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ABSTRACT 

' . S t r u c t u r e d  computer-aided d i g i t a l  l o g i c  design i s  

de f ined and an example o f  i t  given, the  S-1 Design System. 

I t  i s .  noted t h a t  such a system has r e s u l t e d  i 'n  a very l a r g e  

reduc t ion  i n  the  amount o f  designer e f f o r t  requ i red ,  t o  

complete the  design o f  a 1 arge-scal e d i g i  ta.1 processing 
. . 

system i n  t h e f i r s t  exerc ise  o f  i t s  c a p a b i l i t i e s .  Th is  

b a s i c ' a n d ' g e n e r a l l y  app l i cab le  advance i n  d i g i t a l  design 

technology may be expected t o  q u i t e  favorab ly  impact a l l .  

complex d i g i t a l  systems developments . 
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INTRODUCTION and SUMMARY 

Th is  r e p o r t  b r i e f l y  describes a novel computer-.aided d i g i t a l  l o g i c  

design system which i s  c u r r e n t l y  being used i n  t h e  design o f  a h igh-  

performance m ~ l ~ ~ r o c e s s o r .  The S-1 Design. System i s  a s e t  o f  computer 

programs which .a l low d i g i t a l  l o g i c  t o  be represented i n  " s t ruc tu red"  o r  

h ie ra rcha l  drawings. The system provides extensive i n t e r a c t i v e  support 

d u r i n g  the  c r e a t i o n  o f  drawings by t h e  designer, i .'e., t h e  s p e c i f i c a t i o n  

o f  the  system design. It subsequently expands these drawings automati c a l  l y  

t o  produce i n p u t  f o r  a gate- leve l  l o g i c a l  system s imula tor  program, and 

a l s o  i n p u t  f o r  com~ute r -d r i ven  machines i n  the  i n d u s t r i a l  sec tor  which 

perform the  automatic cons t ruc t i on  o f  t h e  s p e c i f i e d  . . d i g i t a l  . l o g i c  system, 

e.g., a mult ip.rocessor module.. I t s  use a l lows .a ve'ry l a r g e  savings i n  

design manpower., r e l e t i v e  t o  t h a t  requ i red  by cur rent ly  employed d i g i t a l  

design techni.ques, and can reduce the  t o t a l  t ime requ i red  f o r  t he  c r e a t i o n  
. . 

o f  a superprocessor from the  cu r ren t  5-8 year per iods t o  under a year.  

STRUCTURED DESIGN: NEED and NATURE 

I n  general, i d e a l  s t ruc tu red  design invo,lves the  design o f  a r b i t r a r y  

modules, each i n  terms o f  a few o the r  modules, r e l a t i v e l y  independently,  

which communicate through we l l -de f i ned  in te r faces .  ' Advanced programming 

languages and programming d i  s c i p l  i nes exempl i fy these goals ; a r b i t r a r y  

subrout ines are  w r i t t e n ,  each i n  terms o f  a few o ther  subrout ines, 

r e l a t i v e l y  independently ( i  .e. , they can o f t e n  be w r i t t e n  by d i f f e r e n t  

programmers), and they communicate through i n t e r f a c e s  def ined by t h e i r  

i n p u t  and outputparameters .  

H i s t o r i c a l l y ,  l o g i c  design has lagged f a r  behind. program design i n  

terms o,f these idea ls  ; 1 ogi  c i s s t  i 1 1 t y p i c a l  1 y hand-,drawn by draftsmen, 

and i s  s p e c i f i e d  by showing on drawings the  ac tua l  physi'cal connections 



between the  p r i m i t i v e  l o g i c a l  elements which a re  a v a i l a b l e  i n  sec t ions  

o f  i n teg ra ted  . l o g i c a l  c i r c u i t  packages ( "ch ips"  ) f rom semiconductor 

manu'facturers. T r a d i t i o n a l  l o g i c  design thus .suppor ts  a s i n g l e  l e v e l  

o f  abs t rac t ion ;  the .des ign i s  n o t  s p e c i f i e d  i n  terms o f  t he  c i r c u i t s  

which implement l o g i c a l  gates, bu t  i n  terms o f  the  gates themselves. A 

good s t ruc tu red  design system would f a c i  1 i t a t e  t h e  c r e a t i o n  o f  nu1 t i p l e  

l e v e l s  o f  such abs t rac t i on ;  t h e  S-1 Design System i s  t h e  most powerful  

such system o f  which we a re  aware. 

THE S-1 DESIGN SYSTEM 

The hear t  o f  the S-1 Design System conta ins a 

Graphics E d i t o r  and a Macro Expander. The Graphics E d i t o r  a l lows the  

designer t o  draw p r i n t s  ( i  .'e. , do l o g i c a l  design) a t  a 'computer-serviced 

graphics termina.l,, and t o  c reate  hard copy o f  these p r i n t s  on standard 

graphics output  devices, such as a Xerox Graphics P r i n t e r  o r  Calcomp P l o t t e r .  

Instead o f  drawing p r i n t s  on ly  i n  terms o f  chips,  macros ( p r e c i s e l y  de f ined 

abbrev ia t ions)  can k u s e d  which a re  def ined a t  w i l l  by t h e  designer h imse l f .  

Macros represent  l o g i c  modules o f  a r b i t r a r y  s i z e  and a r b i t r a r y  physical  

con f igu ra t i on .  ' The important  cha rac te r i ' s t i  cs o f  such a'. macro are: 

1 . . I t  has a small number o f  predef ined shapes which may 

appear i n  a drawing, and a l l  o f  which a re  defi,ned i n  

a l i b r a r y .  

2. It has a s e t  o f  __T parameters .__ _ . , . .... . which a l l o w  l o g i c a l  s igna l  

vectors t o  be passed t o  the  macro each t ime i t  i s  c a l l e d .  

3. It has a name, which l i n k s  t h e  macro c a l l  t o  i t s  

d e f i n i t i o n .  

4. It has a d e f i n i t i o t ~ ,  wt~,ich i s  used t o  expand t h e  design 
. . 

o u t  t o  i n d i v i d u a l  c h i  ps , thereby a1 1 owi ng the. p roduct ion  



o f  a w i r e  l i s t  which can be used t o  s p e c i f y , t h e  auto- 
, '  

mat ic  c o n s t r u c t i o n  o f  t he  system being designed. 

5. It has a l o g i c a l  l o c a t i o n  name, which serves t o  un ique ly  

i d e n t i f y  the use o f  a macro w i t h i n  the  enc los ing  

d e f i n i t i o n .  

4 
Macros a r e  connected by buses, which represent  vec tors  o f  s i gna ls ,  

and a re  drawn as s i n g l e  l i n e s  f o r  t h e  convenience o f  t h e  designer.  Each 

bus may have a name o r  s e t  o f  names (synonyms).. 

The designer  thus manipulates shapes ( represent ing  macros) on a 

graphics te rm ina l ,  connects them by buses, and enters  l a b e l s  f o r  buses, macro 

names, and macro l oca t i ons .  He i s  ab le  t o  d e f i n e  new (understandable) shapes 

t o  represent  complex func t ions .  The des igner 's  freedom o f  expression i n  

ch is  c o n t e x t i s  constra ined by the  d i s c i p l i n e  i m p l i c i t  i n  t he  f i v e  

c h a r a c t e r i s t i c s  above. 

A sample o f  what t he  designer manipulates on h i s  screen i s  shown i n  

F igure  1. The lowest '  l e v e l  o f  a b s t r a c t i o n  shown i n  t h i s  example i s  a s i n g l e  

ECL gate, a s e c t i o n  o f  a 10105 ch ip .  The gate  i s  shown i n  one o f  i t s  two t r a -  

d i  t i o n a l  forms., t he  o t h e r  being an " o r "  shape. The drawing a1 so inc ludes  
. . 

a RAM and a r e g i s t e r ,  which are.drawn as boxes. The middle body i s  a 

mnemonic shape represent ing  a 16-b i  t ALU ( a r i  t h m e t i c - l o g i c - u n i t ) .  

F igure  2 '.shows p a r t  o f  the expansion process accomplished by t h e  

Macro Expander. W i th in  the  s e t  o f  drawings c rea ted.by  t h e  designer  e x i s t s  

one w i t h  t h e  t i t l e  "16 -B i t  ALU," and t h a t  drawing def ines  the  l o g i c a l  

s t r u c t u r e  o f  t h e  -16 -B i t  ALU macro i n  terms o f  several  o the r  macros. A 

l i s t  o f  bus names below thc  kcyword "paramctcr" identifies t h e  formal  

parameters of t he  16 -B i t  ALU; those vec tors  o f  s i gna ls  a re  i m p l i c i t l y  

connected across t h e  boundary between t h e  macro c a l l  and i t s  d e f i n i t i o n .  



The parameter-passing mechanism i s  an extremely impor tant  aspect o f  

t h e  design system; i t s  func t ion  i s  t o  e s t a b l i s h  w e l l - d e f i n i e d  i n t e r f a c e s  

through which modules defined r e l a t i v e l y  independently can communicate. 

Note t h a t  t h e  names of t h e  formal parameters o f  a macro are  def ined by the  

designer, j us t  as the  names o f  formal parameters o f  2 subrout ine a re  

def ined i n  t h e  subrout ine, thus p rov id ing  e f f e c t i v e  i s o l a t i o n  between 

d i f f e r e n t  sect ions of t h e  design, i n  t he  same way t h a t  t h e  use o f  sub- 

rou t i nes  i s o l a t e s  var ious por t ions,  o f  a computer program. 

J u s t  as g loba l  va r iab les  can be used i n  programming languages, g loba l  

buses .can be used i n  the  S-1 Design System. Such buses must be declared 

( i n  order  t o  p r o t e c t  t h e  designer from c e r t a i n  modes o f  e r r o r )  and can be 
. . 

.used by 'any  macro d e f i n i t i o n  lower i n  t h e  expans ion. t ree  than the  

dec lara t ion .  The a v a i l a b i l i t y  o f  g loba l  buses a l lows the  designer t o  

l i m i t  parameters t o  those buses which increase t h e  unders tandab i l i t y  o f  

t he  design. 

The s i m i l a r i t i e s  between 's t ruc tured computer-aided l o g i c  design and 

computer-aided program design are pervasive. F igure  3 i l l u s t r a t e s  those 

s i m i l a r i t i e s .  I n  the  S-1 Design System the  designer uses a graphics 

console and i n t e r a c t s  w i t h  a graphics e d i t o r ,  j u s t  as a programmer uses 

a keyboard and t e x t  d i s p l a y  when i n t e r a c t i n g  w i t h  a t e x t  e d i t o r .  The 

graphics e d i t o r  produces a d e s c r i p t i o n  o f  t h e  design which serves as 

i n p u t  t o  the  macro expander, j u s t  as the  t e x t  e d i t o r  produces i n p u t  t o  a 

compiler.  Syn tac t i c  e r r o r s  are  detected by the  macro.expander j u s t  as 

i s  done by a compiler.  The macro expander f i n a l l y  produces a w i r i n g  

l i s t  which b u i l d s  the  machine, j u s t  as t h e  compiler produces machine code 

which implements the  des i red  program. 



We have had extensive experience with the S-1 Design System during 

the design of a 4000-chi p superprocessor-scal e module of a mu1 t i  processor 

system. The system has been of enormous u t i l i t y  throughout the design 

process. Most.importantly, the imposition of a structured design 

discipl ine has greatly increased the understandability of the design, 

reducing the design time by a large fac tor ,  enhancing design correctness, 

and f ac i l i t a t ing  the generation of f inal  documentation. The design i t s e l f  

serves as a major portion of the f inal  documentation because i t  i s  so 

readily understandable; thus, the need for  expensive and re la t ive ly  

inaccurate post facto documentation i s  greatly reduced. Another major 

advantage of the structured design approach has been tha t  i t  has increased 

the changeabi 1 i ty of the design; since macros are inherently isolated , 

changes in one' macro defini t ion usually require minimal changes in other 

parts of the design. 
. . 

Finally, we feel that  the imposition of s t ructure on the design will 

f a c i l i t a t e  machine verification of 1 arge designs; tha t  i s ,  a1 though 

simulation of a large ' d ig i t a l  logic system design a t  the chip level i s  

currently d i f f i c u l t  because of computer time and memory requirements, doing 

the design in a structured manner allows part  or a l l  of the design to  be 

simulated a t  a high level comparatively readily. 

CONCLUSION ... - 

Structured design consists of extending t o  dig i ta l  logic design 

the essential  power of the concepts and the tools which have been 

developed fo r  .simp1 ifying d ig i ta l  computer programming over the past 

quarter century; the S-1 structured design program package i s  used t o  
. . 



cause computer-control  1 ed equipment t o  c reate  d i  g i  f a1  1 ogi  c - i n  hardware 

from a s e t  o f  near-minimal s p e c i f i c a t i o n s  by the' designer. 

Savings i n  human 1 abor expended i n  d i g i t a l  systems design r e a l  i zabl e 

by t h i s  advance a re  p o t e n t i a l l y  as l a r g e  as those which the  a p p l i c a t i o n  

o f  compilers caused i n  t h e  s p e c i f i c a t i o n  o f  complex a r i t h m e t i c  and 

l o g i c a l  computations;' very l a r g e  e f f o r t  reduct ions.have a l ready been 

r e a l i z e d  i n  the  f i r s t  u t i l i z a t i o n  o f  t h i s  s t r u c t u r e d  design technology. 

Very subs tan t ia l  subsequent advances doubtless w i  11 be made as t h i s  

technology matures, w i t h  correspondingly l a r g e  reduct ions  i n  t h e  cos t  

(and the re fo re  .g reat l ,y  increase cos t -e f fec t iveness)  o f  1 arge d i g i t a l  

1 og i c sys terns. 
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COMPUTER AIDED LOGIC DESIGN. 
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