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S u m a r y  

I n  t h i s  paper  t h e  s u b j e c t  o f  hard+red v e r s u s  
p r o g r a m e d  implementat ions  o f  a l g o r i t h m s  i s  d i s -  
cussed. A s e t  o f  r e g i s t e r  t r a n s f e r  l e v e l  modules 
f o r  d i g i t a l  sys tem d e s i g n  i s  desc r ibed .  These 
modules a r e  used t o  c o n s t r u c t  two v e r s i o n s  o f  a  
c o n t r o l l e r  f o r  a n  i n d u s t r i a l  a n v i l ;  one a  h a r d -  
wi red  implemen ta t ion  o f  t h e  c o n t r o l  a l g o r i t h m ,  and 
t h e  o t h e r  a  s p e c i a l  p r o c e s s o r  ( an  i n t e r p r e t e r )  f o r  
execu t ing  t h e  c o n t r o l  a l g o r i t h m  a s  a  program. The 
implementat ions  a r e  c m p a r e d  and d i scussed .  

u s ing  R'IMs f o r  Comparative S t u d i e s  

I n  d e s i g n i n g  s m a l l ,  s p e c i a l  purpose ,  d i g i t a l  
sys tems,  such a s  p r o c e s s  c o n t r o l l e r s  o r  computer 
I/O c o n t r o l l e r s ,  one  i s  u s u a l l y  faced.wLth two 
a l t e r n a t i v e s :  

1. Custom-design a sys tem i n  which t h e  o p e r a t -  
i n g  a l g o r i t h m  i s  hardwired.  

2. Program a  sma l l  computer t o  e x e c u t e  t h e  
o p e r a t i n g  a lgo r i thm.  

I n  t h e  hardwired approach,  t h e  hope i s  t h a t  
cus tom-designing t h e  system w i l l  make i t  cheape r  
by avo id ing  unnecessa ry  p a r t s ,  b u t  t h e  custom- 
d e s i g n  p r o c e s s  i n  i t s e l f  i s  u s u a l l y  q u i t e  expen- 
s i v e .  I n  t h e  p r o g r a m e d  approach,  one  must u s e  
a l r e a d y  des igned ,  g e n e r a l  pu rpose ,  sma l l  computers.  
These a r e  mass produced t o  make them cheape r ,  b u t  
s i n c e  they a r e  g e n e r a l  pu rpose  they  w i l l  u s u a l l y  
c o n t a i n  some f e a t u r e s  t h a t  a r e  n o t  needed f o r  t h e  
t a s k  a t  hand. Hence, unnecessa ry  c o s t s  w i l l  b e  
incu r red .  s 

Thus, when one compares t h e  c o s t  and p e r f o r -  
mance of t h e s e  two sys tems,  one i s  ccmparing a  
cus tom-designed,  s p e c i a l  pu rpose  sys tem w i t h  a  
s u i t a b l y  adap ted  g e n e r a l  purpose  system. What we 
would r e a l l y  l i k e  t o  compare, however, i s  t h e  c o s t  
and performance of  t h e  hardwired approach v e r s u s  
t h e  p r o g r a m e d  approach.  Th i s  i s  q u i t e  a  d i f f e r -  
e n t  i s s u e .  The f a c t  t h a t  t h e  s p e c i a l  purpose  and 
t h e  g e n e r a l  purpose  sys tems were  p robab ly  des igned  
u s i n g  d i f f e r e n t  t e c h n o l o g i e s ,  and t h e  f a c t  t h a t  
t he  g e n e r a l  purpose  system p robab ly  c o n t a i n s  un-  
necessa ry  f e a t u r e s  make t h e  comparison ve ry  d i f f i -  
c u l t .  
* 
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R e g i s t e r  T r a n s f e r  Modules ( R ' C ~ S ) ,  a l s o  c a l l e d  
t h e  PDP-16, conceived by t h e  a u t h o r s  and DEC, p ro -  
v i d e  a  methodology f o r  doing such a  compar ison of  
t h e  hardwired and p r o g r a m e d  approaches .  These 
modules a l low one t o  q u i c k l y  and e a s i l y  d e s i g n  
sys tems fo l lowing  bo th  approaches ,  y e t  u s i n g  t h e  
same s e t  o f  hardware b u i l d i n g  b locks .  F ~ r t h e r -  
more,  s i n c e  t h e  p r o c e s s o r  f o r  t h e  p r o g r a m e d  ap-  
proach can  b e  i t s e l f  custom-designed f o r  t h e  t a s k  
a t  hand, t h e  unnecessa ry  f e a t u r e s  t h a t  caused t h e  
u n f a i r  comparison ment ioned above w i l l  no longe r  
b e  p r e s e n t .  

I n  t h i s  pape r  RMs w i l l  b e  used t o  d e s i g n  
b o t h  a  hardwired v e r s i o n  and a p r o g r a m e d  v e r s i o n  
o f  a  c o n t r o l l e r  f o r  a  movable i n d u s t r i a l  a n v i l .  
The performance and c o s t  of t h e s e  two impleme.lta- 
t i o n s  w i l l  be  c m p a r e d .  

R'I?l System Design 

A  d e t a i l e d  t r e a t m e n t  o f  RDfs i s  g i v e n  e l s e -  
where1. A b r i e f  d e s c r i p t i o n  i s  g iven  here f o r  
t h e  r e a d e r  who i s  u n f a m i l i a r  w i t h  them. RPfs a r e  
a  s e t  of  a b o u t  20 asynchronous  modules f o r  b u i l d -  
i n g  d i g i t a l  sys t ems  a t  t h e  r e g i s t e r  t r a n s f e r  l e v e l  
o f  des ign .  Four g e n e r a l  t ypes  of  modules a r e  
used:  

1. 

2. 

3.  

4 .  

Memory modules (M-type) f o r  s t o r i n g  d a t a .  

Data-memory modules (EM-type) f o r  o p e r a t -  
i n g  on d a t a  and s t o r i n g  i n t e r m e d i a t e  r e -  
sul ts .  

Cont ro l  modules (K-type) f o r  d e t e r m i n i n g  
which r e g i s t e r  t r a n s f e r  o p e r a t i o n s  a r e  t o  
t a k e  p l a c e  and when. 

Transducer  modules (T- type)  f o r  p r o v i d i n g  
i n t e r f a c e  t o  t h e  o u t s i d e  world .  

System d e s i g n  w i t h  R'IMs i s  exceed ing ly  easy.  
F i r s t  t h e  d e s i r e d  o p e r a t i n g  a l g o r i t h m  i s  drawn i n  
f lowchar t  form. T h i s  f l o w c h a r t  maps d i r e c t l y  i n t o  
t h e  c o n t r o l  p a r t  of  t h e  system, w i t h  t h e  boxes WI 

t h e  f lowchar t  co r re spond ing  t o  K modules,  and t h e  
l i n e s  on t h e  f l o w c h a r t  co r re spond in6  t o  c o n t r o l  
w i re s .  The K  modules send s i g n a l s  o v e r  t o  t h e  
d a t a  p a r t  o f  t h e  system t o  evoke t h e  v a r i o u s  r e g -  
i s t e r  t r a n s f e r  o p e r a t i o n s .  

The d a t a  p a r t  o f  t h e  system c o n s i s t s  of  s e -  
l e c t e d  M ,  DEI, and T  type  modules connected t o  n 



common d a t a  bus .  The v a r i o u s  r e g i s t e r  t r a n s f e r s  
evoked by t h e  K modules t a k e  p l a c e  v i a  t h i s  bus.  

The modules themselves  a r e  f a b r i c a t e d  u s i n g  
MSI technology,  and a r e  compact, r easonab ly  f a s t ,  
and r e l a t i v e l y  inexpens ive .  

The Anvil  C o n t r o l l e r  

The d e v i c e  t h a t  i s  t o  b e  c o n t r o l l e d  i n  t h i s  
c a s e  s tudy  i s  an  i n d u s t r i a l  a n v i l  t h a t  t r a v e l s  up 
and down ove r  a  f i x e d  bed by way o f  v e r t i c a l  
screws. There  a r e  t h r e e  modes of o p e r a t i o n  f o r  
t h e  a n v i l :  (1)  i t  can be  jogged up; (2 )  i t  can  
be jogged down; (3)  i t  can  be s e n t  t o  a  s p e c i f i c  
h e i g h t  above t h e  f i x e d  bed by i n p u t t i n g  t h e  d e -  
s i r e d  h e t g h t  on  a  swi t ch  r e g i s t e r ,  and t h e n  p r e s s -  
i n g  a  s p e c i a l  bu t ton .  

Var ious  i n t e r f a c e  s i g n a l s  between t h e  d i g i t a l  
c o n t r o l l e r  and t h e  a n v i l  machinery  a r e  provided.  

The Hardwired C o n t r o l l e r  

Implementing t h e  c o n t r o l  a l g o r i t h m  f o r  t h e  
a n v i l  i s  a  s t r a i g h t f o r w a r d  p rocedure  u s i n g  RTMs. 
Each c o n t r o l  s t e p  i n  t h e  a l g o r i t h m  maps d i r e c t l y  
i n t o  a  s i n g l e  K-type module, and t h e  modules a r e  
wi red  t o g e t h e r  w i t h  t h e  same i n t e r c o n n e c t i o n s  a s  
t h e  f lowchar t  o f  t h e  a l g o r i t h m .  I n  a d d i t i o n  t o  
t h e  K-type modules,  s e v e r a l  DM and T- type modules 
a r e  needed. These i n c l u d e  e i g h t  Ts f o r  t h e  i n t e r -  
f a c e  s i g n a l s ,  a  g e n e r a l  purpose  a r i t h m e t i c  u n i t  
(Mgpa)  a  f i e l d  t r a n s f e r  r e g i s t e r  (DMtr), a  con- 
s t a n t s  g e n e r a t o r  ( M c ) ,  and a  s i n g l e  word o f  non- 
v o l a t i l e  memory (Mj. The hardwired c o n t r o l l e r  
r e q u i r e s  62 K-type modules i n  a l l ,  and i t s  t o t s 1  
c o s t  i s  212 c o s t  u n i t s .  

The Programmed C o n t r o l l e r  

The r e g i s t e r  t r a n s f e r s  t h a t  RTMs e x e c u t e  
g r e a t l y  resemble  machine l e v e l  computer i n s t r u c -  
t i o n s .  Thus, t h e r e  i s  a  ve ry  s t r a i g h t f o r w a r d  way 
t o  o b t a i n  a n  i n s t r u c t i o n  s e t  f o r  a  p r o c e s s o r  t o  
execu te  t h e  c o n t r o l  a l g o r i t h m  a s  a  s t o r e d  program. 
That i s ,  p rov ide  a n  i n s t r u c t i o n  w i t h i n  t h e  p roces -  
s o r  f o r  eve ry  d i s t i n c t  r e g i s t e r  t r a n s f e r  t h a t  oc -  
c u r s  i n  t h e  hardwired c o n t r o l l e r .  There a r e  32 
d i s t i n c t  r e g i s t e r  t r a n s f e r s  i n  t h e  hardwired con- 
t r o l l e r ,  and t h e s e  occur  i n  62 i n s t a n c e s .  

The p r o c e s s o r  f o r  t h i s  i r s  t r u c t i o n  s e t  was 
des igned ,  and i t  u t i l i z e s  46 K modules,  i n  con- 
t r a s t  t o  t h e  62 needed f o r  t h e  hardwired v e r s i o n .  
However, t h e  p r o c e s s o r  r e q u i r e s  a  few EM and M- 
t ype  modules,  i n  a d d i t i o n  t o  t h o s e  t h a t  t h e  h a r d -  
wired v e r s i o n  used. These a r e  two temporary 
s t o r a g e  r e g i s t e r s  (DMtr) and a  128 word, e i g h t  
bit /word r e a d  on ly  memory (Mrom). The t o t a l  c o s t  
of t h e  p r o c e s s o r  v e r s i o n  i s  223 c o s t  u n i t s .  

Comparison and Conclus ions  

Although t h e  p r o c e s s o r  v e r s i o n  r e q u i r e s  few- 
e r  K modules than  t h e  hardwired v e r s i o n ,  i t  r e -  
q u i r e s  some e x t r a  DM and M modules.  I n  t h e  b a l -  
ance ,  t h e  p r o c e s s o r  v e r s i o n  c o s t s  s l i g h t l y  more. 

However, i n  g e n e r a l ,  t h i s  f a c t o r  depends a lmos t  
s o l e l y  on t h e  number of s t e p s  i n  t h e  c o n t r o l  a l -  
gor i thm.  As t h e  number of c o n t r o l  s t e p s  i n c r e a s e s ,  
t h e  number o f  K's e l i m i n a t e d  by going t o  t h e  p ro -  
c e s s o r  v e r s i o n  w i l l  i n c r e a s e ,  and t h e  p rocesso r  
v e r s i o n  w i l l  become i n  f a c t  cheaper .  Depending 
on t h e  system, t h i s  t h r e s h o l d  i s  reached a t  a  
hundred o r  s o  c o n t r o l  s t e p s .  

As f o r  performance,  s i n c e  t h e  same type  nod- 
u l e s  a r e  used f o r  bo th  v e r s i o n s ,  i t  i s  c l e a r  t h a t  
t h e  p r o c e s s o r  v e r s i o n  i s  s lower ,  by a  f a c t o r  of  
5 o r  s o  - t h e  t ime  p e n a l t y  f o r  i n t e r p r e t a t i o n .  

I f  a  s e t  o f  more complex i n s t r u c t i o n s  had 
been chosen a s  a  b a s i s ,  a  t h i r d  tl-pe of i n p i e -  
m e n t a t i o n  would have been p o s s i b l e  f o r  t h e  con- 
t r o l l e r .  Th i s  approach e s s e n t i a l l y  f i r s t  con-  
s t r u c t s  a  s t o r e d  program computer.  Th i s  approach 
would r e s u l t  i n  a  g r e a t e r  s a v i n g s  i n  K modules,  
b u t  would p robab ly  b e  s t i l l  s lower  than  t h e  p ro -  
c e s s o r  ve r s ion .  
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