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Abstract

Selectorlanguagesor crosscutlanguagesplay animportant role in aspect-oriented
programming (AOP). Examples of prominent selectorlanguagesinclude the point-
cut languagein Aspect], traversal speci cations in Demeter, XPath for databases,
and regular expressions A selectorlanguageexpression,also referredto as a sele-
tor, selectsnodes on an instance graph (an execution tree or an object tree) that
satis es ameta graph (a call graph or a classgraph). The implementation of selector
languagesrequires practically e cien t algorithms for answering questionssucd as:
doesa selectoralways (never) selectcertain nodesSelect-Alw ays (Select-Nev er),
does a selector ever selecta node Select-Sat , does one selectorimply another se-
lector Select-Impl or doesan edgein an instance graph lead to a node selectedby
the selector Select-Completion

We study theseproblemsfrom the viewpoints of two important selectorlanguages
called SAJ, inspired by AspectJ, and SD, inspired by Demeter, and seeral of their
sublanguagesWe shaw a polynomial-time two-way reduction betweenSD and SAJ
revealing interesting connectionsand promoting transfer of algorithmic techniques
from AspectJ to Demeter and vice-versa. We characterize the complexity of these
problemsby either providing upper bounds,in the form of useful polynomial-time al-
gorithms, or hardnessresults, showving them to be NP-complete or co-NP-complete.
We presert a xed parametertractable (FPT) algorithm for one of the NP-complete
problems. This early result indicates a pragmatic line of attack for dealing with the
intractabilit y inherert in these problems.

The algorithmic results contained herein should be of interest to developers of
scalable AOP tools. We discussthe consequencesf this paper for our DAJ imple-
mentation.
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1 Intro duction

Aspect-orierted programs consist of two building blocks: WhereToln uence
and WhatT oDo. The WhereToln uence part de nesthe points in an executing
programwhele we wart to in uence the program. The WhatT oDo part de nes
how to in uence the program. In this paper we analyzetypical, declarative,
non-Turing-completeselector(or crosscut)languagesusedfor expressingand
formulating the WhereToln uence patrt.

[15] is a pioneeringpaper that comparescrosscuttingin four aspect-orierted
medianisms, including Aspect] and Demeter. We extend this work by pro-
viding tight upper (algorithmic) and lower (hardness)boundsfor seweral nat-
ural computational problemsunderlying AspectJ and Demeter. For example
(inspired by [16]), we demonstratethat the elimination of run-time tests in
AspectJ programs,even without negationin the pointcuts, is NP-completein
the generalcase.

Our analysisis at a high level of abstraction, yet detailed enoughto pro-
vide useful practical input for the implemertation of selectorlanguages.The
analysisis usefulto current tools, e.g., Aspect] and Demeter (DemeterJ, DJ
[22,11],DAJ [21]), and for many more aspect-orierted languagedo come.Our
model is a three level model [10] whereat the top level we have selectors(e.qg.,
pointcut designatorsor traversal strategies),at the secondlevel meta graphs
(e.g., static call graphsor classgraphs) and at the third level instancetrees
(e.g., dynamic call treesor object trees) conformingto the meta graphs. The
purposeof the selectorsis to choosea set of nodesin the instance trees, or
equivalertly to choosea set of paths from the root of the treesto thosenodes.

We study se\eral algorithmic problemsfor two kinds of selectorlanguagesand
their sublanguages.

SAJ: This is an abstraction of the AspectJ pointcut language We aggregate
all primitiv e pointcuts together into the term n(l), selectingall the nodes
with label I. We useflow (S), selectingall nodes readable from the root

through a node in S. And we add the set-theoretic operators union (| ),

intersection (& and complemen with respect to all nodesin the instance
tree (!).

For an SAJ example,the meta graph for the AspectJ programin Figure
4, pagel8is givenin Figure 2 (useall lower caseletters and replace! by n).
The selectorin this caseis the pointcut all. There is only oneinstancetree
that is the executiontree produced by running the program. In AspectJ,
flow (S) is c ow(S) and n(l) is for example, all nodes where a particular
method is called.

SD: This is an abstraction and generalization of the Demeter traversal



strategies. We use the version descrited in Palsberg et al. [23] but ex-
tended with the set-theoretic operators intersection (& and complemen
with respect to all paths (!). SD is more ow oriented, and we reusethe
semaittics from [23] with the natural extensionfor intersectionand comple-
mert. The semairtics is given in terms of path setsin a tree from a source
node with label Sourceto all target nodeswith label Target. In [23] we left
out intersection and complemen becausewe did not know of an e cien t
implemenrtation of one or both of thesetwo operators and in this paper we
prove that no e cien t implemertation exists, unlessP=NP.

For an SD example using DJ, the meta graph for the Java program in
Figure 1is givenin Figure 2 if you replaceeverywhere!X by Nx. The selector
is written using the following notation:

AA-> BB
which descrikesan edgein a selectorgraph. It meansall paths from AA to
BB in the meta graph and it meansto nd all BB-objects reacable from
an AA-object. The selectorgraph is a union of edgesand it expressesinion
and concatenation of paths. The selectorusesintersection of four sets of
paths. The SD notation that we introduce later is a special casewherethe
graphsare series-parallelsource:and target: are optional elemerts and they
indicate the role of the node. The SD examplecalls the method traverseof
the DJ library with three argumeris: a Main-object, a WhereToln uence
argumern that de nes the traversal behavior and a WhatT oDo argumert
which is a visitor. The selectoris satis able as shovn by the execution of
the program: for the given Main-object there is a path satisfyingthe selector.
Howewer, if we add an additional intersection expression:
"{source: Main -> Nx2 Nx2 -> target: Target}"

the selectorbecomesunsatis able. There is no Target-olject satisfying the
selector. The reader can construct a similar unsatis able selectorfor the
AspectJ examplein Figure 4. The meta graph structure that we use here
will play arolein our NP-hardnessproofs. A metagraph may bean arbitrary
graph and the intuition behind a meta graph is to de ne meta information
about its instances.

We considertwo kinds of applications of selectorlanguages.

AspectJ-style applications: The selectorlanguageis usedto selectnodesin
the executiontrees and their correspnding shadavs in the program. The
virtual madine decides,basedon the input data, which executiontree to
construct and the tree is traversedin full but only a subsetof the nodes
satis es the selectorexpressionwhere the behavior will be enhanced.The
term pointcut languageis usedinstead of selectorlanguage.

Demeter-syle applications: The selectorlanguageis usedto selectnodesin
the object trees and their correspnding shadavs in the meta graph. The
object tree is given asinput, and the tree is partially traversedreading all
the nodessatisfying the selectorexpression.The term traversallanguageis



class Main { // Java Program with DJ
X1 x1; Nx1 nx1;
public static void main(String[] s) {
ClassGraph cg = new ClassGraph(); Main m= new Main();
m. x1 = new X1(); m.nx1l = new Nx1();
m. x1. x2 = new X2(); m. x1.nx2 = new Nx2();
m.nx1. x2 = new X2(); m.nx1.nx2 = new Nx2();
m. x1. x2. x3 = new X3(); m. x1. x2.nx3 = new Nx3();

m. x1.nx2. x3 = new X3(); m. x1.nx2.nx3 = new Nx3();
m.nx1l. x2. x3 = new X3(); m.nx1l. x2.nx3 = new Nx3();
m.nx1.nx2. x3 = new X3(); m.nx1.nx2.nx3 = new Nx3();

m. x1. x2. x3.t = newTarget(); m. x1. x2.nx3.t = new Target();
m. x1.nx2. x3.t = new Target(); m. x1.nx2.nx3.t = new Target();
m.nx1. x2. x3.t = newTarget(); m.nx1l. x2.nx3.t = new Target();
m.nx1.nx2. x3.t = new Target(); m.nx1.nx2.nx3.t = new Target();

cg.traverse(m,
"intersect(" + /I union is expressed by concatenation of edges
"{source: Main -> X1 X1 -> target: Target " +
"source: Main ->Nx2 Nx2 -> target: Target " +
"Main -> X3 X3 -> Target},” +
"{source: Main -> Nx1 Nx1-> target: Target " +
"Main -> X2 X2 -> Target}," +
"{source:Main -> X1 X1 -> target: Target},” +
"{source:Main -> Nx3 Nx3 -> target: Target})",

new Visitor(){
public void start (){System.out.printin(" start traversal");}
public void finish  (){System.out.printin(" finish  traversal");}
void before (Target host){System.out.print(host +'
void before (Nx3 host) {System.out.print(host + ')
void before (X2 host) {System.out.print(host +' )
void before (X1 host) {System.out.print(host +' )

D}
}

class X1 { X2x2; Nx2nx2; } class Nx1{ X2 x2; Nx2nx2; }
class X2 { X3 x3; Nx3nx3; } class Nx2{ X3 x3; Nx3nx3; }
class X3 { Target t; } class Nx3{ Target ft; }
class Target {}

[* output ------

start traversal
X1@1efb836X2@126e85Nx3@8916aZarget@2ce908
finish traversal

_________________ */

Fig. 1. Demeter example.
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Fig. 2. Example meta graph.
usedinstead of selectorlanguage.

One point of this paper is to alsoconsiderSAJ for Demeter-syle applications
and SD for AspectJ-style applications. The paper explicatesthe closerela-
tionship betweenthose two languagesWe considerthe following algorithmic
problemsfor SAJ and SD and their sublanguages(For all of theseproblems
we considerthe version where the meta graph is given and for Select-Sat-
Static we considerthe casewhere only the selectoris given asinput and we
ask for the existenceof a suitable meta graph.)

Select-Alw ays: Doesa selectoralways selectall nodeswith label A in all
instances?This problem is useful for AspectJ-style applications of selector
languagesit freesusfrom having to do any cheding at run-time [16,25,29].
Select-Alvnays is also useful for Demeter-syle applications of selectorlan-
guagesWe are not requiredto do any run-time cheding to ensurethat the
traversalis at the right place.

Select-Nev er: This is similar to Select-Always. Does a selectorselectno
nodeswith label A in any instance?

Select-Sat-Static: Does a selector ever selecta node? Here, we ched
whether a given selectorhas an e ect on at least one instance graph by
selectingat least one node. Selectorsthat newer selecta node are useless
and should be corrected.

Select-Sat: Like Select-Sat-Static,exceptthat in addition to the selector
a meta graph is alsogiven asinput. This problemis usefulfor proving that
two selectorsdon't overlap. If the intersectionof two selectorsis empty, i.e.,



for all instancesthey selectdistinct setsof nodes,we know that there can
be no conicts betweenthe aspects that use those selectors(interference
analysis).

Select-Impl: Doesoneselectorimply anotherselector?Select-Implis useful
in predicate dispatch languagessud as Fred [19] and Sacrates[20], where
inheritance is replacedby predicate implication. We cover here the special
casewherethe predicatesare declarative.

Select-First: Doesan edgein an instance graph lead to a node selected
by the selector?This is useful for guiding traversals[10] and for deciding
whether a selectorin uences a particular branch of the executionof a pro-
gram [16].

Our resultsin this paper should be consideredin the cortext of the General
Pointcut Satis abilit y Problem: Given an AspectJ pointcut p and a Java pro-

gram G, is there an executionof G in which p will selectat leastonejoin point?

This problemis undecidableeven for a very simple pointcut languagebecause
the undecidability comesfrom the conditional statemerts in G. Thereforewe

considera consenrative approximation of the program in the form of a call

graph. We assumethat all calls inside a procedure could happen. Because
of the simple structure of meta graphs, we treat dynamic dispatch in a very

simple way: zeroor more of the calls could happen.

In this paper we shov two kinds of results: lower-bound results, like NP-
hardnessand co-NP-completenessesults and upper-bound results, like that
certain chedking problems can be solved in polynomial time. For the lower-
bound resultsit is su cien t to consideronly very limited programs,e.g., pro-
gramsthat only contain calls (without conditional statemerts). For the use-
fulnessof our upper-bound results the consenative approximation mentioned
above is an issuethat needsto be exploredfurther. The consenative approx-
imation allows for many more possibleprogram executionsthan can happen
in practice. But still the upper-bound results are interesting becauseuniver-
sally quarti ed statemerts (over all executions/instances)for the approxima-
tion are correct statemerts for the real program. The following properties are
presened by the consenrative approximation: not Select-Sat,Select-Always,
Select-Neer, Select-Impl, not Select-First. Note that Select-Satis not pre-
sened by the approximation becausethe meta graph might have an instance
in which a join point is selectedbut that instance might never happen as an
executionin the real program.

We show a polynomial-time two-way reduction from SD to SAJ revealingin-
teresting connectionsand promoting the transfer of algorithmic techniques
from Aspect] to Demeter and vice-versa.We provide seeral practically use-
ful polynomial-time algorithms for someof the problems,and we show others
to be NP-completeor co-NP-complete We preserh a xed parametertractable
(FPT) algorithm for one of the NP-complete problems. This early result in-



dicates a line of attack for dealing with the intractability inherert in these
problems. Our NP-completenesgproofs employ a natural yet elegan graph-
theoretic gadget. For example, we show that satis ability and other prob-
lems for AspectJ pointcuts without complemen are already NP-complete.
The point of our reduction is that when we translate a boolean formula to
a pointcut satis abilit y problem, we can usethe graph to simulate negation
although the pointcut languagedoesnot itself cortain negation.

In summary the paper provides a novel framework for the study of the ex-
pressivenessof selectorlanguagesand their related algorithmic problems.We
discussthe consequencesf this paper for our DAJ implemertation.

The rest of the paper is organizedasfollows: Section2 cortains related work.

In section3 we introduceour framework by de ning meta graphsand instance
graphsand our selectorlanguagesSAJ and SD, including translations between
them. In section4 we introducethe problems,including the practical motiva-

tion behind them. Section5 discusses Fixed Parameter Tractable algorithm

for Satis abilit y with an application to Select-Sat.We end with conclusions
and future work in section6.

2 Related Work

[15] is an interesting study of crosscutting medanisms. They discussboth
the WhereToln uence-part and the WhatT oDo-part while we focus on the
WhereToln uence-part only. But in their Table 1 they alsoput pointcuts and
traversal speci cations at the samelevel as we do in this paper. (Demeter
actually usesanother incarnation of AOP which is not discussedin either
paper: The visitor signaturesare pointcuts and the visitor method bodies
are the advice.) The crosscutde nition in [15] can be applied to selector
languagesTwo selectorgy; and p, crosscutif the setof selectedhodesintersect
at the instance level or meta graph level but noneis a subsetof the other.
Crosscutting of selectorexpressiongs very typical especially if we consider
the nodes along the paths as well (not just the target nodes). This paper
di ers from [15]in that we focuson the computational complexity of selector
languages.

In [16], the issueof unnecessaryun-time cheds in AspectJ is discussed.The
meta graph is consideredto be included in the program text. They use par-
tial ewvaluation to remove unnecessarypointcut tests. They don't analyzethe
complexity of the underlying task but instead usea powerful, but potentially
expensiwe tool, to attack the problem. We show that generalelimination of
run-time tests (Select-Neer and Select-Always) is NP-completein the general
case.



In [4] they usefunctional queriesastheir selectorlanguage.This is aninterest-
ing generalizationof the kind of selectorlanguagesdiscussedn this paper. It
would be usefulto analyzethe combinatorial problemsdiscussedn this paper
for a simple functional query languageas selectorlanguage.[4] usesXQuery
(basedon XPath) asthe query languagewhich supports the descenden axis
(denotedby "// ") that can expresstraversallike [A; B] (from A to B) in our
SD selectorlanguage.

The study of selectorlanguagess an active topic in the databasecomnunity
over the past few years. [24] does an extensive study of the equivalent of
the Select-Impl problem for XPath and show it to be co-NP-completefor a
particular subsetof XPath. In [18]it is shavn that (Theorem7) containment of
XP(DTD, /, /I, *)-expressiondgsin P . This problem matcheswith our Select-
Impl/-/SD which we alsohave shovn to bein P [12].DTD's correspmnd to our
meta graphs. The di erence with our work is that XPath slicesthe selector
languageworld in a way that is di erent from AspectJ pointcuts (SAJ) or
Demetertraversals(SD). Our paper alsodi ers in that we provide a unifying
model to study key properties of a wide variety of selectorlanguages.

[25]study the static determination of cflow pointcuts in AspectJ. They reason
alsoin terms of setsof paths, but they usea regular expressionstyle selector
language.They model pointcut designatorsas automata which is similar to
our translation of selectorsinto graphs. They do whole program analysison
the program's call graph and try to determine whether a potertial join point
ts into oneof the following three casesy1) it alwaysmatchesa cflow point-

cut; (2) it never matchesa cflow pointcut; (3) it mayle matchesa cflow

pointcut. In case(3), there is still a needto have dynamic matching code.
They didn't analyzethe computational complexity of (1, Select-Always) and
(2, Select-Neer). Our NP-completenessesults for Select-Always and Select-
Newver complemen their practical analysis.

In [3] an AspectJ compiler, called abc, is discussedand they found se\eral
improvemeris to implemerting cflow overthe AspectJ compilerajc. Our work
assumes whole program analysisbut should provide usefulinput to compiler
writers. Usingtraversalgraphsfor compiling certain AspectJ programsshould
lead to even more speed-ups.

[17] analyzedthe complexity of nding regular paths in graphs,which is sim-
iliar to our Select-Firstand Select-Satproblemswith subtle di erences. They
shoved that nding simple regular paths in a graph is NP-complete problem
while nding regularpathsis a polynomial-time problem (if the regularexpres-
sion languageis not too rich). Their selectorlanguageis a regular expression
languagethat could be studied in a similar way we have sudied SAJ and
SD. [17] don't considerinstancegraphs:they operate at the level of selectors
(regular expressionsland meta graphsonly.



The work on JAsCo [26,27]usesa pointcut-style notation and Demeter-syle
traversal speci cations in the samesystem. The selectorlanguageapproat
descrikedin this paper might leadto atighter integration of the two languages.

[6] presen a number of languagefeaturesthat could be useful for expressing
more expressie pattern-basedcrosscuts.The languagepreserted is pattern-

based,similar to that found in AspectJ [8], usesProlog, and is implemerted

on SmallTalk. It addsuni cation asa feature, which allows variable binding.

They iclude object-reifying predicatesthat (1) provide accesgo the \context

object" property of the matched join point, (2) provide direct accesso the

state of objects, and (3) can expressthe way a certain object should respond

to messagesLastly, join point shadavs are usedto accessstatic properties
of the program, and recursionis allowed in de ntions. The latter makesthis

languageTuring complete.

The conceptof Implicit Context is preserted in the dissertation [28]. Implicit
conext consistsof three concepts:boundariesbetweencon icting world views,
contextual dispatch which is usedto alter communications, and commnunica-
tion history which is usedto retrieve previous state when performing corntex-
tual dispatch. This allows a programmerto expressthe essetial structure of
our software modules,through the useof implicit cortext, to make thosemod-
uleseasierto reuseand the systemscortaining thosemoduleseasierto ewlve.
Expressingthis context requiresexpressie languagesvhich couldbene t from
our work.

Se\eral papersuseregularexpressionssselectorlanguage[25]and [9]. Seeral
of our results should carry over to regular expressiondut the details needto
be elaborated in future work.

Our paper uncovers novel aspects of the interplay between predicates and
graphs.We beliewe that there is potential for further connectionsbetweenthis
paper and the seminalwork of Courcellerelating logic and graphs[1].

3 Graph Structure and Selector Language

3.1 Meta-graphsand Instance-trees

For a particular meta graph there are an in nite  number of instance trees
conformingto the graph structure, ead of which mapsto an AspectJ program
executioncall trace, or a Demeterobject graph traversal. To selectinteresting
points in an executioncall trace or an object graphtraversal,we have a general
selectorlanguagewhich mapsto AspectJ's pointcut designatorlanguageor



Demeter'straversal speci cation.

De nition 1 (Meta Graph) A metagraphis adirected graphG =< V;E >,
whee V is a setof verticesandE  V  V is a set of directed edges.There
is a distinguishal vertexr 2 V, whichis the starting vertexin G. Stat(G) is
de ned on a graph G that returns its distinguishel starting vertexfor G from
which all other nodesare reachable.

We assumea labeling from nodes and edgesto a nite alphabet, so that
Label(x) is the label for a node or edgex.

De nition 2 (Instance Tree) | is called an instance tree of meta graph G,
if I isatree, Root(l) = Stat(G) and for eachedgee = (u;v) 2 E(l), thereis
an edgee®= (u%v9 2 G sothat Label(u) = Label(u® and Lakel(v) = Label(v9.
| is a rooted tree with edgesdirected away from the root.

3.2 Seletor Languages

We usetwo selectorlanguagesSAJ and SD, modeledon the selectorlanguages
of AspectJ and Demeter, respectively.

3.2.1 SAJ

SAJ hasthe form

Su=1jflow(S)jSjSjS&sSj!s (1)

wherel is a node label. The following are the ewaluation rules for SAJ. We
state them asa reduction, S;, wherel is the instancetree :

Selector Set of nodes
S () fvijv2 1~ Label(v) = Ig
S (flow (S)) | fvjsomen 2 S,(S) readesv 2 I g
Si(S1]S2) | SI(S)I Si(S)
S(S1&S) | S(S)\ Si(S)
Si(S) nS, (S)
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3.2.2 SD

A traversalspeci c ation in SD hasthe form

D:=[AB]jD DjDjDjD&Dj!D )

where A and B are nodesof a meta graph. Sud a speci cation denotesa set
of paths in a given meta graph , intuitiv ely as follows:

Selector | Set of paths

[A;B] | The setof paths from A to B in
D, D, | Concatenationof setsof paths
D:j D, | Union of setsof paths
D; & D, | Intersection of setsof paths
'D All paths from SourceD) to Target(D)
not satisfying D

For a traversal speci cation to be meaningful, it hasto be well-formed. For-
mally, well-formednesss de ned in terms of two functions, Sourceand Target,
which both map a speci cation to a node. The following chart shows the de -
nitions for Sourceand Target where SourceD) is the sourcenode determined
by D, and Target(D) is the target node determinedby D

Selector: D | Sourc¢D) | Target(D)

[A; B] A B
D, D, SourcéD,) | Target(D,)
D,jD; Sourcg¢D,) | Target(D,)
D; & D, | SourcéD,) | TargetD,)
D Sourc¢D) | Target(D)

A traversal speci cation is well-formed if it determinesa sourcenode and a
target node, if ead concatenationhas a meeting point, and if ead union of
a set of paths presenesthe sourceand the target. This is expressedoy the

11



predicate WF:

WEF([A; B]) = true
WF([D; Dj) = WF([D)» WF(D,) " Target(D1) = s SOUrceD»,)
WF(D; j D) = WF([D4) » WF(D2) »

Sourc€D 1) = s SoOUrc€D ;) N Target(D1) = s Target(D»)

WF[D; & D,) = WF([D,) *» WF(D,) »

Sourc€D 1) = s SOUrcé€D ;) N Target(D1) = s Target(D )

WF(ID) = WF(D)

3.3 Polynomial-time transformation betwesn SD and SAJ

Weshow that selectorexpressionsn SD canbetransformedinto correspnding
expressiondn SAJ and vice versa. Before we state the theorem formally we
de ne what it meansfor a set of paths (selectedby an SD selector)to be
equivalentto a set of nodes (selectedby an SAJ selector). Obsene that in

a rooted tree, sud asthe instancetree, there is a one-to-onecorrespndence
betweeennodes,and, paths from the root, becausdhere is a unique path from

the root to ead node. We say a set of paths P is equivalert to a set of nodes
N if for eada n 2 N thereis a path p2 P that starts at the root and endsat

n and similarly for each p 2 P it is the casethat p starts at the root and ends
inanoden2 N.

Theorem 1 A seletor expressionin SD (SAJ) can be transformel into an
expressionin SAJ (SD) in polynomial-time, suchthat for all meta graphsand
instance trees the set of paths (nodes) seleted by the SD (SAJ) seletor is
equivalentto the set of nodes(paths) seleted by the SAJ (SD) seletor.

Proof.

We shaw a reduction from SD to SAJ. In the following, SD expressionsare on
the left-hand side and SAJ expressionsare on the right:

T(A;B])! flow (A) & B
T(D; D,)! flow (T(D1)) & T(D,)
T(D1jD2)! T(D41) ] T(D2)

T(D: & Dy)! T(D1) & T(D»)

T(D)! IT(D)

12



It is straightforward to verify that the above transformation presenesequiv-
alenceover all meta graphsand instancetrees.

We now shav areductionT' from SAJto an SD expressiorD. In the following,
SAJ expressionsare on the left-hand side, and SD expressionsare on the
right. In the secondline below Alphalet(D) refersto any elemen of the nite
alphabet usedto labelthe metagraphD (obsenethat the alphabet neednever
be larger than the meta graph and hencethe transformation is poly-time); the
right hand side of this line is the union over the erntire alphabet.

TYn())! [Stat(D):]
TYflow (1)) ! j Alphatet(D)[Stat(D); 1] [I; Alphatet(D)]

TS S)! TS | TASY)
TS & S)! TIS) & TISy)
TES)! ITYS)

2

In this paper we often refer to the traversal graph de ned in [12,10].For the
purposeof this paper we view the traversal graph as the Cartesian product
of two graphs,where one graph is the meta graph and the other is the graph
versionof the SD selectorexpression.The Cartesiangraph product G = G;
G, of graphs G; and G, with disjoint point setsV; and V, and edgesetsE;
and E; is the graph with point setu = (uq;u;) andv = (vi; V) adjacent with
wheneer [u; = v; and u; adj v;] or [u; = v, and u; adj vi] [7]. We note that
the meta graph structure and selectorlanguagein [10] are more expressie
and hencerequired a more elaborate construction of traversalgraphs.

4 Problems

In the following sectionwe presen various problemsrelatedto selectorexpres-
sionsand reasonabout their complexity. Theoremsare presetted in tables of
the form:

SD | SAJ
-1 R1 | Rz
&| Rs3 | Ry
'l Rs | Re

13



Fig. 3. Ladder graph.

Eadh R; is a complexity result. The rst row represetts complexity results for

the languageshowvn in grammars(1) and (2) without intersectionor negation,
called the baselanguage;the secondrow shows results for these languages
without negation;and the third row shows resultsfor theselanguageswithout

intersection. A Y in aresult represeis a problem that is trivially true.

We make useof the logical equivalence

A&B , !I(Aj'B) 3)

in someof the proofs.

We split this sectionaccordingto generalproblems{ e.g.Select-Sat.We refer
to particular instancesof these problemsfor certain languagesby the form
A=B=C whereA is a generalproblemor for all problems,C is the language
SD or SAJ, B isoneof , &, or!represeting the versionof languageC. For
example, Select-Sat/&/SAJ represets the Select-Satproblem over the SAJ
languagewith intersection, and */-/SD represets any problem on the base
language,-, over the SD language.

We use a ladder graph, as shavn in Figure 3, as our main tool to represen
booleanformulas. This graph consistsof a root s, target t, and nodesx; and
Ix; fori = 1to m. A path from s to t must go through only onex; or !x; for
all i to re ect the fact that ead literal in a booleanformula may be assigned
either true or false;but not both.

In addition, we usethe following genericconstructions.
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Problem SD SAJ

- P P
& NP-complete | NP-complete

! NP-complete | NP-complete

Table 1
Complexity results for many problems.

Many of the problemshave similar complexity results, which are givenin Table
4.

4.0.1 SD Generic Construction

We refer to a strategy (graph) which is a generalizedform of a traversal spec-
i cation. In a nutshell, a strategy is a subgraph of the transitive closure of
the classgraph with negative constraints attached to the edges.The traver-
sal speci cations for */-/SD can easily be represeited as strategies:[A; B] is
translated into a strategy edgefrom A to B.

We turn the selectorinto a strategy graph p° ( [A; B] becomesa labeled edge
from A to B with label A B; we needthis labeling to avoid information loss
i.e. the short-cuts and zigzagsof Palsberg et al., [23]). Then we construct the
crossproduct T(G; p9 [12,10].

The motivation for the crossproduct T(G; p9) is asfollows: Implemerting the
strategy S = [A; B] on a classgraph G [13] is straight-forward (called the
FROM-TO computation): In G we do a forward depth- rst traversal from
A and a badkward depth- rst traversal from B and take the intersection of
the two. The resulting graph succinctly represeis the desiredpath set. For
a generalstrategy we want to reducethe problem of succinctly represeting
the path set to the FROM-TO problem and this reduction is achieved by
replacing the classgraph with a much larger graph and doing the FROM-
TO computation in that graph. This much larger graph is preciselythe cross
product of the strategy and the classgraph.

4.0.2 SAJ Generic Construction

We need a generic construction for the */-/SAJ case.We use the */-/SD
caseasa guide and correspnding to ead primitiv e flow (A) we createa new
subgraphwith edgeslabeled by flow (A). The SAJ expressionreducesto the
form s; | S jskforl i k, whereead s; is in the form of either
n(l) or flow (s9 because

flow (n(A1) j flow (n(A))) = flow (n(A1)) j flow (n(A2)):
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Thereforewe can build in polynomial time a structure, calledthe ow graph
(that plays the samerole asthe traversalgraph in SD). The sizeof the ow
graph is bounded by the size of the meta graph times the number of ow
expressionsn the selector(after removal of nested o ws).

We usethis constructionfor */-/SAJ where* is Select-Neer (is the node ever
in the ow graph?), Select-Sat(is the ow graph empty?), Select-Impl(is one
ow graph a subgraphof another ow graph?) and Select-First (which edges
arein the ow graph?).

In our NP-completenesgproofs we leave out the part that shavs that a prob-
lem is in NP and we focus on the harder NP-hard part. We leave the NP
membership part asan exerciseto the reader.

4.1 Selet-Sat

We are preseting a proof sketch of one of our complexity-theoretic results as
an exampleof the kinds of gadgetswe usein our reductions.

De nition 3 (Select-Sat) Given a seletor p and a meta graph G, is there
an instance tree for G for which p selets a non-empty set of nodes.

Table4 shavsthe complexity resultsfor Select-Sat.The Select-Sat/-/SD prob-
lem has beenimplemerted for a special casein Demeter/C++ and for the
generalcasein DemeterJ,DJ and DAJ. Our usersdemandedsud a test be-
causeknowing that a traversalspeci cation (selector)will newver selecta node
indicates, usually, a false assumption about the classgraph (meta graph).
Select-Sat/*/SAJ is not currertly implemerted in AspectJ, and this can make
it harderto debugpointcut designators.A small typo in one of the pointcuts
may empty the set of selectedjoin points. It would be helpful to get a warn-
ing for the pointcuts that selectan empty set of join points. We hope that
our FPT algorithms in Section5 will lead to interesting algorithms for the
NP-completecasedor AspectJ and for Demeter.

Proof.[Selet-Sat/-/SD | Usethe constructionin Section4.0.1and Select-Sat/-
/SD holdsi T(G;pY is non-empty. 2

Proof.[Selet-Sat/&/SD | The proof is by reduction from 3-SAT. Considera
3-SAT formula . Let vy;V,;:::;V, bethe variables.Create a meta graph that
is a dag asfollows: a sources with arcsgoingto x; and !x,, arcsfrom x; and
IX; to Xj+; and!Xj+; and nally from x, and!x, to asinkt. Thisis G( ), called
a ladder graph, asshavn in Figure 3. Now create an atomic selectorfor eat
literal and createthe total selectorS( ) by taking the union and intersection
over literals for eat clause.For a literal |i = v;=lv; createthe selector"from
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SAJ Expression Pointcut

p1 = x1j!x2]jx3 p1()

p2 = IX1j x2 p2()

P3 = x1 P30

P4 = Ix3 p4()

Pall = P1 & P2 & p3 & pa | all()
Table 2
SAJ expressionsand AspectJ pointcuts.
stotviali" { i.e.\[s;v] [vi;t]". Clearly, (S( );G( )) is satis able i is
satis able. 2

Proof.[Selet-Sat/!//SD | This problem can be expressedas Select-Sat&/SD
by Equation 3. 2

Proof.[Selet-Sat/-/SAJ | Use the construction in Section 4.0.2 and Select-
Sat/-/SAJ holdsif the ow is empty. 2

Proof.[Selet-Sat/&/SAJ ] Weusea similar constructionasfor Select-Sat/&/SD,
but instead of creating an SD expressionwe create as SAJ expressionas fol-
lows: For a literal x; = vi=lv; createthe expressionflow (x;). The remainder
follows the proof of Select-Sat/&/SD. 2

Our reduction constructs a meta graph and a selectorfrom the Boolean for-
mula. But our meta graph is really an abstraction of a Java program and the
selectoran abstraction of an AspectJ pointcut designator.An important point
of our paper is that the meta graph/selector abstraction is good enoughto
reasonabout the computational complexity at the AspectJ level. To demon-
strate this point, we translate an examplebooleanformula shovn in Table 2
directly to an AspectJ pointcut in Figure 4. Here, x1, x2, x3, nx1, nx2, and
nx3 in Figure 4 correspnd to Xy, Xo, X3, X1, X2, and !Xz, respectively.

Proof.[Selet-Sat/!/SAJ | This problemcanbe expressedsSelect-Sati&/SAJ
by Equation 3.

4.2 Selet-Sat-Static

De nition 4 (Select-Sat-Static)  Given a seletor p, is there a meta graph
G and an instance tree for G for which p selets a non-empty set of nodes.
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public class Example {

public static wvoid main(String[] s) {x1(); nx1();}
static void x1() { x2(0); nx2();
static wvoid x2() { x3(); nx3();
static void x3() { target();
static void nx1() { x2(); nx2();
static void nx2() { x3(); nx3();
static void nx3() { target();
static void target() {}

}

aspect Aspect {

pointcut pl1(): cflow(call (void x1()))

[ cflow(call  (void nx2()))

[ cflow(call  (void  x3()));
pointcut p2() : cflow(call (void nx1()))

[ cflow(call  (void  x2()));
pointcut p3() : cflow(call (void x1()));
pointcut p4() : cflow(call (void nx3()));
pointcut all(): pl() &&p2() &&p3() &&p4();
before(): all() && !within(Aspect) {

System.out.printin(thisJoinPoint);

}
}

—— e ) ) )

Fig. 4. AspectJ example.

A Select-Sat-Statictest is a must for a \p erfect" aspect-orierted system, be-
causea selectorthat fails for all meta graphsis clearly useless.Yet, both

AspectJ and the DemeterTools don't implemert sud a test, maybe, because
it is perceived to be unlikely that a user writes sud pointcuts or traversal
strategies.Again, we hope that our FPT ideasin Section5 will help to de-

velop practically useful algorithms.

The following are the complexitiesfor Select-Sat-Static:

Select-Sat-Static SD SAJ
- Y Y
& Y Y
! NP-complete | NP-complete

Proof.[Selet-Sat-Static/-/SD | Givenverticesvy;Vv,; Vv, of atraversalgraph
we construct a fully-connectedgraph, and this graph satis es the selector. 2

Proof.[Selet-Sat-Static/&/'SD ] This proof is the sameasfor Select-Sat-Static/-
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ISD. 2

Proof.[Selet-Sat-Static/!//SD ] Considera 3-SAT formula . Now create an
atomic selectorfor ead literal and createthe total selectorby taking the union
over literals for ead clauseand intersectionover all clausesFor aliteral x; = v,
createthe selector"from s to t viav; " and for the literal x; = !v; createthe
selectorfrom "s to t bypassingv; ". Obsene that if is satis able then we
can pick a satisfying assignmen A and considerG to be the path from s to t
via the nodesv; which are setto true in A. Converselyif there existsa G sut
that S(G) hasa path then we can set the nodesin the path (we can assume

the rest to falseto get a satisfying assignmen for . 2

Proof.[Selet-Sat-Static/-/SAJ | Construct the complete meta graph of all
labels mertioned in the expression.The claim is that for this meta graph
there is an instancegraph wherethe expressionS selectsnodes. 2

Proof.[Selet-Sat-Static/&/'SAJ | This proof is the same as for Select-Sat-
Static/-/SAJ. 2

Proof.[Selet-Sat-Static/!/SAJ | Werepeatthe proof of Select-Sat-Static/!/SD,
but, replacepaths with ows. That is, for ewvery literal x; = v; createthe ex-
pressionflow (v;); and for ewery literal x; =!v; createthe expressionflow (v;).
The remainderis unchanged. 2

We mertion alsothat the following problemis NP-completefor both SAJ and
SD (evenwithout complemer) if we allow that aninstancemay be a directed
acyclic graph (dag), not just a tree. Since a tree is a dag, we restrict our
de nition of the problemto trees.

De nition 5 (Select-Sat-Dynamic) Given a seletor p, a meta graph G,
and an instance tree | for G, doesp selet a non-empty set of nodesin |?

Proof.[Selet-Sat-Dynamic/&/SD | We usethe sameconstructionasfor Select-

Satwherewe construct the laddergraph and selector.Wetakethe object graph
to be the sameasthe classgraph. Note that the ladder graphisadag. 2

4.3 Selet-Impl

De nition 6 (SEL SELS;G;l) is the setof nodesseleted by s in | (which
conformsto G).

De nition 7 (Select-Impl)  Given two seletor expressionss; and s, and a
graph G, for all instances| of G: SEL(s;,G,l) is a subsetof SEL(s,,G,]I).
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Predicate-dispatd-basedaspect languagessud as Sccrates [20] use selector
implication asa primitiv eto generalizeinheritance. Selectorimplication is also
usefulin other applications. For example,a security policy might state that a
set of nodesaccessibleby onerole (e.g., worker) must always be a subsetof
the set of nodesaccessibldy another role (e.g., manager).Table 4 shows the
complexity resultsfor !Select-Impl{ hencein this table all NP-completeresults
are co-NP-completeresults for Select-Impl.

Proof.[Selet-Impl/-/SD ] We corvert selectors into a traversaland the prob-
lem reducesto labeled subgraphisomorphism,which is in P. 2

Proof.[Selet-Impl/&/SD ] Using the standard reduction from SD to SAJ, we
reducethis problemto Select-Impl/&/SAJ which is co-NP-complete. 2

Proof.[Selet-Impl/!/SD ] Using the standard reduction from SD to SAJ, we
reducethis problemto Select-Impl/{/SAJ which is co-NP-complete. 2

Proof.[Selet-Impl/-/SAJ ] Usethe construction in Section4.0.2 and Select-
Impl/-/'SAJ holdsif one ow graph is a subgraphof another ow graph. 2

Proof.[Selet-Impl/&/SAJ ]

We construct the ladder graph for s; implies s,. We createp; = S(s;) and
p. = S(s2). By construction, p; implies p, i s, implies s,. Hence, Select-
Impl/&/SAJ is co-NP-complete. 2

Proof.[Selet-Impl/l/SAJ ]

We start with a booleanformula and translate it into a pointcut S( ) and
a meta graph S(G), the "ladder graph" following the construction for Select-
Sat. To summarize, we translate the operators as follows: Without loss of
generality, we assumethe booleanformula is in conjunctive normal form. This
implies that negationis only applied to variables.We translate following this
table:

Xy ! flow (xy)
X1 ! flow (¢ Xq)
I\

o

The ladder graph has sources and target t.

Now we considerthe poincut implication S( ) ) ;, f alseisthe pointcut that
always returns the empty set. Clearly, S( ) ) ; istrue i the pointcut S( )
will always return ; for all instancesof the meta graph. We call sud an S( )
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unsatis able. The complemen is the set of satis able pointcuts.

Next we claim that S( ) returns ; for all instances(i.e., is unsatis able) i
is unsatis able. (This is the sameargumert asfor Select-Sat):

Casel: If is satis able, then S( ) is satis able.
A satisfying assignmenh for is translated to an instancewhere S( )
will selecta node asfollows:

X1 istrue: gothrough x;

X, is false: gothrough : x;
This will createan instance (a path) whereS( ) selectsthe target t.
Case2: If S( ) is satis able, then phi is satis able.

S( ) is satis able meansthat there is a path from s to t. If the path
goesthrough x4, we setx; to true. If the path goesthrough : x,, we set
X1 to false.

Therefore, issatisablei S( ) is satis able and by cortraposition:
"I property" isunsatisablei S( ) isunsatis able.

Here is the polynomial algorithm for unsatis ablilit y of boolean formulas in
conjunctive normal form: Translate to S( ) and G( ) and askthe question:
DoesS( ) ) false hold. If the answer is yes, is unsatis able, otherwise
satis able. The correctnessof the algorithm follows from the "i" property
showvn above. HenceSelect-Impl/!/SAJ is co-NP-complete.

2

Proof.[Selet-Impl/!/SAJ ] This problemcanbeexpressedsSelect-Impl/&SAJ
by Equation 3. 2

4.4 Selet-First

De nition 8 (Select-First) Given a seletor p, a meta graph G, and an
instance |, compute the set of outgoing edgesfrom a node of | satisfying G
that might lead to a target node seleted by p.

In the Demeter casethe Select-First predicate is the fundamertal tool to
implemert traversalse cien tly. The approad is to combine the selectorand
meta graph into a newgraph that for eat node tells which outgoing edgesare
worthwhile traversing. Worthwhile meansthat it may lead to a target node
satisfying p in an appropriate subobject. See[14]for the generalizationof this
predicate to classgraphswith is-a and has-aedges.[23] cortains an e cien t
implemenrtation for a special casethat was usedin Demeter/C++. The D*J
tools usethe AP Library [12] that implemerts Select-First/-/SD using the
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ideasin [10].

The NP-completenessesult for Select-Sat/&/SD hasinteresting implications
for the semattics of traversalsas we make the selectorlanguage more ex-
pressie. The DAJ tool [21] is an extension of Aspectd with traversalsand
strategies.Using the AspectJ declareconstruct we could write:

declare strategy: sname:"{A -> B}" ;
declare traversal: void foo(): sname(Visitor);

In this DAJ example the expression"A -> B" is analogousto the SD ex-
pression[A; B] This selectorexpressionusesSD without negation but with
intersection. This traversal de nes an adaptive method called foo using the
strategy namedsnameand the Visitor , which is a normal Java class.In DAJ
intersection is usedfrequertly becauseit also plays the role of cleaningthe
classgraph from unwanted information.

The semaittics of a traversalis de ned in terms of Select-First[10,14]. This

works well for SD without intersection and complemen becausewe have an

e cien t algorithm. In the presenceof intersection,we currertly implemert the

following solution: We assumethat intersectiononly appearsat the outermost
level. This is a reasonableassumption.To implemert (s; & s;), compute the

traversalgraph t, for s; and G and the traversalgrapht, for s, and G. Then

we simulate both t; and t, on an instancegraph. But unfortunately this gives
the wrong semarnics becauseve might go down an edgein the instancegraph

although it newer leadsto a target. Instead we needto construct the cross
product of t; and t,, leadingto an explosionin the number of nodesif we do

this multiple times. We know now that there is no way around this because
of the NP-completenesof the underlying problem.

For the AspectJ casethe predicate is useful to implemert cflow . It tells us
along which execution paths we are in the scope of a pointcut designator
where we have to executeadvice. Table 4 shows the complexity results for
Select-First.

Consider a selectorexpressionp and a meta graph G in Select-Sat/&/SAJ.

Let's assumethat we cancompilep and G into a function Super(r) that given
anoder of aninstanceconformingto G, computesthe set of outgoing edges
from r that may lead to a selectednode. The function Super encales the

information about p and G into a form that is usefulfor decidingwhich edges
are worthwhile to traverseto read a target node.

Let's assumehat we canconstruct Superin polynomial-time andthat Supgerruns
in polynomial-time. This would create a polynomial algorithm for Select-
Sat/&/SAJ. Namely, we compilethe pair (p; G) into Super(r) and run Super(r)
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on an instancel of G that hasthe root and an edgeto ead of the successors
of the root. Note that for eaty meta graph G we can generically construct
sud an instance.Clearly, the sizeof r is boundedby the sizeof G. The input
(p;G) is satis able i Super(r) returns a non-empty seton |; i.e., there is an
instancegraph in which at least onenode is selected.

Note that, the sameargumert holds for: Select-Sat/&/SD. In order to prove
that (p; G) isunsatis able (co-NP-completeproblem) we needonly run Sugeron
a genericallyconstructedinstance.

As soon asthe selectorlanguagebecomegoo powerful, selectingnodesin in-
stancesbecomesxpensive. We can usethis to prove that Select-First/&/SAJ
and Select-First/&/SD are NP-complete.

Proof.[Selet-First/-/SD ] Construct the traversalgraphfor p and G and ched
whether the traversal graph has an outgoing edgefrom the node of interest.
2

Proof.[Selet-First/&/SD ] We claim that a polynomial algorithm for Select-
First/&/SD leadsto a polynomial algorithm for Select-Sat/&/SD. Soin this
casewe usea Turing reduction instead of a Cook-Karp reduction. Apply the
genericcompressionconstruction shovn above. 2

Proof.[Selet-First/!/SD | The samecomplexity as Select-First/&/SD. 2

Proof.[Selet-First/-/SAJ ] Usethe construction in Section4.0.2 and Select-
First/-/SAJ holdsif the outgoing edgesarein the ow graph. 2

Proof.[Selet-First/&/'SAJ ] NP-completeby the above compressiorconstruc-
tion. 2

Proof.[Selet-First/!/SAJ ] The samecomplexity as Select-First/&/SAJ. 2

4.5 Selet-Always

De nition 9 (Select-Alw ays) Given a seletor p and a meta graph G and
anoden in G, for all instance graphsl of G all of the instancesof n in | are
seleted by p.

If an AspectJ or Demeter compiler could answer this questione cien tly we
could drastically speed up compilation time. Table 4 showvs the complexity
results for !Select-Always.

Proof.[Selet-Always/-/SD ]| Weassumehat n is the target of p. Construct the
traversalgraph T, for p and G andthe traversalgraph T, for [Sourcep); Target(p)].
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Select-Alwaysis true i all nodesof T, have the sameoutgoing edges(modulo
the copy number) asTy. 2

Proof.[AlwaysTrue] Considera booleanformula S° we consideran instance
of AlwaysTrue: (x or S9 = S is the SAT formula and we askif P(S;x) = X is
true in all satisfying assignmets of S. Clearly, S°is unsatis able i P (S;x)
holds.

Note that we can transform (x or S9 into conjunctive normal form in poly-
nomial time by introducing a small number of new variables.

Becauseunsatis abilit y is co-NP-complete,sois AlwaysTrue. 2

Proof.[Selet-Always/&/SD | We start with aninstanceof AlwaysTrue = (S; x)
and turn it into an instance of Select-Always/&/SD consisting of a selector
expressionp, a meta graph G and a distinguished node n. The construction
is the sameas for Select-Sat/&/SD. The meta graph is the ladder graph,
cortaining a node for x and x° The construction guararteesthat AlwaysTrue
holds for (S;x) i all paths go through x and therefore all instancesof x in
an instancegraph will be selected. 2

Proof.[Selet-Always/!/SD ] This problemcanbeexpressedsSelect-Always/ &SD
by Equation 3. 2

Proof.[Selet-Always/-/ISAJ ] We usethe standard reduction from SD to SAJ,
and since Select-Always/-/SD is in P, sois Select-Always/-/SAJ. 2

Proof.[Selet-Always/&/'SAJ | Using the standard reduction from SAJ to SD,
we reduce this problem to Select-Always/&/SAJ which is co-NP-complete.
2

Proof.[Selet-Always/!/SAJ ] This problemcanbe expresseasSelect-Alvays/ &SAJ
by Equation 3. 2

4.6 Selet-Never

De nition 10 (Select-Nev er) Given a seletor p and a meta graph G and
anoden in G, for all instance graphs!| of G none of the instancesof n in |
are seleted by p.

In addition to the bene ts found from Select-Always, e cient solutions to
this problem could provide usefulfeedba& to userswhenwriting pointcuts or
traversals.Often onewrites a pointcut and then refactorsa system.The user
would want to know when her pointcuts were possibly no longer valid after
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this refactoring. This is just oneexampleof why this is an important problem.
Table 4 shows the complexity results for !Select-Neer.

Proof.[Selet-Never/-/SD ] Construct the traversal graph for p and G and
che& whether n is included in somecopy of G. None of the instanceswill
cortain an instanceof n selectedby p i the answer is negative. 2

Proof.[Selet-Never/&/SD | Weusea proof similar to that in Select-Always/&/SAJ
exceptwe consideraninstanceof AlwaysTrue = (S; !x). HenceSelect-Neer/&/SD
is co-NP-complete. 2

Proof.[Selet-Never/!/SD | This problemcanbe expressed@sSelect-Neer/ &SD
by Equation 3. 2

Proof.[Selet-Never/-/ISAJ ] Usethe construction in Section4.0.2 and chedk
that the nodeis not in the ow graph. 2

Proof.[Selet-Never/&/SAJ | Using the standard reduction from SAJ to SD,
we reducethis problemto Select-Neer/&SAJ which is co-NP-complete. 2

Proof.[Selet-Never/l/SAJ | This problemcanbeexpresse@sSelect-Neer/ &SAJ
by Equation 3. 2

5 FPT Algorithms

We have shown that Select-Satis NP-complete.As noted in [5] the fact that a
problem hasbeenshowvn to be NP-hard is not a causefor despair.All it really
meansis that the initial hope for an exact generalalgorithm is in vain. There
are a few di erent averuesof attack at this point - the use of randomness,
the seart for good approximate solutions and use of parametrization. Here
we focus on this last approad.

We look more closelyat the structure of the input. Select-SA consistsof a
meta graph and a selector.We have shown this problem to be NP-hard even
whenthe meta graph is the ladder graph and the selectoris a 3-SAT formula.
In practice though, it is often the casethat the selectorrarely hastoo many
clauses.In particular we considersituations where our meta graph is a gen-
eralization of the ladder graph and the conjunctive selectorformula hasonly
k clauses.We ask the question- what is the behavior for a xed k? Obsene
that the naive approad of trying ewery possiblesetting of the variablesin
the selectorleadsto an exponertial-time (2") algorithm. We now demonstrate
that in fact for xed k, this problem, which we call the k-generalized-ladder-
Select-Sat,is sohable in time that is linear in the sizeof the formula and the
graph.
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Fig. 5. General ladder graph.

The approadt of parametrization hasbeendeweloped by Downey and Fellows
in aseminalseriesof papers[2]. They shaw that the usualconbinatorial explo-
sion involved in NP-hard problemscan often be handled if one can get one's
hands on the right parametrization. In caseswhere suc a parametrization
exists, the problemis saidto be Fixed Parameter Tractable More precisely a
parametrizedproblem < x; k >, wherex is the input and k the parameter,is
saidto bein FPT if there existsan algorithm and a constarnt ¢ (independen
of k), and a function f sud that the algorithm acceptsvalid inputs in time
f (k)jxj¢. Note for examplethat Vertex Cover is in FPT wherek, the size of
the cover, is xed. On the other hand Independert Setwith k represeting the
sizeof the independern set cortinuesto be intractable even whenk is xed.

We now de ne the problem k-generalized-ladder-Select-Sand presen a fast
kernelization schemeto solwe it.

De nition 11 k-genealized-ladder-Selet-Sat consistsof a genealized ladder
graph and a seletor formula in conjunctive normal form. The genealized
ladder graphis a directed acyclic level@ graphthat hasa unique source s and
unique sink t. The graph contains all edgesbetween adjacent levels. At each
level the graph has no more than f;(k) vertices, whee i representsthe level.
See Figure 5. The seletor formula is in CNF and hasat most k clauses.

Note that our earlier NP-hardnessproof goesthrough for k-generalized-ladder-
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Select-SA whenk is consideredto vary with n, instead of being xed.

Theorem 2 k-geneanlized-ladder-Selet-Satis in FPT.

Proof. At a high level our strategyisto nd in time polynomial in n, a kernel
or the hard core of the problem which only dependson k and not on n; and
then we employ a seard tree strategy to try all possiblecasesin the kernel.
Let fmax = max fi(k) denotethe maximum number of verticesover all rows
of the generalizedadder graph.

Kernelization. Consider the selector formula. Ead literal is of the form v
wherev is a vertex in the assaiated generalizedadder graph and selectsthe
set of paths from s to t going through that vertex v. If the formula has any
single literal clausesthen sinceall paths from s to t satisfying the formula
must passthrough that vertex we can prune the metagraph by removing all
vertices other than v from its level. Note that in this mannerwe accour for
all singleliteral clausesor the metagraph gets pruned into the empty graph
in which casewe know that the selectorformula is unsatis able. We are now
left to considerthe casewherewe have taken care of all singleliteral clauses,
i.e. we can assumethat the formula only consistsof clauseswith 2 or more
literals. Considerany clausewith morethan k f . literals. Obsene, that to
satisfy eat of the remaining (upto) k clauseswe needto only satisfy 1 literal
in ead clause.Sincethe clausein considerationhasmorethan k f . literals
that meansthis clausecontains a literal that is on a level of the meta graph
di erent from that of any other vertex neededfor satisfying any of the other
clausesHencesud a clausecan be trivially satis ed. Thus we can eliminate
all clauseswith morethan k f,ax literals. Thus we are left with a formula
with at most k clauseswhere ead clausehasbetween2 and k f .« literals.

Sarch tree. Now try setting to true all possiblechoicesof literals, one from
eah clause,there are at most kk fmx possiblechoicesand for eah possible
choicecomputethe subgraphof the meta graphthat satis esthat choice.If all
subgraphsare empty then we know that the selectoris unsatis able. If some
subgraphis nonempty then considerthe clausesthat were pruned for having
morethan k fax literals and pick a literal in ead of theseclauseson a level
di erent from all the previously chosenliterals and prune this subgraphsoas
to satisfy theseclauses.

It is easyto seethat the above schemehas running time O(n) + O(kX fmax)
and hencek-generalized-ladder-Select-Sas in FPT. 2
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6 Conclusions and Future Work

We have studied graph-theoretic decision problems fundamertal to aspect-
oriented software dewelopmen. We have simpli ed our model by considering
only meta graphsand instancegraphswith has-aedgesBut it is not hard to
generalizeour algorithms and proofsto more generalmeta graphsashasbeen
donein [10] for Select-First/-/SD.

The simpli ed model promotesa succinctdescription of both upper and lower
boundsfor a variety of relevant problems.In doing sowe have madecortribu-
tions to complexity theory { a new FPT algorithm for a subsetof Select-Sat
and newNP-completenesproofs{ and PL theory { two modelsof selectorlan-
guagesand a collection of related algorithms usefulin AOSD tools (compilers,
IDES) that assumethe whole world assumption.

The NP-completenessesultsare usefulfor three reasons(1) The NP-completeness
of the monotoneversionof the Satis abilit y problem for the AspectJ pointcut
language(Select-Sat/&/SAJ) is surprising becauseSatis abilit y for monotone
booleanformulas can be solved in polynomial-time.(2). They help usto steer
around languagefeaturesthat might be expensiwe to implemert. (3) In case

we need the NP-complete language features, we can think carefully about
what kind of algorithms degradegracefully if certain featuresof the input are
bounded. This is the topic of FPT.

Many of the e cien t algorithms we descrile are practically useful, and have
not beendescriked in the literature sofar. We have implemerted algorithms
for seweral of the */-/SD problemsin D*J and they are distributed separately
through the AP Library. Select-First/-/SD is usedheavily in the D*J tools
whene\er an object is traversed.An empirical study of traversalsis in [30].

This isjust the beginningin reasoningabout the relationship betweendi erent
pointcut languagesand learning how to utilize di erent languagesfeaturesin
an e cient manner. For example,a common AspectJ idiom is to capture a
call only in certain cortexts; say a call to f() but not underneath a call to
g() . This is written in AspectJ as

call(void f()) & Icflow(void g())

We can useour results from this paper to seethat reasoningabout this state-
ment usesan NP-completesublanguageHowewer, we can write an equivalen
Demetertraversalas

from main() bypassing g() to f()

that usesa polynomial-time sublanguage.So, we will usethis framework to
unify multiple pointcut languagesn an intelligent manner.
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In future work wewant to study incremenal versionsof the problemswhich are
important for incremenal compilation. We alsowant to focuson studying shy
selectorlanguagesBy shy we meanthat we canusethoseselectorlanguagedo
read deepinto structureswithout commiting to the details of thosestructures.
Both SAJ and SD are shy selectorlanguagesbut they can be improved and
maybe integrated. A "control- o w-shy" selectorlanguageis discussedn [4]. In
addition to minimizing information from the classgraph, we want to minimize
information from the cortrol- o w graph in the selectors.

Ac knowledgmen ts: We would like to thank PengdiengWu for his cortribu-
tions to the paper through his work reported in [29].
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