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t he  s o l a r  pressure  fo rce  on a d j u s t a b l e  sun vanes t o  d r i v e  t h e  average 
speed of t h e s e  wheels toward zero. Overal l  autonomous opera t ion  was 
managed on-board by a small genera l  purpose d i g i t a l  computer configured 
by i t s  des igner ,  D r .  Raymond Alonso, f o r  very low power d r a i n  except a t  
t h e  occas ional  times needing f a s t  computation speed. A s p e c i a l  f e a t u r e  
of t h i s  computer was t h e  pre-wired, read-only memory c a l l e d  a core  rope,  
a conf igura t ion  of p a r t i c u l a r l y  high s to rage  dens i ty  r equ i r ing  only one 
magnetic co re  p e r  word of memory. 

A four  volume r e p o r t  of t h i s  work was published i n  J u l y ,  1959, and 
presented t o  t h e  A i r  Force Sponsors. However, s i n c e  t h e  A i r  Force was 
disengaging from c i v i l i a n  space development, endeavors t o  in teres t  NASA 
were undertaken. D r .  H .  Guyford S tever ,  then an MIT p ro fessor ,  arranged 
a p resen ta t ion  wi th  D r .  Hugh Dryden, NASA Deputy Administrator ,  which 
took place  on September 15.* On November 1 0 ,  NASA s e n t  a l e t te r  of in-  
t e n t  t o  c o n t r a c t  t h e  Instrumentat ion Laboratory f o r  a $ 5 0 , 0 0 0  s tudy t o  
start  immediately. The s t a t e d  purpose was t h a t  t h i s  s tudy would con- 
t r i b u t e  t o  the  e f f o r t s  of NASA's Jet  Propulsion Laboratory i n  conducting 
unmanned space missions t o  Mars, Venus, and t h e  E a r t h ' s  moon scheduled 
i n  Vega and Centaur missions i n  t h e  next  few years .  A r e l a t i o n s h i p  be- 
tween MIT and J P L  d i d  no t  evolve. J P L ' s  approach t o  these  deep space 
missions involved c l o s e  ground base c o n t r o l  with t h e i r  l a r g e  antenna 
t r a c k i n g  and te lemetry  systems, considerably d i f f e r e n t  from t h e  on- 
board s e l f  s u f f i c i e n c y  method which t h e  MIT group advocated and could 
b e s t  support .  

The Instrumentat ion Laboratory r e p o r t  on t h e  NASA study appeared 
i n  four volumes i n  A p r i l ,  1960. I t  described t h e  design of a 35  kg pod 
comprising a s e l f  contained guidance, navigat ion  and c o n t r o l  system in-  
tended f o r  mounting on Centaur veh ic les  t o  support  a v a r i e t y  of space 
missions. A space s e x t a n t ,  similar t o  bu t  improved over t h e  Mars probe 
study,  was t o  make t h e  autonomous navigat ion measurements. Two s i n g l e  
a x i s  gyros and an accelerometer were p a r t  of t h e  design f o r  angle  and 
ve loc i ty  change measurement. A wide ranging examination of deep space 
t r a j e c t o r y  s t u d i e s  was repor ted  by Laning and B a t t i n  t o  show needed in-  
jection v e l o c i t i e s ,  t r a n s f e r  times, and t a r g e t  p lane t  approach paths .  
A v a r i a b l e  t ime- of- arr iva l  guidance scheme was formulated by B a t t i n  t o  

* Dryden d i d  no t  hear  t h e i r  t a l k s .  The MIT Laboratory team was up- 
s taged by t h e  presence of  Premier Kruschev t h a t  day v i s i t i n g  i n  
Washington. 
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improve t h e  maneuver f u e l  use. H e  a l s o  worked o u t  s t r a t e g i e s  f o r  o p t i -  
mum navigat ion  measurement schedules wi th  t h e  sex tan t .  Other f e a t u r e s  
showed t h e  development of ideas  s t a r t e d  i n  t h e  Mars probe. P a r t i c u l a r l y  
t h e  conf igura t ion  of t h e  d i g i t a l  computer was r e f i n e d  by Alonso and 
Laning . 

Ear ly  Apollo 

The i n a b i l i t y  of t h e  MIT Instrumentat ion Laboratory team and i t s  
ideas  t o  f i n d  a p lace  i n  t h e  unmanned deep space missions continued 
through t h e  summer of 1960 .  I n  November, D r .  C. S .  Draper, Direc tor  of 
t h e  Instrumentat ion Laboratory, had conversat ions about t h i s  and about 
poss ib le  p a r t i c i p a t i o n  i n  manned space missions wi th  D r .  Harry J. Goett,  
Director of NASA's Goddard Labora tor ies  and Chairman of t h e  NASA Research 
S tee r ing  Committee on Manned Space F l i g h t .  

The manneii luna r  mission had been under NASA considera t ion  f o r  some 
time and was being examined by Goe t t ' s  committee. The Space Task Group 
a t  N A S A ' s  Langley Research Center  formed i n  October, 1 9 5 8 ,  was working 
on P r o j e c t  Mercury bu t  was by t h i s  time considerably involved i n  t h e  
proposed moon mission. The name Apollo was announced i n  J u l y ,  1 9 6 0 ,  
and i n  August NASA s t a t e d  i t s  i n t e n t  t o  fund s i x  month f e a s i b i l i t y  s tudy 
c o n t r a c t s  which were l a te r  i n  t h e  yea r  awarded t o  General Dynamics/ 
Convair, General E l e c t r i c  Company, and The Martin Company. 

Af ter  t h e  Draper and Goett conversa t ion ,  a meeting a t  Goddard was 
he ld  November 2 2 ,  1960 ,  t o  d i scuss  a s i x  month $100 ,000  c o n t r a c t  wi th  t h e  
Instrumentat ion Laboratory f o r  an Apollo study and prel iminary design.  
The d e t a i l s  were proposed by Trageser a t  MIT and Robert G. Chi l ton ,  of 
t h e  Space Task Group a t  Langley. A t e c h n i c a l  proposal  was submitted on 
December 2 3 ,  and t h e  c o n t r a c t  s t a r t e d  i n  February. 

Trageser and Chil ton developed t h e  b a s i c  conf igura t ion  of t h e  pro- 
posed t r i a l  design which p reva i l ed  throughout t h e  program. They de te r-  
mined t h e  system should c o n s i s t  of a genera l  purpose d i g i t a l  computer, 
a space s e x t a n t ,  an i n e r t i a l  guidance u n i t  (gyro s t a b l e  platform with 
accelerometers)  , a c o n t r o l  and d i sp lay  console f o r  t h e  a s t r o n a u t s ,  and 
support ing e l e c t r o n i c s .  The i n f l i g h t  autonomy of t h e  earl ier  A i r  Force 
and NASA s t u d i e s  seemed appropr ia t e  t o  t h e  manned m i s s i o n , p a r t i c u l a r l y  
s i n c e  some urged t h a t  t h e  mission should not  be vulnerable  t o  i n t e r f e r -  
ence from h o s t i l e  coun t r i e s .  I t  was judged important t o  u t i l i z e  t h e  man 
i n  ca r ry ing  ou t  h i s  complex mission r a t h e r  than merely t o  b r ing  him 
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along f o r  t h e  r i d e .  I n  add i t ion ,  a c e r t a i n  value t o  se l f- conta ined 
c a p a b i l i t y  was envisioned f o r  f u t u r e  deep space programs f o r  o t h e r  
reasons: First, t h e  f i n i t e  e lec t romagnet ic  s i g n a l  t ransmission time 
makes f a s t  responding ground remote c o n t r o l  impossible. Second, it was 
envisioned t h a t  t h e  country would even tua l ly  have many missions underway 
a t  t h e  same t i m e  and it was important t o  avoid s a t u r a t i o n  of t h e  l a r g e  
expensive ground s t a t i o n s .  

The i n i t i a l  Apollo c o n t r a c t  a t  t h e  Instrumentat ion Laboratory 
s tud ied  c e r t a i n  navigat ion  measurements e a s i l y  made by a human such as t h e  
t iming of s t a r  occu la t ions  by t h e  moon and e a r t h  dur ing  t h e  circumlunar 
voyage. Of s i g n i f i c a n t  importance, however, B a t t i n  devised a genera l ized  
recurs ive  navigat ion  formulat ion t o  incorpora te  each navigat ion  measure- 
ment of  any type  as it was made,such as t h e  s t a r  o c c u l a t a t i o n  o r  a sex- 
t a n t  measurement, so a s  to  update and improve i n  an optimum l e a s t  squares 
sense t h e  e s t ima te  of  s p a c e c r a f t  p o s i t i o n  and v e l o c i t y .  Severa l  naviga- 
t i o n  measurement schemes were formulated a s  experiments i n  hopes t h a t  
they could be s t u d i e d  and v e r i f i e d  by t h e  a s t ronau t s  soon t o  f l y  i n  
Mercury. 

Organizat ion of  t h e  var ious  NASA c e n t e r s  on Apollo was underway i n  
November 1960, i n  Apollo Technical Lia ison Groups coordinated by Charles 
J. Donlan of  t h e  Space Task Group. The Guidance and Control  Technical 
Liaison Group f i r s t  met i n  January 1 9 6 1  under Richard Carley of t h e  
Space Task Group. The c o n t r a c t  then being negot ia ted  with t h e  MIT In- 
s t rumenta t ion  Laboratory i n  t h e  guidance and con t ro l  a rea  was acknowledged 
as needed t o  augment t h e  Convair, General E l e c t r i c ,  and Martin f e a s i b i l i t y  
s t u d i e s .  A t  t h e  second meeting i n  Apr i l  1 9 6 1 , t h i s  group s t a r t e d  work on 
t h e  p repara t ion  of t h e  guidance, navigat ion ,  and con t ro l  s p e c i f i c a t i o n s  
f o r  t h e  Apollo spacec ra f t .  

The fol lowing month on May 2 5 ,  1 9 6 1 ,  P res iden t  Kennedy i n  a s p e c i a l  
message t o  Congress urged t h e  na t ion  t o  "commit i t s e l f  t o  achieving t h e  
goal ,  be fo re  t h i s  decade i s  o u t ,  of landing a man on t h e  moon..." 

With t h e  impetus of  t h e  p r e s i d e n t i a l  chal lenge ,  t h e  e f f o r t s  a t  t h e  
Instrumentat ion Laboratory changed charac te r .  The r o l e  t h e  Laboratory 
would p lay  depended not  only  on i t s  earlier space s t u d i e s  b u t  a l s o  t h e  
f a c t  t h a t  another  team was i n  p lace  a t  t h e  Laboratory, which had j u s t  
accomplished a s i m i l a r  t a s k  t o  develop t h e  Navy's P o l a r i s  missile guid- 
ance system on an extremely t i g h t  schedule. Ralph Ragan, who l e d  t h a t  
e f f o r t ,  immediately jo ined wi th  Trageser ,  t o  work wi th  Chi l ton  t o  de f ine  
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an Apollo guidance, navigat ion ,  and c o n t r o l  system t o  suppor t  a f l i g h t  
t es t  a s  e a r l y  a s  1963. By Ju ly  1 9 6 1 ,  a task s ta tement  had been w r i t t e n  
and on August 1 0 ,  by l e t t e r ,  NASA contrac ted  t h e  Laboratory f o r  t h e  
f i r s t  y e a r ' s  development of t h e  Apollo guidance and navigat ion  system. 
This was t h e  f i r s t  major Apollo c o n t r a c t  awarded by NASA. The e a r l y  
s t a r t  was j u s t i f i e d  by t h e  c e n t r a l  role t h i s  funct ion  would n e c e s s a r i l y  
have. Key personnel from t h e  Labora tory ' s  P o l a r i s  Team jo ined Trageser 
who was named by D r .  Draper as Direc tor  of P r o j e c t  Apollo. Ragan became 
Operations Direc tor ,  and David Hoag, having been Technical Direc tor  of 
P o l a r i s  became Technical Direc tor  of Apollo. 

That same August ,  James Webb, NASA Administrator ,  i n v i t e d  D r .  Draper 
and members of t h e  Instrumentat ion Laboratory Apollo Team t o  Washington 
f o r  d iscuss ions .  The meeting took p lace  on t h e  31s t  a t  NASA Headquarters 
and continued a t  Webb's house f o r  d inner  t h a t  evening. I n  acknowledging 
t h e  d i f f i c u l t y  of guiding t h e  lunar  mission,  two th ings  concerned Webb. 
F i r s t  he wanted t o  know when t h e  guidance system could be ready. Draper 
provided t h e  accura te  fo recas t :  " Y o u ' l l  have it when you need it." 
Second, he wanted assurances t h a t  the  equipment would r e a l l y  work. I n  
r ep ly ,  Draper volunteered t o  make t h e  f i r s t  f l i g h t  and run t h e  system 
himself .  Hardly anyone doubted h i s  s i n c e r i t y  and i n  le t ters  t o  NASA 
o f f i c i a l s  he repeatedly  reminded them of h i s  long experience of over 
30 yea r s  i n  ins t rumenta t ion  des ign,  a s  a p i l o t ,  and as a f l i g h t  engineer .  
It was Draper 's  content ion  t h a t  al though he himself was both a p i l o t  and 
an engineer ,  it would be e a s i e r  t o  t r a i n  an engineer  t o  be a p i l o t  than 
t o  t r a i n  a p i l o t  i n  t h e  necessary engineering.  

The e a r l y  conceptual work on t h e  guidance and navigat ion  proceeded 
rapidly .  Trageser ,  Chi l ton ,  and B a t t i n  had worked ou t  t h e  o v e r a l l  con- 
f i g u r a t i o n  which was t o  hold t o  t h e  end. The many maneuvers both i n  
o r i e n t a t i o n  and i n  t r a n s l a t i o n  would r e q u i r e  a f u l l  t h r e e  a x i s  i n e r t i a l  
measurement u n i t  wi th  gyros and accelerometers .  An o p t i c a l  system would 
be  needed t o  a l i g n  t h e  i n e r t i a l  system p e r i o d i c a l l y  t o  t h e  s t a r s .  The 
o p t i c a l  system was a l s o  necessary t o  make navigat ion  measurements i n  a 
s e x t a n t  conf igura t ion  by observing the  d i r e c t i o n  of t h e  e a r t h  and moon 
a g a i n s t  t h e  background s t a r s .  A genera l  purpose d i g i t a l  computer was 
requ i red  t o  handle a l l  t h e  da ta .  And an arrangement of d i sp lay  and con- 
trols f o r  t h e  a s t ronau t  t o  opera te  the system would be  needed. Consid- 
e r a b l e  extens ion of  navigat ion  and guidance theory ,  t r a j e c t o r y  a n a l y s i s ,  
phenominological and human l i m i t a t i o n s  t o  v i s u a l  s i g h t i n g s  of c e l e s t i a l  
o b j e c t s ,  electronic packaging op t ions ,  materials c h a r a c t e r i s t i c s ,  
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r e l i a b i l i t y  and q u a l i t y  assurance procedures,  and management methods 
a l l  were i d e n t i f i e d  f o r  e a r l y  s tudy.  

I t  was recognized from t h e  s t a r t  t h a t  t h e  Ins t rumenta t ion  Labora- 
t o r y  would u t i l i z e  i n d u s t r i a l  support  c o n t r a c t o r s  t o  augment i t s  engineer-  
ing  team and t o  produce t h e  des igns  coming from t h e  engineers.  This  
followed t h e  success fu l  p a t t e r n  u t i l i z e d  i n  t h e  development of t h e  P o l a r i s  
missile guidance system. 

Meanwhile, NASA s t a r t e d  t h e  procurement process f o r  t h e  Spacecraf t  
P r i n c i p a l  Contractor .  The r eques t  f o r  proposal  w a s  i s sued  on J u l y  2 8 ,  

1 9 6 1 .  North American Aviat ion was s e l e c t e d  on November 29  f o r  t h e  
Apollo Command Module, Service  Module, and boost  veh ic le  adapter .  Thei r  
contract excluded t h e  guidance and navigat ion  which was t o  be government 
furnished by t h e  I n d u s t r i a l  Support c o n t r a c t o r s  of  t h e  Instrumentat ion 
Laboratory. 

I n  e a r l y  1 9 6 2  b r i e f i n g s  t o  indus t ry  were made f o r  t h e  i n d u s t r i a l  
support  t o  t h e  Ins t rumenta t ion  Laboratory €or t h e  guidance and navigat ion  
systems. Twenty-one b idders  responded and t h r e e  awards were made on 
May 8 .  A.C. Spark Plug Division,  of General Motors, was given responsi-  
b i l i t y  f o r  t h e  production of t h e  i n e r t i a l  system, ground suppor t  equip- 
ment, and systems i n t e g r a t i o n ,  assembly, and test .  Kollsman Instrument 
Corporation was the  i n d u s t r i a l  support  f o r  t h e  o p t i c a l  subsystems, and 
Raytheon f o r  t h e  computer. Earlier,  A.C. Spark Plug Division had been 
s e l e c t e d  f o r  t h e  gyro production and Sperry f o r  t h e  accelerometer  pro- 
duct ion ,  both t o  t h e  Ins t rumenta t ion  Laboratory des igns  €or t h e s e  iner-  
t i a l  systems components. 

During t h i s  e a r l y  1 9 6 2  per iod ,  t h e  mission and i t s  hardware were 
being f u r t h e r  def ined by NASA, North American Aviat ion,  and t h e  Ins t ru-  
mentation Laboratory. The Space Task Group had evolved i n t o  t h e  Manned 
Spacecraf t  Center t h e  previous October, and t h e  s e l e c t i o n  of t h e  Houston, 
Texas, s i t e  f o r  t h e  new cen te r  had been made. The Apollo Spacecraf t  
Program Off i ce  was formed and managed by Charles F r i ck  and Robert Pi land.  
But  a g r e a t  controversy was underway, which had s t rong  impl ica t ions  on 
t h e  whole design process.  

The e x i s t i n g  mission plan included two l a r g e  Saturn  boos te r  launches 
from e a r t h ,  wi th  an o r b i t a l  rendezvous t o  assemble i n  e a r t h  o r b i t  
a l a r g e  s p a c e c r a f t  f o r  t h e  luna r  t r i p .  This  s p a c e c r a f t  would then be in-  
jec ted  t o  tile moon and would i n  i ts  e n t i r e t y  land t h e  t h r e e  a s t r o n a u t s  
i n  t h e  command module on t h e  lunar  su r face  using t h e  propulsion of a 
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l a r g e  lunar  landing s t age .  The guidance and navigat ion  of  t h i s  maneuver 
being s t u d i e d  a t  MIT incorpora ted  a l a r g e  periscope- range- finder so t h a t  
an as t ronau t  could view t h e  lunar  s u r f a c e  during maneuvers a s  he landed 
i n  t h e  awkward p o s i t i o n  25 meters up on t o p  of t h e  s tacked spacec ra f t .  
The lunar  landing s t a g e  would be l e f t  on t h e  su r face  f o r  t h e  r e t u r n ;  t h e  
Command Module being l i f t e d  on t h e  a scen t  and r e t u r n  by t h e  Service  
Module propulsion.  

The a l t e r n a t e  mission conf igura t ion ,  c a l l e d  Lunar Orb i t  Rendezvous, 
had been d iscussed f o r  some t i m e ,  p a r t i c u l a r l y  by John Houbolt and h i s  
col leagues  a t  Langley. In  t h i s  case ,  a s i n g l e  Saturn  launch would in-  
ject a smaller s p a c e c r a f t  assembly towards t h e  moon which included a 
r e l a t i v e l y  small  Lunar Excursion Module f o r  t h e  a c t u a l  landing,  leaving 
t h e  Command and Serv ice  Modules i n  luna r  o r b i t .  The r e t u r n ,  of course,  
rqu i red  a rendezvous i n  luna r  o r b i t ,  which was considered by t h e  c r i t i c s  
of t h i s  scheme as  p a r t i c u l a r l y  d i f f i c u l t  and dangerous. 

F i n a l l y  i n  June 1 9 6 2 ,  t h e  dec i s ion  was made by NASA i n  favor  of 
t h e  lunar  o r b i t  rendezvous mission wi th  i ts  r e a l  advantages i n  weight 
and expense. The procurement process f o r  t h e  Lunar Landing Module was 
i n i t i a t e d  i n  J u l y  and on November 7 Grumman A i r c r a f t  Engineering Corpora- 
t i o n  was chosen t o  design and b u i l d  t h e  Lunar Excursion Module. 

With t h i s ,  t h e  Ins t rumenta t ion  Laboratory and t h e  i n d u s t r i a l  support  
c o n t r a c t o r  t a s k s  w e r e  expanded t o  inc lude  t h e  guidance and navigat ion  for 
t h e  Lunar Module. Two a d d i t i o n a l  guidance and navigat ion  sensors  would 
be requ i red ,  however, which were assigned t o  Grumman. They were t h e  
landing r a d a r ,  measuring t h e  a l t i t u d e  and v e l o c i t y  of t h e  Lunar Module 
with r e s p e c t  t o  t h e  lunar  su r face ,  and t h e  rendezvous rada r  t o  t r a c k  a 
transponder on t h e  Command Serv ice  Module t o  provide r e l a t i v e  d i r e c t i o n  
and range. S p e c i f i c a t i o n s  f o r  t h e s e  r a d a r s  were w r i t t e n  by t h e  Ins t ru-  
mentation Laboratory s i n c e  t h e  s i g n a l s  were t o  be used by t h e  guidance 
and navigat ion  computer i n  t h e  Lunar Module. 

It had been decided somewhat e a r l i e r  t h a t  t h e  f i r s t  f l i g h t  t es t ,  
being scheduled f o r  earth o r b i t  e x e r c i s e s  s t a r t i n g  i n  t h e  f a l l  of 1963, 
and soon t o  be rescheduled t o  1965, could no t  be met wi th  a f u l l  guidance 
and navigat ion design capable of a l u n a r  landing mission. For t h i s  
reason, a Block I design was i d e n t i f i e d  f o r  t h e  guidance and navigat ion  
equipment t o  support  t h e  f i r s t  e a r t h  o r b i t a l  f l i g h t s .  A Block I1 design 
was t o  follow f o r  t h e  l a t e r  luna r  f l i g h t s .  With t h e  engineering he lp  of 
t h e  i n d u s t r i a l  suppor t  con t rac to r s ,  t h e  Ins t rumenta t ion  Laboratory s t a r t e d  
design releases of production drawings f o r  manufacture i n  J u l y  1 9 6 2 ,  using 
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a formal design review, r e l e a s e ,  and r e v i s i o n  procedure which was f o l -  
lowed throughout t h e  program. (The l a s t  design release numbered 3 8 , 8 6 ; 8 :  

was made i n  1975 t o  p r o v i d e ' t h e  e r a s a b l e  memory load f o r  t h e  guidance 
and navigat ion  computer i n  t h e  l a s t  Command Module used t o  rendezvous 
wi th  the  Sovie t  Cosmonauts i n  t h e  Apollo-Soyez mission.) 

Hardware Design 

The dec i s ions  t h a t  were being made e a r l y  and rap id ly  f o r  t h e  guid- . 

ance and navigat ion  system were t o  have a l a s t i n g  impact on t h e  Apollo 
Program from t h e  po in t  of view of mission design.  

The i n e r t i a l  measurement u n i t  borrowed i t s  technology heavi ly  from 
t h e  P o l a r i s  missile guidance experience a t  t h e  Laboratory. John Miller 
assembled a Laboratory team and was supported by A.C. Spark Plug i n  t h e  
i n e r t i a l  system design.  The mechanical design was undertaken by John 
Nugent, who had done t h a t  work f o r  P o l a r i s .  In  order  t o  s impl i fy  t h e  
design considerably and t o  achieve more accuracy i n  t h e  alignment t o  
t h e  stars, t h e  i n e r t i a l  measurement u n i t  was provided with only t h r e e  
degrees of freedom i n  i t s  gimbals, although four gimbals would have 
permit ted unlimited a l l - a t t i t u d e  freedom, With t h e  n a t u r a l  choices f o r  
a l ign ing  t h e  system f o r  f l i g h t , o n l y  some unusual a t t i t u d e s  of t h e  
spacec ra f t  would pu t  t h e  gimbals i n t o  lock where t h e  alignment would be 
lost .  The r e s u l t i n g  c o n s t r a i n t  i n  t h e  design i r r i t a t e d  the a s t r o n a u t s ,  
al though,  i n  r e t r o s p e c t ,  they had no part icular  t r o u b l e  w i t h  t h e  a t t i -  

tude  l i m i t a t i o n s  dur ing missions,  

It was the s tel lar  alignment of t h e  i n e r t i a l  measurement u n i t  
which made t h i s  design s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  of t h e  P o l a r i s  
system which was e r e c t e d  with g r a v i t y  and gyrocompass ac t ion .  

The Apollo u n i t  needed p rec i s ion  angle  readout  t o  t h e  computer 
f o r  each gimbal angle  which would be compared with star s i g h t i n g  angles.  
The des ign of  t h e  i n e r t i a l  and o p t i c a l  angle i n t e r f a c e s  t o  t h e  computer 
was undertaken by J e r o l d  Gilmore. The equipment, c a l l e d  t h e  coupling 
d a t a  u n i t ,  included a complex arrangement of system opera t iona l  modes 
among t h e  i n e r t i a l ,  o p t i c a l ,  and computer hardware. 

A s  t h e  i n e r t i a l  system design developed, it came under attack as  
n o t  having s u f f i c i e n t  inhe ren t  or proven r e l i a b i l i t y  t o  support  Apollo 
i n  s p i t e  of cons iderable  a t t e n t i o n  t o  t h i s  important issue. I f  a s i n g l e  
gyro wheel stopped running or  i f  a s i n g l e  gyro developed excess ive  d r i f t  
i n s t a b i l i t y ,  t h e  mission could f a i l  and t h e  as t ronau t s  be endangered. 

8 



. 

Many design,  test ,  and opera t iona l  techniques evolved and were u t i l i z e d  
t o  achieve t h e  f i n a l  record:  over 2500 hours i n  f l i g h t  opera t ions  of 
t h e  i n e r t i a l  measurement u n i t  support ing a l l  Apollo missions (over 7500 
gyro u n i t  hours)  without  any fai lures.  

P h i l i p  Bowditch, Alex Koso, ar.d o t h e r s  a t  MIT, along wi th  engineer-  
i n g  suppor t  from Kollsman, undertook t h e  design of  t h e  o p t i c a l  system. 
Bowditch examined a number of conf igura t ions  be fo re  a s a t i s f a c t o r y  s e x t a n t  
design was achieved. The instrument was configured wi th  one of i t s  l i n e s -  
o f- s igh t  f ixed  along t h e  a x i s  of  pene t ra t ion  of t h e  s p a c e c r a f t  h u l l .  This 
l i n e  was assoc ia ted  wi th  t h e  e a r t h  o r  moon s i d e  of t h e  navigat ion  angle. 
The o t h e r  l ine- of- s igh t  a s soc ia ted  wi th  t h e  r e fe rence  star was s p l i t  from 
t h e  f i r s t  and t ipped  away by an a r t i c u l a t i n g  mirror  i n  such a fashion t h a t  
t h e  navigat ion  angle  could be measured i n  any plane.  The angle  of tilt of 
t h e  mirror, i n  conventional  s e x t a n t  fashion,  was t h e  des i red  measurement 
and was encoded f o r  use by t h e  computer navigat ion  algori thms.  The a s t r o-  
nauts  t a s k  w a s  t o  c o n t r o l  t h e  o r i e n t a t i o n  of  t h e  spacec ra f t  so t h a t  t h e  
e a r t h  o r  moon was s a t i s f a c t o r i l y  i n  t h e  f i e l d  of view, and then a d j u s t  t h e  
mir ror  and t h e  measurement p lane  t o  g e t  star image superimposed i n  h i s  view 
on t h e  s e l e c t e d  e a r t h  or  moon f e a t u r e .  I n  o rde r  t o  achieve the necessary 
10 arcsecond accuracy of t h i s  measurement, t h e  instrument was provided wi th  
a 2 8  power eyepiece. However t h e  f i e l d  of view was thereby so severe ly  
l i m i t e d  t h a t  a second independent,  a r t i c u l a t i n g  instrument a t  un i ty  power 
and wide f i e l d  c a l l e d  a scanning t e l e scope  was provided which could se rve  
a s  a f i n d e r  f o r  t h e  s e x t a n t  and t o  which i t s  d i r e c t i o n  could be slaved.  

Much a t t e n t i o n  went i n t o  t h e  design of t h i s  wide f i e l d  scanning 
t e l e scope  so t h a t  t h e  a s t ronau t  would have a good chance of recognizing 
s te l lar  c o n s t e l l a t i o n s  and i d e n t i f y i n g  stars. The enormous problem came 
from s c a t t e r e d  l i g h t  i n  t h e  instrument washing ou t  t h e  v i s i b i l i t y  of 
d i m e r  stars. A r e a l l y  s a t i s f a c t o r y  engineering compromise among such 
t h i n g s  as t h e  degree of  a r t i c u l a t i o n ,  t h e  f i e l d  of view, l i g h t  t r a p s ,  
and sun s h i e l d s  was no t  found. Only with t h e  s p a c e c r a f t  turned so t h a t  
t h e  o p t i c s  were on t h e  shady s i d e  and without  t h e  sun i l luminated  e a r t h ,  
moon, or  o t h e r  s p a c e c r a f t  i n  t h e  f i e l d  could a good view of t h e  stars be  
obtained.  This  problem lessened i n  importance as a c t u a l  mission techni-  
ques developed. An e a r l y  concept r equ i red  t h a t  t h e  i n e r t i a l  system 
be turned o f f  most of t h e  mission t i m e  i n  order  t o  save spacec ra f t  power. 
I t  would be turned on, a l igned ,  and used only during t h e  guidance and 
c o n t r o l  of rocket  maneuvers. For a number of reasons the opera t ions  
po l i cy  changed so a s  t o  l eave  t h e  i n e r t i a l  system a c t i v e  throughout t h e  
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mission. The procedure then became one i n  which p e r i o d i c a l l y ,  perhaps 
twice a day, t h e  i n e r t i a l  measurement u n i t  d r i f t  i n  o r i e n t a t i o n  was 
cor rec ted  t o  t h e  s t a r s .  To do t h i s ,  t h e  computer would use  t h e  i n e r t i a l  
u n i t  angles  t o  po in t  t h e  s e x t a n t  star l i n e  approximately t o  t h e  selected 
star. The gyro d r i f t  would be small enough, however, t h a t  t h e  s t a r  would 
appear i n  t h e  s e x t a n t  f i e l d  of  view. The as t ronau t  would then c e n t e r  
t h e  image, thereby g iv ing  t h e  necessary data t o  t h e  computer t o  r e a l i g n  
t h e  i n e r t i a l  u n i t .  I n  t h i s  way accurate i n e r t i a l  alignment was main- 
t a i n e d  throughout t h e  mission. S i m i l a r l y ,  the  computer could o r i e n t  t h e  
spacec ra f t  and po in t  t h e  o p t i c s  close t o  any t a r g e t s  s u i t a b l y  s p e c i f i e d  
by t h e  a s t ronau t .  

The scanning t e l e scope ,  i n  s p i t e  of t h e  s c a t t e r e d  l i g h t  problem 
wi th  stellar t a r g e t s ,  provided an e x c e l l e n t  t r ack ing  instrument f o r  navi- 
gat ion  s i g h t i n g s  t o  t h e  e a r t h  o r  moon whi l e  i n  o rb i t  around these bodies.  
For t h i s  requi red  func t ion , l ine -o f - s igh t  rates were too  f a s t  t o  use t h e  
sex tan t .  (Indeed, t h e  p r e c i s i o n  of  t h a t  instrument was not  needed.) 
The navigat ion  angle  was measured by t h e  computer between t h e  prea l igned 
i n e r t i a l  u n i t  and t h e  l i n e  of  s i g h t  t o  t h e  su r face  t a r g e t  being t racked 
by t h e  a s t ronau t .  

The o r i e n t a t i o n  r e l a t i o n s h i p s  between t h e  i n e r t i a l  u n i t  and t h e  
o p t i c a l  l i n e s  of s i g h t  i n  t h i s  fashion demanded s t r i c t  limits on t h e  

alignment and r e l a t i v e  f l exures  between these instruments.  Bowditch de- 
signed them both t o  be mounted.to a common l ight-weight  b u t  stiff and 
stable s t r u c t u r e  c a l l e d  a navigat ion  base. With a kinematic mount, 
spacec ra f t  s t r a i n s  could be prevented from being passed on t o  twists i n  
t h i s  navigat ion  base. The complicat ing factor w a s  t h a t  t h e  o p t i c s  ob- 
jectives were i n  t h e  hard space vacuum, while t h e  eye pieces were i n  
t h e  one- third atmosphere cabin pressure .  The t o t a l  f o r c e  of  t h i s  pres-  
s u r e  was about 3500 newtons and requi red  c a r e f u l  cons ide ra t ion  of t h e  
loca t ion  of t h e  f o r c e  cen te r  with r e s p e c t  t o  t h e  mounts. Re la t ive  motion 
was accommodated by a double walled metal bellows which provided the seal 
of cabin pressure .  

Associated w i t h  t h e  o p t i c s  design was the  ques t ion  of t h e  s u i t -  
a b i l i t y  of t h e  earth and moon as navigat ion  t a r g e t s .  Considerable 
t h e o r e t i c a l  and experimental work was undertaken e a r l y  by D r .  Max Peter- 
son, William Toth, and D r .  Frederic Martin. The moon, without  an atmo- 
sphere,  had c r i s p  v i s u a l  f e a t u r e s  and horizon when they were i l luminated  
by t h e  sun. The e a r t h  on t h e  o t h e r  hand might have most i f  not  a l l  of 
i ts  s u i t a b l e  landmarks obscured by clouds a t  t h e  c r i t i c a l  time. The 
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s u n l i t  e a r t h  hor izon,  due t o  i n t e n s e  s c a t t e r e d  s u n l i g h t  i n  t h e  atmos- 
phere, is i n v i s i b l e  from space and no d i s t i n c t  v i s u a l  l o c a t o r  can be 
i d e n t i f i e d .  Photometric equipment t o  measure t h e  sys temat ic  change 
i n  b r igh tness  w'B.th a l t i t u d e  above t h e  t r u e  limb i n  t h e  b lue  p a r t  of 
t h e  spectrum was designed i n t o  t h e  s e x t a n t  along wi th  an automatic 
star tracker to  s o l v e  t h i s  problem. La te r  i n  h i s t o r y ,  f o r  reasons of 
cost and complexity, these  were removed. The v i s u a l  s i g h t i n g s  of t h e  
e a r t h  horizon was reexamined for  navigat ion  use.  Simulat ions wi th  
photometric f i d e l i t y  of  t h e  s i t u a t i o n  were devised. I t  appeared t h a t  
t h e  human was capable of  chosing some locator i n  t h e  fuzzy horizon which 
he could d u p l i c a t e  wi th  c3ns iderable  accuracy. Before each mission,  t h e  
navigator  a s t ronau t  would come t o  t h e  Instrumentat ion Laboratory t o  t r a i n  
on t h i s  s imula tor .  With p r a c t i c e  he could d u p l i c a t e  h i s  s i g h t i n g  po in t  
wi th in  a few ki lometers  over t h e  range of i n t e r e s t  of  d i s t a n c e s  t o  t h e  
ea r th .  (Later on, e a r l y  i n  h i s  a c t u a l  mission,  he made s e v e r a l  s i g h t i n g s  
t o  c a l i b r a t e  h i s  horizon loca to r . )  

The computer design was undertaken by Eldon Hall ,  who had designed 
t h e  P o l a r i s  Missile Computer. Laboratory members a s s i s t i n g  him included 
D r .  Raymond Alonso, D r .  Alber t  Hopkins, and Hugh Blair-Smith. I n  ad- 
d i t i o n  they were supported by engineers  from Raytheon, who worked wi th  
Hal l  on t h e  P o l a r i s  computer. 

A compelling necess i ty  was t o  design a r e l i a b l e  computer wi th  
s u f f i c i e n t  capaci ty  and speed y e t  wi th  a very l i m i t e d  s ize,  weight,  and 
power dra in .  

The machine conf igura t ion  chosen was a 1 6  b i t ,  p a r a l l e l ,  genera l  
purpose, real-time d i g i t a l  c o n t r o l  computer. I n i t i a l l y  configured with 
magnetic c o r e- t r a n s i s t o r  l o g i c ,  t h e  change was soon made to  an i n t e-  
gra ted  c i r c u i t  l o g i c  using technology being developed by t h e  semiconductor 
indust ry .  The d e l i b e r a t e  choice was made t o  use only one type  of  i n t e-  
gra ted  c i r c u i t  l o g i c ,  a t h r e e  inpu t  NOR ga te .  Although wider v a r i e t y  
could have s u b s t a n t i a l l y  reduced t h e  number of devices  per computer, 
t h e  r e s u l t i n g  dedica t ion  i n  manufacture and q u a l i t y  con t ro l  t o  t h e  
s i n g l e  c i r c u i t  type gave important ga ins  i n  r e l i a b i l i t y .  

The f ixed  memory was t h e  high d e n s i t y  read only core rope developed 
i n  connection with t h e  Mars probe. This  meant t h a t  t h e  con ten t s  of t h i s  
i n d e s t r u c t a b l e  memory had t o  be determined e a r l y  i n  o rde r  t o  al low time 
f o r  manufacture. Rather than a disadvantage,  r i s k y  l a s t  minute changes 
of t h e  program j u s t  be fo re  f l i g h t  were phys ica l ly  prevented. A rope 
memory program was n e c e s s a r i l y  well t e s t e d  before  it flew on an Apollo 
mission. 
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A coincident- current  magnetic e r a s a b l e  memory provided f o r  tempo- 
r a r y  s torage .  The s i z e  was kept  t o  a minimum both i n  t h e  number of words 
and i n  t h e  1 6  b i t s  pe r  word,for low power consumption. The i n i t i a l  deci-  
s i o n  i n  t h e  Block I design was 1 0 2 4  words of  e r a s a b l e ,  b u t  t h i s  was 
doubled f o r  Block I1 based upon t h e  experience i n  programming t h e  e a r l i e r  
machine. Without changing t h e  computer volume, t h e  f ixed  memory l i k e-  
wise grew from an i n i t i a l  1 2 , 0 0 0  words t o  2 4 , 0 0 0  words i n  Block I t o  
36 ,000  i n  Block 11. T o  t h e  programmers, even t h e s e  l a r g e r  numbers were 
t o  seem inadequate as t h e  funct ions  t o  be performed i n  t h e  computer on 
t h e  lunar  missions expanded s u b s t a n t i a l l y  over o r i g i n a l  f o r e c a s t s .  

Both memories, opera t ing  on a 1 2  microsecond cyc le  time, were con- 
f igured  t o  look i d e n t i c a l  t o  t h e  program. A very l imited b a s i c  ins t ruc-  
t i o n  r e p e r t o i r e  was expandable by powerful i n t e r p r e t i v e  r o u t i n e s  w r i t t e n  
by Charles Muntz which saved program word use a t  t h e  c o s t  of speed. Over 
200  inpu t  and output  c i r c u i t s  f o r  numerous i n t e r f a c e s  with o t h e r  hardware 
were provided t o  perform t h e  real-time c o n t r o l  funct ion .  Cer ta in  des- 
Crete inpu t  and t iming s i g n a l s  could be arranged t o  i n t e r r u p t  t h e  program 
underway so t h a t  urgent  t a s k s  could be serviced i n  r e a l  time without  t h e  
need of continuously scanning inputs .  

A most important input/output  funct ion  w a s  provided by a d i s p l a y  
and keyboard and assoc ia ted  software c o n t r o l  ingeniously designed by 
Alan Green. The keyboard allowed t h e  inpu t  of t h e  1 0  d i g i t s  and seven 
o t h e r  coded funct ions  on separa te  keys. The d i sp lay  included three, 

5 d i g i t  numbers p lus  s ign  t o  i n d i c a t e  numerical da ta ,  and t h r e e ,  two 
d i g i t  numbers t o  i d e n t i f y  t h e  funct ion  being performed by numeric codes 
for  "verbs , I' "nouns,  'I and "program. I' The .verbnoun format permit ted a 
s o r t  of language of a c t i o n  and o b j e c t  such a s  "display-gimbal angles" 
or  " load- star  number." The program number i d e n t i f i e d  the major back- 
ground computation underway i n  t h e  machine. 

With t h i s  d i s p l a y  and keyboard t h e  a s t ronau t  had enormous f l e x i -  
b i l i t y  and power i n  communicating wi th  and d i r e c t i n g  t h e  computer 's 
opera t ion .  Many hours of s tudy and t r a i n i n g  t i m e  on real equipment 
were required  by t h e  astronauts . .  An e a r l y  r e t i c e n c e  by crew members 
was i n  time replaced by enthusiasm and confidence i n  t h e i r  a b i l i t y  t o  
use t h e  computer t o  manage many aspec t s  of t h e i r  mission. D r .  Draper's 
e a r l y  s tatement about t r a i n i n g  engineers versus  t r a i n i n g  p i l o t s  might 
have been t r u e ,  b u t  t h e  a s t ronau t s  wi th  t h e i r  p i l o t  (and engineering) 
background developed a competence i n  the  guidance and navigat ion  of 
Apollo which could no t  have been surpassed.  
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The computer d i s p l a y  and keyboard permit ted t h e  crew t o  opera te  
most guidance, navigat ion ,  and c o n t r o l  funct ions .  I n  a d d i t i o n  t h e  l e f t  
hand t r a n s l a t i o n  command c o n t r o l l e r  and t h e  r i g h t  hand r o t a t i o n a l  com- 
mand c o n t r o l l e r  were used appropr ia t e ly  f o r  t h e s e  maneuvers when com- 
manded manually f o r  computer action.Those opera t ions  a s soc ia ted  w i t h  
t h e  use of t h e  o p t i c s  i n  manually t r ack ing  e a r t h ,  moon, and s te l la r  
t a r g e t s  and i n  making t h e  navigat ion  angle  measurements had appropr ia t e  
c o n t r o l l e r s  near  t h e  eye p ieces .  

Many of t h e  hardware design dec i s ions  were e a s i l y  made i n  t rade-  
of f  among members of t h e  design team a t  t h e  Ins t rumenta t ion  Laboratory. 
The experience of t h e  i n d u s t r i a l  suppor t  c o n t r a c t o r s  and t h e i r  concern 
for  manufacturing p roducab i l i ty  inf luenced many other decis ions .  Accom- 
modations had t o  be made t o  recognize tes t ,  checkout, and mission opera- 
t i o n s  of t h e  a s t r o n a u t s  and t h e  ground mission con t ro l .  The l a r g e s t  
problem, however, was reaching agreement on those  design f e a t u r e s  which 
were a f f e c t e d  by and inf luenced the hardware design of the  spacec ra f t s .  
This  was embodied i n  t h e  nego t i a t ions  of t h e  so- cal led  i n t e r f a c e  c o n t r o l  
documents which were t o  be agreed upon and signed o f f .  Then each p a r t y  
could proceed with t h e  confidence t h a t  he was p ro tec ted  a g a i n s t  changes 
on t h e  o t h e r  s i d e  of  t h e  i n t e r f a c e  from a f f e c t i n g  h i s  design.  

Numerous "coordinat ion  meetings" were he ld  s t a r t i n g  i n  1 9 6 2  between 
t h e  Ins t rumenta t ion  Laboratory and North American wi th  NASA p a r t i c i p a t i o n  
i n  order t o  n e g o t i a t e  t h e s e  dec i s ions  a f f e c t i n g  both par t ies  i n  t h e  de- 

s i g n  o f  t h e  command and service modules. I n  e a r l y  1 9 6 3  coordinat ion  
meetings w i t h  Grwnman concerning the i n t e r a c t i n g  dec i s ions  on the Lunar 
Module started. 

One complicat ing groundrule,  which i n  t h e  end re tu rned  enormous 
savings ,  was t h e  self imposed groundrule of t h e  des igners  t h a t  as much 
as poss ib le  i d e n t i c a l  guidance* hardware elements would be used i n  both  
t h e  Command Module and Lunar Module. The d i f f i c u l t y  wi th  t h i s  was t h a t  
a success fu l  agreement wi th  North American f o r  t h e  Command Module i n t e r -  
face  could be upset  by a second nego t i a t ion  wi th  Grumman f o r  t h e  same 
piece  of guidance hardware i n  t h e  Lunar Module. The e f f o r t  paid off  
i n  manufacture, test ,  and a s t r o n a u t  t r a i n i n g .  The b ig  guidance items, 
t h e  i n e r t i a l  measurement u n i t  and t h e  computer a s  they came of t h e  
production l i n e  could then g o  t o  e i t h e r  spacec ra f t .  Most of t h e  small 
hardware components of the guidance were s i m i l a r l y  in terchangeable  when 
t h e  same funct ion  was accomplished i n  each spacec ra f t .  The guidance 

* From t h i s  po in t  on, "guidance" w i l l  mean guidance, navigat ion ,  and 
con t ro l .  
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turned ou t  t o  be t h e  only s i g n i f i c a n t  hardware t h a t  had t h i s  interchange-  
a b i l i t y .  Most other s p a c e c r a f t  elements of  t h e  Command and Serv ice  
Modules were no t  useable  on t h e  Lunar Module and v i c e  versa. 

The first important i n t e r f a c e  t o  be nego t i a t ed  was t h e  l o c a t i o n  
of t h e  guidance equipment i n  t h e  spacec ra f t .  North American and t h e  
Ins t rumenta t ion  Laboratory first examined wa l l  space t o  t h e  l e f t  of t h e  
l e f t  hand couch where t h e  a s t r o n a u t  could use  t h e  eye p ieces  t o  make 
s igh t ings .  The f i n a l  l o c a t i o n  was on t h e  lower wall a t  the  f o o t  of t h e  
cen te r  couch. Th i s  r equ i red  t h a t  t h e  a s t ronau t  using t h e  equipment 
would have t o  leave  t h e  couch and s t and  i n  the  lower equipment bay. 
For those  s t r e s s f u l  times when t h e  crew were const ra ined to  t h e i r  
couches, a l l  tshe guidance equipment except  t h e  o p t i c s  could be operated 
through t h e  computer from t h e  main panel  w i t h i n  reach using a main panel  
computer d i s p l a y  and keyboard. A p a r t i c u l a r  worry about t h e  lower wall 
l o c a t i o n  f o r  t h e  guidance and navigat ion  was t h a t  t he  o p t i c s  t h e r e  pene- 
trated t h e  h u l l  on t h e  hot  s i d e  of t h e  command module dur ing r e t u r n  
through t h e  atmosphere. I n i t i a l l y  a door covering t h e s e  o p t i c s  w i t h  a 
hea t  s h i e l d  was provided f o r  p r o t e c t i o n  b u t  was l a te r  removed from t h e  
design when a n a l y s i s  showed t h e  hardware could t o l e r a t e  t h e  stress wi th  
s u i t a b l e  a d d i t i o n a l  des ign changes. 

Once t h e  guidance equipment was located i n  t h e  s p a c e c r a f t ,  James 
Nevins, Nugent, and Bowditch immediately started an o v e r a l l  configura-  
t i o n  design and mockup so t h a t  q u i t e  e a r l y  t h e  a s t ronau t  opera t ions  
wi th  t h e  equipment could be t e s t e d  and rev i sed  as needed. 

Because of t h e  opera t iona l  complexity of t h e  mission,  t h e  f i r s t  
mockup included a f i l m  p r o j e c t o r  t o  d i sp lay  procedures, maps, and c h a r t s  
t o  t h e  a s t ronau t .  However, as t h e  design of t h e  whole opera t ion  pro- 
gressed and t h e  l o g i c  of the crew opera t ion  with t h e  computer evolved, 
t h e  f i l m  viewer was removed from t h e  design.  Hand-held notebooks such 
a s  used i n  Mercury and Gemini would s u f f i c e .  

The e x e r c i s e  of t h e  mockup wi th  a pressur ized  space s u i t  emphasized 
a problem. With h i s  helmet;. on, t h e  a s t ronau t  could not  g e t  h i s  eye c l o s e  
enough t o  t h e  eyepieces t o  perform h i s  s i g h t i n g  t a sks .  The s o l u t i o n  
was to  design s p e c i a l  eyepieces,  n e c e s s a r i l y  bulky b u t  wi th  s u f f i c i e n t  
eye r e l i e f ,  which could be a t t ached  i n  p lace  of t h e  r egu la r  eyepices 
when s i g h t i n g s  i n  t h e  helmet were required .  The s to rage  of these l a r g e  
u n i t s  was found conveniently i n  t h e  space r e c e n t l y  vacated by t h e  f i l m  
viewer. 
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The design v e r i f i c a t i o n  of t h e  guidance hardware was i n i t i a t e d  by 
Ain Laats  i n  h i s  systems test  l abora to ry  using s p e c i a l i z e d  test equip- 
ment t o  examine t h e  f i r s t  production u n i t s  of t h e  assembled system. 
Of p a r t i c u l a r  concern was t h e  i n t e r a c t i o n s  among t h e  i n e r t i a l  and 
o p t i c a l  sensors ,  t h e  computer, t h e  computer software,  and as t ronau t  
funct ions  when working a l l  t oge the r .  One of t h e  e a r l i e s t  computer 
programs c a l l e d  SUNRISE was coded f o r  t h i s  funct ion .  Spec ia l  computer 
c o n t r o l  program r o u t i n e s ,  hardware tes t  code, and prelaunch systems 
funct ions  were developed i n  t h i s  a c t i v i t y  by Thomas Lawton, Ain Laa t s ,  
Robert Cr isp ,  and o the r s .  

An e a r l y  concern with equipment r e l i a b i l i t y  produced requirements 
f o r  i n f l i g h t  f a u l t  d iagnosis  and r e p a i r .  The Block 1 design c a r r i e d  
spa re  modules which could be plugged i n t o  sockets  i n  p lace  of  f a i l e d  
modules. However, an event i n  t h e  l as t  Mercury s p a c e c r a f t  f l i g h t  i n  
May 1963, changed t h i s  i n f l i g h t  r e p a i r  pol icy .  On t h e  19 th  o r b i t  t h e  
Mercury automatic c o n t r o l  system f a i l e d  so t h a t  a s t r o n a u t  Gordon Cooper 
had t o  f l y  t h e  l a s t  t h r e e  o r b i t s  of t h e  mission manually. The d iagnosis  
of t h e  problem was moisture and corros ion of e l e c t r i c a l  connections due 
t o  t h e  high humidity and contamination accompanying t h e  human i n  h i s  
cabin. From then on Apollo hardware designs i n  t h e  cabin were requ i red  
t o  be sea led  from moisture.  This e l iminated  plug i n  spa re  modules s i n c e  
i n f l i g h t  usable connectors could n o t  be s a t i s f a c t o r i l y  sea led  without  
wel.ght pena l t i e s .  However, even for  f ixed modules, t h e  s e a l i n g  l e d  t o  
weight inc reases  because t h e  packages had t o  withstand t h e  l a r g e  cabin 
p ressure  changes without  buckling. 

Without t h e  i n f l i g h t  r e p a i r ,  t h e  concern f o r  r e l i a b i l i t y  remained 
so t h a t  t h e  i n i t i a l  Block I1 design provided f o r  two i d e n t i c a l  computers 
i n  t h e  command module opera t ing  i n  p a r a l l e l  €or redundancy. This seemed 
t o  be excess ively  conservat ive  t o  Cl ine  F r a i s e r ,  of t h e  Guidance and 
Control Division i n  Houston, and he d i r e c t e d  t h e  r e t u r n  t o  t h e  s i n g l e  
computer concept. The wisdom of h i s  dec i s ion  was borne o u t  i n  t h a t  no 
i n f l i g h t  computer f a i l u r e s  occurred. The combined f a i l u r e  rate both 
p r e f l i g h t  and on missions w a s  a small  f r a c t i o n  of t h a t  of any o t h e r  
computer designed then o r  s i n c e  f o r  aerospace app l i ca t ion .  Such near  
p e r f e c t  r e l i a b i l i t y  was achieved a t  cons iderable  e f f o r t ,  a t t e n t i o n  t o  
design,  a d e l i b e r a t e  c o n s t r a i n t  t o  a m i n i m u m  number of d i f f e r e n t  p a r t s ,  
a d e t a i l e d  engineering q u a l i f i c a t i o n  of design and components, and 100% 
stress t e s t i n g  of t h e  p a r t s  t o  be used i n  manufacture. 
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The concern f o r  s a f e t y  i d e n t i f i e d  backup hardware. I n  t h e  com- 
mand module North American provided a simple,  independent panel  i n s t r u-  
ment wi th  a s i n g l e  accelerometer which was c a l l e d  an Entry Monitor. 
Although never needed f o r  backup use ,  it w a s  u s e f u l  t o  t h e  a s t r o n a u t s  
as an independent means t o  watch t h e  v e l o c i t y  change o f  maneuvers being 
made by t h e  primary system. S i m i l a r l y  i n  t h e  Lunar Module, Grumman pro- 
vided through Hamilton Standard and TRW an independent a b o r t  guidance 
system f o r  a s a f e t y  backup and a l s o  used as  an independent monitor of . 

t h e  primary Lunar Module system. 

A s  work en te red  1964, it appeared tha t  necessary i n t e r f a c e  deci-  
s i o n s  between t h e  guidance hardware and t h e  s p a c e c r a f t s  were lagging. 
To meet t h i s  problem D r .  Robert C. Duncan, t h e  Chief of  t h e  Guidance 
and Control  Division a t  Houston, i n s t i t u t e d  and chaired a series of 
Guidance Implementation Meetings. The f i r s t  meeting involving North 
American i n  t h e  design dec i s ions  concerning the Command Module guidance 
system took p lace  i n  June. Following meetings were he ld  approximately 
biweekly u n t i l  February 1965. A second set of meetings wi th  Grumman 
on t h e  Lunar Module guidance and navigat ion occurred a t  t h e  same pace 
between September 1 9 6 4  and Apr i l  1 9 6 6 .  These meetings followed a t i g h t  
agenda of t e c h n i c a l  i s s u e s  t o  be resolved,  and involved p r e s e n t a t i o n s  
by t h e  s p a c e c r a f t  des igner ,  t h e  Ins t rumentat ion Laboratory,  and occa- 
s i o n a l l y  o t h e r  i n t e r e s t e d  p a r t i e s .  Following t h i s ,  Duncan e i t h e r  made 
a dec i s ion  which was then incorporated i n  t h e  appropr ia te  I n t e r f a c e  
Control  Document, o r  he requested f u r t h e r  study and schedaled new pres-  
e n t a t i o n s  a t  a f u t u r e  meeting. 

A very s i g n i f i c a n t  dec i s ion  took p lace  e a r l y  i n  t h i s  per iod con- 
cerning t h e  implementation of t h e  s p a c e c r a f t  a t t i t u d e  c o n t r o l  a u t o p i l o t s .  
P r i o r  t o  t h i s  time, t h i s  funct ion was t o  be performed by analog hardware 
under design r e s p o n s i b i l i t y  of t h e  s p a c e c r a f t  manufacturers. These analog 
a u t o p i l o t s ,  which flew t h e  Block I s p a c e c r a f t s ,  were s a t i s f a c t o r y ,  b u t  
lacked f l e x i b i l i t y  and required ex tens ive  s p e c i a l i z e d  hardware. 

I t  was Duncan who made t h e  dec i s ion  i n  June 1964, t h a t  the auto- 
p i l o t s  should be  done d i g i t a l l y  u t i l i z i n g  t h e  hardware o f  t h e  guidance 
system. To accommodate t h e s e  new t a s k s ,  t h e  speed of t h e  computer was 
doubled and a much l a r g e r  i n s t r u c t i o n  r e p e r t o i r e  was provided. Input  
and ou tpu t  i n t e r f a c e s  a l s o  had t o  expand i n  o rder  t o  send s i g n a l s  ap- 
p r o p r i a t e l y  t o  t h e  ind iv idua l  a t t i t u d e  j e t s ,  t o  the  main engine gimbals, 
and t o  t h e  t h r u s t  l e v e l  se rvos ,  and i n  a d d i t i o n  t o  r e c e i v e  t h e  appropr ia te  
feedback s i g n a l s  from some of t h e s e  elements. The memory capac i ty  had 
been increased ea r l i e r  f o r  t h e  lunar  mission and was considered adequate 
f o r  t h e  a u t o p i l o t s .  
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Duncan's dec i s ion  came with cons iderable  controversy.  The antago- 
n i s t s  had shown t h a t  even expanded, t h e  computer memory was i n s u f f i c i e n t  
and t h e  computer was too  slow t o  perform t h e  necessary wide bandwidth 
con t ro l .  They were r i g h t  i f  one used the d i g i t a l  computer t o  perform 
d i g i t a l l y  t h e  same da ta  processing handled by t h e  analog c i r c u i t s .  The 
advocates argued t h a t  t h e  proposed implementation would c a p i t a l i z e  upon 
t h e  f l e x i b i l i t y ,  and nonl inear  complex computations, n a t u r a l  t o  a d i g i t a l  
computer. I t  was t h e  r i g h t  decis ion .  By s k i l l f u l  design only 1 0 %  of . 

t h e  computer memory was devoted t o  t h e  a u t o p i l o t s  and o n l y  30% of computer 
computation time was needed during times of high a u t o p i l o t  a c t i v i t y .  A 

s i g n i f i c a n t  amount o f  complex hardware was e l iminated ,  and moreover, t h e  
f l e x i b i l i t y  of t h e  d i g i t a l  computer de l ive red  b e t t e r  c o n t r o l  performance 
and considerable  improvements i n  e f f i c i e n c y  i n  conserving t h e  spacec ra f t  
fue l .  The designs were t h e  product of D r .  William Widnall,  G i l b e r t  Stubbs, 
and George Cherry a t  t h e  Ins t rumenta t ion  Laboratory and D r .  Kenneth Cox 
a t  t h e  Manned S;?acecraft Center.  

With t h e  s a t i s f a c t o r y  conclusion of t h e  hardware Implementation 
Meetings, t h e  des igners  were a b l e  t o  complete t h e i r  t a s k s  wi th  reason- 
able  assurance t h a t  t h e  requirements would no t  change. This turned ou t  
t o  be t r u e  f o r  t h e  most p a r t .  The s i g n i f i c a n t  event  a f f e c t i n g  t h i s  was 
t h e  February 1 9 6 7 ,  f i r e  on t h e  launch pad and t h e  t r a g i c  loss of t h r e e  
a s t ronau t s .  More s t r i n g e n t  s p e c i f i c a t i o n s  of f i r e  r e s i s t a n c e  i n  t h e  
c a b i n ' s  pure oxygen atmosphere turned o u t  t o  be reasonably s t r a i g h t -  
forward t o  meet f o r  t h e  guidance equipment. 

Except f o r  t h i s ,  t h e  hardware design remained r e l a t i v e l y  s t a b l e  
a f t e r  1965. This year  1965, however, was t h e  peak yea r  of hardware 
a c t i v i t y  i n  which almost 600  man years  of e f f o r t  on guidance hardware 
was expended a t  MIT o u t  of an MIT t o t a l  f o r  t h e  hardware p a r t  of the 
program of approximately 2 , 0 0 0  man years .  Hardware problems d id  a r i s e  
a f t e r  1965 bu t  it usua l ly  turned o u t  t h a t  t h e  expense i n  d o l l a r s  and 
time i n  solv ing them by redesign could be avoided by p u t t i n g  t h e  burden 
of adapting t o  t h e  problem on t h e  computer program software.  This  was 
also t r u e  of hardware problems i n  o t h e r  p a r t s  of t h e  spacec ra f t .  

Software Design 

Adapting t o  hardware problems was only one of t h e  many th ings  which 
made genera t ing  t h e  computer program sof tware  d i f f i c u l t .  The primary 
complication was t h a t  t h e  d e t a i l s  of t h e  mission con t inua l ly  changed and 
indeed were d i f f i c u l t  t o  g e t  defined i n  t h e  f i r s t  p lace .  Then too ,  so 
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many d i f f e r e n t  programs were n e e d e d 4 i f f e r e n t  programs f o r  the  Block I 

and Block I1 computer, d i f f e r e n t  programs f o r  t h e  unmanned and manned 
f l i g h t s ,  d i f f e r e n t  programs f o r  t h e  e a r t h  o r b i t a l  and lunar  missions,  and 
d i f f e r e n t  programs f o r  t h e  Command Module computer and t h e  Lunar Module 
computer. 

The e f f o r t  needed f o r  t h e  software turned o u t  t o  be g ross ly  under- 
est imated.  Unt i l  t h e  f i r s t  luna r  landing i n  1 9 6 9 ,  approximately 1 , 4 0 0  
man yea r s  of e f f o r t  a t  MIT was app l i ed  t o  t h e  t a sk .  The peak a c t i v i t y  
occurred one year earl ier  i n  1968  wi th  a manpower t o t a l  of 350. 

Parts of t h e  computer programming were accomplished e a r l y  and were 
e s s e n t i a l l y  independent of mission ob jec t ives .  These included t h e  b a s i c  
code f o r  t h e  computer execut ive  system, sequence c o n t r o l ,  t iming and 
i n t e r r u p t  s t r u c t i o n s ,  unchanged s i n c e  o r i g i n a l l y  designed by D r .  Laning, 
and t h e  management of t h e  i n t e r f a c e s  wi th  t h e  computer d i s p l a y  and 
keyboard u n i t ,  te lemetry ,  etc. Also completed r e l a t i v e l y  e a r l y  were 
t h e  complex b u t  .not t i m e- c r i t i c a l  d a t a  processing rou t ines  of  navigat ion ,  
guidance t a r g e t i n g ,  t r a j e c t o r y  ex t rapo la t ion  and lunar  ephemeris ca lcula-  
t i o n s .  Much of  t h e  a n a l y t i c a l  and a lgor i thmic  foundation €or t h e s e  came 
from B a t t i n ' s  earl ier  work f o r  t h e  unmanned space mission s t u d i e s .  For 
Apollo, D r .  B a t t i n ,  D r .  James Miller, and Norman Sears ,  and o t h e r  a n a l y s t s  
made s i g n i f i c a n t  improvements i n  t h e  e f f i c i e n c y  and performance of t h e s e  
r o u t i n e s ,  many of which were of fundamental s ign i f i cance .  

The d i g i t a l  a u t o p i l o t s ,  guidance s t e e r i n g ,  and other mission speci-  
f i c  funct ions  opera t ing  during t h e  more s t r e s s f u l  p a r t s  of t h e  f l i g h t s  
requi red  considerable  coordinat ion  with e x t e r n a l  agencies- the spacec ra f t  
des igners ,  t h e  Manned Spacecraf t  Center ,  and t h e  as t ronau t s .  Severa l  
formal d a t a  exchange procedures were at tempted,  bu t  t h e  most e f f e c t i v e  
i n  many cases were t h e  d i r e c t  personal  con tac t s  t h e  ind iv idua l  a n a l y s t s  
and programmers e s t a b l i s h e d  wi th  o t h e r s  who they learned had t h e  accura te  
information. 

The computer program requirements were recorded f o r  each mission 
by t h e  Ins t rumenta t ion  Laboratory i n  a multivolume document c a l l e d  t h e  
"Guidance System Operating Plan" developed i n i t i a l l y  by John Dahlen and 
James Nevins. However, t h e  o f t e n  tardy pub l i ca t ion  of  t h e s e  p lans  made 
them more of a r e p o r t  of what was i n  t h e  code r a t h e r  than a s p e c i f i c a t i o n  
of what should be coded. The ind iv idua l  programmers a l s o  genera l ly  drew 
t h e i r  d e t a i l e d  f lowcharts  a f ter  t h e  code was w r i t t e n .  Standard format 
f lowcharts  were generated manually by a l a r g e  s p e c i a l  documentation team. 
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. The very e a r l y  programs f o r  t h e  f i r s t  few unmanned e a r t h  o r b i t a l  
test  f l i g h t s  were each put  toge the r  by a small dedica ted  group l e d  by 
a chief  engineer-programmer. For t h e  f i rs t  command module f l i g h t ,  Alex 
Kosmala spen t  many weeks of long hours leading t h e  design and coding 
of program CORONA. S imi la r ly ,  Daniel L i c k l y ' s  g r e a t  personal  e f f o r t  
produced t h e  program SOLARIUM. Each of these  was an amazing tour-de- 
force which was imprac t i ca l  f o r  t h e  more complex manned missions.  Each 
o f  t h e s e  l a t e r  missions was assigned t h e  r e s p o n s i b i l i t y  of a s e n i o r  en- 
g inee r  who assumed a more t e c h n i c a l  management r o l e  f o r  t h e  program. 
The t a s k  f i r s t  was t o  p a r t i t i o n  t h e  job s u i t a b l y  f o r  t h e  a n a l y s t s ,  speci-  
f i c a t i o n  writers, programmers, t e s t  engineers ,  and documentation spec ia l-  
ists. The l eader  e s t a b l i s h e d  schedules and progress  mi les tones ,  reas-  
signed resources  t o  so lve  i n e v i t a b l e  problems, and genera l ly  was respon- 
s i b l e  f o r  t h e  q u a l i t y  of t h e  program. Names notable  here  a r e  D r .  James 
Miller f o r  t h e  f i r s t  Lunar Module program SUNBURST, D r .  F reder i c  Martin 
f o r  t h e  Command Module program COLOSSUS, and George Cherry f o r  t h e  Lunar 
Module program LUMINARY, These l a s t  two were t h e  programs used f o r  t h e  
lunar  landing missions. Martin and Cherry a l so  d i d  a s u b s t a n t i a l  p a r t  
of t h e  design of t h e  powered f l i g h t  guidance s t e e r i n g  funct ions  f o r  these  
programs. Alan Klumpp made major con t r ibu t ions  t o  t h e  landing program 
i n  t h e  Lunar Module. Daniel Lickly  e s t a b l i s h e d  t h e  atmospheric e n t r y  
6esign f o r  t h e  Command Module. 

Much of t h e  d e t a i l e d  code of t h e s e  programs was w r i t t e n  by a team 
of s p e c i a l i s t s  l e d  by Margaret Hamilton. The t a s k  assignments t o  these 

ind iv idua l s  included,  i n  a d d i t i o n  t o  w r i t i n g  t h e  code,  t h e  t e s t i n g  t o  
c e r t i f y  t h a t  t h e  program element met requirements. Overa l l  t e s t i n g  of 
t h e  assembled c o l l e c t i o n  of program elements necessa r i ly  took t h e  use 
of cons iderable  human and machine resources .  The programs had t o  be  
as near  error-free a s  poss ib le  and any anomalies had t o  be understood 
and recorded f o r  p o s s i b l e  a f f e c t  on t h e  mission. Actual ly ,  no program 
errors were ever uncovered dur ing t h e  missions.  

The h ighes t  l e v e l  of t e s t i n g  was performed wi th  a high f i d e l i t y  
d i g i t a l  s imula t ion  of t h e  computer, spacec ra f t  hardware, and mission 
environment. The c r e a t i o n ,  development, and maintenance of t h i s  simula-  
t o r  by D r .  Miller, Keith Glick,  Lance Drane, and o t h e r s  included many 
d i a g n o s t i c  f e a t u r e s  e s s e n t i a l  t o  i t s  e f f e c t i v e  use. Tes t ing  of t h e  
programs w i t h  t h e  real hardware w a s  done by Ain Laats i n  h i s  systems 
tes t  l ab .  Wide bandwidth aspec t s  of t h e  program were evaluated i n  a 
d i g i t a l / a n a l o g  hybrid s imula tor  assembled by P h i l l i p  Felleman and 
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Thomas Fitzgibbon. This  hybrid s imula tor  was a l s o  arranged t o  opera te  
with t h e  d i sp lays  and c o n t r o l s  of  a p a i r  of cockpi t  simulators t o  
e x e r c i s e  crew funct ions  i n  opera t ing  t h e  Command Module and Lunar Module. 
These cockpi t  s imula to r s  were t h e  r e s p o n s i b i l i t y  of James Nevins as- 
s i s t e d  Richard Metzinger, Ivan Johnson, and o t h e r s .  The i l l - f a t e d  
crew who d ied  i n  t h e  f i r e  used t h i s  command module s imula tor  i n  Cam- 
br idge  f o r  t h e i r  t r a i n i n g  of what would have been t h e  f i r s t  manned 
Apollo f l i g h t .  The use of t h e  Cambridge f a c i l i t y  was necessary because 
n e i t h e r  of t h e  mission s imula tors  a t  Houston o r  Cape Kennedy was ready. 

The content  of t h e  f l i g h t  computer software very c l e a r l y  determined 
s p e c i f i c  c a p a b i l i t i e s  and procedures i n  conducting t h e  Apollo mission. 
A s  s t a t e d  earl ier ,  t h e  o r i g i n a l  philosophy underlying t h e  guidance design 
w a s  onboard s e l f  s u f f i c i e n c y  of  t h e  a s t ronau t s  i n  managing t h e i r  mission. 
Early sof tware  was w r i t t e n  wi th  t h i s  crew-directed autonomy i n  mind, a l-  
though it was based only i n t u i t i v e l y  on exac t ly  how t h e  crew would per-  
form t h e i r  t a sks .  The i s s u e  became c l e a r e r  as t h e  a s t r o n a u t s  p a r t i c i -  
pated i n  t h e  hardware and sof tware  design dec i s ions  and p a r t i c u l a r l y  on 
mockup and s imula tor  eva lua t ions  and t h e  experience being gained i n  
Gemini f l i g h t s .  I n i t i a l l y  t h e  f l i g h t  crew changed t h e  software speci-  
f i c a t i o n s  so t h a t  they would p a r t i c i p a t e  s t e p  by s t e p  i n  t h e  computer 
dec i s ions  during t h e  mission phases. This  necessa r i ly  made a heavy 
workload f o r  t h e  a s t ronau t  a t  t h e  computer d i sp lay  and con t ro l s .  A s  

they gained more f a m i l i a r i t y  wi th  t h e  system and more confidence i n  it, 
t h e  philosophy was modified t o  al low t h e  computer t o  flow through t h e  
normal mission l o g i c  without  t h e  n e c e s s i t y  f o r  au thor iz ing  keystrokes 
from t h e  opera tor .  However, t h e  a s t ronau t s  could watch, i n t e r r u p t ,  and 
modify t h e  func t iona l  flow i f  they so chose. 

Another dec i s ion  from t h e  crew r e s u l t e d  i n  reconf igur ing d e t a i l s  
of t h e  trajectories t o  be flown so t h a t  they could b e t t e r  monitor t h e i r  
progress and, i f  a f a i l u r e  occurred,  they would be  i n  an e a s i e r  s i t u a t i o n  
from which t o  t a k e  over  with backup hardware and procedures. For example, 
t h e  Lunar Module guidance was e a s i l y  capable of  i n j e c t i n g  t h e  veh ic le  on 
t h e  ascent  from t h e  moon's s u r f a c e  onto  a t r a j e c t o r y  which would go d i-  
r e c t l y  t o  a rendezvous with t h e  command module. However, t h e  a c t u a l  
procedure used involved a number of more simple maneuvers c a l l e d  t h e  
concentr ic  f l i g h t  p lan  which had been used i n  Gemini rendezvous exe rc i ses .  

Gemini was flown f o r  t h e  l a s t  time l a t e  i n  1 9 6 6 ,  and t h e  a t t e n t i o n  
of t h e  a s t r o n a u t s  and t h e  ground c o n t r o l l e r s  was p u t  f u l l y  onto  Apollo. 
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. By t h i s  time, however, t h e  computer programs were a l ready s t r a i n i n g  
t h e  memory capaci ty .  The F l i g h t  Operat ions Division under Howard W. 

T inda l l  a t  Houston i n  March 1 9 6 6 ,  had taken over t h e  management of t h e  
MIT software contract.  One of T i n d a l l ' s  f i r s t  a c t i o n s  was t o  hold a 
computer memory s to rage  meeting wi th  a l l  involved p a r t i e s  t o  decide  
what computer c a p a b i l i t i e s  should be i n  t h e  l imi ted  program space. 
This  occurred on Friday t h e  13th o f  May and was thereby nicknamed "black 
Friday" by those  whose f a v o r i t e  program elements were el iminated.  Two . 

more b lack Friday meetings were required  and s e v e r a l  " t i g e r  teams" were 
assigned t o  keep t h e  computer program w i t h i n  i t s  bounds. An outcome 
was t h a t  some programs were e l iminated  t h a t  had provided t h e  complete 
on-board se l f- suf f i c i ency .  The ground t r ack ing  f a c i l i t y  and t h e  Mission 
Control a t  Houston would be a b l e  t o  perform t h e s e  funct ions  and would, 
furthermore, relieve t h e  a s t r o n a u t s  of sone of t h e i r  work burden. Enough 
was l e f t  i n  t h e  on-board computer programs, however, f o r  t h e  crew t o  
rescue  themselves and r e t u r n  t o  e a r t h  i n  case communications were los t .  

The management of t h e  sof tware  e f f o r t ,  assigned a t  t h e  time t o  
Edward Copps, n e c e s s a r i l y  became f a r  more s t ruc tu red .  T i n d a l l ,  supported 
by o t h e r s  from t h e  Manned Spacecraf t  Center ,  he ld  monthly Software Develop- 
ment Plan Meetings i n  Cambridge t o  watch progress and t h e  a l l o c a t i o n  of 
resources  t o  software t a s k s .  Af te r  t h e  programs were e s s e n t i a l l y  com- 
p l e t e  b u t  s t i l l  s u b j e c t  t o  r e v i s i o n s ,  t h e s e  meetings changed charac te r  
to  t h a t  o f  a Software Control  Board held  often- times i n  Houston. Even 

a f t e r  t h a t  p a r t  of t h e  code i n  t h e  f ixed  memory f o r  a given spacec ra f t  
was re leased  f o r  manufacture, des i red  program changes were i d e n t i f i e d .  
The l o g i c a l  s i m i l a r i t y  of f ixed  and e r a s a b l e  memory and t h e  f l e x i b i l i t y  
of execut ive  and sof tware  designs d i d  al low t h e  prelaunch o r  i n - f l i g h t  
loading o f  s p e c i a l  programs i n t o  t h e  e r a s a b l e  memory. This was done 
only under strict au thor iza t ion  of T i n d a l l ' s  software c o n t r o l  board. 
Many of t h e s e  so- cal led  e r a s a b l e  programs were used i n f l i g h t  t o  handle 
miscellaneous problems. 

During t h e  la ter  p a r t  of t h i s  per iod ,  T inda l l  a l s o  conducted i n  
Houston what were c a l l e d  Data P r i o r i t y  meetings. These were held  t o  
e s t a b l i s h  t h e  s p e c i f i c  t r a j e c t o r y  c h a r a c t e r i s t i c s ,  ope ra t ing  t ime l ines ,  
and t h e  i n t e r a c t i n g  ground c o n t r o l  and as t ronau t  procedures under a l l  
normal and unusual condi t ions .  The guidance hardware and p a r t i c u l a r l y  
t h e  computer programs i n  t h e  memory inf luenced s t rong ly  t h e  s p e c i f i c  
pa ths  poss ib le  i n  conducting t h e  mission. Accordingly t h e  task w a s  put  
onto  Malcolm Johnston, a t  MIT, t o  search  o u t  t h e  needed detailed design 
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d a t a  a v a i l a b l e  from t h e  enginesrs  i n  Cambridge f o r  the  Data P r i o r i t y  
a c t i v i t y  i n  Houston. I t  was t h e  product  of t h e s e  meetings t h a t  f i n a l l y  
t i e d  toge the r  a l l  mission opera t ions  wi th  t h e  guidance, navigat ion ,  and 
con tr o l  . 

C r e w  t r a i n i n g  i n  t h e s e  opera t ions  on t h e  mission simulators re- 
quired  the  d e t a i l e d  guidance system i n s t r u c t i o n s  provided t i r e l e s s l y  
by Russe l l  Larson working wi th  t h e  a s t ronau t s  a t  Houston and Cape Kennedy. 

F l i g h t  Experience 

The f l i g h t  experience of t h e  Apollo guidance system shows a re- 
markable consistency wi th  expecta t ion  punctuated wi th  o u t r i g h t  s u r p r i s e s .  

The understanding of  t h e s e  s u r p r i s e s  and recommending appropr ia t e  
courses of a c t i o n  f e l l  t o  a large p a r t  on t h e  Ins t rumenta t ion  Laboratory 
teams i n  p lace  a t  Houston, Cape Kennedy, and Cambridge providing guidance 
system mission support .  During t h e  q u i e t  times of the  f l i g h t s ,  only 
about four  Lab engineers would be on duty ,  b u t  t h e  number rose a t  times 
t o  s e v e r a l  dozen performing s p e c i a l  analyses ,  l a b  tests, and simulat ions.  
Leaders of t h i s  a c t i v i t y  were P h i l i p  Felleman, Russe l l  Larson, and 
Stephen Copps . 

The f i r s t  mission ca r ry ing  t h e  guidance system was Apollo 3 ,  which 
flew i n  August 1966.  I t  was an unmanned, high energy, s u b o r b i t a l  tra-  
j e c t o r y  wi th  four separa te  guidance con t ro l l ed  burns of t h e  Service  
Module propulsion rocket .  These were arranged such t h a t  t h e  Command 
Module would e n t e r  the atmosphere w i t h  about 20% more s p e c i f i c  energy 
than t h a t  i n  normal r e t u r n s  from the  lunar  missions.  This  was planned 
i n  order t o  stress test  t h e  r e e n t r y  h e a t  s h i e l d .  The landing east of 
Wake I s l and  about 350 ki lometers  s h o r t  of t h e  intended t a r g e t  was due 
t o  an unant ic ipa ted  e r r o r  i n  t h e  aerodynamic model of t h e  Command Module. 
The a c t u a l  lift a v a i l a b l e  was enough lower than design i n t e n t  so t h a t  
even though t h e  guidance commanded f u l l  upwards lift, t h e  veh ic le  
dropped i n t o  the  ocean e a r l y ,  The guidance ind ica ted  sp lash  po in t  
was wi th in  18 k i lometers  of t h e  Navy's r epor ted  r e t r i e v a l  point- this 
a f t e r  an hour and a h a l f  of uncorrected a l l  i n e r t i a l  navigat ion  through 
high a c c e l e r a t i o n  maneuvers. 

Apollo 4 ,  November 1 9 6 7 ,  a l s o  unmanned was guided i n t o  a high 
apogee t r a j e c t o r y  af ter  two e a r t h  orbi ts  and was t o  be  given an e x t r a  
rocket  burn on the way down t o  s imual te  t h e  lunar  r e t u r n  ve loc i ty .  
However, i n  t h i s  automatic maneuver, a ground c o n t r o l l e r  i n  A u s t r a l i a ,  
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confused by a delay i n  te lemetry ,  s e n t  an engine turn-on s i g n a l  from 
t h e  ground j u s t  a f t e r  it had a l ready been i n i t i a t e d  automat ica l ly  by 
t h e  guidance system. This a c t i o n  t r a n s f e r r e d  rocket  c u t o f f  responsi-  
b i l i t y  away from t h e  onboard system. The ground c o n t r o l l e r  s e n t  t h e  
cu to f f  s i g n a l  13.5 seconds l a te r  than requ i red  f o r  t h e  planned e n t r y  
test  condi t ions .  I t  was, t h e r e f o r e ,  a severe  e n t r y  test  f o r  both t h e  
hea t  s h i e l d  and t h e  guidance system. The la t te r  c o n t r o l l e d  t h e  e n t r y  
i n t o  a range s t r e t c h i n g  s k i p  o u t  of t h e  atmosphere and a r e e n t r y  back 
i n t o  it wi th  a sp lash  i n  t h e  ocean 3 . 5  ki lometers  d i f f e r e n t  from t h e  
po in t  intended as ind ica ted  by ex t rapo la ted  ground t r a c k i n g  da ta .  

Apollo 5, i n  e a r t h  o r b i t  i n  January d f  1968, was t h e  only un- 
manned test with t h e  Lunar Module. The mission went as planned u n t i l  
t h e  time of t h e  f i r s t  guidance c o n t r o l l e d  Lunar Module rocket  burn. The 
system i n i t i a t e d  i g n i t i o n  as planned and using t h e  approved model f o r  
t h r u s t  buildup looked f o r  t h e  a c c e l e r a t i o n  t o  rise a s  expected. A change 
i n  t h e  rocket  p r e s s u r i z a t i o n ,  not  recognized by t h e  software,  delayed 
t h e  t h r u s t  buildup longer than accepted by a s a f e t y  c r i t e r i o n  b u i l t  i n t o  
t h e  computer program. The system, a s  designed, then immediately s i g n a l l e d  
shu to f f .  A s  a result ,  s i n c e  t h e  problem was not  immediately understood, 
t h e  remaining rocket  burns were c o n t r o l l e d  by a simple backup system. A l l  

primary mission o b j e c t i v e s  were m e t .  

Apollo 6 i n  Apr i l  1 9 6 8 ,  had a mission s i m i l a r  t o  Apollo 4 ,  b u t  un- 
f o r t u n a t e l y  t h e  Saturn  booster  t h i r d  stage could no t  be r e s t a r t e d  f o r  
the  lunar  t r a j e c t o r y  i n j e c t i o n  s imula t ion  burn. Consequently, t h e  
spacec ra f t  Service  Module was used f o r  t h i s  under guidance system con t ro l .  
Since t h e  r e s u l t i n g  burn was n e c e s s a r i l y  very long a s  targeted, too 
l i t t l e  f u e l  f o r  t h e  maneuver needed t o  d r i v e  t h e  s p a c e c r a f t  back i n t o  
t h e  atmosphere a t  luna r  r e t u r n  v e l o c i t y  was l e f t .  The lower v e l o c i t y  
was n o t  enough s p e c i f i c  energy f o r  t h e  guidance t o  steer t h e  v e h i c l e ' s  
l i f t  t o  t h e  planned t a r g e t ,  and it f e l l  s h o r t  by almost 100 ki lometers  
with t h e  guidance i n d i c a t i n g  a sp lash  wi th in  4 ki lometers  of t h a t  l a t e r  
repor ted  by t h e  recovery fo rce .  

The f i r s t  manned f l i g h t ,  Apollo 7 ,  October 1 9 6 7 ,  exerc ised  a 
rendezvous wi th  t h e  spent  t h i r d  s t a g e  of  t h e  Saturn  booster  from about 
100 miles separa t ion .  The s e x t a n t  was used by a s t r o n a u t  Don Eisele 
t o  g ive  t h e  computer d i r e c t i o n  information referenced t o  t h e  s tel lar  
a l igned i n e r t i a l  system. N o  ranging d a t a  were a v a i l a b l e  as t h e  equip- 
ment was n o t  y e t  a v a i l a b l e .  Nevertheless,  t h e  computer converged upon 
a good rendezvous so lu t ion .  Three times during t h e  f l i g h t  untes ted  
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procedures used by t h e  crew caused t h e  computer t o  " r e s t a r t "  success-  
f u l l y .  Restart w a s  a software f e a t u r e  provided i n  a l l  problems t o  pro- 
tect  a g a i n s t  da ta  loss and provide i n s t a n t  recovery from l o g i c a l l y  
improper a c t i v i t y .  Many times i n  f u t u r e  f l i g h t s ,  r e s t a r t  accommodated 
s a f e t y  t o  computer l o g i c  and opera t iona l  problems. 

Apollo 8 with t h e  f i r s t  men t o  o r b i t  t h e  moon, December 1968, was 
a f a n t a s t i c  success of man and machine. A l l  of  t h e  guidance f e a t u r e s  
i n  t h e  Cormnand Module were exerc ised  with few problems. I n  t h e  very 
f i r s t  a p p l i c a t i o n  of on-board autonomous navigat ion  i n  space,  J i m  Lovell  
made over 200 s e x t a n t  s i g h t i n g s  on t h e  way ou t  t o  t h e  moon. H i s  computer 
s o l u t i o n  of t h e  n e a r e s t  approach t o  t h e  backside of t h e  moon agreed wi th in  
2 . 5  ki lometers  of  t h a t  l a t e r  reconst ructed  from ground t r ack ing  da ta .  
The c r i t i c a l  re turn- to- ear th  maneuver, Christmas morning, was so accu- 
rate t h a t  only a s i n g l e  1.5 meter/sec midcourse maneuver was requi red  
5 hours later.  Lovel l ' s  t r a n s e a r t h  navigat ion  wi th  t h e  s e x t a n t  ind i-  
ca ted  approach t o  t h e  e n t r y  c o r r i d e r  wi th in  30% of t h e  normal to lerance .  
By t h i s  he showed t h a t  he could have re turned s a f e l y  without  t h e  he lp  
of t h e  ground con t ro l .  A t  one p o i n t  e a r l y  i n  t h e  r e t u r n ,  Lovell ,  think-  
ing  he was t e l l i n g  t h e  computer t h a t  he was using s t a r  number 0 1 ,  a c t u a l l y  
punched i n  t h e  command f o r  t h e  computer t o  go t o  t h e  e a r t h  prelaunch 
program 01. This caused a l l  s o r t s  of mischief inc luding t h e  loss of t h e  
i n e r t i a l  system alignment. He had no problem g e t t i n g  a l l  t h i s  quickly  
and proper ly  rearranged.  

Apollo 9 ,  which flew a very complex mission i n  March 1 9 6 9 ,  exer- 
c i sed  almost a l l  funct ions  of t h e  Lunar Module guidance i n  e a r t h  o r b i t  
inc luding t h e  rendezvous wi th  t h e  Command Module. The only i n f l i g h t  
guidance hardware f a i l u r e  i n  t h e  program occurred e a r l y  i n  t h e  mission. 
A t i n y  p in  g o t  dislodged from t h e  scanning t e l e scope  angle  counter  d i s-  
play rendering t h e  counter  use less .  The counter ,  however, was only a 
backup to  t h e  normal readout  of t h e  computer d i sp lay ,  so f o r t u n a t e l y  t h e  
problem had no impact on t h e  mission. A t  one p o i n t ,  Dave S c o t t  loaded 
t h e  celestial coordinates  of J u p i t e r  i n t o  t h e  computer and asked it t o  
po in t  t h e  o p t i c s  a t  t h e  p lane t .  H e  was rewarded wi th  a f i n e  d i sp lay  of 
J u p i t e r  and he r  moons i n  t h e  2 8  power instrument.  La te r ,  he loaded t h e  
computer wi th  t h e  o r b i t a l  parameters of t h e  Lunar Module which had by 
then been abandoned and s e n t  away i n t o  a hiqh o r b i t .  There it was i n  t h e  
eyepiece 5,000 k i lometers  away. 

Apollo 1 0  i n  May 1 9 6 9 ,  was a complete lunar  mission,  except  t h e  
a c t u a l  touchdown on t h e  moon w a s  by-passed a s  planned. A l l  guidance 
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funct ions  were uneventful  except  t h a t  a new technique was developed 
during t h e  f l i g h t  t o  pu t  t h e  v e h i c l e  i n t o  a stable r o t a t i o n  of 3 revo- 
l u t i o n s  pe r  hour during t h e  long coast t o  t h e  moon. This s p i n  was used 
earlier i n  Apollo 8 t o  keep t h e  thermal loads  on t h e  sk in  from t h e  sun 
equal ized ,  b u t  on t h a t  mission occas ional  f i r i n g s  of t h e  a t t i t u d e  je ts  
were necessary t o  hold t h e  s p i n  a s  requi red .  Besides wast ing f u e l ,  t he  
no i se  of  these  f i r i n g s  d i s tu rbed  t h e  crew's sleep. During Apollo 1 0 ,  

Joseph Turnbull ,  i n  Cambridge, exe rc i sed  var ious  methods on a s imula tor  
f o r  i n i t i a t i n g  t h e  s p i n  so t h a t  the  r e s i d u a l  f l u i d  motions i n  a l l  t h e  
f u e l  tanks  would no t  later  on d e s t a b i l i z e  t h e  s p a c e c r a f t  motions. His 
procedures were radioed t o  t h e  crew v i a  Mission Control  i n  Houston; on 
t h e  second t r y  it worked and s t a b i l i t y  was achieved without  f u r t h e r  
t h r u s t e r  a c t i v i t y .  

F i n a l l y  on J u l y  2 0  and 2 1 ,  1 9 6 9 ,  Apollo a s t r o n a u t s  f irst  walked 
on t h e  "magnificent deso la t ion"  of t h e  moon's surface .  The a c t u a l  landing 
was p a r t i c u l a r l y  e x c i t i n g ,  however, due t o  alarms i n  t h e  computer dur ing  
t h e  descent .  These alarms were caused by an erroneous mode switch posi-  
t i o n  r e s u l t i n g  i n  maximum pu l se  rate s i g n a l s  being s e n t  t o  t h e  computer 
from t h e  rendezvous rada r ,  which was, of course ,  not  needed during t h e  
landing.  The computer, a l ready opera t ing  near  capac i ty ,  was overloaded 
by t h e s e  extraneous inpu t s  causing it t o  restart and- d i s p l a y  t h e  alarms. 
The ground c o n t r o l l e r s  and Neil Armstrong were on top  of t h e  problem. 
They knew well t h a t  t h e  computer, i n  r e s t a r t i n g ,  would keep t h e  e s s e n t i a l  
programs running f o r  t h e  landing.  However, Armstrong's a t t e n t i o n  was 
d i v e r t e d  dur ing t h e  time he should have been using the  window d i sp lay  which 
would i n d i c a t e  t o  him what t h e  lunar  s u r f a c e  was l i k e  a t  t h e  p o i n t  where 
the guidance system was br inging him. When he f i n a l l y  looked, it was a 
young ray  crater strewn w i t h  l a r g e  rocks. I t  was t o o  l a t e  t o  r e t a r g e t  
t h e  computer f o r  t h e  more e f f i c i e n t  t r a j e c t o r y  change t o  a more s u i t a b l e  
point .  Ins tead ,  he selected a semiautomatic a l t i t u d e  hold mode and maneu- 
vered ac ross  t h e  crater t o  a landing a t  "Tranqu i l i ty  Base". 

Apollo 1 2  i n  November 1 9 6 9 ,  was h i t  by t w o  l i g h t n i n g  s t r i k e s  e a r l y  
i n  t h e  boost  t o  e a r t h  o r b i t .  The l a r g e  c u r r e n t  pu l ses ,  pass ing through 
t h e  innards  of t h e  command module surrounded by t h e  i n s u l a t i n g  hea t  s h i e l d ,  
caused power t r a n s i e n t s  which forced the computer t o  restart  both times. 
Although t h e  computer d i d  no t  l o s e  any memory, the i n t e r f a c e  c i r c u i t s  t o  
the  i n e r t i a l  system were a f f e c t e d  t r a n s i e n t l y  and Pete Conrad repor ted  
a tumbling i n e r t i a l  platform. For tunate ly ,  t h e  Saturn  booster  guidance 
system, f u r t h e r  d i s t a n t  from t h e  c u r r e n t  pulse ,  was no t  d i s tu rbed  and 
completed its normal funct ion .  The crew was able t o  r e a l i g n  t h e  i n e r t i a l  
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system t o  t h e  s t a r s  whi le  i n  e a r t h  o r b i t ,  and cont inue  t h e  mission. 
They landed on t h e  moon on t h e  edge of t h e  small crater i n  which had 
s a t  t h e  unmanned Surveyor s p a c e c r a f t  s i n c e  i ts  a r r i v a l  two and a ha l f  
years  earl ier .  

The emergency and rescue of t h e  Apollo 13  crew i n  Apr i l  1970, a f t e r  
t h e  explosion and loss  of oxygen and power i n  t h e  Service  Module, ur- 
gen t ly  depended upon a quick maneuver t o  g e t  back on an e a r t h ' s  r e t u r n  
t r a j e c t o r y  using t h e  only propulsion a v a i l a b l e ,  t h a t  of  t h e  Lunar Module. 
The Lunar Module a u t o p i l o t  was not  designed t o  push t h e  heavy Command 
and Service  Module through t h e  limber docking j o i n t  as a normal c o n t r o l  
mode. However, f o r  j u s t  a contingency such a s  t h i s ,  t he  necessary s o f t -  
ware had been developed by t h e  Ins t rumenta t ion  Laboratory and was in-  
cluded i n  t h e  computer program; b u t  it was very l i t t l e  t e s t e d .  The 
c r i t i c a l  maneuver was accomplished with s t a b l e  con t ro l .  Without Se rv ice  
Module power and i n  order t o  conserve t h e  l i m i t e d  l i f e  Command Module 
b a t t e r i e s  f o r  t h e  e n t r y ,  t h e  guidance system t h e r e  was shutdown com- 
p l e t e l y .  Af te r  t h r e e  days of co ld ,  rough t rea tment  f o r  t h e  p r e c i s i o n  
instrument,  would t h e  i n e r t i a l  system g e t  reheated  without  harm, g e t  
s t a r t e d  and a l igned ,  and r e t a i n  i t s  c a l i b r a t i o n  f o r  it use i n  guiding 
en t ry?  The e n t r y  proceeded normally a n d , s p l a s h  i n  t h e  ocean was ind i-  
ca ted  wi th in  one ki lometer  of t h e  t a r g e t .  

The February 1 9 7 1  mission of Apollo 1 4  was normal f o r  t h e  guidance 
system u n t i l  about  t h r e e  and a ha l f  hours before  t h e  scheduled powered 
descent  onto  t h e  moon. A t  t h i s  time t h e  Lunar Module computer s t a r t e d  
rece iv ing i n t e r m i t t e n t  f a u l t y  s i g n a l s  from t h e  main panel  a b o r t  but ton ,  
which, i f  they  occurred during t h e  descent  t o  t h e  moon, would i r revocably  
s t a r t  t h e  a b o r t  sequence sending t h e  v e h i c l e  back i n t o  o r b i t .  A s  i n  
every mission,  t h e  Instrumentat ion Laboratory* support  engineers  i n  
Houston, Cape Kennedy, and Cambridge were monitoring progress  and immed- 
i a t e l y  started working on a way of preventing t h e  mission from being 
terminated needless ly .  Among t h e  var ious  ideas proposed, one suggested 
by a young engineer ,  Donald Eyles,  was s e l e c t e d  and a f t e r  h u r r i e d l y  being 
t e s t e d  on t h e  s imula to r s  i n  Cambridge was s e n t  over t h e  c i r c u i t s  t o  t h e  
Mission Control Center i n  Houston f o r  t h e i r  evaluat ion .  This  procedure, 
which w a s  s e n t  up t o  t h e  crew as soon as they came around from t h e  back 
of t h e  moon, involved four  sets of computer inpu t  keystrokes t o  be made 
onboard a t  appropr ia t e  times i n  t h e  descent .  The First of  t h e s e  would 
fool t h e  necessary p a r t  of  t h e  computer l o g i c  i n t o  th ink ing  t h a t  is was 

* Actual ly ,  a year  e a r l i e r ,  t h e  Instrumentat ion Laboratory had been re- 
named The Charles S t a r k  Draper Laboratory i n  honor of i t s  founder. 
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al ready i n  an abor t  mode while t h e  landing programs, never the less ,  would 
continue t o  b r ing  t h e  v e h i c l e  down t o  the lunar  su r face .  The a s t r o n a u t s  
had only 1 0  minutes after rece iv ing  t h i s  computer reprogramming procedure 
be fo re  they had t o  s tar t  t h e i r  descent .  They accepted it: and the landing 
went f l awless ly ,  e x a c t l y  t o  the  planned s p o t  on t h e  moon. 

There were t h r e e  more lunar  landing missions,  t h r e e  e a r t h  o r b i t a l  
v i s i t s  t o  t h e  Skylab, and t h e  rendezvous w i t h  t h e  Sov ie t  cosmonauts i n  
Soyuz. Although the  Apollo guidance, navigat ion ,  and con t ro l  system con- 
t i n e d  t o  g e t  involved i n  t h e  unexpected, any f u r t h e r  account would be  
a n t i c l i m a c t i c  t o  t h e  dramatic saving of t h e  Apollo 1 4  and i t s  object ive-  

t h e  landing of men on t h e  moon. 

" 
Comment 

This account i s  w r i t t e n  from t h e  po in t  of view of one who experi-  
enced the h e c t i c  b u t  e x c i t i n g  years .  The i n t e n t  was t o  under l ine  s ign i-  
f i c a n t  events  and ever-changing design emphasis and t o  suppor t  t h i s  wi th  
limited anecdota l  items and reminiscences. An enormous amount of material 
has been l e f t  o u t  f o r  p r a c t i c a l  reasons ,  and many worthy names reg re t-  
f u l l y  remain unmentioned. Technical  d e t a i l s  have been d e l i b e r a t e l y  played 
down: they can b e  found i n  t h e  bibl iography.  The o v e r a l l  message i s  
simple: I n  an i n c r e d i b l e  and audacious task, t h e  landing of men on t h e  
moon, t h e  guidance equipment f o r  t h e  mission was c rea ted  o u t  of prima- 
t i v e  p r i n c i p l e s ,  p r o l i f i c  imagination,  and a l o t  of hard work. 
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