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Ralf Lämmel1� 2
1 CWI, Kruislaan 413, NL-1098 SJ Amsterdam

2 Vrije Universiteit, De Boelelaan 1081a, NL-1081 HV Amsterdam

Ralf.Laemmel@cwi.nl

Abstract

Given the denotationalsemanticsof a programminglanguage,we
describea generalmethodto extendthe languagein a way that it
supportsa form of superimposition— just in the senseof aspect-
orientedprogramming.In theextendedlanguage,theprogrammer
cansuperimposeadditionalor alternativefunctionality(akaadvice)
ontopointsalongtheexecutionof a program.Adding superimpo-
sition to a languagesemanticscomesdown to threesteps:(i) the
semanticfunctionsareelaboratedto carryadvice;(ii) thesemantic
equationsare turnedinto ‘reflective’ style so that they canbe al-
teredat will; (iii) a constructfor binding adviceis integrated.We
illustratetheapproachby representingsemanticsdefinitionsasin-
terpretersin Haskell.

1 Intr oduction

Onemight saythattheessenceof anaspect-orientedprogramming
(AOP)languagelike AspectJis thatit is anamalgamatedlanguage
in thefollowingsense.Besidesordinaryobject-orientedexpressive-
ness,onecanalsowrite codethatsuperimposesadviceontopoints
alongtheexecutionof object-orientedfunctionality. An important
classof join pointsaremethodcalls. Onecangive a precisedefi-
nition of this sort of AOP on the basisof a formal semantics[8].
(Thereare further modelsof AOP, e.g., the Hyper/J-like model,
which wewill notaddressin thispaper.)

Question:Cantheperceptionof ‘superimposition’becapturedin a
language-parametricmanner, that is, without talking aboutmethod
calls, or other constructs,without commitmentto a specific lan-
guage?Therehasbeenwork on studyingsomeformsof superim-
position(say, AOP)at a fundamentallevel [3, 6, 1, 4] on thebasis
of specificcomputationalmodels.However, we seekan approach
thatappliesimmediatelyto actualprogramminglanguages.

In this extendedabstract,we describea generalmethodto addsu-
perimpositionto the denotationalsemanticsof a language. The
overall approachis describedin Sec.2. An illustrative example
is developedin full detail in Sec.3. Thedesignspacefor our form
of superimpositionis briefly scannedin Sec.4. Relatedwork is
discussedin Sec.5, andthepaperis concludedin Sec.6.

2 The overall approach

Supposeweconsidera semanticfunctionof thefollowing type:� ����� �
: Si � Di

Here,Si is asyntacticaldomain,andDi is theassociateddomainof
semanticmeanings,saydenotations. Semanticfunctionsarespeci-

fiedusingcasediscriminationonSi while themeaningof asyntacti-
cal form is expressedin termsof themeaningsof its subterms(aka
compositionality). Let us considera specificsemanticequation.
Without lossof generality, we pick up an equationfor a construct
with onesubconstruct:

� �
C x

� ���
f
� �
x
� �

Here,C x is thesyntacticalpatternathand,and f isanoperationthat
turnsthedenotationof x into thedenotationof C x. (Weusecurried
functionapplication.)Addingsuperimpositionis now performedin
threesteps:

1. Thesemanticfunctionsareelaboratedto carryadvice.

2. Denotationsaremade‘reflective’ sothatthey canbealtered.

3. A constructfor bindingadviceis integrated.

Thetypeof theabovesemanticfunctionis adaptedasfollows:
� ����� �

: Si � R Di

Here,R is adomainconstructorto addaregistrywith superimposed
adviceto domainsof ordinarydenotations.Therearea few options
for theactualtypeof theregistry. In essence,theregistry is a trans-
former for reflective denotations.To obtaina modularsemantics,
we assumethat R is a monad. Dependingon the binding policy
andother language-designdecisions,R could be the environment
monad,thestatemonad,or a combinationof both.

Thesemanticequationfrom above is adaptedasfollows:
� �
C x

� �	� 

C x� :-


�� �
x
� �����

λx��� return


f x�����

Theoccurrencesof “
���

” andreturnpoint to monadicstyle. (We
usethe commonconvention that the monadoperator, which lifts
valuesto computations,is denotedby return, whereasthe monad
operator, which appliesa value consumerto a computation,is
denotedby “

���
”.) The semanticequationscan be turned into

monadicstyleby a systematictransformation.It is avoidableto in-
troducemonadicstyle if we fix thebindingpolicy for advice,e.g.,
by explicitly passingaroundanenvironmentfor theregistry.

The occurrenceof the infix operator“ :- ” in the above equation
points to reflective style. Both the operator“ :- ” andthis useof
the term ‘reflective style’ areinventionsof thepresentpaper. The
operator“ :- ” shapesthe reflective denotationasfollows. If d is
the original denotationfor a term t, anddm is d in monadicstyle,
then the reflective denotationis of the form t :- dm. This is read
as‘by default, at t do dm’. Therearea few optionsfor theprecise
definitionof “ :- ”. In essence,theoperatordoesnothingbut appli-
cationof denotationtransformersasprovidedby theregistry. That



is, giventheregistry r, the termt, andthedenotationd, theopera-
tion t :- d appliesr to t andd. Sobasically, eachsemanticequation
canberevisedvia theregistry r.

It remainsto performthethird stepfrom above,thatis, theintegra-
tion of a constructfor bindingadvice.This comesdown to adding
oneequationfor

� ����� �
. Therearea few optionsdependingon the

favouredbindingpolicy andotherlanguage-designdecisions.One
option is to hold superimposedadvicein an environmentwith a
bindingscopethatis local to agivenprogramfragment.Thatis:� �

h adaptst
� ���

λh��� � � t � � h

We call h andh� hooks. The old hook h� is replacedby the new
hook h. We say that h adaptsthe programfragmentt. The de-
notationtransformersaccomplishedby h will transformthe deno-
tationsdeterminedfor t andits subconstructs.(We try not to use
the AOP term ‘advice’ for h becauseh accomplishesboth the ad-
vicecodeandthedefinitionof join pointsor pointcuts.)Hooksand
registriesareof thesametype: a family of denotationtransformers
indexed by the syntacticaldomains. For example,the denotation
transformerfor Si is of type Si � R Di � R Di . The first argu-
mentof typeSi emphasisesthat reflective denotationtransformers
canlook at theprogramtext to makea decision.

Ourmethodworks,in principle,for all possiblelanguagesemantics
(suchasimperative languages,differentobject-orientedlanguages,
functionallanguages,etc.). However, language-specificproperties
andobligationsoccurin this process.Thosehave to be studiedto
arriveata usefulnotionof language-parametricsuperimposition.

In thepresentpaper, wewill only dealwith dynamicsemantics.It is
desirableto coupletheadaptationof dynamicandstaticsemantics.
In the ideal situation,type safetyof programsthat involve super-
impositionshouldholdby construction.We might actuallywantto
amalgamatestaticanddynamicsemanticsto be ableto formulate
certainkindsof pointcutsfor superimpositionthatdealwith types.

From hereon, we will representsemanticsdefinitionsin Haskell.
This immediatelyallowsusto run thesedefinitionsasinterpreters.

3 An example

We will now illustratehow to make thesemanticsof a very simple
expressionlanguagefit for superimposition,andhow to make use
of superimposition.The languagecomprehendsexpressionforms
for integerconstants,variables,andbinaryarithmeticexpressions.
Superimpositionwill beusedin away to catchdivision by zero.

In Fig. 1, thesemanticsof theexpressionlanguageis definedin the
denotationalstyle.Wedefinea typeof denotationsfor eachsyntac-
tical category, namelyDexpr for Expr, andDbinop for Binop. The
typeDexpr expressesthat themeaningof an expressionis a map-
ping from environmentsto values.Theenvironmentmapsvariable
identifiers(i.e., strings)to values.The typeDbinopexpressesthat
themeaningof abinaryoperatoris a functionthatmapstwo values
to asinglevalue.Wedefineonemeaningfunctionfor eachsyntacti-
cal category usingcasediscriminationaccordingto thesyntactical
forms. The definition is compositional,that is, the meaningof a
constructis definedin termsof the meaningsof its subconstructs
only, but not thesubconstructsthemselves.

Wewill now addsuperimpositionto thesemanticsaccordingto the
threestepslisted in Sec.2. The first stepis to elaboratethe se-

Expressionsyntax
data Expr

�
ConstInt � Var String � Bin BinOpExprExpr

data BinOp
�

Div � �����

Denotations
type Dexpr

�
Env � Val

type Dbinop
�

Val � Val � Val

Variableenvironments
type Env

�
String � Val

Valuesincl. anerrorvalue
type Val

�
MaybeInt

Expressionevaluation
expr :: Expr � Dexpr
expr



Constint � ρ

�
Justint

expr


Var id � ρ

�
ρ id

expr


Bin o e1e2� ρ

�
binopo



expr e1ρ � 
 expr e2ρ �

Interpretationof binaryoperators
binop:: BinOp � Dbinop
binopDiv



Justx� 
 Justy� � Just



x ‘div‘ y�

binop ����� � �����
binop

�
Nothing

Figure 1. Denotational semanticsof a simple expressionlan-
guage. Becauseit is a Haskell program it can be viewed asan
interpreter aswell.

Evaluationfunction
expr :: Monadm � Expr � mDexpr
expr



Constint � �

return


λρ � Justint �

expr


Var id � �

return


λρ � ρ id �

expr


Bin o e1e2� � do de1 � expr e1

de2 � expr e2
dop � binopo
return



λρ � dop



de1ρ � 
 de2ρ ���

Interpretationof binaryoperators
binop :: Monadm � BinOp � mDbinop
binopDiv

�
return



λv1v2 �

case


v1� v2� of


Justx� Justy� � Just


x ‘div‘ y�

� Nothing�
binop ����� � �����

Figure 2. The interpreter in monadicstyle

manticfunctionsto carryadvice.Oneway to realisethis stepis to
perform‘monadintroduction’,that is, to migrateto monadicstyle.
Thisstepis independentof thefactthatwedealwith semanticsand
superimposition.In principle,any family of recursive functiondef-
initions canbe turnedinto monadicstyle. In [7], we definesuch
a transformation.So the denotationtypesin the typesof the se-
manticfunctionshave to bewrappedby a monad.In thesemantic
equations,all compounddenotationsaresequentialised,and they
arerecomposedby “

���
”. Without lossof generality, we assumea

call-by-valueorder. Theresultof this stepis shown in Fig. 2. No-
tice theelaboratedtypesof thesemanticfunctions,which involvea
monadm. Also noticethemonadicdo-sequencefor thecompound
meaningof a binaryexpression,andseveraloccurrencesof return.
Instantiatingthe monadm by the identity monad,andβ-reducing
awaysequentiality, wewouldobtaintheoriginal interpreter.



Expressionevaluation;adapted
expr � expr ::



SuperimposablemExprDexpr �
SuperimposablemBinOpDbinop�

� Expr � mDexpr

expr


Constint � �

return


λρ � Justint �

expr


Var id � �

return


λρ � ρ id �

expr


Bin o e1e2� � do de1 � expr e1

de2 � expr e2
dop � binopo
return



λρ � dop



de1ρ � 
 de2ρ ���

expr e
�

e :- expr e

Interpretationof binaryoperators;adapted
binop� binop :: SuperimposablemBinOpDbinop

� BinOp � mDbinop

binopDiv
�

return


λv1v2 �

case


v1� v2� of


Justx� Justy� � Just


x ‘div‘ y�

� Nothing�
binop ����� � �����
binopo

�
o :- binopo

Figure 3. The interpreter with reflectivedenotations

The secondstepin our procedurefor addingsuperimpositionto a
semanticsis to turn thesemanticequationsinto reflective styleby
invoking the “ :- ” operatorprior to casediscrimination.For each
semanticfunction,we defineanoverlinedversionthataddstheap-
plicationof “ :- ”, e.g.,expr complementsexpr. (Alternatively, we
could adaptall existing equationsto invoke “ :- ” asdescribedin
Sec.2.) In thesemanticequations,all referencesto theoriginal se-
manticfunctionsarereplacedby referencesto the overlinedones.
Theresultof thisstepis shown in Fig. 3. Noticethenew definitions
of expr andbinop. Also noticethereferencesto expr andbinop in
thesemanticequationsfor expr.

Recall that the operator“ :- ” modelstransformationof reflective
denotations.Sincea languagenormallycomprehendsseveralsyn-
tacticaldomainsandcorrespondingdenotationtypes,the operator
“ :- ” needsto beoverloadedfor all couplesof syntacticaldomains
andassociateddenotationtypes. So a registry is actuallya tuple
of denotationtransformers— one for eachdenotationtype. For
a given denotationtype, the operatoris meantto look up the cor-
respondingdenotationtransformerfrom the registry tuple and to
apply it to the term andthe denotationat hand. This canbe con-
venientlyrepresentedin Haskell usinga classfor overloading.So
we placetheoperator“ :- ” in a classSuperimposable, which sub-
classesthestandardclassMonadasfollows:

classMonadm � Superimposablemsd
where


:- � ::s � md � md

Therearethreeparameters:m is thetypeconstructorof themonad
for theregistry, s is asyntacticaldomain,d is thetypeof denotations
for s. We will seein a secondthattheinstancesof theSuperimpos-
ableclassfollow a simplescheme.

Thethird stepin our procedurefor addingsuperimpositionto a se-
manticsis to integrateaconstructfor bindingadvice.This includes
the obligation to opt for a specific instanceof a Superimposable
monad.We will now provide a generalrealisationof thethird step
including its illustration for the simple expressionlanguage. As

Theregistry domainconstructor
type R

�
ReaderHook

Typesof hooksfor superimposition
data Hook

�
Hook



Hexpr � Hbinop�

type Hexpr
�

Expr � RDexpr � RDexpr
type Hbinop

�
BinOp � RDbinop � RDbinop

TheidentityHook
idHook

�
Hook



λece � ce� λo co � co�

Runa reflectivedenotation
run:: Rd � d
run d

�
runReaderd idHook

Instancesof Superimposableclass

instanceSuperimposable


ReaderHook� ExprDexpr where

t :- d
�

ask
���

λ


Hook



h� ��� � h t d

instanceSuperimposable


ReaderHook� BinOpDbinopwhere

t :- d
�

ask
���

λ


Hook


 � h��� � h t d

Figure 4. Uniform definition of registry

Syntaxof thesuperimpositionconstruct
data Expr

� ������� AdaptsHookExpr

Semanticsof thesuperimpositionconstruct
expr



Adaptsh e� � local



consth� 
 expr e�

Figure 5. Uniform integration of a superimpositionconstruct

alwayswith our method,the languagedesignermight bypassthe
language-parametricapproachif a morelanguage-specificform of
superimpositionis favoured.

In Fig.4,wedefineaspecificmonadR thatmodelsaregistryfor su-
perimpositionin our example. In fact,we choosetheenvironment
monad(akaReaderin Haskell).1 ThetypeHook is a productwith
two components,one for eachdenotationtype. Eachsuchhook
componentis a denotationtransformer. Thereceiveddenotationis
thenormaldenotation,whereasthecomputeddenotationis there-
vised,ultimatedenotation.Thetypesmake clearthata denotation
transformeralsoreceivesa syntacticalentity, which cancontribute
to thedecisionwhetherto replaceor to preserve thenormaldeno-
tation. In thefigure,we alsodefineanidentity hook(i.e., idHook),
which modelsthatthenormaldenotationis preservedregardlessof
the ‘join point’ (i.e., the syntacticalform at hand). Runninga re-
flectivedenotationis like ‘running’ theReadermonadwith idHook
asinitial registry; seerun. The last few lines in Fig. 4 instantiate
theSuperimposableclassfor our examplesemantics.Thatis, “ :- ”
is definedby lookingup thedenotationtransformersfrom theenvi-
ronmentandby applyingtherelevanttransformerto theingredients
of thegivenreflective denotation.

In Fig. 5, we completethe extensionof the samplesemanticsby
addingaspecificcaseto thesemanticfunctionfor expressions.This
new equationprovidesthe mostsimpleanduniform kind of a su-
perimpositionconstruct.Themeaningof Adaptsh e is thatthehook
h adaptsthedenotationfor theexpressione andall denotationsfor

1We recalltheoperationsof theReadermonad:
ask :: mr -- readenvironment
local ::



r � r � � mx � mx -- locally adaptenvironment



noDivByZero
�

Hook


λed � d � noDivByZero���

where
noDivByZero� ::BinOp � RDbinop � RDbinop
noDivByZero� Div d

�
do d� � d

return


λv1v2 � case



v1� v2� of
 � Just0� � Nothing

� d� v1v2
�

Figure 6. A hook for superimposition to catchdivision-by-zero

subconstructsof e. Theuseof thelocal operatormakesit asclearas
crystalthat thehookh is only usedfor the interpretationof e. The
useof constmakesclearthatpreviousbindingswill bereplacedby
thenew hook.We will investigatealternativesin thenext section.

In Fig. 6, we definea hook for catchingdivision-by-zerofor any
interpretationof Div. To this end,the secondargumentof the de-
notationis checkedto be“0”, andif this is thecase,thentheerror
valueNothingis returned.Otherwise,theoriginal denotationis re-
tained. So finally, we candemonstratesuperimpositionin action.
To this end,let usconsiderthefollowing programtogetherwith an
environmentfor theusedvariables:

myexp
�

Bin Div


Const42� 
 Var "myvar" �

myenv
�

λid � if id � "myvar" then Just0 elseNothing

Using theoriginal denotationalsemanticsasan interpreterfor this
program,we will obviously encountera division-by-zerorun-time
error. Using the aspect-orientedinterpreter, we cancatchdivision
by zero.Thefollowing programexecutionreturnsNothing:

run


expr



AdaptsnoDivByZero myexp��� myenv

4 Designspaceexploration

We will now walk througha few locationsin thedesignspacefor
a languagesemanticswith superimposition.This will furthersub-
stantiatethegeneralityof our method,andit will clarify how it can
becustomisedfor a specificlanguageat hand.

Binding policies We will first discussdifferent binding policies
for advice. The policy that we have seenabove employs an en-
vironmentto carry advice. Herethe affectedprogramfragmentis
explicitly part of the binding construct.Also, we favouredthe re-
placementof previous bindingsby the new binding. Both design
decisionscanbe altered. We will first discusscumulative advice
bindingasopposedto replacementsemanticsbefore.We will then
discusstheuseof a statefor theregistry asopposedto anenviron-
mentbefore.

In Fig. 7, we provide a new definitionof theAdaptsconstruct;see
Fig. 5 for the original definition. We chain the previous binding
andthe new binding (cf. “ � ”). The new binding getsinto control
but if it wantedto resortto thestandarddenotation,it actuallyac-
cessesthe denotationasprocessedby the previous binding. It is
now not too difficult to think of further binding policies. For ex-
ample,we could favour denotationtransformerswith yet another
denotationargumentfor thestandarddenotationprior to any adap-
tationby previousbindings.Thisway, newly installedhookscould
abandonpreviously installedhooks.

Syntaxof thesuperimpositionconstruct
data Expr

� ������� AdaptsHookExpr

Semanticsof thesuperimpositionconstruct
expr



Adapts



Hook



he� ho��� e� � local chain



expr e�

where
chain



Hook



he� � ho����� � Hook



λe � hee � he� e�
λo � hoo � ho� o�

Figure 7. Superimpositionwith cumulativeadvicebinding

Registry-awarecomputations
type R

�
StateHook

Valuesincl. Void for puresideeffects
data Val

� ������� Void

Syntaxof thesuperimpositionconstruct
data Expr

� ������� HookUpHook

Semanticsof thesuperimpositionconstruct
expr



HookUph� � puth

���
λ

 � � return



returnVoid�

Figure 8. Superimpositionwith a statefor advicebinding

In Fig. 8, we usetheStatemonadasopposedto theReadermonad
for theregistry; seeFig. 4 for theoriginal definition.2 Herewe as-
sumethat the languagesemanticsat handprovidesa notion of a
purelyside-effective computation.Hence,thereis a designatedre-
sult valueVoid. Theconstructfor superimpositionnow alsotakesa
differentform becausewedonotlist theaffectedprogramfragment,
but we simply registeradvicealongtheexecutionof theprogram.
So theconstructfor binding adviceis of the form HookUph with
theintendedsemanticsthatthehookh asinstalledasregistryat the
timewhentheHookUpexpressionis executed.As onecansee,the
expressionevaluatesto Void. A problemwith this approachis that
thebasesemanticsandthedo-sequencesfor theintroducedregistry
monadmightaccidentallydisagreeontheorderof computation.We
will comebackto thisproblemin a minute.

Effect composition Sowehaveseenthatbothanenvironmentand
a statemake sensefor carrying advice. Capturingthis variation
point in a monadparameteris a good idea becausethe superim-
position level might even deal with further effects than just car-
ried advice.For example,we might wantto maintaindynamicjoin
point information[13], or we might want to reflecton thesuccess
andfailureof denotationtransformation.Regardlessof thechoice
monadic-stylesemanticsvs.hard-wiredeffects,a discussionof the
relationshipbetweenthesuperimpositionlevel andthebaseseman-
tics is in place.

By default, we assumethat the semanticsis madefit for carrying
advicewithout looking at thedenotationtypes.For example,even
if the original semanticsis alreadyin monadicstyle, we canper-
form monadintroduction.This will resultin nestedmonadicstyle.
In Fig. 9, this is illustratedfor a variationon our expressionlan-
guage.ThevariationprovidesanAssignstatementthesemanticsof
whichreliesontheStatemonadfor thevariablesin aprogram.The
reflective denotationfor an Assignexpressionis a nestedmonadic
computation.At thetop level, thecomputationsfor enablingsuper-

2We recalltheoperationsof theStatemonad:
get :: ms -- readstate
set :: s � m


 � -- write state



Syntaxextensionfor assignments
data Expr

� ������� AssignStringExpr

Revision of expressiondenotations
type Dexpr

�
StateEnv Val

Semanticsof assignments
expr



Assignid e��� � do de� � expr e�

return


do ρ � get

v � de�
put



λid� � if id � id�

then v
elseρ id� �

returnv�

Figure 9. The Superimposable monadon top of a basemonad

impositionarearrangedin a do-sequence.The inner do-sequence
directly modelsthe semanticsof assignment.That is, the stateis
looked up with get, the right-handsideof the assignmentis eval-
uatedto v, thestateis updatedin the point for the variableid, the
updatedstateis ‘put back’, and the right-handsidevaluev is re-
turnedasthevalueof theassignment.

Thesenesteddo-sequencespinpointa problem.Suppose,we usea
statefor theregistry; recallFig. 8. A subexpressione1 might hook
up anothersubexpressione2 while e2 would benormallyexecuted
beforee1. That is, the nesteddo-sequencescould disagreeon the
orderof computation.Note that the innersequencerepresentsthe
basesemanticswhereastheoutersequencewasestablishedby sys-
tematicmonadintroduction.To enforceacommonorder, weshould
transformthemonadin thebasesemanticsto integratetheregistry
or any othersuperimpositioneffect aswell. We couldevenelabo-
ratean existing effect in the basesemantics,e.g.,an environment
or a state,so that it accomplishesthe registry aswell. If the base
semanticsis not in monadicstyle,thenit is not really preparedfor
suchanamalgamationof effect spaces.In theview of theseprob-
lems,ourearlierchoiceof anenvironmentmonadfor theregistry is
morefavourable.Theorderingproblemis hereanon-issuebecause
advicebindingis localwith respectto agiventerm.

Inter cepting invocations Our approachallows usto interceptany
point of the programexecution in the senseof syntacticalfrag-
ments. It is at the heartof AOP to interceptinvocationsof meth-
odsor otherproceduralabstractions.Sowewantto briefly examine
how this lookslike in our setting.In Fig. 10,we furtherextendour
expressionlanguageto accomplisha form of namedfunction ap-
plication.Thesemanticequationfor functionapplicationis already
preparedto carryadvice.(We againusenestedmonadicstyle.)We
usea helperfunction apply to apply a function-typevalue to an
argument. For brevity, we do not defineany expressionform for
functionabstraction(i.e.,λ-abstraction),but weassumethattheen-
vironmentcanhold functions,e.g.,a function"div". At thebottom
of Fig. 10, we definea hooknoDivByZero, which interceptsappli-
cationsof the"div" function to catchdivision by zero. Notice the
plain useof patternmatchingfor filtering out therelevant (nested)
function application. The constructeddenotationreturnsError if
the secondargumentof "div" is “0”, andotherwiseit appliesthe
original bindingof "div". This hooklooksa bit verbosebecauseit
reconstructsthenormaldenotationto a largeextent. This couldbe
capturedby a reusableoperatorfor ‘function-applicationintercep-
tion’.

Syntaxextensionfor functionapplications
data Expr

� ������� ApplyExprExpr

Functionsevaluateto functions
data Val

� ������� Fun


Val � Val �

Adaptedsemanticsof functionapplication
expr



Applye1e2� � do de1 � expr e1

de2 � expr e2
return



do v1 � de1

v2 � de2
return



applyv1v2�

�
Helperfor functionapplication

apply:: Val � Val � Val
apply



Funf � val

�
f val

apply
�

Error

Anotherdivision-by-zerocatcher
noDivByZero :: Expr � RDexpr � RDexpr
noDivByZero



Apply



Apply



Var "div" � e1� e2� d

�
do de1 � expr e1

de2 � expr e2
return



do ρ � get

v1 � de1
v2 � de2
casev2of
Int 0 � returnError
� return



apply



apply



ρ "div" � v1� v2�

�
noDivByZero d

�
d

Figure 10. Inter cepting a function application

5 Relatedwork

For distributedsystems(of communicatingprocesses),thereexists
anotionof superimposition[3, 6,10] whichis (likeaspectsin AOP)
orthogonalto theusualbreakdown of modules.This sortof super-
impositioncontributesto thetheoreticalbasisof AOP. Anotherab-
stract,formalmodelof AOPis providedin [4]. It is basedonexecu-
tion monitorsfor theeventsthatcorrespondto thepointsof interest
alongtheprogramexecution.Anotherformal semanticsof AOPis
basedonCSPwith CSPsynchronisationsetsasjoin points[1]. All
thiswork differsfrom oursin thatwestartfrom anordinarydenota-
tionalsemantics,andmakeit fit for superimpositionin asystematic
manner. That is, we do not resortto any designatedformal model,
but we just stayin thedenotationalsetting.

Our approachto reflecton the syntacticalpatternsalongprogram
interpretationis inspiredby the event grammarsin [2]. Auguston
suggeststo formalisethe executionof a programin a languagein
termsof aneventgrammar. Sucha behavioural modelcanthenbe
usedto superimposefunctionalityon theeventtracesof aprogram,
e.g.,to checkassertions,or to performdebugging. This approach
hasbeenusedin thedevelopmentof severaldebuggingtools. Our
notionof ‘reflective denotations’is a semantictranspositionanda
stronggeneralisationof a tweakedmonadic-styleof functionalpro-
grammingproposedby Meuterin [9]. In thisstyle,theprogrammer
informsa non-standardmonadicbind combinatoraboutthenames
of functionsthatareappliedto intermediateresults.Thesenames
canbe viewed as(explicit) join points. By contrast,we preparea



semanticsin awaythata ‘superimposable’monadcanrevisedeno-
tationsfor syntacticalpatterns.Ourmethodis basedonasystematic
transformationasopposedto anencodingstyle.

Thereis anenormousamountof relatedwork on reflection[11, 12,
5]; its relevancefor AOPis generallyacknowledged.We have not
seenagenericmethodto systematicallyelaborateadenotationalse-
manticsfor AOP-like reflectionin theavailableliterature. There-
flection literatureis normallyconcernedwith somekind of staged
interpretationasopposedto theprovisionof asuperimpositioncon-
struct.However, it seemsthatourapproachcouldtakegreatadvan-
tageof thereflective theoryfor thepurposeof formal reasoningon
aspect-orientedprograms. Also, ideason ‘full computationalre-
flection’ areof useto furthergeneraliseour approach.

6 Concluding remarks

Thedescribedmethoddefineshow to extendanordinarylanguage
semanticsso that oneobtainsan aspect-orientedlanguageseman-
tics. We call this achievement‘superimpositionfor free’. Techni-
cally, it is basedona ‘reflectivedenotationstyle’. Accidentally, the
approachalsosuggestsa normative style of aspect-orientedfunc-
tional programming, but this hasto be discussedelsewhere. The
aspect-orientedprogrammingtermsare instantiatedfor ‘superim-
positionfor free’ languagesasfollows:

Staticjoin point = Syntacticalpattern
Dynamicjoin point = Computationon syntacticalpattern
Pointcut = Patternmatchingpredicate
Advice = Denotationtransformer
Programexecution = Monadicdo-sequence
Aspect = Hook for superimposition
Dynamicweaving = Registry update
Staticweaving = Partial evaluation

Wecontendthatthis is arathersimple,uniform,andgeneralwayto
defineaspect-orientedlanguagesemantics.We arealsowilling to
saythatourapproachcanbeseenasanotherdefinitionof reflection.

Theto-dolist for anexhaustive treatmentof thesubjectis long:

! Transposethemethodto staticsemantics.
! Cover thestandardformsof dynamicjoin points.
! Makeeventhedenotationtransformersreflective.
! Recovercompositionalityin someway.
! CoverSOSin additionto denotationalsemantics.
! ...
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