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ABSTRACT
Aspect-orientedsoftware designwill needto support languages
with �rst-class andhigher-orderprocedures,suchasPython,Perl,
ML andScheme.Theselanguagefeaturespresentbothchallenges
andbene�ts for aspects.On theonehand,they force thedesigner
to carefullyaddressissuesof scopethatdo not arisein �rst-order
languages.On the otherhand,thesedistinctionsof scopemake it
possibleto de�ne a muchrichervarietyof policiesthan�rst-order
aspectlanguagespermit.

In this paper, we describethe subtletiesof pointcutsand advice
for higher-orderlanguages,particularlyScheme.We thenresolve
thesesubtletiesby alludingto traditionalnotionsof scope.In par-
ticular, programmerscannow de�ne both dynamicaspectstradi-
tional to AOPandstaticaspectsthatcancapturecommonsecurity-
controlparadigms.Wealsodescribetheimplementationof thislan-
guageasanextensionto Scheme.By exploiting two novel features
of ourSchemesystem—continuationmarksandlanguage-de�ning
macros—theimplementationis lightweightandintegrateswell into
theprogrammer's toolkit.

1. INTRODUCTION
Current programminglanguagesoffer many ways of organizing
codeinto conceptualblocks, whetherthroughfunctions,objects,
modules,or someothermechanism.However, programmersof-
ten encounterfeaturesthat do not correspondwell to theseunits
of organization. Suchfeaturesaresaid to “cross cut” the design
of a system,becausethecodethat implementsthe featureappears
acrossmany programunits. In a procedurallanguage,sucha fea-
turemight be implementedaspiecesof disjoint procedures;in an
object-orientedlanguage,thefeaturemightspanseveralmethodsor
evenobjects.Thesecross-cuttingfeaturesinhibit softwaredevelop-
mentin many ways. For one,it is dif�cult for the programmerto
reasonabouthow thedisparatepiecesof thefeatureinteract.Also,
they breakmodularity:theprogrammercannotsimplyaddordelete
thesefeaturesfrom aprogram,sincethey arenot separableunits.
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Recently, many researchershaveproposedaspect-orientedsoftware
development(AOSD)asamethodfor organizingcross-cuttingfea-
tures[12, 4, 10, 17, 2, 16, 18]. In particular, Kiczaleset al. have
presentedaspect-orientedprogramming(AOP); in this paradigm,
thepiecesof eachfeaturecombineto form a separatecomponent,
calledanaspect. In additionto containingthecodenecessaryfor a
feature,theaspectmustindicatewhenthiscodeshouldberundur-
ing programexecution.Kiczalesetal. alsoimplementedapractical
aspect-orientedextensionto Java,calledAspectJ,whichallows the
programmerto de�ne pointcutsandadviceandintegratestheminto
a program[11].

Currentlanguagesthat supportAOP, suchasAspectJ,have been
built asextensionsto object-orientedand�rst-order procedurallan-
guages.Thegoalof our work is to understandtherelationshipbe-
tweenAOP and functional programming. Two reasonsmotivate
our investigationof this topic. Ononehand,therearemany widely
usedfunctional languagesthat could bene�t from AOP. In addi-
tion to conventional functional languageslike ML, Scheme,and
Haskell, many new languages,in particular“scripting” languages
suchasPerlandPython,now includeanonymousandhigher-order
functions. As more and more functional languagesemerge, we
needto understandthefeasibilityandutility of aspect-orientedpro-
grammingis theselanguages.Ontheotherhand,wecanaskwheth-
erthegreaterabstractivepowerof functionalprogrammingenhanc-
esAOP. We might be ableto simplify thespeci�cationof aspects
becausetheunderlyinglanguageprovidesastrongerframework for
de�ning linguistic extensions.Also, we mightuseparametricityto
de�ne more generalaspects,and develop aspectcombinatorsby
employing higher-orderfunctions.Clearly, theinteractionbetween
AOPandfunctionalprogrammingmeritscarefulinvestigation.

Thetwo mainchallengesto addingAspectJ-styleaspectsto afunc-
tional languagearethespeci�cationof aspectsandthede�ning the
scopeof anaspect's applicability. First, we needto decidehow to
specifypointcutsandadvice.Are they new kindsof values?Do we
needasublanguagefor describingwhenaspectsareto beinvoked?
Second,we mustaddressthe issueof scope. Unlike a �rst-order
language,whereall proceduresandaspectsaredeclaredat thetop
level andhave globalscope,de�nitions in a higher-orderlanguage
canbe introducedat any point andhave morespeci�c scope.We
mustdecidethescopein which anaspectcanaffect programexe-
cution.

Wewill addressthesechallengesby de�ning anaspect-orientedex-
tensionto a functionallanguage.Section2 presentsbackgroundon
AspectJ,andputs forth our aspect-orientedextensionto Scheme.
Section3 givesexamplesof pointcutsandadvicein our language,
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anddiscussesthe synergy betweenAOP andfunctionalprogram-
ming. Section4 informally presentsthe semanticsfor our exten-
sion. In Section5, we describein detail a lightweight implemen-
tation of aspects.Section6 discussesrelatedwork, andsection7
concludes.

2. DEFINING POINTCUTS AND ADVICE
Thissection�rst describesAspectJ'smodelof aspect-orientedpro-
gramming.Wethenpresentourformulationof AspectJ-stylepoint-
cutsandadvicein a higher-order language,and thenaddressthe
issueof obliviousnesswith respectto oursystem.

2.1 A Brief Overview of AspectJ
AspectJallows theprogrammerto modify a program's behavior at
certainpointsduringits execution,calledjoin points. In Java,these
pointsincludemethodcalls, variablesaccesses,exceptionthrows,
andobjector classinitialization. Wewill focusonmethodcall join
pointsbecausethey aresuf�cient for demonstratingthe utility of
AspectJ.

Eachjoin point presentsanopportunityfor anaspectto affect the
computation.Theeffect might beassimpleaswriting sometrace
messageto output,or ascomplex asreplacingthe next computa-
tion beforeit occurs.Thespeci�cationof anaspecthastwo com-
ponents:thepointcutdescriptor(or pcd), which determineswhen
theaspectshouldapply, andtheadvice, whichdescribeswhatcom-
putationto perform.

AspectJprovides several primitive pointcut descriptors;two im-
portantpcd's arecall(m), which matchescalls to methodm, and
c�o w(p), which matchesany join point within thedynamicextent
of a join pointmatchingp.

An aspect's advicespeci�eswhatcomputationto performat those
join pointsdenotedby the pcd. The programmercande�ne dif-
ferentkindsof advicedependingonhow executionshouldproceed
with respectto a given join point. Thethreebasickindsof advice
arebefore, after, andaround. Before adviceexecutesbeforecon-
trol entersa join point; after adviceexecuteswhencontrolreturns,
possiblydueto a thrown exception. Ar ound advicereplacesthe
currentjoin point but canreinstatethe displacedcomputationvia
thekeyword proceed.

Thepcdandadvicearenotstrictly independententitiesin AspectJ.
Thepcdmaypatternmatchagainstvaluesin thejoin pointsit spec-
i�es; thesevaluescanthenbe referencedin theadvicecode. As-
pectde�nitions oftenusethis facility to capturetheargumentsto a
methodcall.

2.2 De�nitions in Higher­Order Languages
We supportpointcutsand advicein the presenceof higher-order
functions, while retaining the essentialfeaturesof AspectJ.We
chosePLT Schemeas the sandboxfor our experimentationbe-
causeit providesstrongsupportfor linguistic extensibility: higher-
orderfunctions,dynamictypes,andapowerful macrosystem.PLT
Schememakes it particularly easyto de�ne new languagesus-
ing the macrosystem,a featurewe will rely on for developinga
lightweightimplementationof aspects.

The fulcrum of our approachis that like functions,both pointcuts
andadviceshouldbe�rst-classentities.Thisdecisionis consistent
with the designof functional languages,andenablesus to exper-
iment with de�ning more generalaspects.For example,we can

de�ne aspectsthatareparameterizedover somesetof variables,or
write aspecttransformersor combinatorsusinghigher-orderfunc-
tions; we will demonstrateseveral suchexamples. First, though,
wemustanswerthequestion:whatare�rst-classpointcutsandad-
vice?

Recall the de�ntion of a pointcutdescriptor:it describesa setof
join pointsoverwhichanaspect'sadviceapplies.In ahigher-order
language,thenaturalway to describea setis by aninclusionpred-
icate.Thus,we representa pcdasa functionthatconsumesthelist
of join pointsin thedynamiccontext andreturnstrue or false. To
testwhetherthecurrentjoin point representsa call to the function
f , thepredicatewouldbe:

(lambda (jp)
(eq?f (�r st jp)))

wherejp is the list of dynamicjoin points. The �rst elementin
this list is themostrecentjoin point, thesecondelementis thenext
mostrecentjoin point wehave notexited,andsoforth.

Thiscodeillustratestwo key pointsaboutourspeci�cationof pcd's.
A pcdis �rst-class: it canbeany Schemeexpressionthatevaluates
to a predicateover a list of join points. Also, to testwhethertwo
functionsareidentical,we usethe built-in Schemepredicateeq?.
This predicatetestsfor equality on proceduresby verifying that
thesetwo conditionshold: the two procedureswerede�ned in the
samesourcelocation,andtheenvironmentsstoredin their closures
areidentical.

This de�nition of procedureequalitydiffersnotablyfrom thede�-
nition usedin �rst-order languages.In a �rst-order language,every
procedurehasa global name,and can be unambiguouslyidenti-
�ed by that name. However, in Schemeand most higher-order
languages,functionsare inherentlynameless.Futhermore,since
higher-order functionscloseover variablesexternal to their de�-
nitions,a singlefunctionmaybeinstantiatedin two differentenvi-
ronments.Clearly, thesetwo instantiationsarenotequivalent,since
they producedifferentresultsfor a giveninput. Scheme's eq?pro-
videsausefulandfastconservative approximationof observational
equivalencebetweenfunctions.

Of course,a pointcutdescriptorcanlook further thanthemostre-
centjoin point. To matchall directcallsfrom g to f , we write:

(lambda (jp)
(and (eq?f (�r st jp))

(eq?g (secondjp))))

Or wecanmatchany callsto f within thedynamicextentof g:

(lambda (jp)
(and (eq?f (�r st jp))

(memqg (restjp))))

Usingthisformulation,wecande�ne thestandardpcdbuilderscall
andwithin asfollows:

(call f ) � (lambda (jp) (eq?f (�r st jp)))

(within f ) � (lambda (jp) (and (not (empty?(restjp)))
(eq?f (secondjp))))
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We canalsode�ne thepcdoperatorsc�ow and&& :

(c�ow pcd) � (lambda (jp)
(and (not (empty?jp))

(or (app/prim pcdjp)
(app/prim (app/prim c�ow pcd)

(restjp))))))
(&& pcd1pcd2) � (lambda (jp)

(and (app/prim pcd1jp)
(app/prim pcd2jp))))

The syntacticform app/prim performsa “primiti ve application”;
that is, it appliesa function to an argumentwithout examining
whetheraspectsapply. If we hadinsteadde�ned c�ow using(pcd
jp), that call would itself invoke aspectweaving, which in turn
would evaluatethesamec�ow pcd,leadingto anin�nite loop.

Now that we have de�ned pcd's as �rst-class values,we turn to
de�ning advice.Wewill focusonaround advice,sinceit is strictly
moregeneralthanboth before andafter. We considera slightly
simplerformof aroundadvicethanwhatAspectJallows—weview
it asatransformationon thecurrentjoin point. Speci�cally, wede-
�ne adviceas a function transformerthat consumesthe original
function to beexecuted,andreturnsa function to usein its place.
This formulationof adviceis similar to thedenotationalsemantics
of advicegiven by Wandet al. [20] for a �rst-order procedural
language.For example,wecande�ne thefollowing advice:

(lambda (p)
(lambda (a)

(printf " aborted call to ˜s with args ˜s" p a)
17))

The �rst parameter, p, is the functionto transform;thesecondpa-
rameter, a, is theargumentpassedto that function. Whenthis ad-
vice capturesthe function call, it prints an error messageandre-
turnsthevalue17 without calling theoriginal function. More in-
terestingly, we cande�ne advicethatchangestheargumentto the
capturedfunction:

(lambda (p) (lambda (a) (app/prim p ( � a 83))))

This adviceadds83 to the argumentbeforecalling the function.
We employ app/prim to capturethe behavior of AspectJ's pro-
ceed, which appliesthe original function without performingany
additionalaspectweaving.

Having seenhow bothpcd's andadvicearespeci�ed as�rst-class
entities,we now needa way to install themin thecomputation.To
thatend,we introducea new termin our languagenamedaround:

(around pcdadvicebody)

Informally, thesemanticsof thisexpressionis to evaluatebodyun-
dertheaspectde�ned by pcd andadvice. A simpleexampleof its
useis:

(de�ne (doublex) ( � x x))
(around (call double) (lambda (p)

(lambda (a)
(printf " calling double" )
(app/prim p a)))

(double143))

Whenexecuted,thisprogramprintsastringto standardoutput,and
returnsthevalue286.

While thearound constructmayostensiblyseemstraightforward,
we have blithely ignoreda critical issue:theextentof anaspect's
jurisdiction. In de�ning around, weneedto bemorespeci�c about
whentheaspectwill beactive,especiallyin thepresenceof higher-
order functions. Fortunately, the problemof reasoningaboutthe
extent is a familiar one: we encounterit in de�ning whethervari-
ablesshouldbe staticallyor dynamicallyscoped. In a �rst-class
proceduralvalue,statically-scopedvariablesget their valuesfrom
theenvironmentof theprocedure's de�nition; dynamically-scoped
variablesget their valuesfrom theenvironmentof theprocedure's
invocation.

Weexploit thisdistinctionfor de�ning aspectsalso.A staticaspect
declarationappliesto anexpressionno matterwhereit is used.If
thebodyof thedeclarationis aprocedure,thentheaspectappliesin
theuseof theprocedure.In contrast,adynamicaspectappliesonly
in its dynamicextent,which is thebodyof theaspectdeclaration.
Whenthe body �nishes computing,the aspectno longerapplies.
Any proceduresde�ned in thebodydonotapplytheaspectoutside
thatextent.

Thearound constructcreatesstaticaspects;wealsosupportacon-
struct�uid-ar ound whichcreatesdynamicaspects.To understand
thedifference,considerthesede�nitions:

(de�ne (add2x) ( � x 2))
(de�ne trace-advice(lambda (p)

(lambda (a)
(printf " calling add2" )
(app/prim p a))))

Considereachof thefollowing usesof thisadvice:

((around (call add2) trace-advice(lambda (v) (add2v))) 7)

appliestheaspectstatically. Therefore,theaspectis in forcewhen
theprocedureis appliedto 7. As aresult,it printsamessagebefore
returning9. In contrast,in thefollowing use,

((�uid-ar ound (call add2) trace-advice(lambda (v) (add2v))) 7)

the extent of the �uid-ar ound terminatesbeforethe procedureis
applied,resultingin no consoleoutput.

Now supposewede�ne thefollowing functionaswell:

(de�ne (apply-to-4f ) (f 4))

Supposewe now attemptto applytrace-advice:

(around (call add2) trace-advice
(apply-to-4add2))

apply-to-4hasno aspectspresentas its de�nition. Therefore,the
adviceis never invoked. In contrast,applyingtheadvicedynami-
cally

(�uid-ar ound (call add2) trace-advice
(apply-to-4add2))

resultsin consoleoutput.
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2.3 Obliviousness
Considerthefollowing Java program:

public classPoint
�

int x, y;
Point (int x, int y)

�

this � x � x � this � y � y ���

int getX()
�

return x �	�

int getY()
�

return y ���

public static void main(String args[])
�

Point p � newPoint(3, 4);
p.getX() ���
�

By writing the following AspectJcode,we can traceall calls to
getX():

public aspectTrace
�

before() : call(int getX())
�

. . . �
�

This alterationhasthe key propertythat the programmerdid not
haveto anticipateany futurechanges.Thispropertyis calledobliv-
iousness[7]; it ensuresthat aspectscan affect the behavior of a
programwhoseoriginal sourcedoesnot containany referencesto
aspects.

Considerthe following transliterationof the above Java program
into Scheme:

(de�ne (new-pointx y) . . . )
(de�ne (point-get-xpt) . . . )
(de�ne (point-get-ypt) . . . )

(de�ne (main)
(let ([p (new-point3 4)])

(point-get-xp)))

Theprogrammercannow separatelywrite thefollowing aspect:

(�uid-ar ound (call point-get-x) (lambda (p) (lambda (a) . . . ))
(main))

Notice that we were able to modify the behavior of the original
programwithout leaving any hooksin it. Basedon examplessuch
as this, we thereforebelieve our versionof pointcutsandadvice
have thesamepower of obliviousnessasAspectJ.

Thedegreeof obliviousnessdependsontheability to nameentities.
Someof theseentitiesare�rst-order (andnamed),suchasclassesin
Java andtop-level de�nitions in Scheme.For these,it is relatively
easyto obliviously modify their behavior—both AspectJandour
systemprovidecomparablepower.

Other entitiesare often anonymousand �rst-class. Examplesof
theseinclude both closuresin Schemeand objectsin Java. The
anonymity makesit is dif�cult to modify their behavior primarily
becauseit is dif�cult to identify themin the�rst place.Wecannev-
erthelessnamean expressionsuchasnew . . . in Java usingstatic
distancecoordinates.However, this doesnot give usa way to dis-
tinguishamongthepotentiallyin�nite numberof objectsgenerated
at this creationsite.

Someclosuresin Schemeareanalogousto objectsin Java. A pro-
cedurethat is nestedwithin anotherprocedureis not instantiated

until theouterprocedureis invoked,andmayresultin apotentially
in�nite numberof closuresat run time. Obliviously modifying the
behavior of theseproceduresthereforeposestheexactsameprob-
lemsasdoingit for objectsin Java.

3. PROGRAMMING WITH
ASPECTSIN SCHEME

We have seenthelanguagefeaturesnecessaryfor addingpointcuts
andadviceto a functionallanguage.In thissection,we presentex-
amplesdemonstratingtheinteractionbetweenfunctionalprogram-
ming andaspect-orientedprogramming. First, we give a simple
programthatbene�ts from the useof bothstaticanddynamicas-
pects.Second,we show examplesof how higher-orderaspectsare
bothfeasibleanduseful.

3.1 Static and Dynamic Aspects
To studytheutility of aspectsin afunctionallanguage,wewill look
at anexampleof how we canimplementa securitymodelusinga
combinationof staticanddynamicaspects.Considerthisscenario:
we want to provide a simpleoperatingsystemAPI to anuntrusted
client program.This API containsthreefunctions:read-�le, write-
�le , andrun-program. Theoriginal codeis organizedby function,
with securitychecksscatteredthroughout:

(de�ne (read-�le f )
(if (no-read-permission?user)

(raise ' no-permission-exception)
(let ([p (open-�le f )])

. . . )))

(de�ne (write-�le f )
(if (no-write-permission?user)

(raise ' no-permission-exception)
(let ([p (open-�le f )])

. . . )))

(de�ne (run-programp)
(if (no-run-permission?user)

(raise ' no-permission-exception)
(load&run p)))

(list read-�le write-�le run-program) ;; export threefunctions

First,wewouldliketo factoroutthepermission-checkingcodeinto
aspects:

(de�ne (read-�le f )
(let ([p (open-�le f )])

. . . ))

(de�ne (write-�le f )
(let ([p (open-�le f )])

. . . ))

(de�ne (run-programp)
(load&run p))

(de�ne read-pcd(&& (call open-�le) (within read-�le)))
(de�ne read-adv(lambda (p) (lambda (a)

(if (no-read-permission?user)
(raise ' no-permission-exception)
(app/prim p a)))))
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(de�ne write-pcd(&& (call open-�le) (within write-�le )))
(de�ne write-adv(lambda (p) (lambda (a)

(if (no-read-permission?user)
(raise ' no-permission-exception)
(app/prim p a)))))

(de�ne run-pcd(call load&run))
(de�ne run-adv(lambda (p) (lambda (a)

(if (no-run-permission?user)
(raise ' no-permission-exception)
(app/prim p a)))))

(around read-pcdread-adv
(around write-pcdwrite-adv

(around run-pcdrun-adv
(list read-�le write-�le run-program))))

Sincewe usestaticaspectsto encapsulatethepermissionsfeature,
theaspectwill beusedwhenevaluatingthebodiesof thefunction,
wherever that may occur. Thus,we cansafelyexport thesethree
functionsfrom our library. Second,we would like to addanextra
securitymeasureto the run-program function. The argumentp is
someclient-suppliedprogram,andwe mayto restrictits accessto
certainresources.For example,we canensurethat theclient pro-
gramdoesnot openany network connectionsby usinga dynamic
aspect.Thisaspectwill dictatethatany call to open-socket thatoc-
cursin its dynamicextentshouldfail. We addthis dynamicaspect
in theadvicethatgovernsrun-program:

(de�ne no-socket-adv(lambda (p) (lambda (a)
(raise ' no-socket-allowed))))

(de�ne run-adv(lambda (p) (lambda (a)
(if (no-run-permission?user)

(raise ' no-permission-exception)
(�uid-ar ound (call open-socket)

no-socket-adv
(load&run p))))))

This securityexampleillustratesthe utility of both staticanddy-
namicaspects.Staticaspectsallow usto encapsulatecross-cutting
featuresof library functions,andexport the functionsso that they
usethe aspectwhenapplied. Dynamicaspectsgive us control of
whatever computationsoccurwithin somedynamicextent: in this
case,we couldcatchcertainfunctioncalls in the extent of an un-
trustedclient's program.

3.2 ReusingAspects
In this section,we studyexamplesof how �rst-classpointcutsand
adviceallow greaterreuse. First, we examinethe differencebe-
tweenpointcutdescriptorsin our language,andthoseof AspectJ.
In our formulation,pcd's are�rst-classvalues:they arepredicates
over a list of join points. Like all valuesin a functionallanguage,
they can be passedto and returnedfrom functions. In AspectJ,
however, the programmercannotabstractover pcd's; Kiczaleset
al. explicitly state:“Pointcutsarenothigherorder, norarepointcut
designatorsparametric.” [11] Are thereany advantagesto having
�rst-classpointcuts?

Considera pcd thatdescribesthe following join point: any call to
thefunctionfunc1wherecontrol�o wedthroughfunctionsf , g, and
h in that order. This situationmight arisewhen the programmer

registersfunc1asa callbackfunction,andshewishesto examine
thosecalls to it thatoriginatedfrom control �o w sequencef , g, h
in thelibrary. Wecanwrite this pcdasfollows:

(&& (call func1)
(c�ow (&& (call f )

(c�ow (&& (call g)
(c�ow (call h)))))))

Now let's describethe samescenario,but for the function func2
insteadof func1. In AspectJ,we wouldhave to write theentirepcd
again,dueto thelackof parametricity. Thisduplicationof codenot
only makes the programmer's task more dif�cult, but likely will
induceerrorswhenmodifying the code. In our language,on the
otherhand,we canparameterizethepcdover thefunction:

(de�ne (thru-fgha-function)
(&& (call a-function)

(c�ow (&& (call f )
(c�ow (&& (call g)

(c�ow (call h))))))))

Thusthru-fghconsumesa functionandreturnsa pointcutdescrip-
tor. We canusethru-fgh to createa pcdfor both func1andfunc2,
or indeedfor any function:

(thru-fghfunc1)
(thru-fghfunc2)

By making pcd's �rst-class entitiesin a functional language,we
automaticallygetthegreaterabstractive capabilityaffordedby pa-
rameterization.

We can take this abstractionone level further. In the example
above,weusedachainof c�owsto representapathof control�o w.
We will likely usethis control �o w patternbeyond just the func-
tionsf , g, andh, sowe would would like to de�ne a moregeneral
pointcutoperator:onethattakesa list of pcd's andproducesa new
pcdrepresentingany join point wherecontrol �o wedsuccessively
througheachpcdin thelist. We'll call this operatorc�ow � . In our
language,we cande�ne c�ow � asa recursive function in termsof
c�ow:

(de�ne (c�ow � lis)
(if (empty?lis)

(lambda (jp) true)
(c�ow (&& (�r st lis)

(c�ow � (restlis))))))

Alternatively, we couldde�ne thefunctionusingfoldr:

(de�ne (c�ow � lis)
(foldr (lambda (this-pcdrest-true)

(c�ow (&& this-pcdrest-true)))
(lambda (jp) true)
lis))

We canrewrite our above examplethru-fghasfollows:

(de�ne (thru-fgha-function)
(&& (call a-function)

(c�ow � (list (call f ) (call g) (call h)))))
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The operatorc�ow � is higher-order pointcut descriptor: it con-
sumesa list of pcd's andproducesa new one. Again, the power
to de�ne suchoperatorcomesfor freefrom de�ning pcd's as�rst-
classentitiesin a functionallanguage.We believe this abstractive
power representsasigni�cant improvementover thecapabilitiesof
AspectJ.

Not only canwe de�ne higher-orderpointcuts,but we cande�ne
higher-orderadvice.Weillustrateonescenariowherethisability is
useful.Considerthecircumstancewherewehave two aspects:one
that logscalls to a function,andonethat �lters calls to a function
basedon its argument.Theadvicefor theloggingaspectprintsout
a messagebeforeandafterthejoin point:

(lambda (p)
(lambda (a)

(begin
(printf " entering fn" )
(app/prim p a)
(printf " exiting fn" ))))

The�ltering aspectmayor maynotenterthejoin point,depending
on thevalueof theargument;its adviceis de�ned asfollows:

(lambda (p)
(lambda (a)

(unless(zero?a)
(app/prim p a))))

What happensif thesetwo aspectsboth apply to the samejoin
point?Therearetwo possibilities:

1. The�ltering adviceexecutes�rst, andits call to p invokesthe
loggingadvice.Whena is zero,it doesnot call the logging
advice(andthustheoriginal function),sonothingis printed.

2. The logging adviceexecutes�rst, and its call to p invokes
the �ltering advice.Whena is zero,the loggingadvicestill
printsout its messages,eventhoughthepruningadvicedoes
notcall theoriginal function.

Given thesetwo choices,we probablydesirethe behavior of the
�rst. How canweensurethisbehavior? In AspectJ,theorderof as-
pectweaving dependsontheorderof theirde�nitions in thesource
�le (thoughwe couldusethedominatesmodi�er to specifyorder
moreprecisely).A saferapproachwould beto combinethesetwo
piecesof adviceourselves,so that we have absolutecontrol over
their order, anddo not have to rely on the implicit orderingof the
system.Thuswe could write a function that consumesthesetwo
advicefunctionsandreturnstheir combination:

(de�ne (sequence-adviceadvice1advice2)
(lambda (p)

(lambda (a)
((advice1(advice2p)) a))))

This functionsequence-adviceis higher-orderadvice:it consumes
two piecesof adviceandproducesnew advice.For morecomplex
aspects,we would needmore detailedways of combiningthem.
In AspectJ,we cannotde�ne new combinatorswithout modifying
theinternalsof aspectweaving. In our language,wehavecomplete
controloverhow tocombinemultipleaspectsthatapplyto thesame
join point.

4. SEMANTICS
We have developeda formal semanticsfor pointcutsand advice
in a higher-order language,which we will brie�y describehere.
Theimportantelementof thesesemanticsis anaspectenvironment,
whichmaintainsalist of activeaspects.Theconstructsaround and
�uid-ar ound extendtheaspectenvironment,while functionappli-
cation examinesthe environmentto apply relevant aspects.The
remainingpartsof thelanguagearestandard,exceptthatfunctions
closeover boththevariableandaspectenvironments.

The aspectenvironmentis a list of triples �
�������	����������� ����� �"!$#$%'&
( ,
where�)����� and �������
�*��� are(procedure)values,andthe �"!�#"%'& tagis
either +-,/.
,/0	1 or 2	3�45.7680	1 . Theexpression(around 9:�$���;9<�����
�*���

9<=�>
��? ) evaluatesits �rst two components,addstheresultingvalues
to theaspectenvironmentwith a +-,@.
,50	1 tag,andthenevaluatesthe
bodyin thisextendedenvironment.Thesemanticsof �uid-ar ound
is similar, exceptthatthescopetagis 2	3�45. 6�0	1 .

Next we turn to functionapplication.Recallthatour languagehas
two suchconstructs:the default one, which weaves aspectsinto
thecomputation,anda“primiti ve” application,whichdoesnotob-
serve aspects.Althoughapp/prim doesnot invoke aspects,it must
createthecorrectaspectenvironmentin which to evaluatethebody
of thefunction. Let A

�B��� betheaspectenvironmentpresentat the
call site,andlet ADCFE$G betheenvironmentextractedfrom thefunc-
tion's closure.Theaspectenvironmentfor evaluatingthe function
bodythencomprisesthe 2�3�45. 680�1 aspectsin A

�B��� andthe +-,/.
,/0	1

aspectsfrom A
C�E�G

.

Finally wecometo theheartof oursemantics:how to injectaspects
into the computationduring functionapplication.This processof
“aspectweaving” containsthreesteps:

1. Record the join point. We recordthat we have entereda
new join pointby placingamarkonthestack.Thismarkhas
no direct effect on the computation;it is simply discarded
whenthefunctionreturns.

2. Compute the curr ent join points. We computethe list of
current join points, which eachpcd takes as an argument.
This list canbe createdby a function over (someconcrete
representationof) thecurrentcontinuation.

3. Check eachaspect.We checkeachaspectin theaspecten-
vironment:if thepcdholds,we applytheadviceto thefunc-
tion. After checkingall aspects,we applytheresultingfunc-
tion to the original argument. If no pcd evaluatesto true,
this function applicationreverts to app/prim. For eachas-
pectthatholds,theapplicationof theadviceto the function
alsoinvokesaspectweaving.

We give the formal speci�cationof thesesemanticsasa variation
on theCEKSmachine[6]; full detailswill beavailablein a forth-
comingtechnicalreport[19].

5. IMPLEMENT ATION
Wedemonstratedthatwecansupportseveralkey elementsof aspect-
orientedprogrammingin afunctionallanguagebyaddingthreelan-
guageconstructs.In this section,we will presenttheseconstructs
as syntacticextensionsto the Schemelanguage. To do this, we
will needto employ Scheme's macrosystem,alongwith the PLT
Schemefacilitiesfor creatingnew languages.Wewill alsodescribe
continuationmarks,andusethemtode�ne ourlanguageconstructs.
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5.1 Background on PLT Scheme
In Scheme,wecaneasilyde�ne languageextensionsusingits mac-
ro system. Schememacrosare effectively functionsthat rewrite
syntax trees; they are more powerful than lexical macros,such
as thoseprovided by the C preprocessor, which operateonly on
strings.Hygienicmacrosensuresthatthesyntaxtreeresultingfrom
a transformationdoesnot accidentallycaptureany variablesfrom
thesurroundingcontext [13, 15]. To de�ne macrosin PLT Scheme
[8], we will usethe syntax-caseform [5], which allows pattern-
matching[14] andcreateshygienicmacros.

Macrosthemselvesarenotsuf�cient for de�ning ouraspect-orient-
ed extensions.As we saw earlier, we mustrede�ne the behavior
of function applicationso that it performsaspectweaving; thus,
we are really creatinga new language,not merely an extension
to Scheme. Fortunately, PLT Scheme's modulesystemprovides
an easyway to createa new language:the programmerde�nes a
modulethat exports the syntaxde�nitions for every constructin
thelanguage[9]. Our implementationexportsthedefault language
constructsfrom Schemewith a few changes.We de�ne andexport
thenew syntacticformsaround and�uid-ar ound. We alsode�ne
app/weave, the form of function applicationthat weavesaspects,
andexport it asthedefault application.We thenexport Scheme's
default functionapplicationasapp/prim.

In orderto implementaspect-orientedprogramming,we needone
additionalfeatureof PLT Scheme:continuationmarks.Clements,
Flatt,andFelleisenintroducedcontinuationmarksasa mechanism
for implementingan algebraicstepper[3]. The stepperinsertsa
breakpoint betweeneachevaluationstepto show theexecutionof
a program.At eachbreakpoint, thestepperprints representations
of boththecurrentvalueandthecurrentcontinuation.Clementset
al.'s insightwasto markevery computationpoint with a represen-
tationof its action;thesteppercanthenreconstructthestructureof
thecontinuationby examiningthesemarksatbreakpoints.

In termsof languagedesign,thesemarksrequirethe additionof
two primitives. Intuitively, with-continuation-mark addsa mark,
andcurr ent-continuation-marks examinesthe marks. (We will
abbreviate theseconstructsasw-c-m andc-c-m respectively.) The
expression(w-c-m tag 9IHJ9LK ) �rst evaluates9IH , then 9LK , and
returnsthevalueof 9LK . Theexpression(c-c-m tag) looks for in-
stancesof (w-c-m tag � . . . ) in the currentcontinuation,andre-
turnsa list of all such � 's. For example:

(de�ne (fact n)
(w-c-m ' fact-arg n

(if (zero?n)
(begin

(display(c-c-m ' fact-arg))
1)

( � n (fact (sub1n))))))

(fact 4)

prints(0 1 2 3 4).

For implementinga stepper, it wascritical thatcontinuationmarks
preserve tail-call behavior. The semanticsof continuationmarks
dictatethatwhentwo consecutive marksareplacedwith thesame
tag on thestack,thenewer oneoverwritestheolderone.Thus,the
accumulatorequivalentof thefactorialimplementationabove:

(de�ne (fact n a)
(w-c-m ' fact-arg n

(if (zero? n)
(begin

(display(c-c-m ' fact-arg))
a)

(fact (sub1n) ( � n a)))))

(fact 4 1)

printsa list containingjust thenumber0, becausethecontinuation
mark createdat eachrecursive call overwritesthe previous mark.
Unfortunately, wedonotwantthisoverwritingbehavior in ouruses
of continuationmarks.Wecanensurethattwo marksnever appear
consecutively by insertingan applicationof the identity function
beforeeachw-c-m expression.For example,we cantransformthe
accumulator-stylede�nition of fact sothatnomarksdisappear:

(de�ne (fact n a)
( (lambda (x) x)
(w-c-m ' fact-arg n

(if (zero?n)
(begin

(display(c-c-m ' fact-arg))
a)

(fact (sub1n) ( � n a))))))

(fact 4 1)

This expressionprintsthelist (0 1 2 3 4) asdesired.

Sinceour usesof continuationmarksalways want this behavior,
our coderede�nesw-c-m to automaticallyinsertanapplicationof
(lambda (x) x) asin theabove example.All instancesof w-c-m in
theremainderof thispaperwill usethis rede�nition.

5.2 Implementation of Dynamic Aspects
How canwe usecontinuationmarksto de�ne our aspect-oriented
extensionto Scheme?Thereis oneobvious parallelbetweenas-
pectsandcontinuationmarks: the dynamicnatureof join points.
Recallthatthec�o w operatorallows theprogrammerto matchany
join point in thedynamiccontext. Whenweenteranew join point,
weaddacontinuationmarkcontainingthedatafor thejoin point—
in our model,thevalueof thefunction. In orderto evaluatepcd's,
we needthe list of all active join points,which we retrieve by ex-
amining continuationmarks. Both of theseeventsoccur during
functionapplication.Figure1 shows thecodefor app/weave. The
expression(w-c-m ' joinpoint fun-val. . . ) recordsa join point,and
(c-c-m ' joinpoint) retrievesthecurrentlist of join points.

Wealsoneedsomewayto mimic theaspectenvironmentde�nedin
oursemantics.Theenvironmentcontainedbothstaticanddynamic
aspects;for now, we will focuson the dynamicaspects.Contin-
uation marksare in fact an implementationof dynamicenviron-
ments:w-c-m extendsthedynamicenvironmentwith a new value,
andc-c-m returnsall values. Whenwe encountera dynamicas-
pect, we add it to the dynamicenvironmentwith the expression
(w-c-m ' dynamic-aspect aspect. . . ). Whenweneedto weaveas-
pectsduringfunctionapplication,weretrievethelist of all dynamic
aspectsvia (c-c-m ' dynamic-aspect). The de�nitions of �uid-
around andapp/weave exhibit this useof continuationmarks.
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We now have thetwo piecesof informationwe needto weave dy-
namicaspects:thelist of currentjoin pointsandtheactivedynamic
aspects.At functionapplication,we iterateover eachaspect.If the
aspect's pointcutdescriptorreturnstrue whenappliedto the join
point list, we applytheaspect's adviceto thefunction. Thede�ni-
tion of weavedemonstratesthedetailsof this algorithm.

(module aspect-schememzscheme
(de�ne-struct aspect-pair(pcdadvice))

(de�ne-syntax (app/weave stx)
(syntax-casestx()

[( f a . . . ) (syntax (app/weave/rtf a . . . ))]))

(de�ne (app/weave/rtfun-val. arg-vals)
(if (primitive?fun-val)

(applyfun-valarg-vals)
(w-c-m ' joinpoint fun-val

(let � ([jp (c-c-m ' joinpoint)]
[aspects(current-aspects)])

(apply(weavefun-val jp aspects)
arg-vals)))))

(de�ne (current-aspects)
(c-c-m ' dynamic-aspect))

(de�ne (weavefun-val jp aspects)
(if (empty?aspects)

fun-val
(let ([r (weavefun-val jp (restaspects))]

[a (�r st aspects)])
(if ((aspect-pair-pcda) jp)

(lambda vs(applyapp/weave/rt
((aspect-pair-advicea) r)
vs))

r))))

(de�ne-syntax (�uid-ar ound stx)
(syntax-casestx()

[( pcdadvicebody)
(syntax (w-c-m ' dynamic-aspect

(make-aspect-pairpcdadvice)
body))]))

(provide (all-fr om-exceptmzscheme#%app)
(renameapp/weave #%app)
(rename#%app app/prim)
�uid-ar ound))

Figure1: Dynamic aspects

5.3 Implementation of Static Aspects
Although continuationmarksmapwell to two featuresof aspect-
orientedprogramming—joinpointsanddynamicaspects—they do
not obviously help in implementingstaticaspects.Considerthese
two examples;thelatteronewasour examplein section2.2which
demonstratedstatically-scopedaspects:

((�uid-ar ound (call add2) trace-advice(lambda (v) (add2v))) 7)

((around (call add2) trace-advice(lambda (v) (add2v))) 7)

In the�rst example,thedynamicaspectis not in scopewhenadd2
is appliedto 7. Our macroproducesthis behavior: the continua-
tion markcorrespondingto the �uid-ar ound disappearswhenthe
body(lambda (v) (add2v)) returns,beforetheapplicationof add2.
Thesecondexample,however, declaresa staticaspect,which is in
scopewhenever thebodyof (lambda (v) (add2v)) executes.The
around expressionalsostoresthe aspectin a continuationmark,
but thatmarkwill disappearwhenthebodyof thearound returns;
we will losethestaticaspect.

In orderto achieve the correctsemanticsfor around, we needto
transformeachlambda expressionin theprogramsothat it closes
over the aspectsat its de�nition site, andreinstatestheseaspects
duringtheexecutionof its body. Considera single-argumentfunc-
tion (lambda (x) body); we wish to transformthis to anequivalent
functionthatstoresthestaticaspects:

(lambda (x) (w-c-m ' static-aspect . . . body))

What aspectsbelongin the elidedexpression?We want all static
aspectsthatwereactive at thesiteof thefunction's de�nition. We
explain this throughanexample.Considertheprogram

(let ([f (around pcdH adviceH

(lambda (x)
(around pcdK adviceK

(g x))))])
(around pcdM adviceM

(f 0)))

The procedureboundto f needsto closeover the aspectwith the
pcdpcdH . Thetransformedprocedurecapturesthisasfollows:

(lambda (x)
(w-c-m ' static-aspect (make-static-env

(list
(make-aspect-pairpcdH adviceH )))

(around pcdK adviceK

(g x))))

At thetimeof invokingf , thestackcurrentlycontainsjustonemark
for an aspect,that for pcdM . Invoking f pushesthe staticenviron-
mentonto the stack,so it now hastwo marks. The original body
of f pushesonemoremark, that for pcdK . Becauseeacharound
generatesa continuationmark for the aspectit declares,invoking
(c-c-m ' static-aspect) at thepoint of applyingg returns

(list (make-aspect-pairpcdK adviceK )
(make-static-env (list (make-aspect-pairpcdH adviceH )))
(make-aspect-pairpcdM adviceM ))

Of these,all aspectshigheron thestackthanthehigheststaticen-
vironmentwerede�ned in scopesthat extend that of an invoked
procedure(in this case,just pcdK ). In contrast,all thoselower on
the stackthanthe higheststaticenvironmentcanno longerbe in
scope(by de�nition of staticscoping),andwe must thereforeig-
norethem—inthiscase,thatof pcdM . Therefore,thearound macro
employsaprocedurethatelidesall aspectsbeyondthehigheststatic
aspect:

(de�ne (active-static-aspectslis)
(if (empty?lis)

'()
(if (static-env? (�r st lis))

(static-env-lis (�r st lis))
(cons(�r st lis) (active-static-aspects(restlis))))))
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Figure2 de�nes the macrolambda/static, which implementsthe
transformationdescribedabove. We export lambda/static as the
default lambda for our language.Notice that we alsoupdatethe
de�nition of current-aspects, so that it considersstaticaspectsin
additionto dynamicones.

(de�ne (current-aspects)
(append(c-c-m ' dynamic-aspect)

(active-static-aspects(c-c-m ' static-aspect))))

(de�ne-syntax (around stx)
(syntax-casestx()

[( pcdadvicebody)
(syntax (w-c-m ' static-aspect

(make-aspect-pairpcdadvice)
body))]))

(de�ne-syntax (lambda/static stx)
(syntax-casestx()

[( paramsbody. . . )
(syntax
(let ([env (active-static-aspects(c-c-m ' static-aspect))])

(lambda params
(w-c-m ' static-aspect (make-static-env env)

(beginbody. . . )))))]))

Figure2: Static aspects

Thede�nitions givenin Figures1 and2 arenow executablecode—
they correctlyinterprettheexamplesgivenin this paper.

6. RELATED WORK
While the earlierwork on aspects[12] wasde�ned for languages
like CommonLisp that do offer higher-orderprogrammingfacil-
ities, the aspectsthemselveswerede�ned broadlythroughgener-
alizedweavers. This work did not explicitly distinguishbetween
differentscopingmechanismsfor aspects.While it is perhapspos-
sibleto de�ne thesescopesusingparticularweavers,thework does
not identify thisconcernor discussits potential.

AspectJ[11] is thedefactostandardfor aspect-orientedprogram-
ming. It de�nesarich setof join pointsfor describingpointsin the
executionof a program.SinceJava is a statically-typedlanguage,
AspectJalsorequiresandenforcestypedeclarationswhende�ning
aspects.The programmercanalsousetypesin pointcutdescrip-
tors,which is extremelyusefulin conjunctionwith wildcards.As-
pectJ's supportfor softwaredevelopmentincludesa compilerthat
producesstandardJava bytecode,andextensionsto programming
environmentsthatenabletheprogrammerto browseaspecthierar-
chies.

Wand,Kiczales,andDutchyn[20] presentadenotationalsemantics
for aspect-orientedprogramming.Like us, they studyan aspect-
orientedextensionto anuntypedlanguage;however, they only sup-
port �rst-order procedures.Althoughwe have developedanopera-
tional semanticsthat includeshigher-orderfunctions,many of our
ideasderive from their work, suchastheuseof anaspectenviron-
ment,andthecharacterizationof adviceasproceduretransformers.

Bauer, Ligatti, andWalker [1] presenta modelfor language-based
security, wherean outsideprogrammonitorsthe executionof an

untrustedprogram.Their securitypolicieshave thesamestructure
asaspects:they compriseasetof actionsto interceptin aprogram's
execution,anda policy that canmodify the computationof these
actions. Furthermore,the securitypolicies are �rst-class values,
and they give examplesof parametricand higher-order policies.
Theirsystemis similarto aspect-orientedprogramming,exceptthat
they do not supportthe samerangeof pointcuts;notably, they do
notprovide a meansof examiningcontrol�o w.

7. CONCLUSION
As aspect-orientedsoftwaredesigngrows in popularity, morelan-
guageswill needto supportthisstyleof development.Recentwork
on de�ning a semanticsfor pointcutsandadvice[20] is especially
valuable,becauseit explicatestheessenceof thesekindsof aspects,
making it easierto port this style of programmingbetweenlan-
guages.Becausethesemanticsis de�ned for �rst-order languages,
however, it fails to documenthow to de�ne AspectJ-like features
for languageswith �rst-class andhigher-orderprocedures.As the
family of languageswith thesefeaturesincludesnotonly academic
languagessuchas Schemeand ML but also industrially popular
languagessuchasPythonandPerl,de�ning aspectsin this context
takeson immediacy andimportance.

Higher-orderlanguagespresentbothchallengesandbene�tsfor as-
pects.Ontheonehand,they forcethedesignerto carefullyaddress
issuesof scopethatdo not arisein �rst-order languages.Not only
do proceduralentitiesno longernecessarilyhave names,program-
merscannow distinguishbetweentheir loci of de�nition andof
use.Onetheotherhand,thesedistinctionsof scopemake it possi-
ble to de�ne a muchrichervarietyof policiesthanis possiblein a
�rst-order aspectlanguage.In particular, programmerscannow de-
�ne bothdynamicaspectstraditionalto AOPandstaticaspectsthat
canenforcepoliciesde�ned within modules,e.g.,capturecommon
security-controlparadigms.

In this paper, we presenta descriptionof aspectsfor higher-order
languages.Wemimic theoperatorsof AspectJbut implementthem
in thecontext of theSchemeprogramminglanguage.We alsode-
scribethe implementationof this language.The implementation
exploits two novel featuresof our Schemesystem—continuation
marksand language-de�ningmacros—thatdo not interfere,and
indeedintegratewell, with traditionaltaskssuchasseparatecom-
pilation and the useof the DrSchemedevelopmentenvironment
[8]. This makesit very convenientfor programmersto exploit as-
pectsto improve programdesignswithout changingtheir program
developmentmethodology. In addition,continuationmarksareim-
plementedef�ciently , so programmersarenot penalizedfor their
use.

Thereare many directionsfor future work. While we have ex-
plainedhow aspectsshouldbehave in higher-order languages,we
have not providedanaccountof pointcutsandadvicein languages
with evenricher(andincreasinglypopular)controlprimitivessuch
ascontinuations.We have alsodeliberatelyneglectedtypesystem
questions,particularlythe kinds of parametricpolymorphismthat
aspectsinduce,and other forms of static validation. Finally, we
have paidrelatively little attentionto therun-timecostof usingas-
pectsandshouldseekwaysto optimizethem(perhapsby shifting
somework to compile-time)to make themminimally intrusive.
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