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Abstract
Implicit context is a recentlyintroducedmechanismfor im-
proving sourcecode structure,making componentsmore
reusable,andmakingtheir systemsmoreevolvable. It wor-
riesabouteliminatinglocally-unneededknowledgeof exter-
nalcomponents(extraneousembeddedknowledge, or EEK).
Aspect-orientedprogramming(AOP)is a separationof con-
cernsmechanism.It worriesaboutseparatingandencapsu-
lating functionality that crosscutsthe componentsof a sys-
tem.AspectJis aprototypeAOPlanguage.

Both approachescanbeseento manipulatesoftwareat join-
points, pointsin the executionor lexical descriptionof that
software.Joinpointsandtherelatedcodeto executeat them
canbe consideredasan event-basedsystem.The exposure
of eventsin AspectJdiffers from that in implicit context—
AspectJconsiderstheseeventsasimmediateandlargely in-
dependent,while implicit context considersthemashistoric
andinterrelatedthroughits call historyconcept.We give an
exampleof a systemin which limiting thedescriptionof the
eventsof interestto thosecurrentlyavailablein AspectJre-
sults in an error-proneand hard-to-evolve implementation,
but in which the useof call history would lead to a more
reusableandrobust implementation.We alsobriefly exam-
ine theissueof EEK andits removal within thisexample.

Keywords: Joinpoint,implicit context, aspect-orientedpro-
gramming,AOP, AspectJ,extraneousembeddedknowledge,
EEK, event,call history, aspect.

1 Introduction
Many recent separationof concernsmechanismsinvolve
composingpiecesof sourcecode,writtenin oneor morelan-
guages,thatdescribedifferentperspectiveson (whatwould
previouslyhave beenconsidered)thesamecomponentsof a
system. Thesepiecesmustbe composedto form the fully
functionalcomponentsdesired.

To describehow to composethe differentpiecesof source

Positionpapersubmittedto theWorkshopon AdvancedSeparation
of Concernsat the23rd InternationalConferenceonSoftwareEngi-
neering, 2001.

code,thesemechanismsallow the programmerto statically
referto particularlexical pointsin thesourcecodeand/orto
particulardynamicevents;suchpointsin thestaticsourceor
dynamicexecutionarecollectively referredto asjoinpoints.1

Commonnameablejoinpointsincludethesendingof callsto
methods,thereceptionof suchcalls,theactualexecutionof a
method,andthereadingandwriting of fields.Someof these
mechanismsgo further by exposingthe state,or execution
context thatis availableat a givenjoinpoint.

In aspect-orientedprogramming(AOP) [3], certainproper-
ties of the system,suchassynchronizationor distribution,
areseento crosscutthe basicfunctionality. AOP hasbeen
partiallyrealizedin aprototypelanguagebuilt ontopof Java,
calledAspectJ[2]. AspectJallows a programmerto explic-
itly describecrosscuttingfunctionality, or aspects, in local-
izedcodesnippets.

Implicit context [5] is a recently-introducedmechanismand
philosophyfor structuringsourcecode,which attemptsto
eliminateextraneousembeddedknowledge (EEK) of theex-
ternalworld from components.Sourcecodetendsto berid-
dledwith details,while anindividual componentshouldad-
dressa set of core concerns.To get sucha componentto
interactwith othersto form a cooperative whole, that com-
ponentendsup expressingknowledgeof componentsthat
areexternalto it. For example,a componentneedsto know
the preciseinterfacesto thoseexternal componentsthat it
mustcall, suchasthe namesof particularclassesor orders
of parameters;thesedetailsarenot inherentin the taskthat
thecomponentis designedto accomplish,andthusis EEK.
Shouldthe systemrequirealterationsuchthat this knowl-
edgebecomeinvalid, thenthecomponentwould requirein-
vasive modifications;such a processis difficult and error
proneata minimum.

Implicit context attemptsto makecomponentsmorereusable
by allowing them to ignore the detailsof the environment
in which they execute—they caneachhave their own world
view. Conceptually, when messagespassinto and out of
a given component,those messagescan be intercepted,
changed,andreroutedasneededto translatebetweenthese

1This termwascoinedby Bill Harrisonat the AOP andFriendswork-
shopatXeroxPARC in October1996.Thefirst writtenmentionof theterm
appearsto bein a technicalreportfrom XeroxPARC [4].



differentworld views; this processis calledcontextual dis-
patch

�
and is performedat the boundariesbetweenthe dif-

fering world views. To understandtheway in which a given
messageneedsto bealtered,contextual dispatchcanutilize
the call history of the system,to determinewhat messages
have passedbetweencomponentspreviously, and to locate
theparameterandreturnvaluesattachedto thesemessages.

Concerns(in the senseof “features”) and EEK are only
partially-overlappingconcepts: EEK often involves very
fine-graineddetails too small to be consideredconcerns,
while a componentcould contain multiple concernsthat
are importantto it that would thereforenot be EEK. Thus,
aspect-orientationand implicit context are only partially-
overlappingphilosophies.Implicit context viewsthecall his-
tory of a systemto be an important,inherentfeature. AOP
saysnothingaboutcall history, but if crosscuttingconcerns
were more separablethroughits use, it would be a useful
AOPmechanismaswell. In this paper, we examinehow an
AOPapproachcanbeimprovedthroughtheuseof call his-
tory and,to a lesserextent, the removal of EEK. Theques-
tion of how thefull combinationof implicit context andAOP
would improvesoftwareis left to futurework.

In Section2, we describehow joinpointscanbe viewed as
eventsin the executionof a system,andhow the provision
of relativeorderinginformationamongsttheseevents,asex-
posedby implicit context, provides for more powerful use
of the context of execution. We give a concreteexamplein
Section3 of a locking protocolin which suchcontextual in-
formationmakescomponentsmore reusableand their sys-
temeasierto evolve. Finally, we describeourconclusionsin
Section4.

2 Joinpoints as Ordered Events
In AspectJ,aspectsareappliedto coresourcecodeby spec-
ifying thejoinpointsat which theextra codeshouldoperate.
In a languageutilizing implicit context, one also specifies
joinpointsat whichextra codeshouldoperate.

An AspectJjoinpoint with aspectcodeto be attachedto it
caneasilybeseenasanevent-basedsystem:whentheevent
describedby thejoinpoint occurs,thespecifiedcode(essen-
tially, a callback)is executed.Pointcutsarea meansof de-
scribinghigher-level eventsin termsof primitive ones;we
have describedelsewherehow viewing high-level eventsas
aggregationsof primitive eventsis possibleanduseful [7].
Othershave describedhow AspectJ’s descriptionof point-
cutsis unsatisfactoryasa simpleeventmechanism[1].

Considerthehistoryof callswithin a system:it canberep-
resentedasa directedtree. The nodesof this treearejoin-
points. Most of AspectJ’s joinpoint designatorspermit ac-
cessto nodesof this tree in isolation. Someof thesedes-
ignators,e.g.,cflow, permitaccessto a particularancestor
within the currentcall stack. However, theseare forward-
looking: “while a call to methodfoo remainson the stack,
look for joinpointsbar andbaz.”

Instead,implicit context (potentially) allows accessto the
full tree, providing an explicit ordering on the primitive
eventstherein. Interestingstatesof the systemcan be de-
scribedin termsof previouseventsandtheorderingof them.
We have describedelsewherehow reasoningaboutevents
that have a relative order can be useful for software engi-
neeringtasks,suchassolvingperformanceproblemsor ini-
tially becomingfamiliar with thebehaviour of a system[6].
Suchorderedeventsprovideagreatermeansto discriminate
betweenjoinpointsandto exposesystemstatethanis other-
wiseavailable.

3 A Resource Locking Protocol
The following codeexampleis an abstractionof a system
thatcouldbeusedfor performingremotemethodinvocation
or cachingdisk access.Reader objectscontendfor shared
caches.If a cacheis invalid, theReader is responsiblefor
creatinga TransmissionManager that retrievesdataand
storesit to the cache. Oncea cacheis valid, the Reader

simply retrieves the datain the cacheand continueson to
processit.

class Reader {
private Cache cache;

Reader(Cache cache) {
this.cache = cache;

}

String read() {
if(!cache.isValid())

new TransmissionManager().
downloadData(cache);

String data = cache.getData();

// Process the data
// ...

return data;
}

}

class TransmissionManager {
void downloadData(Cache cache) {
// Get the data and store in cache
// ...

}
}

abstract class Cache {
abstract boolean isValid();
abstract String getData();
// ...

}

Lock Requirements
Raceconditionsexist in this system. We want communi-
cationwith the TransmissionManager to be minimized,



since that is the purposein caching the data. Two or
more� Readers may have near-simultaneouslyfailed the
cache.isValid() test,andproceededto requestthat the
samedatabe downloaded. Eachwould thenoverwrite the
cache.

On the other hand, the cache.isValid() test may have
passed,but beforethe Reader is able to retrieve the data
from thecache,thecachecouldbecomeinvalidated(through
someprocessnot shown).

To preventbothraceconditions,weneedeachReader to ob-
taina lock on thecachebeforethevalidity testis performed,
and to keepit until the datais actually retrieved from the
cache.Giving up thelock anywherein betweencouldallow
thestateof thecacheto bechangedin themeantime.

We alsowant to minimizethetime that thecacheis locked,
sincethis resourceis liable to becomea bottleneckin the
systemotherwise.To permitmaximumparallelism,multiple
readaccessesshouldbepermittedto occurat once,andthe
cacheshouldonly befully (write) lockedif its dataneedsto
bealtered.

It wouldnotbesufficientto defineself-exclusivemethodson
thecache(throughthesynchronized keyword, for exam-
ple) or mutually-exclusive setsof methods.A threadneeds
to ensurethata lock is maintainedin a transaction-like fash-
ion: not until the full task is completedshouldthe lock be
releasedor inconsistency couldotherwiseresult.

We begin by providing a simpleLock aspectthat allows a
threadto obtaineithera reador a read/writelock, to release
thelock completely, or to downgradearead/writelock to the
weaker readlock:

abstract aspect Lock {
synchronized void getReadLock() {...}
synchronized void getReadWriteLock() {...}
synchronized void releaseLock() {...}
void onlyReleaseWriteLock() {...}

}

Now, we examinehow we canweave this lock into our ex-
amplethroughaminimalisticaspect-orientedapproach,then
demonstratehow a betterAOP approachis achievedby re-
moving someof the EEK presentin the first approach,and
finally, presenthow the extensionof the secondapproach
throughthe useof call history will make the systemmore
robust.

A Minimalistic Aspect-Oriented Approach
Two aspectsareneeded.Thefirst aspectis usedto associate
a uniquelock instancewith everycache.

aspect CacheLock extends Lock
of eachobject(instanceof(Cache)) {

}

Thesecondaspectenforcestheprotocolovereachexecution

of Reader.read(). Threepiecesof adviceachievethis:

� Thebefore obtainsa readlock beforeisValid() is
calledon the cache. This lock needsto be held until
afterthedatais actuallyreadfrom thecache.

� The after releasesthe readlock after getData() is
calledon thecache.

� The around handlesthe situationwherethe cacheis
invalid, anddataneedsto be downloaded.To accom-
plishthis,awrite lock is needed.To avoid deadlock,the
held readlock is releasedanda write lock is obtained.
While waiting for the write lock, the cachemay have
beenmadevalid by anotherthread,so the validity test
is repeated.If thecacheremainsinvalid, thedatais ac-
tually downloaded.Thewrite lock is thendowngraded
to a readlock.

aspect ReaderCacheLocking
of eachcflowroot(ReaderCacheLocking.

entries()) {

pointcut entries():
receptions(String Reader.read());

pointcut startLock(Cache cache):
calls(boolean cache.isValid());

pointcut endLock(Cache cache):
calls(boolean cache.getData());

pointcut download(Cache cache):
calls(void TransmissionManager.

downloadData(cache));

boolean hasReadLock = false;
boolean hasWriteLock = false;

before(Cache cache): startLock(cache) {
if(!hasReadLock) {

CacheLock lock =
CacheLock.aspectOf(cache);

lock.getReadLock();
hasReadLock = true;

}
}

after(Cache cache): endLock(cache) {
CacheLock lock =

CacheLock.aspectOf(cache);
hasReadLock = false;
hasWriteLock = false;
lock.releaseLock();

}

around(Cache cache) returns void:
download(cache) {
if(!hasWriteLock) {



CacheLock lock =
CacheLock.aspectOf(cache);

lock.releaseLock();
hasReadLock = false;
hasWriteLock = false;

lock.getWriteLock();
hasWriteLock = true;
hasReadLock = true;

if(!cache.isValid())
proceed(cache);

lock.onlyReleaseWriteLock();
hasWriteLock = false;

}
else {

// Uh-oh, a recursive write is bad
throw new RuntimeException();

}
}

}

Removing Some EEK
While the aspectsjust describedget their immediatejob
done,problemsremain. A CacheLock instancedoesnot
know who possessesit; it is thereforeup to eachReader-
CacheLocking instanceto ensurethat it actually obtains
and releasesthe appropriatelock. Shouldan engineeral-
ter thesystemsuchthatthecacheis accessedin otherplaces,
they would needto realizethat the locking protocolneeded
to beenforcedwithin otheraspects;failing to createsuchan
aspectwould violate the synchronizationconstraintson the
cache.Furthermore,if the engineergetsandreleaseslocks
in the wrong sequencewithin the aspect,the synchroniza-
tion canalsobeeasilyviolated. Therefore,we wantto alter
theseaspectsto separateout direct enforcementof the syn-
chronizationconstraints,manifestedin the from the has-

ReadLock andhasWriteLock attributes,particularproto-
col needsin thecaseof Reader.

To enablethis separation,we take advantageof thefact that
we know that locks areheld on a per-threadbasis,andthat
we canalwaysdeterminethecurrentthread.We have added
four piecesof adviceto CacheLock: oneensuresthata read
lock is heldby thecurrentthreadbeforeany readoperations
execute,oneensuresawrite lock is heldbeforeany write op-
erationsexecute,andtheothertwo ensurethata lock is actu-
ally heldif anattemptis madeto releaseone.2 TheReader-
CacheLocking aspectis simplified(not shown) by remov-
ing all mentionof the hasReadLock andhasWriteLock
attributes,alongwith any statementsthatutilize them.

2Any of thesepiecesof advicecould throw exceptionsinstead(or in
addition)if sodesired.

aspect CacheLock extends Lock
of eachobject(instanceof(Cache)) {
pointcut read():
receptions(boolean isValid()) ||

receptions(String getData()) ||
/* other read methods */;

pointcut write():
receptions(/* any write methods */);

pointcut getWriteLock():
receptions(void getReadWriteLock());

pointcut releaseWriteLock():
receptions(void releaseLock()) ||
receptions(void onlyReleaseWriteLock());

pointcut releaseReadLock():
receptions(void releaseLock());

pointcut getReadLock():
receptions(void getReadLock()) ||

getWriteLock();

HashSet readLocks = new HashSet();
Thread writeLock = null;

around() returns Object: read() {
boolean mustRelease = false;
Thread thread = Thread.currentThread();

if(!readLocks.contains(thread)) {
mustRelease = true;
getReadLock();
readLocks.add(thread);

}

Object obj = proceed(cache);

if(mustRelease) {
readLocks.remove(thread);
releaseLock();

}

return obj;
}

around() returns Object: write() {
boolean mustRelease = false;
boolean hadReadLock = false;

Thread thread = Thread.currentThread();

if(writeLock != thread) {
mustRelease = true;

if(readLocks.contains(thread)) {
hadReadLock = true;
readLocks.remove(thread);
releaseLock();



}

getReadWriteLock();
readLocks.add(thread);
writeLock = thread;

}

Object obj = proceed(cache);

if(mustRelease) {
writeLock = null;

if(hadReadLock)
onlyReleaseWriteLock();

else {
readLocks.remove(thread);
releaseLock();

}
}

return obj;
}

around() returns void: releaseReadLock() {
Thread thread = Thread.currentThread();

if(readLocks.contains(thread)) {
readLocks.remove(thread);
proceed();

}
}

around() returns void:
releaseWriteLock() {
Thread thread = Thread.currentThread();

if(writeLock == thread) {
writeLock = null;
proceed();

}
}

}

ThehasReadLock andhasWriteLock attributesareEEK
within theReaderCacheLocking aspect.It is notclearthat
one would a priori considerthem to be part of a concern
thatis separatefrom theacquisitionandreleaseof a lock on
the cache,which arecentralto this aspect.But the philos-
ophyof the identificationandremoval of EEK do highlight
thesecandidatesfor separation,evenwithout an analysisof
theeffectsof their presence.OtherEEK is present,suchas
explicitly accessingotheraspectinstances,but is not remov-
ablethroughAspectJasit currentlyexists.

This solution is getting a bit ugly, though. The Reader-

CacheLocking aspectneedsto explicitly worry abouteach
threadthathasto accessit andto keeptrack of each:more
EEK! Since the attributes recordingthe locks can be ac-
cessedby multiple threadsat once,thequestionof synchro-

nization within the aspectarises—andit is not so obvious
wheresuchsynchronizationshouldgo. Finally, which ad-
vice is responsiblefor addingandremoving threadsfrom the
lock collections?At themoment,all do,but thiscouldeasily
be wrong. Doesadviceapply to otheradvicein the aspect,
andif so, in what order? The answers,thoughlikely to be
defined,aremurky andthereforecausethebehaviour of this
codeto bedifficult to understand.Utilizing call historycan
helpclearthingsup.

Adding-in Call History
Modifying the CacheLock aspectto utilize call history
would allow us to simplify andclarify the purposeof this
aspect. In the modifiedaspectbelow, we have positedcall
historyconstructsthat couldfit into the existing framework
of AspectJ;the constructsarebasedon thosebeinginvesti-
gatedin ourwork on implicit context.

Theseconstructspermitoneto testtheorderof eventsin the
call history. Now, insteadof checkingto seeif someattribute
containsthecurrentthread,wesimplydefinethatthecurrent
threadhasa readlock if its last readlock releaseoccurred
prior to its lastreadlock get.3 Thepointcutdefinitionsremain
identicalto thosein thepreviousexample.

aspect CacheLock extends Lock
of eachobject(instanceof(Cache)) {
pointcut read():
receptions(boolean isValid()) ||

receptions(String getData()) ||
/* other read methods */ ;

pointcut write():
receptions(/* any write methods */);

pointcut getWriteLock():
receptions(void getReadWriteLock());

pointcut releaseWriteLock():
receptions(void releaseLock()) ||
receptions(void onlyReleaseWriteLock());

pointcut releaseReadLock():
receptions(void releaseLock());

pointcut getReadLock():
receptions(void getReadLock()) ||

getWriteLock();

condition hasReadLock():
moreRecent(getReadLock(),

releaseReadLock());

condition hasWriteLock():
moreRecent(getWriteLock(),

releaseWriteLock());

around(Cache cache) returns Object:

3If neithercall hashappened,moreRecent would returnfalse.



read() &&
!hasReadLock() {
getReadLock();
Object obj = proceed();
releaseLock();
return obj;

}

around() returns Object:
write() &&
!hasReadLock() {
getReadWriteLock();
Object obj = proceed();
releaseLock();
return obj;

}

around() returns Object:
write() &&
hasReadLock() &&
!hasWriteLock() {
releaseLock();
getReadWriteLock();
Object obj = proceed();
onlyReleaseWriteLock();
return obj;

}

around() returns void:
releaseReadLock() &&
!hasReadLock() {

}

around() returns void:
releaseWriteLock() &&
!hasWriteLock() {

}
}

Wehavesplit theadviceto beappliedto thewrite() point-
cut into two piecesof advice: onedealswith the condition
when no readlock is possessed(and hence,no write lock
either),andthe otherdealswith the conditionwhenonly a
readlock is possessed.Sucha separationcouldbeforegone
if onedesiredto andif the conditionconstructwereusable
within thebodyof anadvice.

Sincethereis no stateto be maintainedwithin theCache-
Lock aspect,we do not have to be concernedaboutsyn-
chronization.Thepurposeandbehaviour of eachof thefive
piecesof advicearemuchclearernow, aseachappliesto a
well-definedconditionof thesystem.

4 Conclusions
We have describedhow implicit context’s notionsof EEK
andcall historycanmake anaspect-orientedprogrammore
robust. Call history canbe seenasan extensionto the ex-
pressivenessof joinpoint specifications.

Applying thephilosophyof removing EEK allowedusto en-

force the locking protocol. If the systemutilizing caches
wereextended,the protocolwould still be followedeven if
the extensiondid not performproperly. SomeEEK still re-
mainedin thissolution,notably, astheReaderCacheLock-
ing aspecthad to explicitly retrieve the pertinentCache-
Lock aspects,but removing suchEEK would requiremore
radical additions to AspectJ that cannot be describedin
the spaceavailable. Applying call history to the resulting
CacheLock aspectmadeit easierto understand,and sub-
tle worriesoverorderingof adviceandsynchronizationvan-
ished.

Call history is a mechanismfrom which AOPwould benefit
directly. The otherpartsof implicit context, suchasworld
views andgreaterremoval of EEK, do not likely meshwith
the philosophyof AOP, but the combinationof the two ap-
proachesshouldbeinvestigatedin thefuture.
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