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ABSTRACT 

A 
performed f 

guidance and naviga t ion  e r r o r  a n a l y s i s  has been 
r the Ap 110 l u n a r  landing mission. The purpose 

of the a n a l y s i s  was t o  provide a u n i f i e d  s tudy inc luding  al l .  
i n t e r a c t i o n s  between d i f f e r e n t  segments of  t h e  t r a j e c t o r y  and 
thereby t o  v e r i f y  t h a t  p resent  mission s t r a t e g y  i s  b a s i c a l l y  
c o n s i s t e n t  with f l i g h t  hardware performance c a p a b i l i t y . .  

Analyses were made f o r  t h e  nominal values  of the 
hardware e r r o r  sources  and a l s o  f o r  var ious  o f f  nominal cases .  
Ground based r ada r  naviga t ion  and on-board o p t i c a l  naviga t ion  
were each independent ly  evaluated.  

The n e t  performance c a p a b i l i t y  o f  t he  naviga t ion  and 
guidance system was found to be w e l l  w i th in  requirements f o r  
the nominal va lues  of the error sources .  Reasonable v a r i a t i o n s  of 
t h e  error models from t h e i r  nominal va lues  a l s o  r e s u l t e d  i n  per- 
formance which was judged t o  be  acceptab le .  



BELLCOMM, I N C .  

1.0 INTRODUCTION 

The purpose of  t h i s  r e p o r t  i s  to summarize and present  
s p e c i f i c  conclusions reached -from an  e r r o r  a n a l y s i s  s tudy  o f  the 
Apollo LOR Mission (TRW .Systems was a major c o n t r i b u t o r  i n  t h i s  
work). 
s tudy.  T h i s  r e p o r t  r ep resen t s  t h e  e a r l y  conclusions reached on 
t h e  major p o i n t s  o f  the  a n a l y s i s .  

A l a r g e  q u a n t i t y  of d e t a i l e d  da ta  was generated by the 

This  e r r o r  a n a l y s i s  considered the  pe r tu rba t ion  of 
the nominal pos i t i on ,  ve loc i ty ,  and f u e l  caused by var ious  e r r o r  
sources  assGciated with t h e  engines,  v e h i c l e  mass and the  
guidance and nav iga t ion  systems. Using l i n e a r  Monte Carlo 
techniques,  t hese  pe r tu rba t ions  were propagated through powered 
and coas t ing  f l i g h t  phases and examined a t  var ious  p o i n t s  along 
t h e  t r a j e c t o r y .  The pe r tu rba t ions  considered included a c t u a l  
dev ia t ions  from re fe rence  condi t ions  and u n c e r t a i n t i e s  i n  the 
e s t ima tes  of t h e  dev ia t ions  which resul ted from imperfect  
measurements ( e .g ,  nav iga t ion ) .  

Both CXM and LEM opera t ions  were considered i n  t h e  
s tudy which b a s i c a l l y  commbnced wi th  i n s e r t i o n  i n t o  e a r t h  
parking o r b i t  and t r aced  t h e  e n t i r e  mission to e a r t h  en t ry .  The 
study was conducted f o r  three s e l e c t e d  t r a j e c t o r i e s ,  each with 
d i f f e r e n t  c h a r a c t e r i s t i c s ,  and f o r  bo th  r ada r  and o p t i c a l  navi- 
g a t i o n  models taken sepa ra t e ly .  The r e fe rence  t r a j e c t o r i e s  a r e  
descr ibed  i n  r e fe rences  1, 2, and 3 and t h e  da ta  generated 
during t h e  s tudy i s  contained i n  t h e  54 volumes l i s t ed  under 
r e fe rences  8 and 9. 

A g los sa ry  of terms and phrases  used i n  d i scuss ing  
e r r o r  a n a l y s i s  i s  included. 

2.0 RESULTS OF THE LOR ERROR ANALYSIS 

The purpose o f  the a n a l y s i s  was to provide a u n i f i e d  
s tudy  of  t h e  propagation of e r r o r s  through a LOR mission to 
v e r i f y  t h a t  p resent  mission s t r a t e g y  i s  c o n s i s t e n t  with f l i g h t  
hardware performance. Table 1 and I1 g i v e  a few t y p i c a l  r e s u l t s  
of  the s tudy.  These r e s u l t s  i n d i c a t e  t h a t  t h e  accu rac i e s  
achieved, using the nominal e r r o r s ,  a r e  w i t h i n  t h e  desired CEP 
a t  Hover and the accep tab le  c o r r i d o r  a t  Entry.  More s p e c i f i c  
goals and the corresponding r e s u l t s  from t h e  s tudy  a r e  given i n  
the  fol lowing sub-sect ions.  

2 .1  Tra j ec to ry  Dependence 

An a d d i t i o n a l  purpose o f  the s tudy  was to estimate the 
e x t e n t  to which excess  f u e l  requirements (margins) and te rmina l  
e r r o r s  depend upon the p a r t i c u l a r  t r a j e c t o r y  chosen wi th in  the 
f ami ly  of a l l  p o s s i b l e  Apollo mission t r a j e c t o r i e s .  . 
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The s tudy  showed l i t t l e  t r a j e c t o r y  dependence and none 
which was judged t o  be  s i g n i f i c a n t .  A few of the  s p e c i f i c  r e s u l t s  
a r e  l i s t e d  below: 

1. Midcourse AV requirements and the  corresponding excess 
f u e l  were n e a r l y  independent of the t r a j ecbory  used. 

2. Actual p o s i t i o n  and v e l o c i t y  devia t ions  a t  p o i n t s  of 
i n t e r e s t  d i d  vary not iceably  from t r a j e c t o r y  t o  t r a -  
jectory b u t  appeared t o  be  a s t r o n g e r  func t ion  of the 
naviga t ion  model than  of the t r a j e c t o r y .  A s  an example, 
a f t e r  Lunar Deboost ( i n t o  l u n a r  parking o r b i t )  the 
a c t u a l  dev ia t ions  were l a r g e r  for a long f l i g h t  t i m e  
t r a j e c t o r y  t h a n  f o r  a sho r t  flight t i m e  t r a j e c t o r y  when 
using r a d a r  navigat ion.  However, the reverse  was true 
when the same po in t s  were compared fo r  the corresponding 
on-board o p t i c a l  navigat ion case.  

The ZEM Hover a l t i t u d e  and v e l o c i t y  dev ia t ions  a r e  
dominated by the landing r a d a r  performance and there- 
f o r e  a r e  q u i t e  t r a j e c t o r y  i n s e n s i t i v e .  

3. 

2.2 Navigation Dependence 

The r e l a t i v e  merits o f  on-board and ground based navi- 
ga t ion  were s tud ied .  The ground based r ada r s  were fqund t o  provide 
c l e a r l y  s u p e r i o r  performance although both naviga t ion  methods 
s tud ied  gave s a t i s f a c t o r y  performanee. 

2.2.1 Nominal NavigatLon Models 

The nominal ground based model cons is ted  of 14 t rack ing  
r ada r s  i nc lud ing  t h r e e  DSIF s t a t i o n s .  The nominal o p t i c a l  model 
used t h e  scanning te lescope  and s e x t a n t  a s  appropr i a t e .  Neither 
naviga t ion  model considered b i a s  e r r o r s .  

The s tudy  showed the r ada r  naviga t ion  system t o  b e  

All midcourse c o r r e c t i o n s  were s u b s t a n t i a l l y  l a r g e r  
for the o p t i c a l  case ,  

c l e a r l y  s u p e r i o r .  General f i nd ings  were t h a t :  

a )  

b )  The u n c e r t a i n t i e s  and a c t u a l  d e v i a t i o n s  from the 
r e fe rence  a t  a11  p o i n t s  dur ing  the  mission were sub- 
s t a n t i a l l y  g r e a t e r  for t he  o p t i c a l  case .  For example, 
the a c t u a l  dev ia t ions  a f t e r  Lunar Deboost were 15 times 
g r e a t e r ,  and a t  Entry the d e v i a t i o n s  were 250 t imes 
g r e a t e r .  

The posittion e r ro r?  (excluding a l t i t u d e )  a t  Hover 'were 
about t w i c e  a s  great  f o r  t h e ,  on-board naviga t ion  
system, though v e l o c i t y  dev ia t ions  were almost ident ica l .  
t o  those for the ground based case.  

e )  
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2.2 .2  Ground Based Radar Model Per turba t ions  

The ground based na.vigation system was per turbed i n  
a number of ways t o  s imula te  less accura t e  t r ack ing  modes f o r .  
CSM t r a n s l u n a r  and t r a n s e a r t h  opera t ion .  All parametric s t u d i e s  
of the ground based r a d a r  model r e s u l t e d  i n  performance accu rac i e s  
which were well  w i th in  t h e  spec i f ied l requi rements .  A comparison 
of the parametr ic  s tudy  cases  with the  nominal r ada r  case  i s  
given below. 

1. 

2.  

3. 

4. 

Decreasin t h e  number of s t a t i o n s  to seven and then' 
t o  t h r e e  785 foot d i s h )  USB s t a t i o n s ,  d i d  not  
s i g n i f i c a n t l y  i n c r e a s e  e i t h e r  f u e l  requirements or 
dev ia t ions .  

Disregarding t h e  range da ta  from t h e  USB r a3a r s  with 
85 foot dishes r e s u l t e d  i n  a pena l ty  o f  about 30% i n  
CSM excess  f u e l  and s l i g h t l y  increased  t h e  'devia t ions  
a f t e r  Lunar Deboost. The p o s i t i o n  dev ia t ions  a t  Entry 
doubled and t h e  v e l o c i t y  dev ia t ions  increased  by 50%. 

Inc reas ing  t h e  r ada r  e r r o r s  by f a c t o r s  of  5 and 10 
increased  t h e  CSM excess  f u e l  by 6% and 18% respec- 
t i v e l y .  P o s i t i o n  d e v i a t i o n s  a f t e r  Lunar Deboost 
increased  by  about 25% and' 65% r e spec t ive ly .  P o s i t i o n  
d e v i a t i o n s  a t  Entry increased  by f a c t o r s  04: s l i g h t l y  
greaker  t han  two and f o u r  r e spec t ive ly .  These r e s u l t s  
suggest t h a t  the i n c l u s i o n  of b i a s  errors  i n  the r ada r  
model would n o t  g r o s s l y  a f f e c t  the conclusions reached 
from the  nominal ca ses  s tud ied .  

One Radar case  was run wi th  no a p r i o r i  da ta  used, i . e . ,  
it was assumed t h a t  t h e r e  was no i n i t i a l  e s t ima te  of 
the t r a j e c t o r y  before  t r ack ing  commenced, and wi th  a 
maximum of twelve hours of  t r ack ing  p e r  phase, to 
eva lua te  t h e  s h o r t  t r a c k i n g  a r c  method o f  reducing the 
e f f e c t s  of  c e r t a i n  errors. This r e s u l t e d  i n  a small  
(10%) i n c r e a s e  i n  f u e l  requi red .  I n  gene ra l  dev ia t ions  
were not  a f f e c t e d  s e r i o u s l y  except t h e  dev ia t ions  a f t e r  
Lunar Deboost, which d i d  i n c r e a s e  s u b s t a n t i a l l y  due t o  
t h e  very s h o r t  t r ack ing  t i m e  (20 minutes) between the 
t h i r d  midcourse and t h e  l a s t  r a d a r  update p r i o r  t o  t h e  . 

Deboost maneuver. 

2.2.3 On-board Op t i ca l  Model Pe r tu rba t ions  

The e f f e c t  of i nc reas ing  the  sextant e r r o r s  was s tudied .  
Inc reas ing  t h e  e r r o r s  to 30 a r c  seconds a s  compared t o  t h e  nominal 
value o f  10 a r c  seconds, increased  the CSM excess f u e l  by 50%. 
Actual dev ia t ions  increased  by-a f a c t o r  of two a f t e r  Deboost and 
by  2 f a c t o r  of three a t  Entry.  These dev ia t ions ,  however, a r e  
still wi th in  t h e  acceptab le  limits. 
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2.3 Execution E r r o r s  

A number of parametric s t u d i e s  were performed t o  
examine t h e  performance during the  powered f l i g h t  segments. 
One o b j e c t i v e  was t o  d e t e c t  any gross imbalance i n  t h e  guidarice 
systems o r  s t r a t e g y .  No such imbalance was apparent .  Some of 
the  r e s u l t s  of  these s t u d i e s  a r e  l i s t e d  below. 

1. 

2 .  

3. 

4. 

The spacec ra f t  i n i t i a l  condi t ions  a r e  determined by 
t h e  launch veh ic l e  and t h e  requirements f o r  midcourse 
f u e l  a r e  a func t ion  o f  how w e l l  the launch veh ic l e  
performs. The e f f e c t s  of Translunar  I n j e c t i o n  e r r o r s  
were s tud ied  by mult iplying both t h e  a c t u a l  dev ia t ions  
and t h e  u n c e r t a i n t i e s  (more p r e c i s e l y  t h e i r  covariance 
ma t r i ces )  a f t e r  Translunar  I n j e c t i o n  by f a c t o r s  of' 2 
and 4. T h i s  caused both the  first and second tsanslunar. 
midcourses t o  i n c r e a s e  by 40% and 100% r e spec t ive ly .  
Deviations a f t e r  the second midcourse and on through 
the mission were not  s i g n i f i c a n t l y  a f f e c t e d .  

I n  some e a r l i e r  i n v e s t i g a t i o n s ,  t h e  c o r r e l a t i o n s  
be tween.cer ta in  s t a t e  component e r r o r s  have been ignored. 
A parametr ic  s tudy assuming the e r r o r s  a t  t h e  s t a r t  of 
Translunar  I n j e c t i o n  a r e  uncorrelated,  y ie lded  t r a n s -  
l u n a r  midcourse c o r r e c t i o n s  t h a t  were s u b s t a n t i a l l y  
l a r g e r  than  when the  c o r r e l a t i o n  of the e r r o r s  was taken 
i n t o  account.  The n e t  r e s u l t  was t o  i n c r e a s e  t h e  excess 
f u e l  requirements f o r  the mission by a f a c t o r  of about 

The fixed times of  the midcourse.correct ions were s e t  
based on previous a n a l y s i s  and c e r t a i n  ones a r e  poten- 
t i a l l y  s e n s i t i v e .  Varying t h e  t imes o f  t h e  first 
t r a n s l u n a r  and t h e  t h i r d  t r a n s e a r t h  midcourse c o r r e c t i o n s  
g e n e r a l l y  produced small changes. The most s i g n i f i c a n t  
change occurred when the t h i r d  t r a n s e a r t h  midcourse was 
moved t o  1/2 hour before  Entry i n  t h e  o p t i c a l  case .  
magnitude of t h e  midcourse c o r r e c t i o n  ( f u e l )  increased  
by a f a c t o r  of  5. P o s i t i o n  dev ia t ions  a t  Entry decreased 
by f a c t o r s  of  2 t o  2.5 except i n  the ou t  of  plane d i r e c t i o n .  

2.5.  

The 

The planned mode f o r  midcourse c o r r e c t i o n s  had been t o  
use t h e  main s e r v i c e  module engine followed by the RCS 
used a s  a v e r n i e r .  One of t h e  s t u d i e s  assumed no RGS 
t r i m  dur ing  t h e  midcourse c o r r e c t i o n s .  On the t r a n s l u n a r  
leg, the excess  f u e l  i nc rease6  by a f a c t o r  of 2.3 and 
the p o s i t i o n  components of t h e  a c t u a l  dev ia t ions  a f t e r  
Lunar Deboost were increased  by a f a c t o r  of 2. On the . 
t r a n s e a r t h  l e g  t h e  excess f u e l  increased  by a f a c t o r  Of 
11 and a l l  components of  the a c t u a l  d e v i a t i o n s  a t  e n t r y  
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increased  by a t  l e a s t  an o r d e r  of magnitude. The use 
of the  assumed fixed midcourse t imes i s  obviously not  
optimum, and the midcourse c o r r e c t i o n  schedule and/or 
philosophy should b e  modified i f  RCS t r i m  i s  not  used. 

2.4 C m  

I n  planning an  e r r o r  a n a l y s i s  cons ide ra t ion  of t h e  way 
l a t e r  phases of the t r a j e c t o r y  depend on t h e  e r r o r s  made i n  t h e  
e a r l i e r  phases i s  important .  One measure of t h i s  i s  t h e  degree 
of coupling or c o r r e l a t i o n  t h a t  e x i s t s  between e r r o r s  a t  one 
po in t  o f  the t r a j e c t o r y  and subsequent po in t s .  A formal s t a t i s -  
t i c a l  r e g r e s s i o n  a n a l y s i s  was performed a s  p a r t  of the s tudy  
t o  d e t e c t  such coupl ings with t h e  fol lowing resul ts .  

1. Errors a f t e r  Lunar Deboost were n o t  s t r o n g l y  cor re-  
l a t e d  w i t h  e r r o r s  a t  Translunar  I n j e c t i o n  due t o  t h e  
% s o l a t i n g  e f f e c t s  of  t h e  in te rmedia te  aim po in t  a t  
t he  moon's sphere o f  i n f luence .  This  aim po in t  i s  p a r t  
of  t h e  midcourse l o g i c  and one would expect an  e f f e c t i v e  
l o g i c  to provide t h i s  i s o l a t i o n  ( l a c k  of  c o r r e l a t i o n ) .  

2 .  Veloc i ty  dev ia t ions  a t  Entry were shown t o  be s t rong ly  
c o r r e l a t e d  wi th  v e l o c i t y  d e v i a t i o n s  a f t e r  Transear th  
I n j e c t i o n  ( f o r  r a d a r  cases  o n l y ) ,  bu t  uncorre la ted  
with e r r o r s  i n  l u n a r  parking o r b i t  s ince  t h e  s tudy  
simulated guidance r e t a r g e t i n g  p r i o r  t o  the  Transear th  
I n j e c t i o n  burn. 

The v e l o c i t y  errors a t  e n t r y  a r e  small and the re fo re  
t h e  coupling through t h e  t r a n s e a r t h  midcourse c o r r e c t i o n s  a r e  no t  
s e r i o u s .  This  coupling exis ts  because t h e  same aim po in t  i s  used 
f o r  a l l  t h r e e  midcourse co r rec t ions ,  un l ike  t h e  t r a n s l u n a r  case 
where a n  in te rmedia te  aim p o i n t  i s  used. 

Other c o r r e l a t i o n s  noted were: 

1. LEM d e v i a t i o n s  and excess f u e l  appeared to have some 
c o r r e l a t i o n  wi th  CSM e r r o r  3.n l u n a r  parking o r b i t .  
This  sugges ts  t h a t  t h e  CSM e r r o r s  a r e  r e t a i n e d  by the 
LEM and t h i s  seems reasonable  s i n c e  the  LEM does no 
naviga t ion  u n t i l  the  landing r a d a r  becomes a c t i v e .  

2. LEM dev ia t ions  a t  t h e  end of  the  rendezvous phase were 
s t r o n g l y  c o r r e l a t e d  wi th  the  CSM dev ia t ions  a s  expected. 

2.5 S t a t i s t i c s  

The puppose of  using a Monte Carlo approach was t o  allow 
t h e  i n t r o d u c t i o n  of  s e l e c t e d  Ron-gaussian pe r tu rba t ions  and non- 
l i n e a r  ope ra t ions  and t h e r e f o r e ,  allow non-Gaussian d i s t r i b u t i o n s  
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a s  end r e s u l t s .  However, based on simple tests, the end r e s u l t s  
appear t o  be Gaussian. It is st rongly suspected t h a t  the problem 
could be worked with acceptab le  accuracy without using the some- 
what t i m e  consuming Monte Carlo approach. 

3.0 COMME;NTS ON THE METHODS OF ANALYSIS 

I n  performing t h i s  l i n e a r  Monte Carlo e r r o r  a n a l y s i s  
s e v e r a l  important  observat ions,  a s  well- a s  a r e a s  of poss ib l e  
improvement, evolved. These a re  recorded here  without d i scuss ion .  

1. 

2 .  

3 .  

4. 

Xt is important t h a t  the c o r r e l a t i o n s  among e r r o r s  
r e s u l t i n g  from one phase be considered a s  i n p u t s  t o  
subsequent phases. 

Second o r d e r  e f f e c t s  were observed i n  obta in ing  both , 

t h e  f r e e  f l i g h t  and powered f l i g h t  t r a n s i t i o n  mat r ices .  
These second o r d e r  e f f e c t s  were neglected and some 
u n c e r t a i n t y  exis ts  a s  t o  how much they  a f f e c t  the r e s u l t s .  

The e f f e c t s  of' S-IVB vent ing  i n  Ea r th  Parking O r b i t  was 
ignored and should be evalua$ed. 

Bias  e r r o r s  i n  both  the  Ear th  based and. the on-board 
naviga t ion  models should be evaluated.  

4.0 co~;IcLusIoNs 
For the nominal e r r o r  models, t he  guidance and navigation 

systems' e r r o r  performance is well w i th in  requirements f o r  t h e  LOR 
mission. The guidance systems performance remains s a t i s f a c t o r y  
f o r  reasonable  v a r i a t i o n s  of t h e  e r r o r  models. 

The f u e l  margins required and the p o s i t i o n  and v e l o c i t y  
dev ia t ions  a r e  r e l a t i v e l y  i n s e n s i t i v e  to t r a j e c t o r y  v a r i a t i o n s  
(e.g.  , f r e e  r e t u r n s ,  non-free r e t u r n ,  f l i g h t  times, i n c l i n a t i o n s ) .  

which i s  c l e a r l y  s u p e r i o r  t o  the on-board o p t i c a l  system. Even 
with cons iderable  degradation, t h e  r a d a r  model still provides  
performance s u p e r i o r  t o  t ha t  of the on-board o p t i c a l  system, 

The ground based r a d a r  naviga t ion  pelrforms i n  a manner 

The cu r ren t ,  fixed t i m e  midcourse c o r r e c t i o n  schedule 
should be  modified i f  t h e  RCS i s  not  used to t r i m  t h e  Se rv ice  
Module midcourse c o r r e c t i o n  burns. Most probably a v a r i a b l e  time 
(adapt ive)  schedule w i l l  prove s u p e r i o r  .al though t h i s  was n o t  
s p e c i f i c a l l y  studied. 
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, The guidance scheme is e f f e c t i v e  in reducing corre-  
l a t i o n  of' errors between the segments of the t r a j e c t o r y  which 
a r e  separa ted  by powered flight phases. 
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6.0 GLOSSARY - Glossary of  terms a s  used i n  t h i s  study 

a c t u a l  d e v i a t i o n  the d i f fe rence '  between t h e  a c t u a l  
t r a j e c t o r y ,  (pos i t i on ,  v e l o c i t y  and 
weight) and t h e  re ference  t r a j e c t o r y  
a t .  a p a r t i c u l a r  time 

b i a s  e r r o r s  errors t h a t  have a constant  value 
f o r  an  e n t i r e  mission or some 
f r a c t i o n  of a mission 

c o r r e l a t i o n  mat r ix  a mat r ix  which expresses  t h e  r e l a -  
t i v e  dependence of each of n v a r i a b l e s  
on each of  t h e  o t h e r s  

coupling 

dev ia t ion  

e n t r y  

e s t ima te  

excess f u e l  

hover 

l i n e a r  Monte Carlo 
technique 

t h e  dependence of a devia t ion .  a t  one 
poin t  i n  t h e  mission on. t he  value of 
t h a t  dev ia t ion  a t  an e a r l i e r  point  
i n  t h e  mission 

t h e  d i f f e r e n c e  between two s t a t e  
vec to r s  compared a t  i d e n t i c a l  .times 

the event def ined by achieving an 
a l t i t u d e  of  400,000 f e e t  above the 
e a r t h ' s  su r f ace  on the  r e t u r n  leg of 
t h e  mission 

t h e  est imated value of t he  a c t u a l  
s t a t e  v e c t o r  dev ia t ion  a s  determined 
by any o f  t h e  navlga t ion  means ( see  
a c t u a l  dev ia t ions  and unce r t a in ty )  

t h e  f u e l  requi red  by the CSM o r  LEM 
i n  excess of nominal inc luding  a l l  
midcourse c o r r e c t i o n  f u e l  

the  condi t ion  achieved by t h e  LEN 
j u s t  p r i o r  t o  t h e  l u n a r  landing i n  
which a l l  h o r i z o n t a l  v e l o c i t y  
components with respect t o  t h e  landing 
s i t e  a r e  zero  but t h e  a l t i t u d e  i s  
not  zero 

a n  a n a l y s i s  method i n  which i n d i -  
v idua l  va lues  of  pe r tu rba t ions  from 
each o f  s e v e r a l  e r r o r  sources  a r e  
s e l e c t e d  from random d l s t r i b u t i o n s  
and propagated by ( l i n e a r )  p a r t i a l  
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. Lu-nar Deboost 

miss 

RCS t r i m  

s t a t e '  v e c t o r  

re  t a  r g e t i n g  

d e r i v a t i v e s  and i n  which s t a t i s t i c s  
of  r e s u l t i n g  e r r o r s  a r e  determined 
from the  processing of many s i m i l a r  
computational runs - 
the powered f l i g h t  segment t h a t  
i n s e r t s  the CSM and LEM i n t o  o r b i t  
around the  moon 

t h e  d e v i a t i o n  from the re ference  
t r a j e c t o r y  which would have occurred 
a t  some f u t u r e  time of i n t e p e s t  i f  
nothing were done to reduce i t  

small  v e r n i e r  adjustments to t he  
v e l o c i t y  vec to r  provided by the 
Reaction Control System i n  conjunct ion 
wi th  t he  main propulsion' system o r  
a lone  a s  requi red  

t h e  dimensions of a t r a j e c t o r y ,  i n  t h i s  
case,  inc luding  t h r e e  components of 
p o s i t i o n ,  t h r e e  components of v e l o c i t y  
and t h e  weight of the  veh ic l e  

t h e  e s t a b l i s h i n g  of a new reference  
aimpoint for the  guidance based on 
naviga t ion  es t imates  of  cu r ren t  o r  
f u t u r e  condi t ions  

t r a n s i t i o n  ma t r i c e s  mat r ices  which c o n s i s t  of the  p a r t i a l  
d e r i v a t i v e s  r e l a t i n g  dev ia t ions  a t  
one f ixed  time t o  dev ia t ions  a t  
another  f ixed  time and/or dev ia t ions  
of one kind to dev ia t ions  of another  
kirid 

unce r t a in ty  t h e  d i f f e r e n c e  between the es t imate  of  
t h e  veh ic l e  s t a t e  v e c t o r  and t h e  a c t u a l  
veh ic l e  s t a t e  vec tor  
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Volume 5 G  - STL 8408-6115-R8000, "CSM E r r o r  Analysis  f o r  
tI 

Volume 51, - STL 8408-6118-R8000, "CSM Er ro r  Analysis f o r  
Tra jec tory  4.5 Ground-Based Navigation, Midcoumse 
Correc t ions  Made Only With High T h r u s t  Engine," 
February 21, 1966. ( C )  

Volume 5E - STL 8408-6121-_58000, "CSM Error Analysis f o r  
T ra j ec to ry  4.5, On-board Navigation, Uncorrelated 
I n j e c t i o n  E r r o r s , "  February 21, 1966. ( C )  

Volume 5F - STL 8408-6124-R8000, "CSM Error Analysis  f o r  
T ra j ec to ry  4.5, Ground-Based Navigation, F i r s t  
Trans lunar  Midcourse Correc t ion  a t  10 Hours, 
February 21, 1966. ( C )  

Volume 5G - STL 8408-6127-E8000, "CSM E r r o r  Analysis  f o r  
T ra j ec to ry  4.5, On-board Navigation F i r s t  Trans- 
l u n a r  Midcourse Correct ion Made a t  l 5  Hours,. 
ThLrd Transear th  MiCGcourse Correct ion Made 2 Hours 
P r i o r  t o  Entry," February 21, 1966. ( C >  

Trajec tory  4.5, Ground-Based Navigation, 7 Stat ions , 

Measuring Range Rate and Range, Maximum Tracking 
Arc 12 Hours," February 21, 1966.. ( C )  

Volume 5J - STL 8408-6133-R8000, "CSM E r r o r  Analysis  for 
Tra jec to ry  4.5, On-board Navigation With T r i p l e d  
Sextan t  E r r o r s , "  February 21, 1966. ( C )  

II  

Volume 5H - STL 8408-6130-R8000, "CSM E r r o r  Analysis  f o r  

Volume 5R - STL 8408-6145-R8000, "CSM E r r o r  Analysis  for 
Tra jec to ry  4. fJR, Ground-Based Navigation Retarget ing 
After LEM Docking, TLI I n j e c t i o n  Covariances 
Doubled," February 25, 1%6. ( C )  

Volwne 5s - STL 8408-6148-R8000, "CSM Erro r  Anslysis  f o r  
T r a j e c t o r y  4.5s Ground-Based Navigation, Retargeting 
After LEM Docking, TLI I n j e c t i o n  Covariances 
Quadrupled, February 25, 1956. ( C )  I I  
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Volume 4.1 Graphs - 

Volume 5T - STL 8408-6151-R8000, "SM E r r o r  Analysis f o r  
Trajectory 4.5T Ground-Based Navigation With No 

Data," February 25,  1966. ( C )  

RTL 8408-61~4-Rt3000, "Curnula t i v e  D i s t r i -  
bution P l o t s  f o r  CSM E r r o r  Analysis f o r  Para- 
me t r i c  Study Tra j ec to ry  4.1," February  23, 
1966. ( C )  

Volume 4.4 Graphs - 

Volume 4.5 Graphs - 

STL 8408-6135-R8000, 'kumula t i v e  D i s t r i -  
but ion P l o t s  f o r  CSM E r r o r  Analysis f o r  
Parametric S tudy  Trajectory 4.4;" February 23, 
1966. ( C )  

STL 8408-6136-R8000, Cumulative D i s  tri- 
but ion P l o t s  f o r  CSM Er ro r  Analysis f o r  
Parametric Study Trajectory 4.5; 
1966. ( C )  

February 23, 


