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S t a r O $  Is a message -based ,  ob jec t -o r ien ted ,  
m u l t l p r o c e s s o r  ope ra t i ng  system,  spec i f ica l ly  designed 
t o  s u p p o r t  task forces, large col lect ions of 
c o n c u r r e n t l y  e x e c u t i n g  p rocesses  tha t  coopera te  to 
a c c o m p l i s h  a s ing le purpose.  StarOS has been 
i m p l e m e n t e d  a t  Carneg ie -Me l lon  Univers i ty  for the 50 
p r o c e s s o r  Cm* mul t i -mic roprocessor  computer. 

In th i s  pape r ,  w e  f i rs t  d iscuss the a t t r ibu tes  of task  
f o r c e  s o f t w a r e  and of  the  Cm* arch i tec ture .  We then 
d i s c u s s  some of  t he  fac i l i t ies  in StarOS that  al low 
d e v e l o p m e n t  and expe r imen ta t i on  wi th task  forces.  
S t a r O $  I t se l f  is p r e s e n t e d  as an example  task  force.  

1 .  In t roduct ion  

T e c h n o l o g i c a l  a d v a n c e s  have  made It a t t rac t i ve  to  
I n t e r c o n n e c t  many less e x p e n s i v e  processors and 
m e m o r i e s  to  cons t r uc t  a powerfu l ,  c o s t - e f f e c t i v e  
c o m p u t e r .  Potential benef i t s  Include increased 
c o s t - p e r f o r m a n c e  resu l t ing from the exp lo i ta t ion  of 
m a n y  c h e a p  p rocessors ,  enhanced rel iabi l i ty in the 
I n t e g r i t y  o f  d a t a  and in the  ava i lab i l i ty  of useful 
p r o c e s s i n g  cyc les ,  and a phys ica l ly  adaptab le  
c o m p u t e r  w h o s e  c a p a c i t y  can be expanded  or 
r e d u c e d  b y  add i t i on  or removal  of modular components. 
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Rea l i z i ng  t h e s e  potential benef i t s  requires so f tware  
s t r u c t u r e s  t h a t  make e f f e c t i v e  use of the hardware.  

S ta rOS Is an e x p e r i m e n t a l  operat ing system for 
Cm*, a mul t i -m ic rop rocesso r  wi th  approx imate ly  50 
p r o c e s s o r s  and 3M b y t e s  of  main memory (in 1979)  
[ 5 ] .  S ta rOS Is des igned  for  the support  of and 
e x p e r i m e n t a t i o n  w i th  task forces, so f tware  composed 
o f  many  coope ra t i ng ,  communicating "small" 
p r o c e s s e s ,  t o g e t h e r  w i th  support ing code and data.  
C o l l e c t i v e l y ,  t h e  t ask  fo rce  components accomplish a 
s i ng l e  t a s k .  Our o b j e c t i v e  is to  determine whether  
t a s k  f o r c e  s o f t w a r e  is conduc ive  to achieving the 
p o t e n t i a l  b e n e f i t s  of  mult iprocessors,  and to 
u n d e r s t a n d  t h e  des ign issues re la ted  to operat ing 
s y s t e m  f a c i l i t i e s  t h a t  suppor t  task  forces.  A l imited 
V e r s i o n  o f  StarOS has been running since 1977.  An 
a d a p t e d  and e x p a n d e d  vers ion Is now being 
c o m p l e t e d .  

I t  is a p p r o p r i a t e  to  ana lyze  task  forces in detai l .  
P r o c e s s e s  of  a t ask  fo rce  are typ ica l l y  small in 
c o m p a r i s o n  to  coun te rpa r t s  in a uniprocessor 
mu l t i p rog ramming  sys tem,  and the re  are more of them. 
The  d e s i r a b i l i t y  o f  many small processes,  ra ther  than a 
f e w  l a r g e r  ones ,  de r i ves  d i rec t l y  from the th ree  
p o t e n t i a l  b e n e f i t s  l is ted above:  To ach ieve 
c o s t - p e r f o r m a n c e  or even  absolute performance, a 
c o m p u t a t i o n  is decomposed  into small parts, each of  
w h i c h  is p e r f o r m e d  by  a sepa ra te  process execut ing  
in p a r a l l e l  w i t h  t he  o thers .  This s t r a tegy  maximizes 
u s a g e  o f  t h e  ava i l ab le  paral lel ism. Enhanced rel iabi l i ty 
may r e s u l t  i f  t h e  t ask  is decomposed such that  no one 
p r o c e s s  pe r fo rms  an Indispensable function. If an 
e r r o r  can  be  con ta ined  so tha t  it results in the 
d e s t r u c t i o n  o f  no more than one process, the task  
m igh t  s t i l l  be  comp le ted .  In this case, a more rel iable 
i m p l e m e n t a t i o n  resu l t s .  The third potent ia l  benef i t  of 
h a r d w a r e  a d a p t a b i l i t y  wi l l  be wel l  served  if the task  
f o r c e  can  g row  (or  shr ink) wi th  the addit ion (or 
r e m o v a l )  o f  p rocesso r  and memory resources. This Is 
p a r t i c u l a r l y  e a s y  if da ta  s t ruc tu res  are sepa ra te l y  
I o c a t a b l e  and add ressab le  ent i t ies  whose size or 
n u m b e r  can  v a r y .  L ikewise ,  i t  is par t icu lar ly  easy  to 
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do  w h e n  t h e  t a s k  fo rce  is composed, In part ,  of  
d u p l i c a t e d  p r o c e s s e s  or deta.  

An ind iv idua l  p rocess  in a task  force is special ized; 
i t  has  on l y  a smal l  pa r t  of  the overa l l  work of the task  
f o r c e  t o  accompl ish .  Hence, it needs to  access 
r e l a t i v e l y  l i t t l e  da ta  or code.  As a result ,  the address 
doma in  o f  a p r o c e s s  may be small. This st ,ggests tha t  
e a c h  un i t  o f  code  and each da ta  s t ructure should be 
s e p a r a t e l y  a d d r e s s a b l e  so tha t  address domains can 
be '  t a i l o r e d  to  t he  requ i rements  of the individual 
p r o c e s s .  

P r o c e s s e s  of  a t ask  fo rce  re ly  more on other  
p r o c e s s e s  than  is the  case in time typ ica l  
mu l t i p rog ramming  sys tem.  What  is performed by a 
s u b r o u t i n e  in t h e  mult iprogramming system may be 
p e r f o r m e d  b y  a s e p a r a t e  process in the task force.  
I n t e r - p r o c e s s  communicat ion and synchronizat ion are 
s u b s t a n t i a l l y  more f requen t .  Hence, each process 
mus t  b e  ab le  to  add ress  some da ta  ob jec ts ,  such as 
m a i l b o x e s  and semaphores ,  for  communication and 
s y n c h r o n i z a t i o n .  

T a s k  f o r c e s  v a r y  along dimensions not even found 
in mu l t i p rogramming  sys tems.  For example,  the number 
o f  p r o c e s s e s  in a s ingle task  fo rce  may va ry  not wi th 
t h e  number  o f  func t ions  to  be performed, but wi th 
a v a i l a b l e  r e s o u r c e s .  Where severa l  processors are 
a v a i l a b l e ,  Input  d a t a  may be par t i t ioned and processes 
r e p l i c a t e d  so t h a t  each  process performs the same 
f u n c t i o n ,  bu t  on a r e s t r i c t e d  port ion of data.  

In summary ,  t he  p r o c e s s  in a task force is 
s m a l l - - s m a l l  b e c a u s e  the  funct ion it e x e c u t e s  Is a 
sma l l  po r t i on  of  t he  Overall  task,  and small in the size 
o f  i t s  a d d r e s s i n g  domain. A task  force consists of 
p o t e n t i a l l y  a la rge  number o f  components,  re la ted In a 
c o m p l e x  s t r u c t u r e .  The s t ruc tu re  and composit ion of a 
t a s k  f o r c e  may  v a r y  to  a considerable e x t e n t  
d y n a m i c a l l y .  The task  fo rce  is the unit of 
r e s p o n s i b i l i t y  for  any  func t iona l i t y  o ther  than the most 
p r i m i t i v e .  Hence ,  It Is the  unit of accountab i l i ty  and 
t h e  un i t  f o r  wh ich  major  resource  schedul ing decisions 
a r e  m a d e .  

W e  h a v e  d e f i n e d  task  fo rces  qui te general ly .  For 
e x a m p l e ,  a s e q u e n c e  of  t h ree  processes connected 
v i a  Un ix  p ipes  wou ld  cons t i t u te  a task  force [ 1 4 ] .  
H o w e v e r ,  such a t ask  fo rce  Is exceed ing l y  simple: 
n e i t h e r  I ts s t r uc tu re ,  nor i ts composit ion, change 
d y n a m i c a l l y ;  i t  does  not  require any but 
s t r a i g h t f o r w a r d  synchron iza t ion  based on data passing 
t h r o u g h  t h e  p ipes ;  i t  exh ib i t s  no communication paths 
o r  o r g a n i z a t i o n a l  s t r uc tu re  for  handling errors so tha t  
t h e y  can  be  r e l a t e d  to  the  task  force as a whole, 
r a t h e r  t h a n  a s ing le p rocess ;  and it provides no basis 
f o r  c o o r d i n a t i n g  time ou tpu t  tha t  appears  o=1 the user 
t e r m l n a h  Whi le an e x t r e m e l y  useful  program 
o r g a n i z a t i o n ,  such s t r uc tu res  are  not suf f ic ient  to 

c o p e  w i t h  t h e  prob lems tha t  ar ise in large appl icat ions 
d e s i g n e d  to  e x p l o i t  the  paral lel ism inherent  in 
d i s t r i b u t e d  s y s t e m s - - w h e t h e r  loosely or t ight ly  
c o u p l e d .  I t  is our  o b j e c t i v e  to  exp lo re  fac i l i t ies tha t  
d o  so .  

2 .  C m *  A r c h i t e c t u r e  

The des tgn  o f  an opera t i ng  sys tem Is inf luenced by 
t h e  h a r d w a r e  resou rces  i;c manages. Hence, it is 
a p p r o p r i a t e  to  s k e t c h  the  sa l ient  aspec ts  of the Cm* 
a r c h i t e c t u r e .  Addi t ional  desc r ip t i ve  detai l  can be 
f o u n d  In p a p e r s  by  Fuller and Swan, e t  al. [5 ,  15] .  
Cm~ w a s  d e s i g n e d  and a p ro to t ype  implemented at  
C a r n e g i e - M e l l o n  Un ivers i ty .  The p ro to type  began 
r u n n i n g ' i n  Spr ing,  1077.  By Fall, 1070  i t  included .50 
p r o c e s s o r s .  

The Cm* mul t i -min iprocessor  consists of  
i n t e r c o n n e c t e d  computer  modules, each an 
a u t o n o m o u s  comput ing  engine I In the ex is t ing sys tem 
e a c h  c o m p u t e r  module Is implemented by a DEC 
L S I - 1 1 ,  a s t a n d a r d  LSI-11 bus ,  memory, and dev ices.  
All p r i m a r y  memory  in the  sys tem Is potent ia l ly  
a c c e s s i b l e  to  each  processor .  Each computer  module 
I n c l u d e s  a loca l  sw i tch ,  the  Slocal, which se lec t i ve l y  
r o u t e s  p r o c e s s o r  memory re fe rences  e i ther  to the 
l oca l  m e m o r y  o f  t he  compute r  module or else onto the 
M a p  Bus. The Sloca l  l i kewise  accep ts  re fe rences  to 
i t s  l oca l  memory  t h a t  emana te  from d is tant  processors.  
Up t o  f o u r t e e n  compu te r  modules may be connected to  
a M a p  Bus so t h a t  t h e y  share the  use of a single 
Kmap, a p r o c e s s o r  respons ib le  for routing memory 
r e q u e s t s  and da ta  b e t w e e n  Slocals. Together,  the 
S l o c a l s  and t he  Kmap implement  a d is t r ibuted swi tch.  

The c o m p u t e r  modules,  Kmap, and Map Bus toge ther  
c o m p r i s e  a cluster .  Clusters are connec ted  via 
I n t e r c l u s t e r  Buses running b e t w e e n  the Kmaps. A C m ,  
c o n f i g u r a t i o n  can have  an arb i t ra ry  number of 
c l u s t e r s ,  a l t hough  c lus te rs  need not have d i rect  
I n t e r c l u s t e r  Bus connec t i ons  to  e v e r y  o ther  c luster  in 
a c o n f i g u r a t i o n .  The number of  computer  modules In a 
c l u s t e r  and  t h e  number  of  c lus ters  In a sys tem may 
v a r y .  Cu r ren t l y ,  our Cm* Implementat ion consists of 
f i v e  c l u s t e r s ,  5 0  processors ,  and 3 megaby tes  of  
p r i m a r y  memory  d i s t r i bu ted  re l a t i ve l y  even ly  across 
t h e  c lus te r s  and across the  computer  modules. 
S y n c h r o n o u s  Line Units are  prov ided on severa l  
p r o c e s s o r s  fo r  connec t ing  terminal dev ices  or 
m u l t i p l e x o r s .  Each c lus te r  is connec ted  to to a DEC 
K L I O  p r o c e s s o r  w i th  higll speed  "DA Links." For 
o n - l i n e  s t o r a g e  of  da ta ,  each  c luster  is prov ided wi th 
o n e  or  more  m o v i n g - h e a d  disk control lors.  An example  

1The name Cm = stands for an arbitrary number of Cm's, or Computer 
Modules. The x is derived from the notation introduced by Kleene for 
regular expressions. 
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I I  

con f i gu ra t i on  of  Cm* is shown in Figure 1. It is quite 
s imi lar  to  the  cur ren t  Implementat ion. 

Co l l ec t i ve l y ,  the  Kmaps mediate each processor 
r e f e r e n c e  p laced  on the Map Bus; thus they can 
s u s t a i n  t he  appearance  of a single large memory. 
H o w e v e r ,  memory Is organized in a performance 
hierarchy; app rox ima te  in te r - re fe rence  times for local, 
i n t r a c l u s t e r ,  and In terc lus ter  re ferences are 3, g, and 
2 6  /~s, r e s p e c t i v e l y ,  as measured In benchmark tes ts  
[ 4 ] .  The d i s t r i bu ted  swi tch  consist ing of the Slocals, 
Kmaps  and assoc ia ted  busses is message switched; 
r e f e r e n c e s  are In ter leaved.  

Using the  4 k i loword wr i tab le  control store of the 
Kmap,  ope ra t i ng  sys tem funct ions beyond those for 
a d d r e s s  mapping may be mlcroprogrammed to increase 
s y s t e m  per fo rmance .  The Kmap is multiprogrammed, 
and can re ta in  su f f i c ien t  con tex t  to manage up to 
e i g h t  a c t i v e  reques ts  for memory references or 
m i c r o c o d e d  opera t ing  sys tem functions at  once. 

3 .  S t a r O S  Archi tecture 

I he o b j e c t i v e s  of  StarOS are to support the 
c o n s t r u c t i o n  and execu t ion  of task forces and to 
e x p l o i t ,  and to  a l low the user to exploi t ,  t h e  faci l i t ies 
p r e s e n t  in the  Cm* arch i tec ture .  An additional StarOS 

o b j e c t i v e  Is to  support  exper imentat ion and 
m e a s u r e m e n t  w i th  sys tem behavior.  

StarOS is an o b j e c t - o r i e n t e d  system. In this regard 
It  is s imi lar  to  Ple~,sey 250 [2 ] ,  CAL time sharing 
s y s t e m  [ 1 0 ] ,  CAP [ 1 2 ] ,  and Hydra [16 ] .  All 
i n fo rma t ion  Is encoded  and s tored In ob jects .  Objects 
are typed; the  t y p e  of an ob jec t  determines that  se t  
o f  functions, which alone de termine  the behavior of 
t h e  o b j e c t .  All o b j e c t s  are d is t inct  and unique. 

To a c c e s s  an o b j e c t  to e x t r a c t  information stored 
In It, or  to  a l te r  the  ob jec t ,  a process invokes some 
f u n c t i o n  de f i ned  on the ob jec t .  To be successful In 
mak ing  such an access  a process must possess a 
capability or " p r o t e c t e d  address"  for the ob jec t  
[ g ,  3, 16 ] .  A capab i l i t y  not only names a distinct, 
un ique  o b j e c t ;  It also spec i f ies  authori ty to manipulate 
t h e  o b j e c t  using some subset  of the functions defined 
fo r  Lhat o b j e c t .  Permission to perform a speci f ic 
f u n c t i o n  on an o b j e c t  Is cal led a right. 

The s ize  of  an ob jec t ' s  representat ion In StarO$ is 
b e t w e e n  2 and 4 0 0 6  by tes .  An ob jec t  Is comprised 
of" t w o  d is jo in t  port ions: the data portion, which 
c o n t a i n s  a s e q u e n c e  of data words, and the capabi l i ty 
l i s t  por t ion ,  wh ich  contains a sequence of capabil i t ies. 
The symbo l i c  names provided by the programming 
l a n g u a g e  can be used to mask the segregat ion of data 
f rom capab i l i t i es .  StarO$ di f fers from the Plessey 
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2 5 0  s y s t e m  in wh ich  o b j e c t s  conta in e i ther  data  or 
C a p a b i l i t i e s ,  bu t  not  both.  

Each  p r o c e s s  has t w o  name spaces,  the capabi l i ty  
n a m e  s p a c e  and t he  Immediate addressing space of 
6 4  k i l o b y t e s ,  d i v ided  into 16 windows. The Load 
f u n c t i o n  wi l l  c a u s e  the  4 k i loby tes  of addresses of  a 
s p e c i f i c  w i n d o w  to  address  b y t e s  of  the data port ion 
o f  an o b j e c t .  When this occurs,  we re fer  to the 
o b j e c t  as mapped. In this manner, processor memory 
r e f e r e n c e s  h a v e  immedia te  access  to the d a t a  port ion 
o f  an  o b j e c t - - t h a t  Is, t h e  da ta  may be manipulated 
us ing  t h e  ins t ruc t i ons  of  the  LSI-11.  This is in 
c o n t r a s t  t o  HYDRA w h e r e  a kernel  en t ry  is required to 
r e a d  and w r i t e  ind iv idual  b y t e s  in the data  port ion of  
al l  o b j e c t s  o t h e r  t hen  8 k i l oby te  "page ob jec ts " .  The 
a d v a n t a g e  o f  immedia te  address ing is tha t  users are 
n o t  p e n a l i z e d  fo r  using s~nall ob jec t s  ta i lored to the 
n e e d s  o f  t h e  app l i ca t ion .  

The  c a p a b i l i t y  name space  of  a p rocess  is def ined 
b y  t h e  c a p a b i l i t y  l ist  por t ion of  the process ob jec t  ( to 
b e  d e s c r i b e d  la te r ) .  A process may direct ly  name all 
o b j e c t s  fo r  wh ich  capab i l i t i es  appear  in this l ist 
t o g e t h e r  w i t h  t he  components  of those ob jec ts .  The 
m i c r o c o d e d  c a p a b i l i t y  funct ions can in te rpre t  these 
d i r e c t  names  for  o b j e c t s  and perform the required 
f u n c t i o n  w i t h o u t  s o f t w a r e  In tervent ion.  If an ob jec t  Is 
n o t  d i r e c t l y  nameab le ,  some capab i l i t y  funct ion must 
b e  p e r f o r m e d  to  make i t  d i rec t l y  nameable. Only then 
m a y  i t  be  used  as a pa rame te r  for some function. 

The  StarOS s y s t e m  def ines  severa l  t ypes  of  
o b j e c t s .  In addi t ion,  users may f ree ly  def ine 
a d d i t i o n a l  t y p e s  t o g e t h e r  wi th the assoc ia ted 
f u n c t i o n s .  S t rong  typ ing  is uniformly enforced.  To 
e x p l a i n  some  of  the  ramif icat ions of  dynamic t ype  
c r e a t i o n  b y  users ,  w e  f i rs t  dist inguish be tween  
abs t rac t  t y p e s  and representation t ypes.  
R e p r e s e n t a t i o n  t y p e s  are def ined by StarOS and are 
t h e  bas i s  fo r  bu i l d i ng  all abs t rac t  types.  Here we 
d i s c u s s  t h e  most  usefu l  two" basic and deque. The 
m o s t  g e n e r a l  pu rpose  t y p e  ts cal led basic. It contains 
a v e c t o r  o f  d a t a  words  and a vec to r  of capabi l i t ies.  
I n d i v i d u a l  w o r d s  or capab i l i t i es  may be named by 
I n d e x .  The func t i ons  de f ined  on da ta  words include: 

- Read t h e  va lue ,  

- Wr i te  t he  va lue ,  

- Increment  t he  va lue  ind iv is ib ly ,  and 

- D e c r e m e n t  t he  va lue  i nd iv is ib ly  if It is 
n o t  zero .  

The  i nc rement  and Decrement funct ions are the basis 
f o r  p rogramming  simple s o f t w a r e  locks. Cm* 
p r o c e s s o r s  canno t  o t he rw i se  perform an indivisible 
r e a d - m o d i f y - w r i t e  ac t ion.  The basic t ype  is def ined 

s o  t h a t  tf a bas ic  o b j e c t  is mapped to the immediate 
a d d r e s s  s p a c e  of  a process,  the processor memory 
r e q u e s t s  pe r fo rm Read and Write funct ions on the 
d a t a  po r t i on  of  t he  o b j e c t .  In this way  the data  
p o r t i o n  b e h a v e s  as a conven t iona l  memory segment.  
P r o g r a m  c o d e  is t y p i c a l l y  s to red  in basic ob jec ts  tha t  
h a v e  no c a p a b i l i t y  l ist .  

A v a r i e t y  o f  func t ions  are def ined for the 
m a n i p u l a t i o n  of  capab i l i t i es :  

Copy a c a p a b i l i t y  from a posit ion In the 
c a p a b i l i t y  l ist  por t ion of  an ob jec t  into 
a n o t h e r  pos i t ion  in the  same or some 
d i f f e r e n t  c a p a b i l i t y  l ist, 

- R e s t r i c t  r igh ts  reco rded  in a capabi l i ty, .  
and  

Transfer  a capab i l i t y  s to red  in one 
pos i t i on  to  ano the r  posi t ion, perhaps in a 
d i f f e r e n t  o b j e c t .  (Note tha t  the original 
c a p a b i l i t y  is e rased . )  

A n o t h e r  g e n e r a l l y  usefu l  rep resen ta t ion  t ype  is the 
d e q u e ,  d e f i n e d  to  bu f fe r  16 -b i t  words of data.  
A s s o c i a t e d  f unc t i ons  inc lude:  

- PushF ron t - - t o  i nser t  a da ta  word at  the 
f r o n t  o f  t he  deque,  

- P u s h R e a r - - t o  Inser t  a da ta  word at  the 
r e a r  o f  t h e  deque,  

- P o p F r o n t - - t o  remove  a data  word at  the 
f r o n t  o f  t h e  deque,  If any,  

- P o p R e a r - - t o  remove  a data  word from 
t h e  r ea r  o f  t he  deque,  If any. 

D e q u e s  may  be used to  implement s tacks by 
e m p l o y i n g  on ly  t he  PushFront and PopFront functions, 
o r  q u e u e s  b y  employ ing only the PushRear and 
PopFron t  f unc t i ons ,  or deques,  by  using all the def ined 
f u n c t i o n s .  When the  deque  is mapped onto the 
i m m e d i a t e  a d d r e s s  space  of  a process,  memory 
r e f e r e n c e s  to  t he  deque  are i n te rp re ted  by the Kmap 
as  I n v o c a t i o n s  on t he  deque  funct ionsl  .the speci f ic  
f u n c t i o n  I n v o k e d  depends  on the  speci f ic  address 
w i t h i n  t h e  w i n d o w .  

3 .1 ,  Synchronizat ion and Message Communication 

Sta rOS Is a m e s s a g e - b a s e d  system. The mot ivat ion 
f o r  th i s  is t o  a l low concurrent, and possible parallel, 
e x e c u t i o n  w h e n e v e r  f e a s i b l e - - t h a t  is, wheneve r  not 
r e s t r i c t e d  b y  t he  logic of the algorithm. The scheduler  
a n d  m u l t i p l e x o r  a re  respons ib le  for ensuring that  
c o n c u r r e n t  p r o c e s s e s  e x e c t l t e  in paral le l  wheneve r  
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poss ib le ,  cons i s ten t  wi th the scheduling policy. 

In th is message-based  system processes 
f r e q u e n t l y  send messages,  which are requests for 
w o r k  to  be done. A process may have multiple 
r e q u e s t s  outs tand ing.  Wherever  possible, the StarOS 
des ign  does not preempt  the user% abil i ty to program 
c o n c u r r e n t  p rocesses .  Hence, a process does not 
e v e r  suspend  execu t i on  as a s ide-e f fec t  of a 
m e s s a g e  send or rece ive .  The process expl ic i t ly  
con t ro l s  when  execu t i on  is to be suspended to await 
t h e  comple t ion  of act ions taken by other processes. 

StarOS suppl ies an event mechanism which 
p r o c e s s e s  may use to awai t  the occurrence of 
s p e c i f i c  e v e n t s .  A se t  of events Is defined by each 
p r o c e s s .  The process may Block, that is, suspend 
e x e c u t i o n ,  awai t ing any one of a subset of the 
d e f i n e d  e v e n t s  to occur. Routinely, a process 
a s s o c i a t e s  an even t  with the receipt  of a message 
from a s p e c i f i c  mai lbox. 

To suppo r t  rapid message communication .among 
p r o c e s s e s ,  StarOS implements a mailbox type of 
o b j e c t .  It is capab le  of buffer ing messages which are 
e i t h e r  s ingle da ta  words or single capabil i t ies. When 
c r e a t e d ,  a mai lbox is def ined to buffer either data 
m e s s a g e s  or capab i l i t y  messages, but not both. The 
t y p e - s p e c i f i c  funct ions are Send and Receive. 

First  cons ider  the Receive function: it will remove, 
t h e n  return,  a bu f fe red  message if the mailbox is not 
e m p t y .  If the mai lbox is empty, the Receive function 
wi l l  a c t  d i f f e r e n t l y  depending on whether Receive was 
i n v o k e d  In condi t iona l  or regist rat ion mode. In 
cond i t i ona l  mode the Receive function merely returns 
w i t h  no message.  If the invoker specif ied registration 
mode,  then the name of the invoker together with an 
e v e n t  name is wr i t ten  onto the Registration queue 
a s s o c i a t e d  wi th  the mailbox. The process must have 
d e f i n e d  the  e v e n t  to be associated with t i le receipt  
o f  a message  from the part icular mailbox. To define 
t h e  e v e n t ,  the  process speci f ies an event  name, a 
c a p a b i l i t y  for  the mailbox, and a location within the 
a d d r e s s  s p a c e  of the process capable of storing a 
m e s s a g e  de l i ve red  from the mailbox. The process may 
t hen  s e l e c t  tha t  even t  as a condition for the Block 
func t ion .  

Send will de l iver  a message to a registered 
r e c e i v e r ,  If one Is l is ted in the registration queue. 
A l t e r n a t i v e l y ,  Send will buf fer  the message if the 
r e g i s t r a t i o n  queue is empty and the mailbox is not full. 
Send wil l  fai l  if the mailbox is full. If the message Is 
t r a n s m i t t e d  to a rece iver ,  the receiver  is removed 
from the  reg is t ra t ion  queue, the transmitted message 
is s t o r e d  in the locat ion associated with the event.  
The  e v e n t  named In the registrat ion queue is then 
S igna l l ed  to  the rece iv ing process. If the process is 
Blocked  wai t ing  on tha t  event ,  execut ion of the 
p r o c e s s  wil l  be resumed. 

Note  t ha t  StarOS mai lboxes are finite and that 
p r o c e s s e s  communicat ing via t i le mailboxes are not 
Blocked  as s i d e - e f f e c t  of performing a message 
f u n c t i o n  on a mai lbox. Note also that  the mailbox 
f u n c t i o n s  comple te  before the invoker is permitted to 
con t i nue  operat ion .  Mai lbox functions are implemented 
p a r t i a l l y  in microcode and part ial ly in software. 

8 . 2 .  P r o g r a m  and Process  Construct ion 

M o d u l e  o b j e c t s  are the basis for program 
c o n s t r u c t i o n  and the dynamic creation of processes. 
From a behav io ra l  point of v iew, a module defines and 
e x p o r t s  a s e t  of funct ions for use by code in other 
modu les .  It may also def ine a new type of object .  At 
a n y  Ins tant ,  each user or system process Is execut ing 
a pa r t i cu l a r  funct ion of a part icular module. 

From an Implementat ion point of view, a module is an 
o b j e c t  conta in ing capabi l i t ies  for those code and data 
o b j e c t s  shared  by the processes execut ing the 
f u n c t i o n s  of the  module. The Invoke function Is 
d e f i n e d  on modules. Before invoking an 
a s y n c h r o n o u s l y  e x e c u t e d  function, a process 
p r e p a r e s  a ca r r i e r  to hold Invocation parameters. A 
c a r r i e r  Is a small basic ob jec t ;  a capabi l i ty for It will 
be  s e n t  to  the  p rocess  that  Is to execu te  the invoked 
func t ion .  One parameter  a lways included in the carrier 
is a c a p a b i l i t y  for a mailbox. The process execut ing 
t h e  func t ion  will return the carrier to this mailbox 
w h e n  the  funct ion is completed. The requesting 
p r o c e s s  can wa i t  for the function completion by 
Block ing on an e v e n t  assoc ia ted with this mailbox. 

T ransmi t ta l  of the carr ier may occur in several 
w a y s .  In t h e  s implest  case, Invoke will cause the 
c r e a t i o n  of  a new process to execu te  the invoked 
func t ion .  That  new process will be created with what 
is r e f e r r e d  to  as an " invocat ion"  mailbox. Invocation 
is c o m p l e t e  when the carr ier is sent to the invocation 
ma i l box  o f  the  new process.  Such a process Is said to 
be  " t r a n s i e n t "  because  it will terminate af ter  the 
f u n c t i o n  e x e c u t i o n  is completed. 

A l t e r n a t i v e l y ,  one or more processes may be 
p r e - l n i t l a l i z e d  to e x e c u t e  a part icular function. Such 
p r o c e s s e s  are cyc l ic ;  they  Block on a common 
i n v o c a t i o n  mai lbox,  await ing arrival of a carrier that  
r e p r e s e n t s  a funct ion request .  If one or more such 
p r o c e s s e s  e x i s t  execu t i ng  the function, we refer to 
t h e  func t ion  as being "p resen t " .  Note that if multiple 
p r o c e s s e s  e x i s t  for the same present function, they 
s h a r e  the  module ob jec t ,  the invocation mailbox, and 
all o b j e c t s  for  which there are capabil i t ies in the 
module  o b j e c t .  

It should be ev iden t  tha t  the StarOS Implementation 
o f  modules and processes provides support for 
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p r o g r a m m i n g  accord ing  to the  t ene ts  of the "da ta  
a b s t r a c t i o n "  me thodo logy  [11 ,  18] .  Recall tha t  a 
m o d u l e  may  d e f i n e  some new t ype  of abs t rac t  ob jec t .  
The  f u n c t i o n s  e x p o r t e d  for invocat ion by code 
e x t e r n a l  to  t he  module can implement the funct ions of 
t h e  a b s t r a c t  t y p e .  Hence, only the code of the 
m o d u l e  can  d i r e c t l y  access  the data words and 
c a p a b i l i t i e s  t h a t  in the  o b j e c t  of representa t ion  t ype  
t h a t  imp lemen ts  t he  rep resen ta t i on  of the ob jec t  of 
a b s t r a c t  t y p e .  

The mechan ism to  suppor t  dynamic t ype  creat ion Is 
as  f o l l o w s .  To c r e a t e  a new  type ,  an ini t ial izat ion 
f u n c t i o n  o f  t he  modu le  would dynamical ly request  
S t a r O S  to  c r e a t e  a new  type token, which it would 
t h e n  p l a c e  in t he  module ob jec t .  To c rea te  an 
I n s t a n c e  o f  t h e  n e w  a b s t r a c t  ob jec t ,  a funct ion of the 
m o d u l e  wou ld  f i r s t  c r e a t e  an ob jec t  of the proper 
r e p r e s e n t a t i o n  t y p e .  It would then manipulate the 
d a t a  and  c a p a b i l i t y  posit iorts in tha t  ob jec t  to init ial ize 
t h e  a b s t r a c t  o b j e c t ' s  repTesentat ion.  It would then 
ma rk  t h e  o b j e c t  as bein G of  the abs t rac t  t ype  by 
s t o r i n g  t h e  name of  the  module in the descr iptor  of the 
o b j e c t ,  ma in ta ined  by  StarOS. The t ype  token is 
s u f f i c i e n t  a u t h o r i t y  to  mark an ob jec t .  The t ype  token 
a l s o  a l l ows  t he  Conversion of capabi l i t ies for the 
o b j e c t  in to  abstract capabilities. An abs t rac t  
c a p a b i l i t y  i s  a po in te r  to  an abs t rac t  ob jec t ;  it 
a u t h o r i z e s  no func t ions  of  the representa t ion  t ype  of 
t h e  o b j e c t ,  bu t  r a the r  author izes Invocat ion of 
f u n c t i o n s  o f  t h e  module t ha t  def ines the abs t rac t  
t y p e .  

Func t i ons  In a module def in ing some abs t rac t  t ype  
may ,  us ing t he  t y p e  token,  Amplify an al~stract 
c a p a b i l i t y  t o  p roduce  a capab i l i t y  for the 
r e p r e s e n t a t i o n  o b j e c t .  Hence, Amplify returns a 
c a p a b i l i t y  fo r  t he  same o b j e c t  wi tb  r ights so that  the 
o b j e c t  can  be  manipu la ted  using those funct ions 
d e f i n e d  as pa r t  o f  i ts rep resen ta t i on  type .  

To ma in ta in  comp le te  contro l  ove r  the behavior  of  
al l  I n s t a n c e s  o f  t he  a b s t r a c t  t y p e  i t  def ines,  a module 
mus t  o b s e r v e  t h e  fo l lowing:  

- T h e  t y p e  t o k e n  must not  be exerc i sed  
b y  a n y  p rocess ,  o the r  than those 
e x e c u t i n g  t he  func t ions  of the module. 

- All c a p a b i l i t i e s  for  o b j e c t s  def ined by a 
modu le  must  be Converted to be 
a b s t r a c t ,  b e f o r e  being t ransmi t ted to 
p r o c e s s e s  e x e c u t i n g  code tha t  is 
o u t s i d e  t he  module. 

I f  t h e s e  ru les  a re  fo l lowed,  no manipulation of the 
o b j e c t  can  be  accompl ished e x c e p t  v ia the funct ions 
o f  t h e  module .  

3 . 3 .  S c h e d u l i n g  

The  respons ib i l i t y  for  schedul ing is d iv ided be tween  
p r o c e s s e s ,  wh ich  are  ca l led schedulers, and a low 
l e v e l  mechan ism ca l led  the multiplexor, which Is 
e x e c u t e d  by  each  LSI-11 processor  independent ly .  
The  m u l t i p l e x o r  makes shor t  term decisions about 
w h i c h  p r o c e s s  to  assign to e x e c u t e  on each 
p r o c e s s o r .  Each schedu le r  is des igned to Implement a 
s p e c i f i c  po l i cy .  The StarOS mul t ip lexor  may be 
I n i t i a l i zed  to  Implement  a v a r i e t y  of pol icies: 
r o u n d - r o b i n ,  p reemp t i ve ,  f i r s t - come / f i r s t - se rve ,  
p r i o r i t y ,  and t he  schedu l ing  of p rocesses on pre fe red  
p r o c e s s o r s  so t h a t  a p rocess  wil l  e x e c u t e  in the same 
c o m p u t e r  modu le  w h e r e  the  ob jec t s  containing the 
c o d e  and d a t a  a re  loca ted .  We intend to  exper iment  
w i t h  a l t e r n a t i v e  schedu l ing  pol ic ies, but have not y e t  
d o n e  so.  

A t  s y s t e m  load t ime, we  assoc ia te - -w i th  each 
p r o c e s s o r - - a  p r io r i t y  o rde red  se t  of mai lboxes to 
s e r v e  as q u e u e s  of  p rocesses .  These sets  of run 
queues may  o v e r l a p  arb i t rar i ly ,  and the pr ior i ty  order  is 
p r o c e s s o r - s p e c i f i c .  When it is appropr ia te  for a 
p r o c e s s o r  t o  s w i t c h  wha t  process it is execut ing ,  the 
m u l t i p l e x o r  d e t e r m i n e s  the  n e x t  process t o  e x e c u t e  
b y  s e a r c h i n g  t he  queues  in pr ior i ty  order. The 
s e l e c t e d  p r o c e s s  is ass igned to e x e c u t e  on the 
p r o c e s s o r  for  a p resc r i bed  maximum time quantum. If 
t h e  sum t o t a l  o f  t ime which the  process e x e c u t e s  
e v e r  e x c e e d s  a schedu le r  determined value, the 
m u l t i p l e x o r  wi l l  Send the  process back to the 
s c h e d u l e r .  I t  is assumed tha t  only one scheduler  is 
r e s P o n s i b l e  fo r  each  process.  Mult iple schedulers 
m a y  c o e x i s t .  I t  is poss ib le  for  a scheduler  to a l ter  the 
p r i o r i t y  o f  a run queue  for some processor  or i t  may 
a d d  or  r e m o v e  a queue  from the  se t  assoc ia ted with a 
p r o c e s s o r .  I t  is assumed tha t  if multiple schedulers 
e x i s t ,  t h e y  do no t  ac t  In con f l i c t  wi th  one another.  

3 . 4 .  S t a r O S  I n s t r u c t i o n s  

In a d i s t r i b u t e d  sys tem,  paral lel ism is natural.  
H e n c e ,  fo r  a n y  func t ion ,  i ts des igner  must decide if i t 
is t o  be  e x e c u t e d  sequen t ia l l y  or concurrent ly  wi th 
r e s p e c t  t o  f u r t h e r  e x e c u t i o n  by its invoker.  Where a 
f u n c t i o n  is t o  be pe r fo rmed  sequent ia l ly ,  it can b e  
v i e w e d  as an e x t e n s i o n  of  the LSI-11 processor 
i n s t r u c t i o n  se t .  Where  we  wish to s ta te  exp l i c i t l y  
t h a t  a f u n c t i o n  is pe r fo rmed  sequent ia l l y  wi th respec t  
t o  i t s  i n voke r ,  w e  wil l  r e fe r  to it as an instruction. All 
f u n c t i o n s  d e f i n e d  for  rep resen ta t i on  t ypes  are 
i n s t r u c t i o n s .  All ins t ruc t ions  are invoked,  or t r iggered,  
b y  mak ing  a LSI -11 r e f e r e n c e  to a mapped ob jec t ,  or 
t o  s p e c i a l  a d d r e s s e s  r e s e r v e d  for communication 
b e t w e e n  a p rocess  and i ts under ly ing machine. 
R e f e r e n c e s  to  mapped  o b j e c t s  are in te rp re ted  by the 
Kmap.  If more than  a single 16 bit  parameter  is 
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r e q u i r e d ,  t h e  p rocess  f i rs t  Init ial izes a parameter  
b l o c k - - t y p i c a l l y  on the  process s tack - -and  then then 
m a k e s  an a p p r o p r i a t e  mapped re fe rence  to transmit 
t h e  a d d r e s s  of  t he  pa rame te r  block to the part  of 
S ta rOS  t h a t  imp lements  inst ruct ions.  The Kmap has 
" f i r s t  r e f u s a l "  o f  all StarOS instruct ions.  Requests for 
I n s t r u c t i o n s  no t  in f i rmware  are passed to so f tware .  
An I ns t r uc t i on  may be implemented in so f tware ,  
f i r m w a r e ,  or  a m ix tu re  of the  two.  

We h a v e  g iven  an o v e r v i e w  of many StarOS 
f u n c t i o n s .  Those implemented as instruct ions, are in 
t h e  f o l l ow ing  ca tego r ies :  accessing the 
r e p r e s e n t a t i o n  t y p e s  of ob jec ts ,  synchronizat ion, 
m e s s a g e  pass ing,  invoca t ion  of a function, process 
s w i t c h i n g ,  and t rap  and in te r rup t  handling. The la t te r  
t h r e e  c a t e g o r i e s  are  predominant ly  implemented in 
s o f t w a r e .  All o the r  StarOS funct ions are 
a s y n c h r o n o u s .  That  is, the  invoking process may 
c o n t i n u e  e x e c u t i o n  in paral le l  wi th the invoked 
f u n c t i o n ,  wh i ch  is e x e c u t e d  by another  process. The 
i n v o k e r  may  choose  if and when it wil l awai t  a reply 
f r om  t h e  i n v o k e d  funct ion.  The important point to be 
m a d e  h e r e  is t h a t  on ly  a modest  port ion of the 
o p e r a t i n g  s y s t e m  is de f ined  to  be synchronous. 

4 .  T a s k  F o r c e  D e s c r i p t i o n s  

To r e a l i z e  a t ask  fo rce  in StarOS, we distinguish 
b e t w e e n  t he  executable task fo rce- - tha t  se t  of 
p r o c e s s e s  w i th  suppor t ing  code and data ob jec ts  that  
a c t u a l l y  pe r fo rms  the  des i red computat ion- -and the 
s ta t i c  task f o r c e - - t h a t  code and perhaps initial input 
d a t a  f rom wh ich  the  e x e c u t a b l e  task force Is 
I n s t a n t i a t e d .  The d i f f e rence  b e t w e e n  the two Is 
a n a l o g o u s  to  the  d i f f e rence  b e t w e e n  an execu t ing  
i n s t a n c e  o f  a p rocedu re  and the procedure declarat ion 
In a p rog ramming  language.  

As an aid fo r  the  const ruct ion of task forces, 
S ta rOS  s u p p o r t s  the  TASK languager8 ] .  The author of 
a t a s k  f o r c e  desc r i bes  the components of his task 
f o r c e - - c o d e ,  input  data,  processes,  and 
c o m m u n i c a t i o n  ma i lboxes .  The TASK compiler 
g e n e r a t e s  a l ist  o f  the  sequence  of funct ions calls 
t h a t  must  be  e x e c u t e d  by the  StarOS program loader. 
TASK p r o v i d e s  t h ree  specia l ized serv ices.  
I n i t i a l i za t i on  of  the  capab i l i t y  name space and the 
i m m e d i a t e  a d d r e s s  space  of the task force 
p r o c e s s e s ;  i n t e r f a c e  to  the  BL ISS [ l ]  programming 
l a n g u a g e  used  to  implement task  forces to provide 
s y m b o l i c  names  for  ob j ec t s ;  and speci f icat ion of the 
in i t i a l  p l a c e m e n t  and assignment  decisions for the 
o b j e c t s  and p rocess  of  the  task  force to improve 
s y s t e m  p e r f o r m a n c e .  

In t h e  fo l low ing  t w o  sec t ions  we descr ibe StarOS 
i t s e l f  as an e x a m p l e  task  force.  This will permit us 
s i m u l t a n e o u s l y  to  show both a task  force wi th 

I n te res t i i ~g  s t r uc tu re ,  and to expla in  some 
r a m i f i c a t i o n s  of  i ts  implementat ion.  We do not intend 
t o  s u g g e s t  t h a t  StarOS is a typ ica l  task  force, or even 
an e x a m p l e  of  t he  s t y l e  in which a large class of 
u s e r s  might  s t r u c t u r e  the i r  appl icat ions.  

4 . 1 .  T h e  S t a r O S  Sta t ic  Task  Force 

Fo l l ow ing  t he  da ta  abs t rac t ion  methodology, we 
a s s u m e  a s t a t i c  t ask  fo rce  to  be a se t  of modules, 
e a c h  e x p o r t i n g  a s e t  of  funct ions,  t oge the r  with some 
i n p u t  d a t a .  I t  is in th is s ta t i c  form that  the task force 
is o r i g i n a l l y  c o n s t r u c t e d  and updated.  The StarOS 
l o a d e r  c r e a t e s  module o b j e c t s  for each module in the 
s t a t i c  t a s k  f o r ce .  Data  may ex i s t  in the StarOS fi le 
s y s t e m  or  In t he  DEC TOPS-IO sys tem to which Cm* Is 
d i r e c t l y  c o n n e c t e d  v ia the  high speed DA Link. 

W e  h a v e  a l r e a d y  d iscussed se lec ted  funct ions from 
s o m e  StarOS modules and the representa t ion  or 
a b s t r a c t  t y p e s  wh ich  t h e y  def ine.  StarOS includes 
m o d u l e s  fo r  c a p a b i l i t y  address ing of ob jec ts ,  defining 
b a s i c  o b j e c t s  and deque  ob jec ts ,  message 
commun i ca t i on ,  dynamic  t y p e  creat ion, ob jec t  
m a n a g e m e n t  (e.g.  pr imary memory management),  
c r e a t i o n  and ma in tenance  of module ob jec ts  and 
p r o c e s s  o b j e c t s ,  i npu t / ou tpu t  transmission, the f i le 
s y s t e m ,  l oader ,  schedu le r ,  c lock, and reconf igurat ion.  

Log i ca l l y ,  t he  s ta t i c  8tarOS task force is t i le  
c o l l e c t i o n  of  modules,  each d iv ided into levels.  Each 
l e v e l  is d e p e n d e n t  only  on lower  levels  of i tsel f  or 
l e v e l s  o f  o t h e r  modules.  The levels  form a hierarchy 
as  d e f i n e d  b y  Habermann, e t  al. [ 6 ] .  Detai led 
d i s c u s s i o n  of  t he  s t ruc tu re  of  the original StarOS 
s y s t e m  a re  d i scussed  in [ 7 ] .  We do not discuss the 
s t a t i c  t a s k  f o r c e  s t ruc tu re  of the rev ised system in 
a n y  f u r t h e r  here ,  but  turn to  the execu tab le  task  
f o r c e .  

4 , 2 .  T h e  S t a r O S  E x e c u t a b l e  Task Force 

In th is  s e c t i o n  w e  descr ibe  t i le  components of the 
S ta rOS  e x e c u t a b l e  t ask  fo rce  and their  real izat ion as 
$ t a r O S  o b j e c t s .  As d iscussed earl ier,  a subset  of the 
S ta rOS func t i ons ,  r e f e r red  to as instructions, are 
d e f i n e d  t o  e x e c u t e  sequen t ia l l y  and synchronously 
w i t h  t h e  p r o c e s s  reques t ing  the funct ion;  that  is, the 
p r o c e s s  is s u s p e n d e d  for the  durat ion of the 
f u n c t i o n ' s  e x e c u t i o n .  Co l lec t ive ly ,  the StarOS 
I n s t r u c t i o n s  a re  ca l led  the  nucleus and they  def ine the 
s e q u e n t i a l  por t ion  of the  abs t rac t  machine that  StarOS 
p r o v i d e s  to  i ts  users .  The remaining funct ions are all 
p e r f o r m e d  b y  p rocesses  o ther  than that  of the 
r e q u e s t i n g  p rocess ,  so tha t  the two  may e x e c u t e  
c o n c u r r e n t l y .  

The  nuc leus  is implemented par t ly  in Kmap 
m l c r o c o d e  ( a b o u t  2 0 0 0  8 0 - b i t  micro- instruct ions),  and 
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p a r t l y  in s o f t w a r e  ( roughly  4 k i lobytes) .  The 
m i c r o c o d e d  Kmap has " f i r s t  re fusa l "  of each request  
t o  e x e c u t e  a StarOS Instruct ion.  If i t can perform the 
I n s t r u c t i o n ,  i t  does  so whi le both the request ing 
p r o c e s s  and i ts  p rocessor  are suspended. If the 
I n s t r u c t i o n  is not  imp lemented in microcode, the Kmap 
a r r a n g e s  fo r  t he  suspended  processor  to accep t  a 
t r a p  in to  t h e  " ke rne l  address ing space"  where t i le  
n u c l e u s  s o f t w a r e  commences  execu t ion .  The Slocal 
a n d  Kmap h a r d w a r e  al lows StarOS to support  two  
I n d e p e n d e n t  a d d r e s s  spaces  for each processor.  
T h e s e  a d d r e s s  s p a c e s  roughly correspond to  the 
d i s t i n c t i o n  b e t w e e n  "ke rne l / supe rv i so r /mon i to r "  mode 
a n d  " u s e r "  mode of  a convent iona l  processor.  The 
k e r n e l  a d d r e s s  s p a c e  Is r ese rved  by StarOS for the 
n u c l e u s .  The mu l t ip lexor ,  par t  of the nucleus, chooses 
a p r o c e s s  fo r  t he  " u s e r  address  space" .  Traps, 
I n t e r r u p t s  and StarOS inst ruct ion invocat ions may 
c a u s e  a s w i t c h  b e t w e e n  spaces.  As noted earl ier, the 
n u c l e u s  s o f t w a r e  per forms any StarOS Instruct ions 
r e f u s e d  b y  t h e  Kmap, or any  instruct ions that  could 
n o t  b e  c o m p l e t e d  by  the  Kmap because of error or an 
u n d u e l y  c o m p l i c a t e d  s i tua t ion .  

For  a lmos t  all purposes,  the  nucleus so f tware  tha t  
e x e c u t e s  on each  compute r  module appears to run as 
a s t a n d a r d  StarOS process.  In fac t ,  it is implemented 
as  s S tarOS p rocess  ob jec t .  It, l ike all o ther  
p r o c e s s e s ,  Is cons t ra ined  to perform only those 
a c t i o n s  fo r  wh ich  It has proper  author i ty .  In part icular,  
i t  c a n n o t  a c c e s s  an o b j e c t  for which it does not 
p o s s e s s  a capab i l i t y .  However ,  by v i r tue  of execu t ing  
In t h e  k e r n e l  space ,  the  ha rdware  permits the nucleus 
to  e x e c u t e  tl~e "p r i v i l eged  machine Instruct ions" tha t  
c h a n g e  p r o c e s s o r  s t a t e  such as the Interrupt  pr ior i ty  
l e v e l .  The nuc leus  Is cons t ra ined more than o ther  
p r o c e s s e s ;  It may  not  Invoke any  concurrent  function, 
t h u s  t h e  nuc leus  is not  dependen t  on the cor rect  
e x e c u t i o n  o f  o t h e r  p rocesses .  

A t  a n y  i ns tan t ,  t he  StarOS e x e c u t a b l e  task force 
c o n s i s t s  o f  a s e p a r a t e  nucleus process for each 
p h y s i c a l  c o m p u t e r  module, t oge the r  wi th a se t  of 
p r e s e n t  and  t r a n s i t o r y  p rocesses  tha t  were  c rea ted  
as  a r e s u l t  o f  t he  invoca t ion  of asynchronous 8tarOS 
f u n c t i o n s .  The e x a c t  configuration of the execu tab le  
t a s k  f o r c e  wi l l  v a r y :  t r ans i t o ry  p rocesses are c rea ted  
a n d  t e r m i n a t e .  Mul t ip le  p resen t  processes to perform 
t h e  s a m e  func t i on  may ex i s t .  The assignment of 
s p e c i f i c  p r o c e s s e s  to  processors,  or se ts  of 
p r o c e s s o r s ,  may  change  dynamica l ly  or wi th each 
s y s t e m  In i t ia l i za t ion .  

S y s t e m  in i t ia l i za t ion  is per formed by funct ions of 
t h e  r e c o n f i g u r a t i o n  module. The f i rs t  program loaded 
I n c l u d e s  t h e  recon f igu ra t l on  funct ions tl~at measure 
t h e  a m o u n t  o f  ava i l ab le  memory in the computer 
m o d u l e ;  d e f i n e  t h e  f i r s t  f e w  ob jec ts ;  prov ide the Kmap 
w i t h  t h e  in fo rmat ion  requ i red locate ob jec ts ;  and 

In i t i a l i ze  t h e  nuc leus  process.  It is then possible for a 
r e c o n f i g u r a t i o n  func t ion  to  e x e c u t e  as a StarOS 
p r o c e s s .  This func t ion  loca tes  and Init ial izes t i le  o ther  
c o m p u t e r  modu les  in the  c luster .  

A nuc leus  p rocess  wil l  be c rea ted  and instal led in 
e a c h  c o m p u t e r  module successfu l ly  init ial ized. 
S u b s e q u e n t l y ,  t he  reconf igura t ion  process will a t tempt  
t o  c o n f i g u r e  add i t iona l  c lus ters  into the system if 
i n s t r u c t e d  to  do so. Current ly ,  the reconf igurat ion 
p r o c e s s  e x p e c t s  to  f ind the nucleus microcode 
a l r e a d y  l oaded ,  though we  have plans to have 
m i c r o c o d e  l oaded  au tomat i ca l l y  as part  of system 
s t a r t u p .  In i t ia l i za t ion  is comple ted  by creat ing the 
o t h e r  modu les  of  t he  StarOS task  force and execu t ing  
t h e i r  i n i t i a l i za t i on  funct ions.  

For  bo th  e n h a n c e d  re l iab i l i t y  and performance,  the 
f e w  t h o u s a n d  b y t e s  of  the  nucleus code is typ ica l l y  
d u p l i c a t e d  In each  compute r  module's memory; each 
n u c l e u s  p r o c e s s  e x e c u t e s  code from Its local memory. 
T y p i c a l l y ,  bu t  no t  necessar i l y ,  we conf igure $tarOS so 
t h a t  e a c h  Cm* c lus te r  Is funct iona l ly  complete:  each 
S t a r O S  func t i on  can be e x e c u t e d  within the c luster.  
Dur ing  s y s t e m  in i t ia l iza t ion the  reconf igurat lon funct ion 
d e t e r m i n e s  t h e  number o f  rep l icated,  p resent  
p r o c e s s e s  to  be createc l  for  each function, the 
p l a c e m e n t  o f  code  for  the  funct ion in speci f ic  physical  
m e m o r y ,  and t h e  ass ignment  of processes to run 
q u e u e s ,  and  h e n c e  to  Individual processors or se ts  of 
p r o c e s s o r s .  As pa r t  o f  nucleus init ial ization, each 
m o d u l e  wh i ch  has some funct ion Implemented in the 
n u c l e u s  has tl~e oppo r tun i t y  to  e x e c u t e  ini t ial izat ion 
c o d e .  For e x a m p l e ,  i t  Is this in i t ia l izat ion code wldch 
c r e a t e s  t h e  des i red  run queues and the pr ior i ty  
o r d e r e d  s e a r c h  l is t  for  each  mul t ip lexor .  

F igu re  2 d e p i c t s  an examp le  StarOS conf igurat ion 
on  o n e  c l us te r .  A large rec tangu la r  box represents  a 
p h y s i c a l  c o m p u t e r  module processor  and its memory. 
So l id  o v a l s  r e p r e s e n t  p resen t  processes tha t  are 
a s s i g n e d  to  e x e c u t e  on the  computer  module; thei r  
c o d e  m a y  be assumed to  be local. Note tha t  each 
c o m p u t e r  modu le  has a p r i va te  nucleus process wi th 
l o c a l  c o d e .  D o t t e d  ova ls  rep resen t  t rans i to ry  
p r o c e s s e s  t h a t  e x i s t  only for the  durat ion of the 
s i ng l e  i n v o c a t i o n  tl~at t h e y  serv ice .  

A l t e r n a t i v e  con f igu ra t ions  can be loaded. For 
e x a m p l e ,  i t  is poss ib le  to  conf igure the task force so 
t h a t  t w o  o b j e c t  manager  p rocesses  share some or all 
o f  t h e i r  c o d e  and t ha t  t h e y  e x e c u t e  on the same or 
d i f f e r e n t  p rocesso rs .  

4 , 8 ,  V a r i a t i o n  in Conf igurat ions 

As w a s  men t i oned  above ,  StarOS is typ ica l l y  
c o n f i g u r e d  so t h a t  a c lus te r  is functiona, l ly complete.  
C l u s t e r  au tonomy ,  howeve r ,  depends upon the  
b e h a v i o r  o f  r e s o u r c e  managers as wel l  as upon the 
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m o r e  p r o c e s s e s  can be c rea ted  to perform tha t  
f u n c t i o n .  P rocesses  execu t i ng  reconf igurat ion 
f u n c t i o n s  e x a m i n e  the  env i ronment  and ad just  the 
$ t a r O S  con f i gu ra t i on  to  Improve sys tem performance. 
N o t e  t h a t  t h e  sys tem does not  spontaneously  
d u p l i c a t e  p r o c e s s e s  or phys ica l l y  move ob jec ts  to 
e n h a n c e  p e r f o r m a n c e  a t  the  p resen t  t ime. 

Dynamic  recon f i gu ra t l on  can be exp lo i ted  so that  
t h e  s y s t e m  may  r e c o v e r  from hardware or sof tware  
f a i l u r e .  For instanc~;, if ar, ob j ec t  manager process 
w e r e  t o  fa i l ,  a recon f igu ra t lon  funct ion could des t roy  
t h a t  p r o c e s s ,  and then  c r e a t e  another  to assume Its 
m a n a g e m e n t  respons ib i l i t i es .  

S imi la r ly ,  i f  t he  phys ica l  env i ronment  changes- -such 
as  t h e  add i t i on  of  a n e w  computer  module or ent i re 
c l u s t e r ,  S tarOS could be e x p a n d e d  to  take  advan tage  
o f  t h i s .  A l t e r n a t i v e l y ,  if physica l  resources are 
r e m o v e d ,  t h e  t ask  f o r ce  conf igurat ion can be redt lced. 
In t h i s  w a y  an eng inee r  might Instruct  the system to 
e x c l u d e  a pa r t i cu la r  sys tem resource from use so that  
i t  m igh t  be  repa i red .  

F i g u r e  2:  The StarOS Execu tab le  Task Force 

c o n f i g u r a t i o n  dec is ions.  For  example,  the StarOS 
o b j e c t  m a n a g e r  par t i t i ons  the  physical  memory into 
c l u s t e r s .  The o b j e c t  manager processes tha t  
e x e c u t e  in a c l us te r  have  jur isdict ion over  al locat ing 
p h y s i c a l  memory  in only  tha t  c luster .  Any request  to 
a l l o c a t e  s p a c e  in a remote  c luster  is mailed to a 
c o m p a n i o n  o b j e c t  manager  in . the  remote cluster.  
O b j e c t  m a n a g e r  in i t ia l izat ion prov ides the mai lboxes 
f o r  such  communicat ion .  

Re l i ab i l i t y  is one of the potent ia ls  of a 
m u l t i p r o c e s s o r .  To a c h i e v e  this the so f tware  must be 
c o n s t r u c t e d  so t ha t  single fa i lures do not render an 
e n t i r e  modu le  use less .  To c i te  one example,  the 
o b j e c t  m a n a g e r  is des igned so tha t  a process 
r e s p o n d i n g  to  an a l locat ion request  will contain 
i n t e r n a l  s t a t e  abou t  only  a single reques t  at  a time. In 
a d d i t i o n ,  a s e p a r a t e  da ta  s t ruc tu re  is used to record 
t h e  a l l o c a t i o n  s t a t e  of  each computer module% 
m e m o r y .  An o b j e c t  manager  process may lock only 
o n e  such  s t r u c t u r e  at  a t ime. In case of fai lure of a 
p r o c e s s ,  t h e  module wi l l  cont inue to  provide for ob jec t  
m a n a g e m e n t ,  though in a possib ly  degraded fashion. 

The con f i gu ra t i on  of  StarOS may change from time 
t o  t ime  fo r  any  of  t h ree  reasons: performance 
e n h a n c e m e n t ,  f au l t  r ecove ry ,  and accommodating 
e n v i r o n m e n t a l  changes .  Ideal ly,  StarOS should 
r e s p o n d  to  chang ing  demands for its serv ices.  For 
I n s t a n c e ,  If demand  for  a par t icu lar  funct ion is high, 

4 . 4 .  P r o c e s s  Re la t ions  

The  e x e c u t a b l e  t ask  fo rce  can be useful ly  
e n v i s i o n e d  as a graph of  processes.  For this purpose 
w e  i gno re  t h e  module,  code,  da ta  and mailbox ob jec ts  
w h i c h  a re  a lso  componen ts  of  this task  force. Such a 
g r a p h  can  be  c o n s t r u c t e d  in d i f f e ren t  ways  to re f lec t  
t h e  d i f f e r e n t  re la t i ons  p rocesses  in a task  force may 
h a v e  t o  one  ano the r .  We wil l  discuss two  of the 
r e l a t i o n s  wh i ch  StarOS suppor ts .  

The  f i r s t  re la t ion  is the dependence relat ion. 
W h e n e v e r  a p rocess  is c rea ted  as a result  of an 
i n v o c a t i o n ,  i t  is e i t he r  dependent on the invoking 
p r o c e s s ,  or  on a d is t ingu ished StarOS reconf igurat ion 
p r o c e s s .  The cho ice  is s ta t i ca l l y  determined by a 
v a l u e  r e c o r d e d  in the  module of the funct ion used to 
c r e a t e  t h e  p r o c e s s - - t h a t  is, it is determined by the 
a u t h o r  o f  t h e  module of  which the invoked funct ion is 
a p a r t .  

The (lependence re la t ion  def ines  forests  of t rees;  it 
is uSed as t h e  ba.,;Is for process suspension and 
a b n o r m a l  te rm ina t ion .  For example ,  the funct ion Kill 
wi l l  d e s t r o y  all p rocesses  In the dependence t ree  
r o o t e d  in t h e  spec i f i ed  process.  Note the fol lowing 
b e h a v i o r  b a s e d  on the  dependence relat ion. Suppose 
t h a t  a use r  p rocess  invoked  a StarOS funct ion which 
r e s u l t e d  in t h e  c rea t i on  of  a new process P that  is not 
dependent on the  invoker .  Killing the invoker process 
w i l l  n o t  c a u s e  the  des t ruc t i on  of the system process 
P, and  P wi l l  be ab le  to  comple te  its work, restor ing 
s y s t e m  data s t r u c t u r e s  to  a cons is ten t  s ta te  before 
t e r m i n a t i n g  normal ly .  Cer ta in ly ,  caut ion must be 
e x e r c i s e d  1;o ensu re  t ha t  a rb i t ra ry  users do not c rea te  
such p r o c e s s e s  ind iscr iminate ly .  
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The bailout re la t ion  Induces a second relat ion 
a m o n g  p r o c e s s e s .  When a process is c reated,  a 
bai lout mailbox is assoc ia ted  wi th It. This mailbox is 
e i t h e r  s p e c i f i e d  by  the  invoker,  or it is a system 
m a i l b o x  supp l i ed  by  StarOS. When a process becomes 
I n c a p a b l e  o f  f u r t he r  e x e c u t i o n  because of an internal 
e r r o r  t h a t  i t  Is unab le  to  cope with, the process is 
s u s p e n d e d  and a capab i l i t y  for the process is .mailed 
t o  i t s  bailout mai lbox .  Presumably,  the rece ive r  of a 
b a i l o u t  m e s s a g e  can respond to the process fai lure. 
U s e r s  a re  f r e e  to  r e l a t e  p rocesses  arbi t rar i ly  using 
t h e  b a i l o u t  re la t i on .  

The d e p e n d e n c e  re la t ion among the StarOS 
p r o c e s s e s  e s t a b l i s h e s  a sha l low t ree  in each cluster.  
The  r o o t s  a re  t he  reconf igura t ion  processes for each 
c l u s t e r .  All nuc leus  p rocesses  and any present  
p r o c e s s e s  a re  d i r ec t l y  dependent on the 
r e e o n f i g u r a t i o n  p rocesses  of  the c luster.  
R e c o n f i g u r a t i o n  p rocesses  in d i f f e ren t  c lusters are 
n o t  d e p e n d e n t .  L ikewise ,  a mai lbox serv iced  by the 
r e c o n f i g u r a t i o n  p rocess  Is the bai lout mai lbox for all 
S ta rOS  p r o c e s s e s  in a c luster ,  and for processes of  
u s e r  t a s k  f o r c e s  t ha t  e l ec t  not  to handle bai lout 
p r o c e s s i n g .  

15. Concluding Remarks 

B e c a u s e  e x p e r i e n c e  wi th  the sys tem is l imited, It Is 
u n c e r t a i n  h o w  we l l  StarOS fac i l i t ies  will support  
a p p l i c a t i o n  t a s k  forces. However ,  a re t rospec t i ve  
l ook  a t  t h e  $ ta rO$  design revea ls  some 
c h a r a c t e r i s t i c s  o f  t he  sys tem are pe rvas ive  In the 
S t a r O S  task f o r ce .  It Is l ike ly  tha t  they  would 
I n f l u e n c e  t h e  des ign  of  any  appl icat ion task  force. 

The consistent use of typed objects and 
capabi l i ty-based authorization. Excep t  for the ob jec t  
m a n a g e r ,  wh i ch  c r e a t e s  capabi l i t ies  and ob jec ts ,  and 
t h e  n u c l e u s  wh ich  implements ob jec t  addressing, no 
S t a r O S  func t i on  can access  an ob jec t  w i thout  
r e f e r e n c i n g  It w i th  a capabi l i ty .  2 Two benef i ts  
a c c r u e .  Fi rst ,  p r o c e s s e s  are endowed with a l imited 
s p h e r e  o f  I n f l uence  de r i ved  from the corresponding 
m o d u l e  o b j e c t .  A p rocess  is granted author i ty  
c o m m e n s u r a t e  wltl~ Its responsib i l i ty ,  and thus the 
e f f e c t s  o f  p r o c e s s - - b o t h  good and bad - -a re  
r e s t r i c t e d  to  a l imi ted domain. Second, the low leve l  
f a c i l i t i e s  o f  t he  s y s t e m  prov ide  an a t t r ac t i ve  means of 
s t r u c t u r i n g  t h e  e l emen ts  of  computat ion.  The system 
e n c o u r a g e s  t h e  programmer to  build mul t i - level  
s t r uc f t u res  in a na tu ra l  way .  

2Because the addresses generated by direct memory access I./0 
devices cannot be mapped by the Slocal or Kmap, functions controlling 
these devices must make use of  the physical address of the objects used 
as buffers, We v iew  this as a defficiency, and not an opportunity. 

Interface Uniformity. From both within and wi thout  
t h e  S ta rOS sys tem,  funct ions are requested and 
e x e c u t e d  in a uni form manner. For example,  access to 
w o r d s  or  capab i l i t i es  wi th in  represen ta t ion  t ypes  of 
o b j e c t s  is i n d e p e n d e n t  of  t he  size or locat ion of the 
o b j e c t .  This g i ves  the  user and sys tem f reedom to 
s e p a r a ' t e  t h e  Issues of  task  force per formance and 
t a s k  f o r c e  c o r r e c t n e s s .  At a higher level ,  the StarOS 
i n s t r u c t i o n  Invoke prov ides  a single uniform means of 
r e q u e s t i n g  f unc t i ons  of  modules whe the r  the modules 
b e l o n g  t o  t h e  StarOS task  fo rce  or to a user task  
f o r c e .  B e c a u s e  of  the  resul t ing uniformity of 
s t r u c t u r e s ,  StarOS p rocesses  can be dist inguished 
f rom use r  p r o c e s s e s  only  by examining the 
I n t e r p r o c e s s  re la t i ons  t ha t  de f ine  task  forces.  

Preservation of the multi-processor aspects of Cm*. 
The  Invoke i ns t ruc t i on  resu l ts  in the paral le l  execu t ion  
o f  c o n c u r r e n t  p rocesses .  The basic mechanisms for 
c o m m u n i c a t i o n  a re  bui l t  around the asynchronous 
t r a n s m i s s i o n  o f  messages .  This t ype  of  process 
s t r u c t u r e  is w e l l - s u i t e d  to  the  asynchronous paral le l  
e x e c u t i o n  o f  t he  Cm* processors .  There is, of  course, 
t h e  c o n s t r a i n t  o f  p rocesso r  schedul ing. For the user 

. w h o  w i s h e s  to  concern  himself  wi th the deta i ls  of  
p r o c e s s  a s s i g n m e n t  and schedul ing,  It is possible to 
o b t a i n  ' the p r o p e r  capab i l i t i es  for the user's processes 
a n d  f o r  a s u b s e t  o f  the  run queues.  This is possible 
b e c a u s e  StarOS d is t ingu ishes the basic mechanisms 
f o r  t h e  mu l t i p l exo r  from the  management  decisions 
m a d e  b y  s y s t e m  or user  schedu le r  processes.  

Allocation of overheads. For the  most part ,  the use 
o f  s imp le  f e a t u r e s  of  the  sys tem does not Incur 
o v e r h e a d s  a s s o c i a t e d  wi th  the implementat ion of more 
c o m p l e x  f e a t u r e s .  For example ,  a re fe rence  to the 
d a t a  po r t i on  o f  a StarOS basic ob j ec t  requires about 
t h e  s a m e  t ime as a similar memory re fe rence  In the 
m o s t  s imp le  Cm* sys tem.  In general ,  the cost  of 
r e f e r e n c i n g  a StarOS o b j e c t  Is d i rec t l y  proport ional  to 
t h e  a m o u n t  o f  da ta  t ha t  must be t ransfer red.  For this 
r e a s o n ,  o n c e  p r o c e s s e s  h a v e  been created,  an 
o v e r h e a d  d i r e c t l y  r e l a t e d  to  the Invoke Instruction," 
t h e y  m a y  commun ica te  rap id ly  using message 
c o m m u n i c a t i o n s .  The cos t  of  moving messages to and 
f r om m a i l b o x  o b j e c t s  Is low. 
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