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Abstract

It is argued that the provision of orthogonal persistence for theLJglatform (OPJ) provides a database suitable for
a wide range of applications. The OPJ specification is briefly described and its properties discusses, including the
unique support for persistence of code and execution state. It is shown how OPJ provides basic support for queries.

1 Introduction

In the call for papers (CFP) for this workshop it states that ‘Real-world objects can easily be modeled in a Java pro-
gram or applet. However, most applications require a persistent storage medium like a database’. The Forest project at
Sun Microsystems Laboratories, in collaboration with the Persistence and Distribution group at the University of
Glasgow, is tackling this need by developing orthogonal persistence for the Java platform (OPJ) [1]. OPJ is a persis-
tence option that is partly characterized by there being no visible or separate database from the perspective of the pro-
grammer. OPJ is éanguage-centricapproach to persistence, where the Java virtual machine is responsible for
managing the entire storage hierarchy from the hardware registers to stable storage on disk or flash memory. This
allows the programmer and the end-user to view the Java platfanDatabase

As we shall discuss below, this approach provides many benefits. However, many people would dispute whether such
a Java platform really counts as a database, on the grounds that a database, by definition, provides additional features
that are missing in the Java platform. In particular, a database is expected to provide a query facility, durability and, in
general, support for controlled concurrent access by multiple users. However, as also noted in the CFP, the adoption

of the Java platform ‘can result in cultural changes in the way that things “get done™.

The Java platform does, in fact, provide facilities that support or enable querying and multiple applications, and it is
worthwhile to investigate how far these go towards fulfilling the requirements of modern applications. In particular, it

is one of goals of our research is to discover whether it is possible to operate solely in a universe of persistent objects,
where file systems and perhaps even relational databases are implemented on top of objects rather than vice versa as
is typical today. To achieve this requires the successful integration of programming language, database and operating
system technology, and is unusually challenging because it disrupts the status quo in these fields.

This paper briefly outlines the OPJ specification and contrasts it with other persistence mechanisms for the Java plat-
form. We then discuss some of the implications of a single-language approach. This is followed by an analysis of the
unique features of OPJ, namely the persistence of code and execution state. Then we discuss how queries can be han-
dled in OPJ followed by our conclusions.

2 The OPJ Specification

The OPJ specification [14] is a ten-page document that includes a very small API, most of which is only needed for
specialized code that deals with managing state that depends on values external to the Java virtual machine. The rea-
son that it is possible for the specification to be this small is that our goal is one of minimal perturbation to the seman-
tics of the Java programming language. Essentially, the OPJ model provides both the user and the programmer with
the illusion of a continuously executing system, in the face of planned and unplanned shutdowns.

Orthogonal persistence [3] is characterized by three simple principles:

» Type Orthogonality persistence is available for all objects irrespective of type.



» Persistence by Reachabilityhe lifetime of each object is determined by reachability from a sebbbbjects.
 Persistence Independenceode is identical whether it is operating on short-lived or long-lived objects.

The OPJ specification defines how these principles are applied to the Java programming language and the Java virtual
machine. The specification derives from earlier research into persistence and the experience gained over several years
with a succession of prototype implementations. It has also been influenced by other persistence models for the Java
platform, but these models were most helpful in demonstrating the problems that arise from a lack of orthogonality
rather than contributing directly to the specification. In general, our experience has led us to simplify the specification
and move closer to the fundamental computational model of the Java programming language, rather than expanding
the API. Consequently, in contrast to many APlIs for the Java platform, the specification does not attempt to embrace
a wide range of existing persistence mechanisms. Rather, in the same spirit as the Java specification [11] (JLS), it
attempts to simplify a complex area by providing support at the Java platform level.

The general intent of the OPJ specification is that the complete computational environment of an executing OPJ vir-
tual machine can be made persistent, in the formsifspended computatioby an operation referred to asheck-

point, and therresumedat some later time, possibly on a different machine. Except where explicitly provided for in

the specification, it is intended that the checkpoint operation be transparent to an application. The specification does
not prescribe the mechanism by which a checkpoint is achieved in order to provide flexibility of implementation.
However, it is expected that the checkpoint operation will have a latency that is proportional to the amount of data
modified since any previous checkpoint, independent of the total amount of reachable data.

The concurrency facilities of the Java programming language and the binding of code and data that are characteristics
of object-oriented languages have had a profound effect on the evolution of the specification. Initially we took a fairly
traditional “data-centric” approach, which is also common in most object-oriented database management systems.
For example, we required applications to register persistent roots in a special table. As a result, the reachability rules
for persistent objects were different from those for transient objects, for which the rules are essentially thread-based.
Partly this was due to a concern about too many objects and classes becoming persistent. In practice, it turns out to be
very hard to control persistence by reachability in this way. Furthermore, provided the orthogonality is complete, it is
not of practical concern because, once the quantity of persistent classes and objects becomes significant, as it soon
does for serious applications, transient objects are in the noise. This permits us to use the standard rules in the JLS for
reachability, resulting in a smaller specification and a simpler world for the application programmer. It also results in

a focus on the persistence of computation rather than just the persistence of data, as shown by the previous paragraph.
However, as we discuss later, implementing persistence of computation (threads) remains an unrealized goal.

The area that we have not yet converged upon is the role of transactions [12] in an OPJ system. Our first paper [2]
contained a proposal for a sophisticated extensible transaction model, that has not been implemented in any of our
prototypes to date. One problem with adding transactions is the conflict between the implicit concurrency control that
is typical in transactions and the explicit control that is provided by way ofyimehronized  statement in the

Java programming language. A further problem is the semantics of transaction abort. Transactions are a semantically
gray area in most of the persistence mechanisms for the Java platform, including the ODMG specification. For exam-
ple, it is typical for only the state of persistent objects to be rolled back in the case of an abort. The programmer must
handle the restoration of transient objects. This is unacceptable from the OPJ perspective because it violates orthogo-
nality. In consequence, we chose not include a transaction API in the initial OPJ specification However, we do define
that the behavior of the OPJ virtual machine as a whole must obey the ACID semantics so that, for example, a check-
point is atomic and durable. It is also consistent in that the sense that it guarantees that the stored data conforms to the
JLS (implicit constraints) and any implemented application invariants (explicit constraints).

The absence of a transaction APl does not preclude concurrent applications in a OPJ system because of the provision
of threads. However, there are some known problems with simulating multiple applications with threads, notably
problems of unintentionally shared global state, thread termination, resource control and access control, some of
which can be solved by a transaction framework. Currently, it is only possible to deploy applications that are known
to be well-behaved in these respects. Our conjecture is that there are enough applications of this nature to justify our
position, for example, essentially all personal productivity applications. Meanwhile, we are continuing to work on the
extensible transaction framework in the context of a single virtual machine. One of the interesting research questions
is whether the framework can be efficiently implemented on top of an orthogonally persistent Java platform, leverag-
ing the persistence of threads.



3 The Single-Language Approach

The computer industry is very effective at generating new programming languages, but less effective at creating really
good ones. However, occasionally a language comes along that hits a sweet spot and achieves a large and widespread
following, like C or SQL [16]. For example, C is the de facto operating system interface language in use today. The
existence of SQL is often argued as one of the reasons that relational databases became so successful.

The Java programming language has achieved similar success in a relatively short time. In the field of object-oriented
languages, it is fast approaching dominance, despite, or perhaps because of, the fact that it is not a pure OO language
like Smalltalk. Because of this dominance, it is reasonable to ask whether the Java programming language might
become the de facto language for persistent objects, thus making redundant efforts like ODMG [4], which defines a
separate language and programming model that must be mapped to a concrete programming language. We have
argued elsewhere [15] against the complexities and inconsistencies of systems that are based on mapping between
two languages. Our experiences with actual systems support this view. In practice the claimed transparency is incom-
plete and the devil is in the details. Ultimately the rationale for mapping disappears if the mapped-to language is both
equivalent to the mapped-from language and also the dominant target. In the case of ODMG, several features of the
target languages are removed from the mapping, at least in the support for persistence. For example, ODMG has no
concept of a thread, and so threads cannot be made persistent.

The principal benefits of the single-language approach are the uniformity, consistency and high-leverage that it pro-
vides. The consistency attribute is particularly important in the persistence domain and is a major feature of tradi-
tional databases, as seen by it being on of the ACID properties. The Java programming language provides a basic
layer of consistency by way of its strong type system and support for automatic memory management. We would
argue that if automatic memory management, especially garbage collection, is beneficial for programming with tran-
sient objects, then it is even more beneficial for persistent objects. The implementation challenges are harder because
of the increased scale and the performance characteristics of secondary storage. Perhaps because of the C++ legacy,
many of the object-oriented database products do not support garbage collection and allow the explicit deletion of
persistent objects.

The increased leverage arises from the ability to reuse existing software components, for example arbitrary third party
Java classfiles. The OPJ principle of persistence independence is directed at supporting this kind of reuse. In OPJ, any
class can be made persistence, with no changes to either the source code or the Java classfile. This allows the full
power of the Java programming language to be utilized, and the code to be reused even in a non-persistent context.
We have direct experience of taking classes from a third-party and immediately using them unchanged in an OPJ
application. This capability of the Java platform is very valuable and should continue to be available in the domain of
persistent applications. Many of the persistence mechanisms for the Java platform transform either the source code or
the Java classfiles, which remedies the code unusable in a different environment. In our view, this violates the princi-
ple of persistence independence.

4 Persistence of Code and Execution State

Because in the Java programming langu@lyjeead andClass objects are exposed to the programmer as objects, it
is possible to write code that uses them in ways that can be difficult for a persistence mechanism, for example storing
aThread orClass instance in a field of a persistent class.

4.1 Persistence of Code

We use “code” as a shorthand for all the metadata associated with a class, includ®igdke instance and the

method bodies. Most persistence options remain very “data-oriented” in their approach to the persistence of code, dis-
allowing the persistence @lass instances and separating the fields of an object instance from its methods in the
persistent state. This is unfortunate because it puts at risk one of the benefits of the Java programming language,
namely the type safety and consistency that derives from maintaining the binding between an object instance and its
class. In contrast, OPJ maintains the binding because to not do so would violate the language semantics, given the
model of continuous computation. Some systems do go as far as allowing the Java classfile contents to be stored in
and reloaded from the database, but this is not enough to guarantee consistency on restarts, nor does it preserve object
identity for Class objects. In fact the resumption semantics of OPJ set it apart from all other approaches. In non-
OPJ systems, the programmer, and sometimes the user, understand that the program and the database are separate
entities. The database only contains passive data which is somehow mapped into objects after the program “opens” it.
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In OPJ, the database is opened by the OPJ virtual machine, and the program resumes execution from the last success-
ful checkpoint. There is a special case where the database contains no active threads, in which case théesdatabase
passive, but the bootstrap classes and all their static variables are as they were at the time of the checkpoint. In this
case, to activate the database, a new main class must be activated in a new thread of control, much like the normal
Java virtual machine start-up.

4.2 Persistence of Threads

Persistent threads offer many benefits, not least the ability to resume a query that was in mid-progress when the sys-
tem crashed. OPJ is the only Java platform that aspires to supporting persistent threads, but it is a major challenge to
implement with current virtual machine and operating system infrastructure. It is relatively easy to achieve in simple,
low-performance, virtual machines, for example, by executing the JavalnJava virtual machine [20] on top of an OPJ
virtual machine, However, we have so far been unable to achieve persistence of threads in the context of production
quality virtual machine technology. The problems are split about equally between the Java virtual machine and the
underlying operating system’s native thread support. In general, the Java virtual machine must maintain exact infor-
mation about the contents of stack frames and registers, and the operating system must provide accurate and timely
information about thread state. Current Java virtual machines generally support exact information up to what is
required by garbage collection, and fall short of support for persistent threads. It is technically feasible to finesse the
virtual machine aspect by checkpointing raw machine state, but this gives up on architecture-neutrality and prevents
certain operations, such as evolution (4.3). Unfortunately, little can be done about an uncooperative operating system.

The inability to make threads persistent is directly related to whether OPJ can support multiple, independent threads
(applications) in the same OPJ virtual machine. For example, imagine that one thread is midway through a synchro-
nized block when another thread calls for a checkpoint. If threads, and their associated locks, can be made persistent,
this is not a hazard. While it is true that the checkpoint will contain an object in an inconsistent state from a database
perspective, the fact that the object is still protected by the lock and that the thread will resume and eventually release
the lock causes no semantic difficulty. However, if threads are not persistent then the checkpoint will contain the
object in an inconsistent state with no hope of this ever being remedied, which is disastrous. This is analogous to the
reasons behind the deprecatiorilbfead.stop  [19]. As a result, the absence of persistent threads requires that all
checkpoints be globally coordinated, which is impossible if the threads are truly independent.

We believe that much of the complexity in current systems is related to the difficulty of restoring computational state
in the event of a system shutdown. War stories about total system re-boot times after outages are becoming more
common now that the reliability and availability of systems is exposed to the public through the Internet. Since most
of these systems are dedicated to running some kind of database, it would seem that providing support for the whole
computational environment including persistent threads, would be beneficial.

In principle persistent threads more easily support the implementation of triggers (events) and what the database com-
munity calls long-running transactions. Absent persistent threads, such facilities have to be implemented by ad hoc
means and more complex resumption code is required to re-initiate the activity correctly.

4.3 Class Evolution

A consequence of supporting a persistent binding between code and data is that once a class is loaded and remains
reachable [18], it cannot be altered using any mechanism in the current Java platform. For a persistent system this is
an unacceptable state of affairs. There has been much research into schema evolution in object databases [9], [10],
[17], but there is no consensus as yet on the correct set of mechanisms. For example, whether one should support
multiple versions of classes. We chose not to include a specification for evolution in the initial OPJ specification, but
we have implemented prototype off-line mechanisms [7], [8] that support most changes that a programmer might
want to achieve. However, as yet, we do not have a large body of experience in using these mechanisms.

5 Support for Queries

The ability to submit queries through the standardized SQL language, regardless of the implementation of the under-
lying database, is one of the reasons for the success of relational databases. In particular, the ability to submit new
queries that were not imagined when the database was originally created is extremely important. In programming lan-
guage terms this is called extensibility or dynamic loading. A language that does not provide this capability is ham-
pered in persistent application development, even if the language is orthogonally persistent, because the applications
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are limited to a closed set of datatypes and queries. Fortunately, the Java programming language supports extensibil-
ity through its class loading mechanism.

The ability to load new classes at runtime provides a basic querying mechanism, provided that the database designer
(i.e. application programmer) designed the (persistent) classes to reveal the appropriate information. We should note
that the information hiding mechanisms in the Java programming language make it quite easy to deny access to rele-
vant information, which can defeat subsequent queries. It is worth noting that class designers have more incentive

than usual to plan ahead for reuse in the persistence domain.

It must be admitted that the Java programming language is not a user-friendly query language because its imperative
nature makes it inherently hard to use in the same manner as SQL or OQL [4]. However, if the query generation is
driven from a graphical user interface (GUI), as is often the case in a custom application, this becomes less of an
issue. In any case, it would be possible to implement an OQL interpreter should a textual query language be required.
Basic support for this is provided by way of the reflection support, which supports tool development in the face of
extensibility of the set of loaded classes. The level of indirection provided by a GUI or query language interface
allows certain optimizations to be provided when the code corresponding to the query is generated. Note that, unlike
SQL query optimization which can leverage its simple data types, query optimization in an object-oriented context
approaches general program optimization in its complexity. We believe that an orthogonally persistent system should
be able to leverage the long-term binding between object instances and their methods to attack this problem by incre-
mentally analyzing the system and building up useful, persistent, knowledge of its behavior. A similar approach is
being taken to explicit constraints.

6 Conclusions

OPJ directly supports the persistence of the full computation state in a Java virtual machine, with practically no addi-
tional programming required. The ability to extend the computation environment by creating new threads and dynam-
ically loading new classes provides basic support for queries and multi-user access. This permits a developer to view
the Java platform directly as an object database for certain applications. Further work is needed in the area of multiple
application support and evolution to extend this capability to the full range of applications.
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