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ABSTRACT

We investigate potential uses of aspect-oriented program-
ming in the context of object-oriented C++ frameworks
used in the development of VLSI CAD applications. We use
existing applications to explore the use of different kinds of
aspects. We differentiate between framework-based aspects
and application-specific aspects. Framework-based aspects
modularize cross-cutting code based on how an application
uses or extends an object-oriented framework. We propose
the use of a library of framework-based aspects that can be
developed for and leveraged across a family of framework-
based applications. Application-specific aspects allow mod-
ularizing existing cross-cutting code in VLSI CAD applica-
tions. Preliminary results for each type of aspect are pre-
sented, along with challenges in identifying and using as-
pects.

Categories and Subject Descriptors

D.2.2 [Software Engineering|: Design Tools and Tech-
niques; D.2.3 [Software Engineering]: Coding tools and
techniques; D.2.13 [Software Engineering]: Reusable Soft-
ware—Domain engineering, Reusable libraries

Keywords

Aspect-oriented programming, AspectC++, Object-oriented
frameworks

1. INTRODUCTION

Object-oriented frameworks are important for the devel-
opment of large-scale industrial applications because they
provide a common library of functionality (by defining an
application programming interface or API) and an object-
oriented model of the domain (as a set of class hierarchies
that can be extended) [30]. Object-oriented frameworks typ-
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ically provide classes that application developers can use di-
rectly, or reuse through object-oriented mechanisms such as
composition, inheritance, and polymorphism [27]. Aspect-
oriented programming can complement object-oriented pro-
gramming by modularizing cross-cutting concerns that do
not fit into inheritance hierarchies or procedural program-
ming. As Kiczales et al. [17] state, “the central idea of
AOP is that while the hierarchical modularly mechanisms
of object-oriented languages are extremely useful, they are
inherently unable to modularize all concerns of interest in
complex systems”.

We are investigating potential uses of aspect-oriented pro-
gramming in the context of object-oriented C++ frame-
works. The framework being studied is an object-oriented
C++ framework used in the development of VL.SI CAD ap-
plications at Hewlett-Packard. Existing framework-based
C++ applications are of interest for two reasons. First,
using existing applications can help understand the types
of cross-cutting concerns that exist in legacy C++ software,
which is often a mix of object-oriented and procedural styles.
Second, maintenance of existing application software is a key
part of the lifecycle of industrial applications, with practi-
tioners reporting that it consumes more time and more re-
sources than any other part of the software lifecycle [31].
We are studying multiple framework-based applications to
identify common aspects used by many frameworks.

This paper reports on the results of identifying aspects in
two framework-based applications. We have identified two
types of aspects: framework-based aspects and application-
specific aspects. Framework-based aspects modularize cross-
cutting concerns that are based on not only the applica-
tion structure, but also how an application uses the frame-
work classes and API. Application-specific aspects represent
cross-cutting concerns that exist in these C++ applications
but do not use classes or methods of the object-oriented
framework. For the aspects identified, we report on the ben-
efits (code reduction, increased modularity, improved defect
detection) as well as some potential drawbacks of refactor-
ing applications to use aspects. Aspects that use framework
calls or framework-based pointcuts can be grouped together
as an aspect library that is associated with the framework.

The remainder of the paper is structured as follows. Sec-
tion 2 describes the process used for identifying aspects for
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applications that were studied and the framework they are
based upon. Section 4 details an aspect created for de-



bugging a framework-based application. In Section 5, we
describe an extra-functional Timing aspect. Section 6 dis-
cusses refactoring a large application to use a policy en-
forcement aspect. A discussion of aspects and frameworks
is provided in Section 7. Related work is reviewed in Section
8, followed by our conclusions in Section 9.

2. |IDENTIFICATION OF ASPECTS

Aspects are typically associated with duplicated (or very
similar) code that is scattered throughout an application
and tangled with its local context [18]. These duplicates are
often a good starting point for identifying framework-based
aspects and application-specific aspects.

Framework-based aspects may also be based on framework
extension points. These extension points include framework
classes that applications commonly extend to form class hi-
erarchies, callbacks that applications can use to register code
to be called when certain events occur, and functors (func-
tion objects) that can be overridden to provide application-
specific behavior in framework code. Framework documen-
tation typically identifies expected extension points for ap-
plication developers. Coady and Kiczales [6] reported im-
proved modularity and maintainability when aspects were
used to implement extension points in operating systems
code. Since extension points are used in many applications
and may be tangled with application-specific code, they may
be good candidates for searching for framework-based as-
pects.

The design documents and source code of an application
can be inspected for classes that are infrastructure-related
(e.g., logging, memory management, performance monitor-
ing), rather than directly related to the main functionality
(VLSI CAD) of the application [14]. Since infrastructure-
related classes typically affect many parts of an applica-
tion, they are candidates for aspectualizing. Infrastructure-
related aspects could be application-specific, or they could
be framework-based if they modularize cross-cutting con-
cerns related to how an application uses the framework.

Once we identify a concern that might be better modu-
larized as an aspect, simple tools such as code browsers and
Unix utilities like grep can be used to quickly find other oc-
currences of similar or related code to see if it is really cross-
cutting. For example, if a logging class is used, we can grep
all files for its type name (e.g. “grep CadLogger *.cc”). This
has limitations, since grep considers one line at a time. For
example, we cannot use grep to find occurrences of two class
names within 3 lines of one another without using a complex
script. In addition, grep is purely text based, while many
code editors (e.g. Eclipse', SlickEdit?) can display syntactic
relationships for an entire project, such as class diagrams,
function calls, and method calls. Visualizing more complex
relationships can help identify methods that are called in
many places or span hierarchies, and can also help deter-
mine if a concern is scattered enough to warrant creating an
aspect.

Because of the large size and long weave-times associated
with the framework-based applications we are studying, we
have adopted a test-driven process that uses mock systems
to prototype aspects before applying them to an application
[25]. After prototyping an aspect with a small mock system,
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we refactor the application itself and run existing application
tests to ensure the change has the desired effect.

The refactoring process can be summarized with the fol-
lowing steps:

1. Review framework documentation for extension points.
2. Inspect application code for duplicate, tangled code.

3. Identify any infrastructure-related code that may cross-
cut many applications.

4. For each aspect, use a small mock system to develop
and test a prototype.

5. Refactor the application to use the aspect.

6. Run application regression tests.

7. To enable reuse, create abstract and concrete aspect.
8. Add framework-based aspects to aspect library.

Application-specific aspects also use the above steps, except
for the first one. Since all of our applications are in the
VLSI CAD domain, even application-specific aspects could
be considered for library inclusion, since they may be usable
by other applications in this domain.

Like traditional refactoring, the aspects are intended to
preserve the behavior or intent of the program constructs
[11]. The aspects will become part of a framework-based
aspect library that we are developing. In order for aspects to
be usable by other applications, an abstract aspect is created
for the library. An abstract aspect has a virtual, abstract
pointcut, and may have virtual methods that are called by
the advice. The application uses a concrete extension of this
aspect.

We have identified both production aspects and develop-
mental aspects [19]. Developmental aspects are used for
testing, profiling, tracing, or debugging an application, but
are not part of the production system. Production aspects
are required for the application to function properly and are
delivered as part of the system.

3. APPLICATIONS AND FRAMEWORK

We have studied two applications: PowerAnalyzer and
ErcChecker. We describe each briefly, since all aspects in
this paper were created refactoring these applications. Both
use an object-oriented VLSI CAD framework developed at
Hewlett-Packard. The framework provides a class hierarchy
for the domain of electric circuits, as well as parsers for com-
mon file formats, collection classes and iterators, and utility
classes for performing common operations. The framework
uses inheritance, including mixin classes, to provide many
concrete classes and allow developers to create their own
extension classes.

The PowerAnalyzer tool is used for estimating power dis-
sipation of electrical circuits. It consists of about 12,000
lines of C++ code. Power dissipation results from switching
power (signals changing from 0 to 1 or vice-versa) and from
static leakage power (current that leaks away even when
signals are not changing). The PowerAnalyzer tool is com-
posed of 3 related executables: PowerSrc, PowerCap, and
PowerEst. PowerSrc checks the structure of the circuit and
ensures that all needed connectivity and electrical data is
available. PowerCap is used to calculate capacitance since



power switching power is proportional to capacitance. Pow-
erEst reads data generated by the PowerSrc and PowerCap
programs and generates a power estimate for each signal of a
block. All three programs use an application-specific library
of common functions and classes (1ibPower) in addition to
using the HP VLSI framework. Because they are not vari-
ants of the same program, they are not a product line, but
instead constitute a product family [4]. The use of several
small, focused programs is a common design style for Unix
programs [13].

Electrical Rules Checking (ERC) systems automate a num-
ber of electrical circuit checks. Example checks include
checking for proper transistor ratios between the pull-up
and pull-down transistors of an inverter, checking for fan-
out limits, or checking for drive strength problems [26]. An
ERC checking tool typically performs many types of checks
on a circuit, reporting violations to the circuit designer. In
order to understand (and ultimately correct) the violation,
the user (a circuit designer) needs access to contextual cir-
cuit data, which the tool displays and writes to a log file.
The ErcChecker tool consists of approximately 80,000 lines
C++ code.

4. A DEBUGGING ASPECT

The first aspect identified is a development aspect used
in debugging the applicaton’s use of the framework. Vali-
dation and defect removal have been identified as challenges
of using frameworks, since it can be difficult to determine
if a fault is due to a defect in the application, unexpected
interactions between framework code and application code,
or a defect in the framework [27].

The PowerAnalyzer tool, like many VLSI CAD applica-
tions, invokes framework methods to create a large graph
(based on framework classes) that represents circuit ele-
ments (transistors, capacitors), circuit connectivity between
these elements (called nets or nodes), and other properties.
It then populates the graph with additional data and manip-
ulates it. Framework-provided iterators are used to traverse
and explore the electrical circuit (also called a design).

During development of the Power Analyzer, the framework
indicated there was an unrecoverable error due to incor-
rect internal framework state. The framework code printed
the name of the framework method being called and exited.
Calling exit () in a C++ library makes debugging difficult
since program state information is not captured before ex-
iting. Although the framework error message included the
name of the method that exited, the application had many
places where iterators were used. Further complicating this
was the fact that the framework provides many types of it-
erators (e.g. iterate over all nets in a component, iterate
over all instances in a component, iterate over all ports of a
net) that share a common base class, and the error message
was generated from the base class.

Initially, we used the brute force approach of adding print
statements to record the last call before exit() was called.
This required modifying 18 locations in 4 files, finding the
defect and fixing it, and removing the 18 modifications from
the 4 files. By contrast, the same effect is achieved by a
single aspect in AspectC++. The CadTrace aspect, shown
below, utilizes the fact that all the framework iterators pro-
vide a Reset () method that is called to start the iteration
of elements when tracing all framework iterator uses by the
application:

#include <iostream>
using namespace std;
aspect CadTrace {
advice call("} %Iter::Reset(...)\")
: before() {
cerr << "about to call Iter::Reset for "
<< JoinPoint::signature() << endl;
}
};

Because AspectC++ is a source-to-source translator, we
created a separate libPower library that has the tracing
enabled. Rather than having to unplug and plug in the
aspect, we can link against the original code or the woven
code to enable and disable tracing. Thus, if a similar bug is
found later, we can simply switch to the traceable version
of the library.

The CadTrace aspect depends only the framework: its
pointcut and advice are not related to the application at all.
Thus, it can be reused as is in any application that calls a
framework Iterator. In addition, we can create an abstract
tracing aspect that uses an abstract pointcut. Applications
could then extend the abstract aspect and define the point-
cut to match any framework methods.

5. AN EXTRA-FUNCTIONAL TIMING AS-
PECT

Aspects have been proposed for modularizing extra-func-
tional concerns: functionality that, while important, is not
part of the central task of an application [24]. Because
run-times for VLSI CAD software can be long (hours or
even days), a common extra-functional concern is to write
time stamps to a log file before certain steps or to write the
elapsed time after certain steps. The PowerAnalyzer does
this by implementing a class, Timer, that has a method to
reset the elapsed time and another method to return the
elapsed time as a string suitable for writing to a log file.
Before and after various steps for which the designers want
timestamp information, instances of Timer are created and
used.

Even though similar code to instantiate and use Timer ob-
jects exists at many locations, there was no common struc-
ture or naming convention for use by pointcuts in selecting
where an aspect should be woven. To refactor the Power-
Analyzer, functions that used the Timer class had the Timer
instance and calls removed, and were renamed from Func-
tionName to tmrFunctionName for pointcut selectability. An-
other challenge was that some of the application code was
written as large, procedural functions. One of the programs,
PowerEst, contained a 500 line function with 15 separate
uses of the Timer module. These separate uses were either
loop statements or conceptually separate code blocks. For
this function, the Extract Method refactoring was first used
(“Turn the fragment into a method whose name explains
the purpose of the method”)[11]. Creating a function with
name that begins with tmr allowed capturing the join point
in AspectC++, and using a meaningful name allowed the
join point signature to replace a manually generated text
description of what was being timed. For consistency, the
same aspect was applied across all three programs (Power-
Src, PowerCap, and PowerEst).

The Timer functionality is encapsulated in an aspect, Time-
Event, in which we use around advice to create a Timer



instance, call Reset, and then we proceed with the orig-
inal call. After the original function invocation, we call
CheckTime to get the current time as a string, and write this
through a PowerEstimator-specific logging function (PrintI).
We also call PowerMessage: :WriteBuffers() to ensure that
all files and logs are written out immediately and are not
buffered by the operating system. The AspectC++ imple-
mentation is shown below:

aspect TimeEvent {

pointcut outer_tmr() =
call("y, tmr(...)") && 'within("% tmr%(...)");
advice outer_tmr() : around() {
//set up the timer
Timer timer;
timer.Reset();
//proceed with the original call
tjp->proceed();
//write out the time used
PrintI(911, "Time around %s: (%s)\n",
JoinPoint: :signature(),
timer.CheckTime());
PowerMessage: :WriteBuffers();
}
I

This aspect represents a reduction in code of the following
4 lines of code that were normally duplicated:

Timer timer;

timer.Reset();

PrintI(911, "Time around %s: (%s)\n",
JoinPoint: :signature(),
timer.CheckTime());

PowerMessage: :WriteBuffers();

In the PowerEst program, long functions would reuse the
same Timer object. The aspect-oriented solution used one
Timer per Reset call. Since 15 occurrences were factored
out, the reduction was 15*3+2 = 47 lines of code. In place
of manually using the Timer module, functions were created
as pointcut targets. If creating a new function is thought
of as adding 2 lines of code (one for the header or interface
of the function, and one for the call), then 30 lines of code
were added, for a total savings of 17 lines of code. In addi-
tion, one could argue that the resulting structure was also
improved by using smaller, clearly named functions rather
than a single monolithic function.

The PowerCap program, like PowerEst, contained a single
monolithic function that used the Timer module seven times.
It was also refactored into smaller functions. It had five lo-
cally defined Timer instances instead of only two, so the code
savings when using the aspect was 7*3+5=26. Seven new
functions were created, for an addition of 14 lines, resulting
in an overall savings of 12 lines.

The PowerSrc program had only one function (main) that
was timed, so it was refactored as:

int

tmrMain(int argc, char **argv, PowerMessage *pMsg);

int
main(int argc, char **argv)

{

PowerMessage *plMsg = PowerMessage: :GetMessage();

return tmrMain(argc,argv, pMsg);

}

This change represents adding an extra layer of function
call (3 lines) in PowerSrc (main calls tmrMain) and four lines
of code are removed. Although the aspect only reduces one
line of code in PowerSrc, using it ensures that all applica-
tions in the PowerAnalyzer product family use the Timer in
a consistent manner.

For all three PowerAnalyzer programs the code savings
was 30 lines. More importantly, all code for capturing and
recording timer information is modularized into a single as-
pect. If the Timer were to be modified, or if a new timing
module were substituted, the entire change could be made
in the aspect and the underlying code would not be changed.

The style of name-based pointcuts results in tight coupling
that could be inadvertently broken during maintenance due
to name changes in functions [29]. Here, we have tight cou-
pling between the TimeEvent aspect and the naming con-
vention of methods. If a new function is added that should
use the timer, it must begin with tmr or it will not have
the Timer functionality woven in. In addition, if someone
changes one of the names of the functions to no longer begin
with tmr, time logging will no longer occur for that function.
If a function that does not need timing information is cre-
ated with a name that begins with tmr, that function will
match the pointcut and have TimeEvent advice associated
with it. Unfortunately, such problems would not be imme-
diately detected since the regression tests for the PowerEs-
timator focus on functionality and not the non-functional,
orthogonal concern of time logging [10].

One maintenance problem that we can avoid is a future
direct use of the Timer module. Although AspectC++ does
not provide a declare error construct like AspectJ’s, C++
templates can be used to provide compile-time assertions by
defining a template that has a boolean argument and only
providing a definition for a true value. Code that instanti-
ates the template with a false value will trigger a compile-
time error [1].

Lohmann [21] suggested using a C++ template approach
that can be combined with static join point information so
that any calls to a function matching a pointcut will trigger
an error. For the TimeEvent aspect, we can add the following
advice so that any direct calls to the Reset method of the
Timer class result in a compile-time error.

// create a template that has no definition
// when the second type value is ’false’
template <typename JP, bool>
struct DirectCallOf__StartTimer;
template <typename JP>
struct DirectCallOf__StartTimer<JP, true> {};

aspect TimeEvent {
advice call("}, Timer::Reset()") : before() {
DirectCallOf__StartTimer< JoinPoint, false >();
}

};

6. APOLICY ENFORCEMENT ASPECT



The ErcChecker implements 58 different electrical checks.
Each one is a subclass of an abstract class ErcQuery, and
must implement a set of common virtual methods, includ-
ing createQueries() and executeQuery(). The create-
Queries() method is a static method similar to the Tem-
plate Method design pattern [12], that is called on a partic-
ular circuit element, such as a transistor or electrical node.
Since it is static, it is not associated with any single object;
in this application, it is responsible for creating and eval-
uating objects of it’s class type. The ErcChecker iterates
over various circuit elements, repeatedly calling create-
Queries (), which creates query instances and evaluates them
by callingexecuteQuery ().

For each query, createQuery() performs the same se-
quence of conceptual steps.

1. Use framework iterators and framework traversal meth-
ods to identify circuit data needed by the query.

2. For each part of the circuit where the necessary cir-
cuit data is found, create an instance of the specific
electrical query class associated with the check.

3. Call the executeQuery() method to on the query ob-
ject from the step above. This method will indicate if
the electrical check found an electrical failure or warn-
ing, or if the circuit element passed the electrical check.

4. Add queries that result in a failure or warning to a con-
tainer class, the LevelManager, which generates elec-
trical reports and can be used by a graphical user in-
terface.

5. Write the results of executeQuery() to a log file.

6. Delete queries that did not result in a failure or warn-
ing.

Several of these steps can vary according to the particular
query class. In step 2 for example, some queries create and
evaluate multiple query objects for a single circuit element
while others create only one query object. Step 4 can be
modified with a command-line argument to the program so
that all query results are reported instead of only warnings
and failures.

Although conceptually similar to the Template method,
no code is shared between classes, and there are significant
variations between each class because of differences in the
types of data being gathered. Thus, each of the 58 query
classes has a single large method for createQuery(). In ad-
dition, for Query classes where many query objects are cre-
ated, the six steps are repeated, one at a time, for each indi-
vidual object, and some local context information is shared
between the steps and accessed.

We created a QueryPolicy aspect to refactor steps 4 through
6. The aspect is implemented as after advice for the call to
executeQuery (). Steps 1-3 are very query-specific, and are
not refactored to an aspect. The AspectC++ implementa-
tion for the QueryPolicy aspect is shown below:

aspect QueryPolicy {
pointcut exec_query(ErcQuery *query)
execution("Y, %::executeQuery(...)"

&& that(query);

")

advice exec_query(query) : after(ErcQuery *query)

if (gReportAll || query->errorGenerated()) {

LevelManager: :addQuery (query) ;
glog->log() << "Query error: "

<< " type: "

<< query->getName ()

<< " start element: "

<< query->getStartName ()

<< query->getSummary ()

<< endmsg;
query->logQueryDetails () ;

}
else {
glog->log() << "Query ok: "
<< query->getName ()
<< endmsg;
query->logQueryDetails() ;
delete query;
}

}
};

6.1 Specific Refactorings

While refactoring the ErcChecker to use the QueryPolicy
aspect, several types of changes were made to adapt to the
aspectual behavior. Many involved simple removal of code
being handled by the aspect. We describe those that were
not simple deletions of code below, followed by a summary of
how many classes were associated with each type of change.

6.1.1 Error-only queries

Before refactoring scattered code to an aspect, some classes
had a much simpler createQueries() structure than oth-
ers. For example, most queries could pass or fail, so the
query had to call the errorGenerated() method after call-
ing executeQuery().

query->executeQuery() ;

if (gReportAll || query->errorGenerated()) {
LevellManager: :addQuery (query) ;
gLog->log() << "Query error "

}

else {
glog->log() << "Query ok: "
delete query;

}

For some query classes, if a particular circuit structure was
found at all, it always indicated the presence of an electri-
cal error. The query code was simpler, since it did need to
check the result of query->errorGenerated() and can im-
mediately add the query object to the LevelManager class,
as shown by these 3 lines:

query->executeQuery() ;
LevelManager: :addQuery(query) ;
glog->log() << "Query error "

The simpler structure has the potential for a defect in the
refactored system. The query->errorGenerated() method
uses an object attribute that should be set by execute-
Query(). If the executeQuery() method fails to set that
attribute, the original code (which did not check it) would
function properly, but the new, aspect-based code, which
uses advice that always checks the attribute value would



not function properly. These classes were inspected to en-
sure that their respective executeQuery() methods set the
required attribute. Thus, although refactoring to an aspect
did not introduce a defect, it does illustrate a case where us-
ing an aspect’s advice with many core concern classes could
introduce a defect if methods in a class heirarchy do not
consistently use state variables.

6.1.2 Multiple queries in createQueries()

For most queries, createQueries() creates and evaluates
a single query object. For others, exactly two objects are
created (one for the high voltage case, and one for low volt-
age). In addition, some query classes have the potential to
find many possible violations from a single starting point
and iterate over a variable number of cases. For example, a
wire in a circuit may have many neighbor nets with which
it shares an unacceptable amount of coupling capacitance.
When refactoring a class to use the QueryPolicy aspect,
we must ensure that all of the calls to executeQuery() are
removed and handled instead by the aspect.

6.1.3 Query-specific logging

In addition to the standard query logging, some queries
contain additional class-specific code that calls methods not
inherited from the base class to record query-specific details
used for validating and debugging the electrical checks being
performed. Because this is class-specific code, it cannot be
called from an aspect advice that uses only the base class
interface.

This code was refactored into a new method, logQuery-
Details(), and directly called by the policy aspect. The
base class for the queries was modfied to provide an empty
default implementation for queries that do not need this
functionality. For classes that did need the functionality,
the class had to define the logQueryDetails() method.

In the original code for classes that had query-specific
logging, the code was structured like this:

query->executeQuery();
if (gReportAll || query->errorGenerated()) {
LevelManager: :addQuery (query) ;
glog->log() << "Query error "

}

else {
glog->log() << "Query ok: "
delete query;

}

/* QUERY-SPECIFIC CODE HERE,
USING ’query’ VARIABLE */
if (! (gReportAll| |query->errorGenerated()))
delete query;

The call to logQueryDetails() must be performed in the
aspect, because if we leave the query-specific code in (rep-
resented by the comments in all caps), and then use the
aspect, we end up with this structure:

query->executeQuery() ;

/* Aspect will be called here */

/* QUERY-SPECIFIC CODE HERE,
USING ’query’ VARIABLE */

At first glance, we see the reduction in code that the as-
pect provides, but we may not realize that we could have a
problem. If the query does not indicate an error, then the

aspect’s advice will delete the query object. In that case,
when control returns to the method, the query-specific log-
ging code will make method calls with the query variable.
Invoking a method call on a deleted object in C++ will re-
sult in erroneous program termination. By having the advice
call logQueryDetails() before the object may be deleted,
we will not have method calls on deleted objects.

Since adding an empty method to the base class is a
one line change, we added the method directly to the C++
header file rather than using an AspectC++ introduction.
Creating logQueryDetails() required copying and pasting
the query-specific code into the method body and changing
method invocations to intra-class calls. Thus, method calls
on an object like this:

glog->log() << " Coupling net: "
<< query->getCouplingNet ()
<< " capacitance: "
<< query->getCouplingCap() << endmsg;

are now part of the logQueryDetails () method that has an
implicit query object:

void HighCouplingCap: :logQueryDetails()
{
glog->log() << " Coupling net: "
<< getCouplingNet ()
<< " capacitance: "
<< getCouplingCap() << endmsg;
}

6.1.4 Missing log information

The QueryPolicy aspect is woven into all calls to execute-
Query (), consistently applying the policy through advice.
During refactoring, we found that one query failed to provide
any information to the log file, but was otherwise correct.
Changing to the aspect fixed this oversight, eliminating an
existing subtle defect.

6.1.5 Unchanged queries

There were a number of queries that were not electrical
rules queries, but instead were used to flag non-electrical
failures, such as problems in the system itself (e.g., failure
to open a log file and unexpected data structure value in the
framework). Warning a circuit designer of these problems
was accomplished by implementing them as sub-classes of
the ErcQuery base class. Doing this allowed the system er-
ror queries to be written to error files and displayed in the
graphical interface consistently with the electrical checks,
leveraging existing functionality. The non-electrical error
classes did not actually call the executeQuery method, but
directly added objects to the system when system-related
issues were found during a tool run.

Because these system error classes differed from the elec-
trical query classes, the non-electrical classes were not mod-
ified to use the QueryPolicy aspect. Since the aspect uses
the executeQuery method, which is never called for these,
the aspect did not affect them at all. The presence of
these classes reflects a sub-optimal design decision that for-
tunately was easy to work around. A better long-term change
might be to extract a subclass that distinguishes between
family of electrical queries and the various non-electrical
system queries [11]. Legacy systems often have methods
or classes that could be refactored for a cleaner design, as



demonstrated by the large number of documented refactor-
ings. In general, sub-optimal design decisions could affect
aspect design and pointcut selection.

6.2 Summary of changes

The types of changes made (as well as the simple case
of only deleting code) are shown in Table 1. Because some
of the 58 queries involved more than one change type, the
numbers in this table add up to more than the number of
query classes when the number of unchanged queries (13)
from section 6.1.5 are taken into account.

Type of change | # Queries
Simple deletion of code 15
6.1.1 Error-only queries 8
6.1.2 Multiple queries in createQueries() 6
6.1.3 Query-specific logging 18
6.1.4 Missing log information 1

Table 1: Changes made for QueryPolicy aspect

6.3 System-wide challenges

In addition to specific query-related challenges encoun-
tered during refactoring, we also found three system-wide
issues that affected correctness, testability, and the change
process.

proper pointcut matches, and testing advice code a tedious
process. In fact, the desire for a faster, iterative prototyp-
ing approach to be able to experiment with and validate as-
pects was part of the motivation for our use of mock systems
and test-driven development [25]. By creating a small mock
system that had the same basic query structure and nam-
ing conventions, we could experiment with different pointcut
statements and advice.

6.4 Benefits

Using the QueryPolicy aspect represents a line reduction
of about 8 lines per class. However, as discussed in Section
6.1, not all classes had the same number of lines removed. In
addition, factoring out logQueryDetails() added one line
to the base class. Each class that used it needed to define
the method in its C++ header file, and then the method
name, opening curly brace ({) and closing curly brace (})
added 3 more lines. Thus, this change added 1 + 4 * 18 = 73
lines of simple boilerplate code. The total difference in lines
for the changes was a reduction of 262 lines. Taking into
account the additional lines added for logQueryDetails(),
335 lines were removed from 45 classes. The aspect code
that replaces this code is only 21 lines long.

More important than the lines of code reduced, the aspect
enforces a policy of what must always occur after execute-
Query() is called. During development, there were cases
where the policy was accidentally missed for a class, since
it cannot be automatically statically enforced when scat-

6.3.1 Accidental code duplication between aspectStered through the many createQuery() methods for the

and the core concern

The QueryPolicy aspect deletes query objects that do
not find electrical errors. In refactoring the code, the origi-
nal calls to delete must be factored out, or both the advice
code and query code will try to delete the same object. This
would introduce a defect that results in program termina-
tion. The underlying issue here is that aspect-oriented refac-
toring is asymmetric, since the duplicate scattered (such as
delete) must be manually removed, but the corresponding
call to delete in the advice will be automatically woven in.

Debugging the root cause for multiple deletions of the
same object requires understanding the interaction between
the aspect and core concern. If traditional tools such as
debuggers are used, code comprehension may be more diffi-
cult, since the developer will be examining the woven code,
which contains core concern code, aspect code, and low-
level constructs used by the AspectC++ implementation of
an aspect.

6.3.2 Standardizing output and regression testing

The QueryPolicy aspect standardizes the log file messages
that indicate pass or fail for each query. We consider this
a benefit for long-term maintenance, but it does cause any
regression tests that look at output logs to fail due to the
(now standardized) output. For this application, only a few
more than 100 regression tests look at the log files; most look
at report files that were not changed. In general, this kind
of one-time maintenance change can present a significant
adoption cost for AOP on large projects with extensive test
suites.

6.3.3 Compile times

For the ErcChecker, weaving and compiling the code takes
25 minutes. This makes developing aspects, checking for

subclasses.

7. DISCUSSION

Using the two framework-based applications, three as-
pects were identified. The first, a developmental aspect, was
used to trace calls into the underlying framework. We are
also investigating the identification of production framework-
based aspects.

The other two aspects are production aspects, but there
were still some important differences. The Timer module in
the PowerAnalyzer can malfunction (or fail to run) without
invalidating the results of the tool. By contrast, the policy
enforcement aspect for the ErcChecker is required for proper
functioning of the tool,

Other developers who use the same CAD framework have
been enthusiastic about using development aspects, but have
expressed concern about migrating to a new paradigm and
a dependency on an aspect weaver for production aspects.
Evaluating the use of aspects on these large C4++ applica-
tions is beneficial for understanding the possible costs, ben-
efits, and risks of adopting a new technology. Migrating to
new technologies is not without risk and needs to be done
carefully. In fact, VLSI CAD software saw an early unsuc-
cessful attempt at large-scale object-oriented programming
in the mid-1980s which adversely impacted the schedule and
performance of a market leader’s products [20]. In addition
to demonstrating benefits and costs of using aspects, study-
ing AOP in the context of large-scale applications can help
provide a smooth transition in industrial use.

8. RELATED WORK
8.1 AOP-based Refactoring



Advocates of aspect-oriented programming have begun
enumerating AOP-based refactorings and evaluating the as-
sociated benefits and costs [18]. Coady and Kiczales [6]
demonstrated the benefits of using aspects in operating sys-
tem code by implementing four modules as aspects in an
early version of FreeBSD and then observing the changes
to those modules as they introduced the changes from two
subsequent versions. Our work focuses on framework-based
applications, and has the long-term goal of studying a set of
applications for common aspects among them.

8.2 Product Lines

Batory et al. [2] propose replacing large framework hi-
erarchies with a set of components that can be combined
in a layered approach to build “product lines” — families
of related applications. Mixin classes (multiple inheritance)
and templates based on custom-designed flexible component
classes are combined using a grammar-based approach that
specifies compositions [3]. Their product line approach relies
on completely replacing (or reimplementing) the framework
with small components that can be composed in pre-defined,
grammar-based ways across many layers. Our approach uses
an existing object-oriented framework without modifying it.
Instead, the framework-based applications are modified to
use aspects.

Lohmann et al. [24] propose the use of domain analysis,
which produces feature diagrams, which are then used to
guide in the designing an ‘architecture-neutral’ system that
will allow aspects to be woven in across multiple modules so
that the non-functional properties can be configured across
a set of product lines. Although we may use domain analysis
to identify non-functional aspects, our approach deals with
a set of applications that share a common framework. Some
of the applications we are refactoring are implemented as
product families; however, the overall set of applications are
not a product line since they are not variations of the same
functionality.

8.3 Long-term studies of aspect-oriented refac-

toring

Coady [6, 7, 8, 9] has studied how aspect-oriented pro-
gramming can be used to refactor complex code for operat-
ing systems. Included in her work was a retroactive study
where aspects were added to an early version of the operat-
ing system code, and then the changes were applied to the
refactored version to see how well-suited aspects were for
system evolution. We plan on carrying out a similar longi-
tudinal study, but will do so for a set of framework-based
applications that use an aspect library.

8.4 C++ Templates and Obliviousness

C++ provides a powerful template mechanism that can be
used to generate classes for types at compile time. Alexan-
drescu [1] shows how policy classes in C++ can use tem-
plates to provide structures that, like aspects, have an inter-
face but still allow users a means to extend the internal code
structure. Lohmann, Gal, and Spinczyk [23] demonstrate
that these mechanisms can be used to develop code with
an aspect-oriented style, but without the obliviousness of
aspects: everything must be explicitly instantiated through
templates, which have to have the extension points designed
in.

The main limitation of implementing aspects as templates

and of policy classes is that the extension points of an as-
pect or the actual policy location of a policy class must be
designed into the template [23]. By contrast, obliviousness
in aspect-oriented programming can be used to extend and
customize classes and frameworks in ways they were not ex-
plicitly designed for. The use of AspectC++ with templates
has been explored by Lohmann, Blaschke, and Spinczyk [22].

Burke [5] points out that obliviousness allows needed or-
thogonal behavior to be layered in above or below the func-
tiionality that the behavior crosscuts so that the layered
functionality can easily be enabled or disabled as needed.
In our approach, we only weave aspects into the applica-
tions and not the framework code. The layers used by our
aspect library would be around the framework and inside
the applications but not below the framework interface.

Recently, obliviousness has been criticized as inadequate
when designing and implementing new systems, since it re-
quires sequentialization of the process; that is, first the base
code is developed, and then the aspects are written based
on syntactical properties and structure of the base code.
Sullivan et al. [28] propose instead to define an interface
between the base code and aspects, so that both can be
evolved without accidental changes in dependencies. When
using aspects with existing frameworks, however, we believe
that sequentialization is fine: the framework is already im-
plemented and available, and applications are developed to
utilize the existing framework.

9. CONCLUSIONS AND FUTURE WORK

This paper has presented initial work at identifying and
using aspects in framework-based VLSI CAD software writ-
ten in C++. Both development and production aspects have
been identified and used. The initial results in terms of re-
duction of code and modularity (grouping together related
code) show improvement with an aspect-oriented approach.

Future work will continue investigating identifying aspects
and performing refactoring of framework-based applications.
We have begun investigating clone detection tools such as
CCFinder® [16] for finding concerns, and are also interested
in aspect-mining tools. Unfortunately, many current aspect
mining tools are based on Java rather than C++ [15].

In addition, we are interested in identifying development
and production aspects that are based on the framework so
that a library of framework-based aspects can be created
and used with many framework-based applications. We be-
lieve this approach, which we refer to as aspectualizing a
framework, allows aspects to enhance framework function-
ality. In addition, it will ease integration with and use of
frameworks without modifying the framework itself.
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