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ABSTRACT 

iMAX is t he  o p e r a t i n g  s y s t e m  for  
I n t e l ' s  iAPX-432 c o m p u t e r  s y s t e m .  
The iAPX-4321 is an  o b j e c t - o r i e n t e d  
m u l t i p r o c e s s o r  a r c h i t e c t u r e  t h a t  sup-  
p o r t s  c a p a b i l i t y - b a s e d  add res s ing .  
The ob j e c t  filing s y s t e m  is t h a t  p a r t  of 
iMAX t h a t  i m p l e m e n t s  a p e r m a n e n t  
re l iab le  ob j ec t  s to re .  

In th is  p a p e r  we d e s c r i b e  t h e  k e y  ele-  
m e n t s  of the  iMAX o b j e c t  filing s y s t e m  
design.  We f i r s t  c o n t r a s t  the  c o n c e p t  
of an o b j e c t  filing s y s t e m  with  t h a t  of 
a c o n v e n t i o n a l  file s y s t e m .  We t h e n  
d e s c r i b e  t he  iMAX des i gn  pay i ng  p a r -  
t i c u l a r  a t t e n t i o n  to  five p r o b l e m s  t h a t  
o t h e r  o b j e c t  filing des igns  have  e i t h e r  
so lved i n a d e q u a t e l y  or  fa i led to  
a d d r e s s .  Finally, we d i scuss  an  e f f ec t  
of o b j e c t  filing on the  p r o g r a m m i n g  
s e m a n t i c s  of Ada. 

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

The o b j e c t  filing s y s t e m  of iMAX is r e s p o n s i b l e  
for  s u p p o r t i n g  the  p e r m a n e n t  s t o r a g e  of 432 
o b j e c t s  in a m a n n e r  t h a t  is c o n s i s t e n t  with 
the  a c c e s s  c o n t r o l  m e c h a n i s m s  of t he  
h a r d w a r e .  I t  is a s t o r e  p e r m i t t i n g  the  s t o r a g e  
and  r e t r i e v a l  of a n y  432 ob jec t ,  s imp le  or  
comp lex ,  while s a f e g u a r d i n g  all e s s e n t i a l  
c h a r a c t e r i s t i c s  of t h e  o b j e c t  including,  m o s t  
s ignif icant ly ,  i ts  iden t i ty ,  type ,  and  s t r u c t u r e .  
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The iMAX ob j ec t  filing s y s t e m  differs  f r o m  
conven t iona l  file s y s t e m s .  In such  s y s t e m s ,  
the  filing s t o r e  is o r g a n i z e d  as a t r e e -  
s t r u c t u r e d  h i e r a r c h y  where  t he  i n t e r i o r  
n o d e s  a r e  d i r e c t o r i e s  and  the  leaf  nodes  a r e  
files. Most files a r e  u s e d  to  s t o r e  u n s t r u c -  
t u r e d  d a t a  s t r e a m s .  S ince  p r o g r a m s  in s u c h  
s y s t e m s  m a p  in to  r e l a t i ve ly  f ia t  and  s t a t i c  
a d d r e s s i n g  s t r u c t u r e s ,  t h e y  m a y  also be  
s t o r e d  in files as an  u n c o n n e c t e d  co l l ec t ion  of 
p a g e s  or  s e g m e n t s .  

In c o n t r a s t ,  the  iMAX ob j ec t  filing s y s t e m  is 
r e s p o n s i b l e  for  t he  432 o b j e c t  space ,  t he  col- 
l e c t i on  of all ob j ec t s  in the  s y s t e m .  Al though 
s imp le  u n s t r u c t u r e d  d a t a  is c o n t a i n e d  in th i s  
space ,  i t  in g e n e r a l  ha s  m u c h  m o r e  s t r u c t u r e .  
I t  c a n  be  viewed as  a n e t w o r k  in which  a node  
is an  o b j e c t  and  a d i r e c t e d  a r c  f r o m  node  A to  
node  B is an  a c c e s s  d e s c r i p t o r  c o n t a i n e d  in 
o b j e c t  A which r e f e r e n c e s  ob jec t  B. Any 
o b j e c t  m a y  c o n t a i n  a c c e s s  d e s c r i p t o r s  for  
o t h e r  ob jec t s .  Such  r e f e r e n c e s  m a y  be  c i r cu -  
l a r  and  m a y  c r o s s  dev ice  b o u n d a r i e s .  
B e c a u s e  the  432 s u p p o r t s  a m o r e  d y n a m i c  
and  s t r u c t u r e d  a d d r e s s i n g  e n v i r o n m e n t ,  a 
432 p r o g r a m  c o n s i s t s  of a n e t w o r k  of ob j ec t s  
c o n n e c t e d  by  a c c e s s  d e s c r i p t o r s .  Objec t  
filing s t o r e s  s u c h  a n e t w o r k  on a p e r m a n e n t  
m e m o r y  dev ice  (e.g. disk)  in a m a n n e r  con-  
s i s t e n t  wi th  the  432 a r c h i t e c t u r e .  In add i t ion  
to  p r o g r a m s ,  t he  o b j e c t  filing s y s t e m  can  also 
be  u s e d  to s t o r e  s t r u c t u r e d  da ta .  This is 
a c c o m p l i s h e d  b y  e x t e n d i n g  the  p r o t e c t i o n  
a n d  a d d r e s s i n g  m e c h a n i s m s  of the  a r c h i t e c -  
t u r e  f r o m  volat i le  m e m o r y  to  p e r m a n e n t  
m e m o r y .  The r e s u l t  is a c o m p u t e r  s y s t e m  in 
which  all f a c e t s  of p r o t e c t i o n  a r e  b a s e d  on a 
s ingle  m e c h a n i s m .  In c o n t r a s t ,  c o n v e n t i o n a l  
c o m p u t e r  s y s t e m s  i m p l e m e n t  s eve ra l  p r o t e c -  
t ion  m e c h a n i s m s ,  one  for  m e m o r y ,  a d i f f e ren t  
one for  files, a t h i rd  fo r  d i r ec to r i e s ,  a f o u r t h  
for  p r iv i l eged  p r o g r a m s  or  use rs ,  and  so 
for th .  Without  doubt ,  t h e  use  of mu l t i p l e  
m e c h a n i s m s  c r e a t e s  diff icul t ies  where  the  
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d i f f e r e n t  m e c h a n i s m s  m u s t  i n t e r f a c e ,  e.g. a 
p a r t i c u l a r  file p r o t e c t i o n  i n d i c a t e s  a p a r t i c u -  
l a r  m e m o r y  p r o t e c t i o n  if the  file con t a i n s  a 
r u n n a b l e  p r o g r a m .  The diff icul ty  in defining 
t h e  i n t e r f a c e s  b e t w e e n  p r o t e c t i o n  
m e c h a n i s m s  also l eads  to  a l a ck  of secur i ty .  
Fo r  e x a m p l e ,  on m o s t  s y s t e m s  it  is imposs ib l e  
fo r  a u s e r  to  r u n  a p r o g r a m  and  l imit  t h a t  
p r o g r a m ' s  a c c e s s  to  t he  u s e r ' s  files. 

2. Overview 
Objec t  filing s y s t e m s  have  b e e n  i m p l e m e n t e d  
in two c o m m e r c i a l  s y s t e m s ,  IBM S y s t e m / 3 8 2  
and  t h e  P l e s s e y / 2 5 0 .  3 The re  have  also b e e n  
two r e s e a r c h  i m p l e m e n t a t i o n s ,  for  the  
H y d r a  4.5 and  CAP @,v,8 o p e r a t i n g  s y s t e m s .  In 
addi t ion ,  MIT has  done  s igni f icant  r e s e a r c h  in 
th i s  a rea .  9, I0, 11 In th is  p a p e r ,  we give spec ia l  
e m p h a s i s  to five p r o b l e m s .  These  a r e  p r o b -  
l e m s  t h a t  p r ev ious  des igns  have  e i t h e r  solved 
i n a d e q u a t e l y  or  fa i led  to  a d d r e s s .  While we 
will d e s c r i b e  t h e s e  p r o b l e m s  in m o r e  de ta i l  as  
we p r e s e n t  the  iMAX design,  we b e g i n  wi th  a 
b r i e f  d e s c r i p t i o n  of t h e m .  

The f i r s t  p r o b l e m  is a s su r ing  t h e  u n i q u e n e s s  
of o b j e c t  n a m e s  a c r o s s  s y s t e m  b o u n d a r i e s .  
An a c c e s s  d e s c r i p t o r  in t he  o b j e c t  s t o r e  con-  
t a i n s  a n a m e  for  t he  o b j e c t  which  it  r e f e r -  
ences .  If u n i q u e n e s s  of o b j e c t  n a m e s  were  
n o t  a s su red ,  t he  m o v e m e n t  of a n  ob j ec t  f r o m  
one  s y s t e m  to  a n o t h e r  (e.g. mov ing  a disk  
p a c k  con ta in ing  ob j ec t s )  could  r e s u l t  in a loss 
of p r o t e c t i o n ;  i.e., a m o v e d  o b j e c t ' s  a c c e s s  
d e s c r i p t o r  could  r e f e r e n c e  an  o b j e c t  with t he  
s a m e  n a m e  as t he  one r e f e r e n c e d  on the  ori-  
g ina t ing  s y s t e m .  

The s e c o n d  p r o b l e m  is p rov id ing  an  ob jec t -  
o r i e n t e d ,  logical  n a m i n g  m e c h a n i s m .  Unlike 
c o n v e n t i o n a l  s y s t e m s  in which  a b s o l u t e  o b j e c t  
i den t i f i c a t i on  is diff icult  b u t  i n d i r e c t  n a m i n g  
is easy ,  c a p a b i l i t y - b a s e d  s y s t e m s  have  the  
p r o b l e m  t h a t  n a m e s  m a y  be  too  t i gh t ly  b o u n d  
to  t h e i r  r e f e r a n t s .  Fo r  e x a m p l e ,  a u s e r  p ro -  
g r a m  n o r m a l l y  should  con t a i n  a logical  n a m e  
fo r  a u t i l i ty  p r o g r a m  in o r d e r  to g e t  t he  m o s t  
r e c e n t  vers ion ,  as o p p o s e d  to t he  ve r s i on  of 
t h e  u t i l i ty  t h a t  ex i s t ed  when  t h e  u s e r  p ro -  
g r a m  was c o m p i l e d  and  l inked.  If t he  u s e r  
p r o g r a m  holds  an  a b s o l u t e  a c c e s s  d e s c r i p t o r  
to  t h e  ut i l i ty ,  th is  will n o t  occur .  

The t h i r d  p r o b l e m  is m a i n t a i n i n g  the  con-  
s i s t e n c y  of a co l l ec t ion  of o b j e c t s  a c r o s s  
u p d a t e s ,  i.e. s u p p o r t i n g  a t o m i c  ac t ions .  This 
involves  t h e  ab i l i ty  to  m a k e  a g r o u p  of 
c h a n g e s ,  ca l l ed  a t r a n s a c t i o n ,  to  a co l l ec t ion  
of o b j e c t s  s u c h  t h a t  if t h e  s y s t e m  c r a s h e s ,  
e i t h e r  all t he  c h a n g e s  or  none  of t he  c h a n g e s  

t h a t  m a k e  up the  t r a n s a c t i o n  will be  r e f l e c t e d  
in the  co l lec t ion .  While th is  p r o b l e m  is 
a d d r e s s e d  by  m o s t  d a t a  b a s e  s y s t e m s ,  it  is 
c o n s i d e r e d  by  v e r y  few o p e r a t i n g  s y s t e m s .  

The fourth problem is the efficient manage- 
ment of the object space. The major aspect 
of this problem is the reclamation of space 
that is no longer needed. Because of the net- 
work organization of the object space, it is 
difficult to know when the space for an object 
can be reclaimed. 

The fifth and  final p r o b l e m  to  r e c e i v e  spec ia l  
c o n s i d e r a t i o n  in th i s  p a p e r  is t he  ineff iciecy,  
b o t h  in s p a c e  and  t i m e ,  of dea l ing  with smal l  
ob jec t s .  In H y d r a  m e a s u r e m e n t s ,  12 the  aver -  
age  size of an  o b j e c t  in t h e  filing s t o r e  (i.e. 
t he  H y d r a  pas s ive  GST) was 222 b y t e s .  In the  
ac t ive  s y s t e m ,  t h e  a v e r a g e  was 326 by t e s .  In 
B a t s o n ' s  s t u d y  of t he  B5500 MCP, 13 the  aver -  
age  s ize of Ove r l ayab l e  Da ta  S e g m e n t s  was 59 
48-b i t  words .  Bo th  s t u d i e s  e m p h a s i z e  a 
p r e p o n d e r a n c e  of sma l l  ob j ec t s .  Our init ial  
d a t a  i nd i ca t e  t h a t  t he  a v e r a g e  size of an  
o b j e c t  on t h e  432 will be  s l igh t ly  less  t h a n  
t h e s e  f igures .  The s p a c e  o v e r h e a d  for  s to r ing  
s u c h  sma l l  o b j e c t s  cou ld  be  la rge .  Also, if 
smal l  o b j e c t s  had  to  b e  a c c e s s e d  individually,  
t he  p e r f o r m a n c e  of t he  s y s t e m  would suffer .  
For  e x a m p l e ,  s ince  a l a rge  432 p r o g r a m  will 
t y p i c a l l y  c o n s i s t  of h u n d r e d s  of ob jec t s ,  the  
loading  of s u c h  a p r o g r a m  would be  g ros s ly  
ine f f i c i en t  if e a c h  o b j e c t  h a d  to  be  loaded  
individual ly .  Consequen t ly ,  g r o u p i n g  ob j ec t s  
is e s s e n t i a l  to  p rov id ing  a c c e p t a b l e  p e r f o r -  
m a n c e  and  s p a c e  u t i l i za t ion .  

In  t h e  n e x t  sec t ion ,  we d i scus s  t h e  ro le  of 
t y p e  m a n a g e r s  in t h e  overa l l  de s ign  of iMAX. 
Following t h a t ,  we d e s c r i b e  t h e  s t r u c t u r e  of 
t he  o b j e c t  space .  We t h e n  p r e s e n t  t he  o b j e c t  
filing e x t e n s i o n s  to  t he  p r o t e c t i o n  and  
a d d r e s s i n g  m e c h a n i s m s  of t he  432 a r c h i t e c -  
t u r e .  Then  we d e s c r i b e  an  e x a m p l e  of o b j e c t  
filing on  p r o g r a m m i n g  s e m a n t i c s .  Finally,  we 
rev iew how t h e  iMAX o b j e c t  filing de s ign  h a s  
a d d r e s s e d  t h e  p r o b l e m s  we s t a t e d  above .  

3. Types And Their Managers 
The m a j o r  goal  of iMAX 14, 15 is to  p r o v i d e  In te l  
c u s t o m e r s ,  p r i n c i p a l l y  or ig ina l  e q u i p m e n t  
m a n u f a c t u r e r s ,  wi th  an  e x t e n s i b l e  o p e r a t i n g  
s y s t e m .  This is m a d e  pos s ib l e  by  the  432 ' s  
u n i f o r m  a p p r o a c h  in t h e  de s ign  of i t s  
h a r d w a r e ,  o p e r a t i n g  s y s t e m ,  and  l anguage .  
The k e y  e l e m e n t  in th i s  a p p r o a c h  is s u p p o r t  
for  d a t a  a b s t r a c t i o n .  The a r c h i t e c t u r e  p r o -  
v ides  e f f ic ien t  h a r d w a r e  o p e r a t i o n s  t h a t  
e n a b l e  a u s e r  to  def ine a new o b j e c t  t y p e  and  
a t y p e  m a n a g e r  t h a t  o p e r a t e s  on o b j e c t s  of 
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t h a t  type .  The iMAX o b j e c t  filing s y s t e m  p ro -  
r i d e s  t he  so f twa re  o p e r a t i o n s  t h a t  give t y p e  
m a n a g e r s  t he  abi l i ty  to  s t o r e  t h e i r  o b j e c t s  in 
a p e r m a n e n t  file s t o r e  in a m a n n e r  c o n s i s t e n t  
with t he  a r c h i t e c t u r e ' s  p r o t e c t i o n  and  
r e p r e s e n t a t i o n  m e c h a n i s m s .  

Through  the  o p e r a t i o n s  it  p rov ides ,  a type 
m a n a g e r  is the  exc lus ive  a g e n t  for  chang ing  
the  s t a t e  of an ob jec t .  An ob jec t ,  however ,  
c an  e n t e r  s o m e  s t a t e s  t h a t  only  the  o p e r a t i n g  
s y s t e m  (in ou r  case ,  iMAX), and  not  t he  t y p e  
m a n a g e r ,  is aware  of. F o r  e x a m p l e ,  t he  iMAX 
g a r b a g e  c o l l e c t o r  15, 16 f inds o b j e c t s  t h a t  a r e  
no longe r  access ib l e .  When such  an  o b j e c t  is 
found,  iMAX m a n u f a c t u r e s  an  a c c e s s  d e s c r i p -  
t o r  fo r  i t  and  s e n d s  it to  i ts  t y p e  m a n a g e r .  

A t y p e  de f in i t i on  o b j e c t  f o r m s  the  bas i s  of t he  
m e c h a n i s m  t h a t  e n a b l e s  iMAX to  c o m m u n i -  
c a t e  wi th  a t y p e  m a n a g e r .  Eve ry  o b j e c t  h a s  
an a c c e s s  d e s c r i p t o r  fo r  the  t y p e  def in i t ion  
ob j ec t  t h a t  r e p r e s e n t s  i ts  type .  A t y p e  
m a n a g e r  c a n  s t o r e  a c c e s s  d e s c r i p t o r s  in i t s  
t ype  def in i t ion o b j e c t  for  p o r t s  15 and  s u b p r o -  
g r a m s .  In t h e  above  e x a m p l e ,  iMAX s e l e c t s  
the  a p p r o p r i a t e  p o r t  a c c e s s  d e s c r i p t o r  f r o m  
the  o b j e c t ' s  t y p e  def in i t ion  o b j e c t  and  s e n d s  
an  a c c e s s  d e s c r i p t o r  fo r  the  ob j ec t  to  th i s  
por t .  

4. Structure of the  Object Space 
The object space (i.e. t he  co l l ec t ion  of all 
ob j ec t s  in the  s y s t e m )  is d e c o m p o s e d  in to  
two d i s t inc t  s p a c e s ,  a c t i v e  and  pass ive .  The 
pass ive  s p a c e  s u p p o r t s  t he  p e r m a n e n t  
s t o r a g e  of ob jec t s .  While s t o r e d  in t he  pas s ive  
space ,  t he  r e p r e s e n t a t i o n  of a n  o b j e c t  c a n  
only be  m a n i p u l a t e d  by  invoking the  o p e r a -  
t ions  of t he  o b j e c t  filing s y s t e m .  For  a p ro -  
g r a m m e r  to a d d r e s s  t he  o b j e c t ' s  r e p r e s e n t a -  
t ion d i r e c t l y  (e.g. as  t he  o p e r a n d  of a 
h a r d w a r e  i n s t ruc t i on ) ,  t he  o b j e c t  m u s t  f i r s t  
be  m a p p e d  into  the  ac t ive  space .  This a c t i o n  
will c r e a t e  a 432 o b j e c t  d e s c r i p t o r  fo r  t he  
objec t .  Hence ,  the  ac t ive  s p a c e  c o n s i s t s  of 
those  ob j ec t s  for  which h a r d w a r e - r e c o g n i z e d  
ob jec t  d e s c r i p t o r s  exist .  

A c o n s e q u e n c e  of t he  t w o - s p a c e  a p p r o a c h  is 
t h a t  i t  is poss ib le  for  the  ac t ive  ve r s i on  of an  
ob jec t  to  be  d i f f e ren t  t h a n  i ts  pass ive  vers ion .  
The u p d a t i n g  of a pass ive  ob jec t ,  b a s e d  on i ts  
ac t ive  vers ion,  is u n d e r  the  con t ro l  of t he  
o b j e c t ' s  t y p e  m a n a g e r .  Fo r  th i s  r e a son ,  t he  
pass ive  s p a c e  should  no t  be  v iewed as a vir-  
tua l  s to re .  

I t  is, in fac t ,  t he  ac t ive  s p a c e  t h a t  is imp le -  
m e n t e d  in v i r tua l  m e m o r y .  An o b j e c t  in t he  

ac t ive  s p a c e  is not  n e c e s s a r i l y  in p r i m a r y  
m e m o r y ;  i.e., the  o b j e c t  could  be  swapped .  
Such  an  ob jec t  is still c o n s i d e r e d  to be  in t he  
ac t ive  s p a c e  s ince  it  is still  in h a r d w a r e -  
r e c o g n i z e d  form.  Fo r  e x a m p l e ,  a s w a p p e d  
ob jec t  c a n  con ta in  h a r d w a r e - r e c o g n i z e d  
a c c e s s  d e s c r i p t o r s .  The ob j ec t  d e s c r i p t o r  for  
the  s w a p p e d  ob jec t  would ind ica t e  t h a t  t h e  
ob j ec t  was swapped;  so t h a t  a r e f e r e n c e  to  i t s  
r e p r e s e n t a t i o n  would r e s u l t  in a swap- in  
r eques t .  

One i m p o r t a n t  p r o p e r t y  of t he  t w o - s p a c e  
a p p r o a c h  is t h a t  a typ ica l  s y s t e m  c r a s h  (e.g., 
a power  fai lure) ,  while de s t roy ing  the  ac t ive  
space ,  will no t  d e s t r o y  the  pass ive  space .  
Such  a c r a s h  should  no t  have  c a t a s t r o p h i c  
e f f ec t s  s ince  u s e r s  c a n  pe r iod ica l ly  u p d a t e  
t h e i r  ob j ec t s  in the  pass ive  space .  

In add i t ion  to  a c c e s s i n g  a pass ive  ob jec t  b y  
ac t i va t i ng  it, i t  is c o n v e n i e n t  for  a t y p e  
m a n a g e r  to  be  able  to  m a n i p u l a t e  i ts  ob j ec t s '  
pass ive  defini t ions.  D i r e c t o r y  ob jec t s  a r e  a 
ca se  in point .  A typ ica l  d i r e c t o r y  o p e r a t i o n  is 
to r e t r i e v e  a n  a c c e s s  d e s c r i p t o r  f r o m  a d i rec -  
tory .  The a c t i v a t i o n  of the  en t i r e  d i r e c t o r y  
ob j ec t  would r e s u l t  in n e e d l e s s  ove rhead .  All 
a c c e s s  d e s c r i p t o r s  in t he  d i r e c t o r y  would 
have  to  be  t r a n s f o r m e d  f r o m  pass ive  to  ac t ive  
f o r m  even  if only  one was ac tua l ly  be ing  
a c c e s s e d .  S u b s e q u e n t  pas s iva t ion  would p e r -  
f o r m  the  r e v e r s e  ope ra t ion .  The d i r e c t o r y  
m a n a g e r  c a n  avoid th is  o v e r h e a d  by  invoking 
sof tware  o p e r a t i o n s  p rov ided  by  the  o b j e c t  
filing s y s t e m .  These  o p e r a t i o n s  will a c c e s s  
t he  pass ive  def ini t ion of the  d i r e c t o r y  w i thou t  
caus ing  an ac t iva t ion .  

4.1. The One-Space Alternative 
Other  ob jec t  filing s y s t e m s ,  e.g., H y d r a  and  
S y s t e m / 3 8 ,  have  c h o s e n  to  i m p l e m e n t  a one-  
s p a c e  m o d e l  as o p p o s e d  to  o u r  t w o - s p a c e  
model .  We r e j e c t e d  the  o n e - s p a c e  m o d e l  
b e c a u s e  of t he  diff icul ty in m a i n t a i n i n g  o b j e c t  
c o n s i s t e n c y  in the  p r e s e n c e  of s y s t e m  
c r a shes .  In the  o n e - s p a c e  model ,  the  o p e r a t -  
ing s y s t e m  c h o o s e s  when  to  u p d a t e  t he  pas -  
sive ve r s ion  of an  o b j e c t  with i ts  ac t ive  ver -  
sion. S ince  an  ob j ec t  m a y  go t h r o u g h  seve ra l  
i n t e r m e d i a t e  t r a n s i t i o n s  b e t w e e n  c o n s i s t e n t  
s t a t e s ,  the  o p e r a t i n g  s y s t e m  m a y  ch o o se  to  
u p d a t e  the  ob jec t  in a t r ans i t i ona l  s t a t e .  If an  
ac t ive  s p a c e  c r a s h  occurs ,  t he  pas s ive  o b j e c t  
would no t  be  in a c o n s i s t e n t  s t a t e .  S ince  it  is 
no t  poss ib le  for  the  o p e r a t i n g  s y s t e m  to  know 
when  an  ob jec t  or  a co l l ec t ion  of o b j e c t s  is in 
a c o n s i s t e n t  s t a t e ,  t h e r e  is no c o n v e n i e n t  
so lu t ion  to th is  p r o b l e m  for  o n e - s p a c e  sys-  
t e m s .  
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In our  two-space  model ,  a t ype  m a n a g e r  has  
con t ro l  of s to r ing  its ob jec t s  in the  passive 
s tore .  This con t ro l  c an  be used  to g u a r a n t e e  
the  c o n s i s t e n c y  of a passive object .  A r e q u e s t  
for  the  pass iva t ion  of an ob jec t  can  be  tr ig- 
g e r e d  explici t ly by a u s e r  with an acces s  
d e s c r i p t o r  for  it or  implic i t ly  by  the  ope ra t -  
ing sys tem.  An explici t  r e q u e s t  occu r s  when a 
u s e r  p r o g r a m  calls the  ob jec t  filing subpro -  
g ram,  Update ,  pass ing an  acces s  d e s c r i p t o r  
fo r  an object .  Upda t e  will call t he  type -  
specific u p d a t e  s u b p r o g r a m  for the  p a s s e d  
object .  This s u b p r o g r a m  is found in the  type  
defini t ion ob jec t  t h a t  is r e f e r e n c e d  by the  
p a s s e d  object .  The type-spec i f ic  u p d a t e  pro-  
g ram,  p a r t  of the  t y p e  m a n a g e r ,  can  choose  
to  u p d a t e  the  o b j e c t ' s  pass ive definition, or  
s imply  re fuse  the  u p d a t e  r eques t ,  iMAX will 
g e n e r a t e  an  impl ic i t  pass iva t ion  r e q u e s t  when  
an act ive object ,  which has  a pass ive  version,  
b e c o m e s  inaccess ib le  in the  ac t ive  space .  An 
a c c e s s  d e s c r i p t o r  for  the  inaccess ib le  ob jec t  
will be sen t  to the  p o r t  ob j ec t  r e f e r e n c e d  by 
the  o b j e c t ' s  t ype  defini t ion object .  The type  
m a n a g e m e n t  p r o c e s s  t h a t  is rece iv ing  mes -  
sages  f r o m  this  p o r t  has  the  same  opt ions  as 
the  u p d a t e  p r o c e d u r e .  

If a t ype  m a n a g e r  chooses  no t  to supply  a 
t y p e  specific u p d a t e  s u b p r o g r a m  or p o r t  
object ,  iMAX will supply  r e a s o n a b l e  defaul ts .  
For  upda te ,  it will change  the  pass ive ve rs ion  
so t h a t  i ts value is the  s a m e  as the  act ive ver-  
sion. For  an  inaccess ib le  ob jec t  it will do the  
same,  and  also de le te  it f rom the  ac t ive  
space .  

Al though iMAX i m p l e m e n t s  the  two-space  
model ,  m o s t  users ,  namely ,  t hose  who do no t  
wri te  the i r  own t y p e  m a n a g e r s ,  ac tua l ly  see a 
one - space  model .  This is b e s t  i l l u s t r a t ed  by 
example .  When a u s e r  a c c e s s e s  the  r e p r e s e n -  
t a t i o n  of an  object ,  the  ob jec t  will be 
ac t iva ted .  It  will r e m a i n  in the  act ive  space  
as long as ac t ive  a c c e s s  d e s c r i p t o r s  for it 
exist.  When the  o b j e c t  is no longe r  access ib le  
via ac t ive  a c c e s s  de sc r ip to r s ,  t he  ob jec t  will 
usua l ly  be s t o r e d  in the  pass ive space .  The 
ac tua l  s tor ing is u n d e r  the  con t ro l  of the  
o b j e c t ' s  t y p e  m a n a g e r .  Hence,  the  two-level 
n a t u r e  of the  s to re  is m o r e  visible to  t ype  
m a n a g e r s  t h a n  it  is to  casua l  users .  

4.2.  Act ive  a n d  P a s s i v e  F o r m s  

An a c c e s s  d e s c r i p t o r  cons i s t s  of an  ob jec t  
n a m e  and  r igh t s  which  d e t e r m i n e  the  opera -  
t ions  p e r m i t t e d  on the  ob jec t  using the  
a c c e s s  de sc r ip to r .  The act ive  and  pass ive 
f o r m s  of an  a c c e s s  d e s c r i p t o r  differ in the  

f o r m a t  of the  ob jec t  names .  The ac t ive  f o r m  
of a n a m e  is a 24-bit  address ,  m a p p e d  by 
ha rdware ,  for an  ob jec t  desc r ip to r .  In the  
pass ive f o r m  of an  a c c e s s  de sc r ip to r ,  the  
n a m e  is a unique  identif ier ,  UID. The first  
t ime  an  a c c e s s  d e s c r i p t o r  for an ob jec t  is 
s t o r e d  in the  pass ive  space ,  the  ob jec t  is 
a ss igned  a UID. 

When an  a c c e s s  d e s c r i p t o r  is m a d e  active,  the  
ac t ive  space  m u s t  f irst  be c h e c k e d  to see if 
the  r e f e r e n c e d  ob jec t  has  a l r e ady  b e e n  
ac t iva ted .  The ac t ive  o b j e c t  d i r e c t o r y  (AOD) 
con ta in s  this  in format ion .  An AOD e n t r y  con- 
ta ins  a UID ob jec t  n a m e  and  an ac t ive  acces s  
d e s c r i p t o r  for  the  object .  (Note: This re fer -  
ence  is n o t  c o n s i d e r e d  by the  g a r b a g e  collec- 
tor ;  if it were,  the  ac t ive  ob jec t  would neve r  
be c o n s i d e r e d  inaccess ib le . )  If a UID is no t  
found in the  AOD, a new e n t r y  is m a d e  and an 
ob jec t  d e s c r i p t o r  is a l loca ted .  The ob jec t  
itself is no t  a c t i v a t e d  unt i l  an  a t t e m p t  is 
m a d e  to acce s s  the  r e p r e s e n t a t i o n  of the  
object .  

In the  pass ive space ,  the  m a p p i n g  of a UID to 
an  ob jec t  is a c c o m p l i s h e d  using the  I~assive 
o b j e c t  d i r e c t o r y  (POD). An ob j ec t ' s  POD 
e n t r y  cons i s t s  of i ts  UID and  its phys ica l  loca- 
tion, e.g. a disk address .  P a r t  of a UID con- 
ta ins  an  index  in to  the  POD. Hence,  given a 
UID it is s imple  to find the  c o r r e s p o n d i n g  POD 
en t ry .  Since the  POD is typ ica l ly  too  large  to  
keep  in p r i m a r y  m e m o r y ,  a d i r e c t o r y  of the  
POD is k e p t  in m e m o r y ,  and  a sof tware  imple-  
m e n t e d  c a c h e  s c h e m e  is used  to k e e p  the  
m o s t  r e c e n t l y  used  POD b locks  in p r i m a r y  
m e m o r y .  

4.3.  The  U n i q u e n e s s  of UIDs 
Since a pass ive  ob jec t  on  one device  m a y  con- 
t a in  a pass ive a c c e s s  d e s c r i p t o r  (UID) for  an 
ob jec t  on  a n o t h e r  device,  and devices  m a y  be 
m o v e d  f r o m  one s y s t e m  to ano ther ,  the  
un iquenes s  of UIDs m u s t  be a s s u r e d  in o r d e r  
to p r e v e n t  p r o t e c t i o n  violations.  To see how 
this  is done  in iMAX, we will examine  the  for- 
m a t  of a UID in detail .  

A UID is 80-bits  in l e n g t h  and  cons i s t s  of four  
pa r t s :  (1) a logical-device  name ,  (2) an  index 
in to  the  POD of the  device,  (3) a g e n e r a t i o n  
n u m b e r ,  and, ~4)a  16-bit c h e c k s u m  of the  
f irst  t h r e e  fields. The p u r p o s e  of the  check-  
sum is to p r e v e n t  the  t r a n s f o r m a t i o n  of a 
d a t a  e r r o r  into a p r o t e c t i o n  violat ion and to 
d i f fe ren t ia te  b e t w e e n  a c o r r u p t e d  acces s  
d e s c r i p t o r  and  the  case  of an ob j ec t  t h a t  has  
b e e n  d e s t r o y e d  be fore  all a c c e s s  d e s c r i p t o r s  
for  it have  b e e n  de le ted .  
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Two ob jec t s  t h a t  have n o n - i n t e r s e c t i n g  life- 
t imes  m a y  be ass igned the same  POD index. 
However,  the  two ob jec t s  will have d i f ferent  
UIDs s ince the i r  g e n e r a t i o n  n u m b e r  will be 
different .  When an ob jec t  is a ss igned  a UID, 
the  ob jec t  filing s y s t e m  g u a r a n t e e s  t h a t  the  
UID's g e n e r a t i o n  n u m b e r  will be  d i f ferent  
f rom all UIDs, pas t  and  p re sen t ,  t h a t  share  
the  same  POD ent ry .  The size of the  POD 
index field is 24 bits. The size of the  gene ra -  
t ion  field is also 24 bits. The size of these  
fields is suff icient  to  a s su re  the  un iqueness  of 
a UID within a device over  a r ea sonab le  life- 
t ime  (100 years) .  

The n a m e  of a logical-device  cons i s t s  of two 
par t s ,  an ASCII n a m e  c h o s e n  by  a s y s t e m  
a d m i n i s t r a t o r  and an 8-byte  r a n d o m  n u m b e r  
c h o s e n  by  the  s y s t e m  when the  device  is 
c r ea t ed .  The ob jec t  filing s y s t e m  p r e s u m e s  
t h a t  this  is suff icient  to  g u a r a n t e e  the unique-  
ness  of device  n a m e s  within an a c c e p t a b l e  
probabi l i ty .  The un iqueness  of device  n a m e s  
and  the  large n u m b e r  of ident i f iers  within a 
device a s su re s  the  un iqueness  of a UID. 

Since the  logical-device n a m e  p a r t  of a UID is 
long, a UID ac tua l ly  con ta ins  a sho r t  16-bit 
device ID. This ID is an index into a device 
n a m e  table,  one p e r  logical-device.  Since 
d i f ferent  logical -devices  will have  d i f ferent  
device  n a m e  tables,  the  ob jec t  filing s y s t e m  
ma in t a in s  a se t  of t ab les  to eff icient ly 
t r a n s l a t e  b e t w e e n  device- re la t ive  UIDs and 
sys t em- re l a t i ve  UIDs. 

5. E x t e n s i o n s  to the Hardware  M e c h a n i s m  

The ob jec t  filing s y s t e m  ex t ends  the  objec t -  
o r i en ted  add res s ing  and p r o t e c t i o n  m e c h a n -  
isms of the  432 hardware .  The ex tens ions  are  
m a d e  to deal  with the  p r o b l e m s  of suppor t ing  
a passive ob jec t  space  and  do no t  change  the  
ac t ive  space  seman t i c s .  

5.1. Composite Objec ts  

To improve  the  p e r f o r m a n c e  and r e d u c e  the  
o v e r h e a d  a s soc i a t ed  with an ob jec t  filing sys- 
tem,  we i n t r o d u c e  the  no t ion  of a compos i t e  
object .  A composite objec t  cons i s t s  of one or  
m o r e  objects .  A c o m p o s i t e  ob jec t  has  a single 
r o o t  object .  The o t h e r  ob jec t s  of a compos i t e  
are  cal led c o m p o n e n t s .  Each  c o m p o n e n t  of a 
c o m p o s i t e  is r e a c h a b l e  f rom the  roo t  via an 
a c c e s s  p a t h  c o n t a i n e d  within the  compos i te .  
Only the  roo t  ob jec t  has  a UID and  can  the re -  
fore  be r e f e r e n c e d  by  passive a c c e s s  descr ip-  
to r s  c o n t a i n e d  in o t h e r  c o m p o s i t e  objects .  
Hence,  an ob jec t  should  no t  be  m a d e  a com-  
p o n e n t  of a c o m p o s i t e  unless  it is semant i -  
cally p a r t  of the  compos i t e .  

Since a c o m p o s i t e  ob jec t  is s t o r ed  in a 
m a n n e r  c o m p a r a b l e  to s to r ing  a single large  
object ,  The ac t iva t ion  (or pass iva t ion)  of a 
c o m p o s i t e  ob jec t  is m o r e  eff icient  t h a n  would 
be the  s e p a r a t e  ac t iva t ion  of e a c h  ob jec t  con- 
t a ined  in the  compos i t e .  Also, a c o m p o s i t e  
ob jec t  c an  be s t o r e d  m o r e  eff icient ly t h a n  
s tor ing  e a c h  e l e m e n t  of the  c o m p o s i t e  indivi- 
dually. Since a c o m p o s i t e  ob jec t  is ass igned 
only one UID, the  ove rhead  of the  POD and, 
m o r e  impor t an t ly ,  the  A0D is less. 

Compos i te  ob jec t s  solve the  small  ob jec t  
p r o b l e m  in the  passive space .  The bulk of a 
432 p r o g r a m ,  i.e. t he  non - sha rab l e  par t ,  c an  
exist  as  a single c o m p o s i t e  object ,  s o m e t i m e s  
cons is t ing  of h u n d r e d s  of objects .  Hence,  the  
loading of a such  a p r o g r a m  is one or two ord-  
ers  of m a g n i t u d e  f a s t e r  t h a n  if e a c h  ob jec t  of 
the  p r o g r a m  had  to  be loaded individually. 

5.2. Object Space Management 
The m a j o r  space  m a n a g e m e n t  issue in bo th  
the  ac t ive  and  pass ive s p a c e s  is knowing when 
to d e s t r o y  an  ob j ec t  so t h a t  its s p a c e  can  be 
r ec la imed .  Other  des igns  have used  e i the r  a 
reference-based a p p r o a c h  or  an  ownership 
app roach .  In the  fo rmer ,  an  ob jec t  is des-  
t r o y e d  only if it can  no longe r  be r e f e r enced .  
Re fe r ence  counts ,  a paral le l  g a r b a g e  collec- 
tor,  or  b o t h  a re  u sed  to loca te  ob j ec t s  to be 
des t royed .  Since r e f e r e n c e  c i rcu la r i t i e s  can  
exist,  r e f e r e n c e  c o u n t s  can  no t  f o r m  the  sole 
basis  of ob jec t  r e c l ama t ion .  In the  ownership  
app roach ,  the  owner  of the  ob jec t  c an  expli- 
c i t ly  d e s t r o y  the  object .  The m a j o r  disadvan-  
tage  of this  s c h e m e  is t h a t  explici t  de le t ion  of 
ob jec t s  is p r o n e  to  dangl ing r e f e r e n c e  p rob-  
lems. Also, ownership  s c h e m e s  are  difficult to  
i m p l e m e n t  in a d y n a m i c  env i ronmen t .  

Based on the  d i s advan t ages  of the  ownership 
s cheme ,  we chose  the  r e f e r e n c e - b a s e d  
s c h e m e  to m a n a g e  the  act ive  ob jec t  space,  
i.e. iMAX i m p l e m e n t s  a paral le l  g a r b a g e  col- 
lec tor .  However,  we chose  an  ownership 
s c h e m e  for  the  pass ive  space,  b e c a u s e  we 
found g a r b a g e  co l lec t ion  to be i napp rop r i a t e  
for  this  space  for  t h r e e  reasons .  

First ,  ob j ec t  space  is r e c l a i m e d  only at  the  
end of a g a r b a g e  co l lec t ion  pass. On large 
devices,  a g a r b a g e  co l l ec to r  m a y  not  be able 
to  keep  up with the  r a t e  a t  which g a r b a g e  is 
being c r e a t e d .  

Second,  s ince  we allow in te r -dev ice  re fe r -  
ences  and  t r a n s p o r t a b l e  devices,  g a r b a g e  col- 
l ec t ion  b e c o m e s  m o r e  complex ,  if no t  undo-  
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able. For  example ,  the  only r e f e r e n c e s  for  an 
ob jec t  on one device  m a y  exis t  on a device 
t h a t  c u r r e n t l y  res ides  on a d i f ferent  sys t em.  
Al though it m a y  be possible  to deal  with such  
s i tuat ions ,  10 some  ob jec t s  m a y  exist, if no t  
forever ,  t h e n  m u c h  longer  t h a n  t h e y  should.  

Last, with no c o n c e p t  of ownership,  it is 
difficult  to  d e t e r m i n e  the  c a u s e  of a full disk 
condi t ion.  This is due  to the  sp read ing  of 
a c c e s s  desc r ip to r s ,  an  i n h e r e n t  p r o b l e m  in 
capab i l i ty  sy s t ems .  Since it is difficult to  
t r a c k  down all the  a c c e s s  desc.r iptors  for 
u n n e e d e d  ob jec t s  and  de le te  t hem,  u n n e e d e d  
ob jec t s  will no t  always be r ec l a imed .  

For  t he se  reasons ,  we chose  a s c h e m e  based  
on ownership.  In this  s chem e ,  an  owner  r igh t  
is def ined in pass ive  acces s  desc r ip to r s .  An 
ob jec t  will be de l e t ed  f r o m  the  passive space  
when  t h e r e  are  no o u t s t a n d i n g  acces s  
d e s c r i p t o r s  for  the  ob jec t  with owner  r ights.  
Since we e x p e c t  t h a t  t he  n u m b e r  of passive 
a c c e s s  d e s c r i p t o r s  with owner  r ights  for a 
given ob jec t  will be smal l  ( a lmos t  always 1), 
t h e y  will be hand l ed  in a specia l  way to facili- 
t a t e  ob jec t  r e c l am a t ion .  Specifically, the  
r e p r e s e n t a t i o n  of a pass ive object ,  say P, will 
have a list  of o t h e r  ob jec t s  which con ta in  pas-  
sive a c c e s s  d e s c r i p t o r s  with owner  r igh ts  for 
P. When this  list b e c o m e s  emp ty ,  P will be 
de s t royed .  

Since c i r cu la r i t i e s  c an  occur ,  wait ing for  the  
list to  b e c o m e  e m p t y  is no t  sufficient ,  i.e. a 
g a r b a g e  co l l ec to r  is still needed .  The ga rbage  
co l l ec to r  is r e spons ib l e  for d e t e c t i n g  passive 
ob jec t s  t h a t  are  u n r e a c h a b l e  t h r o u g h  an 
a c c e s s  p a t h  cons is t ing  of "owner" a c c e s s  
desc r ip to r s .  Since only owner  a c c e s s  desc r ip -  
t o r s  a re  cons ide red ,  the  g a r b a g e  co l l ec to r  
involves less o v e r h e a d  t h a n  one t h a t  would 
look a t  all a c c e s s  desc r ip to r s .  Also, s ince the  
g e n e r a t i o n  of s u c h  u n r e a c h a b l e  ob jec t s  is 
likely to  be ra re ,  g a r b a g e  co l l ec t ion  can  be 
r u n  inf requent ly .  

An impl ic i t  a s s u m p t i o n  in the  above discus-  
s ion is t h a t  a pass ive  a c c e s s  d e s c r i p t o r  with 
owner  r igh t s  c a n n o t  r e f e r e n c e  an ob jec t  con-  
t a i ned  on a d i f fe ren t  logical-device.  If this  
were  allowed, this  g a r b a g e  co l lec t ion  s c h e m e  
would no t  be any  less difficult  or  cos t ly  t h a n  
the  one wi thou t  owner  a c c e s s  desc r ip to r s .  

5.3. Linkage 
As so far  desc r ibed ,  an a c c e s s  d e s c r i p t o r  
c o n t a i n s  an  abso lu te  n a m e  for an  object .  
That  is, no provis ion  is m a d e  for  an  a c c e s s  
d e s c r i p t o r  t h a t  logical ly n a m e s  an  ob j ec t  

s u c h  t h a t  at  d i f fe ren t  t i m e s  it m i g h t  re fe r -  
ence  d i f ferent  objects .  Lacking this  provis ion  
has  two c o n s e q u e n c e s  which  we will desc r ibe  
by  two examples .  

F i r s t  suppose  t h a t  a u s e r  p r o g r a m  has  an 
a c c e s s  d e s c r i p t o r  for a s y s t e m  p r o g r a m  (e.g. 
a d a t a  base  m a n a g e r ) .  When a new ve r s ion  of 
th is  s y s t e m  p r o g r a m  supp lan t s  the  old ver-  
sion, we would want  the  u s e r ' s  p r o g r a m  to  
r e f e r e n c e  the  new one wi thou t  caus ing  the  
u s e r  to  r e c o m p i l e  or relink. 

Second,  cons ide r  the  e f fec ts  of t r a n s p o r t i n g  
the  above u s e r  p r o g r a m  to a d i f fe ren t  sys t em,  
e.g. moving  a disk p a c k  b e t w e e n  two sys t ems .  
The p r o g r a m  would no t  r u n  co r r ec t l y ,  
b e c a u s e  it would t r y  to  invoke the  s y s t e m  
p r o g r a m  (i.e. t he  d a t a  base  m a n a g e r )  on the  
or ig ina t ing  sys t em.  

Provis ion  for logical  n a m i n g  could  be m a d e  by 
in t e rpos ing  a l ink  ob jec t  b e t w e e n  a pass ive 
a c c e s s  d e s c r i p t o r  and the  ob jec t  it r e fe r -  
ences .  On ac t iva t ion  the  l ink ob j ec t  would be 
evalua ted ,  so t h a t  the  p r o g r a m  would have  an 
ac t ive  a c c e s s  d e s c r i p t o r  for  the  object .  

Provis ion for d y n a m i c  l inking at  ac t iva t ion  
t ime  is no t  a suff ic ient  solution.  When the  
above d e s c r i b e d  use r  p r o g r a m  is pass iva ted ,  
the  pas s iva t ed  p r o g r a m  will have an  abso lu te  
a c c e s s  d e s c r i p t o r  for the  s y s t e m  p r o g r a m  
unless  a link ob jec t  is i n s e r t e d  a t  pass ivat ion.  
We r e f e r  to  this  as d y n a m i c  unlinking. 

We will f irst  de sc r ibe  ou r  p r e f e r r e d  solution,  
which was no t  i m p l e m e n t a b l e  due to  
h a r d w a r e  cons t r a in t s .  We will t h e n  desc r ibe  
our  ac tua l  solution.  

5.3.1. The Preferred Linkage Solution 
A solu t ion  to b o t h  the  d y n a m i c  l inking and 
unl inking p r o b l e m  is to  i n se r t  a m o r e  pe r -  
m a n e n t  link ob jec t  b e t w e e n  an a c c e s s  
d e s c r i p t o r  and  the  unde r ly ing  object .  This 
could  be p rov ided  by a "link" ob jec t  desc r ip -  
tor.  Such  a d e s c r i p t o r  would con t a in  two 
a c c e s s  de sc r i p to r s ,  one  for  the  link ob j ec t  
and  one for  t he  unde r ly ing  ob jec t  when  the  
link ob jec t  was eva lua ted .  When a link ob jec t  
d e s c r i p t o r  is valid, it would be invisible; i.e., 
a c c e s s  to  the  r e p r e s e n t a t i o n  of an  ob jec t  
would r e s u l t  in the  a u t o m a t i c  t r ave r sa l  of any  
in t e rven ing  link ob j ec t  de sc r ip to r s .  

F igure  1 dep ic t s  the  usage  of a l ink ob j ec t  
d e s c r i p t o r  to  i m p l e m e n t  l ink objects .  In 
f igure la,  a p r o g r a m  has  an a c c e s s  d e s c r i p t o r  
for  a link ob jec t  (which con ta in s  the  n a m e  of 
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a s y s t e m  p r o g r a m ) .  F igure  l b  is a p i c t u r e  of 
t he  p r o g r a m  when  it  is ac t iva t ed ,  i.e. a link 
o b j e c t  d e s c r i p t o r  is c r e a t e d  -- the  l ink o b j e c t  
is no t  y e t  eva lua t ed .  When the  p r o g r a m  t r i e s  
to  call  the  s y s t e m  p r o g r a m ,  a p r o c e s s - l e v e l  
f au l t  will occur .  This will c a u s e  the  eva lua t ion  
of t he  l ink ob j ec t  and  m a k e  the  l ink ob j ec t  
d e s c r i p t o r  valid. This r e s u l t s  in f igure  lc.  
H a r d w a r e  will a u t o m a t i c a l l y  t r a v e r s e  t he  link 
o b j e c t  d e s c r i p t o r .  When the  p r o g r a m  is pas -  
s iva ted ,  the  l ink is undone ,  r e su l t i ng  aga in  in 
f igure  la .  The func t iona l i t y  d e s c r i b e d  allows 
m u l t i p l e  l inks for  the  s a m e  ob j ec t  to  co -ex i s t  
e v e n  t h r o u g h  i n d e p e n d e n t  a c t i v a t i o n s  and  
pass iva t ions .  

5 .3 .2 .  T he  A c t u a l  L i n k a g e  S o l u t i o n  

U n f o r t u n a t e l y ,  l ink ob j ec t  d e s c r i p t o r s  a re  
no t  i m p l e m e n t a b l e  with t he  p r e s e n t  432 
h a r d w a r e  i m p l e m e n t a t i o n .  Hence ,  a less  
f unc t i ona l  b u t  c o m p a t i b l e  l ink des ign  is 
i m p l e m e n t e d .  

When an a c c e s s  d e s c r i p t o r  fo r  a l ink ob j ec t  is 
a c t i v a t e d ,  t he  link will be  eva lua t ed .  This will 
r e s u l t  in an  a b s o l u t e  a c c e s s  d e s c r i p t o r  to the  
ob jec t ,  i.e. no i n d i r e c t i o n  t h r o u g h  a link 
o b j e c t  d e s c r i p t o r .  This impl i e s  t h a t  when  an 
a c c e s s  d e s c r i p t o r  for  an  o b j e c t  is pa s s iva t ed ,  
the  l ink ob jec t  u s e d  in t he  a c t i v a t i o n  c a n n o t  
be  r e c o v e r e d .  To dea l  with th is  p r o b l e m ,  we 
p e r m i t  t he  owner  of an  o b j e c t  to ass ign  a l ink 
o b j e c t  to his objec t .  When an  a c c e s s  de sc r i p -  
t o r  w i thou t  owner  r i gh t s  is pa s s iva t ed ,  the  
l ink .  ob j ec t  is cop ied  in to  t he  c o m p o s i t e  
o b j e c t  con ta in ing  the  p a s s i v a t e d  a c c e s s  
d e s c r i p t o r .  I t  is qui te  poss ib le  t h a t  th is  l ink 
o b j e c t  is not  the  s a m e  one  t h a t  was u sed  for  
ac t iva t ion .  

5.3 .3 .  L ink  O b j e c t s  

We have  b e e n  using t h e  t e r m  "link ob jec t "  
qui te  loosely,  we will now be  m o r e  p r ec i s e .  A 
l i n k  o b j e c t  is an  ob j ec t  whose t y p e  def in i t ion 
o b j e c t  has  t he  "l ink" a t t r i b u t e .  This a t t r i b u t e  
c a n  be  a s s igned  p r o g r a m a t i c a l l y  to  a n y  type  
def in i t ion  objec t .  This a t t r i b u t e  h a s  
s ign i f i cance  a t  ac t iva t ion ;  i.e. when  a n  a c c e s s  
d e s c r i p t o r  for  a l ink o b j e c t  is a c t i v a t e d ,  the  
link is eva lua t ed .  Hence ,  l ink o b j e c t s  t h e m -  
se lves  a r e  n e v e r  a c t i v a t e d .  

This l inkage  m e c h a n i s m  solves  t he  n a m i n g  
p r o b l e m s  d e s c r i b e d  above  e x c e p t  for  the  
p r o b l e m  of r e f e r e n c e s  to  t y p e  def in i t ion  
ob jec t s .  E v e r y  t y p e d  ob jec t ,  inc luding  link 
ob jec t s ,  c o n t a i n s  an a c c e s s  d e s c r i p t o r  to  i ts  
t y p e  def in i t ion ob jec t .  When a c o m p o s i t e  
o b j e c t  is ac t iva t ed ,  t he  c o m p o n e n t  l ink 
o b j e c t s  a r e  eva lua t ed .  Tha t  is, a n  a c c e s s  
d e s c r i p t o r  fo r  a l ink o b j e c t  is s e n t  to  a p o r t  
for  eva lua t ion .  An a c c e s s  d e s c r i p t o r  fo r  th is  
p o r t  is found  by  e x a m i n i n g  the  t y p e  def in i t ion 
o b j e c t  r e f e r e n c e d  by  the  l ink objec t .  How- 
ever ,  if t he  c o m p o s i t e  o b j e c t  be ing  a c t i v a t e d  
o r i g i n a t e d  f r o m  a n o t h e r  s y s t e m ,  t he  r e f e r -  
e n c e d  t y p e  def in i t ion  o b j e c t  would be  in the  
o r ig ina t ing  s y s t e m  and  no t  access ib l e .  Conse-  
quent ly ,  t he  p o r t  could  no t  be  found  and  the  
link o b j e c t  could  n o t  b e  eva lua t ed .  

This p r o b l e m  is solved in iMAX b y  r ecogn iz ing  
a d i s t i ngu i shed  se t  of t y p e  def in i t ion  ob jec ts .  
These  a r e  a s s i gned  UIDs t h a t  a r e  r e c o g n i z e d  
b y  iMAX and  t h e s e  a r e  t he  s a m e  on all iMAX- 
b a s e d  s y s t e m s .  The l inkage  t y p e s  t h a t  a r e  
s u p p o r t e d  by  iMAX a r e  p a r t  of th is  se t .  
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5.4. Synchronizat ion 
Several  app l i ca t ions  t h a t  will use ob jec t  filing 
requ i re  p r imi t ives  to  s y n c h r o n i z e  a c c e s s  to 
s h a r e d  objects .  These p r imi t ives  could  bc 
buil t  on top of ob jec t  filing or as p a r t  of 
ob jec t  filing. We have c h o s e n  to do the  l a t t e r  
b e c a u s e  the  c o n c e p t s  of c o n s i s t e n c y  and syn-  
ch ron i za t i on  a re  r e l a t ed  and t r e a t i n g  t h e m  
i n d e p e n d e n t l y  would l ikely r e su l t  in a non-  
un i fo rm u s e r  in te r face .  

Our s y n c h r o n i z a t i o n  s t r a t e g y  is b a s e d  on the  
no t ion  of R e e d ' s  a tomic  ac t ions .  18, 19 Atomic  
ac t ions  allow a u s e r  to u p d a t e  a co l lec t ion  of 
c o m p o s i t e  ob j ec t s  in a c o n s i s t e n t  m a n n e r .  
Specifically, the  c h a n g e s  m a d e  to  such  a col- 
lec t ion  is no t  visible unti l  the  a tomic  ac t i on  
is c o m m i t t e d .  When this  h a p p e n s  all c h a n g e s  
a p p e a r  to  h a p p e n  s imul t aneous ly .  If an 
a tomic  ac t ion  is abo r t ed ,  no c h a n g e s  are  
m a d e  to  the  ob jec t s  t h a t  are  p a r t  of the  
a tomic  act ion.  

Reed d e s c r i b e s  the  bas ic  ph i losophy  of his 
s c h e m e  as follows: "Updat ing  an ob jec t  will be 
t h o u g h t  of as c r e a t i n g  a new version,  while 
read ing  an o b j e c t  will be t h o u g h t  of as se lec t -  
ing the  p r o p e r  ve r s ion  and  obta in ing  a value."  
Thus, the  i m p l e m e n t a t i o n  of a t o m i c  ac t ions  
involves c rea t ing ,  main ta in ing ,  and  providing 
acces s  to the  co l l ec t ion  of ob jec t  vers ions.  

A l i teral  i m p l e m e n t a t i o n  of Reed ' s  s c h e m e  
would be r a t h e r  inefficient.  20 Consequen t ly ,  
we have m a d e  a n u m b e r  of mod i f i ca t ions  t h a t  
improve  p e r f o r m a n c e  and s t o r a g e  space  utili- 
zation, and  r e d u c e  the  c o m p l e x i t y  of imple-  
men ta t ion .  On the  o t h e r  hand,  in m a k i n g  
these  modi f i ca t ions  we also give up some  
flexibility and  funct ional i ty .  A d e s c r i p t i o n  of 
our  s c h e m e  follows. 

5.4. I. Imp lementa t ion  Strategy 
As in Reed ' s  s cheme ,  t i m e s t a m p i n g  is used  
for synchron iza t ion .  E a c h  vers ion  of an  ob jec t  
has  two a s s o c i a t e d  t imes ,  when the  vers ion  
was wri t ten,  and, when  the  vers ion  was m o s t  
r e c e n t l y  read.  At the  beg inn ing  of an  a t o m i c  
act ion,  a p s e u d o - t e m p o r a l  e n v i r o n m e n t  (PTE) 
ob jec t  is c r e a t e d .  A PTE has an  a s s o c i a t e d  
t i m e s t a m p .  A PTE is speci f ied  in all opera -  
t ions  on an ob jec t  and  it is the  PTE's t imes -  
t a m p  t h a t  is r e f l e c t ed  in the  two t i m e s t a m p s  
of an  ob jec t  vers ion.  When a PTE is c r e a t e d ,  a 
t i m e o u t  for  the  t r a n s a c t i o n  is specified.  If 
the  t r a n s a c t i o n  fails to  be c o m m i t t e d  in the  
a l lo t ted  t ime,  it will be abor t ed .  An a tomic  
ac t ion  is c o m m i t t e d  by  calling the  Commi t  
o p e r a t i o n  and  pass ing  an  a c c e s s  d e s c r i p t o r  
for a PTE. An a t o m i c  ac t i on  can  be a b o r t e d  
by call ing the  Abor t  opera t ion .  

Our first  modi f ica t ion  is to allow only one 
write ope ra t i on  to be in p r o g r e s s  for an  ob jec t  
a t  a t ime. With this  simplif ication,  only  the  
m o s t  r e c e n t l y  c o m m i t t e d  vers ion  of an ob j ec t  
needs  an a s soc i a t ed  r ead  t ime.  The r e a d  t ime  
of an  older  vers ion  is implici t ly  ass igned to be 
one t ime uni t  less t han  the  write t ime  of the  
s u b s e q u e n t  version.  The r ead  t ime of the  
m o s t  r e c e n t  c o m m i t t e d  vers ion  is k e p t  in the  
o b j e c t ' s  POD ent ry .  Hence,  upda t ing  the  r e a d  
t ime  of an  ob jec t  vers ion  does  no t  af fec t  t he  
ve r s ion ' s  immutab i l i ty .  

Our s econd  modif ica t ion  is to m a k e  Open 
ope ra t i ons  the  pr imi t ive  ope ra t i ons  i n s t ead  of 
individual  r e a d s  and writes.  An Open opera -  
t ion specif ies a PTE, an  ob jec t  to  be acces sed ,  
and an  i n t en t  {read, write, or  upda te ) .  An 
Open for read ing  will se lec t  the  m o s t  r e c e n t  
vers ion  of those  whose write t ime  is less t h a n  
the  t i m e s t a m p  of the  PTE specif ied in the  
Open. If a new vers ion  for the  ob jec t  is being 
wr i t t en  and  its write t ime is ear l ier  t h a n  the  
PTE t i m e s t a m p  of the  Open for reading,  the  
Open will b lock  unt i l  the  new vers ion  is com-  
m i t t e d  or abor t ed .  

An Open for  wri t ing will p r o d u c e  a new vers ion  
of an  object .  The t i m e s t a m p  of the  PTE 
specif ied in the  Open m u s t  be l a te r  t h a n  the  
r e a d  t ime  of the  m o s t  r e c e n t l y  c o m i t t e d  ver-  
sion. If it is not,  the  Open will be re fused .  
Otherwise,  the  Open will be allowed, bu t  will 
wait  unt i l  the  u n c o m m i t t e d  ve rs ion  is e i t he r  
a b o r t e d  or c o m m i t t e d .  Open ope ra t ions  t h a t  
b lock  will be e n q u e u e d  in o r d e r  of the  t imes -  
t a m p s  of the i r  a s soc ia t ed  PTEs. 

Our th i rd  modi f ica t ion  is to  de le te  c o m m i t t e d  
vers ions  when t h e y  are  r e p l a c e d  by a newer  
c o m m i t e d  vers ion  and  when t h e y  are  no 
longer  being ac t ively  a c c e s s e d  {i.e., t h e r e  a re  
no ou t s t and ing  Opens). For example ,  when  
vers ion  J of an ob jec t  is c o m m i t t e d ,  ve r s ion  I 
of the  ob jec t  will be d e s t r o y e d  if it is no t  
being accessed .  Thus, vers ion  de le t ion  t i m e s  
are  well-defined. This has  the  d i sadvan tage  of 
r educ ing  po ten t i a l  para l le l i sm and caus ing  
t r a n s a c t i o n s  to  abor t .  For  ins tance ,  if an  
Open for read ing  is done using an  old PTE, 
the  r e q u e s t e d  ob jec t  ve r s ion  m i g h t  have 
a l ready  b e e n  dele ted.  This would cause  the  
Open to fail, and  typical ly ,  the  t r a n s a c t i o n  to  
be" abor ted .  

Our fourth,  and final, modi f i ca t ion  is to imple-  
m e n t  shar ing  be tween  vers ions  of the  s a m e  
object .  That is, we exploi t  the  i m m u t a b i l i t y  of 
vers ions  by  allowing t h e m  to  sha re  s to rage ,  
e.g. disk sec tors .  When a ve rs ion  is to  be 
dele ted,  i ts list of disk a d d r e s s e s  c an  be  c o m -  
p a r e d  with the  s u b s e q u e n t  ve r s ion  to  d e t e r -  
mine  which disk a reas  c a n  be  f reed.  
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5.4.2.  C o m m i t  
Commi t t i ng  of ob jec t  vers ions  in iMAX is 
s imple r  t h a n  the  gene ra l  s c h e m e  of Reed's .  
In our  first  r e lease  of ob jec t  filing we are  only 
c o n c e r n e d  with a tomic  ac t ions  within a single 
p roces s ing  node.  In a c o m m i t  of a t r a n s a c  - 
t ion  t h a t  involves a single object ,  i.e. the  typi- 
cal case,  only the  POD e n t r y  of the  ob jec t  
n e e d s  to be changed .  To m a k e  this change  
a tomica l ly  and to inc rease  POD reliability, the 
POD is i m p l e m e n t e d  in s tab le  s torage .  21 To 
hand le  mul t ip le  ob jec t  commits ,  the  value of 
the  POD en t r i es  to be changed  are  first writ- 
t e n  as a single c o m m i t  r e c o r d  to s table  
s to rage .  After  this  comple tes ,  the  appropr i -  
a t e  POD en t r i es  are  upda ted .  When this com-  
ple tes ,  the  c o m m i t  r e c o r d  is dele ted.  Once 
the  c o m m i t  r e c o r d  is success fu l ly  wri t ten,  the 
t r a n s a c t i o n  is c o m m i t t e d .  If a s y s t e m  c r a s h  
occ u r s ,  the  c o m m i t  r e c o r d s  will be p r o c e s s e d  
in o r d e r  of t i m e s t a m p s  as p a r t  of the  s y s t e m  
s t a r t - u p  p r o c e d u r e .  

5.5. Da ta  Files 

The ob jec t  filing s y s t e m  i n c o r p o r a t e s  s u p p o r t  
for  s imple  da t a  files, iMAX suppl ies  a type  
m a n a g e r  for ob jec t s  of type  data-file. Data- 
file ob jec t s  exist  only in the passive space  and 
do no t  have the  128K by te  l imi ta t ion  as do 
o t h e r  432 objects .  Since the  data-fi le type  
m a n a g e r  is i n t e g r a t e d  into objec t  filing, a 
m o r e  efficient i m p l e m e n t a t i o n  is possible  
t h a n  if a s e p a r a t e  type  m a n a g e r  i m p l e m e n t e d  
this  type.  

The opening of a d a t a  file is i m p l e m e n t e d  as 
the  opening of the  data-file o b j e c t ' s  passive 
definition. Such  a file open  will r e t u r n  a 
s t r eam- l ike  I / 0  in t e r face  package .  15 File syn- 
c h r o n i z a t i o n  and  c o n s i s t e n c y  are  accom-  
pl ished by a tomic  act ions.  

6. An Example  of Object  Fil ing on  P r o g r a m -  
m i n g  

Object  filing provides  new p r o g r a m m i n g  
s e m a n t i c s  t h a t  can  be easi ly exploi ted  by 
u se r s  t h r o u g h  high-level l anguages  such  as 
Ada. 22, 23 One example  of this  is ob jec t  filing's 
abi l i ty  to save the  s t a t e  of a col lec t ion  of 
objects ,  e.g. a compu ta t i on .  This facil i ty can  
p rov ide  a p r o g r a m m i n g  w o r k s p a c e  c o n s t r u c t  
s imi lar  to t h a t  suppl ied by APL and  LISP pro-  
g r a m m i n g  sys tems .  

An Ada p r o g r a m m e r  on the  432 can  choose  a 
w o r k s p a c e  e n v i r o n m e n t  for a d a t a  a b s t r a c -  
t ion  by  p r o p e r l y  s t r u c t u r i n g  his Ada p rog ram.  
This is b e s t  i l lus t ra ted  by an  example .  Sup- 
pose  a u s e r  p r o g r a m  cons i s t s  of a p a c k a g e  P 
which c o n t a i n s  var iable  dec l a r a t i ons  and sub- 

p r o g r a m s ,  and  a p r o c e d u r e  Main ( the ma in  
p rog ram) .  We will examine  two possibili t ies:  
b o t h  P and  Main are  def ined as l ib ra ry  units;  
and, P is def ined within Main, i.e. only ]~,lain is 
a l i b ra ry  unit.  

F i rs t  suppose  t h a t  b o t h  a re  l ib ra ry  units,  Main 
is invoked,  and  Main calls s u b p r o g r a m s  within 
P which change  the  var iab les  d e c l a r e d  in P. 
The use  of Main and P cause  the i r  act ivat ion.  
S o m e t i m e  a f te r  Main comple t e s ,  Main and P 
will be pass iva ted .  The pass iva t ion  of Main is 
a no-op s ince a p r o c e d u r e  does  no t  have any  
s ta te .  P does  have s ta te ,  namely ,  the  vari- 
ables  d e c l a r e d  in P. Changes  m a d e  to these  
will be r e f l ec t ed  in the  pass ive defini t ion of P 
when pass iva t ion  occurs .  When Main is 
invoked again, caus ing  a r eac t i va t i on  of Main 
and  P, the  s t a t e  of P will no t  be the  s a m e  as 
when Main was first invoked.  This is the 
w o r k s p a c e  fo rm of a d a t a  abs t r ac t ion .  

In the  s e c o n d  case,  p a c k a g e  P is defined 
within the  p r o c e d u r e  Main. When Main is 
invoked,  a new p a c k a g e  P will be c rea t ed .  
This p a c k a g e  will be de le t ed  when Main is 
exi ted.  That  is, a d i f ferent  i n s t ance  of P is 
t ied to e a c h  invoca t ion  of Main. If two 
p r o c e s s e s  call Main, e a c h  will have a d i f ferent  
p a c k a g e  P, i.e. t hey  will no t  a cce s s  the  same  
var iab les  within P. This does  no t  p r ec lude  
shar ing;  i.e. the  c o m p i l e r  s u p p o r t s  the  shar-  
ing of c o n s t a n t  objec ts ,  specifically,  the  
i n s t r u c t i o n  ob jec t s  t h a t  m a k e  up i n s t a n c e s  of 
P. This fo rm of p r o g r a m  s t r u c t u r i n g  provides  
the  p r o g r a m m i n g  s e m a n t i c s  suppl ied  by t rad-  
i t ional  sys tems .  

In this  example ,  we showed t h a t  the  da ta  
s t a t e  of an  a b s t r a c t i o n  can  be saved in the 
ob jec t  filing s tore.  Object  filing is also able to 
save the  con t ro l  s t a t e  of an abs t r ac t ion ,  i.e. 
save a p r o c e s s  object .  This faci l i ty  is pro-  
vided by the  iMAX p r o c e s s  m a n a g e r ,  the  type  
m a n a g e r  for  p r o c e s s  objects .  

7. S u m m a r y  
We have d e s c r i b e d  the  key  e l e m e n t s  of the  
iMAX ob jec t  filing sys t em.  In this  sect ion,  we 
review how these  provide  solut ions  to the  
p r o b l e m s  t h a t  we s t a t e d  at  the  top of this  
paper .  

The first  p r o b l e m  was assur ing  the  un iqueness  
of UIDs. This was solved by  g u a r a n t e e i n g  the  
un iqueness  of a UID within an  ob jec t  filing 
device  and by r educ ing  the  p robab i l i ty  to an 
a c c e p t a b l e  level, of any  two ob jec t  filing dev- 
ices having the  s a m e  name .  
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The second problem was providing an object- 
oriented,  logical naming mechanism.  We 
descr ibed a link object  mechan i sm tha t  pro- 
vided for dynamic linking at act ivat ion and 
dynamic unlinking at  passivation. 

The th i rd  prob lem was maintaining the con- 
s is tency of a col lect ion of objects.  This was 
solved by: (1 )decompos ing  the  object  space 
into two spaces,  active and passive, and giving 
type managers  control  of the movemen t  of 
the i r  objects  be tween the two spaces; (2) pro- 
viding the facili ty of composi te  objects  which 
allows a type  manage r  to t r e a t  a complex 
object  as a single entity; and, (3)supplying 
atomic act ions to deal with a col lect ion of 
composi te  objects.  

The four th  problem was the m a n a g e m e n t  of 
the object  space.  Although o the r  designs 
have rel ied solely on a parallel  garbage collec- 
to r  to rec la im object  filing space, we argued 
against  this approach.  In its place, we 
descr ibed  an ownership scheme tha t  is more  
efficient in recla iming object  space. 

The last  p rob lem we posed deal t  with the 
implicit  overhead  of an object  filing system. 
To address  this p rob lem we in t roduced  the 
notiqn of composi te  objects.  The use of com- 
posi te  objects  r educes  the space require-  
men t s  for the  A0D and POD. It also speeds 
up act ivat ion and passivation by involving 
more  objects  in each  physical  I / 0  operat ion.  

To summarize ,  we under took  the implementa-  
t ion of an objec t  filing sys tem for iMAX in 
order  to m e e t  our  objective of providing to 
our cus tomers  (mainly original equ ipment  
manufac tu re r s )  an extensible  operat ing sys- 
tem. This is made  possible by the archi tec-  
tu re  of the 432 and by the choice of Ada as 
our sys tems implemena t ion  language. Exten- 
sibility is achieved by the  addit ion of new 
object  types  and the i r  managers .  The 432 
a r c h i t e c tu r e  provides for these  in an efficient 
manner .  The iMAX object  filing sys tem com- 
p lements  the o the r  par t s  of the 432 sys tem 
by providing for the  p e r m a n e n t  s torage of 
objects  and giving each  type  manage r  
exclusive contro l  over the creat ion,  preserva-  
tion, and u l t imate  des t ruc t ion  of the objects  
it manages.  
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