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ABSTRACT

Our native Java compiler directly generates runtime struc-
turesin a persigent Distributed Shared Memory (DSM). The
compiler has been used to build a genera purpose PC Oper-
ating System (OS) on top of a persigent DSM memory. The
persstent DSM operating environment lends itself naturally
to an integration of symba tables class descriptors and
naming during Java program compilation and execution.
The linking and loading process is streamlined and the per-
sistent storage property makes atraditiona loader redundant.

After abrief overview of the Plurix OS we discusstraditional
linking strategies and present extended linking perspectives
in the perdstent Plurix DSM. Thisincludes anoved immedi-
ate linking scheme offering the flexibility of dynamic bind-
ing while detecting errors at linking time. The remaining
task of class initialization is performed only once by the
Plurix Java compiler. To deal with the semantics of distrib-
uted Java gatic class variables we propose extended initiali-
zation rules together with a more flexible type checking
scheme,

Keywords Linking, Java, Languages Distributed Shared
Memory, Operating Systems.

1. INTRODUCTION

Plurix isalean distributed Operating System (OS) written in
Java for the PC platform. We abandon the hardware inde-
pendence of Java as we do not rdy on a Java Virtua Ma
chine (VM) like JavaOS does [1]. Herewith we gain effi-
ciency and speed. Language based OS deve opment has been
successfully demonstrated by native Oberon [2] and others.

The well-known Distributed Shared Memory (DSM) para-
digm offers a natural solution for digtributing data among
severa nodes[3]. Applications running on top of aDSM are
not aware of data locations. Any reference can ether point to
aloca or a remote memory block. During program execu-
tion the OS detects a remote memory access and automati-
caly fetches the desired memory block. Plurix implements a
page-based DSM using the built-in memory protection
mechanisms of the Intd CPU to detect memory access[7].

The benefits of the persisence property are acknowledged by
[4], [19] and cthers There are efforts to add persisence to
exiging languages without disturbing their semantics and
implementation [4]. Other researchers are trying to deveop
OSs with explicit support for perdstence [5]. One of our
research goals is to provide a persigent DSM endosing the
kernd and compiler. There have been little efforts on adding
persstenceto aDSM system by now [6].

Our system is devdoped using our Plurix Java Compiler
(PIJC) which is an integrd part of the OS. Fundamenta
runtime structures are modeled in Java and, the kernd and
the PJC are huilt on top. The PIC is aware of the perastent
DSM and directly creates runtime structures attached to the
reated symbal information. Persigtent symboal information is
the base for separate compilation and version management.

Sdecting the proper linking time traditiondly involves a
tradeoff between early error detection and extensibility. The
properties of persistence, DSM, and a reference bookkesping
of the memory-management allows Plurix to staticaly link
classes without inheriting the typica drawbacks. Linking in
persstent sysems has been investigated by others but to the
best of our knowledge no similar linking scheme has been
proposed [19].

The traditional tasks of a loader are reading the executable
file, adjusting addresses, and performing initialization. The
persstent DSV makes a file-system superfluous. As the PIC
uses a position independent code generation scheme the only
task of a loader is to initidize classes. This is done by the
PIC as we were not willing to pay the costs for lazy
initialization as postulated by the Java language specification

Biakses are shared through the DSM and the problems
caused by Java dtatic class variables are similar to those of
global variables[7], [20]. The problem has been identified in
previous work but no solution was given [17]. We propose
user-private classes with extended initialization rules to-
gether with amore flexible type checking scheme.

The remainder of this paper is organized as follows. The
perastent Plurix DSM environment is briefly reviewed in
section two. Section three illustrates traditiona linking mod-
els together with the new approach of Plurix. The falowing
section discusses extended initidization drategies. Subse
quently we compare our contribution with related work.



Finaly, we describe the current project status and give an
outlook on futurework.

2. THE PLURIX ENVIRONMENT

The Operating System

Thefirgt Plurix prototype runs within asingle LAN ssgment
(20/100 Mbps Ethernet). The central abstraction within our
design is a persigent DSM sharing data and code. A node
runs savera cooperative tasks which are repeatedly called by
a centra loop much like in the Oberon System [2]. Process
ing within Plurix is partitioned into short restartable trans-
actions. Together with an optimistic synchronization scheme
they redize the main consstency modd of Plurix [7], [8].
Memory accesses (read or write) are monitored by the Mem-
ory Management Unit (MMU). There may be many read-
only replications of a memory page. If awrite to a page oc-
curs al read-only replicates are invalidated. Having one
global address space for a duster is no limitation for the
emerging 64-Bit address spaces[9], [10]. Memory protection
isensured by the strong typing of the Javalanguage.

Purix implements orthogonal persistence for the Java lan-
guage meaning any Java object can persst [4]. Memory
persstence and backup storage is initially provided by a
central disk-server within the Plurix cluster. Solutions for
fault-tolerance and recovery will be investigated in future
work.

An automatic digributed Garbage Collection (GC) rdieves
the programmer from the burden of memory management.
The GC keeps track of all references to a heap object by
using the backchain concept [7]. Every heap object indludes
a backchain pointer locating the first reference pointing toiit,
e fig-1. If severd references point to an object they are
chained together. If the backchain is empty an object is gar-
bage. The compiler supports the backchain by calling arun-
timefunction for every pointer nment.

Figure-1, The backchain concept

ThePlurix Java Compiler

Our OS s deve oped with aproprietary Plurix Java Compiler
(PIC) trandaing source textsinto Intel machineinstructions.
We are rductant to lose peformance a the OS leve by
interpreting Java byte-code We dso decided againg a Just-
In-Time (JT) compiler because the kernd and drivers re-
quire minor language extensions[11].

The firg version of the PIJC does nat use an intermediate
representation nor state of the art code optimizations. Parser

and code generator are coalesced resulting in a smdl com-
pact compiler size (~140 kb byte-code). The current code
generation is preliminary and uses a Sngle stack allocation
strategy.

The PIC istallored for the perdstent DSM and directly cre-
ates runtime structures and code segments. Hence, object-,
symba-, library- and exe-files are avoided [11]. If a source
text is successfully compiled the symbol dass descriptor
(SyCD) is automatically registered by the compiler in the
name service The corresponding runtime dass descriptor
(RtCD) is constructed and attached to the SyCD. The RtCDs
arelinked via an import table if necessary. Finally the RtCDs
areinitiaized by the compiler and are ready for execution.

Every heap object contains memory management informa:
tion (eg. chaining of heap blocks) defined in the dass PCh-
j ect . Of course, thisinformation is protected against unau-
thorized access.

The PJC is written in Java and will be the devd opment tool
in the Plurix world after being bootstrapped. Currently we
areusing a cross compilation under MS-Windows.

A uniform name service

Commercia Operating Systems typically have numerous
name services implemented in different components (e.g. file
system, address book, ...). The persstent DSM concept facili-
tates the implementation of a single uniform namespace. An
overview of the Plurix namespace is shown in fig.-2. Cach-
ing of name service entriesisimplicitly achieved through the
DSM. Access redtrictions will be implemented to allow pro-
tected private sub-spacesfor each user.

Though everything is stored in the DSM only data sored in
the“pub” subtree is globally accessible by al nodes. As Java
prohibits pointer arithmetic the only way to get areferenceto
an object isto query the name service

The subtree “nodes’ contains configuration information for
individual machines of a duger. The “users’ tree stores the
root for each users private data and personal settings. “Grps’
defines specid sharing views for groups.

software

| /
| pub | | krnl | |java| | users | |nod6|

| dev | | plurixl

Figure-2, The Plurix namespaces

The “java’ subtree contains dasses of the java package
whereas Plurix spedific dasses are stored below the “plurix”
package. The “krnl” package defines the kernd api available
only for privileged users. Finaly the “dev’ space is intended
for device driver developers.



The location in the namespace defines the package member-
ship. A directory in the namespace forms a package.

3. LINKING

There are two modes for linking: statically and dynamically.
Dynamic linking dates back at least to the Multics system
(1965). Commercid OSs like MS-Windows (dynamic link
libraries) and Unix (shared libraries) support both forms.

Packagesand M odules

The Java package concept corresponds to the modules of
Modula-2. Packages encapsulate a collection of types (dasses
or interfaces) whereas Modula-2 modules store record types.

In Java terms exporting means defining a class or fidd as
publ i c. Per default al types are only visble within their
own package. Importing is the opposite operation and estab-
lishes an inter-dassrelationship. All inter-dass relationships
must be resolved by a so caled binder or linker. Thelinking
task is of recursive nature because linking a dass requires
linking of al imported classes before.

Inter-dass rdationships are not performed by the Javai m
port statement which only extends the namespace used for
name qudification during compilation (see code sample
bdow). They are implicitly established by the use of class
names for static method calls or static variable access The
PJC uses an import table for each runtime dass descriptor to
administer such inter-dassreationships[11].

inport java.io.*

class inp {
public static int a = 3;

public class tester {
static void main() {

inp.a = 5;
}
}

Separate compilation of classes requires that the linker ob-
serves the version condstency of al inter-class relationships.
The consigency check mechanism should avoid unnecessary
trickle down recompilations by invalidating clients by smple
changes [12], [13]. Invalidating some class C means invali-
dating al dassesimporting C and so on.

Traditional linking strategies

In traditiond OSs compiler and linker are separate pro-
grams. The compiler trandates source texts into object-files
containing import and export tables. Inter-module calls are
reglized via an indirection over an import table. The linker
checks consigency and fills in the import table Hence ad-
dresses can be defined at |oading time and modules are fredly
rd ocatable Some linkers diminate this indirection for inter-
module calls by modifying the object code and inserting
direct calls. This approach requires that the linker can find

eech inter-module call. This information consumes consider-
able memory and time asthere is one entry per call but it can
be redized by chaining the placeholders within the code
itself [14].

Satic linking implies copying al necessary librariesinto the
executable file. All target addresses for inter-module refer-
ences can be determined during linking time and can be
directly inserted into the executable file by the linker. Hence
procedure calls have maximum efficiency as no indirections
are necessary and linking errors can be detected at linking
time. On the other Sde, memory is wasted e.g. linking stati-
caly the Microsoft Foundation Classes (MFC) consumes for
each application ~1,9MB. Unfortunatdy, any library modifi-
cation requires a dient recompilation.

Dynamic linking is realized by inserting symbolic references
into the object files to the library module linked at runtime.
Under MS-Windows this works as follows, see fig.-3. The
imports are defined in the “.idata” section of the exefile. For
every used DLL there isan import descriptor with the sym-
balic names of the imported functions. The loader overwrites
the names with proper addresses. Every call indudes one
indirection viatheimport addresstable

test.exe
kernel32.dIl main() {
GetVersion();
}
GetVersion main:

call dword ptr [0x5194]

Figure-3, Dynamic Linking in MSWindows

Dynamic linking eiminates code redundancy which saves
memory and therewith loading time. If a shared library is
already used by anather application it can be directly linked.
Furthermore, updated/extended versions (backward compati-
ble) can be used on the fly without recompilation of clients
Java offers extenghility by class inheritance. The main dis-
advantage isthe late error detection. There might beloading
falures if the library is removed after linking and before
loading. Due to the unknown load address of the library the
code needs to be position independent (e.g. all jumps must be
PC-rdative) or all jumps need to be adjusted by the lcader.

Lazy loading (or demand linking) is a variant where library
modules are not loaded until needed by the executing thread.
The loading can be done explicitly by the application (eg.
“LoadLibrary” in MS-Windows) or implicitly by a stub code
(eg. VM). When the stub is invoked it loads the dass in-
cluding all recursively imported types and resolves the sym-
balic links. The pros and cons are the same as for dynamic
linking. Furthermore, lazy linking is aso attractive because
it minimizes the work of the linker as only those references
are resolved which are needed during execution.



On the ather side linking errors may even occur during run-
time if alibrary is removed. Unfortunatdy, each on the fly
linking step requires a synchronization of the processors
ingtruction cache which often invalidates a total region of
cache entrieswhich isexpensve[14].

Linkingin Plurix

Linking in Plurix is performed by the PIC after successful
compilation and therefore seems to be static. Though linking
is performed during compilation time no memory waste
occurs if the library is available and hence shared through
the DSM. This way we avoid code redundancy typical for
traditional datic linking schemes. Furthermore, separate
compilation is possible athough no separate linker is used.
This is possible due to the uniform name service and persis-
tent symbal tables, see fig.4. The symbol dass descriptor
(SyCD) including method and variable descriptors is regis
tered automatically by the compiler and points to the corre-
sponding runtime descriptor (RtCD). The RtCD containsthe
method jump table pointing to native code segments and the
import table soring references to imported RtCDs [11].
Furthermore, every RtCD is atached to its corresponding

Figure-4, Classsin thename srvice

A crudd problem in long-living persistent object systems is
the handling of type evolution. As symba information is
perdstent we have aways the full type description and can
perform fine granular interface checking [13]. There are two
kinds of type evaution: backward compatible or not. If a
class a is changed in a way it is no longer backward com-
patible (eg. ddeting a method required by ancther class), the
new resulting type a* cannot subgtitute the older one. In this
case the old SyCD-a is unregigered from the name service
and the new SyCD-a" is registered. Note that this does not
imply deeting the dld descriptors physicaly, but from now
on they are only vishle for dients b having gill a reference
to the old type a, see fig.-5. All subsequent compilations are
automatically using the new type a* found via the name
savice If al dients of an old invishle type have been de-
leted the dld type a is automatically deleted by the garbage
callection. Hence we also avoid having dead versions like
found in commerda OSs (eg. unused DLLs in MS
Windows).

If aclassischanged but it remains backward compatible the
compiler can subgtitute the old descriptor by using the back-
chain. The backchain lets the compiler identify all dasses
importing the changed class items. Hence a global update
can be performed and is propagated through the DSM to all

nodes. Even if a node is concurrently executing code of a
type being updated its transaction is aborted and restarted
with the new verson. Backward compatihility can be tesed
by the compiler comparing the interfaces of the old and new
type (both symbad descriptors are available). The precise
definition of backward compatibility will be investigated in
future work.

v
o [a [ =)

{7 Package/Directory

Figure-5, Inter-classrdationship and type evolution

We cdl our binding model adaptable linking because of the
ability to modify statically linked types during a subsequent
compilation without client invalidation and recompilation.

Loading time link errors caused by removed libraries cannot
occur in Plurix due to the automatic garbage callection. If a
cass is linked to ancther dass it cannot be occasiondly
deleted. An user can only unregiger a dass from the name
service but the garbage collection will detect any references
from other importing dasses and will not deeteit.

Lazy linking was not an option for Plurix though it isim-
plied by the Java language specification [15]. This would
require to monitor static dass variable access viamethods get
and put to detect first time dass access. In view of this we
were nat willing to pay the costs for this indirection and
would rather have direct variable access

The PJC generates position independent code segments (one
per method) because al memory objects induding code
segments may be rdocated during runtime. Jumps within a
code segment are PC-relative whereas method calls use one
indirection via the class descriptor [11]. The cost of this
indirection is alleviated by storing the actual dass descriptor
context in a reserved register [11]. Anyway, hard-coded
addresses within code segments are nat reasonable in Plurix
because these references would violate the memory man-
agement congraint to separate references from scalars [11].

In the Plurix context we like to continue the Oberon user
interface tradition where text commands simply executed
module functions or methods [2]. In Plurix this can easily be
reglized usng persigtent symbol tables. If the user dicksona
text Plurix triesto identify dass and method names by query-
ing the name service. The persstent symbol information is
used to find the proper code segment for execution.



The automation interface of the Microsoft Component Object
Mode (COM) offers amilar functionaity. Applications can
query method names (including their signatures) of a class
and can perform subsequent calls. This technique was in-
tended by Microsoft to support scripting languages like Vis-
ual Badic.

Our new proposed adaptable linking modd thus benefits
from the persigent Plurix DSM environment, see table-1.
“Module extenshility” means the possibility to bind to new
versions of amodul e without recompiling exigting clients.

Table 1., Comparison of linking modds

Linking Link error Code redun- Load Modue
mode detection dancy time  edenshility
Saic Coniletime Redundart Long No
Dyramic Loadtime Sharable Medium Yes
Lazy Rur+ime Sharable Short Yes
Adaptable Coniletime Sharable Nore Yes
4. LOADING

The task of aloader isto bring an executable file into mem-
ory, rlocate addresses, and initialize modules. The persistent
DSM reduces the tasks of a loader to the initialization. Even
this task is performed by the Plurix compiler which creates
runtime structures as a compilation output. Hence classesare
ready for execution after successful compilation.

The Java initidization rules date: a class or interface is
initialized once during the first access [15]. This rule is
natura for a Java implementation which is not designed for
a perastent DSM. In the Plurix environment it might be
confusing for users not seeing theinitia valuesfor initialized
static class variables because they have been modified by a
previous user. This digributed interpretation of the semantics
of datic class variables might confuse a typica application
programmer. Of course, we could prohibit the publishing of
such dasses but this would be a contradiction to the DSM
paradigm. The central question in the persistent Plurix envi-
ronment is when or how often isadassinitialized. Previous
publications have identified the problem but did not propose
asolution [16], [17].

We propose an additiond dass attribute shared for clarifying
the distributed semantic of datic variables. The DSM per
default offers only shared dasses. Non-shared ones can only
be redized by replicating a class descriptor for each user.
Replication is automaticaly performed if a non-shared class
from the public namespace is imported. We suggest the
fallowing extended dassinitidization rules:

shared classes areinitiaized once during creetion,

non-shared dasses having (non-find) initialized static
variablesareinitialized once per user.

Unfortunately, instances of non-shared classes are no longer
type equivaent. The Java type test is based on name equivar
lence which fails for replicated dass descriptors.

A Méea Class Descriptor (MCD) automatically generated by
PJC offers more type flexibility. The replicated dass descrip-
tors are extended by an meta parent pointer referencing the
MCD, seefig.-6. Thetypetest is extended to consder possi-
ble meta parent pointers and will succeed for instances of
non-shared classes.

The problem could aso be solved by using a structural com-
parison for type equivalence checking [18]. However, this
would totaly change the Java type system and certainly
cause alot of new semantic ambiguities.

<+--- MetaParent
<+«— Parent
""" - Type

subclassy

user, userg

Figure-6, Meta ClassDestriptors

5. RELATED WORK

To the best of our knowledge no previous work propased a
smilar linking modd. Linking in persstent environment
was studied by Cuitts [19]. He proposed a two phase linking
scheme. The initial linking step hinds each component to so
caled locations of other components induding identifier
resolution and type checking. When a component uses an-
other one during execution a second linking step is per-
formed which retrieves the desired component. This scheme
ensures safety by doing type checking and identifier resolu-
tion during linking time while offering flexibility required
for individua component update. The Plurix approach offers
the same advantages while needing only onelinking step.

Morrison introduced hyper programming where persistent
data can be bound to source texts [21]. In this scenario the
linking time is even before compilation and offers further
perspectives. The embedding of persstent data into texts is
natural for a persistent environment and will be implemented
in Plurix, too.

Deler and Heiser proposed a dynamic linking scheme for
their SASOS sysem [20]. They were aso faced with the
problem of not sharing global variables in a shared memory.
They use a separate data segment containing private global
variables associated with every ingantiation of adynamicaly
linked module.



The data segment is stored in a reserved register. A module
descriptor contains pointers to al functions imported from
the module and a reference to the data ssgment of the export-
ing module. This approach is not applicable for Plurix as
migration would be impossble with separate segments.
Therefore we decided to solve the problem of non-shared
datic variables a the language level by replicating class
descriptors.

6. CONCLUSIONSAND FUTURE WORK

After a brief overview of the persstent Plurix DSM we dis-
cussed traditional linking schemes and presented the adapt-
able linking modd of Plurix. In Plurix linking is performed
at compiletimeto achieve safety and efficiency.

The DSM property avoids waste of memory as typical for
datic linking. Persistent symbol tables lay the foundation for
separate compilation and alow a safe module update To-
gether with the reference bookkesping of the memory man-
agement old clients can bereinked to new versions of aclass
without recompilation. Dynamic linking reduces loading
time as only those modules are loaded which are needed
during execution. Loading time need not to be considered in
a passent environment. Hence, adaptable linking is safe
and effident.

Persistent symbol tables offer further interesting possibilities.
There is no more need to distinguish between debug and
release versions of programs. An interpretative interface can
be designed eadly by finding addresses and offsets of dasses
and methods via the persistent class descriptor. A reflective
interfaceisincluded at no extra costs

The task of a loader is reduced to the initialization process
which can be performed by the compiler. Therewith a class
isready for execution after successful compilation.

Not sharing gatic class variables causes problems similar to
those of module global variables. They can be solved by a
new dass attribute shared and replication of non-shared
class descriptors per user. Such dasses are initialized once
per user. Extended type compatihility can be reached by the
introduction of meta dass descriptors which make instances
of non-shared dasses type equivalent.

We have developed a first prototype of the Plurix OS run-
ning on three or more Pentium PCs connected via an 100
Mbps Ethernet shown at the CeBIT 2000 fair. We will study
further integration aspects between the compiler and the
persstent DSM. Elegant verson management strategies
need to be defined to deal with the problem of type evolution.
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