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INTRODUCTION 

R e g i s t e r  t r a n s f e r  modules ( c a l l e d  RTMs) a r e  used a s  
t h e  b a s i s  f o r  d i g i t a l  systems l o g i c a l  des ign .  RTMs 
have t h e  p roper ty  of a l lowing a  d i g i t a l  system t o  b e  
s p e c i f i e d  i n  e i t h e r  a  r e g i s t e r  t r a n s f e r  flow c h a r t  
form, o r  a s t a t e  diagram form which h a s  complete 
c o n s t r u c t i o n  (wir ing)  in fo rmat ion ,  thus  completely 
o b v i a t i n g  t h e  need f o r  combina to r i a l  and s e q u e n t i a l  
swi tch ing  c i r c u i t  des ign .  

I n  t h e  des ign  of d i g i t a l  systems t h e  problem formu- 
l a t i o n  and t h e  des ign  s o l u t i o n  a r e  most l i k e l y  
c a r r i e d  o u t  a t  a  r e g i s t e r  t r a n s f e r  concept l e v e l .  
Texts  on l o g i c a l  and computer des ign  d i s c u s s  the  
r e g i s t e r  t r a n s f e r s  a s  p r i m i t i v e  components ( e .g . ,  
Chu, 1970).  Log ica l  des ign  s i m u l a t o r s  which u s e  
t h e  r e g i s t e r  t r a n s f e r  language have been w r i t t e n  
and t h e r e  have been a t t empts  t o  c a r r y  ou t  t h e  de- 
t a i l e d  s e q u e n t i a l  and combina to r i a l  l o g i c  des igns  
from r e g i s t e r  t r a n s f e r  d e s c r i p t i o n s  (e.g. ,Friedman 
and Yang, 1969).  C la rk  (1967) a t  Washington Uni- 
v e r s i t y ,  S t .  Louis ,  has  been developing and eva l -  
u a t i n g  a  b a s i c  s e t  of modules, c a l l e d  Macromodules, 
t o  f u l f i l l  t h e  need of t h e  novice  u s e r  who must 
b u i l d  ve ry  l a r g e  systems. Desp i t e  t h e  acknowledge- 
ment t h a t  t h e r e  a r e  p r i m i t i v e s  based on r e g i s t e r  
t r a n s f e r ,  t h e r e  is y e t  t o  emerge a  common s e t  of 
modules t h a t  a r e  taken a s  p r i m i t i v e  i n  t h e  same 
way we t h i n k  of  va r ious  f l i p - f l o p  types  and NAND 
and NOR g a t e s .  

R e g i s t e r  T r a n s f e r  Modules (RTM) is  one b a s i c  s e t  
of modules f o r  d i g i t a l  systems des ign  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 ;  t h e s e  modules have been 
implemented by DEC.** The des ign  of RTMs h a s  been 
in f luenced  by many of t h e  above approaches and 
d i s c i p l i n e s .  

S e v e r a l  a s p e c t s  of  t h e  RTM system a r e  unique: 

* Trademark, D i g i t a l  Equipment Corporat ion 

** The modules were i n i t i a l l y  i n s p i r e d  by a  g r a n t  
from NSF(GY-5160) f o r  undergraduate  e d u c a t i o n a l  
equipment t o  Carnegie-Mellon Univer s i ty .  

1. D i g i t a l  system des ign  is  c a r r i e d  o u t  e n t i r e l y  
i n  terms of t h e  modules; combina to r i a l  and sequen- 
t i a l  swi tch ing  c i r c u i t  des ign  a r e  n o t  used. (The 
p rocess  i s  ak in  t o  programming a  s e q u e n t i a l  
computer) . 
2 .  The most a b s t r a c t ,  and u s u a l l y  t h e  only  repre- 
s e n t a t i o n  of a  g iven des ign  has  enough i n f o r n a t i o n  
f o r  c o n s t r u c t i n g  t h e  system. Th i s  r e p r e s e n t a t i o n  
is a  s t a n d a r d  flow c h a r t  t o  s p e c i f y  t h e  c o n t r o l  
f low, coupled t o  a  d a t a  p a r t  which ho lds  t h e  d a t a  
and c a r r i e s  out  d a t a  o p e r a t i o n s .  

3 .  The r e g i s t e r  t r a n s f e r  modules make e x t e n s i v e  
use  of MSI c i r c u i t r y  and can use  LSI c i r c u i t r y  t o  
provide  even lower c o s t  modules. 

DESIGN CONSIDERATIONS 

RTMs were not designed s o l e l y  f o r  t each ing  
r e g i s t e r  t r a n s f e r  l e v e l  d i g i t a l  systems des ign .  
T'ie c o n f l i c t i n g  durability and low c o s t  o b j e c t i v e s  
coupled wi th  a  r e l a t i v e l y  smal l  market make an 
educa t iona l  market based d e s i g n  too  d i f f i c u l t .  
I n s t e a d ,  we t r i e d  t o  have a  des ign  which covers  
more u s e r  a p p l i c a t i o n s  (hence a l a r g e r  market)  t o  
reduce c o s t ,  and a l s o  t o  provide  f o r  more i n t e r e s t -  
ing des ign s o l u t i o n  p o s s i b i l i t i e s .  When p o s s i b l e ,  
t h e  pedagogical  a s p e c t s  have been s t r e s s e d ,  how- 
e v e r .  

The t h r e e  problem c l a s s e s  f o r  which t h e  modules 
were designed a r e :  

S p e c i a l  purpose,  computer-related,  and educa t iona l  
d i g i t a l  systems. The s p e c i a l  purpose d i g i t a l  
systems a r e  l a r g e r  than 20 MSI c i r c u i t s ,  bu t  small-  
er than a  s t o r e d  program computer (a t y p i c a l  RTM 
system would have 4 a 100 c o n t r o l  s t a t e s ,  1 a 4 
a r i t h m e t i c  u n i t s ,  and a  smal l  memory of 16 a 1000 
words).  Computer r e l a t e d  a p p l i c a t i o n s  range from 
computer p e r i p h e r a l s  t o  t h e  emulat ion of computers. 

THE RTM SYSTEM 

The RTM system c o n s i s t s  of about 20 d i f f e r e n t  
types  of R e g i s t e r  T r a n s f e r  Modules ( f a l l i n g  i n t o  
f o u r  c l a s s e s ) ,  and a method of i n t e r c o n n e c t i n g  
t h e  modules v i a  a  common bus which c a r r i e s  d a t a  
and t iming i n t e r l o c k  s i g n a l s  f o r  t h e  r e g i s t e r  
t r a n s f e r s .  Some of t h e  modules connect t o  t h e  bus 
i n  o r d e r  t o  t r a n s f e r  d a t a ,  and t h e  remaining 
modules "control"  when d a t a  is t o  be t r a n s f e r r e d .  

The module types  a r e  based on t h e  PMS p r i m i t i v e  
types  of B e l l  and Newel1 (1971). PMS is t h e  
informat ion flow l e v e l  of d i g i t a l  systems i n  which 
in fo rmat ion  is taken a s  a  commodity which is s t c r e d  
i n  memories (M), t r a n s m i t t e d  from p l a c e  t o  p lac*  
over  l i n k s  (L) ,  changed i n  form (encoded) by 
t r ansducers  (T),  routed t o  d i f f e r e n t  p l a c e s  by 
swi tches  (S ) ,  c o n t r o l l e d  by components c a l l e d  
c o n t r o l s  ( K ) ,  and used t o  produce d i f f e r e n t  i n f o r -  
mation by da ta -opera t ions  (D), and p rocessors  (PI. 
A c o l l e c t i o n  of t h e  PMS p r i m i t i v e s  u s u a l l y  forms a 
computer (C), which i s  a t  t h e  ve ry  l e a s t  '1 P-M 
p a i r .  



The ISP  ( f o r  I n s t r u c t i o n  S e t  P rocesso r )  language 
( B e l l  and Newell, 1971) is used t o  d e f i n e  t h e  
i n s t r u c t i o n s  of a  machine i n  terms of t h e  nex t  
lowest  l e v e l ,  i . e . ,  t h e  r e g i s t e r  t r a n s f e r  l e v e l .  
ISP a s  we u s e  i t  h e r e  is a  language f o r  d e s c r i b i n g  
t h e  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  of t h e  RTMs. We 
use  only  t h e  p a r t s  of ISP t h a t  a r e  commonly known 
by t h e  d i g i t a l  systems eng inee r .  Those r e a d e r s  
u n f a m i l i a r  w i t h  r e g i s t e r  t r a n s f e r  languages of 
t h i s  type  a r e  i n v i t e d  t o  examine e i t h e r  a  program- 
ming language ( e . g . ,  F o r t r a n )  o r  t h e  ISP language.  
The f o u r  b a s i c  module c l a s s e s  i n  RTM a r e :  

1.-2. DM, f o r  Data o p e r a t i o n  combined wi th  Memory; 
and M, f o r  memory. These modules a r e  what we com- 
monly t h i n k  of a s  be ing  a  d i g i t a l  system (o r  a t  
l e a s t  t h e  a r i t h m e t i c  u n i t ) .  They a r e  t h e  r e g i s t e r  
t r a n s f e r  g a t i n g  p a t h s  and combina to r i a l  c i r c u i t s  
f o r  t h e  s imple  a r i t h m e t i c  and l o g i c a l  funct ions--  
hence  t h e  D p a r t  ( f o r  d a t a  o p e r a t i o n s ) .  The D 
p a r t  c a r r i e s  ou t  t h e  e v a l u a t i o n  of t h e  r igh thand  
s i d e  of an a r i t h m e t i c  express ion*  a s  i n  a  program- 
ming language i n  which an  i n t e g e r  v a l u e  i s  computed 
e .g . ,  + A +  B, + A -  B, + A @ B ,  + A +  1. 

The M (memory) p a r t  is j u s t  t h e  r e g i s t e r s  ( e .g . ,  A, 
B) which hold  d a t a  between s t a t e m e n t s ;  t h e s e  essen-  
t i a l l y  correspond t o  t h e  v a r i a b l e s  which a r e  de- 
c l a r e d  i n  a  program. The o p e r a t i o n s  on memory a r e  
u s u a l l y  j u s t  r ead ing  (+ M) and w r i t i n g  (M +). For 
t h e  c u r r e n t  technology we always combine d a t a  
o p e r a t i o n s  (D) w i t h  memory (M) . There a r e ,  however, 
modules w i t h  only  an M p a r t ,  e .g . ,  co re  memory a r -  
r ays .  A l l  DM and M modules connect t o  a  common 
d a t a  bus (or  b u s s e s ) .  Types of DM and M modules 
a r e :  t h e  g e n e r a l  purpose a r i t h m e t i c  e lement ,  a  
s i n g l e  t r a n s f e r  r e g i s t e r ,  boolean f l a g s  ( 1  b i t  
r e g i s t e r s ) ,  r ead -wr i t e  memories, and read on ly  
memories. The memories ho ld  two's complement 8, 1 2 ,  
o r  16 -b i t  i n t e g e r s .  

3 .  K ,  f o r  c o n t r o l .  The K modules a r e  r e s p o n s i b l e  
f o r  c o n t r o l l i n g  t h e  t r a n s f e r  of d a t a  among t h e  
v a r i o u s  r e g i s t e r s  by a p p r o p r i a t e l y  evoking opera- 
t i o n s  by DM and M types .  The K modules a r e  ana- 
logous t o  t h e  c o n t r o l  s t r u c t u r e  of a  program. T h e  
K modules c a l l e d  K.simple c o n t r o l  a t  which t imes  
t h e  v a r i o u s  s t a t e m e n t s  ( t h e  DM and M's) a r e  evoked 
(executed) .  The K. d e c i s i o n  modules a r e  used t o  
make d e c i s i o n s  about which o p e r a t i o n s  a r e  t o  be  
evoked nex t .  The K . subrou t ine  modules a r e  used 
t o  connect a  sequence of o p e r a t i o n s  t o g e t h e r  a s  a  
s u b r o u t i n e .  K.  p a r a l l e l - b r a n c h  and K.  p a r a l l e l  
merge modules synchron ize  c o n t r o l  when t h e r e  is 
more than  one o p e r a t i o n  t a k i n g  p l a c e  a t  a  t ime. 
Other  c o n t r o l  modules inc lude :  c locks ,  d e l a y s ,  
manual s t a r t  keys ,  and s e r i a l  merge of c o n t r o l  
f low. 

* An express ion  " l e f thand  s i d e  + r igh thand  s ide"  
is used t o  i n d i c a t e  t h e  i n t e g e r  va lue  of t h e  r i g h t -  
hand s i d e  be ing  read ( i . e . ,  computed o r  t aken  a s  a 
source )  and placed i n  t h e  r e g i s t e r  on t h e  l e f t h a n d  
s i d e  ( i . e . ,  a  d e s t i n a t i o n ) .  

4 .  T, f o r  Transducers .  These modules p rov ide  an  
i n t e r f a c e  t o  t h e  environment o u t s i d e  RTM. These 
i n c l u d e  t h e  T e l e t y p e  i n t e r f a c e ,  a n a l o g l d i g i t a l  
c o n v e r t e r s ,  l i g h t s ,  s w i t c h e s ,  and i n t e r f a c e s  t o  
computers. These modules a l s o  connect  t o  t h e  com- 
mon d a t a  bus .  

There  i s  n o t  space  h e r e  t o  d e s c r i b e  a l l  20 RTM 
module types  i n  d e t a i l ,  s o  t h e  d e t a i l s  of t h e  
modules w i l l  b e  in t roduced by g i v i n g  t h e  f o u r  
modules which a r e  necessa ry  f o r  n o n - t r i v i a l  d i g i t a l  
systems: K.simple, DM.gpa, K.decis ion,  and K.bus. 

K.simple (Ks) is t h e  b a s i c  module which evokes a  
f u n c t i o n  c o n s i s t i n g  of a  d a t a  o p e r a t i o n  and a  
r e g i s t e r  t r ans fe r - in  e s sence  an  a r i t h m e t i c  ex- 
p r e s s i o n .  When a  K s  i s  evoked, i t  i n  t u r n  evokes 
t h e  f u n c t i o n ,  c o n s i s t i n g  of t h e  d a t a  o p e r a t i o n  
fo l lowed by a r e g i s t e r  t r a n s f e r ,  and when t h e  
f u n c t i o n  i s  complete,  K s  evokes t h e  n e x t  K i n  t h e  
c o n t r o l  sequence.  The diagram f o r  K s  w i t h  i t s  two 
i n p u t s  and two o u t p u t s  i s  shown i n  F i g u r e  1. 

K.dec i s ion  (Kd) p rov ides  f o r  t h e  r o u t i n g  of c o n t r o l  
f low based on t h e  c o n d i t i o n  of a  boolean i n p u t .  
The diagram f o r  Kd w i t h  i t s  two i n p u t s  and two 
o u t p u t s  i s  shown i n  F igure  2 .  Each t ime a  d e c i s i o n  
c o n t r o l  is evoked, i t  i n  t u r n  evokes e i t h e r  of t h e  
c o n t r o l s  fo l lowing  i t ,  depending on whether t h e  
boolean i n p u t  i s  t r u e  ( a  1 )  o r  f a l s e  ( a  0 ) .  

DM (gene ra l  purpose a r i t h m e t i c / g p a )  

The DMgpa a l lows  a r i t h m e t i c  f u n c t i o n  r e s u l t s  
( d a t a  o p e r a t i o n s )  which have been performed on 
i ts  two r e g i s t e r s  A  and B, t o  be  w r i t t e n  i n t o  
o t h e r  r e g i s t e r s  (us ing t h e  b u s ) .  R e s u l t s  can 
a l s o  be  t r a n s f e r r e d  ( w r i t t e n )  i n t o  A  and B 
(A +; B +). The d a t a  o p e r a t i o n s  a r e :  + A; 
+ B; + - A ;  +-B; + A + B, + A - B, + A - 1, 
+ A + 1 ,  + A x  2 ,  + A A  B, + A v B ;  a n d + A @ ~ .  
An i n p u t  t h a t  evokes t h e  f u n c t i o n  + (Resu l t ) /Z  
can be  combined w i t h  t h e  p rev ious  f u n c t i o n  o u t p u t s  
t o  g i v e  e i t h e r  + A/2, + B/2 , + ( A + B ) / ~ ,  e t c .  
Two boolean i n p u t s ,  s h i f t  i n  <16,-1>, a l low d a t a  
t o  be  s h i f t e d  i n t o  t h e  l e f t  and r igh thand  b i t s  
on 12  and x2 o p e r a t i o n s ,  r e s p e c t i v e l y .  B i t s  of 
r e g i s t e r s  A  and B  a r e  a v a i l a b l e  a s  boolean o u t p u t s  

K(bus s e n s e  and c o n t r o l  module/bus) 

Each independent  d a t a  bus i n  t h e  sys tem r e q u i r e s  
a  c e n t r a l i z e d  c o n t r o l  module. It h a s  a  r e g i s t e r ,  
Bus, which always c o n t a i n s  t h e  r e s u l t  of t h e  l a s t  
r e g i s t e r  t r a n s f e r  t h a t  took p l a c e  v i a  t h e  bus.  
K bus c a r r i e s  out  s e v e r a l  f u n c t i o n s :  moni tor ing 
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 ;  p rov id ing  f o r  s i n g l e  
s t e p  manual c o n t r o l  f o r  a l g o r i t h m  flow checkout 
by t h e  u s e r ;  p rov id ing  f o r  s e n s e  l i g h t s  ( ind ica -  
t o r s ) ;  p rov id ing  f o r  a  word s o u r c e  of zero ,  i . e . ,  
+ 0 ;  forming boolean f u n c t i o n s  of t h e  p rev ious  



r r a n s f o r  which a r e  a v a i l a b l e  a f  t e r  each  c o n t r o l  
s t e p  u s i n g  t h e  bus ;  power on i n i t i a l i z a t i o n ;  manual 
s t a r t u p ;  and bus  t e r m i n a t i o n .  

:ample: Sum of I n t e g e r s  t o  N 

A s m a l l  sys tem t o  sum t h e  i n t e g e r s  t o  N can  b e  
b u i l t  which u s e s  t h e  f o u r  a f  orementioned modules : 
a DMgpa, Kbus, Ksimple,  and a  Kdec i s ion .  I n  addi -  
t i o n ,  a  s w i t c h  r e g i s t e r  t o  e n t e r  N ,  and a  manual 
s t a r t  c o n t r o l  module t o  s t a r t  t h e  sys tem a r e  need- 
ed .  Suppose wo have  an  i n t e g e r ,  N ,  and we would 
l i k e  t o  sum a l l  t h e  i n t e g e r s  up t o  N ,  i . e . ,  
S  0 + 1 + 2  + ... + N .  I n s t e a d  of c o u n t i n g  t o  
N ,  we s t a r t  w i t h  N and count  down t o  z e r o .  The 
d a t a  and c o n t r o l  p a r t s  t o g e t h e r  g i v e  us  t h e  RTM 
w i r i n g  diagram shown i n  F i g u r e  3 ,  w i t h  t h e  d a t a  
p a r t  shown on t h e  r i g h t  s i d e  and t h e  c o n t r o l  p a r t  
shown on t h e  l e f t .  

N i s  e n t e r e d  v i a  a  s w i t c h  r e g i s t e r .  The c o n t r o l  
sequence  i s  i n i t i a t e d  by a  K.manua1-start  (A human 
p r e s s e s  a  k e y ) .  T h i s  r e s u l t ,  S  and t h e  v a r i a b l e  
N a r e  h e l d  i n  a  g e n e r a l  purpose  a r i t h m e t i c  module, 
DMgpa. The f i r s c  con t ro l .  s t e p  r e a d s  T  t o  r e g i s t e r  
N,(N + T ) .  The second s t e p  i n i t i a l i z e s  t h e  sum, 
S ,  (S +- 0). The i n n e r  l o o p  c o n s i s t s  of t h e  t h r e e  
f u n c t i o n s :  S +- S+N; N + N - 1 ;  and a  t e s t  f o r  N = O .  

Mechanica l  S t r u c t u r e  -- 

The modules a r e  c o n s t r u c t e d  u s i n g  doub le  s i d e d  
p r i n t e d  c i r c u i t  boa rds  of e i t h e r  5" x  8  112" 
(wi th  72 p i n s ) ,  o r  2 1 /2"  x  4 114" (w i th  36 p i n s ) .  
A few RTMs, e . g . ,  t h e  g e n e r a l  purpose  a r i t h m e t i c  
u n i t ,  a r e  s e v e r a l  of t h e  above l a r g e  boa rds ;  t h e s e  
n e c e s s i t a t e  module i n t e r c o n n e c t i o n s  a t  t h e  t o p  and 
back  of  t h e  p r i n t e d  c i r c u i t  boa rds .  O t h e r s ,  e . g . ,  
t h e  s i m p l e  c o n t r o l ,  a r e  s o  s m a l l  t h a t  s e v e r a l  a r e  
p l aced  on a  s i n g l e  p r i n t e d  c i r c u i t  boa rd .  The bus  
is pre-wired on a  p r i n t e d  c i r c u i t  board  mounting 
p a n e l  c o n t a i n i n g  connec to r  p i n s .  The boa rds  p lug  
i n t o  t h e  back of t h i s  p a n e l  and t h e  c o n t r o l  w i r i n g  
is done on t h e  f r o n t  u s i n g  e i t h e r  "push on" o r  
"wire wrap" connec t ions .  A medium s i z e d  RTM sys tem 
(e.g., a s m a l l ,  s t o r e d  program computer) c a n  b e  
c o n s t r u c t e d  u s i n g  a  s i n g l e  5  114" x 8  1 /2"  x  19" 
mounting p a n e l .  

RESULTS 

Numerous d i g i t a l  d e s i g n  problems have  been  "bench- 
marked" u s i n g  t h e  modules.  These  have  ranged 
from m u l t i p l i e r s  t o  l a r g e  minicomputers .  The 
p r e s e n t  modules were based  on t h e  e x p e r i e n c e  
ga ined  i n  implementing a  s m a l l ,  s p e c i a l  purpose  
s t o r e d  program computer .  The p r o c e s s  of  s p e c i f y i n g  
t h e  computer t ook  approximate ly  two h o u r s .  The 
computer was w i red ,  and a s i d e  from minor sys tem 
c i r c u i t s  problems,  uncovered i n  RTM, t h e  computer 
o p e r a t e d  e s s e n t i a l l y  when power was a p p l i e d ,  s i n c e  
t h e r e  were no l o g i c  e r r o r s .  The computer was de- 
s i g n e d  from an  a c t u a l  a p p l i c a t i o n  whicli had abou t  
300 c o n s t a n t s ,  600 c o n t r o l  s t e p s  and about  16 
v a r i a b l e s .  I f  t h e  600 c o n t r o l  s t e p s  had been 

hard-wired ,  t h e  sys tem would have  o p e r a t e d  a  
f a c t o r  o f  t e n  f a s t e r ,  b u t  would have  been  more 
expens ive  and less flexible. The computer had on ly  
24 s i m p l e  and 16  d e c i s i o n  rontro1.e.  (By comparison 
a DEC PDP-8 i s  roughly  t w i c e  t h i s  s i z e ) .  

Because w e  have  j u s t  a c q u i r e d  a  module i n v e n t o r y ,  
we a s  y e t  have  no  e x p e r i e n c e  i n  t h e i r  p h y s i c a l  
u t i l i z a t i o n  i n  t h e  l a b o r a t o r y .  W e  have  used them 
i n  unde rg radua te  and g r a d u a t e  c o u r s e s  f o r  one y e a r ,  
and s t u d e n t s  w i t h  b a s i c  l o g i c a l  d e s i g n  background 
f o r m u l a t e  and s o l v e  d i g i t a l  sys tems problems a f t e r  
on ly  a  b r i e f  i n t r o d u c t i o n .  These  s t u d e n t s  have  
used RTMs t o  e x p r e s s  l a r g e  s t o r e d  program g e n e r a l  
and s p e c i a l  purpose  p r o c e s s o r s  e a s i l y  and c l e a r l y .  
P r a c t i c i n g  l o g i c a l  d e s i g n  e n g i n e e r s  have  more 
d i f f i c u l t y  i n  unde r s t and ing  how t o  s o l v e  d i g i t a l  
sys tem d e s i g n  problems u s i n g  RTMs, a p p a r e n t l y  
because  they  have  n o t  been t a u g h t  any r e p r e s c n t a -  
t i o n  and d e s i g n  t e c h n i q u e s  h i g h e r  t h a n  t h e  l o g i c  
l e v e l .  

CONCLUSIONS 

The re  a r e  methods (and modules)  w i t h i n  t h e  RTM 
concep t  f o r  a c h i e v i n g  more p a r a l l e l i s m ,  connec t ing  
m u l t i p l e  bus s t r u c t u r e s  and a l l o w i n g  more c e n t r a l  
(pe rhaps  "microprogrammcd") c o n t r o l  s t r u c t u r e s .  
S i m u l a t o r s  and o t h e r  d e s i g n  a i d s  have  been  w r i t t e n ,  
and t h e  u n d e r l y i n g  t h e o r y  must b e  f u r t h e r  c l a r i f i e d  
and expanded. We have  avoided  d i s c u s s i n g  t h e s e  
p e r i p h e r a l  q u e s t i o n s  i n  o r d e r  t o  g i v e  t h e  r e a d e r  
an  o p e r a t i o n a l ,  c lo sed  view of  RTMs, r a t h e r  t h a n  
convince  him of t h e i r  open-endedness.  

The concept  of u s i n g  h i g h  l e v e l  b u i l d i n g  b locks  
is n o t  new, b u t  we t h i n k  t h i s  p a r t i c u l a r  implemen- 
t a t i o n  of  a  s e t  of  s imp le  b l o c k s  i s  q u i t e  u s e f u l  
t o  d i g i t a l  sys tems e d u c a t i o n  and d e s i g n .  The 
many problem bench mark d e s i g n s  y i e l d  r ea sonab ly  
c o n s i s t e n t  r e s u l t s :  t h e  modules can  b e  a p p l i e d  
where t h e r e  a r e  between 4 and 100 c o n t r o l  s t e p s ,  
a  few a r i t h m e t i c  r e g i s t e r s ,  a  s m a l l  r ead -wr i t e  
memory (100 words ) ,  and pe rhaps  some r ead  on ly  
memory. The u s e r  need on ly  have  a  good fundamen- 
t a l  unde r s t and ing  of t h e  u s e  of  f low c h a r t s ,  and 
b e  f a m i l i a r  w i t h  t h e  concept  of r e g i s t e r s  and 
r e g i s t e r  o p e r a t i o n s  on d a t a .  
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