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Abstract

Aspect-oriented programming has proven to be a useful nfodéeleveloping
software that encapsulates features in separate modusgectl [3], one popular
aspect-oriented language, extends Java with pointcutadride, which allow the
programmer to modify the execution of existing code. Howefaemal semantics
for pointcuts and advice only cover first-order proceduaalguages. We wish to
port this model of aspect-oriented programming to highreleblanguages in order
to explore the synergy between the aspect-oriented andidaat programming
paradigms.

To this end, we define an operational semantics for pointentsadvice in
a Scheme-like language. Our formulation relies on two keasd First, we de-
fine aspects as first-class values, which integrates weilavitinctional language.
Second, we allow an aspect to apply to a section of code ejtagécally or dy-
namically. Our semantics reduce this distinction to thatesl notion of static and
dynamic scope.

1 Introduction

Several researchers have proposed aspect-oriented soffegelopment as an archi-
tecture that enables the programmer to encapsulate cértdures as separate units of
code. We often term these features “cross-cutting”—thmeplémentation cuts across
the modular structure provided by the programming langu&yeextending the lan-
guage with new capabilities, the programmer can define ezatlrle in its own piece
of code, called aaspect AspectJ, an aspect-oriented extension to Java, allowsthe
grammer to create aspects through mechanisms called ptirted advice, which we
shall describe in detail. However, these mechanisms cilyrexist only in procedural
and object-oriented languages, and formal semantics waskseonly for first-order
procedural languages [6]. We wish to study aspects in aifumatsetting.

We have two reasons for examining aspects in the contextwofaibnal language.
First, many languages support first-class higher-ordections: not only traditional



functional languages such as Scheme, ML, and Haskell, butstneam languages
including Perl, Python, and Ruby. We therefore need to wstded how to define

aspects in the presence of first-class functions. Secondyvame to know whether

aspects are useful in a functional language. What parts & d@we need, and which
can we do without? Conversely, does functional programrairttance the capabilites
of AOP? In a separate paper, we show how to define pointcutadwide as first-class
values in a functional language, and demonstrate somelp@sses of higher-order
aspects [5].

We face several challenges in specifying a formal semafidica functional lan-
guage with pointcuts and advice. For one, we need a way tdifigéime function at a
call site; we cannot do a simple name comparison as in a fidgrdanguage. Also, to
what parts of a program’s execution does an aspect applydlide 4o the notions of
scope in a function language and define both static and dynaspiects. Finally, we
must provide means for examining the sequence of functiltmioghe dynamic extent
of an expression.

The remainder of the paper is organized as follows. Secti@vigws the pointcut
and advice model of aspect-oriented programming, bothvwa dad our functional
language. Section 3 presents our operational semantitexgtains key rules in detail.
Section 4 discusses related work, and Section 5 concludes.

2 Pointcuts and Advice in Higher-Order Languages

In this section, we first review the AspectJ model of aspeiented programming. We
then describe our extension of a functional language withtpots and advice.

2.1 Aspectd

Since our model of aspect-oriented programming tries toimihe style of constructs
in AspectJ, we will first discuss AspectJ’s definitions ofrgouts and advice. An as-
pect relies on modifying a program'’s behavior at some painits execution, particu-
larly points that the programmer perhaps did not anticipatelvance. They call these
join points and they depend both on the underlying language as welleaagpect-
oriented extension to it. AspectJ defines many possiblegoints for Java, including
method calls, variable accesses, exception throws, aedtatyj class initialization. We
will focus on method call join points because they sufficedemonstrating the utility
of AspectJ.

Each join point presents an opportunity for a feature tocattee computation. The
effect might be as simple as writing some trace message fuur as complex as
replacing the next computation before it occurs. The spatifin of an aspect therefore
has two components: thmintcut descriptor(or pcd) defines the set of join points at
which the aspect should apply, and #dvicedescribes what computation to perform
at each applicable join point.

To illustrate these two concepts, consider a simple reduary with the call graph
shownin Figure 1. The following AspectJ pcd refers to ang mint where the method
readProf() calls the methodeadInfd):
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Figure 1: Call graph for a reader library

call(String readInfq)) && withincode(String readProf())

AspectJ provides many means of defining pointcut descsp®imple pcd'’s, such
as those matching method calls and variable accesses, odrinmvia boolean con-
nectives to create complex pcd’s, as in the above exampladdition, the construct
cflow(p) matches any join point within the dynamic extent of a joinmianatching
p. For example, the following pcd describes all callggadLine$) originating from
readStuderf):

call(String readLinegint)) && cflow(withincode(String readStuderf}))

An aspect’s advice specifies what computation to perforrh@e join points de-
noted by the pcd. The programmer writes advice as standaadcaale; for example,
the following code prints a trace message before callingrtethodreadLineg):

before() : call(String readLinegint)) {
System.out.printlfi Calling readLines");

}

The programmer can define different kinds of advice depanadimhow execution
should proceed with respect to a given join point. The thrasidkinds of advice
are before, after, andaround. Before advice executes before control enters a join
point; after advice executes when control returns, possibly due to avthexception.
Around advice replaces the current join point with a new expresgievaluate, but
can reinstate the displaced computation via the keywoodeed For example, the
following around advice calls the intercepted methmhdLine$), prints the returned
value, and returns the value to the original context:

String around() : call(String readLinegint)) {
String s = proceed);
System.out.printifi value is " + 9);
return s,

}

The pcd and advice are not strictly independent entitiesspe&tJ. The pcd may
pattern match against values in the join points it speciffesadvice can then refer to
these value in its code. Aspect definitions may use thistfiatil capture the arguments



to a method call; for example, we can verify that the argurtergadLines) is positive
before calling it:

String around(int n) : call(String readLinegint)) && args(n) {
if (n<=0)
return " ";
else

return proceed(n);

}

Some relevant points to remember about Java and Aspectiesi@lbwing:

¢ AspectJ defines a special language for pointcut descrigtdrsludescall for
matching a method call, aradlow for matching join points in the dynamic con-
text.

e Aspects are not instantiated; they are not first-class thjec
e Methods are first-order.

In the following section, we will see how our language difen the above points.

2.2 Defining Pointcuts and Advice

In previous work, we addressed the challenges of addingt@dgand advice to a
higher-order language [5]. Several design decisions oonfus in the context of a
functional language. First, how should we specify aspelbtsWe create a specialized
language, as in AspectJ, or make aspects first-class valtes@nd, since functions
are inherently nameless, how do we identify them? Third,tvebape does an aspect
have; that is, when should a given aspect be in force? We arbege questions in
this section.

We first address the specification of pointcuts and advice.déé&ded to make
pointcuts and advice first-class values, thus enabling thgrammer to use the full
power of higher-order functions when manipulating aspe&gecifically, we define
a pcd as a predicate over list of join points, and advice asnagoint (procedure)
transformer.

Consider the pointcut we saw earlier: the set of join poiefsresenting calls to
read-infofrom read-prof. In our model, a pcd consumes a list of functions—one for
each join point, with the callee as the first element, theecab the second, and so
forth—and returnsgrue or false. Usingeq?to compare functions for equality, we can
define the pcd as follows:

(A (p)
(and (eq?read-info(first jp))
(not (emptyArest jn)))
(eg?read-prof (second jp)))

The primitiveeq?deems two functions equal if they have the same source tocatid
have identical environments. We usg?to solve the problem of identifying functions



in pcd’s; in the above code, for example, both the variadde-infoand the expression
(first jp) evaluate to functions, which can then be compared usiyrgWe will discuss
the semantics in detail in the section 3.

The other pointcut we defined earlier denoted all calie#al-linesthat originated
from read-studentlin our language, we define this pcd as follows:

(A (p)
(and (eq?read-lines(first jp))
(memgq read-studeiftest jp))))

wherememochecks whether an element is a member of a list. Informéaléypicd says
“return true ifread-linesis the first join point, andead-studenbccurs in the rest of the
join point list.”

Since pcd’s are first-class values, we can define the stapddrdperators without
any special language support:

(callf) = (A (jp) (eq?f (first jp)))
(within f) = (A (jp) (and (not (empty?rest jp))
(eq?f (second jP)))
(cflow pcd = (X (jp)
(and (not (empty? jp)
(or (app/prim pcd jp
(app/prim (app/prim cflow pcg
(restjp)))))
(&& pcdl ped? = (A (jp)
(and (app/prim pcdl jp
(app/prim pcd2 jp)))

The syntactic formapp/prim performs a “primitive application”; that is, it applies a
function to an argument without examining whether aspegpsya If we had instead
definedcflowusing fcd jp), that call would itself invoke aspect weaving, which inrtur
would evaluate the sanoflowpcd, leading to an infinite loop.

Using these operators, we can rewrite the two above exaraplglows:

(&& (call read-lineg (within read-namgp

(&& (call read-line$ (cflow(within read-studen))

Notice that these definitions look very close to the corresjymy AspectJ code.

We now turn to the definition of advice. We define advice as a jmint trans-
former: it consumes a procedure (the current join point) r@bgrns a new procedure.
For example, the following advice prints a message befamaking the original func-
tion:

(A (p)
(A (@
(printf " Calling read-lines" )
(app/prim p a)))



In this case, the use app/prim ensures that applyingto a will not invoke any further
aspects, which would potentially lead to an infinite loopisTinse corresponds to the
AspectJ keyworgbroceed

The other examples of advice are equally straightforwandprint the return value
of a function, we write:

(A (p)

(A (@)
(let ([s (app/prim p &)])
(printf " value is "a" )

9))

To test an argument before calling the function, we definddhewing advice:

(A (p)
(A ()
(if (<=a0)

(app/prim p a))))

Our model has one limitation with respect to AspectJ: we aag match arguments
from the current join point, whereas AspectJ can match edngwhere in the dynamic
context.

Given these definitions of pointcuts and advice as firstscladues, we need a
mechanism for installing aspects in the program. An asperdtine able to refer to
procedures in its pointcut descriptors, so it must be defimighin the scope of any
procedures it advises. In a first-order procedural languhagee exists only one scope
for procedures: the top-level scope. Thus, all aspects lsanb& defined in a single
top-level scope. In a functional language, however, procesimay be defined at any
point in the program. Therefore, we must also allow an asfmebe defined at any
program point, since it needs to be in the scope of those guves it advises. We
accomplish this by adding a new expression to our languagafound” aspects:

(around Pcd Advice
Body)

Informally, this expression means “the aspect definedPbgt and Adviceapplies in
Body” For example, we could write:

(let ([read-lines...]
[trace-advice A (p)
(A (@)
(printf " Calling read-lines" )
(app/prim p &)))])
(around (call read-lineg trace-advice
(list (read-lines2)
(read-linesb)
(read-lines3)))))



However, we have glossed over a subtlety: what does it mesaytan aspect “applies
in the body™?

To answer this question, we allude to the notions of scopdunetional language.
Aspects created byafound Pcd Advice Bodyarestaticallyscoped. They apply to any
function applications in theextof Body Consider this example:

(around (call read-lineg trace-advice
(read-lines7))

In this case, the advice prints a trace message, becausegliEation ofread-linesto
7 occurs in the text of the body. However, an application intehe of the body does
not necessarily occur while evaluating the body. Considerfdllowing:

((around (call read-lineg trace-advice
(A (n) (read-lines 1))
7)

The evaluation of this expression also prints a trace messsmgause the application
of read-linesto nis in the text ofaround’s body, even though the dynamic application
occurs outside.

Conversely, amround aspect does not apply to applications that occur during the
evaluation of its body, but that were defined outside its sc&pr example, the follow-
ing expressiomoes noprint a message:

(let ([apply-to-7(A (f) (f 7))])
(around (call read-lineg trace-advice
(apply-to-7 read-linep)

Since we may wish to define aspects tatpply in the above example, we also
allow dynamicallyscoped aspects. The expressifinig-around Pcd Advice Body
introduces a dynamically scoped aspect: it applies to angtfon applications during
theevaluationof Body.

If we rewrite the previous example usifigid-around, its evaluatiordoesprint a
trace message:

(let ([apply-to-7(A (f) (f 7))])
(fluid-around (call read-lineg trace-advice
(apply-to-7 read-linep)

Although the application ofead-linesoccurs outside the text dfuid-around, it is
within the dynamic extent of thiéuid-around.

Finally, consider the case where the body 8ifi-around contains an application,
but its evaluation does not occur during the evaluation efabdy:

((fluid-around (call read-line$ trace-advice
(A (n) (read-lines 1))
7)

This code does not print a trace message.

We will see that the definitions of static and dynamic aspeotsespond to the
similar notions of variable scope in a functional languagel that our semantics draw
upon this similarity.



3 Semantics

In this section we lay out the semantics for a functional leage extended with support
for pointcuts and advice. We first give a primer on the CEKSiree; the abstraction
with which we define our operational semantics. Subsequesitons then explain
some key rules, including those for declaring aspectsintg$tinction equality, and
applying functions.

3.1 Background on the CEKS machine

We use a variation on the CEKS machine [2] as the model for enrasitics. This
model defines program behavior by a transition relation foma program state to the
next. To represent the state of a program, we rely on theyatnlbreak any expression
into two pieces: the sub-expression to evaluate next, anttdist” of the computation.
We can visualize this distinction by drawing a box aroundfitst piece; for example:

(+1(- (xy4))

We call the expression inside the box ttentrol string the context outside of it is the
current continuationIn this example, the continuation says what to do with ttseilte
of (+ 2 3):

1. next, evaluatex(y 4) and subtract it from the result
2. then, add the above result1o
3. finally, terminate with the above result as the value ofathiire computation
We can represent this continuation as a tagged list;
(sub-left-k, (x y 4),

(add-right-k, 1,
mt-k))

The CEKS machine adds two more pieces of information to thte stf a compu-
tation. First, it pairs each control string with an envireemthat maps variable names
to locations in an abstract store. Second, each state hdssaad store that maps lo-
cations to value—environment pairs. Formally, we repretfenstate of a computation
with a triple of the following form:

1. The control string (C) and its environment (E).
2. The current continuation (K).

3. The current store (S).

For example, if the above expression was inside a contextayhe/as set tdb, the
triple would be:

({(+23),{y = li7}),
(sub-left-k, (x y 4), (add-right-k, 1, mt-k))
{17 = 5})

3



We have three reasons for using the CEKS in defining our sécsarfirst, recall
that pointcuts can require knowledge of the control pathldththe current pointin the
computation; thus, we need a concrete representation @uttient continuation (the
stack). Second, since the machine uses an environment tdaimavariables, we can
easily add a second environment to keep track of aspectsjresd hird, programmers
often use side-effects in writing useful aspects (e.qg. ilmggracing, error reporting);
hence, we include an abstract store in our model.

3.2 Declaring aspects

To declare aspects, we added @meund andfluid-around expressions to a base func-
tional language:

(around Pcd Advice Body

(fluid-around Pcd Advice Body

We will first describe the semantics afound; the semantics ofluid-around are
nearly identical.

When the programmer declares an aspecakaaind, the machine may later access
the aspect during function application. This situatiorerebles the use of variables:
the programmedeclareghem with A or let, and lateraccessethem by variable refer-
ences. Drawing on this analogy, we add a second environmenttnachine—one for
storing aspects. The reduction rules for our model will glsir to those for the CEKS
machine, except that closures now include both a variable@mment and an aspect
environment. The template for a reduction rule now incluaigsect environmentd;
andAs;:

<<C] y E] s A]), K] s S]) — ((OQ, EQ, Ag), KQ, Sz)

The evaluation odround has three reduction rules. The first rule moves evaluation
to the pcd, M1, while remembering that the declaration was fatatic aspect:

(((around My My Ms),E, A), K, S)
— ((M,, E, A), (aroundl1-k, static, (Ms, E, A), (M3, E, A), K), S)

The second rule says that once the pcd computes to a Wiltig, (evaluate the
advice MC;) next:

(VC, (around1-k, scope, MCy, MC3, K), S)
— (MC,, (around2-k, scope, VC,, MC;3, K), S)

The third rule applies after both the pcd and advice beconuesaThe rule moves
evaluation to the body of tharound expression, but evaluates it with an extended
aspect environment. We add the trigkezope, VC,,VC,) to the environment; that is,
the scope tag (foaround, it's static), the pcd value\{C,), and the advice value
(V&):

(VGC,, (around2-k, scope, VC,, (M3, E3, A3), K), S)
— ((Ms, Es, As[(scope, VC; ,VG,)]), K, S)



To supportfluid-around, we simply add a rule similar to the first one faround,
except that its tag i§ynamic:

(((fluid-around M, M, M3), E, A), K, S)
— ((M,, E, A), (aroundl1-k, dynamic, (M,, E, A), (M3, E, A), K), S)

In short, the semantics of aspect declaration say to ewathat pcd and advice,
then add them (along with the appropriatepe tag) to the aspect environment when
evaluating the body.

3.3 Function equality

Next we address the issue of function identity in a higheleotanguage. Recall that
the pointcut descriptor of an aspect can refer to one or mareegures; for example,
the pcd ¢€all read-lineg denotes join points representing calls to the functiesd-
lines Thus, at each function application, we must determine hdrethe function
being applied igead-lines In a language like Java, this would be an easy test—we
just use string equality to compare the naread-lineswith the name of the method
being invoked. In a functional language, however, two peots arise. First, the term
in the function position need not be a variable name—it magrbarbitrary expression
that computes to a function. Second, even if the funasdhe variableread-lines we
cannot tell by its name whether this was tiead-linesin scope when the aspect was
defined. Consider the following expression:

(let ([read-lines...])
(around (call read-lineg trace-advice
(let ([read-lines(A (X) X)])
(read-linesl12))))

In this example, should the call tead-linesinvoke the aspect? The answer is no—
because theead-linesin the pcd really refers to the outerad-lines while the function
application refers to the innegad-lines

To cope with this challenge of function equality, we will bow the definition
of equality used in Scheme. The predicat§? in Scheme can be used to compare
functions. One interpretation of functi@y?ness is:

Two function closures are equal if they have the same testuaice loca-
tion and their environments are identical.

To capture this meaning, we assume that eaexpression in the source program is
labelled with a unique location identifier. Two function sloes are theeq? if and
only if both identifiers are the same, and both environmerg®gual. The following
rule illustrates this definition:

((()‘ (wl) Ml)t’aEla AI): (eqz_k7 <()‘ (37) M)t7 E: A>7 K>7 S)
— ((b,0,A), K, S)

whereb istrue if t = ¢’ andE = E’, false otherwise

10



This definition of function equality is a conservative appneation of two func-
tions’ observational equivalence, but we can compute ibimstant time.

3.4 Primitive function application

Our language has two constructs for function applicatitve: default one, which in-
jects aspects into the computation, and a “primitive” agadlon (namedhpp/prim),
which does not observe aspects. As we saw earlier, waps@rim mainly to model
AspectJ'sproceedcalls from within the body of an aspect’s advice.

The semantics aipp/prim are the same as that of application in the original CEKS
machine, save for the question of how to handle the aspegbamvent. With regular
(variable) environments, we have two choices:

1. We can use static scoping—we evaluate the body of the guoeaising the
environment from itglefinition site

2. We can use dynamic scoping—we evaluate the body of theeguwe using the
environment from it@application site

Since we support both static and dynamic aspects, we use aspeets from both
aspect environments. Specifically, we evaluate the bodhefunction usingstatic
aspects from the site of definition, adgnamicaspect frmo the site of appication.

The evaluation of primitive application comprises threguetion rules. The first
rule moves evaluation to the function positidd; , and keeps track of the aspect envi-
ronment from the application site:

({(app/prim M; M), E, A), K, S)
— <<M1,E7A> (apppriml_kz <M27E:A>7A:K> S)

The second rule moves evaluation to the argument position:

(VCun, (apppriml-k, MCa.g, Aapp, K), S)
- <Mcarg: <appprim2'k> chun: Aapp: K) S>

3

The third rule performs the actual application. It movedeate to the body of the
A expression, extends the environment and store to reflegtatemeter binding, and
combines the two aspect environments as described above:

(VCargz (apppnmz_k (()‘ (X) M)t: Efun7 Afun): Aapp: K) S)
— <<M7 E’7 Aapp|dynamic U Afun|static>7 K: SI)

where(E', S") = (E,S) + {z — VCyy}
To extend an environment and store with a variable and valaeise the following
definition:
(E,S) + {z = VC} £ (E[x €], S[¢ — VC]) wherel ¢ dom(S)

3

(E,8)+{z, = VCi,...,2n = VC,} 2 (B, S)+{z1 = VC } + -+ {2, = VC,}

11



These reduction rules for primitive application only diffeom the original CEKS
machine in one respect: they create the appropriate aspacdement before evaluat-
ing the body of the function.

3.5 Regular function application

We now come to the heart of our semantics: the mechanismviokiing aspects during
function application.

Three things must happen during function application. tFike must generate a
join point representing the application. We will do this lidang a special “application
mark” (mark-app-k) to the currrent continuation which stores the callee. Thésk
has no direct effect on the computation; when the functiturns, the following rule
discards the mark:

(VC7 <markapp'k: VCfun7 K>7 S) — (VC K7 S)

Second, we must compute the list of current joinpoints, Wieiach pcd takes as an
argument. Since the current continuation represents eattppint with exactly one
mark-app-k, we compute this list via the following function:

Jmt-k] = (empty,,0)
J(markapp-k, VCiun, K)] = ((cons VG, J[K]), 0, 0)
I K] = JIK]

Finally, we must check each aspect in the aspect environnfi¢ié pcd holds, we ap-
ply the advice (a procedure transformer) to the procedureti&h take the procedure
resulting from all such transformations and apply it to thigioal argument.

Three rules dictate the evaluation of function applicatidrhe first rule moves
evaluation to the function position, remembering the aspeeironment from the ap-
plication site:

((My M), E, A),K,S)
— (M4, E, A), (appl-k,(M,, E, A), E, A, K), S)

The second rule moves evaluation to the argument positi@'serg position:

(VCi, (appl-k, MCs, E,pp, Aapp, K), S)
— <MC2= (app2—k, VG ) Eapp= AapD7 K>7 S)

The third rule applies aspects as described above:

<Vcarg: <app2.-k, <(/\ (X) M)t: Efun: Afun>> Eapp: Aapp: K): S>
— <<(app/pr|m W[HAB.DDH] arg)7 E’7 Aapp)a K’: SI)

where:

Kl = <markapp'k7 <()‘ (X) M)t: Efun; Afun); K)

12



(E',S"y = (E,S)
{fun= (A () M)y, Erun, Afun), arg — VG, jp — JIK']}

U {p(}d = VCpCd> advice’ — Vcadvi(‘,e]L
(scope, VCi _,, VC! YEAapp

ped? advice

Let us explain this rule in detail. First, it adds a mark to toatinuation, creating
K'. Second, it binds variables for the function argument,goint list, and aspect
components (thé’Cpcd; and VCadvice;) in the environment and store. The function
W then creates a new expression that checks each aspect'ageghplies its advice
if required. We definéV as:

wilo] = fun
Wil = (app/prim (A (r) (if (app/prim ped’ ip)
(A (V) ((@app/prim advice® r) v))

)
Wi —1])

Notice the following points abod¥:

1. If no advice exists, it simply returns the original furcti(to beapp/prim’d to
the argument).

2. It applies each pcd to the list of joinpoints.

3. If some pcd holds, the it applies the final transformed @doce to the original
argument. Note that this application may also invoke aspect

This concludes our discussion of the operational semamiegresent the entire
set of definitions and reduction rules in the Appendix.

4 Related Work

AspectJ [3], an aspect-oriented extension to Java, allo@gptogrammer to define
pointcuts and advice. This model served as the starting fmiour investigation. As-
pectJ uses a special language for defining pointcuts, ahadies the cflow operator.
The language has a tighter integration between pointcut@dwice due to matching:
advice can reference data from any join point in the dynamitext, whereas our se-
mantics limits inspection to the current join point. HowgvespectJ does not address
the issue of higher-order functions, and thus lacks théndisbn between static and
dynamic advice that we support.

Wand et al. defined a denotational semantics for Aspectd-pointcuts and ad-
vice [6]. Their semantics defines a language with first-optecedures in a top-level
recursive environment. They also use an aspect environimgrike the procedure en-
vironment, it exists in a top-level scope. Their represtonaof advice as a procedure
transformer inspired our definition of first-class adviceddunctional language.

13



Orleans defined a predicate dispatching system for Scheheeveach the system
dispatches each message according bwaach consisting of a predicate and a body
[4]. These two components are first class values, and thusadent to our pcd and
advice formulation. His system also suppaflsw by having each decision point (join
point) maintain a pointer to the previous decision point.r &stem differs from his
in two ways. First, we do not require the programmer to usesgiaghmessage syntax.
Second, Orleans does not address the issue of scope—inshésrsythe programmer
must define messages at the top level.

In previous work, we argue for the usefulness of our aspeetited language, and
describe a lightweight implementation in PLT Scheme [5]. Yiee examples that
illustrate the power of higher-order pointcuts and advameg exploit the distinction
between static and dynamic aspects. Our implementati@sreh two features of PLT
Scheme: the ability to define new languages using macrosha@maodule system, and
a language feature (“continuation marks” [1]) that allomtosise a built-in dynamic
environment.

5 Conclusion

We have presented an operational semantics for pointcdtadvice in a higher-order
language. We based our semantics on the CEKS machine, vépiodsents the current
continuation explicitly as a list, and uses an abstracedtmmodel state. Our work has
two key design points. First, we decided to define pointcatsadvice as first-class
values: a pointcut is a predicate over a list of join pointg] advice is a procedure
transformer. Second, we distinguish between static aspettich apply to the text

of an expression no matter where it executes, and dynaméactspvhich apply to

computations during the evaluation of an expression. Theastics implement this

behavior by maintaining an aspect environment, and empdpiyiin accordance with

the standard rules for static and dynamic scope.
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Appendix

Expressions M = X
| (A () M),
MM

| (oM...)

| (if MM M)

| (setlx M)

| (eq?M M)

| (around M M M)

| (fluid-around M M M)
|

(app/prim M M)

t = source location tag
Primitive operations o := cons
| first
| rest
| empty?

Environments E=xz—/
¢ = store location

Aspect environments A = {(scope, VC,VC)}
scope € {static,dynamic}

Stores S=¢—VC

Expression closures MC = (M, E, A)

Value closures VC=(V,E, A)
Values Vo= (A M)
| b

15



Primitive values b = true
| false
| empty
| (consVC V@

Continuationcodes K := mt-k
| (appl-k,MC, E, A, K)
| (app2-k,VC, E, A, K)
| (if-k, MC, MC, K)
| (set-k, (z, E, A), K)
| (eql-k,MC, K)
| (eg2-k,VC, K)
| (around1-k, scope, MC, MC, K)
| (around2-k, scope, VC,MC, K)
| (markapp-k, VC, K)
| (appprim1-k, MC, A, K)
| (appprim2-k, VC, A, K)
| (op-k, 0, (VC,...), (MC, ...), K)

variables

((z, B, A), K, S) — (S(E(z)), K, S)

function application

((My M), E, A),K,S)
— ((M,, E, A), (appl-k, (M., E, A), E, A, K), S)

(VCy, (appl-k, MCs, Eapp, Aapp, K ), S)
— (MCy, (app2-k, VCi, Eapp, Aapp, K), S)

<Vcarg: <app2_-k, <(/\ (X) M)t: Efun: Afun>> Eapp: Aapp: K): S>
— (((app/prim W | Aapp|] arg), £, Aapp), K', S')
where:

K' = <markapp'k= ((/\ (X) M)t: Efun7 Afun): K)

(E',S"Y = (E,S)
{fun= (A () M)y, Erun, Afun), arg — VG, jp — JIK']}

U {pcd" — VC,q, advice' = VC, g ice}
(scope7VC:')Cd,VC:;dViCJEAapp

+ o+

16



wilo] = fun
Wil (app/prim (X (r) (if (app/prim ped’ jp) '
(A (V) ((app/prim adwvice' r) v))

)
Wi —1])

JImt-k] = (empty,0,0)
J[(markapp-k, VCun, K)] = ((cons VGu, J[KT]),0,0)
T[(-er K] J[K]

Il

(E,S) + {z = VC}

(Elz — (], S[¢ — VC]) wherel ¢ dom(S)
(E,S) +{z1 =» VC}+ -+ {2, = VC,}

> 1>

<VC7 <markapp'k: VCfun: K>7 S) — <VC, K: S)

primitive operations

<<(OM1 M2 )E7 ) K S)
— (My, B, 4), (0pK,0, (), (Mo, B, A), .}, K),S)

(VC, (op-k, 0, (VC, ...}, (MC,MC, ...}, K), S
— 5 (VC, (op-k, 0, (VC,VC, ...}, (MC, ...}, K), S)

(VC,, (0p-k, 0, (VCp_1, ..., VC,), (), K, S)
— (6(0,VCi, .., VC,), K, S)

d(consVC;,VC,) = (consVG VG)
d(first, (cons VG VG,)) = VG
d(rest (cons VG VCy)) = VG,
é(empty?VC) =

(true, (0, u), 0) if VC = (empty, E, A), u fresh
= (false, (0, u),0) otherwiseu fresh

(((if My Mz M3), E, A), K, S)
—s ((My, E, A), (if-k, (M, E, A), (M3, E, A), K), S)

(true, B, A), (if-k, MCy, MCy, K, S)
— <MC27 K: S)

17



— <MC3K,S)

((false, E, A), (if-k, MCy, MC3, K), S)

set!

(((set!x M,), E, A), K, S)
— ((Mh, E, A), (set-k, (z, E, A), K), S)

(VC, (set-k, (z, E, A), K), S)

3

— ((VC,0,0), K, S[E(z) — VQ)

eq?

(((eq?M; M), E, A), K, S)
— ((M1, E, A), (eql-k,(M,, E, A), K),S)

3 3

(VC] , (eql-k, MC.,, K) S)

— <MC2 (eq2—k, VG, K), S)

({(A (") M), B, A"), (eq2-K, (A () M)y, E, A), K), S)
— ((b,0, A), K, S)

whereb istrue if t = ¢/ andE = E’, false otherwise

around andfluid-around

(((around My M, Ms), E, A), K, S)
— ((M,, E, A), (around1-k, static, (Ms, E, A), (M3, E, A), K), S)

({((fluid-around M; M Ms), E, A), K, S)
— ((M;, E, A), (around1-k, dynamic, (M, E, A), (M3, E, A), K), S)

3 3 3

(VC,, (aroundl-k, scope, MCy, MC3, K), S)
— (MCy, (around2-k, scope, VC;, MC3, K), S)

(VGC,, (around2-k, scope, VC,, (M3, E3, A3), K), S)
— <<M3, E37 Ag[(SCOpG, VC] s VCz>]> K, S)

app/prim

<<(app/pr|m M, M2)7E7A>7K7 S)
— <<M1,E7A> (apppriml_kz <M27E:A>7A:K> S)

(VCun, (apppriml-k, MCa.g, Aapp, K), S)

18



— <MCarg= (appprimz_k7 VCfun: Aapp: K) S)

<VCarg: (appprimZ-k, <(>‘ (X) M)t: Efun: Afun): Aapp: K): S>
— <<M> El; Aapp|dynamic U Afun|static>7 K: Sl)

where(E', S") = (E,S) + {z = VC.g}
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