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Aspects have the potential to interact with many different kinds of language con-
structs in order to modularize crosscutting concerns. Although several aspect lan-
guages have demonstrated advantages in applying aspects to traditional modulariza-
tion boundaries (e.g., object-oriented hierarchies), additional language concepts such
as parametric polymorphism can also benefit from aspects. Many popular program-
ming languages support parametric polymorphism (e.g., C++ templates), but with the
emergence of generics in Java 5, the combination of aspects and generics is a topic in
need of further investigation. The contribution of this chapter is a technique to sup-
port aspect-oriented programming within C++ templates using a program transforma-
tion approach. The chapter enumerates the general challenges of uniting aspects with
templates through various examples. The core research idea presented in this chapter
is applied to a large open-source C++ template library written for scientific comput-
ing.

1 Introduction

The majority of research in the area of aspect-oriented programming (AOP) has fo-
cused on application to languages that support inheritance and subtype polymorphism
(e.g., Java). There is potential benefit for applying the AOP concepts to other forms
of polymorphism, such as parametric polymorphism [4], as found in languages that
offer templates or generics (e.g., C++ and Java). As a specific application area, as-
pects have the capability to improve the modularization of crosscutting concerns in
large template libraries. Applying aspects to templates offers an additional degree of
adaptation and configuration beyond that provided by parameterization alone.

With the addition of generics! to Java [20], it can be expected that the application
of aspects to parametric polymorphism will become a more focused research objec-
tive. However, the topic in general has not received much attention in the existing
research literature. The most detailed discussion of aspects and templates is described
in [18], within the context of the AspectC++ project [28]. The effort to add aspects to
templates in AspectC++ has been partitioned along two complimentary dimensions:

1 Throughout the remainder of this chapter, the term template is used to refer to the general
concept of parametric polymorphism (even though there is a slight difference in meaning be-
tween the C++ term template and the generic term as used in Java).



1) weaving advice into template bodies, and 2) using templates in the bodies of as-
pects. The initial AspectC++ work is focused on the second dimension (templates in
the advice body), but is limited by AspectC++’s difficulty in weaving into templates
(please see related work for a discussion of this limitation). A contribution of this
chapter is a deeper investigation of advice weaving in template implementation bod-
ies.

The Aspect] 52 release provides support for generics and parameterized types in
pointcut and inter-type declarations. However, a key challenge that is missing occurs
from the realization that a generic is instantiated in multiple places, yet it may be the
case that the crosscutting feature is required in only a subset of those instances (this
challenge is further described in Section 2.2). Additional language features are
needed to define the subset of template instantiations to which an aspect is to be ap-
plied, as well as an appropriate subtype copy semantics that is required to separate
weaved templates from the base implementation. Furthermore, in addition to the
transformation of the template itself, the application program that instantiates the
template may also need to be altered according to the type of aspect applied to the
template. This chapter discusses these issues in detail through several examples.

The technique described here is a source to source pre-processor that utilizes a pro-
gram transformation system to perform the lower level adaptation that adds a cross-
cutting feature to a template implementation. In a different context [10], we applied
program transformation technology to construct an aspect weaver for Object Pascal.
This chapter extends that work to C++ templates in order to address the challenges of
parsing and transforming complex templates.

Scientific computing was an initial application domain for the early examples of
AOP [12]. However, aside from an application of Aspect] [15] to an implementation
of JavaMPI [11], AOP has not been applied or investigated deeply within the area of
scientific computing. This is primarily due to the fact that such applications are typi-
cally written in FORTRAN, C, or C++, but the center of AOP research has largely
remained focused on Java-based implementations. Nevertheless, there is a strong
potential for impact if aspects can be used to improve the modularization of template
libraries tailored for parallel computation. Scientific computing applications written
in C++ typically rely heavily on parametric polymorphism to specialize mathematical
operations on vectors, arrays, and matrices [26, 30]. This chapter presents the initial
design of a template-aware aspect language applied to a case study for a well-known
scientific computing library.

The next section contains an overview of the challenges and key concepts of AOP
language design for C++ templates, and provides a solution technique in the design of
the pointcut description language for templates. Section 3 shows the program trans-
formation details that provide a low-level virtual layering for the high-level aspect
language. In Section 4, a popular open-source library for scientific computing serves
as the case study for discussing crosscutting concerns that exist in template libraries.
Section 5 provides comparison to other related work. A conclusion offers summary
remarks and a vision for future work.

2 Available at http://www.eclipse.org/aspectj/ (Aspect] 5 is henceforth referred to as Aspect]).



2  AOP for C++ Templates

This section introduces a concise example that has been constructed to highlight sev-
eral essential concepts of AOP for C++ templates. The example is purposely simpli-
fied so that the concepts are not complicated by peripheral details. An application of
the Standard Template Library (STL) [14] vector class is presented, along with a
description of a program transformation technique for modularizing a crosscutting
concern among vector instances. STL is a general-purpose C++ library that embraces
the idea of generic programming, which describes the implementation of algorithms
and data structures (e.g., containers, iterators, algorithms, function objects and alloca-
tors) in a type-independent manner. Although the example in this section is simplified
to improve the understandability of the approach, a case study representing the appli-
cation of the idea to a popular scientific computing library is provided in Section 4.

2.1 An Introductory Example

This sub-section introduces several of the elementary AOP language constructs for
C++ templates. The join point model and pointcut language are explained in terms of
actual template definitions. Listing 1 shows the basic implementation of a class Foo
that uses several instances of the STL vector class. There are numerous fields de-
fined in Foo, either of type vector<int> or vector<float>. The methods
getmyInts and getmyFloats return the corresponding vector field, and the
method addmyFloats adds a new floating point number to an existing vector
field.

Using Foo as a reference for discussion, some of the primitive pointcut expres-
sions for C++ templates can be explained. A primitive get for the field myFloats
is matched by the pointcut expression get (vector<*> Foo::myFloats), or
by the pointcut get (vector<float> Foo::myFloats). The execution of
both methods getmyInts and getmyFloats can be matched by the pointcut
expression execution (vector<*> Foo:: get* (..));however, only get-
myInts is matched by the expression execution (vector<int>
Foo::get* (..)).

Similarly, a call to the method addmyFloats is matched by the pointcut ex-
pression call (void Foo::add* (float)).In addition to these examples, there
are several other pointcut expressions that can be defined in an Aspect]-like style.
However, a key challenge that is missing in AspectJ occurs from the realization that a
template can be instantiated in multiple places, yet it may be the case that the cross-
cutting feature is required in only a subset of those instances. A generalized pointcut
expression (that quantifies over specific types only) may capture several unintended
instantiations. For example, if there are multiple vector<float> fields defined in
Foo, it may be required to log a call only to the push back method for the field
myFloats, and leave other vector<float> fields (e.g., someOtherGuys-
Floats) unaltered. Such flexibility to quantify over specific template instance vari-
ables(both fields and local variables) and not just limiting to specific types provides
additional quantification power towards aspect-oriented programming in C++ tem-



plates. This challenge is further motivated in the next section. However, a language
mechanism is needed to further define the quantification scope of a pointcut with
respect to the semantics of C++ templates.

1. #include <vector>

2. using namespace std;

3. class Foo {

4. public:

5. vector<int> getmyInts() ;

6. vector<float> getmyFloats() ;

7. void addmyFloats (float aFloat) ;
8. protected:

9. vector<int> myInts;

10. vector<float> myFloats;

11. } vector<float> someOtherGuysFloats;
12. ;

13. vector<int> Foo::getmyInts() {
14. return myInts;

15.

16. vector<float> Foo::getmyFloats () {
17. return myFloats;

18.

19. void Foo::addmyFloats (float aFloat) {
20. myFloats.push back (aFloat) ;

21

Listing 1. An example class with multiple template instantiations
2.2 Template Subtype Copy Semantics

A fragment of the actual STL vector class definition is presented in Listing 2a,
which shows the implementation of two vector-specific operations, push_back and
pop_back. The sample code in Listing 2b illustrates the use of a vector in an
application program. In this simple application, three different types of vector
instances are declared (i.e., vectors of type int, char, and float). The
push_back method is invoked on each vector instance to insert an element of
different type.

Considering the canonical logging example’ - suppose that important data in spe-
cific vector instances needs to be recorded whenever the contents are changed. That
is, within the context of an STL vector class, a requirement may state that logging
is to occur for all items added to each execution of the push back method, but
only for specific instantiations. For example, it may be desired to log only vectors of
type int in method foo of class A (i.e., each time a push_back is executed on a
vector<int> within the specific scope of class A) without affecting other vec-
tor<int> instantiations outside the scope of method foo in class A.

3 We recognize the clichéd use of logging in AOP examples, but in this introductory section
we want to motivate the challenges of template weaving using a familiar concept.



1. template <class T> 1. class A {
2. class vector{ 2o vectOEdInE > ail;
3. //... 3. void foo() {
4. 4. vector<int> fil;
5. public: 5. ~vegtor<int> fi2;
6. void push back 6. vector<float> ff;
7. (const T& x ) 7. /...
8. // insert element aﬁfénd 8. ai.push back (1) ;
9. if (finish != R 9. fil.push_back(2) ;
10. end_of_storage) { 10. fi2.push_back(3) ;
11. construct (finish, x);'fz ~] 11. ff.push back(4.0);
12. finish++; 2. /] ...
13. } else S 13 }
14. insert_aux(end(), x); 14 .}y
15. }
16. } 1l.-class. B {
17.void pop_back() { 2. vectorxzchar> bc;
18.// erase element at end 3. void barﬁk {
19. if (lempty()) 4. vector<int> bi;
20. erase (end() - 1); 5. vector<float> bf;
21.} 6. //. &
22. //. .. 7. bc.push back('a');
23.// other implementation 8. bi.push back (1) ;
24 .// details omitted here 9. bf.push back(2.0);
25.}; 10. YV

11. |}

12. } B

a) STL vector implementation b) Application using STL vectors

Listing 2. STL Vector Class and its instances

In order to affect only int instances of the given vector template in method
foo of class A and leave other types (e.g., float, double) of vector instances
unaltered, a new subtype vector_copy is created, which is inherited from the
original class template vector and then the log statement is added into the over-
written push back method of the vector copy class template. The copy of the
vector class template fragment is shown in the top-half of Listing 3, which specifi-
cally adds the function call log.add(x) to the push back method.. As a conse-
quence, all references in the application program to variables of type vector<int>
in method foo of class A are updated with this new subtype, called vec-
tor copy<ints.

In addition to the template class definition, the source code of the user application
must also be updated to reference the new type vector copy in appropriate places.
In this case, all of the declaration statements of vector<int> in method foo of
class A in the application program will now reference vector copy<int> in-
stead of the original vector<int>. The middle of Listing 3 shows the resulting
changes that need to be made to the user application. Note that all other vector refer-
ences (i.e., those that are instantiations of types other than int) are left unaltered.




template <class T>

1.

2. class vector copy : public vector<Ts> {

3 publiqi

4 void yector_copy::push back(const T& x ) {

5. :1o§aadd§x!;

6 _:_guper‘g:push_back(x) ;

7 } [ \\\

8 vectokjcopy<T>&\vector_copy<T>::operator:
1

1 N

\ (const vector<T>& Right)

1
9. _i stper::operator=(_Right);
10. return (*this); >,
11.} ... [ ' N
1 \ N
12. i 1 N
| \ N
I \ AN
[ \ N
I \ N
: | M
1. class A |{ \ 1. class B {
2. vector<ints ai; 2. vectorxchar> bc;
3. void fod() { | 3. void bary) {
4. vectdr copy<int> fil; 4. vectdr copy<int> bi;
5. vector copykint> fi2; 5. vector<float> Dbf;
6. vector<float> ff; 6. // ...
7. /... 7. }
8. } 8. }i
9. };
1 pointcut push back method() : 1 pointcut push back method() :
2 execution(A.foo(..)::*<- 2 execution(B.bar(..)::bi<-
3 vector<ints>::push _back(..)); 3 vector<ints>::push _back(..));

Listing 3. STL vector_ copy class and updated references in
the application instances

Although partial or full template specialization may seem related to the subtype
copy semantics, there could be further scoping rules where partial or full template
specialization would not work. For example, if only a particular instance of a specific
type needs to be adapted (i.e., only vector<int> bi in method bar of class B),
specialization techniques would fail as any specialization will be universally applied
to all references to type vector<int> and not just a particular one. To our knowl-
edge, other aspect languages (e.g., Aspect] or AspectC++) do not handle scenarios
that require a more selective application of the effect of advice applied to a template.
Moreover, there are several advantages of subtype copy semantics, as summarized
below.

As stated earlier, the idea presented in this chapter is not only to restrict our quanti-
fication over specific types, but also to quantify over types of specific variables. Sec-
tion 2.2.1 will present a more detailed view of how specific template instances can be
scoped based on the chosen pointcut expression. Now, returning to the advantages of




subtype copy semantics, let us re-visit Listing 1 presented in this chapter. In this ex-
ample, two vector<float> instance variables are defined as follows:

vector<float> myFloats;
vector<float> someOtherGuysFloats;

For a new requirement, if it is desired to add logging only to the myFloats in-
stance variable, the technique allows to replace the type of myFloats to vec-
tor copy<float> while the type of someOtherGuysFloats remains un-
changed. However, a challenge that needs to be addressed is whether such an update
will break any other parts of the program. For example, it is possible that there is an
assignment like myFloats = someOtherGuysFloats in some other part of the
program. This might result in type mismatch because subtyping ensures a relationship
between the base and the derived class, which implies that a subtype can be assigned
to its parent (e.g., someOtherGuysFloats = myFloats;), but the reverse is not
true. Moreover, the assignment operator is not implicitly inherited as a result of sub-
typing, but the compiler will generate a default one if it is explicitly not present.

To avoid such scenarios, the top-half of Listing 3 shows an explicit definition of
the overloaded operator= function for the derived class. It should be noted that
the semantics of the assignment operation in the subtype (vector copy) still re-
mains the same as the original vector. That is, to maintain backward (or reverse)
type compatibility it is only required to call the supertype’s assignment operation and
return the computed this pointer. This is a special case and needs to be handled
explicitly to maintain backward type compatibility between sub and super types. All
other binary and boolean operations are inherited by subtyping, which ensures its
type safety. Thus, replacing the type of myFloats to vector copy<float>
would not cause any undue type mismatch, although it may be used subsequently in
any arithmetic or boolean operation, or passed by reference to a member function, or
returned as a function return type.

Another advantage of subtype copy semantics is that only the functions that need
to be adapted are transformed with respect to the new aspect semantics, but the rest
of the class template remains unchanged. The following piece of code investigates
another challenge that may seem to represent a problem:

template<class T>
class Bar{
public:
vector<T> myTs;
vector<T> mySs;
bool foo(vector<Ts> myTs, vector<Ts> mySs) {
if (myTs == mySs ) return true;
else return false;




In the above code, if the type of myTs is changed to vector copy<float> (to
enable logging) in all instantiations on the form Bar<float>, there should not be
any type error in method foo, because vector copy<float> is a subtype of
vector<float>, which ensures type safety between the two types.

The next sub-section describes in more detail a pointcut notation that provides ad-
ditional scoping constructs to refine the context of a pointcut expression to name a
subset of template instantiations for a specific type.

2.2.1 Scoping Rules for Templates

This sub-section discusses the design of a new pointcut expression notation that re-
quires the creation of subtype copies of the original class template based on a refined
scoping constraint. As an example, within application-specific instances of the vec-
tor class, there may be subtle points of variability required for a specific vector
instance. To characterize this behavior, Table 1 illustrates the scoping rules for a
pointcut description notation. The table is not a comprehensive list of all possible
pointcut designators, but it captures the essential ones that will be explained below
with suitable examples.

Pointcut Designator Description

C::* All template instantiations within the declaration of class
C, which are not local instantiations in any methods of C

*C*(L)u* All local template instantiations within all methods of
class C

(Co* || * C*()®) All template instantiations within class C

CM(..)* All local template instantiations within method M of class
C

*CH*()uV Any template instantiation that is referenced by a variable
V in all methods of class C

* C.M(..)::V Template instantiation that is referenced by a variable V
in method M of class C

Table 1. Scope designators in pointcut expressions

From the categorization of scope designators shown in Table 1, the example from
Listing 3 can be re-visited to observe the scoping rules for classes A and B in the
application program. At the bottom of Listing 3, two pointcut specifications are
shown that capture the logging concern for specific vector instances depending on
the scoping rule applied to the base class template. The pointcut in the bottom-left of
Listing 3 can be read as, “select all variables of type vector<int> in method Foo
of class A that lead to an execution of the push back method.” The pointcut in the
bottom-right of Listing 3 can be read as, “select only variable bi of type vec-
tor<ints> in method Bar of class B that leads to an execution of the push back
method.”

To illustrate this scoping issue further, additional examples are provided in List-
ings 4 through 8. Each pointcut definition is progressively more focused in limiting




the scope of the join points that are captured (i.e., from a pointcut that captures all
vectors of any type in any class, down to a pointcut that specifies a specific instance
in a distinct method). Listing 4 offers an example of the aspect language to add the
logging statement to the push back method in all vectors of any type from any
class. The pointcut push back method () represents the points of execution
where the advice is to be applied. In the pointcut expression, vector<*> denotes all
types of vector instances.

aspect InsertPushBackLogToAllVector
pointcut push back method() :
execution (vector<*>::push back(..));

before () :push back method() {
log.add (x) ;

oJoauTk WNh R

Listing 4. Aspect specification for inserting the push_back log to all
vectors of ANY type in ANY class

Listing 5 defines a pointcut that specifies the execution join point for the
push_back method of all vectors of type int. The low-level implementation de-
tails involving the program transformation rules to automate the required changes to
the template class and application program will be shown in Section 3.

1. pointcut push back method() :
2. execution (vector<ints>::push back(..));

Listing 5. Pointcut specification for weaving into all
vectors of type int in ANY class

To add finer granularity, Listing 6 describes the pointcut specification for exe -
cution of all vectors of type int in class A. To be more specific in limiting the
scope of a pointcut, Listing 7 defines a pointcut capturing all int vectors in method
Foo that are defined in class A.

1. pointcut push back method() :
2. execution ((A::* || * A.*(..)::%)<-
3. vector<ints>::push back(..));
Listing 6. Pointcut specification for weaving into all
vectors of type int in class A




1. pointcut push back method() :
2. execution (* A.Foo(..) ::*<-
3. vector<ints>::push back(..));
Listing 7. Pointcut specification for weaving into all vectors
of type int in method Foo of class A

Listing 8 is the most specific pointcut expression; it will only match a particular
instance variable £i1 whose type is of vector<int> and is defined in method
Foo of class A

1. pointcut push back method() :
2. execution (* A.Foo(..))::fil<-
3. vector<int>::push back(..));
Listing 8. Pointcut specification for weaving into vectors of type int and
referenced by variable £i1 in method Foo of class A

2.3 Template Copy Semantics for Partial and Full Template Specializations

In generic programming, one generic implementation of an algorithm is written for all
possible data types such that each instance of the base template is implemented in
exactly the same way. However, although most vectors might be implemented as
arrays of the given type, vectors of a certain type T may be implemented as vectors
of certain type T, (e.g., bools might be represented as vectors of type int because
most systems are going to use 16 or 32 bits for each boolean type even though it
requires only a single bit; therefore, the boolean vector might be implemented differ-
ently where the data is represented as an array of integers and whose bits are manu-
ally manipulated). Listing 9 corresponds to vectors of all data types except that of

type T;.

template <typename T>
class vector {
private:
T* vec_data; //store dynamically
// other implementation details omitted

AU WN

Listing 9. A simple vector template

To represent vectors of type T,, Listing 10 shows a full class template specialization
of the given template.

1. template <>

2. class vector <T;> { // T;is a concrete type

3 private:

4. unsigned T, *vector data; // T,is a concrete type
5 // other implementation details omitted

6. }i

Listing 10. Full template specialization of the original vector template



However, additional scoping constraints may state that such type morphing is only
applicable to certain instances of type T; in the application program with other in-
stances remaining unaffected. The scoping expressions presented in Table 1 in con-
junction with the template subtype copy semantics can address such restrictions. List-
ing 11 shows a pointcut expression for full template specialization applied to all vec-
tor instances of type T, in method foo of class A. That is, instances of type T; can
use a subtype copy of the original vector template. Such controlled specialization
techniques can give additional flexibility to enable AOP within C++ templates. The
idea behind scoping template instances can be similarly applied to partial specializa-
tion techniques already available in C++.

1. pointcut morph vector of type T,():
2. execution(void A.foo(..)::* <- vector<T;>;

Listing 11. Pointcut expression to scope vector instances
of type T, in method foo of class A

3 Template Weaving using Program Transformations

The aspects shown in Section 2.2 illustrate the high-level aspect language for C++
templates. In this section, emphasis is placed on the low-level implementation details
used to automate the weaving process through a program transformation engine.

3.1 The Design Maintenance System

The Design Maintenance System (DMS) [1] is a program transformation system and
re-engineering toolkit developed by Semantic Designs (www.semdesigns.com). The
core component of DMS is a term rewriting engine that provides powerful pattern
matching and source translation capabilities. In DMS terminology, a language domain
represents all of the tools (e.g., lexer, parser, pretty printer) for performing translation
within a specific programming language. DMS provides pre-constructed domains for
several dozen languages.

The DMS Rule Specification Language (RSL) provides basic primitives for de-
scribing numerous transformations that are to be performed across the entire code
base of an application. The RSL consists of declarations of patterns, rules, conditions,
and rule sets using the external form (surface syntax) defined by a language domain.
Patterns describe the form of a syntax tree. They are used for matching purposes to
find a syntax tree having a specified structure. Patterns are often used on the right-
hand side (target) of a rule to describe the resulting syntax tree after a transformation
rule is applied. The RSL rules describe a directed pair of corresponding syntax trees.
A rule is typically used as a rewrite specification that maps from a left-hand side
(source) syntax tree expression to a right-hand side (target) syntax tree expression.
Rules can be combined into sets of rules that together form a transformation strategy




by defining a collection of transformations that can be applied to a syntax tree. The
patterns and rules can have associated conditions that describe restrictions on when a
pattern legally matches a syntax tree, or when a rule is applicable on a syntax tree.
Typically, a large collection of RSL files, like those represented in Listing 12 and
Listing 13, are needed to describe the full set of transformations.

In addition to the RSL, a language called PARLANSE (PARallel LANguage for
Symbolic Expressions) is available in DMS. Transformation functions can be written
in PARLANSE to traverse and manipulate the parse tree at a finer level of granularity
than provided by RSL. PARLANSE is a functional language for writing transforma-
tion rules as external patterns to provide deeper structural transformation. The DMS
rules, along with the corresponding PARLANSE code, represent the low-level trans-
formations on the base STL library. However, due to the very low-level nature of the
rewrite rules, it is not desirable that programmers be required to write their specifica-
tions using term-rewriting or PARLANSE-specific functions. Instead, a high-level
aspect language (similar to Aspect]) that hides the accidental complexities of RSL
and PARLANSE from the programmer can be used to specify the weaving.

Figure 1 presents an overview of the automated process for implementing subtype
template copy semantics. One of the major processes involved in the implementation
is the translator (bottom of figure), which parses and translates a high-level aspect
language into low-level transformation rules (i.e., referenced as item #5 and #6). As
mentioned earlier, the application programmers are oblivious about the existence of a
low-level infrastructure who can specify their intent using an AspectJ-like language.
The heart of the weaving process (core infrastructure) is the DMS transformation
engine, which takes the source files and the generated rules as input. The user pro-
vides three different source files as input to the process: the original STL source code
(shown as item #1 in Figure 1), an application program based on the STL instances
(shown as item #2), and an AspectJ-like language specification (examples shown in
Section 2.2) that is used to describe the specific crosscutting concern with respect to
template instantiations.

The translator includes a lexer, parser, and pattern evaluator (i.e., pattern parser
and attribute evaluator) that takes the aspect specification and instantiates two differ-
ent sets of parameterized transformation rules (i.e., STL subtype copy rules and App
transformation rules, shown separately as #5 and #6 in Figure 1). The pointcut ex-
pressions are bound to the corresponding transformation rules that are instantiated for
matching patterns. The STL copy rules generate a subtype copy of the original STL
class template by inheriting from the base template. The crosscutting concerns are
weaved into this new copy by overwriting appropriate methods as defined in the
STL-RSL Binding. It also ensures type safety by providing an additional definition
for the overloaded assignment operator, if required. Note that each subtype copy
encapsulates only one crosscutting concern for each specific template type (vec-
tor<float>) or template instance variable (vector<int> foo). Therefore, it
is desired to generate only one subtype copy for every type or instance variable, each
of which has one specific concern weaved into its base definition (shown as #3).
However, if multiple crosscutting concerns crosscut a particular instance variable or a
specific type, then the corresponding subtype copy should also replicate this behavior
by encapsulating multiple crosscutting concerns weaved into one copy.



Similar to the STL-RSL Binding, the App-RSL Binding transformation modifies
the user application program (shown as #2) based on the App transformation rules,
and generates the new application (shown as #4) that is able to be compiled and exe-
cuted (as a pre-processing phase) along with the generated subtype STL copies. The
remainder of Section 3 provides a discussion of the transformation rules that imple-
ment these ideas.

1) DMS Transformation Engine

STL-RSL
Binding

App-RSL

Application
PPl Binding

Application

App Xform STL Copy
Rules Rules
TV AN
Aspect
Specification » Translator

Fig. 1. Overview of Template Weaving Process Applied to STL

3.2 Transformation Rules for Template Weaving

Listing 12 (STL subtype copy rule, also shown as #5 in Fig. 1) shows the low-level
RSL specification for weaving a logging concern into the push_back method in an
STL vector class. Two steps are involved in the weaving process: make a subtype
copy of the original vector template class, and insert the logging statement into ap-
propriate places in the abstract syntax tree. The first line of the rule establishes the
default base language domain to which the transformations are applied (in this case,
Visual C++ 6.0 is used).

Pattern 1og_statement in line 2 represents the log statement that will be in-
serted before the execution of the push back method. Pattern
weaved method name in line 3 defines the name of the method that will be trans-



formed (i.e., push_back in this case). Pattern new template name in line 4
specifies the new name for the copied vector (e.g., vector copy).

1. default base domain Cpp~VisualCppé6.

2. pattern log statement (): statement_seq = "log.add(x);".

3. pattern weaved method name(): identifier = "push_back".

4. pattern new template name(): identifier = "vector copy".

5.

6. external pattern

7. copy_template add log to pushback method

8. ( td : template declaration,

9 st : statement_ seq,

10. method _name : identifier,

11. template name : identifier ):

12. template declaration =

13. 'copy_template_add_log_to_pushback method'

14. in domain Cpp~VisualCppé6.

15.

16. rule insert_log to_template

17. ( td : template declaration ):

18. template declaration -> template declaration

19. = td ->

20. copy_ template add log to_ pushback method

21. ( td, log statement (), weaved method name (),
new_template name())

22. if td ~=

23. copy_template add log to pushback method

24. ( td, log statement (), weaved method name (),
new_template_name()) .

25.

26. public ruleset applyrules = { insert log to_ template }.

Listing 12. DMS transformation rules for weaving
log statement into push_back method

As stated earlier, exit functions (i.e., external patterns and functions) in DMS are
written in PARLANSE, which uses internal APIs for performing various traversal
and tree operations on the parsed abstract syntax tree. In this example, the external
pattern copy_ template add log to pushback method is a PARLANSE
function that performs the actual process of subtyping, naming, and weaving. This
external pattern takes four input parameters: a template declaration to be operated on,
a statement sequence representing the advice, a method name where the advice is to
be weaved, and a new name for the template subtype. Due to limited space, the
PARLANSE code is omitted here; however, all of the transformation code used in
this research, and related video demonstrations, are available on the GenAWeave
project web page at http://www.cis.uab.edu/roychous/genaweave.

The rule insert log to template on line 16 triggers the transformation
on the vector class by invoking the specified external pattern. Notice that there is a
condition associated with this rule (line 22), which describes a constraint stating that
the rule should be applied only to those join points where a transformation has not
occurred already. This is because the DMS re-write engine will continue to apply all



sets of rules until no rules can be fired. It is possible to have an infinite set of rewrites
if the transformations are not monotonically decreasing (i.e., when one stage of trans-
formation continuously introduces new trees that can also be the source of further
pattern matches).

After applying this rule to the code fragment shown in Listing 2, a new template
class named vector copy (inherited from vector) will be generated with the
logging statement inserted at the beginning of the push back method (i.e., the
automated result is the same as found in Listing 3). At this stage, the weaving process
is still not complete because the application program also needs to be updated to
reference the new vecor copy instance. The DMS transformation rule to update
the corresponding application program (App transformation rule, also shown as #6 in
Fig. 1) is specified in Listing 13. Pattern pointcut (lines 2 and 3) identifies the
condition under which the rule will be applied (i.e., in this case, all int vector decla-
rations). Pattern advice (lines 5 and 6) defines the name of the new transformed
type (vector copy<int>). After applying this particular rule (line 26) to a given
user application, the external pattern replace vector_ instance replaces the
type of every instance variable declared as type vector<int> into an instance of
type vector copy<int>.

1. default base domain Cpp~VisualCppé6.

2. pattern pointcut( id : identifier ):

3. declaration statement = "vector<int> \id;".
4.

5. pattern advice( id : identifier ):

6. declaration_statement = "vector_copy<ints> \id;".
7.

8. external pattern replace vector instance

9. (cd : class_declaration,

10. dsl : declaration statement,

11. ds2 : declaration statement ):

12. class_declaration =

13. 'replace vector instance'

14. in domain Cpp~VisualCppé6.

15.

1l6. rule replace template instance

17. ( cd : class_declaration,

18. id : identifier):

19. class_declaration ->

20. class_declaration

21. = cd -> replace vector instance

22. (cd,pointcut (id) ,advice (id))

23. if cd ~= replace_vector instance

24 . (cd,pointcut (id) ,advice (id)) .

25.

26 . public ruleset applyrules = { replace template instance }.

Listing 13. DMS transformation rules to update the application program



The notion of low-level transformation rules were introduced in this section not
to perplex the interested reader, but to reveal the underlying details that enable the
weaving mechanism to be applied to templates. Due to the low-level nature of the
transformation rules, a programmer is not expected to write rules in this manner.
Rather, the aspect language mentioned in Section 2.2 and its corresponding binding
with the RSL drives the weaving process. A programmer can specify the pointcut
expression using the aspect language and the underlying low-level rules are generated
and correspondingly instantiated (to match patterns) in a manner that is transparent to
the programmer.

4 Case Study - Aspects in Scientific Libraries

This section focuses on modularizing open-source libraries written in the scientific
computing domain. The contribution highlights the crosscutting features of a real case
study and describes improved modularization using the concepts described in previ-
ous sections. In particular, this section focuses on aspects that we identified in
Blitz++ [30], which is a C++ template library that supports high performance scien-
tific computing.

4.1 Background: Crosscutting in Blitz++

Optimizing performance, while preserving the benefits of programming language
abstractions is a major hurdle faced in scientific computing [21, 26, 29]. Object-
oriented programming languages (OOPLs) have popularized useful features (e.g.,
inheritance and polymorphism) in the development of complex scientific problems.
However, the performance bottleneck associated with OOPLs has been a major con-
cern among high-performance computing (HPC) researchers. Alternatively, lan-
guages such as FORTRAN have dominated the numerical computing domain, even
though the primitive programming constructs in such languages make applications
difficult to maintain and evolve.

Compiler extensions (e.g., High Performance C++ [13] and High Performance
Java [9]) and scientific libraries (e.g., POOMA [22], MTL [24], and Blitz++ [30])
have been developed to extend the benefits of object-oriented programming to the
scientific domain. In particular, Blitz++ is a popular scientific package that has spe-
cific abstractions (e.g., arrays, matrices, and tensors) that support parametric poly-
morphism through C++ templates. The goal of the Blitz++ project has been to de-
velop techniques that enable C++ to compete or exceed the speed of FORTRAN for
numerical computing. Blitz++ arrays offer functionality and efficiency, but without
any language extensions. The Blitz++ library is able to parse and analyze array ex-
pressions at compile time, and perform loop transformations. Blitz++ currently pro-
vides dense vectors and multidimensional arrays, in addition to matrices, random
number generators, and tiny vectors. The overall size of the Blitz++ library is ap-
proximately 115K SLOCs. Moreover, there are several additional source code direc-
tories that serve as benchmarks and test cases.



Although Blitz++ makes extensive use of templates for array and vector imple-
mentation, the issue addressed in this section is the ability to apply AOP concepts to a
large template library like Blitz++ using the technique described in Sections 2 and 3.
This section contains a description of some of the array and vector implementation
templates in Blitz++, and identifies several crosscutting features in the current
Blitz++ implementation. The general approach could be applied to other languages
that support parametric polymorphism (e.g., Ada and Java 1.5).

The first example (Section 4.2) represents the common case of a debugging pre-
condition that appears 25 times in the array-impl.h source header, and in 57
places in resize.cc. A second crosscutting feature in array-impl.h is set-
upStorage, which is used for initial memory allocation for arrays. SetupStor-
age appears 23 times in both array-impl.h and resize. cc. The third example
(Section 4.3) is based on redundant assertion checks on the lower and upper bounds
of an array during instantiation. It appears in 46 places in array-impl.h. This
third example is similar in concept to the redundant assertions that were described by
Lippert and Lopes in [17].

Section 4.4 examines AOP combined with other generative programming tech-
niques [7]. In particular, the section explores the various binary and unary operations
on vectors that use templatized mathematical functions. These functions crosscut the
vector operations. For example, many mathematical functions (e.g., sin, cos, tan, abs)
are repeated in numerous places in both vecuops . cc and vecbops . cc. Although
Blitz++ currently generates these templates, an alternative process is shown that uses
transformation rules to generate the crosscutting mathematical functions. In the ap-
proach described in Section 4.4, over 12K SLOCs are generated using just 14 lines of
code in a base template.

4.2 Precondition and SetupStorage Aspects

The Blitz++ library has a debugging mode that is enabled by defining the preproces-
sor directive BZ DEBUG. In this mode, an application executes slowly because
Blitz++ performs precondition and bounds checking on the array index. Under this
condition, if an error or fault is detected by the system, the program halts and displays
an error message. Listing 14 shows a sample precondition check for an array imple-
mentation. Note that the rank of the vector influences the precondition to be checked.

Another aspect that crosscuts the array implementation boundaries is setup-
Storage. The method is called to allocate memory for any new array. However, any
missing length arguments will have their value taken from the last argument in the
parameter list. For example, Array<int,3> A(32,64) will create a 32x64x64
array, which is handled by the routine setupStorage. Both the
BZPRECONDITION (lines 10 and 20 of Listing 14) and setupStorage (lines 12
and 22) can be individually considered as two different pieces of advice applied to the
same pointcut (the former as before advice, and the latter as after advice).



template<typename T expr>
_bz explicit Array
(_bz ArrayExpr<T expr> expr) ;

Array (int lengthO, int lengthl,
GeneralArrayStorage<N_rank> storage =
GeneralArrayStorage<N rank>())

storage (storage)

9. {

10. BZPRECONDITION (N rank >= 2);

11. // implementation code omitted

12. setupStorage (1) ;

13. }

14.

15. Array (int lengthO, int lengthl, int length2,
1l6. GeneralArrayStorage<N ranks> storage =

17. GeneralArrayStorage<N rank> ())

18. : storage_ (storage)

19. {

20. BZPRECONDITION(N rank >= 3);

21. // implementation code omitted for brevity
22. setupStorage(2) ;

23. |}

Listing 14. Precondition check and setpupStorage in
Blitz++ array implementation

With respect to the aspect language design presented in Section 2.2, Listing 15
contains a simple aspect specification for the crosscutting concern identified in List-
ing 14.

1. aspect InsertBZPreCondition MemAllocation {
2.
3. pointcut ArrayConstuctor() :

execution (Array<*>::Array(..));
4.
5. before () : ArrayConstuctor() {
6. BZPRECONDITION (N _rank >= tjp.getArgs().length());
7. }
8. after () : ArrayConstuctor () {
9. setupStorage (tjp.getArgs () .length()-1);
10. }
11. }

Listing 15. Aspect specification for precondition and
memory allocation in templates

The expression statements in BZPRECONDITION and setupStorage form part
of the before and after advice. The pointcut refers to all Array constructors defined
in any Array type (denoted by the wildcard *). However, if it is desired to match




only arrays of type Array<int>, more selective pointcuts can be used. The func-
tion call tjp.getArgs () .length () will return the length of the parameter list
in the Array constructor. This is a special construct that is implemented internally
by a PARLANSE external function.

4.3 Redundant Assertion Checking

Another debugging feature in Blitz++ checks for the size or range of the arrays. To
detect errors in ranges, each array allocation makes an implicit call to assertIn-
Range, which checks the lower and upper bounds of the array. Listing 16 shows the
internal implementation of the assertInRange function in Blitz++.

bz bool assertInRange (int BZ DEBUG PARAM(iO),
int BZ DEBUG PARAM(il)) const
{
BZPRECHECK (isInRange (i0,1il),
"Array index out of range: ("
<< i0 << ", "< il << M)
<< endl << "Lower bounds: "
<< storage .base() << endl
<< "Length: " << length << endl);
return bz true;

PP OWOJo 0l W -
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Listing 16. Definition of the assertion function

This particular assertion is defined in all array template specifications, according to
the general pattern shown in Listing 17 (e.g., assert InRange in lines 4 and 9).

1. template<int N_rank2>

2. T numtype operator ()

3. (TinyVector<int,1l> index) const {
4. assertInRange (index[0]) ;

5. return data_[index[0] * stride [0]];
6. }

7. T numtype operator ()

8. (TinyVector<int, 2> index) const {
9. assertInRange (index[0], index[1]);
10. return data [index[0] * stride_[0] +
11. index[1] * stride [1]1];
12. }

Listing 17. Redundant assertion check on
base template specification

However, note that the number of index parameters passed to the assertIn-
Range routine implicitly depends on the size of the TinyVector. For example, as
presented in Listing 17, to allocate a TinyVector of size 1 requires a parameter
(i.e., index [0]) to be passed to assertInRange. Similarly, for a vector of size
2, the range will be checked on index [0], index [1]. This type of array specifi-



cation is repeated 46 times in array-impl.h and is context-dependent on the size
of each template container.

To avoid the crosscutting assertion checking in every definition of an array imple-
mentation, the aspect specification (as defined in Listing 18) will weave this concern
into the template code. The operation func pointcut refers to all operation con-
structors in the array implementation class. The special construct
tjp.getParameterList is internally mapped to a local PARLANSE function
that returns part of the valid AST structure observed at this join point.

aspect AssertInRange {
pointcut operator func():
execution (Array<*>::operator () (..));

before(): operator func() {
assertInRange (tjp.getParameterList ()) ;

NSOk wNh R

Listing 18. Aspect specification for redundant assertion checks

In our initial work, aspect mining and removal of the original crosscutting features
was performed manually, although the actual weaving into the base code is automated
with the low-level program transformation rules. Future work will explore aspect
mining and clone detection within the context of templates, but is not a focus of this
chapter.

4.4 Crosscutting Generic Functions

This section discusses the combination of AOP with other generative programming
techniques [7]. In Blitz++, templates such as binary and unary operations for arrays
and vectors are synthesized from a code generator implemented in several C++ rou-
tines. For consideration in this section, attention is focused on a specific set of unary
vector (mathematical) operations in a template specification, which are generated to
the vecuops . cc source file in the Blitz++ library containing around 12K SLOCs.
Most of these mathematical operations (e.g., log, sqrt, sin, floor, fmod) have the same
syntactic structure and can be specified concisely in the form of a pattern. An analysis
of the generation process revealed that the entire template specification is essentially
a cross-product between the set of defined mathematical operations (A) and a base
template () that represents the general pattern structure. In other words, the set of
mathematical functions crosscut the entire unary vector general pattern.

If A, A,, ... represents the set of mathematical operations (e.g., log, sin, sqrt)
that crosscuts the partial base template structure 3 (whole of Listing 19), then the
code generated as the cross-product of A and B can be represented as A,B + A,B
+... + X_B. The partial string identifier OPERATION (highlighted in bold in List-
ing 19) identifies the locations in the partial base template structure where the mathe-
matical operations are needed to be weaved to generate the whole template structure



(i.e., Y. A x B = 12k SLOCs). The concept here is somewhat different than standard
AOP practice, but the idea of a cross-product between a set of mathematical opera-
tions and a base pattern is germane to the overall process of template weaving. Al-
though this example is based on vector operations using mathematical functions,
similar situations (e.g., operations on Blitz++ arrays) exist in several other generated
template specifications in the Blitz++ library.

1. template<class P_numtypel>

2. inline

3. _bz VecExpr<_bz VecExprUnaryOp<VectorIterConst

4. <P_numtypel>, bz OPERATION<P numtypel> >>

5.

6. OPERATION (const Vector<P numtypel>& dl)

7. {

8. typedef bz VecExprUnaryOp<VectorIterConst

9. <P _numtypel>, bz OPERATION<P numtypel>> T_expr;
10.

11 return _bz VecExpr<T_expr>(T_expr (dl.begin())) ;
12. }

Listing 19. Subset of base pattern used to generate the
vector operation template

5 Related Work

As noted in the introduction, a discussion of templates and aspects in AspectC++
within the context of generative programming is discussed in [18]. The focus of the
AspectC++ work is on the interesting notion of incorporating parametric
polymorphism into the bodies of advice. In contrast, the focus of our contribution is a
deeper discussion of the complimentary idea of weaving crosscutting features into the
implementation of template libraries. We were forced to adopt a program
transformation approach because of the inability of current C++ aspect weavers to
weave into the templates found in Blitz++ or STL. In fact, the current publically
available version of AspectC++ (1.0pre2, distributed on December 21, 2005, and
available at http://www.aspectc.org/) is not able to weave into template definitions.
According to the most recent manual for AspectC++4, “Currently ac++ is able to
parse a lot of the (really highly complicated) C++ templates, but weaving is restricted
to non-templated code only. That means you can not weave in templates or even
affect calls to template functions or members of template classes.”

We chose DMS for our experimentation because of our assurance of the ability to
parse and transform all of the complex template specifications in STL and Blitz++.
Many commercial C++ compilers do not implement enough of the ISO/ANSI C++
standard to compile all of Blitz++. As an alternative to DMS, there are several other
transformation systems that are available (e.g., ASF+SDF [3], TXL [6]) that could
perhaps offer an alternative platform for the low-level transformation rules. With
respect to the application of program transformation systems to aspect weaving, an

4 http://www.aspectc.org/fileadmin/documentation/ac-compilerman.pdf



investigation was described by Fradet and Siidholt in an early position paper [8]. In
similar work, Lammel [16] discusses the implementation of an aspect weaver for a
declarative language using functional meta-programs. A recent paper by Lopez et al.
discusses the relationship of program transformation with respect to AspectJ [19].

Aspect] provides support for generics and parameterized types in pointcuts and
intertype declarations. In order to restrict matching of patterns within given parameter
types (for methods and constructors), return types (for methods) and field types, an
appropriate parameterized type pattern is specified in the signature pattern of a point-
cut expression. Our initial work with C++ is also based on this idea. In addition, As-
pect] provides advanced features like declaring pointcuts inside the generic type defi-
nition and declaring generic aspects that allow an abstract aspect to be declared as a
generic type. Our initial work on modularizing C++ templates does not provide en-
hanced features such as these and represents a future area of work. However, as stated
earlier in this chapter, sometimes it may be required to adapt not only the specific
types (return types, field types, parameter types), but also to adapt the specific instant
variables that correspond to a specific type (especially in cases of C++ templates). To
adapt to such stakeholder requirements, modification is needed to both the template
definition and application specific template instances. Such a flexible feature to selec-
tively quantify over template instantiation (both specific types and variables that
refers to specific types) to enable AOP within C++ templates (or Java generics) is not
supported by AspectC++ (or Aspect]). Moreover, certain restrictions are required to
be applied by scoping the parameterized type patterns within valid boundaries in the
given class structure. The core contribution of this chapter is driven by this notion
and is realized from the principle of template subtype copying.

Within the scientific computing domain, ROSE provides optimizations using
source to source transformation of ASTs for C++ applications [21]. The
transformations are expressed using a domain-specific language [23]. The type of
transformations performed by ROSE are focused solely on optimization issues of
scientific libraries, and are not applicable to the kinds of transformations we advocate
in this chapter to improve the modularization of crosscutting concerns in scientific
code bases. In [5], Chalabine and Kessler have suggested seven different forms of
interdependent concerns that are necessary to introduce parallelism within sequential
programs.

6 Conclusion

Parametric polymorphism enables implementation of common algorithms and data
structures in a type-independent manner. A template is contained in a single specifi-
cation, but instantiated in multiple places within a target application. As shown in
Section 2, applying aspects to templates raises several issues that need further inves-
tigation. For example, it is most likely that only a subset of the instances of a template
is related to a specific crosscutting feature. In such cases, it would be incorrect to
weave a concern blindly into all template instantiations. A capability is needed to
identify and specify those instances that are affected by an aspect, and to provide



appropriate transformations that make a copy of the original template and weave on
each copy.

The initial focus of the research presented in this chapter was to expose the issues
related to weaving concerns into the C++ Standard Template Library. The study
proved that adaptation has to be made not only to the template definition, but also to
the application program that instantiates the template in multiple places. The key
concept of weaving into template instances was experimentally validated by applying
the concepts to a popular large-scale open source library for scientific computing. The
scalability issues of such a requirement demanded the availability of mature parsers
capable of handling several thousand lines of complex template specification.

There are several challenges that are not discussed in detail in Section 2 of the
chapter, but worth mentioning here. For example, it may be possible that the base
class template uses several static members (member functions or variables) in its
definition and one must ensure that they remain consistent within the application
program that uses instances of the class template. However, because our technique
uses subtype copies of the base class template that inherits all static members from its
superclass, the consistency property is still maintained. The use of assignment to
enable type safety in subtypes was already discussed in Section 2.2.

Some of the challenges described in this chapter may be solved using AspectJ-like
pointcuts, such as call (vector<ints>.push back(..)) && (within(a) |[]
within (B)), but it does not provide additional flexibility to quantify over particular
variables that refer to specific types. For example, there may be several variables of
type vector<ints> in method M of class A and it is only desired to enable log-
ging to variable myfoo. Requirements like this can be elegantly handled by the
approach shown in Sections 2 and 3 of the chapter, which also ensures type safety.
Similarly, typedef expressions or even complex expression statements like

vector<int> fls, f2s, f3s; // only required to log fls

can be straightforwardly handled by this approach. In the above case, before applying
any transformation, the declaration is at first broken into two parts: one that contains
the variable that needs to be logged (£1s) and the rest that do not enable logging.
Given the tendency of concern-based template adaptation, the contribution pre-
sented in this chapter can be used for other programming languages that support pa-
rametric polymorphism (note: DMS provides mature grammars for several dozen
languages). For instance, similar issues will arise with adoption of generics in other
languages, as discussed by Silaghi [25]. Furthermore, a contribution of the chapter
demonstrated the ability to modularize crosscutting concerns in scientific libraries.
The work described in this chapter is a modest initial effort that is at an early stage
in terms of the construction of a concrete aspect language to cover the different situa-
tions of template instantiation (as in Table 1). The future work will involve extending
the focus to other scientific libraries that are implemented in C++ (e.g., POOMA [22],
MTL [24]). An interesting topic that we will investigate is library-independent as-
pects that may exist within a specific domain, such as scientific computing, but appli-
cable to several different libraries. Because of the availability of a mature FORTRAN
parser within DMS, we also plan to perform aspect mining and modularization efforts



on large scale scientific applications written in FORTRAN that use scientific pack-
ages such as SCALAPACK [2]. In general, our future work will focus on modulariz-
ing High Performance Linpack (HPL) libraries designed for benchmarking high per-
formance clusters and supercomputers.
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