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Abstract

Java has gained considerable attention in the IT-
world. The Java language and its class library is
widely used for application development in the con-
text of the World Wide Web and elsewhere. The
popularity of the Java language also makes it at-
tractive for other areas such as Operating System
development. Our Pluriz project implements a Dis-
tributed Shared Memory (DSM) Operating System
(0S) establishing a new memory consistency model
based on restartable transactions and optimistic
synchronization. The OS is developed with a pro-
prietary Java compiler transforming Java sources
into Intel protected mode code. Abandoning the
hardware independence of Java eliminates perfor-
mance loss and allows developing the total OS in
Java. In this paper we shortly review the architec-
ture of the Pluriz Java Compiler (PJC). We discuss
the compact memory layout of Pluriz Java run-time
structures in detail. Furthermore we present an el-
egant and efficient implementation of Java inter-
faces. Finally we show how PJC supports hardware-
level programming.
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1 Introduction

The PJC Java compiler is an integral part of
our distributed Operating System (OS) Plurix.
The central abstraction in Plurix is the Dis-
tributed Shared Memory (DSM) paradigm pro-
viding a virtual address space shared among
tasks on loosley coupled nodes [1], [2]. There-
with the resource distribution is managed by

the OS and mustn’t be reimplemented in each
distributed application. DSM offers to the ap-
plication programmer a transparent view on
data shared over several computers. Pointers
can either reference local or remote memory
blocks. The OS will detect a remote mem-
ory access, fetch the desired memory block and
maintain memory consistency.

The Plurix Java compiler (PJC) is used for
the total development of the object-oriented
Plurix OS including hardware-level program-
ming (e.g. kernel and drivers). PJC is written
in Java and after bootstrapping of the com-
piler from the MS Windows platform to the na-
tive hardware it will be an integral part of the
Plurix OS. Language based OS development
has been successfully demonstrated in systems
like Oberon [3]. However, the implementation
of the Java language in the orthogonal per-
sistent Plurix DSM reveals interesting aspects
regarding efficient memory layout of run-time
structures. Additionally, we believe that the
Plurix OS is a contribution to the DSM com-
munity as it implements a new memory consis-
tency model and includes shared code [4], [5].

Our paper is composed of five sections. Sec-
tion two briefly reviews the architecture of the
PJC. Section three presents the memory lay-
out of all necessary run-time structures for the
implementation of the Java language in de-
tail. In section four we discuss problems of
the Java language when used in hardware-level
programming. Finally we present the current
implementation status and illustrate outlook
on future work areas.



2 The Plurix Java Compiler

The Plurix Java Compiler (PJC) transforms
Java source code into executable Intel pro-
tected mode code. As the compiler is used
to develop an OS we insist on generating ma-
chine code and avoid performance penalties by
a Java Virtual Machine (JVM). Furthermore
we opted against existing Java JIT compilers
because drivers and interrupt handlers are also
written in Java requiring minor language ex-
tensions (see section four). The Java compiler
itself is written in Java allowing subsequent
bootstrapping within the emerging Plurix en-
vironment.

Due to limited human resources the current
compiler does not provide an intermediate rep-
resentation (e.g. Static Single Assignment) nor
state of the art code optimizations. Parser
and code generator are coalesced resulting in
a small compact compiler size (<100kb byte-
code). The current code generation is prelimi-
nary and uses a single stack allocation strategy.
Among our research goals is evaluating integra-
tion aspects between PJC and the Plurix OS.

As Plurix implements an orthogonal persis-
tent DSM the compiler directly writes run-time
structures and code segments into the DSM
and bypasses the creation of create object-
, symbol-, library- and exe-files. Run-time
structures are created during the compilation
phase. We don’t have a separate linker, instead
classes are linked by the compiler. As the com-
piler initializes classes after successful compila-
tion a separate class loader is also superfluous.
Furthermore symbol information may be dis-
carded and recreated on demand.

We have established a testing environment
under Windows 95/NT [5]. PJC is executed on
a JVM and deposits its output not into a file
but into a virtual memory block (VMB). The
VMB is a large virtual memory block allocated
during startup of the testing environment on
the same Windows 95/NT machine. PJC ac-
cesses the VMB using native method calls. The
run-time structures and the code generated in
the VMB can be examined with a regular de-
bugger. After examining the code generation

we copy the image to the Plurix machine either
via a serial link or a floppy disc where it will
be executed.

3 Compact memory layout of
run-time structures

In the following section we discuss the memory
layout of run-time structures in detail. This
includes class descriptors, instances, code seg-
ments and interfaces. Since the entire Plurix
OS is written in Java all run-time structures
should be addressable with Java language con-
structs. The run-time memory organization is
designed for fast access and low memory con-
sumption while taking into account the persis-
tent DSM environment.

3.1 Class descriptors

The first naive approach modeling a class de-
scriptor in Java entails to a Java compatible
class descriptor, see fig. 1. The heavy pointer
usage yields an excessive amount of heap ob-
jects which is a burden to every memory man-
ager. Especially in the DSM context each sep-
arate heap block introduces a certain amount
of overhead, e. g. during object relocation [4].
Furthermore every indirection involves a speed
penalty at run-time. Therefore we adopted
the concept of a monolithic memory layout for
class descriptors, see fig. 1. This is a similar
approach as for SUNs JVM and [6] but they
used C/C++ as an implementation language
and not the strong typed Java itself.

Java, discards the problems linked with mul-
tiple inheritance by offering only single inheri-
tance. Static variables are unique in the total
class hierarchy and are hence not replicated if
inherited. Any access from a subclass to an
inherited static field is resolved as a static ac-
cess via the class name of the corresponding
superclass and is therewith statically bound.

Method jump tables entries of dynamic
methods are replicated in the class extensions
resulting in a fast invocation of inherited meth-
ods [7]. The inherited methods jump table en-
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tries are clustered together at the beginning
of the method jump table of the subclass, see
fig. 2.

A method is overwritten by simply chang-
ing the corresponding entry in the replicated
part of the method jump table. At run-time
the appropriate method within the dynami-
cally bound class is called. This is an easy
task with replicated method jump table en-
tries. This scheme ensures a fixed index in the
method jump table for an overwritten method
independent of current type level in the inheri-
tance hierarchy. By dereferencing the instance
pointer we access the correct class descriptor
containing the correct overwritten method en-
try in the method jump table.

Additionally, class descriptors contain a con-
stant string table similar to the constant string
pool of the Java class files.

3.2 Instances

The memory layout discussion for instances is
quite similar to that of class descriptors. Java
compatible run-time structures introduce over-
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Figure 3: Run-time memory layout of SUN
JVM for instances/arrays

head for memory management and decrease
program performance. The SUN JVM ap-
proach, see fig. 3 is expensive.

Taivalsaari [8] describes the implementation
of a JVM in Java. He uses even more indirec-
tions as Java doesn’t allow mixing of primi-
tive and non-primitive data types. Therefore
Taivalsaari uses one object for every value, e.g.
the integer value ’3’ is physically represented
by an Integer(3) object. Of course performance
penalties and memory overhead for such a so-
lution are substantial.

Plurix adapts the monolithic layout scheme
of class descriptors to represent instances as
well. We distinguish instance variables of two
categories: primitive data types (byte, short,
int,...) and non-primitive data types (refer-
ences). Primitive data types (PDT) are stored
in a 64-Bit aligned container and non-primitive
data types (NPDT) are stored in a separate
container, see fig. 4.

Dynamic variables are replicated in the case
of inheritance. Unfortunately this can cause
offset variations for the NPDT variables. We
solve this problem by a bidirectional memory
block layout - PDT variables are addressed by
positive offsets and NPDT variables by nega-
tive ones. Thus we can ensure class/superclass
compatibility for two different containers by
using a bidirectional memory layout, see fig. 4.
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3.3 Code segments

In the following subsection we use the term
code segment for memory blocks containing the
code of Java methods. Every method has its
own code segment to allow the building of fine
grained working sets. Every method call is a
jump to a given address in memory.

Hard coded addresses in the code segment
are not reasonable because this would intro-
duce overhead during relocation of code seg-
ments. Every method invocation is processed
indirectly via the associated class descriptor.
There are three call types:

1. Dynamic calls within the current name
space (including all superclasses)

2. Dynamic calls into an explicit name space
(via instance reference)

3. Static calls into any name space (via im-
port table)

Method calls of category 1) use the method
jump table of the current class descriptor. Dy-
namic calls of category 2) dereference the given
instance pointer to the class descriptor and the
associated destination name space and proceed
like 1). Static calls of type 3) are always pro-
cessed via an import table (see later) stored
within the current class descriptor. Static vari-
able access is resolved equal.

The associated class descriptor of a code seg-
ment is called the Owner Class Descriptor

-
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Figure 5: The memory layout of a Plurix
method code segment

(OCD). Dynamic methods inherited from su-
perclasses are also found in the method jump
table of subclasses, but the OCD may be any
superclass descriptor above in the parent chain.

There are situations where the OCD can
only be dynamically determined (see the listing
below). If the method 'Use’ in the class "Par-
ent’ is executed the OCD is 'Parent’. Which
overwritten variant of 'OvMth’ is called and
therewith wich OCD is loaded depends on the
instance type of 'p’.

class Parent {
static void OvMth(int a) { ... }
static void Use (Parent p) {
p-OvMth(1);
}

}

class Child extends Parent {
static void OvMth(int a) {}
}

(Dynamic OCD determination)

It is essential always knowing the appropri-
ate OCD during run-time because all static
method calls and static variable accesses are
processed indirect via the OCD. Therefore
Plurix stores the OCD within each code seg-
ment. If the address of the callee is computed
the caller can retrieve the OCD from the des-
tination code segment.

The performance loss for static calls and
variable access, introduced by the additional
indirection, can be alleviated by permanently
holding the OCD in a reserved register called
Owner Class Register (OCR).

3.4 Import Table

Class desriptors have also an import table sup-
porting static method calls and access to static
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class variables. Import tables are not repli-
cated in subclasses. This is superfluous as the
OCD is stored within every code segment and
therefore the correct OCR is always loaded and
the right import table is used.

3.5 Java Interfaces

Java supports multiple subtyping by allowing
a class to implement several interfaces. An in-
terface exhibits method declarations and con-
stants but no method implementation. Con-
stants can either be static or dynamic and
scalars or references. All of these constants are
stored within the interface descriptor including
the dynamic ones, see fig. 6. A class imple-
menting a certain interface 7 must implement
all methods of 7 and can use all associated in-
terface constants. Every interface can inherit
once from a superinterface.

An instance of a class implementing a cer-
tain interface 7 can be assigned to an interface
pointer ¢ of type 7. All methods and constants
of 7 can be accessed via ¢ including possible
inherited methods and constants from super-
interfaces of .

The challenge of interfaces is finding inter-
face methods in the method jump table of the
class descriptor fast. Krall [9] used a bidirec-
tional class descriptor layout for separating the
interface methods table from the method func-
tion table. Additionally interface methods are
also stored in the method jump. Fixed off-
sets for interface methods are ensured by a
system-wide unique number for every interface
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Figure 7: Interface methods jump tables (in-
heritance & clustering)

method. Therefore the memory consumption
for the interface table is quite large:

number of classes which implement inter-

faces * number of interface methods.

The resulting empty slots in the interface
table are reduced by coloring algorithms [10].

The unique numbering of interface methods
is not acceptable in a DSM. There might be
node private and global public classes. Assume
a situation where a private class is published to
the global DSM. All interface numbers on the
publishing node and in the global class pool
have to be adjusted. Certainly this would re-
sult in an unacceptable overhead.

We decided to allow interface method off-
sets to be variable. We store interface meth-
ods within the normal method jump table. All
methods belonging to one interface are clus-
tered in the method jump table. Interface
methods inherited from superinterface are al-
ways stored together at the beginning of the
subinterface, see fig. 7.

Assume that different classes implement the
same interface 7 and every class implements
further different interfaces. Of course this com-
mon interface 7 might not be located at the
same offset in the method jump tables of these
class descriptors. The compiler copes with this
problem by maintaining an interface offset ta-
ble in the symbol table. An entry of this in-
terface offset table contains the offset to the
first method of an implemented interface in the
method jump table. Fortunately the entries in
the interface offset table can be statically de-
termined by the compiler.



Java source

MyClass pInst = new MyClass(Q);
IFC pIfc = (IFC)pInst;

pIfc.mth0(Q);

assembly code for ,ifc.mth0(Q*

// load ifc ptr

// load ptr. of class descr.
// add ifc offset

// add offset of mth0O

mov eax, pIfc;
mov eax, [eax-30];
add eax, [off];
add eax, mthO_off;

ifc MyClass

A
I
. inst

instance

Figure 8: Extended interface pointers

Interface pointers are extended by four bytes
for storing the beginning of the associated in-
terface in the method table, see fig. 8. If the
compiler generates code for the assignment of
an instance reference to an interface reference
variable it generates an additional assignment
storing the appropriate interface offset (found
in the symbol table) in the offset field of the
interface pointer.

How interface method calls are processed is
also shown in fig. 8. The invocation of the
method 7plfc.mth0()” is performed by sim-
ply dereferencing the interface pointer twice
to load the address of the associated class de-
scriptor. The offset ”off” is loaded from the
extension field of the interface pointer and in-
dex of the interface method is retrieved from
the interface descriptor. The index and offset
are added to the retrieved start address of the
class descriptor and the correct method jump
table entry can be loaded.

The subtyping solution presented here is ob-
viously more suitable for a DSM by avoiding
global numbering. Furthermore it consumes
less memory for the jump tables than other
approaches and introduces no additional indi-
rections for interface method invocations.

4 Hardware-level
programming in Java

Some minor language extensions became neces-
sary to support hardware-level programming.
We have implemented interrupt handlers as
normal static Java methods. Unfortunately
the stack frame of an interrupt handler is de-
fined by the Intel architecture. To support this
special stack frame by the compiler we have in-
troduced a new method modifier ”interrupt”.
Since interrupt handlers are invoked by the
hardware they do not obtain the OCD param-
eter. As denoted earlier the OCD is essential
for any method calls and variable access. For-
tunately the OCD is stored within the code
segment of every method (see previous sec-
tion). As the Intel CPU doesn’t allow program
counter (pc) relative addressing we use a trick
to access this pointer.

call  0x805
0x805: pop eax // get pc
mov esi, [eax-off] //load OCR = esi

Low-level functions of the kernel and device
drivers require special CPU instructions (e.g.
port access). Therefore PJC allows inlining of
machine instructions. Furthermore the mem-
ory management needs to compute addresses
without type checking. Therefore we introduce
the not typesafe cast operation ” Magic.Cast”.
As the compact Plurix run-time structures
presented in section 3 cannot be modeled
with the Java language we allow the compiler
to construct them manually by directly ac-
cessing memory with a special language con-
struct " Magic.Mem32[address]”. This lan-
guage construct permits access to the total vir-
tual memory (0-4 GB) with an array operator.

These low-level language features are re-
served for OS development and will not be
available for application developers as this
might jeopardize system security and stabil-

ity.



5 Status and Outlook

We have presented the implementation of the
Java language for the Plurix OS. We discussed
the memory layout of run-time structures cus-
tomized for the underlying DSM of the Plurix
OS. We presented a method jump table con-
struction scheme efficiently supporting inheri-
tance, overwriting of methods and interfaces.

Compact monolithic run-time structures vi-
olate strict object-oriented modeling rules, but
result in less heap objects and less indirections
- less overhead for the memory manager and
a performance boost for applications. Anyway
the memory layout should be hidden from the
application programmer and therefore we don’t
believe it is crucial to use monolithic run-time
structures.

It is obvious that Java is well suited for
hardware-level programming only if minor lan-
guage extensions are present.

We have demonstrated at the CeBIT99 a
first prototype of the Plurix OS running on
three Pentium PCs connected via an 10 Mbit
Ethernet. The bootrapping of the Java com-
piler is imminent. After the compiler is boot-
strapped and available on the Plurix machine
we will study integration aspects between the
compiler and the DSM. Furthermore we will
study version management strategies to cope
with the evolution of classes. We believe that
our integrated design of compiler and OS will
result in synergies and simplifications.
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