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Abstract programming, performance and extra functionality.

This paper reports on initial experiences with an orth092 PJava Design

onally persistent variant of the Java platform, called

Persistent Java (PJava). We review and reflect on tH& this section we provide a brief overview of the PJava
design of PJava and discuss compatibility with Javadesign. PJava provides orthogonal persistence for Java,
The features and limitations of an initial prototype areaccording to the following principles:

discussed. The experiences gained in running four dis-

. o ! ) . e Orthogonality: The principle of orthogonality
tinct applications on PJava are described in detail.

states that all values whatever their type have equal
) rights to persistence - longevity or brevity. PJava
1 Introduction applies this principle to all Java typdagcluding

Persistent Java (PJava) [1], [2] is an experimental persis- Class types.

tent programming environment for the Java program- « Persistence IndependenceThe principle of per-
ming language. PJava provides orthogonal persistence sistence independence states that all code should
[3], an approach that provides equal rights to persistence have the same form irrespective of the longevity of
for all data types with the absolute minimum of addi- the data on which it acts. PJava accepts arbitrary,
tional programming effort. PJava attempts to support a unmaodified Java code.

wide range of applications, ranging from simple, almost
completely transparent, uses of persistence to sophisti-'
cated applications that require extensible transaction
models. A major goal of PJava is for arbitrary Java code
to participate unchanged in PJava applications.

Persistence Identification The principle of persis-
tence identification says that there should be a
straightforward and consistent mechanism for
determining the longevity of values. In PJava the
mechanism is persistence by reachability frowt
We report on our early experiences with the first proto-  objects explicitly registered with the claasavas-
type of PJava, called PJgyavhich is based on the Sun tore .
MicrosystemEl Java Development Kit (JDK), release — . .

PJava applications are associated with a store, repre-

1.0.2 [4]. PJayawas designed and implemented by the i
PJava team at Glasgow University, with support pro_sented to the programmer as an instance oPfe-

vided by Sun Microsystems Laboratories under its col@Store class. An application is initiated by associ_ating
laborative Research program the PJava interpreter with a store and a class to invoke;

the latter may be omitted if the application has previ-
We begin by providing a brief overview of the design ofously registered the initial class wiffJavaStore

PJava, followed by a description of the Pdapeoto-  Objects are candidates to become persistent if they are
type. We then reflect on some of the design choices gkachable, directly or indirectly, from root objects that
PJava and comment on how they relate to the specificare explicitly registered witRJavaStore . By default,

tion of the Java platform, which has been evolving insyccessful termination of a PJava application causes all
parallel with the PJava effort. Following a discussion Ofobjects reachable from the roots to be atomica”y and
the limitations of PJayawve describe some common pit- durably updated in the store. Applications that terminate
falls that beset programmers who are unfamiliar withexceptionally make no changes to the stable store. It is
orthogonally persistent systems. possible to calPJavaStore.stablizeAll during

We then discuss four applications that have been run iRrogram execution in order to achieve a global stabiliza-
the PJava environment, focusing on suitability, ease gion. It is the responsibility of the application to ensure



that a stabilization reflects a semantically consistention. Another approach, which would be more transpar-
state. ent, would be to define the roots as the seClaks
hin:stances in the virtual machine, this set being implicitly

PJavaStore that will be called prior to the execution qef'nf? frt?]r_“ the classhes Iloadefc_i lt()jy tge |Intergreter tO\:_er
of the initial class. These can be used for a variety o me." In this approach, class fields declared as static

application specific tasks, for example, verifying globalwt())_umt be \gewedlgs f'ek.jj of thg colr_rgtspond_mtgsst i
consistency constraints, object, and would provide an implicit persistent roo

table. By associating appropriate semantics for the
Objects in a store are persistently bound to their assoctatic transient combinatiod of modifiers,
ated class, including its bytecodes. Class name lookup &me of the design issues discussed in [1] surrounding
always performed first in the store and only if that failsstatic initialization could be avoided. On the other hand,
are the normal mechanisms of the Java systemjlure to usetransient  appropriately would cause
employed. data to be made quietly persistent. As we shall see later,

In addition to global stabilization, PJava provides a rictfn® PJava design choice turns out to be very pragmatic
and extensible transaction interface through thdor PJavg.

TransactionShell class. To simplify the program-

mer’s task, a variety of standard transaction models ar8.3 Compatibility with Java

provided as specializations of this class, for example,
traditional flat transactions and nested transactions. Th L
extensibility is provided as a collection of modular ava applications unchanged. By normal, we mean those

building blocks, for example lock management, that car"f‘ppl'cat'c.)ns that make no use of fgavaStore —or
be composed to form new transaction kinds. TransactionShell classes. In other words a PJava

interpreter running in non-store mode should pass all of
The nature of a PJava store is implementation depefhe standard compliance tests. A minimal requirement
dent. However, it will usually be a file or disk partition. for this is that PJava accept standard class files. In fact,
A PJava interpreter may execute with a store, calle¢pjavg accepts unmodified class files generated by a

An application can register callback methods wit

'e would like the PJava interpreter to execute “normal”

storemode, or without a store, calledn-storemode. normal Java compiler and requires no pre-processing or
post-processing steps. When run in non-store mode
3 Reflections on the PJava Design PJavg preserves the semantics of the language and the

standard packages. At the time of writing we have not
tested this compatibility extensively. However, some

significant applications such as the Java compiler and
the Jeeves HTTP server [5] execute correctly under the
PJavg interpreter.

In this section we report on our experiences with those
aspects of PJava that are independent of the fJava
implementation.

3.1 Programming Interfaces Compliance in store mode is a more subtle issue. The

From the programmer’s perspective, the bulk of theextent to which the specification of Java or the virtual
PJava design is concerned with the extended transactiomachine applies to store mode is unclear, since the spec-
model. Since this is not implemented in Pawee can- fification is not attempting to define an orthogonally per-
not report experiences with it. The only other class thasistent system. Certainly, the PJava behavior differs in
is visible to programmers iPJavaStore and our some cases and could be interpreted as being non-com-
experiences with that have led to some redesign. Thgliant. We will discuss these cases below. It must be
most significant change relates to support for multiplenoted, however, that the PJava design predates the exist-
stores. Initially, there was a notion that a PJava appliceence of the detailed language specification [6], which
tion might be able to access multiple stores, representedas not published until August 1996.

by multiple instances of thBJavaStore class. For

the reasons described in section 7.1, this has been ab&n3.1 Static Class Data

doned. Other minor usability changes have been madeCurrently, the specification is silent on tsatic

transient combination of modifiers. Indeed the
3.2 Persistence ldentification

) . ) ] - 1. This would require a separate mechanism to remove unused
PJava identifies persistent objects by reachability from (jasses.

named roots registered with tfi&JavaStore class. 2. This was called out as illegal in an earlier language specifi-
This requires additional code to be written and also cation. The current version does not, but the Java compiler
requires that this namespace be managed by the applica-n JDK 1.0.2. still reports it as an error.



meaning of transient is only defined in general termsThe implementation of PJay# based around a cache
However, the natural interpretation would be to truncatef loaded objects and a separate buffer pool that man-

the reachability analysis atatic transient vari-  ages pages transferred from the disk. The buffer pool

ables in the associated class instances. itself is implemented on top of Recoverable Virtual
Memory (RVM) [8]. The garbage collected heap in the

3.3.2 System Properties Java Virtual Machine (JVM) has been left mostly

The properties table maintained by System class is unchanged. New persistent objects are copied from the

effectively global static data. The semantics of this datf®aP 10 the object cache as the first part of a stabiliza-

in the face of persistence is unclear and can cause coifien- Objects are copied between the object cache and

patibility problems. Certain properties are clearly tran-tN€ buffer pool as required. Object references are con-

sient in the sense that they relate to the execution of {rted (swizzled) between machine addresses and per-
particular virtual machine and to external values thatSistent identifiers as part of this process. To reduc_e this
might change between executions. Currently the ru@verht_aad, not all references are immediately unSW|zzI_ed
that static data be persistent by default causes the prop? ©Piect load, but are translated on demand. Unswiz-
erties table to be made persistent, which means th&fnd is handled in a thread-safe manner.
these transient properties are not reinitialized. Howevep special area of the store called tuotstrap regioris
although it is a dubious programming practice, some&et aside for th@JavaStore class, those classes that
applications, for example the Java compiler (see 8.3}t depends on and all the instances and associated
use the table for global application-specific data, whicltlasses reachable from the root table at the time the store
might well need to be persistent. Since there is no wajs created. The bootstrap region is loaded in one step
in the language to indicate that a particular propertyiuring startup, the idea being to speed up the loading of
should be transient or persistent, there can be no autebjects that will very likely be accessed.
matic solution to this problem. Although tReoper- . . )
ties interface could be extended to indicate IongevityThe PJava interpreter runs in two modes: stlore mode
. L Iy . _“and non-store mode. In non-store mode the interpreter
for given keys, it might be preferable to explicitly define

the table as transient and require that applications malpeehaves almost exactly like a standard Java interpreter,

. L with the extra capability to create a store during execu-
alternative arrangements for communicating data. . . . .
tion and register objects as persistent roots. In store

mode an extra argument “-store pathname” is passed to
the interpreter. The pathname argument indicates the
Overall, these issues are of Only minor concern, and Wgame of a persistent store against which to run. In
conclude that a very high degree of compatibility hasjavg a store is implemented as a file. The interpreter

3.3.3 Summary

been achieved in PJava. opens the store as part of its initialization process and
makes the persistent roots available via an instance of
4 PJlavg thePJavaStore class.

PJavg is an initial prototype that is based on versionThe bi-modality implied by the “store” argument has
1.0.2 of the JDK from Sun Microsystems. PJagar- ~ proven to be an inconvenience. In a future release the
rently runs only on the SPARG architecture under interpreter will automatically switch to non-store mode
So|ari§:| . In order to produce a prototype in a reasonjf the file given as argument does not exist. Access will
ably short time, as few changes as possible were madéso be provided in theJavaStore class to the path-

to the virtual machine implementation. PJavéll be ~ name, which can then be used as the name of the store to
made available by Sun to interested research groups ffeate.

the near future.

PJavg provides a modified virtual machine. This is con- Performance and Reliability of PJavg

tentious because it violates the anywhereguarantee.  The overall experience with P Jgvaas been very posi-

Applications that exploit PJava’s persistence featuregive, both from a performance and a reliability perspec-
will not run on standard virtual machines. Others [7] ar&jve. This is particularly so given the relatively short
attempting to provide persistence as an extension, id¢me frame in which it was implemented and the fact

ally written entirely in Java. However, it is hard to seethat it is based on a relatively complicated and undocu-
how to achieve the degree of orthogonality that PJavgented virtual machine implementation.

aspires to without modifying the virtual machine. Ide-
ally we would like to see orthogonal persistence as pal
of the Java platform.

ﬁ\s a testament to this, the Forest benchmark, described
in section 8.2, ran correctly on its first executtofur-



thermore, the performance was quite a bit better than tHamited to usingcooperatingthreads which are under the
version which runs over ObjectStore/C++ [9], a com-control of a manager that has sufficient knowledge to

mercially supported object-oriented database. determine when it is safe to stabilize the store. This is
due to the fact that, althoudgtdavaStore.stabi-
6 Limitations of PJavao lizeAll is a synchronized method, thus serializing

) ) ) L stabilize calls from multiple threads, there is no easy
In this section we describe some of the limitations of thyay to stop only the application threads. It is possible to
PJavg implementation that cause it to fall short of thegnter single-threaded mode, but then the stabilization
goal of fully orthogonal persistence. The limitations cannot succeed because more than one thread is needed
either result from the constraints of the original JDK vir-for output. So, currently, threads are not stopped and
tual machine design or from time and manpower considerefore, while stabilization is occurring, other, possi-

erations on PJaya bly damaging, thread activity may be occurring. This
could be repaired by appropriate locking in the virtual
6.1 Class Loading machine, but at some cost. It seems preferable to defer

this issue to the design and implementation of the

The Ja_va Language. Sp_ecificat?on [6] defings the r_UIeﬁanicit locking required by the PJava extensible trans-
governing class loading in considerable detail. It define ctions model

specific phases of the loading process, taking pains to
define exactly what, in source code, causes each phase . .
to be completed. The specification explicitly permits6-3 EXtensible Transactions

different class files formats but is insistent that bindingsrne pJjava extensible transaction model is not imple-
between class files be symbolic. The specification pefmented in PJayaApplications are therefore limited to
mits some flexibility in the time at which referencesp(_:.riodiC checkpoints, with no ability to rollback. None-

between classes are resolved. Pdéads and resolves theless, a wide variety of useful applications can be
all required classes, transitively, on a store stabilizationitten with this limitation.

so that a store is always self-contained.

Java permits multiple instances of a given named clasg.4 Object Cache Replacement
to co-exist in the same virtual machine, provided that

each is loaded by a differediassloaderA fresh virtual N the current version of PJayat is not possible to
machine contains only the system classloader, whicFEPlace objects in the object cache. The cache is used for
cannot be replaced. The classloader used to load a clddkOPiects brought into memory from the store, and for
plays a role in the dynamic type-checkirigstan- all newly allocated objects that are to be made persistent
ceof ) operator. Two instances of cl&8#oaded by dif- N & stabilize. The cache is also of a fixed size deter-
ferent classloaders are not be considered to be the saffié1ed on interpreter startup. Therefore, there is a fixed
type. Note that they may have different definitions any-“m't to the amount of data that can be processed in one

way, but this is irrelevant since Java uses name equivgX€cution, which is clearly a major limitation for long-
lence for type-checking purposes. running applications that are associated with large

T ] o ) stores. Work is underway to remedy this problem in the
PJavg maintains a single class dictionary, in thiav- PJavg prototype.

aStore class, which acts as the persistent table of o ] )
classes loaded by the system class loader. The assolf)-the applications that have been written to date, this

ated classloader for a class is currenitg recorded in  Problem typically affects the store loading phase, where
this table. Therefore, confusion and possible internaf [arge amount of data is read from the file system and
errors may occur if an application attempts to stabilize £/ac€d in the store. Since the cache size can be set on

store containing multiple class instances. This limitatiorfNt€TPreter startup it is usually possible to workaround
will be removed in a future release. the fixed limit. Applications that process the resulting

stored data are much less likely to access the entire data-
base and can therefore usually execute with the default
6.2 Threads cache size. PJava’s object cache architecture is a benefit
Orthogonal persistence requires that instances of cla§®re, since only those objects that are actually needed
Thread can be made persistent. This is not possible i@re transferred from the page buffer pool to the cache.
PJavg, in part owing to the complexity of the thread
implementation in the JDK. Further, applications areg 5 Native Code

1. Having first been debugged in a non-persistent version.  In the PJava design [1] it is argued that native code



should not be permitted in PJava applications because ofgistered with thé>JavaStore class. Subsequently
the risks to data consistency that arise from thehis was altered to be similar to the mechanisms pro-
unchecked access to memory that is possible in natiwaded for serialization, by invoking specially named
code. However, pragmatically, application writers mustmethods that are provided as part of the class definition.
decide the appropriate trade-off between safety, fund-However, these mechanisms are not yet implemented in
tionality and performance. As more functionality PJavg.

migrates to the Java core, for example, Remote MethoR particularly significant piece of external state is the

Invocation_(RMI) [10], and just-in-time (JI?):ompiI_ers ode that actually implements the native methods. Some
become widespread, we expect the need for native co f this code is bundled in the interpreter. The remainder

to diminish. In the meantime, native c_:ode Implementors, e i dynamically loaded libraries that are loaded by
must follow some additional conventions to ensure thaI:aIIS to System.loadLibrary and the typical

their cade is compatible with the implementation of theidiom is to make the call in a static initializer of the

PJa"a_ thua_l mach|_ne. This is mostly co_ncen_wed W'tlhb ass. In PJava static initializers are only run once, when
ensuring object residency before accessing fields ando class is first loaded, that is, when @lass class

medthods.tT_he s[{tutat[[?]n tIS motricom%Iex Whgrlthcte_natw stance is created. So, on subsequent executions, the
code contains state that must bé made persistent in orege ) library is not loaded, leading to an exception.

to save a p_erS|stent version of thg assomated_ Java cla§§].e correct idiom, for a PJava program, would be some-
PJavg provides no support for native state which meang .. i .

) hing like the following:
that such classes cannot be made persistent. One = .
workaround is to ensure that the state is instead declaredstatic transient boolean loaded =
as fields of the Java classes, but this idiom causes prob-  !0adLib();
lems when the state is a C pointer, since Java has no way static boolean loadLib() {
to declare such a type. It also causes portability prob-
lems between machines with 32 and 64 bit addressing.
Hiding Java object references by declaring them as inte-
gers is more dangerous since it subverts the normal

System.loadLibrary(“mylib”);
return true;

PJava handling of non-resident objects. This idiom assumes that transient static variables are
automatically reinitialized when a class is first faulted in
6.6 External State from the persistent store. AlternativébadLib could

be called explicitly in a callback.
Objects that contain references to external state pose a

general problem for orthogonally persistent systems’.A‘ related problem is that the Iibrgry search path that is
Typically, such external state is associated with nativ sed bySystem loadLibrary . IS made pgrmstent
code or core features of the language platform, fo y the default rules for static variables. This has the

example operating system file descriptors (e.g. declareldpfc.)rtunate tprorf) ertyt:]hatl_itores cannﬁt betrr]n pvgiflnto :;m
as integers). Such data is not markehsient in ~ environment where the library search path Is different.

JDK 1.0.2 and therefore interacts badly with the PJav(:;\—he temporary workaround in PJgvis to force the

design choices of persistence by reachability and 0§§arch path to be reinitialized, which is straightforward,

static fields being persistent by default, since thisSince the relevant code is in the core virtual machine. A

data is usually meaningless when the object is reloadel®r® robust solution, that WOl.JId be more con_S|stent
in a subsequent execution. PJakias not modified the with the PJava model .Of persistent class consistency,
core Java classes to solve this problem, although it do&%ou'd be. to load t.h e native code into the store and make
honor the transient modifier. This problem also it a persistent object. Subsequent attempts to load the

besets the Java Object Serialization system [11], thAltbrary would look first in the store, as is done for persis-

will become part of the Java core in JDK 1.1 and, fortu LNt Java classes.

nately, in that release, such data will be marked as ] _
transient . 6.7 The Abstract Window Toolkit (AWT)

Of course, this is only half of the solution. There needAWT is an important part of the Java core but the imple-
to be a way for the class to recreate the transient stateentation, although structured for portability, is heavily
when the object is reloaded. In the original PJava desigplatform dependent and contains a considerable amount
this was handled via class-specific callbacks that weref native code. It suffers all of the problems referred to
in the previous two sections. Since AWT is a key part of

1. N.B. JIT compilers must cooperate with the persistence  the Java environment it is obviously rather common to
mechanisms in PJava.




attempt to make an AWT class persistent by reachabilitingrained that programmers have some difficulty in
from some other class. In PJgvthis is explicitly  believing that there might be alternative.

checked for and the stabilization aborted, since there iéarly programming languages were consistent with this

no prospect of the class working correctly on a SUbseéeparation of code and data, since they provided sepa-
guent execution. Unfortunately this restriction leads t ate facilities for data definit’ion (records, arrays etc.)
some unnatural programming idioms. It is very naturaand behavior (procedures), with a more'or less loose
and convenient to encapsulate application-level IOerSi%’onnection between the daia and the code that operated

tent data in a subclass of an AWT class. In RyJate on it. However, since the advent of abstract data types

programmer must place the application data ip a SE’p%'nd, more recently object-oriented programming, the
rate class, make_ th's. rea_chable from some persistent rog&tcus has shifted towards the integration of code and
gnq the_n assoclate it with the AWT class by a level o ata (state and behavior). Nevertheless, persistence
indirection. mechanisms generally continue to maintain the separa-
A mechanism is needed to separate the persistent atidn. For example, ObjectStore does not store C++ [13]
portable aspects of an AWT class from the transient andode in the database. To underline how pervasive the
platform dependent pieces. It would then be possible teeparation mindset can be, we must admit to spending
mark the latter adransient and make persistent one frustrating PJayadebugging session wondering
enough information to enable the class to be reinitialwhy the application behavior was not changing despite
ized on a subsequent reload, using the callback methotisving changed and recompiled the cdde!

of PJava. This mechanism might be somewhat similar t

®ne characteristic of th tion of code and data i
those in place for mobile agents in Visual Oblig [12]. ne characteristc of the separa’ion o code anc data IS

the ability to open multiple databases from within one
application, and the inability of PJava to do this has
6.8 Persistence Independence been commented on. However, it should be clear that if
It should be clear from the preceding sections that th@esg datlabases contain code b.ound to data there is a
PJava design of explicit root registration is a very pragf:.OanICt W'th the Ignguage semanﬂcs. There may be mul-
IIlple, possibly different, versions of the same-named

matic choice. It completely avoids the problems tha I ituation that ¢ exist dina to the |
would arise if all loaded classes were the implicit roots™ aSS: ?jteséirl:izcl)%n at cannot exist according fo the fan-

of persistence, since many of these contain transieft-ag¢
data not marked as such, or other state that is problem much better analogy for the Java programmer is the
atic. In the PJava design the application has completeotion of a store as a, more or less, consistent persistent

control over which classes are made persistent. virtual machine. Multiple stores are then handled as dis-
tinct virtual machines which are able to communicate,
7 Common Pitfalls for example, by RMI. This model is more faithful to the

o _ object-oriented paradigm by focussing on active objects
Perhaps the most significant consequence of the prinGjgith pehavior rather than passive data.
ples of orthogonality is the fact that code and data are

bound together in a persistent store. While this provide .
a high degree of consistency, contributing to applicatior?'2 Schema (Type) Evolution

reliability, it runs counter to the normal experience ofSince the code is bound to the data in the store, it
most programmers. It also requires additional tools tdhecomes more difficult to modify it, for example to fix a
support the evolution of software. We consider theséug. In addition to the need to recompile, the new code

two issues separately below. has to be installed in the store and all affected objects
rebound® This seems onerous and makes separation of
7.1 Binding Code and Data code and data seem an attractive simplification. How-

. ] ever, the separation has a cost. Typically a consistency
The lack of orthogonal persistence in everyday progheck (schema validation) has to be carried out every

gramming languages has meant that a significant part §fne a store is accessed. The same is true for the input

learning a new programming language concerns the

facilities for input/output. While, it would be incorrect

to say that orthogonal persistence completely remov
y 9 o .p ) P . y . Except in different classloaders. Certainly not for the basic

the need for such facilities, one of its goals is to substan- classes such abject or Thread

tially remove the need to save and restore data Structurgs, 1ore complex solution is to supbort schargsioningin

in ad hoc formats between separate executions of an yhich objects and types can coexist in multiple versions in

application. Today, however, this is the norm and is SO he same store.

But only in the file system, not the store.



phase of Java Object Serialization. In contrast, excemver, the following set of applications cover a fairly

during schema evolution, PJava needs to make nwide spectrum and provide useful insights. For each
checks, thus maximizing performance when the applicaapplication, we provide a brief description and then dis-
tion is actually in use. cuss it from four perspectives, suitability for PJava, ease

The lack of schema evolution tools is particularly felt byOf programming, performance and extra functionality.

application developers since their main task is to change

code, and this lack has been noted by the users &1 Oscar
PJavg. Once an application is deployed, the need forO
evolution occurs less frequently, corresponding to well:
defined release points. Further, when it does eventual
occur it is common for the changes to be significanb
enough to cause problems even for applications using
hoc persistence. Ultimately we expect the reflection
capabilities available in PJava to actually ease such trafscar consists of three main phases:

sitions, and even increase the rate at which applications open a file of NTF data (National Transfer Format),
can evolve without compromising reliability. as available from Ordnance Survey (GB). This data is a

Since PJawg provides no schema evolution mecha-representation of carriageways (roads) in the UK.

nisms, this means that stores must be completely rebut Read the file a line at a time (where a 'line' of data can
in the face of change. Clearly this is unacceptable in thgctyally span several physical lines in the file). Each line
long term. As a short term solution we investigated thgepresents one NTF structure. Each line is parsed and a
provision of a simple schema evolution tool at SunLabgjaya object corresponding to the NTF structure is built.

this summer. We made some progress towards SUPpOffhs continues until an end-of-data indicator is encoun-
ing simple changes, such as only modifying the code ofe(.
methods. However, the current solution suffers problems

of scale that cannot be fixed without redesigning part of: AWT IS used to display the data in a meaningful man-

the PJavgimplementation. It is clear that it is essential "€"- Rudimentary GIS features are available, such as

to keep schema evolution (or schema versioning) iglicking a rogd to get informati_on about_ it. It is possible
mind when designing a persistent object system. Thip alter the display colors for different kinds of roads.

constraints under which PJgwaas built prevented this In normal usage Oscar expects to loailes NW, NE,
foresight. SW and SEwhere a tile is one file of NTF data, repre-

One problem that must be addressed by any schens§nting a 5km square area. These tiles are displayed via

evolution mechanism for PJava is what type compatibil@! offscreen image and can be shown in a number of
ity rules to enforce. PJava takes a strong, compile-timgc@les (in pixels) defaulting to 800x800. The viewing

centric, view of type compatibility which is reflected in €@ can display one complete tile and the user scrolls
the approach to class loading described in section 6.#round to view the rest of the quadrant.

The language specification, on the other hand, specifiethe four tiles comprise quite a lot of data, with each tile
a weaker set of consistency rules to be applied at clag®ntaining between 8,000 and 20,000 objects. For the
load time. In particular, sets of classes that would notiles used in the experiment this translates to reading
compile together can pass these weaker rules. Ironicallgata for approximately 60,000 objects and building the
this weakening is justified to support a limited form of corresponding Java objects.

class evolution that does not require recompilation. It is

to be hoped that evolution can be put on a firmer footing.1.1 Suitability for PJava

in the context of PJava.

scar is an application from the domain of Geographi-
al Information Systems (GIS), authored at Glasgow.
riginally written to test the capabilities of Java in this
main, it was subsequently modified to run under

Oscar is representative of the classic set of applications
In summary, it is clear that schema evolution is a verfor which persistent object systems were invented.

high priority feature to provide in future releases of

PJava. 8.1.2 Ease of Programming

o Converting Oscar to PJava was easily accomplished,
8 Example Applications requiring the addition or amendment of 23 lines of code

Since PJava has only been available for a short peridq only 4 compilation units and one new class to load the
i

and to a limited group of users, we do not have a exteril€S into the store. The limitation of no persistent ANT

sive set of substantive applications to report on. HOW_cIasses in PJayamade the conversion slightly more

onerous.



8.1.3 Performance with ObjectStore/C++ were positive [15]. However, dis-

Loading the tiles from the NTF format files was takingSatisfaction with C++, the lack of orthogonality in
between 3 and 8 minutes per tile, depending on th@bjectStore/C++, and general enthusiasm for Java, lead

mount of data in the tile and the load on the systentS 10 the SunLabs collaboration with Glasgow to
Loading all four would normally take about 20 minutes.d€Velop Persistent Java. We believe that CASE tools are
While the interpreted implementation of Java in the Surn ideal application for persistent object systems and

JDK undoubtedly inflates this time over a compiledthat' in such a framework, the Vesta approach is an opti-
mal choice. In the long term, we believe that the extensi-

implementation, the need to read the entire file clearl
P ¥)Ie transaction model of PJava will greatly assist in the

provides a limit on scalability. ¢
] ] development of collaborative software development
The performance benefits of converting to PJava werg)g|s.

substantial. The time to display a tile now measures in .
seconds - on average about 20 seconds to process the fifé® complete Forest environment has not yet been
from the store, draw its data into an image buffer andranslated into PJava. However, we have converted a

display that buffer. Subsequent redisplays are mucReénchmark that we developeq as part of the evaluation
faster since the objects have been loaded into the cach@f the prototype based on ObjectStore. The benchmark
simulates a number of users exercising the versioning

Since all _the NTF data from one fil_e has to be read intgpq authoring system by checking out components, edit-
memory in one go, the Java version could run out Ofng them and checking them back in. Following Vesta,
memory. This is an example of theg-inhaleeffect. In  the |ogical unit of checkout is an entire tree of objects.
PJava, once the data has been converted to persisteifch step in the process is logically a separate transac-
objects, only the subset that is needed for a particulafon, Each run of the benchmark performs a set number
display need be loaded from the persistent store. Thigf checkouts, passed in as a parameter. The particular
permits large sets of tiles to be loaded and saved incrggt of objects that is accessed is chosen pseudo-ran-
mentally in a single store. We must stress that no work iéomly. Since ObjectStore is a commercial product a
required on the part of the programmer to effect the stoflsomparison between it and PJgisa useful datapoint.

ing of the data, beyond registering the root objects.

814 E . onali 8.2.2 Ease of Programming
.1.4 Extra Functionalit . . .
y The Forest environment contains a fairly large set of

Although it would have been possible to save the magpject types; indeed an open-ended set, since developers
from road kinds to display colors in the Java versioncan define new types using the environment itself.
using some ad hoc persistence mechanism, it woulgtherefore, the orthogonality of the persistence mecha-
have involved extra programming and a mechanism tQjsm has a direct impact on the ease with which the sys-
connect the color data and the NTF data. Since thigsm can be programmed. The ObjectStore/C++ version
structure had already been constructed in the progragy) quite a bit short in this regard and in the end, in
domain, making it persistent required no extra workprder to achieve adequate performance, our code had

under PJava. become quite ObjectStore specific. In particular, with
ObjectStore, persistent objects can only be accessed
8.2 Forest inside transaction boundaries, and new persistent

objects must be allocated with syntactically different
forms of the C++new operator. Paying attention to
clustering, which must be managed at allocation time,
turns out to be very important owing to false lock con-
flicts that can arise because of ObjectStore’s choice of
Forest integrates the three essential activities of softwargage-level locking and data transfer.

development: authoring, ver;ioping and configuratioqn contrast, the PJava version, which, like Oscar (8.1),
rr;inagementhapd sysfFem tta_undmg. It adoptf thﬁ.\;es.’%as originally developed and tested as a non-persistent
[14] approach to configuration management, whic ISapplication, required only two changes. The first, iso-
characterized by a repository of immutable, versmnedl,ated to one module, was the registration of a single

soyrceobje.cts., that are comblr_1ed with modulgr SyStemobject as the persistent root. The second change was the
build descriptions to generaderivedsoftware artifacts. insertion of the calls to thetabilizeAll method to

checkpoint the store at the transaction boundaries.

8.2.1 Suitability for PJava
. o : The addition of the calls to thstabilizeAll
Our experiences in implementing the Forest prototype

Forest is an application from the domain of Computer
Aided Software Engineering (CASE). The first proto-
type was written in C++ using the ObjectStore object
oriented database.



method to achieve the checkpoints, if done in the obvithe performance problems that result from crossing pro-
ous and simple way, does cause the code to become pegetion boundaries [17]. Although it would be possible
sistence-specific. Had the PJava transaction model bedor multiple PJava interpreters to execute in read-only
implemented, we would have used a sequence of flahode from the same persistent store, concurrent updates
transactions as we did in the ObjectStore version. Sincean only be achieved using a single interpreter and the
the PJava transaction model supports the composition bfsic Java concurrency mechanism, namely threads.
user transaction codewith hindsight we could have The limitations on PJaygprevent us from benchmark-
made the body of the benchmark persistence-indepeing the multi-user simulation.

dent by defining_asimple subclassTm_z’a_nsaction- We used the same data for the benchmark that we
Shell that provided only the durability (D) aspect of reported on in our previous paper [15]. The initial store

transactions (by virtue of global stabilization), and COM-is about 13Mb in size and consists of about 2500 text

posing this with the classes implementing the bend‘lﬁles in 216 (versioned) directories. The benchmark
mark proper. accesses all the versioned directories and creates about
0.5Mb of new leaf objects. It must be stressed that the
PJava version is not a direct port of the C++ version, but
An important aspect of the ObjectStore version of thehe general structure of the code is the same. Also, the
benchmark was measuring how the system behaved @+ code is compiled into machine code, whereas the
concurrent users were added. Unfortunately, RJavePJava code is interpreted bytecodes.

does not yet support concurrent transactions, therefor.Fh
performance comparisons are limited to the single user

case. Even then, architectural differences between t .
: . o 7 seconds, and for PJava was 16 seconds, both times
two systems make like comparisons difficult. However,
i e . .. ‘averaged over four runs and rounded to the nearest sec-
they do provide some insights into the costs of architec-
o . ) ond. The tests were run on a SPARCcdnte2000,
tural decisions. ObjectStore employs a client-server .
. . . with 196Mb of memory, and the stores on a locally
architecture, with the server acting as the concurrency . . . . . ;
) . : ttached disk. The ObjectStore figure is consistent with
control point between the clients, which are regular, .
. : the value that we reported previously, although we are
operating system processes. In general, objects (pages : ) .
. : fjow using the production version rather than the beta
are transferred from the server to the client machine for
) release.
processing locally, and then back to the server on a
transaction commit. Typically, the clients reside on sepWe were not expecting to find an order of magnitude
arate machines in a network. However, it is possible tdlifference in favor of PJava, and began to search for an
execute the clients on the same machine as the servekplanation. One surprising fact is that there appears to
and configure the server to use shared memory rathbe only about a 10% improvement running the Object-
than sockets for client-server communication, and westore/C++ version on the same machine as opposed to a
used this mode for the comparison. One final differencelient-server combination. This suggests that the shared

is that code is not stored in an ObjectStore databasg)emory communication is providing little benefit.

instead a schema (type) check is carried out every time &5 an experiment, we altered the benchmark to execute
client starts a transaction. Since the type check does ngL  single transaction. In this case, the ObjectStore time
extend to code behavior, this is a weak consistenCyame down to 53 seconds and the PJava time reduced to
check, but substantially reduces the need for schemg geconds. Evidently transactions are considerably
evolution. more expensive in ObjectStore than are stablizations in
PJavg, on the other hand, is not client-server in thePJava. Given that ObjectStore provides concurrency
ObjectStore sense and, as noted earlier, has an architeentrol and rollback, this is not surprising, although the
ture that is essentially a (consistent) persistent virtuatost seems rather high.

machine. The clients share the same address space (jdne OpjectStore/C++ variant, the initial scan of the

protection domain) with the PJgvaystem. This is giora 1o |ocate all the versioned directories took 31 sec-
acceptable because Java is a safe language. Contrast s, as compared to 3 seconds in PJava, a substantial

with Thor [16], which wishes to support clients written gitterence that demands an explanation. ObjectStore
in unsafe languages and is devising ways of dealing W'tBerforms schema validation on every transaclioie

tested the cost of this by repeating the initial scan trans-

8.2.3 Performance

e total elapsed time for the single-user version of the
enchmark running on ObjectStore/C++ version 4.0 was

1. The lack of first-class functions (methods) in Java limits the
composition to classes that implementEhenable 2. If the database has not been changed by another client since
interface. the last transaction, this test is very fast.




action and found that it took only 14 seconds. Therefor&/hen a compilation unit contains errors, the compiler
17 seconds can be attributed to schema validation, a cdsads the error messages dynamically fropraperties
that PJava need not pay because of the consistent birfide. This file is expected to be found at a special path-
ing between code and data. name relative to another, standard system property
alledjava.home . While this approach provides some
exibility for tailoring the content of the error messages,
Jpr example, for internationalization purposes, it intro-
duces the potential for inconsistency and adds a surpris-
'p_g amount to the compilation time (see 8.3.3). By
inding the properties table with the compiler classes in
the persistent store, we remove the potential for incon-
sistency and avoid the per-compilation overhead of

. ) _loading the table.
Forest was designed from the outset with a persistent

object system as the implementation infrastructure, ang 3 2 Ease of Programming

many of its capabilities simply could not be realized . . .
(efficiently) without it. Indeed, a recent port of a limited Modifying the compiler to load the properties table and

set of its functionality using file-system storage served?Ve It as a persistent object was simple. The code that
to remind us of this fact. already existed to read the table was moved from the

main part of the compiler into a new clabsstall
. that is invoked to perform initialization. This permits the
8.3 Java Compiler error message table to be reloaded at a later date, if

The Java compiler in the Sun JDK was one of the ﬁrsqequ_ir_ed. It should be noted that the compiler could be
medium-sized applications to be written entirely in Javamodified to encapsulate the error messages as code, to
It consists of over 300 classes. The compiler is ordicompletely remove the dependency on an external file.

narily executed once per compilation unit, although itHowever, modification of the messages would then
can compile multiple compilation units in one run. require a custom interface to display and edit the table.

In conclusion the performance difference betweer]f
ObjectStore/C++ and PJagvelearly merits more study. !
However, the results are very encouraging given the pr
totype nature of PJayaand demonstrate that the strong
consistency guarantees of PJava have a clear perf
mance benefit.

8.2.4 Extra Functionality

Loading the classes into the persistent store is also car-
8.3.1 Suitability for PJava ried out at initialization time. To achieve this it suffices
Superficially, a compiler does not appear to be an obvito create a dummy persistent instance oiMilaén class
ous application for PJava. If the source code itself i@nd register it as a persistent root. The PJava rules for
kept in the persistent store, as is the case in Forest (8.Bgrsistence by reachability of classes then force all nec-
then the compiler necessarily becomes a suitable appgssary classes to be made persistent.
cation. However, in its normal mode of reading and
writing a file system, its requirements for orthogonal8.3.3 Performance

persistence appear limited. But delving a little deeperhe time to load the error messages table from a file was
reveals several benefits from the PJava environment. 4 seconds, which effectively reduces to zero in the PJava

In general, every time the Java compiler runs, all of ity/€rsion.

classes are loaded from the file system, although, if theInstall  class operates on an existing, minimal,
there are errors, then the classes that handle code gengiore, then the classes specific to the compiler will be
ation are not loaded. Small variations in the set ofaulted in on demand during a compilation. If the
loaded classes may also occur depending on the natuigstall  class creates a new store, then all the classes
of the source code being compiled. However, on averaggill be stored in the bootstrap region, which will be
most of the classes are loaded. In principle, every time @aded in one step on startup. The rationale for the exist-
class is loaded, it is verified. In practice, classes loadeghce of the bootstrap region is to minimize the faulting
from directories in an application’s classpath are nobyerhead for classes that will be loaded early in an
verified, even though this is a trade-off between perforapplication’s lifetime. Since the compiler contains a
mance and security. In addition, the standard optimizagajrly large number of classes, it serves as a testbed for
tions are performed on the bytecodes every time they atfie effect of this optimization in the PJgwmplementa-
loaded. Evidently it should be possible to exploit the
persistence of classes in PJava to reduce these costs
since the verification and optimization occurs oncel. The standard clagsoperties  is a map fronString
when the class is first loaded. to String  values and has built-in persistence support
through a defined file format.




tion. selves. For example, the ability to encapsulate arbitrary
onfiguration data, for example compiler options, could

We measured the time the compiler took to compile th CT
e arranged through a customization interface.

java.lang classes, one compilation unit at a time, in
four configurations:

1. using the standard JDK 1.0.2. interpreter (java). 8.4 Jeeves

. . . . Jeeves [5] is an HTTP server under development at Sun.
2. using the pjava interpreter in non-store mOdeJeeves is entirely written in Java and provides for exten-
(pjava). sibility throughservlets which may be loaded from any-

3. using the pjava interpreter in store mode without thavhere on the Internet. Servlets, like applets, execute in a
compiler classes in the bootstrap region (pjava-s). controlled environment (sandbox). Unlike applets, serv-

. . . . . lets have no user interface component.
4. using the pjava interpreter in store mode with all

classes in the bootstrap region (pjava-sb). 8.4.1 Suitability for PJava

The compilation time in seconds, running on & SparcSyeeyes s a highly suitable application for PJava. Jeeves
tatiorl] 10, averaged over four runs are as follows:  maintains a considerable amount of state that controls
its behavior in the external file system. Although, cur-
rently, the webmaster is required to edit some configura-
] . . . tion files manually, the intent is to replace this with an
Java pjava pjava-s| pjava-sp applet interface that will allow the server to be config-
ured from any web browser capable of running Java. If
running under PJava, the server configuration data could

be completely encapsulated and made durable in the
We see that the PJava interpreter adds a small overhefa@e of crashes.

:iorrfzeigormegtac'g?jn Sg]czuéz ei?((pi?tfzz'telrr] ?'([)orfea-g?to?f, ttr? $ore interesting is the potential for storing user data in
She persistent store associated with the server rather than

resolved classes that reload them from the class fileaﬁ : .
. . .~ The external file system. It is already common for OODB
However, storing all the classes in the bootstrap region

: : vendors to offer web front-ends to their databases, it
performs worse than this, although still better than non; ~. . : )
) ) . being relatively straightforward to transform simple
store mode. We believe that a possible explanation for, . ; .
o . -Objects into an HTML representation.
this is that there are more classes in the bootstrap region
than are strictly needed by the compiler. Owing to a bughe PJava design includes a proposal for a new URL
in the current version of PJayave are unable to store protocol that provides type-checked access to objects in
just the transitively reachable classes. Instead, if ang persistent store [18]. This protocol could easily be
class is used from a package, we store all the classesrigcast into an HTTP-based servlet URL. However, it
that package. However, it seems unlikely that fixing thiscannot easily be implemented without additional reflec-
bug will cause pjava-sb to perform significantly bettertion facilities such as those proposed for JDK 1.1 [19].

than pjava-s.

Table 1: Compilation time for java.lang

380 392 332 346

Alternatively an applet could be transferred to the client

The time to compile with class verification enabled wagrowser and set up a custom communication mechanism
620 seconds for the standard JDK compiler, thus verifiusing RMI, or some similar mechanism, to access the
cation accounts for an additional 240 seconds. This cogbjects in the associated persistent store.

is incurred once in the PJava version during the initial-

ization phase and so compiling with verification enabled.4.2 Ease of Programming

should be_identical to the figl_Jres in Table 1. Unfortu-at the time of writing we have not modified Jeeves to
nately, owing to another bug in PJgvelated to class store its configuration data in the persistent store. How-

verification, we have been unable to prove this. ever, we expect the modifications to be very similar to
) ) those carried out for the Java compiler properties table,
8.3.4 Extra Functionality since Jeeves also uses property tables.

We did not attempt to add extra fupgt_iqnality to the CoMyyie have experimented with a simple persistent counter
piler, although a number of possibilities suggest themggyjet, which requires only that the counter be regis-
tered as a root and that the store be stabilized on each

1. We used a non-optimized version of the interpreter for comrequest from a client browser, resulting in two extra
patibility with the non-optimized pjava interpreter. lines of code.
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