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Abstract

Aspect-oriented software presents new challenges for the design-
ers of static analyses. Our work aims to establish systematic foun-
dations for dataflow analysis of AspectJ software. We propose a
control- and data-flow program representation for Aspect pro-
grams, as basis for subsequent interprocedural dataflow analyses.
The representation is built at the source code level and captures
the semantic intricacies of various pointcut designators, multiple
applicable advices per joint point, dynamic advices, and general
flow of data to, from, and between advices. We also propose two
dataflow analyses for AspectJ software: (1) a novel object effect
analysis based on a flow- and context-sensitive must-alias analy-
sis, and (2) a dependence analysis used for constructing the sys-
tem dependence graph for dlicing, refactoring, change impact anal-
ysis, etc. Both analyses are representative of a general category of
dataflow analyses referred to as interprocedural distributed envi-
ronment (IDE) problems. The two analyses are built on top of the
proposed representation, and take into account the complex flow
of control and data due to aspect-oriented features. We present a
study of the proposed techniques on 37 program versions, using
our AJANA analysisframework which isbased on the abc AspectJ
compiler. The results show that the representation can be built effi-
ciently, that it is superior to an approach based on the woven byte-
code, and that it enables analyses that are both faster and more pre-
cise. These findings strongly indicate that the proposed approach is
a promising candidate for a foundation upon which various inter-
procedural analyses for AspectJ can be designed and built.

Categories and Subject Descriptors F.3.2 [Logics and Meaning
of Programs]: Semantics of Programming Languages—Program
Analysis

General Terms  Algorithms, Languages
Keywords Dataflow analysis, interprocedural analysis, AspectJ

1. Introduction

Interprocedural dataflow analysis is a form of static analysis that
plays an important role in various software tools. Hundreds of
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different analyses have been used for software understanding and
maintenance (e.g., for program comprehension, slicing, change im-
pact analysis, automatic transformations, etc.). The semantic infor-
mation produced by dataflow analysis is also used as an essential
component of tools for software verification and testing. In addi-
tion, dataflow analysis plays an important role for performance im-
provements through compiler optimizations. A large body of ex-
isting work has considered the theoretical foundations for dataflow
analysis (e.g., [26, 21, 25]) aswell as specific analyses for impera-
tive languages, and more recently, for object-oriented languages.

The increasing popularity of aspect-oriented programming
presents two serious challenges to the designers of dataflow anal-
yses. First, how should existing analyses be generalized to handle
aspect-oriented features? Second, what kinds of new analyses can
contribute to better understanding, maintenance, testing, verifica-
tion, and optimization of aspect-oriented software? A critical step
in attacking these challenges is the definition of systematic general
foundations for datafl ow analysis of aspect-oriented languages. The
goal of our work isto make novel advances towards achieving this
goal for AspectJ software.

A key component of dataflow analyses is the program’s inter-
procedural control-flow graph (ICFG) and the dataflow functions
associated with edges in this graph [26, 21]. In previous work [33]
we proposed an approach for building the ICFG of an AspectJ pro-
gram. This effort focused on control-flow semantics, and did not
answer a critical question: how should the data-manipulating ef-
fects of ICFG nodes be represented and modeled in dataflow analy-
ses? In this paper we propose a solution to this problem. This solu-
tion, for the first time, makes it possible to define explicitly the lat-
tice and functions for dataflow problems for AspectJ software. The
proposed approach can serve as the starting point for alarge body
of work on adapting existing analyses to AspectJ and on defining
new analyses for AspectJ-specific problems.

Since the executable code of an AspectJ program (produced by
an AspectJ compiler) is pure Java bytecode, an obvious approach
is to directly apply existing analysis techniques for Java to the
bytecode. Of course, this approach requires an analysisto build and
preserve amap that associates the data-flow effects of each entity in
the bytecode back to those of its corresponding entity in the source
code. However, as pointed out by our previous work [33], there is
significant discrepancy between the Java/AspectJ source code and
the woven Java bytecode. This makes it extremely hard to establish
such amap. For example, callsto proceed in around-advices can
be interpreted as calls to different methods at different join point
shadows, and can sometimes even be interpreted as the inlining
of the body of the crosscut method when that body is sufficiently
simple. Furthermore, the correspondence between source-level and
bytecode-level entities is specific to the weaving compiler being
used; different compilers (or even different version of the same
compiler) can create completely different mappings.



An alternative approach is to perform dataflow analysis on the
source code or some suitable intermediate form derived from the
source code; this is the approach taken in our work. Such source-
code-level (SCL) analysis has several advantages over bytecode-
level (BCL) analysis. First, SCL analysis produces more relevant
results that can be more easily understood and interpreted by hu-
man programmers. For example, given a particular variable in an
advice, clients of a points-to analysis are interested only in the ob-
jects in the source code that this variable may point to. BCL anal-
ysis would return a set of objects including those introduced by
the compiler, which creates significant comprehension obstacles
for programmers. Second, SCL analysis can be performed before
weaving and therefore can produce information about the effects of
advices on the base code. The information may include, for exam-
ple, the purity of an advice (absence of side effects), the write/read
effects of advices on objects that flows from/to the base program,
the sequence of methods invoked by advices on a particular re-
ceiver object, etc. This information allows a software verification
tool to statically check certain properties, such as typestate-based
object protocols or specifications. BCL analysis, on the other hand,
must be performed after code is woven, and therefore is incapable
of providing such information. Finally, SCL analysis is, in most
cases, faster than BCL analysis on large aspect-oriented programs.
For example, in our experiments, SCL dlicing is faster than BCL
dlicing for 9 out of the 10 experimental data points.

SCL dataflow analysisis complicated by the semantic complex-
ity of the various pointcut types, by situations where multiple ad-
vices may apply at the same join point, and by the existence of dy-
namic advices which match ajoin point statically, but may or may
not match it at run time. At present, there does not exist a genera
and complete treatment of these issues. \We propose a program rep-
resentation which makes explicit the data that is exposed during the
interactions between advices and the base code, and associates this
data with the appropriate ICFG nodes and edges. The representa-
tion considers cases where multiple advices apply at the same join
point, aswell asthe presence of dynamic advices. It precisely repre-
sents the interactions occurring in join points that can be described
by 15 types of pointcut designators, out of atotal of 17 defined in
the AspectJ language (except for c£1ow and cflowbelow).

We illustrate the uses of the representation by designing two
dataflow analyses: (1) a novel object effect analysis based on a
flow- and context-sensitive must-alias analysis, and (2) a depen-
dence analysis used for constructing the system dependence graph
for dlicing, refactoring, change impact analysis, etc. Both analyses
are representative of interprocedural distributed environment (IDE)
dataflow analysis problems [25]. The IDE class is a genera cate-
gory of problems, examples of which are copy-constant propaga-
tion and linear-constant propagation [25], object naming analysis
[24], O-CFA type analysis [14, 30, 15], and &l IFDS (interpro-
cedural, finite, distributive, subset) problems [25] such as reach-
ing definitions, available expressions, live variables, truly-live vari-
ables, possibly-uninitialized variables, flow-sensitive side-effects
[7], some forms of may-alias and must-alias analysis [22], and in-
terprocedural dlicing [16]. Through our approach, this rich set of
existing interprocedural dataflow analyses becomes possible to ap-
ply to AspectJ software.

The effect analysisis used to build regular expressions for each
shadow (i.e., base code corresponding to ajoin point) to summarize
the effects that the combination of advices applicable at the shadow
can have on the objects that flow to the advices from the base
code. Given a set of objects passed into advices at a shadow, the
effect information includes a sequence of read and write operations
on fields of these objects, and a sequence of methods invoked on
them. The regular expressions produced by this analysis can be
directly used to analyze the interactions between the base code and

the advices, as well as inter-advice interactions. For example, the
analysis can be employed to verify the interactions of advices with
the the base code against properties considered harmful in aspect-
oriented software development, such asthe writing, in an advice, of
an object that is read in the base code. As another example, object
protocols and typestate properties can be directly inferred and/or
verified from the analysis output. The proposed analysis techniques
are novel contributions for static analysis of AspectJ software for
program understanding and verification.

The system dependence graph [16] has traditionally been used
for program slicing and other techniques that require interprocedu-
ral dependence information. As a second example of an interpro-
cedural dataflow analysis, we define aform of dependence analysis
and the corresponding dlicing algorithm. Slicing of aspect-oriented
programs should not be done on the woven code, because otherwise
the resulting slices could contain a lot of code that is not human
understandable, which in turn would complicate, rather than sim-
plify, program understanding tasks. Earlier approaches for slicing
of aspect-oriented software [35, 37, 17] have various limitations —
these analyses were built upon simplified program representations
that did not capture the full complexity of the problem. Our work
defines amore general solution and provides new insights based on
an extensive experimental evaluation.

The proposed representation and the two datafl ow analyses have
been implemented in our AJANA (Aspectd analysis) framework,
built as an extension of the abc AspectJ compiler [1]. We per-
formed an experimental evaluation of the proposed techniques. Our
study indicates that, compared to the BCL analysis (1) the effects
of multiple advices (applying at ashadow) on theincoming objects
can be precisely computed; (2) the program representation and the
SDG have significantly smaller sizes, especially for programs that
contain around-advices; (3) more precise slices can be computed
using our SDG; and (4) significant reduction in analysis running
time can be achieved with our approach.

The key contribution of thiswork are:

e Program representation. We propose a technique for build-
ing aprogram representation for AspectJ programs, as basis for
subsequent interprocedura dataflow analyses. The representa-
tion is built at the source-code level and captures the semantic
intricacies of pointcut designators in the presence of multiple
applicable advices per joint point, dynamic advices, and gen-
eral flow of datato, from, and between advices.

Effect analysis and summary generation. At the core of the
object effect analysis is a must-alias analysis used to identify
variables that definitely refer to the objects of interest. Based
on the must-alias information, we generate regular expressions
for each object passed into an advice from the base code, to
summarize the effects that the advice can have on the object.

e Dependence analysis and slicing. We present an approach for
dependence analysis, SDG construction, and slicing of AspectJ
programs. The approach is built on top of the proposed repre-
sentation, and takes into account the complex flow of data due
to aspect-oriented features.

Experimental evaluation. We present an experimental study
on 37 program versions drawn from 8 base programs, using our
AJANA framework. The results show that an effects summary
can be efficiently computed, that the cost of building the rep-
resentation and running the analysisis practical, that ICFG and
SDG sizes are reduced compared to analysis of woven byte-
code, and that dicing is both faster and more precise. These
findings strongly indicate that our approach isa promising can-
didate for afoundation upon which arich variety of interproce-
dural dataflow analyses for AspectJ can be designed and built.



1 class Point {

2 int x = 0, y = 0;

3 int getX() { return x; }

4 int getY() { return y; }

5 void setRectangular (int nX, int nY) {
6 setX (nX); setY(nY);

7
8

void setX (int nX

) | nx; }
9  void setY(int nY) {

=0

) |

x
Y ny;

iy =0;}

println("X=" + x + ", Y=" + y); }

10 void reset() {x
11 String toString(
12 }

13 class Demo implements PropertyChangeListener {

14 void propertyChange (PropertyChangeEvent e) { ... }
15 static void main(Stringl[] args)

16 Point p = new Point () ;

17 p.addPropertyChangeListener (new Demo()) ;

18 p.setRectangular(5,2); println("p = " + p);

19 p.setX(6); p.setY(3); println("p = " + p);

Figure 1. Running example, classes Point and Demo

[ JPcategory [ PC designator | PC category |
initialization JP selector
initialization preinitialization JP selector
staticinitialization | JPselector
call JP selector
call/execution execution JP selector
adviceexecution JP selector
field get/set get JP selector
set JP selector
excpt handling | handler JP selector
within condition specifier
withincode condition specifier
this condition specifier
target data exposer,
condition specifier
args data exposer,
condition specifier
if condition specifier
cflow condition specifier
cflowbelow condition specifier

Table 1. Classification of join points and pointcuts

2. Exampleand Background

For illustration, we will use a modified version of the bean

example from the AspectJ distribution. Figure 1 shows classes
Point and Demo. Aspect BoundPoint, shown in Figure 2,

is used to implement an event firing mechanism by invoking

propertyChange when achange event isfired. A field support
and amethod addPropertyChangeListener areintroduced

in Point by BoundPoint at lines 3-7 in Figure 2. Helper class

PropertyChangeSupport isnot shown.

2.1 Aspect Semantics

A join point in AspectJis awell-defined point in the execution that
can be monitored. We classify the join point types in AspectJ into
four categories: (1) initialization, including both object initializa-
tion and classinitialization, (2) method/constructor call and execu-
tion, (3) field getting and setting, and (4) exception handling. For a
particular join point, thetextual part of the program executed during
the time span of the join point is the shadow of the join point [5].
There are two categories of shadows: statement shadows, for which
the program entity that is advised is a statement (e.g., a call), and
body shadows, where the advised entity isthe body of a method.
A pointcut selects (“ picks out” [18]) one or more join points by
imposing run-time restrictions on the basic join point types, and op-

1 aspect BoundPoint ({

2 // add a field ’support’ to class Point

3 PropertyChangeSupport Point.support =

4 new PropertyChangeSupport (this) ;

5 void Point.addPropertyChangeListener

6 (PropertyChangeListener 1)

7 { support.addPropertyChangelListener(1l); }

8 void firePropertyChange (Point p, String property,
9 double oldv, double newv) {

10 p.support.firePropertyChange (property,

11 new Double (oldv) ,new Double (newv)) ;

12}

13 // ====== pointcuts ======

14 pointcut setter (Point p):

15 call (void Point.setx(x)) && target (p);

16 pointcut getterX(Point p):

17 execution (void Point.getX (%)) && target (p);
18 // ====== advices for pointcut ’setter’ ======
19 Dbefore(int x, Point p)

20 : setter(p) && args(x) { // beforel

21 if (x < 0){ println("Bad setx"); p.reset();}
22

23 after(Point p) : setter(p) { // afterl

24 println("Return from set*");

25 }

26 void around(Point p) : setter(p) { // aroundl
27 int 0ldX = p.getX(); Point g = p; proceed(q) ;
28 firePropertyChange (q, "setX",o0ldX,p.getX()) ;
29 '}

30 void around(Point p) : setter(p) { // around2
31 Point pl = new Point (); proceed(pl) ;

32 firePropertyChange (p, "setobj",p.getX () ,pl.getX()) ;
33}

34 // ====== advices for pointcut ’'getterX’ ======
35 before(Point p) : getterX(p) { // before2

36 println("Start getX");

37

38 after(Point p) returning (int x)

39 : getterX(p) { // afterReturningl

40 println("Return from getX: " + X);

a1}

42 '}

Figure 2. Running example, aspect BoundPoint

tionally exposes some of the values from the execution context. As-
pectJ defines 17 types of primitive pointcut designators. We classify
them into three categories: join point selector, run-time condition
specifier, and data exposer. Table 1 shows the classifications of join
point types and pointcut designator types. A pointcut isdynamic if
it isarun-time condition specifier; otherwise, the pointcut is static.
A combined pointcut is dynamic if at least one of its component
pointcutsis dynamic.

» Example. Aspect BoundPoint from Figure 2 defines two
pointcuts: setter and getterX. The shadows of the join points
picked out by setter arethe five cal sites at lines 6, 18, and 19
in Figure 1. The shadow of the join point picked out by getterx
is the body of method getX. Both pointcuts are dynamic because
they include target (p), which picks out only run-time objects
that are instances of Point. «

An advice declaration consists of an advice kind (before, after,
etc.), a pointcut, and a body of code forming an advice. Whenever
multiple advices apply at the same join point, precedence rules
determine the order in which they execute [2]. Werefer to an advice
associated with a dynamic pointcut as a dynamic advice.

» Example. In Figure 2 beforel, afterl, aroundl, and
around2 may apply at the same join point. Similarly, before2
and afterReturningl may apply at the same join point. The
execution order of thefirst four advicesis

beforel, aroundl [around?2 [cs,afterl]]

where cs denotesthe actual advised call site, and a pair of brackets
[ 1 encloses advices that are invoked by the call to proceed in
the preceding around-advice. «



Advice nesting tree

around1 . ph_proceed1 around2

ph_decision

Figure 3. Advice nesting tree and partial interaction graph for shadow p. setX (6)

2.2 Control-Flow Representation

In previous work [33] we considered the problem of regression
test selection for AspectJ software, and proposed a control-flow
representation for identifying the differences between two versions
of the same program. Using essentialy the same approach, one
could construct the interprocedural control-flow graph (ICFG) of
an AspectJ program. Therest of this subsection describes some of
the details of the ICFG control-flow representation. Figure 3 shows
asubset of the ICFG for the example from Figures 1 and 2.

An ICFG contains (1) standard CFGs that model the control
flow within Java classes, within aspects, and between aspects
and classes through non-advice method calls, and (2) interaction
graphs (IGs) that model the interactions between methods and ad-
vices at join points. The ICFG specifically addresses the situation
where multiple advices apply at the same join point, and the exis-
tence of dynamic advices. An |G isbuilt for each statement shadow.

» Example. Consider shadow p.setX (6) at line 19 in Fig-
ure 1. In the absence of aspect-oriented features, this call would
be represented by two ICFG nodes: a call-site node and a return-
site node. Interprocedural edges would connect the call-site node
with the start node of setX, and the exit node of setX with the
return-site node. For this example, advices beforel, aroundl,
around2, and afterl apply at the corresponding join point. In
the ICFG the call is represented by an artificia method ph_root
(ph- stands for “placeholder”) which represents the top-level logic
associated with the run-time processing of thejoin point. «

Handling of multipleadvices. The precedence rules of AspectJ
can be used to build a helper data structure, the advice nesting tree,
which represents the run-time advice nesting rel ationship. Each tree
level contains at most one around-advice, which is the root of all
advices in the lower levels of this tree. With each around-advice A
the tree associates (1) a possibly-empty set of before-advices and
after-advices, (2) zero or one around-advices, and potentialy (3)
the actual crosscut call site that could be invoked by the call to
proceed in A. These advices and the call site appear as if they
were nested within A. The advice nesting tree for BoundPoint
at shadow p. setX (6) isshown in Figure 3.

Nodes at one level of the tree are invoked by the call to
proceed in the around-advice in the upper level of the tree. A
placeholder method ph_proceed is used to represent the pro-
ceed call in an around-advice. This method contains calls to all
children advices, including the crosscut call site. For example,
ph_proceedl, which represents the proceed call in around1l,

contains a call to around?2, whose proceed cal isin turn repre-
sented by ph_proceed2, which then calls setXx (the shadow)
and afterl. The top-level ph_root method corresponds to the
root of the advice nesting tree.

Handling of dynamic advices. For dynamic advices that may
or may not be invoked at the join point, the ICFG uses an artifi-
cial ph_decision node. The "true” edge leaving this node goes
directly to its cal-site node — that is, if the run-time condition
evaluates to true, the advice will be invoked. For a non-around-
advice, the "false” edge goes to the call-site node for the next ad-
vice that could be invoked in the current method. For an around-
advice, the "false” edge goes to a call-site node for its correspond-
ing ph_proceed method, meaning that if this advice is not in-
voked, the advices that are nested within it will still be invoked.

3. Data-Flow Representation

In order to apply any dataflow analysis techniques, the key prob-
lem becomes: what data can flow in the interaction graph at a join
point, and how can it be represented? This section describes our
technique that builds an ICFG-based data-flow representation by
associating data with related | CFG nodes and edges. Our goals are
(1) making variables that are defined or used during the interac-
tion explicit for the placeholder methods that will reference them,;
(2) associating with ph_decision nodes the variables that con-
tribute to making run-time decision about invocation of dynamic
advices, (3) exposing a minimum set of variables, without intro-
ducing any unnecessary variables or extra helper variables in IGs;
and (4) keeping a single CFG for each advice declaration, without
replicating graphs for different advice applications. Figure 4 shows
pseudo-code which is equivalent to the representation for the ex-
ample from Figures 1, 2, and 3. This representation is the starting
point for the interprocedural dataflow analyses described |ater.
This section describes the handling of call join points and exe-
cution join points (see Table 1), which are the most common and
useful join point typesin AspectJ practice. Dueto space limitations,
we do not discuss the other three types of join points, although our
implementation handles them. In the ICFG, for an execution join
point of method m, a new method m$internal iscreated, and all
CFG nodes and edges from m are moved tom$internal. A call
tom$internal isadded in m, so that the execution join point of
m is converted to acall join point of m$ internal. Thus, without
loss of generality, the discussion covers only call join points. Our
goal isto make explicit the flow of databy creating formal parame-



class Demo implements PropertyChangeListener {
static void main(String[] args) {

ph_rootl(p,6); // for shadow p.setX(6)

}
}
aspect BoundPoint {
static void ph_rootl (Point argo,
/% call site for beforel x/
if (...) beforel(argl,argo0) ;
/% call sites for aroundl =/
if (...) ph_proceedl (arg0,argl) ;
else aroundl (arg0,argl,null,0,0,arg0,0) ;
}
static void aroundl (Point arg0, int argl, Point arg2,
int arg3, int arg4, Point p, int dv)
int oldX = p.getX(); Point g = p;
switch (dv) ({
/+ for shadow p.setX */
case 0: ph_proceedl(q,argl) ;
/* for shadow p.setRectangular x/
case 1: ph proceedl_2(q,arg3,arg4);
}
firePropertyChange (q, "setX",o0ldX,p.getX()) ;
}
static void ph proceedl (Point arg0, int argl) {
/% call sites for around2 x/

int argl) {

if (...) ph_proceed2(arg0,argl);
else around2 (arg0,argl,null,0,0,arg0,0) ;
}
static void around2 (Point arg0, int argl, Point arg2,
int arg3, int arg4, Point p, int dv)

Point pl = new Point () ;
switch (dv) {
/* for shadow p.setX x/
case 0: ph proceed2 (pl,argl);
/+ for shadow p.setRectangular x/
case 1: ph proceed2_2(pl,arg3,arg4) ;
}
firePropertyChange (p, "setobj",p.getX () ,pl.getX()) ;
}
static void ph_proceed2 (Point argo,
/+* the original call site */
arg0.setX(argl) ;
/+ call site for afterl */
if (...) afterl(argo);
}
static void beforel (int arg0, Point argl) {...}
static void afterl (Point arg0) {...}

int argl) {

Figure 4. Pseudocode for the G shown in Figure 3.

ters and actual parameters associated with ICFG nodes, in order to
enable analysis based on this data-flow representation.

3.1 Declarationsfor Placeholder M ethods and
Non-Around-Advices

For amethod call join point, the variablesthat can be referenced are
limited to the actuals (a1, az, . . ., a,) a thecal site, aswell asthe
receiver object reference ag if the crosscut call site is an instance
invocation. Given an |G, each placeholder method is conserva
tively parameterized with alist of formals (fo, f1, fo, ..., fn) that
matches the actuals of the shadow call site. Each such method is
static and has the same return type as the return type of the method
caled at the shadow call site; if the shadow does not haveluse a
return value, the method is declared void. For example, consider
ph_root in Figure 3. The signature of this placeholder method is

void ph_root

where arg0 corresponds to the receiver object reference at shadow

p.setX (6),and argl corresponds to the actual at thiscall site.
A non-around-advice that is called by a placeholder method is

declared as static with avoid return type. The formal parameters

(Point arg0, int argl)

{

{

are its origina declared parameters, because a non-around-advice
will execute only its own body without affecting the invocation of
other advices and the crosscut call site. For example, the signature
for advicebeforel in Figure2is

void beforel (int arg0, Point argl)

An after-returning-advice has one last formal parameter corre-
sponding to the returned value specified in the advice declaration.
For example, the signature for afterReturningl is

void afterReturningl (Point arg0,int retval)

For an around-advice, the control and data flow are more com-
plicated, because it could invoke other advices and the crosscut
method. The handling of around-advices isdiscussed in detail |ater.

3.2 Call Sitesfor Non-Around-Advices

The IG contains cal sites that invoke non-around advices; to en-
able any dataflow analysis, the appropriate actual parameters must
be associated with these call site. For an advice that has declared
parameters, there have to be one or more data exposer pointcut des-
ignators associated with it. There are two kinds of such designators:
target and args (recal Table 1). One can build a formal-to-
actual mapping function f_a_map for the parametersin the advice
declaration that are specified by args. For each such parameter,
f-a-map maps its position in the advice's formal list to the posi-
tion of its corresponding actual in the actual list of the shadow call
site. Based on this map, a helper function fpos (short for “formal
position”) can be defined as follows:

0 ped = target
f-acmap(i) +1 ped = args A cs isinstance
f-a-map() ped = args A cs isstatic

where ped denotes the type of pointcut designator, and cs denotes
the shadow call site.

For each before-advice and after-advice, fpos is applied for
each parameter p; in its declaration. As a result, one can obtain
the position of the corresponding formal of its caller placeholder
method. This formal should be used as the actual for p; in the
created call site. Specifically, for an advice declaration

ad(t,piy...,pn) : target(t) && args(pi,..., pn) && ...

acal site of the form

ad(F (fpos(0, target)), F(fpos(1, args)), .., F'(fpos(n, args)))
is created, where F'(j) is the j-th formal parameter of the place-
holder method that contains the call site.

» Example. Consider advice beforel, caled by ph_root
in Figure 3. Since parameter x is specified by the args pointcut
designator (line 20 in Figure 2), we need to determine its corre-
sponding actual at the shadow call site— in this case, the constant
6. Since the position of x in the parameter list of beforel isO,
and the position of 6 inthe actua listof p.setX (6) is0, the pair
(0,0) isincluded in f_a-map. Function fpos is then applied for
beforel’sforma parameters x and p. For p, fpos(1, target) =
0 and the corresponding formal of ph_root is arg0. For X,
fpos(0, args) = f_a_map(0) + 1 = 1, and the corresponding
formal of ph_root is argl. Thus, the cal site for beforel
insideph_root isof theformbeforel (argl, arg0) . «

The |G aso contains a cal site for the original shadow. The
formals of the caller placeholder method are used as actuals (or
receiver) of this call site. If the origina shadow is an assignment,
a returnsvalue loca variable in the placeholder method is
gned thereturn value at the newly created call site. For example,
consider the call to setX contained in ph_proceed2 in Figure 3.
The created call site is of the form arg0.setX (argl), where
arg0 and argl aretheformals of ph_proceed2.

fros(i, ped) =



For each after-returning-advice, an additional actual parame-
ter is needed for the last forma parameter. In the caller place-
holder method, the return$value loca should have aready
been created and assigned the return value of a call to the cross-
cut method (or to another ph_proceed method). This loca is
used as the last actual at the call site. For example, consider ad-
viceafterReturningl defined at lines 3841 in Figure 2. The
execution join point for getX is converted to a cal join point
for getxX$internal, and the shadow becomes the call site for
getX$internal ().ThelG for the shadow containsacall to the
crosscut method getXs$internal (), followed by a cal to ad-
viceafterReturningl. Conceptualy, the pseudocode for this
IGisasthefollows:

int ph_root (Point arg0) {
int return$value = arg0.getX$internal () ;
afterReturningl (arg0, returns$value) ;
return returnSvalue;

}

3.3 Handling of Around-Advices

Handling of an around-advice is more complicated because its
formal parameters are dependent on the crosscut method and on
other advices that are invoked within it. Similarly to a place-
holder method, an around-advice must have all necessary parame-
ters of the shadow call site (including the receiver for an instance
method), in order to call the crosscut method or a ph_proceed
method. For example, consider ph_proceed2 in Figure 3, which
is called from within around2. Because the formal parameter list
for ph_proceed2 is (Point arg0, int argl), around2
has to take at |east these two kinds of formal parametersin order to
provide the actuals for the call site, although around? itself has
only one declared formal parameter (line 26 in Figure 2).

An even more significant problem is that the formal param-
eters needed by an around-advice could be different for differ-
ent shadows that the advice matches, because different shad-
ows may cal different methods due to the use of wild cards
(*) in the pointcut definition. To illustrate, consider again advice
around2 defined in Figure 2. The setter pointcut associated
with around2 statically matches five statement shadows. Thus,
around2 can crosscut both setX and setRectangular cals.
For shadows that call setX, the formal parameter types needed
by around2 are (Point, int), whereas for shadows that call
setRectangular thetypesneeded are (Point, int, int).

One possible approach is to replicate the CFG of an around-
advice for each shadow that the advice matches, and to create the
method declaration and the call site for the advice on per-shadow
basis. Hence, one can have shadow-specific placeholder methods
and around-advices, and globally unique non-around-advices. In
fact, thisapproach isbeing used by the abc compiler [1]. However,
this violates the fourth goal that was stated at the beginning of this
section — the goal to keep one CFG per advice, without replicating
the CFG per advice application. Such replication could result in
an explosion in the number of ICFG nodes, and therefore may
introduce significant overhead for subsequent dataflow analysis. In
fact, our experiments showed that for some benchmarks containing
around-advices that match every call site, the size of the program
isdoubled after it is compiled by the abc compiler.

3.3.1 Declarationsand Call Sitesfor Around-Advices

We propose adifferent approach which does not require the replica-
tion of around-advices. For each such advice, our approach consid-
ers all shadows that the advice matches, and constructs a globally-
valid list global_params that includes parameters which are re-
quired at each shadow. A companion map spos (short for “ shadow

position”) maps each shadow to the starting position of its corre-
sponding parametersin global_params.

» Example. Consider around2 and two of the shadows it ap-
pliesto: p.setX (6) and p.setRectangular (5,2) atlines
19 and 18 in Figure 1. The actual parameters required at these shad-
owshavetypes (Point, int) and (Point, int, int) respec-
tively. Hence, global_params is (Point arg0, int argl,
Point arg2, int arg3, int arg4). For p.setX(6)
the starting position of its parameters in global_params is 0, and
forp.setRectangular (5, 2) thestarting position is2. These
positions are encoded in map spos. Note that there are three more
shadows at which this advice applies; to simplify the discussion,
for the rest of this subsection we omit the details related to these
three shadows. «

List global_params together with the originally declared pa-
rameters of the around-advice are used to build the list of formal
parameters for this advice. An additional parameter is also added
as the last formal; this parameter is a decision value indicating the
shadow where the advice is currently applied. For example, the
parameter list for around2 is (Point arg0, int argl,
Point arg2, int arg3, int arg4, Point p, int
dav), where arg0 through arg4 come from global_params, p is
the original declared parameter (line 30 in Figure 2), and dv isthe
decision value.

The purpose of including global_params in the parameter list
is to propagate the data from different shadows, in order to use
that data to call a ph_proceed method, or the crosscut method,
for that shadow. Parameter dv is used to select among the calls to
different ph_proceed methods.

In each placeholder method where an around-advice is called,
the call site for that advice has non-trivial actuals only for (1)
formal parameters corresponding to the currently-active shadow,
as defined by the positions in map spos, (2) the advice's original
formal parameters, and (3) thelast formal parameter dv. For formal
parameters corresponding to the shadow, the formals of the caller
placeholder method are used as actuas. For the advice's original
formal parameters, the actual are constructed similarly to cals to
non-around-advi ces (as described in Section 3.2). A unique shadow
ID is used asthe actua for formal parameter dv. For example, for
shadow p.setX (6), thecdl sitefor around2 is

around2 (arg0,argl,null,0,0,arg0,0)

where arg0 and argl are the formals of method ph_proceed1
which contains the call site. The first two actuals correspond
to the shadow’s parameters, while the next-to-last actual cor-
responds to the declared formal p of around2. Similarly, for
p.setRectangular (5,2),thecal siteis

around2 (null, 0,arg0,argl,arg2,arg0,1)

Notethat the last actualsin these two call sites (0 and 1) are unique
IDsfor the corresponding shadows.

3.3.2 Call Sitesfor Placeholder MethodsInsidean
Around-Advice

Because there is a single CFG for an around-advice, the advice
should be able to call different ph_proceed methods for differ-
ent shadows. A pair of call-site and return-site nodes is created for
each placeholder method the advice could call. The origina call
to proceed in the body of the after-advice is replaced with this
group of calls. A specia placeholder decision node is created to
represent the selection of a placeholder method to be called, and
formal parameter dv is associated with this decision node. Essen-
tially, this representation is equivalent to a switch statement.

The actual parameters for the calls to the placeholder methods
can be defined similarly to the actuals for calls to around advices
(as described in Section 3.3.1) — the formals corresponding to the



shadow areidentified in the around-advice's list of formals, and are
used as actual parameters at the call site. However, additional trans-
formations are necessary: actuals that correspond to the originally
declared parameters of the around-advice must be replaced with
the actuals for the original call to proceed in this around-advice.
This is necessary for cases when proceed is caled with values
other than the formals of the around-advice, in which case the new
values need to be propagated to the ph_proceed methods aswell.
» Example. Consider the earlier example, where around2
needs to cal ph_proceed2 a shadow p.setXx(6), and to
call another placeholder method (e.g., named ph proceed2_2)
at shadow p.setRectangular (5,2). The following pseu-
docode illustrates the control- and data-flow representation:

void around2 (Point arg0, int argl, Point arg2,
int arg3, int arg4, Point p, int dv) ({
Point pl = new Point () ;
switch (dv) {
// used to be ph proceed2(arg0,argl)
case 0: ph proceed2(pl,argl) ;
// used to be ph proceed2 2(arg2,arg3,arg4)
case 1: ph proceed2 2 (pl,arg3,arg4);
}
}

The “used to be” comments show the call sites before taking into
account the fact that the origina call to proceed (line 31 in
Figure 2) uses p1 and not p as an actual parameter. <

After creating the cal sites, redundant formal parameters that
are not used by the advice can be cleaned up. For example, after
this redundancy removal, the parameter list for around2 is (int
argl, int arg3, int arg4, Point p, int dv).

3.4 Datafor Placeholder Decision Nodes

For a placeholder decision node that guards a call-site node for an
advice, we need to associate the data that contributes to the deci-
sion making. This, of course, is essential for subsequent dataflow
analysis. There are two kinds of placeholder decision nodes: (1)
a shadow-based selection decision node in an around-advice (e.g.,
switch (dv) intheexamplefrom above), and (2) adecision node
that guards adynamic advice. For thefirst kind of node, the associ-
ated dataisthe decision-value formal parameter dv. For the second
kind, there has to be a run-time condition specifier pointcut associ-
ated with the dynamic advice that the node guards. The discussion
below considers each pointcut designator that defines a run-time
condition, and the data that should be associated with the corre-
sponding placeholder decision node.

Asshown in Table 1, there are eight kinds of condition-specifier
pointcut designators in Aspectd. For within and withincode,
one can statically determine if the pointcut matches. Hence, they
do not contribute to making the run-time decision of whether or
not an advice executes. For target and args, which are also
data-exposer designators, the needed data are the parameters that
the pointcut specifies. A this pointcut designator indicates that
the receiver object at the shadow call site must be an instance of
the type specified by the pointcut; the data that is needed for the
decision is a reference to this receiver object. The 1 £ pointcut can
only reference parameters which are introduced by one or more
data-exposer pointcuts. Hence, the data for the decision are again
the parameters specified by target and/or args pointcuts. For
cflow and cflowbelow, there does not exist an explicit value
that affects decision making. Our tool currently ignores these two
kinds of pointcuts; future work will have to develop static analysis
techniques for handling such pointcuts. Finally, for a composite
pointcut, the needed data is the union of the data for its component
primitive pointcut designators.

» Example. Consider the decision node in ph_root that
guards the cal to aroundl (shown in Figure 3). The run-time
condition specifier in aroundl’s setter pointcut (line 15 in
Figure2) istarget. Therefore, the data that should be associated
with this decision istheformal of ph_root that corresponds to the
receiver object — that is, formal parameter arg0. «

4. Object Effect Analysis

The proposed program representation enables avariety of interpro-
cedural static analyses. Based on this representation, we propose
anovel object effect analysis that computes regular expressions to
summarize, for each shadow, the field access and method invoca-
tion effects of the corresponding interaction graph upon the objects
that are passed into the advices from the based code.

» Example. For shadow p.setX (6) at line 19 in Figure 1,
there is only one reference-typed parameter arg0 passed to its
ph_root placeholder method. Hence, for this shadow, we gener-
ate regular expressions only for arg0. Our analysis computes two
regular expressions for the corresponding object:

(reset|e)((setX |e€)|(getX ((setX |e)|(setRectangular|e))))

((wawy)[e)((wze)|(rz ((wae) |(wawy)[€)))))

The first expression summarizes the method invocation sequence
on the object referred to by arg0, and the second one summarizes
the field read/write sequence (i.e., the access path) on arg0 (waq
and g4 represent a write effect and a read effect on a field fid).
These regular expressions encode the paths along which all poten-
tial states of the object in this |G can be reached. Thisinformation
can be used directly to check certain temporal properties, such as
typestate-based object protocols (e.g., similarly to [11, 10, 13] for
non-aspect-oriented languages). «

4.1 Dataflow Problem

At the core of the effect analysis is a context-sensitive, flow-
sensitive must-alias analysis that identifies, for each reference-
typed formal parameter of a ph_root method, a set of variables
in the corresponding interaction graph that must point to the same
object as the formal parameter does. The must-alias information
provided by the analysis enables strong updates at assignments and
operations via pointers, and therefore can be used to verify many
typestate properties that cannot be verified using may-alias infor-
mation. The regular expressions produced by our analysis may
miss effects that could occur on an object of interest. However,
using must-occurring events contained in the expressions can elim-
inate false positives, and thus improve the precision and real-world
usefulness of error detection. In fact, similar approaches based on
must-aliasinformation have been used in reverse engineering tools
[24] and in verification tools[11, 10, 13].

Lattice and transfer functions. We define a lattice of values
to state the dataflow problem. Each reference-typed forma f of a
ph_root method corresponds to a distinct lattice element I; this
lattice element represents the value of f upon entry to ph_root.
The lattice also contains a top element T and a bottom element
1. The lattice for shadow p.setX (6) (i.e, for ph_root1l in
Figure 4) is{T,largo, L}. The god of the analysis isto associate
|attice elements with different variables in the corresponding 1G.

If L isassociated with some variable v, this means that v could
refer to more than one object, or to an object that is not passed in
at ph_root. In Figure 4, p1 in around?2 has this property: L is
associated with this variable, which shows that p1 is not included
in the must-alias set of argo.

The partial order in thelatticeis L < ; < T, and the meet op-
eration A isdefined asfollows. 2 AL = L,z AT =z, 2 Az =1z,



and x Ay = L for x # y. The meet operation is used by the anal-
ysis to merge information about values that are propagated along
different execution paths. In particular, consider the last rule. If a
variable may refer to one object along one execution path, and to
another object along a different execution path, the variableis asso-
ciated with L. Thisresembles constant propagation analysis, which
determines expressions that definitely have the same value along all
execution paths; similarly, our analysis determines variables that
are guaranteed, along all execution paths, to refer to the object that
aparticular formal parameter referred to at the entry of ph_root.

We associateamap S, : V' — L with each ICFG node n; here
V' isthe set of variables in the IG, and L is the lattice described
earlier. If S, (v) is some lattice element other than T and L, the
value of v immediately before the execution of n is guaranteed
to be the unique object corresponding to that element. A value
Sn(v) = L shows that the analysis could not determine that v
refers only to a particular object represented by a single lattice
element. In the beginning of the analysis S,,(v) = T for dl n
and v, indicating that no aliasinformation is currently known.

The effects of |CFG nodes on the solution can be represented by
dataflow transfer functions. For each node n, the analysis defines a
function f,, : (V — L) — (V — L). If S provides information
about the values of variables immediately before n, f,,(S) shows
the values immediately after n. Forany S : V. — L, we will use
the notation S[v — ] to denote a new map that is the same as S
except for the value associated with v € V, which is changed to
l € L. The key transfer functions are as follows:

o for vy = va: fn(S) = S[vr — S(v2)]
o for vy = va. fld: frn(S) = S[v1 — L]
o forvi.fld = va: fu(S) =S

o for vy = new X: fn(S) = S[vy — 1]
e for callsand returns: discussed below
o for other nodes: f,,(S) = S

For an assignment v; = w3, the analysis propagates the current
value of v to v1. When the value is obtained through an object
field in v1 = wvs.fld, a conservative assumption is made that any
object reference could be assigned to v;, and therefore L is propa
gated. More precise treatment of field reads and writesis also im-
plemented in our analysis, by iteratively creating additional lattice
elementsfor field dereferences (e.g., lattice elements org0. a1 . ia2)-
Due to space limitations, we do not provide the details of this en-
hancement. Conceptually, if v, can be decided to point to a unique
object at anode v; = vs.fld, we create alattice element for v2.fld
and propagate this lattice element to subsequent CFG nodes. The
standard k-limiting approach is used in our implementation (with
k = 3 used for the experimental study) to limit the level of field
dereferences to be analyzed.

Thetransfer function f, for apath p in the ICFG is the compo-
sition of the functions for the nodes and the interprocedural edges
on the path. Not all ICFG paths represent possible executions. A
valid path has interprocedural edges that are properly matched:
each (exit, return-site) edge is matched correctly with the last un-
matched (call-site, entry) edge on the path, in the sense that both
edges correspond to the same call site. The precise solution of the
dataflow problem isdefined with respect to the set of all valid paths.

The meet-over-all-valid-paths solution MV P,, for node n de-
scribes the variable values immediately before the execution of n.
This solution is defined as

MVP, = N\ fo(MVP i)

pE VP (n)

where entry isthe entry node of ph_root, and VP(n) is the set
of al valid paths p leading from entry to n. For any reference-

typed formal f of ph_root with a corresponding lattice element
Lty MVP eniry(f) = ;. Foral other v € V, MVPepiry(v) = T
indicating that currently there is no information about v.

4.2 AnalysisAlgorithm

The dataflow problem presented in the previous subsection isan ex-
ample of an interprocedural distributive environment (IDE) prob-
lem. In IDE problems, the information at a program point is rep-
resented by a map from symbols to lattice elements. Sagiv et al.
[25] define agenera approach for solving such problems precisely.
We have instantiated their approach to apply to the problem under
consideration. The resulting flow- and context-sensitive algorithm,
described in this section, is provably precise in the sense of com-
puting the meet-over-all-valid-paths solution for each node.

Phase 1: Relate formals to variables. The first phase of the
analysis computes, for each method reachable from a ph_root
method, information that relates the values of loca variables to
the values of the formal parameters of this method. For each node
n and local variable v, the analysis computes a set F,(v) that
contains formal parameters of n’'s method that v may be aliased to
immediately after n. These sets are propagated along ICFG paths
in the method. If at n variable v is assigned values that cannot
dias a formal parameter, F,(v) = {L}. The meet operation is
performed at control-flow joint point: if node n does not assign
avaue to v, and any incoming F, (v) contains L, the resulting
F,(v) must contain only _L; if none of the incoming sets F;,, (v)
contains L, theresulting Fi,(v) = UJ,, Fn, (v). Here at node n we
have to preserve al possible formal pérameters that v may dias at
predecessor nodes n;, because at this time there is no knowledge
of the potential aliasing relationships among formal parameters of
this method.

If n is areturn statement, v is the value that is returned, and
F,,(v) does not contain L, F;,(v) is added to a set SF (short for
“summary function”) for this method. This set encodes a dataflow
summary function in the classical sense of the functional approach
for interprocedural analysis by Sharir and Pnueli [26]. In thisphase,
the analysis considers the strongly-connected-components (SCC)
in the call graph and performs a bottom-up processing of the SCC-
DAG. If n isacal site of theform v = o.m(a1, az,...,an), we
consult the sets SF' of the possible target methods that could be
caled by this site, and find a set of actual parameters AP that
correspond to the formals contained in these SF' sets. For each
actual a; € AP, Fy,(v) is updated with set F, (a;). Again, if any
F,(a;) contains L, the resulting F;, (v) containsonly L.

Phase 2: Propagation of |attice elements. This phase of theal-
gorithm propagates information from callers to callees. Let S, (v)
be the lattice element associated with v immediately before node
n. If n isacall node at which v is used as an actud, the value of
S (v) is propagated to the corresponding formal(s) of the callee
method(s). When amethod is processed, for each node n and vari-
able v, wereplace the formal parameter(s) in F}, (v) with the corre-
sponding lattice element(s). If eventually F,, (v) contains more than
one |attice elements, the meet operation is performed on the entire
set and the resulting lattice element is used to update .S, (v).

Phase 3: Effect graph building and summary generation.
This phase of the analysis performs a depth-first traversal of the
ICFG starting from each ph_root method, and removes nodes that
do not read/write a field or invoke a method on a local variable
with which a non-_L lattice element is associated. The resulting
pruned ICFG is an effect graph. This graph is essentially a finite
state automaton that encodes all reachable states of the objects that
flow into this interaction graph. By computing SCCs and bottom-
up traversing the SCC-DAGs in an effect graph, we are able to
generate regular expressions (as shown in the earlier example) for
each incoming object.
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5. Slicing AspectJ Programs

This section outlines a program dlicing technique for AspectJ pro-
gram, as a second proof-of-concept analysis. The dependence anal-
ysis used in this technique is another representative of flow- and
context-sensitive dataflow analysis algorithms; all such algorithms
reguire the information described in Section 3. Our goal is not to
define acomplete slicer for AspectJ, but rather to show that the pro-
posed representation contains all necessary information to perform
interprocedural dependence analysis. Thus, the analysis is simpli-
fied intwo ways: (1) it uses afield-based approach that treats all oc-
currences of the same instance field as aliases, without considering
the base object in which the field is contained, and (2) it does not
take into consideration the effects of library calls. Call and return
edges are determined using class hierarchy analysis. A conservative
intraprocedural points-to analysis is used to refine the resolution of
virtual calls and to eliminate certain spurious data dependencies.

Building the system dependence graph (SDG). Given the
control- and data-flow representation, the SDG of an AspectJ pro-
gram can be constructed relatively easily. The SDG contains data-
dependence and control-dependence edges between ICFG nodes,
together with special nodes and edges to represent the effects of
calls. We use the standard algorithm by Horwitz et a. [16] to build
the SDG. A key feature of this algorithm is the computation of
summary edges that represent transitive dependencies along same-
level valid ICFG paths [25]. Such edges are constructed through a
bottom-up traversal of the call graph, using the dependence infor-
mation for a callee to construct the summary edgesin acaller.

A decision node is created for each virtua call site; each
control-dependence edge leaving this node goes to a call-site node
for a possible method that could be invoked at run time. For these
and other placeholder decision nodes, the variable associated with
the node is considered used (i.e., read).

[ Program | #LOC | #Versions | #Methods | #Shadows |
bean 296 7 40 11
tracing 1059 7 44 32
telecom 870 7 96 19
quicksort | 111 3 18 15
nullcheck | 2991 5 196 146
lod 3075 3 220 1103
dcm 3423 4 249 359
spacewar 3053 1 288 369

Table 2. Analyzed programs

» Example. Figure 5 illustrates a partial SDG for the running
example, again with focus on shadow p . setX (6) . Since relevant
data is associated with placeholder decision nodes, the algorithm
can take into account the data dependencies between such nodes
and the nodes that define the data. For example, the proceed-
selection decision node 2 in the SDG is data dependent on the
formal dv. Similarly, decision node 7 is data dependent on formal
f1_in, which is areference to the receiver object of the crosscut
cal site, because this node represents the target pointcut that
guards the execution of advice afterl. «

Slicing AspectJ Software. Standard graph-reachbility-based
dlicing [16] can be directly applied to the SDG. Each statement in
the source code of an AspectJ program, except callsto proceed,
corresponds to a unique node in the ICFG. Therefore, for comput-
ing aforward or backward slice for any non-proceed statement,
the dlicing algorithm is executed starting from the corresponding
ICFG node. A cal to proceed in an around-advice may corre-
spond to agroup of call-site nodes in the ICFG, each of which calls
aph_proceed method for one shadow. In thiscase asliceis com-
puted for each call-site node, and the slice union is taken.

6. Experimental Evaluation

To evaluate the proposed techniques, we performed a study which
focused on the following research questions:

e What are the ICFG and SDG sizes observed for our approach,
compared to using the woven bytecode?

e What is the cost of building the representation?

e How many |G variables are determined to refer to objects flow-
ing to advices, and what isthe cost of the effect analysis?

o What isthe effect of our approach on dlice size and computation
time, compared to slicing on the woven bytecode?

Implementation. We have implemented the analyses in our
AJANA analysis framework, built on top of the abc Aspectd com-
piler [1]; details on the weaving performed by abc can be found
in [4]. AJANA uses the Jimple intermediate representation pro-
duced by the static weaving component of the compiler, before the
actual advice weaving process starts. At this point the inter-type
fields and methods introduced by aspects have been added to their
host classes, and static shadows have been identified, which signif-
icantly facilitates our analyses.

Programs. Our study used the eight AspectJ programs shown in
Table 2. Thefirst seven program were used in our previous work to
evaluate atechnique for regression test selection [33]; in that work,
the origina version of each program was used as basis to create
several modified versions. The last benchmark was taken from the
AspectJ example package. This group of benchmarks has also been
used by other researchers[32, 12]. For each program, Table 2 shows
the number of lines of code, methods, and shadows in the original
version, plus the number of modified versions. Considering the
different versions of the same program, the study used a total of
37 experimental subjects. All experiments were performed on aPC
with an Intel Xeon 2.8GHz CPU, and run with 512M heap size.
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6.1 Study 1: ICFG and SDG Size and Cost

Our first study investigated the sizes of the ICFG and the SDG.
Figure 6 compares the graphs constructed by AJANA using the pro-
posed representation and the graphs constructed from the woven
bytecode. Nodes in both types of ICFGs corresponded to Jimple
statements. The figure shows the number of |CFG edges, the num-
ber of SDG control-dependence edges, and the number of SDG
data-dependence edges. These results were obtained by running
abc with advice inlining enabled. We consider edges rather than
nodes, because the number of edges is amore important factor that
affects the running time of subsequent interprocedural analyses.

For some simple program versions (e.g., for benchmarks bean
and telecom), our approach produces more ICFG edges. We in-
vestigated these occurrences, and determined that in these versions
some advice bodies contain only afew statements, and the weaving
process inlines these bodies at their shadows. In these cases, inlin-
ing eliminates interprocedural edges that are explicit in our repre-
sentation. Except for such cases, the number of ICFG edges in our
representation islower — in many cases, by at least afactor of two
(eg., for tracing. 7 and al versions of dcm).

For most versions, the SDGs built by our technique have slightly
more control-dependence edges, due to the artificia decision
nodes. On the other hand, the number of SDG data-dependence
edges constructed from the woven bytecode is often dramatically
higher that the corresponding number in AJANA. For example, this
number is more than 7 times higher for nullcheck. 5, and more
than 30 times higher for two versions of 1od. We inspected the
versions with significant differences, and found that al of them
contain around-advices, and many of these advices crosscut every
cal site in the base program. In such cases, any interprocedural
analysis influenced by data dependencies is likely to incur signifi-
cant overhead unless it employs our representation.

The algorithm for building the control- and data-flow rep-
resentation runs in practical time. For example, for programs
nullcheck, lod, decm and spacewar, which are the largest
among the eight benchmarks, our anaysis ran in 156.4, 159.4,

417.7, and 250 ms respectively, whereas the corresponding times
for ICFG building from the woven bytecode were 122.0, 122.0,
535.5, and 110 ms. Even though our approach can be a bit slower,
these differences are offset by savingsin the subsequent analyses.

In addition to size and cost, another significant benefit of our
representation isitsindependence from the particul ar weaving tech-
niques used to create the final Java bytecode. Such independence
has critical advantages when relating the analysis resultsto the orig-
inal program (e.g., intools for software understanding and testing),
and when considering different weaving compilers or different ver-
sions of the same compiler.

6.2 Study 2: Slicing

Our second study investigated the effect of our techniques on the
computation of dlices for AspectJ programs. One of the major mo-
tivations of computing a slice for a program entity is to understand
its dependencies on other program entities. Consider adice S and
the set of al SDG nodesincluded in S. From the point of view of a
programmer, only nodes that correspond to entities from the orig-
inal program source code are of any relevance for program under-
standing through slicing. Therefore, an interesting question is the
following: how many SDG nodes in S correspond to statements
in the original AspectJ code? We will refer to the number of such
nodes, relative to the total number of nodes in S, as the relevance
ratio of the dlice.

In this study we ran the standard slicing algorithm [16] on the
SDG built by AiaNA and on the SDG built from the woven byte-
code. For each benchmark, we choose the versions that contained
the most complex advice interactions. We computed aslicefor each
node in the SDGs of these versions, and determined the relevance
ratiosfor all slices. Table 3(a) summarizes the results of this exper-
iment. Column “Ver” shows the program versions that were used.
Column “Size’ contains the average number of nodesin adlice; a
slash “/" separates the result obtained with our representation from
the one obtained with the woven bytecode. Using a similar format,
column “RelRat” shows the average value of the relevance ratios

1These times are the averages across all program versions.



Program Ver (a) (b) (©
Size (nodes) | RelRat (%) [ Time (sec) #EG nodes | #EG edges | Precision (%) [ Time (sec) Nodes (%)

bean v4 367/ 618 98.2/54.7 22126 228 302 100 0.14 56.3
tracing v7 829/ 1443 98.7/77.2 5.8/24.2 56 73 100 0.47 35.3
telecom v7 387/230 98.5/85.3 20/13 74 96 100 0.19 100
quicksort v2 309/ 325 98.0/44.5 0.3/0.8 100 142 100 0.19 75
nullcheck | v2 836 / 5852 97.8/37.7 15.9/542.7 229 349 100 27.48 1.3

V5 331377203 | 96.1746.0 | 21.1/762.1 388 589 100 154.84 0.8
lod vl 926 / 3593 97.2/649 | 32.0/105.1 11 12 92.3 1.63 100

v2 652/ 3623 97.9/60.1 21.27956.7 10 12 914 5.36 100
dem v2 1444 | 8654 98.2/44.3 19.7/1011.7 44 54 0 9.91 7.7
Spacewar vl 169/ 1687 97.6/68.6 3.9/62.8 39 50 76 0.45 15.7

Table 3. (a) Slice size, relevance ratio, and dlicing time; (b) Effect graph size, precision, and analysis running time; (c) Number of ICFG
nodes in our representation of around-advices, relative to a cloning approach

for the computed slices, and column “Time” shows the total time
of the compuitation, including SDG building.

For calculating the relevance ratios of the dlices, the key is to
determine the set of SDG nodes that do not have corresponding
statements in the AspectJ source code. For slices based on our rep-
resentation, these nodes are all placeholder decision nodes as well
as all call-site and return-site nodes for placeholder methods. For
dlices based on the woven bytecode, it is not obvious how to iden-
tify such nodes, due to the difficulty in establishing a map between
the source code and the woven code. As a conservative approxima:
tion, we define this set to contain al nodes in compiler-introduced
methods. In fact, the relevance ratios shown in Table 3(a) may be
too high for the bytecode-based approach, because even in methods
whose declarations are not changed by the compiler there may be
compiler-introduced statements.

Clearly, our technique achieves significantly better relevance
ratios, which means that the slices it computes are much closer
to the original AspectJ source code. Furthermore, for all programs
except telecom, smaller dices are built and the running time for
SDG building and slicing is reduced. Especially for large programs
(such as the last four), our technique achieves impressive time
savings. We manually inspected the woven bytecode for telecom
and determined that inlining done by the weaving process was the
reason for the observed cost of SDG construction and slicing.

6.3 Study 3: Effect Analysis

The third study investigated the object effect analysis, using the
same program versions. For each ph_root method, we ran the ef-
fect analysis for each of its reference-typed formal parameters, and
generated regular expressions. Table 3(b) shows the results from
this experiment. Columns “#EG nodes’ and “#EG edges’ show
the average number, across shadows, of nodes and edges in the ef-
fect graph. Column “Precision” shows ratios between the number
of EG nodes for our must-alias-based analysis, and the number of
EG nodes for an artificial may-alias-based analysis which was de-
fined for the purposes of evaluating the precision of the must-alias
information. The may-alias analysis is a modification of the must-
aliasanalysis, and itsresults provide aconservative overapproxima-
tion (i.e., an upper bound) of possible effects. For most programs,
the must-alias-based effect analysis achieves perfect precision. The
main reason isthat an advice body isusually fairly simple— it con-
tains much fewer control flow paths compared to a Java method.
Note that performing such an effect analysis on the woven
bytecode is clearly infeasible. For example, inlining of advicesinto
the base code makes an advice a part of the base code. As another
example, an around-advice could be broken up into multiple pieces,
which are scattered in both the base class and the advice class.
Such compiler-specific weaving rules make it extremely difficult
for a non-compiler-designer to distinguish between the base code
and advices in the woven Java bytecode. Also note that these

results were obtained by analyzing the entire interaction graph,
rather than a single advice. The analysis of a single advice is not
sufficient to provide precise information about its behavior, because
its execution is often tied with the execution of other advices.

The running times shown in Table 3(b) include the time used
to build the representation together with the execution time of the
effect analysis. Clearly, this cost is practical.

Representation of around-advices. Our approach merges the
representations of multiple around-advices, as described in Sec-
tion 3.3. An adternative solution would be to replicate the CFG of
an around-advice for each shadow that the advice matches, result-
ing in a body-cloning-based representation. Table 3(c) shows the
ratios between the number of |CFG nodes in our representation of
around-advices, and the corresponding number in a cloning repre-
sentation. For some programs (e.g., telecom) our representation
does not achieve any reduction, because these programs either do
not have around-advices, or an around-advice can apply at only one
shadow. For other programs, significant differences can be seen.
For example, nullcheck.5 has only one around-advice, but it
can apply at 274 shadows in the program. Cloning the advice body
per shadow leads to an extremely large ICFG for this program. Al-
though the proposed representation of around-advicesiscompact, it
can cause propagation along unrealizable paths during a subsequent
static analysis. This problem can be solved by using a “shadow-
sensitive” analysis that associates a call to proceed with a spe-
cific shadow that the call invokes, by propagating interprocedurally
the constant values of variables dv.

Conclusions. For analyzing AspectJ software, especially larger
non-toy AspectJ applications, the source-code-based representation
proposed in this paper is practical to build, easier to understand,
contains significantly fewer nodes and edges, enables pre-weaving
analysis of interactions between base code and advices, and can
dramatically speed up subsequent dataflow analyses. These results
strongly indicate that such a representation could serve as starting
point for future work on adapting existing dataflow analysesto As-
pectJ, and on defining new analyses for AspectJ-specific problems.

7. Related Work

Static analysis of AOP software. The abc compiler group [1] de-
veloped the AspectBench Compiler for AspectJ, which provides a
variety of static analyses and optimizations|[3, 4, 6]. Their work fo-
cuses on optimizations of the generated bytecode to reduce execu-
tion overhead, whereas the focus of our work is representation and
optimization at the source-code level abstracting away compiler-
specific details, in order to facilitate high-level program analysis
and program understanding. We implemented the AJANA frame-
work as an extension to the abc compiler, building the ICFG be-
tween the static weaving phase and the advice weaving phase.
Rinard et a. [23] present a classification of the interactions be-
tween methods and advices. This classification enables develop-



ers to recognize interaction patterns that support modular reason-
ing and to focus on the causes of potentially non-modular inter-
actions, by employing an existing compositional pointer and es-
cape analysis [31]. However, their work analyzes a single advice,
whereas our approach analyzes the entire interaction graph, and
therefore achieves higher precision in modeling the behavior of
multiple interacting advices. Zhao defines control-flow representa-
tions for a variety of testing and analysis tasks for aspect-oriented
programs [36, 34, 35, 37]. However, the proposed models do not
consider more complex situations such as multiple advices per join
point, or dynamic advices. Our previous work proposed a static
control-flow model for AspectJ software [33] which serves as the
basis for the ICFG used in this paper. However, this approach did
not include any data-flow representation that could be used for
dataflow analysis.

Interprocedural dataflow analysis. The theoretical founda-
tions for interprocedura dataflow analysis have been investigated
extensively (e.g., [26, 21, 25]). Both the object effect analysis and
the dependence analysis described earlier are examples of IDE
analyses. In the Java community, dataflow analysis has been widely
used for compiler optimizations (e.g., [28]), software verification
(e.g., [13, 11, 9]), program understanding (e.g., [24]), and error
detection (e.g., [20, 8]). As more large-scale aspect-oriented pro-
gramsare being devel oped and employed for real-world use, adopt-
ing these existing techniques by the aspect-oriented community can
benefit numerous compiler construction and software engineering
tasks. The work presented in this paper is a step towards applying
these techniques to AspectJ software.

There is alarge body of work on static slicing [29]. The tradi-
tional SDG-based interprocedural slicing algorithm was proposed
by Horwitz at a. [16]. Later work addresses the dlicing of object-
oriented software (e.g., [19]) and of programswith arbitrary control
flow (e.g., [27]). Slicing agorithms for aspect-oriented programs
were proposed, for example, in [35, 17]. Unlike our work, these
efforts do not consider the full complexity of the flow of control
and data at join points, or the generality of Aspectd language fea
tures. Furthermore, it is not clear how interprocedural dependence
analysis would be performed. Our work defines and evaluates ex-
perimentally a general program representation which can be used
for dependence analysis and for a variety of other interprocedural
analyses (e.g., IDE analyses [25]).

8. Conclusions

This paper describes an approach for constructing a static control-
and data-flow representation for Aspect] software. This source-
code-based technique makes explicit the data exposed during inter-
actions at join points. We use effect analysis, dependence analysis,
and dlicing as representative client analyses for the proposed ap-
proach. Our experiments clearly show that, compared to analysis of
the woven bytecode, this representation is better suited as founda-
tion for subsequent static analyses. We a so propose a novel effect
analysis for understanding and checking of typestate properties of
the behavioral effects of multiple interacting advices on incoming
objects from the base program. Thiswork creates promising oppor-
tunities for future work on adapting many existing Java analyses to
Aspect], and on designing novel AspectJ-specific analyses, for use
in varioustools for program comprehension, impact anaysis, type-
state verification, and software testing.
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