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AHSTRACT 

This pape r  p roposes  a new object  model ,  ca l led  the 
d i s t r i b u t e d  o b j e c t  mode l ,  wherein the model  is unified 
as a p ro t ec t i on  unit, as a me thod  of da ta  abs t r ac t ion ,  
and as a compu ta t iona l  unit, so as to rea l ize  re l iable ,  
main ta inable ,  and secure  systems.  An objec t  o r i e n t e d  
a r c h i t e c t u r e  ca l led  ZOOM is designed based  on this 
object  model.  A software s imula tor  and cross  assem-  
b ler  for this a r c h i t e c t u r e  have been  imp lemen ted .  
The feasibi l i ty  and pe r fo rmance  of the a r c h i t e c t u r e  
are d i scussed  accord ing  to p rog ram sizes and 
e s t i m a t e d  hardware  size and execut ion  speed.  

I. INTRODUCTION 

Object o r i en t ed  computa t ion  in the b road  sense  is 
compu ta t ion  de sc r ibed  as a sequence of r eques t s  to 
objects  th rough  a single access  me thod  such  as mes-  
sage passing. Models of object  o r ien ted  c o m p u t a t i o n  
have been  widely inves t iga ted  in the field of opera t ing  
sys t ems  as a powerful  mechan i sm for control l ing 
access  to sha red  d a t a  [Linden76, Fabry74,  Wulf75, 
WulfS1, JonesS0, IntelS1, Kahn81], in the field of pro- 
g ramming  languages  as a m e c h a n i s m  for da ta  
a b s t r a c t i o n  a n d / o r  as a computa t iona l  unit  [Jones76, 
Liskov79a, DODS0, Wulf76, Goldberg83], and  in the field 
of ar t i f ic ial  in te l l igence as a mechan i sm for the  modu- 
lar  r e p r e s e n t a t i o n  of knowledge [Minsky75, Bobrow76, 
Bobrow82, GoldsteinS0, Hewitt73, Theriault82]. 

The unification of these  object  models  is r equ i r ed  
in o rde r  to real ize  re l iable ,  main ta inable ,  and secure  
sys tems.  One of the au thors  has p roposed  one such  
model  for objects  [Tokoro82, Tokoro83]. The model  
has made  c lear  the meaning  of a name and an ob jec t  
in p rogramming  languages  and has p roposed  a way for 
managing names  and objects  in a non -d i s t r i bu t ed  
comput ing  environment .  

As an ex tens ion  of this basic model, in this p a p e r  
we propose  a new ob jec t  model, called the d i s t r i bu t ed  
objec t  model, for a d i s t r ibu ted  comput ing  environ- 
ment .  It unifies the model  both  as a passive p r o t e c t i o n  
unit and as an active computation unit into one gen- 
eral unit. We define an object as a self-contained pro- 
tected active entity. Communication between objects 
is performed by means of message passing. Thus, an 
object is a concurrent computation unit in a distri- 
buted environment. 

An objec t  o r ien ted  a r c h i t e c t u r e ,  ca l led  ZOOM, has 
been des igned based  on this ob jec t  model .  That is to 
say, this a r c h i t e c t u r e  has been  des igned  to show its 
supe r io r i ty  espec ia l ly  when it is used for cons t ruc t i ng  
a d i s t r i bu t ed  sys tem.  A software s imu la to r  has b e e n  
i m p l e m e n t e d  which runs  under  the  VAX/UnixT sys tem.  
Several  p r o g r a m s  have been  wr i t t en  and s imu la t ed  by 
this s imula tor .  A p re l imina ry  des ign  of i ts  ha rdware  
i m p l e m e n t a t i o n  has been  p e r f o r m e d  in o r d e r  to est i -  
mate  the  hardware  size and execu t ion  speed.  

2. RECENT OIJJEL'I'MOD~]I~ 

In this section we describe two object models and 
discuss several important issues in extending these 
object models to represent computation in distributed 
systems. 

2.1. The Model of Objects as Encapsulated Data 

This is a model for data protection. Abstract data 
type languages such as CLU [Liskov79a], ALPHARD 
[Wulf76], and Ada [DODS0] can be explained well by 
this model. Also, Cm*/StarOS [Jones80] and iAPX432 
lintel81, KahnSl] can be envisaged as computing sys- 
tems that are based on this model. 

In this model, an object is a protected set of data, 
or, more specifically, a protected region of a memory. 
A procedure can manipulate the set of data i[ and only 
if the procedure is defined by'the type definition that 
characterizes the object. Thus, the object can be seen 
only through the defined procedures of the type. An 
object is called concrete when the protected set of 
data is being seen. It is called abstract when only the 
defined procedures are being seen. Let us call the 
entity of the set of the procedures of a type class. By 
using the message  passing form, re la t ions  be tween  a 
class and an object in this model can be characterized 
as follows: 

(i) A class is an active entity, such as a process or a 
monitor. ]t consists of the procedures that define 
the operations of that class. 

(2) A class creates an object of that class. An object 
is a protected set of passive data. 

t Unix is a trademark of the Bell Laboratories. 
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(3) At t h e  r e q u e s t  of a n  o p e r a t i o n ,  the  o p e r a t i o n  
n a m e  a n d  o b j e c t  n a m e s  which  a r e  the  p a r a m e -  
t e r s  for  the  o p e r a t i o n  a r e  s e n t  to  the  c l a s s  (bu t  
no t  to  any  of t he  p a r a m e t r i c  ob j ec t s ) .  

(4) E a c h  p r o c e d u r e  of t he  c l a s s  c a n  m a n i p u l a t e  the  
i n t e r n a l  d a t a  (or  own) of any  o b j e c t  which  was 
c r e a t e d  by  t h a t  c lass .  I t  c a n n o t  m a n i p u l a t e  the  
i n t e r n a l  d a t a  of a n  o b j e c t  which  was n o t  c r e a t e d  
b y  t h a t  c lass ,  l n s t e a d ,  i t  s e n d s  a r e q u e s t  for  a n  
o p e r a t i o n  to the  c l a s s  w h i c h  c r e a t e d  t h e  ob jec t .  

S ince  the  m a i n  p u r p o s e  of th is  m o d e l  is to  e n c a p -  
su l a t e  d a t a ,  a n  o b j e c t  is pa s s ive  da ta .  On the  o t h e r  
hand,  a c l a s s  is an  ac t ive  en t i t y .  Tha t  is to  say,  a n  
o b j e c t  is a b s t r a c t  d a t a  ou t s i de  i ts  c l a s s  a n d  c o n c r e t e  
d a t a  ins ide  i t s  c lass .  

Fo r  e x a m p l e ,  l e t  us a s s u m e  t h a t  c l a s s  MATRIX2 
def ines  a 2 -d imens iona l  m a t r i x  (Fig. l ) .  The va r i ab l e s  
a, b, and  c a r e  of t y p e  MATRIX2. If the  following s t a t e -  
m e n t  is e x e c u t e d ,  

a : = b + c ;  

a m e s s a g e  add: b, c is s e n t  to  c l a s s  MATRIXg {Fig. 2)*. 
When c lass  MATRIXg r e c e i v e s  this  m e s s a g e ,  the  
o b j e c t s  d e n o t e d  by  b and  c a r e  c o n v e r t e d  f r o m  i ts  
a b s t r a c t  f o rm  to i ts  c o n c r e t e  form.  The c lass  p ro -  
c e d u r e  add c a n  t h e n  m a n i p u l a t e  t h e m  b e c a u s e  b o t h  
o b j e c t s  be long  to  c l a s s  MATRIX2. A new objec t ,  which  
is t he  r e s u l t  of add ing  t h e  m a t r i c e s ,  is c r e a t e d  in  t h e  
c o n c r e t e  form,  a n d  is t h e n  c o n v e r t e d  to t h e  a b s t r a c t  
form.  Final ly ,  i t s  n a m e  is s e n t  b a c k  to  t he  ca l l e r  as a 
r e s u l t  of t he  ope ra t i on .  CLU p rov ides  e v t  to c h a n g e  
f rom a b s t r a c t  to  c o n c r e t e  and  f rom c o n c r e t e  to 
a b s t r a c t .  

The a r c h i t e c t u r e  d e s i g n e d  a long th is  m o d e l  
e m p l o y s  t he  c o n c e p t s  of c a p a b i l i t y - b a s e d  a d d r e s s i n g  
[Dennis66,  F a b r y 7 4 ]  and  s e a l / u n s e a l  [Morris73]  
m e c h a n i s m s .  The c a p a b i l i t y  b a s e d  a d d r e s s i n g  
m e c h a n i s m  p r o v i d e s  a m e t h o d  for  iden t i fy ing  a n  
o b j e c t  wi th  an  a u t h o r i z e d  o p e r a t i o n .  The s e a l / u n s e a l  
m e c h a n i s m  p r o v i d e s  for  the  c o n v e r s i o n  b e t w e e n  
a b s t r a c t  a n d  c o n c r e t e  da t a .  

2.P-. The  Model  of a n  O b j e c t  as  a Computational 
Entity 

This model is almost the same as that of a pro- 
cess which does not have shared data. An object is an 
active entity such as a process. A class has a template 
for creating instance objects. Each created instance 
object of a class is also an active entity. Programming 
languages and computation models such as Simula 
[Simula67] ,  S m a l / t a l k  [Goldberg83] ,  LOOPS 
[Bobrow82], a n d  t h e  ACTOR m o d e l  [Hewit t78,  
Ther iau l t82]  be long  to th is  o b j e c t  mode l .  Re la t ions  
b e t w e e n  a c l a s s  and  a n  o b j e c t  in th i s  m o d e l  a r e  
c h a r a c t e r i z e d  as  follows: 

(1) A c lass  is  an  ac t ive  en t i ty .  A c las s  p rov ides  t h e  
f u n c t i o n  of c r e a t i n g  i n s t a n c e  ob j ec t s .  I t  a l so  p ro -  
v ides  s h a r e d  r e s o u r c e s  which  a r e  u sed  b y  i ts  
i n s t a n c e  o b j e c t s  ( in t he  c a s e  of Sma l l t a lk ) .  

* In the figures in this paper, an arrow indicates that tim vari- 
able denotes the object. A boldface arrow indicates that the ob- 
ject sends a message to an instance or a class. A dotted arrow 
indicates that the object is created by the class. 

program ma4n is class MATRIX2 is 
a, b, e : MATRIX2; own [ 

roll, m12, 

m21, .122 : rea l ;  
] 

a := b + a; procedure az~(a, b : MATRIX2) 
returns MATRIX2; 

end ma'Ln; end MATRIX8 ; 

Fig. I 2-dimensional matrix 

r~¢n class MATRIX2 

Fig. 2 An object as encapsulated data 

(2) An instance object of a class is an active entity 
which is characterized by that class. 

(3) At the request of an operation which is other than 
creation, the operation name and object names 
which are the parameters for the operation are 
sent to the instance object. 

Let us consider the same example in order to 
compare this model with the one described above. As 
shown in Fig. 8, the main program sends a message 
add: c to the object denoted by b When the object 
receives it, the object, in cooperation with the object 
denoted by c, creates a new object which is the result 
of adding matrices Then the new object name is sent 
back  to the ca l l e r .  

In th is  mode l ,  a n  o b j e c t  is a n  ac t ive  en t i t y .  The re -  
fore t he  m o d e l  has  t he  p o t e n t i a l  for  c o n c u r r e n t  com-  
p u t a t i o n  [Goldberg83 ,  Ther iau l t82] .  

class ,~L4rRZX2 

Fig, 3 An object as a computational entity 
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2.3. I s sues  

]n o r d e r  to e x t e n d  t h e s e  o b j e c t  m o d e l s  to 
d e s c r i b e  d i s t r i b u t e d  s y s t e m s ,  i s sues  inc lud ing  the  fol- 
lowing have  to  be  c o n s i d e r e d :  

(1) Low parc,.llelism 
]n a d i s t r i b u t e d  c o m p u t a t i o n  e n v i r o n m e n t ,  i t  is 

de s i r ab l e  t h a t  a p r o g r a m m e r  be  able  to wr i te  a p ro -  
g r a m  as a n a t u r a l  m a p p i n g  of t he  p r o b l e m  to t h e  p ro -  
g r a m  and  t h a t  t he  e x e c u t i o n  s y s t e m  a u t o m a t i c a l l y  
d e t e c t s  t he  p a r a l l e l i s m  of the  p r o b l e m  a n d  a l l o c a t e s  
po r t i ons  of t h e  p r o g r a m  to i t s  p r o c e s s o r s .  In  t h e  
mode l  of o b j e c t s  as  e n c a p s u l a t e d  d a t a ,  i n s t a n c e  
ob jec t s  c a n n o t  r u n  c o n c u r r e n t l y ,  while c l a s s e s  can.  
This is because instances are protected passive data. 
In order to make an instance active for running con- 
currently with another, an additional concept for con- 
current computation must be introduced. For 
example, Ada supports task which is dynamically 
created to run concurrently with other tasks, and the 
guardian constructor is introduced to manage 
processes and objects in CLU [Liskov79b]. 

In the model of an object as a computational unit, 
one object can run concurrently with another. ]n the 
ACTOR model, a synchronization mechanism can be 
constructed with a memory cell using the feature that 
a receiver takes messages in the order of their arrival 
[Greif75]. Yonezawa proposed specification and 
verification techniques for parallel computation 
[YonezawaS0]. Further discussion on synchronization 
and other implementation issues will be required to 
realize the architecture of this model. 

(2) Lozu protee t ion  capability 

In t he  m o d e l  of a n  o b j e c t  a s  a p r o t e c t e d  da t a ,  the  
only a c c e s s  m e t h o d  to  a n  o b j e c t  is spec i f i ed  b y  i ts  
type .  In t h e  m o d e l  of an  o b j e c t  a s  a c o m p u t a t i o n a l  
unit ,  t he  a c c e p t a n c e  of a r e q u e s t  is d e t e r m i n e d  by  the  
c o n t e n t  of the  r e q u e s t  m e s s a g e .  In a d i s t r i b u t e d  com-  
p u t a t i o n  e n v i r o n m e n t ,  t he  p r o t e c t i o n  of an  o b j e c t  
shou ld  be c o n t r o l l e d  with  r e s p e c t  to e a c h  a c c e s s i n g  
o b j e c t  b y  using t h e  a c c e s s  l i s t  m e t h o d  r a t h e r  t h a n  the  
c a p a b i l i t y  l i s t  m e t h o d .  

(3) Other issues 
Extend ing  t h e s e  m o d e l s  in o r d e r  to  d e s c r i b e  dis-  

t r i b u t e d  s y s t e m s ,  we m u s t  c o n s i d e r  t he  m e c h a n i s m  
which  d e c i d e s  w h e r e  to  c r e a t e  a n  ob jec t ,  t he  m e c h a n -  
i s m  for i n t e r - o b j e c t  c o m m u n i c a t i o n  b e y o n d  a p r o c e s -  
sor,  t he  m e c h a n i s m  for t h e  m i g r a t i o n  of ob j ec t s ,  t he  
m e c h a n i s m  for  con t ro l l i ng  a n  o b j e c t  whose  c l a s s  is no t  
on the  s a m e  p r o c e s s o r ,  and  so for th .  

3. PROPOSAL OF THE DIS'II'dI3UT'KD OBJECT MODEL 

]n t h i s  c h a p t e r ,  we p r o p o s e  a new o b j e c t  m o d e l  
c a l l ed  the  d i s t r i b u t e d  o b j e c t  m o d e l  as  a n  e x t e n s i o n  of 
t he  b a s i c  o b j e c t  m o d e l  [TokoroSZ, TokoroS3] .  This 
m o d e l  p r o v i d e s  t he  f o u n d a t i o n  for  t he  d e s i g n  of d i s t r i -  
b u t e d  s y s t e m s .  

3.1. O b j e c t s  

Objects a r e  ac t ive  e n t i t i e s  which  a r e  se l f -  
conta ined  and  c a n  e x e c u t e  c o n c u r r e n t l y  wi th  one 
a n o t h e r .  R e s o u r c e s  wh ich  a r e  m a i n t a i n e d  by one 

o b j e c t  c a n n o t  be  m a n i p u l a t e d  by  o t h e r  ob j ec t s .  When 
an  o b j e c t  w a n t s  to o p e r a t e  on r e s o u r c e s ,  the  o b j e c t  
has  to  s e n d  a r e q u e s t  to  t he  o b j e c t  t h a t  m a i n t a i n s  
those  r e s o u r c e s .  S ince  e a c h  o b j e c t  c o n s i s t s  of d i s jo in t  
( n o n - s h a r e d )  d a t a  and  the  p r o c e d u r e s  to  m a n i p u l a t e  
the  da ta ,  e a c h  o b j e c t  c a n  r u n  c o n c u r r e n t l y  wi th  oth-  
ers .  

The re  a r e  t h r e e  k inds  of ob j ec t s :  m e t a c l a s s ,  
c lass ,  and  i n s t a n c e .  The m e t a c l a s s  is t h e  s y s t e m  
def ined  o b j e c t  and  is un ique  to  t h e  s y s t e m .  The m e t a -  
c l a s s  p r o v i d e s  for t h e  c r e a t i o n  of c l a s s e s .  Thus,  a 
c l a s s  is an  i n s t a n c e  of t he  m e t a c l a s s .  

A c l a s s  is an  o b j e c t  which  c o n s i s t s  of i t s  c l a s s  
o p e r a t i o n s ,  c l a s s  va r i a b l e s ,  a n d  a t e m p l a t e  of i n s t a n c e  
v a r i a b l e s  and  o p e r a t i o n s .  The c l a s s  o p e r a t i o n s  i nc lude  
the  c r e a t i o n  of a n  i n s t a n c e .  A c las s  does  n o t  p r o v i d e  
v a r i a b l e s  which  a r e  d i r e c t l y  a c c e s s e d  b y  i t s  i n s t a n c e  
ob jec t s .  An i n s t a n c e  is a n  o b j e c t  which  cons i s t s  of 
i n s t a n c e  o p e r a t i o n s  and  i ts  da t a .  

3.2. Class and Instance Operation 

The set of operations defined in a class consists of 
the creation of an object and the abstraction of rela- 
tions between objects which belong to the class. A set 
of operations defined in an instance is the abstraction 
of the instance. This signifies the following: an opera- 
tion which creates an instance of the class is defined 
as a class operation; an operation between two or 
more instances which belong to the same class can be 
defined as a class operation; and an operation which 
deals with one or more instances of different classes 
(or the same class) can be defined as an instance 
operation. 

3.3. ln ter4)bjec t  C o m m u n i c a t i o n  

Communication between objects is achieved b y  
sending/receivin~ a message. A message consists of 
the name of the receiver, a request, the name o[ a 
sender, and a list of object nan,es as operands. A 
request and a list of object names in a message 
specify the request to be carried out in the receiving 
object. 

3.4. Classes and I n s t a n c e s  in a Dis tr ibuted S y s t e m  

A class may reside in one or more processors. 
qhat is to say, the metaclass may create more than 
one clone of a class as different instances of the meta- 
class to run on different processors. Thus, a clone is a 
class object. A trivial example of such copies of a class 
is the class for integer with integer addition, subtrac- 
tion, and so forth. User defined classes can also reside 
in more than one processor. It may be necessary for 
clones of the same class to communicate with one 
another. 

A class (or a clone of a class) creates instances in 
its residing processor. An instance may migrate from 
one processor to another. ]n deciding the object's 
migration, processor failure, load balance, and the 
cost of communication are considered. The object's 
migration is realized as follows: 
(i) A clone of the class of an object prepares the 

object in a special form, called the frozen object, 
which will be sent in a message. 
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(2) The c lone  s e n d s  t h e  m e s s a g e  to  a c lone  of t he  
c l a s s  in  the  d e s t i n a t i o n  p r o c e s s o r .  

(B) The r e c e i v i n g  c lone  of the  c l a s s  r e g e n e r a t e s  the  
o b j e c t  f r om the  m e s s a g e .  

r e s u l t  of t h e  o p e r a t i o n .  ] 'he i n s t a n c e  d e n o t e d  by  d 
s e n d s  n a m e  e to  t h e  ca l l e r .  ] h e  i n s t a n c e  d e n o t e d  by  e 
can  m i g r a t e ,  ff n e c e s s a r y .  

B.5. E x a m p l e s  

Let  us  a s s u m e  the  following. As shown in  Fig. 4, 
b o t h  c l a s s  c lones  C1 a n d  C2 r e s i d e  in p r o c e s s o r  P1. 
Both  c la s s  CI a n d  C3 r e s i d e  in p r o c e s s o r  P2. Name  a 
in an  i n s t a n c e  of c l a s s  C2 d e n o t e s  i n s t a n c e s  of c l a s s  
Cl a n d  an  i n s t a n c e  of c lass  C3 in  p r o c e s s o r  P1. 
Names  b, c and  d in a n  i n s t a n c e  of c l a s s  C2 d e n o t e  
i n s t a n c e  of c l a s s  C1 in  p r o c e s s o r  Pg. A s s u m e  the  
i n s t a n c e  of c l a s s  C2 s e n d s  the  following m e s s a g e  to  
c l a s s  Ci. 

reques t1:  a, c. 

Class C1 r e s i d e s  in  b o t h  p r o c e s s o r  P1 a n d  Pg. Thus 
the  m e s s a g e  m a y  be  s e n t  to t he  c lone  in  e i t h e r  P1 or  
Pg. In th i s  c a se  we a s s u m e  t h a t  the  m e s s a g e  is s e n t  
to t h e  c lone  on  p r o c e s s o r  P1. This m e s s a g e  r e q u e s t s  
a c lass  o p e r a t i o n .  Thus, t h e  i n s t a n c e s  d e n o t e d  by  a 
and  c a r e  s e e n  p a s s i v e l y  by  the  c lass .  S ince  i n s t a n c e  c 
does  no t  ex i s t  on p r o c e s s o r  P2, a copy  of t he  i n t e r n a l  
d a t a  of t h e  i n s t a n c e  d e n o t e d  by  c is s e n t  by  C1 in P 2  
to C1 in  P1. The i n s t a n c e  m a y  even  m i g r a t e  to  P1. In  
any  case ,  the  i n t e r n a l  d a t a  of t he  i n s t a n c e s  d e n o t e d  
by a a n d  c a r e  now vis ib le  b y  c la s s  C1 in P1 and  c a n  be  
m a n i p u l a t e d  b y  t h e  c l a s s  o p e r a t i o n .  The new i n s t a n c e  
which  is t he  r e s u l t  of the  c lass  o p e r a t i o n  is c r e a t e d  b y  
C1. The n a m e  of t he  new o b j e c t  is s e n t  b a c k  to  t he  
c a l l e r  by  a m e s s a g e .  

Next,  a s s u m e  the  following m e s s a g e  is s e n t  to 
i n s t a n c e  d in  p r o c e s s o r  Pg. 

reques t2:  b. 

]n th is  case ,  i n s t a n c e s  b and  d ex i s t  in p r o c e s s o r  Pg. 
Thus, t h e s e  i n s t a n c e s  do  not  m i g r a t e .  The i n s t a n c e  
d e n o t e d  by  d o p e r a t e s  us ing  the  i n s t a n c e  d e n o t e d  by  
b. A new i n s t a n c e  ( d e n o t e d  by  e)  is c r e a t e d  as  t he  

I 

Fig, 4 The distributed object model 

4. 1lIE DiI~IGN OF AN OBJECT ORIF_~N'I'ED ARCHITEC- 
I~JRE 

A new architecture, called ZOOM, has been 
designed based on the distributed object model. 

4.1. Names andObjects 
The relations between names and objects in the 

basic object model [Tokoro82, TokoroS3] are summar- 
ized as follows {see Fig. 5): A name consists of its id. 
scope, property and a pointer which denotes an 
object. Scope consists of a list of objects which are 
permitted to access the name according to the 
specified access methods. Scope defines the domain 
in which the object can be seen, i.e., the access list of 
the name. Property defines the property that must 
always be kept by the name, i.e., the invariant pro- 
perty of values denoted by the name. It includes such 
th ings  as  d a t a  t y p e  and  a s s e r t i o n .  O b j e c t  cons i s t s  of 
attribute, representation, a n d  bit sequence. Attri- 
bute asserts the set of valid operations for the object. 
It thus represents the class of the object. Representa- 
tion represents the interpretation method [or the bit 
s e q u e n c e s .  B i t  s e q u e n c e  ho lds  t h e  i n t e r n a l  s t a t e  of 
t h e  ob jec t .  

The a r c h i t e c t u r e  follows th is  b a s i c  s t r u c t u r e  of 
n a m e s  and  o b j e c t s  a n d  e x t e n d s  i t  as  d e s c r i b e d  in t he  
following: 

(1) Fo r  t he  o b j e c t s  of a r c h i t e c t u r e  p r e - d e f i n e d  
c la s ses ,  such  as  i n t e g e r ,  r ea l ,  a n d  c h a r a c t e r  
s t r ing ,  t h e  b a s i c  s t r u c t u r e  is used .  Speci f ica l ly ,  
such  an  ob j ec t  c a n  be  c o n t a i n e d  in  the  p o i n t e r  
p a r t  of a name  ff t h e  s ize  of t h e  o b j e c t  is sma l l  
enough.  In s u c h  a case ,  t he  p o i n t e r  p a r t  s t o r e s  
a t t r i b u t e ,  r e p r e s e n t a t i o n ,  a n d  b i t  s e q u e n c e .  

,OPERAND ~J~tME OBJECT 

SCOPE REPRESENT, 

PROPERTY l / [ BIT S,EQU 
"--V 

Fig, 5 

PRESENTATION 
SEQUENCE 

The basic structure 
of names and objects 

ATTRIBUTE 
= class : aZae8 obJaa~ 

Oh'N VARIABLE 
NAME TABLE 

COHTEXT 

PORT I NPORt~TION 

Fig. 6 The extended structure 
of objects 



(2) Fo r  t h e  ob j ec t s  o t h e r  t h a n  a r c h i t e c t u r e  p re -  
de f ined  c lasses ,  t h e  e x t e n d e d  s t r u c t u r e  shown in 
Fig. 6 is used.  I t  c o n s i s t s  of t h e  a t t r i b u t e ,  p o i n t e r  ~T 
to  o w n  v a r i a b l e  n a m e  t a b l e ,  p o i n t e r  Lo c o n t e x t  °~ ' " - - -  
c h a i n ,  and  p o i n t e r  to  p o r t  i n f o r m a t i o n .  The re  is / 
no  r e p r e s e n t a t i o n  p a r t  in  th is  s t r u c t u r e  s ince  t h e  ~ " -  
s t r u c t u r e  of t h e s e  o b j e c t s  is un ique .  The  a t t r i -  
b u t e  of a c lass  o b j e c t  is CLASS. The a t t r i b u t e  of ~ 
a n  i n s t a n c e  o b j e c t  is t h e  i d e n t i f i e r  of i t s  c lass .  / 
Own v a r i a b l e  n a m e  t a b l e ,  contex~Ls, a n d  p o r t  
i n f o r m a t i o n  t o g e t h e r ,  wh ich  c o r r e s p o n d  to t he  
b i t  s e q u e n c e  of t h e  b a s i c  s t r u c t u r e ,  c o m p o s e  t h e  
e x e c u t i o n  e n v i r o n m e n t  of t he  ob jec t .  Own v a r i -  l 

a b l e  t a b l e  c o n t a i n s  t h e  own v a r i a b l e s  of the  \ n a m e  
ob jec t .  C o n t e x t  c o n t a i n s  t he  s t a t u s  of execu t ion ,  
i.e., e x e c u t i n g  code  s e g m e n t  n u m b e r ,  i n s t r u c t i o n  
a d d r e s s ,  and the  l o c a l  n a m e  t ab l e .  P o r t  i n f o r m a -  / ,  - 
Lion contains information about the object's corn- 
muD/cation ports which will be described in detail 
in section 4.8. 

(3) Two kinds of names, local nanle and global nanle 
are defined in this architecture. A local na/ne is 
a name which is referenced within the context. A 
local name consists of the local id within the con- 
text, property, and a link to an id for global nanle 
to share an object with other contexts or a FLAG C[T - - - . . . - -  . , .--^ 
p o i n t e r  to  a l oca l ly  de f i ned  ob jec t .  

(4) A g l o b a l  n a m e  is a n a m e  which  is s h a r e d  a m o n g  
c o n t e x t s .  A g l o b a l  n a m e  cons i s t s  of an  id  for  g lo -  
b a l n a m e ,  s c o p e ,  p r o p e r t y ,  and  a p o i n t e r  t o  a n  
o b j e c t ,  c~ 

Fig. 7 shows t h e  C la s s  T e m p l a t e  Tab le  (CTT) in 
relation with  t h e  e x e c u t i o n  e n v i r o n m e n t  fo r  i n s t a n c e  / 
I1 and  c l a s s  C1 on one p r o c e s s o r .  AN e n t r y  of t h e  
Class  T e m p l a t e  Tab le  d e s i g n a t e s  the  c o d e s  a n d  loca l  
n a m e  t a b l e s  of t h e  c l a s s  a n d  i n s t a n c e  o p e r a t i o n s ,  t h e  
c lass  own v a r i a b l e  n a m e  t ab le ,  t h e  t e m p l a t e s  for  t h e  
i n s t a n c e  own v a r i a b l e  n a m e  tab le ,  the  a s s e r t i o n s ,  a n d  
the  loca l  i n s t a n c e  pool .  

4.2. Unique IDs 

A global name has two iden t i f i e r s .  One is the 
unique ID within a processor called domestic UID and 
the other is the unique ]D within connected networks 
called global U]D. A global U]D is the concatenation of 
the host id on which the object resides and the domes- 
tic uid of the object. 

As shown in Fig. 8, all the objects, which can be 
accessed by any object within a processor, have Lheir 
domestic U]D's registered in the processor's 4omesLie 
name table (DNT). Any accessible object which does 
not reside in the processor has its domestic U|D with 
its g l o b a l  L I D  in the processor's U n i q u e  I D  M a p p i n g  
Tab[e'(UMT). Any object which is accessed by any 
object beyond the processor also has its domestic U|D 
with its global UID in the processor's UMT. 

4.3. "l~e R e a l i z a t i o n  of  I n t e r - O b j e c t  C o m m u n i c a t i o n  

Our design goals for inter-object communication 
are as follows: 

(1) I n t e r - o b j e c t  c o m m u n i c a t i o n  shou ld  be  u s e d  for  
b o t h  r e m o t e  i n v o c a t i o n  a n d  i n t e r - p r o c e s s  c o m -  
m u n i c  a t ion .  

Ct.~ENT COHTEXT 

LOC~ t~%ME TABLE 

LNT 

? 

~ST, OBJECT 

TABLE 

Fig, 7 The class template table 
and execution environment 

(UffD 
ID1 P 2 ID5 / ID6 P ID4 

[DNT) ~ (VrK) 
IDI I 

ID5 " - -  

ID3 ID6 

Io~l ", 

Fig. 8 Domestic and global UIDs for global names 

(2) A p e e r  o b j e c t  m a y  be c h o s e n  d y n a m i c a l l y  a t  r u n  
Lime r a t h e r  t h a n  s t a t i c a l l y  a t  c o m p i l e  t ime .  

(3) A powerful mechanism should be provided to pro- 
tect an object from illegal and malicious access. 
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These  goals a re  a c h i e v e d  as  follows: I n t e r - o b j e c t  
c o m m u n i c a t i o n  is r e a l i z e d  by  us ing r e l i a b l e  d a t a g r a m ,  
which p r o v i d e s  r e l i a b l e  m e s s a g e  p a c k e t  t r a n s p o r t ,  and  
v i r t u a l  c i r c u i t ,  which  p rov ides  r e l i a b l e  m e s s a g e  
s t r e a m  t r a n s p o r t .  Re l iab le  d a t a g r a m  is used  for  
r e m o t e  i n v o c a t i o n  and  s igna l  for e x c e p U o n  hand l ing .  
Vir tual  c i r c u i t  is u sed  for de l iver ing  a n  o r d e r e d  
s e q u e n c e  of m e s s a g e s  b e t w e e n  objec t s .  Both or t h e s e  
p rov ide  b lock ing  s e n d / r e c e i v e  and  n o n b l o c k i n g  
s e n d / r e c e i v e .  

An o b j e c t  p o s s e s s e s  por t s .  F r o m  the  
p r o g r a m m e r ' s  viewpoint ,  a p o r t  is a window which  pro-  
v ides  u n i d i r e c t i o n a l '  m e s s a g e  t r a n s p o r t  b e t w e e n  
objec t s ,  F r o m  the  i m p l e m e n t a t i o n  v iewpoint ,  a p o r t  is 
a p r o t e c t e d  m e s s a g e  buffer .  An o b j e c t  c a n  s e n d  a 
m e s s a g e  t h r o u g h  one of i t s  p o r t s  to  t h e  d e s t i n a t i o n  
p o r t  of the  d e s t i n a t i o n  ob jec t ,  and  r e c e i v e  a m e s s a g e  
f rom a s o u r c e  p o r t  of a s o u r c e  o b j e c t  t h r o u g h  one  of 
i ts  po r t s .  Each  i n p u t  p o r t  of an  o b j e c t  c a n  c o r r e s p o n d  
to a r e q u e s t  to t h a t  ob jec t .  

In  a d d i t i o n  to  ass ign ing  s c o p e  to  a n  ob jec t ,  we 
have d e c i d e d  to  a s s ign  s c o p e  to  e a c h  p o r t  of an  ob jec t .  
The s c o p e  of a p o r t  c o n s i s t s  of a l i s t  t e l l ing  who is pe r -  
m i t t e d  to  c o m m u n i c a t e  wi th  t h a t  po r t ,  i.e., the  a c c e s s  
c o n t r o l  l is t  of t he  por t .  More a c c u r a t e l y  speak ing ,  t he  
n a m e  of a n  o b l e c t  c o n t a i n s  the  n a m e s  of t h e  p o r t s  of 
the  ob jec t ,  and  e a c h  p o r t  n a m e  has  i t s  s c o p e  (Fig. 9). 
The s c o p e  of a p o r t  is de f ined  when  the  p o r t  is o p e n e d  
(for r e l i a b l e  d a t a g r a m )  or  c o n n e c t e d  (for v i r t ua l  c i r -  
cui t )  and is valid until the port is closed. Thus, access 
to an object is managed by the object itself, not by the 
accessiD~ object. There are five methods for specify- 
ing the scope: specific, instaneeo[, any. oneo[, and 
except, lnstanceo[ permits communication with any 
instances of the specified class. Any permits com- 
munication with any object/port, Oneof permits com- 
munication with one of the object/port names in the 
list, Except permits communication with an 
object/port if it is not found in the list. Providing a 
scope list for each port realizes powerful access con- 
trol for a port by architecture, and this reinforces the 
protection of objects, 

A message is created when a send instruction is 
executed. A message consists of a sender object 
name, sender port name, receiver object name, 
receiver port name, the number of parametric 
objects, and a list of the names of the parametric 
objects. 

4.4. The  I n s t r u c t i o n  S e t  

Three  bas ic  o p e r a t i o n s ,  a s soc ,  l i nk .  and  eval .  
were  de f ined  for n a m e s  a n d  o b j e c t s  in  [Tokoro82,  
Tokoro83].  Assoc a s s o c i a t e s  a n  o b j e c t  to  a n a m e .  
L ink  a s s o c i a t e s  one n a m e  with  a n o t h e r  n a m e .  Eval  
e v a l u a t e s  an  o b j e c t  wi th  one o[ the  de f ined  r e q u e s t s  
and  o p e r a n d  o b j e c t  n a m e s .  The i n s t r u c t i o n s  sup-  
p o r t e d  by this  a r c h i t e c t u r e  c a n  be c l a s s i f i ed  in to  
t h r e e  c a t e g o r i e s :  n a m e  i n s t r u c t i o n s  which  c o r r e s p o n d  
to a s s o c  a n d  l ink ,  s e n d / r e c e i v e  i n s t r u c t i o n s  which  
c o r r e s p o n d  to eval .  a n d  o t h e r  i n s t r u c t i o n s ,  All the  
i n s t r u c t i o n s  wi th  n e c e s s a r y / p o s s i b l e  p a r a m e t e r s  a r e  
l i s t ed  in Table 1. 

~AHE 
[ ^1 

I~AHE 

I A2 

~AME 

Fig. 9 The protection mechanism 

4.4.1. Name Instructions 

The name instructions deal with the relation 
between a name and object. There are ten instructions 
in this category: asset, assocg, link, linkg, unlink, 
unJinkg, reggnt, equal, setscope, and resetscope 
instructions. Asset lets the ultimate local name 
linked by NAME2 point to the first global name pointed 
to by loca l  n a m e  NAME1. Assocg  l e t s  the  u l t i m a t e  glo- 
bal  n a m e  l inked  by  NAME2 p o i n t  to t he  o b j e c t  d e n o t e d  
by local  n a m e  NAME1. L i n k  le t s  local  n a m e  NAME1 
poin t  to loca l  n a m e  NAME2. I j n k ~  l e t s  the  f i r s t  g loba l  
n a m e  l inked  by  loca l  n a m e  NAME1 po in t  to  t he  f i r s t  
g lobal  n a m e  l i nked  by  loca l  n a m e  NAME3. U n l i n k  
d e l e t e s  t h e  l ink f r o m  loca l  n a m e  NAME. Thus, the  
local  n a m e  NAME h e r e a f t e r  po in t s  to no n a m e  or  

Table 1 The instruction set 

OPERATOR OPERAND 

assoc 
assocg 
llnk 
llnkg 
unllnk 
unllnkg 
reggnt 
equal 
setscope 
resetscope 

openport 
closeport 
brdgsend 
brdgcec 
nbrdgsend 

nbrdgreo 

connectport 
dlsconnectport 
bvcsend 
bvcrec 
nbvcsend 
nbvcrec 
notify 

createinst 
freeze 
unfreeze 
self 
exit 

NAME1, NAME2 
NAME1, NAME2 
NAME1, NAME2 
NAME1, NAME2 
NAME 
NAME 
NAMEI¢ NAME2 
NAMEI, NAME2, BOOLEAN 
NAME, SCOPE 
NAME1, NAME2 

L-PORT, SCOPELIST, MODE, PORT 
PORT 
PEER-PORT, PEER-OBJECT, N-ARG, ARG-LIST, PORT 
PORT, N-ARG, ARG-LIST 
PEER-POET, PEER-OBJECT, ENTRY-POINT, 
N-ARG, ARG-LIST, PORT 
PORT, ENTRY-POINT, N-ARG, ARG-LIST 

L-PORT, SCOPELIST, MODE, CONN 
CONN 
CONN, N-ARG, ARG-LIST 
CONN, N-ARG, ARG-LIST 
CONN, ENTRY-POINT, N-ARG, ARG-LIST 
CONN, ENTRY-POINT, N~ARG, ARG-LIST 
N-ENT, PORT, PROC-NAME, 

NAME, SCOPE 
NAMEI, NAME2 
NAMEI, NAME2 
NAME 
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o b j e c t  and  b e c o m e s  undef ined .  U n l i n k g  d e l e t e s  the  
l ink f rom the  f i r s t  g loba l  n a m e  l inked  by  loca l  n a m e  
NAME. Thus, t h e  g loba l  n a m e  h e r e a f t e r  p o i n t s  to  no 
n a m e  or  o b j e c t  and  b e c o m e s  undef ined .  Reggnt 
c r e a t e s  a g loba l  n a m e ,  l e t s  t he  g lobal  n a m e  d e n o t e  
the  o b j e c t  d e n o t e d  by  loca l  n a m e  NAME1, and  l e t s  the  
u l t i m a t e  loca l  n a m e  l i n k e d  by  NAME2 poin t  to  t he  glo- 
bal  n a m e .  Equa l  c h e c k s  w h e t h e r  NAME1 a n d  NAME2 
d e n o t e  t he  s a m e  o b j e c t  o r  not .  If t hey  d e n o t e  the  
s a m e  object ,  BOOLEAN is s e t  to  true; o t h e r w i s e  i t  is 
se t  to false. S e t s c o p e  adds  a s c o p e  for  t h e  n a m e  of an  
acces s ing  o b j e c t  t o  t he  s c o p e  of t h e  flwst g loba l  n a m e  
l i nked  by  NAME. R e s e t s e o p e  d e l e t e s  a s c o p e  for  the  
n a m e  of an  a c c e s s i n g  o b j e c t  d e s i g n a t e d  by  NAME2 
f rom the  s c o p e  of t h e  f i r s t  g loba l  n a m e  l i nked  by  
NAME1. 

4.4.2. Send /rece ive  Instructions 

There  a r e  t h i r t e e n  i n s t r u c t i o n s  in th is  c a t e g o r y .  
The f i r s t  s ix  i n s t r u c t i o n s  a r e  for  t he  r e l i ab l e  d a t a g r a m  
c o m m u n i c a t i o n .  O p e n p o r t  opens  t he  p o r t  d e s i g n a t e d  
by L-PORT with  s cope  SCOPEL]ST. A p o r t  incarnat ion 
number  is r e t u r n e d  to  PORT. The o p e n e d  p o r t  c a n  
s e n d / r e c e i v e  m e s s a g e s  t o / f r o m  a p e e r  p o r t  of a p e e r  
o b j e c t  if and  only if t he  p e e r  p o r t  of the  p e e r  o b j e c t  is 
i n c l u d e d  in t he  s cope  of t h e  o p e n e d  port .  C l o s e p o r t  
c loses  t he  p o r t  d e s i g n a t e d  by  PORT. B r d g s c n d  s e n d s  a 
m e s s a g e  which c o n s i s t s  of the  n u m b e r  of a r g u m e n t s  
(N-ARG) and  t h e  l i s t  of a r g u m e n t s  (ARG-LIST) f r o m  
PORT to  PEER-PORT of PEER-OBJECT. The e x e c u t i o n  is 
s u s p e n d e d  un t i l  t he  m e s s a g e  is r e c e i v e d  by  PEER- 
OBJECT. B r d g r e e  r e c e i v e s  a m e s s a g e  f rom PORT and  
a s s o c i a t e s  e a c h  of t h e  a r g u m e n t s  to  fo rma l  p a r a m e -  
t e r s  d e s i g n a t e d  by  ARG-LIST. The e x e c u t i o n  is 
s u s p e n d e d  unt i l  a m e s s a g e  a r r ives  a t  PORT. 
Nbrdgsend s e n d s  a m e s s a g e  in  t h e  s a m e  m a n n e r  as  
b r f lgsend .  The e x e c u t i o n ,  however ,  p r o c e e d s ,  and  
when the  m e s s a g e  is r e c e i v e d  by  PEER-OBJECT, t he  
e x e c u t i o n  m o v e s  to  the  p r o g r a m  d e s i g n a t e d  b y  
ENTRY-POINT. Af te r  t he  end  of t he  e x e c u t i o n  of t he  
p r o g r a m ,  t h e  e x e c u t i o n  r e s u m e s .  N b r d g r e c  r e c e i v e s  a 
m e s s a g e  in the  s a m e  m a n n e r  as b r d g r e c .  The execu -  
t ion p r o c e e d s ,  a n d  w h e n  a m e s s a g e  a r r i v e s  a t  PORT, 
the  e x e c u t i o n  moves  t o  t he  p r o g r a m  d e s i g n a t e d  by  
ENTRY-POINT. Af te r  t he  e n d  of t he  e x e c u t i o n  of t he  
p r o g r a m ,  t h e  e x e c u t i o n  r e s u m e s .  

The n e x t  six i n s t r u c t i o n s  a r e  for  t he  v i r t ua l  c i r -  
cu i t  c o m m u n i c a t i o n .  Two c o n n e c t  i n s t r u c t i o n s  exe-  
c u t e d  in  d i f f e r e n t  o b j e c t s  e s t a b l i s h  a c o n n e c t i o n  
b e t w e e n  t h e i r  L-PORTs if a n d  on ly  ff i) one is wi th  
MODE send  and  t h e  o t h e r  wi th  MODE receive and  ii) 
t h e i r  SCOPELISTs c o n t a i n  t he  o t h e r ' s  o b j e c t / p o r t .  
When i t  is e s t a b l i s h e d ,  a connec t ion  incarnat ion  
number  is r e t u r n e d  to  CONN. While c o n n e c t e d ,  t h e s e  
po r t s  c o m m u n i c a t e  on ly  wi th  one a n o t h e r .  Discon- 
nec t  d i s c o n n e c t s  CONN. Af te r  a p o r t  is d i s c o n n e c t e d ,  
the  p o r t  m a y  be c o n n e c t e d  with  a n o t h e r  o b j e c t / p o r t .  
Bvcsend and  b v c r e c  a r e  the  b lock ing  s e n d  and  r e c e i v e  
i n s t r u c t i o n s  t h r o u g h  c o n n e c t i o n  CONN. N b v c s e n d  a n d  
nbvcrec a re  t h e  non -b lock ing  s e n d  and  r e c e i v e  
i n s t r u c t i o n s  t h r o u g h  c o n n e c t i o n  CONN. 

The l a s t  i n s t r u c t i o n  in th is  c a t e g o r y  is notify,  
which is u s e d  for  b o t h  t he  d a t a g r a m  and  v i r t ua l  c i r -  
cu i t  c o m m u n i c a t i o n s .  No t i fy  t a k e s  a l i s t  of t he  p a i r s  

of e i t h e r  PORT or  CONN and PROC-NAME. When a m e s -  
sage  a r r i v e s  a t  PORT or  CONN, i t s  c o r r e s p o n d i n g  
PROC-NAME is e x e c u t e d .  

4.4.3. O t h e r  Instruct ions 

T h e r e  a r e  five i n s t r u c t i o n s  in  th is  c a t e g o r y :  
createinst ,  f r e e z e ,  u n f r e e z e ,  se l f ,  a n d  ex i t .  
Createinst. f r e e z e ,  a n d  m f f r e e z e  a r e  i n s t r u c t i o n s  
which a r e  u s e d  exc lus ive ly  in  a c lass .  Createinst  
c r e a t e s  t h e  s k e l e t o n  of an  i n s t a n c e  of t h e  c l a s s  and  
a s s o c i a t e s  i t  wi th  NAME. ~ r e e z e  f r e e z e s  t he  o b j e c t  
d e n o t e d  by  NAME1 and  a s s o c i a t e s  t h e  f r o z e n  o b j e c t  
with NAME2. U n f r e e z e  u n f r e e z e s  t h e  f r o z e n  o b j e c t  
d e n o t e d  by  NAME1 a n d  a s s o c i a t e s  i t  w i th  NAME2. Self  
m a k e s  a l ink f r o m  loca l  n a m e  NAME to t h e  g l o b a l  
n a m e  of t h e  o b j e c t  t h a t  e x e c u t e  th i s  i n s t r u c t i o n .  E x i t  
ex i t s  f r o m  the  c u r r e n t  c o n t e x t .  

4.5. Addressing 
T h e r e  a r e  five a d d r e s s i n g  m o d e s  for  e a c h  o p e r a n d  

of an  i n s t r u c t i o n :  g l o b a l  n a m e  (gn), l o c a l  n a m e  (In), 
own variable n a m e  (on), local ins tance  poo l  (ip), a n d  
immediate  ( i n ) .  G loba l  n a m e  m o d e  is u sed  for  sys-  
t e m  de f ined  n a m e s  which  a r e  g loba l ly  a c c e s s i b l e .  
Local  n a m e  m o d e  is u sed  for  a c c e s s i n g  a loca l  n a m e  
t ab le  of the  c o n t e x t .  Own v a r i a b l e  n a m e  m o d e  is u s e d  
for a c c e s s i n g  the  o b j e c t ' s  own v a r i a b l e  n a m e  tab le .  
Local  i n s t a n c e  poo l  m o d e  is u s e d  to  a c c e s s  l i t e r a l  con- 
s t a n t s  wi th in  t h e  ob j e c t .  I m m e d i a t e  m o d e  is u s e d  to  
i n t e r p r e t  t h e  o p e r a n d  as  an  i m m e d i a t e  l i t e r a l  con- 
s t an t .  

4.6. Architecture Predefined Objects 
The a r c h i t e c t u r e  p r o v i d e s  t h e  following fou r  faci l -  

i t ies:  the MKTAClASS, basic classes,  file sy s t em and  
user interface.  The M~,TACIASS g e n e r a t e s  u s e r  
def ined  c l a s se s .  B a s i c  c l a s s e s  a r e  t he  i n t e g e r ,  rea l ,  
c h a r a c t e r ,  s t r i ng ,  and  log ica l  c l a s se s .  F i l e  s y s t e m  and  
user interface is be ing  d e s i g n e d  for  th i s  a r c h i t e c t u r e .  

5. EVALUATION 

This s e c t i o n  d e s c r i b e s  t h e  e v a l u a t i o n  of t he  a rch i -  
t e c t u r e  t h r o u g h  p r o g r a m  e x e c u t i o n  on  a so f twa re  
s i m u l a t o r  a n d  the  e s t i m a t i o n  of h a r d w a r e  c o s t  and  
s p e e d  using the  p r e l i m i n a r y  h a r d w a r e  des ign .  

5.1. ]Be Simulator  and Program Execut ion 

A sof tware  s i m u l a t o r  a n d  a c r o s s  a s s e m b l e r  for 
the  ZOOM a r c h i t e c t u r e  have  b e e n  i m p l e m e n t e d ,  b o t h  
of which r u n  u n d e r  t he  VAX/Unix o p e r a t i n g  s y s t e m .  
The p r o g r a m  size of the  s i m u l a t o r  is a b o u t  7000 l ines ,  
and  the  p r o g r a m  size  of the  ZOOM a s s e m b l e r  is a b o u t  
3000 l ines in  t h e  C p r o g r a m m i n g  l anguage .  

Var ious  p r o g r a m s  have  b e e n  w r i t t e n  in t he  ZOOM 
a s s e m b l y  l a n g u a g e  a n d  s i m u l a t e d  by  t h e  s i m u l a t o r .  
The p u r p o s e  of p r o g r a m  e x e c u t i o n  on  the  s i m u l a t o r  is 
twofold. One is to c h e c k  the  va l i d i t y  and  to  m e a s u r e  
the  e f f i c i ency  of t h e  ZOOM a r c h i t e c t u r e .  The o t h e r  is 
to p r o d u c e  a p p l i c a t i o n  and  s y s t e m  p r o g r a m s  in 
advance  of t h e  e x p e c t e d  VLSI i m p l e m e n t a t i o n  of the  
a r c h i t e c t u r e .  

As a n  e x a m p l e  of t he  ZOOM a s s e m b l y  l a n g u a g e  
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programs, Fig. I0 shows a part of class MAILBOXfor a 
simple mail system (called the ZOOM mail system 
hereafter). An instance mailbox manages mail by the 
use of the list of instances of class MAILLIST. Each 
user has one instance of MAILBOX in order to receive 
mail. A mail is an instance of class MAIL and eohtains 
a mail text. Table 2 shows the class and instance 
operations of these classes and instances. 

The following steps are taken to send mail from 
one user to another: A user sends message CREATE to 
class MAIL in order to create instance mail. The user 
sends the name of the instance to the RECEIVE port of 
instance r~ailbox of the receiving user. The receiving 
user sends message TAKE to his/her mailbox, and the 
mail at the head of maillist is returned. The receiving 
user then sends message READ-MAIL to ma//, and the 
text of rnail is returned. 

]n order to compare the descriptivity and 
efficiency of programs on the ZOOM architecture, a 
similar mail system has been programmed in the C 
programming language to run under Unix 4.1BSD 

# 
# Thzs is mailbox class 
# 
MAILBOX:class 
olassown { 

oreatep, owner, answer: port 
} 
Instanceown { 

receivep, nountp, 
sendersp, takep, 
mallp, mlp, mlstp, 
bc, bp, up, answer, 
truep, falsep, 
whilet, whilef: 
owner: 
head, tail, tllst: 
mcount, tQount: 
temp: 
myself: 
mall: llnk 
mailllst: llnk 

) 
# 
lop { 

port 
name 
MAILLIST 
Int 
MAIL 
self 
MAIL 
MAILLIST 

zero: tn t  = 0 
one: Int = 1 

} 
# 
# The following methods are class operations. 
# 
# 
# (0) InltialIze & main loop. 
inlt: oproo 

openport CREATE, scope(any, anyport), 
mode(receive), createp[on] 

notify from(orestep[on]), then(create) 
closeport createp[on] 
exit 
end 

# 
# (1) external port. 
create: epros 

Int( 
sender, gnam: name 
sendp: pld 
Inst: own 
} 

brdgree 

openport 

Fig. 

createinst 
assoo 
reggnt 
brdgsend 

closeport 
exit 
end 

10 

f rom(ereatep[on]),  
mesg(eender[ ln] ,  eendp[ln], owner[on]) 
RET, scope(speclflc, sender[In], 
sendp[ln]), mode(send), answer[on] 

inst[in] 
zero[ip], Inst.moount[in] 
inst[in] 
to(sendp[in]), In(sender(In]), 
mesg(gnam[in]), from(answer[on]) 
answer[on] 

Programs for a simple mail system 

Table 2 Class and instance operations 

MAILBOX MAILLIST MAIL 

class CREATE CREATE CREATE 
operation 

instance RECEIVE! SET_SUC! READ_MAIL? 
operation COUNT? SET_PRE! SUBJECT? 

SENDERS? DELETE! SENDER? 
TAKE? NEXT? 

GET_MAIL? 

(cal led the  C mai l  sy s t em herea f te r ) .  The C mail  sys- 
tem is composed  of two p rog rams ,  MAILBOX and.MA/L. 
A mail  t ex t  exists  as a file. Each user  has  one spool 
d i r ec to ry  to  hold the i r  mail  texts .  The MAIL p r o g r a m  
receives  mail  f rom a user  and p laces  it in a file under  
the r ece ive r ' s  spool  d i rec to ry .  The MAILBOX p r o g r a m  
manages  files under  the  r ece ive r ' s  spool d i rec tory .  
The C mail  s y s t e m  does  not  s uppo r t  the p r o t e c t i o n  or 
the mail  de l ivery  beyond a p r o c e s s o r  s u p p o r t e d  by  the 
ZOOM mail  sys tem.  

Table 3 and 4 show the usage f requency of 
ins t ruc t ions  and p r o g r a m  sizes for the ZOOM mai l ' sys -  
tem, respec t ive ly .  Table 5 and 6 show those  for the C 
mail sys tem.  The n u m b e r  of source  lines of the ZOOM 
mail s y s t e m  is a lmos t  the  s ame  as tha t  of ' the  C mail  
sys tem.  The ob jec t  p r o g r a m  size of the ZOOM mail  
sys t em is twice as large  as tha t  of the C mail sys tem.  
The size of the execu tab le  p r o g r a m  of the  C mail  sys- 
tem, however, is eight  t imes  l a rge r  than  tha t  of the 
ZOOM mail  sys tem.  This is because  the execu tab le  
p rog ram of the C mai l  s y s t e m  includes  various l ib ra ry  
programs.  Such l ib ra ry  p r o g r a m s  c o r r e s p ond  to the 
me tac la s s  and  s y s t e m  defined ob jec t s  of the ZOOM 
arch i t ec tu re .  In the  ZOOM mail  sys tem,  only the func- 
t ion of ins tance  c r e a t i o n  provided  by the  m e t a c l a s s  is 
used. In addit ion,  the  C mail  s y s t e m  would have been  
much  l a r g e r  if it had s u p p o r t e d  p r o t e c t i o n  and mail  
del ivery funct ions s imi lar  to the  ZOOM marl sys tem.  
Thus, the objec t  p r o g r a m  size of the  ZOOM mail  sys- 
t em is cons ide red  r ea sonab ly  small.  

]n previous  p r o g r a m m i n g  languages  and sys tems ,  
an execu tab le  p r o g r a m  is s to red  in a file and is copied  
into the main  m e m o r y  to be executed .  When the exe- 
cu t ion  t e rmina t e s ,  the p r o g r a m  is r emoved  f rom the 
main memory .  When they  want to p r e se rve  the in ter -  
nal s t a t e  of the  execu t ion  af terward,  the p r o g r a m  
must  expl ic i t ly  be wr i t t en  to c r e a t e  a file and s to re  
the in te rna l  s t a t e  in the file, and the file name  or  the 
d i r ec to ry  name  of the  files mus t  be predef ined  for the 
p rograms  which use t h a t  in t e rna l  s ta te .  Mereover, in 
cases  where mul t ip le  p r o g r a m s  exchange  da ta  asyn- 
chronously,  when p r o g r a m s  are  execut ing con- 
cu r r en t ly  they  c o m m u n i c a t e  with each  o the r  by using 
in te r -process  c om m un i c a t i on  pr imit ives;  otherwise 
they c o m m u n i c a t e  th rough  files. Thus, the  p rog ram-  
mer  pays  mos t  a t t e n t i o n  to descr ib ing  d a t a  exchange  
among p rog rams  and p ro t ec t i on  r a t h e r  than  descr ib-  
ing the funct ions of the object ive sys tem.  

On the o ther  hand, in objec t  o r i e n t e d  sys tems,  
once objec ts  are c r ea t ed ,  t hey  r e m a i n  extant .  They 
accep t  r eques t s  and r e spond  in t e r m s  of messages .  
The informat ion  p r e s e r v e d  in an ob jec t  cannot  be 
accessed  direct ly.  Thus, the m e t h o d  for communica-  
t ion among objects  is unique and does  not vary 
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a c c o r d i n g  to t he  s t a t e  of t h e  r e c e i v i n g  ob jec t .  Thus, 
t he  d i s t i n c t i o n  b e t w e e n  an  o b j e c t  and  the  o b j e c t s  t ha t  
use  the  o b j e c t  b e c o m e s  c lea r ,  The re fo r e ,  the  p ro-  
g r a m m e r  c a n  c o n c e n t r a t e  on  d e s c r i b i n g  the  func t ions  
of t he  o b j e c t i v e  s y s t e m  a n d  the  d e s c r i b e d  p r o g r a m s  
b e c o m e  e a s y  to m a i n t a i n .  

Table 3 Usage frequency of the instruction set 
for the ZOOM mail 

openport 
closeport 
brdgsend 
)rdgrec 
1otify 
=reateinst 
I S S O C  
ceggnt 
~xit 

~ILBOX MAILLIST 
class instance class instance 

2 26 
2 26 
1 28 
1 24 
1 6 
1 0 
1 4 
1 0 
2 15 

2 8 
2 8 
i 4 
1 5 
1 1 
1 0 
2 2 
1 0 
2 6 

MAIL 
class instance 

7 9 
7 9 

Ii 4 
8 5 
3 1 
i 0 
3 0 
I 0 
4 6 

~otal 12 129 13 34 45 34 

Table 4 Sizes of the objects for the Z00M mail" -(Byte) 

MAILBOX MAILLIST MAIL 
class instance class instance class instance 

object code 70 962 61 228 316 230 

own variable 
name table 24 200 8 80 88 48 

total of local 
name tables 32 80 48 72 56 72 

local instance 
pool 12 0 97 

total size 1380 497 907 

5.2. The  P r e l i m i n a r y  H a r d w a r e  Des ign  

The following a s s u m p t i o n s  a r e  m a d e  in the  p re l -  
i m i n a r y  h a r d w a r e  d e s i g n  for  the  ZOOM a r c h i t e c t u r e : .  

(1) t he  s ize of t h e  un ique  i d ' s  a re  48 b i t s ;  

(2) t he  wid th  of t he  m e m o r i e s  a n d  b u s s e s  is 32 bi ts ;  

(8) t h e r e  a r e  t h r e e  i n t e r l e a v e d  m e m o r i e s :  t h e  
i n s t r u c t i o n  m e m o r y ,  g loba l  n a m e  t a b l e  m e m o r y ,  
a n d  o b j e c t  m e m o r y ;  

(4) t h e r e  is no c a c h e  m e c h a n i s m  in th i s  des ign;  

(5) i n p u t / o u t p u t ,  m e m o r y  m a n a g e m e n t ,  and  f loat ing 
p o i n t  a r i t h m e t i c  func t i ons  a r e  e x c l u d e d  in  th is  
des ign;  a n d  

(6) t h e r e  is no  c o n s i d e r a t i o n  of t he  l o a d  f ac to r s  on  
the  ga t e s .  

The r e s u l t  of t he  p r e l i m i n a r y  h a r d w a r e  d e s i g n  
shows t ha t  t he  a r c h i t e c t u r e  r e q u i r e s  a b o u t  6000 r an -  
d o m  logic ga t e s ,  30 r e g i s t e r s  ( a b o u t  1500 b i t s  to ta l ) ,  
and  ROMs for m i c r o p r o g r a m s  which  have  not,  a t  t he  
m o m e n t  of t h i s  wri t ing,  b e e n  e s t i m a t e d .  Al though  
s u c h  e s t i m a t e d  h a r d w a r e  s i zes  m a y  l a r g e l y  c h a n g e  
with  p r o g r e s s  in the  s t a g e s  of t h e  d e v e l o p m e n t ,  we 
c o n s i d e r  the  s izes  shown to  be  well wi th in  s t a t e  of the  
a r t  of VLSI t e c h n o l o g y  which  c a n  be  i m p l e m e n t e d  on a 
chip.  

Table  7 shows the  r e q u i r e d  m e m o r y  cyc les  for  
some instructions. ]'he memory cycles for 
send. receive, and open vary according to the number 
of arguments and the content of scope definition. 
Assoc requires memory cycles for executing an asser- 

Table 5 Usage frequency of the 

instruction set for the C mail 

OPERATION MAILBOX MAIL 

clrl 
incl 
subl2 
subl3 
tstb 
itstl 
cmpl 
movl 
movab 
push1 
jbr 
jeql 
jneq 
calls 
ret 
cvtbl 

1 
1 
1 

24 
6 
7 
4 
4 
2 

74 
23 
14 
4 

38 
4 
1 

0 
0 
0 
6 
0 
I 
0 
i 
1 

24 
3 
1 
O 

17 
I 
0 

total 208 55 

Table 6 Sizes of the programs for the C mail 
(Byte) 

MAILBOX MAIL 

relocatable text 920 300 
code data 384 152 

b s s  0 0 
total 1304 452 

executable text 6144 5120 
code data 1024 1024 

bss 1908 1564 
total 9076 7708 

Table 7 Memory cycles 
for some instructions 

INSTRUCTION MEMORY CYCLES 

send 
receive 
openport 
closeport 
reggnt 
[ink 
assoc 
add  

18 
16 
II 
8 
5 
4 
4 
6 

t ion  p r o c e d u r e  if one  is spec i f ied .  The m e m o r y  cyc l e s  
shown in the  t ab l e  a r e  t h o s e  when  s e n d  and  r e c e i v e  
have t h r e e  a r g u m e n t s ,  o p e n  h a s  a s c o p e  with  one 
en t ry ,  and  assoc ,  a s s o c i a t e s  a n  o b j e c t  to  a n a m e  
wi thou t  an  a s s e r t i o n .  Add is one of t he  a r c h i t e c t u r e  
p r o v i d e d  i n t e g e r  c l a s s  o p e r a t i o n ,  One c o n t e x t  c h a n g e  
r e q u i r e s  16 m e m o r y  cyc les .  

The r e s u l t  of t h e  e s t i m a t e d  e x e c u t i o n  s p e e d s  of 
t he  i n s t r u c t i o n s  s u g g e s t s  t h a t  th i s  a r c h i t e c t u r e  exe-  
c u t e s  p r o g r a m s  v e r y  fast .  For  e x a m p l e ,  when  we 
a s s u m e  t h a t  one m e m o r y  c y c l e  is 500 n s e c ,  s e n d  arid 
r e c e i v e  i n s t r u c t i o n s  t a k e  l ess  t h a n  10 /zsec .  One con-  
t ex t  c h a n g e  t a k e s  j u s t  8 / z s e c .  By i n t r o d u c i n g  c a c h e s  
and op t im iz ing  h a r d w a r e  e s p e c i a l l y  for  a r c h i t e c t u r e  
p r o v i d e d  o p e r a t i o n s ,  we e x p e c t  th is  a r c h i t e c t u r e  to  
e x e c u t e  p r o g r a m s  mucl~ f a s t e r .  

This a r c h i t e c t u r e  c a n  c o m p o s e  a d i s t r i b u t e d  sys-  
t e m  as  a n a t u r a l  e x t e n s i o n  and  the  s a m e  p r o g r a m s  
can  r u n  in  t he  d i s t r i b u t e d  s y s t e m .  In s u c h  a d i s t r i -  
b u t e d  e n v i r o n m e n t ,  t he  a d v a n t a g e s  of t h i s  a r c h i t e c -  
t u re  a r e  m o r e  t h a n  j u s t  f a s t e r  e x e c u t i o n  s p e e d .  

6. CONCLUSION 

In  t h i s  p a p e r ,  we p r o p o s e d  a new o b j e c t  mode l ,  
c a l l e d  the  d i s t r i b u t e d  o b j e c t  m o d e l ,  t h a t  is s u i t a b l e  
for  d i s t r i b u t e d  c o m p u t i n g .  In  th i s  o b j e c t  mode l ,  an  
o b j e c t  is a c t i v e  a n d  s e l f - c o n t a i n e d .  
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We then  designed a new object  or iented  a rch i tec-  
ture called ZOOM based  on this model. In the ZOOM 
archi tec ture ,  scope provides a powerful p ro tec t ion  
mechan i sm which is m o r e  reliable and versat i le  than  
the capabi l i ty-based mechan i sm.  In ter -objec t  com- 
municat ion and object  migra t ion  mechan i sms  provide 
efficient and versat i le  functions for the real izat ion of 
distr ibuted sys tems.  

We have i m p l e m e n t e d  a software s imula tor  and a 
cross a s s e m b l e r  for this archi tec ture .  The resul ts  of 
evaluating the a r c h i t e c t u r e  through writing and  exe- 
cuting ZOOM prog rams  on the s imulator  and the  prel-  
iminary hardware  design show the feasibili ty of the 
a rch i tec ture  and the  high potential  for being one 
promising candidate  for the next  genera t ion  comput -  
ing sys tems.  

Thorough evaluat ion of the a rch i t ec tu re  is being 
per formed to improve the archi tec ture .  The develop- 
merit of various appl icat ion and sys tem p r o g r a m s  are 
also being pe r fo rmed  by using the s imulator .  The 
detailed hardware  design for the VLS] imp lemen ta t i on  
ol this a r ch i t ec tu re  will c o m m e n c e  some t ime  this 
year. 

The design of an object  or iented language called 
ORIENT is also being ca r r i ed  out. This language will be 
used to imp lemen t  the operat ing sys tem,  p rog ram-  
ming environment ,  and various applicat ion sy s t ems  
which run  on this a rch i tec ture .  
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