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A B S T R A C T

I n t e r n s h i p  E x p e r i e n c e  w i t h  T e x a s  I n s t r u m e n t s  

K e r r y  C l o y c e  G l o v e r ,  B.S., T e x a s  A & M  U n i v e r s i t y  

M . S . ,  T e x a s  A & M  U n i v e r s i t y  

C h a i r m a n  of A d v i s o r y  C o m m i t t e e :  Dr. V . T .  R h y n e

T h i s  r e p o r t  p r e s e n t s  a s u r v e y  of the a u t h o r ' s  

i n t e r n s h i p  e x p e r i e n c e  w i t h  T e x a s  I n s t r u m e n t s  f r o m  

N o v e m b e r  1 9 8 0  to N o v e m b e r  1981, The i n t e r n s h i p  was 

s p e n t  in the A d v a n c e d  R e s e a r c h  and D e v e l o p m e n t  D i v i s i o n  

of the D i g i t a l  S y s t e m s  G r o u p .  The r e p o r t ' s  i n t e n t  is 

to d e m o n s t r a t e  that this e x p e r i e n c e  f u l f i l l s  the 

r e q u i r e m e n t s  of the D o c t o r  of E n g i n e e r i n g  i n t e r n s h i p .

The a u t h o r ' s  i n t e r n s h i p  a c t i v i t i e s  i n v o l v e d  the 

d e s i g n  of a s p e c i a l  p u r p o s e  p r o c e s s o r .  The i n t e r n s h i p  

w a s  d i v i d e d  into two p a r t s  d u r i n g  w h i c h  d i f f e r e n t  

v e r s i o n s  of the p r o c e s s o r  w e r e  d e v e l o p e d .  The f i r s t  

d e s i g n  wa s  of a s l o w  p r o c e s s o r  w h i c h  was to be s i m p l e  

to b u i l d  and de b u g .  The s e c o n d  d e s i g n  was a h i g h  

p e r f o r m a n c e ,  and t h e r e f o r e  c o m p l e x ,  p r o c e s s o r .  S e v e r a l  

a r e a s  of e x p e r t i s e  w e r e  g a i n e d  d u r i n g  the i n t e r n s h i p  

i n c l u d i n g  s i m u l a t i o n ,  c a c h i n g  t e c h n i q u e s  and

p i p e l i n i n g .  C o m m u n i c a t i o n  s k i l l s  w e r e  d e v e l o p e d

b e c a u s e  of the i n t e r a c t i o n  w i t h  s o f t w a r e  d e s i g n e r s .
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I n t r o d u c t i o n

W o r k i n g  on a t e a m  e f f o r t  to d e s i g n  and d e v e l o p  a 

n e w  c o m p u t e r  s y s t e m  is an e x c i t i n g  and c h a l l e n g i n g  

o p p o r t u n i t y .  S u c h  has b e e n  my i n t e r n  e x p e r i e n c e  w i t h  

T e x a s  I n s t r u m e n t s  for the past year. M y  a s s i g n m e n t  was 

to d e s i g n  the C e n t r a l  P r o c e s s i n g  U n i t  (CPU) of an 

e x p e r i m e n t a l  c o m p u t e r  sys t e m .  This r e q u i r e d  c l o s e  w o r k  

w i t h  the r e s e a r c h  g r o u p  w h i c h  was d e f i n i n g  the 

a r c h i t e c t u r e .  The s u c c e s s f u l  i m p l e m e n t i o n  of the 

s y s t e m  w o u l d  r e q u i r e  a full u n d e r s t a n d i n g  of c o m p u t e r  

h a r d w a r e ,  s o f t w a r e  and s y s t e m  a r c h i t e c t u r e .

The i n i t i a l  o b j e c t i v e s  of the p r o j e c t  are l i s t e d  

i n  A p p e n d i x  A. Since this list of o b j e c t i v e s  was 

s u b m i t t e d ,  m a n y  t h i n g s  h a v e  c h a n g e d  on the p r o j e c t .  

M a n y  of the o b j e c t i v e s  w e r e  not a t t a i n a b l e ,  h o w e v e r ,  

a d d i t i o n a l  g o a l s  w e r e  a c h i e v e d .

T h r o u g h o u t  the i n t e r n s h i p  p r o j e c t ,  the m a j o r  go a l  

h a s  b e e n  to d e s i g n  a p r o c e s s o r .  D u r i n g  that time, 

p e r f o r m a n c e  r e q u i r e m e n t s  for the p r o c e s s o r  h a v e  b e e n  

c h a n g e d .  The f i r s t  p r o c e s s o r  was a l o w - e n d  

i m p l e m e n t a t i o n  of the a r c h i t e c t u r e .  This had s e v e r a l



a t t r i b u t e s  as d i s c u s s e d  in the o b j e c t i v e s .  T h e s e  w e r e  

to d e v e l o p  r a p i d l y  a m a c h i n e  w h i c h  had b u i l t - i n  d e b u g  

a n d  test f e a t u r e s ,  a l l o w i n g  it to be e a s i l y  m i c r o c o d e d .  

T h e  g o a l s  c h a n g e d  h a l f - w a y  t h r o u g h  the p r o j e c t .  The 

n e w  g o a l  w a s  to d e v e l o p  a h i g h  p e r f o r m a n c e / h i g h  s p e e d  

v e r s i o n  of the p r o c e s s o r .

Th e  two v e r s i o n s  of the p r o c e s s o r  w e r e  of two 

s p e e d / p e r f o r m a n c e  r a n g e s .  A r e l a t i o n s h i p  e x i s t s  

b e t w e e n  h a r d w a r e  c o m p l e x i t y  and speed. This p r o j e c t  

s t a r t e d  at one p o i n t  on that c u r v e  (A) a n d  l a t t e r  was 

r e d i r e c t e d  to a n o t h e r  p o i n t  on that c u r v e  (B). As the 

s p e e d  of the p r o c e s s o r  i n c r e a s e d  the c o m p l e x i t y  a l s o  

i n c r e a s e d .

S P E E D
( M I P S )

C O S T  ( H A R D W A R E  C O M P L E X I T Y )



T h i s  r e p o r t  w i l l  be d i v i d e d  into t h r e e  s e c t i o n s .  

T h e  f i r s t  s e c t i o n  w i l l  be a s h o r t  o v e r v i e w  of the 

e n t i r e  p r o j e c t .  This is a c o n d e n s e d  f o r m  of the r e p o r t  

w h i c h  w i l l  f a m i l i a r i z e  the r e a d e r  w i t h  the p r o j e c t  and 

t h e  v a r i o u s  a r e a s  w h i c h  w e r e  i n v e s t i g a t e d .  The s e c o n d  

s e c t i o n  w i l l  d i s c u s s  a s l o w  m a c h i n e .  It e x p l a i n s  

d e t a i l s  a b o u t  the d a t a  p a t h s ,  m i c r o c o d e ,  and d e b u g  

f e a t u r e s  w h i c h  w e r e  d e s i g n e d .  The t h i r d  s e c t i o n  w i l l  

d e s c r i b e  s e v e r a l  a s p e c t s  of h i g h  p e r f o r m a n c e  d e s i g n  of 

c o m p u t e r s  and h o w  it a p p l i e s  to this p r o j e c t  in 

d e v e l o p i n g  a f a s t  m a c h i n e .



P R O J E C T  O V E R V I E W

Th e  f i r s t  s e v e r a l  m o n t h s  on the p r o j e c t  w e r e  sp e n t  

s t u d y i n g  a r e s e a r c h  o r i e n t e d  c o m p u t e r  a r c h i t e c t u r e .  

T h i s  a r c h i t e c t u r e  r e q u i r e d  that s e v e r a l  ta s k s  

t r a d i t i o n a l l y  done in s o f t w a r e  to be i m p l e m e n t e d  in 

h a r d w a r e .  U n d e r s t a n d i n g  and e n v i s i o n i n g  an

i m p l e m e n t a t i o n  for this e x p e r i m e n t a l  m a c h i n e  p r o v e d  to 

be a l e a r n i n g  e x p e r i e n c e .

Th e  p r o j e c t  had b e e n  d i v i d e d  in t o  s e v e r a l  

d i f f e r e n t  h a r d w a r e  i m p l e m e n t a t i o n  a r e a s .  T h e s e  w e r e  

the p r o c e s s o r ,  m e m o r y  m a n a g e m e n t  and bus i n t e r f a c e .  

T h e  p r o c e s s o r  s e c t i o n  wa s  d e v e l o p e d  d u r i n g  the 

i n t e r n s h i p .  The p r o c e s s o r  i n t e r f a c e d  d i r e c t l y  to the 

m e m o r y  m a n a g e r  w h i c h  then i n t e r f a c e d  to o t h e r  p a r t s  of 

the s y s t e m .
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The f i r s t  step in the d e s i g n  of the m a c h i n e  was to 

d e f i n e  the d a t a  p a t h s .  This i n v o l v e d  the s t u d y  of h o w

d a t a  w o u l d  f l o w  i n s i d e  of the m a c h i n e  an d  be

m a n i p u l a t e d  to p e r f o r m  the f u n c t i o n s  n e e d e d .  S e v e r a l

m e t h o d s  of i m p l e m e n t i n g  . the a r c h i t e c t u r e  w e r e

e n v i s i o n e d  and e a c h  n e w  r e v i s i o n  a l l o w e d  d i f f e r e n t

f u n c t i o n s  to be i m p l e m e n t e d  at v a r i o u s  s p e e d s  and 

ef f  i c i e n c i e s .

T h e  f i r s t  a r c h i t e c t u r e  wa s  a v e r y  b a s i c  V o n  

N e u m a n n  a r c h i t e c t u r e  w i t h  s e p a r a t e  a d d r e s s  and da t a  

l i n e s .  This p r o v e d  to be v e r y  i n e f f i c i e n t  an d  slow. 

T h e  d e s i g n  w e n t  t h r o u g h  s e v e r a l  v a r i a t i o n s .  It was 

f o u n d  that the h a r d w a r e  n e e d e d  to i m p l e m e n t  a fast 

v e r s i o n  of the a r c h i t e c t u r e  w o u l d  take a lo n g  time to 

d e s i g n  an d  w o u l d  be h a r d  to m i c r o c o d e  ( U c o d e )  and 

d e b u g .  The f i n a l  i m p l e m e n t a t i o n  d e c i s i o n  was b e t w e e n  a 

s l o w  v e r t i c a l l y  m i c r o c o d e d  m a c h i n e  and a h o r i z o n t a l  

f a s t  m a c h i n e .  F i g u r e  3 A  s h o w s  a r o u g h  r e p r e s e n t a t i o n  

of the v e r t i c a l  s l o w  m a c h i n e  and F i g u r e  3B s h o w s  the 

h o r i z o n t a l  fast m a c h i n e .
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It w a s  d e c i d e d  that a g e n e r a l  p u r p o s e  b r e a d b o a r d  

w a s  n e e d e d .  The m a j o r  r e a s o n  for the g e n e r a l  p u r p o s e  

a s p e c t  was the v a r i a b i l i t y  of the d e s i g n .  The 

a r c h i t e c t u r e  was c h a n g i n g  as v a r i o u s  a s p e c t s  of the- 

s y s t e m  w e r e  d e v e l o p e d .  T h e r e f o r e  the b r e a d b o a r d  was to 

be v e r y  f l e x i b l e ,  e a s i l y  c h a n g e d ,  and q u i c k l y  

i m p l e m e n t e d .  D a t a  c o l l e c t i o n  was a l s o  i m p o r t a n t  in 

d e t e r m i n i n g  h o w  to i n c r e a s e  the p e r f o r m a n c e .  T h e s e  

r e q u i r e m e n t s  r e s u l t e d  in the s e l e c t i o n  of the s l o w  

v e r t i c a l l y  m i c r o c o d e d  m a c h i n e  to be i m p l e m e n t e d  ( F i g u r e  

3 A) .



A p r o j e c t  s c h e d u l e  was m a d e  to r e f l e c t  the 

d i f f e r e n t  p h a s e s  of the d e s i g n  and to e s t i m a t e  the 

a m o u n t  of time e a c h  p h a s e  w o u l d  r e q u i r e .  T h e s e  st e p s  

i n c l u d e d  s t u d y i n g  and u n d e r s t a n d i n g  the a r c h i t e c t u r e ,  

d e f i n i n g  the d a t a  p a t h s ,  d o i n g  the d e t a i l e d  d e s i g n ,  the 

s i m u l a t i o n ,  b o a r d  l a y o u t ,  h a r d w a r e  and m i c r o c o d e  de b u g .  

T h e  s c h e d u l e  f r o m  i n i t i a l  d e s i g n  to f i n a l  

i m p l e m e n t a t i o n  w o u l d  r e q u i r e  a p p r o x i m a t e l y  one y e a r  to 

c o m p l e t e .  This is h o w  the i n i t i a l  s c h e d u l e  a p p e a r e d  at 

the b e g i n n i n g  of the p r o j e c t .
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The r e q u i r e m e n t  for a g e n e r a l  p u r p o s e  m a c h i n e  led 

to the d e c i s i o n  that no s p e c i a l  p u r p o s e  h a r d w a r e  w o u l d  

be a d d e d  to s p e e d  the p r o c e s s o r .  This w o u l d  a l l o w  a 

p r o t o t y p e  to be a v a i l a b l e  v e r y  r a p i d l y .  P r o p e r  d a t a  

p a t h s  w e r e  n e e d e d  to i m p l e m e n t  the a r c h i t e c t u r e  a r o u n d  

a s t a n d a r d  b i t - s l i c e  CPU. A v e r t i c a l l y  m i c r o c o d e d  

m a c h i n e  w o u l d  r e d u c e  the h a r d w a r e  n e e d e d ,  m a k e  the 

m a c h i n e  e a s i e r  and q u i c k e r  to i m p l e m e n t  and d ebug, m a k e  

t h e  m i c r o c o d e  e a s i e r  to w r i t e ,  and a l l o w  the m i c r o c o d e  

to c o n t r o l  the c o l l e c t i o n  of data. F i g u r e  5 s h o w s  the 

i n i t i a l  v i e w  of h o w  the p r o c e s s o r  w o u l d  be o r g a n i z e d ,  

c o n t r o l l e d  and tested.
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One i m p o r t a n t  po i n t  s t r e s s e d  at this time was ea s e  

in d e b u g g i n g  and m i c r o c o d i n g .  If not do n e  c o r r e c t l y ,  

m i c r o c o d e  s o f t w a r e  d e v e l o p m e n t  c o u l d  be v e r y  d i f f i c u l t  

a n d  time c o n s u m i n g .  T h e r e f o r e  an e l a b o r a t e  i n t e r f a c e  

w i t h  a d e b u g g i n g  s y s t e m  was m a d e .  This r e q u i r e d  that 

t h e  d a t a  p a t h s  a l l o w  p r o p e r  t r a c i n g  of i n f o r m a t i o n  and 

d o w n l o a d i n g  of da t a  into the w r i t a b l e  m i c r o c o d e  s t o r e  

( F i g u r e  5). S e v e r a l  I/O m o d u l e s  and A M P L  t r a c e  m o d u l e s  

in a 9 9 0  s y s t e m  w e r e  to be u s e d  to d o w n - l o a d  m i c r o c o d e  

a n d  t r a c e  its e x e c u t i o n  ( F i g u r e  6).
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The d e t a i l e d  d e s i g n  was b u i l t  on top of the d a t a  

p a t h s .  In t r a d i t i o n a l  s y s t e m  d e s i g n ,  s c h e m a t i c s  w o u l d  

be d r a w n  f r o m  w h i c h  d a t a  b a s e s  w o u l d  be c r e a t e d  for 

c o m p u t e r i z e d  l a y o u t  of PC or w i r e w r a p  b o a r d s .  This 

d e s i g n  w a s  to be f u l l y  s i m u l a t e d  in s o f t w a r e  u s i n g  a 

H a r d w a r e  D e s c r i p t i o n  L a n g u a g e  (HDL) i n t e r n a l l y  

a v a i l a b l e  in TI. S i m u l a t i o n  is r a d i c a l l y  d i f f e r e n t  

f r o m  t r a d i t i o n a l  s c h e m a t i c  d r a w i n g .  The h a r d w a r e  is 

d e s c r i b e d  in a s p e c i a l  c o m p u t e r  l a n g u a g e  w h e r e  e a c h  

s i g n a l  is d e s c r i b e d  as a v a r i a b l e .  T h e s e  v a r i a b l e s  are 

p r o g r a m m e d  to c h a n g e  in the same m a n n e r  as the h a r d w a r e  

s i g n a l s  w o u l d  c h a n g e .

On e  s i m u l a t i o n  c o n s i s t e d  of a r e g i s t e r - t o - r e g i s  ter 

t r a n s f e r  p r o g r a m  w r i t t e n  in B A S I C  to s i m u l a t e  f l o w  of 

d a t a  a l o n g  the d a t a  pa t h s .  This was u s e d  to e x e r c i s e  

th e  m a c h i n e  to i n s u r e  the d a t a  p a t h s  w e r e  a d e q u a t e .  It 

w o u l d  a l s o  be u s e d  as a d e b u g  tool by m i c r o c o d e  w r i t e r s  

b e f o r e  an a c t u a l  m a c h i n e  was a v a i l a b l e .  A f t e r  this, 

t h e  d e t a i l e d  d e s i g n  was s i m u l a t e d  u s i n g  HDL.



H D L  h a r d w a r e  s i m u l a t i o n  is w r i t t e n  in " b l o c k s " .  

T h e  l o w e s t  l e v e l s  of d e s i g n  r e p r e s e n t  the l o w e s t  l e v e l s  

of h a r d w a r e .  T h e s e  l o w  l e v e l s  are th e n  put t o g e t h e r  to 

f o r m  h i g h e r  l e v e l  d e s c r i p t i o n s .  This b l o c k  o r i e n t a t i o n  

w a s  v e r y  v e r s a t i l e  and a l l o w e d  r a p i d  p r o g r a m m i n g  of 

m a n y  h a r d w a r e  f u n c t i o n s  w h i c h  w e r e  l i n k e d  t o g e t h e r  to 

f o r m  a h i g h  l e v e l  d e s c r i p t i o n  of the h a r d w a r e .
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Th e  a c t u a l  p r o c e s s o r  c o n t a i n s  t h r e e  m a j o r  p a rts; 

the L a r g e  R e g i s t e r  File (LRF), the A r i t h m e t i c  and 

L o g i c a l  U n i t  (ALU), and the S e q u e n c e r  (SEQ). The L R F  

c o n t a i n s  a l a r g e  n u m b e r  of r e g i s t e r s  u s e d  by the A L U  

a n d  p r o v i d e s  an i n t e r f a c e  w i t h  the m e m o r y  m a p p e r .  The 

A L U  is the w o r k h o r s e  of the p r o c e s s o r  and do e s  all d a t a  

m a n i p u l a t i o n .  The SEQ c o n t r o l s  the s y s t e m .  The 

m i c r o c o d e  is s t o r e d  in W r i t a b l e  C o n t r o l  S t o r e  (WCS) in 

t h i s  p o r t i o n  of the p r o c e s s o r .
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T h e  LR F  and A L U  we r e  s i m u l a t e d  s e p a r a t e l y  u s i n g  

HD L .  The d e s i g n  was fi r s t  d e s c r i b e d  in t e r m s  of low 

l e v e l  b l o c k s  c o n s i s t i n g  of r e g i s t e r s ,  c o u n t e r s  and 

m e m o r y  e l e m e n t s .  T h e s e  b l o c k s  w e r e  th e n  l i n k e d  

t o g e t h e r  to f o r m  a h i g h  l e v e l  r e p r e s e n t a t i o n  of the 

d e s i g n .  The h i g h  le v e l  b l o c k s  of the A L U  an d  L R F  w e r e  

t h e n  i n t e r c o n n e c t e d  to f o r m  an o v e r a l l  s i m u l a t i o n .

A b o u t  h a l f w a y  t h r o u g h  the s l o w  p r o c e s s o r  d e s i g n ,  a 

d e c i s i o n  was m a d e  to c h a n g e  the i m p l e m e n t a t i o n  to a 

h i g h  p e r f o r m a n c e  v e r s i o n .  Si n c e  this was to be an 

e x p e r i m e n t a l  p r o c e s s o r  i n t e n d e d  for a l e a r n i n g  tool, it 

w a s  d e c i d e d  that the h a r d w a r e  i m p l e m e n t a t i o n  s h o u l d  be 

d e s i g n e d  to l e a r n  as m u c h  as p o s s i b l e .  The m a j o r  a r e a  

w h i c h  wa s  n e c e s s a r y  to i n v e s t i g a t e  was p e r f o r m a n c e .  

T h e r e f o r e  the s e c o n d  v e r s i o n  w o u l d  h a v e  its m a i n  

e m p h a s i s  on speed.

Th e  n e w  m a c h i n e  w o u l d  be fast and u t i l i z e  a d v a n c e d  

t e c h n i q u e s  for i m p r o v i n g  p e r f o r m a n c e .  This i n c l u d e d

u s i n g  v a r i o u s  c a c h e s  and p i p e l i n i n g  the a r c h i t e c t u r e .

T h i s  a d d e d  c o m p l e x i t y  w o u l d  r e s u l t  in a l o n g e r  d e s i g n

p e r i o d .



S e v e r a l  types of c a c h e s  w e r e  u s e d  in the m a c h i n e .  

W o r k s p a c e  c a c h e s ,  C o n t e n t  A d d r e s s a b l e  M e m o r y  ( C A M ) ,  and 

a s s o c i a t i v e  c a c h e s  w e r e  all u s e d  in v a r i o u s  p l a c e s .  

T h e s e  c a c h e s  w e r e  m a n d a t o r y  to i n c r e a s e  the p e r f o r m a n c e  

to the l e v e l s  n e e d e d .

The fast m a c h i n e  was a l s o  p i p e l i n e d .  Fi v e  l e v e l s  

of p i p e l i n i n g  w e r e  u s e d  to s i m p l i f y  and s p e e d  the 

m a c h i n e .

1. I n s t r u c t i o n  P r e f e t c h

2. O p e r a n d  S p e c i f i e r  D e c o d e

3. R e g i s t e r  P r e f e t c h  and A d d r e s s  D e v e l o p m e n t

4. A r i t h m e t i c  and L o g i c a l  Un i t

5. B u f f e r e d  M e m o r y  W r i t e
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The fast p r o c e s s o r  was s i m u l a t e d  u s i n g  a top d o w n  

a p p r o a c h  to HDL. Top d o w n  p r o g r a m m i n g  m e a n s  the h i g h  

l e v e l  b l o c k s  are s i m u l a t e d  b e f o r e  the l o w  l e v e l  on e s .  

B l o c k s  s u c h  as c a c h e s ,  l e v e l s  of the p i p e l i n e  or the 

A L U  ar e  s i m u l a t e d  b e f o r e  lo w  l e v e l s .  T h e s e  h i g h  l e v e l s  

a r e  l a t e r  b r o k e n  d o w n  in t o  r e g i s t e r s ,  l a t c h e s ,  

c o u n t e r s ,  etc. Care was t a k e n  to r e f l e c t  h o w  the l o w e r  

b l o c k s  of the d e s i g n  w o u l d  be c o n n e c t e d  in the a c t u a l  

h a r d w a r e .

The f i r s t  b l o c k  to be s i m u l a t e d  was the F i r s t  In 

F i r s t  Out b u f f e r  ( F IFO). This part was v e r y  s t r a i g h t  

f o r w a r d  to s i m u l a t e  s i n c e  the m a j o r  e l e m e n t s  w e r e  

r e g i s t e r s .  The " D e c o d e r "  was d i f f e r e n t  f r o m  the F I F O  

s i n c e  it c o n s i s t e d  of P r o g r a m m a b l e  L o g i c  A r r a y s  (PLAs) 

a n d  R e a d  O n l y  M e m o r y s  ( R OMs). A d e l i b e r a t e  e f f o r t  had 

to be m a d e  to i n s u r e  the h i g h  le v e l  code r e p r e s e n t e d  

the a c t u a l  h a r d w a r e .  It w o u l d  be v e r y  e a s y  to b u i l d  a 

s y s t e m  w h i c h  c o u l d  n e v e r  be i m p l e m e n t e d .

T h e  F I F O  and D e c o d e r  w e r e  s i m u l a t e d  b e f o r e  the 

i n t e r n s h i p ' s  t e r m i n a t i o n .  M a n y  t h i n g s  w e r e  l e a r n e d  and 

t h e  o v e r a l l  e x p e r i e n c e  was v e r y  e d u c a t i o n a l .



G E N E R A L  P U R P O S E  P R O C E S S O R  

S o f t w a r e  D e f i n e d  A r c h i t e c t u r e

U p o n  a r r i v a l  at the job site, I was i n t r o d u c e d  to 

t h e  g r o u p  and g i v e n  a d o c u m e n t  d e s c r i b i n g  the 

a r c h i t e c t u r e  to be i m p l e m e n t e d .  M a n y  a d v a n c e d  c o n c e p t s  

w e r e  b e i n g  i m p l e m e n t e d  in h a r d w a r e  r a t h e r  t h a n  s o f t w a r e  

a n d  it t o o k  some ti m e  to u n d e r s t a n d  t h e i r  b e n e f i t .

A r c h i t e c t u r e  has b e e n  d e f i n e d  as w h a t  one sees 

w h e n  he l o o k s  at s o m e t h i n g .  T h i s  c o u l d  be a b u i l d i n g  

or a c o m p u t e r .  The a r c h i t e c t u r e  of the i n t e r n a l  

w o r k i n g s  of a c o m p u t e r  s y s t e m  d e p e n d s  u p o n  w h a t  l e v e l  

is b e i n g  a d d r e s s e d .  T h e  p r o g r a m m e r  l o o k s  at a c o m p u t e r  

f r o m  a d i f f e r e n t  p e r s p e c t i v e  t h a n  a h a r d w a r e  d e s i g n e r .  

T h e r e  is a d i f f i c u l t  t a s k  in d e s i g n i n g  h a r d w a r e  to 

m a t c h  the v i e w  f r o m  the s o f t w a r e  p e r s p e c t i v e .

T h e  a r c h i t e c t u r e  w a s  b a s e d  on r e q u i r e m e n t s  of b o t h  

o p e r a t i n g  s y s t e m s  and p r o g r a m m i n g  l a n g u a g e s .  D a t a  

s t r u c t u r e s ,  m e m o r y  m a n a g e m e n t  r e q u i r e m e n t s ,  ti m e  

s h a r i n g  f u n c t i o n s ,  and the i n s t r u c t i o n  set w e r e  

s p e c i f i e d  and the h a r d w a r e  d e s i g n e r ' s  job w a s  to us e  

t h i s  i n f o r m a t i o n  to d e v e l o p  a s y s t e m  that w o u l d  r e f l e c t  

t h i s  s t r u c t u r e .
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Th e  s o f t w a r e  d e s i g n e r  a n d  the h a r d w a r e  d e s i g n e r  

a r e  s i m i l a r  to the a r t i s t  and the b u i l d e r .  T h e  a r t i s t  

c a n  s k e t c h  a g r a n d  b u i l d i n g  that l o o k s  b e a u t i f u l .  Th e  

b u i l d e r  in t u r n  m u s t  t a k e  the s k e t c h  and c o n s t r u c t  the 

b u i l d i n g .  If the a r t i s t  do e s  no t  f u l l y  u n d e r s t a n d  

b u i l d i n g  p r i n c i p l e s  he c o u l d  s k e t c h  an i m p o s s i b l e  

d e s i g n  to c o n s t r u c t ;  the s a m e  is tr u e  of c o m p u t e r  

d e s i g n .  The a r t i s t  or s o f t w a r e  d e s i g n e r  d e v e l o p i n g  the 

a r c h i t e c t u r e  m u s t  u n d e r s t a n d  the c o n s t r a i n t s  of the 

b u i l d e r  or h a r d w a r e  d e s i g n e r  w h o  w i l l  i m p l e m e n t  the 

f i n a l  s t r u c t u r e .

A  m a j o r  e f f o r t  was b e i n g  m a d e  in this a r c h i t e c t u r e  

to p u t  a l a r g e  a m o u n t  of the s o f t w a r e  c o m p l e x i t y  i n t o  

the h a r d w a r e .  S o f t w a r e  is b e c o m i n g  m o r e  e x p e n s i v e  to 

d e v e l o p  w h i l e  h a r d w a r e  is d e c l i n i n g  in c ost. T h e r e f o r e

+  C O M P I L E R  | 
I D E S I G N  |



it s e e m s  r e a s o n a b l e  that one s o l u t i o n  to the p r o b l e m  

w o u l d  be to i n c r e a s e  the a m o u n t  of h a r d w a r e  c o m p l e x i t y  

in a m a n n e r  w h i c h  w o u l d  r e d u c e  the s o f t w a r e  d e v e l o p m e n t  

c o s t .
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C h a n g i n g  the s o f t w a r e / h a r d w a r e  b o u n d a r y  l e a d s  to 

the p r o b l e m  of c o s t / e f f i c i e n c y  t r a d e - o f f s .  The t y p i c a l  

s o f t w a r e  p r o g r a m m e r  has l i t t l e  f e e l i n g  for the c o s t  of 

the h a r d w a r e  and c a n n o t  m a k e  t r a d e o f f s  b a s e d  u p o n  that 

c o s t .  T h e r e f o r e  it is n e c e s s a r y  to i d e n t i f y  the m o s t  

c o s t l y  a s p e c t s  of the a r c h i t e c t u r e  a n d  m a k e  su r e  that 

the a p p r o p r i a t e  t r a d e o f f s  is m a d e .

I n t e r f a c i n g  w i t h  s o f t w a r e  g r o u p s  p r o v i d e s  a v e r y  

c h a l l e n g i n g  o p p o r t u n i t y  to l e a r n  m a n y  n e w  t h i n g s .  

U n d e r s t a n d i n g  w h y  a n e w  f e a t u r e  is n e e d e d  and at the 

s a m e  time a n a l y z i n g  the c o s t  is v e r y  d i f f i c u l t .  To



c o m m u n i c a t e  the p r o b l e m s  to the s o f t w a r e  d e s i g n e r  

i n t r o d u c e s  a d i s t i n c t  c o m m u n i c a t i o n s  p r o b l e m .  T h i s  

r e q u i r e s  k n o w i n g  m o s t  m e m b e r s  of the g r o u p ,  k n o w i n g  

w h i c h  p e r s o n  to t a l k  to and a p p r o a c h i n g  t h e m  at the 

r i g h t  time. If y o u  a p p r o a c h  t h e m  on a p a r t  of the 

a r c h i t e c t u r e  t h e y  h a v e  d e s i g n e d ,  y o u  m u s t  be c a r e f u l  

a n d  n o t  c r i t i c i z e  t h e m  w h i l e  e v a l u a t i n g  w h e t h e r  it is 

a c t u a l l y  n e e d e d  or not.

An e x a m p l e  of a d i f f i c u l t  i n s t r u c t i o n  to a r g u e  

a g a i n s t  is the R e v e r s e  Bit i n s t r u c t i o n .  T h i s  

i n s t r u c t i o n  w o u l d  ta k e  the o p e r a n d  and r e v e r s e  the m o s t  

s i g n i f i c a n t  and l e a s t  s i g n i f i c a n t  b i t s  in a c r i s s - c r o s s  

p a t t e r n .  This is v e r y  d i f f i c u l t  to do in s o f t w a r e  yet 

o n l y  t a k e s  one d a t a  p a t h  in h a r d w a r e .  The cost of that 

h a r d w a r e  is f i n i t e  and it is q u e s t i o n a b l e  as to h o w  

m u c h  the i n s t r u c t i o n  w i l l  be used. It was d e c i d e d  that 

the a r c h i t e c t u r e  w o u l d  s u p p o r t  a n y  n e e d e d  s o f t w a r e  

f e a t u r e  an d  t h e r e f o r e  the i n s t r u c t i o n  w o u l d  be 

i m p l e m e n t e d .



A r c h i t e c t u r a l  I m p l i c a t i o n s

M a n y  f e a t u r e s  of the a r c h i t e c t u r e  ha d  v a r i o u s  

i m p l i c a t i o n s  u p o n  the h a r d w a r e .  T h e s e  a r e a s  w e r e  

i n v e s t i g a t e d  in m o r e  d e t a i l  as d i f f e r e n t  p a r t s  of the 

a r c h i t e c t u r e  w e r e  u n d e r s t o o d .  The a r e a s  u n d e r  

i n v e s t i g a t i o n  i n c l u d e d  the i n s t r u c t i o n  o p c o d e s ,  the 

o p e r a n d  s p e c i f i e r s ,  the p r o c e s s o r  d a t a  s t r u c t u r e s  a n d  

m e m o r y  m a n a g e m e n t .

C o n v e n t i o n a l  a r c h i t e c t u r e s  h a v e  m a c h i n e  l e v e l  

i n s t r u c t i o n s  w h i c h  are a s p e c i f i c  l e n g t h .  One 

o b j e c t i v e  of this a r c h i t e c t u r e  wa s  to f r e q u e n c y  e n c o d e  

the i n s t r u c t i o n s .  The m o s t  o f t e n  u s e d  i n s t r u c t i o n s  

w o u l d  ta k e  the s m a l l e s t  a m o u n t  of r o o m  in the c o d e  

s t r e a m .  L e s s  f r e q u e n t l y  u s e d  i n s t r u c t i o n s  w o u l d  t a k e  

m o r e  room. Th i s  is a c c o m p l i s h e d  b y  e n c o d i n g  the 

i n s t r u c t i o n  to be a v a r i a b l e  n u m b e r  of b y t e s  in l e n g t h .

In the i n s t r u c t i o n ,  a d i s t i n c t  d i v i s i o n  is m a d e  

b e t w e e n  the o p e r a t i o n  c o d e  a n d  the o p e r a n d  s p e c i f i e r s .  

T h e  o p e r a t i o n  c o d e  is n o r m a l l y  one b y t e  l o n g ,  ’ but 

e s c a p e  c o d e s  are a l l o w e d  for e x p a n s i o n  of the 

i n s t r u c t i o n  set. The o p e r a n d  s p e c i f i e r s  v a r y  f r o m  one 

to s e v e n  b y t e s  in l e n g t h  and t h e r e  can be f r o m  one to



f i v e  o p e r a n d  s p e c i f i e r s  per o p e r a t i o n  co d e .  This 

p r o v i d e s  two l e v e l s  of f r e q u e n c y  e n c o d i n g ;  o p e r a t i o n  

c o d e  a n d  o p e r a n d  s p e c i f i e r s .

| OP C O D E  | OP S P E C  | OP SP E C  | . . . | OP SP E C  | 
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T h e  i n s t r u c t i o n  f e t c h  w a s  not p r e c i s e  as in m o s t  

m a c h i n e s .  The i n s t r u c t i o n s  c o u l d  be f r o m  one b y t e  to 

m a n y  b y t e s  in l e n g t h  d e p e n d i n g  on the a d d r e s s i n g  m o d e .  

T h i s  m e a n t  the w h o l e  i n s t r u c t i o n  c o u l d  not be f e t c h e d  

f r o m  m e m o r y  at one time. R a t h e r ,  b l o c k s  of c o d e  w o u l d  

be f e t c h e d  a n d  i n s t r u c t i o n s  d e c o d e d  f r o m  t h e s e  b l o c k s .

Th e  o p e r a n d  s p e c i f i e r s  w e r e  d i v i d e d  i n t o  v a r i o u s  

l e n g t h s  an d  t y p e s .  The ty p e  of o p e r a n d  s p e c i f i e r  h a d  

to be c h e c k e d  w i t h  the o p c o d e  to i n s u r e  that it was 

v a l i d  fo r  th a t  o p e r a t i o n .  The a d d r e s s  of the o p e r a n d  

s p e c i f i e r  h a d  to be d e v e l o p e d  f r o m  the i n f o r m a t i o n  

g i v e n  in the i n s t r u c t i o n .  Th i s  i n c l u d e d  the m a n y  

a d d r e s s i n g  m o d e s  the p r o c e s s o r  h a d  to s u p p o r t .  O n c e  

t h i s  w a s  do n e ,  the d a t a  wa s  f e t c h e d  f r o m  m e m o r y  and 

s t o r e d  in t o  the p r o c e s s o r .  A f t e r  a l l  o p e r a n d

s p e c i f i e r s  w e r e  f e t c h e d ,  the e x e c u t i o n  c o u l d  b e g i n .



T h e r e  w e r e  o t h e r  d a t a  s t r u c t u r e s  in the 

a r c h i t e c t u r e  w h i c h  the p r o c e s s o r  m u s t  u n d e r s t a n d .  

T h e s e  w e r e  t i m e - s l i c i n g ,  p a g e  f a u l t i n g  a n d  c o m p l e x  

m e s s a g e  p r i m i t i v e  i n s t r u c t i o n s .  The p r o c e s s o r  h a d  to 

t i m e - s l i c e  b e t w e e n  m a n y  d i f f e r e n t  t a s k s  b e i n g  r u n  on 

th e  m a c h i n e .  The p r o c e s s o r  a l s o  h a d  to s u p p o r t  a 

p a g i n g  s y s t e m  a n d  m u s t  h a n d l e  p a g e  f a u l t s  in the m i d d l e  

of a n  i n s t r u c t i o n .  The p r o c e s s o r  a l s o  h a d  to d e a l  w i t h  

v e r y  c o m p l e x  m e s s a g e  p r i m i t i v e  i n s t r u c t i o n s .  T h e s e  

t h r e e  t h i n g s ,  p a g e  f a u l t ,  t i m e  s l i c i n g  a n d  m e s s a g e s  are 

t h e  c o m p l e x  OS p r i m i t i v e s  b e i n g  i m p l e m e n t e d  in the 

h a r d w a r e .
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P r o c e s s o r  E v o l u t i o n

The i n i t i a l  d e s i g n  wa s  a b a s i c  V o n  N e u m a n n  

a r c h i t e c t u r e  w i t h  one d a t a / i n s t r u c t i o n  s p a c e  a n d  

s e p a r a t e  a d d r e s s  a n d  d a t a  l i n e s .  T h i s  wa s  not 

e f f e c t i v e  b e c a u s e  it w a s  c o m m u n i c a t i n g  w i t h  the m e m o r y  

m a n a g e m e n t  b o a r d  and not w i t h  m e m o r y .  The m e m o r y  

m a n a g e m e n t  b o a r d  in t u r n  m a n i p u l a t e d  the d a t a  in s u c h  a 

w a y  that it c o u l d  a c c e s s  a c t u a l  m e m o r y  an d  r e t u r n  a 

v a l u e  to the p r o c e s s o r .
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The n e x t  t y p e  of a r c h i t e c t u r e  h a d  a c o m b i n e d  d a t a  

a n d  a d d r e s s  bus. This w a s  e f f i c i e n t  s i n c e  the m e m o r y  

m a n a g e m e n t  b o a r d  h a d  to m a n i p u l a t e  the a d d r e s s  b e f o r e  

he r e c e i v e d  the d ata. O t h e r  d a t a  p a t h s  w e r e  a d d e d  to 

s p e e d  v a r i o u s  o p e r a t i o n s  s u c h  as a b a r r e l  b y t e  s h i f t e r



to do b y t e  m a n i p u l a t i o n  e a s i l y .  E v e n  w i t h  t h e s e  

m o d i f i c a t i o n s  the m a c h i n e  wa s  v e r y  slow, yet it w o u l d  

s t i l l  be e a s y  to i m p l e m e n t  and d e b u g .
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A n o t h e r  s e v e r e  p r o b l e m  w a s  that the a r c h i t e c t u r e  

w a s  no t  firm. S p e c i f i c  s p e e d  i m p r o v e m e n t s  w o u l d  be 

u s e l e s s  if the a r c h i t e c t u r e  c h a n g e d  u n d e r n e a t h  them. 

T h i s  p a r t i c u l a r  i m p l e m e n t a t i o n  h a d  to be f l e x i b l e  

e n o u g h  to be c h a n g e d  as the a r c h i t e c t u r e  c h a n g e d .  T h i s  

p r o v e d  to be the m o s t  d i f f i c u l t  c h a l l e n g e  an d  d i c t a t e d  

t h a t  the f u n c t i o n a l i t y  be in the m i c r o c o d e .

B e c a u s e  of the f l e x i b i l i t y  p r o b l e m  a n d  the 

c o m p l e x i t y  of a f a s t  m a c h i n e ,  a s l o w  m i c r o c o d e d  m a c h i n e  

w a s  c h o s e n  to be i m p l e m e n t e d .  T h i s  m a c h i n e  w o u l d  h a v e  

a l l  o b v i o u s  d a t a  p a t h s  but w o u l d  not i n c l u d e  c o m p l e x



h a r d w a r e  to s p e e d  the e x e c u t i o n .  R a t h e r  t h a n  m o r e  

h a r d w a r e ,  t h e r e  w o u l d  be m o r e  m i c r o c o d e  w r i t t e n . T h i s  

w o u l d  h a v e  the a d d e d  b e n e f i t  of h a r d w a r e  b e i n g  

a v a i l a b l e  to the the s o f t w a r e  g r o u p  s o o n e r .

W i t h  so m u c h  f u n c t i o n a l i t y  b e i n g  put in t o  

m i c r o c o d e ,  it was i m p e r a t i v e  that the m i c r o c o d e  be 

e a s i l y  w r i t t e n .  P a s t  e x p e r i e n c e  w i t h  m i c r o c o d e d  

m a c h i n e s  s h o w s  that a l a r g e  a m o u n t  of time is s p e n t  

w r i t i n g  a n d  d e b u g g i n g  the m i c r o c o d e .  T h e r e f o r e  the 

m a c h i n e  m u s t  h a v e  the n e c e s s a r y  s u p p o r t  to h e l p  w r i t e ,  

m o d i f y  a n d  d e b u g  the m i c r o c o d e .

S i n c e  the m a c h i n e  w o u l d  be u s e d  e x t e n s i v e l y  to 

d e v e l o p  the s y s t e m  s o f t w a r e ,  t h e r e  was a n e e d  to m a k e  

t h e  m a c h i n e  e a s i l y  t e s t a b l e  and m a i n t a i n a b l e .  T h e r e  

s h o u l d  be no h i d d e n  d a t a  p a t h s  or r e g i s t e r s  that c o u l d  

n o t  be d i r e c t l y  t e s t e d .  This d e s i g n  a t t i t u d e  w o u l d  

a l l o w  d i a g n o s t i c s  to be w r i t t e n  to s u p p o r t  the m a c h i n e  

d u r i n g  s o f t w a r e  c h e c k o u t .

T h e  d a t a  p a t h s  of the f i n a l  m a c h i n e  p r o v i d e d  a 

m a x i m u m  of e f f i c i e n c y  w i t h  a m i n i m u m  of c o m p l e x i t y .  

T h e  f i n a l  d a t a  p a t h s  w e r e  b r o k e n  d o w n  i n t o  t h r e e  p a r t s .  

T h e  m i c r o c o d e  w a s  the h e a r t  of the m a c h i n e  a n d  in



a b s o l u t e  c o n t r o l  of all p a r t s  of the p r o c e s s o r .  It 

m u s t  a l s o  be s p e c i a l l y  d e s i g n e d  to i n t e r f a c e  w i t h  an 

e x t e r n a l  c o m p u t e r  to a l l o w  d o w n l o a d i n g  of the 

m i c r o c o d e .  The s e c o n d  p a r t  wa s  the A r i t h m e t i c  a n d  

L o g i c a l  U n i t  ( A L U ) .  Th i s  pa r t  was the w o r k h o r s e  of the 

p r o c e s s o r  and did all d a t a  m a n i p u l a t i o n s .  The la s t  

p a r t  w a s  a L a r g e  R e g i s t e r  F i l e  (L R F ) .  Th i s  was a t w o -  

p o r t  f i l e  t h r o u g h  w h i c h  the p r o c e s s o r  a n d  m e m o r y  

m a n a g e m e n t  c o m m u n i c a t e d .
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M i c r o c o d e

T h e  m i c r o c o d e  of the m a c h i n e  e v o l v e d  as d i f f e r e n t  

f u n c t i o n s  w e r e  a d d e d  or d e l e t e d .  T h e  f i r s t  m i c r o c o d e  

c o n t r o l  w o r d  a l l o w e d  c o n t r o l  of all f i e l d s  in p a r a l l e l .  

T h i s  w o r d  h a d  s e v e r a l  f i e l d s  or d i s t i n c t  g r o u p s  of

b i t s T h e s e  f i e l d s are as f o l l o w s ••

1 . A r i t h m e t i c  and L o g i c  U n i t (ALU)

2 . C O N s t a n t  f i e l d lo w or h i g h (CON)

3. S H i F t  c o n t r o l (SHF)

4. C o n d i t i o n  C o d e and C a r r y (CCC)

5. M E M o r y  f i e l d (M E M )

6 . M e m o r y  M A P  r e q u e s t f i e l d (MAP)

7 . S E Q u e n c e r  f i e l d (SEQ)

T h i s  m i c r o c o d e  w o r d  w a s  v e r y  w i d e  but c o n t a i n e d  m a n y  

i n d e p e n d e n t  f i e l d s .  E a c h  f i e l d  c o n t r o l l e d  a s e p a r a t e  

p a r t  of the h a r d w a r e .  T h i s  w i d e  w o r d  c o u l d  c o n t r o l  

e v e r y  s t a t e  of the m a c h i n e  d u r i n g  e a c h  m i c r o c o d e  s t a t e .

T h e  m a j o r  p r o b l e m  w i t h  the w i d e  m i c r o c o d e  w o r d  was 

the s i z e  of the m i c r o c o d e  c o n t r o l  s t o r e  m e m o r y .  

A d d i t i o n a l  h a r d w a r e  c o u l d  be a d d e d  to r e d u c e  the w i d t h  

bu t  this w o u l d  t a k e  so m e  v e r s a t i l i t y  out of the 

m i c r o c o d e .  In m o s t  s c e n a r i o s ,  not all f i e l d s  in the 

m i c r o c o d e  c o u l d  be u t i l i z e d  d u r i n g  e a c h  m a c h i n e  s t a t e ,



yet the f u n c t i o n a l i t y  of the w i d e  f i e l d  a n d  a l l  the 

b i t s  s t i l l  n e e d e d  to be c o n t r o l l e d .

T h e  b e s t  s o l u t i o n  to the p r o b l e m  was to r e d u c e  the 

n u m b e r  of b i t s  a f f e c t e d  d u r i n g  e a c h  c y c l e .  Th e  

m i c r o c o d e  s t i l l  c o n t r o l l e d  the fu l l  w i d t h ,  but o n l y  one 

s e c t i o n  c o u l d  be a f f e c t e d  at a time. T h i s  w o u l d  be 

d o n e  by l o a d i n g  o n l y  a p o r t i o n  of the w i d e  m i c r o c o d e  

l a t c h .  E a c h  of the e i g h t  s e c t i o n s  of the w i d e

m i c r o c o d e  w o u l d  s t i l l  be c o n t r o l l e d ,  one s e c t i o n  at a 

t ime. A p p e n d i x  B d e t a i l s  the d e f i n i t i o n  of the 

m i c r o c o d e .

Th e  m i c r o c o d e  w a s  v e r t i c a l l y  o r i e n t e d  a n d  n a r r o w  

s u c h  that e a c h  m a c h i n e  c y c l e  e x e c u t e d  one m i c r o c o d e  

i n s t r u c t i o n .  T h e s e  i n s t r u c t i o n s  w e r e  v e r y  s i m i l a r  to 

a s s e m b l y  l a n g u a g e  i n s t r u c t i o n s .  A p p e n d i x  C l i s t s  a 

s a m p l e  a d d  i n s t r u c t i o n .  It can be s e e n  f r o m  this 

e x a m p l e  h o w  s i m i l a r  this is to a s s e m b l y  l a n g u a g e .

T h e  m i c r o i n s t r u c t i o n s  w e r e  a s s i g n e d  a s s e m b l y  

l a n g u a g e  m e m o n i c s  s u c h  as INC, MOV, A D D  a n d  J M P . A 

m i c r o c o d e  a s s e m b l e r  w a s  t h e n  u s e d  to t r a n s l a t e  this 

m i c r o c o d e  i n t o  m a c h i n e  l e v e l  on e s  a n d  z e r o s .  T h e r e  

w e r e  s e v e r a l  p e o p l e  h e l p i n g  w r i t e  the m i c r o c o d e .  T h e y



w e r e  f a m i l i a r  w i t h  a s s e m b l y  l a n g u a g e  and c o u l d  b e g i n  

p r o g r a m m i n g  m i c r o c o d e  v e r y  e a s i l y .

The 3 2 - b i t  m i c r o c o d e  f i e l d  is s u b d i v i d e d  i n t o  two 

s e c t i o n s ,  a e i g h t  bit f i e l d  and 2 4 - b i t  f i e l d .  Th e  

e i g h t  bit " A L L 11 f i e l d  is s u b d i v i d e d  i n t o  f i v e  o t h e r  

c o n t r o l  f i e l d s .  The c o n t r o l  f i e l d  a c t s  as a m o d e  

c o n t r o l  for the o t h e r  24 b i t s .
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F I G U R E  17 - M I C R O C O D E  W O R D  B I T  F I E L D

A L L  F i e l d

T h e  f i r s t  e i g h t  b i t s  are r e f e r e d  to as the A L L  

f i e l d .  T h e  f i r s t  s u b d i v i s i o n  of this f i e l d  is i n t o  the 

L o a d  F i e l D  ( L F D ) .  The L F D  is u s e d  to d e t e r m i n e  w h i c h  

p o r t i o n  of the m a c h i n e  the l o w e r  24 b i t s  w i l l  c o n t r o l .  

T h e  o t h e r  p o r t i o n s  of this f i e l d  c o n t r o l s  s i g n a l s



a f f e c t e d  d u r i n g  all m o d e s  of o p e r a t i o n .  T h e s e  are

t h i n g s  s u c h  as L o a d  C o n d i t i o n  C o d e  (L C C ) ,  I n c r e m e n t

P r o g r a m  C o u n t e r  (I P C ) ,  E n a b l e  C o n s t a n t  W o r d  (E C W ) ,  an d  

B r e a k P o i n T  ( B P T ) .

Th e  L F D  f i e l d  h a s  t h r e e  b i t s  w h i c h  m o d e  s e l e c t  

b e t w e e n  e i g h t  d i f f e r e n t  f i e l d s .  The bit a s s i g n m e n t s  

a r e  s h o w n  b e l o w :

001 L C O N L O A D C O N  U C O D E RE G L O W  OR

0 1 0 L S H F L O A D S H I F T / C O N T R O L

Oil L C C C L O A D C O N D  C O D E A N D C A R R Y

100 L A L U L O A D A L U  U C O D E R E G

101 L M E M L O A D M E M  U C O D E R E G

110 L M A P L O A D M A P  U C O D E R E G

111 L S E Q L O A D SEQ U C O D E R E G

T h e s e  p o r t i o n s  of the w i d e  m i c r o c o d e  f i e l d  h a v e  b e e n  

r e s t r u c t u r e d  in the v e r t i c a l  m i c r o c o d e d  m a c h i n e .  Th e  

d e t a i l s  of e a c h  w i l l  be d i s c u s s e d  la t e r .

T h e  L o a d  C o n d i t i o n  C o d e  (LCC) is u s e d  b y  s e v e r a l  

f i e l d s  w h i c h  h a v e  s t a t u s  i n p u t s  to the c o n d i t i o n  c o d e  

r e g i s t e r .  The c o n d i t i o n  c o d e  r e g i s t e r  is w i d e  e n o u g h  

to te s t  the m a n y  s t a t u s  c o n d i t i o n .  The I P C  f i e l d  is 

u s e d  to a d v a n c e  the p r o g r a m  c o u n t e r  at a n y  ti m e .  The 

E C W  is u s e d  to s e l e c t  a p o r t i o n  of the m i c r o c o d e  f r o m



the n o r m a l  W C S  or f r o m  a s p e c i a l  c o n s t a n t  r e g i s t e r .  

T h i s  is n e e d e d  if an i n t e r n a l  a d d r e s s  is c a l c u l a t e d ,  

t h e n  u s e d  by the m i c r o c o d e .  The B P T  was a bit u s e d  to 

s i g n a l  e x t e r n a l  h a r d w a r e  that a b r e a k p o i n t  is to o c c u r .  

T h i s  c o u l d  be u s e d  to st o p  the m a c h i n e ,  s a m p l e  s o m e  

d a t a  or i n c r e m e n t  a l o o p  c o u n t e r .  T h i s  w o u l d  be v e r y  

u s e f u l  in d a t a  c o l l e c t i o n .

/

S p e c i a l i z e d  F i e l d s

T h e  A L U  f i e l d  c o n t r o l s  the f u n c t i o n s  of the AL U .  

T h e  c o n t r o l  f i e l d s  i n c l u d e  two s o u r c e  r e g i s t e r  

a d d r e s s e s ,  a d e s t i n a t i o n  a d d r e s s ,  the s h i f t  c o n t r o l s ,  

l o g i c  and a r i t h m e t i c  f u n c t i o n  s e l e c t i o n .  A l s o  t h e r e  is 

t h e  a b i l i t y  to re a d  and w r i t e  s p e c i a l  p u r p o s e  r e g i s t e r s  

s u c h  as the C o n s t a n t ,  t i mer, b y t e  p i p e ,  p r o g r a m  c o u n t e r  

a n d  the LR F .

T h e  C O N s t a n t  (CON) f i e l d s  a r e  n e e d e d  w h e n  the

m i c r o c o d e  u s e s  a c o n s t a n t  in s o m e  o p e r a t i o n  or on a

c o m p u t e d  b r a n c h .  T h e  C o n s t a n t  In (Cl) f i e l d  a l l o w s  the

m i c r o c o d e  to c o n t a i n  c o n s t a n t s  n e e d e d  in the e x e c u t i o n

of an i n s t r u c t i o n .  A n o t h e r  C o n s t a n t  Out (CO) f i e l d  

e x i s t s  a n d  is the d e s t i n a t i o n  of the A L U  f i e l d  and u s e d



by the A L L  fi e l d .  T h e r e  are m a n y  a p p l i c a t i o n s  for this 

s u c h  as the t a b l e  b r a n c h  into the m i c r o c o d e .

T h e  S H i F t  c o n t r o l  (SHF) f i e l d  sets the d i r e c t i o n  

a n d  p a r a m e t e r s  of a s h i f t  o p e r a t i o n .  C a r e  m u s t  be 

t a k e n  to set this f i e l d  to a k n o w n  v a l u e  b e f o r e  an A L U  

o p e r a t i o n  is p e r f o r m e d .

T h e  n e x t  f i e l d  is the CCC f i e l d .  Th i s  sets the 

c o n d i t i o n  c o d e  p a r a m e t e r s .  This f i e l d  is u s e d  to 

s e l e c t  the p r o p e r  o u t p u t  f r o m  the c o n d i t i o n  c o d e  a n d  

s t a t u s  m u l t i p l e x e r .  Th i s  is t h e n  u s e d  by the s e q u e n c e r  

to c o n t r o l  c o n d i t i o n a l  b r a n c h e s  in the m i c r o c o d e .

T h e  M E M  f i e l d  c o n t r o l s  the r e a d i n g  f r o m  a n d  

w r i t i n g  to the L R F .  This i n c l u d e s  w r i t i n g  i n t o  one of 

s e v e r a l  a d d r e s s  c o u n t e r s ,  i n c r e m e n t i n g  t h e s e  c o u n t e r s  

t h e n  r e a d i n g  and w r i t i n g  to the d a t a  r e g i s t e r s .  T h e r e  

is an a d d i t i o n a l  p o i n t e r  i n t o  the r e g i s t e r  fi l e  u s e d  by 

th e  m e m o r y  m a p p e r .  The M A P  s e c t i o n  w i l l  d e s c r i b e  this 

in  d e t a i l .

T h e  M A P  s e c t i o n  c o n t r o l s  w h e n  the m e m o r y  s y s t e m  is 

to r e a d  a n d  w r i t e  d a t a  in t o  the LR F .  T h e  i n t e r f a c e  is 

a r e q u e s t  s y s t e m ,  that is w h e r e  a d d r e s s  a n d  d a t a  are



r e a d  or w r i t t e n  as a g r o u p .  In this s y s t e m  a p o i n t e r  

is set to the L R F  w h i c h  p o i n t s  to the a d d r e s s  of the 

d a t a  f o l l o w e d  by a tag w o r d  w h i c h  d e f i n e s  w h e t h e r  it is 

a r e a d / w r i t e  an d  the l e n g t h  n u m b e r  or w o r d s .  T h e  M A P  

f i e l d  t e l l s  the m e m o r y  to r u n  and it t h e n  r e a d s  the 

a d d r e s s  and tag, do e s  the o p e r a t i o n ,  t h e n  r e a d s  or 

w r i t e s  the r e s u l t s  in the l o c a t i o n s  f o l l o w i n g  the tag. 

T h e  m e m o r y  c a n n o t  a d d r e s s  the LR F  but c a n  o n l y  

s e q u e n t i a l l y  a c c e s s  the d a t a  to w h i c h  the a d d r e s s  

p o i n t e r ,  set up by the M E M  fi e l d ,  is p o i n t i n g  to. Th e  

p o i n t e r  is a u t o m a t i c a l l y  i n c r e m e n t e d  a f t e r  e v e r y  m e m o r y  

m a p p e r  i n i t i a t e d  L R F  read.

T h e  S E Q u e n c e r  c o n t r o l s  the f l o w  of m i c r o c o d e  a n d  

m i c r o c o d e  s u b r o u t i n e  c a l l s .  The n e x t  m i c r o c o d e  w o r d  

e x e c u t e d  c o u l d  be the old a d d r e s s  plus one, a n e w  

a d d r e s s  g i v e n  by the m i c r o c o d e ,  or the a d d r e s s  on the 

C a l l  s t a c k .  The C a l l  s t a c k  is a p u s h  pop s t a c k  w h i c h  

e n a b l e s  the m i c r o c o d e  to do s u b r o u t i n e  c a l l s .  T h i s  

a l l o w s  e f f i c i e n t  u s e  of the m i c r o c o d e  w i t h  c o m m o n  

s u b r o u t i n e s .  The s e q u e n c e r  is r e l a t i v e l y  i n d e p e n d e n t  

of the o t h e r  p a r t s  of the s y s t e m  a l t h o u g h  a ju m p  to a 

c o m p u t e d  a d d r e s s  is p o s s i b l e  t h r o u g h  the CO f i e l d .



D e t a i l e d  D e s i g n

O n c e  the m i c r o c o d e  an d  the d a t a  p a t h s  h a d  b e e n  

d e v e l o p e d ,  the d e t a i l e d  d e s i g n  of the h a r d w a r e  c o u l d  

b e g i n .  Th e  d e t a i l e d  d e s i g n  c o n s i s t e d  of d e t e r m i n i n g  

t h e  a c t u a l  c h i p s  n e e d e d  and i n t e r c o n n e c t i n g  t h o s e  

c h i p s .  In a d d i t i o n  to i n t e r c o n n e c t i n g  t h e s e  p a r t s ,  the 

s y s t e m  w o u l d  be s i m u l a t e d  to i n s u r e  the s y s t e m  was 

d e s i g n e d  c o r r e c t l y .  Th i s  w o u l d  be d o n e  b e f o r e  a n y  

h a r d w a r e  e x i s t e d  an d  a l l  d e b u g g i n g  c o u l d  be d o n e  d u r i n g  

th e  s i m u l a t i o n .

A r i t h m e t i c  a n d  L o g i c a l  U n i t

The A L U  m a n i p u l a t e d  d a t a  w i t h i n  the m a c h i n e .  Th i s  

is the w o r k h o r s e  of the p r o c e s s o r  a n d  e x e c u t e d  the g u t s  

of the i n s t r u c t i o n s .  T h i s  i n c l u d e s  a 2 9 0 0  b i t  s l i c e  

m a c h i n e ,  a " B y t e  P i p e " ( B P ) ,  a P r o g r a m  C o u n t e r  (PC) a n d  

a C o n d i t i o n  C o d e  r e g i s t e r  (CC), a T I M e r  ( T I M ) ,  an d  a 

I n s t r u c t i o n  Q u e u e  (IQ).
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F I G U R E  18 - A R I T H M E T I C  A N D  L O G I C A L  U N I T

T h e  2 9 0 0  s e r i e s  are s t a n d a r d  d e v i c e s  u s e d  

e x t e n s i v e l y  in b i t - s l i c e  d e s i g n .  The c h i p  f a m i l y  

c o n t a i n s  s e v e r a l  p a r t s  i n c l u d i n g  the ALU, r e g i s t e r  

f i l e ,  c o n d i t i o n  c o d e  s e l e c t  and s h i f t  c o n t r o l .  T h e  A L U  

c a n  h a v e  i n p u t s  f r o m  the r e g i s t e r  f i l e  or an e x t e r n a l  

d a t a  p a t h .  T h i s  e x t e r n a l  d a t a  p a t h  b u s s e s  the o u t p u t  

of the IQ, PC, TIM, Cl and BP. The A L U  ha s  the 

s t a n d a r d  a r i t h m e t i c  and l o g i c a l  f u n c t i o n s  n e e d e d .  Th e



s h i f t  c o n t r o l l e r  has the n e e d e d  f u n c t i o n s  to a c c o m p l i s h  

a r i t h m e t i c  and l o g i c a l  s h i f t s .  The CC has the 

n e c e s s a r y  f u n c t i o n s  to set o v e r f l o w ,  u n d e r f l o w  and 

c a r r y  bi t s .

T h e  PC, and IQ are r e l a t e d  s p e c i a l  p u r p o s e  

r e g i s t e r s .  The PC is the p r o g r a m  c o u n t e r  a n d  is 

i n c r e m e n t e d  w h e n  a b y t e  f r o m  the IQ is us e d .  W h e n e v e r  

the PC c o u n t s  o v e r  a w o r d  b o u n d a r y ,  the p r o c e s s o r  

f e t c h e s  the n e x t  w o r d  in the co d e  s t r e a m .  T h e  IQ f e e d s  

t h e  s e q u e n c e r  to s e l e c t  w h e r e  the m i c r o c o d e  w i l l  

e x e c u t e .  T h i s  is in the f o r m  of a t a b l e  b r a n c h  w h e r e  

t h e  l o w e r  8 b i t s  of the b r a n c h  a d d r e s s  c o m e s  f r o m  the 

i n s t r u c t i o n  s t r e a m  a n d  the u p p e r  b i t s  f r o m  the 

m i c r o c o d e .

T h e r e  can be so m e  p i p e l i n i n g  d o n e  in the 

p r o c e s s o r .  W h e n  c o d e  is f e t c h e d  f r o m  m e m o r y  it is 

s t o r e d  in the L R F .  T h i s  c o u l d  be one w o r d  or s e v e r a l .  

W h e n  the A L U  u s e s  the last w o r d  f r o m  this c a c h e ,  it 

s t a r t s  a m e m o r y  r e q u e s t .  T h i s  m e m o r y  r e q u e s t  is t h e n  

e x e c u t e d  in p a r a l l e l  w i t h  the e x e c u t i o n  w i t h i n  the 

p r o c e s s o r .



T h e  T I M  is a s i m p l e  c o u n t e r  and is i n c r e m e n t e d  

e v e r y  t i c k  of the s y s t e m  c l o c k .  T h i s  c o u n t e r  is u s e d  

to a l l o c a t e  time s l i c e s  to d i f f e r e n t  t a s k s .  An 

o v e r f l o w  l a t c h  m u s t  be p o l l e d  at the end of e a c h  

i n s t r u c t i o n  to c h e c k  for the end of a time s l i c e .

T h e  BP is a b y t e  r o t a t e r / s e l e c t o r . It has two 

w o r d s  as i n p u t s  an d  one w o r d  as the o u t p u t .  The o u t p u t  

w o r d  c o n t a i n s  c o n s e c u t i v e  b y t e s  of the two i n p u t  w o r d s  

p o i n t e d  to by the r o t a t e  s e l e c t .  T h i s  a l l o w s  m a n y  

v e r s a t i l e  a p p l i c a t i o n s .  One v e r y  u s e f u l  a p p l i c a t i o n  is 

to a l i g n  w o r d s  not on w o r d  b o u n d a r i e s .  A n o t h e r  w o u l d  

be to s p e e d  a bit s h i f t  o p e r a t i o n .
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The Cl a n d  CO are the C o n s t a n t  In a n d  C o n s t a n t  Out 

r e g i s t e r s .  The Cl l a t c h e s  o u t p u t  f r o m  the m i c r o c o d e  to 

the A L U  an d  the CO l a t c h e s  o u t p u t  f r o m  the A L U  to the 

m i c r o c o d e .  The Cl r e g i s t e r  is c o n t r o l l e d  by the C O N  

f i e l d  in the m i c r o c o d e .  Th i s  f i e l d  c a n  l o a d  the 

r e g i s t e r  w i t h  a c o n s t a n t  v a l u e  of d ata. The A L U  c a n  

lorad the CO r e g i s t e r  as a d e s t i n a t i o n  of the ALU. T h i s  

r e g i s t e r  is t h e n  e n a b l e d  to the m i c r o c o d e  by the E C W  

f i e l d .

T h e  S H F  f i e l d  is u s e d  to set up p a r a m e t e r s  of the 

A L U  s h i f t e r .  Th i s  f u n c t i o n  is no t  o f t e n  u s e d  but t a k e s  

m a n y  b i t s  of m i c r o c o d e  b e c a u s e  of the m a n y  v a r i o u s  

o p t i o n s  a l l o w e d .  The s h i f t i n g  is a c c o m p l i s h e d  u s i n g  

the A M D  2 9 0 0  s e r i e s  p a r t s  i n c l u d i n g  the 2 9 0 4  s t a t u s  a n d  

s h i f t  c o n t r o l  u n i t .  This is a v e r y  v e r s a t i l e  u n i t  but 

d i f f i c u l t  to c o n t r o l .

T h e  CC C  f i e l d  is u s e d  to s e l e c t  a s t a t u s  b i t  or 

c o n d i t i o n  c o d e  bit. T h i s  s e l e c t e d  bit is t h e n  u s e d  b y  

th e  S E Q  f i e l d  in a c o n d i t i o n a l  b r a n c h .  If a b r a n c h  is 

t a k e n  the c o n d i t i o n  w a s  true, o t h e r w i s e  s e q u e n t i a l  

e x e c u t i o n  c o n t i n u e s .  T h e r e  are 32 b i t s  of s t a t u s  a n d  

c o n d i t i o n  c o d e s  bu t  o n l y  one of t h e m  c a n  be t e s t e d .  

A l l  of the e r r o r  c o n d i t i o n  c o d e s  are O R e d  t o g e t h e r  a n d



t e s t e d  at the end of e a c h  i n s t r u c t i o n .  If an e r r o r  

e x i s t s ,  the m i c r o c o d e  b r a n c h e s  to a r o u t i n e  w h i c h  

r e s o l v e  the e r r o r  c o n d i t i o n .  Th i s  r e d u c e d  the n u m b e r  

of t e s t s  to c h e c k  for i n t e r r u p t s  and e r r o r s .

L a r g e  R e g i s t e r  F i l e  (LRF)

Th e  L R F  is a t w o - p o r t  m e m o r y  a c c e s s e d  by b o t h  the 

m e m o r y  m a p  a n d  the p r o c e s s o r .  T h e r e  a r e  s e v e r a l  

c o u n t e r s  u s e d  as p o i n t e r s  in t o  the LRF. O n e  is 

s w i t c h e d  b e t w e e n  the m e m o r y  m a p  a n d  the p r o c e s s o r .  

T h i s  l i m i t s  the m e m o r y  m a p  to a c c e s s e s  o n l y  in the a r e a  

w h e r e  the p r o c e s s o r  has p o i n t e d .  A m e m o r y  f e t c h  is 

a c c o m p l i s h e d  by s e t t i n g  up a g r o u p  of w o r d s  in the L R F ,  

p o i n t i n g  a c o u n t e r  to the g r o u p  an d  t e l l i n g  the m e m o r y  

m a p  that a m e m o r y  c y c l e  is to be do n e .  The m e m o r y  

m a p p e r  t h e n  a c c e s s  the d a t a  in the L F R  to d e t e r m i n e  

w h a t  to f e t c h .
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T h e  L R F  is 4k w o r d s  of v e r y  fast (45 ns) m e m o r y .  

T h e  m e m o r y  is d o u b l e  c y c l e d  to f o r m  a t w o - p o r t  m e m o r y .  

An  a d d r e s s  m u l t i p l e x e r  s e l e c t s  e i t h e r  the M A P  a d d r e s s  

or the p r o c e s s o r  a d d r e s s .  Th e  p r o c e s s o r  c a n  a d d r e s s  

the L R F  e i t h e r  d i r e c t l y  or t h r o u g h  two c o u n t e r s ,  the AC 

a n d  BC. A n o t h e r  c o u n t e r  ca n  be s w a p p e d  w i t h  the M A P  

a d d r e s s  c o u n t e r ,  the MC and MC' c o u n t e r .  In this w a y  

th e  p r o c e s s o r  can s t o r e  d a t a  in t o  the L R F ,  an a d d r e s s  

i n t o  the M C  and t h e n  sw a p  r e g i s t e r s  MC and M C 7 . T h i s  

w i l l  i n d i c a t e  to the m e m o r y  m a p p e r  that a m e m o r y  c y c l e  

is to be s t a r t e d .



T h e  A L U  r e a d s  and w r i t e s  the L R F  t h r o u g h  two 

r e g i s t e r s  c a l l e d  the M D R  and RD R .  R e a d i n g  and w r i t i n g  

o c c u r  w h e n  in the L R F  m o d e .  The M D R  is a b u f f e r  of 

d a t a  f r o m  the A L U  to the LRF. The M E M  s p e c i f i e s  a 

w r i t e  o p e r a t i o n  and an a d d r e s s  in the m i c r o c o d e  f i e l d .  

T h e  d a t a  in the M D R  is t h e n  w r i t t e n  i n t o  the L R F  at 

t h a t  a d d r e s s .  R e a d i n g  d a t a  is s o m e w h a t  d i f f e r e n t .  The 

L F R  r e a d  d a t a  t h r o u g h  the R D R  and d i r e c t l y  i n t o  one of 

the A L U  r e g i s t e r s .  Th i s  w a y  a s e c o n d  c y c l e  is not 

n e e d e d  to t r a n s f e r  d a t a  to an A L U  r e g i s t e r .

S e q u e n c e r  (SEQ)

T h e  S E Q u e n c e r  c o n s i s t s  of a n o t h e r  ch i p  f r o m  the 

2 9 0 0  f a m i l y .  Th i s  has the c o n t r o l s  for s u b r o u t i n e  

c a l l s ,  a m i c r o - p r o g r a m  c o u n t e r ,  a p i p e l i n i n g  r e g i s t e r  

a n d  a d i r e c t  i n p u t .  A d d i t i o n a l  h a r d w a r e  wa s  a d d e d  for 

c o n d i t i o n a l  b r a n c h e s ,  t a b l e  j u m p s  and d o w n l o a d i n g  of 

m i c r o c o d e .

Th e  t a b l e  b r a n c h  h a r d w a r e  is a s i m p l e  m a s k i n g  

o p e r a t i o n .  In n o r m a l  o p e r a t i o n ,  the m i c r o c o d e  c a n  

b r a n c h  to a n y  l o c a t i o n  in the m i c r o c o d e  m e m o r y .  Th e  

t a b l e  b r a n c h  a l l o w s  p a r t  of the b r a n c h  a d d r e s s  to c o m e



f r o m  the m i c r o c o d e  and p a r t  f r o m  the IQ r e g i s t e r .  The 

u p p e r  b i t s  of the a d d r e s s  are c o n c a t e n a t e d  to the e i g h t  

b i t s  f r o m  the IQ an d  this a d d r e s s  p a s s e d  to the 

s e q u e n c e r .
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A c o n d i t i o n a l  b r a n c h  us e s  the c o n d i t i o n  b i t  to 

s e l e c t  the n e x t  a d d r e s s  in the m i c r o c o d e  s e q u e n c e .  

F i r s t  the p r o p e r  c o n d i t i o n  c o d e  m u s t  be s e l e c t e d .  If 

the c o n d i t i o n  is not true, the n e x t  s e q u e n t i a l  a d d r e s s  

is s e l e c t e d .  If the c o n d i t i o n  is true, th e n  a b r a n c h  

to a n o t h e r  l o c a t i o n  is e x e c u t e d .  Th i s  c a n  be a t a b l e  

b r a n c h  or an a b s o l u t e  b r a n c h .

Th e  m i c r o c o d e  is s t o r e d  in fast m e m o r y .  T h i s  is 

c a l l e d  a W r i t a b l e  C o n t r o l  S t o r e  ( WCS). D a t a  p a t h s  h a v e



b e e n  d e s i g n e d  i n t o  the s y s t e m  to a l l o w  s i m p l e

m i c r o c o d i n g  of the m a c h i n e .  This is d o n e  w i t h  p a r a l l e l

I/ O  p o r t s  and c o n t r o l  l i n e s .  T h e s e  are u s e d  to w r i t e ,  

r e a d  a n d  test the WC S .

Th e  W C S  w a s  to be i m p l e m e n t e d  on a s e p a r a t e  b o a r d  

f r o m  the r e s t  of the p r o c e s s o r .  T h e r e f o r e  an i n t e r f a c e  

b e t w e e n  the two p a r t s  of the p r o c e s s o r  h a d  to be 

d e f i n e d .  A p p e n d i x  D s h o w s  a m e m o  d e f i n i n g  the 

i n t e r f a c e  b e t w e e n  the two b o a r d s .  T h i s  d i v i s i o n  p o i n t  

w a s  s e l e c t e d  s u c h  that o n l y  32 m i c r o c o d e  l i n e s  a n d  a 

f e w  c o n t r o l  l i n e s  w e r e  n e e d e d  to be p a s s e d  b e t w e e n  the 

two b o a r d s .

T e s t a b i l i t y  an d  D e b u g  F e a t u r e s

T h e r e  are s e v e r a l  d a t a  p a t h s  in the p r o c e s s o r  to 

i n c r e a s e  the e a s e  of t e s t i n g  an d  d e b u g g i n g  the m a c h i n e .  

T h e  t e s t i n g  an d  d e b u g g i n g  is d o n e  o v e r  s e v e r a l  I/O 

p o r t s  and t h r o u g h  the u s e  of a T r a c e  m o d u l e .  

C o n n e c t o r s  h a v e  b e e n  d e s i g n e d  into the s y s t e m  to a l l o w  

e a s e  in c o n n e c t i n g  t r a c e  m o d u l e s  to al l  i m p o r t a n t  d a t a  

p a t h s  a n d  I/O m o d u l e s  c o n n e c t e d  to the n e c e s s a r y  

c o n t r o l  p o i n t s .
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F I G U R E  22 - T E S T  A N D  D E B U G  D A T A  P A T H S

T h e  m a j o r  c o n c e r n  is the e a s e  of m i c r o c o d i n g  a n d  

d e b u g g i n g .  T h e r e f o r e  s p e c i a l  d a t a  p a t h s  h a v e  b e e n  

a d d e d  to the m i c r o c o d e  s e q u e n c e r  to a l l o w  e a s e  in 

d o w n l o a d i n g  the m i c r o c o d e .  The a d d r e s s  an d  d a t a  l i n e s  

i n t o  the m i c r o c o d e  h a v e  an i n t e r f a c e  to s e v e r a l  I / O  

m o d u l e s  a n d  the s e q u e n c e r  o u t p u t  e n a b l e s  are c o n t r o l l e d  

b y  the I / O  m o d u l e s .  A p p e n d i x  E is a m e m o  d e s c r i b i n g  

th e  d e b u g  i n t e r f a c e  s i g n a l  a s s i g n m e n t  and the f u n c t i o n s  

of t h o s e  s i g n a l s .

T h e  f i r s t  I/O m o d u l e  is a c o n t r o l  m o d u l e .  It 

s e l e c t s  the e n a b l i n g  o n t o  c o n t r o l  b u s s e s  f r o m  e i t h e r



the d e b u g  m o d u l e  or the m i c r o c o d e .  The s e c o n d  I / O  

m o d u l e  o u t p u t s  o n l y  data. The f i r s t  m o d u l e  s e l e c t s  the 

d e s t i n a t i o n  for the s e c o n d  and s t r o b e s  the d a t a  i n t o  

the p r o p e r  l a t c h e s .  The f i r s t  m o d u l e  has o t h e r  v a r i o u s  

c o n t r o l  s i g n a l s  w h i c h  a l l o w  the m i c r o c o d e  to be w r i t t e n  

i nto, r e a d  from, s i n g l e  s t e p p e d ,  m u l t i p l e  s t e p p e d ,  and 

s e v e r a l  o t h e r  f e a t u r e s .  This a l l o w s  fu l l  c o n t r o l  o v e r  

the e x e c u t i o n  of the m i c r o c o d e .

T h e  I/O m o d u l e s  are c o n t r o l l e d  by A M P L  w h i c h  is a 

s o f t w a r e  p a c k a g e  TI u s e s  to c o n t r o l  the t r a c e  m o d u l e s .  

A M P L  is u s e d  to s e t u p  a n d  c o n t r o l  the t r a c e  m o d u l e s  an d  

to r e a d  a n d  w r i t e  the I / O  m o d u l e s .

C o n n e c t i o n s  to the t r a c e  m o d u l e  f r o m  d a t a  b u s s e s  

in the A L U  an d  L R F  a l l o w  i n f o r m a t i o n  to be g a t h e r e d  

d u r i n g  e x e c u t i o n  of the m i c r o c o d e .  An I/O m o d u l e  

c o n n e c t e d  to the A L U  s e c t i o n  a l l o w s  t e s t i n g  of the 

A L U ' s  r e g i s t e r s  and the LR F .  In a d d i t i o n  to the I / O  

m o d u l e s ,  s e v e r a l  s e v e n - s e g m e n t  L E D s  m o u n t e d  on the 

p r o c e s s o r  b o a r d  are u s e d  d u r i n g  i n i t i a l  s e l f  test. 

T h i s  w o u l d  a l l o w  a u s e r  to v i s u a l l y  c h e c k  for a n y  e r r o r  

c o n d i t i o n  w i t h  a s i m p l e  g o / n o  go i n d i c a t i o n .



A m i c r o c o d e  bit w a s  a l l o c a t e d  to e n h a n c e  the 

t r a c i n g  of i n f o r m a t i o n .  Th i s  bit c o u l d  be u s e d  to 

t r i g g e r  the t r a c e  of a s e q u e n c e ,  t r a c e  a s t a t e  or s t o p  

the m a c h i n e  an d  w a i t  for a s i n g l e  step. This v e r s a t i l e  

bit, c o u p l e d  w i t h  the t r a c e  m o d u l e ,  w o u l d  p r o v i d e  for 

a n  e a s i l y  d e b u g g e d  s y s t e m .

S e v e r a l  s o f t w a r e  i n t e r f a c e  r o u t i n e s  w e r e  to be 

w r i t t e n  to p r o v i d e  a s i m p l e  i n t e r f a c e  to the d e b u g  

d a t a .  A m e m o  d e s c r i b i n g  s h o w i n g  the d e f i n i t i o n  of 

t h e s e  s i g n a l s  is s h o w n  in A p p e n d i x  F. T h e s e  r o u t i n e s  

w e r e  to be w r i t t e n  by two s o f t w a r e  d i a g n o s t i c  

e n g i n e e r s .  T h e y  w o u l d  do t h i n g s  f r o m  s i m p l e  to 

c o m p l e x .  For e x a m p l e  one r o u t i n e  w o u l d  s i m p l y  r e s e t  

the p r o c e s s o r .  A n o t h e r  w o u l d  a l l o w  the p r o c e s s o r  to be 

s i n g l e  s t e p p e d .  T h e s e  r o u t i n e s  w e r e  d e f i n e d  in A M P L  as 

s u b r o u t i n e s .  Th i s  w o u l d  a l l o w  m o r e  c o m p l e x  p r o g r a m s  to 

be w r i t t e n .  T h e s e  w o u l d  do c o m p l e x  f u n c t i o n s  s u c h  as 

r e s e t  the p r o c e s s o r ,  d o w n l o a d  a n e w  set of m i c r o c o d e ,  

e x e c u t e  u n t i l  a s p e c i f i c  p o i n t  and t h e n  b e g i n  s i n g l e  

s t e p p i n g  a n d  t r a c i n g  d a t a  at that p o i n t .



S i m u l a t  ion

Tw o  d i f f e r e n t  t y p e s  of s i m u l a t i o n  w e r e  u t i l i z e d  in 

th e  d e v e l o p m e n t  of this m a c h i n e .  F i r s t  a r e g i s t e r  

l e v e l  s i m u l a t o r  w a s  w r i t t e n  to d e f i n e ,  test a n d  d e b u g  

t h e  d a t a  p a t h s  and m i c r o c o d e .  The n e x t  s i m u l a t i o n  

e f f o r t  wa s  in c o n j u n c t i o n  w i t h  the d e t a i l e d  d e s i g n  a n d  

a n a l y z e d  d e t a i l e d  d e l a y  t h r o u g h  all p a r t s  of the 

s y s t e m .

B A S I C  S i m u l a t i o n

T h e  i n i t i a l  s i m u l a t i o n  w a s  w r i t t e n  in the B A S I C  

l a n g u a g e .  Th i s  s i m u l a t o r  c a n  be d e s c r i b e d  as a 

r e g i s t e r - t 0- r e g i s t e r  t r a n s f e r  p r o g r a m .  F i g u r e  23 s h o w s  

h o w  the d i s p l a y  l o o k e d  to the us e r .  T h i s  s h o w e d  the 

i m p o r t a n t  i n t e r n a l  r e g i s t e r s  an d  d a t a  p a t h s .
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F I G U R E  23 - S A M P L E  S C R E E N  D I S P L A Y

T h e  m a i n  p u r p o s e  of this s i m u l a t o r  was to be an 

i n t e r a c t i v e  t o o l  u s e d  to a s s i s t  in the d e t a i l i n g  of the 

d a t a  p a t h s ,  w r i t i n g  and d e b u g g i n g  of the m i c r o c o d e .  

T h e  r e g i s t e r - t o - r e g i s t e r  t r a n s f e r  a l l o w e d  the d a t a  

p a t h s  to be e x e r c i s e d  w i t h  s e v e r a l  s a m p l e  p r o g r a m s .  

T h e  a c t u a l  m i c r o c o d e  c o n t r o l l e d  the r e g i s t e r  t r a n s f e r  

a n d  d a t a  m a n i p u l a t i o n .  T h e s e  bi t s  w e r e  a s s i g n e d  an d  

d e v e l o p e d  d u r i n g  the w r i t i n g  of the s i m u l a t o r .

A f t e r  the s i m u l a t o r  was f i n i s h e d ,  it wa s  u s e d  to 

t e s t  a n d  d e b u g  m i c r o c o d e  r o u t i n e s .  Th i s  p r o v e d  to be a 

g r e a t  b e n e f i t  s i n c e  the e x e c u t i o n  c o u l d  be v i s u a l i z e d



on the CRT screen. No detailed hardware timing 

considerations other than machine clock cycles were 

taken into account. Each loop through the program is 

one state in the microcode. This would allow 

instruction timing to be accurately defined. Writing 

and debugging of microcode could be done before the 

hardware existed.

The user interface was the most important aspect 

of the simulator. The data paths were graphically 

displayed upon the screen. As variables changed in 

various parts of the system, the changes were displayed. 

The microcoder could actually see what the microcode 

was doing and visually trace the execution of his 

program.

One problem with the simulator was it was slow. 

BASIC is inherently a slow language and therefore the 

program was rewritten in PASCAL. This version ran much 

faster but the I/O was much more difficult and harder 

to modify. Yet both the BASIC and PASCAL versions 

proved to be beneficial to the microcoders. A listing 

of the Pascal version of the emulator is shown in 

Appendix G.



HDL Simulation

The detailed design was initially done in the 

traditional sense of drawing schematics. The several 

pages of schematics were drawn fast and rough to be a 

visual reference during the simulation.

The first step in the simulation was to learn HDL, 

HDL is a Hardware Description Language written for use 

in simulating a chip design. No one had used this 

language to simulate a complete design from the gate 

level to chip level then to board level and finally 

complete system level. Since the project was so 

complex, it was believed that simulation would reduce 

the time it takes to debug the breadboard. The debug 

would be done during simulation before hardware 

existed.

HDL is a block description language. The design 

is divided into many different blocks and each of the 

blocks simulated. The low level blocks were then 

connected by upper level blocks to form a tree 

structure. Each higher level reflected the functioning 

of larger pieces of hardware. For example a latch chip 

could be simulated at the lowest level with gates.



Several latches could be put together at a higher level 

to form a register. Several registers could be 

combined to form a register file. The register file 

could be combined at a higher level with the ALU to 

form the CPU. This type of simulation is very flexible 

since the lowest level is only written once for a latch 

and duplicated whenever a latch is used by a higher 

level. This is similar to subroutines in software 

design.

HDL is also easy to modify. Errors are found by 

tracing the program execution. This is similar to 

tracing hardware signals with a logic analyzer. Once 

an error is found a change is made and the hardware 

resimulated. Once a lower level is fully simulated and 

debugged it can be used over and over with a high level 

of confidence. This is better than with schematics 

which must be redrawn when an error is found.

Before simulation of the processor could begin, 

low level blocks of memory, counters, latches and 

multiplexers were simulated. Another engineer had the 

responsibility of writing these low level blocks and 

debugging them. I took these low level blocks and made 

a macro-library out of them. The macro-library



consisted of registers, a memory file, wide 

multiplexers and large counters.

The macro-library was then used to simulate the 

LRF, ALU and SEQ portions of the design. The LRF used 

several of the macro-blocks and combined them together 

to form this upper level block. This was simulated 

with selected data being input and internal signals 

traced. This would then be compared against the 

expected results. The ALU was also simulated in a 

similar way but the SEQ was handed off to another 

engineer to simulate. This could be done since the 

sequencer was on another board and the interface 

between the boards was well defined. The data path and 

block level design had been done and only the detailing 

of the blocks was left.

The simulation for the LRF can be found in 

Appendix H. The first portion of the block defines all 

input and output signals to that block. Next the 

structure of the sub-blocks is defined. This is done 

by simply defining the block's type then its inputs 

and outputs. All blocks are connected in this way 

until the lowest level is reached.



C o mmu nications

During this project, communication with other 

engineers was very important. There were many key 

portions of the system which were developed through 

close communication of ideas and possible solutions.

The architectural specifications was constantly 

changing while the hardware was being designed. While 

the data path were general purpose, it was still 

critical that all changes be fully understood to insure 

they could be implemented. All changes were to be 

taken into account by modifying the microcode and not 

the hardware. For the most part, additional data paths 

were not needed although some microcode sequences 

became rather long to perform.

The debugging of the system was done with AMPL. 

Other software engineers were to write the procedures 

to accomplish the needed tasks. This again involved 

communications problems since I had to convey how the 

hardware would work to people who did not fully 

understand hardware. Yet with several memos and many 

informal meetings they were able to understand and 

write the procedures which were needed.



Change in Direction

Because of the slow speed of the breadboard, it 

was decided that the development of a slow breadboard 

be halted and a high performance version be built. It 

was deemed that a higher risk should be taken at a 

earlier date so that more could be learned from this 

experimental design.

The project was then redirected from building a 

slow vertical machine to a parallel fast machine. This 

posed many new problems and changed the view of the 

architecture drastically. Many things which were taken 

for granted in the slow machine and being done through 

many cycles must now be done in one. Therefore every 

data path and every microcode state had to be changed. 

This change in direction was very frustrating since 

several months of work was thrown away.

Simulation was the most important thing which was 

learned from the breadboard. This was one area where 

what was learned on the slow machine could be applied 

to the fast processor. A bottom up approach was used 

on the breadboard in writing the blocks and hooking 

them together. A top down method could have also been



used and in retrospect would have been the best way to 
go. The fast machine would be much more difficult to 

simulate and therefore the top down approach would be 

more important to use.

With this decision, all work on the slow 

breadboard was stopped and the new direction towards a 

faster, improved model was begun.



FAST PROCESSOR

Objectives

Performance is the sole objective of the fast

Instructions Per Second (MIPS) is not a good measure of 

performance, the speed goal of the machine was 2 MIPS.

The slow breadboard was at the low-speed/low-cost 

end of the speed/cost curve (A). This machine is high 

performance and therefore a high cost implementation. 

This puts the second processor at the other end of the 

curve previously discussed (B).

version of the processor. While Millions of

*

2 B

SPEED
(MIPS)

*

05 A
*

+
COST (HARDWARE COMPLEXITY)

FIGURE 24 - HARDWARE SPEED-COST CURVE

The first problem facing the hardware designer is 

to sort out the software architecture. This results in 

defining what will require extensive hardware versus



what remains in software. A good understanding of this 

was gained from the first breadboard. Architectural 

implications of caching and pipelining also must be 

studied. Successful cache placement is very important 

yet architecturally dependent. Pipelining requires an 

understanding of data flows and how that flow could be 

layered in this architecture.

Data paths for the fast processor will be broken 

down into several areas. First, existing methods of 

speeding a processor will be discussed including 

caching and pipelining. Next, specific hardware 

developed to speed this processor will be described. 

This will include a decoder for the operand specifiers 

and a method of speeding the jump and call 

ins truetions.

Conventional Caching Methods

One method commonly used to speed execution is 

through the use of caches. In this report, caches are 

defined as any fast memory added to the system to 

improve performance. There are several types of caches 

and many methods and positions for the caches to be



placed.

The workspace is an area of memory which contains 

the most frequently used variables. This would be 

similar to the 990 workspace and is used like a 

register file. A workspace cache can be used to store 
the data in the processor such that access to this area 

do not actually go to memory. This cache is bulk 

stored and loaded whenever a context switch occurs.

+ ————————————+

I I  I I
| PROCESSOR | I MEMORY |I +-----------------+ |
+ ----------------+ + -------------- +
| WS CACHE | |MEMORY IMAGE|

FIGURE 25 - WORKSPACE CACHE

Another type of cache is a Content Addressable 

Memory (CAM). This cache stores both data and the full 

address of that data. An address is presented to the 

cache and it is compared in parallel with every address 

in the cache. If the compare is true, a cache "hit" 

occurs and the data corresponding with that address is 

presented on the output. A large amount of dedicated 

hardware can make this cache very fast.



A CAM is used frequently to speed address 

translation. This is important in various memory 

mapping schemes where an address is mapped from one 

address space to another. Most mapping schemes require 

the logical address output by the processor to be 

translated into a virtual or physical address. This 

addres.s would be the input to the cache. If the 

address had been previously mapped and stored in the 

CAM, data read out of the cache would be the translated 

address. While being very fast, this cache is also 

very expensive and usually only has four to eight 

entries.

+ ----- + ------+
I I
| DATA +•
I I

ADDRESS >------+-+-+-+-+-+-+
|C|C|C|C|C|C|
I 0 | 0 | 0 | 0 | 0 | 0 |
IM|M|M|M|M|M|
I P | P | P | P | P | P+- 
| A| A | A | A| A| A| 
|R|R|R|R|R|R| 
|E|E|E|E|E|E| 
+ ----- +------+

> DATA

> HIT/MISS



Another type of cache is the Associative Cache 

which stores both data and the group associative 

address of that data. When a memory address is 

presented to the cache, data and address are read from 

the cache. After the read, the address stored in the 

cache is compared to the associative portion of the 

memory address presented to the cache which determines 

if the cache contains valid data. This is slower than 

a CAM since the compare occurs serially after the data 

is read but can results in a less expensive and larger 

cache. This cache is typically between 2k and 16k in 

length.

+ ---------- +
I I
| DATA + --------------- > DATA
I I 

ADDRESS >— + — + ---------- + +-------- +
I I  I I  I
I | ADDRESS + — +C0MPARE+— > HIT/MISS
I I  I I  I| +---------- + +--- + --- +
I I+ -------------------- — +



Caching Evolution

Data cache placement is very important to system 

performance and must be studied carefully. Appendix J 

shows various cache placements and the resultant speed 

of the processor. These are estimates based upon the 

number of memory accesses and the percentage of those 

accesses which hit the cache. From this study, it was 

determined that the processor should contain several 

types of data caches at various locations.

The workspace is an architectural feature which is 

preferred by software designers. The workspace is an 

area of memory used simular to a register file. When a 

subroutine call is made, the workspace pointer is 

changed. This results in the processor writing the 

current contents of the cache cache into memory and 

loading data from the new workspace.

I I I
| MEMORY | MEMORY |
I I I 
I I I
+ MAPPING| ARRAY |
I I I

| PROCESSOR |
| WS CACHE |

I I
| ALU +
I I
-f._ _ _ _ _ _ _ _ _ _



Another general data cache is needed for 

frequently accessed data not found in the workspace. 

This is an associative type cache which is demand 

loaded with "write through". Demand loading occurs on 

memory reads when a cache does not contain the correct 

data. This is referred to as a cache miss and when 

this happens a full memory cycle is started. When 

valid data is retrieved from the memory system, the 

data along with the proper address would be written 

back into the cache. A "write through" occurs when 

every cache write also results in a memory write. This 

causes the memory to always contain the current data 

thereby avoiding the need to ever "flush" the cache 

into memory.

| PROCESSOR |
I WS CACHE |
+ ------------- +
I I

+

ALU
I
+■

+■
I
■+

+ -------- +
| DATA | 
•+ +■ 
| CACHE | 
+ -------- +

1
MEMORY | 

1
MEMORY |

1
MAPPING!t ARRAY |

1



An instruction cache is in parallel with the data 

cache and is very similar. In fact, the same cache 

subsystem could be duplicated for both. This cache is 

also demand loaded but never written into. Since the 

data cache and instruction cache are in parallel, both 

accesses can occur in parallel. This allows for a 

higher memory bandwidth. The back side of the data and 

instruction caches are interfaced to the memory system 

and must arbitrate for the memory accesses.

|INSTRUCTION! | INST |
| PREFETCH + ---- + + ---- +
+ ------------- + | CACHE | | + --------- + ----------+
| PROCESSOR | +--------■+ | |
| WS CACHE | +---- + MEMORY
+ ------------- + +-------- + |
I I I DATA | |
| ALU +---- + + ---------- + MAPPING
| | | CACHE | |
+ ------------- + +-------- + +--------- + ----------+

FIGURE 30 - CACHE EVOLUTION III

When a write occurs to the memory system, it is 

immediately written into the data cache and presented 

to the memory mapping. The write buffer will queue the 

write request and the memory mapper will write the data 

when it is not busy. This allows the processor to 

continue to execute from the data cache while the 

memory system is completing the write.

MEMORY

ARRAY



MEMORY

|INSTRUCTION! | INST |
! PREFETCH + -------+ CACHE + — +

| PROCESSOR | +-------- + | |
| WS CACHE | | DATA | | | MEMORY
+ ------------- + + — + CACHE + — + |
I | | + -------- + | |
| ALU +--- + — + WRITE + — + ---- + MAPPING
| | | BUFFER! |
+ ------------- + + -------- + + ---------- + --------- +

FIGURE 31 - FINAL CACHE CONFIGURATION

ARRAY

There are two address translation in the system. 

A logical-to-virtual and virtual-to-physical. Address 

caches are mandatory in this system. The logical-to- 

virtual translation occurs in the processor while the 

virtual-to-physical occurs in the memory mapper.

The address register file is a defined set of base 

addresses which must be used when addressing memory. 

When a base address register is loaded into the 

processor, the address is resolved from a logical 

address to a virtual address and this virtual address 

is cached in the address register file. When a base 

register is specified, the previously translated 

virtual address is then used in address development.



The virtual-to-physical translation occurs in the 

memory mapping portion of the system. This address 

translation utilizes a CAM to improve speed.

+ ------------+ + -------- + +--------- + +---------
| INSTRUCT | |  | |  | |
| PREFETCH + — + +---- + MEMORY | |
+ ------------+ | DATA | | +--- + | MEMORY
| LOGICAL/ | | +--— + |CAM+— +
| VIRTUAL | |  | |  +--- + |
+ ------------+ [CACHES + ---- + MAP | | ARRAY
| ALU + ~  + | |  | |
+ —— — — + -------- ■■+• H-----------I* — — — — ———

FIGURE 32 - ADDRESS TRANSLATION

Pipelining Evolution

Pipelining is another widely used method of

speeding the execution of a machine. Pipelining is a

method of paralleling various portions of the

instructon cycle such as the fetch, decode and 

execution phases.

Several studies were made of data flowing through 

the pipeline. Appendix K shows an example of one 

study. An instruction is traced through the pipeline 

and the diagram keeps track of how the data flows. The



pipeline needs to be balanced such that each level 

stays equally busy. This diagram can show holes in the 

pipeline when one level waits on another. This is a 

useful tool in developing the appropriate division in 

the pipeline and the hardware to put into each level.

The processor is pipelined in several layers. The 

first is the instruction prefetch. The second is the 

operand specifier decoding. The third level fetchs 

data from internal registers and develops the 

addresses. The fourth level contained the ALU which 

does data fetches and manipulation. The last portion 

of the pipeline was a memory write buffer.

The instruction prefetch is the first level of the 

pipeline. It looks ahead of the current program 

counter and retrieves the addition words of code from 

the instruction cache. This is fed into a FIFO which 

buffers several code words and performs code alignment 

and extraction.

The speed of the instruction execution is

dependent upon the bandwidth to memory. With small

data paths, the instruction fetches occur more often

than data fetches. As the paths get wider more and



more of the instruction stream is fetched on each 

memory access. This will improve performance of data 

manipulation by speeding the handling of larger data 

types with a major benefit coming from not making as 

many instruction fetches. This is very important 

especially when instruction prefetch is heavily used.

The next level of the pipeline is the operand 

specifier DECODER. Instructions are aligned on byte 

boundaries and can be many bytes in length. This 

section takes these instructions and decodes their 

operand specifiers. The DECODER extracts the base 

register designator, workspace register designator, 

displacement and/or an immediate value then passes the 

pointers and data to the next level of the pipeline.

I INSTRUCTION!
I PREFETCH +

I INSTRUCTION!
I DECODER |

I PROCESSOR |
I CACHES |

I ALU + 
I I + ------------- +

+ —

+-------- +
| INST !

—+ + —— h 
! CACHE | |
+ -------- + |
| DATA | |

-+ +— +
| CACHE | |
+-------- + I I
! WRITE | | |

-+ + — + ---- + MAPPING
| BUFFER! |
H—  —  — — — —+

MEMORY MEMORY

ARRAY



The register fetch and address development is the 

next level of the pipeline. At this level the base 

address, limits, and access privileges are read from 

the internal address register file and the index is 

read from the workspace cache. The base in then added 

to the index and displacement and compared to the 

bound. The results of this stage are then passed to 

the ALU.

The ALU does all memory fetches, data manipulation 

and writes into memory. After all address, register or 

immediate data has been developed, this leaves a 

relatively small amount of work for the ALU. The ALU 

can do a memory fetch during every cycle. There is no 

delay when the cache is "hit" or contains the correct 

data. If there is a cache "miss" a longer memory cycle 

is started. Once the ALU has all the data needed for 

the operation, it proceeds with the calculation.

Performance Improvements

One factor which is of key importance to software 

implementers is the speed and functionality of the CALL



instruction. In high level languages, the CALL 

instruction occurs frequently. Yet most architectures 

do not have any assemble language instructions which 

resembles the high level language CALL. In order to 

accomplish a CALL, many assemble language instructions 

must be executed to branch to the routine, pass 

parameters and save the current context. In this 

machine one single instruction does all of this. It 

saves the current context, loads the new context, gives 

the branch address and sets up parameters to be passed.

Fast execution of the CALL instruction requires 

special purpose hardware. The context changes when a 

CALL instruction is executed. This means the old 

context must be stored into memory and a new context 

read into the processor. Addresses must be developed 

from this old context and data fetched. One method of 

speeding the Call is to cache the last context in the 

processor. This is done by simply saving a copy of the 

old context within the processor so that the last 

context is not fetched from memory on a return.

In Figure 34 the internal processor cache #1 could 

contain the old context. The #2 bank contains the 

current task. When a return is executed, the old



context is is still in the processor and a switch is 

simply made from bank #2 to bank #1. This also 

improves speed when task #2 wants to get a parameter 

from the old context. All registers are still in the 

processor and it is simple to calculate the passed 

operand specifiers address from the old context.

| INSTRUCTION*--------------- +
| PREFETCH | I

|INSTRUCTION! | INST | | |
|DECODER #2 | | CACHE|MEMORY|MEMORY|

+ ------------- + ------------- + +-------+ | |
| PROCESSOR | PROCESSOR | | DATA | | |
| CACHES #1 | CACHES # 2 | I CACHE | MAP | ARRAY |

| | | |  WRITE|
| ALU + --------------- + --- +BUFFER |
+ ------------- + +------- +

FIGURE 34 - PIPELINE IMPROVEMENTS/CALLS

There are problems which arise from this 

structure. If more that one call is made, the first 

Call's context must be destroyed. This results in only 

the last context being saved. It is believed that most 

programs execute CALLs and RETURNS in groups which are 

only one level deep. If this proved false, several 

levels of context caching could be added to speed the 

CALL.



Another speed problem arises from JUMP 
instructions. Since the machine is pipelined, a JUMP 

instruction causes the pipeline to be flushed and the 

new instruction stream fetched from the branch address. 

One way to speed this is to have a' dual prefetch and 

decode system such that both branches of the JUMP 

instruction are prefetched and decoded ahead of time. 

This way both directions of the branch execute at the 

same speed assuming that the prefetch can keep the 

queues full.

This same method can be used to speed the CALL. 

If the old prefetched instruction stream were kept in 

the processor, the old context would be preserved along 

with the old instruction stream, and no penalty would 

be paid upon a return. This requires three parallel 

paths within the machine from instruction prefetch 

through decoding and register prefetching. Instruction 

decoder #2 and #3 would now hold the current context. 

#3 would contain the instruction stream if a jump were 

taken while #2 would have the currently executing 

instruction stream.



|INSTRUCTION + --------
| PREFETCH |

| INST | INST | INST |
|DECODE#1|DECOD#2 |DECOD#3|

| PROCESSOR | PROCESSOR |
| CACHES #1 | CACHES #2 |

I I
| ALU + --------
-j-_ _ _ _ _ _ _ _ _ _ _  __f.

--------------H
I

I INST | | |
| CACHE|MEMORY|MEMORY|
+------ + | |
| DATA | | |
| CACHE| MAP | ARRAY|
+ ------+ — + ------------- + ------------- +

| | WRITE|
-------+ — +BUFFER |

+-------+

FIGURE 35 - PIPELINE IMPROVEMENTS/JUMPS

The CALL, Jump and current context portions of the 

pipeline are all dynamic. The assignment depends upon 

where the processor is currently executing and which 

bank is an available prefetch queue.

Detailed Design

The operand specifier decoder was the first part 

of the machine to be detailed. This includes the FIFO 

buffer and the operand specifier DECODER. It is 

assumed that an instruction prefetch feeds code into 

this portion of the processor and the output is the 

base register addresses, cache register addresses,



displacements and literals.

FIFO Buffer

The first part of the detailed design consisted of

a FIFO buffer. This buffer is a queue for the

prefetched instructions and a code stream aligner for

the decoder. The aligner extracts any eight sequential 
bytes from the FIFO. The select input determines which 
byte is the first position on the output.

Up to seven bytes of the code stream are needed 

for decoding the operand specifier. Therefore is was 

decided that each level of the FIFO would be eight 

bytes wide. The number of levels or depth of the FIFO 

depends upon how far ahead of the current program 

counter the FIFO needs to buffer the code stream. Two 

levels, each eight bytes wide, are mandatory to be able 

to properly utilize the FIFO. Four levels were 

selected as the number of total levels in the FIFO.



INSTRUCTION PREFETCH INPUTS

H------- I-------I------- I-------I— —I— —1-------1-------1-------1-------1------- I-------I-------I-------I-------h— 4*--------- —h
I I I I I I I I I F |
+ ------+ ------+ ------+ ------+ ------+ ------+ ------+ ------+ I |
I I I I I I I I I F | 

I I I I I I I I I I
H------- I-- ---- I— ----- I-------I------- I-------1------- I-- — — — H C |
I I I I I I I I I 0 |
H— — I— —+ ——+ —— I— —H--- I--- (■—— I--- I--- 1— — I--- I--- I--- I-- H--- h N |

I I I I I I I | | T |
INTERMEDIATE OUTPUTS | R |

I I I I I I I I I 0 |
+ ------+ ------+ ------+ ------+ ------+ ------+ ------+ ------+ L |
| BYTE ROTATER | S |

— — h-—+ --H--- I— —+ ——+ ——H— — I--- h--H--- I--- h-- —

DATA OUTPUTS

FIGURE 36 - FIFO

The FIFO is constructed from byte-wide register 

latches, eight per row with four rows. The outputs of 

the four rows are tied together and the controller 

determines which output is enabled. Following this 

intermediate output is a byte rotater.

The FIFO read is a two step process. First, the 

byte pointed to by the select input and the next eight 

consecutive bytes of code stream are enabled, one per 

column. Secondly, these eight intermediate bytes are



rotated until they were properly aligned.

The FIFO controller has an internal counter which 

keeps track of the next write location. From the next 

write location and the select input, the controller can 

determine when a level in the FIFO becomes empty. When 

this happens, a handshaking signal with the instruction 

prefetch is toggled to begin the next code word 

prefetch.

The amount of code stream prefetched depends upon

the bandwidth between the processor and the memory.

For a 64-bit data path, one of four writes would be

possible. For narrower data paths, the inputs would be

arranged differently and the controller would cause a

different combination of registers to be loaded. An

output control signal tells the following portions of

the pipeline whether the FIFO has valid data or whether

it must wait until the prefetch catches up with valid 
data.



Operand Specifier Decoder

The second level of the pipeline is the DECODER, 

This part of the pipeline decodes the operand 

specifiers into a form that the processor could easily 

understand. The rotated and aligned output from the 

FIFO feeds several PLAs and ROMS, These decode the 

necessary information from the operand specifier such 

as displacement, literal value, type, length and a 

pointer to the base address register and workspace 

cache. These outputs are then fed to the address 

developer.

FROM FIFO
+ -----------+
I I I I I I I I

+-----+-----+ +— +— +— +— +— +— +— +— +— +— +— + — +— +— +
I OP CODE| I I I I I I | |
+ -------- + +— + — + — + — + — + — + — + — + — + — + — + — + — + — +
I I I I I I I I I 
| DECODER | + —— I----- -— I----- — I------- I-------I-- —---1-- —---f--- f-
I I I  I
|CONTROL+— + PLA AND ROM DECODERS |
+ -------- + | j

|OPCOD|TYPE | LEN |BASE |INDEX| WS | DISP |
+— +— +— +— +— +— +— +— +— +— +— +— +---------+--------- +

I I I I I I I 
TO ADDRESS DEVELOPER



The first byte in an instruction is always the 

opcode. The number of operand specifiers is decoded 

from the opcode and passed along to the ALU. The 

decoder expands the following operand specifiers into a 

form needed by the address developer.

There are several fields the decoder must 

recognize and decode. First, the length of the operand 

specifier is decoded into a three bit field. Second, 

the base register field is decoded to determine the 

base address register used in the address development. 

This is encoded in a four-bit field. The next field is 

the workspace cache pointer. If the access is to a 

workspace data location, this four-bit field will point 

to that register. The last field is the displacement 

field. This is the offset from the base register to be 

added to that base. This field can also contain 

immediate data to be used by the ALU.

The DECODER controller is a small microcoded 

engine which has all possible combinations of operand 

specifiers stored in its control store. This 

controller counts operand specifiers and provides 

additional information about which operand specifiers 

are valid for the particular instruction. The operand



specifier for each instruction must be type checked to 

insure their validity.

Many PLA and ROM decoders are used to decode the 

operand specifiers. The operand specifier may consists 

of several bytes of information. Each byte may depend 

upon the previous byte to determine what its function 

will be. Therefore several widths of decoders are 

needed for one operand specifier.

The first section of the DECODER decodes the

position of various fields within the operand

specifier. The base register, workspace cache pointer,

and displacement all have distinct places that they can

occur in the code stream. The next portion of the

DECODER takes these pointers and decodes the 
information starting at the specified location.

The displacement is always the last thing in the 

operand specifier stream. This displacement could be 

the first, second, third or fourth byte in the operand 

specifier and all four bytes as well as the type must 

be looked at to determine the correct position from 

which to pull the displacement. A displacement decode 

table is shown in Appendix L.



The previous decoder tells where the displacement 

is to start. The first byte of the displacement has 

encoded in it the length. If the first bit is a zero, 

then the displacement is seven bits long. If the first 

two bits are binary 10 then the displacement is 

fourteen bits long. If the first two bits are binary 

11, the the displacement is 30 bits long. Several 

multiplexers are used to select every possible 

combination. A large PLA decodes and selects the 

proper combination. This large amount of circuitry is 

needed to get the displacement decoded in one cycle.

OXXXXXXX X - LITERAL DATA BITS
10XXXXXX XXXXXXXX
11XXXXXX XXXXXXXX XXXXXXXX XXXXXXXX

FIGURE 38 - DISPLACEMENT LENGTH DECODING

The final output of the DEVELOPER section is a set 

of well defined pointers, information fields, and data. 

This includes the type, length, base register, 

workspace cache, and displacement. This information is 

then passed to the address developer.



Address Developer

The third level of the pipeline is the address 

development. This level consists of the workspace 

cache, the address registers and the address cache 

information including the virtual address and the 

limit. The base register and workspace cache pointer 

from the decoder directly access the address register 

file and the workspace cache. The base address., 

workspace cache data (index), and displacement are fed 

into a three input adder to calculate the proper 

operand specifier address.

+ — —+ -- I— — h— —+ ——H--- h — — — + — — — —
|0PC0D|TYPE | LEN |MISC |BASE | WS | DISP
+— +— +— +— +— +— +— +— +— +— +— +— +-------+ -

I I I I I I |
H I— --------h——----- h H—  — I—  J
I I ADD | WS | |
I I REG |CACHE| |
| +— + — + — + — + +-+
I I I I
| +— + — v— +— V — + — +
I \ / 
I \  / 

I I I I I+ — —H-- H--- h-- 1--- I—  -f- + — — —-- I-------H|0PC0D|TYPE | LEN |MISC | | DATA |
H---H--- I— — I—  — — h—— I--- I--- H + ---— — I----- — h

I I I I I
TO ALU

+
I
+



The output of the adder, the fully developed 

operand specifier, is fed to the ALU, If the operand 

specifies the workspace, then the address register and 

the displacement are selected as null and set to zero. 

This would result in the output of the adder being the 

actual workspace data. If the operand specifies a base 

register address then the address is accessed while the 

workspace pointer and displacement would be null and 

again set to zero. This would result in the output of 

the adder being the address register value. If the 

operand specifies an indexed address with a 

displacement then all three are added together to 

provide the proper address.

End of Pipe

The fourth level of the pipeline is the ALU. This 

portion is used to actually execute the instruction. 

If the operand specifier is immediate, workspace cache, 

or address register direct, the data is read and used 

immediately. If the operand specifies an address, then 

the address would be presented to the data cache. If 

the data cache contained the data item, it would be 

returned on that cycle. If the data cache were



"missed" then a full memory cycle would be initiated 

and the results presented back to the ALU. Once the 

ALU has all the necessary data, it performs the 

operation and stored the results into memory.

The ALU is controlled by the microcode. This 

microcode is relatively simple since the address 

development has been done by the pipeline. It controls

the enabling of data onto the various buses, the ALU

functions, shifting and other data manipulat ion an
m o v e m e n t .

FROM DEVELOPER TO REGISTERS
AND CACHES

i
- + i i + I I
- + I I+ii
- + i i + I I
- + I I +

i
-+----- + ------+ 1

|OPCOD|TYPE | LEN |MISC | DATA | 1l+Ii+II+Il+II+Il+ll+II+ +iIiiIlII+iI+i | +--- + T
1 1 1 1 1 1 1 M | 0+IiIlI+lIlll+llIlI+ | +---- llI+Q+111+11

1 1 1 1 1 R 1 M
+ — + — + + — + ----- + — + j +--- + E
1 1 | REGISTER | 1 1 M | M
1 SEQ | I FILE | +---+ A + --- 0
1 1 + l l + l l I I I + l I + 1 1 R 1 R
+ ------+ 1 1 I +--- + Y
1 1 1 1 1 +II+II>Il+ll+ 1
UCODE \ / 1

\ / 1
+ — + — + I 1■1+ ---------------

1



The fifth and last level of the pipeline is the 

memory buffer. This portion of the design would not 

occur in the processor but in the memory controller. 

When data is written into memory, it is stored both in 

the data cache and the memory buffer. This pseudo­

level of the pipeline is necessary to write data into 

the main memory without slowing the processor down. 

The buffer allows the write-through to occur fast with 

the processor not having to wait for a full memory 

cycle to be completed.

The overall machine has three data paths from the 

processor to main memory. One is from the instruction 

cache to memory. A second is from the data cache to 

memory. The last is from the memory buffer to memory. 

There are priorities associate with these data paths. 

The data cache access is the most important and has the 

highest priority. The instruction cache is the next 

most important and lastly the memory write buffer. 

When the memory buffer is full it immediately becomes 

the highest priority and must be serviced before 

anything else is written into memory.



+ ------------- + + -------- +
|INSTRUCTION| | INST |
| PREFETCH +------+ +— +
+----------- + | CACHE | |
|INSTRUCTION! +------- + |
I DECODER | | DATA | | +------- -+-------- +
H------- ■------ h H---- H + ——+ | | |
| PROCESSOR | | | CACHE | | | MEMORY | MEMORY |
| CACHES | | +-------+ | |  | |
+----------- + | | WRITE I I I  | |
| ALU +— +---+ +— +----+ MAPPING | ARRAY |
| | | BUFFER| | | |

— — — — — — — —  — h H----- —----f* H—  — — — — — —

FIGURE 41 - MEMORY DATA PATHS

Some possible modification to the pipeline could 

result in a reduced cost. One question is, "how busy 

will the main memory be ?". If the memory is not kept 

busy, an instruction cache may not be necessary. A 

wide path from main memory to the instruction prefetch 

may be all that is necessary. Another way to reduce 

cost is to eliminate all but one of the FIFOs. The 

three FIFOs can be viewed as performance improvements 

while only one is necessary.
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A rough idea of the details of the design were now 

understood. Figure 42 shows a detailed processor block 

diagram. To proceed with the detailed design would 

conventionally consisted of drawing schematics. 

However since HDL had been used on the previous project 

and seem to be a very beneficial tool, it was decided 

that the design was to be detailed by simulation. This 

was viewed as the best approach especially considering 

the magnitude and complexity of the project. The 

simulation started with the least understood part of 

the design which was the FIFO and DECODER.

Simulation

The simulation was done in a top down manner 

rather than a bottom up. With this complicated 

processor, the design would be very complex. The top 

down approach allows each level of the pipeline to be 

simulated at a high level using functional 

descriptions. The functional description describes, in 

software, how the hardware will work. Once this top 

level of the design is completed, each block will be 

broken down into lower level and those levels 

s imulat e d .



The first level to be simulated was the FIFO. The 

FIFO consists of four levels of eight byte wide 

registers. The output from the FIFO is eight bytes of 

contiguous data which includes all information needed 

for developing an operand specifier. Writing the 

functional simulation consisted of defining several 

variables which represent the signals and registers. 

Input and output variables are defined in a similar 

manner to reflect the actual hardware signals into and 

out of that block.

The hardest part of the simulation was to reflect 

in the functional description how the hardware should 

actually function. It is relatively simple to simulate 

a function in software. The difficult task is to write 

the software such that the simulation represents 

closely the hardware. This high level description will 

be expanded into lower levels until it is detailed 

enough to convert into hardware. Care must be taken to 

define the blocks and signals properly or else the top- 

down design could result in a functionally described 

parts that cannot be implemented.

The top down approach allowed a very high level 

description of the FIFO to be written with loops, IF



and CASE statements. The FIFO was described as an 

array of 32 bytes. To read eight consecutive bytes 

would require looping from one to eight equating the 

output buffer variables with the bytes in the FIFO. 

The output was then scheduled to occur after some time 

delay. HDL is similar to PASCAL in organization and 

syntax. Appendix M shows the HDL program which 

accomplishes the FIFO function.

The next step in the simulation is to break this 

high level description down into smaller blocks. This 

would consist of registers, decoders, and multiplexers. 

The intermediate level would again be simulated using a 

functional description. For an edge-triggered latch 

the routine would test for the proper clock edge and 

equate the input data with the latched data. Then the 

output would be scheduled to be equal to the input 

after some delay through the device.

The last step of the design is to break the 

functions down into the lowest possible level. This 

could be TTL packages or STL inverters for gate arrays. 

However, for now the top level of simulation is the 

only level being written.



The second level of the pipeline to be simulated 

was the DECODER. This was simulated with several case 

statements and functionally ANDing and ORing inputs to 

produce outputs. The HDL language then allows 

scheduling of the outputs from a block so that the 

actual timing of the hardware can be simulated. Again 

the top-level design must reflect the future 

implementation and the timings should be as close as 

possible to the functionality of the actual part.

The DECODER is simulated in several blocks. The 

first block is the state machine controller. This 

decodes the opcode to determine the number and type of 

operand specifiers which follow. It then controls the 

decoding circuitry to point at the proper byte in the 

code stream. This is designed to decode one operand 

specifier in every machine cycle. It has control 

outputs to other blocks of the DECODER as well as to 

the FIFO.

Project Termination

With the second block of the design finished and 

begining to interconnect the FIFO and the DECODER 

together, the internship came to an end. The time 

period allocated for completion of the internship had



expired•

There was a extremely large amount of work left to 

be done. Yet most of the concepts of building a high- 

level machine had been investigated and most of the 

complex engineering design had been done. What was 

left was the "nitty gritty" work of detailing the 

machine and simulating it to insure its functionality.



SUMMARY

The internship experience was a very excellent 

learning opportunity. The experimental nature of this 

machine has allowed me to learn about some advanced 

methods of designing computer systems. All of the 

objectives that were possible to meet were met while 

others were changed due to existing circumstances of 

ongoing research.

During the project, a slow processor was designed 

which is believed to have met the goals of being easily 

microcoded, testable and maintainable. The data paths 

were designed, detailed and partially simulated. 

Through the simulation it was shown that part of the 

system would theoretically work. Yet the whole design 

was not completely simulated and the processor was not 

implemented. This resulted in not being able to get 

the hardware running or being able to fully microcode 

the machine. Instead a fast version of the same 

processor was designed.

The fast processor required many different areas 

to be investigated. A lot was learned about caching, 

pipelining, and instruction stream decoding. The data



paths of the fast machine were developed and some of 

the detailed design was finished with parts of the 

machine being simulated. The project did not go far 

enough to determine if the processor would actually met 

the speed goal but from rough estimations of execution 

speed those goals would have been surpassed.

While all of the goals were not met, the two 

designs lead to a broader design experience. In the 

first design the goals were different from the second.

The first design resulted in understanding the 

problems with debugging testing a machine. Many 

features were designed into the machine to ensure these 

goals were met. Special data paths and additional 

hardware were used in conjunction with external test 

equipment to simplify the overall checkout. While 

designing the slow machine, a necessary understanding 

of the architecture was gained which was needed before 

starting to design the fast version of the machine.

The fast machine provided a opportunity to learn 

investigate the operation of fast computers. Many high 

performance techniques were used to speed the 

processor. Several different methods of implementing



caches, pipelining the processor, modifying memory 

bandwidths, decoding instructions operation codes and 

operand specifiers were investigated and designed into 

the high performance machine.

It is believed that more was learned by doing the 

two designs than if only one would have be finished. 

Most of the engineering research had been done on both 

projects. What remained was taking the design from the 

detailed stage to a final implementation. While this 

is very important, the learning opportunity afforded by 

doing two designs is believed to outweigh what would 

have been learned otherwise.

Describing the system in HDL proved to be a good 

method of designing the system and has many benefits 

over drawing schematics. There was confidence the 

design was correct in addition to the ease in changing 

and debugging the design before the hardware ever 

existed. This ability to assure the accuracy of the 

design through simulation and the ease of changing an 

error since it was written in software seemed to 

compensate for any delay due to learning to use this 

new system.



There are several other areas which I would liked 

to have had the opportunity to investigate. Marketing 

is very important in any project. This project had 

opportunities to get exposure with the marketing 

department, yet no such opportunity was afforded me. 

The same is true of other management areas I am 

interested in, but was never given the opportunity to 

get into.

In conclusion, the internship experience was very 

positive and beneficial. Many things were learned 

about engineering within TI and about how TI's 

management operated. It is disappointing that the 

projects did not result in hardware being built. Yet a 

lot of experience was gained in computer engineering 

and a understanding of how management works was gained. 

This will help a great deal in future work situations.
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APPENDICES



APPENDIX A 

THE INTERNSHIP OBJECTIVES



Introduction

A list of objectives is being submitted to the 

Doctor of Engineering committee members for approval in 

partial fulfillment of the degree requirements. It 

will define the scope and goals of the project and some 

of the problems related to them. The specific 

objectives will then be defined.

The Internship is with Texas Instruments, in the 

Digital Systems Group (DSG) located in Austin, Texas. 

The intern position is as a Digital Design Engineer. 

The job description includes the design, debug and 

checkout of a digital system. This will require the 

studying of many problems, making the proper tradeoffs, 

and implementing a design.

Project Definition

The basic project is to design a experimental 

processor. This processor is to be a very general 

purpose machine with several basic properties. First,



it is to be a microcode driven machine with writable 

control store. The machine must be easily and quickly 

microcoded and then be easily debugged. The microcode 

is the lowest level of programming a processor. 

Another key factor behind the design is the testability 

and maintainability of the processor. The system must 

be highly testable for the initial checkout. After the 

processor is running, it must be maintainable and 

diagnosable. This is necessary to check that all parts 

are working correctly with high reliability.

Project Objectives

The first objective is to design a machine that is 

easily microcoded. The general philosophy behind this 

is to do as much as possible in software. All of the 

microcoding is to be done from a remote terminal to the 

system. This means that a host computer will be used 

with an umbilical cord into the processor. This 

umbilical cord will have full control over the machine. 

After the initial checkout, all testing should be done 

from the host computer with a minimal hardware probing 

needed. There should be no hardware manipulation 

needed to load, debug and modify the microcode*



The second objective is testability. microcode 

diagnostics are important to allow a major part of the 

testing to be done in software. This will require a 

minimal of hardware probing to locate a problem. This 

test philosophy requires a minimal amount of technician 

support and a maximum amount of self test and self 

diagnosis. The driving philosophy is for the 

diagnostics to isolate the problem down to the smallest 

replaceable part. A f.ully testable machine is very 

expensive and the cost-benefits must be weighed to 

determine what level of testability is to be 

implemented.

There are several smaller, short term design 

objectives which will be accomplished. These

objectives will lead to the the implementation of the 

project objectives. The following could be viewed as a 

step by step method of accomplishing the project 

objective.

Design Objectives

There are several milestones which must be reached

on the way to a complete, working processor. First the

problem must be fully understood. This is necessary



before the objectives can be properly defined. This 

has been the major task of the last months work. With 

the problem well understood, a set of specific 

objectives can be formulated.

The first design objective is to develop the data 

paths for the processor. This means that all paths for 

the flow of data through the processor must be 

determined and checked out such that any data 

manipulation needed can be done. Since this is to be a 

general purpose microcoded machine, those data paths 

cannot be special purpose but rather very general to 

handle a wide variety of applications. This is the 

first step in the processor design.

The second design objective is the detailed 

digital design. This part will take the data paths and 

put them onto paper in the form of an actual hardware 

design. This will require the selecting of appropriate 

parts, studying the timings and interconnecting the 

parts appropriately. The output of this phase will be 

a data base which will define how the system is 

interconnected.



The third design objective is to simulate the 

design. The simulation will show the detailed timing 

and confirm the design before it is committed to 

hardware. This will result in working hardware with 

few or no iteration since the major checkout is done in 

the simulation.

The fourth design objective is to get the hardware 

running. This will require initial power-up and debug 

of the system. This will utilize the appropriate 

equipment- scopes, data analyzers, etc. A major 

portion of the debug is to be done with a host 

computer. This host computer will be able to read all 

busses and trace various signal within the processor.

The last objective is to begin the microcode of 

the machine. It is an objective to verify that the 

execution of any microcode state caused the expected 

results. This is intended to support the actual 

microcoding of the machine and insure that the hardware 

is functioning properly.



Summary

The objectives of the Doctor of Engineering 

Internship of Kerry C. Glover with Texas Instruments 

have been presented. The major overall objective is 

the design of a experimental processor. This includes 

the development of a system which is inherently 

testable, easily microcoded and supported. The design 

objectives are to specify the data paths, do the 

detailed digital design, simulate that design, debug 

the hardware and support the initial microcode effort.



APPENDIX B 

DEFINITION OF MICROCODE



M I C R O C O D E  D E F I N I T I O N

The f o l l o w i n g  is a d e f i n i t i o n  and s u m m a r y  of the m i c r o c o d e

1. A r i t h m e t i c  and L o g i c  U n i t  (ALU)
2. C O N s t a n t  f i e l d  l o w  or h i g h ( C O N )
3. S H i F t  c o n t r o l  (SHF)
4. C o n d i t i o n  Code and C a r r y  (CCC)
5. M E M o r y  f i e l d  (MEM)
6. M e m o r y  M A P  r e q u e s t  f i e l d  (MAP)
7. S E Q u e n c e r  f i e l d  (SEQ)

S U M M A R Y

A L L

332 2 2 22 2
109 8 7 65 4
X X X X X XX X
L F D LC C IPC E C W B P T

A L U
22 1 1 1 1 1111 1100 0 0 0 0 00 0 0
10 9 8 7 6 5432 1098 7 6 5 4 3 2 1 0
X X X X X X X X X X X X X X X X X X X X X X

SCY X X X AI N A I X L / A AL U B R E G A R E G X R E G

C O N
2 2 11 11 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0
1 0 98 76 5 4 3 2 1 0 9 8 7 6 5 4 3 2 1 0
X X XX XX X X X X X X X X X X X X X X X X

L C H L C L SCH SCL C O N S T A N T

S H F

0 0 000 0 0 0 0
8 7 654 3 2 1 0
X X X X X X X X X

SE SLR S A L U SSC

CC C



1 1 1 1 1 0 0 0 0 0
4 3 2 1 0 9 8 7 6 5
X X X X X X X X X X

E C T SRS CEU CE M OE Y

0 0 0 0 0
4 3 2 1 0
X X X X X
SCC

M E M
2 22 1 111 1 111 1100
2 10 9 87 6 5 432 1098
X XX X X X X X X X X X X X X

W M F SC M I X LCT I/D ECT R M D

00000000
7 6 5 4 3 2 1 0
X X X X X X X X

A M F

M A P
1 1 1 1 1 1 1 1 0 0 0 0 0 0 00 0
7 6 5 4 3 2 1 0 9 8 7 6 5 4 32 1
X X X X X X X X X X X X X X XX X

E S E X STM WLI B S E X

S E Q
2 2 2 2 1 1 1 1
3 2 1 0 9 8 7 6
X X X X X X X X

D L C 1 D L C O OCB BCC SI SO FE PUP

1111110000000000

5 4 3 2 1 0 9 8 7 6 5 4 3 2 1 0
X X X X X X X X X X X X X X X X

S A D D



A L L

33 2 2 2 22 2
109 8 7 65 4
X X X X X XX X
L F D L C C  IPC E C W  B P T

L F D L O A D F I E L D
001 L C O N L O A D  CON U C O D E  R E G  L O W  OR H
01 0 L S H F L O A D  S H I F T / C O N T R O L
Oil LC C  C L O A D  C O N D  CO D E  AND C A R R Y
100 L A L U L O A D  A L U  U C O D E  RE G
101 L M E M L O A D  M E M  U C O D E  R E G
110 L M A P L O A D  MA P  U C O D E  R E G
11 1 L S E Q L O A D  SEQ U C O D E  RE G

L C C L O A D C O N D I T I O N  CO D E  R E G I S T E R
IPC I N C R E M E N T  P R O G R A M  C O U N T E R

E C W E N A B L E  C O N S T A N T  OR WCS

00 E O O E N A B L E  00 B I T S  OF C O N S T A N T
01 E08 E N A B L E  08 B I T S  OF C O N S T A N T
10 El 6 E N A B L E  16 B I T S  OF C O N S T A N T
11 E24 E N A B L E  24 BI T S  OF C O N S T A N T

B P T B R E A K P O I N T

AL U

22 1 1 1 1 1111 1100 0 0 0 0  0000
10 9 8 7 6 5432 1098 7 6 5 4  3 2 1 0

X X X X X X X X X X  X X X X  X X X X  X X X X
S C Y X X X  A I N A I X  L / A  A L U  B R E G  A R E G  X R E G

SCY S E L E C T  C A R R Y  I N P U T  (112 A N D  111 ON
A I N A  I N P U T  IS I N T E R N A L  R E G I S T E R  F I L E
A I X A L U W R I T E  I N T E R N A L  OR E X T E R N A L
L / A L O G I C A L  O R  A R I T H M E T I C  F U N C T I O N
I A L U A L U I N S T R U C T I O N
B R E G B R E G I S T E R  F I L E  A D D R E S S
A R E G A R E G I S T E R  F I L E  A D D R E S S
X R E G X R E G I S T E R  F I L E  A D D R E S S



A L U  D E S T I N A T I O N

R E G # A I X =  0 A I X =  1
x x x x B R E G = X X X X X R E G = X X X X

0 0 0 0 B R E G  0 L B U G L O A D D E B U G
0 001 B R E G  1 L T I M L O A D T I M E
0 0 1 0 B R E G  2 LPC L O A D PC
0011 B R E G  3 LCO L O A D CON
0 1 0 0 B R E G  4 L M D R L O A D M D R
0101 B R E G  5 LIQ L O A D IQ
0 1 1 0 B R E G  6 L B P O L O A D BP 0
0111 B R E G  7 LBP 1 L O A D BP 1
1 0 0 0 B R E G  8 LL 0 P 1 L O A D L O O P  C O U N T E R
1001 B R E G  9 L L O P 2 L O A D L O O P  C O U N T E R
1 0 1 0 B R E G  A
1011 B R E G  B
1 1 0 0 B R E G  C
1101 B R E G  D
1 1 1 0 B R E G  E
1111 B R E G  F D U M M Y L O A D N O T H I N G

A L U  A S I D E S O U R C E S E L E C T

A R E G
X X X X A I N = 0 A I N =  1

0 0 0 0 A R E G 0 E B U G E N A B L E BUG
0001 A R E G 1 E T I M E N A B L E T I M E
0 0 1 0 A R E G 2 EPC E N A B L E PC
0 011 A R E G 3 ECI E N A B L E C O N S T A N T
0 1 0 0 A R E G 4 ECC E N A B L E C O N D I T I O N  C O D E
01 0 1 A R E G 5 EIQ E N A B L E I N S T R U C T I O N  Q U E U E
0 1 1 0 A R E G 6 EMC E M A B L E M E M O R Y  C O U N T E R
0111 A R E G 7
1 0 0 0 A R E G 8 RO T O E N A B L E ROT 0
1001 A R E G 9 ROT 1 E N A B L E ROT 1
1 0 1 0 A R E G A ROT2 E N A B L E R O T 2
1011 A R E G B ROT3 E N A B L E R O T 3
1 1 0 0 A R E G C R O T 4 E N A B L E ROT 4
1101 A R E G D ROT5 E N A B L E ROT 5
1 1 1 0 A R E G E ROT6 E N A B L E ROT 6
1111 A R E G F ROT7 E N A B L E ROT 7



CON

1 1 11 11 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0
1 0 98 76 5 4 3 2 1 0 9 8 7 6 5 4 3 2 1 0

X X XX XX X X X X X X X X X X X X X X X X
i CH L C L SCH SCL C O N S T A N T

L C H  L O A D  C O N S T A N T  H I G H
L C L  L O A D  C O N S T A N T  L O W
S C H  S E L E C T  C O N S T A N T  H I G H
S C L  S E L E C T  C O N S T A N T  L O W

00 F I L L  L O W E R / U P P E R  BI T S  W I T H  Z E R O " S
01 F I L L  L O W E R / U P P E R  B I T S  W I T H  O N E " S
10 S E L E C T  C O N T R O L  S T O R E
11 S E L E C T  C O N T R O L  S T O R E

SHF

0 0 000 00 0 0
8 7 654 3 2 1 0
X X X X X X X X X

SE SLR SALU SSC

SE S H I F T  E N A B L E
S L R  S E L E C T  L E F T  OR  R I G H T  ( 1 1 0  OF 2 9 0 4  A N D  18 OF 2903)
S A L U  I N S T R U C T I O N  F O R  A L U  15-17 OF 2903
S S C  S E L E C T  S H I F T  C O N T R O L  16-19 OF 29 0 4



CCC

1 1 1 1 1 0 0 0 0 0 0 0 0 0 0
4 3 2 1 0 9 8 7 6 5 4 3 2 1 0
X X X X X X X X X X X X X X X

E C T  SRS CEU C E W  C E Y  S C C / S M

E C T  E N A B L E  C O N D I T I O N  T E S T
SR S  S T A T U S  R E G I S T E R  S E L E C T  10 - 1 5  OF 2 9 0 4
C E U  C O N T R O L  E N A B L E  F O R  M I C R O  S T A T U S  R E G I S T E R
C E M  C O N T R O L  E N A B L E  F O R  M A C H I N E  S T A T U S  R E G I S T E R
C E Y  C O N T R O L  E N A B L E  F O R  S T A T U S  R E A D  OR W R I T E
S C C / S M  S E L E C T  C O N D I T I O N  C O D E  AN D  S T A T U S  M A S K

SCC

0 0 0 0 0  ONE +5 VDC
0 0 0 0 1  M B U S Y  M E M O R Y  B U S Y  ( 0 = A C T I V E , 1 = T E R M I N A T E D ) ( INT)
0 0 0 1 0  P C E R R  P R O G R A M  C O U N T E R  E R R O R
0 0 0 1 1  M E R R  M E M O R Y  E R R O R  ( M I S C 1 )
0 0 1 0 0  U F L  U N D E R F L O W  O C C U R R E D
0 0 1 0 1  T R N C  T R U N C A T I O N  O C C U R R E D
0 0 1 1 0  A U X  A U X I L A R Y
0 0 1 1 1  R O U N D  R O U N D I N G  O C C U R R E D  
0 1 0 0 0  L C Z R O  L O O P  C O U N T E R  ZE R O

O T H E R  C O N D I T I O N S  AR E  C H E C H E D  V I A  2 9 0 4  
E C T  A N D  SRS F I E L D S .  T H E S E  SAME C O N D I T I O N S  
M A Y  H A V E  T H R E E (3) D I F F E R E N T  S O U R C E S :

1) M I C R O  S T A T U S  R E G  (U S R )
2) M A C H I N E  S T A T U S  R E G  (M S R )
3) A L U  S T A T U S  (ASR) 

C O N D I T I O N S  P O S S I B L E  ARE:

E Q U  E Q U A L
N E Q U  N O T  E Q U A L
G T E  G R E A T E R  T H A N  OR E Q U A L
L T E  L E S S  T H A N  OR E Q U A L
L T  L E S S  T H A N
G T  G R E A T E R  T H A N

T H E S E  C O N D I T I O N S  
R E S U L T  F R O M  C O M P A R E

ZR O Z E R O
N Z R O N O T  Z E R O
C A R C A R R Y
N C A R N O T  C A R R Y
O V R O V E R F L O W
N O V R N O T  O V E R F L O W
S I G N S I G N
N S I G N N O T  S I G N



M E M

2 22 1 . 111 1 111 1100 0 0 0 0 0 0 0 0
2 10 9 87 6 5 432 1098 7 6 5 4 3 2 1 0

X XX X X X X X X X X X X X X X X X X X X X X
W M F SC M I X L C T I/D E C T RMD AM F

W M F  W R I T E  M A R  IN T O  M E M O R Y
M I X  M E M O R Y  R E G I S T E R  W R I T E  I N T E R N A L  OR E X T E R N A L

L C T  L O A D  C O U N T E R

10 0  L O A D  A - C O U N T E R
0 1 0  L O A D  B - C O U N T E R
001 L O A D  M - C O U N T E R

I/D I N C R E M E N T  O R  D E C R E M E N T

E C T  E N A B L E  C O U N T E R  TO C O U N T

10 0  E N A B L E  A - C O U N T E R
0 1 0  E N A B L E  B - C O U N T E R
001 E N A B L E  M - C O U N T E R

SC S E L E C T  M E M O R Y  C O U N T E R

00 SAC S E L E C T  A C O U N T E R
01 SBC S E L E C T  B C O U N T E R
10 SMC S E L E C T  M A P  C O U N T E R
11 SAD S E L E C T  A D D R E S S  D I R E C T



R E G #
X X X X

0 0 0 0
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1 1 1 1

A M F

M E M O R Y  D E S T I N A T I O N

M I X * 0 M I X - 1
R MD= X X X X R M D = X X X X

B R E G 0 L B U G L O A D D E B U G
B R E G 1 L T I M L O A D T I M E
B R E G 2 LP C L O A D PC
B R E G 3 L C O N L O A D CON
B R E G 4 L M D R L O A D M D R
B R E G 5 LIQ LOAD' IQ
B R E G 6 L B P O L O A D BP 0
B R E G 7 LBP1 L O A D BP 1
B R E G 8 LL O P 1 L O A D L O O P  C O U N T E R 1
B R E G 9 L L O P 2 L O A D L O O P  C O U N T E R 2
B R E G A
B R E G B
B R E G C
B R E G D
B R E G E
B R E G F D U M M Y L O A D  N O T H I N G

A D D R E S S  M E M O R Y  F I L E



MA P

1 1 1 1 1 1 1 1 0 0 0 0 0 0 00 0 0
7 6 5 4 3 2 1 0 9 8 7 6 5 4 32 1 0
X X X X X X X X X X X X X X XX X X

E S E X ST M W L I B S E X H S E X

E S E X E N A B L E  S I G N  E X T E N S I O N
S T M S T A R T  M E M O R Y  C Y C L E
W L I WS, LS, I N S T  A C C E S S
B S E X BY T E  S I G N  E X T E N D
H S E X H A L F W O R D  S I G N  E X T E N D

W L I F E T C H  T Y P E

00 F I N S  F E T C H  I N S T R U C T I O N

01 F W S D  F E T C H  W O R K S P A C E  D A T A
10 F L S D  F E T C H  L I N K A G E  S E C T I O N

11 F M I S  F E T C H  M I S C

SEQ

2 2 2 2 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0
3 2 1 0 9 8 7 6 5 4 3 2 1 0 9 8 7 6 5 4 3 2 1 0

X X X X X X X X X X X X X X X X X X X X X X X X
DLC1 D L C O OCB BCC SI SO FE PUP SADD

D L C 1  D E C R E M E N T  L O O P  C O U N T E R  1
D L C O  D E C R E M E N T  L O O P  C O U N T E R  0
O C B  O P C O D E  B R A N C H
B C C  B R A N C H  ON C O N D I T I O N  CO D E
L R E  L O A D  S E Q U E N C E R  R E G I S T E R
50 S E L E C T  0
51 S E L E C T  1
P U P  P U S H / P O P  S T A C K
FE F I L E  E N A B L E



S A M P L E

A P P E N D I X  C 

M I C R O C O D E  R O U T I N E



* M A I N
INC PC
T E S T  P C E R
C E Q  P C H D L R
J R E L  O C T B L ,IQ

I N C R E M E N T  PC 
T E S T  F O R  IQ E M P T Y  
C A L L  PC H A N D L E R  IF E M P T Y  
J U M P  R E L A T I V E  O C T B L  +  IQ

* T A B L E  OF O P C O D E  S P E C I F I E R  J U M P  V E C T O R S  
O C T B L  :

+ I Q

••
JMP A D D 2 JUMP TO AD D  S ,SD R O U T I N E

* R O U T I N E  TO A D D  S , SD
A D D 2 M O V O P A O ,MC M O V E O P E R A N D  S P E C I F I E R

I N C PC A D D R E S S  TO M E M O R Y  C O U N T E R
T E S T P C E R
C E Q P C H D L R
C A L L D O P S C A L L D E C O D E  O P E R A N D  SPEC
M O V O P A 1 ,MC M O V E O P E R A N D  S P E C I F I E R
I N C PC A D D R E S S  TO M E M O R Y  C O U N T E R
T E S T P C E R
C E Q P C H D L R
C A L L DO P S
M O V O P A O + 2 ,M R A M O V E OPS D A T A  0 TO M R A
M O V O P A 1 + 2 , M R B M O V E OPS D A T A  1 TO M R B
A D D M R A ,M R B ,M A R A D D  M R A  TO M R B  SA V E  TO M A R
M O V M A R ,O P A 1 +2 M O V E R E S U L T S  TO O P S  1 D A T A
M O V O P A 1 ,A C ,MC M O V E OPS TO A CTR, M E M  C T R
C A L L T R U N CA L L T E S T  F O R  T R U N C A T E
W R I T E
JMP M A I N

* R O U T I N E  TO D E C O D E  AND J U M P  TO OP S P E C I F I E R  R O U T I N E
D O P S J R E L

•
O S T B L , I Q : J U M P R E L A T I V E  TO O S T B L  +  IQ

* T A B L E  F O R  O P E R A N D  S P E C I F I E R  J U M P  V E C T O R  
O S T B L  :

+  IQ JMP S H W S  ; JUMP TO S H O R T  W O R K S P A C E  OPS

* R O U T I N E  TO F E T C H  S H O R T  W O R K S P A C E
S H W S  M V I  0 0 , CHI ; M O V E  00 TO C O N S T A N T  HI FLD



M V I O F ,CLO ; M O V E  OF TO C O N S T A N T  LO FLD
A N D I D R ,C O N ,RO ; M A S K  I D R / C O N  S T O R E  IN RO
A D D R O ,W S P ,M A R  ; ADD RO TO WS P T R  S T O R E  M A R
M O V M A R , M C I  ; M O V  M A R  TO M E M  C T R  L O C
M V I T Y P ,CLO ; M O V  IMM THE T Y P E  TO CLO
M O V C O N , M A R  ; M O V  T Y P E  TO M A R
M O V M A R ,M C D  ; M O V  T Y P E  TO M E M  C N T R  L O C
T E S T M B Z  ; T E S T  MAP B U Z Y  BIT
J E Q *-1 ; H O L D  U N T I L  R E A D Y
R E A D > S T A R T  R E A D  I N S T R U C T I O N
R E T U R N » R E T U R N

* PC H A N D L E R
P C H D L R  M O V P C N + 2 ,M R A  ; M O V  N E X T  PC W O R D  AD D  TO M R A

M O V M R A ,IQ ; L O A D  THE I N S T R U C T I O N  Q U E U E
A D D 4 , P C , M A R  ; AD D  F O U R  TO PC S T O R E  M A R
M O V M A R ,P C N + 1 ; S T O R E  ADD OF N E X T  PC W O R D
M O V P C N ,MC ; M O V  PC N E X T  A D D - M E M  C N T R
T E S T MB Z  ; T E S T  M E M  B U Z Y  BIT
J E Q *-1 ; H O L D  U N T I L  M E M  N O T  B U Z Y
R E A D •

> S T A R T  R E A D  C Y C L E
R E T U R N

* T R U N C A T I O N T E S T E R
T R U N  M O V A C I , M R A  ; M O V E  A C N T R  A N D  INC TO M R A

M O V 0 3 F ,CLO ; M O V E  0 3 F TO CLO
A N D M R A , C O N , R O  ; AN D  M R A  W I T H  CO N  S T O R E  RO
M O V T R T B L , C L O  ; M O V E  T R U N  T A B L E  BA S E  TO CLO
A D D R O , C O N , C O N  ; A D D  T Y P E / T B L  BA S E  S T O R E  CON
JM P E 1 6 ; J U M P  TO T R T B L  +  T Y P E

* T A B L E  F O R  T R U N C A T I O N  J U M P V E C T O R
T R T B L  :

+ T Y P E  J U M P T R H A L F

> JU M P  TO T R U N  H A L F W O R D .  C H E C K
* T R U N C A T E  H A L F W O R D  R E S U L T S
T R H A L F  M O V A C I , M R A  ; I N C R E M E N T  A C O U N T E R

M O V A C , M R A  ; M O V E  A C N T R  TO M R E
M O V 0 , CLO
M O V 0, CHI
CM P M R A , C O N  ; CMP M R A  TO ZERO
T E S T Z E R O  ; T E S T  F O R  ZE R O
J E Q N T R  ; JU M P  IF ZE R O  TO NO T R U N C A T E
M O V F F F F ,CHI ; M O V  F F F F  TO CON
CMP M R A , C O N  ; CMP TO N E G A T I V E  R E S U L T S
T E S T Z E R O  ; T E S T  FO R  ZERO
J E Q N T R  ; JU M P  IF Z E R O  TO NO T R U N C A T E
M O V T R M K ,CLO ; M O V E  T R U N C A T E  M A S K  TO CLO
M O V 0, CHI



A N D  S T A T ,C O N ,S T A T
R E T U R N  ; SET T R U N  BIT IN S T A T  R E G

N T R  M O V  N T R M K ,CLO ; M O V E  NO T R U N  M A S K  TO CLO
M O V  0 , CHI
A N D  S T A T , C O N , S T A T

R E T U R N  ; C L E A R  T R U N  BIT IN S T A T  R E G



A P P E N D I X  D 

P R O C E S S O R / S E Q U E N C E R  I N T E R F A C E



T H E  F O L L O W I N G  W I L L  D E F I N E  THE I N T E R F A C E  B E T W E E N  THE 
P R O C E S S O R  A N D  S E Q U E N C E R  BO A R D .  S O M E  S I G N A L S  W I L L  BE 
G L O B A L  W H I L E  O T H E R S  W I L L  BE O N L Y  B E T W E E N  B O A R D S .

* * G L O B A L  S I G N A L S * *
C L K A  1 C L O C K  P H A S E  A
C L K B  1 C L O C K  P H A S E  B
SRS 1 S Y S T E M  R U N  STOP ( M U S T  BE S Y N C R O N I Z E D )
SSS 1 S Y S T E M  S I N G L E  STEP ( M U S T  BE S Y N C R O N I Z E D )

* * L O C A L  S I G N A L S  F R O M  P R O C E S S O R  TO S E Q U E N C E R * *
CC 1 C O N D I T I O N  C O D E  BIT
I N S T  8 I N S T R U C T I O N
CS 32 C O N T R O L  ST O R E  BUS

* * L O C A L S I G N A L S  F R O M  S E Q U E N C E R  TO P R O C E S S O R * *
C L K 1 C L O C K  P H A S E  1
C L K 2 C L O C K  P H A S E  2
C L K 3 C L O C K  P H A S E  3
C L K 4 C L O C K  P H A S E  4
S D I R S E L E C T  D I R E C T I O N  OF C O N T R O L  S T O R E BUS
R B H L R E A D  B U G  H I G H  OR  L O W  ( S A M E  BIT AS B E L O W )
W P D H W R I T E  P R O C E S S O R  D A T A  L A T C H  H I G H
W P D L W R I T E  P R O C E S S O R  D A T A  L A T C H  L O W



A P P E N D I X  E 

D E B U G  I N T E R F A C E  S I G N A L S



M E M O  D E S C R I B I N G  THE D E B U G  F E A T U R E S  AND I N T E R F A C E  TO 
T H E  B R E A D B O A R D  S E Q U E N C E R .

D E S I G N  OF THE S E Q U E N C E R  TO 16 I/O I N T E R F A C E

T H E  F O L L O W I N G  W I L L  S H O W  THE D E T A I L S  OF H O W  TO 
D E S I G N  TH E  I N T E R F A C E  OF THE S E Q U E N C E R  B O A R D  W I T H  THE 
16 I/O M O D U L E .  T H I S  IS OF S I M U L A R  F O R M A T  A N D  R E F E R S  
TO T H E  M E M O  OF M A Y  27.

* * * F I R S T  16 I/O M O D U L E * * *

S I N  I 16 D A T A  I N P U T  L I N E S  F R O M  WCS B O A R D  TO I/O M O D U L E

T H E S E  16 L I N E S  ARE D E F I N E D  AS O U T P U T  L I N E S  F R O M  
T H E  WC S  B O A R D  A N D  I N P U T  L I N E S  TO A M P L  I/O M O D U L E .
T H E  V I K I N G  N U M B E R I N G  S Y S T E M  IS L I T T L E  I N D I A N  BUT 
A M P L  IS B I G  I N D I A N .  T H E R E F O R E  ON THE A M P L  EN D  OF 
T H E  C A B L E  T H E  M S B  W I L L  BE BIT 0 A N D  ON THE V I K I N G  
E N D  OF T H E  C A B L E  THE M S B  W I L L  BE BIT 15. L I K E W I S E  
O N  TH E  A M P L  EN D  OF THE C A B L E  THE LSB W I L L  BE 
N U M B E R E D  B I T  15 A N D  ON THE V I K I N G  END OF THE C A B L E  
T H E  L S B  W I L L  BE N U M B E R E D  BIT 0. T H I S  IS SO T H A T  
W H E N  A V A L U E  IS D I S P L A Y E D  ON E I T H E R  S Y S T E M  IT W I L L  
A P P E A R  TH E  SAME.

S O U T  0 16 D A T A  O U T P U T  L I N E S  TO WCS B O A R D  F R O M  I/O M O D U L E

T H E S E S  16 L I N E S  ARE D E F I N E D  AS I N P U T  L I N E S  TO THE 
W C S  B O A R D  A N T  O U T P U T  L I N E S  F R O M  THE A M P L  I/O MOD. 
L I K E W I S E  THE N U M B E R I N G  S Y S T E M  W I L L  BE ON A M P L  BIT
0 A N D  15 AS M S B  A N D  LSB. ON THE V I K I N G  EN D  OF T H E  
C A B L E  TH E  S A M E  BI T S  W I L L  BE N U M B E R E D  15 A N D  0 AS 
M S B  A N D  LSB.

* * *  S E C O N D  I/O M O D U L E * * *

P I N  I 16 D A T A  I N P U T  L I N E S  F R O M  P R O C E S S O R  B O A R D  TO 
I / O  M O D U L E .  R E F E R  TO A B O V E

P O U T  0 16 D A T A  O U T P U T  L I N E S  TO P R O C E S S O R  B O A R D  F R O M  
I/ O  M O D U L E .  R E F E R  TO A B O V E

* * * T H I R D  I/O M O D U L E * * *

V I K  A M P L



N A M E  I/O P I N  P I N  D E S C R I P T I O N
S W A  0 0 15 S E L E C T  W R I T A B L E  C O N T R O L  S T O R E  A D D R E S S

S O U R C E .

T H I S  S E L E C T S  THE S O U R C E  A D D R E S S  OF THE WCS AS 
C O M I N G  F R O M  A C O U N T E R  OR THE 2911. A V A L U E  OF 
Z E R O  S E L E C T S  THE C O U N T E R  AND A ONE S E L E C T S  THE 
2 9 1 1 .

S D I R  0 1 14 S E L E C T  D I R E C T I O N  OF C O N T R O L  S T O R E
B U S S  .

T H I S  S E L E C T S  THE D I R E C T I O N  OF THE B U F F E R  F R O M  
T H E  S E Q U E N C E R  B O A R D  TO THE P R O C E S S O R  B O A R D .
S D I R = 1 D R I V E S  D A T A  F R O M  S E Q U E N C E R  TO P R O C E S S O R .  
S D I R =  0 D I R V E S  D A T A  F R O M  P R O C E S S O R  TO S E Q U E N C E R .
T H I S  A L L O W S  D A T A  F R O M  THE P R O C E S S O R  TO BE 
R E A D  O R  M A N I P U L A T E D  ON THE S E Q U E N C E R  B O A R D .
N O T E  T H A T  T H I S  IS IN C O M B I N A T I O N  W I T H  THE
E C W  F I E L D  OF THE U C O D E  W H I C H  E N A B L E S  D I F F E R E N T
B Y T E S  F R O M  THE P R O C E S S O R  TO THE S E Q U E N C E R  B O A R D .

SHS 0 2 13 S E L E C T  H A R D  OR S O F T  B R E A K P O I N T

T H I S  B I T  IS U S E D  TO D E T E R M I N E  W H E T H E R  THE 
B R E A K P O I N T S  ARE TO BE H A R D  IE AN I N P U T  TO A 
A M P L  T R A C E  M O D U L E  W H I C H  W I L L  R E S U L T  IN THE 
S Y S T E M  B E I N G  H A L T E D  OR W H E T H E R  IT IS A S O F T  
B R E A K P O I N T  F O R  USE AS A T R I G G E R  IN A S C O P E  
O R  B I O M A T  ION T R A C E  LOOP. SHS=1 S E L E C T S  A H A R D  
B R E A K P O I N T  A N D  S H S = 0  S E L E C T S  A SOFT B R E A K P O I N T .

SRS 0 3 12 S Y S T E M  R U N / S T O P

T H I S  S I G N A L  IS THE R U N / S T O P  S I G N A L  F O R  THE 
S Y S T E M .  T H I S  GO E S  TO AL L  B O A R D S  A N D  W I L L  
C A U S E  A L L  B O A R D S  TO BE H A L T E D  AND R E A D Y  
F O R  A S Y S T E M  S I N G L E  STEP. SRS=1 S E L E C T S  RUN 
S T A T E  A N D  S R S = 0  S E L E C T S  A STOP ST A T E .

SSS 0 4 11 S Y S T E M  S I N G L E  STEP

C A U S E S  A S I N G L E  STEP ON THE S Y S T E M .  T H I S  
H A S  B E E N  D E F I N E D  AS A C Y C L E  ON A L L  F O U R  
P H A S E S  OF THE C L O C K  B O T H  R I S I N G  AN D  F A L L I N G  
E D G E S .  THE C Y C L E  S T O P S  B E T W E E N  P H A S E  4 
A N D  P H A S E  1 W I T H  ALL T R U E  C L O C K S  LOW.
A S I N G L E  ST E P  O C C U R S  ON THE R I S I N G  E D G E  
O F  SSS.



PRS 0 5 10 P R O C E S S O R  R U N / S T O P

S I M U L A R  TO S Y S T E M  R U N / S T O P  E X C E P T  T H A T  
IT S T O P S  O N L Y  THE P R O C E S S O R  B O A R D .
P R S = 1 S E L E C T S  THE R U N  S T A T E  A N D  P R S = 0  
S E L E C T S  THE ST O P  S TATE.

P S S  0 6 9 P R O C E S S O R  S I N G L E  STEP

S I M U L A R  TO S Y S T E M  S I N G L E  STEP E X C E P T  T H A T  
IT S I N G L E  S T E P S  O N L Y  THE P R O C E S S O R  B O A R D .
A S I N G L E  ST E P  O C C U R S  ON THE R I S I N G  E D G E  
O F  SSS.

Z E R O  0 7 8 F O R C E  Z E R O  TO 2911 O U T P U T  ( R E S E T )

Z E R O  I N P U T  ON THE 2911. F O R C E S  A ZERO 
O N  THE O U T P U T S  OF THE 2911 A D D R E S S  L I N E S .
T H E  F I R S T  I N S T R U C T I O N  S H O U L D  BE A J U M P  
TO S O M E  L O C A T I O N  TO GET THE S E Q U E N C E R  
S T A R T E D  AT A K N O W N  L O C A T I O N .  Z E R 0 = 0  
F O R C E S  T H E  O U T P U T  TO A ZERO.

R B H L  0 8 7 R E A D  B U G  H I G H  OR L O W

E N A B L E S  A M P L  TO R E A D  O R  W R I T E  THE H I G H  
L O W  H A L F W O R D  OF THE D E B U G  L A T C H .  A R B H L = 1 
E N A B L E S  T H E  H I G H  H A L F W O R D  AND A R B H L =  0 
E N A B L E S  THE L O W  H A L F W O R D .

R A M P  0 9 8 67 R E A D  A M P L
R M S  00 R E A D  M I S C  S T A T U S

E N A B L E S  THE M I S C  S T A T U S  TO BE R E A D  F R O M  
T H E  S E Q U E N C E R  B O A R D  O V E R  THE A M P L  M O D U L E .

R A B  01 R E A D  WCS A D D R E S S  BUSS

E N A B L E S  T H E  WCS A D D R E S S  TO BE R E A D  F R O M  
T H E  S E Q U E N C E R  B O A R D  O V E R  THE A M P L  M O D U L E .

R C H  10 R E A D  CS H I G H  BUSS

E N A B L E S  T H E  CS H I G H  D A T A  TO BE R E A D  F R O M  
T H E  S E Q U E N C E R  B O A R D  O V E R  THE A M P L  M O D U L E .

R C L  11 R E A D  CS L O W  BUSS

E N A B L E S  THE CS L O W  D A T A  TO BE R E A D  F R O M  
T H E  S E Q U E N C E R  B O A R D  O V E R  THE A M P L  M O D U L E .



W A M P  0 1 2 - 1 0  3-5 W R I T E  A M P L

D E F I N E S  W H I C H  R E G I S T E R  THE D A T A  W H I C H  IS
ON THE A M P L E O U T P U T L I N E S  IS TO BE W R I T T E N .

W C L 000 W R I T E C O M P A R E  L A T C H
W A C 001 W R I T E WCS A D D R E S S  C O U N T E R
W W D H 010 W R I T E WCS D A T A  H I G H  L A T C H
W W D L Oil W R I T E WCS D A T A  L O W  L A T C H
W P D H 100 W R I T E P R O C E S S O R  D A T A  L A T C H  H I G H
W P D L 101 W R I T E P R O C E S S O R  D A T A  L A T C H  L O W
W W C S 110 W R I T E W R I T A B L E  C O N T R O L  S T O R E
N W R T 111 NO W R I T E  ( M U S T  END HERE)
E W R T 0 13 2 E N A B L E W R I T E

T H I S  L I N E  S H O U L D  BE T A K E N  L O W  AN D  T H E N  
H I G H  TO W R I T E  D A T A  INTO THE A P P R O P R I A T E  
R E G I S T E R  AS D E S C R I B E D  A B O V E .

I W C  0 14 1 I N C R E M E N T  W R I T A B L E  C O N T R O L  C O U N T E R

I N C R E M E N T  C O U N T E R  U S E D  W H E N  D O W N - L O A D I N G  
T H E  WC S  F R O M  A M P L .  T H I S  L I N E  S H O U L D  BE 
T A K E N  L O W  A N D  T H E N  H I G H  TO CO U N T .

* 0 I N D I C A T E D  O U T P U T  L I N E S
* I I N D I C A T E D  I N P U T  L I N E S



A P P E N D I X  F 

S O F T W A R E  D E B U G  R O U T I N E S



S O F T W A R E  R O U T I N E S  F O R  P R O C E S S O R

T H E  P R O C E S S O R  B O A R D  W I L L  R E Q U I R E  S E V E R A L  
S O F T W A R E  R O U T I N E S  TO H E L P  IN THE D E B U G  AN D  U C O D E  
C H E C K O U T  P R O C E D U R E S  THE F O L L O W I N G  IS A L I S T  OF S O M E  
OF T H E  N E E D E D  R O U T I N E S .

R S T  R E S E T
R U N  S Y S T E M  R U N
S T O P  S Y S T E M  STOP
SSS S Y S T E M  S I N G L E  STEP
P R U N  P R O C E S S O R  RUN
P S T P  P R O C E S S O R  STOP
PS S  P R O C E S S O R  S I N G L E  STEP
D R E G  D I S P L A Y  CPU R E G I S T E R S
M R E G  M O D I F Y  A C P U  R E G I S T E R
D M E M  D I S P L A Y  A M E M  L O C A T I O N
M M E M  M O D I F Y  A M E M  L O C A T I O N
D W C S  D I S P L A Y  WCS A D D R E S S  AN D  D A T A
M W C S  M O D I F Y  WCS A D D R E S S  A N D / O R  D A T A
L W C S  L O A D  WCS
V W C S  V E R I F Y  WCS
S B P T  SET A B R E A K P O I N T
B P H S  B R E A K P O I N T  H A R D  OR SOFT
D A L L  D I S P L A Y  CP U  ST A T E  B E T W E E N  E V E R Y  I N S T R U C T I O N

D B P T  D I S P L A Y  CPU S T A T E  AT E A C H  B R E A K P O I N T

T H E  P R E V I O U S  P R O C S  M A Y  H A V E  S E V E R A L  O P T I O N S  S U C H  AS 
S A V E  D I S P L A Y E D  D A T A  ON T O  D I S K  FI L E  F O R  L A T T E R  R E F E R E N C E .

IN A D D I T I O N  S E V E R A L  T E S T  R O U T I N E S  ARE N E E D E D  TO C H E C K  
T H E  S Y S T E M  O U T  TO I N S U R E  IT IS O P E R A T I O N  C O R R E C T L Y .

T M E M T E S T M E M O R Y
T A L U T E S T AL U
T C C C T E S T CCC
T S E Q T E S T SEQ
T WCS T E S T WCS



A P P E N D I X  G 

P A S C A L  E M U L A T O R



P R O G R A M  E M U L A T E ;
T Y P E  B Y T E  = 0.. #FF;

F3 0= 0 • . # 3 F F F F F F F ;
F2 4= 0 • . # F F F F F F ;
F 15 = 0 • . # 3FFF;
FI 2= 0 . • #FFF;
F 1 0 = 0 « . #3FF;
F9 = 0.. # 1F F ;
F7 = 0 • . #7 F ;
F6 = 0« . # 3 F ;
F5 = 0. .//IF;
F4 = 0 . . # F ;
F3 = 0. . 7 ;
F2 = 0..3;
F 1 = 0. .1;

W O R D = P A C K E D  R E C O R D  
C A S E  I N T E G E R  OF 

1 : ( C S :L O N G I N T ) ;
2 :( L F D : F 3 ;L C C :F I ; I P C : F 1 ;E C W :F 2 ;B P T :F l ;

C A S E  I N T E G E R  OF
1 : ( D T C 1 :F 2 ;S C Y  : F 2 ;D T C 1 1 : F I ;A I N :F I ;A I X :F I ; L A : F I ;

I A L U : F 4 ; B R E G : F 4 ; A R E G :F 4 ;X R E G :F 4 ;) ;
2 : ( D T C 2 :F 4 ;L H I :F 1 ; L L 0 : F 1 ; S H I : F 1 ; S L 0 : F 1 ;

F H I :F I ;F L O : F I ;C O N :I N T E G E R ; );
3 : ( D T C 3 :FI 5 ; S E :F I ;S L R :F I ; S A L U : F 3  ; S S C : F 4 ;  ) ;
4 : ( D T C 4 : F 9 ; E C T : F 1 ; S R S : F 6 ;C E U : F 1 ;C E M : F I ;C E Y : F 1 ;

S C C :F 5 ;);
5 : ( D T C 5 :FI 0 ; S R S E L :F 2 ;S R : F 4  ; DTC8 8 :F4 ; YO V R :  FI ;

Y N : F 1 ;Y C :F I ;Y Z :F I ;) ;
6 : ( D T C 6 :F I ;W M F :F I ;S C : F 2 ; M I X : F I ;L C T :F3 ; I D : F 1 ;

E C : F 3 ;R M D :F 4 ;A M F :BYTE; ) ;
7 : ( D T C 7 : F 6 ; E S E X : F 1 ;S T M : F I ;T A G :FI 2 ; W L I :F 2 ;

B S E X : F I ;H S E X : F I ;);
8 : ( D L C 1 :F I ; D L C O : F I ;O C B : F I ; B C C : F 1 ; S 1 : F 1 ; S 0 : F 1 ;

F E :F I ;P U P :F I ;S A D D :I N T E G E R ;  );) ;
3 : ( W :L O N G I N T ) ;
4 : ( H :P A C K E D  A R R A Y  [0..1] OF I N T E G E R ) ;
5 : ( B :P A C K E D  A R R A Y  [0..3] OF BYTE);
6 : ( N :P A G K E D  A R R A Y  [0..7] OF F4);
7 : ( T :P A C K E D  A R R A Y  [0..15] OF F 2 ) ;
8 : ( I :P A C K E D  A R R A Y  [0..31] OF Fl);
9 : ( S :SET OF 0..31);
1 0 : ( S E G :B Y T E ; O F F S E T : F 2 4);
1 1 : ( D T C 8 :F2 4 ; D T C 9 :F l ; S E L P C :F 3 ) ;
1 2 : ( A L L : B Y T E ; F C N : F 2 4 ) ;
END;



P I P E = P A C K E D  R E C O R D
C A S E  I N T E G E R  OF
1 : ( B :P A C K E D  A R R A Y  [0..11] OF BYTE);
2 : ( W :P A C K E D  A R R A Y  [0..2] OF L O N G I N T ) ;
3 : ( R O T O : L O N G I N T ; R O T 4 :L O N G I N T )  ;
4 : ( D M Y O : B Y T E ; R O T 1 :L O N G I N T ;R O T 5 :L O N G I N T ) ;
5 : ( D M Y 1 : I N T E G E R ; R O T 2 :L O N G I N T ; R O T 6 :L O N G I N T ) ; 
6 : ( D M Y 2 :F2 4 ; R O T 3 :L O N G I N T ; R O T 7 :L O N G I N T ) ;
END;

H A L F = P A C K E D  R E C O R D
C A S E  I N T E G E R  OF 
1 : ( H : I N T E G E R )  ;
2 : ( B :P A C K E D  A R R A Y  [0..1] OF BYTE); 
END;

S T R 8 = P A C K E D  A R R A Y  [1..8] OF CHAR;

L I N E = P A C K E D  R E C O R D
C A S E  I N T E G E R  OF
1 : ( L :P A C K E D  A R R A Y  [1..80] OF CHAR); 
2 : ( W :P A C K E D  A R R A Y  [1..10] OF S T R 8 ); 
END;

V A R  P W R , M M ,R O M
:A R R A Y  [0..31] OF L O N G I N T ;

R E G
:A R R A Y  [0..15] OF L O N G I N T ;

S T K
:A R R A Y  [0..3] OF INT E G E R ;  

CS , P C , C O , C I , C C , I A B ,IBB 
:WORD;

I Y B ,I Q R ,F 
:WORD;

S A D D , S B  
:HALF;

O P C , P C E ,AC rB C , M C , M A , L E V  
:I N T E G E R ;

C N , C C B , C Y C L E , C H I , C L O , Y B , Q R  
: I N T E G E R ;

D A B , D B B , B U G , T I M , M D R , R D R  
:L O N G I N T ;

A L U L ,M E M L ,S E Q L  
: F24;

I Q , B P
: PIPE;

K E Y B D
:TEXT;

I N K E Y
:CHAR;



S C R E E N
:A R R A Y  [1. .24] OF LINE;

C C B ,M B U  S Y ,P C E R R ,M E R R ,U F L ,T R N C ,A U X  
:B O O L E A N ;

L C 1 ,L C 2 , Z , O V R , N , C , T B , F B  
:B O O L E A N ;

U Z , U O V R , U N , U C , M Z , M O V R , M N , M C B  
:B O O L E A N ;

I Z , I O V R , I N B , I C , Q I O 0 , Q I O 3 1 ,S 1 0 0 , S 1031 
:B O O L E A N ;

P R O C E D U R E  R E A D C P U ;
V A R  C P U A :T E X T ;

B E G I N
R E S E T  (CPUA);
F O R  I :=1 TO 24 DO

R E A D L N  ( C P U A , S C R E E N [ I ]  .L) ;
END;

P R O C E D U R E  D I S H E X ( D A T :L O N G I N T ;X ,Y :I N T E G E R )  ;
T Y P E  N I B =  0..15;

W I N = P A C K E D  R E C O R D
C A S E  I N T E G E R  OF 
1 : ( W :L O N G I N T ) ;
2 : ( N :P A C K E D  A R R A Y  [0..7] OF NIB); 
END;

S T R 8 = P A C K E D  A R R A Y  [1..8] OF CHAR;
S T R 1 6 = P A C K E D  A R R A Y  [1..16] OF  CHAR; 
A S T R = P A C K E D  R E C O R D

C A S E  I N T E G E R  OF -
1 : ( S : S T R 8 );
2 : ( N :P A C K E D  A R R A Y  [0..7] OF CHAR); 
END;

B S T R = P A C K E D  R E C O R D
C A S E  I N T E G E R  OF 
1 : ( S :S T R 1 6);
2 : ( N : P A C K E D  A R R A Y  [0..15] OF C HAR) 
END;

V A R  D A T 1 :WIN;
H E X S 1 : ASTR;
O N E :CHAR;
T W O : B S T R ;

B E G I N
D A T 1 •W := D A T ;
T W O  . S : = ' ' 0 1 2 3 4 5 6 7  8 9 A B C D E F '';
F O R  I : = 0 TO 7 DO 

B E G I N
H E X S 1 . N[I] := T W O .N [D A T 1 .N [I ]] ;
END;

S C R E E N  [ X ] . W [ Y ] : = H E X S 1 .S;



END;

P R O C E D U R E D I S C P U A ;
B E G I N

D I S H E X R D R , 4,2);
D I S H E X M D R , 5,2);
D I S H E X R E G [ C S . A R E G ] , •

/"S
C

M*
O»H

D I S H E X I Q •W [0] ,11,2) 5
D I S H E X I Q . W [ 1] ,12,2) •>
D I S H E X B U G , 13 ,2);
D I S H E X D A B , 17,2);
D I S H E X Y B ,19 ,3 ) ;
D I S H E X Y B ,2 1 , 3 ) ;
D I S H E X R E G [ C S . B R E G ] ,10,4);
D I S H E X B P •W [ 0 ] , 1 1 , 4 ) •9
D I S H E X B P .W [ 1 ] , 1 2 , 4 ) •9
D I S H E X T I M , 13,4);
D I S H E X P C . W , 14,4);
D I S H E X D B B , 17 ,4);
D I S H E X Q R ,22,4);
D I S H E X AC ,3,6);
D I S H E X BC , 4 , 6);
D I S H E X MC ,  5 ,  6 ) ;
D I S H E X C S . A M F ,6,6);
D I S H E X C O . W , 10,6);
D I S H E X C l . W , 14,6);
D I S H E X C C . W , 18 ,6);
D I S H E X S T K [ 0 ] , 3 , 8 ) ;
D I S H E X S T K [ 1 ] , 4 , 8 ) ;
D I S H E X S T K [ 2 ] , 5 , 8 ) ;
D I S H E X S T K [ 3 ] , 6 , 8 ) ;

( * D I S H E X RE ,  8 ,  8 ) ; * )
( * D I S H E X I S B , 9 , 8);* )

D I S H E X S B . H , 11,8);
D I S H E X C S . W , 1 4 , 8 ) ;

D I S H E X A L U L , 17,8);
D I S H E X M E M L , 18,8) ;

( * D I S H E X C C C , 1 9 , 8 ) ; * )
( * D I S H E X M A P , 20,8) :*)

D I S H E X S E Q L ,21,8);
F O R  I := TO 24 DO

W R I T E L N  ( S C R E E N [ I ]  .L) ;
END;

P R O C E D U R E  R O M I N I T ;  
B E G I N

R O M [ 0 ] : = # A O 0 1 2 0 0 1  
R O M [ 1 ] :=#A0 0 2 3 5 0 2  
R O M [ 2 ] : = # A O 0 1 1 0 1 2  
R O M [ 3 ] : = # A O 0 1 0 0 1 3



R O M [4 ] : = #AO 0 0 C 100; 
R O M [5 ] : = # E 0 0 C 0 0 0 0 ;  
R O M [6]:=0;
R O M [7] : = 0;
R O M [8] : = 0;
R O M [ 9] : = 0;
R O M [11] : = 0;
R O M [ 12] : = 0;
R O M [ 13] : = 0;
R O M [ 1 4 ] :=0;
R O M [ 15] : = 0;

END;

P R O C E D U R E  POWER;
B E G I N

P W R [ 0]:=1;

F O R  I :=1 TO 31 DO P W R [I ] : = P W R [I - 1]*2; 
END;

P R O C E D U R E  P R O G C N T ;
V A R  O P C : I N T E G E R ;
B E G I N

IF C S . I P C = 1  T H E N  
B E G I N

O P C : = C S .SELPC;
P C . W : = P C . W + C S . I P C ;
IF O P C =  3 OR O P C = 7  T H E N  PCE: = 1; 

END;
END;

P R O C E D U R E  ECW; 
B E G I N

IF C S .E C W = 1 T H E N  
IF C S .E C W =  2 T H E N  
IF C S .E C W =  3 T H E N  

END;

CS . B [3] : = C O .B [3]; 
C S .H [ 1 ] : = C O . H [ l ] ; 
C S . F C N : = C O . F C N ;

P R O C E D U R E  CON;
B E G I N

IF C S .S H I = 1 T H E N  C H I : = C S . C O N  E L S E  C H I : = C S . F H I ;  
IF C S •S L O = 1 T H E N  CLO: = C S . C O N  E L S E  CLO: = C S . F L O ;  
IF C S .L H I = 1 T H E N  C l .H [ 0 ] : = C H I ;
IF C S .L L O = 1 T H E N  C l .H [1] : = C L O ;

END;

P R O C E D U R E  SHF;
B E G I N

T B := T R U E ;
F B := F A L S E ;

IF F .I [0]=1 T H E N  S I O O := T B  E L S E  S I O O : = F B ;



IF F .I [ 31]=1 T H E N  S I 0 3 1 : = T B  E L S E  S I 0 3 1 : = F B ;  
IF F .I [0]=1 T H E N  Q I O O := T B  E L S E  Q I O O : = F B ;  
IF F .I [31]=1 T H E N  Q I 0 3 1 : = T B  E L S E  Q I 0 3 1 : = F B ;  
IF C S .SL R =  0 T H E N  

C A S E  C S . S S C  OF
0 : B E G I N SI03 1 = FB; QI03 1 = F B ; END;
1 : B E G I N S 103 1 = TB; QI 0 3 1 = TB; M C B :=S I O O ; END
2 : B E G I N SI03 1 = F B ; QI031 = M N ; E N D
3 : B E G I N S 103 1 = TB; QI 0 3 1 = S I O O E N D
4 : B E G I N SI03 1 = M C B ; QI031 = S I O O E N D
5 : B E G I N SI031 = M N ; QI03 1 = S I O O E N D
6 : B E G I N SI03 1 = FB; QI 0 3 1 = S I O O E N D
7 : B E G I N S 103 1 = F B ; QI03 1 = S I O O E N D
8 : B E G I N SI03 1 = S I O O ; QI031 = Q 10 0 E N D
9 : B E G I N SI03 1 = M C B ; QI03 1 = Q 10 0 M C B :=S I O O ; END

1 0 : B E G I N SI03 1 = S I O O ; QI031 = Q I O O END
1 1 : B E G I N S 103 1 = IC; QI03 1 = S I O O EN D
1 2 : B E G I N S 103 1 = M C B ; QI031 = S I O O MCB: = Q I O  0; END
13 :B E G I N SI03 1 = Q 100; QI031 = S I O O MCB: = Q I O O ; END
1 4 : B E G I N SI03 1 = ( INB A N D  ( N O T  1 0 V R ) ) 0 R ( N O T ( I N B )

Q 1 0 3 1 := S I O O ; E N D ; A N D  I O V R ) ;
1 5 : B E G I N S 103 1 = Q I O O ; END;
E N D

E L S E
B E G I N

C A S E CS . SSC OF
0 :B E G I N SIOO :- F B ; Q I O O = FB MCB: = S I 0 3 1; E N D
1 :B E G I N SIOO: = T B ; Q I O O = TB M C B := S I 0 3 1; END
2 :B E G I N SIOO := F B ; QI O O = FB EN D
3 :B E G I N SIOO: = TB; QI O O = TB EN D
4 :B E G I N SIOO: = Q 103 1; QI O O = FB MCB: = S I 0 3 1; END
5 :B E G I N SIOO: = Q 103 1; QI O O = TB M C B  := SI03 1; END
6 :B E G I N SIOO: = Q 103 1; QI O O = FB EN D
7 :B E G I N SIOO: = QI03 1; QIOO = TB EN D
8 :B E G I N SIOO: = S 103 1; QI O O = Q I 0 3 1 ; MCB: = S I 0 3 1; E N D
9 :B E G I N SIOO: = M C B ; QI O O = Q 1031 ; M C B := S I 0 3 1; EN D

10 :B E G I N SIOO: = S 103 1; QIOO = Q 1031 j EN D
11 :B E G I N SIOO: = MCB; QI O O = F B , E N D
12 :B E G I N SIOO: = Q 1031; QI O O = MCB; MCB: = S I 0 3 1; END
13 :B E G I N SIOO: = Q 1031; Q I O O = MCB; MCB: = S I 0 3 1; E N D
14 :B E G I N SIOO: = Q 103 1; QIOO = MCB; END
15 :B E G I N SIOO: = Q 103 1; QIOO = SI03 1 > E N D

END;
END;

END;

P R O C E D U R E  CCC; (* N O T  I M P L E M E N T E D  Y E T  *) 
B E G I N

IF C S .E C T =  0 T H E N  
B E G I N



C A S E  C S . S C C  OF
0: CCB = TB;
1 : CCB = M B U  SY
2 : CCB = P C E R R
3 : CC B =MERR;
4 : CCB = U F L ;
5 : CCB =TRNC;
6 : CCB .= AUX;
8 : CCB =LC1 ;
9 s CCB = LC2 ;
END;

E N D
E L S E
B E G I N
C A S E  C S . S R S E L  OF

0 s B E G I N  Z : = U Z ; O V R : = U O V R ; N : = U N ; C : = U C ; E N D ;
1 : B E G I N  Z := U Z ; O V R : = U O V R ; N : = U N ; C : = U C ; E N D ;
2 : B E G I N  Z : = M Z ; O V R := M O V R ; N := M N ;C : = M C B ; E N D ;  
3 : B E G I N  Z : = I Z ; O V R :=I O V R ; N :- I N B ; C : = I C ; E N D ;  
END;

C A S E  C S . S R  OF 
0: C C B : = N O O V R ;
1 : C C B : = N 0 T ( N O 0 V R ) ;
2 : C C B  : = N O O V R ;
3 : C C B : = N O T ( N O O V R ) ;
4 : CCB : = Z ;
5 : C C B := N O T ( Z );
6 : C C B :=OVR;
7 : C C B := N O T ( O V R ) ;
8 : CCB : = C O R  Z;
9 : C C B : = Z  A N D  ( NO T  C ) ;
1 0 : CC B : = C ;
1 1 : C C B := N O T  C;
1 2 : C C B : = ( N 0 T  C) O R  Z;
1 3 : C C B ;= C  A N D  ( N O T  Z);
1 4 : C A S E  C S . S R S E L  OF 

0 : C C B := I N B  <> MN;
1 : C C B :=UN;
2 : C C B := M N ;
3 : C C B :=INB;
END;

1 5 : C A S E  C S . S R S E L  OF 
0 : C C B := N O T ( I N B  <>MN);
1 : C C B := N O T  UN;
2 : C C B := N O T  MN;
3 : C C B := N O T  INB;
END;

END;
END;

END;



P R O C E D U R E  C C C U ;
B E G I N

T Z := U Z ; TC: = U C ;  T N : = U N ;  T O V R : = U O V R ;
IF CEU= 0 T H E N
B E G I N

C A S E  SRS OF
0 : B E G I N

U Z := M Z ; U C : = M C I ;  U N : = M N ;  UOVR: 
END;

1 : B E G I N
U Z :=TB; U C :=TB; U N : = T B ;  UOVR: 

END;
2 : B E G I N

U Z := M Z ; U C : = M C I ;  U N : = M N ;  UOVR: 
END;

3 : B E G I N
U Z :=FB; U C :=FB; UN: = F B ;  UOVR: 

END;
6 : B E G I N

U Z :=IZ; U C :=IC; U N : = I N B ;  UOVR: 
END;

7 : B E G I N
U Z :=IZ; U C :=IC; U N : = I N B ;  UOVR: 

END;
8 : U Z : = F B ;
9 : U Z :=TB;
1 0: UC 
11: UC
12 : U N
13 :UN

= FB; 
= TB; 
= F B ; 
= TB;

1 4 : U O V R : = F B ;
1 5 : U O V R :=TB;
2 4 : U Z : = IZ;
2 5 : U Z :=IZ;
4 0 : U C := N O T  IC;
4 1 : U C := N O T  IC;
4 4 : B E G I N

U N :=IN;
U O V R :=IOVR; 

END;
4 5 : B E G I N

U N :=IN;
U O V R :=IOVR; 

END;
O T H E R W I S E  
U Z : = I Z ;
U C :=IC;
U N : = INB;
U O V R :=IOVR;

= M O V R ;

= TB;

= M O V R ;

= F B ;

= I O V R + U O V R

= I O V R + U O V R



END;
END;
IF C E M =  0 T H E N  
B E G I N

C A S E  SRS OF 
0 : B E G I N

M Z := Y Z ; M C I : = Y C ;  M N := Y N ; M O V R : = Y O V R ;
END;

1 : B E G I N
M Z :=TB; M C : = T B ;  M N := T B ; M O V R : = T B ;

END;
2 : B E G I N

M Z := T Z ; M C : = T C I ;  M N := T N ; M O V R : = T O V R ;
END;

3 : B E G I N

M Z : = F B ; M C : = F B ;  M N : = F B ; M O V R : = F B ;
END;

4 : B E G I N

M Z :=IZ; T C :=MC; M C : = M O V R ;  M N  : = INB; M O V R : = T C ;  
END;

6 : B E G I N

U Z :=IZ; U C :=IC; U N : = I N B ;  U O V R : = I O V R + U O V R ;  
END;

7 : B E G I N

U Z :=IZ; U C :=IC; U N : = I N B ;  U O V R : = I O V R + U O V R ;  
END;

8 : U Z : = F B ;
9 : U Z :=TB;
1 0 : U C :=FB;
1 1 : U C :=TB; - 
1 2 : U N :=FB;
1 3 : U N :=TB;
1 4 : U O V R :=FB;
1 5 : U O V R :=TB;
2 4 : U Z := I Z ;
2 5 : U Z :=IZ;
4 0 : U C := N O T  IC;
4 1 : U C := N O T  IC;
4 4 : B E G I N

U N :=IN;
U O V R : = IOVR;

END;
4 5 : B E G I N

U N :=IN;
U O V R :=IOVR;

END;
O T H E R W I S E  
UZ : = I Z ;
U C : = 1 C;
U N :=INB;



U O V R := IOVR;
END;

END;

F U N C T I O N  I Q W :L O N G I N T ; 
B E G I N

C A S E  C S . S E L P C  OF 
0 : I Q W := I Q •R O T O ;
1 : I Q W := I Q . R 0 T 1 ;
2 : I Q W := I Q •R 0 T 2 ;
3 : I Q W := I Q •R 0 T 3 ;
4 : I Q W := I Q .R 0 T 4 ;
5 : I Q W := I Q .R 0 T 5 ;
6 : I Q W := I Q .R 0 T 6 ;
7 : I Q W := I Q .R 0 T 7 ; 
END;

END;

P R O C E D U R E  ALU;
B E G I N

A L U L := C S .FCN;
D A B := RE G [C S .A R E  G ]; 
IF C S .A I N =  0 T H E N  

C A S E  C S . X R E G  OF 
1 : D A B :=TIM;
2 : D A B := P C .W;
3 : D A B := C I .W;
4 : D A B := C C .W;
5 : D A B :=IQW;
8 : D A B := B P .R O T O ; 
9 : D A B := B P .R 0 T 1 ; 

1 0 : D A B := B P .R0T2 
1 1 : D A B := B P .R0T3 
1 2 : D A B : = B P . R 0 T 4  
1 3 : D A B := B P .R0T5 
1 4 : D A B : = B P .R0T6 
1 5 : D A B := B P .R0T7 

O T H E R W I S E ;
END;

D B B : = R E G [ C S . B R E G ] ; 
IF C S .L A =  0 T H E N  

C A S E  C S .I A L U  OF
1 : YB = 0;
2 : YB = D B B - D A B - 1 + C N
3 : YB = D A B - D B B - 1 + C N
4 : YB = D B B + D A B + C N ;
5 : YB = D B B + C N ;
6 : YB = D A B + C N ;
7 : YB = D A B + C N ;

END;



IF C S .L A = 1 T H E N  

B E G I N
I A B •W := D A B ;
I B B •W :=DBB;
C A S E  C S .I A L U  OF 

0 : IYB . S : = [];
1 : I Y B . S : = I A B . S * I B B . S ;
2 : I Y B .S :=[];
3 : I Y B . S : = [ ] ;
4 : I Y B . S : = I A B . S * I B B . S ;
5 : I Y B . S : = [ ] - ( I A B •S + I B B . S ) ;
6 : I Y B •S : - [ ] - ( I A B .S * I B B .S );
7 : I Y B . S : = I A B . S + I B B . S ;

END;
END;

Y B : = I Y B .W ;

IF C S .A I X =  0 T H E N  R E G [C S .BREG] :=YB; 
IF C S .A I X = 1 T H E N  
C A S E  C S .X R E G  OF 

0 ; B U G :=YB;
1 ; T I M :=YB;
2 : P C .W :=YB;
3 s C O .W := Y B ;
4 : M D R : = Y B ;
5 : B E G I N

IF P C .I [ 31]= 0 T H E N  
B E G I N
IQ. W[ 0]' : =YB;
I Q .W [ 2 ] : = Y B ;
END;

IF P C .I [3 1 ] =  1 T H E N  I Q . W [ 1 ] : » Y B ;  
END;

6 : B E G I N
B P . W [ 0 ] :=YB;
B P .W [ 2 ] : =YB;
END;

7 : B P .W [ 1 ] : = Y B ;
O T H E R W I S E ;

END;
END;

P R O C E D U R E  MEM;
B E G I N

M E M L : = C S .F C N ;
IF C S .L M C = 1 T H E N  

B E G I N
C A S E  C S .SMC OF 

0 : A C := C S .AMF;
1 : B C : = C S . A M F ;
2 : M C : = C S . A M F ;



O T H E R W I S E ;
END;

END;
C A S E  C S •SMC OF

0 : M A :=A C ;
1 : M A : = B C ;
2 : M A :=MC;
3 : M A : = CS .AMF;
END;

IF C S .W M F = 1 T H E N  
B E G I N
C A S E  C S .SMC OF 

Or M M [ A C ]  :=MDR;
1 : M M [ B C ] : =MDR;
2 : M M [M C ]:=MDR;
3 : M M [C S . A M F ] :=MDR;
END;

END;
C A S E  C S .SMC OF 

0 : R D R : = M M [ A C ];
1 : R D R := M M [B C ];
2 : R D R : = M M [M C ];
3 : R D R := M M [C S .A M F ];

END;
IF C S . M I X = 0  T H E N  R E G [C S .R M D ] : =RDR;
IF C S . M I X = 1  T H E N  

B E G I N
C A S E  C S .SMC OF 

0 : B U G :=RDR;
1 : T I M :=RDR;
2 : P C .W :=RDR;
3 : C O .W :=RDR;
4 : M D R : = R D R ;
5 : B E G I N

IF P C .I [3 1 ] =  0 T H E N  
B E G I N

I Q . W [ 0 ] : =RDR;
I Q .W [ 2 ] : =RDR;

END;
IF P C .I [31]=1 T H E N  I Q . W [ 1 ] :=RDR; 
END;

6 : B E G I N
B P . W [ 0 ] : =RDR;
B P . W [ 2 ] :=RDR;
END;

7 : B P . W [ 1 ] : =RDR;
END;

END;
END;



P R O C E D U R E  SEQ;
B E G I N

S E Q L  : = C S .FCN;
IF C S .O C B = 1 T H E N  S A D D .B [ 1 ] : = I Q .B [C S .S E L P C ]; 
IF C S .B C C = 1 A N D  C C B = 0  T H E N  C S . S 1 0 : = 0 ;
IF C S . F E = 1 A N D  C S . P U P = 0  T H E N  L E V : = L E V - 1 ;
IF C S . F E = 1 A N D  C S . P U P = 1  T H E N  

B E G I N
L E V := L E V + 1 ;
S T K [ L E V ] : = S B .H + 1;

END;
C A S E  C S . S 1 0  OF 

0 : S B . H : = S B . H + 1;
1 : S B .H : = S A D D •H;
2: S B . H : = S T K [ L E V ];
3 : S B •H : = S A D D •H ;

END;
END;

B E G I N
R E A D C P U ;
R O M I N I T ;
POWER;
R E S E T  (K E Y B D )  ;
R E A D  ( K E Y B D , I N K E Y )  ; 
W H I L E  I N K E Y O " S "  DO 
B E G I N

C Y C L E : = C Y C L E + 1 ; 
D I S C P U A ;
C S . W : = R O M [ C Y C L E ]  ; 
P R O G C N T ;
ECW;
C A S E  C S . L F D  OF

(*

CON
SHF
CCC
A L U
M E M
M A P
SEQ

*)

END;
(* U P D A T E ;  *)

R E A D  ( K E Y B D , I N K E Y )  ; 
END;

END.



A P P E N D I X  H 

H D L  S I M U L A T I O N  OF M E M



O C K  M E M  D E S I G N ;
G L O B A L S  CLKA, CLK1 , CLK3 , CLK4__, V C C  ,GND *)

( C L K A , CLK1 , CLK3 , CLK4__, MR_) @ I N P U T ;

I N T E R F A C E  TO U C O D E  *)
(* CS IS THE WCS W O R D  TO BE L A T C H E D  IN U C O D E  R E G  

C S (23 TO 0) @ I N P U T ;

(* L P M E M  IS THE L O A D  P U L S E  F O R  THE M E M  U C O D E  R E G  
L P M E M  @ I N P U T ;

(* M E M C Y  M E M O R Y  C Y C L E  *)
M E M C Y  @ I N P U T ;

I N T E R F A C E  TO M A P  B O A R D  *)
(* P D  BUS IS F R O M  THE P R O C E S S O R  TO THE M A P  B O A R D  

P D ( 31 TO 0) @ I N O U T ;

(* E N P R D  M E A N S  MA P  READ, E N P W T  M E A N S  M A P  W R I T E  * 
( E N P R D , E N P W T )  @ I N P U T ;

(* M A P R E Q  R E Q U E S T  TO THE M A P  F O R  A M E M O R Y  C Y C L E  
M A P R E Q  @ I N P U T ;

(* B S E X  B Y T E  S I G N  E X T E N D  *)
B S E X  @ I N P U T ;

(* H S E X  H A L F  S I G N  E X T E N D  *)
H S E X  @ I N P U T ;

I N T E R F A C E  TO A L U  *)
(* Y O  IS THE O U T P U T  BUS F R O M  THE 2903 *)

Y O (31 TO 0) @ I N O U T ;

(* L P M D R  L O A D  P U L S E  F O R  M E M O R Y  D A T A  R E G I S T E R  *) 
L P M D R  @ I N P U T ;

(* R M D  R E A D  M E M O R Y  D E S T I N A T I O N  INTO THE A L U  *) 
R M D (3 TO 0) @ O U T P U T ;

(* M I X  M E M O R Y  D E S T I N A T I O N  I N T E R N A L  OR E X T E R N A L  * 
M I X  @ O U TPUT;

(* M D  IS THE M E M O R Y  C O U N T E R  OR D I R E C T  BU S S  *) 
M D (7 TO 0) @ O U T P U T ;



(* L O C A L  A R R A Y S  *)
(* A M  D I R E C T  A D D R E S S  L I N E S  F R O M  U C O D E  TO M E M O R Y

AM( 7 TO 0) @ L O C A L ;

(* AC A M E M O R Y C O U N T E R O U T P U T  BUSS *)
A C  ( 7 TO 0) @ L O C A L ;

(* BC B M E M O R Y C O U N T E R O U T P U T  BUSS *)
BC ( 7 TO 0) @ L O C A L ;

(* M C  M M E M O R Y C O U N T E R O U T P U T  BU S S *)
M C  ( 7 TO 0) @ L O C A L ;

(* Ml M E M O R Y  C O U N T E R  1 O U T P U T  BU S S  *) 
M l (7 TO 0) @ L O C A L ;

(* M M  M E M O R Y  C O U N T E R S  M U X E D  BUSS *)
M M (7 TO 0) @ L O C A L ;

(* M A  M E M O R Y  A D D R E S S  B U S S  *)
M A ( 7  TO 0) @ L O C A L ;

(* M B R  M E M O R Y  R E A D  BUSS *)
M B R ( 31 TO 0) @ L O C A L ;

(* M B W  M E M O R Y  W R I T E  BU S S  *)
M B W ( 31 TO 0) @ L O C A L ;

S T R U C T U R E

U 0 0 : L A T 2 4

(* CS 24 B I T S  I N P U T  
CS ( 2 3 TO 0) ,

TO U C O D E L A T C H  *)

(* N C O  
N C O  ,

D O N T  CA R E  *)

(* W M F
W M F ,

W R I T E  M E M O R Y F I L E  *)

(* SMC
SMC1

S E L E C T  M E M O R Y  
,SMC 0,

C O U N T E R  * )

(* M I X M E M O R Y  D E S T I N A T I O N  I N T E R N A L  OR E X T E R N A L
M I X ,

(* L C A  
L C A ,

L O A D  C O U N T E R A *)

(* L C B  
L C B  ,

L O A D  C O U N T E R B *)

(* L C M  
L C M ,

L O A D  C O U N T E R M *)

(* ID
ID,

I N C R E M E N T  OR D E C R E M E N T C O U N T E R *)

(* E C A E N A B L E  C O U N T E R  A *)



ECA,
(* E C B  E N A B L E  C O U N T E R  B *)

ECB,
(* E C M  E N A B L E  C O U N T E R  M *)

E C M ,
(* RM D  R E A D  M E M O R Y  D E S T I N A T I O N  *)

R M D ( 3 ) , R M D ( 2 ) , R M D ( 1 ) , R M D ( 0 ) ,
(* A M  8 B I T S  F O R  M E M O R Y  A D D R E S S  *)

A M ( 7 ) , A M ( 6 ) , A M ( 5 ) , A M ( 4 ) , A M ( 3 ) , A M ( 2 ) , A M ( 1 ) , A M ( 0 ) , 
GND,

(* L P M E M  L O A D  P U L S E  TO L O A D  M E M  U C O D E  R E G I S T E R  *) 
L P M E M ;

(* M U X  M E M O R Y  O R  M E M O R Y 1 C O U N T  A N D  L O A D S  *)
U 010: L S 2 5 7 A

EMMC__, E C M _ , E M C 0 _ ,
ECM__,EMMC_,EMC1__,
V C C  , L C M _ , L M C 0 _ ,
L C M _ , V C C , L M C 1 _ ,
M M 1 , G N D ;

(* F L I P  F L O P  TO D E T E R M I N E  P H A S E  OF M E M O R Y  A N D  M E M O R Y 1 *) 
U 02 0: L S 1 0 9 A

V C C  , G N D , M M 1  , M M 1 _ , M A P R E Q , V C C  ,MR__,
N C I ,N C 2 ,N C 3 ,N C 4 ,N C 5 , N C 6  ,NC7 ;

(* X O R  TO C H A N G E  M M  BU S S  W I T H  C L O C K  *)
(* G E N E R A T E  I N C R E M E N T  F R O M  M A P  *)
U 0 3 0 :  L S 8 6

C L K A , M M 1 ,S M M 1 ,
E N P W T , E N P R D , E M M C ,
C LKA , V C C , C L K A _ _ ,
E M M C ,V C C , E M M C _ ;

(* A M E M O R Y  C O U N T E R  *)
U 0 4 0 :  C N T 0 8

A M ( 7 TO 0),

A C (7 TO 0),
ID, C L K 4 _ , E C A _ , L C A _ ;

(* B M E M O R Y  C O U N T E R  *)
U 05 0: C N T 0 8

A M (7 TO 0),

BC(7 TO 0) ,
I D , C L K 4  ,E C B  ,LCB ;

(* M  M E M O R Y  C O U N T E R  *) 
U 0 6 0 :  C N T 0 8

A M ( 7 TO 0),



M C (7 TO 0) ,
ID, C L K 4 _ _ , E MC0_,LMC0_;

(* Ml M E M O R Y  C O U N T E R  *)
U 0 7 0 :  C N T 0 8

A M ( 7 TO 0),
M l (7 TO 0) ,
ID, CLK4_,EMC1__,LMC1__;

(* M  O R  Ml M U X  *)
U 0 8 0 :  M U X 1 6 _ 0 8

M C (7 TO 0) ,
M l (7 TO 0) ,
M M (7 TO 0),
SMM1 ;

(* M M , A M  M U X  *)
U 0 9 0 :  M U X 3  2__08

A M ( 7 TO 0),

A C (7 TO 0) ,
B C (7 TO 0),
M M ( 7 TO 0),
M D ( 7  TO 0),
S M C 1 ,S M C O ;

(* M D ,M M  M U X  *)
U 1 0 0 :  MUX16__08

M M (7 TO 0) ,
M D (7 TO 0),
M A ( 7 TO 0) ,
CLKA;

(* D E L A Y  C L O C K  1 T H E N  A N D  W I T H  M E M O R Y  W R I T E  F O R  WE__ *) 
U 11 0 : L S O O

CLK1 , CLK1 ,CLK1__,
C L K 1 _ , C L K 1 _ , C L K 1 D ,
C L K 3  ,CLK3 ,CLK3__,
CLK3__, CLK3__, CLK3D;

(* A N D  M E M C Y  W I T H  W M F ,L M C ,EM C  *)
U 12 0: L S O O

L C M  , M E M C Y  , LCM__,
E C M , M E M C Y , E C M _ ,
W M F ,M E M C Y , W M F _ ,
WMF__,WMF__,WMFD;

(* A N D  M E M C Y  W I T H  A A N D  B C O U N T E R  S I G N A L S  *)
U 13 0: L S O O

L C A , M E M C Y , L C A _ ,
E C A , M E M C Y , E G A  ,



L C B , M E M C Y , L C B _ ,
ECB, M E M C Y ,  ECB__;

(* F O R M  M E M O R Y  W R I T E  P U L S E S  *)
U 14 0 : LSO 0

CLK1 D , W M F D  , WME__,
C L K 3 D , E N P W T , W M M E _ ,  
WME__,WMME__,WE ,
W E  , WE  , WE_j

(* M E M O R Y  F I L E  *)
U 15 0: M E M 2 5 6

M B W (31 TO 0),
M B R ( 31 TO 0),
M A ( 7 TO 0),
G N D ,G N D ,V C C , WE_;

(* R D R  R E G I S T E R  *)
U 16 0: GAT3 2

M B R ( 31 TO 0),
Y O (3 1 TO 0) ,
V C C ,CLKA;

(* M D R  R E G I S T E R  *)
U 17 0: LAT3 2

Y O ( 31 TO 0) ,
M B W (31 TO 0),
C L K A _ , L P M D R ;

(* M O  R E G I S T E R  *)
U 18 0: GAT3 2

M B R ( 3 1 TO 0) ,
P D ( 31 TO 0) ,
E N P R D _ ,  CLKA_;

(* S I G N  E X T E N D  I N V E R T E R  *)
(* PD B Y T E  1 E N A B L E = P D 1  *)
(* SE B Y T E  1 E N A B L E =  S E 1 *)
(* S E 1 = C L K A * B S E X *  PD7 *)
(* SE2 = C L K A * ( B S E X * P D 7  + H S E X *  P D 1 5 )

U 19 0: L S O 0
B S E X  , PD(7 ) ,INT1__,
I N T 1 _ , INT1__, INTI ,
CLKA__, INTI , SE1_,
CLKA__, I N T 1 _ , PD1_;

U 195 : L S O O
H S E X , P D ( 1 5 ) , IN T 2 _ ,
INT2 ,INT2 ,I N T 2 ,



I N T 1 _ , I N T 2 _ , I N T 3 ,
I N T I ,I N T 2 ,INT3_;

U2 0 0 :  L S O O
C L K A _ , I N T 3  , SE2_, 
C L K A _ , I N T 3 _ , P D 2 _ ,
E N P R D ,E N P R D ,E N P R D _ ,
N C 8 , N C 9 ,NCI 0;

U 2 1 0 :  L S 3 7 3
V C C , V C C , V C C , V C C , V C C , V C C , V C C , V C C ,  
M B W ( 3 1 ) , M B W ( 3 0 ) , M B W ( 2 9 ) , M B W ( 2 8 ) , 
M B W ( 2 7 ) , M B W ( 2 6 ) , M B W ( 2 5 ) , M B W ( 2 4 ) , 
S E 2 _ , G N D ;

U 2 2 0 :  L S 3 7 3
V C C , V C C , V C C , V C C , V C C , V C C , V C C , V C C ,  
M B W ( 2 3 ) , M B W ( 2 2 ) , M B W ( 2 1 ) , M B W ( 2 0 ) , 
M B W ( 1 9 ) , M B W (18) , M B W ( 1 7 ) , M B W ( 1 6 )  , 
SE2__, G N D ;

U 2 3 0 :  L S 3 7 3

V C C , V C C , V C C , V C C , V C C , V C C , V C C , V C C ,  
M B W ( 1 5 ) , M B W ( 1 4 ) , M B W ( 1 3 ) , M B W ( 1 2 ) , 
M B W ( l l )  ,M B W (10) ,M B W (09) , M B W ( 0 8 )  , 
SE1__,GND;

(* M I  R E G I S T E R  *)
U 2 4 0 :  G A T 3 2 S

PD( 3 1 TO 0) ,
M B W (31 TO 0),
PD2_,PD2_,PD1___, CLKA__,ENPWT;

E N V I R O N M E N T
G L O B A L  V C C , G N D ;

E N D  MEM;

B L O C K  L A T 2 4 ;
D I (23 TO 0) @ I N P U T ;

( D02 3 ,D 0 2 2 ,D 0 2 1 , D 0 2 0 , D O l 9 , D O 1 8 , D O 1 7 , D O l 6 , 
D O 1 5 , D 0 1 4 , D 0 1 3 , D 0 1 2 , D 0 1 1 , D 0 1 0 , D 0 0 9  ,D008 , 
D 0 0 7 ,D 0 0 6 ,D 0 0 5 ,D 0 0 4 ,D 0 0 3 ,D 0 0 2 ,D O O 1 , DO O O )  

( OE ,CLK) @ I N P U T ;
0 O U T P U T ;

S T R U C T U R E  
U 0 0 : L S 3 7 4

D I (7) ,DI ( 6 ) ,DI (5) , D I ( 4 ) , D I ( 3 ) , D I ( 2 )  ,D I (1) ,DI(0) ,



D 0 0 7 , D 0 0 6 ,D 0 0 5 ,D 0 0 4 ,D 0 0 3 ,D 0 0 2 ,D 0 0 1 , D O O O ,  
O E _ , C L K ;

U 0 1 : L S 3 7 4
D I ( 1 5 )  ,D I (14) ,D I (13) , DI ( 1 2 ) ,
D I ( l l ) ,D I ( 1 0 ) , D I ( 9 ) , D I ( 8 ) ,
D 0 1 5 , D 0 1 4 , D 0 1 3 , D 0 1 2 , D 0 1 1 , D 0 1 0 , D 0 0 9 , D 0 0 8 , 
OE__,CLK;

U 0 2 : L S 3 7 4

D I ( 2 3 ) , D I ( 2 2 ) , D I ( 2 1 ) , D I ( 2  0),
D I ( 1 9 )  , D I ( 1 8 ) ,D I ( 1 7 ) ,DI(16) ,
D 0 2  3 ,D022 , D 0 2 1 , D 0 2 0 , D 0 1 9 ,D O 1 8 , D O 1 7 , D 0 1 6 , 
OE__, CLK;

E N D  LAT2 4';



A P P E N D I X  J 

C A C H E  P L A C E M E N T  S T U D Y



NO C A C H E

3 0* M / 9  = 3 . 3 * M
M  = 6 0 0  NS
M I P  = 1 / ( 3 . 3 * . 6 )  = .5

W O R S T  C A S E  
M  = 6 0 0  N S + 4 0 0  NS 
M I P  = 1 / 3 . 3 = . 3

+ ------ +

|DYNO + —
+ ------ +

| D E V  |
+ ------ +

| F E T C H + —  
+ ------ +

— +

I N S T  C A C H E

N O T  O V E R L A P P E D  |DYNO + -
( 1 8 * M + 1 2 * P C + 9 * M C ) / 9  = + ------- ■+

= 2 • 0 * M + 1 .3 3 * M C + 1 * P C  | D E V  |
M =  6 O O N S  M C =  15 ONS P C = 1 5 0 N S  + — ---- +
M I P = 1 / ( 2 . 0 * . 6 + 1 . 3 3 *  . 15+. 15) |FETCHH—

= .65 — ---(■

■-+

I

|INST |
|CACHE| 
+ — + — +

O V E R L A P P E D  
1 8 * M / 9  = 2 . 0 * M  
M  = 6 0 0  NS 
M I P  = 1 / ( 2 . 0 * . 6 ) = .83

+ ------ +  + ------ +
|DYNO + — + C A C H E + — + 
+ ““---- h H— ------h |
I D E V  | |

+ ------ + I
| F E T C H + --------------- +■
+ ------ +

I N S T R U C T I O N  A N D  D A T A  C A C H E

N O T  O V E R L A P P E D  
(3 0 * M C + 9 * P C ) /9 = 3 . 3 * M C + 1 * P C  
M C  = 1 5 0  NS PC = 1 5 0  NS 
M I P  = 1 / ( 3 . 3 *  * 1 5 + . 1 5 )  = 1 .5

+■------ +  + -------+
|DYNO + — +  |INST |
+ ------ + | | D A T A  |
I D E V  | | |CACHE|
+ ------ +  | + — + — +
| F E T C H + — + ------ + ----
+ ------ +

O V E R L A P P E D
( 1 8 * M C + 9 *  P C ) /9 = 2 . 0 * M C + 1 * PC 
M C  = 1 5 0  NS PC = 1 5 ONS 
M I P  = 1 / ( 2 . 0 * . 1 5 + . 1 5 ) = 2 . 2 2

+ ------ +  + ------ +
|DYNO + — + C A C H E + — +
+ “--- — + H— ■------ h |
I D E V  I I
-I--------H H--------1- |

| F E T C H + — + C A C H E + — +■ 
+ ------ + + -------+



I N S T R U C T I O N  A N D  D A T A  C A C H E  80%

N O T  O V E R L A P P E D

( 3 0 * M C * .8+3 0 * M * . 2 + 9 * P C ) / 9 = 2 . 6 6 * M C + . 6 6 * M + l * P C  
M C  = 1 5 0  NS M = 6 0 0  NS PC = 1 5 0  NS
M I P  = 1 / ( 2  .6 6*. 15+.6 6 * . 6 + .  15) = 1 . 05

O V E R L A P P E D

( 1 8 * • 8 * M C + 1 8 * . 2 * M + 9 * P C ) / 9 = 1 .6 * M C + .4 * M + 1 * P C  
M C  = 1 5  0 NS M  = 7 5 0  NS PC = 1 5 0  NS 

M I P  = l / ( 1 . 6 * . 1 5 + . 4 * . 7 5 + . 1 5 ) = 1 . 4 5



A P P E N D I X  K 

P I P E L I N E  D A T A  F L O W  S T U D Y



P I P E L I N E  E V A L U A T I O N  F O R  THE F O L L O W I N G  R O U T I N E ;

B E G I N  A D D  A ,B [C ] ,D 
INC C
J U M P  B E G I N

F I F O  

+ ------ +

| 1 | D E C O D E R  1 , 2 , 3 . . .  O P E R A N D
+ ------ +  I I N D E X

J J U M P
+ ------ +  + -------+ W  W A I T

| I I I 1 J D E V E L O P E R
+ ------ +  + -------+ 

+ ------ +  + -------+  +  +

I 2 | | I | | 1 | A L U
+ ------- f- H-------- b 4—— — — — —+

+ ------ + + ------ + + ------ + + ------ +
| 3 | | 2 | | I | | 1 | W R I T E
+ ------ +  + -------+  + ------ + + ------ +  B U F F E R

+ ------ + + ------ + + ------ + + ------ + +  +
| 1 | | 3 | | 2 | | W | | W |
+ ------ + + ------ + + ------ + + ------ + +  +'

+ ------ + + ------ + + ------ + + ------ + +  +
| J |  I 1 I I 3 | I 2 | i W I
+ ------ + + ------ + + ------ + + ------ + +  +

H-------- (■ H------ — h + — ■ —  — h H b

| J | | 1 | | 3 | | W |
+ ------ + + ------ +  + ------ + +  +

+ ------ +  + -------+  +  +

I J I I 1 I I 3 |
H—  ------ b + ------- h + --— --- h

+ ------ +  +  +

I J I I 1 I
+ ------ +  +  +

S P E C I F I E R



A P P E N D I X  L 

D I S P L A C E M E N T  D E C O D E  T A B L E



O P T I O N S

O P  C O D E  O N L Y  
WS  S H O R T  
A D D R E S S  D I R E C T  
D I S P L A C E M E N T  
A D D R E S S  B A S E

I N D E X WS S H O R T
I N D E X  
L I T E R A L  
L S  B A S E  
W S  B A S E  
A D D R E S S B A S E

A D D R E S S  BASE
#
D I S P L A C E M E N T
D I S P L A C E M E N T
D I S P L A C E M E N T

I N D E X LS L O N G D I S P L A C E M E N T
I N D E X WS L O N G D I S P L A C E M E N T
I N D E X A D D R E S S  BASE D I S P L A C E M E N T
L S  L O N G F I E L D D I S P L A C E M E N T
WS L O N G F I E L D D I S P L A C E M E N T
A D D R E S S L O N G F I E L D D I S P L A C E M E N T

I N D E X LS L O N G F I E L D  D I S P L A C E M E N T
I N D E X WS L O N G F I E L D  D I S P L A C E M E N T
I N D E X A D D R E S S  L O N G F I E L D  D I S P L A C E M E N T

D I S P L A C E M E N T

0 0 0 X X X X X
O O I O X X X X
OOllXXXX oooxxxxx 

OOIOXXXX 
OOllXXXX 
OlOXXXXX 
OllOXXXX
O l l l X L L L  O X X X X X X X  
O l l l X L L L  1 0 X X X X X X  
O l l l X L L L  1 1 0 X X X X X  
O l l l X L L L  1 1 1 0 X X X X  
0 1 1 1 X 1 1 0  X X X X X X X X  
0 1 1 1 X 1 1 0  X X X X X X X X  
0 1 1 1 X 1 1 0  X X X X X X X X  
0 1 1 1 X 1 1 0  X X X X X X X X  
1 X X X 0 X X X
1 X X X 1 L L L  O X X X X X X X  
1 X X X 1 L L L  1 0 X X X X X X  
1 X X X 1 L L L  1 1 0 X X X X X  
1 X X X 1 L L L  1 1 1 0 X X X X

0 0 0 0 0  
0 0 0 0 0
00102 
00202 

10000 
10000 
10000 

01 0 0 3  
0 2003 
0 3003 
04003 

O X X X X X X X  01 0 0 4  
1 0 X X X X X X  0 2 0 0 4  
1 1 0 X X X X X  03 004 
1 1 1 0 X X X X  04 0 0 4  

0 0 0 0 0  
0 1003 
0 2003 
0 3003 
0 4003



1 X X X 1 110 X X X X X X X X O X X X X X X X 0 1 0 0 4
1 X X X 1 110 X X X X X X X X 1 0 X X X X X X 0 2 0 0 4

1 X X X 1 1 1 0 X X X X X X X X 1 1 0 X X X X X 0 3 0 0 4
1 X X X 1 110 X X X X X X X X 1 1 1 O X X X X 0 4 0 0 4

0 1 0 X X X X X O O O X X X X X 00102
O O I O X X X X 00 2 0 2
0 0 1 1 X X X X 1 0 0 0 0
0 1 0 X X X X X 1 0 0 0 0
0 1 1 0 X X X X 1 0 0 0 0
O l l l X L L L O X X X X X X X 01003
O i l 1 X L L L 1 0 X X X X X X 02003
O l l l X L L L 1 1 0 X X X X X 03003
O l l l X L L L 1 1 1 0 X X X X 04003
0 1 1 1 X 1 1 0 X X X X X X X X O X X X X X X X 0 1 0 0 4
0 1 1 1 X 1 1 0 X X X X X X X X 1 0 X X X X X X 0 2 0 0 4
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A P P E N D I X  M 

H D L  S I M U L A T I O N  OF F I F O



B L O C K  F I F O  D E S I G N ;

C L K  @ I N P U T ;
I N S T _ C A C H E ( 6 3  TO 0) @ I N P U T ;
B Y T E _ S K I P ( 2  TO 0) @ I N P U T ;
F I F O _ L O A D  . @I N P U T ;

F I F O _ V A L I D  0 O U T P U T ;
F I F O  OUT( 63 TO 0) @ O U T P U T ;

B E H A V I O R  F U N C T I O N A L  PRO G R A M ;

B O O L E A N  1(4 TO 0 ) , N E X T _ F I L (4 TO 0 ) , L A S T _ S E L ( 4 TO 0), 
N E X T _ S E L ( 4  TO 0 ) , F I F O ( 0  TO 31,7 TO 0),
J (4 TO 0 ) , F I F O _ V A L I D I ;

IF V C H A N G E ( C L K ) # * ( C L K = 1 )  T H E N  
N E X T _ S E L : = L A S T _ S E L @ + B Y T E _ S K I P ;
I : = N E X T _ S E L @ - N E X T _ F I L ;
IF ( F IFO__LOAD= 1 ) # * ( ( I > 7 )  #+FIFO__VALIDI= 0) T H E N  

FI F O ( NEXT__FIL) s = I N S T _ C A C H E  ( 6 3 TO 56);
F IFO ( NEXT__F I L @ + 1) : = INST__CACHE (55 TO 48);
F IFO( N E X T _ F  I L @ + 2 ) : = INS T__C A C H E  (47 TO 40); 
F I F O ( N E X T _ F I L @ + 3 ) := I N S T _ C A C H E (39 TO 32); 
F I F O ( N E X T _ F I L @ + 4 ) :=I N S T _ C A C H E (31 TO 24); 
FI F O ( N E X T _ _ F I L @  +  5) :=I N S T _ C A C H E (23 TO 16); 
F I F O ( N E X T _ F I L @ + 6 ) :=I N S T _ C A C H E (15 TO 8); 
F I F O ( N E X T _ F I L @ + 7  ) := I N S T _ C A C H E (7 TO 0) ;
N E X T _ F I L  :=NEXT__FIL@+8;
I : = N E X T _ S E L @ - N E X T _ F I L ;

E N D  IF;
J:=NEXT__SEL;

FIFO__OUT( 6 3 TO 0 ) : = F I F O ( J ) ::F I F O ( J @ + l ) : : F I F O ( J @ + 2 ) ::
F I F O (J @ + 3 ) : : F I F O ( J @ + 4 ) ::
F I F O (J @ + 5 ) : : F I F O ( J @ + 6 ) ::F I F O ( J @ + 7 ); 

IF I>23 T H E N  F I F O _ V A L I D I :=0;
E L S E  L A S T _ S E L : = N E X T _ S E L ;

F I F O _ V A L I D I : = 1 ;
E N D  IF;
FIFO__VALID : = F I F O _ V A L I D I ;
S C H E D U L E  F I F O _ _ O U T , F I F O _ V A L I D  AT 35;

E N D  IF;
E N D  FIFO;
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