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AB ST RAC 

This memorandum describes the characteristics of aerospace 
computers developed in the 1962-1967 period; no attempt is made to 
extrapolate these characteristics to describe pos t -1967  computers. 

The main functional divisions of memory, central processing 
unit and input/output are treated separately, as are such overall 
characteristics as speed, reliability, software availability, and 
weight, power and volume. Some knowledge of computers is assumed, 
but in many cases, concepts are explained in detail. 

set of characteristics. Each characteristic has a fairly wide range, 
reflecting the variety of computers available to meet a variety of 
applications. The Characteristics of the machines surveyed are given 
in Appendix Table 2 and summarized below along with characteristics 
of the NIT Block I1 Apollo Guidance Computer (AGC): 

A "typical" 1967  computer cannot be described by a single 

n 
I t  

Characteristic Minimum Typical Maximum AGC - 
Add Time (psec) 2 4-12 624 23 .4  
Multiply Time b e c )  6 20-60 7 1 1  46 .8  
Divide Time (wet> 18 22-100 840 8 1 . 9  
Weight (lbs) 
Size (cu.ft.1 

5 30-80 200 5 8 . 0  
0 .07  0 . 4 - 1 . 4  2 . 6 5  1 . 0  

Power (watts) 4 100-250 567 1 0 0  

Memory Size (words) 2 K  4-16K 1 3 1 K  38K 

One trend in the overall design of aerospace computers is 
toward computers which look more and more like ground-based machines. 
Multiple formats for instruction words, instruction sets compatible 
with ground-based machines, and efforts to provide greater memory 
capacity through a hierarchy of different types of memories are some 
examples of this trend. 

SEE REVERSE S I D-STR I BUT I OH L I ST 
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TECHNICAL MEMORANDUM 

I .  INTRODUCTION 

T h i s  memorandum p r o v i d e s  a b r i e f  summary of  t h e  c u r r e n t  
s t a t e - o f - t h e - a r t  o f  a e r o s p a c e  d i g i t a l  compute r s .  The i n f o r m a t i o n  
h e r e i n  i s  based  on t h e  c h a r a c t e r i s t i c s  of  a e r o s p a c e  computers  
which were deve loped  d u r i n g  t h e  p e r i o d  1 9 6 2 - 1 9 6 7 .  Data was ob- 
t a i n e d  from m a n u f a c t u r e r s  and from two p r e v i o u s  s u r v e y s . *  No 
a t t e m p t  i s  made to e x t r a p o l a t e  t h e  i n f o r m a t i o n  i n  t h e  s u r v e y  to 
d e s c r i b e  t h e  c h a r a c t e r i s t i c s  of  post-1967 compute r s .  Although 
t h i s  s u r v e y  i s  i n t e n d e d  to be comprehens ive ,  i t  i s  r e c o q i z e d  
t h a t  some computers  o f  i n t e r e s t  may have been o m i t t e d .  The 
memorandum i s  s l i g h t l y  b i a s e d  toward  manned s p a c e  f l i a h t  a p p l i c a -  
t i o n s ,  p a r t i c u l a r l y  when d i s c u s s i n g  f u t u r e  r e s e a r c h  t r e n d s .  

S e c t i o n  I1 o f  t h e  memorandum summarizes c h a r a c t e r i s t i c s -  
o f  t h e  major  f u n c t i o n a l  s u b d i v i s i o n s  of  a computer-- the memory, 
t h e  i n p u t / o u t p u t ,  and t h e  c e n t r a l  p r o c e s s i n g  u n i t .  S e c t i o n  I11 
summarizes  o p e r a t i o n a l  and p h y s i c a l  c h a r a c t e r i s t i c s  i n c l u d i n g  
s p e e d ,  s o f t w a r e ,  r e l i a b i l i t y ,  and w e i g h t ,  power, and volume. 
S e c t i o n  I V  o u t l i n e s  some a r e a s  where p r o g r e s s  i n  e x i s t i n g  t e c h -  
no logy  i s  l i k e l y  to o c c u r  o r  might  b e  needed t o  h a n d l e  t h e  re -  
q u i r e m e n t s  o f  f u t u r e  m i s s i o n s .  The Appendix i n c l u d e s  a n  
a l p h a b e t i c a l  l i s t  o f  t h e  computers  su rveyed ,  a t a b l e  o f  t h e  b a s i c  
c h a r a c t e r i s t i c s  of  t h e s e  computers  and a comple t e  d e s c r i p t i o n  of 
s e v e r a l  compute r s  o f  p a r t i c u l a r  i n t e r e s t .  

11, FUNCTIONAL SUBDIVISIONS OF AEROSPACE COMPUTERS 

A .  Memory 

S t o r a g e  d e v i c e s  u s e d  i n  ground-based machines  i n c l u d e  
c o r e s  (or o t h e r  h i g h  speed  d e v i c e s ) ,  drums,  d i s k s ,  s p e c i a l  de-  
v i c e s  ( s u c h  a s  magne t i c  c a r d s ) ,  magnet ic  t a p e s ,  and punched 
p a p e r  c a r d s .  T h i s  h i e r a r c h y ,  whose d i v i s i o n  i s  based  on a c c e s s  
t i m e  and d e n s i t y  of i n f o r m a t i o n ,  h a s  seldom been found i n  

*"A F o u r t h  Survey  o f  Domestic E l e c t r o n i c  D i g i t a l  Computing 
Sys t ems" ,  M a r t i n  H .  Weik, J r . ,  J a n u a r y  1 9 6 4 ,  B a l l i s t i c  Resea rch  
L a b o r a t o r i e s ,  Aberdeen Proving  Ground, Maryland.  

" A  Survey of Spaceborne Computers",  George L i v i a k i s ,  
J u n e  2 7 ,  1 9 6 6 ,  P l a n n i n g  Resea rch  C o r p o r a t i o n ,  Los  Ange le s ,  
C a l i f o r n i a .  
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spaceborne  computers .*  I n s t e a d ,  t h e  memory i n  s p a c e b o r n e  compu- 
t e r s  t o  da t e  can  b e  though t  of a s  b e i n g  d i v i d e d  i n t o  one  s e c t i o n  
f o r  t h e  i n s t r u c t i o n s  and c o n s t a n t s  ("program memory") , a n o t h e r  
s e c t i o n  for t h e  v a r i a b l e  d a t a  and t empora ry  d a t a  ( " d a t a  memory"), 
and a t h i r d  s e c t i o n  used  w i t h i n  t h e  c e n t r a l  p r o c e s s i n g  u n i t  ( C P U ) .  
Sometimes t h i s  d i v i s i o n  i s  p h y s i c a l  a s  w e l l  as c o n c e p t u a l ,  i n  
which c a s e  t h e  program memory i s  u s u a l l y  r e a d - o n l y ,  and t h e  da ta  
memory r e a d - w r i t e ;  t h e  CPU may have a r ead -on ly  memory, a read- 
w r i t e  memory, or b o t h .  

1. Data Memory 

Data memories must be  b u i l t  w i t h  d e v i c e s  c a p a b l e  o f  
b e i n g  r e a d  from and w r i t t e n  i n t o  i n  r e a l  t i m e .  A l l  o f  t h e  40  
computers  i n  t h i s  s u r v e y  use  c o r e  memories f o r  d a t a  s t o r a g e  ex- 
c e p t  t h ree**  which u s e  d e s t r u c t i v e  r e a d o u t  ( D R O )  t h i n  f i l m  
memories and four*** which u s e  o t h e r  d e v i c e s .  Because o f  t h e  
widesp read  u s e  o f  c o r e  memories i n  s p a c e b o r n e  as w e l l  as  ground-  
based computers ,  t h e r e  i s  ample i n f o r m a t i o n  a v a i l a b l e  abou t  t h e m ,  
and  t h e y  a re  n o t  f u r t h e r  d i s c u s s e d  i n  t h i s  r e p o r t .  

2 .  Program Memorv 

I n  machines  w i t h o u t  a s e p a r a t e  program memory, t h e  
program and data a re  b o t h  s t o r e d  i n  a r e a d - w r i t e  memory. The  
program can  t h e n  b e  e a s i l y  m o d i f i e d ,  e i t h e r  b y  i t s e l f  ( e . g . ,  to 
se t  up t h e  r e t u r n  address when b e g i n n i n g  a s u b r o u t i n e )  or b y  
e x t e r n a l  s o u r c e s  ( a s  when e n t e r i n g  a new p r o g r a m ) .  It i s  possi- 
b l e ,  however,  t o  w r i t e  a program i n  a manner t h a t  r e q u i r e s  no 
d i r e c t  m o d i f i c a t i o n  o f  i n s t r u c t i o n s .  The program can  t h e n  b e  
s t o r e d  i n  a r ead -on ly  memory, which r e d u c e s  t h e  p r o b a b i l i t y  o f  
i n a d v e r t e n t  damage t o  t h e  program. O f  t h e  40 computers  i n  t h i s  
s u r v e y ,  9 have a r ead -on ly  memory used  f o r  program s t o r a g e ,  and 
s e v e r a l  o t h e r s  o f f e r  a read-only  memory as an o p t i o n .  

The r ead -on ly  memory c o u l d  b e  b L i i l t  u s i n g  c o n v e n t i o n a l  
DRO c o r e s  w i t h  an a u t o m a t i c  r e s t o r e  c y c l e  a f t e r  e v e r y  r e a d  c y c l e ,  
b u t ,  more o f t e n ,  it i s  b u i l t  w i t h  s p e c i a l  d e v i c e s  which a l l o w  a 
n o n - d e s t r u c t i v e  r e a d o u t  ( N D R O )  t e c h n i q u e  to b e  used .  The compu- 
t e r s  i n  t h i s  s u r v e y  which have s e p a r a t e  program memories employ 
NDRO t e c h n i q u e s  t h a t  are implemented w i t h  m u l t i a p e r a t u r e  d e v i c e s ,  
t h i n - f i l m  e l e m e n t s ,  or wired  a r r a y s .  

*The o n l y  e x c e p t i o n  i n  t h i s  s u r v e y  i s  t h e  t ape  u n i t  u sed  as 
an  a u x i l i a r y  memory u n i t  ( A M U )  on t h e  Gemini Guidance Computer. 

**CDC 4 4 9 ,  Univac ADD-1000 and Univac 1 8 2 4 .  

*%*The Honeywell  ALERT and Honeywell S u b m i n i a t u r e  Computer 
u s e  BIAX e l e m e n t s ;  t h e  ARMA Micro Computer and I B M  Gemini Guidance 
Computer u s e  t r a n s f l u x o r s .  
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( a )  M u l t i a p e r a t u r e  Devices  

T r a n s f l u x o r s  and BIAX e l e m e n t s  ( F i g u r e  1) are  
m u l t i a p e r a t u r e  d e v i c e s  used  i n  computers  i n  t h i s  s u r -  
vey.  Readout from a B I A X  e l emen t  i s  c o m p l e t e l y  non- 
d e s t r u c t i v e ,  so  t h a t  no t i m e  i s  needed to r e s t o r e  t h e  
i n f o r m a t i o n  r e a d  from t h e  e l e m e n t .  A t r a n s f l u x o r  h a s  
NDRO c h a r a c t e r i s t i c s  , b u t  some d e g r a d a t i o n  o f  t h e  
i n f o r m a t i o n  o c c u r s  and t h e  i n f o r m a t i o n  i s  d e s t r o y e d  
by r e p e a t e d  r e a d  c y c l e s .  T h i s  i s  u s u a l l y  compensated 
f o r  by a p p l y i n g ,  a f t e r  each  read o p e r a t i o n ,  a "re-  
i n f o r c e "  p u l s e  to a l l  c o r e s  w i t h o u t  r e g a r d  to t h e  
a d d r e s s  which was r ead ,  I n  one c a s e ,  t h e  r e i n f o r c e  
p u l s e  i s  a p p l i e d  o n l y  a f t e r  f o u r  read o p e r a t i o n s  have 
been  comple ted .  

These e l emen t s  a r e  e l e c t r i c a l l y  a l t e r a b l e ,  a l -  
though u s u a l l y  t h e  w r i t e  o p e r a t i o n  i s  l o n g e r  and 
r e q u i r e s  more power t h a n  t h e  w r i t e  o p e r a t i o n  f o r  a 
DRO c o r e .  N o n e t h e l e s s ,  t h e y  can  be  u s e d  i n  a p p l i c a -  
t i o n s  where i n f o r m a t i o n  i s  read much more o f t e n  t h a n  
i t  i s  w r i t t e n ,  such as program s t o r a g e  w i t h  o n l y  an  
o c c a s i o n a l  need  to a l t e r  t h e  program i n  r e a l  t i m e .  

The p r i m a r y  a p p l i c a t i o n  o f  t h e s e  e l e m e n t s ,  
however,  i s  i n  implement ing  r ead -on ly  memories.  
T h e i r  read t i m e  (1 psec  o r  l e s s )  i s  t y p i c a l l y  1 / 1 0  as 
l o n g  as t h e i r  w r i t e  t i m e .  T h i s  read  t i m e  compares 
f a v o r a b l y  w i t h  t h e  a c c e s s  t i m e  o f  DRO c o r e s  used  i n  
s p a c e b o r n e  memories.  

( b )  Th in  F i l m s  

Th in - f i lm  sandwich e l e m e n t s  ( n o t  to b e  c o n f u s e d  
w i t h  DRO t h i n  f i l m  d e v i c e s )  a r e  a n o t h e r  example o f  
NDRO d e v i c e s  used  i n  s p a c e b o r n e  compute r s .  They  can  
be e l e c t r i c a l l y  a l t e r e d ,  b u t  t h e  w r i t e  t i m e  i s  t y p i -  
c a l l y  1 0 0 0  t imes t h e  read t i m e .  T h e r e f o r e ,  in forma-  
t i o n  i s  u s u a l l y  e l e c t r i c a l l y  e n t e r e d  b y  e x t e r n a l  
equipment  and no p r o v i s i o n  i s  made f o r  real- t ime 
w r i t e  o p e r a t i o n s .  

( c )  Wired Arrays  

These memories have i n f o r m a t i o n  w i r e d  i n t o  t h e  
a r r ay  and c a n  have t h e  i n f o r m a t i o n  changed o n l y  by  
d i s a s s e m b l y  and r e w i r i n g .  There  a re  two t y p e s .  The 
"mis s ing  c o r e "  memory i s  implemented b y  o m i t t i n g  o r  
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removing s p e c i f i c  c o r e s ,  or by s h o r t i n g  s p e c i f i c  c o r e s  
w i t h  a s i n g l e - t u r n  wind ing .  The " c o r e  rope"  memory, 
which i s  t h e  t y p e  u s e d  f o r  program s t o r a g e  i n  t h e  
Apol lo  Guidance Computer, i s  implemented b y  h a v i n g  t h e  
s e n s e  or d r i v e  winding bypass  s p e c i f i c  c o r e s .  Both 
t y p e s  of  w i red  a r r a y s  a re  u s e f u l  f o r  s t o r i n g  a w e l l  
debugged program s i n c e  t h e y  r e d u c e  t h e  p r o b a b i l i t y  o f  
e r r o r s  caused  by power t r a n s i e n t s  or b y  i n a d v e r t e n t  
a t t e m p t s  t o  w r i t e  o v e r  an i n s t r u c t i o n .  

3. Memories Used i n  C P U  

I n  a d d i t i o n  t o  t h e  i m p l i c i t l y  a d d r e s s e d  c e n t r a l  r e g i s -  
t e r s ,  t h e  c e n t r a l  p r o c e s s o r  sometimes has  e x p l i c i t l y  a d d r e s s e d  
s t o r a g e  l o c a t i o n s  f o r  temporary  s t o r a g e  o f  i n t e r m e d i a t e  r e s u l t s .  
I n  a d d i t i o n  t o  b e i n g  e x p l i c i t l y  addressed,  t h i s  " s c r a t c h  pad" 
memory i s  c h a r a c t e r i z e d  by b e i n g  f a s t e r  t h a n  main memory and b y  
p r o v i d i n g  more s t o r a g e  t h a n  i s  no rma l ly  a v a i l a b l e  i n  c e n t r a l  
r e g i s t e r s .  The A u t o n e t i c s  ~ 2 6 ~  u s e s  DRO c o r e s  to implement a 
256-word memory of  t h i s  t y p e .  

S e v e r a l  computers  i n  t h i s  s u r v e y  u s e  a r ead -on ly  memory 
t o  s t o r e  c o n t r o l  words f o r  t h e i r  microprograms ( a  t y p e  o f  hardware-  
implemented s u b r o u t i n e ) .  For i n s t a n c e ,  t h e  Burroughs D210 
u s e s  a 5 0 - b i t  by 256-word rope  memory f o r  microprogramming o f  
m u l t i p l y ,  d i v i d e ,  and i n t e r r u p t  c o n t r o l .  

4 .  Memory CaDaci tv  

Memory s i z e s  of  t h e  computers  i n  t h i s  s u r v e y  v a r y  wide-  
l y .  Most have a memory w i t h  a t  l e a s t  4096  words as a s t a n d a r d  
s i z e ,  and t h e r e  i s  u s u a l l y  a p r o v i s i o n  f o r  expanding  t h e  c a p a c i t y  
t o  some maximum r a n g i n g  from 3 2 , 0 0 0  words t o  132,000 words.  Most 
of t h e  computers  i n  t h i s  su rvey  have a b o u t  1 0 0 0  words s e t  a s i d e  
f o r  d a t a  ( r e a d / w r i t e )  s t o r a g e  i f  a r ead -on ly  memory i s  used  f o r  
program s t o r a g e .  The wide v a r i a n c e  i n  memory s i z e s  and memory 
t y p e s  can  be s e e n  by comparing t h e  s i z e  and t y p e  of  memories i n  
t h e  f o l l o w i n g  f o u r  computers :  

No. o f  words i n  No. o f  words i n  
N a m e  NDRO Memory DRO Memory T o t a l  

CDC 4 4 9  3.8K 0.3K 4 K  
CDC 5360 0 8-32K 8 - 3 2 ~  
IBM 4 PI /CP  0 8 - 3 2 ~  8-32K 
MIT Block I1 AGC 36K 2 K  38K 
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Memory c a p a c i t y  p l a y s  an i m p o r t a n t  r o l e  i n  comparing 
t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of compute r s ,  s i n c e  t h e  memory 
a c c o u n t s  f o r  a s i g n i f i c a n t  p o r t i o n  ( o f t e n  as much as  5 0 % )  o f  t h e  
compute r ' s  o v e r a l l  volume and w e i g h t .  F o r  example,  t h e  c h a r a c -  
t e r i s t i c s  of t h r e e  computers  a r e  l i s t e d  below f o r  two d i f f e r e n t  
memory s i z e s :  

N a m e  

Computer Computer 
Memory I n c r e a s e  Weight I n c r e a s e  

i n  Weight S i z e  ( f t 3 )  i n  Volume ( l b )  

- L i t t o n  L-304 8K 0.26 - 34 
1 6 ~  0.39 50% 41 20% 1 

- Honeywell  ALERT 4K 0.69  - 34 
8K 0.95 37% 40 17% 

Honeywell  SIGN I11 2K 0.24 - 12 - 
4K 0.28 1 7 %  13 8% 

The t h r e e  machines  l i s t e d  above are  of  r e c e n t  d e s i g n  (1966-67) .  
Al though t h e r e  i s  n o t  a c l o s e  c o r r e s p o n d e n c e  i n  t h e  p e r c e n t a g e s  
g i v e n  above ,  i t  i s  e v i d e n t  t h a t  an i n c r e a s e  i n  memory does  sig- 
n i f i c a n t l y  i n c r e a s e  t h e  volume and w e i g h t .  I n f o r m a t i o n  concern-  
i n g  i n c r e a s e d  power r e q u i r e m e n t s  f o r  a d d i t i o n a l  memory c a p a c i t y  
i s  n o t  a v a i l a b l e  i n  a l l  c a s e s ,  b u t ,  for example,  t h e r e  i s  a 7 %  
i n c r e a s e  (140 watts to l5O wat t s )  n e c e s s a r y  i n  t h e  c a s e  of  t h e  
ALERT and an 11% i n c r e a s e  ( 4 5  watts t o  50 wa t t s )  n e c e s s a r y  i n  
t h e  c a s e  of  t h e  SIGN 111. 

B .  Inpu t /Ou tpu t  ( I / O )  

1 / 0  c h a r a c t e r i s t i c s  a r e  n o t  d i s c u s s e d  i n  d e t a i l  i n  
t h i s  memorandum because  i n  most a p p l i c a t i o n s  t h e  1/0 u n i t  i s  
d e s i g n e d  e s p e c i a l l y  f o r  t h e  t a s k .  1 / 0  f e a t u r e s  a r e ,  however,  
p a r t i c u l a r l y  i m p o r t a n t  i n  space  a p p l i c a t i o n s  s i n c e  t h e  computer  
becomes a c o n t r o l  e l emen t  i n  a r e a l - t i m e  sys t em.  A s  a c o n t r o l  
e l e m e n t ,  t h e  computer  i s  used t o  p r o v i d e  r e a l - t i m e  c o n t r o l  o f  
s p a c e  v e h i c l e  e n g i n e s  and real-t ime d i s p l a y  o f  i n f o r m a t i o n  f o r  
t h e  a s t r o n a u t s .  
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The r equ i r emen t  f o r  r e a l - t i m e  o p e r a t i o n  i m p l i e s  a 
need f o r  one or a combina t ion  of t h e  f o l l o w i n g  c a s e s :  

(1) a computer which s e q u e n t i a l l y  pe r fo rms  i t s  a s s i g n e d  
tasks  fas t  enough s o  t h a t  a l l  t a sks  a re  accompl i shed  
d u r i n g  a g i v e n  p e r i o d ;  

( 2 )  a computer which p e r i o d i c a l l y  s c a n s  i t s  tasks  ( e v e n  
though i t  may b e  i n  t h e  p r o c e s s  of  d o i n g  o n e )  and 
does  them i n  an  o r d e r  based  on a p r e a s s i g n e d  p r i o r i t y ,  
or; 

( 3 )  a computer which h a s  e x t e r n a l  i n t e r r u p t s  s o  t h a t ,  when 
a task  needs  t o  be pe r fo rmed ,  t h e  program i n  p r o c e s s  
can  be i n t e r r u p t e d  and resumed a f t e r  t h e  t a s k  c a l l e d  
f o r  by t h e  i n t e r r u p t  has been  accompl i shed .  

I n  terms of speed  r e q u i r e m e n t s ,  or, a l t e r n a t i v e l y ,  t h e  
number of tasks t h a t  can  b e  h a n d l e d  w i t h  a g i v e n  s p e e d ,  ( 2 )  above 
r e q u i r e s  l e s s  speed  t h a n  (l), and ( 3 )  r e q u i r e s  l e s s  speed  t h a n  
( 2 )  f o r  a g i v e n  s e t  of t a s k s .  Both ( 2 )  and ( 3 )  r e q u i r e  a method 
of  r e t a i n i n g  t h e  s t a t u s  of  t h e  program i n  p r o c e s s  s o  t h a t  i t  can  
b e  resumed.  

T y p i c a l l y ,  t a sks  may be  c a l l e d  f o r  by a n  a s t r o n a u t ,  a 
c l o c k  r e a c h i n g  a p rede te rmined  t i m e ,  da t a  or a command r e c e i v e d  
from t h e  ground,  or t h e  u p d a t i n g  o f  data  g e n e r a t e d  on b o a r d .  
T h i s  v a r i e t y  o f  t a s k  s o u r c e s  i n d i c a t e s  a need ,  i n  t h e  c a s e  o f  
( 2 )  and ( 3 )  above ,  f o r  a p r i o r i t y  sys t em s o  t h a t  a program s t a r t e d  
by  a n  i n t e r r u p t  can  i t s e l f  be i n t e r r u p t e d .  The s t a t u s  o f  t h e  
i n t e r r u p t e d  program i s  n e s t e d  w i t h  t h e  s t a t u s  of  o t h e r  i n t e r r u p t e d  
programs t o  be used  when t h e  program i s  resumed a c c o r d i n g  to i t s  
l e v e l  o f  p r i o r i t y .  

With f e w  e x c e p t i o n s , *  t h e  computers  i n  t h i s  s u r v e y  
have  a t  l ea s t  one i n t e r r u p t  l e v e l  ( t h e  L i t t o n  L-3G4 has 64  l e v e l s )  
and  many p r o v i d e  hardware i m p l e m e n t a t i o n  o f  program s t a t u s  r e t e n -  
t i o n  r a t h e r  tha.n r e q u i r i n g  s o f t w a r e  to h a n d l e  t h i s  f u n c t i o n .  

Most of  t h e  computers  i n  t h i s  s u r v e y  have p r o v i s i o n s  
f o r  i n p u t  and o u t p u t  of s e r i a l  and p a r a l l e l  d i g i t a l  d a t a  and 
d i s c r e t e  s i g n a l s .  A s e p a r a t e  1 / 0  u n i t  may be needed ,  t hough ,  
to h a n d l e  i n p u t s  from s h a f t - p o s i t i o n  e n c o d e r s ,  r e a l - t i m e  c l o c k s ,  
and  a n a l o g  d e v i c e s  or t o  p r o v i d e  o u t p u t s  o f  a n a l o g  v o l t a g e s  o r  
p u l s e  t r a i n s  o f  c o n t r o l l e d  f r e q u e n c y .  A s e p a r a t e  1 / 0  u n i t  i s  

*For example,  t h e  TRW Marco 4418 and  t h e  IBM Gemini Guidance 
Computer have no e x t e r n a l  i n t e r r u p t s .  
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p a r t i c u l a r l y  d e s i r a b l e  i f  i t  p r o v i d e s  f o r  program c o n t i n u a t i o n  
d u r i n g  comple t ion  o f  1 / 0  t r a n s f e r s ,  a s s ignmen t  o f  p r i o r i t i e s  
t o  1 / 0  c h a n n e l s  and s i m u l t a n e o u s  o p e r a t i o n  o f  two or more 1 / 0  
c h a n n e l s .  

The computers  i n  t h i s  su rvey  e i t h e r  i n c o r p o r a t e  t h e s e  
1 / 0  f e a t u r e s  or a r e  f l e x i b l e  enough t h a t  t h e s e  f e a t u r e s  c o u l d  
b e  added.  One computer  wh ich  has a s e p a r a t e  1 / 0  u n i t  i s  t h e  
S a t u r n  LVDC. The Launch V e h i c l e  Data A d a p t e r  (LVDA) i s  a 
p h y s i c a l l y  s e p a r a t e  u n i t  which pe r fo rms  s i m p l e  l o g i c ,  s i m p l e  
computa t ions ,  ?nd s i g n a l  p r o c e s s i n g  ( s u c h  as a n a l o g  to d i g i t a l  
c o n v e r s i o n )  n e c e s s a r y  to b u f f e r  t h e  LVDC w i t h  e x t e r n a l  equ ip -  
ment.  It  i s  d e s i r a b l e  f o r  an 1 / 0  u n i t  t o  have t h e  c a p a b i l i t y  
o f  communicating d i r e c t l y  w i t h  t h e  computer  memory (as  ment ioned  
a b o v e ) ,  b u t  where r e d u c t i o n  o f  hardware i s  more i m p o r t a n t  t h a n  
i n c r e a s e d  s p e e d ,  t h e  1 / 0  data  p a t h  i s  t h r o u g h  t h e  a r i t h m e t i c  
u n i t .  The LVDA r e p r e s e n t s  a compromise between t h e s e  two pos- 
s i b i l i t i e s ;  i t  can  r e c e i v e  data  from e i t h e r  t h e  LVDC memory or 
a r i t h m e t i c  u n i t  b u t  can send  da ta  o n l y  t o  t h e  LVDC a r i t h m e t i c  
u n i t .  

C .  C e n t r a l  P r o c e s s i n g  Un i t  ( C P U )  

Memories are o f t e n  t a k e n  " o f f - t h e - s h e l f " ,  and 1 / 0  
c o n f i g u r a t i o n s  a re  u s u a l l y  d e s i g n e d  f o r  s p e c i f i c  a p p l i c a t i o n s ,  
b u t  t h e  c e n t r a l  p r o c e s s o r  i s  t h e  u n i q u e ,  d i s t i n g u i s h i n g  u n i t  
o f  any computer .  The f e a t u r e s  i n  t h e  C P U  which d i s t i n g u i s h  i t  
from o t h e r  computers  i n c l u d e  t h e  t y p e  o f  a r i t h m e t i c  u s e d ,  t h e  
method o f  a d d r e s s i n g ,  t h e  word l e n g t h ,  t h e  i n s t r u c t i o n  r e p e r -  
t o i r e ,  and t h e  components used to b u i l d  t h e  C P U .  

1. A r i  t hme t i c 

With a few e x c e p t i o n s ,  t h e  computers  i n  t h e  s u r v e y  
a r e  p a r a l l e l ,  b i n a r y , f i x e d  p o i n t ,  g e n e r a l  pu rpose  machines  w i t h  
n e g a t i v e  numbers r e p r e s e n t e d  i n  complementary n o t a t i o n .  Gener- 
a l l y ,  t h e r e  i s  good r e a s o n  f o r  n o t  c h o o s i n g  t h e  a l t e r n a t i v e s .  
I n  most c a s e s ,  a s e r i a l  machine would be t o o  s low,  and i t s  
p o t e n t i a l  s a v i n g s  i n  hardware and r e d u c e d  complex i ty  must b e  
s a c r i f i c e d .  However, t h e  s e r i a l  S a t u r n  LVDC i s  a n  e x c e p t i o n  
which emphas izes  t h e  p o i n t  t h a t  "speed"  i s  mean ingfu l  o n l y  i n  
r e l a t i o n  t o  t h e  t asks  a t  hand. 

F ixed-po in t  d a t a  r e p r e s e n t a t i o n  can  p r o v i d e  a wide 
enough number r a n g e  f o r  a e r o s p a c e  problems s o  t h a t  t h e  i n c r e a s e d  
hardware  n e c e s s a r y  f o r  f l o a t i n g  p o i n t  has t h u s  f a r  been  t o o  h i g h  
a p r i c e  to pay.  On t h e  o t h e r  hand,  f i x e d - p o i n t  number r e p r e s e n -  
t a t i o n  makes t h e  c h o i c e  of  word l e n g t h  more i m p o r t a n t  and a l s o  
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adds to the programmer's burden. It is likely that as har2war3 
becomes small-er, lighter, and more reliable, floating-point 
representaticjn w i l l  become more common. The I B M  4 PI/EP, intro- 
duced in late 1 9 6 6 ,  and the RCA :r1c-36,4, unc?er developPiect, bQtk 
have a floating-point option. 

Sign-magnitude number representation, an altkrriative 
t o  complementary notation, complicates the cerLtral. prooessor. 
I t s  only advantage is ease of interpretation by humans, and, 
although this is an important factor, it has thus far not been 
considered important enough to warrant the added complexity. 

2. Addressing 

Early ground-based digital computers used a four-address 
instruction word in which the addresses of two operands, the 
address of the result, and the address of the next instruction 
were specified. In an attempt to better utilize available 
memory and to increase the number of addressable words for a 
given instruction word length, changes were made in the instruc- 
tion word format. Hardware, in the form of an instruction 
counter or current address register, and software, in the form 
of a jump instruction, have replaced the address of the next 
instruction. Hardware, in the form of an addressable register, 
and software in the form of a "load register" instruction and a 
"store register" instruction, have replaced the address of one 
of the operands and the address of the result. 

These changes resulted in single-address machines, both 
for ground-based and aerospace applications. Thus the machines 
in this survey are all single address except for the General 
Precision AN/ASN-24. 

Further changes in instruction word formats have resulted 
in what can be termed modified single address formats. Such 
forrnats have become commonplace in current ground-based computers. 
Aerospace computers which use modified single address formats are 
the Univac ADD-1000, Univac 1830A, Litton L-304 and L-3050, and 
the IBM 4 PI machines. These machines provide for one operand 
t o  be addressed in memory and another operand or result address 
t o  be chosen from registers in the central processing unit. In 
addition, the 4 PI machines have several different formats, one 
of which specifies two operand addresses in main memory. This 
illustrates that advances in addressing techniques have been 
accomplished by a historical trend to a single address, followed 
by multiple formats that allow earlier techniques to be used when 
desirable. 
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3. Word Length 

Choice o f  computer word l e n g t h  i s  i n f l u e n c e d  by  i n s t r u c -  
t i o n  word l e n g t h  r e q u i r e m e n t s  and da t a  word l e n g t h  r e q u i r e m e n t s ,  
and t h e s e  r e q u i r e m e n t s  a re  n o t  a lways c o m p a t i b l e .  I n s t r u c t i o n  
word l e n g t h  i s  s t r o n g l y  i n f l u e n c e d  by  t h e  number o f  commands to be  
a d d r e s s e d . *  Data word l e n g t h  depends h e a v i l y  on t h e  p r e c i s i o n  
r e q u i r e d  i n  t h e  d a t a  word; s p a c e  n a v i g a t i o n  problems r e q u i r e  p r e -  
c i s i o n * *  o f  t h e  o r d e r  of  one p a r t  i n  lo8+'  (or one p a r t  i n  a b o u t  
2 2 4  to 2 3 2 ) .  
g u i d a n c e  and n a v i g a t i o n ,  and have 24-to 32 -b i t  i n s t r u c t i o n  and 
da ta  words.  There  a r e ,  however, two o t h e r  c h o i c e s  i f  t h e  r e q u i r e d  
da t a  word l e n g t h  i s  l o n g e r  t h a n  i s  n e c e s s a r y  f o r  t h e  i n s t r u c t i o n  
word. F i r s t ,  b o t h  t h e  i n s t r u c t i o n  and da t a  words cam be made 
s h o r t e r  and d o u b l e  p r e c i s i o n  o p e r a t i o n s  u s e d  where n e c e s s a r y .  For 
i n s t a n c e ,  t h e  MIT AGC has 1 5 - b i t  i n s t r u c t i o n  and d a t a  words.  
Second,  t h e  i n s t r u c t i o n  word can  be made a d i f f e r e n t  s i z e  t h a n  t h e  
da ta  word. The Hughes HCM-202 u s e s  a 2 4 - b i t  da t a  word and a 1 2 -  
b i t  i n s t r u c t i o n  word w i t h  t h e  i n s t r u c t i o n s  s t o r e d  i n  a s e p a r a t e ,  
r e a d - o n l y ,  memory; t h e  S a t u r n  LVDC u s e s  a 2 6 - b i t  d a t a  word and a 
1 3 - b i t  i n s t r u c t i o n  word w i t h  two i n s t r u c t i o n s  s t o r e d  i n  e a c h  memory 
l o c a t i o n ;  and t h e  Honeywell S u b m i n i a t u r e  Computer has a 2 4 - b i t  
da t a  word, a 1 6 - b i t  i n s t r u c t i o n  word and a 48 -b i t  memory word, 
w i t h  two da ta  words o r  t h r e e  i n s t r u c t i o n  words s t o r e d  i n  each  
memory word. 

Most of t h e  computers  i n  t h i s  s u r v e y  a re  used  f o r  

4 .  I n s t r u c t i o n  R e p e r t o i r e  

A b a s i c  set of  i n s t r u c t i o n s  f o r  a computer  i n c l u d e s  
p r o v i s i o n s  to per fo rm a r i t h m e t i c  o p e r a t i o n s ,  l o g i c  o p e r a t i o n s ,  
data t r a n s f e r s  to and from memory, d a t a  t r a n s f e r s  to and from 
e x t e r n a l  equipment , s h i f t  o p e r a t i o n s ,  and d e c i s i o n  o p e r a t i o n s .  
One- th i rd  ( 1 3 )  of  t h e  computers  i n  t h i s  s u r v e y  u s e  l e s s  t h a n  2 0  
i n s t r u c t i o n s  t o  pe r fo rm t h e s e  o p e r a t i o n s .  T h i s  g roup  of  1 3  i s  
composed p r i m a r i l y  of machines whose da t e  of  i n t r o d u c t i o n  i s  
late 1963 or e a r l i e r .  Another  group of 1 3  machines  i n  t h i s  s u r -  
vey have more t h a n  50 ( a n d  as many a s  135) i n s t r u c t i o n s  i n  t h e i r  
r e p e r t o i r e  and a r e  composed p r i m a r i l y  of machines  whose d a t e  o f  
i n t r o d u c t i o n  i s  mid-1966 or l a t e r .  T h i s  t r e n d  toward  a g r e a t e r  
number o f  programmable i n s t r u c t i o n s  r e q u i r e s  more b i t s  i n  t h e  

* F a c t o r s  s u c h  as t h e  number of addressable  r e g i s t e r s  and 
amount o f  e r r o r  d e t e c t i o n  o r  c o r r e c t i o n  d e s i r e d  may a l s o  a f f e c t  
t h e  c h o i c e  of  word l e n g t h .  

A l b e r t  L .  Hopkins,  E l e c t r o n i c s ,  J a n u a r y  9, 1 9 6 7 .  
* * " E l e c t r o n i c  Nav iga to r  C h a r t s  Man's P a t h  to t h e  Moon", 
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o p e r a t i o n  code ,  b u t  can  p r o v i d e  s a v i n g s  i n  program e x e c u t i o n  
t i m e  and i n  e a s e  of  programming. For i n s t a n c e ,  t h e  L i t t o n  L-304 
and L-3050 u s e  a MOVE i n s t r u c t i o n  to a l l o w  any number o f  b i t s  i n  
a d i r e c t l y  a d d r e s s e d  r e g i s t e r  to be s e l e c t e d  b y  a mask and moved 
to any d e s i r e d  p o s i t i o n  i n  a c e n t r a l  r e g i s t e r .  T h i s  MOVE i n s t r u c -  
t i o n  can  be  used  i n  p l a c e  o f  a s h i f t  i n s t r u c t i o n  f o l l o w e d  by a 
t r a n s f e r  i n s t r u c t i o n .  These machines  a l s o  have a GATED C O M P A R I -  
S O N  i n s t r u c t i o n ,  which a l l o w s  a v a l u e  i n  memory t o  be  compared 
w i t h  a v a l u e  i n  a c e n t r a l  r e g i s t e r  p l u s  o r  minus a d e s i g n a t e d  
"gated" v a l u e .  T h i s  a l l o w s  approx ima te  compar isons  t o  be  made 
w i t h  a s i n g l e  i n s t r u c t i o n ,  i n s t e a d  of  comparing w i t h  b o t h  ends  o f  
a r a n g e  when some t o l e r a n c e  i s  p e r m i s s i b l e .  

5 .  Hardware Components 

A l l  computers  deve loped  a f t e r  1963 u s e  I C ' s  i n  a po r -  
t ion- -and  u s u a l l y  a ma jo r  po r t ion - -o f  t h e  C P U .  These I C ' s  a r e  
g e n e r a l l y  m o n o l i t h i c  b i p o l a r  s i l i c o n  c i r c u i t s  r a t h e r  t h a n  m e t a l  
o x i d e - s i l i c o n  (MOS) c i r c u i t s .  P r i o r  to 1963, t h e  C P U  d e s i g n  
r e l i e d  on d i s c r e t e  components o r  h y b r i d  t h i n - f i l m  c i r c u i t s .  

A .  Speed 

P robab ly  one o f  t h e  most i m p o r t a n t  c h a r a c t e r i s t i c s  of  
a computer  i s  i t s  " speed" ,  where s p e e d  i s  d e f i n e d  as t h e  t i m e  
r e q u i r e d  to accompl i sh  t h e  t a sk  f o r  which t h e  computer  i s  pro- 
grammed. S i n c e  computers  a r e  programmed f o r  a w i d e  v a r i e t y  o f  
t asks ,  i t  i s  d i f f i c u l t  t o  measure speed d e f i n e d  i n  t h i s  w a y ,  s o  
o t h e r  measures  of  speed  a r e  u s e d .  I n  p a r t i c u l a r ,  memory a c c e s s  
o r  c y c l e  t imes ,  i n s t r u c t i o n  e x e c u t i o n  t imes ,  and i n p u t / o u t p u t  
t i m e s  a re  used  s e p a r a t e l y  or c o l l e c t i v e l y  t o  d e s c r i b e  t h e  s p e e d  
o f  a machine.  These t imes can  be  u s e d  to d e s c r i b e  computer  
s p e e d ,  i n  t h e  manner d e f i n e d  above ,  o n l y  i f  t h e y  a r e  m u t u a l l y  
e x c l u s i v e  t imes .  Buf fe red  I / O ,  memory o v e r l a p ,  and  i n s t r u c t i o n  
look-ahead  a l l o w  t h e s e  t i m e s  to o v e r l a p  and i n c r e a s e  t h e  e f f e c -  
t i v e  speed  of t h e  machine .  N o n e t h e l e s s ,  t h e y  a r e  good i n d i c a t o r s  
o f  machine speed  because  t h e y  p l a c e  an u p p e r  l i m i t  on t h e  t i m e  
r e q u i r e d  to perform a t a s k .  I n  f a c t ,  some s t u d i e s  have d e t e r -  
mined t h e  mix o f  i n s t r u c t i o n s  n e c e s s a r y  f o r  p e r f o r m i n g  a s p e c i f i c  
t a s k  and used  t h i s  i n f o r m a t i o n  t o  a r r i v e  a t  a "machine speed"  
a p p l i c a b l e  t o  t h e  t a s k . "  S i n c e  t h e  f u n c t i o n s  to b e  per formed b y  

" L e v i a k i s ,  o p . c i t . ,  p .  2 ,  u s e s  t h e  Eason-Lane mix,  which i s  
a v a r i a t i o n  of  t h e  Gibson mix o r i e n t e d  toward  a u t o m a t i c  
p rob lems .  

checkou t  
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spaceborne  computers  a r e  n o t  w e l l  d e f i n e d  a t  t h i s  t i m e ,  t h e  
approach  used  h e r e  w i l l  be t o  d i s c u s s  e a c h  o f  t h e  o p e r a t i o n  t i m e s  
s e p a r a t e l y .  

1. I n s t r u c t i o n  E x e c u t i o n  Time 

A good i n d i c a t i o n  of i n s t r u c t i o n  e x e c u t i o n  t i m e s  can  be  
o b t a i n e d  by d e t e r m i n i n g  t h e  e x e c u t i o n  t i m e  of t h e  add ,  
and d i v i d e  i n s t r u c t i o n .  T y p i c a l l y ,  add t i m e s  w i l l  be  much smaller 
t h a n  m u l t i p l y  t i m e s  and m u l t i p l y  t imes w i l l  be s l i g h t l y  
s m a l l e r  t h a n  d i v i d e  t imes .  O t h e r  o p e r a t i o n s  such  as s u b t r a c t ,  
t r a n s f e r ,  jump, and l o g i c  o p e r a t i o n s  w i l l  r e q u i r e  e x e c u t i o n  t imes 
r o u g h l y  e q u i v a l e n t  to t h e  add t i m e .  I n  t h e  1 9 6 2 - 1 9 6 7  p e r i o d ,  t h e  
s h o r t e s t  add t i m e  i s  2 psec  ( H C M - 2 0 1  and ALERT). The l o n g e s t  add 
t i m e s  a re  6 2 4  p s e c ,  f o r  a s e r i a l  machine w i t h  a drum memory, and 
82 u s e e ,  f o r  a s e r i a l  machine w i t h  a m a g n e t i c  c o r e  memory. M o s t  
of t h e  r e c e n t l y  deve loped  machines have p a r a l l e l  a r i t h m e t i c  u n i t s ,  
and have add t imes l e s s  t h a n  1 0  p s e c ,  w i t h  some n o t a b l e  excep- 
t i o n s *  which have add t imes from 20 to 30 p s e c .  I n  compar i son ,  
t h e  add t i m e s  of  t h e  IBM 360, f o r  t h e  b e s t  c o n d i t i o n s  o f  o v e r l a p ,  
e t c . ,  r a n g e  from 29 psec  f o r  t h e  model 3 0 ,  t h r o u g h  0 . 8  p sec  for 
model 75 ,  to 0 .18  psec  f o r  t h e  model 9 2 .  

m u l t i p l y  

It i s  much more d i f f i c u l t  to g e n e r a l i z e  when d i s c u s s i n g  
m u l t i p l y  and d i v i d e  t i m e s  s i n c e  t h e  v a r i e t y  of  ways  i n  which 
t h e s e  o p e r a t i o n s  can  be  done r e s u l t s  i n  a v a r i e t y  of t i m e s .  
i n s t a n c e ,  a machine ( I B M  4 P I / E P )  w i t h  5 p s e c  add t i m e  has  m u l t i -  
p l y  and d i v i d e  t imes  of 9 and 1 8  psec  r e s p e c t i v e l y ,  w h i l e  a 
machine (Honeywell  ALERT) w i t h  a 2 p sec  add t i m e  r e q u i r e s  m u l t i -  
p l y  and d i v i d e  times o f  1 2  and 30 psec  r e s p e c t i v e l y ,  and a t h i r d  
machine  (Hughes HCM-201)  w i t h  6 p s e c  add t i m e ,  r e q u i r e s  1 2 0  p s e c  
f o r  e i t h e r  m u l t i p l y  o r  d i v i d e  o p e r a t i o n s .  The  b e s t  g e n e r a l i z a -  
t i o n  t h a t  can  be  made i s  t h a t  m u l t i p l y  o p e r a t i o n s  t a k e  a p p r o x i -  
m a t e l y  2 to 6 0  t i m e s  as long  as an add o p e r a t i o n ,  w i t h  an 
a v e r a g e  o f  abou t  5 t imes as l o n g ,  and d i v i d e  o p e r a t i o n s  t a k e  
a p p r o x i m a t e l y  3 to 7 0  t imes  as l o n g  as a n  add o p e r a t i o n ,  w i t h  a n  
a v - r a g e  of  abou t  8 times as l o n g .  

To p r o v i d e  a b e t t e r  p e r s p e c t i v e  of  t h e  t r e n d s  i n  i n -  
s t r u c t i o n  e x e c u t i o n  t i m e s ,  add t imes and m u l t i p l y  t i m e s  of t h e  
computers  i n  t h i s  su rvey  have been p l o t t e d  v e r s u s  d a t e  o f  
i n t r o d u c t i o n  i n  F i g u r e s  2 and 3.  Add t imes  have memory c y c l e  
t i m e  as t h e i r  l ower  bound, and o v e r  t h e  p e r i o d  cove red  i n  F i g u r e  
2 ,  t h e  s h o r t e s t  add t i m e s  g r a d u a l l y  d e c r e a s e  t o  116 t h e i r  p r e -  
1 9 6 2  minimum. T h i s  c o r r e l a t e s  w i t h  t h e  t r e n d  toward  f a s t e r  
memories .  
i n d i c a t i n g  t h a t  t h e r e  a r e  a p p l i c a t i o n s  where speed  i s  o f t e n  
t r a d e d  o f f  i n  f a v o r  o f  power, and sometimes o t h e r  c h a r a c t e r i s t i c s ,  
s u c h  as s i m p l i c i t y  o r  volume. Note t h a t  t h e  add t i m e  o f  t h e  
A p o l l o  Guidance Computer ( A G C )  i s  an  o r d e r  o f  magni tude  s l o w e r  
t h a n  t h e  c u r r e n t  s t a t e - o f - t h e - a r t .  

F o r  

I n  any g i v e n  y e a r ,  t h e r e  i s  a wide r a n g e  of add t imes ,  

*Burroughs D-210,  C D C  4 4 9 ,  and MIT A G C .  
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F i g u r e  3 shows t h a t  t h e  f a s t e s t  m u l t i p l y  t i m e s  have 
s h a r p l y  d e c r e a s e d  to o n l y  1 / 4 0  t h e i r  pre-1962 minimum. The one 
p o i n t  t h a t  f a l l s  f a r  o u t s i d e  t h i s  p a t t e r n  i s  i t e m  35,  t h e  C D C  4 4 9 ,  
i n t r o d u c e d  i n  e a r l y  1 9 6 7 .  Again,  t h i s  shows t h a t  speed  i s  n o t  t h e  
o n l y  c h a r a c t e r i s t i c  to b e  c o n s i d e r e d .  Note t h a t  t h e  m u l t i p l y  t i m e  
of t h e  AGC i s  a lmos t  a n  o r d e r  o f  magni tude  s l o w e r  t h a n  t h e  s t a t e -  
o f - t h e - a r t  . 

2 .  Memory Cycle  Time 

Memory c y c l e  t ime  p l a y s  an  i m p o r t a n t  r o l e  i n  d e t e r m i n i n g  
i n s t r u c t i o n  e x e c u t i o n  t imes s i n c e  t h e  i n s t r u c t i o n  e x e c u t i o n  t ime 
i n c l u d e s  t h e  t i m e  t o  f e t c h  t h e  i n s t r u c t i o n  a n d ,  f o r  some i n s t r u c -  
t i o n s ,  t h e  t i m e  to f e t c h  a n  o p e r a n d .  Of c o u r s e ,  a s  p r e v i o u s l y  
ment ioned ,  i n s t r u c t i o n  look-ahead and memory o v e r l a p  have been  
used  a t  t i m e s  t o  r e d u c e  t h e  c o n t r i b u t i o n  t h a t  memory c y c l e  t i m e  
makes t o  t h e  a v e r a g e  i n s t r u c t i o n  e x e c u t i o n  t i m e .  F o r  example ,  t h e  
C D C  5 4 0 0  reads 4 i n s t r u c t i o n s  from main memory a t  one t i m e ,  and 
s t o r e s  them i n  an  i n s t r u c t i o n  look-ahead memory i n  t h e  CPU; and 
t h e  4 usee  add t i m e  o f  t h e  Univac 1830A i s  d e c r e a s e d  t o  2 Usee 
( a  50% d e c r e a s e ! )  i f  advan tage  i s  t a k e n  of memory o v e r l a p .  

Computers i n  t h i s  s u r v e y  have memory c y c l e  t i m e s  r a n g i n g  
from 2 7  usee  (ARMA Micro Computer) t o  0 . 6  u see  ( R C A  VIC-36A), w i t h  
t h e  r a n g e  from 2 t o  6 u see  b e i n g  most p r e v a l e n t .  

3. Inpu t /Ou tpu t  ( I / O )  T i m e  

1/0 data  r a t e s  a r e  n o t  g i v e n  i n  t h e  Appendix.  The d a t a  
r a t e  i s  l i m i t e d  by t h e  memory c y c l e  t i m e .  T y p i c a l  word t r a n s f e r  
t imes  ( sec . /word  t r a n s f e r r e d )  a re  e q u a l  t o  t h e  memory c y c l e  t i m e ,  
w i t h  some word t r a n s f e r  t i m e s  b e i n g  t w i c e  as l o n g  as t h e  memory 
c y c l e  t i m e .  

B .  S o f t w a r e  

The  computers  i n  t h i s  s u r v e y  a re  p r o v i d e d  w i t h  s p e c i a l l y  
p r e p a r e d  a s s e m b l y  programs t h a t  c a n  b e  r u n  on commercial  machines  
s u c h  as t h e  IBM 7090. There a re  a f e w  (Univac  1830A, IBM 4 P I ,  
and  NDC-1051A) which a r e  p r o v i d e d  w i t h  c o m p i l e r s .  Most o f  them 
a l s o  have  d i a g n o s t i c  programs for s e l f - t e s t i n g ,  and a l l  o f  them 
a re  p r o v i d e d  w i t h  s o f t w a r e  t o  a l l o w  s i m u l a t i o n  on a commercial  
machine  s o  t h a t  programs can b e  checked  o u t  and debugged. 

Some computers  i n  t h i s  s u r v e y  can  b e  grouped  i n t o  fami- 
l i e s  o f  a e r o s p a c e  machines ,  a l l  w i t h  t h e  same i n s t r u c t i o n  s e t  b u t  
o f  d i f f e r e n t  s i z e s  and o p e r a t i o n a l  c a p a b i l i t i e s .  T h i s  concep t  of 
a f a m i l y  of machines  no t  on ly  p r o v i d e s  more f l e x i b i l i t y  i n  s i z i n g  
a machine to a j o b ,  b u t  a l l o w s  s o f t w a r e  t o  be  s h a r e d .  An example 
of t h i s  concep t  i s  t h e  L i t t o n  L-300 and L-3000 s e r i e s ,  compr i s ing  
6 machines  ( o n l y  t h e  L-304 and L-3050 have  been b u i l t ) .  
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Another  concep t  i s  t h a t  o f  a f a m i l y  o f  ground-based  
and a e r o s p a c e  machines ,  which a l l e v i a t e s  t h e  need f o r  a simu- 
l a t o r  and s p e c i a l  c o m p i l e r s  and a s s e m b l e r s .  T h i s  concep t  i s  
t y p i f i e d  by t h e  Univac 1830A a e r o s p a c e  computer  and 1230* 
ground-based computer ,  and t h e  IBM 4 P I / E P  a e r o s p a c e  computer  and 
360 ground-based computers  (model 40 and u p ) .  I n  e a c h  c a s e ,  
t h e  i n s t r u c t i o n  s e t  of t h e  a e r o s p a c e  machine i s  a s u b s e t  o f  the 
ground-based machine .  

The f a c t  t h a t  t h e r e  are now a e r o s p a c e  computers  which 
a r e  d i r e c t l y  c o m p a t i b l e  w i t h  ground-based machines  i s  s i g n i f i -  
c a n t  f o r  t h r e e  r e a s o n s .  F i r s t ,  t h e y  do n o t  r e q u i r e  a s i m u l a t o r  
program, and program debugging becomes a more r o u t i n e  problem.  
Second,  i t  makes a v a i l a b l e  much of  t h e  s o f t w a r e  e x p e r i e n c e  
g a i n e d  from work on t h e  ground machine ,  i n c l u d i n g  a g r e a t e r  
p o o l  o f  programming t a l e n t ,  T h i r d ,  it i n d i c a t e s  t h a t  t e c h n o l o g y  
has r e a c h e d  a p o i n t  where the  p h y s i c a l  c o n s t r a i n t s  imposed on 
a e r o s p a c e  computers  have l e s s  e f f e c t  on t h e i r  c o m p u t a t i o n a l  capa-  
b i l i t y  t h a n  i n  t h e  p a s t .  

C .  P h v s i c a l  C h a r a c t e r i s t i c s  

Aerospace  computers  have been  c h a r a c t e r i z e d  b y  b e i n g  
s m a l l  ( l e s s  t h a n  1 cu.  f t . ) ,  l i g h t w e i g h t  ( l e s s  t h a n  1 0 0  l b s . ) ,  
and r e q u i r i n g  power o f  about  1 0 0  wat ts .  The i n c r e a s e d  u s e  o f  
i n t e g r a t e d  c i r c u i t s  and b e t t e r  i n t e r c o n n e c t i o n  t e c h n i q u e s  has 
r e s u l t e d  i n  a d e c r e a s e  i n  t hese  volume and weight  c h a r a c t e r i s -  
t i c s ,  b u t  t h e  t r e n d  toward  a computer  w i t h  g r e a t e r  f u n c t i o n a l  
c a p a b i l i t i e s  , l a r g e r  memories and more v e r s a t i l e  i n p u t / o u t p u t  
c a p a b i l i t i e s  has r e s u l t e d  i n  power r e q u i r e m e n t s  which have re-  
mained n e a r  1 0 0  watts or have i n c r e a s e d .  

The p h y s i c a l  c h a r a c t e r i s t i c s  of  a e r o s p a c e  computers  
of r e c e n t  d e s i g n  f a l l  i n t o  one o f  two b road  c a t e g o r i e s ,  depend- 
i n g  on t h e  a p p l i c a t i o n  for which t h e y  were d e s i g n e d .  Those 
d e s i g n e d  for s p e c i f i c ,  somewhat l i m i t e d ,  a p p l i c a t i o n s  i n  s p a c e  
a r e  e x t r e m e l y  s m a l l  ( o n  t h e  o r d e r  o f  0.2-0.4 cu .  f t . )  and l i g h t  
( o n  t h e  o r d e r  of  25-40 l b s . ) ,  and have a power r e q u i r e m e n t  o f  
a b o u t  1 0 0  watts.  Those des igned  e i t h e r  for g e n e r a l  u s e  i n  s p a c e  
a p p l i c a t i o n s  or f o r  a s p e c i f i c ,  h i g h l y  demanding, s p a c e  a p p l i c a -  
t i o n  weigh i n  t h e  50-75 l b s .  r a n g e ,  have a volume l e s s  t h a n  b u t  
c l o s e  t o  1 cu .  ft., and a power r e q u i r e m e n t  i n  t h e  1 0 0  t o  300 
w a t t  r a n g e .  F i g u r e s  4, 5 ,  and 6 a r e  p l o t s  o f  t h e  w e i g h t ,  s i z e  
and  power,  r e s p e c t i v e l y ,  of t h e  computers  i n  t h i s  s u r v e y  v e r s u s  
t h e  da t e  o f  i n t r o d u c t i o n .  

*The Univac 1 2 3 0  i s  a ground-based machine b u i l t  f o r  NASA 
a n d  has n o t  been  e x t e n s i v e l y  marketed commerc ia l ly .  
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D .  R e l i a b i l i t y  

R e l i a b i l i t y  e s t i m a t e s ,  i n  terms of  mean t i m e  between 
f a i l u r e s  (MTBF), a r e  g i v e n  i n  t h e  Appendix* f o r  t h o s e  computers  
for which an  MTBF was a v a i l a b l e  f rom m a n u f a c t u r e r s '  d a t a .  T h e  
h i g h e s t  r e l i a b i l i t y  c l a imed  i s  an  " e q u i v a l e n t  MTBF"** o f  2 5 , 0 0 0  
h o u r s  f o r  t h e  IBM LVDC. I n c o r p o r a t i n g  t r i p l e  modular  r e d u n d a n t  
( T M R )  l o g i c  and d u p l e x  memory, t h e r e  i s  a l a r g e  c l a s s  o f  s i n g l e  
and m u l t i p l e  component f a i l u r e s  t h a t  t h e  LVDC can  e x p e r i e n c e  
( e v e n  s i m u l t a n e o u s l y )  w i t h o u t  e x h i b i t i n g  t o t a l  s y s t e m  f a i l u r e .  
However, two f a i l u r e s  i n  t h e  " r i g h t "  p l a c e s  c o u l d  c a u s e  s y s t e m  
f a i l u r e .  

Four  machines  ( ~ 2 6 ~ ~  D 2 6 J ,  HCM 2 0 5  and TRW 4418)  c l a i m  
MTBF's f rom 15,000 t o  2 0 , 0 0 0  h o u r s  and t h e  m a j o r i t y  o f  t h e  re -  
ma inde r  a re  c l u s t e r e d  a round 5 , 0 0 0  h o u r s  MTBF. MTBF's t e n d  t o  
r i s e  as i n t e g r a t e d  c i r c u i t s  and  v a r i o u s  redundancy  t e c h n i q u e s , * * *  
such  as t h o s e  u s e d  i n  t h e  S a t u r n  LVDC, a r e  used  to a g r e a t e r  
e x t e n t  and as b e t t e r  i n t e r c o n n e c t i o n  t e c h n i q u e s  a r e  p e r f e c t e d .  

I V .  AREAS FOR FUTURE RESEARCH I N  SPACEBORNE COMPUTERS 

There  a re  s e v e r a l  areas  i n  which p r o g r e s s  i n  a e r o s p a c e  
computer  t e c h n o l o g y  i s  l i k e l y  to o c c u r  or might  b e  needed  t o  
meet t h e  r e q u i r e m e n t s  o f  f u t u r e  s p a c e b o r n e  m i s s i o n s .  The a reas  
c o n s i d e r e d  to be p a r t i c u l a r l y  i m p o r t a n t  a re  s y s t e m  o r g a n i z a t i o n ,  
c i r c u i t  d e s i g n ,  memory d e s i g n ,  d i s p l a y s ,  and i n p u t  t e c h n i q u e s .  

A .  System O r g a n i z a t i o n  

S t u d i e s  o f  computer  s y s t e m  o r g a n i z a t i o n  have  as t h e i r  
goa l  i n c r e a s e d  computing c a p a b i l i t y ,  i n c r e a s e d  r e l i a b i l i t y ,  and 
g r e a t e r  ease i n  programming and m a i n t e n a n c e .  P r e s e n t  s p a c e b o r n e  
s y s t e m s  a re  p r i m a r i l y  c e n t r a l i z e d  machines  w i t h  a s i n g l e  c e n t r a l  
p r o c e s s o r  t o  r e c e i v e  a m u l t i t u d e  of  i n p u t s ,  p e r f o r m  a p r o c e s s i n g  
f u n c t i o n  on a s i n g l e  s t r e a m  o f  da t a  w i t h  a s i n g l e  i n s t r u c t i o n  

* T a b l e  2 ,  C h a r a c t e r i s t i c s  o f  Aerospace  Computers .  

**See Appendix,  T a b l e  3 .  

**"ne IBM OAO P r i m a r y  P r o c e s s o r  and Data S t o r a g e  u s e d  quad- 
r u p l e  component redundancy ,  TMR d e l a y  l i n e s  and d u p l e x  r e d u n d a n t  
memory. T h i s  equipment  i s  n o t  c o v e r e d  i n  t h e  s u r v e y  b e c a u s e  it 
p e r f o r m s  no a r i t h m e t i c  c a l c u l a t i o n s .  
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stream, and p r o v i d e  a m u l t i t u d e  o f  o u t p u t s .  A t t e n t i o n  i s  b e i n g  
g i v e n  to o t h e r  sys t em o r g a n i z a t i o n s ,  s u c h  as 

(1) t h o s e  based on f u n c t i o n a l  m o d u l a r i t y , *  where a s e p a r -  
a t e  small  computer  i s  a s s i g n e d  t o  a p a r t i c u l a r  t ask  
and a s i m p l e  , r e l i a b l e  " c e n t r a l  o r g a n i z e r "  i n t e g r a t e s  
t h e  o p e r a t i o n  of  s e v e r a l  o f  t h e s e  small computers ;  

( 2 )  m u l t i p r o c e s s o r  sys t ems ,  where problems a re  a s s i g n e d  
unde r  c o n t r o l  o f  a c e n t r a l  e x e c u t i v e  to one of 
s e v e r a l  i d e n t i c a l  p r o c e s s o r s  on a n  a s - a v a i l a b l e  bas i s .  
Such sys t ems  are c h a r a c t e r i z e d  by t h e  u s e  o f  m u l t i p l e  
streams o f  i n s t r u c t i o n s ,  e a c h  o p e r a t i n g  on a s i n g l e  
data  stream; and 

( 3 )  a s s o c i a t i v e  p a r a l l e l  p r o c e s s o r s ,  which u s e  a s i n g l e  
i n s t r u c t i o n  stream to p e r f o r m  s i m p l e  l o g i c  o p e r a t i o n s  
on m u l t i p l e  data s t r e a m s  s i m u l t a n e o u s l y .  

S t u d i e s  o f  t hese  and o t h e r  o r g a n i z a t i o n s ,  s u c h  a s  t h e  SOLOMON 
t y p e ,  which u s e s  a s i n g l e  i n s t r u c t i o n  stream to per fo rm complex 
o p e r a t i o n s  on m u l t i p l e  data streams s i m u l t a n e o u s l y ,  a r e  a l s o  
b e i n g  i n v e s t i g a t e d  f o r  ground-based compute r s .  

B .  C i r c u i t  Design 

F a b r i c a t i o n  of  i n t e g r a t e d  c i r c u i t s  has r e a c h e d  a p o i n t  
o f  h i g h  y i e l d ,  and m a n u f a c t u r e r s  are  now a t t e m p t i n g  t o  s o l v e  t h e  
problems a s s o c i a t e d  w i t h  p u t t i n g  f u n c t i o n s  more complex t h a n  a 
f e w  g a t e s  on a s i n g l e  c h i p .  T h i s  l a r g e  s c a l e  i n t e g r a t i o n  ( L S I )  
has t h e  advan tage  o f  f ewer  e x t e r n a l  i n t e r c o n n e c t i o n s ,  r e d u c e d  
s i z e ,  h i g h e r  s p e e d s ,  and g r e a t e r  r e l i a b i l i t y .  The p r e s e n t  p ro -  
b l e m s  i n c l u d e  low y i e l d  i n  t h e  m a n u f a c t u r i n g  p r o c e s s ,  c o m p l i c a t e d  
t e s t i n g  p r o c e d u r e s ,  power d i s s i p a t i o n ,  and t h e  a b s e n c e  o f  a c c e p t -  
ed l o g i c  d e s i g n  t e c h n i q u e s  u s i n g  complex c i r c u i t s .  Resea rch  
toward  e l i m i n a t i n g  t h e s e  problems i n c l u d e s  development o f  t e c h -  
n i q u e s  for optimum i n t e r c o n n e c t i o n  of t h e  "good" pa r t s  o f  a s i n e l e  
LSI c h i p  ( r e f e r r e d  to as d i s c r e t i o n a r y  w i r i n g ) ,  t h e  p e r f e c t i n g  o f  
m a n u f a c t u r i n g  and t e s t i n g  p r o c e s s e s ,  and development  o f  new l o g i c  
d e s i g n  t e c h n i q u e s .  O f  c o u r s e ,  c o u n t e r s  and s h i f t  r e g i s t e r s  l e n d  
t h e m s e l v e s  w e l l  to LSI t e c h n i q u e s ,  b u t  f o r  g e n e r a l  u s e  o f  o f f - t h e -  
s h e l f  LSI c i r c u i t s ,  t e c h n i q u e s  must b e  deve loped  f o r  d e s i g n i n g  
c o m b i n a t o r i a l  c i r c u i t s  u s i n g  b a s i c  b u i l d i n g  b l o c k s  more complex 
t h a n  i n d i v i d u a l  g a t e s .  

*"Computers and D i s p l a y s / C o n t r o l s "  , Donald J .  P i z z i c a r a ,  
L i t t o n  Sys tems,  I n c . ,  Feb rua ry  1 9 6 6 ,  A D  631663.  
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A most i m p o r t a n t  a r e a  f o r  p r o g r e s s  i n  s p a c e b o r n e  
computer  t e c h n o l o g y  i s  memories,  b o t h  from t h e  p o i n t  o f  v iew 
o f  need and t h e  p o i n t  of  view of p o s s i b i l i t y  o f  s u c c e s s .  The 
need i s  clear--memory c o n t r i b u t e s  a s i g n i f i c a n t  s h a r e  ( t y p i -  
c a l l y  5 0 %  o f  a " s t a n d a r d "  memory s i z e )  o f  t h e  w e i g h t ,  volume 
and power r e q u i r e m e n t s  of p r e s e n t  s p a c e b o r n e  c o m p u t e r s .  For  
advanced manned m i s s i o n s ,  v a s t  amounts  o f  b u l k  s t o r a g e ,  a s  
w e l l  as  i n c r e a s e d  speed  and c a p a c i t y  i n  pr ime memory, w i l l  be 
d e s i r a b l e . *  

The p o s s i b i l i t y  of  s u c c e s s  i n  improving  memories 
a p p e a r s  good.  P r e s e n t l y  a n t i c i p a t e d  b u l k  memory c a p a c i t y  r e -  
q u i r e m e n t s  c o u l d  be s a t i s f i e d  u s i n g  t a p e  r e c o r d e r s .  F u r t h e r -  
more,  i n c r e a s e d  r e s e a r c h  on p l a t e d - w i r e  memories which would 
g r e a t l y  r e d u c e  power r e q u i r e m e n t s ,  and r e s e a r c h  on mass 
s t o r a g e  media which would g r e a t l y  r e d u c e  volume and weight  
r e q u i r e m e n t s  ( i n c l u d i n g  t h o s e  u s i n g  o p t i c a l  t e c h n i q u e s ) ,  i s  
b e i n g  conduc ted .  LSI t e c h n i q u e s  i n  memory c i r c u i t s  and memory 
e l e m e n t s  a l s o  a p p e a r  p romis ing .**  

D .  D i s p l a y s  and I n p u t  Devices  

D i s p l a y s  and i n p u t  d e v i c e s  have n o t  been d i s c u s s e d  
i n  t h i s  s u r v e y  because  t h e y  a r e  g e n e r a l l y  d e s i g n e d  f o r  a 
s p e c i f i c  t a s k .  They a r e  mentioned h e r e  because  o f  t h e  i n -  
c r e a s e d  s o p h i s t i c a t i o n  t h a t  w i l l  be r e q u i r e d  o f  d i s p l a y s  and 
i n p u t  d e v i c e s  on manned m i s s i o n s  of  l o n g  d u r a t i o n . * * *  The 
e n t i r e  area o f  man-machine i n t e r f a c e s ,  i n c l u d i n g  programming 

8 * l o 7  - 10 b i t s  i s  t h e  e s t i m a t e d  r e q a i r e m e n t  f o r  p r o -  
gram s t o r a g e  on a manned p l a n e t a r y  f l y b y  m i s s i o n  i n  t h e  m i d -  
7 0 ' s .  See "The Flow of  Data i n  Advanced Manned M i s s i o n s " ,  
E .  L .  Gruman, e t  a l ,  Bellcomm, I n c . ,  December 2 8 ,  1 9 6 6 .  

**For a d e s c r i p t i o n  and e v a l u a t i o n  o f  r e s e a r c h  b e i n g  
u n d e r t a k e n  i n  t h e s e  and o t h e r  t e c h n i q u e s ,  s e e  "Memory Tech- 
no logy  f o r  Manned Deep Space M i s s i o n s  - F i n a l  Repor t  to NASA 
E l e c t r o n i c s R e s e a r c h  Center , : '  MITRE T e c h n i c a l  Repor t  MTR-382, 
F e b r u a r y  1 4 ,  1 9 6 7 ;  The MITRE C o r p o r a t i o n ,  Bedford ,  M a s s a c h u s e t t s ,  
( C o n t r o l l e d  D i s t r i b u t i o n ) .  

***For a d i s c u s s i o n  o f  t h e s e  n e e d s ,  see " F u n c t i o n a l  R e -  
q u i r e m e n t s  of  Spaceborne  Computers on Advanced Manned M i s s i o n s " ,  
E .  L .  Gruman and P .  S .  Schaenman, Bellcomm, I n c . ,  TM-66-1031-2, 
Oc tobe r  2 4 ,  1 9 6 6 .  
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l a n g u a g e s ,  c o l o r  d i s p l a y s ,  h i g h  r e s o l u t i o n  d i s p l a y s ,  v o i c e  
i n s e r t i o n  and v o i c e  o u t p u t ,  i s  b e i n g  s t u d i e d  i n  many p l a c e s ,  
i n c l u d i n g  t h e  Manned Computer Systems Branch o f  NASA's 
E l e c t r o n i c  Resea rch  C e n t e r ,  Cambridge, M a s s a c h u s e t t s .  

1031-DOB-j dc 

At tachments  
Appendix 
T a b l e s  1 t h r u  5 
F i g u r e s  
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APPENDIX 

TABLE 1: ALPHABETIC LIST OF AEROSPACE COMPUTERS 

T a b l e  1, t h e  a l p h a b e t i c  l i s t  o f  t h e  compute r s  s u r v e y e d ,  
i n d i c a t e s  t h e  y e a r  i n t r o d u c e d .  Each y e a r  i s  d i v i d e d  i n t o  t h r e e  
p a r t s - - e a r l y ,  m i d ,  and l a t e - - and  t h e  "da te  of  i n t r o d u c t i o n "  i n d i -  
c a t e d  f o r  e a c h  computer  i s  based  on t h e  b e s t  i n f o r m a t i o n  
a v a i l a b l e  f o r  t h e  d a t e  when t h e  machine  was f i r s t  c o n s i d e r e d  
o p e r a t i o n a l ;  t h a t  i s ,  sometime a f t e r  i t  was f i r s t  announced ,  b u t  
e a r l i e r  t h a n  t h e  da t e  of  f i r s t  d e l i v e r y .  The r e f e r e n c e  number 
r e f e r s  to T a b l e  2 ,  C h a r a c t e r i s t i c s  o f  Aerospace  Computers .  

TABLE 2 :  CHARACTERISTICS OF AEROSPACE COMPUTERS 

T h i s  t a b l e  l i s t s  t h e  compute r s  i n  c h r o n o l o g i c a l  o r d e r  
based  on t h e i r  da t e  of  i n t r o d u c t i o n .  They a re  numbered sequen-  
t i a l l y  to p r o v i d e  a c r o s s - r e f e r e n c e  from t h e  a l p h a b e t i c a l  list. 
The c o n v e n t i o n s  u s e d  i n  t h i s  t a b l e  a re  d e s c r i b e d  be low:  

1. 

2. 

3 .  

4. 

5. 

6. 

N a m e :  M a n u f a c t u r e r ' s  name, f o l l o w e d  by o t h e r  i d e n t i f y -  
i n g  names o r  numbers.  Date o f  i n t r o d u c t i o n  i s  a l s o  
g i v e n .  

Data Flow: S = s e r i a l ,  or P = p a r a l l e l ,  i n d i c a t e s  t h e  
way d a t a  f l o w s  i n  t h e  a r i t h m e t i c  u n i t ;  S /P  i n d i c a t e s  
a c o m b i n a t i o n  o f  s e r i a l  and  p a r a l l e l ,  a n d  i s  e x p l a i n e d  
i n  t h e  "comments" column. 

Data Type: Fx = F i x e d  p o i n t ,  F1 = F l o a t i n g  p o i n t .  

No. o f  I n s t r u c t i o n s :  T h i s  i s  t h e  number o f  i n s t r u c -  
t i o n s  i n  t h e  i n s t r u c t i o n  s e t ,  and  d o e s  n o t  i n c l u d e  
v a r i a t i o n s  o f  b a s i c  i n s t r u c t i o n s .  

Computing T i m e s :  No memory o v e r l a p  i s  assumed.  

Memory: " C a p a c i t y  (MIN)" i s  t h e  s t a n d a r d  memory s i z e  
f o r  t h e  mach ine ,  and  " C a p a c i t y  ( M A X ) "  i s  t h e  maximum 
s i z e  a t t a i n a b l e  by a d d i n g  s t a n d a r d  modu les .  
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7 .  I n p u t / O u t p u t  : These numbers were  o b t a i n e d  from manu- 
f a c t u r e r s '  d e s c r i p t i o n s .  D i f f e r e n t  m a n u f a c t u r e r s  
d e f i n e  " c h a n n e l "  i n  d i f f e r e n t  ways,  and  i n t e r r u p t s  
l i s t e d  i n  s p e c i f i c a t i o n s  somet imes  i n c l u d e  i n t e r n a l  
i n t e r r u p t s  as w e l l  as e x t e r n a l  i n t e r r u p t s .  T h e r e f o r e ,  
c a r e  s h o u l d  b e  t a k e n  i n  u s i n g  t h e  numbers l i s t e d .  

t h e  f o l l o w i n g  a b b r e v i a t i o n s  a r e  u s e d :  
8 .  P h y s i c a l  C h a r a c t e r i s t i c s :  Under "Type o f  Hardware" 

I C  - I n t e g r a t e d  C i r c u i t s  

DCTL - Direc t -Coup led  T r a n s i s t o r  Log ic  

DTL - D i o d e - T r a n s i s t o r  Log ic  

TTL - T r a n s i s t o r - T r a n s i s t o r  Logic  

HL - High L e v e l ,  as i n  HLTTL. 

The w e i g h t ,  s i z e ,  and  power r e q u i r e m e n t s  a r e  g i v e n  f o r  
a machine w i t h  a " s t a n d a r d  s i z e "  memory. 

9. MTBF: T h i s  i s  a f i g u r e  o b t a i n e d  from t h e  m a n u f a c t u r e r .  
The method o f  c a l c u l a t i n g  t h e  r e l i a b i l i t y  may v a r y  f rom 
m a n u f a c t u r e r  t o  m a n u f a c t u r e r .  

1 0 .  Comments: Comments d e s c r i b e  u n i q u e  o r  i n t e r e s t i n g  
f e a t u r e s ,  o r  f u r t h e r  e x p l a i n  an  e n t r y  i n  t h e  p reced-  
i n g  columns.  

TABLES 3 ,  4 and 5 :  D A T A  SHEETS 

A more comple t e  d e s c r i p t i o n  t h a n  t h a t  g i v e n  i n  T a b l e  2 ,  
C h a r a c t e r i s t i c s  o f  Aerospace  Computers ,  i s  p r o v i d e d  f o r  t h e  t h r e e  
mach ines  u s e d  i n  t h e  A p o l l o  program. These  a re  t h e  IBM Launch 
V e h i c l e  D i g i t a l  Computer used  i n  t h e  S a t u r n  I B / V  ( T a b l e  3 ) ,  t h e  
MIT Block  I1 A p o l l o  Guidance Computer u s e d  i n  t h e  Command Module 
a n d ,  i n  a s l i g h t l y  d i f f e r e n t  c o n f i g u r a t i o n ,  i n  t h e  Lunar  Module 
( T a b l e  4), a n a  t h e  TRW Marco 4418,  u s e d  i n  t h e  Lunar  Module as 
t h e  Abor t  E l e c t r o n i c s  Assembly ( T a b l e  5 ) .  
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TABLE 1 

ALPHABETIC LIST OF SPACEBORNE COMPUTERS 

Name 

A C  S p a r k  P l u g  M A G I C  

ARMA Micro  Computer 

ARMA Micro D 

A u t o n e t i c s  D 2 6 C  

A u t o n e t i c s  D 2 6 J  

Bur roughs  D-210 

CDC 4 4 9  

CDC 5360 

CDC 5400 

Computing Devices of  Canada 
AN/UYK-501 

G e n e r a l  P r e c i s i o n  AN/ASN-24 

Honeywell  ALERT 

Honeywell  S u b m i n i a t u r e  Computer 

Honeywell  SIGN I11 

Hughes HCM-201 

Hughes HCM-202 

Hughes HCM-205 

Hughes HCM-206 

I B M  4 P I / C P  

IBM 4 PI/EP 

R e f e r e n c e  
Numb e r 

1 

5 

2 1  

2 7  

1 6  

2 

35 

22 

28  

2 3  

8 

1 7  

3 

2 9  

6 

9 

30 

38 

31  

32 

Year 
I n t r o d u c e d  

P r e  1962 

Mid 1 9 6 2  

Mid 1 9 6 6  

Late  1 9 6 6  

Late 1 9 6 5  

P r e  1962 

E a r l y  1 9 6 7  

Mid 1 9 6 6  

Late 1 9 6 6  

Mid 1966 

Mid 1 9 6 3  

Late  1 9 6 5  

P r e  1962 

Late  1 9 6 6  

Mid 1962 

Mid 1963  

Late 1966 

Development 

Late 1966 

Late 1 9 6 6  



- I  BELLCOMM. I N C .  

Tab le  1 

Name 
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R e f e r e n c e  
Number 

IBM 4 P I / T C  

IBM Gemini Guidance Computer 

IBM S a t u r n  I B / V  LVDC 

L i t t o n  L-304 

L i t t o n  L-3050 

MIT Block I A G C  

MIT Block I1 AGC 

N o r t r o n i c s  N D C - 1 0 5  1 

N o r t r o n i c s  NDC 1051A 

R C A  V I C - 3 6 A  

SAAB C K 3 7  

S p e r r y  Mark X I 1  

S p e r r y  Mark X I V  

S p e r r y  Mark X V I  

T I  2501 

TRW Marco 4 4 1 8  

Urlivac 1818 

Univac 1 8 2 4  

Univac 1 8 3 0 - ~  

Univac ADD-1000 

36 

7 

1 0  

1 4  

39 

11 

33 

1 5  

1 8  

40 

1 3  

19 

2 4  

34 

25 

20 

37 

1 2  

2 6  

4 

Year 
I n t r o d u c e d  

E a r l y  1 9 6 7  

E a r l y  1 9 6 3  

Mid 1 9 6 3  

E a r l y  1 9 6 5  

Development 

Late 1 9 6 3  

L a t e  1 9 6 6  

E a r l y  1965 

E a r l y  1 9 6 6  

De ve 1 opme n t 

Mid 1 9 6 4  

E a r l y  1966 

Mid 1 9 6 6  

Late 1966 

Mid 1966 

E a r l y  1 9 6 6  

E a r l y  1 9 6 7  

Late 1 9 6 3  

Mid 1966 

Pre 1 9 6 2  
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TA BLE ~ - CHARACTER I STI CS OF AE ROS PACE COMPUTERS 

Vl COMPUTING IN/OUTPUT 
s: w 2 MEMORY PHYS ICAL CHAR ACTERISTI CS ~ , 

0 TIME, 11 SEC Vl 0 "- L.L.- Vl 0- I 
-' >- 00- L.L. -' L.L."- MTBF L.L. 0- U o W COMMENTS NAME WORD CAPAC ITY ACCES S CYC LE 2 0 :::> 
« « .:::> 0- ·2 '" TY PE OF WE I GHT SI ZE POWER (HRSI 
0- 0- 0", 0 -' ?: (WORDS) 0 « .'" « « Zo- o :::> TYPE SIZE TI ME TIME 0..., (LBS) (CU. FT. ) (WATTS) 0 0 Vl « :E 0 ZI Zo- HARDWARE 

DATE INTRODUCED Z (B ITSI MIN I MAX (I1SEC) ( 11 SEC) u Z - -

L AC SPARK PLUG 0.75 90 
MEMORY REAOOUT IS SERIAL, 2 BITS 

MAGIC S Fx 16 70 258 398 ORO CORE 2~ ~K ~ 2 I OCTl I C ~O AT A TIME 
PRE 1962 

2. BURROUGHS D210 ORO CORE 2~ 256 IK 15 MAGNETIC USES CORE NUll-DECODER REG I STERS FOR lOG I C. 

P Fx 16 30 580 680 CORE ROPE 16 IK 16K 10 2 I lOGIC 19 0.25 100 7000 INSTRUCTIONS ARE 16 BITS, DATA IS 2~ BITS. 

PRE 1962 CORE ROPE 50 256 IK 10 50-BIT ROPE USED FOR MICROPROGRAMMIHG. 

3. HONEYWELL SUB- SER I Al BYTES OF 6 BITS. MEMORY wORD HAS 

MINIATURE COMPUTER sip Fx 16 12 ~2 606 NDRO 81AX ~8 3K 8K 80 DISCRETE 20 0.5 ~6 3 IIISTRUCTION OR 2 DATA WOROS. ONE CO*AHD 
COMPONENTS 

I S A SPARE. 
PRE 1962 

4. UN IVAC ADD-lOoo 
P Fx 16 12 711 

ORO THIN Fi lM 2~ 256 3 16 ~ 
DISCRETE 

B8 1.1 262 NDRO MEMORY HAS 50 MllLiSEC WRITE TIME 
837 COMPONE~TS FROM EXTERNAL EQUI PMEHT. 

PRE 1962 NDRO THIN FilM 2~ 7K 3 

5. ARMA MICRO COMPUTER 
S Fx 19 27 135 32~ NDRO CORE 22 2K 8K 27 2 DISCRETE 20 O.~ 50 REG ISTERS ARE DELAY LINES. 

MI D 1962 
CDMPOHHTS 

6. HUGHES HCM-20l 
~RO CORE 2~ ~K 6 
IIDRS'CDRE DISCRETE CHOICE OF ONE OF THE THREE MEMORIES 

P Fx 30 6 120 120 2~ 16K 3 I COMPONENTS 51 150 
AVAI lABlE. 0' MI D 1962 DRUM 2~ 1500K 

7. IBM GEMINI GUIDANCE 01 SCREIT 
CONCURRENT MULTIPLY/DIVIDE. 13 BITS OF 

COMPUTER S Fx 16 I~O ~20 8~0 NDRO CORE 39 ~K 4 5 0 COMPONENTS 59 1.65 85 MEMORY WORD ARE READ-ONLY. INSTRUCTION 

EARLY 1963 WORD, 13 BITS; DATA WORD, 26 BITS. 

8. GENERAL PRECISION DISCRETE HAS INDEPENDENT, PROGRAMMABLE INTEGRATOR. 

AN/ASN-24 
S Fx 12 62~ ~K ~K DRU~ 25 ~K I 0 COMPONENTS 100 1.2 ~20 USES TWO AODRESSES, OPERAHD ANa NEXT 

MID 1963 I ~STRUCTI ON. 

9. HUGHES HCM-202 
Fx 30 6 120 120 

ORO CORE 2~ 512 ~K 6 3 I ~YBRID 51 150 OTHER MEMORY TYPES ARE AVA I lABlE. P NDRO THIN FilM 2~ 102~ 8K 6 THIN FilM 
MI D 1963 

10. I BM SATURN I BIV LVDC REGISTERS ARE GLASS DELAY LINES. CONCURRENT 
S Fx I~ 82 328 656 ORO CORE 28 ~K 32K 28 I I DlL HY8R 10 80 2. I 138 ADO AND MULTIPLY. TWO PARITY BITS IN 

MI D 1963 MEMORY WORD. 

n. MIT BLOCK I AGC ORO CORE 16 IK II. ~ 
DCTL I C 87 I 125 SOME I/O HANDLED THROUGH 

P Fx II 23.~ 117 210 
CORE ROPE 16 10K II.~ 

8 COUNTER INTERRUPTS. 
LATE 1963 

12. UN IVAC 1824 
Fx ~I 92 128 

ORO THill FILM 2~ 512 ~ 
8 I OTL Ie .... 31.5 0.~7 110 10,000 

DATA WORD, 2~ BITS; I NSTRUCTI ON 
P 8 NDRO THI~ FILM ~8 ~K 0.7 WORD, 16 BITS. 

LATE 1963 

13. SAAB CK 37 MOST COMMOH OPERATI ONS U~E 13-Bn 
P Fx ~8 5.6 23.8 ORO CORE 26 IC 100 350 IHSTRUCTIOIl WORD, WITH 13-BIT OPERAND 

MI D 1964 STORED IN OTHER HALF OF THE WORD. 

14. LITTON L-304 
TTL IC 0.26 100 2300 DATA WORD, 16 BITS; I NSTRUCT I ON 

P Fx 63 5.6 61 ORO CORE 32 ~K 131K 1.8 B I 3~ WORD, 32 BITS 
EARLY 1965 

15. NORTRON I CS NDC-1051 
P Fx 8 70 176 ORO CORE 2~ 2K 8K 2 ': I ~ IC 29 0.5 9~ B500 WEIGHT, SIZE, POWER AND MTBF 

51 ARE GIVEN FOR 2K MEMORY. 
EARL Y 1965 

16. AUTONETI C S D26J 
P Fx 27 8 18 18 ORO CORE 12 ~K 8K ~ ~ 2 DlL IC 20 0.21 62 18,000 16-BIT wORD OPTION IS AVAllA8lE •• 

LATE 1965 

17. HONEYWELL ALERT AVA I LABLE OPT IONS I NCLUDE ORO CORE 
P Fx 89 2 12 30 HDRO SIAX 2~ ~K 32K I ~ 3 2~ HlTTl IC 73 1.2 150 10,000 WITH I " SEC CYCLE TIME, AND 

LATE 1965 BUFFERED I/O WITH 7 CHANNELS 

18. NORTRON I CS NDC-I051A 
ORO CORE I~ 38 0.87 225 3060 WEIGHT, SIZE, POWER AND MTBF P Fx 51 6 26 50 8K 32K 2 2 8 DlL IC ARE GIVEN FOR 16K MEMORY. 

EARLY 1966 

19. SPERRY MARK XII 
P Fx 13 IB 60 ORO CORE 21 6K I IC 6~ 1.5 250 MEMORY CAH lIE PARTIALLY HARD-WIRED. 

EARL Y 1966 '-- - --- -- - - ---
20. TRW MARCO 4418 

P Fx 27 10 70 73 ORO CORE I~ ~K 8X 5 I 0 DTl IC 3~ O. ~ 75 20,000 MEMORY CAN BE PART I AllY HARD-W I RED. 

EARLY 1966 

2L ARMA M)CRO D ORO CORE 18 128 
S Fx 12 168 

NDRO CORE 18 1920 2 IC 5 0.07 20 50,000 MTBF EXCLUDES POWER SUPPLY. 

MI D 1966 

22. CDC 5360 
P Fx ~I 12 90 90 ORO CORE 2~ ~X 32K 1.5 6 12 I IC 26 0.6 95 75~5 WEIGHT AND SIZE EXCLUDE POYER SUPPLY. ... 

MI D 1966 

23. COMPUTI NG DEVICES OF 
CANADA AN/UYK-50l P Fx 110 8 110 118 ORO CORE 2~ ~K 32k I 2 I 6~ IC 82 0.96 2~D 1180 WEIGHT, SIZE, PO.ER AND MTBF ARE GIVEN 

FOR 8K MEMORY. HAS ALTERABLE MICROPROGRAM. 

MI D 1966 

24. SPERRY MARK XIV 
P Fx 13 18 60 ORO CORE 21 6K I IC 6~ 1.5 250 MEMORY Ct.H BE PARTIAllY HARD-WI RED. 

MI D 1966 

25. TI 2501 WEIGHT, SIZE AND POWER ARE GIVEN FOR 
P Fx 36 ~ 27 37 ORO CORE 32 ~K 16K 2 17 32 IC 65 1.1 350 

~K MEMORY. MI D 1966 

26. UNIVAC 1830-A ALSO HAS ORO THIN FILM CONTROL MEMORY AND 
P Fx 72 ~ 20 3~ ORO CORE 3D ~K 131K 2 32 I IC 200 2.65 567 ~500 6~-WORD CORE ROPE BOOTSTRAP MEMORY. 

MI D 1966 SUCCESSOR TO 1830. 

27. AUTONETI C D26C ORO CORE 30 8K 32K 6 HIGH-SPEED ME.~ORY USED FOR SCRATCH P.O. P Fx 87 12 ~5 2 8 IC ~7 0.65 175 15,600 

LATE 1966 
ORO CORE 30 256 I 

28. CDC 5400 ORO CORE 2~ ~K 2. 5 
~-WORD (96-8IT) READOUT FROM HDRO 

P Fx 73 3. I 25 275 5 16 IC 60 1.1 I~O 2500 MEMORY TO AN INSTRUCTION LOOK-AHEAD 

LATE 1966 
NORa THIH FILM 96 3K 2. 5 MEMORY. 

29. HONEYWELL SIGN I II 
P Fx 53 ~ 2~ 2~ ORO CORE 20 2K ~K 0 . 65 2.0 5 I DTl IC 28 0.~9 92 HAS DOUBLE PRECISIOII ADD I HSTRUCT I OH. 

LATE 1966 

3D. HU GHES HCM-205 
I WE I GHT, SIZE AND POWER ARE GIVEN FOR P Fx ~2 ~ 2~ 25 ORO CORE 18 2K 8X 2.0 I DTl IC 16 0.2 110 ~OOO 2X MEMORY. 

LATE 1966 

3L IBM 4 PIICP 
HAS 102~-20~8 WORD MICROPROGRAMMING MEMORY, 
70 BITS/WORD, 155 NSEC ACCESS TIME. AVAilABLE 

P Fx 3~ 6.6 29 . I ORO CORE 32 8K 32K 0.9 2.5 3 5 TTL IC 57 .85 250 3000 WITH 51 OR 77 INSTRUCTlOIiS. AVAILABLE AS 

LATE 1966 
CP-2 WITH HARDWARE DECODE I NSTEAD OF 
MICROPROGRAM. 

32. l aM 4 PIIEP 3K x 100 81TS MICROPROGRAMMING MEMORY. 
P Fl 135 5.8 9.5 18.3 ORO CORE 36 8K 128K 0.9 2.5 3 5 TTL IC 62 0.9 303 5000 FLOATING POIHT OPTION. 32-BIT DATA WORD . 

LATE 1966 I PARITY BIT PER 8-BIT BYTE. 

33. MIT BLOCK I ) AGC 
23.~ ~6 . 8 81.9 

ORO CORE 16 2K IU 15 DCTL IC 58 1.0 100 HAS DOU8lE PRECISION ADD. P Fx 3~ CORE ROPE 16 36K II.~ 
10 

LATE 1966 

34- SPERRY MARK XVI 
P Fx I~ 12 3~ ORO CORE 21 8X 16K 6 ~ IC 60 1.5 250 MEMORY CAN BE PARTI ALLY HARD-W I REO. 

LATE 1966 

35. CDC 449 ORO THIN FilM 2~ 256 I HClUOES BATTER I ES, KEYBOARD AND 0 I Al 
P Fx 36 28 60~ 

NORa " BI AX 2~ 38~0 
I I IC 12 .083 I!.O 

READOUT. 12-B IT PARAllEL, 2 BYTE SER I Al. EARLY 1967 

IBM 4 PliTC 
2 BYTE SERIAL, 8-BIT PARAllEL. MEMORY 

36. 
15 51 8 TTL IC 27 0.~8 

SIZE GIVEN IN TERMS OF 8- BIT BYTES. 
P Fx 5~ ORO CORE 16K 2.5 75 7500 

DATA WORD IS 2 8YTES AND INSTRUCTION EARLY 1967 WORD IS 1,2 OR 3 BYTES. 

37. UNI VAC 1818 
P Fx 28 ~ 22 22 

ORO CORE 18 IK 2 IC 35 0.7 WEIGHT, SIZE AND POWER ARE GIVEN 
CORE ROPE 18 ~K 8K 2 12 10 197 1500 FOR 8X MEMORY. 

EARLY 1967 

38. HU GHES HCM-2OO 
P Fx 6~ 2 15 ORO COR E 32 8K 32K 2 2 32 all IC 20 0 .375 250 6~00 INSTRUCTION WORD CAN 8E 16 OR 32 8ITS. 

DEVELOPMENT 

39. liTTON L-3050 WEIGHT, SIZE AHa POWER ARE GIVEN FOR P Fx 62 3. 3 6 ORO CORE 32 ~K 131 K 1.6 I 6~ IC ~~ . 33 130 2100 
DEVELOPMENT 8K MEMORY. 

40. RCA VIC-36A 
P Fl 

ORO CO RE 38 8K 32K . 650 3. 0 SOME DISCR ETE COMPOHENTS USED. VARIABLE 
ORO CORE 38 512 . 326 0.6 I ~ ~ IC 120 2.6 325 I NSTRUCTI ONS CONTROL MICROPROGRAM. DEVELOPMENT 

, 

-
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TABLE 3 

IBM SATURN I B / V  LVDC 

TYPE: S e r i a l  D A T A  WORD LENGTH: 2 6  b i t s  

NUMBER SYSTEM: B i n a r y ,  f i x e d  INSTRUCTION WORD LENGTH: 1 3  b i t s  
p o i n t ,  2 ' s  
complement 

NUMBER OF INSTRUCTIONS: 1 8  i n s t r u c t i o n s  f rom 4 - b i t  o p e r a t i o n  code 

INSTRUCTION EXECUTION TIMES: 

Add: 82 usee  

M u l t i p l y :  328 usee  per formed c o n c u r r e n t  w i t h  
D i v i d e :  656 usee  

(Note :  Add / sub t r ac t  can  b e  

m u l t i p l y / d i v i d e .  ) 

ADDRESSING: S i n g l e  9 - b i t  a d d r e s s .  8 b i t s  s p e c i f y  one o f  256  
l o c a t i o n s  i n  a memory s e c t o r ,  n i n t h  b i t  chooses  
e i t h e r  (1) a b a s e  s e c t o r  c a l l e d  r e s i d u a l  memory 
o r  ( 2 )  a memory s e c t o r  s p e c i f i e d  by a 4 - b i t  s e c t o r  
s e l e c t  r eg i s t e r .  

MEMORY : 

Word Length:  26  b i t s  p l u s  2 p a r i t y  b i t s  (one  f o r  e a c h  1 3  b i t s )  

Type: C o i n c i d e n t  c u r r e n t  c o r e ,  c a p a b l e  o f  d u p l e x  o p e r a t i o n  
Cycle  t i m e :  2 usee  
C a p a c i t y :  4 K  expandab le  t o  32K 

INPUT/OUTPUT: One e x t e r n a l  i n t e r r u p t .  1/0 accompl i shed  t h r o u g h  
t h e  Launch V e h i c l e  Data Adap te r  ( L V D A ) .  Data p a t h  
i s  from accumula to r  o r  memory t o  t h e  LVDA, and f rom 
t h e  LVDA t o  t h e  accumula to r  o n l y .  

PHYSICAL CHARACTERISTICS: 

Weight:  80 pounds 
Volume: 2 . 1  c u b i c  f e e t  
Power: 138 watts ( w i t h  1 6 ~  memory) 
C o n s t r u c t i o n :  Hybrid DTL c i r c u i t s  o r g a n i z e d  i n  a T r i p l e  

Modular Redundant ( T M R )  c o n f i g u r a t i o n  o f  
t h r e e  s i m p l e x  c h a n n e l s ,  e a c h  composed o f  
s e v e n  f u n c t i o n a l  modules .  
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I . Tab le  3 
d 

SOFTWARE: Assembler  a v a i l a b l e .  S i m u l a t o r  f o r  u s e  on IBM 7090/94. 

RELIABILITY:  Memory d u p l e x i n g  and TMR l o g i c  r e s u l t s  i n  c a l c u -  
l a t e d  r e l i a b i l i t y  r a n g i n g  f rom 0.9901 a t  100°C 
t o  0 . 9 9 2 4  a t  6 0 ° C  f o r  a 250 h o u r  m i s s i o n .  MTBF's 
r e q u i r e d  o f  a nonredundant  machine t o  a c h i e v e  
t h e  same r e l i a b i l i t y  u n d e r  t h e  same r e s t r a i n t s  
are  2 5 , 0 0 0  hour s  and 33 ,000  h o u r s ,  r e s p e c t i v e l y .  
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TABLE 4 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

BLOCK I1 APOLLO G U I D A N C E  COMPUTER ( A G C )  

TYPE: P a r a l l e l  DATA WORD LENGTH: 15 b i t s  

NUMBER SYSTEM: Binary, f i x e d  INSTRUCTION WORD LENGTH: 15 b i t s  
p o i n t ,  m o d i f i e d  
1's complement 

NUMBER OF INSTRUCTIONS: 34 i n s t r u c t i o n s  f rom a 3 - b i t  o p e r a t i o n  
code by programmed s e t t i n g  o f  an  e x t e n s i o n  
r e g i s t e r  and u s e  o f  some a d d r e s s  b i t s  when 
c e r t a i n  memory banks a r e  a d d r e s s e d .  

INSTRUCTION E X E C U T I O N  TIMES: 

Add: 2 3 . 4  p sec  ( d o u b l e  p r e c i s i o n ,  3 5 . 1  p s e c )  
M u l t i p l y :  4 6 . 8  p sec  
D i v i d e :  8 1 . 9  usee  

ADDRESSING: S i n g l e  1 2 - b i t  a d d r e s s  s p e c i f i e s  38 ,912  memory 
l o c a t i o n s  u s i n g  memory bank s e l e c t i o n  r e g i s t e r s .  
( T h i s  method i s  c a p a b l e  o f  a d d r e s s i n g  6 7 , 5 8 4  
l o c a t i o n s .  ) 

MEMORY: 
F i x e d  memory Erasable  memory 

Word l e n g t h :  15 b i t s  p l u s  one 15  b i t s  p l u s  one 
p a r i t y  b i t  p a r i t y  b i t  

Type : Core Rope C o i n c i d e n t  c u r r e n t  c o r e  
Cycle  t i m e :  1 1 . 4  p sec  1 1 . 4  p sec  
C a p a c i t y :  3 6 , 8 6 4  words 2 0 4 8  words 

INPUT/OUTPUT: The 1/0 d a t a  p a t h  i s  between t h e  a c c u m u l a t o r  
and t h e  15 r e g i s t e r s  i n  t h e  1/0 c o n t r o l  u n i t .  
The c o n t r o l  u n i t  c o n t a i n s  a p r i o r i t y  i n t e r r u p t  
sys t em.  
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PHYSICAL CHARACTERISTICS: 

Weight:  58 pounds 
Volume: 1 c u b i c  f o o t  
Power: 1 0 0  watts 
C o n s t r u c t i o n :  Uses 2 7 6 5  f l a t p a c k s ,  e a c h  f l a t p a c k  c o n t a i n s  

a d u a l  3- input  DCTL I C  NOR gate. 

SOFTWARE: S i m u l a t o r  and a s s e m b l e r  f o r  u s e  w i t h  Honeywell 1 8 0 0 .  



BELLCOMM, I N C .  

TABLE 5 

TRW MARC0 4 4 1 8  

LUNAR MODULE ABORT ELECTRONICS ASSEMBLY 

TYPE: P a r a l l e l  DATA WORD LENGTH: 1 8  b i t s  

NUMBER SYSTEM: B i n a r y ,  f i x e d  INSTRUCTION WORD LENGTH: 1 8  b i t s  
p o i n t ,  2 ' s  
c omp 1 e men t 

NUMBER OF INSTRUCTIONS: 

INSTRUCTION EXECUTION TIMES: 

2 7  i n s t r u c t i o n s  f rom 5 - b i t  o p e r a t i o n  code 

Add: 1 0  psec 
M u l t i p l y :  70 psec  
D i v i d e :  73 psec  

ADDRESSING: S i n g l e  1 3 - b i t  a d d r e s s .  3 - b i t  c e n t r a l  i n d e x  r e g i s t e r .  

MEMORY: 

Type: DRO c o r e ,  some of  which can be  hard-wired  
Cycle  t i m e :  5 psec  
Word l e n g t h :  1 8  b i t s  

C a p a c i t y :  4 K  words ,  expandable  t o  8 K  

INPUT/OUTPUT: No i n t e r r u p t s .  1/0 r e g i s t e r s  a t t a c h  t o  main 
bus .  I n  Lunar Module, D / A ,  p u l s e  and d i s c r e t e  
o u t p u t  c i r c u i t s  a r e  used .  

PHYSICAL CHARACTERISTICS: 

Weight:  34 pounds 
Volume: 0 . 4  c u b i c  f e e t  
Power: 75 watts 
C o n s t r u c t i o n :  Uses 1 3 0 0  f l a t p a c k s  on 1 5  t e n - l a y e r  MLB's. 

F l a t p a c k s  a re  S i g n e t i c s  SElOO DTL I C .  
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