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COMPUTER STRUCTURES: 
WHAT HAVE WE LEARNED FROM THE PDP-ll? 

Oyer t h e  PDP-11's s i x  y e a r  l i f e  
a b o u t  20,000 s p e c i m e n s  have  been  

' b u i l t  based  on 1 0  s p e c i e s  ( m o d e l s ) .  
A l though  r a n g e  was a  d e s i g n  g o a l ,  
i t  was u n q u a n t i f i e d ;  t h e  a c t u a l  
r a n g e  h a s  e x c e e d e d  e x p e c t a t i o n s  

. ( 5 0 0 : l  i n  memory s i z e  and s y s t e n  
price) .  The r a n g e  h a s  s t r e s s e d  t h e  
b a s i c  m i n i  ( m a l )  computer  
a r c h i t e c t u r e  a l o n g  a l l  d i m e n s i o n s .  

' .  The main PHs s t r u c t u r e ,  i . e .  t h e  
UNIBUS, h a s  been a d o p t e d  a s  a  d e  
f a c t o  s t a n d a r d  o f  i n t e r c o n n e c t  i o n  
f o r  many m i c r o  and min icompute r  
s y s t e m s .  The a r c h i t e c t u r a l  
e x p e r i e n c e  g a i n e d  i n  t h e  d e s i g n  and 
u s e  o f  t h e  PDP-11 w i l l  be  d e s c r i b e d  
i n  t e r n s  o f  i t s  e n v i r o n m e n t  
( i n i t i a l  g o a l s  and c o n s t r a i n t s ,  
t e c h n o l o g y ,  and t h e  o r g a n i z a t i o n  
t h a t  d e s i g n s ,  b u i l d s  and 
d i s t r i b u t e s  t h e  m a c h i n e ) .  

1 . 0  INTRODUCTION 

Al though  one  m i g h t  t h i n k  t h a t  
JC compilter  a r c h i t e c t u r e  is t h e  s o l e  

d e t e r n i n a n t  o f  a  n a c h i n e ,  i t  is  
l n e r e i y  t h e  f o c a l  p o i n t  f o r  a  
s p e c i f i c a t i o n .  A computer  is a  
p r o d u c t  ,.df i t s  t o t a l  e n v i r o n m e n t .  
Thus  t o  f u l l y  u n d e r s t a n d  t h e  
PDP-11, i t  is  n e c e s s a r y  t o  
u n d e r s t a n d  i t s  e n v i r o n m e n t .  

.. 
F i g u r e  Org. shows t h e  v a r i o u s  
g r o u p s  ( f a c t o r s )  a f f e c t i n g  a  
c o m p u t e r .  The l i n e s  i n d i c a t e  t h e  
p r i m a r y  f l o w  o f  i n f o r m a t i o n  f o r  
p r o d u c t  f u n c t i o n a l  b e h a v i o r  and f o r  
p r o d u c t  s p e c i f i c a t i o n s .  The 
p h y s i c a l  f l o w  o f  g o o d s  i s  n e a r l y  
a l o n g  t h e  s a n e  l i n e s ,  b u t  more 
d i r e c t :  s t a r t i n g  w i t h  a p p l i e d  
t e c h n o l o g y  ( e . g . ,  s e m i c o n d u c t o r  
m a n u f a c t c r e r s ) ,  g o i n g  t h r o u g h  
compute r  manufac t u r  i n g  , and f i n a l l y  
t o  t h e  s e r v i c e  p e r s o n n e l  b e f o r e  
b e i n g  t u r n e d  o v e r  t o  t h e  f i n a l  
u s e r .  

T h e  r e l e v a n t  p a r t s ,  a s  t h e y  a f f e c t  
t h e  d e s i g n  a r e :  

1. The b a s i c  t e c h n o l o g y - - i t  is 
i m p o r t a n t . .  t o  u n d e r s t a n d  t h e  
components  t h a t  a r e  a v a i l a b l e  
t o  b u i l d  f rom,  a s  t h e y  d i r e c t l y  

S a f f e c t  t h e  r i - s u l  t a n t  d e s i g n s .  

2. The devclcpmen t 
o r g a n i z a t i o n - - w h a  t is t h e  
f u n d a m n  t a l  n a t u r e  o f  t h e  
o r g a n i z a t i o n  t h a t  makes i t  

behave  i n  a  p a r t  
Where d o e s  i t  g e t  
d o e s  i t  f o r m u l a t e  
p r o b l e m s ?  

c u l a r  way? 
n p u t s ?  How 

and s o l v e  

3. The r e s t  o f  
o r g a n i z a  t i o n - - t h i s  
a p p l  i c a t i o n s  g r o u p s  
w i t h  m a r k e t  q r o  

t h e  DEC 
i n c l u d e s  

a s s o c  i a  t ~ d  
u p s ,  s a i e s ,  

s e r v i c e  and n a n u f a c  t u r  i n g .  

4 .  The u s e r ,  who r e c e i v e s  t h e  
f i n a l  c u t p u t .  

No te ,  t h a t  i f  w e  assume t h a t  a 
p r o d u c t  is done  s e c u c n t i a l l y ,  and 
e a c h  s t a g e  h a s  a  g e s t a t i o n  t i n e  o f  
a b o u t  two y e a r s ,  i t  t a k e s  r o u g h l y  
e i g h t  y e a r s  f o r  an  i d e a  f r o c  b a s i c  
r e s e a r c h  t o  f i n a l l y  apFea r  a t  t h e  
u s e r ' s  s i t e .  O t h e r  o r g a n i z a t i o n s  
a l s o  a f f e c t  t h e  d e s i g n :  
c o m p e t i t o r s  ( t h e y  e s t ' a b l i s h  a  
d e s i g n  l e v e l  and d e t e r m i n e  t h e  
p r o d u c t  l i f e )  ; and government  ( s )  
and s t a n d a r d s .  

T h e r e  a r e  a n  e v e r  i n c r e a s i n g  number 
o f  g r o u p s  who f e e l  c o n ~ e l l e d  t o  
c o n t r o l  a l l  p r o d u c t s  b r  i n g i n g  t h e n  
a11  t o  s c o r c c n  r c ~ r :  ?!-:= . . . .. 
governmen t  ( s )  , t e s t i n g  g r o u F s  svch 
a s  U n d e r w r i t e r s  L a b o r a t o r y ,  and t h e  
v o l u n t a r y  s t a n d a r d s  g r o u p s  s u c h  a s  
ANSI and CEEMA. N e a r l y  a l l  t h e s e  
g r o u p s  a f f e c t  t h e  d e s i g n  i n  some 
way o r  a n o t h e r  ( e . g .  by r e q u i r i n g  
t u n e )  . 

2.0 BACKGROUND 

I t  is t h e  n a t u r e  o f  e n g i n e e r i n g  
p r o j e c t s  t o  be  g o a l  o r i e n t e d - - t h e  
11 is no  e x c e p t i o n ,  w i t h  R U C ~  

p r e s s u r e  o n  d e l i v e r a b l e  p r o d u c t s .  
Hence,  i t  is d i f f i c u l t  t o  p l a n  f o r  
a  l o n g  and e x t e n s i v e  l i f e t i m e .  
N e v e r t h e l e s s ,  t h e  11 e v o l v e d  more 
r a p i d l y  and o v e r  a  w i d e r  r a n g e  t h a n  
we e x p e c t e d ,  p l a c i n g  u n u s u a l  s t r e s s  
o n  e v e n  a  c a r e f u l l y  p l a n n e d  s y s t e n .  
The 11 f a m i l y  h a s  e v o l v e d  unde r  
m a r k e t  and i m p l e m e n t a t  i o n  g r o u p  
p r e s s u r e  t o  b u i l d  new mach ines .  I n  
t h i s  way t h e  p l a n n i n g  h a s  been 
a s y n c h r o n o u s  2nd d i f f u s e ,  w i t h  
d i s t r  i b u t c d  d e v e l o p m e n t .  A 
d e c e n t r a l i z e d  o r g a n i z a t i o n  p r o v i d e s  
c h e c k s  and b a l a n c e s  s i n c e  i t  is  n o t  
a l l  under  a  s i n g l e  c o n t r o l  p o i n t ,  
o f t e n  a t  t h e  e x p e n s e  o f  
c o m p a t i b i l i t y .  U s u a l l y ,  t h e  
h a r d w ~ r e  h a s  been d e s i g n e d ,  and t h e  
s o £  t w a r e  is n o d i f  i e d  tc p r o v i d e  
c o m p a t i b i l i t y .  



, Independent  of t h e  p lanning  , t h e  
.machine has been ve ry  s u c c e s s f u l  in  
t h e  marke tp lace ,  and wi th  t h e  
sy s t ems  programs w r i t t e n  f o r  i t .  
I n  t he  paper ( B e l l  e t  a l ,  1970) we 
a r e  f i r s t  concerned with market 
a ccep t ance  and use.  F e a t u r e s  
c a r r i e d  t o  o t h e r  d e s i g n s  a r e  a l s o  a  
measure of how i t  c o n t r i b u t e s  t o  
computer s t r u c t u r e s  and a r e  of 
secondary  impor t ance  . 
Phe PDP-11 has  been s u c c e s s f u l  i n  
t h e  marke tp lace  wi th  over  20,000 
computers  in  use  (1970-1975). I t  
is unclear  how r i g i d  a  t e s t  ( a s i d e  
from the  marke tp l ace )  we have g iven  

. t h e  de s ign  s i n c e  a  l a r g e  and 
a g g r e s s i v e  marke t ing  and s a l e s  
o r g a n i z a t i o n ,  coupled wi th  so f twa re  
to cover  a r c h i t e c t u r a l  
inconsistent i e s  and omis s ions ,  can 
s a v e  a lmos t  any des ign .  There was 
d i f f i c u l t y  i n  t e ach ing  t he  machine 
to new u s e r s ;  t h i s  r equ i r ed  a  
l a r g e  s a l e s  e f f o r t .  On  the  o t h e r  
hand ,  v a r i o u s  s a c h i n e  and o p e r a t i n g  
sys t ems  c a p a b i l i t i e s  s t i l l  a r e  t o  
be used.  

2.1  GOALS AND C O N S T R A I N T S  - 1970 

made t o  i n c r e a s e  i t s  a d d r e s s  space .  
In retrospect, i t  is c l e a r  t h a t  
s i n c e  memory p r i c e s  d e c l i n e  a t  2 6 %  
t o  4 1 %  per y e a r ,  and many u s e r s  
tend t o  buy c o n s t a n t  d o l l a r  
systems,  then every  two o r  t h r e e  
y e a r s  another  b i t  is r equ i r ed  f o r  
the  p h y s i c a l  a d d r e s s  space .  

Weakness 2 of n o t  enough r e g i s t e r s  
was so lved  by p rov id ing  e  i g h t  
1 6 - b i t  r e g i s t e r s ;  subsequen t ly  s i x  
more " 32-b i t  r e g i s t e r s  were added 
f o r  f l o a t i n g  p o i n t  a r i t h m e t i c .  The 
number of  r e g i s t e r s  has  proven 
adequate .  More r e g i s t e r s  would 
j u s t  i n c r e a s e  t he  c o n t e x t  sw i t ch ing  
time, and a l s o  perhaps  t he  
programming time by pos ing  t he  
a l l o c a t i o n  dilemma f o r  a  compi le r  
o r  a  programmer. 

Lack of s t a c k s  (weakness 3 )  has  
been so lved ,  u n i a u e l y  , with  t he  
auto-increment/auto-decrenent 
add re s s ing  m e c h a n i s ~ .  S t a c k s  a r e  
used e x t e n s i v e l y  i n  some l anguages ,  
and g e n e r a l l y  by most programs. 

Weakness 4 ,  l i m i t e d  i n t e r r u p t s  and 
slow c o n t e x t  sw i t ch ing  h a s  been 
g e n e r a l l y  so lved  by t he  11 G N I E U S  
v e c t o r s  which d i r e c t  . i n t e r r u p t s  
when a  r e q u e s t  o c c u r s  from a  g iven  
1/0 d e v i c e .  . 

The paper ( B e l l  e t  a l l  1970) 
d e s c r i b e d  the  d e s i g n ,  beg inning 
w i t h  weaknesses of  minicomputers t o  
remedy o t h e r  g o a l s  and c o n s t r a i n t s .  
These w i l l  be d e s c r  itjed kr  i e f  l y  i n  
t h i s  s e c t i o n ,  t o  vrovide  a  
f ranework ,  bu t  most d i s c u s s i o n  of  
the  i n d i v i d u a l  a s p e c t s  of t he  
machine ~ 1 1 1  be d e s c r i b e d  l a t e r .  

Weakness 1 ,  t h a t  o f  l i m i t e d  add re s s  
c a p a b i l i t y ,  was so lved  f o r  i t s  
imiitediate f u t u r e ,  but no t  with t h e  
f i n e s s e  i t  might  have been. 
I ndeed ,  t h i s  h a s  been a  c o s t l y  
o v e r s i g h t  i n  redundant  development 
and s a l e s .  

There  is on ly  one n i s t a k e  t h a t  can 
.be made i n  a  computer de s ign  t h a t  
is d i f f i c u l t  t o  recover  fron--not  
p r o v i d i n g  enough a d d r e s s  b i t s  f o r  
memory add re s s ing  and memory 
management. The PDP-11 fol lowed 
t h e  unbroken t r a d i t i o n  of n e a r l y  
every known computer.  O f  c o u r s e ,  
t h e r e  is a  fundamental r u l e  of 
compu t e  r  (and perhaps  o t h e r )  
d e s i g n s  which h e l p s  t o  a l l e v i a t e  
t h i s  problem: any well-designed 
machine can be evolved through a t  
l e a s t  one major chanqc.  I t  i s  
ex t r eme ly  embarrass ing  t h a t  the 11 
had t o  be evolved with memory 
management on ly  two y e a r s  a f t e r  t he  
paper  was w r i t t e n  o u t 1  in ing  t he  
g o a l  o f  p rovid ing  increased  add re s s  
s p a c e .  A l l  p redecessor  DCC d e s i g n s  
have  s u f f e r e d  t he  same p rob l en ,  and 
o n l y  t he  PDP-10 evolved over  a t en  
y e a r  per iod  b e f o r e  a  change was 

Byte handl ing (weakness 5) was 
provided by d i r e c t  by t e  a d d r e s s i n g .  

Read-only memory (weakness 6 )  can 
be used d i r e c t l y  w i thcu t  s p e c i a l  
p rogracs inq  s i r c e  211  ~ r c c ? ? : : r c c  
tend t o  be pure (and r e e L c r a n t )  and 
can be programmed to  be r e c u r s i v e  
(or  m u l t i p l y  r e e n t r a n t )  . Read-only 
memories a r e  used e x t e n s i v e l y  f o r  
b o o t s t r a p  l o a d e r s ,  debucg ing 
programs, and now provide  norrr,al 
console  f u n c t i o n s  ( i n  procram) 
using a  s t anda rd  t e r m i n a l .  

Very e lementary  1 / 0  proces s ing  
(weakness 7) is par t i a l l y  provided 
by a  b e t t e r  i n t e r r u p t  s t r u c t u r e ,  
but  s o  f a r ,  1/0 p r o c e s s o r s  per s e  
have no t  been implemented. 

Weakness 8 suggested t h a t  we must 
have a  fami ly .  Users would l i k e  t o  . 
move about  over  a  ranqe of c o d e l s .  

High programming c o s t s  (weakness 9 )  
should be addressed  because u s e r s  
program in  machine language.  Here 
we have no d a t a  t o  sugges t  
improvement. A r e a sonab l e  
comparison would be progranming 
c o s t s  on an 11  v e r s u s  o t h e r  
machines. We b u i l t  more co rp l ex  
systems ( e . g . ,  o p e r a t i n 9  sys t ems ,  
computers)  with t he  11 than wi th  
s impler  s t r u c t u r e s  ( e . g .  PDP-8 o r  
1 5 ) .  Also,  some systems 
programming i s  done using h igher  
l e v e l  l anguages .  



Anothe r  c o n s t r a i n t  was t h e  word 
' l e n g t h  had t o  be .  i n  mu1 t i p l e s  o f  
e i g h t  b i t s .  Whi l e  t h i s  h a s  been 
e x p e n s i v e  w i t h i n  DEC b e c a u s e  o f  o u r  
i n v e s t m e n t  i n  1 2 ,  1 8  and 36 b i t  
s y s t e m s ,  t h e  n e t  e f f e c t  h a s  
p r o b a b l y  been w o r t h w h i l e .  The 
n o t i o n  o f  word l e n g t h  is q u i t e  
m e a n i n g l e s s  i n  m a c h i n e s  l i k e  t h e  11 
and  t h e  IBM 360 b e c a u s e  d a t a - t y p e s  
a r e  o f  v a r y i n g  l e n g t h s ,  and 
i n s t r u c t i o n s  t e n d  t o  be  i n  
m u l t i p l e s  o f  1 6  b i t s .  However, t h e  
a d d r e s s i n g  o f  memory f o r  f l o a t i n g  
p o i n t  is  i n c o n s i s t e n t .  

S t r u c t u r a l  f l e x i b i l i t y  ( m o d u l a r i t y )  
was a n  i m p o r t a n t  g o a l .  T h i s  
s u c c e e d e d  beyond e x p e c t a t i o n s ,  and 
is d i s c u s s e d  e x t e n s i v e l y  i n  t h e  
p a r t  . o n  PMS, i n  p a r t i c u l a r  t h e  
UNIBUS s e c t i o n .  

T h e r e  was n o t  a n  e x p l i c i t  g o a l  o f  
microprogrammed i m p l e m e n t a t i o n .  
S i n c e  l a r g e  r e a d - o n l y  memories  were  
n o t  a v a i l a b l e  a t  t h e  time o f  t h e  
Mode 1 2 0 i m p l e m e n t a t i o n ,  
microprogramming was n o t  u s e d .  
U n f o r t u n a t e l y ,  a l l  s u b s e q u e n t  
m a c h i n e s  have  b e e n  microprogrammed 
b u t  w i t h  some a d d i t i o n a l  d i f f i c u l t y  
and  e x p e n s e  b e c a u s e  t h e  i n i t i a l  
d e s i g n  had p o o r l y  a l l o c a t e d  
o p c o d e s ,  b u t  more i m p o r t a n t  t h e  

. c o n d i t i o n  c o d e s  b e h a v i o r  was o v e r  
s p e c i f i e d .  

U n d e r s t a n d a b i l i t y  was a l s o  s t a t e d  
t o  b e  a  g o a l ,  t h a t  seems t o  have  
b e e n  m i s s e d .  The i n i t i a l  handbook 
was t e r s e  and a s  s u c h  t h e  machine  
was o n l y  s a l e a b l e  t o  t h o s e  who 
r e a l l y  u n d e r s t o o d  c o m p u t e r s .  I t  is 
n o t  c l e a r e w h a t  t h e  d i s t r i b u t i o n  o f  
f i r s t  u s e r s  was ,  b u t  p r o b a b l y  a l l  
had p r e v i o u s  c o m p u t i n g  e x p e r i e n c e  . 
A  l a r g e  nunber  o f  mach ines  were  

. s o l d  t o  e x t r e m e l y  knowledgeab le  
u s e r s  i n  t h e  u n i v e r s i t i e s  and 
l a b o r a t o r i e s .  The second  handbook 
came o u t  i n  1972  and h e l p e d  t h e  
l e a r n i n g  problem somewhat,  b u t  i t  
is s t i l l  n o t  c l e a r  w h e t h e r  a  u s e r  
w i t h  no  p r e v i o u s  compu t e r  
e x p e r i e n c e  c a n  d e  t e r m i n e  how t o  u s e  
a  mach ine  from t h e  i n f o r m a t i o n  i n  
t h e  handbooks .  For t u n a  t e l y ,  two 
compute r  s c i e n c e  t e x t b o o k s '  
(Eckhouse  , 75; and S t o n e  and 
S i e w i o r e k ,  75)  h a v e  been  w r i t t e n  
b a s e d  on t h e  11 t o  a s s i s t  i n  t h e  
l e a r n i n g  problem.  

2.2 FEATURES THAT HAVE MIGRATED TO 
OTHER COPPUTERS AND OFFSPRINGS 

A  s u g g e s t e d  t e s t  ( B e l l  e t  a 1  1970) 
was t h e  f e a t u r e s  t h a t  have  m i g r a t e d  
i n t o  c o m p e t i t i v e  d r s i g n s .  We have  
n o t  f u l l y  p e r m i t t e d  t h i s  t e s t  
b e c a u s e  some b a s i c  f e a t u r e s  a r e  
p a t e n t e d ;  h e n c e ,  non-DEC d e s i g n e r s  
a r e  r e l u c t a n t  t o  u s e  v a r i o u s  i d e a s .  

A t  l e a s t  two o r g a n i z a t i o n s  h a v e  
made m a c h i n e s  w i t h  s i m i l a r  b u s  and 
ISP s t r u c t u r e s  ( u s e  o f  a d d r e s s  
modes,  b e h a v i o r  o f  r e g i s t e r s  a s  
program c o u n t e r  and s t a c k ) ;  and a  
t h i r d  o r g a n i z a t i o n  h a s  o f f e r e d  a  
p l u g - r e p l a c e m e n t  s y s t e m  f o r  s a l e .  

The UNIBUS s t r u c t u r e  h a s  been 
a c c e p t e d  by many d e s i g n e r s  a s  t h e  

, PMS s t r u c t u r e .  T h i s  
' i n t e r c o n n e c t i o n  scheme is 
e s p e c i a l l y  u s e d  i n  m i c r o p r o c e s s o r  
d e s i g n s .  A l s o ,  a s  p a r t  o f  t h e  
UNIBUS d e s i g n ,  t h e  n o t i o n  o f  
mapping 1/0 d a t a  and /o r  c o n t r o l  
r e g i s t e r s  i n t o  t h e  memory a d d r e s s  
s p a c e  h a s  been  u s e d  o f t e n  i n  t h e  
m i c r o p r o c e s s o r  d e s i g n s  s i n c e  i t  
e l i m i n a t e s  i n s t r u c t i o n s  i n  t h e  ISP 
and  r e q u i r e s  no  e x t r a  c o n t r o l  t o  
t h e  1/0 s e c t i o n .  

F i n a l l y ,  w e  were  c o n c e r n e d  i n  1970 
t h a t  t h e r e  would b e  
o f  f s p r  i n g s - - c l e a r 1  y  no p rob lem;  
t h e r e  h a v e  been  a b o u t  t e n  
i m p l e m e n t a t i o n s .  I n  f a c t  , t h e  
f a m i l y  is l a r g e  enough t o  s u g g e s t  
need o f  f a m i l y  p l a n n i n g .  

The c o m p u t e r s  w e  b u i l d  a r e  s t r o n g l y  
i n f l u e n c e d  by t h e  b a s i c  e l e c t r o n i c  
t e c h n o l o g y .  I n  t h e  c a s e  o f  
c o m p u t e r s ,  e l e c t r o n i c  i n f o r n a t i o n  
p r o c e s s i n g  t e c h n o l o g y  e v o l u t i o n  h a s  
been used to  mark t h e  f o u r  
g e n e r a t i o n s .  

3 .1 E f f e c t s  Of S e m i c o n d u c t o r  
Elemory On The PDP-11 Plcdel 
D e s i g n s  

The PDP-11 computer  s e r i e s  d e s i g n  
began i n  1969 w i t h  t h e  Model 2 0 .  
S u b s e q u e n t l y ,  3  mode l s  were  
i n t r o d u c e d  a s  minimum c o s t ,  b e s t  
c o s t / p e r f o r m a n c e ,  and maximum 
p e r f o r m a n c e  m a c h i n e s .  The menory 
t e c h n o l o g y  i n  1969 formed s e v e r a l  
c o n s t r a i n t s :  

Core  memory f o r  t h e  p r i m a r y  
(p rogram)  menory w i t h  a n  
e v e n t u a l  t r e n d  toward 
semicondac  t o r  memory. 

A c o m p a r a t i v e l y  s m a l l  nunbe r  o f  
h i g h  s p e e d  r e g i s t e r s  f o r  
p r o c e s s o r  s t a t ?  ( i . e .  g e n e r a l  
r e g i s t e r s ) ,  w i t h  a  t r e n d  toward 
l a r g e r ,  h i g h e r  s p e e d  r e g i s t e r  
f i l e s  a t  l ower  c o s t .  No te ,  
o n l y  1 6  word r e a d - w r i t e  
memories  were  a v a i l a b l e a t  
d e s i g n  t i m e  * 

U n a v a i l a b i l i t y  o f  l a r g e ,  h i g h  
s p e e d  r ead -on1  y  memories ,  



p e r m i t t i n g  a  microprogrammed 
approach t o  t he  de s ign  of t h e  
c o n t r o l  p a r t .  Note, no t  f o r  c a  
pape r ,  read-only memory was 
u n a v a i l a b l e  a 1  though s low, 
read-only MOS was a v a i l a b l e  f o r  
c h a r a c t e r  genera  t o r s .  

These c o n s t r a i n t s  e s t a b l i s h e d  t h e  
fo l l owing  d e s i g n  p r i n c i p l e s  and 
a t t i t u d e s :  

I t  should be asynchronous and 
capab l e  of a ccep t ing  v a r i o u s  
c o n f i g u r a t i o n s  of  memor i e s  i n  
s i z e  and speed .  

I t  should be expandable ,  t o  
t ake  advantage  of  an e v e n t u a l l y  
l a r g e r  number of r e g i s t e r s  f o r  
more da  t a - t ypes  and improve 
c o n t e x t  sw i t ch ing  time. Also ,  
more r e g i s t e r s  would permit  
e v e n t u a l l y  mapping memory t o  
provide  a  v i r t u a l  machine and 
p r o t e c t e d  mu1 tiprogramming . 
I t  could  be r e l a t i v e l y  complex, 
s o  t h a t  an e v e n t u a l  microcode 
approach could  be used t o  
advantage . New da t a - types  
could be added t o  t he  
i n s t r u c t  ion  s e t  t o  i n c r e a s e  
performance even though they  
added complexi ty  . 
The UNIBUS width would be 
r e l a t i v e l y  wide, t o  g e t  a s  much 
performance a s  p o s s i b l e ,  s i n c e  
LST was no t  y e t  a v a i l a b l e  t o  
encode f u n c t i o n s .  

. 
3 . 2  ~ a r i ' a t i o n s  I n  PDP-11 Models 

Through Technology 

Semiconductor memory ( read-only  and 
r e a d ~ w r i t e )  were used t o  t r a d e o f f  
c o s t  performance a c r o s s  a  
r ea sonab ly  wide range of models.  
Var ious  t e chn iques  based on 
semiconductors  a r e  used i n  t he  
t r a d e o f f  t o  provide  the  range .  
' ~ h e s e  i nc lude :  

Improve performance through 
b r u t e  f o r c e  with f a s t e r  
memories. The 11/45 and 11/70 
u s e s  b i p o l a r  and f a s t  MOS 
memory. 

Microprogramming ( s e e  below) t o  
improve performance through a  
more complex ISP ( i . e .  , 
f l o a t i n g  p o i n t ) .  

Mu l t i p l e  c o p i e s  of  p roces so r  
s t a t e  ( c o n t e x t )  t o  improve time 
t o  sw i t ch  c o n t e x t  among v a r i o u s  
running programs. 

Add i t i ona l  r e g i s t e r s  f o r  
a d d i t i o n a l  da t a - t ypes - - i . e . ,  
f l o a t i n g  p o i n t  a r i t h m e t i c .  

Improvc t he  r e l i a b i l i t y  by 
i s o l a t i n g  ( p r o t e c t i n g )  one 
program from ano the r  . 
Improve performance by mapping 
mu1  t i p l e  programs i n t o  t he  same 
p h y s i c a l  memory, g i v i n g  each  
program a  v i r t u a l  machine. 
Provid ing  t he  l a s t  two p o i n t s  , 

r e q u i r e s  a s i g n i f i c a n t  i n c r e a s e  
i n  t he  number of r e g i s t e r s  
( i . e .  a t  l e a s t  64  word f a s t  
memory a r r a y s ) .  

4 .0  THE ORGANIZATION OF PEOPLE 

Three types  of  d e s i g n  a r e  based 
both on t he  technology end the c o s t  

' and performance c o n s i d e r a t i o n s .  
The n a t u r e  of t h i s  t r adeo f f  i s  
shown i n  F igure  D S .  Note, t h a t  one 
s t a r t s  a t  0  c o s t  and Fe r fo rcance ,  
proceeds t o  add c o s t ,  t o  ach i eve  a 
base (minimum l e v e l  o  f  
f u n c t i o n a l i t y ) .  At t h i s -  p o i n t ,  
c e r t a i n  minimum g o a l s  a r e  r . e t :  f o r  
the  computer ,  i t  is simply t h a t  
t h e r e  is  progrem c o u n t e r ,  a n d  the  
s i m p l e s t  a r i t h m e t i c  o p e r a t i o n s  can 
be c a r r i e d  o u t .  I t  i s  ea sy  t o  show 
(based on t he  ~ u r i n g  'machine) t h a t  
on ly  a  few i n s t r u c t i o n s  a r e  
r e q u i r e d ,  and from t h e s e ,  eny 
program can  be w r i t t e n .  Fror  t h i s  
minimal p o i n t ,  p e r f o r  "ante ... 
i n c r e a s e s  very  r a p i d l y  i n  a  s t e p  
f a s h i o n  ( t o  be d e s c r i b e d  l a t e r )  f o r  
q u i t e  s o n e t i n e  (due  t o  t lxec  
overhead of memories, c a b i n e t s ,  
power, e t c . )  t o  a p o i n t o f  
i n f l e c t i o n  where the  c o s t - e f f e c t i v e  
s o l u t i o n  i s  found. A t  t h i s  p o i n t ,  
performance c o n t i n u e s  t c  i n c r e a s e  
u n t i l  another  p o i n t  xhere  t he  .. performance i s  max ir. i zed. 
I nc rea s ing  t he  s i z e  i m ~ l  i e s  
phys i ca l  c o n s t r a i n t s  a r e  exceeded ,  
and t he  machine becocec 
unbui ldable  , and t he  per f o r r a r c e  
can go t o  0. There i s  a  g e n e r a l  
tendency of  a l l  d e s i g n e r s  t o  " n + l "  
( e . ,  i nc r emen ta l l y  add t o  the  
de s ign  f o r e v e r ) .  No des i9n  i s  so  
comple te ,  t h a t  a  r edes ign  c a n '  t  
improve i t  . 
The two usua l  p r o b l e n s  o f  de s ign  
a r e :  i nexpe r i ence  and 
" second- sys t emi t i s " .  The f i r s t  
problem is s imply  a  r e s o u r c e s  
problem. Are t h e r e  people  
a v a i l a b l e ?  What a r e  t h e i r  
backgrounds? Can a s r a l l  g roup  
work e f f e c t i v e l y  on a r c h i t e c t u r a l  
d e f i n i t i o n s ?  Perhaps n o s t  
important  i s  t he  p r i n c i p l e ,  t h a t  no 
matter.  who i s  t h e  architect, the  
d e s i g n  must b e  c l e a r l y  understood 
by a t  l e a s t  one person .  

Second-sys temi t i s  i s  t he  phenomenon 
o f '  d e f i n i n g  a  system on t h e  b a s i s  
o f p a s t  system h i s t o r y .  



I n v a r i a b l y ,  t he  system s o l v e s  a l l  
p a s t  problems. . .border ing  on t he  
unbui ldable .  
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4 . 1  PDP-11 Experience 

Some of  t he  PDP-11 a r c h i t e c t u r e  was 
i n i t i a l l y  c a r r i e d  o u t  by a t  
Carnegie-Hellon Un ive r s i t y  ( H M  wi th  
G B ) .  Two of t he  u s e f u l  i dea s :  t he  
UNIBUS, and t h e '  use of g e n e r a l  
r e g i s t e r s  i n  a  s u b s t a n t i a l l y  more 
g e n e r a l  f a sh ion  (e .g .  a s  s t a c k  
p o i n t e r s )  came o u t  o f  e a r l i e r  work 
(GB) a t  CMU and was de sc r ibed  i n  
COMPUTER STRUCTURES (Be l l  and 
Newell,  1971) .  During the  d e t a i l e d  
d e s i g n  a m e l i o r a t i o n ,  2  persons  ( H M ,  
and RC)  were r e s p o n s i b l e  f o r  the  
s p e c i f i c a t i o n .  

Although the  a r c h i t e c t u r a l  a c t i v i t y  
of t he  11/20 proceeded i n  p a r a l l e l  
wi th  t he  implementat ion,  t h e r e  was 
l e s s  i n t e r a c t  ion than i n  p r ev ious  
DEC de s igns  where t he  f i r s t  
implementa t i o n  and a r c h i t e c t u r e  
were c a r r i e d  o u t  by the  same 
pe r son .  A s  a  r e s u l t ,  a  s l i g h t  
p e n a l t y  was pa id  t o  b u i l d  
subsequent  d e s i g n s ,  e s p e c i a l l y  v i s  
a  v i s  microprogramming. 

A s  t he  v a r i o u s  models began t o  be 
p . b u i l t  o u t s i d e  t he  o r i g i n a l  

PDP-11/20 group,  n e a r l y  a l l  
a r c h i t e c t u r a l  c o n t r o l  (Rc) 
d i s appea red ,  and the  a r c h i  t ec tur ,e  
was managed by more people ,  and 
des ign  r e s ided  with no one person!  
A s i m i l a r  l o s s  of  c o n t r o l  occur red  
i n  t he  de s ign  of t he  p e r i p h e r a l s  
a f  t e r  t he  b a s i c  d e s i g n .  

The f i r s t  d e s i g n s  f o r  16 -b i t  
computers came from a  group placed 
under the PDP-15 management ( a  
market ing pe r son ,  wi th  eng inee r ing  
background).  I t  was c a l l e d  PDP-X, 
and d i d  i nc lude  a  range.  A s  a  
range a r c h i t e c t u r e ,  i t  was b e t t e r  
thought  o u t  than t he  l a t e r  PDP-11, 
bu t  d i d n ' t  have t he  i nnova t ive  
a s F e c t s .  Unfo r tuna t e ly ,  t h i s  group 
was i n t i m i d a t i n g ,  and some members 
lacked  c r e d i b i l i t y .  The group a l s o  
managed t o  convince management t h a t  
t he  machine was p o t e n t i a l l y  a s  
complex a s  t he  PDP-10 (which i t  
wasn ' t )  ; s i n c e  no one wanted 
ano the r  l a r g e  conpu t e r  d i sconnec ted  
from the  main b u s i n e s s ,  i t  was a  
s u r e  s u i c i d e  . The (marke t ing)  
management had l i t t l e  unders tanding  
of  t he  machine. S ince  t he  people 
involved in  t he  de s ign  were 
a p p a r e n t l y  s imul taneous ly  de s ign ing  
Data Genera l ,  t he  PDP-X was n o t  o f  
foremost  importance. 

As t he  PDP-X p r o j e c t  fo lded  and t he  
DCH ( f o r  Desk Ca l cu l a to r  Machine 

f o r  s e c u r i t y )  p r o j e c t  s t a r t e d  up, 
des ign  and p lanning  were in  
d i s a r r a y ,  s i n c e  Data General had 
been formed and was competing with 
t he  PDP-8 using a  ve ry  smal l  16 -b i t  
computer.  Although the  Product 
Line Manager, a  former engineer  
( N M )  f o r  the  PDP-8, had the  
r e s p o n s i b i l i t y  t h i s  t ime,  t he  new 
p r o j e c t  manager was a  
ma thcma t  ician/programmer followed 
by another  manager ( R C )  who had 
managed t he  PDP-8. Work proceeded 
f o r  s e v e r a l  months based on the  DCM 
and with a  de s ign  review a t  
Carnegie-Plellon Un ive r s i t y  in  l a t e  
1969. The DCM review took only  a  
few minutes .  Aside from a  gene ra l  
d u l l n e s s  and a  f e e l i n g  t h a t  i t  was 
too l i t t l e  too l a t e  t o  compete. I t  
was d i f f i c u l t  t o  program 
( e s p e c i a l l y  b Y compi le rs )  . 
However, i t ' s  benchmark r e s u l t s  
were good. (I;e b e l i e v e  i t  had been 
tuned t o  the benchmarks, hence 
c o u l d n ' t  do o the r  prob1er.s very 
we l l . )  One of the d e s i g n e r s  (EN) 
brought  along the kerne l  of an 
a l t e r n a t i v e ,  which turned out  to  be 
t he  PDP-11. Ce worked on the 
de s ign  a l l  weekend, recommending a  
sw i t ch  t o  the  b a s i c  11 des ign .  

A t  t h i s  p o i n t ,  t h e r e  were reviews 
t o  ame l io r a t e  the d e s i g n ,  and each 
s u g g e s t i o n ,  in  e f f e c t ,  anoun ted t o  
an n + l ;  the  implementation was 
proceeding in  p a r a l l e l  ( J O )  and 
s i n c e  the l o g i c  de s ign  was 
conven t iona l ,  , i t  was d i f f i c u l t  t o  
t r adeo f f  ex t ens ions .  Also,  the 
de s ign  was c u n s i r a i n e 5  ~ : i  tb; boards 
and i d e a s  held over from the Cc1.1. 
(The on ly  s a f e  way t o  des ign  a  
range is  s imul taneous ly  do both 
h igh  and low end d e s i g n s . )  Curing 
the  summer a t  D E C ,  we t r i e d  t o  f r e e  
op code space ,  and increased  

.. ( n + l  led)  the  UliTCUS bandwidth (with 
an e x t r a  s e t  of add re s s  l i n e s ) ,  and 
o u t l i n e d  a l t e r n a t i v e  ~ o d e l s .  

The advent  of l a r g e ,  read-only 
memories, made p o s s i b l e  the  va r ious  
follow-on des igns  t o  the  11/20. 
F igure  "Models" ske t ches  the c o s t  
of v a r i o u s  models v e r s u s  t i n e ,  with 
1 i n e s  of c o n s i s t e n t  perforinance. 
Th i s  very  c l e a r l y  shows the  des ign  
s t y l e s  ( i d e o l o g i e s )  . Thc 11/40 
des ign  was s t a r t e d  r i g h t  a f t e r  the  
11/20, a l though i t  was the  l a s t  t o  
come on t he  market ( t h e  low and 
high ends had h igher  p r i o r i t y  t o  
g e t  i n t o  product ion  a s  t h e y  
extended the  m a r k e t ) .  Eoth the  
11/04 and 11/45 des ign  groups  went 
through e x t e n s i v e  buy i n  p roces se s ,  
a s  they came i n t o  t he  11 by f i r s t  
proposing a l t e r n a t i v e  d e s i g n s .  In 
t he  c a s e  of  t he  11/45, a  l a r g e r ,  
11-1 i ke  18-b i t  machine was proposed 
by ~ h c  15 group; and l a t e r ,  the  
LTNC engineer  inq group  proposed an 
a l t e r n a t i v e  de s ign  which was subse t  
compat ib le  a t  the  symbolic program 
l e v e l .  A s  t he  groups  cons idered  
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t h e  sof tware  r a m i f i c a t i o n s ,  buy-in 
was r a p i d .  F igure  llodels shows the  
minimum cos t -or  i en t cd  group  has two 
s u c c c s s o r s  provid ing  lower c o s t  
( y e t  higher  performance)  and t he  
same c o s t  wi th  t he  a b i l i t y  t o  have 
l a r g e r  memories and perform b e t t e r .  
Note, both of t he se  came from a  
backup s t r a t e g y  t o  the  LSI-11. 
These come from l a r g e r  read-only  
memories, and i nc rea sed  
unders tanding  of how t o  implement 
t h e  11. 

The 11/70 is ,  of c o u r s e ,  a  n a t u r a l  
f o l l ow  on t o  ex tend  t he  performance 
of  t he  11/45. 

5.0 PMS STRUCTURE 

In  t h i s  s e c t i o n ,  we g i v e  an 
overview of the e v o l u t i o n  of t he  
PDP-11 in terms of  i t s  PMS 
s t r u c l u r e ,  and conpare  i t  wi th  
e x p e c t a t i o n s  (Ee l1  e t  a l ,  1970 ) .  
The a s p e c t s  i nc lude :  the  UNIBUS 
s t r u c t u r e ;  UNIBUS performance;  
use  f o r  d i a g n o s t i c s ;  a r c h i t e c t u r a l  
c o n t r o l  r e q u i r e d ;  and 
mu1 t  i-compu t e r  and m u 1  t i - p roces so r  
computer s t r u c t u r e s .  

5.1 The UNIBUS - The Center  Of The 
PMS S t r u c t u r e  

In  g e n e r a l ,  t he  UNIBUS has behaved 
beyond e x p e c t a t i o n s ,  a c t i n g  a s  a  
s t anda rd  f o r  intercommunicat ion of 
p e r i p h e r a l s .  Seve ra l  hundred types  
of memories and p e r i p h e r a l s  have 
been a t t a ched  t o  i t .  I t  has  been 
t he  p r i n c i p l e  PbiS i n t e r connec t  ion 
media of Mp-PC 2nd p e r i p h e r a l s  f o r  
systems i n  the  ranae  3 K  d o l l a r s  t o  
l O O K  d o l l a r s  ( 1975 ) .  For l a r g e r  
systems supplementary buses f o r  
PC-Hp and Pip-Ms t r a f f i c  have been 
added. For very  smal l  sys tems ,  
l i k e  t he  LSI-11, a  narrower bus 
(Q-bus) has been des igned .  

The UNIGUS by being a  s t anda rd  has  
provided u s  wi th  a  PMS a r c h i t e c t u r e  
f o r  e a s i l y  con f igu r ing  sys tems;  
any o t h e r  o r g a n i z a t i o n  can a l s o  
bu l ld  components which i n t e r f a c e  
t h e  bus . .  . c l e a r l y  i dea l  f o r  buyers .  
Good busses  ( s t a n d a r d s )  make good 
ne ighbors  ( i n  terms o  f  
eng i nce r  ing)  , s i n c e  people  can 
c o n c e n t r a t e  on des ign  i n  a  
s t r u c t u r e d  f a sh ion .  Indeed,  t he  
UNIBUS has c r e a t e d  a  complete  
secondary i n d u s t r y  d e a l i n g  i n  
a l t e r n a t i v e  sou rce s  of  supply  f o r  
memories and p e r i p h e r a l s .  Outs ide  
of the  I EM 360 I / o  
Nu l t i p l exo r /Se l cc to r  bus ,  t he  
UNIBUS is the  most widely used 

computer i n t e r c o n n e c t  ion s t a n d a r d .  
Although i t  h a s  been d i f f i c u l t  t o  
f u l l y  s p e c i f y  t he  UNIBUS such t h a t  
one can be c e r t a i n  t h a t  a  g iven  
system w i l l  work e l e c t r i c a l l y  and 
wi thout  missed d a t a ,  s p e c i f i c a t i o n  
is the  key t o  t he  UNIBUS. The bus 
behavior  s p e c i f i c a t i o n  is a  y e t  
bnso lvcd  problem i n  d e a l i n g  wrth 
complexi ty-- the b e s t  d e s c r i p t i o n s  
a r e  based on behavior  ( i . e . ,  t iming 
d i ag rams) .  

There a r e  a l s o  problems wi th  t he  
de s ign  of  t he  UNIEUS. Although 
p a r i t y  was a s s igned  a s  two of t he  
b i t s  on t he  bus ( p a r i t y  and p a r i t y  
is a v a i l a b l e ) ,  i t  has  n o t  been 
wide ly  used.  Flemory p a r i t y  was 
impleaented d i r e c t l y  in  t he  mecory, 
s i n c e  checking r equ i r ed  a d d i t i o n a l  
t ime. Memory and Ul<IBLI'S p a r i t y  i s  
a  good example of n a t u r e  of 
eng inee r ing  o p t i n i z a  t ion .  The 
t r adeo f f  i s  one of c o s t  and 
decreased  p e r f o r ~ a n c e  v e r s u s  
decreased  s e r v i c e  c o s t  and more 
d a t a  i n t e g r i t y  f o r  t he  u s e r .  The 
engineer  i s  u s u a l l y  measured on 
product ion  c o s t  g o a l s ,  t hus  p a r i t y  
t r ansmis s ion  and checking a r e  
c l e a r l y  a  c a p a b i l i t y  t o  be omi t ted  
from d e s i g n . .  . e s p e c i a l l y . i n  view of 
l o s t  performance. The i n t e r n a l  
F i e l d  S e r v i c e  o r g a n i z a t i o n  has  been 
unable .  t o  Q u a n t i f y  t he  i n c r e a s e  in 
s e r v i c e  c o s t  s av ings  due t o  s h o r t e r  
MTTR by b e t t e r  f a u l t  i s o l a t i o n .  
S i m i l a r l y ,  many of the t r a n s i e n t  
e r r o r s  which p a r i t y  d e t e c t s  can be 
d e t e c t e d  and c o r r e c t e d  by s o f t w a r e  
d e v i c e  2rli7f:s ci nd pc>..- . L2p 
procedures  wi thout  p a r i t y .  With 
lower c o s t  f o r  l o g i c  and i nc rea sed  
r e s p o n s i b i l  i  ty  ( s cope )  t o  i nc lude  
warran ty  c o s t s  a s  p a r t  of t he  
product  de s ign  c o s t  f o r c e s  much 
more checking i n t o  t he  d e s i g n .  

The i n t e r l o c k e d  n a t u r e  of t he  
t r a n s f e r s  i s  such t h a t  t h e r e  is  a 
deadlock when two computers  a r e  
jo ined  t oge the r  us in?  t he  UKIEUS 
window. Ki th  t he  window a  computer 
can nap  another  compu te r ' s  a d d r e s s  
space  i n t o  i t s  own a d d r e s s  sFace in  
a  t r u e  m u 1  t i p r o c e s s o r  f a s h i o n .  
Deadlock o c c u r s  when the  two 
coinputers s imu l t aneous ly  a t t emp t  t o  
a c c e s s  t he  o t h e r ' s  a d d r e s s e s  
through each window. A r e q u e s t  t o  
t he  window i s  i n  p r o g r e s s  on one 
UNIBUS, and a t  t he  sane  time a  
r e q u e s t  t o  the o t h e r  UNIEUS i s  in  
p r o g r e s s  on the  r e q u e s t e e ' s  UNIBUS, 
hence n e i t h e r  r e q u e s t  can be 
answered,  caus ing  a  deadlock .  Cne 
o r  both r e q u e s t s  a r e  abo r t ed  and 
t he  deadlock  is broken by having 
t he  UNIBUS time o u t  s i n c e  t h i s  i s  
e q u i v a l e n t  t o  a  non-ex is ten  t  
a d d r e s s  ( e . g . ,  a  memory). In  t h i s  
way the  system r e c o v e r s  and 
r e q u e s t s  can  be r e i s s u e d  (which may 
cause  d e a d l o c k ) .  The UNICUS window 
is con£ ined t o  a p p l i c a t i o n s  whcre 
t h e r e  is l i k e l y  t o  be a  low 
deadlock  r a t e .  



5.2 UNIBUS . and 
Op t ima l i t y  

Performance 

Although we always want more - performance on one hand, t h e r e  is 
an equa l  p r e s s u r e  t o  have lower 
c o s t .  S ince  c o s t  and peformance 
a r e  a lmos t  t o t a l l y  c o r r e l a t e d  t he  
two g o a l s  p e r f e c t l y  c o n f l i c t .  The 
UNIBUS has turned o u t  t o  be optimum 
over  a  wide dynamic range of  
p roduc t s ,  (argued below) . However, 
a t  t he  lowest  s i z e  sys tem,  t he  
Q-bus ha s  been i n t roduced ,  which 
c o n t a i n s  about  1/2 the  number of 
conductors ;  and a t  t he  l a r g e s t  
sys tems ,  the  d a t a  pa th  width f o r  
t he  processor  and memory has  been 
i nc rea sed  t o  32 -q f t s  f o r  added 
performance a l though the  UNTEUS i s  
s t i l l  used f o r  communication with 
most 1/0 c o n t r o l l e r s .  

S ince  a l l  i n t e r c o n n e c t i o n  schemes 
a r e  h igh ly  c o n s t r a i n e d ,  i t  i s  c l e a r  
t h a t  f u t u r e  lower and higher  
s y s  tems cannot be accompl ished from 
a  s i n g l e  de s ign  u n l e s s  a  very  low 
c o s t ,  h igh  performance 
communication media ( e  .g . o p t i c a l )  
is  found. 

The o p t i m a l i t y  of  t he  UNIBUS comes 
about  because memory s i z e  (number 

' o f  a d d r e s s  b i t s )  and 1/0 t r a f f i c  
a r e  c o r r e l a t e d  with the  processor  
speed.  Amdahl's rule-of-thumb f o r  
IBM computers ( i n c l u d i n g  the 360) 

p ' is: one byte  of memory i s  r e a u i r e d  
per i n s t r u c t i o n / s e c  and one b i t  of 
I/G is  r equ i r ed  f o r  each 
i n s t r u c t i o n  execu t ed .  For our  
a p p l i c a t i o n s ,  we be1 i eve  t h e r e  is 
more camp ta  t i o n  r equ i r ed  f o r  each 
memory word, because of t he  b i a s  
toward c o n t r o l  and s c i e n t i f i c  
a p p l i c a t i o n s .  Also,  t h e r e  has been 
l e s s  use of complex i n s t r  o c t i o n s  
t y p i c a l  of the  IBN computers.  
Hence, we assume one by t e  of memory 
is  r equ i r ed  f o r  each two 
i n s t r u c t i o n s  execu t ed ,  and assume 
one b y t e  of 1/0 i s  an uppfr bound 
( f o r  r e a l  time applications) f o r  
each  i n s t r u c t i o n  executed .  In  the  
PDP-11, an average  i n s t r u c t i o n  
a c c e s s e s  t h r e e  t o  f i v e  b y t e s  of 
memory, and with one by t e  of i o ,  up 
t o  s i x  b y t e s  of memory a r e  accessed  
f o r  each i n s t r u c t  ion/sec . 
There fo re ,  a  bus which can suppor t  
two megabyte/sec t r a f f i c  permi ts  
i n s t r u c t i o n  execu t ion  r a t e s  of . 3 3  
t o  . S  mega i n s t r u c t i o n / s e c .  This  
imputes t o  meory s i z e s  of  .16 t o  
.25 megabytes; t he  maximum 
a l l owab le  memory is . 3  t o  .256 
megabytes.  By us ing  a  cache memory 
wi th  a  p roces so r ,  t he  e f f e c t i v e  
memory processor  r a t e  can be 
i nc r ea sed  t o  f u r t h e r  ba l ance  t he  
p roces so r .  A l t e r n a t i v e l y ,  f a s t e r  
f l o a t i n g  po in t  o p e r a t i o n s  w i l l  
b r i n g  the ba lance  t o  bc more l i k e  
t he  IBM d a t a ,  r e q u i r i n g  more 
memory . 

5.3 Evo lu t i on  Of Models: P r e d i c t e d  
Versus Ac tua l  

- The o r i g i n a l  p r e d i c t i o n  ( B e l l  e t  
a l ,  1970) was t h a t  models wi th  
inc,reased performance would evolve  
using:  increased  pa th  width f o r  
d a t a ;  m u 1  t i - p r o c e s s o r s ;  and 
s epa ra t ed  bus s t r u c t u r e s  f o r  
c o n t r o l  and d a t a  t r a n s f e r s  t o  
secondary and t c r  t i a r y  memory. 
Nearly a l l  of t he se  forms have been, 
used ,  though not  e x a c t l y  a s  
p r e d i c t e d .  (Again, t h i s  p o i n t s  t o  
l a ck  of o v e r a l l  a r c h i t e c t u r a l  
p lanning  v e r s u s  our w i l l i n g n e s s  and 
b e l i e f  t h a t  t he  s u g g e s t i o n s  and 
p l a n s  f o r  t he  e v o l u t i o n  must come 
from the  implementat ion groups . )  

In  t he  e a r l i e r  11/45, a  s e p a r a t e  
bus was added f o r  d i r e c t  a c c e s s  of 
e i t h e r  b i p o l a r  (300ns)  or  f a s t  WOS 
(400ns) memory. In g e n e r a l ,  i t  was 
assumed t h a t  t he se  memories would 
be s m a l l ,  and the  user  would move 
the  important  p a r t  o f  h i s  a lgo r i t hm 
t o  the  f a s t  memory fo r  d i r e c t  
execu t ion .  The 11/45 provj.ded a  
second UNIEUS f o r  d i r e c t  
t ransmiss ion  of in format ion  t o  t he  
f a s t  memory wi thout  PC 
i n t e r f e r e n c e .  The 11/45 a l s o  
increased  per fornance  by adding a  
second. au tononous d a t a  o p c r a t  ion 
u n i t  c a l l e d  the  Floa. t in9 Poin t  
Processor  ( a c t u a l l y  n o t  a  
p r o c e s s o r )  . In t h i s  way, both 
i n t e g e r  and f l o a t i n g  p o i n t  
computation could proceed 
concurrenLly.  

The 11/70, a  cache based p r o c e s s o r ,  
i s  a  l o g i c a l  ex t ens ion  of using 
f a s t ,  l o c a l  n e c o r i e s ,  but  without  
need f o r  expcr t  movecent of d a t a .  
I t  has  a  nernorp path width of 
3 2 - b i t s ,  and the  c o n t r o l  p o r t i o n  
and d a t a  p o r t i o n  of 1/0 t r z n s f e r s  
have been s epa ra t ed  a s  o r i g i n a l l y  
suggested . The performance 
l i m i t a t  ion of t he  UNIaUS a r e  
removed, s i n c e  the  second I:p system 
pe rmi t s  d a t a  t r a n s f e r s  of up t o  
f i v e  ncgabytes / sec  ( 2 . 5  t i n e s  t h a t  
o f  the  UNIBUS). Note, t h a t  a  
p e r i p h e r a l  memory map c o n t r o l  is 
needed s i n c e  lip a d d r e s s  space (two 
megabytes) exceeds t he  UNIEUS. In 
t h i s  way, d i r e c t  memory acces s  
d e v i c e s  on the  UKIEUS t r a n s f e r  d a t a  
i n t o  a  napped p o r t i o n  of the  l a r g e r  
add re s s  space .  

5 . 4  Mul t i -processor  Computer 
S t r u c t u r c s  

Alt$ough i t  is n o t  s u r p r i s i n g  t h a t  
mu l t i - p roces so r s  have not  been used 
except  on a  h i g h l y  s p e c i a l i z e d  
b a s i s , '  i t  i s  dep re s s ing .  In 
Computer S t r u c t u r e s  ( B e l l  and 
Newell, 71) we c a r r i e d  o u t  a n  



a n a l y s i s  of t he  TBM 360, 
p r e d i c a t i n g  a  m u 1  t i - p r o c e s s o r  
de s ign .  The range of performance 
covered by t he  PDP-11 models i s  
s u b s t a n t i a l l y  worse than  wi th  t he  
360, a 1  though the  compe t i t i ve  
environment of  t he  two companies i s  
s u b s t a n t i a l l y  d i f f e r e n t .  For t he  
360, sma l l e r  models appear  t o  
perform worse than t he  technology 
would p r e d i c t .  The r e a s o n s  why 
m u 1  t i p r o c e s s o r s  have n o t  
m a t e r i a l i z e d  may be: 

1. The b a s i c  n a t u r e  of  eng inee r ing  
is t o  be c o n s e r v a t i v e .  t h i s  is 
a c l a s s i c a l  deadlock  s i t u a t i o n :  
we cannot  l e a r n  how t o  program 
mu1 t i p r o c e s s o r  s un ti1 such 
systems e x i s t ;  a  system cano t  
be b u i l t  be fo re  programs a r e  
ready.  

2 .  The market  d o e s n ' t  demand them. 
Another deadlock:  how can t he  
market  demand them, s i n c e  t he  
market d o e s n ' t  even know t h a t  
such a  s t r u c t u r e  could  e x i s t ?  
TBM has  no t  y e t  b l e s s e d  t he  
concept .  

3. We can always b u i l d  a  b e t t e r  
s i n g l e ,  s p e c i a l  p r o c e s s o r .  
T h i s  de s ign  phi losophy s tems  

. . from l o c a l  o p t i m i z a t i o n  of t h e  
des igned  o b j e c t ,  and i g n o r e s  
g l o b a l  c o s t s  o f  s p a r e s ,  
t r a i n i n g ,  r e 1  i a b i l  i t y  and t he  
a b i l i t y  of t he  user  t o  
dynamica l ly  a d j u s t  a  
c o n f i g u r a t i o n  t o  h i s  l o a d .  

4 .  There a r e  more a v a i l a b l e  
d e s i g n s  f o r  new p r o c e s s o r s  than 
we can b u i l d  a l r e a d y .  

5. Planning and techno1 oqy a r e  
asynchronous.  Within D E C ,  n o t  
a l l  p roduc t s  a r e  planned and 
b u i l t  a t  a  p a r t i c u l a r  t ime ,  
hence,  i t  i s  d i f f i c u l t  t o  g e t  
t he  one r i g h t  t i n e  when a  
mu1 t i p r o c e s s o r  would be b e t t e r  
than  an ex is t  ing Uniprocessor  
t oge the r  wi th  one o r  two 
a d d i t i o n a l  new p r o c e s s o r s .  

6. Incrementa l  market demands 
r e q u i r e  s p e c i f i c  new machines. 
By having more p r o d u c t s ,  a  
company can b e t t e r  t r a ck  
c o m p e t i t o r s  by s p e c i f  i c  
un ip roces so r s .  

5 .4.1 E x i s t e n t  Mul t i p roces so r s  - 
Figu re  MP g i v e s  some of  t h e  
mu1 t  i p roces so r  systems t h a t  have 
been b u i l t  on t he  11 base .  The top  
most s t r u c t u r e  has  been b u i l t  us ing  
11/05 p r o c e s s o r s ,  bu t  because o f  
improper a r b i t r a t i o n  i n  t h e  
p r o c e s s o r ,  t he  performance cxpec ted  
based on memory c o n t e n t i o n  d i d n ' t  
m a t e r i a l  i z e .  We would expec t  t h e  

fo l l owing  r e s u l t s  f o r  m u l t i p l e  
11/05 p r o c e s s o r s  s h a r i n g  a  s i n g l e  
UNIBUS: 

PC. PC. PRICE/ SYS Price/ 
#PC Mp PEW PRICE PERF' Price PERF*' 
f '. .6 1 1 1 3 1 
2 1.15 1.85 1.23 .66 3.23 -58 
3 1.42 2.4 1.47 .61 3.47 .48. 
40 2.25 1.35 .6 3.35 .49 . 
*PC cost only 
* *  Total system, assuming 1/3 of system is 
pc.cost 

From t h e s e  r e s u l t s  we would expec t  
t o  use  up t o  t h r e e  p r o c e s s o r s ,  t o  
g i v e  t h e  performance of  a  model 4 0 .  
More p r o c e s s o r s ,  wh i l e  i n c r e a s i n g  
t he  performance,  a r e  l e s s  
c o s t - e f f e c t i v e .  Th 1 s b a s i c  
s t r u c t u r e  has  been a p p l i e d  on a  
p roduc t ion  b a s i s  i n  t he  GT4X s e r i e s  
of  g r a p h i c s  p r o c e s s o r s .  In t h i s  
scheme, a  second P .d i sp l ay  i s  added 
t o  t he  UNIBUS f o r  d i s p l a y  p i c t u r e  
ma i n  tenance .  

The second type of s t r u c t u r e  g iven  
i n  F igu re  MP is  a  c o n v e n t i o r a l  
m u 1  t i p roces so r  us ing  mu1 t i p l e  p o r t  
memories. A number of t he se  
sys tems  have been i n s t a l l e d  and 
o p e r a t e  o u i t e  e f f e c t i v e l y ,  however, 
they  have on ly  been used f o r  
s p e c i a l i z e d  a p p l i c a t i o n s .  

The most e x t e n s i v e  mu l t i p roces so r  
s t r u c t u r e ,  C.mmp, ha s  been 
d e s c r i b e d  e lceh7here .  Eopef u l l y ,  
convinc ing  arguments  w i l l  be 
for thcoming shout  t h e  ~ff"cti"e"fzz 
of m u l t i p r o c e s s o r s  from t h i s  work 
i n  o r d e r  t o  e s t a b l i s h  tKese 
s t r u c t u r e s  on an a p p l i e d  b a s i s .  

.. 
6.0 THE ISP 

Determining an ISP is a  de s ign  
problem. The i n i t i a l  11 des ign  was 
based s u b s t a n t i a l l y  on benchnarks ,  
and a s  p r e v i o u s l y  i n d i c a t e d  t h i s  
approach y i e lded  a  predecessor  ( n o t  
b u i l t )  t h a t  though performing 5 e s t  . 
on the  s i x  benchmarks, was 
d i f f i c u l t  t o  program fo r  o t h e r  
appl  i c a  t i ons .  

6 .1  Genera l  ISP Design Problems 

The gu id ing  p r i n c i p l e s  f o r  ISP 
d e s i g n  i n  g e n e r a l ,  have been 
e s p e c i a l l y  d i f f i c u l t  because:  

1. The range of machines a r g u e s  
f o r  d i f f e r e n t  encoding over  t he  

. range .  A t  t h e  s m a l l e s t  
sys tems ,  a  by te -or  i en t ed  
approach w i th  smal l  a d d r e s s e s  



is optimum, whereas l a r g e r  
implementat ions r e q u i r e  more 
o p e r a t i o n s ,  l a r g e r  add re s se s  
and encoding e f f i c i e n c y  can be 
t raded  o f f  t o  g a i n  performance. 

The 11 has  tu rned  o u t  t o  be 
appl  ied (and hope fu l l y  
e f f e c t i v e )  over  a  range of 500 
i n  system p r i c e  ($500 t o  

, $250,000) and memory s i z e  (Ok 
b y t e s  t o  4 megabytes ) .  The 360 

. by comparison v a r i e d  over a  
s i m i l a r  range :  from 4 k  b y t e s  
t o  4 megabytes.  

2. A t  a  g iven  t ime,  a  c e r t a i n  
s t y l e  of  machine ISP is  used 
because of t he  r a p i d l y  vary ing  
technology.  For example, t h r e e  
a d d r e s s  machines were i n i t i a l l y  
used t o  minimize processor  
s t a t e  ( a t  t he  expense of - 
encoding e f f i c i e n c y )  , and s t ack  
machines have never  been used 
e x t e n s i v e l y  due t o  memory 
a c c e s s  time and c o n t r o l  
complexi ty .  In f a c t ,  w e c a n  
observe  t h a t  machines have 
evolved over  time t o  i nc lude  
v i r t u a l l y  a 1  1 impor tan t 
o p e r a t i o n s  on use£ u l  
da ta - types .  

3 .  The machine use v a r i e s  over  
time. In t he  c a s e  of  D E C ,  t he  
i n i t i a l  u s e r s  were 
s o p h i s t i c a t e d  and could u t i l i z e  
t he  power ' a t  t he  machine 
language l e v e l .  The 11 
provided more f u l l y  gene ra l  
r e g i s t e r s  end ::as u n i a u e  i n  thc  
minicomputer marketpl ;ce,  which 
a t  thp t h e  c o 6 s i s t e d  l a r g e l y  
of lYor 2 accumulator  machines 
w i th  0 or  1 index r e g i s t e r s .  
Also ,  the t y p i c a l  minicomputer 
o p e r a t i o n  codes  were sma l l .  
t he  11 extended da t a - t yp ing  t o  
t he  by t e  and t o  t e a l s .  by t he  
ex t ens ion  of t he  au to- indexing  
mode, t he  s t r i n g  was 
conven ien t l y  programmed, and 
t he  same mechanism provided f o r  
s t a c k  d a t a - s t r u c t u r e s .  

4 .  The machine is a p p l i e d  i n t o  
wide ly  d i f f e r e n t  marke ts .  
I n i t i a l l y  the  11 was used a t  
t he  machine language l e v e l .  
The user  base  broadened by 
a p p l i c a t i o n s  w i th  s u b s t a n t i a l l y  
h igher  l e v e l  l anguages .  These 
languages  i n i t i a l l y  were the  
s c i e n t i f i c  based r e g i s t e r  
t r a n s f e r  l anguages  such a s  
BASIC, FORTKAN , DEC ' S  FOCAL, 
bu t  the  machine e v e n t u a l l y  
began t o  be a p p l i e d  in the  
commercial marke tp l ace  f o r  t he  
RPG, COBOL, DIBOL, and 
BASIC-PLUS languages  which 
provided s t r  ing and decimal  
d a t a -  types.  

v a r i a b l e ,  and bo rde r s  on t he  
a r t i s t i c .  I d e a l  g o a l s  a r e  t hus  

. t o  have a  complete  s e t  o f  
o p e r a t i o n s  f o r  a  g ivcn  b a s i c  
d a t a -  type ( e  .g. 
i n t e g e r s )  - -completeness ,  and 
o p e r a t i o n s  would be t he  same 
f o r  va ry ing  l e n g t h  
data-types--orthogonality. 
S e l e c t i o n  of t he  d a t a - t y p e s  is 
t o t a l l y  a  f u n c t i o n  of t he  
a p p l i c a t i o n .  That is,  t he  11 
c o n s i d e r s  both b y t e s  and f u l l  
words t o  be i n t e g e r s ,  y e t  
d o e s n ' t  have a  f u l l  s e t  of 
o p e r a t i o n s  f o r  t he  b y t e ;  nor 
a r e  t he  by te  and word ops t he  
same. By adher ing  t o  t h i s  
p r i n c i p l e ,  the  compiler  and 
human code g e n e r a t o r s  a r e  
g r e a t l y  a ided .  

Re would t h e r e f o r e  ask t h a t  t he  
machine aFpear e l e g a n t ,  \<here 
e legance  i s  a  combined q u a l i t y  
of i n s t r u c t i o n  formats  r e l a t i n g  
t o  mnemonic s i g n i f i c a n c e ,  
ope ra to r /da t a - t ype  c o c ~ l e t e n e s s  
and o r t h o g o n a l i t y ,  and 
add re s s ing  c o n s i s t e n c y .  By 
having comple te ly  g e n e r a l  
f a c i l i t i e s  ( e - g . ,  r e g i s t e r s )  
and which a r e  not  con t ex t  
dependent  a s s i s t s  i n  minimizing 
t he  number of  i n s  t  r  uc t  ion 

a i d s  i n  
t he  

(and 

t ypes ,  and g r e a t l y  
increasing 
u n d e r s t a n d a b i l i t y  
useful .ness)  . 

6. Techniques f o r  g e n e r a t i n q  code 
by t hc  h u n ~ n  2nd . c o r ~ i f e r  v z r y  
widely.  Kith the  11, more 
add re s s ing  nodes a r e  provided 
than any o t h e r  computer.  The E 
modes f o r  source  and 
d e s t i n a t i o n  wi th  dyadic  
opera t o r s  p rovide  rrha t  amounts 
t o  64 p o s s i b l e  i n s t r u c t  i ons ;  
and by a s s o c i a t i n g  the Program 
Counter and Stack Po in t e r  
r e g i s t e r s  with t he  nodes ,  even 
more d a t a  acces s ing  s e thodz  a r e  
pr ov ided . For exanp le ,  18 
forms of the  MOVE i n s t r u c t i o n  
can be seen (De l l  e t  a l ,  1971) 
a s  t he  machine i s  used a s  a  
two-address,  g e n e r a l  r e g i s t e r s  
and s t a c k  machine program 
forms. (The p r i c e  f o r  t h i s  
g e n e r a l i t y  i s e x t r a  b i t s ) .  In  
g e n e r a l ,  the  machine has been 
used most ly a s  a  g e n e r a l  
r e g i s t e r  machine. 

Basic  de s ign  can take  t he  very  
g e n e r a l  form o r  be h igh ly  
specific, and des ign  d e c i s i o n s  
can  be bound in  some 
combinat ion of microcode o r  
macrocode with no good c r i t e r i a  
f o r  t r a d e o f f .  

5. The c r i t e r i a  f o r  a c a p a b i l i t y  
i n  a n  i n s t r u c t i o n  s e t  is. h i g h l y  



6.2 Problems I n  Extending  The 
. . Machine Range 

Seve ra l  problems have a r i s e n  a s  t he  
b a s i c  machine has  been ex tended : 

1. The ope ra t i on -code  ' ex t ens ion  
problem--the i n i t i a l  d e s i g n  d i d  
n o t  l e a v e  enough f r e e  opcode 

- s p a c e  f o r  ex tending  t he  machine 
t o  i n c r e a s e  t he  da t a - t ypes .  

A t  t he  time the  11/45 was 
des igned  (FPP was a d d e d ) ,  
s e v e r a l  e x t e n s i o n  schemes were 
examined: an e scape  mode t o  
add t he  f l o a t i n g  p o i n t  
o p e r a t i o n s ;  b r i n g i n g  t he  11 
back t o  a more conven t iona l  
g e n e r a l  r e g i s t e r  machine by 
reduc ing  the  modes and f i n a l l y ,  
typ ing  the  d a t a  by adding a  
g l o b a l  mode which could  be 
switched t o  s e l e c t  f l o a t i n g  
p o i n t  ( i n s t e a d  of by t e  
o p e r a t i o n s ) .  

2. Extending t he  add re s s ing  
range-- the UNIBUS l i m i t s  t h e  
phys i ca l  memory t o  262,144 
b y t e s  ( 1 8 - b i t s )  . 'In t he  
implementat ion of t he  11/70, 
t he  p h y s i c a l  a d d r e s s  was 
extended t o  4 megabytes by 
p rov id ing  a  UNIBUS map so  t h a t  
d e v i c e s  i n  a  262K UNIBUS space  
could  t r a n s f e r  i n t o  the  4 
megabyte space  by mapping 
r e g i s t e r s .  

While h phyqicp l  address  
l i m i t s  a r e  a c c e p t a b l e  f o r  both 
the  UN_TBUS and l d r g e r  sys tems ,  
t he  - . ' address  f o r  a  s i n g l e  
program is s t i l l  con f ined  t o  an 
i n s  tan taneous space  of 16 b i t s  , 
t he  user  v i r t u a l  a d d r e s s .  

The main method of d e a l i n g  with 
r e l a t i v e l y  sma l l  a d d r e s s e s  i s  
v i a  p roces s -o r i en t ed  o p e r a t i n g  
s y s  tems t h a t  handle  l a r g e  
numbers of  sma l l e r  t a s k s .  Th i s  
is  a  t rend  i n  o F e r a t i n g  
sys tems ,  e s p e c i a l l y  f o r  p roces s  
c o n t r o l  and t r a n s a c t  ion 
p roces s ing .  I t  a l s o  e n f o r c e s  a  
s t r u c t u r i n g  d i s c i p l i n e  in  t h e  
( u s e r )  program o r g a n i z a t i o n .  
The RSX s e r i e s  o p e r a t i n g  
sys tems  a r e  o rgan i zed  t h i s  way, 
and ' t he  need f o r  l a r g e  
a d d r e s s e s  excep t  f o r  problems 
where l a r g e  a r r a y s  a r e  accessed  
is minimized. 

The i n i t i a l  memory management 
p roposa l  t o  ex t end  t h e  v i r t u a l  
memory was p r e d i c a t e d  on 
dynamic, r a t h e r  than s t a t i c  
assignment  of  memory segment 
r e g i s t e r s .  In t he  c u r r e n t  
memory management schcmc, t he  
a d d r e s s  r e g i s t e r s  a r e  u s u a l l y  
cons ide red  t o  be s t a t i c  f o r  a  
t a sk  ( a l t hough  some o p e r a t i n g  

sys tems provide  f u n c t i o n s  t o  
g e t  a d d i t i o n a l  s egmen t s ) .  

-- 7 . 0  . SUMMARY 

T h i s  paper  h a s  re-examined t h e  
PDP-11 and compared it w i t h  t h e  , 

i n i t i a l  g o a l s  and c o n s t r a i n t s .  With 
h i n d s i g h t ,  we now c l e a r l y  s e e  what 
t h e  p rob l emswi th  t h e  i n i t i a l  d e s i g n  
were. Design f a u l t s  occu r r ed  n o t  
th rough igno rance ,  b u t  because  t h e  
de s ign  was s t a r t e d  t o o  l a t e .  A s  we 
con t inue  t o  evo lve  and improve t h e  
PDP-11 ove r  t h e  nex t  f i v e  y e a r s ,  it 
w i l l  indeed  be i n t e r e s t i n g  t o  
observe ,  however, t h e  u l t i m a t e  t e s t  
is use .  
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