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ABSTRACT 

The Office  of Manned Space F l i g h t  has requested 
BeIlcomm, Inc . ,  t o  perform a s tudy  which would e i t h e r :  

a )  v a l i d a t e  the proposed conf igura t ion  of the 
L E M  Guidance and Navigation System; o r  

b )  recommend changes t o  improve the configura-  
t i o n  i f  the  proposal is  not  va l ida t ed .  

The proposed conf igura t ion  uses the  MIT primary 
system with major components e s s e n t i a l l y  the  same a s  those 
planned f o r  the CM guidance system and an a b o r t  system w i t h  
a n  a t t i t u d e  re ference  and a p i t c h  programmer. 

As a r e s u l t  o f  the s tudy ,  i t  is recommended t h a t :  

a )  The MIT system be the primary LEM Guidance and 
Navigation Sys t e m .  

This recommendation does not include an 
endorsement of the  MIT computer. 
a r e  arguments f o r  using the  same guidance 
computer i n  the LEM and C M , )  

(There 

b )  T h e  c3nr’ i I - - - ra t ion  of the  p r imary  and apor t  
system be such a s  t o  permit adding backup 
c a p a b i l i t y  t o  the degree permissible  by 
o v e r a l l  LEM weight c o n s t r a i n t s .  

This recommendation recognizes  t h a t  
addit; ional s tudy  i s  required before  a 
complete LEM Guidance and Navigation System 
can be defined . 



LEM GUIijAP!CE fi..ND NATJIGATION VALJDATION STUDY * 

1.0 INTRODUCTION 

The Of f i ce  o f  Manned Space F l i g h t  has  
requested Bellcomn,, If c., t o  perform a Stiidy which 
w:,iild e i t h e r :  

a ) v a l i d a t e  t k l e  proposed c o n f i g u r a t i o n  of  
t h e  LEM Guidance and Navigat ion System; or 

b )  recommend r:hanses t o  improve the  configurn-  
t i o n  i f  t h e  proposal  i s  no t  va l ida t ed .  

A s  p r e s e n t l y  planned, the LEN Guidance and 
Navigat ion System c o n s i s t s  o f  a primary system and a n  
a b o r t  sys t em.  primary system provides  t h e  guidance 
func t ions  requi red  i n  a normal miss ion  p l u s  those  re-  
qu i red  i n  t h e  a b o r t  maneuvers should some o t h e r  s y s t e m  
f a i l .  The a b o r t  system i s  intended for crew s a f e t y  and 
would be used only  i f  t h e  primary system f a i l e d .  The 
a b o r t  system provides  t h e  guidance f u n c t i o n s  r equ i r ed  t o  
a t t a i n  a n  o r b i t  w i t h  a c l e a r  pe r i cyn th ion  when boos t ing  
from any p o i n t  a long  the  pohered descent  t r a j e c t o r y  
(down t o  hover)  and from t h e  l u n a r  s u r f a c e .  

The ASP0 Guidance and Control  Systems Of f i ce  of 
MSC has proposed a conf igu ra t ion  f o r  t h e  LEM Guidance and 
Navigat ion System. The conf igu ra t ion  uses  a s i n g l e  primary 

* This  r e p o r t  i s  a writLen record of a p r e s e n t a t i o n  
made b y  Bellcomn, I n c . ,  t o  a n  MSC meeting on t h e  LEM 
Guidance and Nav; . , t i o n  System on October 9, 1963. 
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system w i t h  major components e s s e n t i a l l y  the same a s  
those planned f o r  the  CM guida2ice system and an a b o r t  
system w i t h  an a t t i t u d e  re ference  and a p i t c h  programmer. 
It i s  t h i s  conf igura t ion  which Bellcomm has been asked 
t o  v a l i d a t e .  

The main t echn ica l  i s s u e  i s  centered about  the 
r e l i a b i l i t y  achievable  w i t h  the  proposed conf igu ra t ion .  
Under present  ground r u l e s ,  i f  e i t h e r  the  primary o r  
a b o r t  system f a i l s ,  the mission m u s t  be abor ted .  T h i s  
requirement t h a t  both systems be opera t ing  normally t o  
a t tempt  a l una r  landing p laces  s t r i n g e n t  demands on the  
r e l i a b i l i t y  of the  primary and the a b o r t  systems i n  o rder  
t o  achieve a high p r o b a b i l i t y  of m i s s i o n  success .  

2.0 BACKGROUND 
Current  LEM Guidance and Navigation development 

a c t i v i t i e s  on the primary system a r e  be ing  conducted by 
t h e  MIT Instrumentat ion Laboratory.  MIT p lans  t o  u s e  
major components such a s  the  t h r e e  gimbal platform and the  
computer a l r eady  under development f o r  the  CM guidance 
system i n  the LEM system. The major planning e f f o r t  f o r  
t he  a b o r t  guidance sys tem is  being c a r r i e d  o u t  a t  t he  
Grumman A i r c r a f t  Engineering Corporat ion ( G A E C )  . As 
y e t ,  no hardware is u n d e r  development f o r  t he  a b o r t  
system. There is ,  however, an RFP f o r  a f o u r  gimbal 
p la t form f o r  use i n  the a b o r t  system which has not y e t  
been r e l e a s e d .  

The computer i n  the  MIT system has been examined 
i n  d e t a i l  i n  an e a r l i e r  Bellcomm s t u d y .  Although t h i s  
s t u d y  evaluated t h e  use of t h e  MIT computer i n  the CM 
guidance system, the r e s u l t s  a r e  p e r t i n e n t  t o  t he  p re sen t  
s i t u a t i o n .  The recommendation of  the s t u d y  was t h a t  
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c o n s i d e r a t i s n  be given t o  r ep lac ing  t h e  MIT computer i n  
the  CM by the  computer being developed f o r  t he  Sa tu rn  I B  
and Sa tu rn  V v e h i c l e s .  This  l a t t e r  computer, which i s  
va r ious ly  c a l l e d  the  Sa turn  TMR ( T r i p l e  Modular Redun- 
dancy) computer or the  IBM-TMR computer, i s  being developed 
by IBM under t h e  d i r e c t i o n  o f  MSFC. 

It  i s  claimed t h a t  s t a t e - o f - t h e - a r t  advances 
i n  t h e  i n e r t i a l  hardware f i e l d  w i l l  permit  a system t o  
be b u i l t  which i s  f u n c t i o n a l l y  equ iva len t  t o  t h e  MIT 
primary system wi th  a s i g n i f i c a n t  sav ing  i n  weight. The 
s ta tement  i s  made t h a t  two pr imary systems which use  t h e  
newly developed equipment would weigh no more than  t h e  
MIT system. Two primary systems p rope r ly  connected would 
g r e a t l y  improve t h e  system r e l i a b i l i t y .  Furthermore, t h e  
new l igh tweight  systems considered use  f o u r  gimbal p l a t -  
forms and the re fo re ,  remove t h e  a t t i t u d e  r e s t r i c t i o n s  
now p resen t  with t h e  MIT system. 

3.0 STUDY GROUND RULES 
The gbound r u l e s  f o r  t h e  s tudy  a r e  taken  from 

t h e  Apollo System Spec i f i ca t ion .  These ground r u l e s  
i d e n t i f y ,  among o t h e r  items, t h e  requirement f o r  a n  
a b o r t  system and the  des ign  g o a l  o f  provid ing  a backup 
c a p a b i l i t y  so  t h a t  t he  system may surv ive  a s i n g l e  
f a i l u r e  without n e c e s s i t a t i n g  a b o r t .  

Following a r e  s ta tements  taken  from t h e  Apollo 
System S p e c i f i c a t i o n  which a r e  p e r t i n e n t  t o  the  LEM G&N 
s tudy .  

2 . 2  Sj-stem Design Pol icy  
2 . 2 . 2  Where the  na tu re  o f  any element 
o f  t h e  system i s  such t h a t  i t s  r e l i a b i l i t y  

cannot be assessed  with t h e  proper  confidence,  
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then  t h e  design of t h e  s y s t e m  s h a l l  be such 
t h a t  a f a i l u r e  o f  t h e  element,  a s  a goa l ,  
s h a l l  no t  cause l o s s  o f  any crew member. 

2.2.3. . . . . . .where r e l i a b i l i t y  demonstrat ion 
i s  i m p r a c t i c a l . .  . . . . t h e  system s h a l l  

b e  designed t o  i n c l u d e  back-up o r  a l t e r n a t e  
modes of  ope ra t ion  wherever poss ib l e ,  r a t h e r  
t han  p l ace  s o l e  r e l i a n c e  on simple p a r a l l e l  
redundancy o f  elements whose r e l i a b i l i t y  cannot 
be  demonstrated. The n e t  r e s u l t  s h a l l  b e ,  a s  
a goa l ,  t o  prec lude  any s i n g l e  component f a i l u r e  
from n e c e s s i t a t i n g  a b o r t  o r  s e r i o u s l y  degrading 
the  p r o b a b i l i t y  of s u c c e s s f u l  a b o r t  i n  the  event  
of a second component f a i l u r e  i n  the  same a r e a .  

2.2.4 I f  t h e  preceding r e l i a b i l i t y  p rov i s ions  

and/or p a r t s  replacement s h a l l  be provided,  
where p r a c t i c a b l e .  

cannot be  m e t ,  t hen  i n - f l i g h t  maintenance 

2 .2 .5  I n  those  a r e a s  where requirements (pe r -  
formance, r e l i a b i l i t y ,  e t c . )  can b e  met 

by t h e  e x i s t i n g  s t a t e - o f - t h e - a r t ,  the  des ign  of  
t h e  system s h a l l  no t  b e  made dependent on the  
development o f  new components o r  t echniques .  
Where a new development i s  r equ i r ed  t o  accomplish 
des ign  of t he  system, and i s  considered t o  i n -  
volve high r i s k ,  .... steps s h a l l  be taken t o  
i n s u r e  a s u i t a b l e  back-up c a p a b i l i t y  i n  t he  event  
t h e  new development e f f o r t  i s  unsuccessfu l .  

2 .2 .6  'l'he des ign  of  a l l  f l i g h t  equipment s h a l l  b e  
such a s  t o  accommodate the  va r ious  f l i g h t  
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t e s t s  and veh ic l e  c o n f i g u r a t i o n s  which a r e  
planned w i t h  minimum v a r i a t i o n  o f  t he  equipment 
from f l i g h t  t e s t  t o  f l i g h t  t es t  and f l i g h t  

t e s t  t o  luna r  mission.  

4 . 4  Navigat ion,  Guidance and Cont ro l  
4.4.3.17 The des ign  o f  the  guidance and c o n t r o l  

sys t em f o r  t h e  LEM s h a l l  be such t h a t  
i t  i s  p o s s i b l e  t o  a b o r t  t h e  miss ion  a t  any po in t  
i n  t h e  descent  o f  the  LEM and r e t u r n  t h e  LEM t o  
l u n a r  o r b i t  f o r  rescue .  

4.4.3.18 An a l t e r n a t e ,  s imple and se l f - con ta ined  
means o f  LEM guidance s h a l l  b e  provided 

i n  event  of f a i l u r e  of  the LEM primary guidance 
system a t  any t i m e  subsequent t o  landing .  T h i s  
s h a l l  no t  preclude t h e  use o f  a CM-LEM launch 
s i g n a l  command o r  CM-LEM vo ice  links. 

4.4.3.19 A s  a des ign  o b j e c t i v e ,  t he  mechaniza- 

such t h a t  the CM can s i g n a l  t h e  time o f  launch 
t o  t h e  LEN and subsequent ly  range and t r a c k  the  
LEM f o r  t he  purpose of  r e l a t i v e  CM-LEM p o s i t i o n  
de te rmina t ion  and a s  a n  a i d  t o  rendezvous. 

t i o n  o f  the CM and t h e  LEM s h a l l  b e  

4 .0  RELIABIWTY ARGUMENTS 

4 . 1  I n t r o d u c t i o n  
The proposed c o n f i g u r a t i o n  based on t h e  MIT 

primary system and t h e  GAEC a b o r t  system i s  a s  fo l lows  
(major components o n l y ) :  



Gimbal Platform 
Platform E l e c t r o n i c s  7 ----- Same as on CM 

---- ) Computer Primary 
System 

J 

Two-position Three Beam 
Doppler Landing Radar 

Rendezvous Radar3  ----- Same a s  on SM 

(Four Gimba 1 P l a t  f o m  
Platform E l e c t r o n i c s  Abort ----- 

System 
e l t c h  Programmer 

G A E C ' s  p l ans  f o r  t h e  abor t  system a r e  s t i l l  i n  t he  fonna- 
t i v e  s t a g e .  For example, t hey  have i n d i c a t e d  a poss ib le  
need f o r  three body-mounted acce lerometers  t o  implement 
t h e i r  p r e s e n t  guidance scheme. 

This s e c t i o n  of  the r e p o r t  cons ide r s  the main 
i s s u e  o f  t h e  s tudy:  - the r e l i a b i l i t y  of the proposed 
c o n f i g u r a t i o n  and the  changes, i f  any, needed t o  i n c r e a s e  
i t s  r e l i a b i l i t y .  The approach used is t o  d i s c u s s  first 
a r e l i a b i l i t y  model fo r  t he  proposed c o n f i g u r a t i o n s .  
Next, with t h i s  model a s  a background, va r ious  conf'lgur- 
a t i o n s  a r e  examined w i t h  a view toward t h e i r  poss ib le  
r e l i a b i l i t y  advantages.  

T h i s  approach i s  used r a t h e r  t han  a numerical  
a n a l y s i s  because lacking  f i rmiy  z s t a b i i s h e d  f a i l u r e  r a t e s  
i t  i s  imposs ib le  t o  prove t h a t  a system can o r  cannot 
meet a r e l i a b i l i t y  apportiorupent. 

4 .2  R e l i a b i l i t y  Model 
From the previous ly  st- ted ground r u l e s  the 

fol lowing s ta tement  can be  der ived:  "To cont inue  t h e  
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mission a f t e r  a s i n g l e  f a i l u r e  i n  the G&N system, the  
system must be a b l e  t o  surv ive  a second f a i l u r e  and 
s t i l l  have t h e  c a p a b i l i t y  of  a b o r t i n g  the mission."  
This ground r u l e  can be app l i ed  t o  the proposed con- 
f i g u r a t i o n  t o  e s t a b l i s h  a r e l i a b i l i t y  model. 

I n  t he  proposed conf igura t ion ,  the pr imary 
system has the c a p a b i l i t y  of guiding both descent  and 
a s c e n t  maneuvers; the  a b o r t  system on ly  on a s c e n t  
maneuver. For crew s a f e t y ,  both systems must be  func- 
t i o n i n g  p rope r ly  dur ing  the LEM descent  t o  the l u n a r  
su r face .  Therefore, the  primary and a b o r t  systems 
a r e  " i n  series" f r o m  a r e l i a b i l i t y  o r  mission success  
p o i n t  of view dur ing  the  descent  phase.  Since dur ing  
a scen t  both systems a r e  capable  of  supplying the 
guidance func t ion ,  they a r e  I t in  p a r a l l e l "  from a mission 
success  p o i n t  of  view. This  r e l i a b i l i t y  model i s  i l l u s -  
t r a t e d  i n  Figure 1. It is evident  from t h e  model t h a t  
the descent  phase where a l l  e lements  a re  i n  series limits 
the LEM r e l i a b i l i t y .  To i n c r e a s e  the r e l i a b i l i t y  i t  i s  
necessary t o  p a r a l l e l  some o r  a l l  of the series elements 
i n  the descent  model. 

The f a i l u r e  r a t e s ,  ( A ' s  i n  Figure l), a s s o c i a t e d  
with the va r ious  elements i n  the r e l i a b i l i t y  model a r e  not  
f i r m l y  e s t a b l i s h e d .  There has  been some a n a l y s i s ,  however, 
which i n d i c a t e s  t h a t  the  A ' S  do no t  d i f f e r  one from ano the r  
by any l a r g e  amount. Bas ica l ly ,  t he re fo re ,  the  o v e r a l l  
r e l i a b i l i t y  i s  not  g r e a t l y  increased  by making any single 
element redundant.  

4 . 3  Configurat ion Modif icat ions 
Various conf igura t ions  a r e  examined now with a 

view toward t h e i r  r e l i a b i l i t y  advantages.  A r e l i a b i l i t y  
model i s  not  presented w i t h  each conf igu ra t ion .  The 

0' 
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d i s c u s s i o n  o f  t h e  e f f ec t s  of f a i l u r e s  on the  c a p a b i l i t y  
of  a conf igu ra t ion ,  however, does imply t h e  use o f  a re- 
l i a b i l i t y  model der ived  from t h e  ground r u l e  s t a t e d  i n  
the  previous  s e c t i o n .  

The conf igu ra t ions  d i scussed  a r e  i l l u s t r a t e d  
w i t h  simple block diagrams i n d i c a t i n g  major components 
on ly .  Readers f a m i l i a r  wi th  Apollo guidance p l ans  o r  
i n e r t i a l  guidance systems i n  g e n e r a l  should have l i t t l e  
d i f f i c u l t y  v i s u a l i z i n g  t h e  complete system. Furthermore, 
the i n t e n t  i s  t o  evolve new c o n f i g u r a t i o n s  from the  pro- 
posed c o n f i g u r a t i o n  r a t h e r  t han  s t r i v e  f o r  completeness 
by i n d i c a t i n g  a l l  poss ib l e  combinations o f  elements.  

Figure 2 shows the  proposed LEM G&N configura-  
t i o n  t o g e t h e r  with t h e  "first  m o d i f i c a t i o n , "  The "first  
modi f ica t ion"  uses  t h e  TMR Computer o r  two MIT Computers 
( a c t i v e  s p a r e s ) .  Both c o n f i g u r a t i o n s  can su rv ive  a s i n g l e  
computer f a i l u r e  without a b o r t i n g .  With the  TMR computer, 
o r  two MIT computers with some type o f  automatic swi tch ing ,  
the "first modif icat ion" can su rv ive  a computer f a i l u r e  
du r ing  powered f l i g h t .  With " i n a c t i v e  spares" ,  a s  i n  t he  
proposed system, the  conf igu ra t ion  can su rv ive  a f a i l u r e  
only dur ing  a per iod  when r e p a i r  i s  p o s s i b l e .  

Both of  the conf igu ra t ions  i n  Figure 2 snow a 
minia ture  p la t form used a s  an  a t t i t u d e  r e fe rence .  When 
two computers a r e  used, a s  i n  t h e  "first modi f ica t ion" ,  
i t  i s  a s imple  and n a t u r a l  change t o  t i e  t h e  p la t form 
t o  one of  t h e  computers, use the  Information from the  
acce lerometers  on the platform,  and use t h e  p la t form and 
acce lerometers  a s  an IMU. Figure 3 i l l u s t r a t e s  t h i s  
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"second modif icat ion" which is a genera l ized  conf igura- 
t i o n  t h a t  resu l t s  when the a t t i t u d e  r e fe rence  i s  changed 
t o  an IMU, connected t o  one of the computers, and the  
p i t c h  programmer I s  e l imina ted .  

The "second modif icat ion" r e p r e s e n t s  two com- 
plete G&N systems, both wi th  the  a b i l i t y  t o  land on the  
moon a s  wel l  a s  ascend. As the  conf igura t ion  s t ands ,  a 
s i n g l e  f a i l u r e  r e q u i r e s  an a b o r t .  The u t i l i t y  of the  con- 
f i g u r a t i o n  can be improved, however, i f  an a s t ronau t -  
con t ro l l ed  a b o r t  scheme (suggested by FCOD) proves feasible .  

The suggested a b o r t  scheme r e q u i r e s  the  a s t r o n a u t  
t o  execute the  a scen t  maneuver, which is  a simple p i t c h  
program, and  i n s e r t  t he  LEM i n t o  l u n a r  o r b i t ,  u s i n g  only 
the a t t i t u d e  c o n t r o l  s t i c k  and the  " e i g h t  b a l l "  a t t i t u d e  
i n d i c a t o r .  After o r b i t  i n s e r t i o n ,  the a s t r o n a u t  c i r c u l a r i z e s  
the  o r b i t  u s i n g  information generated by the  l a n d i n g  radar .*  

If the aforementioned a b o r t  scheme is f e a s i b l e ,  
the conf igura t ion  i n  Figure 3 can s u r v i v e  s e v e r a l  f a i l u r e s  
and  continue the  m i s s i o n .  S p e c i f i c a l l y ,  i t  can withstand 
the f a i l u r e  of a computer o r  the  f a i l u r e  of the accelerometers  
a s soc ia t ed  wi th  one of the IMUts. 
d e f e c t i v e  accelerometers  can s t i l l  func t ion  a s  an a t t i t u d e  
r e fe rence  . 

The p la t form wi th  the 

Two plans f o r  implementing the conf igu ra t ion  i n  
Figure 3 are shown i n  Figure 4. 
min ia ture  platforms of the type suggested f o r  t he  a t t i t u d e  
re ference  i n  the  proposed conf igura t ion ,  and two computers, 

* Moving the  landing r ada r  f rom the d e s c e n t  s t age  t o  the 

One plan would use two 

---------_------ 
ascen t  s t a g e  a s  required f o r  t h i s  scheme would inc rease  
the  LEM sepa ra t ion  weight between 100 and 200 pounds, 
(GAEC e s t i m a t e ) .  
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(perhaps two MIT computers).  
MIT p la t form and a strapped-down system w i t h  the  TMR 
computer ( o r  two MIT computers).  

The other  p l a n  uses  the 

The strapped-down system c o n s i s t s  o f  a s e t  of  
three gyros arranged w i t h  axes  or thogonal ,  and mounted t o  
the  body o f  the  s p a c e c r a f t ,  and a s i m i l a r  s e t  o f  th ree  
acce lerometers .  The e l e c t r o n i c s  a s s o c i a t e d  w i t h  t he  
i n e r t i a l  ins t ruments  c o n s i s t s  o f  pu l se  torque reba lanc ing  
c i r c u i t s ,  coord ina te  conve r t e r s ,  and means o f  d r i v i n g  
the  FDA1 ( e i g h t  b a l l ) .  With t h e  p re sen t  s t a t e - o f - t h e -  
a r t ,  the  s t r apped  down system i s  less  accu ra t e  than  a 
p la t form,  b u t  on the  o t h e r  hand, r e p r e s e n t s  less mechanical 
complexity. 

Although the f u n c t i o n a l  c a p a b i l i t y  of each of 
the  conf igu ra t ions  i n  Figure 4 i s  t h e  same, t h e i r  re- 
l i a b i l i t y  may well be  d i f f e r e n t .  The s t rapped  down system 
g i v e s  promise o f  g rea t e r  r e l i a b i l i t y  than a p l a t fo rm 
because of i t s  s i m p l i c l t y ,  When comparing p la t forms ,  t he  
MIT p la t form though heav ie r  than  t h e  minia ture  p la t form,  
could well be more r e l i a b l e .  The MIT p la t form was designed 
with t h e  r e l i a b i l i t y  requirements of  t h e  Apollo mission a s  
a g o a l  r a t h e r  than  a t tempt ing  t o  achieve  minimum weight, 

Thus f a r  i n  evolving a conf igu ra t ion ,  ve ry  
l i t t l e  has been gained i n  c a p a b i l i t y  when measured a g a i n s t  
the  added weight and complexity. The choice seems t o  be  t o  
add more redundant elements t o  achieve  g r e a t e r  c a p a b i l i t y  
o r  r e t u r n  t o  a minimum element type of  c o n f i g u r a t i o n  much 
l i k e  the proposed system. Such a choice i s  i l l u s t r a t e d  i n  
Figure 5. 
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The conf igu ra t ion  i n  F igure  5, l abe led  "primary 
abor t " ,  d i f f e r s  from the proposed conf igu ra t ion  o n l y  i n  
t h e  use o f  a s t rapped  down system f o r  t he  a b o r t  a t t i t u d e  
r e fe rence  and the  impl i ca t ion  o f  few, i f  any, computer 
spa res .  The ga in ,  If any, i n  r e l i a b i l i t y  o f  t h i s  a r range-  
ment a s  compared t o  t h e  proposed system depends on the  
s t rapped  down a t t i t u d e  r e fe rence  being more r e l i a b l e  than  
the  minia ture  p la t form.  

The conf igu ra t ion  i n  F igure  5, l abe led  "primary 
backup abor t " ,  i n d i c a t e s  f u l l  use  o f  redundancy i n  t h e  
i n e r t i a l  components and the  computing func t ion .  For  
i n e r t i a l  measurements t h e r e  i s  t h e  MIT p la t form a s  w e l l  
a s  two s t rapped  down systems connected i n  a redundant mode. 
For the  computing func t ion  t h e r e  i s  a TMR computer ( o r  two 
MIT computers) and a p i t c h  programmer. Assume a swi tch ing  
network t h a t  can connect any o f  t h e  i n e r t i a l  packages t o  
t h e  computer o r  p i t c h  programmer. Then the computer w i t h  

any o f  the t h r e e  sets  o f  i n e r t i a l  ins t ruments  can perform t h e  
landing  maneuver o r  t he  a scen t  maneuver, ( t h e  l u n a r  landing  
a l s o  r e q u i r e s  the  landing  r a d a r ) .  When the  p i t c h  programmer 
i s  used w i t h  t h e  i n e r t i a l  ins t ruments  on ly  a n  a scen t  t o  
l u n a r  o r b i t  i s  p o s s i b l e .  Thus, w i t h  the ' 'primary backup 
abor t "  conf igura t ion ,  the mission can b e  cont inued w i t h  

f a i l u r e s  i n  both  the  computing equipment a r d  the  i n e r t i a l  
packages. 

S ince  t h e  luna r  landing  r ada r  i s  e s s e n t i a l  t o  
t he  landing  maneuver, i t  a l s o  should b e  backed up by 
ano the r  equipment t o  make the system f u l l y  redundant .  
Whether t h e  landing  r ada r  func t ion  can be adequate ly  
backed up by t h e  rendezvous r a d a r  or whether i t  i t s e l f  
can convenient ly  b e  made redundant,  i s  a s  y e t  a n  unresolved 



ques t ion .  It is  evident  t h a t  t h e  r e l i a b i l i t y  arguments 
suppor t ing  t h e  conf igu ra t ion  a r e  s e r i o u s l y  weakened by 
by a l ack  of redundancy in t he  landing r a d a r  func t ion .  

I n  summary, var ious conf igu ra t ions  have been 
examined from a r e l i a b i l i t y  viewpoint.  From the work 
completed t o  d a t e ,  t he  choice appears  t o  be between a 
simple primary a b o r t  conf igu ra t ion  and a much more 
e l a b o r a t e  conf igu ra t ion  f e a t u r i n g  redundancy i n  the  major 
components. The l ack  of a l o g i c a l  choice between these  
extremes stems p a r t l y  from the  f a c t  t h a t  t h e  major com- 
ponents  have n e a r l y  t h e  same r e l i a b i l i t y ,  and s i n c e  many 
components a r e  requi red ,  making any s i n g l e  component 
redundant does not i nc rease  the o v e r a l l  r e l i a b i l i t y  
s i g n 1  f i c a  n t  l y  . 

5.0 WEIGHT ARGUMENTS 

5.1 In t roduc t ion  
The weight of the LEM Guidance and Navigation 

system is of p a r t i c u l a r  importance because of  i t s  c o n t r i -  
bu t ion  t o  the  t o t a l  LEN weight. Since the guidance system 
I s  loca ted  i n  the a scen t  s tage,  each pound added t o  the 
guidance system weight r e q u i r e s  a d d i t i o n a l  p r o p e l l a n t s  i n  
a scen t  and descent  s t age  tanks. Each pound added  t o  the  
a scen t  s t a g e  inc reases  the LEM sepa ra t ion  weight by a 
f a c t o r  of between 4.5 and 6.4. The lower f i g u r e  is  used  
i f  the tanks a r e  des igned  and  the change is i n  p r o p e l l a n t  
loading only.  The upper f i g u r e  i s  used f o r  s t a g e  d e s i g n  
purposes when increased p r o p e l l a n t  loading  r e q u i r e s  
a d d i t i o n a l  s t r u c t u r e  and tankage. 

Two p o i n t s  a r e  covered i n  t h i s  s e c t i o n .  The 
f i r s t  is a comparison of the  weight of t he  MIT platform 
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w i t h  a t y p i c a l  miniature  p la t fc rm.  The second is  an e s t ima te  
of the  weight d i f f e rence  between the  pr imary-abort  and the 
primary-backup-abort conf igura t ions  shown i n  Figure 5. 

5.2 Platform Weight Comparison 
Much has been sa id  i n  r e c e n t  months about  

minia ture  platforms w i t h  the  same performance and r e l i a b i l i t y  
a s  t he  MIT platform,  b u t  h a l f  the weight.  A s  p a r t  o f  t h i s  
s t u d y ,  min ia ture  p la t forms  under development by s e v e r a l  
manufacturers  have been inves t iga t ed  and compared with the  
MIT platform.  

A b lock diagram of  the  MIT p la t form and a t y p i c a l  
min ia ture  p la t form toge ther  w i t h  t h e i r  a s soc ia t ed  e l e c t r o n i c s  
and the  manner i n  which they a r e  connected i n  a guidance 
system i s  shown i n  Figure 6. The number bes ide  a block 
i n  the  diagram i n d i c a t e s  t he  component weight.  

Notice f i r s t  t h a t  p a r t  o f  the func t ion  performed 
by the C D U l s  (Coupling Display U n i t )  i n  the MIT arrangement 
i s  performed by the computer i n  the l i gh twe igh t  system. 
Having C D U l s  does provide a convenient  means f o r  the  a s t r o -  
naut t o  s e t  t h e  LEM a t t i t u d e  manually. If the  C D U I s  a r e  a 
requirement they should appear  i n  both systems. 
i n  a weight comparison, the MIT system should n o t  be 
penal ized f o r  t he i r  presence.  

Sure ly  

C m s i d e r  n e x t  t h e  pla t fe rn ,  e l e c t r z n i c s .  KIT ~ s e s  

d i s c r e t e  components and provides  generous hea t  s i n k s  where 
requi red .  Competing l igh tweight  systems employ micro- 
e l e c t r o n i c s  and thereby e f f e c t  a weight saving.  It  is 
not obvious t h a t  i n  the e l e c t r o n i c  c i r c u i t s  assoc ia ted  with 
s t a b l e  platforms t h a t  micro-e lec t ronic  c i r c u i t s  a r e  the 
b e s t  choice f rom a r e l i a b i l i t y  p o i n t  of view a t  t h e i r  
p re sen t  s t a t e  of  development. 



- -14- 

I 

The weight s i t u a t i o n  t h e r e f o r e ,  with regard t o  
the  CDUls and p la t form e l e c t r o n i c s ,  i s  tha t  the weight 
d i f f e r e n c e s  a r i s e  because of differences i n  d e s i g n  ground 
ru l e s .  The c i r c u i t  diagrams used f o r  both systems a r e  
very much a l i k e  and do n o t  lead t o  a weight advantage of 
one system o v e r  the o ther .  I f  i t  is imperat ive t o  save 
weight, the MIT platform e l e c t r o n i c s  could probably be 
redesigned u s i n g  micro-e lec t ronics  b u t  t h i s  may lead t o  
l e s s  r e l i a b i l i t y  i n  these c i r c u i t s ,  

The weight d i f f e rence  between the MIT p la t form 
and a t y p i c a l  min ia ture  platform i s  judged t o  be about  23 
pounds. The weight of a s t a b l e  p la t form is governed mainly 
by; ( a )  the  s ize  of t he  gyros and accelerometero,  (I-) 
the s i z e  of t h e  gimbal angle p ick-of fs  and  to rque r s  
on the  gimbal axes ,  ( c )  the s i z e  and number of gimbals,  
and ( d )  the environment f o r  which the p la t form has been 
designed . 

The MIT design i s  greater i n  weight mainly 
because of the  l a r g e r  i n e r t i a l  instruments and the 
ruggedness  of t he  mechanical design.  No firm evidence 
has been established i n  t h i s  s tudy  t o  j u s t i f y  MITfe 
heav ie r  d e s i g n ;  on the other hand, it is the only d e s i g n  
tha t  has been executed with Apollo requirements as a 
goa l  

Summarizing the weight d i scuss ion  thus  f a r ,  if 
the same d e s i g n  ground rules a r e  app l i ed ,  p a r t i c u l a r l y  
with regard t o  the e l e c t r o n i c s ,  the  weight d i f f e r e n c e  
between the  MIT i n e r t i a l  u n i t  and competing l igh tweight  
systems may be i n  the neighborhood of 23 pounds. 
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I n  Figure 7,  t h e  primary a b o r t  and primary backup 
a b o r t  conf igura t ionsus ing  the  equipment suggested i n  Figure 5 
i r e  compared on the b a s i s  of weight.  The number a d i a c e n t  
t o  a block i n  the diagram i n d i c a t e s  the weight e s t ima te  of 
the  equipment represented .  Notice t h a t  the redundant s t rapped 
down IMU i s  l e s s  than twice the  weight of a s i n g l e  u n i t .  
Weight saving i n  mounting and packaging the redundant u n i t  
make t h i s  poss ib l e .  Weight e s t ima tes  f o r  cab l ing ,  d i s p l a y s  
and cont ro ls ,  cool ing,  e t c .  , and equipment common t o  both 
systems (e .g . ,  o p t i c s )  a r e  n o t  included i n  the  t o t a l  
weight numbers. 

The estimated weight d i f f e r e n c e  i n  the  configura-  
t i o n s  i s  83 pounds. This  d i f f e r e n c e  i s ,  of course,  only 
an approximation. No spa res  a r e  counted i n  the weight of 
t he  primary a b o r t  conf igura t ion ;  and the  weight for the  
a d d i t i o n a l  cab l ing ,  d i sp l ays  a n d  c o n t r o l s ,  cool ing  equip- 
ment, e t c . ,  requi red  i n  the  primary backup a b o r t  configura-  
t i o n  i s  not  considered. With the 83 pound f i g u r e  a s  t he  
weight required t o  a d d  the  backup c a p a b i l i t y  and a LEM 
weight growth f a c t o r  of 4.5, the increase  i n  LEM sepa ra t ion  
weight i s  373 pounds .  T h i s ,  t h e r e f o r e ,  i s  an " in- the-  
neighborhood" es t imate  of the  weight pena l ty  paid i n  going 
f rom a primary a b o r t  t o  a primary backup a b o r t  conf igu ra t ion .  

6.0 SUMMARY AND CONCLUSIONS 

mL. m a i r ,  poir , ts ,  ir, s i ~ ~ m a r y ,  a re :  

( a )  The Apol lo  System S p e c i f i c a t i o n  g ives  the  
requirement f o r  an a b o r t  system and t h e  
design goa l  of  p r o v i d i n g  a backup c a p a b i l i t y  
s o  t h a t  the  system may surv ive  a s i n g l e  
f a i l u r e  w i t h o u t  n e c e s s i t a t i n g  a b o r t .  
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Various conf igu ra t ions  have been examined 
from a r e l i a b i l i t y  viewpoint.  From the  
work completed t o  d a t e ,  the choice appears 
t o  be between a simple pr imary-abort  con- 
f i g u r a t i o n  and a much more e l a b o r a t e  
conf igura t ion  f e a t u r i n g  redundancy i n  the 
maJor components. 

If the same d e s i g n  ground r u l e s  a r e  app l i ed ,  
p a r t i c u l a r l y  w i t h  regard t o  the  use  of 
micro-e lec t ronics ,  the weight d i f f e r e n c e  
between the  MIT d e s i g n  a n d  competing 
l igh tweight  i n e r t i a l  u n i t s  may be i n  the 
neighborhood of 23 pounds. 

The weight pena l ty  f o r  modifying the  con- 
f i g u r a t i o n  by adding backup c a p a b i l i t y  i n  
both the i n e r t i a l  measurement devices  and 
the computing func t ion  is i n  the neighbor- 
hood of 83 pounds which would  increase  the 
LEM sepa ra t ion  weight by 373 pounds. 

firm conclusions t h a t  can be drawn f rom the 
s tudy  work completed a t  t h i s  time are: 

( a )  The minia ture  platforms and assoc ia ted  

advantages a s  compared w i t h  the  MIT design 
and may be less r e l i a b l e .  

platfom- e l e c t r o n i c s  o f f e r  b u t  small weight 

( b )  The use o f  a conf igura t ion  c o n s i s t i n g  of 
two complete G&N systems, Figure 3, adds 
very l i t t l e  a s  compared wi th  the  proposed 
conf igura t ion  i n  a b i l i t y  t o  surv ive  f a i l u r e s  
and continue the mission.  
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( c )  The u s e  o f  a s t rapped-down sys tem as the 
i n e r t i a l  measurement  u n i t  i n  the a b o r t  
system o f f e r s  the p romise  o f  g rea t e r  
r e l i a b i l i t y  and a s a v i n g  i n  weight as  
compared w i t h  a gimbal led p l a t f o r m .  

7.0 RECOMMENDATIONS 

It is  recommended that: 

( a )  The MIT system be the  primary LEM Guidance  
and N a v i g a t i o n  System. 

This recommendat ion does n o t  i n c l u d e  
a n  e n d o r s e m e n t  of the MIT computer .  
(There are  a rgumen t s  f o r  u s i n g  the 
same g u i d a n c e  computer  i n  the LEM 
and CM). 

( b )  That c o n f i g u r a t i o n  of the primary and  
a b o r t  system be s u c h  as t o  p e r m i t  a d d i n g  
backup  c a p a b i l i t y  t o  the degree permissible  
by o v e r a l l  LEM weight c o n s t r a i n t s .  

T h i s  recommendat ion r e c o g n i z e s  t h a t  
a d d i t i o n a l  s t u d y  i s  r e q u i r e d  b e f o r e  
a c o m p l e t e  LEM Guidance and  N a v i g a t i o n  
Sys tem can be d e f i n e d .  


