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I 

I n t r o d u c t i o n  

The s h o r t  f e a s i b i l i t y  s t u d y  r e c e n t l y  
Bellcomm, I n c .  for t h e  Apol lo  Guidance  S o f t w a r e  Task  F o r c e ,  
NASA, had  two goals. One was t o  u s e  o n l y  h a l f  t h e  a v a i l a b l e  
memory, t h e  o t h e r  to u s e  o n l y  one i n t e r r u p t .  T h i s  memorandum 
r e p o r t s  on t h e  one i n t e r r u p t  p a r t  o f  t h e  s t u d y .  

1 By way of  d e f i n i t i o n ,  an i n t e r r u p t  i s  a s i g n a l  t o  t h e  
computer : t o  s t o p  a c t i v i t y  i n  a r o u t i n e ,  b r a n c h  to a n o t h e r  
r o u t i n e ,  p e r f o r m  n e c e s s a r y  c o m p u t a t i o n s  and t h e n  r e t u r n  t o  t h e  
o r i g i n a l  r o u t i n e .  

P r e s e n t  or I n t e r r u p t  S t r u c t u r e  o f  t h e  A G C  

two t y p e s  

t h e  A G C .  
o u t p u t s  a 
c h a n g e ,  a 

F i g u r e  1 n o t e s  t h a t  t h e  A p o l l o  Guidance Computer h a s  
o f  i n t e r r u p t s ,  whrch a r e  d i s t i n c t l y  d i f f e r e n t .  

Coun te r  I n t e r r u p t s  a r e  s p e c l a l  hardware  f e a t u r e s  o f  
A s  a n  example ,  when an i n t e g r a t i n g  a c c e l e r o m e t e r  
p u l s e  r e p r e s e n t i n g  some 0 . 1  f p s  s e n s e d  v e l o c i t y  
c o u n t e r  i n t e r r u p t  o c c u r s  which changes  t h e  c o n t e n t s  o f  - 

a n  A G C  memory work by one  c o u n t .  La te r ,  when programmed t o  do 
s o ,  t h e  A G C  r o u t i x e  can  examine t h i s  word to d e t e r m i n e  how much 
v e l o c i t y  change  has b e e n  s e n s e d .  C o u n t e r  i n t e r r u p t s  a re  a 
ha rdware  f e a t u r e ,  n o t  a s o f t w a r e  f e a t u r e ,  and  i n v o l v e  t h e  
compute r  o n l y  i n  t h a t  a memory word i s  u s e d  and i n  t h a t  one 
machine  c y c l e  i s  u s e d  t o  bump t h e  word c o n t e n t  by one  c o u n t  
when t h e  i n t e r r u p t  o c c u r s .  Programmers do n o t  n e e d  t o  know 
a b o u t  c o u n t e r  i n t e r r u p t s .  

The a l t e r n a t i v e  t o  a c o u n t e r  i n t e r r u p t  i s  an  a c c u m u l a t i n g  I 

r e g i s t e r  e x t e r n a l  to t h e  A G C ,  which i s  r e a d  ( s e r i a l l y ,  u s u a l l y )  ' I  

i by t h e  AGC when programmed t o  do  s o .  The d a t a  i s  t h e n  t r a n s -  
. f e r r e d  i n t o  a n  A G C  rnemory word. T h i s  a l t e r n a t i v e  t h u s  r e q u i r e s  

as much A G C  s t o r a g e  i f  not more, as much t i m e  i f  n o t  more 
( e s p e c i a l l y  f o r  s e r i a l  t r a n s f e r ) ,  and  a d d i t i o n a l  hardware. It 
was c o n c l u d e d ,  t h e r e f o r e ,  t h a t  t h e s e  i n t e r r u p t s  s h o u l d  b e  u s e d  
and be c o n s i d e r e d  o n l y  as a h a r d w a r q z f e a t u r e  o f  t h e  A G C ,  n o t  as true int-----.-.-' - - - -  
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Program I n t e r r u p t s  a re  s i g n a l s ,  r e s p o n s e  to which must  I .  
be programmed. For example, to t u r n  t h e  e n g i n e  o f f  a t  a 
p rec i se  t i m e ,  t h e  AGC s o f t w a r e  s e t s  an  i n t e r n a l  c l o c k  to a 
v a l u e  e q u a l  to t h e  t ime- to-go .  The c l o c k  c o u n t s  down to z e r o ,  
and  z e r o  c a u s e s  a n  i n t e r r u p t .  The program b r a n c h e s  to a 
l o c a t i o n  i n  memory u n i q u e l y  a s s o c i a t e d  w i t h  t h i s  p a r t i c u l a r  
i n t e r r u p t ,  d e t e r m j n e s  t h a t  " eng ine  o f f "  i s  t h e  p r o p e r  r e s p o n s e ,  
i s s u e s . t h e  command, and t h e n  r e t u r n s  to t h e  o r i g i n a l  r o u t i n e  
i n  p r o g r e s s  b e f o r e  t h e  i n t e r r u p t .  

I n  some c a s e s ,  i t  i s  u n d e r s t o o d  t h a t  t h e  i n t e r r u p t  
r o u t i n e  d o e s  e v e n  l e s s  t h a n  t h i s  b e f o r e  r e t u r n i n g  to t h e  r o u t i n e  
i n  p r o g r e s s .  I n s t e a d  o f  a c t u a l l y  d o i n g  t h e  s p e c i a l  c o m p u t a t i o n s ,  
t h e  task i s  e n t e r e d  i n t o  t h e  wai t l is t  ( s ee  n e x t  p a r a g r a p h )  as a 
j o b  w a i t i n g  to be  done .  

P r e s e n t  A G C  program d e s i g n  depends  g r e a t l y  on these  
program I n t e r r u p t s .  V a r i o u s  tasks a re  a s s i g n e d  p r i o r i t y  l e v e l s  
f r o n  1 t o  32 and  a t  f r e q u e n t  convcni~nt times, the softivarc 
r o u t i n e  i n  p r o g r e s s  is changed,  becoming t h e  one h a v i n g  t h e  
c u r r e n t  g r e a t e s t  p r i o r i t y  ( u n t i l  a h i g h e r  p r i o r i t y  job e n t e r s  
t h e  q u e u e ) .  For example ,  when a s p e c i f i c  t a s k ,  e . g .  n a v i g a t i o n ,  
i s  t o  b e g i n  two seconds  l a t e r ,  t h i s  t i m e  i s  e n t e r e d  i n t o  a 
w a i t l i s t ,  a n  i n t e r r u p t  o c c u r s  two s e c o n d s  l a t e r  and  t h e  n a v i -  
g a t i o n  i s  e x e c u t e d  as soon as i t s  p r i o r i t y  i s  t h e  g r e a t e s t  i n  
t h e  t h e n  c u r r e n t  queue o f  t a s k s  a w a i t i n g  e x e c u t i o n .  

Timing  Demands 

An a l t e r n a t i v e  program o r g a n i z a t i o n  i s  to check  
f r e q u e n t l y  enough i f  i t  i s  t i m e  to do s o m e t h i n g ,  r a t h e r  
t h a n  d o i n g  i t  a t  " e x a c t l y "  the r e q u i r e d  t i m e .  Timing demands 
are  shown i n  F i g u r e  2 ,  and  a r e  t h e  bas i s  f o r  t h e  d i s c u s s i o n  
which  f o l l o w s .  

The a b i l i t y  to t u r n  R C S  j e t s  o f f  w i t h  a t i m e  
g r a n u l a r i t y  o f  1 m s  i s  h i g h l y  d e s i r a b l e  b e c a u s e  f u e l  c a n  
be  s a v e d  i n  t h a t  way.  But check ing  e v e r y  1 m s  to see if i t  
i s  t i m e  to do s o  takes  t o o  much t i m e  f rom o t h e r  a c t i v i t i e s .  
T h i s  f u n c t i o n  i s  t h e n  t h e  t a s k  which must  be  k e p t  as a n  
i n t e r r u p t .  

Down t e l e m e t r y  can a c c e p t  new d a t a  (two words )  e v e r y  
20  m s .  The r a t e  used  to be slower,  and  t h i s  s p e e d  was r e c o g n i z e d  
as n e c e s s a r y  and  implemented.  It s h o u l d  t h e r e f o r e  be k e p t ,  
a l t h o u g h  it  i s  somewhat more o f t e n  t h a n  d e s i r a b l e  from a p r o -  
gramming v i e w p o i n t .  And t h e  r e t u r n  to t h e  t e l e m e t r y  r o u t i n e s  
s h o u l d  be f a i r l y  synchronous  a t  t h i s  r a t e .  
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S e x t a n t  marks s h o u l d  b e  r e c o g n i z e d  and  s e r v i c e d  
w i t h i n  some 4 0  ms o f  t h e i r  o c c u r r a n c e ,  i f  t h e  s e x t a n t  da ta  
i s  t o  be u s e f u l  i n  l u n a r  landmark t r a c k i n g .  

I -  

The D i g i t a l  Autopilot R o u t i n e s  r e q u l r e  new computa- 
t i o n s  a b o u t  e v e r y  60  m s .  S e r v i c e  s h o u l d  be f a i r l y  s y n c h r o n o u s ,  
s i n c e  t h e  d i g i t a l  f i l t e r s  i n  t h e  a u t o p i l o t  depend upon a . 
c o n s t a n t  t i m e  i n t e r v a l  between g i m b a l  a n g l e  r e a d i n g s .  

c o n t r o l s  s h o u l d  be s e r v i c e d  w i t h i n  some 1 0 0  m s  of t h e i r  
o c c u r r a n c e ,  i f  c rew members a re  n o t  to n o t i c e  a d e l a y  i n  re- 
s p o n s e  to t h e i r  a c t i o n s .  

DSKY ( D i s p l a y  and  Keyboard)  e n t r i e s  anh  hand 

Upl ink  t e l e m e t r y  s h o u l d  be  s e r v i c e d  w i t h i n  a b o u t  
1 0 0  m s  o f  t h e  a r r i v a l  o f  t h e  u p l i n k  i n f o r m a t i o n .  Communica- 
t i o n  s y s t e m  p e r f o r m a n c e ,  not t h e  AGC, d e t e r m i n e s  t h i s  r a t e .  

The G & N housekeep ing  c y c l e  i s  a b o u t  100 ms and 
s h o u l d  be m a i n t a i n e d .  T h i s  i n c l u d e s  s u c h  o p e r a t i o n s  as 
I n e r t i a l  m e a s u r i n g  u n i t  s t a t u s  c h e c k ,  t e m p e r a t u r e  c h e c k s ,  
a c c e l e r o m e t e r  f a i l u r e  t e s t s ,  e t c . ,  a l t h o u g h  n o t  a l l  t e s t s  
are done e v e r y  100  m s .  

A l t e r n a t i v e  Program O r g a n i z a t i o n  

These  program i n t e r r u p t s  have  a hardware  b a s i s  as  w e l l  
as a s o f t w a r e  b a s i s .  To a v o i d  c h a n g i n g  h a r d w a r e ,  t h e  s o f t w a r e  
i s  changed s o  t h a t  a program i n t e r r u p t  p o s t s  a f l a g  i n d i c a t i n g  
t h e  need to do a c e r t a i n  t a s k .  

The one i n t e r r u p t  a l l o w e d  i s  u s e d  as  a t i m e r  i n t e r r u p t  
h a v i n g  two p u r p o s e s - - t o  t u r n  R C S  j e t s  o f f  and  to i n i t i a t e  t h e  
20 m s  b a s i c  c y c l e ,  as i s  shown i n  F i g u r e  3 .  

c y c l e - - e v e r y  2 0  m s  two new words are  t r a n s f e r r e d  to t h e  o u t p u t  
c h a n n e l s .  

Down t e l e m e t r y  i s  t h e  f i r s t  p a r t  o f  t h i s  20 m s  

The d i g i t a l  a u t o p i l o t  60 m s  c y c l e  j o b  f o l l o w s  i m m e d i a t e l y  
a f t e r  t h e  t e l e m e t r y  o p e r a t i o n s  b e c a u s e  t h i s  m a i n t a i n s  t h e  c y c l e  
of  60 m s  b e s t .  A u t o p i l o t  c a l c u l a t i o n s  a r e  begun on t h e  f i r s t ,  
f o u r t h ,  s e v e n t h ,  e t c .  20 m s  c y c l e  and  o n e - t h i r d  o f  t h e  a u t o p i l o t  
i s  done e a c h  20 m s  c y c l e .  

I 

I 

S e x t a n t  marks  (40  m s  s e r v i c e  r a t e )  come n e x t .  Here 
40 m s  means t h a t  t h e  f l a g  s h o u l d  be checked  at l e a s t  e v e r y  
4 0  m s .  A c t u a l l y  once t h e  mark i s  made i t  i s  u s u a l l y  s e v e r a l  
s e c o n d s  b e f o r e  a second mark o c c u r s ,  s o  s e r v i c i n g  t h e  mark 
c a n  b e  p e r m i t t e d  t o  t ake  more t h a n  40  m s .  Rut t h e  s e r v i c i n g  
j o b  must be d i v i d e d  i n t o  many p a r t s  e a c h  o f  which f i t s  i n t o  
t h e  20 m s  c y c l e .  
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The o t h e r  j o b s  f i t  i n t o  t h e  20  m s  c y c l e  i n  much t h e  
same way--each must  b e  d i v i d e d  i n t o  p a r t s  which c a n  f i t  
i n t o  t h e  20  m s  c y c l e ,  and  t h e  sum o f  t h e  p a r t s  must i n  no  
case exceed  20  m s .  Fo r  t h e  g e n e r a l  s i t u a t i o n  i n  which  less 
t h a n  20 m s  i s  r e q u i r e d ,  t h e  i d l e  p e r i o d  shown i s  i n c l u d e d ,  
a n d  t h e  e x a c t  2 0  m s  c y c l e  i n s u r e d  t h e r e b y . ,  

I n  t h i s  o r g a n i z a t i o n  t h e  e x e c u t i v e  h a s  two l e v e l s .  
The h i g h  l e v e l  one  s w i t c h e s  f rom 2 0  m s  to 60 t o  40  m s  , e t c . ,  
j o b s .  At the l o w e r  l e v e l ,  t h e  p i e c e s  o f  t h e  1 0 0  m s  ( and  
60 and  40 m s )  tasks  a re  connec ted  t o g e t h e r  i n t o  a m e a n i n g f u l  
s e q u e n c e .  T h i s  o v e r h e a d  i s  es t imated  to c o s t  a b o u t  1% o f  machine  
t i m e :  t h e  i d l e  o v e r h e a d  i s  e s t i m a t e d  a t  a b o u t  10% ( b a s e d  on 
t h e  LM Abort  Guidance System e x p e r i e n c e ) .  

Thus u n d e r  t h i s  o r g a n i z a t i o n  t h e r e  i s  a f o r c e d , i d l e  
p e r i o d ,  which means t h a t  t h e  A G C  must b e  somewhat s l o w e r  t h a n  
i t  i s  a t ,  p r e s e n t .  Under the prcser , t  sck;z;;.,c t h c  A G C  i s  i d l e  
o n l y  when t h e r e  i s  n o t h i n g  t o  do .  Because of  t h i s ,  i t  i s  
l i k e l y  t h a t  t h e  s l o w  c y c l e  f o r  g u i d a n c e  would i n c r e a s e  to 
somewhat more t h a n  two seconds ,  es t imates  b e i n g  t h r e e  s e c o n d s  
o r  l e s s .  T h i s  s h o u l d  b e  a c c e p t a b l e ,  however .  

V a r i a t i o n s  

V a r i a t i o n s  on t h i s  scheme are e a s i l y  c o n c e i v e d  and  
two a re  now p r e s e n t e d .  

One i s  to add t h e  20  m s  down t e l e m e t r y  to t h e  t i m e r  
i n t e r r u p t  ( g i v i n g  i t  t h r e e  f u n c t i o n s  i n s t e a d  o f  two) and  set 
t .he b a s i c  c y c l e  to, s a y ,  9 0  o r  IO0 ms; The  6 0  ms J o b  ! \ r o ~ ~ l d  
become a 45 o r  50 m s  j o b  a p p e a r i n g  t w i c e  i n  t h e  1 0 0  m s  c y c l e ,  
w h i l e  t h e  40  m s  would b e  e i t h e r  30, 45,  or 5 0  m s  as would b e  
most a p p r o p r i a t e .  T h i s  r e d u c e s  t h e  o v e r h e a d  somewhat,  p a r t i -  
c u l a r l y  t h e  i d l e  p o r t i o n .  

Another  i s  t o  i n c r e a s e  t h e  s t o r a g e  c a p a c i t y  of  t h e  
t e l e m e t r y  s o  i t  can  h o l d  1 0  words (100  m s  w o r t h ) .  Then 
t e l e m e t r y  would n o t  be an i n t e r r u p t  and  t h e  1 0 0  m s  c y c l e  
scheme above c o u l d  b e  u s e d .  

Con c l u  s'i on s 

It i s  p o s s i b l e  t o  r e o r g a n i z e  t h e  A G C  compute r  program 
to r e d u c e  t h e  number of  programmable i n t e r r u p t s  to o n l y  one-- 
a t i m e r  i n t e r r u p t  u s e d  to t u r n  R C S  jets o f f  to w i t h i n  1 m s  
g r a n u l a r i t y  and to c o n t r o l  a b a s i c  20  m s  c y c l e  o f  o p e r a t i o n s .  
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No ha rdware  changes  are  r e q u i r e d  f o r  this a p p r o a c h :  
p r e s e n t  c o u n t e r  i n t e r r u p t s  s h o u l d  be k e p t  and  u s e d ,  and  
p r e s e n t  program i n t e r r u p t s  used t o  s e t  f l ags  i n d i c a t i n g  t h a t  
s e r v i c i n g  i s  r e q u i r e d .  

Many v a r i a t i o n s  on t h i s  bas i c  a p p r o a c h  are p o s s i b l e .  

2014-WGH-bj h W. G .  f f r o n  
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