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E-1880 

A CASE HISTORY OF THE AGC INTEGRATED LOGIC C I R C U I T  

ABSTRACT 

A case h i s t o r y  of  t h e  i n t e g r a t e d  c i r c u i t  used f o r  t h e  
l o g i c  i n  t h e  Apollo Guidance C i r c u i t  i s  g iven .  Achieving t h e  
r equ i r ed  goa l s  of low weight ,  volume, and power coupled w i t h  
extreme h igh  r e l i a b i l i t y  n e c e s s i t a t e d  t h e  u s e  of  one s i n g l e ,  
s imple i n t e g r a t e d  c i r c u i t  f o r  a l l  l o g i c  f u n c t i o n s .  A b r i e f  

d e s c r i p t i o n  of t h e  evo lu t ion  of  t h e  computer des ign  i s  g iven  
a long  wi th  a gene ra l  d i s c u s s i o n  of  some of  the engineer ing  and 
des ign  problems which arise w i t h  t h e  u s e  of a s t anda rd ized  
semiconductor monol i th ic  i n t e g r a t e d  c i r c u i t .  

- 

The f l i g h t  q u a l i f i c a t i o n  procedure is desc r ibed .  

Af t e r  t h e  q u a l i f i e d  s u p p l i e r s  l is t  h a s  been formed, each l o t  
shipped from any q u a l i f i e d  s u p p l i e r  i s  exposed t o  a sc reen  
and burn- in procedure followed by f a i l u r e  a n a l y s i s  of  
genera ted  f a i l u r e s .  The l o t  i s  accepted or r e j e c t e d  on t h e  
basis of  the number of f a i l u r e s  genera ted  and t h e  types  of  
f a i l u r e  modes genera ted .  The r e l i a b i l i t y  h i s t o r y  o f  t h e  NOR 

Gate i s  given showing d i f f e r e n c e s  among vendors,  showing 
d i f f e r e n c e s  among l o t s  shipped from a s i n g l e  vendor , and 
updated f i e l d  f a i l u r e  r a t e s .  

by Eldon C. Hall  
December 1965 
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SECTION I 

INTRODUCTION 

M i l i t a r y  and space o b j e c t i v e s  r e q u i r e  t h e  very  l a t e s t  

i n  t e chno log i ca l  development coupled wi th  r e l i a b i l i t y  goa l s  
t h a t  r e q u i r e  succes s fu l  ope ra t i on  f o r  s e v e r a l  y e a r s .  A 

compromise must  o f t e n  be made between t h e  use  of new tech-  
nology and h igh  r e l i a b i l i t y  o b j e c t i v e s .  With j ud i c ious  p lann ing  

t h i s  compromise can be i n s t i t u t e d  e f f e c t i v e l y .  For example, 

i n t e g r a t e d  c i r c u i t s  us ing  p l ana r  technology have made new 
o b j e c t i v e s  p o s s i b l e  by reducing t h e  s i z e  and weight  of a system 
whi le  in t roduc ing  an important  f u t u r e  r e l i a b i l i t y  ga in .  

The i nhe ren t  r e l i a b i l i t y  g a i n s  must be implemented i n  
t h e  des ign  s t a g e s  of t h e  computer. Hence t h e  d e c i s i o n  t o  u s e  
one s imple  s i n g l e  l o g i c  element f o r  t h e  l o g i c  i n  the Apollo 
Guidance Computer. This r e s u l t e d  i n  h igh  volume procurement 
of t h e  i n t e g r a t e d  c i r c u i t  from m u l t i p l e  sources ,  so t h a t  t h e  
needed h igh  r e l i a b i l i t y  could be developed and proven w i t h i n  
a s h o r t  per iod  of t i m e .  

The s t a n d a r d i z a t i o n  approach, which is  p a r t i c u l a r l y  
adap tab le  t o  d i g i t a l  computers, has  been demonstrated w i t h  
t h e  P o l a r i s  f l i g h t  computer and extended wi th  i n t e g r a t e d  
c i r c u i t s  t o  t h e  Apollo Guidance Computer. Both computers were 
designed t o  use  a t h r e e  i npu t  NOR Gate a s  t h e  on ly  l o g i c  e lement .  
A l l  l o g i c  func t ions  a r e  generated by i n t e r connec t ing  the t h r e e  
i npu t  NOR Gate wi th  no a d d i t i o n a l l o g i c  b locks ,  r e s i s t o r s ,  or 
c a p a c i t o r s .  A t  f i r s t  g lance ,  it appears  t h a t  u s ing  on ly  one 
t ype  of l o g i c  b lock  g r e a t l y  i nc rea se s  t h e  number of b locks  re- 
qu i r ed  f o r ' t h e  computer. But, by j u d i c i o u s l y  s e l e c t i n g  and 
organ iz ing  t h e  l o g i c  func t ions  it is  quick ly  apparent  t h a t  few 
a d d i t i o n a l  b locks  a r e  necessary.  The few a d d i t i o n a l  u n i t s  
r equ i r ed  a r e  g r e a t l y  counte r  balanced by t h e  increased  r e l i a b i l i t y  

ga in  dur ing  bo th  t h e  manufacturing of components and f a b r i c a t i o n  

of t h e  components i n t o  modules. 
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The l o g i c  element u t i l i z e d  i n  t h e  Apollo Guidance ' 

Computer i s  t h e  t h r e e  i npu t  NOR Gate a s  shown i n  F ig .  1. A t  

t h e  t i m e  t h a t  t h e  d e c i s i o n  was made t o  u s e  i n t e g r a t e d  c i r c u i t s ,  
t h e  NOR Gate, a s  shown, was t h e  on ly  dev i ce  a v a i l a b l e  i n  l a r g e  
q u a n t i t i e s .  The s i m p l i c i t y  of t h e  c i r c u i t  allowed s e v e r a l  manu- 
f a c t u r e r s  t o  produce i n t e r changeab l e  dev i ce s  so t h a t  reasonable  
compet i t ion  was a s su red .  Because of r e c e n t  p roces s  development 

i n  i n t e g r a t e d  c i r c u i t s ,  t h e  NOR Gate ha s  been a b l e  t o  remain 

compet i t ive  on t h s  b a s i s  of speed,  power and n o i s e  immunity. 

This  c i r c u i t  i s  used a t  3 V  and 15mw, b u t  is r a t e d  a t  8 V  and 
1OOmw. Unpowered tempera ture  r a t i n g  i s  150°C. The b a s i c  

s i m p l i c i t y  of the t h r e e  i npu t  g a t e  a i d s  an e f f e c t i v e  s c r een ing  

p roces s .  A l l  t r a n s i s t o r s  and r e s i s t o r s  can be t e s t e d  t o  i n s u r e  
product  un i formi ty .  The s i m p l i c i t y  of t h e  c i r c u i t  a l s o  a i d s  i n  
t h e  quick d e t e c t i o n  and d iagnos ing  of i n s i d i o u s  f a i l u r e s  wi thout  
ex t ens ive  probing a s  r equ i r ed  w i th  more complicated c i rcui ts .  

One a d d i t i o n a l  i n t e g r a t e d  c i r c u i t  used i n  t h e  Apollo 
Guidance Computer i s  the memory sense  a m p l i f i e r .  A s  seen i n  
Fig.  2 ,  t h e  c i r c u i t  i s  cons ide rab ly  more complex than  t h e  
NOR Gate. The exper ience  w i th  t h i s  more complicated c i r c u i t  
ha s  been comparable w i th  t h e  l o g i c  g a t e .  However, s i n c e  it 
is  a l o w  usage i t e m  t h e r e  is a v a i l a b l e  less in format ion  of 
h i s t o r i c  i n t e r e s t ,  t h a t  is ,  r e l i a b i l i t y  in format ion  such a s  
f a i l u r e  rates and modes of f a i l u r e s .  The ba l ance  of t h i s  r e p o r t  
r e l a t e s  t o  h i s t o r y  of t h e  l o g i c  g a t e .  

'\ 

4. 



r 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 

"""""""""" 1 
I- 
3 

f 
0 

+ 
m- 

I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 

L """" """"A 

5 .  



SENSE AMPLIFIER C I R C U I T  

S E N S E  
LINE 
INPUT 

I I  
REFERENCE 
VOLTAGE Vz I 

I 

+ 14 VOLTS 
9 

I 1 

INTEGRATED CIRCUIT 

I 
I 
I 
I 
I 

I 
I 
I 
I 
I 

Ih OUTPUT 



SECTION I1 

ENGINEERING ASPECTS O F  THE APOLLO COMPUTER 

Figure  3 p i c t u r e s  the Block I1 Apollo Guidance Computer. 
This v e r s i o n  d i f f e r s  from t h e  Block I Computer i n  t ha t  the 
memory, i n s t r u c t i o n  and inpu t  o u t p u t  was inc reased .  The Block I1 

Computer a l s o  uses  a dua l  g a t e  i n  a f l a t  package r a t h e r  than  
the s i n g l e  g a t e  i n  a TO-47 used i n  Block I .  F igures  4 and 5 
i l l u s t r a t e  t h e  packaging techniques  used i n  the Block I1 

computer. The Block I1 l o g i c  s t i c k s  a r e  made us ing  t h e  f l a t  
package welded t o  m u l t i l a y e r  in te rconnec t ion  boards .  The 
modules a r e  in te rconnec ted  us ing a t r a y  which i s  wired by 
machine w i r e  wrap t echn ique  a s  shown i n  Fig .  6 .  Two i d e n t i c a l  

Display and keyboards a s  shown i n  Fig .  7 prov ide  t h e  man machine 
i n t e r f a c e  w i t h  the computer. Table I i s  a g e n e r a l  summary of 
the Block I1 computer c h a r a c t e r i s t i c s .  

S ince  the l o g i c  d e s i g n  of the  computer was r e s t r i c t e d  t o  
a s i n g l e  t y p e  o f  g a t e ,  a method t o  p rov ide  fan- in and fan- out 

expansion w a s  provided a s  shown i n  F ig .  8 .  Also,  methods t h a t  
w e r e  used t o  provide  i n t e r c o n n e c t i o n s  between l o g i c  and memory 
c i r c u i t s  and connect ions  t o  o u t s i d e  world a r e  shown i n  F i g .  9. 

A l l  h igh  frequency informat ion t r a n s f e r  between t h e  computer 

and p e r i f e r a l  equipment i s  accomplished w i t h  t r ans fo rmer  coupled 
c i r c u i t s  a s  shown i n  t h e  t o p  view. The second row i s  the type  
of  c i r c u i t  used i n  t h e  memory i n t e r f a c e s  and f o r  l o w  frequency 
DC l e v e l  type  s i g n a l s .  The r e c e i v e r  is  shown on the r i g h t .  
The bottom r o w  p rov ides  l o w  f requency DC l e v e l  i n p u t s .  

I n t e r e s t i n g  and s u b t l e  problems a r i s e  w i t h  the  use  o f  
i n t e g r a t e d  c i r c u i t s .  To i l l u s t r a t e ,  F i g .  10 ( a )  d e p i c t s  a 

very  d e s i r a b l e  c i r c u i t  t h a t  can be used t o  d r i v e  long cables 

f o r  ground tes t  equipment while r e q u i r i n g  no power d r a i n  from 
t h e  a i r b o r n e  equipment. F igure  10  (b) shows the same c i r c u i t  
b u t  inc ludes  some o f  the parasi t ic  d iodes  n o t  u s u a l l y  repre- 
sen ted  i n  t h e  i n t e g r a t e d  c i r c u i t .  When p o i n t  ( x )  rises above 

2 v o l t s ,  d iode  c a p a c i t o r  coupling occurs  through the r e s i s t o r  
s u b s t r a t e  which a c t i v a t e s  the unused t r a n s i s t o r s .  T h i s  coupl ing 

7. 
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AGC CHARACTER I ST1 CS 

Word Length 
Number System 
Memory Cycle Time 
Fixed Memory Registers 
Erasable Memory Register 
Number of Normal Instructions 

Interrupt Options 
Addition Time 
Multiplication Time 
Double Precision Addition Time 
Double Precision Multiplication Subroutine 

increment Time 
Number of Counters 
Power Consumption 
Weight 
Size 

( I  nterrupt, I ncrement, etc. 1 

Ti me 

15 Bits + 1 Parity 
One's Complement 
11.7 4 sec 
36,864 Words 
2,048 Words 

10 
10 
23.4 ,dec 
46.8 b s e c  
35.1 p s e c  
575 p s e c  

11.7 p sec 
29 
100 Watts (AGC + DSKY's) 
58 Pounds (Computer Only) 
1.0 Cubic Foot (Computer Only) 

Table I. 
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i s  a feedback p a t h  which slows up t h e  p u l s e  rise times. The 

rise time w i l l  be a f u n c t i o n  o f  t h e  g a i n  o f  t h e  unused t r a n s i s t o r  
and a l s o  a f u n c t i o n  o f  r e p e t i t i o n  r a t e  of  t h e  d r i v e  which t ends  
t o  t u r n  t h e  t r a n s i s t o r s  o f f  a t  h i g h  r e p e t i t i o n  rates. Connecting 
a l l  unused i n p u t s  t o  t h e  emitter (OV) w i l l  p reven t  o r  minimize 
t h e  feedback t h u s  speeding up the p u l s e  response .  Another 
i n t e r e s t i n g  and much d i scussed  problem is  t h a t  o f  n o i s e  i n  

l o g i c  c i r c u i t s  us ing  i n t e g r a t e d  c i r c u i t s .  I t  i s  w e l l  known 
tha t  a l l  d i g i t a l  computers have n o i s e  problems and t h e r e  a r e  
w e l l  known des ign  techniques  which when p roper ly  app l i ed  w i l l  
minimize these problems. I n  t h e  e l e c t r i c a l  des ign a s  w e l l  a s  

t h e  mechanical des ign  there a r e  t r a d e  o f f s  tha t  must be made 

i n  o r d e r  t o  meet a l l  o f  the  ground r u l e s  p laced on the computer 
des igner .  Noise i s  one of t h e  major c o n s t r a i n t s  t h a t  must be 

considered dur ing  the des ign .  One m u s t  cons ide r  b o t h  s e l f  
induced and e x t e r n a l l y  induced no i se .  Although the cause  is 

d i f f e r e n t  f o r  b o t h  t y p e s ,  the e f f e c t  is  u s u a l l y  the same and 
can be i l l u s t r a t e d  by Fig .  11. From t h i s  f i g u r e  it i s  seen 
how swi tching c u r r e n t s  i n  t h e  c i r c u i t  ground p l a n e  can cause  
v o l t a g e  t r a n s i e n t s  t h a t  w i l l  e r roneous ly  switch t h e  t r a n s i s t o r s  
shown. These ground c u r r e n t s  can a l s o  be induced from the 
o u t s i d e  e i t h e r  by conducted o r  r a d i a t e d  i n t e r f e r e n c e .  To 
maximize the immunity o f  the  computer the des igner  should,  

1. S e l e c t  c i r c u i t s  t h a t  have maximum immunity: 
t h e r e  is  about a f a c t o r  of 2 r e a l i z a b l e  between 
the wors t  and best i n t e g r a t e d  c i r c u i t s .  

2 .  Provide  good ground p l a n e s  and s i g n a l  p a t h s .  
3 .  Provide  proper s h i e l d i n g ,  grounding and f i l t e r i n g  

o f  t he  computer, and a l l  i n t e r f a c e  wires. 
Obviously one must compromise here a l s o ,  o the rwise  t h e  

p r o t e c t i o n  as w e l l  as t h e  magnitude of the  n o i s e  would con t inue  
t o  e s c u l a t e .  I n  the c h o i c e  o f  t h e  NOR Gate, the Apollo Computer 

may have s a c r i f i c e d  some n o i s e  immunity f o r  s i m p l i c i t y  and 
a v a i l a b i l i t y .  Tes t ing  o f  t h e  f i n i s h e d  computer h a s  shown t h a t  
i t s  s u s c e p t i b i l i t y  is much lower t h a n  t h e  limits s p e c i f i e d  i n  
MIL-1-26600 which is t h e  s p e c i f i c a t i o n  f o r  e l ec t romagne t i c  
c o m p a t i b i l i t y .  I n  f a c t ,  i n  o r d e r  t o  l o c a t e  a r e a s  o f  weakness, 

17. 
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spark  d i scharges  have been used dur ing  t e s t i n g .  The normal 

r a d i a t i o n  s u s c e p t i b i l i t y  tes ts  do not  g e n e r a t e  l e v e l s  h igh  

enough t o  induce computer f a i l u r e .  I n  f a c t ,  MIL-1-26600 
i s  weak i n  o t h e r  a r e a s  when app l i ed  t o  d i g i t a l  computers. For 

example, a power t r a n s i e n t  between a power inpu t  l i n e  and case 
i s  no to r ious  f o r  inducing t r o u b l e s  and l o c a t i n g  areas of weak- 
n e s s ,  al though t h i s  tes t  i s  n o t  a requirement of t h e  MIL spec .  
The Apollo computer h a s  been s u b j e c t e d  t o  and passed t h e s e  
more s t r i n g e n t  tests.  

19. 



SECTION I11 

RELIABILITY 

Because o f  t h e  h i g h  r e l i a b i l i t y  a p p l i c a t i o n  o f  the 

Apollo Guidance Computer, t h e  r e l i a b i l i t y  a s surance  of t h e  
i n t e g r a t e d  c i r c u i t s  w i l l  be d i scussed .  The procedures  have 

been p r e v i o u s l y  r e p o r t e d  i n  deta i l ’ ,  b u t  w i l l  be summarized 

h e r e .  
I t  became immediately obvious t h a t  small-sample 

stress t e s t i n g  could  n o t  guaran tee  t h a t  each purchased l o t  
would meet t h e  Apollo i n t e g r a t e d  c i r c u i t  f a i l u r e  ra te  requ i re-  
ments. The MIL-S-19500D s t a t i s t i c a l  sampling procedure  was b o t h  

n o t  a p p l i c a b l e  nor p r a c t i c a l .  Furthermore,  a s  long as a l l  
f a i l u r e  modes w e r e  n o t  complete ly  s c r e e n a b l e ,  one-hundred 

p e r c e n t  sc reen ing  a l o n e  was n o t  s u f f i c i e n t  t o  a t t a i n  the 
r e q u i r e d  h igh  r e l i a b i l i t y  g o a l s .  A s t udy  of t h e  v a r i o u s  
f a i l u r e  modes o f  i n t e g r a t e d  c i r c u i t s  c r e a t e d  t h e  dilemma 

whereby some of t h e  f a i l u r e  modes were e a s i l y  screened by 
s t andard  sc reen ing  t echn iques  and o t h e r s  o n l y  o c c a s i o n a l l y  
d e t e c t e d .  N o  a s su rance  could be made wi th  any reasonab le  
conf idence  t h a t  t h e  d e v i c e s  w i t h  t h e s e  troublesome d e f e c t s  
had been removed from t h e  l o t .  T o  overcome t h i s  problem, 
l o t  acceptance  cr i ter ia  w e r e  e s t a b l i s h e d  which would 
i d e n t i f y  w i t h  h i g h  conf idence  t h o s e  l o t s  i n  which i n s i d i o u s  
f a i l u r e  modes were n o t  p r e v a l e n t  and sc reen ing  had been 
adequate.  Providing an e f f e c t i v e  f a i l u r e  mode d e t e c t i o n  
system, t h e  procedure  f o r  l o t  acceptance  i s  based on one- 

hundred p e r c e n t  n o n d e s t r u c t i v e  tests and sample d e s t r u c t i v e  
t e s t i n g .  A l l  t h e  f a i l u r e s  genera ted  from t h e  t e s t i n g  are 
complete ly  analyzed.  The f a i l u r e s  are t h e n  c l a s s i f i e d  by 

groups and compared t o  the acceptance  c r i t e r ia .  It must 
be emphasized t h a t  the  l o t  is  accepted o r  r e j e c t e d  n o t  

o n l y  because o f  the number o f  f a i l u r e s  b u t  a lso on whether 
the f a i l u r e  modes genera ted  were nonscreenable  o r  i n s i d i o u s  

and long t i m e  dependent.  
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The Apollo Guidance and Navigation S p e c i f i c a t i o n ,  

ND 1002248, is t h e  c e n t r a l  document on which each procured 

l o t  q u a l i f i c a t i o n  i s  based.  This  document s p e c i f i e s  t h e  

procedures  r equ i red  f o r  l o t  acceptance  r e s u l t i n g  i n  f l i g h t  
q u a l i f i e d  p a r t s .  In  p a r t i c u l a r ,  ND 1002248, s p e c i f i e s  t h e  
d e t a i l s  o f :  

1. 

2 .  

3 .  

4. 

5 .  

6 .  

7.  

The o p e r a t i o n a l  and environmental  stress t e s t  
procedures and sequence commonly r e f e r r e d  t o  a s  
t h e  sc reen  and burn- in procedure.  The sc reen  
and burn- in procedure was designed t o  d e t e c t  
f a i l u r e  modes which could occur  dur ing  t h e  normal 
stress and environmental  a p p l i c a t i o n  of  t he  

device .  
The e l e c t r i c a l  parameter  tests  t o  be performed 
dur ing t h e  screen and burn- in procedure.  The 
tes ts  a s  de f ined  were determined dur ing  the 

engineer ing e v a l u a t i o n  and were chosen t o  
d e t e c t  f a i l u r e s  and a s s u r e  proper  computer 
o p e r a t  ion .  
D e f i n i t i o n s  of  f a i l u r e s .  F a i l u r e s  have been 
de f ined  a s  c a t a s t r o p h i c ,  s e v e r a l  c a t e g o r i e s  of 
non- catas t rophic ,  induced, and i n s p e c t i o n  f a i l u r e s .  
A l l o c a t i o n  of  f a i l u r e s .  The c o n d i t i o n s  are de f ined  
f o r  removal from the  screen and burn- in procedure  

of f a i l u r e s  which a r e  t o  be forwarded t o  f a i l u r e  
a n a l y s i s .  
Classes of f a i l u r e  modes. F a i l u r e  modes a r e  
c l a s s i f i e d  according t o  s c r e e n a b i l i t y  and 
d e t e c t a b i l i t y .  
Maximum accep tab le  number of f a i l u r e s  p e r  c lass  o f  
f a i l u r e  mode f o r  a l l  100% e l e c t r i c a l  parameter 
tes t  s t a t i o n s .  
Maximum accep tab le  number o f  f a i l u r e s  f o r  non- 
e l e c t r i c a l  tests and a l l  sample electr ical  para- 
meter tests.  
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t 



8 .  

9. 

10. 

To 

The r e p o r t  r equ i r ed  f o r  each f l i g h t  q u a l i f i e d  l o t .  
The r e p o r t  must  c o n t a i n  t h e  complete h i s t o r y  of 
t h e  l o t  w i th  t h e  s p e c i f i c  d a t a  and a n a l y s i s  r equ i r ed  
€o r  f l i g h t  q u a l i f i c a t i o n .  
Data and f a i l e d  p a r t s  s t o r a g e .  I n  o rde r  t o  a s s u r e  
t r a c e a b i l i t y  and f u t u r e  a n a l y s i s  should f i e l d  
f a i l u r e s  occu r ,  t h e  cond i t i ons  of d a t a  and f a i l e d  

p a r t s  s t o r a g e  a r e  g iven .  

Con t r ac tua l  requirements  t o  implement l o t  qua l i -  

f i c a t i o n .  

a s s i s t  t h e  unders tanding of t h e  l o t  acceptance pro- 

cedures ,  a gene ra l  d i s cus s ion  of t h e  semiconductor p a r t  vendor 

s e l e c t i o n  and f l i g h t  q u a l i f i c a t i o n  procedures  w i l l  be  given 
a s  performed f o r  t h e  Apollo Guidance and Navigation Computer. 

The process  beg ins  w i t h  an assessment o f  t h e  vendor ' s  
a b i l i t y  t o  supply d e v i c e s ,  t h e  i n s t i t u t i o n  of component 
s t a n d a r d i z a t i o n  i n  des igns ,  and t h e  p r e l im ina ry  s tudy  of 
device f a i l u r e  m c d e s .  A block diagram of t h i s  p re l iminary  
eva lua t i on  which p rec ludes  any produc t ion  procurement is 

given i n  F ig .  1 2 .  The q u a l i f i c a t i o n  procurements which 
supply p a r t s  f o r  t h e  q u a l i f i c a t i o n  t e s t i n g  and engineer ing  
e v a l u a t i o n s  e s t a b l i s h e d  t h e  manufac tu re r ' s  dev ice  p roces s ing .  
One of t h e  i n d i r e c t  resul ts  of t h e  i n i t i a l  procurements i s  
t h e  e a r l y  d e t e c t i o n  of new f a i l u r e  modes. The conc lus ions  
of t h e  f a i l u r e  ana lyses  a r e  then  fed  back t o  t h e  manufacturer 
who i n  t u r n  a t tempts  c o r r e c t i v e  a c t i o n .  This c y c l i c  procedure  
is  cont inued u n t i l  t h e  most obvious problems have been e l imina ted  
Add i t i ona l l y ,  t h e  e a r l y  de t ec t ed  f a i l u r e  modes coupled wi th  p a s t  
exper ience  a r e  u t i l i z e d  t o  des ign  the q u a l i f i c a t i o n  t e s t i n g .  

The formal ized q u a l i f i c a t i o n  t e s t i n g  beg ins  when t h e  
vendors have suppl ied  dev i ce s  r e p r e s e n t a t i v e  of t h e i r  f i n a l i z e d  

manufacturing process .  I t  is extremely important  t h a t  a l l  
q u a l i f i c a t i o n  and engineer ing  t e s t i n g  be performed on dev i ce s  
f a b r i c a t e d  from t h e  i d e n t i c a l  p rocess  used t o  supply computer 
p roduc t ion  dev ices .  The q u a l i f i c a t i o n  tests s u b j e c t  t h e  

22. 
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d e v i c e s  from v a r i o u s  vendors t o  t h e  extremes of and, t o  a 

l i m i t e d  e x t e n t ,  beyond usage c o n d i t i o n s  i n  an a t tempt  t o  

d e t e c t  f a i l u r e  modes which could  occur i n  normal a p p l i c a t i o n s .  

The eng ineer ing  e v a l u a t i o n s  a r e  performed s imul taneously  
w i t h  t h e  q u a l i f i c a t i o n  procedures  t o  determine d e v i c e  speed,  

f anou t  c a p a b i l i t y ,  n o i s e  immunity, and o p e r a t i n g  temperature  
range.  From t h i s  e v a l u a t i o n ,  t h e  optimum computer des ign  is  

developed. I t  is a t  t h i s  t i m e  t h a t  tes ts  a r e  conducted t o  
determine t h e  e l e c t r i c a l  parameters  which w i l l  i n s u r e  proper  

dev ice  o p e r a t i o n  i n  eve ry  usage mode and t o  e s t a b l i s h  the 

l o g i c a l  des ign  rules f o r  t he  computer. 
The q u a l i f i c a t i o n  and eng ineer ing  e v a l u a t i o n s  determine 

t h o s e  vendors who a r e  capab le  of  supplying the semiconductor 
p a r t  and who do no t  e x h i b i t  any g r o s s  r e l i a b i l i t y  problems. 
The q u a l i f i c a t i o n  tests a lone  a r e  i n s u f f i c i e n t  t o  determine 
t h e  a b i l i t y  of  a vendor t o  c o n t r o l  h i s  p r o c e s s ,  b u t  l a r g e  
volume product ion.procurement  d a t a  f e d  back from sc reen  and 
burn- in s u p p l i e s  e x t e n s i v e  vendor h i s t o r y .  

U t i l i z i n g  the  da ta  genera ted  dur ing  the eng ineer ing  
e v a l u a t i o n s  and q u a l i f i c a t i o n  tests,  t h e  s p e c i f i c a t i o n  c o n t r o l  
document (SCD) is  p repared .  The SCD is the document t o  which 
p roduc t ion  p a r t s  are bought.  Based on the q u a l i f i c a t i o n  by 

vendors,  the q u a l i f i e d  s u p p l i e r s  l i s t  (QSL) i s  formed which 

s p e c i f i e s  the vendors from whom the  p roduc t ion  par t s  sha l l  
be procured.  

Once the SCD and QSL have been released, p roduc t ion  
procurement may begin .  F igure  1 3  p i c t u r e s  the g e n e r a l  f low 
of  p a r t s  and d a t a  as r e q u i r e d  f o r  f l i g h t  q u a l i f i c a t i o n .  The 

d e v i c e s  procured by l o t s  proceed through t h e  screen and burn- 
i n  (S&BI) t es t  sequence. 

Upon c m p l e t i o n  o f  s c r e e n  and burn- in,  the  l o t  is  s t o r e d  
u n t i l  f a i l u r e  a n a l y s i s  i s  completed. A l l  f a i l e d  u n i t s  are 
ca ta logued ,  analyzed,  and c l a s s i f i e d  t o  complete the l o t  
assessment, fol lowed by a w r i t t e n  r e p o r t .  I f  t h e  l o t  
passed ,  a l l  the  d e v i c e s  t h a t  passed a l l  tes ts  can be i d e n t i -  
f i e d  as  a f l i g h t  q u a l i f i e d  pa r t  w i t h  a new p a r t  number and 

24 .  
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s e n t  f o r  p roduc t ion  usage.  Only t h e  semiconductor p a r t  w i t h  

t h e  f l i g h t  q u a l i f i c a t i o n  p a r t  number can be used i n  f l i g h t  

q u a l i f i e d  computer assembl ies .  From f a i l u r e  a n a l y s i s ,  r e j e c t e d  
p a r t s  proceed t o  reject s t o r a g e  where t h e y  w i l l  be a v a i l a b l e  
f o r  f u t u r e  s tudy  i f  r e q u i r e d .  I n  the event  t h a t  t h e  l o t  
f a i l e d  because of c i rcumstances  n o t  complete ly  de f ined  through 

f a i l u r e  c l a s s i f i c a t i o n ,  t h e  l o t  can be f l i g h t  q u a l i f i e d  by 
waiver .  The waiver must be au thor ized  by NASA and w i l l  
accompany the  computer. I n  c e r t a i n  l i m i t e d  c a s e s ,  p a r t s  from 

a f a i l e d  l o t  may be resubmit ted  f o r  r e s c r e e n i n g .  
The accumulated d a t a  from t h e  sc reen  and burn- in  pro-  

cedure  (Fig .  14)  and f a i l u r e  a n a l y s i s  are u t i l i z e d  t o  f u r t h e r  

e v a l u a t e  t h e  vendor p roduc t ion  c a p a b i l i t y  and h i s  dev ice  
q u a l i t y  and r e l i a b i l i t y .  T h i s  i n  t u r n  a f f e c t s  a v e n d o r ' s  

cont inued s t a t u s  as a q u a l i f i e d  s u p p l i e r .  

2 6 .  
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SECTION I V  

RELIABILITY HISTORY AND DATA 

The r e l i a b i l i t y  h i s t o r y  of t h e  NOR Gate w i l l  exemplify 

some of t h e  d i f f i c u l t i e s  encountered and successes  achieved i n  
b u i l d i n g  a d i g i t a l  computer u t i l i z i n g  i n t e g r a t e d  c i r c u i t s .  

Table I1 is  a summary of t h e  r e l i a b i l i t y  d a t a  f o r  the 
NOR Gate accumulated up t o  October 1964. This d a t a  ha s  been 
p rev ious ly  d i scussed  i n  d e t a i l 2  b u t  is  presen ted  h e r e  t o  show 

t h e  extreme d i f f e r e n c e s  among manufacturers .  The e l e c t r i c a l  
f a i l u r e  d e f i n i t i o n s  dur ing  s c r een  and burn- in were any in-  
ope rab l e  dev ices  or any device  exceeding t h e  e l e c t r i c a l  
s p e c i f i c a t i o n s .  The percen tages  i nc lude  approximately 0.05 
t o  0.1% combined induced f a i l u r e s  and t e s t i n g  e r r o r s .  The 
i n i t i a l  q u a l i f i c a t i o n  r e s u l t s  a r e  a l s o  included i n  Table I1 

where t h e  f a i l u r e  d e f i n i t i o n  was an inoperab le  dev ice .  The 
extreme d i f f e r e n c e s  among t h e  manufacturers  i s  also r e f l e c t e d  
i n  t h e  f a i l u r e  modes generated dur ing  bo th  the i n i t i a l  q u a l i f i -  
c a t i o n  and s c r een  and burn- in.  For the d a t a  i n  Table  I1 

Manufacturer A r a r e l y  exh ib i t ed  t h e  nonscreenable ,  and/or 
long- time dependent f a i l u r e  modes while both Manufacturers 
B and C c o n s i s t e n t l y  d i d .  The inoperab le  f a i l u r e s  genera ted  

a t  computer u se  cond i t i ons  f o r  Manufacturers B and C were of  
t h e  nonscreenable ,  long- time dependent f a i l u r e  modes. 

I t  is  i n t e r e s t i n g  t o  n o t e  t h a t  the same dev ice s  used t o  
gene ra t e  the  data of Vendor A of Table I1 have s i n c e  exh ib i t ed  a 
f i e l d  f a i l u r e  r a t e  o f  0.0015YdlO hours  a t  90% confidence a s  of 3 

30 September 1965 w i t h  one o p e r a t i o n a l  f a i l u r e .  The same 
devices  of Vendors B and C have no t  improved their f a i l u r e  

r a t e s  because a d d i t i o n a l  f a i l u r e s  have occurred.  
The more s u b t l e  d i f f e r e n c e s  i n  q u a l i t y  and r e l i a b i l i t y  

may be observed i n  v a r i a t i o n s  of l o t s  shipped from one manu- 
f a c t u r e r .  The d a t a  of F ig .  15  i n d i c a t e s  the numerical  v a r i a t i o n s  
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dENDOR 

A 

B 

C 

P R E  QUALIFICATION 
% FAILURES 

5 

26 

58 

SCREEN & BURN-IN 
% FAILURES 

TOTAL 

1.8 

3 . 8  

5.0 

2nd & 3rd 
iLECTRlCA~ 

0.3 

1.7 

2.5 

FAILURE RATES AT U S E  
CONDITIONS 

90% CONFIDENCE 

0.005% /lo3 hrs (0 FAILURES) 

0.3%/103 hrs (2 FAILURES) 

1.8% / lo3 hrs (26 FAILURES) 

SEPT 65 : VENDOR A - 0.O015%/lO3 ( 1  FAILURE) 
VENDOR 8 & C- N O  IMPROVEMENT 
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f o r  t h e  NOR Gate from one q u a l i f i e d  manufacturer .  Here, on ly  

t h e  inoperab le  f a i l u r e s  a r e  p l o t t e d  and induced f a i l u r e s  and 
t e s t i n g  e r r o r s  have been e l imina ted  from t h e  d a t a .  These 
NOR Gates were exposed t o  t h e  s c r een  and burn- in procedure  a s  
shown i n  F ig .  14. Each p o i n t  i n  Fig.  15 r e p r e s e n t s  a shipment 
l o t  of 2000 t o  5000 NOR Gates.  F igure  15 ( a )  shows t h e  per-  
cen t  c a t a s t r o p h i c  f a i l u r e s  a t  t h e  incoming e l e c t r i c a l  tests. 
Figure  15 (b) shows t h e  pe rcen t  c a t a s t r o p h i c  f a i l u r e s  which 

were generated a f t e r  s t r e s s i n g  w i th  incoming c a t a s t r o p h i c  

f a i l u r e s  removed. There a r e  fewer p o i n t s  p l o t t e d  i n  F ig .  15 
(b) than i n  Fig.  15 ( a ) ,  since some l o t s  no t  used f o r  f l i g h t  

hardware w e r e  no t  exposed t o  s c r een  and burn- in.  There was 
no buying of  t h e  t h r e e  i npu t  NOR Gate between June and October 
1964, so t h a t  t h e  l i n e  producing t h e  i n t e g r a t e d  c i r c u i t  was 
temporar i ly  d i scont inued .  A s  a r e s u l t  when t h e  produc t ion  

l i n e  was r e i n s t a t e d ,  s e v e r a l  lo t s  a f t e r  October 1964 ind i ca t ed  
a new reg ion  of i n s t a b i l i t y .  A t  t h a t  time r a p i d  feedback t o  

t h e  manufacturer from t h e  customers r e s u l t e d  i n  subsequent 

decrease  of c a t a s t r o p h i c  f a i l u r e s  dur ing  t h e  sc reen  and burn- 

i n  procedure .  
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SECTION V 

SUMMARY 

Controversy still e x i s t s  w i th  r e s p e c t  t o  t h e  d e c i s i o n  
made i n  t h e  des ign  o f  t h e  Apollo Guidance Computer. I n  p a r t i c u l a r  
s t anda rd i za t i on  of l o g i c  g a t e s  i s  claimed t o  have many disadvan-  
t a g e s .  But, a s  a resul t  of s t a n d a r d i z a t i o n  t h e  NOR Gates o f  t h e  
Apollo Computer has  been ab l e  t o  e s t a b l i s h  t h e  r e l i a b i l i t y  wi th  
ope ra t i ng  f a i l u r e  r a t e s  lower t han  ever  b e f o r e  r e a l i z e d .  

T o  d a t e ,  f ou r t een  Block I computers have been b u i l t  

and a r e  i n  f i e l d  u se  f o r  f l i g h t  s imu la t i on ,  s p a c e c r a f t  i n t e g r a t i o n  

tes t ,  and va r ious  q u a l i f i c a t i o n  tests.  These computers have 

accumulated 38,442.0 hours  of ope ra t i ng  time a s  of 30 September 1965. 
The f i r s t  p ro to type  computer was ope ra t i ng  i n  J u l y  1963 wi th  t h e  

Raytheon b u i l t  f l i g h t  computer o p e r a t i n g  i n  January 1964. 
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