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ABSTRACT

Persistenbbjectsin an objectdatabaseeedto be adaptedgeither
by physicalconversionor wrapping,whenthe schemads changed
to fix bugsor meetnew requirementsObject databaseschema
evolutionintroducesa numberof concernsnto the system,such
as adaptationrules, the choice betweenconversionor wrapping,
andbackwardcompatibility. Our researctaimsto allow strategies
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— or by physically converting the object into an
instanceof the new class[8], which entailsdynamic
reclassification.

2. It maybe necessaryor old applicationsto continueto access
the databasasif it still conformedto an older schema- that
is, backward compatibility may be required.

for addressing such concerns to be dynamically replaced or alteredf the schemaevolution supportin a particularOODBMS is not

for an existing, running databaseAn early prototype evolution

framework has been developedas an interpreterfor a custom
object-orientedanguagewritten in AspectJ.This position paper
discussesomeareaswhere aspectshave beenusedto separate
concernsandsuggest®therconcerngn the frameworkwhich are

likely to benefitfrom an aspect-oriente@pproach.The concerns
discussed include: selective lazy evaluation, contracts,
metacrosscuttinggndthe maintenancef customversion-specific
extents.

1. INTRODUCTION

This paperdiscusseshe useof aspect-orientegrogrammingn a

prototype framework for schemaevolution in object-oriented
databasesSincethe frameworkneedsto be highly configurable,
for reasonsoutlined below, and since some of the concerns
involved are crosscutting, this problem domain is a clear

candidatefor the useof AOP. The frameworkhasbeenpartially

implementedin AspectJ1.0.3. This paper first introducesthe

problemsof schemeaevolutionin objectdatabaseghendiscusses
aspects currently implemented in our schema evolution

framework, and finally concludeswith an examinationof some
otherconcernghatwill beinvestigatedascandidategor AOP as

the implementation progresses.

2. BACKGROUND

Just as with relational databasesthe schemafor an existing,
populated object databaseis subject to modification to fix
mistakesor meet new requirements.Two key issuescan be
identified in schema evolution:

1. Existing objectsneedto be adaptedn someway to conform
to the new schemaso that they havethe expectedfields and
methods. This can either be performed:

— by the useof transparent view wrappers, which act
asif they wereinstancesf the correspondinglass
from the new schema;

1 This work is supportedby UK Engineeringand Physical
Sciences Research Council Grant GR/R08612.

flexible enoughfor a desiredchange the developeris forcedto

performa complete“dump and reload”. This entailscopying all

the data in the databaseto an intermediate location, then
recreatingthe databasevith the new schemaandfinally copying
all the databackinto the newdatabasemakingany structuraland
data modifications as necessaryThis is a time-consumingand
ad-hoc processfor the developer,and could be very wastefulin

termsof time anddisk space-renderingit unacceptabléor some
systems.

However,evenif the schemaevolutionfacilities of the OODBMS
allow the schemato modified in the desiredmanner,they may
require the databaseto be taken offline while a full database
conversionto the new schematakes place. Alterna-tively, they
may allow the systemto stay running, but not allow the new
schemao be useduntil a completebackgroundconversionof the
databasénastakenplace.On the otherhand,if objectsarelazily
converted, this could impose an undesirable performance
degradatioron large databas@perationsThus, it is arguablethat
for somedecisionsaboutschemaevolutionapproaches- suchas
the decision as to whetherto use immediate conversion,lazy
conversion,a hybrid approach,or simulating conversionwith
views — no single approachservesthe require-mentsof all
database applications in a satisfactory manner.

Anotherexampleof sucha decisionis whetherto store multiple
versionsof a scheman the database- andif so, whetherto store
only the differences between schema versions (at some
granularity) or whether to store each schema version in full.

Moreover, the most suitable evolution approachego use for a
given application may themselves change, as and when the
application scales up or has to deal with new requirements [10].

Our researctthereforeinvolves constructinga schemaevolution
frameworkfor object-orientedlatabaseswvhich is flexible enough
to allow, not only differentapproacheso schemaevolutionto be
configured,but alsothe approachesn useto be changedfor an
existingdatabas¢in somecasesat runtime).In orderto makethe
framework easier to understand,configure, and extend, it is
desirableto separateout these implementationdecisionsfrom
eachother and from the main bodiesof the OODBMS and the
runtime environment.This work is groundedin our earlierwork



on building customisablevolutionapproachefor object-oriented
databases using AOP techniques [10] [11] [12].

Becauseour framework requiresa versionedtype systemat the
applicationprogramminglevel for evolution purposesand since
such a type systemis not available in mature object-oriented
languagesuchasJava, we choseto implementa new language.
This has the benefit of greater flexibility for implementing
featuressuchasversionconversion.The new languageis called
Vejal and- althoughit is XML-basedfor convenienceeasons-
borrows significantly from Java, AspectJ and Eiffel [7].

typically clonedupon being readfrom disk. Again, it should
not be necessaryo readin and performa deepclone of an
entire Vejal object graph in order to access just one object.

Design patternsfor selectivelazy evaluationin imperative OO
languagesalready exist (e.g. [9] and Virtual Proxy in [5]).
However, in our evolution framework we have employed an
aspect-oriented approach which we call encapsulated
reassignment [3]. A sufficiently broad wildcarded pointcut
designatoris usedto track, at runtime, all fields that the proxy
object (also known as a thunk) is assignedo, as shownin this

Applications — and application-specific aspects to convert betweenexample:

different versions of schemas— are written in Vejal. The
frameworkitself, including genericschemaevolutionstrategiesis
currently implementedas a Vejal interpreter,written in AspectJ
(considered here to be a superset of the Java language).

3. SELECTIVE LAZY EVALUATION

Lazy evaluationis a techniquefrom functional programming,in
which expressionsare only evaluatedwhen their values are
required,and compoundvalues such as lists may be evaluated
graduallyasneededIn a “pure” functionallanguage(i.e. a fully
referentially-transparentianguage) such as Haskell [4], the
interpreteror compiler can transparentlyuse lazy evaluationfor
any expression. However, in an imperative, object-oriented
languagesuch as Java, it would clearly be unsafe to lazily
evaluate arbitrary expressions,since expressionscould have
undesired side effects if executed out-of-order.

Selective lazy evaluation may be defined as the process of
deferring the evaluation of a particular programmer-specified
expressionuntil its value is needed.In our currentframework,
such a deferral is necessary or useful for two key purposes:

i) Kind resolution: Vejal typesand classegcollectively known
as kinds) are by default storedpersistentlyin an unresolved
form, which means that:

— kind references within them are unversioned, and

— parameterisedinds are storedas templates, rather
than reducedto a collection of unparameterised
kinds by parameter substitution.

However, for performancereasonsijt is essentialto resolve
every kind at or beforethe time that it is first usedby the

interpreter— otherwisethe kind would haveto be re-resolved
everytime it was used,which would be disastrousn loops.
Moreover,ratherthanreadingin andresolvingan entirekind

graphat once, it is more efficient to only resolvekinds on

demand- similarly to theway in which Javavirtual machines
typically only load classesas needed.This is a lessobvious
form of lazy evaluation,which can bring significant benefits
in termsof fasterrestarttimesfor systemsn developmenbr

systems being upgraded.

EachVejal databas@applicationis boundto a specificschema
versionwhich specifiespreciselywhich classversionsto use
for thatapplication.Thus,the behaviourof anapplicationwill

be unaffected by whether kinds are resolved early or late.

i) Veal object resolution: For implementationreasons,inside
the Vejal interpreter Javarepresentationsf Vejal objectsare

2 Nor areversionedypes- to our knowledge- availablein any
other existing programminglanguage Explicit versioningof
types is distinct from, and more powerful than, versioned
assemblies in &

aspect SpecificTracker {

/* Assume the field's type will be SysTypeRef or some
subtype thereof. */

after (ReassigningTypeRef ref, Object parent):
set (SysTypeRef+ Object+.*)

&& args (ref)  // Right hand side of assignment

&& target (parent)

/I Object that the field being assigned to belongs to
&& within (SpecificTracker)

/I exclude code within this aspect

{..}

}

The thunk implementsall the methodsthat the type of the
expressiorspecifies andforwardsall appropriatemessageso the
actualevaluatedobject. However,when a messages sentto the
thunk which requiresit to evaluatethe correspondingdeferred
expressionafter evaluationall known referencedo the thunk are
replacedwith referencego the evaluatedobject. This meansthat
future accesgo the redirectedreferenceswill be more efficient,
sincetherewill beno needfor adoubledispatchor acheckto see
whetherthe deferredexpressionhas been evaluatedyet. Other
referencessuch as local variables (which are not trackablein

AspectJ 1.0.3 pointcuts), or fields not addressedby the set-
tracking pointcut mentionedabove,will still point to the thunk,
but messagesvill be forwardedto the evaluatedobject. A more
detaileddescriptionof the encapsulatedeassignmenapproachs

given in [3].

4. VERSIONING MODESAND DYNAMIC
ASPECTS

Oneof the dimensionsof configurationsupportedby our schema
evolutionframeworkis the versioningmodeaxis, which currently

consists of a one-version mode, an N-version mode, and a mode to

transitionbetweenthem. The one-versioormodeis predicatedon

the assumptionthat only one schemaversion exists in the

databasewhich allows a numberof optimisationsto be enabled.
However,for any schemaevolutionto take place,in the current
prototypethe N-version mode must be entered becauseschema
evolution requiresthe existenceof an old schemaversionand a

new schema version. Hybrid modes are also planned.

The versioningmodesare implementedas an aspecthierarchy,
inheriting from the abstract aspect VersioningMode which



contains some sharedfunctionality. However, the bulk of the
functionality in all of the versioning mode aspectsis currently
locatedin ordinary methods ratherthan advice. This is because
the methodsinvolved, such as createClassRef and typeCheckAll,
are invoked by callers for which their functionality is central,
rather than a peripheral concern. It would be unnecessarily
complexandwould serveno real purposeto createartificial join
pointsto allow the directionof invocationof thesemethodsto be
reversedby AspectJ with advices. Adopters of AOP should
carefully considerwhethera configurableconcernreally benefits
from being implemented with advices rather than methods.

However, there are a few adviceswhich are part of versioning
modes, such as a “postLookup” advice which ensures that
persistent root objects read from the databaseare adaptedas
necessaryo the currentschemaversionin use(otherobjectsare
handledby the lazy objectcloning mechanism):postLookup” is a
good exampleof an advice which is not by itself crosscutting,
sinceit only advisesonemethod but which still usefullyseparates
a peripheraland configuration-specific concernfrom the core
functionality of — in this case— a lookup method.However,the
“postLookup” advice forms part of an aspect addressinga
crosscuttingconcern,so it certainly qualifies as aspect-oriented
programming.

Versioning-mode-specifiadvicealwaysbeginswith a checkthat
the versioningmodeaspecto which the advicebelongsis in fact
enabledThis is in effecta metacrosscutting concern — a concern
which crosscuts all the advices in an aspect. Basic
metacrosscuttindacilities are provided in Aspect] 1.0.3 with
clausessuch as perthis and percflow which can be applied to
entire aspectsand which are implicitly ANDed to the pointcut
designator®f everyadvicein thataspectHowever,noneof these
clausesstronglyfacilitate programmatiaisablingandre-enabling
of aspects— which is a crucial concern for implementing
“dynamic aspects”.The currentalternativesare either to scatter
redundantf statementshroughthe advice,or to turn eachadvice
into a stub “trampoline” into an individual aspectmethod,and
then advise all such aspect methods using a wildcarded pointcut.

A moreconvenientvay to enableanddisableaspectsvould beto
havean optionalwhen clausein the aspectheader specifyinga
booleanconditionthat hasto hold for the adviceto be activated-
similar to the if PCD, but applyingto the whole aspect.(Advice
that should run irrespectiveof whetherthe when condition is
satisfied, such as systeminitialisation advice, could simply be
moved into a static inner aspect or a separate privileged aspect.)

This would deal with one particular class of metacrosscutting
concerns — enabling and disabling dynamic aspects. Other
metacrosscuttingoncerns- suchas synchronizingevery advice
in anaspect- might be dealtwith by introducinga new primitive
PCD for advice execution. It would be strictly speaking
unnecessaryo havea hierarchyof aspectsmeta-aspectaneta-
meta-aspectsetc., because aspects can already operate on
themselvesHowever,it might neverthelesde a betterseparation

of concerns to separate base advice from meta-advice in this way.

5. CONTRACTSASASPECTS

In a complex software system, such as a highly configurable
schemaevolution framework, it is helpful to makethe intent of
codeclearby abstractingawayunnecessargletails,andthisis one

of the key goals of AOP. Clarifying the intent of code and division
of responsibilitiedn a systemalso supportsreliability — which is
very importantfor a pieceof core systeminfrastructuresuchasa

databasevolutionframework.A complementanapproacho the
sameage-oldintent problemis Designby Contract(DbC) [7], in
which the behaviourof a classis semi-formally specifiedwith
preconditionsand postconditionsfor methodsand constructors,
and a classinvariant. [6] usesaspectsto separateout runtime
checksfor preconditions,postconditionsand invariants from a
class, so that they can be selectively or fully disabled for
performanceeasonsHowever,thereare other reasondor using
aspectshere. Firstly, there are simplicity and safety advantages
comparedto e.g. usingtry...catch...finally to implementreliable
postconditions.The secondreason,strict substitutability, points
towards more rigourous guidelinesfor using AspectJto check
contracts at runtime.

Applied consistently,Design by Contractimplies that a class
should always be dtrictly substitutable wherever it is type-
substitutablet all — in otherwords,if a Personvariablecanhold
eitheran Employeeor a Customerobject,thenboththe Employee
class and the Customer class should conform to the Person
contract,as well astheir own contracts.(It shouldbe notedthat
this strict substitutabilityview of inheritancecan causeproblems
with otherusesof inheritancewhich arearguablystill quite valid
[13]; however theseproblemsarebeyondthe scopeof this paper,
and are touched on to some exter8in

We first assumehat contracts,apartfrom their invariants,apply

to methodsirrespectiveof whetherthey are called from the same
class or not. (In practice, contract-checking would sometimes have
to be excludedin caseswhere a methodwas called from the
contract-checkingaspect,in order to avoid indefinite recursion,

but we ignore this here for the sake of simplicity.) Strict
substitutabilitythenimplies that, for a methodm on atype T with
argument typesAL, A2, ...} and return typ®:

i) The postconditioncheckshouldnormally be implementedas
an adviceapproximatelyequivalentto the following (context-
yielding pointcut designatorssuch as this and args may of
course be added):

after () returning: execution (R T+.m (A1, A2, ...))
{..}

returning must be used becausepostconditionsare not
requiredto hold when a method exits abnormally— and it
would be extremelymisleading,not to mentionincorrect,to
ignore exceptions thrown by the method and throw a
“postcondition check failed” instead!

T+, indicating “T and all its subtypes”,is usedbecausethe
contractof amethodon atype shouldapplyto all its subtypes.
The use of T+ ensureshat erroneouscodewill be caughtif
and when it breaks the strict substitutability principle at
runtime (assumingthat the postconditionsheing checkedare
sufficiently detailed). Additionally, consistentuse of this
idiom allows postcondition checking to be implemented
incrementally, becauseall the supertypepostconditions,if
any, will always be checked before a method returns control to
its caller. As postconditionsin Design by Contract should
always be side-effect-free(though AspectJcannotguarantee
this), the order of checking should be irrelevant.

However,it is generallyimportantfor postcondition-checking
advicenot to assumethe correspondingorecondition.This is
becausestrict substitutability allows preconditionsto be
strictly weakenedn subtypes.So, for example,if a method
with argumentx hasa preconditionx>=0 && x<array.length,
then strictly speakingan unsafepostconditionchecksuchas



array[x]'=null should be replaced with the safe equivalent x>=0
&& x<array.length && array[x]!=null. (In some cases, however,
adhering to this rule would be too pedantic because of the
very low likelihood of the precondition being weakened by a
subclass.)

Arguably, it would be incorrect to simply substitute call for
execution in the above advice, without any added restrictions.
Suppose that T has a supertype S which declares a method
with the same signature as m, but with a strictly weaker
postcondition. Then the advice above with call substituted for
execution would not be activated for code such as:

Svar=new T ();
var.m (...);
since S, the declared type of var, is not a subtype of T.

It could be argued that this is not strictly speaking a failure to
check a postcondition, but is rather a type error in the client
code. If the client code wanted to guarantee that the
postcondition of T.m would be fulfilled, it should have
declared var to be of type T, or cast it to type T. However, this
is not the case, for two reasons:

— Perhaps client code should not in general assume that a
non-null value of an expression statically-typed to S will
necessarily adhere to the contract of T; perhaps instead it
should make that assumption explicit with a cast.
However, the developer is entitled to rely upon a subtly
different assumption at all times. namely, the universal
conditional that if an object is of type T, then it will adhere
to the contract of T.

— Similarly, if theclass T fails to adhere to its contract at any
time, that is unequivocally a bug, and should be detected
by a postcondition check if such checking is enabled —
regardless of in what manner the method was invoked. In
particular, in AspectJ 1.0.3, the execution PCD (pointcut
designator) matches method executions even when they
are invoked by code outside the compilation unit,
including java.lang.reflect.Method. invoke, unlike the call
PCD.

The precondition check for m should normaly be
implemented as something similar to:

before (): call (R (T || TL|| T2 [|...).m (A1, A2, .)){...}

where{T1, T2, ...} are optional and are al those types, if any,
which have identical preconditions for that method signature.
It isnot in general appropriate to use the unrestricted form T+.
This is because in general subclasses should be alowed to
make preconditions strictly weaker for methods which
override or implement other methods, and such an unrestricted
advice in effect states that subclasses will not do so.
Furthermore, for a similar reason, it is essential not to use T+
here if third parties without access to the source code might
subclass T in future, since it is difficult to override a cal
advice in AspectJ 1.0.3 without also overriding the destination
of the call.

We also employ the assumption that when a message is sent to
the value of an expression statically-typed to T, the relevant
precondition in T should always be adhered to, irrespective of
the runtime type of the value. The rationade for this
assumption that precondition selection should depend on the
static type of an expression is almost a mirror-image of the

argument above that postcondition selection should depend on
the runtime type of an object. In both cases, the conclusion is
that the strictest relevant condition should be checked. For the
precondition, that suggests using a call PCD, in most cases.
Exceptions to this principle would be cases where a call PCD
would not capture all cals of interest — either for
implementation reasons, or because it is desired to check
super calls, which call does not match in AspectJ.

6. FUTURE WORK
6.1 Dynamic Reassignment

The encapsulated reassignment approach can be seen as a special
case of dynamic reassignment — tracking all references to an
object and then switching them all to point to a different object at
the same time. Thisis not a new idea, since it is supported by the
become primitive in Smalltalk. However, aspect-orientation now
allows adding this feature (or at least an approximation of it) to a
language with no native “become” primitive or similar.

Dynamic reassignment could be useful for purposes other than
lazy evaluation, such as simulating dynamic reclassification in
languages which do not directly support it. (Again, this is one of
the uses of the become primitive in Smalltalk — it can be used to
extend an object with a new instance variable) Dynamic
reclassification can be (crudely) smulated with explicit proxy
objects, but in some cases it might be more efficient to dispense
with proxies and point directly to “real” objects, while using the
dynamic reassignment approach to reclassify objects. For this to
work, however, it would be essential — not merely useful as in
encapsulated reassignment — for the aspect language involved to
support pointcut designators referring to local variables and
parameters.

However, this approach to dynamic reclassification would still be
vulnerable to some of the criticisms levelled at the proxy
approach, such as the well-known object identity problem:
reclassification produces not the same object, as desired, but a
different one — which is detectable with methods such as

java.lang.System.identityHashCode().

6.2 Version-specific Extents

Extents are simply collections of all the persistent instances of a
given class in a database. They make it easy to run SQL-like
queries such as “Select * from Employees”. However, the object
data standard ODMG 3.0 [1] does not fully define, nor require,
extents. Also, some OODBMSs (e.g. Ozone) do not have any
explicit support for extents.

For the purpose of physically converting all persistent objects that
currently belong to an older schema into instances of a
corresponding class in a new schema, it would be useful to have
extents specific to particular class versions to speed up the process
of finding the objects that still need to be converted. However, this
performance gain needs to be balanced against the time and space
costs of maintaining version-specific extents for the rest of the
time.

Our preliminary investigations suggest that implementing version-
specific extents in our current framework would involve a high
degree of crosscutting code which could usefully be localised
using aspects. As well as standard extent maintenance tasks such
as deleting an object from its extent when the Database.delete
method is called on it, and tracking which objects have been



addedto and removedfrom® the databaseat the end of each
transactionthereis alsothe needto moveobjectsbetweerextents
whenthey are dynamicallyreclassified.Typically this would be
converting betweenclass versions, but this could possibly be
extended to arbitrary reclassification.

6.3 Version Conversion Aspects

In Vejal we are planning to allow the programmerto specify
arbitrarily complextransformationdetweernclassversions,n the
form of version conversion aspects These are essentially
transparentview wrapperswritten by the applicationprogrammer
to presente.g. a Person[1] as a Person[2], which are invoked by
the runtime environmentautomaticallywheneveran objectneeds
to be adaptedo a differentclassversion.Crucially, they work by
transformingdataat the field level, anddo not attemptto emulate
methods (and nor do they require the application-specific
evolution code to emulate methods)— the “real” methodsare
always used from the Vejal class version required by the
application. Although this meansa version conversionaspect
breaksthe encapsulatiorof the destinationclassversion,this is
arguablya good trade-off, becausethe alternativeof emulating
methodbehaviourleavesmore room for error, and convertingan
object between class versions often requires knowledge of
implementationdetails. There are no languagerestrictions on
changeghat canbe madebetweenone classversionandthe next
— in particular, methods can be added, deleted and rewritten.

Vejal version conversionaspectsare intendedto supporteither
views or conversionswith exactlythe sameaspectThus,thereal
adaptationapproachin use is abstractedout. If the systemis
configured to use views for a particular class, the version
conversionaspectwill just be used as-is; if not, the runtime
environmentwill “scanthrough”the aspectto physically convert
the objectto the new class.In eithercase,'hidden fields” will be
usedif required,to store data from previous schemasthat is
invisible now but may becomevisible upon anotheradaptation
[8]. Thusno datais lost dueto destructiveconversions- unlessa
previous schema is itself deleted.

In this way, versionconversionaspectsan be specifiedoncefor
eachpair of sourceand destinationclassversions,independently
of whethera view techniqueor a physicalconversiortechniqueis
being used to adapt objects.

Versionconversionaspectsaarguablymeetboth criteria setout in

[2] for a technigueto be aspect-orientedquantification and
obliviousnessHowever, this is not the only candidatedefinition

of AOP — and there exist systemssuch as metaobjectprotocols
which effectively offer quantificationand obvliousnessput are
not necessarilyaspect-orientedAlso, the planned join point

model for version conversionaspectsis currently much simpler
thanthat of AspectJ'ssimply matchingon any Vejal objectsread
from the databasevhich needadaptingfor the currentschema,
and belong to particular specified class versions.

However, one way in which more powerful join point models
might be useful for version conversion aspectsis to select
different conversionsdependingon the aggregationcontext. For
example,in a schemaevolution operationon an engineering

3 If an extent uses ordinary references, it is impossible for an

object in that extent to become no longer reachable (except by

an explicit delete invocation). However, extents may instead
use weak references, which do not prevent the garbage
collection of the objects they point to.

databasegne might wish to specify that a Pipe objectshouldbe
convertedto an ActivePipe objectif it representsa pipe that is
currently part of a physicalstructure,or a StockPipe if it is justa
sparepart A contextPCD for versionconversionaspectsvould
offer an alternative to scattering if statementsaround the
conversioraspectdor the relevantparentclassesThe interpreter,
compiler and/or runtime environmentwould be responsiblefor
validating the type-safety of conversions.
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