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AbstractThis paper de�ne the semanti
s of MinAML, an idealizedaspe
t-oriented programming language, by giving a type-dire
ted translation from its user-friendly external languageto its 
ompa
t, well-de�ned 
ore language. We argue thatour framework is an e�e
tive way to give semanti
s to aspe
t-oriented programming languages in general be
ause the trans-lation eliminates shallow synta
ti
 di�eren
es between re-lated 
onstru
ts and permits de�nition of a 
lean, easy-to-understand, and easy-to-reason-about 
ore language.The 
ore language extends the simply-typed lambda 
al-
ulus with two 
entral new abstra
tions: expli
itly labeledprogram points and �rst-
lass advi
e. The labels serve bothto trigger advi
e and to mark 
ontinuations that the advi
emay return to. These 
onstru
ts are de�ned orthogonally tothe other features of the language and we show that our ab-stra
tions 
an be used in both fun
tional and obje
t-oriented
ontexts. The labels are well-s
oped and the language as awhole is well-typed. Consequently, programmers 
an uselexi
al s
oping in the standard way to prevent aspe
ts frominterfering with lo
al program invariants.
Categories and Subject DescriptorsD.3.1 [Formal De�nitions and Theory℄: Semanti
s; D.3.3[Language Constru
ts and Features℄: Control stru
-tures; F.3.2 [Semanti
s of Programming Languages℄:Operational semanti
s
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1. IntroductionAspe
t-oriented programming languages (AOPL) [3℄, su
has Aspe
tJ [10℄ and Hyper/J [13℄, provide the fa
ility to in-ter
ept the 
ow of 
ontrol in an appli
ation and insert new
omputation at that point. In this approa
h, 
ertain 
ontrol-
ow points, 
alled join points, are designated as spe
ial|typi
ally, join points in
lude the entry and exit points offun
tions. Computation at these 
ontrol 
ow points may beinter
epted by a pie
e of advi
e, whi
h is a pie
e of 
ode that
an manipulate the surrounding lo
al state or 
ause globale�e
ts. Advi
e is triggered only when the run-time 
ontextat a join point meets programmer-spe
i�ed 
onditions, mak-ing advi
e a useful way to instrument programs with debug-ging information, performan
e monitors, or se
urity 
he
ks.An aspe
t is a 
olle
tion of advi
e and 
orresponding joinpoints that apply to a parti
ular program.Mu
h of the resear
h on aspe
t-oriented programming hasfo
used on applying aspe
ts in various problem domains andon integration of aspe
ts into full-s
ale programming lan-guages su
h as Java. However, aspe
ts are a very power-ful and 
omplex language me
hanism, 
ombining featuresof both dynami
 s
oping and 
ontinuation manipulation.While re
ent resear
h e�orts [6, 9, 14, 16℄ have made sig-ni�
ant progress on understanding some of the semanti
 is-sues involved, the theoreti
al underpinnings for this novelparadigm lag well behind pra
ti
al implementation e�orts.The primary goal of this paper is to distill aspe
t-orientedprogramming into its fundamental 
omponents: (1) a meansof designating \interesting" 
ontrol-
ow points, and (2) away of manipulating the data and 
omputation at thosepoints. The goal is to obtain a 
lear, reusable semanti
framework, but there are at least two signi�
ant diÆ
ulties:1. Most obje
t-oriented AOPL spe
ify that there are joinpoints at the entry- and the exit-points of every method.Su
h a de�nition of join points breaks the prin
ipleof orthogonality, whi
h suggests that ea
h program-ming language 
onstru
t should be understood inde-pendently of other programming language 
onstru
ts.Tightly 
oupling join-point de�nition with the seman-ti
s of methods and obje
ts makes it impossible to un-derstand aspe
ts without �rst understanding methodsand obje
ts, whi
h are 
ompli
ated in isolation.2. There are several di�erent and relatively 
omplex va-rieties of advi
e one 
an give to any parti
ular joinpoint. For instan
e, Aspe
tJ allows programmers tospe
ify advi
e before, after and around its various joinpoints. While ea
h sort of advi
e has a similar \feel,"



they are suÆ
iently di�erent that they appear to re-quire independent semanti
 analysis.To resolve these diÆ
ulties, we adopt the 
entral ideas ofa type-theoreti
 semanti
 framework de�ned by Harper andStone for Standard ML [8℄. Rather than give a semanti
sdire
tly to a large and relatively 
omplex AOPL with severaldi�erent kinds of advi
e and join points, we translate theunwieldy external language into a simpler 
ore language andthen provide a pre
ise and elegant operational semanti
sfor the 
ore. The translation eliminates shallow synta
ti
di�eren
es between similar 
onstru
ts, thereby shrinking thenumber of features in the 
ore and e�e
tively modularizingthe overall semanti
s. We also use the translation as animplementation strategy for the sour
e language.This 
ore language de�nes two 
entral new abstra
tions.1. Expli
it, labeled join points that are de�ned orthogo-nally from the other 
onstru
ts in the language, and2. A single kind of �rst-
lass advi
e that, together withlabeled join points, gives meaning to the before, afterand around advi
e that one �nds in Aspe
tJ.The main 
ontributions of this paper in
lude:� A type-theoreti
 interpretation of an idealized, butuseful aspe
t-oriented language 
alled MinAML thatin
ludes advi
e, fun
tions, and obje
ts.� A minimalist 
ore aspe
t language with a well-de�nedoperational interpretation, and a sound type system.� Eviden
e that our 
ore language is general, expressive,and s
alable. The paper gives a number of exampleswritten in our aspe
t framework. It also shows thatenri
hing the point-
ut language with 
ontext-sensitivepredi
ates and adding features su
h as obje
ts does not
hange the 
entral ma
hinery needed for aspe
ts.� A prototype implementation of a toy fun
tional, aspe
t-oriented language, Aspe
tML (AML) that in
ludes ad-vi
e and point-
ut de
larations. The implementation
omes in two parts, mirroring our theoreti
al develop-ment. The 
ore language is implemented as a libraryfor SML/NJ, and AML is translated into SML by asimple rewriter that inserts 
alls to the 
ore library.The next se
tion introdu
es the features of the 
ore aspe
t
al
ulus and its syntax, largely via examples. These exam-ples motivate the design of the operational semanti
s andtype system, whi
h are des
ribed in Se
tions 2.1 and 2.2.Se
tion 3 de�nes the external language, MinAML. Subse-quent se
tions generalize the 
ore 
al
ulus and MinAML byextending them to in
lude obje
ts (Se
tion 3.2) and ri
herpoint-
ut designators (Se
tion 4). The paper 
on
ludes witha des
ription of a prototype implementation in SML/NJ anddis
ussion of related and future work (Se
tions 5 and 6).
2. Core aspect calculusLabeled join points lhei are the essential me
hanism ofthe 
ore aspe
t 
al
ulus. The labels, whi
h are drawn fromsome in�nite set of identi�ers, serve several purposes: Theymark the points at whi
h advi
e may be triggered, they pro-vide the appropriate 
ontextual information for trigger pred-i
ates, and they mark points to whi
h 
ontrol may be trans-ferred when some advi
e de
ides to abort part of the 
urrent


omputation. For example, in the expression v1 + lhe2i, af-ter e2 has been evaluated to a value v2, evaluation of theresulting subterm lhv2i 
auses any advi
e asso
iated withthe label l to be triggered. This 
onstru
t permits the un-ambiguous marking of any 
ontrol 
ow point rather thanrelying upon some a priori designation of the \interesting
ontrol 
ow points," whi
h are hard-wired in most aspe
t-oriented languages.Advi
e, at the most fundamental level, is a 
omputationthat ex
hanges data with a parti
ular join point, and hen
ea pie
e of advi
e is similar to a fun
tion. However, there aresome subtleties involved in the de�nition. Advi
e 
an notonly manipulate the data at the point, it 
an also in
uen
ethe 
ontrol 
ow|perhaps by skipping 
ode that would havebeen run in the advi
e's absen
e.The advi
e {l:x! e} indi
ates that it will be triggeredwhen 
ontrol 
ow rea
hes a point labeled l. The variable xis bound to the data at that point, and evaluation pro
eedswith the expression e, the body of the advi
e. Assumingthat the advi
e {l:x! e} has been installed in the program'sdynami
 environment, the example v1 + lhv2i evaluates tov1 + efv2=xg. Note that the advi
e 
omputes a value ofthe same type as its argument, in this 
ase an integer|importantly, advi
e 
an be 
omposed with other advi
e.The same label may be used to tag distin
t 
ontrol 
owpoints, as long as those points indi
ate 
omputations of thesame type. For example, the program lhv1i + lhv2i 
ausestwo instan
es of the advi
e {l:x! e} to be run, but oneinstan
e will be passed v1 and the other will be passed v2Multiple pie
es of advi
e may apply at the same 
ontrol-
ow point. Be
ause, in general, advi
e may have e�e
ts, theorder in whi
h they run is important. It therefore seemsnatural that there should be at least two ways to installadvi
e in the run-time environment, one that runs the newadvi
e prior to any other and one that runs it after anyother. (One 
ould imagine generalizations of this idea, butthis simple s
heme suÆ
es for many interesting appli
ationsof aspe
ts.) A

ordingly, the 
ore aspe
t language in
ludesexpression forms a << e and a >> e to respe
tively install theadvi
e a prior to and after the other advi
e. In both 
asesrunning the advi
e a is delayed until the 
orresponding joinpoint is rea
hed; the program 
ontinues as expression e.The following examples show how advi
e pre
eden
e works(assuming that there is no other advi
e asso
iated with labell in the environment).1{l:x! x+ 1} << {l:y ! y � 2} << lh3i 7�!� 7{l:x! x+ 1} << {l:y ! y � 2} >> lh3i 7�!� 8Be
ause it 
an be diÆ
ult to reason about the behaviorof a program when the advi
e asso
iated with a label isunknown, it is useful to introdu
e a s
oping me
hanism forlabels. The expression new p : t: e allo
ates a fresh label thatis bound to the variable p in the expression e. Labels are
onsidered �rst 
lass values, so the example above 
an berewritten as follows:new p :int: {p:x! x+ 1} << {p:y ! y � 2} << phviThis ensures that only the advi
e expli
itly de
lared in thes
ope of the new get triggered at the lo
ation phvi. The1The operators << and >> are left-asso
iative, and eval-uation pro
eeds from left to right. Hen
e, a1 << a2 << einstalls a1 in the environment �rst and a2 in the environ-ment se
ond, before pro
eeding with evaluation of e.



variables bound by the new expression �-vary, providing formodular program design.With the features des
ribed so far, it is easy to see that as-pe
ts are a powerful (and potentially dangerous) tool. Con-sider the following example:new p :bool: {p:x! phxi} << phtrueiThis program immediately goes into an in�nite loop, eventhough the underlying program to whi
h the advi
e applies,true, is already a value. Wand and others [16℄ have ob-served that aspe
ts 
an be used to implement arbitrary �x-points of fun
tions using this te
hnique. As another exam-ple of the power of aspe
ts, the program below shows how toen
ode a (somewhat ineÆ
ient) implementation of referen
e
ells using the state provided by advi
e. A referen
e 
ell isrepresented as a pair of fun
tions, the �rst dereferen
es the
ell and the se
ond updates the 
ell's 
ontents. The data isstored in advi
e asso
iated with label ref ; the last advi
e tobe run returns the 
urrent 
ontents of the referen
e.makeref def=�init :t. new ref :t.{ref :x! init} <<let get = �_ :unit.ref hiniti inlet set = �y0 :t.{ref :y ! y0} >> () in (get,set)As these examples show, aspe
ts 
an radi
ally alter the se-manti
s of a given programming language. Part of the 
on-tribution of this work is to provide a framework that makesstudying these issues straightforward.It is sometimes desirable for advi
e to suppress the exe-
ution of a pie
e of 
ode or repla
e it altogether. The lastfeature of the 
ore aspe
t 
al
ulus, written return v to l,allows su
h alterations to the 
ontrol 
ow of the program.Operationally, return is very similar to throwing a valueto a 
ontinuation or raising an ex
eption. The value v isdire
tly passed to the nearest en
losing 
ontrol-
ow pointlabeled l, bypassing any intervening pending 
omputation.If there is no point with label l, the program halts with anerror (this is analogous to an un
aught ex
eption). As anexample, the following program evaluates to the value 3:new p :int: ph4 + (return 3 to p)iA se
ond example (below) shows how to instrument afun
tion f = �x : bool: e of type bool ! t so that if itsargument is true then e pro
eeds as usual, otherwise somealternative 
ode e0 is run.new fpre: bool.new fpost: bool.{fpre:x!if x then x else return e0 to fpost}>>�x:bool.fposthlet x = fprehxi in eiThe strategy is to use two labels, fpre and fpost, that gettriggered at the fun
tion's entry and exit. The advi
e asso-
iated with the pre
ondition 
he
ks the value of x and, if itis true simply returns 
ontrol to the body of the fun
tion.If x is false, the advi
e runs e0 and returns the result dire
tlyto the point labeled fpost. The fun
tion is instrumented byadding the label fpre, whi
h will trigger the pre
ondition ad-vi
e to inspe
t the fun
tion argument x, and by adding thelabel fpost around the entire fun
tion body, whi
h spe
i�esthe return point from the fun
tion.

2.1 Operational SemanticsThis se
tion des
ribes the operational semanti
s for the
ore language, whose grammar is summarized below. Forsimpli
ity, the base language is 
hosen to be the simply-typed lambda 
al
ulus with Booleans and n-tuples.l 2 Labelsv ::= {v:x! e} j b j l j �x : t: e j (~v)e ::= x j v j if e1 then e2 else e3 j e1 e2j (e1; : : : ; en)(n�0) j let(~x :~t)= e1 in e2j new x : t: e j e1he2i j return e1 to e2j {e1:x! e2} j e1 >> e2 j e1 << e2Let b range over the Boolean values true and false anda range over advi
e values {v:x! e2}. The other synta
-ti
 
ategories in the language in
lude labels for 
ontrol-
owpoints (l), values (v) and expressions (e). If ~e is a ve
tor ofexpressions e1, e2, . . . , en for n � 0, then(~e)
reates a tuple.The expression let(~x : ~t)= e1 in e2 binds the 
omponentsof a tuple e1 to the ve
tor of variables ~x in the s
ope of e2.Types on let-bound variables are often omitted when theyare 
lear from 
ontext.The point 
ut language has been redu
ed to the barestminimum for the 
ore 
al
ulus. However, the language de-sign and semanti
s are 
ompletely 
ompatible with moreexpressive point 
uts; Se
tion 4 investigates several alterna-tives. Note that point 
uts, advi
e and labels are �rst-
lassvalues; these values may be passed to and from fun
tionsjust as any other data stru
ture.The operational semanti
s uses evaluation 
ontexts (E)de�ned a

ording to the following grammar:E ::= [ ℄ j ifE then e2 else e3 j E e j v Ej (~v; E;~e) j E << e j E >> e j Ehei j lhEij {E:x! e} j return E to e j return v to EThese 
ontexts give the 
ore aspe
t 
al
ulus a 
all-by-value,left-to-right evaluation order, but that 
hoi
e is orthogonalto the design of the language. The only requirement is thatevaluation be allowed to pro
eed under labeled points: lhEishould be an evaluation 
ontext. This requirement ensuresthat the evaluation 
ontexts a

urately des
ribe the nestingof labels as they appear in the 
all sta
k.The operational semanti
s must keep tra
k of both thelabels that have been generated by the new 
onstru
t andthe advi
e that has been installed into the run-time envi-ronment by the program. An allo
ation-style semanti
s [12℄keeps tra
k of a set L of labels (and their asso
iated types).Similarly, A is an ordered list of installed advi
e|the <<and >> operators respe
tively add advi
e to the head (left)and tail of this list. Finally, the abstra
t ma
hine statesor 
on�gurations C used in our operational semanti
s aretriples, hL;A; ei.L ::= � j L; l : t A ::= � j A;a C ::= hL;A; eiBe
ause the return operation needs to pass 
ontrol to thenearest en
losing labeled point, it is 
onvenient to de�ne afun
tion sta
k(E) that takes an evaluation 
ontext E andreturns the sta
k of labels appearing in the 
ontext. Su
hsta
ks s, are given by the following grammar:s ::= � j l j s1 :: s2The top of the sta
k is to the left of the list. Sta
k 
on-
atenation, written s1 :: s2, is asso
iative with unit �. The



fun
tion sta
k(E) is indu
tively de�ned on the stru
ture ofE, where the only interesting 
ases are:sta
k([ ℄) = � sta
k(lhEi) = sta
k(E) :: lFor the other evaluation 
ontext forms, sta
k(E) simply re-turns the re
ursive appli
ation of sta
k(�) to the uniquesub
ontext: sta
k(E << e) = sta
k(E), et
. As an example,sta
k(l1h(�x : t: l3hei) l2h[ ℄ii) = � :: l2 :: l1The operational semanti
s of the 
ore aspe
t 
al
ulus is atransition relation hL;A; ei 7�! hL0; A0; e0i between ma
hine
on�gurations 
onsisting of the set of allo
ated labels, thelist of installed advi
e, and the running program.Most of the rules are straightforward. An auxiliary rela-tion 7�!�, de�ned below, gives the primitive � redu
tionsfor the language.hL;A; (�x : t: e) vi 7�!� hL;A; efv=xgihL;A; if true then e1 else e2i 7�!� hL;A; e1ihL;A; if false then e1 else e2i 7�!� hL;A; e2ihL;A; let (~x)=(~v) in ei 7�!� hL;A; ef~v=~xgi(l 62 L) hL;A; new x : t: ei 7�!� h(L; l : t); A; efl=xgihL;A; a << ei 7�!� hL; (a;A); eihL;A; a >> ei 7�!� hL; (A; a); eiThe �rst four rules are the usual �-rules for the lambda
al
ulus with Booleans and tuples, where efv=xg is 
apture-avoiding substitution of the value v for the variable x inthe expression e. The �fth rule allo
ates a fresh label land substitutes it for the variable x in the s
ope of the newoperator. The last two rules simply add the advi
e a to theappropriate end of the list. Advi
e at the head of the listwill be run before advi
e at the tail.The �-redu
tions apply in any evaluation 
ontext, as ex-pressed by the following rule:hL;A; ei 7�!� hL0; A0; e0ihL;A;E[e℄i 7�! hL0; A0; E[e0℄iThe remaining 
onstru
ts, advi
e invo
ation and the returnexpression, require more 
omplex evaluation semanti
s.Be
ause multiple pie
es of advi
e may be triggered at asingle point, the operational semanti
s must 
ompose themtogether in the order indi
ated by the list A. To do so, theadvi
e {p:x! e} is treated as a fun
tion �x : t: e, whi
h
an be 
ombined with other advi
e using standard fun
tion
omposition. The 
omposition is well de�ned be
ause advi
ethat a

epts input of type t must produ
e an output of typet (or return to a point lower in the sta
k).This behavior is 
aptured by two auxiliary de�nitions.The �rst, A[[A℄℄C = e0, takes a list of advi
e A and returns afun
tion e0 that is the 
omposition of the appli
able advi
ein the state C. The se
ond judgment has the form C j= pand is valid if the point-
ut p is satis�ed by the 
on�gurationC. In general, the satisfa
tion relation may be an arbitrarypredi
ate on the 
urrent state of the abstra
t ma
hine; Se
-tion 4 details some more point-
uts. However, in this 
orelanguage, the satisfa
tion relation is simply de�ned to bethe equality relation between p and the label at the 
ur-rent program point. The advi
e 
omposition and point-
ut

satisfa
tion are de�ned by the following rules.A[[�℄℄hL;A;E[lhvi℄i = �x :L(l): xC j= v A[[A℄℄C = �y : t: e0A[[{v:x! e}; A℄℄C = �x : t: ((�y : t: e0) e)C 6j=v A[[A℄℄C = e0A[[{v:x! e}; A℄℄C = e0 l = phL;A;E[lhvi℄i j= pWith these de�nitions, the evaluation rule for lhvi simplyapplies the fun
tion resulting from interpreting the advi
elist to the value v. A[[A℄℄hL;A;E[lhvi℄i = ehL;A;E[lhvi℄i 7�! hL;A;E[e v℄iThe expression return v to l immediately hands the valuev to the nearest en
losing program point labeled by l. Usingevaluation 
ontexts and the sta
k(�) fun
tion, this behavioris expressed by the following rule:(l 62 sta
k(E)) hL;A; lhE[return v to l℄ii 7�!� hL;A; lhviiHere, the program 
onsists of a return expression in a 
on-text E labeled by l. Be
ause the sta
k of labels in E doesnot 
ontain the label l, the point labeled by l must be the
losest su
h point to the return expression. The programthus steps immediately to the point labeled l, dis
arding the
ontext E. This semanti
s is essentially the same as thoseused for ex
eption handlers. Note that if there is no pointlabeled l in the 
ontext of the return this rule does notapply and the program will get stu
k.
2.2 Type SystemThe type system for the 
ore aspe
t 
al
ulus is a verysimple extension of the type system for the base language(in this 
ase, the simply typed lambda 
al
ulus). The main
onsideration is that be
ause it is ne
essary to pass databa
k and forth between the join point of interest and theadvi
e, the advi
e and 
ontrol 
ow points must be in agree-ment with respe
t to the type of data that will ex
hanged.The three new types are t label, the type of labels that 
anannotate program 
ontexts of type t, t p
, the type of point
uts mat
hing program 
ontexts of type t, and advi
e, thetype of advi
e. Types and typing 
ontexts are given by thefollowing grammar:t ::= bool j (t1; : : : ; tn)(n�0) j t1 ! t2j t label j t p
 j advi
e� ::= � j �; x : tFigure 1 
ontains the typing rules for the new aspe
t ex-pressions. These rules make use of the standard judgmentsof the form � ` e : t, indi
ating that term e 
an be giventype t in 
ontext �. Boolean and tuple typing (not shown)are standard. Tuple expressions are typed by a ve
tor oftypes ~t, where � is the empty tuple of types (i.e. unit, inhab-ited by ()), and if ~t and ~t0 are tuple types, then ~t; ~t0 is their
on
atenation.For simpli
ity, the type system is parameterized by a mapL from labels to the types of the expressions they may mark.A 
on
rete label value l is given the type t label wheneverL(l) = t. The new expression simply introdu
es a new vari-able of type t label. An expression of type t label maybe used to label another expression of type t. Sin
e point



L(l) = t� ` l : t label �; x : t label ` e : t0� ` new x : t: e : t0� ` e1 : t label � ` e2 : t� ` e1he2i : t � ` e : t label� ` e : t p
� ` e1 : t p
 �; x : t ` e2 : t� ` {e1:x! e2} : advi
e � ` e1 : advi
e � ` e2 : t� ` e1 << e2 : t� ` e1 : advi
e � ` e2 : t� ` e1 >> e2 : t � ` e1 : t � ` e2 : t label� ` return e1 to e2 : t0Figure 1: Type system
uts are simply labels here, the type t p
 is implemented byt label: Any expression with type t label may be 
onsid-ered to have type t p
.Advi
e asso
iated with a point 
ut of type t p
 is 
on-stru
ted from 
ode that expe
ts a variable of type t. Thebody of advi
e must produ
e a result suitable for returningto the point from whi
h the advi
e was triggered. Thus,the body of the advi
e must itself be of type t. Note thatbe
ause all advi
e asso
iated with a point 
ut p a

ept andprodu
e values of the same type, it is possible to 
omposethem in any order|the soundness of the 
omposition usedin the operational semanti
s follows from this 
onstraint.The rules for installing advi
e permit the program to beexe
uted in the presen
e of the advi
e to have any type.Lastly, the value returned to a label marking a 
ontext oftype t should itself have type t. However, as with ex
eptionor 
ontinuation invo
ation, the return expression itself maybe used in any 
ontext.These rules lead to a straightforward soundness proof inthe style of Wright and Felleisen [17℄. A �nished 
on�gura-tion is one that is either of the form hL;A; vi or of the formhL;A;E[return v to l℄i where l 62 sta
k(E).A 
on�guration hL;A; ei is well typed if, for all advi
ea 2 A it is the 
ase that � ` a : advi
e and � ` e : t forsome t (where L is the label{type map that parameterizesthese type 
he
king judgments). Given these de�nitions, thestandard lemmas 
an easily be proved.Theorem 2.1 (Progress).If C is well typed then either the 
on�guration is �nished,or there exists another 
on�guration C0 su
h that C 7�! C0.Theorem 2.2 (Preservation).If hL;A; ei is well typed and hL;A; ei 7�! hL0; A0; e0i thenL0 extends L and hL0; A0; e0i is well typed.
3. MinAMLThis se
tion gives a semanti
s for a 
on
rete AOPL 
alledMinAML by translating it into the 
ore aspe
t 
al
ulus.Figure 2 displays the MinAML syntax. The base typesare Booleans and fun
tions. Booleans are as usual. Fun
-tion de
larations de�ne a (non-re
ursive) value and also im-pli
itly de
lare a program point f that 
an be referred to byadvi
e. Otherwise, fun
tions are treated normally.MinAML allows programmers to de�ne stati
, se
ond-
lass advi
e|unlike in the more general 
ore language, pro-grams may not manipulate advi
e at run-time in any signif-i
ant way. Advi
e is immediately appended to the advi
e

types t ::= bool j t1 ! t2terms e ::= x j b j if e1 then e2 else e3j let ds in e j e1 e2de
ls ds ::= �j (boolx = e) dsj (fun f(x : t1): t2 = e)dsj ad dsprog pts p ::= faspe
ts ad ::= before p(x)= ej after p(x)= ej around p(x)= ej around p(x)= e1; pro
eed y ! e2Figure 2: MinAML Syntaxstore when it is de
lared. In this respe
t, MinAML is quitesimilar to Aspe
tJ.Also like Aspe
tJ, MinAML has three sorts of aspe
ts:those that give advi
e before exe
ution of point 
ut p (fornow, p is limited to be a fun
tion 
all), those that give advi
eafter exe
ution of p, and those that give advi
e around p.In the �rst and third 
ases, the bound variable x will berepla
ed by the argument of p when the advi
e is triggered.In the se
ond 
ase, x will be repla
ed by p's result. Whende
laring around advi
e, the programmer 
an 
hoose eitherto repla
e p entirely or to perform some pre-
omputation,pro
eed with p and then perform some post-
omputation.2In the latter 
ase, after pro
eeding with p, a fresh variabley is bound to the result of the fun
tion.Unlike Aspe
tJ, whi
h allows programmers to refer to anymethod that appears anywhere in their program, even pri-vate methods of 
lasses, the fun
tions referred to by Mi-nAML advi
e must be in s
ope. This de
ision allows pro-grammers to retain some 
ontrol over basi
 information hid-ing and modularity prin
iples in the presen
e of aspe
ts. Forinstan
e, a programmer 
an de
lare a nested utility fun
tionand be assured that no advi
e interferes with its exe
ution.The programmer 
an also de
ide to expose the fun
tion de
-laration to manipulation by advi
e by de
laring it in anouter s
ope. The de
ision to make the external languagewell s
oped truly is an external language design de
ision:we believe the 
ore aspe
t 
al
ulus is ri
h enough to expressAspe
tJ-style, s
opeless advi
e by using a slightly di�erenttranslation strategy.3
3.1 MinAML InterpretationWe give a semanti
s to well-typed MinAML programs byde�ning a type-dire
ted translation into the 
ore language.The translation is de�ned by mutually re
ursive judg-2It is straightforward to permit the pro
eed 
ommand toappear in arbitrary expressions inside advi
e, but doing soneedlessly 
ompli
ates the presentation without adding anyfurther insight.3Allowing programmers to referen
e variables de�ned in in-ner s
opes would pose some (again, external language) dif-�
ulties as any simple s
heme would be in
ompatible withthe basi
 prin
iples of alpha-
onversion. However, these dif-�
ulties 
ould likely be over
ome by giving bindings both aninternal and external name, as in Harper and Lillibridge'stranslu
ent sum 
al
ulus [7℄. On
e naming 
onventions forthe external language have been over
ome, the translationto internal language should be straightforward.



x : t 2 �P ; � ` x : t term=) x P ; � ` b : bool term=) bP ; � ` e1 : bool term=) e01P ; � ` e2 : t term=) e02 P ; � ` e3 : t term=) e03P ; � ` if e1 then e2 else e3 : t term=) if e01 then e02 else e03P ; � ` ds; e : t de
s=) e0P ; � ` let ds in e : t term=) e0P ; � ` e1 : t1 ! t2 term=) e01 P ; � ` e2 : t1 term=) e02P ; � ` e1 e2 : t2 term=) e01 e02Figure 3: MinAML Interpretation: Termsments for terms, for de
larations and for advi
e. The termtranslation judgment has the form P ; � ` e : t term=) e0. It
omputes the type t of the term e and, if it is well-formed,produ
es a 
ore language term e0 of the same type. Thetype-
he
king 
ontext is split into two parts. The 
ontext� is a mapping from MinAML variables to types. The 
on-text P is a mapping from program points p to pairs of inputand output types for that program point. For example, afun
tion f : bool ! int extends the 
ontext P with thebinding f : (bool; int) and extends the typing 
ontext �with f :bool! int.The term translation type 
he
ks external language termsand translates them into analogous 
ore language 
onstru
ts.All of the interesting a
tion happens when translating de
-larations and advi
e. Figures 3, 4 and 5 present the details.The main idea in the translation of fun
tion de
larationshas already been explained by example. Two new programpoints are de
lared in the 
ourse of the translation, one forthe fun
tion entry point (fpre) and one for the exit point(fpost). These two points may be used in advi
e de�nitionsde
lared in the following s
ope. The translation maintainsthe invariant that if the binding p : (t1; t2) appears in P thenthe translated term will type 
he
k in a 
ontext extendedwith ppre : t1 label; ppost : t2 label.The main ideas for the aspe
t translation have also beenexplained informally in previous se
tions. Before advi
e forp is de�ned to be 
ore language advi
e triggered by the pprejoin point. After advi
e for p is triggered by the ppost joinpoint. Around advi
e with a pro
eed statement de�nes twopie
es of advi
e, one for the ppre point and one for the ppostpoint. Finally, around advi
e without a pro
eed statementis triggered by ppre but returns to ppost.The main property of the translation is that it produ
eswell-typed 
ore language terms. De�ne P(p : (t1; t2)) to bethe 
ontext ppre : t1 label; ppost : t2 label and let P(P ) bethe point-wise extension of the former translation.Lemma 3.1 (Translation Type Preservation).1. If P ; � ` e : t term=) e0 then �;P(P ) ` e0 : t.2. If P ; � ` ds; e : t de
s=) e0 then �;P(P ) ` e0 : t.3. If P ; � ` ad adv=) e0 then �;P(P ) ` e0 : advi
e.

P ; � ` e : t term=) e0P ; � ` �; e : t de
s=) e0P ; � ` e1 : bool term=) e01 P ; �; x :bool ` ds; e2 : t de
s=) e02P ; � `(bool x = e1) ds; e2 : t de
s=) let x :bool = e01 in e02P ; �; x : t1 ` e1 : t2 term=) e01P; f : (t1; t2); �; f : t1 ! t2 ` ds; e2 : t de
s=) e02P ; � `(fun f(x : t1): t2 = e1) ds; e2 : t de
s=)new fpre : t1: new fpost : t2: let f = eb in e02where eb = �x : t1:fposthlet x : t1 = fprehxi in e01iP ; � ` ad adv=) e01 P ; � ` ds; e2 : t de
s=) e02P ; � ` ad ds; e2 : t de
s=) e01 >> e02Figure 4: MinAML Interpretation: De
larationsp : (t1; t2) 2 P P ; �; x : t1 ` e : t1 term=) e0P ; � ` before p(x)= e adv=) {ppre:x! e0}p : (t1; t2) 2 P P ; �; x : t2 ` e : t2 term=) e0P ; � ` after p(x)= e adv=) {ppost:x! e0}p : (t1; t2) 2 PP ; �; x : t1 ` e1 : t1 term=) e01 P ; �; y : t2 ` e2 : t2 term=) e02P ; � ` around p(x)= e1; pro
eed y ! e2 adv=){ppre:x! e01} >> {ppost:y ! e02}p : (t1; t2) 2 P P ; �; x : t1 ` e : t2 term=) e0P ; � ` around p(x)= e adv=){ppre:x! return e0 to ppost}Figure 5: MinAML Interpretation: Aspe
tsThe proof of Lemma 3.1 is by indu
tion on the translationderivation. Combining Lemma 3.1 with the type safety re-sult for the 
ore language yields an important safety resultfor MinAML.Theorem 3.1 (MinAML Safety).Suppose that �; � ` e : t term=) e0. Then either e0 fails to termi-nate or there is a �nished 
on�guration hL;A; e00i su
h thath�; �; e0i 7�!? hL;A; e00i
3.2 ObjectsThe bulk of this paper fo
uses on using aspe
ts in the
ontext of a purely fun
tional language. However, we havetried to design the 
ore language so that ea
h feature isorthogonal to the others. In parti
ular, the labeled joinpoints are de�ned independently of other 
onstru
ts andhen
e 
an be reused in other 
omputational settings withlittle 
hange. In order to justify this 
laim, we have liftedAbadi and Cardelli's �rst-order obje
t 
al
ulus (AC) dire
tly



from their textbook [1℄. This se
tion shows how the aspe
tlanguage 
onstru
ts interoperate with it. The main pointis that while we naturally need to add obje
ts to both theexternal and 
ore languages, the semanti
s of join pointsremains un
hanged. Moreover, while additional syntax isneeded in the external language to allow programmers torefer to new join points, the underlying semanti
s of advi
ealso remains the same. This analysis provides eviden
e thatthe semanti
 framework is both general and robust.
3.2.1 Object-oriented Core LanguageThe type system and syntax for the AC obje
t-orientedlanguage is taken dire
tly from Abadi and Cardelli [1℄.t ::= � � � j [mi:ti℄1::ne ::= � � � j [mi = & xi:ei℄1::n j e:m j e1:m( & x:e2v ::= � � � j [mi = & mi:ei℄1::nAC is a 
lassless language. New obje
ts [mi = & xi:ei℄1::nmay be de�ned at any point in a 
omputation. The super-s
ript 1::n indi
ates there is a series of n method de
lara-tions in the obje
t. Method invo
ation is denoted e:m andmethod update (override) is denoted e1:m( & x:e2.The AC typing rules are straightforward. We have mod-i�ed them to permit labels, and slightly more signi�
antly,we have dropped the subtyping for the sake of simpli
ity.�; x : [mi:ti℄1::n ` ei : ti� ` [mi = & xi:ei℄1::n : [mi:ti℄1::n� ` e : [mi:ti℄1::n 1 � j � n� ` e:mj : tj� ` e1 : [mi:ti℄1::n �; x : [mi:ti℄1::n ` e2 : tj 1 � j � n� ` e1:mj ( & x:e2 : [mi:ti℄1::nFinally, to extend the operational semanti
s, we de�nefurther evaluation 
ontexts 
orresponding to the new ex-pression forms and the appropriate beta rules.Evaluation Contexts:E ::= � � � j E:m j E:m( & x:e2Beta Rules:hL;A; [mi = & xi:ei℄1::n:mji 7�!�hL;A; ejf[mi = & xi:ei℄1::n=xjgihL;A; [mi = & xi:ei℄1::n:mj ( & x:ei 7�!�hL;A; [m1 = & x1:e1; : : : ; mj = & x:e; : : : ;mn = & xn:en℄ iTo adapt the progress and preservation theorems statedin the previous se
tion, we need only �ll in the indu
tive
ases for obje
ts; the overall proof stru
ture remains inta
t.
3.2.2 Object-oriented External LanguageThe external language requires a new type for obje
ts, newde
larations for de�ning obje
ts and new expression formsfor method invo
ation and update. In addition, we add anexpression form to 
ontrol monitoring of method updates.The de
laration monitor t:m spe
i�es that any update ofmethod m to an obje
t with type t may be inter
epted andmodi�ed by advi
e. This de
laration also introdu
es a newjoin point t:m, and programmers 
an de
lare before, afterand around advi
e that will be triggered by that join point(i.e., triggered whenever the asso
iated method update o
-
urs). Programmers 
an also de
lare advi
e triggered by


alls to the m method of obje
t x via the join point x:m.t ::= � � � j [mi:ti℄1::ne ::= � � � j e:m j e1:m( & x:e2d ::= � � � j (obje
t x : t = [mi = & xi:ei℄1::n) dsj monitor t:m dsp ::= � � � j x:m j t:mAs a simple example, 
onsider the following 
ode whi
hde
lares an obje
t with two �elds. One �eld holds an integerand the other holds a fun
tion that adds the integer to itsargument. To prevent the integer �eld from being updated(e�e
tively rendering it \
onst"), the program de
lares thatthe �eld is monitored and installs around advi
e that re-pla
es any attempted update with the identity fun
tion.let obje
t x:t =[i = &s.3;plus = &s.let fun f x = s.i + x in f℄monitor t.iaround (t.i) (x) = xin ...where t = [i : int; plus : int -> int℄Interpreting the obje
t-oriented sour
e language in the
ore aspe
t 
al
ulus poses no 
hallenges. The monitor de
-laration translates to a pair of expressions that allo
ate newpre- and post-labels used to mark method updates. In-terpreting both method update in the 
ase that the up-date is monitored, and obje
t de
larations, follows a similarstrategy to 
ompilation of fun
tion bodies. The translationmarks the 
ontrol-
ow points just prior to and just afterthe operation in question. Advi
e de
larations in the sames
ope 
an manipulate these program points just as they ma-nipulate fun
tion entry and exit points. The full details havebeen omitted due to spa
e 
onsiderations.
4. Complex Point CutsThis se
tion investigates two further generalizations of thebasi
 aspe
t framework. The �rst generalization allows ad-vi
e to be asso
iated with a set of labels instead of just onelabel, whi
h permits the 
ode of the advi
e to be shared bymany program points. The se
ond generalization is to per-mit run-time inspe
tion of the labels that appear in the 
allsta
k, whi
h allows advi
e to make 
ontext sensitive de
i-sions about how to modify the program.
4.1 Label SetsThe �rst generalization asso
iates a set of labels with ea
hpie
e of advi
e. Doing so is useful in situations where thesame advi
e is applied at many di�erent lo
ations. For ex-ample, one might want to instrument a 
olle
tion of relatedfun
tions of type t1 ! t2 with the same prepro
essing of theargument, yet still allow the possibility of asso
iating other,di�erent advi
e with ea
h fun
tion. With sets of labels, thissituation 
an be expressed as:new pre1:t1.new pre2:t1.{{pre1,pre2}.x!e1} >> // Runs at either point{{pre1}.y!e2} >> // Runs at pre1{{pre2}.z!e3} >> // Runs at pre2let f = �x:t1. let x = pre1hxi in ... inlet g = �x:t1. let x = pre2hxi in ... in ...



The ne
essary 
hange to the syntax of the language isminimal, as shown in the grammar below:e ::= � � � j fe1; : : : ; eng j e1 [ e2 j e1 \ e2v ::= � � � j fv1; : : : ; vngThe advi
e {fl1; : : : ; lng:x! e} is triggered whenever apoint labeled by any of the labels l1 through ln is rea
hed.To 
hange the operational semanti
s of advi
e invo
ation,we simply repla
e the de�nition of the satisfa
tion relationwith the following: l 2 fl1; : : : ; lnghL;A;E[lhvi℄i j= fl1; : : : ; lngAdvi
e is still applied in the order de�ned by the list A,but now advi
e is triggered by a label l if l is in the set.Evaluation semanti
s for the set operators e1[e2 and e1\e2are straightforward to de�ne.The type system is altered to use the following rules fortype 
he
king point 
uts. The type t p
 is now implementedby a set of labels of the same type.(� ` ei : t label)(1�i�n)� ` fe1; : : : ; eng : t p
 � ` e1 : t p
 � ` e2 : t p
� ` e1 [ e2 : t p
� ` e1 : t p
 � ` e2 : t p
� ` e1 \ e2 : t p
One 
ould imaging further re�nements along these lines.For instan
e, one re�nement would be to put more stru
tureon the labels themselves, perhaps by introdu
ing a hierar
hyof labels. A pie
e of advi
e would then be triggered by itslabel or any label lower in the tree. In
luding a \top" labelin the hierar
hy would let one de�ne advi
e that is triggeredwhenever any labeled point is rea
hed.
4.1.1 MinAML Extensions and InterpretationExtending MinAML's point 
ut language to in
lude setsof labels requires some minor adjustments to the syntax:p
 ::= fp1; : : : ; pngad ::= before p
(x)= ej after p
(x)= ej around p
(x)= ej around p
(x)= e1; pro
eed y ! e2The interpretation also requires some adjustments. Oneproblem is that around advi
e 
an be 
alled from multi-ple di�erent labeled points, so it is impossible to determinestati
ally whi
h label it should return to. To 
ir
umvent thisdiÆ
ulty, the translation uses �rst-
lass labels: the aroundadvi
e is passed the \
ontinuation" label it should return to.The new translation of fun
tion and advi
e de
larationsappears in Figure 6. Given a set s of sour
e-level programpoints fp1; : : : ; png, we use the meta-level fun
tion pre(s) togenerate the 
orresponding set of labels fp1;pre; : : : ; pn;preg.The fun
tion post(s) is similar. The translation of obje
texpressions (omitted) 
an be dealt with analogously.
4.2 Stack PatternsWhile labeled program expressions suÆ
e to 
apture someof the \interesting" program points, whether a point is \in-teresting" often depends on 
ontext. For example, a typi
aluse of aspe
ts for debugging is to print the arguments of

P ; �; x : t1 ` e1 : t2 term=) e01P; f : (t1; t2); �; f : t1 ! t2 ` ds; e2 : t de
s=) e02P ; � `(fun f(x : t1): t2 = e1) ds; e2 : t de
s=)new fpre : t1 � t2 label: new fpost : t2:let f = eb in e02eb def= �x : t1:fposthlet (x; ) = fpreh(x; fpost)i in e01i(p : (t1; t2) 2 P )p2s P ; �; x : t1 ` e : t1 term=) e0P ; � ` before s(x)= e adv=){pre(s):x! let (x; l) = x in (e0; l)}(p : (t1; t2) 2 P )p2s P ; �; x : t2 ` e : t2 term=) e0P ; � ` after s(x)= e adv=) {post(s):x! e0}(p : (t1; t2) 2 P )p2sP ; �; x : t1 ` e1 : t1 term=) e01 P ; �; y : t2 ` e2 : t2 term=) e02P ; � ` around s(x)= e1; pro
eed y ! e2 adv=){pre(s):x! let (x; l) = x in (e01; l)}>> {post(s):y ! e02}(p : (t1; t2) 2 P )p2s P ; �; x : t1 ` e : t2 term=) e0P ; � ` around s(x)= e adv=){pre(s):x! let (x; l) = x in return e0 to l}Figure 6: MinAML Interpretation: Label Setsa fun
tion f when it is 
alled from inside the body of ase
ond fun
tion, g. The debugging advi
e is not invokedwhen f is 
alled from some third fun
tion h. To enable thisappli
ation, AOPLs provide me
hanisms that allow the pro-grammer to spe
ify in what dynami
 
ontexts advi
e shouldbe triggered.One 
ould tie this 
ontextual information into the advi
e
onstru
t itself, but it seems more general to provide anorthogonal me
hanism for querying the run-time state ofthe program. This se
tion proposes sta
k patterns as a wayto a
hieve the desired expressiveness without altering theadvi
e; this approa
h leads to a 
leaner semanti
s.During the 
ourse of evaluation, the labeled program pointsnaturally form a sta
k, whi
h is a useful model of the 
om-putation being 
arried out by the program. The returnexpression already makes use of this fa
t to determine towhi
h point 
ontrol should be passed. Sta
k patterns allowprogrammers to write queries over the label sta
k.Aspe
t-oriented languages also permit queries on the datastored in the run-time sta
k. This fa
ility is useful for writ-ing point-
ut designators: triggers that depend on 
ontext.To handle this feature, we extend the 
ore language with ameans of storing data values in the sta
k by adding a newexpression store x : t = e1 in e2. The semanti
s of store islike an ordinary let ex
ept that the substitution of the valuefor the bound variable is performed expli
itly|evaluationpro
eeds within the body of the store. The evaluation 
on-texts are extended to in
lude:E ::= : : : j store x = E in e j store x = v in E



Two additional �-rules model the expli
it substitutions; here,the fun
tion svars(E) yields the set of variables x su
h thatE = E0[store x = v in E00℄.hL;A; store x = v in E[x℄i 7�!�hL;A; store x = v in E[v℄i (x 62 svars(E))hL;A; store x = v in v0i 7�!� hL;A; v0iAllowing evaluation to pro
eed under the store bindingmeans that the sta
k embodied by the evaluation 
ontextsnow in
ludes the stored data. Thus, we 
an extend sta
ksto in
lude values (val : t = v) in addition to the labels, andextend the sta
k(�) fun
tion to extra
t the data too:s ::= � j l j s1 :: s2 j val : t = vsta
k(store x : t = v in E) = sta
k(E) :: (val : t = v)sta
k(store x : t = E in e) = sta
k(E)Sta
k patterns are expressions that des
ribe the sta
k oflabels and stored values present in the dynami
 evaluation
ontext|the metavariable pat is used to emphasize that agiven expression is in fa
t a sta
k pattern. A sta
k patternis similar to a regular expression over labels, but it may alsobind stored values. The grammar below summarizes theadditions to the base language needed for sta
k patterns.e ::= : : : j l j e1; e2 j e1 | e2 j e� j e1 & e2 j :ej val : t j mat
h[t℄(e)then e1 else e2v ::= : : : j l j v1; v2 j v1 | v2 j v� j v1 & v2 j :vj val : tThe pattern l mat
hes the sta
k 
onsisting of the label l.Con
atenation of pattern expressions is written e1; e2, unionis written e1 | e2, and a Kleene star operator is written e�.The interse
tion operator e1 & e2 mat
hes patterns in theinterse
tion of those mat
hed by e1 and e2, binding the datafrom both patterns. A negation pattern, :e, mat
hes a sta
kif there is no possible way to parse the sta
k su

essfullya

ording to e. The pattern val : t mat
hes a value of typet stored in the sta
k. Booleans true and false are patternsthat respe
tively mat
h all sta
ks and no sta
ks.The program form mat
h[t℄(pat)then e1 else e2 attemptsto mat
h the pattern pat against the dynami
 sta
k, extra
t-ing any data bound by val : t patterns. If the sta
k su

ess-fully mat
hes the pattern, the expression e1, whi
h must bea fun
tion, is applied to the extra
ted data. Otherwise theexpression e2 is evaluated.Consider instrumenting a fun
tion f with pre- and post-labels as in the translation from MinAML. Using storerather than an ordinary let to bind the argument to f givesthe following:�x : t: fposthstore x = fprehxi in eiThis new translation allows a sta
k pattern to extra
t theargument passed to f . For example, one 
an write a pie
e ofadvi
e that takes a
tion only when g is 
alled dire
tly fromthe body of f . In the example, the f 's argument is boundto the variable y in the expression e.{gpre:x! mat
h(gpre;gpost;val : t;fpost;true)then �y : t: e // take a
tionelse x} // just 
ontinueThe sta
k mat
hes the pattern gpre;gpost;val : t;fpost;trueonly when 
ontrol is inside the pre
ondition advi
e of g butbefore leaving the s
ope of f . (The tail of the sta
k, mat
hedby true, 
an be anything.) There is some subtlety here,

s j= true) � l j= l) � val : t = v j= val : t) vs j= pat1 ) ~v1 s j= pat2 ) ~v2s j= pat1 & pat2 ) ~v1; ~v2 s j= pat1 ) ~v1s j= pat1 | pat2 ) ~v1s1 j= pat1 ) ~v1 s2 j= pat2 ) ~v2s1 :: s2 j= pat1; pat2 ) ~v1; ~v2 s j= pat2 ) ~v2s j= pat1 | pat2 ) ~v2� j= pat� ) � s1 j= pat) � s2 j= pat� ) �s1 :: s2 j= pat� ) � s 6j= pat) ~vs j= :pat) �Figure 7: Sta
k Pattern Interpretationthough: Unless all fun
tions have been instrumented withpre- and post-labels, there might be 
alls to arbitrarily manyunlabeled fun
tions between the fpost and gpre. On the otherhand, this regular expression does not permit any labelsto appear between fpost and gpost on the sta
k. To allowthat situation, the regular expression gpre;gpost;true;val :t;fpost;true 
ould be used instead. Whi
h label is desirabledepends on the situation. The point is that this frameworkis 
exible enough to express many possible 
hoi
es, severalmore of whi
h are explored in the translation of an extendedvariant of MinAML dis
ussed below.Besides adding additional evaluation 
ontexts to handlethe evaluation of the sta
k patterns themselves, the opera-tional semanti
s must de�ne the behavior of the mat
h ex-pression. Two additional rules are needed:sta
k(E) j= pat) ~vhL;A;E[mat
h[t℄(pat)then e1 else e2℄i 7�!hL;A;E[e1 (~v)℄ista
k(E) 6j= pat) ~vhL;A;E[mat
h[t℄(pat)then e1 else e2℄i 7�! hL;A;E[e2℄iIn these evaluation rules, the judgment s j= pat ) ~v de-termines when the sta
k s mat
hes the pattern pat. If so,any values mat
hed by pat are returned in the ve
tor ~v.A reasonable implementation of sta
k mat
hing would beto restri
t the regular expressions to be se
ond 
lass valuesby permitting only mat
hes against sta
k predi
ate values.This would permit the 
ompiler to generate an eÆ
ient au-tomaton for pattern mat
hing; however, for the sake of gen-erality, we 
onsider the fully dynami
 
ase here. It is easyto spe
ify the implementation of s j= pat ) ~v using thenondeterministi
 inferen
e rules shown in Figure 7.The only remaining issue is how to assign types to pat-terns. The simplest solution is to give sta
k patterns theirown type, t pat, the type of patterns that binds data of typet. Booleans and labels 
an be treated as sta
k predi
ates|rather than use full-blown subtyping, the rules in Figure 8instead permit the 
oer
ion dire
tly. The additional typema
hinery is straightforward: sta
k patterns may be built
ompositionally out of sta
k patterns, and the mat
h ex-pression takes a pattern, fun
tion to handle the su

essfulmat
h, and an expression to return in 
ase of mat
h failure.
4.2.1 MinAML Extensions and InterpretationExtending MinAML with ri
her point-
ut designators inthe style of Aspe
tJ requires a 
hange to the sour
e syntax,as shown in the following grammar.



� ` e : bool� ` e : � pat � ` e : t label� ` e : � pat � ` e : ~t pat� ` :e : � pat� ` e1 : ~t1 pat � ` e2 : ~t2 pat� ` e1 & e2 : ~t1; ~t2 pat � ` e : � pat� ` e� : � pat� ` e1 : ~t pat � ` e2 : ~t pat� ` e1 | e2 : ~t pat � ` val : t : t pat� ` e1 : ~t1 pat � ` e2 : ~t2 pat� ` e1; e2 : ~t1; ~t2 pat � ` e : � pat� ` e� : � pat� ` e : ~t pat � ` e1 : ~t! t0 � ` e2 : t0� ` mat
h[t℄(e)then e1 else e2 : t0Figure 8: Sta
k Pattern Typing(f : (t1; t2) 2 P )P ; � ` withinf(x) : x : t1 p
d=) (val : t1); fpost; trueP ; � ` p
d : �0 p
d=) patP ; � ` 
flow(p
d) : �0 p
d=) :(true; pat; true); pat; trueP ; � ` p
d : �0 p
d=) patP ; � ` 
flowtop(p
d) : �0 p
d=) true; pat;:(true; pat; true)Figure 9: MinAML Interpretation: Point-
ut desig-natorsp
d ::= withinf(x) j p
d1 & p
d2 j p
d1 | p
d2j :p
d j 
flow(p
d) j 
flowtop(p
d)ad ::= before p
(x) when p
d = ej after p
(x) when p
d = ej around p
(x) when p
d = ej around p
(x) when p
d = e1; pro
eed y ! e2The when 
lauses spe
ify that the advi
e will be triggeredonly under the 
onditions given by the point-
ut designa-tor p
d. The withinf(x) designator says that the advi
e istriggered only when 
ontrol is immediately inside the bodyof the fun
tion f (with no intervening 
alls). In this 
ase,the variable x is bound to the argument passed to f . The
flow(p
d) designator says that the advi
e is triggered ifa part of the 
alling 
ontext mat
hes p
d, where the ar-guments bound in the p
d are the nearest su
h 
all . Forexample, 
flow(withinf(x))means that the advi
e may betriggered from within arbitrarily deeply nested fun
tion 
allsrea
hable from within the body of f and that x will bebound to the most re
ent arguments passed to f . Designator
flowtop(p
d) is similar to 
flow ex
ept that the argumentsare bound to the earliest 
alls rather than the most re
ent.The p
d1 & p
d2 designator requires the 
ontext to mat
hboth p
d1 and p
d2, and p
d1 | p
d2 requires the 
ontext to

(p : (t1; t2) 2 P )p2s P ; � ` p
d : �0 p
d=) patP ; �;�0; x : t1 ` e : t1 term=) e0 �0 
tx=) tP ; � ` before s(x) when p
d = e adv=) Pre(s; x; t; pat;�0; e0)(p : (t1; t2) 2 P )p2s P ; � ` p
d : �0 p
d=) patP ; �;�0; x : t2 ` e : t2 term=) e0 �0 
tx=) tP ; � ` after s(x) when p
d = e adv=) Post(s; x; t; pat;�0; e0)(p : (t1; t2) 2 P )p2s P ; � ` p
d : �0 p
d=) pat �0 
tx=) tP ; �;�0; x : t1 ` e1 : t1 term=) e01 P ; �;�0; y : t2 ` e2 : t2 term=) e02P ; � ` around s(x) when p
d = e1; pro
eed y ! e2 adv=)Pre(s; x; t; pat;�; e01) >> Post(s; x; t; pat;�; e02)(p : (t1; t2) 2 P )p2s P ; � ` p
d : �0 p
d=) pat�0 
tx=) t P ; �;�0; x : t1 ` e : t2 term=) e0P ; � ` around s(x) when p
d = e adv=)Return(s; x; t; pat;�; e0)Pre(s; x; t; pat;�; e) def={pre(s):x! let (x; l) = x in PreBody(s; x; t; pat;�; e)Return(s; x; t; pat;�; e) def={pre(s):x! let (x; l) = x inPreBody(s; x; t; pat;�; return e to l)PreBody(s; x; t; pat;�; e) def=mat
h[t℄(oneOf(pre(s)); l; pat) then args(t;�; e) else x}Post(s; x; t; pat;�; e) def={post(s):x! let (x; l) = x inmat
h[t℄(oneOf(post(s)); pat) then args(t;�; e) else x}oneOf(l1; : : : ; ln) def= (l1|...|ln)args(t;�; e) def= �a : t: let (�)= a in eFigure 10: MinAML Interpretation: \when" advi
emat
h at least one of p
d1 and p
d2. Negation, :p
d, holdsif there is no possible way of parsing the sta
k to mat
h p
d.The new translation assumes that fun
tion arguments arestore-bound rather than let-bound. With that slight 
hangeto the MinAML translation, the sta
k, ex
ept for the top ofthe sta
k, is guaranteed to look like:val : tn :: fnpost :: val : tn�1 :: fn�1post :: : : : :: val : t0 :: f0post (?)The top of the sta
k is either fn+1pre ; fn+1post or fn+1post , dependingon whether exe
ution is just entering or just leaving f .A point-
ut designator translates to a sta
k pattern. Thethree interesting 
ases are shown in Figure 9 (the remaining
ases are straightforward). The patterns assume that thesta
k is of the form (?)|the translation of the advi
e de
-larations themselves take 
are of the rest of the pattern, asshown in Figure 10. This translation handles label sets aswell as when 
lauses, so it threads the return label throughthe aspe
ts.



The withinf(x) pattern requires that the top of the sta
khave the form val : t :: fpost; the variable x will be boundto the value mat
hed by the pattern. The 
flow(p
d) and
flowtop(p
d) 
lauses respe
tively 
ompile to patterns thatmat
h the 
losest and farthest o

urren
e of pat.The 
ompilation of point-
ut designators is similar to thetranslation shown in Figure 6. One di�eren
e is that thewhen 
lause pattern is mat
hed before pro
eeding with theadvi
e. The top of the sta
k for before advi
e must havethe 
orresponding pre label; for after advi
e the top of thesta
k is the post label. Another di�eren
e is that the advi
ebodies bind the tuple of values extra
ted from the sta
k bythe mat
h. In the �gure, the notation (�) stands for thetuple of variable bindings evident from the typing 
ontext�. Similarly, the notation � 
tx=) t means that t is the tupleof types found in the 
ontext �.This translation of MinAML is also type preserving. LetP(p : (t1; t2)) be the 
ontextppre : (t1; t2 label) label; ppost : t2 labeland let P(P ) be the point-wise extension.Lemma 4.1 (Translation Type Preservation).1. If P ; � ` e : t term=) e0 then �;P(P ) ` e0 : t.2. If P ; � ` ds; e : t de
s=) e0 then �;P(P ) ` e0 : t.3. If P ; � ` ad adv=) e0 then �;P(P ) ` e0 : advi
e.4. If P ; � ` p
d : �0 p
d=) pat and �0 
tx=) t then�;P(P ) ` pat : t
5. Discussion

5.1 AspectML: A Prototype ImplementationIn order to experiment further with our language design,we have developed a prototype implementation of most ofthe features des
ribed in this paper, omitting obje
ts, andnegation and value patterns for now. The prototype, whi
hwe 
all Aspe
tML, is developed in SML/NJ [2℄ as an exten-sion to 
ore ML.The 
ore aspe
t 
al
ulus is implemented as a set of MLlibraries for expli
itly manipulating labeled program points,
reating and using higher-order, �rst-
lass aspe
ts and query-ing the 
alling 
ontext via a sta
k predi
ate language. Thelibraries have three main modules.� Point manages 
reation and 
omparison of the stru
-tured labels used to mark join points.� RE supplies utilities for building regular expression pat-terns out of points and mat
hing them against pointlists. It is implemented using the SML/NJ regular ex-pression mat
hing utilities.� Aspe
t implements the operational semanti
s of the
ore 
al
ulus.The library interfa
es are in
luded in Appendix C. Forthe most part, the implementation follows the theory di-re
tly. One deviation is that rather than limiting program-mers to some set of domain-spe
i�
 predi
ates for spe
ifyingpoint 
uts, we have left the language open for experimenta-tion. Programmers 
an use any fun
tion from label-sta
ks

to Booleans as trigger predi
ates; if the fun
tion evaluatesto true at a join point, the advi
e is invoked. Programmers
an also expose the 
urrent label sta
k as a list of points anduse regular expression queries to 
onstru
t these fun
tionsor write their own fun
tions over point lists.One other deviation is that SML's type system is not quitestrong enough to en
ode the heterogeneous list of aspe
tsthat makes up the aspe
t store.4 Hen
e, before passing datato an aspe
t we need to 
oer
e it into a universal data type(UniversalDT.all), and we need to 
oer
e it ba
k out of auniversal data type on return.The external language (Aspe
tML) is implemented bya simple program rewriter that 
onverts \.aml" �les into\.sml" �les. Aspe
tML programmers may expli
itly 
all the
ore 
al
ulus libraries if they wish to manipulate labeledprogram points dire
tly. They may also use a new form offun
tion de
laration, afun f (x:t1):t2 = e, whi
h impli
-itly allo
ates pre- and post-join points for monitoring fun
-tion entry and exit as des
ribed earlier. Ordinary SML funde
larations 
annot be monitored by aspe
ts. Consequently,unlike in other aspe
t-oriented programming languages thatwe are aware of, AML programmers 
an 
hoose to prote
tse
tions of their 
ode from external interferen
e and retainthe standard ML reasoning prin
iples that they are used to.
5.2 Related workThere are a number of aspe
t-oriented language designand implementation e�orts that have already made a sig-ni�
ant impa
t on industry, in
luding Aspe
tJ [10℄ and Hy-per/J [13℄. However, the study of the semanti
s of aspe
t-oriented languages lags well behind.Most 
losely related to this paper is Tu
ker and Krishna-murthi's work on en
oding aspe
ts in S
heme [14℄. Theirapproa
h uses 
ontinuation marks, a 
onstru
t introdu
edby Clements et al. to aid in the implementation of programdebugging tools [5℄. Continuation marks are very similar tolabeled program points ex
ept that (dynami
ally) they donot nest|the outer 
ontinuation mark overrides the inner.In the notation of this paper, the behavior of 
ontinuationmarks 
ould be modeled by adding an additional � rule:l1hl2hvii 7�!� l1hvi. This di�eren
e leads to a slightly more
omplex en
oding of aspe
ts. A more signi�
ant di�eren
ebetween this work and Tu
ker and Krishnamurthi's is thatthis paper develops a typed theory of aspe
ts as opposed toan untyped theory of aspe
ts.Douen
e, Motelet and Sudholt [6℄ give a de�nition of point-
uts by en
oding them in Haskell; they also provide an im-plementation in Java. However, the spe
i�
ation of advi
e isnot integrated into their language. Instead, programs havetwo parts, an event (program point) produ
er and a moni-tor that 
onsumes and rea
ts to these program points. Ma-suhara, Ki
zales and Dut
hyn [11℄ spe
ify the semanti
s ofan aspe
t-oriented language in S
heme and show how partialevaluation 
an be used to 
ompile and optimize it.A 
ouple of authors have developed small, untyped formal
al
uli for reasoning about aspe
ts. For instan
e, Wand,Ki
zales and Dut
hyn [16℄ have developed a denotationalsemanti
s for point
uts and advi
e in a small aspe
t 
al
u-4The aspe
t store would ideally be a list of 9t:t label�t! telements. Unfortunately, SML does not provide existentialtypes or the primitives for intensional type analysis that wewould need. Stephanie Weiri
h suggested the en
oding usinguniversal data types that we 
urrently use.



lus. Jagadeesen, Je�rey and Riely [9℄ develop an obje
t-oriented, aspe
t-oriented language and give a spe
i�
ationand 
orre
tness proof for weaving. In ea
h 
ase, join pointsare dire
tly linked to the semanti
s of method 
alls ratherthan being developed as an orthogonal programming 
on-stru
t. We believe that elevating join points to the statusof a �rst-
lass abstra
tion allows our semanti
 frameworkto be used in a broader 
olle
tion of situations, in
ludingfun
tional, imperative and obje
t-oriented languages. Wealso feel that staging AOP semanti
s in terms of 
ore andexternal languages is an important development as it helpsmodularize the theory and makes it possible to simplify the
ore language to its barest minimum.Bauer, Ligatti and Walker [4℄ des
ribe a language for 
on-stru
ting �rst-
lass and higher-order aspe
ts. They also pro-vide a system of logi
al 
ombinators for 
omposing advi
eand type and e�e
t system to ensure that advi
e does notinterfere with other advi
e. Unfortunately, the presen
e ofaspe
t 
ombinators makes the operational semanti
s for thelanguage very 
omplex. Consequently, their semanti
s doesnot make an appropriate platform for experimenting withaspe
t-oriented design in general or for investigating general-purpose reasoning prin
iples in the presen
e of aspe
ts.Sta
k patterns provide a me
hanism similar to sta
k in-spe
tion me
hanism [15℄, and it would be interesting to ex-plore this 
onne
tion further. One might be able to imple-ment sta
k-inspe
tion-like se
urity poli
ies via aspe
ts.
5.3 Future WorkAvenues for future resear
h fall into four main 
ategories:1. Further development of the semanti
s of aspe
ts.2. Program analysis and type systems that promote safeuse of aspe
t-oriented paradigms.3. Extension of our Aspe
tML implementation to 
overall of Standard ML, in
luding admitting further im-pli
it program points and integration with ML's so-phisti
ated module system.4. Analysis of the performan
e 
ost of the advan
ed fea-tures in
luding �rst-
lass advi
e and sta
k patterns.While all of these dire
tions are appealing, we plan to
on
entrate on items (1) and (3) in the near future. Morespe
i�
ally, we wish to 
onsider enri
hing our simple 
al
u-lus by adding new primitives, for example to expli
itly deleteadvi
e. In addition, it seems desirable to develop a theoryof 
ontextual equivalen
e for aspe
t-oriented programs. We
onje
ture that su
h a theory will be tra
table for the mini-malist 
ore 
al
ulus we presented in Se
tion 2. With respe
tto item (3), we believe that de�ning a well-typed and well-s
oped 
ore aspe
t 
al
ulus is a signi�
ant step towards de-veloping an aspe
t-oriented language that 
an interoperatebenignly with advan
ed ML-style modules. In fa
t, our ini-tial inspiration for labeled 
ontrol-
ow points was derived inpart from the internal and external labels found in Harperand Lillibridge's translu
ent sum 
al
ulus [7℄.
6. ConclusionsThis paper has shown that the main features of aspe
t-oriented languages 
an be modeled by a few relatively simple
onstru
ts in a 
ore 
al
ulus. The key features are: labeled


ontrol 
ow points, support for manipulating data and 
on-trol at those points, and a me
hanism for inspe
ting therun-time sta
k. This approa
h leads to a (largely) languageindependent, semanti
ally 
lean way of studying aspe
ts.We have developed the theory of this 
ore aspe
t 
al
ulusand demonstrated its appli
ability by type-dire
ted transla-tions from MinAML, a fragment of ML with aspe
ts, andan obje
t-oriented language. We 
laim that this approa
his s
alable, general, and theoreti
ally well founded.
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APPENDIX

A. Core Language SummaryTypest ::= bool j t1 ! t2 j (t1; : : : ; tn)(n�0)j t label j t p
 j advi
e j t patBase 
al
ulusl 2 Labelse ::= x j true j false j if e1 then e2 else e3j �x : t: e j e1 e2j (e1; : : : ; en)(n�0) j let(~x :~t)= e1 in e2Aspe
tsj l j {e1:x! e2} j e1he2i j return e1 to e2j new x : t: e j e1 >> e2 j e1 << e2Label setsj fe1; : : : ; eng j e1 [ e2 j e1 \ e2Sta
k patternsj e1; e2 j e1 | e2 j e� j e1 & e2 j :e j val : tj mat
h[t℄(e)then e1 else e2j store x : t = e1 in e2
B. MinAML SummaryTypest ::= bool j t1 ! t2 j [mi:ti℄1::nExpressionse ::= x j b j if e1 then e2 else e3j e:m j e1:m( & x:e2j let ds in e j e1 e2

De
larationsds ::= �j (boolx = e) dsj (fun f(x : t1): t2 = e)dsj (obje
t x : t = [mi = & xi:ei℄1::n) dsj monitor t:m dsj ad dsProgram Pointsp ::= f j x:m j t:mPoint Cutsp
 ::= fp1; : : : ; pngPoint Cut Designatorsp
d ::= withinf(x) j p
d1 & p
d2 j p
d1 | p
d2j :p
d j 
flow(p
d) j 
flowtop(p
d)Aspe
tsad ::= before p
(x) when p
d = ej after p
(x) when p
d = ej around p
(x) when p
d = ej around p
(x) when p
d = e1; pro
eed y ! e2
C. AspectML LibrariesWe have implemented a simple fun
tional aspe
t-orientedprogramming language 
alled Aspe
tML (AML) as an ex-tension of 
ore SML/NJ. A simple rewriter translates AML�les into well-typed SML/NJ sour
e that 
an be 
ompiledand linked to the libraries with the signatures below.signature POINT = sigtype pointval new : string list -> pointval toStrings : point -> string listval unique : point -> intval equals : point * point -> boolendsignature RE = sigtype re(* fun
tions to 
reate base REs *)val primitive : Point.point -> reval empty : unit -> re(* fun
tions to 
reate 
omplex REs *)val opt : re -> re (* 0 or 1 of re *)val plus : re -> re (* 1 or more of re *)val star : re -> re (* 0 or more of re *)val 
on
at : re -> re -> re (* 
on
atenation *)val alt : re -> re -> re (* alternation *)(* attempts to mat
h the RE to the point sta
k *)val mat
h : re -> Point.point list -> boolendsignature ASPECT = sigtype aspe
ttype sta
kval toList : sta
k -> Point.point list(* 
reate a new aspe
t *)val aspe
t : (sta
k -> bool)-> (sta
k * UniversalDT.all -> UniversalDT.all)-> aspe
t(* fun
tions to add initial and final aspe
ts *)val << : aspe
t -> unitval >> : aspe
t -> unit(* mark a 
ontrol-flow point *)val mark : Point.point -> (unit -> UniversalDT.all)-> UniversalDT.all(* return a value from an aspe
t to a label *)val return : UniversalDT.all * Point.point -> 'aend


