  e l l i p a e .  

For the in t e ruec t ioa  t r u e  ananaly fIp the radiuo magaitudt on the  hyper- 
bola m y  be determined 

To permit an impulalve i n s e r t i o n ,  % and % murt be modified t o  e a t i s f y  
\ 

m e r e  a r e  t h ree  candidate m d f  f ica t i o m  examined t o  determine a % s t n  
one: (1) Vary ra v h i l e  holding r constant  

P 
(2) Vary rp while holding ra cons tan t  

(3) Vary a while  holding e constant  

"Beet* i r  defined b e l w  i n  ttrmo of a weighted s c a l a r  funct ion of the  
changes i n  r a d  r . 

P 
' r +r r -r  

L M i t i n g  (8) i n  t e r m  of ra and r (ueiug a - e - -) y i e l d .  
P 2 ' r z  

a P 
the  uecful r e l a t i o n  

Equation (9) may be solved f o r  r as 
a 

This  y i e l d r  ttn ra vhich define6 the  modified o r b i t  holding r a t  its 
P 

&sired  value. The semi-mafor a x i s  a d  e c c e n t r i c i t y  are then capputad from - 
r *  r,- r 

a - . D , e - . P  . 
2 =*+lp 



Bimflatly (9) m y  ba solvad f o r  r a s  
P 

r1ra(1 + C O B  f )  
r - 

p 2 ra - r l ( l  - COB f )  

Thi r  drtereiws the a o d i f i c a t i o n  i s  r r e q u i r e d  t o  ach ieve  a n  i n t e r  
P 

r r c t i a g  e l l i p o e  having t h e  d e s i r e d  ra . L 

P i n a l l y  (8) may be rolvcd t r i v i a l l y  f o r  the a r e q u i r e d  t o  produc 
E 

i n t e r s e c t i o n  f o r  t h e  dee i red  e c c e n t r i c i t y .  

An e m  i r  a s s igned  t o  each of the  cand ida te  s o l u t i o n s  a s  
r 

where bra, br a r e  t h e  e r r o r s  between the d e s i r e d  and modif ied value. 
D 

o f  r and r . The v e i g h t i n g  f a c t o r  Idi i s  a ss igned  r a t h e r  a r b i t r a r i l y .  
P 

The tima iu tarml  f r m  th. c c i e i o n  t o  t h e  execu t ion  i s  g iven  by t h e  hyper- 
bolic tku f n r a  the 1oiti.i p o i n t  to  tbe relevant lnterrectioa paint .  

~ u m u t l y  the k e i g h t i n g  f a c t o r  i s  I wli "22 where 

= 1 i f  t h e  t r u e  anomaly i s  on t h e  incoming r a y  
2 i f  the  t r u e  ancaraly i s  on t h e  outgoing r a y  

- 1  i f o p t i o n l  v2i 2 
i f  op t ion  2 

3 i f  op t ion  3 

Thus r o l u t i o n  on t h e  incaning asymptote i e  p r e f e r r e d  over one on the 
outgolag argmptote and one eubsequent t r i m  is  p r e f e r r e d  w e r  two subsequent  
trims. 

E n e i ~  dotermined the ele~&rrts of  an i n t e r o e c t i n g  o r b i t  the i n e e r t i m  para- 
meters are u r i l y  computed. The v e l o c i t y  on t h e  hyperbola  a t  t h e  i n t t r r e c t i o n  

4 point nny ba c m p u t a d  fm. l L U R  a. 
vH . B e  v e l o c i v  on the e l l i p s e  fo11ain .g  

thr i w e r t i o a  a8 computed by call i  ELCAR w i t h  the modified e l l i p t i c a l  01s- 
rrrt to r e t  ? . Z b  impuls ive  3 10 then g iven  by 

t 



Caaputr hyperbo l i c  elumantr a t  tLmr of d e c i r i m  
(CABEL) and record .  

E l imina te  any s o l u t i o n  occur r ing  b e f o r e  t i m e  of 
d e c i s i o n  o r  i n  impossib! ? r e g i o n  between two asymptotes 
and e e t  i n d i c e s  NTl,  NT2, NSOIS accord ing ly .  L I 

I 

h p t e  c a r t e s i a n  s t a t e  on hyperbola  a t  fhi (ELCAR) 
and record .  

J b 

Compute t r u e  anoaaly  on h y p e r h l i c  a t  tvo p o i a t s  of  
I n t e r s e c t i o n  wi th  d e e i r e d  o r b i t a l  p lane  

f h l '  f h 2 *  

j 
Modify re of  d e s i r e d  e l l i p s e  t o  o b t a i n  i n t e r s e c t i o n  

1 

I v i t h  hyperbola  and compute c a r t e s i a n  s t a t e  (ELCAR). 
h p u t e  A and c a 21.1 Aral . 

1 

Modify r of  d e s i r e d  e l l i p s e  t o  o b t a i n  
P 

v i t h  hypeibola and compute c a r t e s i a n  s t a t e  ( E U R ) .  I 
k p u t e  and E 2  =. l * l b r p ]  . 

L 

I 
\1 

( ~ o d i f y  "a" o f  d e e i r e d  e l l i p a e  t o  o b t a i n  i n t e r s e c t i o n  1 
with hyper+la and compute c a r t e r h a  state (ELCAR). 
b p u t e  Av3 a d  L - 3 1  ( 1  br + ArpJ ) . a 



b 

Y 

Choose index X U  of minimum k. 



r 
I 
I 

SUBROUTXWE NONLXN 
r 

PURPOSE8 TO CONTROL EXECUTION OF NON-CXNEAR GUIDANCE €VENTS. 

CAUING SEQUENCE8 CALL NONLIN 

SUBFIOUT I NES SUPPORTED 8 6UISf !4 6Uf DH 

SMROUTX NES REQUIRE08 CARE1 ELCAR 6 1  DANS 

LOCAL S Y ~ S O ~ S I  A A  ARGUKEHT FOR SUBROUTINE CAREL 

0 1  JULIAN DATE OF EVEN1 

EE ARWNENT FOR SUBROUT I N €  CIREL 

XSNPR SAVE INPR VALUE 

KEY INTERHEDXATE V W A B L E  I N  SETTING UP TARGET 
ARRAY 

KICL2 SAVE ICL2 VALUE 

KI CL SAVE ICL VALUE 

UISPH SAVE ISPH VALUE 

KXSPZ SAVE XSPZ VALUE u 

OOELT SAVE ORfGXhAL 1ELTP VALUE 

OSPH SAVE ORIGXNAL SPHERE OF IWFLUEMCE Of I 

TARGET PLANET 

PP ARGUMENT RETURNED FROM CAREL 

99 ARGUHENT RETURNED FRON CAREL 

RnA 6 YIGUIEMT FOR SUBROUTINE ELCAR 

TAA TRUE ANOMALY 

TFFP TIHE OF FLIGHT FRON PERXAPSIS 

TFP T I M E  FROM PERIAPSIS a 

TRTINE TRAJECTORY T INE  OF THE GUIDANCE EVENT 

V M 6  ARGUHENT FOR S W O U T I N E  ELCAR 

W W  ARWlENf FOR SUBROUTINE CAREL 



X X I  ARGUNENT FOR SUBUOUTXNE CAREL 

X X W  ARGUNENT FOR SUBROUTZNE CAREL 

XYZTAA ZERO TRUE AWCH4.Y ARGUHENT FOR SUBROUTIHE 
U C A R  

COMWtfWUSEO8 OELTP 
x CL2 
1 SP2 
KT P 
NO1 1 
T G f 3  
XDC 

AC KT 
D G 
KT YP 
NP AR 
11% 

DELV 
I CL 
KLP 
K H I T  
ATP 
T I N  
XOELV 

AC 
O V n  A X  
KUR 
PERV 
TRT n 

DSI 
INPR 
KMXQ 
MAT 
US I 
Tnu 
XRC 

80R 
0 1  
LVLS 
RC 

DT 
XPRf NT 
KT AR 
MAX0 
SPHERE 
1 OL 
20 AT 

I BAOS 
I SPH 
KTfH 
nDL 
TAR 
V S I  

/ 

DC 
1 ZERO 
NQGYO 
SPHF AC 

AC X ALNCTH DATEJ DFLT A V  * f X  
JX L r:t P L K T A R  LKTP LLVLS 
tNPAR PMASS T H  1 3  X A C  
XBOR XBDT XDSI XOVMAX XFAC 
XI N XPERV X R S I  XT AR XTOL 1 

XVSI ZERO 



N@#tX!i i r  thr i n t e r f a c e  s u b r o u t i n e  betveen the non- l inea r  guidance sub- 
r o u t i n e s  of NgKNAL and s u b r o u t i n e  G U U H  of  ERRAN and s u b r o u t i n e  G t f f S M  I 

o f  SMLTL. NmLXN s e l e c t e  t h e  necessa ry  data from t h e  ERRAN an? SMUr. 
common blocks  and s t o r e s  i n t o  t h e  conrnon blocks of N-L the information 1 

needed t o  compute and /o r  execu te  t h e  ~3 r e q u i r e d  i n  o r d e r  t o  meet 
epec i f  l e d  t a r g e t  c o n d i t i o u s  . 

I 

The mart  important  t a s k  performed by NPNLIN i s  t h e  s e l e c t i o n  of the  d e s i r e d  
guidance r c h m e .  The v a r i a b l e  IX i s  t e s t e d  and c o n t r o l  i e  t r amformed  
accord lug  t o  t h e  fo l lowing :  

Ut = 1, r e t a r g e t l a g  t o  s p e c i f i e d  t a r g e t  parameters  - 2 ,  $it i n e e r t i o n  t o  s p e c i f i e d  o r b i t  - 3, n execu t ion  by a  s e r i e s  o f  s p e c i f i e d  pu lees  

For  each type o f  e v e n t ,  N0NLIN then s e t s  up va lues  c o n t r o l l i n g  t h e  type of 
guidance even t  (KTYP) , l m p l m n t a t i o n  code (KXXQ), and execu t ion  model 
code OL). F r r e t a r g e t i n g  o n l y ,  K0SLIN s t o r e s  the  remaining v a l u e s  
needed f o r  c c l c u l a t i o n  and p r i n t .  the z e r o  i t e r a t e  c o n d i t i o n s .  

NQHNAL c a l l s  G I M N S  t o  perform the guidance even t  and r e s t o r e s  parameters 
necessa ry  f o r  t h e  bneic  c y c l e s  of ERRAN and SMUL. For r e t a r g e t i n g  o n l y ,  
H@QUL then r t o r e s  the c o n d i t i o n s  a t  sphere  of i n f l u e n c e  and c l o s e e t  
approach of  t h e  t a r g e t  p l a n e t  which were c a l c u l a t e d  by s u b r o u t i n e  TARGET. 



Save the basic cyc le  
parameters and met up 
the general guidance 
parameters. 

target parameters 
and print zero 

Restore k s i c  cycle 
trajectory parameters. 

Store S.0.L NO I P YE6 
conditionr. IX ElxTUE(H + 1 

0 

Calculate C . A .  
coadit ioas.  

4 
Y E S -  

War target time a t  , 
clooe8t approach? 

I 
+ 

4 
* 

4 

Store C . A .  
c o ~ i i ; i o n 8 .  

, 



SU8ROUTf N i  NTH 

WWOSEI CONTROL COMPUfbTION OF NOMINAL TRAJECTORY I N  THE ERROR 
A W L Y S I S  PROGP:M 

CALLING SEQUEfiCE8 CALL N T H t R f  ,RF ,NT HC,ICODE) 

ARGUMENT 8 f CODE I INTERNAL CODE THAT DETERMINES WHICH 
TRAJECTORY I S  BEING RUN AND UHAT 
INFORHAT I O N  IS DESIRED 

ntnc I NOMINAL T R A J E C T O R Y  MODULE CODE THU 
DETERHXNES YHICH T YPE OF TRAJECTORY PROGRAM 
I S  T O  BE USED (NOTE ONLY THE VIRTUAL MASS 
TECYNIQUE I S  SUPPLIED WITH T H I S  PROGRAM. 
HOWEVER, NXTH L I T 1  L E  EFFORT A h Y  TRAJECTORY 
PROGRAM MAY BE ADDED AS AN EXTRA OPTION.) 

RF 0 POSIT ION AND VELOCITY LF THE VEHICLE AT THE 
EN0 OF THE T I M E  INTERVAL 

RI I POSIT ION AND VELOCITY OF THE VEHICLE AT THE 
BEGINNING OF THE T I H E  INTERVAL 

, . 
SU8ROUffNES SUPFORTEDI ERRANN HUN0 NDT ?! PLND PSXU 

SETEVN GUID VARADA PREO 

SUBROUTINES REQUIRE08 VMP 

LOChL SYMBOLS: D l  J U L I A N  DATE, EPOCH JAH.0, 1 9 0 0 ,  OF I N I T I A L  
TRAJECTORY T I N E  

RW DISTANCE OF VEHICLE FROM TARGET PLANET A T  
SPHERE OF INFLUENCE O R  CLOSEST APPROACH 

VMH HAGHITUDE.OF THE VELOCITY VECTOR 

COWOM COHPUTED/USEDt ~ O R S X ~  BDRSS2 B D R S I  3 B D T S I I  B D T S I  Z 
BDTSIS  E S I l  B S f 2  BS I 3  I C A i  
I C A 2  I C A 3  I CL I S O I i  I S 0 1 2  
I S 0 1 3  XSPH R C A l  RC A2 RCA3 
R S O I I  R S O f 2  R S O I 3  TCA1 TC42 
TCAJ T S O I l  T S O I 2  TS013  V S O I l  
V S O f 2  V S 0 1 3  

ACC BDR BDT 8 OATEJ 
DC OELTU DSI IPROB fSP2 
f TR N QE RC US I TRT Ni 



Sobmatine M i r  tilled to generate the (moat recent) targeted a d m l  
m j e c t o r y  in the error atulyrfs  &a. Bubioutfne lfilX f r  a q u i a l a a t  to 
a mbroutlcrr lbPT frm which a l l  loopa arrociattd with ICODE - - 3 ,  -2 ,  2 ,  3 
&rr k.a +awr*ed. Pot  t h i s  rearon w further aarilynin and no flw ebart 
w i l l  k prumtd for 8 ~ b r a t t i ~  PM. %far tc. subroutine BDiS. 



ARGWEMT8 XCODZ I INTERNAL CODE THAT OETERRIlES YnIW 
TRAJECTORY I S  BEIW6 RUM AND UHAT 
IWFORNATION 1 S E S I R E O  

NTllC f NOHINAL TRAJECTORY MOQULE COO€ THAT 
OETERRINES WHICH TYPE OF TRAJECTORY PROGRIN 
IS TO BE USE0 (NOTE ONLY THE VIRTUAL MASS 
TECHNIQIE I S  SUPPLIED WITH THIS  PROGRIN- 
HOWEVER, Y I T H  L I T T L E  EFFORT AMY TRUECTQRY 
PROGRUl N4Y BE ADDED AS AN WTRA OPTION.) 

RF o POSITION AND VELOCITY OF THE V W I ~ E  AT THE 
EN0 OF THE T I R E  I N T E R V U  

R 1 I P O S I ~ ~ I O M  AUO VELOCITY OF THE V W I C L E  AT THE 
BE61NNING OF THE T I R E  INTERVAL 

I I SUBROUTINES REQUIRED: VHP 

LOCAL SYnBOLS8 ACCS IKTER?EDIATE STORA6E FOR ACCUUACY 
! 

D l  JULIAN: DATE, EPOCH JAN.,I~OO, QF IUXTIU 
TRAJECTORY T IYE  

Ui INDEX FOR S E R I W O R  AXIS ELEMEMT 

U2 INDEX FOR ECCENTRICXTY ELEHENT 

K 3  1KOF.X FOR IRICLZNATIOEI ELEUENT 

Ub I W M X  FOR ASCENDIN6 NODE ELEHMT 

K 5  I W O L X  FOR P E R A W S I S  ELEMENT 

I ;r ub IWEX FOR NEAR rN0naI.r ELEMENT 

NsOOS WTERnEDX~TE StORI6E  FOR N800 

INTERMEDIATE STORAGE FOR N8 AURAY 

OlST RWCE W VEHICLE FROH TARGff PLANET 



SAVESO 

SAVES 

S A E 2  

SAVE3 

SAVE4 

SAVES 

SAVE6 

SAW€? 

SAVE8 

urn 

IWT ECtWEDf ATE STORA6E 

IMTERnEDI ATE STORAGE 

IMTERmOXAtE STORAGE 

I I T E R l g D f  ATE STORAGE 

I U G W I T l l D f  OF THE V E L O C I T Y  VECTOR 

BORSXZ 
BSI1 
t C A 1  
I S 0 1 2  
P n ass 
RSOIZ 
T C I 2  
V S O I 1  

ACCl A L M C f n  BDR Wr  8 
DAB DATEJ DC Of0 o w n  
0 1 8  DNA8 OtlUPB ONUS0 ONQP 
D S I  OW8 IPRO8 fSP2 1tR 
H 0 O b l  ~ 6 1  M6E MQE WTP 
RC U S 1  Trl VSf 



6ubrutttine l4TlS i r  ured to gearrate any of the thm t.=jectorier - q u i d  
i n  the rinarlat10~ mode -- the (most recent) targeted nominal m j u l a r y ,  
the moat  r+ce -t  nominal trajectory, and tha actual trajectory. 

The inplt  variable 1- i s  u u d  to distinguish between there trajectoriee. 
It i s  unimportant to  the vir tual  mass technique vhich trajectory i s  being 
caap l td .  Ihtwmr, it i s  important to keep than eeparated so that the 
proper codm a m  se t  that check for approaching the rphere of influence of 
the target planet and reaching clorest  approach. It i s  a lso Important to  
katp r e p r a t .  the cooditions a t  which these occur for each trajectory. The 
fo l l~ l l r rg  l i r t  describes IOQP% ccmpletely. 

I#lX - 3, IR)LS w i l l  check to w e  i f  the sphere of influence and/or 
cloremt approach has been reached on che actual trajectory. 
Xf not, Y)IP w i l l  check for these conditions and on encountering 
ei ther ,  NZ?S placer the conditions in special storage locations 
60 they w i l l  be saved for future reference. 

- 2 ,  ItlMS performe the same opcratlons as &scribed above for the 
mt recent nominal trajectory. 

UXIDIS - 1,  FXi again checks for sphere of influence and closest apptooch 
as  a b v e  for the targeted r#mfnal trajectory. 

1- - 0 ,  the only important information in this  ri tuation i s  the s ta te  
vector a t  the e n 6  of the t b e  interval. Therefore, KMS does 
not check to see i f  closest  approach or spherc of influence is  
encountered. 'Ihir might occur in numerical differmciag, for 
example. 

1- = -1, i t  i s  important to krrcru i f  sphere of lnfluetce or closest 
approach i s  ruched on the targeted nomiual trajectory. However, 
i t  i s  wt desired that the information b stored for future use. 
'Ihie r imat loo  occur6 in the guidance event. 

1- - -2, the s a w  ccmments m y  be made as i f  ICODE = -1, except thie 
18 oa the most recent oamfnal trajectory. 

IWDB - -3, again, &la value of IC#B is  treated the same a s  I s  I W E  = 
-1, for tbe actual trajectory. 

Physical ccmatanta , plartatary ephcmcrideo, and other info- tion relating 
to the dymnic- &el are the same for the targeted end most recent naninal 
t ra  jectorier. This i s  not t rue  for the actual t ra  fectory. There may be 
biarer Ln the target p k n e t  ephavrider a d  the gravltatioarl  coastants of 
the San and t a ~ e t  pknet .  The - r i a l  accuracy r o d  the mrmbtr of celee- 
tlal W i e r  arrpl~yad fn th. generation of the actual trajectory 8.y  also 
d i f  ferr 



Xphsrrir b h u r  a n  rpmcified 88 blare8 in orbi ta l  el-at8 a ,  e B  iB  Q ,  
W ,  aad U . . Bumr8r, withfa the prqram are r tored the ephsmrrir coort lata 
of a, a, 1, O, z, .ad I¶ for the p lawtr  .ad 8 ,  e ,  1, Q,s, a d  L for 
tin won, rbrn 



Compute Jullan date areocinted 
with trajtctory t h e  

I 

fr acela1 tra jectorp 
YES 

+ 

2 virtual maso 

r \L v 

1 3 

t.rgeM . actual 

NO 

4 ' 

I trajectory 2 most recent 
nanilsal 

Add actual dynnmic biases 
to nominal dyaamic par* 
ameters. S e t  actual ma- 
jwtory numeriurl accuracy. 

v 
C I 

patched coaic 
Trajectory code NTC = ? 

1 
I 



.I. i! 9 
fkr mrgatod u r n 1  en- Baa most  recent naninal en- k 8  actual mjactory en- 
caratered clortt  t apprcach? countered closert approach? countered cloreai  approach1 

2 
1K) 

9 c 

9 8 

- i: 
v 

me? I 

Call V)LP to canpute the 
rpccified trajectory 



4' .A 

Did most recent  nominal NO 
p ie rce  sphere of influence? 

r 1 

m. War c l o r e r t  approach . 
previously encountered? 

T NO 

6 JI ' Store  sphere of inf luence 

d i t i o n s  f o r  the b r g e t e d  

+ 

condition8 f o r  the ta rge ted  
naninr l  t r a j ec to ry .  Vr f t e  
out sphere of inf luence 
conditions 

i 

Did ta rge ted  nominal en- 
counter c l o e e s t  approach? 

YES 

ICAl = 1 

1 

of inf luence 
1 

condit ions f o r  the most recent  
n m f n a l  t r a j e c t o r y .  Write 
out  sphere of i n£  luence 
condi t ions .  

previous l y  encountered? 

d i t i o n s  f o r  the most recent  
nominal t r a j ec to ry .  

1 

WO 
Did targeted ncicninal en- 
counter c l o s e s t  approach? 

> 

YBS 

xu2 - 1 

I 

b 

I8 w e t  recent  nominal 

6 1 



Did a c t u a l  t r a j ec to ry  

Was rphera of influenca 
previourly pierced? 

NO 

ugx3 = 1 

I 
&' . 1 

Sto re  sphere c f  influence 
condit ions f o r  the a c t u a l  
m j t c t o r y .  Write out 
rpbere of i n £  luence con- 
ditian8. 

I 
d 

Yam cloremt approach 
pieviourly encountered? 

!h 
Sto re  e l o r e r t  approach don 

1 ditiona f o r  the a c t u a l  I 

JI 
Did a c M l  t r a j e c t o r y  
encounter c l o r e r t  approach? 

Urik  mat c l o s e r t  approach 
coaditicmr . 

m 

War a c t u a l  t r a j e c t o r y  RO 
canpl ted t  1 .  

and t r a j e c t o r y -  numerical 
accuracy t o  t h e i r  nominal 1 1 
valuer .  

I 
i 



SUBROUTXNE ORB 

 PURPOSE^ T O  c o n P u t E  THE ORBITAL ELEMENTS -- INCLIYATION, 
LONGITUDE OF ASCENOING NODE, LOHGfTUOE OF PESIHELXON, 
ECCENTRICITY, AND LENGTH OF S E M I M A J O R  A X I S  -- FOR A 
SPECIFIEO PLANET A T  A GIVEN TxnE. 

CALLING SEQUENCE1 CALL ORB (I P,D) 

ARGUMENT8 0 I J U L I A H  DATE, EPOCH 1900, OF THE T I M E  AT 
WHICH THE ELEMENTS AW TO 8E CALCULATE0 

f P  1 CODE NUMBER OF PLANET 
= i  SUN 
= 2  HERCURY 
= 3  VENUS 
24 EARTH 
=5 MARS 
=6 JUPITER 
=7 SATURN 
= 8  URANUS 
= 1 0  PLUTO 
ti1 !lorn 

SUBROUTINES SUPPORTED1 DATA DATAS P C T M  P R I N T 3  P R I N T 4  
 PSI^ TQAKH TRAKS TRAPAR VHP 
G U f D ? l  GUID C U I S I M  GUISS PRNTS3 
H E L I O  LAUNCH LUNTAR HULCON MULTAR 
PRHTS4 TRAPAR 

SUBROUTINES REQUIREDl NONE 

LOCAL SYMBOLS1 F N 1  STATEMENT FUNCTION DEFINING A THIRD ORDER 
POLYNOMIAL a 

F N 2  STATEMENT FUNCTION DEFINING A F I R S T  ORDER 
POLYNOt4IAL 

PI 2 TWICE THE MATHEMATICAL CONSTANT P I  

CORHON USED8 CN EUM S M J R  ST TWOPI 



ORB determiner  the mean o r b i t a l  e l ~ n t r  f o r  any g rav i t a t io rba l  body a t  
a specified time. 

m e  e l e u n n t r  used a r e  semi-major a x i s  a  , e c c e n t r i c i t y  e , i n c l l t u t l o n  i , 
long i tude  of t h e  arcending node 0 , and long i tude  of p e r l a p a i r  a. h e  
e l c m t n t r  a r e  r e fe renced  co h e l i o c e n t r i c  e c l i p t i c  f o r  the  p lane t8  o r  8- 
c e n t r i c  e c l i p t i c  f o r  the  moon. 

Tha m u n  elements a r e  c w p u t e d  from time expaneions a r  f o l l w s .  kt a tm 
any of the  elccbcnts. Then the  va lue  of a a t  any time t i r  8 i w n  by 

- a h e r e  th. c o n s t a n t s  a a r e  s t o r e d  b) B U T .  These cons tanLe  a r e  s t o r d  
k 

i3to the a r r a y s  CH, ST, and RiN f o r  i n n e r  p l a n e t s ,  o u t e r  p l a n e t s ,  and 
t h e  mom r e s p e c t i v e l y .  R e  d e f ' n i t i o n e  of t h e s e  a r r a y s  and t h e  v a l u e s  
r t o r e d  a r e  provided i n  t h e  aaaLyais of  the prev ious  s u b r o u t i n e  m T . ,  Th4 
elemat v a l u e  a s  computed from t h e  above equa t ion  i s  then r e t u r m d  i n  the 

' XWlT a r r a y  accord ing  t o  the g r a v i t a t i o n a l  body code k a s  

Ef)(N1(8k-15) - i k - 1 Sun = 1 Sa tu rn  
E m ( & -  14) = Q 2 Mercury 8 Uranue 
E m ( & - 1 3 )  3 Venus 9 Neptune 
EWXT(8k-12) = e 4 Ear th  10 P l u t o  
BIlQIT(8k-10) - a  5 Mars 11 noon 
E m ( & - 9 )  - w  6 J u p i t e r  



SUBRWTtNC PARTL 

PURPOSE CONPUTE P A R T 1  ALS OF B 0 0 T  T AND 8 DOT R Y t T H  RESPECT TO . 
SPACUOUAPT POSXTION AN0 VtLOCXTY 

CALLING SEQUENCE1 CALL PARTL(R,V,B,BDT,BOR,P8T~PBR) 

ARWUENT 1 8 0 IMPACT PLANE PARAMETER 

BDR 0 B OOT R 

PER 0 P k R T I k  OF 8 DOT R WITH RESPECT TO R AND V 

PBT 0 P A R T I A L  OF 8 DOT T WITH RESPECT TO R AND V 

R I POSIT  I O N  OF VEHICLE RELAT XVE TO PL4NET 

V I VELOCITY OF VEHICLE R E L A T I V E  T O  PLANET 

SUBROUTINES SUPPORTED1 GUISS 6 U I D  

IWTERl lEDI  ATE VARXABLE 

HAGNITUDE OF VELOCf T Y 

INTERMEDIATE VAUI  ABLE 

SQUARE OF U 

I NT ERMEOI AT E VARIABLE 

IWTER)(ECI ATE VARIABLE 

CUBE Of UV 

S O U A e  OF HA6NITUDE OF VELOCITY 

ZERO 



PA= i r  rerpoanible  for  the computation of the p a r t i a l s  of 8 . T  and 
8.1 with n r p e c t  to  the ea r t e s l an  camponeats of p e r i t i o n  and velocity. 

ht the r a t e  of the mpacecraft v i t h  r e rpec t  t o  the t a r g e t  body a t  i n t e r -  
r ec t ioa  v i t h  i t r  rphere of inf luence be dent-ted 

- 

t - [i, j .  i]' v v . ' S i  + $2  

A 
I n t r c h c e  tho approach a rg rp to t e  S and approximate i t  by the d i r ec t ion  
of v.  

Q . 2  
v (3)  

h 
m e  B-planr i s  th plane normal t o  X containing the center  of the t a r g e t  
W y .  A n y  vector  wi th in  the B-plant muat e a t i r f y  therefore  

s B =  o (4 

The impact p a r a t e r  vector  i s  determintd by the in t e r sec t ion  of the 
k p h p .  .nil the incaning 8 r y ~ p t o t e .  The i n c a n i ~  aeymptote i s  given par- 
amet r ica l ly  by 

* 
The tlma a t  which th r  aspaptote  i n t e r r e c t r  the B p l a n e  rra -  'be :atermined 
by applying the k p l u u  condit ion (4) . 

'b - [ x  - ai, 7 - a$, z - ailT 



PARTL- 2 

W a r  aamumin8 that the 1 axin i s  to l i e  i n  the x-y reference plane and 
the B-plane, i t  i e  defined as  

where u2 = 2 + , The f ax i s  i a  defined by 

N o w  combining ( 7 ) .  (8 ) .  ( 9 )  B*T and B*R may be canputed i n  terms of 
the s ta te  canponents 

The partlaln may na, be cmputed from d i f f erent ia t ion  of the above equations. 



90QP09C8 W T R O L  CONPUtAtION OF STAT€ TRANSITION MTRU YLI- UIL . 
AMALYTIQAL PATCMCO CONXC TECHMIQUC 

C A L L I S  S E M I I C E 1  CALL PCTH(R11 

- .  SltBROYfIlES REQUIRE08 CONC2 EPHEH ORB 

. LoCIt S lMB#S8 D JULIAU DATE. EPOCH JAW.0, 1900, QC I M I T f Y  
T 

OELT L ~ W G T H  OF T X E  INCRE~ENT IN PRCPEI UWXTS 

WM TEHPORARY STORA6-E FOR STATE T l W S I T  I O U  
H4TRf X 

6NS GRAVITATIONAL CONSTAWt Of C O V E R N X ~  OOOI 

XP COW OF PLANET 

RPl Of ST A W E  FROB SP€CfFIEO PLANET 

RS POSITfOW OF VEHICLE R E L I T 1  VE TO UECIFILO 
PLAu€T 

US VELOCITY OF VEHICLE RELATIVE TO W C f F f t O  
PL 4NET 

CORHotr C;O)IPUTE,D8 NO P H I  

ALN6TM OATEJ DELTH F I M I Y  
neoo ma PHASS SPHERE TM 

- T R T H l  



Subrwtitm PClU does n o t  8 c N l l y  canpute the state  t r a r u i t i o a  P l t r F x  
@(\ ,  ) l t e e l f ;  t h i s  18 aecanp l l shed  by ullllp -2 f m  w l h i n  

PCIX. 'Zhe p r d r p  f u n c t i o n  of PCM i s  t o  determine t h e  d a n i m n t  tmdy at 
t b m  \ -  to bc used i n  t h e  canputation of @(\, by w a n e  of the 

a r m L y t l m l  patched conic  technique.  

On i n t e r p l a n e t a r y  t r a j e c t o r i e s  w c a n p r t c  t h e  d i s t a n c e  sepmrat ing t h e  
s p r c e c r a f t  £ran each of the c e l c r t i a l  bodies included i n  the a n a l y s i s .  
I f  the  d i e t a n c e  bctveen t h e  s p a c e c r a f t  and t h e  i- th body is l e a s  than o r  
e q u a l  t o  1.1 t h e e  t h e  sphere  of in f luence  of t h e  i-th body, the i - t h  
body is  s e l e c t e d  a s  t h e  dorainant d y .  Otherv i se ,  the Sun 1s s e l e c t e d  a8 
t h e  d o g i u a ~ t  M y .  

Oa luaa  t r a j e c t o r i e s  ve canpute the d i s t a n c e  s e p a r a t i n g  t h e  s p a c e c r a f t  
£ ran  thc W n .  If this d i s t a n c e  i s  l e s s  than or -1 t o  1.1 times the 
sphere  of fn f luence  of the Moon, t he  moon is  s e l e c t e d  as t h e  dcsn1w.t M y .  
Xf not, the Fhrth i s  s e l e c t e d  a c  the dan inan t  body. 



Caaplte Jullaa date a t  1 
A' 

coordinate ryrtsa h r 9  - 
hel iocentr ic  or brrrcentric 

v 

1 
Capate  posit ion and ve loc i ty  of I-th 1 
body. Gmpute pos i t ion ,  ve loc i ty ,  
rod poritloo a g a i t u d e  of  spacecraft 
re la t i -  to 1-th bod 

s spacecraft within 1 .1  times the YES 

rphere of  influence of  the I-th body? 1 

Ho ELve a11 c t l e e t i a l  W i e s  

v 
r 1 

Select I-th b d y  a s  
domirunt body. 

C 
1 

A 

Select Sun ar doariaant body. Y 
4 . 
Catplt. grrtvitational constant of 
&aimat M y .  

* 
1 

A 

~ a r l y t i u l l y  over thr tW 



Canputt  p o s i t i o n  and v e l o c i t y  o f  I-th 1 
body. Comprte  p o r i t i m ,  v e l o c i t y ,  and 
porition magnitude of spacecraf t  r e l -  

Store p s i t i o n  and v e l o c i t y  of 
spacecraf t  r e l a t i v e  to Earth. 

1 

YES Nil  
Target M y  - H I- th body  Haon 

KO 

YES Xr spacecraf t  w i t h i n  1 . 1  
the sphere of in f luence  o f  the  

N6 

e t a r g e t  body - Noon and is Have all bodies 
I- th  body Uwn? been treated? 

V 7 P &= 
S e l e c t  Earth as d m i n -  
a n t  body. 

- 

8 

I 
C - 

% 8 
S e l e c t  I- th body 
as danlrmnt body. 



-0#8 TO COWUf): THE NATRIX M F I N I N 6  TM! TU4NSF0rtrr4T?~y 'm 
n h n E t  C c n T E a o  ECLIPTIC COOQDINATES t o  PLANET CCYTLTO 
EQtlATaRt A L  COOROIMATES AS A FUNCTION OF TWL: P U T I C U L W  
PLAWET A)(O TINE. 

A W N E M l  1IP I C O M  Of PLRYFt 
D 

0 I JULIAW DATE, EPOCH 19009 Of LKCEUELlCL TfWE 

E=Q(Sr3) 0 TRAMSFORNATION NATRIX FROM E C L I P T I C  TO 
EQUAT bRIAL COORDINATES 

SUBROunrrfS SVP#)RTm)l TAU6ET HELIO LAUMCH LUMTAR W T h R  
INSERS TRAPAQ VHP OATAS wfs tn  
DATA 6UIDH EXCUTE 

LO.ChL S T N m S 8  00 3ULIAM T I r lE  (EPOCH 1980) OIWfO€D BV lam. 
D6TR CONVERSION F9CTOR FROM E G R E E S  TO R A O f m  

E C W  TRANSFc#\NATXON MATRIX FUOR ECLIPT IC  TO 
ORBITAL PLANE 

f YEARS OF JUL IAN T I =  (€PO04 1908) 

X I  THE IWCLINATIOM OF 1% ORBITAL P L A N E  TO 
ECLIPTIC R I M E  

t W a s u t x o m  OF PLAHET EQUATOU TO ORBITU 
'Ia PLANE 

XL THE LONGITUDE OF THE A ~ N O ~ N ~  MOW OF tw 
' ORBITAL PLANE TO THE: ECLIPTIC PLANE 



i r  r e rpoe r ib l e  for tb computetien o f  the  t t a r \ . f o r a ~ t i o o  matrix 
fras w l i p t i c  to p l u r a t  q u a t o r i a l  coordinate8 f o r  any plane t  (or rooa) 
a t  nay tiPa. 

Figure 1. Ceasetry of E c l i p t i c ,  O r b i t a l ,  and Equator ia l  Planes 

Figure 1 i l l u r t r a t e s  t h e  gecmetry of the  problem. Lo that f l gu re  the 
f o l l w i a g  d e f i a i t i o n e  hold 

XYT The e c l i p t i c  coordinate  axes 

XoY,Zo The orbi'tal plane c m r d i u a t e  axes 

\'Q'Q The p lane t  e q u a t o r i a l  c o o r d i m t e  axes 

I n c l i n a t i o n  of o r b i t a l  plane t o  e c l i p t i c  plane 
l i g h t  aacenrion of o r b i t a l  plane t o  e c l i p t i c  plane 

6 Inc l ina t ion  of p lane t  equator  t o  o r b i t a l  plane 
8 Bight aecenrioa of p lane t  equa to r i a l  t o  o r b i t a l  plane 

Tint expwionm f o r  the mean v a l ~ e e  of the  arrglee a r e  evaluated a t  the 
s p e c i f i c  time. Then the coas t ruc t foa  of the t r a m f o n a ~ t i o a  u s t r i x  proceeds 
i n  tm r t eps :  



In the f i r a t  r t ep  the  
c d i m t r r  i a  made. 
an a q l e  J )  a d  then 

t r ans fo rm t ion f ran  the e c l i p t i c  t o  o r b l t a l  plane 
Thir i r  done by ro ta t ing  a h t  the t -axi r  t h r q h  
about the resul t ing  x-axis thrargh an angle i : 

t& t r rnrfo=t ion fron the o r b i t a l  plane to  the equatorial  caordirurtes 
i r  accap l i rhed  i n  8 r i a i l a r  farhion: 

( 8 about - 3 ,  b about -1)' 

'Lhr r o t a t i m  . n t r i x  (or Euler matrix) fo r  each of there tranrfomations i r  
c w t e d  by subrootine XUMX. The t raarforput ioa  f rcu  e c l i p t i c  t o  equatorla1 
i r  n a  gfvm u the product of these matricer 



WltPOSLI TO PROPICATE A HELSOCENTRIC TRAJECTQRY CONSfERfWC THE 
PERTUBATSOHS PRODUCED B Y  80TH THE LAUNCH AND TARGET 
800IES. 

A R W ~ N T ~  ~ ~ ( 3 1  I GRAVITATIONAL COMSTANTS OF SUN,LAUNCH AND 
TARGET PLANETS 

HSI ( 6 )  I HELTOCENTRXC E C L I P T I C  SPACECRAFT STATE 
( I M I T X  AL) 

H L T I ( Z , 3 )  I I N I T I A L  HELIOCENTRIC STATES OF LAUNCH AND 
TARGET BOOSES 

H L T f < 2 , 3 1  1 FINAL HELIOCENTRIC STATES QF LAUNCH AND 
T A R 6 0  BODIES 

OELT I T I =  INTERVAL OF PROPAGATION 

MSF(6) 0 HELIUEWTRf  C ECL IPT IC  SPACECRAFT ST ATE 
<FINAL) 

OELR RF-RX 

PER PERTURBAT I ON f # FINAL STATE 

PSF SPACECRAFT POSfTION RELATIVE TO PLANET 
( F I R & )  

R AV AVEQA6E OF R I  A#) RF 

R A ntTERnEDf AT E VAUIABLE 

RF MAGNITUDE OF PSF 

UH X N T E ~ ~ O f A T E  VARIABLE 

R I  MAWITUDE OF PSI , 



PIIItU i r  re rponr ib le  f o r  p r o p g a t i n g  he l iocen t r i c  t r a j e c t o r y  conridarkrg 
the pwtu rba t ions  produced by both the launch end t a r g e t  bodlea. Ihe e q a -  
tiaar of motion of a  body moving under the influence of the aun while per 
tu r lnd  by a  m u l l e r  mars a r e  

a 
where r i r  the vector  radius from the s u n  t o  the spacecraf t  

A r i r  the vector  radius from the sun t o  the per turba t ive  m a r  
m 

, a r e  the g r a v i t x t i o ~ l  constants  of the sun and rrvra re rpcc t ive ly .  

b m i n g  that the i n d i r e c t  term i e  -11, a t t e n t i o n  may be d i r u t e d  to the 
f i r a t  two t emn  only. Suppoae t h a t  ( Z o ( t ) ,  ";(t)) s a t i s f y  

Then r 0 ( t )  v 0 ( t )  a r e  given by the familar  equations of conic motion. 

A f i r a t  o rder  corrected so lu t ion  neceroary to account f o r  the d i r e c t  t rm 
force  a r t  then matisfv 

Applylag the condition8 (2) l u d r  t o  the equations def in ing  the cor rec t lonr  

& - a t  

- A A 
then 1 = r o ( t )  - r m ( t )  i a  the poai t ion  vec tor  of the spacecraf t  w i t h  respec t  

t o  the prr turb ing  m a s .  

One f u r t h e r  aasunrption enabler one t o  solve i n  cloeed form the perturbat ion8 
p r d u c e d  by the th i rd  mars. Generally R ( t )  and P ( t )  a r e  nearly l i n e a r  
functions of tlme. Therefore sup~ore-that the i n i t i a l  and f i n a l  values of 
these n r l a b l e a  a r e  k ~ a n  t o  b. El, It2, 5,  R2 w e t  the i n t e t v a l  A t .  



Xatraduce the d e f i n i t i o n 8  

I h e n  the equa t ion  d e f i n i n g  t h e  v e l o c i t y  p r t u r b a t i o n  would be 

It i r  more convenient  h w e v e r  t o  t r a n e f o m  frcxn t ime t t o  p o s i t i o n  
magnitude p a s  t h e  indepead tn t  v a r i a b l e .  Th i s  mey be done s i n c e  t h e  
p k a i t i o n  magnitude i n  aeautned t o  be l i n e a r  i n  t ime w i t h  i - &R . 

-J. A t  
According t o  the aseumpt ions ,  t h e  p o r i t i o n  v e c t o r  R i s  a l i n e a r  f u n c t i o n  
o f  p a180 

-L 4 

S i n c e  T ( p1) -? and R ( p ) - R 
2 2 ' the c o n s t a n t s  a r e  

I n  termr of  p the  equa t ionr  d e f i n i n g  t h e  p e r t u r b a t i o n s  umy be v r i t t e n  
(with primes i n d l c a t i n g  d i f f e r e n t i a t i o n  v i t h  r e s p e c t  to P ) 

There e q t u t i o n r  a r e  ea811y l a t e  r a t e d  t o  determine t h e  p e r t u r b a t i o n 8  caused 
a' *e r p c e c r a ~ t  mv.6 fro. f to x r e b r i r e  to  *e p r t u r b t i v e  M y :  

2 



FZlUBL c a l l s  MICON f o r  the generat ion o f  the uncorrected h e l i o c e n t r i c  
c o n i c ,  co~lputem the i n t t i a l  and f i n a l  p o s i t i o n s  of the spacecraft  r e l a t i v e  
to u c h  o f  the launch and target  p lanete ,  and c m p l t e s  the perturbations - bed on equationr (10) and (11) above. 



Plmuu T l w  Chart 

Cal l  BATCON t o  propagate s t a t e  
over A t  a s  h e l i o c e n t r i c  conic  

I krmpute i n i t i a l  and f i n a l  r e l a t i v e  1 I p o s i t i o n  o f  S I C  to body 11 

Cwpute perturbations of IB body rL 

I 
Add perturbations of launch and I 
t a r g e t  bodies t o  conic  f i n a l  e t a t e  i 



PURPOSE1 TO COMPUTE COLUtltfS OF T HE STATE TRANSIT ION MATRIX ' 
PARTITXONS TXXS AND TXU ASSOCIATED M I T H  TARGET PLAUET 
E P H E W R I S  B I A S E S  INCLUDED I N  - I €  AUGMENTED STATE VECTOR 
BY 4 WHERXCAL OIFFERENCXNG TECHNIQUE. 

ARGUnEMT8 R F  I POSIT ION AND VELOCITY OF THE VEHICLE AT THE 
END OF THE T I R E  INTERVAL 

R f  I PGSITfON AND VELOCITY OF THE VEHICLE AT THE 
BEGINNING OF THE T I N E  INTERVAL 

8 

SUBROUTfWES SUPPORTED: P S I H  

SuaRomJ.NEs  REQUIRED8 NTH 

LOCAL 5VHBOLSl DEL TERPORPRY STORAGE FOR TAR6ET PLANET SEMI- 
MAJOR A X I S  FACTOR USEO IN NUNERICAL 
OIFFERENCX NG 

IC COUNTER FOR VARIABLES AuGMEMTEO TO STATE 
VECTOR 

I EHN VECTOR OF I U O I C E S  FOR ORBITAL E L E M N T S  O f  
THE MOON 

I END FLAG FOR VARIABLES AUGME?4TEO TO STATE 
VECTOR 

IPR TEMPORARY STORAGE FOR I P R I H T  

NEW VECTOR OF INOXCES FOR OReITAL  ELENENTS OF 
INNER AND OUTER PbANETS 

RPER ALTERED FINAL POSITSOH A N D  VELOCITY OF 
VEHICLE 

SAVE1 TEHPORARY STORAGE FOR CONSTANTS OF 
AUGURENTED ELEHE)lT S OF T4RCET PLANET 

COHHON COMWTEO/USEO 1 CN EHM I P R f N T  SHJR ST 

COWON ~OHPU?EOl  T x U  TXXS 

ALNGTH OELAXS OELX 1 AUGDC I AUCIW 
14% NTHC NTP 



The a o a l i n e a r  equr t lona  of motion of  the spacecraft can be w r i t t e a  
rymbolicr  LLy as 

4 
where x i s  t h e  s p a c e c r a f t  p o s i t i o n / v e l o c i t y  s t a t e  and $ ( t )  is a 
v e c t o r  composed of the b o r b i t a l  elements a ,  e ,  1, U, w ,  and U of the  
t a r g e t  p l a n e t .  The motion of the  s p a c e c r a f t  i e ,  ~f  cpurse ,  dependent 
on t h e  p o s i t i o n 8  of o t h e r  c e l e s t i a l  bod ies ,  but  t h i s  dependency need n o t  
be e x p l i c i t l y  s t a t e d  f o r  t h e  purpoRes of t h i s  a n a l y s i n .  

G u p p s e  we wish t o  use  numerical  d i f f e r e n c i n g  t o  compute those  columns , 
of  8 and 8, a s s o c i a t e d  v i t h  t a r g e t  p l a n e t  ephemeris b i a s e s  included 

=I) 

i n  t h e  augmented a t a t e  v e c t o r  over the  time i n t e r v a l  [tk.l, tL] . Let  

6,(\, r e p r e s e n t  the column aseoc ia teE  v i t n  the  j-t'n ephemeris b i a s .  
A *  4 * 

We assume we have a v a i l a b l e  the n m i n a l  e t a t e e  r 
( tk-  1 

and r ( t k ) ,  

which, of  c o u r s e ,  vete obta ined  by n u a e r i ~ a l l y  eo lv ing  equa t ion  (1) us ing 
n a n i n a l  $ ( t ) .  To o b t x i n  gl ( 5 ,  '-,--, ' we increment the -.th o r b i t a l  - 
element by the p e r t i n e n t  numerfca. 1 :  -cncing f a c t o r  d e ,  and numerical ly  

i n t e g r a t e  equa t ion  (1)  over  t h e  i n r e r v a l  \ ]  t o  o g t r i n  the  new 
--L 

r p ~ c t c r a f t  s t a t e  x ( t  ) ,  whcre the  j - e u b e c r i p t  on ;fie, s p a c e c r a f t  s t a t e  
_1 k 

i n d i c a t e s  t h ~ t  i t  was ob ta ined  by increment ing the  j - th  o r b i t a l  element.  
Then 

Ephancrie b i a s e s  a r e  def ined a s  b i a s ~ s  of the b a s i c  s e t  of o r b i t a l  elercentb 
a ,  e ,  i, Q, U ,  and H . Houever, w i t h i n  the  program a r e  s t o r e d  the  2 h e m e r i s  
c o n s t a n t s  of  a ,  e ,  i ,  9, a, and H f o r  the  p l a n e t s  and a ,  e ,  i ,  J ) ,  W ,  and 
L f o r  the  moon. Thus, i n  o rde r  t o  increment c e r t a i n  of  the  h s i c  elements 
we m a t  increment c e r t a i n ' c a n b i a s t i o n r  of t h e  e t o r e d  e p h m e r i e  c o n s t a n t s .  

The elaments W and I4 t r e  r e l a t e d  to t h e  l o ~ g i t u d e  of perihelion 
and the m a n  l o r g i t u d e  L a s  f o l l w e :  

Thus, t o  increment S) by A f i  w i t h o u t  chauging t h e  o t h e r  5 b a s i c  e lements  
r e q u i r e s  t h a t  we a l e o  increment G by f L Q  f o r  t h e  c a s e  of a p l a n e t ,  and 



b ~ t h  5 and L by for the c a s e  of the moon. To increpent  w by a w 
we a h p l y  incrtmeent U by AU for a p l a n e t ,  w h i l e  for the raoon we m e t  
increment both w and L by Ao. To increment U by A X  for the r~ooa  - 
wa simply incr-nt L by An. 

In the PLHD flw chart we e n p l o y  the f o l l c m i n g  def fn i t im:  



Is tbe t a r g e t  
YES 

p l a n e t  t h e  noon7 
r 

Increment the a p p r o p r i a t e  el* 
w n t  o f  t)la CU a m y  a f t e r  
a r v i n g  I t4 o r i g i n a l  va lue .  

1 

Increment t h e  a p p r o p r i a t e  ele-  
r ~ e n t  of t h e  ST a r r a y  a f t e r  
sav ing  i ts  o r i g i n a l  va lue .  

C a l l  RTH t o  compute the s t a t e  
a t  tk r e r u l t i n g  from the incre- 

r , t 

Reeet t h e  a p p r o p r i a t e  e l e k n t  Beset t h e  a p p r o p r i a t e  e l e a e n t  
of  the CH a m p  to i t a  o r i g i n a l  of the ST a r r a y  t o  i t s  o r i ~ i n a l  1 - 
va lue .  v a l u e  . I 

I > 
I 

1 



b p u t e  the approp r i a t e  
column of 8 u r l q  

="a 
equat ion (2). 1 

1 

Canpute t he  app rop r i a t e  r 
c o l ~  of 8, using 

equatfon (2) .  J 
I 

h c r a m e n t  t he  app rop r i a t e  e l e a t  
of tbe o r  ERN array a f t e r  
eaving itr o r i g i n a l  value. 

1 C a l l  PbI t o  cocnoutc the s t a t e  a t  I 
r e s u l t i n g  f r k  the iucrcmtnt- 

ion of th rani-=,or a x i s  a t  I 

Increment t he  appropr fa te  element 
of the ElLN a r r a y  a f t e r  saving 
its o r l g i n a l  value.  

l Call #M t o  ccx~putc the s t a t e  a t  
5 r e s u l t i n g  frcm the incr-nt- 
a t f o n  of the j-tb o r b i t a l  element I of  the  )(ma a t  %-l. 

Reset the app rop r i a t e  element of 
t he  SIUR o r  HKll a r r a y  t o  i t s  t he  PIQi array t o  i t s  o r i g i n a l  
origlml value. 



\ 

W S R W t U E  POICOH 

~ 0 3 ~  CWPUTE P R O B A ~ ~ I T Y  OF I~PICT 

c u r u s  sfqrewxt  CALL Po:con(xxxx ,OET) 

ARUJnDlT8 X X X X  I AIMPOINT I N  THE IFPACT PLANE VECTOR 

DET I DIET ERHINAMT OF LAHBOI RATRI X 

S U ~ ~ J T I U E S  SWPOUTEO~ ~ I A X N  

WBEIOUTXMES r ( E a u x s o t  WTXN 

LOCAL STMB(#SB w a n  P+ r r ~  TRANSPOSE 

SAVE f NTERlrEDI ATE VARIABLE 

SUM I N T E W  4 T E  VARIABLE 

Y .' ) 

ADA. PH* ' ADA TRANSPOSE 

- i 
CO)Bim WCIQUT f O/US€O 1 IENO P O I  PSTAR XLAM 

mw 
~ ~ ~ o t r  ~ ~ € 0 8  A D A  A CR EXEC f I 6 P  

ONE P I  PP TWO XLAMI 
ZERO 



mxa Y- 1 

+ 
SubrwtFru WICQn canputss the target c d i t l o n  covariance Y, after a pidance 

+ J 
correction, the projection of Y, into the Lmp.ct plane, lad the probabi it7 of 

J 

haput of th spacecraft with the target plaaet. 

'Ib. t u g a t  codition cmlrF.sca matrix Y+ F. defined as 
J 

& e r e  q ie the variatisn matrix for the appropriate guidance policy, 
- 

J Pk, 
rr J 

is tbr knowledge covariance prior to the guidance correction, Q La the 
f 

execution error covariance, and X is defined .s the follwisg 6 x 3 matrix: 

Before the probability+of impct can be computed, it is necessary to compute 
the projectionn of Y into the impact plane. The covarimceA is c o q m t d  

J f J 
u f o l l m  for each of the three available ddcourae guidance policies. 

where transformation A is defined ln the subrcutfne BIALn an~lysib. 



b d o g  the probability demity function u s a i a t e d  with$ is Cawslm 

utd nearly Conrtant over the tArget planet crrpture arm permits us to 
~ t r  W probbillty of e c t  wing the equation 

h e r e  E L. tha target planet cnpture radius md p L. the GausLm probability 
dtp.ityCfunctioa evaluated at the target planat center a d  given by 

i. the a h p o i n t  in the Fmplct plane. 



covariance matrix 

[ Evaluate G61usairn probability 1 
I danaity function p at target I 
planet center. 1 

1 
I 

I Coupute a d  write cut the 1 
1 I approxisute probability of I 



P W O S E  CONTROL EXECUTION OF A PREDICTION EVENT I N  THE ERRW 
AMLYSXS PROGRAM 

W8ROUT IWES SUPPORTED1 ERRINN 

SUBROUTIM€S REQUIRED1 CORREL OYNO HYELS JACOB1 NAVH 
nrn  PSI^ s t n P R  

LOCAL SYHWLS CXSUl  STWAGE FOR CXSU COVARIANCE ARUAY 

C X S V I  S T O R A S  FOR CXSV COVARIANCE ARRAY 

C X U I  STORAGE FOR CXU COVARIANCE ARRAY 

C X V i  STORAGE FOR CXV COVARIANCE ARRAY 

C X X S l  STORA6.E FOR CXXS COVARIANCE ARRAY 

D u n 2  ARRAY OF EICEWVECT ORS 

D u n 3  ARRAY OF EXGEMVALUES 

oun B DOT T AND B WT R COVARIAUCE MATRIX 

EGVCT ARRIY OF EXCENVECTORS 

E6VL ARRAY OF EXGENVALUES 

XCOOE INTERNAL CONTROL FLAG 

IOR ST OR&E FOR I P R I N T  

OUT ARRAY OF STANDARD OEVIATIONS AH0 
CORRELAfXON COEFFICIENTS 

P E I G  NATRXX WHOSE HYPERELLIPSOID I S  TO 8E 
ConPuTEo 

P s i  STORAGE FOR PS COVARIANCE ARRAY 

Pi STORAGE FOR P COVARIANCE ARRAY 

RF NOHINAL SPACECRAFT STATE AT T I E  TPT 

TPT T I 3 €  TO WHICH PREDICTION IS TO BE MADE 

VE 16 I N T  E RHEDI ATE VECTOR 

C W O N  COl l fUTEWUSED1 CXSU C X S V  CXU CXV C X X S  
I P R I W I  NPE PS P 



tn FOP c o v  x EIG I H Y P ~  
IsTnC ~ o x n i  ~01142 ~0x113 . NGE: 
n ~ n c  ONE Q I P T ~  T S O I ~  
UO V O  XF 



Subroutine FRED a r e c u t e s  n p r e d i c t i o n  e v e n t  i n  the e r r o r  a n a l y s i s  mode. 
Subroutin. PXl5 d i f f e r r  f r m  rubrou t ine  PBESlW i n  b o  r e r p a c t r .  P i r r t ,  
the propagated knowledge covar iance p a r t i t i o n s  a r e  based on the  (most 
r e c e n t )  u r g e t e d  nominal, r a t h e r  than on the most r e c e n t  nan ina l  a s  i n  
98116IU. A n d  recond, e s t imated  p o e i t i o n / v e l o c i t y  d w i a t i o n s  a r e  not 
ptop.gated i n  PELED s i n c e  e s t i m a t e s  are processed on ly  i n  the  s fmula t ion  
m d e ,  and not i n  the e r r o r  a n a l y e i r  mode. See subrou t ine  PBESM f o r  
furthar a m l y t i c r l  &t. i ls .  A f l w  c h a r t  f o r  PBED is  n o t  presented here  
r i n c a  it i r  but  a aubse t  o f  t h e  PRESLM flw c h a r t .  



SUBUBUTI ti€ PREL I n 

PUWOSE TO PERF093 THE PRELIMINARY WORK ASSOCIATE0 WITH THE 
NOHMAL PQOGRIM INCLUOING THE READZ* OF THC tWPUT DATA, 
I N S T I A L I Z A T I O N  OF CONSTANTS, AND T'4E COMPUTATION OF A 
ZERO ITERATE I F  REOUIREO 

CALLING SEQUENCE8 CALL PRELIM 

SUEMOUTINES SUPPORTED8 NOMNAL 

SUEROUT I N E S  REQUI RE08 CPWMS TIME ZERIT  

LOCAL SYNBOLS8 OF J U L I h N  DATE CORRESPONDING TO KALF ARRAY 

0 1 J U L I A N  DATE CORRESPONDING TO K P L I  ARRAY 

GS ARRAY OF VPLUES OF SECONDS CORQESPONOINC 
T O  KALG ARRAY 

I I N D E X  

J INDEX 

KALF CALENDAR D A T E  OF FINAL TRAJECTORY TIME 

K ALG ARRAY OF CALENDAR DATES OF GUIOAnCE EVENTS 

K AL I CALENDAR OAT€ O f  I N I T I A l  TRAJECTORY T I =  

U AL T ARRAY OF CALENDAR DATES OF TARGET TIMES 

KEY LOC4L VARIABLE USE0 TO COHPLETE 
I N F O R M 4 7  IOU I N  T HE ARRAY 

S I SECON3S OF I N I T I A L  TRA3ECTORY T I N €  

TS SECONDS OF TARGET TIMES CORRESPONDING TO 
-KALT ARRAY 

CQMHON COHPUtEO/USED8 AC 
I BAOS 
ISTART 
K T I H  
MAX8 
NOGYO 
P H I L S  
RP 
1 HEDOT 
T I N  

ALNGT H 
1 BARY 
I ZERO 
KTYP 
rlDL 
NOXT 
P S I  1 
S I C t l h L  
THELS 
TMPR 

oe 
1 COORD 
KCYD 
L T  ARC 
N BOO 
HPAR 
P S I  2 
SPHFAC 
TXMG 
T M 

01 
I F 1  NT 
KWXQ 
LVLS 
NB 
ONE 
R I N  O 

SSS , 

Txni 
ZOAT 

F I  
I PRE 
KO AS1 
MAT 
HCPR 
PERV 
RPRAT 
TAR 
T I  n 2  



D f H f G  EIGHT F I V E  FOUR HALF 
IEPHEH XPRINT KSICA KUR NBOOY I 
NINETY SAO TEN THREE TMU 
TRTM T WO ZERO 

ACKT DELV Dl DVMAX XBAST 
KTAR LEVELS MAXBAD N I T S  NLP 
NT P P H I  PMASS TtMS 1 OL 



PRELM- 1 

PULm i r  responsible f o r  the  p re l iminary  vork requ i red  b! N W L  inc lud ing  
the  i n i t i a l i z a t i o n  of v a r i a b l e s ,  the  reading of i n p u t ,  and the  computation 
o f  ze ro  i t e r a t e  va lues  f o r  i n i t i a l  time, p o s ~ t i o n ,  and v e l o c i t y  i f  necessa ry .  

On the f i r s t  c a l l  t o  PRELIM, PRELM p r e e e t s  c o n s t a n t s  to  be used on the  
e n t i r e  s e r i e e  of runs .  These c o n s t a n t s  inc lude  the  double p r e c i s i o n  numbere 
and the  launch p r o f i l e  parameters .  On eubsequent c a l l s  these  v a r i a b l e s  
a r e  no t  r e e e t  . 

PRELM then p r e s e t s  c o n s t a n t s  f o r  i n d i v i d u a l  runs .  These c o n s t a n t s  p r e s e n t l y  
inc lude  most of the  guidance even t  parameters .  The uder  may c a s i l y  change 
the  two s e t s  of c o n s t a n t s  f o r  h i s  p r t J c u l a r  needs.  

PRELIM then a c c e p t s  the  igpu t  d a t a .  I t  reads  d a t a  i n  the  NAMELIST format 

Targe t  t imes must be read i n  a s  ca lendar  d a t e s .  P I E L M  next  conver t s  these  
t o  J \ t l i a n  d a t e  r e fe renced  1900 and s t o r e s  the  conver ted  va lues  i n  the  TAR 
a r r a y .  

' I f  the  f l a g  XZERO i s  nonzero ,  ZERIT i s  c a l l e d  f o r  the  computation of the  
ze ro  i t e r a t e  va lues  of i n i t i a l  t ime ,  p o s i t i o n ,  and v e l o c i t y .  ZERIT i n  t u r n  
c a l l s  HELIO f o r  i n t e r p l a n e t a r y  t r a j e c t o r i e s  and  LUNA f o r  lunar  t r a j e c t o r i e s .  

PRELM then conver t s  guidance even t  t imes re fe renced  t o  i n i t i a l  time t o  
ca lendar  data and conver t s  t imes read  i n  a s  ca lendar  d a t e s  t o  t imes r e f -  
erenced t o  the  i n i t i a l  t ime.  When the  l a t t e r  i s  done,  i t  s e t s  K T M  t o  
acknwledge  t h a t  convers ion .  

P i n a l l y  P m m  r e c o r d s  a l l  p e r t i n e n t  d a t d .  



PBgLD( PI& Chart 

* 
Preaat conqtants for 
eerie8 of  runs 

i 4- 

current run. 

Convert calendar dates 
of target times to J.D. 

Convert guidance tfmes I 

calendar date and v i ce  
v e r r a .  

~ -~ -- - 

&cord data. 
1 



PURPOSE8 TO PERFORN THE PRELIHINARY COMPUTATIONS REQUIRE0 FOR THC 
PULSING ARC MOOEL. 

CALLING SEQUENCE1 CALL PREPULCRIN,DELTAV,DI) 

A R W M N T S I  R f N ( 6 )  I INERTIAL  STATE OF SPACECRAFT AT NOHXNAL 
T INE OF CORRECTION 

D l  I J U L I A N  DATE OF NOHINAL T I N E  OF COEtRECfXON 

SUBROUTINES SUPPORT € 0  I EXCUTE EXCUTS 

SUBROUTINES REQUIREOI TxnE 

LOCAL SVHBOLSI A SEHIHAJOR AXIS 

C INTERNEDI&TE V A R I A M E  I N  F AND C SERIES 
t 

06 JULIAN OATE AT BEGINNING OF PUCSINC ARC 

DELVH NAGNITUDE OF TOTAL I N P U L S I V E  CORRECT I O N  

OE J U L I a N  DATE AT END OF PULSING ARC 

OVFtl MAGUITUDE OF F I N a L  PULSE OF SEQUENCE 

DVIH HAGNITUDE OF TYPICAL PULSE OF SEQUENCE 

0 IWTERHEDIATE VARIABLE I N  F AND G SERIES 
r 

t GRIVIT~TIONAL C O N S T A ~ T  OF BODY UNDER 
CONSIDERATIOW 

I D  CALENDAR DATE Ot C R I T I C A L  T IHFS FOR OUTPUT 

HAXP HAXIHUH NUMRER OF PULSES ALL3wED 

< 
NO X ARRhY OF CODES OF LAUNCH AND TARGET 8 0 0 f E S  ! 

NX INDEX OF GIVEN PLANET COORDINATES IN 
F- AURAY 

3 
RD rxm DERIVATIVE OF RADIUS nrcnrruor OF 4 

PL ANET .$ 
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, 
'Is 

PXK?UL is m r p o m i b l e  f o r  per fomin8 the p r e l h i = r y  c a p u t a t i o a r  required 
for  the pulr ing a r c  d l .  

PUWL f i r e t  deternines the - i ~ l  p r l r i n g  a r c .  kt the f o l l w i n g  &fin- 
%ti- b. =&: 

T magnitude of p l r i n g  engine t h r u a t  
tr4 ~ a r i m l  -68 of ~ F C C C T ~ ~ ~  

A t  durat ion of mingle pulre  
A t ,  time i n t e r v a l  between pulses 

AV t o t a l  u t l o c i t y  increnent  t o  k added 

'L& - loc i ty  i n c m n t  imparted by a  s i n g l e  pulse i s  

m e  uimkr of p l s e s  required i s  then 

-re [a] denotes the g r e a t e s t  i n t ege r  funct ion.  The magnitude of the 
f i ~ t  p l r e  a r t  b r t t  t o  

The vector  m i - 1  pulee and f i n a l  pu l re  a r e  therefore  given by t 

The durat ion of t h ~  pulr ing a r c  i r  then given by 

Later  ccutputations r t q u i r t  time h i s t o r i e s  of the pos i t ion  vec tors  of the 
launch and t a r g e t  bodier. An e f f i c i e n t  meanr of obtaining t h i r  involves 
the f  and g s e r i e s .  Given the s t a t e  To, To of body moving in a conic 

r ec f ioa  a b u t  r c e n t r a l  bed:' of g r a v i t a t i o r u l  conr tan t  ~1 , the p e r i t i o n  
vector r r  a fuoct ion of t nmaruted frcm the i n i t i a l  tiPY i 8  given by 



Zb. caastant. ft. 5 are capatad la a s  

Rmfe-a: Baker, 11. X. L. and )hkcmaon, X. Y., An Introduction to 
_ A s t r d ~ m i c s ,  Acadsmic Prasa, H4Y Pork, 1957. 



Coe~plte puls ing arc data 

2 A 
c u n g ~ t e  current s ta te  r v 

I 0'  0 1 of launch and target W i e r  I 

Canpute f and g aerier fop 
launch and target bodier 



PURPOSE C O l l T R a  EXECUTION OF A PUEOICTION EVENT XN THE 
SIMULATION PROWAN 

SUWOUTX ME$ SUPPORT ED8 S I N U L  

I L O C I L  SYM6Ui.S CXSU1 STORAGE FOR CXSU COVARIANCE ARRAY 

C X S V i  S T U U W  FOR CXSV C0VAR:ANCE ARRAY 

CXU1 STORAGE FOR CXU COVARXANCE ARRAY 

c x v i  

C X X S l  

ow 

OM3 

on 

EGVCT 

EGVL 

IPR 

OUT 

PEXC 

P S I  

TPT 

VEIG 

STORA6E FOR CXV COVARIANCE ARRAY 

STORI6E FOR CXXS COVARIANCE ARRIY 

ARRAY OF EXCEWVECTORS 

ARRAY OF E 16EWVALUES 

8 00T T AN0 8 DOT R COIARIANCE HATRIX 

ARRAY OF EXGENVALUES 

S T O R 4 E  FOR :PRINT 

ARRAY OF STANOARO O E V 1 8 f f 7 N S  A n D  
CORRELATION COEFFICIENTS 

HATRIX WHOSE HYPERELLIPSOID IS TO BE 
ConPuTEo 

STORAGE FOR PS COVARIANCE ARRAY 

3TORA6E FOR P COVARIANCE ARRAY 

HOST RECENT NOHINAL SFACECRAFT STATE AT 
T I R E  TP12 

T I R E  TO WHICH PEOXCTXON I S  T O  BE MADE 

CX SU C X S V  cxu cxv  CXXS 
rcoor IPRINT WPE. PS P 
R f  i 



ADEVXS ADEVX EOEVXS E D E V X  En 
FOP F O V  I E I G  I H Y F l  X S T W  
N O I H L  noxnz woxn3 NGE N T n c  
O N E  PHI Q T E V N  1 PT2 
T S O I i  T X X S  UO V 0 W 
XF i XF XSL ZERO 



6ubrartin.a PKSM executea predic t ion  event i n  the s imulat ion mode. 
Lrr a prvdict ion event the tawledge  covariance p a r t i t i m a  and the e e t h t a d  
por i t ion /ve loc i tp  d e v i n t i m a  f r a s  the m e t  recent  nominal t r a j e c t o r y  a r e  
p p a g a t e d  f o m r d  to t the tiw t o  which the predic t ion  i s  t o  be 

P B  
made. The kncmiledge covariance p a r t i t i o n s  a n  propagated usFng the pre- 
d i c t ion  equation8 found i n  the NAVU Amlyeia  aect ion.  The er t imat .  l r  
propagated o r  lag  the equation 

h e r e  + and a r e  the r t a t e  t r a n s i t i o n  matr ix p a r t l t i o n a  over the  
B 

tima I n t e r n 1  [ 9' 'PI 

t h e  pos i t ion  and ve loc i ty  p a r t i t i o n e  of the propagated knuuledge covariance 
a r e  dingonalized a t  t h e  t and the eigenvalues,  eigenvectors , and hyper- 

P 
e l l i p s o i d s  & r e  canptted. I f  a guidance event haa occurred prevlouslyB so 
that the o ~ t r i x  X r e l a t i n g  B.T and B O B  v a r i a t h n a  t o  poei t ion and 
ve loc i ty  devlat lona a t  ephere of inf luence i a  ava i l ab l e ,  and i f  t i s  

P 
with in  cme day of the t i m e  t a t  which t h e  e p h e n  of Influence i s  en- s I 
countered, then the B-1 and BOB covariance matr ix l a  a180 C ~ I  uted . 



I Wr i t e  out  actuc~l  d y . m i c  n o i r e .  1 

I U r i t e  o u t  e s t i n a t e d  and a c t u a l  
d e v i a t i o n s  fron most r e c e n t  nan ina l  
a t  p r e d i c t i o n  t v e n t  time t .  . I 

3 I 
-A 

v 
Increment p r e d i c t i o n  e v e n t  coun te r  I 
and o b t a i n  time. t t o  which pre- 1 

P I 1 d i c t i o n  l a  t o  !re made. 
7---- 

! 

the  most 
n m i n a l  t r a j e c t o r y  a t  time t 

P I 

C a l l  F'SM t o  compute t h e  s t a t e  t r a n -  
i 

time l n t e r v a  1 
I 

\L 
Call  DYNW t o  c m p u t e  t h e  d p a m i c  1 
no i se  cova l ance  m a t r i x  f o r  the  
i n t e r v a l  i t , ,  t p ]  . 
Write  o u t  the  s t a t e  t r a n s i t i o n  m a t r i x  
p a r t i t i o n e  and t h e  dynamic n o i s e  co- 1 
v a r i a n c e  mat r ix .  I 

C a l l  HAW t o  propagate  knawledge 
cuvar iance  p a r t i t i o n s  folward t o  
t i m e  t 

P  - Write o u t  the  knowledge 
I 

c o r r e l a t i o n  m a t r i x  p a r t i t i o n e  and 
standard d e v i a t i o n s  a t  time 



Compute t h e  p r e d i c t e d  p a r i  t i o n / u e l -  
o c i t y  d a v i a t i o n  a t  time 

o u t  t h e r e  d e v i a t i o n e  and t h e  most 
r e c e n t  nominal t r a j e c t o r y  a t  

t~ 
L 

I 
4 

Call JAWBI and HYEIS t o  compute the  1 
s igenva luee ,  eigenvec t o r s ,  and h y p e r -  
e l l i p s o i d s  of  the  p o s i t i o n  and v e l o c i t y  
p a r t i t i o n e  of the kncrwledge covar iance  j 
m a t r i x  a t  t 

P a  
Wri te  out theae  r e s u l t s .  

I 
I 

jl 
Rave any guidance even t s  occured and NO 

i s  t w i t h i n  one day of t 7 
P S I  

YES 

r \i( 
Compute t h e  c o r r e l a t i o n  m a t r i x  and 1 
s t andard  d e v i a t i o n s  of B.2 and B . l  / 

a t  t Canpute t h e  a s s o c i a t e d  eigen- 1 
SI' i 

v a l u e s  and e igenvec to ra .  Wr i t e  o u t  ! 
i 

t h e s e  r e r u l t s  . 
L I 

1 

r e c e n t  nominal , 
s t a t e s  i n  p r e p a r a t i o n  f o r  n e x t  c y c l e .  
Reetute saved va luee  o f  a l l  k n w l e d g e  
covar iance  p a r t i t i o n s  a t  time t ,  . 



SUBROUTINE P R I N T  

PURPOSE# T O  P R I N T  THE V I R T U A L  MASS I N f  ORHAT ION S P E C X F l t O a  

CALL ING SEQUENCE8 CALL P R I N T  

St iaROUTINES SUPPORT € 0 8  VHP 

SUBROUTINES REOUIREOt  T I M E  TRLPAR NEUPGE SPACE 

LOCAL SYNBOLSI D INTERt lCDIATE VARIa0L.E USED F O R  PQXNTOUT 

1 OAY D A Y  OF CALENDAR D ~ T E  OF C L J R ~ ~ E H I  TIME 

I H R  HOUR or- C A L E N ~ A Q  D ~ T E  OF CUSREHT TIME 

INCUNT CURRENT TOTAL I NCRFflENTS FOR PRINTOUT 

I P CODE OF I - T H  PLANET FOR PRINTOUT PURPOSES 

I Y R  YEAR OF CALENDAR OAT€ OF CURRENT T I M E  

MIN HINUTES OF CALENDAR D A T E  OF CURRENT T I M E  

HO MONTH I F  CALEND4R DATE OF CURREtiT T I M E  

RP RADIUS OF I - T H  PLANET QL,ATIVE T O  I N E R T I A L  
FRAME 

RS R A D I U S  OF V E H I C L E  R E L A T I V E  TO I N E R T I A L  
FRAME 

RV RADIUS OF V I R T U A L  MASS R E L A T I V E  TO r 
I N E R T I A L  FRAME 

SEC SECONOS OF CALENDAR D A T E  OF CURRENT TIME 

THP 

v n Q  

VP 

VS 

VSP 

P O S I T I O N  AN0 VELOCITY OF V I R T U I L  M A S S  
RELAT IVE  TO PLANETS 

MAGNITUDE OF VELOCITY  OF V E H l C L t  R E L A T I V E  
TO V IRTUAL  HASS 

t l4GNITUDE OF VELOCITY  OF I - T H  P L ~ ~ E T  FOR 
PRINTOUT PURPOSES 

8 

H h G N I  TUDE OF VELOCXTY Of VEHICLE RELATX VE 
TO I N E R T I A L  FRAME 

HAGNITUOE OF VELOCITY  OF VEHICLL 9 E L 4 T S V E  
TO I - T H  PLANET FOR PUINTOlJ t  P U R W S E S  



RELATIVE T O  I H E R T I A L  FRAME 

INCHNT fPRT N B O O Y I  WBOOY NO 
PLANET ZERO 



SUBROUTINE PRINT3  

euRPoseS T O  PRINT THE PERTINENT INFORHATION THE ENO OF EACH 
MEASUREMENT. 

CALLING SEQUENCEI CALL PRINT3(MHCODE9NR) 

ARGUMENT8 NMCOOE I XEASUREYENT COO€ 

NR 1 NUHQER OF ROWS I N  THE OBSERVbTION MATRIX H 

SUBROUTINES SUPPORTEOI ERRAN4 

SUBROUTINES REQUIRED I CORREL EPKEH ORB S'f XPR T RAPAR 

LOCAL SYNbOLS8 0 

7 A 

0 3  

DQ 

I D A Y  

I H R  

I M I  N 

xno 

I T E X P  

I Y R  

LDAY 

L HR 

L H I N  

LMO 

' LYR 

n 

R E  

RNP 

SECI 

i N T E R N E D I A T E  D P T C  

ST AT f ON HUflRER 

JUL IAN D A T E  OF I N I T I A L  T I H E  

J U L I A N  DATE OF F I N A L  T I H E  

CALENDAR DAY OF F I N A L  T IME 

CALENDAR HOUR OF F I H A L  TfHE 

CALENDAR HXNUTE OF F I N A L  T I M E  

CALENDh? HONTH OF F I N A L  T I H E  

XNT ERf lEDI AT E VARIABLE 

CALENDAR Y E A R  OF FINAL T r n E  

CALENDAR D A Y  OF INITXAL T:nE 

CALENDAR HOUR OF INITIAL T I M E  

CALENDAR MINUTES OF I N I T I A L  T I N E  

CALENDAR MONTH OF I N f 7 I A L  T I H E  

CALENDAR Y E A R  OF INITIAL t x n E  

MUUBER OF NEASUREHEMT 

GEOCENTRIC RADIUS OF VEHICLE 

C I S T  ANCE OF VEHICLE FROM TARGET PLU1ET 

C A L E ~ A R  SECONDS OF F X W A L  r x n E  



SECL CALEhDAR SECONOS OF INfTIAt TIME 

f R T M 2  TRAJECTORY T I M E  A T  END OF INTERVAL 

V ~ E  MAGNnUOE OF VELOCITY OF VEHICLE RELATIYE T O  
TO EARTH 

VW HA6NftUOE OF VELOCITY OF VEHICLE RELATIVE TO 
T O  TARGET PLAAET 

connow c o n ~ u r ~ o ~ u s ~ o c  NO RE R T P  XP 

AK 
cxsu 
CU'JP 
DELT n 
f PRO8 
N D I H i  
PSP 
S 
X F 
x v  

ALNGTH 
CXSVP 
c x v  
F 
I PRT 
HDIH2 
PS 
T n 
x I 

A t  
cxsv 
CXXSP 
G 
HCNTR 
HOIn3 
P 
T v n i  
XL A6 

AH 
CXUP 
CXXS 
H 
N?OO 
NT P 
Q 
uo 
XSL 

CXSUP 
CXU 
DATEJ 
IBARY 
N B  
PP 
R 
vo  
XU 



SUERWf 1 ME PRINT C 

PURPOSCO TMIS SUeROUTINE PRXNTS RELLVAUT O l T A  A T  THE f W O  W EACH 
REASUREllEWT I N  THE S I W L A T X O N  HOD€ 

C A L L I N 6  SCQULHCEI CALL PRINTb(HMC0DE~NR) 

AR6UMENTn NRCOOE 1 WEASUR€NENT CODE 

MR I W N E R  OF ROwS In T &  OBSERVATION HATSIX 

SuSROUlf MES RL3Uf RED8 CORREL EPHEH OR8 STHPR S U 0 1  
TRAPAR 

LOCIL S Y U W S t  AOOn ACTUILL STATE DCVIATION FROU TLR6EfED 
NONINAL T RAJECTORY 

AOD f h C T U U  ORBIT ESTIUATXON ERROR 

D I N 1  ERICOX ATE OATE 

E O ~ M  ESTXHATEO STATE DEVIATION FROB .IRGETEO 
WOHINM TRA J E C T a V  

ROW ARRAY OF CORRELIT I  ON COEFFI C IEMI  S 

S QP V E C T M  OF ST AWDARD DEVIATIONS 

TRTNZ TRAJECTORY 1 IRE AT END OF I W T E l r b U  



CXSU 
CXVP 
OELTH 
G 
I PRT 
worn2 
PS 
S 
Y 
XL A 6  
Zf 

CXSVP 
cx't' 
EDEVXS 
MPMR 
MCNTR 
NOXU3 
P 
T H  
X F I  
XP 
Zf 

CXSV 
CXXSP 
EOEVX 
H 
N0OO 
NT P 
Q 
T R T l l l  
X F  
XSL . 

CXUP 
C X X S  
E Y 
f BARY 
NB 
PP 
RE S 
UO 
X I I  
XU 

cxu 
DATEJ 
F 
I P R O 8  
NO1 Hi 
w 
R 
v 0 
X I  
xu 



P U R P ~ S ~ :  T O  PRINT A SUMMARY ot rnE n R o R  AwrLrsxs now 

SUBROUTINES REQUXREDt CORREL TINE 

LOCAL SYHBOLS8 06 HOLLERITH LABEL I N I T  IAL 

09 n o L L E R r r t i  LABEL FINAL 

01 J U L I A N  DATE, EPOCH JAN.O,I900, OF I N I T I M  
T I H E  

0 2  J U L I U I  DATE, EPOCH JAN. O,i900, OF F I N A L  
T I N E  

0 3  J U L I A N  DATE OF I N I T I A L  T IME 

O I  JULXAN DATE OF F I N A L  T I H E  

F FUNCTIOW= SQUARE ROOT OF SUM OF 3 SQUIRES 

I DAY CALENDAR DAY OF F I N A L  T I R E  

xntn CALEHDIR MINUTES OF FINAL T I n E  

I no CILENDAR NONTH OF FINAL TIME 

I Y R  CALENDAR YEAR OF F I N A L  T I R E  

LOAY CALEnOAR DAY OF I N I T I A L  T I H E  

LHR CALENDAR HOUR Of I N I T I A L  TIME 

LYR CALENDAR YEAR OF I N I T I A L  TXHE 

R I  POSITION AND V U O C I T Y  OF V E H I U  AT 
INITIAL tInE 

RW HELIOCENTRIC RADIUS OF VEHi  L E  AT F I N A L  
+A 
'3 

RH 1 HELXOCEMT RIC RADIUS OF VEHICLE A T  I W X I  SM 
T xH€ 

453 



SEC I CALENDAR SECONDS OF F I N A L  T f H E  

C A L E M M I  SECONDS O F  I W Z T I A L  T X M  

TRAJECTORY T I R E  AT END OF TRAJECTORY 

POSITION AND VELOCITY OF VEHICLE RELATIVE 
TO EARTH AT F INAL T I H E  

HAGNITUOE OF V U O C I T Y  OF VEHICLE AT F INAL 
TfnE 

HAGNXTUDE OF V a o c x T Y  OF V E H X C ~ E  A T  
I N I T I A L  T IME 

POSITION AND v a o c x r r  OF VEHICLE RELATIVE TO 
TARGET P ~ A N E T  AT FINAL t x n E  

DC 

T R T H i  

ACCNG 
0s 11 
CXSV 
CXXSB 
dNCN 
IAUGIM 
ISPH 
No acc 
NEV2 
n P n c  
PS 
RTP 
SICRES 
TRTMB 
VST 

D S I  

ACC 
8 
CXUB 
C X X S  
DTUh, 
X D N F  
xsrnc 
N D I  Hi 
NEV3 
NTP 
P 
S AL 
SLAT 
T S O I  1 
VO 

ALNGTH BDRSXi 
CXSUB CXSU 
CXU C X V B  
OATEJ OELTH 
FACP F A C V  
XEPHER XHNF 
I S T M 1  MNCN 
NOIH2 NDIH3 
NEV H l l N  
PB PLANET 
RCA1 RE 
SXGALP SICBET 
St ON TC A 1  
UST UO 
WST re 

I 

8DTSX1 
c x s v  0 
cxv 
DEC X 
FhTA 
I P R 0 8  
I INNIME 
N E V I  
HST 
PS 8 
RSOX 1 
SIGPRO 
TM 
VSOX1 
xnn 



PURPOSE8 TO PRXMT OUT A SUMM4RY OF TME SXWLATICN HOD€ 

SUBROUTINES SUPmRTEOI SINULL 

LOCAL SYN0OLS8 ADON ACTUAL Sf AT E DEVXATI3N FRCH TARCEiED 
NONINM TRAJECTORY AT F INAL T X l E  

AODS ACTUAL ORBIT ESTXNATIOW ERROR A T  FINAL 
iInE 

B L A M  BLAYK HOLLERITH CHARACTER 

Dl SULIM O A ~ E ,  EPOCH 3 ~ ~ . 0 , 1 9 0 0 ,  0' INITXAL 
TINE 

02 3ULfAH D4TEl EPOCH JANa0,i900, OF F l n A L  
T IN€  

Ob JULIAN DATE OF F INAL  T INE 

EDON ESTIRATED STATE DEVIATION FROM TARGETED 
NONINAL 1 RAJECT ORY 

IOAY CALENDAR DAY OF FINAL TIHE 

IHR CALENDAR HOUR OF F INAL  TIWE 

s no CALEMDAR WONTH OF FINAL r x n E  

SYR CALENDAR YEAR OF F I X A L  T IRE  

LDAY CALEWAR D A Y  OF I;~ITXAL TIHE 

LHR CALENOAR HOURS OF INITIAL TIHE 

L N I N  CALENDAR HIMUTES OF INST XAL T I M  

L NO CALEWAR HONTH OF IUITIAL TIHE 

LYR CALEMDAR YEAR OF I N I T X A L  ,TIRE 

RE1 POSITION AND VELOCITY OF VEMIUE R E L ~ T I V E  T O  f 
TO E M T H  OW TARbET ED NOMINAL 3 



RE2 

RE3 

RMEi  

R # 2  

RRE3 

RME 

R W l  

RNP 2 

w 3  

R W  

mi 

ms2 

RHS3 

RHS 

UP1 

RP2 

RP3 

S E C I  

POSXTXOM AND VELOCITY OF VEHICLE RELATIVE TO 
TO EARTH OM ACTUAL TRAJECTORY 

CEOChcTRIC RbOXUS Of VEHICLE 0.N TARGETED 
nonxrw A T  FINAL TIME 

6EOCEWTRXC RADIUS Of VEHICLE OW HOST 
RECENT NONXNAL AT FXNAL T IHE 

GEOCENTRIC RADIUS OF V E H I C l E  ON ACTUAL 
TRUECTORY A T  FINAL T I M E  

6E OCENTRX C RAOXUS OF VEHICLE AT I N I T  I AL 
T I N E  

DISTANCE OF VEHXCtE FROM T ARGET PLANET OH 
TARGETED N O H I N I L  AT F I N A L  TXHE 

OISTANCE OF VEHXCLE FROM TARGET PLANET ON 
nos1 RECENT NORINAL A T  FINAL T t n E  

OISTANCE OF VEHICLE FROM TARGET PLANET ON 
ACTUAL TRAJECTQRY AT FINAL T t n E  

OZSTANCE OF VEHICLE fROH TAR6ET PLANET At 
I N I T I A L  TXHE 

HELXOCfNT S I C  RADIUS Of VEMfCLE AT f I N k L  
TIWE 04 TARGETED N0MI)rAL 

HELIOCSUT R I C  RADIUS OF VEHICLE AT FXMAL 
T I N E  ON MOST RECENT HOHINAL 

HELIOCENTRIC RAOIUS OF VEHICLE AT F I N A L  
T I M  OW ACTUAL TRAJECTORY 

HELfOCINTRIC RADIUS OF VEHICLE AT X N I T I M  
TIHE 

STATE I F  VEHICLE RELATIVE TO T A R S T  PLANET 
AT FI~AL TIHE on TARGETEO n o n x n r L  

STATE OF VEHICLE RELATIVE TO TARGET PLANET 
AT FIldAL T I H E  OW HOST RECENT WMXNAL 

STATE OF VEHICLE RELATIVE TO TARGET PLANET 
AT f I M L  T I H E  OU ACTUAL TRAJECTORY 

CALENDAR SECONDS AT CIMAL T I H E  





0s 13 
cxsv 
CXXSB 
NLMUP 
onup8 
OW8 
FNTM 
raARr 
!SOX2 
NNNAME 
WOACC 
NEVZ 
MTHC 
PS 
R S O I l  
s x c e n  
1 C A I  
TSOXl  
UNNAC 
VSOIS 
X F 1  

B 
CXUB 
CXXS 
OELrlUS 
onuse 
E OEVXS 
F 
LOHF 
I S 0 1 3  
N 8 0 0 1  
NDXH1 
NEV3 
NT P 
P 
RSOXZ 
S!CPRO 
T CA2 
TSOX 2 
US1 
VST 
XF 

CXSUB 
C X U  
O A 8  
DELX 
ONCW 
EOEVX 
H 
f M N F  
XSTMC 
NBOO 
u o x n 2  
NEVS 
P8 
R C A i  
RSOI3  
SXGRES 
TCA3 
TSOX3 
uo 
vo 
XLA8 

CXSU 
cxve 
OATEJ 
OX 8 
DNOB 
F ACP 
X AMWF 
IFROB 
xsfnt 
N B l  
noxns 
NEV 
PLANET 
RCA2 
SAL 
St AT 
rn 
T T I H I  
V S O I i  
YST 
XNH 

CXSVB 
cxv 
DEB 
onhe 
otnAx 
FACV 
XAUGXW 
IS011 
HNCN 
NB 
UEV t 
urn 
PSB 
RCA3 
SXGALP 
SLON 
TRT RB 
T T I H Z  
VSOXZ 
XB 
ZF 



WRPO$Et T O  COnPUTE THE STATE TRANSIT ION H A f k I X  PARTfTXONS P H I ,  
TXXSI AND TXU OVER AH ARBITRARY INTERVAL OF T I H E  ( l K ,  
T K + i ) .  

CALLING SCQUENCEI CALL PSIH(RI ,RF, ISC)  

ARGuflENT8 fSC I CODE SPECIFYING WHICH TECHNIQUE I S  TO BE 
USED 1 3  COMPUTE THE STATE TRANSIT ION HATRXX 
PART I T I O N  P H I  

RF  I POSIT ION AND VELOCITY OF THE VEHICLE AT THE 
E n o  OF THE T I H t  INTERVAL 

RI I POSITION AND VELOCI r~ OF THE VEHICLE A T  T {E 
BEGINNING OF THE T x n E  INTERVAL 

! $ ?  

SUBROUTINES SUPPORTEOI sxnuu S E T E V S  BIAIY cuxsrn curss 
i* PRESXH ERRAHH SETEVN GUIDH GUfO 
I' I PRI'D 

-- 
SU6ROUT XNES REQUIRED I CASCAO COHCZ EPHEM MUND NDTU 

qlw: 9 ORB PCTH PLNO 

I LOCAL STNBOLSI D INTERMEOX ATE JLfLIAN 3ATE 

DELT T IME INTERVAL I N  CORRECT U N I T S  

OUR TEMPORdRY S f  ORAGE FOR STATE TRANSITLON 
MBTRIX 

X ANS VARIABLE USE0 I N  E X A H I H I N G  XAUG IAI;CXN 

POSS OXSTANCE OF THE VEHICLE FROM THE TARGET 
PLANET AT I N I T I A L  T I M E  

RS P O S I T I O N  OF VEHICLE R E L A T I V E  TO C ;VERHING 
BODY AT I N I T I A L  1 I M E  

THSP .CONSTANT EQUAL TO S I X  T I H E S  THE SPHERE OF 
INFLUENCE OF TARGET PLANET 

VEC P O S I T I O N  AND VELOCITY OF VEHICLE ~ L L A T I V E  TO 
TARGET PLANET AT I N I T I A L  T I N E  

VS VELOCITY OF VEHICLE R E L A T I V E  TO COkERNINC 
BODY AT I N I T I A L  T I M E  

COMMON COMWTEDIUSEDI  NO XP 

COMMON C O W U T E O I  PHI  T XU T X X S  



ALN6TH OATEJ O E L t H  OTMAX F 
fAU&DC fAUG f0ARY I S T H i  NBOD 
Ne N O S  Ill N O I H Z  W f  P RV3 
SPHERE r n  T R T M ~  vnu ZERO 



Bubroutina PPP( contro l#  the c a n p u t . t i o a  of  each  p r t i t f 7 n  a p p e a r i n g  i n  
the augmentad r U t e  t r a n r i t i o n  m a t r i x :  

The f i r e t  part of  t h e  s u b r o u t i n e  d e a l s  s o l e l y  v i t h  t h e  compu ta t ion  of  
# ( W l , k )  by one of  t h r e e  t e c h n i q u e s :  a n e l y t i c a l  pa tched  c o n i c ,  a n a l y t i c ,  l 

v i r t u a l  m a a s ,  o r  numer i ca l  d i f f e r e n c i n g .  I f  a n  a n a l y t i c a l  t e c h n i q u e  i s  
s e l e c t e d  for computing ' ( k + l , k )  ove r  a n  i n t e r v a l  of  time g r e a t e r  t han  he 
maximum t h e  i n t e r v a l  f o r  which t h e  a n a l y t i c a l  t e c h n i q u e  i s  c o n s i d e r e d  v . i l i d ,  
we compute #(k+l,k) u s i n g  numer i ca l  d i f f e r e n c i n g  o r  by c a s c a d i n g  Danby 
m a t r l z a n t a .  

The remain ing  p a r t i t i o n s ,  8, and Q,,, a r e  a l v a y s  computed by ou - se r i ca l  
6 

d i f f e r e n c i n g .  Columns i n  t h e s e  p a r t i t i o n s  a s s o c i a t e d  v i t h  t a r g e t  p l a n e t  
I 

I 
i 

g r a v i t a t i o n a l  c o n s t a n t  o r  o r b i t a l  e l emen t s  a r e  computed o n l y  i f  t h e  spac  , -  

t 
c r a f t  i s  w i t h i n  s i x  t imes  t h e  s p h e r e  of  i n f l u e n c e  of  t h e  t a r g e t  p i a n e t  a . 

: . t 
k+ 1' 

O t h e n r i r e ,  t h e s e  columns a r e  s e t  t o  z e r o .  

I :  
I ,  
I 

I 

I 

1 
t- 
i 

8. 
z. 
$ 
h 



Zero out  part i t i o n e  @ (6x6) , 
9 (6x11~1, and 8, (6x11~) .  

=a I 

! , 2  

N 0 B 0 
1 8  A t  s Atmax? 

YES Call CASCAD t o  

1 3 compute @ (6x6) - ISC = ? using cascaded 

DanSy n a t r i z a n t s .  

2 

I 
bill PCB4 t o  canpute h l l  CONCl  t o  ccnpute i Call  SM>I t o  compute 
e ( 6 x 6 )  ueing the # (6x6) ue lng the I / O (6x6 )  using the 1 

a n a l y t i c a l  patched a n a l y t i c a l  v i r t u a l  / numerical d i f f erenc ing /  I 1 conic  technique.  mas8 technique.  

NO 
< Are there any dynamic 

parameters i n  x 7 
8 



Cmptt s i x  
of in f luence  of the  fxrget  p l a n e t  
and t h e  J u l i a n  d a t e  a t  tk+l. 

1 

Compute the  p o s i t i o n  components of 
t h e  t a r g e t  p l a n e t  i n  the  r e f e r e n r e  
coord ina te  e y s t e a  a t  

Compute the d i s t a n c e  betvcen the 
 pacec craft and the  t a r g e t  p l a n e t  

C a l l  WUND t o  compute a p p r o p r t a t e  
~ c o l m ~ 8  of QxXs ;nd Qm. 1 

e l e n a n t s  i n  2- o r  $ ? RETURN 

. 
e s p a c e c r a f t  w i t h i n  s i x  t imes h'O 
~ . i ~ e r e  of i n f l a e n c e  of the  t a r g e t  
l a n e t ?  

I 1 PLKD t o  canpute  a p p r o p r i a t e  Wain- tn ~ p p r o p r  i a  t e  columns F . L , - 1  



SU8ROUTf NE PULCOV 

PURPOSE COMPUTE EFFECTIVE EXECUTION ERROR COVARIANCE MATRIX FOC 
A VELOCITY CORaECTXON HO3ELEO AS AN XUPULSE SERIES 

CALLING SEQUENCE8 CALL PULCOV(RIN, DEl.TAV, TU, Q K )  

AUSUME?dfSl R I N ( 6 )  I XNERTrAL STATE O f  SPACECRAFT AT NOMINAL 
T IHE OF COR.'!:CTXOH o 

D f L T A V ( 3 )  1 TOTAL VELOCl TY INCREHENT TO 3E ADDED 

Tft 1 T I U E  UNITS PER DAY 

Q K ( 6 9 6 )  C DEVIATION MATRIX RESULTING F R W  EXECUTIOtl 
ERRORS 

SUBROUTINES ftEQb.rRED1 PERHEL QCOHP 

LOCAL SYMBOLS1 OELR PERT UR84T I O N  I N  POSIT I O N  

DELV PERTU~BATION ?N V E L C ~ I T Y  

OVFM HACHITUDE OF F I M k L  PULSE 

ovrn 

FSER 

GSER 

HLT F 

PERT 

P H I  

MAGNITUDE OF TYPICAL PULSE 

6-SERISS CONSTANT FOR PLANET 

G-SERIES CONSTANT FOR PLANET 

STATES OF LAUNCH AND TARGET B 0 9 I E S  AT EMr 
OF PROPAG AT1r. t )  INTERVAL 

CURRENT PERTUSBAT I O N  

ST ATE TRAMS1 T I  ON MATRIX O V i R  TYPICAL 
INTERVAL 

OEVXATI ON MATRIX OURtN;; PRCCAGAT I O N  
THROUGH PULSES 

T Y P I C M  VELOClTY EXEC3,:?';ON ERROR 
COVARIANCE 

RF N O H I  h-c I N E R T I A L  b T  . \YE OF SPACECK~~FT A t  
END OF T Y P I  CAL INTEXVAL 

Rff PERTURBED INER7XAL ST ATE OF SPASEaAFT AT 
En0 w TYPICAJ, INTERVAL 

R , tMFRt lAL STATE OF SPACECRAFT AT REG1 PihfNC 



Of TYPICAL X N W A L  

DT I D V F  O V I  FS' CG 
6s N W L  ONE PSXCA PSICB 
PS16U P S I C S  RU TYO VU 
ZERO 



procerrer th. cont ro l  tooariaace th-h the pulr ing a r c  to 
deterr i r te  a m u r u m  of the p r o b a b i l i r t i c  devia t ion  of tbe  t o m t e d  
trajectory froa the de r i r ed  t r a j e c t o r y  reuultlrrg £ran execution e r ro ra .  

*err i r  the e q u i w l e u t  r i n g l e  lmjmlse. The p t l s eo  a r e  s e p m  ted by 
the i n t e r n 1  A t  

i 
I h e  dura t ion  of tke e n t i r e  eequeace o f  pulses i e  

s i v m  by AT - Atl  . 

aut caaplto the execut ion e r r c r  matr ices  Q ,  Q, correapax3iag t o  
A A 1 

the rrami-1 pa l r e  Avi and the f i n a l  pulse Avf r t e p e c t ~ v e l p .  The e r r o r  

d l  f o r  the eagF03 is &fined by the i npa t  s p c c i f i u t i o n s  

6 - r e so lu t ion  e r r o r  
k 

6 
2 

= f i r s t  p o i n t i q  e r r o r  

2 - eecuad point ing error 

The execution e r r o r  matrix msaauring the p r o b a b i l i s t i c  devia t ion  of the 
v 

a c t u a l  ve loc i ty  i a c n t  f r a ~  the d e r i r t d  v e l o c i t y  i n c r e r n t  is cmputed 
by -. 
The exact  rquatfaaa & f i n 1  tkt propagation of the covariance matr ix a r e  
rccur r iva  ic nature. I f  3 ii the e o a t r o l  covariance fuanedlarely a f t e r  

k 
the k* pr l aa ,  the covariance rill p r o p g a t e  t o  the tie. of the n u t  pu1.e 

=k+l 
by the fo-lA 

where cP i s  the 6x6 a t a t e  t r ane i t i on  mat r ix  r e l a t i n g  per turba t ions  a t  
W1 ,k Ll to pertur twtioru a t  t 

k '  
Mdiag  the pulee a t  Ll expand8 the 

covariance by 



w h e ~ a  Q 18 , a t  equal eitbrt to the wrcaicnl or final form of Q . 
To start the procees the ccmtrol covariance f o l l a u i q  the f i r e t  pula. i s  
given by 

0 ;  0 '  

1 
(4) 

For e f f i c i ency  m e  s imp l i f i ca t i on  i s  made i n  the  process. h a t e a d  of 
recanputtag the s t a t e  t r a w i t i o n  matr ix  over each i n t e r v a l ,  the  value of 
t h a t  matr ix  is  he ld  cons tan t  a t  the value corresponding t o  the  waverage 
i n t e m l " .  To explain+is,  l e t  the state of the  spacec ra f t  a t  the t l m e  

to of the  h p u l s i v t  Av crmputatioa be denoted a, Go- Then the  
m average in te rva l"  i s  def i n t d  t o  be the perturbed h e l i o c ~ n t l ~ c  t r a  f e c t o q  
(PEEKEL) r e s u l t i n g  f r m  the  propagation of the r a t e  ( roB v + 5 s )  

0 

over th i n t e ~ l  ( to, t o +  A t i )  . 

.-. I The conatant  s t a t e  t r a a o i t i o a  matr ix  + i s  computed by ~ u m e r i c a l  d i f f e r -  
I 

' eaeiag.  me i n i t i a l  s t a t e  ( To, + 5 ) is f i r s t  propagated over 

mml 3 3 

! 
t h e  At i  t l m e  i n t e r v a l  (using PERHEL) r e e u l t i r q  i n  the s t a t e  ( rt,  v ) . 

i f ,, Then the x-ccmponent of i n i t i a l  pos i t i on  f a  wr-rbed by Ax, leading t o  I a fi-1 s w t e  of ( ? " 
Pf '  V ~ f  

) upon propagatlo?. - The f i r s t  column o f  tbe 

i a ra t r i r  i s  then c o m p u w  by 
C . C 

I !  a A 

; * 1 P f , '.f - '1 ' 
I : Ax 

(51 

i 1 

The o t h r r  columae of + a r c  computed by similar computation8 using the 
I ; r a ~ . i n i n g c a n p o a e n t e o f  ~ a a i t i o n a o d v e l o c i t y  (y, z ,  x, i, 2 ) .  
r 

t 

: 
t 
k. 
G i 
t: 

t. 1 
. ,  1 

I 

Y- 



k p u t e  nanirml execut ion  
error matrix Q 

A 

< 
v 

. Aopgrta coatrol covariance to nut pulse 

Yxs 

C 1 

Recompute execrltlon error 
matrfx for las t  pulse Q 

bK) 1 

I 
b 

I update covariance by current ) 
uscution error 

t+l Wl 
O l Q  



W R Q a I  10 COMTRW EXECUTfOH Of THE W L S I N C  ARC HODEL. 

C A U I U S  SEQUENCEI CALL PULSUCUN,DELTAV,RE~TM, IRE~  

ARGUMENTS8 RtMC6) I INERTIAL STATE OF SPACECRAFT AT N W X M ~ L  
T I  WE OF CORRECTION 

OElTAVCS) I TOTAL VELOCITV IMCREHENT TO BE ADDED 

RE461 0 FINAL INERTIAL STATE OF SPACECRAFT (IRE) 

t n  I TIME WITS PER DAY 

1 RE I FLAG DETERMIWING F INAL  STATE 
-0  RETURN FINAL STATE AT END OF PULSE ARC 
ti RETURN F Z N U  STATE AT ARC nf D P O f  NT 

SUBROUT1 HES REQUI RED8 CAREL PERHEL 

DTS T IHE INTERVAL I W  T IHE UNITS 

DT WmY VARIABLE FOR OUTPUT 

PSER F-SERIES CONSTAMT 

CSER 6-SERIES CONSTANT 

HLTF STATES OF LAUNCH AN0 TARGET BODIES AT EnD 
O f  PROPAGATION INTERVAL 

H l T I  STATES OF LAUNCH AND TAUGET BODIES AT 
BEGlrUl I  nC OF PUWA6AT ION INTERVAL 

1 PUL PULSE COUNTER 

PP UNIT VECTOR TO PERIAPSXS 

RB I N E R T I A 1  STATE OF SPACECRAFT AT 8f6f N U N 6  
O f  PROPACAT I ON X KTERVAL 



TIWE FuOn START OF PULSING ARC 

I M T E M O Z  ATE VARIABLE 

TINE ~ W T E R V A L  mon nropotwt OF Aac 

U N I T  NORMAL TO ORBITAL PLANE 

INCLXHLITXOK 

LONGITUDE OF ASCENDING NOPE 

OT 1 DVF DVf FS CG 
6s NPUL ONE P u t t  RK 
TYO VK ZERO 



PmSfX f r  n rpen r ib ' l e  f o r  the ac tu .1  execution of the pulr lng a r c .  Z r p r t -  
a n t s  have r h ~ m  ttut adding an  impulsive a t  time to 

may be approx- 

Lmated qu i t e  c lose ly  by center ing  a n  equivalent  sequence of smaller  i spulses  
a h t  the oanfnal tfma to . 
Thir equivalent  sequence cf  thrusts 18 ccnnputed by PREPUL. It coa r l r tn  of 
N - 1 pulses Gf and a f i n a l  p l s e  Zi; u t i a f y i o g  
P f 

The pulses  a r e  separated by a time in t e rva l  A t  . The dura t ion  of the 
i 

e n t i r e  sequence of pulses i s  given by AT = (Np - 1) A t f .  

For e f f i c i ency  the perturbed h e l i o c e n t r i c  conic propagator PEEUEL i s  used 
t o  propagate the t r a j e c t o r y  between pulses.  PEBlIEL require8 the pos i t ions  
of the launch and t a r g e t  W i e s  a t  the beginning and end of each propagation 
in t e rva l .  PBgPtn. s t o r e s  the  p s i t i o n  and ve loc i ty  of the launch and t a r g e t  

A A 
W i e e  et the reference t i ~ t -  r : ( vLO ) and ( rm, vm 

0 
and 

s t o r e s  the constants  of the t and g s e r i e s  f o r  those s t a t e s  ( fu .  8&. 

fn ,  k, k-1.6). The p s i t i o r  of the launch body a t  sotme time t r e l a t i v e  

to  the reference t i m e  t i s  then given by 
0 

h e r e  fL ( t )  - fu t 
k 

kd) 

with elmiLar t q u t i o n s  holding f o r  the t a r g e t  M y .  

The procedure of PUISXX i s  s t raightforward.  The poel t ions of the launch 
and target bbdfee a r e  computed a t  the t h e  the  pulsing a r c  should begin: 

53 = to - A .  Itl(Ba is  then ca l l ed  a p r o p g a t e  the r p c e c r a f t  frm 
to 

bacha rde  t o  tB . The a c t u a l  pulsing arc cycle  i s  n w  entered.  The -1-1 
2 

velocf t y  increment Avi is added to the  cu r r en t  ve loc i ty  impulsively 



a a 
and the resul t ing  r t a t e  ( r ,  v ) i s  propagated foruard aver the time 
in terval  A t ,  by PBILEIEL. Another pulae i s  added and the procear repeated 

Two optloas a r e  wu parmittad. I f  IBE - 0 , the f i n a l  r t a t e  i s  not 
a l t e red  (EUQU). I f  IBX - 1, the f i n a l  r t a t e  i r  propagated backwards 
back t o  to fo r  ure l a  EEMB and SIWUL. 

Pinr l ly  CAfaL i s  ca l led  to compute the conic element€ of the f i n a l  s t a t e .  
For canpr r i rm putpoaee, the b p l l s i v e  i r  added t o  the e t r t e  a t  to , 
proprgated t o  the final ttma tg - to + AT/2 by PERHEL, and thore el-nta 



PUlSXX Plar Chart 

tropasatr launch and t r q t  boddLra 
to a U r t  of pulsing arc r r 

b 
~ f '  Tf 

1 

7 

A'optgatr atate of S I C  back t o  start 
a 

of pulsiag arc to g e t  r v .  
6 f '  Sf 

b i 

I Update var iab les  from previous 1 1 step:  
AT t - t  - -  

t k 2 

Canpute f l u 1  p o s i t i o n s  ofA 
launch and target bodies 

T f Repare for impulsive capperiron by 
- - . . A d  2 

retting r - ro,  v - v, + Av I 
Propagate S I C  forward t o  time 

3( 
b s p l t e  ccmic el0 of ~sp$sl )  and (Y,b) 

1 



WRPOSBI TO CONPUT€ THE EXECUTION FIROR CQJARfANCt  MATRIX FOR A 
V U O C l T  Y CORRECT1 ON. 

C A L L I N  SEQUEWE: CALL QCOMP(VsEMsQ) 

ARWENTW V I VEL OC1T V C ORRECTI O h  

Q 0 EXECUTION ERROR !;4TRIX 

EM I ERROR MOOEL (S16RES,SICPRO,SfGUP,SI6BET)  

SUBROUTINES SUPPORTED: BXAItl CUISXH PULCOV GUS DM 

LOCAL s y n e m s  : AU SICILP/U~ 

BRK SICPRO+ SZrRES/R2 

BU SIGBET/UZ 

R2 U2 *22 

U2 X2 +Y 2 

X2 V t 1 )  SQUARED 

Y2 V (2 )  SQUARED 

22 V(3) SQUARED 



C 

Subrout ine  Q W P  canputee t h e  i!xecution e r r o r  covar iauce  m a t r i x  Q fo r  
d 

a  v e l o c i t y  c o r r e c t i o n  AV - ( a v  ,Av ,OV ) b c c u r r i ~ g  a 8  time 
1 
t, . Xf 

X Y =  
the execu t loa  e r r o r  is  assumed t o  have form 

4 .-A 

d ~ v  - r ~ v + . ~ v  + dG aV p o i n t i n g  

where k i e  the p r o p o r t i o n a l i t y  e r r o r  and 8 is the  r e s o l u t i o n  e r r o r ,  
then the elements  of t h e  s a t r i x  a r e  g iven  by 

1 

2 2 2 2 2 2 
where fl - aVx + a v Y  , p - P +OV 2 2 2 

8 8 and = " k l  
L, and 

2 
U a r e  the' v a r i a n c e s  a s s o c i a t e d  w i t h  the r e s o l u t i o n ,  proportional i Ly , and 
ba 
two p o i n t i n g  errors, r e e p e r t i v e l y .  



,?& & -. . A". -- *..- - --.- .,, - .,- - : . . , .<)I.::.; 

PURPOSE1 PERFORM QUASI-LINEAR FILTERfnb EVENT f N THE Sf M U I A T I O H  
PROCRAH 

F 
CALLING SEQUENCE8 CALL Q U ~ . S I  

SUBROUTS NES SUPPORTEOl SIHULL 

LOCAL SYNBOLS 1 

connow c o i r ~ u r ~ o t u s ~ o :  n o ~ v x  E O E V X  NQE XF I 

COHHON CONPUTEOl T R T H i  XI1 X I  

AOEVXS EOEVXS NOXll l  TEVN W 
XF XSL 2 ERO 



A t  a q u a i - l i n e a r  f i l t a r i n g  -ant the moot recent  naminal t r - j ec to ry  i s  

updated by wiw thr moat recent  e t a t e  devia t ion  e a t i m ~ t e .  If i e  the 

m e t  recent  nominal poe i t ion /ve loc i ty  s t a t e  l s m a d h t e l y  preceding the event 
'X, 

a t  tima t , a d  i f  
It (X, 

i r  the por i t ion /ve loc i ty  devia t ion  es t imate ,  

then ~ d l a t e l y  follcn-lng the q w r i - l i n e a r  f i l t e r i n g  event ,  the most recent  
~ o l n i r u l  p o r ~ t i o n / ~ ~ e l c x i t y  a t a t e  i s  given by 

I h c  e a t b a t e d  and a c t u a l  d e v h t i o n a  from the nor: recent  nominal trajectory 
osurt a l s o  be updated: 

A quael- l inear  f i l t e r i n g  w e n t  i n  no vay a l t e r s  the knw: :e ana cont ro l  
uncert&int ien a t  t h e  t 

1 '  
Thue knowledge covariance Pk and control 

coorrF.nce PC remain c o n o u n t  across  a quae i - l inear  f i l t e r i n g  event. 
f 

Furthermore, r  incettw ve loc i ty  c r L r r c  t i o n  i e  performed, t h t  (sost recen" 
t ~ r g e t e d  nominal X i r  unchanged. Neither is  the eolve-tor  paramater 

1 
8 t . k  updatad a t  a q u a i - l i n e a r  f i l t e r i n g  event.  



I Xncrement quasi- l i n e a r  I L f i l t e r i n g  event counter.  J 
I 

- .2>.- . . . ~ - -  I 
Write out actua l  c iyumlc  no iee  i 
and e r t i n z ~ t t d  and a c h l a l  dev- 
i a t i o n e  f -an most r e c e ~ t  nmin -  I 

a 1  a t  t i m o ?  t ,  i m e d i a t a l y  I 
I 

preceding the *\, : . 
1 

Update and wr i te  out  eetimated I 
and ac tua l  e t a t e  dev ia t ions  a t  i 

I .he event .  1 

i :;as i n  preparation for  next  c y c l e .  
S't N4hIT&3 = 1 s i n c e  targeted 
m t n a l  and moat r t c e n t  n o m i m i  

1 co longdr c o i n c i d e .  I 1 
I 



LOCIL sn60ts1 A sun OF TYELUE cuwoon wnsr~s m v n w  ZERO 
AND OIE 

NX COMTROLLXNS INTEGER 

W fWTERHED1 ATE IKTECER 

U W H  RANDOH NUllBER FRON NORMAL OtSTRIBUTIOW 
Y ITH  =AN ZERO AN0 STANDAUO O E V I A T I W  
SI6NA 

INTERHEOX ATE VARIABLE 

IWTERHEDXATE VARIABLE , 

INTERNED1 4TE  VARIABLE 

I WTEOWEDXAT E VARIABtE 



Mlve rmda mnkrr  Xi k t v e e n  0 and 1 are canputad, which are then 

ored to c a p r t e  the rattuned random auaber MlPl u i a g  the follwi- 
aquatiom: 



'9. 

e .-- 
a ' .  

PURPOSE: TO O n E R n r n E  MHAT TYPE OF MEASUREMENT IS T O  BE TAKEN 
WEXt WD A t  WHAT TfWE I T  WXLL OCCUR. 

CALLIN6 SEQUEMCEI CALL E C n € D ( T l , T z , n m E )  

t i  x PRESENT TRAJECTORY TINE 

T Z  o TRAJECTORY T I ~ E  AT WHICH THE ntrr 
MEASUENENT OCCURS 

LOCAL SYNBOLS8 H INE#X 





AUWU€NTS8 X I INDEP€WDfNT VbRIABLE: 

EX 0 8 A T T I M  S-FUNCTION O f  X 

s: NH s ta f  ~ M T  FUUTXON FOR H Y P E R ~ O ~ ~ C  SSM 

E SQRT OF ABS V A L U E  OF X 



BBPrPI crmplter tha traorcendental f u ~ t i o a s  S(x) and C(x) u e d  in 
tha Kf'lCI ~ t r a  Fa the .olutioa of karkrt'r thoorem. 

'Lbs htactiool S(%) C(x) are def i d  by 

C(x) - 1 - co. J; x > O  
X 

For emall values of ( x I the Taylor s e r i e s  expansions are used 



:C! 8gB1E Plar Chart 

r 
Uee Taylor 1x1s -01 

e x p m i o n  for S.C 
1 

b 

S + i 

RKTtJFa 
Use etd formula ' 
for S,C (x (0) 

b b 



PURPOSE PERFOUN ALL C W U T h l I O W S  COHnON TO HOST EVENTS I N  THE 
tRUOll ANALYSIS PROGRAM 

ARCUMEMTl WCOOE f EVENT CODE 

R f I TARGETED NOMINAL SPACECRAFT STATE AT 
PREVIOUS N E A S U R W M T  OR EVENT TIME 

T EVN I EVENT T I H E  

SWUOUTINES SUPPORTED8 ERRANN 

SC~~RM~TIMES R E Q U X R E D ~  CORREL OYNO HYELS JACOB1 NAVM 
NT H P S I N  STHPR T I T L E  TRAPAR 

E6VCT ARRAY OF EXCENVECTORS CORRESPOWDIHG TO THE 
COLUHMS OF A GIVEN MATRIX 

E6VL ARRAY OF EIGENVALUES RELATED TO rHf 
E XGENVECTORS CONTAINED In E6VCT 

ICOOE INTERNAL CONTROL FLAG 

OUT SQUARE ROOTS OF EIGENVALUES 

Pf 16 NATRIX FOR WHICH HYPERELLIPSOID I S  TO BE 
COMPUTED 

RF NOHXNAL SPACECRAFT STATE AT EVENT T I H E  

VEX6 MATRIX TO BE OIAGONALXZEO 

COMMON COrrPUTED/UsEDl T R t M i  XF 

CXSU cxsv CXU CX v cxxs 
FOP FOV XEIC XHYPl  X ? R t  
xsrnc xrnc PS P Q 
UQ V O  X L h 8  



Rim to uecutiag any event i n  the  e r r o r  ana lys i s  mode, rubrout ine 
8- i r  called to perform a s e r i e s  of camputations which are combon 
t o  a l l  events .  Subroutine SlREVN computes the t a rge ted  n m h l  t r a j e c t o r y  
at  t , and p r o p q a t e r  the knowledge c a v s r i a c e  p a r t i t i o n s  a t  

1 tk,l * the 

tlma of the  previous avant  o r  arcaruremcnt, forward t o  t h e  t ,  ueing tha 
J 

prad ic t i on  equations found i n  t he  Yam Analyrie  sect ion.  

POT u r y  event  o the r  than a  p red i c t i on  event ,  subrout ine SZl23'24 a l s o  
canputar eig.zrvalue8, eigemrectoro, and bypere l l ipso idr  of thr poe i t i oa  
and oalocitv partitiow of the Lnwledge covariance a t  t 



to compute tho t r r g a t e d  n a r n l ~ l  
Wri te  out .  

Ca l l  TRAPAX t o  compute and w r i t e  
ou t  met of nav iga t ion  parameter8 

s t a t e  t r a n s i t i o n  apatrlx p a r t i t i o n s  
1 and dynamic no_ioe covariance mat r ix  ) 1 r [ t ]  . Write out .  

I C a l l  UAW t o  compute knowledge co- 
var iance  p a r t i t l o n a  a t  t,. Write out .  

J/ 
Is m e 3 t  a p red i c t i on  event? 

r 

Canpute and v r i t e  out  e lganvalues ,  
e lgen&ctors ,  and hype re l l i p so ids  of 
p o a l t i m  and v e l o c i t y  p a r t i t l o n e  of I t he  kncwltdge covariance a t  t . 

i' 
18 event  a guidance e 

- ~ 

JI * 

h e a t  tfm and s t a t e  vec to r  i n  
preparation f c r  next cycle.  

.L 
I 

A 



SUBRMnX NE SETEVS 

PURPOSE PERFORH ALL COMPUTATIOMS COMMON TO HOST EVENTS I N  THE 
SXNULATION PROGRAM 

CALLING SEQUENCE) CALL SETEVS(Rf,TEVN~RII,NCODE~ 

ARGUMENT8 MCOOE I EVENT CODE 

R f  I TARGETED NOMINAL SPACECRAFT STATE AT 
PREVIWS MEASUREilENT OR EVENT TIME 

R f  1 f MOST RECENT NOMINAL SPACECRAFT STATE A T  
PREVIOUS UEASURENENT OR EVENT TIME 

TEVN - EVENT TIME 

SUBROUTINES SUPPORTEOI SIUULL 

SUBROUTXNES REQUIRED 8 

LOCI4  SYMBOLS Dun 

EGVT 

ECVL 

XCODE 

OUT 

P E I 6  

CORRU OYNOS HYELS JACOB1 NAVM 
UT MS  PSI^ s rnPR TITLES TRAPAR 

I NT ERHEOI ATE VECTOR 7 

ARRAY OF EICENVECTORS 

ARRAY OF EIGEHVALUES 

INTERNAL C O N ~ R O L  FLAG 

SQUARE ROOTS OF EKCE~LALUES 

MATRIX WHOSE HYPERELLIPSOID I S  TO BE 
cgnPurEo . . .  a ! 

nosf RECENT NOMINAL SPACECRAFT STATE A T  
EVENT T INE  

T ARGETED NONINAL SPACECRAFT STATE AT EVENT 
r r n E  

9 

V E I G  NA'TRIx TO 8E DIAGONALXZED 

CONHOW CONPUtED/USEO t AOEVX E DEV X TRT t41 , XF1 XF 
X I 1  ZF 2 1  

8 

COMON COtlPUTEOl D f t T q  X I  

AOEVXS CXSU CXSV CXU C X V  
CX XS EDEVXS FOP FOV , f E l 6  
I H Y P i  I P R T  XSTMC N D I H l  NGE 



HQE NTHC P H I  P S 
Q T XXS UO v 0 
XL AB 



P r i o r  to execu t i ag  any e v e n t  i n  the  eFmulation mode, subrou t ine  SETEVS 1 7  ' 

c a l l e d  t o  perform a  a e r i e r  of  compufxtions which a r e  cammon t o  a11   event^,. 

A f t a r  canput ing the  t a r g e t e d  nomine1 and uioet r e c e n t  nominal s t a t e r  a t  
t h e  time of  the  even t  t , Xnwledge covar iance  p r t i t i o n e  a r e  propagated 
forward t o  t h e  t f r d  L-ae tkml 

f 
of  t h e  previoue even t  o r  maaeurement 

u r i n g  the p r e d i c t i o n  equat ion8 found i n  the NAW Analyr ie  s e c t l o a .  The 
a c t u l  t r a j e c t o r y  e t a t e  a t  t l a  canputed uoing 

1 

where 2 ,  i r  t h e  a c t u a l  t r a j e c t o r y  u t a t e  aaeuming no urnnodeled a c c e l e r a t i o n  
J 

h a s  been a c t i n g  on the s p a c e c r a f t ,  and W i a  t h e  c o n t r i b u t i o n  of  t h e  a c t u a l  1 
urnodeled a c c e l e r a t i o n  t o  t h e  a c t u a l  t r a j e c t o r y  s t a t e  a t  t ,  . The a c t u l  

J 

and p r e d i c t e d  p o a i t i o n / v e l o c i t y  d e v i a t i o n s  from the most r e c e n t  nominal a t  
t, are g iven  by 

h, CI 
A 

hr 

and at - * ( t 5 ,  J X ~ - ~  
1 

+ Q  ( t J ' \ - 1 ) 6 i s 4  , 
=a J 

r e e p c c t i v e l y ,  where @ and 8 a r e  the  t i a t e  t r a n s i t i o n  m a t r i x  p a r t i t i o n s  

r 1 =s 
over  

For  any even t  o t h e r  then p r e d i c t i o n  and q u a s i - l i n e a r  f i l t e r i n g  e v e n t s ,  sub- 
r o u t i n e s  SBTgVS a l s o  canputem e i g e n v a l u e s ,  e i g e n v e c t o r s ,  and hyper - . l l ipso id r  
o f  the p o s i t i o n  and v e l o c i t y  p a r t i t i o n s  o f  t h e  knowledge covar iance  a t  t 

1 '  

?'. 

.4 
%$ C < 

. , :i 
i i r?g 
,i? 
:2 . . . V 
'.j'. 

-7 
2-G, 
4 '  

c: .:-;"I 
I:' 
:; i .. .i 
. rd ." .. "' 
Xd 
% 
*? 
d 
4; 

'$4' 
, - *xc 



w 
1 

set A t m  t, - 
all Fh[lE to caspts  the targeted 
n c d ~ . l  a t  t ,  . 

Is targeted n c d r u l  identical 

I 

r 
C.11 NZMS to compute moat Set most recec t ncmiua 1 egua 1' 
recent nominal at t . 

L 
1 

to Urgcted minal at t . 
j 

L 

J 
I 

C.11 PSM and D m  to compute 
state tramition matrix partitiocs 
and dynamic noire covariance matrLr 
war the the interval i 
cwarIAnce partitions a t  t . 

f 1 

I before e f fec t  of uumudoled accel- 1 
1 .ration has been added. 1 



Call DPgeb to ccxapte effect 
of unaodeled aceeleratien. 
Ume to u-te actual p c m i t i d  
velocity rtrte a t  t - . 

f 

Write at targeted d u a l ,  
w e t  lrcent  ncmiml, and actual 

La11 TRAP'AR to canpute and 
vrite out net of navigation 
pmrtwtcrs for the actual 
trajectory. 

matrlx partitiom and the 
diagonal of the dynamic noise 

1 cpvariance p t r i x  over 
\ ]  write 

h l e d g e  correLation par- 
t it ions and rtaeQrd deviatlaw / .. t , .  

'k 
4 

Canptte actual and predicted 
p o s i t i o a / ~ l o c i t p  deviations 
frcm rb. m o a t  race~t d r y 1  
at  t . 

I .  I 
4 

< b n n t  B pzediction or 
-1-linear filtering went? 



LL pomltiaa and ve loc i ty  partitloas I 
of thm kwuledgm cwarirnce a t  

I. event r guidance or YES 
CQ%OPI event? ItEnJm 

1 

Yrite  c a t  actual dynamic noiee 
vector. Yrite  cut eotimated and 
actual pos i t ioa /ve loc i ty  and solve- 
for pa-ter deviat iolu fran the . 
root  recent nmaiual a t  

tl I 
1 

h.rt t i m e  and r ta te  vectors i n  
preprat ion  for next cycle. i 



PuUPOsEa TO CONTROL THE CO?!PUTATIONAL FLOU THROUGH THE BASIC 
CYCLE (WLASUREHENT PROCESS~IG) AND ALL EVENTS IN t n E  
S f  HULA1 X OM PROCRAH 

SUBROUTINES REQUIRED8 BIAS OYNOS HENOS NAVH N m S  
TRAKS P R I N T Q  PSIH SCHEO SETEVS 

oun INTERHEOX AT E VECTOR 

I P R N  HEASURENENT PRINT TIME COUNTER 

tttlCODE HEAS;IREnENT CODE 

NEVENT EVENT CWNTER 

RWIl RANDOH HEASUlEnfWI NOISE 

TRT N2 T I H E  OF THE HEASUREHENT 

COMMON C O ~ T E W U S E D l  AOEVX A W O I S  A Y  EDEVXS EDEVX 
EY ICODE HCYTR WAFC RES 
R C 1  R I i  RI TEVN TRTNl 
XF i X F  X I  1 X X  ZF 
2 1  

AK AN AR FNTU H 
IEVNT IPRlWT X S T S  NAE N U 6  
U D I H ~  NEV UCE NHN NQE 

* N R  NTHC P H I  RF S 
TEV T X X S  Y ZERO 



6RlUL Analysis 

The prLaury funct ion of oubroutioe SMDL l o  t o  cont ro l  the computational 
f l w  through the basic  cycle  (measurement processing) and a l l  events  i n  
ths sLmuLatioa mode. Subroutine SMUL a l s o  performs sane canputations 
i n  the basic  cycle.  A 1 1  event- e l a t ed  ana lys i s  i e  presented i n  the event  
rubroutinee themselves and w i l l  no t  be t r ea t ed  belw. 

In  the bas ic  cycle  the f i r s t  t ask  of SMUL i s  t o  con t io l  the generat ion 
of ta rge ted  u o l i n ~ l  and w e t  recent  nclninal spacecraf t  s t a t e s ,  Ll and 
U - . r e s p c t i v e l y ,  a t  t h e  t , given s t a t e s  

k 
\ a d  f a t  time t L; . 

'ihen, c a l l i n g  PSM, D W ,  TBbKS, and KKNW, success ive ly ,  SMUL cont ro ls  
the canpl ta t ion  of a l l  matr ix  information required by subroutine NAVU i n  
order  to canpl te  the covariance matr lx p a r t i t i o n s  st tixae immediately 
f o l l w i n g  the mcaeurement. 

Af t e r  canputing the a c t u a l  s t a t e  % a t  time \ f r an  

& 

where 6 X  l o  the a c t u a l  spacecraf t  s t a t e  devia t ion  from the most recent  
k 

aanin". , SIXUL con t ro l s  the generat ion of the a c t u a l  s t a t e  Z a t  time 
k+ 1 

\ before the  e f f e c t  of urnodeled acce l e ra t ion  has been added. Then, 

b v i n g  c a l l e d  DYNfS t o  compute the  e f f e c t  of urnodeled acce l e ra t ion  o 
k+l ' 

SIWOZ. canputm the a c t u a l  s t a t e  and a c t u a l  s t a t e  devia t ion  a t  time 
5rtl : 

With both the most recent  nomfael and a c t u a l  spacecraf t  s t a t e s  ava i l ab l e  
a t  , G I W U L  c a l l s  TBllKS twice i n  succeesion t o  compute the idea l  

H 

meaeurmente Y 
W 1  

and Y , r e spec t ive ly ,  which vould be made a t  each 
-1 

of thesa t r a j e c t o r y  e t a t e s .  Cal l ing XEN@S, BNtP3, and BIAS t o  canpute the a c t u a l  
aerrur-nt  noise and b ias  corrupt ing the idea l  measurement associated with 
tl:e a c t u a l  r t a t e ,  SMUL computes the a c t u a l  measurement a t  t i m e  L1 using 



;,hen bw a d  vW1 represent the a c t u a l  maasurawnt b ias  and noise ,  

A l l  i n foma t ion  required f o r  computing bath predicted and f i l t e r e d  s t a t e  
devlationa f r an  the most recent  nominal a t  is n w  avai lab le .  With 

and OP denoting s t a t e  t r a n s i t i o n  matr ix p a r t i t i o n s  aver the t h e  
8 

i n t e r n a l  [ \, kl ] , SlX)(LII computes the predicted spacecraf t  s t a t e  

dev i s t i and  and eolve- f o r  parameter devia t ions  a t  \+l 

P r i o r  to computing f i l t e r e d  devia t ions ,  SPNL computes the  measurement 
zeeidtlal f r a ~  

a1 and )I a r e  observat ion matr ix p a r t i t i o n s .  F i l t e r e d  
k+l 

spacecraft e t a t e  d w h t i o a e  and eolve-for parameter devia t ions  a r e  then 
comprted from 

vhere and a r e  the f i l t e r  ga in  conetanta.  
" . 3 



ENTER a 
Initialize event counter KEVgKT 
and p r i n t  counter  IPBN. 

- N 

Define stares 5 and Xk a t  

time t 
k *  

C a l l  S C W  to obtain the tiw 1 
of t h e  measurement and the j 

I measurement code.  

1 \L 1 

Define time interval A t  = t - t . 
k+l k 

\i) 
Does an event occur before 

YES 
bl? ) 

NO 

I call  as t o  compute state ii 
k+l  / 

Call N'1X6 t o  caapute 
e t r t s  YX . 

k+1 + i 



Increment awasurernen t counter XCNTB. 1 
1 

Call PSM t o  compute s t a t e  tranei t ioa  
- 

matrix partit ions over [%* %+I] 

for the most recent naniaal trajectory.  

C a l l  D Y N W  to  compute Q 
k+l ,kB 

b 1 

1 
JI 

I Call 'IBAKS to  compute the  observation 1 

4 
I Call HEB?fB to compute %+I . 1 

[ Call t o  compute covariance matrix 1 I partit ions a t  t + 
-1 * 

I Compute actual s ta te  X a t  t . 
k k 1 

before e f f e c t  of umodelcd acce l -  

I eration has been added. ' 1 

r \L J 

C a l l  DYh'@S to compute e f f e c t  of un- 
modeled acceleration 

kt1 



e f f e c t  o f  unmodeled acceleration 
har been added. 1 

I ~ ~ m p t e  actual s t r t i  deviation I 

urement YNl from most recent 

Call  TEAKS to  compute ideal meas- 
urement from actual trajectory.  

Call KEN* to  compute 1 1 1  

Compute actual meaeurement noiee y r r  
I call BIAS to cmpute 

b ~ l  . I 

I a 
Canputt actual measurernett 

Ik+l ' 1 
Canpat8 quantitieri required for 
adaptive f i l t e r i n g .  i 



Canplte predicted s t a t e  deviatlone - 
a t  t + ' k+ 1 k + l  ' 

J. 
Complte masurument residual 

k+l 

2 + 
and &x, 

k+ 1 

( Incrwcnt print counter IPPN. 1 

3 
16 it time to 

1 

baeic cycle  data. 

Reeet time and targeted and 
m e t  recent naninal e ta te s  i n  
preparation for next cyc l e .  

L 
7 

4 
a 



JI 1 

C a l l  SE1EVS to  compute i n f o r m a t i o n  1 
c a m o n  t o  m o s t  types of e v e n t s .  

<+>Al 
YES I 

I 

6 - 

v 
ICPDE = 7 1 

1 I 
1 2 3 I 6 I 

I 

M' 
I 

! 

Call p r e d i c t i o n  
event over lay .  even t  over lay .  f i l t e r i n g  o v e r l a y .  

b 

i 
I 

i I 
I 

i I 

1 
I ' ! 

\u I 
I 

Increment even. c o u n t e r  

1 



t 
YES < tk+l > tf ? > 

1 NO * S 0 

Have a l l  meaeurements been processed? 

! YES 
9 NO 

Have a l l  events  been performed? I 
I 

, 
4' 

Ilm'um YES 
t ? t k + ~  2 f 

I 
Define s t a t e s  and 

, - 
+ a t  time 

Define time in terva l  A t  - tf - t - N h i  j 
and s t a t e s  X and X . 

k+ 1 k+ 1 ! 
I 

Call hTXS t o  compute s t a t e  lf 7 

Call to canpute 



I 1 

Call PSZX to compute # U t e  
transit ion matrix partit ions 
w e r  [kl, t r  1 for the m o ~ t  

I recent Lncwrna~  Irajectory. I 

I Call D Y H I  to  compute Q 
f ,kt; 

!k . 
Call NAVM t o  compute covariance 
matrlx partit ions a t  tf . 

I C m p i t e a c t u a l  s t a t e x  a t t  
k+ 1 k+ 1 1 

X .  a t  t before e f f e c t  of unmodeled 

v 
Call DYNW to compute e f f e c t  of un- 1 
modeled acce lerat ion  

W f  ' 

J, 
Compute actual  s ta te  XF a f t e r  1 

A 

e f f e c t  of u d e l e d  acceleration has 
been a d d e d ,  

6 

1 

Cocpute actual otate  deviation8 d d 
j. 1 Compute predicted cute devbtiom 1 1 621 and b y  a t  t 

4 i d  



SPACE-A 

SU8ROUl f  NE SPACE 

PURPOSE) COUNTS THC NUM8ER OF L f N E S  BEING PRIHTCO TO DETERMINE 
WHEN TO S N I P  T O  THE NEXT PAGE W I T H  A NEW HEADING 

CALLING SEQUENCE CALL SPACE ( L I N E S )  

ARGUMENT L I N E S  1 NUMBER OF L I N E S  THAT WILL BE WRITTEN I N  
T HE NEXT OUTPUT Sf  ATE HEN7 

SUBROUTINES SUPPORTED1 I N P U T Z  P R I N T  VECTOR VMP 

SUBROUlf  NES REQUI RE08 ;4EUPGE 

CON?lON COUPUfED/USEDl L f  NCT 

CONMON USE08 LXNPGE 



PURPOSE1 TO COMPUTE THE PARTIAL M R I V A T I V E S  OF STATION LOCATION 
E R 4 O R S o  

4RWMWTl &L I A l l I T U O E  OF THE STATION 

& L I T  I LA1 ITUUE OF THE STATL3N 

ALOM I LONGITUDE OF THE STATION 

, PA 0 PARTIAL OF STATION POSITION AH0 VELOCITY 
WITH RESPECT 1 9  AITXTUDEI LATXTUOE AND 

/ L0NI;ITUDE 

PAT2 I LONGITWE + OFEG&*(CURRENT TIME-LAUNCH 
TIHE) "b VEC UWSEO 

- P 
' Z SUBUOUf IHES S JPPORtED 1 TRAKS 1 RAKN 

.gia 
F 

LOCAL svneMsl 6% SINE OF LATITUDE 

62 COSIKE OF LATITUDE 

t 
i G3 SINE (PHI +OllEGA(T-UtiIVT 1 ) 

I 

i! I 6r COSINE(PH1 +OXEGA (T-UNXVT) ) 

i HHERE P H I  = tONGITU! IE  

8 OHEGA=EAR'IH M O T A T  ION RATE 
P T = T I M E  1 UNXVT=UNXVERSAL T :nE 

ti 
*. 65 SINE OF O B L I O J I T Y  OF EARTH 
b.. 
I' 
!$ 66 COSINE OF O ~ L I Q U I T Y  OF EARTH 
[: 
B, ONE6 O l l E 6 A  IN PROPER U N I T S  *: 
@ I 

c w o n  USED, . .,. 3 OMEGI TM 

506 - 



T b  ecliptic c ~ e n t ,  of the p s i  tion and valoei ty of a meking a t a t i o a  
relative to the k r t h  are m h t d  to statiorr loutioa pa-taro P, O, a d  

t h r w  the f o l l a r i q ~  met of q u a t i - :  

X, - R cos 8 coa C 

Y, - R cos 8 c o s a  s i n  C + R s i n  8 s l n 6  

Za - -R coe 8 s i n  C s i n  C - B s i n  8 c o s 4  

where G = + w ( t  - I), and 1 L 8  the universal time a t  a m  epoch(ur\ully 
launch t h e )  . 
Subroutine STAPRL caapltes the negative of the partials of the previous 
quant i t i e s  vith reapcct t o  the etatioa location pnmnsterr It, 0 ,  and 4 . 
'RPcse partial. are suamrrhed belw: 

axe - - - R ain 8 coe C 
8 8 



II. 
, . 



SFIT-A 

P I B W ~ ~  TO PE~XNT OUT t n E  TRANSPOSES w THE STATE TRAWSXTXOH 
H A T U X  PhUTfTIOWS Wt,  TXXSr AUD TXU OVER AN 4RBITRkR. 
IWESWAL OF rrm. 

CIUI M6 SEQtaWCE8 CALL ST HPR(TRTHi,TlTH2) 

W E N T 8  TRTW f TIME AT BEGINNXW6 OF INTERVAL OVER G H X ~ H  
STATE TRANSITION HATRXX PARTXTIWS HAVE 
REEN CONWTEO 

TRTIU I TIHE AT €no OF XNTERVAL OVER YHXCH STATE 
TRANSTTXON MATRXX PARTITXOUS HAVE B E E N  
c o u w m  

S U B W U l f N E S  SUPPOUTED8 PRfYTb SETEVS 6lJXSIN GUISS PRESIM 
PQIKT3 SETEVW WXDM G U I D  PRED 

CORRQW USED8 NDSNi NOIN2 P H I  TXU TXXS 
X l  Aa X S r  XU 



PURPOSE1 TO COMPUTE P O S I l I O N  4NO VELOCfT7 HAGnXTUDES. 

CAUXMG SEQVEWE8 CALL SU8 l tX rXE,XP)  

W W T I  X I I N E R T I A L  POSITfOWVC,LOCITY O F  fC6: VEHICLE 

%E I EARTH-S POSf  T I W V E C O C I T Y  

XP 1 POSITICWIVELOCXTV OF THE TARGET PLANET 

LOCAL SYMBOLS8 RX HAUIXTUDE OF I E R T X A L  POSIT ION VECTOR 

Q7 RAGNITUDE OF  GEOCENTRIC POSITION VECTOR 

RZ NAGNITUDE O F  PLAWETOCELTRIC POSITION 
VECTOR 

Z PLANETOCE NTRfC POSITION/VELOCXTY OF THE 
VEHICLE 

V X  HAGNITUDE OF I N E R T I A L  VELOCITY VECTOR 

VY MAGNITUDE OF GEOCENTRIC VELOCITY VECTOR 

VZ NAGNITUDE OF PLANETOCENTRIC VElOCITY 
VECTOR 

Y GEOCENTRIC POSIT IOWVELOCXTY OF THE 
VEHICLE 



SUEROUT f ME T ARCR 

PURPOSE8 TO PEWOR?! EXECUTXYE FUHCTIOr(S OF THE TAUGETrNC NODE AS 
CALLXWC REQUIRED SU8ROUTINES TO READ THE XNWT DATA, 
COHPUTXWC THE ZERO fTERRTC IF NECESSARY AND PERFORMIN6 
THE ACT U4L TARGETING f HROUGH THE PROGRESS1 VE STAGES 
USED BY STEAP. 

CALLING SEQLENCEI CALL TARGET 

W W T I y f s  REQUIRE08 T ASOPT TARUAX DESENT Pf#Q VNP 

LOCAL SVWSOLS8 ABV IWT€R?EDIATE VARIA6LE USED TO LXNIT EACH 
PELT AV COHPOWENT CHANGE 

ACC VECTOR OF ACCURACY LEVELS FOR THE CURRENT 
TARGET16 EVENT 

ACR ACTUAL ACCURACY USED BY SUBROUTINE VNP 

A E R  ABSOLUTE VALUES OF OXFTERENCES BETWEEN 
DESIRED AN0 NOUXNhL €110 CONDITIONS 

m R O R  CURRENT SUN OF WEIGHTED OXFFERENCES O F  
DESIRED AUXXLZ ARY AND NOHINAL AUXILIARY 
END COWDITIQNS 

DEW DIFFERERCES (ERRORS) BET YEEN AUXILIART END 
CONDITIONS (OESIRED &NO NONXFAl) 

I S P 2  INDICATOR USE0 8 Y  S38ROUTINE VHP 
'1 STOP AT SPHERE-OF-INFLJJENCE 
-0  DO NO STOP AT SPHERE-OF-XMFLUE#Cf 

XTWD BAP STEP COUNTER 

I T E R  XTERATXOU COWTER 

I T O L  CONVERGENCE I N O I C A T  OR 
-1 CASE CONVERGE0 
S O  CASE DID  NOT CONVER6E 

IT INDICITOR USED TO LOCATE D E S X ~  TIHE 
VALUE FOR WfER TARGET X N6 

J INDEX 

LOYHf IWDXCAT OFI USED TO CALCLRATE T k f  PWSE-2 



TARCETXN6 HATRXX 

I N 0 1  CATOR USED TO L I M I T  OUT€ R TARGET XNG 
- 0  OUTER TARGETING HAS NOT BEEN PERFORMED 
=i OUTER TARbETIMG HAS ALREADY BEEN 
PERFORPIED 

OSPH ORIGINAL SPHER OF INFLUENCE OF THE TARGET 
PLANET 

PERROR 

REOUC 

PREVIOUS VALUE OF CERROR 

LOCAL VECTOR USEO TO SAVE AND RESTORE T HE 
RfN VECTOR 

INTERHEDXATE VAUIABlE FOR WTER TARGETING 

RSF 

SSOX INTERHEDlATE VARIABLE FOR OUTER TARGETING 

XNTEEPIEOIATE VARIABLE FOR OUTER TARGETING 

ZWTERMEOIAfE V I R I  ABLE FOR OUTER TARGET f NG 

PHASE 1 TARGETED VELOCITY AT nxGnEsT 
ACCURACY 

PHASE 1 TARGETED VELOCITY AT LOSEST 
ACCURACY 

INTERNEDIATE VARIABLE FOR OUTER TARGETING 

CUFWtNT DT T I K E  USEO TO CALCULATE EQECP 
FOR TARGET P L A e T  

CT OL OAUX OELT AW O f  AR IBAD 
IBAST IPHASE XSPH ISTART XSTOP 
ITARM KEYTAR LEVELS LEV tl AT X 
HAXSUI N I T S  NOPAR NOPHAS NOS01 
P H I  R I  N SPHERE 

OELIP DELV f C L 2  I C L  XNCMT 
W P R  IPRIMT XAXThR W I T  RRf 



LIUX AC 4LNGTM ATAR OC 
DELTAT O f  OVMAX 01  E QE CP 
FAC f 8 A 0 S  KT AR KUR LVLS 
HAT n r x e  NOYT NPAR NTP 
ONE RC SPHFAC TAR rn 
TOL TRTH TWO ZERO 



TARGFl La r a a p o n r i b l r  f o r  t h e  c o n t r o l  of any  targeting (non l inea r  8uidaace) 
even t .  'Ihe t a r g e t i n g  i s  done e i t h e r  by t h e  Newton-Raphson technique o r  by 
a s t e e p e s t  descent-conjugate  g r a d i e n t  a l g o r i t h m ,  the  method being s p e c i f i e d  
by t h e  u s e r .  I n  e i t h e r  c a s e  numerical  d i f f e r e n c i n g  i s  used t o  ccxnplte the 
r e q u i r e d  e e n e i t i v i t i e s .  

The c u r r e n t  i n e r t i a l  s t a t e  of the  s p a c e c r a f t  upon e n t e r i n g  TAFiGET i s  
f i r s t  saved ( R I S I B f h ' )  along w i t h  the  o r i g i n a l  SO1 r a d i u s  (OSPH-SPHERE) s i ~ c e  
both v a r i a b l e 6  may be changed dur ing  t h e  course  of the  t a r g e t i n g .  Before 
e x i t i n g  £ ran  IABCET t h e s e  v a l u e s  a r e  r e s t o r e d .  

The index of  the  c u r r e n t  e v e n t  KUR has  been computed by TiUTRY. Th i s  
enab les  the r p a c i f i c  t a r g e t i n g  parameters f o r  the c u r r e n t  even t  t o  be s e t :  

Parameter D e f i n i t i o n  

WETHO T r i g g e r s  Newton Baphso.1 (-0) o r  S t e e p e s t  Descent (fl) 
technc-que 

nSTX Determines v h e t h e r  Newton-Baphson m a t r i x  i s  conputed 
always ( - 2  ) o r  on ly  a t  low l e v e l  (-1) 

IBAST Determines v h e t h e r  bad s t e p  checks a r e  made never  ( ' I ) ,  
h igh l e v e l  on ly  ( 9 2  ) o r  a l v a y s  (113 ) 

LEYEU Number of i n t e g r a t i o n  accuracy l e v e l s  t o  be used 
NOPAR Number of  t a r g e t  parameters  t o  be used 
ACC Actua l  accuracy  l e v e l s  used i n  t a r g e t i n g  

The fo l lowing  f l a g s  a r e  then i n i t i a l i z e d  t o  z e r o  

Y l a g  D e f i n i t i o n  

ITDS Counter f o r  s t e e p e s t  d e s c e n t  i t e r a t i o n s  
Wl Flag  i n d i c a t i n g  whether  f i r s t  phase ccmplete (-1) or 

n o t  (4) 
tiQI0R.E Flag i n d i c a t i n g  v h e t h z r  o u t e r  t a r g e t i n g  b e  been done 

(-1) o r  n o t  (-0) 

The t a r g e t  time is  computed and us ing  t h a t  tlme the  t r ans fo rmat ion  m a t r i x  

4 ECEQ from e c l i p t i c  t o  t a i g e t  p l a n e t  e q u a t o r i a l  c o o r d i a a t e s  i s  c a l c u l a t e d  

. (m). 
I .  Phase R e p a r a t i o n s  

TbEDCFll ptrfonns t h e  t a r g e t i n g  i n  one phase u n l e s s  t a r g e t i n g  t o  TCA ( t ime 
o f  c l o s e s t  approach).  In t h a t  c a s e  t h e  t r a j e c t o r y  is t a r g e t e d  i n  tvo phaces: 
t h e  f i r s t  phase t a r g e t s  t o  the  t a r g e t  p l a n e t  S O 1  (sphere  of  i n f l u e n c e ) ,  t h e  
second +be t o  t h e  c l o ~ e e t  approach cond i t lona .  IPHASE i s  t h e  phase c o u n t e r ,  
W W  l a  the number of p luses  needed. 



I f  a l l  the  phases have been completed,  the  program prepares  t o  e x i t .  
I f  the l a s t  i t e r a t e  s a t i s f i e d  the  t a r g e t  t o l e r a n c e s  IML w i l l  have been s e t  
t o  a  1. Xf i t  d i d  n o t ,  I IOL w i l l  be z e r o  and t h i s  r e q u i r e s  t h a t  YYIT be 
met t o  1 t o  t e r n i n a t e  the progrbm upoa r e t u r n  t o  t h e  b r l c  c y c l e .  

I f  t h e  l a s t  phaee has n o t  y e t  been completed TAROPT i s  now c a l l e d  
v i t h  a n  a rguuan t  1 t o  compute t h e  f o l l a r i n g  phaee p a r m e t e r e :  

Parameter D e f i n i t i o n  

KEYTAR (3) Vector  of codes of  t a r g e t  p r a m e t e r e  
KAXTAR(3) Vector  of codes of  a u x i l i a r y  parameters  
m R ( 3 )  Vector  of d e s i r e d  v a l u e s  of t a r g e t  parameters  
DAUX (3) Vector  of d e s i r e d  v a l u e s  of  a u x i l i a r y  parameters 
FAC (3) Weighting f a c t o r s  f o r  l o s s  f u n c t i o n  f o r  a u x i l i a r y  

parame t e r s  
ISMP F lag  i n d i c a t i n g  i n t e g r a t i o n  stopping c o n d i t i o n s  w i t h  

ISTOP - 1 , 2 , 3  i n d i c a t i n g  f i x e d  f i n a l  t ime,  SOX, o r  
CA encounter  

The t a r g e t  parameters  a r e  t h e  parameters  a c t u a l l y  des  f r e d  ; the  a u x i l i a r y  i 

paramctere a r e  t h e  parameters  used t o  do the t a r g e t i n g .  The t a r g e t  and 
a u x i l i a r y  paramctere a r e  i d e n t i c a l  excep t  when i and r a r e  t a r g e t s .  3 

CA CA 
I n  t h a t  c a s e  t h e  corresponding a u x i l i a r y  parameters  a r e  B.T and B - R  which i 
are much more l i n e a r  v a r i a b l e s .  The codes of  t h e  t a r g e t  and a u x i l i a r y  par-  t 

axnetere a r e  a s  f o l l w s :  i 
I 
.I 

Code 1 2 3 4 5 6  I 8 9 10 11 12 
4 
; 

P a r m e t e r  TRP* TSX TCS TCA BDT BI)R RC4 I SnB XI@ YBF ZBP 1 
'I 

n o t  ; u r r e n t l y  a v a i l a b l e  4 
I .  l e v e  1 R e p a r a t i o n o  

Within  any phase TAEET o p e r a t e 6  through a s e r i e s  of i n t e g r a t i o n  
accuracy  l e v e l s  p r e s c r i b e d  by t h e  u s e r .  A f t e r  c m p l e t i n g  each l e v e l  TABGET 
checks t o  s e e  i f  the maximum number of l e v e l s  W E ' S  ha8 been exceeded. If 
i t  has  the  program c y c l e s  t o  t h e  beginning of  the  "phase loop" t o  go t o  t h e  
n e x t  phase. 'If t h e  c u r r e n t  l e v e l  LEV i s  l e s s  than  LEVEfS the f o l l w i n g  
computations a r e  made. 

The f l a g  ITAB)I c o n t r b l s  whether t h e  p rev ious  t a r g e t i n g  m a t r i x  i s  t o  be 
. used (-1) o r  whether  t h e  m a t r i x  i s  t o  be recanputed (-2) dur ing  the  c u r r e n t  - 

l e v e l .  ITABn is  bet accord ing  to  the  c u r r e n t  v a l u e s  of nBTJ(, IS=, and 
LEV. 

The f l o g  IBAD c o n t r o l s  the bad s t e p  l o g i c .  I f  I W l  no bad s t e p  check 
w i l l  be ma& & r i q  t h e  c u r r e n t  l e v e l ;  i f  1-2 t h e  bad e t e p  check w i l l  be 
i n  e f f e c t .  TARGET s e t e  XBaD accord ing  t o  the v a l u e s  of XBAST and LEV. 

The f l a g s  rrOL, I IER,  ITBAD a r e  s e t  t o  0 t o  begin  t h e  i t e r a t i o n s .  The 
a l l w a b l e  i t e r a t i o n s  NITS a d  bad iterati- UXBAD are a l s o  set a t  t h i e  t ime.  



IV. I t e r a t e  C a l c u l a t i o n s  

Within  each l e v e l  the program maker one o r  more i t e r a t i o n s .  A f t e r  
each i t e r a t i o n  the program updater  the  i t e r a t i o n  c o u n t e r  X T E R .  Xf t h e  
araxFamM number of  i t e r a t i o n s  f o r  t h i s  l e v e l  NITS has  been exceeded,  the 
program e a t 8  WIT t o  1 and p repares  f o r  the  r e t u r n  f r a n  TABGET. Otherv i se  
TARGET canputee the  t a r g e t  and a u x i l i a r y  v a l u e s  corresponding t o  t h e  
c u r r e n t  i t e r a t e  v a l u e s  of s t a t e  ( p o s i t i o n  and v e l o c i t y )  BIN. 

The i n t e g r a t i o n  parameters  a r e  f i r s t  s e t .  VKP i s  then c a l l e d  t o  prop- 
a g a t e  the  i n i t i a l  s t a t e  t o  the  f i n a l  s topp ing  c o n d i t i o n s .  Checks a r e  made 
t o  tneure  t h a t  the  t a r g e t  p l a n e t  SO1 v a s  i n t e r s e c t e d  i f  the  s topping con- 
d i t i o n s  were SO1 o r  CA. I f  i t  was n o t  i n t e r s e c t e d  and t h i s  i s  the f i r s t  
i t e r a t i o n ,  the  "outer  t a r g e t i n g "  phase i s  e n t e r e d  (see b e l w ) .  If "outer  
t a r g e t i n g "  ha8 a l r e a d y  k e n  performed, t h e  bad-s tep  check i s  e n t e r e d  t o  
reduce t h e  previoue c o r r e c t i o n  by BEDUC. 

O t h r ~ i s e  TAROPT i s  c a l l e d  w i t h  the  argument 2 t o  compute the  d e s i r e d  
and a c t u a l  t a r g e t  @ T A R ,  ATAR) and a u x i l i a r y  (DAUX, AAUX) parameter v a l u e s .  
The a b e o l u t e  e r r o r  i n  t a r g e t  v a l u e s  AER and t h e  e r r o r  i n  a u x i l i a r y  v a l u e s  
DEV a r e  then c m p u t e d .  

I f  t h e  c u r r e n t  i t e r a t e  Fs t h e  f i r s t  i n t e g r a t i o n  a t  t h e  l o w  l e v e l  
d u r i n g  t h e  second phase o f  t a r g e t i n g  ( W l - 1 )  TAREAX i s  n w  c a l l e d  t o  
canpute  t h e  phase 2 t a r g e t i n g m a t r i x .  Then t h e  s t a t e  R U  i s  r e s e t  t o  t h e  
t a r g e t e d  v e l o c i t y  a t  t h e  h igh  l e v e l  TVH t o  p r e p a r e  f o r  the ~ e c o n d  phase 
t a r g e t i n g .  The program then  r e t u r n 6  t o  t h e  l e v e l  ' loop. 

1 

Otherv i se  t h e  program now checks t h e  a c t u a l  t a r g e t  v a r i a b l e s  t o  d e t e r -  
mine whether they  s a t i s f y  the i n p u t  t o l e r a n c e s  o r  n o t .  

. V . Tolerance8 S a t  i e f  i e d  

Xf t h e  t o l e r a n c e s  a r e  s a t i s f i e d ,  t h e  program f i r s t  checks t o  s e e  i f  t h e  
c u r r e n t  t a r g e t i n g  phaee i s  o u t e r  t a r g e t i n g .  I f  it is  TARGET r e s t o r e s  t h e  
o r i g i n a l  t a r g e t  parameters  and i n i t i a t e s  t h e  normel t a r g e t i n g  ( s e e  Outer 
T a r g e t i n g  below). 

If the  c u r r e n t  t a r g e t i n g  18  a l r e a d y  normal t a r g e t i n g ,  TABCFT s e t s  
ITOL.1 t o  i n d i c a t e  t h e  e a t i e f a c t i o n  of *he t o l e r a n c e s .  If t h e  problem i s  
a 2-phase and t h e  c u r r e n t  l e v e l  i s  the  h i g h e s t  l e v e l l i n  phase 1 t a r g e t i n g ,  
t h e  t a r g e t e d  high l e v e l  i r e l o c i t y  TVtllEU i e  saved,  W X  i s  s e t  t o  1 and 
t h e  t a r g e t e d  low l e v e l  v e l o c i t y  i s  r e c a l l e d  BU3.ITYL f o r  t h e  c o n s t r u c t  of  
t h e  phase 2 t a r g e t i n g  matrix. Then the l e v e l  l w p  i r  r e e n t e r e d .  

V I .  Bod S t e p  Reduction 

I f  t h e  t a r g e t  parameter v a l u e s  of any i t e r a t e  a r e  n o t  w i t h i n  the  
a c c e p t a b l e  t o l e r a n c e 8  ?ABCgll now aes igna  a scalar e r r o r  C to the  i t e r a t e  
u s i n g  tha v e i g h t i a g  f a c t o r s  



I f  the  bad-s tep  check i s  t o  be made on t h i e  i t e r a t e  the c u r r e n t  e r r o r  4 
i s  compared t o  the  previous  e r r o r  . I f  4 r 6 and the  maximum 

P  
number o f  bad s t e p s  hao n o t  t e e n  exceeded,  the previous  c o r r e c t i o n  fi 
i 8  reduced by BEDUC (usua l ly  Z/G). The i n i t i a l  s t a t e  BIN i s  a d j u a t a d  by 
t h i s  and the i t e r a t e  l m p  i s  r e e n t e r e d .  I f  t h e  maximurn number of  bad 
s t e p s  has been made, KNIT i s  n e t  t o  1 and t h e  p repara t ion8  f o r  r e t u r n  a r e  
made. 

I .  Generat ion of Next I t e r a t e  
d 

The c o r r e c t i o n  b v  t o  any i t e r a t e  may be computed from e i t h e r  of  
two techniques  s e l e c t e d  by the  f l a g  HZTHOD. I f  HETHOD 0, subrou t ine  
DESCENT i s  c a l l e d  f o r  the  camputation of t h e  by a  s t - e p e s t  d e s c e n t  
a lgor i thm.  The numerical  va lue  of METHOD determines  the  number n of 

. . con juga te  g r a d i e n t  s t e p s  between each s t r a i g h t  g r a d i e n t  s t e p  where n  
2' UETXOD-1. Thus i f  KETHOL+L, eve ry  s t e p  is i n  t h e  d i r e c t i o n  of t h e  g r a d i e n t .  

f But i f  IETHOD-5, four  s t e p s  a r e  taken fo l lowing  the con juga te  g r a d i e n t  
d i r e c t i o n  b e f o r e  r e c t i f i c a t i o n  by t h e  g r a d i e n t  d i r e c t i o n .  

3% * I f  XETHOPIO, t h e  hewton-Bapheon c o r r e c t i o n  i s  used.  I f  ITARX-0, T A W  
i s  c a l l e d  f o r  the c a n p u t a t i o n  of  the  t a r g e t i n g  m a t r i x  4 by numerical  

--B d i f f e r e n c i n g .  I f  any of t h e  i n t e g r a t i o n e  made i n  c o n s t r u c t i n g  t h a t  m a t r i x  
s i i t i s f y  t h e  t o l e r a n c e s  i n  7 , the  f l a g  LEND i s  s e t  t o  1 before  r e t u r n i n g  
to  TARGET. Thus a  check muet be made on IXND. I f  ITBBH-1 the previous  
t a r g e t i n g  m a t r i x  i s  used.  The c o r r e c t i o n  i s  &en g iven  by 

. I c.. k where A a a r e  the  d e v i a t i o n s  i n  the  i t e r a t e  a u x i l i a r y  va lues .  The b-; 
[$ checked t o  f n e u r e  t h a t  t h e  maxitmrm s t e p  s i z e  DWAX i~ n o t  v,o:ated: i f  

1 i t  i s ,  t h e  A v  is reduced p r o p o r t i o n a t e l y  to  a a t i a f y  i t .  The n e x t  i t e r a t e  
i s  then  s e t  t o  & z< (F, 7 )  - ( <  r+ 6 )  / L \ 

y< 1 i and the r e t u r n  made to t h e  i t e r a t e  loop. 

I .  Outer Targe t ing  

Occaeiorrally the zero i t e r a t e  i n i t i a l  s t a t e  l e a d s  t o  a t r a j e c t o r y  
miss ing  the  t a r g e t  body SOX. S ince  a l l  t a t g e t  op t ions  excep t  one ( t a r g e t i n g  
t o  a s p e c i f i e d  p o s i t i o n ,  i . e . ,  KTAR - 10,11,12) r e q u i r e  the t r a j e c t o r y  t o  
i n t e r s e c t  t h e  t a r g e t  body SOX s t e p s  muet be taken to c o r r c c t  t h i s .  

Let the i n i t i a l  s t a t e  propagated f o n a r d  l ead  t o  r t i a f e c t o r y  w i t h  a 
c l o s e a t a p p r o a c h  t o  the  target b d y  of  r w i t h  r 

CA CA , r s ~  where r 
S I 

i s  tho r a d i u r  of t h e  SOX. 



U n t i l  the  i n i t i a l  t r a j e c t o r y  i n t e r s ~ c t s  t h e  SOX t h e  ~ l s u a l  t a r g e t i n g  can 
n o t  be done. There fo re  an  " a r t : f i c i a l "  SJI i s  in t roduced having a r a d i u s  
o f  

t 

r = 1.2 x r I _ 
A S  I CA C,i 

d 

4 
The i n i t i a l  t r a j e c t o r y  obviousiy  intersects t he  a r t i f i c i a l  SO1 and hence 
may h t a r g s t e d  t o  c o n d i t i o n s  on t h e  ASOL. I f  tk,e t a r g e t  cond i t ions  a r e  
e s t a b l i s h e d  a s  B*T - B O B  0,  vhen t h i s  a r t i f i c i a l  t a r g e t i n g  i s  c a n p l e t e d ,  3 

A A .$ 
the r e f i n e d  t r a j e c t o r y  v i l l  be headed s t r a i g h t  f o r  t h e  m r g e t  body vhen i t  25 e 
h i t s t h e  ASOI. Thus t h e  r e f i n e d  t r a j e c t o r y  should  autoc;a t ica?ly  h i t  the  ,q 

:;i 
normal S O 1  when propagated p a s t  the  A S O I .  To i n s u r e  t h a t  the time of 
i n t e r e e c t i o n  w i t h  the normal SO1 i s  c o n s i s t e n t  v i t h  t h e  t a r g e t  t ime,  an  :% 
a r t i f i c i a l  t a r g e t  t ime i s  a l s o  used.  Lot t h e  speed of t h e  s p a c e c r a f t  w i t h  i s  
r e s p e c t  t o  t h e  t a r g e t  body a t  r be v Make the  approximation t h a t  

CA CA* 
t h i s  speed w i l l  be roughly the  same f o r  the r e f i n e d  t r a j e c t o r y .  m e n  the 

-?i 
..3 

time t h c t  the  s p a c e c r a f t  should i n t e r s e c t  t h e  A S O X  i s  :\ 
r 
AS1 

.& 

t r t  - -  ,A 
A S 1  CA VCA 

--*t 

v h e r e  the f i r s t  formula should  be used i f  the t a r g e t  ttzu i e  t o r  t 
and the  eecond formula i e  used  f o r  t CA C S 

SX' 

Thus vhen A t r a j e c t o r y  i e  found which miseee the  n ~ m q l  SOX, the  c l o s e e t  - 
app'oach s t a t e  r a' v~ 

i s  recorded.  The nonaal  601 rad iue  i e  s t o r e d  and 

t h e  a r t i f i c i a l  SO1 r a d i u s  g i v m  above i s  ueed i n  i t s  p l a c e .  Targe t  p a r a r a t e r r  
o f  PIA, BOB*, and a r e  then  s e t  up a s  the t a r g e t s .  Vhen targeting 

of t h i r  e r t i f i c t a l  problem i e  c m p l e t e ,  the r e s u l t i n g  t r a j e c t o r y  v i l l  inter- 
s e c t  the normal S C X  e.rd the o r i g i n a l  problem may be so lved .  



TARGET Plow Chart 

P ~ E L ~ ~ U E S  i 

Save originai  SPHERE, s t a t e  EUN 
b 

S e t  parameters for current  e v e n t :  
lEiXOD, XATX, IBAST, LEVELS, ACC, SOPAR 1 

Xnitlal ize  flage: XTDS, LWXI, NCXOBe, PIUSE, SOPPAS I 

Compute + ECEq 
for terget time 

I 

C a l l  TAROPT(1) to  compute KEY"& ! 
1 KAXTAR, D U B ,  DAUX, FAC, ISTOP, NOZUS , 

Set  ITAIM f l a g  a 



Set  ZBAD f l a g .  c= 
Set  other conetents for current level:  
~ I r l ~ I ~ ,  PBBEOR, N I T S ,  W X M D  

Cdll VHP t o  propagate current i t era te  BS 

I 

\i, 
r 

C a l l  TAROPT(2) t o  cornput4 desired and Enter "Outer Targeting" 
actual target @TABATBB) aad auxil iary Set NOS01  = 1 
(DAUE1,AAUX) parameters and differences Store orFgfna1 paramezera 501, TOL 

ABR(~) = IDTAR(I) - A T A R ( ~ ) ~  
DEV(i) - WUX(1) - Mm((i) 

C 

f 
Set  up a r t i f i c i a l  paraaeters K E W ,  
UXIXR, DTAB, DAGX, CTOL, ISMP, 

1 
4 XTAIPI, IBAD, NITS, D W .  PEBV 



b - 
+, C.11 Z A R a I  for cmputotfon of 

lw level p h a e  2 targeting untrLx 
+ A 

1 
Ate all e f i o r o  tolerable? Set parmeters for "Rmse 2 Targetingw 

m ( I )  < CrOL(i) BIWITVH, IUE#.Il,X!xYLm-2, 

3 - 
&it from %tar TargetiagR 1 

X t D I r l  
i 

Set =I - 0 
Bestore r n L ,  VBxRE I 
Set parameter6 for return to irner 

W targeting: LEV, MXOBE, PEBV, WXAX 
N O P U S -  ? i 

I I 



4 
I 

It 1 I 

+ 

PERROR-CLBBOR Bad-Step Re&ction 
4 -'- FACBS=l/ 

XTBAlFXTBBIWl 
& 

FACESFACES BEGL'C 
b 

T 
. 

I 
C a l l  TARSX for computation 
of targetlug matrix PtU for 
Newton -Rapheon procedure. 

* A 

! RI!;IRIN + DELTAV __T__1 

= 1 - B of DELUV by steepest descent or 

i 

Ineure that each component 
of D W V  QWAX 

RR3 = RXN + DELTAV 



PBBPAMIIrn FOR BENBN 

Canplte total A v  refinement 
DELIAV - R I X  - BIS 

and restore variables 
RIN - BIS 
SH(EBE 



P-8 TO C l L W L A T E  A TARGET NATRXX FROH NONllUAL XKJECTION 
~ O X T l t O M S I  AND A P€RTUR8ATIOH FACTOR BDELV FOR A GIVEN 
ACCURACY LEVEL. 

ULLXS SEQUENCE8 CALL TARMM 

S W W T f l E S  SUPPORTEO8 TARGET 

LOCAL S Y ~ ~ Q L S I  ACK ACCURACY USED TO GENERATE THE TARGET 
nrm1 x 

A E R  OXFFEREWCES ETWEEN DESXRED AND ACTUAL €KO 
CONDITIONS 

W X W  IOMXNAL AUXXLXAUY END CONDXT X O S  

CHI ST ATE TRANSSTXOW MATRIX RCLATING 
PERTURBATIONS I N  THE R I N  VECTOU TO C H A G E S  
I N  AUXN 

1-2 INOXCATOR USED BY SUBROUTINE VHP 
=O 00 NOT STOP AT SHPERE OF INFLUENCE 
=I STOP AT SPHERE OF XNfLUEWC€ 

i x IWOEX 

I 4 INDEX 

KO- INDEX 

P S I  TARGET NATRIX FOR 2 X 2 USE, STORED I N T O  
W I  

RSF FINAL SPACECRAFT STATE UTURNED BY V ~ P  

CO)Cr(ONCOMPUl€DIUSU)t I S W  P ~ I  RXN TRTM 

WMW mP!fUT ED8 LCL2 I CL INCHT 

AAUX AC ATLR CTOL OAUX 
OELlbT DELTAV DTAR D l  ISTOP 
KUR LEV LVLS MOPAR PERV 
ZERO 

t 



I ;  j ;. 
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7 :  
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TAXUU computer the t a rge t ing  matrix ured by UEbCET f o r  Newton-Raphaon 
refinemente. The t a rge t ing  matr ix i s  canputed by nun.erica1 d i f fe renc ing .  

A d  

Let the cur ren t  i t e r a t e  i n i t i a l  s t a t e  be denoted r ,  v  . L e t  the a u x i l i a r y  
parameters correeponding t o  t h i s  s t a t e  be . Iet the perturbat ion s i z e  
f o r  the s e n s i t i v i t i e s  be O v .  

The k-th column of the e e n s i t i v i t y  matr ix i s  computed a s  f o l l w s .  Perturb 
&e k-th component of ve loc i ty  by h v :  

Prbpagate the perturbed i n i t i a l  s t a t e  ( , t o  the f i n a l  stopping 
P 

condit ions.  lat the  a u x i l i a r y  parameters of that t r a j e c t o r y  be denoted a . 
? 

Tna k-th c o l m  of the e e n s i t i v i t y  matr ix x i s  then given by 

-. -A 

a - a  
x - 
k Av 

H~ving canputed a l l  the columns of x , the  t a rge t ing  matr ix Is then given 
by the inverse of x : 

The b r g e t i r ~  matr ix then hae the property t h a t  t o  obta in  a  change ha i n  
. the ~ d n a l  a u x i i i a r y  parameters, the  v e l o c i t y  should be changed by the 

a w t 1 t  

--L 

A v  - (4 



TAIUUX Plw Chart 

C 
S e t  XQLP - 0, o a t  up B curacy 
level, perturbation d, and 
aave nominal auxi l iary values s. 

S e t  up XSP2, XCL2 f l ags  
based on XSTOP f l a g .  

( Crll W to  integrate tra- 1 
jectory t o  stopping conditions. 

I 
C 

d 
7 

Did trajectory miss SO1 ---. v I A v - A v  @w.P) 
and ISTOP 9 1 +' & (KWP) - 6 GCXP)/G 

I 

I Call TAROm(3) to compute and 1 1 store trajectory target parameter8 1 1 a' and auxil iary parameters f 
P P I 

4 .  < Do target parametere T YES 
P IEMl ? 

s a t i s f y  tolerances? 

Canpute UW column of Len- 



PURPOSea TO COHPUTE THE OESXRED AN0 ACHIEVE0 TARGET PARARETER 
VALUES FOR ALL  Tl jE TARGETIWG SUBSOUTXNES. 

CALLING SEQUENCES CALL TAROPT ( I T  A R O )  

mwmta Z T ~ O  I OPTION FLAG 
=1 SET UP TAR6ETIN6 PARAHETERS FOR TARGET 
KEYS 
=2 COMPUTE ACTUAL VALUES OF PARAhETERS 
= 3  COMPUTE ACTGEL AND D E S l R E D  VALUES OF 
PARANETERS 

I SWROUTINES SUPPORTEOt TARGET T ARHAX OESENT 
i 

LOCAL SYM~OLSI ACK CURRENT ACCURACY BEING USED 

A SEMI-MAJOR A X I S  O F  THE TARGET 
8 

. ?, PLANETOCENT R I C  CONIC 

CPT TOTAL COMPUTER T I H E  USE0 (SECSI 

, DBOR DESIRED VALUE OF 0 SOT R 

XAUX 

I RCA 

I 

KEY 

DESRXEO VALUE OF 8 DOT T 
i 
i 1 

DESIRED VALUE OF I N C L I N A T I O N  J 
? 
.I 

OESfREO VALUE OF RCA : i 
9 - 

ECCENTRICITY OF THC TARGET PLANETOCENTRIC 1 

CONIC 
4 
i 
j 

XWDICATOR FOR AUXILIARY END C O N D I T I D k S  
=O TARGET TO ACTUAL END CONDTT 10F6 j 
=i TARGET TO A U X l L f  ARY END CONDIT I C R S  3 3 

L O C A E S  DESIRED JNCLIWATXON I N  THE DThR 
ARRAY 

1 

i 
L Q C A E S  DESIRED RCA I N  THE OTAR ARRAY 

INDEX 

LOCAL VARIABLE USE0 TO COMPLETE 
INFORHATS ON XN THE KAXTAR AND UEYTAb LZRAY 

DUWY VARfA2iE FO2 CALL TO CAREL 

DUnrrY VARIABLE FOR CALL TC CAREL 



t A  

tOBR 

Y e 0 1  

TFP 

H A G H n U E  OF SPACECRAfT USED TO COMPUTE 
SEllf-MAJOR A X X S  

DuWY ARGUHENT FOR CALL TO CAREL 

DUHMY ARGUENENT FOR CALL TO IMPACT 

DUMMY 4RGUENEnT FOR CALL TO INPACT 

TIME OF F L I G H T  FROM PERXAPSIS O)( THE 
TARGET PLANETOCENTRIC CONIC 

OUNHY VARIABLE FOR CALL TO IMPACT 

XNTERnEDI ATE VARIABLE USED TO CALCULATE 
SEHX-HAJOR A X I S  FOR OPTION 9 

D U W Y  VARIABLE FOR CALL TO CAREL 

DUMHY VARIABLE FOR CALL TO C A R E  

DUUHY VARIABLE FOR CALL TO CAREL 

DUVHY VARIABLE FOR CALL TO CAREL 

A A U X  ATAR O A U X  DELTA1 DTAR 
I S T O P  KAXT16R KEYTAR NOPXR NOPHAS 
RCA t 

CT OL FAC 

AC BDR 901 CAIHC OC 
DG DSX DT EQECP I B A D  
I C L Z  INCHT IPHASE KTAR KUR 
LEV NOSOX NPAR O N E  RC 
RXN RRF RS I TAR T IMS 
rnu TH TOL T W O  VSI 



"AMPT Analys i s  

TAWPT ir rerponrible for canputing the  d e s i r e d  and achieved target 
p a r w e t e r  va lues  f o r  a l l  t h e  t a r g e t i n g  s u b r o u t i n e s .  Thus t o  add any 
aeu t a r g e t  parameters 'KAWPT is t h e  on ly  s u b r o u t i n e  t h a t  must be d i f i e d .  

The key v a r i a b l e s  used by UWP1 and t h e i r  d e f i n i t i o n s  a r e  

Var iab le  De f  i n 1  t ion  

K T A R ( ~ ,  10) Codes of t a r g e t  parameters of a l l  t a r g e t i n g  e v e n t s  
TAR(6,lC) Desi red v a l u e s  of  t a r g e t  parameters  of  a11  t a r g e t i n g  

e v e n t s  
KEYTAR (3) Codes of t a r g e t  parameters  of c u r r e n t  even t  
m ( 3 )  Des i red  v a l u e s  of  t a r g e t  parameters  of  c u r r e n t  event  
A T A R ( ~ )  Actual  v a l u e s  of  t a r g e t  parameters  of c u r r e n t  i t e r a t e  
KAXTAR (3) W e 8  of  a u x i l i a r y  parameters  of  c u r r e n t  i t e r a t e  
M U X  (3) Desi red  v a l u e s  of a u x i l i a r y  parameters  on c u r r e n t  i t e r a t e  
Xp.UX(3) Ac tua l  v a l u e s  of  a u x i l i a r y  parameters  of c u r r e n t  i t e r a t e  

The a v a i l a b l e  t a r g e t  parametsr:  and t h e i r  codes and d e f i n i t i o n s  a r e  

Code Paracwter D e f i n i t i o n  

1 A v a i l a b l e  f o r  use 
2 

t~ I 
Time a t  SO1 of t a r g e t  body (n-body i n t e g r a t i o n  t o  SOX) 

3 tcs Time a t  CA (n-body i n t e g r a t i o n  t o  SOX, con ic  propagat ion 
t o  CA) 

4 t 
CA 

Time a t  CA (n-body i n t e g r a t i o n  t o  CA) 

5 B -  T Impact parameter B T 
o B. R Impact parameter B R 
7 i I n c l i n a t i o n  t o  t a r g e t  p l a n e t  e q u a t o r  
8 r 

CA 
Radius of c l o s e s t  approach t o  t a r g e t  body 

9 a  Semi-ma j o t  a x i s  of  con ic  w .  r .  t t a r g e t  body s I 
10 f X-cmponent of  f i n a l  s t a t e  ( i n e r t i a l  e c l i p t i c  system) 

11 f Y-canponent of f i n a l  s t a t e  

: 2 =f 2-canponeat of  f i n a l  s t e t e  

?he  term t a r g e t  parameter r e f e r e  t o  a  v a r i a b l e  vhose f i n a l  v a l u e  i s  t o  
. conform t o  a  d e s i r e d  v a l u e .  The term a u x i l i a r y  parameter r e f e r s  to  a 

va t - :ab le  vh ich  i e  used t o  compute the p r o g r e s s i v e  c o r r e c t i o n s .  The t a r g e t  
parameters  and a u x i l i a r y  parameters  a r e  i d e n t i c a l  u n l e s s  t h e  t a r g e t  parameters  
i and rCA a r e  used.  I n  this c a s e  the  more l i n e a r  v a r i a b l e s  B *  T and 8 -  B 

a r e  used i n  t h e i r  p l a c e  as a u x i l i a r y  parameters .  The d e s i r e d  v a l u e s  of B o T  
and  B R a r e  then canputed (by XUPACT) based on the d e s i r e d  v a l u e s  o f  i and 
r and t h e  approach asymptote.  
a 



e ' 
TAROPT i s  c a l l e d  under t h r e e  d i f f e r e n t  o p t i o n s  d i s t i n g u i s h e d  by an  argumcat 
:TARO. The t h r e e  d i f f e r e n t  o p t i o n s  v i l l  be dis:ussed i n  o r d e r .  ! 

TAROPT(1) i s  c a l l e d  by TARGET a t  t h e  beginning of each phase t o  s e t  u p  t h e  
proper v a r i a b l e s  f o r  the t a r g e t i n g .  The a r r a y s  KEYTAR, W R ,  DTAR, and 
DAUX a r e  s e t  t o  the  c u r r e n t  even t  va lues  of KTXR and  TAR. I f  tG i s  a  I 

t a r g e t  psrtuneter ,  the  number of phases SOPPAS i s  s e t  t o  2 .  I f  the  c u r r e n t  
phase i s  the f i r e t  phase of  a  two-phase probien, t i s  replaced by t a C S 

i n  the KEYTAR and KAXTAR a r r a y s .  X i  i acd r a r e  t a r g e t  -&raneters ,  CA 
the  corresponding i n d i c e s  of the  M T A R  a r r a y  a r e  s e t  up f o r  3 - T and 3 O R  . 
TAROPT then s e t s  up the  i n t e g r a t i o n  parameters .  ??le i n t e g r a t i o n  time l n t e r v a l  
A t  i s  s e t  to  t h e  nominal d i f f e r e n c e  of t h e  c u r r e n t  guidance even t  t i n e  and 
t a r g e t  t ime: 

Then i f  none of the  t a r g e t  times a r e  t r i g g e r e d  ISTOP i6 s e t  t o  1 so  t!.at 
t h e  i n t e g r a t i o n  proceeds t o  the  t a r g e t  time e x a c t l y .  I f  t he  t a r g e t  t i a e  i s  
t o r  t , ISTOP i s  s e t  t o  2 and at 1.1 A t  . Thus the  integration s I CS 

' w i l l  be stopped a t  the  t a r g e t  body SOI.  F i n a l l y  i f  the  t a r g e t  time i s  
tu , UTOP i s  s e t  t o  3 and at - 1 . 1  A t  . For t h i s  case  the  i n t e g r a t i o n  

w i l l  be stopped a t  c l o s e s t  approach t o  the  t a r g e t  b o c y .  F i n a l l y  the  v e i k n t i n g  
f a c t o r 6  PAC(3) t o  be used i c  cotnputing t h e  s c a l a r  106s f u n c t i o n  are s e t .  
S ince  a l l  a u x i l i a r y  parameters a r e  u n i t s  of Iengtk. e r c e p t  f o r  t-.e t h e  p a r a z e t e r a  
on ly  the r e l a t i v e  weight  of time t o  l eng th  need be i r . ? ~ t .  Thus the  ler,gt?. 
f a c t o r s  a r e  s e t  t o  u n i t y ,  the  t ime f a c t o r  i s  s e t  t o  t n e  in?:: p a r a z e t e r  S;GH%. 

i 
j 

. TAROPT(2) i s  c a l l e d  by TARGET ef t e r  i n t e g r a t i n g  each i t e r a t e  t o  the  £:ria: 
s topp ing  c o n d i t i o n s .  Here TAROPT p e r f o m  rra inly  a  bookheeplng r o l e .  It 
must f i l l  the proper  c e l l s  of t' 3 kTAR, AAUX, and DAUX a r r a y s  ultk:  v a l ~ e c  
g e n e r a l l y  computed by the  v i r t u a l  mass r o u t i n e s .  The d e s i r e d  va;ues o f  
B T* and B R* a r e  computed by c a l l i n g  MPACT i f  needed. 

TAROPT(3) i s  c a l l e d  by TABHAX and DESLlT a f t e r  fn tegra t i r ;g  each per turbed 
t r a j e c t o r y  t o  compute the pertdrbec! v a l u e s  of the  a u > i l i a r ~  p a r a z e t e r s .  Thus 
the d e s i r e d  v a l u e s  of DAUX need n o t  be cm.puted a t  t h i s  t ime.  Once aga:n, 
t h i s  t a s k  i s  simply a  bookkeeping job t o  s t o r e  t h e  t ra :ec tory  Care c o r r e c t l y  
i n  the ATAB and AAUX c e f l s .  TAWAX and DESEST may t1,en o p e r a t e  e a s i l )  on 
t h e s e  a r r a y s  t o  compute t h e  t a r g e t i n g  m a t r i x  o r  g r a d i e n t  d i r e c t i o n s .  

'In both c a l l s  TAROPT(2 )  and TABOPT(3) t h e  t r a j e c t o r y  data are p r i n t e d  out 
b e f o r e  e x i t i n g  from ZiBDPT. 



TABOm Plow Chart EhTER 

Store parameters for current event  

7 

X=I+1 
KEY-KEYTAR (I) 



PAC (l)=PAC (2)=PAC(3)=1. 1 
J 

1 8  W R ( 1 )  4 4 PAC (i)IYCH7X 

I I 



NOSOI-7 

L 
' G p u  t e  DRC* and DWL? 

I 

v ~~ - 1 
-, - 

5 ?  

. I S T O P  ? ,, 
$ kt - 
65' 

Call RIPACT w1J-1  CA 
e t a t e  t o  compute s t a t e  t o  c m p u t e  B T 
B T ,  B E ,  tSICA B R, B P, 15 R*, 

+ 1 

- 
/P 

&. 
@ v 
s; . [ I - 0 1  

E: 
E 
Ix" 

$ 
!?+ 
~ .- , .. I - I+1 
!' 

*,: KEY-I;AXTAR (I) 
6 
E ' 
k, -. . , 

- 3 



Set  A U B  MUI( P 
- 1 . 1 

Call CABEL to 
KEYUR(I)-7 ISTOP-? c m p t e  a , e  

1 I 
i 

I 

Becord data 9 



SUBROUTI UE T ARPRL 

e l t ~ ~ o s c  t o  c o n P u t E  THE PARTIAL OERIVATIVES OF THE POSITION, ' 
COHPONENTS OF A P L A l E T  Y I T H  RESPECT T O  EACH Of ITS 
ORB1 TAL ELEMNTS. 

CALLING SEQUENCE8 C&LL T A R P R L ~  XCODE ,PAR) 

ARWHWT:  KCODE I CODE D f F I N I N C  ORBITAL ELEMENT OF INTEREST 

PAU 0 VECTOR OF 3 POSIT ION PARTIALS Y I T H  RESPECT 
TO THE ORBITAL ELENEWT OF LtiTEREST 

SUBROUT I NE S SUPPORTED 8 TRAKS TRAgN 

LOCAL S Y ~ B O L S ~  CBO C O S X S  OF LONGITUDE OF %SCENDIWG WODE 

C I  COSINE OF ANGLE OF I N C L I N A T I O N  

CLO COSXC OF ARGUKENT OF PERIAPSIS  

COSNU COSINE OF TRUE ANOMALY 

COSONU COSIE OF THE sun OF THE ANGLES OF TRUE 
ANOMALY PLUS THE ARGUHENT OF PERIAPSIS  

DNUDE PLANET OISTANCE T IRES THE P A R T I A L  Of 
TRUE ANOMALY WITH RESPECT TD ECCENTFUCITY 

OWDM P I R T f A L  OF TRUE ANOHALY YXTH RESPECT TO 
MEAN ANOMALY 

OPAR 

QiUHU 

€ 2  

I N D  

R 

SBO 

S I  

I./R*(*RftE + ( S R / $ Y U ) + ( S H U / * E ) )  
WHERE R- PCAHET OISTCIIJCE 

NU=TRUE ANOMALY 
E= ECCENTRICITY 
*= PARTIAL OF 

PARTIAL R WITH RESPECT TO NU 

SQUARE OF ECCE?4TRICXTY 

INDEX USE0 I N  ARRAY STORING ORBITAL 
ELEMENTS Ob PLANETS 

SEMI-HAJOR A X I S  TIMES THE TERM ( I - € * € )  
YHERE E=ECCE WTRXCXTY 

PLANET D I S T A N C E  

SINE W LONGITUDE OF THE ASCENDING NODE 

S I N E  OF XNCLXNATIOH 



SlNNU SINE OF TRUE bUOllALY 

sruonu SINE OF THE sun OF THE ANGLES OF TQUE 
ANOMALY PLUS THE PRCUMENT W PERXAPSIS 

SLO SINE OF THE fiR6UMENT OF PERXAPSIS 

X X X  SCRATCH CELL 

ALNGTH ELHWT NTP ONE XP 
ZERO 



Zha pornition caqanenta of a plmet are related to its orbita, elemants 
a, a,  ;,Q, 0, rsd X ttucwp the folldvFag sat of equatioPs: 

r - r s f a ( ~ + V )  s in  i 

E tan- 
ta. -Y 2 - -,/= 2 

- f (a, e *  i , Q , U *  v )  
i i  

i i u t  equation8 (5) and (6) an • 

Then tne partials of x with reepect to a, e,  1, Q, 9, and X can be 
evaluated as follova: 1 



a~ sv  h l y  - and - require further consideration before equations ( 7 )  
a e  an 

thrcqh (11) u n  be used to obtain expressions for the 18 d e e i r d  partial 
der ivativea . 
Ye obtain by f i r a t  d i f f e r c n t i a t i w  equation (5) with respect to  E 

dn 
and equation (6) v i t h  re8pect to M to obtain 

. and 

a v  Ye obtaia - by f i r s t  differentiating equation (6) w i t h  respect t o  e 
Be 

to  obtain 

Thie result  is then c a n b i d  with e q ~ t i o n  (13) to yield 



'Iht evaluation of the desired partials can now proceed. The result8 
are mumaritad below. 

b.  Partials with respect t o  e .  

- 2% + + &L c o s ( w + ~ )  s i n  i 
de r a e  

vhere q = r 2 2 
rr - a - r e  (L + s i n  v ) ]  

3 

c .  Partials vith respect to i .  

= - r C O B Q ~ I Q ( W + V )  e ia  i 
6i 

d .  Partials with rerwct  t o  9 . 



- r [- c o a ~ a i n ( w + v )  - a i n ~ c o a ( w + ~ )  eos  i 8w I 
- r [ -  a i n ~ a i n ( w + v )  + c m ~ c o a ( w + v )  coa i 6 0  1 

a t  - - r C W ( W + V )  s i n  i 6 0  

where r - ae s i n V  

4 7  

h f e r e n c e :  Battin, R. H . :  'Astronautical Guidance, KcCrarHill  Book 
Company, Inc. , New York, 1964. 



TAPJPPL Plw Chart 

o f  the target p lanet  r e l a t i v e  

k p u t e  s i n e s  and coaines  of 1 1 1  
Compute the p a r t f a l  d e r i v a t i v e s  ] 
of the p o r i t i o n  ccanpanents of 1 
the t a r g e t  planet with r e s p e c t  
to  the orbital element indicated 
by IWDE . 

1 



\ 

TIME-A 

PURPOSE: TO COWUTE THE J U L I A N  DATE, EPOCH i900, FROM THE 
CALENDAR D A T E  OR T O  COMPUTE THE CALENDAR D A T E  F R o n  THE 
JULXAN 3ATE. 

C A U I W  SEQUENCE: CALL TI~EtDAY,IYR,~O,IDAY,XHR,NXN,SEC,ICOOE~ 

ARGUMENT8 OAY X / O  JULXAN DATE,  EPOCH 1900 

TYR O / X  CALENDAQ YEAR 

NO 011 CALENDAR MONTH 

:DAY O / X  CALENDAR DAY 

I HR O/X YOUR O F  THE D A Y  

WIN O / I  MINUTE OF HOUR 

SEC O / f  FRACTIONAL SECONDS 

ICOOE 1 OPERATIONAL MODE 
1, INDICATES THE J U L f A H  O A T €  I S  INPUT, 

CALENDAR DATE I S  OUTPUT 
E 0, INDICATES THE CALENDAR DATE I S  INPUTI 

JULX AN DATE I S  OUTPUT 

SUBROUTINES SUPPORTEDI O A T A S  XMPUTZ PRINT V ~ P  GIDANS 
PREPUL 24NTSb DATA PRNTS3 PRELIM 
CIDANS HELXO HULTAR 

L9CAL SYRBBLSI I A  NUMBER OF CENTURIES 

1 8  YEARS I N  PRESENT CENTUSY 

IP NUff8ER OF MONTH (BASED CN MARCH A S  NUMBER 
ZERO) 

IQ NUMeER OF YEARS 

I R  NUMBER OF CENTURIES DIV IDED BY 4 

I S  NUMBER OF YEARS SINCE LAST GOO YEAR 
SECTION BEGAN 

I T  NUHBER O f  LEAP YEARS I N  PRESENT CENTURY 

I U ~ u M E E R  OF YEARS SINCE LAST LEAP YEAR 

I V  N U M E R  OF DAYS I N  LAST YEAR 



I N T E R H E D I  AT E XNT EGER 

SNTERHEDX ATE INTEGER 

UUHBER OF D A Y S  IN JULIAN DATE 

3ULIA.N DATE 

FRACTfONAL PORTION OF D A Y  I N  &IAN O A T E  



SUBROUTXME T I T L E  

P U R P O ~ E ~  TO PRINT t r t L e s  FOR ERRAN. 
I 
I ,, 

,. 
CAUINC SEQUENCEt CALL TX~E(LfNESITEVN,XCOOL)  

AUCUMENT 8 LINES NOT USED 

SET EVN 

T f n E  PREDICT 

IPR08 NPE 



,-, 

SUBROUTINE TSTLES 

PUWOSE: TO PRINT TITLES FOR sznuL. 

CALLfWG SEQUENCEI CALL TfTLEStfEVN,ICOOE) 

ARCUSNTS T EVN I EVENT TIHE 

IC03E I EVENT COO€ 

SLPXCU? f NES SUPPORTED 1 SET EVS 

LOCIL  SYHBOLS: TPT T I N E  PREDICT XNG TO 

IPROB NPE TPT2 



SUBROUTINE T RAYH 
1 

PURPOSE1 THC OBSERVATIONS AND OBSERVATION MATRIX FOR A GIVEN T Y 3 €  ' 

OF MEASUREMENT I S  COHPUTEO BY T H I S  ROUTINE 

T CALLING SEQUENCE8 CALL TRAUM(HECV, ITRK,NR, 1 0 8 S p  VECTOR) 

1. ARGUMEHTl HECV I POSITION AND V E L O C I T Y  OF SPACECRAFT AT TIME 
OF HEA!SURENEHT 

108s I COO€ WHICH S P E C I F I E S  XF WEASUREllEEf OR 
OBSERVATION M A T R I i  IS TO BE CQAPUTED 

'XTRK I CdDE WHICH S P E C I F I E S  HEASUkEMENT TYPE 
(CALLED n n c o o E  USEWHERE ZN PROGRAM) 

MR 0 kUN0ER OF ROWS I N  THE OBSEPVATIOH MATRIX 

VECTOR 0 ACTUAL MEASUREWENT 

br f; SUBROUTINES SUPPORTED1 ERRANN 
-- p! 

4? 
3. , SUWOUTX NES REQUIRED1 EPHEM ORB STAPRL TARPRL 

-4 += 

P 
LOCAL SYNBOLSt A D i  INTERMEOX ATE VARIABLE 

6' 
AD2 SWTERIIEDIATE VARIABLE 

A33 I N T E W E D I A T E  VARIABLE 

ALAT LATITUDE 

ALON LONGITUDE 

A i  PARTIAL OF RANGE WITH RESPICT TO X 

A2 PIRTXAL OF RANGE WITH RESPECT TO Y 

,\ 3 PARTIAL OF RANGE WITH RESPECT TO Z 

'5 1 P A 8 T I A L  OF RANGE-RATE WITH RESPECT TO X 

5 ,. PARTIAL OF RANGE- ATE MITH RESPECT f a  Y 

5.3 PART fAL OF RANGE-RATE WITH RESPECT TO Z 

C E  CQSIME OF OBLXQUXTV OF EBRTH 

COAL COSI  IE Of STAR-PLANET APCLE 

C P COSINE OF LONGITUDE + CONSTANT 



, .;;%'@B*j, ; : , .  , - 

' : . ' .  $I 
, , .  . i' 

I,' 1 

, .& &A . ,.* ,. - , , .!- 

% .  C r ,  PART XALS OF ST'R-?LANET ARC1 E ; , '  , a. r,,..,., , : 
T O  VEHICLE P O S I T I O N  AHO V E L O C I T Y  

GELS 

HECE 

HECP 

I A 

SCO 

IENO 

f R  

N A 

PARTIALS OF bPPARENT PLANET CIIArir 217 n . 7  r! 
RESPECT T O  V E H r C L t  P S S I T f O N  Ati0 V,L^u;'f r ' r  

LNT ERnEDf AT E J hit1 ABLE 

RANGE-RATE P A R y f A I  W I T H  RESPECT I L  ST-77 ' ,  

L O C A T I O N  ERRSRS 

GEOCEHTRIC ECUATORXAL C O C R O I N L T L ' .  ,,. 

ST AT ION 

GEOCENTRIC E C L f P T I C  C O O 9 0 1  NATES ' ,  - - . i .  

COOROINATES OF E A R T H  

CDORDXNATES OF TARGET P i A H E i  

Z O O €  C O R R E S P Q K 3 I H G  T G  TRACKING L ' , i 

L O C A T I O N  ERRORS 
\ 

C O L U R H  KUHBER IN O B S E R V A T X O F I  W.'' , :X 
PARTITION WEERE EX I S  TO 8 E  STWF3 

VARIABLE I N D E X  VALUE 

STAR-PLANET AHGLE I N D E X  I N C L E H ~ ~ C  ;A!(): 

STAR-PLANET ANGLE I N 3 E X  LOME2 . - 

= FOR 3 STAR-PLANET AXGLL: 
Z I T R K - 1 0  FOR S I N G L E  STAR-Pi:; .  i ', , I 

STAR-PLhNET ANGLE XNOEX UP, € 2  ~ i . :  . 
53 FOR 3 STAR-PLANET ANGLE? 
=ITRK-10 FOR SINGLE S T A R - P L ~ :  C , :  

PARTIALS RETURNED FR3M SU8ROUTS~'L.  l b ;  ' 

PAT L iWTERHED1 ATE VARIABLE 

PAT2 tNfERHEOXAfE V A R I A E l t f  

PA P A R T I A L S  

RADNTP RADIUS OF TARGET PLANET 



RANGE 

SQUARE: OF R A G E  

PARTIALS OF ST.--PLANET ANGLES u n n  
RESPECT TO VEHICLE POSITION 

S I M  OF OBLIQUITY OF EARTH 

SINE OF STAR-PLANET ANGLE 

SINE OF LONCXTUOE + COWSTANT 

AlN6TH OATEJ OELTIl EN3 EPS 
F XAUGOC I A U C I N  XAUCNC XAUG 
I B A R Y  NBOO NB NT P OMEGA 
ONE RADIUS SAL SLAT SL ON 
T )l TRTH1 THO UNXVT UST 
VST NST ZERO 



Subroutine TUKM cuaputee observation m a t r l x  partit iom i n  the  error 
analyet8 mode. I t  i e  cca~pletely equivalent  to the s i r n l r i ~ t i o n  mode s u b  

ruuttae v i t h  I@% aluays s e t  to  zero. Scc suSro~:i?e TIZAKS for 
further analytical . d e t a i l s .  h flow chdrt i s  7 . o ~  presencec: for T M  
since i t  ie but a subset of the TWKS flow m a r t .  



SUBROUTINE TRAUS 

P U R P O S t  TO COHPUTE ALL OBSERVATION MATRIX PARTITIONS FOR THE 
M A S U R E e N T  TYPE AUO TO COMPUTE THE HEASUREKENT ITSELF. 

CALL1 WC SEQUENMt CALL TRAKS(HECVl f TRK,NR~I  OBS, VECTOR) 

A R W l l U t T t  HECV f P O S n f O N  AND VELOCITY OF SPACECRAFT AT T I n E  
OF MEaSusEnEnr  

f OBS I CODE WICH S P E C I F I E S  I F  NEASURECHT OR 
OBSERVATION HATRIX I S  TO BE COHPUTEO 

I T R K  I CODE WHICH S P E C I F I E S  MEASURENENT TYPE 
(CALLU) n n c o o E  ELSENHERE IN p R o u t n n )  

WR 0 BUlMBER OF ROYS I N  THE OBSERVATION MATRIX 

VECTOR 0 ACTUAL HEASUREnENT 

S U B R W X H E S  R E Q U I R E O l  EPHEH ORB STAPRL TARPRL 

LOCAL SY~BOLSI a01 INTERMEDI ATE VARIABLE 

AD2 INTERMEOX ATE V W A B L E  

AD3 INTERNED1 ATE VARIABLE 

A 1  AT LAT I T I I b E  

AL OM LONCI TUDE 

A L ALTITUDE 

A 1 PARTIAL O F  RANGE U f T H  RESPECT TO X 

A2 PARTIAL Of RANGE WITH RESPECT TO Y 

A3 .PARTIAL OF RANGE WITH RESPECT TO Z 

81 PARTIAL OF RANGE-RATE WITH. RESPECT TO X 

82 PARTIAL OF RANGE-RATE HXTX RESPECT T O  Y 

83 PARTIAL OF RANGE-RATE WITH RESPECT TO Z 

CE COSINE OF OBLXQUXTY OF EARTH 

COAL COSIWE OF STAR-PLANET ANGLE 

CP COSINE OF LONGITUDE + CONSTANT 



OAOP 2ARTIALS OF ST U.-PLANET A N U E  8 'TH RESPECT 
TO VEHICLE P C S I T I O N  AND VELOCITY 

PARTIALS OF APPARENT PLANET OIAUETER U I T H  
RESPECT TO VEHICLE P O S I T I O N  AND VELOCITY 

DBDP 

R-NGE-SBTE P A R T I A L  WITH RESPECT T 0 STATION 
LOCAT I O N  € R U M S  

GECS GEOCENTRIC EQUATORIAL COORDINATES OF 
ST AT I O N  

C €1- S 

HECE 

HECP 

I A 

1a 

GEOCENTRIC E C L r P T I C  COORDINATES OF S T A T I O N  

COOROINATES OF EARTH 

COORDINATES OF TARGET PLANET 

TRACKING S T A T I O N  LOCAT I O N  SELECT I O N  CODE 

CODE CORRESPCNDING TO TRACKING S T A T I O N  
LOCAT I O N  ERRORS 

COLUH# NUHBER I N  "SSERVATION RAfR IX  
P A R T I T I O N  WHERE . fS TO BE STORED 

I E N D  

I U  

MA 

VARIABLE INDEX VALUE 

STAR-FtANET AWUE INDEX INCREMENT VALUE 

STAR-PLANET A W E  INDEX LOWER L I M I T  
01 FOR 3 STAR-PLINET ANGLES 
x I T w - ; a  FOR SINGLE STAR-PLANET ANUES 

STAR-PLANET A W L €  INDEX UPPER L I M I T  
=3 FOR 3 STAR-PLANET ANGLES 
=ITRr( -10  FOR Sf NGLE STAR-PLANET ANGLES 

P AR 

P A T 1  

PAT 2 

PA 

RADNTP 

PARTIALS R E T I V t M O  FROPl SUBROUTINE TARPRL 

X W T E R E D I A T E  VARIABLE 

PARTIALS 

RADIUS OF TARGET PLANET 



PARTZMS OF STA&-PLANET ANGLES Y f T M  
RESPECT TO VEnxCLE PCISITION 

SINE OF OBLIQUITY OF EARTH 

SINE OF ST~R-PLANET ANGLE 

StNE, QF LOM6X nCDE COBST ANT 

IMTEWEOX ATE VECTOR 

ALSTII DATEJ OELTM EMS EPS 
F IAUGDC xaucxn IAWHC IAUG 
XBPRY UB00 NB NT P OMEGA 
ONE RADIUS SAL -. SL AT SLB 
SLON TN TRTHB T R I M 1  TWO 
unrvt us1 WST - US1 Z€RO 



Subroutiw ZWtS parforma t v o  funct ions in t ho  simulation mode. The f i r s t  
f u n c t i m ,  which corresponds t o  10BS 0 ,  i e  to ccunpute all observation 
matr ix p n r t i t i o m  fo r  the meaeurecJent type ind ica ted  by XTM. The second 
hmct ion ,  vhich corresponds t o  I@ES + 0, is  t o  camwte the measurenent 
i t m l f .  I f  10s = 1, TBhKS carnputes the a s s u r a n c n t  corresponding to  the 
uxm t recent  aamianl spacecraf t  s t a t e .  If I0BS = 2 ,  TRAKS cmputes  the 
meaeurcment corresponding t o  the ac tua l  spacecraf t  s t a t e ,  a n d ,  i f  the 
measureuxmt i e  a range or rangc - r a t e  measurmcnc, t o  the a c t u a l  t racking 
s t a t i o n  loca t ione .  The number of rws, MR, ir. the measurement and the 
observation matr ix p a r t i t i o n s  a l s o  canputed.  

A general  measurement has form - -  
y = Y ( X , P , t ;  

4 A 

vhere X i s  the spacecraf t  po : i t i on /ve loc i ty  s t a t e  a t  tiae t and p 1 s  - 
a vector  of p a w t e r s .  This ~ q u t i o n  can be l i nea r i zed  a h t  nmirzl! X 
and 7 to obtain 

where ( )* l nd i ca t e s  matr ices  a r e  evaluated a t  the n m i n a l  c o n d i t i m .  
Thin per turba t ion  equation caa be r ewr i t t en  as 

* A * 
*ere I3 - ( ) , a (* ) I r  a i s r r l h i t ~ d  amng the  H, C ,  a n d  L 

8x 6 
p e r t i t i o w  LO correspond to the p a r t i t i o n  of t h e  parameter vec tor  b< i n to  
soivu-for parameters 6s dynamic consider  parameters dd , and measurement 

6 ' 
consider  paraangters b$. 

In  t h ~  r a ~ e i n d e r  of t h i s  s ec t ion  the rnea~urement equation and a l l  p a r t i a l  
der iva t ive6  required to cons th l c t  the H ,  M, G ,  and L observat ion matr ix 
partitiow will be e m r l e e d  f o r  e+cb meaaurernent type. 

> \ .  
A Rannt? meamremeat P . 

vhere P, 8, and 9 are the r ~ d F u 6 ,  latitude, and long i tude  of the relevant 
tracking eta-. 1 



dm- It, P, 2 0 inertial position components of spacecraft 

a# ZE 
- inertial position canponenu of Earth 

XBb Ygb Zg - etatloa position caapmmu relatlve to Earth. 

X Y , uul Z are related to 8, 8, and 0 ao f o l l w e :  s' S s 

X = R cos 8 coa G 
S 

YS = B cos 8 cos 6 sin G + R sin 0 s i n 4  

2 - -B cos 8 s i n e  sin C + B s i n  8 c o s t  
S 

ubere C i e  the obliquity of the Earth, and 

c m g + c l r e  

vbera GBIl i e  the Greenwich hour angle a t  t ime t . 
Partiale of p w i t h  reepect to epacecraft state are  given by 

BP 
- - 0  
sit 

Partlale of P with respect to R, 8, and 0 are  given by 



and the negatives of the par-ials of XS, Y,., and Zs with respect to 

8,  8, and 0 are summarized in the subroutine STAPBL analysis. 

B .  Range-rate measurement ,n . 

A rangerate measurement MS forc 

- dc si. R. 0 ,  0 ,  C )  

where all arguments have been d e f i n e d  previously.  Xsrc ~xpLicitly, 

vhere 
Px 

= X - \ - X s  

g, Ys, and ZS are related to 8 ,  0, and $3 as fol;ars : 

x - ~ R C 0 8 e s i t l G  
S 

is - w B C O ~  0 ccs c COB G 

i = -UP cos 8 sin E COB G s 

here w i e  the rotational rate of the Earth. 

Pertlale of with reipect to spacecraft s a t e  are given by 



where 

e i  a i  - I - -  , e t c .  

8xs dx 

. 
me negat ives  of the p a r t i a l s  of XS, YS, ZS,  s, YS, and ZS with r e spec t  

t o  R ,  8,  and Q a r e  suurnarized i n  the subroutine SUPBL ana lys i s .  P a r t i a l s  
of p with respect to 0 and 0 a r e  t r e a t e d  s imi l a r ly .  

.! . 
C. S ta r -p lane t  a n ~ l e  measurement O . 

A e ta r -p lane t  angle  meadurement has form a 

a - a  ( 2 ,  a ,  e ,  i , Q , u , 

where a ,  e ,  i,  Q , o , and I4 are the etaadard s e t  of t a r g e t  p lane t  
o r b i t r l  elemante. 

If w d.fU - (pX,  p ,p  -) t o  be the p o l i t i o n  of t h e  target planet 
Y -  

r e l a t cve  t o  the spacecraf t  and (u, v ,  w) to  be the d i r e c t i o n  cosines of the 
r e l evan t  s t a r ,  then 

d (Xp ,  Yp, Zp) r e p r u e n t  the pos i t i on  wordinatas of tbe t a r g e t  planet .  



t 
k.' Partlala of U w i t h  r e spec t  t o  spacec ra f t  state are given by 

6 a  P cos a 
d z  p2 

where 

e i n a m  + [ I  - cos a 1 %  . 
The p a r t l a l  of a with respect to t a r g e t  p lane t  semi-major a x i s  is given 
by 

aa ba ax aa aYp aa azp . - . + - . + - . -  
- 6 a  8~ d a  

P 
dy 

P 
az 6 a  

P 

aa 0'0 where - I - - 8a - P - -  da aa a a I  - - ,  
ax ax ' 6~ a y  az 6 z 

P P P 

and p a r t i a l e  of Y and Z with r e spec t  to semi-major a x i s  a r e  
xP' P' P 

s - r i q d  i n  the.subroutine T A ~ R L  a n a l y s i s .  P a r t i a l s  of a w i t h  respec t  ! t o  X 
P ' YpB and Z do not  appear i n  the  above expression s ince  they a r e  

P 
a l l  zero.  P a r t i a l s  of a with r e spec t  t o  t h e  remaining target plane t  
orbital elemeats a r e  t r e a t e d  s i m i l a r l y .  

f D. Apparent p lane t  diameter measurement 

I Ao apparent  p lane t  diameter m?asutemeat has form 

B - 8(f, a, e, i, Q ,  @ ,  n) 

where a l l  a t g w a t e  have beeo defined previously. 
d 

Definirrg P (c. P . p z )  t o  be t h e  poeiticm of the M-et pl2net  ralacive 
Y 

to  the epacecraf t  and B t o  be the red iue  of the target pleaet, the apparent P 
planet  diameter can thsa be v r i t t s a  a s  

. , 



Partlale  of fl with raepect t o  spacecraft stata are given by 

8 B  , , - 
air 

j.. 
d * 

The partial  o f  B vith respect t o  target planet semi-major axis  is given 
by 

i e 

and part ia l s  of X , Yp, and Z w i t h  respect t o  semi-major ax is  are 
P P 

suamarized i n  the subroutine TBBPBL ana lys i s .  

 partial^ of f l  with r e ~ p e c t  to  X p ,  Y p ,  and Z do  not appear in the above 
erpremion s ince they are e l l  zero. Partials  OF B vi th respect t o  the , 

remaining target planet orb i ta l  elemeats are treated s imi lar ly .  



T W  Pla, Chart 

I I Canpute Juliaa date a: me:~surePcnt ; I time \ .  I 

Call 0BB and E m  to  compute the 
inert ia l  e c l i p t i c  posit ion and 
velocity coordinates of the earth 
and the target p l a n e t .  

YES 

1 1 
Zero out observation matrix partit ions 
B, 24, G,  and L. 

1- 



CQIpute rpececrrft poeition and ve loc i ty  
coordimtee re la t ive  to  the Earth. 

b 
1 

Canputs rawe P and range-rate i of 

Set  Y = [ P  ,bIT 
and NB = 2 . 

C a n ~ t e  part ia l s  of b w i t h  respect 
t o  X for  the ideal ized s ta t ion  and 

I insert  i n  X matrix. S e t  NR = ITgX;. 

JI 
YES 

IT= - 1 ? RETUN 

k ~ t e  part ia l s  o f  P with respect 
td X for the ideal ized s ta t ion  and 
insert  i n  H matrix. r 



Compute aaninal a l t i t u d e ,  l a t i t u a e ,  and 
longitude of the IA-th tracklag r t a t i o n .  

I 
YES 

10ac + 2 7 i 1 I 
9 - 

Cmpute ac tua l  a l t i t u d e ,  l a t i t u d e ,  and 
longitude o f  the LA-th t r a c k i q  s t s t i o n .  

1 

4 
Compute geocentr ic  equhtorial  cwponents  
. y r  tracking s t a t i o n  p o s i t i o n  and v e l o c i t y  1 
r e l a t i v e  to the center  o f  the Earth. 1 

Cmpute geocentr ic  e c l i p t i c  cum?o&lents 
af  tracking s t a t i o n  p o s i t i o n  and v f : loc i ty  
r e l d t i v e  :o the h r t h .  r- --- 1 

- 1 
t o  IA-th tracking s t a t i o n .  1 I 



Carnpute partialr of P with respect 
to % for the U-th etation and 

Are any etation location errors 

YES 
L 

I 
1 

C a l l  STAPRL to ccrnpute partials of I 1 

station position and velccity canpcments / 
with reopect to station r a d i u s  R , 
l a t i t u d e  8 , and long i tude  . I 

1 



Canplte partial of P vith respect to 
and h e r t  lo  the appropriate 

column of tha )I or L -trim. 

YES 
ITBR odd? EUmBA' 

NO 

r + 
S e t  NR - 2 and shift a l l  previously 
computed partials into the 2nd 
rw of the E,  X ,  and L aatrices.  

+ 

1 
A 

t o  X for the IA-th station and 
iaeert in  H matrix. 

I ba , K-1 
K - 1  6 0  , K-2 

b e  , K-3 
> 

W 
NO 

19 dq i p  d t  or d; 7 

YES I 
I 
Cwpute partial of P vith 
6% end insert i n  the appropriate 

I c o l m  of the M or L aa t r ix .  
$ I I 



< I s  range b i a s  bp 
i n  6Ss or i? ? 

tb * 7 

Compute p a r t i a l  of p with r e s p e c t  
to 6 p  and i n s e r t  i n  the appropriate 
column of the )3 or  L matr ix .  

I 
d 

Define do i m p  parametere 
for thne e i m u l u n e o c s  e a r -  
p lanet  *lo measurenenta : 
Rh-1, -3, tat-3 

Define  do loop parameters 
for the appropriate single 
s tar -p lanet  angle  measurement: 
&I-In?%-10, NDM, Wl 

I Canpute carget p lanet  p o s i t i o n  and 

velocity c w r d i a a t e s  a d  range 
r e l a t i v e  to the spacecraf t .  



I Canpute cosine and a Lne of I-th 
star-planet angle a 

i ' I 

Conpute partials of ai with reepect to 

x and imet  in Y m a t e .  I 
J lb 

Xe biae 4a i n  6 2  I - H C ?  

1 8 
or ir? 

W )  

'ms 

* 

< + 

h n p u t e  partial of a with respect 
i 

to be a d  iacrert in tha appropriate 
i 

column af tbe U or L matrix. 
> 



C a l l  'UBPBL t o  c m p u t e  t a r g e t  
p lanet  poe i t ion  p a r t i a l s  vitb 
r e s p e c t  to e 1 a n t . n ~  

dp f o r  a l l  p r t i n e ~ ~ t  s tar -p lanet  

a n g l e e ,  and i n s e r t  n  the appmprlate  
coluaxn o f  the l4 0 1 -  C matrix.  

coordinates  and range r e l a t i v e  to space- 
c r a f t .  Camprte t a r g e t  p lanet  radius .  

I Set Y = 8 ,  the apparent 
planet d h t e r .  S e t  -1 . I 



Campute partiale of B vith reepect 
to and lnrsrt  i n  H mates. 
Set N R - 1 .  

Cmpute  partial of 8 w i t b  reepect  to 
b 

column of the M or L matrix. 
I 

' I  & a  , R-1 
6 e  6-2 

K = l  'FK 
I 61 , K-3 

> I 6Q K 4  
bo , K-5 
JH 8 g-6 

NO \r' 
Ie &p in 8s or iu' ? 

g 8 

YES 4 

poeition partiale witb reepect to 
element 6%. 

+ 
Compute partial of @ v i th  respect to 

4 

b p  and l ~ e e r t  in the appropriate 
K 

column of the X or C; matrh. 

1 I 
3 

YES 
K > 6 ?  I 



WeOSE8 TO PEWoRlr ONE Of THE FOLLOYXN6 THREE OPTIONS. 
t CONVERT FROM GEOCENTRIC EQUAT OR14L RECI A S -  . . WAR COORDINATES TO GEOCENTRIC ELIPTXC 

I 
, .  COOROINATES 

2. CONVERT mon GEOCENTRIC EOUATORI~L COORD- 
INATES TO MELfOCENtRIC ECL IPT IC  COORDINATES I i-- 30 CONVERT FROM GEOCENTRIC ECL IPT IC  COORO- 

i : IMATES TO HELfOCEWTRIC ECLIPTIC COORDINATES 

1 4UaJ)IDlf 8 EPS 1 OBLXQUXTY OF EARTH 
( I 
! - 

I . - .  
;I: c I C O E  1 AN INTERNAL CODE THAT OETERNINES I F  OPTION 

1 OR 2 ABOVE WILL BE EXERCISED 

1CODE2 I AN INTERNAL CODE THAT DETERMINES I F  OPTION 
3 ABOVE I S  TO BE EXERCISED 

VXE I X-VELOCITf COHPONENT OF EARTH I N  
HELIOCENtRIC ECL IPT IC  COORDfNAm 

VY 110 Y-VaWXTY COHPOaMI  OF THE VEHICLE 

VTE I Y-VE! W I T  Y COMWNEMT OF EARTH 

V Z  1/0 2 - V U m I T Y  COWOb;EMT OF THE VEHICLE 

VZE f Z-VELOCITY C O H P M N T  OF EARTH 

%E I X-POSITION CONPOWNT OF THE EARTH 
I W  HELIOCENTRIC t C L f P T 1 C  COORDINATES 

Y f /O V-POSIT ION COHPOWHf OF THE VEHICLE 

TB I Y-POSSTIOFJ COWQltEMT OF THE EARW - 
2 . 110 Z-QOSSTION COKPWENT OF THE VEHICLE 

ZE I Z~QOSSTLON C O H ~ H T  OF THE'EARTH 

Sl lBROutXNES SUPPORTED8 DATA . - - -  . - 
(ZATAS 

LOCAL SVHBWS8 C€ 
.ad . . COSIUE OF O e L x a u x t v  OF EARTH 



SE S f U  Of OBLf OUITY OF EARTH 



Subrwtfne  TELANS transforme the  pos i t i on  and ve loc i ty  componente of the 
epacear r f t  from one coordinate  eyetern t o  another. The three opt ions 
avallabls vith t h i s  e u b r o u t h  ate sumarFzed below. 

1) Convert from geocentr ic  equa to r i a l  coordinntee t o  geocentr ic  
. c l i p t i c  w o r d i a n t a s  us- the fo l lov iag  equations: 

X = X  
Y = Y Coe € + Z Sin ? 

Z = -Y S i n € +  Z Cost  

2) Convert from geocentr ic  equa to r i a l  c o o r d i ~ t e s  t o  he l iocen t r i c  
e c l i p t i c  coordinates .  The same procedure a s  above Ls u8ed t o  
convert  from geocent r ic  equa to r i a l  t o  geocent r ic  ecliptic. Then 
t r a n s l a t e  according t o  t he  f o l l w i n g  equations : 

3) Convert from geocent r ic  e c l i p t i c  coordinates t o  he l iocen t r i c  
e c l i p t i c  coordinatar, u F n g  t h e  following a p u a t i o ~ :  



PURPOSE8 TO COHPUTE THE FOLLOYXNG SET OF N P J I G A T f O N  PAR4METERS -- FLXGHT PATH ANGLE, ANGLE BETUEE:l W L A T I V E  VELOCITY 
AN0 PLANE OF THE SKY, GEOCENTRIC IECLINATION, EARTH/ 
SPACECRAFT/TARGET PLANET ANGLE, A:dT C"NA 4 x 1  S I L I M Q  QF 
SUN ANGLE, A M 0  SPACECRAFT OCC'kTATf3N RkTXOS FOR SUMr 
MOON, AM0 PL4NETS. 

CALL I N 6  SEQUENCE8 C A U  TRAPAR . .. 

SUBROUTINES SUPPORTED1 PRX NT P R I N T t  SETVE'JS P R I N T 3  SETEVN 
i 

3 

SUBROUTINES REQUIRED8 EPHEM 'OR8 PECEQ 
?? 

LOCAL SYMBOLS8 4LFA VECTOR FORHXNG RIGHT-HANDED ORTHOGOWAL 
TRIAD WITH XN AND SSS VECTORS FOR 

- -. 
CALCULATION OF ANTENNA A X X S I L I H B  OF PHGLE 
OF SUN ... 

.. 
AHA6 MAGNITUDE OF THE ALFA VECTOR .-. 
BET& ANTENNA A X 1  S/EART H ANGLE 

- - 
.a - 

CD COSINE OF GEOCENTRIC DECLINATION 1 

-.- 
? 
-4 

CT f N ~ E ~ ~ E D I A T E  VARIABLE FOR ALL C 4 L C a A T  IONS . , 

? 

CZAE COSINE OF EASTH/SPACECUFT/TAQGET PLANE - 
a n m E  

4 
DELTA GEOCENTRIC OECLIN4TfON . 

> 

0s 
?I' 

I Y T E R I Q D I A l E  V P Q I A 8 l E  FOR CALCULATIO; O f  .:.- - 
0CCUl.T A T  I O N  RA 1XOS 

.Y 
2 - 
4- 

ECEQP TRANSFORHATION FROM EARTH E C C I P T I  C TO 
EQUATORImtL Fk&m FOR CALCULATION OF 
f € O C E # T R I C ~ 3 E C L I N A f I O N  

GAMMA I N E R T I A L  FLXCHT PATH ANGLE 

IN43 LOCATION I N  THE F ARRAY OF THE EARTH 
POSIT ION AND VELOCITY IN THE I N E R T I A L  
FRAME 

3UO LOCATTW I N  THE F ARRAY OF THE TARGET 
PLANET POSSYIOM 4140 vnocrrv rn rng 
ZUESTraL PxAnE 



N!N&TY 

OCCULt 

PHI 

RDV 

CONSTANT VILUE, EQUAL TO 90.000 

ANTENNA AXIS/LXNB OF SUN ANGLE 

I NfERUEOIATE VARIA8 lEp DOT PROOUCT OF TWO 
VECTORS 

MAGNITUDE OF THE EARTH HUIOCENTQIC 
POSX TION 

RIMAC MAGNITUDE OF THE POSITIOH OF THE I - T H  
PLANET f N THE GEOCENTRIC E C L I P T I C  FRAME 

MAGNITUDE OF THE SPACECRAFT HELfOCENTSfC 
POSI  T ION 

SSS 

SO 

SYYI  

SPACECRAFT HELIOCENTRIC POSIT I O N  

SINE OF GEOCENTRIC DECLINATION 

ANGLE BET WEEN SPACECRAFT VELOCXT Y RELAY I V E  
TO EARTH AND PL4NE OF THE SKY 

SROV DOT PROOLCT OF SPACECRAFT GEOCENTRIC 
POSITXON AND VELOCITY VECTORS 

SPACECSAFT GEOCENTRIC E C L f P f I C  POSXTIOM 
AND V a o c x T r  

SRNAG HACNITUOE OF SPACECRAFT GEOCENTRIC 
P3Sx r IOY 

SRQ 

SRTHA6 

SQTP 

SPACECRAFT ~EOCENTRIC  EQUATORIAL POSf TION 

SPACECQAFT ECLIPTXC POSITION RELhtXVE TO 
T ARGET PLANET 

H4GNITlJDE OF SPACECRAFT GEOCENTRIC 
V E L O C I T Y  

XUfEUnEDIATE VARIABLE FOR ALL CaLCWATIOWS 

S I N E  OF U1PTH/SPACECRAn/TARGET PLANET 
AWGf E 

1NTERCnDX ATE ANGLE USED TO CALCULATE * 

# A V I  G & T I  ON PdRAHETfRS 

HAGNlTUDE OF SPAECRAFT VELOCSTY RELATIVE . 



ZAE 

TO INERTIAL FRAME 

MAGNITUDE OF THE XN VECTOR BEFORE 
U N X T ~ Z I N G  

CROSS PRGOUCT OF SPACECRAFT CEOCEHTRXC 
POSXTION AN0 SPACECRAFT S P I N  AXIS 

EAQTHISPACECRAFT/tARCEt PLANET ANGLE 

F I B A R Y  NBOO NB N I P  
3NE PLANET RAOIUS RAO SSS t 

TWO V X P  ZERO 



The eoordiunte ryatams and vbr lab lee  required fo r  the der iva t ion  of the 
f i r a t  four ~ v i g a c i c n  parsmeters a r e  e h m  Fn Figure 1. The i n e r t i a l  
c o a r d i ~ t o  rya tsn  XYZ may be h e l i o c e n t r i c  or  harycentr ic  e c l i p t i c .  - 
The p o r i t i a n  and ve loc i ty  of the e a r t h  i u  i n e r t i a l  space i s  given by =E 
a d  7 that of  the opacecraf t ,  by $ and 7; and that of the h q s t  

E ; 
d 

p l m e t  (or noon), by ilp and vTp. The xyz coordinate nyatem i 8  

geocentric equatorFa1. 

1 P l i g h t  path aagle ,  ' . 
( h t  8 denote the angle between and $, eo t h a t  

- A 4 
coa 0 a X and stin B - + [1 - coa2 Q] . 

r V 

2. Angle bemeen r e l a t i v e  v e l o c i t y  and plane of the sky, i'. 

The plane of the sky ;a defined as the plane perpendicular t o  t h e  
4 4 -r 

vector  r - r L e t  8 '  denote the angle b t u c e n  r - r aud E • e - a 0  that  

--L 

( - r E )  C; -YE) r 
C W  0 '  = 

% 
, , and aia 0' - + 11 - coa2 0 ' 1  

IF- YE/'[ Y -  YE 1 L 

80- that, i' i. mt def ined i f  the r e l a t i v e  ve loc i ty  ? - WE is zero. 

3. C u m m t i i c  decl ina t ion ,  6 . 
ht (x, y, z) &note the geocent r ic  equatorial cor~poneats of ?- r 
Z b n  E ' 



TBd P a -  2 



4. Zuth/sp.cecnft/target planet -la, 4 .  
4 a 

Zha angle 4 L. tb, .ngle between the vectots - r .rd 7 - T. H I2 ' 
so t h t  

Ttm nut two ~wLgatiorr parameters relate to the spacecraf: ante* a x i s .  
n e  pestintnt game t ry  Is s h a m  i n  Figure 2. ihe antenna axis a i s  
deflard ar the intereect io~  betueen the antenna plarle (the plane perpen- 
dicular t o  the epacecraft spin axis ) and the plane forrced by the 
f - TE a d  5 vector.. The vector $ origiomtea from the lirb of the 
rcur lad lies la the y, 8 plane. 

5. Antenna axls/Earth angle, ' . 
J 

Lht $ &note the angle betveen the unit  s p i n  axis vector r and 
d d r - rH, 8.0 that  

Hots tbat the antenno arb i a  m t  uniquely &fined when the angie $' - 0. 



; .,!/-') sun 

Antenna 

d n 

Plane 

-V  -.:a axis/limb of 3un angle, 4. 
+ - - d  

..a1 t vector n noxnal to the 6 ,  r - r plane i e  giver, by 
E 

4 

. e unit antenns arie vector a Fs given by 



3 

awl. e2 k t = .  the ang le  betwean the vector. r anti $, 
a0 that 

a n g l e  Ol denote. the angle between the uector,s p and 7, 
r o  t h a t  

where R is  the r a d i u s  of t h e  Sun. 
a 

m e n  

The f i n a l  e e t  of nav iga t ion  parameters  reLate t o  s p a c e c r a f t  o c c u l t a t i o n  
r a t i o 6  f o r  the Sun and a l l  o t h e r  c e l e s t i a l  bodies  a s s u x ~ e l  io t h e  dyramic 
modal. The p e r t i n e n t  geom4tr-y i s  shewn i n  F igure  3. The p o s i t i o n  of 

d the 1 0 t h  c e l e s t i a l  body r e l a t i v e  t o  the Sun is  denoted by r O c c u l t a t i o n  
i ' 

parinactere d and d  a r e  d e f i n e d  a s  the minimil  d i s t a n c e s  from t h e  
8 i 

c e n t e r s  of t h e  Sun and I-th body, r e e p e c t i v e l y ,  t o  the & r t h / e p a c e c r a f t  
d vector r - r E ' 

7. Spacecraft o c c u l t a t i o n  r a t i o  f o r  t h e  Srln. 

The o c c u l t a t i o n  r a t i o  f o r  t h e  Sun is  def ined  a s  ds/Rs ,  where R i s  
8 

the Sun r a d i u s .  Ae long a e  t h e  o c c u l t a t i o n  r a t i o  i s  greater than one, 
the s p a c e c r a f t  i s  n e i t h e r  being occu l ted  by t h e  Sun nor pass ing i n  
f r o n t  of the Sun. The o c c u l t a t i o n  r a t i o  i s  ccmputed only  when t h e  
angle betveen t h e  ?- ';i and 7 vectors i s  l e e e  thPn or equal  t o  

E E 
90 degrees, o r ,  e q u i v a l e n t l y ,  then 

If t h i r  c o n d i t i o n  i s  a a t i e f i e d ,  t h e  o c c u l t a t i o n  r a t i o  i s  canputed us ing 
the equa t ioae  



Figure 3.  Occultation Ceanetry 

d u 

Oceulution occur. i f  1 L 1 a d  1 '; - 1 2 rE ; ii L 1 and 
R R 

8 6 

4 jf - rp J L rzs then the  pacec craft l a  p a s a l ~ q  i n  front of the Sun. 

8. Spacecraft occultationratio8 for o t h r  c e l e e t h l  bodies. 

5he occultation ratio for the 1-th c e l u t i r l  body is d e f i n e d  as d i / q D  
h e r e  ILL i a  the r d i w  of the i-th body. The occultatlorr ratio 16 



cmpted d y  when 

U thir conditioae i r  aat irf ied,  the occultation ratio i a  computed 
t t . i l3rg the equation8 

d d 

Occultation occurs i f  2 1 and IF- YE 1 1 Fi - rE/ ; 1: 

Ri 

, then &e spacecraft i s  passing 

i r  front of the 1-th c e l e s t i a l  body. 



Canputc the foLloving quantities: 1 
1 .  F l i g h t  p*th a n g l e ,  7 .  ! 
2 .  in , ie  between r e i a t l v e  v e l o c i t y  ; 

and plane of  the sky i '  (only 1 
t if - 1 1x10-f h / s e c )  

E i 
1 . . 

I 3 .  G t ~ c e r i t i i c  d e c l i n a t i o n ,  d . I 

= 

7 .  

- , 
$+. 

. 35 

4 .  Earth/spacecraf t/ t a r g e t  planet  ' 

a r g l e ,  5 t . 
5 .  Antecrra axis /Earth a n g l e ,  /3 

 on!^ i f  +>0.1 deg) ! 
L 

j. 
1 

NO YES 
XBABY - 11 

, w.-.  

Ei": -. - -  - - 

1 <,:r,.- . f o l l w i n g  qua i i t i t i e s  : p o s i t i o n  of Earth r e l a t i v e  t o  
1 . , - . -- . : is / l imb of  Sun a r q l e ,  Sun i n  XP array.  

..-3 I &:. ;- , c r : )  i r  antenna a x i s  de f ined) .  
g i. , - ~. 
k' 

- . : occu1tat:or. r a t i o  I 
E- - .  
<? - 
rj- 1 5 .  5 :  . * : i  O C C U ~ U L ~ O D  r a t i o s  
@ ,  I . . - c e l e a t i a :  b c d i e ~ .  ! 

Compute p o s i t i o n  o f  spacecraft  1 
r e l a t i v e  t o  Sun. 

. $:. I i r . - 
,> 

F;.. 
I:;, 

i 

/--- - 
S: .. 
E L  

. g< 
g. 



e 
SUBROUTINE TRJT RY 

e 
I PURPOSE1 TO DETERMINE THE TIME OF THE NEXT GUIDANCE EVENT AND 

INTEGRATE THE NOMINAL TRAJECTORY FROM THE PREVIOUS 
EVENT TIHE T O  THE NEXT TIHE. r 

CALL1 NG SEQUENCE8 CALL TRJTRY 

SUBUOUTINES SUPPORTED I NOMNAL a 

SUBROUTINES REQUIRE01 VHP 

LOCAL SIWeOLSI ACK ACCURACY USED TO INTEGRATE THE NOMINAL 
TRAJECTORY 

DEL f l IN  TIUE(0AYS) BETWEEN THE LAST EVENT ANC THE 
NEXT EVENT 

DELTN SAME AS DELHIN -THE T I H E  VNP I S  TO 
INTEGRATE THE TRAJECTORY UNLESS ANOTHER 

STOPPING CONOIT f ON OCCURS 

O f  L T  SAHE AS OELHXN 

ERROR MINfHUfl 4LLOHABLE VALUE OF DELMIN 

I SPZ FLAG TO CONTROL STOPPING CONDITION 
ti STOP AT SHPERE-OF-INFLUENCE 
S O  00 NOT STOP AT SKP€RE-OF-INFLUENCE 

I: INDEX 

J INDEX 

RSF SPACECRAFT STATE A T  FIHIL TI~E 

COWON COHPUTEDNSEDl 01 I CL2 I C L  I SPH < S f  CA 
Y T f H  R I N  T f K  TRT H 

COM?lON COMPUTE0 1 OELfP XEPHEM XNPQ I P R I N T  KUR 

ACKf K f Y D  NCPR NOCYD TNPR 
V 



TLKEY Analyeis r ' 
2 . r  

TBJlXY detersa ints  the  t h e  of  t h e  nex t  guidance tveu: hra r t ~ t e g r a t e s  
the nominal t r a j e c t o r y  from the  previws e v e n t  t h e  cu t ? e  n e x t  tima. 

1 :. 

i 

Special  p rov i s ions  muet be made i n  determlnicg t h e  nzkt  guidance e v e n t  
because of  the  f l e x i S i ! i t y  pe rmi t t ed  :n spec i fy ic ,  t h e  time6 of  those  
8uiQnca ac~ents. For every guidance even t  i, + r & - c : e x ~  :<T3i(l) and TTYLG(1) 
w i l l  have been s e t  b e f o r e  e n t e r i n g  TRA'EY. KTTY..i:) ' ~ r c ,  ..riotas t h e  epoch 
t o  which the guidance event i Is re fe renced  w i t : .  STS: ,  I) = 1 , 2 , 3  
correeponding t o  epochs of i n i t i a l  t i m e ,  sphere o <  ~r , f l , . . z r . cc  (SOX) i n t e r -  
e a c t i o n ,  and c l o s e s t  approach (CAI passage r e s p e c t i v e l y  TTWC(i) t hen  
s p e c i f i e s  the time i n t e r v a l  (days )  from the  epocb. t n  c;1- s~zc!unce event .  
The guidance e v e n t s  do  no t  reed to be arrcaged ~ b . r ~ r . ~ : ~ o ~ ' , c a ~ . l y .  After 
execu t ion  of each guidr+nce even t  L rr.c f kg ELTIN(1) : : .e t equal to 0. 

h e  f i r s t  c m p u t a t i o n a :  pzcced~rr- i n  ' l ' U Z i Y  is the seqr;rr .cl . .g loop. Hare 
a search determine6 the rninhum va lue  of T h G ( i )  ovcr ;I1 \d:uee of  1 
such t h a t  KTM(1) - ?. The time 1ntel7;al AL between ::,a: t i n e  and the 
c u r r e n t  Sime i s  t h e n  - aapu ted .  If A t  c ! ,5s  t han  a;. ;i.odable ta lera- ,c t  

3 
P 

t (=lo- days) the program r e t u n a s  to ?I'W f o r  the p r w e s 6 i n g  of the 
. c u r r e n t  event. i 

If At 2 t TILTTRY must perform en f u t ~ ~ r i : ~ . : . .  L C  the rice;:: <..,iance even t .  
T0JTXY f i r s t  s e t s  u p  flags control!ing i n t e g r a t i o n  stoppi:-.s ~ o n d i t i o u s  
depending upon t h e  c u r r e n t  v a l u e  of KSICA.  Tile f l a g  KSlL! ., i t m i n e s  
the  current phase of the t r a j e c t o r y .  UIC4 I s  i . ~ i t i a l l y  equal t o  1 
(PBELIH). Uhen t h i .  t a l ~ e t  p l a n e t  SO1 i s  c o ~ ~ - , t e r e d  U i L i -  - a  s e t  to 2. 
F i n a l l y  vhen CA t o  tnd t s r g e t  planet  occura  it i e  s e t  t o  5. 

The s topping conditis~ f l a g s  are  ISF'2 and ICL2. Tne f l i g  :S.?2 d e t e r n i n e s  
whether the  inte~ratic,: should be ctopped ~c SO1 !.f e n c c - - . t ~ r e d  (ISP2 = I) 
or n o t  ( U P 2  - 0).  The f lag  XCL2 detemiriea uric! ner t h e  . a: . ~ r 6 t i o n  s c i ~ l ;  
be stopped a t  CA if encountered (ICL2 - 1) a r  n o t  (ICL2 = C j  . 
Therefore  i f  PISICA - 1, TLJTEY s e t s  U?2 = ! 3c '-+st t h e  A . : , , ; rat ion vill 
s t o p  a t  the guidance even t  t ime on ly  i f  tilat t h e  occurs  k f c ~ r e  SOX. B u t  
if the SO1 i s  encountered b e f o r e  the event :<ma, 911 t i l e o  r r f e r e n c e d  t o  
the SO1 must be updated b e f o r e  de tenn in ing  tt.4 a t x t  everi t .  S4Lcilarly w h e ~  
XSICA = 2 TWTRY s e t s  lC'2 = 1 80 that t i x s  rl.fr.renced t 2 ,  CA r a y  be up- 
dated vhen CA occura .  'of c o u r s t  when K61L .- 3 ,  a11  t h e ;  c ~ : ~ e  been ~Wte-  
(referenced to  i n i t i a l  time) and n e l t h e r  UP: i ior  XCX.2 need bt s e t  to 1. 

Having s e t  t h e  s topping c o n d i t i o n  f l a g s ,  T&"r?,T n w  calls ' / K Y  f o r  the 
propagation'  of  the t r a l 2 ~ t o r - y  t o  the requircc J top?in6 co.~d: t lon.  A t  the  
end of the i n t e g r a t i o n  i t  records the <I-r;.cnt t r z j e c t o z j .  t?m and s t o t e .  

TlUTW now ~ o r t e  a g a i n  on ESICA. If  UICA - 3 ,  the t tajsc fory  has been 
i n t e g r a t e d  to the time of the current rvcnr i ; ~ d  50 c o n t r o ?  pay be ream& 
to sQI#BL. 



If UICA - 1 &. 801 had not  y e t  been reached a t  the ptevioue event.  
T U T R Y  then c h r c h  the  f h g  ISPB. The f l .8  IBPH reveale  whether the 
c u t i m t  t r a j ec to ry  in t e r r ec t ed  the t a r g e t  p lane t  SOX (ISPH - 1) o r  d id  
no t  (UPX - 0). Tharrfore i f  ISPH - 0,  thr cu r ran t  guidance event  
ocmrrad before the t r a j ec to ry  in t e r sec t ed  the 801 and thur  the c u h n t  
s t a t e  corraaponde to the t h e  of the guidance event. Therefore the return 
i8 M& to 

f f  hwever  318IC4 - 1 and SPl i  - 1 the t r a j e c t o r y  in t eg ra t ion  wse atopped 
a t  the SOX. TEJTXY ncw ee ta  PSXCA = 2 and updates a l l  time8 referenced to 
the SOX eo t h ~ t  they a r e  n w  referenced to i n i t i a l  t h e  (KTM(1) - 1) .  
X t  r een ter8  the  sequencing loop t o  &tennFne the t h e  of the next guidance 
w e n t  where the m o d i d a t r  e v e n u  now iruludn thoee originally referenced 
to BOX. 

Similar  steps are made when U I C A  - 2. The f l ag  ICL deeignates whether 
the  cur ren t  t r a j e c t o r y  h a d  a CA (ICL - 1) o r  not (ICL - 0). I f  ILSICA - 2 , 
an4 1;CL - 0, the t r a j e c t o r y  encountered the guidance e v e n t  before reaching 

CA r o  the return i s  made to N m W .  If U I C A  2 and 1CL 1, the final 
t h e  and e t a t a  of the t r a j e c t o r y  r e f e r  t o  closest  approach. In  this case 
TWTllY s e t s  UICA - 3 and updates t o  i n i t i a l  time.al1 t i nee  o r i g i n a l l y  
referenced to  CA. It then returns to the eaquencing loop. k 



Huve fk - current t r a j .  time e 
Cl:ooae KUR a6 index of m i n  
vclue  of a l l  TMC(1) slich that 

- 1 m 3  

L' 
I s e t  & 

P)xFgrcp,ce te cra leitory to stopping cond 
' ( Cc.SbI ,U)  and act  5 - tk + t 

a 
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SUBROUT1 ME VARAOA . , 
6. 
.I . 

PURPOSE COHPUTE V A R I  ATION MATRIX FOR THREE-VARf ABLE 9-PLANE . ,* 
GUIDANCE P O L I C Y  I N  THE ERROR ANALYSIS PROGRAM b'. -.* 

.? 
' 7  

CALLING SEQUENCE1 CALL  V A R A D A ( R f , X S ~ P r X S I V , T E V H ~ T S I ~ A O A ~ B ~ ~ 8 D T S ~  
8DRS) L 

ARWMENT8 ADA 0 VARXATION MATRIX 

BS I B OF THE NOMINAL TRAJECTORY 

BORS I 8 OOT R OF THE NOMINAL TRAJECTORY 

BOTS 1 B DOT T OF THE NOMINAL TRAJECTORY 

RI I POSIT ION AND VELOCITY OF THE VEHICLE AT THE 
TIME OF GUIDANCE EVENT 

T EVN I TRASECTORY OF THE GUIDANCE EVENT 

T S I  I TRAJECTORY T XME AT WHICH THE VEYICLE 
REACHEO THE SPHERE OF INFLUENCE ON THE 
NOMINAL TRAJECTORY 

X S I P  I POSIT ION OF THE VEHICLE AT THE SPHERE OF 
INFLUEHCE ON THE NOHINAL TRAJECTORY 

X S I V  I VELOCITY OF THE VEHICLE A T  THE SPHERE OF 
IHFLUEPCE ON THE NOMINAL TRAJEC'ORY 

SUBROUT XNES SUPPORTED 8 GUID 

SUBROUTINES REQUIRED1 

LOCAL srnews t B D R ~  

B D T i  

81 

DSX 1 

. I P R  

XSP 

L o o  

NT I4 

TEMPORARY STORAGE FOR B D R  

TEHPORARY STORAGE FOR BDT 

TEHPORARY STORAGE FOR 8 

TEHPORARY STORAGE FOR O S I  

TEHPORARY ST ORAGE FOR I PRX NT 

TEHPORARY STORACE FOR 1 3 ~ 2  

TEHPORaRY STORAGE FOR I P 8 1 N T  

RF ALTERED FINAL STATE OF VEHICLE 

7 S I i  TEMPORARY STORACE FOR T S I  



X C  4LTERED I N I ' f L k L  S T A T E  OF WinPUE 

CONMON COHPUTED/USEDI BDR BOT OSI I P A f H T  ISPH 
I S P 2  

COHHQN COWUT €0, 

OATEJ F:CP FAC'; F; 8' f.r H T n C  
WT P 



Subrout ine  VABADA employe numerical  d i f f e r e n c i n g  t o  c w p u t e  the  v a r i a t i o n  
m a t r i x  f o r  t h e  t h r e e - v a r i a b l e  &plane  guidance p o l i c y  i n  t h e  guidance 
even t  of the e r r o r  a n a l y e i e  mode. See eubrou t ine  V A R S M  Analysis  f o r  
f u r t h e r  a n a l y t i c a l  d e t a i l e ,  s i n c e  the  on ly  d i f f e r e n c e  between VABADA and 
VARSM i e  t h a t  V A W  c a m p . d t i o n s  a r e  based on t h e  most r e c e n t  t a r g e t e d  
n a a i ~ l ,  w h i l r  V A R S M  canpu ta t ions  a r e  based on t h e  mast r e c e n t  nominal. 
The VABADA f lw c h a r t  i s  i d e n t i c a l  t o  that of VARSPi  except  f o r  the f ac t  
t h a t  in VABBDA t h e  nominal p o s i t f o n / v e l o c l t y  s t a t e  a t  tSI i s  saved 

p r i o r  to c a l l i n g  V A U ,  whi le  i n  VAFGRSM it is  saved l o c a l l y .  



i 
r SUBUOUTX HE VARSI  W 
L 

PUWOSE " I .  h*;TE V A R I A t X O N  HAT R f  X FOR THREE-VARI ABLE 6-PLANE ! 

CCk UANCE POLXCV I N  THE SLnULATION PRJGRAH 

- ,  

..,i I G L ~ I C L E  POSIT IOWVELOCITY Ok MOST RECENT 
: ISSRXNAL TRAJECTOUY AT TIME THE GUXOANCE 

i' EVENT 

Y E3W I T2AJECTORY T I R E  OF GUXOANCE EVENT 

rsx I TRLJECTORY TIHE &T SPHERE OF Z ~ ~ F L U E N C E  

-.-:. '9 
-. .. 6 L A  5 i 5 8 BDRS TEHPOR4RY STORIGE FOR BOR 
' J $  

-9 601s TEMPORARY STCRAW FOR 8 0 T  

.I 8s .TEHPORARY STOUA6E FOR 6 

I IQR T E H P W R Y  STORBGE FOR I P U I H T  

ISPS TEHPORAaY STORACE FOR I S?2 

I 
'+ 

R F I  ALTERED F INAL STATE O f  VEHICLE ON HOST 

1: RECENT NOUINAL 
I 

I. i RSX S TEMPORARY STORAGE FOR R S I  
L 

TSX 1 TEHPORARY STORAGE FOR TSI 

1. 
5 US1 S 1EHPORARY STORAGE FOR V S I  
'-. 
$. 
L XC 4L-TERED I N I T I A L  STATE Of VEHICLE OW MOST 

I f R:CEIISf N O H I  MbL 
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f :  ISPH I SP2 RSf VS I P 

E .  COb!?CR ~ 9 t r r ) f  €08 TRf M i  
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Submutine  VAEtSM employe aumarierl dif f tretuiag  to cootprce thm v a r h t i o ~  
matrix 17 for the t h r e e v a r i a b l e  &plane guidance m l i c y  l a  t h e  guidance 
ewent of the oirarlatioa mode. this v a r i a t i o n  uatrix r e l a t e s  devia t ions  
in the p e i t i o a / v a l o c i t y  s ta te  st c to deviations i n  8-T, 8-8, and 

k 

Since no good a p a l y t i c a l  formulas vhich r e l a t e  
tSI ' 6% a t k  

exisc,~rrr~erical d i f f e r enc ing  m i s t  be employed t o  canpute ? . 
kt -7 be the j- th column of the matrix )7 , aud assme ( u s t  recent) 

J 4 

cuxninal B-2, I-R*, %;. and a r e  ava i l ab l e .  To o b x i n  ?. w e  
- *  J 

i n c r e n t  the f-th element of % by the numerical' d i f f e r e n c i r q  f a c ~ o r  - 
AX, and m m e r i u l l g  i n y c a t e  the  spacec ra f t  equat ions of a t i o n  i w  t 

k 
t o  the ephere of influence of the target p l a n e t  to obtain the mu value6 

* t 
B - T  - B-T B - R  - B - R  - 'sr 1 a x .  

' 

1 
Ox 

f 
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REPRODUCIRll.~ OF 1.14 ORIGINAL PAGE IS :TeXel: 
\ r 

I. :' 

! d%' Q J  i Save 8.2. B * R .  8 .  s I 
the m e t  recent nomrnal t r a j e c t o r y .  1 

I 
i 

L--~~ - - 1 Save IPXINT 2nd ;id IPUK = -. 
Save XSP2 and ti.,. s e t  ISP2 = b.7 )  1 
so that tra j e c t o p  : ~ t ~ x r z t * s . -  - 111 I 
s t ~ p  at the a p h c ~ t  ,>: i n f ! u ~  ...., . 

I 
- -- -- A 

I 

i 

I recent nanla*! st-L. - - Ser 1 * 

Ism = 0 .  
i 

1 I . . I Inccaenr  % cb elemenr uf s t a r c  1 I . -. ..-.I. r :'- -!e=lent of s t a r c  

i 1 
by the position nuaerical  difier- I , LAY v-1 , .  . :, iumerical d i i f -  
enciag factor FACP. I r , r K  ;, :or FACV. 

I 
1 

GI; LWS i\ ,--+-- ~i values a£ 3.7, S-5. 21.2 , 



I Coaplte the N - t h  column of 
the variation uatr ix  rl . 1 

+ YES 
N L 6 ?  

RO C] 
for the most recent naninal 

trajectory. 

Irn@ 
Restore IPRILNT and ISP2 flags. 

1 



VECTOR-A 

it 
/ i 3 SU82ObYrNE VECTOR 

k PlJWOSEr TCj COWPUfE THE VECTOQ ORBITAL ELEHENTS K (ANGULIR 
?:uhENTtJ!I V E C T O R )  E ( E C C E N T R I C I T Y  VECTOR T O M A R 0  
?ER:YELION). * O  ConPuTE THE SPACECRAFT FINAL POSITION 

f 3N THE ORBIT TO hCCUQA1EI.Y APPROXIHATE THE OESXRED TIME 
TWTERVAL, AN0 TO COWUTE THE C O N I C  SECTION TXHE OF 

1 G  

FLIGHT. 

1 C a L i  h a :  .--GUCNCEI C A U  V E t i O R  

h SUBRO-7 EWS SUPPORTEDI VMP 
3 

I SUSR0a7;KES REQUIRED8 SPACE 

[ . C C ;  - j C S I  OUM I N T E R ~ E D I A T E  VARXAdLE 

k b. CONhi~ l t  ~~ub4JTEDIIISEDI V 

C O U D v  CCrrPUT €0 8 KOUNT 

HALF I T Q A T  ONE PI: THREE 
T Y O P I  TWO 



d 

The k p l r r  vec tor  k reprereatlag tvlca the areal rate of the epacacraft 
with respect t o  the v i r t u a l  mose to  be ueed during the cu r r en t  i n t e r v a l  
i e  computed £ran 

where the poel t ion and ve loc i ty  vec tors  a r e  referenced t o  the v i r t u a l  mass 
a t  the  -inning of the i n t e r v a l .  The e c c e n t r i c i t y  vec tor  f o r  the interval 
is given by 

where 3 is the average value of the v i r t u a l  msss during the in t e rva l .  v 
The cu r ren t  time i n t e r v a l  i s  computed from 

vhere the f a c t o r  K was precomputed during the previous i t e r a t i o n s .  The 
d i r e c t i o n  of the f i n a l  pos i t i on  is determined frcun 

Ihe magnitude f a c t o r  B i s  chosen $0 force  the f i n a l  p x i t i o n  t o  ~ a t i s f y  
4 4 

t he  o r b i t  equation ( e .  r - -r + k I *  ) 

The pos i t i on  and ve loc i ty  vec tors  of the spacec ra f t  r e l a t i v e  t o  the v i r t u a l  
mass a t  the, end of the i n t e r v a l  are then 

Fr. 
' 1 



i 

VECTOR- 2 

The final p o e i t i o n  and velocity of the s p c c c i i l ~  L i n  the rcfcrc.~, .  , t n t r ~ t ; ,  1 
coordinatee are canputed from 

'Y. 
A 
d 
i 
: 

The exact conic section t i m e  of f l i g h t  Is acm c ~ w , m t e d .  The ~ n -  p l ~ r  2 .,,& : 

to the major a x i s  i s  

The length of the semi-major axis is given by 

The projection of the radiue v e c t o r  orthogonal to the  mafor f i r 1 -  - 1, c 
by a i s  given by 

. The mean angular rate Is 

if- 
g- 



where o<O for hyperbolic orbite.  The ecceatric aaaaaly i e  given by '3 
9 

Then I4 - E  - e x  i - B,E 
i i i 

and the actual conic tirrre of f l i g h t  i s  

The value of the time factor I to be u e d  in the following interval 1s 
then canputed 



I ;' 
n 

4 .  

b. . VECTOR Plw Chart 

Calculate vector orbital - 
elements k, e . 

position and velocity. 

of flight At 

to be used in next iteration. 



SUBROUTINE VHASS 

P U W O S E I  TO COMPUTE THE POSITIONv VELOCITYv *AGNItUOEp AND 
MAGNITUDE RATE OF THE VIRTUAL MASSm 

CALLING SEQUENCEI CALL VMASS 

SUBROUTINES SUPOORTEO~ vnp 

SUBROUTINES REQUIREDI  NONE 

COMMON COUPUTEONSED t C V 

connoN USEOI NBODY THREE ZERO 



The current virtual moee data i e  computed by W S .  The mgnituda and 
perit ion of tha virtual mar8 i r  given by 

vhere the intermediate variables are given by 

-. and of ecurae r = 1 Fi - I and ? a I f; - ? I where r represents 
i S S VS 8 i 

the inertial poeition vector of the i-th body. 

The time dativatives of these variables are g iven  by 



where 

Pinally, the velocity of the epacecraft with respect to the virtual mass 
La 



! 
WAS8 Plw Chart 

4' --- I Cwplte re la t ive  poaition ve l tors  06 i i ~ 1  I tS and v ir tual  masa magnitt.de Y 

I -. 
Compute vector , v ir tua l  mass pos i t ion  1 
4 I 
r , spacecraft pos i t ion  r e l a t i v e  to  v i r -  I v 
tual  meee r and v ir tua l  m a p s  magnitude 1 vs ' I V '  I 

4 
b 

Canpute ve loc i ty  of S I C  with respect t d  
L 

planeta r  rcalar parameter aiS and I 
I S '  I 1 auxi l iary  parameter $ .  I 



' SUBROUTINE VHP 

PURPOSE PROVIDE L O G I C  TO GENERATE VIRTUAL MASS TRAJECTORY I 

CALL ING SEQUEUCEt OALL VtlP(RS, ACC,Di,TRT H,OELTn,QSF, W 2 )  

ARGUMENTS RS(6)  I '1NERT!LIL P O S I T I O N  AND VELOCITY OF S I C  AT 
INITIAL T x n E  

ACC T ACCURACY USED XN INTEGRATION 

T R f  M I TRAJECTORY T I M E  (DAYS) 47 I N I T I A L  T I M E  

OELTM X T I M E  INTE?VAL I N  DAYS OVER U H I C H  THE 
TRAJECTOSY IS T O  BE PROPAGATED iJNLESS A 
STOPPING CONOITXON I S  REACHED 

RSF(6)  0 I N E R T I A L  POSIT IOK A N D  VELOCITY OF S/C AT 
F I N L L  

SSP2 I SPHERE OF INFLUERCE STOPPING FLAG 
= O  00 NOT STOP AT SOT 
=l STOP A T  SO1 I F  INTERSECTED BEFORE FINAL 

TIME 

SUBROUTINES SUPPORTED I CASCAD N T  HS CIDANS TARGET TARMAX 
NTM 1 RJTRY DESENT 

SUBROUTINES KEQUIREDI CAREL E L C A R  EPHEn I n e 4 c T  ~ R B  
PECEQ TIME ESTHT INPUT: PRINT 
SPACE VECTOR VHASS # 

LOCAL srneo~s A U  NOT USED 

C X I  COSINE OF THE TRAJECTORY I N C L I N A T I O N  4 1  
CLOSEST APPROPCH 

D IMVERMEDIATE OBTE FOR PRINTOUT PURPOiES 

OELR INTERNED! ATE VARIABLE FOR I H 7 E R S E C T I O d  
OF SPHERE-OF-INFLUENCE 

OELT f NTERWEDIATE T IME INCQCnEHT FOR INTER-  
POLATED SPHERE-OF-INFLUENCE P O S I T I O N  

ECEQP TRANSFORMATION FROH E C L I P T I C  T O  EQUATOQXAL 
, . 

SYSTEM FOR TA2GfT PLANL'T 

1 CUT CUTOFF FLAG USE0 W E N  CLOSEST APPROACH 
' J  - 

CUTOFF WAS DESIRED BUT NO V A L I D  CLOSEST 



I O I Y  

XHR 

I no 

re  

r SPHI 

PRINTOUT CALENDAR DAY 

PRINTOUT CALENDAR HOUR 

NUHBER O F  PLANET* USED I N  PRINTOUT 

I NOICAtOP FOR CILCULATXON O f  SPECIAL 
COHPUT 1 i ( ~  INTERVAL NEAR T 4RGET PLANET 
SPHERE-OF- tWFLUENCE 

PRINTWT CALENDAR YEAR 

COUNTER FOR NUMBER OF ITER4TIONS FOR 
XUTERPOLITEO SPHERE: OF INFLUENCE 

L ARCA INDICATOR FOR CALCIAATIOW O F  PSUEDO 
C L O S ~ S T  APPROACF 

PRINTWT CALENDAR NINUTES 

INDEX OF THE SPACECRAFT E C T O R S  IN THE 
F-ARRAY K I T H  RESPECT TO THE TARGET PLANET 

NAGNITUOE OF POSITION OF VEHICLE RELATIVE 
TARGET % A N T  AT CLOSEST APPROACH 

PREVIOUS RADIUS O F  VEYICLE RELATIVE TO 
TARGET PLANET 

PRESENT RADIUS O F  VEHICLE RELATXVE TO 
TARGET PLANET 

ROT 

RT EHP 

NOT USED 

SPACECRhFT POSITION AT 1 NTERPOLATEO 
CLOS€ST dPOROACH I W  THE TARGET PLANET 

-EQUATORIAL SYSTEM 

SEC 

T f r n  

9RIWTOUT CALENDAR SECONDS 

; tm INCREHENT USED FW INTER POL AT^ 
CLOSEST WPROACH 

TOTAL TIME USEO rn ONE INTEGRATED 
TRAJECTORY 

CLOCK T I M  AT BECXHNXNG O F  TRAJECTORY 



CRLVI TATIONAL COWSTANT OF TARGET F L A e T  
< KM*e3/SECe+2) 

INTERHEOXATE VARIABLE FOR CALCCILATIOW OF 
SPECIAL m n P u T m G  XNTEQVAL WEIR SPHERE-OF- 
INFLUENCE O F  TARGET PLANET 

TTG 

V C I  

GRAVITATIONAL CONSTAUT OF T4RGET PLANET 
(UN**3/SEC*eZ) 

VELOCITY HACYXTUDE WITH RESPECT TO TARCET 
PLANET &T INTERPOLATED CLOSEST APPROACH 

flA6NITUDE OF VELOCITY OF VEHICLE R E L I T I K  
TO TARCET PLANET AT CLOSEST APPROACH 
BEFORE INTERPOLATION 

EQUATORI4L SPACECRAFT VELOCITY RELRf IVE TO 
TARGET PLANET AT CLOSEST APPROACH BEFORE 
I N 1  ERObLATION 

SPACECRAFT VELOCITY AT INTERPOLATED 
CLOSEST 4PPROACH I N  TK€ TARGET PLANET 
EQUATOQI AL SYSTEM 

XI 

XNAG 

XN 

UNINTEQPOLlSTEO Eh. -TORIAL INCLINATION FOR 
PRINTOUT PURPOSES 

INTERHEDIATE VARf 48LE FOR CALCULATION OF 
X I  

VECTOR NORMAL TO TRAJECTORY PLANE I N  
TARGET PLINET EQUATORIAL S"STEH FOR 
CALCULATION O f  X I  

m u e , T m I a L  SPACECRAFT POSITION RELATIVE 
TO TARCET PLANET AT UNf)(fEQPOLATEO 
CLOSE ST APPROACH 

IHTERMEOIAT E VARIABLE I N  CALCULATION O F  
INTERPOLATE0 CLOSEST APPROACH INCLIMATION 

VECTOR NORM4L TO TRAJECTORY PLINE FOR 
CALCULATION OF INTERPOLATED CLOSEST 
APPROACH I N C L I W b T I W  

CAINc O C  CIS1 I C L  INCMNT 
XNCMT ISPV ITRAT KOUNT NBOOYl 
NO RCA RC RSI 1 XHINT 
V S I  v 

DELTH INCPR RE RTP RV S 



vnu c . -5 
ALNCTM BDR 001 8 OELTP ? 

EN? EM6 F HALF I C L 2  
XEPHEH INPR XPRZNT neoo N B  

i: 
B 

HTP ONE P L W T  PMASS RADIUS - 
R AO SP~ERE T W  TYO ZERO 



VHP p r d d a s  the logic to integrate an N-tmdy trajectoq frcan an 
ialtkl a p u e c r a f t  a u r a  (is. vS) at tims tB to onm of the follarir~ 
atoppins cdtiolrs.  

1 Target planet aphare of Fpflnanr~ (SOX) l a  reached 
(XSH + 0 ) .  

2. The cloaeet approach to the target planet  haa k e n  reach4 
(ICK - 1).  

3. % preset fhnl trajectory the 5 has beem arceeded. 

- 1 Pitet paaa through computation cycle (including 
ephamerls computation). 

2 Second paee through canputation cycle (excluding 
ephemerb ) . 

3 Xnftirllzation flag. 

To .tart the integration, appropriate variablee are InltFal Ized 
(PRINTZ) and ITRAT ia set  equal t o  3. The state of all gravitational 
bodlea a t  tg are found (ORB, EPKEX). The in i t ia l  virtual maas position 

, velocity , magnituda p aad uagnitude rate ; are foutrd by 
v~ " B 

W S .  Virtual mas8 dependent vduea ate then Fnitilhed 



A t  t h b  plat the s u n d u d  htegratioa muthe la antatad by calr lq  
VECma. I 

1. IPitLalites a11 npproprhte variahice a t  th- L-ginning 
of the i n c r m a n t  ( subscr ip t  P) t c  q u r l  thalr value8 
at the and of tha previous kemmt.  

2. CaPputee a A t  f o r  the F n c r k t  baaed on r d f i e d  
true anomaly paeaage. 

3. Computao the t h e  at tba and of the increumnt %- 
4. EstLmatea the ffaal (eubscxlpt B) position ; and magnitude 

of the v i r t u ~ l  -8. "E 

Bkeed on thase  es t imates ,  the a v w e  w d t u d e  a c d  ve loc i ty  of the 
- vLrturlmaaal~computed 

Subroutine VECTOR then conrputee the o r b f t  r e l a t i v e  t o  the virtual 
w e  based on these  estlnetee. It also re f inea  the  eet lmate of the 
s e t  ilnal s t a t e  (iSE, GSE). ORB and E P W  axe c a l l e d  t o  deter- 

mine the state a t  tE of a l l  g r a v i t a t i o n a l  bodies being considered. The 
e 1 b ~ 1  M.S p a i t i o n  iy . velocity Gy . magnitude + and cuqnlrude 

E E E 
rate are detarmined by VlIASS. 

v~ 

Urn- thsee r e f  b e d  .veluae, the virtual maee avarage magnitude p 
V~~ 

arrd velocfty ; are recolnputad wing equat ions (7) a d  (8). A t  t h b  
v ~ m  

point  a .eacond paas l a  d e  through VBCMR t o  caapute the epacecraf t  
) w h i s h  will be osed i.n a11 rubeequant c a l c u l a t i o a .  



porl t lon,  w l o d t p ,  e t d a  4 m t u d e  r a t e  at the anb of the 
bctamlat. 

Tha vir tu1  rnus avar.ge recrluatioaa ua them uunputad 

T h a e m  valuae a r e  aubeequently used by ES%T t o  e a t b a t e  the  2 i m l  
pos i t ion  and magnitude p of the v i r t u a l  -a f o r  the next 
increment. E v~ t 

Teate us n w  made t o  determine whether the t a rge t  planet S O X  has bean 
pierced. If it  hae the in terpola ted  state  a t  the SO X  is f d  us* 
the follwing f t e r a t i v e  rout ine  

=so1 = r a d i u  of the t a r g a t  planet  SOX 

- 
r ")- poait ion of .pacecraft t a r g e t  planet  a t  n-th 1 6 a f i o n  ST - (n) I d r  IrSr 
)t (a), 

rn 

- (a) r v - ( 0 )  
(W 

ST ST 

me i n t a r p o h t e d  a t a t e  at  the S O X  t than u e d  by Mpm t o  compute 
B-T utd B*& 

If t r a j e c t o r y  data t t o  be printed at th ia  point ,  the o r b i t  inc l ina t ion  
(osrumirrg a hyperbolic o r b l t  about Lhe planet) b computed by f h a t  
d.tumfoFag tha "Kepler vactor" 

k - r  x v  
ST ST 



in p h t o c e n t r l c  e q t u t o r l a l  cootdipPtaa. Then 

vhsra t - o r b i t  Fnc l inr t ion  

kz - cornpoll~t of t ao-1 t o  p lane t  equa to r i a l  plane 

Teste  are rum made t o  determina i f  the  spacecraf t  h s  reached a c l o s e s t  
approach t o  t he  m r g e t  planet .  If i t  baa, t he  in te rpola ted  s t a t e  at 
c l o r u t  approach (;a, v ) fa computed by c a l i l n g  CARD. with the  spacecraf t  

CA s t a t e  jut f o l l r n i n g  c loaes t  spprcach. CAREL r e tu rns  the  element of t hd  near 
p lane t  conic. ELCAR Le then ca l l ed  w i t h  theae conic elernant and re turna  the 
ln ta rpola ted  s t a t e  a t  c losea t  approach. 

I f  the epacecraf t  Le not wi th in  LO SOX of t he  t a r g e t  p lane t ,  p r i n t  ou t  of 
c l o s e a t  apptoach data map occur; hwever ,  i n t e g r a t i o n  continues.  

The final u e t e  before s tar t ;% a nev i n t e g t a t i o n  increment determinee i f  
the maximum t r a j e c t o r y  tinre t haa been exceeded o r  a planet  has been Fm- P plcted. I f  theee teats u e  paeeed, a n w  i n t e g r a t i o n  cyc le  is i n i t i a t e d  
by -11- ESMT. 
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PURPOSE1 TO COWUTE THE COHPUTATXON OF THE ZERO I T E R A T E  :'ALUES OF 
TIM, POSIT  ION VECTOR, AND VELOCXTY VECTOR. 

C A U I N G  SEQUEHCEI CALL Z E R I T  

C O M O N  USE08 I Z E R O  LTARG 



ZERIT i r  the executive rubroutine handliny the compuUtion of the zero 
i t e r a t e  value8 of time, pos i t ion  vec tor ,  and ve loc i ty  vector .  

The f l ag  UERO control8 the operat ion of ZEBJT. I f  IZEBO = 0 ,  no zero 
i t e r a t e  canputation i s  needed and so Z E U T  i s  ex i t ed .  I f  LZERO < l o ,  the 
t a r o  i t e r a t e  i s  t o  be computed f o r  a  in te rp lane tary  t r a j ec to ry  so HELIO 
i s  ca l l ed  before returning.  I f  IZERO) 10, the zero i t e r a t e  i s  to  be 
computed for a luuar  t r a j e c t o r y  so UU i s  c a l l e d  fo r  t h a t  cumputation. 

ZEBIT P l w  Cbart 

-0 2 10 
EETlm Call L M  
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