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Abstract. Meta-Aspectd (MAJ) is a language tool for generating As-
pect) programs using code templates. MAJ itself is an extension of
Java, souserscan interleave arbitrary Java code with Aspect] code tem-
plates. MAJ is a structured meta-programming tool: a well-typed gen-
erator implies a syntactically correct generated program. MAJ promotes
a methodology that combines aspect-oriented and generative program-
ming. Potential applications range from implementing domain-speci c
languageswith AspectJ as a back-end to enhancing AspectJ with more
powerful general-purpose constructs. In addition to its practical value,
MAJ o ers valuable insights to meta-programming tool designers.lt is a
mature meta-programming tool for AspectJ (and, by extension, Java): a
lot of emphasis has been placed on context-sensitiv e parsing and error-
reporting. As aresult, MAJ minimizes the number of meta-programming
(quote/unquote) operators and usestype inferenceto reduce the needto
remember type namesfor syntactic ertities.

1 Intro duction

Meta-programming is the act of writing programs that generate other pro-
grams. Powerful meta-programming is essetial for approachesto automating

software developmert. In this paper we presert Meta-AspectJ (MAJ): a meta-
programming languagetool extending Java with support for generating AspectJ
[9] programs. MAJ o ers a cornveniert syntax, while explicitly represering the
syntactic structure of the generatedprogram during the generation process.This

allows MAJ to guarartee that a well-typed generator will result in a syntacti-

cally correct generated program. This is the hallmark property of structured
meta-programming tools, as opposedto lexical or text-based tools. Structured

meta-programming is desirable becauseit meansthat a generator can be re-
leasedwith somecon dence that it will create reasonableprograms regardless
of its inputs.

Why should anyone generate AspectJ programs, however? We believe that
combining generative techniques with aspect-oriented programming results in
signi cant advantages compared to using either approach alone. MAJ can be
usedfor two generalkinds of tasks: to implement generatorsusing AspectJ and
to implement general-purpose aspect languagesusing generation. Speci cally,



MAJ can be usedto implement domain-speci ¢ languages(i.e., to implement a
generator) by translating domain-speci ¢ abstractions into AspectJ code. MAJ
can also be usedto implement general-purposeextensionsof AspectJ (e.g., ex-
tensionsthat would recognizedi erent kinds of joinpoints). Thus, MAJ enables
the use of Aspect] as an aspect-oriented \assenbly language" [13] to simplify
what would otherwise be tedious tasks of recognizing patterns in an existing
program and rewriting them. A represerativ e of this approach is our prior work
on GOTECH [18]: a system that adds distributed capabilities to an existing
program by generating AspectJ code using text templates.

The value and novelty of Meta-Aspect] can be described in two axes: its
application value (i.e., the big-picture value for potential users)and its techni-
cal cortributions (i.e., smaller reusablelessonsfor other researhersworking on
meta-programming tools). In terms of application value, MAJ is a useful meta-
programming tool, not just for AspectJ but alsofor Java in general.Speci cally:

{ For generating either AspectJ or plain Java code, MAJ is safer than any
text-based approach becausethe syntax of the generatedcode is represerted
explicitly in a typed structure.

{ Comparedto plain Java programs that output text, generatorswritten in
MAJ are simpler becauseMAJ allows writing complex code templates using
quote/unquote operators.

{ MAJ is the only tool for structured generation of Aspect]J programsthat we
are aware of. Thus, to combine the bene ts of generative programming and
AspectJ, one needsto either use MAJ, or to usea text-based approach.

In terms of technical value, MAJ o ers seeral improvemerts over prior meta-
programming tools for Java. These translate to easeof use for the MAJ user,
while the MAJ languagedesigno ers insights for meta-programmingresearters:

{ MAJ shows how to minimize the number of di erent quote/unquote oper-
ators comparedto past tools, due to the MAJ medanism for inferring the
syntactic type (e.g., expression,declaration, statemert, etc.) of a fragment
of generatedcode. This property requirescontext-sensitive parsing of quoted
code: the type of an unquoted variable dictates how quoted code should be
parsed.As a result, the MAJ implementation is quite sophisticated and not
just a naive precompiler. An additional bene t of this approac is that MAJ
emits its own error messagesindependertly from the Java compiler that is
usedin its badck-end.

{ When storing fragmerts of generatedcode in variables, the user does not
needto specify the typesof thesevariables(e.g., whether they are statemerts,
expressionsetc.). Instead, a special infer type can be used.

The above points are important becausethey isolate the user from low-level
represernation issuesand allow meta-programming at the template level.

We next present an introduction to the MAJ language design (Section 2),
discussexamplesand applications (Section 3), describe in more depth the indi-
vidual interesting technical points of MAJ (Section 4), and discussrelated and
future work (Section 5).



2 Meta-Asp ectd Intro duction

2.1 Background: Asp ectJ

Aspect-oriented programming (AOP) is a methodology that advocates decom-
posingsoftware by aspectsof functionalit y. Theseaspectscan be\cross-cutting":
they span multiple functional units (functions, classes,modules, etc.) of the
software application. Tool support for aspect-oriented programming consists of
machinery for specifying sudh cross-cutting aspects separately from the main
application code and subsequetly composing them with that code.

AspectJ [9] is a general purpose,aspect-oriented extension of Java. AspectJ
allows the user to de ne aspects as well as ways that these aspects should be
merged (\w eaved") with the rest of the application code. The power of AspectJ
comesfrom the variety of changesit allowsto existing Java code. With AspectJ,
the user can add superclassesand interfacesto existing classesand can inter-
posearbitrary code to method executions, eld references,exception throwing,
and more. Complex enabling predicatescan be usedto determine whether code
should beinterposedat a certain point. Such predicatescaninclude, for instance,
information on the identit y of the caller and callee,whether a call to a method is
made while a call to a certain di erent method is on the stadk, etc. For a simple
example of the syntax of AspectJ, considerthe code below:

aspect CaptureUpdateCall sToA {
static int num_updates = 0;

pointcut updates(A a): target(a) && call(public * update*(..));

after(A a): updates(a) { /I advice
num_updates++; /I update was just performed
}

}

The above code de nes an aspect that just counts the number of calls to
methods whose name begins with \up date" on objects of type A The \p oint-
cut" de nition speci es where the aspect code will tie together with the main
application code. The exact code (\advice") will execute after each call to an
\up date" method.

2.2 MAJ Basics

MAJ o ers two variants of code-template operators for creating AspectJ code
fragmens: [...] (\quote™) and #[EXPR] or just #IDENTIFIER (\unquote").

(The ellipses, EXPRand IDENTIFIER are meta-variables matching any syntax,
expressionsand identi ers, respectively.) The quote operator createsrepresera-
tions of AspectJ code fragmerts. Parts of these represenations can be variable
and are designatedby the unquote operator (instancesof unquote can only occur



inside a quoted code fragment). For example, the value of the MAJ expression
“[call(* *())] is a data structure that represerts the abstract syntax tree
for the fragment of Aspectd codecall(* *(..)) . Similarly, the MAJ expression
['within(#class Nare)] is a quoted pattern with an unquoted part. Its value
depends on the value of the variable className If, for instance, className
holds the identi er \ SomeClas$, the value of ['within(#classN  amé] is the
abstract syntax tree for the expression!within(SomeClas s) .

MAJ also introducesa new keyword infer that can be usedin place of a
type name when a new variable is being declared and initialized to a quoted
expression.For example, we can write:

infer pctl = “[call*  *(.);

This declaresa variable pctl that can be used just like any other program
variable. For instance, we can unquote it:

infer advl = “[void around() : #pctl { }I;

This createsthe abstract syntax tree for a pieceof AspectJ code de ning (empty)
advice for a pointcut. Section 2.3 describesin more detail the type inference
process.

The unquote operator can also be used with an array of expressions.We
call this variant of the operator \unquote-splice". The unquote-splice operator
is usedfor adding argumerts in a quoted context that expectsa variable number
of argumerts (i.e., an argumert list, a list of methods, or a block of statemerts).
For example, if variable argTypes holds an array of type names, then we can
generate code for a pointcut describing all methods taking arguments of these
typesas:

infer pct2 = “[call(* *(#[argTypes))];

That is, if argTypes has 3 elemens and argTypes[0] is int , argTypes[1] is
String , and argTypes[2] is Object, then the value of pct2 will be the abstract
syntax tree for the AspectJ code fragment call(*  *(int,  String, Object)) .

Of course, since AspectJ is an extension of Java, any regular Java program
fragment canbe generatedusing MAJ. Furthermore, the valuesof primitiv e Java
types (int s, float s, doubles, etc.) and their arrays can be used as constarts
in the generatedprogram. The unquote operator automatically promotes such
values to the appropriate abstract syntax tree represenations. For example,
considerthe code fragmert:

void foo(int n) {
infer exprl = [ #n * #n];
infer expr2 = [ #[n*n] I;

}

If n holds the value 4, then the value of exprl is [ 4 * 4 ] and the value of
expr2 is [ 16 ]. Similarly, if numsis an array of Java int swith value {1,2,3}
then the code fragment



infer arrdcl =] int] arr = #nums; ];

will setarrdcl to the value[ int [ arr = {1,2,3}; 1.
We can now seea full MAJ method that generatesa trivial but complete
AspectJ le:

void generateTrivialL  oggin g(Strin g classNm) {
infer aspectCode =
I package MyPackage;
aspect #[classNm + "Aspect] {
before : call(* #classNm.*(..))
{ System.out.print In( "Method called"”); }
}
I;
System.out.printl  n(aspectCode.u npars e());

}

The generated aspect causesa messageto be printed before every call of a
method in a class. The name of the a ected classis a parameter passedto the
MAJ routine. This code alsoshowsthe unparse method that our abstract syntax
types support for creating a text represenation of their code. The abstract
syntax typesof the MAJ badk-end! alsosupport other methods for manipulating
abstract syntax trees. One such method, addMemberis used fairly commonly:
addMembers supported by syntactic ertities that can have an arbitrary number
of menmbers (e.g., classes,interfaces, aspects, or argumert lists). Although the
high-level MAJ operators (quote, unquote, unquote-splice) form a complete set
for generating syntax trees, it is sometimesmore cornveniert to manipulate trees
directly using the addMembemethod.

2.3 Typesand Inference
We saw earlier an example of the MAJ keyword infer :
infer advl = “[void around(): #pctl {} I;

The inferred type of variable advl will be AdviceDec. (for \advice declaration"),
which is one of the types for Aspect] abstract syntax tree nodes that MAJ
de nes. Suc typescan be usedexplicitly both in variable de nitions and in the
quote/unquote operators. For instance, the fully qualied version of the advl
examplewould be:

AdviceDec advl = “(AdviceDec)[voi d around(): #(Pcd)pctl {} I;

! We currently use modied versions of the Aspect compiler classesfor the MAJ
back-end, but may chooseto replicate these classesin a separate MAJ packagein
the future.



The full setof permitted type quali ers contains the following names:IDENT
Identifier , NamePattern, Modifiers , Import , Pcd, TypeD VarDec JavaExpr,
Stmt, MethodDe¢ ConstructorDec , ClassDec, ClassMember InterfaceDec
DeclareDec, AdviceDec, CompilationUnit , PointcutDec , Pcd, AspectDec,
FormalDec, and AspectMemberMost of the quali ers’ namesare self-descriptive,
but a few require explanation: IDENTis an unqualied name (no dots), while
Identifier is a full name of a Java identier, such as pack.clazz.mem.
NamePattern can be either an identi er, or a wildcard, or a combination of
both. Pcd is for a pointcut body (e.g., call(* *(..)) , asin our example)
while PointcutDec is for full pointcut de nitions (with namesand the AspectJ
pointcut keyword).

Although MAJ allowsthe useof type quali ers, theseare never necessaryfor
usesof quote/unquote, aswell aswherewer the infer keyword is permitted. The
correct typesand avor of the operators can be inferred from the syntax and
typeinformation. The goalis to hide the complexity of the explicit type quali ers
from the user as much as possible. Nevertheless,use of typesis still necessary
wherevwer the infer keyword cannot be used, notably in method signaturesand
in de nitions of member variablesthat are not initialized.

3 Applications

There are many ways to view the value of MAJ in the application domain (and,
by extension, the value of combining generative and aspect-oriented program-
ming, in general). One can ask why a generator cannot just perform the re-
quired modi cations to a program without AspectJ, using meta-programming
techniques alone. Similarly, one can ask why AspectJ alone is not su cien t for
the desiredtasks. We addressboth points below.

3.1 Why Do we Need Asp ectJ?

Aspect-oriented programming has signi cant value for building generators. A
vidid illustration is our previouswork onthe GOTECH generator[18]. GOTECH
takesa Java program annotated with JavaDoc commerts to describe what parts
of the functionality should be remotely executable.It then transforms parts of
the program so that they executeover a network instead of running on a local
machine. The middleware platform usedfor distributed computing is J2EE (the
protocol for Enterprise Java Beans|EJB). GOTECH takes care of generating
code adhering to the EJB convertions and makes methods, construction calls,
etc. executeon a remote machine. Internally, the modi cation of the application
is performed by generating AspectJ code that transforms existing classes(We
give a speci ¢ example later.)

A generator or program transformer acting on Java programs could com-
pletely avoid the use of AspectJ and instead manipulate Java syntax directly.
Nevertheless,AspectJ givesa very conveniert vocabulary for talking about pro-
gram transformations, as well as a mature implementation of such transforma-
tions. AspectJ is a very corveniert, higher-level back-end for a generator. It lets



its user add arbitrary code in many points of the program, like all references
to a member, all calls to a set of methods, etc. If a generator was to repro-

duce this functionality without AspectJ, the generator would needto parseall

the program les, recognizeall transformation sites, and apply the rewrites to

the syntax. Theseactions are not simple for a languagewith the syntactic and

semariic complexity of Java. For instance, generator writers often needto use
functionality similar to the Aspectd cflow construct. cflow is used for recog-
nizing calls under the control o w of another call (i.e. while the latter is still on

the execution stadk). Although this functionality can be re-implemerted from

scratch by adding a run-time ag, this would be a tedious and ad hoc replication

of the AspectJ functionality. It is much better to inherit a generaland mature

version of this functionality from AspectJ.

Note that using AspectJ asa \bag of program transformation tricks" is per-
hapsan unintended consequenc®f its power. AspectJ's main intended useis for
cross-cutting: the functionality additions should span seweral classes.The abil-
ity to have one aspect a ect multiple classesat onceis occasionally useful but
secondarywhen the AspectJ code is generatedinstead of hand-written. On the
other hand, in order to support cross-cutting, aspect-oriented tools needto have
sophisticated mechanisms for specifying aspect code separately from the main
application code and prescribing precisely how the two are composed. This is
the ability that is most valuable to our approach.

3.2 Why Do we Need Meta-Programming?

Despite its capabilities, there are seweral useful operations that AspectJ alone
cannot handle. For example, AspectJ cannot be usedto create an interface iso-
morphic to the public methods of a given class(i.e., a new interface whosemeth-
ods correspond one-to-oneto the public methods of a class). This is an essetial
action for a tool like GOTECH that needsto create new interfaces (home and
remote interfaces, per the EJB convertions) for existing classesGOTECH was
usedto automate activities that were previously [15] showvn impossibleto auto-
mate with just AspectJ. GOTECH, however, wasimplemerted using text-based
templates. With MAJ, we can do much better in terms of expressienessand
safety asthe generatedcode is represeried by a typed data structure instead of
arbitrary text.

In general, using meta-programming allows us to go beyond the capabilities
of Aspect] by adding arbitrary exibilit y in recognizing where aspects should
be applied and customizing the weaving of code. For instance, AspectJ doesnot
allow expressingjoinpoints basedon properties like \all native methods", \all
classeswith native methods", \all methodsin classeghat extend a systemclass”,
etc. Sudh properties are, however, simple to expressin a regular Java program|
e.g.,usingre ection. Similarly, AspectJ doesnot allow aspectsto be exible with
respect to what superclasseshey add to the classthey a ect, whether added
elds are private or public, etc. This information is instead hard-coded in the
aspect de nition. With a meta-program written in MAJ, the generatedaspect
can be adapted to the needsof the code body at hand.



3.3 Example

The above points are best illustrated with a small example that shows a task
that is easierto perform with Aspectd than with ad hoc program transforma-
tion, but cannot be performed by AspectJ alone. Consider the MAJ code in
Figure 1. This is a complete MAJ program that takesa classasinput, traverses
all its methods, and createsan aspect that makesead method argumert type
implement the interface java.io.Serializa bl e (provided the argumert type
does not implemert this interface already and it is not a primitiv e type). For
example,imagine that the classpassedto the code of Figure 1 is:

class SomeClass{
public void methl(Car c) { .. }
public void meth2(int i, Tire t) { ... }
public void meth3(float f, Seats) { .. }

}

In this casethe list of all argumert typesisint , float , Car, Tire , and Seat. The
rst two are primitiv e types,thus the MAJ program will generatethe following
AspectJ code:

package gotech.extension s;

aspect SerializableAspec t {
declare parents: Car implements java.io.Serializ abl e;
declare parents: Tire implements java.io.Seriali zable ;
declare parents: Seat implements java.io.Seriali zable ;

}

The code of Figure 1 faithfully replicatesthe functionality of a template usedin
GOTECH: the systemneedsto make argumert typesbe serializableif a method
is to be called remotely. (We have similarly replicated the ertire functionality of
GOTECH using MAJ and have usedit as a regressiontest during the develop-
ment of MAJ.)

This example is a good represenativ e of realistic usesof MAJ, in that the
caseswhere AspectJ aloneis not su cien t are exactly those where complex con-
ditions determine the existence,structure, or functionality of an aspect. Obsene
that most of the code concernsthe application logic for nding argumert types
and decidingwhether a certain type should be augmernted to implemert interface
Serializable . MAJ makesthe rest of the code be straightforward.

The example of Figure 1 is self-cortained, but it is worth pointing out that
it could be simpli ed by making useof reusablemethods to traversea classor a
method signature. Java allows a more functional style of programming through
the useof interfacesand anonymous classesTheselet us write generaliteration
methods like forAllMethods or forAllArguments that could have beenusedin
this code.



import java.io.*;

import java.lang.reflect.*;

import org.aspectj.compiler.base.ast.* ;
import org.aspectj.compiler.crosscuts. ast. *;

public class MAJGenerate{
public static void genSerializableAspect(Class

{

/I Create a new aspect

infer serializedAspect = “[aspect SerializableAspect

PrintStream out)

{1

/I Add Serializable to every method argument type that needs it

for (int meth = 0; meth < inClass.getMethods().length; meth++) {
Class[] methSignature =
inClass.getMethods()[meth].get = ParameterTypes();
for (int parm = 0; parm < methSignature.length; parm++) {
if ('methSignature[parm].isPrimiti ve() &&
ISerializable.class.isAssignab leFr om(méhSi gnature[p arm]))

serializedAspect.addMember(" [ declare parents:

#[methSignature[parm].getName() ]
implements java.io.Serializable;

]
)i
} /I for all params
} /I for all methods

infer compU= ‘[ package gotech.extensions;
#serializedAspect

I

out.print(compU.unparse());
}
}

Fig. 1. A routine that generatesan aspect that makes method

serializable

parameter types be
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4 Meta-Asp ectd Design and Implemen tation

41 MAJ Design

We will next examinethe MAJ designa little closer,in order to compareit to
other meta-programming tools.

Structured vs. Unstructured  Meta-Programming. The value of a MAJ
quoted code fragmert is an abstract syntax tree represenation of the code frag-
ment. The MAJ operators ensurethat all trees manipulated by a MAJ pro-
gram are syntactically well-formed, although they may contain semariic errors,
such astype errors or scoping errors (e.g., referencesto undeclared variables).
That is, MAJ is basedon a context-free grammar for describing AspectJ syn-
tax. The MAJ expressionscreated using the quote operator correspond to words
(\w ords" in the formal languagessense)produced by di erent non-terminals of
this context-free grammar. Compositions of abstract syntax treesin ways that
are not allowed by the grammar is prohibited. Thus, using the MAJ operators,
one cannot create trees that do not correspond to fragmens of AspectJ syn-
tax. For instance, there is no way to create a tree for an \if " statemert with
5 operands (instead of 3, for the condition, then-branch, and else-brant), or
a classwith a statemert asits member (instead of just methods and instance
variable declarations), or a declaration with an operator in the type position,
etc. The syntactic well-formednessof abstract syntax treesis ensuredstatically
when a MAJ program is compiled. For example, supposethe userwrote a MAJ
program containing the declarations:

infer pctl = “[call*  *(.));

infer progr = [ package MyPackage;
#pctl

I;

The syntax error (pointcut in unexpected location) would be caught when this
program would be compiled with MAJ.

The static enforcemen of syntactic correctnessfor the generated program
is a common and desirable property in meta-programming tools. It is often de-
scribed as \the type safety of the generator implies the syntactic correctness
of the generatedprogram”. The property is desirable becauseit increasescon-
dence in the correctnessof the generator under all inputs (and not just the
inputs with which the generatorwriter hastested the generator). This property
is the hallmark of structured meta-programming tools|to be contrasted with
unstructured, or \text-based", tools (e.g., the C pre-processoror the XDoclet
tool [16] for Java). As a structured meta-programming tool, MAJ is superior to
text-based tools in terms of safety.

Additionally , MAJ is superior in terms of expressienessto text-based gen-
eration with a tool like XDoclet [16]. MAJ programs can use any Java code to
determine what should be generated, instead of being limited to a hard-coded
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set of attributes and annotations. Comparedto arbitrary text-based generation
with plain Java strings, MAJ is more corveniert. Instead of putting Java strings
together with the \+" operator (and having to deal with low-level issueslike ex-
plicitly handling quotes, new lines, etc.) MAJ lets the user use conveniert code
templates.

Of course, static type safety implies that somelegal programs will not be
expressiblein MAJ. For instance, we restrict the ways in which trees can be
composed (i.e., what can be unquoted in a quote expressionand how). The
well-formednessof an abstract syntax tree should be statically veri able from
the typesof its componert parts|if an unquoted expressiondoesnot have the
right type, the code will not compile even if the run-time value happensto be
legal. Speci cally, it is not possibleto have a single expressiontake valuesof two
di erent abstract syntax tree types. For example we cannot create an abstract
syntax tree that may hold either a variable de nition or a statemert and in the
casesthat it holds a de nition useit in the body of a class(where a statemert
would be illegal).

Qualier Inference. MAJ isdistinguished from other meta-programmingtools
becauseof its ability to infer quali ers for the quote/unquote operators, as well
asthe ability to infer typesfor the variablesinitialized by quoted fragments. Hav-
ing multiple quote/unquote operators is the norm in meta-programming tools
for languageswith rich surfacesyntax (e.g., meta-programmingtoolsfor Java [3],
C [20], and C++ [7]). For instance, let us examinethe JTS tool for Java meta-
programming|the closestcomparableto MAJ. JTS introducessewral di er-

ent kinds of quote/unquote operators: exp{...}exp , $exp(...) ,stm{..}stm ,
$stm(...) , mth{..}Jmth ,$mth(...) ,cls{...}cls , $cls(...) , etc. Addition-

ally, just likein MAJ, JTS hasdistinct typesfor eat abstract syntax tree form:
AST_ExpAST_StmfAST_FieldDecl, AST_Class etc. Unlike MAJ, however, the
JTS user needsto always specify explicitly the correct operator and tree type
for all generatedcode fragmerts. For instance, considerthe JTS fragmert:

AST_Expx
AST_Stms

exp{ 7 +1i }exp;
stm{ if (i > 0) return S$exp(x); }stm;

This written in MAJ is simply:

infer X
infer s

7+ i)
it (i > 0) return  #x ;);

The advantage is that the userdoesnot needto tediously specify what a vor of
the operator is usedat every point and what is the type of the result. MAJ will
instead infer this information. As we explain next, this requires sophistication
in the parsing implementation.
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4.2 MAJ Implemen tation

We have invested signi cant e ort in making MAJ a mature and user-friendly
tool, as opposedto a naive pre-processor.This section describesour implemen-
tation in detail.

Qualier Inference and Type System. It is important to realize that al-
though multiple a vors of quote/unquote operators are common in syntax-rich
languages,the reasonfor their intro duction is purely technical. There is no fun-
damertal ambiguity that would occur if only a single quote/unquote operator
was employed. Nevertheless,inferring quali ers, asin MAJ, requiresthe meta-
programming tool to have a full- edged compiler instead of a naive pre-processor.
(An alternativ e would be for the meta-programming tool to sewerely limit the
possibleplaceswherea quote or unquote can occur in order to avoid ambiguities.
No tool we are aware of follows this approac.) Not only doesthe tool needto
implemert its own type system,but also parsing becomescontext-sensitiveli.e.,
the type of a variable determineshow a certain piece of syntax is parsed, which
puts the parsing task beyond the capabilities of a (context-free) grammar-based
parser generator.
To seethe above points, considerthe MAJ code fragment:

infer | ="[ #foo class A{} [

The inferred type of | depends on the type of foo. For instance, if foo is of
type Modifiers (e.g., it hasthe value “[public] ) then the above code would
be equivalent to:

ClassDec | = [ #(Modifiers)foo class A {} |;

If, however, foo is of typeImport (e.g.,it hasthe value [import java.io.*;] )
then the above code would be equivalent to:

CompilationUnit | = [ #(Import)foo class A{} ;

Thus, to be able to infer the type of the quoted expressionwe needto know the
typesof the unquoted expressions.This is possiblebecauseMAJ maintains its
own type system (i.e., it maintains type contexts for variables during parsing).
The type system is simple: it has a xed set of types with a few subtyping
relations and a couple of ad hoc conversion rules (e.g., from Java strings to
IDENB). Type inferenceis quite straightforward: when deriving the type of an
expression,the typesof its componernt subexpressionsare known and there is a
most speci ¢ type for eat expression.No recursion is possiblein the inference
logic, sincethe infer keyword can only be usedin variable declarations and the
useof a variable in its own initialization expressionis not allowed in Java.

The typesof expressionsvenin uence the parsing and translation of quoted
code. Consider again the above example. The two possibleabstract syntax trees
are not even isomorphic. If the type of foo is Modifiers , this will result in an
ertirely dierent parse and translation of the quoted code than if the type of
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foo is Import (or ClassDec, or InterfaceDec , etc). In the former case,foo just
describesa modi erli.e., a branch of the abstract syntax tree for the de nition
of classA In the latter case,the abstract syntax tree value of foo is at the same
level asthe tree for the classde nition.

Parser Implemen tation. The current implemertation of the MAJ front-end
consists of one common lexer and two separate parsers. The common lexer
recoginizestokenslegal in both the meta-language(Java), and the object lan-
guage (Aspectd). This is not a dicult task for this particular combination of
meta/ob ject languages,since Java is a subset of Aspect]. For two languages
whosetoken setsdo not match up as nicely, a more sophisticated schemewould
have to be employed.

We use ANTLR [11] to generateour parser from two separateLL(k) gram-
mars (augmerted for context-sensitivity, as described below). One is the Java'
grammar: Java with additional rules for handling quote and infer . The other is
the AspectJ' grammar: AspectJ with additional rules for handling infer , quote
and unquote. Java', upon seeinga quote operator lifts out the string between
the quote delimiters ('[...] ) and passesit to AspectJ' for parsing. AspectJ’,
upon seeingan unquote, lifts out the string betweenthe unquote delimiters and
passesit to Java' for parsing. Thus, we are able to completely isolate the two
grammars. This pavesway for easily changing the meta or object languagefor
future work, with the lexer caveat previously mentioned.

The heavy lifting of recognizingand type-deding quoted AspectJ is donein
AspectJ'. To implement context-sensitive parsing we rely on ANTLR's facilities
for guessingas well as adding arbitrary predicatesto grammar productions and
badktracking if the predicatesturn out to be false. Each quote ertry point pro-
duction is precededby the sameproduction wrapped in a guessing/badtracking
rule. If a phrase successfullyparsesin the guessingmode and the predicate
(which is basedon the typesof the parsedexpressions)succeedsthen real pars-
ing takesplaceand token consumptionis nalized. Otherwise,the parserrewinds
and attempts parsing by the next rule that applies. Thus, a phrasethat begins
with a seriesof unquoted ertities might have to be guess-parsedy a number of
alternate rules beforeit reachesa rule that actually appliesto it.

The parsing time of this approach depends on how many rules are tried
unsuccessfullybefore the matching oneis found. In the worst case,our parsing
time is exponertial in the nesting depth of quotes and unquotes. Nevertheless,
we have not found speedto be a problem in MAJ parsing. The parsing time
is negligible (a couple of secondson a 1.4GHz laptop) even for clearly arti cial
worst-caseexampleswith a nesting depth of up to 5 (i.e., a quote that contains
an unquote that contains a quote that contains an unquote, and soon, for 5 total
quotes and 5 unquotes). Of course, more sophisticated parsing technology can
be usedin future versions,but arguably parsing speedis not a huge constraint
in modern systemsand we place a premium on using mature tools like ANTLR
and expressingour parsing logic declaratively using predicates.
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Translation. The MAJ compiler translates its input into plain Java code. This
is a standard approad in meta-programming tools [3,4,19]. For example, con-
sider the trivial MAJ code fragment:

infer dummyAspect= [ aspect myAspect{ } ];
infer dummyUnit= [ package myPackage;
#dummyAspect

I;

MAJ compilation will translate this fragment to Java code using a library for
represeriing AspectJ abstract syntax trees. The Java compiler is then called to
produce bytecode. The above MAJ code fragment will generateJava code like:

AspectDec dummyAspect=
new AspectDec(
null, "myAspect’, null, null, null,
new AspectMembers(naev AspectMember[] {null}));
CompilationUnit  dummyUnit =
new MajCompilationU nit (
new MajPackageExpr(new Identifier("myPac  kage")) ,
null, new Decs(new Dec[] { dummyAspect}));

The Java type system could also catch ill-formed MAJ programs. If the un-
quoted expressionin the above program had beenillegal in the particular syntac-
tic location, the error would have exhibited itself asa Java type error. Neverthe-
less,MAJ implemerts its own type system and performs error chedking before
translating its input to Java. Therefore, the produced code will never contain
MAJ type errors. (There are, however, Java static errors that MAJ does not
currently catch, sudh as accessprotection errors, uninitialized variable errors,
and more.)

Error Handling. Systemslike JTS [3] operate as simple pre-processorsand
delegatethe type cheding of meta-programsto their target language(e.g., Java).
The disadvantage of this approach is that error messagesre reported on the
generated code, which the user has never seen.Since MAJ maintains its own
type system, we can emit more accurate and informativ e error messageghan
those that would be produced for MAJ errors by the Java compiler.

Recallthat our parsing approac stretchesthe capabilities of ANTLR to per-
form context-sensitive parsing basedon the MAJ type system. To achieve good
error reporting we had to implement a medcanism that distinguishes between
parsing errors due to a mistyped unquoted entity and regular syntax errors.
While attempting di erent rule alternativesduring parsing, we collect all error
messagedor failed rules. If parsing succeedsaccordingto somerule, the error
information from failed rules is discarded. If all rules fail, we re-parsethe ex-
pressionwith MAJ type cheding turned o . If this succeedsthen the error is
a MAJ type error and we report it to the user as such. Otherwise, the error is
a geruine syntax error and we report to the user the reasonsthat causedead
alternativ e to fail.
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Implemen tation Evolution and Advice. It is worth briey mertioning the
ewlution of the implementation of MAJ becausewe believe it o ers lessons
for other dewelopers. The original MAJ implementation was much less sophis-
ticated than the current one. The system was a pre-processorwithout its own
type systemand relied on the Java compiler for ensuring the well-formednessof
MAJ code. Nevertheless,even at that level of sophistication, we found that it is
possibleto make the system user-friendlier with very primitiv e medanisms.

An important obsenation is that type quali er inference can be performed
even without maintaining a type system, as long as ambiguous usesof the un-
quote operator are explicitly qualied. That is, qualifying some of the usesof
unquote allows having a single unquali ed quote operator and the infer key-
word. For instance, considerthe code fragmernt:

infer s ="[if (i > 0) return #x ];

The syntactic types of s and x are clear from context in this case.Even the
early implementation of MAJ, without its own type system, could support the
above example. Nevertheless,in caseswhere parsing or type inferencewould be
truly dependert on type information, earlier versionsof MAJ required explicit
quali cation of unquotesjfor instance:

infer | =" #(Modifiers)foo class A {} ;

Even with that early approac, however, parsing required unlimited lookahead,
making our grammar not LL(K).

5 Related Work and Future Work Directions

In this section we connect MAJ to other work in AOP and meta-programming.
The comparisonhelps outline promising directions for further researt. We will
be selective in our referencesand only pick represerativ e and/or recert work
instead of trying to be exhaustive.

In terms of philosophy, MAJ is a compatible approach to that of XAspects
[13], which advocates the use of Aspect] as a badk-end language for aspect-
orientation. Aspect languagesin the XAspects framework can produce AspectJ
code using MAJ.

It is interesting to compare MAJ to state-of-the-art work in meta-
programming. Visser [19] has made similar obsenations to ours with respect
to concrete syntax (i.e., quote/unquote operators) and its introduction to
meta-languages.His approadc tries to be language-indendert and relies on
generalized-LRparsing (GLR). We could use GLR technology for MAJ parsing
in the future. GLR is powerful for ambiguousgrammarsasit returns all possible
parse trees. Our type system can then be usedto disambiguate in a separate
phase.Although parsing technology is an interesting topic, we do not considerit
crucial for MAJ. Our current approach with ANTLR is perhapscrude but yields
a clean speci cation and quite acceptableperformance.
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Multi-stage programming languages,like MetaML [17] and MetaOCaml [6]
represen state-of-the-art meta-programming systemswith excellert safety prop-
erties. For instance, a common guarantee of multi-stage languagesis that the
type safety of the generator implies the type safety of the generated program.
This is a much stronger guarantee than that o ered by MAJ and other abstract-
syntax-tree-based tools. It means that the meta-programming infrastructure
needsto keeptrack of the contexts (declared variables and types) of the gener-
ated program, even though this program has not yet beengenerated. Therefore
the systemis more restrictiv e in how the static structure of the generatorre ects
the structure of the generatedprogram. By implication, someuseful and legal
generatorsmay be harder to expressin a languagelike MetaOCaml. In fact, al-
though there is great value in multi-stage programming approades, we are not
yet corvinced that they are appropriate for large-scale,ad hoc generator devel-
opmert. Current applications of multi-stage languageshave beenin the area of
directing the specialization of existing programs for optimization purposes.

An interesting direction in meta-programming tools is that pioneeredby hy-
gienic macro expansion [10,8]. Hygienic macrosavoid the problem of unintended
capture due to the scoping rules of a programming language. For instance, a
macro canintro ducecodethat inadvertently refersto a variable in the generation
site instead of the variable the macro programmer intended. Similarly, a macro
canintroduce a declaration (binding instance) that accidertally binds identi er
referencesfrom the user program. The same problem exists in programmatic
meta-programming systems, like MAJ. In past work, we described geneation
smping [14]: a facility for controlling scoping ervironments of the generated
program, during the generation process.Generation scoping is the analogue of
hygienic macros in the programmatic (not pattern-based, like macros) meta-
programming world. Generation scoping does not o er any guarantees about
the correctnessof the target program, but givesthe user much better cortrol
over the lexical ervironments of the generatedprogram sothat inadvertent cap-
ture can be very easily avoided. Adding a generation scopingfacility to MAJ is
an interesting future work direction.

Other interesting recert tools for meta-programming include Template
Haskell [12]|]a mechanism for performing compile-time computations and syn-
tax transformation in the Haskell language.Closerto MAJ are tools, like JSE
[1], ELIDE [5] and Maya [2] that have been proposed for manipulating Java
syntax. Most of these Java tools aim at syntactic extensionsto the language
and are closely modeled after macro systems. The MAJ approach is dierent
both in that it targets AspectJ, and in that it servesa di erent purpose:it is
atool for programmatic meta-programming, as opposedto pattern-based meta-
programming. In MAJ, we choseto separatethe problem of recognizing syntax
(i.e., pattern matching and syntactic extension) from the problem of generating
syntax (i.e., quoting/unquoting). MAJ only addresseshe issuesof generating
AspectJ programs using simple mechanisms and a conveniert languagedesign.
Although meta-programmingis a natural way to implement languageextensions,
usesof MAJ do not have to be tied to syntactic extensionsat all. MAJ can, for
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instance, be used as part of a tool that performs transformations on arbitrary
programs basedon GUI input or program analysis. MAJ also has many indi-
vidual technical di erences from tools like JSE, ELIDE, and Maya (e.g., JSE is
partly an unstructured meta-programming tool, Maya doesnot have an explicit
quote operator, etc.).

Complemerting MAJ with a facility for recognizing syntax (i.e., performing
pattern matching on abstract syntax trees or basedon semartic properties) is
a straightforward direction for future work. Nevertheless,note that the needfor
pattern matching is not asintensive for MAJ asit is for other meta-programming
tools. The reasonis that MAJ generatesAspectJ code that is responsiblefor de-
ciding what transformations needto be applied and where. The beauty of the
combination of generative and aspect-oriented programming is exactly in the
simplicity of the generative part a orded by the use of aspect-oriented tech-
niques. Another promising direction for future work on MAJ is to make it an
extensionof AspectJ, asopposedto Java (i.e., to allow aspectsto generateother
aspects). We do not yet have a strong motivating example for this application,
but we expect it may have value in the future.

6 Conclusions

In this paper we preseried Meta-AspectJ (MAJ): atool for generating AspectJ
programs. The implemertation of MAJ was largely motivated by practical con-
cerns:although alot of researt hasbeenperformed on meta-programmingtools,
we found no mature tool, readily available for practical meta-programming tasks
in either Java or AspectJ. MAJ strives for conveniencein meta-programming
but doesnot aspireto be a hearyweight meta-programming infrastructure that
supports syntactic extension, pattern matching, etc. Instead, MAJ is basedon
the philosophy that generative tools have a lot to gain by generating AspectJ
code and delegating many issuesof semartic matching to AspectJ. Of course,
this approach limits the ability for program transformation to the manipula-
tions that AspectJ supports. Nevertheless, this is exactly why our approac
is an aspect-oriented/generative hybrid. We believe that AspectJ is expressiwe
enoughto capture many useful program manipulations at exactly the right level
of abstraction. When this power needsto be combined with more con gurabilit y,
generative programming can add the missing elemens. We hope that MAJ will
prove to be a useful tool in practice and that it will form the basis for seweral
interesting domain-speci ¢ mecanisms.

Acknowledgmen ts and Av ailabilit y

This researd was supported by the National ScienceFoundation under Grants
No. CCR-0220248and CCR-023828%nd by the Yamacraw Foundation/Georgia
Electronic Design Certer.

MAJ is available at http://www.cc.g ate ch.e du/~yannis /maj .



18

References

1.

10.

11.

12.

13.

14.

15.

16.
17.

J. Bachrach and K. Playford. The Java syntactic extender (JSE). In Proceedings of
the OOPSLA '01 conference on Object Oriented Programming SystemsLanguages
and Applications, pages31{42. ACM Press, 2001.

J. Baker and W. C. Hsieh. Maya: multiple-dispatc h syntax extension in Java. In

Proceedings of the ACM SIGPLAN 2002 Conference on Programming Language
Design and Implementation, pages270{281. ACM Press, 2002.

D. Batory, B. Lofaso, and Y. Smaragdakis. JTS: tools for implementing domain-
specic languages. In Proceedings Fifth International Conference on Software
Reuse pages143{153, Victoria, BC, Canada, 1998. IEEE.

D. Batory, J. N. Sarvela, and A. Rauschmayer. Scaling step-wise re nement. In

Proceedings of the 25th International Conference on Software Engineering, pages
187{197. IEEE Computer Scciety, 2003.

A. Bryant, A. Catton, K. De Volder, and G. C. Murphy. Explicit programming.

In Proceedings of the 1st international conference on Aspect-Oriented Software De-
velopment, pages10{18. ACM Press, 2002.

C. Calcagno, W. Taha, L. Huang, and X. Leroy. Implementing multi-stage lan-
guagesusing ASTs, gensym, and re ection. In Generative Programming and Com-
ponent Engineering (GPCE) Conference, LNCS 2830, pages57{76. Springer, 2003.
S. Chiba. A metaobject protocol for C++. In ACM Conferenae on Object-Oriented
Programming Systems,Languages,and Applications (OOPSLA'95) , SIGPLAN No-
tices 30(10), pages285{299, Austin, Texas,USA, Oct. 1995.

W. Clinger. Macros that work. In Proceedings of the 18th ACM SIGPLAN-

SIGACT symposium on Principles of Programming Languages pages 155{162.
ACM Press, 1991.

G. Kiczales, E. Hilsdale, J. Hugunin, M. Kersten, J. Palm, and W. Griswold.

Getting started with AspectJ. Communications of the ACM, 44(10):59{65, 2001.

E. Kohlb eker, D. P. Friedman, M. Felleisen, and B. Duba. Hygienic macro ex-
pansion. In Proceedings of the 1986 ACM conference on LISP and functional

programming, pages151{161. ACM Press, 1986.

T. J. Parr and R. W. Quong. ANTLR: A predicated LL(k) parser generator.
Software, Practice and Experience, 25(7):789{810, July 1995.

T. Sheardand S. P. Jones. Template meta-programming for Haskell. In Proceedings
of the ACM SIGPLAN workshop on Haskel, pages1{16. ACM Press, 2002.

M. Shonle, K. Lieberherr, and A. Shah. Xaspects: An extensible system for domain

speci ¢ aspect languages.In OOPSLA '2003, Domain-Driven Development Track,

October 2003.

Y. Smaragdakisand D. Batory. Scopingconstructs for program generators. In Gen-
erative and Component-Based Software Engineering Symposium (GCSE), 1999.
Earlier version in Technical Report UTCS-TR-96-37.

S. Soares,E. Laureano, and P. Borba. Implementing distribution and persistence
aspects with AspectJ. In Proceedings of the 17th ACM SIGPLAN conference on
Object-oriented programming, systems,languages,and applications, pages174{190.
ACM Press, 2002.

A. Stevenset al. XDoclet Web site, http://xdo clet.sourceforge.net/.

W. Taha and T. Sheard. Multi-stage programming with explicit annotations. In

Partial Evaluation and Semantics-Basal Program Manipulation, Amsterdam, The
Netherlands, June 1997, pages203{217. New York: ACM, 1997.



18.

19.

20.

19

E. Tilevich, S. Urbanski, Y. Smaragdakis, and M. Fleury. Aspectizing server-
side distribution. In Proceedings of the Automated Software Engineering (ASE)

Conference. IEEE Press, October 2003.

E. Visser. Meta-programming with concrete object syntax. In Generative Pro-
gramming and Component Engineering (GPCE) Conference, LNCS 2487, pages
299{315. Springer, 2002.

D. Weiseand R. F. Crew. Programmable syntax macros. In SIGPLAN Conference
on Programming LanguageDesign and Implementation, pages156{165, 1993.



