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Abstract. PJama1 is the latest version of an orthogonally persistent
platform for Java. It depends on a new persistent object store, Sphere,
and provides facilities for class evolution. This evolution technology
supports an arbitrary set of changes to the classes, which may have
arbitrarily large populations of persistent objects. We verify that the
changes are safe. When there are format changes, we also convert all
of the instances, while leaving their identities unchanged. We aspire
to both very large persistent object stores and freedom for developers
to specify arbitrary conversion methods in Java to convey information
from old to new formats.
Evolution operations must be safe and the evolution cost should be
approximately linear in the number of objects that must be reformatted. In order that these conversion methods can be written easily,
we continue to present the pre-evolution state consistently to Java
executions throughout an evolution. At the completion of applying all
of these transformations, we must switch the store state to present only
the post-evolution state, with object identity preserved. We present an
algorithm that meets these requirements for eager, total conversion.
This paper focuses on the mechanisms built into Sphere to support safe,
atomic and scalable evolution. We report our experiences in using this
technology and include a preliminary set of performance measurements.

1

Introduction

An eﬀective schema evolution technology is essential for any persistent platform.
One of the dominant eﬀects of time is change, and in enterprise applications1 ,
this manifests as changes in requirements, changes in understanding of the application, and changes to correct mistakes [38]. In the case of an object-oriented
persistent platform, these changes result in a requirement to change the descriptions of existing objects, both their content and behaviour, to change their instances to conform with the new descriptions, and to introduce new descriptions
that will later generate new objects.
1

Applications that are typically long-lived, complex and large scale, referred to as
“Persistent Application Systems” in [7].
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Zicari explored this issue in the context of O2 [44,10]. Odberg identiﬁed a
classiﬁcation of object-oriented schema evolution techniques [36] and Wegner
and Zdonik have examined the issues of schema edits in OODBs [43,40]. Our
work contrasts with theirs, as for orthogonality and consistency PJama1 stores
the methods in the store [25,26,5], which provides us with the opportunity of
supporting developers by verifying the mutual consistency of the new classes
including the code in methods. As far as we know, commercial (O)RDBMs and
OODBMs that support schema edit, such as GemStone [20], do not attempt such
consistency checking. We describe our approach to schema editing covering:
➊
➋
➌
➍

the way that changes are speciﬁed,
the set of changes supported,
the consistency checking undertaken, and
the set of object population reformattings that may ensue from such a
change.

In previous papers [15,17] we reported our rules for verifying that a set of changes
were consistent and our evaluation of that approach using an algorithm that was
not scalable, as it depended on building the new store state in main memory. The
new contribution of this paper is an algorithm that safely, i.e. after validation
checks and atomically, carries out eager evolution. We believe that it has good
scalability properties. The algorithm depends on particular properties of our new
store technology, Sphere, and is a partial validation of their value.
The challenge that we sought to overcome is presented by the combination
of three factors. The algorithm has to be safe, that is any failure must leave
the store in its original or ﬁnal state. It has to be scalable, which means that
it cannot rely on major data structures or evolved object collections ﬁtting into
main memory. And it has to be complete and general purpose. By this we mean
that it has to accommodate any changes to any population of objects. That
in turn requires that we must be able to run conversion code developed by
application developers during evolution. In order that this code is tractable for
application developers, the initial state of the store must remain stable and
visible throughout the evolution. The new state appears atomically after all of
their code has been executed.
The principal topics of this paper, are the algorithm and the support it
obtains from Sphere and measurements demonstrating scalability. This support
from Sphere includes incremental scanning, atomicity and durability. We provide
a discussion of evolution models and a summary of our previous work (❀2). We
present PJama1 , an orthogonally persistent platform (❀3), followed by an introduction to Sphere (❀4). This is followed by a description of our eager evolution
algorithm (❀5). We present initial performance measurements (❀6) before reviewing related work (❀7) and oﬀering our conclusions (❀8).

2

Categories of Evolution

There are two important contexts in which evolution is required: development
evolution (❀2.1) and deployed evolution (❀2.2).
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Development Evolution

When developers are working on a persistent application they will frequently
want to test it against persistent data. They therefore work on a collection of
data and classes that represents the currently relevant aspects of the eventual
enterprise application. At this time, they usually require up to a few hundred
megabytes of data to achieve representative behaviour and run trials. For example, when testing the geographic application of persistence (GAP, ❀6.3) we use
a few counties of the UK or California, rather than the whole UK or USA data.
It is typical of this phase of use, which may include user trials, that changes
occur very frequently. The developer then needs to change classes and install
them and the consequential changes in the experimental store. As any users
involved are aware that this is a development system, it is acceptable to interrupt the prototype service if one exists. Normally, using the evolution technology
proves much faster than rebuilding the store. However, we have observed developers still rebuilding the store as opposed to using the evolution technology, and
conclude that convenience is crucial to the use of evolution technology in this
context. We are therefore working on making the evolution technology easier to
use e.g. integrating it with build and compilation technology [16].
2.2

Deployed Evolution

Once developers ship a version of an enterprise system we expect it to be in
constant use at a large number of customer sites. These customers, or other
bespoke software vendors, will develop their own software (classes) and populate
their stores with the shipped classes, their own classes and instances of both sets
of classes. Meanwhile, the original developers will have ﬁxed bugs or provided
new facilities, and will need to ship the revised classes to the stores of customers
that want to obtain bug ﬁxes or a new release. This requires a diﬀerent treatment
from development evolution.
➊ Validation and Preparation: As much as possible of the validation and preparation must be completed at the developer’s site, based on conﬁguration
management information recording the exact versions of classes shipped to
each customer.
➋ Deﬁning the Transformations: Some optimised “pre-compiled” form of all
of the transformations of previously shipped classes would be assembled at
the developer’s site. The developer would take responsibility for information
migrating to the new forms, just as an oﬃce-tool or CAD-tool vendor does
today.
➌ Packaging the Change: The results of the previous two steps have to be
packaged into a “self-installing” unit, that can be shipped to a customer site
and activated by the customer.
➍ Installing the Change: Once activated, the change must install against very
large collections of data, without excessive disruption of a customer’s workload. That is, the evolution must operate safely and concurrently with the
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existing workload and the customer must be able to meet an urgent requirement by limiting evolution’s resource consumption, interrupting or terminating the evolution if necessary.
As far as we know, it is not yet possible to perform validated, safe and nondisruptive, deployed evolution in any system. It would, of course, need to be
incremental, to limit disruption, and in most cases would need to be partial,
so that some code can continue to work with earlier versions. This paper is
concerned only with development evolution, which we believe can usefully be
eager and total, provided that it is scalable and safe.
2.3

Development Evolution Requirements

The goals for development evolution technology have been described [15,17].
Here we present a summary.
➊ Durability: A primary aspect of safety is that evolution should never leave a
persistent object store (POS) in an inconsistent state. That is, any failure
must either leave the POS unchanged or an evolution must complete i.e.
evolution should be treated as atomic. Either of these may utilise recovery
on restart.
➋ Validity: Best eﬀorts must be made to detect developers’ mistakes as early
as possible, in order that preventable errors are not propagated into the
POS. In particular, the classes in a PJama1 store after an evolution must be
completely source compatible [21], and all instances must conform to their
class’s deﬁnition.
➌ Scalability: Any evolution step should be completed in a reasonable time,
and with reasonable space requirements, taking into account the nature of
the changes requested. For example, the resources used should, at worst, be
approximately proportional to the volume of data that must be updated in
the POS.
➍ Generality: Whatever change developers discover they need, they should be
able to achieve it. This includes any transfer of information between the preevolution and post-evolution state that they require, even if its representation
is fundamentally diﬀerent.
➎ Convenience: Developers should be able to achieve evolution of a POS using
tools and procedures that are as close as possible to their normal methods
of working. The amount of additional concepts that they have to understand and the number of additional steps they have to take, should both be
minimal.
Durability (➊) is achieved using logging (❀4); but excessive logging has to be
avoided as it would impact scalability (➌). Generality (➍) and convenience (➎)
are achieved by allowing developers to present new or redeﬁned classes that have
been obtained in any way they wish, either as source Java or classes in bytecode
form, e.g. obtained from a third party. They can also explicitly change the class
hierarchy.
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General transport of information from the pre-evolution to post-evolution
state is supported by allowing developers to write conversion methods in Java.
This requirement to execute arbitrary, developer-supplied code during evolution
imposes three technical requirements on our implementation:
– A Java Virtual Machine (JVM) [28] must be available to execute this code
(at present we use PJama1 , ❀3). It must support all of the normal PJama1
semantics — particularly, the creation of new objects that then become
persistent because they are reachable in the post-evolution state.
– Failures, e.g. uncaught exceptions, in this code must result in the whole
evolution step being rolled back (requirement ➊).
– This code must have understandable semantics. We choose to guarantee
that the pre-evolution data state remains visible and unchanged throughout
the evolution transaction, so that algorithms that scan data structures do
not encounter partially transformed data. We also allow access to the postevolution state, selected via a class naming scheme.
2.4

Lessons from Version 1

The previously-reported work [15,17] emphasised the opportunity and need to
verify an evolution before applying it. In order that developers can use their
usual tools, we allow them to edit and recompile classes (or replace classﬁles) in
the usual way. The change involved in an evolution step is then deﬁned by the
diﬀerence between these new class deﬁnitions and the old deﬁnitions2 .
For any case where the default transformation between the old and new
instance format is not satisfactory, a developer can provide a conversion method
written in Java. During evolution, for each instance of the speciﬁed class in the
old state, this method is called and supplied with that instance in its original
state, and the new instance after default transformation3 . While these methods
are executing, they may traverse structures reachable from the old version of the
instance and they may build arbitrary new structures reachable from the new
version of the instance.
Before proceeding with any changes to the store, a veriﬁcation step analyses
all of these classes and methods (and explicit changes) to make certain that
they are compatible. For example, it checks that there aren’t still methods in
the new deﬁnitions (or in the classes that are unchanged) that potentially use
a discontinued member of a class. Only when it is clear that no predictable
inconsistencies will be created between classes or between classes and data in
the store, do we proceed with evolution. All of these changes we retain and
reinforce.
The previous and current algorithm, identify the subset of changed classes
whose instances need to be visited, and then they perform a scan of the store,
2
3

In addition, the developer can specify explict class removals, class insertions and
class renaming.
There are actually variants, for example to allow the developer’s method to choose
which subclass to construct.
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visiting those instances and supplying them to conversion methods if necessary.
The previous algorithm simply faulted each old object into main memory, allocated a new object and performed the transformation. It kept all of the new
objects in main-memory until the scan was complete, and then committed them
to the store in a single checkpoint, ﬁxing any references that were once to the old
versions to refer to the new versions. This had two non-scalable features. The
whole of the set of new versions and their dependent structures, and the ﬁx-up
table had to ﬁt in main memory. The whole of the set of old versions and the
whole of the set of new versions and the dependent structures of both sets had
to ﬁt in the persistent object store simultaneously.

3

Aspects of PJama1

A full description, rationale and review of PJama is available [5], which also summarises progress since the original proposal [6,3]4 . Here we select a few aspects
of the latest version, PJama1 .
PJama is an attempt to deliver the beneﬁts of orthogonal persistence [7] to
the Java programming language [21]. It attempts to capitalise on the established
experience of persistence [9] and on the popularity and commercial support for
Java.
PJama1 ’s aims to provide: orthogonality, persistence independence, durability, scalability, class evolution, platform migration, endurance, openness, transactions and performance. Evolution inherits requirements from these general requirements, in particular: orthogonality, persistence independence and openness
lead to generality (➍) and validity (➋). Durability, scalability and performance
are directly inherited.
PJama1 was constructed by combining the Sunlabs Virtual Machine for Research (previously known as ExactVM or EVM) [41] with Sphere. This architecture is illustrated in ﬁgure 1 and further described in [30,27]. Much of the
evolution code is written in Java and uses reﬂection facilities over the POS.

4

Sphere’s Support for Evolution

Sphere is deﬁnitively described in [37]. We refer to the application that is using
Sphere as the mutator, which may be some C or C++ application, or an application in some other language and its virtual machine. The latter is the case when
we consider PJama1 . The code, written in Java, that organises evolution, is an
example of a mutator, from Sphere’s point of view.
4.1

Overview of Sphere’s Organisation

Sphere permits an object to be any sequence of ﬁelds, where a ﬁeld can be a
scalar of 1, 2, 4 or 8 bytes or a pointer of 4 bytes5 .
4
5

An intermediate review appeared as [25,4]
Sphere can be recompiled for 64-bit pointers, but cannot operate with a mixture of
address sizes.
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Fig. 1. PJama1 Architecture — Sphere supports PJama

Objects are grouped into partitions. Each partition contains a data structure,
called the indirectory entry, for each object that it holds. This provides one level
of indirection to each object. The indirectory entries in a partition are grouped
in a table called the indirectory.
Each partition is managed by a regime. This regime determines how space is
administered. Objects are allocated in partitions that are appropriate for their
size, number of pointers, etc.
Each object is identiﬁed by a unique persistent identiﬁer (PID). A PID consists of a pair LP#, IEI# where LP# is a logical partition identiﬁer and IEI# is
an indirectory entry index used to address the entry in the indirectory.
When necessary, an object holds a reference to a descriptor. Descriptors are
auxiliary objects that describe the layout (e.g. location of reference ﬁelds) of
objects of the same type (i.e. in the case of PJama, instances of the same class).
A descriptor is lazily replicated in each partition that contains objects that
need to be described by it and is then shared by these objects. A descriptor is
eliminated automatically from a partition when the garbage collector removes
the last object that it describes. Hence the presence of a descriptor implies
instances in this partition and its absence implies that there are none of its
instances here. A descriptor index in each partition supports a rapid test for the
presence of a particular descriptor.
Partitions are introduced to permit incremental store management algorithms, such as evolution and disk garbage collection. The partition’s regime
selects particular versions of their increments to apply. A mapping between
physical and logical partitions is used to permit simple atomic transitions, as
in Challis’ algorithm [11,12] or in shadow paging [1,13,35].
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Recovery Mechanisms

The recovery mechanism is based on the ARIES write-ahead logging algorithms
[33,32,31] so that we can exploit logical logging and other techniques for using
relatively small amounts of data to support durability [22].
4.3

Sphere’s Support for Evolution

The technology to support evolution is described in [23] and can be summarised
as follows.
– The use of a partition and regime structure to selectively scan the store
linearly and incrementally.
– The use of the descriptor invariant to rapidly discover whether any instances
of a class exist within a partition and hence to rapidly identify the extent of
the classes to be transformed, without having to maintain exact class extents
during other computations, which are presumed to dominate processing.
– The use of the disk garbage collector’s algorithms to manage identity and
copying.
– The use of the logical to physical partition number mapping to achieve
durable atomic transitions without excessive log traﬃc.
– The use of hidden limbo versions of objects (❀5) to
• avoid log traﬃc,
• avoid PID allocation,
• hold the old and new state simultaneously at a cost proportional to the
actual changes, and
• to reveal the new state atomically at the conclusion of evolution.

5

An Eager Evolution Algorithm

We will use the following terminology. We refer to objects that are undergoing
evolution as evolving objects. During the execution of the conversion methods and
for some period thereafter, these objects exist simultaneously in their old form,
old object, and in their new form, new object. During part of this co-existance,
they are both referred to by the same PID, to avoid the costs of allocating
additional PIDs, and in the post-evolution state the new object has the identity
previously owned by the old object, which has now disappeared. While they
share the same PID, the hidden new state is referred to as a limbo object.
The main steps in an evolution are the following (see [23]).
➊ Specify the Set of Class Changes and Instance Transformations: Developers
generate, or obtain in the case of third-party code, a set of revised classes
and ask the evolution tool to install them in a speciﬁed store. They must
also deﬁne methods to take information from old instances of a class to new
instances of that class, or some related class, whenever the default transformations will not suﬃce.
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➋ Analyse and Validate the Set of Changes: The PJama1 build tool, which includes a specialised version of the standard Java source compiler6 is used to
verify the consistency of the new set of classes. We deﬁne consistency as follows: the classes should be mutually source compatible [21]. This means that
it must be possible to compile their source ﬁles together without problems.
The tool maintains records of the classes used with and contained in the
store, and compares those with the classes presented and reachable through
the current CLASSPATH. It then selectively recompiles those classes for which
the source has changed. If a class does not have source code (e.g. it belongs to
a third-party library), this should be explicitly conﬁrmed by the developer.
After recompilation, the build tool compares the resulting classes with their
original versions saved in the store. If a class has changed in a potentially
incompatible way (e.g. a public method has been deleted), the tool forces
recompilation of all of the classes that might be aﬀected by this change.
In the above case that would be all of the classes whose old versions called
the deleted method, and which haven’t yet been recompiled. If recompilation
fails, the whole evolution is aborted. Therefore an inconsistent set of changes
can never be propagated into the store.
Changes to the class hierarchy are performed implicitly, by changing the
extends phrase of the classes deﬁnition. However, if the developer wishes to
delete a class, say D, completely, they have to explicitly specify this operation.
An outcome of this analysis will be a set of class replacements, R, of the
form C → C’, a set of new classes, N , a set of classes to be deleted, D, and a
set of transformations, T , (developer-supplied or default). For each member
of R modiﬁed such that the format of its instances is changed, there must
be a corresponding member of T or there must be no instances of the class
currently in the store. This latter property is veriﬁed immediately, since
Sphere performs that check very quickly. Similarly, for each class in D, there
must either be no instances of that class in the store, or a method must be
speciﬁed in T to migrate all of its “orphan” instances to other classes.
We enter the next phase with a set, CV, which is all of the classes whose
instances must be visited during store traversal. These are the classes for
which there exists a default or developer-deﬁned transformation in T . If CV
is empty, skip steps ➌, ➍ and ➎.
➌ Prepare for Evolution: Carry out the marking phase of Sphere’s oﬀ-line cyclic
garbage collector for the whole store (SGGC, see [37]). This ensures that
all of the garbage objects are marked so that they will not participate in
evolution and hence be resuscitated by being made reachable.
➍ Perform all of the Instance Substitutions: Traverse the store, one populated
partition, p, at a time, visiting only partitions with relevant regimes, e.g.
partitions containing only scalar arrays need not be visited. For each class, C,
in CV lookup C in p’s descriptor table. If no descriptors are found, skip to the
next partition. Conversely, if a descriptor for any C is found, scan the objects
6

Specialised to enable it to deal with old and new deﬁnitions of classes simultaneously
in conversion methods, and to access class information kept in the store.
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in p. For each non-garbage object that has a descriptor that refers to a class
in CV, create a new instance in the format C’ in a new partition, record the
old-PID, new-PID pair7 , move data into the new object using the default
transformation, and then apply any developer-supplied transformation.
When all of the evolving objects in p have been converted, the old and
new worlds are co-located into one new partition using a slightly customised
partition garbage collector. In the resulting partition, the old form of each
instance is directly referenced by its PID but the limbo form lies in the
following bytes, no longer directly referenced by a PID8 . The change in
logical to physical mapping is recorded in the log, as is the allocation and
de-allocation of partitions, as usual for a garbage collection. If phase ➎ does
not occur, e.g. due to a crash, the limbo objects are reclaimed by the next
garbage collection. Hence the reachable store currently hasn’t changed, it
has only expanded to hold unreachable limbo objects and new instances
reachable only from them.
➎ Switch from Old World to New World: At the end of the previous phase all
of the new format data and classes are in the store but unreachable. Up to
this point recovery from failure, e.g. due to an unhandled Exception thrown
by a developer-supplied transformation, would have rolled back the store to
its original state. We now switch to a state where recovery will roll forward
to complete the evolution, as, once we have started exposing the new-world
we must expose all of it and hide the replaced parts of the old-world.
A small internal data set is written to the log, so that in the event of system or
application failure, there is enough information to roll forward, thus completing evolution. This set essentially records all partitions that contain limbo
objects. Each partition in this set is visited and all evolving object/limbo object pairs are swapped i.e. the evolving object is made limbo and the evolved
limbo object is made live. The now limbo old objects can then be reclaimed
at the next partition garbage collection.
Once this scan has completed, the new world has been merged with the
unchanged parts of the old world.
➏ Complete the Manipulation of Persistent Classes: The classes that have fallen
into disuse are removed.
➐ Commit Evolution: Release the locks taken to inhibit other use of this store
and write an end-of-evolution record in the log.
The evolution technology is complex, but all aspects of it are necessary. For example, the new versions of instances have to be allocated away from the instances
7
8

To permit references to new objects to be ﬁxed up to the corresponding old-object’s
PID.
This has the advantage that no extra PIDs are needed in the new partition and that
extra space is only needed for the normally small proportion of instances that have
evolved in each partition. There is a slight problem as developer-supplied transformation code may try to revisit these limbo new objects while transforming some
other instance, e.g. to form a forward chain. A solution to this, which complicates
the Sphere interface, is being considered.
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they replace so that they can both be referenced in the developer-supplied Java
transformation code. They then have to be moved, so that only two extra partitions are needed to complete the evolution, and no extra PIDs are needed in
fully populated partitions. The garbage collector expands or contracts partitions
as appropriate, when it allocates the destination partition, but it cannot expand
a full indirectory. Use of limbo objects to arrange that both old and new objects
and their dependent data structures can co-exist in the store avoids writing images of evolving objects to the log. A prepass of the cyclic garbage collection
mark phase ➌ is necessary attempts are made to evolve unreachable instances.
Occasionally these caused the developer’s conversion methods to fail because
they contained obsolete data. A beneﬁcial side-eﬀect is that evolution also performs a complete disk garbage collection and the recovered space is available to
use during the process.

6

Initial Measurements

We have measured the time that it takes for our system to evolve a store with a
certain number of evolving objects. The number of factors on which this depends
is large, so we concentrated on the following issues:
– Verify that the time grows linearly with the number of evolving objects.
– Explore the impact of non-evolving objects in the store on the performance,
particularly when their number is much greater than that of those evolving.
– Explore how the complexity of the objects and of the conversion code aﬀects
the evolution time.
– Validate synthetic tests with some real-life applications.
6.1

Benchmark Organisation

Our benchmark consisted of three synthetic tests, which are summarised in the
following table:
Test No. Description Objects Change
1
Simple class
simple simple
2
001 benchmark complex simple
3
001 benchmark complex complex
In all three tests we varied the number of evolving objects (denoted n) in the
store between 20,000 and 200,000. The second varying parameter was the number
of non-evolving objects per evolving object, denoted by g for Gap. This varied
between 0 (all of the objects in the store are evolving) and 9 (9 non-evolving
objects per one evolving object). The objects were physically placed in the store
such that evolving and non-evolving objects were interleaved. This is illustrated
in ﬁgure 2. From the evolution point of view, this is the worst possible store
layout, since we have to scan and evolve all of the partitions.
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Fig. 2. Test store layout example

All of the tests were run with a constant Java heap size of 24MB (that is the
default size for PJama1 ), which, in the worst case, is an order of magnitude less
than the space occupied by all the evolving objects. The sphere disk-cache size
was set to the default value of 8MB.
In test 1 the old and the new versions of the evolving class were deﬁned as
follows:
// Old version
public class C {
int i, j;
...
}

// New version
public class C {
int i, j;
int k;
...
}

Default conversion (a simple method used by PJama if no custom conversion
code is supplied) was applied to instances of C. According to the rules of default
conversion, the values of ﬁelds i and j were automatically copied between the
old and the new object, and the k ﬁeld was initialized to 0.
Tests 2 and 3 were performed over stores populated with instances of the
class from the adapted version of 001 benchmark, which we have taken from
Chapter 19 of [42]. The initial Java version of this class looks as follows:
import java.util.LinkedList;
public class Part {
int id;
String type;
int x,y;
long build;
LinkedList to;
LinkedList from;
}

// Methods to set/get fields, etc.
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As deﬁned in the 001 benchmark, an object of class Part contains a unique
id and exactly three connections to other randomly selected parts. Instances
referenced from the given Part instance p are stored in the p’s to list. In turn,
all instances that reference p in their to lists are stored in the p’s from list,
allowing a reverse traversal. The values of other ﬁelds are selected randomly
from a given range.
In test 2 the only change in the new version of class Part was a diﬀerent type
of its id ﬁeld — it was changed to long. Java types int and long are logically,
but not physically compatible. This means that the values of the former type
can be safely assigned to the ﬁelds of the latter, but the size of ﬁelds of these
types are diﬀerent (32 bits and 64 bits respectively). So object conversion is
required in this case, but default conversion is enough to handle information
transfer correctly.
In test 3 a more complex change was applied: the type of to and from ﬁelds
was changed to java.util.Vector. The objects contained in the list can’t be
copied into another data structure automatically, so the following conversion
class was written:
import java.util.LinkedList;
import java.util.Vector;
public class ConvertPart {
public static void convertInstance(
Part$$_old_ver_ partOld,
Part partNew) {
int toSize = partOld.to.size();
partNew.to = new Vector(toSize);
for (int i = 0; i < toSize; i++)
partNew.to.add(partOld.to.get(i));

}

}

int fromSize = partOld.from.size();
partNew.from = new Vector(fromSize);
for (int i = 0; i < fromSize; i++)
partNew.from.add(partOld.from.get(i));

As a result of conversion, for each Part instance two new objects are created,
and six objects are discarded.
In each test run we were invoking our standard build tool that analyses and
recompiles classes and then initiates instance conversion. It was only the instance
conversion phase which we measured. In each test we measured the Total Time,
deﬁned as the time elapsed between the start and the end of conversion. We
also measured the Sphere Time, deﬁned as the time spent within the Sphere
calls corresponding to step ➍, part 2 and step ➎ of the evolution algorithm. The
diﬀerence between these two times was called the Mutator Time.
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Every test run with the same values of n and g parameters was repeated ten
times, and the average time value was calculated after discarding the worst case.
All experiments were run on a lightly-loaded Sun Enterprise 450 server with
four9 300MHz UltraSPARC-II CPUs [39], an UltraSCSI disk controller, and
2GB of main memory. The machine runs the Sun Solaris 7 operating system.
The Sphere conﬁguration included a single 1GB segment and a 150MB log. The
store segment and the log resided on the same physical disk10 (9.1GB Fujitsu
MAB3091, 7,200rpm [29]).
6.2

The Experimental Results

In tests 1 and 2 we observe completely uniform behaviour, characterised by
almost perfectly linear growth of the evolution time with both n and g. In test 1
the minimum and maximum total time values were 1.25 and 57.38 sec, whereas
in test 2 they were 2.42 and 75.10 sec, respectively.
These ﬁgures show the total time taken during the evolution phase, with a
further breakdown indicated at the extremes of both axes. Figure 4 shows the
breakdown in more detail for a ﬁxed g = 0, varying n. Figure 5 shows the same
breakdown, this time for a ﬁxed n = 200, 000, varying g.
Graphs for all experiments at each value of n and g were generated, yielding
the same typical set of results, namely that as the number of evolving objects
increases, more of the total time is spent within the Sphere kernel, than within
the Mutator.
Linear growth of the time with n means that the scalability requirement for
evolution technology is satisﬁed at this scale. Despite the ﬁxed Java heap size,
the time grows proportionally with the number of evolving objects.
The growth of evolution time proportionally with the object gap (this parameter can also be interpreted as the total number of objects in the store),
illustrates a trade-oﬀ we have made. When a partition is evolved, all of the
objects contained in it are transferred into a new partition, thus a comparable amount of time is spent handling both evolving and non-evolving objects.
The alternatives are to explicitly maintain exact extents or to segregate classes.
Either would impact normal executions, we believe signiﬁcantly11 .
On the other hand, the current implementation’s results are quite acceptable:
the time it takes to convert a store in which only 1/10th of objects are actually
evolving is only about 4 times greater than the time it takes to evolve the store
containing only evolving objects. We also performed experiments with the stores
where evolving and non-evolving objects were laid out in the store in two solid
9
10
11

The evolution code makes very little use of multi-threading.
A pessimal arrangement to accentuate eﬀects due to log writes.
With an explicit extent, every object creation has to perform an insert and additional
space is required. Such extents increase the complexity of garbage collection, which
has to remove entries. Our regime scheme already provides as much segregation as the
mutator chooses. We currently segregate into four regimes: large scalar arrays, large
reference arrays, large instances and small instances. As segregation is increased,
clustering matching access patterns is reduced.
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Fig. 6. Test 2 results

blocks, i.e. optimally clustered. On average, the slowdown for the store with
g = 9 compared to the store with g = 0 was only about 5%.
In test 3 (ﬁgure 7) we observe the same linear behaviour of Sphere however
the total time demonstrates a strange “quirk” in the part of the graph, where the
number of objects is the greatest and they are packed densely. The cross-section
of this graph at the constant value of n = 200, 000 is presented in ﬁgure 8. The
behaviour is clearly caused by some pathology in the upper software layer, i.e.
JVM and Object Cache. At present we are investigating this problem.
To verify the linearity of our system’s behaviour for much larger number
of objects, we have performed the same evolution as in test 1, but with ﬁxed
g = 5 and with the number of objects varying between 100,000 and 2,000,000.
The results are presented in ﬁgure 9. At the highest point in the graph, the
store contains approximately 12,000,000 objects of which 2,000,000 interleaved
objects are evolved.
In all of our tests we measured the amount of log traﬃc generated as part
of evolution. Building limbo evolved objects generates no additional log traﬃc,
as this step is performed as part of disk garbage collection, which itself has
been optimised for very low log traﬃc (see [23,37]). Evolution only requires the
generation of a log record for every evolving object at commit time i.e. when
swapping the state of limbo objects to make them live (step ➎). Each log record
is of a ﬁxed size of 64 bytes (of which 40 bytes are system overhead), regardless
of object size. In real terms 200,000 evolving objects generates approximately
16MB of log traﬃc12 .
12

We anticipate that a further reduction in log traﬃc is possible by optimising the
log records associated with swapping the limbo states. We believe we can cache
the information, generating log records which represent a vector of swapped states,
rather than the current one-per-object.
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We observed the time per evolving object. For each test we have calculated
average total and average Sphere time per object (in test 3 not taking into account the pathologically behaving part of the graph). The results are summarised
in the following table:
Test
Test 1 Test 2 Test 3
Object size (words)
2–3 7–8 7–7
Average total time per object (ms) 0.174 0.182 0.624
Average Sphere time per object (ms) 0.102 0.130 0.143
Comparing the time for test 1 and test 2, we observe relatively small change
of time (30% for Sphere and almost 0% for total time), whereas the object size
has grown about three times. We can conclude that at least for small objects
and simple conversions the number of evolving objects matters much more than
their size. Consequently, eﬀects such as signiﬁcant diﬀerence in conversion time
for same size stores are possible. However, this might be diﬀerent for larger
objects. We plan to measure this in the near future.
6.3

A Real-Life Application

To validate these synthetic tests with a real-life application, we performed several
experiments with GAP (Geographical Application of Persistence), an application
which is being developed at the University of Glasgow by a succession of student
projects. User map edits and and cartographic generalisation were added this
year [24]. GAP is a relatively large system consisting of more than 100 classes, of
which about 25 are persistent. The size of the main persistent store containing the
map of the UK as poly-lines composed into geographic features, is nearly 700MB.
So far the application’s facilities focus mainly on displaying maps at various
scales (with user-controlled presentation) and ﬁnding requested objects. In our
evolution experiments we were changing persistent instances of “geographical
line” class, subclasses of which represent such geographic features as roads and
rivers. The form of vector data storage for such a feature can be in two forms
shown on ﬁgure 10.

GeogrLine

int x[]

GeogrLine

GeogrPoint[]

int y[]
GeogrPoint x

y

Fig. 10. Representations of Geographical Lines
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During GAP development, both of these representations were tried, so we decided that conversion between them is a good example of a “real-world” schema
change. We converted successfully about 900,000 line objects (complete UK data
store), which took about 30 minutes. We also performed several experiments with
smaller numbers of objects and observed practically linear time growth.

7

Related Work

To our surprise, we have managed to ﬁnd very few works that deal with scalability and recoverability of evolution and its performance. There is one work
where the O2 system is benchmarked, which was published in 1994 [19]. Its
extended variant was then included into [42]. In that work the authors concentrate on measuring and comparing the performance of immediate and deferred
updates to variable size object databases. Since in PJama1 we have currently
implemented only immediate (eager) conversion facilities, this work is of no direct relevance to us. It is also not clear, whether the requirements of scalability
and safety were considered in O2 . Furthermore, it is hard to compare the performance results, since in this work the authors didn’t specify the changes they
were making, and the hardware they used would be considered almost obsolete
these days.
The RD45 project at CERN has focussed on the problems of providing persistent storage for vast quantities of data generated in physical experiments since
1995. At present the main system selected for use in this project is Objectivity/DB. Its evolution facilities are quite sophisticated. For example, it supports
three kinds of object conversion: eager (immediate in their terminology), lazy
(deferred) and what is called on-demand, which is eager conversion applied at
the convenient time to the selected parts of the database. It also supports both
default conversion and programmer-deﬁned functions. A CERN internal report
[18] contains some performance measurements for evolutionary object conversion
with this system. Unfortunately, they mainly cover lazy conversion performance.
And again, the hardware conﬁguration used in the experiments (90MHz Pentium
PC with 64MB memory and 1GB hard disk), does not allow us to compare absolute performance values. They also showed that the time was linear in the
number of objects evolving, and not particularly sensitive to object size.
As for the scalability and recoverability requirements, it looks as if Objectivity/DB satisﬁes the latter but does not satisfy the former, at least when eager
conversion is used. According to the report, during evolution this system gradually loads all the evolving objects into RAM and keeps them there until the end
of the transaction.

8

Conclusions

In this paper we have identiﬁed the need for scheme evolution in persistent object systems and discriminated between two categories of evolution. We focus on
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providing development evolution using an eager algorithm that exploits the potential for incremental algorithms which we designed into Sphere. This algorithm
makes only moderate demands on the logging system, yet provides tolerance to
crashes and a separation of co-existing before and after states. It utilises algorithms already developed for disk garbage collection and allows application
developers to supply methods written in Java to migrate information from the
old instances to their new versions. It is incremental, proceeding a partition
at a time, and only needs two additional partitions, plus space for completely
new data structures made reachable by the developers’ conversion code. Yet the
transition from the old to new state is atomic. Although illustrated for classes
deﬁned in Java, it is general purpose and could be used for any other collection
of persistent classes and their instances.
The steps in the algorithm are:
➊ Identify the changes as the diﬀerence between old and new class deﬁnitions.
➋ Verify that the changes are complete, mutually consistent and will leave the
store in a consistent state.
➌ Prepare the store by carrying out the marking phase of a cycle-collecting
disk garbage collector.
➍ Scan the store, one partition at a time, calling conversion code for reformatted instances. Create new versions and their newly-reachable data structures
in a new partition.
➎ Merge new and old versions of instances in a partition, using a modiﬁed
garbage collector. Repeat from ➍ until all partitions that may contain instances have been processed.
➏ Fix up pointers in new objects to new versions of evolving objects.
➐ Atomically ﬂip from exposing the old versions to exposing the new versions.
We have developed this algorithm to be scalable after experience with versions
that we have reported previously [15,17], which required the complete evolved
state to be resident in main memory. Proceeding one partition at a time limits
the total space requirement, but still delivers linear performance and an atomic
switch from the pre-evolution to post-evolution state. Our initial measurements,
reported in this paper, indicate that we have met the target of linear performance
with modest space and log requirements.
Further analysis, particularly with real work-loads, will be needed to conﬁrm
this. We have uncovered one anomaly which occurs when conversion methods
try to revisit new objects that were created by earlier conversion method calls
in a diﬀerent partition. This requires a solution.
We are aware of several factors that will accelerate these algorithms, particularly the use of larger transfer units [37] and compression of the few log records
that we write.
A feature of the evolution algorithms that we are developing is that they carry
out extensive checks before proceeding as a “best eﬀort” at catching developers’
mistakes and inconsistencies, rather than letting them become persistent structural defects in a persistent object store. This line of development is also closely
integrated with our work on making evolution more convenient by integrating
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it with the build and compilation processes. Whilst we have mentioned it here,
that work is still under development, and we expect to report it in a future
paper.
We have noted that established software requires incremental background
evolution, deployed evolution rather than the eager interruption of normal operations inherent in the work reported in this paper. We plan to investigate lazy
and class versioning algorithms that meet such deployed evolution in our future
work.
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