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ABSTRACT

Aspect-orientedsoftware designwill needto supportlanguages
with rst-class andhigherorderproceduressuchasPython,Perl,
ML andScheme Theselanguagdeaturespresentothchallenges
andbene tsfor aspectsOn the onehand,they force the designer
to carefully addressssuesof scopethatdo not arisein rst-order
languages.On the otherhand,thesedistinctionsof scopemale it
possibleto de ne amuchrichervariety of policiesthan rst-order
aspectanguagepermit.

In this paper we describethe subtletiesof pointcutsand advice
for higherorderlanguagesparticularly Scheme.We thenresohe

thesesubtletiedy alludingto traditionalnotionsof scope.In par

ticular, programmersannow de ne both dynamicaspectdradi-

tionalto AOP andstaticaspectshatcancapturecommonsecurity-
controlparadigmsWe alsodescribeheimplementatiorof thislan-

guageasanextensionto SchemeBy exploiting two novel features
of our Schemesystem—continuatiomarksandlanguage-de ning
macros—thémplementations lightweightandintegrateswell into

the programmes toolkit.

1. INTRODUCTION

Current programminglanguageffer mary ways of organizing
codeinto conceptuablocks, whetherthroughfunctions, objects,
modules,or someother mechanism.However, programmerof-
ten encounterfeaturesthat do not correspondwell to theseunits
of organization. Suchfeaturesare saidto “cross cut” the design
of a system becausehe codethatimplementshe featureappears
acrossmary programunits. In a proceduralanguagesucha fea-
ture might be implementedas piecesof disjoint proceduresin an
object-orientedanguagethefeaturemightspanseveralmethodsor
evenobjects.Thesecross-cuttindeaturesnhibit softwaredevelop-
mentin mary ways. For one, it is dif cult for the programmeto
reasorabouthow the disparatepiecesof thefeatureinteract.Also,
they breakmodularity:theprogrammecannotimply addor delete
thesefeaturedrom a program sincethey arenot separableinits.
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Recentlymary researchersave proposedspect-orientesoftware
developmenfAOSD)asamethodfor organizingcross-cuttingea-
tures[12, 4, 10, 17, 2, 16, 18]. In particular Kiczaleset al. have
presentedhspect-orientegrogramming(AOP); in this paradigm,
the piecesof eachfeaturecombineto form a separateomponent,
calledanaspect In additionto containingthe codenecessarfor a
feature theaspecmustindicatewhenthis codeshouldberun dur-
ing programexecution.Kiczalesetal. alsoimplemented practical
aspect-orientedxtensionto Java, calledAspectJwhich allows the
programmeto de ne pointcutsandadviceandintegrategheminto
aprogram[11].

Currentlanguageghat supportAOR, suchas AspectJ,have been
built asextensiongo object-orientednd rst-order proceduralan-
guages.The goal of ourwork is to understandhe relationshipbe-
tween AOP and functional programming. Two reasonsmotivate
ourinvestigationof thistopic. Ononehand therearemary widely
usedfunctional languageghat could bene t from AOR In addi-
tion to corventional functional languagedike ML, Scheme,and
Haslell, mary new languagesin particular“scripting” languages
suchasPerlandPython,now includeanorymousandhigherorder
functions. As more and more functional languagesemepge, we
needto understandhefeasibility andutility of aspect-orientedro-
grammings thesdanguagesOntheotherhand we canaskwheth-
erthegreaterabstractie power of functionalprogrammingenhanc-
esAOP We might be ableto simplify the speci cation of aspects
becaus¢heunderlyinglanguagerovidesastrongerframeavork for
de ning linguistic extensions Also, we might useparametricityto
de ne more generalaspectsand develop aspectcombinatorsby
emplgying higherorderfunctions.Clearly, theinteractionbetween
AOP andfunctionalprogrammingmeritscarefulinvestigation.

Thetwo mainchallengeso addingAspectJ-stylaspects$o afunc-
tionallanguagearethe speci cationof aspectandthede ning the
scopeof anaspecs applicability First, we needto decidehow to
specifypointcutsandadvice.Are they new kindsof values?Do we
needa sublanguagéor describingwhenaspectareto beinvoked?
Secondwe mustaddresgheissueof scope. Unlike a rst-order
languagewhereall proceduresindaspectaredeclaredat the top
level andhave globalscopede nitions in a higherorderlanguage
canbeintroducedat ary point andhave more speci ¢ scope.We
mustdecidethe scopein which an aspecitanaffect programexe-
cution.

Wewill addresshesechallengedy de ning anaspect-orienteekx-
tensionto afunctionallanguage Section? presentdackgroundn
AspectJ,and putsforth our aspect-oriente@xtensionto Scheme.
Section3 givesexamplesof pointcutsandadvicein our language,



anddiscusseshe synegy betweenAOP andfunctional program-
ming. Section4 informally presentghe semanticsor our exten-
sion. In Section5, we describein detail a lightweightimplemen-
tation of aspects.Section6 discusseselatedwork, and section7
concludes.

2. DEFINING POINTCUTS AND ADVICE

Thissectionrst describefspectJs modelof aspect-orientedro-
gramming.Wethenpresenburformulationof AspectJ-styl@oint-
cutsandadvicein a higherorderlanguage andthenaddresshe
issueof obliviousnessvith respecto our system.

2.1 A Brief Overview of AspectJ
AspectJallows the programmeto modify a programs behaior at
certainpointsduringits execution,calledjoin points In Java,these
pointsincludemethodcalls, variablesaccessesxceptionthrows,
andobjector classinitialization. We will focuson methodcall join
points becausahey aresufcient for demonstratinghe utility of
Aspectd.

Eachjoin point presentsan opportunityfor an aspecto affect the
computation.The effect might be assimpleaswriting sometrace
messageo output, or ascomple asreplacingthe next computa-
tion beforeit occurs.The speci cationof anaspecthastwo com-
ponents:the pointcutdescriptor(or pcd), which determinesvhen
theaspecshouldapply andtheadvice which describesvhatcom-
putationto perform.

AspectJprovides several primitive pointcut descriptors;two im-
portantpcd's are call(m), which matchescalls to methodm, and
¢ o w(p), which matchesary join point within the dynamicextent
of ajoin pointmatchingp.

An aspecs advicespeci eswhatcomputatiorto performat those
join pointsdenotedby the pcd. The programmercande ne dif-

ferentkinds of advicedependingn how executionshouldproceed
with respecto a givenjoin point. Thethreebasickinds of advice
arebefore, after, andaround. Before adviceexecutesbeforecon-
trol entersajoin point; after adviceexecutesvhencontrolreturns,
possiblydueto a thrown exception. Around advicereplaceshe
currentjoin point but canreinstatethe displacedcomputationvia
thekeyword proceed

Thepcdandadvicearenotstrictly independenéntitiesin AspectJ.
Thepcdmaypatternmatchagainstvaluesin thejoin pointsit spec-
i es; thesevaluescanthenbe referencedn the advicecode. As-
pectde nitions oftenusethis facility to capturetheargumentsgo a
methodcall.

2.2 De nitions in Higher-Order Languages
We supportpointcutsand advicein the presenceof higherorder
functions, while retaining the essentialfeaturesof AspectJ.We
chosePLT Schemeas the sandboxfor our experimentationbe-
causat providesstrongsupportfor linguistic extensibility: higher
orderfunctions,dynamictypes,anda powerful macrosystem.PLT
Schememalkes it particularly easyto de ne new languagesus-
ing the macrosystem,a featurewe will rely on for developinga
lightweightimplementatiorof aspects.

The fulcrum of our approachs thatlike functions,both pointcuts
andadviceshouldbe rst-classentities.This decisionis consistent
with the designof functionallanguagesand enablesusto exper
iment with de ning more generalaspects.For example,we can
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de ne aspectshatareparameterizedver somesetof variablesor
write aspectransformersr combinatorausinghigherorderfunc-
tions; we will demonstrateseveral suchexamples. First, though,
we mustanswertthe question:whatare rst-class pointcutsandad-
vice?

Recallthe de ntion of a pointcutdescriptor:it describes setof
join pointsoverwhich anaspecs adviceapplies.In ahigherorder
languagethe naturalway to describea setis by aninclusionpred-
icate. Thus,we representpcdasafunctionthatconsumeshelist
of join pointsin the dynamiccontext andreturnstrue or false. To
testwhetherthe currentjoin point represents: call to the function
f, thepredicatewould be:

(lambda (jp)
(eq?f (rstjp)))

wherejp is the list of dynamicjoin points. The rst elementin
thislist is themostrecenfoin point, theseconcelements the next
mostrecentjoin pointwe have not exited, andsoforth.

Thiscodeillustratestwo key pointsaboutourspeci cationof pcd's.
A pcdis rst-class: it canbeary Schemesxpressiorthatevaluates
to a predicateover a list of join points. Also, to testwhethertwo
functionsareidentical, we usethe built-in Schemepredicateeq?
This predicatetestsfor equality on proceduresy verifying that
thesetwo conditionshold: the two proceduresverede ned in the
samesourcdocation,andthe ervironmentsstoredin their closures
areidentical.

This de nition of proceduresqualitydiffers notablyfrom thede -
nition usedin rst-order languagesln a rst-order languagegvery
procedurehasa global name,and can be unambiguouslyidenti-
ed by that name. However, in Schemeand most higherorder
languagesfunctionsare inherentlynameless.Futhermore since
higherorder functionsclose over variablesexternal to their de -
nitions, a singlefunctionmay beinstantiatedn two differentenvi-
ronments Clearly thesetwo instantiationsarenotequialent,since
they producedifferentresultsfor a giveninput. Schemes eq?pro-
videsausefulandfastconserative approximatiorof obsenational
equivalencebetweerfunctions.

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

(lambda (jp)
(and (eq?f (r stjp))
(eq?g (secondp))))

Or we canmatchary callsto f within thedynamicextentof g:

(lambda (jp)
(and (eq?f (r stjp))
(memcg (restjp))))

Usingthisformulation,we cande ne thestandargcdbuilderscall
andwithin asfollows:

(callf) (lambda (jp) (eq?f (r stjp)))

(withinf)  (lambda (jp) (and (not (emptyrestjp)))

(eq?f (secondp))))



We canalsode ne thepcdoperators ow and&& :

(cow pcd (lambda (jp)
(and (not (empty?jp))
(or (app/prim pcdjp)
(app/prim (app/prim c ow pcd)
(restjp))))))
(lambda (jp)

(and (app/prim pcdijp)
(app/prim pcd2jp))))

(&& pcdiped?

The syntacticform app/prim performsa “primiti ve application”;
that is, it appliesa function to an agumentwithout examining
whetheraspectapply If we hadinsteadde ned ¢ ow using(pcd
jp), that call would itself invoke aspectweaving, which in turn
would evaluatethe samec 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
more generalthan both before and after. We considera slightly
simplerform of around advicethanwhatAspectllows—weview
it asatransformatioron the currentjoin point. Speci cally, we de-
ne adviceas a function transformerthat consumesghe original
functionto be executed,andreturnsa functionto usein its place.
This formulationof adviceis similar to the denotationakemantics
of advicegiven by Wandet al. [20] for a rst-order procedural
language For example,we cande ne thefollowing advice:

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

The rst parameterp, is the functionto transform;the secondpa-
rameter a, is the amgumentpassedo thatfunction. Whenthis ad-
vice captureghe function call, it prints an error messagendre-
turnsthe value 17 without calling the original function. More in-
terestingly we cande ne advicethatchangeghe agumentto the
capturedunction:

(lambda (p) (lambda (a) (app/prim p( a83))))

This adviceadds83 to the agumentbeforecalling the function.
We employ app/prim to capturethe behaior of AspectJs pro-
ceed which appliesthe original function without performingary
additionalaspectveaving.

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

(around pcd advicebody)

Informally, the semantic®f this expressioris to evaluatebodyun-
derthe aspectle ned by pcd andadvice A simpleexampleof its
useis:

(de ne (doublex) ( xX))
(around (call doublg (lambda (p)
(lambda (a)
(printf " calling double™")
(app/prim p a)))
(double143))
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Whenexecutedthis programprintsastringto standardutput,and
returnsthevalue286.

While the around constructmay ostensiblyseemstraightforvard,
we have blithely ignoreda critical issue:the extent of an aspecs
jurisdiction. In de ning around, we needto bemorespeci ¢ about
whentheaspectwill beactive, especiallyin thepresencef higher
order functions. Fortunately the problemof reasoningaboutthe
extentis afamiliar one: we encounteiit in de ning whethervari-
ablesshouldbe statically or dynamicallyscoped. In a rst-class
proceduralalue, statically-scopedariablesget their valuesfrom
the ervironmentof the procedures de nition; dynamically-scoped
variablesgettheir valuesfrom the ervironmentof the procedures
invocation.

We exploit this distinctionfor de ning aspectalso.A staticaspect
declaratiorappliesto an expressiomo matterwhereit is used. If
thebodyof thedeclaratioris aprocedurethentheaspectappliesin
theuseof theprocedureln contrastadynamicaspecgappliesonly
in its dynamicextent, which is the body of the aspectdeclaration.
Whenthe body nishes computing,the aspectno longerapplies.
Any proceduresle ned in thebodydo notapplytheaspecbutside
thatextent.

Thearound constructreatestaticaspectsye alsosupportacon-
struct uid-ar ound which createsdlynamicaspectsTo understand
thedifferenceconsiderthesede nitions:

(de ne (add2x) ( x2))
(de ne trace-advicglambda (p)
(lambda (a)
(printf " calling add2")

(app/prim p &))))

Considereachof thefollowing usesof this advice:
((around (call add? trace-advicglambda (v) (add2v))) 7)

appliesthe aspecstatically Thereforethe aspecis in forcewhen
theproceduras appliedto 7. As aresult,it printsamessagéefore
returning9. In contrastjn thefollowing use,

(( uid-ar ound (call add? trace-advicdlambda (v) (add2v))) 7)

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

Now supposeave de ne thefollowing functionaswell:

(de ne (apply-to-4f) (f 4))

Supposeve naw attemptto applytrace-advice

(around (call add? trace-advice
(apply-to-4add?)

apply-to-4hasno aspectgreseniasits de nition. Therefore the
adviceis never invoked. In contrast,applyingthe advicedynami-
cally

(uid-ar ound (call add? trace-advice
(apply-to-4add?)

resultsin consoleoutput.



2.3 Obliviousness
Considetthefollowing Java program:

public classPoint
int x,y;
Point (int x, int y) this x
int getX() returnx
int getY() returny

X thisy vy

public static void main(String argq])
Pointp newPoint(3, 4);
p-getX()

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

public aspectTrace
before() : call(int getX())

This alterationhasthe key propertythat the programmemdid not
have to anticipateary futurechangesThis propertyis calledobliv-
iousnesq7]; it ensureghat aspectscan affect the behaior of a
programwhoseoriginal sourcedoesnot containary referenceso
aspects.

Considerthe following transliterationof the abore Java program
into Scheme:

(de ne (new-pointxy)...)
(de ne (point-get-xpt) ...)
(de ne (point-get-ypt) ...)

(de ne (main)
(let ([p (new-point3 4)])
(point-get-xp)))

The programmercannow separatelyvrite thefollowing aspect:

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

Notice that we were able to modify the behaior of the original
programwithout leaving ary hooksin it. Basedon examplessuch
asthis, we thereforebelieve our versionof pointcutsand advice
have the samepower of obliviousnesasAspectJ.

Thedegreeof obliviousnesslepend®ntheability to nameentities.
Someof theseentitiesare rst-order (andnamed) suchasclassesn
Java andtop-level de nitions in Scheme For thesejt is relatively
easyto obliviously modify their behaior—both AspectJand our
systemprovide comparableower.

Other entitiesare often anorymousand rst-class. Examplesof
theseinclude both closuresin Schemeand objectsin Jaza. The
anorymity malkesit is dif cult to modify their behaior primarily
becausét is dif cult to identify themin the rst place.Wecannev-
erthelessnamean expressionsuchasnew ... in Java usingstatic
distancecoordinates However, this doesnot give us away to dis-
tinguishamongthe potentiallyin nite numberof objectsgenerated
atthis creationsite.

Someclosuresn Schemeareanalogougo objectsin Java. A pro-
cedurethat is nestedwithin anotherprocedureis not instantiated

until theouterproceduras invoked,andmayresultin a potentially
in nite numberof closuresat runtime. Obliviously modifying the
behaior of theseprocedureshereforeposeshe exact sameprob-
lemsasdoingit for objectsin Java.

3. PROGRAMMING WITH
ASPECTSIN SCHEME

We have seernthelanguagdeaturesnecessarjor addingpointcuts
andadviceto a functionallanguageln this sectionwe presenex-

amplesdemonstratingheinteractionbetweerfunctionalprogram-
ming and aspect-orienteghrogramming. First, we give a simple
programthatbene ts from the useof both staticanddynamicas-
pects.Secondwe shav examplesof how higherorderaspectsare
bothfeasibleanduseful.

3.1 Static and Dynamic Aspects

To studytheutility of aspectén afunctionallanguagewe will look

at an exampleof how we canimplementa securitymodelusinga
combinationof staticanddynamicaspectsConsiderthis scenario:
we wantto provide a simpleoperatingsystemAPI to anuntrusted
clientprogram.This API containgthreefunctions:read- le, write-

le, andrun-program The original codeis organizedby function,
with securitychecksscatteredhroughout:

(de ne (read- le f)
(if (no-read-permission®@ser)
(raise 'no-permission-exception)
(let ([p (open- lef)])
)

(de ne (write- le f)
(if (no-write-permission@isel)
(raise ' no-permission-exception)
(let ([p (open- lef)])
)]

(de ne (run-programp)
(if (no-run-permission@sel)
(raise ' no-permission-exception)
(load&run p)))

(list read- le write- le run-program) ;; exportthreefunctions

First,wewouldliketo factoroutthepermission-checkingodeinto
aspects:

(de ne (read- le f)

(let ([p (open- lef)])
)

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

(de ne (run-programp)
(load&run p))

(de ne read-pcd(&& (call open- le) (within read- le)))
(de ne read-adlambda (p) (lambda (a)
(if (no-read-permission®@se)
(raise ' no-permission-exception)
(app/prim p a)))))



(de ne write-pcd(&& (call open- le) (within write- le)))
(de ne write-adv(lambda (p) (lambda (a)
(if (no-read-permission®ser)
(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@sel
(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 usestaticaspectdo encapsulat¢éhe permissiondeature,
theaspecwill be usedwhenevaluatingthe bodiesof the function,

wherever that may occur Thus, we cansafely export thesethree
functionsfrom our library. Secondwe would like to addan extra

securitymeasureo the run-program function. The agumentp is

someclient-suppliedporogram,andwe mayto restrictits accesgo

certainresourcesFor example,we canensurethatthe client pro-

gramdoesnot openary network connectionsdy usinga dynamic
aspectThisaspecwill dictatethatary call to open-soket thatoc-

cursin its dynamicextentshouldfail. We addthis dynamicaspect
in theadvicethatgovernsrun-progrant

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

(de ne run-adv(lambda (p) (lambda (a)
(if (no-run-permission@se)
(raise ' no-permission-exception)
(uid-ar ound (call open-soket)
no-so&et-adv
(load&run p))))))

This securityexampleillustratesthe utility of both staticand dy-
namicaspectsStaticaspectsallow usto encapsulateross-cutting
featuresof library functions,and export the functionsso thatthey
usethe aspectwhenapplied. Dynamicaspectgive us control of
whatever computationsccurwithin somedynamicextent: in this
case,we could catchcertainfunction calls in the extent of anun-
trustedclient's program.

3.2 ReusingAspects

In this section,we studyexamplesof how rst-class pointcutsand
adviceallow greaterreuse. First, we examinethe differencebe-
tweenpointcutdescriptorsn our languageandthoseof AspectJ.
In our formulation,pcd's are rst-class values:they arepredicates
over alist of join points. Like all valuesin a functionallanguage,
they canbe passedo andreturnedfrom functions. In AspectJ,
however, the programmercannotabstractover pcd's; Kiczaleset
al. explicitly state:“Pointcutsarenothigherorder norarepointcut
designatorparametri¢. [11] Are thereary adwantagego having
rst-class pointcuts?

Considera pcd thatdescribeghe following join point: ary call to
thefunctionfunclwherecontrol o wedthroughfunctionsf, g, and
h in thatorder This situationmight arisewhenthe programmer
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registersfunclasa callbackfunction, and shewishesto examine
thosecallsto it that originatedfrom control o w sequencé, g, h
in thelibrary. We canwrite this pcdasfollows:

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

(c ow (call h))))))

Now let's describethe samescenario,but for the function func2
insteadof funcl In AspectJwe would have to write theentirepcd
again,dueto thelack of parametricity This duplicationof codenot
only makes the programmes task more dif cult, but likely will
induceerrorswhen modifying the code. In our languageon the
otherhand,we canparameterizéhe pcdover thefunction:

(de ne (thru-fgha-functior)
(&& (call a-function
(c ow (&& (callf)
(c ow (&& (call g)

(c ow (call M))))))))

Thusthru-fgh consumes function andreturnsa pointcutdescrip-
tor. We canusethru-fghto createa pcdfor bothfunclandfunc2
or indeedfor ary function:

(thru-fghfunc)
(thru-fghfunc?

By making pcd's rst-class entitiesin a functional languagewe
automaticallygetthe greaterabstractie capabilityaffordedby pa-
rameterization.

We can take this abstractionone level further In the example
abore, we useda chainof ¢ owsto represené pathof control o w.

We will likely usethis control o w patternbeyond just the func-
tionsf, g, andh, sowe would would like to de ne amoregeneral
pointcutoperator:onethattakesalist of pcd's andproducesa nev

pcd representingury join pointwherecontrol o wed successiely

througheachpcdin thelist. We'll call this operatorc ow . In our
languagewe cande ne c ow asarecursve functionin termsof

C ow:

(de ne (cow lis)
(if (empty?is)
(lambda (jp) true)
(c ow (&& (r stlis)
(cow (restlis))))))

Alternatively, we couldde ne thefunctionusingfoldr:

(de ne (cow lis)
(foldr (lambda (this-pcdrest-trug
(c ow (&& this-pcdrest-trug))
(lambda (jp) true)

lis))

We canrewrite our above examplethru-fgh asfollows:

(de ne (thru-fgha-function
(&& (call a-functior)
(cow (list (call f) (call g) (call h)))))



The operatorc ow is higherorder pointcut descriptor: it con-
sumesa list of pcd's and producesa new one. Again, the power
to de ne suchoperatorcomesfor freefrom de ning pcd's as rst-

classentitiesin a functionallanguage We believe this abstractre
power represents signi cant improvementover the capabilitiesof
AspectJ.

Not only canwe de ne higherorder pointcuts,but we cande ne
higherorderadvice.We illustrateonescenariovherethis ability is
useful. Considetthe circumstancevherewe have two aspectsone
thatlogs callsto a function,andonethat Iters callsto a function
basednits agument.Theadvicefor theloggingaspecprintsout
amessagéeforeandafterthejoin point:

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

The Itering aspectmayor maynotenterthejoin point,depending
onthevalueof theamument;its adviceis de ned asfollows:

(lambda (p)
(lambda (a)
(unless(zen? a)

(app/prim p a))))

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

1. The ltering adviceexecutesrst, andits callto p invokesthe
loggingadvice. Whena is zero, it doesnot call thelogging
advice(andthusthe original function),sonothingis printed.

2. Thelogging adviceexecutesrst, andits call to p invokes
the Itering advice.Whena is zero,the loggingadvicestill
printsoutits messagesventhoughthe pruningadvicedoes
notcall theoriginal function.

Given thesetwo choices,we probablydesirethe behaior of the
rst. How canwe ensurehisbehaior? In AspectJtheorderof as-
pectweaving depend®ntheorderof theirde nitions in thesource
le (thoughwe could usethe dominatesmodi er to specifyorder
moreprecisely).A saferapproachwould beto combinethesetwo
piecesof adviceourseles, 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 consumeghesetwo
advicefunctionsandreturnstheir combination:

(de ne (sequence-advicadviceladvicel
(lambda (p)
(lambda (a)
((advicel(advice2p)) a))))

This function sequence-advide higherorderadvice:it consumes
two piecesof adviceandproducesen advice. For morecomple
aspectswe would needmore detailedways of combiningthem.
In AspectJwe cannotde ne new combinatorsvithout modifying
theinternalsof aspectveaving. In ourlanguagewe have complete
controloverhow to combinemultiple aspectshatapplyto thesame
join point.

4. SEMANTICS

We have developeda formal semanticsfor pointcutsand advice
in a higherorder language which we will briey describehere.
Theimportantelemenbf thesesemanticss anaspecervironment
which maintainsalist of active aspectsTheconstructaround and
uid-ar ound extendthe aspecervironment,while functionappli-
cation examinesthe ervironmentto apply relevant aspects. The
remainingpartsof the languagearestandardexceptthatfunctions
closeover boththevariableand aspecervironments.

The aspectervironmentis a list of triples
where and are(procedureyaluesandthe
either or . Theexpression(around

) evaluatests rst two componentsaddstheresultingvalues
to theaspecenvironmentwith a tag,andthenevaluateghe
bodyin this extendedenvironment. Thesemantic®f uid-ar ound
is similar, exceptthatthe scopetagis

tagis

Next we turn to function application.Recallthatour languagehas
two suchconstructs:the default one, which weaves aspectsnto
thecomputationanda “primiti ve” application which doesnot ob-
sene aspectsAlthoughapp/prim doesnotinvoke aspectsit must
createthe correctaspecernvironmentin which to evaluatethebody
of thefunction. Let betheaspecervironmentpresentatthe
call site,andlet be the ervironmentextractedfrom the func-
tion's closure. The aspecenvironmentfor evaluatingthe function
bodythencompriseghe aspectsn andthe
aspectgrom

Finally we cometo theheartof oursemanticshow to injectaspects
into the computationduring function application. This processof
“aspectweaving” containghreesteps:

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

2. Compute the current join points. We computethe list of
currentjoin points, which eachpcd takes as an agument.
This list canbe createdby a function over (someconcrete
representatioof) the currentcontinuation.

3. Check eachaspect.We checkeachaspecin the aspecen-
vironment:if thepcdholds,we applytheadviceto thefunc-
tion. After checkingall aspectswe applytheresultingfunc-
tion to the original algument. If no pcd evaluatesto true,
this function applicationrevertsto app/prim. For eachas-
pectthatholds,the applicationof the adviceto the function
alsoinvokesaspecivearing.

We give the formal speci cation of thesesemanticsasa variation
onthe CEKS maching[6]; full detailswill be availablein aforth-
comingtechnicalreport[19].

5. IMPLEMENT ATION

We demonstratethatwe cansupportseveralkey element®of aspect-
orientedprogrammingn afunctionallanguagéy addingthreelan-
guageconstructs.In this section,we will presentheseconstructs
as syntacticextensionsto the Schemelanguage. To do this, we
will needto employ Schemes macrosystem,alongwith the PLT
Schemédacilitiesfor creatingnew languagesWe will alsodescribe
continuatiommarks,andusethemto de ne ourlanguageonstructs.



5.1 Background on PLT Scheme

In Schemeye caneasilyde ne languagextensionaisingits mac-

ro system. Schememacrosare effectively functionsthat rewrite

syntaxtrees; they are more powerful than lexical macros,such
asthoseprovided by the C preprocessomwhich operateonly on

strings.Hygienicmacrosnsureshatthesyntaxtreeresultingfrom

a transformatiordoesnot accidentallycaptureary variablesfrom

thesurroundingcontet [13, 15]. To de ne macrosn PLT Scheme
[8], we will usethe syntax-caseform [5], which allows pattern-
matching[14] andcreateygienicmacros.

Macrosthemselesarenotsufcient for de ning ouraspect-orient-
ed extensions. As we saw earlief we mustrede ne the behaior
of function applicationso that it performsaspectweaving; thus,
we arereally creatinga new language,not merely an extension
to Scheme. Fortunately PLT Schemes module systemprovides
an easyway to createa new language:the programmende nes a
modulethat exports the syntaxde nitions for every constructin
thelanguagd9]. Ourimplementatiorexportsthe defaultlanguage
constructdrom Schemewith afew changesWe de ne andexport
thenew syntacticformsaround and uid-ar ound. We alsode ne
app/weave, the form of function applicationthat wearesaspects,
andexportit asthe default application. We thenexport Schemes
default functionapplicationasapp/prim.

In orderto implementaspect-orientegrogrammingwe needone
additionalfeatureof PLT Scheme:continuationmarks. Clements,
Flatt, andFelleisenintroducedcontinuationmarksasa mechanism
for implementingan algebraicstepper[3]. The stepperinsertsa
breakpoint betweereachevaluationstepto shav the executionof
aprogram.At eachbreakpoint, the stepperprints representations
of boththe currentvalueandthe currentcontinuation.Clementset
al'sinsightwasto mark every computatiorpoint with arepresen-
tationof its action;the steppercanthenreconstructhe structureof
the continuationby examiningthesemarksat breakpoints.

In termsof languagedesign,thesemarksrequirethe addition of
two primitives. Intuitively, with-continuation-mark addsa mark,
and curr ent-continuation-marks examinesthe marks. (We will

abbreiate theseconstructsasw-c-m andc-c-mrespectiely.) The
expression(w-c-m tag ) rst evaluates ,then ,and
returnsthevalueof . Theexpression(c-c-mtag) looksfor in-
stancef (w-c-mtag ...) in the currentcontinuation,andre-
turnsalist of all such 's. Forexample:

(de ne (factn)
(w-c-m 'fact-arg n
(if (zeo?n)
(begin
(display(c-c-m'fact-arg))
1
(' n(fact(sub1n))))))

(fact4)

prints(01 2 3 4).

For implementinga stepperit wascritical thatcontinuationmarks
presere tail-call behaior. The semanticf continuationmarks
dictatethatwhentwo consecutie marksare placedwith the same
tag onthe stack,the newer oneoverwritestheolderone. Thus,the
accumulatoequialentof thefactorialimplementatiorabove:
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(de ne (factna)
(w-c-m'fact-arg n
(if (ze?n)
(begin
(display(c-c-m'fact-arg))
a)
(fact(sub1n) ( na)))))

(fact4 1)

printsalist containingjustthe number0, becausé¢he continuation
mark createdat eachrecursve call overwritesthe previous mark.

Unfortunatelywe donotwantthis overwriting behaior in ouruses
of continuationrmarks.We canensurethattwo marksnever appear
consecutiely by insertingan applicationof the identity function

beforeeachw-c-m expression For example,we cantransformthe

accumulatosstylede nition of fact sothatno marksdisappear:

(de ne (factn a)
(| (lambda (x) x)
(w-c-m 'fact-arg n
(if (zeo?n)
(begin
(display(c-c-m' fact-arg))
a
(fac)t (subln) ( na))))))

(fact4 1)

This expressiorprintsthelist (0 1 2 3 4) asdesired.

Sinceour usesof continuationmarksalways want this behaior,
our coderede nesw-c-m to automaticallyinsertan applicationof
(lambda (x) x) asin theabove example.All instance®f w-c-min
theremaindeof this papemwill usethisrede nition.

5.2 Implementation of Dynamic Aspects

How canwe usecontinuationmarksto de ne our aspect-oriented
extensionto Scheme?Thereis one obvious parallel betweenas-
pectsand continuationmarks: the dynamicnatureof join points.
Recallthatthe c o w operatorallows the programmeto matchary
join pointin thedynamiccontext. Whenwe enteranew join point,
we adda continuatiormark containingthe datafor thejoin point—
in our model,the valueof thefunction. In orderto evaluatepcd's,
we needthelist of all active join points,which we retrieve by ex-
amining continuationmarks. Both of theseeventsoccur during
functionapplication.Figurel shavs the codefor app/weave. The
expressionw-c-m 'joinpoint fun-val...) recordsajoin point,and
(c-c-m'joinpoint) retrievesthe currentlist of join points.

We alsoneedsomewayto mimic theaspecervironmentde nedin
our semanticsTheenvironmentcontainecbothstaticanddynamic
aspectsfor now, we will focuson the dynamicaspects.Contin-
uation marksare in fact an implementationof dynamicenviron-
ments:w-c-m extendsthe dynamicenvironmentwith anew value,
andc-c-m returnsall values. Whenwe encountera dynamicas-
pect, we add it to the dynamicenvironmentwith the expression
(w-c-m'dynamic-aspect aspect..). Whenwe needto weare as-
pectsduringfunctionapplicationweretrieve thelist of all dynamic
aspectsvia (c-c-m 'dynamic-aspect). The de nitions of uid-
around andapp/weave exhibit this useof continuationmarks.



We now have the two piecesof informationwe needto weave dy-
namicaspectsthelist of currentjoin pointsandtheactive dynamic
aspectsAt functionapplication,we iterateover eachaspectlf the
aspecs pointcutdescriptorreturnstrue whenappliedto the join
pointlist, we applythe aspect adviceto thefunction. The de ni-
tion of weavedemonstratethe detailsof this algorithm.

(module aspect-skememzstieme
(de ne-struct aspect-pair(pcd advicg)

(de ne-syntax (app/weave sty
(syntax-casestx()
[(-f a...) (syntax (app/weavelrf a...))]))

(de ne (app/weave/rfun-val. arg-valg
(if (primitive?fun-val)
(applyfun-valarg-valg
(w-c-m 'joinpoint fun-val
(let ([jp (c-c-m'joinpoint)]
[aspectgcurrent-aspecid)
(apply (weavefun-valjp aspecty

arg-valg))))

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

(de ne (weavefun-valjp aspecty
(if (empty?aspecty
fun-val
(let ([r (weavefun-valjp (restaspecty)]
[a(r staspect})
(if ((aspect-paipcda) jp)
(lambda vs (apply app/weave/rt
((aspect-pairadvicea) r)
v9)

D))

(de ne-syntax (uid-ar ound stX)
(syntax-casestx()
[(~ pcdadvicebody)
(syntax (w-c-m'dynamic-aspect
(male-aspect-paipcdadvicg

body)])

(provide (all-fr om-exceptmzstiemet%app)
(renameapp/weave #%app)
(rename#%app app/prim)

uid-ar ound))

Figure 1: Dynamic aspects

5.3 Implementation of Static Aspects

Although continuationmarksmapwell to two featuresof aspect-
orientedprogramming—joirpointsanddynamicaspects—thedo

not obviously helpin implementingstaticaspects.Considerthese
two examplesithelatteronewasour examplein section2.2 which

demonstratedtatically-scopea@spects:

(( uid-ar ound (call add? trace-advicdlambda (v) (add2v))) 7)

((around (call add? trace-advicglambda (v) (add2v))) 7)
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In the rst example,the dynamicaspecis notin scopewhenadd2
is appliedto 7. Our macroproduceshis behaior: the continua-
tion mark correspondindo the uid-ar ound disappearsvhenthe
body(lambda (v) (add2v)) returns beforetheapplicationof add2

The secondexample,however, declaresa staticaspectwhichis in

scopewheneer the body of (lambda (v) (add2v)) executes.The
around expressionalso storesthe aspectin a continuationmark,
but thatmarkwill disappeawhenthebody of thearound returns;
we will losethestaticaspect.

In orderto achieve the correctsemanticdor around, we needto
transformeachlambda expressionn the programsothatit closes
over the aspectsat its de nition site, andreinstategsheseaspects
duringthe executionof its body Considera single-agumentfunc-
tion (lambda (x) body); we wish to transformthis to anequialent
functionthatstoresthe staticaspects:

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

What aspectdelongin the elided expression?We wantall static
aspectghatwereactive at the site of the function's de nition. We
explain this throughan example.Considerthe program

(let ([f (around pcd advice
(lambda (x)
(around pcd advice
(CRO)))

(around pcd advice

f o))

The procedureboundto f needsto closeover the aspectwith the
pcdpcd . Thetransformedprocedurecaptureshis asfollows:

(lambda (x)
(w-c-m 'static-aspect (male-static-em
(list
(male-aspect-paipcd advice)))
(around pcd advice

(9x9)))

At thetime of invokingf, thestackcurrentlycontaingustonemark
for anaspectthatfor pcd . Invoking f pusheghe staticenviron-
mentonto the stack,so it nowv hastwo marks. The original body
of f pushesone moremark, thatfor pcd . Becausesacharound
generates continuationmark for the aspectit declaresjnvoking
(c-c-m'static-aspect) atthe point of applyingg returns

(list (male-aspect-paipcd advice)
(male-static-em (list (male-aspect-paipcd advice)))
(male-aspect-paipcd advice))

Of these all aspectdigheron the stackthanthe higheststaticen-
vironmentwere de ned in scopesthat extend that of an invoked
procedurg(in this case justpcd ). In contrast,all thoselower on
the stackthanthe higheststatic environmentcanno longerbe in
scope(by de nition of staticscoping),andwe mustthereforeig-
norethem—inthis casethatof pcd . Thereforethearound macro
emplgssaprocedurahatelidesall aspectbeyondthehigheststatic
aspect:

(de ne (active-static-aspectss)
(if (empty?is)
0
(if (static-ew? (r stlis))
(static-en-lis ( r stlis))
(cons( r stlis) (active-static-aspectgestlis))))))



Figure 2 de nes the macrolambda/static, which implementsthe
transformationdescribedabore. We export lambda/static asthe
default lambda for our language.Notice that we also updatethe
de nition of current-aspectsso thatit considersstatic aspectsn
additionto dynamicones.

(de ne (current-aspects
(append(c-c-m'dynamic-aspect)
(active-static-aspect&-c-m' static-aspect))))

(de ne-syntax (around sty
(syntax-casestx()
[(~ pcdadvicebody)
(syntax (w-c-m ' static-aspect
(male-aspect-paipcdadvicg
body)]))

(de ne-syntax (lambda/static st¥
(syntax-casestx()
[(~ paramsbody...)
(syntax
(let ([erv (active-static-aspect&-c-m ' static-aspect))])
(lambda params
(w-c-m 'static-aspect (male-static-em env)
(beginbody...)))N))

Figure2: Static aspects

Thede nitions givenin Figuresl and2 arenow executablecode—
they correctlyinterpretthe examplesgivenin this paper

6. RELATED WORK

While the earlierwork on aspect412] wasde ned for languages
like CommonLisp that do offer higherorder programmingfacil-
ities, the aspectgshemseleswere de ned broadlythroughgener
alizedweavers. This work did not explicitly distinguishbetween
differentscopingmechanisms$or aspectsWhile it is perhapgos-
sibleto de ne thesescopesusingparticularweavers,thework does
notidentify this concernor discussts potential.

AspectJ[11] is the de factostandardor aspect-orientegrogram-
ming. It de nesarich setof join pointsfor describingpointsin the
executionof a program. SinceJava is a statically-typedanguage,
Aspectlalsorequiresandenforcegypedeclarationsvhende ning
aspects.The programmercanalso usetypesin pointcutdescrip-
tors,which is extremelyusefulin conjunctionwith wildcards.As-
pectJs supportfor softwaredevelopmentincludesa compilerthat
producesstandardlava bytecode and extensionsto programming
ervironmentsthatenablethe programmeto browvseaspechierar
chies.

Wand,Kiczales,andDutchyn[20] presenaidenotationasemantics
for aspect-orientegrogramming. Like us, they study an aspect-
orientedextensionto anuntypedanguagehowever, they only sup-
port rst-order proceduresAlthoughwe have developedanopera-
tional semanticghatincludeshigherorderfunctions,mary of our
ideasderive from their work, suchasthe useof anaspecerviron-
ment,andthecharacterizationf adviceasprocedurdransformers.

Bauer Ligatti, andWalker [1] presenta modelfor language-based
security where an outsideprogrammonitorsthe executionof an
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untrustedorogram.Their securitypolicieshave the samestructure
asaspectsthey compriseasetof actionsto interceptin aprograms
execution,anda policy that can modify the computationof these
actions. Furthermore the securitypolicies are rst-class values,
and they give examplesof parametricand higherorder policies.
Theirsystemis similarto aspect-orientegrogrammingexceptthat
they do not supportthe samerangeof pointcuts;notably they do
not provide ameansof examiningcontrol o w.

7. CONCLUSION

As aspect-orientedoftwaredesigngrows in popularity morelan-
guagewill needto supporthis style of development.Recentvork
on de ning a semanticdor pointcutsandadvice[20] is especially
valuable becausé explicatestheessencef thesekindsof aspects,
making it easierto port this style of programmingbetweenlan-
guagesBecausghesemanticss de ned for rst-order languages,
however, it fails to documenthow to de ne AspectJ-lile features
for languagesvith rst-class andhigherorderproceduresAs the
family of languagesvith thesefeaturesncludesnotonly academic
languagessuchas Schemeand ML but also industrially popular
languagesuchasPythonandPerl,de ning aspectsn this context
takesonimmediay andimportance.

Higherorderlanguagepresenbothchallengesndbene tsfor as-

pects.Ontheonehand,they forcethedesigneto carefullyaddress
issuesof scopethatdo not arisein rst-order languagesNot only

do procedurakntitiesno longernecessariljnave namesprogram-
merscannow distinguishbetweentheir loci of de nition and of

use.Onetheotherhand,thesedistinctionsof scopemale it possi-
ble to de ne a muchrichervariety of policiesthanis possiblein a

rst-order aspectanguageln particular programmersannow de-

ne bothdynamicaspectdraditionalto AOPandstaticaspectshat

canenforcepoliciesde ned within modulesg.g.,capturecommon
security-controparadigms.

In this paper we presenta descriptionof aspectdor higherorder
languagesWe mimic theoperator®f Aspectdbut implementhem
in the context of the Schemeprogramminganguage We alsode-
scribethe implementationof this language. The implementation
exploits two novel featuresof our Schemesystem—continuation
marks and language-de ningmacros—thato not interfere, and
indeedintegratewell, with traditionaltaskssuchasseparateom-
pilation and the use of the DrSchemedevelopmenternvironment
[8]. This makesit very convenientfor programmerso exploit as-
pectsto improve programdesignswithout changingtheir program
developmentmethodologyIn addition,continuatiormarksareim-
plementedef ciently, so programmersare not penalizedfor their
use.

Thereare mary directionsfor future work. While we have ex-
plainedhow aspectshouldbehae in higherorderlanguageswe
have not provided anaccountof pointcutsandadvicein languages
with evenricher(andincreasinglypopular)controlprimitivessuch
ascontinuations We have alsodeliberatelyneglectedtype system
questionsparticularlythe kinds of parametrigpolymorphismthat
aspectdnduce, and other forms of static validation. Finally, we
have paidrelatively little attentionto the run-timecostof usingas-
pectsandshouldseekwaysto optimizethem (perhapsy shifting
somework to compile-time)to make themminimally intrusive.
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