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AB STSACT 

This document describes a proposed CMU multiprocessor system to be 
constructed around a set of PDP-11 computers connected through a cross- 
point switch to a large sharable primary memory. The present design con- 
stitutes a solution to a specific set of needs existing in our environment. 
The system has research consequences that reach well beyond the particular 
demands it was designed to satisfy. For although multiprocessors have 
been much talked about and advocated, there are remarkably few operational 
systems more complex than dual-processor systems, and even fewer documented 
scientific investigations into their performance and operating structure. 

This document is limited to a presentation and analysis of the (hard- 
ware) system. It gives enough description of the usage requirements, soft- 
ware, and the research potentials and problems to make clear why we believe 
the effort to be a sound one. It does not attempt a systematic discussion 
of the field of multiprocessor research, nor of alternative systems that 
might be of interest, either to meet our computing demands or as research 
directions. 

Section I1 discusses the requirements and research potential. Section 
111 lists the design constraints adopted. Section IV lays out the PMS 
structure of the system. Section V describes the main specifications of 
the operating system. Section VI provides some details on a performance 
analysis. 



I. INTRODUCTION 

This document desc r ibes  a proposed CMU mul t iprocessor  system t o  be  con- 

s t r u c t e d  around a  s e t  of PDP-11 computers connected through a  c ros spo in t  

switch t o  a l a r g e  sha rab le  primary memory. The system i s  t o  ope ra t e  a s  a  

t h i r d  node i n  t h e  e x i s t i n g  Computer Science computer system, along with two 

e x i s t i n g  PDP-lo's. 

The p re sen t  des ign  c o n s t i t u t e s  a  s o l u t i o n  t o  a  s p e c i f i c  s e t  of needs 

e x i s t i n g  i n  our  environment. It r ep laces  a  p r i o r  planned s o l u t i o n ,  which 

cons i s t ed  of a  c o l l e c t i o n  of i nd iv idua l  s tand-a lone  PDP-11 systems and PDP-11 

I/O processor  systems s i t u a t e d  i n  f r o n t  of  t h e  PDP-10's. I t  is  not t h e  only 

system t h a t  s a t i s f i e s  our  requirements ,  a s  t h e  ex i s t ence  of t h e  p r i o r  p l an  

i n d i c a t e s .  However, i t  provides a  h igh ly  e f f e c t i v e  s o l u t i o n  and does so  with- 

i n  t h e  c o s t  framework wi th  which we have been working. 

The system has research  consequences t h a t  reach we l l  beyond t h e  p a r t i c u l a r  

demands i t  was designed t o  s a t i s f y .  For al though mul t iprocessors  have been 

much t a lked  about  and advocated, t h e r e  a r e  remarkably few o p e r a t i o n a l  systems 

more complex than  dual-processor  systems, and even fewer documented s c i e n t i f i c  

i n v e s t i g a t i o n s  i n t o  t h e i r  performance and ope ra t ing  s t r u c t u r e .  Thus, t h e  

mul t iprocessor  system o f f e r s  s u b s t a n t i a l  o p p o r t u n i t i e s  f o r  s i g n i f i c a n t  research  

t h a t  i s  consonant w i th  our  r e sea rch  i n t e r e s t s  and c a p a b i l i t i e s .  

This document is  l i m i t e d  t o  a  p r e s e n t a t i o n  and a n a l y s i s  of t h e  (hardware) 

system. It g ives  enough d e s c r i p t i o n  of t h e  usage requirements,  sof tware,  and 

t h e  r e sea rch  p o t e n t i a l s  and problems t o  make c l e a r  why we b e l i e v e  t h e  e f f o r t  

t o  be  a  sound one. It does not  a t tempt  a  sys temat ic  d i scuss ion  of t h e  f i e l d  

of mul t iprocessor  r e sea rch ,  nor of a l t e r n a t i v e  systems t h a t  might be  of 



i n t e r e s t ,  e i t h e r  t o  meet our computing demands o r  a s  research d i rec t ions .  

Sect ion I1 discusses  t h e  requirements and research  po ten t i a l .  Sect ion 

I11 l i s t s  the  design c o n s t r a i n t s  adopted. Sect ion I V  lays  out  the  PMS s t r u c -  

t u r e  of t h e  system, giving the  var ious  components which have t o  be fabr ica ted ,  

t h e i r  gross s p e c i f i c a t i o n  and the  design decis ions  remaining. Sect ion V de- 

s c r i b e s  t h e  main spec i f i ca t ions  of the  operat ing system. Section V I  provides 

some d e t a i l s  on a performance ana lys i s .  



11. BACKGROUND ON REQUIREMENTS AND RESEARCH POTENTIAL 

The CMU mul t iprocessor  p r o j e c t  i s  d i r e c t l y  responsive t o  two r equ i r e -  

ments : 

1. t h e  need f o r  p a r t i c u l a r  computational f a c i l i t i e s  

2. a r e sea rch  i n t e r e s t  i n  computer s t r u c t u r e s .  

The des ign  i t s e l f  may be  viewed a s  a t tempt ing  t o  s a t i s f y  t h e  computational 

needs wi th  a system t h a t  i s  conserva t ive  enough t o  ensure succes s fu l  cons t ruc-  

t i o n  i n  a n  immediate time frame. Within t h i s  c o n s t r a i n t ,  t h e  system appears  

t o  be a r e sea rch  v e h i c l e  of cons iderable  p o t e n t i a l ,  both d i r e c t l y  i n  terms of 

r e sea rch  on mul t iprocessor  systems and i n  i t s  a b i l i t y  t o  support  a wide range 

of  important i n v e s t i g a t i o n s  i n  compueer des ign  and systems programming. Beyond 

t h i s ,  t h e  system w i l l  produce a s i g n i f i c a n t  amount of information processing 

c a p a b i l i t y ,  thus s a t i s f y i n g  an important s i d e  cond i t i on  t h a t  t h e  funds w e  have 

a v a i l a b l e  t o  us  f o r  computing f a c i l i t y  provide enough genera l  power f o r  t h e  

continued growth of t h e  computer s c i ence  community a t  ( X U .  

The co-exis tence  of usage and d i r e c t  r e sea rch  i n t e r e s t s  r a i s e s  t h e  (not  

unknown) s p e c t r e  of c o n f l i c t s  between these  i n t e r e s t s  i n  terms of s t a b i l i t y  

and a v a i l a b i l i t y .  Cons is ten t  w i th  t h e  view t h a t  t h i s  system i s  t o  provide 

computing f a c i l i t y ,  such c o n f l i c t s ,  should they a r i s e ,  w i l l  be  reso lved  i n  

favor  of t h e  u s e r s  of t h e  system. 

A l l  of our  i n t e r e s t s  i n  t h e  system a r e  computer research  i n t e r e s t s .  The 

u s e r s  of t h e  system a r e  engaged i n  v a r i e t i e s  of computer s c i ence  research  not  

s i g n i f i c a n t l y  d i f f e r e n t  from t h e  d i r e c t  research  i n t o  mul t iprocessor  hardware 

and software.  (Indeed, they a r e  o f t e n  t h e  same people,  wearing d i f f e r e n t  h a t s ) .  



The exis tence  of the  system w i l l  generate new research  not now being done 

i n  the  environment, some of which we  can q u i t e  c l e a r l y  see  and only p a r t  

of which w i l l  be  d i r e c t  research  on the  system. When these  add i t iona l  

e f f o r t s  come i n t o  exis tence  they w i l l  have a s  g r e a t  a claim a s  present  

p ro jec t s  t o  t h e  use of t h e  system and w i l l  make a s  g r e a t  cont r ibut ions  t o  

j u s t i f y i n g  t h e  system a s  s a t i s f y i n g  t h e i r  computation requirements. The 

temptation is  t o  lump a l l  these  research e f f o r t s ,  d i r e c t  and i n d i r e c t ,  pre- 

e x i s t i n g  and p o t e n t i a l ,  i n t o  a s i n g l e  c o l l e c t i o n  f o r  t h e  purposes of j u s t i f y -  

ing t h e  design.  Instead we  w i l l  preserve some f i d e l i t y  t o  h i s t o r y ,  describ-  

ing  t h e  requirements i n  terms of (1) usage by those research e f f o r t s  who had 

a l ready  l a i d  a claim f o r  PDP-11-style resources;  ( 2 )  p o t e n t i a l  research e f -  

f o r t s  and (3)  research i n t o  mult iprocessor systems. 

USAGE REQUIRrnENTS 

The pre-exis t ing  research  plans t h a t  a l ready involved using small com- 

puters  (PDP-11's i n  f a c t ) ,  and which de f ine  the  core  requirements f o r  t h e  

present  mult iprocessor system, cover almost the  f u l l  range of computer science 

research  a t  CMU: a r t i f i c i a l  i n t e l l i g e n c e ,  systems programming, and computer 

s t ruc tu res .  We take  up each i n  turn.  

A r t i f i c i a l  In te l l igence  

The work i n  a r t i f i c i a l  i n t e l l i g e n c e  re l evan t  t o  C.mp i s  i n  speech and 

v i s ion ;  t h e  development of a speech-understanding system being a major research 

venture a t  CMU, research  on v i s ion  being a minor one. The requirements a r e  of 

two kinds. The f i r s t ,  common t o  speech and v i s ion ,  i s  t h a t  spec ia l  high d a t a  

r a t e ,  r e a l  time i n t e r f a c e s  a r e  required t o  acquire  speech and v i s i o n  data  from 



the external environment. For reasons of total system reliability these 

devices should be acquired by an input-output processor (Pio) and then 

transferred to Mp under standard internal conditions. A major cause of 

instability at a PDP-10 research installation is the specialized hardware 
J- 

added by that installation.' Use of a Pio also permits some pre-processing 

of the incoming high rate data, thus lightening the load on the main system 

(the PDP-lo's) which is tuned to a slower interactive rate. 

The second requirement, and by far the more stringent one, is to obtain 

real time processing for the speech-understanding system. The class of 

schemes under active pursuit involve multiprocessing with several PDP-11's 

plus a PDP-10, organized to work on all the levels of speech representation 

in parallel and with continuous intercommunication (i.e., the acoustic, 

parametric, phonemic, lexical, syntactic and semantic levels). The extent 

and shape of the parallel computation and intercommunication is a matter for 

intensive investigation, but some such scheme seems a fruitful approach to 

achieve real time speech processing. The total requirements of the system 

involve very large amounts of Mp, shared between several processors, backed 

up by extensive secondary storage. In short it is a computational problem 

that puts demands on the system along most dimensions. 

Systems Programming and Operating Systems 

At (=MU we are intensively involved in research on operating systems and 

on understanding how software systems are to be constructed. Three faculty 

members independently (Habennann, Parnas and Wulf) and many graduate students 

are interested in these jroblems. Research in these areas has a strong 

-1. 

This is extremely difficult to prove, of course. In our own system the addi- 
tion of any hardware causes some instability for a period of up to several weeks. 



empirical  and experimental component, requi r ing  the  design and const ruct ion  

of many systems. We have discarded genera l ly  the  notion of using v i r t u a l  

o r  simulated machines f o r  reasons of performance, c r e d i b i l i t y  and r e a l i s t i c  

users .  Given t h e  u n a v a i l a b i l i t y  of the  PDP-10 system, which operates i n  a 

user  or iented  time-sharing mode around the  clock, a uniform so lu t ion  has 

been t o  move t o  small stand-alone computers a s  the  ob jec t  machines f o r  such 

experimental systems work. 

The primary requirement of these  systems i s  i s o l a t i o n ,  so they can be 

used i n  a completely id iosyncra t i c  way and be res t ruc tu red  i n  terms of s o f t -  

ware from the  ground up. On t h e  o the r  hand, the  exact  configurat ions needed 

v a r i e s  from time t o  time. More important, work on t h e  various experimental 

systems does not  go on continuously 24 hours a day, bu t  exh ib i t s  a va r i ab le  

p a t t e r n  of usage, depending on how many people a r e  working on t h e  system and 

how in tens ively .  These systems a l s o  requ i re  i n  an e s s e n t i a l  way access by 

mul t ip le  use r s  and varying amounts of secondary memory. 

Computer S t ruc tu res  

There i s  cur ren t ly  in tens ive  a c t i v i t y  a t  CMU i n  working with r e g i s t e r  

t r a n s f e r  modules, using a system of modules (RTM's) developed he re  and a t  DEC 

(Bel l ,  Grason e t  a l ,  1970) and now i n  production a s  the  PDP-16. A dedicated 

f a c i l i t y  i s  needed f o r  t h e  design t e s t i n g  of experimental systems constructed 

of these  modules. A small computer i s  appropr ia te ,  not only t o  avoid bui ld ing 

spec ia l i zed  t e s t  equipment, bu t  t o  permit the  design t e s t i n g  t o  become f u l l y  

automatic. When opera t ing  i n  t e s t  mode the  computer must be d i r e c t l y  coupled 

t o  the  system being t e s t e d  and i s o l a t e d  from a l l  o the r  systems. 



A s i m i l a r  need f o r  a dedica ted  system a r i s e s  from an i n t e r e s t  i n  f a u l t  

t o l e r a n t  systems. Here, it i s  necessary t h a t  t h e  var ious  processors  can have 

acces s  t o  one another  so  t h a t  checking can take  place. For example, a con- 

s o l e  of a f a u l t y  computer would be  a t t ached  t o  a checking computer so t h a t  

a l l  t e s t s  could be  c a r r i e d  o u t  under c o n t r o l  of t h e  checking computer. 

General Requirements 

A l l  of t hese  r e sea rch  e f f o r t s  r e q u i r e  t he  same type of genera l  purpose 

s e r v i c e  a s  i s  now provided by ou r  PDP-10 system: f i l e s ,  e d i t i n g ,  h igher  lan-  

guages, i n t e r a c t i v e  acces s ,  e t c .  That, under our  o r i g i n a l  p l ans ,  some of t h e  

s tand-alone systems might have had t o  g i v e  up some of t hese  f a c i l i t i e s  only 

expresses  t h e  p r i c e  t h a t  appeared necessary t o  o b t a i n  a n  i s o l a t a b l e  system 

t h a t  could be  r e s t r u c t u r e d  from t h e  hardware up. Access t o  t hese  f a c i l i t i e s  

s imultaneously wi th  t h e  c a p a b i l i t y  f o r  i s o l a t i o n  on demand i s  c e r t a i n l y  t o  be  

p re fe r r ed .  

The reasons  f o r  r e q u i r i n g  gene ra l  f a c i l i t i e s  f o r  t h e  speech and v i s i o n  

r e sea rch  appear  somewhat d i f f e r e n t ,  s i n c e  these  programs a r e  a l r eady  l a r g e  

i n t e g r a t e d  sof tware  systems wi th  a n  e s s e n t i a l  component running on t h e  PDP-10. 

POTENTIAL RESEARCH EFFORTS 

We inc lude  i n  t h i s  ca tegory  those  researches  t h a t  have n o t  guided t h e  

des ign  of t h e  mul t iprocessor  sytem, i n  t h e  sense  of providing c o n s t r a i n t s  i t  

had t o  s a t i s f y ,  b u t  which appear t o  c a p i t a l i z e  on t h e  system so s t r o n g l y  t h a t  

they  have a p r o b a b i l i t y  of occurr ing  t h a t  ranges from high t o  c e r t a i n .  



Network Research 

Our o r i g i n a l  plans i n  obta in ing the  PDP-10 system involved moving towards 

a network conf igura t ion  of seve ra l  PDP-lo's.  Our motives f o r  so  doing were i n  

l a r g e  p a r t  conditioned on our wanting t o  do research  on networks, a s  an ap- 

p ropr ia t e  s t r u c t u r e  f o r  a  w i t h i n - i n s t i t u t i o n  computer system (Bel l ,  Habemann, 

McCredie, Rutledge, Wulf, 1969). Currently we have two PDP-lo's, the  second 

one j u s t  achieving f u l l  system s t a t u s .  The growth of an a c t u a l  network has 

been slow, being a f fec ted  by funding l i m i t a t i o n s  and by o the r  developments i n  

t h e  environment. 

The mult iprocessor a f f e c t s  the  network plans i n  two ways. The multipro- 

cessor  i t s e l f  provides a f i e l d  wi th in  which one can s e t  up experimental ne t -  

work conf igura t ions  of assor ted  s i z e s  and shapes. There a r e  l i m i t s  t o  what can 

be achieved by simulat ion and a r t i f i c i a l l y  constructed a b s t r a c t  networks, j u s t  

a s  the re  a r e  l i m i t s  t o  what can be  achieved by simulated and v i r t u a l  operat ing 

systems. But they provide an  e s s e n t i a l  tool .  The proposed mult iprocessor 

w i l l  permit systems with up t o  perhaps a dozen r e a l  nodes t o  opera te  i n  r e a l  

time; and we expect a  s u b s t a n t i a l  amount of network research  t o  evolve i n  t h i s  

d i rec t ion .  

The mult iprocessor system, taken a s  a  s i n g l e  computer system, provides 

a t h i r d  node i n  a  network cons i s t ing  of i t s e l f  and the  o t h e r  two PDP-lo's. 

This i s  a r e a l  network with r e a l  problems of exploi ta t ion .  The mult iprocessor 

w i l l  serve  a s  a  h ighly  spec ia l i zed  node with unique funct ional  c a p a b i l i t i e s .  

It w i l l  be  i n  =way a minor node i n  t h e  system i n  terms of processing power, 

though t h i s  power w i l l  be  r e a l i z e d  on r e l a t i v e  s h o r t  word lengths (16 b/w). 



Design of Processors  

The mul t iprocessor  i s  designed around a s e t  o f  i d e n t i c a l  PC ' s ,  namely 

PDP-11's. However, a s  long a s  c e r t a i n  i n t e r f a c e  des ign  phi losophies  a r e  

maintained,  t h e  des ign  permits  processors  of q u i t e  d i f f e r e n t  des igns  t o  

ope ra t e  i n  t h e  system, and t o  o b t a i n  from t h e  r e s t  of t h e  system support  

w i th  r e s p e c t  t o  f i l e s ,  input /output ,  i n i t i a l i z a t i o n ,  e t c .  Various systems 

cons t ruc ted  wi th  RTM's  can t a k e  advantage of t h i s .  

The r e c e n t  des ign  e x e r c i s e  on a n  ARPA l i s t  processing system l ed  t o  a 

l o c a l  des ign  (C.ai, s e e  B e l l ,  Freeman, e t  a l ,  1971; Barbacci,  e t  a l ,  1971; 

and McCracken Robertson, 1971) t h a t  s t r e s s e d ,  among o t h e r  t h ings ,  t h e  des ign  

of processors  t h a t  went a long ways i n  s p e c i a l i z a t i o n  t o  a given l i s t  processing 

system (e.g., a LISP system, an  L$k system, e t c . ) .  The mul t iprocessor  o f f e r s  

a n  oppor tuni ty  t o  des ign  and r e a l i z e  some experimental processors .  Consider- 

a b l e  i n v e s t i g a t i o n  i s  r equ i r ed  be fo re  one can be  s u r e  such a venture  is  worth 

t h e  c o s t s  involved,  b u t  w i th  t h e  lowering c o s t  of processors  i t  appears  on 

f i r s t  a n a l y s i s  t o  be q u i t e  f e a s i b l e .  On t h e  p o s i t i v e  s i d e  i s  t h e  p r i n c i p l e ,  

now s t a t e d  s e v e r a l  t imes,  t h a t  on ly  a small  f r a c t i o n  of t h e  necessary research  

on computer systems can be  done v i a  s imula t ions  and v i r t u a l  machines. An 

a c t u a l  unconventional processor  (say f o r  L;k), which o f f e red  s u b s t a n t i a l  pro- 

ce s s ing  advantages over  programmed ve r s ions  of  t h e  same system, would c a l l  

f o r t h  t h e  p rog raming  e f f o r t s  t o  explore  t h e  system's  r e a l  worth and determine 

i ts  u l t i m a t e  d e f e c t s  a s  a u s e r  system. 

MULTIPROCESSOR RESEARCH 

It i s  a f a c t  t h a t  one cannot pu t  t oge the r  a mul t iprocessor  system of any 

complexity today wi thout  becoming involved i n  research  on mul t iprocessors .  



Multiprocessor systems (o ther  than dual  processor s t r u c t u r e s  and nPio-PC 

s t r u c t u r e s )  have not become cur ren t  a r t .  Some of the  reasons f o r  t h i s  

s t a t e  of a f f a i r s  appear t o  be: 

1. The absolute ly  high cos t  of processors and primary memories 

so t h a t  a complex mult iprocessor system was simply beyond 

t h e  computational realm of a l l  bu t  a few ext raordinary  users ,  

no mat ter  what t h e  advantages. 

2. The r e l a t i v e l y  high cos t  of processors i n  the  t o t a l  system, 

so t h a t  an add i t iona l  processor d id  not increase  the  performance/ 

c o s t  r a t i o .  

3 .  The u n r e l i a b i l i t y  and performance degradation of operat ing 

system software,  which made going t o  more complex system 

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

4 .  The i n a b i l i t y  of technology t o  cons t ruct  the  c e n t r a l  switches 

required f o r  such s t r u c t u r e ,  due i n  p a r t  t o  low component dens i ty ,  

i n  p a r t  t o  high cos t .  

5. The l o s s  of performance i n  mult iprocessors due t o  memory access 

c o n f l i c t s  and switching delays.  

6 .  The unknown problems of d iv id ing t a sks  i n t o  subtasks t h a t  can be 

executed i n  some p a r a l l e l ,  though possibly i n t e r a c t i v e  way. 

Thus, the  expense was p roh ib i t ive ,  even f o r  discovering what advantages of 

organiza t ion  might overcome the  obvious decrements of performance. And i n  

any event ,  i t  seemed mostly t o  complicate mat ters  i n  a world t h a t  was a l ready 



too complicated t o  func t ion  properly.  

We appear  t o  have en tered  i n t o  a technologica l  domain when many of t h e  

d i f f i c u l t i e s  l i s t e d  above no longer  s tand  so  s t rong ly :  

1'. Providing we l i m i t  ourse lves  t o  mul t iprocessors  of minicomputers, 

t h e  t o t a l  system c o s t s  of PC and Mp a r e  now wi th in  t h e  p r i c e  

range of a reasonable  f a c i l i t y .  (E.g., t h e  (=MU system wi th  

16 PC, s u i t a b l e  Mp, M s  and T w i l l  s t i l l  be a round.5~$,  y e t  

execute  approximately 3 H 5 m i l l i o n  in s t ruc t ions / sec .  ) . 

2 ' .  The PC i s  now gene ra l ly  a smal le r  p a r t  of t h e  t o t a l  system 

c o s t ,  Hence, a small  incremental  c o s t  t h a t  provides a substan-  

t i a l  i n c r e a s e  in s t ruc t ion / sec .  w i l l  be  c o s t  e f f e c t i v e .  

3 ' .  Software r e l i a b i l i t y  i s  now somewhat improved, p r imar i ly  be- 

cause a l a r g e  number of ope ra t ing  systems have been constructed.  

Something i s  understood about t h e  overhead c o s t s  imposed by 

var ious  forms of organiza t ion .  

4 ' .  Current  medium and l a r g e  s c a l e  i n t eg ra t ed  c i r c u i t  technology 

enables  t h e  cons t ruc t ion  of switches t h a t  do not  have t h e  

l a r g e  l o s s e s  of t h e  o l d e r  decen t r a l i zed  switches.  Cen t r a l i za -  

t i o n  of  t h e  switch permits  fewer and s h o r t e r  cables .  

5 ' .  Memory c o n f l i c t  i s  not  h igh  f o r  t h e  r i g h t  balance of processors ,  

memories and swi tch ing  system. The t r ade -o f f s  poss ib l e ,  of 

course ,  a r e  c h a r a c t e r i s t i c  of  a given domain of technology. 

Appropr ia te  ba lances  appear  t o  be  a t t a i n a b l e  cu r r en t ly .  



6 ' .  There has been work on the  problem of t a sk  para l le l i sm,  not 

only general  s tud ies ,  bu t  highly s p e c i f i c  s tud ies ,  e.g., 

around ILLIAC I V  and CDC STAR. Other work on modular pro- 

gramming (Krutar,  1971; Wulf, 1971) a t  CMU suggests how sub- 

tasks  can be executed i n  a  p ipel ine .  

In  s h o r t ,  t h e  p r i c e  of experimentation appears eminently reasonable, given 

t h a t  the re  a r e  requirements t h a t  appear t o  be s a t i s f i e d  i n  a  s u f f i c i e n t l y  

d i r e c t  and obvious way by a proposed mult iprocessor s t r u c t u r e  ( i .e . ,  f o r  us,  

the  usage requirements l i s t e d  a t  t h e  beginning of the  sec t ion) .  

However, t h e  s t a t e  ind ica ted  above does not s e t t l e  many issues  about 

m u l ~ i p r o c e s s o r s ,  nor does i t  make t h e  development of one routine.  We l i s t  

below the  main a reas  of research  i n t e r e s t  i n  the  mult iprocessor system it- 

s e l f .  A l l  of these  c a l l  f o r  same a t t e n t i o n ,  although the  extent  of our e f f o r t  

i n  each i s  unclear.  

1. The mult iprocessor design i t s e l f ,  i . e . ,  i t s  F'MS s t ruc tu re .  Few 

enough mult iprocessors have been b u i l t ,  so each one represents  

an important point  i n  design space. 

2. The processor-memory switch design, e spec ia l ly  with respect  t o  

r e l i a b i l i t y .  

3 .  The conf igura t ion  of computations on t h e  mult iprocessor.  There 

a r e  many processing s t r u c t u r e s  and l i t t l e  i s  known about when 

they a r e  appropr ia te  and how t o  e x p l o i t  them, e spec ia l ly  when 

not  t r e a t e d  i n  t h e  a b s t r a c t  but  i n  t h e  context of an a c t u a l  

processing system: 



P a r a l l e l  p rocess ing :  a t a s k  is  broken i n t o  a number of sub- 
t a s k s  and ass igned  t o  s e p a r a t e  processors .  

P i p e l i n e  process ing :  var ious  independent s t ages  of t h e  t a s k  
a r e  executed i n  p a r a l l e l  (e .g . ,  a s  i n  a co - rou t ine  s t r u c t u r e ) .  

Network process ing :  t h e  computers o p e r a t e  quasi- independent ly  
w i t h  intercommunication (with va r ious  d a t a  r a t e s  and de l ay  
t imes)  . 
Funct iona l  s p e c i a l i z a t i o n :  t h e  processors  have e i t h e r  s p e c i a l  
c a p a b i l i t i e s  o r  acces s  t o  s p e c i a l  dev i ce s ;  t h e  t a s k s  must be 
shunted t o  processors  a s  i n  a job shop. 

Multiprogramming: a t a s k  i s  on ly  executed by a s i n g l e  pro- 
ce s so r  a t  a given time. 

Independent process ing :  a c o n f i g u r a t i o n a l  s e p a r a t i o n  i s  
achieved f o r  varying amounts of t ime, such t h a t  i n t e r a c t i o n  
i s  no t  p o s s i b l e  and thus  d o e s n ' t  have t o  be  processed. 

4. The decomposition of t a sks  f o r  app rop r i a t e  computation. Deta i led  

a n a l y s i s  and r e s t r u c t u r i n g  of t h e  a lgor i thm appear  t o  be r equ i r ed ,  

a s  i n  t h e  work wi th  ILLIAC I V .  The speech-understanding system 

i s  t h e  one major example we know we w i l l  undertake.  It has  re- 

sea rch  i n t e r e s t  from t h e  mu l t i p roces so r  viewpoint,  a s  w e l l  a s  from 

t h e  speech r e c o g n i t i o n  viewpoint.  

5. The o p e r a t i n g  system des ign  and performance. While t h e  b a s i c  

o p e r a t i n g  system des ign  must be  conserva t ive ,  s i n c e  t h e  m u l t i -  

p rocessor  w i l l  r un  a s  a computation f a c i l i t y ,  i t  w i l l  have sub- 

s t a n t i a l  r e sea rch  i n t e r e s t .  Va r i a t i ons  and a l t e r n a t i v e  ope ra t i ng  

systems w i l l  a l s o  be  cons t ruc t ab l e .  

6. The measurement and a n a l y s i s  of performance of t h e  t o t a l  system. 

One of ou r  complaints  about  t h e  c u r r e n t  f i e l d  i s  t h e  h igh  r a t i o  

of  de s ign  s t u d i e s  t o  performance s t u d i e s .  



7. The achievement of r e l i a b l e  computation by organiza t ional  

schemes a t  higher l e v e l s ,  such as redundant computation. 



111. DESIGN CONSTRAINTS 

The fol lowing c o n s t r a i n t s  have been set up a s  a  po l i cy  t o  guide our  

r e sea rch  and development. While we cons ider  many of t h e  c o n s t r a i n t s  t o  be  

a b s o l u t e  a t  t h i s  time, we may on occas ion  have t o  exceed them. The u s e r  

and r e sea rch  requirements  of t h e  previous s e c t i o n  a r e  e s s e n t i a l l y  t h e  objec-  

t i v e  func t ion .  

PDP-11 PRODUCTION COMPONENTS 

We would l i k e  t o  u s e  PDP-11 components a s  they  a r e  produced, wi thout  

modi f ica t ion .  These components i nc lude  Mp (primary memory modules),  K s  (slow 

dev ice  c o n t r o l l e r s  f o r  non-d i rec t  memory t r a n s f e r s ,  such a s  t e l e t y p e s ) ,  Kf 

( f a s t  dev i ce  c o n t r o l l e r s  f o r  d i r e c t  memory t r a n s f e r s ,  such a s  d i s k s ) ,  and 

PC ( c e n t r a l  p rocessors ,  va r ious  models p re sen t  and f u t u r e ) .  Modi f ica t ions  

t o  t h e  c e n t r a l  p a r t s  of  t h e  processors  o r  t o  t h e  device  c o n t r o l l e r s  a r e  no 

doubt t h e  most s e r i o u s ,  because t h e r e  a r e  s o  many of t h e  dev ices ,  and a  

mod i f i ca t i on  may prec lude  f u t u r e  dev ice  connect ions.  Modi f ica t ion  t o  t h e  

primary memory seems somewhat less se r ious .  There i s  on ly  one type of com- 

ponent,  we w i l l  have many copies  of i t ,  t h e  c o s t  i s  r e l a t i v e l y  high f o r  

t h i s  p o r t i o n  o f  t h e  machine (hence we can amor t ize  any change over  a  l a r g e r  

number of u n i t s ) .  I n  a d d i t i o n ,  t o t a l  system performance i s  s t r o n g l y  a f f e c t -  

ed by t h e  Mp c h a r a c t e r i s t i c s .  Hence t h e r e  may b e  a  l a r g e  payoff f o r  changing 

it. 

For t h e  above reasons  we have decided t o  modify t h e  memory system i n  

o rde r  t o  g e t  t h e  r e s u l t i n g  i n c r e a s e  i n  performance and lower cos t .  Accom- 

panying t h e s e  mod i f i ca t i ons  we must modify each processor  i n t e r f a c e  s l i g h t l y  



t o  g e t  a f a s t e r  memory bus. However, s i n c e  t h e r e  a r e  o t h e r  minor modifica- 

t i o n s  t o  t h e  processor  f o r  mapping and p ro t ec t ion ,  we can incorpora te  t h e  

modi f ica t ions  i n t o  a s i n g l e  i n t e r f a c e  t h a t  i s  added on t o  t h e  s tandard  DEC 

processors .  This is  d iscussed  i n  a l a t e r  s ec t ion .  

We have not  adopted t h e  c o n s t r a i n t  t h a t  devices  need t o  be addressed 

anonomously by a l l  p rocessors  a t  any time. It w i l l  be  acceptab le  t o  s e t  

switches t h a t  e s t a b l i s h  a processor  t o  be  i n  c o n t r o l  of a p a r t i c u l a r  device  

f o r  a long time (e.g., perhaps seconds o r  minutes,  bu t  poss ib ly  even days) .  

Requests f o r  dev ice  d a t a  t r a n s f e r s  a r e  handled by t h e  p a r t i c u l a r  processor  

i n  c o n t r o l  of t h e  device.  A p a r t i c u l a r  device  must be a s s ignab le  t o  more 

than  one processor  i n  o rde r  t o  meet r e l i a b i l i t y  requirements.  I n  a d d i t i o n ,  

many devices  must be a s s ignab le  t o  a s i n g l e  processor  t o  permit s p e c i a l i z a -  

t i on .  This c o n s t r a i n t  on dev ice  a c c e s s i b i l i t y  i s  e s t ab l i shed  i n  t h e  c l e a r  

knowledge t h a t  i n  genera l  t h e  processors  i n  t h e  system w i l l  be  i d e n t i c a l  

( i . e .  , PDP-11's P C ' s ) ,  hence anonymous from a user-program view, and capable 

of  being ass igned  dev ice  d u t i e s  according t o  t h e  needs of t h e  system. 

Although we b e l i e v e  i t  would be d e s i r a b l e  t o  keep t h e  device  addresses  

i d e n t i c a l  t o  those  of DEC, i n  o rde r  t o  r u n  software without  reassembly, we 

must modify these  numbers. The change i s  r equ i r ed  t o  avoid p u t t i n g  path-  

f i n d i n g  memories (content  addressable)  i n  t h e  switches f o r  each of t h e  devices .  

LOGIC TECHNOLOGY 

I n i t i a l l y ,  we have decided t o  u se  only s tandard  TTL i n t e g r a t e d  c i r c u i t r y ,  

which can be  obta ined  v i a  s tandard  procurement channels.  The TTL c o n s t r a i n t  

i s  imposed both  because our  f a c i l i t i e s  t o  f a b r i c a t e  m u l t i p l e  layered  boards 

are l i m i t e d  and because t h e  i n t e r f a c e  t o  t h e  PDP-11 is  v i a  TTL. 



Eventual ly  we would l i k e  t o  explore  t h e  u s e  of  LSI technology i n  t h e  

des ign  of t h e  switch s e c t i o n s .  We have c u r r e n t l y  r e j e c t e d  t h e  u se  of t h i s  

technology because i t  r e q u i r e s  s c l o s e  coupl ing wi th  an  i n t e g r a t e d  c i r c u i t  

f a c i l i t y ,  hence p u t t i n g  t h e  schedul ing,  outcome, e t c .  beyond ou r  c o n t r o l .  

We would l i k e  t o  engage i n  such a  des ign ,  when t h e  p re sen t  system i s  more 

o p e r a t i o n a l .  

EXTENDAB IL ITY 

We a r e  c o n s t r a i n i n g  t h e  des ign  t o  be  r e l a t i v e l y  f i x e d ,  b u t  l a r g e ,  so  

t h a t  i t  works w i t h  a  c e r t a i n  maximum conf igu ra t i on  s i z e .  Any subsequent 

ex t ens ions  would r e q u i r e  a  r edes ign  a long  t h e  same l i n e s ,  b u t  w i t h  d i f f e r -  

e n t  parameters .  Another approach would be  t o  have a  des ign  which would l e t  

t h e  c o n f i g u r a t i o n  grow i n  a  more i n d e f i n i t e  fash ion .  However, we a r e  not  

w i l l i n g  t o  under take  such a  des ign ,  because o f  what appear  t o  b e  h igh  time 

p e n a l t i e s  f o r  t h e  sma l l e r  systems and t h e  u n c e r t a i n t y  of be ing  a b l e  t o  
-1. 

b u i l d  a  system of  i n d e f i n i t e  c a p a b i l i t i e s .  

CONFIGURABILITY AND INDEPENDENCE 

In  o r d e r  t h a t  i n d i v i d u a l  r e sea rch  p r o j e c t s  not  b e  coe rc ive ly  cons t ra ined  

by running w i t h i n  a  l a r g e  system, t h e  des ign  permi ts  p a r t i t i o n i n g  i n t o  smal- 

l e r ,  independent computers i n  a  r e l i a b l e  fashion.  I n  t h i s  mode t h e  subse t  

of  equipment c o n s t i t u t e s  a n  independent computer, w i th  a p p r o p r i a t e  secondary 

memory and input -output  t e rmina ls .  

Pos s ib ly  such a  system might reach  a  p o i n t  of d imin ish ing  r e t u r n s  a t  a  
sma l l e r  s i z e  than  wi th  t h e  f i xed ,  maximum s i z e  approach. 



RELIABILITY 

We a r e  not designing the  c i r c u i t r y  of t h e  system t o  meet extremely 

high r e l i a b i l i t y  cons t ra in t s ,  mainly t o  avoid severa l  lengthy i t e r a t i o n s  

of design and t e s t ing .  Nevertheless, we expect t o  be much concerned with 

the  u l t ima te  r e l i a b i l i t y  of the  system, and w i l l  attempt t o  achieve it by 

various techniques a t  higher l eve l s .  From an opera t ional  point  of view, 

we  be l i eve  t h e  following c o n s t r a i n t s  are the  appropr ia te  ones: 

1. There must be a t  l e a s t  n+l components of the  p a r t i c u l a r  types 

necessary to  c o n s t i t u t e  a minimum usable of n components. 

(Components f o r  s p e c i a l  functions a r e  not considered necessary.) 

2. Considering each M~ 1 PC I K  t o  have roughly the  same r e l i a b i l i t y ,  

t h e r e  must be  mul t ip le  paths f o r  a l l  component information 

flow paths,  e.g., 

3 .  A l l  busses s h a l l  funct ion  properly when a component connected 

t o  i t  has power removed. 

4.  A component can be connected o r  disconnected when system power 

i s  on. 

SCHEDULE 

The development time cons t ra in t  (schedule) determines t o  a l a r g e  degree 

the  methods we use i n  the  design because we f e e l  it i s  important t o  have an 



o p e r a t i o n a l  computer i n  a  s h o r t  time. The s h o r t  schedule  i s  based on t h e  

need of ou r  u s e r s  f o r  t h e  f a c i l i t y  and our  d e s i r e  t o  provide a r e sea rch  

f a c i l i t y .  Cont r ibu t ions  of t h i s  system t o  such e f f o r t s  a s  t h e  ARPA l i s t  

process ing  machine o r  t o  improved ve r s ions  of mul t imin iprocessor  systems 

a l l  r e q u i r e  r a p i d  completion. Much of t h e  c o n t r i b u t i o n  t o  computer s c i ence  

of  c o n s t r u c t i n g  a  mu l t i p roces so r  system comes not  from proposing a  des ign  

and n o t  even from p u t t i n g  t oge the r  t h e  phys i ca l  system, bu t  from explor ing  

t h e  e f f e c t  of i t s  s t r u c t u r e  on computational t a s k s  and cons t ruc t ing  ope ra t -  

i n g  systems t h a t  e x p l o i t  i t s  capac i ty .  To ever  g e t  t o  t h e  l a t t e r  r e q u i r e s  

s e t t i n g  a  s h o r t  schedule  f o r  producing t h e  former. Thus, t ime i s  of es- 

sence f o r  t h e  c o n s t r u c t i o n  phases of t h e  p r o j e c t .  



I V .  MULTIPROCESSOR PMS STRUCTURE, IMPLEMENTATION AND ISP 

I n  t h i s  s e c t i o n  t h e  des ign  w i l l  be descr ibed  b r i e f l y  and d i r e c t l y ,  with-  

o u t  e x p l i c i t l y  r e l a t i n g  each p a r t  t o  t h e  des ign  c o n s t r a i n t s .  We assume t h e  

r eade r  i s  f a m i l i a r  w i th  t h e  DEC PDP-11 s t r u c t u r e .  The conf igu ra t ion  i s  b a s i -  

c a l l y  a mul t iprocessor  system of convent ional  type t h a t  has been proposed and 

has  e x i s t e d  i n  sma l l e r - s i ze s  (u sua l ly  two processors )  o r  d i f f e r e n t  form, e.g., 

t h e  Burroughs B5000 and D825 computers, IBM's 360165 and va r ious  proposed 

aerospace computers ( s ee  B e l l  and Newell, 1971a). The s t r u c t u r e  of t h e  sys-  

t e m  i s  given i n  Figure 1. 

There a r e  two switches,  Smp and Skp. Smp al lows t h e  processor  t o  com- 

municate w i th  primary memories. Skp al lows t h e  processor  t o  communicate wi th  

t h e  var ious  c o n t r o l l e r s  ( K ) ,  which i n  t u r n  manage t h e  secondary memories (Ms 

and T) and te rmina ls  ( T ) ,  r e spec t ive ly .  The switches a r e  under both computer 

and manual con t ro l .  

Each processor  system i s  a c t u a l l y  a complete computer wi th  i t s  own l o c a l  

primary memory and c o n t r o l l e r s  f o r  secondary memories and te rmina ls  (e.g., 

Teletypes) .  Each processor  has  a Data ope ra t ions  component, m a p ,  f o r  t r a n s -  

l a t i n g  addresses  a t  t h e  processor  i n t o  phys ica l  memory addresses .  The l o c a l  

memory se rves  both t o  reduce t h e  bandwidth requirements t o  t h e  c e n t r a l  memory, 

s i n c e  PDP-11 makes many r e fe rences  i n t o  a s t a c k  a r e a  of memory, and t o  a l low 

completely independent o p e r a t i o n  and o f f - l i n e  maintenance. 

A c e n t r a l  c lock ,  K.clock, a l lows  p r e c i s e  time t o  be  measured. This i s  

necessary  t o  a l l ow t h e  sof tware  t o  l og  message t r a n s f e r s  and t o  perform 

measurement. Each processor  can i n t e r r u p t  t h e  o t h e r s  f o r  message t ransmission.  

A c e n t r a l  t ime base  i s  broadcas t  t o  a l l  p rocessors  s o  t h a t  each can compute 

independent e lapsed times. 



(m-to-p crosspoint) 

t K,configuration 

where: ~c/central processor; ~ ~ / ~ r i m a r ~  memory; ~/terminals; 

~s/slow device control (e.g., for Teletype) ; 

Kf/fast device control (e.g., for disk); 

Kc/control for clock, timer, interprocessor communication 

1 
Both switches have static configuration control by manual and 
program control 

Fig. 1. Proposed CMU multiminiprocessor cornputer/~.mmp. 



Srnp - THE SWITCH BElWEEN PROCESSORS AND PRIMARY MEMORIES 

This switch handles information t r a n s f e r s  between primary memory and 

t h e  processors ( reques tors) .  Transfers  from the  f a s t  con t ro l s ,  Kf, f o r  

primary memory v i a  the  processor, a l s o  go through Smp. The switch has 

por t s  ( i .e . ,  connections) f o r  m busses f o r  primary memories and p busses 

f o r  processors. Up t o  min(m,p) simultaneous conversations a r e  poss ib le  v i a  

the  cross-point  arrangement. There i s  no memory i n  Srnp f o r  da ta  por t  buf- 

f e r ing ,  and a s i n g l e  processor has only one memory reques t  pending a t  a 

time. A more complete d iscuss ion of cross-point  switch s t r u c t u r e s  i s  given 

i n  Be l l  and Newel1 (1971a). Unlike most cross-point  switches, t h i s  one i s  

located c e n t r a l l y  (as  opposed t o  being d i s t r i b u t e d  i n  the  memory a s  is  

usual ,  e.g., i n  the  PDP-10, 360/65 - 67, o r  1108). While t h i s  r equ i res  a 

l a r g e r  i n i t i a l  conf igura t ion  and implies non-modularity, the  cos t  of an 

average system should be l e s s  and we a r e  i n t e r e s t e d  i n  a r a t h e r  l a r g e  con- 

f igura t ion .  A l a r g e  c o s t  component of a switchcystem ( together  with t h e  

associa ted  mechanical and c i r c u i t r y  problems) i s  the  cables.  This s t r u c t u r e  

r equ i res  only  p-hn cables ,  a s  opposed t o  pxm cables i n  the  case of a d i s t r i b u t -  

ed switch. This s t r u c t u r e  a l s o  has l e s s  cable  delays than t h e  associa ted  d i s -  

t r i b u t e d  switch. 

Another aspect  of Srnp is  the  con t ro l  required f o r  providing d i f f e r e n t  

configurat ions.  Srnp can be s e t  under programmed con t ro l  ( i .e . ,  a Unibus 

c a r r i e d  conf igura t ion  parameters).  In  addi t ion ,  these  parameters can a l s o  

be s e t  v i a  manual switches on an overr ide  bas i s .  The contro l  of Srnp can be 

by any of t h e  processors,  bu t  one processor i s  assigned t h e  cont ro l .  In t h i s  

r e spec t ,  switch con t ro l  i s  l i k e  any o the r  T o r  Ms contro l :  



Srnp i s  not  Unibus compatible,  a l though t h e  s i g n a l s  a r e  e s s e n t i a l l y  t h e  

same. We have decided a g a i n s t  compa t ib i l i t y  i n  o rde r  t o  improve t h e  speed 

through t h e  switch and t o  achieve  b e t t e r  s igna l - to-noise  c h a r a c t e r i s t i c s .  

S ince  we a r e  modifying t h e  processor ,  t h e  l i n k s :  P-Smp and Smp-Mp 

can be  changed r a t h e r  e a s i l y .  

Switch D e t a i l s  

The CNUnibus e n t e r s  t h e  c ros s -po in t  and t h e  l i n e s  on t h i s  bus se rve  

t h e  fol lowing func t ions :  

1. From P: r eques t  t h a t  a s e l e c t i o n  be  made ( te rmina tes  i n  Smp). 

2. From P: r eques t  a p a r t i c u l a r  memory module, Mp ( te rmina tes  i n  Smp). 

3 .  M-P dia logue:  c o n t r o l  t h e  flow of d a t a  between M and P on an  

in t e r locked  b a s i s  ( u n i - d i r e c t i o n a l ,  switched through Srnp). 

4. From P: s e l e c t  t h e  word w i t h i n  a module, Mp (un i -d i r ec t iona l ,  

switched through Srnp). 

5. Between P and M :  pass  informat ion  between t h e  s e l e c t e d  P and Mp 

( b i - d i r e c t i o n a l ,  switched through Srnp). 

These l i n e s  f a l l  i n t o  two c a t e g o r i e s :  those  t h a t  te rmina te  i n  Srnp and 

c o n t r o l  t h e  s e l e c t i o n  process  t o  a s e l e c t e d  m-bus, and those  t h a t  a r e  switched 

t o  a s e l e c t e d  m-bus. For those  of t h e  second ca tegory ,  which we w i l l  cons ider  

t o  be d a t a ,  t h e  b a s i c  s t r u c t u r e  of t h e  switching i s  shown i n  Figure 2. Here, 

we show t h e  components involved wi th  t h e  switching of a b i - d i r e c t i o n a l  bus. 

I f  d a t a  i s  only  t r ansmi t t ed  i n  one d i r e c t i o n  ( a s  i n  t h e  case  of addresses  

t h a t  a r r i v e  on p-busses and must be  t r ansmi t t ed  t o  t h e  app ropr i a t e  m-bus) 

on ly  h a l f  of t h e  c i r c u i t s  a r e  i n s t a l l e d  i n  t h e  p r i n t e d  c i r c u i t  cards  (cases  



3 and 4 above). There a r e  p-tm rece iv ing c i r c u i t s  per  b i t  t h a t  connect t o  

t h e  en te r ing  cables from t h e  processors and memories; a l s o  t h e r e  a r e  ptm 

t r ansmi t t ing  c i r c u i t s  a t  these cable e n t r i e s  which transmit  t h e  switched 

r e s u l t s  t o  the  processors and memories. Since t h i s  i s  a  b i -d i rec t iona l  

bus, the  Smp must know t h e  d i r e c t i o n  of d a t a  flow and s e t  t h e  switches ac- 

cordingly. There a r e  p ~ m  mul t ip lex  c i r c u i t s  per  cross-point  b i t  t h a t  

ope ra te  a s  follows. 

An incoming b i t  from P t o  M goes through the  p-bus rece ive r ,  the  ap- 

p ropr ia t e  outgoing m-bus l i n e  is  known (by the  m-bus cont ro l )  and t h i s  con- 

t r o l  s e l e c t s  the  appropr ia t e  mult iplexor pos i t ion .  The b i t  passes through 

t h e  mult iplexor t o  the  t r ansmi t t e r  where it is sen t  on t o  the  m-bus. 

A b i t  from M t o  P a r r i v e s  on an m-bus, goes through the  m-bus rece ive r ,  

and the  m-bus con t ro l  s e l e c t s  the  mult iplexor corresponding t o  the  p-bus 

which is  t o  rece ive  the  b i t .  The mult iplexor i s  se lec ted  and t h e  b i t  is 

transmit ted on t o  the  processor v i a  a  p-bus. This type of switching i s  used 

f o r  case  3 ,  4 (uni -d i rec t ional )  and 5 (b i -d i rec t iona l )  . 
The s e l e c t i o n  of a  p a r t i c u l a r  m-bus is  accomplished by a  con t ro l  associ -  

a t ed  with each m-bus t h a t  observes a l l  incoming reques ts  from a l l  processors 

(cases 1 and 2 above) and decides t o  c l o s e  t h e  d a t a  p o r t  switches and estab- 

l i s h  d i r e c t i o n  f o r  the  p a r t i c u l a r  m-bus i t  contro ls .  The m-bus con t ro l  

u n i t  (Figure 3)  addresses t h e  p a r t i c u l a r  mult iplexors f o r  t ransmit t ing  and 

receiv ing d a t a  shown i n  Figure 2. The inpu t s  t o  t h i s  cont ro l  a r e  on t h e  

b a s i s  of the  p a r t i c u l a r  processor reques t ing  t h e  con t ro l ,  m-bus, and the  

inpu t s  from manual switches t h a t  change the  conf igura t ion  (shown a t  the  r i g h t -  

hand s i d e  of t h e  con t ro l  box). These inputs  allow t h e  con t ro l  t o  rename 
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p a r t i c u l a r  m-bus l i n e s  t o  correspond t o  d i f f e r e n t  phys i ca l  addresses  and 

t o  ignore  r e q u e s t s  from s p e c i f i c  p rocessors .  

A number of  memory manufacturers  were approached f o r  implementation of 

Mp. A t  t h e  f i n a l  s e l e c t i o n s ,  no t  on ly  was a  c ~ s t / ~ e r f o r m a n c e  r a t i o  impor- 

t a n t  bu t  a l s o  t h e  vendor ' s  a b i l i t y  and w i l l i n g n e s s  t o  undertake cons t ruc-  

t i o n  of t h e  switch.  Two manufacturers  m e t  t he se  requirements ,  One was pro-  

posing a  f a s t  Cory memory system (6501250 ns cyc le /access )  a t  1 .5#bi t ;  t h e  

o t h e r  a  150/180 ns b i p o l a r  memory a t  2.5{/bit. Both memories were modular 

a t  t h e  8k (word) l e v e l .  The c o r e  memory system was chosen. 

Because of t h e  l a r g e  number of modules, t h e  c y c l e  time was l e s s  impor- 

t a n t  than  t h e  acces s  time. One of  t h e  major processors  on t h i s  system, t h e  

P~P-11/20, on ly  needs a  word approximately every  1.5 psec,  and, i n  a d d i t i o n ,  

never  does a  WRITE i n t o  memory, b u t  always does a  READ-MODIFY-WRITE (RMW).  

A RMW c y c l e  i n  semiconductor memory takes  two cyc l e s  whereas i n  core  memory 

i t  takes  on ly  1.2 c y c l e  t imes. This ,  p lu s  t h e  b e t t e r  c ~ s t / ~ e r f o r m a n c e  r a t i o  

and t h e  d i f f e r e n c e  i n  acces s  t ime of only 100 Vsec., l e d  us  t o  choose t h e  

co re  system. 

A l t e r n a t i v e s  f o r  t h e  Switching S t r u c t u r e  

Many a l t e r n a t i v e s  were considered f o r  c a r r y i n g  ou t  t h e  swi tch ing  between 

memory, p rocessors  and t h e  o t h e r  components (primary memories, slow c o n t r o l -  

lers and f a s t  c o n t r o l l e r s ) .  Only one compet i t ive  scheme we know of  seems 

worth mentioning -- a swi tch  des ign  t h a t  was based on t h i s  des ign ,  undertaken 



at the University of Newcastle in May, 1971. (See two memos by Bell, Lauer 

and Randall, 1971.) Most switches, while giving more flexibility for con- 

figuration, and hence reliability (e.g., like the S.trunk, Bell and Newell, 

1971a), require more equipment and increase switching time. 

Reliability 

The reliability of the switch can be significantly increased by pro- 

viding some form of a duplicated switch. We are not looking into a switch 

of this type currently, because we feel the number of parts in the switch 

is sufficiently small. The reliability will be comparable to that of a 

single 11/20 processor. The design of the switch is such that failures will 

appear either as a failure in a memory or a processor port. Since the sys- 

tem is designed to tolerate either of these types of failures, a switch 

failure can also be tolerated. 

Skp - THE SWITCH BE'IWEEN PROCESSORS AND THE CONTROLS FOR SECOMlARY MENORIES 
AND TERMINALS 

Skp allows one or more of k Unibusses which have several slow or fast 

controllers (Ks or Kf) to be connected to one of p central processors. The 

k Unibusses with the controllers are connected to the p processor Unibusses 

on a fairly long term basis (i.e., minutes to days), since a processor will 

manage a control completely as a resource, independent of the location of 

the actual user process requesting the physical resource. This management 

consists of initiating data transmission, processing interrupts, transmitting 

data for it, examining its status, and finally turning it off. One of the 

main reasons for only allowing a long term, but switchable, connection be- 

tween the K Unibusses and the processor on a one at a time basis is to 



avoid t h e  problem of having t o  dec ide  dynamically which of t h e  p processors  

should manage a p a r t i c u l a r  dev ice .  Information i s  no t  a v a i l a b l e  i n  each 

dev ice  t h a t  could be  used f o r  t h i s  purpose. W e  have decided t o  provide only 

s t a t i c  swi tch ing  because about  t h e  same amount of p rocess ing  i s  involved,  

independent of  which of t h e  processors  does i t .  Furthermore, t h i s  p roces-  
.L 

s i n g  i s  u s u a l l y  smal l ,  hence i t  does no t  g e n e r a l l y  m a t t e r  which processor  

handles  it.  

Like Smp, Skp has  a connect ion ( v i a  Unibus) which i s  used t o  c o n t r o l  

t he  c o n f i g u r a t i o n  of  t h e  switch,  i.e., determine which of  t h e  k busses  i s  

connected t o  t h e  processors .  There i s  bo th  program ( v i a  t h e  Unibus) and 

manual c o n t r o l  of t h e  con f igu ra t i on .  Note t h a t  s i n c e  t h e  c o n t r o l  of t h e  

con f igu ra t i on  i s  v i a  one of t h e  c o n t r o l l e d  Unibusses, t h e  switch must f i r s t  

be  s e t  t o  a known p o s i t i o n  t o  a l l ow  subsequent c o n t r o l  t o  b e  made. Connect- 

i ng  t h e  con f igu ra t i on  c o n t r o l  bus t o  a s p e c i f i c  computer would v i o l a t e  t h e  

r e l i a b i l i t y  goa ls .  

Skp S t r u c t u r a l  A l t e r n a t i v e s  

A t  t h e  p r e s e n t  t ime we do not  know t h e  exac t  s t r u c t u r e  of Skp. In t h e  

t r i v i a l  c a se  t h i s  could b e  a n u l l  switch w i t h  var ious  devices  j u s t  connect- 

ed t o  t h e  p busses .  Unfor tuna te ly ,  a n  arrangement of t h i s  type  w i l l  f o r c e  

a p roces so r  and a l l  a s s o c i a t e d  devices  t o  b e  taken  o u t  of  t h e  system when 

a s i n g l e  dev ice  i s  connected o r  removed, s i n c e  t h e  processor  w i l l  have t o  

b e  stopped. 

9: 
The i n t e r r u p t  s e r v i c e  t o  handle  a s i n g l e  Teletype c h a r a c t e r  on t h e  PDP-10 
i s  on t h e  o r d e r  of 500 ps. Assuming 10 char / sec  would r e q u i r e  112% pro- 
c e s s o r  capac i ty  per  l i n e .  The dev ice  d a t a  t ransmiss ion  i s  handled roughly 
i n  t h e  same way a s  PDP-10, except  t h a t  t h e  b e t t e r  i n t e r r u p t  f a c i l i t y  of 
PDP-11 should f u r t h e r  reduce s e r v i c e  t imes. 



A more d e s i r a b l e  s t r u c t u r e  i s  k two-posi t ion swi tches ,  S(2 t o  1) which 

a l low e i t h e r  of  two processors  t o  connect t o  a  s i n g l e  Unibus. A s t r u c t u r e  

of t h i s  type  might look l i k e :  

This  s t r u c t u r e  a l lows  us t o  expand k a f t e r  t h e  i n i t i a l  con f igu ra t i on ,  y e t  

p rovides  m u l t i p l e  con t ro l -da t a  Unibusses f o r  a  s e t  of c o n t r o l l e r s  connected 

t o  one of t h e  k busses .  This  g ives  a  p a r t i c u l a r l y  s imple s t r u c t u r e  i f  

k  = p/2, by having a l l  Unibusses a c c e s s i b l e  t o  a t  l e a s t  two processors ,  wi th  

on ly  one swi tch  pe r  processor  and only  devices  on 1/2 t h e  processors .  

The most d e s i r a b l e  a l t e r n a t i v e  f o r  t h e  switch,  from a performance view- 

p o i n t ,  i s  t h e  cross- ,point .  The on ly  l i m i t a t i o n  i s  i t s  c a p a b i l i t y  f o r  f u t u r e  

growth, g iven  t h a t  a  c e n t r a l  one of  t h e  type  proposed i n  Smp i s  used. The 

c ros s -po in t  g ives  us  t h e  c a p a b i l i t y  of  a l lowing  any of  t h e  k busses  t o  b e  

connected t o  any number of  t h e  p processors .  S (c ros s -po in t )  f o r  Skp has t h e  

f u r t h e r  advantage of a l lowing  u s  t o  c o n s t r u c t  con f igu ra t i ons  which have e i t h e r  

a l l  dev i ce s  on a s i n g l e  processor ,  o r  a  smal l  number of  dev ices  pe r  processor .  

I n  t h i s  way, f o r  c e r t a i n  s p e c i a l i z e d  t a s k s ,  t h e  dev ices  can be  handled wi th  

a minimum of  i n t e r p r o c e s s o r  communication. 



Skp i s  not  c r i t i c a l  i n  t h e  e a r l y  con f igu ra t i ons ,  and we can s t a r t  w i t h  

most ly  n u l l  swi tch ing  wi th  s e v e r a l  S(2 t o  1 )  and even tua l ly  c o n s t r u c t  a  f u l l  

c ro s s -po in t .  Doing t h i s ,  we would p l ace  d u p l i c a t e  equipment on two s e p a r a t e  

processors .  Non-duplicated, b u t  reasonably  c r i t i c a l ,  components would b e  

placed on S ( 2  t o  1 ) ' s .  Spec i a l i zed  equipment could on ly  be  placed on P ' s  

which had no S(2 t o  1 )  o r  o t h e r  c r i t i c a l  dev ices .  

PROCESSOR AND Dmap - PROTECTION, RELOCATION, AND INTERRUPTS 

Most of t h e  PDP-11 processor  models can  b e  used wi th  t h e  system, wi th  

minor mod i f i ca t i ons  t o  t h e  bus i n t e r f a c e  l o g i c .  Higher performance proces-  

s o r s  than  those  c u r r e n t l y  a v a i l a b l e  might r e q u i r e  ex t ens ive  modi f ica t ion ,  i f  

they used a  second bus f o r  f a s t e r  s o l i d - s t a t e  memories. 

The Dmap i s  a  Data Operat ions component which takes  t h e  addresses  gen- 

e r a t e d  i n  t h e  processor  and conver t s  them t o  addresses  t o  u se  on t h e  Memory 

and Unibusses emanating from t h e  h a p .  There a r e  fou r  s e t s  of e i g h t  r e g i s t e r s  

i n  Dmap, enab l ing  each of e i g h t  8,192 by te  blocks t o  be r e loca t ed  i n  t h e  

2  1 Jr 
l a r g e  phys i ca l  memory. The s i z e  of t h e  phys i ca l  Mp i s  220 words o r  2  by tes .  

Two b i t s  i n  t h e  processor ,  t oge the r  wi th  t h e  address  type  a r e  used t o  s p e c i f y  

which o f  t h e  mapping r e g i s t e r s  i s  t o  be  used. 

The l o g i c a l  s t r u c t u r e ,  a s  seen  by t h e  systems programmer, of  t h e  address  

map i s  desc r ibed  below, t oge the r  w i th  i t s  imp l i ca t i ons  f o r  t h e  u s e r  and t h e  

monitor .  For t h e  s imple u s e r ,  t h e  convent iona l  PDP-11 address ing  s t r u c t u r e  

i s  r e t a i n e d  - except  t h a t  h e  does not  have acces s  t o  t h e  " i /o  page", and 

hence t h e  f u l l  16 -b i t  add re s s  space r e f e r s  t o  primary memory. 

-1. 6 " ~ r o v i s i o n  has  been made t o  expand t h e  phys i ca l  address  space t o  224 (16 X 10 ) 
words a t  some subsequent t ime; however, t h i s  expansion i s  no t  c u r r e n t l y  planned. 



A PDP-11 program can only gene ra t e  a 16 -b i t  a d d r e s s , b u t  t h e  

Unibus has  18 -b i t  address ing  c a p a b i l i t y .  I n  t h e  proposed scheme the  

a d d i t i o n a l  two b i t s  of  add re s s  w i l l  be obtained from two unused pos i -  

t i o n s  of  t h e  program s t a t u s  (PS) r e g i s t e r .  (Note, t h i s  r e g i s t e r  i s  i n -  

a c c e s s i b l e  t o  u s e r  programs.) 

PS Users 16-Bit  Address 

I n  t h e  sequel  we r e f e r  t o  88-, @I-, I$-, and 11- mode address ing  t o  

s i n  cur ren t '  

PDP-11 

r e f e r  t o  t h e  ca se s  a r i s i n g  from t h e  four  p o s s i b l e  b i t  con f igu ra t i ons  

, 

obta ined  from PS. These ca se s  a r e :  

L 1 
/ . 

f 3 
I I 
I I 

' I 
I I 

18-Bit Unibus Address 

These addresses  a r e  always mapped, and always 

r e f e r  t o  t h e  shared,  l a r g e ,  primary memory. 

These addresses  a r e  (with two except ions noted 

below) a r e  mapped a s  above. The except ions  a r e  

t h a t  8 kw of t h i s  space a r e  no t  mapped and r e f e r  

t o  t h e  p r i v a t e  Unibus of each processor .  



For those  r e f e r e n c e s t h a t  are mapped, t h e  mapping i t s e l f  c o n s i s t s  of 

using t h e  top f i v e  b i t s  of  t he  1 8 - b i t  address  t o  s e l e c t  one of  30 r e -  

l o c a t i o n  r e g i s t e r s ,  and r e p l a c i n g  these  by t h e  con ten t s  of t h e  8 low 

o rde r  b i t s  of t h a t  r e g i s t e r :  

Users 16-Bit  Address 

PDP - 11 

Y-  
' 

., 

13-Bit Page A 18-Bit Unibus Address 
Displacement 1 

v / 

24 ,16 - B i t  Re loca t ion  I 

1 3  

21-Bit CMUnibus Address 

The l e f tmos t  f i v e  b i t s  of t h e  18 -b i t  Unibus add re s s  may be thought 

of a s  s e l e c t i n g  one of  30 r e l o c a t i o n  r e g i s t e r s ,  a s  descr ibed  above. A 

b e t t e r  d e s c r i p t i o n ,  however, i s  t h a t  t h e  two b i t s  of t he  PS s e l e c t  

one of f o u r  banks of r e l o c a t i o n  r e g i s t e r s  and t h e  l e f tmos t  t h r e e  b i t s  

of t h e  u s e r s  :16-bi t )  address  s e l e c t s  one of t h e  e i g h t  reg-  

i s ters  i n  t h i s  bank. This  l a t t e r  d e s c r i p t i o n  i s  more app rop r i a t e ,  s i n c e  



a process  i s  e f f e c t i v e l y  bound t o  a  p a r t i c u l a r  bank of r e l o c a t i o n  r e g i s t e r s  

by i t s  PS word, wh i l e  it may (by a p p r o p r i a t e  monitor  c a l l s )  a l t e r  t h e  con- 

t e n t s  of t h e  r e l o c a t i o n  r e g i s t e r s  w i t h i n  t h a t  bank and thus a l t e r  i t s  

" instantaneous v i r t u a l  memory"--that is, t h e  set of d i r e c t l y  add re s sab l e  

pages. 

Although no t  implemented i n  e x a c t l y  t h i s  way, t h e  r e l o c a t o r  may b e  

thought of a s  a  c o n t r o l l e r  on t h e  Unibus as shown below: 

21-Bit  CMUnibus t o  l a r g e  Mp 

( r e l o c a t o r )  "r' 

Under t h i s  concep tua l i za t i on  t h e  r e l o c a t o r ,  K r ,  behaves a s  a  c o n t r o l l e r  

which: (1) responds t o  a l l  a#-, @I-, and la- pode addresses  by performing 

t h e  mapping descr ibed  above and pass ing  t h e  r e q u e s t  a long t o  t h e  switch,  

(2) responds t o  s i x  (of e i g h t  p o s s i b l e )  11-mode page addresses  by performing 

1 

t h e  mapping desc r ibed  above, ( 3 )  responds t o  30  11-mode addresses  f o r  t h e  

r e l o c a t i o n  r e g i s t e r s  themselves ( i n  t h e  ' dev i ce  space ' ) .  

There are three o t h e r  p r o p e r t i e s  of t h e  mapping mechanism which have not  

been mentioned prev ious ly :  

Unibus . . . 
* 



1. A l l  a cces se s  t o  t r a p  and i n t e r r u p t  vec to r s  a r e  f o r c e s  t o  t h e  

p r o c e s s o r ' s  ' l o c a l '  memory. Note t h a t  t r a p s  and i n t e r r u p t s  

save  t h e  c u r r e n t  PS and i n i t i a l i z e  PS f r a n  t h e  t r a p  vec tor .  

Thus, by a p p r o p r i a t e  u s e  of t h e  r e l o c a t i o n  r e g i s t e r s  t h e  

c o s t  of  a  con tex t  swap can be s u b s t a n t i a l l y  reduced. 

2. The format of each of t h e  30 r e l o c a t i o n  r e g i s t e r s  i s  a s  shown 

below: 

I LLNXM Write p r o t e c t  

1 1  

- t h e  ' w r i t t e n - i n t o '  b i t  i s  set by t h e  hardware whenever 

a w r i t e  o p e r a t i o n  i s  performed on t h e  s p e c i f i e d  page. 

- t h e  ' w r i t e  p r o t e c t '  b i t ,  when s e t ,  w i l l  cause a  t r a p  on 

(before)  an  at tempted w r i t e  o p e r a t i o n  i n t o  t h e  s p e c i f i e d  

page 

- t h e  NXM, ' non-ex is ten t  memory', w i l l  cause a  t r a p  on any 

at tempted w r i t e  i n t o  t h e  s p e c i f i e d  page. Note: t h i s  i s  

no t  adequate  f o r ,  and not  intended f o r ,  'page f a u l t '  

i n t e r r u p t i o n .  

- t h e  8 - b i t  ' p h y s i c a l  page number' i s  t h e  a c t u a l  r e l o c a t i o n  

value.  

1 1  

6 
4 8 

1 ,, I .  

-phys i ca l  page number 

i r e s e r v e d  f o r  expansion of phys i ca l  page number - not  used 

A A 



3.  Reloca t ion  r e g i s t e r  ze ro  i n  each bank i s  i d e n t i c a l  and, more- 

over ,  t h e  s t a c k  w i l l  be  forced  i n t o  t h i s  page (by ignor ing  

t h e  t h r e e  high-order  b i t s  of SP) .  Thus monitor  s e r v i c e  rou-  

t i n e s  (en te red  v i a  a  t r a p )  w i l l  u s e  t h e  u s e r s  s t a c k ;  t h i s  

i s  necessary i n  o r d e r  t o  i n s u r e  t h a t  an  RTI ( r e t u r n  from i n t e r -  

r u p t )  i n s t r u c t i o n  may be  p rope r ly  executed, 

Now cons ider  some imp l i ca t i ons  of  t h e  mapping scheme wi th  r e s p e c t  t o  

u s e r  programming, p r o t e c t i o n ,  sha r ing ,  interrulf i  s , and i /o .  

User Programming 

User processes  w i l l  r un  under $#-, fl1-, o r  I#- mode address ing ,  and 

probably under flj-mode by convention f o r  a l l  b u t  r e a l - t i m e  processes  where 

con tex t  swi tch ing  time i s  e s p e c i a l l y  c r i t i c a l .  Under t h e s e  modes t h e  PDP-11 

appears  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  non-mapped v e r s i o n  except  t h a t  t h e  i / o  

page i s  i n a c c e s s i b l e  and c e r t a i n  i n s t r u c t i o n s  w i l l  be  disal lowed (e.g., 

HALT). I n  p a r t i c u l a r  t h e  PS and r e l o c a t i o n  r e g i s t e r s  a r e  i n a c c e s s i b l e  and 

thus  t h e r e  i s  a b s o l u t e  p r o t e c t i o n  between processes .  Since a l l  i / o  i s  i n  

t h e  11-space, s t anda rd  devices  (e.g., d i s k s )  cannot b e  i n a d v e r t e n t l y  ope ra t -  

ed. A l l  pages of a ' ( r u n n i n g )  p r o c e s s ' s  i n s t an t aneous  v i r t u a l  memory ( I V M )  

must n e c e s s a r i l y  b e  p h y s i c a l l y  p re sen t  i n  Mp. Monitor r eques t  ( v i a  t r a p s )  

w i l l  b e  provided t o  do such th ings  a s  change t h e  I V M ,  r eques t  a  pre-paging 

ope ra t i on ,  l ock  a  page i n t o  Mp, r e l e a s e  a page, e t c .  

P r o t e c t i o n  and Sha r ing  

A s  de sc r ibed  above, a t  t h e  hardware l e v e l  p r o t e c t i o n  i s  a b s o l u t e  s i n c e  

a  process  cannot  r e f e r e n c e  o u t s i d e  t h e  s e t  of pages s p e c i f i e d  by i t s  bank 



of r e l o c a t i o n  r e g i s t e r s .  Also, a t  t h e  hardware l e v e l ,  sha r ing  i s  t r i v i a l  

s i n c e  t h e  r e l o c a t i o n  r e g i s t e r s  of s e v e r a l  p rocesses  may r e f e r ence  t h e  same 

phys i ca l  page. Inadve r t en t  d e s t r u c t i o n  of shared pages (e.g., code) i s  

p r o h i b i t e d  by w r i t e  p ro t ec t i on .  I f  t h e  shared page i s  code, however, i t s  

au tho r  must e x e r c i s e  some c a r e  t o  make it " p o s i t i o n  independent" (no t  d i f -  

f i c u l t  on t h e  PDP-ll) ,  s i n c e  i t  may execute  from d i f f e r e n t  "page pos i t i ons"  

( r e l o c a t i o n  r e g i s t e r s )  i n  t h e  I V M ' s  of d i f f e r e n t  processes .  I n  p a r t i c u l a r ,  

f o r  example, t h e  FORTRAN l i b r a r y  would b e  w r i t t e n  t o  execute  i n  t h i s  fash ion .  

Standard compilers ,  e.g., Bliss, w i l l  produce t h i s  form of code. Monitor 

r e q u e s t s  ( v i a  t r a p s )  w i l l  b e  provided f o r  e s t a b l i s h i n g  and c o n t r o l l i n g  such 

sha r ing  . 
The NXM b i t  mentioned above w i l l  be  s e t  f o r  a l l  r e l o c a t i o n  r e g i s t e r s  

no t  be ing  used by a  process  ( i . e . ,  i f  i t s  I V M  i s  l e s s  than  32kw). Should 

t h e  process  r e f e r e n c e  one of  t h e  r e g i s t e r s  c o n t a i n i g  t h i s  b i t  s e t ,  i t  w i l l  

b e  assumed t o  be  running amuck and w i l l  b e  i n t e r r u p t e d  and k i l l e d  by t h e  

monitor.  No a t tempt  has  been made t o  provide  a  "page-faul t"  mechanism be-  

cause:  (1) t h e  "working s e t "  model s t r o n g l y  sugges ts  i t  i s  f u t i l e  t o  t r y  

t o  run  a  process  u n l e s s  i t  has  a  reasonable  s u b s e t  of i t s  pages a l r e a d y  

p r e s e n t ,  and ( 2 )  i t  i s  extremely d i f f i c u l t  (on t h e  PDP-11) t o  record  t h e  

s t a t e  a t  t h e  t i m e  a t  which t h e  f a u l t  occurred dur ing  a n  i n s t r u c t i o n .  

I n t e r r u p t s  

One of  t h e  n i c e  f e a t u r e s  of t h e  mapping scheme i s  t h a t ,  s i n c e  t h e  PS 

i s  unique ly  loaded f o r  each i n t e r r u p t  ( o r  t r a p ) ,  a  p o r t i o n  of t h e  con tex t  

swap i s  inexpensive.  For example, monitor  r eques t  t r a p s  can d i r e c t l y  e n t e r  

an  add re s s  space i n  which t h e  process  d e s c r i p t i o n ,  page t a b l e ,  e t c . ,  a r e  



s t o r e d .  S i m i l a r i l y ,  dev i ce  i n t e r r u p t s  can a c t i v a t e  a process  i n  t h e  (11) 

address  space  i n  which t h a t  dev i ce  s e r v i c e  can/must be  performed. 

I/O 
Direct-memory-access dev ices ,  such a s  d i s k  and drum, s p e c i f y  an 18 -b i t  

bus address  when they  read  o r  w r i t e  t o  Mp. Thus, t he se  add re s se s  may b e  

au toma t i ca l l y  r e l o c a t e d  i n t o  Mp. S ince  an i / o  ope ra t i on  i s  no t  l i k e l y  t o  

be  f o r  t h e  process  u s ing  t h e  PC a t  t h a t  i n s t a n t ,  t h e  81 and/or 16 r e l o c a t i o n  

banks can, f o r  example, be  used f o r  i / o  wh i l e  t h e  u s e r  (PC) process  i s  us ing  

t h e  fifi bank. 

TIME OF DAY CLOCK, TIMER, PROCESSOR IDENTIFICATION 

Each processor  has a l o c a l  c o n t r o l ,  Kc, which i s  used f o r  (1) i n t e r -  

communication among t h e  o t h e r  p roces so r s ,  ( 2 )  t o  c o l l e c t  t h e  exac t  time of  

day from t h e  c e n t r a l  t ime of day c lock ,  Kclock, and (3)  t o  c o l l e c t  t i m e  

events  such t h a t  sof tware  t imes can be  cons t ruc ted  i n  each processor .  In-  

formation f o r  t h e s e  t h r e e  func t ions  i s  passed on a s i n g l e  bus,  c a l l e d  t h e  

Processor  Intercommunication and Clock-Timer Bus. 

Time of  Day Clock . 

The c lock  i s  used i n  s e v e r a l  ways: f o r  communication t o  t h e  u s e r  r e -  

q u i r i n g  t i m e  l a b e l i n g  (e.g., p r i n t o u t s ,  f i l e  l a b e l s ) ;  f o r  sof tware  and sys -  

t e m  f u n c t i o n  t ime measurements; and f o r  i n t e r n a l  naming of ' o b j e c t s '  (e.g., 

pages,  f i l e s ,  e t c . ) .  For t h i s  l a t t e r  no two o b j e c t s  can have t h e  same 

i d e n t i f i e r ,  i .e . ,  t h e  same time. 

The K.clock o p e r a t e s  cont inuous ly ,  p rovid ing  a count ,  i n  microseconds, 
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b i t s  a r e  a l s o  

processor  may 

I n  a d d i t i o n  t o  t h e  60 

included i n  t h e  words 

read  t h i s  in format ion  

b i t s  g iv ing  t h e  c lock  information,  fou r  

t o  s p e c i f y  t h e  processor  number, Each 

by execut ing  fou r  i n s t r u c t i o n s  t o  read 

f o u r  words. In  t h i s  way a  c lock  number read by any processor  i s  always 

unique,  even i f  t h e  c lock  i s  read  s imultaneously by all processors .  

I n  o r d e r  t o  avoid t iming problems inhe ren t  i n  read ing  c locks  which a r e  

s u b j e c t  t o  change du r ing  t h e  read ing  i n t e r v a l ,  read ing  t h e  f i r s t  word of t h e  

c lock  causes  t h e  60 b i t  t ime t o  be placed i n  a  r e g i s t e r .  On subsequent reads  

of t h e  remaining p a r t s  of  t h e  r e g i s t e r  t h e  r e g i s t e r  w i l l  no t  change, thus  

i n s u r i n g  t h a t  t h e  c lock  does not  change du r ing  t h e  i n t e r v a l  which i t  i s  being 

read.  E l e c t r i c a l l y ,  t h i s  p rocess  i s  accomplished by having t h e  c e n t r a l  

c lock ,  K.clock, cont inuous ly  b roadcas t i ng  t h e  60 b i t  number on a  bus,  t o -  

g e t h e r  w i t h  in format ion  t e l l i n g  when t h e  c lock  may be  read. Phys i ca l l y ,  t h i s  

can t ake  t h e  form of  b roadcas t i ng  on a  time mul t ip lexed  b a s i s  (e.g., every 

0.5 microseconds a  d i f f e r e n t  quadrant  of t h e  c lock  count i s  broadcas t )  t o  

avoid u s ing  a  60 -b i t  w i r e  bus. A l t e r n a t i v e l y ,  i t  may be  d e s i r a b l e  t o  broad- 

c a s t  cont inuous ly  t h e  l e a s t  s i g n i f i c a n t  word, wh i l e  time mul t i p l ex ing  t h e  

most s i g n i f i c a n t  p a r t .  

Processor  Number 

The processor  number i s  read  by looking a t  t h e  c lock  count.  This number 

i s  v a r i a b l e ,  by t ogg le  switches.  It i s  a l s o  used f o r  s i g n a l i n g  o t h e r  pro-  

ce s so r s  u s ing  t h e  Intercommunication bus. 

1 ' Anno ~ a b b a g e  ' 
2 
We r e j e c t e d  us ing  a  d i r e c t  encoding, e.g. ,  year  ( 1 2 - b i t s ) ,  month ( 4 - b i t s ) ,  
day ( 5 - b i t s ) ,  hour ( 5 - b i t s ) ,  minute  ( 6 - b i t s ) ,  second ( 6 - b i t s ) ,  m i l l i -  
seconds (10 -b i t s )  and microseconds (10 -b i t s )  ( f o r  a  t o t a l  of 58 -b i t s )  be- 
cause  of  t h e  d i f f i c u l t y  of  ob t a in ing  time d i f f e r e n c e s .  



Timers 

The K.clock also broadcasts periodic time events for use by each pro- 

cessor in generating time-interval interrupts. Each processor is equipped 

with a counter and the ability to select the frequency with which the 

counter is to be decremented. An interrupt is generated on a processor 

when its counter is decremented below zero. 

Processor Intercommunication 

Intercommunication is carried out among the processors fundamentally 

by placing messages in memory and having the various processors look at the 

messages. In order to signal another processor to look for messages, a pro- 

cessor may cause an interrupt to any of the other processors. That is, each 

processor has a wire on the intercommunication bus which is used to carry the 

input event from all the other processors. There is no information on the 

intercommunication bus that identifies the processor requesting the inter- 

rupt. Instead, the interrupter is identified by looking in memory at some 

predetermined location. In order to allow the system to be partitioned into 

arbitrary, totally isolated,subsets, manual switches are provided to pro- 

hibit such subsets from generating mutual inter-processor interrupts. 

PERFORMANCE ANALYSIS HARDWARE 

In order that we can effectively do research into the nature of the 

multiprocessor behavior, it is necessary to have performance measuring ports 

throughout the system. The basic philosophy in the design of the clock was 

to have a very accurate clock which would enable software monitoring. In 

addition, it is necessary that we be able to measure the processor-memory 



performance. This r e q u i r e s  hardware because t h e  t i m e s  a r e  s h o r t ,  and t h e  

d a t a  i s  no t  a c c e s s i b l e  by o t h e r  means. 

The most a c c u r a t e  method under cons ide ra t i on  i s  t o  a s s o c i a t e  a  smal l  

memory wi th  each c r o s s p o i n t  i n t e r s e c t i o n .  This can be  cons t ruc t ed  e f f i c i -  

e n t l y  by having a  memory a r r a y  f o r  each of t h e  m rows, s i n c e  c o n t r o l  i s  on 

a  row (pe r  memory) b a s i s .  When each r e q u e s t  f o r  a  p a r t i c u l a r  row i s  acknowl- 

edged a 1 i s  added t o  t h e  r e g i s t e r  corresponding t o  t h e  processor  which g e t s  

t h e  r eques t .  I n  t h i s  way we can measure t h e  exac t  amount of  work done by 

each processor .  Note t h a t  i / o  and f i l e  t r a f f i c  i s  known s i n c e  t h e  f i l e  

s i z e s ,  words t r a n s f e r r e d ,  e t c .  a r e  known. Such a  scheme does have t h e  draw- 

back of  adding s i g n i f i c a n t  hardware t o  t h e  swi tch ,  hence lowering r e l i a b i l i t y .  

The performance wi th  even a  l a r g e  number of p rocessors  seems q u i t e  h igh  

( s e e  Performance of t h e  System, Sec t ion  VI). Therefore ,  l i t t l e  may be  gained 

by measuring t h e  performance accu ra t e ly .  Knowing t h e  performance of i n d i v i d -  

u a l  P ' s  may b e  more i n t e r e s t i n g ,  and i s  somewhat e a s i e r  t o  implement. 

It would b e  most d e s i r a b l e  t o  measure d a t a  about  processor  i n s t r u c t i o n  

performance a s  measured by execut ion.  The informat ion  which could b e  ob- 

t a ined  inc ludes :  

1. i n s t r u c t i o n s  executed 

2. memory acces se s  

3 .  i n s t r u c t i o n  types  ( r e l a t i v e l y  d i f f i c u l t )  

4. i n s t r u c t i o n s ,  a cces se s ,  i n s t r u c t i o n  types.  

Information of t h e  above type  would be  p a r t i c u l a r l y  u s e f u l  i n  regard  t o  

gene ra t i ng  very a c c u r a t e ,  r e p e a t a b l e  b i l l i n g  s t a t i s t i c s .  For example, t h e  



a c t u a l  number of i n s t r u c t i o n s  executed could b e  b i l l e d .  Any scheme based 

on t ime has some e r r o r  because of background i n t e r r u p t  handl ing,  and memory 

i n t e r f e r e n c e .  

PROCESSOR MODIFICATIONS 

Processor  mod i f i ca t i ons  t o  implement t h e  r e l o c a t i o n  scheme as w e l l  as 

t h e  switch are minimal and s t r a igh t fo rward .  The module on t h e  11/20 PC t h a t  

r e q u i r e s  t h e  most mod i f i ca t i on  w i l l  b e  t h e  M725 Bus I n t e r f a c e  and I R  card.  

This  card  con ta in s  not  on ly  t h e  two h igh  o r d e r  address  b i t s  of t h e  18 b i t  

bus add re s s  b u t  a l s o  t h e  necessary s i g n a l s  and g a t i n g  t o  read and load t h e  

s t a t u s  word. The necessary  mod i f i ca t i ons  are made by d i s a b l i n g  t h e  c o n f l i c t -  

i n g  func t ions  on t h e  M725 and provid ing  a l t e r n a t i v e  func t ions  on a n  a d d i t i o n -  

a l  c a rd ;  hence we u s e  a s  much e x i s t i n g  l o g i c  a s  pos s ib l e .  

The r e l o c a t i o n  r e g i s t e r s  w i l l  b e  i n  c l o s e  proximity t o  t h e  processor  

and t h e r e f o r e  can be  wired d i r e c t l y .  Thus bus d r i v e r s  and r e c e i v e r s  a r e  

no t  needed. 

The memory bus add re s s  decoders  (M109) f o r  l o c a l  memory appear  t o  be  

adequate .  The dev ice  add re s s  decoders  (M105) a r e  no t  u sab l e  because of 

t h e i r  slow speed. Therefore ,  a  new dev ice  add re s s  decoder card  i s  being 

cons t ruc ted .  

Reloca t ion  R e g i s t e r  Addit ions 

Each processor  p o r t  w i l l  have 30 r e l o c a t i o n  r e g i s t e r s ,  each 16 b i t s  

wide. The processor  i s  such t h a t  t h e  r e g i s t e r s  should have a  f a s t  access  

t ime,  b u t  t h e  c y c l e  t i m e  can  be  r a t h e r  long. Using f i v e  5N7489N Texas 



Instrument  64 b i t  memory ch ips ,  a  30x16 b i t  memory wi th  an  acces s  t ime 

of  35 ns and a  cyc l e  t i m e  of 100 nsec. can be  b u i l t  f o r  about  $100. 

CONNECTION TO PDP-10 

C.mmp w i l l  b e  connected t o  PDP-10 System A ,  v i a  a  PDP-10, DL10 adapter .  

This  adap te r  a l lows  up t o  f o u r  minicomputers t o  access  d i r e c t l y  t h e  PDP-10 

memory a t  r e l a t i v e l y  high d a t a  r a t e s  (up t o  4  Mhz b i t  r a t e s ) .  The d a t a  i s  

t r ansmi t t ed  under program c o n t r o l  of  t h e  PDP-11 processor ,  and t r a n s f e r s  a r e  

v a r i a b l e  l eng th  by t e ,  v a r i a b l e  l eng th  c h a r a c t e r  s t r i n g s .  Each computer t r a n s -  

f e r r i n g  d a t a  i n t o  t h e  PDP-10 memory i s  provided 64 channels  ( v i a  one phys ica l  

channel) .  Each channel has  c o n t r o l  s t a t u s  words kep t  i n  t h e  PDP-10 memory, 

which c o n t r o l  t h e  format and l o c a t i o n  f o r  packing and unpacking i n  t h e  PDP-10. 

That i s ,  a  b y t e  p o i n t e r  t o  t h e  c h a r a c t e r  s t r i n g  be ing  t r a n s f e r r e d  i s  k e p t  f o r  

each channel.  The PDP-11 acces se s  each of t h e  channels  by unique addresses  

i n  i t s  memory space. By cont inuous ly  w r i t i n g  information i n  a  p a r t i c u l a r  

PDP-11 add re s s  causes  a  b y t e  ( o r  word) s t r i n g  t o  be  w r i t t e n  i n  PDP-10 memory 

a t  t h e  l o c a t i o n  and form s p e c i f i e d  by t h e  PDP-10 c o n t r o l  words. S imi l a r ly ,  

a  b y t e  s t r i n g  i n  PDP-10 can be  read  i n t o  t h e  PDP-11 memory, by having t h e  

PDP-11 cont inuous ly  read t h e  f i x e d  address  corresponding t o  t h e  channel num- 

b e r .  An i n t e r r u p t  channel i s  a l s o  provided f o r  s i g n a l i n g  t a s k  completion, 

e r r o r s ,  e t c . ,  between t h e  two computers. 



V. OPERATING SYSTEM CONSIDERATIONS AND IMPLICATIONS 

The operating system for the multiprocessor, which we will call 

Hydra, is intended (initially) to support the following kinds of activities: 

1. TTY handling (for several, possibly dissimilar hosts) 

2. Display processing 

3. speech/vision device handling 

4. speech/vision real-time processing 

5. Synchronous communication switching 

6. "Dedicated" systems such as BASIC, APL, and text editing 

Later versions of Hydra will support more general user-type program- 

ming. Note, however, that the initial applications have real-time and/ 

or system characteristics. This has an important influence of the de- 

sign of Hydra. It implies that the initial system must provide good 

multiprogramrned/multiprocessor scheduling, good process communication . 

and synchronization mechanisms, etc. In short, it must provide clean 

interface and good primitives for systems building. On the other hand, 

it need not initially provide fancy device-independent file i /o ,  an 

elaborate user-terminal interface, etc. These features will be built, 

in a layered fashion, on top of the kernel so that they may be easily 

altered and so that several versions may be run simultaneously. 

Hydra will be coded in BLISS-11,which runs on the PDP-10. 

Some of the other objectives of the initial Hydra (not in any par- 

ticular order) are: 



1. One objective in the multiprocessor design is to allow the 

total configuration to be partitioned into disjoint subcon- 

figurations. It is not the intention that Hydra cope with this 

partitioning other than: (a) it must be able to run with what- 

ever resources are available so long as they include certain 

minimal facilities, and (b) it must be able to (software) lock- 

out a subset of resources in preparation for partitioning. 

2. The virtual address space instantaneously available to a pro- 

cess is limited by the 16-bit addresses of the PDP-11. More 

specifically, the instantaneous virtual memory (IVM) consists 

of eight 4k (16b word) pages named by the relocation registers. 

However, a process will be allowed a much larger total virtual 

memory (VM), perhaps 4000 pages. Monitor traps will be pro- 

vided for the user to re-define that portion of his VM which 

is to be his IVM. 

3. The relocation registers are not fitted with page-fault detec- 

tion, implying that all pages of the IVM must be in core when 

a process is running. The IVM is the user's "working set" 

and will be kept core-resident for high priority processes. 

Monitor traps will be provided for a process to request pre- 

paging as well as to mark that specific pages are to be kept 

core-resident. 

4.  A premise of the multiprocessing design is that not all PC's 

need be identfcal, either in terms of their instruction sets 



o r  i n  terms of t h e  devices  a c c e s s i b l e  t o  them (e.g., d i s p l a y s  

may be  on s p e c i f i c  p rocessors ) .  Therefore ,  a  p rocess  may be  

e l i g i b l e  t o  run  only  on  a  subse t  of t h e  processors .  The sched- 

u l i n g  a lgor i thm must cope wi th  t h i s  problem. The c u r r e n t  p l an  

i s  t o  a s s o c i a t e  a  mask d e f i n i n g  t h e  s e t  of p rocessors  on which 

i t  i s  e l i g i b l e  t o  run ,  and t o  u s e  a  (dynamic) p r i o r i t y  sched- 

u l i n g  a lgo r i t hm t o  schedule  t h e  h i g h e s t  p r i o r i t y  process  a b l e  

t o  run  on t h e  a v a i l a b l e  processor .  

5. I n  ope ra t i ng  systems it i s  not  uncommon f o r  a  "job" t o  con- 

s i s t  of s e v e r a l  inter-dependent  p rocesses ;  however, t h e r e  i s  

u s u a l l y  an  enforced a n c e s t r a l  r e l a t i o n  between these  processes .  

Exp lo i t i ng  t h e  mu l t i p roces so r ,  a s  i n  t h e  speech/vis ion t a s k ,  

makes such mandatory r e l a t i o n s  undes i rab le .  ( I t  impl ies ,  

among o t h e r  t h i n g s ,  too  many l e v e l s  of i n t e r r u p t  handl ing , )  

6. Context swi tch ing  time can be a  problem. I n  gene ra l  (on t h e  

11/20) 13 r e g i s t e r s  must be  saved/ res tored ,  11 of them under 

program con t ro l .  Thus, i n  t h e  b e s t  c a se  48 memory r e f e r ences  

w i l l  b e  made. This  i s  too  many f o r  some device  s e r v i c e  r o u t i n e s  

(e.g., f o r  a  scope) .  For t he se ,  r e l o c a t i o n  r e g i s t e r s  (from t h e  

@1 o r  1@ s e t s )  w i l l  be  s e t  a s i d e  and they  w i l l  save on ly  used 

r e g i s t e r s .  This can reduce t h e  t i m e  t o  f i v e  memory r e f e r ences  

(one accumulator saved) .  

Processor  performance can be improved by minimizing c o n f l i c t s  

f o r  memory banks. We a r e  s tudying  t h i s  problem, bu t  do not 

have a  proposal  ye t .  (See t h e  Sec t ion  on Performance f o r  

e s t ima te s  of degrada t ions  assuming random re fe rences . )  



V I .  PERFORMANCE OF THE SYSTEM 

The performance o f  t h e  m u l t i p r o c e s s o r  can  b e  computed a lmos t  

e x a c t l y  g i v e n  m ( t h e  number o f  memories), p  ( t h e  number o f  p r o c e s s o r s ) ,  

t ( t h e  d e l a y  i n t r o d u c e d  by t h e  swi tch) ,  and t h e  fo l lowing  parameters:  
d  

t The mean of  a  d i s t r i b u t i o n  o f  t h e  p r o c e s s o r  t ime 
P  

between t h e  comple t ion  o f  one memory r e q u e s t  and 

t h e  n e x t  r e q u e s t  . 
t t  The a c c e s s  t ime  and c y c l e  t ime f o r  t h e  memories t o  

a' c  

be used  . 
t =t -t The r e w r i t e  t ime  of  t h e  memory, 

w c a  

t The average  t r a n s f e r  t i m e s  o f  h i g h  speed i / o  t r a n s f e r s ,  
i o  

e.g., drum o r  d i s k ,  which i n t e r f e r e  w i t h  p r o c e s s o r  

r e q u e s t s ;  i n  t h i s  a n a l y s i s  we i g n o r e  t h i s . e f f e c t .  

S t r e c k e r  (1970) g i v e s  c l o s e d  form s o l u t i o n s  f o r  t h e  i n t e r f e r e n c e  i n  

t e rms  o f  a  d e f i n e d  q u a n t i t y ,  t h e  UER ( u n i t  e x e c u t i o n  r a t e ) .  The UER is ,  

e f f e c t i v e l y ,  t h e  r a t e  o f  memory r e f e r e n c e s  and, f o r  t h e  PDP-11, i s  

approx imate ly  twice  t h e  a c t u a l  i n s t r u c t i o n  e x e c u t i o n  r a t e .  (A s i n g l e  

i n s t r u c t i o n  on t h e  11 may make from one t o  f i v e  memory r e f e r e n c e s ,  bu t  i s  

a b o u t  two on t h e  a v e r a g e . )  S t r e c k e r  g i v e  t h e  f o l l o w i n g  r e l a t i o n s ,  
-81 

n e g l e c t i n g  i / o  t r a n s f e r s ,  and assuming random memory r e f e r e n c e s :  

-1- " 
A s imple  argument i n d i c a t e s  t h a t  i / o  t r a f f i c ,  t i s  r e l a t i v e l y  

i o  ' 
i n s i g n i f i c a n t  and so  was n o t  c o n s i d e r e d  i n  t h e s e  f i g u r e s .  For 
e x a m p l e , t r a n s f e r r i n g  w i t h  f o u r  drums o r  15 f i x e d  head d i s k s  a t  
f u l l  r a t e  i s  comparable t o  one PC. 



t = t UER = (m/tc) ( 1  - ( 1  - l ~ m ) ~ )  
P w' 

m 1 - ( 1  - ~ / m ) ~  t < tw: UER = - 
P t 1 - ( 1  - l/m)P ( t w - t P ) / t C  

t -t 
where P + (mlp) (y) ( 1  - (1 - pm/m) P)) - 1 = 0 

m 
C 

Various speed processors ,  s t a r t i n g  w i th  t h e  Model 20, va r ious  t ypes  of 

memories, and va r ious  switch delays,  t can  be s tud i ed  by means of  these  
d 

formulas, Switch de l ays  e f f e c t s  a r e  c a l c u l a t e d  by adding t o  t and a  

tC, i . e . ,  t a '  
= t d + t ;  and t 1 = t d + t  . I n  p a r t i c u l a r  t h e  fol lowing 

a  c c 

c a s e s  a r e  given i n  t h e  a t t a c h e d  graphs (F igures  4a - f ) .  The p l o t s  show 

UER x lo6  a s  a  func t ion  of  p  f o r  a  f i x e d  my f o r  va r ious  parameters  of m. 

m-parameters a r e  t h e  t r i p l e t :  ( t c , t a , t d ) .  

m = 8,16 

p = l ,5,10 ,..., 35 

t = 700 n s  (11/20), 450 ns, and 200 ns  
P 

t t = (300,O); (400,250); (650,350); (900,350); and (1200,500) n s  
c Y  a 

The two va lues  of  t correspond t o  t h e  es t imated  switch de lay  i n  two 
d 

cab l e - l eng th  cases:  10' and 201. The t , t  va lues  correspond t o  t h e  s i x  
c a  

memory systems being considered.  

I n  a d d i t i o n  t o  t he  Unit  Execution Rates  f o r  Mp re fe rences ,  two 

s e p a r a t e  measures o f  t h e  degrada t ion  were obtained:  



- 47 - 
Fig. 4 0 .  Performance v s  PC's for 8 Mp; Pc(Elode1 2 0 ;  t p :  700  ns) 



- 48 - 
F i g .  4 b .  P e r f o r m a n c e  v s  P C ' s  f o r  8 Mp; P C ( # ~ ;  t p :  450 ns)  

I 1 1 
I I I 1 A 

10 15 2 0 2 5 3 0 35 
1 5 

P r o c e s s o r s  



- 49 - 

Fig. 4c. Performance vs PC's for 8 Mp; Pc(43; tp: 200 ns) 

1 I ' I 

1 5 1 0  15 2 0  25  3 0  3 5 

Processors 



- 5 0  - 
Fig. 4d. Performance vs PC's for 16 Elp; Pc(Flode1 20 ;  t p  700 ns) 
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Processors 
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F i g .  4 e. Performance vs PC's for 16  Mp; Pc(42; t p :  4 5 0  ns) 

1 - t t L ---i 

1 5  10  1 5  2  0 25 3 0  3 5 

Processors 



- 52 - 
Fig. 4f. Performance vs PC's for 16 

I 1 I L 
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Processors 



D l  
The ( p e r c e n t )  d e g r a d a t i o n  due t o  b o t h  memory i n t e r -  

f e r e n c e  and t h e  swi tch  d e l a y  - 
D2 

The ( p e r c e n t )  d e g r a d a t i o n  due t o  o n l y  memory i n t e r -  

f e r e n c e  e f f e c t  

Only sample v a l u e s  have been inc ldued  because  o f  t h e  volume of  d a t a ,  

and t h e  f o l l o w i n g  c a s e s  a r e  shown i n  Tab le  2: 

t = 190 n s  
d 

t t = (300,O); (400,250);  and (650,350) n s  
C' a  

Note, i n  p a r t i c u l a r ,  t h a t  D f o r  t h e  p=l c a s e  i s  t h e  performance 
1 

d e g r a d a t i o n  due t o  t h e  d e l a y  i n t r o d u c e d  by t h e  swi tch .  I n  e f f e c t ,  t h i s  

i n d i c a t e s  t h e  number o f  P ' s  n e c e s s a r y  t o  overcome s w i t c h i n g  d e l a y s .  

Two unmis takab le  c o n c l u s i o n s  c a n  be drawn from t h e  data :  ( 1 )  t h e  

d e l a y  i n  t h e  swi tch,  t i s  t h e  dominant f a c t o r ,  and (2)  i t  i s  b e t t e r  t o  
d' 

u s e  t h e  f a s t e s t  memory you c a n  g e t ,  u n l e s s  t h e  c o s t  i s  too h igh .  Also,  

because  o f  t h e  long s w i t c h  de lay ,  f a s t e r  p r o c e s s o r s  a r e  n o t  needed, o r  

r a t h e r ,  canno t  be used  e f f e c t i v e l y .  

More p r o c e s s o r s  w i l l  y i e l d  h i g h e r  performance u n t i l  a  s h a r p  c u t - o f f  

o c c u r s  when p r o c e s s i n g  c a p a c i t y  h a s  absorbed t h e  t o t a l  Mp c a p a c i t y .  T h i s  

c a n  be  seen  from t h e  f i g u r e s  when a  slow memory o r  f a s t  p r o c e s s o r  i s  used.  

S i n c e  t h e  p r o c e s s o r  c o s t s  a r e  smal l  ( i n  t h e  o r d e r  o f  $12K/processor w i t h  a  

l o c a l  Mp and some t e r m i n a l s ) ,  am o b j e c t i v e  f u n c t i o n  based s o l e l y  on maximizing 

per fo rmance /cos t  shou ld  n o t  be  used.  The performance/cost  i s  a  f a i r l y  f l a t  

f u n c t i o n  n e a r  maximum, s i n c e  t h e  p r o c e s s o r  c o s t  i s  a  smal l  p a r t  of t h e  system 

c o s t .  



Table  2 Swi tch ing  and Mp Degrada t ion  

11/20 P roces so r  ( tp :  700 n s )  n o t e  t d  = 190 ns  

P roce s so r ,  Pc#2 w i t h  tp :  450 ns  

Proces  r, Pc#3 w i th  tp :  200 ns  

m = 8  m = 16 3 

(300,O) (650.350) (300.0) 

='I 

27.5 

32.1 

37.7 

Dl 

26.8 

47.0 

61.8 

(400,250) 

27.5 

36.7 

47.3 

(400,250) 

D7 

- - 
6.3 

14 .0  

43.0 I 

D2 

- - 

27.6 

47.8 

70.8 

D l  

34.8 

50.8 

63.6 

D2 

-- 
12.7 

27.2 

56.2 
- 

D 

34.9 

43.7 

52.3 

(650,350) 

21.3 60.1  

D2 

- - 
24.6 

44.2 

71.8 39.6 

D2 

-- 
13.4 

26.7 

59.1 

Dl 

27.2 

38.5  

49.1 
56.8 37 .1  

I) 2 

-- 

15.6 

30.1 

56.9 40.9 1 - 



I n  F i g u r e  5 we have p l o t t e d  t h e  pe r fo rmance /cos t .  Here n o t e  t h a t  

i f  we s t a r t  w i t h  a  smal l  s i z e  c o n f i g u r a t i o n  o f  f i v e  Plodel 20's ,  t h e  c o s t  

i s  o n l y  $3751(, w h i l e  t h e  performance i s  4 . 5 ~ 1 0 ~  accesses / second  (UER) , 

g i v i n g  a  c o s t - e f f e c t i v e n e s s  o f  12. Going t o  1 Pc#2's l a t e r ,  p r o v i d e s  abou t  

6  
a UER of 15x10 . While t h e  c o s t  i s  o n l y  $625K ( c o s t - e f f e c t i v e n e s s  i s  24).  

Fol lowing t h i s  s t r a t e g y  p r o v i d e s  a  v e r y  c o s t - e f f e c t i v e  system, once a  

r e a s o n a b l y  l a r g e  number o f  p r o c e s s o r s  a r e  used.  I n  f a c t ,  i n  t h e  range  of 15 - 30 

p r o c e s s o r s  t h e  c o s t - e f f e c t i v e n e s s  i s  r e l a t i v e l y  c o n s t a n t ,  w h i l e  t h e  a b s o l u t e  

performance n e a r l y  doubles .  The most impress ive  r e g i o n  i s  w i t h  a  f a s t  PC 

of  200 n s  from 10 - 3 5  P 's .  Here pe r fo rmance /cos t  v a r i e s  by 2 570 and 

6  6  performance r a n g e s  from 13x10 t o  26x10 . 
Our i n t e r e s t  i n  t h i s  e x e r c i s e  i s  t o  determine whether  t h e  f a s t e r  

memory seems worthwhi le .  We t h i n k  i t  i s , s o l e l y  o n  t h e  c u r r e n t  c o n f i g u r a t i o n .  

S i n c e  we would l i k e  t o  f a b r i c a t e  s p e c i a l i z e d ,  f a s t e r  p r o c e s s o r s  

e v e n t u a l l y ,  t h e  a d d i t i o n a l  bandwidth seems e s s e n t i a l .  



- 5 6  - 

Fig .  5 .  Cost effectiveness (uER/$) vs PC's. 

Smp(l6 processors; 16 memories); td: 190 ns) 

Processors: Memories : 
700  ns Mp C tc: 4 0 0 ;  ta: 250  

Pc.2; 4 5 0  ns Mp C tc: 6 5 0 ;  ta: 350 
Pc.3; tp 200  ns 



V I  I I. CONCLUS I O N S  

We have g iven  a n  overview of t h e  des ign  of t h e  proposed Camp. We 

have descr ibed  t h e  computat ional  requirements  of ou r  p re sen t  r e sea rch  t h a t  

t h e  system i s  t o  s e rve ,  and t r a n s l a t e d  t h e s e  i n t o  a  s e t  of s p e c i f i c  con- 

s t r a i n t s  used t o  shape t h e  design.  W e  have a l s o  descr ibed  t h e  wide range 

of a d d i t i o n a l  r e sea rch  payoffs  t h a t  can r a t h e r  c l e a r l y  be  expected on t h e  

b a s i s  of t h e  system. 

Many d e t a i l s  of t h e  des ign  a r e  l e f t  unspec i f ied .  These a r e ,  and w i l l  

be,  g iven  i n  d e t a i l e d  memoranda on s p e c i f i c  p a r t s .  For example, a  s e p a r a t e  

paper i s  under p r e p a r a t i o n  on t h e  d e t a i l s  of t h e  Smp des ign :  i t s  f a b r i c a -  

t i o n  and p r e c i s e  ope ra t i on ,  i nc lud ing  processor -por t  assignment c o n t r o l ,  

manual swi tch ing ,  e t c .  S i m i l a r l y ,  t h e r e  w i l l  be  a  d e t a i l e d  d e s c r i p t i o n  of 

t h e  ope ra t i ng  system s t r u c t u r e  and opera t ion .  But t h e  e s s e n t i a l  f e a t u r e s  

o f  t h e  system a r e  now firm. 
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