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ABSTRACT 

The In te l  iAPX 432 is an  ob jec t -  
b a s e d  m i c r o c o m p u t e r  which, t o g e t h e r  
with i ts  o p e r a t i n g  s y s t e m  iMAX, p ro -  
v ides  a m u l t i p r o c e s s o r  c o m p u t e r  sys-  
t e m  des igned  a r o u n d  the  ideas  of d a t a  
a b s t r a c t i o n ,  iMAX is i m p l e m e n t e d  in 
Ada and  p rov ides ,  t h r o u g h  i ts  i n t e r -  
f ace  and  faci l i t ies ,  an  Ada view of t he  
432 s y s t e m .  Of p a r a m o u n t  c o n c e r n  in 
th i s  s y s t e m  is t he  u n i f o r m i t y  of 
a p p r o a c h  a m o n g  the  a r c h i t e c t u r e ,  the  
o p e r a t i n g  s y s t e m ,  and  the  l anguage .  
S o m e  i n t e r e s t i n g  a s p e c t s  of b o t h  t he  
e x t e r n a l  and  i n t e r n a l  views of iMAX 
a r e  d i s c u s s e d  to  i l l u s t r a t e  th is  uni- 
f o r m  a p p r o a c h .  

1. I n t r o d u c t i o n  

The Inte l  iAPX 432 is an  o b j e c t - b a s e d  m i c r o -  
c o m p u t e r  s y s t e m  with a unif ied a p p r o a c h  to 
the  des ign  of i t s  a r c h i t e c t u r e ,  o p e r a t i n g  sys- 
t em,  and  s y s t e m s  p r o g r a m m i n g  l anguage .  I ts  
under ly ing  a d d r e s s i n g  s t r u c t u r e  is 
c apab i l i t y -based ,  t I t  i n c o r p o r a t e s  s u p p o r t  for  
d a t a  a b s t r a c t i o n ,  typing,  and  p r o g r a m  s t r u c -  
tur ing ,  us ing Ada as i ts  s y s t e m  p r o g r a m m i n g  
language .  The 432 a lso  u s e s  i t s  o b j e c t  or ien-  
t a t i o n  as  a bas i s  for  mov ing  a n u m b e r  of cr i t i -  
cal  so f tware  o p e r a t i o n s  in to  the  h a r d w a r e .  

A m a j o r  goal  of the  432 and  t h e r e f o r e  of iMAX 
has  b e e n  to un i fo rmly  s t r u c t u r e  the  h a r d w a r e  
and  so f tware  of the  s y s t e m  a round  a single 
s e t  of c o n c e p t s  b a s e d  on objec ts .  In add i t ion  
to  provid ing  a c o m m o n  f r a m e w o r k  for  t he  
des ign  of t he  s y s t e m ,  th is  a p p r o a c h  l eads  to  
an  e c o n o m y  of c o n c e p t s  t h a t  ea ses  l ea rn ing  
and  using the  sy s t em.  Once the  no t ion  of 
o b j e c t - o r i e n t e d  des ign  is u n d e r s t o o d ,  it  c a n  
be  app l ied  equal ly  well to all a s p e c t s  of the  
s y s t e m  f r o m  the  under ly ing  VLS] h a r d w a r e  to  
the  p r o g r a m m e r ' s  l anguage  in t e r f ace .  This 
p r o p e r t y  c o n t r a s t s  s h a r p l y  with conven t iona l  
s y s t e m s  t h a t  use  quite d i f fe ren t  s t r u c t u r e s  in 
t h e i r  b a s e  ha rdware ,  c e n t r a l  o p e r a t i n g  sys-  
t e m ,  file s to res ,  l anguages ,  e tc .  The m a j o r  
goal  of th is  p a p e r  is to d e m o n s t r a t e  the  uni- 
f o r m i t y  ach i eved  in iMAX via the  i n t e g r a t i o n  
of c o n c e p t s  in t he  under ly ing  a r c h i t e c t u r e ,  
Ada, and the  o p e r a t i n g  s y s t e m  itself.  
This p a p e r  p r e s e n t s  an  overal l  view of the  432 
as  s e e n  t h r o u g h  iMAX, i ts  o p e r a t i n g  s y s t e m .  ~ 
As a n  o b j e c t - o r i e n t e d  o p e r a t i n g  s y s t e m ,  iMAX 
has  i ts  r o o t s  in the  a c a d e m i c  r e s e a r c h  e m b o -  
d ied  in s y s t e m s  like Hydra ,  3,4 CAP, 5, S 
StarOS, 7 and  the  CAL t i m e s h a r i n g  s y s t e m .  B 
After  a b r i e f  overview of the  432 h a r d w a r e ,  
s o m e  of the  m o s t  i m p o r t a n t  e x t e r n a l  a t t r i -  
b u t e s  of iMAX are  desc r ibed ,  t h e n  i n t e r e s t i n g  
a s p e c t s  of t he  i n t e rna l  s t r u c t u r e  of iMAX and  
var ious  i s sues  t h a t  a r i se  in des igning  an  
o b j e c t - o r i e n t e d  c o m p u t e r  s y s t e m  a re  dis- 
cussed .  
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~. The  432 A r c h i t e c t u r e  

B e c a u s e  the  432 b lurs  the  d i s t inc t ion  b e t w e e n  
h a r d w a r e  and  sof tware ,  i t  is wor th  dis t in-  
guishing s o m e  i m p o r t a n t  a s p e c t s  of the  con-  
c e p t u a l  a r c h i t e c t u r e  t h a t  a r e  a c t u a l l y  imp le -  
m e n t e d  in the  two chip  VLSI p r o c e s s o r .  The 
432 a d d r e s s i n g  s t r u c t u r e  is c a p a b i l i t y - b a s e d .  
Access descriptors or  capab i l i t i e s*  n a m e  
e n t r i e s  in a global  o b j e c t  d e s c r i p t o r  tab le .  

* The term access descriptor was chosen over capabili- 
ty due to its close correspondence to an Ada access.  
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E a c h  object descriptor in th is  t a b l e  d e s c r i b e s  
a s e g m e n t  of f r o m  1 b y t e  to  128K b y t e s  in 
l eng th .  An o b j e c t  cons i s t s  of two pa r t s ,  one 
con ta in ing  d a t a  and  the  o t h e r  con ta in ing  
a c c e s s  d e s c r i p t o r s .  E a c h  p a r t  m a y  be  up to  
64K b y t e s  in length .  The one o b j e c t  de sc r i p -  
t o r  for  a g iven  s e g m e n t  p rov i de s  the  phys i ca l  
b a s e  a d d r e s s  and  l e n g t h  of the  s e g m e n t ,  indi- 
c a t e s  w h e t h e r  the  s e g m e n t  con t a i n s  d a t a  or  
a c c e s s e s ,  i n d i c a t e s  w h a t  t y p e  of o b j e c t  i t  
r e p r e s e n t s ,  and  inc ludes  i n f o r m a t i o n  n e e d e d  
for  v i r tua l  m e m o r y  m a n a g e m e n t  and  pa ra l l e l  
g a r b a g e  col lec t ion .  E a c h  a c c e s s  d e s c r i p t o r  
( t h e r e  m a y  be  m a n y )  for  a g iven o b j e c t  con-  
t a i n s  r i g h t s  flags t h a t  c o n t r o l  t he  a c c e s s  
ava i lab le  via  t h a t  a c c e s s  d e s c r i p t o r .  
The s i m p l e s t  t y p e  of ob j ec t  is g e n e r i c  for  
which  no add i t iona l  s e m a n t i c s  exist .  O the r  
t y p e s  of o b j e c t s  a r e  r e c o g n i z e d  by  the  p r o c e s -  
so r  and  a re  u s e d  to  c o n t r o l  i ts  ope ra t ion .  
E x a m p l e s  of t h e s e  a r e  p r o c e s s o r ,  p r o c e s s ,  
s t o r a g e  r e s o u r c e ,  a n d  p o r t  ob jec t s .  These  
o b j e c t s  a r e  u s e d  by  the  432 p r o c e s s o r  as a 
ba s i s  for  p rov id ing  a n u m b e r  of h igh  level  
imp l i c i t  o p e r a t i o n s  and  i n s t r u c t i o n s .  Fo r  
e x a m p l e ,  r e a d y  p r o c e s s e s  a r e  d i s p a t c h e d  on 
p r o c e s s o r s  a u t o m a t i c a l l y  b y  the  h a r d w a r e  via 
a l g o r i t h m s  t h a t  involve p r o c e s s o r ,  p r o c e s s ,  
and  d i s p a t c h i n g  p o r t  ob jec t s ,  l n t e r p r o c e s s  
c o m m u n i c a t i o n  is p r o v i d e d  by  send and  
receive i n s t r u c t i o n s  t h a t  p a s s  any  a c c e s s  
d e s c r i p t o r  as  a m e s s a g e  via a c o m m u n i c a t i o n  
p o r t  ob jec t .  Likewise,  m e m o r y  a l loca t ion ,  
u s e r - d e f i n e d  t ypes ,  and  p r o c e s s o r  c o n t r o l  a r e  
a c c o m p l i s h e d  via i n s t r u c t i o n s  t h a t  involve 
o t h e r  s y s t e m  ob jec t s .  

Finally,  t h e  432 s u p p o r t s  smal l  p r o t e c t i o n  
d o m a i n s  wi th  d o m a i n  ob jec t s .  9,10,11 These  
c o r r e s p o n d  to  t he  p a c k a g e  c o n s t r u c t  in Ads, 
n a m e l y ,  t h e y  a re  a s t r u c t u r e  for  g roup i n g  and  
r e s t r i c t i n g  a c c e s s e s  to  t he  i m p l e m e n t a t i o n  of 
a m o d u l e .  The 432 s u b p r o g r a m  cal l  i n s t r u c -  
t ion  p e r f o r m s  the  d y n a m i c  t r a n s i t i o n  b e t w e e n  
doma ins ,  p rov id ing  t h e  p r o p e r  a d d r e s s i n g  
e n v i r o n m e n t  for  any  i nvoked  s u b p r o g r a m  via 
a c o n t e x t  ob jec t .  Much  has  b e e n  m a d e  of t he  
c o s t  of d p m a i n  swi tching  in a d o m a i n  s t r u c -  
t u r e d  a r c h i t e c t u r e .  Fo r  c o m p a r i s o n  wi th  
o t h e r  a r c h i t e c t u r e s ,  a d o m a i n  swi tch  on the  
432 t a k e s  a b o u t  65 m i c r o s e c o n d s  fo r  an  8 
m e g a h e r t z  p r o c e s s o r  wi th  no wai t  s t a t e  
m e m o r y .  This c o m p a r e s  r e a s o n a b l y  wi th  t he  
c o s t  of p r o c e d u r e  a c t i v a t i o n  on o t h e r  c o n t e m -  
p o r a r y  p r o c e s s o r s .  Full  de ta i l s  of t h e  432 
a r c h i t e c t u r e  can  be  found  in t h e  432 Archi-  
t e c t u r e  R e f e r e n c e  Manual.  12 

3. iMAX Design Philosophy 
For  Intel ,  t he  432 and  iMAX a re  p r o d u c t s  pri-  
m a r i l y  i n t e n d e d  to  be  u s e d  b y  or ig ina l  equip-  
m e n t  m a n u f a c t u r e r s  in t he  c o n s t r u c t i o n  of 
t h e i r  p r o d u c t s ,  r a t h e r  t h a n  b y  t h a n  end-  
u se r s .  This m e a n s  t h a t  s u p p o r t  for  m i n i m u m  
s y s t e m s ,  r a n g e  of app l i ca t ion ,  and  
con f igu rab i l i t y  a r e  t he  m o s t  i m p o r t a n t  iMAX 
goals .  This is in m a r k e d  c o n t r a s t  to  a t y p i ca l  
e n d - u s e r  s y s t e m  for  which  a p a r t i c u l a r  appl i -  
c a t i o n  is de f ined  ( s u c h  as g e n e r a l  p u r p o s e  
t i m e - s h a r i n g )  and  whose  fac i l i t ies  a r e  t a r g e t -  
t e d  to  t h a t  app l i ca t ion .  Fo r  s u c h  a s y s t e m  
fac i l i t i es  n e e d e d  to  i m p l e m e n t  t he  a p p l i c a t i o n  
would be  p a r a m o u n t ,  iMAX e m p h a s i z e s  
b r e a d t h  of s u p p o r t  ove r  dep th .  

iMAX is f u n d a m e n t a l l y  a m u l t i p r o c e s s o r  
o p e r a t i n g  s y s t e m ,  p rov id ing  a t i gh t ly  c o u p l ed  
e n v i r o n m e n t  in which  all p r o c e s s o r s  see  a sin- 
gle h o m o g e n e o u s  m e m o r y .  The 432 h a r d w a r e  
is d e s i g n e d  to  s u p p o r t  m u l t i p r o c e s s i n g  in t he  
s t a n d a r d  con f igu ra t ion ,  a n d  in f a c t  m a k e s  t he  
e x i s t e n c e  of m u l t i p l e  g e n e r a l  d a t a  p r o c e s s o r s  
t r a n s p a r e n t  to  v i r t ua l l y  all of t h e  s y s t e m  
sof tware .  With t he  b u s s i n g  s c h e m e s  de s ig n ed  
fo r  t h e  432, a f a c t o r  of 10 in t o t a l  p r o c e s s i n g  
power  of a s ingle 432 s y s t e m  is r ea l i zab le .  
Mult iple i n d e p e n d e n t  I / 0  s u b s y s t e m s  p rov ide  
a s i m i l a r  e x p a n s i o n  for  t h e  I / 0  b a n d w i d t h  of a 
s ingle  s y s t e m .  To s u p p o r t  m u l t i p r o c e s s i n g ,  
t h e r e f o r e ,  i t  is m e r e l y  n e c e s s a r y  t h a t  t he  
de s ign  of iN/iX n e v e r  a s s u m e  t h a t  only  a sin- 
gle p r o c e s s o r  is runn ing .  Tha t  is, all syn-  
c h r o n i z a t i o n  within  t he  s y s t e m  m u s t  be  expli-  
cit ,  n e v e r  a s s u m i n g  t h a t  p r o c e s s  p r i o r i t y  or  
o t h e r  s c h e d u l i n g  a r t i f a c t  is su f f i c ien t  to  
g u a r a n t e e  exclus ion .  S ince  th i s  is a des ign  
p r i n c i p l e  t h a t  shou ld  be  fol lowed in a mul -  
t i p r o g r a m m i n g  e n v i r o n m e n t  in a n y  case ,  we 
will no t  c o m m e n t  f u r t h e r  in th i s  p a p e r  on the  
m u l t i p r o c e s s i n g  a s p e c t s  of iMAX. 

Given t h e  432 a r c h i t e c t u r e ,  t h e  r e l a t i o n s h i p  
b e t w e e n  iMAX and  the  432 h a r d w a r e  is m o r e  
p r e o r d a i n e d  t h a n  t h a t  of m o s t  s y s t e m s  and  
t h e i r  h o s t  h a r d w a r e ,  iMAX is o b l i g a t e d  to  
c o m p l e t e  t he  m o d e l  of c o m p u t a t i o n  sup-  
p o r t e d  in t he  h a r d w a r e .  O p e r a t i o n s  a r e  p ro -  
v ided  in the  432 h a r d w a r e  for  one  of t h r e e  
r e a s o n s :  t h e y  a r e  t i m e  cr i t i ca l ,  t h u s  
b e n e f i t t i n g  f r o m  h a r d w a r e  i m p l e m e n t a t i o n ;  
t h e y  a r e  s e c u r i t y  sens i t ive ,  t h u s  r equ i r i ng  
h a r d w a r e  e n f o r c e m e n t ;  o r  t h e y  a r e  c o m p l e x  
in a way t h a t  b e n e f i t s  f r o m  spec i a l  h a r d w a r e  
s t r u c t u r e s  on chip.  iMAX is r e s p o n s i b l e  for  
c o o p e r a t i n g  wi th  t he  h a r d w a r e  to p ro v id e  
s u c h  r e m a i n i n g  o p e r a t i o n s  as  in i t i a l i za t ion  of 
c o m p l e x  ob jec t s ,  o b j e c t  m a i n t e n a n c e ,  and  
o b j e c t  d isposa l ,  iMAX also e x t e n d s  t he  s e m a n -  
t i c s  of t h e  h a r d w a r e  to  p r o v i d e  a m o r e  con-  
v e n i e n t  view of t h o s e  a b s t r a c t i o n s  t h a t  a r e  
bu i l t  in to  t he  h a r d w a r e .  

128 



Although some  of the  facil i t ies p rov ided  by 
iMAX are  ac tua l ly  rea l ized  as ha rdware  pr imi-  
tives, iMAX prov ides  a un i fo rm ex te rna l  view 
of the  432 s y s t e m  t h r o u g h  an i n t e r f ace  t h a t  is 
e x p r e s s e d  as a se t  of Ada specif icat ions .  I ts  
use rs  can  be unaware  of which ope ra t i ons  
have b e e n  i m p l e m e n t e d  in ha rdware  and 
which have b e e n  left  to  software.  

Ada has  b e e n  c h o s e n  as the  s y s t e m s  imple-  
m e n t a t i o n  l anguage  of the  432 b e c a u s e  its 
facil i t ies c o m p l e m e n t  the  432 a r c h i t e c t u r e  
well. P a c k a g e s  in Ada provide  a na tu ra l  
r e p r e s e n t a t i o n  of type  m a n a g e r s  and  map  
exac t ly  the  p r o t e c t e d  doma in  s t r u c t u r e  of 
the  a r c h i t e c t u r e .  The s p e c i f i c a t i o n / b o d y  dis- 
t inc t ion  ag rees  with our  des i re  to b lur  the  
h a r d w a r e / s o f t w a r e  b o u n d a r y  and with the  
na t u r a l  i m p l e m e n t a t i o n  hiding of the  domain  
s t r u c t u r e .  The only a rea  in which Ada falls 
sho r t  of our  n e e d s  is t h a t  its des ign focus  is a 

s ta t ic ,  e m b e d d e d  env i ronmen t .  Since the  432 
is i n t e n d e d  for  t h e s e  as well as o ther ,  m o r e  
d y n a m i c  appl ica t ions ,  a few ex tens ions  1~ have 
been  m a d e  to Ada to p e r m i t  r u n t i m e  type  
check ing  and d y n a m i c  p a c k a g e  c rea t ion .  

F r o m  an in te rna l  po in t  of view, iMAX exploits  
the  a r c h i t e c t u r e  to  provide  a m o r e  r o b u s t  
and  flexible s y s t e m  t h a n  migh t  o therwise  be 
possible.  The small  p r o t e c t i o n  domains  sup- 
p o r t e d  by the  l anguage  and  the  ha rdware  are  
used  to improve  reliabil i ty.  The un i fo rm 
a p p r o a c h  allows us to t ake  full a d v a n t a g e  of 
the  dual i ty  be tween  the  l anguage  not ions  of 
d a t a  a b s t r a c t i o n s  and  the  ope ra t ing  s y s t e m  
not ion  of domains .  

4. iMAX and  Ada 

The appl ica t ions  i n t e r f a c e  to iMAX is a se t  of 
Ada p a c k a g e  specif icat ions ,  e a c h  of which 
c o r r e s p o n d s  to a p a r t i c u l a r  service  provided  
by  the  sys t em.  This i n t e r f a c e  provides  a uni- 
fo rm Ada view of b o t h  the  under ly ing  
h a r d w a r e  and the  iMAX ex tens ions  to it. 
Heavy use is m a d e  of gene r i c  Ada p a c k a g e s  
and  in-line s u b p r o g r a m s  to provide an 
eff icient  bu t  fully Ada t y p e d  view of the  
hardware .  Unlike m a n y  s y s t e m s  for which 
calls to the ope ra t i ng  s y s t e m  are  ve ry  
d i f fe ren t  f rom calls to  o t h e r  s u b p r o g r a m s ,  
the  iMAX u s e r  sees  no  d i f fe rence  wha t soeve r  
b e t w e e n  calling an ope ra t ing  s y s t e m  subpro-  
g r a m  and  calling s o m e  use r -de f ined  subpro-  
g ram.  This is p a r t i c u l a r l y  a t t r a c t i v e  for a t  
l eas t  two d is t inc t  r easons .  Compi le rs  do no t  
n e e d  any  special  m e c h a n i s m  for  in te r fac ing  
to the  sys tem.  The s t a n d a r d  calling 
s e q u e n c e s  work for  b o t h  s y s t e m  and  use r  
def ined s u b p r o g r a m s .  P e r h a p s  m o r e  impor -  
tant ly ,  any  s y s t e m  in t e r f ace  can  be m i m i c k e d  
by a u s e r  package .  This m a k e s  it s t r a igh t fo r -  

ward for  a u s e r  to e x t e n d  the s y s t e m  in ter -  
face,  t r a p  c e r t a i n  s y s t e m  calls, or o therwise  
a l t e r  iMAX services .  

As an example  of how powerful  this  t e chn ique  
can  be, we will c o n s i d e r  the  example  of in te r -  
p r o c e s s  c o m m u n i c a t i o n  via the  432 p o r t  
m e c h a n i s m .  This m e c h a n i s m  is m o r e  flexible 
t h a n  the  Ada i n t e r t a s k  c o m m u n i c a t i o n  model .  
It  is used  by the  Ada c o m p i l e r  to i m p l e m e n t  
the  Ada mode l  bu t  is also available to the  use r  
who wishes the  m o r e  gene ra l  m e c h a n i s m  via a 
se t  of iMAX packages .  The h a r d w a r e  defines a 
c o m m u n i c a t i o n s  p o r t  ob jec t  which func t ions  
as a queueing  s t r u c t u r e  for  i n t e r p r o c e s s  com-  
mun ica t ions .  There  are  m a c h i n e  i n s t ruc t i ons  
available for  sending and receiving m e s s a g e s  
via these  objects .  Full de ta i l s  of this mode l  
are  p rov ided  in a c o m p a n i o n  paper .  14 

The s imples t  view of this  m e c h a n i s m  is via the  
iMAX p a c k a g e  spec i f ica t ion  Untyped__Ports, a 
f r a g m e n t  of which is shown in figure 1. The 
type  any_access is p r ede f ined  in the  s t a n d a r d  
e n v i r o n m e n t  for the  432 and  c o r r e s p o n d s  to 
an o therwise  u n t y p e d  a c c e s s  desc r ip to r .  Any 
Ada acces s  type  can  be c o n v e r t e d  to this  type  
bu t  u n c h e c k e d  conve r s ions  are  n e e d e d  to do 
any th ing  else with it. The type  port is an Ada 
a c c e s s  to a h a r d w a r e  p o r t  object .  Of the  
t h r e e  s u b p r o g r a m s  specif ied in figure 1, Send 
and  Receive will c o r r e s p o n d  to single ins t ruc -  
t ions, while Crea te  is sof tware  imp lemen ted .  
The Ada inline p r a g m a  provides  eff icient  
i m p l e m e n t a t i o n s  of the  first two. 

The Ada code  inse r t ion  facil i t ies are  used  in 
the  p a c k a g e  body  of U n t y p e d _ P o r t s  to imple-  
m e n t  Send  and  Receive as the  c o r r e s p o n d i n g  
single ins t ruc t ions .  This m e a n s  t h a t  the  com-  
pi ler  does  no t  need  any  e x t r a o r d i n a r y  
knowledge of the  432 high-level  i n s t ruc t i ons  
in o r d e r  to  p e r m i t  the  m o s t  eff icient  imple-  
men ta t i on .  The Crea te  p r o c e d u r e  is imple-  
m e n t e d  conven t iona l ly  to  provide  p r o p e r  con- 
s t r u c t i o n  of p o r t  objects .  The 432 p r o t e c t i o n  
s t r u c t u r e s  g u a r a n t e e  t h a t  only this  p a c k a g e  
has  the  n e c e s s a r y  a c c e s s  e n v i r o n m e n t  to 
c r e a t e  p o r t  objects .  To the  use r  of 
U n t y p e d _ P o r t s  none  of these  detai ls  are  
i m p o r t a n t  and  a un i fo rm view is p rovided  to 
bo th  the  sof tware  and  h a r d w a r e  p a r t s  of the  
p o r t  abs t r ac t ion .  

Since it is undes i r ab le  to fo rce  the  use r  to 
e scape  f rom the  Ada type  sys tem,  a n o t h e r  
view of p o r t s  is p rov ided  via the  gene r i c  pack-  
age Typed-Por t s ,  a f r a g m e n t  of whose 
spec i f ica t ion  is shown in figure 2. The use r  
m a y  c r e a t e  an i n s t ance  of this p a c k a g e  for  
any  a c c e s s  type,  thus  c rea t ing  a new Ada level 
t y p e  user__port t h a t  c an  be  type  c h e c k e d  a t  
compi le  t ime  to  ensu re  t h a t  only ob jec t s  of 
the  specif ied user_~ssage  t ype  c a n  be  sent.  
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p a c k a g e  U n t y p e d _ P o r t s  i s  

f u n c t i o n  C r e a t e _ p o r t (  
m e s s a g e _ c o u n t :  s h o r t _ _ o r d i n a l  r a n g e  1 . .  m a x _ m s g _ _ c n t ;  
p o r t _ _ d i s c i p l i n e :  q _ _ d i s c i p l i n e  :=  F I F 0 )  

r e t u r n  p o r t ;  
- -  C r e a t e  a p o r t  w i t h  t h e  g i v e n  s i z e  a n d  q u e u e i n g  
- -  d i s c i p l i n e .  

p r o c e d u r e  S e n d (  
p r t :  p o r t ;  - -  p o r t  t o  w h i c h  a m e s s a g e  i s  

- -  t o  b e  s e n t  
m s g :  a n y _ a c c e s s ) ;  - -  m e s s a g e  t h a t  i s  s e n t  

- -  The  c a l l i n g  p r o c e s s  w i l l  s e n d  t h e  m e s s a g e  t o  t h e  
- -  s p e c i f i e d  p o r t .  I f  t h e  m e s s a g e  q u e u e  o f  t h e  p o r t  
- -  i s  f u l l  t h e n  t h e  c a l l i n g  p r o c e s s  w i l l  b l o c k  u n t i l  
- -  a m e s s a g e  s l o t  b e c o m e s  a v a i l a b l e .  

p r o c e d u r e  R e c e i v e (  
p r t :  p o r t ;  - -  p o r t  f r o m  w h i c h  t o  r e c e i v e  

- -  m e s s a g e  
m s g :  o u t  a n y _ a c c e s s ) ;  - -  r e c e i v e d  m e s s a g e  

- -  The  c a l l i n g  p r o c e s s  w i l l  r e c e i v e  a m e s s a g e  f r o m  t h e  
- -  s p e c i f i e d  p o r t .  I f  no  m e s s a g e  i s  a v a i l a b l e  t h e  
- -  p r o c e s s  w i l l  b l o c k  u n t i l  a m e s s a g e  b e c o m e s  a v a i l a b l e .  
- -  The  r e c e i v e d  m e s s a g e  i s  r e t u r n e d  t o  t h e  c a l l e r .  

p r i v a t e  
p r a g m a  i n l i n e  ( S e n d ,  

e n d  U n t y p e d _ _ P o r t s ;  
R e c e i v e ) ;  

Figure  1: P a c k a g e  spec i f ica t ion  for h a r d w a r e  level por ts .  

The u s e r  of Typed__Ports t hus  ma in ta ins  the  
a d v a n t a g e  of s t rong  compi le  t ime typing.  The 
i m p l e m e n t a t i o n  of this  p a c k a g e  is in t e r m s  of 
Untyped__Ports and an  u n c h e c k e d _ c o n v e r s i o n  
f r o m  a n y _ a c c e s s  to the  u se r_m essage  type.  
The inline faci l i ty allows the  code  g e n e r a t e d  
for  any instance of this p a c k a g e  to be iden t i -  
ca/  to t h a t  g e n e r a t e d  for  the  u n t y p e d  p o r t  
package .  Thus the  use r  of t y p e d  po r t s  suffers  
no p e n a l t y  relat ive to even a h y p o t h e t i c a l  
a s s e m b l y  l anguage  p r o g r a m m e r .  
An i m p o r t a n t  obse rva t ion  is t h a t  this  
a p p r o a c h  is ve ry  genera l ,  need ing  no special  
compi l e r  suppor t .  I t  is possible to  t ake  the  
idea  of t y p e d  po r t s  one s tep  f u r t h e r  in the  
432 to provide  the  type  check ing  dynamica l ly  
a t  r u n t i m e .  The i m p l e m e n t a t i o n  would 
requ i re  a few m o r e  g e n e r a t e d  i n s t ruc t i ons  
mak ing  use  of user -def ined  t y p e s  bu t  would 
o therwise  be the  s a m e  as above. I t  should  be 
a p p a r e n t  in this  example  t h a t  the  c o n s i s t e n c y  
of the  a r c h i t e c t u r e ,  sys t em,  and language  
c o n t r i b u t e  g rea t ly  to  r e d u c i n g  the  se t  of 
th ings  a u s e r  need  l ea rn  a b o u t  p r o c e s s  com-  
mun ica t ion .  A s imi lar  ef fec t  is seen  
t h r o u g h o u t  the  432 sys tem.  

5. T h e  P r o c e s s - M e m o r y  Model  of  iH/~f  
A good example  of the  m a n n e r  in which iMAX 
provides  a s m o o t h  br idge  b e t w e e n  the  base  
a r c h i t e c t u r e  i m p l e m e n t e d  d i r ec t ly  in the  
ha rdware  and  the  se t  of user-vis ible  ope ra t i ng  
s y s t e m  facil i t ies c an  be  seen  in the  p r o c e s s  
and m e m o r y  mode l  p rov ided  by iMAX. The 
432 h a r d w a r e  p rov ides  the  essen t ia l  s u p p o r t  
for b o t h  p r o c e s s e s  and m e m o r y  m a n a g e m e n t .  
For  p r o c e s s  m a n a g e m e n t ,  the  h a r d w a r e  
defines a p r o c e s s  ob jec t  which con ta in s  the  
n e c e s s a r y  i n f o r m a t i o n  for  schedu l ing  
p roces ses ,  d i spa t ch ing  t h e m  on any  one of 
severa l  po ten t i a l ly  available p r o c e s s o r s ,  and 
sending  t h e m  b a c k  to  sof tware  when  var ious  
faul t  or  schedu l ing  cond i t ions  arise.  All 
h a r d w a r e  o p e r a t i o n s  involving a p r o c e s s  
ob jec t  o c c u r  implici t ly,  as the  r e su l t  of such  
even t s  as t ime-s l ice  end  and  success fu l  mes -  
sage c o m m u n i c a t i o n s .  For  m e m o r y  m a n a g e -  
men t ,  t he  h a r d w a r e  def ines  a s t o r age  
r e s o u r c e  ob jec t  (SRO) which  d e s c r i b e s  f ree  
a reas  of m e m o r y  and  p rov ides  the  in forma-  
t ion  n e c e s s a r y  to  a l loca te  b o t h  phys ica l  and 
logical add re s s  space .  Hardware  o p e r a t i o n s  
involving m e m o r y  m a n a g e m e n t  o c c u r  as a 
r e su l t  of i n s t ruc t i ons  s u c h  as create  object  
which expl ic i t ly  r e q u e s t  a m e m o r y  al locat ion.  
For  example ,  a s suming  t h a t  suff ic ient  f ree  
s t o r a g e  is available, i t  t a k e s  80 m i c r o s e c o n d s  
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w i t h  U n t y p e d _ P o r t s ;  
g e n e r i c  

t y p e  u s e r _ m e s s a g e  i s  p r i v a t e ;  
- -  Ada  " p r i v a t e "  i n d i c a t e s  t h a t  no  i n t e r n a l  
- -  d e t a i l s  o f  t h i s  t y p e  a r e  a v a i l b l e  w i t h i n  
- -  t h i s  g e n e r i c  p a c k a g e .  

p a c k a g e  T y p e d _ P o r t s  i s  
- -  T h i s  p a c k a g e  e n a b l e s  t h e  u s e r  t o  c r e a t e  p o r t s  a n d  do  
- -  s i m p l e  o p e r a t i o n s  on  t h o s e  p o r t s  i n v o l v i n g  o n l y  
- -  m e s s a g e s  o f  t y p e  " u s e r _ m e s s a g e "  

u s e  U n t y p e d _ _ P o r t s ;  

t y p e  u s e r - p o r t  i s  p r i v a t e ;  

f u n c t i o n  C r e a t e (  
m e s s a g e _ c o u n t :  s h o r t _ o r d i n a l  r a n g e  1 . .  m a x _ m s g _ _ c n t ;  
p o r t _ d i s c i p l i n e :  q _ d i s c i p l i n e  :=  F I F 0 ;  

r e t u r n  u s e r _ p o r t ;  
- -  A u s e r _ p o r t  w i t h  t h e  s p e c i f i e d  m e s s a g e _ c o u n t  a n d  t h e  
- -  s p e c i f i e d  m e s s a g e  q u e u e  d i s c i p l i n e  i s  c r e a t e d .  

p r o c e d u r e  S e n d (  
p r t :  u s e r _ p o r t ;  - -  p o r t  t o  w h i c h  t o  s e n d  m e s s a g e  
m s g :  u s e r _ m e s s a g e ) ;  - -  m e s s a g e  t h a t  i s  t o  be  s e n t  

p r o c e d u r e  R e c e i v e (  
p r t :  u s e r _ _ p o r t ;  -- p o r t  f r o m  w h i c h  to r e c e i v e  
m s g :  o u t  u s e r _ m e s s a g e ) ;  - -  r e c e i v e d  m e s s a g e  

p r i v a t e  
p r a g m a  i n l i n e  ( S e n d ,  R e c e i v e ) ;  
t y p e  u s e r _ p o r t  i s  new  p o r t ;  

e n d  T y p e d _ P o r t s ;  

F igure  2: Typed acces s  to the  

a t  8 m e g a h e r t z  to a l locate  a s e g m e n t  f rom an 
SRO via the  c r ea t i on  ins t ruc t ion .  It  i s ' impor -  
t a n t  t h a t  this func t ion  be  re la t ive ly  fast  since 
s t o r age  a l locat ion plays  an i m p o r t a n t  role in 
an ob jec t  o r i en ted  sys t em.  Actual ly a 
n u m b e r  of o the r  s y s t e m  ob jec t s  are  involved 
in providing p roces s  and  m e m o r y  services,  
bu t  t he se  two suffice for  th is  discussion.  

iMAX provides operations to create and main- 
tain both SRO's and process objects. It also 
extends the base architecture to further sup- 
port the semantics of languages such as Ada. 

To understand the latter role, consider the 
scoping and lifetime rules of objects in Ada. 
If a type is declared at the Ada library level 
then it exists forever. As a result, the life- 
time of any object of that type is potentially 
infinite. Such objects may cease to exist only 
when they become inaccessible to any agent 
in the system. Proper implementation of 
these semantics require either an infinite 
capacity storage system or garbage collec- 
tion. Types declared at deeper nesting levels 
than the library level come into existence 
anew whenever the scope of their declaration 
is entered and exist only as long as this 
scope. The lifetime of an object of such a 

h a r d w a r e  m e c h a n i s m .  

type  is c o n s t r a i n e d  to be no longer  t h a n  t h a t  
of its type.  This c o n s t r a i n t  is due  to  Ada 's  
cho ice  of n a m e  equiva lence  and is no t  appli- 
cab le  to l anguages  t h a t  s u p p o r t  s t r u c t u r a l  
equiva lence  of types .  An ob jec t  of such  a type  
m a y  neve r  b e c o m e  access ib le  above the  t r ee  
of d y n a m i c  e n v i r o n m e n t s  r o o t e d  in the  scope  
defining the  type.  A c o n s e q u e n c e  of these  
cond i t ions  is t h a t  any  ob jec t  of such  a type  
m a y  safely be d e s t r o y e d  wheneve r  the  scope  
of its t ype  is exited. Never the less ,  g a r b a g e  
co l lec t ion  m a y  be n e c e s s a r y  for  ob jec t s  of 
such  a t ype  if the  l i fe t ime of its s cope  is very  
long. 

The 432 ha rdware  and  iMAX t o g e t h e r  provide  
exac t ly  this  model .  Each  ob jec t  in the  432 
has a s soc i a t ed  with it a level n u m b e r  which 
ind ica te s  the  d y n a m i c  d e p t h  a t  which it is log- 
ical ly defined. E a c h  c o n t e x t  ob jec t  (i.e., 
ac t iva t ion  r eco rd )  within a p r o c e s s  has  a level 
one g r e a t e r  t h a n  t h a t  of its caller.  Each  SRO 
c r e a t e s  ob jec t s  with a fixed level n u m b e r .  
The h a r d w a r e  e n s u r e s  t h a t  an  a c c e s s  for an 
ob jec t  m a y  neve r  be s to red  into an  ob jec t  
with a lower (more  global) level n u m b e r .  The 
level n u m b e r s  m a y  be  viewed as an  indica t ion  
of re la t ive  l ifetime, where  ob jec t s  a t  level 0 
are  cal led global and exist  fo reve r  while 
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objec t s  with h igher  level n u m b e r s  are  cal led 
local and  have p rogress ive ly  sho~'Cer life- 
t imes.  These ru les  are  ac tua l ly  suff ic ient  to 
ensu re  t h a t  the  l i fet ime ru les  e x p r e s s e d  

above for Ada a re  m a i n t a i n e d  even  t h o u g h  the  
s a m e  level n u m b e r  m a y  a p p e a r  in the  execu-  
t ion  of i n d e p e n d e n t  p rocesses .  

iMAX uses  these  h a r d w a r e  facil i t ies to  p rovide  
a un i fo rm t r e e  s t r u c t u r e  e n c o m p a s s i n g  b o t h  
p r o c e s s e s  and s t o r a g e  r e s o u r c e  objects .  An 
SRO t h a t  c r e a t e s  ob jec t s  a t  level 0 is cal led a 
global heap and  is always available to a pro-  
cess.  A p r o c e s s  m a y  c r e a t e  an  SRO with a 
level n u m b e r  c o r r e s p o n d i n g  to  its c u r r e n t  
d e p t h  cal led a local heap and then  c r e a t e  
ob jec t s  f r o m  it. Since a c c e s s  to t he se  ob jec t s  
will no t  e s c a p e  the i r  p r o p e r  env i ronmen t ,  
ob jec t s  m a y  be  d e s t r o y e d  wheneve r  t he i r  
a n c e s t r a l  SRO is des t royed ,  wi thou t  leaving 
dangl ing r e f e r ences .  This SRO will be des-  
t r o y e d  a u t o m a t i c a l l y  when the  p r o c e s s  
r e t u r n s  above  the  call d e p t h  to which it 
co r r e s ponds .  A m o r e  de ta i led  exp lana t ion  of 
this  m o d e l  can  be found in [ 15 ]. 

P r o c e s s e s  t h e m s e l v e s  a re  e a c h  c r e a t e d  f r o m  
an SRO and  have the i r  l i fe t imes  c o n s t r a i n e d  
just  as  d e s c r i b e d  for  all objects .  This 
c o r r e s p o n d s  exac t l y  to the  Ada t a sk  model .  
Likewise, the  432 mode l  of i n t e r p r o c e s s  com-  
m u n i c a t i o n  c o r r e s p o n d s  to the  l i fe t ime con-  
s t r a in t s  on p roces se s ,  por t s ,  and  messages .  A 
g roup  of t a sks  c o m m u n i c a t e  with e a c h  o t h e r  
via p o r t s  defined in a scope  c o m m o n  to  all 
t a sks  in the  group.  Objects  pa s sed  t h r o u g h  
these  p o r t s  are  of a t ype  whose  scope  is no 
less global t h a n  the  scope  of the  por t .  The 
po r t s  and m e s s a g e s  will exist  at  l eas t  as long 
as the  p r o c e s s e s  which are  depend ing  on 
t h e m  for  c o m m u n i c a t i o n .  

Once again  t he  c o h e r e n c e  of the  a r c h i t e c t u r e  
mode l  with t h o s e  of the  ope ra t i ng  s y s t e m  and 
the  l anguage  should  be  noted ,  iMAX uses  the  
pr imit ive 432 ob jec t s  to  build a s t r u c t u r e  
which c o r r e s p o n d s  d i r ec t l y  to  a mode l  of a 
typed,  s t a t i ca l ly  s coped  l anguage  with 
pointers .  At the  s a m e  t ime, a u s e r  is f ree  to 
use global SRO's exclusively,  or  o t h e r  combi -  
na t ions  of local  SRO's, to  build mode l s  with 
dii~ering l i fe t ime p rope r t i e s .  All ob jec t s  are  
sub jec t  to g a r b a g e  col lect ion;  those  a l loca ted  
f rom local  SRO's will be co l l ec t ed  m o r e  
efficiently w h e n e v e r  the i r  a n c e s t r a l  SRO is 
des t royed .  

6. System Configurability 
As ind i ca t ed  above, conf igurabi l i ty  is an 
i m p o r t a n t  des ign  goal for  a s y s t e m  like iMAX. 
For  the  m a i n  func t ion  of the  sys t em,  iMAX 
uses  two c o m p l e m e n t a r y  a p p r o a c h e s :  selec-  
t ion  of n e e d e d  p a c k a g e s  and  a l t e r n a t e  imple-  

m e n t a t i o n s  of s t a n d a r d  specif icat ions.  Once 
again, b o t h  the  432 h a r d w a r e  and Ada aid in 
achieving the  goal. The doma in  s t r u c t u r e  also 
provides  a conven ien t  m e c h a n i s m  for sup-  
por t ing  var ious  levels of device independe-a t  
I/O. 

8.1. Process Management Via Selection of 
Packages 
As an example  of the  first  app roach ,  c o n s i d e r  
the  case  of p r o c e s s  m a n a g e m e n t .  The bas ic  
p roce s s  m a n a g e r  of iMAX c o m p l e t e s  the  
mode l  of p r o c e s s e s  e m b e d d e d  in t he  
ha rdware  by  providing the  func t ions  briefly 
desc r ibed  above. I t  does no t  h r b i t r a t e  
confl ict ing r e q u e s t s  on the  p r o c e s s o r  
r e source ,  however .  It  m a k e s  d i r ec t ly  avail- 
able to  the  u s e r  the  d i spa tch ing  p a r a m e t e r s  
of the  h a r d w a r e  and  use r s  are  f ree to  over-  
c o m m i t  or  o therwise  misuse  these  p a r a m e -  
ters .  The bas ic  p r o c e s s  m a n a g e r ' s  con t ro l  
pr imi t ives  were  c h o s e n  so t h a t  p r o c e s s  
s chedu le r s  c a n  m a n a g e  the  phys ica l  p r o c e s s -  
ing r e s o u r c e s  of the  s y s t e m  without  being 
aware of the  logical  s t r u c t u r e  of p roce s s  t r e e s  
desc r ibed  in the  p rev ious  sect ion.  For  exam-  
ple, it s u p p o r t s  n e s t e d  s topping  and s t a r t ing  
of p rocesses .  E a c h  p r o c e s s  has  a coun t  of the  
n u m b e r  of s tops  or  s t a r t s  ou t s t and ing  aga ins t  
it which d e t e r m i n e s  if it is c u r r e n t l y  runn -  
able. 

Since s t a r t s  and  s tops  apply  to en t i re  t rees ,  a 
use r  wishing to con t ro l  a c o m p u t a t i o n  n e e d  
no t  be aware of the  in t e rna l  s t r u c t u r e  of t h a t  
process ,  i.e., w h e t h e r  it is i m p l e m e n t e d  in 
t e r m s  of o t h e r  p rocesses .  These coun t s  are  
ma in t a ined  by  the  bas ic  p r o c e s s  m a n a g e r .  
Control  r eques t s  can  be  pas sed  t h r o u g h  a 
p r o c e s s  s c h e d u l e r  b a s e d  on the  basic p r o c e s s  
m a n a g e r  wi thout  being t r a c k e d ,  even t h o u g h  
t h e y  will u l t ima te ly  have an  ef fec t  on the  se t  
of p r o c e s s e s  r e a d y  to  c o n s u m e  s y s t e m  
resources .  Whenever  an  individual p r o c e s s  
would en t e r  or leave the  d i spa tch ing  mix as 
the  resu l t  of s t a r t  or s top  reques ts ,  it will be 
sen t  to its p r o c e s s  schedule r .  The s c h e d u l e r  
can  then  m a k e  r e s o u r c e  dec i s ions  by  r e g a r d -  
ing it as an  individual p r o c e s s  wi thou t  con-  
c e r n  for the  logical s t r u c t u r e  of a c o m p u t a -  
t ion of which it is a par t .  Of cour se  this  s t r uc -  
tu re  m a y  be examined  by the  s c h e d u l e r  if 
desired.  
Using this  basic  p r o c e s s  m a n a g e r ,  m a n y  
r e s o u r c e  con t ro l  policies are  possible.  For  
example ,  the  null pol icy s imply  p a s s e s  
t h r o u g h  the  d i spa tch ing  p a r a m e t e r s  of the  
ha rdware  and p e r m i t s  its u s e r s  to c o m m i t  
t h e m  in any way t h e y  wish. This is c o m p l e t e l y  
a c c e p t a b l e  for s imple e m b e d d e d  s y s t e m s  in 
which the  s y s t e m  load can  be  p r e e v a l u a t e d .  
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On the  o the r  hand, it is c lear ly  u n a c c e p t a b l e  
in a mul t i -use r  e n v i r o n m e n t  where  the pro-  
cess ing  r e s o u r c e  m u s t  be  a l loca ted  fairly. 
For  this  and o the r  m o r e  c o m p l e x  appl ica t ions  
a u se r -p roce s s  m a n a g e r  m a y  build m u c h  
m o r e  complex  policies on the  basic p roce s s  
m a n a g e r  to provide a safer  or  m o r e  ta i lored 
app l i ca t ion  in terface .  The p r o t e c t i o n  s t ruc-  
t u r e s  g u a r a n t e e  t h a t  only this  second  
m a n a g e r  would then  have a c c e s s  to the  basic 
p r o c e s s  m a n a g e m e n t  facility. The s y s t e m  is 
conf igured  by se lect ing those  p a c k a g e s  t h a t  
p rov ide  the facilities n e e d e d  in a p a r t i c u l a r  
appl ica t ion:  jus t  the  basic  p r o c e s s  manager ,  
it plus some simple schedule r ,  or  an arbi- 
t r a r i ly  complex  r e s o u r c e  cont ro l le r .  

6.2. Memory Management  Via Alternate 
Implementa t ions  
As an example  of the  second  a p p r o a c h  to 
eonfigurabi l i ty ,  cons ide r  the  case  of m e m o r y  
m a n a g e m e n t .  Virtually all p r o c e s s e s  m a k e  
use of m e m o r y  m a n a g e m e n t  facil i t ies via a 
s t a n d a r d  in t e r f ace  t h a t  pe rm i t s  a l locat ion of 
new objects .  Few p r o c e s s e s  depend  upon 
w h e t h e r  the  under ly ing  . i m p l e m e n t a t i o n  
inc ludes  swapping or  not. A single Ada 
spec i f ica t ion  defines the  c o m m o n  in ter face .  
This i n t e r f ace  defines m e c h a n i s m s  
c o r r e s p o n d i n g  to the s t ack  al location,  global 
heap  al location,  and local heap  a l locat ion 
d e s c r i b e d  earl ier .  Both a swapping and a 
non-swapping  i m p l e m e n t a t i o n  m e e t  this 
spec i f ica t ion  bu t  are  op t imized  in te rna l ly  to 
the  level of func t ion  they  provide.  Each m a y  
provide  an  addi t ional  m a n a g e m e n t  i n t e r f ace  
t h a t  c an  be used by r e s o u r c e  m a n a g e r s  or  
o t h e r s  t h a t  need in fo rma t ion  specific to the  
i m p l e m e n t a t i o n .  The s y s t e m  is conf igured  by 
se lec t ing  one of the a l t e r n a t e  i m p l e m e n t a -  
t ions;  m o s t  appl ica t ions  will no t  be a f fec ted  
by  this  select ion.  We have i m p l e m e n t e d  the  
non-swapping  vers ion for  the  first r e lease  of 
the  sys t em,  and are  c u r r e n t l y  building a 
swapping  vers ion  for the  second  re lease .  

6.3. I /O Device Independence 
iMAX is i m p l e m e n t e d  en t i r e ly  in a s u p e r s e t  of 
Ada. The ex tens ions  are  defined to  p e r m i t  full 
use of the  m o r e  dynamic  e n v i r o n m e n t  
a f fo rded  by the  432 as c o m p a r e d  to the  very  
s t a t i c  one a s s u m e d  by pure  Ada. The ma jo r  
e x t e n s i o n  is the  raising of p a c k a g e s  to the 
s t a t u s  of types.  This allows mul t ip le  
i n s t a n c e s  of a modu le  to be dynamica l ly  
c r e a t e d  and  mult iple  i m p l e m e n t a t i o n s  of a 
single p a c k a g e  speci f ica t ion  to coexis t  within 
a single sys tem.  

The c l e a r e s t  example  of the  use of this  facil i ty 
o c c u r s  in 1/0. A single speci f ica t ion  is defined 
for  device  i n d e p e n d e n t  inpu t  and a n o t h e r  for 

device  i n d e p e n d e n t  output .  Each  i n s t a n c e  of 
an  I / 0  device m a y  have a d i s t inc t  imp lemen-  
ta t ion .  The u s e r  i n t e r a c t s  with e a c h  device  
iden t ica l ly  bu t  the  code  is specific to the dev- 
ice. This is rea l ly  a d i f ferent  a p p r o a c h  f rom 
conven t iona l  device  i n d e p e n d e n t  I / 0  because  
it avoids any  cen t r a l i zed  I / 0  con t ro l  or  
in t e r face .  Any u s e r  c an  c r e a t e  a new device 
i m p l e m e n t a t i o n  which will behave  ident ica l ly  
to exist ing ones  wi thout  in any  way al ter ing 
s y s t e m  code,  say  to u p d a t e  a m a s t e r  I /O dev- 
ice list  or to add  a new e l e m e n t  to a c a s e  con- 
s t r u c t  in the  s y s t e m  I / 0  cont ro l le r .  We actu-  
ally go one s tep  f u r t h e r  with this  a p p r o a c h  by 
requ i r ing  only tha t  a device  i m p l e m e n t a t i o n  
p rov ide  the  c o m m o n  device i n d e p e n d e n t  
i n t e r f a c e  as a subset .  Thus device d e p e n d e n t  
I /O fits s m o o t h l y  into the  scheme .  Any device 
i n t e r f a c e  will cons i s t  of a d o m a i n  in which the  
f i rs t  se t  of ope ra t i ons  are  the  device indepen-  
d e n t  ones  and any addi t ional  ope ra t ions  are  
m o r e  device  specific. In fact ,  c lasses  of dev- 
ices  m a y  sha re  a spec i f ica t ion  which includes  
m o r e  t h a n  the  m i n i m u m  set  of device 
i n d e p e n d e n t  opera t ions ,  thus  providing class  
d e p e n d e n t  bu t  device i n d e p e n d e n t  in te r faces .  

T. The  I n t e r n a l  View of i ~  

7.1. Ha rdware  Type Enforcement  
One in t e r e s t i ng  a s p e c t  of the  i m p l e m e n t a t i o n  
is the  h a r d w a r e  e n f o r c e m e n t  of p r o t e c t i o n  
b o t h  at  the  ope ra t ing  s y s t e m  in t e r f ace  and 
within the  ope ra t ing  s y s t e m  itself. This a t t r i -  
b u t e  of any  h a r d w a r e - i m p l e m e n t e d  
capab i l i t y -based  s y s t e m  has  several  
r ami f i ca t ions  within iMAX. First,  a m o d u l e ' s  
a c c e s s  is rou t ine ly  l imi ted  to the  objec ts  
which it manages .  Thus, for example ,  the  pro-  
cess  m a n a g e m e n t  modu le  has  no acces s  to 
m e m o r y  m a n a g e m e n t  s t r u c t u r e s .  Second,  
the  ob j ec t  o r i en t a t ion  of the  s y s t e m  implies 
t h a t  a t  any  given t ime,  a p a c k a g e  will gen- 
e ra l ly  have a c c e s s  to  only a single i n s t ance  of 
the  type  t h a t  it manages .  For  example ,  t he re  
is no cen t r a l  table  of all p r o c e s s e s  in the  sys- 
tem.  Rather ,  the  m a n a g e r  acqu i re s  an  acces s  
for  a given p r o c e s s  object ,  e i t he r  f rom the  
h a r d w a r e  d i spa tch ing  m e c h a n i s m  or f rom a 
user ,  wheneve r  i t  is a sked  to p e r f o r m  an 
o p e r a t i o n  upon  it. Damage  due to a mach ine  
e r r o r  or  l a t en t  p r o g r a m  bug is l imi ted  to the 
p a r t i c u l a r  ob jec t  with which the  modu le  is 
deal ing a t  a given m o m e n t .  

This s e c o n d  p r o p e r t y  has  an i n t e r e s t i ng  side 
effect.  Global s y s t e m  inquir ies  which are  
easi ly a n s w e r e d  in m o s t  s y s t e m s  by  consul t -  
ing some  c e n t r a l  t ab le  b e c o m e  difficult to 
answer  in this  s tyle  of sys t em.  For  example ,  
the  p r o c e s s  m a n a g e r  does  no t  know what  all 
the  p r o c e s s e s  in the  s y s t e m  are.  lVhile it 
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would be poss ib le  to l ink t o g e t h e r  all 
p r o c e s s e s ,  th i s  would be  p r o b l e m a t i c  for  ga r -  
bage  co l l ec t i on  s ince  all p r o c e s s e s  would t h e n  
a lways be  acces s ib l e .  I t  is an  i n t e r e s t i n g  phi-  
losophica l  q u e s t i o n  w h e t h e r  s u c h  inqui r ies  
should  be  p e r m i t t e d ;  i t  is a c o n v e n i e n t  t e n e t  
of t he  c a p a b i l i t y  a p p r o a c h  to  p r o t e c t i o n  t h a t  
t h e y  shou ld  not .  

7.2. H a r d w a r e  Type  E n f o r c e m e n t  
A n o t h e r  i n t e r e s t i n g  a s p e c t  of the  i m p l e m e n -  
t a t i o n  is t h a t  the  h a r d w a r e  t y p e  e n f o r c e m e n t  
d i c t a t e s  t h a t  e v e n  o b j e c t s  t h a t  o r ig ina t e  in 
a p p l i c a t i o n s  c o d e d  in a l a n g u a g e  o t h e r  t h a n  
Ada a re  ful ly p r o t e c t e d  f r o m  misuse .  Ju s t  as 
i m p o r t a n t  for  Ada p r o g r a m s  is t h a t  o b j e c t s  
a re  fully p r o t e c t e d  e v e n  w h e n  t h e y  p a s s  
t h r o u g h  c h a n n e l s  which  m i g h t  c ause  t h e m  to  
lose t h e i r  c o m p i l e - t i m e  t y p e  iden t i ty .  An 
e x a m p l e  of s u c h  a c h a n n e l  is a n y  s t o r a g e  sys-  
t e m .  By the  def in i t ion  of Ada, if a s t o r a g e  sys-  
t e m  ex i s t s  b e f o r e  t h e  c o m p i l a t i o n  of a p a c k -  
age,  t h e n  i t  c a n n o t  know of and  t h e r e f o r e  
c a n n o t  p r e s e r v e  t h e  t y p e  of s o m e  o b j e c t  t h a t  
i t  is a s k e d  to  s t o r e .  In  gene ra l ,  u n c h e c k e d  
c o n v e r s i o n s  n e e d  to  be  u s e d  to  s t o r e  and  
l a t e r  r e t r i e v e  ob jec t s ,  t h u s  c o m p r o m i s i n g  
t y p e  s e c u r i t y .  No m a t t e r  w h a t  p a t h  a s y s t e m  
o b j e c t  follows wi th in  t he  432, i ts  h a r d w a r e -  
r e c o g n i z e d  t y p e  i d e n t i t y  is g u a r a n t e e d  to  be  
p r e s e r v e d  and  c h e c k e d ,  e i t h e r  b y  the  
h a r d w a r e  or  by  o b j e c t  filing. 16 Moreover ,  v ia  
the  u s e r  t y p e  def in i t ion  faci l i t ies  of t he  432 
s u c h  a g u a r a n t e e  is ava i lab le  to a n y  u s e r  
de f ined  o b j e c t  t y p e  as well as to  t h o s e  o b j e c t  
t y p e s  r e c o g n i z e d  b y  the  h a r d w a r e .  

7.3. Levels and Abstractions in iMAX 

The strong adherence to notions of data 
abstraction in the design of iMAX provide a 
very clear example of the difference between 
levels and abstractions discussed by Haber- 
mann et al. 17 Internally, the system is con- 
structed as a set of Ada packages each of 
which provides a well defined abstraction. 
Even within the system the inter-package 
interfaces are rigidly enforced. 0nly the 
well-defined operations defined in the pack- 
age specifications are available to the other 
parts of the system. 

It is quite reasonable that a set of abstrac- 
tions be mutually dependent at the module 
level. For example, there are interdependen- 
cies between parts of memory and process 
management. On the other hand, it is impor- 
tant that the design of the system not include 
any circular dependencies among functions 
that might cause deadlocks to occur. Addi- 
tionally, the clean virtual environment pro- 
vided at the user interface level of the system 

m u s t  be  bui l t  up in s t ages .  For  e x a m p l e ,  
p r o c e s s e s  a t  t he  u s e r  level  should  be  u n a w a r e  
of the  poss ib i l i ty  t h a t  a s e g m e n t  m i g h t  be  
be ing  m o v e d  and  t h e r e f o r e  be  i n a c c e s s i b l e  for  
s o m e  p e r i o d  of t ime .  P r o c e s s e s  d e e p  wi th in  
the  s y s t e m ,  on the  o t h e r  hand ,  m a y  d e p e n d  
on the  f ac t  t h a t  s u c h  a s i t u a t i o n  will n o t  ar i se .  
To solve t h e s e  p r o b l e m s ,  t he  i m p l e m e n t a t i o n  
of iMAX def ines  a s e t  of levels  which  d i c t a t e  
wha t  o p e r a t i o n s  a re  p e r m i t t e d  to  p r o c e s s e s  
a t  t h a t  level.  P r o c e s s e s  be low level  3 of t h e  
s y s t e m ,  for  e x a m p l e ,  a r e  in g e n e r a l  no t  p e r -  
m i t t e d  to  faul t .  P r o c e s s e s  a t  level  2 a r e  a c t u -  
ally p e r m i t t e d  a l i m i t e d  s e t  of t i m e o u t  f au l t s  
while t hose  a t  level  1 a r e  no t  p e r m i t t e d  e v e n  
these .  To avoid  d e p e n d e n c y  coupl ings ,  all 
c o m m u n i c a t i o n s  b e t w e e n  levels  2 and  3 of t h e  
s y s t e m  m u s t  be  a s y n c h r o n o u s  a n d  u p w a r d  
c o m m u n i c a t i o n  m u s t  n e v e r  d e p e n d  u p o n  a 
reply .  The i m p l e m e n t a t i o n  of a g iven  a b s t r a c -  
t ion  m a y  s p a n  s e v e r a l  levels.  These  des ign  
gu ide l ines  s p a n  all a b s t r a c t i o n s  and  t h u s  
r e p r e s e n t  an  o r t h o g o n a l  way of viewing t h e  
i n t e r n a l  s t r u c t u r e  of t h e  s y s t e m .  F r o m  one  
view e a c h  f u n c t i o n  is a p a r t  of t he  a b s t r a c t i o n  
to  which i t  r e l a t e s  r e g a r d l e s s  of t he  con-  
s t r a i n t s  u n d e r  which  it  o p e r a t e s .  F r o m  t h e  
o t h e r  view, e a c h  f u n c t i o n  o p e r a t e s  a t  t h e  
level  in t h e  s y s t e m  d e t e r m i n e d  by  t hose  con-  
s t r a i n t s .  

8. Issues in the Design of an Object-Oriented 
b-'ystem 

In this section two issues are discussed that 
arise in the design of a system such as iMAX: 
garbage collection and object finalization. 
These will in fact be issues for any system 
that ruthlessly follows the approach to design 
implied by Ada, A third issue, object filing, is 
discussed at length in a companion paper. Is 

8. I. Garbage Col lect ion 
The f i rs t  i ssue  is g a r b a g e  col lec t ion .  The gen-  
e ra l  p rov i s ion  of g loba l  h e a p  a l loca t ion  in 
m o s t  m o d e r n  l a n g u a g e s  d e m o n s t r a t e s  t h e  
de s i r ab i l i t y  of r e m o v i n g  q u e s t i o n s  of m e m o r y  
a l loca t ion  f r o m  the  p r o g r a m m e r ' s  c o n c e r n .  
U n f o r t u n a t e l y ,  exp l i c i t  d e l e t i on  of h e a p  
o b j e c t s  is p r o n e  to  dangl ing  r e f e r e n c e  p r o b -  
lems .  F u r t h e r m o r e ,  when  an  o b j e c t  is p a r t  of 
a c o m p l e x  d a t a  b a s e  of i n f o r m a t i o n ,  i t  is o f t en  
diff icult  o r  i m p o s s i b l e  to  know when  t h e  
o b j e c t  should  be  de l e t ed .  The 432 a p p r o a c h  
to  th i s  i ssue  is to  r e m o v e  ques t i ons  of 
m e m o r y  d e a l l o c a t i o n  as  well as q u e s t i o n s  of 
m e m o r y  a l l oca t i on  f r o m  the  p r o g r a m m e r ' s  
c o n c e r n .  We n o t e d  a b o v e  t h a t  o b j e c t s  whose  
t y p e s  a r e  de f ined  a t  t h e  l i b r a r y  level  m a y  only  
be  r e c l a i m e d  via g a r b a g e  col lec t ion ,  iMAX 
p r o v i d e s  a s y s t e m - w i d e  pa ra l l e l  g a r b a g e  col- 
l e c t o r  b a s e d  u p o n  the  a l g o r i t h m  of Di jks t r a  e t  
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al. 18 To s u p p o r t  this, the  433 ha rdware  
i m p l e m e n t s  the  gray  bit  of t h a t  a lgor i thm,  
se t t ing  it wheneve r  acce s s  d e s c r i p t o r s  are  
moved.  When t h e r e  is a n a t u r a l  express ion  
within the  p r o g r a m m i n g  language  of a con- 
s t r a in t  upon  the  l i fe t ime of an  object ,  iMAX 
can  t a k e  advan t age  of this to opt imize  deallo- 
ca t ion  via the  local heap  m e m e r y  a l loca t ion  
s t r a t e g y  m e n t i o n e d  above. 

The iMAX g a r b a g e  co l l ec to r  is i m p l e m e n t e d  as 
a d a e m o n  p r oce s s  t h a t  global ly s cans  the  sys- 
tem.  It r equ i re s  only minimal  synchron iza -  
t ion  with the  r e s t  of the  ope ra t i ng  sys tem.  
The local  heap  and level m e c h a n i s m s  
effect ively  pa r t i t i on  the  s y s t e m  into nes t ed  
se t s  of ob jec t s  b a s e d  on l ifet ime. Since 
ob jec t  r e f e r e n c e s  c an  neve r  e scape  f rom the  
level of the n e s t  at  which t h e y  were c r ea t ed ,  a 
local  g a r b a g e  co l lec t ion  s t r a t e g y  could be 
added  to our  global  one. It would be possible 
to p e r f o r m  g a r b a g e  col lec t ion  on a local 
basis, e i t he r  a s y n c h r o n o u s l y  or synchro-  
nously,  b u t  we have no t  c h o s e n  to do this 
unti l  we have da t a  t h a t  sugges t s  t h a t  it would 
be worthwhile.  

It is p e r h a p s  wor th  not ing  t h a t  the  Ada l i tera-  
t u r e  is cur ious ly  ambiva l en t  a b o u t  facing up 
to the  issue of g a r b a g e  col lect ion.  This has  
been  no t ed  in a d i f ferent  c o n t e x t  when Ada 
was eva lua ted  as a l anguage  for  the  imple-  
m e n t a t i o n  of AI appl ica t ions .  19 Avoidance of 
the  p r o b l e m  will l ikely lead to e i the r  con- 
t o r t e d  p r o g r a m m i n g  s ty les  or  to the cont in-  
ued  p r e s e n c e  of dangl ing p o i n t e r  p r o b l e m s  in 
complex  sys tems .  

8.2. Object F ina l i za t ion  
Anothe r  in t e res t ing  issue in the  des ign  of an 
ob j ec t - o r i en t ed  s y s t e m  is ob jec t  f inalization 
and  lost  objects .  While m o s t  l anguages  pro-  
vide some  f o r m  of ini t ial izat ion for s t ruc -  
tures ,  t h e y  do no t  add re s s  f inalization of 
those  same  objects .  So long as the  ob jec t s  in 
ques t ion  do no t  have any  dual  in the real  
world, this  m a y  be an  a c c e p t a b l e  position. 
When an ob jec t  r e p r e s e n t s  a phys ica l  
r e s o u r c e  of some  sort ,  however,  it b e c o m e s  
v e r y  i m p o r t a n t  t h a t  i ts t ype  m a n a g e r  be able 
to desc r ibe  how t h a t  ob jec t  is d e s t r o y e d  as 
well as how it is c r ea t ed .  Consider  for  exam-  
ple an i m p l e m e n t a t i o n  of a t ape  drive in 
which e a c h  drive is r e p r e s e n t e d  by an ob jec t  
of type  tape_drive.  In Ada terrns,  this  x~-ould 
be a p r iva te  type.  A u s e r  r e q u e s t s  f rom the  
m a n a g i n g  p a c k a g e  a t ape_dr ive  ins tance ,  
calls ope ra t ions  in t h a t  p a c k a g e  to use it and 
even tua l ly  to close o r  r e t u r n  it. If, however,  
the  u s e r  loses a c c e s s  to the  ob jec t  t h r o u g h  
a c c i d e n t  or in ten t ,  it will be g a r b a g e  co l l ec ted  
and the  s y s t e m  will be sho r t  one t ape  drive. 
This is what  we m e a n  by  a lost  object .  

While na r row solut ions  m a y  be available for  
individual  cases,  t h e y  of ten  will p e r v e r t  a 
na tu r a l  i m p l e m e n t a t i o n  des ign  in undes i r ab le  
ways. A gene ra l  so lut ion would p e r m i t  a type  
m a n a g e r  to g u a r a n t e e  t h a t  an ob jec t  is p rop-  
er ly  d i s a s semb led  when it b e c o m e s  garbage .  
iMAX prov ides  the  no t ion  of a d e s t r u c t i o n  
fil ter for exac t ly  this  pu rpose .  Since all 
ob jec t s  m a y  be  typed ,  the  g a r b a g e  co l l ec to r  
can  r ecogn ize  when an  ob jec t  of a p a r t i c u l a r  
type  has  been  found.  A type  m a n a g e r  can  
spec i fy  to the  s y s t e m  via a type  defini t ion 
ob jec t  t h a t  it wishes to have an o p p o r t u n i t y  
to see any  of its ob j ec t s  as t h e y  b e c o m e  gar-  
bage.  The g a r b a g e  co l l ec to r  will m a n u f a c t u r e  
an  a c c e s s  d e s c r i p t o r  for  s u c h  ob jec t s  and 
send  t h e m  to a p o r t  def ined by  the  type  
m a n a g e r .  The first r e l ease  of iMAX uses  this  
faci l i ty  only to r e c o v e r  lost  p r o c e s s  objects .  
The nex t  re lease  will m a k e  the  faci l i ty gen-  
eral ly available in the  c o n t e x t  of ob jec t  filing. 

9. P r o j e c t  S t a t u s  

The first  r e l ease  of iMAX is now unde rgo ing  
field t e s t  and will be sh ipped  for  gene ra l  cus-  
t o m e r  use in ear ly  1982. P o r t i o n s  of this ver-  
sion have been  runn ing  in our  l a b o r a t o r y  
s ince late spr ing  of this  year .  Since a fairly 
r igorous  m e t h o d o l o g y  of des ign  and code  
review was followed in its implementa t ion~ 
m o s t  of the  p r o b l e m s  t h a t  we e n c o u n t e r e d  
dur ing  debugg ing  have b e e n  the  r e su l t  of 
compi l e r  or  h a r d w a r e  p rob lems .  As with m o s t  
new c o m p u t e r  d e v e l o p m e n t  efforts,  the  
ope ra t ing  s y s t e m  has  b e e n  the  first m a j o r  
t e s t  for all o t h e r  s y s t e m  c o m p o n e n t s .  The 
first  r e l ease  of the  s y s t e m  is non-swapping 
and c o n c e n t r a t e s  on providing a d e v e l o p m e n t  
and  debugg ing  base  for c u s t o m e r  
appl icat ions .  Most of the  de ta i l ed  des ign of 
the s econd  m a j o r  r e l ease  of the  s y s t e m  is 
c o m p l e t e  and  i m p l e m e n t a t i o n  is now unde r -  
way. This re lease  inc ludes  swapping s u p p o r t  
and ob jec t  filing. 

10. C o n c l u s i o n s  
A p a r a m o u n t  c o n c e r n  in the  des ign  of the  432 
s y s t e m  has  b e e n  the  c o n c e p t u a l  un i fo rmi ty  of 
the  a r c h i t e c t u r e ,  ope ra t i ng  sys tem,  and 
language .  In addi t ion  to the  a e s t h e t i c s  of this 
un i formi ty ,  it has  a n u m b e r  of p r ac t i c a l  
benefi ts .  These include a m o r e  flexible and 
sa fe r  p r o g r a m m i n g  env i ronmen t .  Extensibil-  
i ty is e n h a n c e d  b e c a u s e  the  s y s t e m  soft~-are 
is no t  f u n d a m e n t a l l y  d i f ferent  f rom use r  
sof tware.  Once the  ob jec t  p a r a d i g m  is 
l earned ,  the  u s e r  can  apply  it to  all a s p e c t s  of 
the  sys t em.  Special  t r e a t m e n t  is no t  
r equ i r ed  when c ross ing  b o u n d a r i e s  in the  sys- 
t e m  be tween  h a r d w a r e  and sof tware,  
l anguage  and sys tem,  v i r tua l  s t o r age  and 
files. The overal l  learn ing  b u r d e n  is r educed .  
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By providing the notion of domains and 
capab i l i ty /ob jec t -o r i en ted  addressing in the 
a rch i t ec tu re ,  p rope r  suppor t  has been  given 
to such language issues as garbage collection 
and dangling pointers.  By reflect ing the 
module s t r uc t u r e  of the language in the sys- 
tem,  conflgurabili ty has been  enhanced.  
Overall, the  432 r ep re sen t s  an ent i re  sys tem 
cons t ruc t ed  around the single notion of sup- 
port ing an object  or ien ted  approach  to pro- 
gram design, iMAX plays a key role by com- 
pleting the  a r c h i t e c t u r e  within an Ada f rame-  
work to provide a comprehens ive  base for the 
design of advanced com pu t e r  applications. 
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