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Abstract. An aspect-oriented program can be split into an aspect pro-
gram and a target program to which these aspects are applied. The as-
pect program contains pointcuts that select interesting points in the tar-
get program. In an effort to componentize and better understand these
aspects, we would like to reason about them in the absense of target
programs. As a first step we present an algorithm that builds a repre-
sentation of the set of call graphs to which a pointcut can apply — a
problem called call graph enumeration. We also decide whether this set
is non-empty — a problem called pointcut satisfiability. Solutions to these
problems may help to componentize and assign useful types to aspect-
oriented programs.

1 Introduction

Aspect-oriented program (AOP) provides a way to modularly separate concerns
in programs by applying aspects to target programs [1,2]. This paper presents
two problems that we see as vital in the understanding and componentizing of
AOP programs. In its purest form, an aspect quantifies over a target program,
selecting interesting points in its execution, and specifies some action to take at
those points. There have been many efforts to reason about AO programs in the
context of target programs [3-7], but none to the knowledge of the authors that
attempt to reason about aspects in the absense of target programs. This paper
is a first step towards the latter goal.

We define two problems, which have analogies in related domains, such as
object-oriented programming [8], and even unlrelated domains, such as linguis-
tics [9]. The first problem is, given a pointcut, can we decide whether there is
a call graph that could satisfy this pointcut? The second problem is, if this is
true, could we enumerate these call graphs? In doing so we present algorithm
to solve these problems as well as give possible applications to these answers.
Additionally, we show that a solution to the full problem is NP-complete.

1.1 Motivation

We motivate this work by noting the discussion about library or plug-and-play
aspects in the AOP community. In general, these are notions of pre-packaged as-
pects that a programmer can plug into her program... and work! We believe that



componetizing aspects is vital, but until we have an understanding of aspects in
the absense of target programs, we can never package them up as components.
So, we claim that a step forward in reasoning about aspects is to reason about
the programs on which they operate. We now give three ancillary applications:

— Solutions to these problems could help the question what is the type of an
aspect? We believe a valid type for an aspect is the set of all call graphs on
which it is applicable. This is analogous to Palsberg’s notion that a class
graph inferred from an adaptive program is a valid typing for that program
[8].

— Call graph enumeration could help aspect writers to visualize and reason
about the aspects they are writing. That is, given an aspect, what are the
applicable programs which would be valid for this aspect. Often a program-
mer writes an aspect that applies advice at unintended points or omits advice
at intended points. This is related to componentizing, but is best summarized
as reasoning about the applicability of aspects.

— Lastly, how can we test aspects without a notion of their applicability?
Moreso, a tester would want to test the edges-case call graphs that just
barely match a given pointcut. But without an understanding of an aspect’s
applicability, what are these cases?

We hope to answer these questions and provoke additional interesting issues
with this work.

2 The Model

In this section we give a brief explanation of the call graphs and our PCD
language. In addition we introduce concepts used in the rest of the paper.

2.1 Call graphs

For our purposes programs are expressed as call graphs and a call graph is a
directed graph G = (V,E) with nodes V and directed edges E. In addition,
all nodes have labels from some alphabet X~ and these labels represent function
names. We define N': V — X as a mapping from nodes in V to labels in X. The
label for a node v € V'is denoted N (v). All edges are denoted (v, u) for v,u € V,
and paths are denoted (vg,...,v,—1) for n nodes in V' and is the shorthand
for (vg,v1), (v1,v2)...(Vp—2,vn—1). These edges represent function calls. Our
language is model is simpler than that of languages, such as AspectJ [10], that
operate on languages with polymorphism and dynamic, such as Java [11]. We
can statically determine all call sites and made this decision knowing that our
ideas could be expanded to more complex languages.

Nodes without incoming edges are contained in the set Source(G), and nodes
without outgoing edges are contained in the set Sink(G). These can also be
applied to paths. Reachg(v) is the set of all reachable nodes from v including v,
and Pred(v) is the set of predecessors of v including v. Without loss of generality



we assume there is only one main function in the program which is the source.
Lastly, we define a normal directed graph to be a directed graph with one source,
one sink, and one out-going edge for each interior node.

2.2 Join points and advice

Advice, in its most general sense, is some action to take at a certain point in a
program. Join points are the events during the execution of the program at which
advice may run. Wand et al. give three kinds of join points — pcall, pexecution,
and aexecution — cooresponding to procedure calls, procedure execution, and
advice execution [3]. We use one type — function call.

2.3 Pointcut designators

A PCD is a formula that specifies the set of join points to which a piece of
advice is applicable. The language of PCDs is given below where n € X and p
are PCDs. These minimal PCDs consists of calls, cflow, and boolean operators
found in AspectJ [10] and other AOP languages.

PCD syntax

pu=call(n) | cflow(p) | p1Vp2 | pPAp2 | —p

PCD matching Wand et al. give a semantics of PCDs by a function match-ped
that takes a PCD and join point[3]. We use an adaptation whose meaning is
the function M : P x G — Pathsg, which takes a PCD p and call graph G
and returns the set of matching paths in G. The set Pathsg (A4, B) consists of
all paths from A to B in the graph G [12]. Additionally, if P; and P, are paths
in G where all paths in P; have target v and all paths in P, have source v, we
define

PioP,={p | p=pips where p; € P; and py € P}

So, we the meaning of a PCD p wrt to a call graph G with source main, denoted
M(p,G), is defined by the following reductions.



PCD semantics

CALL
call(n) |} Pathsg(main,n)

CrLOwW
pIS
cflow(p) | U Pathsg(main, s) o Pathsg (s, t), where s € S and ¢ € Reachg(s)

s,t

AND OR Not
p1 b S1,p2 4 S2 p1 S1,p2 452 pl S

p1Ap2 I 51NS p1Vpa Il S1US -pl S

Given a call graph G, M (call(n), G) is all paths from main to n; M(cflow(p), G)
is a path set consisting of all paths obtained from appending those in M (p, G)
to every path reachable from the target of M (p, G); the three boolean operators
translate to corresponding set operations introduced in the Demeter System for
path sets [13]; and the complement of a path set P is taken

2.4 The problems

Having defined PCD matching, we can now formally state our definition of PCD
satisfiability and call graph enumeration.

Definition 1 (PCD satisfiability). A PCD p is satisfiable if there exists a
call graph G such that M (p, G) is non-empty.

We call this problem PCDSAT. In the same manner, we can define call graph
enumeration in terms of PCD satisfiability.

Definition 2 (Call graph enumeration). Given a PCD p a call graph enu-
meration s all G that satisfy p.
2.5 Aspects

Lastly, in our model aspects are represented as sets of pointcuts. Without loss
of generality, any results gained from one pointcut can be applied to a an aspect
containing more than one.

3 Algorithm

We've stated two purposes and this algorithm addresses them both. The intuition
of our algorithm is to reduce the problem of finding satisfiable call graphs of



pointcuts to the problem of finding satisfiable directed graphs on which we place
constraints. These constraints restrict the labels we place on nodes and the
connectivity of nodes. If we can construct a call graph that contains at least
one path that does not violate any of these constraints, then we have shown the
existence of a path satisfying our PCD. A graph with at least one path satisfying
a PCD can then be ellaborated with additional edges and nodes to represent all
possible call graph satisfying that PCD. Thus, we will find a solution to the
satisfiability problem on our way to enumerating possible call graphs.

Our general approach is to, first, convert each pointcut into a negation normal
form and then into a disjunctive normal form as presented in [14]. At this point
we analyze each clause of the disjunction and try to construct a minimal call
graph from which any satisfying solution can be generated; these will be called
solved forms. Then, the outcome of this algorithm is the set of solved forms, and
each solved form represents a minimal call graph satisfying the pointcut.

3.1 NP-completeness proof

Having formally defined the problem of PCD satisfiability in Section 2.4 and
call graph enumeration in terms of the latter, we will now show both these
problems NP-complete. In the usual way we give a polynomial-time verifier and
then show a reduction from 3SAT. For this proof, we assume, without loss of
generality, PCDs are conjunctive normal forms where each clause is of the form
(x1 A zawedgexs) and z; is either cflow(call(n)) or —cflow(call(n)).

Proof. First, we show PCDSAT is in NP. Given a call graph G and PCD p in
the form of (??) we construct a verifier with a path of nodes, ¢ = (vo, v1, ..., v,),
as the certificate. So our verifier, on input ((G,p), c), does the following:

1. Test whether all v € ¢ are nodes in G.

2. Start with an empty boolean formula ¢ = true.

3. For every clause of p, (x1 VzaVzs), add a corresponding clause, (y1 Vy2 Vys)
to ¢ where y; = x; if x; is of the form cflow(call(x;)); otherwise y; = —x;.

4. Initially set all terms in ¢ to false.

5. For every v in ¢, set v = true in ¢.

6. Solve ¢.

This is clearly polynomial, so PCDSAT is in NP.
We now show 3SAT is polynomial-time reducible to PCDSAT using the re-
verse of the construction used in the verifier. That is, for a boolean formula

(b:(a1Vb1\/61)/\(ag\/bg\/CQ)/\---/\(an\/bn\/cn),

We create a PCD p in conjunctive normal form so that for every clause in ¢,
(y1 Vy2 Vys) we add a clause, (z1 V x2 V x3) to p where x; = cflow(call(y;)) if
y; is of the form a; otherwise x; = ~cflow(call(y;)). Clearly this reduction is
polynomial time. So, if PCDSAT were in P and had a deterministic polynomial
time algorithm we could solve 35S AT is polynomial time. Thus, PCDSAT is NP-
complete.



3.2 Reduction of PCDs to negation normal forms

As stated previously, we consider PCDs in a restricted form. So our first step
is to use Wu and Lieberherr’s reduction rules to reduce a PCD into a form
where the — operator can only be used in one of the following forms: —call(n),
—cflow(call(n)) and —cflow(—call(n)). This is called negation normal form.
Additionally, we assume no PCD contains a terms of the form a; Aas A--- Aay,
with n > 2 where for ¢, j < n and ¢ # j, a; = call(n) and a; = call(n), because
these terms can be trivially reduced to call(n) [14]. Wu also provides a proof
that any PCD can be reduced in this fashion [15]. Having transformed the PCD
into negation normal form, we further reduce to a disjunctive normal form. A
PCD p is in disjunctive normal form if:

1. p is in negation normal form, and
2. pisin the form p; Vpo V- - -V p, where each p; is in the following conjunctive
normal form:

g A cflow(r) A —~cflow(sy) A--+ A ~cflow(sy)

where

(a) ¢ is call(n) or —call(n) or an empty term, and

(b) 7 is in conjunctive normal form

(c¢) s; are call(n) or —call(n). This is upheld by our reduction to negation
normal form.

Each p; is a conjunctive form (CF) term [14].

For the rest of the paper, every PCD is assumed to be in its disjunctive normal
form. It is also evident from the form of CFs that PCDs can be represented in
tree form where call terms and empty terms are terminal symbols. So we consider
abstract syntax of PCDs in the form of Figure 1 for the expression:

call(q) A cflow(call(ge) A...)A
—cflow(call(gs) A...) ... A—-cflow(call(g,) A...)

Fig. 1. Example abstract syntax for a PCD tree.



3.3 Graph constraints

In addition to constructing a graph from PCDs, we will add constraints to that
graph to restrict the paths of this graph that can satisfy for our PCD. These
come in two flavors: labelling constraints restrict the label which we assign a
node and dominance constraints restrict the labels which we can assign to node’s
predecessors.

Labelling constraints To every node v we attach a set a of node labels that
represent the labels which cannot be assigned to v. This set, called the labelling
constraint set is denoted £(v) and must satisfy A'(v) ¢ £(v). That is, we cannot
assign v any label found in £(v). These constraint are used to uphold the meaning
of —~call(n) terms.

Dominance constraints To every node v we, also, attach a set of node labels
that together express the constraint that no node in Pred(v) may have a label in
this set. This set, called the dominance constraint set is denoted D(v). In general,
it must be true that there exists a path (vo, v1, ..., v, Sink(G)) so that for every
w in this path N (vg) ¢ D(u). But, since all constructed graphs are normal (as
we show in Section 3.4), this is quivalent to Vp € Reachg(v).N(v) ¢ D(p). That
is, the label of v is not contained in the domianance constraint of any reachable
node.!

Before combining these two constraints, note that, as we pointed out in Sec-
tion 2.1, all nodes of valid call graphs are labelled. We need to ensure that there
actually does exist a valid labelling for a given graph. So we say the valid labels
for a labelled node is a singleton set of that node’s label, and a valid label for
unlabelled node v, denoted ValidLabels(v), is all those not found in reachable
nodes’ dominance constraints.

Valid labels

Y — Uuereachg (v) P(u) for unlabelled v

ValidLabels(v) = {{N(v)} for labelled v

We combine these labelling and dominance constraint sets together to form
the following predicate which must be true for all nodes:

! The term dominance constraints is used in the computational linguistics field to
refer to logical tree descriptions. We reuse this term for our constraints because
both have the same flavor. But it should be noted that the dominance constraints
found in computational linguistics (for example [16]) in general are different.



Constraint predicate

P(v) = Vp € Reachg(v).N(v) ¢ D(p) (Dominance)
AN () ¢ L(v) (Labelling)
A ValidLabels(v) # 0 (Valid Labels)

Now that we have a notion of constraints, we introduce the graph interpre-
tation of a PCD, which consists of a normal directed graph and a contraint
predicate. We call this a solvable form and denote it G x P. We use solvable and
not solved, because there is still a chance that constraints in P are violated by
nodes in G.

3.4 Solvable form construction

We will now show how to construct a solvable form G x P from a PCD p in tree
form. Intuitively, we are turning the PCD tree upside down and carving out the
call nodes (or empty nodes) that don’t appear under —cflow nodes. We then
add a then add a source node, labelled main and an edge from main to the root
of this carved out path. The dominance constraint set for a call or empty node
consists of call nodes beneath all sibling —cflow nodes in the original tree. The
labelling constraint set for call nodes will be empty and for —call(n) nodes will
contain the singleton set {n}. To accomplish this we will search the PCD top-
down and construct the graph bottom-up. We assume without loss of generality
that each row of nodes in p are in the following order:

—cflowy, ..., —cflowy, q, cflow

and perform a breadth-first search of p without searching into the —¢flow nodes.
We keep track of the previous node inserted in to G by the variable ¢ initialized
to nil. We start with an empty constraint predicate P. For a given row do the
following:

1. Initialize a node label set S « ). For all —cflow(call(n)) nodes, v, add n to
S. Add ¥ —n to S for —~cflow(—call(n)) nodes.

2. For q of the form call(n), create a new node v with label n. For ¢ of the
form —call(n), create a new node v witih no label and labelling contraint
{n}. If ¢ is an empty node, create a new node v with node label and an
empty labelling constraint. Add v to V and edge (v,t) to E if ¢ # nil.

3. Add the dominance constraint set mapping v — S to D.

4. Search into the cflow node if one exists.

Finally, create a new node v,, with label main, add v, to V and edge (v, 1) to
FEif t # nal.

It is worth two things: First, for any edge (v, u), P(u) is stronger than P(v)
because v € Pred(u). Also, our pointcut grammar clearly shows that there can



never be an empty node as the sink. So we can merge any empty node with
its immediately reaching node, provided we add the empty node’s dominance
constraint to the reaching node. Secondly, from our construction this graph is
clearly normal.

3.5 Satisfiability and solved forms

We have now constructed a solvable form G x P from PCD p and can define
satisfiability of this pointcut in terms of the following problem:

Definition 3 (Solvable form satisfiability). Given a solvable form G x P,
label alphabet X, we say that G is satisfiable if P(v) holds for allv € V:

That is, this is the problem of determining whether there are nodes in G that
violate any constraints of any other nodes. Since we can obtain a normal directed
graph from any pointcut, we can thus, define PCD satisfiability in terms of
solvable form satisfiability. Now we say that if we can construct a solvable form
G x P from PCD p and label alphabet 3/, PCD satisfiability of p is equivalent
to the graph satisfiability of G.

Additionally, having shown this solvable form satisfiable, we can now call this
tuple a solved form. In general we define a solved form as a solvable form G x P
that is satisfiable.

3.6 Call graph construction

We now show how to construct a satisfying call graph from a solved form. whose
graph G has possibly unlabelled nodes. So, for all nodes v without labels, we
assign v a label such that P(v) is not violated. Also, some nodes may have
duplicate labels, so we need to combine all nodes with a particular label into one
node. The outcome is a call graph G.g = (V¢g, Ecq), and we procede as follows:

1. Initialize V.4 and E.4 to empty. A a node with label main to V.
2. For all (u,v) € E where I, = N (u) and 1, = N (v):
(a) If there is a node in V., with label {,, let v’ be that node. Otherwise
create a new node v’ with label [, and add v’ to Veg-
(b) If there is a node in V., with label [,, let v' be that node. Otherwise
create a new node v’ with label [, and add v’ to V.
(c) If these does not exist an edge (u’,v’) in E,, at this edge.

3.7 Call graph enumeration

Given a call graph G4 constructed from a solved form, we can enumerate all
possible call graphs derived from G4 by repeating the following:

1. Add a new node.
2. Add an edge between existing ndoes.
3. Add an edge from a new node.



10

4. Add an edge to a to new node.

Clearly, this process will enumerate all possible call graphs satisfying a CF,
because we are just adding additional information, and this additional does not
invalidate the existence of one path satisfying our PCD.

3.8 Correctness

We now give an argument why our solvable form construction is correct. Consider
a CF clause in a disjunctive form:

g1 A cflow(ga A cflow(...) A---) A —-cflow(sy) A--- A —cflow(sy)

For a call graph to satisfy this PCD ¢; must be reachable from ¢. Our construc-
tion upholds this, because it traverses breadth-first (left to right) and insert ¢y
below gs. Additionally, it must the case that this path does not contain a node
labelled n for every —cflow(call(n)) term; this is upheld by the labelling con-
straints. It, also, must be the case that this path only contains a node labelled n
for every —cflow(—cflow(n)). This, again, is upheld by our construction of the
{X — n} labelling constraint.

3.9 Summary

Now that we have shown how to construct a solved form from a CF, we can
conclude with the description of the algorithm in full. Given a PCD p convert
this PCD into a set of CFs C = {¢1,¢a,...,cn . Start with an empty set S, and
for every ¢ € C, construct a solved form s. If one such exists, add s to S. If S
is empty we conclude that p is unsatisfiable. Otherwise, S contains all solved
forms from which we enumerate any call graphs satisfying p.

4 Example
We now demonstrate our ideas with an example. Consider the PCD

p = call(a)
A cflow(call(c) A ~cflow(call(d))) . (1)
A cflow(call(c) A cflow(call(d)))
Before proceding we introduce some reductions that eliminate trivial con-
tradicitions and can make reductions much clearer:

PCD reductions

call(n) A —call(n) — false
call(n) A cflow(call(n)) — false
cflow(call(n)) A cflow(call(n)) — false
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Fig. 2. PCD tree obtained from the example PCD.

Because p is already in negation normal form, we begin by converting it to
disjunctive normal form. In our first step we use the rule [14]:

cflow(pr) A eflow(ps) — cflow(pr A cflow(pa)) A cflow(ps A cflow(py))
to obtain

call(a)
A cflow(call(c) A —cflow(call(d)) A cflow(call(c) A cflow(call(d))))
A cflow(call(c) A cflow(call(d)) A cflow(call(c) A —cflow(call(d))))

Our reduction procedes by reducing the clause inside the bottom cflow:
call(c) A cflow(call(d)) A cflow(call(c) A ~cflow(call(d)))

w0 call(c)A
(cflow(call(d) A cflow(call(c) A —cflow(call(d))))V
cflow(call(c) A ~cflow(call(d)) A cflow(call(d))))

Using our added reductions we can eliminate the bottom clauses, resulting in
call(c) A (falseV false)

which cannot be satisfied. So we are left with the CF in negation normal form:

call(a)Acflow(call(c)Acflow(call(d))Acflow(call(c)A—cflow(call(d))))

Figure 2. show this CF in its AST form.

We, first, show our intuitive construction, as noted in Section 3.4, which is to
invert the tree and carve out the terminal nodes. Figure 3 shows three stages of
this construction. In these graphs, names inside nodes denote labels, and we do
not show the node variables. (a) shows the original tree; (b) shows the inverted
version where we have collected the negative constraints for the ¢ node; and (c)
shows the final graph.
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Fig. 3. Intuitive solved form construction from the example PCD tree.

Figure 4 shows a walk-through of the construction using the BFS as de-
scribed in Section 3.4. Gray nodes have been visited and the graph is constructed
bottom-up on the right side of each frame. In (a)—(d) we simply visit nodes la-
belled a, ¢, d, and c; we collect the negative constraints under the —cflow(d)
node; and in (f) we attach a main node.

As Figure 4 (f) shows, we have obtained a normal directed graph and our
dominance constraint map for P contains one entry, which is v — {d}. In both
constructions, we see that none of the node predicates are violated, so we procede
to construct a valid call graph. Walking this solved form to create the call graph
is shown in Figure 6. Gray nodes, again, denote visited nodes, and names in the
call graph nodes are labels, not variables.

Figure 6 shows example enumerations of our call graph in Figure 4 (f). We
add a new node in (a), add an edge from a new node in (b), add an edge between
existing nodes in (c), and add an edge to a new node in (d).

So, the solution to the PCD in (1) is the singleton set of our one solved form.

5 Related Work

We divide previous work into three categories: modularizing aspects, static anal-
ysis of aspects, and constructing graphs from specficiation.

5.1 Aspects and Modules

Dantas and Walker developed an AOP language called AspectML that allows
programmers to control information hiding and access to the internals of a mod-
ule through a simple type system [17]. This system is an extension to ML and
upholds ML’s original module system. One key contribution of this work is that,
unlike many AOP languages, AspectML allows separate compilation.
Lieberherr et al. point out that the flexibility introduced by AOP often com-
promises other favorable properties of programs, including modularity. In this
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Fig. 4. Solved form from the example PCD tree.

vain they introduce aspectual collaborations, which allow the expressing of as-
pects as part of modules in order to restore lost modular properties [18].

Jiazzi by McDirmid et al. allows the construction of large-scale binary com-
ponents, called wunits, for Java [19] that can be thought of generalizations to
Java packages with added support for external linking and compilation. Along
these lines, the same project introduced AOP with Jiazzi where units could be
thought of as aspects [20] with the ability to cleanly separate crosscutting con-
cerns. This system preserved the Java-version’s external linking and separate
compilation. Two components were central in accomplishing this: (1) Classes
could be enhanced with methods and fields. (2) The signatures of methods and
classes could be refined to allow more modularization.

5.2 Static analysis of aspects

Sereni and de Moor use a a more primitive syntax for pointcuts then found in
common languages and show that this allows more efficient runtime matching
[21]. We do not do static analysis in this same manner, but as our source and
PCD languages become more complex, such analyses could prove useful. They
also give an argument that the language of pointcuts is regular, which could be
useful in constructing a more efficient algorithm. For, if the language of PCDs is
in fact regular we could model our solutions as DFAs and construct them using
the usual set operations.

Masuhara et al. present a semantics for compiling AOP programs using an
operational semantic model [22]. They use partial evaluation to find locations
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Fig. 5. Call graph construction for the example PCD tree.

to insert aspect code (advice), and in general, they investigate how to reason
about the interactions between aspects and their target programs. As in Sereni’s
work, these analyses could prove useful as we expand our work to more complex
systems.

5.3 Graph construction

Palsberg gives a polynomial-time algorithm for constructing a class graph from
an adaptive program [8]. This work posed questions such as “The fundamental
questionhow flexible was a given software component?”, “with which architec-
tures will the component work?”, and “do two components have compatible set
of architectures with which they can work?”. In order to answer these questions,
Palsberg infers class graphs (consisting of methods and fields) from adaptive pro-
grams. These adaptive programs contained traversals and wrappers, which are
very similar to PCDs and advice. Indeed this work was influential on our’s, and
introduced the concept that the type of an adaptive program was parametrized
by the class graphs on which that program operated.

Althaus et al. give a polynomial-time algorithm for checking for satisfiability
and enumerating solutions to dominance constraints [23]. In this work and com-
putational linguistics in general, dominance constraints are logical descriptions
of trees and are used to solve the underspecification problem [24]. In its simplest
form this language is a conjunction of constraint placed on which nodes can
dominate other nodes. Therefor the analogous problems Althaus and his com-
munity face are how to construct a tree that satisfies these constraints. There are
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Fig. 6. Call graph enumeration for the example PCD.

two importances of this work: First, the satisfiability problem for trees and for
pointcuts is very similar, and we took a similar approach as did Althaus’ group.
Lastly, they define a restricted form or dominance constraints, called normal
dominance constraints, and a similar restriction to the pointcut language could
prove useful in reduce our algorithm to P-space.

6 Future work

We are currently looking into the following extensions of this work:

— A polynomial-time algorithm for PCD satisfiability and call graph enumer-
ation. Although the problem presented was interesting, our algorithm was
exponential, and this is impractical in practice. In order to make our ideas
mainstream we are investigating a poly-time algorithm, or if we can prove
one such algorithm does not exist, we will move to an approximation.

— As we stated in Section 2.1, our target source language model was quite
primitive and state-of-the art language on which aspects operate, such as
Java, are more complicated. This complexity includes but is not limited to
types & polymorphism, dynamic method invocation, and exceptions. We
are working to extend our target language in order to reason about aspects
operating on these.

— Reasoning about the join points of an AOP program is only half the story;
the other half is reasoning about the advice placed on these points. We hope
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to move into this area soon and begin developing analyses that will help
reason about whole aspects in the absense of target programs.

7 Conclusions

We have presented two new problems in the domain of AOP: PCD satisfiability
and call graph enumeration. We have shown both NP-complete, but as we show
in the future work of Section 6, we are hopeful to find a restricted form of the
problem that is polynomial. But why is this useful? We argued that call graph
enumeration could be used to reason about aspects in the absense of target
programs, and only after an understanding of this, can useful work be done
to build component aspects. Tools built for AOP program understanding could
use a call graph inference mechanism to help the programmer reason about the
aspect she is writing. Testers would benefit from knowledge about the domain
on which their aspects apply. This way they could have a feeling of the edge-
case programs. Lastly, many AOP technologies come about with much thought
of deep reasoning of them. This is our first step to understand aspects as sole
entities not tied to target programs.
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