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ABSTRACT 

paper describes the design of a distributed object mana- 
ger which allows several Smalltalk-80 systems to share objects over a 
I o c a l - m  network. This object manager is based on the following 
Izrinciples : location tramparency and uniform object naming, unique 
object rewesemafion and use of symbolic finks for remote access, 
Ixmibility of object migration and distributed garbage collection. A 
version of the object manager has been implemented and is currently 
being integrated on • two nod,'- configuration. 

i .  INTRODUCTION 

The object model has received c o m i d e r ~ e  atteation in the 
n~ .n t  yeanl al It means for structuring distributed system.  The 
design of sn egparinwtztel investigation of an object-based dis~tnbuted 
sy~em can be conceived along two main lines : 

Deign  a new language (or even a whole operating system) bated 
on an object model, and implement such 8 language (or at lea~ 
the kernel of a distributed operating system). 

Extend an ~ g  object-based hmgnage with the facilities 
wl~ch would allow to use it in a distributed environment. 

The t im approach has been taken by several projects (e.g. 
Argus [l.Jskov82,Liskov84] Eden [Alme185]). These projects are 
large-scale, resource-consuming efforts. In an environment with 
limited nsources, we decided to take the second epproach, starting 
with an existing lanlptage. The choice of Smalltalk-801 was moti- 
vared by two comideratiom : 

Smalltalk-80 may be regarded as a paradigmatic language for the 
definition of an object model. 

- The language and its implementation are well-documented, and 
the source code of an implementation of a Smalltulk system 
(Berkeley Smalhalk) was available. 

The objective of the project is to design a distributed object 
manager, which could eventually be used on a network of personal 
workstations. This manager would replace the Original object mana- 
ger of the Smalltalk-80 system, thus allowing the users of several such 
systems to share objects, to perform mmo(e execution, or to store 
objects in a repository. 

The general layout of the object manager is represented on 
Figure 1. In the original Smelltalk-80 system, object management is 
integrated in the byte-code interpreter, which tuns on a (centralized) 
operating ~/stem, Our design zepanztes the interpreter from the 
object manager, while preserving the interface between the interpre- 
ter and the virtual image. The object manager is now distributed on 
mver, d nodes of a local-area network. 

t . . .  
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Rgum 1. Organization of the distributed Smalllalk system. 

This paper is organized as follows. Section 2 presents the 
general problems of object management in distributed systems : 
naming, sharing, migration, garbage collection. Section 3 de.,tcribe~ 
the design principles of the distributed object manager. The main 
impIcmcmution features arc described i ,  Section 4. Some co,chz- 
sluns and dircctlons for future work are presented in .~'ction 5. 
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2. PROBLEMS OF DISTRIBUTED OBJECT 
MANAGEMENT 

The development of distributed systems has pertly been 
motivated by the desire to extend the limited set of shamble 
resources of a particular computer system to a large, possibly 
unlimited, set of network resources. Resource sharing poees the 
Woh4ems of naming, protection and consistency. Wl~le these pro- 
blares have been resolved to a satisfactory extent for centralized 
systems, they have not been adequately resolved in the area of 
distributed systems. [n particular, the Smalltalk-g0 system, initially 
designed for personal workstations, has no built-in facility for 
managing resources in a network of Smalltalk systems 

In a Smallralk systcm, the elementary manageable resource is 
an object. As a result, resource sharing in a Smalhulk network boils 
down to the distributed management of objects. D/szributed object 
management can be achieved by a collection of local cooperating 
ob~ect managers. Each local object manager runs on a particular 
workstation, is in charge of the objects that are local to the 
workstation and cooperates with remote object managers to achieve 
the distributed sharin 8 of objects. 

Problems that result from object sharing, such as naming, 
protection and comistency, are amplified by the facilities inherent to 
distribution. In particular, facilities such as remote acce~t, dynamic 
migration of objects and dynamic connections and disconnections of 
workstations dramatically increase the complexity of a distributed 
management of objects. In the following paragraphs, attention is 
focosed on the problems we have identified Io far. 

2.1. Naming 

In general, naming provides users with a mechanism for 
designating objects without any concern with their physical location. 
Similarly, naming in a distributed environment allows ob~ ' t s  to be 
designated without specifying their actual site of residence. Such 
object naming is a type of virtual naming (as opposed to physical 
naming). 

Although location independence is generally desirable, virtual 
naming takes away from the user the possibility for direct control on 
object locations. For example, a user may want to force the migration 
of a particular object to a specific site for explicit transfer or for 
taking advantage of effective paza}lelism. [n short, an appropriate 
naming mechanism should bc location independent while providing 
the u~r  with facilities for controlling object locations when .curled. 

2.2. Access 

Access to objects is either local or remote. An access is local 
when the object is on the same site as the caller. It is remote when 
the object is located on a distinct site from the caller. Problems 
related to local accesses have been resolved satisfactorily. Remote 
access can be handled in two ways: either an effective remote access 
is performed and the object does not migrate, or a local accex~t is 
performed and the object is forced to migrate round trip between the 
calling and the residence sites. Round trips can be avoided by 
migrating a copy of the obiect. Object duplication induces an 
overhead whose cost in terms of space and computation may exceed 
migration costs (in particular Smalltalk objects arc small). The choice 
between actual remote accesses or local acces~cs with migration 
depends on communication load, objects size and application re- 
quests. 

2.3. Protection 

Protection is u~ually concemed with the detection of unautho- 
rized accesses. It may also Ix: involved in the control of excessive 
consumption of resources. 

Unauthorized acce.~s may be performed by a program which, 
maliciously or not, has confiseated some %trategic" data belonging to 
another program: to do .,~o, the malicious program fir.~t reads data and 
acquires the capabilities of the victim program. Then, it can accc.~ 
some secret information or randomly perform some kind of sabotage. 
In diuributed environments, the problem is amplified by r e . u r ea  
migration. In particular, a resource may migrate to a new site which 
then must be in charge of protecting this resource. 
Protection in goneral purpose systems such as time sharing systems, is 
difficult to achieve. In Ihesc systems, entities are organized ~ large 
collections of information and tied down to a unique entity, the 
process. As a result, once the capabilities of a process have been 
confiscated, unintended a c ~ s  can easily propagate through a large 
amount of information. Conversely, in ob~ect-orienled systcm~ such 
a~ Smalltalk, the fine-tunable granularity of data and programs in the 
form of independent ohjccts, provides a natural framework for 
protection. 
Control of excc---~,ive consumption of resources remains an important 
problem, 

2.4. Memory allocation sad Garbage Colk, ctien 

In the previous paragraphs, we ob~rved that objoct-oeriented 
systems are wnll-suited to the management of resource sharing. 
However, these systems are intensive object consumers: objects are 
allocated and released with high frequency. Moreover, they are 
organized in ~aph  structures that express reference reladomhipe. As 
a result, a Smalltalk system can rapidly be congested by unused 
objects if these are not reclaimed by a garbage collector. 

Garbage collection consists in detecting unused objects and 
then reclaiming the memory space allocated to these objects. It 
implies costly graph traversing that may be prohibitive in the absence 
of optimization. [n addition, garbage collection is interleaved with 
foreground processings. This interleaving may result in unexpected 
long reply times for the operator. Ungar in [Ungar84al has tackled 
the problem and propnscd the "generation scavenging". Generation 
scavenging is "based on a hierarchy of object generations: if ~ object 
survives from a garbage session, it is made older and is classified in 
the immediate upper generation. [t is no longer subject to on-line 
reclaiming if it belongs to the root generation. "['his "solulion has been 
investigated for centralized systems but needs be adapted to deal 
with migrations. 

So far, we have identified the problems posed by the manage- 
mcnt of objects in a local network of Smalltalk workstations. In the 
next sedion, we present the design principles that we adopted to 
solve these problems. 

3. OBJECT MANAGER DESIGN PRINCIPLES 

Our object manager is implemented as a collection of local 
cooperating object managers. Each local object manager runs on a 
particular workstation, and provides the programmer with a cnilec- 
zion of primitives. These primitives allow to name and share objects 
without being aware of their actual phy~cal location. In addition, the 
object manager is able to cope with dynamic features such as 
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migration, gadoage collection and cormcctions/discormections of 
sites. This section describes how this is done. 

3.1. I I~k:  Design I)edsionl 

Remote ref'ereuces and "proxy" objects 

The driving design winciple is physical location transparency. 
An ob~ct name is always a pointur to a local object. More precisely. 
if an object OI holds a name  N to reference another object 02 .  N 

always identifies an object localized on the same site as 01 .  For 
remote references, we introduce a particular typ~ of object, the 
"proxy'. that locally represents a remote object. As shown in .figure 

2, 02 is located on site B and a,proxy objuct is created on the site A 
of O! to serve am a local representative of the remote 02. 
In addition, i f  03 at site A also references 02. it u.~s the ~me proxy 
object as 01. This solution has b~cn adopted to ensure correcmcss 
and homogeneity of the Sm~lltalk-80 image. The migration algorithm 
detailled in the next section also verify this property. 

A proxy is part of the private data of the ob~ct manager. [t 
has two fluids that dcsc~be a remote object: the residence .~tc of the 
remote object and the virtual lx~nter to the object in [he residence 
site. When the referenced object migrates, the contents of the 
referencing object is no( modified. The proxy is updated accordingly 
by the object manager. In addition to physical location invisibilty, the 
proxy preserves the local con~stcncy of reference COtlnts. A proxy is 
funcdonaUy ~quJvalent to a Uai.x I l ink except thai a proxy is not 
visible tO the IXOlgamn~r. It is a private data structure which is 
handled by the object manager like any ,Smalitalk object for s w a p  
ping, garbage collection and memory relocation. 

qc.d nCle~,m 

rl~ eeler etKi 

~ M  refeeec~.e ~. 

I I 

Site A Site S 

Rgure 2. Proxy object usage for remote acce~. 

Given the notion of proxy for physical location 10tdepcndence, 
wc need now to he precise about how to solve the following 
problems: 

1) Migration of an object in the distributed systcm. 
2) Reference to a proxy object by another proxy object. 
3) Distributed circular s~ruc~ures reclamation. This is an 
important task of a centralized object manager and this 
problem is inc~ased by system distribution. 
4) Consistency of shared object access and privileges of 
different systems on sh~ed ob~,'cts. 
$) Dymumc system connections and disconnections protocols, 
and consistency of othen systems connected to the network. 

I {.hli.x i~ :l Irudcm:u'k of A'I'I '-L~II I.al~r, ilorics. 

Object migration 

Several cooperating Smalhalk systems may need to share 
objects to implement a distributed application Sharing can be 
handled through remote or local access. Remote access is performed 
through the "proxy" mechanism. For efficiency p, trp(~s~s, accc,cq to a 
remote object may be transformed into a local a¢cu,,s by copying or 
migrating the deadred object. 
[n an Smalltalk environment, objcct duplication is not appropriate. 
Given object size and the high rate of object creation and deletion, 
the maintenance cost for managing of duplicated object would be 
prohibitive. 
The migration of an object is independent from changes in its 
ownership. 

Object migration consists in moving a real object from a 
workstation to another. A real objcct is an c.t i ty ¢xplicidy manipu- 
lable by the user. When migraling a real object is replaced by a proxy 
object in the source workstation. 
A real object may come back to its previous site. then nugrate again. 
Therefore. when migrating an object it is neccs,,~uy to check the 
possible existence of a proxy object for the migrated object. If a proxy 
already exists, the rual ohjcct and its proxy arc exchanged. 
The real object moves to its new .,die and takes the proxy object's 
name. A proxy object replaces the real object on the old system and 
references the real object through the nerwork. 
In addition, when a migrating object is shared Ix:twecn more than 
two systems, all its proxy objects on these systems nccd Ix: updated. 
This updating is performed according to an appropriate protocol. 

I t  l t r a  t lon 

......... ~ /  ~ "  I 
¢e[ereeK~ 

Site A Site B 

1~jt r e f e r ~  

Site A 

m 

ar / ~a, 

Site B 

Figure 3. An  example of object migration. 

For this protocol, each local system maintains a sorted list of 
the local names of its proxy objucts. By doing .so, e;¢h local system is 
able to Rspond to the question: "does a proxy t~)bjcct locally exist for 
a givun ohjcct'r' 
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Storage management  and garbage collection 

Functional and object-oriented languages impose a heavy load 
on storage management. In Smnlltalk, memory requests are very 
frequent and fragment the memory in a vast number of small p~e~c_. 
Paging systems am ill-suited to thia type of requests. Therefore, the 
obj~:t i t  the unit for storage management. The main storage is 
allocated acconling to a bm:ldy..system scheme. Free memory blocks 
am ~o~it up and recombined _~__~. ing to the following rule: 

~0 - t j ~ . / )  + U i - k )  

Where L~i) represents the block dze of level i, and k is a parameter 
(the "splitting order") which allows to choose between several 
algorithm= : 

t - i  Binary buddy system: /..(0 . L(i-l) + L(l-l) 
The block dze series is: 

1 1 2 4 8 1 6 3 2 6 4  128.. .  

k-2 Fibonacci buddy system: L.(O - L . ( i - i )  + L ( i . 2 )  
The block size series is: 

1 1 1 2 3 5 8 1 3 2 1 3 4 5 5 7 9 . . .  

k-6  Buddy s.ystem of order 6 : / - - ( 0  - L(i-I) + L(I-6) 
The block size ser/es is: 

1 1 11 1 1 2 3 4 5 6 7 9 1 2 1 6 2 1 2 7 3 4 4 3 5 5 7 1 . . .  

Large values of the splitting order allow a finer control on the size of 
the blocks. Since most Smalltalk objects are small, a fairly high order 
( k -  9 or 10) may be a good choice. This .solution and its advantug~ 
have been pre~nted in [Petets77,Shen74]. 
The method allows efficient allocation and liberation and reduces 
internal and external fragmentation. 

Internal fragmentation results from allocating memory in 
predefined block dzes. More preci=-Iy, it results from alloca- 
ting a larger block dze for a request for which the dze doe= not 
exist in the buddy-system series. 

Ex-temal fragmentation r,--_~tlts from splitting the free memory 
into Mocks which can be recombined only if they are "oud- 
dies". 

Our implementation of storage manltgement is ba.~d on the folio- 
wing decidons: 

- a hashing-function over the pointer value of the objects, for 
the topography function 

- LRU for the replao:mont algorithm. 

We need now tO cm'tsidcr the effect Of dyn~mic linking, 
remote object actor.,,, xnd Object migration ;,,t the storage manage- 
ment policy. 

In a Smaihalk system an object ex im if its reference count 
(i.e. the number of objects that are currently uung it) is different 
fxom zero. 'I'nls. implies garbege collection for the reclamation of 
storage. In a distributed Sm',dltalk sy,,aem, an object may be used by 
local or remote objects. 

In order to maintain the reference mechanism for managing 
object existence in a dL.,tribuled system, it is necessary tO introduce a 
new reference count for each real object: the remote reference count. 
The value of this count is Ihc number of proxy objects which 
ref*.rence the rc',d object through the network. It is less or equal to 
the real number of referencing objects. The figure 4 illustrates tlds 
property. 

5Ire A ~ Site O 

I¢ll refmdcu 

Rgure 4. Possible states and reference counts of an object. 

Our approach introduces two levels of garbage cogection: local and 
diadbuted strange reclamation. 

Local reclamation. 

In section 2.4, wc introduced u convenient solution for storage 
reclamation on a centralized 5mailtaJk system: Generation Scaven- 
10ng [Ungur84hl. This method is t~z~d on the observation that most 
object= either dlc young or live forever. An object gets older by 
moving it to a .  ,)hlcr "object gcncr;ition" if its storage LS not 
reclaimed. This ,t~ruK,' rc,'l.',m;diOn ;algorithm matchc..; well object 
cvohition. This :d$orhhm Im~ I~c,;n imph:mcntcd on the Bcrkcluy 
Sm',llt-',lk (BS) vcrsio. ~Jf $1n,dltllk-S0 [Ungar84|]. Wc are using this 
implementation or= a Sun-2 workstation. A !  ~e alrc,dy mcntion,'d. 
this solution iS convenient for local gadNt~ o')llcctio., but qOt r'or 
distributed ga_,'bage collection. 

Remark: 
[n th~ object memory organization, main memocy garbage collection 
is not czucial because object is the single mam:3ement entity. 
However, gadoage collection is rucluirod by secondary memory 
management. 

DLstributcd reclamation. 

A major problem with gm'bage colloction is recl'-,+min8 dimri- 
buted circular structures. As described in Egem 5, distributed 
circular structures may result from proxy objects usage and objects 
mi~ations. An elementary solution consists in performing a distribu- 
ted marking. "P_ach system marks all of its a~'¢ible objects in its 
virtual imal~. Whenever a proxy object is fonod, u marking request 
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is transmitted to the site of residence of the real object. While remote 
m a ~ n g  may be done in the back4Found , collecting is an expensive 
operation which holds up the entire network. This real object 
constitutes a new starting point of the murkily! procem for its site. 

Site A 

- -  ;w O I  

sits B 

Rgere 5. Exam#e of distributed circular structures. 

Currently, no better mlution to this problem has been investigated. It 
constitutes an interesting and important topic for future research. 

I ~ n a m k  connections and dlKonnectiom 

On~ of the requirements for our distributed system is that 
individual work~ta,tions may be dynamically connected or di•oonec- 
ted. In orck.r to cnsuru the glo~tl consi~ency I t  t ~  System, SpecifiC 
operatiore; mu..~ bc i~rform~l at connection or disconnection time. 

When a new site is connected, it ~ its readiness to 
eemmtmicate with the rest of the network. Thin, mnnection proto- 

Jhn#e aad my to im#emem. 
System di,.:onnection ~ more difficult for two major reamm. 

-F tn t ,  the d i ~  system may currently support objects 
owned by other systems. These objects need to be sent back to 
their owners, or to any other system ready to receive them for 
later tae. 
Sending back objects is necessary to ensure a graceful discormo~ 
don; For traumatic disconnectiom such as software or hardware 
errotz, no mtisfatory solution is available. 

- More problematic is the case where objects owned by the 
discmmeedng system are currently present on other sy~enu. 

i w m ~ l a n  

Access ixotection e~ures that any accem to an objt,'ct is made 
in cmtfonnity with ~ stated rules of umge. Three levels may be 
defined: 

-Object protection provided by the Smalhaik accesa rules (i.e. 
the nmtho~ defined by the objecfs class), which b equivalent to 
a lmm~ data type ptotecdon, This protection is ensured by the 
Smalitalk i n t ~  and will not be mmidered further. 

-Object dghta for remote ~ cmtrol. 

-Protection of a rite horn unwanted remote ecceu. 

Object migration requires strict access control. To implement it, two 
additional fields are associated with each object, One of them 

represents rend and write capabilities on this object by foreign 
s3~tems. The secohd one is the name of the owner system. For 
homogeneity reason, a proxy object also has these two indicator,. 

Thu~, an am~s  b correct if 

- either the accessing system is tim owner of the object, 

• or the ecce~ rights are compatible with the attempted aco..,~s if the 
sy,aem is not the owner system. 

To protect each system against unwanted intru~on, we deci- 
(ted not to use the standarl remote procedure call but to perform 
rumote~ohject accc.'~ through u unique ~rver prot:c.,t~ on c:lch 
worgsmtlon. This procex'~ controls the validity of the acL'e,,~ ;Ult| 
pedotm~ the accc~5 for the client ~ystcm. 

3 . 2 .  interface s p e c i f i c a t i o n s  

The object memory level wovides an interface to the objects 
that make up the Smalltalk-80 virtual image. The interweter uses 
object pointers to access the objects. An object pointer is the sy~em 
name of each obFct and it is invisible at the application level. 

The interface ptovides the following classes of wimitives : 

Internal and exremal reference counting 

Access to the class pointer and length of an object 

Access to elementary values (word, byte, integer) 

Ob~:ct creation 

Object migration 

Enumeration of the instarges of a dass 

A complete list of the interface spaciflcatiom is given in the 
Appendix. Modifications of this object memory interface are still 
pmsible. 

3.3. Orl~_ni_=a_tion of the object manager 

Three proae~es cooperate to pedorm the object management 
functions: the network manager, ~ main memory manager and the 
secondary memory mannger (tee figure 6). In addition, several 
othe'rs Wocetaes may be present m a site: Smalltalk interpreter 
Ira=certes which accesa the objeca to perform Smalltalk actions. 

processes may be viewed as cli~nm of the system. 

The network manager (NM). 

The network manager is the r n a ~ - ~  of a Smalltalk site. 
i t  en~ures consL,~tency of the .dmred o b ~ s  with the other network 
sites and controls the local processes. 

The main memory manager (MMM). 

The main mc,nory manager is in charge of the obF'ct manage- 
ment in main memory (relocation, swapping, free . ~  m;magc- 
ment, etc) and garbage collection, it resOlVeS objt:ct faults by 
allocating free space for the mi'.,~ng object and .~nding an object load 
request to the .~cortdury slorage m;magcr. After an ol)Fct has been 
loaded, the main memory munug,'r rcaclivate~ the SmMItalk inwrpre- 

448 OOPSLA 16 Proceedings September 1986 

CARVANA EXHIBIT 1010, PAGE 5 OF 9



tcr Wocem which has caused the object fault. 

The gcoadary memory manager (SMM). 

This Wocem takes care of the object manasement in secondary 
storage. This storage is actually represented by two files, one of 
which contains the Smalltalk object table and the other one the 

• 
Object A C I I I I  

N t t  WOrg . 

Figure 6. System processing model. 

4. IMPLEMENTATION 

In the above design, the objects located in main memory must 
be made accessible to all processes. Our implementation is made on 
top of the Unix 4.2 BSD, and this system does not allow memory 
sharing between processes. Consequently it is not possible to imple- 
ment t hi* design by allocating one Unix process for one Smalltalk 
procesL 
The solution is to manage several "lightweight proccs.,.cs" in one 
single Unix p r ~e~ .  Thus we have implemented a Unix i)recc~ 
multiplexor (MID() which takes care of the internal .~hcduling 
among several sub-tasks (lightweight proce~.'s). ~llte.~ i)r~gc~.'= 
communicate by messages through mailboxes. 

MUX provides some primitives similar to those of Uaix system: 
- p l 0 c e f d  creation. 
- process dc.qruction. 
- process intemtpt. 
- process resume 

.come input/output pt~nJdves. 

Rgure 7. System implementation. 

An additional Unix pmce.~ (COM) is introduced to buffer the 
network conurnunications of this implengntation. This buffering is 
necessary because network ¢ommuhications processing may lock the 
receiver. Th~ is a constraint imposed by Unix communications. 
These two Un~ processes (COM and Smalltalk implementation) 
communicate by a socket connection. "rl~s connection is dynamic 
and allows .~vemi Smalitalk implementations to run on the .,tame 
computer. Thus network communication,= may be ~4mul;acd by pipe 
¢owmttmicatiom and workstation connections by socket connection=. 

I::.-.: .~-.., .~...:::: 

I J 

/ 

Figure 8. Layered archJtccture for a Smallralk.80 workstation 

The current statm of the project is as follows. The system is 
being developed on a Sun 2/50 workstation, under Unix 4.2 BSD. 
The main pat1 of the object manager has,been implemented and 
tested. Object access and migration are running between two simula- 
ted sites implemented on the Sun. The next step is to connect the Sun 
to a Vax 11/780 also running Unix 4.2, through an Ethemet 
network. This will allow effective object migration between the two 
sites. 

In parallel, we arc modifying the BS Smalltalk-80 interpreter 
in order to include the object manager. The fin',d step will be to 
design an interface enabling the user of the Smalltalk system to u.,¢ 
object sharing capabilities; this interface will he in the fonm of 
Snudltalk classes. 

September 1986 00PSLA ~6 Proceedings 449 

CARVANA EXHIBIT 1010, PAGE 6 OF 9



$. CONCLUSIONS 

We have designed for a distr/butcd object manager Illat allows 
several Smalhalk systems to share objects on a local area network. 
This design is b~sed on the following guklclincs: 

- Location transparency, based on a uniform .a,ning scheme, 

- Single copy objects, with remote access through symbolic links 
("proxy" obF'cts), 

- Object milFallon, involving rink updates 

- Distributed garbage collection 

The iml~ementation of the syslem is under way. A complete 
version of the objecl manager is used on a two-node configuration, 
and shall he integrated in the Smalltulk-80 system. Prefiminary 
experiments seem to show that the functionality of distributed object 
management c.an be achieved with tolerable cost. 
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APPENDIX : Object manager interface specifications 

Notatiom~: 
The interface to the object memory usc~ zero-relative integer indices 
m point to an object field. 
An italic parameter is a pointer to a r~al ob~.'ct or to u "proxy" ohje~.l. 
A non italic parameter is necessarily a pointer to a real object. 

As previously stated, a proxy obFa:t is made of two fluids: the name 
of the remote site and the obFg't pointer to the real oh~.'ct on this 
site. 

Internal reference counting. 

procedure increaseRcfcrencesTo ( objeetPointer ) 
Add one to the mlernal referem'e ~'~al of the 
object pointed to by " objec'tPoimer'. 

procedure decreaseReferencesTo ( obje, ' tPointrr ) 

Substract one from the internal reference count o f  
die object poinled to by " oOjectPointer'. 

Simil',u-ly, it is necessary to define the procedures which modify the 
external reference count of an ob~:ct. 

External reference counting. 

prc-'-'edure increaseExtemalRcferenccsTo ( objectPoimer ) 
Add ogar to the ezteraxll referetwe eo~ t  of the 
object pointed to by "objectPoinler °. 

procedure decreaseExlemalRefcrencesTo ( objec tPoi , ter  ) 
Suburact ome from the e~ternal referenc'e cmml of  

obje(T pointed to by " objectPointer'. 

Class Pointer acce~J. 

funcdon fetchCla.~Of ( objnctPainter ) ---'> c la s sP , i , , e r  

Ret~n the ,~jec~ I~,mter c~ the ctass.de~criptmg 

object pointed to b)" "objet'tPointer'. 

'Length acces .  

lunction fetchWordLcngthOf ( ohjec tPom. ' r  ) - - -> size 
Renwn the number uf j~elds (word or p ,  mwr) in 
t ~  ooject poinled to by "objertl'mnter'. 

function fetchByTel..¢ngthOf ( objectPoimer ) ---> size 
Return the number of bytes fields in the object 
pointed to by "objectPmnter °. 

Object pointer access. 

function fctchPointcr ( objec tPoimer ,  ficldlndcx) --- > valuePoinwr 

Return the object poimer found in ~ e  field 
nambeted "J|eldlndex" of the object a.Mociated 
with " objeclPoinler'. 

procedure stot'cPointcr ( ohFctPointer  . ficldlndcx , valuePointer ) 
5kwe the object p~nlcr "w~hu:Po4nler" tn t ~  

field awahered "~etdlndex" of  the object poimed 

to by " objectP~4nter'. 

Word access. 

function fetchWord ( ohjectPoimer . f icldlndcx ) - - -> valueWord 
Return the 32.bit wantrical ml~,  [o lcd  in die 

field numbered "fieldlade x ° of  thr object pmnted 
to by " obje¢lPointer'. 

procedure ~oreWofd ( ohjec'tPoimer , ficld[ndex . ValueWord ) 
Store Ow J2-bO muntrical mlu t  "w4~Wora" in 

f ield W e d  "fitldlagitx" Of the object 
Itoint*d to by "obj ,  ctPointer'. 

Byte acccqll. 

function fetch.Byle ( obje,'tPoblter . hytchadcx ) ---> valucBytc 
Return the 8.bit numerical value found m the byte 

manbered "bytelndea" of die obj~wt pointed to by 

" objf¢'tPit4nler " . 

procedure storcBytc ( ohjec'tPoi,m'r . hytclndex . valucBytc ) 
Store the 8.bit numerical value "valorByte" m tk~ 

byte namhered "bytelndex" of  the object pumice 

to by "ohje('tPointer'. 

Integer aCcess. 

Intcgc~ are encoded dir~.~.lly as object pointers with a 1 in the 
low-order bit position and value ,~orccl in the high-order 31 bits. 
These ohF-cts are instances of the clas.s Smallhttcgcr. The next foul 
fi,,ictions munlpulatc this particular type of obF'ct~,. 

function integerValucOf ( objectPoinrer ) ---> value 
Return the wdue of  the iastonce of  $maltlntt&et 

poiattd to by "objeca'c,~er'. 

function integerObF:ctOf ( value ) - - -> objcctPoimcr 
Return the object pointer for an inttonce oJ 

Smalllme&er whose value ii °~a l~ ' ,  

function ishlegerObjcct ( objecIPoinrer ) ---> I,oolcan 
Return "true" if'objectl'omter " is an iastonce uJ 

~malllnteger. false ~ not. 

function islntegerV'~a¢ ( value ) - - - >  bonlcan 
Retorn" true" ~ "wd~e" can be represented as an 

imtora'e of  Smalllnl¢~rr. ~abe i f  rot. 

Object creation. 

function instantiatcClas.~WithPeintcr.~ ( c lazsPuin t t r ,  instanccSizc ) 
---> obFctPointcr 

Cre~e an tw  i~turd'e of the class wh~e ub~.ct 
painter is "clu~sP~4nter " with " inttonceSize" 
fields thut will tomato Fointer$. Return the object 
poimer of  the r, ew object. 
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function instamiatcCla.,~WithWords ( classPointer . in~tanceSizc ) 
---> ob~' t  Pointer 

Create a new instance ~f the ¢'lu.;s whust object 

pointer IJ "classPointer" Tic "t~tam'e$ix¢" field 
¢ ~ n $  a J2-bit n~merit~l t~hce, Return an 

obje~ pointer ort t ic nt.w object. 

function instamiateClassWithBytcs ( chtxsPoin ter  instanceByrc- 
Size ) - - >  objectPoimer 

Create a new inatom'e of the class whose object 
pointer is " cl,,qPuimer" with roOm for 

" instanreByteSize" 8.bit nttmerical values. 
Return an object pointer on t ic  new object. 

function createProxyObjcct ( silt , rcmmcObFezPoinzcr ) ---> 
IocalObjeclPoimer 

Create a proxy object fur  a remote object whose 
t ic  object pointer is "remoteObjr¢'tPointer ° ore 
site "s i te"  Return ( Io~1 ) object I~,inter o f  t ic  
new "pro~y" td,jert. 

Pointer swappinll. 

procedure swapPoimersOf ( f i rs tPoimer . $,,co,dPointer ) 
Make "firstPointer" refer to t ic  object w ~ e  
ob~'~ pointer was "secotldPointer" and make 
"aecoe, dPointer" refer to tilt object whose obje~ 

pointer ~ "firstPointcr'. 

Instance enumeration. 

These two functions enumerate the in.~tano's of a class, ff "clu.t,~Poin- 
let = J= a proxy ob~::t pointer, t h ~  fum.'tion.~ cnumera{e local 
inscances of a remote class ~at ing chc object. 

function ini6allnsmnceOf ( c laszPoin ter  ) - - -> f i r s th t s tu t t ceOhjec t -  
Pointer 

Rensrn ~ Obj*Ct pointer o f  t ic  f irs t  Dl3tance of  
t ic  Claim whose obJecf gointer i$ "classPo~nter" 

m the d ~ n e d  ordcrin8 
( e.#. .  the one with t ic  greateM object pointer ). 

functioli in~onceAher ( o b j e c t P o i m e r  ) - - . >  nex t ln s tunceObjec t -  

Po in t e r  

Return the object pmnter of the next instance ol  

tile same class as the object whose objtct  pointer 
ur "objertPointer" in the defined orderin 8. 

Object migration. 

procedure milprateObject ( objectPointer.toSffe ) 
This proc tdwe  ¢attscs the object whose oblect 
pointer is "obje('tPointer" to migrate to the site 

• si te ' ,  g this object is an proxy object, this 
procedure fails.  
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